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Resumo

Estudamos uma extensao do passeios aleatérios excitados generalizados
(GERW, do inglés Generalized Excited Random Walk) em Z? introduzido
em [Ann. Probab. 40 (5), 2012 por Menshikov, Popov, Ramirez and
Vachkovskaia. Nossa extensao consiste no estudo de uma versao do GERW
onde a excitagao pode ou nao acontecer com uma probabilidade que depende
do tempo. Em particular, dada uma sequéncia de parametros {py},>1 tal
que p, € (0,1] para todo n > 1, sempre que o processo visitar um sitio no
tempo n pela primeira vez, com probabilidade p,,, este ganha um drift em
uma dire¢do dada (podendo ser qualquer uma dentro da esfera unitéria).
Caso contrario, com probabilidade 1 — p,, comporta-se com um d-martingal
com vetor de média zero. Sempre que o processo visita um sitio ja anteri-
ormente visitado, este agird como um d-martingal com vetor de media zero.
Chamamos este modelo de GERW em um ambiente de Bernoulli, ou de
forma reduzida de p,-GERW.

Sob as mesmas hipdteses de [Ann. Probab. 40 (5), 2012 (saltos limi-
tados, elipsidade uniforme) e com uma sequéncia {py},>1 que decai poli-
nomialmente, denominamos p, = Cn ? A1 com B > 0 e C uma constante
positiva, demonstramos uma série de resultados para o p,-GERW, os quais
dependerao da dimensao e do valor de 3. Especificamente, para f < 1/6
e d > 2, demonstramos que o p,-GERW possui probabilidade positiva de
nunca retornar a origem na dire¢ao do drift, para § > 1/2,d >2e f=1/2,
d = 2, obtemos sob certas condigoes um Teorema Central do Limite Fun-
cional. Por tltimo, para § = 1/2 e d > 4 obtemos, também sob condigoes
adequadas, que o p,-GERW é um processo rigido, além disso todo ponto
limite Y satifaz Wy - £ + 1Vt < Y, -0 < Wy - £ + co\/t onde ¢1 e ¢y séo
constantes positivas, W é um Movimento Browniano e ¢ a direcao do drift.

Palavras-chave:Passeios Aleatdrios Excitados, Teorema Central do Limite
Funcional, Passeios Aleatdrios Nao-Markovianos, Balisticidade



Abstract

We study an extension of the generalized excited random walk (GERW)
on Z¢ introduced in [Ann. Probab. 40 (5), 2012] by Menshikov, Popov,
Ramirez and Vachkovskaia. Our extension consists in studying a version
of the GERW where excitation may/may not occur according to a time-
dependent probability. Specifically, given a sequence of parameters {p, }n>1,
with p, € (0,1] for all n > 1, whenever the process visits a site at time n
for the first time, with probability p, it gains a drift in a given direction
(could be any direction of the unit sphere). Otherwise, with probability
1 — p,, it behaves as a d-martingale with zero-mean vector. Whenever the
process visits an already-visited site, the process acts again as a d-martingale
with zero-mean vector. We refer to the model as a GERW in Bernoulli
environment, in short p,-GERW.

Under the same hypothesis of [Ann. Probab. 40 (5), 2012] (bounded
jumps, uniform ellipticity) and with a sequence {p, }n>1 which decays poly-
nomially, namelly p, = Cn~? A1 with 8 > 0 and C is a positive constant,
we show a series of results for the p,-GERW depending on the value of
and on the dimension. Specifically, for § < 1/6 and d > 2, we show that
the p,-GERW has a positive probability of never returning to the origin
in the drift direction, for § > 1/2, d > 2 and f = 1/2 and d = 2 we
obtain, under certain conditions, a Functional Central Limit Theorem. Fi-
nally, for § = 1/2 and d > 4 we obtain, under suitable conditions, that a
sequence of p,-GERW is a tight process, and every limit point Y satisfies
Wi -+ 1Vt =Y, - £ < W, - £+ cay/t where ¢; and ¢y are positive constants,
W is a Brownian motion and £ is the direction of the drift.

Keywords: Ezxcited Random Walk, Functional Central Limit Theorem,
Non-Markovian Random Walks, Ballisticity.
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1. INTRODUCTION

The many-dimensional excited random walk (ERW) is a model introduced
in 2003 by Benjamini and Wilson [3]. It is a discrete time non Markovian
random walk in Z¢, with d > 2. It jumps as a simple random walk biased in
direction e; (with bias d) every time it visits a site for the first time, where
{e; : 1 < i < d} denotes the canonical base of Z?, otherwise it jumps as a
simple symmetric random walk.

In [3], Benjamini and Wilson proved that ERW is transient in direction
e1, i.e., lim, .o X, - e = oo almost surely. Furthermore, they also show
that, if d > 4, ERW is ballistic to the right, i.e.,

Xp-er
lim inf
n—00 n

>0, a.s..

Later on, Kozma extended the proof of ballisticity to d = 3 in [12], and d = 2
in [13]. In 2007, Bernard and Ramirez [1] proved a Law of Large Numbers
(LLN) and a Central Limit Theorem (CLT) for d > 2. Specifically, they
prove that

Xp-ep

lim =v, a.s.,
n—o00 n

for some v = v(4,d) € R*, and that

Xint) - _lJ
{ - f}ﬁ ntv}tzo’

converges in distribution as n — oo (with respect to the Skorohod topol-
ogy on the space of cadlag functions) to a Brownian Motion with a finite
variance depending on d and d. Their proof relies on the introduction of
an appropriate regeneration structure that was first used in the context of
random walks in random environments, see for instance [19].

The proofs of directional transience in [3], the LLG and the CLT in [],
rest upon two important ingredients. A coupling between the ERW and
the simple symmetric random walk (SSRW) which implies that the distance
between the ERW and the SSRW at time n, in the direction ep, is non
decreasing in n, while for the others directions it is zero. Using this coupling,
the authors provide a lower bound on the cardinality of the set of visited
sites by the ERW up to time n (the range of ERW) in terms of tan points
for the SSRW, i.e., those sites z € Z? such that x is the first site visited
in the set {z + ke; : k > 0}. A direct consequence of the coupling is that
when the SSRW reaches a tan point, the ERW visits a new site and thus it
is pushed in direction e; by a positive drift. Then in [4], using this coupling,
the authors proved that the range of the ERW up to time n in dimension
d > 2 is of order at least n3/* with large probability. This fact alone is not
enough to provide a direct proof for a linear speed of the process, however
it is instrumental to guarantee the existence of a renewal structure for the
process which leads to the limit theorems.



A drawback of the technique based on tan points is that it is tailored
to the basic model of ERW and it is not robust, i.e., the coupling with
the SSRW would not work if for example we consider a random walk with
bounded jumps, rather than nearest neighbor jumps, or even if we suppose
a drift not parallel to any canonical direction. A more robust technique was
developed by Menshikov, Popov, Ramirez and Vachkovskaia in [15]. The
model they considered is a generalization of the ERW and is as follows:
on already visited sites the process behaves like a d-dimensional martin-
gale with bounded jumps and zero mean vector (rather than a SSRW) and
whenever the process visits a site for the first time it behaves as follows:
it has bounded jumps, satisfies an uniformly elliptic condition and a drift
condition in an arbitrary direction ¢ of the unit sphere in R%. They call
this model generalized excited random walk (GERW). They show that the
GERW with a drift condition in direction ¢ is ballistic in that direction.
Besides that, they proved a LLG and a CLT (both for dimensions d > 2)
for a special case of the GERW, which they called excited random walk in
random environment. This special model consists in an excited random walk
in an i.i.d. random environment, which means that the process still has a
mean drift in direction ¢ when it visits a site for the first time and whenever
it hits an already visited site it has a zero mean drift (for more details see
page 2110 in [15]). Along with that, the probability transitions for nearest
neighbors of the process are explicit. Similarly to what was done for ERW,
the first step in their proof consists in controlling the range of the process.
Proposition 4.1 in [15] states that the range of the GERW is smaller than
nl/2t with probability that decays as a stretched exponential, where o > 0
does not depend on the parameters of the model. A similar result can be
found in [141] (see, Theorem 1.3). However, the range considered therein
is for, what the authors call, a directed submartigale in direction ¢£. The
proof of Proposition 4.1 completely avoids the use of the coupling and the
tan points. Again, this control on the range of the process allows the con-
struction of a regeneration structure for the GERW. If { X, },,>0 denotes the
GERW, the regeneration structure consists in a properly defined sequence
of finite regeneration times 75, k£ > 1, that correspond to those times when
the process {X,, - £},>0 reaches for the first time the level X,, - ¢ and never
comes back below X, - ¢ after time 7,. The renewal structure considered
in [15] follows the standard approach and notation presented in [1] and [19)].

What makes the GERW (and the ERW) an interesting model is the self-
interaction encoded in the different behavior the process has on sites visited
for the first time as compared to sites already visited. Similar works worth
mentioning along these lines are [2], [17], and [1]. It is customary to think
that initially all sites have a cookie. Whenever the process visits a site for
the first time, it eats the cookie and gains a drift in a given direction. On
subsequent visits to a site, since there is no cookie left, the process has no
drift (for this reason ERW are also referred to as cookie random walks). A
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natural question is what happens to GERW when on the first visit to a site
the random walk may or may not find/eat a cookie, with a probability that
may possibly depend on the time of the first visit. Would the process still
be ballistic in the direction of the drift? What about LLN and CLT?

In order to address this question, we introduce and study a model which
is a variation of the GERW. Specifically, given a sequence of parameters
{Pn}n>1 with p, € (0,1] for all n > 1, if at time n the process visits a
site for the first time, it finds a cookie with probability p, (thus gaining a
drift). Otherwise, with probability 1 — p,, it finds no cookie (no drift) and
behaves as a d-martingale with zero-mean vector. If instead the process has
already visited the site, there is no cookie and the process acts again as a
d-martingale with zero-mean vector. We call this model p,-GERW. In this
Thesis, we will focus on two specific cases for the sequence {pp }n>1:

1) HOMOGENEOUS: the sequence {p,}n>1 will be constant, i.e., for a
p € (0,1] we have p, = p for all n > 1. This case will be called
p-GERW. As it turns out, the homogeneous case bears no novelty
as it can be reduced to the GERW with certain adjustments (see
discussion at the beginning of Section 1.2). However, the analysis of
this simple case, in particular the understanding of how p will affect
the results, turns out to be important for the time dependent case.

2) POLYNOMIAL DECAY: p, = Cn~? A1 with > 0 and C is a positive
constant.

Our models are well motivated since for the many-dimensional excited
random walk a relevant question is if it is still possible to guarantee proper-
ties such as directional transience and ballisticity by reducing the number of
cookies in the system. This goes in the same direction of well-known results
in dimension one. Specifically, in dimension one for the nearest neighbor
ERW with an independent cookie environment, the mean number of cookies
per site should be greater than one for the system to be ballistic, see [11].

As regards to the p-GERW, under the same hypothesis of | ]1, we show
that the p-GERW is ballistic for all p € (0, 1] (see, Theorem 1.1) and under
the same stronger assumptions, that is, the increments of the regeneration
times be i.i.d., we obtain a Law of Large Numbers and a Central Limit
Theorem (see, Theorem 1.2 and Theorem 1.3, respectively).

As regards to the p,-GERW (with p,, = Cn=? A 1), the results we obtain
depend on the value of 5 and on the dimension d:

e For f < 1/6 and d > 2, we show that the p,-GERW has a positive
probability of never returning to the origin in the direction ¢ (see,
Theorem 1.7).

e For § > 1/2 and d > 2 we obtain that, under certain conditions, the
pn-GERW suitably rescaled converges in distribution to a Gaussian
Process (see, Theorem 1.4). Note that, for 8 > 1 the p,-GERW only

1Bounded jumps, an uniformly elliptic condition and a drift condition in an arbitrary
direction of the unit sphere.



eats finitely many cookies almost surely and therefore the process
eventually behaves as a d-dimensional martingale; in this case the
convergence in distribution follows by Theorem 7.1.4 in [7].

e For 8 =1/2, the dimension d makes a difference:

— For d = 2 the p,-ERW, which is a specific type of p,-GERW
(see, Section 1.1.2), converges in distribution (under a suitable
rescale) to a Brownian Motion (see, Theorem 1.5).

— For d > 4, we obtain that the p,-ERW suitably rescaled is a
tight process and every limit point is stochastically dominated
from above and below in direction £ by a Brownian Motion plus
a continuous function in [0, 00) (see, Theorem 1.6).

Let us stress that there are two cases which are not listed above, (d =
3,86 =1/2) and (d > 2,8 € [1/6,1/2)). For the first case we believe the
behaviour of the p,-ERW would be equivalent to what we have for d > 4
and 8 = 1/2. However, due to some technical difficulties, we were not able
to prove it (see discussion at the end of Section 3.3). For the case d > 2 and
B € [1/6,1/2) we believe the same result for the p,-GERW in d > 2 and
B < 1/6 holds, i.e., the p,~-GERW has a positive probability to never return
to the origin in the ¢ direction. However we were not able to prove it (see
discussion at the Section 3.5 in Remark 3.3).

1.1. The model. We now formally introduce the p,-GERW. Recall that
d > 2 is the fixed dimension and let {p,},>1 be a sequence of parameters
with p, € (0,1] for all n > 1. In a broader sense our process is a ran-
dom element (X,7) of (Z4)%+ x [0,1)%" endowed with the product Borel
o-algebra. The second coordinate 7 = {7 (z)},cza € [0, 12" is a random
element whose marginals have uniform distribution in [0, 1] and indepen-
dents. We denote by @ the probability law of w. The first coordinate
X = {X,}n>0 is a Z¢ valued process with Xy = 0 which is adapted to a
filtration F = {F, }n>0, where F, = 0(X1,..., Xy, m(X1),..., 7(X,)) and
o(Y") represents the smallest o-algebra generated by a random vector Y. We
denote the law of (X, 7) by P and by E its expectation, we can think of P as
the semi-direct measure Q ® P;, where P; is the quenched measure for X,
i.e., the conditional probability law of X given a realization 7 of w. Now fix
¢ € S%1 where S?7! is the unit sphere of R?, and let || - || be the euclidean
norm in R?. The process X is called a p,-GERW in direction ¢, if it satisfies
the following conditions:

Condition I (Bounded increments). There ezists a constant K > 0 such
that sup,,> || Xny1 — Xa|| < K on every realization.

Condition II. There exists A > 0 such that:
e almost surely on the event { Xy # X, for all k <n}, either

E[Xn—‘rl - Xn|fn] A 2 A ) Zfﬂ-(Xn) S Pn,



or
E[Xp+1— Xn|Fo]l =0, if 71(Xy) > pn -
e almost surely on the event {3k < n such that X = X,,},
E[Xp+1 — Xn|Fn] =0.

Condition III. There exist h,r > 0 such that
e Uniformly elliptic in direction ¢: for all n

P(Xp+1 — Xp) - > r|Fp] > h, as. (UE1)

e Uniformly elliptic on the event {E[X,,+1 — X, |F,] = 0}: on the event
{E[X 41 — Xp|Fn] =0}, for all ' € ST, with ||¢'|| = 1

P[(Xpp1— Xn) -0 >r|Fp] 2 h, as.. (UE2)

We now present a helpful way to write the p,-GERW, especially in the
proofs. Let {X,}n>0 be a p,-GERW in direction ¢. Increasing the proba-
bility space the following representation for the process holds: Set {U;}i>1
as a sequence of i.i.d. random variables with uniform distribution in [0, 1] .
For ¢ > 1 we define F; as the event that the p,-GERW is, at time 4, in an
already visited site, i.e., E; := {3 k < i such that X = X;} and Ey := 0.
We can write {X,, },>0 as

n

X =) (Xi—Xi1)
o (1)
=Y (Y 0& + Lz Lwspa& + e 3 L i)
=1

where {&;, F;}i>1 is an increment of a d-martingale with zero mean and
{i, Fi}i>1 is a random vector such that E[y; - £|F;—1] > A for all i > 1. Note
that due to Condition I (bounded jumps), we also have that ||| < K as
well as ||| < K.

1.1.1. A slightly different version of the p,-GERW (p,-GERW *). Benefit-
ing from (1), we now introduce a new condition, which allows us to relax
the bounded jump assumption of Condition I. However, in the proof of
Theorem 1.4 we will also need to assume an asymptotic condition on the
increments {51-}221 to assure the convergence to a non-degenerate continuous
covariance matrix (see, (2)). For that let us denote C' = ((¢;;)) a contin-
uous, d x d matrix-valued function, defined in [0, 00), satisfying C'(0) = 0
and
d
Z (¢ij(t) —¢ij(s))asa; >0 for any a € RY t>5>0.
ij=1

2Note that this sequence is part of the marginals of w. To avoid clutter, we set this
i.i.d. uniform distribution as {U;};>1 from now on.



The new condition is:

Condition I*.
i) For allk > 1 and 0 < 8 —1/2, where > 1/2, we have

E E
ap B Bl

k1 KO E>1
ii) It holds that

1 L]
EZ&@T%C(Q asn — oo, (2)
i=1

in probability and

lim k~'2E | sup ||&|| =0.
k—o0 1<i<k

If a process X satisfies Condition I*, II and III, and the sequence {U; }i>1
(in the corresponding representation as (1)) is uncorrelated with both se-
quences {7; }i>1 and {&;}i>1, we call X as the p,-generalized excited random

walk* (pp-GERW*).

1.1.2. A specific case of pp,-GERW (p,,-ERW ). Considering the representa-
tion in (1) for a p,-GERW, if we further assume that the sequence {&;}i>1
is i.i.d. with zero mean vector and finite variance and the sequence {v;}i>1
is also i.i.d. with finite variance (recall that ~; satisfies E[y; - £|Fi—1] > A),
then we obtain a specific type of the p,-GERW, which we call p,-ERW in
the direction £. In the Example below, we provide a concrete example of a
pr-ERW.

Example: Here we provide a concrete example of a p,-GERW which may
be thought of as a generalization of the classical ERW. Specifically it evolves
as the classical ERW but when a site is visited for the first time, it finds a
cookie (thus gaining a drift) with probability p,. This generalization reduces
to the classical ERW when p,, = 1 for all n > 1. Fix ¢ € (1/2,1] and let
q(o)(x, e;), x € Z% i =1,...,d, be defined as

4w, e1) =6/d, ¢ (x,—e1) = (1—-0)/d,
Oz, +e;) =1/2d foralli=2,...,d,
and ¢ (z,e;), x € Z%, i = 1, ...,d, be the transition probabilities of a SRW

in Z9. Let {X,}n>0 be a process in Z? with transition probabilities

P Xn+1:$+6i

n—1
7=0

= 1{7r(x)§pn}q(0) (‘Tv 6,‘) + 1{7r(m)>pn}q(1)($7 81‘) ’



and for every m € {1,2,...,n — 1} we have

n—1
Xn =, Z 1{Xj=:13} =m| = q(l)(ma ei) .
7=0

P Xn+1:$+€i

The {X,}n>0 is clearly a p,-ERW when p, = p for all n > 1. See Figure
1.1 for a simulation of this p-ERW in Z2. The simulation suggests that the
p-ERW is ballistic in direction e;. Indeed, we will prove that the p-ERW
satisfies a ballistic Law of Large Numbers and a Central Limit Theorem.

path simulation of p-ERW

o 100 P 0 0

Ficure 1.1. 20000 steps simulation of p-ERW for d = 2,
p = 025, ¢O(x,e;) = 0375, ¢O(z,—e;) = 0.125 and
¢ (z,+ey) = 0.25. The initial position of the random walk
is X() = (0,0) and the final X20000 = (397, —20).

1.2. Main results for the p-GERW. As mentioned in the Introduction the
homogeneous case can be reduced to the GERW. Specifically, the p-GERW
with a given A in Condition II reduces to a GERW with pA in Condition
C* in [15]. As a matter of fact, if we denote by F,, = o(X1,...,X,), by
integrating E[X,, 11 — X,,|Fy] - £ with respect to 7(X1),...,7(X,,) we obtain
E[Xpi1 — Xn|Fn] - € > pA, which is Condition C* in [15] with a X' = pA.
Despite the close connection with GERW, some of the techniques developed
to prove results for the p-GERW will be useful for the time dependent case.

Our first result is that for every p € (0,1], the p-GERW is ballistic in ¢
direction.

Theorem 1.1 (Ballisticity of p-GERW). Let X be a p-GERW in direction
¢ e S*1. Then

Xn -l
liminf ==— >0, a.s..
n—00 n

The next two results are the Law of Large Numbers and the Central Limit
Theorem which hold for a special case of p-GERW. Specifically, we need to
introduce a fourth condition (see, Condition IV in Section 2) which is related
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to the distribution of the increments of the regeneration times associated to
the p-GERW. A p-GERW satisfying this fourth condition will be called p-
Strong General Excited Random Walk (p-SGERW). It can be shown (see,
Corollary 2.3) that the p-ERW introduced in the Example in Section 1.1 is
an example of p-SGERW.

Theorem 1.2 (Law of Large Numbers). Assume the process X is a p-
SGERW in direction £ (i.e., satisfies Conditions LII, III and IV), then there
exists v € R? such that v-¢ > 0 and

lim — =v, as. (3)

Let X be a p-SGERW in direction ¢ and v € R from (3). Let us define
the process
Xint) — [nt]v
n
=" - - +>0.
Bt n1/2 ’ - 0 (4)
Theorem 1.3 (Central Limit Theorem). The process BI' converges in dis-
tribution, as n — 00, to a d-dimensional Brownian Motion with a non-
degenerate covariance matric.

1.3. Main results for the p,-GERW. Let us recall that we shall focus on
the case in which the sequence {py, },>1 is of the form p, = Cn P Al,and C
is a positive constant.

Before we state the main results for the p,-GERW, let us introduce some
notation. We define the following process

_ Xy

R X - X
le _ ( [nt]+1 Lntj)

—I -+ (nt = [nt)) 7 , (5)

where the process X will make reference to a specified process in each The-
orem (e.g., p,-GERW*).

We set Cga[0,T] as the space of continuous functions f : [0,7] — R,
with d > 1, for all T > 0 and the metric we use is the uniform. The space
of continuous functions on f : [0,00) — R, it will be denoted by Cga[0, 00)
and the metric we use here is

o0

o)=Y = sup (1) = (0| A 1),

k=1 2% o<

where f and g are continuous functions with domain [0, 00) and range RY.
The first result we obtain is a Central Limit Theorem for the p,-GERW*
(see, Section 1.1.1) when 8 > 1/2 and d > 2.

Theorem 1.4. Let the process X be a p,-GERW * in direction ¢, in 7,
with d > 2, p, = Cn P A1, with > 1/2. Then B™ converges in distribution
to a process with independent Gaussian increments with sample paths in

CRd [0, OO)
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Remark 1.1. Let us point out that the p,-GERW * when 8 > 1 eventually
behaves as a d-dimensional martingale and in this latter case our theorem
(essentially) reduces to Theorem 7.1.4 in [7].

Remark 1.2. Let us point out that Theorem 1.4 holds true under slightly
weaker conditions. Specifically item i) of Condition I* and the sequence
{pPn}n>1 can be more general. As it emerges from the proof, for the statement

of Theorem 1.4 be true we only need that ZZLZtlJ pi[||ill]] = o(/n) (for more
details, see Remark 3.1 ).

From Theorem 1.4 we obtain the following Corollary holding in the specific
case of p,-ERW.

Corollary 1.1. Let the process X be a pn—EARW in direction ¢ in Z2, with
d>2, pp=Cn P AL, with B> 1/2. Then B™ converges in distribution to
a d-dimensional Brownian Motion in Cgal0, 00).

We set now 3 = 1/2. Here we will have different results depending on the
dimension of the process. First we will present the Central Limit Theorem
in d = 2 for the p,-ERW.

Theorem 1.5. Let the process X be a pn-ERW in direction ¢, in Z% with d =
2, pp = Cn~ Y2 N1, Then B" converges in distribution to a 2-dimensional
Brownian Motion in Cgr2[0,00).

Remark 1.3. Note that in Corollary 1.1 and Theorem 1.5 the p,-ERW
under a suitable rescaling converges in distribution to a Brownian Motion
and has no ballisticity, differently from what happens in the ERW (see [7],

[12] and [13]).

We state now our result for the p,-ERW in higher dimensions. Here we
obtain that the p,-ERW suitably rescaled is a tight process and every limit
point is stochastically dominated (henceforth denoted by <) in the direction
¢ from above and below by a Brownian Motion plus a continuous function
in [0, 00).

Let us define the set Dy C {e1,...,eq}, where d > 4 and k is the cardi-
nality of Dy with 1 < k < d — 3. Now set {p, as a direction in the unit
sphere in dimension d, that is, {p, € S91. such that Ip, = Zle ;T
where a; € [0,1] and x; € Dy, both for all 1 < i < k. In essence, {p, is a
direction in the unit sphere in dimension d that can be determined by the
canonical directions of the set Dy.

Theorem 1.6. Let the process X be a p,-ERW in direction {p, , in Z% with
d >4, p, = Cn~Y2 N1. Then the sequence of processes B" s tight in
CRral0,00) and there exists a Brownian Motion W. such that for every limit
point Y. from the process B™ it holds that
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where f and g are continuous function on [0,00), such that f(t) = c1\/t and
g(t) = ca/t with cg > ¢1 > 0.

Remark 1.4. The constants c¢1 and co will be described at the end of the
proof of Theorem 1.6.

Now we propose a conjecture for the p,-ERW in direction ¢ € S 1, in
Z%, with d > 3 and p, = Cn Y2 A 1.

Conjecture 1.1. Let the process X be a p,-ERW in direction £ € S, in
Z% with d > 3, pp, = Cn~Y2 A1. Then B" converges in distribution as the
following

Bl Wy -£+cVt asn— oo,
where W. is Brownian Motion and c is a positive constant.

The proof of Theorem 1.5 and Theorem 1.6 rely on a control on the range
of a p,-ERW, which is stated in the following proposition (whose proof is
given in Section 3.4).

Considering the representation in (1) for X a p,-ERW (see, Section 1.1.2),
let us denote by my the probability of a random walk with i.i.d. increments
(with zero mean and finite variance) given by the corresponding {&;}i>o
never returning to the origin.

Proposition 1.1. Let the process X be a p,-ERW in direction £, in Z¢
with d > 2, pp = Cn~ Y2 A1, Let RX be the range of the process up to
time n (i.e., the number of different sites visited up to time n). Then, for
all sufficiently large n that we have that

PRy <on] =1,
for every 6 > my.

Below, we propose a conjecture about the range of the p,-ERW in Z¢, in
direction ¢ € S* 1, with p, = Cn ? A1, with 8 > 1/2 and d > 2.
Conjecture 1.2. Let the process X be a pp-ERW in direction ¢ € S*1, in
Z% with d > 2, pp = Cn~ P A 1, with § > 1/2. Let RX be the range of the
process up to time n. Then we have

R

— — g asn — oo a.s..
n

Note that for d = 2, we have that 7q = 0, whereas for d > 3, mg € (0,1].

Remark 1.5. If Conjecture 1.2 holds true, we would be able to extend the
result in Theorem 1.6 to d = 3 and to any direction in the unit sphere (see
discussion in Section 3.3.1).

We now provide our last result, which states that, for 5 < 1/6 and d >
2 the p,-GERW in direction ¢, in Z¢ has a positive probability of never
returning to the origin in the ¢ direction.
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Before stating the theorem, we need some notation. For every ¢ € S%1,
let M, denote the positive half-space in direction ¢, that is, M, = {z € Z¢ :
x-£>0}. We define A as the excitation-allowing set, which means the set
of sites where there is the possibility of having cookies (see Condition IT*).
We set the event {7(Xo) = oo} as the event in which the process X never
returns to the origin in the drift direction.

Theorem 1.7. Let X be a p,-GERW in direction ¢, in Z% with d > 2, where
pn = (qo +n)7P, with B < 1/6, qo is a non negative integer and excitation-
allowing set A C Z% such that My C A. There exists 1 > 0 depending on
the parameters of the model such that

Pn(Xp) =00 >P[X,-£>0 foralln>1]>1.

Figure 1.2 provides a summary of the main results concerning p-GERW
and the p,-GERW, with p,, = Cn=? Al for different values of 5 and dimension
d.

p-GERW  (d > 2, p € (0,1]) | ballisticity in the drift direction for every
p > 0.

p-SGERW  (d > 2, p € (0,1]) | besides ballisticity, LLN and CLT.
pn-GERW (8 < 1/6,d > 2) | positive probability of never returning to
the origin (in the direction ¢)
pn-GERW* (5 >1/2,d>2) | convergence in distribution to a Guas-
sian Process

prn-ERW (8=1/2,d=2) | convergence in distribution to a Brown-
ian Motion

Pn-ERW (6=1/2,d>4) | all sub-sequences converge, in distribu-
tion, to a process which is stochastically
dominated in the drift direction below
and above by a Brownian Motion plus a
continuous function.

FIGURE 1.2. Summary of the results for GERW.

This text is organized as follows: The renewal structure and the proof
of the main results for the p-GERW are presented in Section 2. Our main
contributions are given in Section 3 where we study the p,-GERW, with
pn = n~ 2. We prove several asymptotic results depending on the value of
B and on the dimension d (see Section 3.1, 3.2, 3.3 and 3.5). In Section 3.4
we provide the proof of Proposition 1.1, in which we analyze the asymptotic
behavior of the range of the p,-ERW in d > 2 and f = 1/2. Finally,
Appendix A, B contain some proofs which were omitted in the main text
and Appendix C some auxiliary results.
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2. PROOFS OF THE MAIN THEOREMS FOR THE p-GERW

2.1. Regeneration Structure. We start this section defining the regener-
ation structure for the p-GERW which is a key element in the proofs of the
theorems stated in Section 1.2. We will follow closely the regeneration struc-
ture constructed in [15]. We make small adjustments in the definition of the
regeneration times that will not affect the main properties of the structure.
Afterwards we prove the Theorems 1.1, 1.2 and 1.3. Our main contribution
is to establish the necessary properties on the regeneration times which is a
challenging task for the p-GERW.

Consider {X,,},>0 a p-GERW in direction £ € S¥~!. Fix a > 0 and define
p(Xp) i =inf{n>m: X, - £ >X,, - L+a}, 6
N Xpy) =inf{in>m: X, - (< X,, - (}. (6)

We now define the sequence of regeneration times {7;}r>0. First, we set
70 = 0 and then we define 7441 from 7 recursively for k > 0. If 7, = oo,
then 75,11 = 00. Assuming 73 < co, we define

(k)
k k (X w), pi <oo,
Y = p(Xn) | 0" ¢={ " )

o0 , Py =00,

where p and n are given in (6). Moreover, for every i > 2, we recursively
define

(k) (k)

# _ Jinfin 2 Xo L2 maxy e Xi-L4a}, 02 < oo,
P = o (k) _
0, n,_1 = 09,
k
(k) (X ®) P < o0,
771' = v k
- ) _
’ pz = 0.

Setting g := inf{n > 1 : p,(lk) < 00, ngk) = oo}, we define 7511 = pgi).

The time 73, with & > 1, represents the k-th regeneration time. Clearly
Tk is not a Fp,-stopping time for every k£ > 1 and it depends on the whole
future of {(X,,7(Xy))}n>1. For a better understanding of the sequence of
the regeneration times see Figure 2.1.

Remark 2.1. The particular choice of a is irrelevant in this manuscript.
Without harm to the proofs presented here we could have chosen a = 1. The
choice of a is only used to show the non-degeneracy of the covariance matrix
in Theorem 1.3, the proof is not presented here since it follows from the
same arquments as in Theorem 4.1 of [15].

To deal with the information produced by {(X,,7(X,))}n>1 until time
pgk) for each ¢ > 0 and k > 1, we also define the o-algebras: géo) = Fy

g(()k) = U(Tlv vy Thy (Xn/\Tk-)nZO? (W(Xn/\‘rk))nZO) for k > 1 ’
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-E

|

k
: TP = T
1 1
FIGURE 2.1. A representation of the regeneration times for
a p-ERW in Z? with drift direction e; and @ = 1. The dotted
horizontal lines represents that the RW never goes below that
position in direction e;.

and for allk > 1andi>1
gl(k) - 0(7—17 ey Ty (Xn/\pi?>n207 (W(Xn/\pf))nzo) for k Z 17 i Z L.

The next result is an estimation on the tail probabilities for the increments
of the regeneration times which will guarantee existence of moments needed
in the proof of Theorem 1.1.

Proposition 2.1. Consider a p-GERW and {1} x>0 its sequence of associ-
ated regeneration times. Then there exist positive constants C' and ¢ such
that for everyn > 1

supIP’[T;H_l — T > n‘g(()k)] < Cle ™’ ,  @.S..

k>0

Proposition 2.1 will be proved in Section 2.3 (with some details provided
in Appendix A). As a consequence we have the two next results:

Corollary 2.1. For every k > 1 we have that 7, < 00 a.s..
Corollary 2.2. For every k > 0 and m > 1, we have that,
E[ri}11G5] < oo

Below, we present a helpful result, which is a version of Proposition 2.2
in [15]. Tt is worth mentioning that we work on larger spaces, since in our
model we have the cookie environment. However the proof follows the same
steps as that in [15] and it is deferred to Appendix A. Recall that (Z4)%+ is
the space of trajectories for X.

Proposition 2.2. Suppose X = {X,}n>0 is a p-GERW in direction ¢ and
{Te}k>1 its sequence of associated regeneration times. Let A be a Borel
subset of (Z4)%+, then we have:
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(i) For every k > 1,

P[Xor € AIGY] = 1pnmnyP [Xns. € Aln(X,) = 00, Fo] , a.s.

n=1

(ii) For every k,j > 1,

(k)| _
Plx, a6 -
S Ipnenyl (o9 n P Kt € Aln(Xn) = 00, Fogm] , a.s..
n=1m=1

Where Xy represents the trajectory of the process from k onwards.

Finally we have all the elements to formally introduce Condition IV and
define the p-SGERW.

Condition IV. Let {1} }r>0 be the associated sequence of regeneration times
of the p-GERW. If under P we have:

(i) the increments 11 — Tk, k > 0, are independent, and for k > 1 they
are also identically distributed as 11|n(Xp) = oo.

(ii) the random variables X, Xr, ., — X, k > 1, are independent, and
Xry — X7, k> 1, are identically distributed as X, |n(Xo) = oo.

Tk+1

As mentioned in the Introduction, a p-GERW is called a p-SGERW if it
also satisfies Condition IV.

In the next corollary we show that the p-ERW, introduced in the Example
in Section 1.1, is an example of p-SGERW, that is, it satisfies Condition IV.

Corollary 2.3. The p-ESRW satisfies Condition I'V; hence, it is a p-SGERW.

Proof. Let {X,}n>0 be a p-ESRW and {74 },>1 be the associated sequence
of regeneration times. Recall that 7, < 0o a.s. and let A be a Borel subset
and 6 the canonical shift on (Z%)%+, then for all k > 1

X1 — Xr, € AIGEY) = P[Xrp € A0y |G]

= 3 1 P Xns € A0 buln(X,) = o0, F (7)

n=1

— PIX. € Aly(Xo) = od]

where we used Proposition 2.2 part (i) in the second equality. The last equal-
ity instead is due to the fact that the process has a totally new area of sites
with independent cookie configurations to explore, since we have {n(X,) =
oo}, then the history of it does not matter. Besides that the p-ESRW has
homogeneous transition probabilities that together with independence im-
plies that X, .|{7x = n} has the same distribution as X.|{n(Xp) = oo},
since from direction e; both processes evolve on identically distributed envi-
ronments. From the previous equality (7), we have that the p-ERW satisfies
Condition IV. (|
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As a consequence of Proposition 2.1 and Condition IV we have the im-
portant result for the p-SGERW and its associated sequence of regeneration
times.

Corollary 2.4. Let X be a p-SGERW with associated sequence of regener-
ation times {1 }x>0. Then we have that

(i) B[] < oo and E[7]"|n(Xo) = 00| < o0, for all m > 1;
(ii) E[X]'] < oo and E[XT|n(Xo) = oo] < oo, for all m > 1.

2.2. On the proofs of the main theorems for the p-GERW. Here we
just outline the proofs of our main theorems. As mentioned above, the proofs
are analogous to those presented in [15] and they follow from the results on
the regeneration times presented in Section 2.1. We point out that the main
contribution of this section is the proof of Proposition 2.1, which makes the
regeneration structure work for the p-GERW.

The first step in the proof of Theorem 1.1 is to show the following result.

Lemma 2.1. Consider X a p-GERW in direction ¢ in Z%, where d > 2
and with an associated sequence of regeneration times {7, }n>1 . Then there
exists a constant C > 0 such that,

limsupT—n <C, a.s.
n—oo N
The proof is the same as that of Lemma 3.1 in [15] and it will be deferred
to the end of this section. All we need is finite fourth moment of 7, and
X;,, for E > 1, which we have by Corollary 2.2. Afterwards the proof of
Theorem 1.1 is also the same as that of Theorem 1.1 in [15].

Concerning the proof of Theorem 1.2 for the p-SGERW, Condition IV
allows us to follow closely the proof of Proposition 2.1 in [19], which is a
Law of Large Numbers for random walks in random environment. There
the proof is for nearest-neighbor jumps, but it is simple to adjust it for the
case of uniformly bounded jumps. From that proof we obtain

Xn _ E[X7[n(Xo) = o0

1 — = = .S..
noo n | Elnn(Xe) =oo] "7

At last, to show Theorem 1.3 we can follow closely the proof of Theorem
4.1 in [18] defining the covariance matrix A as

E[(Xr, = 710)'(Xn, = rio)ln(Xo) = o]

4= E[n [7(Xo) = oo

Here, as in [18], we have to choose a > 2v/d to show that the matrix A is
non-degenerate.
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2.2.1. Proof of ballisticity of p-GERW. We start showing Lemma 2.1 which
will be an important tool to prove Theorem 1.1.

Proof of Lemma 2.1. Let Z = supys; E[tp11 — Tk\g(()k)] and by Proposi-
tion 2.1 we have Z < co. Consider the process

n—1

M, = Z (Tk+1 — 7 — E[h11 — Tk\g(gk)]) )
k=0

for n > 1. Since M, is integrable and adapted to g((]”), {M,, Qén)}nzl is a
martingale. For a positive constant C' such that C' > Z, we have that

n—1 n—1
Plry > nC =P |1 — > Elrirs — /G50 > nC — Y Elreyr — 768"
k=0 k=0
< P[M, > n(C — Z)]
E[M,]
=i - 2)t

(8)

By Corollary 2.4 we have E[M?] < oo for all n. Let Yy = 7py1 — 7% —

E[mg+1 — Tk|g[§’“)] then we obtain E[Y)] = 0. Now we will find a upper bound
for E[M2].

n—1 4
s -2 | ($n) | -2 ¥ o
k=0

0<i,jk,I<n—1
< n( sup IE[Yf]) +3(n% —n) ( sup E[Y?] x sup IE[Y]2]>
0<i<n—1 0<i<n—1 0<j<n—1
< Cln2 .
(9)
The first inequality in (9) holds because the only two terms which do not
vanish are those of the form E[Y;}] and E[YlQYJQ] The last inequality follows

from Proposition 2.1 together with the fact that C is a positive constant.
Thus by (8) and (9) we have

Co
2

i]P’[Tn > nC] Sig’; < 00.
n=1 n=1

Then by Borell-Cantelli

Plr, > nC] <

. Tn
limsup — < C' as..
n—oo N

Hence we finish the proof.
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Now we are ready to prove the ballisticity for the p-GERW.

Proof of Theorem 1.1. By definition of the regeneration times

X, -/l
liminf —— >1 as.. (10)

Indeed, it is enough to write
k—
X =) (X

Tj+1

—

VA o)

[e=]

J
=(Xn 0—X7 O+ -+ (X, A —-X;, - 0) .
>1 >1

Then we have for all £k > 1

M > 1.
e =
Now suppose we have a sequence {k;, },>0 nondecreasing and tending to
infinity such that 7, < n < 7k, 4+1. By the definition of the regeneration
times we have X,, - £ > X, £. Therefore,

. . k., X, -4
liminf =2— > liminf Tkn > liminf —= Thn
n—00 n n—00 n n—oo 1N kn
(11)
> lim inf —_—n >
n—00 Tkn+1 kn C

To obtain the last inequality in (11) we used Lemma 2.1 and (10). Thus we
finish the proof. O

2.2.2. Proof of LLN for the p-SGERW. As a consequence of Condition IV
and the Strong Law of Large Numbers we obtain

lim & = E[r1|n(Xo) = o0] a.s. and
k—oo k

X,
lim —* = E[X,, |[n(Xo) = 0] a.s..

k—oo k

(12)

Now suppose we have a nondecreasing sequence {k,},>0 and tending to
infinity such that 7, <n < 7,41. Thus we can do
Tho o T Thatl
kn = kn kn,
and by (12) we have

kn, 1
lim 2 = . 13
n=oo - E[n[n(Xo) = o] 13

One can see that

Kn _ Xy A= Xy (14)
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Thus we will analyze the two sum portions limits in (14) and then we will
have the desired result. Then, first we have by (12) and (13)

XTk XTk kn E[Xn |77(X0) = OO}
L= n— asn — 00. 15
n ko, n E[r1|n(Xo) = o0] (15)

For the second sum portion in (14) by (12) and Condition I we have,

‘XH_X’Tkn| < K(Tkn+1 _Tkn) :K<Tkn+1 kn+1 _ Tkai
n - n kn+1 n ko, n

>—>0, (16)

as n — 0o.

Thus we obtain (3) by (15) and (16). By the ballisticity of the p-GERW
(Theorem 1.1) it is clear that E[X, - ¢|n(X() = oo] > 0 then v-¢ > 0, hence
we finish the proof.

U

2.2.3. Proof of CLT for the p-SGERW. We first define a nondecreasing se-
quence {ky }n>0 tending to infinity such that 7, <n < 74,41 and a random
variable

Z; =X

Ti+1

— X = (Tjp1 —mj)v, for j > 1.

The sequence of random variables {Z;};>1 by Condition IV and from the
definition of v is i.i.d. and centered under P[-|n(Xo) = oc]. Besides, they
are square integrable by Corollary 2.4.

Next we have for a 7' > 0

kitn)
1 Tit1 — Tj
sup B — — > Zj| <2(K +|) sup L oas. (17)
t<T n2 j=1 OSJSkl_nTJ nz

We obtain (17) by the fact that for all ¢ > 0,

Flen) Xint) — |nt]v g

Bf—iZZj S LA
e

1 1
n2 n2

=

tn]
Zj
1

S
T
<.
Il

|XLntj — |nt]v — XT’“LntJ“ + Xry + Thy 410 — T1V

N|=

n
=Xt || (T 41 — L0t ])o

n

X
TkLntj+1
1
n2

IN

_l’_

N ‘Xn — 710

1
n2

S

<2AK +)) sup LI
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Now we will show that (17) goes to 0 in P-probability as n — oo. Then,
for £ > 0, we obtain

kint)
P| sup TJ+171 Tsel=p U {Tj+1—7j>£n%}
0<5<k|nT] n2 j=0
kint)
1 1
<P[r >en2]+ Y Pl — 75 > en?] (18)
j=1

<Plm > z—:n%] + k| Pl > 5n%|n(X0) = o0

1 nl +1 9 _
< P[r > en2] + 527711@ [7'1 1{Tl>€n%}|77(X0) = oo] .
In the first inequality in (18) we used union bound, the second we obtain by
Condition IV, the third by Chebyshev’s inequality and the fact that k, <n
for all n.
Now we have

]P[Tl > €n%] +

T+1
uE[Q In(Xo) =00 -0 asn— oo,

e2n T >ent)
by Proposition 2.1 for the first portion sum and by Corollary 2.4 for the
second one. Thus we conclude that

Tj+1 — T

sup ] 50 asn—ooinP— probability .

1

Thus the Skorohod distance between (see [5], page 124) B" and Zjﬁkm Z;/nl/?

tends to 0 in P-probability as n goes to infinity. Now, notices that, by the
Donsker’s invariance principle (see for example [5], page 146)

L'n]
1 D
>z, 5w, (19)
n% ]:1 !

where £ means, converges in distribution, and W is a Brownian Motion
with covariance matrix E[r|n(Xo) = oo] A.
Next, using (13) and Dini’s theorem, we obtain that for all 7' > 0

Kin) t
n Elnln(Xo) =

sup
0<t<T

' —0 asn — oo as.. (20)
o]

Now we denote two continuous functions
[tn]
Zj fort>0,

Fit) =
n? 5

ki
g(t):% fort > 0.



20

Thus the composition of two continuous function is a continuous function
and we have
kitn)

(fo AZZ

Hence by Lemma in page 151 in [5], (19 ) and (20) we have

l\.’J

Kin)
1 L d
—> Z; % wi,

where ngd) is a d-dimensional Brownian Motion with covariance matrix
A. To obtain tightness of n~1/2 ngkwj Zj we use (19), (20) and Theorem
13.2 of [5]. Thus we finish the proof that B™ converges in law to a Brownian
Motion with covariance matrix A, since the Skorohod distance between B™
and ZjSkLn-J Zj/nl/2 tends to 0 in P-probability as n goes to infinity (see
for instance [5] page 148).

Remains to us to prove that the covariance matrix A is non-degenerate.
We remember that we have to choose a > 2v/d.

First we consider w € R? with w!Aw = 0, then we have

Plw - (X, — mv) =0[n(Xp) =o0] =1. (21)

One can see that, the set {z € Z%,0 < z-¢ < a} is connected. We denote
OB as the boundary of B, so 9B = {x € Z%/B, Iy € B, |y — x| = 1}.

If IP’[XP(O) =z, pgo) < n(Xo)] > 0, then the collection of z € Z¢ from which

1

we obtain this inequality, it is the same of H = 9{z € Z%, 2 - < a}. We

have that thanks to the connectedness of the set {z € Z¢,0 < z - < a}.
We will see now that:

w-v=0and w-x =0, forany x € H . (22)
Consider x € H, then IP’[XP(O) = m,pgo) < n(Xo)] > 0. Now thanks to the
1

connectedness of the set {x € Z¢,0 < - < a}, we have for all n > 0 that
PX 0 = 2,n < PV < n(Xe)) > 0. (23)

Thus we obtain as a result for n > 0 and x € H
PX, =z,n<m = pg ),n(Xo) =o0] =

=PlX, 0 =2 < py) (X, Q

=PX 0 =2z,n< P < n(Xo), (X ) =] (24)

,1(Xo) = o0

) =
)

=PX 0 = a,n < " <n(Xo)|PIn(X ) = o]
)

:P[ngo):a;n<p§ 1(X0)P[n(Xo) = 00] > 0.
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In the third equality in (24) we use the Strong Markov Property and Inde-
pendence. The last inequality we obtain by (23) and Proposition 2.5.
Then in view of (21), for an arbitrary n > 0 and = € H, we have,

njw-v| < |lw- x|,

which implies w - v = 0. Thus coming back to (21), we can deduce (22).
Hence if we take the limits of points in H, we see that, w -y = 0, for any

y € RY, orthogonal to £. By this reason, since v - £ > 0 and (22), we obtain

that w = 0. Then we finish the proof that A is non-degenerate. O

2.3. The behavior of the increments of the regeneration times. To
prove Proposition 2.1 we need to state and prove several auxiliary results.
First we show that the probability that a p-GERW X = {X,,},>0 visits
less than n'/2% distinct sites until time n decays as a stretched exponential
for all & € (0,1/6) (see, Proposition 2.3). This result can then be used

to show that X,, - ¢ is at least of order n3te with high probability (see,
Proposition 2.4). This establish super-diffusive behaviour for X, although
still sub-ballistic, it is all we need to obtain a key result for the regeneration
structure, namely that the probability of {n(Xp) = oo} is bounded from
below by a constant whose behavior according to the choice of p can be
explicitly described (see, Proposition 2.5). Finally, in Proposition 2.6 we
obtain some additional estimates related to the regeneration structure and
we can then prove Proposition 2.1. The above strategy is analogous to that
in [15], but several novel ideas had to be implemented to deal with the
randomness of the cookie environment.

In this section we state the auxiliary results mentioned above and their
proofs are postponed to Section 2.4.

Given a stochastic process { X, },>0 on the lattice Z%, we denote its range
at time n by

RX :={zxe€Z: X}, =z for some 0 < k <n},

i.e., the set of sites visited by the process up to time n. The next result states
that if X is a p-GERW, then the probability that |RX| < n!/2t® decays as
a stretched exponential in n for every o € (0,1/6), where |A| denotes the
number of elements of a set A.

Proposition 2.3. Let X = {X,,}n>0 be a p-GERW. Then, for all 0 < a <
1/6 there exist positive constants v1, v2 , which depend on d, K, h, and r,
such that

P[[RX| < n2*%] < exp{-mn?} ,
for all n > 1.

Since the proof of Proposition 2.3 is rather lengthy, it will be deferred to
Appendix B.

Remark 2.2. [t is important to notice that v, and 2 do not depend on p.
In particular, Proposition 2.3 holds true for p = 0 which is the case where the
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random walk is a d-martingale with zero mean vector satisfying a uniform
elliptic condition. Our result also refines the proof Proposition 4.1 in [15]
stated for p =1 and some o > 0, in that it quantifies the mazximal value of
a for which the statement holds true. For p € (0,1] the determination of an
upper bound for o might not seem relevant, since the ballisticity will imply
that R:X is ©(n), but we do believe that our proof might be useful to discuss
generalizations of the p-GERW, for instance when the probability of having
a cookie on the first visit is time dependent.

Remark 2.3. Note that the event {|R.X| < n%“‘} for all0 < o < 1/6 can
be written as {|RX| < n%—a} for all e > 0.

To simplify the statement of the next result, we will consider a slight
generalization of the p-GERW. For a fixed set A C Z? we say that {X0 1
is a p-GERW with excitation-allowing set A, if it satisfies Condition I, Con-
dition IIT in Section 1.1 and the following variation of Condition II:
Condition IT*. If there exists A > 0 such that:

e almost surely on the event { Xy # X, for all k <n}, either

E[Xpi1 — Xn|Fn] £ >N, if (X)) <p and X, €A,
or
E[Xnt1 — Xp|Fn] =0, ifn(X,) >p or X, ¢ A.
o almost surely on the event {3k < n such that X = X},
E[Xp+1 — Xu|Fn] =0.

We can think of set A as the set of sites where there is the possibility of
having cookies. The definition will be useful to deal with time translations
of the p-GERW, where A will represent the set of sites not yet visited by
the process.

Set H(a,b) C Z* for a < b as:

H(a,b):={zcZ%:z-0c[a,b]},
which represents the strip in direction ¢ between levels a and b. Roughly
speaking, the next proposition states that if the number of sites outside the
1
excitation-allowing set in a strip with length of order n2%*, 0 < a < 1/6,
containing the origin, is also of order n%"'a, then X,, - £ is at least of order
1

n2T® with high probability.

Proposition 2.4. Fiz 0 < o < 1/6 and suppose that {Xp}n>1 is a p-
GERW with excitation-allowing set A C Z%. If for some n > 1

(Z4\ AN H <—n%+a, 2‘;\né+a) < lpdte (25)

3

then, for some positive constants 3, v4 depending on d, K, r, A\, a and p,
we have

P [Xn < g)\n%“)‘] < 6nexp{—y3n}, (26)



23

where

L X & ((1/3—2/3(1—8)))\]))2}
2K2718K?’ 3~ 2K? ’
Y4 = min {7y, 2c,1/2 4+ a},

e € (1/2,1) and 71, 2 are the same as in Proposition 2.3.

For every ¢ € S% 1 let M, denote the positive half-space in direction
¢, that is, My = {x € Z¢ : - £ > 0}. The next result provides a lower
bound on the probability of {n(X() = oo}, which will allow us to prove that
regeneration times {Tk}k21 are almost surely finite.

Proposition 2.5. Fiz 0 < a < 1/6 and let X be a p-GERW in direction ¢
with excitation-allowing set A C Z% such that M, C A. There exists 1) > 0
depending on d, K, h, r, X\, a and p such that

Pn(Xo) =00 >P[X,-€>0 foralln>1] >,

where ¢ = hc(%)ﬁc, ce(0,1),=012-a)(1/2+ a),

o>r(5) .

1

2—a>971 .
= , 1 =min{o, (2 — o)y},
1=(22)7 . e—ninfe,@-am)

and 73, v4 are as in Proposition 2.4.

We now state the last auxiliary result which will be used in the proof
of Proposition 2.1. It provides bounds on probabilities associated to the
regeneration times.

Proposition 2.6. Let {74}r>0 be the regeneration times for a p-GERW in
direction £. Take 3 and vy as in Proposition 2.4 and i as in Proposition 2.5,
then

(i) sup }P’[n](-k) < ooigj(»k)] <l—7%, as.,

Jk=1
y 1 e s
(ii) 2upIP’[(XTk+n - X)) L< g)\né“‘oﬂgék)] < o a.s.,
>1
iii) sup Pin < n(-k) — p(.k) < 00 Q(k) <1267 g.s..
J J 0
Jj21,k>0

Remark 2.4. In the proof of (ii) in Proposition 2.6, we will need a small
adaptation of Proposition 2.4. If we want to estimate {(X;, 4n — X5,) - € <

%)\n%+a}, where T, is a regeneration time, we can still apply Proposition 2.4
to bound the probability of this event. Important to notice that conditional
to be in position X5, at time 1y, the process will not go below that position
in direction ¢ and it has a completely unexplored environment forward of it.
Then in condition (25) we only need to consider the intersection of the strip



24

with {x € Z¢ : x - € > X,, - £}. With this in mind, the reader just have to
follow straightforwardly the proof of Proposition 2.4.

The proof of Proposition 2.6 will follow closely the proof of Proposition 4.4
in [15] (with minor adjustments due to the fact that the renewal structure
is slightly different) and it is deferred to Appendix A.

Using Proposition 2.6, we can now prove Proposition 2.1 basically in the
same way as in [1] and [15]. For the sake of completeness the proof is
provided in Appendix A. Below we give a sketch of this proof.

Proof sketch of Proposition 2.1. The idea is to define the following
events:

Gy = {(XTkJrn - XTk) < up},
By, = ﬂ{n§k> < oo} and F,:= U{wn < nj(-k) - pé»k) < oo},

where, for each positive integer n, u, = |n™ |, v, = [n*?] and w, = [n%],
with ai, ag and ag positive real numbers such that a; < 1/24a«, and as+a3 <
aj. We choose n large enough such that (K + 1)v,(wy, +1) + 2+ K < u,
and u, < (pA/3)n'/?*®. Then we show that

G, N By NE; Co{mpp1 — e < n},

and now we will be able to control the probability of the event {7511 — 7 <
n}. Hence we have
Plrest — 7 > nlG5"] < P[Ga|G67) + PBAIGE7) + PIFIGS . (27)

For each sum portion in (27), we can use Proposition 2.6 part i), i) and
ii1), respectively, to control those probabilities. Thus we obtain for each
one:

(i) PBalg") < (1 - 0"
6_737174
/(/} ?
(i) P[F,|GM] < 2|no2 e sln™
Finally we finish the proof using the above upper bounds in (27).

(ii) P[GalGSY] <

2.4. Proof of auxiliary results.

2.4.1. Proof of Proposition 2.4. Let us begin observing that the process
(Xn - ¢,n > 0) is a F-submartingale and thus (=X, - ,n > 0) is a F-
supermartingale. Adaptability and integrability follows from the definitions
and Condition I. Moreover we have two possible situations by Condition II,
E[(Xpt1 — Xp) -4 Fn] =0 or E[(Xp41 — Xn) - €| Fn] > A.

Thus, we have E[X,, 41 - ¢|F,] > X, - L.
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As a first step we show that

2 o
P {ll?ngk 0> g)\n%'“", X, < gkn%%‘} < pe~ G ) (28)

for C; > 0. Note that

2
{maxXk > f)\n%'m, X, < E)\n%'“"}
k< 3 3

n

" p 2 1
|| Xp l— X0 (*-*))\ a},
Ckl{ k < 3 3 n?2

and by Azuma’s inequality for supermartingales with increments uniformly
bounded by K (see Lemma 1 of [20]), for every k = {1,...,n — 1} it holds
that

2 1
P{Xn-é—Xk-€< (p—3>)\n;+a} SIP’{Xn-E—Xk-€<—3)\n;+O‘}

3

112 2, 1+2a 2. 2a
<exp [T <eXp<_AL).
- 2(n — k)K? - 18 K2

Then (28) follows from the usual union bound with C; = (%)\)2 /2K?2. More-
over, again using Azuma’s inequality (for supermartingales), we also have
that

P

. 1 (6% 2a
min X, - < —n2t| <nexp{—Cyn”*} (29)
for Cy = 1/2K2.

Now let Dy, = E[X}11 — Xi|Fi] and Y, = X,, — 32775 Dy. Tt follows that
Y, is a martingale with bounded increments. Let G be the following event

2
G = {|R5ﬂ > n%+°‘} N {Xk cH (—n%“‘, g)\n%‘m) , for all k£ < n} .

Using the hypotheses (25), on G we have at least |R.X | — %n%Jra > %n%‘w‘
sites visited on the excitation-allowing A. Therefore, there exists a Binomial
1
random variable W with parameters N = %rﬁ*a and p such that on G

n—1
(Z Dk> 0> AW
k=0
In order to prove (26), we write that probability as
P [{Xn < g)\n%”‘} N G} 4P [{Xn < gméﬂ} N GC} (30)
and we control both terms separately. We start with the second term. Set

E= {Xn < gAn%m}, M = {|RY] < nite},

2
J = {minXk A< —n§+°‘} and T = {I]??XXk 4> 3)\n21>+a} .

k<n
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It follows that
PIENG]=P[(ENM)U(ENJ)U(ENT)

2
<P[ENM]+P[ENJ]+P [rggxxk-e > gAn%M, X, -l < g)\n%J“O‘ :
<n
and from Proposition 2.3 and (29) and (28), we obtain
P[ENG] <P[|RY| <nzte] +P [ggn Xl < —n%ﬂ + ne~ G
<n

(31)
< e e Gy pemCin®

As regards the first term in (30), let € € (1/2,1), B={W < Np(1 —¢)},
and write P[E N G] as

P [{Xn < gAn%+a} nan B] +P [{Xn < %)\n%“‘} N GmBC]

< ]P[B}+1P>[{Xn-£<gAn%“‘}meBc}.

To bound P[B] we use the Chernoff bound (cf., e.g., Theorem 4.5 of [10]) to

obtain
2

P(B] < exp{~ N = exp{~Cyni*p} (32)
where C3 = £2 /3. To upper bound P [{Xn A< %)\n%““} NGN BC}, we use

that Y, = X, — EZ;& Dy, is martingale with bounded increments and apply
Azuma’s inequality (see, for example, Theorem 2.19 in [6]). Thus, denoting

F = {Xn < %)\n%“‘} N G N B¢ we obtain

P[F] < ]P’[Xn - (Spk) < %’An%ﬂv ~ANp(L — 5)}
k=1

n—1
1 1 2
< = . sta(Z _Z(1 - .
< ]P’[Xn ¢ (;Dk> 0 < pan? (3 = s))] (33)
Hence, we have that Cy := —(1/3 —2/3(1 —¢)) > 0, since ¢ € (1/2,1).

By (33) and Azuma’s inequality we obtain
n—1
P[F] < ]P’[Xn v (Z Dk) < —@pAnéﬂ
k=1 (34)

02 2)\2 2c
U ) = 2exp(—Csp*n™)

where C5 = (C2)\%)/2K2.
Inequality (26) then follows from (31), (32) and (34) which imply that

P|X, ¢ < gm%ﬂ <

1
_ Y2 _ 2a _ 2a _ §+04 _CO=p2n2c _ Y4
e N 4 e~ O 4 e Cintt | o=Csn2T0p 9 =Csptntt g o= sn ,
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where

I LR TR R
2K2 18K?%" 3~ 2K?
v4 = min {y2,2a,1/2 4+ a} .

73 = min {71,

O

2.4.2. Proof of Proposition 2.5. The main idea of this proof is to define an
event to guarantee that the process X will advance in direction ¢ in such
a way that X, - £ > 0, for all n > 1. Then we will obtain a lower bound
for this event using Proposition 2.4 and Azuma’s inequality. As it can be
noticed from the statement, one of our main concerns is to make explicit the
dependency of the bound on the parameter p.

Proof of Proposition 2.5. Since on {X,, - £ > 0 for all n > 1} the process
doesn’t visit the sites in Z¢ /My, it is sufficient to prove the proposition for
A=174

Without loss of generality we consider r < 1 in Condition III. Define

Up={(Xp41— Xg)-£>r, forall k=0,1,..[r im—1}.
Observe that in Uy, X[.-11,, £ > m and by (UE1) of Condition III we have
P U] > hI" 11 (35)

Consider the following time translation of the process X: Wy = Xp.-17,, 44,
k > 0. Then W is a p-GERW with excitation-allowing set

A =7 {Xo, ..., X[p-1m_1}

starting at Wo = yo := Xp—19-
Set 0 = (2 —a)(1/2+ «) and

where C' > 0 is a constant depending on «, K, A and r, such that

C> ([7"_11‘5)\)ﬁ v (M’_lw (Ig{)éll 77) for

1
= (22)7 with o= minfo, (2~ )}
Y3¥1
and 3, v4 as in the statement of Proposition 2.4. Note that for all o used
in Proposition 2.3, i.e., 0 < a < 1/6, we have that § > 1.
The left-hand side of (25) with the set A’—yq is bounded above by [r~!]m.
Note that, for all n > m2~°,

0—1

(2—a)(L+a) m -1 —1
i) 2 (S ) 2 [T

1
n§+a Z

Lo =
L =
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where the last inequality follows from C' > ([T_1-|6)\)‘5T11. Thus (25) with
excitation-allowing set A’ — yq is satisfied for all n > m?~?.

Denote mg =0, m; = m and, for k > 1, my1 = g)\mi. The sequence of
(my, k > 1) is increasing. The latter can be proved by induction since

me_ e (C)T K 1<2—a>25>1

— >
my 3 [r=!] 3 3 \ 7391
for all a € (0,1/6), and assuming my/my_1 > 1, we have,
A
My :(m"’ >6>1
My %miq mE_1

For every k > 1 consider the following events

" {Lm min (W= W) > _mk} |

Sl<jsmi™®
Uy = {Wpza) - €=y} -

Claim: The following set inclusion holds:

{X, - £>0, foralln>1} D (ﬂ(GkﬂUk)>ﬁUo. (36)
k=1
We will postpone the proof of the Claim to the end of the proof of Propo-

sition 2.5.
As seen in proof of Proposition 2.4, the process (X, - f,n > 0), is a
F-submartingale, so (W — yp) - £ is also F-submartingale. Write

2—«a
k
Gi= U (W) 05 -mi}.
j=lmiZ7)+1
and by Azuma’s inequality (for supermartingales)

(0 W) 0= ] =2 (- 0) 2]

k—1]

<exp<— m% ><exp(—m’2§)<exp(— m?)
- 2K2(j — |m;— )/ ~ 2K2mi ) ~ 2K2) "

Thus

m¢

PIGk|Un] > 1= (mi™™ = [mi=§]) e 2x7 > 1 —mioe 22,

for every j = {|{mi | +1,...,m{ ®}. Since the process W — y, satisfies
Conditions I, II, IIT and the set A’ — yo fulfills (25) for all n > m?~2, by
Proposition 2.4, it holds that

AP (2—a)(3+a) (2=e)7g

2—a _—7vy3m
PlU|Up| =P [WLmZ_QJ 4> ?mk > 1 —6my “e M
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Now, write
P [(ﬂ (Gr N Uk)) NUL| = P[UO]<1 - P[Gi|Uo] +P[U1§|Uo])7
k=1 k=1

which is bounded from below by

[oe) «
B (l_z(mg 0c T 4 Gmae—ami ))

k=1
> plr=tm (1 — 7Zmi_a673mzl> )
k=1

Now we are going to analyze the series Y o mi ae*'”‘*’mk . Note that m

(37)

is large enough so that the sequence (m i ag—rsmy! .k > 1) is decreasing.
1

Indeed, m is bigger than the inflection point ( ) #1 of the function z(x) =

]
22 %1 g > 0

v () ()= G) )= )= ()

Thus we have,

Y3¥1

o] . )
Zmz_o‘e*w’mkl < / 2 e gy (38)
k=1 mi
By a change of variables, we write,
o0 a—3
= (3—-«
/ x2faeffy3z¥’1 dr = sol—l,ygm r <g01’,}/3m9101) , (39)
mi

where T is the incomplete gamma function®. As mentioned above m is large
enough so that the sequence (mz_o‘e_%m:l ,k > 1) is decreasing. Thus, in
order to obtain that (39) is smaller than 1/7, we may increase m even further
by choosing a sufficiently bigger C'. Thus, with such a suitable chosen C' we
obtain

o0

Z eI < / el gy (40)

— mi

3| =

3—«
=¢ 73% F( o1 ﬁsmfl) <

30(s,x) = [t et
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Using (40) in (37), we obtain that,

P [(ﬂ (Gk N Uk)> NUy| > h[r_l]m (1 — 7Zmz_0673mfl>
k=1

[r11C (iyﬁﬁ
>h [r=113Ap C:¢7

where ¢ is a positive constant such that ¢ € (0,1). Proposition 2.5 then
follows from (36) which we are going to prove below.

Proof of the Claim: First observe that

oo [o¢]
(ﬂ (GkﬂUk)) NUy = m (Gkﬂkal).

k=1 k=1
i) In G; N Up, we have that X,, - £ > 0 for all n € (0, [r~1]m + m?].
Indeed, clearly X,, - £ > 0 for all n € (0, [r~1]7m] by Up and as already seen
X171 = m. Now suppose, towards a contradiction, that in G1 N Up there
exists at least a k € ([r~m, [r~1]m + m?~°] such that Xy - £ < 0. Thus,
we would have (Xk — X[rqm) - ¢ < —m, which contradicts G1.
ii) Now in Gy N Uy_1 for k > 2 we have X,, > 0, for all n € ([r~1m +
mi:cl“, [r=m + mz_o‘]. Indeed, suppose that in G N U,_1 there exists at
least a k € ([r~ m +m=¢, [r~"]m + m;~* such that X; - ¢ < 0. So we
would have Xj - £ — Wlmi:(fj - £ < —my,, which contradicts Gy. [l

3. PROOF OF THE MAIN THEOREMS FOR THE p,-GERW

We start this section remembering that if {X,},>0 is a p,-GERW in
direction ¢ we can write it as in (1), hence we have

n

Xn =Y (Y _n&i+ Lee 3 Lwspybi + Lee 3 Lwi<py i)

i=1

where {U; }i>1 is a sequence of i.i.d. random variables with uniform distri-
bution in [0, 1], E;, = {El k < i such that X = XZ} foralli>1, {€i7fi}i21
is an increment of a d-martingale with zero mean and {v;, F;};>1 is random
vector such that E[; - £|F;—1] > X .

We can rewrite (1) as

n

Xo =Y (Lp_uwi-op& + Lse nui<i-sp i)
ZTLl (41)
- Z (& + Ype niu<i-eypyi — Yee nui<i-on &) -
=1
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Before we provide the proofs of the mains results for the p,-GERW, let
us point out that, for simplicity, henceforth we will work with

The second sum portion in f)’f (see (5)) makes this process continuous in
t € [0,00). By Proposition 10.4 in Chapter 3 in [7] if we have the convergence
in distribution for B’ automatically we obtain it for B™.

3.1. Proof of the convergence in distribution of the p,-GERW* with
B > 1/2. The p,-GERW* can be written as in (1). Remembering, by the
conditions of the model, we have that the sequence {U;};>1 will be uncorre-
lated, rather than independent, with both sequences {7;}i>1 and {&}i>1.
We rewrite a version of the Theorem 7.1.4 from [7] where the authors
state a convergence in distribution of a d-martingale to a process with inde-

L . D o
pendents Gaussian increments. We will denote — as convergence in distri-
bution.

Theorem 3.1 (see [7], Theorem 7.1.4). Let (¢y,k > 1) be a sequence of R%-
valued random vectors such that E[¢g|Fr—1] = 0 where Fi, = o(¢y,1 < k).
Define,

|nt] [ nt]
1
My = § ¢i  and Ay = - § bidl .
i=1 =1

Assume that the following conditions hold:
i)
lim n~Y2E | sup |My_1 — Mg|| =0.

n—oo 1<k<n
i) For eacht >0,
Appey = C(t) asn— oo,
i probability.
Then M|y, /nl/2 N , where Z is a process with independent Gaussian
increments.

We present below a result that will be important in the proof of Theo-
rem 1.4.

Lemma 3.1. Let the process X be a p,-GERW * in direction ¢, in Z%, with
d>2, p,=Cn P AL, with B > 1/2. Using the representation (41) for X,
let us consider the corresponding process defined as
1 [nt]
D) = 375 2 Lg nuisi-opn (i — &)
i=1

It holds that D),,.| converges in Cgal0,00) to the identically zero function in
probability.
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The proof of Lemma 3.1 will be postponed to the end of this section.

The main idea behind the proof of Theorem 1.4 is to use the decomposi-
tion (41) and to analyze separately the sum portions suitably rescaled. We
will see that the sum portion corresponding to the part of d-martingale will
converge in distribution and the other will converge to zero in probability.
Thus, using Slutsky’s Theorem we obtain the desired result.

Proof of Theorem 1.4. Without loss of generality, we shall assume C = 1.
By the last equality in (41) we can rewrite the the process By as

[nt [nt]

]
1
St > Lme s on (= &) (42)
i=1 =1

1
n _
By = nl/2

Now we will analyze separately the two portion sums of (42).
The second sum portion in (42) by Lemma 3.1 we have that

[nt]
1
7711/2 Z 1{Eic—1 1{Ui§i*f3}%' — l{Ef_l}l{UiSi*B}gi —0 asn— oo, (43)
i=1

in probability in Cga[0, 00).
For the first sum potion in (42) we use Theorem 3.1 (Theorem 7.1.4
from [7]) and we obtain

L]
ZfigZ. as n — oo, (44)
i=1

1
nl/2

where Z is a unique, in distribution, process with independent Guassian
increments by Theorem 7.1.1 from [7].

Then by (43), (44), and Slutsky’s Theorem (see Theorem 11.4 from [])
we finish the proof. ([l

Remark 3.1. As we already point out in Remark 1.2 the item i) of Con-
dition I* and the sequence {pn}n>1 can be more general. Specifically, if we

had thﬂ piE[||7i]|]] = o(v/n), then it will be possible to prove that the second
sum portion in (42) goes to zero in probability. Hence we finish the proof
with Slutsky’s Theorem (Theorem 11.4 from [5]).

From the Theorem 1.4 it is possible to obtain Corollary 1.1, which states
that the p,-ERW converges in distribution to a standard Brownian Motion.

The proof of Corollary 1.1 follows basically the same techniques used in
the proof of Theorem 1.4. The main difference is in (44) where instead of
using Theorem 3.1 (Theorem 7.1.4 from [7]), we apply Donsker’s Theorem
(see Theorem 8.2 from [5] or Theorem 5.1.2 part (¢) from [7]) and we obtain
the desired result.
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3.1.1. Proof of Lemma 3.1. Let us define the following processes in Ca0, T']
Lnt]

1
Dy, = A2 Y me yl<i-syv and
=1
[nt]

1
I
DLn-J T opl/2 Z Lige Vyui<i-sy&i-
i=1

First we will prove that the process DYn | converges in probability to zero

in Cga[0,T] for all ' > 0. One can see that
[nt]

P( su HD7 H >e | <P| su Hl c i Al > ens
(OgtET [nt] Oﬁth; (B N{U;<i B3}

[nT] ) [nT] )
<P| > Hl{Ef,m{Uisrﬂ}}% >enz | <P ) Hl{mgi—ﬂ}% >en?

i=1 i=1

[nT| [nT|
1 1 1 Efllwll] 1

<— N Rl < .
= nl/2¢ ; Z/BE[H%H] = nl/2¢ ; 0 x 48—t

(45)

In the first inequality in (45) we use the triangle inequality and in the forth
Markov’s Inequality. By Condition I*, we know that for all 4 > 1 and all
6 < 8 — 1/2 there exists a positive constant L such that

E {[]v:ll]
70

<L. (46)

Then using (46) on the last inequality in (45), we obtain that

|nT)
1 Efllvll , 1
P (o D0l > <) = oz 3 Epl o

0<t<T —
[nT|
L 1 / 1-8+6 (47)
S > 70 S oz X ¢ [ T]
i=1
- Ld y |nT | " nl/?
T e n |nT|B=0"

where ¢ is a positive constant, since thztlj Z% = O(|nt|'=%).
Since 8 > 1/24 6, by (46) we obtain that

S Lme ylu,<i-syi
nl/2

in probability in the space Cpa[0,T] for all T > 0.

—0 asn— oo,
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All the computation we did above can be similarly done for Dfn. P since
we have part ¢) from Condition I*, and we will reach the same conclusion,

namely that

S Lpe ylui<i-5)&i
nl/2

—0 asn— oo,

in probability in the space Cga[0,T] for all T' > 0.

Finally we have that D|,.| converges in probability to zero in Cpga [0, T
for all T'> 0. Since this convergence in Ca|[0, 7] for all T > 0 means that
D\, converges in probability to zero in Cga[0,00) (see Lemma C.2), we
obtain the desired result.

O

3.2. Proof of the convergence in distribution of the p,-ERW with
B =1/2 and d = 2. Let us denote K, the set of times in which the process
visits a site for the first time and it eats a cookie (i.e., it gains a drift)
until time n. Henceforth, without loss of generality, we assume C = 1, i.e.,
Pn = n~1/2. We can write K, as

Kn = {'l S {172, P ,77,} . 1{E’L671}1{U1§7'71/2} = 1} .

Now we set a sequence of F-stopping times {; }i>1, corresponding to the
times the p,-ERW visits a new site. We can write the cardinality of the set
K, as follows:

Ra |

n
Bl = D1 My = D0 L, cpii2y (48)
i=1 j=1 T

Below we present a important auxiliary result which will be useful in the
proof of Theorem 1.5.

Lemma 3.2. Let |K,| be defined as in (48). We have that the sequence of
processes |K|,.| |/n!/? converges in Cr[0,00) to the identically zero function
in probability.

The proof of Lemma 3.2 will be postponed at the end of this section.

Proof of Theorem 1.5. The idea of the proof of Theorem 1.5 is similar to
the one used in Theorem 1.4, however to extend the result of Lemma 3.1
in the case d = 2 and = 1/2 we will use Proposition 1.1 (see, proof of
Lemma 3.2).
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By the last equality in (41) and the definition of K,,, we can rewrite the
the process B}' as
1 [nt) 1 [nt)
By = nl/2 Z& + nl/2 Z 1{E5—1O{Ui§i71/2}}(’%’ —&)
i=1 i=1

Lnt]
1 1
=5 '§_1 S+—5 D (&) (49)

iEK\_ntj
[nt]
1 | ) | (v — &)
=12 Z&' + 5 Z :
nt/ i=1 nt/ €K ) ‘Ktnt”

Applying Donsker’s Theorem (Theorem 5.1.2 part (c¢) from [7]) we obtain
that the first sum portion of (49) converges in Cg2[0,00) to a Brownian
Motion in distribution, i.e.,

]
ZﬁigW as n — oo, (50)
i=1

1
nl/2

where W is a Brownian Motion in dimension 2 with zero mean vector and
covariance matrix E[¢£7].
By Lemma 3.2 we have that

K5
nl/2
in the space Cr[0,00) in probability. We shall now consider two cases:

lim,, o0 | K |nt] | < oo almost surely and lim,, o | K |nt] | = 400 almost surely.
If limy, 00 [ K| 1¢)| < 00, then there exists a positive constant L such that

—0 asn— oo, (51)

: lvi — &l
lim Y TSR <ork, (52)
nt]

where K is from Condition I. Hence from (51) and (52) we have

|Klntj| Z (7 — &)

~——= 50 asn— (53)
1/2 ’
n / iER o) ‘KLntJ |

in the space Cgr2[0,00) in probability. Then from (50), (55) and Slutsky’s
Theorem (see Theorem 11.4 from [3]) we have our result.

If |K || — 0o, almost surely as n — oo, since the sequence of random
vectors {7y, — &y, }i>1 is i.1.d. having the same distribution as {v; — & }i>1,
which is i.i.d. too (see Lemma C.3), we can use Theorem 8.2 item iii, page
303, in [8] and obtain

|K[ntJ|

v 0im8) 5~ Gem8e) g 6] asnooons. (54)

iy Kl F K



36

Thus from (51) and (54) we have

|KLnt |
nl/2

Z M%O as n — oo, (55)

in the space Cgr2[0,00) in probability. Hence from (50), (55) and Slutsky’s
Theorem (see Theorem 11.4 from [8]) we have our result.
O

3.2.1. Proof of Lemma 3.2. The first step here will be to prove that the
process converges in Cg[0,7] for all T > 0 to the identically zero function
in probability.

For every € > 0 and § > 0, by Markov’s inequality we have that

P sup K jnt)| > evn| =P [|Kp)| > evn]

0<t<
= BIG N (IR g > ST J}] + FIG N {[Rqy| < 60T}
[6nT] (56)
=1
[6nT]

< PRy | > 61nT)] + = > 5

We set the event Gy, := {supg<i<r [K|nt)| > €y/n} and from (56) we obtain

[6nT
limsup P[G,] < hmsup PHRl_nT” > 0[nT] \F Z 1/2

n—oo
[onT] , 1/2
1 1 (6T
(57)
The last inequality in (57) follows from Proposition 1.1 and the fact that
Zzwi 111/2 = O([0n]'/?). Thus, for every e fixed, since J is arbitrary, we

conclude that the process |K|,,.| |/n1/? converges in Cgr[0, T for all T > 0 to
the identically zero function in probability.
The convergence in Cg[0,7T] for all T > 0 means that [K|,,.| | /n*/? con-

verges in Cr[0, 00) to the identically zero function in probability (see, Lemma C.2).

O

3.3. Proof of the convergence in distribution of the p,-ERW with
B =1/2 and d > 4. We begin this section defining a useful coupling of
the p,-ERW and an aperiodic random walk. Before we start, let us just
remember that he p,-ERW has a bias parameter ¢ € (1/2,1].
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The p,-ERW which we consider in this section has a restriction on the
drift direction. Specifically, the drift direction could be any direction of
the unitary sphere, as long as, it could be represented by at most d — 3
canonical directions. If we denote the set Dy C {ey,...,eq}, where k = | Dy
and 1 <k <d -3, ap,-ERW with a drift direction ¢p, € S?! means that
the direction £p, has to be write as {p, = Zle ajr;, where a; € [0,1] and
x; € Dy, for all 1 <i<k.

We set (2,G, P) as the probability space where all the following random
variables are defined. Let {U]};>1 be a sequence of i.i.d. random variables
uniformly distributed in [0,1]. We set the sequences {;}i>1 and {7;}i>1 as
before (see Section 1.1.2) such that the drift direction of {v;};>1 is £p, ; both
independent of the sequence {U/};>1. We also define Pp, and Ppe as the
projections respectively on Dy, and Df, where Df := {e1,e,...,eq}/Dy.
As one last but important restriction, we suppose that &;,v; € Pp, (Zq) U
Ppe(Za), and moreover Ppe(§;) and Ppe (v;) are identically distributed.

We define the sequences {Y;};>0 and {Z;};>0 of random vectors in Z?
in the following way. First, Yo = 0 and Zy = 0. Then for n > 1 we set
recursively, if we have B, := {Y,, ¢ RY_,}, then

Yor1 =Yo + 1B, 1w <p, 3 Vet 1B, w7 >p, i i3Enst + 1B56nt1 -
Now for the process {Z;}i>0 and n > 1, we have

Zny1 = Zn + Ppe(1B,&nt1 + 15 (Lwr,  spa3éntt T Lwr, <paia}Ins1)) -

Then we conclude the following properties:
o {Yi}i>0 is a p,-ERW in Z¢ with drift direction lp,.
e {Z;}i>0 is an aperiodic random walk (lazy random walk) in Z?. Be-
sides that the process Z behaves like a lazy random walk in Z4—*.
e For all e; € Df and i > 0, we have Y; - ¢; = Z; - ¢;.
Hence we will show that if the process {Z;}i>o visits a new site then the
process {Y;}i>o will reach a new site too.

Lemma 3.3. If the process {Z;}i>o visits a new site then {Y;}i>o visits too.

As a direct consequence of Lemma 3.3 we obtain that |RY | > |RZ| for all
n > 0. The proof of Lemma 3.3 will be deferred to end of this section.

Henceforth, without loss of generality, we shall assume C = 1, i.e., p, =
n~1/2. Let us recall that K, is the set of times the process visits a site for
the first time and it eats a cookie and |K,| is its cardinality. Let X be a
pn-ERW in Z¢, where d > 4. Let us define the following random variable

on
| Tn] = Z 1{Ui§i*1/2} ) (58)

i=1
where § € (7g, 1) and 74 denote the probability of a random walk with i.i.d.

increments (with zero mean and finite variance) given by the corresponding
{& }i>0 never returning to the origin.
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If {¢;}i>1 denotes the sequence of F-stopping times corresponding to the
times the p,-ERW visits a new site, then we have

IRy |
| K| = jz; 1{U¢j§<p;1/2}’

and
on
P !
| Jn| = -2_1 1{U%§%_1/2} =< |, (59)

since {¢;}i>1 is a sequence of of F-stopping times and the sequence {U;};>1
is i.1.d..
Now we denote the following random variable

n—d&'n

n n
Y. lweiy =) Yy = D) Yy, (60)
i=n—d'n+1 =1 =1

=|F

where ¢ € (0,74_1) and 74_j denotes the probability of a random walk with
ii.d. increments (with zero mean and finite variance) given by the corre-
sponding lazy random walk of the coupling never returning to the origin.

Since {¢; }i>1 is a sequence of F-stopping times and the sequence {U; }i>1
is i.i.d., one can note that

n &'n

/ R
Z} Lip<i-v/2y — | Fpl = ;1{%%”2} = |Vl (61)
1= 1=

The random variables |J}| and |F)| will be important to compute the
constants ¢; and c¢a, as we will see in the proof of Theorem 1.6. Informally
speaking, what we obtain in Theorem 1.6 is that every limit point of the
pr-ERW in direction ¢p, suitably rescaled will be in a kind a “cone” region,
with high probability (see, Figure 3.1).

Wt : ZDk + g(t)

Ipy;

Ficure 3.1. “Cone” region representation around the di-
rection {p, .
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Now in the next two Lemmas we will see the asymptotic behavior of
|J],| and |F)| respectively. We will conclude that both random variables

converges when divided by n'/2.

Lemma 3.4. Let {|J}|}n>1 be defined as in (58), {|F}|}n>1 be defined
as in (60), & and & are positive constants such that § € (mwq,1) and §' €
(0, 74—r). Then we have
i)
E[l /5]
nl/2

ii) For any € > 0, we obtain

52512 gsn — o0 a.s..

P[|J.| —E[|J.]| > en'/?] =0 asn — 0.
iii)
E[l £l
/2

iv) For any € > 0, we obtain

=21 =0)"? asn— x a.s..

P[|F.| —E[F.|]] > en'/?] =0 asn — oo.

v)
ER L Liy<i-1/2y]
172

vi) For any e > 0, we obtain

P [ > i<z — B [Z 1{Ui§i—1/2}]
i=1 i=1
The proof of Lemma 3.4 will be postponed at the end of this section.
From Lemma 3.4 we obtain the following Corollary.

Corollary 3.1. Let {|J]|}n>1 be defined as in (58), {|F}|}n>1 be defined
as in (60), & and &' are positive constants such that § € (mgq,1) and §' €

(0,mq—x). Then we have

i)

—2 asn — oo a.s..

>5n1/2] —0 asn— 0.

J/
% S 925Y2  4sn — 0o in probability.
n

i)
| F]

nl/2

—2(1=0)"? asn — oo in probability.
i)

2im1 Lu<ivzy
nl/2

Relying on Corollary 3.1, we are able to prove the following result about
the sequence of processes corresponding to the |.J),| and |F),|.

— 2 asn — oo in probability.
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Lemma 3.5. Let |J(n-J| and ]F’n_J| be a sequence of processes in Cr[0, 00).
Then we have the following

)
70

3 —2(0)Y% as n — o0,
n

in distribution in the space Cg|0,00).

ii)

ZZLZ].J 1{U¢§z’*1/2} - |F[nJ‘
n1/2

=221 = (1 =0)"?) asn — oo,

in distribution in the space Cgr[0, 00).

The proof of Lemma 3.5 will be postponed at the end of this section.
The next result states that the sequence of processes |K|,.||/ n'/2 is tight
in Cr[0, 00).

1/2

Lemma 3.6. The sequence |K|,.)|/n'/* is tight in the space Cg[0, 00).

A direct consequence of Lemma 3.6 is that every sub-sequence of | K|,,.||/ nl/2
will converge in distribution to a limit point. In the next result we will bound
those limits points. The proof of Lemma 3.6 will be postponed at the end
of this section.

Proposition 3.1. If H. is a limit point of |KLn-J|/n1/27 then
P [vt € [0,00) : 2tY2(1 — (1= 0)"/?) < H, < 2(16)/?] =1,

where &' and § are positive constants such that §' € (0,74_y) and § € (7g,1).

The proof of Proposition 3.1 will be postponed at the end of this section.

Now we have all the auxiliaries results to prove Theorem 1.6. For the
proof of Theorem 1.6 the main idea is to use the decomposition (41) and
then analyze separately the sum portions suitably rescaled. We will see
that both processes are tight in Cpa[0, T, consequently we will obtain that
the process B is tight too. Finally we will describe the processes which
dominate stochastically the limit points of B™. The idea here is similar to
the proof of Theorem 1.5. The main difference is that the sum portion that
represents the drift direction will not go to zero. For this reason the random
variables |J),| and |F),| will be important, to control this sum portion.
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Proof of Theorem 1.6. By the last equality in (41) and the definition of K,
we can rewrite the process B} as

[nt] |nt|
n 1 1
B = nl/2 Zéi + nl/2 Z 1{E$,1O{Ui§r1/2}}(% - &)
i=1 i=1

Lnt]
1 1
=7 ;&' +o > (&) (62)

1E€EK |y
[nt]
1 |t | (v — &)
= A St X TR
nl/? & nl/ ik | K )|

By Donsker’s Theorem we obtain that the first sum portion of (62) con-
verges in Cpa|[0,00) to a Brownian Motion in distribution

[n-]

1
&2 W, asn— o0, (63)
1

nl/2
Z:

where W is a Brownian Motion in dimension d with zero mean vector and
covariance matrix E[£1£]].

Now we will see that the second sum portion in (62) is a sequence of
stochastic processes which is tight. For that we will need two results from [5],
Theorem 7.3 and Corollary on page 83. Let us denote

[nt]
1
Dine 1= ni/2 Z Ype nu<imzn (i = &) -
=1

The first condition on Theorem 7.3 in [5] is satisfied, since the process
Dy, is tight for ¢ = 0 for all n > 1. To prove that the process satisfies the
second condition on Theorem 7.3 in [5] we will use the Corollary on page 83
in [5].

This Corollary states that Condition (i) of Theorem 7.3 in [5] holds if,
for each positive € and 7, there exists a ¢ € (0,1), and an integer ng such
that

Lo f e o0, T sup |F(s)— F(1) 2| <n Vn>ne,  (64)
¢ t<s<t+o

where the probability measure P, on Cga[0,T] is the distribution of D), |.
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Let us denote the set Ay(e, @) := {f € Cgra[0,T] : supicscsiglf(s) —
f(t)] > e}. Hence we obtain the following

Pn[At(55¢)] =P [DLnJ € At(55¢)] =P sup HDULSJ _DLntJH >
t<s<t+¢

[ns]

1

=P sup E 1{Efflm{Ui§i—1/2}}(7i —&)|| >enz| .
bSO it 41

(65)

Now we only analyze the process inside the probability measure in (65).
We will find an upper bound for this process for all the trajectory. For all
s € [t,t + ¢] we obtain

[ns] [ns]
> e nsmep (i 8 <03 Hl{mgrl/z}(%—fi)

i=[nt]+1 i=|nt]+1
[ns] [ns]

= Hl{Uigi—lﬂ}(%—&) < D 2K
i= )41 i=|nt|+1

(66)

In the second inequality in (66) we have by triangle inequality and the last
one by Condition I. Then from (64), (65) and (66) we have

Lns]
1 1 1
—P,[Ai(g,0)] < =P |: sup Z Liy,<i-12y2K ) = 6n2]
¢ ¢ tsssivo \ il
1| o)l )
< gp > Lipeib) 2K > en2 (67)
i=|nt]+1
1 —end [n(t+¢)]
§¢exp< Ve )E exp Z l{Uigr%} .
i=|nt]+1

To obtain the second inequality in (67), we exponentiate both sides of the
inequality inside the probability and then we use Markov’s inequality.
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We set ¢ = ¢/2K an we continue the computation in (67)

1 1 , n(t+e)]
—cn?2
ghlAe o)< gt ] E o (1, 1)]
i=|nt]+1
[n(t+4)] [n(t+¢)]
1 _..3% ( e—l) 1 _..3% <e—1>
< -—e¢ 1+ < —e e
— ¢ ._H is /T ¢ 4_H AT
i=|nt]+1 i=|nt|+1 (68)
[n(t+¢)]
1 _ .1 e—1
< e cn e
=% Xp 3 E e
i=|nt]+1
1

The second inequality in (68) we obtain by the moment generating function
and the third one by the fact that x + 1 < e* for all < 1.

At least remains to us explain how we bounded the summation in the last
inequality in (68). For that we did the following

[n(t+¢)] e—1 n(t+e)
Z 5 g(e—l)/ e V2dx < 2(e — 1) (Vn(t—i—(b)—\/ﬁ) :
i=|nt]+1 * nt

Now if for each positive € and 7, there exists a ¢ € (0,1), and an integer
ng such that

;exp(—cné) exp (2(6 —Dvn(y/t+ ¢ — \/2) <n VYn=ng, (69)

then we have that (64) is satisfied.

One can see that, since we have ¢ € (0,1), for all £ > 0, there exists a
@' > ¢ such that [/ + ¢’ —/t| < £&. Now we can choose & = c/4(e—1) and we
obtain, for a large enough n, that (69) is fulfilled for all . Consequently we
have that (64) is satisfied. Thus we can conclude the sequence of stochastic
process {D|y.|}n>1 is tight on Cga[0, T7.

Since the process B™ is the sum of two tight processes in Cra[0,T], we
obtain that B is a tight process in Cga[0,T] for all " > 0 as a simple
exercise (see Lemma C.1).

Now by Theorem 4.10 in [10] Chapter 2 one can see that since B™ is tight
in Cpral0,T] for all T > 0 with the topology of uniform convergence in the
compacts then B is tight in Cgra[0, 00).

Now we will analyze other aspect of the second sum portion in (62) and
by Proposition 3.1 we obtain that

P[vt € [0,00): 2621 — (1 - 0)/?) < Hy < 2(t6)*] =1, (70)
where H; is a limit point of a sub-sequence of |K|,,.|/ n'/2.

From (70) we have that |K|,;| — oo as n — oo almost surely. Then
observe that, the sequence of random vectors {7,, — &y, }i>1 is i.i.d. and has
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the same distribution of {7; — & }i>1, which is i.i.d. too (see Lemma C.3).
We can use Theorem 8.2 item ¢ii, page 303, in [¢] and obtain
Z 0i=&) — E[y1 — &) =E[y1] asn — oo as.. (71)
icK ‘Kl_nt”
Lnt]

From the properties of the sequence {7y, },>1 we have that A < E[v;-¢p,] < K
for all 4 > 1. Then we set E[y; - £p,] = p, for all i > 1, since {7, }n>1 is an
ii.d. sequence of random vectors.

Thus from (70) and (71) we obtain that

| K )| (vi — &) - {p,
— = _F t>0
172 Z » b=
n / ieK[mJ ‘Kth ‘
is tight in Cr[0, 00) and any of its limit points H, satisfies
P [Vt € [0,00) : 2uyt2(1— (1-)2) < Hy < 2p,(0)?] =1 (72)

Since B! is tight process in Ca|0, 00) by Prohorov’s Theorem (see Theo-
rem 5.1 in [5]) we have that B™ is relatively compact and consequently every
sub-sequence converges to a limit point.

Then for every limit point Y. of a sub-sequence of B", by (63) and (72)
we obtain

Wi Ap, + f(t) 2 Ys-lp, < Wi-Lp, +9(t),

where f(t) = 2(1— (1 — 5’)1/2)u7 t1/2 and g(t) = 2;@(6)1/2 t1/2 for all t €
—_———

Cc1 Cc2
[0, 00).
The reader can check that 0 < ¢; < ¢o. Thus we finish the proof.
O

3.3.1. About the restrictions in Theorem 1.6. Let us stress that Theorem 1.6
has some restrictions on the dimension and in the drift direction. Those
restrictions are due to the technique we used to find a lower bound for
range of the p,-ERW, namely the coupling of the p,-ERW and the lazy
random walk. The coupling of the p,-ERW and a lazy random walk had a
fundamental part in the proof of Theorem 1.6. Indeed, with this technique
we could find a lower bound for the range of the p,-ERW and describe
the functions g(t) and f(¢). However this method breaks down when, for
example, we have a p,-ERW in direction ¢ € S* ! in Z?, and ¢ has to be
writen with more than d — 3 canonical directions of Z%. This is due to the
fact that for the proof of Theorem 1.6 to work, we need that the lazy random
walk, which is used in the coupling, must be at least 3 dimensional.

If Conjecture 1.2 holds true (see, Section 1.3), it would be possible to prove
Theorem 1.6 for a p,-ERW in Z%, with d > 3 and in direction ¢ € S, that
is, for all directions in the unit sphere, then completely avoiding the use of
the coupling that we described at the beginning of this section. Specifically,
if Conjecture 1.2 holds, it would be possible to compute a lower bound for
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the range of the p,-ERW in direction ¢, and ¢ can be any in S¢!, thus
extending Theorem 1.6 to a p,-ERW in dimension 3.

3.3.2. Proof of Lemma 3.3. The idea of the proof is quite simple, we show,
using the coupling, that is impossible the lazy random walk reaches a new
site and the p,-ERW do not.

Proof. Suppose that in time n the process {Z;};>0 reaches a new site and
{Y;}izg do not.

Then the direction in which the process {Z;};>¢ moves it was not e;. By
the definition of the process {Z;}i>o.

From the hypothesis we have that Z, ¢ RZ ;. From the coupling we
have that (Z, - e2,Z, - €3,...,Zp - eq) = (Yn-e2,Y, - €3,...,Y, - €eq). Since
the process {Y;}i>0 reaches a already visited site then Y, € szl and there
exist a 0 < k <n —1 such that Y =Y,,.

Hence, we have (Z,, - €2, 2, - €3,...,Zn - eq) = (Yi-e2, Y -e3,..., Y% - eq)
and by the coupling we obtain that (Z-es, Z €3, ..., Zk-eq) = (Yi-ea, Yy -
es,..., Yy eq). Since, by hypothesis Z,, # Z, then in Z,,, the process would
have reached a new site moving in direction e;, which is an absurd. ([

3.3.3. Proof of Lemma 3.4. We begin with the proof of part 7). One can see
that

RIEA) 15"
—1/2

w2 n1/2 [Z Ly, <2‘1/2}] /2 ZZ &
i=1

Then we have that

1 on
. —1/2 ) _ o51/2
nhﬁr{)lO <n1/2 ;z ) =26"/%.

Hence we finish the proof of part 7).
For the proof of part ii) we first use Chebyshev’s inequality and obtain

Z 1{U <1_1/2}] . (73)

Then we use the fact that the random variables {U; };>1 are independent
and have

P[l[J| = E[l,[]] > en'/?] <

on on
1 1 1/2,4  —1/2
%Var Ell{UiSi—l/Q}] =3, Elz (I1—177%) =0 asn—oo. (74)
1= 1=

Thus by (73) and (74) we obtain that
P[||J.| = E[|lJ.]]| > en/?] -0 asn — oo,

and finish the proof of part 7).
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Now we prove part iii). One can see that

n—3d'n n—348'n
Z 1{Ui<i1/2}] nl/2 Z i~

=1

E(lF)] _ 1
nl/2  — pl/2

E

Then we have that

n—dé'n
- —1/2) _ 1/2
nh—>nolo< 1/2 Z ! /> — )2

Hence we finish the proof of part 7).
For the proof of part ii) we first use Chebyshev’s inequality and obtain

n—&'n

1
P(||Fy| — E[|Fp]]| > en'/?] < - Var
e‘n =1

Then we use the fact that the random variables {U;};>1 are independent
and have

1
——Var

n—d'n 1 n—§'n
- —1/201 _ -—1/2
2n Z 1{Ui<¢1/2}] ==, Z i1 —=4i7%) =0 asn—o0.

3
i=1 en oA
(76)

Thus by (75) and (76) we obtain that
P[|E.| — E[|F.]]| > en?] -0 asn— oo,

and finish the proof of part iv).
We begin with the proof of part v). One can see that

]E[Zz 1 ]'{U <Z 1/2} —1 2
/2 1/2 ZZ /

Then we have that
1 n
. L —1/2 _
Jim <n1/2 2 ) 2.
1=
Hence we finish the proof of part v).

For the proof of part vi) we use Chebyshev’s inequality and the fact that
the random variables {U;};>1 are independent. Then we obtain

]p [ Z ]‘{Ui§i71/2} > 5”1/2]

Z Lui<imizy — E
=1

Z 1 Z" _ _
1{U <z—1/2}] TTL t 1/2(1 -1 1/2) - 07
=1

as n goes to infinity. Thus we finish the proof of part vi). O

(77)
< —Var
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3.3.4. Proof of Lemma 3.5. Since by Corollary 3.1 we have the convergence
of the finite dimensional distribution, to prove this Lemma, both parts ()
and 7)), by Theorem 7.1 in [5] only remains to us prove that both sequences
of processes are tight. For that we will proceed in the same way we did in
the proof of Theorem 1.6, when we show the second sum portion in (62) is
tight in Cr[0, 7).

We start the proof of this Lemma with part ¢). One can notice that the
process |J{n-] |/n!/? is tight for t = 0 for all n > 1. Thus first condition on
Theorem 7.3 in [5] is satisfied.

Then let P, be a probability measure on Cg[0,7") and the distribution of
|J{n-J |/n1/2. We denote the set A, (e, ¢) := {f € Cr[0,T] : SUP;<s<iio | F(8)—
f(t)| > €}. Hence we have

1 1_[ 1
ZB| I (|/nY? e Ay(e, )] = =P | su Jo =] >en2
3 (1] 1/ t(g, )] 3 _tgsgg@” tns)| = [y Il =
1 [olntrol
=-P 1 1 zan%
¢ | i=6nt) 11 Uiz 2}

From this point the computation is exactly the same we did in the proof
of Theorem 1.6, when we show the second sum portion in (62) fulfills the
second condition of Theorem 7.3 in [5].

Then we have that for each positive ¢ and 7, there exists a ¢ € (0,1), and
an integer ng such that

1
—P, |f€CRr[0, T]: sup |f(s)—f(t)]>e|<n Vn>ng.
o t<s<t+d

Ergo by Theorem 7.3 in [5] we obtain that the sequence [J,,.| |/nl/? is
a tight in Cg[0,7] for all 7" > 0 with the topology of uniform convergence
in compacts and moreover by Theorem 2.4.10 in [10] is tight sequence of
processes in Cg[0, 00).

The proof of part i7) is similar with the difference that we analyze sepa-

rately Z}le 1 /n'/? and |F[n~j |/n1/2. Using the same computation of

i hy/m/? and [Flp | /nt/2

are tight processes in Cg[0, 7] for all T > 0. Thus by Lemma C.1 we obtain
that the all process is tight in Cr[0,T] for all T > 0. Finally by Theorem
2.4.10 in [10], since we have in Cg[0, T'] the topology of uniform convergence
in compacts, we obtain the desired result.

{Uii~h}
part i), it is possible to conclude that Z}ZIJ 1

O

3.3.5. Proof of Lemma 3.6. For this proof we will see that the sequence of
processes |K|,.||/ n'/2 will satisfies the two conditions of Theorem 7.3 in [7]
and we will have tightness for the sequence of processes.
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One can notice that the process |K|,,.| |/n'/2 is tight for t = 0 for all n. > 1.
Thus first condition on Theorem 7.3 in [5] is satisfied.

Then let P, be a probability measure on Cr[0,T") and the distribution of
| K .| |/n/2. We denote the set A4(e, ¢) := {f € Cr[0,T] : SUP;<s<tio | F(5)—
f(t)| > }. Hence we have

1 1 1
ZP|K | /n'? € Au(e,8)] = =P | su K1l = | K p1l] = en?
5 (1K e I/ t(€,9)] 5 _tgsgfwﬂ lns)| = [E|nt) ] =

[ [n(t+¢)]

1
2 Mpniby 25
|i=[nt]+1

[ [n(t+¢)]

1
P\ D Lty 2o
|i=[nt]+1

I
=

IN

-

From this point the computation is exactly the same we did in the proof
of Theorem 1.6, when we show the second sum portion in (62) fulfills the
second condition of Theorem 7.3 in [5].

Then we have that for each positive ¢ and 7, there exists a ¢ € (0,1), and
an integer ng such that

1
—P, |feCr[0, T]: sup |f(s)—f(t)]>e|<n Vn>ng.
¢ t<s<t+¢

Ergo by Theorem 7.3 in [5] we obtain that the sequence |KLn_J|/nl/2 is

a tight in Cg[0,T] for all T > 0 with the topology of uniform convergence

in compacts and moreover by Theorem 2.4.10 in [10] is tight sequence of
processes in Cg|0, 00).

O

3.3.6. Proof of Proposition 3.1. We will divide this proof in two parts: the
first is concerned with the upper bound while the second with the lower
bound.

Let us denote the following event

c ’K nt N
ASM .= {Vt € [e, M] : nb; < 2(6t)1/2 %

where ¢, M and é are positive constants such that M > ¢ and 6 € (6,1].
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Hence we have that
PlAGM) > PIAGM N {vt € [¢, M] : [R{,,,| < 8[nt]}]

|1t -
> P {w € [e, M] : nll/g < 2(66)2 5 (\{¥t € e, M] : R, | < 8[nt]}
!/

{Vt € le.M]: — 1 < 2(5,5)1/2} MVt € [, M] : IR, | < 6]nt] }] .

(78)

The last inequality in (78) follows from (59). Now by Lemma 3.5 part i) we
obtain that
7

nl/2
in probability, since it converges in distribution to a continuous function in
t (see [5] page 27). Thus by Proposition 1.1 and (79) we obtain for every
M > ¢ > 0 the following holds

P vt € fe ] : ot
€ e, M] : Y

—2(6)Y? as n — o0, (79)

< 2(5t)1/21 —lasn— oo,

since in the last inequality in (78) we have an intersection of two events
whose probability converges to 1 as n goes to infinity.
Since we have an arbitrary ¢ € (mg4,1), we can obtain the desired result

|K[ntJ
nl/2

P[Vte[c,M]: <2(5t)1/21—>1asn—>oo,

Now suppose that we have monotonic decreasing and increasing sequences
{¢j}j>1 and {M;};>1 respectively, such that ¢; — 0 and M; — oo as j goes
to infinity. Let {H¢}+>0 be a limit point in distribution of a sub-sequence of

‘Ktntj
nl/2

which is a tight process by Lemma 3.6, and define
A= {¥te[0,00): Hy < 2(5t)'/2}

and

Ao = {9t € (e, M)« Hy < 2(5t)1/}

and we have that A = N2, A% Thus by Portmanteu Theorem we have
for every i € Z*

P[A%Mi] > limsup P[ASMi] = 1.

n—oQ

Hence, P[A%Mi] = 1 for all i € ZT and we obtain

PA =P [ A%Mi| =1. (80)
j=1
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Finishing the first part of the proof. Let us define the following events

. |K nt
Bn’M — {Vt c [C, M] . 2t1/2(1 _ (1 _ 5//)1/2) S nlL/QJ ,

nt
_ Z]L:f Ly, <j-1/2y = [Flnt)]

HEM = vt € e, M) 23 (1 — (1—§")%)

N|=

n
Ripy) == {Vt € [c, M] : |Rf2tj| > &' |nt]},

where ¢, M and ¢” are positive constants such that M > ¢ and §” € (0,4").
Thus we have that

P[ByM] > P[BM N {vt € [e, M] : | R, | > &'|nt]}]

Vi
{W € [, M)+ 26/2(1 — (1 - §)1/2) < ’nﬁfi‘} ”Rw} (1)

> P [HEM 0 Ry | > PIHSM 0 {|RZ, | > &' |nt]}].

>P

The third inequality in (81) follows from (61) and the last inequality by the
coupling with the lazy random walk.
Now by Lemma 3.5 part i) we obtain that

g i = | By
ZJ=1 {U;<i—1/2} | Fln | N 2(')1/2(1_ (1_5/)1/2) asn— oo, (82)

VI

n
in probability, since it converges in distribution to a continuous function
in ¢ (see [5] page 27). Thus by Theorem 3.2 and (82) we obtain for every
M > ¢ > 0 the following holds

|
/2

P |Vt € [e, M] : 2t/%(1 — (1 = 0")Y/?) < —lasn— oo,
since in the last inequality in (81) we have an intersection of two events
whose probability converges to 1 as n goes to infinity.
Finally, we can use the same argument used to obtain (80) and we finish
the proof.
O

3.4. On the range of p,-ERW in d > 2 and § = 1/2. In this section we
provide the proof of Proposition 1.1.

Before we start, we introduce some auxiliary results that will be required
to analyze the asymptotic behavior of the p,-ERW in Z¢, with d > 2 for
g =1/2.

Let {&}i>1 be iid. Z%valued random variables with zero mean vector
and finite variance. We set the process Y = {Y}, },,>0 such that Y = 0 and
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Hence we have that {Y;,},>¢ is a random walk in Z%. For m < n, let us
define

Ry = Yo, Yms1, -5 Ya}

[m,n
and simply Ry, = Rjg- This is the range of the process {Y,,}n>0 or the
range of the random walk.

Our first auxiliary result comes from Theorem 1 in [9], which provides
upper and lower bound to the range of a random walk with i.i.d. increments
in Z?. Henceforth, we denote by 74 the probability of the random walk Y
in Z% never returning to the origin.

Theorem 3.2 (see [9], Theorem 1). Let Y = {Y,}n>0 be an aperiodic ran-
dom walk in Zd, with d > 2, then it holds that

lim P[|RY| >6n] =1, foreveryd <y, (L)
n—oo
P|RY| > 0'n] < e ™, for every 8 > mq and n sufficiently large, (U)

where cg is a positive constant that depends of ' (note that for d = 2, we
have that w4 = 0, whereas for d > 3, nq € (0,1].

Remark 3.2. It is important to notice that Theorem 1 from [9] is for aperi-
odic random walks. However, as the authors of [] explained at the beginning
of Section 2 in [9] page 188, this condition can be relaxed without loss of gen-
erality.

Suppose that the p,-ERW at time j visits a new site and eats a cookie
and only after k further steps it visits a new site again and eats a new
cookie. Then, by the characteristics of the model, we know that between
time 7 + 2 and j + k every new site visited by the process it was visited by
a random walk with i.i.d. increments. The main idea behind the proof of
Proposition 1.1 relies on this observation. Specifically, we can think that
in each time window described above our process behaves as independent
random walks with i.i.d. increments. Then we use the ranges of these
processes to upper bound the range of the p,-ERW.

Proof of Proposition 1.1. Let us denote {N;}i>0 as the sequence of times
such that Ny = 0 and

N; = inf{k‘ >N, 1: 2, = 1} R

where Z; =1 (U <k—1/2}> k > 1, is a sequence of independent random vari-

1/2

ables with Bernoulli distribution of parameter respectively k~'/“ for each

k.
We denote AN; = N; — N;_1 and

)
M, = inf z’Zl:ZANjZn
j=1
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First observe that

n
Ry | = Z Lix,#x, vi<t}

t=0
Ny No NMn
<D lxgxvicn Y Lxegxpaen +o+ Y Lixgxoien
t=0 t=N1+1 t:NMn—1+1
My, Nj My, N'
< M+ Z Z Lixozxvicty < Mp + Z Z Lixizx vielv; 41,0} -
J=1t=N;_1+2 J=1t{=N;_1+2

One can see that in each time interval [N;_; + 2, N;] the process X behaves
like a random walk with i.i.d. increments. In order to have some control on
the length of these intervals, or equivalently on {AN;},>1, we proceed as
follows: Let € € (0,1) and note that

IRy | < n® +[Rf) (83)

ne n]|

Thus we could just redefine Ny = n° and apply the very same decomposition
as before to obtain

J
’R[)flevn}’ S Mn + Z Z ]‘{Xt#Xl,VlE[Nj,l,t)}
J=1t=N; _1+2

M
Y
< Mn+ Z ’R[Nj—l-*-?,Nj” : (84)
j=1
where {Y,,},,>0 is a random walk with i.i.d. increments in Z?, whose incre-

ments will be defined by the sequence {&;}i>1.
Now, for any k € {1,2,...,n} fixed, we define the random set

A ={je{1,2,...,M,}: AN; <k},
and we can write

Z\R[N 2, = Z \R[N] 2 T Z \R[N,1+2N}|
J—

JeAn,k jeAfL,

< (k= 1D)]Ansl + Z ’R?J/ijlJerNj]' '

JEAT &

Using the simple inequality

Mn = ‘An,k’ + ’A;,k| < ‘A s

M, n

T A+ 2
+— < Angl + o
and (84), we obtain the inequality

n
Rie | < 7 R Ankl + D IR o) (85)
JEAS
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To control the right hand side of (85) we start with estimates on |4, ;|. By
coupling arguments, one can see that G < ANj for all j € {1,2,...,M,},

—&/2

where G has a Geometric distribution with parameter n and =< means

stochastic dominance. Thus we have

PIAN; <K <1- (1 - n1/2)k . (86)

Then we can write |4, x| = Z;‘i”l L{an; <k} and we obtain for a fixed a

My, n
n a
P> Lanswy >al SPIY Tancn >af < (a> (P[G < k)

=1 j=1
a k\ @ a _ a a
< (- (5) ) = () (e < ()
a nz2 a nz a nz
Now we set a = n1~¢/4 and obtain
Mn, ek n'"1
P Z 1{ANj§k} > n1_5/4 < (ni) . (87)

Jj=1

We choose k = [log?(n)]. With this choice, the deterministic first term
in (85) divided by n converges to zero, moreover the sum in n of the proba-
bilities of the events {|A,, nog2(n)7| > n'=¢/4} is finite. By Borel-Cantelli the
second term in (85) divided by n converges to zero almost surely.

Now we will analyze the third term in (85). First we will obtain an
upper bound on the probability of the event that there exist at least one

Jj € A;[log?(n)]’ such that |R§Vj_1+27Nj}] > vAN;, where v € (mg, 1].
First we observe that
n
A < 88
ool = Tiogatay )
for all n.
Now for all i > [log?(n)], we obtain by Theorem 3.2 that
PIRY| > 71 SR > 16 -2 Seploesi=2) o

IN

exp(—e, ([log2(n)] — 2))
for all v € (g, 1].
Remember that, for all j € A”

Hence by (88) and (89) we obtain

P37 € A7 fiog2(n)

exp (—¢y [log?(n) — 2])

Mlog2(n)]? then we have AN; > [log?(n)].

: |R?J/Vj_1+2,Nj]‘ > ’YAN]]

< flog®toy
< exp (log ([logzn(nﬂ) — ¢, [log?(n) — 21) .
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Now, with the control of the probability of the event {3j € Afl log2(n)]

\R?J/Vj_lJrQ’Nj]] > vyAN;,} in (90), we can conclude that

> — ¢, [log?(n) — 21) .

(91)

P IR Nl >n| <exp <log (
; Nl [log?(n)]

Thus we obtain that the sum in n of the probabilities of the events {}_ . 4 . IR

yn} is finite. Thus, by Borell-Cantelli the third term in (85) divide by n is
bigger than + only finitely many times almost surely.
Hence with (87), (91) and (83), we can finish the proof setting § = ~.
([

3.5. Positive probability of never returning to the origin (along
direction /) for p,-GERW with 5 < 1/6 and d > 2. For the proof of
Theorem 1.7 we will need the next result which is basically the same of
Proposition 2.4, however now it applies to the p,-GERW, with p, = n=#
and § < 1/6.

Proposition 3.2. Fiz § < a < 1/6 and suppose that X is a p,-GERW with
excitation-allowing set A C Z¢ and Pn = (no + n)_ﬁ, where ng is a non
negative integer. If for some n > ng

1 1

2
‘(Zd\A) NH <—n%+°% ?”%m) < gn?™?, (92)

then, for some positive constants U1, 92 depending on d, K, r, A\, a and 3,
we have

1
P |:Xn < 3)\n§+a5} < 6n exp{—ﬁln’%} , (93)
where
. I 5 ((1/3=2"8/3(1 = d))N)?
’191 :mln{’71a2K2,18K2726X3, K2 and

192 = min {V?) 2(a - /6)} )
do € (0,0.43) and 1, 2 are the same as in Proposition 2.3.

Remark 3.3. Let us point out that in the proof of Proposition 3.2, a — 3
plays the same role as o in Proposition 2.4 and therefore o — 3 € (0,1/6).

We will postpone the proof of Proposition 3.2 to end of this section.

The proof of Theorem 1.7 is similar to that of Proposition 2.5. How-
ever, to deal with the time dependence of the sequence {p,}n>1, here we
use Proposition 3.2 (which is a extension of Proposition 2.4 in the time-
dependent case). Our main concern in Theorem 1.7 is to make explicit the
dependence of the bound ) on the parameters 8 and qo.

Yy
[Nj71+27Nj]‘ >
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Before we provide the proof of Theorem 1.7, below we give a more de-
tailed statement (than the one provided in Section 3) making explicit the
dependence of the constant ) on the various parameters.

Theorem 1.7. Let X be a p,-GERW in direction ¢, in Z* with d > 2,
where p, = (qo +n)~?, with B < 1/6, qo is a non negative integer and
excitation-allowing set A C Z% such that My C A. There exists 1) > 0
depending on d, K, h, r, A\, a and 3 such that

Pn(Xo) =00 >P[X,-£>0 foralln>1] >,

1
§—1

where ¥ = BIr11C(3) c,ce(0,1),=2—-a+8)(1/2+a—-p),
C=K71 (n+[1177) +a0,

1
2—a+B\er .
= (220 o —minfa B2 at )
191
and 91, ¥ are as in Proposition 3.2.

Proof of Theorem 1.7. Since on {X,,-¢ > 0 for all n > 1} the process doesn’t
visit the sites in Z?/My, it is sufficient to prove the proposition for A = Z¢.
Without loss of generality we consider » < 1 in Condition III. Define

Up = {(Xp41— Xp) - £>7r, forall k=0,1,...[r lm—1}.
Observe that in Uy, Xf,~17, - ¢ > m and by (UE1) of Condition III we have,

P[Uo] > A7 1™ (94)
Consider the following time translation of the process X: Wy = Xpp-17 45
k > 0. Then W is a p,-GERW with excitation-allowing set
A =7 {Xo, ..., X[p-1{m_1}
starting at Wo = yo := X[,-17,, and for some time k, we have py = (qo +
[r=1m + k)=P.
Set § = (2 —6)(1/2+ 0), where § = o — 8 and
35T
-c(3)"
TR
where C' > 0 is a constant depending on «, 5, K, A, go and 7, such that

C =K1 <n+ [’r‘_l“ﬁ) +qo for

_(2—a+,6’
1 Y11

and 91, ¥2 as in the statement of Proposition 3.2. Note that for all a used
in Proposition 2.3 and f i.e., 0 < 8 < o < 1/6, we have that § > 1.

)7 with 1= minfa - 5,2~ + 8}
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The left-hand side of (92) with the set A’—yq is bounded above by [r~!]m.

Note that, for all n > m2-«8,

1 1 1
gn%“‘a > gn%—i-a—ﬁ > gm‘s > [rm . (95)
We obtain the last inequality in (95) by the following fact,

51 5—1 -1
3C K K
m 3¢ K| _K (96)
3[r=1]  3[r~1A [r=1]A A

The second inequality follows from the definition of C, since C' > (K [r~!] )ﬁ
Thus (92) with excitation-allowing set A’ —yy is satisfied for all n > m2~+5,

Denote mg = 0, m; = m and, for k > 1, myy1 = %)\mi. The sequence
(my, k > 1) is increasing. This can be proved by induction since

ma _ iméfl — s,
mi 3

for all § € (0,1/6) and assuming my/my_1 > 1 we have

A0 0
MEk41 gmk mpg
x5 > 1,
my IMyE_q MEg—1

For every k > 1 consider the following events

Gk:{ 7min o (Wj—WLmi§J>'€>—mk} R

2—0 .
LmkflJ <j<mj

Ui = {WLW?OJ 4> mk+1} .

As we saw in the proof of Proposition 2.5 the following holds:

(X, £>0, foralln>1} > (ﬂ(GmUk)>mUO. (97)
k=1
As seen in proof of Proposition 2.4, the process {X,, - {}n>0, is a F-
submartingale, so (W — yo) - £ is also F. [,—17,,-submartingale. Write

2.9
my

Gi= U (M= Wygy) 0 omi}.
j=lmi=q )+t

and by Azuma’s inequality (for supermartingales with bounded increments)

P = Wingog)) €< —mu] =P [(Wyoe = 5) - £2 ]
m m 9

m
< -k )< — 7’“) .
2K2(j _ Lmizﬁ)) = &P ( 2K2mi_9) = &P < 2K?

Thus, we have,

<exp( -

0 0

M

P[G4[Tn] > 1 — (30 — [m3=4]) e 5 > 1 —mi Ve anr
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Suppose that ng = qo + [r~]m, where ng is from Proposition 3.2. The
sequence (my, k > 1) is increasing, then if m?=% > ng we obtain that mife >
ng for all kK > 1. Observe that

1—-6
1 =1
m!t=0 —[r1] > (3KE7: 1) —[r 1 >1,
since for all # € (0,1/6) we have (1 —0)/(6 — 1) > 3.75.
FErgo we obtain
m?> — [ Y m=mm =) >m>q. (98)

N————
>1

Since the process W — yq satisfies Conditions I, II, III, the set A" — yq
fulfills (92) for all n > m?~% and miig > qo + [r~1m for all k > 1 by
Proposition 3.2, it holds that

—0) (% _
PIULIUS) = B W0, 02 2mi V0] 5 1 gm0
Now, write
P Kﬂ (e Uk>> NUo| = PlU] (1= Y PIGEIUG] + PIUEITh] )
k=1 k=1

which is bounded from below by

& mg —
plr=tm (1 - <mi_9e‘u<’“2 + 6m2—0e—m 9””))

k=1
0 (173t ),
k=1

Now we are going to analyze the series )~ mifge_ﬁlmfl. Note that

m is large enough so that the sequence (miige_ﬁlmf

(99)

"k >1) is decreasing.

1
Indeed, m is bigger than the inflection point (31;;’1) #1 of the function z(x) =

2 0¥t 2 s 0

1 1 1 1
3\ 51 L3\ 3K>61 (2—9)%
f —_— K(S*l — = _— > .
m C()\p) = ”(A) "(A =\ o

Thus we have,

) B 00
0 _ 1 0 -

g m; 0 e—timy S/ 2202 (100)

k=1 mi

By a change of variables, we write,

e ” =8 /3-0
/ p? ey = o 9,7 T < *’ﬁlmim) ; (101)
mi ©1
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where T is the incomplete gamma function®. As mentioned above m is large
enough so that the sequence (mi_ge*ﬂlmfl,k > 1) is decreasing. Thus,
in order to obtain that (101) is smaller than 1/7, we may increase m even
further by choosing a sufficiently bigger C'. Thus, with such a suitable chosen

C we obtain

ZmQ 0 g=trmy! < /00 22 001 gy (102)

mi1

—1wlr<3 0

®1

Using (102) in (99), we obtain that,

[(ﬂ G N U ) NU| > Alr'1m (1 _ 7Zmi—96§1mf1>
3
A

> A O T e 2y,

where c is a positive constant such that ¢ € (0,1). Theorem 1.7 then follows
from (97).
O

3.5.1. Proof of Proposition 3.2. The idea of this proof is similar to the
Proposition 2.4.

Proof of Proposition 3.2. Let us begin remembering that the process (X, -

¢,n > 0)is a F-submartingale and thus (—X,,-¢,n > 0) is a F-supermartingale
as we saw in the beginning of the proof of Proposition 2.4.

As a first step we show that
2\ 1ia Ly lia—p —Cyn?
P IE?Z(Xk > g)\n2 , Xl < g/\n2 < ne , (103)
for C; > 0. Note that

{rélaXXk > )\n2+a X, l< )\n2+a ﬁ}
n

1 2 l+a
cU{X l— Xy €<(3n/3 3))\n2 }

and by Azuma’s inequality for supermartingales with increments uniformly
bounded by K (see Lemma 1 of [20]), for every k = {1,...,n — 1} it holds

(s, x) = [t et
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that
1 2 1 1 1
14 k€<<3n5 3))\712 < / el < 3)\n2
B (%)2 AZplt2a _ ( /\2n2a>
=P\ T2 ) =P\ T 18K )

Then (103) follows from the usual union bound with C; = (%)\)2/21(2.
Moreover, again using Azuma’s inequality (for supermartingales), we also
have that

. 1, 2
P hn%ng < —n2TY < nexp{—Czn “} , (104)

for Cy = 1/2K2.

Now let Dy, = E[X}11 — Xi|Fi] and ¥, = X,, — 32770 Dy. Tt follows that
Y, is a martingale with bounded increments. Let G be the following event

2
G:= {|R7)ﬂ > n%+°‘} N {Xk eH (—n%“‘, g)\n%“‘) , for all k < n} .
Using the hypotheses (92), on G we have at least |R.X | — %n%““ > %n%”‘

sites visited on the excitation-allowing A. Therefore, there exists a random
variable W such that on G

n—1
(Zpk) 0> AW,
k=0

1 o1-5
>
(n+n)s 3

1
3 X (no + n)ﬂ

> gn%ﬂ X nite=f  (105)

In order to prove (93), we write that probability as
P HXn < gméw} N G] P HXn < gAn%+a} N GC} (106)
and we control both terms separately. We start with the second term. Set

E= {Xn < gAn%m}, M = {|RY] < nite},

2
J = {minXk < —n%“"} and T = {maxXk L > f)\n%“)‘} .
k<n k<n 3

It follows that
PENG ) =P(ENM)U(ENJ)U(ENT)]

)

2
<P[ENM]+P[ENJ]+P [I?gxxk 0> gAn%ﬂ, X, < g)\n%“‘
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and from Proposition 2.3 and (104) and (103), we obtain
P [E N GC] < P [‘RHX| < "I’L%+a:| +P |:I]gl<1n Xk < —n%+a + nefclnza
<n
< e e Can® L pe=Cin®®
(107)

As regards the first term in (106), let 69 € (0,0.43), pw = E[W], B =
{W < uw (1 —6o)}, and write P[E N G] as

1 1
P Hxn-e < g)\n%“"ﬁ} meB} +P HX,L-E < §An%+“‘5} meBC}
< P[B]+P HXn~£ < ;Aném—ﬂ} ﬂGﬂBC} :

To bound P[B] we use the Chernoff bound (cf., e.g., Theorem 4.5 of [1(]) to
obtain

2
P[B] < eXP{—(;OHW} < exp{—Cén%Jra_B} , (108)

where C% = 62/(3x2%). To upper bound P [{Xn b < %/\n%‘m_ﬁ} NGN BC},

we use that Y,, = X, — EZ;[I) Dy, is martingale with bounded increments and
apply Azuma’s inequality (see, for example, Theorem 2.19 in [6]). Thus, de-

noting F' = {Xn A< %)\n%“‘_ﬁ} N G N B¢ we obtain

P[F] < P[Xn - (n_le> < é)\n%’”’_ﬁ (1 — 50)]
- . (109)
< P[Xn . (ZDk) < An%M*ﬁG - 27(1 - 50))} .

The last inequality in (109) we obtain using (105).
Hence, we have that C} := —(1/3 — 2!78/3(1 — &)) > 0, since §y €
(0,0.29). By (109) and Azuma’s inequality we obtain

n—1
PIF < B[X, -0~ (Y Dp) -0 < ~Cjan+e]

=l (110)
(C)PNPnf

<zewp (-

) = 2exp(—C’én2°‘76) ,

where Cf = (C4)\)?/2K2.
Inequality (93) then follows from (107), (108) and (110) which imply that

1
P|X, (< g)\n%%‘—ﬁ} <

1
_ Yo _ 2 _ 2a v §+C¥—5 _ ' n2a—0 _ D)
e~ N2 4 e Can +ne Cin +e Cin + 2 Cin < 6ne d1n ’



where
1\ %

((1/3 =2"7P/3(1 — 6))N)?

91 = mi
1= {71’ 9K2 18K2' 28 x 3
Yo = min {79, 2(a — B)} .

2K?

} and

61
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APPENDIX A. PROOF OF PROPOSITION 2.1,2.2 AND 2.6

The proof of Proposition 2.1 closely follows Proposition 1 in [4] and Propo-
sition 2.1 in [15].

Proof of Proposition 2.1. First we consider the case k > 1. Fix 0 < a < 1/6
and let aj, as and a3 be positive real numbers such that a; < 1/2 + «,
and az + a3 < a;. For each positive integer n, we denote w,, = |n® ],
v, = [n®2] and w, = |[n®]. Now we choose n large enough such that
(K + Dvg(wp +1) + 2+ K < uy, and u, < (pA/3)n'/?+. Let us define the
following events:

Gy = {(XTk-i-n - XTk) < un}?

B, = ﬂ{n§k> < oo} and F,:= U{wn < n](-k) - pgk) < oo},
j=1 j=1

where, in the definition of F),, we use the convention that n(-k) — pg-k) =0

whenever n(Xp(k)) = 0.
Our first Stef) will be to show that
G%ﬂBszﬁC{Tk+1_Tk§n}7 (111)
Afterwards we will estimate separately the probabilities of G,,, B, and Fj,

to finish the proof.
On the event By, we can define

M:inf{lgjgvn:nj(k):oo},

and from definition we have 1,41 = pg\?. Hence, we shall prove that {pg\? —
T < n} always happens in G§ N BS N FS, then we have (111).

For each natural m > 74, define
rp =max{(X; — X7, ) - £:71, < j<m}. (112)

By the definition of M we have 175\];)_1 < 00. Set n((]k) = 73, and write
M—1

3 (e = 1)+ (0 = r0)) =m0

2 )~ T'n(()k) =Tk (113)

M-—1

We are going to analyze separately each term on the right hand side of the

of (113), that is, (r ) — 7 &) and (r ®) — 7 @) ). By the definition of p(-k)
n; ; p; n~1 J

we get directly
T (k) = (X (k) _X‘rk) L. (114)
Pj Pj

By Condition I, we have that each jump of the process has a maximum range

K, thus for each 1 < j < M — 1, we have that ('r'n(k) —rp(k)) < K(n](-k) —pgk)).
i 5

Now in the event FS we have n§k) — pgk) < wp for 1 < j < M —1, thus

(rw —r w) < Kw,. For (r @) — 7 @ ), from what we saw in (114),
M Pj P; -1



63

Condition I and by the definition of pg-k), we have (7“ w ~ ) ) < K+1 for
n;y

each 1 < j < M — 1. From those inequalities and (113) we obtain

" <Z (Kwy) + (K 4+ 1)) < v, (K + 1) (w, +1).

-1

Since we are considering n large enough such that vy, (K+1)(wp,+1)+2+K <
Uy, then r oo +2+4+ K <wu,on BSNFY.
Now on the event GSNBENES, we have (Xr, 1 — X7 ) 0> ab) +2+K.
—1

( ) (k)

Seti=min{j <n: (X4 ;j—Xr )l > o —|—1} Since 741 = py,/ and py,

is the first time the process move forward at least one position in direction
¢ from UNORE i.e. the maximum the walk reaches in direction ¢ until time

M—1
775\1;1) 1, we have that pS\'}) — 7, = i < n which gives (111).

Using (111), we have that
Plrisr — 7 > nlG"] < PG|GS + PIBAIGEY] + PIFAIGS]. (115)
Now we will bound these three probabilities. By Proposition 2.6 part (ii)

P[G|GP) = P[(X sy m — Xr,) - £ < |G
6_7377'74 (116)

(8

< P[(XTk-l-n - X’Tk) A< g)\n%+a|gék)] <

By Proposition 2.6 part (iii) we have

PIFIG3") = [U{wm] B < o)[6)]

k k k
gzr[{wngng. )P < oG8 (117)
j=1
j=1

Finally using Proposition 2.6 part (i) we have

P5, 168" = [ﬂ{m < oo}’
. L (118)

~ B[ < |0, 1) 0 < o} 1) 1 < ol |].
j=1 J=1

From the definition of the regeneration times

{nvn) < OO} = {%n) < OO} N {pv < OO} = Q)a
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then we have

Pl < el 1) 0 < oe1] = P[0 < el ) " < )]
j=1 i

vp—1
x P[0 < 0o} 0", () < oo}, () 0 < oo}
j=1

<P [{n < oc}|GP] .

Using the last inequality and Proposition 2.6 part (i) in (118), we obtain

P[Bal6{"] < P[{n) < oc} gﬁﬁ’]P[vhl{m@ <oc}{g)”)
j=1

i} . (119)
< JIP[ < oo|aP] < [[ - ) = (1w = (1= )=,
j=1 j=1
where we have used induction in second inequality. Next, using (116), (117)
and (119) in (115) we obtain
Plriir — 7 > nlG"] < PGA|GS] + P[BalGEY) + P[FLIGS]

6773”{74

< + 12|02 el () Z )l

e__73n74

< +12 ULGQJG_% [n®3]74 + e—wL"%J ,

finishing the proof for k£ > 1.
_ It remains to prove the result for £ = 0, i.e., there exist positive constants
C and ¢ such that for some n > 1

Plry > n] < Ce™ . (120)
The proof of (120) is analogous as that for £ > 1, the only difference is in
events. To prove (120) we consider
Gn:{Xnggun}y
Un Un
B, = ﬂ{nj(.o) < oo} and F,= U{wn < nj(o) — p§-0) < oo}
j=1 j=1
Then we can conclude the proof. O

The proof of Proposition 2.2 follows closely that of Proposition 2.2 in [15].

Proof of Proposition 2.2. (i): We first prove the case k = 1. For each n > 1,
we construct a set of trajectories A, of the form {zg,...,z,} such that
Ty - £ > SUPg<j<p_q1Ti - L. For a element v € (Z9)N, we will denote 7, as
a projection to the n first coordinates and 7(v,) as the n first Bernoulli’s
trials.
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Let b € A,,, then we have that Qél) is generated by the disjoint collection
of the form {7 =n} N{y, =b} N {r(y,) = 7(b)}. Thus we obtain,

P [XTH. e Alg"] =

= Zl{ﬂ o} (@) D Ymumr) P[Xri - € Al = 1, @0 = Y, 7(@n) = 7(0)]
TnE€An

= Z 1{7'1 n} Z 1{wn %}P (X1 € AIn(Xy) = 00, @y = Yo, T(wn) = (7))

’YneA

Z 1{7’1 n} [X7‘1+- € A‘n(Xn) = OO,]:n] :
- (121)
The third equality in (121) follows from observing that in the event {7 = n},

{wn = Tn, W(wn) = 7T(’Yn)} = {n(Xn) =00, Wn = ’7”771—(@") = W(’Y”)} ’

The fourth equality in (121) follows from noticing that 1, _, (@) 1m, =y} =
0, if v, € A,. As a matter of fact, if v, & A, by the property of the re-
generation times, it is not possible the trajectory v has 7 = n, since in the
first n coordinates it must exists a 0 < j <n — 1 such that z; - £ > z,, - £.
The case k > 2 can be proved in a similar way. Indeed, the sequence of
regeneration time is increasing and in the event {7, = n} we always have

{n(Xn) - OO}

(74): This proof is similar to Proposition 2.2 part (ii) in [15]. For a element
v € (ZHN, we will denote =, as a projection to the n first coordinates and
7(7vn) as the n first Bernoulli’s trials. First we consider the case kK = 1 and
j=1.

For an u > 0, let us denote by T the first time the process reaches or
exceeds this position in direction ¢, i.e., T, = inf{k > 1, X} - £ > u}. For
each n > 1 and m > 1, we construct a set of trajectories A, ,, of the form
{zo,Z1,. ., ZTn, Tpt1,..., Tnitm} satisfying the following properties:

(i) zp-€ > sup x; L.

0<i<n—1
(ii) For each 0 <1i <n — 1, we have,

min @ oz A <x;- L.
Ty, 0<t<n—1

(iil) pym - L>xn-L+1>  sup x;-L
0<i<n+m—1

(1)

One can see that, for this set of trajectories A, p,, if n(x,) = oo then p;’ =

n+m and 71 = n. Let b € A, ,,, thus gfl) is generated by the disjoint
collection of the form {71 = n} N {vp+m = b} N {7 (Vn+m) = 7(b)}.
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Hence we obtain,

PX,m, € Al (122)

—Zl{n —n}(@ Zl{p(l)—mm} I R

Yrn+mEAn,m
X ]P[Xn-i-m—I—- € A‘Tl =N, Wntm = Yatm T(Tntm) = 77(’Yn+m)] .

Thus, in the event {71 = n}, we have {@n1m = Yntm, T(@ntm) = T(Yn+m)} =
{n(X,) = 00, @Wntm = Yntm, T(@ntm) = T(Yntm)}. Now observe that,

1{71 =n} (w) 1{p(11) =n+m} (w) 1{wn+m:7n+m} =0 ’

if Yp4m & Apm. One can see that if v,y & Ay, by the property of the
regeneration times, it is not possible the trajectory v has 7 = n, by the fact
that in the first n coordinates we have a 0 < j < n—1 such that z;-£ > x,,-/.
Besides that, if we have an+1 < j <n+m—1, such that z; - ¢ >z, - £ +1,

then pgl) = j by the definition of pgl). Going back to (122), we have

1
PX 0, € AlG)"]

= Z Z Z 1{7—1:"} (w)l{pgl):n—‘,-m} (w)l{wner:Vner}

n=lm=1vp4+m€Anm

X P[Xytm+ € Aln(Xn) = 00, Frtml

= Z Z 1{71:n}(w)1{p§1):n+m}(w)P[Xn+m+- € A’ﬁ(Xn) = ooa]:n+m] :

n=1m=1

The case that £ = 1 and j > 1 is similar. We just need to make the proper
adjustments in A,, ,,,. For £ > 1, we also prove in the similar way using the
fact that, for every natural n and k£ > 1, the event {n(X,) = oo} N{n < 7}

is Q(()k) measurable. O

The proof of Proposition 2.6 closely follows the proof of Proposition 4.4
in [15].

Proof of Proposition 2.6. Proof of (i): From the definition of nj(k) we have
that,
Pl < 00|Gi"] = PIn(X 1) < o0lGy"] = 1 = P[n(X ) = o0[G{7].
J J
(123)

The event {n(X ®) ) = oo} means that the process does not come back in

direction £ to the position X (k), hence X (k) 0> X (k) - £ for all ¢ € N.
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Let B be a Borel set of (Z4)N such that Xp(k)+i A > Xp(k) £ for all i € N,
5 j
then by part (ii) of Proposition 2.2 we have,

ot =l =Pl €5l

= Z Z 1{Tk:n}(w)1{p(vk):n+m}(w)P[XnerJr' € Bln(Xn) = Ooafner]

n=1m=1

) SETE o)y (VB 1 Xim) = 0l(Xn) = 00, o]
n=1m=1 (124)

Since we have that {n(X,+m) = oo} C {n(X,) = oo} then,

P [n(Xn4m) = oo|n(Xn) = 00, Fim] = PIL{[ZS((;(ZT)::OOO;E;::;?] (125)

> P[n(Xntm) = 00| Fnim] > 9.

The last inequality in (125) follows from Proposition 2.5 and the fact that
m + n is a maximum point in £ direction, so like in the origin the process
has a completely new environment to explore forward in ¢ direction. Then
using (125) in (124) we get

P[00 = o016 2 03" 3 1y (@) oy (@) 2 9 (120

n=1m=1
Then, by (123) and (126) we conclude that P [n](.k) < oo]gj(-k)} < (1—=1).
Proof of (i1): Use Proposition 2.2 part (i) to write

P[(Xryn — X)) £ < Dand+e|g] =

00 D 1
- Z I{Tk:m}(w)P {(mez = Xm) £ < g)‘”2+ n(Xm) = OO»]:m]

S ( )]P’ [(Xmin — Xim) - £ < BAnzt|Fp]
_ w
=T B [1(Xom) = ool F |

which, by Propositions 2.4, Remark 2.4 and Proposition 2.5, is bounded
from above by

i 6_73 n74 6_73 n4

2 o DR = sl S

m=1
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Proof of (iii): By definition of nj(-k), we have that,

Pln < - < oo|g(()k)} —P {n < (X ) — o < oo|g5’“)} (127)
J

—ZP[ X(k) ") = i|G§ }:Z]P’[n(XO):i]SZIP’[Xi-E<O].

The third equality in (127) holds since the system is invariant and by the

definition of pjk we know the process in direction £ sees a new environment.
Then to go below that position in direction ¢, it is the same to go under X
in direction £. Hence, using Proposition 2.4, we obtain,

o0 oo )\
Pln<n —p® <oolgi?] <N PIX;£<0] <> P [Xi-k %iéw

0 o)
< 621'6773174 <6 (ne'yf”w4 +/ xe%lx) < 12e7 "
5.

‘ 4
i=n 3n

APPENDIX B. PROOF OF PROPOSITION 2.3

This section is devoted to prove Proposition 2.3. We will start by stat-
ing some auxiliaries lemmas whose proofs are deferred to the end of this
Appendix.

Let X be a p-GERW. We denote by L, (m) its local time up to time n on
the m-th strip in direction ¢ which is defined as

Lp(m) = Z 1{Xj-2 €[mm+1)} » M€ Z .
=0

The next result provides a control on the tail of the local times L,,(m).

Lemma B.1. Let X be a p-GERW, for any § > 0 there exists a constant
vy depending of K, h and r such that for all m we have,

P [Ln(m) > n*%] < exp{-~in’}.

B.1. Some auxiliary results for d-dimensional martingales. In this
brief section we lists a few results for d-dimensional martingales which will
be used in the proof of Proposition 2.3.

Lemma B.2. Let Y be a d-dimensional martingale with uniformly K-
bounded increments, i.e., sup,>1 |[|[Ynt1 — Yol < K. Then, for all b > 0
and for all n > 1, it holds that

E(Yat11°|1Fn) = 1Yal® Ly sk /(v2-1)) -

The next result is a bound on the number of visits of a d-dimensional
martingale to any site in Z%.
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Lemma B.3. LetY be a d-dimensional martingale which satisfies Condition
I and (UE2) in Condition II11 and suppose that Yo = xo. Then, for any
d >0 and ¢ > 0, there exists a constant v5 > 0 depending on K, ¢, r and
h such that for all xg,yo € Z¢ and for all n, we have,

n
P Z Livi=yo} > n®ti| < exp{—vén‘s} .
j=1

Let us denote by 71)3( the hitting time to a set B for a process X, i.e.,
A :=min{n >0: X, € B},

and denote by B(z,q) a discrete ball centered in z € Z¢ and with radius
q, ie., B(z,q) == {y € Z? : ||z — y|| < q}. The next result implies that
a d-dimensional martingale Y hits with high probability sets that contains
enough points close to the origin of the process.

Lemma B.4. LetY be a d-dimensional martingale which satisfies Condition
I and (UE2) in Condition 111. Assume that Yo = x. Consider an arbitrary
§ > 0, a set U and suppose that |B(x,m'/?)\ U| < m'=*=2° for some m
and 0 < ¢ < 1. Then there exists a constant ) > 0 depending on d, K, ¢,
h and r such that,

P [T[}J/ > ml_‘s} < exp{—’yflm‘s} .

B.2. Proof of Proposition 2.3. Using Lemma B.1 and Lemma B.4 we
now prove Proposition 2.3°.

Proof of Proposition 2.3. Consider b € (0,1) and € > 0. Set e, the strip
width exponent and define

H} = H(2(j — D)n®,2(j + )n®™), n>1, j > 1,
so that H}l is strip of width 4n®» in direction £. The strip H]" will be called a
trap if |RnXﬁHj”| > nf, where e; = 2e,,(1—(b/2)) — 2¢ is the trap exponent.
Set

G = {|R)| = nateulih=ie},
We are going to prove that
/ % n1_26w+6 ! WE
P[G] > 1 - ((2Kn e 4 e ) , (128)

for every € > 0 sufficiently small. This establishes Proposition 2.3 since, as
we will see, for every 0 < o < 1/6, we can choose e, b and ¢ such that

a < ey(l—0b)—4e (e, {|RX| < n%“‘} C G°) and (128) holds.
Thus we have to prove (128). Let us first introduce the event

Gy = {Ln(k) <n2*= for all k € [-Kn, Kn]} .

5Let us point out that Lemma B.2 is used to prove Lemma B.3 which, in turn, is used
to prove Lemma B.4.



70

By Lemma B.1, it holds that
P[G1] > 1— (2Kn + 1) exp{—7{n}. (129)
Now, let us define 09 = 0 and inductively
Ops1 = min{j > oy, + |[n ¢ |7?,;< NB(X;,n)| <n}, (130)
(formally, if such j does not exist, we put ox11 = 00). Consider the event

Gy = {at least one new point is hit on each of the time intervals

~ L 19

[0‘]'71’0']'),!] :1,.-.,571 €w+5} )

where hitting a new point means to visit a not-yet-visited site. Note that

on G$, the process does not hit a new point in time interval [oj_1,0;) for

some j =1, ..., %nlﬂeﬁs. When this happens, the process X evolves as a d-

dimensional martingale during time interval [o;_1,0;) and for Y. = X, .

Y 264 —
T(RX 1)0 >0 —0j_1 >n"E,
Uj7

To control the probability of G, we will apply Lemma B.4. For this sake
we point out that 2e,, > e; and introduce ¢ in (0, 1) such that

er = 2e(1—0).

This allows us to write

5_1 ee 1 1(1 b) e b €
2 2 de, 2 2 2/ 2, 4 2,
Setting § = 2;, for every b € (0,1), we can choose ¢ sufficiently small such
that ~
)
->0>0.
5 >0 >

Then, we are ready to apply Lemma B.4 with the following choice of parame-
~ C
ters: § = i (as above), m = n?¢v, ¢ = §—26, and choosing U = (Rfj,l) .

Note that by the definition of o;_1, we have that ‘Rfj,l NB(Xy,_,,n)| <
n®, which for our choice of parameters implies

B(Xo,_,,n®)\ (RE )| = [B(X,,_,. (n**)/*)\ (RY )| < n™

Oj—1 0j—1 —

St 1-6 1—p—25
_ (nQew) 2eqy — (n2€w) . (n25w) ¢ ,
and thus we can use Lemma B.4 to conclude that

Blrl sy o 2t <
-1

for every 7 =1, ..., %nl_ze“”’a. Thus

1 ! \E
P[Gs] > 1 — §n1*26w+€e*%" . (131)
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Next, assuming that n is large enough so that 8n'~¢ < n/2, we will show
that (G1 N Gg) C G. Suppose that both G; and Gg occur, but |RX| <

n%*ew(l*b)%s}. Let us denote by f/j the total number of visits to H}' up to
time n, i.e.,
2(j+1)new —1
Lj = Ln(k) )
k=2(j—1)new
On {|RY| < n%“w(lfb)*‘lg} we have
naten(=D=4s S IR X| > pet|{j: HY is a trap})]|,
thus the number of traps is at most
2n%+ew(1fb)f4sfet — 2n%76w72€ )
On G, we have,
Zijl{H;l is a trap} < 4N X Iz —ew=2  pite — gple,
JEZ
Now observe that, since for j < n we have Rf C R, if |RJXHB(Xj, new)| >

n® then X; must be in a trap. Since n is such that 8n'~¢ < n/2, we obtain
that, on the event

{ Z i’jl{Hj is a trap} < 8n1_6} )

JEZ
the total time (up to time n) spent in non-traps is at least n — 8n!=¢ >
n/2. From the definition (130), the latter implies that o,1-2¢0+e < n.
Indeed, up to time o ,1-2¢,+c we can have at most n/2 instarfces j such
that |72JX N B(X;,n)| ; n®. Therefore, on the event G we have that
IRX| > Inl72¢w*e. Recall that we assumed that G and G occur, but
IRX| < n%““’(l*b)*‘lg}. Since for e,, < # (and n sufficiently large) it holds

that %n1_26w+5 > n%+ew(1_b)_4€, for every b € (0,1) and £ > 0, we obtain a
contradiction. Then, indeed, (G1 N G2) C G, and (128) follows from (129)
and (131),

P[G] > P[Gl n GQ] >1-— (P[Gl] + ]P[GQ])

, € nl—?ew—i-a ;e
>1 - ((2Kn+ 1)e n"? 4 Te%" ) :
To conclude the proof of Proposition 2.3, just note that for every o < 1/6,
we can find e, < 1/6 and b € (0,1) and ¢ (sufficiently small), such that
a < ey(l—0b) —4e.
O
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B.3. Proof of the Lemmas. In this section we provide the proof of the
Lemmas used to prove Proposition 2.3.
The proof of Lemma B.1 follows closely that of Lemma 5.1 from [15].

Proof of Lemma B.1. Without loss of generality we can consider m = —1.
As we will see in this proof, it will be only require the uniform elliptic condi-
tion, then we can choose any m and the proof will use the same techniques.
We denote o = 0 and

£k+1 = min{j > fk : Xj WS [—1,0)} .

With this notation we have L, (—1) = max{k : t; < n}.
By Condition III there exist a positive constant C; and a natural number
19 > 1 such that for any stopping time 1" we have

P[(X14i, — X1) - € > 2|Fr] > C) . (132)

As we saw in the proof of Proposition 2.4 the process {X,, - {},>0 is a F-
submartingale. By the optional stopping theorem for any positive integer j
and = € Z% such that z - ¢ > 1, we have

E[(X1un10) - OF 190 Xty = @] 22 £ 21, (133)

where T,, = TH( 1246 o) ijﬂ-o —000) © Gt o and 0 is the

canonical time shift on the space of trajectories. Now we obtaln7
E[(X1,a10) - €|'7:tj+zo’ t5+io
= E[(X1, - Olyr, <y + (X1 - Oliry<r} 1 g i Xiio = 71 (134)
< (n2Y + K)P[T, < To|F;,

With (133) and (134) we have,

and Ty = 7‘1){((

:x}:

+ig? t +10 = 1’] .

1
=z > ——-
o2 (135)

Xi)-€ =2} and Fy = {X; ., =y}

P[T, < TO’ft io? X4, i

We set the events F = {(XL;],H-O

where y € Z%. Then we obtain
PX; 4y £> 0V ig SUS Ty1m0s 400 © 0,1 F7)]

ZP[(Xf‘+iO_XA.)'€Z2 X{_+Z-E>OV’L'0§l§i0+Tn|f£,]

> Y PIENFFIPIX; - >0V io <l <ig+ T[{ENF},F; ],
yeZd
(136)
where the last inequality above holds since PIENF,[F; | > 0 only if y-£ > 1.
Thus (133) holds, and using (135) in (136) we obtain

P[ t+l€>0vzo<l< H (n'/2+5 400) 09‘}_]
1 C
2 T E PEN Fy|F; ] 21712027?_%_57 (187)
nztd 4 K TS ALY

A
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where in the last inequality we use (132).
Set
B={X; - £>0,Vip<U< T 1205 400 063}

We will find a lower bound on the probability of the event that the process
spends more than n steps outside the strip [—1,0) in direction /.

Pltjs1 — & > n|F; | = P{{j11 — {; > n} N B|F; ]

> P[B|F; | Pltj41 — 1 > n| B, F ]
> PIBIF)(1-Plln 1 <nlBF) (139
> P[B|F; ] (1 = P[(—=Xpn + X)) - £ > nl/2+e)

26

1 _n _ 1
> CQn_§_6(1 —e 2K2) > Can~ 279,

In the forth inequality in (138), since we have the event B, we know that the

process at time k < n will be in H(n'/?*%, +00). Then in the last inequality

in (138) we use (137) and Azuma’s inequality for super-martingales.
Finally we have,

P[L,(-1) > n%'*'%] = Plmax{k : {, < n} > n%"‘%]
< P[ﬂ J< n%+26 — 1 such that tAj.H — Ifj > n]

n%+25—1
S]P’[ ﬂ {£j+1 —1; Sn}] )
j=0

which is bounded above by

n%+26—1
P[tAl Sn] H P[fj_H —fj §n| {Ltl —tA(] Sn},...,{fj —Igj_l Sn}]

j=1
1 1
5+26 5+6 é

é(1_ ?3 )” g((l— ?3 )n )” < e Csn®

n3to nato
finishing the proof. (]

Now we prove Lemma B.2. This Lemma is similar to Lemma 5.2 in [15]
but it is more general in that our statement holds true for every b > 0
(rather than claiming the existence of a b € (0,1) as in [15]) For the proof of
Lemma B.2 we use Taylor expansion of first order, some standards inequal-
ities and the fact that Y is a d-dimensional martingale with K-bounded
increments.

Proof of Lemma B.2. Note that for b > 1 and b = 0 the proof is straight-
forward. For b € (0,1), let us begin observing that for all y € R such that
lyll > K/(+/2 — 1) it holds that

'21/'Z+||Z||2

M <1,VzeR?with ||z < K.
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Let b € (0,2). For any real number u # 0 such that |u| < 1, there exists
6 € (0,1) such that if £ = (1 — 0)u, it holds that

(14 )2 =14 g(l Oy > 1 4 ge—(l—e)(l—b/Q)uu '

Due to the fact that (1 —5/2) > 0, 1 — 6 > 0 and the assumption that
|u| < 1, we obtain that

(14 w)/2 > 14 Lem=00-b2uy 5 1 4 P —0-0)0-t12),
- 2 - 2
If we denote Py, =P(Yny1 — Y, = 2| Fn, Yy = y), we can write

E (1Yos1ll® = VallP1 P Yo =) = > Pyysz (ly+ 201" = yll’)
z
b/2
ly + 2° ly + =]

- HyHbZPy,erz (b —1l)= HyHbZPy,erz TP -1

: Il : Il

b/2
2y 2+ |2l

- HyHbZPyvyﬂ-z ((1 + W -1].

4

Note that, since Y has uniformly K-bounded increments, the summation
only runs over z such that ||z|| < K. Therefore, for all y such that ||y| >

K/(v/2—-1), we have that ‘%‘ < 1, for all z in the summation. Thus,

we obtain that

E ([Via]l® = [1¥al"[Fn, Yo = )

b _(—e)a—-b2)2y -z + ||2]?
>yl Pyys- <1+26 (1-0)(1 b/2)||y||2”H1>
z

b 1 ey1_bs2)2y- 2+ ||2]?
= Jyll? Y Py (e 000 b/2>y||yH2HH>

b __p\v1_ z||I?
_ ||Z/||bzpy,y+z (56 (1-0)(1 b/2){|y’}2> >0

where, in the last equality, we used that ), 2P, 1, = 0, which holds since
Y is a d-dimensional martingale. ([l

The proof of Lemma B.3 closely follows that of Lemma 5.3 from [15].
Here we will use similar techniques that we apply in the proof of Lemma B.1
and B.2.

Proof of Lemma B.3. Since the process Y is a d-dimensional martingale
without loss of generality we may assume xg = 0. Moreover, we may also
assume g = g = 0.

Lemma B.3 is trivial for ¢ > 1. Moreover, we can assume ¢ < 1/2.

Set 74 = K/(V2 — 1) and define 7 := T%/B(O%H) the first time the

process Y exits the ball of radius 75 + 1 centered in the origin. Define
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V = {Y,, #0, for all 1 <m < 7}. By Condition III, there exists C; > 0
depending on r and h such that,

P[V] > C; . (139)
Let Cy be a large constant to be chosen later. We have that ||Yy,||?? is a
supermartingale, so by optional stopping theorem,

o0 2717, V | < [|Y7]|*

(0,4%)

E [”YTY 1 06.;/\7};

z4/B(0,Con2)
< IYVEIP Lgpvsmgy + VR Ly sy -

=0

The above inequality together with Lemma B.2 imply that

2 ¥ 2
E {HYTY ot ot d’\]'"%,V] = [IYZIP Ly s -
24/B(0,Cyn ) B(0,73)
Denote Ty = 77 00z and Ty = 7% o 0=, then we obtain
1 74/B(0,Can3) 2 B(0,y3) ~ 77

E [||YT1||2¢1{T1<T2}|]:%7‘7] +E [HYT2H2¢1{T2<T1}\]:%7V] = [IY5 11 Lyya g
<(7p)2?

= E [[IV5 | Ly <ry | Fr, V] + (10)* > (9 + 1)**.

(140)
Ergo by (140) we have
1 2¢ v v - 20 , 2%
(sz * K) F |:TZd/B(O,CQn%) 007 < Tp(o,y) © 07177, V] +(12)" = (e +1)7",
This implies
- / 1 20 _ (. 1N\20
P [TYd 1 00z < Tg(oqé) o 0z|F, V} > (e + )1 (733) . (141)
24500 (Cont + K)
Now, for any stopping time 7" and y € Z?/B(0, an%), we have,
P [TOY 09T > n|fT7YT = y} > P [|Yn _YVO| '5/ < CQTL%}
2
) (0277/%) Ly ( 022 ) 1 (142)
>1— SR, I R
=T ok )= “P\Ter) =2

where ¢ € S¥1 in some fixed direction. The first inequality in (142) follows
from noticing that if the martingale Y is initially in position y and it can
not reach 0 in n steps, then there exists a direction ¢ € S?~! along which
we must have a distance at most Con'/2 units between the initial position
Yy and Y,,. In the second inequality we used Azuma’s inequality (see, for
example, Theorem 2.19 in [6]). Finally, the last inequality in (142) follows



76

from choosing Cs > K'/2y/2 (—1n (1/4))"/%; for example we can choose Cy =
2K.
Setting Cy = 2K, we can rewrite (141) as follows:

(v + 1) — (%)%
1 2¢
(2Kn§ + K)
2
(K+v2-1)" - K% 1 . Cip
(a1 e T

Y oy e
P [Tzd/g(o,czné) 00z < Tg(gyy © 02| F7, V} >

(143)

where Cic = (K +v2 - 1) = K2) /(4K (V2 -1)).

1 that Ty = 77 !
Recall that T TZd/B(O,Czn%) 0,72) e +1)’?

and V := {Y;, # 0, for all 1 < m < 7}. By (139), (143) and (142), we have,
P[Y,, #0, forallm=1,...,n]>P [f/ﬂ {Th < Tr} N {7‘8/ o0, > WH
5 CroCr
- 2n?
Let L, (0) = Z;L:1 Liy,=0} to = 0 and #;41 = min {i> te: Y = 0}, thus

we have L, (0) = max{k : {z < n}. We will apply the same technique used
at the end of the proof of the Lemma B.1.

oz, Ty = T}B/( oz, with 7 = T%/B(O

. . Ck.4C
Plips1 — bk > n|F; ] = P[Yi £0, forall m=1,...,n] > ;fd) L
Thus,
IP’[there exist a k < n®t9 — 1 such that ka — i > n] =
n®ti_1
= I—P[ ﬂ {tht1— Sn}}
k=0
né+d_1
=1- H Pltpir —te <n|{ti —to <n},.... {tk — tro1 <n}]
k=0
né+d_1 Cr,¢C1 P
— _ M _ o 2 )n )n __-C nd
=1 kl_[0<1 2n¢)21 ((1 n? zl=e,

(144)
where C3 = Ck 4C1/2. Finally, we obtain
P [Ln(O) > n¢+6} =P [max {k:ip <n}> n¢+5}
<1-P [there exist a k < n?t9 — 1 such that fk+1 — i > n}

<1- (1 — 6703715) < e~ Csn’
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The proof of Lemma B.4 follows closely that of Lemma 5.4 from [15].

Proof of Lemma B.4. First begin providing a lower bound to the probability
of the following event
F={Y; e B(m,m%) for all j < m'~%}.
On the event F¢, there must exist a direction ¢ € S*~! and a time j < m!=
1
such that |Y; — Yp| - ¢ > m2. Thus,

16
P[F] < P U{]Y Yol - € > m2} <Z (1Y) = Yol - ¢/ > mz] .
7=1

Using Azuma’s inequality for martingales with bounded increments (see, for
example, Theorem 2.19 in [(]), we obtain that

_ m
Flz1- Z Qexp( i) 2 1ot e (5 )

19
>1—2m!l LI I
s (20

Next, we use Lemma B.3 to estimate a lower bound to the probability of
all y € B(z, m'/?) be visited less than m®*9 times up until time m'~%. Let

us denote the event B = {for all y € B(x,m'/?), we have Z;ril_é Liy,=yy <
m®9}. Thus we have,

(145)

m1—6
P[B] =P N D Ly <m®
yEB(x,m1/2) | j=1
ml—é m1—6
Z P Z e m?H > 1 - CiP Z Lyi=yy 2 m? o
yEB(z,m1/2) [ j=1 Jj=1

m
>1-CP |3 gy, =m0 > 1— O™
j=1
(146)
where Cy = |B(x,m'/?)|. In the third inequality above, we used the fact
1-6 .
that {Z;n:1 Liy—yy > m¢+5} C {Z;n:1 Liy,—yy > m¢+5}, while the last
inequality follows from Lemma B.3.
Now, on the event F'N B, we necessarily have that

mlfé

o 1-¢-25
mérs M

ml—d

‘R
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Therefore, by (145) and (146) we have

o[l

:>nf‘¢_%};zP[FrWB]211—(P[Fﬂ—%P[Bﬂ) (147)

é
1-6 m a0

Now, since by hypotheses the set U is such that |B(z, m'/?)/U| < m!'=9=2,
on the event

G ={|Ble,m*) Ry

> m17¢725} ’

we have {V1, ..., Y,,1s }NU # 0, that is {7 < m!=°}. With this observation
we can finish the proof using (147),

P[ry <m!'~°] > P[G] > P[F N B]
1
>1- (2m1_5 exp <_2n;(2> + 016_7§m5> .

APPENDIX C. AUXILIARY RESULTS

In this section we will present and prove some general results that we
needed in this text.

Lemma C.1. Suppose that the sequences X" and Y™ are tight processes in
C[0,T] for a T > 0. Then we have that the sequence (X™ + Y™) is a tight
process in C0,T].

Proof. Let us denote the probability measure P,, on C[0,T] as the distribu-
tion of (X™ 4+ Y™). First we will prove that for each positive 7, there exist
an a and an ng such that

P,[f € C[0,T]: |f(0)] >a] <n foralln>ng. (148)

We denote the set Go(a) := {f € C[0,T]: |f(0)] > a}.
Since X" and Y are tight processes in C[0,T], by Theorem 7.3 in [5]
there exist ag, ay, n§ and nf such that

P Xy| > ag] < g for all n > ng and
7 (149)
P[Yy| > ay] < 2 for all n > nf.

Now let us choose a > a, + a,. By triangle inequality and union bound
we have

BulGo(a)] = P Xg + Y¢'| = o] <P Xg| + (Y5 > df

< PH{IXE| > azy U{|YG > ay}] < PIXE] > a.] +PY] > ay] (150)

Thus for a ng = max{n{,nf}, by (149), (150), we obtain (148).
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We set w¢(d) as the modulus of continuity of an arbitrary function f(-)
on [0,7]. Now we shall prove that for each positive ¢ and 7, there exist a
d € (0,1) and an mg such that

P,[f €Cl0,T]:w¢(8) >e] <n foralln>mg. (151)

We denote the set Hy(e,0) := {f € C[0,T] : wg(d) > €}.
Since X and Y are tight processes in C[0,T], by Theorem 7.3 in [5]
there exist d, € (0,1), d, € (0,1), m& and m§ such that

IP)[ sup |X§“—Xf|2E Sﬂ for all n > m§ and
|5—t]>50 2] 72
(152)
P| sup |Y;"—Y;/"|ZE < for all n > mg.
[s—t|=>dy 2 2

Then we obtain by triangle inequality and union bound the following

PolHi(e,0)] =P | sup |XJ+ Y] - X]' Y[ >¢
[s—t|>3

<P| sup |XI—-X]'|+ sup |[Y]'-Y/|>¢

S

LIs—t|<o |s—t|<d
<P { sup |X7— X7 < 2}u{ sup V7 VP < 2}
jst]< jst]<6
<P| sup [XP- X< +P[ sup Y- ¥l < <
Ls—t<s 2 |s—t]<6 2

(153)

We choose now a § = min{d,,d,} and mo = max{mg, m{}, thus by (152)
and (153) we obtain (151). Hence by Theorem 7.3 in [5] we finish the proof.
]

Lemma C.2. Suppose that we have a process Y|,.| that converges in prob-
ability to zero in the space Cra|0,T] with the uniform metric for all T > 0.
Then Y|,,.| converges in probability to zero in the space Cpa [0,00) equipped
with the following metric

D=3 g s (1) ~ 9Bl A1),

k=1

Proof. Since Y/,,.| converges in probability to zero in Cga[0, 7], we have

P[sup [Y[neyll >3] =0 asn— oo, (154)
0<t<T

for any § > 0.
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Now let ¢ > 0 and we choose a positive integer N such that » ;5 v 27l <
£/2. Thus we have the following

o0

Py 27F sup (Y eyl A L) >
k ==

TN
=P|) 27F Sup \|YntMA1 Z 27" sup (HYW A1) >

Lk=1 k=N41 VSIS
<P Z sup ||YmJH+ Z 27k > ] .

Lk= k=N+1

(155)
Since we choose N large enough by (155) we obtain that
oo
P [Z sup (V| A1) >
f=10<t

r( N ) c

<r {z aup V> & }U{ > 2ts 5
k k=
N+1 (156)
> €

<P Y, 27k > =
< Z sup, I LntJH> > > 2]

k=1 k=N-+1

Y € al €
<P sup ||Y; >—| < P | sup ||Y] > —

!oggk” il > 55 ; LStSkH il > 57

We have the third and last inequalities in (156) by union bound.
Now one can see that all sum portions in the last inequality in (156) go
to zero as n tends to infinity by (154), ergo we have

—0 asn— o0,

[Z2 Sup. Yy lI A1) > &

for any € > 0. Hence we obtain the desired result. O

Lemma C.3. Let {¢,}n>1 be a sequence of i.i.d. random vectors in Z2, with
d > 2 and {1 }k>1 @ sequence of F-stopping times, where F = {Fp}n>1 15 a
natural filtration, that is Fp = o(p1,...,¢n). If the sequences {¢p}n>1 and
{Tk}k>1 are independents then we have that the sequence {¢r, }j>1 is i.i.d.
and moreover ¢, has the same distribution of ¢1.

Proof. Our first step here will be to prove that for any k£ > 1, ¢;, has the
same distribution of ¢;.
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Let A be a set in Z¢ and we fix a j > 1. Then we have

P[¢Tj € A“Fijl] = Z]P)[{(bﬁ € A} N {Tj = n}|f7j71]
=1

r, € A{m; = n}t, Fry [ |Plrj = n|Fr ] (157)

n € AIP[rj = n|Fp_ | =Plor € A Plrj =n|Fr_,] .

n=1

> rlo
qus

=1
The third inequality in (157) we obtain by the Strong Markov Property and
the fact that ¢; and 7; are independent for all ¢ and j.
Thus we obtain that the sequence {qﬁTj }j>1 is identically distributed, so

remains to prove independence. Thereunto, let B and D be sets in Z%, then
we have

IP)[{¢T1 € B} a {¢7'2 € D}] =

oo o0

Z Z Pl{{¢r, € B} N {n =n}} N {{dr, € D} N {2 = m}}]

ﬁMguMgﬁ

m € D|T1 =n, 170 = m, ¢, € B]P[11 =n, 70 =m, ¢, € B

.
22 Pl
o
Z QbmeD]P[Tl =n,Ty =m, on GB]'
- (158)
The last inequality in (158) we obtain by the Strong Markov Property and
the fact that ¢; and 7; are independent for all ¢ and j.

Since the sequence {¢p }n>1 is i.i.d., using the Strong Markov Property

and the fact that ¢; and 7; are independent for all  and j, we can continue
the computation in (158) as the following

[{¢716B}m{¢T26D} ¢1EDZZPT2 ma71:n7¢7‘16B]

n=1m=1

= Pl¢1 € D] ZIP’[Tl =n, ¢, € B]

n=1

=P[¢1 € D] Y _Pl¢, € BIP[ri = n]

n=1

— Pl¢y € DIP[¢1 € B] = Ply, € DIP[¢r, € B].

Hence we finish the proof. O
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