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Abstract
For a continuous-time lattice random walk X* = {X{,t >0} in a random envi-

ronment A, we study the asymptotic behavior, as ¢ — 0o, of the normalized additive
functional ¢, fot f(XMds, t > 0. We establish a limit theorem for it, which is similar to
that in the non-lattice case, under less restrictive assumptions.
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1. Introduction

Continuous-time random walks (CTRWS) are stochastic processes that model the pure-jump
dynamics with random waiting times between jumps. They are widely used in physics to
describe anomalous diffusion phenomena, such as transport in heterogeneous media, Hamil-
tonian chaos, Lévy flights, and have further applications in hydrology, biology, finance and
other areas.

Limit theorems for CTRWs are important tools to understand the asymptotic behavior and
scaling properties of these processes. A crucial aspect here is that, unless the distribution of
waiting times is degenerate or exponential, CTRWs are non-Markov processes. This creates
a challenge in deriving limit theorems for them and also leads to a plethora of possible limit
processes in many cases exhibiting some “fractional” kind of dynamics: fractional diffusion
processes, fractional Brownian motion, fractional stable processes etc.

A seminal result was obtained by Meerschaert and Scheffler (2004), who showed that, when
the waiting time distribution has a regularly varying tail with index « € (0, 1), the scaling
limit of a CTRW is an operator Lévy motion subordinated to the hitting time process of a
classical stable subordinator. The authors also showed that the density function of the limit
process solves a fractional Cauchy problem. Since then, there was an extensive literature in
this direction, we will only mention a few articles: Barczyk and Kern (2013); Jurlewicz, Kern,
Meerschaert, and Scheffler (2012); Leonenko, Papié¢, Sikorskii, and Suvak (2018); Baeumer
and Straka (2017); Straka and Henry (2011).
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Random walks in a random environment (RWRE) model the dynamics in a medium whose
properties vary randomly in space or/and time. They are relevant for many applications in
physics, biology, ecology, and computer science, such as diffusion in disordered media, popula-
tion dynamics, percolation, and load balancing. The quenched randomness of the environment
induces dependence and heterogeneity in the motion of the walker, which complicates their
study and leads to some interesting limiting objects. One of the first most important con-
tributions here is Kesten, Kozlov, and Spitzer (1975), which established the convergence of
one-dimensional RWRE to diffusion processes with random drifts under some conditions on
the environment. Since then, limit theorems for RWREs were studied by many authors for
different kinds of environments and their effects on the walker; we cite only few of these con-
tributions: Kesten and Spitzer (1979); Sinai (1982); Guillotin-Plantard (2001); Bolthausen
(1989); Avena, den Hollander, and Redig (2011); Redig and Véllering (2013).

More recently, the article Kondratiev, Mishura, and Shevchenko (2021) investigated the
asymptotic behavior of the normalized additive functional c¢; f(f f(Xs)ds for a CTRW X =
{X,t > 0}, and showed that under certain conditions on the distribution of jumps and wait-
ing times of X, the additive functional converges in distribution to the local time at zero of an
alpha-stable Levy motion. The authors also considered a situation where X is delayed by a
random environment given by the Poisson shot-noise potential A(x,~v) = e~ 2yery ‘b(my), where
¢ is a bounded function decaying sufficiently fast, and ~ is a homogeneous Poisson point
process, independent of X, and found that in this case the weak limit has both “quenched”
component depending on A, and a component, where A is “averaged”.

In this article, we extend the results of Kondratiev et al. (2021) to the case of a lattice CTRW.
This case is technically simpler, which allows us, on the one hand, to drop rather restrictive
assumptions on the distribution of jumps imposed in Kondratiev et al. (2021), and on the
other hand, to consider a very general random environment.

2. Preliminaries

2.1. Domains of attraction

We will give the basic definitions concerning the domains of attraction and stable laws, for
details see (Feller 1971, Chapter XVII) and Zolotarev (1986).

Definition 2.1. A random variable ¢ is said to have a stable distribution with index « € (1, 2]
if its characteristic function has the form

pe(x) = exp {iax — c|z|*w(z, o, B)},

where w(z,a, ) = 1 + i sign x tan (%)7 ¢ > 0 is called the scale parameter, § € [—1,1] is

called the skewness parameter, a € R is the expected value.

Definition 2.2. The distribution £ is said to belong to the domain of attraction to stable
law with index a € (1, 2] if there exist some sequence a,, € R and a slowly varying function L

such that the normalized sums
Gt tEn

L(n)nl/«

n

of iid random variables {&,,n > 1} with distribution £ converge in distribution, as n — oo,
to a stable distribution with index «.

Definition 2.3. If in Definition 2.2, L(n) = o for some constant o > 0, we say that £ belongs
to the domain of normal attraction to stable law with index « € (1, 2].
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2.2. Symmetric local time

Definition 2.4. For a measurable real-valued stochastic process {X (t),t > 0}, a symmetric
local time at a point = € R on an interval [0, ¢] is defined as the limit in probability

1

t
x(tr) = P lim o /0 Lo s (Xa)ds.

2.3. Notation

For any random variable X, we denote by ¢x(\) =E [e“‘X ] its characteristic function. The

symbols P and L designate the convergence in probability and in distribution, respectively.

3. Main results

Let us introduce the main object of this article. Consider a sequence &,, n > 1 of iid lattice
random variables; wlog let them be integer-valued with ged{k € Z : P(§; = k) > 0} = 1. The
corresponding random walk S, = & + --- + &, is then supported by Z. Given a sequence
0, n > 1, of iid positive random variables independent of £, a corresponding continuous-time

random walk is given by X; = Sy,, where N; = max {k >0: Zle 0; < t} is the number of

jumps occurring until ¢t. Let X be further delayed by a random environment {A(n),n € Z},
which is a positive process independent of {6,,, n > 1} and {&,, n > 1}. Specifically, we define
the A-delayed CTRW by

XiA = SNt/\? (1)

where .
Nt/\:max{k>0:29i/A(Si1) <t}. (2)
i=1
3.1. Law of large numbers for CTRW in a random environment
A1. The jumps satisfy P(&, € Z) = 1 and ged({k : P(§, = k) > 0}) = 1.

We will need the following lemma from Robbins (1953).

Lemma 3.1. Under the assumption A1, for anyt € R
1 n
. itS.:
am 2 € = Lyeanny
j:

almost surely.

Proposition 3.1. Let the assumption Al hold, and an L?-process I = {II(t),t € Z} be
weakly stationary and ergodic. Then the following law of large numbers holds:

n 2
%ZH(S@ PO E11(0)], n— oo,
k=1

Proof. Write the spectral representation:



Austrian Journal of Statistics

where Z is an orthogonal random measure; denote its control measure by G.

Thanks to independence of Sy and II, we may write

< ZH (S) — {0}>>2

—E|E ( ank {0}))

—EI|E (/7; (i;emkx _ 1{A20}>Z(d)\)>2

2
G(d))

21=51,...,2n=>5n

r1=S51,...,en=5n

n

1 7
>t = 1peg)

_E / L
)
L k=1

The integrand here is obviously bounded, so it follows from Lemma 3.1 and the dominated
convergence theorem that

2
( ZH (Sk) — {0})) —0, n— oo.

Since II is weakly stationary and ergodic, we have Z({0}) = E[II(0)] almost surely, which
implies the statement. O

Assuming that the process is just integrable, it is possible to show the convergence in L!(2).

85

Proposition 3.2. Let the assumption A1 hold, and an ergodic integrable process I1 = {II(t),t €

Z} be such that Iy (t) := IL(t) 1) <ny are weakly stationary for all n > 1. Then,

izn:n(sk EO B 11(0)], n— oo,

Proof. From Proposition 3.1 it follows that for each n > 1
1 & LY(Q)
EZHn(Sk) L E[,(0)], m — . (3)
k=1

Note that it follows from our assumptions that E [II(z)] and hence E [H(x)ﬂ{\l_[(x)|>n}] do
not depend on z. Therefore, using the independence of II and Si, k > 1, we have

supE” kz (Sk) ——ZH (Sk) ]

m>1
1
< sup —ZE ‘H (Sk) Lqpa(sy) \>n}H

m>1 T

— sup 1 i E [E [TL(2) L riay = n | | )m:SJ

m
m>1 =1

:Supsz T1(0) L gjr10)n}] |

m>1 1M

= E [[1I(0 ﬂ{\n(0)|>n}H—>0, n — oo.
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Now write
E [ %Zn(sk) —E[H(O)}‘
k=1
g ”mZH(Sk)— %Znn(sk)
k=1 k=1
tF ;Z“n<5k>—E[Hn<0>1| +[E[11,(0)] ~ E[11(0)]
k=1

This yields, thanks to eq. (3), that

limsupE” Z (Sk) —E] (0)]“
k=1

m—0o0
m 1 m
< sup E Z — > M + |E[TI(0) Loy =ny |-
m21 M= mia
Letting n — oo and using eq. (4), we arrive at the desired statement. O

Remark 3.1. The assumption of Proposition 3.2 about Il may sound a bit artificial. A
natural sufficient condition is that I1 is strongly stationary, ergodic and integrable.

3.2. Law of large numbers for counting process

We start by establishing a law of large numbers for the counting process. We will need two
additional assumptions.

A2. The process A=t = {A71(t),t € Z} satisfies the conditions of Proposition 3.1 or Propo-
sition 3.2.

A3. The time between jumps 6, is integrable:

E[6:] =

The assumption A2 implies that A~'(¢) is integrable; we denote A=t := E [A~1(0) .

Proposition 3.3. Let assumptions A1-A3 be satisfied and the process N{* is defined by eq. (2).
Then,

O P
=y P Al n— oo,
n kzl ASi) O H
and

P
—

N
t pA—1

Proof. For the proof, we will use the ideas from Kondratiev et al. (2021). Define ~,, :=
% py %. First, we note that by assumption A3 we have

o, (t) = 1 +iut +o(t),t — 0.

Denoting by Log the principal branch of complex logarithm (i.e. such that Logz € (—m, ]
for all non-zero z on the unit circle), it is clear that

Log(l+z) —z =o(x),x — 0.
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Hence, we have that
r(t) = Log(pe, (1) — iut = oft), t— 0.

Since the random variables {60,,,n > 1} are jointly independent and do not depend on A, the
characteristic function of ~, can be written as

o)
zp=A(Sk—1)"1, k=1,...,

=E| e (nA(gk 1))] =k GXP{;LOg‘p91<nA(§k_1))}]

where

= A
Fn = T(nA(Sk_l)

k=1

>, r(x) = Log ¢g, (z) — ipx = o(z), x — 0.

It follows from the Assumption A2 that

Therefore, in order to establish the first statement, it suffices to show that R, 0.
Let us first assume that the process A~! is bounded by a some nonrandom constant.

Fix ¢ > 0. For any a > 0, there exists § > 0, |r(z)| < a|z|, with |z| < 6. According to our
assumption, for sufficiently large n, A(Sg)~! < nd/|\| holds, and hence,

\R;<Z( ‘<a])\]Y

Therefore,
lim P(|Rn| > ¢) < Iim P(Y > 5)

n—00 n—00 a ’ /\|

Letting a — 04, we get

lim P(|R,| >¢) < lim lim P(Y, > C) =0,

n—00 C— 00 n—00

since the sequence {Y,,n > 1} is bounded in probability by eq. (5). Therefore, R, N 0,
n — oo. Consequently, we obtain the following convergence from Lévy’s theorem:

1 0, P —
— ) ———— — pA"m — oo.
m kzl ASe)

In the general case where A~! is unbounded, we define A, (t) := A(t)Lgjat)|>1/n}- From the
above reasoning, it follows that
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where A" = E [A,1(0)] . Write

n

+ ARt (0) — pA=1(0)]-

3

] < e s - s

k=1

1 m
= — > E[0:JE[[A™(Sk !ﬂ{lA(sk Di<i/ny] = RE[|ATHO) Tyay<am ] =0, n— o0,

This also shows that the third term converges to 0. For the second term, fix arbitrary € > 0
and write

pA (0) — pA=T(0)

>5/3>
>5/3).

To show the second statement, note that whenever z < (,uA*l)_l,

> 5/3)

—_— > 5/3) + P(
1 xm 6
m Zk:l E ‘A(Sk,l) o An(SIZ 1)

5;3 }+P<

310E [ [A™H(0)] Tgja-1(0)<1/m) ] N P(

IN

pAR (0) — pA=1(0)

pAz ' (0) — pATL(0)

9

Letting n — oo, we arrive at the first statement.

[tz)
0; t
A z : i
=1

since im0 ﬁ =1 < pA-L. Similarly, for any = > (,uA_l)_l, we get P (N} > tx) — 0,

t — 00, concluding the proof. O
Before formulating the basic law, let us formulate one more condition, namely the condition

on the distribution of jumps and an auxiliary statement that will determine the properties of
the additive functional:

A4. The jump values {&,, n > 1} are centered and belong to the domain of attraction of an
a-stable distributions with o € (1,2]. In this case (see e.g. (Resnick 1986, Proposition
3.4), there is a weak convergence in D[0, 00) with Skorohod’s topology

[nt]
{L( 1n1/aZ§k,t>0}—>{Z (t),t >0} ,n— oo,

to an a-stable Lévy process Z,,.

We denote ¢; = L(t)tY/*! for t > 0; observe that it is regularly varying of index 1/a — 1.
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Theorem 3.1 ((Borodin and Ibragimov 1995, Theorems 2.2. and 4.2)). Under the assump-
tions A1 and A4, for any function f such that Y p- _|f(k)| < oo, the convergence in law
holds:

Can(Sk)ggaG?O) Z f(k)7 n — 00,
k=1

k=—0o0

where £o(1,0) is the symmetric local time at zero of the process Zo on the interval [0, 1].

3.3. Limit theorem for additive functional of CTRW

The main result of this article is the following theorem.

Theorem 3.2. Let the conditions A1-A4 be satisfied, Y > |g(n)| < co. Then, the finite-
dimensional distributions of the process

tu
Ct/ g(Xﬁ)ds,u >0,
0

converge as t — oo to those of

o o1 = g(k)
yMe (A7) kz_:oo Ay (0 >0,

where L, is the symmetric local time of an a-stable Lévy motion Z,, independent of A.

Remark 3.2. Since

o lg(n)]
2 A(n)

n=—oo

E

—EAO)] Y 19 < o,

n=—0oo

the series > > % converges almost surely.

Proof. To establish the claim, we use the same ideas as in Kondratiev et al. (2021). For
technical simplicity we will show the convergence of one-dimensional distribution at u = 1;
the proof in general case is similar. We will actually establish a slightly stronger result.
Namely, denoting

t oo
e k
AN = Ct/ g(XMds, BN = ul/a(A_l)l/ ' g g((k))éa(l,o),
0 k=—00

we will show that, conditionally on A, Aé\ 4, BA t — o0, in probability. The latter
convergence is the convergence in probability E [ F(A) | A] P E [F(BY) | A],t — oo, for
any continuous bounded F' (if the convergence were almost sure, we would have the so-called
quenched convergence).

For n > 0, denote 7, = Y p_; %, n > 0, the time of nth jump of XtA. Then,

t N
9(Sk-1)
XMds = R t— Sa).
o [ oxtyas 3 gy ot~ ma(Swy)
Let us deal with the first sum. We start by looking at

_ = 9(Sk-1)
(n = ;akA(Sk_l).
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For a non-random function h: Z — (0, c0), denote by
(A h) = [eherr | A=

the conditional characteristic function of ¢,(, given A = h; in view of Remark 3.2, we can
z;\silme }fhat Yol %23‘ < 00. Thanks to independence of £, 6 and A, we can write for any
0 that

9(Sg_1)
TET RS-

on(Ah)=E | E [exp {i)\cniekxk}]

k=1
. [ )\Cng(‘s’k— )
=E H@e 7h(5k—1)1 )]
Aeng(Sk—1)
wosen(X5475)

. ~ g(Sk-1)
zu)\cnz: h(Se_) + Rn}

k=1,....n

/N

)

where

), r(z) = Log pg(x) — ipx = o(x),x — 0.

It follows from Theorem 3.1 that

—~g(Sk-1) d. < g(k) a0
c"};h(sk_l)sz_:wh(k)ea(l’o)’ — 0.

As in Proposition 3.3, we need to show that R, P 0, n — oo. To this end, fix € > 0 and let
0 > 0 be such that |r(t)| < e|t| for any |¢| < 0. Then, we can write

9(Sk-1)
h(Sk_1)|

|R,| < g|A|ey, Z

k=1

Hence, thanks to eq. (6), for any n > 0,

[e.e]

Tim P (|Ra| > 1) <P ( >

=—00

g(k)

h(k)

n
> —— .
lo(1,0) > €|>\|>

Letting e — 0+, we obtain that lim,,_. P (|Rn| > n) = 0, which gives us the required con-
vergence.

By virtue of Lévy’s theorem, we get that, conditionally on A = h,

.« g(k)
cnCn — ukzzoo %ﬁa(l,O), n — oo. (6)

The next step is to show a similar convergence for ¢ NA- Thanks to Proposition 3.3, for any
e >0,
NA
t

where a = (MF)A, whence

NA
P(tt—alzg

25)%0, t — oo,
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Observe that

< oy Z 0, lg(Sk—1)|

Cat
A(Sk—
k:|k—at|<et+1 ( k 1)

CNtA - Cl_at]

A
whenever ‘NTt — a‘ < €. Therefore, for any n > 0,

P <cat

277|A>

9(Sk—1)|

|
<Pleca > HkA(Sk—l)zn A|+P
k:|k—at|<et+1

CNtA - C\_atj

Y=

o

Similarly to eq. (6), it can be shown that, conditionally on A,

Cat Z ka $M Z m(ﬂa(l—i—a/a,O) —Llo(1—¢/a,0)).  (9)
k:|k—at|<et+1

k=—00

Due to eq. (7), from any positive sequence ¢, — 0o, we can extract a subsequence t,, such
that
N
2] ‘ L_q
tp,

almost surely. Combining this with eq. (8), we get

2n|A>

>

A>—>O, t — o0,

lim sup P (Catnl

g, Slatn,]

l—o00

- l9(Sk—1)] ‘
<limsupP | c, Op—— > A
S NP SR o

k:\k—atnl |[<etn,+1

almost surely. Further, using eq. (9) and the portmanteau theorem, we obtain

2n|A>

<P (u Z \i((/;;))’ (€a(1 +6/a,0> —lo(1—¢/a,0)) > 7 ' A>
k

lim sup P <Catnl

l—00

CNa,  Slatn,]

= (u Z |Z g’ (La(1 +s/a,0) —lo(1—€/a,0)) > n)

h=A

almost surely. Finally, letting ¢ — 0 and noticing that the process £ is continuous, we obtain

P (Catnl

almost surely. Since the sequence t,, was arbitrary, it follows that

CN{:” = Clatn,] >17‘A> -0, = o0

P <cat CnA = Clat)

277|A> 200, t— oo
Combining this with eq. (6), we get that conditionally on A = h,

d. -~ gk)
Qa « 17 bl )
ctCNtA—>uk:Eoo h(k)g (1,0), t— oo
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in probability. Since ¢; is regularly varying of index 1/« — 1, then, conditionally on A = h,

d “1/a = gk
cilyp = pa' My hikgea(l,m
k=—00

:MI/Q(F)l/a_l Z ZEI]Z;ZQ(LO), t — 00,
k=—o00

in probability.

To complete the proof, it remains to show that ¢ (t - TNtA)g(SNtA) P 0, t = oco. This follows
from the boundedness of (¢ — TNtA) and A(S NtA) in probability, boundedness of g, and the
convergence ¢; — 0 as t — oo. O
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