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For a continuous-time random walk X = {X¢,¢ > 0} (in general non-Markov), we
study the asymptotic behaviour, as t — co, of the normalized additive functional

ct fg f(Xs)ds, t > 0. Similarly to the Markov situation, assuming that the
distribution of jumps of X belongs to the domain of attraction to a-stable law with
« > 1, we establish the convergence to the local time at zero of an a-stable Lévy
motion. We further study a situation where X is delayed by a random environment
given by the Poisson shot-noise potential: A(z,v) =e” Tyey d’(z_y), where

¢: R — [0,00) is a bounded function decaying sufficiently fast, and v is a
homogeneous Poisson point process, independent of X. We find that in this case the
weak limit has both ‘quenched’ component depending on A, and a component, where
A is ‘averaged’.
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1. Introduction

An evolution of continuous-time random walk (CTRW) X ={X;,¢t>0} is
described by a sequence of times between consecutive jumps of the process, which
are assumed to be independent identically distributed (iid) positive random vari-
ables 6,,, n > 1, and by a sequence of iid sizes of jumps &,, n > 1; the two sequences
are assumed to be independent. When the distribution of 8,, is exponential, CTRW
is nothing but a compound Poisson process. Otherwise, CTRW is in general not
a Markov process, so may be considered as a non-Markovian generalization of a
compound Poisson process.

It is handful to represent the CTRW X in the form
Ny
Xe=> &, (1.1)
k=1

© The Author(s), 2020. Published by Cambridge University Press on behalf of
The Royal Society of Edinburgh

799

https://doi.org/10.1017/prm.2020.33 Published online by Cambridge University Press


mailto:kondrat@math.uni-bielefeld.de
https://orcid.org/0000-0002-6877-1800
https://orcid.org/0000-0003-1047-3533
mailto:myus@univ.kiev.ua; zhora@univ.kiev.ua
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/prm.2020.33&domain=pdf
https://doi.org/10.1017/prm.2020.33

800 Y. Kondratiev, Y. Mishura and G. Shevchenko

where N; = max{k >0: Zle 0; < t} is the number of jumps up to time ¢t.

(Throughout the paper we use the convention that Zgzl =0.)

Consider a Borel function f: R — R. We are interested in the asymptotic
behaviour, as t — oo, of the additive functional fot f(Xs)ds, normalized by a
suitable factor.

When X is a discrete- or continuous-time ergodic Markov process having an
invariant probability measure v, additive functionals of the form A; = 22:1 f(X)
(respectively A; = fot f(X,)ds) with f € L'(v) satisfy strong law of large numbers:
A/t = v(f) = [ f(z)v(dz), t — oo, almost surely, and, under some additional
assumptions, a central limit theorem: (A; — v(f)t) /vt <, N(0,0%),t — oo, with
some variance o7 (see e.g. [6, Chapter 2]).

The situation is very different when X does not have an invariant probability
measure. In particular, when it is a recurrent random walk, under suitable normal-
ization, additive functionals converge to a local time of some a-stable Lévy motion
multiplied by ffooo f(z)dz (in the case of lattice random walk, by the sum of its
values at the lattice points), see [4,11]. Tt is also worth to mention works [12, 14],
where a general result on convergence of additive functionals of Markov processes is
proved, [10], which studies convergence to local times and associated central limit
theorems for additive functionals of diffusions, and [17], which establishes a limit
theorem for local time at a state x of processes which are regenerative at x.

There are also results in the non-Markovian case. Most notably, [11] studies
cumulative sums Sy = Ele X; of some long-memory stationary sequences X of
moving-average type, and establishes convergence of normalized additive function-
als to the local time of fractional Brownian motion or, in a heavy-tail situation, of a
fractional a-stable process (it is also worth mentioning that this article establishes
some of the strongest results for the Markovian situation as well).

Despite a large body of research on limit theorems related to CTRWs (see e.g. [15]
and references therein), the asymptotic behaviour of additive functionals for a
CTRW in such a direct statement of the problem as ours has not been studied.
We can name a paper [13] where, in another version, limit theorems of a similar
type were considered. We are focussing on the case where the times between jumps
are integrable. In this case, despite the corresponding CTRW is possibly a non-
Markovian, the results we establish are similar to the Markovian case. The reason
for this similarity is that the process IN; grows approximately linearly, thanks to
the law of large numbers; the corresponding results are contained in §3. In §4, we
consider a quite different situation where the process X is delayed by some envi-
ronment A. We first study the case of non-random A, and prove a corresponding
limit theorem. Further we look at a random environment given by the Poisson shot
noise potential

Az, ) = e™ Lver $@V)

where 7 is a homogeneous Poisson configuration, and ¢: R — [0,00) is bounded
and integrable. We establish a limit theorem for this case as well. The convergence
we show is ‘quenched’ in the sense that we have a weak convergence to a limit
depending on v for almost all configurations . Another interesting feature is that
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the limit, besides the aforementioned ‘quenched’ component, contains a component,
where A is ‘averaged.’

The remaining structure of the article is following: §2 contains some preliminary
information on domains of attraction and stable variables, and proofs, which are
rather technical, are postponed to Appendix.

2. Preliminaries

For any random variable X, we denote by px(\) =E [ei/\X ] its characteristic

function. If X has absolutely continuous distribution, fx denotes its density.
Throughout the proofs, C' is a generic constant (possibly random), the value of
which is not important and may change between lines. To emphasize dependence

on some variables, we put them in subscripts: Cj,, C}, etc. The symbols 4, and

dd . . . . .
144 designate the convergence in law and the convergence of finite dimensional
distributions, respectively.

2.1. Domains of attraction

Consider the basic definitions concerning the random variables {&,,n > 1}, for
details see [7, Chapter XVII] and [19].

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

e(x) = exp {iax — clz|“w(z, a, §)},
where w(z, o, ) = 1 + i sign x tan[(7«) /2]; ¢ > 0 is called the scale parameter, § €

[—1,1] is called the skewness parameter, a € R is the expected value.

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

G+ 4 _a
L(n)nt/ "

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

DEFINITION 3. If in definition 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].

A distribution £ belongs to a domain of attraction of a stable law with index « if
its characteristic function admits in some neighbourhood of 0 an expansion of the
form

or(x) = exp {iax — h(|z|)|z|“w(z, o, B)}, (2.1)

where h(x) is a function slowly varying at 0; it belongs to the domain of normal
attraction to a stable law with index « € (1, 2] if h(x) — ¢ > 0, x — 0. The relation
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between h and L is as follows:

1

nn

2.2. Symmetric local time

DEFINITION 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
éx(t,l‘) = P_sli}(r)lJrQiE/O 1[1_5730_‘_5]()(3)(18.

3. Asymptotic behaviour of additive functionals for CTRW

In this section we study asymptotic behaviour of additive functionals of the form
fot f(X¢)dt for CTRW X given by (1.1). We will need several assumptions con-
cerning the distribution of jumps &, and times between them 6, as well as
function f.

A1l. We will assume that the jump sizes &,, n > 1, are centred and their distri-
bution belongs to the domain of attraction to a-stable law with « € (1,2]. In
this case (see e.g. [18, proposition 3.4] or [11, proposition 1 (ii)]) there is also
a functional convergence

nt|

[
1 d
75 1200, —{Za(t),t =0
L(n)nl/a k:1£k’7 { ( ) }

towards an a-stable Lévy motion Z,(t).

A2. The assumptions on function f come from [11] and are accompanied by
additional assumptions on the distribution of &1, namely, we assume that
(i) either f € L'(R)N L>*(R) and the distribution of ¢ has a nonzero
absolutely continuous component,

(ii) or f € L'(R) N L?(R) and the characteristic function ¢¢, of jump sizes is
integrable to some power p > 0:

/ o, (DF dt < oo,

A3. Concerning the times 6, between jumps, we will assume that they are
integrable:

E [6:] = p.

Denote ¢; = L(t)t'/*1, S, =& +--- +&,. We will use the following result,
which is an adaptation of theorem 3 from [11] for the case © = 0, 5, = yn, co = 1,
¢; =0, j > 1 (in the terms of [11]).
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THEOREM 3.1 [11]. Under assumptions A1-A2, the finite-dimensional distributions
of the process

[nt]

n Z f(Sk), t=0,
converge to those of

/°° (@) da - £a(t,0), ¢ 30,

—o0
where £, (t,0) is the symmetric local time at zero of the a-stable Lévy motion Z,
on [0,1].

Now we establish a similar result for the CTRW X defined by (1.1).

THEOREM 3.2. Let X be given by (1.1). Under assumptions A1-A3, the finite-
dimensional distributions of the process

tu
Ct/ f(Xs)ds, u=>0,
0

converge as t — +oo to those of
1/0‘/ fl@)dx - Ly (u,0), u>=0.

REMARK 1. Using the results of [4], it is possible to replace the additional assump-
tions from A2 on the distribution of £ by the requirement to be non-lattice. However,
in this case f should have a compactly supported Fourier transform, which is a very
restrictive requirement.

REMARK 2. The results of [4] can be used to handle the lattice case. Namely, let
A1 and A3 hold, but A2 is replaced by the assumption that P(&; € {a +bZ}) =1
for some a € R,0 >0, and > >~ __ |f(a+ bn)| < co. Then

tu o]
{ct f(XS)ds,u>0} fdd {ul/o‘b Z f(a+bn).€a(u,0),u>0},t—>+oo.
0 n=-—oo

REMARK 3. Under the assumptions of theorem 3.2, one can also show the
convergence of finite-dimensional distributions of

X
( ?i/act/f ) w20,

as t — 400 to those of

(Uaz / f(x dxf(u0)> u> 0.

The proof is similar, but one needs an appropriate extension of theorem 3.1 estab-
lishing a similar joint convergence. Such extension is straightforward: the proof
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of theorem 3.1 in [11] relies on several auxiliary results, of which the only one,
lemma 8, is concerned with weak convergence. The latter lemma, in turn, appeals to
[8, theorem 1, p. 485], which is easily seen to provide the desired joint convergence.

REMARK 4. Out results hold exclusively in the one-dimensional recurrent case. The
situation in the non-recurrent case is strikingly different. If we take, for example,
a compactly supported function f, additive functionals fg f(Xs)ds converge as
t — oo without any normalization. So in order to get non-trivial results here, we
have to consider ‘larger’ functions f than in the recurrent case; as for now, precise
assumptions are beyond our understanding.

4. CTRW in a random environment

4.1. CTRW with location-dependent intensity of jumps

Consider now the situation that the time between jumps depends on the current
location of the random walker: the intensity of jumps from a location z is A(x) > 0.
In the Markovian case, the corresponding evolution is a pure jump process with the
generator

(A0)a) = Aw) [ (5l =) = ¥(a) Fe ().
The consecutive locations visited by the random walker X are, as before, S; =
£,5 =6 +&,...,5, = ZZ=1 &k, ... The time spent in the nth location is an
exponential random variable with parameter A(S,), which also can be written
as 0,/A(S,), where 0,, is an exponential random variable with parameter 1. In
view of independence of times between jumps, the random variables 0,,, n > 1, are
independent, so the evolution can be written in the form

Ny
Xt = Zglm (41)
k=1

where Ny = max <k > 0: Zle 0:/A(S;) < t}. To construct a non-Markovian coun-

terpart of this dynamic, we now drop the requirement that the variables 0,,, n > 1,
have exponential distribution. So in the rest of this section X will be given by (4.1)
with iid jumps &,, n > 1, and iid variables 6,,, n > 1, which are also independent
of &.

In this section we will need stronger assumptions than in the previous one.
Namely, we will assume that the jump sizes are from the normal domain of attrac-
tion of a-stable law. Moreover, since the case o = 2 is very different technically, we
will consider in this section only non-Gaussian case o € (1,2). We will also need
stronger assumptions on the distribution of jumps.

B1. The jump sizes &,, n > 1, are centred and their distribution belongs to the
normal domain of attraction to a-stable law with « € (1, 2], i.e. L(n) =0 > 0
in definition 2. In this case (see [18, proposition 3.4]) there is a functional
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convergence

[n]
1
7 ket 20 p =5 {Za(t),t > 0}
onl/a
k=1
towards an a-stable Lévy motion Z,(t).

B2. The distribution of &, is absolutely continuous,
(i) for a € (1,2),

/_ 2 |fe, (@) — f2. (2)] dz < oo

(ii) for a = 2, the density of Sy is bounded for some N > 1, and
E [5%1|§1\>t] - O(tiﬁ)v t— 00,
with some x > 0.

Concerning the jump intensity A we will assume sub-polynomial growth and
existence of Cezaro averages for its inverse.

B3. For any § > 0, sup, <, A(z) ™' = o(n®),n — oo.

B4. There exists A—! > 0 such that for some r > «,

1 x4+t
sup f/ Aly) tdy — A=1| — 0, t— +oo.
xT

|| <tr

We start by examining the properties of the sums Y., 6;/A(S;) and the
process Ni.

PROPOSITION 4.1. Under the assumptions A3, B1-B4,

and
Nt P 1

——, t—o0.
t pA—T

Finally we turn to asymptotics of the additive functional.

THEOREM 4.2. Let X be given by (4.1). Under assumptions A2-A3 on f(z) =
g(z)/A(x) and B1-B4, the finite-dimensional distributions of the process

tu
Utl/a_l/ g(Xs)ds, uw=0,
0

converge as t — 400 to those of

a=1 [ g(g)
Vo (A=1 : EACRF
i (A ) /_OO A@) dz - £y (u,0), u>=0.
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4.2. CTRW in a Poisson shot-noise potential environment

The conclusion of theorem 4.2 is also true for a random A independent of X pro-
vided that A satisfies B3-B4 almost surely, and g/A satisfies one of the assumption
A2(i) or A2(ii) almost surely.

Of particular interest is a random A of the special form, a so-called Poisson
shot-noise potential:

Az, ) = e~ Lver 2@=9) —: o= Folem) (4.2)

where ¢: R — R, 7y is a homogeneous Poisson configuration, i.e. a point process such
that for any Borel set A C R having finite Lebesgue measure A(A), the number of
points of v in A, |y N AJ, has a Poisson distribution with parameter A(A).

A sufficient condition for A to be well defined for almost all x € R is that ¢ €
LY(R); we will impose a stronger assumption.
C1. ¢ € C(R) and there exist some C, 3 > 0 such that |¢(x)| < C/(1 + |z| 7).

Under this assumption, it is shown in [5] that

E [A(z,7)7%] = exp {/_Z (e — 1)dy}

for any a € R and

logn >
sup |Ey(z, =0(———], n— oo, 4.3
sup |51, ) (o (43)

a.s.
PRrROPOSITION 4.3. Under the assumption C1, for any § > 0,

sup A(z,7)"t =o(n%), n — oo, (4.4)

lz|<n

a.s., and for any r > 1,

sup
|z <tm

1 l+t
;/ A(yv’Y)_ldy_E [A(Ovly)_l] _)07 t—>+OO,

almost surely.

We are now in the position to prove the main result of this section. To ensure A2
for the function g/A, we impose suitable assumptions on g.

C2. Either g € L'(R) N L?(R) and the characteristic function ¢, of jump sizes is
integrable to some power p > 0, or g € L'(R) and there exist some C,e > 0
such that |g(z)] < C(1 + |z|*)~! for all x € R.
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THEOREM 4.4. Let X be given by (4.1) and A be given by (4.2) with v independent
of X. Under assumptions A3, B1, B2, C1, C2, the finite-dimensional distributions
of the process

tu
atl/‘kl/ g(Xs)ds, wu=>0,
0

converge as t — +oo to those of

e exp {(L) /Z (49— 1) dy}. /"; A?ff?y) Az Lo(u,0), u>0,

with £, independent of .
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Appendix A. Proofs and auxiliary results

Proof of theorem 3.2. For simplicity, we show marginal convergence for u = 1; for
arbitrary finite-dimensional distributions the proof is the same, just heavier in terms
of notation.

Denote 7, = Y p_; 0, n > 0, and write

ct/o f(Xs)ds = i@kf(sk,l) +c (t - TNt)f(SNt). (A1)

k=1

By the strong law of large numbers, N;/t — u, t — oo, a.s., therefore, Ny ~ t/pu,
t — 00, a.s. Therefore, since ¢, is regularly varying at infinity of index 1/a — 1,

1/a—1

cL o~ ¢N,, t— o0, (A.2)

a.s. Thus, thanks to Slutsky’s lemma, we need to study the asymptotics of the
normalized sums

Cn :anekf(Skfl) as n — 00

k=1

(the remainder ¢;(t — 7w, ) f(Sn,) will be handled later).
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Step 1. Let us first consider the case of a bounded f. Thanks to independence of
¢ and 0, we can write

¢, (A\) =E lE HManakfﬂk}H | ormf (Sk_1), k=1,...m
k=1

=E [H w6, (Aen f(Sk—1)) exp {Z Log ¢o, (Acn f(Sk-1)) H ;

k=1 k=1

=E

where Log denotes the branch of the natural logarithm such that Logz € (—m, 7]
for all z € C\ {0}. From assumption A3 we have

wo, (t) = 1 +iut +o(t), t—0.

Since also
Log(l4+z) —z =o(z), z—0,
we get
r(t) :== Log g, (t) —iut = o(t), t—0.
Now

¢, (A) lexp{z ipAen f(Sk—1) + Ru, n)}]

k=1

=E [exp {iu)\cn Z f(Sk—1) + Rn}

k=1

(A.3)

where Ry, = r(Acn f(Sk—1)), Rn = Y_j_; Ri,n. By theorem 3.1,

Y1) 5 [ f@)ds (L), n— o,
k=1 -

Since the absolute value of the expression inside the expectation in (A.3) is bounded
by 1, we just need to show that R, — 0, n — oo, in probability. To this end, fix
arbitrary € > 0 and let 6 > 0 be such that |r(¢)| < e |¢t| whenever || < §. Since f is
bounded, Ac,|f(z)| < 6 for all z € R and all n large enough. Then we can write

Rl <> |Rinl <e[Mew Y |f(Skon)]
k=1 k=1
By theorem 1,
Z\ Skl\—>/ x)|dx - £ (1,0), n — oo, (A4)
so for any n > 0,

. > n
limsupP (R, > n) <P / )| dx - £,(1,0 2).
pP () <P ([ i@l .0 >

n—o00 — 00
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Letting ¢ — 04, we arrive at limsup,,_, ., P(R, > n) = 0, which gives the desired
convergence in probability.
Consequently, from the Lévy theorem we get

G -5 M/OO f(z)dz-£,(1,0), n — occ. (A.5)

Step 2. Now let f be unbounded. We are going to apply [3, theorem 3.2]. As we
have just shown, for any m > 1,

m E d m
Cp'i=cp Z Ok f(Sk—1) 11 5(5_1)|<m — €
k=1

= u/ f($)1|f(m)|<md$~€a(l,0), n — 0.
It is also clear that

CWLL)M/OO f(ﬂf)d.]?ﬁa(l’()), m — OQ.

So it remains to deal with

<en Y Ok [ F(Sk-1)| Lig(s_1)i>m-
k=1

Z ekf(sk—1)1|f(sk71)\>m

k=1

|<n_<gl|zcn

Denote fy, () = |f(2)] 1|¢(z)|>m- For any € > 0, owing to independence of £ and 6,
we can write

(A.6)

P<|Cn—C:ln‘ >€) <E [P (anekxk >€>

k=1

Te=fm(Sk-1),k=1,...,n

Thanks to the Markov inequality,

2 c
Ple, 0 >e| < 2E

n n
_ Caph
E Opr | = - g Tk,
k=1 k=1

SO

P (cn Zkak > E)
k=1

By theorem 3.1,

e =fm(Sk—-1),k=1,....,n

Canm(Skfl) i)/ |f(x)|]l|f(z)|>md$'ga(1=0)> n — oo.
k=1 —oe

By the Skorokhod representation theorem (see e.g. [3, theorem 6.7]), there exist
random variables £/, (1,0) and S;}, m,n > 1,k =1,...,n, such that:
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o £4,(1,0) £ (o(1,0);
e for each n,m > 1,
(S k=1,...,n) £ (Sp_1,k=1,...,n); (A.7)

e for each m > 1,
n 00
Cnizﬁ”@$ﬂ>_ﬁ/ (@) 1) f(@)|>m da - £,(1,0), n — oo,
k=1 —o0

almost surely.
Then, using (A.7) and the Fatou lemma, we obtain from (A.6) that

lim sup lim sup P(|¢, — ('] > ¢)

< E |limsuplimsup P <cn Z Orxp > 5)

m—oo  n—00
k=1

= m(S.7), k=1,....,n

< E |limsup lim sup —_— Z fm (S )]

m—oo  n—00
k=1

=E limsupﬁ/ |f(JU)1|f(w)|>md1‘-€/a(l,0):| =0.

|l m—oo € J_x

Therefore, using [3, theorem 3.2], we get (A.5) also in this case.
Step 3. Taking into account (A.2), the independence of (, of Ny, and the
convergence Ny — 00, t — 00, a.s., we get

CtZQkf (Sk-1) / f(x)dz - £,(1,0), t— oc.

It remains to handle the term ¢;(t — 7w, ) f(Sn, ). Clearly, (t — 7n,) < On,+1. There-
fore, appealing to (A.2) and to the almost sure convergence N; — oo, it suffices

to show that ¢, 0,41 f(Sn) P, 0, n — oo. Since #,, are identically distributed, they

are bounded in probability, so we only need to show that ¢, f(Sy) £, 0, n — oo.
This, however, easily follows from (A.4). Indeed, we clearly have also

%Zualyﬁ/ z)|dx - £, (t,0), n — . (A.8)

But if limsupnﬂoop(cn\f(snﬂ ) were positive for some 7 > 0, the limiting
distribution of ¢, 71—y [F(Sk—1)| = el F(Sn)| + cn Sp—1 |£(Sk—1)| would strictly
dominate that of ¢, 71 | f(Sk_1)|, which would contradict (A.4) and (A.8). O

LEMMA A.1. Assume B1, B2 and let a function h: R — [0,00) satisfy
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Limit theorems for additive functionals 811
H1. For any 6 > 0, sup, <, h(z) = o(n%),n — oo.
H2. There exists h > 0 such that for some r > 1 there is a uniform convergence of
Cezaro averages:

1 -+t _
sup 7/ h(y)dyh‘HO, t — +o00.

[z|<tr

Then,
1 & P —
—E h(Sk) — h, n — oo.
n

Proof. Consider first the case of a € (1,2). Take some b € (1/a,7/a) and define
hn(x) = W)L g)<np + h1|g)pe- It follows from H1 that for any § > 0,

sup |hn (x)] = o(n%), n — occ. (A.9)
z€R

Clearly, extending h by h may only improve convergence to h, so it follows from

H2, that for any sequence (a,,n > 1) such that a, > n®",
1 T+an _
sup —/ hn(y)dy—h‘ — 0, n— oo. (A.10)
z€R | On T

Since &, belong to the normal domain of attraction to a-stable law, we have
P(|Sk| > z) < Cka~ for all > 0, k > 1. Then, for any a € (0,a —b™'),

k=1 i=1
I C
QZE [|R(Sk) — *Z IR A
=1 =1
C n 0o
— / 2 P(|Sk| > x) dx
n 1 nb

n

< Cplla—a)-1 Z k < Opbla—a)+l 0, n— oo.

Therefore, it is enough to prove that
1o p -
— E hn(Sk) — h, n — oco.
n

To this end, consider
¢t == > ha(Sk) = Y. Fu(Xu(k/n)),s<t, n>1,
sn<k<tn sn<k<tn

where X,,(k/n) =n~"Y*Sy, F,(x) = n"'h,(n'/*z). As it was proved in [14], the
processes X, provide a Markov approximation for the a-stable Lévy motion Z,
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therefore, we can use [12, theorem 1] about the convergence of additive functionals
(concerning the terminology, we advise to consult the articles [12,14]). First note
that

1 _
sup | Fy, (2)] < - < sup |h(z)| +h> — 0, n— oo

z€R |z|<nb

Further, the characteristic of the limiting functional

F () = B Mhdu] Ch(t—s), s<t,

does not depend on x, so obviously satisfies the uniform continuity assumption
of [12, theorem 1]. It then remains to show the uniform (in x € R,0 < s <t < 1)
convergence of characteristics

itz Z E [F.(Xn(k/n) + )] :% Z E[hn(sk—i—nl/ax)}

sn<k<tn sn<k<tn

to f'(x). Since f%!(z) is independent of x, this is equivalent to the uniform
convergence of f5t(n=1/%z).
Fix some € € (ba/r, 1) and consider

mw&+m=/ B (K%Y + @) frjeg, () dy, k> 1.

— 00

By [1](see also [2]),
[ 12w = fives @ldy = oK/, koo (A1)
Therefore, for any § € (0,£(2/a — 1)), thanks to (A.9),

sup |E [ha(Sk +2)] = B [hn(k/*Zq +2)| |

zeR k>n*
< sup [hy| - ksgpg/ 12, () = fr-1ra(y)|dy = o(n®0=2/)) -0, n — oo,
(A.12)
Further,

E [hn(kl/aza +x)} = /Oo ha (K *y + ) f2, (y) dy

/ / h (kY %y + ) dy dz.
fzo (y

It is well known (see e.g. [19, Chapter 2]) that a stable distribution has an unimodal
analytic density, so for each z € [0, max fz_), there exist some a, < b, such that
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{y: fz.(y) > 2} = [a.,b.]. Then we can write for some v € (0,2(g/a — b/r))

max fz,, b.
E [hn(kl/aZa + x)] = / / hn (kY %y + x) dy dz
0 a.

max fz,—n"" max fz,, b,
= / —|—/ / B (KY %y + ) dy dz.
0 max fz, —n=7 a

z

(A.13)
Clearly,
max fz,, b.
/ / hn(kl/ay +a)| dydz < sup|hy|(by —a1)n™ 7,
max fz,—n=7 Ja.
whence, in view of (A.9),
max fz, b.
sup / / ho (kY% 4+ 2)dydz| — 0, n — oc. (A.14)
z€Rk21 |Jmax fz, —n—7 Ja.

Further, for z < max fz, —n™7,

b. 1 BVt
/ B (EY %y + ) dy = W/k h(u) du

Vea,+a

1/o<b +x

b, —a. /’“ :

= h(u) du.
kl/a(bz — G,Z) kl/eq, +a ( )

Thanks to continuous differentiability of fz_, there exists some positive ¢ > 0 such
that b, — a. > en~7/? for any z < max fz, —n~7. Therefore, for such z and for
k>ns, kb, —a.) > en/*7/2 > nb/" for all n large enough. Consequently, in
view of (A.10),

1 kY b, +a B
sup 7/ h(u)du — h
z€R,k>n® kl/a(bz - az) kl/ea,+x )

z<max fz,—n""

— 0, n— oo.

Combining this with (A.13)-(A.14) and noting that fomax fza (b, —a,)dz =
ffooo fz.(x)dr =1, we get

B [hn(k'/ 20+ 2)] - ﬁ|

max fz,, b, max fz, _
/ / B (Y %y + ) dy dz — / (b, —a,)hdz
0 a. 0

max fz,—n""
/ (b: —az)
0

limsup sup
n—oo xER,k>nc

= limsup sup
n—oo zeR,k>n®

= limsup sup
n—oo xzeRk>nc
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1 kY b. 4 ~
—— hp(u)du —h | dz
kl/a(bz — az) Al/aaz+w ( )

max f7,
< lim sup/ (b, —a,)dz-
0

n—oo

1 K'Y +a ~
su _ hp(u)du — h| = 0.
ZER,kgnE kl/(x(bz - aZ) »/Iél/aaz+x n( )
z<max fz,—n""
Recalling (A.12), we arrive at
sup  |E [n(Sk + )] —h| =0, n— oo,
zeR k>n®
whence
1 -
sup = E [hn(Sk+2)] —h-(t—s)| =0, n—oo.
z€R,ne-1<s<t<L | T k:sn<k<tn
Also, thanks to (A.9),
1
sup = Z E [hn(Sk +2)]| < Cntsup |h,(x)] — 0, n — oc.
zeR,s<ne—1 | T k<ns zE€R
Consequently,
LS B Skt a) =k (t—s)| — 0
sup — WSk +z)—h-(t—5)—0, n—oo.
z€R,0<s<t<1 | T

sn<k<tn

This shows the

required uniform convergence of characteristics, so by
[12, theorem 1] we get
1< —
Zhn(Sk) — h, n— o0,
"=
in law, equivalently, in probability.
For v = 2, instead of (A.11) we have, thanks to [16],
Sug(l F YD f2. (W) = fr-ves, W) = o(k™5), &k — oo,
ye
whence
| 12,00 = S, @l dy = o), k=,
so we can choose § € (0,ek) is (A.12); the rest of proof is unchanged. O
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Proof of proposition 4.1. Denote 7, =1/n) ", 0;/A(S;) and write, similarly to
the proof of theorem 3.2, for any A € R\ {0},

¢y, (A)=E |E H; Z%MH
k=1

= 1
=E |ex — +Rn ’
P ;A(S,H) }
where
R nr A () =Lo () —ipr =o(x), —0
= - = —
n ] nA(Sk-) 5 g o, 1%
By lemma A.1,
Y, :li;LF n — 0o (A.15)
" n & A(Sk-1) ' ) '

In order to prove the first claim it remains to show that R, £, 0, n — oo. Fix some
e > 0. For any a > 0, there exists some 6 > 0 such that |r(z)| < alz| for |z] < 0.
Therefore, on the event A, := {max;<, A(Sy)~ < nd/|A|}, we have |R,| < aY,,.
Therefore,

P(|R,| >¢) < P(Y, >¢/a)+P(A]).

Choosing a < /A1, we get from (A.15) that P(Y,, > e/a) — 0, n — oo. On the
other hand, since by B3 for any 7 < 1 it holds that A(z)™' < K, |z|? with some
K, >0, we have

P(A°) < P(A(Sk M) ZH:P< [9I" > Kn6A|)

k=1

M= 104>

<SP (|sk| > C’nl/">

~
Il

1
<n’P(|G] = Ot/ =20 Y), 0 — oo,

where the last follows from B1 (see e.g. [4, § 1.1]). Taking n < (1 +2/a)~!, we get

P(AS) — 0, n — oo, thus establishing the convergence R, N 0, n — oo, which
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finishes the proof for the first claim that ~,uP—A~1, n — oo. The second one
follows in a standard way: for any = < (uA‘l)_l,

[t2]
0 t
P(N, <tr)=P ZA(S') >t =P(W[trl 2 @) —0, t— 400,
i=1 ‘

since lim;_.o. t/[tz] = 1/ < pA~1, and similarly for any = > (uA‘l)_l, P(N, > tz) — 0,

t — o0. |

Proof of theorem 4.2. Similarly to (A.1), we can write

N,
! N~y 9(Sk-1) _ 905w
[ atxads =300 g ol - ) g

From proposition 4.1, we have N/t N (,u . A*l)fl, n — oo. Therefore, repeating
the proof of theorem 3.2, we arrive at the statement. ]

The following lemma is probably well known: for instance, a similar statement
can be found in [9, lemma A.2]. However, we did not find it in the given form, so
we include it for completeness.

LEMMA A.2. Let {Y;,t€0,T]} be a centred measurable process which is
a-dependent for some a € (0,T), i.e. {Yi,t € A} and {Y;,t € B} are independent
whenever infica sep |t — s| > a. For each integer k > 1, there exists a universal
constant Cj, > 0 such that

- 2%k
E (/ Ytdt> < Cr(aT)* sup E [Yt%] .
0

te[0,7)

Proof. Since Y is centred and a-dependent, we have

T 2k ok
E / Ydt :/ B ]V
0 Sak,a,T i—1

where Sop a1 = {(t1,...,t2r) €[0,T] |Vi=1,...,2k 3j #i:|t; —t;| < a}. Using
the Holder inequality, we get

dty ... dtoy,

T 2k
E ( / Ytdt> < A(Sap,a,T) sup E [V72F]. (A.16)
0

t€[0,T]
Clearly, \(Sax,a,T) = T?* \(Sox,a/T, 1). In turn,
)\(Sgk7a/T71) = P(VZ = 1,...,2]{7 3] 75 1 |Uz — UJ| < (I/T)7

where Uy, ..., U are iid U(0,1) random variables. Denote by Gaj the set of all
graphs on Naj := {1,...,2k} having no isolated vertices; for G € Gay, let V(G) be
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its set of edges, and S(G) be its minimal vertex cover, i.e. the minimal (in cardinal-
ity) set of vertices adjacent to all edges of G. It is well known that |S(G)| is equal
to the number of edges in the maximal matching (disjoint set of edges) of G, so
S(G) < k. Then

P(Vi=1,...,2k 3j #i:|U—U;| <a/T)

(U ) o)

GEGay, i,jEV(Q)

<)) P( N U {|Ui—Uj|<a/T}>
GEGar  \i€N2,\S(G) j€S(G)
sl N Y wesicam)
GeGay 1EN2,\S(G) jES(G) z;=U;,j€S(G) |

> B I )P< U {lUi_$j|<a/T})

GeGar  |i€N\S(G JES(G)

wj:Uj,jES(G')_

<> B I > P({Uilew/T})
GeGar  [i€N2,\S(G) j€S(G)

x| I (@)

2,=U; ,jES(G)

G€Ga, | iE€N2,\S(G)
2kar2k—I1S(@)] gk a\k
_ 2ka (e 2%—|S(G)| _ (7) .
<X (7)) <@ X e “z
GEGar GeGak

Recalling the fact that A(Sox,a,T) is T?* times this expression and the esti-
mate (A.16), we arrive at the statement. O

Proof of proposition 4.3. The first statement follows immediately from (4.3). In
order to establish the second one, we start by noting that, in view of (4.4), for large
t the average of X over [z, z + t] will be close to that over [z, x + |t]], where |¢] is
the integer part of ¢, so it is enough to show the convergence over integers. Most
of the statements below will hold almost surely, so for brevity, we omit this phrase
throughout.

Fix some a € (0,1) define ¢, () = ¢(2) 1 4j<ne, An(z,7) = e Bon@V ¢, = ¢ —
¢n- Let vy = [y N[k — 5,k + 3]|, k € Z. 1t is easy to show (see e.g. [5, lemma 2.1])
that

sup e 00,

kez L(F)/1(I(K))
where I(z) = 2+ 1og(2 + |z|), z € R.
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Therefore, for any « € R and any n € (0, af3), using C1, we have

[Eo(z,7) = By, (2,7)|
= |Eq§n(x77)| < Z ‘&n(x - y)|

yey
Vg 1 l(m+ z)
< — < .
<C Z 1+ |k —z|f+! s¢ Z L+mP+t I(I(m+ z))

kEZ,|k—z|>n*—1 meEZ,m|>n*—1

1 I(m) U(z)
<C > 1 rmpit <l(l(m)) * lﬂ(m))) s

Im|€Z,|m|>n—1

<C (naﬁ+7l + n*aﬂ . l(fE) > < Crnfaﬁ+n . l(ll((xx)))

Hence, owing to (4.3), we get that for any r > 1,

sup |A($,’Y>71 - An(xa7)71| - 07 n— oo,

|z|<2n”
consequently,
1 T+n 1 r+n
sup */ Ay, )t dy — */ An(y,w)‘ldy’ =0, n— oo
lz|<nr [TV Jg nJg

Since A, (0,7) < A(0,7) and A,(0,7) — A(0,7), n — oo, then E [A,(0,7)7!] —
E [A(0,7)7!], n — o0, so we are left to show that

1 x+n
sup f/ An(y,7) " dy — E [An(0,7)7"]

x| <n”

— 0, n— oo.
n

Observe that the process A, (y,7) is 2n*-independent. Then, using the stationarity
of A,,, we obtain from lemma A.2 that for any k£ > 1,

<1 /;M An(y,7) " dy — E [A(0, v)ﬂ)zj

</:+n (An(y, )" =E [An(y, )] dy) %]

< Cknk(a_l)E [(An((),'}/)_l —-E [An(ovv)_l])zk}

E

=nFE

<GB [(A(O,W1 +E [A(O,’y)*l])%} pk(a=1)

By Markov’s inequality, for any € > 0,

dt

1

r+n
s M)ty =B A0

>e

X
ck

) - C}an(a_l).
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Define the set 4,, = {n"~%,i = —[n%],...,[n%] + 1} and for = € [-n", n"| denote
an(z) = sup{y € A,,,y < z}. Thanks to (4.4),

1 x+n . 1 an(z)+n .
sup f/ An(y,7) dy—f/ An(y,y) " dy

[z|<nr | T nJan,(x)
2(x —an(x
< sup (771()) - osup Ap(y)Tt <20t sup A(y)T! =0, n— oo
|z|<nr n ly|<2nr ly|<2n”
Consequently,

1 r+n
f/ An(y,7) ' dy — E [An(0,7)7]

n

n— o0 |z|<n"

limsup P ( sup

1 r+n
f/ An(y,7) 'dy —E [An(0,7)7]

= limsup P ( sup
n

n— 00 TEA,

' 1 z+n B B
<limsup » P (‘n/ An(y, )" dy — E [An(0,7)7"]
x

n— 00
TEA,

C«knk(afl) . L
< lim sup Z —— < Ckclimsupn (a=D)+a

n— 00 3 n— 00

TEA,

Now taking k£ > (1+ a)/(1 — a), we obtain that

1 x+n
sup f/ An(y,7) " dy —E [An(0,7)7']| = 0, n— o,
lz|<nr [T S
by virtue of the Borel-Cantelli lemma, concluding the proof. O

Proof of theorem 4.4. Since «y is independent of X, it suffices to show the quenched
weak convergence, i.e. that the required weak convergence holds for almost all fixed
realizations of . This, in turn, boils down to verifying the assumptions B3, B4
for A and A2 for f = g/A. The former follow from proposition 4.3. Concerning the
latter, note that

[l ] o[ 2] [ rs ]

= /00 lg(x)| E [eE"’(I’V)} dx

— 0o

= /_Z lg(z)| da - exp{/_i(e¢(y) - 1)dy} < 0.

Consequently, g/A € L*(R) a.s. Similarly, if g € L?(R), then
g1? > 2 2B, (z,7)
B I3].) = [ stee [5e0]a
{ A LZ(RJ oo 9(@)E |e !

_ /_O; g(2)? dz - exp {/_Z(e%(y) - 1)dy} <o
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and g/A € L*(R) a.s.; if |g(x)| < C(1 + |x[¥) %, then g/A is bounded thanks to B3.
Consequently, B3, B4 and A2 hold for almost all v, which implies the required

quenched weak convergence. O
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