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Abstract

We prove a quenched central limit theorem for balanced random walks in time dependent
ergodic random environments. We assume that the environment satisfies appropriate ergodicity
and ellipticity conditions. The proof is based on the use of a maximum principle for parabolic
difference operators.

1 Introduction

We consider balanced random walks in time-dependent elliptic random environments. Under a
mild ergodicity assumption on the law of the environment and a moment condition on the jump
probabilities of the random walk, we prove a quenched central limit theorem (QCLT). Our results
extend previous results of Lawler [L82] and of Guo and Zeitouni [GZ10] and are based on the use of a
new maximum principle for parabolic difference operators. Furthermore, they can be considered as a
version of discrete homogenization of stochastic parabolic operators in non-divergence form without
uniform ellipticity (for homogenization results in a similar PDE settings, we refer to [AS14, Lin15]).
We state our results in both a continuous and a discrete time setting.

1.1 Discrete time RWRE

Let U be any finite subset of Z¢ which will be called the jump range. Let x > 0 and define
P =7P(k) = {v="{v(e) : e € U} : infecyv(e) > K,> . cyv(e) = 1}. Consider a discrete time
stochastic process w := {wy, : n € N} with state space Q := P’ so that wy, = {wn(x) : 2 € 2%}
with wy,(z) = {wn(z,e) : e € U} € P. We call QO the environmental space while an element

we QN (1.1)

a discrete time environment. Note that throughout this construction the set U is fixed and is not
dependent on w. Let us denote by P the corresponding law of the process defined on the space QN
and Ep its expectation. Given w € QN 2 € Z? and n € Z consider the random walk {X,, : m > 0}
with a law Py, . on (Z4)YN defined through P, ,, (X, = #) = 1 and the transition probabilities
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Pw,n,w (Xn+k+1 =y+ e‘Xn-Hc = y) = wn+k(y7 e),

for k>0, y € Z% and e € U. We call this process a discrete time random walk in time-dependent
random environment and call P, ,, ., the quenched law of the random walk starting from z at time
n. When k = 0 we will say that the environment is elliptic, while if k > 0 that it is uniformly
elliptic. Whenever the environment w is time independent so that w, = wyy1 for n > 0, we will
call the above random walk a discrete time random walk in static random environment and its
corresponding law starting from w at site x, just Py .

Given any topological space T', we will denote by B(T') the corresponding Borel sets. Throughout
we will make the following ergodicity assumption. Note that we do not demand the environment
to be necessarily ergodic under time shifts. For z € Z¢ and n > 0 define the transformation
Onz = O = ON by (0,,20)m(Y) == Wpim(y + ) for all m > 0 and y € Z% Throughout, we
will assume that P is stationary under the action of the {6, ., : n > 0,z € Z?}. Let now Z C
{(n,e) :m >1,e € U}. We will say that {0, : (n,e) € Z} is an ergodic family of transformations
acting on the space (QN, B(QY),P) or an ergodic family of transformations with respect to P, if
whenever A € B(Q) is such that ;LA = A for every (n,e) € Z, then P(A) is 0 or 1. Note
that {0, : (n,e) € Z} is an ergodic family of transformations with respect to P if and only if
{0ne : (n,e) € (Z)} is an ergodic family of transformations with respect to P, where (Z) is the
subset of N x Z¢ whose elements can be expressed as a finite sum of elements of Z.

In the case of a static random environment, note that for z € Z?, we can drop the time subscript
from 6, ., and write simply 6, : Q — €, which is defined as (0,w)(y) = w(x +y) for y € Z¢. In
this case we will say that {0, : © € Z} is an ergodic family of transformations acting on the space
(Q,B(Q2),P) or an ergodic family of transformations with respect to P, if whenever A € B(f) is such
that ;1A = A for every z € Z¢, then P(A) is 0 or 1.

Define the environment viewed from the random walk or environmental process as the discrete
time process
Wy, 1= Hn,an

for n > 0, with state space QY and initial state w € QY. We call P,, the corresponding law and

E., (1.2)

its expectation. In general, if w is distributed according to some law p, we define P, := [ P,dpu.
We will say that u is an invariant measure for the environmental process if the law of &, under P,
is independent of n for n > 0.

Let D C U. We say that a random walk in random environment with law P is balanced in the
directions in D if for every x € Z% and n >0

P (Z ewn(x,€) = 0) =1.

ecD

If a random walk is balanced in the directions in U, we will just say that it is balanced.
Let us now recursively define the range of the random walk after n steps as U; := U, while for
n>1
Upi1:= {yeZd:y:x—l—eforsomemeUn andeeU}.
Let also for n > 1 and z,y € 74

pn(may) = Pm,O,w(Xn = y)

Now set

Valz) ={pn(z, 2+ 2)z: 2 € U,} (1.3)

Throughout, given a subset V' C R? we will denote by conv(V) its convex hull and by |V] its
volume. Define for n > 1



en(@) := (pn(x, 2) [conv(V, (2))))/ 4T (1.4)

Denote also by {e1,...,eq} the canonical generators of Z<.

Theorem 1.1 Consider a discrete time balanced random walk in a time dependent random envi-
ronment with law P. Suppose that the family of shifts {61, : e € U} is ergodic and that

inf B [5,;0”1)(0)} < oo. (1.5)
Then, the following are satisfied.

(i) The environmental process has a unique invariant probability measure v which is absolutely
continuous with respect to P.

(ii) P-a.s., under Py, the sequence X,.1/+/n converges in law to a Brownian motion with non-
degenerate covariance matric A = {a; ; : 1 <1i,j <d}, where

a; ;= Z(e -e;)(e-ej) /wO(O, e)dv.

ecU

Theorem 1.1 extends the static version of the quenched central limit theorem proved by Lawler
[L82] for uniformly elliptic environments and by Guo and Zeitouni [GZ10] for elliptic environments.
Other recent related results for random walks in balanced static environments include Berger and
Deuschel [BD14] and Baur [Bal4]. On the other hand, it should be pointed out that several results
exist proving quenched central limit theorem for random walks in time-dependent environments,

but in general under mixing condition which are stronger that our ergodicity assumption (see for
example [DKLO0S]).

Remark 1.1 For time-independent random environment, a similar criteria as (1.5) for n =1 for
QCLT is obtained by Guo and Zeitouni [GZ10], where no stay-put is required, i.e, p1(z,x) = 0.
However, in the time-dependent case, if there is not enough stay-put, then the random walker may
not “feel” certain parts of the environment due to the parity of the space-time, which destroys our
QCLT. See Section 7 for a counterexample.

Remark 1.2 The non-degeneracy of the matriz A of part (i1) of Theorem 1.1 follows from the fact
that for any vector w = (uq,...,uq) one has that

u- Au = Z(e : u)Q/wO(Qe)dV > 0,

ecU

since the vectors of U generate R% and v is absolutely continuous with respect to P, so that A is a
positive definite matriz.

Remark 1.3 Condition (1.5) of Theorem 1.1 is always satisfied if the environment is uniformly
elliptic (k> 0) and the range U of the walk satisfies |conv(U)| > 0. Indeed, since the environment
is balanced, we see that 0 € conv(U), so that for some set of non-negative A., e € U, not all equal
to 0, we have that ) .. Aee = 0. Moreover, the coefficients A, can always be chosen as integer
numbers, as all e € U have integer coordinates. Therefore, the random walk returns to the origin
after N = ) .y Ae steps with a probability larger than kN, so that py(0) > k™. On the other
hand, the fact that |conv(U)| > 0 implies that |conv(Vn)| > 0, c.f. (1.3), is also bounded by some
positive constant so that ey, c.f. (1.4), is bounded from below by some positive constant.



1.2 Continuous time RWRE

We can also formulate a continuous time version of Theorem 1.1. Recall that U is a finite subset
of Z%. Define

Q:={v={v(e):e€ U}:0<eiggv(e)}.

Note that we do not assume any upper bound on the transition rates v(-) € Q. Cousider a
continuous time stochastic process

w = {w; 1 t > 0} € D([0,50); H)

with state space $ COZ" so that wy := {wi(z) : z € Z9} with wi(x) := {wi(x,e) e € U} € Q.
We call w a continuous time environment. Let us denote by Q the law of this process defined on
D([0,00); ). For a given environment w € D([0, 00); $), consider the continuous time random walk
defined by the generator

Lyf(z) =) ws(z,e)(f(z +e) = f(2)),

ecU

where s > 0 and f : Z% — Z% is bounded. We call this process a continuous time random walk in a
time-dependent random environment and denote for each x € Z? by P¢, , the law on D([0, 00); Z%)
of this random walk starting from z at time t. We call Py, , the quenched law of the random walk
starting from x.

For the continuous time environment, we will make the following ergodicity assumption. For
each s > 0 and x € Z? define the transformation

Os. = D([0,00); 9) = D([0,0); )

by (8s,.w)i(y) = wirs(x +y). We assume that the law of the environment Q is stationary under
the action of the shifts {6, : s > 0: 2 € U}. We say that the shifts {0, : s > 0,2 € U} form
an ergodic family of transformations acting on the space (D([0,00);$), B(D([0,0);$)),Q) or an
ergodic family of transformations with respect to Q if whenever A € B(D([0,00);$)) is such that
0,3A = Afor every s >0 and z € U, then Q(A) is 0 or 1.

We will say that the continuous time random walk in time-dependent random environment with
law Q is balanced if for every t > 0, x € Z% we have that

Z ewt(x,e) =0 Q- a.s. (1.6)

ecU

As in the discrete-time case, we can also define the environment viewed from the random walk
or the environmental process as the continuous time process

Wt 1= 9757th

for t > 0. We will assume that it also has state space §) so that it is a stochastic process defined in
D(]0,00); $) with starting point w € D([0,00);$). Call PS the corresponding law. In general, if w
is distributed according to some law i, we define Py := [ PSdp. We will say that p is an invariant
measure for the environmental process if the law of w; under PJ is independent of ¢ for ¢ > 0.

For each (x,t) € Z? x [0, 00), let

Usi = {wi(z,e)e: e € U} (1.7)
and
e(,1) = (1) = (Jconw(Us.4)) /@D | (1.8)
v(x,t) = vy(x,t) = Zth(x,e).

We will denote by Eg the expectation with respect to the law Q of the environment and write
e =¢(0,0) and v = v(0,0).



Theorem 1.2 Consider a continuous time balanced random walk in time-dependent random en-
vironment with law Q. Suppose that the family of shifts {05, : s > 0,z € U} is ergodic. Assume
that

d+1
v +1

Then, the following are satisfied.

(i) The environmental process has a unique invariant measure which is absolutely continuous with
respect to Q.

(i) Q-a.s. under F .. the sequence Xt./\/f converges, as t — oo, in law on the Skorokhod space
D([0,00); R?) to a Brownian motion with non-degenerate diagonal covariance matriz.

1.3 Applications of the QCLTs

Theorem 1.2 can be applied to derive quenched central limit theorems for balanced random walks
driven by some interacting particle systems. An example of this situation is a random walk moving
among the zero-range process. Given a function g : N — [0, 0c0) satisfying g(k) > ¢g(0) = 0 for all
k > 0, the zero-range process can be constructed as a Markov process describing the movement of
particles on the lattice Z%, so that if at a site 2 € Z¢ and time ¢ > 0 there are 1;(z) particles, a
particle jumps uniformly to the nearest neighboring sites of x at a rate g(n:(x)). The infinitesimal
generator L of this interacting particle system is defined by its action on functions f : N2 5 R
depending on a finite number of coordinates of n = {n(z) : z € Z4} € NZ* by

Lfm = > g@) (™) - f(n),

z,y€Z%:|z—yl1=1

where
n(z) —1 if z=x
Y (z) = qny) +1 i 2=y
n(z) if z#xy

Under the condition

sup [g(k + 1) — g(k)| < oo,
keN

this process is well defined whenever the initial condition n € S, where

S:={ne NZ* Z n(x)a(x) < oo}, (1.10)
€7
and
— 1
a(z) = Z 2—npn(07x),
n=0

with p,, (0, z) the probability that a discrete time simple symmetric random walk starting from 0 is at
position x at time n (see [A82] for this construction). The above process is called zero-range process,
and we will denote by P, its law on D([0, 00);S) starting from n € S. This process has a family of
invariant measures (see also [A82]) defined through the partition function Z : [0, 00) — [0, 00) by

ok
20 =2 Ty
Define
o = sup {o:Z(a) < oo}
a€l0,00)



Assume also that

lim Z(a) = oco.

a—a*
Now, for each 0 < a < «a* define the product probability measure u, on NZ* with its Borel
o-algebra, with marginals given by
1 aF
Z(a) g(1) -+ g(k)

As a matter of fact p(S) =1, so that we can define the measure

Ma(k) =

Py = / Pydpia(n).

Let us assume that the function g is non-decreasing, so that for each 0 < a < «a*, the invariant
measure fi, is also extremal [A82]. Therefore, for a € [0, a*), the shifts {0, , : s > 0,2 € Z¢} form
an ergodic family of transformations with respect to P,. For each e € {e1,...,eq}, fix a finite range
function u(e,-) : S — (0,00): in other words, there is an R > 0 such that for each n € S, u(e,n)
depends only on 7(z) for |x|; < R. Define for e € {e1,...,eq},

u(—e,-) = u(e,)
Now, define the stochastic process for t > 0, w; := {w; () : € Z¢} where for € Z¢, we define
wi(z) := {u(e,0,m;) : e such that |e]; = 1}.
Let us call w := {ws : t > 0} a an environment generated by an attractive zero-range process. We

then have the following immeadiate corollary to Theorem 1.2.

Corollary 1.1 Consider a continuous time random walk {X; : t > 0} in an environment w gen-
erated by an attractive zero-range process, with law P, for some a € [0, a*). Assume that

dpe < 00. (1.11)

/ (Soew ule,n) ™ +1
H?:1 u(€i> 77)

Then P,-a.s. the random walk {X; : t > 0} satisfies a quenched central limit theorem with nonde-
generate covariance matrizx.

The condition (1.11) is satisfied in the case in which the function w is bounded from above and
below. Furthemore, Corollary 1.1 includes the case of a second class particle in the zero-range
process, solved by Saada in [Sa90], where nevertheless the main problem we face here, which is the
construction of the invariant measure, is not present.

Theorem 1.1 can be applied to derive quenched central limit theorems for a certain class of
random walks in static random environment. In order to give a simple example, we will consider
random walks in Z2. Given x € Z?2, we will write 2 = (y, z), so that y and z are the coordinates
of z. Consider then a two-dimensional random walk {X,, = (Y,,,Z,) : n > 0} in static random
environment with a law P and jump range U = {e € Z% : |e¢|; = 1} = {e1, €2, —€1, —€2}, where for
x € Z2, |z|1 := |y| + |2| denotes its I;-norm. Let us note that given w € Q and X,, = z = (y, 2), the
process {Y,, : n > 0} will jump from Y;, =y to Y,, = y + e with e = e;, —e; or 0, with the following
probabilities,

w(z,eq) if e=¢e
wy (z,e) =< w(z, —e1) if e=—e (1.12)
w(z,e2) +w(x, —eg) if e=0.

Similarly, given w € Q and X,, = x = (y, 2), the process {Z,, : n > 0} will jump from Z, = z to
Zn =1y + e with e = ea, —es or 0, with the following probabilities,



w(zx,es) if e=ey
wz(z,e) == w(z, —es) if e=—es (1.13)

w(z,e1) +w(x,—ep) if e=0.

Given an environment w, we will say that {Y, : n > 0} is a autonomous random walk in a
static random environment if for every x1 = (y1,21) and o = (ya,22) € Z¢ with y; = y» and
e € {e1, —e1,0} one has that

Wy (y1,€) := wy (21,€) = wy (z2,€). (1.14)

In other words, the jump probabilities (1.12) do not depend on the z coordinate of the site z =
(y,z). Note that wy = {@wy(y) : y € Z} with wy(y) = {®y(y,e) : e € {e1, —e1,0}} defines an
environment in Z.

For z = (y,z) € Z? define the projections my, 7 : Z? — Z by mz = y and mx = z. We say
that an environment w € € defines a random walk with coordinates with independent jumps if for
every x € Z% and e € U one has that

w(z,e) = wy (z, me)wz (z, mee). (1.15)

Now, given a law P defined on the environmental space 2, we will say that P defines a au-
tonomous random walk in a static random environment for the first coordinate if for P-a.a. w € Q2
this is satisfied. Similarly, we will say that P defines a random walk with coordinates with inde-
pendent jumps if for P-a.a. w € Q this happens. Now, suppose that under P, {Y,, : n > 0} is
a autonomous random walk in a static environment. For each y € Z, we define § € Z? by the
relations

Y=y (1.16)
T8 = 0. (1.17)

We will say that there is an absolutely continuous invariant measure for the random walk {Y;, :
n > 0} if there exists a probability measure Q which is absolutely continuous with respect to P and
such that for every bounded and continuous g : 2 — R one has that

[owae= ¥ [ur.og0wie

ec{e1,—e1,0}

Corollary 1.2 Consider a random walk {X,, = (Yn,Z,) : n > 0} in a static uniformly elliptic
random environment with law P. Assume that P is translation invariant and ergodic under the
action of the shifts O(c, 0y and 0(_., o). Suppose that the following are satisfied.

(a) (autonomous first coordinate) Under P, {Y,, : n > 0} is a autonomous random walk.

(b) (coordinates with independent jumps) The random walk {X,, : n > 0} has coordinates
with independent jumps under P.

(c) (absolutely continuous invariant measure for the first coordinate of the random
walk) There is an absolutely continuous invariant measure with respect to P for the random
walk {Yy, :n > 0}.

(d) (quenched CLT for the first coordinate of the random walk) P-a.s., the random walk
{Y,, : n > 0} satisfies a quenched central limit theorem, so that there is a a deterministic vy
such that P-a.s. under Py, the sequence (Yj,q — nvi)/y/n converges in law to a Brownian
motion with non-degenerate covariance matriz.

(e) (balancedness of the second coordinate of the random walk) The random walk {Z,, :
n > 0} is balanced.

Then the following are satisfied.



(i) The environment seen from the random walk {X,} has an invariant measure which is abso-
lutely continuous with respect to P, and hence satisfies a law of large numbers with velocity
v.

(i) P-a.s. under Py, the sequence (X, —nv)//n converges in law to a Brownian motion with
non-degenerate covariance matrix.

1.4 Organization of the article

Since the proofs of Theorem 1.1 and 1.2 are similar, most of the subsequent sections of this paper
will give the details of the proof of the discrete time Theorem 1.1, while an outline of the proof
of the continuous time Theorem 1.2 is given in section 5. In section 2.1, we state the version of
Kozlov’s theorem that will be used to construct the absolutely continuous invariant measure for
the discrete time random walk. In subsection 2.2, the parabolic maximum principle for general
meshes is stated while its proof is deferred to subsection 4. Both Kozlov theorem and the parabolic
maxima inequality are subsequently used in section 3 to prove Theorem 1.1. Corollary 1.2 is proved
in section 6. In section 7, we give an example that the ergodicity hypothesis of Theorem 1.1 cannot
be changed to a weaker kind of total ergodicity.

2 Two preliminary tools

Here we state two theorems that will be used to prove Theorem 1.1. The first is a version of a
well known theorem of Kozlov for time dependent random walks, while the second is the parabolic
maximum principle for general meshes, whose proof is given in Section 4. The parabolic maximum
principle is a crucial tool to construct the absolutely continuous invariant measure of part (i) of
Theorem 1.1, while Kozlov’s theorem is required to derive part (i¢) of the same theorem.

2.1 Kozlov’s theorem

The proof of Theorem 1.1 will require the following version of Kozlov’s theorem [Ko85] for time
dependent random walks.

Theorem 2.1 Consider a random walk in a time-dependent elliptic random environment which
has a law P. Assume that {0 , : z € U} is an ergodic family of transformations with respect to P.
Assume that there exists an invariant measure v for the environmental process, which is absolutely
continuous with respect to P. Then, the following are satisfied:

(i) v is equivalent to P.

(i) The environment as seen from the random walk with initial law v is ergodic.

(iii) v is the unique probability measure for the environmental process which is absolutely contin-
uous with respect to P.

Proof. Since the proof is similar to the case of random walks in static random environments, we
will stress the steps which are different (see [BS02] for example for a proof of the theorem for static
random walk in random environment).

To prove part (i), let f be the Radon-Nikodym derivative of v with respect to P and define
E :={f = 0}. We will prove that P(E) = 0. Using the fact that v is invariant, we can conclude
that P-a.s. for every z € U,

1E(w) Z Z wo(O,z’)lE(ﬁLz/w) Z w0(07z)1E(91,zw).
z'eU

From the ellipticity assumption and the fact that 1g(w) and 1g(6; ,w) only take the values 0 and
1 we see that for each z € U, P-a.s.

1E(w) 2 ].E(QLZ(JJ).
Now since P(E) = ]P)(Gl_;E), we conclude that for each z € U, P-a.s.



lp=1y1p (2.18)

By a similar reasoning we conclude that for every n > 0 and z € U,,

lp =1yt p-

Now define

E = 0_ UpZ, Uyeu, Oy E.

Note that for every z € U, we have that
- =
E=0,E.

Since P is ergodic with respect to the family of space-time shifts {6y . : z € U}, and F differs from
FE on a set of measure 0, we conclude that

P(E) = P(E) € {0,1}.

But [, fdP = [ fdP =1 implies that P(E°) > 0, so that necessarily P(E) = 0.

To prove part (ii) as in the static case (see [BS02]) it is possible to prove that for every A € B(T'Y)
such that T7'A = A, where T': TV — I'N is the one step time shift on the space of environments,
the process

¢(@n) = Fo, (A),
is a martingale and also there is a set B € B(I') such that

¢ =1g.
We then show that P-a.s. for each z € U, the inequality

1B(w) 2 Z UJO(O, z’)lB(GLz/w) Z w0(07 z)lB(Gl’Zw)
z'eU
is satisfied. Using an argument similar to the one employed in part (7) we now see that v(B) € {0, 1},
which proves that P,(A) = v(B) € {0, 1}.
The uniqueness of v stated in part (i74) can be obtained following exactly the same argument
as in the static case [BS02].
|

2.2 A new maximum principle for parabolic difference operators on gen-
eral meshes

The quenched central limit theorem for balanced random walks in static random environments [L82]
can be proved using lattice versions of the maximum principles for elliptic operators of Aleksandrov-
Bakel’'man [A63, B61] (see also [P66]) for elliptic partial differential equations (see Papanicolaou
and Varadhan [PV82] for an application to prove a QCLT for diffusions with random coefficients .
). The maximum principle for elliptic difference operators were proved by Kuo and Trudinger in a
series of papers (see for example [KT90]).

Nevertheless, to prove Theorem 1.1, we will need a parabolic maximum principle. Within the
context of diffusions, this was first established by Krylov [Kr76], and subsequently a discrete version
for general meshes proved by Kuo and Trudinger in [KT93, KT95, KT98]. Here we state a new
parabolic maximum principle, Theorem 2.2, for difference operators and prove it in section 4 using
a geometric approach.

We firstly introduce some notation. Given x € Z%, we denote by |z|s its I norm. For xq € Z,
R >0, let

Br(zo) := {z € Z : |x — x0|2 < R},

Consider a balanced time dependent environment a = {a,, : n > 0} € QN (c.f. (1.1)). For any finite
subset D C Z% x Z, define its parabolic boundary by



D?:={(z,n)¢D: ant1(y,x—y) > 0 for some (y,n+1) € D}.
Define the parabolic operator
Lou(x,n) = Z an(z,2)(u(x + z,n — 1) —u(z,n — 1)) — (u(z,n) — u(z,n — 1)).
zeU

For a real function g defined on D C Z? x Z and p > 0 define

1/p
lgllop = | D lg@n)” | . (2.19)
(z,n)eD
Set,
Upp = {an(z,2)z: 2 € U}
v(z,n) = |conv(Uy )|
and define

o(@,n) ) 1/(d+1)

ea(z,n) = (an(amO) 0]

Theorem 2.2 Assume that D C 7% x Z is a finite set and DUDP C Bg x [0, T) for some R, T > 0.
Let u be a function on D UDP. If u satisfies
Lou>—f in D (2.20)

for some function f on D, then
d/(d+1)
maxu < maxu + CR 1f/2allD,d+1,
where C' = C(U,d) is a constant.

Remark 2.1 The elliptic version of Theorem 2.2 was implicitly obtained in [KT00, (44)]. How-
ever, there is a minor gap in its proof. That is, [KT00, Lemma 3] is not true for general non-

symmetric convex bodies. This can be fized by symmetrization (and using the balanced assumption),
see (4.32).

3 Proof of theorem 1.1

It is easy to check, as in the case of random walks in static balanced random environments, that
part (i) of Theorem 1.1 implies, through Theorem 2.1, part (i) (see [L82]). We therefore will
concentrate on the proof of part (7).

Throughout this section, we fix a balanced environment w € €, so that for all z € Z% and n > 0,

Z ewn (z,e) =0

ecU

Let N be an even natural number. By (1.5), we know that there is a k such that the random walk
returns to its starting point after k steps and such that

Ep [sg(d“)} < . (3.21)

Let us first assume that k& = 1. We introduce for (z,n) € Z% x Z the equivalence classes

(z,n) := (z,n) + (2N +1)Z% x (N? 4+ 1)Z. (3.22)

10



In addition we define the periodized version w™¥) of w so that wﬁnN)(y) = wy(z) for (y,m) € Z4 x Z

and

(x,n) € By :={2€Z%: 2] < N} x {0 :1<n' < N?+1}
such that (y,m) = (z,n). Set

Qv = Oy = {0, 0™ 1 (z,n) € 29 x Z}.

It is straightforward to see that the process (6, x,w®™)),>¢ is a Markov chain with a finite state
space 2 and has an invariant measure vy < Py, where

1 1

Py := ) .

NT(NZHT) (2N + 1)d 2 B,
(z,n)EBN

Although it will not be used in this proof, note that the invariant measure vy is of the form

UN = Z N (2,m)dg, 0w,

(z,n)EBN

where ¢ is also the density of the invariant measure of the random walk {(X,,n) : n > 0}, c.f.
(3.22), on By with periodic boundary conditions, induced by {X, : n > 0}. Using this fact, we
can write explicitly the equation solved by ¢y, from where it is possible to use analytic tools to
derive properties of vy (see [E00]).

Note that since P is ergodic under the action of {61, : * € U} which is a subset of the
transformations generated by 61 and 6y 5,z € U, by the multidimensional ergodic theorem (see
[DF88, Theorem VIIL6.9]),

lim Py =P P — a.s.

N—o00

Define the stopping times 7y = 0,

Tip1 =inf{i > 751 |X; — Xpj|loo > Nori—7; > N?}, >0, (3.23)

Lemma 3.1 There exists a constant co > 0 such that for all ¢ > co, there is an Ny such that for
N > Ny we have that

c\™ 1
sup E;n, [(1 - —) ] < - (3.24)

2E€Z4.n>0,6€QN ¢ N2 2
Proof: The proof follows the lines of [GZ10, Lemma 4]. Since {X,, : n > 0} is a martingale, by
Doob’s martingale inequality, for any 1 < K < N2,

d

Prpelri < K] €237 Pl max_Xa(i)* > N)
=1 -

d
2 2dCyv K
<= E EonelXt()] < &—~—
- N — $7";£[ K(’L)] — N ’

where X, () denotes the i-th coordinate of X,, and Cyy = max{|e|: e € U}. Hence for every ¢ > 0
we have that

m (1) < (5 R

Taking K = (g dJZ'U )2 it follows that for c large enough whenever N is large enough then inequality
(3.24) is satisfied. ]

In accordance with the notation of (1.2), we denote by E¢ the expectation associated to the law
P of the environmental process starting from &, c.f. (1.2). Denote by S = S, the transition

11



semigroup of the environment Markov chain {, : n > 0} defined for each £ € Qn as &, =0, x,. ¢
for n > 0. That is, for every function g on Qn and £ € Qp, for £ > 0 define

Stg(€) = Belg (&), VEeN.

Since vy is the invariant measure for the environment Markov chain, we have

/ gdvy = / S*gdvy, VkeN.

Let co be the constant as in Lemma 3.1. Putting p = p(w, N) :=1 - & € (0,1), we see that
(1—=p)~" [ gdvn =332, 0" [ SFgdun
< maxeeay Ypoo PP99(€) = maxeeny Fe | 3270, p’“g(sk)]. (3.25)

On the other hand, for ¢ large enough we have that

max¢eoy Ee {Ziio Pkg(ﬁk)] < Yom—omaxeeoy Be |p™ Y oo 9(5k)]

<=0 <maX£eQN Es[ﬂ“]) maxgeq, Fe {Z?_ol 9(€k)]

T1—1 T1—1
< 1*“13"&651\1 Eeclpi] maxeeQy EE |:Zkl_o g(fk):| < 2maxecqy E§ |:Zk1_0 g(fk):| (3'26)

where in the last and second to last inequality we have used the fact that for ¢ large enough, we
can apply inequality (3.24) of Lemma 3.1. Recall that BY, denotes the parabolic boundary of By.

Now, for any (z,n) € By U BY, and £ € Qp, define Eéx’”) := By, ¢ and

T—1
fe(z,n) := B N21-ne) [Z g(ﬁk)]

k=0

where 7 = inf{i > 0:|X;| > N or i > N?}. Then f; satisfies

Lo fe(z,n) = —Ge(z,n), if (zr,n) € By
Je(x) =0, if (z,n) € BY,,

where G¢(x,n) := g(0,, nv24+1-n&). We can now apply Theorem 2.2 to conclude that

max fe(x,n) = max F, = max f¢(0,N? +1
nax fe(w,n) = max B K;_lg(fk) max fi( )

< max CNYD|Ge/e1 |y avn
= ON?|lg/e1llpiv@n)s (3.27)

where the norm || - || gy,a+1 is defined in (2.19). Therefore, combining (3.25), (3.26) and (3.27), we
conclude that for some constant C' > 0,

[ odvw < Cligfarllzony

Using the compactness of {2 and Prohorov’s theorem, we can extract a subsequence vy, of v which
converges weakly to some limit v as k — oo. Then, by the ergodic theorem and the assumption
Ep[1/971] < 00, c.f. (3.21), we would conclude that

/gdz/ < Cllg/e1llga+1(py for any bounded measurable function g on .

Note that the above inequality implies that v is absolutely continuous with respect to the probability
measure u defined by

12



1 1
dy = dP.

Ep [e7 @ (0,0)] €771(0,0)

Since p is by definition absolutely continuous with respect to P, we conclude that v < P. Now,
note also that Theorem 2.1 ensures that v is unique.

In the case in which (3.21) is satisfied for k& > 1, by the same argment as in the case in which
k =1, we can construct an invariant measure v, which is absolutely continuous with respect to P,
for the environmental process looked at times which are multiples of k, defined for n > 0 by

(k) .—
w%) = Unk, X, W-

We will now show how to construct from v an invariant measure v which is absolutely continuous
with respect to P, for the environmental process {w, : n > 0}. Define for every bounded and
continuous function g, the measure v by

k—1
/gdz/ = Z/Rigdl/k,
i=0
where R : Q — Q is defined for w € Q by

Rg(w) == Zwo(o,e)el’xlw
ecU

k
/Rng:Z/Rigduk :/ng—I—/ng—/ngdz/: /gdu,
i=1

where the last equality is a consequence of the invariance of vi. This proves that v is an invariant
measure for the environmental process. To see that v is absolutely continuous with respect to P
note that for each measurable A in Q, with P(A) = 0, we have that

Then note that

/RilAdI/k S Z uk(ﬁk’;A) = 0,

zeUy,

since the stationarity of IP implies that IP(G,;;A) = 0 which in turn implies by the fact that v, < P

that Vk(Hk_;A) = 0. Therefore we conclude that v(A) = 0 and hence that v is absolutely continuous
with respect to P.

4 Proof of the maximum principle

Here we will prove the maximum principle in Theorem 2.2. Define
M := maxu.
D

Without loss of generality assume that M > 0, maxp» v < 0 and that f > 0. For each (z,n) € D
define

I,(z,n) = {p e R?: u(z,n) —u(y,m) > p- (x —y) for all (y,m) € DUDP with m < n}
Let also

I =T(u,D):={(x,n) € D: L,(x,n) # 0},

't =T (u,D) := {(z,n) € T : R|p|2 < u(x,n) — p -z for some p € I,(x,n)}

and

13



M
A= {(g,h) eRYxR:R|]y <h< 2} C R
For (z,n) € D define the set

X(@,n) == {(p,q— - p) : p € L(x,n),q € [u(x,n — 1), ulz, n)]} € R,
Step 1. We will first show that
Acx@)= J xn). (4.28)
(z,n)ert+

Indeed, let (£, h) € A, and define for (z,n) € D,

d(xz,n) :=u(z,n) —&-x—h.
Let (x0,n0) € D be such that u(xg,no) = M. Then, by the definition of A, we see that ¢(xg,ng) > 0
and
¢(x,n) <0,
for (z,n) € DP. We now claim that there exists (z1,n1) € I'" with ny < ng such that ¢(z1,n1) >0
and (&, h) € x(x1,n1). Indeed, for x € Bp, let
N, :=min{n: (n,z) € D and ¢(z,n) > 0}

and

ny:= min N, <ng <T,
r€EBR

with the convention min () = co. Let x; € Bg be such that ny = N,,. Thus, for all (z,n) € DUDP
with n <ny
u(z,n) — & -z < h<u(zr;,n)—E&-z1.

Hence € € I,(x1,m1) # 0 and h + & - 21 € (u(z1,n1 — 1), u(x1,n1)], which proves the claim and the
statement of display (4.28).

Step 2. We will now show that for each (z,n) € T'F

(Lyu(@,n))?

I <|ul*
e )l < U T

: (4.29)
where for every (z,n) € I' and function h(z,n) : Tt — R we define

Lih(xz,n) = Za(n,x, z) (h(x,n) — h(z + z,n — 1))
2#0
and
Upp :={aln,z,2)z:2€ U}.
Fix p € I,(z,n) and set

w(y,m) = u(y,m) —p-y.

Then we have that I,,(z,n) = I,(z,n)+p. Furthermore, by definition, if ¢ € I,,(x,n) and (y,n—1) €
D UDP we have that

’LU(J?,TL) —’LU(y,?’l— 1) > ($ _y) - q.
Hence, for each ¢ € I,,(z,n) and z € U, ,, we have that
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Liu(x,n) = Liw(x,n) = Za(n,x, 2) (w(z,n) —w(x+2z,n—-1)) > z2-q. (4.30)
z#0

Let now V, ,, := conv(U, ) and consider the polar body of V, ., given by V;? |, = {z € Ré:z.y <
1 for all y € V. ,,}. Display (4.30) implies that

Ly(z,n) C Lyu(z,n)V,,. (4.31)
Using the fact that ZIGUI [ =0, note that if z € V2

x,m?

2o (—y) =2z Z 1< |UI.

leUm,n\{y}

then for each y € U, ,

Hence, setting INme ={ty:ye€U,,} and Vln = conv(Ulm) we see that
Vin C {z cz-y <|Ulforally e Tj};n} = |U|Vmon (4.32)
Combining (4.31) with (4.32) we conclude that
Iy(z,n) C |U|Lju(z,n) Ve,
Now, since Vz‘)n is a symmetric convex body, by Mahler’s inequality [M39], we see that

4d
Vel

Vinl <

which finishes the proof of (4.29).
Step 3. Here we derive the maximum inequality from steps 1 and 2. Set,

(T, z) = U x(z,m).

m:(x,m)er+

For each x € D, define p, : R? — R? by

pz(yam) = (y7m +y- :E)
Let

X(z,n) = py o x(x,n) = I,(x,n) x [u(z,n —1),u(z,n)] c R

Then, using the inequality Q@I hTIT < “idb valid for a > 0, b > 0, and the notation Y’ for the
sum running from n =1 to n = T with u(z,n) — u(x,n — 1) and Liu(z,n) positive we see that

(T, 2)| = [R(T, )]
<3 (e, ) — uesm— 1)) L, )| 1 yers
! *ulz.n d
< U1 S () — ufa,n — ) Fat@)Ty

v(z,n)
n,z,z)(u(z,n) —u(z,n — 1)) + Liu(z,n) i
<ay (" @+ 1)e(en) )

—Lou(z,n d+1
= Z ( )> L(g,myer+- (4.33)

l(a:,n)GFJr

Now, note that

M

A= O R
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Combining this with inequality (4.33) and with (4.28) of Step 1, and using the hypothesis (2.20),
we see that

Md+1 1
C—g— < Z gd+1‘f|d+11<z,n)eF+-

R
(z,n)€D
Therefore,
_a |l f
max_u(z,n) < CRH ||= .
(z,n)eD IS D.d

5 Proof of the continuous time quenched central limit the-
orem
The proof of Theorem 1.2 follows a strategy similar to that of Theorem 1.1. In other words, since
the continuous time random walk is also Q-a.s. a martingale, it suffices to construct an invariant
measure for the environmental process which is absolutely continuous with respect to the initial law
Q of the environment. However, unlike the discrete time case, the continuous time process is allowed
to jump at unbounded rates. To obtain a QCLT, we need not only to deal with the degeneracy of
the ellipticity, but also to control the jump rates. This is achieved by first performing a time change
to “slow-down” the original RWRE, and then applying a maximum principle for (continuous-time)
parabolic difference operators to construct the invariant measure.

Let us state the version of the parabolic maximum principle that we use. Consider a balanced
continuous time-dependent environment {a; : t > 0}, c.f. (1.6), with a; := {a;(x) : * € Z¢} and
at(z) :={ai(z,e) : e € U} € Q. Given any finite set D C Z% and T > 0, we define

D= D x (0, ).
Define the parabolic boundary of D by
pr.=DpuDT,
where DT = D x {0} denotes its time boundary and
D' = {(x,t) ¢ D : as(y,x —y) > 0 for some (y,t) € D}

is the lateral boundary of D.
Now, for u : Z4 x [0,00) — R bounded and differentiable in time for each x € Z%, we define the
parabolic difference operator

Lou(z,t) = Z a(z,e)[u(z + e, t) — u(z, t)] — Qru(x, t).

ecU

For p > 0 and any real-valued function ¢ that is summable on D = D x [0, T], define

T 1/p
lgllp,p == (/0 ZIg(x,t)P”dt) .

xeD

We can now state the maximum principle.

Theorem 5.1 Assume that a is a balanced environment. Let u be a function on D U DP which
is differentiable with respect to t in (0,T). Let f be an integrable function in D. Assume that u
satisfies

Lou> f in D.
Then, there is a constant C = C(U,d) > 0 such that

supu < supu + CRd/(dH)Hf/sHDde,
D Dp

where R := diam(D) and € is as defined in (1.4).
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Note that the space-time process (X, );>0 is a Markov process on 74 x R with generator

Liu(x,t) = Z wi(x, e)(u(x + e, t) —u(x, t)) + dwu(z, t).

ecU

To show that (X;);>0 does not explode, i.e, there are only finitely many jumps within finite time,
we will first consider a slowed-down process. Recall the definition of v,, in (1.8). Let

()/157 Tt)tZO

be the Markov process on Z? x R with generator (v,, +1)~!£*. That is, at space-time (z,t), the
slowed-down process Y. will jump to z + e € z 4+ U with rate

wi(z,e)/(vo(x,1) +1),

and the time process T" will increase at rate (v, (z,t) +1)~1. Note that

t
1
T, = —_d 5.34
t /0 (Vs T + 107 (5-34)
and
X5, =Y, (5.35)

Define the stopping times 79 = 79(Y.,7.) = 0, and
Tj+1 = Tj+1(Y,T,) = inf{t > Tj |Y;5 — Yrj|oo > NorT; — T > NQ}.
We have the following analogue of Lemma 3.1.

Lemma 5.1 There exists a constant ¢ > 0 such that for all N large and any w € €,

C \m(Y.,T))
B|(1-73)

N2 =

1
— 2 .
Proof: The proof follows similar argument as in Lemma 3.1. Recall that Cy = max{le| : e € U}.

Note that (Y;);>0 is a martingale and (|Y;|* — Cyt)i>o is a super-martingale. Let K = % Then,
by Doob’s L?-martingale inequality,

P(ry < K) = P( max _|Y;| > N)
0<t<K

1 CuK 1
< —FE[|Yx|?] < ==
— N2 [l K| } — N2 27
where in the first equality we used the fact that Ty < K < N?2. [ |

Theorem 5.2 Assume the same conditions as in Theorem 1.2. Then the environmental process
(01, v,w)i>0 has a unique invariant probability measure v which is equivalent to Q.

Proof: Let Qn = {z € Z : |z|oc < N} x (0, N2]. We introduce on Z? the equivalent classes

(z,t) == (x,t) + (2N + 1)Z¢ x N?Z.

Fix a balanced environment w € Q, and define its periodized environment w™) so that for any
(ZIJ, t) € QN7

whenever (y, s) = (z,t).
Set

QN,w = QN = {Gt,xw(N) : (J?,t) S QN}
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and let Py = Py, denote the probability measure

Py(de) = Y g, w—edt.

z:(z,t)EQN

Under the environment w®™), recall that Y; is the slowed-down process. By compactness, there is
an invariant probability measure vy < Py for the Markov chain (HTt,ytw(N ))tZOa and it has the
form
vn(d) = D on(,t)lp, u—edt,
z:(z,t)EQN

where ¢ is the density of the invariant measure of the random walk (Y, T})¢>0 on Qn.
For ¢ € Qn, let & := 01,1y, denote the environment process. By similar arguments as in
Section 3, Lemma 5.1 implies

T1
< CN~2 E, dt
VNG < tnax F [/0 9(&)

K)Zoaﬂ):0]~

Letting

u(z,t) = Ee [/OT 9(&s)ds

YO:x7T0:N2—t],

we have
(Uw+1)71£§u:G§($,t) in Qn
u=0 in QR
where G¢(x,t) := g(8, n2—+£). Then, applying Theorem 5.1 to the operator L, we get

max u < CN?||(v+ 1)g/ellparr(py)
N

and so
vNg < [(v+ 1)g/el|paripy)-

Since, imy_,oo Pnw = Q, Q-a.s. and

Egl(v + 1)1 /el < 29 Eg[(v™ + 1) /et < oo,
using the ergodic theorem and Kozlov’s argument, the conclusion follows. [ |
Corollary 5.1 Assume the same conditions as in Theorem 1.2. For Q-almost all w, P, -almost

surely the process (X;)i>o0 does not explode. Moreover, the environmental process (04 x,w)i>0 has
a unique tnvariant probability measure v which is equivalent to Q.

Proof: Set @, := 0, x,w. By (5.34), Theorem 5.2 and the ergodic theorem,

T 1
o v+1

] €(0,1) Q® P,-a.s.

Hence, by (5.35), (X¢)¢>0 is not explosive. Furthermore, let

N
dv = dv,
v+1
where N = <El7[%+1])_1 is a normalization constant. Then v is the invariant measure of (@;);>0
and it is equivalent to Q. |

Theorem 1.2 (i) is proved in the above corollary. As in Theorem 1.1, this implies the invariance
principle Theorem 1.2 (ii).

18



6 Proof of Corollary 1.2

For each n > 0, denote by F! the o-algebra generated by {Yy,Y:,...,Y,}, while F¥ the o-
algebra generated by {Yp,Y7,...}. Now, given w € , define the time dependent environment

wY :={wY :n >0} on Q=P by

wy = {wY(z): 2z € 2%}

for n > 0 and wY (z) := {wY (z,¢) : e € {ea, —€2,0}} with

W;/((y, Z)7 6) = WDQ((y + anz)a 6)

for y,z € Z and f € {ez, —e9,0}. Furthermore, we define the time dependent environment @Y :=
{@Y :n >0} on Q; := PZ with Py := {v(e), e € {e2, —€2,0} : v(e) > 0, cefes—es,0p V(€) =1}, by

@y = {on (y) 1y € L}
for n >0 and @Y (y) := {@Y (y,e) : e € {ea, —e2,0}} with

UNJ?)L/(ZA 6) = LUZ((O, y)’ 6).

Lemma 6.1 P-a.s. we have that Py -a.s. under the law Py, (-|FY), {Z, : n > 0} is a random
walk on the lattice Z in the time dependent environment &Y .

Proof. Fix 0 < m < n and fix two sequences z1,..., zms1 € ZP2 and y1,...,y, € ZP* and define
x; = (yi,2;) for 1 < i < m+ 1. Using property (b) of Theorem 1.2 (independence property of
the jumps of the coordinates, c.f. (1.15)) and property (a) of Theorem 1.2 (the fact that the first
coordinate of the random walk is autonomous, c.f. (1.14)), note that

Poo(Zmi1 =2m+1lZ1 =215, Loy = 2, Y1 = Y1, -+, Yo = Yn)
 Pou(Zi =21, 2y = 2y Dl = 21, Y1 = Y1 Yo = Yn)
a PowlZi=21,. s Zm =2, Y1=U1,..., Y, = Un)
wZ(zma Zm+41 — Zm)wY(l'ma Ym41 — ym)‘DY (ym+1a Ym+2 — ym+1) s Wy (yn—l, Yn — yn—l)
WY(wmv Ym+1 — ym>@Y(ym+1v Ym+2 — ym+1) e '@Y(ynfla Yn — ynfl)
= wz(Tm, Zm—1 — Zm)

= wZ((yma Zm), Zm—1 — Zm)7

which finishes the proof. |

Now, by property (¢) of Theorem 1.2, we see that there is a measure v defined on Q which is
invariant for the environmental process {wY : n > 0} and absolutely continuous with respect to P.
Let us call @, the law of this process starting from v.

By Theorem 2.1 of Kozlov, @, is ergodic under the action of the time shifts {6, : n > 0}.
Now, the random walk {Z,, : n > 0} has at each time a positive probability of not jumping.
Therefore, @, is an invariant measure for the random walk {Z, : n > 0} on the time-dependent
environment @Y, which is ergodic under the action of the shifts {6 . : e € {ea, —e2,0}}. Note that
the environmental process associated to {©Y : n > 0} is defined for n > 0 as 0, z, &¥. We can
then apply part (¢) of Theorem 1.1 to conclude that there exists an invariant measure p for the
environmental process associated to {@} : n > 0}, which is absolutely continuous with respect to
Q.. Note that this environmental process is equal at time n to w((Z,,Y,)). This proves part (7)
of Theorem 1.2.

Furthermore, by part (i7) of Theorem 1.1, we conclude that P-a.s, for a.a. trajectories {Yp, Y1, ...},
and for all open B € C([0,0);Z),

- Zn) ¥
Tim Py, < e B‘]-' > > Q(B), (6.36)
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where @ is the probability that a Brownian motion with a specified covariance matrix belongs to
B. We can now conclude that for any pair of open sets A € C([0,00);Z) and B € C([0,00);Z) one
has that

Poo (Y a2l cBY gy (10 R (2 e Bl 7Y
“\vm 4w v Meae \m /

which by (6.36) has a lim inf which P-a.s. is bounded from below by the probability that a Brownian
motion with a specified non-degenerate covariance matrix in dimension d belongs to A x B. Using
the fact that any open set in C([0,00) : Z%) can be expressed as a countable union of sets of the
form A x B we conclude the proof.

7 Counterexample of a random walk in an environment which
is not ergodic enough

Here we show that the ergodicity hypothesis of Theorem 1.1 cannot be weakened. Consider a
1111

035 3} For any (x,n) € Z% x 7Z, set

1
. . 2 I _
balanced environment in Z#. Let A = {4, L 4}, B=/{

€ = A if |z|; +nis even
T B if |z|p +nis odd

¢ = A if |z|; +nis odd
en | B if |z|1 + n is even.
Define the environment measure P to be
1
Plw=¢)=Bw=¢)=7.

Noting that 0, 06 = &', we see that the measure P is ergodic under the shifts {61, : = € Z9}.
However, the QCLT does not hold, since X,,./y/n can converge to Brownian motions with different
covariance matrices.

Remark 7.1 The reason why Theorem 1.1 cannot be applied and the quenched central limit theorem
fails is that P is not ergodic under the group of shifts {01 , : x € U}.
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