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Abstract

We consider a directed random walk on the backbone of the infinite cluster gener-
ated by supercritical oriented percolation, or equivalently the space-time embedding
of the “ancestral lineage” of an individual in the stationary discrete-time contact pro-
cess. We prove a law of large numbers and an annealed central limit theorem (i.e.,
averaged over the realisations of the cluster) using a regeneration approach. Fur-
thermore, we obtain a quenched central limit theorem (i.e. for almost any realisation
of the cluster) via an analysis of joint renewals of two independent walks on the same
cluster.
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1 Introduction and main results

In mathematical population genetics it is often important to understand the ances-
tral relationship of individuals to deduce information about the genetic variability in
the population, see e.g. [8]. In spatial population models the ancestry of a collection of
individuals can in general be described by a collection of coalescing random walks in
a random environment. Depending on the forwards in time evolution of the population
such random environments can be rather complicated.

In the present paper we study the ancestral line, that is, the evolution of the positions
of the parents, of a single individual in a simple model allowing for locally varying
population sizes. More precisely we consider a discrete-time variant of the contact
process: a {0, 1}Zd-valued Markov chain (7,,), (see below for precise definitions) where
nn(z) = 1 is interpreted as the event that the site 2 € Z“ is inhabited by a particle in
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Directed random walk on oriented percolation cluster

generation n. We can view this contact process as a “toy example” of a spatial stochastic
population model with fluctuating population sizes and local dispersal: Sites z can have
carrying capacity 0 or 1 in a given generation n, and in order for a particle at site x to be
present not only must the corresponding site be open (i.e. have the carrying capacity 1)
but there must also have been a particle in the neighbourhood of = in the previous
generation n — 1 who put her offspring there. If there was more than one particle in
the neighbourhood of z in generation n — 1, we think of randomly assigning one of
them to put an offspring to site z. Note that this implicitly models a density-dependent
population regulation because particles in sparsely-populated regions will now have a
higher chance of actually leaving an offspring.

We will let the carrying capacities be i.i.d. Bernoulli random variables, and consider
the process 7 in the stationary regime. In this regime every living particle at genera-
tion 0, say, has an infinite line of ancestors. The question of interest is the distribution
of the spatial location of distant-in-time ancestors.

One can of course interpret the discrete-time contact process as a process describ-
ing spread of an infection and interpret the carrying capacities as susceptible for the
infection or immune if the Bernoulli random variable at the corresponding site is 1 re-
spectively 0. Then our question of interest is the spatial location of the distant-in-time
carriers of the infection from which the infection propagated to a given individual.

By reversing the time direction, the problem has the following equivalent descrip-
tion. We consider a simple directed random walk on the “backbone” of the infinite
cluster of the oriented percolation on 7% x 7.. The backbone of the cluster, we denote
it by C, is a collection of all sites in Z? x Z that are connected to infinity by an open
path. The “time-slices” of the cluster C can be seen to be equal in distribution to the
time-reversal of the (non-trivial) stationary discrete-time contact process (7, ), and the
directed walk on C can be interpreted as the spatial embedding of the ancestral lineage
of one individual drawn from the equilibrium population. The question posed in the pre-
vious paragraph thus amounts to understanding the long time behaviour of this random
walk.

In this formulation, the model is of independent interest in the context of the theory
of random media: The directed random walk on an oriented percolation cluster can be
viewed as a random walk in a Markovian dynamical random environment. The investi-
gation of such random walks is an active research area with a lot of recent progress.
The random walk we consider however does not satisfy the usual independence or mix-
ing conditions that appear in the literature; see Remark 1.7 below. In fact, in our case
the evolution of the environment as a process in time is rather complicated.

On the other hand, as a random walk on a random cluster, the model is very natural.
The investigation of random walks on percolation clusters is a very active research area
as well. An important difference to our model is that usually, the walk can move in all
(open) directions, whereas we consider a directed random walk.

We now give a precise definition of the model. Let w := {w(z,n) : (v,n) € Z¢xZ} be a
family of independent Bernoulli random variables (representing the carrying capacities)
with parameter p > 0 on some probability space ({2, .4,P). We call a site (z,n) open if
w(z,n) = 1 and closed if w(z,n) = 0. We say that there is an open path from (y,m) to
(z,n) for m < nif there is a sequence z,,, ..., x, such that z,, =y, x, =z, ||xg —2k_1| <
lfork =m+1,...,n and w(xk,k) = 1 for all £ = m,...,n. In this case we write
(z,m) — (y,n). Here ||-|| denotes the sup-norm.

Given a set A C Z¢ we define the discrete time contact process (n2),>, starting at
time m € Z from the set A as

ni(y) = 1a(y), y € 24,
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and forn > m

A _J1 ifw(z,n+1) =1andn(y) =1 for some y € Z? with ||z — y|| <1,

7]n+1($) - .
0 otherwise.

In other words, 7/}(y) = 1 if and only if there is an open path from (x,m) to (y,n)

for some x € A (where we use in this definition the convention that w(z,m) = 14(x)

while for k& > m the w(x, k) are i.i.d. Bernoulli as above). Often we will identify the

configuration 7! with the set {z € Z? : n2(z) = 1}. Taking m = 0, we set

4 = inf{n >0: 7} =0}, (1.1)

and in the case A = {0} we write 7°.

It is well known, see e.g. Theorem 1 in [10], that there is a critical value p. € (0,1)
such that P(7° = c0) = 0 for p < p. and P(7° = o) > 0 for p > p.. In the following we
consider only the supercritical case p > p.. In this case the law of n%d converges weakly
to the upper invariant measure which is the unique non-trivial extremal invariant mea-
sure of the discrete-time contact process. By taking m — —oo while keeping 4 = Z¢
one obtains the stationary process

n = (nn)nEZ = (ngd)neZ' (1.2)

We interpret the process n as a population process, where n,(z) = 1 means that
the position z is occupied by an individual in generation n. We are interested in the
behaviour of the “ancestral lines” of individuals. Note that because of the discrete time,
there can in principle be several individuals alive in the previous generation that could
be ancestors of a given individual at site y, namely all those at some 3’ with ||y’ —y| < 1.
In that case, we stipulate that one of these potential ancestors is chosen uniformly at
random to be the actual ancestor, independently of everything else in the model.

Due to time stationarity, we can focus on ancestral lines of individuals living at time
0. It will be notationally convenient to time-reverse the stationary process n and con-
sider the process £ = (£,)nez defined by &,(x) = 1 if (x,n) — oo (i.e. there is an
infinite directed open path starting at (z,n)) and &,(x) = 0 otherwise. Note that indeed
L((&n)nez) = L((N—n)nez). We will from now on consider the forwards evolution of ¢ as
the “positive” time direction.

On the event By := {£y,(0) = 1} there is an infinite path starting at (0,0). We define
the oriented cluster by

C:={(x,n) € Z* < Z: &, (x) =1}

and let
U(z,n) ={(y,n+1): |z -yl <1} (1.3)

be the neighbourhood of the site (z,n) in the next generation. On the event By, we may
define a Z“-valued random walk X = (X,),>o starting from X, = 0 with transition
probabilities

|U(z,n)nC|™" when (y,n+1) € U(z,n) NC,

(1.4)
0 otherwise.

P(Xpt1 = y[Xn =2,8) = {

Note that (X,,,n),>0 is a directed random walk on the percolation cluster C, and X
can be also viewed as a random walk in a (dynamical) random environment, where the
environment is given by the process £. As the environment € is the time-reversal of the
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stationary Markov process 7, it is itself Markovian and stationary, the invariant measure
being the upper invariant measure of the discrete-time contact process n. While the
evolution of 7 is easy to describe forwards in time by local rules, 7 is not reversible, and
the time evolution of its reversal £ seems complicated. The transition probabilities for
¢ cannot be described by local functions: For example, when viewed as a function of
a = (az)yeza € {0,132, f(a) == P(£&,41(0) = 1|, = a), there will be no finite set K C 74
such that f depends only on (a;).cx (this can for example be seen by considering
various a’s that have a “sea of 0’s around the origin”). Presently it is not at all clear
to us how to describe the forwards in time evolution of £ in a more tangible way. Note
however, that the process ¢ does form a finite-range Markov field in the larger space
74 x 7 because this is true for n, but it is unclear at the moment what use we could
make of that fact.

The complicated nature of ¢ disallows checking many of the usual conditions that
appear in the literature on random walks in dynamical random environment. Some of
such conditions (like e.g. ellipticity) are obviously violated by our model. To our best
knowledge, the random walk in a (dynamic) random environment that we consider here
is not contained in one of the classes studied in the literature so far; see Remark 1.7
below.

Our first result shows the law of large numbers, and a central limit theorem for
X when averaging over both the randomness of the walk’s steps and the environment
w. We write P, for the conditional law of P, given w, and E,, for the corresponding
expectation. With this notation we have P(X,, 11 = y| X, = 2,¢§) = Po(Xnt1 = y| Xn = 7).

Theorem 1.1 (LLN & annealed CLT). For any d > 1 we have

P, (%Xn - 0) =1 forP(-|By)-a.a. w, (1.5)
and for any f € Cy(R%)
E[f (Xn/vn) ‘Bo] =5 9(f), (1.6)

where ®(f) := [ f(x) ®(dz) with ® a non-trivial centred isotropic d-dimensional normal
law.

We prove this theorem by exhibiting a regeneration structure for X and &, and then
showing that the second moments of temporary and spatial increments of X at regen-
eration times are finite (in fact we will prove existence of exponential moments).

Remark 1.2. The covariance matrix of ® in (1.6) is o2 times the d-dimensional identity
matrix. It is clear from the construction below (see Subsection 2.2) that
E[Y?]

O'2 — 0'2(p) = E[Tl’} c (O, OO) (1.7)

where 71 is the first regeneration time (see (2.10)) of the random walk X and Y, ; is
the first coordinate of X , the position of the random walk at this regeneration time. A
simple truncation and coupling argument shows that p — o2(p) is continuous on (p., 1];
see Remark 2.6. The behaviour of o2(p) as p | p. appears to be an interesting problem
that merits further research.

It is natural to study also two (or even more) walkers on the same cluster. On
the one hand, this allows to obtain information on the long-time behaviour in a multi-
type situation. Neuhauser in [17] and more recently Valesin in [23] employed this for
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the (continuous-time) contact process. It is also very natural from the modelling of
ancestral lineages point of view, where it corresponds to jointly describing the space-
time embedding of the ancestry of a sample of size two (or more) individuals when the
walks start from different sites. On the other hand, good control of the behaviour of
two or more “replicas” of X on the same cluster allows us to strengthen the annealed
CLT (1.6) to the quenched version.

Theorem 1.3 (Quenched CLT). Foranyd > 1 and f € Cy(R%)
E, [f (Xo/vn) } 20 (f)  for P(-|Bo)-a.a. w, (1.8)

where ® is the same non-trivial centred isotropic d-dimensional normal law as in (1.6).

Let us conclude the introduction by mentioning some generalisations of the random
walk that we consider here.

Remark 1.4 (More general neighbourhoods). For simplicity, we defined U(z,n) as in
(1.3), but the proofs go through for any finite, symmetric neighbourhood (by “symmet-
ric” we mean that y € U(z,n) if and only if —y € U(x,n)). In this case the resulting law
® will in general not be isotropic, see the end of the proof of Theorem 1.1.

Note also, that for sake of clarity, all figures in this paper are drawn with U(xz,n) set
to{(z+1,n+1),(x —1,n+1)} ford=1.

Remark 1.5 (Functional central limit theorem). For the random walk X one can also
deduce corresponding annealed and quenched functional limit theorems; see also Re-
mark 3.11.

Remark 1.6 (Contact process with fluctuating population size). Let K(x,n), (z,n) €
7% x 7 be iid. N = {1,2,...}-valued random variables and let us define the discrete
time contact process with fluctuating population size, 7 := (7, )nez, by

ﬁﬂ(I) = nﬂ('r)K(xan)v (19)
and its reversal E:: (En)nez by
€n(2) = &n (@)K (z,n). (1.10)

One can interpret K(xz,n) as a random “carrying capacity” of the site (x,n). Now con-
ditioned on &,(0) > 1 the ancestral random walk, we call it X as before, can be defined
by Xy, = 0 and

R Ent1(y) _ if(y,n+1) € U(z,n),
P(Xpy1=ylXn =2,€) = ¢ Ly nin)ev(em Snt1(y') .

0 otherwise.

For such random walks in random environments our arguments can also be adapted
and the same results as above can be obtained; see also Remark 2.4.

Remark 1.7 (Relation to other approaches to RWDRE in the literature). Random walks
in dynamic random environments (RWDRE) are currently an active area of research
(they can of course by explicitly including the “time” coordinate in principle be ex-
pressed in the context of random walk in random (non-dynamic) environments, but the
often more complicated structure of the law of the environment does make them some-
what special inside this general class). To the best of our knowledge, the walk (1.4) and
our results in Theorems 1.1 and 1.3 are not covered by approaches in the literature.
Here is a list of corresponding results so far together with a very brief discussion:
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e Dolgopyat et al. [5] obtain a CLT under “abstract” conditions on the environment
process, that appear very hard to verify explicitly for &, in particular the absolute
continuity condition for £ viewed relative to the walk w.r.t. the a priori law on €.

e Joseph and Rassoul-Agha consider in [13] environments that are “refreshed in
each step” (i.e. time-slices are i.i.d.), this does not apply to (&,).

» Individual coordinates (&,(z))nen with z € Z¢ fixed are not (independent) Markov
chains, in contrast to the set-up in [6] by Dolgopyat and Liverani.

* (&) does not fulfil the required uniform coupling conditions employed by Redig
and Vbllering in [19].

* (&,) does not fulfil the cone mixing condition considered in Avena et al. [1]. In-
tuitively, this stems from the fact that the supercritical contact process has two
extremal invariant distributions, the upper invariant measure (which we consider
here) and the trivial measure (which concentrates on ¢ = 0). Thus, at an arbitrarily
large level n an atypically high density of zeros around the origin can be achieved
by conditioning on large enough islands of zeros below at level 0, an event with
positive probability.

» den Hollander et al. [4] weaken the cone-mixing condition from [1] to a conditional
cone-mixing condition and obtain a LLN for a class of (continuous-time) random
walks in dynamic random environments with this (and some further technical) as-
sumptions. Further research is required to investigate whether a similar condition
can be established for ¢ but note that presently, the approach in [4] does not yield
aCLT

The rest of the paper is organised as follows. In Section 2, we define the regen-
eration structure for a single walk. To define the regeneration times, we first give an
alternative construction of the walk, using some “external randomness”. Theorem 1.1
then follows by standard arguments, once we show that the regeneration times have fi-
nite exponential moments, see Lemma 2.5. In Section 3, we define a joint regeneration
structure for two walks on the same cluster, and we compare their joint distribution
with the distribution of two walks in two independent copies of the environment, which
allows us to prove Theorem 1.3. Finally, in Appendix A we prove a “folklore” result (that
we could not find in this form in the literature), namely that the height of a finite cluster
in the oriented percolation has, for all supercritical parameters, an exponential tail.

2 Regeneration structure for a single random walk

In this section we describe and study a regeneration structure of the random walk
X conditioned on the event B,. We adapt arguments from [14] and [17] and show that
the regeneration times have some exponential moments and consequently finite second
moments. From that Theorem 1.1 follows by standard arguments. The corresponding
proof is given after Lemma 2.5.

The construction of the regeneration structure is lengthy but not difficult. Its goal
is to build a trajectory of X using rules that are “local”, i.e. which use only local w’s
(and some additional local randomness), but not £’s, as to know ¢’s we need to know
the “whole future” of the environment w. Of course, this is not possible in general, but
the regeneration times which we will construct are exactly the times when the locally
constructed trajectory coincides with the trajectory of X. We note that a similar but
non-randomised construction was used in [20] to analyse the collection of rightmost
paths in a directed percolation cluster.
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2.1 Local construction of random walk on C

We will need some additional randomness for the construction: For every (z,n) €
7¢ x 7 let &(z,n) be a uniformly chosen permutation of U(z,n), independently dis-
tributed for all (x,n)’s, defined also on the probability space (2, A,P). We denote the
whole family of these permutations by @.

For every (z,n) € Z¢ x Z let {(x,n) = {(z,n) be the length of the longest directed

open path starting at (z,n); we set £(x,n) = —1 when (x, n) is closed. (Recall that a path
(zo,m), (x1,n+ 1),...,(zk,n + k) of length k with ||z; — z;_1|| < 1 is open if w(zg,n) =
w(zy,n+1) = =w(rk,n+k)=1) Forevery k € {0,1,...} let {(z,n) = l(xz,n) Nk

be the length of the longest directed open path of length at most & starting from (z,n).
Observe that ¢ (z,n) is measurable with respect to the o-algebra G"+¥*+1, where

Gr=o(w(y,i),o(y,i) :yEZd,n§i<m), n < m. (2.1)

For k € {0,...,00}, we define My(z,n) C U(z,n) to be the set of sites which maximise
l, over U(z,n), i.e.

My(z,n) = {y eU(x,n): l(y) = Zer[r}?;fn) Ek(z)}, (2.2)

and for convenience we set M_;(z,n) = U(z,n). Observe that we have

My(z,n) ={y € U(x,n) : y is open}, (2.3)
Moo (z,n) =U(xz,n)NC, (2.4)
My (z,n) D M4 (z,n), k> —1. (2.5)

Let my(z,n) € My(z,n) be the element of M (z,n) that appears as the first in the
permutation w(x, n).

(z,n)

Given (z,n), k, w and w, we define a path 7, =+, " of length k via

’Vk(o) = (x,n),

. . . (2.6)
(@ +1) =me_j2((), J=0,....,k—1

In words, at every step, v checks the neighbours of its present position and picks
randomly (using the random permutation w) one of those where it can go further on
open sites, but inspecting only the state of sites in the time-layers {n,...,n + k — 1}.
Consequently, the construction of 7,(;”’") is measurable with respect to the o-algebra
g;;+ k (recall (2.1)). See Figure 1 for an illustration.

(z,n)

The paths v, have the following properties.

Lemma 2.1. Assume that w and (x,n) € C are fixed.

(a) The law of (wéﬁ’") (4))j>0 is the same as the law of the random walk (X;,n + j);>0
on C started from (x,n).

If in addition w is fixed, then
(b) w(yk(m)) =1forall0 <m < k.

(c) (stability in k) If the end point of vj, is open, i.e. w(vk(k)) = 1, then the path 41
restricted to the first k steps equals .

(d) (fixation on C) Assume that vx(j) € C for some k > 0, j < k. Then, v,,(j) = v(j)
for allm > k.

EJP 18 (2013), paper 80. ejp.ejpecp.org
Page 7/35


http://dx.doi.org/10.1214/EJP.v18-2302
http://ejp.ejpecp.org/

Directed random walk on oriented percolation cluster

N

\.1r / /
X > / &
B(z,n) (2 /’W(m) /

(, n) k=1
Figure 1: The paths W,(f’") from (2.6) based on w’s and w’s. Black and white circles
represent open sites, i.e. w(site) = 1, and closed sites, i.e. w(site) = 0, respectively. Solid
arrows from a site point to Wit (1) and dotted to Wsie)(2). On the right the sequence

of paths 7(95 n)() for kK = 1,2,3,4 is shown. For sake of clarity, we used U(z,n) =
{(x+1,n+1),(x—1,n+1)}, cf. Remark 1.4.

(e) (exploration of finite branches) If y,(k — 1) € C and (k) ¢ C for some k, then
vj(k) = (k) forall k < j < k+ (v (k) + 1 and Yy oy, (k)42 (k) 7 (k).

Proof. Claim (a) follows directly from (2.4), the fact that m..(-) is a uniformly chosen
element of M (-), and the definition of the path 7.,. For claim (b), it is sufficient to
observe that when (x,n) € C, there is an open path of length k¥ — 1 starting at (z,n)
which ~;, will follow. For (c), if 74 (k) is open, then my_;_2(vx(j)) € Mi—j—1(vx(j)) for
every 0 < j < k, and thus, using the inclusion (2.5), my_;—1(7(4)) = mr—j—2(v(4)).
for 0 < j < k. For (d), if v, (y) is on C, then v4(j) € My (v (j — 1)) for every m > k
by (2.4), and thus vx(j) = vm(j). Finally, (e) follows by observing that when ~4(k) =
m—_1(ve(k —1)) ¢ C, thatis £(yx(k)) < oo, then v, (k) = m;(yx(k — 1)) € M;(vi(k — 1)) for
all 0 < j < £(vi(k)) but v (k) & Moy, (k))+1(e(k — 1)). O

Remark 2.2. Lemma 2.1(a) allows to couple the random variables w,w with the random
walk (X, k) started from (0,0) by setting

(Xi, k) = 700 (k) = Jim, OO (k). (2.7)

(Note that the limit on the right-hand side exists by Lemma 2.1(d).) From now on, we
will assume that this coupling is in place.

Remark 2.3. 1. This construction can a priori be used to extend the definition of the
random walk X for starting points that are not on the infinite cluster C. It is sufficient
to use similar arguments as in the previous lemma to show that for every (z,n), w,
and @, (Xg,n+k) = lim;j_ qu(-m’”)(k) exists a.s. for every k and is a directed path, which
remains on C once it hits it. Actually, in this way we obtain a coalescing flow on Z% x Z.

2. In analogy with the construction in Section 2 from [17] we can think of the path ~;
defined in (2.6) as leading to v (k), the first potential ancestor k generations ago of the
particle at (z,n). The construction of vy can easily be extended to a random ordering of
all paths of length k, thus yielding an ordered sequence of all potential ancestors.

We will not need these extensions in the present paper.

Remark 2.4 (The construction in the case of fluctuating local population size). In the
case of fluctuating local population size as in Remark 1.6, the same construction can be
performed. To this end it is only necessary to replace the uniform random permutation
w(xz,n) by a “weighted” random permutation with distribution

P(&(z,n) = (y1,...,yu)|K) = H ( 3 (2.8)
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where we set u == |U(z,n)| and (y1, . ..,y,) run over all permutations of U(z,n).

2.2 Regeneration times

We can now introduce the regeneration times which will be used to show all main
results of the present paper. We consider the random walk (X,,,n) started at (0,0) as

defined in (2.7) and write ~y; for 7,20’0). We define a sequence T, 7 > 0, by

To:=0 and T, :=inf{k>T;_1:&(m(k) =1}, j>1. (2.9)

(Here and later we use the notation ¢(y) == &,(z) when y = (z,n) € Z? x Z.)

At times T; the local construction of the path finds a “real ancestor” of (0,0) in the
sense that for any m > T}, v,,(1}) = vr;(T;), by Lemma 2.1(d). Therefore, the local
construction “discovers the trajectory of X up to time 7};”. More precisely we know that
(Xim,m) =7, (m) for all 0 < m < T, cf. Lemma 2.1(a) and Remark 2.2.

Fori=1,2,... we set

T = Tz — Ti,1 and Y; = XTi — XTi—l' (210)

The strong law of large numbers as well as the (averaged) central limit theorem are
consequences of the following lemma.

Lemma 2.5 (Independence and exponential tails for regeneration increments). Condi-
tioned on By the sequence ((Y;7 Ti))pl isi.i.d. and Y; is symmetrically distributed. Fur-
thermore, there exist constants C, ¢ € (0,00), such that

]P(”YlH > Tl|Bo) < Ce ™™ and IP(Tl > n|Bo) < Ce ", (2.11)

Proof of Theorem 1.1. By symmetry and (2.11), we have E[Y;|By] = 0. Non-triviality of
® follows since 7} and Y; are not deterministic multiples of each other and Y; is not
concentrated on a subspace which follows from the fact that P(Y; = 2,7, = n|By) > 0
for all € Z¢ and n > ||z||. To see this we observe that the configuration of the w’s in a
space-time box of side-length n around the origin consisting only of closed sites except
for the origin itself and two disjoint “rays” of open sites, the first connecting (0,0) to
(=x,n — 1) and ending there, the second connecting (0,0) up to (x,n), has positive
probability.

The rest of the proof is standard, see e.g. the proof of Corollary 1 in [14], or the
proof of Theorem 4.1. in [22].

Note that since the “basic neighbourhood” U(-, -) is symmetric, ® is isotropic, i.e. its
covariance matrix (X;;) is a multiple of the d-dimensional identity matrix: Because ®
is invariant under permutation of coordinates, we must have ;; = ,; = 2 € (0,00),
Yij =s € Rforalll <i# j <d. Furthermore, the law ® then also inherits invariance
under sign flips of individual coordinates, hence we must have s = —s = 0. O

2.3 Proof of Lemma 2.5

Symmetry of the law of Y7 follows from the symmetry of the construction. Note that
IY1|| < 71 a.s. Thus, the first bound in (2.11) follows from the second, which we prove
now.

The value of 77 can be obtained by gradually constructing v; and checking whether
€(y(k)) = 1for k =1,2,.... We abbreviate P(-) := P(|By). Let o be a (GF)en-stopping
time, denote the o-past by GJ, let W be a GJ-measurable Z%-valued random variable.
An application of the FKG inequality yields

P(&(W,0)) =1]G5) > P(By), (2.12)
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as follows: For any n € IN, By can be written as the finite disjoint union

Bo= <{(0,0) =5 {npyn (UL - oo}))

SCB,(0) y€eS

where B,,(0) denotes the |[|-|-ball of radius n around 0 in Z¢ and {(0,0) = S x {n}} € G§
denotes the event that the set of sites y € Z< with the property that (y, n) can be reached
from (0, 0) via a directed nearest neighbour path whose steps begin on open sites equals
exactly S.

Now pick A € G§. We have

P({&(W,0)) =1} N AN By) :ZP({azn,W:w}ﬂAﬂ{(w,n) — 00} N By)

=3 Y P({o=nw=ulnan{(©,0)=5x {n}}
w,n SCB,(0) N{(w,n) = oo} N Uyes{(yﬂl) - OO})
=3 Y P{o=nW =w}nAn{(0.0) = S x {n}})
w,n SCB,(0) X ]P({(w,n) — 00} N Uyes{(?hn) - OO})
2% Y P(fr=nW=wknan{0.0)= 5 x (1}})
w0 < P(|J, o {:m) = oc}) x P({(w,n) = o0}
=5 ¥ P({azn,wzw}mAm{(o,o):Sx{n}}ﬂ U{(y,n)%oo})lP(Bo)
w,n SCB,(0) yes

= ]P(A n Bo)]P(Bo)

where we used the FKG inequality in the fourth line and the fact that G' and G3° are
independent in the third and the fifth lines. Since A € G{ is arbitrary, this proves (2.12).

Applying (2.12) with ¢ = 0 := 1 and W = ~,,(00) yields
P(Th=1) =P (Ty = 1G3) =P (¢(n (1)) = 1|G5) > P(By). (2.13)

When 7(1) ¢ C, we should wait for the local construction to discover this fact, i.e.
for the finite directed cluster starting at ;1(1) to die out. More precisely, on the event
B = {7 (1) ¢ C}, £(71(1)), the length of the longest directed open path starting at (1)
is finite and the local construction discovers this fact at time ¢(v1(1)) + 09 + 1 when
the longest paths gets stuck, i.e. when it runs into a “dead end” produced by closed
sites. Thus, o1, defined by o1 = ¢(71(1)) + 2 + 0¢ is a stopping time w.r.t. the filtration
(G8")m=1,2,.. and By € G7*. On By, by Lemma 2.1(e) with k = 1, £(7,,(1)) = 0 and hence
also &(ym(m)) = 0 for all m < o;. Thus, we have

By = BiN{&(ym(m)) =0,Y1<m <o} egs
and
16, B(Th = 11G5") = 18, (€10, (01)) = 115") = T, P(Bo) 2.14)

by (2.12).

Let By = {75, (c1) ¢ C}. On By N BS we know that T} = o3, otherwise we define the
stopping time o9 = 01 + 4(7,,(01)) + 2. By a similar reasoning as before, noting that
By € G5?, we find

15,08, P(T1 = 02|G3?) > 1p,n8,P(Bo). (2.15)
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Figure 2: “Discovering” of the trajectory of X between the regeneration times 7, and
Ts in case U = {—1,1} is shown on the left-hand side of the figure. On the right-hand
side we zoom into the evolution between T; and 7;. On the two “relevant sites” we
show the realisation of @w’s using the same conventions as in Figure 1 (in particular,
U(z,n)={(x+1,n+1),(x—1,n+1)}, cf. Remark 1.4).

By repeating the same argument, setting recursively
Bk+1 = {’ygk (O'k) ¢ 6}7 Ok4+1 = Ok +£(’ygk(0'k)) +2 on BiNByN---N Bk+17 (2.16)

we then get

18,n8s0-1Bess P(T1 = 0k41|Gg ") > 18,0B20--n8,., P (Bo). (2.17)

The number of repetitions needed to find the value of 73 is thus dominated by a geo-
metric random variable with success probability P(By) > 0. Moreover, by Lemma A.1,
the random variables oj11 — 0 = (75, (o)) + 2 have exponential tails. By elementary
considerations, this implies that 77 satisfies the desired second inequality in (2.11). See
Figure 2 for an illustration of the construction of the T;.

Finally we should prove that ((TZ-,Y}))i>1 is an i.i.d. sequence. Let f,, z € Z¢ x Z
be the standard shift operator on Q, (f,w)(y) = w(z + y). We will show that the only
information we have about the future of the environment after 7} (that is about w(z,n),
x € Z%, n > T)) at the instant when we discover T} is that &(yr, (1)) = 1.

To formalise this let 7%, k > 0, be the sigma-algebra generated by G} and the ran-
dom variables £(v;(j)), 0 < j < k, in particular, F;, contains the information about the
environments w and w that the construction discovers by the time of checking whether
T1 = k. Note that 7T} is a stopping time w.r.t. the filtration (F), write Fp, for the T3-past.

We check that for any event A € Gg°,

IP(GAYT1 () (A)|Fr,) = P(A). (2.18)
Indeed, if this is the case, then (7, Y3) have the same distribution as (71,Y7) and they
are independent. Proceeding by induction then implies the i.i.d. property.
To prove (2.18) one argues similarly as before: Pick A’ € Fr,, wl.o.g. assume A’ C
By (otherwise consider A’ N By). Fix (z,n) € Z? x IN. When n > 2, by construction,
(/2]
{’yTl(Tl) = (Z’n)} = U {Tl =0k = n,%(”) = (z,n)}
k=1

(/2]
= U (Bl N--NBrN{or =n,7(n) = (z,n)} N{(z,n) = oo}) ;
k=1
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forn =1, {yr,(T1) = (2,1)} = {71 (1) = (2,1)} N {(2,1) = oo}. In particular, there exists
A’(Z,n) € Gy such that

A/ N {’yTl(Tl) = (Z,TL)} = A/z,n) N {(Zﬂn) — OO} ( C BO)

Thus
P (0., (1) (A)NA N By) = > P (0 (A) NA' 0 {37, (Th) = (2,n)})
(=)
_ZIP (Ozmy(A) N {(2,2) = 00} NA(, )
(z:n)
— Z (0(2.m) (A) N {(z,n) = o0o})P( zz,n)) 2.19)

(z,m)

= ]P(A) > P(AL, ) N{(z,n) = oo}) = P(A)P(A) = P(A)P(A' N By),
(2,m)

ie. I~P(<97T1 (A NA) = P(A)P(A’), where we used the independence of G and G° in
the third and in the fifth lines and translation invariance in the fifth line. Since 4’ € Fp,
is arbitrary, this proves (2.18) and concludes the proof of Lemma 2.5. O

Remark 2.6 (Continuity of o(p), cf. Remark 1.2). The construction in the proof of
Lemma 2.5 also shows that the functions

p— E,[Y1], p+ Ey[n] and in particular p+— o*(p) (2.20)
are continuous on (pe, 1].

Proof. For fixed z € Z,n € N note that by construction {Y;; = 2,74 = n} = D,,, N
{(z,n) — oo} where D, ,, € o(w(z,m),&(z,m),(z,m) € B,) C G (with B, := {(z,m) :
lz]] <n,0 < m < n}) can be expressed as a finite union

D,.,= U ({w x m) = w(:r m) for ||z]| < n,m < n}
weClzn) {@ Nzl < nym < n) e Clz,n w)})
for certain C(z,n) C {0,1}5 and C(z,n,w) C {permutations of 1,...,n}5". Thus,

D IPp(YLl =2z,7 = n) = IPp(DZV,L)IPp((z,n) — oo) = IP,,(DZ,H)IPP((O,O) — oo)

is continuous on (p, 1] for any (z,n) € Z x N : Since D, , depends only on finitely
many coordinates of w and &, continuity of p — P,(D, ,) is obvious e.g. from a simple
coupling argument; continuity of p — IP,, ((O7 0) — oo) is guaranteed by Theorem 2 from
[10]. Combining this with exponential tail bounds for |Y; ;1| < 7 that can be chosen
uniform in p € [p. + 6,1] for any 6 > 0 (cf. Lemma A.1 and Remark A.3 below) proves
(2.20). O

3 Joint dynamics of two walks on the same realisation of the clus-

ter and the quenched CLT

In this section we study the joint dynamics of two walks on the same realisation of
the cluster C, in order to show the quenched CLT, Theorem 1.3.
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For z,7' € 7%, let B, . be the event {{(x) = &(2') = 1}. Conditioned on w and
B, ., let X = (X,,), and X' := (X]),, be two independent random walks with transition
probabilities (1.4) started on (x,0) and (z’, 0) respectively. Observe that X and X’ take
their steps independently but in the same environment. Note also that, unlike true
ancestral lines, the random walks X, X’ can meet and then separate again.

We now extend the local construction of the random walk from Subsection 2.1 to the
two-walk case. Assume that in addition, a collection of independent random permuta-

tions W' = (W'(7,1n))(2,n)ezixz With the same distribution as w on the same probability
space (2, A, P) is given, and define paths 71/@(%”) analogously as y,iw’") using &’ instead
of @ but the same w. Note that for given n and k, the construction of w,gm’”) and 7,’6(‘/”’”) is

measurable with respect to
Gt = o (w(y,i),0(y,1), &' (y,49) sy € Z4n <i <n+k). (3.1)

On B, ,s, using the same reasoning as in the previous section, we may couple the
random walks X, X’ started from z, ' with w, @ and &’ by

(X, k) = lim 4{@O(k), (X}, k) = lim 70 (k). (3.2)
n—o0 n—o0

3.1 Joint regeneration structure of two random walks

The individual regeneration sequences are defined as in Section 2. We now define a
joint regeneration sequence for the pair X, X’. We set T := 0, 7} := 0 and for r € Z
put

inf{n > T, : (v (n)) = 1}, (3.3)
T/, =inf{n > T, : (/@O (n)) = 1}. (3.4)

n

TT_;,_l B

Note that if (Xo, Xy) = (=, z), then under P(-|B, ), (X1, , — X7,,T741 — T}), is an ii.d.

sequence and (X/T,’.H — X7y, T4 — T)), has the same law but the two objects are of

course not independent because both build on the same cluster given by the same £.
Now we define the sequence of simultaneous regeneration times. We set Jy = 0,

Jy =0 and for m € Z let

Jms1 = min {j > Jp, : Tj = T}, for some j' > J,, }, (3.5)
T =min{j’ > J, : T}, =T} for some j > J, }, (3.6)

then
5 =T, =T, , m=0,1,2,... (3.7)

is the sequence of simultaneous regeneration times. Note that
T5m = min ({Tj LTy > T YT T > T;?jll}). (3.8)
As in the one walk case we write for the increments V), := X, — X7, |, 7 == T} —

Tp1, Y, =X}, — X, , 7, =T, —T,_, and furthermore we define
k k—1

Xp=Xr,, X, =X, meZ,, (3.9)

Xp= Xpom = X5, = Xp,, X} = X = )}’Jé = Xpo . (€L (3.10)
4

sim
TZ

Note that )?m, )?jn will typically refer to the two walks X and X'’ at different real-time
instants.
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Let us denote the “pieces between simultaneous regenerations” by

=, = ((Yk,m),‘c’:%_ﬁp (Y,;,T,g),‘c’iﬁklﬂjm,)?;), m=1,2,.... (3.11)

Note that Z,, takes values in IF x F x Z? x Z%, where IF := U2> , (Z? x IN)".

The following result is the “joint” version of bound (2.11) in Lemma 2.5. Heuristi-
cally, since the individual regeneration times have exponential tails and immediate joint
regeneration has “positive” probability one can use a “restart”-argument to construct
joint regenerations. Because of the dependence of the two walks the proof that we
actually give is somewhat more complicated than these heuristics.

Lemma 3.1 (Exponential tail bounds for joint regeneration times). There exist con-
stants C, ¢ € (0,00) such that

P(T"™ > k| Xo =2, X =2/, By o) < Ce~*, VkeN,z,2' €7 (3.12)
Proof. Let v = %gx,o) and v;, = %/g(z',o). The proof is a variant of the proof of Lemma 2.5,
but one should be a little bit more careful not to “discover too many sites where £ is
zero”. More precisely one must not check whether {(y4(k)) = 1 and &(v;(k)) = 1 for
all k. We proceed as follows. We first check whether £(y1(1)) = 1. If this is not the
case, then we do not check &(v1(1)), set o1 = £(71(1)) + 3. When £(71(1)) = 1, we
check £(74(1)). When it is 1, then we are done and 75'™ = 1. When it is 0, we set
o1 = L7 (1)) +3.

If we are not done, we proceed with the local construction of -, and ~;, but do not
check any other value of £ until reaching time o (as it is useless, we need first “discover
locally” the fact that one of the ¢’s we checked before was zero). At time ¢; we have this
information, so we check &(vy, (01)) first. If it is zero, we set 03 = 01 + £(Vy, (01)) + 2. If
it is one, we check also £(7/, (51)). When also this value is one, we are done, 7™ = 0.
Otherwise we set o2 = o1 + £(7,,(01)) + 2. If we are not done, we continue the local
construction up to the time o5 without checking any ¢’s. At time o2 we check two end
points of 7’s as before, eventually defining o3, etc.

Let, similarly as before, ]?k be the o-algebra generated by gAéf and all the additional
information about £’s discovered by this algorithm (strictly) before time k. To estimate
how many steps of the algorithm are necessary, we claim that when o, is defined

P (€0 (02)) = 1 = §(1, (00))| P Boar) = P(Bo)™. (3.13)

Indeed, this follows again by the FKG inequality, one should only observe that any
negative information contained in the conditioning (that is the knowledge £(z) = 0 for
some z) is contained in gg ¥ and can thus be removed from the conditioning, similarly to
(2.17).

The number of steps of the algorithm is thus dominated by a geometric random
variable. Moreover, as the random variables o; — 0,1 have exponential tails, the claim
of the lemma follows as before. O

We next show that (Em)mEZJr defined in (3.11) form a (discrete) Markov chain.

Lemma 3.2. Let z,2' € Z¢, Xg = x, X}, = 2/, put Zy = (a,a/,z,2') with arbitrary
a,a’ € F. Then under P(:|B; .), (Em)mez, is a (discrete) Markov chain, its transition
probability function

\I/jOint((a>O/»ma$/)a (ﬂvﬂlayvyl)) =: \I/jOint((xvx/)v (ﬁ,ﬁ',y,y/)) (3.14)
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depends in its first argument only on the last two coordinates (x,z'), not on («, ), and
has a spatial homogeneity property:

\I]jOint((x7x/>7 (ﬁaﬂ/7y7y/)) = \IjjOint((x + Z, I‘/ + Z)7 (676/7 Yy + Z, y/ + Z)) (315)

Proof. The proof is a straightforward adaptation of arguments given around (2.18)-
(2.19) in the proof of Lemma 2.5. Therefore we do not repeat it here. O

Remark 3.3. 1. In particular, (X,, X}), is in itself a Markov chain on Z® x Z with
transition probability

ot (z,2), (y,9)) = \I/jomt((x,x/),lF x T x {(y,4)}) . (3.16)

2. The full path (E,,) contains the same amount of information as the pair of se-
quences ((Y;, ), (Y/,7!);) since these can be reconstructed from a full Z-path.

We want to compare the joint distribution of (X, X’) run in the same environment
with the distribution of two walks run in two independent copies of the environment.
To this end we consider the same construction as above, except that now we let X’ use
¢’ built on ', an independent copy of w. That is, the sequences (X1, , — Xr,, Tiy1 —T3);
and (XIT{H — X/T;’ T/ , — T;); are now independent copies since they use independent
realisations of the medium. Obviously, then (Z,,)mnecz ., as defined in (3.11) is a Markov
chain and we denote its transition probability function by

\Dind((aa 0/7 Z, Z‘/), (6? B/a Y, yl)) = \Ilind ((.Z', LU/), (6; B/a Y, y/)) . (317)

It again only depends on the last two coordinates (z,z’), not on («,a’), and has the
same spatial homogeneity as Wi°"*. Under V"4, the sequence (73™ — T5™), is i.i.d.,
the law of 7™ does not depend on the spatial separation (it is simply the law of the
first joint renewal of two independent copies of a renewal process whose waiting time
distribution is aperiodic and has exponential tails). Finally, similarly as in (3.16) we
define

U ((2,2), (y,1)) = ™ ((2,2),F x F x {(y.9)}). (3.18)
The next lemma allows us to compare Wi°"t and ¥ind,

Lemma 3.4 (Total variation distance of W™ and ¥i*d), There exist constants ¢, C > 0
such that

[ W3 (2, 27),-) — U ((2,27), ) |ty < Cecle=7Il| for all z, 2" € 7, (3.19)
where ||-||tv denotes the total variation norm.

Proof. The proof is an adaptation of the proof of Lemma 3.2(i) in [23]. We give it in the

case z € Z% of the form x = (71,0, ...,0) for some positive r; and 2’ = 0. The general
case has more complicated notation but the same arguments.
Let
Q; = {(wi(z,n)7&'1i(z,n)) (z,n) € Z% x Z+}, 1=1,2 (3.20)

be two independent families of independent collections of random variables, where the
random variables w;(z,n) are i.i.d. Bernoulli distributed with parameter p > p. (where
p. is the critical parameter for oriented percolation) and the random variables w;(z,n)
are i.i.d. random permutations of the sets U(z,n) (defined in (1.3)).
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Furthermore define Q3 = {(ws(z,n),w0s3(2,n)) : (2,n) € Z% x Z} by setting for z =
(21,5 24)

(ws(z.m). () = {wz’””?‘“(z’”” s

(wa(z,n),wa(z,n)) 21 >x1/2.

Then of course 21, {2, and 3 have the same distribution and on each of the families we
can define the random walks by the local construction of Section 2. To distinguish these
walks throughout the proof we will need to denote several variables that we introduced
earlier as functions of the 2;’s. In particular we write

&n(x; Q) for &, (x) constructed using €2;,
£(z,n; ;) for £(z,n) constructed using 2;,
fy,(f’")(m; ;) for the path 7,(:6’”) (m) obtained using ;.
Furthermore for 4,j € {1,2,3} (we will consider the two cases i = j = 3 or i = 1 and
7 =2) we set

Ba,w (i, Q) = {€o(x; ) = 1 = &o(2;Qy)},

Tom = T5™(Qy, Q) i=inf{n > 1: & (75 (n; Q:); Qi) = & (V™ (03 );Q;) =1}
Note that on B, ./ (€23, 3) the regeneration time T§1§n is the simultaneous regeneration
time Tfim defined as in (3.7) using {23 and Tflgn is the first simultaneous regeneration
time of two independent walks defined on 2; and 5. In keeping with (3.5-3.6) we will
write J1(€2;,Q;) and J{(£2;, ;) for the number of individual renewals until the first joint
renewal of the first, respectively, the second walk when the first walk uses {2; and the
second {;.

Note also that there are constants ¢, C' € (0, 00) such that, Vi, j € {1,2,3},

P (T35 > 7By o (,95)) < Ce™ . (3.21)

For ¢ = j = 3 this assertion was shown in Lemma 3.1. For ¢ = 1 and j = 2 the inequality
is true since the individual regeneration times of two independent random walks are
aperiodic and by Lemma 2.5 have exponentially decaying tails.

Recall the definition of =,, in (3.11) and define for i, j € {1,2,3}

— J1 (94,9 T2,
Z1(, Q) = ((Ve(2), 7 () 070(9), TS, X (2), X (7).

sim
Tm‘

Furthermore define, with some cemetery state A,

sjoint _ | E1(Q3,923), i §o(z;€23) = So(2';Q3) = 1,
i A, otherwise,

and

cind ) (21, Q2), i &o (s ) = Eo(as D) = 1,
- ' A, otherwise.

Recall that we are considering the supercritical case p > p., hence the percolation
probability p., = P(£(0) = 1) is strictly positive. Because of positive correlations, we
have

P (N0 £4) P (ER £4) 2% (3.22)
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uniformly in z, 2’. Furthermore we have

Wit (347, ) = P (Ejoint _ . |gloint A)

T,x! T x,z’
and
U ((z,2)),) =P (BN = |20% #A).

Define n* = [x1/2] and set
Ly = {(z,0; Q1) vV £(z',0;Q2) < n*}
Ly = {&olz; 1) = &(2'; Q) = &o(2;23) =

By definition of (23 and n* we have

So(2;9Q3) = 1, T5% < n*, TP < n*}.

0 (05 Q) = A0 (n; Q) and A0 (n; Q) = A0 (05 Qs) forall m € {0, n"}.
(3.23)
Furthermore on L; U L, we have =’ = Zd,. To see this note that on L; we have
St = 2ind, = A, On Ly we have T35 = T35 and since this is smaller than n* we
obtain by (3.23) that Z7* = =ind,,

The complement of L1 U Ly is contained in the union of the events

{n* < 0(z,0; Q) < oo}, {n" < €(x,0;Q3) < 0},
{n* < 0(a',0;Qs) < oo}, {n* < £(z',0;Q3) < oo},

{€o(a; ) = (a3 ) = 1, T35 > 0"},
{So(2;Q3) = &o(2';Q3) = 1, T35 > n*},
each of which is exponentially decreasing in ||z — 2’| = z;. For the events in the first

two lines this follows by Lemma A.1, whereas for the events in the last two lines this is
a consequence of (3.21). Thus, there are ¢,C € (0,00) such that

‘IP (r—JOIIl/t _ w) _ ~1nd _ ‘ _ (~Jomt Emd/) S Ce—cxl,

weWU{A} 7
where W = F x F x Z% x Z¢. Now, as in [23] in the display after (3.9) on p. 2236, it
follows that

@it (2, 2),-) — W ((2,2"), )|y

iy P =w)  p(zd =)
wEW (:‘JOIU,t 4 A) P (Eind, 4 A)

< m 2 [p(E=u)-pE =)
1 1 —in
T2lp(Eisa) b (";“i, #4) 2, ¢ & =)
Cocle—sl 1 |P(En, 2 A) P (2P £ A)|
p(=isa) 2 p (”ft;%t AA)P (k£ 4)
__Ceeleel Ce—clla=a'l
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By (3.22) both denominators in the last line of the above display are bounded away from
zero uniformly in x, z’. Thus, for suitably chosen C, c the assertion of the lemma follows
in the case x = (21,0,...,0). O

3.2 Coupling of ¥/°™ and ¥ind

The following lemma is our “target lemma”, which forms the core of the proof of
Theorem 1.3.

Lemma 3.5. There exists b > 0 and a non-trivial centred d-dimensional normal law ®
such that for f : R* — R bounded and Lipschitz we have

E [(Ew [ (Xom/v/m)] — @(f)ﬂ <Cym. (3.24)

We will show this lemma by coupling two Markov chains with transition matrices
pioint and ¥nd, ysing Lemma 3.4. We need a few technical lemmata beforehand. The
first one gives standard estimates on exit distribution from an annulus.

Lemma 3.6. Write forr > 0

h(r) =inf{k € Z : ||)?k — )?;;Hz <r},

oA (3.25)
H(r)=inf{k € Z, : | X — X} ||2 >},

where ||-||2 denotes the Euclidean norm on Z<, and set forry < r < 1y

2—-d -
L —r2=d

===, Wwhend >3,
T2

fa(ryry,rg) = ¢ Josrlosms - yyhan g = 2, (3.26)

logro—logry?

e when d = 1.
rT2—T1

For every € > 0 there are (large) R and R such that for all ro >1r; > R withreg —ry > R
and x,y € 7% satisfyingry <r = ||z — y|lo < ro

(1—¢)fa(r;re,ra) S PRG(H(ra) < h(r1)) < (14¢)falriri,re). (3.27)

Remark 3.7. We use for simplicity the sup-norm ||z| = maxi<;<q |z;| instead of the
Euclidean norm ||z||2 in the rest of the paper. Since all norms on R? are equivalent, we
can and shall translate between them by an appropriate adjustments of constants. We
will assume this implicitly below when applying Lemma 3.6.

Proof of Lemma 3.6. From the construction of the transition probability ¥'*? it follows
that under P the Markov chain (X,, — X/), is a random walk on Z? with i.i.d. incre-
ments whose distribution is symmetric (and thus centred) and has a finite variance. The
claim is then a direct consequence of the usual invariance principle and exit probabil-
ities from an annulus by a d-dimensional Brownian motion, see e.g. Theorem 3.18 in
[16]. O

We use Pi°"* to denote the distribution of the canonical Markov chain Z with tran-
sition probabilities Wi°" started from =y = (a,o’,x,y). Note that by (3.14) this dis-
tribution does not depend on «,«’. Similarly, IP;“E denotes the law of the chain with
the transition matrix ¥"d. In both cases, with a slight abuse of notation, X , X’ , X , X’
denote the corresponding underlying chains which can be read from =, see Remark 3.3.
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In particular, under P, (X,,, X!), is a Markov chain with transition probability ¥ind,
given in (3.18).

From now on, we assume in this section that d > 2 and complete the proof of
Lemma 3.5 under this assumption. The case d = 1 requires different arguments that
are postponed to Section 3.4.

As we do not have a good control on the difference between ¥i"d((z,2’),-) and
gioint ('), .) when ||z — 2/|| is small, we need to ensure that X and X’ separate suffi-
ciently quickly under PJ°"t, This is shown in the next lemma:

Lemma 3.8 (Separation lemma). Let d > 2 and let H(r) be as in (3.25). There are
b1,b2 € (0,1/2), bg > 0, by € (0,1) such that for n large enough,

PYo" (H(nt) > nb2) < e~ban™. (3.28)

Proof. We split the proof in six steps.

Step 1. We first observe that there exists a (small) ¢; > 0 and b4 € (0,1/2), b5 > 0 such
that
Pio (H(e1logn) > n*) <n~" for n large enough, (3.29)

uniformly in 2,y € Z?. To see this we use the definition of (X'n, )A(,’L) via the joint law of
the cluster and two walkers on it to construct suitable “corridors” in opposite directions
in the random environment, and force the two walks to walk along these corridors.
Namely, denoting r = |&1 logn |, and assuming without loss of generality that z-e; < y-eq,
we require that w(z — key, k) = w(y + key, k) = 1 forall k =1,...,r, that {(x —rej,r) =
&(y + rey,r) = 1, and that the permutations @, @’ are such w(x — key, k)[1] = (x —
(k+ e, k+1), &'(y + ke, k)[1] = (y+ (k+ 1)ey,k+ 1), forall k = 0,...,7 — 1. The
probability that these requirements are satisfied can be easily bounded from below by
87 for some &§; = d1(p,U) € (0,1). If the requirements are satisfied, then 7™ = k and
thus )A(k = x — keq, )A({L =y + ke forall k = 1,...,r. Therefore, we see that uniformly
over z,y € Z°

Pl (|1 X; — X)) > 5) > o1 (3.30)

Thus, the probability that (X,) and (X’) have distance ¢ logn after the first ; logn
steps is at least n—<11°8(1/81) If this happens, we are done, otherwise, we can try again
by the Markov property. By the uniformity of the bound in (3.30), we have

PIo"(H (e1logn) > meylogn) < (1—n~" log(1/61)ym < exp(—mn~c11e(1/0))  (3.31)

Now let £; be so small that —e; logd; € (0,1/2), pick by € (—e1logd1,1/2), bs > 0 and set
m = bync11°8(1/01) Jog n in (3.31).

Step 2. Next we claim that for any K> > 0 we can pick a d; € (0,1) such that for all
z,y € Z* with e, logn < ||z — y|| < Kylogn and n large enough

P (H(K3logn) < h(3e1logn) A (Kalogn)®) > 6, (3.32)

where £ is the stopping time defined in (3.25). To this end we couple P with P
using Lemma 3.4, in a standard way. This coupling implies that the left-hand side of
(3.32) is bounded from below by

Prd(H (K2 logn) < h(ieilogn) A (Kzlogn)®) — C(Kazlogn)®n= /2, (3.33)

where the second term is an upper bound on the probability that the coupling fails
before the time min{H (K;logn), h(1e1logn), (K2logn)3}. This bound follows from the
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fact that before this time the distance between X ) X' is at least %51 logn and thus the
probability that the coupling fails in one step is at most exp{—§e; logn} = n=ee/2,

The first term in (3.33) is bounded from below by a small constant §’, uniformly
in n, as follows from Lemma 3.6 (with »; = %51 logn, ro = Kslogn) and the fact that
Pird (inf{k : | X — X}|| > Kalogn} > (Kzlogn)®) — 0 as n — oo. The latter assertion
holds because by the invariance principle we have for a d-dimensional Brownian motion

P (inf {kz X — Xi|l > Ko logn} > (K3 log n)3)
K, logn} - (Ko logn)3) - n (K3logn)?
V2n n ~ (Kzlogn)3 2dn
where the last inequality follows from the Markov inequality and the fact that the ex-

pected exit time of a d-dimensional Brownian from a ball of radius 7 is bounded by 72/d.
As the second term in (3.33) converges to 0 as n — 0o, the proof of (3.32) is completed.

7

~P <inf {t: | Be|| >

Step 3. By repeating the argument from Step 1 and using (3.32) from Step 2, we see
that we can choose a (large) K3, bs € (by, 1/2) such that uniformly in =,y € Z?

PO (H(K3logn) < n") >3 >0 for n large enough. (3.34)

The previous steps work for all d > 2. In the next steps we shall treat separately the
cases d = 2 and d > 3. We start with the case d > 3.

Step 4 (d > 3). Arguing as in Step 2, we can find b; € (0,1/6) such that for all z,y € Z-
with K3logn < ||z — y|| < n® and n large enough

Pl (H(n") < h(3Kslogn) An®") > 54 > 0. (3.35)

-~

Step 5 (d > 3). Now we recycle the argument from Step 1 as follows: Wait until (X,,)
and (X!) have reached distance at least Kj3logn or stop if the waiting time exceeds
nbs. Then, let ()A(n, X';L) run until they have either reached distance n®* or have taken
(another) n30 steps without reaching that distance. Note that by construction, such an
attempt takes at most nbs + n3! time steps, and by (3.34) and (3.35), with probability
at least 050, leads to a separation of n%', as required. If it does not, we start afresh,
using the Markov property and the uniformity of (3.34, 3.35) in their respective initial
conditions.

Pick bo,b; such that b V 3b; < by < by < 1/2 (in particular, n®” > nbs 4 n3% for n
large enough), put by = by — by, b3 == —log(1 — d36,). The probability that the first n®*
attempts all fail is bounded above by (1 — 650,)™"* = exp(—bsn®t), and by construction
these first n%* attempts take at most n’ (nbs + n3%1) < nbs+b7 = pb2 time steps, which
proves the lemma for d > 3.

Step 6 (d = 2). In d = 2, the relation (3.35) should be replaced by

. log 2
Piont (H(n") < h(K;logn) Ant) > =2

— 3.36
Z prlogn’ (3.36)

which can be shown using the same argument as in Step 2, together with Lemma 3.6.
The argument in Step 5 is then analogous: The probability that the walks separate by
distance n’' in the first n% 4 n3% steps is bounded from below by d3log2/(b; logn).
Fixing by = (by — b7)/2, we see that the probability that the first n?"* attempts fail is
smaller than (1 — &3log2/(by logn))™™"* < exp(—bsn’), for some small b3 and n large
enough. These first n?’ attempts take at most n2%4(n%* + n3%) < nb2 time steps, as
required. O
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Using the above separation lemma, we now construct a coupling of ]P{fiont and IPiO‘fg
so that the increments differ only in few steps.

Lemma 3.9 (Coupling of dependent and independent =-chains). For any d > 2 there is
a Markov chain (S0, Zind),, with state space (F xF x Z? x Z%)? such that Z°™ is Py -
and =" is Pyd-distributed. Furthermore, writing S = (aioint, g/jeint| Xjoint | X /joint )
and =ird = (qind /ind xind x/ind) there exist bg > 0 and bs € (0,1/2) so that for all N
large enough,

P(#{k < N : (af2™, ") # (al, ajmd)} > NP) < N~ (3.37)

Proof. First observe that under ]Pi()‘fg the sequences o'"? and o/"? are independent and

i.i.d., as the law of the increments up to the next regeneration do not depend on the
positions Xind, X/ind

Using this observation, the construction of the coupling in d > 3 is easy. We first run
the Markov chains =", =i°*t independently according to their prescribed laws up to
the first time 7" when H)?J'Tomt — )?’Tjomtn > NP, for b; as in Lemma 3.8. Let 4; be the
event A; = {T < N'2}. According to Lemma 3.8, P(A4;) > 1 — e~ a/i,

Let, for some large K, A be the event

Ag = {|| XM — X > Klog N forall T < k < N}. (3.38)

By comparing X/°"t with X", as in the proof of Lemma 3.8, and using elementary
properties of the random walk and the fact || X9 — X/°"|| > N1 it is easy to see that
P[AS] < N~ for some ¢ > 0

On A; N Ay, couple = and Z°" so that (o)™, /™) = (ai*d, a}?) when possible
for all k € [T, N]. Using Lemma 3.4 and the observation in the first paragraph of this
proof, the probability that this does not occur is at most Ne “X1°eN_On A¢ U A4S, run
zind =ioint jndependently up to time N. Obviously, this coupling satisfies (3.37).

In dimension d = 2 the situation is slightly more complicated, as the event A, has
a small probability. We need to decompose the trajectory of =°™ into excursions. For
large constants K, K’, we define stopping times R;, D;, U by Ro =0, and for: > 1

D; = inf{k > R,y : || X]F — X1om0|| > Ny,
Ri = inf{k > D, : | X" — X/ < Klog N}, (3.39)
U =inf{k>0: || XM — X0 > K/NY
We set J to be the unique integer such that D; < U < R;. The random variable J
has a geometric distribution with parameter converging to b; as N — oo, as can be

easily shown by comparing =Z°"* with ="? as in the proof of Lemma 3.8 and applying
Lemma 3.6. Therefore, P(J > log N) < N~¢ for a ¢ > 0. Applying Lemma 3.8, we get

P(D; — Ri_1 > NP?) < e7bsN™ (3.40)

Combining these two facts we obtain

J
IP(ZDi ~Ri_y > N2 10gN> <N (3.41)

=1

On the other hand, comparing again =™ with =4, and using simple random walk
large deviation estimates, for K’ large enough,

PU<N)<e N <N© (3.42)
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Inequalities (3.41) and (3.42) yield

P (#{k < N: | XF™ - X < Klog N} = N™ log )
(3.43)

<P Z D; —Ri_1 > NP2logN | < N~°.
Z‘:RiflSN

If the event on the left-hand side of the last display does not occur, we can with proba-
bility at least 1 — N~¢ couple Zi°™ and Z"? so that (™", aJ*"™") = (ai*, a}*¥) for all k
satisfying D; < k < R, for some 4, using Lemma 3.4 (and noting that under "4, the law

of (", o/j"?) does not depend on the starting point). Taking bs satisfying by < b5 < 1/2,
(3.37) is proved for d = 2. O

Lemma 3.10. Let d > 2. Recall that )N(, X' are read from = as in Remark 3.3. Then,
there exist b, C' > 0 such that for every pair of bounded Lipschitz functions f,g: R - R

[ESS [£(Ka/vV)g(X1/V/m)] — GG [F(Ka/Vm)g(XL /)|
< O+ flloo + Lg) (1+ lglloe + Ly)n ™,

(3.44)

where Ly = sup,_, |f(y) — f(2)|/|ly — z|| and L, are the Lipschitz constants of f and g.

Proof. We use the coupling constructed in the last lemma. Let Z be the complement of
the set of indices appearing in (3.37),

T — {k‘ <n: (Oéj}:int,ag()int) — (a'}cnd,agnd)}7 (3.45)
and set Z¢ = {0,...,n} \ Z. By the last lemma,
P (|Z¢ > n’) <n~te. (3.46)

We now read the processes Xioint, X‘oint xind X/ind gup of Zicint =ind  Recall
notation (3.3)-(3.10). We use the additional superscript -"d or -°i"* in this notation in
the obvious way, and write 79°"t, Tnd for 7™ corresponding to those processes.

By Lemma 3.1, and standard large deviation estimates, there is a large constant K
so that

P(TioM > Kn) < e " (3.47)

and, using (3.46) as well,

i€ZLe

P (Z (T — 7)) > Knb5> <n7b, (3.48)

and similarly for 79,
We now consider the process X4 and define two sets

g = {1 <k < J: [Tho1, T] C [T, T for some j € T}

) ) i (3.49)
B {1, g} gind,
We define G'"d, gioi"t  analogously. Note that G’s are the sets of indices of those

—_y

increments that ‘occur during coupled periods of =Z’s’. More precisely, by the coupling
construction, there is an order-preserving bijection ¢ of G*? and Gi°'* so that for every
j € Gind (using the notation introduced before (3.9)),

ind __ yind vind __ y-joint vjoint vy -joint
Vit = X = XG5 = Xy — Xo = Yag) - (3.50)
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Therefore, setting [n] := {1,...,n}, and Ry, = R N [n] for any set R, we can write
n
X;Lnd _ Zy;_lnd _ Z Y*ilnd + Z Yvilnd
i=1 iegp ieBpy
_ Z Y—Jjoint + Z Y;;ind
JE(Zf‘(gmd ier:ﬁl
— X:;Lomt + Z Y;‘-iomt . Z }/}joint + Z Yviind _ Z Y;_jOint.
€SGO\ In] Jeg \a(gi i€y ieB
(3.51)

Similar claims hold for the processes with primes.
Inequality (3.48) implies that

P (|Bind| vV |Blind‘ vV |Bj0int| vV ‘B/joint| Z Knbs) S n—bG. (352)

When the complement of event in (3.52) holds, then all four sums on the right-hand
side of (3.51) have length at most 2K nbs. Since all relevant increments have (uniformly
bounded) exponential tails, by standard large deviation estimates we can choose K’
large so that the probability that the absolute value of these four sums exceed K’'nb is
at most e‘C"bs, for all n large enough.

Putting all these claims together we see that there is an event A satisfying P(A¢) <
n=Y with ¥ > 0, so that on A

X0~ Kint| < K'mband |- KO < K, (3.53)
Therefore,
(B[R V)R V)] ~ BT (R g (X V)|
= (B m)g (o /) — F(Xrd fy/mg(Rind /)|

(3.54)
< 2P(A%)[[ flloollglloo
B[ Ll (R Vg (R /) = f(Xo0 /g (Rt v/
Observing that
|F(@)g(y) = F@)g@")| < NgllooLpllz = 2| + | fllooLolly — ¥/, (3.55)
and b5 < 1/2, using (3.53), this implies the claim with b := & A (1/2 — b3). O

Remark 3.11 (Functional limit theorem). For the quenched functional limit theorem in
the case d > 2 we need also a functional version of the above theorem. The Proof above
can be adapted to show the analogue of (3.53), i.e. that on some event A, satisfying
P(A°) < n~ with® > 0, we have

sup |X17r,‘?] - Jz;’]“t| < Kn»  and sup |X/71f;? — ’fﬁﬁnw < Knb.

te(0,1] te[0,1]
Proof of Lemma 3.5, case d > 2. Lemma 3.5 follows now easily from Lemma 3.10 to-
gether with standard Berry-Esseen type estimates for the term E[f(X,,/v/n)g(X},/v/n)]
appearing in (3.44) there.

The case d = 1 requires a somewhat different approach and is given in Section 3.4.
O
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Lemma 3.12. Assume that for some b > 1, and any bounded Lipschitz function f :
R - R

E[f(Xe /)] . O(f) forP(-|By)-a.a. w, (3.56)

where ® is some non-trivial centred d-dimensional normal law. Then we have for any
bounded Lipschitz function f

E,[f(Xm/m'?)] — ®(f) forP(-|By)-a.a.w. (3.57)

m—r 00

Proof. Note that under P(:|By), the increments Y; = )N(i — )Zi,l are i.i.d., centred and
satisfy E[exp(A-Y7)|Bog] < oo for all A in some neighbourhood of the origin. Let (2—b)V0 <
e < 1. By a moderate deviation principle (e.g. Theorem 3.7.1 in [3] where we set
n = bk*~ 1, a, = bk~'*¢, then a,, — 0, na, — oo, \/a,/n = k—(v=2)/2) we have for any
0>0

|X"| b—1 n
P(lggﬁiﬁ—l R = 5’30> < Ok~ exp(—ck") (3.58)

for some C,¢,n > 0 (n can be chosen in (0, 1—¢)) and all k¥ € IN. Since the right-hand side
of (3.58) is summable in k, noting that k* — (k — 1)* < bk*~!, we obtain by Borel-Cantelli

lim su max M < limsu max w =0 (3.59)
boe (k)P S O<k? kb/2 = e (h—lpse<ky  KO-2 '
for P(-|Bp)-a.a. w. O

3.3 Proof of Theorem 1.3

The idea is to use the control of variance provided by Lemma 3.10 to obtain the
quenched CLT. This approach seems to have appeared in the literature on random walk
in random environments for the first time in [2]. Let f : R? — R be bounded and

Lipschitz, b > 1/bV 1 with b from Lemma 3.5. By (3.24) and Markov’s inequality,

P (‘Ew [ (R I0)] = 8(1)] > 5) < Cpen Y, (3.60)

which is summable, hence

E, [f()?[nb/]/\ﬁ)] — ®(f) as.as n— oo (3.61)
by Borel-Cantelli. Now Lemma 3.12 yields
E,[f(Xn/m'?)] — &(f) for P(-|By)-aa. w. (3.62)
Put
Vi =max{m € Z; : T,, < n}. (3.63)

We have V;,/n — 1/IE[r] a.s. as n — oo by classical renewal theory, in fact

i sup V2 =B (3.64)
el vnloglogn - '
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(see, e.g. Theorem III.11.1 in [11]). Since the differences of the T, are i.i.d. with
exponential tail bounds,

max;<,{j — Tv; } < o0

lim sup a.s. (3.65)
n—o00 10gn
Recall that X, = )?vn. Now
Po(||Xn — Xv,|| >log’n) =0 as. (3.66)

by (3.65) and the fact that X has bounded increments. Furthermore, for any ¢ > 0
P,(IVp —n/E[n]| >n'/*) 50  as. (3.67)

by (3.64).
Moreover, there exist 5 € (1/2,1) and v € (8/2,1/2) such that for any § > 0,

X6 = Xigw|

limsup sup a.s. (3.68)

n—0o0 |k—fOn|<nf nY

To prove (3.68) note that we can take w.l.o.g. § = 0. By Doob’s LS-inequality, for any
e>0

IP( sup ’)?k — )?0‘ > srﬂ) <e S OE H)N(na — Xoﬂﬂ < Const. g ~0p38—67 (3.69)
k<nB

(note that Iy [[|Sk||®] < Ck3 for a random walk (S;) whose increments are centred and
have bounded 6th moments), thus we can choose § > 1/2 > ~ and both sufficiently close
to 1/2 that 38 — 6y < —1 and the right-hand side of (3.69) becomes summable in n. The
usual Borel-Cantelli argument allows to conclude (3.68).

Now write
Xn Xn - )?V XVn B X[H/E[TIH X["/E[TIH
= no + VvV 1/E[r] (3.70)
Vn Vn Vvn n/E[r]

and let ® be defined by ®(f) = ff(f((IE[ﬁ])’l/2 -)), i.e. @ is the image measure of ®
under z — x/+/E[r1]. Then

B/ )] 2|
< 2| flloe (P (1% = K, || 2 Tog?n) + o (Vi = /B[] 2 0 )
+ P (89Dt iy < | Xt = Xiampry| > n”))
+ Lf(log2 n/v/n+ n«/71/2)
| B [ (L)) 72 % R jmgran/V/n/Blr])| = S(F(Elr])~/2))|
—0 a.s.asn — oo.

This proves (1.8) for bounded Lipschitz functions f, which in particular implies that
the laws of (X,,/y/n) under P, are tight, for almost all w. Finally, note that a general
continuous bounded f can be approximated by bounded Lipschitz functions in a locally
uniform way. O
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3.4 Proof of Lemma 3.5, case d =1

Here we prove Lemma 3.5 in the case d = 1. In the cases d > 2 our proof made
substantial use of the fact that two d-dimensional random walks typically do not spend
much time near each other: The “approximate collision time” during the first n steps is
typically O(logn) in d = 2 and O(1) in d > 3. Thus, we could couple two walks on the
same cluster with two walks on independent copies of the cluster and the error incurred
becomes negligible when dividing by /n in the CLT (see the proofs of Lemmas 3.9 and
3.10). An analogous strategy can not be “naively” implemented in d = 1 because now
we expect typically O(y/n) hits of the two walks, so using simple “worst case bounds”
in the region where the two walkers are close would yield an (overly pessimistic) er-
ror term that does not vanish upon dividing by /n. Instead, we now use a martingale
decomposition for the dynamics of ()A(n,)?jl)n under Wi°int combined with a quantita-
tive martingale CLT from [18] to estimate the Kantorovich distance from the bivariate
normal.

Consider as a toy example a Markov chain on Z that behaves as a symmetric simple
random walk as long as X,, # 0. Upon hitting 0 the chain stays there for some random
time and leaves this state symmetrically. If the distribution of the time the chain spends
in 0 is suitably controlled, one can prove a central limit theorem with non-trivial limit
by using a martingale central limit theorem. A similar argument works for our two
random walks (observed along joint renewal times) where in this case “being at zero”
corresponds to the event that the two walks are closer together than K logn for some
appropriate constant K. This is the “black box” region in which we cannot couple the
two walks to independent copies. If they are more than n’ for small b away from each
other then we can couple with very good control of the error (cf. Lemma 3.4). Then we
make use of the symmetries of the model and the fact that in d = 1, the walks X and X’
have many overcrossings to verify that the error terms stemming from times inside the
black box up to time n are in fact o(y/n) (in a suitably quantitative sense).

Let ()?n,)A(,’l)n be a pair of walks in d = 1 on the same cluster observed along joint
renewal times as in (3.10), which is in itself a Markov chain when averaging over the
cluster, and let Wioint((z, 2/}, (y,y')) be its transition probability, as defined in (3.16) in
Remark 3.3. We write F,, == o(X;,X/,0 < i < n) for the canonical filtration of this
chain.

Furthermore set

r(z,2') =Y (y— )W (2, 2'), (y,9)),

vy’

Go(w,a’) =D (¢ — )W ((2,2"), (y,9)),

vy’

ou(z,2') =Y (y—a — ¢i(z,2") " T ((x,2'), (y,5/)),

vy’

(2522(37“%/) — Z (y/ g ¢2($,$/))2\i}jomt(($,$/), (zl’y/))7

vy’

P12(z, 17/) = Z (y —T— ¢1(l’7xl)) (1/ -z - P2 (, I’))‘T’jomt((xa l’/)a (%y'))-

vy’

Note that by Lemma 3.1 these are uniformly bounded, i.e.
Co = 61l V 1 d2lloo V 611 lloc V 12120 V [[922]]c0 < 0. (3.71)
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Define

n—1
S ILCs %zm A

n—1 n—1

A = Z¢11 (X;, X)), AP = Z¢22 (X)), Al = Z¢12()?],X)

M, = Xn AL M =X — A53>. (3.72)
Then, (M,), (M), (M2 — A%H)), (M!? — A5L22)) and (M, M/ — A;m) are martingales
whose increments have exponential tails (by Lemma 3.1, which in particular shows that
exponential tail bounds can be chosen uniformly in n).

Write 52 = Dy y2Wind((0,0), (y,y')) for the variance of a single increment under

Tind (recall (3.18)).

Lemma 3.13. There exist C > 0, b € (0,1/4) such that for all bounded Lipschitz con-
tinuous f : R> = R

B[ 2] - Bl 2)| < 1,5, (3.73)

where Z is two-dimensional standard normal and Ly the Lipschitz constant of f.

By Lemma 3.4, there exist Cq, K > 0 such that for z,2’ € Z with |x — 2/| > Klogn

/ C
612, 2], |g2(z, ") |ér2(z, 2')| < —5, (3.74)
. Gy
|p11(z, 2') (z,2') —5%| < ol (3.75)
Put R R
R, =#{0<j<n:|X; - Xj| < Klogn}. (3.76)

We expect that R,, = o(n) in probability (see below for a proof), which combined with
(3.74), (3.75) would yield

AU A22) A012)
— - 52, — - 52, — =0 in IP(-| By)-probability as n — co.  (3.77)

Note that (3.77) together with our (exponential) tail bounds for the differences would
already imply a two-dimensional CLT for (M, /\/n, M/ /+/n) by standard martingale CLT
results. Since we require quantitative control in the martingale CLT, we have to esti-
mate a little more carefully.

Forn € NN, let

X! Xoo1, X!

0, — ¢ (X Xn-1, A771) $12(Xn—1, A’/l*l) (3.78)
b12(Xn—1, X, 1) ¢22(Xn-1, X}, 1)

be the conditional covariance matrix given ]?n,l of the R?-valued random variable (M,,—

M1, M) — M],_), let A\p1 > A2 > 0 be its eigenvalues. We obtain from (3.74),

(3.75) and (3.71) together with well-known stability properties for the eigenvalues of
symmetric matrices that

Cs
|>‘J+1 1—0 | + |)‘J+1 2 -0 ’ <Gl {IX,—X/|<K logn} +— n2 ]l{|X ~X!|>Klogn} (3.79)
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for some (5 < o, see, e.g., 8§41 in [9] or Chapter IV, Theorem 3.1 in [21]. In particular,

2 n

E ‘n’a\Q — E )\ji
‘ Jj=1 -
i=1

Lemma 3.14. 1. There exist 0 < §r < 1/2, cg < oo such that

< % + C2R,,. (3.80)

E[RY?] < cpn'™"  for all n. (3.81)

2. There exist ¢ > 0, cc < oo such that

A AP
Jn Jn

Now we have all ingredients for the

E E

< == for all n. (3.82)
n (e}

Proof of Lemma 3.13. Let f : R? — R be bounded Lipschitz continuous with Lipschitz
constant Ly and Z two-dimensional standard normal. We obtain from (3.80), (3.81) and
Corollary 1.3 in [18] that

B[ (L, 20| - B[£(2)]| < Lf% for all n (3.83)

for some C < oo and b’ = (1 — 6g)/3. (Read X, = ((M) — My_1)/Ve2n, (M), —
Mj_,)/v5n) in Corollary 1.3 in [18], note that sup, E [|| (M), —Mj_1, Mj—M;_)|]*] < o
by the uniform exponential tail bounds from Lemma 3.1.)

Combining (3.83) and (3.82) yields

Q)

{7, )] - B < 1S+ S @1

O

To prepare the proof of Lemma 3.14 we need some further notation: Put (with suit-
able b € (0,1/2) and K > 1, see below) forn € NR, o :=0and fori € IN

Dy, = min{m > Ry, ;i1 : |)?m — )Z',’n\ > nb},

Ry, =min{m > D, ; : |)?m — )?7/71| < Klogn},
then [R, ;—1,D,;) is the ith “black box interval” on “coarse-graining level” n (note that
for m € U;[Ryi—1,Dy,;) the coupling result, Lemma 3.4, does not help; whereas for
m € U;[Dy.i, Rni), We can couple (X,,, X/, ) with a pair of walks on independent copies
of the cluster up to a small error term).

We distinguish four possible types of such black box intervals, depending on the
ordering of X and X’ at the beginning and end of the interval: Set

1 if XRn,i—l > X;Qn_z_NXDn,z‘ < X’/Dn o
2 if )/(\'R . >)?/ )?D p >5(\/ )

TR o T P (3.85)
3 if XRn,i—l < XRW’_{’il?XDn,i > XD”‘ia
4 if )?Rn,i—l < )?;Qn iil,)?p < )/(\V,b

n,i

n,i—1"

n,i

By construction and the strong Markov property of ()?m,)/(\’,’n)m [with a grain of salt
because at a time R,, ;, the difference may be [K logn] or [K logn] —1, etc.] we have the
following: For each n € N,

(Rn,i — Dpi)i=1,2,... is anii.d. sequence, and (3.86)
(Wh.i, Dni — Rn,i—1)i=2,3,.. is a Markov chain; (3.87)
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furthermore, the two objects are independent, the transition probabilities of the chain
(Whi» Dni — Rp,i—1); depend only on the first (the “type”) coordinate, and a bound of
the form analogous to Lemma 3.8 holds.

Lemma 3.15 (Separation and overcrossing lemma for d = 1). We can choose 0 < by <
1/4, b3, by > 0 such that

P(Dpy — Rt >0 [ Wiy = w) <e ™™ we{1,2,3,4}, n€N. (3.88)
Furthermore, there exists ¢ > 0 such that uniformly in n
PWyo=d |Wp1=a)>e€ (3.89)

for all pairs of types (a,a’) € {1,2,3,4}? where a transition is “logically possible”
(ct. (3.85)).

Proof sketch. The proof of (3.88) is analogous to that of Lemma 3.8, making use of the
d = 1-case of Lemma 3.6.

For (3.89) the crucial point is to show that when X and X’ have come closer than
Klogn at time m = R, ; with )A(m > )?;,,/, say, there is a chance of at least § > 0
(uniformly in n) that they reverse their roles before reaching a distance of n?, i.e. there
is j < Dy, i+1 such that )A(j < Xj’

To see this, write D; = )A(j — )A(]’ pick 0 < € < K (to be tuned later). When the
process D starts from K logn, there is a chance > ¢’ > 0 that it reaches ¢ log n before
2K log n within less than log® n steps (use the coupling from Lemma 3.4 and analogous
results for simple random walk on Z!, note that the probability that the coupling fails
is at most C'e~" log® n); once D; < elogn there is a chance of at least exp(—c’elogn) =
n~c¢ that D hits (—oo, 0] with the next (¢ logn)/2 steps (construct suitable “corridors” as
in Step 1 of the proof of Lemma 3.8). When D does not hit (—oo, 0] but instead reaches
2K logn observe that

. b Nnb—QKlogn_ Klogn
]P(D hits K logn before n ‘DO = 2K10gn) N Kloen Klogn 1-— T Kloon Klogn'
By the Markov property, we will thus have a geometric number of excursions from
2K logn that reach K logn but not n’, and each of these has a chance > 8'n=c to hit
(—00,0]. Thus, if € is chosen so small that ¢’e < b there is a substantial chance that one
of them will be successful. O

Note that (3.89) guarantees that the chain (Wm)z is uniformly in n (exponentially)
mixing. By symmetry of the construction,

P(W,;=1)=P(W,;=3) and P(W,; =2)=P(W, ; =4) foralljn, (3.90)
and the same holds for the stationary distribution my,, of (W, ;);.

Proof of Lemma 3.14. Let Y have distribution

P(Y > () = \Tﬂnd(inf{m >0: X, <X} > z‘ (X0, X1) = (1,0)), leN

and let V be an independent, Bernoulli(l — 1/n)-distributed random variable. A simple
coupling construction based on Lemma 3.4 shows that R, — D,  is stochastically
larger than

(1=V)+VY)An (3.91)
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(by choosing K appropriately, we can ensure that the probability that the relevant cou-
pling between U™ and ¥i°int fails during the first n steps is less than 1/n). In particu-
lar, by well-known tail probability estimates for ladder times of one-dimensional random
walks, there exist ¢ > 0 and ¢y > 0 such that uniformly in n,

E[eMVITVY] <oxp (—eyvA), A>0 and (3.92)

P(Rn’l — Dn,l Z E) Z {= 1, ooy n. (393)

-~
\/z?
Let I,, := max{i : T; < n} be the number of “black boxes” that we see up to time n.

We have [, = O(y/n) in probability and in fact
E[I2] < Cn (3.94)

as can be seen from (3.93) by comparison with a renewal process with inter-arrival law
given by the return times of a (fixed) one-dimensional random walk.

More quantitatively, there is ¢ > 0 such that for 1 < k£ <n,

P(I, > k) < exp (— ck®/n), (3.95)
so in particular
E[L g, snem] = > P, >k) < ne V™ (3.96)
k=[n3/4]

((3.95) is a standard result for lower deviations of a heavy-tailed renewal process. For complete-
ness’ sake (and lack of a point reference), here are some details: Let Y7, Y5, ... be i.i.d. copies of
((1 -V)+ VY) from (3.91), thenfor 1 <k <n

P(l, > k) =P((Y{ An)+---+ Y An)<n) =P/ +---+ Y <n)
k
< e (E[exp(—AYl)D < exp ()\n — key ﬁ) (3.97)
for any A > 0 by (3.92), now put A := (cyk/n)?%.)
Note that
I, +1
Ry <> (Dnj—Rnj), (3.98)
j=1
thus, using (3.88), indeed R,, = o(n) in probability, and (3.94) together with (3.98),
(3.88) implies (3.81):
E[R2] <n’P(3j <n:Dnji1—Roy =n") +n*E[I} ] < Cn't?2,
and E[RY/?] < (B[R2])*".

For (3.82) we must make use of cancellations in the increments of Aq(q,l)7 A%Q), making
use of the fact that “opposite” types of crossings of X and X’ appear asymptotically
with the same frequency. Let

Dn,m = Agim o A’(’%Zz,,m—l’ D’lnﬂn = A(gim B Agi,mq '
By symmetry,
E[Dp | Wy =2] = ~E[Dn | W, = 4], (3.99)
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(3.88) and (3.71) together show that for some C' < oo, b > 0 uniformly in j,n € N,
w € {1,2,3,4}

E[|Dy ;| | Wy, = w] < Cn? (3.100)

and analogously for D;, ;. Put G; = ]?DW. (the o-field of the D, ;-past) for j € IN, for
j < 0let G; be the trivial o-algebra. D,, j, D;, ; are G;-adapted for j € IN. Since for k < m

E [Dn,’rn| gk] = E[E[Dn,m |Wn,7n] | gk]

by construction and (W, ;); is (uniformly in n) exponentially mixing we have, observing
(3.99), (3.90), and (3.100)

E [(B[DumlGm-i])’| Ce, m,jeN, neN (3.101)

for some C, c € (0,00) and analogous bounds for D], ,,,. Let S, ,,, = Z;”:l Dy j, Sy =
E;’;l Dy, ; then for each n € N, (Sn,m)m is a mixingale with uniformly (in n) controlled
mixing rate (see [12], p. 19).

Thus, using McLeish’s analogue of Doobs £2-inequality for mixingales (e.g. [12],
Lemma 2.1), we have

E{ max S2 m} < Kn3/4, (3.102)
m=1,...,nf ’
hence
|Sn71n 1 ) 1/2 K1/2
. |: \/7771 H{Iﬂ,§n3/4} = % = m:?,l..aj)ili"/‘l Sn,m = W (3.103)
By (3.74) we have AS) = Z;’;l D, ; +0O(1), so
A - e 1 [1Sel L i
E \/ﬁ < ﬁ + %E \/ﬁ 1{1n§n3/4} + %Cn E[In]l{lnzn3/4}]
1
+ %cnIP(EIj <n:Dpj—Rnj1 >n"). (3.104)
Using (3.103), (3.96) and (3.88), respectively on the last three terms on the right hand
side (and analogous bounds for Ag? )) yields (3.82). O

Remark 3.16. The arguments used in the proof of Lemma 3.14 can be used to show
that there exists C' < oo such that for alln € IN

sup E < Ccn?/3 (3.105)

~ o\ 2
sup (Xuk - Xe)
LeN,

0<k<n2/3

and analogously for X'

Sketch of proof. Decompose )?n =M, +A§ll) (recall (3.72)). The analogue of (3.105) for
the martingale (M,,) holds by Doob’s £2-inequality (note that by the uniform exponential
tail bounds we have sup,,cy E [(M,, — M,,_1)?] < o).

To obtain AtheA analogue of (3.105) for the process (ASE)) note that by the Markov
property of (X, X') it suffices to verify that uniformly in ¢, 2| € Z

2
sup (A,(cl) — A(()l))
0<k<n2/3

E (X0, X}) = (0, 2p)| < Cn?? (3.106)

for some C' < oco. This can be proved by expressing AS) as a sum of mixingale in-
crements as in the proof of Lemma 3.14 and suitably adapting the argument around
(3.102)-(3.104). O

EJP 18 (2013), paper 80. ejp.ejpecp.org
Page 31/35


http://dx.doi.org/10.1214/EJP.v18-2302
http://ejp.ejpecp.org/

Directed random walk on oriented percolation cluster

3.4.1 Transferring from X to X and completion of the proof
of Lemma 3.5, for the case d =1

Note that Lemma 3.13 gives almost the required result except that it speaks about
()A( , X’ ), a pair of walks observed along joint regeneration times, rather than two walks
each observed along its individual sequence of regeneration times. Here, we indicate
how to remedy this.

Let (with regeneration times T,,,, T}, as in (3.3-3.4) and Tﬁfbm from (3.7))

L, = max{m <n:T, €{T}),T},... }},
L, = max{m <n:T, €{Ty,T,... }}7
En = max{m <n: Tﬁim < Tn},
E;I = max{m <n: Tf,im < Tfl},
i.e., L, and L/ are the indices of the last joint regeneration time before the n-th with
n

respect to the walks X respectively X’ and L, respectively f’n is the corresponding
number of joint regeneration times, in particular

(X1, Te,) = (X, T3™) and (X7,,T7,) = (X7, T5M). (3.107)

Lemma 3.17. There exist C' < oo, ¢ € (0,1] such that for alln € N

ot [(n - Ln)ﬂ <, (3.108)

[Eioint {(E —n )1 <cC 3.109
0,0 n q < On, (3. )

and analogously for L/, and L',.

Sketch of proof. Note that under ¥4, when the two walks use independent copies of
the cluster, (7,,) and (7)) are two independent renewal processes (whose waiting times
have exponential tail bounds), hence T},/n — pu, T5™/n — [i a.s. and in £? with some
0 < p <1 <oo,and (3.108), (3.109) hold (with ¢ = u/f).

By suitably “enriching” the coupling arguments used above, i.e. using ¥°"* instead
of Wi°int | and then reading off the number of individual renewals between joint renewals

we see that (3.108), (3.109) also hold for two walks on the same cluster. O
Now write
(X’I’L7X7/l) = (X[nq]vx[/nq]) + (an - X[nq]aX/Z/n - X[/nq]) + (Xn - XL,,” X’I{L - Xz;)a
(3.110)

hence

E || X0 = King| + [ X = Koy

<E|[|Xz, — Kpal + |85, = Xl + B [| X0 = Xe,| + | %0 - X1,

C
- ] <= (3.111)

nb

for some C < o0, b > 0, using Lemma 3.17 and the fact that the increments of )~( )N(’, )A(
and X’ have uniformly exponentially bounded tails, and Chebyshev’s inequality. (3.111)
together with Lemma 3.13 implies Lemma 3.5 for d = 1. O
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A An auxiliary result

Recall the definition of 7° in (and after) equation (1.1). The following result is “folk-
lore” but we did not find a suitable reference (only for the corresponding contact pro-
cess version of the result or for a special case; see Remark A.2 below).

Lemma A.1. Forp > p, there exist C,~ € (0,00) such that
Py(n < 70 < 00) < Ce™ ™, (A.1)

Remark A.2. The above result is proven in [7] for the “conventional oriented percola-
tion” on Z x Z with critical value pgl). Dominating the “conventional oriented percola-
tion” it is easy to see that the above result is true for any d > 1 and p > pél) where pgl)
is the critical value for the “conventional oriented percolation” on Z x Z.,. considered in
[7]. It is also clear that for d > 1 we have p. < pé”. Our task here is to extend the result

top € (pe, pt").

Proof. We will adapt arguments from p. 57-58 in [15], where this result was proven for
the contact process.
According to [10] (see p. 7 in arXiv version) there exist r (large enough) such that

IP(T[_’"”']J <o) <e.

Furthermore, by standard arguments, on a coarse grained grid one can construct a
percolation structure with probability of open sites pcoarse > pff), such that it is dom-
inated by the process of suitably defined space-time blocks of the original percolation
(see [10]), where the blocks are such that on the “bottom” of the block all sites in some
space-time translate of [—r,7]¢ x {0} are open.

Now the idea is to show that for large n on the event {74 > n} it is likely that the
“domination” described above has started.

We set

§=P°

p = [=rr]).

Now we define a random variable N (measurable w.r.t. to ¢(£2,)) such that
P(N =k)=d(1—6)", k>0,
and
either %, =0, or z 4 [-r, 7] C 77?N+1)r for some x € Z°.

Set N = 0 if n° = [—r,7]% If n0 # [-r, ]9, ie. on {N > 0} we have either 0 = () or
nY # (). In the first case ° = () for all » > r and therefore N > 1. In the second case,
restart (a subprocess) in some z € 7Y, and let N = 1 if

rngr Cz+ [_T7 ’r}d'

Here, for m < n we use ,,7. to denote the discrete time contact process at time n
starting in {z} at time m. Again on the complement {N = 1} either .73, = 0, in which
case N > 2, or .13, # (0, in which case we can proceed as before.

If v+ [-r,7]¢ C n(()N+1)r for some 2 € Z? then we can start the coupling with perco-
lation on a coarse grained grid described at the beginning of the proof.

Let (N + 1)r + M be the extinction time of this block percolation process. Note that
(N + 1)r is the time at which the comparison starts and M is the extinction time of the
discrete contact process with probability of open sites given by pcoarse-
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As noted in Remark A.2 we have P(M > n|M < oo) < Ce™ 7" for suitable C,v > 0. If
M = oo then 7° = co. If M < oo then at time M + (N + 1)r the configuration 7/ (N1,
is empty or not. If it is not empty then we repeat the procedure and obtain an i.i.d.
sequence of independent random variables N; with the same law as [V and independent
random variables M; with the same law as M conditioned on M < o~o. Let L be such
that at time

L
o= ((N;+1)r+ M)

=1
either n% = 0 or 7% = co. Thus, o > 7° on {7° < oo} and we obtain
P(n < 7% <o00) <P(oc >n)<Ce ™
for suitable C,~y > 0. O

Remark A.3. Inspection of the proof of Lemma A.1 shows that the constants v and C
in (A.1) can be chosen to apply uniformly in p € [p. + §,1] for any § > 0.
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