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Abstract

This dissertation presents the author’s work in some problems involving different models of
random graphs. First it contains a technical contribution towards solving the open problem
of deciding whether with high probability a random 5-regular graph can be coloured with
three colours. Next, the author proposes a model for the establishment and maintenance
of communication between agents in a mobile ad-hoc network (MANET), which is called the
walkers model. We assume that the agents move through a fixed environment modelled by
a motion graph, and are able to communicate only if they are at a distance of at most d.
As the agents move randomly, we analyse how the connectivity between a set of w agents
evolves over time, asymptotically for a large number IV of vertices, when w also grows large.
The particular topologies of the environment which are studied here are the cycle and the
toroidal grid. For the latter, the results apply under any ¢,-normed distance, for 1 < p < oc.
Then, the dissertation follows with a continuous counterpart of the walkers model. Namely,
it presents a model for MANETs based on random geometric graphs over the 2-dimensional
unit torus, where each node moves under the random walk mobility model. More precisely,
our model starts from a random geometric graph over the torus [0,1)?, with n nodes and
radius exactly at the connectivity threshold r.. Then each node chooses independently
a random angle in [0,27) and moves for a number m of steps a fixed distance s > 0 in
that direction. After these steps, each node again chooses a new angle and starts moving
in that new direction, repeating the change of direction every m steps. We compute the
expected number of steps for which the resulting graph stays connected or disconnected. In
addition, for static random geometric graphs with radius at the connectivity threshold r,
we provide asymptotic expressions on the probability of existence of components according
to their sizes. Finally, in the last part of this work, we show in a constructive way that,
for any arbitrary £,-normed distance, 1 < p < oo, the property that a random geometric
graph under that distance contains a Hamiltonian cycle exhibits a sharp threshold at radius
r = y/logn/(apn), where oy, is the area of the unit disk in the £, norm.






Resum

Aquesta tesi presenta ’aportacié de I'autor en alguns problemes relacionats amb diferents
models de grafs aleatoris. Primer conté la contribucioé técnica envers la solucié del problema
obert de decidir si amb alta probabilitat un graf 5-regular aleatori pot ésser acolorit amb
tres colors. A continuacié, 'autor proposa un model per a l'establiment i manteniment
de la comunicacié entre agents mobils en una xarxa mobil ad-hoc (MANET), anomenat el
model dels walkers. Suposem que els agents es mouen a través d’un medi modelitzat per
un graf motriu, i que sén capacos de comunicar-se entre ells si sén a distancia com a molt
d. A mesura que els agents es belluguen a 'atzar, analitzem com evoluciona en el temps
la connectivitat entre un conjunt de w agents, asimptoticament per a un gran nombre N
de vertexs, quan w també creix. Les topologies particulars del medi que estudiem aqui sén
el cicle i la graella toroidal. En aquesta darrera, els resultats fan referéncia a qualsevol
distancia normada £,, amb 1 < p < oco. Seguidament, la tesi continua amb una variant
continua del models dels walkers. Concretament, es presenta un model per a MANETs basat
en grafs aleatoris geometrics sobre el torus unitat 2-dimensional, on cada node es belluga
segons el model de mobilitat random walk. Més detalladament, el nostre model parteix d’un
graf aleatori geométric en el torus [0,1)%, amb n nodes i radi exactament en el llindar r. de
la connectivitat. Aleshores, cada node escull a I'atzar i de manera independent un angle de
[0,27) i es mou durant m passes una distancia fixada s > 0 en aquella direccié. Després
d’aquestes passes, tots els nodes escullen de nou un altre angle i comencen a moure’s cap
alla, repetint el canvi de direccié cada m passes. Es calcula el nombre esperat de passes
durant les quals el graf resultant es manté connex o inconnex. A més, per als grafs aleatoris
geometrics estatics en el llindar de la connectivitat r., donem expressions asimptotiques de la
probabilitat d’existencia de components segons les seves talles. Finalment, en la darrera part
d’aquest treball, mostrem de manera constructiva que, per a qualsevol distancia normada
¢, arbitraria, 1 < p < oo, la propietat que un graf aleatori geometric contingui un cicle
Hamiltonia exhibeix un llindar abrupte en radi r = /logn/(o,n), on oy és l'area del disc
unitat en la norma £,,.






Resumen

Esta tesis presenta la aportacion del autor en algunos problemas relacionados con distintos
modelos de grafos aleatorios. Primero contiene la contribucién técnica hacia la solucién
del problema abierto de decidir si con alta probabilidad un grafo 5-regular aleatorio puede
ser coloreado con tres colores. A continuacién, el autor propone un modelo para el es-
tablecimiento y mantenimiento de la comunicacién entre agentes méviles en una red movil
ad-hoc (MANET), llamado el modelo de los walkers. Supongamos que los agentes se mueven
a través de un medio modelizado por un grafo motriz, y que son capaces de comunicarse
entre ellos si estdn a distancia como mucho d. A medida que los agentes se mueven al
azar, analizamos como evoluciona en el tiempo la conectividad entre un conjunto de w
agentes, asintéticamente para un numero grande N de vértices, cuando w también crece.
Las topologias particulares del medio que estudiamos aqui son el ciclo y la malla toroidal.
En ésta dltima, los resultados se refieren a cualquier distancia normada £, con 1 < p < oo.
Seguidamente, la tesis continia con una variante continua del modelo de los walkers. Conc-
retamente, se presenta un modelo para MANETs basado en los grafos aleatorios geométricos
sobre el toro unidad 2-dimensional, donde cada nodo se mueve segin el modelo de movilidad
random walk. Mas en detalle, nuestro modelo parte de un grafo aleatorio geométrico en el
toro [0,1)2, con n nodos y radio exactamente en el umbral . de la conectividad. Entonces,
cada nodo escoge al azar y de manera independiente un dngulo de [0, 27) y se mueve durante
m € Z pasos una distancia fijada s > 0 en aquella direcciéon. Después de esos pasos, todos
los nodos escogen de nuevo otro dngulo y empiezan a moverse hacia alli, repitiendo el cambio
de direcciéon cada m pasos. Se calcula el ntimero esperado de pasos durante los cuales el
grafo resultante se mantiene conectado o desconectado. Ademds, para los grafos aleatorios
geométricos estaticos en el umbral de la conectividad r., damos expresiones asintéticas de la
probabilidad de existencia de componentes segtin sus tallas. Finalmente, en la iltima parte
de este trabajo, mostramos de manera constructiva que, para cualquier distancia normada
arbitraria £,, 1 < p < oo, la propiedad de que un grafo aleatorio geométrico contenga un
ciclo Hamiltoniano presenta un umbral abrupto en radio r = y/logn/(a,n), donde «, es el
area del disco unidad en la norma ¢,
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Always keep Ithaca in your mind.

To arrive there is your ultimate goal.

But do not hurry the voyage at all.

It is better to let it last for many years;

and to anchor at the island when you are old,
rich with all you have gained on the way,
not expecting that Ithaca will offer you riches.

Konstantinos P. Kavafis [1911]
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Introduction

Random graphs have transcended the pure mathematical framework, to become relevant
models and benchmarks in scientific disciplines such as information technology, physics
and biology. Chapter [ of this dissertation deals with the chromatic number of random
d-regular graphs. As it will be explained there, this problem has given rise to beautiful
research in the physics community. The chapter begins with a brief introduction on the
colourability of random graphs. It follows the author’s technical contribution towards the
solution of the open problem of deciding whether with high probability a random 5-regular
graph can be coloured with three colours. An extended abstract of the result was presented
at the European Symposium on Algorithms (ESA’05) [22] and at the European Conference
on Complex Systems [24]. A long version has been sent for publicationt].

Nowadays, communication networks have become an ubiquitous component of soci-
ety. In particular, an increasing interest has arisen in the study of mobile ad-hoc networks
(MANETs) and also in the theoretical aspects of random geometric graphs, as models for such
networks. A random geometric graph results from taking n uniformly distributed points in
some metric space S (usually the unit cube [0,1]?) and connecting two points if their dis-
tance is at most r, for some prescribed radius r € RT. Chapter B of this dissertation starts
by briefly introducing MANETS, and then it surveys the main known results on the static
setting of random geometric graphs. For instance, it is known that there exists a value for
r denoted by r. = r.(n) below which a random geometric is disconnected with high proba-
bility and above which it is connected with high probability. In the core of Chapter B we
propose a model for the establishment and maintenance of communication between mobile
agents in a MANET, which is called the walkers model. We assume that the agents move
through a fixed environment modelled by a motion graph, and are able to communicate if
they are at a distance of at most d. The positions of the agents over the vertices of the

' A preprint of this paper is available at http://www.lsi.upc.es/~xperez



2 Introduction

motion graph determine an ad-hoc random geometric graph. As the agents move randomly,
we analyse how the connectivity between a set of w agents evolves in time, asymptotically
for a large number N of vertices, when w also grows large. The particular topologies of the
environment which are studied here are the cycle and the toroidal grid. For the latter, the
results apply under any normed ¢, distance, for 1 < ¢ < co. Extended abstracts of the re-
sults in this chapter, were presented at the Symposium on Theoretical Aspects of Computer
Science (STACS’05) [26] and at the Workshop on Efficient and Ezperimental Algorithms
(WEA’05) [67]. A long journal version has been sent for publication! (see also the technical
report [27]).

Chapter Bl presents a continuous model for mobile ad-hoc networks based on random
geometric graphs over the 2-dimensional unit torus, and where each node moves under the
random walk model. More precisely, the model starts from a random geometric graph over
the torus [0,1)2, with n nodes and radius exactly at the connectivity threshold r.. Then
each node chooses independently a random angle in [0,27) and moves for a number m of
steps a fixed distance s > 0 in that direction. After these steps, all the nodes choose again
a new angle and start moving in that new direction, repeating the change of direction every
m steps. We compute the expected number of steps for which the resulting graph stays
connected or disconnected. Notice that this model can be regarded as a continuous coun-
terpart of the walkers model described in Chapter B since the torus [0,1)? is approximated
by the toroidal grid when the number of vertices in the grid is large. In fact, both cases are
studied as an attempt to model ad-hoc networks. However, while in Chapter B the walkers
move randomly along the edges of a prescribed graph, in Chapter Bl the nodes are allowed to
move “freely” around the unit torus, under the random walk mobility model. The develop-
ments of both chapters have some analogies but many technical details in the arguments are
quite different. In addition, in Chapter B, for static random geometric graphs with radius
at the connectivity threshold r., we provide asymptotic expressions on the probability of
existence of components according to their sizes, which was not known before the present
work. This contributes towards the understanding of the behaviour of mid-size components
at the connectivity threshold. The results have been submitted for publication®.

In chapter @, for an arbitrary £,-normed distance, 1 < p < oo, we show in a construc-
tive way that the property that a random geometric graph contains a Hamiltonian cycle
exhibits a sharp threshold at radius r = /logn/(o,n), where a,, is the area of the unit disk
in the ¢, norm. The result appeared in SIAM Journal on Discrete Mathematics [25].

Each chapter of the thesis ends with a section containing conclusions and open prob-
lems relevant to the material exposed there.

Notes on Notation and More

Given any two sequences f, and g, taking positive values, we say that f, = O(g,) or
equivalently that g, = Q(f,) if there exists some C' > 0 and some n* € N such that for all
n > n* we have f, < Cg,. If f, = O(g,) and f,, = Q(g,) then we say that f, = O(gn).
Moreover, we say that f, = o(gy) or equivalently that g, = w(fy,) if lim,—co frn/gn = 0.
We say that f, is finite if f, < 400, i.e. it is not identically infinity but possibly
fn — oo. We usually reserve the word bounded to describe f,, in the case that f, = O(1).
This distinction is relevant in Chapters 2 and B, where f,, = E(X,,) for some sequence X,
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of random variables.

Observation It is well known that a real sequence f(n) converges to f € RU {—o0, 400}
iff for any subsequence f(ny) we can find a subsubsequence f(ng, ) which has limit f. In
addition, given any ¢ > 0 and any sequence f(n) of non-negative real numbers, we can find
a subsequence f(ng) with the following properties: f(ny) is either o(1), ©(1) or w(1), and
moreover either f(ng) < cor f(ng) > c.

Hence, for each non-negative expression or parameter f(n) considered hereinafter, we
can assume w.l.o.g. that it is either o(1), ©(1) or w(1), and also that given ¢ > 0 either
f(n) <cor f(n) > c. Otherwise in view of the above observation, for each subsequence of
f(n) we can find a subsubsequence with the above-mentioned properties, use that subsubse-
quence in the argument and extend the results to f(n). The assumption is made throughout
the dissertation without explicitly mentioning it.

In all the topics covered in this work, there is involved a sequence of probability spaces
indexed by n (or also N in Chapter ), which usually denotes the size of some graph. We
derive asymptotic results as n (or N) grows large. Given a sequence of events &,, we say
that € holds asymptotically almost surely (a.a.s.) if P(£) =1 —o(1).

Throughout the dissertation, u.a.r will abbreviate uniformly at random, which means
‘selected at random with uniform probability’. We denote by 1[£] the indicator function of
an event &.

Unless otherwise specified, the base of all logarithms is assumed to be e. Moreover,
we follow the convention that 0log0 = 0 and 0° = 1. In view of this, functions such as
rlogz + (1 — x)log(1 — x) and 2%(1 — x)}~% are continuous in [0, 1].

Given ki,...,k. € N with £ = ki + --- k., the usual multinomial coefficient will
be denoted by (klkkr) = ﬁ Given k,r € N, the falling factorial is written [k], =
k(k—1)---(k—r+1). In particular E[X], = E(X(X —1)--- (X —r+1)) denotes the !
factorial moment of the random variable X.






The Chromatic Number of
Random 5-Regular Graphs

1.1 A Succinct History of Colourability of Random Graphs.

Two of the early models of random graphs are the G(n,m) and G(n, p) models due to Erdés
and Rényi [30]. The G(n,p) model was also independently proposed by Gilbert [34]. Namely
given p € [0, 1], arandom graph G(n, p) is obtained by considering a set of n labelled vertices
and selecting each of the possible (g) edges independently from each other with probability
p- On the other hand given m € Z (0 < m < (3)), G(n,m) is a random instance selected
with uniform probability from the set of all graphs on n labelled vertices and m edges.
Usually p and m are functions of n, and we are interested in asymptotic properties of the
models for n growing large. Hereinafter, we say that an event holds asymptotically almost
surely (a.a.s.) if it occurs with probability tending to 1 as n goes to infinity.

Two important parameters of a random graph are the average degree and the edge
density. One can verify that the average degree of G(n,p = £) (respectively G(n,m = %))
is p(n — 1) ~ d (respectively 2m/n = d). The edge density of a random graph is defined to
be one half of the average degree. It is known [H6] that G(n,p) and G(n, m) with the same
average degree are somehow equivalent, in the sense that in many cases they have analogous
properties. For sake of simplicity, in the following G(n, %) will stand for G(n,p = %)
whenever there is no possibility of confusion.

Given a graph G = (V| E) a legal colouring is an assignment of colours to the vertices
in V in such a way that no adjacent vertices get the same colour. Given G = (V, E) and
k € Z*, the k-colourability (k-CoL) problem is to decide whether there is a legal colouring
of G with at most k colours. Similarly, the chromatic number problem is to find which is the
minimal number of colours x(G) required to colour G legally. It is known that for general
deterministic graphs, the chromatic number problem is NP-Complete [33]. Note that the

two problems are intimately related, and often their study cannot be carried separately.



6 The Chromatic Number of Random 5-Regular Graphs

The first results on the k-colourability problem on random graphs were due to Erdés
and Rényi.

Theorem 1.1.1 ([30]).

; d
(i). If d < 1 — ¢, then a.a.s. all the connected components of G(n, ) have at most one

cycle and O(logn) vertices. Consequently, a.a.s. x(G(n, %)) <3.

(ii). If d > 1 + €, then a.a.s. there exists a unique connected component of G(n, %) with
Q(n) cycles (and in particular one odd cycle). Consequently, a.a.s. x(G(n, %)) > 3.

It was left open by them the question whether the chromatic number of G(n, 1) is a.a.s.
3. The answer would be given 29 years latter in the positive by Luczak and Wierman [56)].

Cheeseman, Kanefsky and Taylor [I9] and also Culberson and Gent [2] observed that
for each fixed k, there is a threshold average degree dj such that if d < di, then G(n, %) is
a.a.s. k-colourable, while if d > dj, then G(n, %) is a.a.s. not k-colourable. Moreover, they ex-
perimentally obtained that ds ~ 4.7. Braunstein, Mulet, Pagnani, Weigt and Zecchina [16]
gave an analytic (non-rigorous) verification that ds ~ 4.69, by using the replica method
from statistical physics.

In [2] Achlioptas and Friedgut gave a formal proof that k-CoOL has a sharp threshold:

Theorem 1.1.2 (Achlioptas—Friedgut). Vk > 3 there is a sequence di(n) such that Ve > 0 :
e A random graph with average degree di(n) — € is a.a.s. k-colourable.
e A random graph with average degree di(n) + € is a.a.s. not k-colourable.

Notice that Theorem does not imply the convergence of di(n). Thus it remains
as an open problem to prove if di(n) converges and if so, to what value. As a corollary to
Theorem they obtained that for any given d, if we have that G(n, %) is k-colourable
with probability at least e > 0 for all n, then G(n, %) is a.a.s. k-colourable.

The basic upper bound technique applied to the 3-colourability problem for random
graphs is the following: Given a graph G, let C(G) the class of the legal 3-colourings of G.
Then for any model of random graph G,

P(G € 3-cor) = P(IC(9)] = 1) < E(|C(9)])-

Therefore, by computing E(|C(G(n, £))[), which is easy, and by finding the values of d for
which E(|C(G(n, £))|) — 0, we get a trivial upper bound of 5.42 for d3. But as we pointed
out before, experiments seem to indicate the the phase transition for 3-COL occurs below
at d3 ~ 4.69. The reason for this discrepancy is the fact that, when 4.69 < d < 5.42,
a class of graphs with small probability but with many legal 3-colourings contributes oo
much to E(|C(G(n, %))|) In order to improve this upper bound, it is natural to consider
some restricted type of legal 3-colourings with the property that whenever one graph G
is 3-colourable it must admit some colouring of that restricted type. Thus the expected
number of such colourings of G(n, %) is smaller, and we obtain a more realistic bound.
Following this idea, Kaporis, Kirousis and Stamatiou [49] considered rigid 3-colourings, i.e.
colourings where flipping the colour of one vertex to a higher colour in the 0 < 1 < 2 ordering
destroys the legality of the colouring. They proved that d3 < 4.99. A different approach was
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introduced by Dubois, Boufkhad and Mandler [29], where they restricted the class of graphs
to avoid the perturbation of having a few instances with many legal 3-colourings. In fact,
it is known that G(n, %) has a.a.s. a degree sequence close to a truncated Poisson (cf. [46]),
and thus they considered the space of graphs restricted to typical graphs, i.e. graphs with
exactly a truncated Poisson degree sequence. More precisely, for any k, the percentage of
vertices with degree k is #, where d is the average degree. They proved that, in G(n, %),
the few graphs which have not a truncated Poisson degree sequence have many 3-colourings,
which explains the bad estimates obtained from the expectation. Dubois et al. proved that
for the class of typical graphs, d3 < 4.854, which gets closer to the analytical non-rigorous
results of Zecchina et al. [T6]. At the present, this is the best known upper bound for the
rigorous evaluation of ds.

A graph G has empty k-core if it does not contain any subgraph with minimum degree
at least k. It is straightforward to check that any graph G which has empty k-core must be
k-colourable. Using this fact, Pittel, Spencer and Wormald [69] studied the emergence of
the k-core in G(n, %) and proved that ds > 3.35. Then, Achlioptas and Moore [3] analysed
via the Differential Equations Method, a non-backtracking version of the Brélaz heuristic
(cf. [T7]) to obtain the best lower bound for 3-CoL on G(n,d/n) at the present, which is
ds > 4.03.

Let us turn back our attention to the general chromatic number problem on random
graphs. lLe., given p = p(n) with 0 < p < 1, we want to find the chromatic number
of G(n,p). Grimmett and McDiarmid [37] gave the first lower bound on x(G(n,p)), by
determining the range of p such that G(n,p) has not and independent set of size n/k (and
thus x(G(n,p)) > k). After a long series of papers by different authors, Bollobas [14] and
independently Kucera and Matula [57] proved that if p is fixed, then

n

X(Gn.p) ~ i

If we consider the sparse case p = d/n for fixed d € R*, Luczak [55] proved that for all
d € RY, there exists k; € N such that a.a.s. x(G(n, %)) is either k4 or kg + 1. However,
Luczak did not give information on these two values. Achlioptas and Naor [5], using the
second moment method, proved that if k4 is defined as the smallest k such that d < 2k log k,
then a.a.s. x(G(n, 4)) € {kq,kq + 1}. Moreover, if d € [(2k — 1)logk, 2k log k] then a.a.s.
x(G(n, %)) = kg + 1, which determines the exact value for about half of the d’s. The
second moment method will play a very important role in this chapter, therefore it is worth
to look at it with more detail (See also [45] and Remark 3.1 in [46]). Let X be a non-
negative random variable that depends on n. As n grows large EX may also grow large,
but P(X > 0) may approach zero. However, if E(X?) does not approach infinity too fast
compared to the square of EX then it may turn out that P(X > 0) stays away from zero.
In fact,
(E(X))?

P(X >0) > W (1.1)
So if E(X?) = O((EX)?) then Pr[X > 0] is bounded away from 0. Achlioptas and Naor [5]
used the second moment method, with X counting the number of balanced k-colourings
of G(n,d/n) (i.e. colourings with the same number of vertices with any given colour).
Then E(X?) turns out to be a sum of exponential terms. They used a martingale-based
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concentration result to find the term with the largest base, which yields the value of the
sum, and thus they proved the above-mentioned result.

An important result was obtained by using tools from physics: Krzakala, Pagnani
and Weigt [B4] studied the geometry of the space of solutions for k-colourings. For G €
G(n,d/n), they considered the space of all k-colour assignments (legal or not) to the vertices
of G. They defined a cluster as a set of colourings such that it is possible to go from one
colouring to another by changing the colours of at most 2 vertices. Then, they showed that
if d < (1 —e)klogk, all legal k-colourings form a unique cluster in this space. Therefore
if we use a greedy strategy to change colours, sooner or later the algorithm is going to hit
the cluster. So it is easy to solve the chromatic problem for d < (1 — €)klog k. Moreover,
they also proved that as d increases, the clusters break down into exponentially many legal
clusters and exponentially many almost legal clusters. Therefore, any change in the colours
of a few vertices gives rise to more illegally coloured edges. As a consequence, local search
algorithms are not expected to produce results for average degrees beyond the breaking
down point of the unique cluster, the algorithm will get stuck on the local maximal (local
colours clusters). The range d > (1 — €)klog k is called the hard-colourability region.

1.1.1 Colouring Random Regular Graphs

So far we have been discussing about the Erdés and Rényi model of random graphs. Let us
turn our attention to another type of random graphs, which are the centre of this chapter.
A random d-regular graph G(n,d) is a random instance selected with uniform probability
from the class G(n,d) of d-regular graphs on n labelled vertices. In order to study this
model, it is usually used the well-known pairing or configuration model P(n,d), which was
first introduced by Bollobés [I3]. A d-pairing is a perfect matching on a set of dn points
which are grouped into n cells of d points each. Let P(n,d) be the set of d-pairings of dn
points, and denote by P(n,d) a random element of P(n, d) selected u.a.r. A random pairing
P(n,d) corresponds in a natural way to a random d-regular multigraph (possibly containing
loops or multiple edges), in which each cell becomes a vertex. The reader should refer to [78]
for further aspects of the pairing model such as the following well know result.

Theorem 1.1.3. If a property holds a.a.s. for P(n,d), then it also holds a.a.s. for G(n,d).

From the early 90’s the there has been a considerable effort in studying the chromatic
number of a random regular graph. In the present subsection, we sketch the highlights of
the developments in the field. Frieze and Luczak [31], proved that x(G(n,d)) ~ d/(2logd)
a.a.s. (as d — o0). However, they did not give any result for fixed values of d. Molloy and
Reed [61] proved that if k(1—1/k)¥? < 1 then G(n,d) is not k-colourable a.a.s. Notice that
this result implies that Vd > 6 , a.a.s. G(n,d) is not 3-colourable. The result was proved by
a clever use of the first moment method to show that the expected number of k-colourings
of a d-regular pairing is at most k(1 — 1/k)%2. Achlioptas and Moore [3] showed that
X(Q (n, 4)) = 3 with probability bounded away from 0. The proof was based on the analysis
of a backtracking-free version of Brélaz heuristic, together with the fact that G(n,4) is a.a.s.
not bipartite. Later, they showed in [4] that the chromatic number of a random regular
graph of degree d ranges a.a.s. in {kq,kq + 1,kq + 2}, where ky is the smallest integer k
such that d < 2klog k. Shi and Wormald [74] [75] proved that: a.a.s. x(G(n,4)) = 3; a.a.s.
x(G(n,5)) € {3,4}; a.as. x(G(n,6)) = 4; if 7 < d <9 then a.as. x(G(n,d)) € {4,5}; and
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a.a.s. X(g(n, 10)) € {5,6}. The proof of the previous result was algorithmic: Properly
colour all short cycles of G(n,d) up to some length [. Then, greedily colour the remaining
vertices following some priority given by an ordering of the possible labels. At any moment,
each vertex is labelled (i, 7), where i is the number of non-coloured neighbours and j is the
number of available colours.

Recall the above-mentioned work by Krzakala, Pagnani and Weigt [54], where they
defined the hard colouring region. In that paper they also proved that the solution space
of 3-colourings of 5-regular graphs has many clusters. Therefore, the 3-colouring of 5-
regular graphs is in the hard colouring region, so it seems difficult that classical algorithmic
techniques will work to find out if a 5-regular graph is 3-colourable.

In the same paper, they also observed by using Survey propagation techniques that
almost all 5-regular graphs seem to have chromatic number 3. Therefore regarding the the 3-
colourability of d-regular graphs, the situation was: 4-regular graphs are a.a.s. 3-colourable;
6-regular are a.a.s. not 3-colourable; the problem of deciding whether a 5-regular is 3-
colourable falls in the hard colouring region, and the physicists gave non-rigorous evidence
that most of the 5-regular are 3-colourable.

1.2 Preliminaries

In this chapter we study the locally rainbow balanced 3-colourings of a 5-regular graph,
where a colouring is balanced if the number of vertices of each colour is equal, and locally
rainbow if every vertex is adjacent to vertices of all the other colours. We show that a 5-
regular graph admits such a colouring with probability bounded away from 0. In Section
we briefly describe how this probability can be raised to 1—o(1). The proof contains one non-
rigorous step which is sustained by empirical evidence (see Maximum Hypothesis below).
Our results are asymptotic with respect to the number of vertices n, which is restricted to
the multiples of 6. (The number of vertices of a 5-regular graph must be even, and having
a balanced colouring requires n to be also divisible by 3.)

The main technique in the argument is the second moment method (see ([L1])): Indeed,
we compute the expectation EX and second moment E(X?) of the number X of locally
rainbow balanced colourings, asymptotically. Then, assuming that a certain four-variable
function has a unique maximum at a given point in a bounded domain (see again Maximum
Hypothesis), we prove that E(X?) is asymptotically a constant times (EX)2.

For our calculations, we use the previously described pairing model P(n,d). A colour-
ing of a paring is an assignment of colours to the cells such that it defines a colouring of the
corresponding multigraph. Moreover, each point of the pairing inherits the colour of the
cell containing it.

The estimation of the second moment amounts essentially to counting the number
of pairs of locally rainbow balanced colourings on pairings in P(n,5). To give an exact
expression for E(X?) we have to sum over a large number of variables (9 x 36). These
variables express the number of cells that have a given pair of colours (out of the nine
possible pairs) and also have a given distribution of their five points with respect to the pair
of colours on the cells of the points to which they are matched. As we will see there are 36
possible distributions. The computation of the asymptotic value of this expression (even
within a polynomial factor) entails the computation of the global maximum of a function of
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9 x 36 variables. In Section we show how to reduce this computation to the computation
of the maximum of a four-variable continuous function F' defined over a closed and bounded
convex domain. As the definitions of F' and its domain are technically involved, we postpone
presenting them until Section [CH, at which point the motivation behind the technicalities
becomes clearer. For the sake of easy reference, in Section [[7 we repeat these definitions,
and also give an equivalent definition of F'.

Regarding the maximisation of F', we show that the boundary of its domain contains no
local maximiser and that there is a local maximum at the interior point (1/9,1/9,1/9,1/9),
by showing that the Hessian of log F' is negative definite at this point. Furthermore, by
numerically computing the values of F' over a fine grid of its domain we obtain strong
numerical evidence that the point (1/9,1/9,1/9,1/9) is actually the unique maximiser of
F'. We state the assumption corroborated by this evidence as:

Maximum Hypothesis. The four-variable function F(n) has a unique global mazimum
over its domain at the point (1/9,1/9,1/9,1/9).

Under the Maximum Hypothesis, we can establish the chromatic number of a positive
fraction of the random 5-regular graphs.

Theorem 1.2.1. Under the Mazimum Hypothesis, for n divisible by 6 the chromatic number
of G(n,5) is 3 with probability bounded away from 0.

In the remaining of this chapter we prove Theorem [LZTl In Section [L3 we develop
an exact expression for the first and second moments of X. The asymptotic value of E(X) is
determined in Section [l In Section [CH, we compute the asymptotic value of E(X?), under
the Maximum Hypothesis. The proof of Theorem [L2Tlis completed in Section [LA where the
previously obtained results on pairings are transferred to simple graphs. In Section [L1 we
present the empirical validation of the Maximum Hypothesis. Finally, Section contains
a brief description on how to override the restriction of n to multiples of 6 and also extend
our result to a.a.s.

1.3 Exact Expression for the Moments

Given a pairing P € P(n,5), let Rp be the class of locally rainbow balanced 3-colourings
of P. Let X = {R'p(nﬁ)‘ be the random variable that counts the number of locally rainbow
balanced 3-colourings in P(n,5). Then,

BY — {(P,C) : PeP(n,5), CeRp}

, (1.2)
|P(n,5)|
E(X?) = {(P,C1,Cy) - P‘;(i(z,)‘f)), C,C2 € RPH, (13)

where |P(n, 5)| = (5n)!/(2°™/2(5n/2)!).

1.3.1 First Moment

Below we assume that we are given a pairing P and a locally rainbow balanced 3-colouring
C on P. Recall that a pairing is a perfect matching on 5n points which are organised into
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n cells of 5 points each. Here and throughout the chapter, the cells get colours 0, 1 and 2,
and the arithmetic in the colours is modulo 3, so we can regard colours as elements in Zg.

Let v be a cell of colour ¢ € Zs. The 1-spectrum of cell v is an ordered pair of non-
negative integers. Cell v is said to have l-spectrum s = (s_1, s1) if s, out of its five points,
r € {—1,1}, are matched to points in cells of colour i +r. The entries of s are non-negative
because C' is locally rainbow, and their sum is 5 because of the 5-regularity of the pairing.
One can check that there are four possible 1-spectra, namely (1,4), (2,3), (3,2) and (4,1).
We let S denote the set of all 1-spectra.

For each i € Z3 and 1-spectrum s € Sy, we denote by d’. the scaled with respect to n
number of cells of P which have colour ¢ and 1-spectrum s. Then,

|
> d = 5 Vi€Zs (1.4)
SEST

and therefore ), . di = 1.

Given any two colours i and j in Zs, observe that there are exactly 5n/6 pairs of
points in cells of colours ¢ and j respectively. Hence,

.5
> sdl = & Vi€Zs Vre{-11} (1.5)
SEST

which also implies ([C4)).
We consider the 6-dimensional polytope

; ; . ;0.
Dl = {(dg)iEZS,SESl € ]RlQ : dg Z 0 \V/Z,S, Zsrdé = 6 \V/Z,'I"} s

s
1 12
Ih=DiNn|—-Z .
n

We observe that Z; contains all the sequences (d%);cz, ses, that correspond to some locally
rainbow balanced 3-colouring, since they all satisfy (LH). Given a fixed sequence (d) € 77,
let us denote by (( d?n)) the multinomial coefficient that counts the number of ways to

and the discrete subset

distribute the n vertices into classes of cardinality din for all possible values of i and s. Let
(i) stand for 5!/(s_1!s1!).

By counting the ways to assign 1-spectra to cells, and then colours to points in cells
given their 1-spectra, and finally the number of matchings between colour classes, we have

POy s Pepmd), Cerll= & () H@din (2)

(dy)eTy s

In view of ([LZ), we divide this by |P(n,5)| and obtain

-2 v {2 )([0)7) G} oo

(dé)ezl $ i,S
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1.3.2 Second Moment

Below we assume we are given a pairing P and two locally rainbow balanced 3-colourings
C; and Cy on P. For 4,j € Z3, let V%I be the set of cells coloured with i and j with respect
to colourings C; and Cy, respectively. Let n®/ = |V%|/n and let E%/ be the set of points
in cells of V7. Since C; and Cy are balanced, we have

S =1/3, VieZs, Y nt=1/3, Viel, (L.7)
i€EZL3 JEZ3

and therefore }, ; nbd = 1.

Also, for 7t € {—1,1}, let B} be the set of points in E% which are matched with
points in Et7i+t, Recall that the arithmetic in the indices is modulo 3. Let m’) = |E|/n.
For fixed ¢ and j in Zs3, it is convenient to think of the four variables (m%)r,te’{—l,l} za;s the
entries of a 2 x 2 matrix m"J. The rows and columns are indexed by -1 and 1, with -1 for

the first row or column.
2% 2%
mid — m—ilj—l m_iljl .
my_y My
We have that 3, m,} = 5n%J | and therefore i et Myt = 5. And, since matching sets of
points should have equal cardinalities, we also have that

myg =mS (1.8)

Let v be a cell in V¥J. The 2-spectrum s of cell v is a 2 x 2 non-negative integer matrix.
The rows and columns are indexed by -1 and 1, with -1 for the first row or column. Cell v is
said to have 2-spectrum s if s, ; out of its five points, r,t € {—1,1}, are matched to points in
cells of V*7i+t The sum of the entries of s is 5 because of the 5-regularity of the pairing.
Each row and column sum is at least 1 because both C; and Cs are locally rainbow. We
let So denote the set of possible 2-spectra. See that |Sa| has 36 elements, namely

S — 1 0] 0o 1] [40][04][20]T]0 2]

>Ylo 4] 40011 0[]0 3]|3 0]
(3 0] o 31 [0 11 [1o] [3 1] 1 3]
L0 2720 [13][3 1] [1o0][0 1]
(0o 11 [1 01 [3 1] 137 1 1] 3 0]
13 1’1 3]0 1)1 oOo]"[03][1 1]
(1 1] o 3] 1 1] [1 1] [21]([1 2]
13 071 1 ]"[1 2|21 [1 1|1 1]
(o217 T2 01 1277217702772 0]
2 1’1 2200 2] [12][21]
(1 2 (2 1] [2 271t o] 22170 1] (19)
L0272 0] [0 1][22][1O0] |2 2]
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For each i, j € Z3z and 2-spectrum s € S, we denote by d%’ the scaled, with respect to
n, number of cells which belong to V% and have spectrum s. We have

mh =" d s, (1.10)

SES2

nl =" did, (1.11)

SES?

and therefore Zm,s d?j - 1.
We consider the 301-dimensional polytope

. . 1
Dy =1 (d); jezsses €RP 0 di > 0Vi,j,s, > di = 3 Vi
7,8

Z di;’J - § vJ, Z Sr,td?] = Z S,T,*td?rr’]ﬂ Vi, j,r,t o,
,8

S S

1
Ty =Dy N (—2324> )

and the discrete subset

n

In view of ([ZO)—-(CII), note that Z, contains the set of sequences (d%’ )ijeZs,ses, that
correspond to some pair of locally rainbow balanced 3-colourings. Given a fixed sequence
(ds”) € I, let us denote by (( d'%n)) the multinomial coefficient that counts the number of

ways to distribute the n vertices into classes of cardinality d%n for all possible values of 4, j
and s. Define m®/ by (ICIO). Also let (2) stand for 5!/ [, ; sr4!.

By counting the ways to assign 2-spectra to cells, the ways to assign colours to points
in cells given their spectra, and finally the number of matchings between colour classes, we
have

|{(P, 01,02) . Pe P(’I’L, 5), Ch,Cy € RPH =

= () II<3£%1 IT (i)

(ds7)eTs 04,8 it
In view of ([L3), we divide this by |P(n,5)| and obtain
E(X?) =
257/2 (51, /2)! n N T
W Z <(d§’]n)> H <3> H ((mr,tn)!> . (1.12)

(d;’J)EIQ 1,7, i,g,m,t

1.4 Asymptotic Value of the First Moment

For sake of simplicity, here and throughout the section we will often write d to denote the
tuple (d)icz, ses,- Let us consider the functions

hi@) =S diox (*) <togd), )= [
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53/2

= W (271'771)74 67511/27 (113)

hi(n)
where f; is defined over Dy and g; is defined over the interior of D;. Recall that we follow
the convention that 0log0 = 0.

Lemma 1.4.1. The first moment satisfies

E(X) =hi(n) Y qi(n,d)e/" " (1.14)
deT;

where, as n — oo and uniformly over all d, q1(n,d) = O(n®) and q1(n,d) ~ g1(d) provided
all d. are bounded away from 0.

Proof. We apply Stirling’s formula and perform simple manipulations to ((CH) to obtain:

dt
@~

(dgn)!

I
(5n)! a7 \ i

5\ din
~Van (5an/3) 672 (mfe)" 3 | [] gjl) !

%
n):
deI 1,8 s )

(5)d§n
=hi(n) Y [ @m)e(n/e)" ] (Cslgn)! . (1.15)

dey i,8

We need to uniformly approximate the factorial of several numbers not necessarily growing
large with n. Stirling’s formula also implies k! = /27 (k)(k/e)* for all k > 0, where
n(k) ~ k if k — oo, and n(k) = ©(k + 1) for all £ > 0. In particular, 7 is non-zero. So we
have

O™ o)t
H (din)! H V2mn(din)(din/e)din
S— (Q)/a)™
= (27n)8(n/e)™ 1;[ W) n
1

= GGy 2 D

for a function ¢; of the type described in the statement of the lemma. Combining this
with (CI3) yields the lemma. O

We consider the maximum base of the exponential part of the terms in (([CI4)), taken
over all points in the polytope Ds:

M; = max {6_5/26f1(d)} .
deD,

This is well defined, due to the compactness of the domain and the continuity of the ex-

pression. Note that the exponential behaviour of the first moment is governed by M; since

the number of terms in the sum in ([CI4) is polynomial with respect to n.
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In the next subsection we determine the value of Mj. In the following subsection,
based on that result and using a Laplace-type integration argument, we compute the sub-
exponential factors in the asymptotic expression of the first moment.

1.4.1 Computing M,

. ) 5
Let b = (b})icz,,ses, be the point in Dy where b} = (9—30) for all 4,s. The following lemma
follows from the application of elementary analysis techniques and the computation of La-

grange multipliers.
Lemma 1.4.2. The function fi is strictly concave and has a unique mazimum in Dy at b.

Proof. We will maximise f; over the larger domain R D D; of all non-negative tuples d
such that

> odi=1 (1.16)

1€Z3,5€S81

We temporarily relax the constraint (LI6) and observe that the Hessian of fi is negative
definite for any tuple of positive d’. Therefore f; is concave in this domain. Then f is also
concave in R and in Dy, since linear constraints do not affect concavity.

We use the Lagrange multipliers method to find stationary points in the interior of
R. We obtain the following equations

8f?:1og > —1—logd. =\, VieZs VseS,
od:, s

where A is the Lagrange multiplier introduced by the constraint (CI6]). There is a unique
solution at the point

di—@ Vi€ Zs, Vs €S
S_e)\Jrl? 35 1

which must be a maximum by concavity of the function. We observe that this maximiser
also belongs to Dy and the statement follows. U

By direct substitution, we obtain:
Lemma 1.4.3. My = 67/ (T[, , 90%0)) — (
From the above and from (LCI4l), we get:

Theorem 1.4.4. The expected number of locally rainbow balanced 3-colourings of a 5-regular
pairing approaches infinity as n grows large.

1.4.2 Subexponential Factors of E(X)

Here we complete the computation of the asymptotic expression of E(X) by using a Laplace-
type integration technique described in the following result:
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Lemma 1.4.5. Let A C R? be a compact set with non-empty interior. Let g € C'(A) and
f € C3(A) be real functions. Suppose that f has a unique mazimum in A, at the interior
point xg, and that the Hessian H of f at xg is definite negative. Suppose furthermore that
g(xo) # 0. Then, we have as n grows large

1 21\ ¥/
I::/Ag(a:)ef(“’)"dacwm <7> glao)ed @

Proof. Since H is definite negative, there exist an invertible matrix @ such that
H =Q*(-1d)Q,

and hence
det H = (—1)%(det Q)%

Define the following change of variables:

y = ¢(x) = Q(z — xo).

Let us consider the functions § = go ¢~ and f = fo ¢! — f(xg) defined in A = ¢(A).
Notice that A is compact with non-empty interior, that f has a unique global maximum

at 0, which is an interior point of A, that f(0) = 0 but §(0) # 0, and that (aml) =Q L
Then, after performing a change of variables, we obtain
ef((l)())n

(f@)+f(z0))n Yy — ———
|detQ|/ Y /| det H| Ag(y

Yel @ngy.

Let us call

= [ aweray.
A

Taking into account that A is compact, that f is continuous and that the unique maximum
occurs at the interior point 0, we can claim that there exists some a > 0 such that, for
small enough € > 0, we can assure that [—e,e]* C A and f(y) < —a in A\[—¢, €] Then,
we can write

h=[ iy [ g nay,
[—e,e]? A\[—¢,e]d

and call

I = /A g(y)ef(y)ndy’ I :/ g(y)ef(y)ndy
A\[—€,e]? [—e,e)

Since A is compact, we can write Jilg@)|dy < max 4 {|g(y)|} [;dy < K, and then
ns [ e ay e [lawlay<e k.
A\[—¢,e]d A

Observe that § € C1(A) and f € C3(A). Then we can find positive constants C' and M such
that, for all y in a neighbourhood of 0, we have

i | and ‘f Zyz

So8B ‘ Zyzy]yk‘

7_]7
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4 and assuming that |y,,| > |y;| Vi, we can write

C
SE;

Then, for any y € [—e¢, €

i(y) ~ 5(0)| s%\;%

Yi < CE,

and

2

. 1 M M
‘f(y) + 5;%2 < ﬁ( ;yiyjyk‘ < T‘lgz

M 2 1 2
yiyjyk( < ey < Meg Zyz
%, Zv]yk 1

Now we obtain upper and lower bounds for Is. We use the following well known identity:

/ e dt = Nz
R

I < (4(0) + Ce) em2(I=Men Y u? gy

1 —d/2 B 2
= <—(1 - Me)n> (g(0) + Ce)/ Le Zitidz
2 [-v/3a-89n e/30-pon

- 2
= <(27> (9(0) + Ce), (1.18)

where we did the change of variables z; = /3(1 — Me)n y;.

Similarly,

L> / (§(0) — Ce) e~ 3UHMAE, 02 gy
[767€]d

— 22
Le Zitidz

) —ap
= <§(1 + ME)n> (9(0) — Ce¢) /[\/;(1+M€)n 67\/%(1+Me)n e]

- ((LY/Q (4(0) - Ce), (1.19)

where we did the change of variables z; = /3(1 + Me)n y;.

By putting together (CI7), (CI¥) and (CI9), we get

- d/2 ~
) @o+co.

Iy < e ™K + (1+o(1)) (ﬂ—T

and

- d/2 ~
Io> —e“"K + (1 + o(1)) ((1—}—27M6)n> (5(0) - Ce).
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Thus, since € was small enough but arbitrarily chosen, we can write
/2
2w =
IO ~ <_> 9(0)7
n

and then a2
1 2
I~ — (%) g(xq)ef (@0, O

/| det H|

We need the following technical result.

Lemma 1.4.6. The following system of 6 equations in the variables d;,s has rank 6:

5 .
Zs:srdi;s = 5’ Vi, r.

Moreover, after relabelling the variables as dy, ..., dy2, the solutions can be expressed by

di,...,dg are free,
dr = Li(dy,...,dg,1/6), k=17,...,12,
where Ly, are linear functions with coefficients in 7Z.

Proof. Let us call s1 = (1,4), s2 = (2,3), s3 = (3,2), s4 = (4,1) the four possible 1-spectra.
We can easily found by hand the following solution: For each i € Zs,

d.,, = —2d. +d. +1/6,
dy, = —2dy, +dg, +1/6,
and the remaining variables are free. O

Hereinafter, we relabel d as dy,...,d;2 in the sense of Lemma The b’ are also
relabelled as by, ...,bja accordingly. (Recall that bl was defined as (2) /90.) For a point
d = (di,...,d12) € Dy, the first six coordinates will be often denoted by d= (di,...,ds)
for simplicity.

Let € > 0 be fixed but small enough. We consider the cube of side 2¢ centred on b

Q1 ={(dy,...,dg) € RS : dj € [bp — €, b + €], Yk},
and the discrete set in Z° .
jl = Ql N <—Z6> .
n
Let us define their extension to higher dimension

le{(dl,...,d12)€R12 : (dl,...,dG)GQh
dy = Ly(di, ... ds,1/6), Yk =T,...,12},

where the L;’s are as in Lemma [LZ6], and

J=Q1N <EZH> .
n
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Note that b is an interior point of Dy, and that for each k the function L (-,1/6) is contin-
uous. Then, if € is chosen small enough, we can ensure that for some § > 0

Vd € Q;, di >0 and ’dk—bk’ <6, k=1,...,12, (1.20)

and hence Q1 C D;. Moreover, since n is always divisible by 6, for each k the function
L(-,1/6) maps points from %Z?’Ol into %Z, and so J1 C 7.
Recalling the descriptions of fi, g1 and hy from (L), define for any (dy,...,ds) € o}

fildy, ... dg) = fi(dy, ... d2)
/ . where dy, = Li(dy,...,dg,1/6), Vk=17,...,12.
Gi(di, ... de) = gildy,... dy) ok k(dy 6:1/6)

Lemma 1.4.7. The following statements hold:

e f1 has a unique mazimum in Dy at b.

° fl has a unique mazimum in Q, at I~), with e/16) = N1(B) — 9.

o The Hessian Hy of fi at b is definite negative, and det H; = 3'°113.
g1(b) = 23312 £ 0.

Both fi and §1 are of class C® in Q.
Proof. The proof follows from Lemma and direct calculations. O

We compute the contribution to E(X) of the terms around b and get the following.
Lemma 1.4.8.

omn)6/2 . - 2639
3 it e @ o BT g yeri® = 2 oy
des \/| det Hq|

Proof. From (C20), we see that for all d € J1 C Q1 we must have dy > ¢ Vk. Thus, from
their definition, all the m ’t are bounded away from 0, ¢;(n,d) ~ g1(d) and we can write

> ailn,d)e 291 )1 — Zg Jenh (@, (1.21)

deJy

We note that both fi, g1 and its partial derivatives up to any fixed order are uniformly
bounded in the compact set Q1. By repeated application of the Euler-Maclaurin summation
formula (see [I], p. 806), we have that asymptotically as n grows large

Zgl )enf(d ~n6/~ g1(@)e" 1@ gz, (1.22)
(9]

Observe from Lemma [LZ7 that all the conditions required in Lemma are satisfied.
In view of this, we obtain

1 oar\%_ .z
/ G Rl . — (-”) G(b)en1®), (1.23)
o1

\/| det Hy |

The result follows from (C2Z1), (C22)), (CZ3) and Lemma [CZ7 O
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Now we deal with the remaining terms of the sum.
Lemma 1.4.9. There exists some positive real oo < ef1®) such that
> ain,d)e @ = o (a").
i\

Proof. Let B be the topological closure of D; \ Q;. We recall from Lemma [CZ7 that f;
has a unique maximum in D; at point b ¢ B. Then, since B is a compact set and f is
continuous, there must be some real 8 < f;(b) such that f1(x) < §Va € B. Now we observe
that all terms in the sum ZII\ 7 @ (n, d)elt (@7 can be uniformly bounded by Cnbef”, for

some fixed constant C. Note furthermore that there are at most (n+1)'? terms in the sum.
Hence, the result holds by taking o = (e + e/1(%)) /2, O

From Lemmata [LZ8 and [CLY, we obtain

2639
Z‘h e tdn ~ 1/ F(QW“)?’%”-

From this and Lemma [LZ]] we conclude the following:

223653 1 (25"
E(X)~y | —— (=) .
) \/ 113 (27n)? (24)

1.5 Asymptotic Value of the Second Moment

Theorem 1.4.10.

By analogy to Section [[4], we denote the tuple (df9 )Z jeZs,seS, by d. Let us consider the
function

) O\ i
F(d) = H(d;j> IT (i)™

%,7,8 9,15t

defined in Dy, where m% denotes ) sr,tdi’j as before. Throughout this chapter we observe
the conventions that 0° = 1 and 0log 0 = 0.

We define
. . . 1 .. .
fo(d) =log F(d) = Zd?ﬂ <1og (i) —log dlsﬂ> + Z §m% log m;’},
%,7,8 2,7,7,t
1/4
i (mrjt) ~1/2 —305/2 r—5n/2
g2(d) = . ha(n) = 27V/2(2mn) 305/ 5=5n/2, (1.24)

Hz,j,s(di’j)lﬂ
Lemma 1.5.1. The second moment satisfies

E(X?) = hy(n) Y q2(n, d)e@ (1.25)
dels

where, asn — oo and uniformly over alld, ga(n,d) = O(n'%?) and g2(n, d) ~ g2(d) provided
all dg? and m;} are bounded away from 0.
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Proof. Apply Stirling’s formula to (LI2)), we obtain

27/2 (5n,/2)In) ) ig )2
E(X?) = % >4 (11 % [T (mrin)

deIQ ’i7j78 i7j77‘7t
5 d;’ﬂn
5n/2 (n/e)" (3) g2
SRGTERED DR tovrerrcl B ) Eemrd B I U MGETRD
ez, | (/) s (ds ”)' igrit

27n) 153 (n/e)” iy 1/2
= ha(n) » W 11 (( L mr 11 ((mr’gn)') . (1.26)

dels %,7,8 2,7,7,t

Recall from the proof of Lemma [[Z1] that Stirling’s formula implies k! = +/2mn(k)(k/e)*
for all k£ > 0, where n(k) > 0 and n(k) ~ k as k — oco. So we have

5\dein
I ) (T (i)™

/[/7]73 27.]77‘7t

O midn )"
=11 ——— | | IT [ V2mn(myin)
s N €

'L] dzj
is \[2mn(dn )(d7n> idrt

_wfey gl Y (o () [T (mid) """
~ (27n)153(n/e)n [, (n(nd ) /2n=172) 4 Mt

1,7,8 1,J,m5t

1/2

(n/e)®/? fo(d
= @) 2 D
for a function ¢o of the type described in the statement of the lemma. Combining this
with (C26]) yields the lemma. O

We consider the maximum base of the exponential part of the terms in ([C2ZH), taken
over all points in the polytope Ds:

My = max {5_5/2€f2(d)} .
deDo

This is well defined, due to the compactness of the domain and the continuity of the ex-
pression. Note that the exponential behaviour of the second moment is governed by Mo,
since the number of terms in the sum in (([C2H) is polynomial with respect to n.

In the next subsection we determine the value of My under the Maximum Hypothesis.
In Subsection [LR2 based on that fact and using a Laplace-type integration argument, we
compute the sub-exponential factors in the asymptotic expression of the second moment.

1.5.1 Computing M,

We will maximise F in two phases. In the first one, we maximise £ assuming the matching
variables m:ﬂ’vt are fixed constants. These constants must be compatible with the polytope
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Dy over which F' is defined, so we define M to be the set of vectors m of 2 x 2 matrices
(m*»7); jez, such that ([CIM) holds for some d € D.

We often consider variables d2/ and m% for fixed i, j € Z3. To simplify notation, we
delete the indices ¢ and j when they are fixed throughout the formula. For any 0 < ¢ € R,
define

D'(c) = {(ds)ses ER¥ : dy > 0Vs, Y dy=c},
S

and let M’(c) be the set of 2 x 2 matrices m such that (CI0) holds for some (ds)scs € D'(c)
(after deleting superscripts ¢ and j). We will use d to denote points in Dy and also points
in D'(c). The meaning will be clear from the context.

In order to give an alternative characterisation of the matching variables m%,
consider the following equations for all ordered pairs (i, 7), i,7 € Zs, and all r,t € {—1,1}:

we

/[:7.7

om0 -
Z?] Z7j Z?] Z?]

myy+myly < A(mI +m ), (1.27)
27 7/7.7 27.] 27-]

mr,t + mfr,t S 4(mr —t + mfr,ft)

That is, for all such i and j, the entries of m*/ are non-negative, neither row sum is greater
than 4 times the other, and neither column sum is greater than 4 times the other.

Lemma 1.5.2. Let ¢ > 0 € R. The set M'(c) can be alternatively described as the polytope
containing all matrices m such that

> mps =5c, (1.28)
r,t

and the constraints in ((CZ0) hold. Similarly, M is the polytope containing all vectors m of

matrices m*J such that N N
> mpi=5/3, ) myy=5/3, (1.29)

/[:7r7t j7r7t

and the constraints in (L), (C2D) hold.

Proof. Let A be the set of matrices m satisfying (LZ7) and (C28]). We first prove that
M'(c) C A. Let m be a matrix in M’(¢). Then, for some d € D’(c), we have

Z myt = Z Z sr,tds = Z Z sr,tds = Z 5ds = 507
r,t rt S s

s nt
and (2] is satisfied. Moreover, we observe that for any spectrum s, we have
Srt > 07 St + Sr,—t < 4(3—7’,15 + S—r,—t) and Srt + S—rit < 4(37",—t + S—r,—t)-

Then m must satisfy the constraints in (1), since it is a positive linear combination of
spectra, and m € A.
Now we prove that A C M’(c). We have that A is a polytope and so it is the convex

hull of its vertices:
c 0 0 ¢ 0 ¢ c 0
0 4c|’| ¢c 3¢ |’| 4 0’| 3c ¢ |’
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0 4c c 3c 4c 0 3¢ ¢
[c 0 }’[0 c }’[ 0 c]’[ c O]'

Each of these vertices v has the shape of some spectrum s times ¢. By making ds; = ¢ and
dg =0 for s’ # s, we show that v € M'(c).

Moreover, we observe that M’(c) is a convex set, since it is the image of D’(c) under
a linear mapping. Then M’(c) must contain the convex hull of the vertices of A, and thus
contains A.

The second statement in the lemma follows from the previous fact and from the

definition of M. O

For any fixed m € M, let F(m) be the maximum of F restricted to d € Dy such
that (CI0) holds. To express F'(m) in terms of m, we will use the matrix function

(I) [ j 5) } = (z4y+z4w)’—(24y)° — (2+2)° = (y+w)° — (z4w)°+2°+y°+2"+w’ (1.30)

and, for each of the nine possible pairs (i, ), i,j € Zs, consider the 4 x 4 system
o d Mi,j
Opyy

2]
Tt

,uz,% =m rit=—1,1, (1.31)

in the matrix variables p*7.

Lemma 1.5.3. For any m in the interior of M, each of the nine systems in (LZ1) has a
unique positive solution. Moreover, in terms of the solutions of these systems,

Fm) =[] <!> :

Z?]
gt N Mt

and the equation remains valid for m on the boundary of M if the expression on the right
1s extended by continuity.

Proof. We assume that m is a fixed vector in the interior of M. In order to compute
F(m), it is sufficient to maximise the function F'(d) for non-negative ds’ subject to ([CI0),

.. lmi’j
since the other constraints are trivially satisfied. We observe that the factor [| (m%) e
is constant, and that variables d%’ with different pairs of indices (i,j) appear in different
factors of F' and also in different constraints. Thus, it is sufficient to maximise, separately

for each i, j € Zs, the function

i’
¢ =1] (%) : (1.32)

seS

over non-negative ds’ subject to the matrix constraint (CIW). For the remaining of this
proof, we fix 7 and j and thus omit superscripts as discussed above.

Let R be the polytope containing all d = (ds)ses such that ds is non-negative for all
s € §, and satisfying ([LI0). The fact that m is in the interior of M implies that R contains
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points with all the dg strictly positive. In fact, the interior of R consists of all those points
in R with this property.

For any point dy on the boundary of R we select a segment joining dy with some
interior point. We observe that, in moving along the segment from the interior of R towards
dy, the directional derivative of log G' contains the sum of some bounded terms plus some
terms of the type logds with positive coefficient, which become large as we approach dy.
Hence, G does not maximise at the boundary of R.

We temporarily relax the constraint (LI0) and observe that the Hessian of log G is
negative definite for any tuple of positive ds. Hence log G is strictly concave in that domain
and also in the interior of R, since linear constraints do not affect concavity. Thus, the
maximum of GG is unique and occurs in the only stationary point of log G in the interior of
R.

We are now in a good position to apply the Lagrange multipliers method to look for
stationary points of log G. We consider

logG = st <1og <i> —log ds> , (1.33)

for positive ds subject to the four constraints:

Lr,t = Z Sr,tds — Mpt = 07 rte {_17 1} (134)
s

For each one of the four constraints L,; in ([L34)) a Lagrange multiplier A, ; is introduced.
Then we obtain the following equations:

5
log <S> —1-logds = Z ArtSpt, Vs€ES (1.35)

r,t

which, together with the constraints (LC34]) have a unique solution when d is the only
stationary point of log G. Let us define p1,; = exp(—A,¢—1/5). After exponentiating (L35,
and noting that the sum of the s, ; is 5, we have

dy = <5) I o)™, vses, (1.36)

S
rt

and combining this with ([C34) gives

Myt = (gm (i) 11 (Mr,t)s*’t> , rte{-1,1} (1.37)

s r,t

By construction, this system has a unique positive solution, and ([C30)) gives the maximiser
of G in terms of this solution. We observe that (L37) is exactly the same system as the one

in (L3T).
Now the maximum of G can be obtained by plugging (L36) into (L32), resulting in

max G(d) = H( ! )mt (1.38)

vt Mot

and the required expression for F' (m) follows by elementary computations. O
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Let us now define for any d € D’(1/9) the auxiliary function

5\ \ s
G(d) = H(%) (H(mr,t)ﬁm”>, (1.39)

S rt
where m,; = > s, ds. (Recall that 00 = 1.)
Lemma 1.5.4. The function G takes its mazimum on D’'(1/9) in the interior of D'(1/9).

Proof. Notice that the boundary of D’(1/9) comprises the points where for at least one s,
ds =0and )  ds =1/9. Observe that it is sufficient to prove the statement for log G. The
continuity of log G at the boundary points of D’(1/9) follows from the fact that lim,_ 2% =
1. After proving log G is continuous at the boundary of D’'(1/9), take any d on the boundary.
Here dy, = 0 for some sg. Then dg, > 0 for some s; since the sum of entries of d is 1/9. At
any point d such that ds; > 0,

dlog & 5 5 1
ai = log <S> —1—logds + B + ; §Sr,t log my.¢. (1.40)

Note that if d; > 0 then all the m,.; corresponding to a non-zero s,.; are also necessarily non-

zero. As a first case, suppose none of the m,; is zero at d. Then at a point d + eEy, — eEj,

we have %hzl—gG — aalfl—gG — oo as € — 0, where 4 denotes the vector with 1 in its s coordinate
S0 S1

and zero elsewhere. (Since the first partial goes to oo and the second is bounded.) Hence
there is no maximum at d.
Next suppose precisely one m,; is zero at d. Fix such values of r and ¢. Pick an s

such that s.; = 1. Then dy = 0 at d. So rename s as so and use the above argument,

choosing again any s; with ds; > 0. Now the unbounded terms in aBIZi)G are —logds, +

%(so)m log m, s, and we have m,; > ds, because (sg),+ = 1. It follows that there is no
maximum at d.

For two different m,.; equal to zero at d, pick the spectrum sy to have 1 in one of the
corresponding positions, and zero in the other. Then the same argument as above gives the
result.

So no local maximum occurs on the boundary. U

Lemma 1.5.5. The function G has a unique mazimum, in D'(1/9) at the point where all
the ds are equal to (i) /8100. The function value at the mazimum is (5°/225/24)Y/9.

Proof. We note that (CI0) maps the interior of D'(1/9) into the interior of M'(1/9). As
a result and in view of Lemma [[LE4], the maximum of G’, under mapping ([CI0), does not
occur on the boundary of M’(1/9).

Assume that m is a fixed matrix in the interior of M’(1/9). We first maximise G
in D'(1/9) subject to the matrix constraint (CIO). Denote this maximum by G(m). By

arguing as in the proof of Lemma [L5.3, we have

é(m) _ H ((mr,t)§> ’ ,

Mot
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where the p,; are the unique positive solution of the system in ([L31]) after deleting super-
scripts ¢ and j. Moreover, the maximiser is given in terms of this solution by (L30]).

We now maximise G in the interior of M’(1/9), by applying the Lagrange multiplier
method to

~ 1
log G(m) = Z Myt <§ log m,+ — log ,umg> ,
rt

subject to

> mps =5/9.
rt

We need some preliminary computations. By adding the four equations in (([L3T]) and taking
into account (C30), we have

5@(”) = Zmrvt'
r,t
In view of this, we have that for all r,t € {—1,1}

Z m,t/M_ Z Mt g Ot
r/, =

om r o Om
vt e{—1,1} Tt vyefo,1y Pt Tt

_ O (p) Oppryr— OP(p) 1
- Z Oy Omyy — Omyy 5 (1.41)

r’t'e{—1,1}

This allows us to compute

dlogG(m) 1 1 0log pur v
_—— = — 1 —_ 1 —_— ! 177
Dy = 308t g~ log ;mr B
1 3
=3 log m,.; — log iyt + 10’ (1.42)
and obtain the equations
1 3
3 log my; — log pirt + 0° A, Vrte{-1,1}, (1.43)

where )\ is the Lagrange multiplier introduced by the single constraint. After exponentiat-
ing (CZ3), and defining \' = exp(A — 3/10), we can write

VIt _ 31 et e {—1,1), (1.44)
Mot

We relabel the entries of the matrices m and p as
[ mp Mg ] [ K1 p2 ]
ms my |’ B3 Ha ]
Combining (L)) and (C3T), we get

0P 0P

i— —p;— =0, Vi,je{l,... 4}
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We can factorise the following equation:

o0 9D

= — =0,
251 T 4 o
and get
(/1/1 - /’L4) P= 07
where
P= 120 po pi3 pta + 20 pa® o + 20 p1® g + 25 p1® pra + 30 pa® i

+30 1% pis® + 35 p1” pa® + 5 pug® + 20 py p1o® + 20 oy s’

+25 1 p1a® + 5 1" + 60 p1® pi 13 + 80 pin® g pra + 80 pia* a3 pia
+60 p12? 3 pua + 60 oy pro? g + 90 puy po® pa + 60 py o p13°

+80 1 pr2 pa® + 90 a1 ps® pug + 80 puy g pra” + 60 o p13” 1

+60 115 113 114 + 20 po® p3 + 20 p19® pug + 30 po® p3® + 30 po® g
+20 pg 3”4 20 pg pa® + 20 pi3® g + 30 p1s® pa® + 20 g pua®,

which is strictly positive, so uy = 4. Similarly, we can factorise

0P 0P

— — 3 — =0,
M2 Dpis H3 Dtia
and get
(12 —p3) Q@ =0,
where
Q= 1201 pro pu3 pra + 20 f11® g + 20 pa® iz + 20 pa1® prg + 30 p1a ? i

+30 1% pig® + 30 pa® pa® + 5 g™ + 5 po® + 20 gy po® + 20 gy ps®
+20 11 pa® + 90 p11? pi 3 + 60 1 pug prg + 60 p11® pis pug

+80 p12® 13 pa + 80 pg po® g + 60 g po” pug + 80 iy pio piz®

60 pa1 iz pa” 4 60 g pia? pra + 60 1 i fua® + 80 o 3 pug

+90 g 3 pra® + 25 po” 3 + 20 po” g + 35 po” p3® + 30 pp? pua®
+25 pig p3” 4 20 pig pa® + 20 pz® pra + 30 pa® pra® + 20 g pa®,

which is also strictly positive, so pua = ps3. Finally, we substitute pg by g1 and ps by pe in

o0 9D

— — g — =0,
251 Dia M2 iy

and then factorise it to obtain
(/1/1 - MZ) R= 07

where
R =70p1* + 275 1> po 4 415 112 1o? + 275 py po® + 70 po?,

which is again strictly positive, so u; = po. Hence, all the p; are equal (and therefore all
the m; are also equal).
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Since the m; are equal and sum to 5/9, each m; must be equal to 5/36. Substituting
this value into any of the equations in ([L3), we deduce that u; = 272/53-4/55-2/5  Thig
shows that the Lagrange multiplier problem has a unique solution. This solution must
correspond to the unique stationary point of G in the interior of M’(1/9), which must then
be a maximum.

Finally, ([C30) gives the maximiser of G' in D'(1/9) when the m,; are fixed to be
equal and thus the pu,; are also equal. The maximum value of G is computed from its
definition. O

Recall the definition of the nine overlap variables from Section We observe
that (CII)) maps D; into a polytope of dimension 4. The vectors (n"’) in this polytope can
be expressed in terms of four variables by

n072 — 1/3 _ n0,0 _ nO,l’ n1,2 — 1/3 _ nl,O _ nl,l’ TLQ’O — 1/3 _ TLO’O _ nl,O’

n! = 1/3 — nOl — pblt p22 = 00 4 0l 4 p 10 4 Ll 1/3, (1.45)
where the variables n%°, n%! n'0 and n'® take arbitrary non-negative real values such that
0,0 01 _ 1 1,0 111 0,0 10_ 1
n+n < -, n 4+n"< -, n4+nr < -,

3 3 3
1 1
nOl 4 pbl < 5 n00 4 pOl 4 10 4 Ll > 5 (1.46)

We are now in a good position to define the function F' used in the statement of the
Maximum Hypothesis. The domain of F is the set A of all non-negative real vectors
n = (n%0 n0! nt0 nbly satisfying (C4H). For each n in A, we compute the nine overlap
variables from ([ZH) and define F(n) to be the maximum of F'(d) over Dy subject to the
constraints in ([CIT). This definition of F is repeated in Section [[L7), which also contains an
alternative equivalent definition (see also Figure [Tl in Section [CT).

.. .. 5
Let b = (b§?)ses,ijezs be the point in Dy where by’ = 8(150)0 for all 7,7,s. Now we
return to our main function fo, which was defined in ([CZ4)).

Lemma 1.5.6. Under the Maximum Hypothesis, the function fo has a unique mazximiser
in Dy at b. Moreover, My := maxgep, {5*5/26102(‘1)} =25/24.

Proof. Recall that fo = log F . The Maximum Hypothesis implies that any maximiser of
F on Dy must satisfy Y _sds’ = 1/9, for all i,j € Z3. Let us momentarily relax the
constraints in ([[F]), and maximise each factor

() 4’ Y
o= (11(2)°) (1),

s r,t

separately in D'(1/9). In view of Lemmal[[50] b is the unique maximiser and the maximum
value of each factor is (5°/225/24)Y/%. We observe that the constraints in (L) are also
satisfied by b. Therefore b is the unique maximiser of F' and the maximum function value

is ((5°/225/24)1/9)° = 5%/225 /24. O
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1.5.2 Subexponential Factors of E(X?)

Here we complete the computation of the asymptotic expression of E(X?) under the Max-
imum Hypothesis by using a standard Laplace-type integration technique.
First we need the following result:

Lemma 1.5.7. The following system of 24 equations in the variables d>’ has rank 23:
Sostdd =3 sTiditt =0 Wige, Y di=1/3 Vi, > di¥=1/3 Vi
s s 7,8 ,8
Moreover, after relabelling the variables as dy, ..., dsos, the solutions can be expressed by

d17 s 7d301 free,
dy = Ly(dy,. .., dso1,1/6), &k =302,...,324,

where Ly, are linear functions with coefficients in Z.

Proof. Let us call

[0 1] [0 1] [0 1] [0 1]
81_—1 3_7 82__2 2—7 83_—3 1_7 84__4 0—7
[0 2] [0 2] [0 2] [0 3]
5_-1 2-7 6_-2 1-’ 7_-3 0-7 8_-1 1-’
[0 3] [0 4] (1 0] (1 0]
(1 0] [1 0] 1 1] 11
813_—2 2_7 814__3 1—’ 815_—0 3_7 816__1 2—’
[1 1] 1 1] [1 2] (1 2]
817_-2 1-7 818_-3 0-7 819_-0 2-7 820_-1 1-7
(1 2] (1 3] [1 3] (2 0]
821—_20_, 522—_01—, 523—_10_, 824__0 3|
2 0] 2 0] 2 1] (2 1]
825_-1 2-7 826_-2 1-7 827_-0 2-7 828_-1 1-7
2 1] (2 2] 2 2] [3 0]
829_—2 0_7 830__0 1—’ 531_—1 0_7 832__0 2—’
(3 0] (3 1] (3 1] 4 0]

Then we have the following solution:
2,2 1,1 2,2 2,2 2,2 2,2 2,2 1,1 2,2 1,1 2,2 2,2 1,1
2,2 ds;% 2: d8§,42; dS’M 2_2d8’11 _1 1d8719 _2d28é0 N C2l82’21 + d§é26 B 2d28’226 * ds%?)l B d87112 1_ 3d18£))12 + dslégl N
Ao ~ dagg — 2lagy — 2loge + 2y — 2logs — Mlaso — Mlso - o 30 4 2y o+ 2oy +
dsél 1_ 3d81é:i - 3%8’%4 - 3d15;’i5 - dls7115 - digils — dig’lf — ds’llg 1+ 4d5’111 1—|- 3d51’121 + 2d51’131 + d87142 ;— 3d8’151—|—
2d5716 + d8717 - dSéS + 2d5719 + dséo + dséo + dséz + 3d8§4 + 2d8§5 + d8é6 + 2d8§7 - 2d8§4 + dsé 9
0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 1,2 1,2
1,2 dslé62 N _ldQSéO _1d28é8 _1 22d8é5 _O ?dSiQ 1_2 QdSii’ 2_ d87107 1_ d8%02_ 2d187123 B 31d28’24 - ?82711 * d{% +
d8713 + d8714 + ds’lﬁ + d8717 + d3718 - 2d8é7 + ds,lg + dséo - dséz + d8é1 + dSéQ + dsés + 3d8::,2 + 3d8::,3 -
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2d§;§ - dS’;i + di? + iidégi - ?;dS;E 5%12d§£ + 12d£;§0+1 2d§£0;r 2dégb%1+ 2d§;,§ + 3dégiof 3d§;,025 + 2d§0£1+
2d5’25 + 2d8§6 - 3d81 - sté - dSé - 2d5’5 - d814 - dSé - dSé - 4d5’11 - 2d8§2 - dSéa - dsgsa

o) = —3dam —3dam —2dis —dys —dy —da —dai —d2 —dy +4dy +3dys +2dy +
A5 4+2d52 +di2 +2db2 + di2 4+ di2 +2din + din 4+ d20 + 430 + A0 + d2) + 2420 4+ 2420 +
2020 +3dL2% 4+ 2d5% + db? + 2422 + db? — 2420 — 2420 — 240 — alt — 24kt — 34kt — 4dh! —
Al —odb 4 @20 4 a0 a2 42420 42420 —d20 + a2 +3dL? —2d%0 —all 24l 34l -
daye —2ds;; —dijy —3dsy — dday +dsyy — duge — 2dsy — diy — dsyy, — 2dsy — dary —3dsy —dg}, —

2dyy — 2d5y — days +2dsy +dyya +dsye +dig, +3d3y +3dsy +4d3l +3dsy +2dsg +dsi —dsih,s

dop = di, + diy — 2dsy — doy — Ad2Y + diy + ik — 2d%; — dS? — 2d2 — 3d2y —
dsig —2dgsg +dsi’ +dsy +dsy) +dsi +2ds3' +2ds;) — dsiy — dsg — dsiy — 2d5 — 3y — disys —
2002 — % — d%2 +dbl + all + bt 2dlt +abl + 24l + 24l + 24l + 24k + 3dl! +
3diyy + diyy — 3d%7 — dYP — 2d%7 — dY + 2d% + 3dY) + 3dyy) — 3d3E — dO2 + 4ds; — 2day,

dily = dijo — 25y — 25} 4 dish — 23] +dsio + di + diyy — dag, — di) — deyd —2d57 -
2y — 2dsis — 2dg; — dsio — dsj7 — diis + dsyy + dsyy — diy) — diyy — 2dsi — 2d5), — 2d” —
2y — 2dsy) — 2di7 — di” — di? — 248t — 248 — 248 — 248 — dit —abt — diY — did +
A0 4 g0 gh0 gl g0 glo 9l T gla 12 12 ogld o gl0 o Ll
2dy — 203, — iy — dsig — dsir + dggy — iy + dis + iy + digy + digg — dgy — g’ — sy —
dsys — sy — digy + dsgy + gt + dsfy +1/6 + dss — dogy — 2dsy) — dsge — dig + disio,s

dim = —4d3 + 5dyy — i) + 2d30 — 3dyk + 5dyy — 3d) — 3day — 3dun + di +
2010 4 310 — 2dl0 — dll 4 6dl? + 6dL2 + 6412 + 6dL2 + 2d%) + 3d2L + 3d%) + 3d2,. +
3d2L 4 4d%l 4+ 3d%2 + 3452 4352 — 3dL2 — 3dh2 + dBl + 2L 4B+ a2l 4 ail — a4+
dsl + 2di + Adsy — 2dyy, + 3ds, + 6dsy7 + 6ds; + 6dsy + 6ds) + 3di” + 3day — 2diy) +
65 +6dh! +6dhT +6d%! +3d%! +3dL +3dL0 +db0 + d%L — 4dl — 3dL0 — 310 — 44l —
Bdsy) — Adgy + 4dg) + 3ds — 3ds + 3ds; + 645, +3dsy + 6dsy, + 6diy + 6dsy, + 3ds;; +
3dbh 4+ 3dl — 3al} 4 3dbl + 245 4 2d%) + 2%} + 2% + 245 + d%L — 3dk2 — 3dL) —
8ds3, — sy + 3dsy, + 2dsy + 3dsy + 3dsye + 3dsy — 3dgse — 3dgyy — 3dyy + dayy + diyy +
diy + sy, + d3sy + diy + 2350 — 1/2 = 3dgl + 3d3; + 6dsy + 3dsi; + 3dsie — 3dsj + 2d3,

y dilé% = 2d1§52% —4d%g‘;—d£;?lgdégi —lchii, —%dli;‘i +d§11‘3 +d§g;6 ;digé ;gigé —gilg‘é —2%%3 —3d§;§+
d5’19 u dSés N 5d5’11 - 5d5’12 - 5d5’13 _ 5d5’14 u 2d8§1 - 3d8§2 - 3d8§3 - 3d8§4 - 3d8§5 - 4d8§6 - 3d5716 -
3ds —3dart iy —dsy —duin s+ —dity — i~ —daiy —diio—dsy —diy —di’ —das —
dui —2dyg —3dyy tdsyy — 205 —5dsj? ~5dsy’ ~5du' —5ds —3d’ —3du +duyy —5ds;! —5d —
Bdyy —5dy; —3dy' —3dsy —3dy —dsl) —dsy —dyy) +2dsy +digy + sy +2dy, +dsy +2dsy —
3y —3ds —ds —di +dsE —3ds2 —5dit —2d8 —5dsyh —5d —5dsy, —3di: —3dss —3di +
dy3y —3dgys — 2d3,s — 2d33 — 2dayy — 2days — 2da — days +dsyy —dsih — i+ dsje — dsyy +dgyy +
i R A A
d5718 _d8719 - d8’20 —d5’21 - d5’22 - d5’23 - 2d5’24 +dS§5 - 3d5’24 - 5d&1 —3d5’25 - 3d5726 +d8’10 - 2d5’29 +2/37

0,0 1,1 1,1 1,1 1,1 1,1 1,1 0,0 0,0 ;0,0 0,0 ;0,0

0o g o7 Bllai ¥ 2dago o+ Addage + Sy 3l 2y =3y’ — 2y — Aoy = Uy~ dog
g - Aduy - 3dese = 3y = 2dy; = sy = s — 2dsg = drr = 2y = gy = gy = 3dlsgy
2d5725 - d5726 - 2d$é7 - d5728 - dSéO - 2d8§2 - dSéa - d8§4 + d5711 + d5’12 + d5’13 + d5’14 + d5’15 + ds’m +

dsih + 2dgh + dagy + dajy + dage + 2dsy + dsgy + digy + dagy + 2d8g + 2dsy + 2dsy + 2d;
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diy = —dsig—duiy —dyiy S —Ads, iy — 3y —Adis +3dy —d’ —12d i —Sdlyg, —
8Ll _ g0 4 ql0 L ql0 1900 4 900 4 600 _4qll 300 4 127 5127 312 4 g 007 15,00
Ldy,” 4133 —2d35 +2d35) +3d3, +3di; + 33, 43, +4dii, — 2t —dit — 6 —5dus, —
4dL2 —9dl2 —8dL2 +d2t + a2t +al +dbl +d3 L +11d%0 1240 +10d%0+24L0 +7d%0 + 15480 —
8d% +14d20 +13d%0 +4d20 +5d%0 +2d%0 + a0+ 2dL2 +3dL2 — % —d%2 —d%2 —3d%2 —dk +
12d — day +11dss + 10dsig + 9dsiy + Tdslg + 6dagg — daiy +d, — day —3dar” — 2da” — dy”
6d%% —5dL2 + 4!+ 4dh +4dh +4db +adbt +4dh 410490 +9d%0 1 8d%0 +6d%0 +54%0 +
2400 — 2d0 — A9 + A + 5o +4d% + S + ) + da)) + 2d50 + 2din — oy — dore — dSp —
2492 —92d%2 4 b0 4 ah0 _ 392 _ 4l _9qb2 84l — 12442 —3dL2 —4dll +d%0 + 245! 4
22 +2d5s +2d 5 4245 +d2 s +3d82 —Adgy —Adi +ds ) —4d —Ad L, —4dis —2d e —2d9 " —
243y —3dSy +Ady +Ady +ady —dS? —dY —diyy —dSy, —2d0y —2d —dig —5dyy —Ady —
A+ darg +dag +dog +day, +dayy +dayy +2day, —1/24 sy +2dss +3dsy +4dsig +2d3 — dose,

Ao = 9di, +d30 4+ Tdy —2d30 +dop +2day —2da7 —da’ —2d +12dy +2d3 +day +
9dyyy — daia +10dss +2d3 — 12d%7 — 8% —Ady — d2y' — 2d2;' +6diyy +4Adzy —3d2, +da;; +
A2 4 s +dss —8d22 —12d30 —12d9)) —12d00 + dop + do +d2 + days + doys +doge +4d3o +
Ad3 +A4d3 +Tdss + Tdam +Tdy; +10ds +10duy, — 2day, +da;s — days —8doy —8day —4dgy —
12d33) +8dsy, —12dsy, — 1233 —Add —Aday) +dsi, +dsi +2diy +3ds, +2di, +3dsy; —dsy —
12d%° — 8490 —84%0 8490 — 4420 —4d%0 1+ 4dL? v 4dL? +4dh? +4dl? +7dNE 17l —24b —
A8y +diy — iy — d3? —8day), —8day) — 8y — Adsy —4d +3d3; +3day, +Aday —dsis +day +
2y — Ad0 — 4d0 + doh + A3 4+ 32 + Ty 4+ 10d8 +10d8,] +13d%2 +4ds2 +diyh + 2d) +
3dhl+all +2dbl +3dbt +7dh) Fadll —dBL a3 a3l —dBL +2d%2 +dlE +2dl) +3dL) +
Gdgy +Adsyy +3dug +Adi +Adyys +5d +6ds +5dss +dsy +dsy +dy +Adsy +Adsy +Ads+
Tdsin+Tds, +4dsy, —2da;s +d3, —day, +das +day, — 1/3+4d5 +dsys +dass +dage +dsio — dag,

dog) = dog) — d2 + 2dsy, + d2 + 3day + 3da + 3dyh + 3dys + dag + do) + dayy —
S e R i B R
Aang 7+ dagy + 2y + 2y = sy’ = 2igq | — g = 3oy, + 2, - Sl - 3ddajy — gy = gy =
s — dajy =3y, = 2y, =2y = gy = gy = o Tl g’ — g F o A g’ + dany
O T T TGy oGy T ey T A T e T T T G
d8719 - dé‘éo - dé‘él — 2d5’22 _ 2d8§3 + d3’7 + sté + 2d5’9 + 3d5’10 + d5’12 + 2d3’13 + 3d5’14 + d5716 +
221;0;17 1 2611;1g11 + iacllifg + g?;,% - gligi + 51}6’2}) T dé%) T 2d§;011 1 d%;;g T dli% T 251;2;15 +3dhL +all +
d8711 + 2d3’7 + d879 + dé‘éo + dé‘él - 2d8é - sté - 3d3’10 - d5’24 - d5’25 - d57267

day = —4dy) —3d) — 2d3y) — dyg — 3dgyy — di’ — 2dgy’ — 3dyy’ + ds + dsi + dsiy +
2d%2 + 2452 +2dL2 +3d52 +3dL2 — d%0 — 2490 — %0 — %0 9400 —24%0 200 _ 400 _
300 — d20 — 2490 — %0 + db? + A2 + A2 + di? 4 2dL? 4 2dL2 — 00 — 2400 — d%b — a2 +
25" + 37 + 3ds) 4 Ads2 + di: — d 4 di + iy + dil 4 2din + 2diy + diy + din,

437 = 21dyy, +2d35 + 18dus, — Aday) +2d3 + 4d2y + 6day — 5day — 2da7 + 29ds, +
6d22 +2d%7 +22dsy, — 2d32 + 25dsy: 4 8daye —24d9) — 18d9;) — 12dor + daz + 14d%,L — 6da +
14022 + 4d52 + 4d52 + 4d52 + 4dl? — 16d20 — 30a%0 — 28d%° — 2620 + 5d%2 + 5d22 +
2d2) +4d22 4+ 3d%L 4+ 3d%L 4+ 3d%L 4+ 3d%L + 4d%L +9d2 +9dy2 + 9di2 + 14dL + 14day: +
14dyy; +19d3y +19d3y +diy + dsih + das + iy + doyy — 22d5,) —20d9; — 14d3, — 30d%;, +
18d5. — 28490 — 26420 — 8d%0 — 10420 — 4d%0 + 2d%2 + 2dL2 + 722 + 9422 + 8d% +
10d2%7 — 24420 — 22d%0 — 20d20 —18d%% — 14420 —12d%0 — 6490 + 10d%? + 1047 + 10dL> +
10dh? +15d%% + 15d%7 — 8dh —dly)! +4dl! —5dkt — db —3d%7 — 20420 — 18490 — 16420 —
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1249 — 10d3;. ;14d2;,‘32—2+ 10d§2;§é T 11d§;§ + 13%5 — di;li;r A2 + 3d§;271—2+ 5d§;§1 - 10d21’3% _
8d%0 — 2d%0 + %! + a2 + 4d%2 + 15dE7 + 20dE7 + 20ds;2 4 25d52 + 9di? — Adet 4+ 44l +
11 1,1 1,1 1,1 1,1 1,1 0,0 2,1 2,1 2,1 2,1 2,1
8dsis — dig + 3dyiq + Tdyiy + 1Tdsiy + Ldiig = 2oy, + 2igy + Doy + Ddgy + 2, + 2dgy +
a5 1722 1+ d? 1+ 2dh) 4 6dh) +13dhE +10dY +5dll +odlt +7dlt +11dlt + 15kl +
10d5) +3d22 +2d%2 + 3d%" — 2d%" +2d%" +8dL2 +8dL2 + 8L +13d52 +13dL2 +7dN7 +

Aoy + iy + dog 4 dayy + dagy + dagy +2d33, —5/6+ Tdys +3dsy +3dsys + 3dsye + dsi +2d33,

dayy = —2d3 — dops — days +35duy, — 2d03, +Ad3 + 283 — 82y +Aday, +8dy, —8d3; —

Ad22 — 3dY} + 48d5,: + 8de — dYh +4d2? — 2d%y + 36dLL — 4d22 4 40d3: + 8y, — dY —
390 —29d%° — 19400 +23d1;L —2d%! —9d%0 +16d%2 +4d;2 +4dL;2 +4dL2 +4dL2 — 26400 —
A8d%0 — 45d2Y — 42d9Y + Adz +Ad22 + 2d2, + 4dZ, + 3da, + 3d2 4 3das + 3dat +4d2) +
13d550 + 13057 o 18dai2 — 2t + 2215 + 2250 — 3d%, + 2255 + 813, + 31 + s +
dsy, +ds s +ds, +dsys —35ds) —32dg) —22dgy —48dg), + 31dsy, — 45ds), — 42dg), — 13ds), —
16dgy, — 6dsy, + Adsy, + Adgs + 8day, + 12d3y, + 8dayy + 12d%5) — 39d3;, — 35d3y, — 32d3,, —
20d%0 — 2240 — 194%0 — 9420 + 13d%7? + 13d%2 + 13dL2 + 13dL2 + 2242 + 2247 — d%) —
116%% - Gd%;lo— sy ;L24d§ ;}0—1 7d§’510—1 2d§§0—1 4d%? - :32d8£ —2229d8§; 2—226d8’2%25 QdS;%E 19d§’2(1; -
16420 — 6490 + 12422 — d%' — 2d%" — 3d%L + 12422 +16d%2 — 4d%2 + 4422 + 8422 — 4% —
16d§z§ — 132@22 — 3d22§3+ d§;8117+ Ad> ;1829+ 4d§’12§ 1 2261;283il 31di7 fmd;ﬂf 40d3 ;%1-1 13df;5:— 3d8£ii +
i+ Tdis +12dL) + dbt +6diL + 11dert +27dL) +16d5s — 3doy +2d5,E +2d%L +2d%,) +

512 513 S14 S15 516 S17 531 518 531 525 526 §27

QdE’% + 24%) + o + Efc%i;i + 4%?5 + 5d2§;21, + 10%;% + 2%c1z£’3}) + }51d§§11 —~ ?id;;;ﬁ + 9d1§5212 + 14d1§’22§ +
sy T gy Dl 4 i e, 1 3y S e b B3y P e
$30 + 22dSSl + 13d834 + d818 + d819 + dszo + d821 + d822 =+ d823 =+ 2d824 - 5/6 + 13d835 =+ 4d824 +
Adi + Adyy — 3% — 2d% — dY' - 3d%" — 243! — 3d3! + dah + 2d3y — 2d0, — 3d%) — dos,

e = —11dg, — 3 —10dys +2d37 — 2430 — 3d2y, — 4d3y, +2ds) — 15dy, — 3day, —
2d%% — 1245} +d%2 —13dL! — 4d22 +12d%° + 9d%° + 6490 — 2d%% — 8dLL +3d%0 — 7d%2 —
Ady? —Ady2 —4dE — 432 + 8400 +15d0° +14d5) + 130 — 4d%2 — 3o — 242 — 2427 —
3z, — 3dz: — 3das — 3day — Adsys — 6dsy — 6ds — 6dy;2 — 8ds — 8duy — 8dsy — 10dy;, —
10dgy; — day, — diy, — doiy — dg — do + 11d3Y + 10d9 + 7d2 + 15d3; — 10dy, + 1445, +
13090 + 4d%0 + 520 + 2420 — 2d%2 —2dh2 — 4d%2 — 5d%2 — 522 — 6457 +12d90 +11d%0 +
10420 + 920 + 7d%0 + 6490 + 3400 — 7dL? — 7dl? — 7dl? — 7dh? — 9dl? — 9db? + 2dl —
2dy; —A4dy! +dit — di 4 de’ + 10des +9dose +8dos + 6dom + 5dom + 2don — 5daz — 6d2 —
Td3E —d22 —2d372 —3d22 4+ 5d) +Adap 4+ d9) — dayy —do? —AdsE —9ds” —11ds” —11dy)” —
13ds2 — 6d5)2 — 2d3,s — 4dsys —6dsys — dare —3dae —5dss — 9dst —TdyL +doy —2dsys —2day —
2dzy, — 2d3y — 2d3y, — diy, — 5dsyy — daj — 2dg)g — Adsyy — Tdsyy — 6dsy, — 3dsyy — 5dsy, — sy, —
Tdyys —9dsys — 6dsys —3dsy — day, —3dy;, —2dsy" — 5y, — 5y, — 5y — Tday — Tdsy, —Adsy, —
2y — doig — digy — dayy — diyy — dagy — 2d3, +5/6 — ddsi — 3dsy; — 3dsie — 3dsy — dsiy — 2ds

Ao = dig +dsg + ds +8di + doys + 6dy — 2d3 + day +2day + dy + doy + dy —
3dsyy —2da7 — A3 +da? +12dsy + 2dage + day +9day, — dary +9day +dsy —dso +2dai — gy —
1290 —9d%0 — 620 +5d%L — 3d20 +4d%2 +db? +dbE +db2 +db? —8d%0 — 15420 —14d% —
13d90 + d22 + d22 4+ d%2 + d%2 +3d52 +3dL2 +3dL2 +5dL2 4+ 5dL +5dh2 +Tdh2 +7dL2 —
11d%° — 2d%° —10d%° — 2d%° — 7d%° — 15d%° +8a;L —14d%0 — 1320 — 4d%0 —5d%0 —24%0 —

ds? —dsy — du +2d55n +3das + 2y +3day, —2da; — doy. —2dgys —daye +diy —12do +dsy

S26 s13
e T e
6dh? —3alt —2dht — bt —3akt —2dht — a3 —10d%0 — 9% —8d%0 — 6420 — 5% —24%0 +

A2 4+ d%2 13022 — dh0 4322 1 4d%? — a2 4 d22 42422 —5d%0 —4d%0 — %0 4 a2 1 a2t —
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dy —2dsy) —2dsy, —2dsye —days — 2dgy —dgys — gy — diy) — diy) -+ dogs +6ds:” +8ds +8dg) +
10d22 +3dL2 + daph +2d5E +3dE, +dbh +2d8E +5dh +3dhL — d%n +2d%2 — 2d2 + d +
Ay +2dih + s+ Ad s — diL -+ 5dbys + 6l +Adsy +d2 40— d% - 302 — i —3dY; —
25y +dos — doys + da +2dug: +2dsy +2dsy +Adsyg +Adsy +dsy +1/6+diy — 3d + do,

! = —18dy;, — 2d3) — 14dyy +4d3; — 2d3y — dday) +Ad37 +2d3 — 24dyy, — 4d3, —
2d27 —18d3,} 4 2d% — 20di;L — 4d2 +18d9 +14d%° +10d%° — d3y) — d) —12d4; + 6do —
8d%2 — d%! — 2d%2 — 3dL2 — 4dy2 — 5dy2 +12d%0 + 24d%0 +22d%) + 2040 — 2422 — 2422 —
252 — 2dzy, — 2dzy — doy — das — 2da — Tdy2 — 8ds2 — 9ds2 — 10ds;2 — 11di, — 12dLy; —
14dgy; — 15dsy, — 23y, —2ds), — da — dsig — do; +18d3y) +16ds; +12dsy +2448;) — 16d), +
22d2:0 +20d%0 +6dan +8day +Adoy —2d82 — 3de: —Adsy: — 6d2ye —Ad 2 —6dan +da +d2' +
1833, +18d3 +16ds; +14d33) +12d3; + 1035 +6day — Tds” —8dsy” —9dsy —10ds,” — 11ds:" —
12ds2 +4ds +2dit — 2d5 +2d2:t + 2d57 +16d%0 + 14d00 +12d20 +10day +8do + 4doy —
Gz, — 6y —8dsys +2d3;2 — 23,7 —Adss +8d, +6day, +2d2y, —2ds, —2ds, —2d%, —13dg;” —
15ds,” — 16ds;” — 19ds;s —6dsys — 2dsy, — Ads;s —6dsy, — 2ds;; —Adise — 6dsyy — 14ds, — 8dgy +
2dgyy — 23y — 2y, — diy; — iy — 25 +2d3 — Adsy, — 2dgye —Adsy, —6dsy, —12dsy, —8dy, —
6ds), — 8dlsyg — 8dsy, — 105, — 12ds, — 10ds), — 2d3y’ — 2ds: — 2dsy' — 6dgs — Tdsy, — 8dsy, —
10d35 —11dgy —6ds3; —dayy +day, +dag, —2d3y, — Tdsi; — 2dsy; —3dsy —Adsy, — 2ds;, —day, +2/3,

. dz;g =1 /220+d§;,120—3d§1’3%+d§1§%+d§;%6d§’3%Jorgdﬁgi Bgdig‘; G%@’ng+cli§2’12—36§%%+31d§gt+d§%+
dSés — 2d5’12 - d5’13 —{—d5’25 - dSig - dSéo - 3d8:1 - 3d5’7 - 3d5’9 - 3d5’10 —}—3d5’11 +2d5’12 —}—d5’13 - 2d5718 -
Gyt 5y’ Adyy) ~ 2y, — 3, -3y By — By — A -2+ oy +3dygy + 2y +
d5’21 +3d8§2 +2d8§3 u d5’12 . d5’14 - d5’15 — d5716 _ d5’17 — 5d5’5 - 2d5’9 - 4d8é - sté - 4d8é - 6d5’11 +
23, —5dsy —Adsy — oy —2d3y — 23y — s +diiy +dsye —3d3s, +dsy — 5y, —4Adgie —3d —
4d%0 3400 4 103300 _ g20 4 204 920 4 204 9q20 L gl 4 312 fogl2y gley gql2
2d%2 —3d20 — 2420 — @20 —2qlt — 344t — 4dht —5al) — 24kt — 3kt —4d%0 — 3390 — 2420 —
33y — 22 —2de —ds —2d00 — 20 —d28 —dt — b)) —2di5 —2di0 +d30 — 20+ dil +doy —
2420 —dLY —di0 +db? 357 +2dL +3dh2 +3d%2 —2d%0 —dlt —2dk! —3dht —dll —2dk) -
3dy;y —day, — 2days — 2day — 3dage — 2day, — 2d3 — 2z — diyy — duge +dsyo —2dsy, —dsys + gy —
dyy = s de —3dsty — A" —20dsy’ — 30 — i — deyu iy + 2+ d +2dus i+ —
A3y —diy —diyo — A3y — iy — Ay — 25+ 3 +2d3 +2d350 —2d35 +2ds, +dsy; —2dsio — 2435,

dy = Addy, +2d%; — dsy — dazg +3d%; — ds) —44dg;, +5d3;, — 5d3;: —35dsy, +10d3; —
5d22 —10d%2 — del + 3de + 10d27 + 5d2% + 6da;s — 60ds,s — 10d22 + durs — 5d=2? + 3do, —
455k +5d%2 —50dLE —dLl + a0 —10d2%2 +dL0 +2d%) +48d%° + 36420 + 24d%0 — 29dL,L +
6dost +12d00 —20d22 —Tds2 —Tde —Tds —Tds;2 +32dass +60d9,” +56day +52do — 5daz —
Bdzy —2da, —5day — 3day — 3dayh — 3da, — 3d — Adz — 18dsy — 18d4; —18dy): + 5dgyy —
20dy;2 — 29dys + 5dy — 29ds —40dss — 40dsy; — day — das — dah — darg — dayh + 44d%; +
2dsy +40dsy’ + 2ds) + 28d3) + 60dey) — 39dsy, + 56ds + 52dasg + 16dey + 20dsy, + Sday, +
dsy’ —9ds3, — 9dsi — 1032 — 15d255 — 10d25, — 15d%5 — dsj +48d3 — dsyy +44d3) + 405, +
36d20 + 28d%0 + 24d — ded +12d%n — dsd — 17ds? — 17de? — 17dey — 17de7 — 285" —
98dy” + dot +13dsy + 7dsy + iyt — 5diy + 8dby + 2d8; + 5d5; + 405 + 36d5, + 32d0% +
4d%L 4+ 24d00 + 20do + 8dan — 15d22 — d2' + di 4 dt + 3day, — 15d22 — 20d=2 + 5d3y: —
522 —10d%2 +3d%, +20d00 +16d%0 +4d%5 — a2} —5d%2 —5d%2 +di0 +2dL0 +2dL0 +dLo +
A —28d82 —39ds,” — 39de;” —50ds — 18de2 +3ds} —3ds,b —9di,s — 15dst —2dst —8dart —
14dg;; — 34ds;, —20ds;, +4d3y, —2d3y, — 2d2, — 2d3,; — 2y — 2d33, — diyy — 10d3;; — 10ds;; —
7dkl —13dk — 28dL — 194k} + 7d%L — 124) — 184l — 18dly, + dk0 — 24l — 304! —
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ng% 3 233@{217 - 52‘?*”2 - ?;771 t?idéél 2_13d;;)12_1 dsa P %gd;ﬁ 1 129‘1;528 legdiﬁﬁ 30‘@%%2_ 30‘%;’2% -
20dss —diyy —dity — g — iy — i — iy — 2, —20d5] —8dyh —8dyis — 8 46 +
3d%! +5d% —d2t 4 2a% 4 4ddt — 24l — 242} +2d0) —3d% +8d% +4d%) + a0l +2d%k +7/6,

a2t = a2 300 + a0 — 20 + %t 4+ 2d% — 3d%0 + 3d3! + db2 4+ 2dL2 4 3d2 +
2d03 + dy +2d3 — diy + diyy — i + dit + 2d% — 2ds — diy — 3dsy, — 2ds + day, +
Bdgiy — dae iy —dsy) = 2030 +diiy + 2y + gy — 2dig + digg — 203 — dig! +3dsyy —diye +
a0 — 2490 — %0 — 3400 + dl? + 2dl? + 3dh% — al? + 00 + 200 — a0 — 2420 + 420 —
dayy + g — 2dg” — ds — 3dsys — dss — doy) + iy, + 2d3y — 3y — 2d3y + 2d3y; — 3d5, —
dsz + dsgy — 2dsi — dgy — dig, + 253, — 2d5;, — d3g — 3d3y, — 2d5y; + day; + 2dsg; + dsj,

42 = —dgn +4dag —dss —ds;) +do —6dsys +3day — dige —di +3ds —9dsys —5dag: —
5dbL +d20 —d20 — a2 +db0 +dh0 19490 +7d%0 4+ 5400 — 24l ] +3d00 —5al? —3al2 —al? +
A3 +6d%0 +12d%° +11d9 +10do +-2d 2 +3d2, +3d2s +3d2,, +3d2s +4d2 —AdLs —2d5 —
Ty —5ds2 —3dy2 —8din —6dia +doh +d2h +d5E +d2k +dht +9d%0 +2d5° +8450 2450 +
600 +12d%0 — 6dL5 +11d%0 +10d%0 + 320 +4d00 +2d90 + dL° — dL2 + dl2 — L + 9425 —
day +9daig +8daig +Tdsyg +6cdsig 5y — dgy -3l — i)’ —2d) 3y —dds, 2 ~3dy
43 —d80 —6d” —4dby —2dY; —Tdyy —5dby +3day, +2d5m +dag +-Adsy 4-5d8, 6% +7dL +
Ady +5d53 +8do0 + 7o +6dom +5don +ddom +2dom + s +Ado +3d5 +do +di; + i +
2y +2dy — 25—y 20y — s 20y +25n + iy iy —3d —8ds —6d. 90, —
6ds + 3day + disy, +2ds3y + 3dsih + dsig +2ds;s — 2d3) + 3di + day) + 2days + 2dayg + 5dagg +
20y, + 23 +2d5 +diry, s +diy, — sy + 205, +diy, —3ds, +ds — 2dsy; —d, —3ds +
22y, +6d8;' +4dly +5d8y +2d3) g —diy, —Adsy —2di —5diy —3diy —2dg +dy +da, +
dayh + oy +dagy +day +2d%y, —3de) —4d2y —Ad30 +da) —1/2—3ds —diys +dise +4dig +2da,

doy, = —2d% — day +diy +d — do +di) + 17d3, — d2, + 255 +13d, — Ad3;: +
2022 +4d2%7 +db —3dE0 —4d3; —2d27 —2d%;k + 23k +4d32 +2d%7 — doy +17d;E — 2422 +
19ds;L 4 dape — ds;2 + 4das — dap — 18doY — 14de — 10d%Y 4 11dsys — 2d5y, — 6doro + 8d2r +
3d2 1+ 3dh2 382 +3dL2 —12d%0 — 24420 —22d%0 — 20400 + 2422 12422 + 2457 +7d +
Tde + 7ds? — 2dot + 11d52 + 11de2 — 2d%) + 11d5;2 + 15de + 15de2 — 18doY — 2d5” —
16d” — 25— 12d5” —24dsy + 1553, —22d5i, — 20dsyy —6dsyy —8dlsy) —Adsyy — det’ +3diy +
3di2 +Ad22 +6d22 +4d22 4+ 6d27 4 die — 18de0 + dio —18d%2 — 1649, — 14d%) —12d%5 —
10422 +d50 — 6400 + ab0 +7d2 +7dl7 +7dL2 +7dL? +11dL2 +11d57 — d%) — 5dl —3dl) -
Ayt db! —3dit —di! —2d%7 —16d20 — 14d00 —12d2%0 — d% —10don — 8ded —4d%o +6d22 +
dsy) =i — dh, + 6 +8d3s — 2573 +2d57 +Adzyy — 2di, —8dSy, — 6dyy, —2diy) + 245y +
25— dyy) —2dsy —2d80 — sy — digy +11dy7 +15ds7 +15dsy +19d870 +Tds2 — dsph +dsjh +
3dbl 4+ 5l +dlt 4 3dlt 4 5akl + 13dL) 4+ 7l — 2420 + 4422 + 3dL2 + 3L+ 5dlt +
1lday + 7d5) — 2402 + 5dist + 7dLL + 7det — diy + 9dsy, + 11deyt + d%s + 9deys + 2d27 +
it —dlt o dht - db £ TdL2 + 7dl 4 7dhR  11dEE - 11dYE +7dh — 1/3+7dLE +3d +
3dsy +3dsss — do; +dYy — doy 2 — d + dish — di +2d — 243 — 2d0, — da — 2d0,

dasy = —12dg, —2d%7 — 11dgy, +4de; —2d250 —Ad3y +3d0y +3d0 +4d3; +2d2, 7+ 3d, —
15dy3 — Ada — 2d5” — 12dg3} +2d575 — 14dgt — dd +12d0 +9d3 + 69y — 9dys + 3o —
8d%2 —2db? —3d2 —4d? —5dl2 +84%° + 1520 + 14420 + 13400 — 2422 — 2422 +2d°%7 —
23, —2dsy; —3d3y, — iy, —3d3y, — Bday —4dy, —5diys —6ds;s — Tdsys —Gdsis — Tdgy —8ds): —
8dL2 —9dh? —d%l — a2t —d%t Bl — a2t 4 11d%° +10d%° +7d%° +15d%° —10d%L + 14420 +
1390 +4d30 +5doy) +2d20 —2dL2 —3di2 —Ad2 —6dzn —Ad2e —6d2, +3d% +3d9, +3d9 +
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2d92 +d%2 +d%2 +d%2 + 12d814 + 11d815 +10d3,2 +94%° + 7d519 +6d%0 +3d222 —5de? —6dsy —
Tdy —8de? — Tdh — 8dE +dyt —db)t —3dht — bdl — di —3dd) + 2427 + 10d222 + 9d2;§
s ol sl ol L2t s w2 s —atd—dtd it addd s
s — st — 20" — 2550 + 20057, + 2 + 243, +2d + 2455 +2d7 2l 2l o -
9ds? — 9di — 10d§92 —11d2 — 4ds’15 2det — Adi —6ds — dié 4dil —6dit — 11d§311 -
8d;1}3 +d23? 2d825 2d§2%s 2d827 2d§2}3 ngz% - dgl}’; - 4d§2§ - 2d536 4d;11) - 6d;2}) - 9d830
8Ly, — 6dsyy — 8dsy, — B, —7d§215 _9d;2g Tdsyy — 2d37 +3dg; 4 3day” 4 3dy +3d97 +2d%, —
5d;71 3d;81 5d;91+2d518 +d827 +d328 +d830 4d;§27 _5d;£ —6d;£ _Gd;:f) 7d;:ﬁ 4d;3%1 d§118
d§119 di}) d821 d5’22 d853 2d5’24 5d8§5 2d;§i _3d£§25 _4d;72% _5d;710 2d829 —}—2/3—|—d529
The remaining variables are free. O

Hereinafter, we relabel di as di,...,dsz in the sense of Lemma [[37 The by are
also relabelled as by, ..., bs2s accordingly. (Recall that by’ was defined as (i) /8100.) For a
point d = (dy,...,dss) € Do, we call d = (dy, ..., ds1).

Let € > 0 be fixed but small enough. We consider the cube of side 2¢ centred on b

Qs = {(dy,...,dso1) € R : dy € [by — €, by, + €], Vk}

QQ N ( Z301>

Let us define their extension to higher dimensions:

and the discrete subset

QQ = {(dl, ,d324) S R324 : (dl,... ,d301) S Q,
dy, = Li(dy, ..., dso1,1/6), Yk = 302,...,324},

where the L;’s are as in Lemma [C5.7 and
1 324
Jo= Q2N EZ )

Note that b is an interior point of D, and that for each k the function L (-,1/6) is contin-
uous. Then, if € is chosen small enough, we can ensure that for some § > 0

Vd € Qy, dp>dand|dy—bp| <6, k=1,...,324, (1.47)

and hence Qo C Dy. Moreover, since n is always divisible by 6, for each k the function
Li(-,1/6) maps points from %2301 into %Z, and so Jo C Is.
Recalling the definitions of fs, go and he in (L24]), we define for any (dy, ..., dso1) € o)

foldy, ... d3o1) = fa(dy, ... ds2s)
< , where dy, = Ly(dy,...,ds301,1/6), Yk =302,...,324.
g2(dy, ..., dso1) = g2(dy, . .., d324) k bl 301,1/6)

From Lemma and by straightforward computations we obtain the following:
Lemma 1.5.8. The following statements hold:

o Under the Mazimum Hypothesis, fo has a unique maximum in Ds at b.

o Under the Maximum Hypothesis, fz has a unique mazimum in Qo at b, with e2(®) =
ef2(0) — 2355/2 58 2309.
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e The Hessian Hy of fo at b is negative definite, and
det Hy = —2175310785310712171413 17 794,

° 92(5) — 29035585171 ?é 0.
e Both fo and G are of class C® in Qs.

We compute the contribution to E(X?) of the terms around b to get the following
result.

Lemma 1.5.9. Under the Maximum Hypothesis,

301/2 . 3919516 301/2 n
§ : qQ(n,d)efQ(d)” -~ (27mn) / QQ(B)e”fQ(b) _ 2°31751°(27n) / <§> s5n/2
7611779221317 \ 24

deJs \/|detf~12|

Proof. From (L), we see that for all d € J> C Q2 we must have dj, > 0 Vk. Thus, from
their definition, all the m ’t are bounded away from 0, g2(n,d) ~ g2(d) and we can write

> qe(n,d)er 292 e d’—zgz )endz(d (1.48)

deJ»

The remaining of the argument is analogous to that in the proof of Lemma O

Now we deal with the remaining terms of the sum.

Lemma 1.5.10. Under the Mazimum Hypothesis, there exists some positive real a < e/2(®)

s.t. Z @(n,d)e2 D" = o (o).
Zo\J2

Proof. Let B be the topological closure of Dy \ Qs. We recall from Lemma that fo
has a unique maximum in Dy at point b ¢ B. Then, since B is a compact set and fs is
continuous, there must be some real 3 < fa(b) such that fo(x) < Ve € B. Now we observe
that all terms in the sum ZIQ\ 7, @2(n, d)e>@" can be uniformly bounded by Cn!62ef”,
for some fixed constant C. Note furthermore that there are at most (n + 1)324 terms in the
sum. Hence, the result holds by taking for instance a = (e 4 e/2(%)) /2. O

From Lemmata [C5.9 and [CET0, we get

Z q2(d f2(d 23319516(27Tn)301/2 <§> ! 55n/2
T 61177922 13 17 \ 24 ’

which together with Lemma [LRT] gives us the following result.

Theorem 1.5.11. Under the maximum hypothesis,

5 22319516 1 25\"
E(X?) ~ =0
&%) 76117792/13 17 (27n)? (24)
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1.6 From Configurations to Graphs

In order to transfer the results obtained in Sections [[4] and to G(n,5) and prove The-
orem [CZT] we need to consider the restriction of P(n,5) to simple pairings (i.e. those
without loops and multiple edges). We write P* and E* to denote probability and expec-
tation conditional to the event “P(n,5) is simple”.

By using similar techniques to the ones developed in [I3] (see also Theorem 2.6 in
[78]), we get:

Lemma 1.6.1. Let C be any fized balanced 3-colouring of n vertices. Then,
P(P(n,5) is simple | C € Rp(n5))
is bounded away from 0, independently of C' and n.

Proof. We first observe that this probability does not depend of C, since all balanced
colourings are essentially the same. We can safely relabel the cells and assume without loss
of generality that C is such that the first n/3 cells have colour 0, the next n/3 ones have
colour 1, and the last n/3 ones have colour 2.

We condition upon the event that C' € Rp(, 5). In this new probability space, we aim
to prove that

P(P(n,5) is simple) ~ e

A parallel couple is a set of two different pairs which connect the same two cells. The
pairs of the parallel couple are not ordered. A colourable pairing cannot have any loop,
since this would violate the colourability. Thus, if P(n,5) satisfies C' € Rp(,5) without
any parallel couple, the P(n,5) must be simple, since the corresponding multigraph has no
loops and no multiple edges.

A parallel couple is determined by giving two cells of different colour, two points in
each one, and one way of matching them. Let Y be the number of parallel couples. Let A
be the class of possible parallel couples. Then

Y =) Y,

acA

where Y, is the indicator variable of the event “P(n,5) has a as a parallel couple”.
For a fixed k,

k
E[Y]k‘ = Z P(/\ (Yai = 1))7 (1'49)

*

where Z denotes a sum along k-tuples of pairwise different indices.

For some k-tuples (ay,...,ax), the term P(/\f“‘:1 (X4, =1)) equals 0. In fact, there
might be incompatible pairs involved in different parallel couples of the k-tuple or the
locally rainbow property might be violated. We call these k-tuples non-feasible (or of type
1). When there are not such incompatibilities, we call the k-tuples feasible. Furthermore,
for feasible k-tuples, sometimes one same pair is involved in more than one parallel couple
a;. We call this a repetition. Those feasible k-tuples with some repetitions are called of
type 2, and those ones with no repetitions are called of type 3.
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By definition, the terms corresponding to k-tuples of type 1 have no weight in the
sum in (CZ9).

Next, we deal with terms corresponding to k-tuples of type 3. First, we compute the
number of such k-tuples. Observe that the number of possible parallel couples is

|A| =3-(n/3)%*10%- 2,

since we choose which 2 colours are involved (3 ways), one cell for each of these colours

((n/3)? ways), 2 points for each of these vertices ((2)2 = 102 ways), and the way of matching

the points creating a parallel couple (2 ways). Thus an upper bound for the number of k-
tuples of type 3 would be

AF = [6- (10n/3)%]" . (1.50)

We obtain a lower bound as follows. When we choose each a;, we do not to use any cell
involved in aq,...,a;_1 to insure the compatibility of the pairs involved in ai,...,ar and
to avoid repetitions. Then, the number of k-tuples of type 3 is at least

(6 (10(n/3 — 2k))?]". (1.51)

As k is fixed, both quantities in (C20) and (LCEI) coincide asymptotically when n grows
large.

We are interested in bounding P( /\i?:1 (Ya, = 1)) for k-tuples of type 3. Let us denote
the event /\f:1 (Yy, =1) by &.

An arrangement of the points (arrangement for short) consists in specifying for each
point the colour of the cell of the point to which it is matched. Of course, we only consider
those arrangements which lead to locally rainbow colourings. Let H be the set of all
arrangements which are compatible with the event £. We have

P(E) =) P& |n)P(h).

heH

2k
As long as h is compatible with &, this P(€ | h) can be bounded between <ﬁ) and

2k
(W) , independently of the specific h. Thus,

1 2k
P(€) ~ <m> P(h € H), (1.52)
where P(h € H) is the probability that the arrangement of the points is compatible with
the k-tuple of parallel couples.

In order to compute P(h € H), we first observe the following: Let us just consider
the cells of any specific colour. Then, almost all arrangements of the points have the typical
proportions of cells with each type of spectrum. Thus, we can safely condition to this event.

Let us assume w.l.o.g. that the first parallel pair a; consists of two points a and b in
a O-coloured cell u, and two points ¢ and d in a 1-coloured cell v, so that a and ¢ must be
matched and so must b and d. For h to be compatible with this, cell © must have at least 2
points matched to points in 1-coloured cells and a, b must be among them. Moreover cell v
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must have at least 2 points matched with points in 0-coloured cells and ¢, d must be among
them. This holds with probability

1 3 3 2
—P(2)+ —=P3)+=-P4
where P(¢) is the probability that a given cell has spectrum (7,5 — 7).

More generally, taking into account that the typical proportions of cells of spectrum
(1,4), (2,3), (3,2), (4,1) are respectively 1/6, 1/3, 1/3, 1/6, we conclude that the probability
P(h € H) that an arrangement h is compatible with the k-tuple (aq,...,ax) is bounded

2k 2k
1 n/9 3 n/9 3n/18 1 n/9 3 n/9 3 n/18
between (ToT/s 10n/3 E—n/s) and <1_0n/3—lc + 1073k 5n/3—k) - Hence,

11 31 31\* 7\
PheH) ~(—=+-—--422) =(2L1) .
(h € H) <103+103+56> (30)

Then, from (C52), we get:
7 2k
PE) =(-—) .
() (25n>

We conclude that the weight in the sum in (LZ9) due to the terms corresponding to k-tuples
of type 3 is asymptotically

2k k
k(7 392
~[6-(10n/3)*]" (-— ) =(%=) -
6 (10n/3)7] <25n> <75>
We claim that the terms corresponding to k-tuples of type 2 have negligible weight in the
sum in (CZ9) asymptotically for n growing large. The calculations are analogous to those
for tuples of type 3 and we omit them here. The terms P(/\f:1 (X4, = 1)) happen to be

larger in this situation, but the number of terms in the sum is much smaller.
Then, we conclude that

* k k
BVh= 3 PAGL=~ () (1.53)

at,...,a €A =1

and Y is asymptotically Poisson of parameter % (see Theorem 1.23 in [15]). Thus,

392

P(P(n,5) is simple | C € Rp(n5)) ~ e 7. m

We are now ready to prove the main result of this chapter: The fact that under
the Maximum Hypothesis, for n divisible by 6 the chromatic number of G(n,5) is 3, with
probability bounded away from 0.

Proof of Theorem [LZ1l. From Lemma [CE1 and from the fact that P(P(n,5) is simple) is
also bounded away from 0 independently of n (see, e.g., [78]), we obtain:

{(P,C) : P €P(n,5) is simple, C € Rp}|

E*X =
!{P : PeP(n,b) is simple}‘
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_ |{(P, C) : PeP(n,5), Ce RPH P(P is simple | C € Rp)
N |{P : P €P(n,5)}| P(P(n,5) is simple)
= O(EX) (1.54)

For the second moment, it is sufficient the following weaker bound:

{(P,C1,C3) : P €P(n,5) is simple, C1,Cs € Rp}|
{P : PeP(n,5)is simple}|
[{(P,Cy,C3) + PeP(n,5), C1,Cy € Rp}|
= |{P| P eP(n,5)}| P(P(n,5) is simple)
= O(E(X?)) (1.55)

Therefore, we have that E*X = O(EX) and E*(X?) = O (E(X?)). The result follows
from (I) and in view of Theorems and [CoIT] O

1.7 The Maximum Hypothesis and its Empirical Validation

In this section we describe the evidence which supports the Maximum Hypothesis. Recall
that the hypothesis asserts that for a certain four-variable function F(n) on a bounded
domain N, F(n) has a unique global maximum at the point (1/9,1/9,1/9,1/9). There are
two equivalent definitions for the function F', which give two possible approaches to numer-
ical verification of the Maximum Hypothesis. All the relevant definitions and equations are
repeated here, so that the definition of F' in this section is self-contained.

We first define the domain N of F. This is the set of all non-negative real vectors
n = (ny,...,ny) satisfying

1 1 1 1 1
miAny < g, matna <o mitng< g, madnma S g, midnadngtng > oo (156)
For each n in NV, we define the following nine values
n%0 =y, nOl = ng, n%? =1/3 —ny —ny
10 = ng, nhl =ny, nt2=1/3—n3z—mny (1.57)

n?0=1/3-ny—n3, n?'=1/3-ng—ny, n?>2=ny1+ng+ng+ng—1/3

We need some more definitions before stating how to compute F' at any point in its
domain.

A spectrum s is a 2 X 2 non-negative integer matrix such that each row and column
sum is at least 1, and the sum of all four entries is 5. We index the rows and columns by
—1 and 1, with —1 for the first row or column. So

_ | s-1,-1 Ss-1;1
s = .
|: 817_1 8171 :|
Let S denote the set of all spectra (cf. (Ld)). Note that |S| = 36. This definition of
spectrum is the same as the one presented in Section [[32]
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~ For each ordered pair (4,7), ,j € Z3, and spectrum s € S, introduce a real variable
ds?, called a spectral variable. Also define matrices m*/ (cf. (ICIO)) by

mh = Z dii s, (1.58)

seS

Consider the following as constraints for all ¢ and j:

d di =nt, di>0VseS, (1.59)
seS

where the constants n*/ are defined in (L&), and

m% — ittt o i,7 €{0,1,2} and r,t € {—1,1}, (1.60)

—r,—t

where the arithmetic in the indices is modulo 3.
Let D(n) be the set of tuples d = (ds”); jez, ses, satisfying the above constraints. For
each d € D(n), let F(d) be the function defined as

5\ 47 RS BN
F(d) = H(f%) [T (mi?™ ) . (1.61)

1,J,8 0,15t

Note that F' is a function of 9 x 36 constrained variables. Since F' is continuous in the
compact domain defined by the constraints, it must have a maximum. Set F'(n) to be the
value of this maximum.

In Section [[H we defined the same function F'(d) but extended it to the larger domain
Dy where the n’/ are not fixed but rather take any value in ([CH1).

For the second definition of F', define the matrix function (also defined in (C30))

® [ j 5) } = (z+y+ztw)’—(z+y)’— (z+2)°— (y+w)° — (z+w)’ +2’+y°+2"+w’. (1.62)

For each of the nine possible pairs (i, j), 7,5 € Zs, let u*/ and m®/ be 2 x 2 matrices whose
rows and columns are indexed by —1 and 1 (as in the first definition of F'). For each such
(i,7), consider the 4 x 4 system (cf. ([C3))
o ® Mi’j
Oy

,uz,% =mh, rt=-1,1 (1.63)

Tt

As in ([CZ17), we consider the following constraints, for all such 7 and j, and all r, ¢t € {—1,1},

i7j

om0, -
Z?] Z7j Z7j Z7j

myy+myly < A(mIn +m ), (1.64)
27.] Z7.7 Z7] Z7]

mr,t + mfr,t S 4(mr,7t + mfr,ft)‘

For each n in NV, we define M(n) to be the set of all vectors m = (m®/); jez, of 2 x 2
matrices m*/ satisfying ((C64), (CB0), and also

> mp) =, (1.65)
r,t
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Figure 1.1: Relationships between the sets involved in the definition of F'. The

crosses denote the maximisers of ' and F over D(n) and M(n), respectively.

where the constants n®/ are defined in (C57). We observe that M(n) is a polytope of
dimension 9. Given a vector m of matrices (m*/); jez, in the interior of M(n), define

Fm) = ] (M) . (1.66)

i§,rt :u?,{t

with the ,u% given in terms of the m:,% by (L) and required to be strictly positive. In
Section [CH, we show that for m in the interior of M(n) the u% variables are determined
uniquely, and that F' can be continuously extended to the boundary points of the polytope.

Our second definition of F(n) is the maximum of F(m) over all m lying in M(n).
This is well defined by continuity of the function and compactness of the domain.

We observe that Lemma [[L53]lshows the equivalence of these two alternative definitions
of F. Figure [[ Tl shows the different domains involved in the definition of F.

One important piece of evidence supporting the Maximum Hypothesis is the following
theorem.
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Theorem 1.7.1. The function F(n) has a local mazximum at the point
(1/9,1/9,1/9,1/9).

Proof. By Lemma [LHH] G(d) takes its maximum in D’(1/9) uniquely at the point where
all the dy are equal to (i) /8100. It follows by continuity of F that the only values of F' that
can contribute to the maximum value of F' in a neighbourhood of (1/9,1/9,1/9,1/9) must
come from d in a neighbourhood of ((i) /8100)scs. The Hessian, computed using Maple,
shows that F has a local maximum here, so the local maximum of F at (1/9,1/9,1/9,1/9)
follows. O

Next, we describe the empirical evidence that F' has a unique maximum at (%, %, %, %)

Let n be any fixed vector in N. Recall the definition of M’(c) from Section [CEJl We
observe that the projection of M(n) to the (i, 5) coordinate is M’(n®/). Let us momentarily
relax the constraints in (C60), and consider separately each factor

2%
P | m
27.] 5 Tt
G =] (m,4)2
= 2 ,
Z7j

r,t r,t

to be defined in M’(n%/). We note that M’ (n%/) is a polytope of dimension 3, so G* can
be written in terms of three free variables. In order to show that log G/ is concave, it is
sufficient to see that the 3 x 3 Hessian matrix is negative definite over the domain. This
was numerically confirmed by direct computation over a fine grid of points in the domain.
Having experimentally confirmed the concavity of the logarithm of each factor of F, we
conclude the concavity of log F. Moreover, this concavity is not affected by adding the
constraints in (L), previously relaxed.

The procedure we use is based on the concavity of log F. We sweep the domain N of
F. Variables nq, na, ng, ny take all non-negative values satisfying (CH6]) in a grid of 200
steps per dimension. For each point n = (nq,...,n4) we compute F(n) as follows.

Procedure for computing F(n).

1. We compute the nine overlap variables n’/ from ([C57). (The sweep avoids a fine layer
of width 1/1000 around the boundary.)

2. We set mg to be an interior point of M(n).

3. Starting from myg, we numerically maximise log F in M(n) by a Newton-like iterative
method. This works well due to the concavity of log F'. As observed before, the
maximisation domain has dimension 9. In fact, the elements in M(n) can be expressed
in terms of the nine coordinates mj? by

ij o i—1,j—1
Mot =M o
mll’]fl — % (az,j 4 al+1,]71 _ alfl,]Jrl)
by 1 (ai,j 4 g Litl ai+1,j71)
where

a = 5n¥I — mzl,Jl _ mzfll’ﬁl.
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Then we must write log F' in terms of the mi’jl and, at each step of the maximisa-
tion, compute the gradient with respect to these nine variables. From the proof of
Lemma [C53 and in view of (LZ2), we can get rid of the derivatives of the y,7} and

express this gradient just in terms of the m% and ,u%. Hence, each iteration of the
maximisation algorithm requires the solution of the nine 4 x 4 systems in ([CG3), which
are known to have a unique positive solution.

The maximum obtained is F'(n).

Recall from Lemma that F(,4, 3, 3) = 5°/225/24 ~ 58.2309. The values of
F we obtained by this procedure for each n were always below F (%, %, %, %) There were
some points in the domain where a value over 58 was obtained. These points were all near
(%, %, %, %) Around these points we made an additional scan of the neighbourhood with
step-size 1/8000. The values obtained were always less than F’ (%, %, %, %)

The sweeping procedure was carried out by using the IBM’s Mare-Nostrum supercom-
puter in the Barcelona Supercomputing Center, which consists of 2.268 dual 64-bit processor
blade nodes with a total of 4.536 2.2 GHz PPC970FX processors.

To get rid of the Maximum Hypothesis, all it remains is bounding the derivatives of
F' in the interior of its domain, which remains an open issue at the time of this work.

1.8 Extensions

This section contains a brief overview about two extensions of Theorem [L2Z1] which are not
part of this thesis. The reader should refer to [5I] and [23] for further details.

It can be shown by using the small subgraph conditioning method (see [78]) that
Theorem [[ZTl can be extended to hold a.a.s. The main obstacle for proving that the number
of locally rainbow balanced colourings is a.a.s. non-zero is the large variance of X, which
is a constant times the square of EX. However it turns out that the distribution of X is
sensibly affected by the number of cycles of given constant lengths. In fact, if we divide the
graphs into groups according to their short cycle counts, most of the variance of X comes
from the fact that the graphs of different groups have a different expected number of such
colourings. The small subgraph conditioning method overrides this fact by conditioning
upon the number of short cycles, in order to get the ratio between the Var(X) and E(X)
arbitrarily small.

In [23] there is also an argument which covers the case n is even but not necessarily
divisible by 6. Loosely, two (or four) vertices are removed from the original graph, and the
edges of their neighbours readjusted so that we obtain a 5-regular graph with the number of
vertices divisible by 6 and with a set of distinguished edges. The distribution of the resulting
graph is not exactly uniform over the set of 5-regular graphs with that particular number
of distinguished edges, but it is close to it. Then, by an argument analogous to the one for
5-regular graphs, it is shown that these graphs with a set of distinguished edges admit a.a.s.
some locally rainbow balanced colouring with some prefixed colours on the vertices of those
distinguished edges. By choosing the appropriate colours on these vertices, this colouring
can be extended to a legal 3-colouring of the original graph.



Walkers on the Cycle and the Grid

2.1 Mobile Ad-Hoc Networks

A wireless ad-hoc network (cf. [7, AT), BT]) is an autonomous and decentralised collection of
agents, also denoted as nodes, placed in some geographical region, and able to receive and
transmit information by means of radio-frequency or an equivalent wireless device. Each
agent is equipped with an omnidirectional antenna of limited power, and thus can stablish
communication in one hop with any other agent which is located close enough. In addition,
two agents can communicate in several hops by means of intermediate transmitters. In
many applications (e.g. in sensor networks), the number of nodes in such a network is large
and they are placed without any prescribed strategy, thus at random. Then, it is natural to
model the agents as points in a finite random-point process over some domain, and represent
the network by a random graph defined the obvious way, with the agents being the vertices
and setting an edge between any two agents falling within the communication range of each
other. The resulting random graph is of a rather different nature than the classical Erdés
and Rényi model of random graphs, in which edges are selected independently with some
common probability. In fact, for a wireless ad-hoc network, the presence of wireless links
between nodes presents a significant local correlation. This fact motivates an alternative
model of random graph due to Gilbert in 1961 [35]: “To construct a random plane network,
pick points from the plane by a Poisson process with density D points per unit area. Next
joint each each pair of points by a line if they are at distance less that R.” Observe that in
such a network the nodes are selected from an infinite random-point process over the real
plane, and that each agent has the same transmission power. Several variants of this model
have been widely studied and are usually referred to as random geometric graphs. We give
a brief outlook on these graphs in Section EZ2l The theoretical properties of these graphs,
have been broadly used by many researchers to design algorithms for more efficient coverage,
communication and energy savings in ad-hoc networks, and in particular for sensor networks.
Various aspects of such networks have been studied in the static case, i.e. in which the agents
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are randomly placed but fixed [6, B3]. Algorithms for computing connectivity properties of
such a network have been studied [B9], and simulation results for randomly placed agents
were reported there and in [43, U8, @7, [72]. Furthermore, several of the above-mentioned
studies mention the dynamic situation, i.e. in which the agents are mobile.

Recently, there has been an increasing interest for MANETs (mobile ad-hoc networks).
A MANET is a type of wireless ad-hoc network in which the agents are allowed to move
freely around some prescribed environment. Several models of mobility have been proposed
in the literature — for an excellent survey of those models we refer to [47]. In all these
models, the connections in the network are created and destroyed as the vertices move closer
together or further apart, and therefore this gives rise to a random-graph process. In all
previous work, the authors performed empirical studies on network topology and routing
performance. The paper [39] also deals with the problem of maintaining connectivity of
mobile vertices communicating by radio, but from an orthogonal perspective to the one in
the present dissertation — it describes a kinetic data structure to maintain the connected
components of the union of unit-radius disks moving in the plane.

The particular mobility model used in this dissertation is often called the random
walk model in the literature. It was introduced by Guerin [38], and it can be seen as the
foundation for most of the mobility models developed afterwards [7]. In the random walk
model, each vertex selects uniformly at random a direction (angle) in which to travel. The
vertices select their velocities from a given distribution of velocities, and then each vertex
moves in its selected direction at its selected velocity. After some randomly chosen period
of time, each vertex halts, selects a new direction and velocity, and the process repeats. An
experimental study of the connectivity of the resulting ad-hoc network for this particular
model is presented in [73]. As is stated in the same paper, in many applications which
are not life-critical, connectivity is an important parameter: “Temporary network discon-
nections can be tolerated, especially if this goes along with a significant decrease of energy
consumption.” In [62] the authors use a similar model to the one used in the present paper
to prove that if the vertices are initially distributed uniformly at random, the distribution
remains uniform at any time.

To the best of our knowledge, this work presents the first analytical study on the main-
tenance of connectivity of a MANET under the random walk model. As a first approximation
to the problem, in Section we introduce the walkers model, in which the agents, denoted
walkers, move through a fixed environment modelled by a motion graph. The particular
topologies of the environment covered there are the cycle and the toroidal grid. On the
other hand in Chapter Bl we analyse a setting in which the agents move freely around the
unit torus [0,1)2. This can be regarded as a continuous counterpart of the walkers model
on the toroidal grid, and indeed the two models bear some resemblance. However, some
aspects of the technical developments in each one are quite different, and each model has
mathematical interest on its own.

2.2 Brief Survey on Random Geometric Graphs and Related
Models

Recall from last section the model of random graph proposed by Gilbert in 1961 [35], in
which the vertices are selected from an infinite random-point process over the real plane,
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and there is an edge between any two vertices at distance less than some parameter. A
variant of this model in which the number of vertices is finite and the point process is
taken over a bounded region S has also been widely studied (see, e.g., [40, 64]). Usually,
the point process is assumed to be uniform over S, and S is taken to be the unit disk,
the unit square or their higher dimensional counterparts. Also, in order to avoid boundary
effects, it is also useful to consider S to be the d-torus which results from identifying the
opposite faces of the unit d-cube [0, 1]?. Moreover, distances in S are usually measured with
respect to the Euclidean distance, but the model can be extended without much effort to
any arbitrary ¢p,-normed distance, with 1 < p < co. In general, using a different distance
just changes a constant multiplicative factor in all the expressions. All of these variations
from the original model are also usually referred to as random geometric graphs. Figure 1]
illustrates an instance of a random geometric graph of 125 vertices over the unit square.
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Figure 2.1: Random geometric graph of size 125 and radius 0.155 (by J. Petit)

Rigorously, given a metric space S, a natural number n and a positive real r, a random
geometric graph over S of size n and radius r is constructed by selecting independently and
u.a.r. n points Xi,...,X, € S and joining by an edge any two of them at distance at most
r. We denote the random set of points by X = X(n) = [J;{X;}, and call G(X;r) to
the resulting random geometric graph. In Section of the present chapter, we deal with
random graphs over a discrete space S, which consists in the set of vertices of a connected
graph (the cycle and the toroidal grid). For this model, several distances are considered. On
the other hand, the random geometric graphs treated in Chapters Bl and Bl are respectively
over the unit torus [0, 1)? under the Euclidean distance, and over the unit square [0, 1]?>under
any £,-normed distance.

Now we survey the main known results on random geometric graphs, in particular the
ones which have some relevance to the work described in this dissertation. We often denote
by G(X;r) a random geometric graph of size n and radius r without specifying the precise
model considered. In addition, 7 is regarded as a function of the number of vertices n and,
unless otherwise stated, all the presented results are asymptotic as n tends to infinity. For
an exhaustive exposition on random geometric graphs in full generality, see the monograph
by Penrose [66].

One of the most important topics when studying a family of random graphs is their
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connectivity. We wonder for which values of the parameter r of a random geometric graph
G(X;r) we can guarantee that it is a.a.s. connected, and more accurately how the connectiv-
ity of G(X;r) evolves as r grows. This property turns out to undergo a phase transition for
some threshold value r.. Namely, for values of r below r. (sub-critical case) G(X;r) is a.a.s.
disconnected, and for values of r above 7. (super-critical case) it is a.a.s. connected. Sev-
eral authors independently deduced the connectivity threshold value for related variants of
the random geometric graph model. Penrose [64] obtained 7. for random geometric graphs
over the unit square [0,1]? and the d-torus [0,1)¢ under the Euclidean norm. Gupta and
Kumar [40] obtained similar results for the unit disk. Also, Appel and Russo [8] computed
re for the unit square under the ¢, distance. Finally, Penrose [65] gave a stronger result,
which in particular yields the threshold for k-connectivity in the unit d-cube [0,1]¢ under
any ¢, normed distance (1 < p < 00), and in Chapter 13 of [66] covered this topic in full
generality. In all these cases, isolated vertices turn out to play a major role in connectivity.
In fact, r. coincides with the value of the parameter » which makes the expected number of
isolated vertices be ©(1). This corresponds to r. = y/(logn + O(1))/(apn), where oy, is the
area of the unit disk in the £, norm, in the case that we are considering random geometric
graphs over the unit square or the unit torus with the ¢, distance (see Lemma BZT] and
Theorem for more details in the Euclidean case).

Another issue extensively studied in Chapter 3 of [66] is the number of components
in G(X;r) isomorphic to a fixed graph, and thus the probability of finding components in
G(X;r) of a given size. However the range of r covered there does not exceed O(1/1/n),
below the connectivity threshold r.. In fact, a percolation argument in [66] shows that with
probability 1—o0(1) no components other than isolated vertices and the giant one exist at the
connectivity threshold, without giving accurate bounds on this probability. In Chapter
we compute for r = r. the probability of having components other than isolated vertices
according to their size.

Now recall that a graph property II is said to be monotone if it is preserved when edges
are added to the graph. For example, connectivity and hamiltonicity are monotone graph
properties. Given a non-trivial monotone property II, let r(n, p) be the radius at which a
random geometric graph has property II with probability exactly p. For 0 < p < 1/2 define
the threshold width dr(n,p) of II by

or(n, p) = ru(n, 1 — p) — ru(n, p).

A property II has a sharp threshold if drr(n, p) = o(1). Goel, Rai and Krishnamachari proved
that for random geometric graphs, any non-trivial monotone property has a sharp threshold
[36].

Other important graph invariants are the clique number w and the chromatic number
X. In applications, the chromatic number of a random geometric graph G(X;r) gives an
indication of how many different channels we have to use in an ad-hoc network to avoid
interference. Elementary computations show that, when the radius r = r., the expected
number of neighbours of a vertex in G(&X;7.) is ©(logn). Moreover, it is not hard to prove
that the clique number w(G(X;r.)) and the chromatic number x (G(X;r.)) are a.a.s. also
©(logn) (see, e.g., Chapter 6 in [66]). McDiarmid [BE8] computed the asymptotic ratio
between these two invariants. In fact, he showed that in the sub-critical case,

X(GXr)
w(G(X;r))

a.a.s.,
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while in the super-critical case,

X(G(X;7))

- " 7 1.1 .a.s.
w(G(X;r)) — 03 a.a.s

The cover time of a graph G is the expected time taken by a simple random walk
on G to visit all vertices in G. Avin and Ercal [I0] showed for some critical parameter
Teov = O(r¢) that if r > 7o, then G(X;r) has a.a.s. optimal cover time of O(nlogn). Note
that if r is below r. then G(&X;7) is a.a.s. disconnected and it has infinite cover time.

Another natural issue to study is the existence of Hamiltonian cycles in G(X;7r).
Penrose in Chapter 13 of his book [66] poses it as an open problem whether exactly at the
point where G(X;7) gets 2-connected, the graph a.a.s. also becomes Hamiltonian. Petit
in [68] proved that for r = w(y/logn/n), G(X;r) is Hamiltonian a.a.s. and he also gave a
distributed algorithm to find a Hamiltonian cycle in G(X;r) with his choice of radius. In
Chapter H of the present dissertation, we find the sharp threshold for this property for any
¢, metric.

There have been other types of random graphs also used to model communication
networks, and that sometimes tend to be mistaken with random geometric graphs. The
Random Euclidean graphs are constructed as follows: choose a sequence X = (Xq,...,X,,) of
independently and uniformly distributed (i.u.d.) points in [0,1]%, and consider the weighted
complete graph on X', where the weight of an edge is its Euclidean length. A lot of theoretical
work has been done on this model (see, e.g., the books of Steel [76] and Yukich [82]).
Probably, the most celebrated result in this area is the Beardwood-Halton-Hammersley
Theorem [2]: Let X a sequence of iu.d. points in [0,1]?, and let L, be the optimal
solution of the Travelling Salesman Problem (TSP) on the Euclidean graph defined on X
Then there exists 8(d), 0 < 8(d) < oo, such that

Ly,
W — ﬁ(d) a.a.s.,

where later on, it was experimentally obtained that 0.70 < 3(2) < 0.73.

Another related model of random graph is the random proximity graph: Given n
labelled nodes distributed in R? according to a Poisson point process, and given a fixed
¢(n) € Z7*, let G(n,¢(n)) be the graph formed when each node is connected with its
¢(n) nearest neighbours [R0]. The main result in this area is the following characterisation
of the connectivity of G(n,¢(n)) by Xue and Kumar in the previous paper: If ¢(n) <
0.00741logn then G(n,$(n)) is a.a.s. disconnected; and if ¢(n) > 5.logn then G(n,p(n))
is a.a.s. connected. See [28] for further comparisons between these models and random
geometric graphs.

Finally one world about one of the main techniques used in this dissertation when
dealing with random geometric graphs over the unit square with radius » around the con-
nectivity threshold. The dissection technique consists of first tessellating the unit square
into ©(1/7?) small square cells, such that each contains around (O(logn)) vertices a.a.s.,
then solving the problem on each small cell and finally compounding the solution (or an
approximation) of the whole problem. Karp used it, together with dynamic programming,
to give an approximated solution to the Travelling Salesman Problem on Euclidean graphs
[B0]. Since then, variants of the dissection technique have been widely used extensively in
the realm of random Euclidean graphs and random geometric graphs.
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2.3 The Walkers Model

Consider a setting in which a large number of mobile agents can perform concurrent basic
movements: ahead/behind/left/right, determining a grid pattern, or left/right, describing a
line. Each agent can communicate directly with any other agents which are within a given
distance d. This enables communications with agents at a further distance using several
intermediate agents. At each step in time there is an ad-hoc network defined by the dynamic
graph whose vertex set consists of the agents, with an edge between any two agents iff they
are within the distance d of each other.

We propose what we call the walkers model, defined as follows: A connected graph
My = (V,E) with |V| = N, a number w of walkers (agents) and a “distance” d are given.
We call My the motion graph. A set W = {1,...,w} of walkers are placed independently
and uniformly at random on the vertices of the motion graph My, allowing several walkers
to lie on the same vertex. Each walker has a range d for communication; that is, two walkers
can communicate in one hop if the distance, in My, between the position of the walkers is
at most d. Two walkers can communicate if they can reach each other by a sequence of such
hops. In addition, each walker takes an independent standard random walk on My, i.e.
moves at each time step to a neighbouring vertex, which is chosen with equal probability.

Let V = V(Mpy,w) denote the tuple (vy,...,v,) € V¥ of positions of the walkers on
Mp. The interesting features of the walkers model are encapsulated by the random graph
of walkers, G(V(MN,w); d). The vertices of G(V(MN,w); d) are the vertices in My that
receive at least one walker, i.e. those ones which appear at least once in V. Two vertices in
G(V(M N, W); d) are joined by an edge iff they are at distance at most d in M. Notice that
this ad-hoc graph generated by the placement of the walkers on My is a very particular type
of random geometric graph. We are interested in the probability of G(V(M N, W); d) being
connected, or in the number of components and their sizes, with certain mild asymptotic
restrictions on w and d. We generally abbreviate G(V(My,w);d) to G(V) when My, w
and d are understood.

Our primary goal with the walkers model is to characterise the dynamics of the
connectivity of the communication network as represented by the random graph process
(G(Vt))tez;‘ Here V; denotes the vector of positions of the walkers at time ¢, and G(V;)
is the corresponding graph of walkers at that time, constructed from V;. Formally, V; is
obtained as follows: Start from an initial configuration of walkers Vy in which each walker
chooses independently and u.a.r. one vertex of My. Then V11 is obtained from V; by mak-
ing each walker move simultaneously one step to a randomly selected neighbour vertex in
M. The process is time-reversible and V; can be obtained from V;;1 in the same way. This
allows us to consider also negative times, by looking at the process backwards. In order to
study (G(Vy)) +ez» We first examine G(V), which we call the static model. This is a snapshot
of the process at one point in time: we are interested in the distribution of the number of
components, as well as some other information which helps to answer the dynamic ques-
tions. In particular, we are interested in studying the birth and death of components, and
the sudden connection and disconnection of (G(V1)), ez

We consider a sequence of graphs My with increasing numbers of vertices N, for
N tending to infinity. The parameters w and d are functions of N, and unless otherwise
indicated all asymptotic notation is with respect to N — oo. We restrict to the case w — oo
in order to avoid considering small-case effects. Of course we take d > 1. We make further
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restrictions on w and d in order to rule out non-interesting cases, such as values of the
parameters in which the network is a.a.s. disconnected or a.a.s. connected. In this chapter,
we study the walkers model for two particular sequences of graphs Mpy: the cycle C'y of
length N and the n x n toroidal grid T of size N = n?. In the case of the grid, we use the
/P distance, for any 1 < p < oco. The two cases have an essential difference that prevents a
unified treatment: for the interesting values of w and d, disconnectedness of the graph of
walkers for the cycle is basically caused by the presence of at least two large “gaps” between
the walkers around the cycle, whereas for the grid, it is caused by the presence of one or
more isolated walkers.

We now give a brief outline of some of our main results. First we consider the cy-
cle Cy on N vertices. To study connectedness in this case, we introduce the concept of
a d-hole, which informally is a sequence of at least d consecutive vertices containing no
walkers between two vertices containing some walker. A parameter p closely related to the
expected number of d-holes is introduced, and the connectedness of G(V) is characterised
in terms of p (see Theorem and Corollary Z03). In fact p = ©(1) is a threshold
for this property, and when this condition holds we give the asymptotic distribution of the
number of components of G(V). In the dynamic setting we study the creation, evolution
and destruction of these d-holes, and in particular obtain the expected time that a given
d-hole will live from the moment it is created (see Theorems and Z50). Note that
we restrict the attention to the case u = ©(1), since we wish to study only the non-trivial
dynamic situations. One of our main results concerns the expected time that the graph of
walkers remains (dis)connected, after a point in time at which it becomes (dis)connected
(see Theorem ZHTZ). It must be noted that this quantity is affected by the particular
initial state Vy. This motivates an alternative notion of the average time that (G(V;)) ez
is (dis)connected. See the discussion in Subsection and Theorem for further
details.

We turn now to the toroidal grid T with N = n? vertices, for which our results apply
with any normed #? distance, for 1 < p < co. A role similar to that of the d-holes in the
cycle case is played here by the isolated vertices of G(V), also called simple components.
In fact, the connectedness of G(V) is determined in terms of u, where p is redefined to an
expression closely related to the expected number of simple components (see Theorem
and Corollary Z6.7). Moreover ;= ©(1) is a threshold for this property, and when this
condition holds a.a.s. G(V) consists only of a “giant” component and a Poisson number of
simple components. In the dynamic setting we study properties analogous to those covered
for the cycle. In particular, we obtain asymptotic expressions for the expected lifespan of
a simple component (see Theorem ZZ6.T3]) and the expected time that (G(Vt)) 1z, emains
(dis)connected from the moment it becomes (dis)connected (see Theorem ZG.T4]).

The remainder of the chapter gives proofs of these theorems as well as stating and
proving related ones. In Section B4 we give basic definitions and technical lemmas to be
used throughout the chapter. In Section we deal with the cycle Cy, and in Section 2.8
the toroidal grid Th. One of the main differences between this case and the cycle is the need
for a geometric lemma (Lemma EZ63]) that may be of independent interest. This bounds
the size of the set of non-occupied vertices at distance at most d from the boundary of
any connected component in G(V). The last section contains some discussion and related
problems.
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2.4 General Definitions and Basic Results

We begin with some definitions and results which are common for all graphs Mpy. Let K
denote the number of components in G(V). We call a component simple if it consists of
only one isolated vertex. We define the ratio ¢ = w/N, which is the expected number of
walkers at any given vertex. Most of the statements in the chapter are in terms of ¢ rather
than w. For any v € V(My), define h, to be the number of vertices in V(My) different
from v and at distance at most d from v, and define h = min,cy h,. We say that a vertex
or set of vertices is empty of walkers (e.0.w.), or simply empty, if it contains no walkers, and
occupied otherwise. Note that there must be h empty vertices in V(My) within distance d
of a simple component.

By considering the coupon collector’s problem, we observe that if w = N log N +w(N)
then G(V) is trivially a.a.s. connected due to every vertex being occupied. Moreover, for
the graphs My which we consider in this chapter, if h € Q(N/\/w) then G(V) is a.a.s.
connected as well. This last claim will be seen in Observations Z5Tl and 611 Thus, we
consider throughout the chapter w < Nlog N + O(N) and h = o(N/y/w). In fact, our
proofs will just assume h to be o(N). Note that, for the cycle, h = 2d.

Often in this chapter we will need to compute the probability of certain configurations
of walkers involving two consecutive time steps t and ¢+ 1, in order to record the event that
walkers jump to the appropriate place at that step. There is a convenient way to formulate
this in terms of occupancy of arcs (directed edges). Let us regard My as a directed graph,
by considering each edge as a pair of anti-parallel arcs, and let us denote by A = A(My)
the set of arcs of M. For any arc e = (u,v) € A(My), we say that a walker is placed on e
between time steps ¢t and t+1 if the walker is on u at time step ¢t and jumps onto v within one
step. This determines an arrangement of the set of walkers on the arcs of My in which the
position of each walker is chosen independently and with probability inversely proportional
to the degree of the origin of the arc. This way we can encode dynamic transitions between
t and ¢ + 1 in terms of static configurations of walkers over A(My). Often ¢ and ¢ + 1 are
not explicitly mentioned when they are understood from the context.

There is an alternative formulation in terms of cells. Each vertex is divided into
as many cells as its degree, and each cell is associated with one of arcs stemming from
the vertex. Then, the transition of the system between two consecutive time steps can
be described by the placement of the walkers in the cells (see Figure 222). We use this
representation mainly in figures for sake of simplicity and visual clarity.

Assign size 1 to all vertices in V(Mpy). For a given arc stemming from a vertex v with
degree 9y, its size will be 1/§,. Given a set S of vertices or arcs, we define Size(S) to be
the sum of the sizes of its elements. Observe that the probability that one walker lies in S
is Size(S)/N.

Throughout the chapter, we are often interested in the probability of events which can
be characterised by the fact that some subset of V(My) or A(My) is e.o.w. and some other
ones are occupied. The following results provide asymptotic bounds on these probabilities,
and are used in most of the computations, sometimes without an explicit mention. The
first lemma is stated in a more general setting and is also used in Chapter Bl

Lemma 2.4.1. Consider a setting with n balls and k + 1 disjoint bins Uy, . .. Uy, where
each ball is either placed into at most one of the bins or possibly remains outside all of them.
Suppose that each ball is assigned to bin U; with probability p; = p;(n), independently from
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stepst, t+1

|
N

Figure 2.2: The walker jumps to a neighbour according to which cell it is
placed on

the choices of the other balls. Moreover suppose that for alli (0 <1i < k) we have p; = o(1),
where asymptotics are with respect to n — oo and where k is assumed to be fized. Then, the
probability P that Uy contains no balls but for alli € {1,...,k} U; receives at least one is

'I’L 77’Lp1

:E’r

~ (1 —po)

Z=1

Proof. By reordering the labels of the bins except for Uy, assume that np; = o(1) if 1 < i <r
and np; = Q(1) if r+ 1 <4 < k. For any expression f = o(1), we define

Pr= X (B (1- R

al,...,Qr
where the summation indices a1, ...,a, run from 0 to 1. We can write
n S —aipi \ ™
= Y sy (0 ()
mo, ..., M -
al,...,Qr mo,...,mr >0 05 P =1

mo+--+my=n

with the convention 0° = 1. A changing of the order of summation converts this expression

e T Ll I(2) T e e

mo,...,myr >0 =1 al,...,Qr
mo+--+mr=n

to

All terms in this sum with some m; = 0 (1 < i < r) cancel, since each of these terms is
equal but has opposite sign to the one obtained by switching the value of a;. So, only the
terms with all mq,...,m, > 1 remain, and among these we can remove the ones with some

p= > e, ()

mo>0 i=1
mi,...,mr2>1
mo+--+mr=n

a; = 0. Hence,
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Since np; = o(1), the main asymptotic weight in this sum corresponds to the term my = n—r
and mq,...,m, =1, so

Py~ %gp, anl 21_[1 (1 —e P, (2.1)

By an inclusion-exclusion argument, the probability in the statement can be written as

k n

k’ .

P= % (-1)Zma (1 —Po — Z%m) ;
A1,y..0 i=1

where the summation indices aq,...,a; run from 0 to 1. Then, if we define

S > !
T . a .
Par+1,...,ak - (—1)27.:1 s <1 _ =1 klpl - ) 7

(2

at,...,ar 1 —po— Zi:r—f—l aiPj

we can write

P=(1-po)" Y (1)Zi=rs® |1 S ) P

1—
Ap41;..,Qk po

k )
= (1—py)" Z (—1)Xi=r+1% exp( 1+ o0(1 Z aznpl> 1 yeens - (2.2)

Ar41,---,0k i=r+1

Note that for each a,41,...,ar € {0,1}, in view of ([ZII) and setting f = py + Zf:rH a;pi,

we have
T

Poyiipay ™~ H(l —e ") (2.3)

i=1
The fact that np; = Q(1) for r + 1 < i < k prevents the leading term of the sum in (2
from cancelling out. Thus, from [Z2)) and Z3)), we obtain

k

P~ (1—po)" (1 —e). O
=1

As an immediate consequence of this result, by regarding walkers as balls and sets of
vertices (or arcs) in My as bins, we obtain

Lemma 2.4.2. For any fized integer k > 0, let Sg, . . ., Sk be pairwise disjoint sets of vertices
(or arcs) in My, with sizes sq, ..., sy respectively. If Zf:o si = o(N), then
k
P <So is e.o.w. A /\(SZ is occupz'ed)) <1 — _> H —si)
i=1 i=1

To cover large sizes s, not necessarily o(N), and k = k(N) not necessarily fixed, we
need the following variation.
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Lemma 2.4.3. Let S C V(My) be a set of vertices of size s, and vy, ...,vx € V(M) be
vertices not in S, with 1 < k < N. Assume that N —s — oo. Then the probability that S is
e.o.w. and vy,. .., v are all occupied is at most pop* 1o (1 + o(1)) where pg = 1 — e/,
a=1—s/N and p=min(1, o/«). Here the asymptotics in the (1+o0(1)) factor are uniform
over all k.

Proof. The probability of the event £ that S is e.o.w. is . The probability that v is
occupied conditional upon £ is 1 — (1 — (N —s)~1)¥, which is asymptotic to pg. The lemma,
follows for o > «, i.e. w > N — s. Otherwise, conditional upon £ and the event that
v1,...,v; are occupied, the probability that the next is occupied is clearly decreasing with
i and is thus at most w/(N — s) = o/« O

2.5 The Cycle

Here My = Cl, the cycle with N vertices.

Observation 2.5.1. Cover Cy with [N[d/2]~'] paths of [d/2] vertices. If d = Q(N/\/w),
then the probability that some path is e.o.w. is at most

Thus, a.a.s. each of these paths is occupied (by at least one walker), and G(V) is connected.

In view of this observation, we assume for the rest of the section that d = o(N). If
d = Q(N), then G(V) is a.a.s. connected.

To study connectedness of G(V), we introduce the concept of a hole. There is a hole
between two vertices v and v if u and v each contain at least one walker, but no vertex in
the clockwise path from u to v contains a walker. We say that such a hole follows u, or that
u is the start vertex of the hole. The number of internal vertices in a hole is its exact size.
A k-hole is a hole whose exact size is at least k. Let H be the random variable counting the
number of d-holes in the walkers model for Cy. Notice that at least two d-holes are needed
to disconnect the walkers on C'y. To be precise,

G(V) is connected iff H <1 and K =max{l,H}. (2.4)

2.5.1 Static Properties

Here, we study the connectedness of the graph of walkers G(V) in the static situation, by
analysing the behaviour of H. In view of ([Z4), if EH — 0 then G(V) is a.a.s. connected.

We define a new parameter = N (1 — e72) =%, which plays a key role in character-
ising the connectedness of G(V). Notice that

we ™% if o = o(1),
p~ i N(1—e e % if p=0(1),
Ne~de if o =w(1).

Regarding the behaviour of H, and connectedness, we have the following.
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Theorem 2.5.2. The expected number of holes satisfies
EH ~N(1—-e ) (1—d/N)".
Furthermore,
(i). if w=o0(1), then a.a.s. G(V) is connected,
(i7). if w = w(1), then a.a.s. G(V) is disconnected,
(7). if w = ©O(1), then H is asymptotically Poisson with mean L.

Proof. For any vertex v in V(Cy), let H, be an indicator random variable such that H, = 1
iff there is a d-hole following vertex v. Then,

H= Y H, ad EH= Y PH=1) (2.5)
veV(Cn) veV(Cn)
Let 7T bet the set of all k-tuples v = (v1,...,vx) of pairwise different vertices vy,..., v €
V(Cy). We compute the k™" factorial moment of H:
E[H|; =Y P((Hy =1)A-- A (Hy, =1)). (2.6)
veT

Let 71 denote the set of tuples v € 7 such that each v; and v;, ¢ # j, have distance at least
d+ 1 around the cycle. For v € T \ 71, the probability in ) is 0 since one of the v; “lies
in” the hole following some v;, and yet v; must be occupied. For v € 71, the probability
in (226 is easily computed by applying Lemma

P((Hy = 1) A~ A (Hy = 1)) ~ (1 - %)w (1—e0)".

Since d = o(N) we have |ZT1| ~ N*, and thus from (Z8)
k
E[H]; ~ <N (1-¢7) e*d9*0<d2w/N2>> . (2.7)

In particular,

d w
EH~N(1—-¢e9)(1——
-9 (1-5)
~ N (1 — e70) g de-OWdw/N?), (2.8)
In the case u — 0, we have also EH — 0, since (1 —d/N)¥ < e~%, Then, P(H = 0) — 1,
and G(V) is connected a.a.s. In the case that p is bounded away from 0, taking logarithms,

do =1log N (1 —e7?) — log p. (2.9)
Considering separately the cases when ¢ — 0 and when ¢ = Q(1), we get from ([Z3) that
d*w/N? = o(1), so we can ignore the term O(d?w/N?) in the expression (1) and obtain
d K k
E[H]}, ~ (N (1—e®) e @) = ik, (2.10)

Moreover, if 1 is bounded, then it follows, from ([ZI0) and from Theorem 1.23 in [I5], that
H is asymptotically Poisson. For y — 0o, we have that E[H]y ~ p?, and so it follows from
Chebyshev’s inequality that a.a.s. H > /2, so G(V) is disconnected. O
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The following corollary gives the asymptotic probability that G(V) is connected. It
follows immediately from the theorem in view of (Z4).

Corollary 2.5.3. P(G(V) is connected) = e (1 + p) + o(1).

2.5.2 Dynamic Properties

Assume that from an initial random placement of the walkers, at each step, every walker
moves from its current position to one of its neighbours, with probability 1/2 of going either
way. This is a standard random walk on the cycle for each walker. To study the connectivity
properties of the dynamic graph of walkers we need to introduce some notation.

A configuration or state is an arrangement of the w walkers on the vertices of C. If
we regard the vertices of Cy as elements of Zy, then each configuration can be represented
by a vector V = (v1,...,vy) € (Zn)", where v; indicates the vertex being occupied by
walker ¢. Consider the graph of configurations, where the vertices are the N different con-
figurations. Given a configuration V), there exists an edge between V and all configurations
(v £1,...,v4 £ 1). Thus, any configuration has 2% neighbours, and the relationship of
being neighbours is symmetric. The dynamic process can be viewed as a random walk on
the graph of configurations, in particular, a Markov chain .# = (V;);ez, where V; denotes
the state of the process at time step ¢.

For N even, given any two configurations U and V, we say that they have the same
parity if for all ¢ and j, u; — u; = v; —v; mod 2. There are 2w—l (different parities. Note
that the initial parity stays invariant during the dynamic process. The following lemma is
straightforward and the proof is left to the reader.

Lemma 2.5.4. Let U and V be any two configurations and let hy )y denote the hitting time
fromU to V. If N is odd, then V is reachable from U and hy y is finite for any U and V.
If N is even then V is reachable from U provided that U and V have the same parity, and
in this case hyy s finite.

Proof. Suppose first that N is odd. For every walker i, there are two paths connecting
vertices u; and v;, whose lengths are different mod 2. Choose that path with even length
(for instance), and call this length d;. Let us suppose that d,,, > d; for all i € {1,...,w}.
We can get from state U to state V within d,, steps in the following way: for each walker

i at position u; move counter-clockwise for @ steps, and return back to the original

position in dm; % more steps. Then, get to the final position v; through the appropriate
path within d; steps.

Otherwise if N is even, the parity of the initial state stays invariant. Thus, we cannot
reach one state from another one with different parities. If &4 and V have the same parity,
we proceed in a similar way to that in the case N is odd to prove that they are mutually
reachable. O

Then if N is odd, .# consists on a single closed class of states, so it is irreducible
and positive recurrent. It is trivial to verify aperiodicity and thus the chain is ergodic.
However if N is even, there are 2! closed classes of states, where each class consists
of all configurations with the same parity. Let U be any class of states and let V € U
be a configuration. For this particular configuration, we can partition the set of walkers
W = W71 U Wsy so that the ones in W7 lie in odd positions of the cycle and the ones in Wy
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lie in even positions. Let 201 be the set of all states which lead to this same partition, and
0, the set of those which lead to the complementary one. Notice that U = U, UU,. Those
states in Uy are only reachable by an even number of steps from V, and those in Uy by an
odd number of steps. Hence, if we restrict the Markov chain .# to any class of states, it is
irreducible, positive recurrent, but 2-periodic and hence not ergodic.

Observation 2.5.5. Note that for any fixed ¢, the distribution of V; is just that of V in the
static case. That is, the initial uniform distribution stays invariant, even though when N is
even the chain is not ergodic and there is no limit distribution. Hence, by Theorem 5.2
if 4 — 0 or oo, then for any fixed t, G(V;) is a.a.s. connected or a.a.s. disconnected,
respectively.

In view of this observation, we assume p = ©(1) for the remaining of the subsection,
since we wish to study only the non-trivial dynamic situations. Under this assumption,
from the proof of Theorem and also recalling the restrictions on w, we have

do ~logw — o0, and also (1 —d/N)¥ ~e %, (2.11)

We define H; to be the random variable that counts the number of d-holes at time step
t. Then from Subsection Z0I] Hy is asymptotically Poisson with expectation y = O(1).
For the dynamic properties of G(V;), we are interested in the probability that a new d-hole
appears at a given time step. Moreover, we require knowledge of this probability conditional
upon the number of d-holes already existing. If there is a d-hole from u to v at time step ¢
and all walkers at v and v move in the same direction on the next step, a new d-hole may
appear following one of the neighbours of u (provided no new walkers move in to destroy
this). These two d-holes, though being different, are related, and the presence of the first
makes the second more likely to occur than it would otherwise be. Similarly, the exact size
of a d-hole following u may change in one step, making it technically a different d-hole, but
again, related. In all these cases, the start vertex of the d-hole “moves” by at most 1; a
d-hole at time step ¢t + 1 which does not follow u or a neighbour of w, is not related to a
d-hole following u at time step t. To make this loose description rigorous, we need some
definitions. Define a d-hole line to be a maximal sequence of pairs (hi,t1), ..., (h;,t;) where
h; is a d-hole existing at time step ¢; for 1 < ¢ < [, and such that ¢; = ¢;_1 + 1 and the
start vertex of h; is adjacent to, or equal to, the start vertex of h;_1, for 2 < i <. Fix two
consecutive time steps t and t + 1. If t; = ¢t + 1, we say that the line is born between ¢ and
t+ 1, if t; = t the line dies between ¢t and ¢ + 1, and if t =¢;,7 € {1,...,l — 1} we say that
the line survives between ¢ and ¢+ 1. Note that the time-reversal of the process has a d-hole
line born at vertex u between ¢ + 1 and ¢ iff the d-hole line dies at u between ¢ and ¢ + 1.

We define random variables S;, By and Dy to be the number of d-hole lines surviving,
being born and dying, respectively, between ¢ and ¢ + 1. Observe that

Dt + St = Ht and Bt + St = Ht+1- (212)
We often omit ¢ from the notation when it is understood, and simply write B, D and

S. The proof of the following result is similar to that of Theorem X2 but rather more
complicated.
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Proposition 2.5.6. For any fized t, the random variables S, By and Dy are asymptotically
jointly independent Poisson, with the expectations

u if 0= o(1), sho if o=o(1),
ES;~{pu—X ifo=06(1), and EB;=ED;~ <\ ifo=0
) .

( (
3ue=? if o =w(l1), 1 if o=w(1

3e70 — ¢ 30/2

where A = <1 R —y

),u. Here 0 < X\ < p for o= 0O(1).
Proof. In Cp, let right denote ‘clockwise’ and left ‘counter-clockwise’. Moreover, for a
vertex v € V(Cpn) and @ > 0, let v 4 i (respectively v — i) denote the vertex i positions
to the right (resp. left) from v. All probabilities and events in this proof will involve two
consecutive time steps ¢t and ¢+ 1. We can describe these events from a static point of view,
in terms of walkers’ occupancy of certain regions (sets of arcs or vertices), as explained in
Section Z4l A summary of the sizes of the regions involved in these descriptions is given in
Table 211

There are three ways that a d-hole line can survive at vertex v during the interval of
time t,¢ + 1 according to the following descriptions (see also Figure Z3]):

sl At time step t, there are no walkers between v + 1 and v 4+ d. At least one walker at
v moves right and all walkers at v+ d+ 1 and v 4 d + 2 (if there are any) move right.

s2 At time step t, there are no walkers between v + 1 and v + d. The walkers at v all
move left and no walkers at v — 1 move right.

s3 At time step t, there are no walkers between v + 1 and v + d. The walkers at v all
move left, at least one walker at v — 1 moves right and no walkers at v + d + 1 move

left.
f=1 e Q0
v v+d+1l v+d+2
si=1 o (PP——
v—1w
=1 o (§e——0
v—1v v+d+1

Figure 2.3: Survival of a d-hole line at vertex v

Similarly, there are four ways that a d-hole line can be born at v between time steps
t and t 4+ 1 according to the following descriptions (see also Figure 2Z7):

bl At time step t, there is a hole between v + 1 and v + d of exact size d — 2. Then all
walkers at v and v + 1 move left and all walkers at v + d and v + d 4+ 1 move right.
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b2

b3

b4

At time step t, there is a hole between v + 1 and v + d + 1 of exact size d — 1. Then
all walkers at v and v + 1 move left and all walkers at v + d+ 1 and v + d + 2 move
right.

At time step t there is a hole between v + 1 and v + d + 1 of exact size d — 1, and
v+ d+ 2 is occupied. Then all walkers at v and v+ 1 move left, all walkers at v+d+1
move right, and at least one walker at v + d 4+ 2 moves left.

At time step t there is a hole between v and v + d of exact size d — 1, and v — 1 is
occupied. Then all walkers at v move left, all walkers at v + d and v + d + 1 move
right, and at least one walker at v — 1 moves right.

Bioto— (DG €0

v w1l v+d v+d+1

Bo1 o PP

v w1l v+d+1 v+d+2
d—1
Bt (6D SO
v v+l v+d+1 v+d+2

d—1
Bi=1 = (peh @0

v—1 w v+d v+d+1

Figure 2.4: Birth of a d-hole line at vertex v

Finally, there are four ways that a d-hole line can die at v between time steps ¢ and

t + 1 according to the following descriptions (see also Figure EZ0)):

d1

d2

d3

d4

At time step ¢, there is a hole between v and v + d + 1 of exact size d. Then some
walker at v moves right and some walker at v + d + 1 moves left.

At time step t, there is a hole between v and v + d + 2 of exact size d + 1. Then some
walker at v moves right and some walker at v + d + 2 moves left.

At time step t there is a hole between v and v + d + 1 of exact size d, and v+ d + 2
is occupied. Then some walker at v moves right, all walkers at v + d + 1 move right,
and some walker at v + d 4+ 2 moves left.

At time step t there is a hole between v and v + d + 1 of exact size d, and v — 1 is
occupied. Then some walker at v — 1 moves right, all walkers at v move left, and some
walker at v + d + 1 moves left.
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d
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v v+d+1
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v v+d42
d
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Figure 2.5: Destruction of a d-hole line at vertex v

Given any v € V(Ty) and for each « € {1,2,3}, let S& be the indicator function of
the event that a d-hole line survives at v due to movements of type sa. Similarly, for each
a € {1,2,3,4}, let By (DS) be the indicator function of the event that a d-hole line is born
(dies) at v due to movements of type ba (da). Hence, S, = 322 _ S B, =Y 4 _| B and
D, = Zizl D¢ are the indicator variables for a survival, birth and death, respectively, at
vertex v.

Fix any naturals £1, 5 and /3, and call £ = {1 + ¢y + {3. Let A = ({1, ... ,3})zl X

({17 e ,4})Z2H3, and let 7~ be the set of all ¢-tuples of pairwise different vertices in V(Cy).
Given a = (oy)f_; € A, and v = (v;)!_; € T let us define the event

Eaw = (;1\(53; - 1)) A ( £1/+\£2 (B = 1)) A < /l\ (D% = 1)>. (2.13)

i=1 i=01+1 i=01+02+1

This allows us to express the joint factorial moments as

E([Sle[Ble[Dles) = D Y PlEaw)- (2.14)

veT acA

In order to compute P(Eq ), we partition the set of tuples 7 into three disjoint classes:
Let 75 be the set of tuples v € T such that all pairs of vertices in v are at distance greater
than d + 3; Let 71 be the set of tuples v € 7\ T3 such that all pairs of vertices in v are
at distance greater than d — 2; Finally, define Tg =7 \ (71U 7 2).

First observe that if v € T then P(€q,,) = 0, since some pair of different vertices in
v are at distance at most d —2 and this is not compatible with £ .. Now given any v € T,
notice that the regions involved in the descriptions of the events (S = 1), (B = 1) and
(Dgi = 1) are disjoint for any choice of a.. This allows us to compute P(€4+) by applying
Lemma 22 to these regions, whose sizes are listed in Table X1l For each j € {1,2, 3}, let
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Size empty region | Size occupied regions

Survival sl d+1 1/2

Survival s2 d+1 1/2

Survival s3 d+1 2x1/2
Birth bl d 2% 1/2
Birth b2 d+1 2 x 1/2
Birth b3 d+1/2 3x1/2
Birth b4 d+1/2 3x1/2
Death d1 d 2x1/2
Death d2 d+1 2x1/2
Death d3 d+1/2 3x1/2
Death d4 d+1/2 3x1/2

Table 2.1: Event descriptions according to their occupancy requirements

a; be the number of entries o; of a with 1 < ¢ </ which are equal to j, i.e. the number of
survivals of type sj. Similarly, for each j € {1,2,3,4}, let b; be the number of entries «; of
a with 1 +1 <4 < £ which are equal to j, i.e. the number of births and deaths of types bj
and dj. Observe that P(€q,,) does not depend on the particular v € T or on the order of
the entries of a, but only on a = (a1, a9, as,) and b = (b, by, bs, bs). Hence we can denote
this probability by Pgp, and it satisfies, by (ZI1]) and Lemma 222,

l+Llo+03+a3+b3+by
Py p ~ e 020+ 2bartbs tba) /2 <1 _ o/ 2) e—det, (2.15)

From this and also by using

@1 62 + 63
p _ P,
g (gaﬂ]) Z <a’17 a27 a3> (bl’ b27 bg’ b4> a7b7

a1+az+az={1
b1+bo+b3+bs=0l2+03

we obtain the contribution to E([S]s, [Bl]e,[D]e,) due to tuples in T

e—0(3 _ ¢—0/2 f
3 St (v ) ()

veETy ™
lo+2
(1—e92) (14292 —e0)\ °
14 e—e/2

p (no/2) % it o = o(1),
(n— N)N=HEif o = 0O(1), (2.16)
(Bue@)f 12t if o = w(1),

~

Where)\:u<1— %)

It only remains to bound the weight of tuples in 71 in E([S]s, [Ble,[D]s,). Fix some
v € 71 and observe that the regions involved in the description of £4,, need not be disjoint.
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This allows that some walkers take part in the birth, death or survival of two different d-hole
lines simultaneously (see Figure for an example of this situation). Recall that all pairs
of vertices in v are at distance greater that d — 2, but some pair is at distance at most d+ 3.
Given any v; € v, we say that v; is restricted if for some other v; € v with j < i we have
dist(vs,v;) < d+ 3. Let r > 0 be the number of restricted vertices of the tuple v.

ﬁ Bvl =1 m Dvr_) =1 f\
® . ®

V1 d—1 V2 d Vs

Figure 2.6: Walker taking part in a birth and a death simultaneously.

Suppose first that o = O(1). By looking at the regions involved in the description
of £q,» assuming that r vertices are restricted, we observe that £q . requires the following:
Some region of size at least ¢(d — 2) is e.0.w., and moreover each arc in a set of at least
£+ €y + ¢35 — r is occupied. Hence, from Lemma EZZ2]

td—-2)\" —0/2l+ly 51 G
P(gaﬂj) S <1 - T) (1 — e o/ ) 27T =0 T .
Multiplying this by the number O(N*") of tuples in 7| with exactly r restricted vertices,

91@2 +L£3

gives a contribution of O( — ) to (ZI4]). Recalling that p = ©(1), this is negligible
compared to (ZI8).

Otherwise suppose that ¢ = w(1). Each survival in the definition of €4, determines
a region of size d + 1 which must be e.o.w. Similarly, each birth and each death determines
a region of size at least d which must be e.o.w. However, each of the regions corresponding
to a restricted vertex may overlap by at most one arc (size 1/2) with some other considered
region. Summarising, €4 . requires that a region of size at least ¢d+ ¢; —r/2 is e.o.w., and

thus from Lemma B242]

_ w —l10+r0/2
P(Eay) < <1 ) M) o <7> |

N Nt

Multiplying this by the number O(N*~") of tuples in 71 with exactly r restricted vertices,
the weight in (ZI4]) due to these situations is

e—tiotro/2 e—lio
Ol —— | =0 —F/5= |,
NT er(d71/2)g
which is negligible compared to ([ZIG]).
We conclude that the main contribution to E([S]e, [B]e,[D]e,) is due to tuples in T 5.
As we are assuming p bounded, it follows, from (ZT6]) and from Theorem 1.23 in [I5], that S,

B, D are jointly asymptotically independent Poisson, with the corresponding expectations.
O

From (ZT2)) and Proposition 200l the following is immediate.

Corollary 2.5.7. H; and B; are asymptotically independent, and so are Dy and Hyiq.
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It is natural to define the lifespan of a d-hole line as the number of time steps for
which the line is alive. For any vertex v and time step ¢, consider the random variable L,
defined as follows: If at time step ¢ 4 1 there is a d-hole following vertex v, then L, ; is
the number of time steps, possibly infinity, that the corresponding d-hole line stays alive
starting from time step ¢ + 1; Otherwise, L, ; is defined to be 0. So if a birth takes place at
vertex v precisely between time steps ¢ and t + 1, then L, ; corresponds to the lifespan of
the d-hole line being born. Note that the random variables L, ; are identically distributed
for all v and t.

Observe that we can always reach a state in which there are no d-holes. In view
of (ZII), one way to do this is to force the walkers to move to positions in which they are
almost equally spaced around the cycle. Then, by Lemma EZ54 for any initial state, the
process will reach some state with no d-holes within finite expected time. Therefore the
expected lifespan of any given d-hole line, given the configuration of walkers at its birth, is
finite (it is simply a function of N, d and w). In view of this, we define the average lifespan
of d-hole lines to be the expected time that a d-hole line will survive once born. Formally,

Lay == E(Lv,t | Bv,t = 1)5

where B, ; is the indicator variable of having a birth at vertex v between time steps ¢ and
t+ 1. By symmetry, L,y is independent of v and ¢, and so is a function of N, d and w. The
next result finds its size.

Theorem 2.5.8. The average lifespan of d-hole lines satisfies

207" ifo= 0(1),
)

_EH o
ng_w(l}

Loy
& EB

NS

where A is defined as in Proposition [Z22.0.

Proof. Observe that for any t € Z,
Z Ly + Z By iLys = Hy 1+ Z Ly, (2.17)
veV(CnN) veV(Cn) veV(CN)

where the distributions of Hy, B, ; and L,; do not depend on v and t. Recall that a state
with no d-holes can be reached within finite expected time, so EL, ; < 4+00. In view of this,
we take expectations at both sides of ([ZI7) and get

NE(By;Ly,) = EH.

Now the remaining follows easily:

E(By:Ly.) EH EH
E(Lys | Byy=1) = a2 ===,
(Lot | Boe =1) P(B,,=1) NP(B,,=1) EB

The final formula for this expression comes immediately from Theorem 5.2 and Proposi-
tion O
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Intuitively, L., measures the average lifespan of the ‘typical’ d-hole lines appearing in
(G (Vt)) 1z~ However, there are other alternative measures of this intuitive notion which are
also natural to consider. To give a feeling for the complexity of the question of how long a
d-hole line lives, we introduce the following train paradox. A student wishes to measure the
average length of a train in a station with two separate platforms A and B. Each morning,
she chooses either platform A or B, at random. She waits for the first train to leave on
that platform, and records its length. She finds after many days that the average length
recorded is 9 cars. But she notices that, restricted to the days that the train is already at
the platform when she arrives, the average length is only 8 cars.

Could it be that the shorter trains wait longer for her? No, because the trains stop at
stations for equal times. Moreover, on any given platform they arrive regularly at equally
spaced intervals, so the well known bus paradox does not directly apply.

Which is a better measure, the length of the first train to arrive, or the length of
trains arriving at a prescribed time? The former, yielding the answer 9, might seem more
natural at first. However, the explanation for the differing answers reveals the other to be
meaningful, and perhaps even more so. The data above, in both versions of the paradox,
arise if platform A has trains of average length 12 arriving every 10 minutes, and platform
B has trains of average length 6 arriving at 5 minute intervals. In an extended time period,
recording all the lengths of trains on all platforms will yield 8 as the average.

Returning to the walkers model, when N is even there are many different configu-
rations of walkers that cannot arise from a given initial configuration Vy. Recall that .#
is not ergodic, and that each configuration belongs to a closed class of mutually reachable
configurations (precisely all those configurations with the same parity). The different classes
of states correspond to different platforms in the train paradox. The quantity L,y in Theo-
rem is roughly equivalent to our traveller’s measurement of length of trains restricted
to those days that a train is just arriving. However, the train paradox shows that this is
not the only reasonable measure of average length. Moreover, the situation is even more
complicated, as the train paradox would be if on a given platform several trains could arrive
simultaneously and also the inter-train time periods were variable . The average length of
the first train to arrive would then be affected by any dependence between the length of a
train and the time before the previous train. We wish to study the analogue of the average
length of trains on a given platform: the average lifespan of d-hole lines given the initial
state. If V is divisible by 2 and the initial configuration Vy is conditioned upon, the walk-
ers process is “locked in” to a future in which the (conditional) average lifespan of d-hole
lines may be different from L,,. However, we show that for almost all initial configurations
this average is essentially asymptotically equal to La,. For T € Z*, we define the average
lifespan of the d-hole lines born in [0,7 — 1] to be

T—1
z Z BU,tLU,t

t=0 veV
LT - )
‘{(U7t) : Bv,t - 1}‘

where the denominator runs over all pairs (v,t) € V(Cy) x {0,...,T — 1}. If the denomi-
nator is zero (or the numerator is infinite, which happens with probability 0), the value is
immaterial, and may be defined as 0. Note that Ly is a function of a given trajectory of
the process.
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We show that Ly converges in probability as T' — oo to a random variable which may
depend on the class of the initial state, but nothing else. (Actually, the value is in general
different for different classes.) Define

~ E(Ho | D)

=220 =)
E(By | D)

where U is the random variable which accounts for the closed class in which the initial state
Vo lies. The notation f ~ g a.a.s. used in the following theorem denotes that for all € > 0,
a.a.s. |f/g — 1| < € (see for example [79]).

Theorem 2.5.9. For the walkers model on Cy, Lt converges in probability as T — oo
(with N fized) towards L*. Furthermore, as N — oo, we have L* ~ Ly, a.a.s.

Proof. Let us define the truncated average lifespan of d-hole lines in [0,7 — 1] to be

T—1
Ly = tZOT{IQt
Hy+ Zt:O By
(defined by convention to be 0 if the denominator is 0). As we prove below, this is an
approximation of L.

We first deal with the case that N is even. To prove the result we need to take into
account the class of states containing the initial one, since different starting configurations
of walkers may lead to different expected numbers of holes and births. Let 0 be the random
variable accounting for the closed class of states where the initial state ) lies. We condition
on the value of 2. By Lemma B0l the hitting time between any two states in this class
is finite. Consider the Doob Martingale X, ..., X7 defined by

T-1
) :E<2Ht

t=0

’B,Vo,...Vi_1>, 1=0,...,T.

We have ¥g = TE(Hy | ¥) and X7 = Z?:l H;. (We recall that this last expression is
regarded in the probability space conditional upon the value of .)

From the fact that the expected hitting time between any two states is finite, we
deduce that the differences |3;11 — ;| are bounded above by a constant independent of T'.
Hence as an immediate consequence of Azuma’s inequality we get that, conditional upon
the value of U,

T-1
.1 . .
Th_r)réo T ;0 H, =E(Hy |0) in probability (2.18)
and by a similar argument
T2
lim 1 Hy + E B, | =E(By | U) in probabilit (2.19)
T—oo T 0 =0 t 0 v '

Then, by taking the ratio of [(ZI8) and ZI9), we get that

lim Ly = L* in probability. (2.20)

T—o0
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The case that N is odd is easier. There is just one closed class of states and M (N, w, d)
is ergodic. By the martingale argument as above, we get (noting Theorem LN
— EH,

lim Lp =

Jim E—BO = L,, in probability. (2.21)

Moreover, since H; and B; are at most IV and the expected lifespan of any line is finite, we
obtain
lim Ly — Ly =0 in probability. (2.22)
T—oo
Thus the portions of lifespans omitted in Ly have finite expectation, which is insignificant
since the denominator grows linearly with 7" as shown in (ZI9]).
In order to finish the proof, it suffices to show that as N — oo

L*~ L, a.a.s.

We note that the quantity E(Hy | U)/E(By | ¥) may vary depending on the particular
closed class of states 0. Let us study this in more detail. Let V € U be a configuration.
As in Subsection 202 let us partition the set of walkers W into W7 and Wy according to
the parity of their positions in the cycle. Let us define the imbalance of the configuration
as A(V) = |w; — wa| where w; = |W;|. It makes sense to define A(U) = A(V) since it does
not depend on the choice of V € 3.

We can compute the expectations of S, B and D conditional upon (Vy € U) by
proceeding the same way as in Proposition 5.8l The only difference is that w; walkers
must go to % of the vertices (say those with odd position) and wy must go to the other %
We omit details here since they are fairly tedious but completely analogous to the previous
computations. We note that these expectations do not depend on the particular partition

(W7, W3) but only on the imbalance A(J). In all cases we get the following

E(H | ) _ o (EHo
E(B |T) © (EBO> ' 22)

In fact, for 22 = O(1) we have E(Hy | U) = © (EHy) and E(By | U) = © (EB,). For

% — 00, these two statements are no longer true, but the extra factors in numerator and

denominator of ([ZZ3]) cancel out to within a factor of ©(1).
However, not all imbalances are equally likely. In fact for any € > 0, we have

w

)-p <\w1<vo> Y éw—) < To—o). (22

1+e

P (A(Vo) > w's

1+e

Moreover, for a (typical) class U such that A(%Y) < w™
above, we get

and by the method explained
E(Hy |T) EH
B(Bo|9) BBy
From this last fact together with [(ZZ3)) and ([(ZZ4)), the theorem follows. O

(2.25)

Before stating the main results in this subsection, we need some definitions and a
technical result. Let £ be an event in the static model G(V). We denote by &; the event
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that £ holds at step time ¢. In the (G(Vt))tez model, we define L;(€) to be the number of
consecutive steps that £ holds starting at step ¢ (possibly 0 if E; does not hold, or infinity).
Formally,

o0

Li(&) =Y 1[&] - L]
k=0

Note that the distribution of L;(€) does not depend on ¢, and we will often omit the ¢t when
it is understood or not relevant.

Lemma 2.5.10. Consider any event £ in the static model. If we have that E(L(E)) < 400
(but possibly E(L(E)) — +00 as N — +00), then conditional upon & but not &_1 we have
P(£)

E(L(&E) | &1 N &) = m,

which does not depend on t.

Proof. We have that

Ly +1[& 1] Ly = 1[& 1] + Ly

and taking expectations and using the hypothesis that E(L(£)) < 400 we get

E(1[E_1]L:(E)) = P(E), Vtel.

Using the fact that

B(L(E) | B n &) = EUE1AEIL(E) _ BO[EIL(£))
t A P& 1NE) PE_1NE)

)

the result follows. O

We turn now to connectivity issues, for which we use ([2Z4]). For each t € Z, we define
C: (respectively Dy) to be the event that G(V;) is connected (respectively disconnected).
The next lemma gives the probability that the connectedness of G(V;) changes between
step times t and ¢ + 1.

Lemma 2.5.11. The probability that G(V;) is connected and that G(Viy1) is disconnected

s given by
sl o if 0= o(1),
P(CiADpy1) ~Se " (T+pu—(1+p+A+A2)e ) ifo=0(1),
(14 pe (1 — (1 + p)e ™) if 0= w(1),

where A is defined as in Proposition [222.0.

Proof. In view of (Z4]), we have that P(Ct A Dt+1) = P(Ht+1 >2ANH < 2). Then we can
split this second probability according to the events H; = 0 and H; = 1. Noting that

P(Ht+122/\Ht:0> :P(HtZO/\Bt22>a
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and

P<Ht+122/\Ht:1) :P<St—|—Bt22/\St—|—Dt:1)

:P<St:1/\Bt2 1/\Dt:0) +P<St:0/\Bt 22/\Dt:1),
the result follows from Proposition and Corollary Z5.7 O

One of our main results concerns the expected time that the graph of walkers remains
(dis)connected, after a point in time at which it becomes (dis)connected. Define a discon-
nected period to be a maximal sequence of consecutive time steps for which the graph of
walkers G(V}) is disconnected. Note that if a disconnected period starts at time step ¢,
then L;(D) is the random variable counting the length of that disconnected period. By
Lemma 254, from a disconnected state the graph will always reach some connected one
within finite expected time (for example, one state in which all walkers occupy one of two
adjacent sites). Thus the expected length of any disconnected period is finite (but depend-
ing on N). Formally we define the average length of a disconnected period starting at time
t to be

LDaV = E(Lt(D) | Ct,1 VAN Dt)

By interchanging the words ‘disconnected’ and ‘connected’ and also the events D and C in
the above definitions, we can define connected periods and also LC.,. By symmetry, LD,,
and LC,, are independent of ¢, and so they are functions of N, d and w. The next result
finds their size.

Theorem 2.5.12. For the walkers model on the cycle Cy, the average length of a connected
and a disconnected period of (G(Vt)) satisfy respectively

tez,
21 o7 if o= o(1),
LCay ~ 1+u7(1+1:1f\+/\2)e—A if 0=0(1), and
ﬁ;ﬂﬁ if 0= w(1)
255t if o =o(1),
LDay ~ 1Jr;h(1ei;;1r;:/\2)e—A if o =0O(1),
1 if o =w(l),

where X is defined as in Proposition [Z.2.10.

Proof. Recall that a connected state is reached within finite expected time starting from
any given state, so E(L(D)) < +oo. Then in view of Lemma E5TI0,

P(D)

Do = B(Ly(P) | Coot ADY) = 55— =5

and the asymptotic value of LD, follows from Corollary 267 and Lemma EZ5.T1l The
computation of LC,, is completely analogous. O



70 Walkers on the Cycle and the Grid

It is also interesting to ask how the average length of a (dis)connected period relates
to the initial configuration of the walkers (see the train paradox discussed earlier in this
subsection). As noted previously, if N is odd then .# is ergodic and parity is immaterial.
However, if N is even and the initial configuration is conditioned upon, the (conditional)
average length of these periods may be different from LC,, and LD,,. For T € ZT, we
define the average disconnection time of the graph of walkers in [1,7T] to be

T
51

({te {1,...,T} : Ly(D) > 0}('

LDy =

By changing D to C in the previous definition, we define LCr, the average connection time
of the graph of walkers in [1,7]. We show that LCp and LDy converge in probability as
T — oo to a random variable which may depend on the class of the initial state, but nothing
else. (Actually, the value is in general different for different classes.) Define

P(C|9) . P(D | )
LD* =
PO nG T P(C,_1 AD; | D)’

LC* =

where U is the random variable accounting for the closed class in which the initial state Vg
lies. The following is an analogue of Theorem 2.9

Theorem 2.5.13. For the walkers model on Cy, LDt converges in probability as T — oo
(with N fized) towards LD*. Furthermore, as N — oo, we have LD* ~ LD, a.a.s. The
same statements hold changing D to C.

Proof. We define the truncated average disconnection time of the graph of walkers in [1, 7]
as
T
_ 1[D
DY I
> i=1 1Ci—1 A Dy

The same argument in the proof of Theorem X591 but replacing H; with 1[D;] and B; with
1[C¢—1 A Dy, yields the statement. The proof for LC* is completely analogous. O

2.6 The Grid

In this section, we study the walkers model for My = Ty, the toroidal grid with N = n?
vertices. We can refer to vertices by using coordinates in Z,, X Z,,. For the grid we encounter
significant new obstacles as compared to the cycle; see for instance the Geometric Lemma
below.

For any p € [1,00] and any two vertices u and v in Tx, we define the distance
distgr (u,v) as the minimal /P distance between any two points v’ and v’ in the square grid
such that the coordinates of u’ are congruent to those of u taken modulo n, and similarly for
v and v". Let us fix any such metric for our study of the connectedness of G(V), and write
dist(u, v) for short. We use dist(-,-) to refer to this measure of distance, in distinguishing
it from Euclidean distance. Note that

1
3 distyr (u, v) < dist(u,v) < disty (u,v). (2.26)
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The number of vertices at distance at most d from any given one is h = ©(d?). The exact
expression of h depends on the choice of the metric. Some examples are found in Table

Observation 2.6.1. Assume that d < 2n (otherwise the graph of walkers is always complete).
For each i,j < 4n/d, let v;; denote the vertex in Ty with coordinates (|id/4], |jd/4]). Let
S;j denote the set of grid points closer to v;; than any of the other vy ;. Then there are
O(N/d?) disjoint sets S;; each containing ©(d?) points. The probability that at least one
of these S;; is empty of walkers is at most

O(N/d*)(1 = O(d*/N))" = O(Vw)e HV),

which goes to 0 if d> = Q(N/\/w). Thus, a.a.s. each of these pieces is occupied by at least
one walker, and G(V) is connected.

In view of the observation, we assume for the rest of the section that h = o(N), i.e.
d=o(n). If d = Q(n), then G(V) is a.a.s. connected.

Metric ‘ h
o h=2d(d+1)
0 h ~ 7wd? if d — 0o
£ h=4d(d+1)

Table 2.2: Number of vertices at distance at most d from a given vertex.

We wish to study the connection and disconnection of G(V) in a similar way to the
cycle. For the grid, the notion of hole does not help, and we deal directly with components.
Recall from the introduction that a simple component is one with just one vertex. These
play a major role, and we shall prove that, for the interesting values of the parameters,
a.a.s. there only exist simple components besides one giant one.

Let I' be any given component. The edges of I' are the straight edges joining occupied
vertices in I' of distance at most d. The associated forbidden region Ar is the set of vertices
not in I', but at distance at most d from some vertex in I' (i.e. those vertices which must be
free of walkers for I' to exist as a component). The exterior & of I" is the set containing all
those vertices not in I' U Ap. We partition &r into external regions as follows: two vertices
belong to the same external region when they can be joined by a continuous curve not
intersecting any edge of I'. Figure [Z1] shows a component with different external regions.

Recall that, in the terminology of planar maps, the bounding cycle of a face is a walk
around the boundary of the face. We say that it is positively oriented if the walk keeps
the face to the left. Given an external region &%, let I” be any connected subgraph of T
that has no edges crossing and such that no vertices of I' are contained in the face F' of I
which contains 51’;. Such subgraphs always exist: for instance, take the spanning tree of I
whose length (sum of lengths of edges) in terms of dist has been minimised, and, subject to
this, has the shortest Euclidean length. We refer to the positively oriented bounding cycle
of this face F' as a boundary walk 5 in I' with respect to 5%. Such a walk is mazimal if
the face F' does not properly contain a face of some other subgraph of I' of the same type.
In Figure 29 (1,5,3,7,9,11,13,15,13,12,14, 12,10, 8,6, 2,4, 1) is a non-maximal boundary
walk, and (1,5,3,7,9,11,13,15,13,14,12,10,8,6,2,4, 1) is a maximal one. A maximal one
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Figure 2.7: Component (black), forbidden region (gray), external regions A,
B and C (white)

always exists, because any non-maximal one can be diverted around any face that prevents
it from being maximal. Note each edge in a boundary walk, appears at most twice, once in

11 13,

— 11

10 12

14

Figure 2.8: The boundary walk

each direction.

For i < n, let us call a v-band of width i to any subset of T defined by {a,...,a +
i — 1} X Zy,. Similarly, we define a h-band of height j. Define a rectangle of width i and
height j to be the intersection of a v-band of width ¢ and a h-band of height j. We can
compare vertices in a rectangle according to their coordinates, and use statements such as
vy 18 more left than vy or vs is an uppermost vertex in the rectangle.

We say that a component I with at least 2 vertices is embeddable if all of its vertices
are contained in a rectangle of width n — 2d and height n — 2d. In particular, this implies
that I' contains no non-separating cycle of the torus. For a given embeddable component
I', we define its origin as the leftmost of the lower-most vertices of I'. The outside region
of an embeddable component is the only external region of the component having vertices
outside any rectangle containing the component.

On the other hand, these components which are not embeddable wrap around the
torus, and must be large. In fact, each of such components must contain at least ©(n/d)
vertices. Note that sometimes several non-embeddable components can coexist together.
However, there are some non-embeddable components which are so spread around the torus
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that do not allow any room for other non-embeddable ones. We call these components
solitary. Formally, a non-embeddable component is solitary if it is not the subgraph of
some graph of walkers containing more than one non-embeddable components. Note that
this property is simply determined by the subgraph of the toroidal grid remaining when
the component and the vertices of distance at most d from it are deleted. By definition
we can have at most one solitary component. We cannot disprove the existence of this
solitary component, since with probability 1 —o(1) there exists one giant component of this
nature. For components which are not solitary (i.e., either embeddable or non-embeddable
but able to coexist with other non-embeddable ones), we will give asymptotic bounds on
the probability of their existence. We will show that, under certain conditions, they seldom
occur, so we just find a few simple components and a giant one which is solitary.

Let X, Y and Z be respectively: the number of simple components; the number of
embeddable components; and the number of non-embeddable components which are not
solitary.

2.6.1 Static Properties

In this subsection, we study the connectedness of G(V) in the static situation for the case
Mpy = Ty; in particular, we analyse the behaviour of X, Y and Z. To examine the
connectedness of G(V), we need to redefine the p used for the cycle. For the remaining of
Section 8 let = N (1 — e~9) e "2, Hence

we~he if p =o0(1)
p~ 4 N(1—e2ehe if p=0(1),
Nehe if o = w(1).

We first characterise the number of simple components in terms of u.

Proposition 2.6.2. The expected number of simple components of G(V) for Tn satisfies

B\
EX ~N(1—-e79) (1_N> .
Furthermore,
(i). if p — 0 then EX — 0 and there are no simple components a.a.s.,
(ii). if p — oo then there exist simple components a.a.s. (and G(V) is disconnected),

(i3). if w = ©O(1) then X is asymptotically Poisson with mean .

Proof. We repeat the proof of Theorem in the present context. To compute E[X],
we focus on the set T1 = {(vy,...,vg)|dist(v;,v;) > 2d if i # j}, with size |T1| ~ N*.
Applying Lemma EZZ2, we obtain

k
E[X]; ~ [N (1 — e70) e hetOw/N%) |7 (2.27)

Comparing with (1), the rest of the proof is as for Theorem O
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From part (ii) of the proposition, if hp = O(1) then p — oo and G(V) is disconnected
a.a.s. In view of this, we may restrict to the condition hp — oo in the study of embeddable
components and non-embeddable components which are not solitary.

Given a boundary walk 5 = (v1,...,v;) we define its length as the sum of the distances
(using the chosen metric) between consecutive vertices in 3.

length(ﬁ) = Z dist(?)i,?}i+1)

1<i<k

We shall write length, () when we want specify that we are measuring distances in ¢P.
Similarly we define length, (3) (the vertical length) as the sum of the differences between y
coordinates of consecutive vertices along the cycle, and length (/3) (the horizontal length)
using x coordinates in the same way.

The next lemma relates the size of the forbidden region outside a boundary cycle of a
component to the length of the cycle, and will play a key role in proving the main results.

Lemma 2.6.3 (Geometric Lemma). Let T be a component in T with B one of its mazimal
boundary walks, and | = length(3) its length. Assume that T' has at least two occupied
sites. Then the size of the forbidden region Ag outside 3 is bounded below by |Ag| > dl/J,
for some sufficiently large constant J. Moreover, if I' is rectangular, and 3 is a mazimal
boundary walk with respect to the outside region, we have |Ag| > h+dl/J.

Proof. For convenience we take J = 100, though probably without large modifications the
proof method will yield the result for J = 1000. Observe that in the 3 x 3 subgrid centred
on the endpoint of an edge of 3, there must be at least one vertex in the forbidden region
outside (; otherwise the boundary walk can be re-routed to contradict its maximality. Each
point of forbidden region can be counted in this way at most 8 times. Thus the forbidden
region has size at least [/(8d). This implies the first statement in the lemma provided that
8d* < 10'°.

Throughout this proof, all distances referred to are measured using dist(-). For the
second statement in the lemma, we begin with the fact that for a rectangular component,
there are “caps” of empty region of size at least h/2—d on top and bottom of the component,
being the set of grid points within distance d, but above the leftmost point of I" of greatest
vertical coordinate (or below the leftmost of least vertical coordinate). Without loss of
generality, we assume that the component has vertical height greater than 1 (otherwise, we
may interchange “vertical” and “horizontal”). Then there are also intervals of empty region
of length d projecting outwards from the left- and right-most vertices of the top level of
I'. These caps and intervals account for an forbidden region of size h, but use up some of
the forbidden region counted in relation to ends of edges of  in the argument above. The
number of end-vertices of edges of 3 that are involved in the region of size h described is
at most 4d + 2 and there is still at least one end-vertex of an edge of 8 not involved (the
rightmost one in the bottom row of I', say — we cannot claim two vertices here because
it might be the same as the leftmost one) which means the above argument is valid if the
bound on the size of the forbidden region is reduced by a factor of 4d + 3. That is, the size
of the forbidden region is at least h + [/8d(4d + 3). So the second statement in the lemma
holds provided that 8d?(4d + 3) < 10'°. Hence we may now assume that d > 400.

Choose k = [%01. Then k < (d 4 99)/100 < (d/100)(1 + 99/d) < d/80. Assume
without loss of generality that for the boundary walk 8 we have length, (3) > length(53)/2.
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We place intervals of length k (note that all the ¢, metrics measure these intervals the
same) horizontally along all grid lines from a maximal boundary cycle towards the outside.
Those starting from a vertex of 8 point towards the outside according to the previous edge
of B. (We assume (3 is oriented in some direction.) We delete any intervals that touch the
boundary cycle in two or more places. Then each remaining interval will touch k vertices
of the forbidden region outside 3, and each such vertex will be touched by at most two
different intervals. (Two intervals coming from opposite directions may touch the same
vertex.)

We need to bound the number of intervals which were deleted. Call an edge of I' short
if the distance between its endpoints is less than d/4, and long otherwise. Suppose that an
interval (that is to be deleted) touches a short edge at a point E and a point F' on another
edge of 3, with the part between E and F in the exterior of 5. Suppose that F' has distance
at most d — d/4 — k from both end-vertices of its edge. Then by the triangle inequality each
end-vertex (say P and @) of that edge is of distance at most d from each end-vertex (R
and T') of E’s edge. Thus the quadrilateral PQRT (or triangle, if two points coincide) has
diameter at most d, and thus the walk § can be changed to make a smaller face “outside”
(meaning the side which was minimised). This can clearly be done also if other parts of
enter this quadrilateral, contradicting the maximality of 3. Thus, F' has distance at least
d—d/4—Fk > 2d/3 from one of the end-vertices of its edge. So F’s edge is long, or, if F' lies
on more than one edge, they are all long.

We call a middle interval any interval originating from a long edge from point at least
1/8 of the length of the edge from each end. Suppose that such a middle interval originating
at a point E (called a middle point), on edge e of 3, is deleted. Then it hits some other edge
f at a point F' of horizontal distance at most k from E. If f has an end-vertex of distance
less than d/8 — k > d/8 — d/80 > d/9 from F', we get a contradiction as above. Since e is
long, its end vertices have distance at least d/32 from E. Since e and f are straight, either
point on e of distance rd/32 from E, for any r > 0, has horizontal distance at most (r+ 1)k
from f or the extension of f. (Furthermore, note for later that every pair of points on e and
f at the same vertical coordinate have distance at most 32k apart.) It follows that the end
vertices P and R of e and f above the line EF' have distance less than d, as do the ends @
and T below (or on) the line EF. If either P = R or () =T we now obtain a contradiction
as before by re-routing 5. A similar contradiction arises if either PT or QR has length at
most d. So, picturing e and f with the line FF as making a near-perfect but very thin “H”,
the distances along the H from P to T and from ) to R are both greater than d. Thus
the sum of lengths of e and f is at least 2d — 2k (since the edge E'F' is included twice in
these distances) and so each of e and f has length at least d — 2k, and the lengths of the
arms of e and f above EF differ by at most k (as for the arms below EF). It follows that
both PR and QT have length at most 34k (recalling the observation above about horizontal
distance), which is at most d/2. Without loss of generality, PR is not an edge of 8. This
again contradicts the choice of (3, either by shortening it at PR or, if another edge of
crosses PR, by joining P or R to an end of such an edge. We conclude that no middle
intervals are deleted. Moreover, this shows that the point F' in the previous paragraph
cannot be a middle point. So every interval starting at a short edge that is deleted first
hits a non-middle points of a long edge. Such a point can be hit by only one interval from
a short edge unless it is a vertex of §, in which case it can be hit by two intervals. Thus
if 71 is the number of intervals starting at short edges that are deleted, j; is the number
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of long edges of 3, and js is the number of non-middle intervals originating at non-ends of
long intervals,
i1 < 451+ Jo.

Moreover, since no middle intervals are deleted, the number iy of intervals originating on
long edges that are deleted similarly satisfies

io < 4j1 + Jo.
If j3 is the total number of intervals before any deletions occur, we clearly have
jo < js/4
and also since long edges have length at least d/4,
Js > length, (3) > length(53)/2 > j1d/8. (2.28)

Combining these gives

. . ‘ ‘ . (64 1 ‘
i1+i2 < 81+ 2j2 < Jjs <E + 5) < 3js/4
which shows that at least js/4 of all the intervals are not deleted. These intervals each
cover k > d/100 vertices of the forbidden region, at most two covering any one such vertex,
so the first part of the lemma follows for d > 400, using (Z28).
For the second claim of the lemma when d > 400, we may again add the caps of size
h — 2d but also two extra intervals of length d at the sides: assuming that 3 is oriented in
the clockwise direction, the intervals of length k projecting from the left-most vertex in the
bottom level of I', and from the right-most vertex in the top level, are not used. It is here
that extra intervals of empty region of length d may be found. O

The next lemma will be used to show that non-embeddable components which are not
solitary are rare.

Lemma 2.6.4. Let T" be a component which is not embeddable and not solitary either. Then
I’ has a maximal boundary walk 5 with length(3) > n — o(n).

Proof. Let us divide Ty into [ g7 ] v-bands ¢y, ... €l of width > d + 1, and similarly
into | 77| h-bands r1,... T of width > d + 1.

Let I' be a component which is not embeddable and not solitary either. Since I' is
connected, the v-bands (or h-bands) not containing vertices of I' must be consecutive. If
there were at least 2 consecutive v-bands and at least 2 consecutive h-bands without vertices
of I, then I' would be embeddable since I'' would be contained in the complementary of the
v-bands and h-bands. Hence, at most one v-band and some consecutive h-bands (or at most
one h-band and some consecutive columns) may be without vertices of I'. From the fact that
I is not solitary, let us assume that I' coexists with another non-embeddable component I".

Case 1. Let us suppose first that ' has no vertices in more that one v-band or h-band
(v-band without loss of generality). Let ¢;, ¢ca be two consecutive v-bands not containing
vertices of I'. Hence all h-bands, excepting at most one, contain vertices in I'. For each
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such h-band r;, choose a vertex v; in I'Nr;. We can also find some vertex w; in (c; Ucg) N7y
such that w; is at distance > d+ 1 from any vertex in I'. By this construction, all w; belong
to the same external region of the component. Let 8 be any maximal boundary walk of "
with respect to this external region. Then, the straight line joining v; and w; must intersect
an edge of 3, part of the edge contained in r;. Hence, § crosses all h-bands except at most
3 and length(5) > n — 4d — 3.

Case 2. On the other hand, let us suppose that I" has vertices in all v-bands and h-bands
except for at most one of each. Without loss of generality, the other component, I, has
vertices in all v-bands except for at most one. Thus, there are at least L#lj —2 v-bands with
some vertices of both components. For each such v-band ¢;, let us take vertices v; € I'N¢;,
w; € IV N ¢; and join them by a straight line. Notice that all the w; belong to the same
external region of I', and let 8 be any maximal boundary walk with respect to this region.
Then the line joining v; and w; must intersect an edge of G, part of the edge contained in
¢;. Hence, (3 crosses all v-bands except at most 4 and length(3) > n — 5d — 4. U

The next technical result shows that simple components are predominant a.a.s. in 1.
The proof uses the Geometric Lemma.

Lemma 2.6.5. If hp — oo, then EY = o(EX) and EZ = o(EX).

Proof. Let us first estimate the expected number EY of rectangular components with more
than one vertex.

Notice from (Z26)) that the ¢!-length of the edges of any boundary walk of a component
are integers between 1 and 2d.

Let B be the set of walks in Ty which are (for some configuration of the walkers) a
maximal boundary walk of some embeddable component with respect to its outside region.
For each 8 € B, choose a rooted spanning tree T'(3) of the graph induced by the edges of
8. Note that given any such tree T" of m vertices, we may recover 3 by joining certain pairs
of vertices (with no edges crossing). The edges added are just diagonals added to a face of
degree 2m — 2.

For each vertex v € V, natural m > 2 and tuple I = (ly,...,l;—1) of naturals
1 <1; <2d, let By, be the set of all 3 € B such that T'(3) has m vertices, is rooted at
v and has edges of /'-lengths 1, ...,l,,_1. The number of such trees is at most H;n:_ll 1615,
where a factor 4™ comes from the number of rooted plane trees, and each factor 4/; is the
number of vertices of ¢! distance l; from a given vertex. Therefore,

m—1

Bomal < T] €1, (2.29)

J=1

where C is constant, and also clearly

EY < > > PYz=1), (2.30)
veV BEBv,m,l
m>2

1< edm—1<2d

where Y} indicates the event of having some embeddable component with 3 being a maximal
boundary walk of the component with respect to its outside region.
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By Lemma [ZG3), the size |Ag| of the forbidden region outside /3 is an integer bounded
below by h + dl/J, where | = length(3). For technical purposes we consider a subset of
Ag of size h + [dl/(2J + 1)], representing an region free of walkers. By Lemma EZZ3] and
noting that & > 1/2 and hence p < 2p, we obtain an upper bound for the probability of
this emptiness occurring and the m vertices in 8 being occupied. Since this is necessary for
the event Y3 to occur, we have

P(Ys=1)=O(1 — e ) (20)™! <1 — %)w
=01 — e 9)(20)™! <1 - %)w g4/ (2J+1)]e (2.31)

since a < 1. Furthermore, let I’ =1y + - -+ + [,,_1. Then since the spanning tree has length
no more than the length of 3, length, () > I’. By (228, we have [ > 1’/2, and hence we
get

P(Ys=1)=0(1 - e 9)(20)"" <1 — %)w e e/l (2.32)

where J' = 2(2J + 1).
From (Z30), ZZ9) and Z32), we get

m—1 w
sr-om Y v (Tlen)a-eneot (1o k) e
j=1

m>2
1<l hlm—1<2d

Therefore, using Proposition for the asymptotic value of EX,

EY/EX=0(1) > H Cly | (20)m e el
m>2
1<ly oo lm—1<2d

o 2 m—1
=0(1) Y <EdeQekd9/"/> . (2.33)

m>2 k=1

In the case where do — 0o, we have ge~¢% = o(max(1, 9)) = ( ) and hence EY = o(EX).
In the case where dp = 0(1), we use Y ;g kc=ekde = O((dp)~?) and [233) gives

EV/EX =0(1) Y (%)ml _0 ( ! > — o) as d’o— oo

h log w

To prove EZ = o(EX), from LemmaZG6.7], each component counted by Z has some maximal
boundary walk ( with length(3) > n — o(n). If we apply Lemma to this £, we
have |Ag| > ld/J, where | = length(3). Using d = o(n) (since h = o(N)), we have
|Ag| > h +1d/2J for large N, and we then proceed similarly as for Y. O

Finally we derive the main result of this subsection.
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Theorem 2.6.6.
(i). For pn — oo, G(V) is disconnected a.a.s.

(7). For pp = O(1), a.a.s. all but one components of G(V) are simple, and the number X
of simple components is asymptotically Poisson with expected value .

(11i). For pn — 0, G(V) is connected a.a.s.

Proof. From Proposition 2262, if 4 — oo, then G(V) is disconnected a.a.s. In the other two
cases, 1 = O(1) and we must have hp — oo. In this case we can apply Lemma 260, and
get

PY >0) <EY =0(EX)=0(1) and P(Z >0) <EZ =0(EX) =o0(1).

Thus, a.a.s. we only have simple components and at most one solitary component. The rest
of the theorem follows from the asymptotic distribution of X given in Proposition Z62 O

The theorem immediately gives the following.

Corollary 2.6.7. P(G(V) is connected) = e* + o(1).

2.6.2 Dynamic Properties

According to the model, from an initial random placement of the walkers, at each step,
every walker moves from its current position to one of its neighbours, with probability 1/4
of going either way. This is a standard random walk on the grid for each walker. We wish
to study the connectivity properties of G(V;). The analysis of the dynamic case is quite
similar to that of the cycle, so we state the major results, and point to the differing details
in the proofs.

We define states (or configurations) and the graph of configurations in an analogous
way to the cycle (see Subsection EZ5.2)). In this case, there are N* = n?¥ different con-
figurations of walkers, each one represented by a vector V = (vq,...,vy) € (Zn X Zy)"
where v; = (vjz,viy) indicates the label of the vertex being occupied by walker i. Given
a configuration V = (v1,...,vy), there exists an edge between V and all configurations
U = (ui,...,uy), such that dist(v;,u;) = 1 for all ¢ € {1,...,w}. Thus, any configuration
has 4" neighbours, and the relationship of being neighbours is symmetric. As in the case of
the cycle, the dynamic process can be seen as a random walk on the graph of configurations,
thus a Markov chain .# = (V;)tez.

For N even, given any two configurations U and V, we say that they have the same
parity if for all i and j, (w; » — wjz)+(Uiy — Ujy) = (Vig — Vjz)+(Viy —v;,) mod 2. With
this definition of parity, Lemma 5.4l and its consequences also apply to the grid. Then,
if N is odd .# is ergodic, and if N is even there are 2¥~! closed classes of states, where
each class consists on all configurations with the same parity. The Markov chain restricted
to any of these classes of states is irreducible, positive recurrent, but 2-periodic so we don’t
have ergodicity.

Observation 2.6.8. Using the same argument as in Observation B0 for any fixed ¢, we
can consider V; as a static V.
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In view of this observation and Theorem 6.6l we assume p = ©(1) for the remaining
of the subsection. This covers the non-trivial dynamic situations where G(V) is neither a.a.s.
disconnected nor a.a.s. connected. Moreover in this subsection, we exclude the analysis for
the case d = 1, for technical reasons. Hence, assume hereinafter that d > 2.

Let us first focus on the study of simple components. We define X = X; to be the
random variable that counts the number of simple components at time step ¢t. Given our
assumptions about y, for ¢ in any fixed bounded time interval, X; is asymptotically Poisson
with expectation p = ©(1), as studied in Proposition ZZ6.2

In analogy with d-hole lines in Subsection Z0.2], we define a simple component line to
be a maximal sequence of pairs (v1,t1),..., (v, t) where v; is a simple component existing
at time step ¢; for 1 < ¢ < [, and such that t; = t;_1 + 1 and the vertex v; is adjacent to
v;_1, for 2 <+ < [. Birth, death and survival of lines, and the random variables B;, D; and
S; are defined analogously to the cycle case.

The following results will involve two consecutive time steps ¢t and ¢+ 1. As discussed
in Section [Z7] this can be modelled as an assignment of walkers into arcs in A = A(Ty).
We need some definitions: For each arc e = (vi,v2) € A, define 71(e) = v; and ma(e) = va.
Note that for any set S of vertices Size(n;(S)) = Size(m, '(S)) = Size(S). Given any
v € V, let 'H, be the set of vertices at distance between 1 and d from v. Observe that
Size(H), = h. In addition, define H, = 7 ' (H,) and H, = 75 (H,), i.e. the sets of arcs
with origin/destination in H,. Finally, for each arc e = (v1,v2) € A, let B. = 7/'22)2 \ﬁvl and
B\é = Hy, \7/{\;2 By symmetry, we have that Size(B.) = Size(B\é) and this quantity does not
depend on the particular e, so let us denote it by b. In other words, b is the number of arcs
whose origin is a vertex at distance strictly greater than d from v; and whose destination
is at distance at most d from vs. This new parameter turns out to play an important role
in the characterisation of the dynamic properties of the graph of walkers. We have that
b = ©(d), but the exact expression of this b depends on the particular chosen metrics. Some
examples are found in Table

Metrics ‘b

o b=2d+1/2

? (p<oo) | b~ (1/92+3/2)d, if d — o0
> b=3d+1

Table 2.3: Parameter b.

Here is a technical result

Lemma 2.6.9. There exists ¢ > 0 such that for any vi,ve € V(Tn) with distA(vl, vy) >d—2
we have Size(Hy, UH,,) > (1+€)h, Size(H,, UH,,) > (1+€)h and Size(H,, UH,,) > (1+¢€)h.

Proof. We prove Size(H,, U 7?(;,2) > (14¢€)h. The other two bounds are verified analogously.
Suppose first that d > R, for some large enough but fixed R. Let S be set of vertices in H,,
which are at distance at least d+2 from v;. Observe that Size(S) > h/4 and that 7, ! (S) and
H,, are disjoint. Then Size(Hy, UH.,) > Size(Hy, Uy H(S)) = Size(H,, ) + Size(S) > 5h/4.

Otherwise suppose that d < R. Then h < 10R? for any ¢? distance we are considering.
Recall that d > 2 so we can just guarantee that dist(vi,v2) > 0. Let vz be the vertex in
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H,, which is at greatest distance from vy. At least one arc in 7, ! (v3) must be in 7/{\;2 \ﬁvl.
Then Size(Hy, UHy,) > h+1> (14 1/(10R2))h. O

To state the following result, we need one more definition: Given a collection of
events &1(N),...,E(N) and of random variables Wy (N),...,W;(NN) taking values in N,
with £ and [ fixed, we say that they are mutually asymptotically independent if for any
K Ui, o i, g1y jiswi, ... ,wpy € Nsuch that ¥ < k, I/ <[,1<i; < -+ <ip <Kk,
1 <51 <+ < jy <1 we have that

k' U k' U
p(Asun A0 =) ~ TTRE [P0~ (29
a=1 b=1 a=1 b=1

We next have a result analogous to Proposition EL5.61

Proposition 2.6.10. Assume p = O(1). Then for any two consecutive steps,

w if do = o(1),

ESt ~ ,ue_bg Zf dQ = ®(1);
AL e O ey if do = w(1),

boj if do = o(1),

EB; =ED;~ ¢pu(l1—e) ifdo=06(1),
1 if do = w(1).

Moreover we have that

(i). If do = o(1), then P(B > 0) ~ EB; P(D > 0) ~ ED; S is asymptotically Poisson;
and (B >0), (D > 0) and S are asymptotically mutually independent.

>
(ii). If do = O(1), then B, D and S are asymptotically mutually independent Poisson.

)
(7ii). If do = w(1), then B and D are asymptotically Poisson; P(S > 0) ~ ES; and B, D
and (S > 0) are asymptotically mutually independent.

Proof. The central ingredient in the proof is the computation of the joint factorial moments
E([S]¢, [Ble,[D]e,) of these variables. In particular we find the asymptotic values of ES, EB
and ED. Moreover, In the case do = ©(1), we show that for any fixed naturals ¢, ¢5 and
{3 we have

E([S]e,[Ble,[Dle,) ~ (ES)* (EB)(ED)". (2.35)

Then, the result follows from Theorem 1.23 in [I5]. The other cases are more delicate
since ([Z30) does not always hold for extreme values of the parameters, and we obtain a
weaker result. In the case dp = o(1), we compute the moments for any natural ¢; but only
for £9, 05 € {0,1,2} and obtain

he
=
=
S
2
G
2
[
=
[
S

if £y, l3 < 2,
[S]hB [D]ﬁza))a
[S]e, [Bl2D)). (2.36)
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From this and by using upper and lower bounds given in [I5], Section 1.4, applied to several
variables, we deduce that S, (B > 0) and (D > 0) satisfy (Z34]) and also

E k
P(S =k) ~ eES% VkeN, P(B>0)~EB and P(D >0)~ED.
Similarly, in the case dp = w(1), we compute the moments for any naturals ¢, and ¢35 but
only for ¢; € {0,1,2} and obtain
E([S]& [B]b [D]53) ~ (ES)Zl (EB)EQ (ED)£37 if 6 <2,
E([S)2[Ble[Dles) = o(E(S [Ble,[Dles))- (2.37)

From this and by using once more upper and lower bounds given in Section 1.4 of [T5], we
conclude that (S > 0), B and D satisfy (Z34)) and also

k
P(S>0)~ES, P(B=k)~e B8 (E]f) Vk €N

k
and P(D=k)~ eED% vk € N.
In order to compute the moments, we first describe the survivals, births and deaths of simple
components from a static point of view, in terms of occupancy of some regions (sets) of arcs
in A(Tn) by walkers. A summary of these descriptions is given in Table 4l Recall that we
are assuming that d > 2. The case d = 1 is slightly different since one simple component
can split into four simple components in one step. This case is not covered here.

Let us first deal with survivals. A simple component on vertex v survives between
time steps t and ¢ + 1 iff exactly one arc e = (v,%’) in 7wy *(v) is occupied and H, U 'ﬁ;, is
e.0.w. (as shown in Figure Z9)). Therefore, there are four ways to achieve this, one for each
choice of e.
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Figure 2.9: Survival of a simple component line at vertex v

There are 15 ways that a simple component line can be born at v between time steps
t and t + 1. We classify these events in four main classes, as shown in Figure

bl There are four births which correspond to this class: Exactly one arc ¢’ = (u,v) in
Ty 1 (v) is occupied, B!, is also occupied, and H/, is e.o.w.
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b2 There are six births which correspond to this class: Exactly two arcs in 7, !(v) are
occupied, and H,, is e.o.w.

b3 There are four births which correspond to this class: Exactly three arcs in my L(v) are
occupied, and H] is e.o.w.

b2 There is one birth which corresponds to this class: All arcs in m, 1(1)) are occupied,
and HJ, is e.o.w.
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Figure 2.10: Birth of a simple component line at vertex v

Similarly, there are 15 events (classified in four classes) leading to the destruction
of a simple component line at v, according to the following descriptions and as shown in

Figure EZTT1

dl There are four destructions which correspond to this class: Exactly one arc e = (v,u)
in 7 1(v) is occupied, B, is also occupied, and H, is e.0.w.

d2 There are six destructions which correspond to this class: Exactly two arcs in 7] L(w)
are occupied, and H,, is e.o.w.

d3 There are four destructions which correspond to this class: Exactly three arcs in
7' (v) are occupied, and H,, is e.0.w.
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d2 There is one destruction which corresponds to this class: All four arcs in m; *(v) are
occupied, and H, is e.o.w.
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Figure 2.11: Destruction of a simple component line at vertex v

Given any v € V(Ty), for each of the four possible ways that a simple component
line can survive at vertex v, we define the corresponding indicator random variable S,
a € {1,...,4}. Similarly, for each of the 15 possible ways that a simple component line
can be born (die) at vertex v, we define the corresponding indicator random variable BS
(D2), a € {1,...,15}. Hence, S, = 322 8% B, =S5 BY and D, = 3215 | D2 are the
indicator variables for a survival, birth and death, respectively, at vertex v.

Fix any naturals £, ¢ and £3, and call £ = & + € + 3. Let A= ({1,...,4})" x
({1,..., 15})Z2+£3, and let 7 be the set of all /-tuples of different vertices in V(Tx). Given
a= ()i, € A and v = (v;){_, € T let us define the event

Ean = (;1\(531_1' = 1)) A ( Zl/+\£2 (B = 1)) A ( /\ (D% = 1)). (2.38)

=1 i=£1+1 ’i=£1+£2+1
This allows us to express the joint factorial moments as

E([S]a[Ble[Dle) = > Y PlEaw). (2.39)

veT €A
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Ways | Size empty region | Sizes non-empty regions

Survival 4 h+0b+3/4 1/4

Birth bl 4 h+3/4 1/4, b
Birth b2 6 h+1/2 2x1/4
Birth b3 4 h+1/4 3x1/4
Birth b4 1 h 4x1/4
Death d1 4 h+3/4 1/4, b
Death d2 6 h+1/2 2x1/4
Death d3 4 h+1/4 3x1/4
Death d4 1 h 4x1/4

Table 2.4: Event descriptions according to their occupancy requirements

In order to compute P(Eq ), we partition the set of tuples 7 into three disjoint classes:
Let 75 be the set of tuples v € T such that all pairs of vertices in v are at distance greater
than 2d + 4; Let 71 be the set of tuples v € T \ T 5 such that all pairs of vertices in v are
at distance greater than d — 2; Finally, define Tg =7 \ (71U 7T 2).

First observe that if v € T then P(€q,,) = 0, since some pair of different vertices in
v are at distance at most d —2 and this is not compatible with £, .. Now given any v € T,
notice that the regions involved in the descriptions of the events (S = 1), (B = 1) and
(Dgi = 1) are disjoint for any choice of a.. This allows us to compute P(€4+) by applying
Lemma to these regions, whose sizes are listed in Table Z4 For each j € {1,...,4},
let a; be the number of entries «; of a with 1 +1 < i < £ which correspond to births of
class bj or to deaths of class dj. Observe that P(€q,,) does not depend on the particular
v € T4 or on the order of the entries of «, but only on a = (ay, a9, as,as). Hence we can
denote this probability by P,, and it satisfies

Py ~ e—hot [(1 . efg/4> 67(b+3/4)9] 121

(1) (1) ] (1]

a4

{(1 - e*é’/“)g e@/‘*} " [(1 - e*0/4) 4} . (2.40)

From this and also by using

by + U3
2. Plan) = 2 (a wp. g,y )26 Pa
o a1+az+az+as=~La+L3 1, &2, 43, &4

a2

we obtain the contribution to E([S]s, [B]s,[D]e,) due to tuples in Ty

Z Zp(gaw) ~ ((1 - e’g/4> Ne*hg)e {467(b+3/4)g] 4

veTy o

[4 <1 _ e—bg) e=30/4 4 g (1 _ 679/4) e—0/2y
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4 (1 - e—@/4>2 e=o/4 4 <1 - e—9/4) (2.41)

3 ] Lo+L3
Recall that the assumption = ©(1) implies hp — oco. Thus, in the cases when o = O(1) we
must have d — oco. Taking this into account, we get an equivalent but simpler asymptotic
expression to that in (ZZ1]) by considering separately the cases in which g and dp are o(1),
O(1) or w(l).

— b
D G A B (e D

veETy @

It just remains to bound the weight in E([S]s, [B]e,[D]es) due to tuples in 771. This contri-
bution is negligible in some cases, but unfortunately it may be larger than (ZZ2) for some
extreme values of the parameters. We analyse separate cases according to the asymptotic
behaviour of dp.

Case 1 (do=©(1)). Since g = o(1), from [ZZZ) we can write

S S PEan) ~ [e—’wu] " [(1 - e—b@> u} ot (2.43)

veTy o

Let us fix a tuple v € 71 and also o € A. For each i, 1 <1i < /{1, let ¢; = (v;,v]) be the arc
involved in the description of S7. Then consider the set of arcs

12 l1+1Ls l
A= (U)o U m)n( A ).

i=1 i=1+1 i=l1+La+1
Note that £q , implies that H is e.o.w. Unfortunately since v € 71 the sets of arcs involved
in the definition of H may not be disjoint. In order to bound Size(ﬁ) we need one definition:
We say that a given vertex v; of v is restricted if there is some other v; of v with j <4 and
such that dist(vs,v;) < 2d + 4. Let r be the number of restricted vertices of the tuple v,
and observe that r > 0 since v € 7. Then Size(?—A[) > (£ — r + €)h, since each unrestricted
vertex contributes /& to H and the first restricted one gives the term eh (see Lemma EZG.0).
Therefore

: T\ \w - ¢ —(0—r+e w'e
P(€aw) < (1 —Size(H)) <1 —e 9/4) = O(e~mrFahety — O <W> .
But the number of choices for v with r restricted vertices is O(N*~"h"), and this con-
tributes to E([S]s, [Ble,[D]e,) only O((he)"/w) = O(log" w/w), which is negligible com-

pared to (ZZ3)).
Case 2 (do = o(1)). From ([ZZ2) we can write

S ST P(Eaw) ~ i (bop) (2.44)

veTy, &

Let us fix a tuple v € 77 and also a € A. Define H and restricted vertices as in the case
do = O(1), and let 7 > 0 be the number of restricted vertices in v. Let v; be the set of
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vertices in v which correspond to a birth or death of class b1 or d1 in the description of £q 4,
and call vy to the set of the remaining vertices in v not in v1. Recall that |vi| = a1 < ly+/3.
For each vertex v; € v; which must undergo a birth according to €4 v, let €; = (u;, v;) be the
arc involved in the description of Byi and call B\:Z = B\él Similarly for each vertex v; € vy
which corresponds to a death, let e; = (v, u;) be the arc involved in the description of Dgi

and call B\:z = B\ei. Note that £q . requires that B\; and e; are occupied for all v; € v1. In

order to describe the different ways to achieve this, we need some definitions: Given some

in vy, we say that they interfere if /\f:1 By, # (. Obviously, they must
J

vertices v, ..., v,

be restricted except possibly for the one with smallest index. If e; € g;jl for some pair of
vertices v;,v; € v1 we say that v; and v; collaborate. Notice that for v;,v; to collaborate,
either /1 +1 < 4,5 <ty +4lyor ly+40+1 <45 <L Moreover the one with highest
index is restricted. We first suppose that for our choice of v and a there are no vertices
in v; which collaborate, and study only how Eq 4 is affected by interferences of vertices.
Let & = Z(a,v) be the set of all partitions of v; into disjoint sets (called blocks) with
the following property: If P € & then the vertices of each block of P interfere. Given
P=A{P1,....P} € & and fi,..., fi different arcs in A(Ty) such that f; € /\vier 8\517 we
define the following event £q 4 p f: All arcs in f = (f1,..., fi) are occupied, and moreover
Eayw holds. Observe that £, implies that £q 4, p ¢ holds for some P and some f, so we
wish to compute P(Eq v p,#). Let us call leader to the vertex in each block P; with smallest
index, and let 7’ be the number of restricted vertices which are either leaders of some block
or belong to v \ v1. Then there are r = a; — k + 7’ > 0 restricted vertices and, by the same
argument as in the case do = ©(1), we deduce that Size(H) > ({—r+e€)h (see Lemma FZG0).
Therefore,

_(f— w" €
P(ga,'v,P,_f) — O(e (¢ r+e)h092+k+a2+2a3+3a4) =0 <W9k+a2+2a3+3a4> .

Observe that if the values of @ = (a1, as,a3,a4), 7 and k are given, the number of
possible choices for o, v, P, f is O(N*""h"'b*). Hence the contribution to E([S], [B]s,[D]e,)
due to tuples v € 71 in which no pair of vertices collaborates and with these particular a,
r and k is

O(szrhrlbal)O <w]7\;5 Qk+a2+2a3+3a4> -0 <10i;w(b9)al Qa2+2a3+3a4> ,

negligible compared to ([ZZ4]). In particular, if ¢2, ¢35 < 2, then no pair of vertices in v; can
collaborate and the first line in (Z36) follows from (Z39) and (ZZ4).

Finally we must deal with tuples v € 71 in which some pairs of vertices collaborate.
Unfortunately, the weight in ([Z39) due to these terms is larger than (ZZ42)) when dp tends
to 0 fast. Hence we restrict £2 and ¢3 to be at most 2 and prove only [ 36]). Suppose that
¢y = 2 and that v € 7T is such that vy, 41 and vy, 19 is the only pair which collaborates.
Then at least vy, 42 must be restricted. By repeating the same argument as above, but
considering partitions of v1 \ {ve, +1,ve, 42} rather than v; and taking into account that the
number of choices for v; and v; is O(bN), we deduce that the contribution of these tuples

to (Z39) is
) <M> =0 ((bg)lJrZS) .

we¢
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Similarly, if /3 = 2 the weight in [(Z39) due to tuples v € 71 in which vy, 44,41 and vy is
the only pair which collaborates is o ((bg)b*l). Finally if {5 = ¢35 = 2, the tuples v € T
in which both pairs vy, 41, vz, +2 and v, 13, v¢, 14 collaborate contribute o ((bo)?) to (Z3J).
In view of the above and also recalling the contribution to (239) due to tuples in T3 and
tuples in 77 with no collaborations, we obtain ([Z30]) as announced.

Case 3 (do = w(1)). From ([ZZ2) we can write
4y

1 — e0/4
Z ZP(gaw) ~ Zjléef(lﬂré’ﬂ)@,u et (2.45)

—e—0
vt o 1—e

Let us fix a tuple v € 77 and also a € A. Define H and restricted vertices as in the case
do = ©O(1), and let r > 0 be the number of restricted vertices in v.

Suppose first that ¢; < 1. In this case, the only possible vertex in v which involves a
survival in the description of £, . cannot be restricted by definition, since it has the lower
index. Then Size(H) > ({—r+€)h+{1(b+3/4), since the /—r unrestricted vertex contribute
(0 —r)h+£1(b+3/4) to H and the first restricted one gives the term eh (see Lemma P6.3).
Therefore, proceeding as in the case do = ©(1) but keeping an extra e~ 11(0+3/9e factor in
the computations, we conclude that the contribution to ([Z39)) due to tuples in 77 with r
restricted vertices is O (e~ (0+3/9¢ Jog" w /we). This is negligible compared to ([ZZH). Hence
the first line in ([Z37) follows from (Z39) and (ZZH).

Otherwise consider the case f; = 2. Then we can only guarantee that Size(H) >
(—r+¢€)h+(b+3/4), since v; is not restricted but cannot say anything about v2. Repeating
again the same argument as in the case do = ©(1), we conclude that the contribution
to ([Z39) in this case is O(e~(O+3/Y2log" w/we). This is o(E(S[B]g,[Dls,)), and the second
line in (Z37) follows. U

Lemma 2.6.11. Assume that p = ©(1) and do = o(1). Then,
e P((Yi+ Z; =0) A (Yey1 + Zojg1 > 0)) = o(do),
o P((Y;+ 2 > 0) A (B > 0)) = o(do).

Proof. Rather than the first statement we prove its equivalent in the time-reversed process:
P((Y;f + Zy > O) A (th+1 + Zt+1 = O)) = O(dg)

Let B be the set of walks in T which are (for some configuration of the walkers): a
maximal boundary walk of some embeddable component with respect to its outside region;
or a boundary walk of length at least n — o(n) of some non-embeddable component which
is not solitary (possible by Lemma Z64]). For each 5 € B let Ag be the forbidden region
outside 3. Fix any arbitrary vertices v and v such that dist(u,v) € {d — 1,d,d + 1,d + 2}.
Note that if © and v are occupied at time ¢ this is a necessary condition for a creation or
destruction of an edge involving those vertices.

Let &1 be the following event: at time ¢ there is some walk 8 € B containing v and v
with all the vertices occupied, and moreover Ag is e.o.w. To compute P(£;) we extend the
argument in the proof of Lemma .6.5 but taking into account that the position of u and v
is fixed. We obtain

m—2
—O(1) L te/er) 3 c” _ 0
P(&1) = O0)gype <d2g 0(Fur)

m>2
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for some € > 0.

Let & be the following event: at time ¢ there is some walk § € B containing u but not
v with all the vertices occupied, v is also occupied, and moreover Ag is e.o.w. We compute
P(&;) again by extending the argument in the proof of Lemma 6.3 but taking into account
that the position of u is fixed. We obtain

rer-ong 5 (6) -0 (wis)

m>2

Let R be the constant in the statement of Lemma Let & be the following
event: at time ¢ there is some walk 3 € B of length at least 3Rh/d not containing u and
v with all the vertices occupied, v and v are also occupied, and moreover Ag is e.o.w. In
view of Lemma L6, Az > 2h + dl/3R. Hence by repeating the argument in the proof of
Lemma but keeping an extra e ¢ factor, we deduce that

P(&) = O(1)g2e e 3 (%)m_l ~0 <N1§gw> .

m>2

Let &4 be the following event: at time ¢ there is some walk 8 € B of length at most
3Rh/d with all the vertices occupied, u and v are at distance greater than 2d + 4 from the
minimal rectangle containing 3, v and v are also occupied, u is isolated, and moreover Ag
is e.o.w. Observe that the conditions on § are asymptotically independent from those on u
and v since when describing them in terms of occupancy of regions of vertices, the regions
involved are pairwise disjoint. Hence

P(£)) = O(1)g2e e 3 (d%;)m_l ~0 (nggw> .

m>2

Let &5 be the following event: at time ¢ there is some walk 8 € B of length at most
3Rh/d of size at least 3 not containing u and v with all the vertices occupied, v and v are
at inside or at distance at most 2d + 4 from the minimal rectangle containing G, v and v
are also occupied, and moreover Ag is e.o.w. Note that if length(5) < 3Rh/d, this minimal
rectangle has size ©(d?) and therefore

d2 ol m—1 0
P(&) = O(1) 2 = — :
(&) = O )QNm>3<d2@> 0(iss)

Let & be the following event: at time t there is some walk 8 € B of size 2 not
containing v and v at distance at most 2d + 4 from u with all the vertices occupied, u and v
are also occupied, u is isolated, and moreover Ag is e.o.w. Observe that at least eh vertices
in ‘H, do not intersect Ag, for some € > 0 and must be e.o.w. Then We have

d? o 0
— 2 —ehp™ —
P(£5) = O(1)g%e Mo <d2g> 0(+=)-

Now observe that (Y; + Z; > 0) A (Yiq1 + Zi+1 = 0) implies that &1, &, & or &4 holds
for some u and v. Similarly (Y; + Z; > 0) A (B > 0) implies that &, &, &3, &4, & or &
holds for some v and v. Hence both events have probability O(Nd)o(g/N) = o(dp). O
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From Proposition 610, we can easily derive important consequences analogous to
those of the cycle, always under the assumption stated after Observation LG8 The first
one gives us the probability that G(V}) is connected but G(Vy41) is disconnected. The proof
is not so easy as that of Lemma 51Tl Let C; and D, the events that G(V}) is respectively
connected and disconnected.

Lemma 2.6.12. Assume that p = ©(1). Then,

P(Ci ADiy1) ~ e *(1 — e BB P(D; ACpy1) ~ e M1 — e EB)
P(Ci A Ciy1) ~ e He BB P(Dy ADpy1) ~1—2e# + e He EB

Proof. First observe that Xy = Sy + Dy and Xy = Sy + B;. Therefore we have
P(X;=0AXp1>0)=P(S;=0AD;=0A By > 0),
and by Proposition we get
P(X; =0A X1 > 0) ~ e BITED(1 _ o7BBy L o7h(1 — ¢~ EB), (2.46)

We want to connect this probability with P(C; A Dyy1). In fact, by partitioning (X; =
0N X¢1q1 >0) and (C¢ A Dy4q) into disjoint events, we obtain

P(Xt =0A X1 > 0) = P(Ct A Xpp1 > 0) + P(Dt ANXy=0AXp1 > 0),
P(Ct AN Dt+1) = P(Ct A Xig1 > 0) + P(Ct ADiy1 N X1 = 0),

and thus we can write
P(Ct/\Dt+1) :P(Xt =0A X1 >0)+P1 — P, (247)

where P; = P(Ct ADpp1 N X1 = 0) and P, = P(Dt ANXy=0A X1 > 0)

Now suppose that do = o(1). In that case, P(X; = 0A X1 > 0) = O(dp) (see (ZZ0)
and Proposition ZZ610). Also observe that D A (X = 0) implies that Y + Zs > 0. In fact,
we must have at least two components of size greater than 1, so at least one of these must
contribute to Y or Z;. Then, we have that Py < P(Y; + Z; = 0 A Y41 + Z2441 > 0) and
P, <PYi+ Z; >0A By > 0), and from Lemma Z6.TT we get

P, P, =o(P(Xy =0A X441 > 0)). (2.48)

Otherwise if dp = Q(1), then P(X; = 0 A X341 > 0) = O(1). In this case, we simply use
the fact that Py < P(Yi41 + Zoty1 > 0) = o(1) and P, < P(Y; + Z; > 0) = o(1) (see
Theorem and Observation ZZ6.8)), and deduce that ([(ZZ8) also holds.

Finally, the asymptotic expression of P(C; A Dy41) is obtained from (A6, ZZ1)
and (Z48). Moreover, by considering the time-reversed process, we deduce that P(D; A
Ci+1) = P(Ci A Dyy1). The remaining probabilities in the statement are computed from
Corollary 2681 and Observation 6.8 and using the fact that

P(Ct VAN Ct+1) - P(Ct) - P(Ct VAN Dt+1),
P(D; ADyy1) = P(Dy) — P(Dy ACpyr). O
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In a similar way to the cycle case, we define the lifespan of a simple component line
as the number of time steps for which the line is alive. For any vertex v and time step
t, consider the random variable L, ; defined as follows: If at time step ¢ + 1 there is a
simple component at v, then L, is the number of time steps (possibly infinity) that the
corresponding simple component line stays alive starting from time step ¢ + 1; Otherwise,
L, is defined to be 0. So if a birth takes place at vertex v precisely between time steps ¢
and ¢t + 1, then L, ; corresponds to the lifespan of the simple component line being born.

Define L,y (the average lifespan of simple component lines), L7 and L* as in Subsec-
tion but in terms of the new definition of L, ;. See also the train paradox discussed
in that subsection. The next result characterises the average lifespan of simple component
lines and how it relates to the initial configuration of walkers.

Theorem 2.6.13. For the walkers model on Ty,

I if do = o(1),
Lav ~ u—l—e*LbQ) Zf dQ = @(1),
1 if do = w(1).

Furthermore, Ly converges in probability for T growing large (N fized) towards L*, where
L* ~ L., a.a.s.

Proof. The argument used for Theorem can be adapted by replacing H with X, and
we get

EX
BB
Then the first part of the theorem follows from Theorem EL6.6 and Proposition Z6T0 The
proof of the second part is analogous to that of Theorem 5.3, also changing H for X. O

LaV =

Our final result provides the expected time that the graph of walkers remains con-
nected or disconnected, after the point in time that it becomes so. Define (dis)connected
periods, LC,y, LCp, LC*, LDy, LD and LD* as in Subsection 222

Theorem 2.6.14. For the walkers model on Ty, the average length of a connected and a
disconnected period of (G(Vt)) satisfy respectively

teEZ
e if do = o(1),
LCyy ~ m if do = ©(1), and
= if do = w(1)
e if do = o(1),
LDy ~ § —oiorrry i de=6(D),
et if do = w(1).

Furthermore, LCp (LDr) converges in probability for T growing large (N fized) towards
LC* (LD*), where LC* ~ LCyy a.a.s. and LD* ~ LDy, a.a.s.

Proof. We repeat the same arguments as those in the proofs of Theorems and
We require the asymptotic values of P(C), P(D), P(C; A Dyy1) and P(Dy ACyy1), which are
obtained from Corollary Z6.7 and Lemma 2612 O
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2.7 Empirical Analysis for the Grid

In the present section we empirically validate the asymptotics results previously obtained
in this chapter, for grids of reasonable size. In particular, for the static case we, deal with
grids of size N = 1000 x 1000, N = 3000 x 3000 and N = 10000 x 10000. For the dynamic
case, the size is N = 1000 x 1000. The experiments show that, in most cases, the behaviour
of the model is not far from the theoretical predictions in the limit. This study is restricted
to the £!-normed distance case, and thus we have h = 2d(d + 1).

2.7.1 Static Properties

The results in Subsection EZ6.1] provide a sharp characterisation of the connectedness of
G(V) in terms of = N (1 —e2) e~ and show the existence of a phase transition when
= 0O(1). At this point, there is a Poisson number of simple components, and the remaining
walkers belong to one single giant component. From Theorem Z6.0] the relationship between
w and h (or d) at the connectivity threshold can be easily computed. Observe that if we set
= O(1), then having a large amount of walkers at the threshold requires having a small
h and vice versa. For instance, some usual situations can be summarised in the following
result.

Proposition 2.7.1. In the case that p = ©(1), we have that

(i). h=0(1) iffw=06(NlogN),

(i1). h=©(log N) iff w = O(N),

(iii). h = O(N€) iff w = O(N'Clog N), for0 < c <1,
(

(iv). h=0 1ngVN) iff w = O(log Nloglog N).

Proof. If we apply logarithms to u = N (1 —e~2)e~"2 we obtain that log N(1 — e™2) =
ho+©(1). Then the proof is immediate from elementary computations, taking into account
the initial restrictions imposed to w and h. O

Now, we test experimentally the asymptotic relations in Proposition EZ7T] for some
interesting values of N which may arise in real life. We deal with grids of sizes N = 10002,
30002 and 100002, and study each case for d ranging from a constant to a function growing
large slightly slower than n. For each pair N, d, we choose the amount of walkers w that
makes p = log2. (Since w must be an integer, we choose the closest one.) A summary of
these parameters can be found in Table

Note that we are demanding p = log2 because the condition p = ©(1) is purely
asymptotic and makes no sense for fixed values of N. The reason for the choice of this
particular value is that, according to the theoretical results, the number of simple compo-
nents when g = log2 should be roughly Poisson with expectation log2. This makes the
probability of G(V) being connected (or disconnected) be around 1/2.

For each triple of parameters N, w and d described in Table EZ0 we experimentally
place w walkers u.a.r. on a grid of size N, check whether G(V) is connected or not, and
count the number of occupied vertices, the number of components, the size of the biggest
component and the average size of the remaining ones. This experiment is independently
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N =1000 x 1000 | N = 3000 x 3000 | N = 10000 x 10000
d constant d=3 d=3 d=3

w = 555377 w = 5866110 w = 75639720
d=logn d=17 d=28 d=9

w = 106128 w = 875018 w = 9079434
d=nl/3 d=10 d=14 d=22

w = 50804 w = 275985 w = 1436466
d=n'/? d=32 d =55 d =100

w=4113 w = 14538 w = 55931
d = n2/3 d =100 d = 208 d =464

w = 301 w =719 w = 1825
d=mn/logn | d= 145 d =375 d = 1086

w =122 w =177 w = 249

Table 2.5: Parameters at the phase transition (u = log?2).

repeated 100 times and we take averages of the observed magnitudes. Then we compare
the obtained data with what we would expect to get according to the theoretical results,
which is listed in Table

Occupied vertices N(1—e79)
Probability that G(V) is connected e #

1+ p

Nl —e®) —p
Average size of the other components | 1

Number of components

Size of the biggest component

Table 2.6: Asymptotic expected values for N growing large.

For each particular run of our experiments, our algorithm must assign at random grid
coordinates (i,7) to each walker. It is convenient to store this data in a Hashing table of
size w instead of using a n x n table in order to optimise space resources. By doing this
we don’t loose much time efficiency, since the cost of checking whether a given vertex is
occupied remains constant in expectation. We use then a Depth-First-Search to find all
components. The whole algorithm takes expected time ©(wh), since for each walker we
examine all the grid positions within distance d, and requires space ©(w). Moreover since
u = 0(1), we have wh ~ N logw, and then the time complexity is roughly proportional to
N apart from logarithmic factors.

Tables 271, and contrast the averages of the experimental results with the
asymptotic expected values (see Table EZf) for the selected parameters.

What we described so far accounts for the situation at the phase transition. However,
we also want to verify experimentally that there is indeed a phase transition. We consider
only the case N = 3000 x 3000 and deal with the same types of d as before: d = constant,
d = logn, d = n/3, d = n'/2, d = n?/3 and d = n/logn. For each d, we consider
10 equidistant values for w, ranging between wg/5 and 2w, where wyp is the amount of
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walkers needed to have pu = log2 (see Table ZZHl). (As before, all these quantities are
rounded to the nearest integer.) For each triple of parameters N, w and d, we sample again
100 independent random instances of G(V) and check whether they are connected. The
probability of connectivity can be estimated from the ratio between connected outputs and
the total number of trials.

Since we are just concerned with connectivity, we can slightly modify our previous
algorithm to improve time performance. Given a random arrangement of walkers in the grid
T stored as before in a Hashing table, we first examine the existence of simple components.
We run along the table and, for each unmarked walker, we look for another walker within
distance d and mark both as “not in a simple component”. If we detect a simple component,
we stop and output disconnected. Otherwise, we perform as before a Depth-First-Search
to find all components. In the worst case, the algorithm has the same complexity as the
previous one, but if G(V) has some simple components, we may be lucky and have a quick
output. This proves quite useful for our particular kind of graphs since simple components
are very common.

The plots in Figures 212 and T4l show for each grid of size N and distance
d, the evolution of the probability that G(V) is connected as we increase the amount of
walkers. The dots correspond to the experimental values we obtained. In contrast, the
curves show the theoretical value of this probability according to Subsection Z6.l This is
asymptotically e™#, where the expression of p is given in Theorem

We used for the tests the joint effort of 10 computers in the MALLBA cluster at LSI
with the following power:

e Processor: AMD K6(tm) 3D processor (450 MHz)

e Main memory: 256 Mb
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Figure 2.12: Threshold of connectivity.

Conclusions for the Static Case Experiments

Our experimental results show that the qualitative behaviour of the walkers model sticks
reasonably well to the theoretical predictions. In fact, we observe a clear threshold phe-
nomenon on the connectivity property even though in some cases the observed critical point
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Figure 2.14: Threshold of connectivity.

is slightly displaced from its theoretical location. Furthermore, at the phase transition, we
observed that there is indeed one giant component consisting of the vast majority of walkers,
and a few small components (not far from being simple in most cases).

From a quantitative point of view, the accuracy of our predictions is dramatically
better for small d. This is probably due to the fact that, at the phase transition, a smaller
distance d requires a bigger amount of walkers w, and we recall that the asymptotic results
in Subsection .61l require w — oo as a regularity condition. For instance, in our last case
where d = n/logn, the corresponding w is essentially logarithmic on N. Then, we may
need to consider exponentially huge grid sizes in order to have a big amount of walkers and
get reliable predictions.

Strangely enough, for the cases we considered, the accuracy of the predictions does
not seem to improve significantly as we increase the grid size N from 10° to 10®. Possibly
the improvement is too small to be detected within the precision of our experiments. We
could always perform more trials for each test, or we could even consider much bigger values
of N, but this last is beyond our current computational means.
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2.7.2 Dynamic Properties

In this subsection we experimentally check the validity of the asymptotic results in Theo-
rem 226141 in Subsection Z6.2 for grids of size N = 1000 x 1000. We consider the parameters
d and w listed in Table

For each triple N, w and d, we experimentally place the walkers on the grid u.a.r. as
in the static situation, but then we perform 7" dynamic steps, for some big enough chosen T'.
We examine the connectivity of G(V;) at each time step, measure the length of the different
periods we encounter in which G(V;) is (dis)connected, and then take the average. This
accounts for the average connection time LCr and the average disconnection time LDr of
(G(Vt)) +cz between times 1 and T'. We repeat this experiment independently 50 times and
take the average of the averages. We choose T to be about 500 times the final value we
expect to get. In our cases, this ranges from 1000 to 20000 depending on the parameters
N, w and d (see last column in Table ZT0).

Our algorithm is an easy extension of the one used for the static situation. For each
walker we choose its grid coordinates at random and store them in a Hashing table of size
w. To perform a dynamic transition, we just need to run along the walkers and move each
one to any of the 4 neighbouring grid positions with equal probability. This has expected
time complexity of ©(w) since the expected time for search, insertion and removal in the
table is constant. In addition, we must look at the connectivity at each time step, and the
same observations we made in Subsection 271 apply here. It is of great help checking the
existence of simple components first, since it is usually much faster, and it is a sufficient
condition for non-connectivity. Hence, the algorithm requires space ©(w) and takes time
O(Twh), but it usually runs much faster at the steps when G(V;) is disconnected.

We used the same machines and system of computation as for the static case, and the
results are summarised in Table

Conclusions for the Dynamic Case Experiments

The experimental values obtained for LCr and LDr are in all cases of roughly the same
order of magnitude as the values predicted by the theoretical model. However, the level
of accuracy is much higher for the smaller values of d and gets poorer for the largest d’s,
exactly as in the static situation. Again the reason may be that in these last cases, the
considered amount of walkers w is quite small, while in Subsection EZ6.T] w is required to
grow to infinity.

We observe as well that the average length of the disconnected periods is larger than
that of the connected periods and it is much closer to the predicted value. Here is a plausible
explanation to this: We were studying situations where ideally, in the limit, there should be
one giant component and an average of u = log 2 small (indeed simple) components. In this
case the probability of connectivity would be P(C) = e™# = 1/2, and moreover we would
have ) I

LCr = | on(i-ce) = ) = LDry.
But as shown in Figures 2212, and [ZT4] the real observed probability of connectivity is
mostly below the theoretical predictions at the limit, and this fact is stressed for the largest
values of d. This is the same as saying that the phase transition occurs slightly afterwards
for the observed cases than in the theoretical limit, or equivalently that the observed amount
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of non-giant components is slightly bigger than what we would asymptotically expect. This
explains why in our experiments LCp < LDyp.

We note that this deviation between the observed number of non-giant components
and u, gets amplified in the expressions of LCp and LDy since u appears there exponentially.
So let’s try the following: let us use the average number of non-giant components we
observed (see Table 7)) as the value of p in the expressions in Theorem EZ6.T4l Then, in
Table E2TT]l we compare the obtained values with our observations. The new predictions turn
out to be much closer to the experimental quantities.

This gives reasonable evidence for the validity of Theorem EL6.14] but also restricts
its applicability to the cases where the number of non-giant components is close to the
expected number p of simple components in the limit.

2.8 Conclusions and Open Problems

In this work we have characterised connectivity issues of a very large set of moving agents,
which move through a prescribed real or virtual graph. We believe it is the first time that
these kind of characterisations have been obtained, and it could open a interesting line of
research. We gave characterisations for the cycle and the grid. The results obtained for
the grid could easily be extended to the grid with diagonals. Also, an approach similar
to ours should work with the k-dimensional toroidal grid, but a suitable substitute for the
Geometric Lemma needs to be found.

In our model we use a fixed number w of walkers. One could alternatively place walkers
randomly so that each vertex is occupied independently with probability p. For example,
they could be Poissonly distributed at each vertex, with parameter A such that 1 —e=* = p.
In the static case these would bear a similar relation to our model as between the random
graph models G(n, m) and G(n,p), and as for that case, one would expect similar properties
when p is approximately w/N (or, more precisely, 1 — e~ /N to capture the case that w
is close to or greater than N). This would simplify some of our analysis (e.g. the proof
of Lemma ZZ2). However, it would be difficult to deduce all the results for our model in
such a way. For one thing, some of the properties we study are not convex in the required
sense (see [46]). There are also other obstacles to using models with independent occupancy
probabilities. For instance, if w(sq/N)? # o(1) then (1 — Sg/N))¥ as in Lemma ZZZ is not
asymptotic to e~0¢,

Further work is the extension of the results presented for the cycle and the toroidal
grid to other families of graphs, not necessarily to model realistic networks. One interesting
case is the n-dimensional hypercube of N = 2" vertices, as the number of neighbours of a
vertex is not constant. Another further project is to study the connectivity of walkers when
the underlying topology has obstacles which can interfere with communication.
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N = 1000 x 1000 Experimental | Theoretical
average value

Occupied vertices 426140.57 426144.12

d=3 Prob. of connectivity 0.54 0.50
Number of components 1.68 1.69

w = 555377 | Size of the biggest comp. | 426139.80 426143.43
Av. size of other comp. 1.14 1
Occupied vertices 100674.83 100690.47

d="17 Prob. of connectivity 0.40 0.50
Number of components 1.89 1.69

w = 106128 | Size of the biggest comp. | 100673.72 100689.78
Av. size of other comp. 1.23 1
Occupied vertices 49533.84 49535.06

d=10 Prob. of connectivity 0.39 0.50
Number of components 1.95 1.69

w = 50804 | Size of the biggest comp. | 49532.60 49534.36
Av. size of other comp. 1.31 1
Occupied vertices 4104.37 4104.55

d=32 Prob. of connectivity 0.37 0.50
Number of components 1.97 1.69

w = 4113 Size of the biggest comp. | 4102.96 4103.86
Av. size of other comp. 1.53 1
Occupied vertices 301.00 300.95

d =100 Prob. of connectivity 0.36 0.50
Number of components 2.16 1.69

w = 301 Size of the biggest comp. | 298.52 300.27
Av. size of other comp. 2.02 1
Occupied vertices 122.00 121.99

d =145 Prob. of connectivity 0.19 0.50
Number of components 2.38 1.69

w =122 Size of the biggest comp. | 118.05 121.30
Av. size of other comp. 2.69 1

Table 2.7: Contrasted results at the phase transition for N = 1000 x 1000.
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N = 3000 x 3000 Experimental | Theoretical
average value

Occupied vertices 4309968.88 4309990.64

d=3 Prob. of connectivity 0.49 0.50
Number of components 1.67 1.69

w = 5866110 | Size of the biggest comp. | 4309968.18 4309989.95
Av. size of other comp. 1.05 1
Occupied vertices 833825.19 833827.19

d=38 Prob. of connectivity 0.37 0.50
Number of components 1.87 1.69

w = 875018 | Size of the biggest comp. | 833824.16 833826.49
Av. size of other comp. 1.22 1
Occupied vertices 271795.67 271796.38

d=14 Prob. of connectivity 0.39 0.5
Number of components 1.86 1.69

w = 275985 | Size of the biggest comp. | 271794.6 271795.69
Av. size of other comp. 1.25 1
Occupied vertices 14525.60 14526.26

d =55 Prob. of connectivity 0.41 0.5
Number of components 1.86 1.69

w = 14538 Size of the biggest comp. | 14524.48 14525.57
Av. size of other comp. 1.34 1
Occupied vertices 718.97 718.97

d =208 Prob. of connectivity 0.29 0.50
Number of components 2.10 1.69

w = T19 Size of the biggest comp. | 717.16 718.28
Av. size of other comp. 1.58 1
Occupied vertices 176.99 177.00

d =375 Prob. of connectivity 0.28 0.50
Number of components 2.29 1.69

w =177 Size of the biggest comp. | 174.20 176.31
Av. size of other comp. 1.98 1

Table 2.8: Contrasted results at the phase transition for N = 3000 x 3000.
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N = 10000 x 10000 Experimental | Theoretical
average value

Occupied vertices 8679487.90 8679449.86

d=9 Prob. of connectivity 0.52 0.5
Number of components 1.71 1.69

w = 9079434 | Size of the biggest comp. | 8679487.05 8679449.16
Av. size of other comp. 1.23 1
Occupied vertices 1426204.88 1426198.05

d=22 Prob. of connectivity 0.40 0.50
Number of components 1.89 1.69

w = 1436466 | Size of the biggest comp. | 1426203.82 1426197.36
Av. size of other comp. 1.19 1
Occupied vertices 55915.73 55915.36

d =100 Prob. of connectivity 0.38 0.50
Number of components 1.97 1.69

w = 55931 Size of the biggest comp. | 55914.51 55914.67
Av. size of other comp. 1.3 1
Occupied vertices 1824.97 1824.98

d = 464 Prob. of connectivity 0.37 0.50
Number of components 2.04 1.69

w = 1825 Size of the biggest comp. | 1823.39 1824.29
Av. size of other comp. 1.48 1
Occupied vertices 249.00 249.00

d = 1086 Prob. of connectivity 0.33 0.50
Number of components 2.23 1.70

w = 249 Size of the biggest comp. | 246.25 248.30
Av. size of other comp. 2.32 1

Table 2.9: Contrasted results at the phase transition for NV = 10000 x 10000.
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N = 1000 x 1000 Experimental average | Theoretical expectation
d=3 LCr | 1.93 2.05
w = 555377 | LDy | 2.14 2.05
d=17 LCr | 2.05 241
w = 106128 | LDy | 2.70 2.41
d=10 LCr | 2.28 2.79
w=50804 | LDr | 3.17 2.79
d=32 LCr | 4.89 6.75
w = 4113 LDy | 7.56 6.75
d =100 LCr | 14.14 25.36
w = 301 LDy | 27.86 25.13
d =145 LCr | 18.97 41.80
w =122 LDy | 55.20 42.09

Table 2.10: Contrasted results for the dynamic process (N = 1000 x 1000).

N = 1000 x 1000 Experimental average | Modified prediction
d=3 LCr | 1.93 2.08
w = 555377 | LDy | 2.14 2.02
d="17 LCr | 2.05 2.01
w = 106128 | LDy | 2.70 2.88
d=10 LCr | 2.28 2.20
w =50804 | LDy | 3.17 2.49
d=32 LCr | 4.89 4.97
w = 4113 LDy | 7.56 8.15
d =100 LCr | 14.14 15.26
w = 301 LDy | 27.86 33.42
d =145 LCr | 18.97 21.35
w =122 LDy | 55.20 63.51

Table 2.11: New predictions, using the observed average number of non-giant
components instead of p.






Dynamic Random Geometric
Graphs

3.1 Introduction

In the present chapter, we study the evolution of connectivity of a random geometric graph
over the unit torus [0,1)? as the vertices, also denoted agents, move randomly around. In
particular, starting from a given random geometric graph, where the radius r is the known
connectivity threshold r. (see Section BZ), each agent chooses independently and uniformly
at random an angle « € [0,27), and moves a distance s in that direction for a period of m
steps. Then a new angle is selected independently for each agent, and the process repeats. In
the literature, this mobility model is denoted as the random walk model [38, @7]. Our main
result is that we provide precise asymptotic results for the expected number of steps that the
graph remains connected once it becomes connected, and the expected number of steps the
graph remains disconnected once it becomes disconnected. These expressions will be given
as a function of the number of vertices n, the number of steps in the same direction m and
the step size s. As it will be indicated in Section B3], the proof techniques will be different for
different sizes s of basic step. In addition, for the static model of random geometric graphs
where the radius r is the known connectivity threshold, we provide asymptotic bounds on the
probability of occurrence of components according to their sizes. All the computations were
made using the usual Euclidean distance in the torus, but similar results can be obtained
for any /,-normed distance, 1 < p < oo, with the only prize of changing a constant factor
in the expressions. Moreover, our results also can be extended to any d-dimensional unit
torus of bounded dimension.
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3.2 Static Properties

We first state some of the known results about static random geometric graphs, which will
be the starting point to derive our results. We refer to [66] for further detail.

Given a set of n agents and a positive real » = r(n), each agent is placed at some
random position in the unit torus [0, 1) selected independently and u.a.r. Throughout the
chapter, we denote by X; = (x;,y;) the random position of agent i for i € {1,...,n}, and
let X = X(n) = U;—,;{Xi}. We note that with probability 1 no two agents choose the same
position and thus we restrict the attention to the case that |X| = n. We define G(X;r)
as the random graph having X as the vertex set, and with an edge connecting each pair
of vertices X; and X; in X' at distance d(X;, X;) < r, where d(-,-) denotes the Euclidean
distance in the torus.

dX,)Y)=min{||X -Y +Z|| : Z€Z*, VX,Y€[0,1)*

Unless otherwise stated, all our stated results are asymptotic as n — oco.  We assume
hereinafter that » = o(1). Otherwise a Balls and Bins argument shows that G(X;r) is
trivially a.a.s. connected.

Let K be the random variable counting the number of isolated vertices in G(X;r).
Then, by multiplying the probability that one vertex is isolated by the number of vertices
we obtain

Lemma 3.2.1. EK; =n(1 — m,z)n—1 — peT?n=0(r'n)

Define p = ne~™""_ Observe from Lemma B2 that this parameter p is closely
related to EK;. More precisely, u = o(1) iff EK; = o(1), and if p = Q(1) then EK; ~ pu.
Moreover the asymptotic behaviour of p characterises the connectivity of G(X;r). In fact

(see [64, 65]),
Theorem 3.2.2.
o If u — 0, then a.a.s. G(X;r) is connected.

o If u=0(1), then a.a.s. G(X;r) consists of one giant component of size > n/2 and a
Poisson number (with parameter p) of isolated vertices.

o [f— oo, then a.a.s. G(X;r) is disconnected.

logn+0(1)

— Therefore

From the definition of p we deduce that p = ©(1) iff r =
as a weaker consequence we conclude that the property of connectivity of G(X’;r) exhibits

a sharp threshold at r, = 1/!%%  Theorem also implies that, if 4 = O(1), the

™ "

components of size 1 (i.e. isolated vertices) are predominant and have the main contribution
to the connectivity of G(X;r). In fact if C (respectively D) denotes the event that G(X;r)
is connected (respectively disconnected), we have the following

Corollary 3.2.3. Assume that p = O(1). Then

P(C)~P(Ky=0)~e*  PMD) ~PE;>0)~1—eH
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Observe that we used the fact that, if 4 = ©(1), the probability that G(X’; ) has some
component of size greater than 1 other than the giant component is o(1). We give more
accurate bounds on this probability. Moreover we characterise the probability of having
components of any fixed size. Before stating this more precisely we need some definitions.

Given a component I' of G(X;r), we say that I' is embeddable if it is contained in
some square with sides parallel to the axes of the torus and length 1 — 2r. In other words,
' is embeddable if it can be mapped into the square [r,1 — r]? by a translation in the
torus. Embeddable components do not wrap around the torus. Throughout the chapter,
in all geometrical descriptions involving an embeddable component I', we assume that T’
is contained in [r,1 — r]? and regard the torus [0,1)? as the unit square and d(-,-) as the
usual FEuclidean distance. This assumption is often not explicitly mentioned. Hence terms
as “left”, “right”, “above” and “below” are globally defined.

On the other hand, components which are not embeddable must have size at least
Q(1/r). Note that sometimes several non-embeddable components can coexist together
(see Figure Bl). However, there are some non-embeddable components which are so spread
around the torus that do not allow any room for other non-embeddable ones. We call these
components solitary, and by definition we can have at most one solitary component. We
cannot disprove the existence of this solitary component, since with probability 1 — o(1)
there exists one giant component of this nature. For components which are not solitary

¥

Figure 3.1: Non-embeddable components on the unit torus; to the left two non-

embeddable and non-solitary components (one with shaded background), to the

right a solitary non-embeddable and an embeddable component (the latter with
shaded background)

(i.e., either embeddable or non-embeddable but able to coexist with other non-embeddable
ones), we give asymptotic bounds on the probability of their existence according to their
size.

Given a fixed integer ¢ > 1, let Ky be the number of components in G(X;r) of size
exactly £. For large enough n, we can assume these components to be embeddable, since
r = o(1). Moreover, for any fixed € > 0, let K/ , be the number of components of size exactly
¢ which have all their vertices at distance at most er from their leftmost one. Finally, let
INQ denote the number of components of size at least £ which are not solitary. Figure
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Figure 3.2: A component I' of size exactly ¢ = 9 and with its vertices at
distance at most er from the leftmost one

shows an example of a component that contributes to K, 2,9.
Notice that K/, < K, < K. However, in the following results we show that asymp-

totically all the weight in the probability that K, ¢ > 0 comes from components which also
contribute to K, for e arbitrarily small. This means that the more common components
of size at least ¢ are cliques of size exactly ¢ with all their vertices close together.

Lemma 3.2.4. Let { > 2 be a fized integer, and 0 < € < 1/2 also fized. Assume that
w=0(1). Then,
EK[, = O(1/log" 1n)

Proof. First observe that with probability 1, for each component I which contributes to
K!,, T has a unique leftmost vertex X; and the vertex X; in I" at greatest distance from
X{is also unique. Hence, we can restrict our attention to this case.

Fix an arbitrary set of indices J C {1,...,n} of size |J| = ¢, with two distinguished
elements ¢ and j. Denote by Y = [J;c; X the set of random points in & with indices in J.
Let € be the following event: All vertices in ) are at distance at most er from X; and to
the right of Xj; vertex Xj is the one in Y with greatest distance from X;; and the vertices
of Y form a component of G(&X;r). If P(£) is multiplied by the number of possible choices

of i, 7 and the remaining ¢ — 2 elements of J, we get

EK!, = n(n—1) <Z: 22>P(5). (3.1)

In order to bound the probability of £ we need some definitions. Let p = d(X;, X;)
and let S be the set of all points in the torus [0,1)? which are at distance at most r from
some vertex in ) (see Figure for an example). Note that p and S depend on the set
of random points ). We first need bounds on Area(S) in terms of p. Observe that S is
contained in the circle of radius r 4+ p and centre X;, and then

Area(S) < w(r + p)2. (3.2)

Now let 4 =1, iR, iT and ig be respectively the indices of the leftmost, rightmost, topmost
and bottommost vertices in ) (some of these indices possibly equal). Assume w.l.o.g. that
the vertical length of Y (i.e., the vertical distance between X;, and X;;) is at least p/ V2.
Otherwise, the horizontal length of ) has this property and we can rotate the descriptions
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Figure 3.3: The set S for the component I' of Figure

in the argument. The upper half-circle with centre X, and the lower half-circle with centre
Xy are disjoint and are contained in §. If X, is at greater vertical distance from X, than
from X;,, then consider the rectangle of height p/(2v/2) and width r — p/(2v/2) with one
corner on X;, and above and to the right of X; . Otherwise, consider the same rectangle
below and to the right of X;,. This rectangle is also contained in & and its interior does not
intersect the previously described half-circles. Analogously, we can find another rectangle
with the same properties of height p/(2v/2) and width 7 — p/(2v/2), to the left of X; and
either above or below X; . Hence,

Area(S) > mr2 + 2 (%) (r - %) . (3.3)

Figure B4 illustrates the bounds on Area(S) obtained in (B2) and (B3)). From B2), B3)
and the fact that p < r/2, we can write

1p d5p 9
2 ip 2 opP I 2
r <1+ 6r> < Area(S) < 7r <1+ 2r> < (3.4)

Now consider the probability P that the n — £ vertices not in Y lie outside §. Then
P = (1—Area(S))" . Moreover, by B2 and using the fact that e *~*" < 1—z < e~ * for
all z € [0,1/2], we obtain

e~ (L+p/(6r))mr?n

e—(1+5p/(2r))7r7"2n—(97r7"2/4)2n
(1 — 9mr2/a)0

P <

and after a few manipulations

1% 1+5p/(27‘) _(97”,2/4)271 1% 1+p/(67') 1
(£) ¢ <P<(0) " aoeerar (35)

Event £ can also be described as follows: There is some non-negative real p < er such
that X; is placed at distance p from X; and to the right of Xj; all the remaining vertices
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o/ 22

Figure 3.4: Bounds on Area(S)

in Y are inside the half-circle of centre X; and radius p; and the n — ¢ vertices not in ) lie
outside S. Hence, P(€) can be bounded from above (below) by integrating with respect
to p the probability density function of d(X;, X;) times the probability that the remaining
¢ — 2 selected vertices lie inside the right half-circle of centre X; and radius p times the
upper (lower) bound on P we obtained in (B3):

O(1)I(5/2) < P(E) < O(1) I(1/6), (3.6)

where

[ T \2 1
I(B)—/O 7TP<§,0> Wdﬂ-

1 l—1 €
1(8) = © ( = n) / 2070 dy
n 0
5 logt=tn (2¢ —3)!
nt (5 log n)2£—2

1
of(——), 3.8
(né log~! n) (38)
and the statement follows from B1l), (B8) and B3). O

Next, we bound the probability of having non-solitary components of size at least
£ > 2 which are not ¢-cliques of small diameter.
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Lemma 3.2.5. Let ¢ > 2 be a fized integer. Let € > 0 be also fized. Assume that = ©(1).
Then
P(K,— K., > 0) = 0(1/log" n).

Proof. We assume throughout this proof that e < 107!%, and prove the claim for this case.
The case € > 1078 follows from the fact that (K, — Kl,) < (Ko — Klg-1s.4)-

Consider all the possible components in G(X’;r) which are not solitary. Remove from
these components the ones of size at most ¢ and diameter at most er, and denote by M
the number of remaining components. By construction INQ - K ;g < M, and therefore it

is sufficient to prove that P(M > 0) = O(1/log’n). The components counted by M are
classified into several types, according to their size and diameter. We deal with each type
separately.

Part 1. Consider all the possible components in G(X;r) which have diameter at most er
and size between ¢ + 1 and logn/37. Call them components of type 1, and let M; denote
their number.

For each k, £+ 1 < k < logn/37, let Ej be the expected number of components of
type 1 and size k. We observe that these components have all of their vertices at distance
at most er from the leftmost one. Therefore, we can apply the same argument we used for
bounding EK7 , in the proof of Lemma BE24l Note that (1)), (B8) and () are also valid

for sizes not fixed but depending on n. Thus we obtain

By < 0(1)n(n — 1) <Z B ;) 1(1/6),

where I(1/6) is defined in ([B). We use the fact that (Z:g) < (2)F=2 and get

k—2
elogn \*2 < oo
Ep,=0(1)logn (| = / 2k =3 =2/0 g (3.9)
2k—2 0
The expression 22*~3n~%/6 can be maximised for z € RT by elementary techniques, and we

deduce that

2k—3
I 2k -3
~ \(e/6)logn '

Then we can bound the integral in (B3) and get

e logn k=2 2k —3 \*3
By = O(1)logn [ £-281 RS
c=omieen (57%5) e (riyman)

B 36 (26 —3)2 \"7?
= Ok (% (k—2) logn> '

2\ k—2
Note that for k < logn/37 the expression k <% %) is decreasing with respect to

k. Hence we can write

1

Er=0 <log€+1 n

1
: <k<—1 .
), Vk €+3_/<:_370gn
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Figure 3.5: The tessellation for counting components of type 2 with two par-
ticular boxes shaded.

Moreover the bounds Epy 1 = O(1/logfn) and Ejpp = O(1/log"™ n) are obtained from
Lemma B2 and hence

3—17 logn

1 1 logn 1 1
EM,= Y E;=0 +0 + o =0 :
' vyt g (loge n) (1ogeJr1 n) 37 (logbrl n) (loge n)

so that P(M; > 0) < EM; = O(1/log’n).
Part 2. Consider all the possible components in G(X’;r) which have diameter at most er
and size greater than logn/37. Call them components of type 2, and let My denote their
number.

We tessellate the torus with square cells of side y = |(er)~!|~! with y > er but also
y ~ er. We define a box to be a square of side 2y consisting of the union of 4 cells of the
tessellation. Consider the set of all possible boxes. Note that any component of type 2 must
be fully contained in some box. (see Figure BI).

Let us fix a box b. Let W be the number of vertices which are deployed inside b.
Clearly W has a binomial distribution with mean EW = (2y)?n ~ (2¢)?logn/m. By setting

0= 31%%‘7[, — 1 and applying Chernoff inequality to W, we have

ef EW Gosi+e)-125)
)i+s =n

P(W > i logn) =P(W > (14+§EW) < <(1T 37

37

Note that 6 ~ — 1> €™, and therefore

_T
148¢2

1
P(W > 37 logn) < n~>1

Then taking a union bound over the set of all ©(r~!) = ©(n/logn) boxes, the probability
that there is some box with more than g-logn vertices is O(1/(n'!logn)). Since each
component of type 2 is contained in some box, we have

P(M; > 0) = O(1/(n*!logn)).

Part 3. Consider all the possible components in G(X;7) which are embeddable and have
diameter at least er. Call them components of type 3, and let M3 denote their number.
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We tessellate the torus into square cells of side ar, for some a = «(e) > 0 fixed but
small enough. The required o will be specified later in the argument. Let I' be a component
of type 3. Let S = Sr be the set of all points in the torus [0,1)? which are at distance at
most r from some vertex in I'. Remove from S the vertices of I" and the edges (represented
by straight segments) and denote by S’ the outer connected topological component of the
remaining set. By construction, 8’ must contain no vertex in X (see Figure B left picture).

Figure 3.6: The tessellation for counting components of type 3

Now let 7L, iR, i1 and ig be respectively the indices of the leftmost, rightmost, topmost
and bottommost vertices in I'. Some of these indices are possibly equal. Assume w.l.o.g.
that the vertical length of I' (i.e. the vertical distance between X; and X;;) is at least
er/+v/2. Otherwise, the horizontal length of T' has this property and we can rotate the
descriptions in the argument. The upper half-circle with centre X;, and the lower half-
circle with centre X;, are disjoint and are contained in S’. If X, is at greater vertical
distanc(i.e., the vertical distance between X;, and X;,) e from X;, thanrom Xj;,, then
consider the rectangle of height er/(2v/2) and width r — er/(2v/2) with one corner on Xj,
and above and to the right of X;,. Otherwise, consider the same rectangle below and to
the right of X;,. This rectangle is also contained in &’ and its interior does not intersect
the previously described half-circles. Analogously, we can find another rectangle of height
er/(2v/2) and width r — er/(2v/2) to the left of X;, and either above or below X; with the

same properties. Hence, taking into account that e < 1078, we have

Area(S') > mr? +2<2f>< 2[) <1+ o), (3.10)

Let 8* be the union of all the cells in the tessellation which are fully contained in &’. We
loose a bit of area compared to S’. However, if o was chosen small enough, we can guarantee
that S* is topologically connected and has area Area(S*) > (1 + ¢/6)7r2. This a can be
chosen to be the same for all components of type 3.

Hence, we showed that the event (M3 > 0) implies that some connected union of cells
S* of area Area(S*) > (1 + ¢/6)nr? contains no vertices. By removing some cells from §*,
we can assume that (1 + €/6)7r? < Area(S*) < (1 + €/6)7r? + a®r?. Let S* be any union
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of cells with these properties. Note that there are ©(1/r?) = ©(n/logn) many possible
choices for §*. The probability that S* contains no vertices is

(1 - Area(s"))" < e Oe/0mrtn _ (1
n

>1+e/6

Therefore, we can take the union bound over all the ©(n/logn) possible sets $*, and obtain
an upper bound of the probability that there is some component of the type 3:

< i - .
P(M; >0) <6 <logn> (n) © (nﬁ/6 logn>

Part 4. Consider all the possible components in G(X’; ) which are not embeddable and not
solitary either. Call them components of type 4, and let M4 denote their number.

We tessellate the torus [0,1)? into ©(n/logn) small square cells of side length ar,
where o > 0 is a sufficiently small positive constant. The required « will be specified later
in the argument.

Let T be a component of type 4. Let S = Sr be the set of all points in the torus [0, 1)?
which are at distance at most r from some vertex in I'. Remove from S the vertices of I"
and the edges (represented by straight segments) and denote by &’ the remaining set. By
construction, &’ must contain no vertex in X.

Suppose there is a horizontal or a vertical band of width 2r in [0,1)? which does not
intersect the component I'. Assume w.l.o.g. that it is the topmost horizontal band consisting
of all points with the y-coordinate in [1 — 2r,1). Let us divide the torus into vertical bands
of width 2r. All of them must contain at least one vertex of I', since otherwise I' would be
embeddable. Select any 9 consecutive vertical bands and pick one vertex of I' with maximal
y-coordinate in each one. For each one of these 9 vertices, we select the left upper quarter-
circle centred at the vertex if the vertex is closer to the right side of the band or the right
upper quarter-circle otherwise. These nine quarter-circles are disjoint and must contain no
vertices by construction. Moreover, they belong to the same connected component of the
set &', which we denote by S”, and which has an area of Area(S”) > (9/4)7r%. Let S* be
the union of all the cells in the tessellation of the torus which are completely contained in
S”. We lose a bit of area compared to S”. However, as usual, by choosing a small enough
we can guarantee that S* is connected and it has an area of Area(S*) > (11/5)7r2. Note
that this a can be chosen to be the same for all components I' of this kind.

Suppose otherwise that all horizontal and vertical bands of width 2r in [0,1)? contain
at least one vertex of I'. Since I' is not solitary it must be possible that it coexists with
some other non-embeddable component I'V. Then all vertical bands or all horizontal bands
of width 2r must also contain some vertex of IV. Assume w.l.o.g. the vertical bands do.
Let us divide the torus into vertical bands of width 2r. We can find a simple path II with
vertices in IV which passes through 11 consecutive bands. For each one of the 9 internal
bands, pick the uppermost vertex of I' in the band below II (in the torus sense). As before
each one of these vertices contributes with a disjoint quarter-circle which must be empty of
vertices, and by the same argument we obtain a connected union of cells of the tessellation,
which we denote by S*, with Area(S*) > (11/5)n7? and containing no vertices.

Hence, we showed that the event (M, > 0) implies that some connected union of cells
S* with Area(S*) > (11/5)7r? contains no vertices. By repeating the same argument we
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used for components of type 3, but replacing (1 + €/6)7r? by (11/5)mr?, we get

1
PMy>0)=0(——--—]. O
(My>0) <n6/5logn>
Lemma 3.2.6. Let { > 2 be a fized integer. Let 0 < € < 1/2 be fized. Assume that

w=0(1). Then
E[K;AQ = O(l/logzg_2 n).

Proof. As in the proof of LemmaB.2.4l we assume that each component I' which contributes
to K é,f has a unique leftmost vertex X;, and the vertex X, in I' at greatest distance from
X, is also unique. In fact, this happens with probability 1.

Choose any two disjoint subsets of {1,...,n} of size £ each, namely J; and Jo, with four
distinguished elements 41,71 € J; and ig,jo € Jo. For k € {1,2}, denote by Yy = UleJk X
the set of random points in X with indices in Ji. Let £ be the event that the following
conditions hold for both ¥ = 1 and k£ = 2: All vertices in ), are at distance at most er from

X;, and to the right of Xj;, ; vertex X, is the one in )}, with greatest distance from X, ;
and the vertices of )}, form a component of G(X;r). If P(€) is multiplied by the number
of possible choices of iy, jr and the remaining vertices of Ji, we get

E[K/ /]2 = O(n*)P(E). (3.11)

In order to bound the probability of £ we need some definitions. For each k € {1,2},
let pr, = d(X;,,X;,) and let Sy be the set of all the points in the torus [0,1)? which are at
distance at most r from some vertex in )j. Notice that pi and Sk depend on the set of
random points V. Also define & = &1 U Ss.

Let F be the event that d(X;,, X;,) > 3r. This holds with probability 1 — O(r?). In
order to bound P (& | F), we apply a similar approach to the one in the proof of Lemma B2
In fact, observe that if F holds then S; NSy = (). Therefore in view of (B4 we can write

187

7r2(2 4 (p1 + p2)/(61)) < Area(S) < - (3.12)

and using the same elementary techniques that gave us [B3) we get

(3.13)

(1 — Area(S))" % < (ﬁ

) 2+(p1+p2)/(67) 1
n

(1 — 187r2/4)2t"

Observe that £ can also be described as follows: For each k € {1,2} there is some non-
negative real p, < er such that X, is placed at distance py, from X;, and to the right of X, ;
all the remaining vertices in ), are inside the half-circle of centre X;, and radius p; and
the n — £ vertices not in Y lie outside Sg. In fact, rather than this last condition we only
require for our bound that all vertices in X \ (J; U )») are placed outside S. Clearly, this
has probability (1 — Area(S))" ‘. Then, from (I3 and following an analogous argument
to the one that leads to (Bf), we obtain the bound

77 Z 2 T o\ E-2 1
(5 | ‘7: / / 7Tp1 pl P2 (5/)2) n2+(p1+p2)/(6r) dPldP2
11/6)?,
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where 1(1/6) is defined in (B7)). Thus from [BX) we conclude

P(EAF) < O(1) P(F) I(1/6)2 = O (W) . (3.14)
n?tlo n

Otherwise, suppose that F does not hold (i.e., d(X;,,X;,) < 3r). Observe that &£

implies that d(X;,, X;,) > r, since X;, and X;, must belong to different components. Hence

the circles with centres on X;, and X;, and radius r have an intersection of area less than

(m/2)r?. These two circles are contained in S and then we can write Area(S) > (3/2)7r?.

Note that £ implies that all vertices in X'\ (Y1 U )s) are placed outside S and that for each

k € {1,2} all the vertices in Y, \ {X;, } are at distance at most er and to the right of X, .
This gives us the following rough bound

PE|F) < (g(erf)%z (1 - 37”7«2>n% = 0(1) <1°g”>2“ (H>3/2.

n n

Multiplying this by P(F) = O(r?) = O(logn/n) we obtain

- 10g2€—1 n

which is negligible compared to (BI4)). The statement of the lemma follows from (BIT]),

BI4) and BIH). O

Theorem 3.2.7. Let £ > 2 be a fized integer. Let 0 < € < 1/2 be fixred. Assume that
w=0(1). Then

P(I~Q>0)~P(K4>O)~P(K§7£>O):®< ! )

Proof. From Corollary 1.12 in [T5], we have

1
§E[ col2 < P(K]

EK;[ - €
and therefore by Lemmata B.2.4] and we obtain

> 0) <EK(,

P(K/,>0)=0(1/log" ! n).

Combining this with Lemma BZH yields the statement. O

3.3 Dynamic Properties

We define the dynamic model as follows. Given a positive real s = s(n) and a positive
integer m = m(n), we consider the following random process (X})icz = (Xi(n,s,m))cz: At
time step ¢t = 0, n agents are scattered independently and u.a.r. over the torus [0,1)2, as
in the static model. Moreover each agent chooses u.a.r. an angle a € [0,27), and moves
in the direction of «, travelling distance s at each time step. These directions are changed
every m steps for all agents. More formally, for each agent ¢ and for each interval [t, ¢ + m]
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with ¢ € Z divisible by m, an angle in [0, 27) is chosen independently and u.a.r., and this
angle determines the direction of ¢ between time steps ¢ and ¢t + m. Note that we are also
considering negative steps, which is interpreted as if the agents were already moving around
the torus ever before step t = 0. We extend the notation from the static model, and denote
by X+ = (i yit) the position of each agent ¢ at time ¢. Also let X, = [J;; X;+ be the
set of positions of the agents at time ¢. Furthermore, given a positive r = r(n) € R such
that r = o(1), a random graph process can be derived from (X})icz. For any ¢ € Z, the
vertex set of G(Xy;r) is &}, and we join by an edge all pairs of vertices in X; which are at

Euclidean distance at most . We derive asymptotic results on (G(Xt; 7“)) as n — oo.

teZ
We use the following lemma proven in [62].

Lemma 3.3.1 (Nain et al.). At any fized step t € Z, the vertices are distributed over the
torus [0,1)% independently and w.a.r. Consequently for any t € Z, G(Xy;r) has the same
distribution as G(X;r).

In the remaining of the section, we focus our attention around the threshold of con-
nectivity obtained in Section and we assume that g = (1), or equivalently

~ Jlogn+0(1)
r—\/iﬂn .

In order to prove the main statement of this section, we first require some technical
results which involve only two arbitrary consecutive steps t and ¢ + 1 of (X})iez. In this
context t is considered to be an arbitrary fixed integer, and it is often omitted from notation
whenever it is understood. Thus for each i € {1,...,n}, the random positions X; ; and X 441
of agent i at times ¢ and ¢ + 1 are simply denoted by X; = (z4,y;) and X! = («,y.). Let
also X = X} and &’ = X;1. Note that the random points X; and X/ are not independent.
In fact if 27z; € [0,27) is the angle in which the agent ¢ moves between times ¢ and ¢ + 1,
then 2} = x;+ s cos(27mz;) and y; = y; + ssin(2mz;), where all the sums involving coordinates
are taken mod 1. This motivates an alternative description of the model at times ¢ and
t+ 1 in terms of a three dimensional placement of the agents, in which the third dimension
is interpreted as a normalised angle. For each ¢ € {1,...,n}, define the random point
Xi = (zi,yi, %) € [0,1)3, and also let X' = Ui, X;. Observe that by Lemma B30 all the

random points X’, are chosen independently and u.a.r. from the 3-torus [0, 1)3, and also that
X encodes all the information of the model at times ¢ and ¢ + 1. In fact, if we map [0,1)3

onto [0,1)% by the following surjections

1 [0,1)° — [0,1) m :[0,1)° — [0,1)?
(@,y,2) = (z,y) (@,y,2) = (z + scos(2mz),y + ssin(27z)),
we can recover/:che positions of agent ¢ at times ¢ and ¢ + 1 from )?Z and write X; = m ()?Z)
and X| = m2(X;). Moreover, for any measurable set A C [0,1)2, the events X; € A and

X! € A are respectively equivalent to the events X; € 7 (A) and X; € 75 1 (A) in this new
setting. Furthermore, by setting A, = A — (scos(27z), ssin(27rz)) we get

Vol(y 1 (A)) = /[O , ( / dmdy) dz = Area(A).



116 Dynamic Random Geometric Graphs

In addition, observe that Vol(m; ' (A)) = Vol(A x [0,1)) = Area(.A), and hence we have
Area(A) = Vol(7; 1 (A)) = Vol(my 1 (A)). (3.16)
In view of Lemma B3] for any measurable sets A C [0,1)? and B C [0,1)3,
P(X; € A) = Area(4), P(X/ € A) =Area(4d), P(X; e B)=Vol(B),

which is naturally compatible with (BI4).
Now we define some sets which will repeatedly appear in this section. For each i €
{1,...,n}, consider the sets

Ri={X€[0,1)* : d(X,X;) <r} and Rj={X€[0,1)* : d(X,X]) <r},

and also let R; = 7, '(R;) and 7%; = 7'('2_/1\(7?,;) be their counterparts in [0,1)3. Note that
for 7,7 € {1,...,n}, we have that X; € R; iff d(X;, X;) < r, and similarly that X; € 7?,;
iff d(X], X j’) < r, where each of these events occurs with probability exactly Vol(R;) =
Vol(ﬁ;) = 7r2. Also observe that X; is isolated in G(Xi\r) iff (X \{X;})NR; =0, and that
analogously X/ is isolated in G(X';r) iff (X \ {X;}) "R, =0. We need the following

Lemma 3.3.2. Assume = O(1). There exists a constant € > 0 such that for large enough
n the following statements are true : For any i,j € {1,...,n} (possibly i = j),

(1). if d(X;, X;) > r then Vol(R; N ﬁ]) < Zr?,

(ii). if s <7/7 and d(X;, X;) > r — 25 then Vol((R; UR}) N (R; URS)) < (1 — e)mr?,
(iii). if s > /7 and s = O(r) then Vol(R; N 7%;) < (1 - e)mr?,
(iv). if s = w(r) then Vol(R; N ﬁ;) = O(r*=t) = o(r?).

Proof.

Statement (i). Assume w.l.o.g. that the segment X;X; is vertical and that X; is above Xj.
Let S C [0,1)2 be the upper half-circle with centre X; and radius 7, and S = 77 '(S) =
S x[0,1) C [0,1)3. Notice that Vol(S) = 7r?/2, S C R; and SN'R; = ), and the statement
follows.

Statement (ii). The distance between X; and X is greater than 3r/7, since d(X;, X}) >
d(X;, X;) —2s >r —4s. Let S; (respectively S;) be the set of points in [0,1)? at distance
at most 8r/7 from X; (respectively X)) Note that S; and S; are two circles of radius 8r/7
with centres at distance greater than 3r/7. Then straightforward computations show that
Area(S;NS;) is at most (1—e)mr? for some € > 0. We define S = 7 1(S;) and S\] =7 (S))-
We have, S; O R; U 7/?\,; and :9\] D ﬁj U 7/?\,; Hence,

Vol((R; UR) N (R;URY)) < Vol(§;NS;) = Area(S; N S;) < (1 — e)mr.
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Statement (iii). Let k € {1,...,n} be different from i and j. Observe that Vol(R; \7/?\,;) is
the probability that d(X;, Xj) < but d(X}, X}) > r. Suppose that d(X;, X;) < r but also
d(X}, X)) > 13r/14, which happens with probability at least (1 — 132/14%)7r2. Let a be

—
the angle of X}Xk with respect to the horizontal axis. Recall that agent k£ moves between

time steps ¢t and ¢ + 1 towards a direction 27z, where zj is the third coordinate of X ke If
21z € [ — /3,0 + /3], then the agent increases its distance with respect to X]’~ by at
least s/2 > r/14, and thus d(X}, X}) > r/14 + 13r/14 = r. This range of directions has
probability 1/3. Summarising, we proved that Vol(R; \7/?\,;) > (1 —13%/14%)7r? /3, and the
statement follows.

Statement (iv). Given k € {1,...,n} different from i and j, observe that Vol(R; ﬂ’//?\,;) is the
probability that d(Xj, X;) < r and d(X}, X}) < r. Suppose first that s < 1/2. We claim
that the probability that d(X}, X ]’) < r conditional upon any fixed outcome of X, is at most
(24 €)r/s for some € > 0, no matter which particular point X}, is chosen. In fact, assume

X #X ]/ and let « be the angle of )TX]’) with respect to the horizontal axis. If agent k& moves
between steps t and ¢ + 1 towards a direction 27z not in [o — arcsin(r/s), a + arcsin(r/s)]
then d(Xj, X}) > r. Hence, Vol(ﬁiﬂﬁ;-) is at most P(d(Xy, X;) < r) = 7r? times (2+¢€)r/s,
which satisfies the claim. The case X, = X} is trivial.

The case s > 1/2 is a bit more delicate, since agent k may loop many times around the
torus while moving between steps t and ¢t + 1. In fact, as we move along the circumference
of radius s centred on X}, we cross the axes of the torus ©(1 + s) times. This gives the
extra factor (1 + s) in the statement, which is negligible when s = o(1) but grows large
when s = w(1). O

For each 7 € {1,...,n}, we define 0, = 7%; \ R, and @; =R, \ ﬁ; Given any two
agents i and j, observe that X; € /Q\; iff )?j € @; iff d(X;, X;) < r and d(X, X)) > r,
i.e. the agents are joined by an edge at time ¢ but not at time ¢ + 1. This holds with
probability Vol(@i) = Vol(/Q\;), which does not depend on the particular agents and of t.
This probability will be denoted by ¢ hereinafter. The value of this parameter depends on
the asymptotic relation between r and s and is given in the following

Lemma 3.3.3. The probability that two different agents i,j € {1,...,n} are at distance at
most r at time t but greater than r at time t + 1 is ¢ < wr?, which also satisfies

or  ifs=o(r)
g~ 0(?) ifs=0(r),
nr? if s =w(r).

Proof. The first bound on ¢ is immediate from the definition of ¢ and the fact that Vo|(7/?\,l-) =
7r2. In order to obtain the second statement, we consider separate cases.

Case 1 (s < er, for some fixed but small enough € > 0). In order to compute the probability
that X; € Q;, we express X; = (z;,yj,7;) in new coordinates (p, 6, z), where p = d(X;, X]),
¢ is the angle between the horizontal axis and X;X;, and z = z;. Then we integrate an

element of volume over the region @; in terms of these coordinates. Let £ = d(Xj, X;), so
that (&, 6, z) are the usual cylindrical coordinates (see Figure B7). From the law of cosines,
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we can establish the relation between p and £ and write

p=VE+s2—2scosf and & =/p?—s2sin®0 + scosb. (3.17)

Now observe that the minimum value that p can take is r — s, since X; must lie outside the

Figure 3.7: Two agents that are at distance at most r at time ¢ but greater
than r at time ¢t + 1

circle of radius r — s and centre X/. Otherwise by the triangular inequality d(X/, X ]’) <r,
the agents 7 and j would share an edge at step ¢4 1. On the other hand, X; must lie inside
the circle of radius r centred on X;, and therefore (by setting £ = r in (BI1)) the maximum
value that p can achieve is v/r2 4 s2 — 2rscos 6.

Moreover, let « be the angle determined from the range of all possible values of 27z
(i.e., possible directions for agent j to move). Again by the law of cosines,

<’I“2—82—p2>
o= 2arccos | ——— | .
2sp

Finally from [BI7) and the change of variables formula, we can determine the element of
volume in coordinates (p, 0, z):

dxdydz = £d€dOdz =

_ &P odbde.
S

& — scosf

Using the fact that r — 2s < & < r, we can write

g_iﬁ”@w(?))-
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In view of all the above, we deduce

q—/ dxdydz

21 pV/r24+s2—2rscosf N é—
/ / o f — 5cos 9
21 rVr2+s2—2rscosf 2 2 p2
1 +0 (— / / — arccos < 5, > p dpdf
sp
:<1:|:O( )) / —<—rssin9—9r2

6 —
+ (r? 4 s — 2rscos §) arccos T8 i >d0.
V12 + s2 — 2rscosf

ﬁﬂn

S| ®»

Looking at the Taylor series with respect to s/r of the expression inside the integral divided

by 72, we get
(1) [+ (o (2)))

= (1 +0 (;)) %sr. (3.18)

Case 2 (er < s < r/7). Recall that R; is the circle of radius  and centre X;. Take the chord
in R; which is perpendicular to the segment TXZ' and at distance r from X/. This chord
divides R; into two regions. One of them, call it S, has the property that all the points
inside are at distance at least r from X/ and moreover Area(S) > ev/2e — €2r?%. Suppose
that X; € S (i.e,, the agent j is in S at time ¢), which happens with probability at least
ev2e — €212, Let us now consider the circle centred on X! and passing through X;. We
observe that d(X}, X]) > d(Xj, X]) with probability at least 1/2, since it is sufficient that
the direction 2mz; in which agent j moves lies in the outer side of the tangent of that circle
at X;. Therefore, the probability that d(X;, X;) < r and d(X](,XZ() > r, or equivalently

)?j € Q;, is at least %6\/26 — €22,
Case 3 (s > r/7). We can write

¢ = Vol(Q}) = Vol(R; \ R}) = VoI(R;) — Vol(R; N R%),
and the result follows from the statements (i) and (iv) in Lemma B3 O

We also need the following technical result, which allows us to compute the probability
that a given subset of [0,1)3 contains no points in X, but some other subsets contain at
least one. The proof is immediate from Lemma 22Tl

Lemma 3.3.4. For any fized integer k > 0, let §0, . ,gk be pairwise disjoint subsets of
[0,1)3, with volumes sq, . .., s respectively. If Z?:o si =o(N), then

k k
PQ&nf:mAAﬁmf¢m>~u—%wnu_emy

i=1 i=1
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We are now in position to study the changes experienced by the isolated vertices
between two consecutive steps ¢t and t+ 1. Extending the notation in Section B2, we denote
by K1, the number of isolated vertices of G(X;;r). Also, for any two consecutive steps ¢
and t + 1, we define the following random variables: B; is the number of agents 7 such that
X; is not isolated in G(X;;r) but X/ is isolated in G(X;11;r); Dy is the number of agents i
such that X; is isolated in G(X;;r) but X/ is not isolated in G(X;11;7); S; is the number of
agents ¢ such that X; and X are both isolated in G(X};r) and G(X41;7). For simplicity,
we often denote them by B, D and S whenever ¢t and t 4+ 1 are understood. Note that B
and D have the same distribution, since any creation of an isolated vertex corresponds to a
destruction of an isolated vertex in the time-reversed process and vice versa.

To state the following result, we recall the definition of asymptotic mutual indepen-

dence from (Z34)

Proposition 3.3.5. Assume p = ©(1). Then for any two consecutive steps,
EB=ED ~u(l1—¢"7) and ES ~ pe .
Moreover we have that

(1). If s = o(1/rn), then P(B > 0) ~ EB; P(D > 0) ~ ED; S is asymptotically Poisson;
and (B >0), (D > 0) and S are asymptotically mutually independent.

(7). If s =0O(1/rn), then B, D and S are asymptotically mutually independent Poisson.

(iii). If s = w(1/rn), then B and D are asymptotically Poisson; P(S > 0) ~ ES; and B,
D and (S > 0) are asymptotically mutually independent.

Proof. The central ingredient in the proof is the computation of the joint factorial moments
E([B]¢,[D]e,[S]es) of these variables. In particular we find the asymptotic values of EB,
ED and ES. Moreover, In the case s = ©(1/(rn)), we show that for any fixed naturals /1,
{5 and ¢3 we have

E([Ble, [D]e,[Se,) ~ (EB)" (ED)*(ES)". (3.19)

Then, the result follows from Theorem 1.23 in Bollobés’ [IH]. The other cases are more
delicate since (BI9) does not always hold for extreme values of s, and we obtain a weaker
result. In the case s = 0(1 / (rn)), we compute the moments for any natural 3 but only for
01,05 € {0,1,2} and obtain

E([By, [D]e, [S]e,) ~ (EB) (ED)2(ES)™, if f1,6y <2,

Sles))- (3.20)

From the previous equations and by extending to several variables the upper and lower
bounds given in [I5], Section 1.4, we deduce that (B > 0), (D > 0) and S satisfy [Z34]) and
also

(ES)*
Rl

P(B>0)~EB, P(D>0)~ED and P(S=k)~e ¥
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Similarly, for the case s = w(l/(rn)), we compute the moments for any naturals /1 and /5
but only for ¢35 € {0, 1,2} and obtain

E([Bl¢, [De, [S]e,) ~ (EB)" (ED)(ES)™, if £5 < 2,
E([Ble, [Dle, [S]2) = o(E([Ble, [D]e, 5)) (3.21)

From this and by using once more upper and lower bounds given in Section 1.4 of [T5], we
conclude that B, D and (S > 0) satisfy ([Z34]) and also

EB)F
P(B:k:)we’EB( k,) Vk € N,

k
P(D=k)~eBP (E]i) VkeN and P(S>0)~ ES.

We proceed to compute the moments. First, define for each i € {1,...,n} B;, D; and S; as
the indicator functions of the following events respectively: X; is not isolated in G(Xy; ) but
X! is isolated in G(X;41;7); X; is isolated in G(X;r) but X! is not isolated in G(X41;7);
X; and X/ are both isolated in G(X;;r) and G(X;+1;r). This allows us to write

B:Zn:Bi, D:Zn:Di, S:ansi.
=1 =1 =1

Note that B; = 1 iff all points in X\ {X;} are outside 7/5’ but at least one is inside @
D; =1 iff all points in X \ iX } are outside R but at least one is inside Q;; and finally
S; =1 iff all points in X' \ {X;} are outside R; UR, = R; U Q; = R, U Q..

Now given any fixed naturals ¢, /5, {3 with E = {1 + {5 + {3, we choose an ordered
tuple J of ¢ different agents i1,...,ip € {1,...,n}, and define

01 01442 VA
E=NB,=0)Ar N @Di,=0D)A N (Si.=1). (3.22)
a=1 b=01+1 c=01+02+1

Observe that P(£) does not depend of the particular tuple J, and multiplying it by the
number [n]; of ordered choices of J, we get

E([Ble, [D]ey[Ses) = [n]eP(€) (3.23)

By relabelling the agents in J we assume hereinafter that J = (1,...,¢), and we call
y= Ule{Xi}- Moreover, we define the set

01 01+4o l
R=JRiu U Ru |J RiuR),
i=1 i=01+1 i=01+02+1

and the collection of sets
Q= {Qll’ EERE Q%p Q€1+1’ EER Q€1+f2}?

which play an important role in the computation of P(£). It is useful to call Q* = Q’ for
1<4<4, Q = QZ for /1 +1 < i < {1+ ¥, so that we can write o= {Q . Qth}'
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Case 1 (s =0(1/(rn))). We say that an agent ¢ € J is restricted if there is some other j € J
with j > 4 such that d(X;, X;) < 2r 4+ 4s. Let F be the event that there are no restricted
agents in J, i.e. d(X;, X;) > 2r +4s for all 4,5 € J (i # j). This has probability 1 — O(r?).
Suppose first that F holds and compute the probability of £ conditional upon that. We
observe that J implies that for any 4, j € J (i # j) we must have R;NR; =0, RiNR) =0
and 7/?\,2 N 7/?\,; = (). Then Vo|(7/?\,) = (mr? + f3q, and the sets in é are pairwise disjoint and
also disjoint from R. 1\/£orei)ver observe /t\hat, conditional upon F, £ is equ/i\valen/‘g to the
event that all points in X'\ Y lie outside R, but at least one belongs to each QF € Q. From
all the above, the probability of £ can be easily obtained from Lemmata and B34t

PEANF)=1-0@E2)PE|F)
~ (1= lrr? — l3q)" (1 — e~ 1)1 e

N (g)é (1 = e=dmy0atta g—tsam, (3.24)
We claim that P(€ A F) is the main contribution to P(£). In fact if F does not hold (i.e.
some of the points in ) are at distance at most 2r + 4s), then P(& | F) is larger than the
expression in (E24), but this is balanced out by the fact that P(F) is small. Before proving
this claim, define H to be the event that d(X;, X;) > r — 2s for all 4,5 € J (i # j). Notice
that & implies H, since otherwise, for some 4, j € J, X; and X; would be joined by an edge
in G(&;;7) and also X] and X} in G(&i41;7), which is not compatible with £. Therefore we
only need to see that P(€ A F) = P(F AH)P(E | F A'H) is negligible compared to (B24)).
Suppose then that H holds and also that p > 0 of the agents in J are restricted (i.e.
F does not hold). This happens with probability O(r?"). In this case, we deduce that
Vol(R) > (£ — p)mr? + emr?, since each unrestricted agent in J contributes at least 7r2 to
Vol(ﬁ) and the first restricted one gives by Lemma (ii) the term err?. Moreover, £
implies that all points in X \ Y lie outside of 7%, which has probability (1 - Vol(ﬁ))nfz =
O(1/n*=P*€). Summarising, the weight in P(£ AF) coming from situations with p restricted
agents is O(r?P /n*=P*€¢) = O(log? n/n**+¢), and is thus negligible compared to [24). Hence
P(&) ~ P(E A F), and the required condition on the moments announced in ([BI9) follows
from B23) and B24).
Case 2 (s = 0(1/(rn)) ). Defining F and H as in the case s = @(1/(7%)) and by an
analogous argument, we obtain

¢ ¢
PEANF) ~ (%) (1— e_q")gﬁ&e_&q” ~ (g) (qn)gl%2 (3.25)

However, the analysis of the case that F does not hold is slightly more delicate here. Indeed,
there is an additional o(1) factor in (BZ5]), namely (gn)“+¢2, which forces us to get tighter
bounds on P(£ A F A'H) than the ones obtained before. Unlike in the case s = ©(1/(rn)),
we also need to consider the role of @ when F does not hold, and special care must be taken
with several new situations which do not occur otherwise. For instance, since the elements
of é are not necessarily disjoint, then for @f, /Q\j € Q the condition that both contain some
clement of X can be satisfied by having just a single point in @f N @j nax. Moreover, if
(1 >2and 1 <i4,j </ (orly >2and 1 +1<1i,j <{ +{s), the previous condition is
also satisfied if X j € @’;, which is equivalent to X’, € @j If the latter situation occurs, we
say that ¢ and j collaborate.
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We first bound the weight in P(£ A F) due to situations in which there are no pairs
of elements in J which collaborate. We need some definitions. Let J; = {1,...,¢; + {2}
and ) = UZIHQ {X }, and consider the class & of partitions of J;. Namely, a partltlon of
J1 is a collection of subsets of Jy, here denoted blocks, which are disjoint and have union
J1. The size of a partition is the number of blocks, and for each block we call leader to
the maximal element in the block. Given a partition P = {Ay,...,Ax} € & and also
i1,k € {1,. n} \ J, let Ep;,, i, be the following event: For each block A; of P, we
have X € ﬂZEA Q and moreover all the points in X'\ (YU{iy, ..., i}) lie outside of R. We
wish to bound the probability of Epj;, . i, AF AH. Notice that if Epiir,....i,, holds, then all the
{1 + ¢5 — k non-leader elements in J; must be restricted, and possibly some other p’ agents
in J are restricted too. Moreover, F does not hold iff this p’ satisfies 0 < ¢1 +/fo—k+p’ < L.
Given any p’ with that property, suppose that p’ is exactly the number of restricted agents
in J which are either in J\ J; or are leaders of some block. We condition upon this and also
upon H, which has probablhty 72, Then for each block A; with leader I}, event Ep;, . i,
requires that X € Ql and for all i € A; (i # [;) X; € (@ZJ U @;J) In addition, since the
number of restrlcted agents in J is £1 + 05— k+p’ > 0, arguing as in the case s = (1/(7%)),
we have Vol(R) > (63 + k — p')7r? 4+ emr?. Then the contribution to P(Ep;,.. i, AF AH)
for this particular p’ is

/ ~ log? n
k l1+lo—k —l—k £1+4
O(r*)q"(2¢) 751 — Vol (R))" =0 <n€+k+e> (qn)+%,
so for some 0 < € < ¢, we can write
a 1 L1402
P(5P7i17...7l'k ANF N H) =0 W (qn) .

Finally observe that if there are no pairs of elements in J which collaborate, then & A F
implies that Ep;, .. i, A F A H holds for some P € & of size k and some i1,...,i; €
{1,...,n}\ J, and therefore has probability

1 1
0(8)0 (k) it -0 ()i,

which is negligible compared to (B23]). In particular, if /1,5 < 2, then no pair of elements in
J collaborates and then P(€) ~ P(£ AF). Hence, the first line of (B20) follows from [B23])
and (B25).

We extend the approach above to deal with situations in which some pair of elements
in .J collaborate. Unfortunately, their contribution to P(£ AFAH) may be larger than (B:25))
if s tends to 0 fast. Hence we restrict 61 and 62 to be at most 2 and prove only Bzm). 1t
l1 =2 let & be the followmg event: X1 € QQ, R contains no points in X \ y and for each
natural (3 <i <2+ 62) Q, contams some point in X \ y Slmllarly if /5 = 2 let & be
the following event: Xg1+1 € @€1+2, R contains no points in X \ y and for each natural ¢
(1<i< 61) Q’ contains some point in X \y Finally if ¢1 =l = 2 let £ 2 be the following
event: X € Q2 and X3 € Q4. In order to compute P(E; A H), we can repeat the same
argument as above, but imposing that )?1 € /Q\’Q and ignoring other conditions on @’1 and
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Q,. We obtain that for some ¢ > 0

P(& AH) = O (nl_%) a(qn)® = 0 <n€1+> (qn)'+2, (3.27)

and similarly

P& AH) = O <n%> (g and P(E15AH) = O (#) (@)% (3.28)

Observe that if some agents in J collaborate, then EAF implies that & AH, EoAH or E12\H
hold. Unfortunately, from (B28), (327) and ([Z¥) we cannot guarantee that P(£ A F) is
smaller than P(€ A F), but in any case, by multiplying these probabilities by [n]y in view
of BZ3)), we complete the proof of ([B20).

Case 3 (s = w(1/(rn)) but also s = O(r)). Following the same notation as in the case
s =0(1/(rn)) and by an analogous argument we obtain

P(EAF) ~ (%)z (1 — e~mya+tee—taan (%)z e~ tsn (3.29)
If /3 < 1, we claim that this is the main contribution to P(€). In fact, suppose that H holds
and also that p > 0 of the agents in J are restricted (i.e. F does not hold). This happens
with probability O(r?P). Since £3 < 1, then the only possible event which contributes to S
required in the definition of € is (Sy = 1) (cf. B22)). This involves agent ¢ which cannot
be restricted by definition. Then we deduce that Vol(R) > (£ — p)wr? + f3q + err?, since the
unrestricted agents in J contribute (¢ — p)7r? + £3q to Vol(R) and the first restricted one
gives the term err?, by Lemma (ii) and (iii). Therefore, the probability of £ in this
situation is O(e~%9" /n’=P*€) which combined with the probability O(r??) that p agents
are restricted has negligible weight compared to (B29). Hence, P(E) ~ P(E A F), and the
first line of (BZI) follows from BZ3) and B29).

Unfortunately, if £3 = 2 and we have p restricted agents in J, we can only assure that
Vol(R) > (¢ — p)mr? 4+ q + enr?, and then for some 0 < ¢ < ¢

T 7«21’7 —qn L —qn

which may have significant contribution to P(£) if s is large enough. But in any case, in

view of (B23)), B29) and [B30), we verify that the second line of ([B2]]) is satisfied.

Case 4 (s = w(r)). Let F' be the event that for any i,j € J (i # j) we have that
d(Xi, X;) > 2r and d(X], X}) > 2r. This event has probability 1 — O(r?). Observe that
if 7' holds, then for any 4,j € J (i # j) we must have R; N R; = 0, R; N R} = 0 and
7/?\,1- N 7/?\,; = (). Therefore, Vol(’//?\,) = (mr? + (3q and the sets in Q are pairwise disjoint and

also disjoint from R. Then in view of Lemmata and B34 and by the same argument
that leads to (B:24)

V4 V4
PenF) ~ (L) (1 emamystsgton o (B)' -t (3.51)

The remaining of the argument is analogous to Case 3 but replacing F with F’ and using
Lemma (iv). O
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Taking into account that Ki; = D; + S; and Ky 41 = S + By, Proposition
completely characterises the number of isolated vertices at two consecutive steps in the
case § = @(1 / (’I“’I’L)) For the other ranges of s, the result is weaker but still sufficient for
our further purposes. We remark that if s = o(1/(rn), then creations and destructions
of isolated vertices are rare, but a Poisson number of isolated vertices is present at both
consecutive steps. Otherwise if s = w(1/(rn), then the isolated vertices which are present
at both consecutive steps are rare since, but a Poisson number of them are created and also
a Poisson number destroyed.

Now in order to characterise the connectivity of (G(Xt; 7“)) rez» We need to bound the
probability of the event that components other than isolated vertices and the giant one
appear at some step. We know by Theorem that a.a.s. this does not occur at one
single step t. However during long periods of time this event could affect the connectivity
and must be considered.

Extending the notation in Section B2 given a step ¢ let IN(Q,t be the number of non-
solitary components other than isolated vertices occurring at step t. We show that they have
a negligible effect compared to isolated vertices in the dynamic evolution of connectivity.

Lemma 3.3.6. Assume that = (1) and s = o(1/(rn)). Then,
° P(}?{J’Qi > 0A I?Z,t—i—l = 0) = P(I?zﬂf =0A [?Q,t—i—l > 0) = O(STTL),
. P([?Q,t > 0A By > 0) = o(srn).

Proof. Recall from Lemma B33 that if s = (1/(7‘71)) then ¢ = O(rs). It suffices to
prove that P(th >0 A Kg 1 = 0) = o(gn) and P(Ka; > 0 A By > 0) = o(gn), since
(Kg +=0A Kg g1 > 0) corresponds in the time-reversed process to (Kg t > 0A Kg 1= 0),
and thus they have the same probability.

Consider all the possible components in G(X;r) which are not solitary and have size
at least 2. They are classified into several types according to their size and diameter, and
we deal with each type separately. Then if we denote by M; the number of components of
type i in G(X;r), we must show for each i that

P(M; >0AKas1 =0)=o0(qn) and P(M; >0A B; > 0) = o(qn). (3.32)

Also we need one definition which helps to describe ‘the changes of edges between
G(Xy;7) and G(Xyy1;7). For each i € {1,...,n} we define P; = Q; U Q' R AR’ (Where
A denotes the symmetric difference of sets) Given also j € {1,...,n}, see that X e P iff
X € 73 iff agents ¢ and j share an edge either at time ¢ or at time ¢ 4+ 1 but not at both
times, which happens with probability Vol(PZ) = 2q.

Each part in this proof is labelled by a number followed by a prime (’) in order to avoid
confusion with the parts in the proof of Lemma BZ2ZHl, which are often referred to. Moreover,
we write for simplicity Part ¢ (p.L. BZZ3]) to denote Part i in the proof of Lemma B2l

We set throughout this proof e = 10718,

Part 1'. Consider all the possible components in G(X’;r) which have diameter at most er
and size between 2 and logn/37. Call them components of type 1, and let M7 denote their
number at time ¢. This definition is similar to the one in Part [l (p.L. BZZH), but also
includes components of size 2, covered by Lemma BZZ1
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Given any i € {1,...,n}, let & be the following event: There exists a component
I' of type 1 in G(X \ {X;};r) and moreover for some j € {1,...,n} such that Xj is a
vertex of I' we have that X’, € 73j. In order to compute the probability of &;, note that
the arguments in the proofs of Lemmata B2Z4] and are still valid if we replace X by
X\ {X;} (ie. we ignore agent i in the model). Hence, the probability of having some
component in G(X \ {X;};7) of type 1 and size at least £ > 2 is O(1/log"'n). Suppose
first that G(X \ {X;};r) has some component I' of type 1 and size between 3 and logn/37.
This happens with probability O(1/log?n). Conditional upon this, the probability that
X; € 73j for some j € {1,...,n} with X; being a vertex of I' is at most logn /37 times
2q. This contributes to the probability of & by O(1/log?n)(logn/37)(2¢) = O(q/logn).
Otherwise suppose that G(X \ {X;};7) has some component I" of type 1 and size exactly
2. This happens with probability O(1/logn). Conditional upon this, the probability that
)/(\'Z- € 7/5j for some j € {1,...,n} with X being a vertex of I' is at most two times 2¢q. This
also contributes to the probability of & by O(1/logn)(4q) = O(q/logn), and therefore
P(&;) = O(q/ logn).

Given any i1,i2 € {1,...,n} (i1 # i2), let F;, 4, be the following event: There exists a
component I' of type 1 in G(X\ {X;, };7) and moreover 7/?\,;1 N(X\{Xi,, X;,}) = 0. To derive
the probability of F;, ;,, we distinguish two cases according to the distance between X;, and
I'. Suppose first that for some h € {1,...,n} \ {i1,i2} we have that r < d(X;,, X) < 3r,
which happens with probability O(r?) = O(logn/n). Let Sy, be the set of points in [0, 1)? at
distance greater than er but at most r from X}, and let §;, be the circle with centre X;, and
radius 7 —2s. At least one half-circle of S;; has all points at distance greater than r from Xy,
so Area(SpUS;,) > (1—€2)mr?+m(r—2s)2/2 > (5/4)mr?. Notice that, if 7, ;, holds for some
component I' which contains a vertex Xj such that d(X;,,X;) < 3r, then we must have
d(X;,, Xp) > r and moreover Sy, US;, must contain no point in X \ {Xj,, X, }, which occurs
with probability (1 — Area(S, U S;,))" 2 = O(1/n/*). Therefore, multiplying this by the
probability that d(X;,, X},) < 3r and taking the union bound over the n — 2 possible choices
of h, the contribution to P(F;, ;,) due to situations of this type is O(n(logn/n)/n®*) =
O(logn/n°/*), and in particular is O(1/(nlogn)). On the other hand, we claim that the
probability that F;, ;, holds for some component I' with all vertices at distance greater
than 3r from Xj;, is also O(1/(nlogn)). In order to prove this last claim, we follow all
the notation in the proof of Lemma BZ4 for the remaining of the paragraph, and also
define § = 7 1(S) and Y= 71 (Y). We can repeat the same computations the proof of
Lemma BZA but, instead of asking that all the n — ¢ points in X'\ Y lie outside of S, we
require that all the n — £ — 2 points in X' \ (Y U{X;,, X;,}) lie outside of S U 7/?\,;1 This last
fact occurs with probability P= (1-— Vo|(§U 7/?\,;1))"4_2, which plays a role analogous to
that of P in the proof of Lemma B2l If X;, is at distance greater than 3r from any point
in Y, then S and 7/?\,; . are disjoint. Therefore from (B.4]) we get

1 o o, 13
2 (2 + 6£> <Vol(SUR,) < Tﬂyﬂ, (3.33)
T

and an argument analogous to that leading to (BH) shows that

n

~ < M)2+p/<6r) 1

P < (1= 13m2 /)T (3.34)
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Repeating the same computations in the proof of Lemma BZZ4l but replacing P with ﬁ,
proves the claim for components of type 1 of fixed size £ > 2. This is extended to all
components of type 1 by arguing as in Part [ (p.L. B2ZHl). As a result, we conclude that
P(j:il,zé) = O(l/(n log n))

Now we proceed to prove (32 for components of type 1. First observe that the event
(My > 0A K441 = 0) implies that & holds for some i € {1,...,n}, since the only way for a
component of type 1 to disappear within one time step is getting joined to something else.
Therefore,

= < ;) = .
P(Ml >0A K2,t+1 0) < ZE 1 P(gz) 0] <10gn>

Notice that (M1 > 0 A B; > 0) implies that F;, ;, holds and moreover XZ2 € Q! , for some

i1,72 € {1,...,n} (i1 # i2). Then,

2
P(M; >0A By >0) < ZP i1 X,2eQ;1))_o<nq>:0<qn>.

nlogn logn

417

11,82

Part 2'. Consider all the possible components in G(X’;7) which have diameter at most er
and size greater than logn/37. Call them components of type 2, and let My denote their
number at time t.

Repeat the same tessellation of [0,1)? into cells as in Part B (p.L. B2ZH), and also
consider the set of square boxes defined there. Given any box b and i,5 € {1,...,n} (i # j),
we define & ; ; to be the event that box b contains more than logn /37— 1 pomts of X\{X;}
and moreover X € 73 Observe that each of the events (My > 0 A Kg,t+1 = 0) and
(My > 0A By > 0) 1mphes that &,; ; holds for some box b and 4,5 € {1,...,n}. Then, by
repeating the argument in Part B (p.L. B2ZZHl), but ignoring X; and also replacing logn/37
with logn/37 — 1, we deduce that

_ 1 PO
P(My > 0A Kapp1 =0) <O <7> Y P(X;eP)=0 <L> ,
%,J

nlllogn nOllogn

and the same bound applies to P(My > 0 A B, > 0).

Part 3'. Consider all the possible components in G(X;r) which are not embeddable and
not solitary. Call them components of type 4, and let My denote their number at time ¢.

Repeat the same tessellation of [0,1)? into cells as in Part @l (p.L. B2ZH), and observe
that each of the events (My > 0 A I?Q,Hl = 0) and (M4 > 0 A By > 0) implies that for
some i,j € {1,...,n} there exists some connected union S* of cells in the tessellation with
Area(S8*) > (11/5)7r2 such that S* N (X \ {X;}) = 0 and moreover X; € ﬁj. Hence, from
Part @ (p.L. BZZHl) but replacing X with X'\ {X;}, we obtain

~ 1 ~ ~ qn
PMy>0ANK =0)<0|(—+— X;eP; O —,
( 4 2,t+1 ) = <n6/5 logn> ZZ]: ( ) <7’L1/5 IOgTL)
and the same bound applies to P(My > 0 A B; > 0).

Part 4'. The embeddable components with diameter at least er treated in Part Bl (p.L. B2ZH)
are here divided into two types. First consider all the possible components in G(X;r) of
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diameter between er and 61/2r. Call them components of type 3a, and let Mz, denote their
number at time ¢.

We tessellate the torus [0,1)? into square cells of side ar, for some fixed but small
enough a > 0. From Part Bl (p.L. B2, if G(X};r) has some component of this type, then
there exists a topologically connected union S* of cells with Area(S*) > (1 + ¢/6)mr? which
contains no point in X. By removing some extra cells from S&*, we can assume that the
number of cells in §* is exactly [(H_;#] Now for each 4,5 € {1,...,n} and each union

S* of [M] cells that is topologically connected, let &; ; s« be the following event: S*
contains no points in X\ {XZ,X }, X is at distance at least 2r from all the points in S*;
R' contains no points in X \ {XZ,X }; and moreover X; € 73 Notice that if X, is at

dlstance at least 2r from all the points in §*, then 7 (S*) and Rj are disjoint. Hence,
Vol(r1(8*) U R’) > (2 +¢/6)mr? and

P(Ejs) < (1= Vol(r (ST UR))) (2q):0(ﬁ>.

Similarly, let F; ; s+ be the following event: S* contains no points in X' \ {X;, X;}; X, is
at distance at most 2r from some point in §*; and moreover X; € P;. Notice that the
probability that X; is at distance at most 2r from some point in S* is O(r?) = O(log n/n).
Hence,

T logn qlogn

Finally, observe that each of the events (Msz, > 0 A I~(27t+1 = 0) and (M3, > OA By > 0)
implies that either &; j s+ or F; j s+ hold, for some i,j € {1,...,n} and some topologically
connected union S* of cells. Therefore, the probabilities of (M3, > 0 A I~(27t+1 = 0) and
(M3, > 0 A B, > 0) are at most

S s+ 3 Fus =0 (L),

/[:7.778* i7j78*

Part 5. Finally consider all the possible components in G(X;r) which are embeddable and
have diameter at least 6v/2r. Call them components of type 3b, and let Msy, denote their
number at time t.

We tessellate the torus into square cells of side ar, for some fixed but small enough
a > 0. Our goal is to show that if G(A};r) has some component of type 3b, then there
exists some topologically connected union S* of cells with Area(S*) > (11/5)7r? and which
does not contain any vertex in X. Then, arguing as in Part B1 we conclude that both
P(Ms, > 0 /\K2t+1 = 0) and P(Mz, > 0 A B; > 0) are O (qn/(n'/®logn)). We now
proceed to prove the claim on the union of cells §*. Given a component I' of type 3b
in G(Xy;r), let 8, it and ig be defined as in Part Bl (p.L. B2ZH). Then, by repeating the
same argument in there but replacing er with 6v/2r, we can assume w.l.o.g. that the vertical
distance between X and Xj; is at least 6r, and claim that the upper half-circle with centre
Xi; and radius r and the lower half-circle with centre X, and radius r must be disjoint and
contained in &’. Now, consider the region of points in the torus [0, 1)? with the y-coordinate
between that of X, and X, and split this region into three horizontal bands of the same

i)
width. Observe that each band has width at least 2r and hence must contain some vertex of
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I". For each of these bands, pick the rightmost vertex of I' in the band. We select the right
lower quarter-circle of radius r centred at the vertex if the vertex is closer to the top of the
band, or otherwise the right upper quarter-circle. We also perform the symmetric operation
and choose three more quarter-circles to the left of the leftmost vertices in the three bands.
All these six quarter-circles together with the two half-circles previously described are by
construction mutually disjoint and contained in S’. Therefore Area(S’) > (5/2)nr?. Let S*
be the union of all the cells in the tessellation which are fully contained in S&’. We loose a
bit of area compared to S’. However, if a was chosen small enough, we can guarantee that
S* is topologically connected and also Area(S*) > (11/5)7r2. This a can be chosen to be
the same for all components of type 3b. U

Now we can characterise the connectivity of (G(Xt;r)) +cz &b two consecutive steps.

We denote by C; the event that G(X};7) is connected, and by D; = C; the event that G (X;;r)
is disconnected.

Corollary 3.3.7. Assume that p = O(1). Then,
P(C; A Dip1) ~ e H(1 — e BEB), P(D; ACiy1) ~ e H(1 — e EB)
P(C; ACpyq) ~ e He BB, P(D; ADyy1) ~1—2e # e He BB
Proof. First observe that Ky ; = S; + D; and Kj 41 = S; + B;. Therefore we have
P(Ki;=0ANKi441>0)=P(S; =0AD; =0A B, > 0),
and by Proposition we get
P(Kit=0AKi 1 >0)~e BTED( _o7BB)  omr(] — ¢7EB), (3.35)

We want to relate this probability with P(C; A Dyyq). In fact, by partitioning (K, =
0A Kj 441 >0) and (C¢ A Dyy1) into disjoint events, we obtain

P(Kl,t =0A K17t+1 > 0) = P(Ct VAN Kl,t+1 > 0) + P(Dt VAN Kl,t =0A Kl,t+1 > 0),
P(Ct AN Dt+1) = P(Ct VAN Kl,t+1 > 0) + P(Ct ADpy1 A Kl,t+1 = 0),

and thus we can write
P(Ct A Dt+1) = P(Kl,t =0A K17t+1 > 0) + P — Py, (336)

where P, = P(Ct A Dip1 A K17t+1 = O) and Py, = P(Dt A Kl,t =0A K17t+1 > 0)

Suppose that s = o(1/(rn)). In this case, P(K1; = 0 A K141 > 0) = O(srn)
(see (B30) and Proposition B3H). Also observe that D A (X = 0) implies that X > 0.
In fact, we must have at least two components of size greater than 1, so at least one of

these must be non-solitary. Then, we have that P, < P(Ks; = 0 A K441 > 0) and
P, <P(Kz; >0A B; > 0), and from Lemma B30 we get

P, Py =0(P(K1; =0A K441 >0)). (3.37)

Otherwise if s = Q(1/(rn)), then P(K1y = 0A K1441 > 0) = O(1). In this case, we
simply use the fact that P, < P(K3;11 > 0) = o(1) and P, < P(K3; > 0) = o(1) (see
Theorem B22Z7 and Lemma B3T]), and deduce that ([B31) also holds.
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Finally, the asymptotic expression of P(C; A Dy41) is obtained from B3H), B30)
and ([B37). Moreover, by considering the time-reversed process, we deduce that P(D; A
Ciy1) = P(Ci A Diy1). The remaining probabilities in the statement are computed from
Corollary B23 Lemma B3l and using the fact that

P(C; ACiyp1) = P(C)) — P(Ci A Diyy),
P(D; A Dyy1) = P(Dy) — P(Dy ACiyr). O

Given any event £ in the static model G(X;r), we denote by & the event that &
holds at time ¢. In the (G(Xt; 7")) 1ez, model, we define L;(€) analogously to its definition in
Chapter B, which in fact is not specific of any particular random process. Namely, L;(£) is
the number of consecutive steps that £ holds starting at step ¢. Note that, as in Chapter 2]
the distribution of L;(£) does not depend on t. Therefore, Lemma 510 also applies to the
present setting.

Our main goal in this section is to compute the expected time that the graph of
walkers remains (dis)connected, after a point in time at which it becomes (dis)connected.
More precisely, define

LCa = E(Li(C) | Di_1 AC))  and LD, = E(Ly(D) | Ci_y A D).

Then, from Lemma EZ5T0 in order to find the asymptotic value of LC,, and LD, it suffices
to see that E(L(C)) < 400 and E(L(D)) < +oc.

Lemma 3.3.8. Let b = b(n) be the smallest natural number such that (b — 3)ms > 31/2/2.
Then, there exists p = p(n) > 0 such that: for any fized circle R C [0,1)? of radius r/2,
any i € {1,...,n}, any t € Z, and conditional upon any particular position of X;; in the
torus, the probability that X; ;1 pm € R is at least p.

Proof. Fix arbitrary positions for X;; and for the centre X of circle R. Let ¢’ be the smallest
integer such that ¢ | m and ¢ > ¢t. Observe that ¢’ is the first time after ¢ when agent i
selects a new angle. Let h =t/ — ¢, which satisfies 0 < h < m. The particular point X ; is
irrelevant in our argument, and we restrict our attention to the position of agent ¢ at the
times when it chooses a new angle, and also to the final position. For simplicity, we denote
Yi=Xipirm (0<k<b—1) and Y, = X; 41 4m. Observe that

d(Yies1,Ye) =ms, Vk : 0<k<b—2, and d(Yp, Y1) = (m —h)s. (3.38)

Recall that, if o denotes the angle in which agent ¢ moves between Y and Yy, 1, then each
oy, is selected uniformly and independently at random from the interval [0, 27).

In order to prove the statement, we compute a lower bound on the probability of
a strategy that is sufficient for agent ¢ to reach R at time t + bm. We start from an
arbitrary point Yy € [0,1)? and build a sequence of points Yy, ..., Y satisfying ([38)) such
that d(Yy, X) < r/2. The strategy consists in imposing some restrictions on the angles
ag,...,qp. For the sake of simplicity in the geometrical descriptions, it is convenient to
allow Yp,...,Y; and X to lie in R? rather than into the torus [0,1)2. Once the construction
of the sequence of points is completed, we map them back to the torus by the canonical
projection. Hence, we assume hereinafter that Yy and X are two arbitrary points in R?
such that d(Yp, X) < v/2/2, which is the maximal distance in the torus [0,1)2. For each k,
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0 <k < b—4, we restrict oy to be in [0 — 7/6,0; + 7/6] (mod 27), where 6}, is the angle
of ﬁ with respect to the horizontal axis. We claim that, with this choice of angle, the
distance between Yy and X is decreased at each step by at least ms/3 until it is at most
ms. In fact by the law of cosines,

A(Vis1, X) <\ (d(Yi, X))? + (ms)? — V3d(Yi, X)ms, (3.39)

and therefore, if d(Yy, X) > ms, we can write

(Y1, X) < \/(d(Yk,X))Q (1 % V) (ms)? - ;d(Yk,X)ms

< \/(d(Yk,X))Z + %(m5)2 _ ;d(Yk,X)ms
— (Y, X) — %ms. (3.40)

Otherwise, if d(Yy, X) < ms, then from [B39%) we deduce that also

A(Vis1, X) < /(1= V3)(d(Yi, X)) + (ms)? < ms. (3.41)

We claim that d(Y}_3, X) < ms. Suppose otherwise that d(Y;_3, X) > ms. Then in view
of B39), B0) and BAI), for all k such that 0 < k < b — 4 we also have d(Yy, X) > ms,
and moreover

ms V2 ms
— < ——(b-3)— <0

which contradicts the assumption, and proves the claim.

Now, let Z € R? be the only point on the line containing Y;_3 and X satisfying
d(Z,X) = (m — h)s and such that X lies on the segment Y3 3Z. Moreover, denote by
W one of the two points on the perpendicular bisector of segment Y;_ 3Z which satisfy
d(W,Y,—3) = ms. We want to set the angles ap_3, ap_o and ap_1 so that Yo, Y31 and
Y3 are close to W, Z and X respectively. Indeed, if ¢p_3, ¢p_o and ¢p_1 are respectively

—y —

d(Yy-3,X) < d(Yo, X) — (b 3)

the angles between the horizontal axis and Y, 3sW, WZ and ZX, then by imposing that
ag € [ — er/(ms), ¢ + er/(ms)] (mod 27) for some small enough € > 0, we achieve that
d(Yy, X) <r/2 and thus Y, € R.

As a conclusion, the probability of choosing all the angles according to the strategy
described is

p = (1/6)"720((r/(ms))*),
and this completes the proof. O
The next lemma allows us to apply Lemma 2510
Lemma 3.3.9. E(L(C)) < 400 and E(L(D)) < +oc.

Proof. Fix onecircle R C [0,1)? of radius /2, and take b as in the statement of Lemma 3.8
Since the agents choose their angles independently from each other, we have that, conditional
upon any arbitrary A;, the probability that after bm steps all agents end up inside R is

P(Xt—i-bm CR | Xt) > pn’ (342)
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for some p = p(n) > 0. Observe that for any ¢ € Z the event (X; C R) implies that G(X;;r)
is a clique, since all pairs of vertices in X; are at distance at most r, and thus G(Xy;r) is
connected. Consequently, for any d € N, we can write

d d—1
P( A Dt+kbm> <(1- p")P< A\ DHkbm) < P(D;)(1 —p™)% (3.43)
k=0 k=0

Notice that the equation Li(D) = > 72 o 1[Dy]- - - 1[Dy4y], is satisfied pointwise, for
every element in the probability space (AX;)icz. Therefore, by the Monotone Convergence
Theorem, ([B43) and the fact that p > 0, we conclude

E(L(D)) =Y P(DiA--- A Diyp)
k=0

0 d
< meP< A DtJrkbm)
d=0 k=0
<bmP(Dy) Y (1 -p")? < 400.
d=0

The same kind of argument shows that E(L(C)) < +oc. In this case we fix two circles
R and R’ in [0,1)? of radius r/2 with centres at distance greater than 2r. Observe that for
any ¢ € Z the event ((A;\ {X1:}) C R) A (X1 € R') implies that G(X;;7) is disconnected.
Moreover, from Lemma B38 we obtain an analogue to (B:22)

P((Xriom \ (X1 10m}) € R) A (Xipiom € R') | 24) 2 9, (3.44)
and the argument follows as in the previous case but replacing D with C. U

We are now ready to prove our main theorem which characterises the expected number
of steps the graph remains (dis)connected once it becomes (dis)connected.

Theorem 3.3.10.

. T if srn = o(1),
LCyy ~ (1= c BB = (1_e,isrn/ﬁ) if srn = 0O(1), and
1 if srmn = w(1),
[ g
LDu ~ % gy = { ity i s = O1),
et —1 if srn = w(1).

Proof. By Lemma B39 we have that E(Li(C)) < +oo, E(Lk(D)) < +oo. Then we can
apply Lemma Z5T0, and the result follows by Corollaries and B31 O
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3.4 Conclusions.

In this chapter, we have introduced the dynamic random geometric graph and studied the
expected length of the connectivity and disconnectivity periods, considering different step
sizes s and different lengths m during which the angle remains invariant, always considering
the static connectivity threshold » = r.. We believe that a similar analysis can be performed
for other values of r as well.

The random walk mobility model simulates the behaviour of a swarm of mobile agents
as sensors or robots, which move randomly to monitor an unknown territory or to search
in it. There exist other models such as the way-point model, where each agent chooses
randomly a fixed way-point (from a set of pre-determined way-points) and moves there,
and when it arrives it chooses another and moves there, and so on [I8]. A possible line
of future research is to use the techniques and results developed in this chapter to study
other models of mobility. Another line of work is to explore the behaviour of other graph
properties, such as the chromatic number or the clique number, as the dynamic random
geometric graphs evolve.






Sharp Threshold for Hamiltonicity
of Random (Geometric Graphs

4.1 Introduction

Given a graph G on n vertices, a Hamiltonian cycle is a simple cycle that visits each
vertex of GG exactly once. A graph is said to be Hamiltonian if it contains a Hamiltonian
cycle. The problem of given a graph, deciding if it is Hamiltonian or not is known to
be NP-complete [33]. Two known facts for the Hamiltonicity of random graphs are that
almost all d-regular graphs (d > 3) are Hamiltonian [Z1], and that in the G, , model if
p(n) = (logn + loglogn + w(n))/n, then a.a.s. Gy, is Hamiltonian [52] (see also chapter 8
of [1H]).

Random geometric graphs are the randomised version of unit disk graphs. An undi-
rected graph is a unit disk graph if its vertices can be put into one-to-one correspondence
with circles of equal radius in the plane in such a way that two vertices are joined by an
edge iff their corresponding circles intersect [20]. The problem of deciding if a given unit
disk graph is Hamiltonian is known to be NP-complete [44].

A natural issue to study is the existence of Hamiltonian cycles in a random geomet-
ric graph G(X;r) = G(X(n);r(n)). Penrose in his book [66] posed it as an open problem
whether exactly at the point where G(X’; r) gets 2-connected, the graph also becomes Hamil-
tonian a.a.s. Petit in [68] proved that for r = w(y/logn/n), G(X;r) is Hamiltonian a.a.s.
and he also gave a distributed algorithm to find a Hamiltonian cycle in G(X;r) with his
choice of radius. In the present chapter, we find the sharp threshold of this property for a
random geometric graph over the unit square under any /,-normed distance. In fact, let
p (1 < p < o0) be arbitrary but fixed throughout the chapter, and let G denote a random
geometric graph G(X;7) over [0, 1]? with respect to £,. Let o, be the area of the unit disk in
the £, norm, and recall from Section that the connectedness of G has a sharp threshold

at r =r(n) = y/logn/(ayn). We first show the following
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Theorem 4.1.1. The property that a random geometric graph G = G(X;r) contains a

logn
apn ’

Hamiltonian cycle exhibits a sharp threshold at r = where o, is the area of the unit

disk in the £, norm. More precisely, for any e > 0,

o ifr= \/(;Zi’:)n, then a.a.s. G contains no Hamiltonian cycle,

logn
(ap—e)n’

o ifr= then a.a.s. G contains a Hamiltonian cycle.

And as a corollary of the proof, we describe a linear time algorithm that finds a
Hamiltonian cycle in G(X;r) a.a.s., provided that r > ,/ (al;’%)n for some fixed € > 0.

4.2 Proof of Theorem A.T1.1]

To prove Theorem EET Tl note that the lower bound of the threshold is trivial. In fact, if r =
logn

(apte)n’

cycle. To simplify the proof of the upper bound, we need some auxiliary definitions and

then a.a.s. G is disconnected [65] and hence it cannot contain any Hamiltonian

lemmas. In the remainder of the section, we assume that r = @«lj%)n for some fixed € > 0,

and we show that a.a.s. G contains a Hamiltonian cycle.
2

Let us take y = [ﬂ_l. Intuitively, y is close to r/2 but slightly smaller. We divide
[0, 1] into squares of side length y. Call this the initial tessellation of [0,1]?. Two different
squares R and S are defined to be friends if they are either adjacent (i.e., they share at least
one corner) or there exists at least one other square T adjacent to both R and S. Thus,
each square has at most 24 friends. Then, we create a second and finer tessellation of [0, 1]2
by dividing each square into k% new squares of side length y/k ~ r/(2k), for some large
enough but fixed k = k(e) € N. We call this the fine tessellation of [0,1]?, and we refer to
these smaller squares as cells. We note that the total numbers of squares and cells are both
O(1/r?). Note that with probability 1, for every fixed n, any vertex will be contained in
exactly one cell (and in exactly one square). In the following we always assume this.

We say that a cell is dense, if it contains at least 48 vertices of G. If the cell contains
at least one vertex but less than 48 vertices, we say the cell is sparse. If the cell contains no
vertex, the cell is empty. Furthermore we define an animal to be a union of cells which is
topologically connected. The size of an animal is the number of different cells it contains. In
particular, the squares of the initial tessellation of [0, 1]? are animals of size k2. An animal
is called dense if it contains at least one dense cell. If an animal contains no dense cell, but
it contains at least one vertex of G, it is called sparse.

From hereinafter, all distances in [0,1]? will be taken in the ¢, metric. As usual, the
distance between two sets of points P, and P, in [0,1]? is the infimum of the distances
between any pair of points in P; and P,. Two cells ¢; and ¢y are said to be close to each
other if

sup  {distance(py,p2)} < 7.
pP1€ECL,p2EC2
For an arbitrary cell ¢ at distance at least r from the boundary of [0,1]2, let K = K(n) be
the number of cells which are close to ¢ and also above and to the right of ¢. Obviously, K
does not depend on the particular cell we chose.
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Figure 4.1: Set of cells close, above and to the right of the shaded cell

Lemma 4.2.1. For any n > 0, we can choose k sufficiently large such that K > (oy, — n)k?

for n large enough.

Proof. Let ¢ be a cell at distance at least r from the boundary of [0,1]2. Call A the union
of the cells which are close to ¢ and also above and to the right of ¢. Let p be the top right
corner point of ¢. Define the set

B = {q € [0,1]> N R : distance(p, q) < r — 4y/k},

where R is the set of points which are above and to the right of p. Observe that B C A.
Moreover, if k is chosen large enough, the area of B is at least i(ap —n)r2. Thus, A contains
at least I (ap, —n)r?/(y/k)* > (ap — n)k? cells. O

Lemma 4.2.2. The following statements are true a.a.s.

(i). All animals of size 4K are dense.

(ii). All animals of size 2K which touch any of the four sides of [0,1]? are dense.
(iii). All cells at distance less than 4y from two sides of [0,1]% are dense.

Proof. Let 0 < § < e. Taking into account that the side length of each cell is y/k >
5 (al;% ?)n (but also y/k < ¢y/logn/n for some ¢ > 0), the probability that any given cell

is not dense (i.e., it contains at most 47 vertices) is

S()(E) (-5) oo (2) (-5)

since the weight of this sum is concentrated in the last term. Then, plugging in the bounds
for y/k, we get that the probability above is

1
O(l)(nyQ/k2)47e_y2n/k2 _ O(l)(log n)47n % (ap—0)

For each one of the cells of a given animal, we can consider the event that this particular
cell is not dense. Notice that these events are negatively correlated, as the probability that
any particular cell is not dense conditional upon having some other cells with at most 47
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vertices is not greater than the unconditional probability. Thus, the probability that a given
animal of size 4K contains no dense cell is at most

_ 1 \4K K
(O(l)(logn)47n 4k2(ap—6)> = O0(1)(logn)®n" #ew=9)

for some constant C. Let p = #p—&) From Lemma EZT] applied with any 0 < n < 6,
by choosing k sufficiently large, we can guarantee that p > 1. Now note that the number
of animals of size 4K is O(1/r?) since for each fixed shape of an animal there are O(1/7?)
many choices and there is only a constant number of shapes. Thus, by taking a union bound
over all animals and plugging in the value of r, we get that the probability of having an

animal without any dense cell is
O(1)(log n)“ " /nP~" = o(1),

and (i) holds.
An analogous argument shows that any given animal of size 2K is not dense with
probability
O(1)(logn)¢/?n=r/2,

Observe that there exist only O(1/r) animals touching any of the four sides of [0, 1]2. Hence,
the probability that one of these is not dense is

O(1)(log n){“= D72 /=172 = o(1),

and (ii) is proved.
To prove (iii), we simply recall that the probability that a given cell is not dense is
o(1). By taking a union bound, the same argument holds for a constant number of cells. O

Lemma 4.2.3. A.a.s., for any cell ¢y, there exists a cell co which is dense and close to cy.

Proof. Let S be the square of the initial tessellation of [0,1]? where ¢; is contained, and let
A be the animal containing all the cells which are close to ¢; but different from ¢;. Suppose
that S is at distance at least 2y from all sides of [0,1]2. Then, A has size greater than 4K,
and it must contain some dense cell by Lemma FEZZ] (i) a.a.s.

Otherwise, suppose that S is at distance less than 2y from just one side of [0, 1]%.
Then, A has size greater than 2K and it touches one side of [0,1]?, and thus it must contain
some dense cell by Lemma (ii) a.a.s.

Finally, if S is at distance less than 2y from two sides of [0,1]?, then all cells in that
square must be dense by Lemma (iii) a.a.s. O

We now consider the following auxiliary graph G’: the vertices of G’ are all those
squares belonging to the initial tessellation of [0,1]> which are dense, and there is an edge
between two dense squares R and S if they are friends and there exist cells ¢; C R and
co C S which are dense and close to each other. We observe that the maximal degree of G’
is 24.

Lemma 4.2.4. A.a.5., G' is connected.
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Proof. Suppose for contradiction that G’ contains at least two connected components I'y
and I's. We denote by D the union of all dense cells which are contained in some vertex
(i.e., dense square) of I';, and let H O D be the union of all cells which are close to some cell
contained in D. Note that H is topologically connected, and let the closed curve v be the
outer boundary of H with respect to R%2. Each connected part obtained by removing from
7 the intersection with the sides of [0, 1]? is called a piece of v. Define by E the union of all
cells in H but not in D. In general, E might have several connected components (animals).
Moreover, all cells in F must be not dense, by construction. Note that any cell in D cannot
touch any piece of . Hence, each piece of v is touched by exactly one connected component
A C E. Observe that, if v touches some side of [0, 1]?, then all connected components of E
touching some piece of v must also touch some side of [0, 1]2.

Given any of the four sides s of [0, 1]?, the distance between s and I'; is understood
to be the distance between s and the dense square of I'y which has the smallest distance to
s. We now distinguish between a few cases depending on the fact whether I'; is at distance
less than 2y from one (or more) side(s) of [0,1]? or not.

Case 1. Ty is at distance at least 2y from any side of [0, 1]2.

In this case, let A be the only connected component of E which touches . Consider the
uppermost dense cell ¢ C D (if there are several ones, choose an arbitrary one) and the
lowermost dense cell d C D (possibly equal to ¢). Then all cells which are close to ¢ and
above ¢ and all cells which are close to d and below d belong to A. Since there are at least
as many as 4K of these, we have an animal A of size at least 4K without any dense cell,
which by Lemma (i) does not happen a.a.s.

Case 2. T is at distance less than 2y from exactly one side of [0, 1]2.

W.lo.g. we can assume that I'y is at distance less than 2y from the bottom side of [0, 1]%.
Consider the uppermost dense cell ¢ C D (if there are several ones, choose an arbitrary
one). Let A be the connected component of £ which contains all cells which are close to ¢
and above c. Note that there are at least as many as 2K of these cells. Moreover, A touches
one of the pieces of 7. Hence, we have an animal A of size at least 2K without any dense
cell and that touches some side of [0, 1]2. By Lemma (ii) this does not happen a.a.s.

Case 3. T'p is at distance less than 2y from two opposite sides of [0, 1]?.

W.lo.g. we can assume that I'; is at distance less than 2y from the top and the bottom
sides of [0,1]2. Among all cells contained in squares of I'; that are at distance less than 4y
from the top side of [0,1]2, consider the rightmost dense cell c. If ¢ is at distance less than
2y from that side, consider all K cells which are close to ¢ and below and to the right of c.
Otherwise, if ¢ is at distance at least 2y from that side, consider all K cells which are close
to ¢ and above and to the right of ¢. Let A be the connected component of E containing
these cells. Similarly, among all cells contained in squares of I'; that are at distance less
than 4y from the bottom side of [0, 1]?, consider the rightmost dense cell d. Again, if d is
at distance less than 2y from that side, consider all K cells which are close to d and above
and to the right of d. Otherwise, if d is at distance at least 2y from that side, consider all K
cells which are close to d and below and to the right of d. Thus, in either case, we obtain K
cells pairwise different from the K previously described ones, and let A’ be the connected
component containing them. A and A’ must be the same, since they touch the same piece
of . Hence, we have an animal A of size at least 2K touching at least one side of [0, 1]?
and without any dense cell. By Lemma (ii) this does not happen a.a.s.
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Case 4. T is at distance less than 2y from one vertical and one horizontal sides of [0, 1]2.
W.lo.g. we can assume that I'; is at distance less than 2y from the left and the top sides
of [0,1]2. Among all cells contained in squares of I'; that are at distance less than 4y from
the top side of [0,1]2, consider the rightmost dense cell c. If ¢ is at distance less than 2y
from that side, consider all K cells which are close to ¢ and below and to the right of c.
Otherwise, if ¢ is at distance at least 2y from that side, consider all K cells which are close
to ¢ and above and to the right of ¢. Let A be the connected component of E containing
all these K cells. By construction, all these K cells are at distance less than 4y from the
top side of [0,1]2. Then, by Lemma (iii), they must be a.a.s. at distance at least 4y
from the left side of [0,1]?, since otherwise they would be all dense. Similarly, among all
cells contained in squares of 'y that are at distance less than 4y from the left side of [0, 1]?,
consider the lowermost dense cell d. Again, if d is at distance less than 2y from that side,
consider all K cells which are close to d and below and to the right of d. Otherwise, if d is
at distance at least 2y from that side, consider all K cells which are close to d and below
and to the left of d. Let A’ be the connected component of E containing these K cells. By
construction, all these K cells are at distance less than 4y from the left side of [0,1]?, and
hence they must be pairwise different from the K ones previously described a.a.s. (note
that we used Lemma (iii) to prove that the K cells contained in A described above
must be at distance at least 4y from the top side of [0,1]?). Moreover, A and A’ must be
the same, since they touch the same piece of 4. Then we have an animal A of size at least
2K touching at least one side of [0,1]? without any dense cell. By Lemma (ii) this
does not happen a.a.s.

Case 5. T'1 is at distance less than 2y from three sides of [0, 1]2.
W.l.o.g. we can assume that 'y is at distance less than 2y from the left, top and bottom
sides of [0,1]2. The argument is exactly the same as in Case 3, and hence this case does not
occur a.a.s.

In case I'y is at distance at least 2y from some side of [0, 1]2, we can apply one of the
above cases with I'y instead of I'y. Thus, it suffices to consider the following:

Case 6. Both I'; and T'y are at distance less than 2y from all four sides of [0, 1]?.

Let @ be the union of all those cells at distance less than 4y from both the bottom and left
sides of [0,1]2. By Lemma EEZZ all the cells in @ must be dense, and thus must belong
to squares of the same connected component of G’. W.l.o.g., we can assume that they are
not in D (i.e. are not contained in squares of I';). Among all cells contained in squares of
['; that are at distance less than 4y from the bottom side of [0, 1], consider the leftmost
dense cell c. If ¢ is at distance less than 2y from that side, consider all K cells which are
close to ¢ and above and to the left of ¢. Otherwise, if ¢ is at distance at least 2y from that
side, consider all K cells which are close to ¢ and below and to the left of c. Let A be the
connected component of E containing all these K cells. By construction, all these K cells
are at distance less than 4y from the bottom side of [0,1]2. Then, by Lemma (iii),
they must be a.a.s. at distance at least 4y from the left side of [0, 1]?, since otherwise they
would be all dense. Similarly, among all cells contained in squares of I'; that are at distance
less than 4y from the left side of [0, 1], consider the lowermost dense cell d. Again, if d is
at distance less than 2y from that side, consider all K cells which are close to d and below
and to the right of d. Otherwise, if d is at distance at least 2y from that side, consider all K
cells which are close to d and below and to the left of d. Let A’ be the connected component



4.2 Proof of Theorem[Z.1.1] 141

of E containing all these K cells. By construction, all these K cells are at distance less
than 4y from the left side of [0,1]?, and hence they must be pairwise different from the K
ones previously described a.a.s. Moreover, A and A’ must be the same, since they touch
the same piece of v. Then we have an animal A of size at least 2K touching at least one
side of [0, 1]? without any dense cell. By Lemma (ii) this does not happen a.a.s. [

Proof of the upper bound of Theorem [f-1.]] Starting from G’ we construct a new graph G”,
by adding some new vertices and edges as follows. Let us consider one fixed sparse square
S of the initial tessellation of [0,1]?. For each sparse cell ¢ contained in S, we can a.a.s.
find at least one dense cell close to it (by Lemma EEZ3]) which we call the hook cell of ¢
(if this cell is not unique, or even the square containing these cell(s) is not unique, take an
arbitrary one). This hook cell must lie inside some dense square R, which is a friend of S.
Then, that sparse cell ¢ gets the label R. By grouping those ones sharing the same label, we
partition the sparse cells of S into at most 24 groups. Each of these groups of sparse cells
will be thought as a new vertex, added to graph G’ and connected by an edge to the vertex
of G’ described by the common label. By doing this same procedure for all the remaining
sparse squares, we obtain the desired graph G”. Those vertices in G” which already existed
in G’ (i.e., dense squares) are called old, and those newly added ones are called new. Notice
that by construction of G” and by Lemma EE2Z4l, G” must be connected a.a.s.

&

Vi

)

Figure 4.2: Illustration of G”

Now, consider an arbitrary spanning tree 7 of G”. Observe that the maximal degree
of 7 is 24, and that all new vertices of 7 have degree one and are connected to old vertices.
We use capital letters U, V' to denote vertices of 7 and reserve the lowercase u,v,w for
vertices of G. Fix an arbitrary traversal of 7 which, starting at an arbitrary vertex, traverses
each edge of 7 exactly twice and returns to the starting vertex. Note that such a traversal
always exists: fix an arbitrary vertex of 7 to be the root vertex and always follow the edge
going to the leftmost neighbour of that vertex (the vertex with smallest z-coordinate, and
if there are more, the one among them with the smallest y-coordinate) which was not yet
visited. Do this recursively for each vertex. When all neighbours of a vertex are visited, we
go back to the vertex we came from. We iterate this procedure until all vertices are visited
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and we are back at the root vertex. This traversal gives an ordering in which we construct
our Hamiltonian cycle in G (i.e., as the Hamiltonian cycle travels along the vertices of G, it
will visit the vertices of 7" according to this traversal).

Let us give a constructive description of our Hamiltonian cycle. Suppose that at some
time we visit an old vertex U of 7 and that the next vertex V' (w.r.t. the traversal) is also
old. Then, there must exist a pair of dense cells ¢c; C U, ¢o C V close to each other, and
let u € ¢; and v € ¢y be vertices not used so far. In case this is not the last time we visit U
(w.r.t. the traversal), immediately after entering vertex w inside U we connect w to u and
then w is connected to v. If U is visited for the last time (w.r.t. the traversal), we connect
from the entering vertex w all vertices inside U not yet used by an arbitrary Hamiltonian
path (note that they form a clique in G) before leaving U via u, and subsequently we connect
u to v.

Otherwise, suppose that at some time we visit an old vertex U of 7 and that the next
vertex V' (w.r.t. the traversal) is new. We connect all the vertices inside V' (possibly just
one) by an arbitrary Hamiltonian path, whose endpoints lie inside the sparse cells dy C V
and do C V (possibly equal). Again this is possible since these vertices form a clique in G.
Let ¢; C U and ¢y C U (possibly equal) be the hook cells of d; and dy (i.e., ¢; is a dense
cell in U close to the sparse cell d; in V). Let u € ¢; and v € cg be vertices not used so far.
Then, immediately after entering vertex w inside U we connect w to v and then w is joined
to the corresponding endpoint of the Hamiltonian path connecting the vertices inside V.
The other endpoint is connected to v, and so we visit again U.

We observe that at some steps of the above construction we request for unused vertices
of G. This is always possible: in fact, each vertex of 7 is visited as many times as its degree
(at most 24); for each visit of an old vertex U our construction requires exactly two unused
vertices v € ¢, w € ¢ inside some dense cell ¢ C U; and ¢ contains at least 48 vertices. By
construction, the described cycle is Hamiltonian and the result holds. U

In the following corollary, we give an informal definition of a linear time algorithm
that constructs a Hamiltonian cycle for a specific instance of G(X’;7). The procedure is
based on the previous constructive proof. We assume that real arithmetic can be done in
constant time.

Corollary 4.2.5. Let r > logn_ = for some fized € > 0. The proof of Theorem 17

(p—€)n’
yields an algorithm that a.a.s. produces a Hamiltonian cycle in G(X(n);r(n)) in linear
time with respect to n.

Proof. Assume that the input graph satisfies all the conditions required in the proof of
Theorem EETTl which happens a.a.s. Assume also that each vertex of the input graph is
represented by a pair of coordinates. Observe that the total number of squares is O(n/logn),
and since the number of cells per square is constant, the same holds for the total number of
cells. First we compute in linear time the label of the cell and the square where each vertex
is contained. At the same time, we can find for each cell (and square) the set of vertices it
contains, and mark those cells (squares) which are dense. Now, for the construction of G,
note that each dense square has at most a constant number of friends to which it can be
connected. Thus, the edges of G’ can be obtained in time O(n/logn). In order to construct
G", for each of the O(n/logn) cells in sparse squares, we compute in constant time its hook
cell and the dense square containing it. Since both the number of vertices and the number
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of edges of G” are O(n/logn), we can compute in time O(n) (e.g., by Kruskal’s algorithm)
an arbitrary spanning tree 7 of G”. The traversal and construction of the Hamiltonian
cycle is proportional to the number of edges in 7 plus the number of vertices in G and thus
can be done in linear time. O

4.3 Conclusion and Outlook

We believe that the above construction can be generalised to obtain sharp thresholds for
Hamiltonicity for random geometric graphs in [0,1]? (d being fixed). However, it seems
much more difficult to generalise the results to arbitrary distributions of the vertices. The
problem posed by Penrose [66], whether exactly at the point where G(X'; r) gets 2-connected
the graph also becomes Hamiltonian a.a.s. or not, still remains open.
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