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Abstract

In previous work by Avena and den Hollander [3], a model of a random walk in
a dynamic random environment was proposed where the random environment is
resampled from a given law along a given sequence of times. In the regime where
the increments of the resampling times diverge, which is referred to as the cooling
regime, a weak law of large numbers and certain fluctuation properties were derived
under the annealed measure, in dimension one. In the present paper we show
that a strong law of large numbers and a quenched large deviation principle hold
as well. In the cooling regime, the random walk can be represented as a sum of
independent variables, distributed as the increments of a random walk in a static
random environment over diverging periods of time. Our proofs require suitable
multi-layer decompositions of sums of random variables controlled by moment bounds
and concentration estimates. Along the way we derive two results of independent
interest, namely, concentration inequalities for the random walk in the static random
environment and an ergodic theorem that deals with limits of sums of triangular
arrays representing the structure of the cooling regime. We close by discussing our
present understanding of homogenisation effects as a function of the cooling scheme,
and by hinting at what can be done in higher dimensions. We argue that, while the
cooling scheme does not affect the speed in the strong law of large numbers nor the
rate function in the large deviation principle, it does affect the fluctuation properties.
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RWCRE: ergodic limits and concentration inequalities

1 Introduction, main results and discussion

Random walk in random environment is a model for a particle moving in an inhomo-
geneous potential. When the random environment is static this model exhibits striking
features. Namely, there are regions where the random walk remains trapped for a long
time. The presence of these traps leads to a slow-down of the random walk in comparison
to a homogeneous random walk, and may result in anomalous scaling, especially in low
dimensions. At present, these slow-down phenomena have been fully understood only in
dimension one (see Zeitouni [16] for an overview, and references therein).

The situation where the random environment is dynamic has seen major progress
in the last ten years. While the random environment evolves over time, it remains
inhomogeneous but dissolves existing traps and creates new traps. Depending on the
choice of the dynamics, the random walk behaviour can either be similar to that in the
static model or be similar to that in the homogeneous model. Up to now, most dynamic
models require strong space-time mixing conditions, guaranteeing negligible trapping
effects and resulting in scaling properties similar to those of a homogeneous random
walk (see Avena, Blondel and Faggionato [2] for an overview, and references therein).

In Avena and den Hollander [3], a new random walk model was introduced, called
Random Walk in Cooling Random Environment (RWCRE). This has a dynamic random
environment, but differs from other dynamic models in that it allows for an explicit
control of the time mixing in the environment. Namely, at time zero an i.i.d. random
environment is generated, and this is fully resampled along an increasing sequence of
deterministic times. If the resampling times increase rapidly enough, then we expect
to see a behaviour close to that of the static model. Conversely, if the resampling
times increase slowly enough, then we expect to see a behaviour that is close to the
homogeneous model. Thus, RWCRE allows for different scenarios as a function of the
speed of growth of the resampling times. The name “cooling” is used because the static
model is sometimes called “frozen”.

In order to advance our understanding of RWCRE, we need to acquire detailed
knowledge of fluctuations and large deviations for the classical one-dimensional Random
Walk in Random Environment (RWRE). Part of this knowledge is available from the
literature, but part is not and needs to be developed along the way. A few preliminary
results were proved in Avena and den Hollander [3] under the annealed law. In the
simplest scenario where the increments of the resampling times stay bounded, which is
referred to as the no-cooling regime, full homogenisation takes place, and both a classical
Strong Law of Large Numbers (SLLN) and a classical Central Limit Theorem (CLT) hold.
Moreover, it was shown that as soon as the increments of the resampling times diverge,
which is referred to as the cooling regime, a Weak Law of Large Numbers (WLLN)
holds with an asymptotic speed that is the same as for the corresponding RWRE [3,
Theorem 1.5]. As far as fluctuations are concerned, for the case where the RWRE is in
the so-called Sinai regime (recurrent, subdiffusive, non-standard limit law; see Sinai [14],
Kesten [10]), it was shown that RWCRE exhibits Gaussian fluctuations with a scaling
that depends on the speed of divergence of the increments of the resampling times [3,
Theorem 1.6]. The proof of this fact requires that the convergence to the limit law for
the corresponding RWRE is in LP for some p > 2. In [3, Appendix C] it was shown that
the convergence is in L? for all p > 0.

In the present paper we pursue a more refined investigation of RWCRE. We focus on
the cooling regime and aim for a deeper understanding of homogenisation effects. In
particular, we derive a SLLN and a quenched Large Deviation Principle (LDP), with a
speed and a rate function that are the same as for the corresponding RWRE, no matter
how slow or how fast the cooling scheme (Theorems 1.10 and 1.11 below). Both results
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are not unexpected, but at the same time are far from obvious. As we will see, they lead
to some subtle surprises, which we discuss below. A crucial ingredient in both proofs
is a general limit property we call cooling ergodic theorem, which is needed to control
certain variables representing the structure of the cooling regime (Theorem 1.12 below).
This theorem not only is a key tool in our proofs, it will also be useful to address other
questions not investigated here. To prove the SLLN and the LDP we also need certain
concentration inequalities for the corresponding RWRE (Theorem 1.13 below).

Outline. In Section 1.1 we define one-dimensional RWRE and recall some basic facts
that are used throughout the paper. In Section 1.2 we define RWCRE. In Section 1.3 we
state our four main theorems and provide some insight into their proofs. In Section 1.4
we discuss what is known about RWCRE, explain how the results derived so far relate to
each other, and state a number of open problems. The remainder of the paper is devoted
to the proofs: Section 2 for the cooling ergodic theorem mentioned above, Section 3
for the concentration inequalities of RWRE, and Section 4 for the SLLN and the LDP of
RWCRE.

1.1 RWRE: some basic facts

Throughout the paper we use the notation Ny = N U {0} with N = {1,2,...}. The
classical one-dimensional static model is defined as follows. Let w = {w(x): = € Z} be
an i.i.d. sequence with probability distribution

pn=a” (1.1)

for some probability distribution « on (0, 1). We write (-) to denote the expectation w.r.t.
a.

Definition 1.1 (RWRE). Let w be an environment sampled from u. We call Random
Walk in Random Environment the Markov chain Z = (Z,,),en, with state space Z and
transition probabilities

w(z) ife=1,

1—w(x) ife=-—1, z € Z,n € No. (1.2)

Pw(Zn+1:.T+€|Zn:{E):{

We denote by P () the quenched law of the Markov chain identified by the transitions
in (1.2) starting from z € Z, and by

Pi() = / PE() (), (1.3)
(0,1)%

the corresponding annealed law.

The understanding of one-dimensional RWRE is well developed, both under the
quenched and the annealed law. For a general overview, we refer the reader to the
lecture notes by Zeitouni [16]. Here we collect some basic facts and definitions that will
be needed throughout the paper.

The asymptotic properties of RWRE are controlled by the distribution of the ratio of
the transition probabilities to the left and to the right at the origin, i.e.,

1 —w(0)
=—" 1.4
We will impose a uniform ellipticity condition on p, namely,
Jee (0,1): supp(a) C [¢,1 —¢]. (1.5)
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Definition 1.2 (Basic environment distribution). We call a probability distribution
pon (0,1)% a-basic if (1.1) and (1.5) hold.

The following proposition due to Solomon [15] characterises recurrence versus
transience and asymptotic speed. To state the result in a simple form we may assume
without loss of generality that

(log p) < 0. (1.6)

The case where (logp) > 0 follows by a reflection argument. Indeed, define & by
&(z) =1 —w(—z), z € Z. From (1.2) we see that P¢(—Z, € ) = P¥(Z, € -). Therefore,
statements for the left of the origin can be obtained from statements for the right of the
origin in the reflected environment and so (1.6) is assumed for convenience.
Proposition 1.3 (Recurrence, transience and speed of RWRE [15]).

Suppose that p is a-basic and that (1.6) holds. Then:

7 is recurrent when (log p) = 0.
7 is transient to the right when (log p) < 0.
e For pu-a.e.w, Py —-a.s.,

(1.7)

li —_— =U, = .
nooo m H 1+§Z; >0, if{p)<1.

Zn { 0, if (p) > 1,
1—

The above proposition shows that the speed of RWRE is a deterministic function of p (or
of a; recall (1.1)). Note that for « such that (log p) < 0 and (p) > 1, the random walk is
transient to the right with zero speed. In this regime Z diverges, but only sublinearly
due to the presence of traps, i.e., local regions of the environment pushing the random
walk against its global drift.

Similar trapping effects give rise to other anomalous behaviour for fluctuations and
large deviations. In order to state the latter, we recall that a family of probability
measures (P,),cn defined on the Borel sigma-algebra of a topological space (S,7) is
said to satisfy the LDP with rate n and with rate function I: S — [0, co] when

1
liminf —log P,(O) > — inf I(z) VO C S open,
n—oo M z€O

1 (1.8)
limsup — log P,(C) < —inf I(z) ¥V C C S closed,

n—oo N zeC

I has compact level sets and I # oo (see e.g. den Hollander [9, Chapter III]). The
following proposition due to Greven and den Hollander [8] identifies the LDP for the

empirical speed under the quenched law.

Proposition 1.4 (Quenched LDP for RWRE displacements [8]).
Suppose that y is a-basic. Then, for p-a.e. w, (Z,/n)nen under Py satisfies the LDP on
IR with rate n and with a convex and deterministic rate functionZ =17,.

See [8] for a representation of 7 in terms of random continued fractions and Fig. 2 for
the qualitative behaviour of 7 on different regimes.

In the sequel we will need refined results about the cumulant generating function of
Z, /n. For that we need to introduce the hitting times to the right

H,=inf{meN: Z,,=n}, neN, (1.9)

state the weak LDP for H,,/n, which was derived in Comets, Gantert and Zeitouni [6],
and show its relation with the LDP for Z,,/n. See also den Hollander [9, Chapter VII]. We
recall that for the weak LDP the second line in (1.8) is only required to hold for compact
sets, and the rate function is only required to be lower semi-continuous.
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Proposition 1.5 (Quenched LDP for RWRE hitting times [6]).
Suppose that i is a-basic. Then, for u-a.e. w, (H,/n)nen under Py satisfies the weak
LDP on R with rate n and with a convex and deterministic weak rate function J = J,
given by (see Fig. 1)
j(m):/s\up Az — T*(N)], z € R, (1.10)
€R

where

1
J*(\) = lim —log E§ [eM"] :/ p(dw)log E§ [eM]  w-as, AeR. (1.11)
(0,12

n—oco N

1 1/,

Figure 1: Left: Graph of 7, the quenched rate function of RWRE hitting times in (1.10).
Right: Graph of J%, the scaled cumulant generating function of RWRE hitting times
in (1.11).

For the hi~tting~times to the left, defined by (1.9) with n € —IN, we have the weak rate
function J = J,;:
J(x)=J(x)—(logp), z€R. (1.12)

Moreover, the following relation between 7 and Z holds (see [9, Chapter VII]):

zJ(1/x), x € (0,1],
Z(x) =<0, x =0, (1.13)
(—2)T(1/(~2)), =€ [-1,0).

The empirical speed of RWRE also satisfies the LDP under the annealed law.

Proposition 1.6 (Annealed LDP for RWRE displacements [6]).
Suppose that pu is a-basic. Then (Z, /n)n,en under P}’ satisfies the LDP on R with rate n
and with a convex rate function 7°"" = Z7™.

As shown in [6], the annealed and the quenched rate function are related through the
following variational principle

720 (9) = T2 (9) = inf [Z,(0) + (6] h(v | )], (1.14)

where 7, is the quenched rate function associated with a random environment that has
law v, h(v | ) denotes the relative entropy of v with respect to p, and the infimum runs
over the set of probability measures on (0, 1)# endowed with the weak topology (see [6]
for more details). In particular, 7™ is qualitatively similar to Z in Fig. 2, in the sense
that 7™ is strictly decreasing on [—1, 0], zero on [0,v,], and strictly increasing on [v,, 1].
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-1 —vy 0 Uy 1

Figure 2: Graph of Z, the quenched rate function of RWRE displacements in (1.13).
Three cases are shown from left to right: recurrent, transient with zero speed, transient
with positive speed.

The presence of the flat piece [0,v,] in the positive speed case makes our analysis more
delicate, and we will need the following large deviation bound characterising the right
decay when zooming in on the flat piece:

Proposition 1.7 (Annealed LDP bound away from v, [7]).
Suppose that u is a-basic. Then, for any closed set C such that v, ¢ C,
1

lim sup
n—oo 108N

Zy,
log P! ( € c) <0. (1.15)
n

1.2 RWCRE: refreshing times

The cooling random environment is the space-time random environment built by
partitioning INy, and assigning independently to each piece an environment sampled
from p in (1.1) (see Fig. 3). Formally, let 7: INg — R be a strictly increasing function
with 7(0) = 0, referred to as the cooling map. The cooling map determines a sequence of
refreshing times (7(k)), ), that we use to construct the dynamic random environment.

Definition 1.8 (Cooling Random Environment). Given a cooling map 7, let Q =
(wi)ken be an ii.d. sequence of random variables with law p in (1.1). The cooling random
environment is built from the pair ({2, 7) by assigning the environment wy, to the k-th
interval I;; defined by

I, = [r(k—1),7(k)), k € IN. (1.16)

In the present paper we consider the cooling regime, i.e., we consider 7 such that
the length of I in (1.16) diverges:
T, =7(k) —7(k - 1), klim Tj, = 0. (1.17)
—00

The role of this assumption is clarified in Section 1.4.

Definition 1.9 (RWCRE). Let 7 be a cooling map and 2 an environment sequence
sampled from pN. We call Random Walk in Cooling Random Environment the Markov
chain X = (X,,)nen, with state space Z and transition probabilities

Q7 _ _ _ We(n) (”C)a €= ]-a
PP (Xpp1=x+e| X, =2x) { 1= wymy (@), =1, x€Z,neNy, (1.18)
where
l(n) = inf{k € No: 7(k) > n} (1.19)
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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w1 w2 w3 Wk
I P! I3 I,
0 H— : e ; e — Ry
7(0) 7(1) 7(2) 7(3) 7(k—1) 7(k)
T Ty 13 Tk

Figure 3: Structure of the cooling random environment (€2, 7).

is the index of the interval n belongs to. Similarly to Definition 1.1, we denote by
PET() and PEC)= [ PRT()iN@9) (1.20)
[(0,1)7]N

the corresponding quenched and annealed laws, respectively.

In words, RWCRE moves according to a given environment sampled from g, until the
next refreshing time 7(k), when a new environment is sampled from p. Equivalently, the
random walk trajectory is independent across the intervals, and during each interval I,
moves like a RWRE in the environment w;,. In view of assumption (1.17), the environment
is resampled along a diverging sequence of time increments. Our goal is to understand
in what way this makes RWCRE behave similarly as RWRE (see Section 1.4 below).

The position X,, of RWCRE admits the following key decomposition into pieces of
RWRE. Define the refreshed increments and the boundary increment as

Yi=Xr0)— Xre—1), keEN,  Y"=X, - X ym-1), (1.21)

and the running time at the boundary as

T =n—71((n)—1). (1.22)
Note that, by (1.17),
£(n)—1
> Ti+T"=n. (1.23)
k=1

By construction, we can write X,, as the sum

£(n)—1
Xp= Y Yi+Y" nelN,. (1.24)
k=1

This decomposition shows that, in order to analyse X, we must analyse the vector

(Y1, Ymy—1,Y™) (1.25)

consisting of independent components, each distributed as an increment of Z (defined
in Section 1.1) over a given time length determined by 7 and n. Fig. 4 illustrates this
piece-wise decomposition of X,,. More precisely, for any measurable function f: Z — R,
any 2 sampled from x™ and any T,

EyT [f(Yi)] = B  [f(Zn)), BT [f(Y™)] = B [f(Zga)]. (1.26)
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w1 w2 We(n)—1 We(n)

Figure 4: The decomposition of RWCRE in pieces of RWRE as presented in (1.24).

1.3 Main results
We can now state our main results for the asymptotic behaviour of RWCRE.

Theorem 1.10 (SLLN for RWCRE displacements).
Suppose that p is a-basic and that T satisfies (1.17). Then, for u]N- a.e. €,

Xn T
lim =% =w, P -as. (1.27)
n—,oo M

with v, as in (1.7).

Theorem 1.11 (Quenched LDP for RWCRE displacements).

Suppose that p is a-basic and that T satisfies (1.17). Then, for yN-a.e. Q, (X, /n)nen
under POQ’T satisfies the LDP on R with rate n and with the same rate functionZ =17, as
in Proposition 1.4.

Both theorems will be discussed in Section 1.4 and will be proved in Section 4. Their
derivation will be based on the following general convergence statement tailored to
RWCRE.

Theorem 1.12 (Cooling Ergodic Theorem).
Let ( ék))mkem be an array of real-valued random variables with law IP. Assume that:

(Al) Forallk, k' € N withk £k, ( ,(f))nem and (1/)7(1]“/))”611\1 are independent.
(A2) There exists a C € (0,00) such that

sup [n~ | <C P-as. (1.28)
k,nelN

(A3) There exist L € R and ¢ > 1 such that for all e > 0 there exists a C' = C’(¢) € (0, 00)
such that
sup P
keN

Then, for any cooling map T satisfying (1.17),

()

n

n

- L

>a> <%, Vn e NN. (1.29)
n

£(n)—1
lim = OB 4t ) — 1 Poas. (1.30)
1

n—o00 N
k=

with ¢(n) as in (1.19), T}, as in (1.17), and T" as in (1.22). Furthermore, (1.30) remains
valid if (1.29) holds with § € (0,1] and, in addition to (Al) and (A2), there exists a
C € (0,00) such that

sup WT(L]% P <Cc  P-as. (1.31)
k,nelN
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Theorem 1.12 is useful for controlling limits of sums of the form appearing in (1.30).
Its proof is presented in Section 2 and is based on moments bounds and concentration
estimates, applied to a further decomposition into what we call refreshed, boundary and
deterministic terms, respectively. Theorem 1.12 is a key ingredient in our paper.

To check (1.29) is a challenge. In itself, (1.29) is only a mild decay requirement, but
it forces us to derive concentration inequalities for RWRE, which is a non-trivial task.
For the SLLN in Theorem 1.10, the required concentration inequalities are already at
our disposal, since they are encoded in the annealed large deviation bound recalled in
Proposition 1.7. However, for Theorem 1.11 concentration results for RWRE are needed
which, to the best of our knowledge, are not available in the literature. Therefore we
state in the following theorem such results, which are of independent interest.

Since the nearest-neighbour walk is not aperiodic, for parity reasons and notational
ease we denote by [nz] the lower integer part of z, and by [[nz]] either [nz] or [nx] + 1
depending on the parity of n, so that [[nz]] is even/odd when n is even/odd.

Theorem 1.13 (Concentration for RWRE).
Suppose that i is a-basic. Then, forany A € R, 6 € (0,1) and € > 0 there are C, ¢ € (0, 00)
(depending on u, A, 6, ¢) such that

1 e
L <w: llogEff [ern] — j*()\)‘ > g) <Ce ™’ VneN, (1.32)
n
where J* is the Legendre transform of the rate function J in Proposition 1.5,
1 _
U (w: llogE‘(;’ Cadd —I*()\)' > 5) <Ce’  VneN, (1.33)
n

with Z* the Legendre transform of the rate function Z in Proposition 1.4, and

plw: sup
xe[—1,1]
Note that if A > 0, then both E¢[e*»] and J*(\) are infinite. The proof of Theorem 1.13
is given in Section 3.

%bg Py (Zy, = [[na])) + I(x)

> 5> <Ce ™" VYneN. (1.34)

1.4 Discussion

No-cooling: bounded time increments. The regime where assumption (1.17) does
not hold and the increments T}, in (1.17) are of order one has been investigated in [3].
Due to the fast resampling, no trapping effects enter the game and full homogenisation
takes place. In fact, the decomposition in (1.24) gives us a sum of almost i.i.d. random
variables and the resulting behaviour is as if X were a homogeneous Markov chain:
[3, Theorem 1.4] shows a corresponding classical SLLN and classical CLT under the
annealed law.

Weak and strong law of large numbers. Theorem 1.10 states that, as soon as the
cooling is effective, i.e., assumption (1.17) is in force, the asymptotic speed exists a.s.,
is deterministic and is equal to the one for RWRE. The same statement has been derived
in weak form in [3, Theorem 1.5]. The strong form presented here requires a much more
involved proof, based on RWRE concentration inequalities. In fact, Theorem 1.10 is far
from trivial because the cooling map allows for fluctuations that could in principle hamper
the almost sure convergence. As the proof reveals, the fact that this is not the case
comes from a non-trivial averaging due to the cooling resampling mechanism. Roughly
speaking, the slower the cooling, the stronger are the fluctuations of the constituent
pieces in the sum in (1.24), but these fluctuations average out, as will be shown with
the help of the moments bounds and the concentration estimates mentioned earlier.
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Large deviations and fluctuations. As soon as the increments between the resam-
pling times diverge, the rate function in the LDP for RWCRE in Theorem 1.11 is the
same as for RWRE. In words, the cost to deviate from the typical speed is determined by
the trapping in a fixed environment and the resampling has no further homogenising
effect. This is true when we look on an exponential scale, but we may expect RWRE and
RWCRE to show different large deviation behaviour when we zoom in on the flat piece
[0, vp] when v, > 0 (see Fig. 2). Theorem 1.11 deserves further comments because, when
we look at fluctuations, RWRE and RWCRE actually give rise to different scaling limits.
This has been proved for recurrent RWRE, which exhibits non-standard fluctuations after
scaling by log2 n. Indeed, [3, Theorem 1.6] shows that, for certain 7’s under the annealed
law, RWCRE exhibits Gaussian fluctuations after scaling by a factor that grows faster
than log2 n and depends on the cooling map 7. Similar scenarios, and even the presence
of a crossover, have been conjectured to hold for RWCRE in other regimes (see Table 1).
This may all sound paradoxical, because it is folklore to expect that the zeros of the rate
function in an LDP encode information on the order of the fluctuations. However, the
latter is only true when the rate function is smooth near its zeros. This is not the case
for the rate functions in Fig. 2, and so the paradox is explained.

Relaxing the i.i.d. assumption on p. Itis worth mentioning that the i.i.d. assumption
on x4 made in (1.1) can in principle be relaxed to the assumption that p is stationary
and ergodic with respect to translations. The reader is invited to check that all the
steps in the proofs below work in this more general setting. On the other hand, we will
make use of certain known properties of RWRE some of which require further technical
assumptions to guarantee local product structure (see e.g. [16, Theorem 2.4.3, p. 236]
for the extension of Proposition 1.7).

Higher dimensions. RWRE in higher dimensions is much more involved. For instance,
the SLLN has been proved only under certain ballisticity conditions. It can be shown
that, for RWCRE in the cooling regime, the SLLN in Theorem 1.10 carries over to
higher dimensions under precisely the same ballisticity conditions, as a consequence
of the Cooling Ergodic Theorem in Theorem 1.12. The LDP in Theorem 1.11 does
not automatically carry over because it is based on Theorem 1.13 and an inversion
argument, in which we pass from hitting times to RW displacements. This argument
exploits the one-dimensional setup, but might in principle be extended to higher dimen-
sions.

Comparison and open problems. We conclude by summarising our present under-
standing of RWCRE based on the results derived here and in [3]. Let us stress again
that the RWCRE model can be seen as a model that interpolates between the classi-
cal static model (i.e., 7(1) = oo0) and the model with i.i.d. resamplings every unit of
time (i.e., 7(n) = n). The latter reduces to a homogeneous nearest-neighbour random
walk under the annealed measure, but even under the quenched law the independent
space-time structure leads to a strong homogenising scenario for which e.g. a classical
CLT holds (see e.g. Boldrighini, Minlos and Pellegrinotti [4]). The interesting features
therefore appear as we explore different cooling regimes, which allow for a competition
between the effect of traps in the static environment and the effect of homogenisation
coming from the resampling. Table 1 gives a qualitative comparison for RWRE, RWCRE
and standard homogeneous nearest-neighbour random walk, abbreviated as RW. In
view of the discussion above, the no-cooling regime 7(n) ~ n is in the same “univer-
sality class” as homogeneous random walk, which is why it is put in the same column
as RW.

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Model RW =~ No-Cooling RWCRE RWRE
Medium Homogeneous Cooling Static
Recurrence local drift =0 global, depending on (7, ;1)? (log p) = 0, global
Speed local drift v, (non-local) v, (non-local)
LDP rate n | Cramér-analytic rate fn non-analytic rate fn 7 non-analytic rate fn 7
Fluctuations loglog 7(n) = o(n) : Gaussian Sinai-Kesten
(logp) =0 else: Sinai-Kesten? scale: logZn
Fluctuations CLT Kesten-Kozlov-Spitzer
(log py < ?2?? s < 2 stable law
0 s> 2CLT

Table 1: Comparison among standard RW, RWCRE and RWRE. Marked in boldface are
what we consider challenging open problems.

Let us comments on the most relevant items in Table 1.

* Recurrence vs Transience: While for a homogeneous RW we know that it is recur-

EJP 24 (2019), paper 38.

rent if and only if the corresponding local drift is zero, for RWRE the recurrence
criterion is encoded in the condition (log p) = 0 (recall Proposition 1.3). In particu-
lar, it can happen that the local drift is non-zero, but still the above condition holds
and the random walk is recurrent. In fact, a random walk in a non-homogeneous
environment builds up non-negligible correlations over time, and its long-time
behaviour is a truly global feature. For RWCRE we expect some subtle surprises
related to the fluctuations of the corresponding RWRE. In particular, we expect
a non-local criterion as for RWRE, controlled by a delicate interplay between the
environment law p and the cooling map 7. We will address this problem in future
work.

Asymptotic Speed: As for the recurrence criterion, the asymptotic speed of a
homogeneous RW is given by its local drift, while for RWRE it is influenced by
the presence of the traps. Theorem 1.10 shows that for any cooling map subject
to (1.17) RWCRE has the same speed as RWRE. The proof is somewhat delicate
and the result itself is surprising, because it means that the speed emerges as
a non-local feature (as in the static case), regardless of how fast the resampling
increments diverge. In contrast, in the same setup the fluctuations do depend on
the cooling map. Furthermore, it is worth noting that more general cooling maps
than the ones captured in (1.16)-(1.17) can be considered, e.g. with lim infy_, ., T} <
oo = limsupy,_, ., T%- In such generality the resulting speed is rather more delicate
to analyse (as well as other observables), and can be different from the static speed
although still being non-local. For this reason, in this paper we only consider the
regularity assumptions in (1.16)—(1.17).

Large Deviations: Concerning large deviations of order n, for homogeneous RW
displacements Cramér’s theorem tells us that their probabilities decay exponen-
tially fast and are determined by a smooth rate function (see e.g. [9, Chapter I]). On
the other hand, as we saw in Section 1.1, large deviations for RWRE are drastically
different, both under the quenched and the annealed measure. In particular, both
rate functions are non-analytic when (log p) # 0, and contain an interval of zeros
when v, > 0. As previously discussed, Theorem 1.11 says that under the quenched
law RWCRE satisfies the LDP at rate n with the same rate function. Still, we
expect differences between quenched large deviations for RWRE and RWCRE when
zooming in on the flat piece, i.e., when considering moderate deviations that decay
at a rate slower than n. This constitutes yet another interesting open problem.
Let us further note that we have not looked at the annealed LDP for RWCRE. We

http://www.imstat.org/ejp/
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expect no surprises, namely, we believe that the annealed rate function for RWCRE
is the same as the one for RWRE in Proposition 1.6. In fact, the proof presented
in Section 4.2 could be easily adapted (and even significantly simplified) if we
had existence and convexity in the annealed setting. In the quenched setting,
existence and convexity will be derived by means of the cooling ergodic theorem
and standard LDP arguments.

Fluctuations: We conclude with what we consider to be the most challenging
open problem, namely, to characterise the fluctuations for RWCRE, both under the
quenched and the annealed measure. Some noteworthy results in this direction
were derived in [3], where an annealed CLT for the no-cooling regime was shown [3,
Theorem 1.4] and, for (log p) = 0 and 7 growing either polynomially or exponentially,
the annealed centered RWCRE displacement was shown to converge to a Gaussian
law after an appropriate scaling that depends on 7 [3, Theorem 1.6]. We expect that
for sufficiently fast cooling a delicate crossover occurs when (log p) = 0, namely, we
expect to see the Kesten [10] limit law as in the static case, at least along certain
subsequences. What happens when (log p) # 0 seems to be even more intricate
and remains unexplored. In this case for RWRE, Kesten, Kozlov and Spitzer [11]
proved that annealed fluctuations can be Gaussian or can be characterised by
proper stable law distributions. We expect a rich pallet of behaviour depending on
the interplay between T and the static limit law. The quenched fluctuations seem
even more difficult to analyse in view of the corresponding more delicate results for
RWRE (see Zeitouni [16], Ahn and Peterson [1]). As mentioned above, the fact that
the fluctuations are affected by the cooling map while the rate function in the LDP
is not, is possible because the rate function is non-analytic in the neighbourhood of
the speed.

2 Cooling ergodic theorem

In this section we prove Theorem 1.12.
We represent the sum in (1.30) as the convex combination

£(n)— (Z( ) £(n)— Tk ¢(k) (£(n))
" = — 2.1
Z¢Tk T" I; nTk+n Tn ’ (2.1)
and use the abbreviations
Ty ™
n=—1 11, A= —. 2.2
Vi, o Wk<em)-1} 7 o (2.2)
To prove (1.30), we subtract L from (2.1) and center each term in (2.1):
1/)(k) (f n))
Z Yk,n Tk + Y —L
T7I
keN
~n on —n/Tn 2.3
= Y+ 70+ S -y -, @3
keN keEN
N——
Rn B’!L D’!L
Here,
co=cy, cr=ci™, pr=rl, (2.4)
with
. (k) . . (k)
ey =T-—Ly), LY =E|=-|, TeN (2.5)
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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The terms R,,, B, and D,, correspond to refreshed, boundary and deterministic incre-
ments, respectively. In Sections 2.1, 2.2 and 2.3 we treat each of these terms separately,
and show that they are asymptotically vanishing.

2.1 Refreshed term
We next show that

limsup|R,| =0 P -a.s. (2.6)

n—oo

In view of (1.29), we split the increments of the resampling times according to a growth
parameter v > 0 such that vé > 1,

Z VenCr = Z VenCrl{r, >k + Z YenCr LT, <k}
keN keN keN (2‘7)

Ry, Ry

which corresponds to the sum of large and small increments, respectively. The goal is to
bound both limsup,, .. |R%| and limsup,,_, . |R3|.

We first treat the sum of large increments R{;. Note that Assumption (A2) and (1.29)
imply that Lgpk ) 5 LasT — uniformly in £ € IN. Therefore, using the triangle
inequality, (1.29) can be written as

C/
sup P (’C(k)’ > E) < —. (2.8)
ke]lr\)l r 10
Hence, if 70 > 1, then
C/
Z P (|Ck|]l{Tk2k7} > 8) < Z W < 0. (2.9)
keIN kelN

Applying the Borel-Cantelli lemma, we get

limsupck]l{Tkzkw} <e P-as. (210)

k—o0

Since lim,, ;o Yi,n = 0 for fixed k € IN and Zkem Yi,n < 1, we obtain

limsup |[Rj| <e P-as. (2.11)

n— oo

To deal with the sum of small increments R>, we apply the Markov inequality:

2N
1 n
P> < e |(Sate) |0 o matman @
k=1

Since the C;’s are independent, zero-mean and bounded random variables, when we
expand the 2N-th power, all terms with first moment disappear. Therefore, we can

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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estimate the moments as (C is a generic constant that may change from line to line)

2N
< Vi nck?)
k=1

= i\’: Z (g 2Ngm> Z E [(ry’fhnckl)h (’Y/in,nckm)ém}

m=14q,-- £,, EN\{1} n>ki1>..>kpy
1+ ALy =2N

< ﬁ: Z (61 2N€m> Z ) ((]nv—l)2N

m=14y - £, eN\{1}
e =2N

N
S D T DI PRl Bl
0 ---0,,) =N ’

m=1 . L,€N\{1}
O, =2N

M:

(2.13)

where in the first inequality we use the bounds C;, < C' (from Assumption (A2)) and
’yk n < for i=1,...,m, in the second inequality the bound

Z 1<n™, (2.14)

n>k1>...>km

and in the third inequality the bound m < N and the abbreviation

N
=YY (61 ZNK > (2.15)

m=10y,.- £, cN\{1}
Ly+- Al =2N
The right-hand side of (2.13) is summable in n as long as v < 1 , because we can choose
N arbitrarily large. This suggests that we need to further separate the argument.

Case § > 2: single split. If § > 2, then we can pick v < % From (2.12) and (2.13), we
obtain
> P (IR;| > ¢) < oc. (2.16)
nelN
Hence, by the Borel-Cantelli lemma,

limsup |R|<e P-aus. (2.17)

n—r oo

Combining (2.7), (2.11) and (2.17), we get that for § > 2,

limsup |R,| < 2¢ P-a.s. (2.18)

n— oo

Case § < 2: multi-layer split. If § < 2, then we must pick v > % to satisfy v6 > 1.
Here we can no longer use the previous argument to obtain (2.16). To overcome this
difficulty, we implement a multi-layer scheme distinguishing small and large increments
according to a growth parameter. Take M € IN such that %5 > 1. Similarly to (2.7),
define the first split:

Ry = nCh = > WnCr+ Y WanCr,

kelN kelN kelN (219)

1,L 1,8
Ry Ry

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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where
1,8 1,L
rykr,n = ’}/kvn]l{Tk<k'1/3}7 Fylc,n = fwﬁ’ﬂ]l{Tkalﬁ}' (220)

1. To estimate R};S , as in (2.12) and (2.13) we apply the Markov inequality, estimate the
moments and obtain

P (|RLS| > €) < enn /3. (2.21)
Since we can choose N > 3 in (2.21), we conclude that P(|RL®| > ¢) is summable in n
and therefore, by the Borel-Cantelli lemma,

limsup |RL%| <e P-as. (2.22)
n—oo
Multi-layer Split Moments Concentration
R,= RLE+ RLS limsup,, R < ¢
+
RME = R2L 4 R2S limsup,, R2° < ¢

RQ/FLL = Rﬁ[’L + Rﬂ/f’s lim sup,), Rﬁ/f’s <¢e | limsup, RQLL <e

Table 2: Splitting scheme.

2. To estimate R};L, the idea is to it decompose iteratively, as we did with R, in (2.19),
and control the small increments with moment bounds until we can apply concentration
estimates. The resulting scheme is summarised in Table 2.

2a. To build the second split, we relabel the terms in RLL, i.e., we choose an ordered
subsequence (k});cw such that

(kiKY .} ={j e N:T; > '3} (2.23)

If this is finite, then lim,,_, R}{L = 0. Thus, we need only consider the case where (2.23)
is infinite. Denoting by J(1;7) the cardinality of {k;: 7(k}) < n}, we define the second
split:

J(1;n) J(1;n) J(1;n)
RpP = > i nCir = il G+ Y A G,
= ’ j=1 i =1 o (2.24)
,L ,S
Ry R}
where
2,5 2,L
,yk},n = ’Vk},n]]-{Tkjl <j2/3}s ’yk;,n = ’Yk:},n]l{Tk; >j2/3}- (2.25)
Next, we abbreviate n(1;J) = inf{n: J(1;n) = J}. Then, since
lim sup | R%°| = lim sup |R7217(€;J) l, (2.26)

n— 00 J—o0

it suffices to show that limsup;_, |Ri’(sl.])| < ¢ P - a.s. Note that, since T} > j/3, we
3o J
have a lower bound on n(1; J):

n(;J) >y T = > 5 > e s, (2.27)
Jj=1 ! j=1
which yields
:2/3 1
2,8 J
T n(150) = cJ4/3 = cJ2/3 (2.28)
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Similarly to the first split, we apply the Markov inequality

2N

J
1
2,5 2,5
PR >e) s awE [ X ] |- (2.29)
<k

and estimate moments
2N

J
E Z%zfn(w)ck} <eyJNB (2.30)
=1

Once we choose N > 3, this becomes summable in J. Therefore, by the Borel-Cantelli
lemma and (2.26), we obtain

limsup\Ri’S <e P-as. (2.31)

n— 00

2b. We continue the induction step. For any i < M, after bounding limsup,, .. |R%:®
we relabel the terms in R%% and define

’

(ki kb,..}={jeN: Ty > ji/3Y. (2.32)

If this is finite, then lim,, o R}, """ = 0. Denoting by .J(i; n) the cardinality of {k}: 7(k}) <
n}, we define the (i + 1)-st split:

J(i;m) J(i;m) J(i5n)
i L _ ) o i+1,L i+1,S 5
Rn - Z ’Yk?:,nck? = Z Vi n Ck’ + Z Vit m Ck’?:’
J J 3 i 3 J
j=1 j=1 j=1 (2.33)
i+1,L i+1,8
Rn R’I’L
where
i+1,S ) +1,L )
Vetw = Mgmbima <ermp Y = Tk my 2oy (2.34)

Let n(i; J) = inf{n: J(i;n) = J}. Then, by a similar computation as in (2.27) and (2.28),
we have the following bounds:

» . 1
- 1+’L/3 Z{rl,s
n(i;J) >cJ , Vk;,,n(i;J) < ETER (2.35)

Using the Markov inequality and moments bounds, we obtain

S P (R > e) <o (2.36)
JEN
Therefore we conclude that
limsup |RETS | <e P-as. (2.37)
n—oo
2c. Once we bound limsup,,_,. |RM-S|, we are left with the term R}’. Since
RML — ZA,,C]M)n]l{Tkalem}ckJMfl (2.38)
JEN !

and &£6 > 1, we apply (1.29) to obtain

>op <|Ck§“|1{Tk_Ml>jM/3} > 5) < o0. (2.39)

JEN

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Hence, by the Borel-Cantelli lemma,
hmsup‘ij.”*1|]l{Tka1>,M/3} <e P -a.s. (240)
j—o0 J J J

Since lim,, 00 Yr,n = 0 for fixed k and }, .y Vk,n < 1, We obtain

lim sup |R%L| <e P-a.s. (2.41)

n—oo

3. Combining (2.41) and (2.37) for « < M, we conclude that

limsup |R,| < (M +1)e P-a.s. (2.42)

n— oo

and (2.6) follows since € > 0 is arbitrary.

2.2 Boundary term

We next show that
limsup |B,| =0 P -a.s. (2.43)

n—oo

Let Vj, = sup{7"|C"|: n € I;,}. Because Upenly = Ry (see (1.16)), we have

lim sup 4"|C"| = lim sup V4. (2.44)
k—oo

n—oo

It therefore suffices to show that for arbitrary € > 0,

limsupV, <e¢ P -a.s. (2.45)

k—o0

If 47 < ¢, then using Assumption (A2) we can bound |B,,| < C¢e. Therefore, for n € I}, we
only need to consider 4" > ¢ (see Fig. 5), in which case we see that
T(k—1)

n>-——==Nj.. (2.46)
1—¢

7(k—1) Nge T(k)—1 T(k—1) T(k)—1

Figure 5: The curve of 4. Left: If N, . < 7(k), then %, < e forn € [7(k — 1), N; ) and
An, > € for n € [Ny ., 7(k)). Right: If N . > 7(k), then 4, < ¢ for all n € I}.

If 7(k) < Nj ., then the interval I can be ignored. Defining
{ki,ko,...} ={k e N: 7(k) > Nj}, (2.47)
our task reduces to showing that

lim sup Vi, < Ce P -a.s. (2.48)

j—o0

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Note that the subsequence (7(k;)) ;. grows at least exponentially fast once

7(kj) > Nije > (1 +)7(k; — 1) > (1 +e)7(kj—1) > (1 + )7 (k). (2.49)
Since |B,| < Ce for n € [r(k; — 1), N, o) and 4" < 1, by letting m =T" = n — 7(k; — 1)
and noting that (1 +¢)7(k; — 1) < N, we obtain

P Vi, >Ce) =P ( sup  A,|C™| > C’s) <P ( sup |cm| > Ce)

Nk15Sn<T(kj) Nk,5§n<7'(k}j)

(kj) (kj) (2.50)
<P sup L O e >Ce|.
er(kj—1)<m<Ty, | ™ m
By the union bound applied to (2.50), we arrive at
Tkj '(/)'Er’fj) '(/J'Er}f])
P(Vi,>Ce)< Y P ——F | —||>Ce . (2.51)
m=et(k;j—1)
By (2.8),
Tk]. é
P(Vi, >Ce) < Y —5 (2.52)
m=eT(k;—1)
for some C' = C’(Ce) > 0 not depending on k;.
Case § > 1. From (2.52) we see that
C//
P(Vip >Ce) < ——m———. 2.53
( k; 6) = ET(kj — 1)5_1 ( )

If 6 > 1, then together with (2.49) this implies that (2.53) is summable in j. Hence, by
the Borel-Cantelli lemma, we obtain

limsup Vj; < Ce P -a.s. (2.54)

j—o0

Case § < 1. In this case, we need a more refined argument to prove (2.43). To control
the boundary term on the interval /;;, we construct a sequence of times (J;);cy, such
that Jo = er(k; —1) and J; = (1+4¢)J;—1. For m € (J;, J;41), using (1.31) and the triangle
inequality, we obtain that

(k;) (k5)
LR N Pen (2.55)
Hence
k;j k; k; (k;) (k;) (k;) k; (k)
m mo[| T m Ji Ji Ji m J;
Skj) Skj)
< L — - 4Cke.
=177 7 + £
(2.56)
Therefore
w(kj) T/)(kj) (kj) (k3)
sup n__E|2 > 5Ce » C < sup i ||k >Ce p.
er(k;—1)<m<Ty, | M m ieNo | Ji Ji
(2.57)
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Hence, arguing as in (2.50) and using (2.57), the union bound and (2.8), we can estimate

(kj) ¢(kj)
P (Vy, > 5Ce) =P sup . O e > 5Ce
' er(k;j—1)<m<Ty,; | "M m

(kj) (kj)

<P |dieNg: 1/’,]1. —E ¢Ji > Ce (2.58)
J; J;

<Y S-Y -
a ’LE]NO i€INg 1 + 8 15 ET(k - 1))

which is summable in j due to (2.49). By the Borel-Cantelli lemma, we conclude that

limsup |B,| <5Ce P -as. (2.59)

n—oo

Since ¢ > 0 is arbitrary, (2.59) and (2.54) imply (2.43).

2.3 Deterministic term

To conclude the proof of Theorem 1.12, it remains to show that

lim ( S el + W"E’?) -, (2.60)

n—oo
kelN

where v, 7" is defined in (2.2), T" in (1.22), Lgf:) in (2.5) and L™ in (2.4). First we

recall that (1.29) and (A2) imply that LEIIZ) — L — 0 uniformly in k. Since 7, — 0 as
n — oo and ZkE]N Yn < 1, by the Toeplitz Lemma[13, Thm.1.2.3, p. 36], we obtain

. k
Tim >y (L)~ 1) =0, (2.61)
kelN

As for the boundary part if 4" > ¢, then there is an N € N such that for any n > N,
|E" L| < e. Otherwise, ¥ |L” L| < 2¢. Since € > 0 is arbitrary, we conclude (2.60).
Combining (2.6), (2. 43) and (2.61), we get the claim in (1.30).

3 Concentration for RWRE

In this section we prove Theorem 1.13. We start in Section 3.1 by proving (1.32). In
fact, as is usual in the context of RWRE, hitting times are easier to handle and their
concentration will follow from an adaptation of an argument presented in the proof of
Zeitouni [Lemma 3.4.10][16]. In Sections 3.3 and 3.4 we will show (1.33) and (1.34),
respectively. Their proofs will be based on a key lemma, Lemma 3.1, which we state
below.

Lemma 3.1 (Concentration of empirical speed on an interval).
Suppose that i is a- basic. Let § > 0, and A = (a,b] or A = [a,b] with a # b.

e If0 < a, then for every € > 0 there are positive constants C, c such that

1 Z,
W (w: ‘logPé“ ( € A) +Z(a)
n n

e Ifb <0, then for every € > 0 there are positive constants C, ¢ such that

> 5) < Ce_c”lfé, Vn € N. (3.1)

7 (w: ‘TlllogPO“’ (Zn" € A) +I(b)’ > s> < Ce*ml_é, Vn e NN. (3.2)
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3.1 Concentration for hitting times

Next we prove (1.32). The following argument is similar to [16, Lemma 3.4.10, p.
291].
Define, for fixed K € (0, ),

g‘s’"(w) = log Ef [BAH"‘Jl{Hn<Kn}Jl{Nn<n5/2}], (3.3)

where N" = sup, ., N and N/ is the number of visits at = before H,,. Note that ¢°" (w)
is a function of the environment coordinates (w;: |i| < Kn). Fori € IN, define

./T"o = O'{@}, ]:1 = O'{LUQ }, .FQ ZO'{WQ,wl }, .7:3 :a{wo,wl,w_l },

: (3.4)
Fi=ofw: je(-[i/2],1i/2]nZ),
and denote by E* expectation with respect to . Then
E" [¢"" | Faxn] = ¢°",  E*[¢°"| Fo] = E* [¢*"]. (3.5)
Rewrite
2Kn
9" (w) = B* [¢%"] =) di(w), (3.6)
i=1
with
di(w) = E* [¢°™ | F] (w) — E* [¢°™ | Fiza] (w). (3.7)

Let Sy = E*[¢g°"] and S, = Y i, d;(w). Since E* [d; | Fy] = 0 for i > m, {Sy tmen,
is a martingale. We obtain a bound for d;(w) by writing
dip1(w) = B* [¢°" | Fina] () — B* [¢°" | Fi] (w) < sup [¢*"(w") — ¢""(w)] = |dilsc,

(3.8)
where w! = w, for all = € Z, except for

{i/Q, if ¢ is even,
i =

3.9
[i/2], ifiis odd. (3:9)

To compute the difference in (3.8), we use a bound on the derivative of g‘s*”(w). From
the computations in [16, p. 291] we have that, for any ¢ € (0, 1),

4,n 6/2
il < ‘59(@‘ < VK. (3.10)
0wy, ¢
Applying the Azuma-Hoeffding inequality, we obtain
(¢ [Sascn — S0l > ) < .
plw: |Sagn —So| >u) <2exp | ——m— | - (3.11)
23 =1 dal%

Since Sox, = %™ (w) and Sy = E#[g>"], we obtain

L g (w) — B* g7 < 2exp (2 < gexp [~ Lpr-s 3.12
,u(w. ’g (w) [g H>un)_ exp oniis ) < exp Cn . (3.12)

To conclude the proof of (1.32), we write

1 1
1 (w: ‘nlogEs’ [eAH"} —]*()\)‘ > 5) <u <w: - |10gE6” [e)‘H"] —957”(w)| > és)
1 n n 1 n *
+u <w: - |g°™ (w) — E* [¢""]| > és) + <w: gE“ [¢°"] - T ()\)‘ > ie
(3.13)
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We will estimate the second term in the right hand side by (3.12). Let us first show that
the first and the third term vanish as n — co. For the first term in (3.13), the ellipticity
condition implies that for large n,

% |log B’ [e)‘H“} —g‘s’"(w)| < ze. (3.14)

Indeed, from the argument in the proof of [16, Lemma 3.4.10], specifically the computa-
tions just prior to the statement of [16, Lemma 3.4.14], we obtain the following estimate.
For K = K(\) and n large enough,

E§ [eM 1y, <knyLnncnsizy] = SEG [eM]. (3.15)

Since
Eg [eMn]

1<
Eg [eMn 1y, < knyL{nn<ns/zy]

<2, (3.16)

it follows that )
lim — (log Ef [ekH"] - g‘s’"(w)) =0, (3.17)

n—,oo M
which implies (3.14). Furthermore, since lim, o = log E§[e}M"] = J*()), (3.14) also
implies that for n large enough the third term in (3.13) is zero. We conclude that for n
large enough,

1 1
] (w: ‘nlogEg’ [eMn] — J*(A)’ > 5) <up (w: - }g‘s’"(w) - EY [gé’"H > ée) . (3.18)
Picking u = %s in (3.12), we obtain (1.32).

3.2 Proof of key lemma: concentration on intervals

3.2.1 Proof of Lemma 3.1: concentration on half lines

We first prove (3.1) for the special intervals (u, 1] and [u, 1] with u € (0,1). Since |Z,| < n,
this amounts to showing that

1 Zy,
L <w: ‘logPa" ( >u) + Z(u)
n n

1 Zn
1 (w: —log Py ( > u) + Z(u)
n n
The proof of (3.20) is analogous to the proof 0f(3.19). Furthermore, by a reflection

argument, we can deduce (3.2) for the intervals [-1, —u), [-1, —u] from (3.19) and (3.20).
Indeed, let @ = (0(2)),cy = (1 —w(—2)),cy. Foru >0,

Z”L @ Zn
ry <§u> =Fy (Zu)
n n

Denoting by Z¢ the quenched rate function on w, we get Z%(u) = Z¥(—u). Therefore

> 5) <Ce ' (3.19)

and

> 5> <Ce '’ (3.20)

1 Z, 1 ~(Z ~
—log Py (L < —u) +Z%(—u) = —log Py (n > u) + Z%(u) (3.21)
n n n n
and
1 Zn,
plw: [—logPy | — < —u | +Z%(—u)| >¢
n n
Zn,
=plw: |=logPy | —>u)+ZIu)| >¢ (3.22)
1 Zn
ﬂ(w ‘long’ <2u> +Z%(u) >z—:),
EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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where ji[w € A] = p|w € A] satisfies the conditions of Lemma 3.1. From (3.19) for u, we
obtain (3.19) for i, which is equivalent to the proof of (3.2) for intervals [-1, —u). The

proof of (3.2) for intervals [—1, —u] is analogous.

To prove (3.20), we derive upper and lower bounds for 1 log P¢'(Z= > u) + Z(u).

Upper bound. To bound the probabilities on the displacements we can use the hitting

times. For u > 0,
Zn
F§ (= > ) < P (Z = un)) < P§ (Hiuny <)
n

By the Markov inequality, for 6 < 0,

Py (Hyuny < 1) < B [MT00]

and so
1 log P (Zn > u) < -0+ 1 log E [eeHL“"J]
n n n
=0+ % log EY [e?HLeni] + uJ*(0) — uT*(0)
=—u <9i + O(w,un, 0) — j*(0)> ,
where

1
O(w,un,8) := J*(0) — — log EY [eeHLunJ} )

(3.23)

(3.24)

(3.25)

(3.26)

Taking 6 < 0 such that 62 — 7*(0) = J () (see Fig. 6) and using that u7(1) = Z(u), we

u

get
1 w [ Zn
—logPy | — >u ) +Z(u) < —uO(w,un,d). (3.27)
n n
slope = +
0 u
0
slope = %
j*
J(1/u)
Figure 6: The function z — Lz — J*(z) attains its maximum at 6.
Therefore, using (1.32), we arrive at
1 Zn, 18
plw: —logPy | —2>u | +Z(u) >e | < p(w: |Ow,un,0)] >¢e) <Ce™ ™ . (3.28)
n n
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Lower bound. The lower bound for Py (% > u) is more subtle. Note that, since the
steps of the random walk are either +1 or —1, for d > 0, we have

n<H,<n+dn — Z,>x—dn. (3.29)

Therefore,

Py <Zn" > u) > P§ (Zn > [un]) > P§ (n < Hiyn)4lan) < n+ |dn]). (3.30)

Now, let m = [un] + |dn]. Note that if n < H,,, < n + |dn], then

1 H, 1+d+7,
< Hm 1 AHTn (3.31)
u+d+ry, m u+d+ry,

with r,,7, = 0asn — 0. Let d and @ be such that

1

—d<
u+d

<

i (3.32)
U

Letting B; (%) denote the ball with center % and radius ci, we have, for n large enough,

1 Z, 1 H,, 1
—log Py’ ( > u) > —log Py’ ( € B; (~>) . (3.33)
n n n m a

If d — 0, then |@ — u| — 0 and d — 0. Note that E§[e¢Fm] < oo for ¢ < 0. We define the
(-tilted probability measure

dPSJ’C’m emCy w,m w Hm
e V= mreny  BTO=R(TEe) (3.34)

Recalling that E§ et ] = [em™¥dPy"™ (y), we compute

1 Hm 1 1 w,m
—log Py’ ( € B; ()) = *10g/ APy (y)
n m U n By(2)

" (3.35)
_ 1 1 EO [€CHW] de’Cﬂn
= —log —mey Mo (y)-
" Bi(3) ¢
Now, since ¢ < 0,
1 .
yeB; (u> ey > md(hd) (3.36)

Inserting this into (3.35) and replacing < log E§ [e¢ ] by —2[0(w, m, () — T*(¢)], yields:

1 H 1
ZlogPY (2™ c Bs( =
1 1 = 1 1
> —log B¢ [e"m] — e < - d> + —log P&™ <Bd <>> (3.37)
n n u n u
. 1 N A 1 w,Com 1
= —Un Cf_j (C) —l—O(w,m,C) —dC—l——logPO” BJ = ’
Up, n U
where i, = " and d is defined by the relation “* (% — c?) =1+ d. Note that

G —u,d—0 as d— 0,n— oo. (3.38)
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Since (7 — J*(¢) < J(5-) and (1.13), combining (3.37) with (3.33) we obtain

1 L, . N 5
—log Py’ ( > u) +Z(u) > Z(u) — Z(ty) — Gy O(w,m, ) — dC
n n
(3.39)
+ Liogpesm (B (L
n &40 d\ g '
Therefore, taking d small enough and n large enough so that
Z(u) — Z(tn)| + |d¢| < Le, (3.40)
we get
1 Zn
1 (w: —log Py ( > u> +Z(u) < —6)
n n
~ 1 w,(,m 1 1
<plw: funO(w,m,C)+ﬁlogP0' " B; z < —3¢ (3.41)
~ 1 1 w,,m 1 1
<p(w: =y O(w,m, () < —3¢) + p wzﬁlogPO” B; z < —ze).
From (1.32) and the fact that 0 < @,, < 1, it follows that
t(w: Gy [O(w,m, Q)| > 1e) < Cemen'™’, (3.42)

It therefore remains to prove that

71 pecm (B 1 _le) < et 3.43
L 0g ilg))<—ac)=Ce : (3.43)

Let ES“™[f(Y)] be expectation of f with respect to P:"¢™(dY) and ES"™[f(Y)] be
expectation of f with respect to Py (dY’). Then
ES™ [em@+OY] B [e(0+OHn]

= 3.44
B T I E ) 249

ESJ,C,WZ [emQY] _

We have

1 C
on (1)) - o

I 17

+ J) N (Y <

SN
|
IS
~

IS

(3.45)

Since J is strictly convex in £ € (1, Ui] we can pick ¢ = J'(+) < 0 to be an exposing
plane, i.e., ¢ is such that, for any y # 1,

1 1
Jy)-JT () > (y - > ¢ (3.46)

U U
We note here that the strict convexity of J* on (—oo, 0] implies the strict convex1ty of 7
on (1, ] (recall the relation between 7 and J* in (1.10)). Since % =+ d > > = — d we

can p1ck f# > 0 and o < 0 such that (see Fig. 7)

(0+¢) (;Jrci) j(éJHJ) _ 040,
(0 +C) <;_J> _j@_&) et (3.47)
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(+o ¢ C+o slopez%—&-d
: : : slope = &
a i ds
slope = 1 —d exposing plane at

(slope = C)5

|

S

=

=

+ P
QU

IS

Figure 7: Left: The graph shows the implicit relation between 7 and J*: for z < v;l,
J(x) = xy — J*(y) with 2 = (J*) (y). The equations in (3.47) follow from this relation.
Right: The exposing plane condition shows that d; in (3.49) and d5 in (3.52) are strictly
positive.

Bound for I. For 8 >0,

1 - "
Py (Y > =+ d) < emmOGHd) e [0V
(7

1 - 1
= exp {m {9 (1] + d> + o <log Ey [e(e%)Hm} —log Ef [eCH’”])] } (3.48)

confo o

By (3.46) with y = 1 + d, we find that

+d) £ 770+ = T7(0) = O, 8 +0) + Ofwm )] }.

ISl

(3.49)
1 - 1 - .
:—;7(~ +d> +<(a+d> - J%(C)
1 - 1 - 1 1
Sj(~+d> +C(~+d> C~+‘.7<~> =—d; <0
U U U U
(see Fig. 7). On the set A; = {w: [O(w,m, 0+ () — O(w,m, ()| < % |d1| }, we have
1 2
pyom (Y >+ d) <e ™ 0. (3.50)
Bound for /I. Again, for o <0,
1 - 15
w,C,m —mo(=—d w,{m [ oY
P, <Y<a—d)§em(u ) B [e”]
1 7 1 w g m w m
= exp {m [—0 (ﬂ — d) + o <logE0 {e( +OH ] — log Ej5 [eCH D}} (3.51)
1 2
<ewp{m |0 (3 -4) + 770 +0 - IO - Owem. o +0) + 0w )] }.
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Similarly to (3.49), using (3.46) with y = % — J, we obtain

Y (i - J) T+ =T = —da < 0 (3.52)
(see Fig 7). Forw € Ajr = {w: |0O(w,m,0 4+ () — O(w,m, ()| < 3 |da| },
Py (Y <i- J) < emmilal Ly g (3.53)

Conclusion. For n large enough, using (3.50) and (3.53) we see that

1\° 1
wEANAy — PESm (Bg(ﬂ))q . peim (BJ())E;, (3.54)

u
and therefore, for large n, we conclude that

1 1 1
‘1ogP5”’C’m (BJ <)>‘ < ~log2 < ie. (3.55)
n u n

Hence ) )
] <w: - log Py (Bd <11>> < —ie) < (A7) + p(Agy) . (3.56)
To complete the proof, note that (1.32) implies
p(AS) + (A5 < Cemen . (3.57)

It is worth mentioning that the constant in (3.57) does not depends on n. For fixed u we
choose ¢ > 0, and (3.40) together with (3.38) gives us d, d and @. After that, d;, d, are
given by the exposing plane conditions at the boundary of the ball of radius d centered
at 117 (see (3.49) and (3.52)). Thus, even though the constant in (3.57) depends on dy, ds,
the latter are functions of u and ¢ only, and not of n. The latter estimate, together with
the bounds in (3.41) and (3.42), yield

1 Z, .
I (w: Elongj (n > u) +Z(u) < —5) <Ce . (3.58)

Therefore (3.20) in Lemma 3.1 follows from (3.28) and (3.58).

3.2.2 Proof of Lemma 3.1: general intervals

We will split the proof for general A = (a,b] in two cases. The proof for A = [a,}] is
similar.

Case 0 < a. We start from the equation

Zn Zn Z'VL

Define e(w,u,n) := Llog P¢'(Z > u) + Z(u). Since Z(b) — Z(a) = n > 0, we obtain

n

w Zn
PO (T > a) _ en(I(b)7I(a)+e(w,a,n)fe(w,b,n)) _ en(?’/Jre(w,a,n)fe(w,b,n)) (3.60)
P (L > ) ' '
0 n

When |e(w, a,n) — e(w, b,n)| < 31, we have

Zy, i Zn
Py <>b> <e"FPpY <>a>. (3.61)
n n
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_mn
n, e "2 =
For large enough n, as soon as e™ "2 < % we get

Zn, Zn, Zn,
1Py < > a> <Py < € A> < Py ( > a> , (3.62)
n n n
which implies that
1 Zn 1 Zn 1
‘logPé” ( € A) — —log Py’ ( > a)‘ < —log2. (3.63)
n n n n n

Therefore

1 Z, 1 Z, 1
I (w: llogPSJ ( € A) — —log Py < > a)‘ > log2)
n n n n n

<p(w: le(w, a,n) —e(w,b,n)| > 31) (3.64)

IN

pw: le(w a,n)| > 4n) +p (w: le(w,b,n)] > in).

Since the concentration (3.20) in Lemma 3.1 bounds both terms in (3.64), after we pick
n large enough so that l(’% < g, we obtain (3.1).

Case b < 0. In this case we have the following equation:

Z" Zn, Zn

Similarly, we define é(w,u,n) := L log P¢'(Z> < u) + Z(u). Since Z(a) — Z(b) =n > 0, we
obtain

) nT@ T a4 bm) Z i am) ) (3.66)

)

When |é(w, a,n) — é(w,b,n)| < in,

Zn nz Zn
Py <§a> <e " PY <§b>. (3.67)
n n

BB
INTIA

b
a

As we did in (3.61)—(3.63), for large n as soon as e"3 < % we conclude that

]‘ W Zn ]- W Zn
I <w: ‘nlogpo (n € A) — ElogPO <n < b>' > }Llog2>
< p(w: [é(w,a,n) — é(w,b,n)| > in) (3.68)
< p(w: [e(w,a,n)| > gn) +p(w: [6w,bn)| > gn) .

Since the concentration (3.20) in Lemma 3.1 bounds both terms in (3.68), after we pick
n large enough so that % < g, we obtain (3.2) and Lemma 3.1 follows.

3.3 Concentration of cumulants

In this section we prove (1.33)
Note that % € [-1, 1]. Consider the following block decomposition (see Fig. 8):

AN —

7

—1,-1+ <L), ifi=—-N
{[ —1+ ] i ’ (3.69)

(%, 5], ifie{-N+1,...,N—1}.

Z‘N.
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Figure 8: Block decomposition of [—1, 1]. Black and white circles indicate closed and

open boundaries of the intervals, respectively. All the intervals are of length % except
possibly AS’N, which contains the flat piece (0, v,].

To deal with the flat piece of the rate function Z in the positive-speed case, we define the
following interval AS’N containing (0, v,] (see Fig. 8):

N-1 .
*, N LULN + 1J i—1 *, N *, N
AN = (0,*T] :i:LJN {AfV: I< ) =00, ArY=aNapt. @70
By the intermediate value theorem, we have

x Z
By [ Uz cnrny| =iy ( 3 )

e AN (3.71)
n
for some u} € A7N. Now,
1 1 s z
ElogEg’ [ Az |=7*(\) = Eloge_”I ) Z Ey [e"A%H{%eA:,N}}
e (3.72)
1 Rl Au* Iw(A*N) I*()\)
-1 nAui —nZy (A7 )—n
Liog 3 ¢ 7

i=—N

where T¢(A) == —1log Py (= € A). Since Z¥(A) converges to Z(A) = inf,ca Z(z) as
n — oo, we define the block error

o(n, A,w) :=T(A) =TI (A), (3.73)
and obtain
1 1 Nl ( N N )
| w [ AZn] _ x - = n(Au; —Z(A7 ) =I*(N)+o(n,Al" w) ) )
- og E§ [ | =7*(\) nlog_z e (3.74)
i=—N
To estimate (3.74), we will need the following lemma.
Lemma 3.2 (Reduction to the worst block).
Given A € R and ¢ > 0, there is an Ny such that, for N > Ny and n > ng(N),
1 AZ. 1 *,N
- w n| _ T* < L L7 .
nlogEO [er] - T ()\)‘ <se+ _ymax o(n, A7 w) (3.75)
with o(n, AP, w) as in (3.73).
EJP 24 (2019), paper 38.
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Proof. If A = 0, then the left-hand side of (3.75) is equal to zero. Therefore we focus on
the case A # 0. Since 7 is uniformly continuous in [—1, 1], we have

dy= sup |Z(s)—Z(t)] =0 as N — occ. (3.76)
ls—t|<1/N

Let §; = Z(u}) — I(AI’N), and note that 0 < §; < 0.

(2

Upper bound. Since

T*(A\) = sup [Au—Z(u)] > \uf — Z(u]), (3.77)
u€R
we get the bound
Au} —I(A:"N) —I*(\) < M = [Z(uf) — &) — [Muf — Z(u))] = 6; < O (3.78)

Let Ny be such that 6y, < 3. For N > Ny, let no(N) be such that oy, + log 2N < 1e. For
n > ng(N), we have

1 1 N
Z loge E¥ Xz, T(\) < =1 TL(5N+O(7L,Ai ,w))
~log E [¢*7"] ()_nog_ze

(3.79)

*, N
_ymex o(n, A7 w).

Lower bound. Let & be such that Z*(\) = AZ — Z(&). Then there exists a i such that
= A;"N. For large N, we see that 7 ¢ AS’N. Indeed, if A\ < 0, then & < 0 and therefore
T ¢ AS’N. On the other hand, if A > 0, then £ > v,. Pick N large enough so that
v+ L < & Since AYN € (0,0, + %], we conclude that 2 ¢ AS™N.

Since # € APY, it follows that | — u?
obtain

< - Choosing Ny so that + In, < s, we

1 1 * *, 2 -, *,
—log B[] = T*(A) > —log e (i =Z(AT M) = Na=Z(@)] +o(n. AT Y w)

> — ('Z/\\) + 6N) +o(n, APN W) (3.80)

> —leto(n, AP w).

The claim in (3.75) follows from (3.79) and (3.80). O

In view of Lemma 3.2, we can bound

i (w: ‘ilogES’ [ "] —T*(N) ‘ ) u( _ e 1‘ (n,A;"N,w)’ > %5)
N—1 (3.81)
( : ‘ (n, AT, ))>%5)

M

Since there are only finitely many terms in the sum, (1.33) follows from Lemma 3.1.
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3.4 Concentration of displacements

The proof of (1.34) follows from Lemma 3.1 and from the uniform continuity of 7 as
stated in (3.76). Indeed, for € > 0, let NV be such that éy < %s. For x > 0 let AzN in (3.69)
be such that € AN C [a,b] with b — a = 4. Remember the notation [[nz]] given before
the statement of Theorem 1.13. For n sufficiently large so that [nz] > [na] we have the
following upper bound

Llog P (2, = (lnal) + Z(0) < T1og Py (22 € fa]) + Z00) + 20) - Z(0)
1 7 (3.82)
- w [ =N 1
< nlogPO ( - € [a,b]) +Z(a) + 3¢
Using (3.1) with 2¢ we obtain that
1
w (w: ﬁlogP(‘;’ (Z,, = [[nz]]) + Z(x) > E)

(3.83)

<M(w:

The lower bound is more delicate. By the uniform ellipticity of the environment, for
y € [na,nb] N Z we can estimate

1 Zny, -
—log PY ( > a) +Z(a)| > 35) <Ce ',
n n

P (Zn-nv-y =) "0 < B (7, = [[na])), (3.84)
from which:
Py (Zn,n(b,a) € [na,nb]) = Z Py (ann(bfa) = y)
y€[na,nblNZ (3.85)

< (n(b—a) + 1) P§ (Z, = [[na]]) ¢ "t

Setnextn’ =n(1—(b—a)), a = 1—((;—(1)' b= 1—(2—(1)' and take %log on both sides of (3.85)
to obtain
1 g 1 A T -
—log Py’ (Z,, = [[nx]]) > — log P — € [a,b]
n " " . (3.86)
—(b—a)loge| — ﬁlog (n(b—a)+1).
Since b — a = % we can take N, n sufficiently large so that
1
(b—a)l|logc| + -~ log(2n +1)(b—a)| < ie, (3.87)
and
(1= (b—a))Z(a) — Z(z)| < 3e, (3.88)
which together with (3.86) yields to
1
~1ogPy (Zu = [[nal)) + T(x)
) P (3.89)
>(1—(b—a)) ﬁlogP(‘)" (n’ € [d,b]) +Z(z)— %5.
Using (3.1) with 1c we obtain that
1
1 (w: -~ log P (Zy, = [[nz]]) + Z(x) < —E)
(3.90)
1 w Zn’ ~ 7 ~ 1 —cnt—?
<plw: (1—(b—a)) ﬁlogPO Fe[a,b} +Z(a)| > 3¢ ) <Ce .
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Putting (3.90) and (3.83) together, for large enough N and0 <a <z <b=a+ % we
obtain

1 _
Iz (Wl sup ;IOgPSJ (Zn = [[na]]) + Z(2)| > 5) <Ce ', (3.91)
z€la,b]
Similarly, by (3.2), for large enough N anda=b— + <z < b < 0:
1 _
Iz (Wl sup ;IOgPSJ (Zn = [[na]]) + Z(z)| > 5) <Cem', (3.92)
z€la,b]

To conclude the proof of (1.34), it suffices to note that

wlw: sup > e
z€e[—1,1]

N
1
<> u(w: sup |- log P’ (Za = [na) + Z()
i1=—N

zeAN

%bgPa" (Zn = [[nal]) + Z(x)

(3.93)

1-6

> 5) < Ce™

4 Proofs of SLLN and LDP
4.1 Proof of SLLN

In this section we prove Theorem 1.10. We will prove the SLLN under the annealed
law. After that we get Theorem 1.10 by noting that, for any event A4, if P}""(A) = 1, then
POQ’T(A) =1 for yN-a.e. ), and taking A = {lim,, o, )7(1 = v, } to get the claim.

To prove the SLLN under the annealed law, we will use Theorem 1.12. To this aim,
let P be the joint law of doubly indexed variables 1/)»2]6) that are pair-wise independent

in k£ and such that, for each &, wﬁf) has law P}'(Z,, = -). From (1.26) we see that ¢(Ti) is
distributed as Y;, and 1/)%5")) is distributed as Y.

Assumptions (Al) and (A2) are trivially satisfied. It remains to check (1.29) with
L = v, for which we use the annealed large deviation estimates for RWRE. In fact, from
Proposition 1.6 we get

1 Zn
lim sup — log P}’ (‘ — v,
n

n—oo N

>5) < —Z(v,+¢e)V—I(v, —e). (4.1)

In the zero-speed case, since —Z(v,+¢)V—Z(v,—¢) < 0, the speed of decay is exponential
in n and (A3) holds. In the positive-speed case, Z(v, —¢) = 0 and the bound in (4.1) is
not useful. However, Proposition 1.7 yields the following bound in the flat piece:

1 Zn,
lim sup log P} <’ ==
n

n—oo 1087

Since (1.31) holds and (4.2) implies (1.29) with § > 0. By (1.30), Theorem 1.10 follows.

< v, — s) <0. (4.2)

4.2 Proof of LDP

In this section we prove Theorem 1.11. We will first prove existence of the rate
function, and afterwards prove a large deviation principle with respect to this rate
function. It is worth noticing that if the measure on the environment process is stationary
and ergodic with respect to the family of space-time translations, then the rate function
can be obtained by using Liggett’s subadditive ergodic theorem [12] (see [5] for this
approach). In our case, the environment process is not stationary with respect to time
translations and therefore we need an ad hoc argument that will combine the specific
concentration properties of RWCRE of Theorem 1.13 with the concentration estimates
in Theorem 1.12. We start with two lemmas that are instrumental for our argument.

EJP 24 (2019), paper 38. http://www.imstat.org/ejp/
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Lemma 4.1. Let |z| <1 and |z| < 1. Then, for each n € Ny,

—log P¥T (X = [[n'z]]) < —log PP™ (X, = [[n2]]) — (n' —n)logec (4.3)

|z—2|

withn' :=n + 2n17m .

Proof. Since |n'z — nz| < n' —n, the Chapman-Kolmogorov equation combined with the
uniform ellipticity (1.5) yields

P (X = [[W'2]]) > PP (X = [[n2]]) ¢ " (4.4)
Take —2 log on both sides. O

The next lemma, a convergence result for the cumulants of the displacements of
RWCRE, will be used in the lower bound that comes below.
Lemma 4.2 (Convergence of the cumulants of RWCRE).

1
lim ~log BT [e*¥"] = sup [\e — Z(2)] =Z*()), VAER. (4.5)

n—oo n z€R

Proof. By (1.26) and the independence between wy and X, ;_1), we have the following
equality in distribution:

£(n)—1
%bg E(?’T [ekX”] @ - Z log Ej* [e)‘ZTk] + %log Eg”"’ [eAZT"} . (4.6)
k=1

Now, let PP be the law induced by the doubly indexed variables ¢\, (Q) := log ES* [e*?]
under x~. Then

%z) = log E* [eAZTk] 7 ¥7En)) = log ESJ“"’ [e,\zﬂ] . .7

Assumptions (Al) and (A2) of Theorem 1.12 are readily satisfied and, by (1.33), (1.29)
holds with L = Z*(\) and ¢ > 1. The claim follows from Theorem 1.12. O
4.2.1 Existence of the rate function

We show that /ﬂN-a.e.Q, for every z € [—-1,1],

Z(x) < lim inf —lPOQ’T (X, = [[nz]]) < limsup —ngz’T (X = [[nz]]) < Z(x). (4.8)

n—00 n n— 00 n

Upper bound. By (1.26) and the Chapman-Kolmogorov equation, we can estimate

P (Xo = [Inal]) 25" (Zr, = [[r(al]) x P2y, (Zr, = [[r(2)a]))

Wetm) (4.9)
X X P ny—nyap) (£ = [Inal]) -
Define the spatial-shift operator (f.w) (y) := w(z + y) and note that
—log P (Zy = [[(r(k) + mal]) = —log P{U ™ (2, = [lnal)).  (4.10)

By the spatial-shift invariance of w under p, we have the following equality in distribution:

1 (7] w 1 w
Y 1= ——log P (2, = [[nal]) @ —— log Py (Zy = [Ina]) (4.11)
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We next want to show that Theorem 1.12 can be applied to the above defined double-
indexed sequence. Condition (Al) follows from the fact that, under u]N, ( gk))nem

and ( gkl))nem are independent. Uniform ellipticity implies (A2) and Theorem 1.12
implies (1.29) with L = Z(z) and ¢ > 1. Therefore, by (1.30),

lim sup —— logP " (X, = [[nx]]) < Z(z). (4.12)

n— oo

This proves the desired upper bound.

Lower bound. The first inequality in (4.8) follows by an exponential Markov inequality
in combination with Lemma 4.2. First note that

P (X, = [[nal]) < min { BT (X, 2 [[nal]), B (X < [[nal]) } - (4.13)
The Chernoff bound yields
1
0>0: BT (X, > [[na])) = B (0 > lel) < o BT[], 414
1
0<0: Py (X, <|[nz])=B>" (eeX” > 69[["”””) < mE?’T [ef%n]. (4.15)
e nr
Taking — = log on both sides of (4.14), we get
_71 PET (X, > 1 1 1 perrex.y 9[["13]] _ ll EOT [,0Xn
og ( [[TLZCH) Of 57 [[nm]] 0 [8 ] - n n 0g £ [6 }’
(4.16)
and from Lemma 4.2 it follows that
lim 1nf—— log P87 (X, > [[na]]) > 0z — T*(6). (4.17)

n—oo

We can argue analogously for (4.15). In conclusion, the lower bound follows since

>0 = sup (0 —T:(0)) = Z(x), (4.18)
©<0 = sup(x—TI;(0))=1I(x) (4.19)
9<0

4.2.2 LDP given existence of the rate function

The proof is classical and we closely follow the argument in [5, p. 14-15]. We need to
prove that ;N almost surely, for any open set O C R,

X
liminf — PQ T (n € (’)> > — inf Z(z), (4.20)
n—oo M n zeO
and, for any closed set C C R,
1 X .
lim sup —Péz’T ( € C> < —inf Z(z). (4.21)
n—oo N n zeC

To check (4.20), since O is an open set for any = € O, we have ["‘T] € O for sufficiently
large n. Therefore, by (4.8),

X" 1 T Xn
hmlnf — logP ( € (’)) = —limsup —— log POQ, < c O)
n n n

n—oo RN,
1
> —hmsup——logpoﬂﬂ' (Xn — an]]) (4.22)
n—00 n
= _I(‘T)7
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and since x € O is arbitrary, (4.20) follows. To obtain (4.21), note that, because
(22 eC)= (%2 eCcn[-1,1]) and

#{yeZ: %em[—Lu}gan, (4.23)
it follows that X
Py (n” € C) < (2n+1) sup Py (X,, = [[na])), (4.24)
reC
Q,7 X Q,7
hmbup logP ( € C) = hmsupsup log P,"" (X, = [[nz]]) - (4.25)
n—00 n—oo xzeC

To conclude the claim it suffices to show that, for any ¢ > 0,

lim sup sup — log PP (X, = [[na]]) < — inf Z(z) + €. (4.26)

n—oo zeC N z€C

To see the latter, we argue by contradiction. Indeed, assuming that (4.26) is false, we
can find a sequence of points z,, € C N[—1,1], converging to z € C N [—1, 1], such that

1 - .
—log Py"7 (X, = [[nkzn,]]) > — inf Z(x) +&. (4.27)
N zel

By (4.8) and (4.3) we obtain that

I
|
g
|

1 ;
~1(2) —log P (X, = [[n2]))
1’ (4.28)
> — lim — log PS"™ (X, = [nkzn,]]) > — inf T(z) + ¢,
. xre

which gives the desired contradiction and concludes the proof of Theorem 1.11.
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