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1 Introduction

In this thesis we take a look at two models from the field of random processes in random
environments. A random process is a sequence of variables where each variable depends
on the previous ones in a random fashion. The basic random process for this thesis
is the random walk (RW). To visualize a random walk, imagine it as a disoriented
group of tourists in a city with a modern grid street plan that stretches endlessly in
all directions. As the tourists are notoriously bad with their maps and GPS does
not work well in deep canyons of high-rise buildings, at each junction they discuss
where to go. Because they cannot decide on the right way, they determine the new
direction by coin tossing. It is lucky for the tourists that streets are predominantly
two-dimensional structures and they are sure to reach their destination eventually. It
is unlucky for them that it will probably take a very long time and an extensive detour
to get there. Of course, this scenario is completely unrealistic. In reality, the tourists
would never toss coins, but rather look at each of the four directions and then decide
based on what they see. It is far more likely that they choose a street that promises
to have the best shops and food-stores over a bleak and dirty one. If we want to
describe realistic tourist behaviour mathematically, we need to take the attraction of
each street on a group of tourists into account. We do this by defining an environment,
which rates the attractiveness of each street in numbers. The type of shops in each
street and how much our tourists like them is usually not very deterministic. Thus we
may choose the environment randomly. The resulting tourist behaviour is a random
walk in random environment. If in addition there is construction work in the city and
some streets are completely blocked, then the model of choice for the environment
is a percolation cluster. Since in a percolation certain passages are blocked, a city
with major construction work looks like a maze to a tourist. We will talk about these
models in the first part of the thesis. To make matters worse, in real life there is
usually more than one group of tourists in the same city. Tourist groups often try to
avoid each other to get the most authentic experience of the place. We may assume
that a tourist group will never pick a street that leads to a junction which is already
occupied by other tourists. Such a system is mathematically an interacting particle
system. We will deal with interacting particles that avoid each other in the second
part of the thesis. Returning from stories about tourists to mathematics, we will start
with the general aim of this thesis.

Since the field of random processes in random environments is rather young, there
are two approaches to achieve progress. One can try to push general results and
techniques further to establish a universal theory. Unfortunately, there has only been
good progress, if the random environment is nice and these methods cannot be used
to tackle any other cases. The second approach is to search for special models that
show interesting behaviour under scaling to explore all the possible results that a
universal theory needs to cover. This thesis falls into the second category. We will
explore and describe two models and their scaling behaviour. The first model is a
variation of random walks on oriented percolation clusters, where we explore how
adding random weights onto the percolation structure affects the scaling limits. In
the second model a finite number of particles perform a random walk simultaneously
in the same environment with some simple rules for the interaction. The random
environment is a recurrent environment on the integers. The first important result on
the localization of random walks in recurrent one-dimensional i.i.d. environments was
published by Sinai (1982) and we refer to them as Sinal environments in this thesis.

In the first part of the thesis we discuss random walks on random environments
to establish the context for the main result on random walks on oriented percolation
clusters. We first give the most general definition and then establish methods for
the case of reversible random walks, as there are many results known in this specific
case. We will make use of the concept of resistor networks that are applicable in



this case. Then, we use the rather simple example of random walks on the integers
to explore the different possible scaling behaviours. While the different behaviours
are completely understood in one-dimensional lattices, this is far from true for any
higher dimension. Random walks on the strip live in between both worlds and are a
generalization of random walks on the integers. We discuss them briefly in the first
part of the thesis as they are relevant to interacting particle systems with finitely many
particles, which we discuss in the second part. On higher dimensional lattices, we will
focus on known results about percolation and then give scaling limits for random
walks on weighted, oriented percolation clusters. Random walks on oriented graphs
are a model for ancestral lineages in a population model where the amount of offspring
depends locally on the occupation of neighbouring sites. In this way, it is a simple
population model that incorporates competition, since each site can only be occupied
by one particle at a time. Random walks on oriented percolation clusters correspond
to a population model, where some sites are not habitable. We go a step further
and introduce a random field that represents the maximal occupation number of each
site. Thus, some sites might have enough resources to support many individuals, while
others can feed one individual at a time. The random field acts like weights on the
random walk in this environment. In this work, we demonstrate how the independent
percolation structure can be used to show scaling limits even in the presence of mixing
weights. The proofs for these results can be found in Section 4 at the end of the thesis.

During the first part of the thesis, we deal with ordinary Markov chains. For the
second part, we need more general theory on Markov processes, as they provide the
main language to describe interacting particle systems. After a basic introduction of
definitions and notation we focus on the exclusion process. The big remaining open
question of the thesis is to establish a limit theorem for the tagged particle of an
exclusion process in Sinai environments. The hope is, to see how the localization
behaviour of the Sinal environment affects the scaling in addition to the exclusion
dynamics, which already cause a change of scale in the limit theorem compared to a
single particle. To date there are few results for the exclusion process, let alone the
tagged particle, in any inhomogeneous environment. The known results on exclusion
processes that are relevant to this question are presented. Then we focus on an inter-
acting particle system with exclusion dynamics but with finitely many particles. These
models have been studied before and are known as spiders. We add our own results to
what is known and do some tentative steps towards tackling the full exclusion process
with infinitely many particles. All proofs for these results can be found in Section 5
at the end of the thesis.

The two rather different models presented in the two parts of the thesis aim to
show how different known mechanisms in random processes in random environment
combine to produce new behaviour. We examine whether one mechanism dominates
over the other as in the first model, or whether both mechanisms act together to a
maximized effect as in the second model. Any general theory in the field must aim to
incorporate these results. But until then and possibly also after that, we need concrete
examples to help our understanding along.



2 Random walks in random environments

Random walks are Markov chains on graphs, which can be used to represent many
different real world phenomena. In many models the transition probabilities of the
Markov chain are not homogeneous on the graph, but depend on local properties.
Whenever these local properties can be described by a random field or even a random
process, the model falls into the class of random walks in random environments. Clas-
sical examples can be found in abundance all over natural sciences. One of them is the
diffusion of a particle in a fluid that contains obstacles, which could be an emulsion
or a porous stone. Random walks in random environments can also be used to model
ancestral lineages in populations in an environment with non-homogeneous resources
or it may be used to model the propagation of information in a randomly chosen graph.

The formal definition of random walks in random environments (RWRE) is as
follows. Let G = (V, E) be an infinite, oriented graph with countable vertex set V and
edge set E. If two vertices v,w € V are adjacent, i.e. connected by an edge (v, w) € E,
we write v ~ w. The set of all adjacent vertices N, = {w € V: w ~ v} is called the
neighbourhood of v. For each vertex we denote the family of all probability measures
on V with support on N, by M;(N,) and equip it with the weak topology to get a
Polish space. Denote by F the Borel-o-algebra on Q = [] . M1(N,), which is the
o-algebra generated by cylinder events. We fix a probability measure P on (0, F),
which we call the environment law. A random environment w € Q with law P is an
element of the probability space (2, F, P).

A random walk in random environment is a Markov chain (X,),eny with state
space V and transition law P, that depends locally on the environment w. For any
xz €V and y € N, it has transition probabilities

Pw (Xn+1 = y|Xn = 1’) = Wa:(y),

where the random walk starts at the origin, P, (Xo = 0) = 1. We call the law P, of
the random walk for a fixed environment the quenched law. The quenched law is a
probability measure on (VN F), where F” is again the o-algebra generated by cylinder
events. This also defines a measure P = P® P,, on the product space (Q x VN F x F').
Its marginal on V! is also denoted by P and called the annealed law. The annealed
law describes the law of the random walk, when we average over different realizations
of the random environment.

In many situations, especially if the environment is nice, the behaviour of the
random walk is very similar under the quenched and annealed law. For example take
the integer lattice V = Z¢ and an ii.d. environment law. If P is uniform on the
neighbourhood up to a small perturbation, the random walk in random environment
under the quenched law should behave very similar to a simple random walk. This is
indeed the case, but the proof is not easy. It was first done for dimensions d > 4 by
Bolthausen and Sznitman (2002). They also present an example, where the quenched
and annealed behaviour are very different. Take the lattice V = Z? as the vertex set
with nearest-neighbour edges E = {(x,y) : z,y € V and ||z — y||2 = 1}, where || - ||2
is the usual Euclidean norm on Z?. For each v € V choose one vector e from the
Euclidean basis uniformly and independent of all other vertices and set w(, yte) = 1
and w(, ) = 0 for all w # v +e. Thus, in d = 2 dimensions the transitions from
each vertex are only allowed either to the north or to the east neighbour uniformly
at random. Consequently, under the quenched law, when w is fixed, then the random
walk is deterministic. On the other hand, since the random walk can never return to a
vertex that it has visited before, under the annealed law the random walk performs a
normal north & east random walk, which has a non-degenerate central limit theorem,
since it has i.i.d. increments that are not constant.

Technically, both the quenched law and the annealed law have their own difficulties
when we want to prove scaling limits. The random walk in random environment is a



Markov chain under the quenched law. However, in d > 2 it is not reversible without
further assumptions. Reversibility allows us to use methods from harmonic analysis
and homogenization theory and we will discuss reversible models in Section 2.1. The
random walk under the annealed law, on the other hand, suffers from the problem
that it is not Markovian, since it uncovers the environment as it moves and when it
returns some parts of the environment are already known.

The general aim for every model is to prove a law of large numbers and annealed
and quenched central limit theorems. Usually, if a central limit theorem holds, then a
functional version of the theorem can be proved with only little more effort. A more
difficult question is to establish local central limit theorems and large deviation results.
However, these are not the topic of this thesis. We begin with the definition of the
limit theorems that we are interested in. We write E,, and E for the expectation under
the quenched and annealed law, respectively.

Definition 2.1. Let (X,,),en be a random walk in random environment (W ,))z yezd
with annealed measure P and quenched measure P, and associated expectations E and
E,, respectively.

i) A law of large numbers (LLN) holds, if there is a constant i € R? such that
(i) 9 i

X’I’L n—oo

P, ( — ﬁ) =1 for P -almost every w.
n

Let X ~ N(0,%) be a normal random variable on R? with covariance matrix X.
Denote by Cy(R9) the set of all continuous, bounded functions f : R? — R. We say
that:

(ii) An annealed central limit theorem (aCLT) holds, if for all f € Cy(R%)

B |7 (2] == m o).

(iii) A quenched central limit theorem (qCLT) holds, if for all f € Cy(R9)

E, {f (Xn\/—ﬁnﬂ)} "I, E[f(X)] for P -almost every w.

For any t > 0, denote the scaled linear interpolation of the discrete random walk by
1
4D

Fix T > 0 and write (C[0,T],Wr) for the space of continuous functions from the
interval [0,7] to R? equipped with the o-algebra Wr of Borel sets relative to the
supremum topology. We say that:

Xt(n) = (XLntj + (tn — |_th) (X[t"J+1 — XU”J) — ntﬁ) .

(iv) An annealed functional central limit theorem (aFCLT) holds, if for all T > 0,
the law of (Xt(n) 0<t< T) under P converges as n — oo on C([0,T], Wr) to
the law of Brownian motion (B; : 0 <t < T) on R? with covariance matrix X.

(v) A quenched functional central limit theorem (qFCLT) holds, if for all T > 0
and for P-almost every w, the law of (Xt(n) 0<t< T) under P, converges as

n — oo on C([0, T], Wr) to the law of Brownian motion (B; : 0 <t < T) on R¢
with covariance matrix 3.

10



Note that from this definition it is not guaranteed that the limits are non-degenerate,
i.e. that ¥ is of full rank. Proving non-degeneracy of the limit is often more difficult
than proving the central limit theorem itself. In the previous definition of the qCLT
the drift is deterministic, which is not always the case. We will see a quenched limit
theorem on the integers with random centring, Theorem 2.13, where the quenched
expectation replaces the annealed expectation nji. In this case, the limit laws of the
quenched and annealed limit theorems do not coincide.

2.1 Conductance model

For the random conductance model we build the transition probabilities such that the
random walk is reversible. Let (we)eecp be a family of positive random numbers w, > 0
with the symmetry condition w, ,) = w(y,) for any (z,y) € E. The random variable
W(z,y) 18 called the conductance between vertices x and y in a reference to its role in
the representation of the model as a resistor network. We give a short introduction
to resistor networks in Section 2.1.1. For a more comprehensive treatment, see for
example the book of Lyons and Peres (2016).

Definition 2.2. A random conductance model with conductances (w.)ccp is called
uniformly elliptic, if there is a constant « € (0, 1) such that

1
K<we< — forallee FE.
K

It is called elliptic, if
O0<w,<oo foralleeckFE.

We call k the ellipticity constant. Ellipticity is important, since it ensures that all
parts of the graph are connected. Otherwise, one has to check that there is an infinite
connected component in the graph to get non-trivial behaviour of the random walk.
The problem to decide, whether there is an infinite connected component, is known as
percolation and discussed in Section 2.4. The random walk (X,,),>0 with transition
probabilities

Wiz,
p(z,y) = Po (Xn41 = y[Xpn = 2) = 2(752)

is reversible with stationary measure
m(x) = Zw(m,z).
zZ~vT

The reversibility follows from the symmetry of the conductances,

W(Qﬁ)p(a’}, y) = W(z,y) = W(y,z) = W(y)p(yv .’L‘)

Note that the random walk is well defined, if 7(z) < oo for all z € V. This is
automatically satisfied, if the environment is elliptic and the graph is locally finite.

2.1.1 Resistor networks

We can use an analogue with resistor or electrical networks to express events for the
random conductance model in a convenient way. We interpret the values w(, ,) as
conductances c¢(z,y) in the resistor network. In other words, we place a resistor with
resistance 1/w(, ,y onto any edge of the graph and connect them at the vertices, as
depicted in Figure 1. When we create a voltage difference between two different parts

11
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Figure 1: Simple resistor network for a two dimensional lattice graph that has a battery
with 1 Volt hooked up between sets S and D. These two sets are highlighted by grey
boxes. Each edge has a resistor assigned, where the resistance is determined by the
environment. The resistors are connected at the vertices, which are represented by
small black circles.

of the network, an electrical current flows through the resistor network. Following
the book of Lyons and Peres (2016), for any finite graph (V, E) with conductances
c(x,y) = W(g,y) We can define the wvoltage or potential v between two disjoint subsets
S and D of the vertex set V. We set v(z) = 1 for € S and v(x) =0 for x € D. The
voltage is the unique function v : V' — R such that for every x € V' \ (SU D)

LS cwpely).

v(r) = —
() 2
By definition v is harmonic on V' \ (S U D). We can imagine a battery with 1 Volt
hooked up between the two sets S and D, which are the source and drain for the
current. The set-up is shown in Figure 1. The current i(z,y) between two adjacent
vertices  ~ y has to obey Ohm’s law, so

U(ZL‘) - ’U(y) = i(a?,y)r(x,y),

where r(z,y) = 1/c(x,y) is the resistance. Furthermore, by Kirchoff’s law all currents
that flow in and out of any vertex have to sum up to zero.

The most important use of the representation as resistor networks is the ability to
express probabilities of hitting times. Let 74 be the first hitting time of a set A C V
of the random walk. That is

Ta=inf{n>0:X, € A}.

For convenience, we want to denote the law of the random walk starting in z € V' by
P:(:) = BP,(-|]Xo = z). Then, by the Markov property of the random walk for every
z¢ AUD

Pi(ra <) = Y p(5y)PY(ra < ) = % S e, y)PY(ra < 70)

z~Yy Yy

and we see that P%(74 < 7p) is a harmonic function in z on V' \ (AU D). Since v is
both harmonic and linear in v(a) by the superposition principle, we get for a singleton

12



set A= {a}
v(2)
v(a)

Furthermore, we can set the first return time of the random walk that is starting in a
vertex a to the same vertex a,

Pj(T{a} < TD) =

rm =inf{n >0: X, =a when Xy = a},
in relation with the voltage

2pra M0, 7)

m(a)Pe(tp < 1)

v(a) =

=: Z i(a,2)R(a + D). (2.1)

xr~a

In the last equation we have implicitly defined the effective resistance R(a <> D)
between @ and D. Its reciprocal is called the effective conductance C(a < D) =
R(a <+ D)~t. The effective resistance tells us, whether the random walk is recurrent,
see e.g. Grimmett (2010). Let d(x,y) be the graph distance between two vertices
z,y € V. Then, we can exhaustively cover any graph with increasingly large boxes
around the origin. Define their boundaries as

Ay, ={z €V :d(z,0)=n}.
The effective resistance between the origin and infinity is defined as

R(0 <> 00) = lim R(0 < Ay).
n—oo
By Rayleigh’s principle, the effective resistance is a non-decreasing function of the
edge-resistances, which implies that the previous limit exists. We can now conclude
from Equation (2.1) that recurrence of the random walk can be determined by this
effective resistance, since it implies

1

PB (TAn <7'6") zm.

By taking the limit n — oo, we get the probability for the random walk to escape
towards infinity.

Corollary 2.3. The Markov chain (X,)nen in the random environment with con-
ductances (c(z,y))z yev s recurrent if and only if R(0 <> 0o) = oco. Otherwise it is
transient.

If the Markov chain is recurrent and its stationary measure is finite, then

Z m(x) = Z W(a,y) < 00

zeV r,ycV

and the Markov chain is positive recurrent. Otherwise it is null-recurrent. The follow-
ing lemma relates the hitting times of two sets with effective resistances.

Lemma 2.4. Let G = (V, E) be any finite graph such that |V|,|E| < co. Take two
subsets of vertices A, B CV such that AN B =0 and a starting point for the random
walk z ¢ AU B. Denote by P? the law of the random walk (X,,)nen on the graph G
with conductances (w(z,y))z,yev and such that Xg = z. Then we have

R B
Pi(tqp <71p) < (z « B)

< oA (2.2)

13



Proof. Define the first return time to the start vertex by
= =inf{n > 0: X(n) = 2}.
We consider the events

R = {Tj <TAuB} and
SZ{TA<TB}QRC,

where R® = Q\ R denotes the complement of R. We can decompose the time to
hit either the set A or the set B into successive excursions from z. By the Markov
property these excursions are independent. On the event R we have neither hit A nor
B before returning to z and thus we may try again. On the event S the random walk
successfully hits A before hitting B or returning to z and

S:{TA<TB<TZ+}U{7'A<7'Z+<TB}C{TA<TZ+}.

Thus, we can rewrite the event {r4 < 75} in terms of events R and S and get the
upper bound

. N pe B R 1)) Pi(ta <7)
Pw(TA<TB)_;Pw(S) (Pw (R)) - 17P£(R) S PuZ,(TAUB<Tj).

According to Section 2.2 of Lyons and Peres (2016), we have on any finite graph

Pira<7f)  R(z<»AUB) _TR(z ¢ B)
= S ; (2.3)
Pi(taup < 1) R(z + A) R(z < A)

which proves the lemma. O

One may observe that whenever R(z <» B) > R(z <> A), then the upper bound
provided by the previous lemma is trivial. However, in this case we get a non-trivial
lower bound, since

R(z+ A)

R(z < B) > 0.

Pi(ta<tp)=1—Pitp<7a)>1-—

2.2 RWRE on the integers

A random walk on the integers can easily get trapped by the random environment as
a short sequence of exceptionally small conductance is enough to form a strong barrier
for the random walk. Therefore, the behaviour of random walks on the integers is
different from random walks on integer lattices in higher dimensions. However, the
one-dimensional case lets us demonstrate which different limit laws can occur. It
is very well understood and in this section we present what is known about them.
Random walks in higher dimensional environments are covered in Section 2.4.

Let (€2, F,P) be a probability space, where = [0, 1] and P is a product measure
on Q. Let w = (wy)zez be a random environment with values in €. Let the random
variables w, be mutually independent and identically distributed for all x € Z. The
random environment is best described using a sequence (p;).ez of random variables
defined as

1—w,

Pz = .
Wy

14



To exclude the trivial cases we assume that the random environment is non-degenerate
and elliptic, namely

Var(log po) > 0 and
k€ (0,1/2) such that P (k <wg <1—k) = 1.

We assume that these conditions hold for all results in this section. Most results are
known to hold under more general assumptions then i.i.d. conductances. The most
general known assumptions for each claim are mentioned after the theorem and proof.
We cousider a nearest-neighbour random walk (X,,)nen in the environment (w;),ecz-
At each step the random walk at site x will move either to the right with probability
wy or to the left with probability 1 — w,. Thus, for any start point z € Z and vertices
x,y € 7Z it has transition probabilities

p(@,y) == P (Xns1 = y| Xy = 2)
Wy ify=ao+1
=< 1l-w, ify=z-1,

0 ifyox

where we write  ~ y if and only if z and y are neighbours, | — y| = 1. Using the
detailed balance equation we can calculate a reversible measure (7(x)),cz through the
recurrence relation

(x,z+1)

_ p _
m(x+1)= W(x)p(x o) 7(x)

Wy

1"Wz+1

By choosing 7(0) = 1/wp, we find that a reversible measure for all sites > 0 is

wo w1 Wy—1 1 ki _
7(x) = 7(0) 2 :w—Hpil.
T =1

lfwlllfwg .lfww

The reversible measure for all sites < 0 is accordingly

T
m(z) = ;x 4 H Pi
1=x+1
We define a function V : Z — R by
i logpi ifz>0
V(z)=10 ifz=0. (2.4)

S 1 —logp ifx <0
Note that

1 we + (1 — wy
1 _wOow) L
Wy Wy

Thus, we can conveniently express the reversible measure in terms of V,
m(x) = (14 py) e V@ = eV 4 e Vieml), (2.5)

If the random walk in random environment is viewed as a resistor network, we can
write the random conductances (¢(z,y))q ez as

x+1

1—w, _

el +1) = 7o+ Vpla+1,2) = — 2 T p!
o+l oy

15



for any x > 0. A similar expression holds for z < 0. This implies
clz,x4+1)=e V@),

We can also express the effective resistance RY = R(x + y) between two sites z < y
by

y—1 1 y—1
RE = RY = - V(@)
y = e ;i; c(i,i+1) gg;e

using the function V defined in Equation (2.4). Therefore, we may view (X, )nen as
a random walk in the random potential V. The random potential is itself a random
walk with drift

lim Viz)

T—o00 I

= Eflog po] -

We can now determine whether the random walk in random environment is recurrent
or transient depending on the value of E [log pg], which was first done by Solomon
(1975).

Lemma 2.5 (Solomon (1975)). The random walk (X, )nen is recurrent if and only if
E [log po] = 0. In particular, we have the following.

(i) If Elog po] <0, then X,, — 400 as n — oo P-almost surely.
(ii) If E[log po] > 0, then X,, — —00 as n — oo P-almost surely.
(iii) If E[log po] = 0, then liminf X,, = —oo and limsup X,, = +o00 P-almost surely.
We prove this lemma by evaluating hitting times, which we define as
T, =inf{k > 0: X} =z}
for the hitting time of a site x € Z. Then, we have the following lemma.

Lemma 2.6. Let sign(n) # sign(m). Then

0 RO\

P, (th < Tm) = <1—|— Ré;) .
Proof. The law of the event {7, < 7,,,} for the random walk on Z is the same as for
the random walk on the finite set [n, m]NZ. Thus, the lemma is a direct consequence
of a variation of Lemma 2.4, which applies to any finite one-dimensional graph. On
the integers we can turn all inequalities in the proof of the Lemma into equalities,
since every excursion from the start point z = 0 can only hit the set {n} or the set
{m} before returning to the origin and never both. This implies S = {7,, < 7 } and
consequently

PO(1n < 7))

Pty < Tpp) = =0 = 07
w( n m) PB(Tn/\m < 7_0_,_)

We can also use the fact that resistances are always in series to express them explicitly
as

R0 < {n,m}) = i-ﬁ-i -
CARY Ry
Using both equalities in Equation (2.3), we prove the claim. O
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Proof of Lemma 2.5. Having Lemma 2.6 in mind, we want to consider three different
cases.

(i) ¥RY, = o0 and R < oo, then for any k > 0

Ry O\
- 0 T 0
nlirr;o P (th <7T_p) = nl;rrgo (1 + ROk) >0

and

n o\ —1
lim lim P° (7, < 7_;) = lim lim <1+ Rg > =1.

k—00 n—00 k—00 n—>00 ng
Thus

P? ( lim X (n) :oo) =1,

n—oo
and the random walk is transient to the right.

(ii) If R® < oo and RE® = oo, then we get similarly

PY ( lim X (n) :—oo) =1

n—oo
and the random walk is transient to the left.

(iii) If RY ., = oo and R = oo, then for any k > 0

k —1
lim PO (r, <7_,) = lim (1+ Ry ) =1

n—00 n—o0 R(ln

and

RO
lim P%(r_j <7,) = lim <1+ ’“) =1

n— 00 n— 00 'R,g

Thus

PY (lim inf X(n) = —oo and limsup X(n) = oo) =1

n—00 n—o0o

and the random walk is recurrent. Alternatively, the total effective resistance in
this electrical network is

1 1\
R=\|==+=— .
(75 72)
Thus, by applying Corollary 2.3, we get recurrence directly. Together with irre-

ducibility of the random walk, the claim follows.

The rest of the proof is taken from Zeitouni (2004). Note that {R$® < oo} and
{R" _, < o<} are 0-1-events and by definition of the potential V' in Equation (2.4) and
stationarity of w we have

R <o = R°_ =00 and

0
Rl <00 = R =o0.
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Therefore, we need to show that
P2(R3® <o) <= Elogp] <0 and
P)(R%, <o) <= Ellogpo] > 0.

Here, we only prove the first claim, as the second claim can be proven analogously.
First, assume E [log pg] < 0. Then, we can find constants e(w) > 0 and N(w) € N such
that

Vin 1=
# = ﬁZlngk < —€
k=1

for n > N(w) chosen large enough by the ergodic theorem. Consequently, for almost
every w € € exists some constant C'(w) such that

Ry =C(w) + Z V) < O(w) + Z e M < oo
k=N k=N

On the other hand, if Rg® = >7° ,eV(*) < oo, then V(n) — —oo as n — oo. Since w
is stationary, we can apply a theorem from Kesten (1975) to get

Vi)

lim < 0.
n—oo n
This implies directly the desired result, E [log po] < 0. O

The lemma is true for a much wider range of environment laws P. In particular
it holds true, whenever Birkhoff’s ergodic theorem applies to the averaged potential,
i.e. if P is stationary and ergodic and log pg is integrable on the probability space
(Q, F,P). In fact, it is even enough that E[log pg] is well defined, including values
+00, see Theorem 2.1.2 in Zeitouni (2004) for a proof.

Corollary 2.7. If the random walk (X,,)nen is recurrent, then it is null-recurrent.

Proof. If the random walk is recurrent, then R3° = oco. By the definition of the
potential and shift invariance of the environment, we have almost surely

Ry =00 <= Zw(z) = o0.
<0

Thus, the stationary measure 7 is not finite and the random walk is null-recurrent. [

The behaviour of the random walk is very different in the recurrent versus the
transient regime. In the recurrent regime the potential traps the random walk and
causes localization behaviour, while in the transient regime we can get limit theorems,
if the potential is not too rough.

2.2.1 Recurrent Regime

In the recurrent regime the potential V' is a random walk with zero drift. Consequently,
it returns to the origin infinitely often and performs increasingly large excursions in
between,

liminf V(z) = —o0  and  limsup V(z) = +o0.
A random walk in such a potential discovers increasingly large valleys as it explores
the environment. Denote the location of the largest discovered valley up to time n by
b,. These valleys trap the random walk for a sufficient amount of time to reduce its
fluctuations around b,, to a squared logarithm.
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Theorem 2.8 (Sinai (1982)). There ezists a random process (b(n))nen that depends
only on w such that for allm > 0

’ (\ X(n) = b(n)

1og2 n

>n)—>0 as n — oo.

The probability distributions of b(n)/ log® n converge weakly to some limit distribution
as n — oo under the environment law P.

The theorem also holds under more general assumptions. The main requirement
on the law of the environment P is that there exists some variance o3 > 0 such that
a functional invariance principle holds for (V(£n)/\/nog)nen. A very neat version
of the proof can be found in the lecture notes of Zeitouni (2004), of which we give a
short summary here. As we will see in the sketch of the proof, the random process
(b(n))nen is in fact equal to the sequence of locations of valleys (b, )nen. We formally
define a valley of the potential as a triple (a,b,¢), a < b < ¢, such that

V(a) = max V(x),

a<z<b

The depth of the valley is
d(a,b,c) =min{V(a) =V (b),V(c) - V(b)}.

Now, we can define (a,, b, c,) to be the smallest valley with a,, < 0 < ¢, and with
depth d(an,bn,cn) > logn. We will typically find such a valley on a scale of log® n,
i.e. such that |a,| + |c,| < Jlog?n for some large constant J. We will also most
likely find a valley such that it does not contain another valley with height larger than
(1 — 9)logn, neither in the interval [a,,b,] nor in [b,,¢,] for any small 6 > 0. The
notation is illustrated in Figure 2, which shows an example potential together with
the logarithmic lower bound on the depth of the valley and a selected smallest valley.

v

R g NTV\/J Jd(an,bn,cn)

an 0 bn Cn

Figure 2: The potential (thick black line) has a smallest valley (ay, by, ¢,) of height
d(an, by, cy). The logarithmic lower bound for the height of the valley relative to the
bottom b,, is shown as a thick grey line.

In such a situation the random walk reaches the site b, before time n with high
probability,

P(m, <n)—1 asn— oo. (2.6)

n —
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Once the random walk has reached the bottom of the valley b, it stays there for n
time steps,

X (k) — by

5 >5>—>0 as n — oo. (2.7)
log“n

max P?
k<n

Therefore, a valley (an, by, ¢,) will trap the random walk up to time n. The random
process (b(n))nen can be identified as the sequence (b,)nen of locations of smallest
valleys. The random walk is forced to stay close to b(n) = b,, until it can escape to
the next deeper valley around b, 1. Since a valley has a width of log® n, this is the
scale on which the random walk shows its localization behaviour.

Furthermore, Theorem 2.8 implies that the distribution of X (n)/log®n converges
weakly for n — oo to the same limit distribution as b(n)/log® n under the annealed
law PP. This limit distribution was identified later by Golosov (1983) and Kesten (1986)
independently.

Theorem 2.9 (Golosov (1983), Kesten (1986)). Denote by 02 := E [log2 po] the vari-
ance of the increments of V. The distribution of

a2b(n;w)
log®n

converges weakly under the environment measure P to the distribution of L, where L
is a functional of Brownian motion with density

2 1 2
exp (_7T(2I€H|x|> de.

dP(L <z) 2o~ (—1)*
dx N ;Z 1

2k +

k=0 8

We have seen previously that the random walk is null-recurrent in the original
environment. However, the particle visits increasingly deep valleys as it performs its
excursions and explores the environment. As a consequence the environment seen from
the particle converges to an infinitely large valley. More precisely, the stationary limit
of the environment seen from the particle has the same law as the original environment,
conditioned to be non-negative on the positive integers and strictly positive on the
negative integers. The environment seen from the particle is positive recurrent. As a
consequence, the random walk centred around the sequence of valley locations (b,),en
converges without any scaling to some limit distribution.

Theorem 2.10 (Golosov (1984)). (i) The distribution of the random process (X (n)—
b(n;w))nen converges to a limit function F, for any o > 0.

(11) There exists a distribution function G such that
) z
lim By (5) = GG).
The last result implies that with high probability and for large times n the random
walk stays in a finite neighbourhood of b(n), which is of size 1/02.

2.2.2 Transient Regime

In the transient regime there is a phase transition in the speed of the random walk.
In one phase the speed of the walk is zero, while in the other it is strictly positive.
We also have a second phase transition for the existence of a diffusive central limit
theorem. Without loss of generality take E[log pg] < 0 throughout this section, so that
almost surely the random walk is transient to the right, X (n) — +oo for n — co. The
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case where the random walk is transient to the left follows by reflection. Then, the
two phase transitions can be characterized by the number

s:=sup{r : E[pj] <1}, (2.8)

which is the largest moment of py that exists and is bounded by one. Note that s
may take values in [0,00) U {oo}. The two phase transitions occur at values s = 1 and
s = 2 respectively. Since we look at random walks that are transient to the right, we
need to be concerned with moments of hitting times

71 =inf{n > 0: X(n) = 1}.
In particular it has been shown that for all v < s the following moments exist,
E°[(E,m)"] < oo and E°[r]] < oo,

where the superscript indicates that X (0) = 0 almost surely. For the first estimate,
see for example Peterson (2008). The second estimate is shown in Dembo et al. (1996).
Thus, we see that the phase transitions occur exactly at those points at which we gain
a first and second moment of the hitting times.

The transient regime has been intensely studied and by now we have an almost
complete characterization, which is mainly due to the works of Solomon (1975) for the
results on the speed, Kesten et al. (1975) for the annealed results and Goldsheid (2007)
and the works of Peterson and Zeitouni for the quenched results. All these results are
summarized in Table 1 at the end of this section. For i.i.d. random environments the
limit theorems are known, except for quenched limit laws for critical values s = 1 and
s = 2. The first phase transition at s = 1 concerns the speed of the random walk,
which is

v:= lim X(n)
n—oo N

Theorem 2.11 (LLN, Solomon (1975)). The speed of the random walk is zero P-

almost surely if and only if s < 1. The speed is positive, if s > 1. Then

_ 1 — E[po]
1+ E[po]

v >0 P-almost surely.

Note that the definition of s implies that E[pg] < 1 if and only if s > 1. Annealed
scaling limits are known for all s > 0. The two limit laws that can appear are Gaussian
laws and stable laws. Let ® be the distribution function of a Gaussian random variable,

Let F,, g, o # 0, be the distribution function of a stable law with characteristic function

Fos(t) = exp (76|t|“ (1 —i-tan (?) sign(t))) . (2.10)

Theorem 2.12 (Annealed scaling limits, Kesten et al. (1975)). Assume that the en-
vironment is such that s > 0, Elogpo < 0 and E[p§log p] < oco. Assume furthermore
that the distribution of log po is non-lattice, i.e. it is not concentrated on a set of points
{ax + b} ez, for any a,b € R.

(i) If s € (0,1), then an annealed stable limit law holds with
X
P(m)gx)HlFsﬁ(xl/s) as n — 0o,
ns ’

where B has been identified explicitly in Enriquez et al. (2009).
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(i) If s = 1, then there exist a constant 0 < C; < oo and function d6(n) ~
n/(Cylogn) such that an annealed stable limit law holds with

X(n) —
P(W Sx) —1—F 5(—Ciz)  asn — oo,
n~tlog"n

where B is not explicitly known.

(iii) If s € (1,2), then an annealed stable limit law holds with

X(n)—ny
IED<1;1+1/4“"nl/5<x> — 1= Fsp(—z) asn— oo,

where B is not explicitly known.

(iv) If s = 2, then a super-diffusive central limit theorem holds with deterministic
variance o, > 0,

M T T asn o0
P(%\/WS >—><I>() — 00. (2.11)

(v) If s > 2, then an annealed CLT holds with deterministic variance o2 > 0,

(A

Under the quenched law, there are no limit laws for certain values of s. A fur-
ther speciality to random walks in one-dimensional environments compared to higher
dimensions is that the quenched variance of the limit theorem is smaller than the an-
nealed one. The reason is that the quenched expectation E,, [X (n)] fluctuates around
the annealed expectation nv. Thus, a part of the total variance is contained in those
fluctuations.

Theorem 2.13 (Quenched scaling limits). (i) (Goldsheid (2007); Peterson (2008))
For s > 2, a quenched central limit theorem holds with deterministic variance
03 < 02 and quenched expectation. That is, for P-almost every w,

p (A= B X0
¢ og\/n
(ii) (Peterson and Zeitouni (2009); Peterson (2009) ) For s € (0,1) and s € (1,2)

no quenched limit laws exist. In fact, for almost every w there exist two different
random sub-sequences along which we can observe different limit laws.

< m) —= ®(x) asn— oo. (2.12)

< x) — ®(x) asn — . (2.13)

The first statement of the theorem holds for a much wider class than i.i.d. en-
vironments. Independently of each other, Peterson (2008) proved the statement for
a-mixing environments, while Goldsheid (2007) could show the result even for ergodic
environments. The previous results about transient one-dimensional random walks in
random environment are summarized in Table 1.

Eventually, a local limit theorem for the annealed and quenched law in the diffusive
regime s > 2 was proven by Dolgopyat and Goldsheid (2013). These results allowed
them to show that the environment seen from the particle converges for almost every
environment.

Theorem 2.14 (Dolgopyat and Goldsheid (2013)). For every continuous function
f: Q=R

E, [f (Qx(n)w)} RN for P-almost every w

where (0p,w)(x) = wyyy s the usual shift operator.
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56(071)‘3:1 s€(1,2) 3:2‘ 5> 2
LLN v=0 v=(1—-Epg)/(1+ Epo)
annealed LLs s-stable limit law aCLT with 02 > 0
quenched LLs ‘ ‘ qCLT, 0 < 02 <o?

Table 1: Characterization of limit laws in the transient regime. The results in the
crossed out cells have been disproven, while the results for the empty cells are still
open.

2.3 RWRE on the strip

Random walks in random environments on the strip Z x {1,..., M} are studied as
a generalization of one-dimensional models. This class includes in particular random
walks in one-dimensional random environments with bounded jumps. It can be also
applied to certain interacting particle systems with a finite number of particles, which
we will discuss later in Section 3.4.3. We call the set {k} x {1,..., M} a layer of the
strip and consider a family of transition matrices (wi)rez = {(Pk, Qk, Rk) }kez with
three matrices Py, Qp, Rp € RM*M for each layer. Each triplet (P, Qx, Rx) is chosen
such that all matrices are positive definite and (P + Qx + Ri)1 = 1. The matrix Py
contains the transition probabilities from layer k to layer k + 1, the matrix Q) from
layer k to layer k£ —1 and the matrix R are the transition probabilities within layer k.
The random walk in this set-up can only jump within layers or to neighbouring layers.
Let (X,)nen be a discrete time Markov chain with state space Z x {1,..., M}, where
X = (M, &n). Thus, 7, denotes the layer and &, denotes the vertex within the layer
for the position of the the random walk at time n. Then, the transition probabilities
relate to the matrices {(Px, Qk, Ri)}rez according to

Pk(ivj) = ]P)(Xn+1 = (k+ lr.j)|X = (k,l)),
Qr(i,j) =P (Xny1 = (k= 1,))| Xy = (k,1)) and
Ri(i,j) = P(Xny1 = (k. j)| Xn = (k,9)),

for each n € N, k € Z and 4,5 € {1,..., M}. The matrices form the random environ-
ment of the random walk on the strip. They are chosen such that the sequence

{(Pn,Qn, Rpn)}nez is stationary and ergodic . (C1)

Define the matrix norm

M

Al = max 1 |AGi, 7))
i

for any A € RM*M_ We require further that first inverse logarithmic moments exists,
E [log (1= | P+ Ru) '] < o0 and
E [log (1-[1Qk + RkH)_l} < 00 (C2)

for all k£ € Z. This condition implies that for all 1 <i < M

M M
> Pu(i,j) >0 and Y Qli,f) > 0.
Jj=1 j=1
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k+ 1

k—1

¢
St

Figure 3: One-dimensional random walk X,, = (9,,&,) with jumps bounded by max-
imal distance M = 4 represented as a random walk on the strip Z x {1,...,4}. All
allowed transitions are marked by an edge. All missing edges are for transitions which
have probability zero.

We may also assume that for all 1 < j < M

M M
> Pu(i,j) >0 and Y Qli,) > 0. (C3)
=1 =1

We furthermore need some form of irreducibility. The minimal irreducibility assump-
tion would require the whole strip to be in one communicating class. Usually, stronger
assumptions need to be made. Note that it is not reasonable to assume all matrix
elements to be positive, since such an assumption would be violated whenever the
model is derived from a one-dimensional random walk. As an example consider the
one-dimensional random walk (Y},),en in random environment with bounded jumps
and let M be the maximal distance for a jump. Assume furthermore that all jump
probabilities for the one-dimensional random walk are strictly positive,

p(i,§) =P(Yny1 = j[Yn =) >0

for all 4,5 € Z such that 1 < |i — j| < M and n € N. By chopping the integers into
pieces {1,..., M}, {M +1,...,2M}, ... and so on, we can represent the state space
of this random walk as the strip Z x {1,..., M }. The corresponding random walk on
the strip is the Markov chain (X,,),en such that

Xn = (’r]nvgn) with 7, = LYn/MJ and &, =Y, mod M.

Here, |-| denotes the largest integer that bounds the argument from below. While all
transitions within layers have positive probability, this is not the case for transitions
to neighbouring layers. This is illustrated in Figure 3, where all transitions with
positive probability are marked by an edge between states. For the definition of a
strong irreducibility assumption which is not too restrictive, set the first hitting time
of neighbouring layers +1 and —1 to be

7 =inf{n>0:n,=1} and 7 =inf{n >0:7, = —1}.

24



We want a positive probability for the event that a walker starting at site (n, ) reaches
the neighbouring layers upon first entry of the layer at the sites (n+1,5) and (n—1, j)
respectively,

Py &+ =jlp=1)>e P—as forall1<ij<M (C4.1(e))
Py, (- =jléo=1) >e P—as.forall 1 <ij<M. (C4.2(¢))

These two assumptions imply Condition (C2). It is a result of Bolthausen and Gold-
sheid (2000) that there exists a unique sequence of M x M matrices (¢, )nez that
satisfies the equation

Y1 = P+ Rpdpi1 + Qeortbryr

Also, define the matrices

A= (I = R = Q)™ Qi
Then, by Kingman’s subadditive ergodic theorem,

k

[T

i=1

1
AT = lim Elog

k—o0

exists almost surely and is constant. Using this constant, we can determine recurrence
and transience just as in the one-dimensional case.

Theorem 2.15 (Recurrence and Transience, Bolthausen and Goldsheid (2000)). As-
sume that conditions (C1), (C2) and (C3) hold and that the zeroth layer (and conse-
quently every layer) is in the same communicating class.

(i) If XT > 0, then lim,, oo 1, = —00 almost surely,
(i1) If \T <0, then lim,, o0 7n = +00 almost surely and,
(iii) If AT =0, then liminf,, o 7, = —00 and limsup,,_, ., N, = +0o almost surely.

As one would expect, if the distribution of (Py, Qk, Ry) is equal to the distribution
of (Qg, Pi, Ri), then A* = 0 and the random walk on the strip is recurrent. There is
also a law of large numbers, which was proven independently in two papers. For the
random walk on Z, the positivity of the speed was determined by the constant s as
defined in Equation (2.8). This role is now taken over by

1
5 = sup {r : limsupﬁlog\EHAl...An||7"| < 0}.

n—roo

Theorem 2.16 (LLN, Goldsheid (2008); Roitershtein (2008)). Assume that conditions
(C1), (C3) and (C4.1(¢)), (C4.2(e)) hold for some € > 0 and that the zeroth layer is
in the same communicating class. Then, the limit

. n
v= lim —
n—oo N

exists and is constant P-almost surely. Furthermore, if A\t < 0, then P-almost surely

v>0 if s>1and
v=0 if s<l1.

In the transient case, we get annealed and quenched central limit theorems, where
we have a quenched correction of the speed as for the random walk in one-dimensional
environments, Theorems 2.12 and 2.13.
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Theorem 2.17 (Annealed and quenched CLT, Goldsheid (2008); Roitershtein (2008)).
Assume that conditions (C1), (C3) and (C4.1(¢)), (C4.2(¢)) hold for some € > 0 and
that the zeroth layer is in the same communicating class. Assume furthermore that
s > 2. Then, there is an annealed and quenched central limit theorem with quenched
correction of the speed.

While Conditions (C3) and (C2) or (C4.1(¢)), (C4.2(¢)) in Theorems 2.15, 2.16
and 2.17 might not be satisfied if the random walk on a strip is derived from a one-
dimensional model, Goldsheid (2008) claims that it may be proven under milder as-
sumptions. He requires that the whole strip is one communicating class and that there
is some e > 0 such that either (I — R)"'P(i,5) > e or (I — R)7'Q(i,j) > ¢ for all
1 <i,7 < M instead.

If the random walk on the strip is recurrent, we get the same behaviour as on Z
and the random walk concentrates around some random sequence (b(n))nen-

Theorem 2.18 (Bolthausen and Goldsheid (2008)). Let the random walk on the strip
(X0 )nen be recurrent and set X, = (n,,&,). Assume that

(i) the sequence (Py,Qyr, Ri)kez is i.i.d. with law p,

(ii) there ezists € > 0 and | < oo such that Conditions (C4.1(¢)) and (C4.2(¢)) hold
and such that ||R!| <1 —¢,

(iii) supp(p) € {m(Po — Qo)1 =0 € Z}, where 7 is the unique row vector such that
7(Py + Qo + Ro) = m and Zf\ilm =1,

Then, there exists a sequence of random variables (b,) = (b(n;w)) which converges
weakly as n — oo and for every constant 6 > 0,

7

In their paper Bolthausen and Goldsheid (2008) remark that the theorem could
also be proved under less strict conditions, by replacing Condition (i) of the theorem
with the assumption that the strip is the only communicating class of the random walk
and that there is an € > 0 and a triple (P, @, R) € supp(u) such that either Assumption
(C4.1(e)) or Assumption (C4.2(¢)) hold. They also remark that Condition (7ii) of the
theorem is necessary by giving an example where the violation of this condition leads
to Gaussian behaviour. Finally, Bolthausen (2008) remarks in his lecture notes that
for constant transition matrices (P, Q, R) the third condition is equivalent to AT = 0,
i.e. to the recurrence of the random walk.

nn_bn

1og2 n

>5)—>0 as n — oo.

2.4 RWRE on integer lattices

The picture for random walks in random environments on integer lattices in more than
two dimensions is much less clear than on the integers. First, while random walks on
the integers are always reversible and can be expressed as a random conductance
model, this is not the case in higher dimensions. Thus, we lack much of the machinery
presented so far. Even if we restrict ourselves to random conductance models on
74, there are still many difficulties. This is partially due to the fact that traps can
take much more complicated shapes. In very high dimensions, traps are less likely
to form, since many conductances have to work together to form a trap. For an
illustration of this effect consider the simplest possible trap, which is a single large
conductance between to sites x and y, while all other conductances adjacent to x and
y are small. In d = 2 this requires six conductances to be small. In general we need
to control 2(2d — 1) conductances to get a trap. Thus, the probability for such an
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event in an i.i.d. conductance model decreases as p*?~2, where p is the probability

for a conductance to be small enough. In addition to that, we also have to find an
estimate on the probability for the random walk to enter a trap. On the integers, this
is much easier, since the random walker has to enter and leave every trap that lies on
its way at least once.

Another complication is that we may allow non-elliptic environments. On the
integers Z, whenever the probability for a zero conductance is positive, the random
walk becomes confined to finite intervals of Z. For d > 2, one can obtain an infinite
connected component, if the probability for conductances to be zero is small. This
effect is known as percolation. If there is an infinite connected component, the random
walk has non-trivial behaviour on this sub-graph. We will first briefly describe the most
recent results for random conductance models with no intention to cover the topic.
Then we summarize the results for random walks on percolation clusters. We conclude
the chapter with our own results on random walks on oriented percolation clusters.
Thus, some of the material presented here has already appeared in Miller (2016).

2.4.1 1In elliptic environments

Let (X,,)n>0 be a random walk in a random elliptic i.i.d. environment on Z<. As the
situation is already complicated in d = 1, one might expect it to be even more so in
d > 2. Indeed, in general cases it is not even known what the precise conditions for
transience or ballisticity of a random walk should be. As these results are not of direct
importance for the main result of this section, we refer for example to Zeitouni (2004)
for an overview. Most results are known for the random conductance model. Here,
the strict ellipticity condition on the conductances was removed in recent works on the
topic and replaced by moment conditions, for example Andres et al. (2015). However,
in contrast to percolating environments, the conductances have to be strictly between
zero and infinity. One may also allow conductances to change in time. These models
are known as dynamic random conductance models. For the previously mentioned
model the dynamic version has been treated in Andres et al. (2016). We can reduce
a dynamic random conductance model on Z¢ to a static one, by adding another di-
mension for the time such that the state space is Z¢ x Z or Z¢ x R. Then, we force
the random walk to be transient with speed one in the time direction. The same
effect is caused by choosing an oriented graph as we do for random walks on oriented
percolation clusters.

2.4.2 On percolation clusters

In this section, we will only consider percolation on integer lattices, although percola-
tion on more general graphs is a big field of research in itself. Denote by V = Z? the
vertex set and let E be the set of all nearest-neighbour edges of V,

E={(z,y) : z,yeV and ||z —yl|l2 =1}.

Then, the pair G = (V, E) is a graph. We say two vertices z,y are adjacent in the
graph G if (z,y) € E. We say two edges (z,y) and (2’,y’) are adjacent, if they share a
vertex, i.e. either x € {z/,y'} or y € {2/, y'}. We may now assign a Bernoulli random
variable either to each vertex v € V or each edge e € E. We write I for the index set
of the family of random variables and choose I = V or I = E. Then, a percolation
is a family (w;)zer of i.i.d. Bernoulli random variables with parameter p € [0, 1] such
that w, € {0,1} for all x € I. If [ =V, we get site percolation, if I = E we get bond
percolation. We say that a vertex or edge x is open, if w, = 1 and closed if w, = 0.
Thus, a vertex or edge is open with probability p and closed with probability 1 — p
independent of all other vertices or edges. We say two vertices x and y are connected
by an open path, if two things happen. First, there is a sequence of vertices z1, ..., 2N
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such that z; = z, zy = y and z; and z;;; are adjacent. Second, we require for site

percolation that all vertices z1,.. ., zy are open and for edge percolation that all edges
(21,22),...,(2n—1,2n) are open. We write z — y to denote that there is an open path
from x to y.

In this thesis, we generally work with site percolation. Thus, the following notation
is for I = V. We define the connected open component C, of a site x as the set of all
vertices that can be reached from z by an open path. If x is closed, then C, = (. If
is open, then

Co={yeV:z—y}

We say that (w,)zev percolates if there is some x € V such that |C,| = co. We define
the critical probability as

pe =sup{p > 0:P(|Cy| = c0) = 0}.

We say that the percolation is supercritical, if the probability for an edge or vertex to be
open is bigger than the critical probability, p > p.. The main theorem on percolation
states that this phase transition happens at a non-trivial critical probability p..

Theorem 2.19. For percolation on integer lattices with d > 2, we have that 0 < p. <
1. Provided that p > p., the infinite connected component is unique.

For a proof of this theorem, see for example Grimmett (2010), Theorem 3.2 and
Theorem 5.22, which was originally shown in Aizenman et al. (1987). The random
walk on a percolation cluster is the random walk that chooses its next step uniformly
from all adjacent open sites. Assume that the origin is in the infinite cluster, 0 € C.
The random walk on C, is a Markov chain (X, ),en with state space Z? starting at
Xy = 0 with transition probabilities

Liyec..}

=l =0 = e e
Z~T z2€Cxo

for every environment w such that 0 € C.

The next two theorems were proven for bond percolation only. With some extra
work one can transfer the proofs to site percolation as well. The annealed central limit
theorem on a percolation cluster on integer lattices was proven for d = 2 by De Masi
et al. (1989), while the result for general dimensions follows from Gaussian bounds on
the transition densities proven in Barlow (2004).

Theorem 2.20 (Annealed central limit theorem for random walk on percolation clus-
ters, De Masi et al. (1989); Barlow (2004)). Let (X,)nen be a random walk on super-
critical bond percolation on Z¢ with d > 2 and such that Xo = 0 almost surely. Then,
an annealed invariance principle holds for (X,)nen-

The quenched central limit theorem was first shown by Sidoravicius and Sznitman
(2004) for dimensions d > 4 and then by Berger and Biskup (2007) and independently
by Mathieu and Piatnitski (2007) for dimensions d = 2, 3.

Theorem 2.21 (Quenched central limit theorem for random walk on percolation
clusters, Sidoravicius and Sznitman (2004); Berger and Biskup (2007); Mathieu and
Piatnitski (2007)). Let (Xpn)nen be a random walk on supercritical bond percolation
on Z% with d > 2 and such that Xo = 0 almost surely. Then, a quenched functional
invariance principle holds for (X,)nen-

Going back to the most general definition of random walks in random environments,
we can add orientation to the edges of the graph and only allow the random walk to pass
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Figure 4: Oriented lattice graph for d = 1. The vertices of the underlying lattice
74 x 7, are shown in grey. We see that there is in fact two disjoint copies of this graph
on Z%* x Z. One of them is shown in here, the second can be obtained by translation
along the z-axis. We choose the connected component that contains the origin.

an edge following its orientation. Such a model is not a random conductance model.
In oriented percolation, the orientation of the edges distinguishes one dimension and
breaks the symmetry. Thus, we work on the discrete space V := Z? x Z, which we
will refer to as the full lattice. The first d > 1 dimensions in V are space dimensions
and the last dimension is the time dimension. We turn the lattice V' into an oriented
graph (V, E) with vertices V by adding edges

E:={|(z,n),(y,k)) : (y,k) € U+(x,n))},
where |(z,n), (y, k)) denotes an oriented edge from (x,n) to (y, k) and
Ut(z,n) = {(y,k) €V : ||z —y|loo =1,k =n+1} (2.14)

is the set of consecutive vertices of (z,n). The specific choice of the set of consecutive
vertices U™ is not important as long as it is finite and symmetric. The corresponding
oriented graph for our choice of UT and d = 1 is shown in Figure 4. There is always
more than one disjoint connected component of this graph and only one of them is
shown. We will always work on the component that contains the origin, without
further mentioning.

Let (w(z,n))(z,n)ev be afamily of independent and identically distributed Bernoulli
random variables with parameter p € (p., 1] that represents a supercritical site per-
colation on the vertex set V. The constant 0 < p. < 1 is the critical probability
of oriented site percolation on (V, E). Existence and non-triviality of p. was proven
in Grimmett and Hiemer (2002), similar to Theorem 2.19. As before, we say a site
(x,n) € V is open, if w(xz,n) = 1. Otherwise, we call it closed. With the notion of
open sites we can define open paths. A directed path on the oriented graph (V, E)
from vertex (z,n) to vertex (y, m) is called open, if all vertices on that path are open.
For an open directed path from (z,n) to (y,m) we write (z,n) — (y, m). Analogously,
we write (x,n) — oo if there is an infinite, directed open path on (V, E) starting in
(z,n). The oriented percolation cluster is not a good graph for a random walk, as it
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would get trapped in finite time. We define the percolation process ¢ := (¢£),,¢z by

€7 (z) = {1 if (z,n) — o0

0 otherwise.

Any random walk on the oriented percolation cluster has to be confined to sites that
are open in the percolation process to avoid traps. Since a site (x,n) can only ever
be visited, if ££'(x) = 1, we refer to ¢F as the environment. The place of the oriented
percolation cluster as the sub-graph for the random walk is thus taken by its backbone,
which is denoted by

C:={(z,n) e V:(z,n) = oo}

and is a proper subset of the oriented percolation cluster. It describes all sites that lie
on an infinite directed open path on (V, E). Since the random walk is only non-trivial,
if it starts on the backbone, we define a new measure conditioned on the origin being in
the backbone. We can do this, since this event has a positive probability in supercritical
percolation. We therefore write P(-) = P(-|0 € C) for the annealed measure conditioned
on the backbone containing the origin. The random walk (X,,),ecn on the environment
¢P such that 0 € C has transition probabilities

Ly nt1)eU+(@m)ncy
Y omw Lzt 1)U+ (@m)nCy

P ( Xy =ylXp=x) = (2.15)

The usual limit theorems for this model were shown recently.

Theorem 2.22 (Scaling limits for random walk on oriented percolation clusters,
Birkner et al. (2013)). Let (Xp)n>0 be a random walk on the backbone of an oriented
bond percolation on Z% x Z ford > 1. Then

(i) a law of large numbers holds with i =0,

(ii) an annealed central limit theorem holds with non-degenerate covariance matriz
Y and

(i4i) a quenched central limit theorem holds with the same limit law as for the annealed
case.

The random walk on the backbone of an oriented percolation cluster is a simple
model for ancestral lineages in populations with local competition. The connection
to a population model is shown in Figure 5 on the example of a finite section of V.
Each open site in V' can be inhabited by at most one individual. However, an open
site cannot be inhabited if there is no individual in the previous generation that can
become its parent. The local construction is as follows. First, we put individuals at
all open sites at some initial time, here s = 1. In the figure this first generation is
highlighted by the grey box. Each of these individuals places offspring to neighbouring
sites in the next time step s+ 1 in case the new site is open. The backbone is the set of
all sites that are inhabited eventually by progeny of the first generation. It is shown in
black in the top panel of the figure. For the global construction of the backbone C, we
take the first generation back to time —oco. We can see that in many occasions a site
can receive offspring from two parents. In this case, only one of the potential parents
can place their offspring, which is a simple form of local competition. An ancestral
line is the path of its ancestors backwards through the generations. It is shown in
black in the bottom panel. To construct the ancestral line, first take an individual
from the backbone that lives in the last generation. Successively, we choose one of the
possible parents from generation s — 1 uniformly at random. If there is no choice, we
pick the only parent available. This makes the ancestral line a simple random walk
on the backbone. By construction, when we follow the path of the random walk with
time ¢, we go backwards through the generations s.
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Figure 5: The construction of the backbone is shown in the top panel. Open sites in
V' are denoted by dots and individuals are placed initially at all open sites in the grey
box. The locally constructed backbone is shown in black. The bottom panel shows an
ancestral line in the backbone.
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2.4.3 On weighted, oriented percolation clusters

Random walks in non-elliptic environments are always random walks on the sub-graph
that is the open cluster of the origin, since every conductance that is equal to zero is
equivalent to a closed edge in a percolation. Starting from Bernoulli percolation as
random environment, we observe that changing all non-zero conductances to i.i.d. uni-
formly elliptic ones does not lead to different behaviour of the random walk. Thus,
for most of the results on random walks on percolation clusters this fact was already
mentioned by the authors as in Birkner et al. (2013) or the result was directly proven
for bounded conductances, as in De Masi et al. (1989).

We generalize the pure percolation model introduced in the previous section by
adding a random field (K,)zev. The percolation process denoted by ¢¥ = (¢K), oz
becomes

K(z,n if (z,n) — o0
(@)= o) )
0 otherwise.

We modify the transition kernel to be

K(y,n+ D)y n+1)cv+ (@n)ncy
PX (X1 =y| X, =x) = v : , 2.16
e (Xn1 =l ) Yo K(z,n + D1z g n)ev+ @n)ney (2.16)

for every environment % such that 0 € C. The random field K acts as weights for the
random walk on the backbone. The orientation of the percolation cluster implies that
the environment seen from the particle changes dynamically in time, since the particle
can never return to a previously visited site. The percolation process with additional
weights ¢ has exactly the same non-zero sites as ¢¥. Thus, the backbone C is the
same. This independence between the percolation (w,)zcv and the weights (K. )zcv
makes it possible to transfer methods from Birkner et al. (2013) to this model. The
weights allow us to have a slightly more realistic population model. Each site can still
be habitable or not habitable depending on w. In addition, if a site is habitable, it
can now support K individuals instead of only one. We choose one of the possible
parents to put its offspring at a new site and populate it to its capacity K. In order to
construct the ancestral line, we simply pick one of those potential parents uniformly
at random, which makes the ancestral line the same as a weighted random walk on C
with weights K.

Before stating the results, we first have to be more specific on the random field K.
We introduce some notion of mixing for random fields. For a brief overview on mixing
conditions we refer the reader to the survey paper of Bradley (2005).

Definition 2.23 (Mixing conditions and mixing coefficients). Let K be a random
field on V. Denote by

o(K):=0c{K():veV}
the o-algebra of the weights and by
supp(4) := ﬂ{U CV:Aco(KWw):vel)}

the support of an event A € o(K). Furthermore, we say that a set C' is a cone with
apex in (z,l) € V, if
C={(y,k) €V :k>land ||z —ylleo < [k —1|}.

This defines a cone with aperture /2.
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(i) We say that K is a-mizing (or strongly mizing) in space w.r.t. the law P if the
mixing coefficients (o, )nen satisfy ., nzeo, 0, where
ay, :=sup{|P(AN B) —P(A)P(B)| : (2.17)

A, B € 0(K), dist*(supp(A4), supp(B)) > n}
and we take the distance in the first d coordinates (space coordinates), i.e.

dist®(U, W) = inf {||z — y[|eo : (z,n) € U, (y,m) € W}. (2.18)

(ii) We say that K is ¢-mizing (or uniformly mizing) in time w.r.t. the law P if the
mixing coefficients (¢, )nen satisfy ¢, 27 0, where
b = sup {[P(B|4) — P(B)| : (2.19)
A, B € o(K),P(A) > 0,supp(B) C C,C is a cone and

dist*(supp(4),C) > n}
and we take the distance in the last coordinate of V' (time coordinate),

dist" (U, W) = inf {|n — m| : (z,n) € U, (y,m) € W}. (2.20)

This definition of ¢-mixing is in fact a cone mixing condition since the usual defini-
tion of ¢-mixing for random sequences does not generalize well to random fields. While
the notion of a-mixing makes sense on its own for random fields, the usual definition
of ¢-mixing applied to random fields is a form of finite dependence. Bradley (1989)
shows that there is a constant r > 0 such that ¢,, € {0,1} for all n > r. However, since
the neighbourhood U™ is finite, we use a ¢-mixing condition on cone-shaped subsets.
With this definition of mixing, we obtain the following scaling limits similar to ori-
ented percolation without weights. We choose K stationary, mixing and independent
of w for all our results. Note that for the results, w denotes only the percolation. The
full environment including the weights K is represented by the environment process
. The following results were published in Miller (2016) and a proof can be found in
Section 4.

Lemma 2.24 (LLN for polynomially time-mixing weights). Let d > 1 and p € (p., 1].
If K is independent of w, strictly positive, stationary and ¢-mizing in the time coor-
dinate with mizing coefficients ¢, € (9(717(1*5)) for some 6 > 0, then a LLN holds,
i.e. there is a constant ji € R? such that ||ji||s < 1 and

XTL n oo — ad
Pgo (n noooy u) =1 for P- almost every £X. (2.21)
Theorem 2.25 (Annealed CLT for polynomially time-mixing weights). Let d > 1
and p € (pe,1). If K is independent of w, strictly positive, stationary and ¢-mizing in
the time coordinate with mizing coefficients ¢,, € O(n~(219) for some § > 0, then an
annealed CLT holds, i.e. for all continuous and bounded functions f € Cp(R?)

B |7 (22)] =2 e, (2.22)

where [i is the same drift vector as in Lemma 2.24, ®(f) := [ f(z)®(dz) and ® is a
non-trivial centred d-dimensional Gaussian law with full rank covariance matriz X.

While the LLN, Lemma 2.24, holds for p = 1, we can prove the central limit
theorems under the given mixing conditions only for p < 1. For the aCLT on the full
lattice, p = 1, the main difficulty is to show non-degeneracy of the limit, since we have
no assumptions on moments of the random field K.
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Theorem 2.26 (Quenched CLT for exponentially space-time-mixing weights). Let
d>2andp € (p.,1). If K is independent of w, strictly positive, stationary, ¢-mizing
in the time coordinate with mizing coefficients ¢, € O(e™ ™) and a-mizing in space
with mizing coefficients a,, € O(e~2"), 0 < ¢1,c2 < 00, then a quenched CLT holds
with the same limit as in Theorem 2.25, i.e. for all continuous and bounded functions
[ € Cy(RY)

Eg [f <Xn\/—ﬁnﬁ)] "2 &(f)  for P-almost every €5 (2.23)

where [i is the same drift vector as in Lemma 2.2/ and ® is the same law as in Theorem
2.25.
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3 Interacting particle systems with exclusion

The standard reference for interacting particle systems is Liggett (1985). He describes
them in his introduction as follows:

“A typical interacting particle system consists of finitely or infinitely
many particles which, in the absence of the interaction, would evolve
according to independent finite or countable state Markov chains. Su-
perimposed on this underlying motion is some type of interaction. As
a result of the interaction, the evolution of an individual particle is
no longer Markovian.”

Typical examples of interacting particle systems are the Ising model, the voter
model, the contact process and the exclusion process. The latter will be described in
the Section 3.3. For that we need some general theory for Markov processes.

3.1 Markov processes

Interacting particle systems are usually described as Markov processes. The state space
of a Markov process is a compact metric space endowed with the o-algebra of Borel
sets. The canonical path space € is the set of all cad-lag functions w : [0,00) — X.
Let F be the smallest o-algebra on € such that the mapping w — w(t) is measurable
forall t >0 and w € Q.

Definition 3.1 (Liggett (1985)). A Markov process on the state space X is a collec-
tion of probability measures (P¢);cx on {2 together with a right-continuous filtration
(Ft)e>0 on Q to which the random variables 7(t,w) = w(t) are adapted. Furthermore,
for every ¢ € X it satisfies

(i) P (n(0) =¢) =1,
(i) ¢~ PS(A) is measurable for every A € F and

(iii) for every ( € X and A € F

PS (nsy. € A| F,) = P (A) P¢-almost surely.

Let P be the set of probability measures on X with the topology of weak conver-
gence. If we start a Markov process with law (P¢)¢cx from some initial distribution
1 € P we may define the measure of this process by

P = [ B uao),

which turns the Markov process into a stochastic process. Let C'(X) be the collection
of all continuous functions on the state space X, which is a Banach space with norm
| f]| = sup|f(n)|- The Markov semi-group of a Markov process (P%)ccx is a collection
of linear operators (S(t))¢>o such that

ECf(m) = S(t)£(C)

for all f € C(X), ¢ € X and ¢t > 0. We prefer to work with Feller processes instead of
Markov processes, since they have two convenient representations.

Definition 3.2 (Liggett (1985)). A Markov process is a Feller process, if for every
f € C(X) and for all t > 0 we have S(t)f € C(X).

35



There is a one-to-one correspondence between Feller processes, their Markov semi-
group (S(t))+>0 and their Markov generators L, which is explained in detail in Liggett
(1985). We need a few definitions, before we can state the ergodic theorem for Markov
processes and discuss interacting particle systems.

Definition 3.3 (Liggett (1985)). A measure g € P is said to be invariant for the
process, if uS(t) = p for all t > 0 and we write

I={peP:uS(t)=pforalt>0}
for the set of all invariant measures. Let Z, be the set of extreme points of Z.

We are interested in the set of all invariant measures for the process, because they
help us to identify the limit of pS(¢t) as ¢ — oo.

Theorem 3.4 (Liggett (1985)).

(i) p € P is invariant for the Feller process if and only if

[s05 au= [ 1 a

for all f € C(X) and t > 0.
(ii) T is not empty.
(iii) T is the closed convez hull of Z..
() If v =lim pS(t) as t — oo exists for some p € P, then v € T.
Definition 3.5 (Liggett (1985)). A Markov process (1;)¢>0 is called

(i) stationary, if the joint distributions of (1s, ¢, - - ., Nsy+¢) are independent of ¢ for
all N € N and (817 .. .,SN),

(i) ergodic, if T = {v} is a singleton and lim puS(¢t) = v as t — oo for all p € P.

If we have a Markov process (P%)ccx and take a measure 1 € Z from the set of
invariant measures for this process, we can construct a new stationary Markov process
P+ by taking the invariant measure p as initial distribution. For such a stationary
Markov process we have a connection between p being extremal and ergodicity of the
process.

Theorem 3.6 (Liggett (1999)). Let (n:)i>0 be a stationary Markov process such that
the distribution of ny is equal to p € T for all t > 0. Then, the process is ergodic in
the sense of Definition 3.5 (iii), if and only if p € Z,.

Finally, we conclude this section with the ergodic theorem for Markov processes as
it is stated in Liggett (1999).

Theorem 3.7 (Birkhoff’s Ergodic Theorem. Birkhoff (1931)). Let (1:):>0 be a Markov
process.

(i) If (nt)e>o0 is stationary, then

t—oo t

1 t
tim [ o) ds
0
exists for any bounded, measurable function f, but may not be constant.

(i1) If (n)e>o0 is stationary and ergodic, then

t
%/ f(ne) ds 2R [f(no)] almost surely
0

for any bounded, measurable function f.
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3.2 Interacting particle systems

Using the notation we have introduced for Feller processes, we can now proceed to
interacting particle systems. For the general set-up as described in Liggett (1985),
denote a countable set of sites by S and by W a compact metric space. The state
space of the interacting particle system is X = W*. We describe the dynamics of
the system using transition measures for any finite subset 7' C S. Let the transition
rates gr(n,d¢) be a finite positive measure for any n € X such that n — gr(n,d() is
a continuous mapping with the topology of weak convergence. Define

C(g) = C(z) fzxeT
(@) {n(z) ifx¢T

for any 7 € X and ¢ € WT. These transition rates provide us with a pre-generator on
the Lipschitz functions on X.
Lemma 3.8 (Liggett (1985)). If

sup Y sup {gr(n,W") :n€ X} < oo,

z€S Tz

then for any Lipschitz function f on X the operator L defined by
L1 =3 [ artn.dc) [£65) 1)
T

1s a Markov pre-generator.

We obtain a Markov generator with associated semi-group (S(t)):>0 by taking the
closure of the pre-generator, if the transition rates depend not too much on a single
coordinate in the configuration. A measure of this dependence is defined by

ar(y) = swp {lar(m, ) = ar (e, dOpywr s m () =m(z) V= £y}, (3.)

where || - ||7y w7 is the total variation norm on the subspace W7.

Theorem 3.9 (Liggett (1985)). Assume that

sup Z ZqT(y) < oo.

z€S Tox y#x

Then the closure of L is a Markov generator of a Markov semi-group S(t).

3.3 Exclusion process

The exclusion process is an infinite interacting particle system, where each site can
be occupied by at most one particle. A particle at site x tries to jump to site y,
whenever its exponential clock with rate ¢(z,y) rings. It performs the jump, if the
target site y is empty. If the target site is already occupied, it does not move and waits
for its exponential clock to ring again for another try. Thus, the exclusion process is
a continuous time Markov process (1;);>0 on the state space X = {0,1}%, where we
consider only the lattice and take S = Z?. We say the site = is occupied at time ¢ if
n¢(x) = 1 and it is empty if 7, (z) = 0. Let (p(,y))z,yes be the transition probabilities
of the single particle associated with the transition rates (¢(x,y))s yes, namely for all
z,y €S

(257
p(z,y) 5

z€S q(x, Z) .
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Denote by 7, the same configuration as 1 but with coordinates x and y inter-

changed. Now, we can define the pre-generator L that acts on any Lipschitz function
f:{0,1} - R by

L) =Y n@) @ =n)p@,y) [f(ey) — FO0)].

z,yeS

The generator says that the configuration changes from 7 to 7, ,, if the site x is
occupied, the site y is not occupied and we choose this jump with probability p(z,y).

The closure of L is the generator of the semi-group (S(¢)):>0 of a Markov process on
{0,135, if

sup Zp(a:, y) < 0. (3.2)
yeSmES

We may check that both conditions in Lemma 3.8 and Theorem 3.9 are satisfied,
if Equation (3.2) holds. We can explicitly calculate the measure of dependence of
transition rates g for finite subsets 7' C Z? as defined in Equation (3.1). Firstly,
gr = 0, whenever |T| # 2, since there are exactly two particles involved in every
transition. Thus, take T' = {x,y} for some x,y € S. If n € X is such that n(x) =
n(y), then g, 1 (n,d¢) = 0, since no transition is possible. If, however, n(z) = 1
and 7n(y) = 0, then the particle at « can jump to y and the measure gr(7,d¢) puts
mass p(x,y) on 7y, and mass 1 — p(z,y) on 1. Since gr = 0 whenever |T| # 2,
and ¢r(y) = max{p(z,y),p(y,x)} for any T = {z,y}, both assumptions follow from
Equation (3.2).

If the transition probabilities of the single particle (p(x,y))s yes are either doubly
stochastic or if there is a reversible measure (a(z)).cs associated to them, then the
product measures with marginals

vaf{n :n(z) =1} = a(z) (3.3)
are invariant for the dynamics of the Markov process, which is the following result.
Theorem 3.10 (Liggett (1985)).

(i) If the transition probabilities (p(x,y))syecs are doubly stochastic, then v, € T
for every constant « € [0,1].

(it) If the motion of a single particle is reversible under (p(z,y))syes, i.e. there
exists a function (w(x))zes such that

m(z)p(z,y) = 7(y)p(y,x) for allz,y € S, (3.4)
then v, € I, where

()
a(r) = ————.
(z) 1+ m(x)

Note here that any reversible measure may be multiplied by a constant and is still
reversible. Thus, the measures v, form a one-parameter family. Let the reversible
measure be scaled such that 7(0) = 1. Then, every constant ¢ € [0, co] corresponds to
a reversible measure cm and function « such that

em(x)

= T en(a)
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for every z € S. If « = p € [0, 1] is constant, then p corresponds to the density of the
particles on S. In fact, « is constant if and only if (p(x,y))syes is symmetric, since

o ply, ) _
=W = ey !

If o is not constant, then «(x) is the local density and we write vq=,, where v,
is defined in Equation (3.3). Thus, we can parametrize the family of measures by
a(0) € [0,1] and the whole family is {v, : 0 < «(0) < 1}. However, not every «
corresponds to a global particle density, since the limit

.1
Jm, 22 o)

y=1

may not exist. For example, consider the case when the transition probabilities
(p(z,y))s,yez are nearest-neighbour and i.i.d. such that

which corresponds to an exclusion process in a Sinai environment. In this case log 7 (z)
is a symmetric simple random walk, which performs increasingly large excursions as
x — 0o and thus there are regions of all sizes which have very high or very low particle
density.

In order to find all invariant measures, we try to describe the extremal invariant
measures, since the set of all invariant measures Z is the convex hull of the set of
extremal invariant measures Z., see Definition 3.3. Once we know that a measure
is extremal for a class of measures, we get ergodicity with respect to time shifts by
applying Theorem 3.6 for the process started from any distribution p € Z.. For the
remainder of this section, we first describe results for spatially homogeneous systems,
which are well understood. Afterwards, we summarize what is known for spatially
inhomogeneous systems. We then consider the exclusion process on the full lattice Z?
although there are some results known for S = N, see for example Chapter II.3 in
Liggett (1999). For S = N very little is known about the tagged particle process, as
the system is not translation invariant.

3.3.1 Homogeneous environments

In this section we consider exclusion processes on Z¢ with translation invariant tran-
sition probabilities (p(z,y))s yes, 1.e. p(x,y) = p(0,y — x) for all z,y € S. The first
goal is to determine the invariant measures for translation invariant systems. Write T
for the set of all translation invariant measures for the exclusion process,

T={ueP:0u=pforalzesS},

where (0,).es is the usual shift operator on S such that (6,7)(y) = n(x + y) for any
n € X and z,y € S. We do not know the complete set, of invariant extremal measures,
but only those which are also translation invariant. Define for any ¢ > 0 and z,y € S

t - tn
pe(wy)=e™' Y —p"(y),

n=0

where (p"(x,y))s,yes are the n-step transition probabilities of the Markov chain with
transition law (p(z,y))s yes-
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Theorem 3.11 (Liggett (1976); Andjel (1981)). Take S = Z¢ and assume that for
every x,y € S there is some t > 0 such that

pe(x,y) + pe(y, x) > 0. (3.5)

(i) If the transition probabilities (p(x,y))syecs are translation invariant, then the
product measures v, are extremal in the class of all stationary and translation
invariant distributions,

(INT)e={va:0<a(0)<1}.

(ii) Let the starting distribution p be translation invariant with density p = p{n :
n(x) = 1}. Then the limit

g= lim pS(t)

exists and [i = Vo=p.

In the special case of the nearest-neighbour one-dimensional homogeneous system,
p(z,z+1) = p, p(z,2—1) = g and p+q = 1 for all z € Z, we know the set of all extremal
invariant measures explicitly. This includes the totally asymmetric exclusion process,
which we get be setting p = 1. In the previous theorem, the condition of irreducibility
has been replaced by Condition (3.5), which includes the totally asymmetric exclusion
process. However, for the asymmetric exclusion process, p € (0,1) and p # 1/2, the
extremal invariant measures are known anyway.

Define another one-parameter family of measures (v,) that we obtain by condi-
tioning v, defined as in Equation (3.3) on the events

{n: inn(w) =n} if ga(x) < o0
A, = 1 X0 =n(z)) =n} if 3(1 - a(2)) < oo,
{n: > nx)— > (1—n(z)) =n} otherwise

zeT zeTe

where T' C S is chosen such that ) _,a(z) <ocand ) (1 —a(z)) < co. Define
the measures by

Vo (-|4n) ifneZ
Un() = ¢ the point massonn=1 ifn=0c0 . (3.6)
the point masson n =0 if n=—o0

These measures are independent of the choice of T and the choice of a(0) € [0, 1].

Theorem 3.12 (Liggett (1976)). Let (p(x,y))s,ycz be homogeneous and nearest neigh-
bour with p # 1/2. Then

Te ={Va=p:0<p <1} U{r,: —00o <n < oo}.

A detailed study of the asymmetric exclusion process can be found in Chapter I11.2
in Liggett (1999).

3.3.2 Inhomogeneous environments

We can state the set of extremal invariant measures explicitly, when the translation
probabilities have asymptotically zero mean and there is a reversible measure as defined
in Equation (3.4). The following result does not require translation invariance, but
we want the transition probabilities to be irreducible, such that all states in the state
space are in the same communicating class. In fact, for the next result it is enough if
the system is asymptotically translation invariant.
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Theorem 3.13 (Jung (2003)). Let S = Z and assume (p(z,y))zyes s irreducible
and reversible with v, and w defined as in Theorem 3.10. Assume further that there
exist two transition kernels (¢;(x))yez, 1 € {1,2} such that

(Z) ZmGZ x%(x) =0 fOT’ i€ {17 2}’
(”) ZmeZ |x|qz(x) < o0 fOTi € {1,2},
(i16) Nk o0 32050 2ojy> -1 P(T: 2 +Y) — @1(y)| = 0 and

(iv) limg o0 ngo Z‘y|2|x+}<| lp(z,z 4+ y) + q2(y)| = 0.

Then, the extremal invariant measures are explicitly known and the three cases are as
follows.

(i) If >, ai(1 — ;) = o0, then

Ze ={vq : 0 < a(0) < 1}.

(ii) If >, ci(1 — o) < oo and either Y, m(x) < oo or ), 1/7(i) < oo, then

Z. ={v, : 0 <n < oo}.

(i) If >, oi(1 — o) < 00, but Y, m(x) =00 =) . 1/7(i), then

T, ={vp: —o00 <n < oo}

A simpler version of the following theorem has been first proven by Liggett (1976).
Note that the condition of asymptotically zero mean is a necessary condition for the
reversible measures (v,) to be the only invariant measures. The existence of non-
reversible invariant measure has been proven in Chayes and Liggett (2007).

Unfortunately, very little is known if the transition probabilities are not transla-
tion invariant and the environment of the exclusion process is inhomogeneous except
under the previous assumption of asymptotically zero mean. The invariant extremal
measures are known only in the special case that the transition probabilities are posi-
tive recurrent. Then, the system converges in law to total occupancy of all sites. The
measures (vy,) are defined as in Equation (3.6).

Theorem 3.14 (Liggett (1974)). Let (p(x,y))s,ycs be positive recurrent, reversible
and irreducible. Then

(i) . = {vn : 0 < n < co}.
(i) If p{m : 32, n(z) = oo} =1, then
Voo = lim pS(t),
where Voo is the point mass onn=1.

We can see that for positive recurrent Markov chains the invariant measures are
independent of the initial particle density whenever we start with infinitely many
particles. In fact, part (ii) of this theorem says that the exclusion process converges
weakly to the fully occupied state and we can imagine the particles to fill the valley of
the potential over time. It is still an open problem to show almost sure convergence,
i.e. that under the same assumptions P?(n;(z) = 1) — 1 as t — oo for all z € S and
ne X.
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3.3.3 The tagged particle

Much work has been dedicated into understanding the motion of a selected particle,
which is traced while it moves as part of the exclusion process. Up to now, results
are only known in the case where the transition probabilities are translation invariant
as in Section 3.3.1. To start with, the motion of the so called tagged particle is not
Markovian since it does not keep track of the positions of any other particles. We can
make the system Markovian by observing the tagged particle z; together with the full
process 1;. The generator of this Markov process is

LfGzm) =Y, 0@ =9@)p,y) [f(2n0..y) — F(zm0)]

z,y€S\{z}

+ Zp(l’)(l - 77(Z + x)) [f(Z + zvnz,z—i-x) - f(Zﬂ])] .

zeS

If (p(z,y))z,yes is translation invariant, then we can rewrite this generator in the
reference frame of the tagged particle and get a Markovian description of the configu-
ration seen from the tagged particle. Denote the configuration seen from the particle
by & = 0.,m:, where 6 is the usual shift operator such that &(x) = m(x + 2:). Now,
the new process &; is itself a Markov process with an explicit generator. We get the
following result about invariant measures, which tells us that the process seen from
the tagged particle is stationary. It can be found for example as Propositions 4.3 and
4.8 in Liggett (1999), where ergodicity is due to Saada (1987).

Lemma 3.15 (Liggett (1999); Saada (1987)). Let (p(z,y))s yes be translation invari-
ant, irreducible and have finite range.

(i) The Bernoulli product measures conditioned to have the origin occupied v,(-) =

Va=p{-|1(0) =1 and 0 < p < 1} are all invariant for the process (&¢)t>0.
(i) The process (&t)i>o0 is stationary and ergodic.

Using the stationary distribution of the process seen from the tagged particle, we
get a law of large numbers.

Lemma 3.16 (Spitzer (1970); Kipnis (1986); Saada (1987)). Let >_, [|y|[p(0,y) < oo
and start the exclusion process from a stationary initial distribution v, as described in
the previous Lemma 3.15. Then

almost surely and in L.

The expectation E[z;] was first computed by Spitzer (1970). He also showed the
existence of the limit almost surely and in L;. However, he could not show that
the limit was constant almost surely. Later, Kipnis (1986) proved the result for the
one-dimensional asymmetric nearest-neighbour case and Saada (1987) proved the re-
maining cases.

It is generally believed, that the tagged particle exhibits exceptional behaviour
only, if the dynamics are nearest neighbour, d = 1 and p(0,1) = p(0,—1) = 1/2 but is
diffusive in all other cases. This conjecture can be found for example in Sethuraman
(2006), which contains also a recent summary of the topic.

Conjecture 3.17 (Sethuraman (2006)). Let (p(,y))zyecs be translation invariant
and start the exclusion process from a stationary initial distribution v, with 0 < o < 1.
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(i) For any continuous bounded function f € Cy(R?)

Blf (22| S E1@) et

where i € R is the deterministic drift and Z ~ N(0,%) is a centred Gaussian
random variable with covariance matriz X.

(i) The covariance matriz X is non-degenerate for all cases but the exceptional case,
i.e. d=1 and p(0,1) = p(0,—1) = 1/2.

The covariance matrix is not explicit except for the one-dimensional nearest-neigh-
bour case. Let p = p(x,z+ 1) and ¢ = p(x,z — 1) such that p+¢ =1 and p > 1/2.
Then Z ~ N(0,0?) and the limiting variance of the tagged particle is

l-a
o? = ,
pP—q

which was first calculated by De Masi and Ferrari (1985). This result includes the
totally asymmetric case, p = 1, which was attributed to H. Kesten in Spitzer (1970).

The conjecture has been proven for a number of cases starting with the totally
asymmetric simple exclusion process on Z, where the particles can only jump to the
right by Spitzer (1970). It was followed by the proof for all nearest-neighbour asym-
metric cases in dimension d = 1 by Kipnis (1986). In the same year Kipnis and
Varadhan (1986) obtained a proof for general symmetric translation probabilities ex-
cluding the exceptional case. The result for asymmetric translation probabilities with
zero mean was obtained by Varadhan (1995) and in general for dimensions d > 3 by
Sethuraman et al. (2000).

Theorem 3.18 (The central limit theorem except for the exceptional case). Let S =
Z* and (p(z,y))zyes be translation invariant. The conjecture holds in each of the
following cases except for the exceptional case (d =1 and p(x,x + 1) = p(x,x — 1) =
1/2).
(i) If d = 1 and translation probabilities are nearest-neighbour p(x,z +1) = 1 —
plz,z—1)#1/2.

(ii) If d = 1,2 and the translation probabilities are symmetric, p(z,y) = p(x,y) for
allz,y € S.

(i5i) If d = 1,2 and the translation probabilities have zero mean,

> up(0,y) = 0.

yeSs

(iv) If d > 3.

All the remaining cases, where the translation probabilities are asymmetric with
non-zero mean in dimensions one and two are open, but Sethuraman (2006) made
some progress towards a proof.

The tagged particle in the exceptional case shows significant reduction in fluctua-
tions and the central limit theorem is sub-diffusive.

Theorem 3.19 (The exceptional case, Arratia (1985)). Let d = 1 and p(0,1)
p(0,—1) = 1/2. Start the exclusion process from a stationary initial distribution v
with density p and the tagged particle at zero. Then, for any function f € Cy(R)

~ |

B

E [f (t%)} SE[f(Z)] ast— oo,

43



where Z ~ N(0,02) is a centred Gaussian random variable with variance
21—

=221

L P

A central limit theorem is also known for the tagged particle of an exclusion process
in a random environment with bond disorder. Jara and Landim (2008) show a central
limit theorem for the tagged particle starting from non-equilibrium distributions. The
generator for the exclusion process on Z is

Lf(ﬁ) = Zwm [f(nrc,z-‘rl) - f(ﬁ)}

TEZ
= > @)@ =nw)a(z,y) [f Oey) — F0)]- (3.7)
x, YL
where (wy)zez is the random environment and transition rates are ¢(z,y) = 0 if

|z —y| #1 and
gz,x+1)=w, and glz,z—1)=w,_1 if |z —y| =1

Note that this environment is not of the site disorder type described in Section 2.2.
Here, the jump rates are not constant and equal to one and the potential of the
environment is not a random walk, but independent for each x € S up to scaling by
wo,

V()= Y log (H)

The quenched non-equilibrium central limit theorem of Jara and Landim (2008) implies
in particular the quenched equilibrium central limit theorem with the same scaling as
in the exceptional case studied by Arratia (1985), Theorem 3.19.

Theorem 3.20 (Quenched central limit theorem in inhomogeneous environments,
Jara and Landim (2008)). Let (wg)gez be i.i.d. and uniformly elliptic. Let (z¢)i>0
be the tagged particle of the exclusion process starting in zero with gemerator as in
Equation (3.7). Let the initial distribution v, be a Bernoulli distribution with density
p and particle at the origin. Then, for any continuous bounded function f € Cy(R)

E, [f (%)} LimicN E[f(Z)] for P — almost every w,

where Z ~ N(0,02) is a centred Gaussian random variable with variance

7 wEZ[wo—l] {1 ; P] ' (38)

Note that this is consistent with the result of Arratia (1985), Theorem 3.19, where
the exclusion process runs in a constant environment such that w = 1/2, which implies
Elwy'] = 2. We retrieve the equilibrium variance o2 as a corollary of Theorem 2.3
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in Jara and Landim (2008) by calculating E,,[W7], where W; = zy2,/v/N. Set v =
Elwy !]. Then, using their formula with constant density p we get

e =2 [ (\/zﬂ_@exp(%)fdvdr

1 1-p /
vier
2 1—p

V.

From this, the variance in Equation (3.8) follows by identifying 02 in E,[W?] = o2/t

There is no equivalent result for exclusion processes with site disorder and constant
jump rate. The random walk in such environments was discussed in Section 2.2.
For these environments the potential V' performs a random walk, which has large
excursions. In this model one would expect that fluctuations of a tagged particle are
reduced due to the combined effect of the exclusion process and trapping in valleys
of the potential. A first step towards an answer is made in Section 5. Before that
we discuss results for finite interacting particles systems with exclusion dynamics to
understand the effect of the potential better.

— V.

3.4 Spider random walks

Spider random walks were introduced in the papers by Gallesco et al. (2011b,a). Spi-
ders are finite systems of nearest-neighbour random walks with exclusion dynamics,
so that no two particles can be at the same site at the same time. Furthermore, the
particles can have at most some distance L from one another. Usually, spiders have
finite span L, but we will also consider the case L = co. Since we have a finite num-
ber of particles, we take discrete-time random walks and only one particle can move
at the same time-step. All results hold for spiders in continuous time with constant
speed random walks as well. While Gallesco et al. (2011a) consider spiders on general
graphs, we will restrict our attention to Z, as it was done in Gallesco et al. (2011Db).
A spider on Z with finite number of legs IV and span L > N or L = oo is defined by
a finite set of admissible leg configurations,

CC{(xy,...,2n):21=0, any <L, 21 < ... <axy € Z}y CZV,

where the first leg is at the origin. All other admissible configurations are obtained by
translation of the set C' by the shift operator 6,

C;E:HIC:{(x,mg...,x]\[)EZN:(O,Z‘Q—Z'...,J:N_J;)EC}.

The set of all admissible leg configurations is
L=JC..
TEL

Spiders obtained through translation of a finite configuration are called transitive
spiders. We allow the spider to move one leg at a time to an adjacent unoccupied
vertex. Thus, a spider may move from configuration x € £ to configuration y € L if

[|x — y]l2 = 1. In this case we write x £ y, otherwise x % y. We can represent all
allowed transitions for the spider as edges in a graph. Let

B i) xEy)
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be the set of all nearest-neighbour edges in £. We call the graph G = (£, F) the spider
graph. By construction, this graph is invariant under translations by integer multiples
of the vector (1,1,...,1). We define an environment for the spider as a collection of
random variables (w;)zez, with p, = (1 —w,)/ws, which are elliptic and not constant,

dk € (0,1/2) such that P(k <w, <1—k)=1 and (A1)
Var(log p5) > 0. (A2)

for all z € Z. The spider walk in a random environment is a discrete time Markov
chain (S(n))nen, where S(n) = (S1(n),...,Sny(n)) denotes the positions of the N legs
at time n. A leg at site z can move to site x + 1 with probability w,, if the new
configuration is in £. It can also move to site x — 1 with probability 1 — w,, if the new
configuration is in £. In particular, since no two legs can be at the same site at the
same time in the set of configurations £, a particle can only move if the target site
is empty. Thus, a spider random walk is a N-particle random walk simultaneously in
the same environment with exclusion dynamics. Furthermore, if the span L is finite,
then a further restriction on the spider walk is that the first and the last leg cannot
be further apart than distance L, Sy (n) — S1(n) < L for all n € N.

Let z € L be the start configuration for the spider random walk. The transition
probabilities given the environment are

p(x,y) :=F;(S(n+1) =y[S(n) = x)

Wa, ifygxandﬂi:yi:xi+1,
7l. 1 — wy, ifyfexandﬂi:yi:xi—l, (3.9)
N opx)  ify=x '

0 ifyoﬁoxandy;éx

for any x,y € £ and any w € Q. Any leg stays at its position, if its chosen target site
is not admissible. Therefore, the spider random walk stays in configuration x with
probability

p(X) = Z wx]l{x_,_eigﬁ} + (1 — wm)]l{x_eiéﬁ}, (3.10)
1<i<N
where (ei,...,ey) is the canonical basis of Z". The spider graph for a simple two-

legged spider with corresponding transition rates is shown in Figure 6.

Since spiders are interacting particle systems with a finite number of particles, we
can describe them as discrete time Markov chains. We could have defined the spider
random walk as a continuous time Markov chain as well by interpreting the w, and
1—w, as transition rates to the right and left respectively. However, since both models
are equivalent up to a relabelling of time, we will work here with the discrete time
Markov chain, which allows for slightly easier notation.

Not all choices of C yield a connected graph G for the spider random walk. We
can obtain a connected spider graph, if we require it to be of bounded span as it was
defined in Gallesco et al. (2011a).

Definition 3.21. A transitive spider on the graph G has bounded span, if
C={(z1,...,zn):21=0, an < L, x1 < ... <zy € Z}.

The spider graph for a spider with two legs and with bounded span is shown in
Figure 7, left panel. All spider graphs for spiders with bounded span are connected. As
an example for a spider that is not of bounded span, consider a two-legged spider with
C={(z,z+1),(z,z+2),(x,x+4),(x,x+5)}, as shown in Figure 7, right panel. In
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Figure 6: Configuration graph for a two-legged spider with admissible configurations
C = {(z,z+1),(x,x+2)}, i.e. N = 2 and L = 3. Transition rates ¢ from or to
configuration (1,2) are marked on their respective arrows. Transition probabilities are
calculated from the rates as p(-,-) = ¢(-,-)/N. The random walk also has a chance to
stay at site (1,2). This happens with probability (w; + (1 — w2))/N.

this case, the configuration graph has two connected components, each corresponding
to the graph for a spider with C = {(z,z+1), (x,2+2)}. For a spider to be non-trivial,
we only need to have that

G has an infinite connected component G C G and initial configuration z € G. (B1)

However, as the example shows, if the spider graph has more than one infinite con-
nected component, then we may as well reduce the spider graph to one of its connected
components. Thus, we can simplify our notation and require

G is connected. (B2)

While for two legged spiders, N = 2, the spider graph is connected if and only if
the spider has bounded span, this is not the case for more legs. Observe the example

C={z,z+1,z+2),(z,x+1,z+3),(x,x+2,2+3),(z,x + 2,z +4)},

which is shown in Figure 8. The configurations (z,2+1,z+4) and (2,2 +3,2+4) are
missing and the spider is not of bounded span. However, the spider graph is connected
nonetheless. While most arguments for spider random walks need only Condition (B2)
to work, it might be more convenient to ask for a little more and require

G has bounded span. (B3)

3.4.1 Transient spiders on Z

Spiders with bounded span and L < oo were studied in Gallesco et al. (2011b) for
environments (w,).ez that are i.i.d. and transient to the right for the random walk of
a single particle,

E[log po] < 0, (A3)

where p, = (1 — w,)/w, as shown in Lemma 2.5. They work with continuous-time
spiders, where each leg performs a constant-speed random walk. Under the above as-
sumptions on the environment together with (A1) and (A2) there is a unique constant
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Figure 7: The left panel shows the configuration graph for a two-legged spider of
bounded span with L = 5. Consequently, the spider graph has admissible configu-
rations C' = {(z,z + 1), (x,z + 2), (x,z + 3), (z,2 + 4), (z,2 + 5)}. The right panel
shows the configuration graph for a two-legged spider, which is not of bounded span
and the graph is not connected. This spider graph has admissible configurations
C={(z,z+1),(x,x+2),(x,x+4),(x,x+5)}.

A /,/"/94(3&
y /,/”’939(1

”’/92ea
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Figure 8: Spider graph for three-legged spider with configuration set C = {(x,z +
Lx+2),(x,z+1,2+3),(z,z+2,2+3), (z,£+2,2+4) is drawn in black. The vertex
a = (1,2,3) and its translations by multiples of the vector e = (1,1,1) are labelled.
The missing vertices and edges to turn the spider into a spider with bounded span
with L = 5 are shown in grey.
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5 > 0 such that
s =sup{r > 0: E[pj] < 1}. (3.11)

Consequently, we have E[pi] = 1. We have already seen this definition in the context
of normal random walks in transient one-dimensional transient environments, Section
2.2.2. Then, not only a single particle but also the spider is transient to the right, see
Proposition 2.1 in Gallesco et al. (2011b) and we define the speed of the spider v as
the speed of the first leg

v = lim Sl(t).

t—oo t

Define furthermore the first return time to the initial configuration z € £ or to any
shifted-version 0,z by

¥ =inf{t >0:5(t) > 0and S(t) = 0g,(1)2} -
There is a phase transition in the speed of the transient spider.

Theorem 3.22 (Gallesco et al. (2011b)). Let Assumptions (Al) and (A3) hold for
the environment and let Assumption (B2) hold for the spider graph G with bounded
span L < co. Assume furthermore that

Plwo>1/2)>0 and Pwy<1/2)>0.

The speed of a spider with N legs and constant s > 0 defined in Equation (3.11) is
well defined.

(i) If s/N < 1, then v = 0.
(ii) If s/N > 1, then

ESlTZe
UW>O.

The speed of the spider in the critical case s/N =1 is so far not known.

3.4.2 Recurrent spiders on Z

Recurrent spiders on Z are spiders in Sinai environments, which means we require
them to be recurrent,

E[log po] = 0, (A3")

where p, = (1 —w;)/w,. In such environments we can show that for any finite number
of particles the results for random walks in recurrent random environment from Section
2.2 hold. We work with discrete-time spiders. They are of bounded span and L > N
or L = co. Write Sj(n) for the j-th leg of S(n), where j € {1,...,N}.

Theorem 3.23. Fiz L > N or L = oco. For any z € L and small constant n > 0
there exists a random process (b(n))nen = (b(n;w))nen such that

-

This theorem implies that all N particles stay close to the same process b(n) and
therefore all particles stay together as well.

Sj(n) —b(n)
log2 n

> 17) -0 as n — oo. (3.12)
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Corollary 3.24. If L = oo, then for any z € L and n > 0
pe (|t Sitr)

e > 77) -0 as m — oo. (3.13)
og n

Lemma 3.25. The Markov chain (S(n))nen s recurrent for all L > N and L = co.
In particular

liminf |Sy(n) — Si(n)|=N -1 and

n—oo
limsup [Sy(n) — Si(n)| = L.
n—oo
So far we have dealt with the law of single particles. However, the positions of all
N particles of the process converge simultaneously to some limit process under the an-
nealed law. We denote the mean vector of the process by b(n;w) = b(n;w)(1,1,...,1)
for any n € N. This vector is used in the following theorem to shift the spider or N-
particle exclusion process (i.e. every single leg) by b(n;w), so that we can observe its
fluctuations around b(n;w). The shifted N-particle process converges to a stationary
limit similar to the result for one particle shown in Golosov (1984).

Theorem 3.26. Let L > N or L = oo. The finite dimensional marginals of the
random process (S(k +n) —b(k;w))nen converge under the annealed law P to those of
a stationary random process (Y (n))nen as k — co. The process (Y (n))nen s positive
recurrent.

We call (Y (n))nen the N-particle exclusion process in the infinite well. For the
exclusion process with infinitely many particles in positive recurrent environments, it
was shown that the process converges in law to full occupancy, which is the configu-
ration where each site is occupied by a particle, see Theorem 3.14. However, so far
the convergence was not shown to hold almost surely. In a configuration where each
site is occupied, any particle motion is forbidden. Thus, naturally the tagged particle
becomes localized at some point and its fluctuations around the point of localization
vanish. Thus, if we study the exclusion process in recurrent environments, we have
to expect particles to get trapped in the large excursions of the potential. It is a
natural extension of these results to show limit theorems for the tagged particle in an
exclusion process in recurrent environment. In light of the localization effect of both
the potential as well as the exclusion dynamics it is an interesting question whether
the combination of both leads to even stronger localization.

The proofs for the results in this section can be found in Section 5. We conclude
this chapter with a discussion of the relationship between spiders and random walks
on a strip, which were presented in Section 2.3. This connection could also be used to
prove results for spiders in random environments. However, all results presented here
are proven with direct methods.

3.4.3 Spiders as Random Walk on a Strip

Spiders with bounded span and L < oo can be described as a random walk on a strip,
since the set of leg configurations C is finite. Choose any mapping of leg configurations
to integers C' — {1,...,|C|} and let the position of the first leg S; determine the layer
in the strip, while the second coordinate is given by the integer assigned to the leg
configuration. Then, the movement of the spider is a random walk on Z x {1, ..., |C|}.
This set-up is described briefly in Section 2.3. The transition matrices do not obey the
usual ellipticity conditions for random walks on strips, as many transitions between
layers are forbidden and the corresponding matrix elements are zero. A depiction
of the strip is shown in Figure 9. All transitions with strictly positive probability
are marked by an edge. We can compare this embedding in the strip to the normal
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Figure 9: Two-legged spider with bounded span and L = 5 represented as a random
walk on the strip Z x {1,...,5}. All possible transitions of the spider are marked by
an edge in the graph with the strip as the vertex set. We see that most transitions are
forbidden.

parametrization as it is shown in Figure 6, left panel. In the following paragraph, we
will see whether the conditions for random walks on a strip presented in Section 2.3
hold true for spiders.

Let us consider a spider with NV = 2 legs and maximal span L > N. The transition
matrices for the random walk on a strip are identically distributed and thus we may
set (P,Q, R) = (Py, Qo, Ro) for P,Q, R € REXL. We have for transitions from layer 0
to layer 1

0 0
1|lwo O
P=- ,
0 wo 0

for transitions from layer 0 to layer —1

0 1—-wo 0
0

QO
I
\

l—wo
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and for transitions within layer 0 we have a tridiagonal matrix

wo+1—w w1 0
17&]2 0 w2
1—(4)3 0 w3
R=—
1—(,<J4 0
WL -1
0 1—wr, 1—wy+uwg

Naturally, Condition (C1) is always valid, the triples (Py, Q, Ri) are identically dis-
tributed and thus stationary and ergodic. However, the matrices (Ry)ren are clearly
not mutually independent. For Condition (C2) we calculate

1

|P+ R| = §max{1 +wo, 1,2} =1 and
1

IQ+ R| = §max{2, 1,2—we} =1

Thus, the second condition cannot hold. Also, Condition (C3) does not hold, since
the column sums of the first column of @ and the last column of P are zero. We
can see from the graph in Figure 9, that it is impossible to enter layer 1 from layer 0
at the site (1, L) and from layer 0 to layer —1 at site (—1,1). Therefore, Conditions
(C4.1(e)) and (C4.2(€)) cannot hold. Thus, spiders do not fit into the usual set of
conditions for random walks in random environment on a strip. However, they do fulfil
alternative conditions given in Goldsheid (2008), which imply the result on recurrence
and transience, Theorem 2.15, the law of large numbers, Theorem 2.16, and the central
limit theorem, Theorem 2.17. The alternative condition that we have to check is that
(I —R)7(i,j) > 0for all 1 <i,j < L, where I is the identity matrix. In our case, we
want to show that the matrix T'= 2(I — R) with

1 —wy+w —w1 0
—(1—ws) 2 —wa
I-R= % —(1-ws) 2
—WrL—-1
0 —(1-wrn) 14+wy—wp

has a strictly positive inverse. A matrix is positive inverse if and only if it is monotone,
i.e. Tv > 0 implies v > 0 for all v € RY. The inequalities have to hold element-wise.
We need to strengthen the result in one direction to get a condition for a strictly
positive inverse.

Lemma 3.27. Let T € RE*L and v € RY. If Tv > 0 implies v > 0 for all v # 0,
then T—1 > 0.

Proof. For a proof by contradiction we assume that T~! contains a non-positive entry
and denote the column containing this entry by c¢. Then, T'c is a column of the identity
matrix and thus T'c > 0. Since ¢ contains a non-positive entry we have ¢ % 0, which
is a contradiction. O

Thus, we only need to check that 7T is strictly monotone in the sense of Lemma
3.27, which can be easily done using the tridiagonal matrix algorithm (TDMA) for

52



the solution of a tridiagonal matrix equation T'v = x, where the column vector x # 0
has non-negative entries > 0. The algorithm can be found for example in Conte and
Boor (1980) and is a simplified version of Gaussian elimination. Denote the entries of

the tridiagonal matrix T by three sequences (a,)%_;, (b,)5_; and (c,)EZ1,

b1 C1 0
A
Cr—1
0 ar, bL
L+1

We set a; = 0. We calculate two sequences () and (B,,)EE1 recursively starting

from v; = 1 =0 by

n=1

Tp — anﬁn
anYn + bn

—Cp,

——  and =
an7n+bn ﬁn+1

Yn+1 =

Then, we can solve the system by backwards substitution starting from vy = 0 using

Vn—1 = YnVn + Bn- (3.14)
We will now show that v, > /2 for all 2 < n < L using uniform ellipticity of the
environment. We start by bounding ~, from below,

. w1 > K . K >/<;
S l—wotw 1-k+(1-k) 21—k 2

Y2
From here, we can show by induction that the bound holds for the remaining elements
of the sequence. For all2<n <L -1

B W, S K -
T TS T — o) 2— (1— m)R/2

K
5"
We need to take special care of the last element of the sequence. Since by, =1 — wg +

wy, <2 — 2k < 2, we get the same lower bound as before and ~1+1 > k/2. From that
follows 3, > 0 for all 2 < n < L again by induction starting from g; = 0 and using

Ty — a/nﬁn
—cp,

BnJrl = Tn+1 Z 0

since z, > 0, —a, > 0 and —¢, > 0. Furthermore, z # 0 implies that there is some
1 < < L such that z; > 0 and we get strict positivity of 5, foralli <n < L+ 1. In
particular, this implies 571 > 0. Using the backwards substitution formula, Equation
(3.14), it follows that v > 0 element-wise. Thus, by Lemma 3.27, the alternative
condition from Goldsheid (2008) includes spider random walks. Consequently, we can
apply Theorems 2.16 and 2.17 to transient spiders. The result on the speed of the
spider random walk in transient environments by Gallesco et al. (2011b) is of course
more explicit than the results for random walks on strips.

For recurrent spiders we cannot apply the results from random walks on a strip. For
the localization theorem for recurrent random walks on a strip, Theorem 2.18,; there
are two conditions that do not hold true for spiders. First, the sequence of transition
matrices is not i.i.d., though it is finitely dependent and usually with some work proofs
can be extended to cover that case. Since neither (C4.1(e)) nor (C4.2(¢)) hold, the
proposed weaker condition for cases, where the walk is derived from a one-dimensional
model, does not help. It should still be possible to find a suitable condition that covers
spiders and prove results using the methods used in Bolthausen and Goldsheid (2008).
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To conclude this section, we establish the implications of Condition (%4) in Theorem
2.18 for spiders. For simplicity, take L = 2 for a two-legged spider. We want to solve
m(P + Q + R) = 7 for a normalized row vector m = (71, m2),

WO+17W1 17w0+w1
s = 2.
wo+1—wy 1—wy—+ ws

Then we get from the equation for the first coordinate and from m; + 1o = 1 that
7r1(w0 +1 —wl) + (1 — 7T1)(0J0 +1 —wg) = 27,

which we solve to

_1—w2—|—w0 1 —wo+ wi

T and 7y =

_27&)24’&]1 27&)24’&)1.

Now, we ask which law the environment needs to have such that
(P — Q)1 =—m1(1 —wp) + mawp = 0. (3.15)
A quick calculation shows that this is equivalent to
wo — Wawg + wiwg +wo = 1. (3.16)

Since the environment (wy)zez is ii.d., we can set u = E[wo] and o = Var(wp) and
determine these moments from Equation (3.16). This gives us that Condition (74) in
Theorem 2.18 is violated, if 4 = 1/2 and 02 = 0. Thus, the only law such that all
environments in supp(u) solve (3.16), is by setting w,, = 1/2 for all n € Z. This case
is exactly what is excluded by Assumptions (A2) and (A3’) for normal spiders.
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4 Proofs for RWs on weighted, oriented percolation
clusters

The key ingredient of our proofs is the mixing property of the percolation structure
and environment. We will use it to show that we can define a regeneration structure,
which is mixing itself, such that standard results for stationary, mixing sequences of
random variables apply.

Lemma 4.1 (The environment is mixing). Let d > 1 and K be stationary and inde-
pendent of w.

(i) The processes £ and €5 are stationary under the law P.

(ii) The processes £¥ is mizing in space-time under the law P in the following sense:
Fixn € N. Let Vg C V be any cone shaped subset of V', i.e. there is a site
(x,1) € V and angle 8 € [n/4,7/2] such that

Ve :={(y,k) e V:k>1and ||z — ylloo < |k —I]tan(B)}. (4.1)

Let V4 CV be such that L := |V4| < 0o and dist(Va,Ve) > n. Then there exist
constants 0 < ¢,C < oo such that for any two events A, B € o(¢F (y) : (y, k) € V)
with supp(A4) C V4 and supp(B) C Vi we have

ol (A, B) .= |P(AN B) — P(A)P(B)| < C2L L2~ (4.2)

Remark 4.2. The environment is not stationary under the conditional law P. However,
the environment is mixing under the conditional law P, since the event By can either
be included in the event A or in the event B in Lemma 4.1. Therefore Equation (4.2)
holds with constants L' = L + 1 and ¢ = ¢/2 also for P.

Proof of Lemma /4.1. (i) The process ¢7 is stationary with respect to P, which follows
from the fact that the time-reversed process is a stationary discrete time contact
process as explained in Birkner et al. (2013). The environment ¢¥ is stationary with
respect to P, since it is the product of two independent stationary processes.

(ii) First, define the length of the longest path on the oriented percolation cluster
given by ¢F and starting in some point (y,k) € V by

Iy, k) :=sup{n>1:3(,k+n)eV:(y,k) = (¥, k+n)} (4.3)

Note that I(y,k) = oo if (y,k) € C. Define a subset Vg C V and event B as in
Lemma 4.1. We will successively consider more complicated events for A. To begin
with, let the second event be Ay := {¢f (z1) = 0} for some (x1,k1) € V such that
dist({(z1,%1)}, V) > n. By Lemma A.1 in Birkner et al. (2013) we know that

P (Al n {1(1‘1, kl) > Tl}) < Ce ™. (44)

The event {I(x1, k1) < n} N A; is measurable with respect to o(w(v) : v € V'\ Vp) and
therefore independent of B. We can write
P(Al n B) = P(Al NBN {l(a)’l,]ﬁ) < n}) + P(Al NBN {l($1, kl) > n})
< ]P(B)]P(Al N {l(l’l, kl) < n}) + P(Al N {l(.’El, kl) > n})

and similarly

P(A, N B) > P(B)P(A; N {I(z1, k1) < n})
P(B) (P(A1) — P(A1 N {l(z1, k1) = n}))
P

(B)]P)(Al) - ]P)(Al N {Z(Il, kl) Z TL})

%
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We conclude, using Equation (4.4), that
ol (A1, B) = |P(A; N B) — P(A))P(B)| < Ce™“". (4.5)
The same upper bound follows for o) (A§, B) with A§ := {&{ (x1) = 1}, if we use that

P(A) =1—-P(4;) and
P(BN Af) =P(B) —P(BNA4;).

We want to generalize this result to events that have support of more than one point.
Consider events of the form

A = {&0 (x) =0} n..n {€, (en) = 0}
for L points (x1,k1),...,(xr,kr) € V such that
dist ({(z1,k1),..., (zL,kL)},VB) > n
By subadditivity, using the same steps as before, we get
ol (A%, B) < CLe . (4.6)
Observe that an arbitrary event of the form
As = {& (@) =s1pn...n{&f (xr) = s}

for any s := (s1,...,51) € {0,1}¥ can be written as the disjoint union of two events of

the form Ay ;. For example A = A(QO’O) U Aéo’l). Since we have already established

the mixing property for events A9 and Ago,o) in Equation (4.6), we can use the triangle
inequality to get the mixing property for Ago’l). The same argument allows us to derive
the bounds for arbitrary sets Aj, where we have to pay a price on the upper bound
for each time we apply the triangle inequality. After adding all the upper bounds of
the appearing terms, we get

al(Ap,B) < CL?e™°. (4.7

Finally, it remains to observe that any event A, with L = |V4|, can be written as a
disjoint union of at most 2L events of the type 4], 1 <1 < L and the claim follows. O

4.1 The Law of Large Numbers

The process £X is not stationary with respect to P, so we need to use a regeneration
structure that has stationary increments. The definition of the appropriate regenera-
tion structure is similar to the case of i.i.d. weights K in Birkner et al. (2013). It uses
additional random permutations to achieve a local construction of the random walk.
For every (z,n) € V we let @(z,n) be a random permutation of sites in U™ (x,n),
which is chosen from the set of all permutations according to the law

2d

~ K(yl,n-i-l)
P(o(z,n) = N K)= . 4.8
(@@, n) =@, - yn)| K) 11;[1 SN Kt ) (4.8)

The sum runs over all consecutive vertices of (z,n). The number of consecutive ver-
tices Ut (z,n)| = 2% is the number of corners in a d-dimensional hypercube. Our
construction of the local path will be measurable with respect to the o-algebra of all
weights and permutations in the time interval of interest,

glri=c (w(y, k),o(y, k),y € Z4n<k< m) . (4.9)
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We need to know the length of the longest open path I(x,n) starting at (xz,n). Then
lr.(z,n) := l(z,n) Ak is measurable with respect to GPT#+1. For the local construction
of the path we furthermore need the set of possible next steps if we want to stay on
paths, which have at least length k. For any k > —1, we define this set as

Ut (z,n) if k=—1,

4.10
{veUt(z,n):ly(v) =max,cy+(zn) lk(z)} otherwise. (4.10)

My (z,n) = {

Finally, we complete our auxiliary notation by choosing my(z,n) € My(x,n) to be the
first element in the permutation @(x,n). Given a percolation w, a permutation @ and

a starting point (z,n) € V we finally define the local path v;, = v,iz’") by

@ ifj =0,
)= {mk—j—m(j “1) =12,k (.11

The law of the local path (yéi’”) (4))j>0 is the same as the law of the random walk
(Xj,n+j)j>o0 by Lemma 2.1 in Birkner et al. (2013). A more detailed description of
this construction and a picture can be found in their paper as well.

For p < 1 we want the set Sy, to contain all sites (z,n) € V for which every
directed open path returns to the space coordinate x after 2m steps,

Som = {(z,n) €V : (z,n) = (z,n+2m), P(Xp1om =2|X, =2) =1}. (4.12)

Note that we get a strictly positive lower bound on the probability that any site
(x,n) € V is in this set conditioned that it is on the backbone C by considering a
single path. Since it is already on the backbone we only need to make sure that all
sites that are adjacent to the single path are closed, i.e. if p < 1

P (v € Sam|v €C) > (1 —p)>™2=1 0 (4.13)

Our definition of the regeneration times differs from the paper of Birkner et al. (2013)
in the additional requirement that a regeneration can only happen at points in So,,.
Define the regeneration times recursively by To = 0 and

T, :=inf{k > Th_1+2m : Yh_2m(k —2m) € CN Sap } . (4.14)
The corresponding regeneration increments are
Tni=Tp,—T,-1 and Y, :=Xp, —Xp, ..

The regeneration times are those times at which the local construction discovers a
point that is in the backbone and is followed by an episode in the percolation cluster
that forces the random walk to return after 2m steps independent of the weights K.
Since behaviour of the random walk during these episodes does not depend on the
weights K it can be used to decrease dependency between regeneration increments by
increasing m. Later in the proof we will choose m large, see Equation (4.32), to show
that the covariance matrix has full rank.

The regeneration times are not measurable with respect to the past of the environ-
ment (GJ),. The local construction allows us to define potential regeneration times
(ok)k>0 for the (i + 1)th regeneration by oo = T; and

Ok+1 = O + l(’yak (O’k)) + 2. (415)

The potential regeneration times are those times at which the local construction dis-
covers that a local path was finite and jumps to another branch, see Figure 10. The
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construction ends when the new branch is part of the backbone and we have discov-
ered an infinite path. In this case, we have found the next regeneration time as these
times are (Gl'),-measurable and therefore stopping times. We only need to check at
potential regeneration times (i.e. jumps to the next branch) whether all conditions for
a regeneration are met. With this procedure we achieve minimal dependence on the
future.

A

Zd

Figure 10: Example for the regeneration structure in dimension d = 1. The vertex set
V is not shown. The visible edges are those that can be reached from the origin (0, 0)
by visiting open sites only. These edges are in the oriented percolation cluster of the
origin. For a better visualization the permutations w are chosen non-randomly and
such that sites with smaller space coordinates are visited first. The local construction
discovers three finite branches of the cluster before finding a regeneration time 737. The
end of each of these branches is marked by a circle. Afterwards the local discovery
of the cluster is continued at the sites marked by the thin arrows. In this example
only the topmost branch is connected by an open path to infinity and thus is in the
backbone C.

Lemma 4.3 (Increments of the random walk are ergodic). Let d > 1, K be inde-
pendent of w, stationary and ¢-mizing in the time coordinate with mizing coefficients
(dn)nen- Then the process (Y, Tn)nen i stationary and ¢-mizing with respect to P
with mizing coefficients

((bf)nEN = (¢2mn + 2a§mn)neNa (416)

where ol = Ce=", n € N are the mizing coefficients for ¥ from Lemma /.1, Equation
(4.2).

Proof. Fix a site (z,1) € V such that ||z||sc < I. Then P(yp, (T},) = (z,1)) > 0. We
observe that for all n € N by the local construction of the random walk there exists
an event

A€o (w(y k), oy, k) : (y,k) € V,0< k <)
such that
{vr, (T,) = (z,1)} = A" 0 {(x,1) = 0o} C By. (4.17)

Let 0, : Q+— Q, z € V be the standard shift operator such that (6,w)(z’) = w(z + 2')
for any w € Q, 2,2’ € V. Then we can write

0y (v, (Tn) = (2,1)}) = 0,4, (A") N Bo. (4.18)
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Thus, for every event A € o((£(y) : (y,k) € V) and (,1) we have

P (800 (4) 1 Bo| 7r, (1) = (2,0)) "= P (0.1 (A) | 7, (T2) = (2, 1)
=P (4loct) (trm.(T) = @D}
DB (A0 B |0 (0 (Ta) = @00}
which implies
}P’(QWH(T”)(A) N By)

= NP (.0 (A) N Bo| vz, (Tn) = (2,0) P (yz, (Tn) = (,1))
(z,0)
=P(AN By).

Consequently P(‘gm ) (A)) = P(A) and both processes are stationary with respect
to P.
Denote by W the o-algebra that contains all possible paths of the random walk

between regeneration times, namely
W, =0 ({(Yi(w), mi(w)) ey 1w € Q)

and W = W§°. Then, the mixing coefficients for the process (Y,,, 7n)nen are given by

P(AN N BN)
X = su su ——— 2 _P(BY)|. 4.19
¢ NeII)\I WelI/)v, P(AN) (B%) ( )
AN =W,

BN::WF‘IWR,OJrn

Note that by definition of the random walk and since K > 0 we have P(AN) > 0 for
all AN ¢ WnWJ. We will from now on leave out the subscripts of the suprema.
Furthermore, note that for every (z,l) € V exists an event

Aé\;,l) € U(LU(y, k)aa)(:% k) ‘Y e Zd? k< Z)
such that
AN N {(Xn, Tw) = (2,0)} = AQ y N {&] (2) = 1}

This allows us to split up the events into disjoint subsets depending on where the path
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ends. We rewrite the mixing coefficients as

1 .
¢ = supsup =——— B Z P (AN nBY n{(Xn,Tn) = (z,1)})
(z,l)€zd+1

— P (AN N {(Xn,Tn) = (,1)}) P (BY)

= supsup =———— L Z (A(“ NBY n{¢f (z) = 1})

B(AY) |2
~ B (A 0 gl (@) = 1)) B (BY)
1
= sup sup m Z P (Az,’l) NnBY N {flp(a:) = 1})

(z,0)
P (AY ) N (@) = 1}) B (BY))|.

The last equation follows from the fact that By C A )N {¢FP(x) = 1}. We can use

independence of Aé\; ) and {¢FP(x) = 1} and the mlxmg property of the weights K to
get

¢ < supsup

N N P .
BEEaY) |2 (A%,) B (BY N {ef (2) = 1)) (4.20)

—P (4 ) PUEF () = 1) B (BY)| + & (n),

where

1 ZEnP (Af\i,w)

F(Bo)  B(ay) e

&1(n) := esssup (4.21)

This error term has a deterministic upper bound. We use stationarity of the environ-
ment and P(By) > 0 to see that in fact

. P(AQy N{E () =1}
P(aN) =" (A P(Blo) ) =Y r(al,). (4.22)

(z,1) (z,1)

Since regeneration increments include a deterministic path, they have a length of at
least 2m and thus we get

1
P(By)

&1(n) < D2mn- (4.23)

Note that since K is ¢-mixing instead of a-mixing, the factor Z(N) IP’(A?; 71)) appears

in the upper bound in Equation (4.23), which cancels with the denominator and makes
the error term finite.
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We can use the mixing property of ¢¥ from Lemma 4.1 to factor P(BY N {¢f (z) =
1}) and P(BY) = P(BN N By)/P(By). This leads to the upper bound

1
¢ < supsup PN E] S P (AN, P(BY) P (2) = 1) (4.24)

=& (TL) + 2&5 (n), (425)
with

N
1 Z(z,l)P (A(x,l)) oF < 1 oF
P(By)  P(AN) Tnen =T = P(By) 2™

Es(n) := esssup (4.26)

Combining Equations (4.23), (4.22) and (4.26) tells us that overall the sequence of
regeneration increments is ¢-mixing and the mixing coefficients are bounded above by

X
Pn <

B (Bo) (¢2mn +204,.,) - (4.27)

O

With this preparation the LLN, Lemma 2.24, follows directly from the previous
results.

Proof of Lemma 2.2/. By Lemma 4.3, the sequence (Y, )nen is stationary and mixing
and therefore ergodic. The law of large numbers follows from the ergodic theorem
(Birkhoff, 1931) together with standard arguments from renewal theory and the drift
vector takes the usual form,

XTI]

BT (4.28)

ﬁ:

O

The next example shows that the average [ can indeed be non-zero on the full
lattice, even if the weights K are independent in time. The example was provided in
private communication by Noam Berger.

Example 4.4. Let d =1 and take p = 1. We construct an environment from bounded
weights that are independent in time such that the random walk is ballistic in the space
coordinate, i.e. u # 0. Let (8(n))nen be a family of independent random variables,
each of them uniformly distributed on the set {0, 1,2}. Choose weights for all x € Z
according to

K(z,n)=((B(n)+3|z|+x) mod 3)+1 € {1,2,3}.

Then the average speed is

(I,n -1,n
—E =-1/90<0
a 1,n) 1n /90 <

for any n € N.
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4.2 The Annealed Central Limit Theorem

The aCLT follows without much additional work from the results we already estab-
lished for the LLN.

Proof of Theorem 2.25. We begin with the proof for p < 1, where we have to consider
the percolation cluster. As defined in Equation (4.3) the random variable 7(**) denotes
the length of the longest open path starting at the site (z,n). The proof is similar to the
proof of Lemma 2.5 in Birkner et al. (2013), since K is independent of w and the bounds
derive from the structure of the open cluster. In particular, the increments (o441 —
o) < (74, (0k)) are dominated by a random variable, which is independent of the
weights K. Furthermore the number of trials to find a regeneration time is dominated
by a geometric random variable with success probability P(By)(1 — p)?™(4=1 > 0 by
Equation (4.13). Consequently, the first regeneration time has exponential tails,

P(T) > n) < Ce°™. (4.29)

The same bound holds for the space increment ||Y1||oo, since ||¥1||eo < 17 for all n € N.
We have shown in Lemma 4.3 that the sequence of regeneration increments (Y, 7n)nen
is stationary and ¢-mixing with coefficients ¢;X for n large enough. Therefore, all
increments have exponential tail bounds. Under the mixing conditions of Theorem
2.25, ¢, € O(n~(1+9)) for some § > 0, we get that

o0 N 1 o0 N
Z Pr)? < W Z(¢2mk +2ab )2 < . (4.30)
k=1 k=1

This is the condition of Ibragimov and Linnik (1971) for the CLT for ¢-mixing se-
quences, Theorem 18.5.2. We prove the aCLT first in the case d = 1. Define centred
random variables Z,, = Y, — E[Y,] = Y, — E[Y] for all n € N. By Equation (4.29) we
know that E [|Z,|P*?] < oo and E[r2+?] < co. Since Z, is centred, Theorem 17.2.3
in Thragimov and Linnik (1971) and Equation (4.30) imply that

o0
ZEZO

oo
Z Z2 12 Z2]1/2(¢X)1/2
= 2E[Z3] Z (6?2 < . (4.31)

Furthermore, the sum can be made arbitrary small if we choose m large enough.
Choose m so that | >0 (¢:X)'/2| < 1/4. Then the variance is strictly positive,

=E[Z2] +2 i E[Z0Z,] > (1 —4 Z 1/2> (4.32)

n=1

This choice of the distance 2m between two pieces of the regeneration increments al-
lows us to conclude that the variance is strictly positive and the central limit theorem
has a non-degenerate limit. Here, we use the percolation cluster explicitly to bound the
variance away from zero. Using a central limit theorem for stationary and ¢-mixing
sequences, e.g. Theorem 18.5.2 in Ibragimov and Linnik (1971), and renewal argu-
ments (Kuczek, 1989) we get a non-degenerate central limit theorem for the sequence
(Yna Tn)neN .

Furthermore, we can generalize this result to the multivariate case using e.g. Lévy’s
continuity theorem as in Rio (2013), Corollary 4.1. In this case, we have to choose m
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large enough, such that the covariance matrix X has full rank. The covariance matrix
Y= (X4j)1<ij<d is given by

Sij =E[(Z0,€:)(Zo, ;)] + 2 El(Zo, €i)(Zk, €;)], (4.33)

k=1
where (-, -) denotes the usual Euclidean scalar product and {eq, ..., e4} is the canonical
basis of Z. 0

4.3 The Quenched Central Limit Theorem

The main idea for the proof is to study a pair of random walks on the same environment
and show that their behaviour is close enough to the behaviour of two random walks
on independent copies of the environment. As we did for the regeneration structure
for a single random walk we define the sequence of regeneration times for two random
walks starting at times Ty = T, = 0 for j > 1 by

T; = inf{kj >Ti_ 1 +2m: Wl(caig)rn(k —2m) € Cﬂng},

/ (4.34)
Tj := inf {k >Tj ) +2m: 'y,;(fQ’gl)(k —2m)eCn ng} )
Set Jo = J§ =0 and for m € N and define auxiliary times
Jj :=inf{k > Tj_y : Ty, = Ty, for some k' > Ji} and (435)
Jj = inf{k > T;_, : T}, = T}, for some k > J;}.
Define the sequence of simultaneous regeneration times by
=T, =Ty, m=>0 (4.36)
or recursively T5™ = () and
To™ =min ({T; : T; > To™ y 0 {T) T > Ta™ }) . (4.37)

The increments Yy, Y}/, 7 and 7, are defined as in the single walk case and we set for
m,l €N

X, = X, , X{n = X
N 5 L (4.38)
X = XT'lsim, X = Tim-

Finally denote the pieces between simultaneous regenerations =,, € W = F x F X
74 x 74 by

= I T
SEm = ((kaTk)k]_Jmler (Ykllelc)k:J;nil_s_pXTJm7X’3“3, ) ) (4.39)

where F := [J77,(Z¢ x N)". We need some more notation to indicate when we are
considering two random walks simultaneously on the same percolation cluster. Take
two starting points for the random walks z, 2’ € Z%. Let

By o = {& () =1} N {& (a") = 1}

be the event that both starting points are in the backbone C. Conditioned on B, ,/
let X := (X,,), and X' := (X)), be two independent random walks started at (z,0)
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and (2/,0) respectively and both with transition probabilities as in Equation (2.15).
Write for the law of the two walkers conditioned on B, ,/

PIME () =PI (- | Byor) = PO (- | Xo = 2, X = 2/, Buwr) (4.40)

where the superscript indicates that the two walks run on the same realization of
the environment. We will describe the joint law by comparing it to the law of two
independent random walks I@’gﬁ,, which is the product measure of two independent
copies of single random walks with laws I@’i and I@i, on two independent copies 21, ()
of the environment,

PYe () =PLOPL ().

To describe the second random walk, let @’ be another, independent random permu-
tation distributed like & and define paths 'y,lc(x’n) analogously to ’yl(f’n) using @’ instead

of @. For given n, k the construction of both paths are measurable w.r.t

GF =0 (w(y,1),0(y,1),0 (y,0) : yeZin<i<k). (4.41)
Conditioned on B, ;» we may couple the random walks by

(Xp, k) = lim O (k), (X, k) = lim 5O (k).

The proof of Theorem 2.26 is analogous to the proof of Theorem 2 in the paper of
Birkner et al. (2013). However, some of the lemmas along the way have to be modified.
Most of the proofs in this paper are kept rather short, if a similar and more detailed
version can be found in the original paper. Here, we will list the essential adaptations
needed to make it suitable for our problem. We get the exponential bounds on the
joint regeneration times with the same argument as in the proof of Theorem 2.25,
Equation (4.29), i.e. for all x,z’ € Z4

PV (T5™ > n) < Ce™ . (4.42)

Also, the sequence of joint regeneration increments is again stationary and a-mixing
by a similar reasoning as is used in Lemma 4.3.

Lemma 4.5 (Total variation distance of joint and independent law, cf. Lemma 3.4 in
Birkner et al. (2013)). There exist constants 0 < ¢,C < oo such that for all x,z" € 72

where || - ||Tv is the total variation norm.

szixn/t(al =) - PL‘ti/(El = .)HTV < Cechzfm'H’

Proof. Asin the original paper, without loss of generality, we prove the lemma for two
start points = 0 and 2’e;, where e; is the first coordinate vector in Z? and 2’ > 2m.
Let Q4, Q5 and Q3 be three independent copies of environment and permutations €2;,
i.e. for all ¢ € {1,2,3} we define

Q; = {w;(v), K;(v),@;(v) : v €V}

Throughout this proof, we will add §2; as an argument to our random variables to
indicate which realization of percolation and permutation is used in the construction.
Detailed definitions can be found in the proof of Lemma 3.4 in Birkner et al. (2013).
For example, we write

By (2, Q)) = {& (: %) = & («'; Q) = 1}
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for the condition to start the walks on the backbones of €2; and ; respectively,
Tff;n = T9(Q4,Q;)
=inf {n > 1: €000 (1 00); %) = €0 () (m 2); ) = 1}
for the simultaneous regeneration times and
=1(%,9Q5)
= (90, T QT (0792, T @IS, X (), Xyom (7))

for the simultaneous regeneration increments. To construct a simultaneous regenera-
tion increment of two independent walks ="9,  we will start one random walk at 2 = 0

z,x’)
on ©; and another random walk at =’ on Q5. Similarly we construct the simultaneous

o —joint .
regeneration increment of two walks on the same cluster =" by starting two random

walks in = and 2’ respectively both on Q3. It is convenient to write

:joint — 51(93, 93), lf Bwﬂ;l (Qg, Qg) occurs,
1A otherwise,

—ind . 51(91, QQ), if Bw’zl(Ql, QQ) occurs,
1A otherwise,

with some cemetery state A. If we start the random walks far enough apart, then
with high probability the regeneration event will happen in two disjoint subsets of
V that have a distance of x’/2. This allows us to use the mixing properties of the
environment, Lemma 4.1. Define the two disjoint subsets of S1,S; C V by

Sii={(y,k) €V : |y| <k for all 0 < k < |z — a'|/4},
Sy = {(y, k) €V :ly—a'| <kforall 0 <k<|z—a'|/4).

Then dist(S1, S2) = 2’/2 as shown in Figure 11. Finally, define the events
Ly = {l(z,0;Q1) VI(z',0; Q) VI(z,0;Q3) VI(z',0;Q3) < |z — 2’| /4},

Ly = {&l (2;1) = & (2'; Qo) = &' (25 Q3) = (25 Q3) = 1}
N{TTS < |lo — 2|4} N{T55 < |z — 2| /4}.

Conditioned on these events the two random walks stay far enough apart. Note that
the events L; and Lq are disjoint. Since the probabilities of the complements of both
sets have exponential bounds in 2’ by Lemma A.1 in Birkner et al. (2013) and Equation
(4.29), we know that P(L§ N L§) has an exponential tail bound in z’/4. So,

‘P(:‘join/t _ U)) _ P(:ind/ — w)

—z,x —xz,x

Srx Srx T

< ‘]P’( =it _ Y0 Ly) — P{EM, = w)n Ll)‘
n ’IP’( 2O — )N Ly) — PUER, = w)n L2)‘
+ Ce=' /4, (4.43)

On the event L; the regeneration increments are supported on the sets S7 and Ss.
Thus, since on L; both increments are equal to the cemetery state A, we have

P( —joint w} N Ll) B ]P;({~ind w} N Ll) =0. (444)

= - I
—x,x’ —z,r
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Figure 11: Conditioned on either of the events L, and Lo both regeneration increments
depend on percolation cluster and permutations only in the sets .S; and Ss respectively.
Since both sets have at least distance x'/2, we can use the mixing property of the
environment to bound the difference of probabilities of a joint versus an independent
pair of regeneration increments.

Very similar to what we did in the proof of Lemma 4.3 we obtain the bounds on our
second term by summing over all possible endpoints for the increment. For every site
(y, k) € Sy, r € {1,2} there exist events

AWP(Q) € o(w(z,1); ), &(2, L) : (2,1) € 5,)
such that
= — w0 (X (06), X (), T ) = (5,0, 1) } 1 Lo
= AP (Q3) N AY M (Qs) N {EE (1) = 1} N {EF (v 05) = 1)
and
{220 = wh 0 { (Kpg (20), Xy (@) TS ) = (9,9, K) } 01 Lo
= AP Q1) AP Qo) 0 {€D (5 ) = 1 N {EF (13 22) =1}
Therefore

[UERS = whn L) ~ BUERS = w) 0 L)

<> > (4.45)

kE y:(y,k)eSt
y': (v k)€S2

[P (A9 () 0 €L (43 25) = 130 AP P (09) N {6 ('3 05) = 1))
= P (AP (@) N el (53 20) = 13) P (A8 (@) N {6 ('3 2) = 1)

> buatad s <ISu (darya+al ). (4.46)
(y,k)€S1

Using |S1| = 2/4+1 /8, we can combine the three previous estimates in Equations (4.43),
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(4.44) and (4.45) to obtain

x,x’

joint /— ind (=
T —
=S [PE =) - PE = w)
wewu
<C —cz' /4 /4! X
s Ce +Oé$//2 + 3 (251//4 +Oéxl/4 .

The conclusion of the lemma follows since all mixing coefficients are exponentially
decreasing. O

We have established that the total variation distance between the laws of two
independent walks and two walks on the same cluster becomes small if the walks start
far apart. Now, we need estimates on the probabilities to find two independent walks
closer together or further apart after some time. For this, we compare it with standard
Brownian motion and estimate exit probabilities from an annulus.

Lemma 4.6 (Escape time from an annulus, cf. Lemma 3.6 in Birkner et al. (2013)).
Let U be the linear, bijective map that decomposes the inverse covariance matriz from
Theorem 2.25, ¥~ =UTU. Write for r >0

h(r) :=inf{k € N: ||U(Xk — Xlle)HOO <r}
H(r) :=inf{k e N: [[UXr — X})|loo > 1}

and set for r1 <1 < 1o

log(r)—log(r1) 5. g — 9
Falrsry,ra) = { 1G5
== for d > 3.

T T

Then for every € > 0 there are large constants R and R such that for all 7o > 71 > R
and ro — 1 > R and for all starting points x,y € Z such that r = ||[U(x — v)||oo,
ry <r<rog,

(1= ) falr;r1,ma) S PRS(H(ry) < h(r1)) < (14 €) fa(r;ry,ra).

Proof. Under the law Pind the two copies of the random walk (Xk)keN and (X;/C)keN
are independent and their difference is again a random walk with finite variance and
zero mean. By Theorem 2.2 in Merlevede (2003) or Theorem 4.3 in Rio (2013) we get
a functional central limit theorem for (X e — X i.)ken under the same assumptions as
in Theorem 2.25. The limit law is Brownian motion with some covariance operator X.
Since the covariance matrix ¥ is symmetric and positive semi-definite it has a Cholesky
decomposition. It has full rank and so the inverse has a decomposition X~! = UTU,
where U has full rank as well. Then the limit law of the random walk (X,,) under the
map U has identity covariance matrix. If we define h and H as above, we can compare
the random walks to the standard estimates of the exit probability from annuli for
Brownian motion, which gives the conclusion. O

Lemma 4.7 (Separation lemma, cf. Lemma 3.8 in Birkner et al. (2013)). For dimen-
sion d > 2 there are constants by,bs € (0,1/2), bs > 0, by € (0,1), C > 0 such that
for large n

Bt (H (nf1) > n?) < O™, (4.47)
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Proof. For the proof, we have to be a little bit more careful as our environment £% does
not have the Markov property and the regeneration increments are not independent.
In the first step of the proof of Equation (4.47) we observe that instead of forcing
two paths on the same cluster to move in opposite directions by choosing @, we can
as well choose the percolation w to our needs. In this case, we get the required
bounds, Equation (3.29) in Birkner et al. (2013), with the further advantage that the
construction depends on the percolation only. This allows us to rely on the Markov
property of £, Furthermore, define the event

A, = {(X,, X!) has reached distance n® in at most n** 4+ n’ steps}.

Following the proof in Birkner et al. (2013) we know from their Equations (3.34) and
(3.35) that there exist by € (0,1/6) and bs € (0,1/2) such that Pi(A,) > § for
some ¢ > 0 and uniformly in x,y. This bound is based on the escape time estimates
of Lemma 4.6. We can pick by € (3by V bg, 1/2) such that n®2 > n3% 4 nbs. We get the
required upper bound for the probability to fail to reach the distance n’ at least nb
times by looking only at every second regeneration increment and then using mixing
properties to bound dependencies between them. This way we get

ba nba
mjoint c mjoint c
P90 m A <Poy ﬂ Aj,
k=1 k=1,k odd
by
n
mjoint c\pjoint c
<Phy (ADPgy m AL |+ e e
k=3,k odd
b
T mjoint nb4
(&
<...< H HDJO,O (Ak) + 70%3”1 +nb6
k=1,k odd

< (1= 0)""" 4 Cnbremen™ —en'
— by /2
S C?’Lb4€ bg'r‘b 4

— by /2
SCG b3n4

for n large enough, b3 := min{—1log(1 — 0),c} and by < min{6b; V 2bg, by — 3b1 V bg }.
By construction these attempts take at most

nb4 (n3b1 + nbe) S nb273b1\/b6n3b1\/b6 — nbz

steps. This proves Equation (4.47) for d > 3 and similarly in d = 2, see Birkner et al.
(2013). O

Lemma 4.8 (cf. Lemma 3.10 in Birkner et al. (2013)). For d > 2 there exist constants
b,C' > 0 such that for every pair of bounded Lipschitz functions f,g : R — R with

Lipschitz constants Ly and Ly respectively
S X, —nji X! —nj X, —nji X! —nj
]Ejomt n n n n
0,0 lf ( NG ) 9 < NG f NG g N
Proof. The proof remains almost the same as in Birkner et al. (2013), using the sep-

< C(L+flloo + Ly) (1 + llglloe + Lg) ™",
aration lemma, Lemma 4.7, and a coupling of dependent and independent =-chains,
introduced in their Lemma 3.9. Furthermore, we do not have standard large deviation

mind
- ]EO,O

where [i := E[r]ii and [ is as in Theorem 2.25.
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estimates. Instead, we need use the Markov inequality together with an estimate on
the expectation of the product of mixing random variables, e.g. Theorem 17.2.2 in
Ibragimov and Linnik (1971) to get

E’%?z)nt (T7Slim > KTL) < —KnEjomt [H . 301nt]

n
oine k
_ _D_ ... t joint
< e Kn E ag PEYY [eTk }
k 1

joint

< na2 ? exp (log IEJOIm [ T } n— Kn) .

Since the time increments 75™ have exponential moments under the joint law by
Equation (4.29), we can choose the constant K > log Ejo%m [eT1"] to get exponential
tail bounds

PYg(T5m > Kn) < Ce ™. (4.48)

This shows that Equation (3.47) in Birkner et al. (2013) holds in our case and completes
the proof by following their steps. O

Proof of Theorem 2.26. As in Birkner et al. (2013) we show that for any bounded
Lipschitz function f: R — R

Xn —nji
E — ]| -
= [f (F7)] -2
where ®(f) = [ f(z)®(dz) and @ is a non-trivial d-dimensional normal law and [ is
asin Theorem 2.25. We do this by finding an upper bound of different terms and show

that each of these terms converge individually as n — co. Let Ly be the Lipschitz
constant of f and write

(55 o
cJalr (552 -

Ee¢

2720 for P-ae. €K (4.49)

X[n/]En] ni 1
(P VE*)H .

+ : (4.51)

Xin/Ery) —ni 1 B
f<¢m%-mﬁlém

where we write [n] for the integer part of an index n. In Term (4.50) we split the
position of the random walk according to

Xn — ’n,ﬁ - Xn — XVTL + XV” - X[n/]E[n]] X[Yl/]E[Tl] - Tlﬁ 1

NN i JuER] vERD O

where
Vp :==max{k > 0: T <n}.

Conditioning on three suitable events (see terms (i)-(iii) in Equation (4.53)) and using
the properties of Lipschitz functions we get for constants 0 < 7/ < 1/2 < 8 < 1 and
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v € (8/2,1/2)

s (5] -
nY +n”

NG

' (4.53)

; Xinjem) —nfi 1
\/77,/]]'_747'1 ETl

< Ly

n
Vi — ——
ETl

ol | 7 (= [ 27) £
() (i%)

2n7>.

For term (i) in Equation (4.53) we need to look at polynomial tails instead of logarith-
mic tails as in the original paper. For every € > 0 we get from the Markov inequality
and stationarity of the joint regeneration increments under the annealed law that

‘Xk: - X[n/]ETl}

+ 2| flloo Pe ( sup
|k—n/ET|<nf

(i)

~ 7 1 ~ ’ 1 ~ ’ C !
IP’(PE (Tn > n”) > e) < -E (Pg (Tn >n? )) =-P (Tn >n7 ) < Zemen”
€ € €
is summable in n for every € > 0. We conclude by Borel-Cantelli that
P (HX" _ )”(VH > m’) <P, <Tn > n’v’) 1200 for P — ae. £F, (4.54)

since || X,, — Xy, || < 7,,. For term (ii) in Equation (4.53) we proceed as in Birkner
et al. (2013) and use their equations (3.64) and (3.67) to show almost sure convergence.
Here we only need to remark that their Equation (3.64) holds by a law of the iterated
logarithm for stationary mixing sequences, e.g. Theorem 6.4 in Rio (2013). For term
(iii) in Equation (4.53) we use Equations (3.68) and (3.69) from Birkner et al. (2013),
where Equation (3.69) holds by Inequality (1.6) in Rio (2013). Therefore, Term (4.50)
converges for P-a.e. £5 to 0 as n — oco.

For Term (4.51), we choose ® to be a rescaled normal law ®(f(-)) := ®(f(-/vEm))
and the almost sure convergence follows from Lemma 4.8 together with Lemma 3.12
in Birkner et al. (2013). Lemma 4.8 is used to control the covariance of two walks
under "t by comparing it to the variance of a single walker under the annealed law.
Then Lemma 3.12 turns this into a quenched CLT for X,,. The proof of their Lemma
3.12 holds true in our case as there is a moderate deviation principle for stationary,
strongly mixing sequences, Theorem 4 in Merlevéde et al. (2009). We complete the
proof of Theorem 2.26 with the remark that any continuous bounded function can be
approximated by bounded Lipschitz functions in a locally uniform way and Equation
(4.49) holds for any continuous bounded function. O
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5 Proofs for exclusion dynamics in recurrent environ-
ments
A survey of random walks in recurrent environments is given in the lecture notes of

Zeitouni (2004). We mostly use his notation in this paper. Define the potential of the
environment w as the random process (V(z))zecz such that for all z € Z

>or logp; ifx>1
V(z)=10 ifer=0 |, (5.1)
Z?:m-u —logp; ifx<-—1
where p, = (1 — wy)/we-

Lemma 5.1. The Markov chain (S(n)),cy on the state space L with transition prob-
abilities as in Equation (3.9) has an invariant reversible measure m which is given

by

7(x) = H {e—v(%‘) 4 Vizi-D
j=1

for any x € L.

Proof. The reversible measure 7 for the 1-particle system is

#z) = V@) Z V@) 4 ~V-D)
Wy

for any € Z. The reversible measure for N-particles on the same environment with
state space Z" is the product measure

N
~(x) = [[ 7(a)

since the detailed balance condition still holds in every coordinate and the remaining
terms are a constant factor on both sides. Restricting the state space from Z" to £
does not change the reversible measure, since the restriction only affects diagonal terms
p(x,x) = p(x) for x € Z", which do not appear in the detailed balance equation. [

5.1 Valleys

We define a valley of the potential V' as a triple (a, b, ¢), with a < b < ¢ and such that
V attains a local maximum at a and ¢ and a local minimum at b,

V(a) = max V(2),
V(b) = agl;lglcV(x) and
Vie) = ax V(z).

A valley (a,b,c) has depth
d(a,b,c) := (V(a) =V (b)) A (V(c) =V (b)), (5.2)

where we denote the minimum of two numbers a,b by a A b := min{a,b}. We can
obtain a smaller valley (a,b’,c’) such that a < & < ¢’ < b by a left refinement, if the
new valley is such that

V()=V(#)= max V() -V(b").

a<b’<c!'<b
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The same procedure also allows us to define a right refinement. By a finite sequence of
refinements of any valley (af, by, cfy), with af < 0 < ¢f and depth d(af, bf, c§) > logn
for any n € N, we can find the smallest valley (a™,b",¢™) with depth d(a™,b™,c™) >
log n such that ™ < 0 < ¢™. Denote by (af, b}, c}) the smallest valley with aj < 0 <
cy, while d(gn pp cny > (1+9)logn. Fix § >0, J > 0 and define the event

we: 1) =10y,
2) any refinement (a, b, c) of (a},by,cy) s.t. b# b”
has depth d(,4.0) < (1 —6)logn,
3) lag| + lcp| < Jlog® n,

4) minke[a”,c"]\[bnfﬁlogz n,b"+6 log? n| {V(k) - V(bn)}
> 6% logn

By the invariance principle and the properties of Brownian motion

lim lim lim P(A}°) =1. (5.3)
§—0 J—o00 n—00
Note that all claims for S, 1 < j < N, with b™ > 0 and S(0) = z hold also for Sy_ ;1
with " < 0 and S(0) = (—2zn,...,—21), since the reflected environment w such that
wy = w_, for all z € Z is recurrent and strictly elliptic as well. Therefore we can
assume b" > 0 without loss of generality.

5.2 Localization for N-particle exclusion processes

After defining hitting times for single particles of the process
Tjz =1inf{n >0:5;(n) =z}
for some j € {1,...,N} and = € Z, we are ready to state the next lemma.

Lemma 5.2. Let the Markov chain (S(n))nen start at vertex z = S(0) and choose
21 = 0. Fiz § > 0 small enough and J, k large enough such that w € AJ? for alln > k,
then

P2 (tjpn < Trap ATNep) > 1, (5.4)
where a A b := min{a, b}.

Proof. Assume without loss of generality a™ < 0 < b". Take n large enough such that
z € (a™,b")V. Since the minimum " is to the right of all particles in their initial
configuration z, b™ > zp, the leftmost particle S; will be the last of all particles to
reach the minimum at 4", ie. 7jpm < Tipn for all j € {1,...,N}. Thus, we only
work with the first particle S1, and Equation (5.4) follows directly from that for all
other particles j > 1. Define the time of the first return to the starting position z
as 7,5 = inf{n > 0 : S(n) = z}. Let 74 and 7 have the same laws as 74 and 7,
except that the Markov chain (S(n))nen is reflected at the sets {x € £ : 1 = a?}
and {x € £ : xy = ¢}}. We now consider the Markov chain on the finite graph G
with vertices £ = £ N [ag‘,cg]N. Note that the events {71 ,n < Tap A %N,cg} and
{m1m < Tiap A TN,CQ} have the same probability. If we can show

z (= = =+
Pw (Tl,ag A TN,C:;L < T2 ) n—o00

0 5.5
Pz (Fom < 7) ’ (5:5)
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then by Equation (2.2) the statement of the lemma, Equation (5.4), follows.
Let R, (a <+ B) be the effective resistance between the point a € £ and the set
B C L. Since we are on a finite graph G, we can apply Equation (2.3) to get

Pz (Trap N TNjer < 72)
Pz (Fipn < 7)
< Pz (Tlan <7+ P (TNCn <7h)
- Pz (Frpm < 75)
Ru(zeo {xel:z =b"}) Ru(ze{xel:z=0b"})

:'Rw<Z<—>{X€£~:$1:ag‘})+Rw(z<_>{X€£~:$N:cg}>- (5.6)

By Rayleigh’s principle, e.g. Theorem 1.29 in Grimmett (2010), the effective resistance
is non-increasing in edge resistances of the electrical network. Therefore, we may
remove edges until only a single path v remains to connect {a} and B and thus get
an upper bound on the effective resistance between them. We then write a PR B,ifa
is connected to B by the path . Also, we may add edges until the vertex set is the
whole lattice Z~ to get a lower bound.

Let v = {y%,...,y™} be the unique path connecting y° with some end point y*
M € N. Then the effective resistance along the path is the sum of the edge resistances
along the path,

S

—1

in i Lyt -
RLS,J gle path('_y) = (7'&'(}’ )p(y Y +1))

s
Il
=)

N

_ H{ V) 4 VD] T (5.7)

(¥, Y’“

$

1§
=)

3

Note that by Assumption (A1) all transition probabilities are bounded
k/N < p(x,y) <1—k/N for allxﬁy.
Thus, we may write for any path v such that y™ € {x € L:x = b}

Ru(z < {x € Lz, =b"}) < RSinsle path (z S{xel: iz = b”})

= | Na—R)X
< exp Vi(y:) | —————. 5.8
; ; (43) - (5:8)
From here on, we need to treat the case L = oo and the spider random walk, L < oo,
separately. In the first case any two particles can cross high parts of the potential
separately, so the particle system behaves similar to N independent particles in the
same potential. In the second case, all particles have to cross obstacles together and
the particle system behaves similar to a single particle with a slowdown in time by a
factor of IV, as we will see in Lemma 5.3. This is equivalent to an increase of the height
of the potential by a factor of N, see for example Equation (5.15) versus Equation
(5.19).

Case L = oo: For the estimate of the resistance along a single path we need to
choose the path ~ connecting z with {x € Loo:x) = b™} such that the effective resis-
tance does not grow too fast and behaves similar to the resistance of N independent
particles in the same potential. A good choice is to send the N-th particle to the min-
imum " first, then send the (N — 1)-th particle and continue until the first particle
reaches the bottom of the valley. This ensures that at most one particle has to cross
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any local maximum of V on the interval [z1,b"] at the same time. In particular, choose
v={y°...,yM}, such that y* = z and y™ = 3", where the final configuration is

B =" 0"+ 1,00+ (N —1)). (5.9)

Denote by [; := [b"™ + (j — 1) — zy—j+1] the distance that the (N — j + 1)-th particle
has to travel to reach y\' ;. and set

N
L i
vy T Y el ese (5.10)
k=1
where (ej,...,ey) is the canonical basis of Z". Then the number of steps in 7 is

bounded by
M < N[p"+ N — 2| < N(Jlog?n + N) < 2N%J log® n.
Using Equation (5.8) we have

Reingle path (z Aixe Loz = b"})

N

V .
- exp | max (y5)

IN3J(1 — k)N log®n

Jj=1
2N3J(1 — k)N log®n s
\%4 Vizj)) vV (" +j
< - exp || max ($)+; () V V(0" + )

(5.11)

The last inequality holds, since the maximum of the sum of the potential over all
particles is attained when one particle is at the local maximum while all other particles
are still at their respective starting positions z; or already at their respective end
positions S7. Finally, by ellipticity of w we can bound

N-1
. 1-&
re($%§+N] V(z) + ; V(zj) VV (" +j) < 2(N —1)zylog ( - ) .

Defining the constant

N3 J(1 — k)N <1 - /<;>2(N_1)ZN
/ﬂ'/ )

Cy(N,k,z) = -

we obtain the desired upper bound on the resistance

Ru(z & {x € L:x; =b"}) < C1(N, k,2)log® nexp ( II[I(?%( | V(m)) . (5.12)
z€|0,b™

For the corresponding lower bound we work on the integer lattice graph with vertex
set ZN. On the lattice graph we can calculate the voltage function u : ZV¥ — R
explicitly, which gives us a direct bound on the effective resistance between z and
{x €L :x1=a}} by

Riulllattice( oy fx € £ ay = all}) = _ulz) (5.13)
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Here i(z,y) is the unit electrical current flowing from z to y and the voltage u is such
that u =0 on {x € Loo a1 = ay}. The same trick works for the effective resistance
between z and {x € L, : zy = cy}. The voltage v is a harmonic function on the
electrical network. A harmonic function f : Z" — R on a graph solves the equation

fx) = f¥)px,y). (5.14)

y~x

A solution to Equation (5.14) on the integer lattice satisfying the boundary condition
u=0on{x€Ly:z =a}}is

11—1

u(xy,...,xN) = Z eV,

i=ay
To check that u solves Equation (5.14), we calculate

> uy)p(x,y)

y~X
1 X
:NZU(...,ziJrl,...)wm+u(...,xifl,...)(1—wm1)
i=1
:l Nmz—lev(i)_ev(mfnw +6V(1172)(1_w )
N : 1 1
= u(x).

With our expression for the voltage we can also bound the outgoing current of the
start vertex z by a constant

N i(z,y) =Y ez y)lu(z) - uly))

y~z y~z
< 2Nsupc(z,y)[u(z) — u(y)]
y~z
< _ V(Zk 1)
2(1 — k)w(z)  Tax e
1—r\™Y
<2(1 - K)7(2) ( K)
K
=: Cy(N, K, 2)
Consequently, it follows that
Viap)

Rz 3 {xX € Lo : 1 = a}}) (5.15)

>
o CQ(NaKvZ)

We get the same bound for the effective resistance R, (z > {x € Lo : 21 = ¢}}). By
Equations (2.2) and (5.6) and both bounds from Equations (5.12) and (5.15) we find
that

~ ~ ~ _ n n
Pz (Tl’a'g NTNen < Tj) maX,e(o,pn] eV (@) =V [V (e

< 0310g2n~

Pz (Fipn < 7) eV (@) (e})
V(z)=V(b™)
2 MaXgelopn] €
< Cslog™n V@AV () —V (o)
< Cylog?n - —4 2% (5.16)

its
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where C5(N, k,z) := 2C1(N, k,2)C5(N, k,z). This proves the lemma for pure exclu-
sion dynamics.

Case L < co: For the spider Markov chain, we proceed in the same way as before,
now trying to get estimates on the resistances that are similar to the behaviour of a
single particle in the potential with some scaling by a factor of V. For the lower bound
on the resistance we take a path v = {y°,...,y™} such that y° = z, y™ = ", where
B™ is defined as in Equation (5.9). The intermediate points 0 < i@ < M are chosen
such that all particles move with minimal possible distance between them,

N

y =y T Y el i jyn s (5.17)
k=1

where |z := max{i € N:¢ < z}. Then by Equation (5.11)
Reingle path (z Sixelyp:x = b”})
N

2N3J(1 - k)N log®
(1= r)" log nexp max » V(y;)

KR S
y 7]’:1

1—
max NV(&E)JrNLlog( H))
2€[0,b"+N] K

3701 —  \N 1002
< 2N°J(1 — k)" log nexp(
K

< C1(N,r, L)(log® n) exp < max NV(x)) , (5.18)
z€[0,b"+N]|

where

IN3J(1 —r)Y /1 —r\V
Ci(N,k, L) := T =) ( HK> .

K

For the estimate on the lower bound we identify all vertices in the electrical network
with the same first coordinate z;. There are |{x € L : 71 = k}| < (L — N +2)¥
such vertices for all k € N. Then the new conductances ¢4 between neighbouring
identified vertices are bounded around e~V (#1) since all other particles stay close to
the first one in the chosen path ~. In particular

AlEk+1)i=c({xelp:xi =k}, {x€Ly:xy =k+1})
< C5(N, k, L)e NV#),

where
K(L—N+2N (1-r\""
"(N,k,L) := .
02( y Ky ) (1_1%)]\] < K )
Then
~ o . 1
Ro(z < {x€ Ly 21 =af})> (9t (k, k + 1))
k=0
1 NV(a2)
> a5 5.19
= Gy(N,m D) (5:19)

Overall, by the same calculation as in Equation (5.16)
P‘j (7~—1,ag /\%N,cg < ’7';)
Pz (Fom < 7)

Nn n—oo

2
< Cé log HW —_— O7

where C}(N, k) := 2C| (N, k, L)C4(N, k, L). This proves the lemma for spider dynam-
ics. O
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Lemma 5.3. Fiz § > 0 small enough and J, k large enough such that w € A for all
n > k. For any z € L such that z; =0 and j € {1,...,N}

P (1jpn > n) 27250 for L = oo and
P2 (1jpn > Nn) 22250 for L < co.

Proof. Define the set B, = [a?, c}]" and the hitting time 7; ;» of the reflected Markov
chain on £ = LN B,, as in Lemma 5.2. Also, define the first return time on £ as

%;:{n>O:S(n)=X}~

Since P7 (7jpn > n) < PZ (T1» > n), we may only consider the case j = 1. We use a
technique due to Golosov (1984). Take n large enough. Define the number of times
the Markov chain visits a site x before arriving at the bottom of the largest valley as
Zy ={k < T1pn : S(k) = x}. Set Ay = P (T1,p» < 7,7). Then the random variable Z,
is dominated by a geometric random variable, since for all [ € N

Pi(Z,=1)=P; (7 <Fipm) (1 =) A < (1= Ap)'Ns

Consequently EZ [Z,] < A;'. On the finite graph G we have (e.g. by Proposition 9.5
in Levin et al. (2009)) that

MNl=71(xX)Ru(x & {yeL:y =b"}).

Case L = oo: Choose ~ as in Equation (5.10), i.e. we take one particle at a time
from z; to the minimum of the valley at b™. Then we get

MGR ZPZT < T1pm)EL [ Zy]

xeB,
< Z Rsmgle path (X PR {y e E Y = bn})
xeB,
N N
<C 2
< Ci|y|log”n Z exp ZV xj) +rjr£1€a£< V(z,)
X€EB,, Jj=1 j=1

As before, |y| < 2N2Jlog®n and |B,| < JV(logn)?". Define a new constant C, :=
C4(N, k,2) := 2C (N, k,z)N?JNTL, The term in the exponent is only positive, if the
maximum of the potential along the path ~ is bigger than the potential V' (z;) at the
respective starting positions ;. If this is the case, then on w € A7 the potential at
the maximum can be at most (1 — ¢) logn bigger than V(z;) and we get the bound

Ziz 1< 2 _
o] < Cirllogtn 3 o (e, (Vi) + s, V) )
< 04(10gn)2(N+2)6(1—6) logn.
By Markov’s inequality we conclude that

E(i [7’:171)71,}

< Cy(logn)?N+2p =0 222, ), (5.20)
n

Pj (%Lbn > TL)

IN

Case L < oco: For the spider case, choose the path 4 as in Equation (5.17) and use
the upper bound for the resistance from Equation (5.18). Then

E; [fyn] < Cilyl[Byllog? n(Nn)' 2,
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and again by Markov’s inequality

~ EZ -~ n
P (F14n > Nn) < %

where C) = 20 N2 JN+1, O

< Ch(logn)?!NFDIN—0p =0 I, (5.21)

Now, we know that all N particles move to the bottom of the valley before time
n and without hitting the boundary 0B, := {x € B,, : Jy ~ x s.t. y ¢ B, }. We still
need to show that once the N particles arrive at the bottom of the valley, they will
not leave before time n.

Lemma 5.4. Define ™ = (b", 0" +1,...,0" + N —1). Then for any j € {1,...,N}

n (18;(k)—b" n—oo_ -
sup max P (‘j(é >6);>01sz00 and
weAp?® T log™n
n (18;(k)—b" n—oo_ -
sup max PP (‘j(é >6);>02fL<oo.
weals k<Nn log“n

Proof. Let again T;n :=inf{n > 0:S(n) = "} be the first return time to the starting
vertex, but now we start the walk at ™ = (b, 0" +1,...,b" + N — 1). If we do not
leave the set B, = [ag,cg]N before time n, we may again restrict our attention to
the finite sub-graph with vertices in B,,. By the detailed balance equation for any
x € B, N L such that z; = a} or xy = c§ we get the following estimate

(5.22)

From this we get a bound on the time the Markov chain stays in the valley by
an (leag N TN,cg S TL)
< |By| sup P8 (1, < n)

w >
{x€Bn:z1=a} or xny=c}}

(%)

< |By| sup n .
" {x€Bn:z1=a} or xn=c}} ﬂ—(ﬁn)

(5.23)

Case L = oo: The supremum in Equation (5.23) for L = oo is attained either
at approximately x = (ay,b" +1,...,b" + N — 1) or otherwise at approximately x =
@™ b0"+1,...,0" + N —2,c}),

an (Tl,ag ATN,ep < n)

1—r\"Y
< |By| <K> nexp (—V(a?) VV(e§)—(N-=1)V({®")+ NV(")

N-1
+ (V" +1) — V(b")))

=1

1-r\"V 9 1—-k
< |B,| —— ) nexp —(1+0)logn+ N-log -

< C(logn)Nn=0 2225 0. (5.24)
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Thus, we may again consider the Markov chain reflected at {x € £L: 1 = a} or zny =
¢y} and denote it by S. By the Carne—Varopoulos bound, Varopoulos (1985), we get

m(x)

m(B")

pPZ" <§(k):x) < for any k e N

and therefore
P (‘S*j(k) — 5" > 5log? n)

< 3 P (é(k) = x)

XEBy,:|z;—b"|>5log?n

N

max ex =
—n K XEB,,:|z;—b"|>5log?n P 2 =

Viz:) + V(ﬁ?))

NZ
1— ;
< (Jlog? n)N( K”) n=%/2, (5.25)

which is uniform in k for all & < n. This proves the claim for S’j and by Equation
(5.24) also for S;.

Case L < co: The bound in Equation (5.25) is in fact also uniform for all times
k < Nn, provided that the Markov chain is confined to B,, N £, until time Nn with
high probability. Indeed, similar to Equation (5.24), the supremum is now attained
for some x € L1, such that either 1 = a§ or xnx = ¢}, while all other particles can be
at most distance L away, thus

Pgn (TLag A\ TN,ch S Nﬂ)

< |Bnl (1 ; H>NNneXp <—N(V(a§) VV(c?)) + NLlog (1 ; "“)

N-1
+NV (V") + (V" +1i)— V(b")))
=1
< C(logn)N (Nn)=% 2220 (5.26)
which completes the proof for L < oc. O

Proof of Theorem 3.25. We choose the starting position of the Markov chain z € £
without loss of generality such that z; = 0. By translation invariance of the environ-
ment the results hold for all other choices of z, but the definition of " would be for
valleys centred around z; instead of 0. Fix § < n/2 and take J and k large enough
such that w € A7 for all n > k. By putting Lemma 5.3 and Lemma 5.4 together we
get for L = oo

Si(n) —b" n (15;(k) —b"
p(“‘)z >n> < P3 (70 > 1) + max PP (‘“2 >5)
log“n k<n log“n
and for L < oo
Si(n)—b" n (1S;(k) —b"
PZ (‘](n)z >n> < P? (j4n > Nn) + max P’ <J()2 >5>.
log“n k<Nn log”n

Therefore, choosing b(n;w) = b", we prove the claim by using Equation (5.3) and
taking the limits. O

79



Remark 5.5. The result in Theorem 3.23 holds for L. = oo in fact not only if the
number of particles N is finite, but also if it grows slowly enough. For example,
choose N = py/loglogn for some constant p > 0 and the initial configuration z(N) =
(0,1,...,N —1) such that zy = N — 1. Then for large n

C2(N(n), k,2(N(n))) < C1(N(n), x,2(N(n)))
72NH(271)J exp <2N2 (n)log (1 ; H))

27 ’
= 2207 (tog my?e0st1 )25 ) log log )
K

Consequently, the constants C3 = 2C;Cy and C; = 2C; N2JN+1 grow slower than
polynomial and both Equations (5.16) and (5.21) still hold. By the same argument
Equation (5.25) and thus also Theorem 3.23 hold. For L < oo we can choose both
N, L € O(y/loglogn) and get the same results.

5.3 The stationary limit law

Proof of Lemma 3.25. Part (i): The joint random walk of N independent particles
in the same realization of the environment w is recurrent by Corollary 1.4 in Gantert
et al. (2014). The Markov chain (S(n)),en lives on a sub-graph of ZV and is therefore
recurrent as well.

Part (ii): Since (S(n))nen is recurrent and irreducible, every state is visited even-
tually. In particular for any M < L we visit a state y € Z" such that |y; — yn| > M
in finite time and return infinitely often.

O

Proof of Theorem 3.26. We define the infinitely deep well (Golosov (1984)) or infinite
valley (Gantert et al. (2010)) as the random process (V (x))zcz, which has the law of
the environment (V' (z)),ez conditioned to stay non-negative for z > 0 and conditioned
to stay strictly positive for x < 0. This process is defined by a limit procedure. It
can be found together with a proof of existence in Golosov (1984) or Bertoin (1993).
Denote by (Y (n))nen the Markov chain on the environment @, which corresponds to
the potential (V ()),ez, where the relation between the environment and the potential
is defined as in Equation (5.1).

The Markov chain on the original environment w is null-recurrent, which is also
true for NV independent particles on the same copy of the environment, see Gantert

et al. (2014). However, the Markov chain in the infinite well is positive recurrent, i.e.
Z e V@) < 0,
T€EZ

which is due to Golosov (1984). Denote by p, ¢ and T the transition probabilities,
conductances and invariant measure corresponding to the environment w. We have
the same result for our N-particle Markov chain

Yoooaxy) < Y. wmx)pxy)

(x,y)ELXL (x,y)EZN xZN
11—k N N 5
<(1-— — —V(=i)
<q ,«u)( . ) > Il
xeZN i=1
1—r\V N
kK _
= (1 — —V(z) < .
1-n(52) (g) <=
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This implies that the N-particle process (Y (n)),en is positive recurrent in the in-
finitely deep well potential (V(x)),cz for both pure exclusion and spider dynamics.
The process is also irreducible and aperiodic and consequently the law of (Y (n))nen
converges for fixed w to some limit law ¢(w). Denote by (6,)ycz the shift operator,
i.e. for any w € Q and = € Z we have 0,w, = wy4,. It was shown by Golosov (1984),
Lemma, 4, that the finite dimensional distributions of the environment seen from the
bottom of the deepest valley Oy»w converge to those of the infinitely deep well poten-
tial w. In the proof of his theorem, part (ii), he combines these facts and thus shows
convergence of finite dimensional distributions of (S(k + n) — b(k;w))nen to those of
(Y(n))nen as k — oo under the annealed measure. O
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