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1. Introduction

This thesis contributes to two models in probability theory: directed random
graphs and greedy walks. All models studied in this thesis are related to
point processes. As they play an important role in the proofs, we give a brief
overview of point processes in Section 1.1. The first two papers included in the
thesis study models of directed random graphs, which are introduced in Sec-
tion 1.2. In Paper I we look at the longest path in a long and thin rectangle and
prove that the length of such a path, properly rescaled and centered, converges
to the Tracy-Widom distribution. To be able to show this, we observe that
there are special points in the graphs, called skeleton points, which are defined
in Section 1.3. The Tracy-Widom distribution is described in Section 1.4. The
last three papers study greedy walks defined on various point processes. The
greedy walk model is presented in Section 1.5.

1.1 Point processes

In this section we define point processes in one dimension and explain the con-
cept of a stationary and ergodic point process. We also present two examples
of point processes. Point processes (or some models of point processes) are
studied in many textbooks in probability theory and stochastic processes. For
a broad survey of the theory of point processes we refer to [15].

Let E be a complete separable metric space and let #(E) be the Borel
o-field generated by the open balls of E. A counting measure m on E is a
measure on (E, Z(E)) such that m(C) € {0,1,2,... }U{e} for all C C A(E)
and m(C) < oo for all bounded C C #(E). The counting measure m is simple
if m({x})is O or 1 for all x € E. Let M be the set of all counting measures
on E and let .# be the o-field of M generated by the functions m — m(C),
C € A(E). A counting measure m can be expressed as

m() = ¥ ki, (),
ieN
where k; € {0,1,2,...}, {x; : i € N} C E and &, denotes the Dirac measure. If
m is a simple counting measure, then k; = 1 for all i € N.

A point process is a measurable mapping from a probability space (Q, %, P)
into (M,.#). The point process is simple if it is a simple counting measure
with probability 1. Instead of thinking of a simple point process II as a ran-
dom measure, we may think of IT as a random discrete subset of E. We write
ITINA| for the number of points of IT in the set A and x € IT for [IIN{x}| = 1.
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A point process II is stationary if, for all kK > 1 and for all bounded Borel
sets Ay,Az, ..., Ay C B(E), the joint distribution

{IIN A +0),|]TIN (A2 +1)|,...,|TIN(Ax +1)| }

does not depend on the choice of r € E.

For ¢ € E, define the shift operator 6, : M — M by 6,m(A) = m(A+1) for all
A€ B(E). Let .7 be the set of all I € B(E) such that 6, '1 = I for all t € E.
We say that a stationary point process is ergodic if P(IT € I) = 0 or 1 for any
le /.

If E =R, then the rate of a stationary point process is defined as p =
E [|TIN(0,1]|] (more generally, for a stationary point process on any E the
rate is the expected number of points in a set of measure 1). If the rate m is
finite, then the limit

. |TIN(0,x]|
Y = lim ————
X—$o0 X
exist almost surely and Ey = p. If a stationary point process with finite rate
m is ergodic, then

Ply=p)=1.

Two standard examples of point processes appearing also in this thesis are
Bernoulli processes and Poisson processes. Let {X;};cz be a sequence of in-
dependent random variables with Bernoulli distribution with parameter p, that
is, foralli€ Z,P(X;=1)=1—P(X; =0) =p. Thelawof ¢ = {ic Z: X; =1}
is called Bernoulli process with parameter p.

Let y, = {i/n: X; = 1} be the rescaled Bernoulli process with parameter
n~!. The number of points of ¥, in any interval (a,b] has binomial distribu-
tion with parameters |n(h —a)| and n~! and this distribution converges to the
Poisson distribution with mean (b — a). Moreover, the number of points of y,
in disjoint sets are independent and this is preserved in the limit. The law of
the limit of the processes y, is called the homogeneous Poisson process with
rate 1. Both, a Bernoulli process and a homogeneous Poisson process, are
stationary and ergodic point processes.

In general, a Poisson process on R is defined as follows. A Poisson pro-
cess I with mean measure u is a random countable subset of R such that the
number of points in disjoint Borel sets Aj,A»,...,A, are independent and so
the number of points in a Borel set A has the Poisson distribution with mean
W(A), that is,

k
P(ITINA| = k) = e—“W”(;) . k>0.

The mean density u of a Poisson process might be given also in terms of an

intensity function A, where A : R — [0, o) is measurable, so that

pA) = [ A,
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for any Borel set A C R. A Poisson process with a constant intensity function
A is called a homogeneous Poisson process. A Poisson process with any other
mean measure is referred to as an inhomogeneous Poisson process.

Paper I contains yet another example of a stationary and ergodic point pro-
cess formed by special points in the graph called skeleton points. These points
are defined in Section 1.3.

1.2 Random graphs

One of the fundamental models of random graphs is the graph G(n, p) on the
vertex set V = {1,2,...,n} with each pair of distinct vertices {i, j} connected
by an edge with probability p, 0 < p < 1, independently of the other pairs. This
random graph is usually referred to as the Erd6s-Rényi graph. The probability
p of connecting two vertices is called edge probability.

1.2.1 Directed random graphs

The directed random graph considered in this thesis is obtained from the
ErdGs-Rényi graph on the vertex set {1,2,...,n} with edge probability p by
directing all edges from the vertex with smaller label to the vertex with larger
label.

Directed random graphs have applications in computer science, biology and
physics. One such example from biology [14] is the modelling of food webs,
where the vertices {1,2,...,n} represent different species and the presence of
a directed edge (i, j), i < j, indicates that species i is the predator and species
Jj the prey. In computer science we can find an example of a model of parallel
computation [19] where the directed edge (i, j) indicates that task i has to be
done before task j.

Directed random graphs have also been referred to in the literature as ran-
dom acyclic directed graphs and random graph orders. The name random
acyclic directed graph relates to the fact that for every acyclic directed graph
there exists a permutation of the vertices such that all of the edges are directed
from the vertex with the smaller label to the vertex with the larger label. The
other name, random graph orders, stems from a partial ordered set induced by
the edges in the graph, that is, i < j whenever i < j and there is an edge be-
tween i and j. Various properties of directed random graphs have been studied
in terms of partial orders, for example width (the longest antichain) [7], height
(the longest chain) [2, 10, 17, 16], the number of linear extensions [4, 10] and
the number of incomparable pairs [10, 23].

In Paper I we consider an extension of the directed random graph to Z?
with labels of the vertices ordered according to the product order <, that is,
(i1,J1) < (i2, j2) if the two pairs are distinct, i; < i» and j; < j,. The graph
has an edge between any two comparable vertices present with probability p,
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independently of the other edges, and the edge is directed from the vertex with
the smaller label to the vertex with the larger label. There are no edges between
the vertices which are not comparable. We are interested in the asymptotic
behaviour of the height (the length of the longest path) of n x m subgraphs in
this graph.

An extension of the directed random graph to Z is considered in Paper II,
where we let p — 0 and look at the height of the limit graph. A vertex i of the
directed random graph on Z with edge probability p is connected via directed
edges to the vertices ji, jo, j3,..., i < j1 < jo» < ..., that form a Bernoulli
process {ji — i, jo — i, j3 —1i,...} with rate p starting from 0. As mentioned in
Section 1.1, a Bernoulli process on n~!Z with parameter n~! converges to the
Poisson process with rate 1 as n — oo. It is therefore natural to guess that we
can find a similar connection also when we appropriately rescale the directed
random graph on Z and simultaneously let p — 0. To be able to do this, we
need to introduce rooted geometric graphs.

1.2.2 Rooted geometric graphs

In a survey paper, Aldous and Steele [3] define rooted geometric graphs as
follows: Let G = (V, E) be a connected graph with a finite or countably infinite
vertex set V, edge set E and associated function w : E — (0, o] for weights of
the edges of G. The distance between any two vertices u and v is defined as
the infimum over all paths from u to v of the sum of the weights of the edges
in the path. The graph G is called a geometric graph if the weight function
makes G locally finite in the sense that for each vertex v and each p > 0 the
number of vertices within distance p from v is finite. If, in addition, there is
a distinguished vertex v*, we say that G is a rooted geometric graph with root
v*. The set of rooted geometric graphs will be denoted by ¥,.

In Paper II we look at three rooted geometric random graph models. The
first model arises from the directed random graph on vertices {0, 1,2, ...} with
edge probability n~!. We look at a subgraph of the directed random graph
which consists of all vertices that are connected via a directed path to 0 and
of all edges between these vertices. This subgraph is also called the closure
of vertex 0. We take the vertex O to be the root and to each edge e = (i, j) we
assign the weight w,,(e) =n~1|j —il.

The other two models, the Bernoulli-weighted infinite tree with parame-
ter n~! (BWIT,) and the Poisson-weighted infinite tree (PWIT), are infinite
trees with vertex set U = {@} Uy, N¥ such that @ is the root and any ver-
tex u € U of the tree has a countably infinite number of children with labels
ul,u2,u3,.... The weight functions for the BWIT,, and the PWIT are denoted
by w, and w, respectively. We define w, as follows: To each u € U assign an
independent Bernoulli process with parameter n~! and let {{ ,J € N} be the
arrival times of that Bernoulli process. Let then, for each u € U and j € N, the
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weight w, of the edge (u,uj) be W, (u,uj) =n"! ¢;'. Similarly, for the PWIT,
assign to each vertex u € U an independent Poisson process with rate 1 and
let {& HJeN } be the arrival times of that Poisson process. Then the weight
function w of the edges from the vertex u is given by w(u,uj) = éj”, jeN.

Aldous and Steele [3] also define the convergence of rooted geometric
graphs. Before defining the convergence, we need a definition of the iso-
morphism between two rooted geometric graphs. A graph isomorphism be-
tween rooted geometric graphs G = (V,E) and G’ = (V',E’) is a bijection
®:V — V' such that (®(u),®(v)) € E' if and only if (u,v) € E and ® maps
the root of G to the root of G'. A geometric isomorphism between rooted ge-
ometric graphs G and G’ is a graph isomorphism ® between G and G’ which
preserves edge weights, that is w'(®(e)) = w(e) for all e € E (where ®(e)
denotes (®(u),P(v)) for e = (u,v)).

When comparing two infinite rooted geometric graphs, we look at their
subgraphs with all vertices at finite distance p from the root. Thus, define first
Ny (G), where G € ¢, and p > 0, to be the graph whose vertex set V,, (G) is
the set of vertices of G that are at a distance of at most p from the root and
whose edge set consists of precisely those edges of G that have both vertices
in V,(G). We say that p is a continuity point of G if no vertex of G is exactly
at a distance p from the root of G.

We say that G, converges (locally) to G in ¥, if for each continuity point
p of G there is an ng = no(p,G) such that for all n > ng there exists a graph
isomorphism &, ,, from the rooted geometric graph N, (G) to the rooted geo-
metric graph N, (G, ) such that for each edge e of N, (G) the weight of &, ,,(e)
converges to the weight of e.

In Paper I we propose the following distance function d on %,: Let G1,G; €
¢, and define

d(Gy.Ga) = /O°° R(Np(Glgl;Np(GZ))dp,

where

R(N,(G1),Np(G2)) = min{1 min max |w(e)—w(P(e))|}-
(Np(Gr).Np (G) =min{1,  min  max |w(e) ~w(@(e)]}
graph isomorphism}  of Np (G1)}
This distance function makes %, into a complete separable metric space. More-
over, the notion of convergence in this metric space is equivalent with the def-
inition of convergence given by Aldous and Steele [3].

1.3 The longest path and skeleton points

In this section we define the longest path and skeleton points of a directed
random graph on the vertex set Z and we describe why the skeleton points are
an important tool in the evaluation of the length of the longest path.

13



A path in a directed random graph is a sequence of vertices (i, i1, ...,ir),
ip < i1 < .-+ <1y, such that every consecutive pair of vertices in the sequence
is connected by an edge. The length of a path is the number of edges traversed
along the path. The path between vertices i and j with maximal length is
called the longest path and is denoted by L[i, j|]. In the example with food
webs, mentioned in Subsection 1.2.1, the maximal path represents the longest
food chain, while in parallel computation, if we assume that we have enough
processors and each task takes one unit of time, the maximum path length is
the total time needed for processing. In [2] and [17] it is shown that there
exists a constant C = C(p) such that

L|1
fim £

n—e

=C as.

and also upper and lower bounds on C are provided.

A version of the central limit theorem for L[1,n] is studied in [10] and [16].
The first paper investigates the case that the edge probability p is a function of
n such that p tends to 0 slower than (logn)~!, while the second paper considers
the case that the edge probability p is constant. Both papers introduce skeleton
points as a tool to find an asymptotic distribution of L[1,n]. A vertex i is a
skeleton point if for all j, j < i, there exists a path from vertex j to vertex i
and for all j, j > i, there exists a path from vertex i to vertex j. Alon et al. [4]
showed that the probability of vertex i being a skeleton point is given by

oo

A=Tl0-01-p">%

k=0

They further prove that the sequence of the skeleton points in a directed ran-
dom graph forms a stationary renewal process with the distances between two
successive skeleton points having all moments finite. Denote the skeleton
points by

< Ig<Ip<0<In<...

and let (®(n) : n € Z) be a counting process such that ®(n) = max{i: I'; <n}
is the index of the last skeleton point before vertex n. An important property
of the skeleton points is that if  is a skeleton point such that 1 <y <n, then a
path with length L[1,7] must necessarily contain y (see Figure 1.1).

1 1 N ol w j
Figure 1.1. The gray point is the skeleton point y. By the definition of the skeleton
points, there is a path from vertex v to ¥ and there is a path from 7y to w. Therefore, the
longest path from vertex i to vertex j goes through skeleton point y (marked by solid
lines), instead of connecting the vertices v and w directly (marked by dashed line).
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Therefore, we can write
o(n)
L[1,n) =L[1,T\]+ Y L[Ci1,T}] 4 L[C(y),n).
=2
The first and last terms of the right hand side above are negligible when divided
by /n and the middle term is a sum of independent and identically distributed
random variables. Thus, as proved in [16, Thm. 2], the middle term carries
the weak limit of L[1,n] so that

L[1,n]—Cn ()
)LG\/ﬁ n—yoo

where 62 = var(L[["|, T3] — C([, —T'y)).

N(0,1), (1.1)

1.4 The Tracy-Widom distribution

One of the classic random matrix models is the Gaussian Unitary Ensemble
(GUE). That is an ensemble of n x n Hermitian matrices M,, with entries:

X i+, ifi<j
M)ij =< T
Z; ifi = j,

where {X; j,i,j € {1,2,...,n}} and {Y; ;,i,j € {1,2,...,n}} are independent
and normally distributed random variables with mean O and variance 1/2 and
{Z;,i € {1,2,...,n}} are independent and normally distributed random vari-
ables with mean O and variance 1. Moreover, all three families of random
variables are assumed to be independent. The term unitary refers to the fact
that the distribution is invariant under unitary conjugation, that is, for any uni-
tary matrix U the matrix U*M, U has the same distribution as M,,.

Let A, A}, ... A}, with A' <A} < --- < A, be the eigenvalues of M,,. The
empirical distribution function of the eigenvalues, defined by %Z;’:l 5,1;1 /R

converges weakly, in probability, to the semicircle law with density ﬁ 4 —x2
on [—2,2] [5, Thm. 2.2.1]. Fluctuations of A around the upper bound of the
density support 2 have been quantified by Tracy and Widom [24]. The limiting
distribution which they found is today called the Tracy-Widom distribution.
This distribution function describes universal limit laws for a wide range of
processes arising in mathematical physics and interacting particle systems. A
variety of the examples is collected in a survey by Tracy and Widom [25]. Here
we present two examples, a directed last-passage percolation and a Brownian
directed percolation model, which are important in the study of the length of
the longest path in Paper 1.

A directed last-passage percolation model on N% is defined as follows. Let
{X(i,j),i,j € No} be independent and identically distributed random vari-
ables. To each node (i,/) € N3 we associate the weight X (i, ). Let IL,,
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be the set of all up/right paths in Nj from (0,0) to (m,n), that is, all sequences
((0,0), (i1, 41)s- s (imtn—1, jmtn—1),(m,n)) such that each successive mem-
ber of the sequence has a single coordinate increased by 1. The last-passage
time from (0,0) to (m,n) is the maximum weight of all directed paths from
(0,0) to (m,n), that is,

Tun= max Y X(i,j).
Al Nen

Johansson [20] showed that if the weights are geometrically or exponentially
distributed, then 7, |4, |, appropriately rescaled, converges in law to the Tracy-
Widom distribution as n — oo, for any a > 1. Later, Bodineau and Martin
[9] proved that 7, |,,«|, appropriately rescaled, converges to the Tracy-Widom
distribution, whenever the weights have a finite moment greater than 2 and a is
sufficiently small (the threshold depending on the order of the finite moment).
Independently, Baik and Suidan [6] obtained the same result for weights with
finite fourth moment and for a < 3/14.

A Brownian directed percolation model is defined on [0,00) x {1,2,...,n}
with a standard Brownian motion (B,(j ) ,t > 0) associated with every half-line
[0,00) x {j}. Then a last-passage time at ¢ > 0 is defined as

Zin = sup Y (B -5

O=to <ty <ty—1<ta=t j=]

Baryshnikov [8] showed that Z; ,, has the same distribution as the largest eigen-
value of a random 7 X n matrix from the GUE, and thus, appropriately scaled,
converges in distribution to the Tracy-Widom distribution as n — oo.

1.5 Greedy walks

Consider a simple point process IT in a metric space (E,d). We think of IT as
a collection of points (the support of the measure) and we assume that there
are no accumulation points in E. We define a greedy walk (S,),>0 on IT recur-
sively as follows. The walk starts from some point Sy € E and

Spr1 =argmin {d(X,S,) : X €T1, X & {S0,51,...,54} }, (1.2)

that is, the greedy walk always moves on the points of IT by picking the nearest
not yet visited point.

The greedy walk is a model in queueing systems where the points of the pro-
cess represent positions of customers and the walk represents a server moving
towards customers. Applications of such a system can be found, for example,
in telecommunications, computer networks and transportation. As described
in [11], the model of a greedy walk on a point process can be defined in vari-
ous ways and on different spaces. For example, Coffman and Gilbert [13] and
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Leskeld and Unger [21] study a dynamic version of the greedy walk on a circle
with new customers arriving to the system according to a Poisson process.

Bordenave et al. [11] and Rolla et al. [22] state that one can show, using
the Borel-Cantelli lemma, that the greedy walk on a homogeneous Poisson
process on the real line does not visit all the points of I1. Since none of their
papers gives a detailed proof of this claim, we include it here.

Theorem 1. Let I1 be a homogeneous Poisson process with rate 1 on the real
line. Then the greedy walk, with Sy = 0, almost surely does not visit all points
of IL

Proof. We show that, almost surely, the walk jumps over Sy only finitely many
times and, thus, visits only finitely many points on one side of Sy. For ¢ > 1
define the events

Ap={3n:£<S,</l+1and S, <0}

that the walk jumps over 0 after visiting a point in [¢,£+ 1). If Ay occurs, then
from the definition of the greedy walk (1.2) it follows that all points of IT in
the open interval (S,41, 25, — S,+1) have been visited in the first n steps. In
particular, IT has no points in the subinterval [¢ + 1, 2¢) C (S,, 28, — Sn+1)-
Therefore,

A C{IIN, £4+1) A0}N{IIN[{+1, 2¢) =0}

and
P(A)) < (1—e e 1

Since N
ZIP)Ag g): (1—e e =1,

the Borel-Cantelli lemma implies that
[P(A; for infinitely many ¢ > 0) =0
and hence the walk does not visit all the points of IT almost surely. O

A homogeneous Poisson process IT on the real line and its mirrored process
—IT have the same law. Moreover, the greedy walk exits any finite interval
in a finite time and jumps over O finitely many times. Thus, an immediate
observation is that

P(lim S, = +0) = P(lim S, = —o0) = ~.

n—oo n—oo 2

Since the greedy walk visits finitely many points on one side of 0, in Paper I1I
we find the exact distribution of the number of visited points on the negative
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half-line, as well as the distribution of the last time when the point on the
negative half-line is visited.

Foss et al. [18] and Rolla et al. [22] study two modifications of the greedy
walk on a homogeneous Poisson process on the line. They introduce additional
points on the line, which they call “rain” and “dust”, respectively. Foss et
al. [18] consider a space-time model, starting with a Poisson process at time
0. The positions and times of arrival of new points are given by a Poisson
process on the half-plane. Moreover, the expected time that the walk spends at
a point is 1. In this case the walk, almost surely, jumps over the starting point
finitely many times and the position of the walk diverges logarithmically in
time. Rolla ef al. [22] assign to the points of a Poisson process one mark with
probability p or two marks with probability 1 — p. The points with two marks
can be visited twice by the greedy walk. The authors show that the points with
two marks force the walk to jump over the starting point infinitely many times.
Thus, unlike the walk on a Poisson process with only single marks, the walk
here almost surely visits all points of the point process.

In Paper V we introduce a third modification of the greedy walk on a real
line. We study the greedy walk on an inhomogeneous Poisson process. If the
mean measure of the process enforces many long empty intervals, then the
greedy walk might visit all points. We find necessary and sufficient condi-
tions which the mean measure of the Poisson process should satisfy so that the
greedy walk almost surely visits all points of the point process.

There are only a few results about the behaviour of the greedy walk on a
homogeneous Poisson process in higher dimensions. Boyer [12], in a simu-
lation study of the greedy walk on a strip R x [0, €], observes that the greedy
walk bypasses some of the points of the process when the walk visits points
around them and those bypassed points cause the walk to change direction
later and to return towards the starting point. Assigning randomly two or more
marks to the points of the Poisson process on the line mimics the greedy walk
on a strip; bypassed points correspond to the points with multiple marks on
the line. An explanation is that the greedy walk needs to pass several times
over the point with multiple marks to delete all marks, similarly as the greedy
walk on the strip might pass several times around the point before it is finally
visited. Rolla et al. [22] conjecture that whenever the points of a Poisson
process are assigned two or more marks with positive probability, the greedy
walk visits all points of the point process. In Paper IV we study the greedy
walk on two homogeneous Poisson processes placed on two parallel lines at
distance r. This can be compared to a strip or the line with “double” marks,
because the greedy walk might pass on one line, leaving some of the points
on the other line unvisited. Those unvisited points cause the walk to return
towards the starting point.

Rolla et al. [22] also discuss the behaviour of the greedy walk on a homoge-
neous point process in R¢, d > 2. They compare the steps of the greedy walk
with the Brownian motion in R?. The Brownian motion in R? is recurrent,
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0
Figure 1.2. The first 10° steps of the greedy walk in R? starting from (0,0).

but the greedy walk has some local self-repulsion and it is uncertain how this
affects the walk in the long run. (See Figure 1.2 for a simulation of the greedy
walk in R2.) The Brownian motion in RY, d > 3, is transient and, thus, it is
expected that also the greedy walk in R?, d > 3, never visits some points.
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2. Summary of Papers

2.1 Paper I

In Paper I we consider a directed random graph on Z? with vertices ordered
according to the product order < and with edge probability p. We say that
((io, jo), (i1, j1),- - -, (ie, je)), with (io, jo) < (i1, j1) < -+ < (i¢, je), is a path of
length ¢ if all pairs of consecutive vertices in the sequence are connected via
an edge. We are interested in the random variable L, ,,, that is defined as the
maximum length of all paths between vertices (0,0) and (n,m). Denisov et al.
[16] found a version of a limit theorem for L, ,, when n tends to infinity, but
m is constant. In Paper I we prove a limit theorem for L, ,, when both n and m
tend to infinity, so that m = |n?|.

Using a slightly modified definition of the skeleton points from Section 1.3,
we can find upper and lower bounds for L, ,, defined in terms of the skeleton
points. Further, we make a sequence of transformations in order to establish an
estimate S, ,, of L, , — Cn which resembles a last-passage percolation model.
Similarly as Bodineau and Martin [9], we couple S, ,, with a last-passage time
Z, m of the Brownian directed percolation and show that, if properly rescaled,
they have the same limit distribution. Thus, the asymptotic distribution of S, ;,
as well as the the asymptotic distribution of L, ,,, appropriately rescaled, is the
Tracy-Widom distribution as n — oo, m = |n”| and a < 3/14.

2.2 Paper I

In Paper II we use the framework of rooted geometric graphs defined in Sub-
section 1.2.2. We look at the closure of vertex 0 of a directed random graph
on the vertex set {0,1,2,...}, with edge probability n~! and weight function
wa((i,)) = i — .

We prove that the closure of vertex 0 converges in distribution to the Poisson-
weighted infinite tree (PWIT) when n — oo. We do this in three steps: First
we show that the probability that the closure of vertex O in a finite radius is a
tree converges to 1. Whenever the closure of vertex O is a tree in a finite ra-
dius, it has the same law as the Bernoulli-weighted infinite tree with parameter
n~! (BWIT,) in that radius. Since the BWIT,, converges in distribution to the
PWIT, it follows that also the closure of vertex 0 converges in distribution to
the PWIT.

Moreover, let L, be the length of the longest path of the PWIT, between all
paths from the root to a vertex at a distance of at most x from the root. Using
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the related results from Addario-Berry and Ford [1], we prove that the median
of L, is

median(Ly) = xe — %logx—f— o(1),

where f(x) = O(g(x)) means that there exists a constant C > 0 such that
|f(x)] <C|g(x)| for all large x. We also show that the tails of the distribution
of Ly — median(L,) are exponentially bounded. This implies that the expected
value of L, is median(L,) + O(1) and that the variance of L, is O(1).

2.3 Paper 111

In Paper III we study the greedy walk on a homogeneous Poisson process with
rate 1 on the real line starting from So = 0. Using properties of exponential
distribution, we are able to show that the probability that the walk jumps over
0 after visiting S, is 27" and that this probability is independent of the steps of
the greedy walk before time n. An immediate consequence of this observation
is that the expected number of times the walk jumps over 0 is 1/2.

Furthermore, let N be the number of visited points on the negative half-
line and let L be the index of the last step of the greedy walk which is less
than or equal to 0. We derive the exact distributions of these two random
variables. Moreover, we show that the quantities P(N = k) and P(L = k) decay
geometrically with factor 1/2.

2.4 Paper IV

In Paper IV we study the greedy walk on various point processes defined on
the union of two lines E C R?, where the distance function d on E is the
Euclidean distance, d ((x1,y1), (x2,32)) = v/ (x1 —x2)% + (y1 — y2)?. For each
point process, we answer the question whether the greedy walk visits all points
of the point process.

We study first a point process IT on two lines intersecting at (0,0) with inde-
pendent homogeneous Poisson processes on each line. The greedy walk starts
from (0,0). When the walk visits a point that is far away from (0,0), then the
distance to (0,0) and to any point on the other line is large and the probability
of changing lines or jumping over (0,0) is small. Using the Borel-Cantelli
lemma we show that almost surely the walk jumps over (0,0) or changes lines
only finitely many times, which implies that almost surely the walk does not
visit all points of IT.

Thereafter, we look at the greedy walk on point processes placed on two
parallel lines at a fixed distance r, R x {0, r}. The behaviour here depends on
the definition of the process. The first case we study is a process IT consist-
ing of two identical copies of a homogeneous Poisson process on R, that are
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placed on the parallel lines. We observe that the greedy walk visits the points
of IT in clusters: it visits successively all points on one line which are at the
distance less than . When the next point on the line is at a distance greater
than r, the walk changes the line and it visits the copies of the visited points on
the other line in the reversed order. The last point the greedy walk visits in a
cluster is a copy of the first visited point of the cluster. Therefore, it is enough
to have information about the position of the first points of the clusters, to
know if the walk jumps over the vertical line {0} x R infinitely often. Thus,
we can just look at the closest points to (0,0) on line 0 of all clusters. Since
the distances between two first points of the cluster are identically distributed
and independent, we can use a similar argument as in the proof of Theorem 1
in Section 1.5 to show that the greedy walk moving just on the first points of
the clusters does not visit all points. Therefore, also the greedy walk on two
lines does not visit all the points of I1, but it visits all the points on one side of
the vertical line {0} x R and just finitely many points on the other side.

In the second case, we modify the definition of the process above by delet-
ing exactly one of the copies of each point with probability p > 0, indepen-
dently from the other points, and the line on which the point will be deleted
is chosen with probability 1/2. In particular, if p = 1 we have two indepen-
dent Poisson processes on these lines. For any p > 0, the greedy walk almost
surely visits all points. The reason is that the greedy walk skips some of the
points when it goes away from the vertical line {0} x R and those points will
force the walk to return and jump over the vertical line {0} x R infinitely many
times. We prove this using arguments from [22]. The idea is to show that the
walk starting from (0,0) almost surely returns and jumps over the vertical line
{0} x R in a finite time. Then we can repeatedly use that argument to show
that the walk jumps over the vertical line {0} x R infinitely often. In order to
prove that the walk jumps over the vertical line {0} x R in almost surely finite
time, we define a stationary and ergodic sequence of points & that will never
be visited by the greedy walk. If E is almost surely empty, then the probability
that the walk stays on one side of the starting point is 0 and the claim follows.
If Z is almost surely non-empty, then the distance between two points of IT is
infinitely often big enough so that the greedy walk prefers to return, visit the
bypassed points of E and to jump over the vertical line {0} x R, instead of
moving further from the {0} x R.

In the third case, we place two identical copies of a homogeneous Poisson
process on the parallel lines, but this time we shift one of the copies by |s| <
r/\/3. A first guess is that we can divide the points into clusters, as in the
first case, so that all points of a cluster are visited successively. However, one
can find examples when the walk moves to another cluster without visiting all
points of the cluster. Those points that are not visited, will cause the walk to
return later and jump over the vertical line {0} x R. Hence, the greedy walk
eventually visits all the points. The proof here follows similarly as the proof
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in the second case. Note that the result in all three cases is independent of the
choice of r.

2.5 Paper V

In Paper V we consider the greedy walk on an inhomogeneous Poisson pro-
cess on the real line. We assume that the greedy walk starts from 0 and we
assume that the Poisson process with mean measure y has almost surely in-
finitely many points on each half-line. Moreover, we assume that there are
no accumulation points. We prove that if the mean measure u of the Poisson
process satisfies

[ expptn 264 R)u(@) = oo and [ expl-p(2x R () ==

for all R > O then the greedy walk almost surely visits all points. If either
integral is finite for some R > 0, then the greedy walk almost surely does
not visit all points. The proof follows from the observation that the greedy
walk crosses O infinitely many times if and only if for all R > O there are
infinitely many points X > 0 such that the interval (X,2X + R) is empty and
infinitely many points ¥ < 0 such that (2Y — R,Y) is empty. Given X and
Y, the number of points in those intervals have exponential distributions with
parameters U(X,2X +R) and u(2Y —R,Y), respectively. We use Campbell’s
theorem to determine if the sums over the points of the Poisson process of
the probabilities that the intervals are empty is convergent or divergent. The
conclusion that the intervals are empty infinitely often if and only if the sum
is divergent follows from the extended Borel-Cantelli lemma.

Using the criterion above, we are able to find a threshold function for the
property of visiting all points. That is, we can compare the tails of any density
function with the threshold function: If the tails of another function are below
the threshold function then the greedy walk visits all points and if the tails are
significantly above the threshold function, then the greedy walk does not visit
all points. We also discuss some cases when the tails are not comparable.
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3. Summary in Swedish

Denna avhandling bestér av en inledning och fem artiklar, av vilka tva behand-
lar riktade slumpgrafer och tre behandlar giriga vandringar pa punktprocesser.

I artikel I beaktar vi en riktad slumpgraf med nodmingd Z>. Dess kant-
mingd konstrueras genom att for varje par {(i1,i2),(ji1,/2)} som uppfyller
i1 < ji och iy < j; inkludera en kant fran (i, i) till (j;, j») med sannolikhet
p, oberoende av alla andra par. Lét L, ,, beteckna den maximala langden av
alla viigar som ligger i en n x m-rektangel. Vi visar att fér a < 3/14, Ly |na|
konvergerar (efter centrering och lamplig omskalning) i fordelning till Tracy-
Widomfordelningen. Denna fordelning tros vara den universella gransvirdes-
fordelningen for en stor klass av tvadimensionella processer i matematisk
fysik och interagerande partikelsystem.

I artikel I koncentrerar vi oss pa en riktad slumpgraf med nodméngd Z.
Kantmingden konstrueras genom att, for alla i < j, inkludera en kant fran i till
Jj med sannolikhet p, oberoende av alla andra par av noder. Det slutna holjet av
noden 0 dr den delgraf som induceras av alla noder i sa att det finns en riktad
vig fran 0 till i. D4 p = n~! visar vi att det slutna holjet av 0 (efter limplig
omskalning) konvergerar i fordelning till det Poisson-viktade oéndliga tradet.
Dessutom hirleder vi griansvirdesresultat for lingden av den ldngsta végen i
det Poisson-viktade oédndliga tridet.

En girig vandring (S,),>0 pa en enkel punktprocess IT i ett metriskt rum
(E,d) definieras som foljer. Vandringen startar i nagon punkt Sy € E och
foljer sedan regeln

Snt1 = argmin {d(X,S,) : X €I, X ¢ {S0,S1,...,5.} }-

Detta innebdr att den giriga vandringen hela tiden géar till den ndrmaste dnnu
icke besokta punkten.

Den giriga vandringen pa en homogen Poissonprocess pa den reella tallinjen
besoker nistan sikert inte alla punkter. Med sannolikhet 1/2 divergerar den
till 4o och besoker da som mest dndligt manga punkter pa den negativa delen
av tallinjen. I artikel III bestimmer vi fordelningen for antalet punkter som
besoks pa den negativa delen av tallinjen, och férdelningen for det index for
vilket vandringen nér sitt minimum.

I artikel IV undersoker vi den giriga vandringen pa nagra olika punktpro-
cesser som definieras pa unionen av tva linjer i R2. Vi tittar forst pa fallet
da linjerna skir varandra. Om man placerar tva oberoende endimensionella
Poissonprocesser pa linjerna visar det sig att den giriga vandringen nistan
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sikert inte bestker alla punkter. Vi tittar sedan pa fallet med tva parallella
linjer. Resultaten hér beror pa hur processerna definieras. Om vardera linje
har en kopia av samma realisering av en homogen Poissonprocess, besdker
den giriga vandringen néstan sdkert inte alla punkter. Om man for varje punkt
i denna process tar bort den (fran en av de tva linjerna, vald slumpmassigt)
med sannolikhet p, oberoende av alla andra punkter, besoker den giriga van-
dringen néstan sikert alla punkter. Slutligen studeras fallet da varje linje har
en kopia av samma realisering av samma Poissonprocess, men dir en kopia
har forskjutits en stricka s i sidled (ddr s ar litet). I detta fall besoker den
giriga vandringen nistan sékert alla punkter.

I artikel V tittar vi pa den giriga vandringen pa en ickehomogen Poisson-
process pa den reella tallinjen. Vi hittar tillrdckliga och nddvindiga villkor pa
intensiteten for att den giriga vandringen ska besoka alla punkter. Dessutom
undersoker vi troskelbeteendet.
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Abstract. We consider a directed graph on the 2-dimensional integer lattice, plac-
ing a directed edge from vertex (iq,42) to (j1,J2), whenever i1 < 71, ia < jo, with
probability p, independently for each such pair of vertices. Let L, ,, denote the
maximum length of all paths contained in an n x m rectangle. We show that there
is a positive exponent a, such that, if m/n* — 1, as n — oo, then a properly cen-
tered /rescaled version of Ly, ., converges weakly to the Tracy-Widom distribution.
A generalization to graphs with non-constant probabilities is also discussed.

1. Introduction

Random directed graphs form a class of stochastic models with applications in
computer science (Isopi and Newman, 1994), biology (Cohen and Newman, 1991;
Newman, 1992; Newman and Cohen, 1986) and physics (Itoh and Krapivsky, 2012).
Perhaps the simplest of all such graphs is a directed version of the standard Erdds-
Rényi random graph (Barak and Erdés, 1984) on n vertices, defined as follows: For
each pair {i, j} of distinct positive integers less than n, toss a coin with probability of
heads equal to p, 0 < p < 1, independently from pair to pair; if heads shows up then
introduce an edge directed from min(%, j) to max(z, j). There is a natural extension
of this graph to the whole of Z studied in detail in Foss and Konstantopoulos
(2003). In particular, if we define the asymptotic growth rate C' = C(p), as the a.s.
limit of the maximum length of all paths between 1 and n divided by n, Foss and
Konstantopoulos (2003) provide sharp bounds on C(p) for all values of p € (0, 1).

A natural generalization arises when we replace the total order of the vertex
set by a partial order, usually implied by the structure of the vertex set. In such
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a model, coins are tossed only for pairs of vertices which are comparable in this
partial order. The canonical case is to consider, as a vertex set, the 2-dimensional
integer lattice Z x Z, equipped with the standard component-wise partial order:
(i1,42) < (41, J2) if the two pairs are distinct and 41 < ia, j1 < ja. Such a graph was
considered in Denisov et al. (2012). In that paper, it was shown that if L,, ,, denotes
the maximum length of all paths of the graph, restricted to {0,...,n} x{1,...,m},
then there is a positive £ (depending on p and the fixed integer m), such that

L[nt] m C’Ilt (d)
PR S’ > > .
( o/ , 20 m(zt,ma t>0), (1.1)
where Z, ., is the stochastic process defined in terms of m independent standard
Brownian motions, B, ..., B(™ via the formula
o B0 _ gl)
Lt = sup B By”], t>0.
O=to<ty <t 1 <tm=t =] -

One can speak of Z as a Brownian directed percolation model, the terminology
stemming from the picture of a “weighted graph” on R x {1,...,m} where the
weight of a segment [s, #] x {j} equals the change B’ — BY) of a Brownian motion.
If a path from (0,0) to (t,m) is defined as a union {J",[t;—1,%;] x {j} of such
segments, then Z represents the maximum weight of all such paths.

Baryshnikov (2001), answering an open question by Glynn and Whitt (1991),
showed that

()

Zim = Am,

where ), is the largest eigenvalue of a GUE matrix of dimension m. Since Z, ,, is
1/2-self-similar, we see that

(CY)
Now, fluctuations of \,, around the centering sequence 21/m have been quantified

by Tracy and Widom (1994) who showed the existence of a limiting law, denoted
by FTW:

w0 — 2v/m) =" Fryy.

A natural question then, raised in Denisov et al. (2012), is whether one can obtain
Frw as a weak limit of L,, ,,, when n and m tend to infinity simultaneously. Our
paper is concerned with resolving this question. To see what scaling we can expect,
rewrite the last display, for arbitrary ¢ > 0, as

Zt,m (d)
i Mmoo Frws

A statement of the form X (¢t,m) (i—>> X, where the distribution of X (t,m) does
m o0

not depend on the choice of ¢t > 0, implies the statement X (¢, m(t)) fi} X, for
—00

ml/G(

any function m(t) such that m(t) gt Hence, upon setting m = [t%], we have

Zy e
t“/6< i/[% 2\/757) —>FTW (1.2)
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Therefore, it is reasonable to guess that, when a is small enough, an analogous limit
theorem holds for a centered scaled version of the largest length L, a1, namely that

no/6 (M _ 2\/7?1) @, Frw, (1.3)
02\/ﬁ n—o00
where ¢1, co are appropriate constants.

A stochastic model, bearing some resemblance to ours, is the so-called directed
last passage percolation model on Z? (the case d = 2 being of interest here). We
are given a collection of i.i.d. random variables indexed by elements of Z%. A path
from the origin to the point n € Zi is a sequence of elements of Zi, starting
from the origin and ending at n, such that the difference of successive members
of the sequence is equal to the unit vector in the ith direction, for some 1 <
i < d. The weight of a path is the sum of the random variables associated with
its members. Specializing to d = 2, let L,, ,,, be the largest weight of all paths
from (0,0) to (n,m). Assuming that the random variables have a finite moment
of order larger than 2, Bodineau and Martin (2005) showed that (1.3) holds for
all sufficiently small positive a (the threshold depending on the order of the finite
moment). Independently, Baik and Suidan (2005) obtained the same result for
random variables with a finite 4th moment and for a < 3/14. In both papers,
partial sums of i.i.d. random variables were approximated with Brownian motions,
in the first case using the Komlés-Major-Tusnddy (KMT) construction, while in
the second using Skorokhod embedding.

To show that (1.3) holds for our model, we adopt the technique introduced in
Denisov et al. (2012), which involves the existence of skeleton points on each line
Z x {j}. Skeleton points are, by definition, random points which are connected
with all the other points on the same line. In Denisov et al. (2012) Denisov, Foss
and Konstantopoulos used this fact, together with the fact that, for finite m, one
can pick skeleton points common to all m lines, in order to prove (1.1). However,
when m tends to infinity simultaneously with n, it is not possible to pick skeleton
points common to all lines. Modifying the definition of skeleton points enables us
to give a new proof of (1.1), as well as to prove (1.3). To achieve the latter, we
borrow the idea of KMT coupling from Bodineau and Martin (2005). However, we
need to do some work in order to express the random variable L,, ,,, in a way that
resembles a maximum of partial sums.

Although we focus on the case where the edge probability p is constant, it
is possible to consider a more general case, where the probability that a vertex
(i1,12) € Z X Z connects to a vertex (ji,j2) depends on the distances |j; — 41| and
|j2 — i2| of the two vertices. This generalization is discussed in the last section of
the article.

2. The one-dimensional directed random graph

We summarize below some properties of the directed Erdés-Rényi graph on Z
with connectivity probability p taken from Foss and Konstantopoulos (2003). For
i < j, let L[i,j] be the maximum length of all paths with start and end points
in the interval [i,j]. Then, for ¢ < j < k, we have L[i,k] < L[¢, 5] + L[j, k] + 1.
Since the distribution of the random graph is invariant under translations, and is
also ergodic (the natural invariant o-field is trivial), it follows, from Kingman’s
subadditive ergodic theorem, that there is a deterministic constant C' = C(p) such
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that
ILm Lil,n]/n=2C, as. (2.1)

In fact, C = inf,;>1 EL[1,n]/n. The function C(p) is not known explicitly; only
bounds are known (Foss and Konstantopoulos, 2003, Thm. 10.1). For example,
0.5679 < C(1/2) < 0.5961. We also know that there exists, almost surely, a random
integer sequence {I',,r € Z} with the property that for all r, all ¢ < I, and all
j > T}, there is a path from ¢ to I'; and a path from I', to j. The existence of
such points, referred to as skeleton points, is not hard to establish (Denisov et al.,
2012). Since the directed Erdds-Rényi graph is invariant under translations, so is
the sequence of skeleton points, i.e., {I';,, 7 € Z} has the same law as {n+T.,r € Z},
for all n € Z. Moreover, it turns out that the sequence forms a stationary renewal
process. If we enumerate the skeleton points according to --- < I''y < Ty <
0<Ty<---, we have that {I',41 — I',,r € Z} are independent random variables,
whereas {I'; 1 —TI',,r # 0} are i.i.d. Stationarity implies that the law of the omitted
difference I'y — 'y has a density which is proportional to the tail of the distribution
of I'y—T';. In Denisov et al. (2012) it is shown that the distance I'y—I'; between two
successive skeleton points has a finite 2nd moment. One can follow the same steps
of the proof, to show that in our case, with constant probability p, this random
variable has moments of all orders. Moreover, one can show that for some a > 0
(the maximal such a depends on p) it holds that Ee*2~T1) < oo,

The rate Ay of the sequence of skeleton points can be expressed as an infinite
product:

Ao == E(F2_ ];[1— (1-p (2.2)

For example, for p=1/2, \g = 1/12.
A central limit theorem for L[1,n] is also available (Denisov et al., 2012, Thm.
2). If we let
o2 :=var(L[l',Ty] — C(Ty —T1)), (2.3)
then
L[1,n] = Cn ()
/)\Oo-gn n—00
where N (0, 1) is a standard normal random variable. Note that o2 # var(L[['1, I's]).
Unfortunately, we have no estimates for 02, but, interestingly, there is a technique
for estimating it, based on perfect simulation. This was briefly explained in Foss and
Konstantopoulos (2003) in connection with an infinite-dimensional Markov chain
which carries most of the information about the law of the directed Erdés-Rényi
random graph.
In addition, it is shown in Foss and Konstantopoulos (2003) that C' can also be
expressed as

N(0,1), (2.4)

EL[ly, Ty
E(Ty-T1)"
In fact, if {v,,r € Z} is a random sequence of integers, defined on the same prob-
ability space as the one supporting the random graph, such that {T',,,r € Z} is a
stationary point process then

C= (2.5)

L, .T,,]

C = Ly vl
By, —T,)
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The most important property of the skeleton points is that if v is a skeleton
point, and if ¢ < < j, then a path with length L[¢, j] (a maximum length path)
must necessarily contain . This crucial property will be used several times below,
especially since, for every i < j, the following equality holds

L[, 1] = LI, Tiga] + LTig1, Tia] + -+ + L[ -1, Ty,

Furthermore, the restriction of the graph on the interval between two successive
skeleton points is independent of the restriction on the complement of the interval;
hence the summands in the right-hand side of the last display are independent
random variables.

3. Statement of the main result

It is clear from (2.4) that the constants c1,ce in (1.3) should be as follows:
cg=0C,co= \/Aoag. Now we can formulate the main result.

Theorem 3.1. Let C, g, 02 be the quantities associated with the directed random
graph on Z with connectivity probability p, defined by (2.1) (equivalently, (2.5)),
(2.2), (2.3), respectively. Consider the directed random graph on Z X Z and let
Ly be the mazimum length of all paths between two vertices in [0,n] x [1,m)].
Then, for all 0 < a < 3/14,

Ln n!l - C (e
n“/6< (] " — 2\/7?) —__>( ) FTW7 (31)
n—00

VAoagy/n

where Fry is the Tracy-Widom distribution.

To prove this theorem, we will first define the notion of skeleton points for the
graph on Z x Z and then prove pathwise upper and lower bounds for L,, ,,, which
depend on paths going through these skeleton points. This will be done in Section
4. In Section 5.1 we show that the difference between these bounds is of the order
o(n?), where b = (1/2) — (a/6) is the net exponent in the denominator of (3.1). We
will then (Section 5.2) introduce a quantity S, ,, which resembles a last passage
percolation problem and show that it differs from L, ,, by a quantity which is of the
order o(n?), when m = [n%]. The problem will then be translated to a last passage
percolation problem (with the exception of random indices). This will finally, in
Section 5.3 be compared to the Brownian directed percolation problem by means
of strong coupling.

4. Skeleton points and pathwise bounds

Our model is a directed random graph G with vertices Z x Z. For each pair of
vertices 1, j, such that ¢ < 7, toss an independent coin with probability of heads
equal to p; if heads shows up introduce an edge directed from < to j.

A path of length ¢ in the graph is a sequence (49, %1, ..., %¢) of vertices 19 < i1 <
... < 1y such that there is an edge between any consecutive vertices.

We denote by G, the restriction of G on the set of vertices {0,1,...,n} x
{1,...,m}. The random variable of interest is

L, := the maximum length of all paths in G,, ;.

We refer to the set Z x {j} as “line j” or “jth line”, and note that the restriction of
G onto Z x {j} is a directed Erdés-Rényi random graph. We denote this restriction
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by G, Typically, a superscript () will refer to a quantity associated with this
restriction. For example, for a < b,
LYW]a,b] := the maximum length of all paths in G/
with vertices between (a, j) and (b, j)
and we agree that L1 [a,b] = 0 if a > b.

Clearly, the {GU),j € Z} are ii.d. random graphs, identical in distribution to
the directed Erdds-Rényi random graph. Therefore, for each j € Z,

lim LW[1,n]/n = C, as.

n—oo
To establish upper and lower bounds for L, ,,, we need to slightly change the
definition of a skeleton point in G.

Definition 4.1 (Skeleton points in G). A vertex (i, 7) of the directed random graph
G is called skeleton point if it is a skeleton point for GU) (for any i’ < i < i”, there
is a path from (¢, j) to (i,j) and a path from (7, j) to (¢”,)) and if there is an edge
from (4, 7) to (4,7 + 1).

Therefore, the skeleton points on line j are obtained from the skeleton point
sequence of the directed Erdés-Rényi random graph G by independent thinning
with probability p. When we refer to skeleton points on line j, we shall be speaking
of this thinned sequence. The elements of this sequence are denoted by

T <1 <0<V <P < ...
and have rate

1 [e o]
R —— e | (S

By —1{) kr:[

The associated counting process of skeleton points on line j is defined by
() - dW(s) => 1(s <TW) <t), steR, s<t,
rEL

together with the agreement that
o) (0) = 0.

Note that we insist on having the parameter ¢ in ®U)(¢) as an element of R (and
not just Z). We also let

XD(t) =1 .

j — 1)
Y(J)(t) = F(b(j)(t)_H,

be the skeleton points on line j straddling ¢:
XD@) <t <yU(z). (4.1)

Next we prove upper and lower bounds for L,, ,,,. The set of dissections of the
interval [0,n] C R in m non-overlapping, possibly empty intervals is denoted by

Tom = {t = (to,t1,- - tm) ER™N: 0=t <ty <o <ty <ty =1}
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Lemma 4.2. (Upper bound) Define

Ly = sup ZLJ) (XD (t;_1), YO ()] +m. (4.2)
t€Tn,m i1
Then Ly m < fn,m.

Proof: Let m be a path in Gy, ,,. Consider the lines visited by 7, denoting their
indices by 1 <1y < vy <--- <wvy <m. Let (aj,v;) and (b;,v;) be the first and
the last vertex of line v; in the path 7. Then the length of 7 satisfies

\71'|<§:L(VJ laj,b;] +J — 1.

Since successive vertices in the path should be increasing in the order <, we have
bj—1 <aj, 2 <j < J. Hence, with by := 0,

7| < ZLW i1,bj FJ—1< ZL(”7) [(X@D)(b;_1), YD (b)) +J -1,
Jj=1
where we used (4.1). Since J < m, we can extend 0 = by < by <--- < by <n to
a dissection of [0, n] into m non-overlapping intervals, showing that the right-hand
side of the last display is bounded above by fn,m. Taking the maximum over all
in Gy, we obtain Ly, ,, < fn.’m, as required. O

Note that the existence and properties of skeleton points were not used in the
proof of the upper bound, other than to ensure that the upper bound is a.s. finite.

Lemma 4.3. (Lower bound) Define

) .— () ()
An : Ogi?§§>(n)(rl+l Fz )7
and
L= bup ZLU)[y(a)( 1), X9, ZAU)
ETnom ©
nom =1

Then Ly m > L

=n,m"*

Proof: We will show that, for all t = (to,...,t,) € Tn,m, there is a path = in G,,
with length |7| satisfying

S LOYO (), XD ()] < [x] + Z AD), (4.3)

Fix t € T, m and use the notation
=YDt ), XD )] = [aj,b], j=1,...,m

Note that a; > b; if there is one or no skeleton points on the segment (t;_1,%;] x {5}
and then LU)(I;) = 0.

Given two skeleton points (z, ), (y,j) we say that there is a staircase path from
(x,7) to (y,7) if there is a sequence of skeleton points

(x,1) = (x0,9), (1,04 1),..., (=i, 7) = (¥, 7),
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such that + = z9 < z1 < --- < xj_; = y. See Figure 4.1. Clearly then, there is
a path from (z,4) to (y,7) which jumps upwards by one step each time it meets a
new skeleton point from the sequence. We denote this by

(z,4) 3 (y,7)-

(J)

(i) —

x y

FIGURE 4.1. A staircase path from (z,4) to (y, ) jumps upwards
at skeleton points (denoted by x) but may skip several of them
before deciding to make a jump

Among all the staircase paths from (z,%) to (y, ), we will consider the best one,
defined by two properties:

e Property 1: A best path from (z, 1) to (y,j) jumps from line & to line k+1,

k=i,i+1,...,7 — 1, at the first next skeleton point on line k, i.e. at the

points z¢ and zj_;41 = YED (24_), k=14,...,5 — 2.
e Property 2: Every horizontal segment of a best path is a path of maximal
length.

If all the intervals I, ..., I, are empty, the left-hand side of (4.3) is zero and
the inequality is trivially satisfied for any path 7.
Otherwise, for a fixed t € G,, ,,, we will construct a path 7 in G, ,, for which

(4.3) holds. Define a subsequence vy < vp < --- of 1,...,m, inductively, as follows:
vi:=inf{l <j<m: I; # @}, (4.4)
vpi=inf{j > vp_1 0 (b, vr—1) 5 (b5, 0)) r>2 (4.5)

See Figure 4.2 for an illustration. The procedure stops if one of the elements of the
subsequence exceeds m or if the condition inside the infimum is not satisfied by a
path in G, .

Let J be the last index in the above defined sequence. Let m; be a path of
maximum length from (a,,,v1) to (b,,,v1) and define, for r = 2,3,...,.J, a path
7, as a best staircase path from (b, ,,vy—1) to (b,.,v,). Note that, for each
r=23,...,J,J > 2, the end vertex of m._; is the start vertex of m.. Therefore
we can concatenate the paths 71,...,m; to obtain a path 7. This path starts from
(ay,,v1) and ends at (b,,,v ).

Let

7 ;= the restriction of path 7 on line J

and |7 its length on line j. Also, for j > v denote

(¢j, ) := the first vertex on line j of path 7.
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9)
ag

(8) : o
4y by |

o

(7

(6)

(5)

)

3)

as
(2)"9(

(1)

t 12 t

A t

t t

2 3 5 6 7

FIGURE 4.2. Illustration of the procedure defined by (4.4)-(4.5).
There are four best staircase paths: the path from (bs, 2) to (bs, 3),
the path from (b3, 3) to (bs,4), the path from (by,4) to (b5, 5), and
the path from (bs,5) to (bg,8). Observe that I; = (aj,b;), in
the figure, are nonempty only for j = 2,5,7 and 8 (these are the
highlighted intervals), but I7 is not visited by the constructed path.
Moreover, Ig is only partly visited and the path enters Ig at a point
cg between bg.

Split the sum in the left-hand side of (4.3) along the elements of the subsequence
{Vl, ey Z/J}Z
m J+1 Vp J+1

Sy =% Y Lo, ZG”

j=1 r=1j=v,_1+1
where we have conveniently set
vo :=0, vy :=m,

in order to take care of the first and last terms. By the defintion of v1, the intervals
I, Is,...,I, 1 are empty and

G =L"(1,,) = [=*)].

Assume now that 2 < r < J, and write

Ve v.—1
G= Y V)= Y LOW)+L*,).
J=vr—1+1 Jj=vr—1+1

Since m,, is the path of maximal length from (c,,,v,) to its end-vertex (b,,,v,)
(Property 2), if ¢,, < a,, then L0)(1,) < |x(*’)|. Define in this case I/, = 0.
Otherwise, we can write

L¥(1,) < Ly, Y (e, )] + LY (e,), by, ).

Then, again because of Property 2, L#)[Y (¢, )b, ] < |7)| and it is left
to find a bound on the interval I}, = [a,,,Y*)(c,,)]. Recall that by Property



720 Takis Konstantopoulos and Katja Trinajsti¢

1, depending whether j is a member of the sequence {v,,r = 1,...,J} or not,
¢ji1 =bj or ¢cj11 = YW (c;), respectively. Also, because of I; C [t;_1,t;], we know
that LU)(I;) <t; —t;_1. Hence, if v, — v,_1 > 1 it holds

v.—1 v.—1
S L)+ )< D (G —ti) + (Y (e,) —t, 1)
j=vr_1+1 J=vr—1+1
SYOa) b= Y () )< Y A
J=vr_1+1 J=vr_1+1

Combining the above, we obtain

vr—1
Gr< > AD +xt).
j=rp+1
If v; = m, then G;1; = 0. Otherwise, we can extend the sequence {c;,j =
vi,vi+1,...,v;} defining iteratively c,, 1 := by, and ¢j41 := Y9 (c;) until ¢; > n

for some j. Let K be the last index such that cx < n. As there was not possible
to construct the best staircase path after the line vy, K is at most m. Similarly as
above, for Gy it holds

Grpn= Y, LU(I)< (tj —tj—1) Sn—by,
Jj=vs+1 j=vs+1
K K
= Y ) -e¢)< Y AP
Jj=vs+1 Jj=vs+1

Finally, we obtain

m m J
SOLO) < S AY + 3 [x )
j=1 j=1 r=1

as required. O

< ZAS) + |7,
j=1

5. Further estimates in probability and Brownian directed percolation

In the present section we prove Theorem 3.1 as a sequence of lemmas.

5.1. Asymptotic coincidence of the two bounds. Looking at (1.3), we can see that

the correct scaling requires exponent
1 a
b=-—=
2 6

in the denominator and condition a < 3/7, which is equivalent to a < b.
In the following two lemmas we will not specifically use the definiton of b and
condition on a. Both lemmas hold for more general a,b > 0,0 <b—a < 1.

Lemma 5.1. With b= (1/2) — (a/6) and a < 3/7,

L] = Lo jna ()

nb n—o0

0.
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Proof: Let t be such that the maximum in the right-hand side of (4.2) is achieved.
Then

fn,m - Ln,m <m+ Z ASL])

j=1
+ ZL(j)[X(j)(tj_l)7 y(‘i)(t]_)] _ ZL(J') [Y(j)(tj—1)7X(j)(tj)]
J=1 =
<m+ Z A
j=1
+ Z {L<J') XD (tj-0), YO (b)) + LI [X D (), Y(j>(tj)]}
j=1
< W) 42y D@ W)
<m+ ; A+ 2].:1 091;1;});) . LOTY T

m
Sm+SZA§f).
j=1

Hence
1 = n® n® 1
—ELn o) = Ly o] < -5 + 3ﬁE[A§L ).
Since b > a and the random variables {FZ(-_l,_)l — I‘Z(-l),i > 1} have a finite 1/(b — a)-

th moment, the converegence to 0 for the second term above follows by Lemma
Al O

5.2. Centering. We introduce the quantity

Spm = sup i{L(j)[X(j)(tj—l)yX(j)(tj)} —C[X<j>(tj)—X(j)(tj—l)]}-

t€Tnm 5y
This should be “comparable” to L., , — Cn when m = [n?]. Indeed, we have:

Lemma 5.2. With b= (1/2) — (a/6), and a < 3/7,

Sn.,[n”r] — (Ln,[n”'] - Cn) (p)

’I'Lb n—roo

0.

Proof: We begin by rewriting the numerator above as

Spnm — (Lpm — Cn)

)

= s { LOXD (t;-0), XD (1)) + On — O [XV(t)) - X@(tjfl)]}

Jj=1
— Ly .
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Upon writing n = Z;":l(t]- —tj_1), for any t € Ty, m, we have

n= YO G) - X00,m0] = | Yl - XO)] - Sl - X90,-1)]
j=1 j=1 Jj=1
m
< 2 ZAfj>.
j=1
Hence, on the one hand we have
Sn,m - (Ln m C’I"L > S;I_P Z L(] 71)7 X(j) (tj)] - Ln,m +2C Z Aslj)
te€Tn,m =1 ;
< sup Z L(j) [X(J) (tjfl)7 Y(j) (tj)] - Ln,m +2C Z Asz])
teTmm & .
nom 1 j=1

j=1

On the other hand,

Sn,m - (Ln,'m - CTL) 2 sup Z L(]) X(J)( )7X(]) (t])] - Ln,'m - 202 As]])

t€Tnm 2 j=1
> s 3 LOWO (), X t))] - Ly 2030 AP
S ., N
nm =1 j=1

=—(Lnm — Ly ) — 20 AD.
=1

Therefore,

m

|Sn,7n - (Ln,m - Cn)‘ S Ln,m - Ln,m + QCZA;J)
j=1

Thus, for m = [n?], the result follows by applying Lemma A.1 and Lemma 5.1. O

Define now variance 0'2 as

o? = var(LV [0, 1] - o) — 1))

and observe that o? = o3 /p. We work with the quantity S, ,,, which can be
rewritten as
mo ()

;l_ n,m = Sup Z Z X;c])a

t€Tnm =1 =®U)(t;_1)+1
where
) = LV, 1) - o — ).
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Note that the random variables {X](cj )}kzl,th indexed by both k£ and j, are inde-
pendent and that {X;(CJ )} k>2,;>1 are identically distributed with zero mean and unit

variance. The fact that the {x(] >}j21 do not have the same distribution will not
affect the result, so we will not separately take care of it.

5.3. Coupling with Brownian motion. The term %Sn,m resembles a centered last
passage percolation path weight, except that random indices are involved. There-
fore, we start using the idea of strong coupling with Brownian motions, analogously
to the proof in Bodineau and Martin (2005). Let B, B®) ... be i.i.d. standard
Brownian motions, and recall that

Zpm = Sup ZB(]) B,gj)l] (5.1)
t€Tnm 521 !

Define the random walks R, R ... by
RY =3\, i=01.2..., (5.2)
with R(()j) = 0. With this notation, we have

1 _ () ()
;Sn,m = tes%,pm Z Rq;(;)(t R<I>(J)(t )} (5'3)
Taking into account (1.2) and Lemma 5.2, it is evident that to prove Theorem 3.1
it remains to show that
0-7 n [ne] — fZ n,[n?) (p)
b

0,

n n—o00

or, using the scaling property of Brownian motion, that:
Lemma 5.3. For all a < 3/14,
U_IS’ILA,[na] - Z)\n,[na] (p)

nb n—o00

0.

To show that the random walks are close enough to the Brownian motion we use
the following version of the Komlds-Major-Tusnady strong approximation result
(Komlés et al., 1976, Thm. 4):

Theorem 5.4. For any 0 <r <1, n € Zy and x € [c;(logn)*/", ca(nlogn)'/?],
starting with a probability space supporting independent Brownian motions B,

7 =1,2,..., we can jointly construct i.i.d. sequences X(j) = (ng),)(gj),...), ] =
1,2,..., with the correct distributions and, moreover, such that, with RZ(]) as in
(5.2) above,
P(lrgax \B(J) Rf.j)| > z) < Cnexp{—az"} forallj =1,2,...,
i<n

where the constants C,cy,co are depending on «, r and distributions of X< ) and
(1)
X5 -

In addition to this, in order to take care of the random indices appearing in (5.3),
we need a convergence rate result for the counting processes {<I>(j ), j> 1} which is
proven in the appendix.
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Proof of Lemma 5.3: From (5.3) and (5.1) we have

- 2: ) (4)
|U 1Sn ,m Z>\n m| < tes;ip { REIZ()J) REIZ()J) (tj— 1)) - (Bg\] B/\]t] 1)}}
nom 1

_ {1 p) ) ()
= sup Z{ R<I><J)(tj B@(a)(t,>|+’Rq><]>(t] D B<1><J>(tj_1)|

€T m 5y

|B(J)

tI)(J)(t )

- B9 |+ |B¢(])(t] N Bg;_ly}

IA
[\
NgE

{ max ]R B(J)‘ + sup ‘qu)(s - BY }

0<i<n

Uw + QZV(]

T Ms X

where

U(J) = max |R(]) B(J)’ V(J) = sup |B

(#)
0<i< B/\s|'
1<n 0<s<n

<I>(J)(s)

Therefore, it is enough to show that,

[n?] n%]
1 (p) 1 (@)
il E () ), il E ' (7) ,
nb & U’ n—00 0 and nb & Va? n—o0 0

For the first convergence we will take into account the coupling estimate as in
Theorem 5.4. That is, we will throughout assume that the random walks and
Brownian motions have been constructed jointly. The second convergence will be
established without this estimate, i.e., we will show that it is true, regardless of the
joint construction of the Brownian motions and the random walks. This is because
the coupling we use is not detailed enough to give us information about the joint
distribution of BY) and the counting process ®U) (the latter is not a function of
the random walks used in the coupling).
Proof of the first convergence. Let § > 0. We need to show that

P(ZUT(Lj) >6nb) —+0 asn— oo.

Let € < b— a. Then
[n?] [n°]
P U9 > on®) < P( max UY) <n® Y UY > énb
(3,08 > 00 < P( o, >0 > an'

(5.4)

—|—P( max Um >n )
1<j<[n9]

The first term from right-hand side is zero for large n. We are allowed, for n large
enough, to estimate the second term using Theorem 5.4 for an arbitrary r € (0,1)
and x = n° as

P( max Uy >n ) <n®P( max \B(l) 21)| >n®) < n*Cnexp{—an®"} — 0,

1<j<[ne] 1<i<n
as n — 0o.
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Proof of the second convergence. Let 1/4 < € < b — a. Replacing Ur(Lj) by V,gj)
in (5.4), we see that the first term is again zero for large n and it remains to show
that second term converge to 0, i.e., it is enough to show the convergence for its
upper-bound

naP(V7$1) >nf) =0,
asn — 0o. Let v > 1 and 1/2 < ¢ < 2¢. Then we can write

n“P(Vél) >n®) <n®P( sup |®W (5) — \s| > yn?)
0<s<2n

+n®P( sup ‘bel()l)(s) - Bg‘ls)\ >nf, sup [0 (s) — As| < yn?).
0<s<n 0<s<2n

Corollary A.1 implies the convergence of the first term above

n*P( sup @M (5) — \s| > yn?) < n®exp{—a(2n)?"} — 0,
0<s<2n
as n — 0o, where 0 < r < 2—1/q. Set ¢ = yn?/\. For the second term using the
fact that, under our condition, As — yn? < ®)(s) < As + yn? for s € [0,2n], we
have

naP( sup |B((I>1()1)(S) - Bg\?| >nS, sup |'1>(1)(5) —As| < qu)
0<s<n 0<s<2n

< n“P( max sup |B(1) - BW

20 (kpts) ~ Batkprs)| > 15
0<k<|n/¢] 0<s<¢p ’

sup [®M(s) — As| < yn%)
0<s<2n

a (1) (1) B
T
—yn?<t<yn?
<n%*(n/e+1)P( sup |B,— B >n")
0<s<t<3vyn49
<n®(n/e+1)P( sup |B|>n"/2)
0<s<3yn4
<4n®(n/p + 1)P(Bsyna > n°/2) (a)
< dn®(n/p + 1) exp{—n*/(24yn")} — 0, (b)

asn — 0o. The inequality (a) is the consequence of P(supy. ., Bs > ©) = 2P(B; >
x) and the inequality (b) is an estimate for the tail of the normal distribution. O

Remark 5.5. The condition a < 3/14 is equivalent to b — a > 1/4 and, thus, it
ensures existence of an £ > 1/4 and later existance of 1/2 < ¢ < 2e. Therefore, it
is necessary for application of Corollary A.1, as well as for the convergence of the
last estimate above.

6. Graph with non-constant edge probabilities

In Denisov et al. (2012), the authors consider a one-dimensional model with
the connectivity probability depending on the distance between points, i.e. there is
an edge between vertices ¢ and j with probability pj;_;. To prove a central limit
theorem for the maximal path length in that graph, two conditions are introduced:

e 0<p <1
o Yl k(1 =p1)--- (1 —pg) < oo
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The conditions guarantee the existence of skeleton points and finite variance, defined
as in (2.3).

We can extend the idea of the graph on Z x Z keeping, whenever possible, the
notation from the Z x Z graph with constant probability p.

Let {p; ;,t,7 < 0} be a sequence of probabilities that satisfies the following:

e 0<pipo<
e 0<po1 <
o > k"1 —p1o)(1 —p2o) - (L — pro) < oo for some r > 2.

Then the vertices (i1,42) and (j1, j2), (¢1,%2) < (j1,J2), are connected with proba-
blhty Pji1—iy,ja—iz-

The conditions above are needed to ensure the existence of skeleton points, as in
Definition 4.1, and a finite 7th moment of the random variables x2, x3, . . . for some
r> 2.

From now on, let r denote the order of the highest finite moment, i.e.

oo
r=sup{g>0: qu’l(l —p1.0) (L =p2g) -+ (1 —pro) < oo}
k=1

Now we can state the analogue of Theorem 3.1 for this more general setting:

Theorem 6.1. For all a < min(3/14, (r —2)/(3r/7+ 1)),

Ly ey — Cn
a/6 [ Lnine) /Tl) @
n —— —2Vn%* | —— Fry.

( «//\0-2\/5 n—oo v

Proof: We follow the lines of the proof of Theorem 3.1, emphasizing the points one
should be careful about or which need to be modified.

The construction of the upper and lower bounds for L, ] is the same as in
Section 4. In Lemma 5.1 and Lemma 5.2, the term n®E[A;]/n® converges to 0 if
a+ 1/r < b, which leads to the constraint a < 6/7(1/2 — 1/r).

Next, we rewrite, as in Lemma 5.3,

07 S — Zanm| 2D _UD +23 V)
j=1 j=1

and prove convergence of each term separately.

Proof of the first convergence. Instead of Theorem 5.4, we use the combination
of results from Komlés et al. (1976) and Major (1976), as stated in Proposition 2
of Bodineau and Martin (2005), which allow us to couple Brownian motions B\),
j=1,2,... and random walks R, j =1,2,... so that

P( max |B§j) — Rz(j)| >z) < Cna " foralln€Z,, and all z € [nt/7, 0t/

1<i<n
(6.1)
Let € = 1/2. We want to establish convergence of the same terms as in (5.4).
Applying, on the first term, the Markov inequality and properties of the coupling
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with Brownian motion (6.1) yield:

L REUWM1UY < nt/?)]

(4) 1/2 (9)
P(1<r§1?[)7<1a Uy <n g Uy’ >6n S S
a nt/? a nl/2
n 1/r 1 n 1/r —r
§W<n/ +/n1/r P(U,s)>x)dx> S(W’(n/ +/nl/r Cnx d;v)

a a,1/r
_n 1/r c 3/2—r/2 c 1/r 9 nn'
6nb<n r—1" e T+ r—1/) dnb -0

as n — oo. For the second term we use again the coupling properties (6.1):

P( max U >n'/?) <nP( max |B M _pW| > n) < nCnn~"/? = 0,
1<5<[ne) 1< g

as n — oo because a + 1 — /2 < 0 due to our new constraint on a.

Proof of the second convergence. Here, the only change is the replacement of
Lemma A.2 by part of Theorem 6.12.1 in Gut (2013), in our notation:

If 1/2 < g < 1, then for all € > 0 it holds that n? ~2P(maxo<k<n|Tx — M| >
en?) — 0 as n — oo.

One can, in the same fashion as before, prove the following analogue of Corollary
Al

n??P( sup |®(t) — M| >en?) -0 as n— oc.
0<t<n

Likewise in Remark 5.5, condition a < 3/14 is necessary. Another constraint
that occurs is @ < gr — 2 and it can be shown that this is satisfied if a« < (r —
2)/(3r/7+1). O

Appendix A.

Lemma A.1. Let r > 1 and {X;,i > 1} be a sequence of nonnegative i.i.d. random
variables such that E|X;|" < co. Then,

1
—IE{max XZ} — 0 as n — oo.

1<i<n

Proof: Tt suffices to prove the lemma for » = 1, since then the result for » > 1 follows
easily by Jensen’s inequality. Let M,, = maxi<i<n, X; and S, = X1 +Xo+-- -+ X,,.
Borel-Cantelli lemma, together with the assumption EX < oo, give X,,/n — 0,
almost surely, as n — oo. An easy computation shows that then also M, /n — 0,
almost surely, as n — oco.

On the other hand, we know that M, < S, for all n and that {S,/n,n > 1} is
uniformly integrable. Therefore, M, /n is also unformly integrable and EM,,/n — 0
as n — oo (Gut, 2013, Thm. 5.4.5, Thm. 5.5.2). a

The following lemma is an analogue of a result by Lanzinger (1998, Prop. 2),
with slight improvement in the probability bound. Moreover, we specialize the
lemma to our case.

Lemma A.2. Let 1/2 < ¢ < 1and r < 2—1/q. Suppose that X, Xy, Xs,... are
i.i.d. random variables such that EX = p and Ee“ X! < oo for some o > 0, and set
Sp=>", Xi. Then, for all € > 1,

exp{aan}P(lgllgé(JSk —ku| >en?) =0
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as n — o0.

Proof: Without loss of generality we can assume that u = 0. We first show that,
for all € > 1, exp{an?" }P(S,, >en?) = 0asn — co .

For fixed n € Zj, define Xj = X,1(X); < en?) and set S, = > o, X;.
Note that EX’ < 0 and that for o/, where o/ < a and &’¢” > «, it holds that
EX2e1XI" < 50, We can write

P(S,, > en?) < P(S!, > en?) + nP(X > enf). (A1)

We first find a bound for the moment generating function for X’ in o'(en?)"~1:

(o ayr—1 x/ 1 1 ayT—1 o/
Ee® (en?) X <1+ §QI2(Enq)2(r—1)(EX/2 +EXI2€a (en?) X l{Xl > O})
<14 %a/Q(Enq)Z(rfl)(EX2 +EX26(X/\X\T)
<1+ Cp2r-D < exp{Cnqu(lfr)},

where for the first inequality we used e¥ < 1 +max{1,e¥}y?/2 and for the last one
14y < €Y. Now, using Markov’s inequality and the bound above for the first term
in (A.1) yields
P(S) > ent) = P % 5 ) < g (et
< exp{—a’(en?)" + Cnn 2001},
For the second term in (A.1), again using Markov’s inequality, we have
nP(X > en?) = nP(eX > ey < pem =) Bl XMy,
Combining the two estimates finally establishes that
exp{an?}P(S, > en?) < exp{—n?"(/c" — a — Cn'729+1")}
+ nexp{—nTa(e" — 1)} Ee?XI" - 0

as n — oo because of the choice of r, o’ and e.

By symmetry, the same convergence rate holds also for P(S,, < —en?).

Thus, the statement of the theorem follows using Lévy inequality (Gut, 2013,
Thm. 3.7.2) and the fact that for n large enough we can find &’ such that 1 <&’ <

e —V202p1/2-a,
P( max |Sy| > en?) < 2P(|S,| > en? — V2no?) = 2P(|S,| > ni(e — V202n'/?79))

1<k<n
< 2P(|S,| > e'n). O

Corollary A.1. Let X, X1, Xo, ... be positive, integer-valued i.i.d. random variables
and suppose that the assumptions of Lemma A.2 are satisfied. Then, for the count-
ing process ®, where ®(¢) = max{n : S, < t}, it holds that

exp{an?"}P( sup |p®(t) —t| > en?) — 0 for all e > 1.
0<t<n
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Proof: For the counting process we have t — Xg)41 < Sar)y < t. Therefore, we
can write

{ sup |p®@(t) —t| > en?} =
0<t<n

= {oittlg (u®(t) —t) > enf}uU {Oggn(u@(t) —t) < —enf}

C { sup (p®(t) — Spq)) > en?} U {oggn(wb(t) — S — Xow+1) < —en?}

0<t<n
C{ sup (u®(t) — Sow)) >en?}U{ inf (u®(t) — Sew) < —e'n’}
0<t<n 0<t<n
U{ sup Xoy41 > (e —€)n}
0<t<n
_ q _ 1a
C {11%1]?%(”|Sk kp| > enf}u {1ISn]iiéin|Sk- ku| > e'n}

u X —&"nd
{1&“335“ k> (e —€&)n,

where 1 < &’ < e. Thus,
exp{an? }P( sup |p@(t) —t| > en?) < exp{an?" } P( max |Sy — ku| > en?)
0<t<n 1<k<n

+ exp{aan}P(lglggl|Sk —ku| > en?) + (n+ 1) exp{an? }P(X > (e — &')n?).

The first and the second term above converge to 0 as n — 0 by Lemma A.2. We
prove convergence to 0 for the third term using Markov’s inequality,

(n+1)e?™ P(X > (e —")n%) < (n+ 1) =) BeaX 5 0 as n — oo. =
Acknowledgements
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CONVERGENCE OF DIRECTED RANDOM GRAPHS
TO THE POISSON-WEIGHTED INFINITE TREE

KATJA GABRYSCH,* Uppsala University

Abstract

We consider a directed graph on the integers with a directed edge from vertex i to j present
with probability n~!, whenever i < j, independently of all other edges. Moreover, to
each edge (i, j) we assign weight n=!(j — i). We show that the closure of vertex 0 in
such a weighted random graph converges in distribution to the Poisson-weighted infinite
tree as n — oo. In addition, we derive limit theorems for the length of the longest path
in the subgraph of the Poisson-weighted infinite tree which has all vertices at weighted
distance of at most p from the root.

Keywords: Directed random graph; Poisson-weighted infinite tree; rooted geometric
graph
2010 Mathematics Subject Classification: Primary 05C80

Secondary 60F05; 60C05

1. Introduction and main results

In this paper we consider a directed version of the standard Erd6s—Rényi random graph [7]
on n vertices, defined as follows. For each pair {i, j} of distinct positive integers, i, j < n,
toss a coin with probability of heads equal to p, 0 < p < 1, independently from pair to pair;
if heads shows up then introduce an edge directed from min(i, j) to max(i, j). A path in a
directed graph is a sequence of increasing vertices which are successively connected and the
length of a path is the number of edges in the path. The longest path in the graph is a path
with maximal length. The length of the longest path in a directed random graph, sometimes
also called the height of a graph, was the subject in a number of papers, see [9] and [12]-[15].
Newman [15] and Itoh and Krapivsky [14] showed that the length of the longest path starting
from vertex 1 in a directed random graph on n vertices with edge probability n~!, rescaled by
n~!, converges to the constant e. In both papers, the authors also describe the limiting object
of the closure of vertex 1. This limiting object can be found in the literature under the name
Poisson-weighted infinite tree.

Let U = {o} U U,folek and, if u, v € U, denote by uv the concatenated element and
@u = ud = u. The Ulam—Harris tree is the infinite rooted tree with vertex set U, the root in
the vertex with label &, and an edge joining vertices u and uj for any u € U and j € N. This,
in the language of trees, means that if u € U then the children of u are ul, u2, u3, ....

The Poisson-weighted infinite tree (PWIT) is the Ulam—Harris tree with weight function w
on edges defined as follows. Assign to each vertex # € U an independent realization of a
Poisson process with rate 1. Let the arrival times of the Poisson process assigned to vertex u
be {& }‘ j € N}. Then the weight function w of the edges from the vertex u is given by
w(u, uj) = 7,]’ e N.

Received 13 November 2014; revision received 5 August 2015.
* Postal address: Department of Mathematics, Uppsala University, PO Box 480, 751 06 Uppsala, Sweden.
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In their survey, Aldous and Steele [4] defined rooted geometric graphs and their convergence,
a framework which we use here in order to prove rigorously that the limit graph of directed
random graphs is the PWIT.

Let G = (V, E) be a connected graph with a finite or countably infinite vertex set V, edge
set E, and associated function w: E — (0, oo] for weights of the edges of G. Moreover, for
any pair of vertices 1 and v, the distance between u and v is defined as the infimum over all
paths from u to v of the sum of the weights of the edges in the path. The graph G is called a
geometric graph if the weight function makes G locally finite in the sense that for each vertex v
and each p > 0 the number of vertices within distance p from v is finite. If, in addition, there
is a distinguished vertex v, we say that G is a rooted geometric graph with root v. The set of
rooted geometric graphs will be denoted by G..

For any p > 0 and for any rooted geometric graph G denote by N,(G) the graph whose
vertex set V,,(G) is the set of vertices of G that are at a distance of at most p from the root
and whose edge set consists of just those edges of G that have both vertices in V,(G). We say
that p is a continuity point of G if no vertex of G is exactly at a distance p from the root of G.

A graph isomorphism between rooted geometric graphs G = (V, E) and G’ = (V/, E') is
a bijection ®: V — V' such that (®(u), ®(v)) € E’ if and only if (1, v) € E and ® maps
the root of G to the root of G’. A geometric isomorphism between rooted geometric graphs G
and G’ is a graph isomorphism ® between G and G’ which preserves edge weights, that is,
w' (®(e)) = w(e) for all e € E (where ®(e) denotes (P (u), ®(v)) for e = (u, v)).

We say that G,, converges (locally) to G in G if for each continuity point p of G there is an
ng = no(p, G) such that for all n > ng there exists a graph isomorphism ®,, , from the rooted
geometric graph N,(G) to the rooted geometric graph N,(G) such that for each edge e of
N, (G) the weight of ®, ,(e) converges to the weight of e.

In Appendix A we propose a distance function d which makes G into a complete separable
metric space and for which the notion of convergence in the metric space is equivalent with the
definition of convergence above. In this setting we can use the usual definition of convergence
in distribution, see, e.g. [8].

Consider now an extension of a directed random graph to the infinite, countable vertex set
with labels Ng = {0, 1, 2, ...} and with edge probability n~!. As before, any two vertices are
connected with an edge with probability n~!, independently of the other edges, and an edge is
always directed from the vertex with the smaller label to the vertex with the larger label. We
define the weight of an edge in this graph as the absolute difference between its labels rescaled
by n~!, that is, if e = (i, j) is an edge of the graph then its weight is w, (¢) = n~"'|j — i|. The
closure of vertex 0 in a directed random graph is its subgraph consisting of all vertices which
are connected with vertex 0 through a path (including vertex 0) and all the edges between these
vertices. We call vertex O the root of the closure of vertex 0.

Our main result is the following theorem.

Theorem 1. Let T,, n € N, be the closure of vertex 0 in a directed random graph on Ny,
with edge probability = and weight function w,. Then T, converges in distribution to a
Poisson-weighted infinite tree as n — oo.

We show convergence in distribution of the closure of vertex 0 of the directed random graphs
on an infinite vertex set to the PWIT, instead for their finite versions. A reason is that directed
random graphs on n vertices with weight function w, have all vertices at the distance at most 1
from the root and their weak limit is a subgraph of a PWIT T, N{(T'). To obtain a PWIT in the
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limit, one could consider finite directed random graphs but then the number of vertices need to
grow faster than linearly.

The PWIT appears also as a weak limit of a randomly rooted complete graph on n vertices
with independent and exponentially distributed edge weights with mean n. Aldous [3] proved
this limit theorem and used it in a study of arandom assignment problem with n jobs, n machines,
and the costs of performing a job on each machine being independent and exponentially
distributed with mean n.

The PWIT was also studied in the domain of branching random walks [1]. A branching
random walk is an extension of the Galton—Watson branching process obtained by associating
to each individual of the process a real-valued random variable. In a tree generated by the
branching process, the displacement of a particle is defined as the sum of random variables
associated to the particle’s ancestors, from the root to the particle itself. An object of interest
in a branching random walk is the minimal displacement of particles in the nth generation,
denoted by M,,.

Let L, be the length of the longest path in the PWIT, between the root vertex and all
the vertices at a distance of at most x from the root. Itoh and Krapivsky [14] gave arguments
supporting the assertion that the distribution of L, attains travelling wave behaviour for large x.
Itis assumed that the convergence to a travelling wave is a general phenomenon for the minimal
displacement in branching random walks, but only a few examples exist where it is explicitly
proven [6], [11]. A consequence of the travelling wave behaviour in the limit is tightness of
the minimal displacements, that is, the tightness of the family {M,, — median(M,,),n > 1},
which was also separately studied in [10]. A stronger result than tightness is the existence of
an exponential upper bound for the deviation probability for M,, — median(M,,), which was
obtained in [1], [2], and [11].

In this paper we obtain the asymptotic expression for the median of the length of the longest
path L, in the PWIT and show that the distribution of L, has uniform exponential tails.

Theorem 2. The median of the length of the longest path of the PWIT, for x > 1, is
median(Ly) = xe — 3 logx + O(1).

Theorem 3. For the length of the longest path of the PWIT, for all x > 1, y > 0, and any
c1 < 1/e, there exists a constant C1, dependent only on c1, so that

P(Ly < median(Ly) —y) < Cie” ",
and for any ¢y < 1 there exists a constant Cy, dependent only on c», so that
P(Ly > median(Ly) + y) < Cre™ Y.

In particular,
EL, = xe — 3logx + O(1) and var(Ly) = O(1).

The paper is organized as follows. In Section 2 we show that the studied random graphs
are almost surely rooted geometric graphs. Theorem 1 is proven in Section 3 and the proofs of
Theorem 2 and Theorem 3 are given in Section 4. In Section 3 we use a definition of distance
between two rooted geometric graphs, which we study in more detail in Appendix A.
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2. Rooted geometric graphs

The closure of vertex 0 in a directed random graph on vertex set Ny with edge probability n !

is a graph with the root at vertex 0 and a countably infinite vertex set. The weight function w,,
makes the graph locally finite as, for any p > 0, the number of vertices within the distance p
from a vertex v of the graph is at most 2| pn |+1.

The PWIT is also a rooted graph with a countably infinite vertex set. To show that the PWIT
is almost surely a rooted geometric graph, it is left to prove that is almost surely locally finite.

We start by a connection between the PWIT and the Yule process. The Yule process
{Y (), t = 0} is a branching process which starts at time 0 with one particle, Y (0) = 1, and
each particle, independently of all others and of the past of the process, after an exponential
waiting time with mean 1 splits into two particles. The number of particles present at time ¢
is Y (1).

Lemma 1. Let {Y (¢), t > 0} be the Yule process and let T be the PWIT. Let, fort > 0, |V,(T)|
be the number of vertices of the graph T at a distance of at most t from the root. Then

{(Y(),1 >0} 2 (|Vi(T)], t >0},

where ‘2’ denotes equality in distribution.

Proof. Fort =0, Y(0) = 1, Vo(T) = &, and |Vp(T)| = 1. Because of the memoryless
property of the exponential distribution, at any time ¢ > 0 the time left until the next splitting
occurs in the Yule process is the minimum of Y (¢) exponential random variables with mean 1,
that is, exponential random variable with mean Y (t)’l. Similarly for the PWIT, at time ¢ > 0
there are |V;(T)| vertices and each vertex is assigned a Poisson process which defines the
weights of the edges. The closest vertex to the root that is outside V;(T) is determined by
the position of the first point after ¢ in these |V;(T)| Poisson processes. Thus, the first vertex
with distance from the root greater than ¢ is at the distance ¢ 4+ X from the root, where X is
exponentially distributed random variable with mean | V; (M|~ L. O

Proposition 1. The PWIT is almost surely a locally finite graph.

Proof. Let T be a PWIT and let {Y(¢), ¢t > 0} be the Yule process. For the Yule process is
E(Y (¢)) = €' [5, Chapter I11.4] and, thus, by Lemma 1, we have E(|V;(T)|) = ¢’. Hence, the
number of vertices within the distance ¢ from the root is, almost surely, finite.

Let v be a vertex of T and denote by r the distance between v and the root. Note that
r < oo. Then the set of vertices that are within distance p from vertex v is a subset of V., (7).
Therefore, there exists almost surely finitely many such vertices and the PWIT is almost surely
a locally finite graph. O

3. Convergence to the PWIT

In this section we prove Theorem 1. The first step is to show that for large enough n, with
high probability, the directed graph on the segment [0, p] is a tree, which suggests that the
limiting object should also be a tree.

Lemma 2. Let T, n € N, be the closure of vertex 0 in a directed random graph on Ny, with
edge probability n=" and weight function w,. For p > 0,

P(N,(Ty) isatree) - 1 asn — oo.
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Proof. Note first thatfor p > Oitholds that |V, (T,,)| < [np|+1. For verticesi and j,i < j,
we denote by i ~~ j the event that there exists a path from vertex i to vertex j and by i ~ j the
event that there exist two nonintersecting paths from vertex i to j, where by nonintersecting
we mean that the paths do not have any common vertices except i and j. Define now forn € N
and p > 0 the events

AP ={N,(T,) is not a tree}

and fori, j € Ng,i < j,

AL =i € Vp(Ty)., i ).
Obviously, when j =i 4 1 the events Ap " are empty. If the graph N »(T) is not a tree, there
exist vertices iy, iz, j € V,(Ty), i1,i2 < j, such that (i1, j) and (i2, j) are edges of N,(T,).

Then we can find a vertex i € V,(T,), i < min{iy, i2}, such that i and j are connected with
two nonintersecting paths. Therefore, we can write

lnp) lnp]=2 |np]
PPy < Y PACH =Y PASh+ Y Y Pl 1)
0<i<j<|np] Jj=2 i=1 j=i+2

Fori > 1, i+2 < j < |np], we have

P(APT) = P(0 ~ DP(  j)
i—1
< Z (0, vy, v2, ..., v, i) isapathin N,(T,))
k=0
Jj—i—1
Z P((, u1, uz, ..., ug, j)and (i, ul,uz,.. ub,]) are
=1
nonintersecting paths in N, (T), £y + £, = £)

i—1 Jj—i j i 1
k+1 -t =1 _£+42
= 2
Z_ ( ) 2 ( ¢ ) !

k=0 =1

<
[

<50+ p)Tla+2p) L

Similarly, fori =0, 2 < j < |np],

P(AR") =P % j)
j—i—1

> PO, ur,uz, ... ug,. j) and (0, uf, uh. ... up,, j) are
=1

IA

nonintersecting paths in N, (1), £y + £, = £)

=i
:Z< , )2271[)“2

(=1

P (142py .

A
)
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Applying the above inequalities to (1) and replacing p with n~!, we obtain

[np] p2 lnp]=2 |np] p3
p.n P Jj—1 P i—1 j—i—1
P(A )<Z S(+2p) 7+ Z Z S +p T A +2p)
j=2 i=1 j=i+2
2 o) _ 3 lnpl -2 lnpl—i _
142 142 (142 142

_pd+2p) (+p)+p—2(1+p)’*‘(+p) (1+2p)
2 2p 2 &~ 2p

< %(1 +2p)Lne]

2 lnp]—2 —1
1 1
g qapet (= (122 P
4 14+2p 142p

<2 +2p))

1
2n

which gives

< —e2°,
1

P(Ny(T,) isatree) =1 —P(A”") > 1 — 2—e2p —1 asn— oo. O
n

In the proofs of Lemma 3 and Theorem 1 we use the following definition for a distance
between two geometric graphs G1, G € G:

d(Gl, G2) _ /oo R(Np(Gl), Np(GZ)) dp
0 eP

’

where

R(N,(G1), Ny(G2)) = min1, jw(e) = w(@@)l}:

min max
{®: ®: Vp(G)=>Vp(G2) {e: e edge of Ny(G1)}
graph isomorphism}
see Appendix A for more details.
To show convergence in distribution of rooted geometric graphs {G,,, n > 1} to G, we show

one of the equivalent statements of the Portmanteau theorem [8, Theorem 2.1]:

lim P(G, € A) =P(G € A)
n—o0

for all Borel sets A whose boundary 0 A satisfies P(G € dA) = 0.

Furthermore, define the Bernoulli-weighted infinite tree with parameter n~' (BWIT,,) to be
the Ulam—Harris tree with weight function w, on edges defined as follows. Let {X%,u € U, j €
N} be a sequence of independent and geometrically distributed random variables with law
P(X4 =k) =n~"(1=n"")*"", k € N. The weight function i, is b, (u, uj) = n~"Y{_; X}

Lemma 3. Let f",,, n € N, be a BWIT,. Then the sequence f“n converges in distribution to a
PWIT as n — oo.

Proof. Let T and ﬁ,, n € N, be the Ulam—Harris trees with weight functions w and w, on
edges defined as follows. Let {YJ’.’, u € U, j € N} be independent and exponentially distributed

random variables, ]P’(Yj‘.‘ <x)=1—-e*,x>0. ForneN,leta, = 1/log(n/(n — 1)) and
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set X“ = [a, Y“] u € U, j € N. Then the random variables {X” u € U, j € N} have
geometnc dlstrlbutlon with parameter n~!. The weight functions of the trees T and 7}, are

j j
- 1
wu, uj) = E Yy and w,,(u,uj):; E X,’f’k foru e U, j e N.
=1

The tree T has the law of a PWIT and T has, the same as T,,, the law of a BWIT,,. Moreover,

n-lx® nj Y'Y, almost surely, as n — 00, so the weights of the edges of trees T, converge,
almost surely, to the weights of the corresponding edges of the tree 7. Therefore, almost
surely, for all continuity points p of T, there is no € N, such that N p(Tn) and N,(T) are
graph isomorphic for all n > ng and R(Np(T,,) N,(T)) — 0asn — oo. By the dominated
convergence theorem, it follows that d(7,,, T) — 0, almost surely, as n — oo. Thus, for any
Borel set A with P(T € 0A) = 0, we have

lim P(T, € A) = lim P(T, € A) = P(T € A). O
n—o00 n—oo

Proof of Theorem 1. Fix p > 0 and let 7, , be the set of all rooted geometric graphs G
which are trees and for which P(N,(7,,) = G) > 0. Since a vertex i of T, is connected with
any vertex in {i + 1,7 + 2, ...} with probability n~!, the corresponding weights of the edges
from i are sums of geometrically distributed random variables with parameter n~! rescaled
by n~!. Thus, for G € T, p IS P(Ny(Ty) = G) = }P’(Np(Tn) G), where fn is a BWIT,,.
Moreover, whenever the graphs N,(T,) and N, (T,) are geometric isomorphic, the distance
between T, and T,, is

d(Tn,fn)zf R(N’(T”i; N ) drs/ eirdrzi. )
P P

er
Let A C G, be a Borel set with P(T € 9dA) = 0. Furthermore, for ¢ > 0, define
Ay = {G € Gy thereis G' € Asuchthatd(G,G') < e} and A_, = (A9,)°. Using
these definitions and the upper bound (2), we can write

P(Ty € A_e-s, Np(Ty) € Tn.p) <P(Ty € A, Ny(Ty) € Trp) < P(Ty € Ayes).  (3)

Using
P(Th € A) =P(T, € A, Np(Ty) € Tn,p) + P(Tn € A, Npy(Ty) & Tn,p)

and (3), we obtain
P(Ty € A_e-r, No(Tp) € Tn.p) < P(T,, € A)
<P(Ty € Apes) +P(N,(T) & T p).

Letting n — oo and using the result of Lemma 2 that P(Np(f",,) € Tnp) = P(N,(Ty) €
Ta,p) = lasn — oo yields

11m 1nf IP’(T €A _») < 11m 1anF’(T € A) <limsupP(7, € A) < limsup ]P’(T € Ajen).

n—>oo n—oo

Finally, letting o — oo in the inequalities above and Lemma 3, we obtain
lim P(7, € A) = lim P(T, € A) =P(T € A),
n—oo n—o00o

where T is a PWIT. O
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4. The length of the longest path in the PWIT

Denote by S(v) the distance of a vertex v from the root of the PWIT. For n € N, define the
mmlmal displacement over all individuals in the nth generation to be M,, = inf ey S(v) and
let M,, = median(M,) = sup{x: P(M,, < x) < f} The minimal displacement of the nth
generation of a PWIT was studied by Addario-Berry and Ford [1], who obtained the following
results.

Theorem 4. The median of the minimal displacement of the nth generation of the PWIT is

~ n 3
M, = —+ —logn + O(1).
e 2e

Theorem 5. For the minimal displacement M,, of the PWIT, for all n > 1, x > 0, and any
c1 < e, there exists a constant C1, dependent only on c, such that

P(M, < M, —x) < Cie™",
and for any ¢y < 1, there exists a constant C», dependent only on ¢, such that

P(M, > M, + x) < Coe ",

The length of a path is the number of edges in the path. We denote by L, the length
of the longest path in the PWIT between all the paths of a tree starting from the root and
endlng in a vertex at a distance of at most x from the root. Let L. + be a median of L X and let
Lx =max{n: P(Ly >n) > 2} Note that |L —L | <1, so the asymptotic resultforL holds
for the median as well. We will show that Theorem 2 and Theorem 3 follow from Theorem 4
and Theorem 5, respectively, and from the observation: Ly > n if and only if M,, < x.

Proof of Theorem 2. Combining the definition of ix with the above observation, we obtain
ix = max{n: P(Ly > n) > %} = max{n; P(M, <x) > %}

The maximum in the last term above will be achieved for n such that M,, <x < Mn+1 Using
Theorem 4 we can assert that the n that satisfies these inequalities is n = xe — 5 log x4+ 0(1),
which is then the asymptotic value of L, and L O

Proof of Theorem 3. Using the second part of Theorem 5 and definitions of A7[,, and L » from
Theorem 4 and Theorem 2, respectively, for any x > 1,0 <y < L, and ¢ < 1, we have

P(Ly <Ly —y) SP(M7 4y > %)
< Crexp{—ca(x — MLZ.x—)‘J+1)}

< exp{—cz(x — w - %log(LZX —y]+ D+ 0(1))}

3 —(3/2)1
= C2eXP{—02X+c2—logw
€ X

o + 0(1)}

/v
< Cle™ V),

where c; =cp/e. Fory > Zx the same holds because P(L, < Zx —y)=0.
The second statement of the theorem can be obtained in an analogous way.
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Applying Theorem 3 to EL, = Y 2 ,P(Ly > n), we obtain EL, =NZX + O(1) and then
from Theorem 2, we have EL, = xe — 3logx/2 + O(1). Moreover, L, can be replaced by
[EL, in the first part of Theorem 3 and this can be used to calculate var(L,) = O(1). O

Appendix A. A metric on $.

On the set of simple rooted graphs (rooted geometric graphs with all edges of weight 1), a
distance between two graphs G| and G, is sometimes defined as

1

d(GL G2) = m,

where R(G1, G2) = inf{p € No: N,(G1) and N,(G2) are not graph isomorphic}.
We expand this formula to the definition of the distance for rooted geometric graphs in the
following way. Let G1, G2 € G, then

® R(N,(G1), Ny(G2)) d
er P

’

d(Gy, G3) 2/
0

where

R(N,(G1), Np(G2)) = min{ 1, (@) - w(@@)l}.

min max
(@1 @: Vp(G)—=Vp(G2) {e: e edge of Ny(G1)
graph isomorphism}
Note that R(N,(G1), N,(G2)) = lif thereis no graph isomorphisms from N,(G1) to N, (G2).
Whenever there exist an isomorphism then the set of edges will be nonempty with an exception
if the graphs contain just the root vertex. In the latter case, we define R(N,(G1), N,(G2)) = 0.

Proposition 2. The function d is a metric on G, and ($+«, d) is a complete separable metric
space.

Proof. The function d is symmetric and nonnegative, with d(G, G2) = 0 if and only if
the graphs G| and G, are graph isomorphic and all the corresponding edges have the same
weights, i.e. if there exists a geometric isomorphism from G to G».

Now fix p > 0 and let G1, G2, G3 € $+. We want to show that the triangle inequality
is satisfied for the function R, which by integrating over p immediately gives the triangle
inequality for the function d. If the graphs N,(G1), N,(G2), N,(G3) are not graph isomor-
phic the triangle inequality holds. Otherwise, let ®, | and @, > be the graph isomorphisms
from N,(Gy) to N,(G>) and from N,(G2) to N,(G3), respectively, for which the functions
R(N,(G1), Ny(G2)) and R(N,(G2), N,(G3)) attain the minima. Then, by the triangle in-
equality, for any edge e of N,(G1), we have

lw(e) — w(®@p,1(e)] + [w(Pp,1(e)) — w(Pp20 Py 1(e))] = [wle) —w(Pp20 Ppi(e))]
Taking a maximum over edges of N,(G) yields
R(N,(G1), Np(G2)) + R(Ny(G2), Np(G3))

> min{l, max lw(e) — w(P,2 0 CD,o,l(e))|}
{e: e edge of N, (G1)}

= R(N,(G1), Np(G3)),

which is precisely the triangle inequality for function R.
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We now proceed to show that this metric space is complete. Let {G,, n > 1} be a Cauchy
sequence of graphs in ., that is, a sequence for which for every ¢ > 0 there exists no = no(¢)
such that for all m, n > ng the distance d(G,, G;;) < €. We want to show that there exists a
graph G € G, for which d(G,,, G) — 0 whenn — ooc.

We start by choosing a subsequence {G,,, i > 1} of the Cauchy sequence of graphs such
that d(Gy;, Gp;,,) < 2~%, Then, we have

> ® N R(N,(Gyy), Ny(Gy,
1>Zd(Gn,~,Gn,~+1)=/(; 3 (Np( A)ep p(Gniiy)) dp
i=1

and, thus, Z;’ilR(Np(Gn[), Ny(Gy,,,)) < oo for almost all p. For all such p and for all
e, 0 < ¢ < 1, there exists an iy = io(p, &) such that R(N,(Gy,), Ny(Gy,,,)) < ¢ for
all i > ig. Therefore, for i > ip the pairs of graphs N,(Gy;) and N,(Gy,,,) are graph
isomorphic and, hence, all the graphs {N,(G,,), i > ip} are graph isomorphic. Denote now by
®, ; a graph isomorphism from N,(G,) to N,(G,,,) for which the maximum of the edge
weight differences is minimal. Furthermore, define for i < j graph isomorphism ®,  jy =
D, 10Dy j2---0D,; and let D, (; ;) be the identity graph isomorphism. Then, for all
¢’ > 0, there exists a jo = jo(p, '), jo > io, such that for j > i > jo and for any edge e of
the graph N, (Gy,),

j—1

[w(e) = w(®p i) < Y (WP (k) (€) = WDy ikt1)(0))]
k=i
j—1
<Y RN (Gu), Np(Gryy)
k=i

o0
<Y RNy (G, Np(Gry,))
k=i
<é.

Thus, for each edge e of the graph N, (G
sequence and, hence, it converges.

Construct now the limit graph G in radius p in the following way. Set N, (G) to be graph
isomorphic to Np(Gn;O) and let ®, be the graph isomorphism from N,(G) to N, (G,,[O).
Furthermore, set the weight of every edge e of N,(G) to be w(e) = lim; 0o w(Py (y.i) ©
®,(e)). In the same way, we can construct the limit graph G in any arbitrary large radius. For
each continuity point p of the limit graph G, the function R(N,(Gy,), Ny(G)) — Oasi — oo
and then by the dominated convergence theorem d(G;, G) — 0 as i — oo.

Moreover, we need to show that d(G,, G) — 0. For every ¢ > 0 there exists ng = ng(e)
such that for m,n > ng d(G,, G,;) < €/2 and there exists i) = ig(¢) such that for i > iy is
n; > no and d(Gp;, G) < ¢/2. Then, by the triangle inequality, we have

,,l.o) the sequence {w (P, (iy,i)(€)), [ > ip}isaCauchy

d(Gy, G) <d(Gy, Gn,') + d(Gn,w G)<e

and, thus, d(G,, G) — 0asn — oo.

Separability follows from the facts that the geometric graphs are locally finite and rational
numbers are a countable dense subset of the real line. Hence, an example of a countable dense
subset of the set of the rooted geometric graphs is the set of all rooted geometric graphs with
finite number of vertices and rational edge weights. O
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Proposition 3. Rooted geometric graphs G, n € N, converge to rooted geometric graph G if
and only if d(G,, G) = 0 asn — oo.

Proof. If rooted geometric graphs G, converge to G, then R(N,(G,), Ny(G)) — 0 as
n — oo for all continuity points p. Moreover, the function R(N,(G,), N,(G))e™* is bounded
by the integrable function e™”. Since there are countably many discontinuity points, by the
dominated convergence theorem,

® R(N,(G,), N,(G
d(Gn,G)Z/ (Vo (Gn), No ))dp—>0 when n — o0,

0 e

which proves one direction of the proposition.

Assume now that d(G,, G) — 0 asn — oo. Let p > 0 be a continuity point of graph G
and let x be the last discontinuity point of G before p and y be the first discontinuity point
after p. Setd; = p —x and 6 = y — p. Forany ¢, 0 < ¢ < min{d;e™", §,e”}, there exists
ng = no(¢) such that d(G,, G) < ¢ for all n > ng. Assume now that N,(G,) and N,(G)
are not graph isomorphic for some n > ng. Then, we have two cases, either the graphs are
not graph isomorphic for all the points of the interval [x, p] or there is a discontinuity point x’
of G, in the interval [x, p], such that the graphs are graph isomorphic in the interval [x, x”),
but not graph isomorphic in the interval [x’, p]. In the latter case, the graphs are not graph
isomorphic for all the points in the interval [p, y). In these two cases, we have

| Y1 S
d(G,,G) > —dr > — or d(G,,G)> —dr > —,
x € er o € ey

which contradicts d(G,, G) < ¢. Thus, the graphs N,(G,) and N, (G) are graph isomorphic
for all n > ng. Assume now that the weights of the edges do not converge to the weights of the
edges of G, i.e. that there exist an &’ > 0 such that for all ny > ng, there is an n > n; for which
min max lw(e) — w(®(e))| > €.
{®: ®: V,(G)—V,(G,) graph isomorphism} {e: e edge of N, (G)}
But then the function R(N,(G,), N,(G)) is greater than &’ for r between x and p and, thus,
similarly as above d (G, G) > &’§1e~” which is impossible. Hence, for all continuity points p,
the graphs are graph isomorphic for large enough n and the weights of the edges converge to
the weights of the corresponding edges of G, which is precisely the definition of convergence
of rooted geometric graphs. ]
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DISTRIBUTION OF THE SMALLEST VISITED POINT
IN A GREEDY WALK ON THE LINE

KATJA GABRYSCH,* Uppsala University

Abstract

We consider a greedy walk on a Poisson process on the real line. It is known that the
walk does not visit all points of the process. In this paper we first obtain some useful
independence properties associated with this process which enable us to compute the
distribution of the sequence of indices of visited points. Given that the walk tends to +o0,
we find the distribution of the number of visited points in the negative half-line, as well
as the distribution of the time at which the walk achieves its minimum.

Keywords: Poisson point process; greedy walk

2010 Mathematics Subject Classification: Primary 60G55
Secondary 60K35

1. Introduction

We consider a stationary Poisson process IT with rate 1 on the real line and define a greedy
walk on IT as follows. The walk starts from point Sp = 0 and always moves on the points of I1
by picking the point closest to its current position that has not been visited before. In other
words, the sequence of the visited points of IT of the walk (S,,),>0 is defined recursively by

Sp41 = argmin{d(X, S,): X € T\ {So, S, ..., Su}}, (1)

where d is the usual Euclidean distance. Note that the sequence (S,),>0 is almost surely (a.s.)
well defined, i.e. there is a.s. a unique point which is arg min in the definition of the walk (1).
Moreover, 0 ¢ IT a.s.

The distance between the current position and the closest nonvisited point on the other side
of 0 increases with each step. Using the Borel-Cantelli lemma, one can show that the walk a.s.
jumps over O finitely many times. Therefore, {S1, S2, ...} # II a.s. and, moreover,

P(fim, S0 = +00) = B( Jim 8 = —e) = 3 @

In this paper we study the distribution of the number of visited points of IT which are less than 0
and the distribution of the index of the last point in the sequence (S,),>0 which is less than or
equal to 0. We denote these random variables by N and L, respectively.

The greedy walk is a model in queueing systems where the points of the process in our
case represent positions of customers and a server (the walker) moving towards customers.
Applications of such a system can be found, for example, in telecommunications and computer
networks or transportation. As described in [1], the model of a greedy walk on a point process
can be defined in various ways or/and on different spaces. For example, Coffman and Gilbert [2]
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and Leskeld and Unger [5] studied a dynamic version of the greedy walk on a circle with new
customers arriving to the system according to a Poisson process. Two modifications of the
greedy walk model on a homogeneous Poisson process on the real line were studied by Foss
et al. [3] and Rolla er al. [6]. In the first paper, the authors considered a space-time model,
starting with a Poisson process at time 0 and the time and position of arrivals of new points are
given by a Poisson process on the space-time half-plane. Moreover, the expected time that the
walk spends at a point is 1. In this case the walk, a.s., jumps over the starting point finitely
many times and the position of the walk diverges logarithmically in time. In the second paper,
the points of a Poisson process were assigned one or two marks at random. The walk always
moves to the point closest to the current position which still has at least one mark and then
removes exactly one mark from the point. The authors showed that introducing points with two
marks will force the walk to change sides infinitely many times and, thus, to visit all the points
of I1. There is not much known about the behaviour of the greedy walk on a homogeneous
Poisson process in higher dimensions. For example, it is an open problem whether the greedy
walk on the points of a homogeneous Poisson process on R? visits all points [6].

The paper is organized as follows. In Section 2 we calculate the probability that the server
visits the points of IT in a particular order. The distributions of random variables N and L are
studied in Section 3 and Section 4, respectively.

2. The probability to visit points in a predefined order
The points of IT U {0} can be written in order as
-<X,3<X,2<X,1 <X():0<X1 <X2<X3<--~.
Forn € Z, let
Yn = Xn - anl-
Since IT is a stationary Poisson process with rate 1, {Y} },,cz are independent and exponentially

distributed random variables with parameter 1.

Lemma 1. Let {Y;};>1 be independent and exponentially distributed random variables with
mean 1 and let D, =Y ;_,Y;. Then

1
P(Dy < Yypy1) = 27
and the events {D,, < Y,41}n>1 are independent.
Proof. Forn = 1thisisP(D) < Y») =P(Y;] < 1) = % Using the memoryless property
of the exponential random variable Y+, we have
P(D, < Yiy1) = P(D, < Yor1 1 Dpy < Yn+l)P(Dn—l <Y1
= IED(Yn < Yn+1)P(anl < Yn+l)
= IP(Du—1 < Yuy).
Thus, by induction, we obtain P(D,, < Y,4+1) = 1/2".
The event {D,, > Y, 1} can be written as

Y, 1 D 1
{Dn>Yn+l}:{ ntl <}:{ " >}.
Dpy1 2 Dpyr 2

Therefore, in order to show the independence of the events {D,, > Y,1},>1, we prove the
independence of the random variables {D;, /Dy +1}n>1-
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Fori < j,letU;; = D;/Dj. For any £ > 0, choose integers ij < ip < --- < ig.
The random variable U;, ;, = D;, /D, is independent of D;, (see, for example, [4, Theorem
8.4.1]) and it is also independent of D;; — D;,, ..., D;, — D;,_,. This implies that the random

variable U;, i, is independent of the random variables {U;, i, }‘;;; since
j—1
Dj, +Y1_, (Di,,, — Dy, ‘
i = i i—2 (Di it) for2 < j <.

Di, + Zi:z (Dik+1 - Dik)

‘We can use the same argument to show that, for2 < k < £—1, therandom variable U;
-1 —1

1oiks1 15 also

independent of {U;; i, };_; 4, Therefore, the random variables {U;; ;. };_; are independent

for any choice of £ and for any increasing sequence i1, i2, . .., i¢ and, thus, the random variables

{Un.n+1}n=1 = {Dn/Dn+1}n>1 are independent as well. O
Let

8=i(in)nzer°°:io=0andine min i; —1, max ij—l—l]forallneN}.

0<j<n-—1 0<j<n-—1

If the sequence (S,,),>0 satisfies (1) then there exists a sequence (i,),>0 € 4 suchthat S, = X;,
for all n > 0. Furthermore, denote by 7(S,) = i, the index of the nth visited point. In the
following lemma we compute the probability that the sequence (7 (S,))n>0 i8S (in)n>0 € 8.

Lemma 2. Let (i,),>0 € 8 and let
0 ifi; =1, 0 ifliy —in_1] =1,
81 = lfl] and, forn > 2, Sy = iflin ,l" i
1 ifip =-1, 1 otherwise.

Then

00 1 1*571 1 5)1
P(((Sa)nz0 = (in)n=0) = [ | (1 - 2—) (2) :
n=1
In other words, the random variables {5, },>1 are independent and §,, has a Bernoulli distribu-

tion with parameter 27".

Proof. Let M, = maxo<j<,i; and let m;, = ming<j<,i;. Moreover, define random
variables {Z, },>1 as

Yi, ,+1 ifip—2 >0, n>3

Z1 =Yy, Zr =Y, Z, = .
! 0 2 ! " {Y,-,12 ifi,_» <0,

Assume that the event { (77 (S j))’}:0 =( j)’}zo} occurs and, without loss of generality, assume
thati, = M,. Ifi,+1 = M, + 1 then §,+1 = 0 and

P(T(Sus1) = ins1 | (T(S)Y_g = (j)_o)
= P(Xp, 41 — Xi, < Xiy = Xyt | (T(S))i_g = () g)

M,

:P<YM,,+1 < Z Yj
J=mny
n+1

- ]P(z,,ﬂ <Y z;
j=1

(T (S))j—g = (ij)’}=o>

TSy = (i j>'}_0). 3)
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Since {Z,},>1 are independent and identically distributed exponential random variables with
parameter 1 and the event {(7(S; ))” o= ]) _o} 1s the intersection of the events {Z;> <
ZkH Zi%Z k>0 or their complements, from Lemma 1, it follows that the value of (3) is 1 =2~ @+D
Ifi,+1 =m, —1thend,+; =1 and

PO (Sus1) = int1 | (T(SHYI_g = (i))1_p)
= P(Xa,41 — Xi, > Xi, = X1 | (T(S))1_g = ())1g).

We deduce, again from Lemma 1, that the probability above is 2=+ Thys, we can write

1 1 5n+1 1 8n+1
PG (Sns1) = ing1 | (T(S))jZg = ((j)j=9) = <1 - W) (W) )

and the claim of the lemma follows. g
Corollary 1. The expected number of times the sequence (S,),>1 changes sign is %

Proof. The sequence changes sign after visiting point S,, n > 1,if 8,41 = 1. Since {5, },>1
are independent random variables with P(§, = 1) = 27", the expected number of times the
sequence changes sign is

IE(Z&,):ZIP(S,,:D:ZZ":Z. O
n=2 n=2 n=2

Remark 1. Corollary 1 implies that the number of times the sequence (S,),>0 changes sign
is a.s. finite and, thus, the walk a.s. does not visit all the points of Il. This is another way to
prove the fact that {Sy, S2, ...} # [T a.s.

3. Distribution of the random variable N

In this section we study the distribution of the random variable N, the number of visited
points of IT which are less than Sy = 0. We can write N = — min,>o 7 (S,). From (2), we
know that N is a defective random variable with P(N = o0) = % and the law of N, when N 1is
finite, is given in the following theorem.

Theorem 1. Let

Clk,t) = > : kot>1
(k, &) = Q21 — D)2 —1)--- Q2 — )2 — 1) fork,£>1.

I<ii<ji<iza<jo<-<ig<Jy

an:l (jm _im):k

Then,

e ]

1
P(N:O):H(l—z—n>

n=1

and, fork > 1,

00 1 k
P(N = k) = ]_[(1 - 27) ZEC(M).

n=1
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Moreover, for k > 0,
c 1
P(N =k) = 7% + O(—zzk),

where c is a positive constant that does not depend on k.

Proof. If N = 0, the walk visits points Xo, X1, X2, ... successively. This implies that
(@ (Sn))n=0 = (n)n>0 and the sequence (8,),>0, defined in Lemma 2, is identically 0. Now,
the result follows directly from Lemma 2.

If N = k > 1, the set of indices of visited points is {7 (Sp), 7 (S1), 7 (S2), ...} = {—k, —k+
1,—k 4+ 2,...}. Then thereis £, 1 < £ < k, and sequences iy, i2, ..., i¢ and ji, j2,..., je
suchthat 0 < ij < ji1 <i2 < j» < --- < iy < jg and the sequence (S,),>0 is negative when
im <n<j,—1,me{l,2,...,£}and nonnegative otherwise. Since the walk visits exactly k
points on the left, we have anzl(jm —im) =k, 6, = 1forn e{it,iz, ... 0¢, j1, J2,---, je}
and §,, = 0 otherwise.

Therefore, from Lemma 2, we obtain

P(N =k)
= > P((T (Sp))nz0 = (in)n=0)

(in)n2055
{i,i1,i2,. ) ={—k,—k+1,—k+2,...}

k
1 1
> X I (-5 I 5
=1 l§i1<j!<i2<j2<v--<ig<jg T@{i1, ity jlseees e} o
anzl(jm*im):k
k

) 1 1
= H(l - 27) > 2 @1 =DM =1 (2 = 1) (20 = 1)

n=1 (=1 1<ij<ji<ia<jp<-<ig<je
S Gm—im)=k

[e%9) 1 k
= 11— — Ck, ).
1"[1< 2); (k, £)

In order to find the asymptotic value of the expression above, we first obtain an upper bound
for 25C (k, £) by using the inequalities 1/(2K — 1) < 2/2K and 1/(4%F — 1) < 2/4*. Thus,

2KC(k, 0)

Zk
= Z 21t — 1)tk — 1) ... QirteFietkite ke — 1) (21t 1)
1<iy,in,...,i¢
1<ky,ka,....k¢—1

S ki<k
22K

IA

Z 32601 92(6—Diia . .. 92i¢92(—Dk122(€—2)ka . . . D2ke_1
1<iy,in,...,i¢
1<ky,k2,....ke—1

Yiciki<k
22[

- @ — D@ - D22 -2 4 =1)2
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22[22(—1
=< 7462
— 1 4
2024041 )
Let
1 1
ce= Z Dir+tie Z ' 1k TS S :
i 2i1 iy o (2t — )itk — 1) ... (21 ig+ki -1 — 1)
Similarly as in (4) one can show that ¢, < 1/ (2232_4“2) and, moreover,
lce = 2XC k. D))
1
= Z i1+-tig (2i1+-~-+i@+k -1
1<iy,ip,...,ig
1
S ) —
_ +ki — 1)... (00t tigtki+ ke _
<k ookt (211 1)(211 1 ]) (21 1g+K1 -1 ])
Yiliki<k
1
+ Z 2i1+-~+i5
1<iy,ip,.
1
X ISkl’kZZ;qkéil (2i1 _ 1)(2i1+k1 — 1) Qirttietkitther — 1)
Yl kizk
1 22@
=5 Z Z 2Qe+Di1p2e—Diz . .. p3ie02(E—Dki 92(6—2)k3 . . . 22ke—i
1<iy,ip,..., io 1<ky,ka,....k¢e—1
920—1
+ Z Z 22Zi122(£—1)i2 .. ,22i522(/5—1)k122(/é—2)k2 . 22kg,1
1<iy,ig,.oi¢ 1<ky,kp,....ke—1
i kizk
- 1 1
= 2k 9202-3¢+1
1 22€ 1 2
+ o - > - -
22k (4t — @ —1H---@d -1 22(6=2)k192(€—=3)kz . . . D2ke—2
1<ky,ka,....ke—2
- 1 1 1 1
= 2k 2023041 + 22k 2202—66+4
11
~o(5 262) )

Since ¢ < 1/(22°~4+2) then Y ice <1 /(22*=1). This, together with (5), gives

PN = k) = ﬁ(l—zn) szc(k b= ﬁ<1_2n>2”+0<2k> _C+0(21")

n=1 n=1

where ¢ = [172,(1 — 1/2") Y32, co. O
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4. Distribution of the random variable L

In this section we study the distribution of the index of the last point in the sequence (S;),>0,
which is less than or equal to So = 0; that is, the distribution of the random variable L =
max{n: S, < 0}. Again, from (2), we have P(L = oc0) = % Just as in the previous section,
we find the exact distribution of this random variable as well as an asymptotic result.

Theorem 2. We have P(L = 0) = ]_[2021(1 — 1/2™) and, for k > 1,

P(L = k) = I (1 ! )
= = ﬁ - — 1.
2 k+2 2
Moreover, for k > 0,
1 1
PIL=K) = 5z + 0<ﬁ>

Proof. The value of P(L = 0) follows directly from Theorem 1 since {N = 0} = {L = 0}.

If L =k, k > 1, for the sequence (7 (S,)),>0 € 4 it holds that 7(S;) < 0 and w(Sk4¢) > 0
for all £ > 1. Thus, for the corresponding sequence (8,),>1, which was defined in Lemma 2,
we have 8x4+1 = 1 and 8x4¢4+1 = O for all £ > 1. The only constraint for the first kK members
in both sequences, other than the constraints given by the definition of the sequences, is that
7 (Sx) < 0. This has probability % due to symmetry. Thus, by Lemma 2, we have

P(L =k) = > P((T (Sp))nz0 = (in)nz0)

(in)n>0€48
ix <0, ig+¢>0 for £>1

k

SISO ORI

81,82,...,8€{0, 1} n=1

 R— 1
= k12 1—[ <1_27)'

n=k+2

Furthermore, we can write

o0

1 1 1 1 1 1
P(L:k)zﬁ(l_ > 2—”+...>:W<1—W+...):—2k+2+0<27k>. O

n=k+2
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GREEDY WALKS ON TWO LINES

KATJA GABRYSCH

ABSTRACT. The greedy walk is a walk on a point process that always moves from
its current position to the nearest not yet visited point. We consider here various
point processes on two lines. We look first at the greedy walk on two independent
one-dimensional Poisson processes placed on two intersecting lines and prove that
the greedy walk almost surely does not visit all points. When a point process is
defined on two parallel lines, the result depends on the definition of the process: If
each line has a copy of the same realisation of a homogeneous Poisson point process,
then the walk almost surely does not visit all points of the process. However, if
each point of this process is removed with probability p from either of the two lines,
independently of the other points, then the walk almost surely visits all points.
Moreover, the greedy walk on two parallel lines, where each line has a copy of the
same realisation of a homogeneous Poisson point process, but one copy is shifted by
some small s, almost surely visits all points.

Keywords and phrases. POISSON POINT PROCESS; GREEDY WALK
AMS 2000 subject classifications. 60K37; 60G55,60K25

1. INTRODUCTION

Consider a simple point process II in a metric space (F,d). We think of II as a
collection of points (the support of the measure) and we use the notation |II N B| to
indicate the number of points on the Borel set B C E. If z € E, the notation x € II
is used instead of II N {z} # 0.

We define a greedy walk on II as follows. The walk starts from some point Sy € F
and always moves on the points of II by picking the point closest to its current position
that has not been visited before. Thus a sequence (Sy,)n>0 is defined recursively by

(1) Spy1 =argmin {d(X,S,) : X € II, X & {S0,51,...,5.}}.

The greedy walk is a model in queuing systems where the points of the process repre-
sent positions of customers and the walk represents a server moving towards customers.
Applications of such a system can be found, for example, in telecommunications and
computer networks or transportation. As described in [1], the model of a greedy walk
on a point process can be defined in various ways and on different spaces. For exam-
ple, Coffman and Gilbert [2] and Leskeld and Unger [6] study a dynamic version of
the greedy walk on a circle with new customers arriving to the system according to a
Poisson process.

The greedy walk defined as in (1) on a homogeneous Poisson process on R almost
surely does not visit all points. More precisely, the expected number of times the walk
jumps over 0 is 1/2 [4]. Foss et al. [3] and Rolla et al. [7] study two modifications
of this model where they introduce some extra points on the line, which they call
“rain” and “dust”, respectively. Foss et al. [3] consider a space-time model, starting
with a Poisson process at time 0. The positions and times of arrival of new points
are given by a Poisson process on the half-plane. Moreover, the expected time that
the walk spends at a point is 1. In this case the walk, almost surely, jumps over the
starting point finitely many times and the position of the walk diverges logarithmically

1
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in time. Rolla et al. [7] assign to the points of a Poisson process one or two marks at
random. The walk always moves to the point closest to the current position which still
has at least one mark left and then removes exactly one mark from that point. The
authors show that introducing points with two marks will force the walk to change
sides infinitely many times. Thus, unlike the walk on a Poisson process with single
marks, the walk here almost surely visits all points of the point process.

There is not much known about the behaviour of the greedy walk on a homogeneous
Poisson process in higher dimensions. For example, it is an open problem whether the
greedy walk on the points of a homogeneous Poisson process on R? visits all points [7].

In this paper, we study various point processes defined on the union of two lines £ C
R2, where the distance function d on F is the Euclidean distance, d ((z1, 1), (z2,v2)) =
V/(x1 — 22)% + (y1 — y2)2. For all point processes II considered in this paper, every step
of the greedy walk on II is almost surely uniquely defined, that is for every n > 0, there
is, almost surely, only one point for which the minimum (1) is obtained.

We study first a point process II on two lines intersecting at (0,0) with independent
homogeneous Poisson processes on each line. The greedy walk starts from (0,0). When
the walk visits a point that is far away from (0,0), then the distance to (0,0) and to
any point on the other line is large. Thus, the probability of changing lines or crossing
(0,0) is small. In Section 2 we show by using the Borel-Cantelli lemma that almost
surely the walk crosses (0,0) or changes lines only finitely many times, which implies
that almost surely the walk does not visit all points of II.

Thereafter, we look at the greedy walk on two parallel lines at a fixed distance r,
R x {0,r}, with a point process on each line. The behaviour here depends on the
definition of the process. The first case we study is a process II consisting of two
identical copies of a homogeneous Poisson process on R, that are placed on the parallel
lines. We show in Section 3 that the greedy walk does not visit all the points of I, but
it visits all the points on one side of the vertical line {0} x R and just finitely many
points on the other side.

In the second case, we modify the definition of the process above by deleting exactly
one of the copies of each point with probability p > 0, independently from the other
points, and the line is chosen with probability 1/2. In particular, if p = 1 we have two
independent Poisson processes on these lines. For any p > 0, the greedy walk almost
surely visits all points. The reason is that the greedy walk skips some of the points
when it goes away from the vertical line {0} x R and those points will force the walk
to return and cross the vertical line {0} x R infinitely many times. We prove this in
Section 4 using arguments from [7].

The greedy walk also visits all points of II in the case when II consists of two
identical copies of a homogeneous Poisson process on R where one copy is shifted by
|s| < r/v/3. This is discussed in Section 5. Note that all results are independent of
the choice of r.

For the greedy walk on a homogeneous Poisson process on R, with single or double
marks assigned to the points, Rolla et al. [7] show that, even though the walk visits
all the points, the expected first crossing time of 0 is infinite. One can in a similar
way show analogous results for the greedy walk on the processes on two parallel lines
defined in Sections 4 and 5, but that is not included in this paper.

2. TWO INTERSECTING LINES

Let E = {(z,y) € R? : y = myx or y = mox} where my,mg € R, my # my. The
point (0,0) divides FE into four half-lines. Let d be the Euclidean distance and denote
the distance of a point (z,y) from the origin by ||(z,y)|| = d((0, 0), (z,y)).
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Let II', II? be two independent Poisson processes on R with rate 1. Then, for any

a,b € R let
‘Hﬂ {(w,miw) cxy/14+m? e (a,b)}‘ = |Hif‘| (a,b)|7

so that the distances between the points of II' and II? are preserved in E. The greedy
walk (Sp)n>0 on II defined by (1) starts from (0, 0).

Theorem 1. Almost surely, the greedy walk does not visit all points. More precisely,
the greedy walk almost surely visits only finitely many points on three half-lines.

Proof. Let Bg,)(R) be a ball in R? of radius R around point (0,0). Then
LN B, (R)| = ' N (=R, R)[+ [II* N (—R,R)| < 00 as.

Thus, lim,_, ||Sp|| = 0o almost surely. To show that the walk does not visit all points
of 1, it suffices to prove that the sequence (Sy,)n>0 changes half-lines only finitely many
times.

We can define a subsequence of the times when the walk changes half-lines as follows:

jO = 07

Jn =inf {k > jn_1 : Sk and Sk41 are not on the same half-line
and [[Sy|| > max{n,||S;,_,[[}}

ko =0,

kn =inf {k < jn : Sk, Sk+1,.--,5j, are on the same half-line},

where inf() = co. Let (Uy,)n>0 and (V,)n>0 be the corresponding subsequences of
(Sn)n207 that is,

U, = Sk, and V, = S,
when jy,, k, < oo, and U, = (1,1), V,, = (0,0) otherwise. Moreover, define the events

B = A{[|Un]l < [[Vall} and Cp = {|[Unl] > [|Val[}.

If the greedy walk changes half-lines infinitely often, then j, < oo for all n and
exactly one of the events B,, and C,, occurs for each n.

Assume that C), occurs for some n such that j, < oco. Let X = S, _; be the
last visited point before U,,. Then, by the definition of the sequence (V,,)n>0, ||X|| <
max{n, ||Vo-1||} < [[Vall- From ||Un|| > ||Va|| > ||X]|| it follows that d(X,V}) <
d(X,U,,), which contradicts the definition of the greedy walk, and therefore also the
assumption that C,, occurs.

Assume now that B,, occurs for some n such that j, < co. Denote by « the acute
angle between the lines y = myx and y = mox. By the definition of the sequence
(Vi)n>0, the walk up to time j, never changed lines from a point whose distance from
the origin is greater than ||V, ||. Moreover, because of the assumption ||Uy|| < ||V,
between times k,, and j, the walk never visited the points further away than V,, on
the corresponding half-line. Thus, the points on this half-line outside B )(||Val|) are
not yet visited. The distance from V;, to the other line is ||V;,||sina. Since the walk
changes lines after visiting the point V,,, we can conclude that there are no unvisited
points of IT in By, (||V;,||sine) at time n. Hence, for n > ng, where ng is such that
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nosina > 1, we have

2
By C (AT 0 (IVall, [IVall (1 +sine)) = 0} U {TIF N (< [[Vall(1 + sina), —[|Vall) = 0}
i=1

<l G {I'N(R+1,R(1 +sina)) =0} U{II' N (-R(1 +sina),—(R+1)) =0} .
i=1 R=n
Then,

i [ 4e—nsina+1
P(Bn) <4 e~ Rsina _
R=n

1— e—sina

and
0 467nosina+1
> P(By) < (I smay <%
n=ng

Hence, by the Borel-Cantelli lemma, P (B,, for infinitely many n > 1) = 0.

Since the event C), does not occur for any n such that j, < oo and B,, occurs almost
surely finitely many times, there exists, almost surely, ng such that j,, = oo for n > ny.
Thus, the greedy walk changes lines finitely many times. O

Remark 1. The theorem holds also when IT! and II? are Poisson processes with different
rates. Moreover, we can generalise this theorem as follows. Let E be a space of finitely
many intersecting lines (every two lines are intersecting, but not necessarily all in
the same point) and II is a point process on E consisting of a homogeneous Poisson
process (with possibly different rates) on every line. Then the greedy walk starting
from a point in £ does not visit all points of II. Similarly as above, one can show that
the walk changes lines finitely many times, and therefore, visits finitely many points
on all but one line.

3. TWO PARALLEL LINES WITH THE SAME POISSON PROCESS

Let E =R x {0,r} and let d be the Euclidean distance. Sometimes we refer to the
lines R x {0} and R x {r} as line 0 and line r, respectively.

We define a point process IT on E in the following way. Let I be a homogeneous
Poisson process on R with rate 1 and let [ITN (B x {0})| = [IIN (B x {r})| = |IIN B|
for all Borel sets B C R. Denote the points of the process I by

<X o< X1 <0< X1 < X<

The greedy walk on II starts from the point Sy = (0,0), which is with probability 1
not a point of II.

Theorem 2. Almost surely, the greedy walk does not wisit all points of II. More
precisely, the greedy walk almost surely visits all points on one side of the vertical line
{0} x R and finitely many points on the other side.

Proof. We can divide the points (X;);cz into clusters, so that successive points in the
same cluster have a distance less than r and the distance between any two points in
different clusters is greater than r. Let (7;);cz be the indices of the closest point to 0 in
each cluster. More specifically, 7o = —1 if | X_;| < Xy and 79 = 1 otherwise, (7;)i>1 is
the unique sequence of integers such that X, —X,,_1 > rand X;—X;_1 <rforrm_;1 <
k < 7;, and, similarly, (7_;);>1 is a sequence of integers such that X, 11 — X, , >r
and Xpp1 — Xg < r for 7—;_1 < k < 7_;. Moreover, we call the cluster containing the
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FicUre 1. The points closest to 0 in each cluster form the sequence
(X+,)icz- Once the greedy walk enters a cluster, it visits successively

i

all the points of that cluster before it moves to the next cluster.

point X, cluster i. See Figure 1 for an example of clusters —1,0,1 and 2. The points
{X: |, Xry, X7y, X7, } X {0, 7} are marked with gray colour.

The greedy walk starting from (0,0) visits several points around (0,0) and then
moves to line r from one of the outermost points of cluster 0 on line 0. Then it visits
all points of cluster 0 on line r and if there are points left it changes lines again to
visit the remaining points on line 0 before moving to the next cluster. Later, when the
greedy walk is in cluster i, ¢ # 0, it always visits first a point at X, that is (X,,0)
or (X;,,r). Then the walk visits successively all the points of cluster i on the same
line and it changes lines at the other outermost point of the cluster. Thereafter the
walk visits the corresponding points on the other line in reverse order until it reaches
a point at X;,. Thus, the walk visits all points of cluster ¢ consecutively and it ends at
the starting position X, but on the other line. Therefore, to know whether the walk
visits all points, it is enough to know the positions of the points in cluster 0 and the
position of the points at X,,,% # 0. Since the points of cluster 0 almost surely do not
change the asymptotic behaviour of the walk, for the proof we look at the greedy walk
(§n)n20 on (Xr,)icz with 0 as starting point. Note that the distances X, ., — X;,,
i € Z\ {—1,0}, are independent and identically distributed random variables with
finite expectation.

To visit all points (X7,)icz, the greedy walk needs to cross over 0 infinitely many
times. Let A,, be the event that the walk (§n)n20 crosses 0 after visiting a point in
the interval (rm,r(m + 1)), that is

Ap={3n:rm< S, < r(m+1) and §n+1 < 0}.
This can be written as

Ap={3ni:rm <X, <r(m+1), S, = X,, and Sp;; < 0}
c{3i:rm< X, <r(m+1), X, — Xy, >rm}

= U{rm < X5, <r(m+1), X5, — X, >rm}.
i>0

For i > 1, the random variable X, , — X, is independent of X,, and it has the same

distribution as X,, — X,. Moreover, X, € [rm,r(m+1)) for at most one i. Thus, we
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have

P(Am) SPrm < Xpy <r(m+1)) + Y Plrm < Xp, <r(m+1), X
=1

— X, >rm)

Ti+1

o0
<Plrm < X, <r(m+1))+ ZP(rm < X, <r(m+1)P(X;, — X5 >rm)

i=1
= P(rm < Xo, < r(m+ 1) + P(Xey = Xp, > 1m) S B (Lrcn i)
i=1
1,
< 56_2”"(1 —e )+ P (X, — X, >1rm).
Then
o0 o0 1 o o o0
Z%P(Am) < 2;156 m] — ey 4 Z:I]P’(Xm — X, >rm)

o1
< 56_27 =+ ;]E(XTZ — XTl) < 0.
Now the Borel-Cantelli lemma implies that

P(A,, for infinitely many m > 1) = 0.

Hence, the walk (S,,)n>0 almost surely crosses 0 finitely many times. Therefore, also
the walk (S, )n>0 crosses the vertical line {0} x R finitely many times and visits just
finitely many points on one side of that line. O

4. TWO PARALLEL LINES WITH THINNED POISSON PROCESSES

Let E =R x {0,7} and let d be the Euclidean distance. Moreover, let 0 < p < 1.
We define a point process II on E as follows.

Let II be a homogeneous Poisson process with rate 1. Let TI° and II" be two
(dependent, in general) thinnings of I generated as follows. For all X € ﬁ, do one of
the following:

e With probability 1 — p, duplicate the point X and make it a point of both
processes I1° and II".

o With probability p, assign X to either II° or IT" (but not both), with probability
1/2 each.

Let now IT be the point process on E with I N (B x {0}) = (TI° N B) x {0} and
IIN (B x {r}) = (II"N B) x {r} for all Borel sets B C R.

We study the greedy walk on IT defined by (1) that starts at Sp = (0,0). Note that
(0,0) ¢ II with probability 1. Sometimes in the proofs we consider the greedy walk
starting from another point x € E. We emphasise this by writing the superscript z in
the sequence (S%),>0.

If p =0, II° and II" are identical. This was studied in Section 3 where we showed
that the greedy walk does not visit all points of the process. In this section we consider
p > 0 and we get the opposite result:

Theorem 3. For any p > 0, the greedy walk visits all points of 11 almost surely.

For p = 1, the processes II° and II" defined above are two independent Poisson
processes with rate 1/2. When 0 < p < 1, the process II has some “double” points
and TI° and II" are not independent. However, for p = 1 and p € (0,1) the behaviour
of the walk is similar and, thus, we study these cases together.
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Let us now introduce some notation and definitions that we use throughout this
section. We call the projections of elements of E on their first coordinate shadows of
the elements of E on R and we denote it by ~. For example, the shadow Z of a point
x = (x1,22) € F is x1. The point process II is defined from the process II that can be
seen as a shadow of II, that is, = € I if and only if there exists ¢ € {0,r} such that
(z,1) € II. Also, (§n)n20 is the shadow of the greedy walk (Sy)n>0, that is, (§n)n20
contains just the information about the first coordinates of the locations of the walk.

Let II,, = I\ {So, S1, S2, . . ., Sn—1} be the set of all points of II that are not visited
before time n. Let IIY and II”, be the shadows of I, N (R x {0}) and II, N (R x {r}),
respectively. Moreover, II, denotes the shadow of IT,,, that is, the set of the first
coordinates of the points of II,,.

Define the shift operator 0, ), (z,1) € E, on II, by 0, nIl = ((° —z) x {0}) U
(1" — z) x {r}) and 6, HII = ((II" — z) x {0}) U ((II° — 2) x {r}). Define also the
mirroring operator o by oIl = ((—11°) x {0}) U ((—=1I") x {r}).

For any subset A of R define

Ta=inf{n>1:8, € A}
to be the first time the shadow of the greedy walk enters A and write T}, for Tj,;. Let
TR =inf{n > 0: ﬁn+1(x) = 0}, that is, % is the time when both points (z,0) and
(z,7) are visited. If exactly one of (x,0) and (z,r) is in II then T.F = T,.

Note that for any z > 0 we have T; o) < 00 or T(_) < o0 because ﬁ[O, x] < o0,
almost surely, and the walk exits [0, z] x {0, r} in a finite time. Define now the variable
D,, x € ﬁ, z > 0, as follows. If T(_ ) < T}y 00) then Dy = 0. Otherwise, Tj; o) <

T(—o0,0) and 0 < §17§2, .. '7§T[z,oor1 <z, ST[I,DO > x. We can label the remaining

)

points of ﬁT[m,oo) in the interval (0,z) by 21, 22, ..., 2n—1 so that

(2) 0=z, < zp_1 < - <21 <2=2.

Let then

(3) D, = pdnax {(zi — zig1) — (x — 2)} = pnax {22; — zi41 — x}.

Since 2zp—2z1—rz=x—2 >0and 2z; —zi41 —x <2z —x <z for0<i<n-—1, we
have 0 < D, < z. The variable D, measures how big should be the distance between
x and the closest point to x in mnn (z,00), so that the walk possibly visits a point in
(—00,0) x {0, r} before visiting any point in (z,00) x {0,7}.

We prove Theorem 3 in a similar way as Rolla et al. [7] prove that the greedy walk
visits all marks attached to the points of a homogeneous Poisson process on R, where
each point has one mark with probability p or two marks with probability 1 — p. The
idea of the proof is the following. We define first a subset = of I1°, which is stationary
and ergodic. Then, using the definition and properties of =, we are able to show that
there exists dy > 0 such that, almost surely, Dx < djy for infinitely many X € II. This
we use to show that events Ay, which we define later in (6), occur for infinitely many
k > 0, almost surely. Then we show that whenever Ay occurs, the greedy walk visits
(—00,0) x {0,7} in a finite time. Therefore, we can conclude that T{_., ) < oo, almost
surely. Finally, using repeatedly the fact that T(_ . o) < oo, almost surely, we are able
to show that the greedy walk on II crosses the vertical line {0} x R infinitely many
times and, thus, almost surely visits all points of II.

Let us first discuss general properties of the greedy walk on E that do not depend
on the definition of the point process II. If the greedy walk visits two points (z,¢)
and (y,¢) on a line ¢ € {0, 7}, without changing lines in between those visits, then it
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visits also all the points between x and y on line ¢. So the walk clears some intervals
on the lines, but because of changing the lines it possibly leaves some unvisited points
between those intervals. The following lemma shows that if the walk omits two points
on different lines between visited intervals, then the horizontal distance between those
points is greater than r. Moreover, looking from a point that is to the right of those
two points, the closer point is always the point that is more to the right. Thus, when
the walk returns to a partly visited set, it always visits first the rightmost remaining
point in this set.

~

Lemma 1. Let a = minp<i<p, §i and b = maxo<i<n ;.

(a) Leta <z <y < bsuch that (,tz), (Y, ty) € ng1 and g # ty. Theny—z > r.

(b) Let a <z <y < z < b such that (z,1g), (y,ty) € py1, (2,02) € II,. Then

d((y, 1y), (2,22)) < d((z,12), (2, 12)).

Proof. (a) Let x,y be as in the lemma and suppose on the contrary that y — z < r.
Let I1 = ((a,2) X {ta})U((a,y) % {¢y}) and Ir = ((z,b) x {t2})U((y,b) x {ty}). Since
the greedy walk has visited points at a and b up to time n, but not the points (z, ¢;)
and (y, ty), the walk before time n moved from I to I or in the opposite direction.
Because of the assumption y —z < r, a point in I; is closer to (z,t;) or (y,ty) than
to any point in Is, and conversely. Thus, if y — x < r it is impossible to visit a point
at a and a point at b without visiting either (x,¢;) or (y,ty), which contradicts the
assumptions of the lemma.

(b) If ¢y = ¢, then d((y,ty), (2,t2)) =2 —y < z —x < d((®, ta), (2, t2)). I 1y # L2
and by = Ly then d((y7 Ly)» (Z7 LZ))Q = (Z - y)2 + 7.2 < (Z - x)Z +T2 < d((xa Lw)a (Za LZ))2'
If vy # ¢, and ¢y # vy, it follows from part (a) of this lemma that y —a > 7. This yields

d((ysty), (2,0))? = (2= y)* + 1 < (z —y +71)?
<(z—y+y—2)?=d((z, ), (2.))>
Let (¢,ic) € II, ¢ > 0, be a point far enough from (0,0). If (e, ) is not visited
when the walk goes for the first time from (—oo, ¢) X {0,7} to (¢, 00) x {0, 7}, then this

point is visited before the walk returns to (—oo,¢) x {0,7}. Furthermore, as we show
in the following lemma, when the walk is finally at the location (¢, t.), then there is no

O

unvisited points left in (¢, maxo<;<7r §Z] x {0,7}. If (¢, ¢c) is close to (0,0) and ¢, = r,
then this is not always true because the greedy walk might jump several times over
(0,0) (and (c,0)) without visiting any point on line r.

Lemma 2. Let a = ming<i<n §Z and b = maxo<i<n §l Let a < ¢ < b, 1. € {0,7},
such that (c,ic) € ypy1. If §n > ¢ and (c,ic) is visited before any other point of 11,
in (—00,c) x {0,7}, then all points of I1 in (c, maxy<;<rr §Z] x {0,r} are visited before
time TR, ‘

Proof. Let us denote maxy<;<rr S; by M. It is easy to see that the lemma is true for

¢ = M. Thus, assume that M > ¢ and let j be the first time for which §j = M. Then,
for j+1<k<TE-1, S isin (¢, M] x {0,7}.

Let x be the rightmost point of ﬁj+1 in the interval [¢, M] and let ¢, be the corre-
sponding line of that point. Note that at time j 4 1 there is only one point left at . If
x = ¢, the claim of the lemma follows directly. Otherwise, by Lemma 1 (b), the point
(%, te) is closer to S; than any other point in [¢,z) x {0,7}. Thus, Sj+1 = (, ) and
there are no points left in [z, M]x {0, r} after time j+1. Repeating the same arguments
we can see that the walk successively visits all the remaining points in [¢, M] x {0,7}
until it reaches c. Hence, at time T.F the set (c, M] x {0,7} is empty. O
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To show that Dy < oo for infinitely many X € ﬁ, the crucial will be the subset =
of TI° which we define as follows. For X € I1°, let L%(X) = max{Y € II’ : Y < X}.
Then let

== {Xen’: s e (L9X),00) x {0,r}) \ {(X,0)} for all n.> 1 and
SéLO(X),m) c ([LO(X),OO) % {077«}) \ {(X,0)} for all n > 1},

that is, = contains all points X € II° such that if we start a walk from (L°(X),0) or
(L°(X),r), then the walk stays always in [L°(X), 00) x {0,7} and it never visits (X, 0).
We have defined = in this way because then for every X € E, whenever the greedy
walk approaches (X,0) and (X, ) from their left, the walk passes around (X,0) and
it never comes back to visit (X,0). Thus, if Z is non-empty, there are some points of
IT that are never visited. R

The point process II is generated from the homogeneous Poisson process II and thus
it is stationary and ergodic. The process = is defined as a function of the points in IT
and therefore E is a stationary and ergodic process in R. Therefore, E is almost surely
the empty set or it is almost surely a non-empty set, in which case = has a positive
rate. We look at these two cases in the next two lemmas.

For the first lemma we need the random variable Wi, ,y, * € R, ¢ € {0,7}, which
measures a sufficient horizontal distance from (z,:) to the rightmost point in the set
(—o0,z) x {0,7}, so that the greedy walk starting from (z, ¢) never visits that set. For
x € Rlet II* =TI N ([x,00) x {0,7}). Consider for the moment the greedy walk on II*
starting from (x,¢) defined by (1) and let

W(x,L) = igg{gz - d(Su SH—l)}-

Let L9%(z) = max{Y € I’ : Y < 2} and L"(z) = max{Y € II" : Y < x}. If for some
reR, 1 €{0,7}, Wyl < oo and max{L%(z), L"(z)} < Wiz, then for all i > 0

min{d(S;, (L°(x),0)),d(S;, (L"(x),r))} > S; — max{L%(x), L" ()}
> §Z — W(z,L) > d(Si, Si+1).

Therefore, the walk on II starting from (z,¢) coincides with the walk on II*, because
for every ¢ > 0 the point S; is closer to S;y1 than to any point in IT \ II*. Thus, the
walk does not visit IT \ II*. The opposite is also true, i.e. if the walk on II starting
from (,¢) coincides with the walk on I1%, then [W(, ,y| < oo.

Lemma 3. If = is almost surely the empty set, then ¥ = {(X,¢) € I : [W(x ,y| < oo}
s also almost surely the empty set.

Proof. For x € R, let L°(x) and L"(x) be as above. Since Wix, is identically dis-
tributed for all (X,t¢) € II, ¥ is stationary and ergodic. Suppose, on the contrary,
that ¥ is a non-empty set. For d > 0 let Vg = {(X,r) € ¥ : [W(x,)| < d} and note
that Uy %q = ¥ N (R x {r}). Thus, there exists d large enough so that ¥, is a
non-empty set which is stationary and ergodic. Let \Tld be the set of all (X,r) € Uy
such that the points (L°(X),0), (L"(X),r) and (L°(L°(X)),0) satisfy the following.
First, these points are in (—oo, X —d) x {0,7}. Second, the point (L"(X),r) is closer
to (X,r) than to (L°(X),0). Third, the greedy walks starting from (L°(L%(X)),0)
and (L°(LY(X)),r) visit only the points in [LY(L%(X)),00) x {0,7} and these walks
visit (L"(X),r) before visiting (L°(X),0). Since these three conditions have a positive
probability, which is independent of Wx .y, \Tld is also almost surely a non-empty set.
But, by definition of Z, for every (X,r) € Ty, L°(X) € Z and Z is a non-empty set,
which is a contradiction. O
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In the following lemma we use the random Variablc 5)(7 X € Ily, which can be
compared to Dx defined in (3). For X € II°\ Z set Dx = 0. For X € = denote the
points of ZN (0o, X]| in decreasing order

<Zm<znn<zp=X
and define D x as
(4) Dx =sup{2% — Zip1 — X}
i>0
For dy,ds > 0 define
B ={X€E: Dx < dy and there exists Y € II such that 0 < Y — X < dy and

N,y +r) =0},

i.e. X € Z belongs to Zg, g, if l~)X < dj and at the distance less than ds from X there is
an interval of length r where there is no points of II. We consider the empty intervals
of length 7 in II, because whenever N (Y,Y +r) =0 for some Y € I, Y > 0, the
greedy walk is forced to visit the points (Y,0) and (Y, ), before crossing the interval
and visiting a point in [Y + r, 00) x {0, r}.

Lemma 4. If Z is almost surely a non-empty set, then there exist di,ds > 0 such that
Ed,,d, %5 almost surely a non-empty set. Moreover, Zq, 4, 15 a stationary and ergodic
process.

Proof. If = is non-empty, the rate ¢ of Z is positive. Then for X € =, lim;_,c @ =

071, almost surely. Also, lim;_,oo Zi*?“ = 0, almost surely. Hence, for all large i,
2z — zit1 — X = (Z; — Ziy1) — (X — Z;) < 0 and we can conclude that Dy is almost
surely finite. Therefore, there exists d; such that {X € IV : X € =, Dy < dy} is with
positive probability a non-empty set. Moreover, since Dy is identically distributed for
all X € E, {X € o°: X € 2, Dy < d1} is a stationary and ergodic process with
positive rate.

Almost surely, the gap between two neighbouring points of the homogeneous Poisson
process 11 is infinitely often greater than . Thus, also ILN ((Y,Y + 1) x {0,7}) = 0
for infinitely many Y € Il and all such Y form a stationary and ergodic process. Thus,
4,4, is also stationary and ergodic for all dy > 0. Since Jy,~qZdy.d, = {X € I° :
X ez, Dx < dy} and this is not empty when d; is large enough, we can choose dg
large enough so that Z4, 4, is almost surely a non-empty set. O

We study the greedy walk starting from the poinj (0,0), which is, almost surely,

not a point of II. From now on denote the points of II by
<KX o< X1 <0< X1 < X<
and denote the points of II° and II" by
< X% < X% <0< XV < X< and... <X, < X' <0< XTI < X5 <.,

respectively.

Now we are ready to prove that Dx < dg for infinitely many X € II. We use here
the definition of = and divide the proof in two parts, depending weather = is almost
surely the empty set or a non-empty set.

Lemma 5. There exists dg < oo such that, almost surely, Dx, < dy and Xj41—Xp > r
for infinitely many k > 0.
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Proof. Assume first that = is almost surely the empty set. Then, by Lemma 3,
U = {(X,¢) € IT: [W(x,)| < oo} is almost surely the empty set. Moreover, {(X,0) €

I: X ¢ 1", [Wix ol < oo} is also the empty set. The greedy walk (Sy(LO’O))nZO

on IT N ([0,00) x {0,7}) has the same law as the greedy walk (SéX’O))nzo on IT N
([X,00) x {0,7}) shifted for (X,0), where X € TI°, X ¢ II". This implies that
P(|[Wo,0)| < o0) = 0 and the greedy walk ( 7(10’0))”20 almost surely visits a point
in (—00,0) x {0,7} in a finite time. Then it follows from the definition of D, that
D, = 0 for all large enough x > 0. Since X1 — Xy > r for infinitely many £ > 0, the
claim of the lemma holds for any dy > 0.

Assume now that = is not empty. Then, by Lemma 4, we can find d; and ds large
enough so that Z4, g, is a non-empty set. We first show that Dx < d; for infinitely
many X € =, X > 0, and then we prove that Dx, < di 4+ do and X1 — X > r for
infinitely many & > 0.

For X € E, X > 0, denote the points of Z in [0, X] by Zy, Z1, ..., 271 so that

0=Zz<zz1<-<z1<7zp=X

and define E’X, an analogue of Dy and a restricted version of D X, as

(5) Dy = 0<I1n<an:>< {2z; — Ziy1 — X} = max {0<Ifl<ai( 2{22, —Ziy1 — X },2Z5_1 — X} .

Let £ = min{Y € Z: Y > 0} and note that z;_1 = & for every X € 2, X > 0.
Then for X € Z, X > 2¢ we have 22; 1 — X = 26 — X < 0. Since Dy > 222 — X =
X — 21 > 0, the term 2z;_1 — X does not contribute to E’X From the definition of
Ed,,dy» We have Dx < dj for infinitely many X € =, almost surely. When X > 2¢, E’X
is the maximum of a finite subset of the values in (4) and thus E’X < Dx < dy for
infinitely many X € =, X > 2¢.

We prove now that Dy < D’X in two steps. First, we show that the points used in
the definition of E’X are a subset of the points used in the definition of Dx. Second, we
show that adding a new point to the definition (5) decreases the value of the maximum.
Let £ € 2, £ > 0. Before visiting any point in [, 00) x {0, 7}, the greedy walk starting
from (0,0) visits the leftmost point on one of the lines in [LY(£),00) x {0,7}, where
LO(&) = max{Y € I’ : Y < ¢}. That is, the greedy walk visits (L°(£),0) or the closest
point to the right of (L°(€),7) on the line » (which is (L°(€),r) if that point exists).
By the definition of =, the greedy walk starting from one of these two points never
visits (£,0) and it never visits any point to the left of {L°(£)} x {0,7}. Therefore, once
the greedy walk starting from (0, 0) enters [L°(£), 00) x {0,7}, it continues on the path
of one of these two walks. Thus, the greedy walk starting from (0,0) does not visit
(£,0). From this we can conclude that all points in {ZN (0,00)} x {0} are not visited
by the greedy walk and for X € =N (0, 00) we have {Zy,21,...,25} C {20,21,---,2n},
where zg, 21, ..., 2, are as in (2).

LetY € {20,21,...,2n}\{Z0, 21, - . ., Z } and find j such that Z; <Y < Zj_;. Adding
Y to the set {Zp,%1,...,%x} in the definition (5), removes the value 2z;_; — 2; — X
and adds the values 2Z;_; — Y — X and 2Y —%Z; — X. Since, 27,1 - Y - X <
2zj1-7z—X and 2Y' - Z;— X < 2%;_1—Z;— X, the point at Y added to {Z0, 21, ..., Zr}
decreases the value of D, 'y or leaves it unchanged Since both Dy and D' 'y are deﬁned
on {Zy,21,...,27}, but Dx has also points {29, 21,...,2n} \ {20,21,...,25} in the
definition, we can conclude that Dx < 5’X forall X € 2, X > 0. Thus Dx < d; for
infinitely many X € =, X > 0.
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This together with Lemma 4 implies that for infinitely many X € 2N (0,00), Dx <
dy and there exists ¥ € II such that 0 <Y — X < dy and (Y, Y +r) x {0,r}) = 0.
Choose one such X and let k be such that X — X < dy and Xpy1 — X > r. If
T(foo,O) < T[Xk.,oo)7 then Dy, = 0 < di + da. Otherwise, T[Xk,Jroo) < T(foo,0)7 and we
can denote the points of ﬁT[ka) in (0, X%) by z1,29,...,2,-1 s0 that 0 = z,, < 2,1 <
<+ < z1 < zg = Xj. By the definition of =, the point (X,0) is never visited by the
walk and thus there exists j such that z; = X. Then we have

DXk = 0<Iln<ari(—1 {2Zi — Zi+1 — Xk}
< max{jgr%agi_l {22; — zit1 — X} — (Xi — X), oA {2z; — ziy1 — X }}

<max{Dx, X — X} < Dx+ X — X <dy +ds,

where in the second inequality we use the fact that, by the definition of the points in
E, the walk does not visit any point in (0, X) x {0,7} after time Tjx o) and therefore
DX = MaX;<i<n—1 {222' — Zi+1 — X}

Let now dy = di 4+ do. Since there are, almost surely, infinitely many X € = and &
such that Dx < dy, X — X < dp and Xp 1 — X > r, it follows that Dx, < dg and
X1 — X > r for infinitely many k > 0, almost surely, which proves the claim of the
lemma. O

Since Dx, < dp for infinitely many %, almost surely, one should expect that also
Xk41— X > do > Dy, for infinitely many k. That is exactly what we show next, but
let us first state the extended Borel-Cantelli Lemma which we use in the proof.

Lemma 6 (Extended Borel-Cantelli lemma, [5, Corollary 6.20]). Let F,, n > 0, be a
filtration with Fo = {0,9Q} and let A, € F,,n > 1. Then a.s.

{A, io0} = {Z]P’[An | Fna] = oo}.
n=1

Lemma 7. Almost surely, the events
(6) Ap = {Xp41 — Xy > Dx,, — X1 47}
occur for infinitely many k > 0.

Proof. For k > 0 let j) = max{i : X? < X;} and j = max{i : X/ < Xj}. Further-
more, define the o-algebra

}-k = U((Xglao)a (X(())’ 0)7 R (X?270)7 (Xilvr)v (XS,T), (XT,T), HRRE) (X;;7T))

and denote by T and D analogues of T4 and D, for the greedy walk on the set of
points which generates Fj. Assume Tix, ) < T(_,0)- Then, the greedy walk on II
and the walk on the restricted set are the same until time T[ Xp,00)° If Xpp1 — X >
then ST[Xk,oo) = Xy, Tg(k = T[Xk,oo) and Dg(k = Dx,.

Let A = {Xp41 — Xp > D%, — X1+ r} and observe that A7 € Fj11. For do >0
we have

P(A7 | Fr) > P(D%, <do,Xpp1— X >do— X1 +7 | F)
- l{D%k<do}P(Xk+1 — X >do— X_1+71 | F)

(dofX_1+T)

= l{D‘;’(k<do}e a.s.

The first equality above holds because {Dg(]c < dp} € Fj. The second equality follows
from the facts that X_; € F, and X1 — X} is exponentially distributed with mean
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1 and independent of Fj,. By Lemma 5, there exists dp such that Dx, < dp and
Xi+1 — Xy > r for infinitely many k, almost surely. Since, Df)’(k = Dx, whenever
Xi41 — Xg > 1, also D, < dp for infinitely many k and, thus,

ZIP’(A‘,;’ | Fr) =00 as.
k=1

It follows now from the extended Borel-Cantelli lemma (Lemma 6) that
P(Ajf, for infinitely many k> 1) = 1.
Since A C {Xg41 — X > 1} and Ay = A7 whenever Xj 1 — X > 7, also
P(Ay, for infinitely many k& > 1) = 1. O

Whenever Aj occurs, as we show in the next lemma, the greedy walk is forced to
visit (—o0,0) x {0, 7} before visiting [Xy+1,00) x {0,7}. Note that the arguments do
not depend on the definition of the point process II.

Lemma 8. Almost surely, T(_ 0y < 0.

Proof. By Lemma 7, the events Ay, = {Xj41— Xy > Dx, —X_1+r} occur for infinitely
many k, almost surely. To prove the lemma, it suffices to prove that whenever A
occurs, then T(_0) < Tx,,,,00)- Because the walk exits [0, X;11] x {0,7} in, almost
surely, finite time, it follows that T_., ¢y < 0o, almost surely.

Assume that Tixp00) < T(—o0,0) and Ay, occurs for some k. Then Xjpy; — X >
Dx, — X_1+r >rand a point in (0, Xy) x {0,7} is closer to a point at X}, than to
Xk

Denote the remaining points of ﬁT[Xk,oo) in the interval [0, X}] as in (2). Note that
at time Ty, o) there is exactly one unvisited point left at each position 21, 29, ..., 2p—1
and denote by ¢1,t9,...,t,—1 the corresponding lines of these points. If there is only
one point at Xy, let ¢g be the line of this point. If there are two points at X, let ¢
be the line of the point that is not visited at time T’,. The point STxk is closer to
the second point at Xp, if such exists, than to any point in (Xg41,00) x {0, 7} because
Xi+1 — X > r or to any of the remaining points with shadows at zj,22,..., 2,1
because of Lemma 1 (b).

Fori=0,1,...,n—2, from the definition of Dx, (3) we have Dx, > 2z;—zj11— X},
and

any point in [Xjy1,00) x {0,7}. Hence, §T[ka> =

d((zi; ti), (zi41, 01))? < (25— 2i01)? + 7% < (25— 2001 +7)° < (Dx + Xp — 2 +7)?
< (DXk — X 14+r+ X, — Zi)2 < (Xk+1 — Zi)2
< d((2i,ti), (Xg+1, Li))2~

Thus the point (z;,¢;) is closer to (2zj+1,ti+1) than to any point in [Xjy1,00) x {0,7}.
Moreover, by Lemma 1 (b), (241,¢:+1) is closer to (z;,¢;) than any other point in
[0, zix1) x {0,r}. Thus, when the walk is at (z;,¢;) it visits (z;+1, ti+1) next, except if
z; < r and there is a point at (—o0,0) x {0} which is closer. In the latter case we have
T(—o00.0) < TixXp1,00)-

Assume that the walk visits successively the points at 21, 2s,...,2,-1. Hence, all
points in (zp—1, Xgp+1) X {0,r} are visited. When the greedy walk is at (zp—1, tn—1),
the closest unvisited point is in (—oo,0) x {0, r}, because a point with shadow X_; is
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closer to (zp—1,tn—1) than any point in [Xg11,00) x {0,7}. This follows from
d((Zn-1ytn-1)s (X_ 1,7 — tn_1))? = (zn_1 — X_1)2 + 12
< (Dx + X — 2no1 — X_1)? + 72
< (Dxy + X — 201 — X1 +7)2 < (Xpt1 — 20-1)?
= d((zn—1, tn-1), (Xp11, tn-1))?,

where in the first inequality above we use that, by the definition of Dx, (3), Dx, >
22p—1 — Xj. Thus, the walk visits (—oc,0) x {0, 7} next. Therefore, also now T{_., ) <
Tx, . 1,00)>» Which completes the proof.

Now we are ready to prove Theorem 3 where we use Lemma 8 repeatedly to show
that the greedy walk crosses the vertical line {0} x R infinitely often. Therefore the
greedy walk visits all the points of II.

Proof of Theorem 3. From Lemma 8 we have P(T(_ o) < 00) = 1, which is equivalent
to

(7) P (T <oo | X0, X7, X0, X]) =1 as.

Moreover, the conditional probability (7) is almost surely 1 for any absolutely contin-
wous distribution of (X%, X7, X7, XT) on (—00,0)? x (0,00)?, which is independent
of IIN (((X?,oo) X {0}) U ((Xﬂoo) X {r}))

Let Ty = 0 and let T;, ¢« > 1, be the first time the greedy walk visits a point in
(—o0, minp<p<1;,_, S,) x {0, 7} for i odd and in (maxo<n<r, 4 Sy, 00) x {0, 7} for i even.
That is, for ¢ odd (even) T; is the time when the walk visits the part of II on the left
(right) of {0} x R which is unvisited up to time T;_;. We prove first that T; is almost
surely finite for all 7 and, thus, the greedy walk, almost surely, crosses the vertical line
{0} x R infinitely many times. Then we show that it is not possible that a point of II
is never visited, and thus the walk almost surely visits all points of II.

Assume that T; is finite for some even i. Let Yy = §Tm YY) =min{Y e1°: Y > Yy}
and Yy = min{Y € II" : Y > YJ}. Furthermore, let Y, = max{y € I : ¥ <
ming<,<7; :S'\n} and Y, = max{Y € II" : Y < minp<,<7; §n} By the definition of Y%,
and Y|, at time T} the set [; = (—o00, Y] x {0} U (=00, Y] x {r} is not yet visited.
Also, by definition Y2, Y7 > 57, and the set I = ([Y7?,00) x {0}) U ([Y7, 00) x {r})
is never visited before time T;. Moreover, because of the strong Markov property, the
distributions of IIN I; and IIN I5 are independent of the points of II outside I; and I5.

Let I = I1 N (I; U I3). From (7) we have that the greedy walk on fg,, II" starting
from (0,0), visits the set (—o00,0) x {0,r} in a finite time, almost surely. In other
words, the greedy walk on II' starting from St,, almost surely, visits a point in I; at
some time 7}, ; < oo. The greedy walk on Il7;, starting from St,, might differ from the
walk on II' if there are some points outside I; and I that are not visited up to time
T;. Denote the shadows of these points by ci,co,...,¢c;, so that §T1 >cp>cp> >
¢; > max{Y%,Y",}. Because of Lemma 1 (b), a point in (S7,,00) x {0,7} is closer to
the point at c¢q, than to any of the points at ca,c3,...,c;. Hence the walk visits the
point at c; before visiting any of the points at co,c3,. .., ;.

Let T ;| = min{ Cl,Tfl}7 where I; = (—o0, max{Y?,Y"|}). The greedy walks on
HT and II' starting from Sr, are the same until the time T} ,. If T}\; = T} then

z+1 = T 11 = Tip1 and, thus, Ty is finite. Otherwise, the point at c; is visited
before any point in Ij, so T < T+1 and T, is, almost surely, finite. In this case,

similarly as above, let us deﬁne Yyt =, Ylo’ =min{Y eIl°: Y > maxo<n<t,, Sn}
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and V" = min{Y € II" : YV > maxo<n<r,, §n} Moreover, let If* = I; and let
3?7 = ([1/10’61700) x {0}) U ([Y{’Cl,oo) X {r}) From Lemma 2 we can deduce that

(c1, MaXo<,<7f §n] x {0, 7} is empty at time T2 and, therefore, I5! contains all points
of Izr to the right of {(¢1,0),(c1,7)}. Now, by the same arguments as above, it
follows that the walk starting from the point at ¢; visits almost surely a point in I or
a point at co in a finite time. If the walk, starting from a point at ¢, 1 < k < j —1,
visits a point at cxiq before I;, we repeat the same procedure. Since there are only
finitely many such points, the walk in almost surely finite time eventually visits /; and
thus Tj41 < 0o, almost surely.

When i is odd, we can look at the walk on oIl starting from ¢S7,. Then the same
procedure as above yields T;11 < oo, almost surely. Therefore, T; is almost surely
finite for all 7. Assume now that the walk does not visit all points of IT and let (z,¢;)
be a point of IT that is never visited. Then, there is iy even, such that x < SA“TZ.O and

T —ming<n<r;, §n > r. Then for all n € (T;,, Ti,+1 — 1) such that §n > x, by the choice
of ig, Sy, is closer to (z, ;) than to any point in (—oo, ming<n<r;, Spn) x{0,r}. Also, by
Lemma 1 (b), Sy, is closer to (z, t5) than to any remaining point in [minOSnSTio Sny ).
Hence, the greedy walk visits (x,t;) before time Tj 41, which is a contradiction. O

5. TWO PARALLEL LINES WITH SHIFTED POISSON PROCESSES

Let £ =R x {0,r} and let d be the Euclidean distance. We define a point process
II on E in the following way. Let TI° be a homogeneous Poisson process on R with rate
1 and let TI" be a copy of II° shifted by s, 0 < |s| < r/V/3, ie. II" = {x : 2 — s € TI}.
Then, let II be a point process on E with II N (B x {0}) = (II’ N B) x {0} and
IIN (B x {r}) = (II"N B) x {r} for all Borel sets B C R. We consider the greedy walk
on II defined by (1) starting from Sy = (0, 0).

We call the pair of points (Y,0) and (Y + s, r) shifted copies. Moreover, we say that
a point of II is an indented point if it is further away from the vertical line {0} x R
than its shifted copy. That is, for s > 0, the indented points are in (—oco,0) x {0} and
(0,00) x {r}. For s < 0, the indented points are in (0,00) x {0} and (—o00,0) x {r}.

We can divide the points of IT into clusters in the following way. Any two successive
points on line 0 are in the same cluster if their distance is less than v/r2 + s2, otherwise
they are in different clusters. Moreover, any two points on line 0 are in the same cluster
only if all points between those two points belong to that cluster. The points on line
r belong to the cluster of its shifted copy. Throughout this section, we will call the
closest point to the vertical line {0} x R of a cluster on each line the leading point of
the cluster. Every cluster has one leading indented and one leading unindented point,
except the cluster around (0,0) that has possibly points in both (—o0,0) x {0,r} and
(0,00) x {0,7}.

In Section 3 the points were divided into clusters in a similar way and we observed
that the walk always visits all points of a cluster before moving to a new cluster. This
is not the case here. See Figure 2 for an example where the greedy walk moves to
a new cluster before visiting all points in a current cluster. The points that are not
visited during the first visit of a cluster cause the walk to jump over the vertical line
{0} X R infinitely many times. Therefore, we obtain here the same result as in Section
4:

Theorem 4. Almost surely, the greedy walk visits all points of T1.
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I X+ Xjp1+s

FicURE 2. The leading points of the clusters are marked in gray.
After visiting the indented leading point (X; + s,r), the walk visits
successively all points of its cluster. This is not always the case when
the first visited point of the cluster is the unindented leading point. In
the example above, the point (Xj,0) is closer to (X;_1 + s,7) than to
(X +s,7), so the walk moves from (X},0) to (X;_1+s,7). Later, when
the walk is at (X; + s,7), the closest unvisited point is (X;41 + s,7),
which is in a new cluster. The greedy walk moves to the next cluster
before visiting all points of the current cluster.

The proof follows similarly as the proof of Theorem 3. We change here the definition
of the set Z. In addition, the arguments in the first part of the proof of Lemma 11,
where we show that if = is almost surely the empty set then the walk almost surely
jumps over the starting point, are different from those in Lemma 5. Furthermore, in
the proof of Theorem 4 we use the fact that whenever the walk enters a cluster at
its leading unindented point, then the walk always visits successively all points of the
cluster. This can be explained as follows: Let (X, ) be the leading indented point and
assume that (X, r) is the first point that the greedy walk visits in its cluster. (The case
when the walk first visits the leading indented point on the line 0 can be handled in the
same way.) Denote the closest point to (X, r) on line r be (Y,r) and let the distance
between those points be a = | X —Y'|. Then the distance between (X, r) and (X —s,0)
is V72 + s? and the distance between (X,7) and (Y — s,0) is 1/r%2 + (a — s)2. Because
s < Vr?+s%/2 < a— s, whenever a < V12 + 52, then (Y,r) is closer to (X,r) then
these two points on line 0 and thus (Y,r) is visited next. We can argue in the same
way for all the points in this cluster on line r, until the walk reaches the outermost
point. The distance from the outermost point of the cluster to the closest point on
line r is greater than v/72 + s2 and the closest unvisited point is its shifted copy. Once
the walk is on line 0, it visits all remaining points of the cluster, because the distances
between the successive points in the cluster are less than v/r2 + s2, all points of the
cluster on line r are already visited and the distance to any point in another cluster is
greater than v/r2 + s2.

We define now the set = in a slightly different way than in Section 4. For x € R,
let L(z) = max{Y € II’ : Y < x}. Then define

E=s+ {X ell”: S0 e ((X,00) x {0,7}) \ {(X +s,7)} for all n > 1

2, 2
andeLO(X)>r ;S },
s

that is, = contains all points X + s € II" such that the distance to the closest point on

its right is greater than ’"2;8 s* and if we start a walk from (X,0), then the walk always

stays in [X, 00) x {0,7}, but it never visits (X +s,7). If X — LO(X) > % and the
walk approaches (X,0) and (X + s,7) from their right, then the walk visits the point
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(X, 0) before visiting (X + s,7). Hence, if X + s € Z and X + s > 0, then the point
(X + s,r) is never going to be visited.

Note that the set = is a function of a homogeneous Poisson process and hence it is
stationary and ergodic.

Let us define now the random variable W, z € R, that corresponds to the random
variable W, , from Section 4. For z € R, let

% = 1IN ([, 00) x {0}) U ([ + 5,00) x {r})).
Consider for the moment the greedy walk on II¥ starting from (z,0) defined by (1)

and let N
W = inf{5; — d(Si, Sit1)}-

If s > 0 and if |[W,| < oo and L%(x) + s < Wy, for x € R, then for all i > 0
min{d(S;, (L°(x),0)), d(S;, (L°(z) + 5,7))} > 8; — LO(z) — 5 > 5; — Wy > d(S;, Sis1).

Since the point S; is closer to S;4+1 than to any point in II'\ IT* for all ¢ > 0, the walk
on II starting from (z,0) coincides with the walk on IT*. Thus, the walk does not visit
IT\ II”. The opposite is also true, i.e. if the walk on II starting from (z,0) coincides
with the walk on IT*, then |W,| < oco. For s < 0 the same holds: if |[W,| < co and
LO(z) < Wy, for = € R, then the walk on II starting from (x,0) does not visit IT \ II®
and if the walk does not visit IT \ II¥ then |W,| < oc.

Lemma 9. If s > 0 and if = is almost surely the empty set, then ¥ = {X € 11" :
|Wx| < oo} is almost surely the empty set.

Proof. Since W is identically distributed for all X € II°, ¥ is stationary and ergodic.
Suppose, on the contrary, that ¥ is almost surely a non-empty set. For d > 0 let
Wy ={y €I |W,| < d} and note that J,., ¥q = ¥. Then there exists d such that
U, is almost surely a non-empty set.

Let \Tld be the set of all X € W,; which satisfy the following. First, there are no
points in (X —d, X) x {0,7}. Secondly, there is Y € TI°, Y < X, such that the distance
between Y and max{Z € I1° : Z < Y’} is greater than T22+S s Thirdly, the walk starting
from (Y,0) stays in (Y, 00) x {0, 7} until it visits (X, 0) and it never visits (Y + s, 7).
Since there is a positive probability that all three conditions occur and this probability
is independent of W, \Tld is almost surely a non-empty set. But, then by definition of
=, for every X € \Tld, Y +s € E and = is a non-empty set, which is a contradiction. [

In the next two lemmas we use the random variable Dx, X € II", which can be
compared with the corresponding random variable in Section 4 defined in (4). For

X eII"\Eset Dx = 0. For X € E denote the points of N (oo, X] in decreasing order

"'<52<51<30:X
and define 5)( as

(8) EX:SUp{2TZVZ‘—gZ‘+1—X}.
120

Also we define the set Zg, 4, in the same way as in Section 4. For dy,dy > 0 define
Ead ={X €2 Dy < dy and there exists Y € II" such that 0 < Y — X < dy and
N,y +r) =0},
where IT = 10 + II".

The following lemma corresponds to Lemma 4. Since the proof is very similar, it is
not included here.
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Lemma 10. If s > 0 and if Z is almost surely a non-empty set, then there exists
di,d2 > 0 such that Zq4, g4, ts almost surely a non-empty set. Moreover, =4, 4, 15 a
stationary and ergodic process.

We study the greedy walk starting from the point (0, 0), which is almost surely not
a point of II. From now on denote the points of II° by

<X o< X 1 <0< X1 < X<

Also, we let I = IT°UTI" be the shadow of all the points of the process II. As in Section
4, we denote by II,, the set of points that are not visited until time n. Similarly, ng
117, denotes unvisited points of II° and TI" until time n, respectively, and II,, = 1% UTI’,.

We define Ty = inf{n > 0: S, € A} to be the first time the walk visits A x {0,r},
where A is a subset of R.

Define the variable Dy, z € R, x > 0, as follows. If T(_ ) < Tj; ) then Dy = 0.
Otherwise, 0 < §1, §2, e :SV\T[WO) S )
points of ﬁT{zm) in the interval (0,z) by 21, 22, ..., 2,—1 S0 that

1< x, ST[MC > x and we label the remaining

O=zp<zp1 < - <z1 <2 =2
Let then
D, = ogr?garf(q {(zi — zi1) — (x — z)} = Ogr%agil {22 — ziy1 — x}.
From the definition it follows that 0 < D, < z. As in Section 4, this random variable
measures how large at least should be the distance between (z,0) or (z,r) and the
points in (x,00) x {0,7}, so that the walk possibly visits a point in (—o0,0) x {0,r}
before visiting any point in (z,00) x {0,7}.

We prove next that Dx < dg for infinitely many X € II°. The proof is divided
into two parts, one discussing the case when = is almost surely the empty set and
another one discussing the case when = is a non-empty set. The proof of the second
case follows in the similar way as the second part of the proof of Lemma 5, so we are
not going to write all the details here.

Lemma 11. When s > 0, there exists dg < oo such that, almost surely, Dx, s < do
and Xyy1 — Xy > r+ s for infinitely many k > 0.

Proof. Assume first that Z is almost surely the empty set. Then, by Lemma 9, {X €
% N (0,00) : [Wx| < oo} is almost surely empty. Observe that d((X1,0),(0,0)) <
d(X1 + s,7),(0,0)) and if X1 +s > 0 then d((X_1,0),(0,0)) < r < d((X_1 +
s,7),(0,0)). Thus, if the walk starts from (0,0) and S > 0, then S; must be (X1,0).
Assume that {§n > 0 for all n > 1} occurs with positive probability. Then one of the
following three events also has positive probability.

First, {X_;+s <0, S, > 0 for all n > 1}. But, this event implies that |Wx, | < oo
and X; € ¥, which has probability 0.

Secondly, {0 < X_; + s, §n > 0 for all n > 1 and the walk does not visit (X_;1 +
s,7)}. If this event occurs then the walk does not visit any point in (0, X_1 +s) x {r},
because X_1 + s < r/2 and the distance from any point in (0,X_1 + s) x {r} to
(X_1 + s,r) is smaller than to a point in (0,00) x {0}. Therefore, from S; = (X1,0)
the walk visits just the points of IIX1 and we can conclude that |[Wy, | < oo, which is
impossible.

Thirdly, {S,, > 0 for all n > 1 and the walk visits (X_; + s,7)}. Assume that this
event occurs. There are almost surely finitely many points in (0, X_; + s] x {r} and
thus there is a time k when that interval is visited for the last time. From Lemma 2 it
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follows that all points in (§k7 maxo<i< §Z] x {0, r} are visited up to time k. Therefore,
Sk+1 1s in (maxo<i<k §i, o0) x {0,7}. Since the distance from Sy to (X_1,0) is at most
V12 + s2, the distance from Sy to Sky is less than /72 + s2. Thus, we can conclude
that both Sy and Sky1 belong to the cluster around (X3,0). Moreover, the greedy
walk did not visit another cluster before time k and it moved from line 0 to line 7 only
once.

At time k there might be some unvisited points of the cluster around (Xi,0) on
line r whose shifted copies are visited before time k. Those points are visited directly
after Sy, because those points are closer to S; than any unvisited point on line 0.
After visiting those points, all remaining unvisited points of the cluster around (X7, 0)
have unvisited shifted copy. We can think about that part of the cluster as a new
cluster. The walk visits the next cluster starting from the indented or the unindented
leading point. If it visits first the indented point, then the walk visits consecutively
all the points of that cluster and afterwards it visits the unindented leading point of
the next cluster. Once the walk is at the unindented leading point (Y, 0), all points in
(0,Y) x {0, 7} are visited except possibly some points in (0, X_1 + s] x {r} which are
never visited. Since §n > 0 for all n > 1, we can conclude that the walk after visiting
(Y,0) stays in ITIY. But, then |[Wy| < oo and ¥ is not empty, which is a contradiction.

Since these three events almost surely do not occur, also {§n > 0foralln > 1}
does not occur. Thus T{_ ) < oo, almost surely. This together with the definition
of D,, implies that D, = 0 for all large enough = > 0. Since Xy — X > r + s for
infinitely many £ > 0, the claim of the lemma holds for any dy > 0.

If = is a non-empty set, the proof follows in the same way as the corresponding part
of the proof of Lemma 5. Thus we omit the proof here and we only emphasize that
points =N (0, 00) are never visited because the condition X — LO(X) > % implies
that for X € 2N (0, 00) points in (—oo, X —s) x {0,r} are closer to (X —s,0) than to
(X,r). Thus, the point (X — s,0) is visited first and then by the definition of = the
walk never visits (X, r). O

Using that event Dy, < dy occurs for infinitely many £ > 0 and X411 — X > do
occurs for infinitely many k > 0, we show in the next lemma that there are infinitely
many k > 0 such that both events occur simultaneously.

Lemma 12. If s > 0 then, almost surely, the events
A = {Xk—H - X > DXk—Q—s - X 14+r+ S}
occur for infinitely many k > 0.

Proof. Let jo = max{i: X; < —s}, B = {Xj,, Xj,4+1,..., X1, X1,..., X1, X} and
Fi = o(Bg). Let T{ and DJ be the analogues of T4 and D, for the greedy walk
on the set of points (By x {0}) U ((Bk + s) x {r}). When Tix, ;5 00) < T(—o0,0), the
greedy walk on II and the walk on the restricted set are the same until time Tjx, 44 00)-
Moreover, if X1 — X > r + s then §T[
Dg(k+s = DXk+S'

Let A7 = {Xp41 — Xp > D% 4s—X1+r+ s} and observe that A7 € Fj41. For
do > 0 we have

_ o _
Xp+s,00) Xk +s, TXk+S - T[Xk+8,00) and

P(A7 | Fir) > P(D%,1s <do,Xps1—Xp>do—X_147+s| Fr)
= Lipg . <dO}P(Xk+1 —Xp>do—X_1+r+s| Fr)
k s

= l{Dg( 4 <d0}6_(d0_X71+T+S) a.s.
k s
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The first equality above holds because {D% < do} € Fi. The second equality
follows from the facts that X_; € Fj and X1 — Xj is exponentially distributed with
mean 1 and independent of Fj,. By Lemma 11, we can choose dy such that Dx, 15 < do
and Xpy1 — X > r + s for infinitely many k, almost surely. Since, D}k+s = Dx, +s
whenever X;,1 — X > r+ s, also Dg(k 15 < dyp for infinitely many k and, thus,

S P(A7 | Fi) =0 as.
k=1

It follows now from Lemma 6 that
P(Aj, for infinitely many k> 1) = 1.

Since A C {Xg41 — X > 7+ s} and Ay = A7 whenever X1 — X >+ s, also
P(Ag for infinitely many k& > 1) = 1. u

Whenever Ay occurs, the greedy walk is forced to visit (—oo,0) x {0,7} before
visiting [Xj11,00) x {0,7}. If s > 0 then from Lemma 12 it follows that 7(_, o) < oo.
We prove that the same is true if s < 0, but in the proof we use that T(_, ) < oo,
almost surely, for s > 0.

Lemma 13. Almost surely, T(_u, ) < 00.

Proof. If s > 0 one can show in the same way as in Lemma 8, that if Ay = {Xp11—Xi >
Dx, — X_1 +r + s} occurs, then the walk visits (—o0,0) x {0,7} before visiting
[Xk+1,00) x {0,7}. By Lemma 12, the event Ay occurs for some k, almost surely, and
hence T(_ ) < 00, almost surely.

Furthermore,

(9) P(T_oopy <00 | X-1,X1) =1 as,

for any absolutely continuous distribution of (X_1, X1) on (—o00,0) x (0, c0) which is
independent of I1° N (X7, c0).

Assume now on the contrary that P(T{_ ) = 00) > 0 for s < 0. If T(_, ) = o0,
then Sj is in (0,00) x {0} or in (0,00) x {r}. If Sy is on line O then S; is indented
and the walk consecutively visits all points of its cluster. Since the walk stays in
(0,00) x {0, 7}, the last visited point of this cluster is (X1 4+ s,7) and X1 + s > 0. Let
T be the time when the walk visits (X7 + s,7) and let Yy = (X1 + s, 7). Moreover, let
Y i=X_1+sandlet Y] =min{Y € II" : Y > maxo<p<r §n} be the leading indented
point of the next cluster on the right of Yy. If Sy is on line 7, then the greedy walk is
the same as if the walk starts from (0,r). Thus let Yy = (0,7), T =0,Y_1 =X_; + s
and Y7 = X7 + s.

From (9) it follows that the walk on 6y, (Il7) starting from (0,0) and given X_; =
Y_; and X; = Y), visits (—00,0) x {0,7} in a finite time, almost surely. In other
words, the walk on II7 starting from Yp visits (X_1,0) or (X_1 + s,7) in a finite time,
almost surely. This contradicts the assumption that P(7(_, gy = o0) > 0. Therefore,
the claim of the lemma holds also for s < 0. O

Proof of Theorem 4. From Lemma 13 it follows that for any |s| < r/2
(10) P(T_oopy <00 | X-1,X1) =1 as,
for any absolutely continuous distribution of (X_1, X3) on (—00,0) x (0, 00) which is
independent of TI° N (X7, 00).

We prove the theorem for s > 0. The proof of the theorem for s < 0 follows in a
similar way. Let us first look at the cluster around the starting point of the greedy
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walk (0,0). If X7 — X_1 > v/r2 + s2 this cluster is empty. If the cluster is not empty,
it has finitely many points and the walk visits a point in another cluster in a finite
time. Let Ty be the first time the walk visits a point in another cluster (7o = 1 if the
cluster around (0,0) is empty).

We assume at the moment that STD > 0. For i > 1let T; be the first time the greedy
walk visits (—oo, ming<p<7;_, S,) x {0,r} for i odd and (Maxg<n<T, , Sn,00) X {0,7}
for i even. That is, for ¢ odd (even) T; is the time when the walk visits the part of II
on the left (right) of the vertical line {0} x R which is not visited up to time T;_;.

Let Yy = St,—1 be the last visited point in the cluster around (0,0) before the first
visit to another cluster and let ¢ be the line of Sg;_;. Moreover, let Y_; and Y; be
the closest not yet visited points of II* to Yy, such that their shifted copy is also not
visited, that is

— e . i G 1. -
Y 1= HldX{Y € H/'TO Y < OSII%l<nTO Sn, Y + (—1) () . sc H;“OL

and
1, r—u
Yy = min{Y €Iy, : Y > oax S, Y + (-1 . s e I}
Let
I = ((—00,Y-1) x {1}) U (=00, Yor + (1)) ) x {r — 1})
and

I = (Y1,00) x {e}) U (Y1 + (=1)Y ) - 5) x {r —4}).
Because of the strong Markov property the distribution of IT in I; and I is independent
of the points of II outside these sets. Now let IT' = TI N (I3 U I3). From (10), we know
that the walk on oy, (IT') starting from (0, 0) and given X_; = Y_; and X; = ¥ visits
(—00,0) x {0,7} in a finite time, almost surely. Hence, the walk on Il7, starting at
St,, visits I or a point of the cluster around (0, 0) in almost surely finite time. Denote
that time by 77.

If Sp/ is in Iy, then Ty = T{. Otherwise, Sgy is in ((—o00, ¥p) x {0,7}) \ /1 and from
the definition of Iy we can deduce that the shifted copy of the point ST{ must have
been visited before T7. Set now Yy = ST{ and redefine Y_1, Y7, Ir and II' with respect
to the time T instead of Tp.

Observe that, by Lemma 2, at time T} the set (§T{, Maxg<n <7} §n) x {0, 7} is empty.
Moreover, if there are some points in (maxo<,<7; Sp,00) x {0,7} whose shifted copy
is visited, then these points are on line r and belong to one cluster. The closest point
with a still unvisited shifted copy is at a horizontal distance of at least r — s from those
points. Since the distance from Szy to (maxo<, <7y Sy, 00) x {0, 7} is at least V72 + 52,
the remaining points on line 7 which do not have a shifted copy are closer to S; than
the closest point on line 0. Thus, these points, whose shifted copies are already visited,
are visited before visiting (Y7,¢) or its shifted copy.

Now, we can conclude that the walk starting from ST{ visits in almost surely finite
time I or a point of IT\ (I; U I5), that is one of the remaining points of the cluster
around (0,0) or a point in (maxg<,<7 §n,Y1’) x {r}. There are finitely many points
in IT\ ({1 U Iz) and every time the walk visits one of these points, we redefine Yy, Y_1,
Y7, I and IT', and repeat the same arguments as above. Thus the walk visits I; in
almost surely finite time.

Assume now that T; is finite for some odd ¢ > 1. Let Y = §Trl and define Y_q, Y7,
I, I» and II' as before. Then points of IIy; \ II' are in (Y_1,0) x {r}, (0,¥7) x {0} or
the cluster around (0, 0) and there are almost surely finitely many such points. By the
observation above, the greedy walk visits all points in (Y_1,Yy) x {0} before it visits I;
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and it visits all points in (Yp, Y1) x {r} before it visits a point in . Denote the time
when the walk visits a point of IT7, \ II' before visiting I» with 7. Set then Yy = ST;
and redefine Y’,, Y; and II', with the respect with the time 7;. Again, by (10), the
walk on o6y, IT" visits (—o0,0) x {0,7} in almost surely finite time. Thus, the walk on
7/ in almost surely finite time visits I or another point in Iz, \ II'. Repeating this
arguments for every visited point in II7, \ II', we can see that the walk eventually visits
I5 and that T;4; is almost surely finite.

Similarly, one can show that if T;, ¢ > 2 even, is finite, then T} is also almost surely
finite. Therefore, inductively we can conclude that the walk almost surely crosses the
vertical line {0} x R infinitely many times and, thus, it eventually visits all points of
I1. d

Remark 2. We conjecture that Theorem 4 holds also for |s| > r/2. For those s the idea
to cluster the points of II does not work in the same way. For example, the greedy walk
does not always visit all points of the cluster when it starts from the leading indented
point of the cluster. Thus, the walk more often does not visit all points of a cluster
successively and we expect that the points that are not visited during the first visit of
a cluster cause the walk to return and to cross the vertical line {0} x R infinitely often.
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THE GREEDY WALK ON AN INHOMOGENEOUS POISSON
PROCESS

KATJA GABRYSCH AND ERIK THORNBLAD

ABSTRACT. The greedy walk is a deterministic walk that always moves from its
current position to the nearest not yet visited point. In this paper we consider the
greedy walk on an inhomogeneous Poisson point process on the real line. Our primary
interest is whether the walk visits all points of the point process, and we determine
sufficient and necessary conditions on the mean measure of the point process for
this to happen. Moreover, we provide precise results on threshold functions for the
property of visiting all points.

Keywords and phrases. GREEDY WALK; INHOMOGENEOUS POISSON POINT PRO-
CESSES; THRESHOLD
AMS 2000 subject classifications. 60K37; 60G55,60K25

1. INTRODUCTION AND MAIN RESULTS

Consider a simple point process II in a metric space (E,d). We think of II either
as an integer-valued measure or as a collection of points (the support of the measure).
Moreover, the process is assumed to have no accumulation points in £. We use the
notation II(B), or, simply, IIB, to indicate the number of points (the value of the
random measure) on the Borel set B C E. If © € E, we write z € II instead of
I{z} = 1.

The greedy walk on IT is defined as follows. Let Sy € F and IIy = II. Define, for
n >0,

Sp+1 = arg min{d(S,, X) : X €I, },
1_['rH»l = Hn \ {SnJrl}'

The set II,, denotes the set of unvisited points of IT up until (and including) time n and
we write I, = (o II,, for the set of points that are never visited by the walk. Note
that, once the underlying environment IT is fixed, the process (S,,)22, is deterministic
(except possibly for ties which need to be broken, but these will almost surely not
occur in our setting).

The greedy walk has been studied before in the literature, with various choices of
the underlying point process. When II is a homogenous Poisson process on R, one
can show using a Borel-Cantelli-type argument that I, # () with probability 1, that
is, the greedy walk does not visit all points of the underlying point process. More
precisely, the expected number of times the greedy walk starting from 0 changes sign
is 1/2 [4]. Due to this Rolla et al. [7] considered a related problem, in which each
point in the process can be visited either once, with probability 1 — p, or twice, with
probability p. They show that I, = (), for any 0 < p < 1, meaning that every point is
eventually visited. Another modification of the greedy walk on R is studied by Foss et
al. [3]. The authors considered a dynamic version of the greedy walk, where the times
and positions of new points arriving in the system are given by a Poisson process on
the space-time half-plane. They show that the greedy walk still diverges to infinity in
one direction and does not visit all points. In the survey paper [2], Bordenave et al.

1
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state several questions about the behaviour of the greedy walk on an inhomogeneous
Poisson process in R?. We resolve here the problem for d = 1.

In this paper we define II to be an inhomogeneous Poisson process on R (with the
Euclidean metric) with some non-atomic mean measure u. For such a process, the
number of points in disjoint measurable subsets of R are independent and

P[lI(a,b) = k] = %efﬂ(a’b)
for any a < b and any k > 0, where, for any measurable A C R, II(A) is the cardinality
of the restriction of II to the set A. This means that the number of points in any
interval (a,b) is distributed like Poi(u(a,b)). Sometimes, but not always, we will
assume that the mean measure p is absolutely continuous and given in terms of a
measurable intensity function A : R — [0, 00), so that

M(A):/A)\(Jc)das

for any measurable A C R.

Throughout we let Sy = 0 (note that 0 ¢ IT with probability 1), so that the walk
starts in the origin. The process (5,)32, will be referred to as GWIPP. If we want to
emphasise the underlying point process, the underlying mean measure, or the under-
lying intensity function, we write GWIPP(IT), GWIPP(u) or GWIPP()), respectively. We
say that the walk jumped over 0 if sign(S,4+1) # sign(Sy) for some n. If the event
{sign(Sy+1) # sign(Sy) i.0.} occurs, then we say that GWIPP is recurrent. Otherwise
we say that GWIPP is transient. This choice of notation is explained by viewing each
jump over 0 as a pseudo—visit at 0.

To avoid certain degenerate cases, we will typically impose the following two con-
ditions on the measure p.

(i) p(=00,0) = p(0,00) = oc.

(ii) pu(A) < oo for all bounded measurable A C R.
Note that the first condition is equivalent to II(—o0, 0) = I1(0, c0) = oo with probability
1, and the second condition is equivalent to II(A) < oo with probability 1, for any
bounded measurable A C R. The set of all measures on R which satisfy (i) and (ii)
will be denoted M. If 4 € M and p is given in terms of the intensity function A, then we
will abuse notation and write A € M. In Remark 2.2 we consider situation in which
condition (i) is not satisfied. Condition (ii) implies that there are no accumulation
points. If a point process has some accumulation points, arg min in the definition of
the greedy walk may not be well-defined for some n > 1.

If uw € M, then GWIPP(u) is recurrent if and only if o, = 0, and GWIPP(u) is
transient if and only if I, # @. Thus the dichotomy between recurrence and transience
translates to a dichotomy between “visits all points” and “does not visit all points”.
This stems from the fact that GWIPP essentially can behave in two ways. Either the
points of II are eventually dense enough that GWIPP eventually gets stuck on either
the positive or negative half-line and go towards oo or —oo accordingly (i.e. transient),
or the points of Il are sparse enough that there are infinitely many “sufficiently long”
empty intervals on both half-lines, and that GWIPP switches sign infinitely many times
and thus visits all points of II (i.e. recurrent). Moreover, if GWIPP(u) is transient and
u symmetric around zero, then, by symmetry, GWIPP(u) goes to +o0o or —oo with
probability 1/2 each.

The aim of this paper is to characterise (in terms of p or A) when GWIPP is recurrent
or transient. The following result does precisely this.
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Theorem 1.1. Let yp € M. Then GWIPP (i) is recurrent with probability 1 if

o) 0
/ exp(—p(z, 2z + R))u(dz) = co  and / exp(—p(2z — R, z))u(dz) = oo,
0 —00o
for all R > 0. If either integral is finite for some R > 0, then GWIPP (i) is transient
with probability 1.
Let A € M. Then GWIPP(\) is recurrent with probability 1 if

/OOOeXp (/z2z+1§\(t) dt> Az)dzr =00 and /_iixp <—/2:_R>\(t) dt> Mz) dx = oo,

for all R > 0. If either integral is finite for some R > 0, then GWIPP(\) is transient
with probability 1.

The proof of this, presented in Section 2, is an application of Campbell’s theo-
rem (which allows one to determine whether random sums over Poisson processes are
convergent or divergent) and the Borel-Cantelli lemmas.

We remark a few things. First, the second part of the theorem is an immediate
consequence of the first. Second, this result also states that recurrence (or transience)
is a zero-one event. Third, it is a straightforward consequence that taking A(t) = ¢
for all t € R, i.e. taking II to be a homogenous Poisson process with rate ¢, results in
GWIPP()) being transient. This is well-known and another proof appears in [4].

Take now two point processes II and Iy, and assume GWIPP(II) is transient. Con-
sider IT" = IT1+1IIy. Intuitively, adding more points to an already transient process only
makes it “more” transient, since it will be more difficult to find long empty intervals
which allow (S5,)5; to change sign. Conversely, removing points from an already re-
current process makes it “more” recurrent. Since recurrence (or transience) does not
depend on the point process in any finite interval around 0, as the following result
shows, it suffices to look at what happens far away from the origin. (Equivalently,
the convergence or divergence of the integrals in Theorem 1.1 depends only on the tail
behaviour.) The proof appears in Section 2.

Lemma 1.2. Let p, 1’ € M and suppose there is some K > 0 such that p'(A) > p(A)
for all measurable A C (—oo, —K)U (K, 00). If GWIPP(u') is recurrent with probability
1, then GWIPP(u) is recurrent with probability 1.

Theorem 1.1 also facilitates the identification of threshold functions for recurrence,
and it transpires that the iterated logarithms are useful in this context. Before we state
our next result, we need some definitions. We define the “power tower” recursively by
a1 0:=1and atn:= a1 for any a € [0,00) and n > 1. Let log be the
ordinary natural logarithm. We define the iterated logarithm log™, for n > 1, to be
the function defined recursively by

0 otherwise,

and, for any n > 2,
log(™ ¢ := logM (log(”fl) t) .

Note that log™ ¢ = 0 for any t < e 11 (n—1).
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Proposition 1.3. Let
1 n
At) = ——— og @ |t].
() |t|10g2;al Og ‘|
where n € {2,3,4,...} and a; > 0 for all 2 < i < n. Then GWIPP()\) is transient with
probability 1 if
® ay > 1, or
e ax =1,a3 > 2, or
e ao = 1,a3 = 2, and there exists some m > 4 such that as = 1,a5 =1,...,ay, =
1 and apmq1 > 1.
Otherwise, GWIPP(\) is recurrent with probability 1.

One could also ask to what extent Proposition 1.3 extends to the infinite case. The
statement about transience remains true, but the final statement about recurrence
does not, unless one introduces some (rather mild) restrictions on the growth rate of
the sequence (a,)$,. Consider

R ,
_ Nog(®
(1) MO = Tiogs 2 ailog® [t].
If ag = 0 and a, = (e 11 n) for n > 3, then GWIPP()\) is transient with probability 1,
even though ag = 0. However, if az = 0 and a, = (2 11 n) for n > 3, then GWIPP()) is
recurrent with probability 1.
The next result describes the threshold between transience and recurrence in even
greater detail. In particular, it shows that taking a3 =2 andas=1=a4=a5 = ...
in (1) means that GWIPP(\) is recurrent with probability 1.

Proposition 1.4. Let a3 = 2 and a2 = 1 = a4 = a5 = ... and let (by)72; be

non—decreasing sequence satisfying b, = O(e 11 (n — 2)), g : (0,00) — [1,00) be a
non—decreasing slowly varying function satisfying g(e 11 n) = by, and let

1 s ,
At) = log@ [t] +10g™M g(1¢]) | .
(t) iog2 (;a og” [t +1og™ g([t])

If 5 5 1/by, = 0o, then GWIPP(X) is recurrent with probability 1. If > "2 5 1/b, < oo,
then GWIPP()) is transient with probability 1.

The following result provides a useful tool for investigating the behaviour of a given
intensity function. The idea behind the proof is essentially to find a suitable intensity
function for comparison, and apply Lemma 1.2 and Proposition 1.3.

Proposition 1.5. Let A\ € M. Letas =2 and ap =1 =a4 = a5 = .... If there exists
some n > 2 such that

1 ) 1 )
im tA(t) log 2 — S ailog@ t 51 or lim [tIA(t) log 2 — S a;log™@ [t] -
t—o0 an log(”)t t——00 an log(") |t]

then GWIPP () is transient with probability 1. If there exists some n > 2 such that

o tA(t)log2 — S0 a;log® ¢ <1 and Tm [tIA(t) log 2 — S a; log ™ |t -
t—00 an log™ ¢ [—— an log(™ It]

then GWIPP () is recurrent with probability 1.

1
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Proposition 1.5 does not answer what happens if, say,

log2 — 51 4 1oe® log2 — S~ 1 4 100
lim t)\(t) og 2222 a; 10g t =1 and lim ‘t|)\(t) 0g 21:2 a; log |t‘ —

1
t—00 an IOg(n) t t——o00 an IOg(n) |t‘

for all n > 2. As seen in Proposition 1.4, both recurrence and transience are possible
in this case.

The remainder of this paper is outlined as follow. In Section 2 we prove mainly
general results, including Theorem 1.1 and Lemma 1.2. In Section 3 we concentrate
on more concrete threshold results, i.e. Propositions 1.3—-1.5 along with related results.

2. PROOF OF THEOREM 1.1 AND RELATED RESULTS

Throughout we will write IT = {X; : i € Z \ {0}}, assuming as we may that
< X o< X1 <0< X1 < Xo <t
For k > 0, let
Al = {T(Xy, 2X + R) = 0} = {d(Xy, —R) < d(Xp, Xp41)}
and
Bt = {I1(2X_ — R, X ) = 0} = {d(X 4, R) < d(X 4, X 1)}
The following lemma describes the connections between these events and recurrence
of GWIPP.

Lemma 2.1. GWIPP is recurrent if and only if {Af i.0.} and {B}J i.0.} occur for all
R>0.

Proof. For one direction, one can argue as follows. Suppose GWIPP is transient and
{Af 0.} and {BF i.0.} occur for all R. Without loss of generality, we may assume
Sp — o0 as n — oo. Then there exists J such that S,+1 > S, for all n > J. Let
Y = max{X € II : X < ming<k<s Sk} be the rightmost point never visited (such
a point exists because of the assumptions of transience and S, — oo as n — o)
and choose R such that R > |Y|. Note that Y is the closest unvisited point to the
left of S,, when n > J. Since, by assumption, Aﬁ occurs for some k > J, we have
d(Xk,Y) < d(Xg,—R) < d(Xg, Xg+1). Moreover, there exists n such that S, = X
and by the definition of the greedy walk S,,+1 =Y, which is a contradiction.

For the other direction, we assume that GWIPP is recurrent, but that Ag (the ar-
gument being identical for B,}j) occurs at most finitely many times for some R > 0.
Let K be the last index for which the event AkR occurred. Since GWIPP visits all points
of II, there are indices J; and J; such that S; < —R and Sj;, = Xg. Whenever
j > max{Jy, Jo} and S; > 0, then II(S;,2S; + R) > 0. This implies that the closest
unvisited point of S is to the right of S}, because the closest point on the left of S; is
in (—o00,8y,) C (=00, —R), that is, at the distance greater than S; + R from S;. Thus,
after visiting S; > 0 such that j > max{.Ji, J2}, the walk stays always on the right of
S;, which contradicts the assumption that GWIPP is recurrent. O

This characterisation suggests that the Borel-Cantelli lemmas will be useful. In
particular, we use the extended Borel-Cantelli Lemma.

Lemma 2.2 (Extended Borel-Cantelli lemma, [5, Corollary 6.20]). Let Fy, n > 0, be
a filtration with Fo = {0,Q} and let A, € Fp, n > 1. Then a.s.

{A, io0} = {Z]P’[An | Fna] = oo}.
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The convergence or divergence of the associated random series will be determined
using Campbell’s theorem, which provides a zero-one law when f is a non-negative
measurable function.

Theorem 2.3 (Campbell’s theorem, [6, Section 3.2]). Let II be a Poisson process on
S with mean measure p and let f : S — [0,00] be a measurable function. Then the

sum
> FX)
Xell

is convergent with probability 1 if and only if

/ min{ f(z), 1}u(dz) < co.
S

Moreover, the sum diverges with probability 1 if and only if the integral diverges.
We are now ready to prove Theorem 1.1.

Proof of Theorem 1.1. From Lemma 2.1 it follows that the sufficient and necessary
conditions implying that the GWIPP is recurrent with probability 1, are the same as
those implying that {A% i.0.} and {Bf i.0.} occur with probability 1.
Let ), = 0(X1, Xa,..., X). Then Af € Fiyy for any R > 0, and
PIAF | Fi] = PIL(Xy, 2X5 + R) = 0 | Fi] = exp(—p(X, 2X, + R)),
where the final equality holds since X, € Fy, IIN (X}, 00) is independent of Fj, and the

number of points in a measurable set A C R is distributed like Poi(u(A4)). Applying
Theorem 2.3 with f(z) = exp(—p(z, 2z + R)), we obtain

S OPAF | Fil =) exp(—p(Xi, 2X) + R)) = o0
k=1 k=1
with probability 1 if and only if

/OOO exp(—p(z, 2z + R))u(dz) = co.

Moreover, Lemma 2.2 implies that Y _po; P[AR | 7] = co a.s. if and only if P[AF i.0.] =
1. Thus, the integral above diverges if and only if P[AF i.0.] = 1.
Similarly, if the integral above converges, so does the sum

[ee]
> _PIAT | Fi]
k=1
with probability 1, and then by Lemma 2.2, the event {AF i.0.} does not occur with
probability 1.
In the same way one can show that fi)oo exp(—p(2z — R, x))pu(dz) = oo if and only
if P[BF i.0.] = 1, and conversely, if the integral converge then P[BFf i.0.] = 0. O

Remark 2.1. We lose no generality by assuming that the greedy walk on II starts
from the origin, since recurrence/transience does not depend on the starting point.
One explanation is that the distribution of the points in any finite interval around the
origin does not influence the behaviour of the greedy walk far away from the origin.
More precisely, if the walk that starts from a € R, a > 0 (one can argue similarly for
a < 0), the events {II(Xy, 2Xy, —a+ R) = 0} and {II(2X_, —a— R, X_j) = 0} occur,
for any R > 0, for infinitely many k if and only if {Af i.0.} and {BF i.0.} occur for
all R > 0. As we have seen in Lemma 2.1, GWIPP(II) is recurrent if these events occur.
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In the following remark we explore what happens if u does not satisfy condition (i).

Remark 2.2. If u(—00,0) < oo and p(0,00) = oo, then it is not true that GWIPP(u) is
transient if and only if ITo, # @. (This should be contrasted with the situation when
p € M.) To see this, consider the intensity function A\(t) = 1(_ps,.0)(t), where M >0
will be chosen later. It is clear that GWIPP()) is transient with probability 1, for any
M, but we will show that M can be chosen so that 0 < P[[I,, # ] < 1. Note that

Pl = oo N (=M, 0)] =

so we may consider II, N (—M,0) instead of I

Let N(¢t) =1 for all —oo < ¢ < 0o and denote by II' the associated Poisson process
and by (57,)5°; the associated greedy walk. We can couple II and IT" together so that
nm=1mun(- M 00). By symmetry, we have

P[S, = ] = = =

3 P[S), — —o].

It holds that

P, N(=M,0)=0| S, = —oc] =1,
and

P, N(=M,0) =0 | S, — o] > 0.

By the coupling of II and II', it holds that II', N (—=M,0) = Il N (=M, 0) almost
surely, whence

P[Hooﬂ(vao):@]: [ ( M, ):Q)]
=P, N(-=M,0)=0| S, — —cc]P[S], — —o0]
+ P, N (=M,0) =0 | S}, = <]P[S], — 0]
.

Therefore P[Io, N (—M,0) # 0] < 3.
For the other inequality, we first have
Plll N (—=M,0) =1IN(—M,0)] =P
>P

LN (=M,0)=1I'N(-M,0)]
N (—=00,0) =1I'N (—00,0)]

1
1—— ) =~0.288...
1( 2n> 0.288...,

where the final equality follows from [4, Theorem 1]. Now pick M large enough that

[
—g =

n

P[Hm(M,o)7ém>1ﬁ<121n).

n=1

Then
Pl N (=M, 0) # 0] > P[lleo N (=M, 0) =TI N (=M, 0), II,, N (=M, 0) # 0]
> Pl N (=M, 0) =TI N (=M, 0)] + P[II,, N (=M,0) # 0] — 1

This implies that 0 < P[IIs
probability 1.

(] < 3, even though GWIPP()) is transient with
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A natural question is which conditions one needs to place on g (or A) so that
{Ali.0.} for all R > 0 if and only if {4? i.0.}. The reason why this is not an unrea-
sonable demand is that the events IT( X}, 2X;+ R) = 0 and II(X}, 2X}) = 0 should not
be too different for large Xy, since the length of the interval (2Xj,2X) + R) becomes
negligible compared to the length of (Xj,2X}) in the limit. However, the following
example shows that some extra conditions need to be placed, and that, in general,
{AY i.0.} does not imply that {Af i.0.} for all R > 0.

Remark 2.3. Let

oo
At) =D apl(2"—2<t<2"—1)
n=1
for some increasing sequence (ay)22 ;. Denote by Cj, the event that II(2"—2,2"—1) = 0,
for n=1,2,.... Then P[C,] = e™%".

If X equals the rightmost point in the interval (2" — 2,2 — 1), then II(X,2X) =0
almost surely. This implies that X is always closer to 0 than to the leftmost point in
(27t — 2. 27+l 1), Hence, {AY i.0.} occurs with probability 1.

However, for R = 3 we have {43 i.0.} C {C, i.0.}. Choose now the sequence
(an)$; such that

io:IP’[Cn] = ie‘a" < 00.
n=1 n=1

By the Borel-Cantelli lemma, the probability of {C,, i.o} is 0, which implies that also
P(A3 i.0.) = 0. Therefore GWIPP()) is transient even though A% occurs infinitely often
with probability 1.

Denote by My C M those measures u € M with the property that for any R > 0,
there exists some constant C' = C(R) > 0, such that p(z,z + R) < C and pu(—z —
R,—x) < C for all z > 0. As the following lemma shows, this boundedness assumption
disallows any examples of the type in Remark 2.3.

Lemma 2.4. Let p € My. Then GWIPP(u) is recurrent with probability 1 if

(e 0
| expl-nte 2ol dn) =00 and [ exp(-p(zo )l do) = oc,
0

—00

If either integral is finite, then GWIPP(u) is transient with probability 1.
Proof. Fix R > 0. We have

o0

exp(=C) /OOC exp(—p(z, 2z))p(dr) < /O exp(—p(x, 22) — p(2z, 22 + R))p( dz)

= /000 exp(—p(r, 2z + R))u(dx)

< /O " exp(— (e, 22)u( ).

The integral on the negative half-line can be similarly bounded. Therefore the integrals
in the statement of the lemma both diverge if and only if all integrals in Theorem 1.1
diverge. This proves the claim. O

For instance, if 4 € M and the maps x — u(0,z) and z — p(—=z,0) from [0, c0)
to [0,00) are Lipschitz, then u € M,. Also, limy_y4o0 A(t) < co implies that A € My,
which gives the following corollary.
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Corollary 2.5. Suppose A € M and lim; 4o A(t) < co. Then GWIPP()\) is recurrent
with probability 1 if

/OooexP (_ /:z A(t) dt) Mz)dz =00  and /_(;exp (— /2: At) dt> Az) de = oo.

If either integral is finite, then GWIPP () is transient with probability 1.
Next we prove Lemma 1.2.

Proof of Lemma 1.2. Denote by II the point process with mean measure p and let
(Sn)22, be GWIPP(II). Similarly, denote by II' the point process with mean measure
w' and let (S),)%2, be GWIPP(II'). Denote the points of IT and II' by

n=0

<X <X 1 <0< X1 <Xog< s and <X o< X <0< X< X<

respectively. Since p/(A) > u(A) for all measurable A C (—oo, —K) U (K, 00), we can
couple II and II’ together so that = € ((—oo, —K) U (K, 00)) NII implies that = € IT'.

Assume, for contradiction, that GWIPP(IT’) is recurrent and GWIPP (II) is transient.
Without loss of generality, we may assume that S,, — oo as n — oo. Then there is
some My > 1 such that Sp1; > Sy for all & > My, i.e. (5,)52; moves only to the right
after time My. Assume moreover that My is large enough that Sy, > K, so that we
are on the region where II and IT' are coupled.

For the remainder of the proof, see Figure 1 for an illustration. Let ¥ = max{X €
IT : X < ming<g<ps, Sk}, that is, let Y be the rightmost point of II that is never
visited. Note that Y is well-defined because of the transience of GWIPP(II) and the
assumption S, — co as n — oo.

Since GWIPP (II) is recurrent, (S),)52, visits all points of (K, c0)NII C (K, 00) NI
and jumps over 0 infinitely often. Thus we can find J > 1 such that S, > Sy, and
Sh.1 < Y. Let 8 = X and let £ be such that X, < Xj < Xyy1. Moreover, let
M > My be such that Sy = Xy and Spr41 = Xpyq-

X KXot

FIGURE 1. An illustration of the proof of Lemma 1.2. Note that both
the positive and negative axis have been rescaled logarithmically. The
proof shows that S | = X} 41 is forced, which contradicts the choice
of J (which implies that S, ; < 0).

The coupling between IT and II' on (K, 0c0) implies that X, < .5 < Xj | < Xpqy.
Therefore d(S, X},,1) < d(Sar, Sm1) < d(Su,Y) < d(S%, S ,), which contradicts
the choice of J, that is Sy+1 < Y. Thus, if GWIPP(IT') is recurrent, so is GWIPP(II). O
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A question that complements Lemma 1.2 is the following. Suppose GWIPP()') is
recurrent and let A = X + )¢ for some intensity function )\g. Which conditions on
Ao should one place to ensure that GWIPP(A) is also recurrent? That is, how many
points, and where, can we add to a recurrent process without making it transient?
The following lemma yields a partial answer to this.

Lemma 2.6. Suppose GWIPP(\) is recurrent with probability 1. If, for all R > 0,

2z+R
1 ! _
zl;n;o ; max (0, () — A(t)) dt < oo,
and
- x
lim max (0, N () — A(t)) dt < oo,

then GWIPP (X' ) is recurrent with probability 1.
Proof. For all t € R, let \’(t) = max(A(t), N'(t)). It suffices to show that GWIPP(\") is

recurrent, since then, by Lemma 1.2, GWIPP()') also is recurrent. The first condition
implies that for any R > 0 there exists some C' > 0 such that

2z+R
/ (V1) = M) dt < C

for all all large enough = > 0. Therefore

/ZHR N'(t)dt < /2“3 A(t)dt + /QHR(A”(t) — A1) dt < /ZHR Alt)dt+C

xT

for large enough x. For M large enough,

/N jo exp (— /x o N (#) dt) N (z)dz > /A :o exp (— /x o N'(t) dt) Az)dz

> /Z;o exp (— /12x+R)\(t) dt — C) Az) dz
=exp(—C) /OO exp <f /:IJFR A(t) dt) Az) dx

M
= 00,

where the final equality follow from the fact that GWIPP(\) is recurrent and Theorem
1.1. The integral on the negative half-line can be handled similarly. Therefore, by
Theorem 1.1, GWIPP()\”) is recurrent. O

3. TRESHOLD RESULTS

In this section we study the threshold between transience and recurrence, proving
Propositions 1.3-1.5 and related results. We focus on symmetric intensity functions
of the form A(t) = [t|~'log f(|t|), where f : (0,00) — [1,00) is a measurable function
satisfying the following assumptions.

(i) The function log f is slowly varying, i.e.
1
o o8 (at)
t—oo log f(t)
for any a > 0,
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[ty
0 T

(iii) For any bounded measurable A C (0, c0),

/de<oo.
A

(ii) It holds that

T

We denote the set of such intensity functions by M. The final two assumptions imply
that My C M, so we may apply the results developed in Section 2. Note that the
intensity function A(¢) = [t|~!log f(|t|) is symmetric about 0, so it suffices to only look
at the positive half-line. However, the results in this section can be easily adapted to
the case when f is not assumed to be symmetric.

We use the following standard notation. If f,g : R — R are two functions and
there exists C' > 0 such that |f(z)| < Cl|g(z)| for all large enough x, then we write

f(x) = O(g(x)). 1f f(z) = O(g(x)) and g(x) = O(f(x)), then we write f(z) = O(g(x)).

Lemma 3.1 ([1, Theorem 1.2.1]). If A C (0,00) is a compact set and f : (0,00) —
[1,00) is slowly varying, then f(ax)/f(x) = 1 as x — oo, uniformly for all a € A.

Lemma 3.2. Suppose A € M. Then GWIPP()\) is recurrent with probability 1 if

> log f(x) C
/0 of@) O

If the integral is finite, then GWIPP () is transient with probability 1.

Proof. The set [1,2] is compact and log f is slowly varying. It follows by Lemma 3.1,
that

/% 08 F(1) 4y — 10g f(2) + O(1).

tlog2
Hence
* 2 1) log f() > log f(x)
exp | — At ) / de =06(1 / dx
IV AL f(@) alog? W)y ot
Since limy 00 A(t) = 0, the claim follows from Corollary 2.5. O

A generalisation of slow variation is that of regular variation. A function f :
(0,00) — [1,00) is said to be regularly varying with index 8 > 0 if, for any a > 0, it
holds that

lim M —a’.
t—00 f(t)
A slowly varying function is then regularly varying with index 8 = 0. If f is regularly
varying with index 8 > 0, then log f is slowly varying, see e.g. [1, Thm. 1.5.7]). This
is true also if f is slowly varying, under the assumption that f(t) — oo as t — co.
The next corollary states that, if f is regularly varying with positive index, then we
obtain a transitive processes with probability 1.

Corollary 3.3. Let f : (0,00) — [1,00) be a regularly varying function with index
B> 0 and let A\(t) = (|t|log2)~tlog f(|t|). Then GWIPP(X) is transient with probability
1.
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Proof. Note first that A € M. Moreover, there is a slowly varying function ¢(z) such
that f(z) = 2%0(z) (see, e.g. [1, Thm. 1.4.1]). Then for z > 0,

) log /() _ log f(z) _ L()

@ -l _ 2o

where L(z) = lo%c()x) is a slowly varying function (see, e.g. [1, Thm. 1.3.6]). The

function on the right hand side of (2) is integrable on (0,00) whenever § > 0, and by
Lemma 3.2, GWIPP(]) is transient. O

The intensity functions in Proposition 1.3 satisfy A € Mg, showing that threshold
behaviour occurs inside the class M.

Proof of Proposition 1.3. Let
F(#) = TJ(ogt 1 t)™,

=2

so that A(t) = 1‘;%(;’;(;). Note that A € M. Assume first that az > 0. Then

" log® @)
/log f(@) e :/ > a log PN / log L dr )|
zf(x) [T, (logl=Y ) [T, (logl =Y )

where the final integral is the leading order term of the sum. The final integral is
convergent precisely when one of the conditions in the statement is satisfied. (This

is seen by repeatedly using the change of variables  — e*.) By Lemma 3.2, the
1log® Ji]

statement follows. If ag = 0, then consider instead N (t) := A(¢) 3 Tiogz and use the
above along with Lemma 1.2 to conclude that GWIPP()) is recurrent in this case. This
completes the proof. O

Proof of Proposition 1.5. Suppose first that

=l o000
lim tA(t)1log2 — > 775 a;log' ¢

am >1
t—oo an log™t

for some n > 2. (Let n be minimal with this property.) Let
1 tA(H)log 2 — S a;log ¥ ¢
<1 + m ( ) 0og 22:2 a; 108 >1

a:= =
2 t—o0 an log™ ¢

and define

v A(Y), t<0
1) = m (Z?:_; a;log® |t] + aay, log™ |t\) , t>0.

Suppose, for contradiction, that GWIPP(\) is recurrent. Since A(¢) > N (t) for all ¢ large
enough, Lemma 1.2 implies that GWIPP()') is recurrent. However, Proposition 1.3
implies that GWIPP()\') is transient. (In Proposition 1.3 we assumed that the intensity
function be symmetric, but this does not change the evaluation of the integral on the
positive half-axis.) This is a contradiction, so GNIPP(\) must be transient.

Now suppose the second condition holds for some n > 2. If

1 - ;
0= i (S ).
=2

then A(t) < N(¢) for all sufficiently large ¢t. By Proposition 1.3, GWIPP(X) is recurrent,
and Lemma 1.2 implies that GWIPP()) is recurrent. O
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Proof of Proposition 1.4. For t > 0 we have \(t) = 1?%01;(2) with

log f(t) Z ailog" (t) + log g(t).

Because of our definition of the 1terated logarithm, this implies that

[e]

£t =TT (max(1, (tog )+1) ) g(0).

i=1
Since b,—1 < g(z) for any e 11 (n — 1) < 2 < e 11 n, we obtain

oo

oo ettn n log(® 1
/ log f(z) ,  _ / > =2 Gi og fr+ ogg(x)
o zf(®) 1n-1) 2 [175 (log® @)ei+1g(x)

< retin )
= @(1)2/ = log(n - dz
n—zJetttn-1) x [[[75 (log" z)%i+1 g(z)

2 rettn

SO(I)Z/ — ! , dz
-1y 2 [[15 (log® 2)by—y

]eTTn

eM(n—1)

< b {log

) — bnfl

Using instead the bound b,, > g(z ) for any e 11 (n — 1) e ™ n, we arrive at

<z
L [Tloef() —
25, S/o 2f (@) Ez:

Applying Lemma 3.2 completes the proof. (]
Remark 3.1. Proposition 1.5 does not answer what happens in, for example, the regime
tA(t) log 2 — tA(t) log 2
3) i AO0e2 s A log 2
t—oo loglogt t—oo loglogt

The intensity functions A; and Ag, to be defined next, both satisfy (3), but GWIPP()\;) is
recurrent while GWIPP()3) is transient. For ¢ > 0 let Aj(t) = > oo, 1(2%" < t < 227+
and Aa(t) =Y 02 nl(2" —2 <t < 2" —1) and let A; and Ay be symmetric around 0.
We have
0= lim tA1(t) < 1 m tA1(t) _
i—oo loglogt ~log2 t—oologlogt

and
0 = lim t2(t) < L < lim t2(t) =
oo loglogt log2  t—oologlogt

[l i)

which together with the fact that A\; is bounded and Corollary 2.5, yields that GWIPP(\;)
is recurrent. From Remark 2.3 we know that GWIPP()\2) is transient.

It is easy to check that
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