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REFLECTED RANDOM WALKS AND UNSTABLE MARTIN
BOUNDARY

IRINA IGNATIOUK-ROBERT, IRINA KURKOVA, AND KILIAN RASCHEL

ABSTRACT. We introduce a family of two-dimensional reflected random walks in the
positive quadrant and study their Martin boundary. While the minimal boundary is
systematically equal to a union of two points, the full Martin boundary exhibits an
instability phenomenon, in the following sense: if some parameter associated to the model
is rational (resp. non-rational), then the Martin boundary is discrete, homeomorphic to
Z (resp. continuous, homeomorphic to R). Such instability phenomena are very rare in
the literature. Along the way of proving this result, we obtain several precise estimates
for the Green functions of reflected random walks with escape probabilities along the
boundary axes and an arbitrarily large number of inhomogeneity domains. Our methods
mix probabilistic techniques and an analytic approach for random walks with large jumps

in dimension two.

1. INTRODUCTION

1.1. Martin boundary and instability. Before formulating our main results, we recall
the definition of Martin boundary and some associated key results in this field.

A brief account of Martin boundary theory. First introduced by Martin [31] for Brownian
motion, the concept of Martin compactification is defined for countable Markov chains by
Doob [11]. Consider a transient, irreducible, sub-stochastic Markov chain Z = {Z(n) },>0
on a state space F C Z% d > 1, with transition probabilities {p(z,y)}zyce. Given
x,y € E, the associated Green function g(x,y) and Martin kernel k(x,y) are respectively
defined by

9(z.y)

9(z0,y)’

where P, denotes the probability measure on the set of trajectories of Z corresponding to

g(m,y) = Z P, (Z(n) = y) and k(x,y) =
n=0

the initial state Z(0) = x, and z¢ is a given reference point in E.

For irreducible Markov chains, the family of functions {k(-,y)}yecr is relatively compact
with respect to the topology of pointwise convergence; in other words, for any sequence
{yn} of points in E, there exists a subsequence {y,, } along which the sequence k(-, yy, )
converges pointwise on E. The Martin compactification Fj; is defined as the (unique)
smallest compactification of E such that the Martin kernels k(z, -) extend continuously; a
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sequence {y, }n>0 converges to a point of the Martin boundary Oy E = Ejy \ E of E if it
leaves every finite subset of E and if the sequence of functions k(-, y,,) converges pointwise.

Recall that a function b : £ — R is harmonic for Z if, for allz € F, [, (h(Z(l))) = h(z).
By the Poisson-Martin representation theorem, for every non-negative harmonic function
h, there exists a positive Borel measure v on dj F such that

h(m):/a Ek(:c,n)du(n).

By convergence theorem, for any = € FE, the sequence {Z(n)},>o converges P,-almost
surely to a Oy E-valued random variable. The Martin boundary therefore provides all
non-negative harmonic functions and shows how the Markov chain Z goes to infinity.

In order to identify the Martin boundary, one has to investigate all possible limits of
the Martin kernel k‘(az,yn) when |y,| — o0o. As a consequence, the identification of the
Martin boundary often reduces to the asymptotic computation of the Martin kernel or
of the Green function. Such results are now well established for spatially homogeneous
random walks, see, e.g., Ney and Spitzer [32] for E = Z%, see also the book of Woess [35]
for many relevant references. On the other hand, as we shall see later in this introduction,
the case of inhomogeneous random walks is much more involved and still largely open.

Instability of the Martin boundary. Once the notion of Martin boundary has been settled,
it is natural to ask how stable it is with respect to the parameters of the model. Roughly
speaking, throughout this paper, the Martin boundary will be called stable if the Martin
compactification does not depend on small modifications of the transition probabilities.

Although we shall not use it in the present paper, let us recall the historically first way
to measure the stability of the Martin boundary, which has been introduced by Picardello
and Woess [34]. Define the p-Green function by

9(z,y:0) =D Po(Z(n) =y)p ",
n=0

for p in the spectral interval. Then one may define the associated p-Martin kernel and p-
Martin compactification. According to [34, Def. 2.4], the Martin boundary is stable if the
p-Martin compactification does not depend on the eigenvalue p (with a possible exception
at the critical value) and if the Martin kernels are jointly continuous w.r.t. space variable
and eigenvalue.

The immense majority of known examples of Martin boundary is stable, see for example
[33]. More precisely, to the best of our knowledge, the only known Markov process with
unstable Martin boundary is a model of reflected random walk [20], as worked out by the
first author of this paper.

Contribution. Our main objective is to shine a light on a rare instability phenomenon of
the Martin boundary, in the framework of two-dimensional reflected random walks. More
specifically, we propose a family of probabilistic models for which the arithmetic nature
(rational vs. non-rational) of some parameter has a strong influence on the topology of
the Martin boundary. Precisely, defining the (real) parameter ¢y as in (11), the Martin
boundary will be homeomorphic to Z (resp. R) if ¢y € Q (resp. top ¢ Q). As the quantity
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to is locally analytic in the transition probabilities (viewed as variables), one immediately
deduces that the Martin boundary is unstable (in our definition). See Theorem 3 for a
precise statement. We would like to emphasize the following two differences w.r.t. the only
known other example of instability:

e The instability in [20] follows from an interplay between boundary and interior
parameters. Our example only concerns interior parameters and is, from that
point of view, more intrinsic.

e Being analytic and non-constant, the function ¢y in (11) takes infinitely many
rational and non-rational values, and so the Martin boundary jumps infinitely
many times from Z to R. On the other hand, in the example found in [20], there
is somehow only one jump, meaning that the spectral interval my be divided into
two subintervals, and within each of them the Martin boundary is stable.

Interestingly, the quantity ¢y (whose arithmetic nature intervenes) appears in two recent
papers [24, 17]; we will develop this point later on.

1.2. Multidimensional reflected random walks in complexes. This section is split
into three parts. We shall first introduce the class of reflected random walks in the
positive quadrant, on which we shall work throughout the paper and prove the instability
phenomenon described above. We will next put this family of models into a larger class of
multidimensional reflected random walks in complexes, in relation with many probabilistic
questions in the last fifty years. Finally, we will review the literature from the viewpoint
of Martin boundary and Green functions of reflected random walks (and more generally
of non-homogeneous Markov chains).

Our model. Without entering into full details (more are to come in Section 2, where the
model will be carefully introduced), we now define the main discrete stochastic process
studied throughout this paper: it is a random walk in dimension two, reflected at the
boundary of the quarter plane, with a finite (but arbitrarily large) number of homogeneity
domains, see Figure 2. These domains are either points, half-lines, or a (translated)
quadrant. Within each homogeneity domain, the model admits (spatially homogeneous)
transition probabilities. Jumps into positive (North-East) directions may be unbounded,
while we will place some restrictions on the size of the negative (South-West) jumps. See
Assumptions 1, 2 and 3 in Section 2 for more details. We shall fix the parameters so as to
have a transient Markov process, with escape probabilities along the axes, see Figure 1.

A general model of reflected random walks. Our probabilistic model belongs to a more
general class of piecewise homogeneous models in multidimensional domains (the domains
being usually simple cones, such as half-spaces or orthants, or union of cones, called
complexes). This class of models is of great interest, as it is much richer than its fully
homogeneous analogue, but still admits structured inhomogeneities, opening the way for a
detailed analysis. Reflected random walks in the half-line (in dimension 1) are particularly
studied in the literature, and so is the two-dimensional model of random walks in the
quarter plane; for historical references, see Malyshev [28, 29, 30], Fayolle and Iasnogorodski
[13], see also [14], Cohen and Boxma [7].
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Many probabilistic features of these models are investigated in the literature, for instance
in relation with the classification of Markov chains (recurrence and transience), see [15].
Another strong motivation to their study comes from their links with queueing systems
[7, 8]. Furthermore, these models offer the opportunity to develop remarkable tools, e.g.,
complex analysis [7, 8, 25, 14] and asymptotic analysis [25]. Many combinatorial objects
(maps, permutations, trees, Young tableaux, partitions, walks in Weyl chambers, queues,
etc.) can be encoded by lattice walks, see [4] and references therein, so that understanding
the latter, we will better understand the first objects. Let us also mention the article
[10] by Denisov and Wachtel, which contains several fine estimates of exit times and local
probabilities in cones. Finally, as it will be clear in the next paragraph, many interesting
questions related to potential theory arise in the study of these non-homogeneous random
walk models.

Martin boundary theory for non-homogeneous Markov chains. For such processes, the
problem of explicitly describing the Martin compactification, or the Green functions
asymptotics, is usually highly complex, and only few results are available in the literature.
For random walks on non-homogeneous trees, the Martin boundary is described by
Cartier [6]. Alili and Doney [1] identify the Martin boundary for a space-time random
walk S(n) = (Z(n),n) for a homogeneous random walk Z on Z killed when hitting the
negative half-line. Doob [11] identifies the Martin boundary for Brownian motion on a
half-space, by using an explicit form of the Green function. All these results are obtained
by using the one-dimensional structure of the process.

In dimension two, a complex analysis method (based on the study of elliptic curves) is
proposed by Kurkova and Malyshev [25] to identify and classify the Martin boundary for
reflected nearest neighbor random walks with drift in N x Z and N? (N denoting the set of
non-negative integers {0,1,2,...}). In particular, although not put forward explicitly as
such, [25, Thm. 2.6] contains an instability result of the Martin boundary (similar to the
one we prove in our paper). This analytic approach was actually initially introduced by
Malyshev [28, 29, 30] in his study of stationary distributions of ergodic random walks in
the quarter plane. Let us also mention the work [26], where the second and third authors of
the present article compute the Martin boundary of killed random walks in the quadrant,
developing Malyshev’s approach to that context. We emphasize that in [25, 26], exact
asymptotics of the Green function (not only of the Martin kernel) are derived.

In order to identify the Martin boundary of a piecewise homogeneous (killed or
reflected) random walk on a half-space Z% x N, a large deviation approach combined
with Choquet-Deny theory and the ratio limit theorem of Markov-additive processes is
proposed by Ignatiouk-Robert [19, 21, 22|, and Ignatiouk-Robert and Loree [23]. It should
be mentioned that some key arguments in [19, 21, 23, 22| are valid only for Markov-additive
processes, meaning that the transition probabilities are invariant w.r.t. translations in some
directions. In the previously cited articles, no exact asymptotics for Green functions are
derived: only the Martin kernel asymptotics is considered. Building on the estimates of
the local probabilities in cones derived in [10], the paper [12] obtains the asymptotics of
the Green functions in this context.
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1.3. Advances in the analytic and probabilistic approaches of random walks
with large jumps.

Progress on the analytical method... We shall introduce the generating functions of the
Green functions and prove that they satisfy various functional equations, starting from
which we will deduce contour integral formulas for the Green functions. Applying
asymptotic techniques to these integrals will finally lead to our main results.

Historically, the first techniques developed to study the above-mentioned problems were
analytic, see in particular the pioneered works by Malyshev [28, 29, 30], Fayolle and
lasnogorodski [13]. In brief, the main idea consists in working on a Riemann surface
naturally associated with the random walk, via the transition probability generating
function. In turn, the fine study of the Riemann surface allows to observe and prove
various probabilistic behaviors of the model.

This Riemann surface has genus one in the case of random walks with jumps to the eight
nearest neighbors (sometimes called small step random walks). Such Riemann surfaces
may be fully studied (e.g., using their parametrization with elliptic functions). This is
the case considered in the early works [28, 29, 30, 13] as well as in subsequent papers on
different models such as [25] or [27].

Larger jumps lead to higher genus Riemann surfaces, which become much harder to
fully analyze, not to say impossible in general, as explained in the note [16]. Let us here
mention the (combinatorial) contribution [2] in dimension one, and [16, 3] in dimension
two, where some particular cases are studied. In the framework of random walks in the
quarter plane with arbitrary big jumps, the books [7, 8] propose a theoretical study of
relevant functional equations, concluding with the same difficulty that in general, one
cannot expect a sufficiently precise study of the associated Riemann surface to deduce
really explicit results (for instance on the stationary probabilities or Green functions).

For similar reasons, studying reflected or killed random walks in dimension three seems
highly challenging, because of the need of describing the associated algebraic curve.

The main progress we do here is that we are able to dispense with the study of the
Riemann surface in its entirety, and to replace it by a local study at only two points,
which eventually concentrate all the information (at least from our asymptotic point of
view). This local study being not at all sensitive to the size of the jumps (or to the genus
of the surface), we are able to treat very general random walks in dimension two.

Our paper is therefore the first step in solving similar problems for random walks with
big jumps in dimension two (for instance, join-the-shortest queue like problems) and in
higher dimensions as well, in which the complete description of the algebraic curve is not
possible in general.

We also emphasize that the number of homogeneity domains is arbitrarily large.

...using probabilistic techniques. In order to perform this reduction of the whole Riemann
surface to two points, we combine the analytic method with several probabilistic estimates.
More precisely, we will introduce simpler models, such as reflected random walks in half-
spaces, and we will compare the Green functions of these models to those of our main
random walk. In particular, we will prove that asymptotically, the main Green function
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appears a sum of two terms, each of them can be interpreted in the light of half-space
Green functions and further quantities related to one-dimensional random walks.

The combination between analytical and probabilistic aspects is visible on our results:
we derive Theorem 1 by probabilistic methods, then Theorem 2 by analytical methods;
the union of the two results gives our main Theorem 3 on the instability of the Martin
boundary.

Related research. To conclude this introduction, we highlight future projects in relation
with the present work. First, the progress we did in the understanding of the techniques
could be applied to various other cases of two-dimensional reflected random walks. In this
paper, we choose to focus on a model with escape probabilities along the two axes, because
of our initial motivation related to the instability phenomenon. As a second extension of
our techniques and results, we would like to look at higher dimensional reflected random
walk models. A third project is to study the precise link between our definition of stability
and that of Picardello and Woess [33].

Structure of the paper.

Section 2: presentation of the main model and related models

Section 3: statements of the main results (Theorems 1, 2 and 3)

Section 4: rough uniform estimates of the Green functions (Proposition 3)
Section 5: preliminary results to the proof of Theorem 1

Section 6: proof of Theorem 1

Section 7: preliminary results to the proof of Theorems 2 and 3

Section 8: proof of Theorems 2 and 3

Appendix A: proof of Proposition 2

Appendix B: glossary of the hitting times used throughout the paper

250 101
200 84
150 61
100 44
50 24
0 . 0
0 2 4 6 8 10 0 100 200 300

FiGURE 1. Two typical paths, with escape along the vertical and horizontal
axes, respectively.
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w4y (3, 5)

m )
L

FIGURE 2. Description of the model in the case kg = 3. Each colored strip

is a homogeneity domain for the transition probabilities (1).

Acknowledgments. We thank Onno Boxma and Dmitry Korshunov for bibliographic
suggestions. The last author would like to thank warmly Elisabetta Candellero, Steve
Melczer and Wolfgang Woess for many discussions at the initial stage of the project.

2. THE MODEL

2.1. The main model. Consider a random walk {Z(n)},>0 = {(X(n),Y (n))}n>0 on N?
with transition probabilities

p(i =i 3" —j)  if i, = ko,

pi(i" —i,5" =) ifi > ko and 0 < j < ko,
pl(@ —i, 5 —j) if0<i<koandj> ko,

pii (i — 4,5 — j) i 0<i<koand 0<j < ko,

M pd) + (@5) = <
<

where ko > 0 is a given constant and u, uf, y1j, j1;; are probability measures on 7?; see
Figure 2. We will assume that the following conditions are satisfied.

Assumption 1. One has

(1) wp(i,j) =0 if either i < —ko or j < —ko;
(ii) for any j € {0,... ko — 1}, pi(¢',5") = 0 if either i < —ko or j' < —j;
(iii) for anyi € {0,...,ko — 1}, p/(7,5") = 0 if either j' < —kg or i’ < —i;
(iv) for anyi,j € {0,... ko — 1}, pi; (¢, j") =0 if either i’ < —i or j' < —j.

Assumption 2. There exist positive constants 6,v,C > 0 such that

(i,5)EN?
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2.2. Auxiliary models. In addition to our main model {Z(n)}, we introduce three local
random walks, {Zy(n)}, {Z1(n)} and {Z2(n)}, which correspond to the local behavior of
the process {Z(n)} far from the boundaries N x {0,...,ky — 1} and {0,...,ky — 1} x N;
see Figure 3. These secondary processes will be used both in the statements and in the
proofs of the main results.

Introduce first the classical random walk {Zg(n)} on Z? with homogeneous probabilities
of transition

(2) po((i:9) = (@',5)) = ni =i, = ).
The mean step (or drift vector) of the random walk {Zy(n)} is m = (mq, mg), where
(3) mi= Y ip(i,j) and mo= Y ju(i,j).
(4.5)€Z2 (i,§)€Z?
We also define a random walk Z; = {Z;(n)} = {(X1(n),Y1(n))} on N x Z with transitions

.
) pi((6g) = @) = AU B =) il
pl(@ —i, g —j) i 0<i<ko.

Similarly, we construct the random walk Zs = {Z3(n)} = {(X2(n),Y2(n))} on Z x N with
transition probabilities

T f . 2 k ,
pi(i" =i, 5" =) i 0<j < ko

The local random walk Z; (resp. Z3) describes the behavior of the original walk Z far

from the boundary {(i,7) € N? : 0 < j < ko} (resp. {(i,7) € N?: 0 < i < ko}). We shall
assume the following:

Assumption 3. The random walks Zy, Z1, Zy and Z are irreducible on their respective
state spaces.

We finally define two one-dimensional Markov chains on N, namely, {X;(n)} and
{Y2(n)}, with respective transition probabilities

{zj,ezw —i,5) ifi

Z
ez Wi —1i,5") i 0 <i < ko,

p(i,i') = Z p1((i,0) = (¢,5)) =

j'ez

and
g e
p2(4,3") = > p2((0,5) = (¢, 5)) = {Zi'ez M,(Z .’,‘7 ) J). %f] g k.o’

i'€Z Zi'ezﬂj(ld —Jj) f0<j <ko.
The process {X1(n)} (resp. {Ya(n)}) is the induced Markov chain relative to the boundary
{(i,7) € N2 : 0 < i < ko} (vesp. {(4,5) € N2 :0 < j < ko}). We refer to [15] for further
definitions and properties of induced Markov chains. The processes X7 and Y5 inherit an
irreducibility property from Assumption 3. Let us mention the following straightforward
result:

Lemma 1. If m; < 0 (resp. ma < 0) in (3), the Markov chain {X1(n)} (resp. {Ya(n)})
18 positive recurrent.
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A (4:9)

FIGURE 3. Description of the auxiliary models Zy, Z; and Zs.

Assume that m; < 0 and mg < 0, denote by {m()}ien and {m2(j)}jen the invariant
distributions of {X;(n)} and {Y2(n)}, and introduce the quantities

Vi = Zﬂl(i)[E(i,O) (Y1(1)),
(6) «
Vo = Zm i) (X2(1)).

As shown by the following result, the quantity V; is well defined whenever m; < 0.
Moreover, V1 may be interpreted as the velocity of the fluid limit of the local random walk
Zy.

Proposition 2. If m; < 0, then the quantity V1 is well defined. Furthermore, for any
(k?,g) e N x Z, F(k7g)—0,.8.,
Y;
tim 2y

n—oo  n

A similar, symmetric result holds for V5. The proof of Proposition 2 is given in
Appendix A.

3. MAIN RESULTS

3.1. Statements. Introduce two further assumptions:
Assumption 4. The coordinates mi, mg of the drift vector (3) are both negative.
Assumption 5. The quantities V1, Vs in (6) are positive.

In particular, Assumption 5 implies that the reflected random walk {Z(n)} is transient,
with possible escape at infinity along each axis, see Figure 1 and Proposition 3.

We are now ready to state our main results. Recall that the Green function at (ig, jo)
starting from (i, 7) is

(7) g((107]0 Z'P(ZOJO Zp (@0, jo) (Z,j))
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Moreover, N7 and N> will denote the numbers of visits of {Z(n)} to the sets {0,..., ko —
1} x Nand N x {0,..., kg — 1}:

(8) N = Z Lo, ko—1}xn(Z(n)) and Ny = Z Lnx{o,....ko—1}(Z (1))
n=0 n=0

The numbers N7 and A may be infinite. Let finally 7, w5 be the invariant distributions
of {Xi(n)} and {Y3(n)}, see Lemma 1 and below.

Theorem 1 (Boundary asymptotics of the Green function). Assume all Assumptions 1-5.
Then, for any i € N, there exist positive constants C; and §; such that for any (ig, jo) € N?
and j € N,

©) \g«mo) S (09)) = Pl soy (Wi < )

Similarly, for any j € N, there exist positive constants Cj’» and 5} such that for any
(i, jo) € N? and i € N,

”5” < Crexp(—8:(j — jo)-

1

‘9((i0,j0) - (Z’])) - [P(io,jo)(N2 < OO) 7T2(j)‘

Va

Theorem 1 shows that asymptotically, the Green function decomposes as a product of
two terms, see (9): the first one, P (io,j0) (./\/1 < oo), is the probability of escape along the
horizontal axis (it is a harmonic function); the second part, namely, 71(¢)/V1, is the Green

< O exp(—0}(i — o).

function of the half-space random walk 77, see Proposition 12.

Theorem 2 (Interior asymptotics of the Green function). Assume all Assumptions 1-5.

As i+ j goes to infinity along an angular direction j/i — tan-y, v € [0, 5], one has
o o m1(7) m2(J)
(10) g((ZOJO) - (17])) ~ [P(l'o,jo)('/\/l < OO) i + Pio,jo) (N2 < 00)72

To pursue, we need the following notation: the equation -, .o, (i, j)xty! =1 for
y = 1 and = > 0 has two solutions, 1 and some z; > 1. The same equation with z = 1
admits two positive solutions, 1 and y; > 1 as solutions. See Section 7 for more details.
Let now

log 1

(11) to = tanyy = g’
Theorem 3 (Martin boundary). Assume all Assumptions 1-5. The minimal Martin
boundary is a union of two points. Moreover, if ty € Q (resp. to ¢ Q), then the full Martin
boundary is homeomorphic to Z (resp. R).

3.2. Remarks on the critical angle .

Two examples. Taking first any model which is symmetric in the interior domain, i.e.,
w(i,j) = p(4,4) in (1), then one has x; = y; and thus ¢y = 1, see (11). In such cases,
the full Martin boundary will be discrete, independently of the choice of the boundary
parameters. See Figure 4.

On the other hand, take the following simple random walk:

(12) p(L0) = w0, -1)=2, p(-10)=3, w(0,1) =g
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p(i, 5)

w(i, 7)

ﬁn

FIGURE 4. Left: for a symmetric model (meaning u(7,7) = p(j,7)), the

™

angle 7o = 7 coincides with the angle 79 made by the drift vector. Right:
for the example (12) with (non-symmetric) transition probabilities, these

two angles are different (v = arctan iggg and g = arctan %)
Then one computes x; = 2 and y; = 3, and tg = iggg in (11) is easily shown to be

non-rational. The Martin boundary will be continuous.

General remarks on ~g. Let us first remark that the angle is not the one defined by the

drift, which is (see Figure 4)
to = tan Yo = ﬂ.
Y1
More importantly, the angle 7y also appears in two recent articles [24, 17], in the
following context. Consider a similar model in the interior domain (the quarter plane),
but with a killing on the axes (rather than reflections). The Green functions for the killed
random walks are denoted by gg (@ for quadrant). Similarly, we introduce the Green

functions gy, on a half-space H, containing the quadrant @), characterized by its inner

™

normal, which defines an angle v € [0, 5], see Figure 5. The obvious inclusion Q C H,

translates into

(13) 90 ((i0, jo) = (i,5)) < gm, ((i0, jo) — (i,7))-

Of course, one may also bound the exponential growths:

1 1
(14) ifjlgloonloggQ((Zo,Jo) — (i,5)) \Hljl,fooi_i_ngﬂ,((loaJO) — (i,7))

The main question addressed in [24, 17] is whether the inequality (14) may be turned

into an equality. It turns out that there is, indeed, an angle « such that (14) becomes an
equality, and that this happens precisely for v = 7, with the same vy as in (11).

4. ROUGH UNIFORM ESTIMATES OF THE GREEN FUNCTIONS

In this section, we show the following result, proving the uniform boundedness of the
Green function (7) along the axes. Let my, mg be defined in (3) and Vi, Vs in (6).

Proposition 3. If m; < 0 and Vi > 0, then the Markov chain {Z(n)} is transient and
for any k € N,

sup g((4,5) = (k,()) < oc.
,5,0EN
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\ bl
2

FIGURE 5. Definition of the half-space H., v € [0, .

Similarly, if mo < 0 and Vo > 0, the Markov chain {Z(n)} is transient and for any £ € N,

sup g((4,5) = (k,0)) < oc.
i,j k€N

Proof. We give a proof of the first assertion of this lemma. The proof of the second
assertion is quite similar. Classically, for any (i,7), (k,£) € N2,
9((i,7) = (k,0)) = P(; jy(Z(n) = (k,€) for some n > 1)g((k,£) = (k,1))
< g((k, ) = (K, 0)),

and

1
9((k,0) = (k,0)) = 1 =P (Z(n) = (k,0) for some n > 1)

It is therefore sufficient to show that for any k € N,

(15) sup P (Z(n) = (k, £) for some n > 1) < 1.
LeN

To prove the inequality (15), we consider the stopping times

(16) 7(k,0) =inf{n > 0: Z(n) = (k,0)},
(17) T=inf{n >0:Y(n) < ko},
(18) 71(k,¢) = inf{n > 0: Z1(n) = (k,0)},
(19) 71 =inf{n > 0:Yi(n) < ko},

see also Appendix B. Then, for any (k, ) € N2,
Pko)(Z(n) = (k,£) for some n = 1) = P, (7(k, £) < 00)
= Ppoo) (T < 7(k, ) < 00) + Py (1(k,£) < o0 and 7(k, () < )
<P (7 < 00) + Py (7(k, €) < 00 and 7(k, 0) < 7),
where, according to the definition of the local process Z1,

P(k,[) (T < OO) = F(k7g) (T1 < OO)
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and
Pk.0) (T(k,f) < o0 and 7(k, 0) < 7') =P, (Tl(k,f) < oo and 711 (k, ¢) < 7')
< Py (Tl(k,ﬁ) < oo) = P,0) (Tl(k,O) < oo).
Hence, for any (k, ) € N2,
(20)  Pgp(Z(n) = (k,£) for some n > 1) < Py, (11 < 00) 4+ Pg 0y (11 (K, 0) < 00).

Recall now that by Proposition 2, for any (k,f) € N2, P(k,0)-a-s., limy, 00 Y1(n) = +o00.
For any k € N, the quantity inf,en Y1(n) is therefore P g)-a.s. finite, and

(21) Pk,0)(T1(k,0) < 00) < 1.

It follows from the (P4 0y-a.s.) boundedness of inf,en Y1(n) that
lim P (7'1 < oo) = lim P (Yl(n) < kg — £ for some n > 1) =0,
{—00 £—00

and using (20), we conclude that for any k& € N,

limsup P ¢ (Z(n) = (k,£) for some n > 1) < Py 0)(11(k,0) < 00).

f—00

When combined with (21), the last relation proves that for any k¥ € N and N € N large
enough,

(22) sup P ¢ (Z(n) = (k,£) for some n >1) < 1.
£=N

The Markov chain {Z(n)} being irreducible (see Assumption 3), the last relation proves
that {Z(n)} is transient, and consequently, for all £ € N,

(23) Pk.e)(Z(n) = (k,£) for some n >1) < 1.

When combined together, (22) and (23) imply (15), and thus Proposition 3. O

5. PRELIMINARY RESULTS TO THE PROOF OF THEOREM 1

5.1. Preliminary estimates for hitting probabilities. Consider first the homogeneous
random walk {Zg(n)} = {(Xo(n),Yo(n))} on the grid Z? with transition probabilities as
in (2), see Section 2. We begin our analysis with the following local limit estimate in the
large deviation regime.

Lemma 4. If mg < 0, then for any 8 > 0 small enough, there exists 6 > 0 such that for
anyn >0, (i,j) € Z?> and £ € Z,

(24) Py (Yo(n) = £) < exp(—6(C — j) — bn).

Similarly, if mq < 0, then for any 8 > 0 small enough, there exists § > 0 such that for any
n>0,(i,j) € 2> and k € Z,

(25) Py (Xo(n) = k) < exp(—0(k — i) — o).
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Proof. Let us prove the first assertion of this lemma. The proof of the second assertion is
totally similar. Consider

(26) R(a) = Eg,0)(exp(er, Zo(1))),

the Laplace transform of the increments of the random walk Z;. Remark that VR(0) =
m = (my,ms), and consequently, for any a = (a1,az) € R? satisfying the inequality
(ar,m) < 0, the function s — R(as) is decreasing in a neighborhood of 0. Hence, letting
a1 =0 and ay =60 > 0, for > 0 small enough, one gets

(27) R(a) < 1.
Using now Markov inequality, we deduce that
Pi.j) (Yo(n) =) < Py ((Zo(n), ) > 60)

< exp(—«%)[E(i,j) (exp(a, Zo(n)>)
< exp(—0¢) exp(0j)R(a)™.

N

The last relation proves (24) with 6 = —log R(«) > 0, and thus Lemma 4. O

Consider now the local process Z; on N x Z with transition probabilities defined by (4),
and the stopping times, for k£ € N,

(28) Ti(k) = inf{n > 0: X;(n) = k},
(29) TF =inf{n > 0: X;(n) < (ko — 1) V k},
where for j, k € N, we denote j V k = max{j, k}; see also Appendix B.

Lemma 5. If my < 0, then for any 6 > 0, there are C > 0 and § > 0 such that for any
(1,7) ENX Z, k€ N and n € N,

Py (TF = n) < Cexp(0i — on).
Proof. Suppose first that ¢ > kg. Then for any j € Z, k € Nand n € N,

Pii.j) (TE = n) < Py (Xo(n) = 0).

Hence, by Lemma 4, for any 6§ > 0, there is § > 0 such that for any j € Z, k € N, ¢ > kg
and n € N,
exp(0i — 20n)

PGi.j) Z[P(” Xo(n) =€) < 1—expf

For i > kg, Lemma 5 is therefore proved
To prove this lemma in the pending cases 0 < @ < kg, we notice that in this case,

Poy(TE=n)= > Puy(Z(1) = (0,5)Pajn (TF =>n—1)

i/>k07j/€Z

< Y Pap(Z) = 5)Pu gy (Xo(n — 1) 2 0),

i'>ko,j'€Z



REFLECTED RANDOM WALKS AND UNSTABLE MARTIN BOUNDARY 15

and hence, using again Lemma 4, we conclude that for any # > 0 small enough, there is
d > 0 such that for all (7,j) € N x Z with i < kg, k € N and n € N,

Pujy(TF 2n) <C Y. Pujy(Z(1) = (i',5)) exp(i’ — on)
1'>ko,j'€Z
= C exp(8i — on)E; ; (exp((X1(1) — 1)),
with C' = €?*9/(1 — ¢). To complete the proof of Lemma 4, it is therefore sufficient to

choose 6 > 0 small enough, so that

sup  E(; ;y(exp(B(X1(1) — 1)) < oco.
(4,5)EN?

Such a small # > 0 exists thanks to Assumption 2. O
As a straightforward consequence of Lemma 5, one deduces the following result:

Corollary 6. If m; < 0, then for any 0 > 0, there are C > 0 and § > 0 such that for any
(,7) ENX Z, k€ N and n € N,

E(i5) (exp(6TF)) < Cexp(6i).
Proof. Indeed, by Lemma 5, for any 6 > 0, there are C' > and § > 0 such that for any
(i,j) ENxZ, ke Nand n € N,
Py (TF = n) < Cexp(8i — 26n),
and consequently,

exp(0i)

Ei) (exp(0TT)) < Cexp(0i) > P (TF > n) < C -

ST 1 —expd’

n=1

Lemma 7. If m; < 0, then for any 0 > 0 and k € N, there are C > 0 and § > 0 such
that for any (i,j) € N x Z and n € N,

(30) Py (T1(k) = n) < Cexp(fi — on).
Proof. Consider the sequence of stopping times {t, },>0 defined by
to=0, t;=TF and t,11 =inf{s >t,: Xi(s) < (ko — 1)V k}.
They are finite almost surely, as m; < 0. By the strong Markov property, the sequence
{X1(tn)}n>1 is a Markov chain on the finite state space {0, ..., (ko—1)Vk}. It is irreducible
because the Markov chain X7 is irreducible, and according to the definition of the stopping
times TF and T} (k),
Ti(k) =t,, with v=inf{n>0:X(t,) = k}.
Hence, for any (i,7) € Nx Z, n € N and s € N,
Piig) (Ti(k) = n) = Pl (b = n) <Pl (v > s5) + Pty 2 nv < s),
and by Perron-Frobenius theorem, there exist C > 0 and ¢ > 0 such that for any n € N
and (4,7) € N x Z,
Pij) (v > s) < Cexp(—ds).
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Moreover, the sequence {t,} being increasing, one has

Py (tv = n,v < 5) < P (ts = n,v < s) <P (ts > n),
and consequently, for any (i,7) € N x Z, n € N and s € N,
(31) Pi.g) (Tl(k:) > n) < 5’exp(—gs) + [P(i,j)(ts > n)

Remark finally that by Markov inequality, for any § > 0,7 € {0,...,(ko — 1) V k}, j € Z,
n € Nand s € N,

Peig) (ts = 1) < exp(—=on)E ;) (exp(dts)),
where according to the definition of the sequence {t¢,}, by the strong Markov property,

s—1
E.j) (exp(dts)) < [E(m)(exp((Sle)) < sup [E(i/,j/)(exp((Sle))> .
0<i'<(ko—1)Vk
j'ez

Applying now Corollary 6, one deduces that for any 6 > 0, there exist C>0andd >0
such that for any (i,7) € Nx Z, n € N and s € N,

(32) Pij)(ts = n) < C* exp(0i — S\n)

When combined together, the inequalities (31) and (32) prove that for any 6 > 0, there
are C,C > 0 and §,9 > 0 such that for any (i,j) € Nx Z, n € Nand s € N,

Pij) (Ti(k) = n) < C exp(—ds) + C* exp(0i — on)
and henci, EEoosingAglog(é) <s< glog(é) + 1, one obtains (30), with some C' > 0 and
d = min{0, 60/ log(C)}/2. O
Lemma 8. If m; < 0, then for any 0 > 0 and k € N, there exist C > 0 and § > 0 such
that for any i € N and n € N,
(33) Pi.0)(1Y1(T1 (k)| = n) < Cexp(0i — on).
Proof. For any i € N, n € N and s > 0,
P .0y (1Y1(T1(R))] = 1) < Peio) (Vi(T1(R))| > n, Ti(k) < 3en) + P o) (Ta(k) > )
Z Py (IY1(8)] = n) + Pgio) (Ti (k) > sn).

Hence, for any 5> 0, using Markov inequality, one gets
Piioy ([Y1(T1(k))]| = n) <exp(—dn) > Ego)(exp(d]Yi(s)])) + Ppioy (T1(k) > sn).
1<s<xn
On the one hand, using Assumption 2, for § > 0 small enough,

E;0) (exp(d]Yi(s)])) < C*,

with some C' > 0 not depending on ¢ € N and s € N. On the other hand, by Lemma 7,
for any 8 > 0 and k € N, there exist C' > 0 and § > 0 such that for any i € N, n € N and
x>0,

Pi0)(T1(k) > 2n) < Cexp(fi — 6xn).
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When combined together, these inequalities imply that

z“n

[P(LO)(]Yl(Tl(k:))] > n) < exp(—gn)a ; + éexp((% — g%n),

and hence, letting > = dlog(C)/2, one gets (33) with § = min{g,g%}ﬂ and some
C>0. O

Lemma 9. If mg < 0, then for any k > 0, there exist C' > 0, § > 0 and 0 > 0 such that
for any i = ko and j,0 € Z,

(34) Py (Yi(TF) =€) < Cexp(—0(¢ — 5) — i).

Proof. According to the definitions of the local process Z; and the stopping time le in
(29), it follows from Lemma 4 that there exist § > 0 and § > 0 such that for any n > 0,
k>0,i>kyand j,f €7,

F(i,j) (Yl(le) = 6, le = n) g [P(i,j) (Y()(TL) = 6) g exp(—@(ﬁ — ]) — 5%)

Moreover, by Assumption 1, the jumps of the random walk Zy are bounded from below,
i.e., whenever ¢/ —i < —kg or j' — j < —ko,

Py (Zo(1) = (¢, 5") = u(@ —4,5" = 5) = 0.

Hence, P(; (le = n) =0 for all i > kgn + ko V k, and consequently,

PapMT) =0 = > Pay((T) =tm =n)
n>(i—koVk) /Ko

< Z exp(—6(¢ — j) — én)
n=(i—koVk)/ko
<A —e?)exp(—0(—35) — (i — ko V k)/ko).

The last relation proves (34) with 6 = 6§ /ko and C = (1 — e~ %) Lexp(d(ko V k)). O

5.2. Preliminary results for local random walks. In order to prove Theorem 1, we
first investigate the local process Z; and its Green function

g1((i4) = (I".5") = Y Puy(Zi(n) = (.4).
n=0

The corresponding generating functions are

e}

(35) g(lm‘)_)(k,.)(y) = Z 91((4,5) — (k?,f))ye,

{=—o00

for any £ € N. We define the Laurent series

o0

(36) Ol W) = Y Pay(Mi(Tik) = )y,

f=—00

where the stopping time T (k) is defined by (28).
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Proposition 10. Assume that my < 0 and V4 > 0. Then for all k € N, there exists e, > 0
such that for any (i,7) € N2, the function g(lij)ﬁ(k )(y) in (35) is analytic in the annulus
{1—ek < |y| <1} and can be meromorphically continued to {1 —ey < |ly| < 1+ex}, where
it satisfies
1
i) W)

(6,5) = (k,") 1— q)%k,o)a(k,-)(y)

see (36), and admits a unique simple pole at the point y = 1, with residue m (k)/Vi.

Proof. By Lemma 8, for some &, > 0, the series (36) converges normally in the annulus
{1 -2k <yl <1+ &}, with
1

Pk ) (k) (1) = L.
Moreover, using Lemma 24 in Appendix A,
d
d_yq)%k,o)ﬁ(k,-)(l) = Ego) (Yi(m1(k))) = Vi/mi(k) > 0.
Recall furthermore that the local process Z; is irreducible in its state space N x Z, and
hence for any k € N, the positive matrix (P ;) (Yi(r1(k)) = E))jZeZ is also irreducible.
This proves that the sequence of integers £ € Z for which Py ;) (Yi(r1(k)) = £) > 0 is
aperiodic and consequently, for any point y in the unit circle |y| = 1 such that y # 1,

‘q)%k,j)a(k,-)(l)( <1

This proves that for some & > 0, the right-hand side of (37) is meromorphic in the annulus
{1-2% < |y| < 1+E} and has there a unique, simple pole at the point y = 1, with residue
m1(k)/VA.

Now, to complete the proof of our proposition, it is sufficient to show that for some
€ > 0 small enough and any y in the annulus {1 — & < |y| < 1}, (37) holds. To that aim,
we remark that thanks to (38), for £ > 0 small enough,

(38)

<I>%k70)ﬁ(k7_)(y) <1 whenevery € Rand 1 -2, <y <1,

see for instance [2, Eq. (35)]. This proves that the series

Z Py (Yi(ni(k)) = f)ysz < Z Pr,o) (Yi(m(k)) = f)?/)
S=—00 n=0 \l=—o0

converges normally in {1 — & < |y| < 1}, and hence, by Fubini’s theorem, for a sequence
of stopping times defined by

to=0, ti=m7(k) and t,y1 =inf{s>t,: Xi(s) =k},

we have
P! © /[ oo n
1 (’j)ﬁ (ky ) Z P Y1 (r1(k)) = ) Z ( Z P,0) (Yl(ﬁ(k)) = €)y£>
Plk.0) (k. >( Rl =\,

e}

= Z Piiy) (Y1 (tng1) = 03",

f=—00n=0
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whenever {1 — & < |y| < 1}. Since for any (¢,j) € N x Z and £ € Z,

> Py (Yiltns1) = €) = g1 (i, 9) = (k,0)),
n=0

the last relation implies (37). O
As a straightforward consequence of Proposition 10, one obtains the following:

Corollary 11. Assume that m; <0 and Vi > 0. Then for any k € N, there exists 6 > 0
such that for any i,j,0 € N,

B 7T1(k‘)
Wi

with some constant C; 1, > 0 independent of j,¢ € N.

91((6,5) — (k,0))

< Cipexp (=0 (L — j)),

We will need moreover the following refinement of this result.
Proposition 12. Assume that my <0, mg < 0 and V4 > 0. Then for any k € N, there
exist 0 > 0 and Cy, > 0 such that for any i,j,0 € N,

m1(k)
%1

(39) g1((6,5) = (k,0)) =

‘ < Crexp(—a, (0 — 7).

Proof. Consider the stopping time TF as defined in (29) and let (4,7), (k,£) € N? with
1 > ko. Then
91((5,7) = (k,0)) = g1((5,0) = (k, £ — 7))

= Z Peioy(Z1(TF) = (7', 5 g1 (7', 5) — (k, € = j)).
(i 5)E{0....(ko—1)VE} X Z

Moreover, since my < 0, we have
> Pioy (Z1(TF) = (7',5)) = Ppio) (Tf < 00) =1,
(#,5")€{0,...,(ko—1)VEk}x Z

and consequently

91((0.) = (k0)) = T

Wl(k)‘

< Z Piio) (Z1(TF) = (7', 5"))

(i",3)€40,...,(ko—1)VE}x Z

g1 ((@,5") = (k.0 —j)) —

Wl(k)‘.
1%

In order to derive (39), we now split the right-hand side of the above inequality into two
parts:

. . . . y k

X = Z Pi0) (Zl(le) = (Z/’],)) 91((ll’j,) — (k¢ _j)) a ﬂ.lé )‘ ,
i'€{0,...,(ko—1)Vk},5'>(£~5) /2 1

5y = S Piio) (Z1(TF) = (,5)) o (0, 5) = (k€= 7)) = 1v(1 ) ‘ '

i'€{0,...,(ko—1)Vk},j' <(£—j)/2
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To estimate X1, we combine the straightforward inequality

w1 (k)

o ((.3) = (k0= ) = 5

< (b 00) = =) = on(50) > (R,0)+

with Lemma 9:

g 1
¥ < g UD(@',O)(ZNTf) = (i',5")) <91((1€,0) — (k,0)) + _>
i'€{0,...,(ko—1)Vk},j'>(£—5)/2

< ) Pag(Milm) =75 <91((k:,0) — (k,0)) + Vi1>

3'=(=3)/2

<C (gl((k,O) — (k,0)) + Vi> Z exp(—0j' — 52)

L yse=j)/2

<C (gl((k,O) — (k,O)) + Vi1> (1—e 9t exp(—9(€ — j)/2).

In order to estimate X9, we use Corollary 11:

¥a < Z Py (Z0(TF) = (i, ') Cyr wexp(—0k(€ — j — §7))
i'€{0,...,(ko—1)Vk},j' < (b—3) /2
< exp(—6x(£ — 4)/2) max Ci k-

i€40,...,(ko—1)Vk}

When combined together, these estimates prove (39) with 6, = min{6, 6} and

1

C.=C k.0 k.0 — (1= 1 Cir k. O
\ @m<,w+<,»+%)< O, G

5.3. Preliminary results for killed local random walks. In this part, we investigate
the Green functions of killed local random walks. More specifically, consider the stopping
time

71 =1inf{n > 0:Y1(n) < ko}

as defined in (19), and denote by 21 a copy of the local random walk Z; killed at time 7.
The Green function of Z; is defined by

(40) ai1((i,5) = (I',5") = Z Py (Zi(n) = (',5"), 71 > n).
n=0

According to this definition, g ((¢,7) — (7/,5')) = 0 if either j < ko or j* < k. The main
result of this section is the following:

Proposition 13. Assume m; < 0, ma <0 and V1 > 0. Then for any k € N, there exist
8k > 0 and C}, > 0 such that for any i € N and j,¢ > ko,

(k)

(41) ACHEICEE

Pl (1 = 00) | < Chexp(=0u(t = ).
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Proof. To prove (41), we combine Proposition 12 with the following two identities:

g1(G5) =k 0) = Y Pay(ZiF) =@, 3))ai(@,5) = (k,0) + 51 ((0,5) = (k. 0)),

0<j’<ko
/>0
Puj(mn <o) = > Puy(Zd) =(,5)).
0<'<ko
/>0

Using these relations, one gets

a1((0.9) = (k. 6)) = %f)”)@j)(ﬁ = OO)‘ < \o1(G,5) = (k,0)) — ”1‘/(1"/‘)'
+ > Plavdo) (A7) = 05) |91 ((5) = (k,0)) = mv(lk) ‘ .
0<j'<ko

i'>0
Consequently, by Proposition 12, for any k € N, there exist §; > 0 and Cj > 0 such that
for any 4,7, € N,

- k
31(() = (1,0) = Py (1 = o)
< Crexp(—0x (£ —j)) + Z Pij) (Z1(71) = (¢',5")) Crexp(—dr(€ — j'))
0<j'<ko
i'>0
< Crexp(=0,(¢ — 7)) (1 + exp(dx (ko — 1)))-
Proposition 13 is therefore proved. O

5.4. Preliminary results for the original random walk. In this part, we investigate
the Green function g((¢,j) — (k,£)) of the original random walk Z, see Section 2. Consider
the stopping time

T=inf{n >0:Y(n) < ko}

as defined in (17), see also Appendix B, and let

3 ((6,5) = (5, 0) = Pajy(Z(n) = (k,0),7 > n).
n=0

It represents the Green function of the process Z before approaching the boundary axes
{(i,j) € N%: j < ko}. According to the definition of the killed random walk Z; and the
corresponding Green function g; in (40), one has for any (i,7) € N2, k € N and ¢ > ko,
(42)
5 (64) = () = {gl(u,J) — (k,0)) o it > ko
Sis0jrske Py (Z(1) = (@,5)) 01 (7, 5) = (K, 0) if j < ko

As a consequence of Proposition 13, we obtain:

Proposition 14. If m; <0, my < 0 and Vi > 0, then for any k € N, there exist 6 > 0
and C}! > 0 such that for any i,j € N and £ > ko,

G () = (h0) — B g (7 = o0)| < OF exp (=80 — ).

(43) Vi
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Proof. We first assume that j,¢ > kg. In this case, one has :q\f' = ¢y for any i,k € N, by
(42), and consequently (43) is already proved by Proposition 13.
Suppose now that i,k € N, £ > kg and 0 < j < kg. Then by (42),

G () = (k0) = > Pay(2() = (.00)a () = (k.0).
i'>0,5'>ko
Since we have
Pip(r=00)= > Puy(2(1) = (7,5) P (r = o0),
i'20,5'>ko

it follows that

91 ((5,5) = (k,0) - T[P(m')(T = 00)‘

() = (k. 0)) — ”1‘/(1’“) Pyo i (v = oo)' .

< Y Pap(Z() =, 5))

/20,5 >ko

In order to derive (43), we now split the right-hand side above into two parts:

g |~ k
Y= Z [P(i,j)(Z(l) = (1,7],)) g1 ((Zlajl) - (kag)) - %P(i’,j’)(T = OO)' )
i130,'>0/2 1

Yo = Z Py (Z2(1) = (,5")

i>0,ko<j'<t/2

7 ((i/’j') - (k,ﬂ)) — T[P(i/’j/)(T = oo)' .

Using first the inequality (see the proof of Proposition 3 for similar computations)

g1((@,5) = (k,0)) < Gu((k, ) = (k,0)) = G1((k,0) = (k,0)),

we deduce that

S <Py (Y1) > £/2) <§1((k,0) - (k,0)) + %) '

Moreover, applying Markov inequality and using Assumption 2, we obtain for oo = (0, 0)
with § > 0 small enough

Py (Y(1) > £/2) < exp(—6€/2)E; ;) (expla, Z(1))) < Coexp(—00/2+ (ko — 1)).

Therefore,
(44) Y1 <Gy <§1 ((k, 0) — (k, 0)) + Vi1> exp(—5€/2 + (ko — 1))

Using now Proposition 13, we get

45)  Se< Y. Pup(Z2(1) =(,5)Crexp(—6(l — 5')) < Crexp(—0xL/2),
i/ 20,ko <y’ <{/2

When combined together, (44) and (45) prove (43) with ¢} = min{d;,d}/2 and

C! =Cr+ Cy <§1 ((k:,O) — (k:,O)) + %) exp(5(k:0 - 1)) O
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Consider now, for any k£ € N, the stopping times
(46) TF =inf{n > 0: X(n) < (ko — 1) V k},
and let 7 be defined in (17) (see also Appendix B).
Lemma 15. If mo < 0, then for any k > 0, there exist C >0 and & > 0 such that
(47) Py (Y (T%) = 6, 7% < 7) < Cexp(=08(i+0)), Vi>ko,j€{0,....ko—1}, £ > 0.

Proof. The proof of this lemma uses arguments similar to those in the proofs of Lemma 4
and Lemma 9. First, the same argument as in the proof of Lemma 4 shows that for
a = (0,0) with 6 > 0 small enough, R(«) < 1, see (26) and (27). Now, for any n > 0 and
k>0,

PiyY(TF) =0T =n<7)=Pi;(Y(n)=6T"=n<r)

< exp(—00)E(; ) (exp(a, Z(n)); TF =n < 7).

/[:7.7

Moreover, it follows from the definitions (17) and (46) of the stopping times 7 and T} that
for a« = (0,0) and all n > 1,

Eqi.j) (exple, Z(n)); Tf =n < 7)

= Z Pujy(Z(1) = (', 5")Ew jry (exple, Z(n — D);TF=n-1<7)
i'>(ko—1)Vk
J'>ko

< Z [P(i,j)(Z(l) = (i/,j/))[E(i/,j')(eXP@a Zp(n — 1)>)
i'>(ko—1)Vk
J'>ko

< Z Puy(Z2(1) = (i, 4") exp (05" ) R(c)™ !
i'>(ko—1)Vk
J'>ko

< Egij) (exp(0Y (1)) ()™,
with R as in (26). Moreover, using Assumption 2, we have for § > 0 small enough
[E(m)(exp(GY(l))) < Cy.
Hence, for o = (0,6) with # > 0 small enough, we conclude that for all n > 1,

Py (Y(T%) = 0,T = n < 1) < CoR(a)" " exp(—00),
with R(a) < 1. Using now the same arguments as in the proof of Lemma 9, we obtain
Pl (Y (T") = 6,7 <) = > Py (Y(Th) =6, =n <)
n>(i—(ko—1)Vk) /ko
< Coexp(—01) > R(a)"

n=(i—(ko—1)Vk)/ko
< Coexp(—00)(1 — R(a))_lR(a)(i—(ko—l)Vk)/ko—l_

The last relation proves (47) with & = min{#, %} and

C = Co(1 — R(a)) " R(cr)~ ko= 1VE)/ko=1, O
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Lemma 16. For any i,j,k € N and £ > kg, the following identities hold:

48) g((6,4) = (k,0) =Gi ((i,4) = (k. 0) + > 9((6:4) = (', 5)) %
0<j’ <ko
/>0

X > Parjn (Z(T%) = (", "), T" < 7)gf ((",5") = (k, 7)),
0<i” <(ko—1)Vk

j”}ko
(49) Peij) (T =00) = P (N1 = 0),
(50) Pij) (T = 00) = Pi ) (T* < 00,7 = 00),
and
(51)
gl ) = @3N) D P (Z(T) = (,5"),T" < 7)Panjn(r = o)
Ogj/<k0 Ogi//g(kofl)\/k,
i’ZO j"?ki()

Proof. To prove the identity (48) let us remark that for any n > 0,
with

Pij) (Z(n)

(k,0), 7 < n)
=1

Z [P(ivj)(Z(S) = (i/aj/))[P(i’,j’) (Z(n —s)=(k,0), T >n— s).

20,0<5" <ko

Moreover, according to the definition of the stopping time 7%, on the event {Z(n) = (k, £)},
on has T* < n, and consequently,

P

’ At
7/7-]

 (Z(n) = (k,0),7 >n) =Py jn(Z(n) = (k,£), 7 >n > ")

- Z Z P iy (Z(s) = (i",3"), T" = 8)Paw jon (Z(n = 5) = (k. £),7 > n).
0<i"<(ko—1)Vk, s=1
3" =ko

Hence, for any ¢, j,k € N and ¢ > ko,
9((0.5) = (k.0) =g ((0.5) = k.0) + Y 9((.0) = @.)af (.5 = (*k.5).

0<j'<ko
/>0
with
G (@)= k)= D Puyn(Z@")=@G"5").T" <7)gf ((i",i") = (k.j)).
0<i” < (ko—1)Vk
j"" >ko

When combined together, the above relations prove (48).
Equation (49) follows from the definition of the stopping time 7 and the variable N7,
see (8) and (17).
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The identity (50) will follow rather easily from the definition of the stopping times 7,
T*, TF and 7. We first consider the case of (i,5) € N? with j > kg. We have

Py (TF < 00,7 = 00) = P jy (Tf < 00,1 = 00) = P; 5 (11 = 00),

where the last relation holds because m; < 0 and consequently [P(Lj)(le < oo) = 1
Moreover, since for (i,7) € N? with j > ko

Pij) (11 = 00) = P(ijy (T = 00),

we conclude therefore that for (i,j) € N? with j > ko, (50) holds. We now deal with pairs
(i,§) € N? satisfying 0 < j < ko. We then have

Peij) (TF < 00,7 = 00) = P ;1 (T" = 1,7 = 00) + P(; ;) (1 < T" < 00,7 = o0)
- Z P(LJ’)(Z(U = (i/,j/))P(if,j/)(T = oo)

0<i'<(ko—1)Vk,
J'=ko

+ Z [P(Z}j)(Z(l) = (i/a]’/))ﬂj(i/,j/)(Tk < 00, T = oo)
i/>(k;0_1)\/k;7
J'>ko

= Y Pup(Z2(1) = (,5)Pu o (r =)
0<#'<(ko—1)Vk,
J'>ko

+ Z Py (Z2(1) = (i, 5") P o) (T = )

i'>(ko—1)VE,

J'=ko
= Py (7 = 0).

Relation (50) is therefore proved.
We conclude by providing the proof of (51). We start by the right-hand side of (51)
and we prove that it equals the probability P(; ;) (1 <N < oo):
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Z 9((i,5) = (@',3") Z P jn (Z(TF) = (", 5"), T% < 7)Pn_jm (1 = 00)

0<j’ <ko 0<i”"<(ko—1)VEk
i'>0 5" >ko
= > g((g) = (.4 > P (Z(T%) = (i",§"),T* < 00,7 = o0)
0<j'<ko 0<i”" < (ko—1)Vk
i'>0 3" >ko

= Z g((Z,]) — (i/’j/))[P(i’,j’) (Tk <0, T = OO)

= > 9((i.4) = (I",5) P jn (T = )

=Y Y Pay(Zm) = (7, and Vs > n, Y(s) > ko)
n=00<;'<ko
/>0

= Z [P(m)(Y(n) < ko and Vs =n, Y(s) = ko)

n=0
(m)(EIn > 1 such that Y (n) < kg and Vs > n, Y(s) > k;o)
(i) (1 S N1 < 00).

The proof is complete. O

6. PROOF OF THEOREM 1

Using all the results of Section 5, we are ready to complete the proof of Theorem 1.

Proof. Denote for (4,7), (k,£) € N2,
~ mi(k)
Vi

a1 ((i,5) = (k,0)) — m?(lk)”)(i,ﬂ(T = OO)‘ :

)

Ay () = (k) = \g(a,j) S (k,0) o) (N: < o0)

AT (6, 5) = (k,0)) =

From Lemma 16, it follows that for any (4,7), (k,£) € N? with £ > ko,

AL((1,5) = (k, 0) < AT ((5) = (R, 0) + D g((,4) = (7))

x> Py (2T = ("), TF < )AL, 5") = (K, 0)).
0<i” < (ko—1)Vk
7" >ko

Recall moreover that by Proposition 3,

(52) Cr= sup g((i,5) = (k,0)) < oo,
1,J,0EN
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and by Lemma 15, for any ¢/ >0, 0 < j' < ko, 0 <" < (kg — 1) V k and j” > ko,
Periny (Z(TF) = (1", 3"),T% < 1) < Ppar oy (Y (TF) = j7, T" < 7) < Cexp(—6(i' + j")).
Hence,
Ai((@,5) = (k,0)) < AV ((0,4) — (k. 0))
+C > Yo Cexp(=d(i + ")) AT ((",5") = (k,0))

0<j'<ko 0<i”<(k‘0—1)Vk
>0 3 >ko

(53) <A () = (R O) + A Y exp(=0")AT((I".5") = (k. 0)),
0<i”<(ko—1)Vk
3" =ko
with A = ékéko(l —e_g)_l. Recall that by Proposition 14, for any i, j, k € N and £ > kg,
(54) |AT((i,5) = (k,0))] < Crexp(=0x(£ = ),

with some constants C > 0 and d; > 0 not depending on ¢, j, ¢ € N, and remark moreover
that for any k € N,

sup Af((1,7) = (k.0) < sup g7 ((ir4) = (k,0)) + sup (k)P (" = o) /Va

i,7,6€N i,7,6€N i,7,6€N
< sup g((4,5) = (k,0) +1/W
i,7,6€N
(55) < Cr+1/Vi < 0.

To prove Theorem 1, we split the right-hand side of (53) into two parts:

Si=Ar Y exp(=05")AT((,5") = (K, 0)),
0<i”"<(ko—1)VEk
j'>e/2

So = AT ((i,5) = (5, 0) + A Y. exp(=65")AT((i",5") = (k,0)).
0<i”"<(ko—1)Vk
ko<j"'<t/2

In order to estimate 31, we use the upper bound (55):
(56)
$1 < Ag(Cr+1/V1) > exp(=05") < A(Cr+1/Vh)

0<i" < (ko—1)VEk
Jj'>e/2

Xp(—g€/2),

(ko—l)\//{?-i-le
-5

1—e

and to estimate g, we use the inequality (54):

Sy < Crexp(—6,(0 — 7)) + Ay > exp(—085") Cr exp(—0x (¢ — §))
0<i”<(ko—1)Vk
ko<j"'<t/2

(k?o—l)Vk?+1

1—e

(57) < Crexp(—0x(€ — 7)) + ArCh

exp(—0;¢/2).
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When combined together, (56) and (57) show that for any k € N, there exist C}, > 0 and
d;. > 0 such that

9((i,3) = (k,0)) - ”1?%(@-,])(]\/1 < o0)| = [A((5,5) = (k. 0)|

< X1 4 B2 < Cpexp(—; (£ — 7)),

and consequently, the first assertion of Theorem 1 holds. The proof of the second assertion
of this theorem is entirely similar. O

7. PRELIMINARY RESULTS TO THE PROOF OF THEOREMS 2 AND 3

In this section, our main objective is to introduce (mostly analytic) tools for the proof of
Theorems 2 and 3, which will be provided in the following section, Section 8. Contrary to
the previous Sections 5 and 6, where we use purely probabilistic arguments, we move here
to an analytic framework: we introduce the generating functions of the Green functions and
prove that they satisfy various functional equations, starting from which we will deduce
contour integral formulas for the Green functions. Applying asymptotic techniques to
these integrals will finally lead to our main results.

7.1. Functional equations for the Green functions generating functions. We first
introduce the kernels:

Qr,y,z) = afoyr (23, oy i, ja'y’ —1),
(58) gz, y,2) = oY (220 g s e NZ(@j)wif - 1), 0<l<ko—1,
@(z,y,2) = 2y (23 s g kDY = 1), 0<k<hko—1,
G,y 2) = Y (230 s il D)aty — 1), 0 <kl <ko—1

Each kernel corresponds to a homogeneity domain of Figure 2. Let also the generating
functions of the z-Green functions be

(59)
(,I Y,z ) Zn>0 Z ,j=ko (’l(),]()) (Z(n) = (i’j))xl_koy] k:()Zn
( 72) = Zn}O Zi>k0 20,]0 (Z(n) ( ))xl kozn’ 0 § E < kO - 17
gk(?/? ) ZnZO Zj>k0 Zo,]o ( (’I’L) (k ]))yj_kozna 0 < k < k:(] - 17
(

fi07j0(xay’ Z) = Zogk,zgko—l(zngo (io,jo)( ’I’L) = (kag))zn)qk,f(x’y, Z) + xioyjo'
They are all well defined when |z| < 1, |y| <1 and |2| < 1.

Lemma 17. The following equation holds true, for any |z| <1, |y| <1 and |z| < 1:

ko—1 ko—1
(60) —Q(x,y,2)G(w,y,2) = > qu(@,y,2)ge(x, 2)+ > a7 (2, Y, )Gk (Y, 2)+ fio jo (2, 2).
=0 k=0

Proof. The generating functions are clearly convergent for x,y, z less than 1 in modulus,
as the coefficients P, ;o\ (Z(n) = (i,5)) = p™ ((io, jo) — (4,4)) are smaller than 1. In the
case of nearest-neighbor random walks, the functional equation (60) has been obtained in
[25, Lem. 3.16]. All generating functions remain convergent in the case of larger steps,
and the proof of (60) follows exactly the same line in this generalized framework. O
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Let now

Q(z,y) = Qz,y,1), qlz,y) =q(z,y,1), ¢(z,y) =g (x,y,1), @re(z,y) = qre(z,y,1)

be the evaluations of the kernels (58) at z = 1. Finally, the generating functions of the
Green functions are

( ) Zi,j}k‘o g((ZOaJO) — (iaj))xi_koyj_koa
(61) (.%') = ZiZk:O g((z()ajO) - (2‘76))1.1'7]607 0 < 14 < kO - 17
(y) Zj>k0 g((z()ajO) — (kuj))yjik(% 0 g k < kO - 17
)

= Yochicko19((i0:0) = (K, 0)qre(z,y) + x"0y7.

The generating functions g, and gy, in (61) are strongly related to G; j)—(..e) and G(; ) ()
n (82) and (83). More specifically, they just differ by polynomial terms; for example,

(62) Giiyoo) @) = v0@) + D g((io,jo) = (k,5))y’

0<7<ko

fZO,Jo (z,y

Lemma 18. All generating functions (61) are absolutely convergent on the bidisk {(z,y) €
C?:|z| < 1,|y| < 1}, where they satisfy the functional equation:

ko—1 ko—1
63) = QyG(xy) =Y gz y)gx Z (@ 9)Te W) + fiojo(z.Y).
=0

Although Equation (63) appears formally as the evaluation of (60) at z = 1, its proof
needs some care, as it is not at all clear a priori that the generating function G(zx,y)
converges for |z| < 1 and |y| < 1. (This convergence actually constitutes a first non-
obvious estimate.)

Proof of Lemma 18. The series - ™ ((ig, jo) — (k,£)) is convergent to g((io,jo) —
(k:,f)), and by Proposition 3,

sup  g((io, jo) = (i,€)) < oo and sup  g((i0,jo) = (k,j)) < o0
i>ko j=ko
¢e{0,...,ko—1} ke{0,....,ko—1}

Accordingly, the series gy(z,1) and gi(1,y) are absolutely convergent respectively for any
x and y with |z| < 1 and |y| < 1. Then, by Abel’s theorem on power series, the limit of
the right-hand side of (60) as z — 1 exists and equals the right-hand side of (63).

As a consequence, the limit of the left-hand side of (60) does exist as well, so that
lim,_,; G(z,vy, z) exists for any pair (z,y) in the set

(64) {(z,y) € C*: |z < 1,|y] < 1,Q(z,y,1) # 0}

Furthermore, for any (z,y) € (0,1)?, the series G(x,y,2) of z has real non-negative
coefficients. It follows that G(x,y,1) converges for any real (z,y) from the set (64),
which is dense in (0,1)2. Therefore G(z,y,1) is absolutely convergent for any complex
(z,y) with |z|,|y| < 1 and again by Abel’s theorem, lim, ,; G(z,y,2) = G(x,y,1). Hence
the limit of the left-hand side of (60) as z — 1 exists and equals (63). The equation (63)
is proved. ]
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7.2. Preliminary results on the zero-set Q(z,y) = 0. We gather in a single lemma
several statements on the zeros of the two-variable polynomial Q(z,y) and on the one-
variable polynomials Q(z,1) and Q(1,y). The last ones may be interpreted as kernels of
one-dimensional random walks (and a large literature exists around this type of models).
These statements will be used in the proof of Theorem 2.

Although, under our standing assumptions, the equation y — Q(z,y) = 0 (z being
fixed) has in general an infinite number of solutions, two roots play a very special role and
carry out most of the probabilistic information about the model. They will be denoted Yj
and Y7.

Lemma 19. The following assertions hold:

(i) For |z| =1 and |y| = 1 with (z,y) # (1,1), we have Q(z,y) # 0.

(ii) There exists a neighborhood Os(1) = {x € C: |z — 1| < §} of 1, with 6 > 0 small
enough, inside of which there exists a unique function Yy analytic in Os(1), which
satisfies Yo(1) = 1 and Q(z,Yo(x)) = 0 for all x € Og(1). The function Yy is
one-to-one from Ogs(1) onto Us(1) = Yy(Os(1)), which is a neighborhood of 1.

(iii) For e > 0 small enough, Yo(1 +¢) < 1.

(iv) There exists a domain (see Figure 6)

(65) V={1-¢)+ee?:ecec(0,e)],é € [—po,do]}

such that V- C Os(1), and for any x € V, we have |z| < 1 and |Yo(x)| < 1.

(v) On (0,00), the function Q(1,y) admits exactly two zeros, at yo = 1 and y; > 1.
Moreover, for any y with 1 < |y| < y1, Q(1,y) # 0.

(vi) For small e > 0, the function Q(1+¢,y) has exactly two zeros on (0,00). One of
them is Yy(14¢), as defined in (ii) and (iii). The other zero is called Y1(1+4¢). We
have Yo(1+¢) < Yi(1+¢). Furthermore, for anyy with Yo(14+¢) < |y| < Y1(1+¢),
we have Q(1 +¢,y) # 0.

(vii) For e > 0 small enough, any x with |x| =1+ ¢ and any y with Yo(1+¢) < |y| <
Yi(1+¢), we have Q(1 +¢,y) # 0.

(viii) For any e > 0 small enough and any t > 0,

(1+e)Yi(1 +¢)" > min{y, i},
where 1 is defined symmetrically as y1 in (v), but in the x-variable.

As stated, Lemma 19 concerns the functions Q(1,y), Yy and Y;. Obviously, symmetric
statements hold for Q(z,1), Xy and X;.

Proof of Lemma 19. Ttem (i) will be the topic of the separate Lemma 20, so we start with
the proof of (ii). It readily follows from the analytic implicit function theorem applied
to the function (x,y) — Q(z,y) in the neighborhood of (1,1), noticing that Q(1,1) =0
and 9Q(1,1) = >, ; ju(i,j) < 0 (by assumption). Similarly, (iii) follows from the (real
version of) the implicit function theorem, using once again that d2Q(1,1) < 0.

Before starting the proof of (iv), we need the preliminary series expansion (67) below,
which describes the behaviour of the modulus of Yy(z) as x lies on a circle tangent to
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FIGURE 6. The unit circle is in blue (the rightmost curve), and the other
circles are tangent to it at 1. These domains appear in the proof of item
(iv) of Lemma 19.

the unit circle, but with a smaller radius (see Figure 6). First of all, take the notation
a =Y;(1) and 2b = Yy'(1). Then obviously

(66) Yo(z) =1+a(z —1)+bx —1)> +o(z —1)?, z—1.

A few standard computations yield that for any e € [0, 1], one has

1—

(67)  |[Yo(e+ (1 —e)e) =1+ 8(a2 —a—2b+¢e(2b—a?)¢* + o(¢?), ¢ —0.

The values of a and b are computed below, in Lemma 21, in terms of the first and second
moments of the distribution pu.
For later use, let us first show that a®> —a — 2b < 0. Using the explicit expressions for
a and b given in Lemma 21,
(EX)2E(Y?) - 2EXE(XY)EY + E(X?)(EY)?
(EY)? '
Since EY < 0, the denominator of (68) is negative, and it is enough to prove that the

(68) a®—a—2b = Yy(1)2-Yg(1)-¥y'(1) =

numerator of (68) is positive, namely,
(69) (EX)?E(Y?) — 2EXEXYEY 4 E(X?)(EY)? > 0.

As it turns out, the above inequality is a straightforward consequence of Cauchy-Schwarz
inequality applied to the random variables % and %.

In order to construct the neighbourhood V' in (65), we shall use the estimate (67), as
follows. Let us first observe that for £ € [0,1] small enough (say ¢ € [0,20]), one has
a? —a—2b+¢e(2b — a?) < 0 (indeed, a® — a — 2b < 0, see above). One can also make the
term o(¢?) in (67) uniform in £ € [0,&p], as the point z = 1 is regular for the function
Yo(z) (and its derivatives). It follows that there exists a value ¢9 > 0 such that for
all ¢ € (—¢o,¢0) \ {0} and all £ € [0,50], |Yo(e + (1 — €)e’®)| < 1. In conclusion, the
neighbourhood V may be taken as the union of all these small arcs of circle as in (65) (see
also Figure 6). Item (iv) is proved.
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We now prove (v). We have Q(1,y) = y* (P(y) — 1), where

(70) Ply)= Y nl=5y.
J=—ko
By our main assumptions, the series Q(1,y) has a radius of convergence R € (1,00]. The
function P(y) in (70) is well defined on (0, R) and is strictly convex. Furthermore, one
has limy o4 P(y) = 4o00. There exists a unique 7 € (0, R) such that P is (strictly)
decreasing on (0,7) and (strictly) increasing on (7, R); 7 is called the structural constant,
and p = 1/P(7) is called the structural radius (see [2, Lem. 1]). One has P'(7) = 0. In
case of a negative drift, one has 7 > 1, since
o o
P)y= > jul=4)= Y inlij) <0.
J=—ko ,j=—ko

By Cramer’s condition, one has Q(1, R) € (0, 00|, so that there exists y; € (7, R) such that
P(y1) = 0. Furthermore, P(y) € (0,1) for any y € (1,41).

A general fact about Laurent polynomials with non-negative coefficients enters the
game: |P(y)| < P(Jy|). The inequalities P(y) € (0,1) for any y € (1,y;) thus imply
that |P(y)] <1 for all 1 < |y| < y1.

We pursue by showing (vi). We proceed as in the proof of (v). Using (58), we first
rewrite the equality Q(1+¢,y) =0 as

o0 o0

P.(y) =1, where P.(y) = Z Z u(i, 5 (1 +e)' | o7

Jj=—ko \i=—ko

The polynomial P. above has non-negative coefficients and is strictly convex on (0, R.),
where R, is the radius of convergence of P.. For ¢ = 0, it is equal to P as defined in (70).
Using that P’(1) < 0, we deduce that for € > 0 small enough, P.(Yp(1 +¢)) < 0. Then for
ye (Yo(14¢),Y1(1+¢)), P- takes values in (0,1). We conclude as in (v).

In order to prove (vii), we first write, using (58), that Q(z,y) = xzFoy*o(u(x,y) — 1).
Then, by positivity of the coefficients,

\(z, y)| < pl|zl, |y)),

and we conclude using (vi).

It remains to prove (viii). Consider the function g;(z,y) = zy' on Q(z,y) = 0
with (z,y) € (0,00)% and look for its extrema. Equivalently, look at the extrema of
(u,v) = " on
(71) Q = {(u,v) € R?: Z,u(i,j)ewﬂv =1} = {(u,v) € R?: Q(e*,e’) = 0},

i7j
see Figure 7. There are three particular points on the latter curve, namely, (0,0),

(ug,0) = (logxz1,log 1) and (0,v9) = (log 1,log y1).
Let us show that on

P =9n(0,00)?%
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FIGURE 7. An example of domain Q as in (71), for the random walk
with transition probabilities defined by (12). The points (0,0), (ug,0) =
(log2,0) and (0,v9) = (0,log 3) are represented with bullets.

which is the part of Q between (ug,0) and (0, vp) run counterclockwise, the function u+tv
is strictly bigger than its values at the boundary points:

(72) u+ tv > min{ug, tvg}, V(u,v) € P, Vt € (0,00).
Consider the critical points of u+ tv on Q. A necessary condition is that «'(v) = —t. But
u'(v) = —%, so that at critical points one must have ¢t = % On the other

hand, it has been established by Hennequin [18] that the mapping

grad Q(e*, e’)

lgrad Q(e*, €*)]|

is a diffeomorphism between Q and the unit sphere. Then the critical points (u,v) are

(u,v) —

the images of the points of the unit sphere such that the ratio of the second coordinate
by the first coordinate equals ¢. There are exactly two points on the unit sphere with this
property, so that there exist exactly two critical points of u+tv on Q. The function u+tv
being continuous on @, it reaches its maximum and minimum. Then one of these points
must be its minimum on @ and cannot belong to P, since the function is positive on this
part, while it vanishes at (0,0) € Q. The second critical point must be the maximum of
u+tv on Q and may belong to P or not. Furthermore, the function v+ tv must be strictly
monotonous on Q between these two critical points. Hence the estimate (72) holds. It
implies
log(1+¢) +tlogY1(1 + &) > min{log z1,tlog y1 },

which proves (viii). O
Lemma 20. Let (pu(m,n))mn>—k, be a family of non-negative real numbers summing to

one, such that the semigroup of Z* generated by the support {(m,n) € Z? : u(m,n) # 0}
is 72 itself. If a pair (z,y) € C? with |x| = |y| = 1 satisfies

pla,y) = > plmn)a™y" =1,

m,n=—ko
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then necessarily x =y = 1.

Remark that the hypothesis on the semigroup is equivalent to the irreducibility of the
random walk Zy on Z? whose increment distribution is given by p. In dimension 1, a
proof may be found in [2, Eq. (35)]. The proof of Lemma 20 is very standard and will be
omitted.

Lemma 21. Let (X,Y) be a random vector with distribution . One has

(73) Y1) = o

and

(EX)2EY — (EX)2E(Y?) + 2EXEXYEY + EX(EY)? — E(X2)(EY)?

() V) = SEV

Similarly, we could compute the derivatives of Y; at 1 (see Lemma 19 (vi) for the
definition of ¥7) in terms of the moments of a Doob transform of (X,Y").

Proof of Lemma 21. Differentiating the identity Q(x, Yy(x)) = 0, one obtains
and in particular (using that Yy(1) = 1)
Y—O/(l) _ _alQ(l’ 1) — Zz,] ,u( -].) 7
6262(1’ 1) Zz,] ]//J(l’j)

which proves (73). Differentiating now (75), we get

(76)  971Q(x, Yo(x)) + 2Yg (2)0F ,Q(, Yo()) + Yy (2)8Q (=, Yo(x))
+ (Yg(2))?03,Q(, Yo(x)) = 0.
Moreover, one easily computes
01,Q(1,1) = (2ko — DEX + E(X?),
9?,Q(1,1) = koEX + kLY + E(XY).
Plugging (77) in (76) evaluated at x = 1, we conclude that (74) holds. O

7.3. One-dimensional stationary probabilities. In the forthcoming proof of Theo-
rem 2, we need to identify the invariant measure of the stationary Markov chain X3
defined in (4), which is a one-dimensional reflected random walk on N. The transitions of
X, are as follows: for any k, £ € N,

S g (0 =k, 5) if k> ko,
Pr(X1(1) =/4) = Jz—Ro
K(X1(1) =¢) { S i M€= Fyg) O < k< ko

Using our notation (58), the associated kernels are Q(z,1) (in the regime when k > kq)
and ¢}/ (z,1) (when 0 < k < ko).
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Lemma 22. The invariant measure {m1(i)}i>0 of X1 can be computed as

1 i mk)g (e ) 1 bt (k) (2 1)
(78) mi(i) = 5— Fym— dr = — P dr.
2mi |z|=1—¢ Zz Q(wa 1) 2me |z|=1+¢ x Q(I’, 1)

As i — oo, it admits the asymptotics

) c
(79) i) ~
Ly
where the constant c is positive, and equal to
ko—1
(80) . Zko 0 7T1( )q;c/(xh 1) ]

k0+ 81@(1'1, 1)

Although Lemma 22 is classical in the probabilistic literature, we present some elements
of proof below, in order to make our article self-contained. We thank Onno Boxma and
Dmitry Korshunov for useful bibliographic advice.

Sketch of the proof of Lemma 22. Introduce the stationary distribution generating func-
tion ITy (z) = 322, 71 (k)" k0. Then the following functional equation holds (it is equiv-
alent to the equilibrium equations):

ko—1
Q(x, DI (z) = Z m1(k)gy(x, 1).
k=0
The first integral expression in (78) (over |z| = 1 — ¢) immediately follows. Since

Q(z,1) = 0 and II;(1) = 1, the right-hand side of the above identity is zero at x = 1
and the function II; is analytic in a neighborhood of 1. We deduce the second integral
representation in (78) (over |z| = 1 + ¢). Using the functional equation and the fact
that Q(z,1) has a simple pole at z; (see Lemma 19 (v)), one immediately deduces the
asymptotics (79), with the expression of the constant ¢ as in (80).

On the other hand, the (strict) positivity of the constant ¢ in (79) is more difficult to
establish (and is not clear at all from the algebraic expression of ¢ given in (80), as for
k> 1, ¢/(x1,1) may be negative). However, Theorem 2 in [9] shows the positivity of ¢ for
a more general class of random walks; see also [5]. g

8. PROOF OF THEOREMS 2 AND 3

Let us first summarize the proof Theorem 2 in several important steps, to which we
shall refer in the extended proof. First of all, it follows from the main functional equation
(63) that for any e > 0 small enough,

(81)  g((i0,40) = (4,7)) =

ko—1 1
1 20t db(@, ) ge(@) + 00 ap (@ )T (Y) + Fioo(,y)
dydzx
(27i)2 witho—lyi+tho=1Q(z, y) '
| =[y|=1—¢

Then:

1. We shall apply the residue theorem to the inner integral above (in y), so as to
split g((é0, jo) — (4,)) into two terms, see (85).
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2. The first term in the decomposition (85) is a one-variable integral, to which we
apply the classical residue theorem. Some technical work is needed here to prove
that there is only one contributing pole, at 1 (we use several properties proved in
Lemma 19).

3. The second term in (85) is a double integral over |z| =1 —¢ and |y| =1 +¢e. We
will again apply the residue theorem to the inner integral and, in this way, obtain
a further two-term decomposition and the expression (87) of the Green function.

4. The second term in the sum (87) is studied via the residue theorem, in a similar
way as the first term in the decomposition (85).

5. The third term in (87) is an integral on |z| = |y| = 1 + € and is shown to be
negligible.

6. Conclusion.

Before embarking in the proof, we state an equivalent, but more analytic version of

Theorem 1. To that purpose, similarly to (35), we introduce the following generating
functions, for respectively fixed £k € N and ¢ € N:

(82) Glij)— (k) () = Zg((i,j) — (k,0))a*
=0
(83) i) () ( Zg i,j) = (k,0))z"

Corollary 23. Under the Assumptions 1-5, there exists € > 0 such that for any (i,j) € N?
and any k,l € N, the generaling functions G j)—skx,.) and G j)—(.¢) can be continued in a
meromorphic manner in the disk {x € C: |z| < 1+ &}, with a unique simple pole, which
1s located at the point © = 1 and admits the residue

(84) Res; g(m)_,(h.) = Wl(k:)[P(iij) (Nl < OO)/Vl,
Rest Gi ) (.0 = T2(OP (ig o) (V2 < 00) /Va.
Proof of Theorem 2. We start with Step 1. Let us fix x on the circle || = 1 — e. Since

the integrand of the inner integral in (81) may be continued as a meromorphic function to
the larger disc {|y| < 1 + ¢}, see Corollary 23, we write the Green function (81) as

(85)
1 + oty +fi07’0 s
L S Res >0% " d(a, y)gz; Zlkoley,Eﬁoq;ig( i)g)( y) jo (T, ) s

|z|=1—¢ y:l—e<|y|<lde

Zgoolqz x y)gg( )+Zk0 01 q]/gl(x y)g ( )+fi0,j0(x7y)d de
i tho—lyitho=1Q(z, y) o

\:v\ 1—¢
lyl=1+¢
Step 2 consists in studying the first integral in (85). Let us look at the residues appearing
in the integrand. Obviously, the poles will be found among the zeros of Q(z,y) and the
poles of the numerator, = being fixed on the circle |z| =1 —¢.
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Let Os(1) and Us(1) be the neighborhoods of 1 introduced in Lemma 19 (ii). We are
going to study successively three cases (remind that, in addition, we always have |z| = 1—¢
and 1 —e < |y| <1+4¢):

Lz ¢ Os(1);
2. x € Os(1) and y ¢ Us(1);
3. z € Os(1) and y € Us(1).

We first consider case 1 and prove that no point will not contribute to the computation
of the residues. By Lemma 19 (i), for any |z| = |y| = 1 with ¢ Os(1), the
continuous function Q(z,y) is non-zero. By continuity, we also have Q(z,y) # 0 for any
l—e<|z|<l4e 1—e<]y| <1l4e with z ¢ Os(1). Case 2 is handled symmetrically.

In case 3, then using Lemma 19 (ii), there is only one potential zero of Q(z,y), namely
Yo(x). We take ¢ sufficiently small to ensure that for all £ =0,...,ky—1, g¢(x)(1—z) and
9 (Yo(z))(1 — Yp(z)) are analytic in Os(1), see Corollary 23 and Lemma 19 (ii), and we
show that Yp(z) is not a pole. Our key argument is that y = Yp(z) will also be a zero of the
numerator, and so a removable singularity of the integrand for any x € Os(1) \ {z = 1}.

Let us introduce the domain V' as in (65) (see Lemma 19 (iv)). Since |z] < 1 and
|Yo(x)| < 1 on this set, the main equation (63) implies

ko—1 ko—1
86) > qilx, Yo(x Z a2, Yo(2))gr (Yo (z)) + fig.jo(x, Yo(2)) =0, VreV.
=0

Furthermore, the left-hand side of (86) multiplied by the factor (1 — z)(1 — Yp(z)) is
an analytic function in Og(1), which equals zero in the domain V' C Os(1). Then, by the
principle of analytic continuation, the left-hand side of (86) multiplied by (1—x)(1—Yy(x))
equals zero in the whole of Os(1). Hence the left-hand side of (86) is equal to zero in
0s(1)\ {z = 1}.

In the first integral in (85), it remains to compute the residues at the poles of the
numerator. By Corollary 23, there exists only one pole of the numerator, namely, y = 1,
which is a pole of gy (y) for all k =0,..., ko —1 (by (62), gr and G; j)—(,.) have the same
residue at 1, namely wl(k)ﬂ)(imjo)(]\/’l < 00)/V1). Thus we get

Pl i N ko—1 1
o((ios jo) = (i,5)) = (i0,j )(V11 < 0) / Zl;zok:-:lg)(x (f) )dac

|m|1€

St (@, y)ge(a) + Sp0t d (@, )Gk (y) + Fioo (@, OF
xz-l—k:o—lyj-i-k‘o 1Q(x’y) Y,

\:v\ 1-¢
lyl=1+e

where we inverted the order of integration in the second term. As proved in Lemma 22,
the first term is the integral of an analytic function in the annulus {1 —¢ < |z| < 1+¢}, so
that it equals the same integral over {|x| = 1 4 ¢}, which is nothing else but the invariant
measure announced in the theorem, see (78).
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Step 3. We proceed with the second term of (85) as previously:

[Pio jo N .
87) g((io, jo) = (i,4)) = (’”(Vl“oo)m)
1 ko—1 + ko—1 _n +f’l‘07‘0 ,
o T Res im0 Ul y)gz; ) + E’z&fﬁ&iﬁf v+ fon(@y) )

lyl=1+¢ z:l—e<|z|<l+e

/ Zz 0 Qg T,y)ge(x )+Z’Z° QIQg(x Y)gk(y )"’fzo,Jo( y)

githo=lyitho=1Q(z, y)

dxdy.
le lyl=1+e

Step 4. Using a symmetric reasoning as in Step 2, we obtain

P, . P, .
(88)  g((io, jo) — (i,4)) = (“’”)(ﬁf 1< ) 71(3) + —0do) (ﬁf <) 2(5)
1 S0t (@, ) ge(x) + 80 a (@, )Tk (Y) + Fioo (. y)
* e Ty R 1, ) e
/=y =1+<

Step 5. Let 7,7 — o0o. We prove that the last integral above is o(mfi + yfj) Let us
write the integral in the second line of (88) as

ko—1

/
q,(z,y)
27TZ 2 Z / x’l-f—k?() 1 / yj+k0_1Q(gj,y) dydl'
£=0 |z|=1+¢ ly|=14¢
k‘o 1 !
qk(way)
(2mi)? Z / y]+ko 1 / xi+k071Q(x7y)dxdy
=0y =14e jal=1+e
1 1 fiogo(@,y)
+ (27”.)2 / yj+k0—1 / pitko— 1Q( )d xdy.
i< 1+e el =1+e

Using Lemma 19 (vii), we may rewrite the first term of (89) as

ko—1

0 (z,y)
(90) 27” oD Z / xz+k0 1 / ijrkOilQ(x,y) dyd:v,

Olz|=14e ly|=Y1(1+e)—n

for any n > 0. Classically, the integral in (90) is bounded from above by (up to a
multiplicative constant)

(1+e)(Vi(1+e) —n) = ol +y;7),

where the last equality is a consequence of Lemma 19 (viii), since n > 0 may be taken as
small as we want. We conclude similarly with the second and third terms of (89).

Step 6. Using (88) together with the computations just above, we deduce that

[P( (Nl < OO) . [P(l'oJO) (N2 < OO)
v (i) + v

i0,J0)

9((Gio,jo) = (i,5)) = ma(j) + ol +y1?).
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Finally, we use the fact that in Lemma 22, the constant ¢ in the stationary measure
asymptotics is non-zero, so we obtain the proof of Equation (10) of Theorem 2. U

Proof of Theorem 3. Let us rewrite (79) as
m1(i) ~ Ayzy®  and similarly  mo(j) ~ Ale_j.
Plugging these estimates into (10) and using the definition (11) of tg, one readily obtains

9((ios jo) = (4,5)) N (Pio.jo) N1 < 00) A1/VA)y] ™ + Psy joy (N2 < 00) A/ V5
9((0,0) = (4,7)) ([P(op) (M < oo)A1/V1)y{*“€° + P0,0) (N2 < 00) Ag/ Vs

(91)

Let us examine three different regimes when i+ j goes to infinity along an angular direction
j/i — tan+y; see Figure 4. First, if v > 5o, then j — ity — oo and with (91), the limit
Martin kernel equals
0, J0) — (4,7 Pig.io) (N1 < 00
k(io,jo) = lim g(( 0,Jo) = j)) = (20’]0)( ! )

]Z/jig‘fv 9((0,0) = (4, 4)) P(0,0)(N1 < 00) -

For similar reasons, if now v < v, then j — ity — —oo and

SN [P(io,jo)(N2 < OO)
k(ZOaJO) — [P(070) (N2 < OO) .

The limit case v = ~p is the most interesting. The set of points j — ity in (91) lies on an
no

additive subgroup of R, namely, Z + toZ. If ty = R rational, then the only possible
limits for the Martin kernel are (n € Z)

(Pin.go) (M1 < 00) A1/ Va)u”™ + Pi ) (N2 < 00) Az/ Ve
(F(O,O) (Nl < OO)Al/Vl)y?/mo + |P(070) (NQ < OO)AQ/VQ

In particular, the full Martin boundary is discrete. If ¢y ¢ Q, then the subgroup Z + tzZ
is dense, and any combination
(P (in.jo) (N1 < 00) A1/ Vi) u + Pig o) (N2 < 00) A2/V5
([P(QQ) (N1 < oo)Al/Vl)u + [P(O,O) (NQ < OO)AQ/VQ

may appear in the limit, for any u € [0,00]. The statement on the minimal Martin
boundary is clear. O

APPENDIX A. PROOF OF PROPOSITION 2

We give the proof of the first assertion of this proposition. The proof of the second
assertion is quite similar. For k& € N, consider the stopping time Tj(k) = inf{n > 0 :
Xi(n) =k} as in (28), and

(92) (k) = inf{n > 0: Y3(n) = k}.

In order to prove Proposition 2, we need three preliminary results, obtained in Lemmas
24, 25 and 26.
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Lemma 24. If my < 0, then the quantity Vi in (6) is well defined and for any
(k,£) € N x Z, the random variable Y1(T1(k)) is integrable, with

Vi
(k)
Proof. In order to prove that the quantity V; is well defined, it is sufficient to notice that

by Assumption 2, there are two finite numbers C > 0 and § > 0, such that for any
(i,4) €N x Z,

(93) Er,e)(Yi(T1(R))) = £+

(94) E(Vi(1)]) < 5 (E(exp(6¥1(1))) + E(exp(~0%1(1)))) < O

The series in the definition of V; is therefore absolutely convergent, and consequently, V;
is well defined.

To obtain (93), we introduce the following equivalent representation of the Markov
process Zi: let {£(,7,n)}ijnen be a family of random variables, which are mutually

independent, independent on the Markov chain Xy, and such that for any 4, j,n € N and
all k € Z,

Piioy(X1(1) =4, Y1(1) = k)

Py (X1(1) = j)
Then, for a fixed i € N, given (X1(0),Y1(0)) = (,0), the distribution of the Markov chain
71 = (X1,Y)) is identical to the distribution of the sequence (X1,Y7), where

P(&(i,j,n) = k) =

Y1(0) =0 andforn>1, Yi(n) =) &(Xi(s—1),X1(s),s).

s=1

Such a property holds because the transition probabilities of the Markov chain Z; =
(X1,Y1) are invariant with respect to vertical shifts.
Using such a representation of the Markov chain Z;, we deduce that

Er,ey(Yi(T1 (k) = £ = Egry) (Vi(T1(k)))
Ti(k)

= [E(k,O) Z g(Xl(S - 1)7X1(3)73)
s=1

Ti(k)

=Egoy | D D €(6,4:8) L, (sm1)=isXa (5) =7}

s=1 ij€eN

Moreover, by independence of {£(7,,1)}; jnen and X;, we conclude that

T1(k)
(95) Egey Yi(T1(k))) = €= Egooy | D EEEALD) D Lix, (s— 1), X1 (5)=5)
1,7JEN s=1

Following the definition of the random variables £(i, 7, 1), one has

Ego) (Vi(D1x, )=5)
Pio) (X1(1) = J)

BG4, 1)] =
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as well as

s=1

Ty (k . .
. d )]1 ()P0 (X1(1) = 5)
(k,0) Z {X1(s=D)=i,X1(s)=35} | = 1 (k) :

By Fubini-Tonelli theorem, using (94) and going back to (95), it follows that

Ty (k)
E k.0 (Z [E(£(E, 4, 1) Z {361 (5-1)=i, X1 (5)= j})

S 1 () E0) (Y1 (1) Lx, )=53)
< Py (k)

_Zﬂ'l [E(ZO |Yi( )|)

€N

o O
= mi(k)

< 00.

Consequently, by Fubini theorem applied for the right-hand side of (95),

T (k)
Eeo) (Yi(T1(K))) — € = Z E(£(i,4,1)) Er0) (Z l{Xl(sl)i,Xl(s)j})

ijEN s=1
_y Ei,0)(Yi(1)1x, (1)=53) m1(9) _ O
ijeN mi (k) m(k)

Lemma 25. If my < 0, then for any k € N, the random variable supo< <, ) [Y1(5)] is
P (x,0)-integrable.

Proof. Let us notice that for any > > 0 and n € N,

P (x,0) sup  [Yi(s)| > »n | < Py (Tl(k:) > n)
0<s<T1 (k)

+ Pr,0) <T1(k) <n, sup |Yi(s)] > %n) ,
0<s<T1 (k)

where

<s<

P (x,0) (Tl(k) <n, sup |Yi(s)| > %n) < P ( sup |Yi(s)| > %n)
0<s<T1 (k)

Z[P(ko (1Y1(s)] > 2n).

Using Markov inequality, for any s € N and ¢ > 0,

F(k70)(’Y1(S)’ > %n) < [P(k 0) (Yl( ) > %n) + [P(k 0)( ( ) > %n)
< exp(—03en)E, o) (exp(8Y1(s)) + exp(—6Y1(s))).
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Using the above inequality together with Assumption 2, it follows that there is a positive
real number C' such that for any k > 0, s € {1,...,n} and 6 > 0 small enough,
Pk,0)(1Y1(s)] > 2n) < 2exp(—d2en)C° < 2exp(—dsen + log(C)n).

Hence, setting s = 21(’%0, we have

(96) P (%0 < sup |Yi(s)| > %n) < Py (Ti(k) > n) + nexp(—d6n/2).
0<s<Ty (k)

Since, classically,
> Py (Ti(k) > 1) = Egeo (Ta(k)) < oo,
n=0

it follows from (96) that the series

o
Z P (x,0) sup  |Yi(s)| > »n
n—0 0<8<T1(k;)
converges, and consequently, the random variable supg< <, i) [Y1(s)] is integrable. O
Consider an increasing sequence of stopping times {t,} defined by

to=0, t;= Tl(k‘) and th+l = inf{s >ty Xl(S) = k‘}

Lemma 26. If mi <0, then for any (k,£) € N x Z, P, p-a.s.,

t —t
(97) lim 24— — ¢
n—oo n
and
Y -Yi(t
(98) lim  sup [Yi(s) = Vatn)| =0.
n—00 tn<s<tn+1 n

Proof. Remark that according to the definition of the sequence {t, }, by the strong Markov
property, for any n € N and € > 0,

tne1 — ty T1(k
P (k.0) <% > €> =P ( 12 ) > ”) -

Z[P(kvé’) (Tl( ) > n) < B (r1(k) < oo,
n=1

3

Since for ¢ > 0,

this proves that for any € > 0, the series

oo

t —t
>_Poo (M > €>
n=1 "

converges, and consequently, (97) holds.
The proof of (98) is similar: for any n € N and € > 0, according to the definition of
{t,} and by the strong Markov property,

Yi(s) — Yi(ty Yi(s) -4

tn<s<tny1 n 0<s<Ty (k) €
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Since for ¢ > 0,

s Y. t sup T |Y1(s) — /|
k,l 0<s k 1

g [P(IM) ( sup 7’ i(s) =4 >7”L> < ( )( il >

n=1

0<s<T (k) € €

and by Lemma 25, the right-hand side of the last inequality is finite, we conclude that for

> Yi(s) — Yi(ty,
Z [P(k,é) < sup | 1(8) 1( )| > 5)
n=1

any € > 0, the series

tn<5<tn+l n
converges, and consequently, (98) holds. O

We are ready to complete the proof of Proposition 2. Suppose that X;(0) = k£ € N and
Y1(0) = £ € Z, and let us prove that P, p-a.s.,

(99) lim Y15)

s—oo 8

- 1.

By the strong Markov property, the random variables {n,}n>0 = {tn+1 — tn}n>0 are
identically distributed and mutually independent. Moreover, the Markov chain X; being
positive recurrent,

< 00,

1
E —
(m) = — W
and consequently, by the strong law of large numbers, P »)-a.s.,
tn 1

lim 2 = .
noo (k)

Remark furthermore that the sequence {S,} = {Y1(¢,)} is a homogeneous random walk
on Z, and for any n € N, by (93),

V]
By (Yiltas1) = Yi(ta) = Eo) (V1)) = -
Hence, using again the strong law of large numbers, we conclude that P ¢-a.s.,
. Yl(tn) T Yi(tn) n Vi _
(100) nangO = JLH;O — % PR x m (k) = V1.

Now, to get (99), for a given s € N we consider n(s) € N such that

tn(s) <5< tn(s)—l—la

and we notice that

Yiltas))  Yi(s) < Viltaw)| |, $ ~ta) N Yi(tns)) — Yi(s)
bn(s) S bn(s) S S
< Yl(tn(s))' @+~ tas) Yi(tns) — Ya(s) .
tn(s) tn(s) tn(s)

Moreover, according to the definition of the sequence {t,}, for any n € N, t,,41 — ¢, > 1
and t,, < oo because the Markov chain X; is recurrent. From this it follows that

th, =>n, VnéeN,
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and n(s) — oo when s — co. Hence,

Y (tn(s)) _ Y1 (3)

Yi(t t —t Yi(t — Y]
< 1( n(s))' % n(s)+1 n(s) i 1( n(s)) 1(5) ,
tn(s) S tn(s) n(s) n(s)
where by (100), P »-a.s.
Y1(tos
lim i ( )) =V,
S—00 tn(s)

and by Lemma 26, P »-a.s.

li =
sggo n(s) 0
and
Yi(t —Y;
I Y1(tns) — Yi(s)] o,
S—00 n(s)
This proves that P -a.s.
Yi(t
lim ( 1( n(s)) _ Y1(3)> —0
§—00 tn(s) S

and consequently, using again (100), we obtain (99).

APPENDIX B. GLOSSARY OF THE HITTING TIMES

Throughout the paper, we introduced and made use of the following first hitting times:

T(k,0) = inf{n>0:Z(n)=(k,{)}, (see (16)),
7 = inf{n >0:Y(n) < ko}, (see (17)),
T1(k,¢) = inf{n >0:Z(n) = (k,0)}, (see (18)),
71 = inf{n >0:Yi(n) <ko}, (see (19)),
Ti(k) = inf{n>0:X;(n) =k}, (see (28)),
TF = inf{n>0:X1(n) < (ko—1)VEk}, (see (29)),

T = inf{n>0:X(n) < (ko—1)VEk}, (see (46)),
o(k) = inf{n > 0:Ya(n) =k}, (see (92)).
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