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Abstract: Consider a sequence of positive integer-valued random vectors denoted
by x,, = (z1(n),...,zn(n)) forn =0,1,2,.... Fix xq, and given x,,, choose a random
coordinate i,11 € {1,...,N}. The probability that {i,,; = i} for a particular
coordinate ¢ is proportional to a non-decreasing function f; of E;V:l a;;x;(n), where
a;; > 0 measures how strongly j cooperates with ¢. Now, on the event that {i,4+1 = i},
update the sequence in such a way that x,.1; = x,, + €;, where e; is the vector whose
i-th coordinate is 1 and whose other coordinates are 0. Finally, given A = (aij)szl

and f;, i =1,..., N, what can one say about lim,_,. n"'x,?
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Chapter 1

Introduction

The problem we want to address in this thesis is “Given an evolving population
comprised of many types of individuals, how to simultaneously keep track of the
size and composition of the population as time goes to infinity?”. This problem has
long been considered in the scientific community across several academic disciplines
and there exists a huge literature on the mathematical theory of the evolution of

populations we shall briefly discuss.

The mathematical formulation of the growth of a population can be traced as far
back as 1760 when Leonhard Euler in his “General Researches on the Mortality
and the Multiplication of the Human Race”[27] implicitly assumed that the pop-
ulation increases geometrically over time, leading to the equation known today as
the characteristic equation of demography (or Euler-Lotka equation). The economic
implications of exponential growth of the human population were the subject of
the famous Thomas Malthus’ writings - “Essay on the Principle of Population”,
1798. A few decades after the Malthusian controversy on the exponential growth
of populations, P. Verhulst introduced in 1838 the so-called logistic equation in an
attempt to take into account that since the resources are limited, the death rate
increases as the resources are exhausted. It was not until A. Lotka 1925 [58] (see [57])
and V. Volterra 1926 [84] that the competition between species was satisfactorily

incorporated into a mathematical model.
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Deterministic models are typically simpler to solve analytically or numerically
whereas random models may be considerably more complicated, but it is gener-
ally acknowledged that they may also be more realistic. In this respect, deciding
whether to opt for a deterministic or a stochastic model may be a delicate issue. On
the one hand, one may wonder whether it is useful to approach a complex stochastic
model when a deterministic description is expected to be accurate enough. On the
other hand, one may consider the risk of failing to take into account the role of

chance fluctuations - especially in the early stage - of the development of the process.

In this thesis we shall be concerned solely with stochastic growth models. Although
the thesis is not focused on any particular question of demography, we sometimes
apply the terminology “population”, “individual”, etc, for the sake of presentation
purposes since the theory of stochastic processes has undergone major developments
in many directions, partly in response to the challenges originally posed by modelling
biological populations. Nevertheless, the reader is suggested to keep in mind that the
terms “population”, “individual”, etc, are not necessarily restricted to any biological

context and might refer to objects in the context of various fields such as computer

science [1, 9, 11], economics [3, 24, 45] and game theory [18, 75, 81].

With a few exceptions, the classical stochastic population models are treated as
processes in which it is assumed that different individuals reproduce independently
of one another. This is a severe limitation for most applications. In contrast, in this
thesis we consider some stochastic growth models in which the number of individuals
of certain types may affect the growth of individuals of some other types according

to a graph-based interaction.

Before starting a detailed description of the subject matter of this thesis, let us briefly
mention some of the most important references in the literature and investigate how

our project relates to previous research on this field.
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1.1 Branching processes

One of the earliest known work on stochastic population models ! was that of F.
Galton and H. W. Watson, 1874 [38], “On the probability of the extinction of families”
formulated priorly by F. Galton in [37] as follows:

“A large nation, of whom we will only concern ourselves with the adult males, who
each bear separate surnames, colonise a district”. Let po,p1,pa, ... be the respective
probabilities that an adult male has 0,1,2,... sons.

(1) “what proportion of the surnames would become extinct after a given number of
generations?”

(2) “How many instances there will be of the same surname being held by a given

number of persons?”

The mathematical model of Galton and Watson (known as the branching process)
was later studied by R. A. Fisher in his pioneering work [31, 32, 33] on the random
variations in the frequency of genes and the survival of the progeny of a mutant gene.
Fisher’s investigations on the Mendelian scheme of genetic inheritance combined
with the diffusion equation of S. Wright’s theory [87, 88, 89] later became one the

most fundamental models in population genetics known as the Fisher-Wright model.

It seems that the first authors to have used Markov processes as mathematical
models for the growth of biological populations were A. McKendrick, 1914, 1927 [59,
60] on the spread of epidemics (for more on the theory of epidemics, see [10, 46]), U.
Yule 1924 [90], on the evolution of new species, and W. Furry 1937 [36], on showers

of electrons.

Perhaps the most well-studied branching process is the so-called birth-and-death
process, where any individual, upon death, may be replaced by either 2 or no children
(so that the change in the population size is £1). Although such a class of processes

may be regarded as a particular case of a branching process, it has become a topic

In 1845, 1. J. Bienaymé wrote a note “On the law of multiplication and the duration of families”,
published in the bulletin of the Société Philomatique in Paris considering a simplified version of
the problem of the extinction of families as described above.
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in its own right and it has been reformulated in its own language. Since then, there
has been major developments in this field and many models have been formulated
so as to describe population processes with several species, competition, migration,

catastrophes, etc (see [2], Chapters 8, 9 and references therein).

In Chapter 3 we get back to the theory of multi-type Markov branching processes
in continuous time. These processes are the subject of the influential books by T.
Harris [39] and K. Athreya and P. Ney [6] and have been taken pretty much to

completion by S. Janson in his recent work [41, 42].

1.2 Poélya urn models

Another useful probabilistic model in the context of stochastic growth is the so-called
Polya urn model. Historically, the Pélya urn model first appeared in Eggenberger
and Polya, 1923 and Poélya, 1931, and was intended to model epidemics, contagion
and other such spreading phenomena involving a branching mechanism. The system
consists of a set of particles of N different types, and the dynamics can be described

by iterating the two following steps:

e (D1) Drawing Mechanism: One particle is drawn uniformly at random from
the system, so that the probability of drawing a particular type of particle is

equal to its proportion of the whole population.

« (R1) Replacement Mechanism: Once a particle is drawn, its type is observed
and the drawn particle is returned to the system along with a new particle of

that same type.

As far as this problem is concerned, the main question is to determine how the
proportion of each type of particle evolves over time. The simplest case when N = 2
has a remarkable property as it converges to a random limit, specifically, to a Beta

distribution with parameters given by the system’s initial state [30]. For arbitrary N,
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it has long been known [19] that the particle type count is a Dirichlet-multinomial
distribution with parameters given by the initial state and the current moment of

time (For a comprehensive book on urn models, see [43]).

There are several quite natural ways to generalise this model, so before stating our
results and some open problems let us briefly discuss some of the existing extensions

and achievements in this field.

1.2.1 Extensions

On the one hand, one might want to start generalising this model by extending
the drawing mechanism (D1). In order to make it more precise, let us denote by
X(n) = (Xi(n),..., Xn(n)) € ZY the numbers of particles of each type i € {1,..., N}
at time n. Then, instead of drawing a particle uniformly at random, let us consider

the following extension.

« (D2) Extended Drawing Mechanism: At time n + 1 a particle of type 4,1 €
{1,..., N} is drawn, where the random type 7,4, has distribution given by

fz(%)

Plint1 =1 | X(n) = (z1,....,xx5)] = SN Sy

i=1...,N,

where the f; : Z, — R, are non-decreasing functions called reinforcement rule of

the dynamics [20]. When f;(z) = x for all i, we recover the previous definition (D1).

On the other hand, one might alternatively want to generalise the process by relaxing
the replacement mechanism. In fact, instead of returning the drawn particle to the

system along with one additional particle of its same type, let us consider that

+ (R2) Extended Replacement Mechanism: Once a particle is drawn, it is
replaced in the system by a (possibly random) set of particles of various
types sampled according to a probability distribution depending on the drawn

particle’s type.
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Extended Replacement Mechanism

In this context, the results rely on a method originally devised by K. Athreya and S.
Karlin [5, 4] to analyse limit laws of such a process by means of embedding it into
a continuous-time multi-type Markov branching process. In a branching process,
particles branch according to offspring distributions (see Chapter 3) so that particles

live, die and split independent of each other, and of the past.

If the particle lifetimes are assumed to be exponentially distributed, the resulting
continuous-time process turns out to be a Markovian one. Moreover, by the memory-
less property of exponential distributions and the characterization of the minimum
value attained by a set of such distributions, it follows (see Theorem 3.2.12) that
one can find a branching process equivalent to the Pélya urn model under (D1) and

(R2).

As a consequence, one can obtain results on some generalised Polya urn models by
applying the well-known result (Theorem 3.2.10) for irreducible multi-type branch-
ing processes. The irreducibility assumption is a rather strong constraint and it
intuitively means that for every pair of types, say ¢ and j, given that the system
starts with a single particle of type i, it is possible to find at a later time a particle
of type j. This assumption greatly simplifies the analysis as it enables one to apply

the Perron-Frobenius theory for irreducible non-negative matrices (see Section 3.4).

A comprehensive account on this topic was given by S. Janson, 2004 and 2005 [41, 42]
where it is shown to what extent the irreducibility assumption may be weakened. As
remarked by R. Pemantle in [68], “As far as I can tell, Janson’s results do subsume
pretty much everything previously known” on this topic. We shall get back to

Janson’s results in Chapter 3.

However, despite the usefulness of the aforementioned method for generalising the re-
placement mechanism of a Pélya urn model (subject to the irreducibility assumption,
or a weakened version of it), as far as I know, it does not apply if one assumes the

generalised drawing mechanism D2. In fact, by the branching process embedding,
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one can only generalise the drawing mechanism by allowing the reinforcement rule to
be a linear function, that is, f;(x) = ¢;z for non-negative constants ¢;,i = 1,..., N.
Two applications of urn models with linear reinforcement rule can be found in D.

Aldous et al, 1988 [1].

Extended Drawing Mechanism

Many papers have been published assuming (D2) and (R1) equipped with a site-
independent polynomial reinforcement rule f(z) = x? for some parameter p > 0 (see
[64]). This class of process was apparently proposed independently by [24, 51] as a
simpler variant of the so-called preferential attachment model on large networks as
well as a model for competing products in an economy [23]. In the sub-linear case
p < 1 the asymptotic proportions of particles of each type are all the same, namely,
1/N. In the case p = 1 we recover the Pélya urn where the proportion of types

converges to a non trivial random variable.

In the super-linear case p > 1 there is one type of particle that almost surely
dominates the system, that is, as time goes to infinity all except finitely many
particles will be of that particular type [49]. In the context of economics, the super-
linear case is called a process with positive feedback (loosely speaking, the tendency
that the rich get richer) and the result translated to the economic jargon reads as

‘the winner takes it all’.

The tool applied to the super-linear case to prove concentration has been first
published in [22] and is referred to as Rubin’s embedding. Such an embedding can
be proven for more general reinforcement rules (see [20, 65]), but it breaks down if

one tries to relax the replacement mechanism (R1).
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1.3 General framework

In this section we present our general framework that encompasses, in an unified
manner, most of the features above. We also introduce an additional feature - we call
interaction-based reinforcement rule - according to which different types of particles
may now interact. This means that the number of particles of certain types may
directly affect the growth of particles of other types. This has been inspired by V.
Shcherbakov and S. Volkov’s series of papers [78, 79, 80]

However, the reader should be warned beforehand that we do not treat the model
in its full generality and we also do not expect that there exists any unified method
capable of providing a complete description of the general model. In the next section
we specialize the model to three particular (and apparently novel) cases and briefly
describe the results referring the reader where the results are rigorously stated and

proved.

1.3.1 Interaction-based reinforcement rules

Let us now introduce our stochastic growth model with graph-based interactions.
Let Gy = (V, E) be a directed graph containing N vertices. We write v; — v; if the
oriented pair (v;, v;) belongs to E. For each oriented pair of vertices (v;, v;) we assign
a non-negative real number a;; such that a;; > 0 if v; — v; and a;; = 0 otherwise.
Matrix A := (aij)f\fj:l is called the weighted adjacency matrix of Gy. Let us start
by fixing an enumeration {v;}, of vertices in V and a weighted adjacency matrix

A for the underlying graph Gy.

Let us now consider a discrete time Markov chain X (n) = (X;(n))Y, taking values

in ZY accounting for the number of particles in each vertex of Gy.

Given that at time n the current configuration is X (n) = x = (x1,...,2x), a new

particle is randomly placed at some vertex v;, i = 1, ..., N according to the following
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transition probability

Pi (X)

e (D3) IP’[X(n%—l):X—l—ei|X(n):x]:m7

(1.3.1)

where the I'; : ]Rf — R, are mappings we call interaction-based reinforcement rule of
the model and e; is the vector whose ¢-th coordinate is 1 and other whose coordinates
are 0. Note that the growth of a particular type of particle might take into account

the whole configuration x = (z1,...,zy).

More specifically, we consider that the probability of drawing a particular particle, say
of type i, depends not on the whole configuration, but only on the local environment
viewed from vertex v;. Then, the interaction is defined through an weighted adjacency

matrix A for a graph Gy, and a potential U(x) = (U;(x))X, given by
N
U(x) ==Y _ayx;, i=1,...,N. (1.3.2)
j=1

Note that for specific graphs Gy and I';(x) = U;(x) we can recast some classical
models. For example, if Gy is made only of self loops with same weight, i.e.,
a; = a > 0 for all 7 and a;; = 0 for all ¢ # j, the resulting model is a Pélya urn.
Also, if Gy is the complete graph with a;; = a > 0 for all 4, j, the resulting model is
a uniform random deposition model. One can think of these two toy examples being
on the extremes - non-cooperative and fully cooperative - of a certain class of growth
processes under competition (in the sense that the more particles of a certain type,
the bigger its growth rate). On the one hand, there is no cooperation in the Pélya
urn model since a;; = 0 for ¢ # j, and on the other hand, there is full cooperation

in the random deposition model since a;; = a > 0 for all 1, j.

1.4 Results

The three results in this thesis are Theorem 2.1.1 (Section 2.1); Theorem 3.1.1
(Section 3.1) and Theorem 4.2.3 (Section 4.2). In each case we compromise generality

of the graph GGy and of the interaction-based reinforcement rule I';, 1 =1,..., N.
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Chapter 2

Following the general framework described above in Section 1.3.1; in Chapter 2,
Section 2.1 we consider a system of particles of 2 different types which interact with

one another according to the following weighted adjacency matrix

a b
A= a,b> 0.
b a
Then, given a configuration of particles x = (x1,21), we define the following

interaction-based reinforcement rule

Ty (x) := az + baf,
y(x) = b} + axh,
for some B > 0, where the constants a and b may be interpreted as the self-

reinforcement and cross-reinforcement coefficients, respectively.

Let X (n) be the process denoting the proportion of particles of each type at time n.

In Theorem 2.1.1, we prove the existence of a phase transition according to which,

(2) if (Z;i) B<1, then X(n)— (13 as.

(i3) if (a I_ Z) B>1, then X(n) =V as.,
a

where ¥ is a random vector supported on {(%Jrc, 1%0) , (1%0, ﬁ)}, and ¢ := ¢(f) is

the unique root in (0,1) of P(z) = 2°% — (a/b)2” + (a/b)z — 1 = 0. In particular, in

case (i), P[X(n) — (3,3)] = 0.

In addition, assuming 5 = 1 and denoting

Un)=A X1(n) ,
XQ(?’L)

the process (U(n)),>o is a Friedman’s urn model. Also, (3, 1) is the Perron-Frobenius

U(n)

eigenvector of the matrix A. It is well known that in this case, T ey (%, %)

a.s., which can be obtained by part (7) of Theorem 2.1.1.
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Chapter 3

Following the general framework described above in Section 1.3.1; in Chapter 3,
Section 3.1 we consider a system of particles of N different types, a general strongly
connected directed graph G, and its corresponding irreducible weighted adjacency
matrix A with non-negative rational entries. Then given a configuration of particles

x = (21,...,2y), we define the following interaction-based reinforcement rule
N
Fi(X>:Ui(X):Zaij$j; Zzl,,N
j=1
In Theorem 3.1.1 we prove that the following statement holds.
X(n)/n—v a.s., (1.4.1)

where v is a deterministic vector which can be explicitly found. In particular, v is
a vector with strictly positive entries. That is to say, the proportion of particles of
each type converges to a deterministic and strictly positive limiting constant so that
the number of particles of each type genuinely grows at linear speed as time goes
to infinity. It turns out that v is the normalised Perron-Frobenius eigenvector of
matrix A, and in Theorem 3.1.1 we show how the Embedding Theorem 3.2.12 can
be applied to an urn model assuming the extended drawing mechanism D3 (with
['(x) = U(x)) at the expense of restricting the replacement mechanism back into
its simple form R1. (Recall that the Embedding is typically applied to urn models
under D1 and R2)

Chapter 4

Following the general framework described above in Section 1.3.1; in Chapter 4 we
fix a cycle graph G containing N vertices and given a configuration of particles
X = (v1,...,2n), we define Uj(x) = x; + >_;; z; and a site-dependent exponential

reinforcement rule
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Our main result, Theorem 4.2.3, gives explicit criteria on the parameter space
A={\,...; v} € Rf which classifies the asymptotic behaviour of the process into
two possible regimes. First, with positive probability, a single random vertex gets
all but finitely many particles. Second, with positive probability, a random pair of
adjacent vertices gets all but finitely many particles. Finally, one of the above events

happens with probability 1.

In particular, if A; # A1 for all ¢, with probability one, the growth will eventually
localise at a single site. Alternatively, if \; = A, with probability one, the growth

will eventually localise at a pair of neighbouring sites.

1.5 Open problem

Fix a strongly connected directed graph G with N vertices and an associated

irreducible weighted adjacency matrix A. Given a configuration of particles x =

(z1,...,2N), define the non-linear reinforcement rule as
N
Di(x) ==Y aya?, >0, i=1,...,N. (1.5.1)
j=1

Open problem: Can one find the set B = B(A) such that for any § € B there

exists a deterministic vector v = vg(A) with strictly positive entries such that
n'X(n) —v as?

Theorem 3.1 shows that 1 € B and v;(A) is the Perron-Frobenius eigenvector of A.

Theorem 2.1 implies that for N =2 and

A= ,
b a

if a < b then B = (0,00), otherwise B = (0, (Z—f’;)] In either case vg(4) = (3,1).
Finally, for arbitrary N, can one find conditions on A so that B = (0, 8.(A)] for

some critical 1 < 8.(A) < oo?
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1.6 Thesis outline

Chapter 2

Section 2.1 is the original part of the chapter containing Theorem 2.1.1, whose proof

relies on the so-called stochastic approximation method.

Section 2.2 formally introduces the method and is divided into subsections (2.2.1) -
(2.2.4). The first three subsections develop the concepts leading to Theorem 2.2.12,
which gives sufficient conditions for applying the approximation and what is its
consequences. Subsection 2.2.4 shows how to represent the sequence of increments of
an urn model in order to fit it into the stochastic approximation algorithm’s general

form.

Section 2.3 presents a stability classification of equilibrium points that implies the

very last assertion of our result.

Finally, in Section 2.4 we present the proof of Theorem 2.1

Chapter 3

Section 3.1 is the original part of the chapter containing Theorem 3.1.1, which shows
how the Markov branching processes and Perron-Frobenius theory can be applied

to our model.

Section 3.2 starts with an intuitive description of the multi-type Markov branch-
ing process in continuous time. The scope of the results includes only the main

intermediate steps needed to prove Theorem 3.2.13 (see figure 1.1 below).

[Theorem 3.2.9(1)HTheorem 3.2.9(11)} [Theorem 3.2,12}

[Theorem 3.2.5]—>[Theorem 3.2.6HTheorem 3.2.10]—>[Theorem 3.2.13}

Figure 1.1: Dependence of theorems in Chapter 3
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Subsection 3.2.1 presents the classical construction of the process in continuous time
followed by Theorem 3.2.5 concerning the expected size of the population at time
t; the Limit Theorem 3.2.6 of Z(t); the Limit Theorem 3.2.9 for the splitting times,
and finally the Limit Theorem 3.2.10 for Z(¢) embedded at the successive random

splitting times 7,,.

Section 3.2.2 shows how to relate a branching process to an urn model through the
so-called Embedding (Theorem 3.2.12) and it finishes with Theorem 3.2.13, which
enables one to obtain results on the asymptotic behaviour of some generalised Pélya

urn models.
Finally, in Section 3.3 we present the proofs of Lemma 3.1.3 and Theorem 3.1.1

The last Section 3.4 is included as a sort of an appendix on the Perron-Frobenius

theory which is what all the results ultimately boil down to.

Chapter 4

Chapter 4 is the main part of this thesis and it is the result of a joint work with my
supervisor Prof. Mikhail Menshikov, Prof. Vadim Shcherbakov ? and Prof. Marina

Vachkovskaia 3, which can be found in https://arxiv.org/abs/1711.07768.

The content in Chapter 4 is self-contained and may be read independently of other
chapters. The reader is referred to the chapter’s Introduction 4.1 where an outline

is provided.

2Department of Mathematics, Royal Holloway, University of London, UK.
3Department of Statistics, University of Campinas, Brazil.


https://arxiv.org/abs/1711.07768

Chapter 2

A phase transition for a non-linear

Friedman’s urn model

2.1 The model and main result

Let us consider an urn with balls of two colours (N = 2) initially containing a total
of ng balls. At each given moment of time a new ball is added to the urn. The vector
X(n) = (Xi(n),Xz(n)) € Z2 denotes the number of balls of each colour at time
n > 0. The graph-based interaction is given by a potential U(n) = (Uy(n), Us(n))

defined as follows

Ur(n) = a1 X7 (n) + ap X5 (n), (2.1.1)

UQ(TL) = CLQle'B(TL) -+ a22X26<n>7 (212)
for some 8 > 0 and a;; > 0, 4,7 = 1,2. Or simply,

B
@11 a2 X1

U = . (2.1.3)
Q21 Q22 Xzﬁ

The non-negative matrix A = (al-j)ij:l is the weighted adjacency matrix of an

underlying graph G such that a;; > 0 iff there is an oriented edge 7 — j.

Let e; and ey be the standard basis of the Euclidean plane and given X (n) = x(n)
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let us write u;(n) for U;(n). Now, we define the transition probabilities by

P(X(n+1)=2xz(n)+e | X(n)=uz(n)) = m,

i=1,2, (2.1.4)
and denote the process of proportions by
X(n)=X(n)/(no+n)

The next proposition provides checkable conditions that classify the possible limiting

behaviour of X, as n — oo according to the model parameters.

Theorem 2.1.1. Let (X (n)),>0 be a two-colour urn model with interaction given

by its potential (U(n))n>o defined in (2.1.3) with the choice of matrix

A= a,b> 0. (2.1.5)

i) If (Z—;Z) B <1, then X(n) — (3,3) as,
(i) If (Z—jrlb’) B>1, then X(n) = ¥ a.s,
where the random vector V is supported on {(l%rc, 1%5) , (l%rc, ﬁ)}, and ¢ := c(p)

is the unique root in (0,1) of
P(z) = 2P — (a/b)2” + (a/b)z — 1 =0.
In particular, P[X(n) — (3,3)] = 0.

Remark 2.1.2. Note that for § = 1, the process (U(n)),>0 is a Friedman’s urn

model. Also, (3,3) is the Perron-Frobenius eigenvector of the matrix (2.1.5). It is

U(n)

well known that for this case, AORAC)

— (3,3) a.s., which can be obtained by

part (i) of Proposition 2.1.1.

The proof relies on the so-called stochastic approximation method, more specific-
ally on Theorem 2.2.12. In the following sections, a self-contained account on the
stochastic approximation method is provided. The reader who is familiar with such

a method might wish to skip directly to the proof in Section 2.4.
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2.2 Stochastic approximation method

The stochastic approximation method was introduced in the early 50s by Robbins
and Monro (1951) [73] and Kiefer and Wolfowits (1952) [50] and has been extensively
studied and applied to many fields such as urn models [16], reinforced random walks
[68], neural networks [85] and game theory [35]. Generally speaking, this method
concerns almost sure convergence of stochastic approximation process and how it
can be related to the behaviour of an ordinary differential equation (ODE) under
suitable averaging. The method applies to the context of a sequence of random
vectors Z,, € RY to be recursively updated through a sequence of random inputs
&, and a control sequence of “small” non-negative step sizes 7,. The algorithm is
a discrete time stochastic process with a fixed and arbitrary initial value Z,, and

whose general from can be written as follows
Gt — G = Yo (Fs Enir), (2.2.1)

where 7, € Ry, H : RY x § — R¥ is a deterministic measurable function which
characterizes the algorithm and &, .1 € S is the source of randomness that in each
step is incorporated into the vector Z,,. The underlying intuitive idea is that if ,, goes
to zero at a suitable rate (depending on the vector field H), it washes the random
perturbation &, away and the asymptotic behaviour of {Z,},>¢ can be studied in
terms of the averaged ODE

£

= =TH), (2.2.2)

where

H(%) = lim E[H(,£,)],

n—o0

and E(-) denotes the mathematical expectation.

It is typically assumed that equation (2.2.1) may be rewritten by decoupling H into
its deterministic and random components so that H(Z,,&,11) = F(&,)+ I,11, where

F : RN — R¥ is assumed to be a continuous map, and I,,.; € R" a zero-mean noise.
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In this perspective, the approximation algorithm can be rewritten as

Fnet — Fn = Yu(F(@n) + Lopr). (2.2.3)

In this way, one then has H(z) = F(x) so the ODE (2.2.2) reduces to dz/dt = F(z).
Note that formula (2.2.3) resembles a perturbed version of a variable step-size Cauchy-
Euler numerical approximation scheme for solving dz/dt = F(x), which takes the
form

Zn4+1 — Rn — ’YnF(Zn>

It is natural then to search for conditions under which it is possible to compare the

behaviour of a sample path {Z,},>0 with the flow induced by the vector field F'.

The classical results [53, 56, 62] establishing the relationship between (2.2.1) and
(2.2.2) have the following general form. Let 2* be a stable equilibrium point for the
ODE (2.2.2) If {7,}n>0 goes to zero at a suitable rate and if the sequence {Z, },>0
enters infinitely often a compact subset of the domain of attraction of z*, then
{Z }n>0 converges almost surely toward x*. These results rely on the notion of fixed

points for the ODE.

In order to describe the asymptotic behaviour of (2.2.1) in terms of the ODE (2.2.2),
M. Benaim [14, 15] proposed the following framework. First, consider the continuous-
time affine interpolation X (¢) of the process Z, (see (2.2.6)). Then, the question is:
Without any particular assumption on the dynamics of F', is it possible to relate the

random limit set

(X, w) = {X(s,w) : s>t} (2.2.4)

t>0

to the equilibria of the flow ® induced by F'? Roughly speaking, this is done in three
main steps (we shall define the following technical terms in due course). First, show
that X is almost surely a pseudo-trajectory of ® (see Definition 2.2.3). Second, show
that the limit set of a pseudo-trajectory is an internally chain-transitive set (see
definitions in Subsection 2.2.1). Third, provided a strict Lyapunov function for F

exists (see Definition 2.2.10), then every internally chain-transitive set is contained in
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the equilibria set of F'. As a consequence, subject to certain assumptions, it follows
that the limit set of Z,, is almost surely a connected subset of the equilibria of F,

which (sometimes) can be found analytically.

2.2.1 Robbins-Monro algorithm

Let (Q,F,P) be a probability space and {F,},>0 a non-decreasing sequence of
sub-g-algebras of F. We say that the process {Z,} given by (2.2.3) satisfies the

Robbins-Monro (or Martingale difference noise) [54] condition, if

(A1) {yn}n>0 is a deterministic sequence in R, and

e (A2) I, €RY isadapted to F, with E(I,,; | F,) = 0.

The next proposition will be useful later for the characterization of pseudo-trajectory

as described in Theorem 2.2.4.

Proposition 2.2.1 (Proposition 4.2, [15]). Let {Z,} given by (2.2.3) be a Robbins-

Monro algorithm. Suppose that for some q > 2
sup E(|| Z,,||7) < o0

and
144
n

Then, for all T > 0

k—1
Z Yiliva

i=n

lim sup
n—o0 k:0<7p—mn <T

-1
) =0 a.s., where T,= Z%.
i=0

Remark 2.2.2 (See [15] Remarks 4.3 and 4.5 ). The above Proposition’s conclu-

sion remains valid if {7,},>0 is a sequence of predictable random variables such
q

that E(3,, 7&2) < 00, and provided that assumption on {I,},>¢ is strengthen to

sup,, E(||1,||? | Fr-1) < C for some deterministic constant C' > 0.
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Basic dynamical systems terminology

Let (M, d) be a metric space and ® : R x M — M be a continuous map (t,z) —
®(t,x) denoted by ®(t,x) = ®;(z). The family {®;},cr is called a flow on M if it

satisfies the group property
&) = Identity, and Vs,t € R, &30P, = yy.

A semi-flow is defined analogously as above replacing R by R, .

Let F denote a continuous vector field defined on RY with unique integral curves .

The flow induced by F is the family of mappings {®;} defined on M = R" by

d

Su(2) = F(®i())

A point z is an equilibrium if ®;(x) = x for all . Note that when ® is induced by a

vector field F', equilibria of ® coincide with zeros of F.
A point z is called periodic of period T' > 0 if &7 (x) = z and $y(x) #xfor 0 <t < T.

A set A C M is said to be invariant if ®;(A) C A for all £ € R (and positively
invariant if for all ¢ € R, ). The orbit of x € M is the set o(x) = {P4(x) : t € R}

(and forward orbit o™ (z) if t € R,).

A point p € M is an w-limit point of = if p = limy, o, Py, (x) for some subsequence
ty — 00. The w-limit set of x denoted by w(z) is the set of all w-limit points of

z. If ot () has a compact closure, w(x) is a compact connected invariant set and

ot(z) = o (z) Uw(x)

Additionally, the a-limit set of x is denoted by a(x) and defined as the w-limit set

of x for the reversed flow ®_,.

The definitions below are useful if one wants to go through the proofs of the Theorems
stated in the next subsections. For a classical reference on ODE’s and dynamical

systems see [40].

L An integral curve of a vector field F' is a parametric curve such that x’(t) = F(x(t))
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Eq(®) :={pe M : &(p) =p for all t} the set of equilibria,
Per(®) the closure of the set of periodic orbits.

L(D):=Upenw(x), L_(P):=Uzen @(z), and
L(P):=L_(P)ULL(D).

Asymptotic pseudo-trajectory

The notion of asymptotic pseudo-trajectory of a semi-flow has been introduced in
[17] and is particularly useful for analysing the long term behaviour of stochastic

approximation processes.

Definition 2.2.3. A continuous function f : R, — M is an asymptotic pseudo-

trajectory for @ if

lim sup d(f(t+h),®n(f(t))) =0 forany T > 0. (2.2.5)

The idea is that h +— f(t + h) “shadows” the ®-trajectory of the point f(t) over the
interval [0, 7] with arbitrary accuracy for sufficiently large ¢. For further character-
izations of asymptotic pseudo-trajectories see [14] (section 3.1). Now, suppose that
a stochastic process {Z, },>0 given by (2.2.3) satisfies the following conditions:

(B1) {yn}n>0 is a given deterministic sequence of non-negative numbers such that
En:% =00 and lim v, =0;

(B2) [, € RY are deterministic or random perturbations adapted to JF,.

Let us now introduce some definitions and investigate how the sample paths of {Z,}

relate to the flow induced by F'. Set
n—1
70o=0 and Tn:Z% for n>1,
i=0

and let X and X : R, — RY be the continuous-time affine and piece-wise constant
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interpolated processes, such that for s € [0, 7,41 — 7,,] and n > 0 are given by

X (7 +8) =&+ 527 and X(r + 8) = @ (2.2.6)
Tn+1 — Tn

The next result ensures that under the new assumptions B1 and B2, the interpolated

process (2.2.6) X is an asymptotic pseudo-trajectory of the flow ® induced by F.

Proposition 2.2.4 (Proposition 4.1, [15]). Let F' be a continuous vector field with

unique integral curves and assume B1, B2 and that

e ForallT >0

k—1
Z Yiliv1

i=n

lim < sup

=00 \ k:0<r, -1 <T

) =0 a.s.

Then the interpolated process X (2.2.6) is almost surely an asymptotic pseudo-

e sup, ||Z.]| < oo a.s.,

trajectory of the flow ® induced by F.

Pseudo-orbits and chain-recurrence

In this subsection, a new notion of recurrence is introduced. Equilibria, periodic and
omega points are certainly recurrence points. Intuitively, we may say that a point
is recurrent if its low under time evolution somehow returns to its starting point.

Another notion of recurrence (introduced in [21]) is the notion of chain-recurrence.
Definition 2.2.5. Let § and T be positive real numbers. A (§, T)-pseudo-orbit from
a to b in M is a finite sequence of partial trajectories

{®y(y;) : 0<t<t;}; 1=0,....,k—1; t; >T, such that

d(y()? CL) < 6a Y = b7 and

d<q)t]-(yj);yj+1) <0 j:07,]€—1,

Definition 2.2.6. A point a € M is a chain-recurrent point if there is a (9,7)-
pseudo-orbit from a to a for every 6 and T. Analogously, a pair of points a,b is

chain-transitive if there is a (J,T)-pseudo-orbit from a to b for every § and T
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If R(®) denotes the set of chain-recurrent points for ®, then R(®) is a closed,

positively invariant set such that
Eq(®) C Per(®) C L(®) C R(D).

Now we extend the definition of chain-recurrent (transitive) points to sets, and note
that the following definition of a chain-recurrent (transitive) set does not coincide

with the set of chain-recurrent (transitive) points.

Definition 2.2.7. Let A be a non-empty invariant set. A is called a chain-recurrent
set for ® if every point a € A is a chain-recurrent point for the restriction of ® to A.
Analogously, A is called a chain-transitive set for ® if every pair of points a,b € A
is chain-transitive for the restriction of ® to A. Finally, a compact chain-recurrent

(transitive) set is called an internally chain-recurrent (transitive) set.

Lemma 2.2.8. Let A C M. The following assertions are equivalent:
(i) A is internally chain-transitive.
(ii) A is connected and internally chain-recurrent.

(iii) A is a compact invariant set and ®|A admits no proper attractor °.

2.2.2 The limit set theorem

Let X : Ry — M be an asymptotic pseudo-trajectory of ®. The limit set {(f) of f

is defined by

1 =NTE s =1

>0

Proposition 2.2.9 (Proposition 5.7 [15]). .

(i) Let f be a precompact ° asymptotic pseudo-trajectory of ®. Then I(f) is an
internally chain-transitive set.

(i) Let I € M be an internally chain-transitive set and assume M is locally path

connected. Then, there exists an asymptotic pseudo-trajectory f such that I(f) = 1.

2A non-empty subset A C M is called an attractor for ® if it is compact, invariant and has a
neighbourhood W C M such that d(®¢(x), A) — 0 as t — oo uniformly in x € W
3defined in [15] as: f is precompact if its image has compact closure in M
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2.2.3 Lyapunov functions and stochastic gradients

Let A C M be a compact invariant set for the semi flow ®.

Definition 2.2.10. A continuous function L : M — R is called a Lyapunov function
for A and & if the function t € R, — L(®;(x)) is constant in ¢ for z € A and strictly
monotone along any integral curve of F' outside A. If A coincides with the equilibria

set Eq(®), L is called a strict Lyapunov function and ® a gradientlike system.

Theorem 2.2.11 (Proposition 6.4 [15]). Let A C M be a compact invariant set and
L: M — R a Lyapunov function for A. Assume that L(A) C R has empty interior.

Then every internally chain-transitive set is contained in A.

Theorem 2.2.12 (Theorem 1.2 [14]). Let F' : RN — R be a continuous gradientlike
vector field with unique integral curves and let A be its equilibria set and L a strict
Lyapunov function for A and the flow induced by F. Let {Z,},>0 be the solution to
the recursion (2.2.3)

Tpi1 — Tn = W(F(Zn) + Lnsr),
where limy, oo v, = 0 and 32,50 = 0.

In addition, assume that
e T1) {Z,}n>0 is bounded.

e T2) for each T > 0,

k—1
Z Yiliv1

i=n

lim ( sup

n—00 kO0<tp—7mn <T

)-o

e T3) L(A) C R has empty interior.
Then the limit set of {Z, }n>0 is almost surely a connected subset of A.

2.2.4 Stochastic approximation for urn models

Let us now show how to represent the sequence of increments of an urn model in

order to fit it into the stochastic approximation algorithm’s general form (2.2.3).
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Let AN~ C RY be the N — 1 simplex
AN ={x = (z1,...,2n) €RY : le—l}

and let us identify its tangent space at any point with the linear subspace
TAN ™ = {x = (21,...,2n5) € RY : Zx,,_()}

Consider an urn initially at time 0 containing a total of ngy balls of colours 1,--- | N.
Given the configuration of balls at time n, it is added to the urn a ball of a random
colour, say, i,+1 € {1,..., N}. Let x(n) = (z1(n),--- ,2n(n)) be the configuration of

balls at time n and denote
#(n) = x(n)/(ng +n) € AN"1  the vector of proportions.

Let us first analyse how the increment of Z(n) behaves in time. Denote by e; the

N-dimensional vector whose entries are 1 at coordinate 7 and 0 otherwise. Then

x(n) t €y (nO + n)f(n) + €

T 1: p—
T(n+1) no+n-+1 no+n-+1
1 e;
=(1—— |7 — 2.2.7
< no+n+1)x(n)+n0+n+1 ( )
Then
1

F(n+1) — F(n) = — #(n)) (2.2.8)

m(einﬂ
Note that given Z(n), the right hand side in (2.2.8) has a deterministic component
Z(n) and a random component e; . Little can be said about the limiting behaviour
of the random component, so the idea is to rearrange equation (2.2.8) by decoupling
€;,., into its mean part and a zero mean “noise”. Then, by controlling the noise,
the asymptotic behaviour of Z(n) can be obtained via the deterministic part. This
is the core idea of the stochastic approximation method and the algorithm’s general
formula (2.2.3) can be found as below. First, note that in the context of urn models,

the distribution of the incoming ball’s colour P(i,,1 =i | F,) is a function of Z,, in
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which case we can write
F(Z(n)) == Eley,,, | Fu] — 2(n), (2.2.9)

and

In+1 = ez‘n+1 — E[einﬂ |fn] (2210)
So, by setting v, = 1/(no +n + 1), we obtain
T(n+1) —z(n) =y (F(Z(n)) + L) (2.2.11)

Observe that the distribution of the incoming ball’s random colour P(i,+1 =i | Fy,)
has not yet been specified, as long as it is a function of Z(n). Therefore, the dynamics

can be arbitrarily complicated.

2.3 Stability of equilibrium points

In this subsection the points where F'(z*) = 0 are classified according to what kind of
critical points they are for the flow induced by F'. To this end, let us denote D(F’) the
Jacobian matrix of the vector field F'. If all eigenvalues of D(F')(x*) have negative
real part, then z* is an attracting point. In this case, the flow always converges to
x* as t — oo for an initial value xy in some neighbourhood of x*. If some eigenvalue
of D(F')(x*) has positive real part, then x* is called a linearly unstable critical point.
Finally, if all the real parts of the eigenvalues of D(F)(z*) are positive, then x* is a

repelling point and the flow converges to z* only if it starts there.

The results in [66, 67] assert that, under suitable conditions,

Pz, — 2"] =0 if 2" is a linearly unstable critical point.

When the equilibria set A = {z : F(z) = 0} is discrete, this result implies that

unstable points are not in the support of the random limit z,,.

Formally, let A C RY be an open subset of an affine subspace in RY. Let F : A —
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TA be of class C? where TA is a translation of A that contains the origin (to be

identified as the tangent space of A).

Theorem 2.3.1 (Theorem 1 [66]). Let {Z,,}n>0 be a discrete stochastic process satis-
fying Robbins-Monro conditions. Let x* be an equilibrium point of F and N a neigh-
bourhood of x*. Suppose that there exist constants p € (1/2,1] and ¢;,i =1,...,4 for

which the following conditions hold whenever Z,, € Ny« and n is sufficiently large:
(1) x* is a linearly unstable critical point,

(i)  cenP <, < conP,

(1)) E[(ynlnt1-0) | Fu] = csn™,  for every unit vector 6 € TA,

() |Ynlnga]| < can™P.

Then P[z, — x*] = 0.

2.4 Proof of Theorem 2.1

Proof. Let us now write the process in the form of a stochastic approximation
algorithm. To this end, consider the process of proportions X (n) = X (n)/(ng + n)
in the simplex A' = {(z1,25) € R% : 2y + 25 = 1}. Denote by i,41 € {1,...,N}
the random location where the incoming particle is placed at time n + 1, given

X(n) = z(n) . Note that the process X is itself a Markov chain with increments

- 1

X(n+1) =&n) = = (G = 2(0))

and the same transition probabilities as the process X. Then by summing and

subtracting Ele;, ., | F,] one can write

X(n+1) = &(n) = 1 (F(#(n)) + L),

where F': A' — R? I,,, € R? and v, € R, are given by

F(#(n)) = Ele;,,, | Fu] — #(n), (2.4.1)
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[n—i-l = einﬂ — E[einﬂ ’.Fn], (242)
1

= 2.4.3

TS T T (2.4.3)

Then

2

F(i(n)) = Ele;,,, | Fa] = 2(n) = > Pling1 =1i| Fu)e; — 3(n)

i=1
u(n) - ug(n) _

= —F—"— - —_— = . 244
<u1(n) + us(n) hi(n); uy(n) + uz(n) Ta(n) ( )

Let us now write the vector field F' in (2.4.4) for the matrix A = (¢?).

~B ~B =B =83
L. ar] + bx . b + ax N
F([L’l,l‘g): ( ! oy 2~B — Xy, ! e 2~/3 — 2) (245)
(a+b)(Z] + Ty) (a+b)(Z] + Ty)

Before applying the stochastic approximation method, one needs to make sure that
the hypothesis of Theorem 2.2.12 are fulfilled. Hypothesis T1 is trivially satisfied

(and this is the reason why we consider the process of proportions).

Hypothesis T2 can be verified as follows. Define

n—1
MonandMn:ZVj]jH, n:1,2,...
7=0
Note that

E[M,i1 — M, | Fo] = 1Bl | Fu] =0, and
1M1 = Mall* = ol Ina|I* < 27,

Therefore, for any n > 0,

D E[Mjr = M|[P | Fjl <23 7f <00 as,
=0 =0
so, the sequence {M,, },>o converges almost surely to a finite random vector (see [25],

Section 5.4.1). In particular, it is a Cauchy sequence in L?. Then, Hypothesis T2 is

satisfied since 71" is fixed and n — oo.

Now we need to determine whether there is a strict Lyapunov function for the ODE

dx/dt = F(z).
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Let L: A - RU {0} be given by

L(xq, ) = — (21 + x2) + b (b log[(a + b)xs] + blogzy — (b— a)log(xf+x5)> ‘

a-+b B
(2.4.6)
Note that

L 54 bl 1

oL _ _,,_ emt S, (2.4.7)
axl :L’l(a+b)(:r1 +$2> X1
L bah 5 1

OL _ _y bo =R (2.4.8)
81;2 .fl:g(a + b) (‘Tl + 132) )

Denoting an integral curve of F' by a(t) = (ay(t), as(t)), t > 0, then

d(Loa) _ 0Ldoy  OLday _ (OL\", ~(OL\"_
dt a 8@1 dt 8052 dt - 8@1 @2 6042 -7

where the equality holds in the above inequality if and only if F'(a)) = 0 (see equations

(2.4.7) and (2.4.8)). Thus, L is a strict Lyapunov function for F'.

Now, let us investigate the equilibria set
A= {(z1,22) € A' : F(x1,25) = 0}.

By substituting x; = czs and manipulating (2.4.5), the equilibria set A can be
characterized by the solution of the following system:

I + To = 1,
(2.4.9)

T1 = CI2,

where c is a positive root of the polynomial
P(z) = 2P — (a/b)2” + (a/b)z — 1 =0.

Note that P(1) = 0. Then, the solution (z1,x2) = (3,5) is always a point of

11
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equilibrium for F. Furthermore, P(0) = —1 and P(z) — oo as z — oo. Finally,
note that when ¢ > 0 is a root of P(z), so is 1/c. For this reason, when looking for

positive roots of P(z), one only needs to look for it on (0,1) or (1,00). Now, call
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v =a/b> 0 and note that

P'(z) =2"(B+ 1)z =B8] +7, and

PY(2) = B2"*((8 + 1)z = 7(8 — 1)

and most importantly,

P(1) = BB +1-~(8 = 1)] = FP'(D)

Then, P’(1) and P”(1) change sign together.

(i) P'(1) and P"(1) > 0.

In this case, note that P”(1) > 0 implies P”(z) > 0 for all z > 1. Then
P'(z) > 0 for all z > 1 as well. Since P(1) = 0, then P(z) > 0 for all z > 1,
which implies P(z) > 0 for all z € (0,1) U (1, 00) because if P has no roots in
(1,00), it has no roots in (0,1). It follows that the only positive root of P(z)

isat z = 1.

(i) P'(1) =P"(1) = 0.

This implies v = (8 + 1)/(8 — 1). In this case P"(z) = 3(8 + 1)2°72(z — 1).
Note that P”(z) > 0 for all z > 1. Since P’(1) = 0, then P’(z) > 0 for all
z > 1. Combining this with P(1) = 0 implies P(z) > 0 for all z > 1, which
implies P(z) > 0 for all z € (0,1) U (1, 00) because if P has no roots in (1, c0),

it has no roots in (0, 1). Therefore, the only positive root of P(z) is at z = 1.

(iii) P’(1) and P"(1) <O.

In this case, note that P”(1) < 0 implies P”(z) < 0 for all 0 < z < 1. In
addition, P”(1) < 0 implies v > 1 and 8 > 1. Now, since P'(0) =y :=a/b >0
and P'(1) < 0 and P"(z) < 0 for all z € (0,1), then P’(z) = 0 for only one
z € (0,1). Thus, combining all the above, it follows that P(z) has only one
root zp € (0, 1), which implies that zp, 1 and 1/zy are the only positive roots

of P(z).
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Note that cases (i) or (ii) hold if and only if (ﬁﬁ) f <1, and case (iii), if and only
if (Z—;Z) S > 1 (see Figure 2.1). In either case, the set A = {z € A! : F(z) = 0}

is discrete and finite, which implies that L(A) has Lebesgue measure zero, and so,

empty interior. This establishes condition T'3.

Finally, let us prove that the limiting direction (%, %), corresponding to the root
z = 1, is unstable in the supercritical case (Z—jrz) B > 1 (see Figure 2.2). To this end,

we apply Pemantle’s criteria for nonconvergence to unstable points (see section 2.3).

Calculating the partial derivatives of F', the eigenvalues of its Jacobian matrix are

given by

A (z1,m9) = —1, and
(252) B "2 (21 + wa) — (af + 25)?
(27 + 25)? '

Xo(21, x9) = (2.4.10)

Substituting (z1,z2) = (5, 3), we get

—-b
b= (455)9-1

Then, the point (%, %) is a linear unstable critical point if (Z—jrllj) £ > 1. This is the

11
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same as Theorem’s 2.3.1 hypothesis (7). Finally, the step size 7, is of order 1/n and

hypothesis (ii)-(iv) are evidently satisfied, which finishes the proof. O

Figure 2.1: Solutions of P(z) =0

(a) Subcritical case (b) Critical case (c) Supercritical case
. 7N\
1 1 0.38197 1 2.618

P(z) for (a,b,8) = (2,1,2) P(z) for (a,b,8) = (3,1,2) P(z) for (a,b,8) = (4,1,2)
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Figure 2.2: Flow lines of F on [0, 1]?

(a) Subcritical case: (a,b,) = (2,1,2)
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Chapter 3

Stabilization for a reinforced

growth model with interaction

3.1 The model and main result

Let Gy = (V, E) be a directed graph containing N vertices. We write v; — v; if
the oriented pair (v;,v;) belongs to E. For each oriented pair of vertices (v;,v;) we
assign a non-negative rationall number a;; such that a;; > 0 if v; = v; and a;; =0
otherwise. Matrix A := (a;);;_, is called the weighted adjacency matrix of Gy. Let
us start by fixing an enumeration {v;}&, of vertices in V and a weighted adjacency

matrix A for the underlying graph G.

Let us consider a discrete time Markov chain X (n) = (X;(n))Y, taking values in ZY
accounting for the number of particles in each vertex of Gy. The local interaction

is defined through a potential U(n) = (U;(n))X, such that at each vertex v,

Us(n) := ;ainj(n). (3.1.1)

1Tt is expected that the result in this section extends to non-negative real numbers ai;j. This
is suggested by [41] Remark 4.2, 4th paragraph and also supported by A. Kyprianou, et al [55],
Theorem 1.5 on continuous state branching processes which can be found at:
https://arxiv.org/pdf/1707.04955. pdf


https://arxiv.org/pdf/1707.04955.pdf
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Given that at time n the current configuration is x(n) = (z1(n),...,xy(n)) and
corresponding potential u(n) = (ui(n),...,uyx(n)), a new particle is randomly placed

at some vertex v;, ¢ = 1, ..., N according to the following transition probability

PIX(n+ 1) = x(n) + e | X(n) = x(n)] = m (3.1.2)

where e; is the vector whose i-th coordinate is 1 and whose other coordinates are 0.

Note that the dynamics allows only one particle to be placed at a time, so that
Xip(n+1) = zx(n) + 1 for some k and X;(n+ 1) = x;(n) for all j # k. It is worth
noting that if Gy is made only of self loops with same weight, i.e., a; = a > 0 for
all 7 and a;; = 0 for all ¢ # 7, the resulting model is a Pélya urn. Also, if a;; = a > 0

for all 7, 7 the resulting model is a uniform random deposition model.

In what follows, we restrict the graph G to be a strongly connected directed graph
so that its adjacency matrix A := (a;;);;_; is irreducible (see Definition 3.4.7). Note

that this rules out the Pélya urn model since a diagonal matrix is not irreducible.

Before stating our result, let us recall that the Perron-Frobenius theory (see section
3.4) asserts that for an irreducible square matrix A with non-negative entries, there
exists a unique largest eigenvalue which is real, positive and a simple root of the
characteristic polynomial. Moreover, its associated right eigenvector can be chosen
to have strictly positive entries. They are called the Perron-Frobenius eigenvalue

and eigenvector of the matrix A and are denoted by A; and ry, respectively. That is,

A1 > Re(X) for all other eigenvalue A of A, (3.1.3)
AT‘l :/\1['1, and (rl)j >0, ]: ]_,...7N, (314)
where we may assume that
N
j=1

The next theorem is our main result.
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Theorem 3.1.1. Let (X(n)),>0 be a Markov chain taking values in ZY with trans-

ition probabilities as defined in (3.1.2). Then, for every X(0) # 0
n'X(n) —r as., (3.1.6)

where 1y is defined in (3.1.3), (3.1.4) and (3.1.5) with respect to a weighted adjacency

matrix of a strongly connected directed graph Gy .

The key observation here is that the process {U(n)},>o is a multi-type branch-
ing process with deterministic offspring distributions. We now make the following

observation.

Remark 3.1.2. The adjacency matrix may be extended to assign i.i.d random
weights for time-evolving oriented edges so as to mimic the split mechanism of a
multi-type branching process. In this case the mean matrix A = [Ea,; needs to
be irreducible (or more generally, that assumptions (i)-(vi) in Section 3.2.1 hold)
Nevertheless, for simplicity we restrict ourselves to the formulation above and defer

the case of random a;;¢,7 = 1,..., N to a future stage.

For proving this result we shall first study and derive results for the process (U(n))n>0
and translate them back to the original process (X (n)),>0. Let us denote by 41 €
{1,..., N} the random location where the next incoming particle is placed at time
n+ 1. In this notation, X(n+1) = X(n) +e;,,,, where the conditional distribution
of in41 given X(n) = x(n) is defined in (3.1.2). Therefore, the process U(n) =
(Ui(n),...,Unx(n)) is such that

N N

U(n+1)=> a;X;(n+1) Za,] zj(n) + Hipy =j})
J=1 Jj=1

N
n)+ Y a;l{in;1 =4}, i=1,...,N, (3.1.7)
j=1

where in the above “sum” only one term survives as 1{i,.; = k} = 1 for some k and
{ins1 =5} =0 for all j # k. Now, since the distribution of i,,; depends only on

the current state U(n) = u(n), the process (U(n)),>o is itself a Markov chain with
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state space Qf whose increments are given by
Un+1) =Un) 4 (a1ipers 2ipprs - - - > ONipyy) (3.1.8)

and whose transition probabilities are as follows

Plips1 = k|U(n) = u(n)] = ;%(n)

j=1Uj (n) .

(3.1.9)

Lemma 3.1.3. Under the same assumptions and notations of Theorem 3.1.1, where

(U(n))n>o0 is defined by (3.1.1), (3.1.8) and (3.1.9), and for every U(0) # 0,

n'U(n) — A\ir;  a.s.

3.2 Multi-type Markov branching processes

An N-type continuous time Markov branching process Z(t);>o can be interpreted as
a vector in Zf denoting the population sizes at time t of a system comprised of N

types of particles evolving in the following manner:

Given a fixed initial population Z(0) = (z1,...,2x),

B1) A particle of type j has an exponentially distributed lifetime with rate para-
meter ¢; and upon death produces offspring of particles of the N types according
to the distribution ¢; = ((yj, . - ., (n;), where (;; is a random number of particles of

type ¢ created upon a j-particle’s death, 7,7 =1,..., N.

B2) Particles live, die and split independent of each other, and of the past.
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3.2.1 Construction of the process and main results

The N-type continuous time Markov branching process is a time-homogeneous
Markov process Z(t) = (Zi(t),---,Zn(t)), t > 0 with respect to the o-fields
Fi = 0{Z(s,w),s < t}, where each coordinate Z;(t) € Z, denotes the number

of particles of type i at time ¢ > 0.

Let e;, j =1,..., N denote the vector whose j-th coordinate is 1 and whose other

coordinates are 0. Vectors in Z% are written in bold face letters so that x =
(x1,..,2n),y = (Y1,--»yn), 1 =(1,...,1),0 =(0,...,0) and so on.

The initial state Z(0) is throughout assumed to be non-random and when the
process is started in state e;, it is denoted by Z(©)(t). To define the branching
mechanism of the N-type process one needs N generating functions, each in N
variables s = (s1,...,sy) € [0, 1]V,

fis)= >  P(G=y)st"...s%, j=1,...,N, where, (3.2.1)

N
yEZ+

Definition 3.2.1. (;, 7 = 1,..., N are the offspring distributions taking values
in ZY so that P({; = y) is the probability that a particle of type j, upon death,

produces y; € Z, particles of type 7 =1,..., N.

For each pair x,y € Zf , the stationary transition probabilities P(x,y,t) are defined
as

P(x,y,t) =P(Z(t +35) =y [ Z(s) = %),

which may be determined by the infinitesimal rate parameter
c=(ci,...,cn) €RY
and the offspring distributions ¢;, j = 1,..., N such that for all y € Z¥

P((=y)>0, and > P((=y)=1

N
YEZL
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as solutions of the Kolmogorov equations (3.2.2) (3.2.3) below. For notational
simplicity let us first denote
U]’(S):Cj(fj(S)—Sj), Jj=1...,N,
F(x,s;t) Z P(x,y;t)
yGZN
The Kolmogorov equations are (see [39] p.114 or [6] p.201)
N

8
gn F(ej,s;t) = Z 03] F(ej,s;t), (forward equation)  (3.2.2)

aatF(ej, s;t) = u;(F(eq,s;t),..., F(en,s;t)), (backward equation)  (3.2.3)

j=1,...,N.

A sufficient condition to guarantee a.s. non-explosion, i.e. that there cannot be

infinitely many particles in finite time, is that

E¢j; = —fi(s) < oo foralli,j. (3.2.4)
; -1

(For necessary and sufficient non-explosion conditions, see [74].)

Assuming (3.2.4), equations (3.2.2) and (3.2.3), subject to the boundary condition

1 ifx=y,
P(x,y,0) =

0 otherwise,
have a unique solution given by the generating function of P(x,y,t) with
Zyezf P(x,y,t) = 1 and the further property that

T
N J

Z P(X)YJt>SzlJl S?JJ\]fV - H Z P<ej7Y7t)Sll

N i—1 N
y€Z+ J yeZ+

The above identity is referred to as the additive property, meaning that the population
at time ¢, started with x = (x1,...,2x) particles, is distributed as the sum of z;
independent populations starting with a single particle of type j, summed over

j=1,...,N. Thus, the additive property enables one to define the process through
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the distribution of offspring of various types to be produced by a single particle of

each type 7 =1,..., N and also to write the process in its usual representation
N Zj(sw)
Zits)=3 Y 29%(tw)
j=1 k=1
such that for each j, given Z(s,w), the processes {Z(®)"(t, w)};>0 are conditionally
independent copies of Z(©) (-, w).
First moments

Let
my;(t) = E(Zi(t) | Z(0)

e;) (3.2.5)

Remark 3.2.2. The indices ¢ and j were intentionally swapped so that in what
follows a matrix is regraded as an operator acting on column vectors to the right,
as opposed to the standard notation for Markov chains where the transition matrix

act on row vectors to the left.

It follows from (3.2.4) that m;(t) < oo for all ¢, j (see [39], V.6 p.103).

The mean matriz of the multi-type process is defined as
M(t) == (mi (1), (3.2.6)

M (t) and its eigenvalues will play a key role in what follows. First, from the backward

equation (3.2.3) one can show the semigroup property
M(t +s) = ME)M(s), s,t>0, (3.2.7)

and the continuity condition

lim M(t) = 1. (3.2.8)

t—0

It is well known that (3.2.7) and (3.2.8) imply (by Hille-Yosida Theorem) the exist-

ence of a matrix A = (a;;)YN._,, called the infinitesimal generator of the semigroup,

ij=1>
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such that
o0 tkAk
M(t) = exp(At) = kz_:o o (3.2.9)
where
aij = ¢ (EGy — 8. (3.2.10)

Remark 3.2.3. The transposition of indices in (3.2.5) does not cause any incon-
sistency in the above identity since matrix transposition is a continuous map and it

commutes with sums and powers.

Note that the j-th column of matrix A describes the expected change in the com-
position of the population for each i = 1,..., N when a particle of type j dies out

and produces its offspring.

The eigenvalues of M(t) are given by e, i = 1,..., N where )\;,..., \y are the
eigenvalues of A and M (t) and A have the same eigenvectors. Now, it is typically
assumed positive regularity of M(t), i.e., that there exists a ty, 0 < ¢ty < oo such
that

mi;(to) >0  for all 4, j.

Positive regularity of M(t) is equivalent to irreducibility of A. Then, it follows by the
Perron-Frobenius theory (see section 3.4) that the eigenvalues of A can be arranged

as

AL > Re(/\2> > RG()\?)) > ... 2 Re(/\N)

Moreover, the left and right eigenvectors 1; and ry of A\; have strictly positive entries

and might be chosen such that
l'ry=1 and c-r; =1.

Remark 3.2.4. The process is supercritical, critical, or subcritical according as \;

is >, = or < than 0, respectively (see [6] V.7.4. p. 203).
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The limit theorem

Recall that as in definition 3.2.1, the event {(; = y} denotes that a particle of type
J, upon death, produces y; € Z, particles of type ¢+ = 1,..., N. Instead, for each
j=1,...,N, let us define an N-dimensional random vector §; = (15, . .,&n;) such
that &; = (ij — 0i; is the random change in the composition of particles of type 1
upon a j-type particle’s death, i,7 = 1,...,N. Then §; are integer-valued vectors

such that

§j =0, i#j, and (3.2.11)

£ > —1 as. (3.2.12)

It should be emphasized now that under this new notation, the matrix A in (3.2.10)

may equivalently be written as
A = (¢E&;)Y . (3.2.13)

We are mainly interested in the irreducible case (i.e. A is irreducible or M (t) is
positively regular), but since S. Janson, 2004 ([41]) extended the theory to a more

general set up, let us present Janson’s assumptions:

(i) (3.2.11) and (3.2.12) hold a.s., i.e. &; + d;; > 0 for all ¢ and j.
(ii) Effj < oo for all 7 and j.
(iii)  The largest real eigenvalue A\; of A is strictly positive.
(iv)  The largest real eigenvalue \; of A is simple.

(v)  There exists a type i with Z;(0) > 0 such that i — j for every other type j.
(See definitions 3.4.3, 3.4.4)

(vi) A\ “belongs” to the self-communicating class of a type i satisfying item (v)

above (See Remark 3.4.5)
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Condition (3.2.12) means that a particle j may die out and may not produce any
other particle of its own type. Condition (3.2.11) means that we cannot remove
particles of other types than the one removed?. This implies that the matrix A+ ol
is a non-negative matrix for large enough «, which by [77] Theorem 2.6 (see section

3.4.1) is enough to apply the Perron-Forbenius theory.

Condition (ii) is essential since we need the martingale convergence theorem for L2

bounded martingales.

Condition (iii) implies that the branching process is supercritical, which is sufficient

but not necessary condition for non-extinction®.

Finally, note that conditions (iv)-(vi) hold when A is irreducible and while (iv) is a

weak restriction, (v) and (vi) are more significant ones (see [48]).

Let us now present the fundamental well-known result (cf. [6], Theorem V.8.1) which

introduces the standard martingale in branching processes theory.

Theorem 3.2.5 ([41], Lemma 9.2). Assume (i)-(vi). Then e *AZ(t) is a martingale
fort > 0. In particular,

EZ(t) = ' Z(0)

and thus

EZ(t) = O(eM?).

The next theorem and its consequences on the limiting behaviour of the various
projections of Z(t) are the basis of all functional limit theorems for branching
process and generalised Pélya urn models. It also leads to the classification (see [7,
8, 47]) of the asymptotic behaviour of Z(t) depending on whether there is any other

eigenvalue A, besides \;, with a real part ReA > \;/2. See also Artheya and Ney’s

2If the death of one particle may imply in the removal of others (provided that such others
particles exist), the resulting process is no longer a branching process since particles do not evolve
independently. Nevertheless, Bagchi and Pal [9] studied the so-called tenable urn models where
&ij < 0 for some 7 # j was first considered.

3Non-extinction is also possible in some exceptional cases with A\; = 0, for instance when for
each j, §;; = —1 and &;; = 1 for exactly one ¢ # j, the total number of particles is constant and
they change type according to a Markov chain.
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book [6] section V.8, pp. 209-219 and Janson’s more recent account [41] Theorem

3.1, p. 185 and Lemma 9.8 p. 221.
Theorem 3.2.6 ([41], Theorem 3.1.(i)). Assume (i)-(vi). Then
eMZ(t) — Wry a.s. as t— oo,
where W is a non-negative random variable.
A thorough investigation on the random variable W started in Kesten and Stigum’s

papers [47, 48] providing necessary and sufficient condition ensuring that P(W >

0) > 0.

Theorem 3.2.7 (Kesten-Stigum, [47]). Let Z(t) be a supercritical, positively reqular
and non-singular # process started with a single particle, that is, Z(0) = e; for some

i. Assume further that E(;; < oo for alli,j. Then

P(W >0) >0 ifandonly if E[(jlog(;] <oo foralli,j=1,...,N.

The necessary and sufficient condition E[(;; log (;;] < oo for strict positivity of W is
commonly known for short as the ‘xlogx’ condition. For more information on W
see [47] for the irreducible case, or [48] for the reducible case. For a simpler proof of

such results, see the recent paper [52].

Split times

Our primary interest is to establish functional limit theorems for Z(t) at random
times in order derive results for urn processes. To this end, Athreya and Karlin [4]
originally considered the sequence of stopping times such that 7o = 0 and {7, },.~0

are the nth discontinuity point of the sample path Z(¢,w). Formally,

0=0 and 7, =inf{t>71,1 : Z(t)# Z(t")}

4A branching process is said to be singular if each particle has exactly one child.
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Since 7, is an increasing sequence of stopping times and the process (Z(t), 0(Z(s,w),s <
t)) is strong Markov, it implies that (Z(7,),F,,) is a discrete parameter Markov
chain, which, as we shall see in section 3.2.2, may be identified with a generalised

Polya urn model.

We follow Janson’s extension, which more generally let the process stop when it

reaches a certain number of particles. More precisely,

Definition 3.2.8 (Split times). Let b € RY be a fixed vector and define for z > 0
To(z) :=1inf{t >0 : b-Z(t) > z},

with inf () = +o0.

Theorem 3.2.9 ([41], Lemma 3.14). Assume b -r; > 0.

(i) Conditioned on non-extinction, it follows that 0 < 1,(z) < oo and

Th(z) = 00 as z — 0.

(i)  Moreover ([41], Lemma 11.1),

1 1
To(z) — A—llnz — —A—l(an +1In(b-ry)) a.s.

This theorem was originally published in [4] (see cf. [6], Theorem V.7.3), and item

(ii) above is an extension due to Janson [41], Lemma 11.1.

Theorem 3.2.10 ([41], Theorem 3.15). Assume (i)-(vi) and let b € RY withb-r; >

0. Then, conditioned on non-extinction it follows that
1 Z(m(2)) = (b-r))try as. asz— .

Remark 3.2.11. For some urn processes where a fixed number of balls are added
each time, the stopping times 7,(2) and 7,, are related in the following way. Assume
the an urn starts with ng balls and each time a set of m new balls are added in

the urn. Then, at time n there is a deterministic mn + ny number of balls and
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Tn = To(mn + ng) with b = (1,...,1). This enables one to translate the above

results for Z(7,), and then to a Pélya urn model as described in the next section.

3.2.2 Branching processes and Pélya urn models

This section covers a method originally devised by Athreya and Karlin ([4], [5]) to
analyse limit laws of generalised Pélya’s urn models by means of embedding them in
a multitype continuous time Markov branching process. It relates the population size
of each type to the number of balls of each colour in a Polya’s urn. The fundamental
idea that makes it possible is that both processes are such that the relative growth
rate of each type (ball) depends essentially on its proportion of the whole population
(urn). The assumption on the branching dynamics that the offspring distribution is
independent between any two individuals is the urn’s drawing mechanism counterpart

of sampling a ball uniformly at random.

Generalised Pdélya urn models

Consider an urn initially containing a non-random number X;(0) of balls of colour
t=1,...,N. Then, a single ball is drawn uniformly at random from the urn. If that
ball is of colour j, then the number of balls of colour 7 (i = 1,..., N) is updated to
X;(0) 4 &, where as in (3.2.11) and (3.2.12),

gij 2 O, 7 75 j, and

gjj Z -1 a.s.,

and this procedure is recursively reiterated.

The idea of allowing §;; = —1 is that we may think of not returning the ball that
is drawn. Although Athreya and Karlin [4] consider the embedding only with urn
process where the drawn ball is returned, i.e., when §;; > 0, a.s., the results also

hold if the drawn ball is removed. Urn process not satisfying (3.2.11) and (3.2.12),
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to some extent, may also be handled by modifying the embedding method but we

do not treat these cases (See [41] Remark 4.2).

Let X(n) = (Xi(n),..., Xny(n)) denote the composition of the urn at time n > 0

and let us call X(n) a generalised Pdlya urn model.

3.2.3 The embedding theorem

Now, let (Z(t))i>0 be a N-type continuous-time Markov branching process as dis-
cussed in this chapter. Assume that the life times of all particles of all types are
exponentially distributed with parameter 1. Assume also that particles live, die and
split independent of each other, and of the past, and upon death change the com-
position of the population according to the distribution ;;, 4,7 = 1,..., N. Finally,

let 7, denote the sequence of discontinuity points of the sample path Z(t,w).

Theorem 3.2.12 ([5], Theorem 1). The stochastic processes (X (n))n>0 and (Z(7,))n>0

are equivalent.

Proof. First note that both processes are discrete time and discrete space Markov
chains with stationary transition probabilities. Then, it remains to show that they

have the same transition probabilities.

Consider the process Z((7,,))n>0. At time 0, there are Z;(0) particles with independent
exponential lifetime distribution with mean 1 for eachi =1, ..., N. It is a well-known
fact ([63], Theorem 2.3.3) that considering a family of exponential distributions &;
with parameter )\;, the minimum value min; &; is attained by a particular member
i, with probability given by A;,/ >-; A;. Furthermore, since each particle dies at rate
1, the rate at which some particle of type i dies is Z;(0). Therefore, combining the
above two properties, it follows that the ensuing split in the branching process will

involve a particle of type ¢ with probability

Z;(0)
Z;'V:l Zj (0) '
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After the first split, the process starts afresh since the memoryless property of
exponentials ([63], Theorem 2.3.1) ensures that the remaining lifetime of all other
particles evolves according to its original exponential distribution with mean 1. This
shows that if Z(0) = X(0), then, by induction, at time 7, the ensuing split in the
branching process (draw in the urn process) will involve a particle of type (a ball of
colour) ¢ with probability

Zir) _ X(n)
¥ Z(m) S X

j=1

foralln=1,2,.... O

3.2.4 The limit theorem

Finally, by Theorems 3.2.10 and 3.2.12, it follows that

Theorem 3.2.13 ([41], Theorem 3.21). Assume (i)-(vi). Conditioned on non-

extinction, it follows that

n'X(n) — A\ir1, a.s. asn — oo. (3.2.14)
In particular,
X
N& —> Iy, G.S. asn — o0. (3.2.15)
i1 Xi(n)

3.3 Proofs of Results

3.3.1 Proof of Lemma 3.1.3

Proof. The proof of this lemma is a consequence of the method of Arthreya and
Karlin (1968) [5] to study an urn process by embedding it into a continuous time

multi-type Markov branching process.

Note that the process (U(n))n>o is a multi-type Markov branching process taking
values in QY with deterministic offspring distributions given by the columns of

matrix A.
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Let us now write a;; in its representation of a irreducible fraction of two integer
numbers a;; = p;;/q;; and define ¢ := Hf}szl ¢ij. We define A= gA in order to study

the integer-valued process U(n) = AX(n). First, note that

PlU(n+1) = U(n) + qlarg, - .., ani)|U(n) = a(n)] = dg(n)

where 4(n) = qu(n).

Now, if we denote by A1 and ; the Perron-Frobenius eigenvalue and corresponding

eigenvector of matrix A, it follows from [41], Theorem 3.21 (see 3.2.13), that

~

n'U(n) — Mty a.s.

Finally, since \; = ¢g\1, #1 = ry and by construction U(n) = qU(n), one can easily
conclude that

n~'U(n) — M\, a.s. O

3.3.2 Proof of Theorem 3.1.1

Proof. Lemma 3.1.3 enables us to directly find the limiting behaviour of X (n) when
the matrix A is non-singular. In addition, it also implies that for any given matrix

A the X (n) mean drift vector field is asymptotically constant since

p(n) :=E[X(n+1) = X(n) | X(n)]

, U(n)
=>» Pli,=1|X(n)]e; = : (3.3.1)
zzzl j’V:1 Uj(")
and,
-1
lim pu(n) = lim n_Uln) = 1 MT1 =71 a.s.

Nn—00 n—o0 pn—1 Z;VZI UJ(TL) Zé\le )\lrlj
Now, note that X (n) has submartingale components, which by construction enables

one to write the Doob decomposition as follows
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where the first term denotes the martingale factor and the second one denotes the

predictable increasing sequence. So, carrying on the calculations

E[M7(n) — M{(n — 1)|Foa] = E[(M;(n) — Mi(n — 1))*|F,1]
= E[(Xi(n) — Xi(n — 1))*|Fi] — pi(n —1) < 1. (3.3.3)
Then, taking the expectation of both sides of equation (3.3.3) with n = k and

summing over k = 1,...,n — 1, it follows that E[M?(n)] < n. Now, (see [61],

Example 2.3.17) by the Doob’s maximal inequality it follows that

Plmax |M;(k)| > A\] < A 2E[M7?(n)] < A\ ?n.

0<k<n

For € > 0, let A(n) = n'/?(logn)*/2*¢ and take n = 2™, m > 0, then

P[ max |M;(k)| > A\(2™)] < (mlog2)~ 12

0<k<2m

By Borel-Cantelli lemma, it implies that, a.s,

(E) < \2™ '
oJax, |M; (k)| < A(2™) for all but finitely many m.

For any natural number n there is some m,, such that 2™» < n < 2™+l where

m, — 0o as n — 0o0. Then, a.s., for all but finitely many n,

max |M;(k)] < max |M;(k)| < A(2n) < 2\(n).

ngzgn 0§k§27nn+1

Then, for every € > 0, a.s., for all but finitely many n
max |M;(k)| < 2n'/?(logn)1/2+e,

0<k<n

which in particular, implies that
n~'M;(n) — 0 a.s. foralli=1,.., N.
Finally, from the decomposition (3.3.2) we conclude that

n N (Xi(n) — nz:: wi(k)) — 0 a.s.
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Since for each i = 1,..., N we have that u;(n) — (r1); as n — oo, its Cesaro sum

n~! S35 ui(k) also converge to the same limit as n — co. This finally implies

n'X(n) —r as. O

3.4 Appendix: Perron-Frobenius theory for

non-negative matrices

In this section we present a brief summary of the Perron-Frobenius theory high-
lighting the subtleties if one wants to extend the theory for positive to non-negative

matrices. Note that a simple non-negative matrix as follows

is such that there is no positive or largest eigenvalue, no simple root of the character-
istic polynomial, and also its associated eigenvector does not have strictly positive
entries. Therefore, one needs to impose further conditions in order to recast the

Perron-Frobenius theorem.

Let A = {a;;};—; a N x N square matrix. We write A > 0 (or > 0) if a;; > 0 (or

>0) for all 4,5 =1,...,N.. Also, we write the matrix A* = (agf))%zl.

Definition 3.4.1. A non-negative square matrix A = {a;;}};_, is said to be primit-

ive if there exists a positive integer k such that A* > 0.

Theorem 3.4.2. [[77] Theorem 1.1]

Let A be a primitive matriz. Then, there exists an eigenvalue \y such that

(i) A1 18 a positive real number;

(ii) A1 has strictly positive right and left eigenvectors;
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(iii) A1 > [N for any other eigenvalue N # Ay;
(iv) the eigenvectors of Ay are unique up to constant multiples;

(v) A1 1s a simple root of the characteristic polynomial.

Definition 3.4.3. For an ordered pair of indices (i, j), we write ¢ — j if there is a

sequence of indices (7,41, ...,4k_1,7) such that

Qiiy Qiyig - - - Gig gy Aig_qj = 0

Note that ¢ — 7 is equivalent to the existence of an integer £ > 1 such that ag;) > 0.

Definition 3.4.4. An index i € {1,..., N} is said to be essential if

(a) i j for some j # ¢, and

(b)  If i — j, then j — ¢ (in which case we write ¢ <+ j and say that ¢ and j

communicate)

An index i € {1,..., N} is said to be inessential if it is not essential.

The set of essential and inessential indices can be further subdivided into self-
communicating classes in such a way that if 7 <> j, then ¢ and j are in the same class.
Finally, there may be inessential indices which communicate with no other index, in

which case these are defined as forming an inessential class by themselves.

Remark 3.4.5. Any non-negative matrix may be put into canonical form by sim-
ultaneous permutations of rows and columns of the matrix in such a way that
(i) Its powers are similarly transformed.

(ii) Its set of eigenvalues are unchanged.
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A canonical form is always a block triangular matrix as follows

- ¢y 0 0 010 _
0 Cy 0 0
0 0 s
0
0 0 0 Ck |0
R Q
where C;, 1 = 1,...,k are submatrices corresponding to the self-communicating

essential classes and @) to all self-communicating inessential classes, with R # 0 in

general.

It is not hard to check (by the multiplicative property of the determinant of block
triangular matrices) that the eigenvalues of the above matrix are the combined
eigenvalues of ', ..., Cy and ). So, saying that an eigenvalue “belongs” to a class

¢ means that it is an eigenvalue of C;.
Definition 3.4.6. If i — i, the period of 7 is defined by

d(i) := ged{k : o > 0}.

It is not hard to verify that if i <> j then d(i) = d(j). This allows one to define the
period of a self-communicating class as the period of any of its elements. An index ¢
such that i — i is said to be aperiodic if d(i) = 1 and periodic with period d(i) > 1

otherwise.

Definition 3.4.7. An N x N matrix A is said to be irreducible if it contains a single

self-communicating class. Or equivalently, if for every pair of indices (i, j) there

(%)

exists a positive integer & = k(4, j) such that a;;” > 0.

Theorem 3.4.8 ([77] Theorem 1.4). A matriz A is primitive if and only if it is
irreducible and aperiodic. Moreover the powers of an irreducible periodic matrix may

be studied in terms of powers of primitive matrices.
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Finally,

Theorem 3.4.9 ([77] Theorem 1.5). Let A be an N x N non-negative irreducible
matriz. Then there exists an eigenvalue Ny such that all statements (i) — (v) of
Theorem 3.4.2 hold, with exception of (iii) which is replaced by the weaker statement

(13i)" Ay > |N| for any eigenvalue X' of A.

In this case, it still holds that A has a positive eigenvalue A\; with algebraic and

geometric multiplicity one such that
A1 > Re)' for every other eigenvalue X' of A,

and whose left and right eigenvectors have strictly positive entries.

3.4.1 Further extensions

The Perron-Frobenius theory may further be extended to the so-called ML-matrices.

Definition 3.4.10. A square real matrix A = (a;;)";_; is said to be a ML-matrix if

3,j=1

a;; > 0 for i # j.

An ML-matrix A may always be related to a non-negative matrix 7'(«) through the
relation

T = A+ al for large enough a.

For the Perron-Frobenius theorem for irreducible ML-matrices see Seneta (2006),

[77], Theorem 2.6.






Chapter 4

Localization for an exponentially

reinforced growth model

Abstract

! concerns the long term behaviour of a growth model describing a

This paper
random sequential allocation of particles on a finite cycle graph. The model can be
regarded as a reinforced urn model with graph-based interactions. It is motivated
by cooperative sequential adsorption, where adsorption rates at a site depend on
the configuration of existing particles in the neighbourhood of that site. Our main

result is that, with probability one, the growth process will eventually localise either

at a single site, or at a pair of neighbouring sites.

4.1 Introduction

This paper concerns a probabilistic model describing a sequential allocation of
particles on a finite cycle graph. The model is motivated by cooperative sequential
adsorption (CSA) (see [29], [28] and references therein). CSA models are widely ap-

plied in physical chemistry for modelling adsorption processes on a material surface

LJoint work with M. Menshikov, V. Shcherbakov and M. Vachkovskaia
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onto which particles are deposited at random. The main peculiarity of adsorption
processes is that deposited particles change adsorption properties of the material.
This motivates the growth rates defined in equation (4.2.1). The growth rates model
a particular situation where the subsequent particles are more likely to be adsorbed

around previously deposited particles.

There is typically a hard-core constraint associated with CSA. That is, the adsorption
(growth) rate is zero at any location with more than a certain number of particles.
The asymptotic shape of the spatial configuration of deposited particles is of primary
interest in such models. Many probabilistic models of spatial growth by monolayer
deposition, diffusion and aggregation dynamics present this characteristic. For in-
stance, the Eden model [26], diffusion-limited aggregation process [86], first-passage

percolation models [72] and contact interaction processes [76].

In contrast, in our model (defined in Section 4.2) we allow any number of particles
to be deposited at each site. This is motivated by growing interfaces (Figure 4.1)
associated with multilayer adsorption processes (see [13], [44] and [70]). Even though
the random nature of these processes is usually emphasized in the physical literature,
there is a limited number of rigorous formulations and published results in this field
(most of them in [69] and [71]). Our model is closely related to a variant of random
deposition models, but as we do not apply any of the techniques from this field, we

refer the reader to the survey on surface growth [12].

1 1 N

Figure 4.1: Multilayer adsorption/random deposition model
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Our model can be naturally interpreted in terms of interacting urn models. In the
case of no interaction, in which the growth rate at site i is given by ['(z;), where x;
is the number of existing particles at site ¢ and I' : Z, — (0, 00) is a given function
(called the reinforcement rule [20] or feedback function [65]), our model coincides
with a generalised Pélya urn (GPU) model with a particular reinforcement rule I'.
Each site (with no underlying graph structure) corresponds to a different colour
of ball. The growth rule corresponds to choosing an existing ball of colour i, with
probability proportional to I'(x;), and adding a new ball of that colour. The case

['(x) = z is the classical Pdlya urn.

The so called Rubin’s exponential embedding (first appearing in [22]) classifies the
two possible limiting behaviours in the above class of GPU models. Firstly, there
almost surely exists a site ¢ that gets all but finitely many particles. Secondly, the
number of particles at every site grows almost surely to infinity. For a comprehensive

survey on urn models and their applications, see [68] and references therein.

In contrast, we consider growth rules with graph-based interactions (as in [79]) where
the underlying graph is a cycle with NV sites. In our growth model the rate of growth
at site 7 is given by a site-dependent reinforcement rule I'; = exp(A\;u;), where \; > 0
and wu; is the number of existing particles in a neighbourhood of site i. This allows
one to take into account the case where different sites might possibly have different
reinforcement schemes (Figure 4.2). In other words, the case where each site has
its own intrinsic ‘capacity’ parameter, which is what would be expected in many
real-life situations. Although the model can easily be defined for a general graph,
the results will heavily depend on its topological properties. In this paper we only
address the case of a cycle graph. See [16] and [34] for results on general graphs but

different growth rules.

The model with I'; = exp(Aw;), i.e. A\; = X € R, was first considered in [79], and an
analogue of Theorem 4.2.3 (Theorem 3 in [79]) was proved for this particular case

of site-independent parameter .
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Ai

1 5 10 15 20 ¢

Figure 4.2: Pictorial representation of a set A = (\;)~, for N = 20

The main result of the present paper classifies, in terms of the set of parameters
A = (\)Y,, the two possible behaviours of the model. The first behaviour is
localization of growth at a single site. This means that from a random moment of
time onwards, all subsequent particles are allocated at a particular site. The second
is localization of growth at a pair of neighbouring sites with equal A\ parameter.
Similarly as in the first case, this means that from a random moment of time
onwards, all subsequent particles are allocated at a particular pair of neighbouring
sites. In particular, if \; # \;;1 for all 7, then, with probability one, the growth
will eventually localise at a single site. On the other hand, if \; = A, then, with
probability one, the growth will eventually localise at a pair of neighbouring sites.
In the general case of a fixed and arbitrary parameter set A, only the above two
types of limiting behaviour are possible. Theorem 4.2.3 below provides a complete
characterization of the parameter set A and associated subsets where only one of

the regimes, or both, may happen.

The paper is organised as follows. In Section 4.2, we formally define the model, fix
some terminology and state Theorem 4.2.3 which is our main result. The proof of the
theorem appears in Section 4.6 and relies essentially on Lemmas 4.3.1-4.3.13 stated
in Section 4.3 and proved in Section 4.5. Section 4.4 contains results concerning
sums of random geometric progressions, which are of interest in their own right.
These results combined with stochastic domination techniques are constantly used

in the proofs of Lemmas 4.3.7-4.3.13.
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4.2 The model and main result

Consider a cycle graph with N > 4 vertices (sites) enumerated by the first NV natural
numbers such that 1 ~2~ ...~ N —1~ N ~ 1, where i ~ j indicates that sites i
and j are incident. Let Z, be the set of non-negative integers and A = {\, ..., Ax}
be an arbitrary set of positive real numbers. Given x = (z1,...,zy) € ZY, define

the growth rates as
Ti(x) = M@+5m®) =1, N. (4.2.1)

Consider a discrete-time Markov chain X (n) = (Xi(n),..., Xy(n)) € ZY with the

following transition probabilities

FZ(X)

PXiln+1) = Xi(n) + 11X (n) =x) = =3 5 75

yi=1,...,N,xeZ¥.

The Markov chain describes the evolution of the number of particles sequentially
allocated at each site of the graph. Given the configuration of particles X (n) =
x € Z% at time n, the next incoming particle is placed at site ¢ with probability

proportional to I';(x).

Definition 4.2.1. For i € {1,..., N} (modulo N)

1. asite {i} is a local minimum, if \; < min(\;_1, A\j11);

2. apair of sites {i,i+1} is a local minimum of size 2, if \; = A\;11 < min(\;_1, Ait2);
3. asite {i} is a local maximum, if A\; > max(X;_1, A\iy1);

4. a pair of sites {i,7+ 1} is a saddle point, if

min(Ai—1, Adig2) < A = A1 < max(Ni_1, Aiy2);

5. asite {i} is a growth point, if either \; 1 < A\; < A\iyq, or A > A > Aigq.
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Definition 4.2.2. Let {i,7+ 1} be a local minimum of size two. We say that it is

a local minimum of size 2 and

1) type 1, if A = Ay > =22

. A1\
2) type 2,if A = A\ip1 < ﬁ

The following theorem is the main result of the paper.

Theorem 4.2.3. For every X(0) = x € ZY and

i) for every local mazimum {k}, with positive probability,
nlgrg(} Xi(n) = oo if and only if i = k;

i) for every pair {k,k + 1} where A\y = A\py1 =: A, but not a local minimum of

size 2 and type 2, with positive probability,

lim X;(n) = oo, if and only if i € {k,k+ 1}, and

n—oo

. Xk+1(”) AR
lim AV
N X,.(n) €

where R = lim,,_o0[Xg12(n) — Xi-1(n)] € Z.

No other limiting behaviour is possible. That is, with probability 1, exactly one of
the above events occurs in a random location {k} or {k,k+ 1} as described in i) and

i1), respectively.

4.3 Lemmas

We start with notations that will be used throughout the proofs. Given i =1,..., N,

define the following events

A! .= {at time n a particle is placed at site i}, n € Z,

AL Al A e 7,
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Define also the following events

Enl,nz] ﬂ A

n=ni

zH—l 3 zz-l—l

[nhnz] ﬂ A
n=ni

indicating that from time n; to nq all particles are placed at site i, and at sites ¢
or ¢ + 1, respectively. Further, events Afn,oo) and AERZJ;) denote the corresponding

limiting cases as ny goes to infinity.

Let e; € Zf be a vector, whose i-th coordinate is 1, and all other coordinates are zero.

ven x € , define the following probability measure Py(-) = P( - = X).
Gi Zfdﬁ he followi babili P P(-]X(0

rem In lemmas and proofs below we denote by e and e, possibly with subscripts,
various positive constants whose values depend only on N and (\;)Y, and may
vary from line to line. Also, the results are stated only for the essentially different
cases, and whenever there are trivially symmetric situations (e.g. A\g—1 < A < Agt1
and A\g_1 > Mg > Api1), we state and prove only one of them in order to avoid

unnecessary repetition. rem

Lemma 4.3.1. Suppose that {k} is a local mazimum, and x € ZY is such that
I'k(x) = max; ';(x). Then, with positive probability, all subsequent particles are

allocated at k, i.e. Py (Aﬁ,oo)) > € for some € > 0.

Lemma 4.3.1 describes the only case where localisation of growth at a single site can

occur, namely, at a local maximum.

Lemma 4.3.2. Suppose that {k} is a growth point, and x € ZY is such that I'y(x) =
max; [;(X). If Ap_1 < Mg < Apy1, then there exist n = n(x,\) € Z, and € > 0, such

that Py <A1 ]) > € and Iy (x + neg) = max; I';(x + neg).

Lemma 4.3.3. Suppose that {k} is a local minimum, and x € ZY is such that
Ii(x) = max; [';(x). Then there exist n = n(x,A) € Z, and € > 0, such that

P (A | n]) > € and max(I'y_1(x + neg), [ri1(x + neg)) = max; I';(x + ney).
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Lemmas 4.3.2-4.3.3 describe the following effect. If the maximal rate is attained
at a site which is either a growth point or a local minimum, then, with positive
probability, allocating n = n(x, A) particles at that site results in relocation of the
maximal rate to a nearest neighbour with larger parameter A. It should be noted that
the number of particles required for relocation (the relocation time) is deterministic

and depends only on the starting configuration x and parameter set A.

Lemma 4.3.4. Suppose that I'y(x) = max; I';(x).

1) M—1 < A = Apg1 > Aigos o7

2) A—1 = Mg = N1 > Mg, and Ty (x) > T (x),

then, with positive probability, all subsequent particles are allocated at sites {k,k+1},

i.e. Py (Aﬁ]fg)l) > € for some € > 0.

Lemma 4.3.4 describes a case of the second possible limiting behaviour of the model,

i.e. localisation of growth at a pair of neighbouring sites.

Definition 4.3.5. Define the following stopping times

wyi =min(r; : i £k k+1,k+2),

where the usual convention is that

inf() = oo and min(a, o) = a, for a € Ry U {oo}.

The above stopping times and the quantities r, z; and 25 below will appear throughout

Lemmas 4.3.4-4.3.13 and their proofs.
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Definition 4.3.6. Given x € Z4 define
ri=1r(X) = Tgro — Tp_1. (4.3.1)

In addition, if a pair of sites {k, k + 1} is such that A\y = A\py1 =: A and

1 M1 — A
Ak—1 > A, define z; = —log shot 2 , (4.3.2)
A A
Air2 > A, define —llo A (4.3.3)
k42 ) ne zp = h\ g Mera —N) -0.

Before stating Lemma 4.3.7, let us denote by By the event in which a particle arrives

in finite time at k + 2 before anywhere outside {k, k + 1,k + 2}. That is to say,
B, = {Tk+2 < w,j} (434)

Lemma 4.3.7. Suppose that a pair of sites {k,k+ 1} is a saddle point with \p_1 <

Ak = A1 =0 A < Agyo, and X € Zf is such that

max (g (x), [iy1(x)) = max [(x). (4.3.5)

1) Then there exists € > 0 such that

(Ak:k—i-lUBk) —p, (Akk+1> P (By) > e

[1,00 [1,00

2) If r < zy, then, with positive probability, all subsequent particles are allocated

at sites {k,k+ 1}, i.e. Px (Aﬁk;)l) > ¢ for some e > 0.
3) If r > zy, then Py (Aflk;)l) =0, and, hence, Py (By) > €

4) If v > 2y is strict, then, with positive probability, the maximal rate relocates as

follows. There exists € > 0 such that

P, <Bk, max  T,(X(rs2)) = max ri(X(Tm))) > e, (4.3.6)

i=k+2,k+3

where max; I'; (X (1g12)) may be attained at k + 3 only if Apy3 > A.
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Part 4) of Lemma 4.3.7 is similar to Lemmas 4.3.2-4.3.3 in that it also describes
relocation of the maximal rate to a site with larger parameter A\. The main differ-
ence is that in Lemma 4.3.7 the relocation time is random. This is in contrast to

Lemmas 4.3.2-4.3.3, where the relocation time is deterministic.

The proposition and definition below are intended to clarify some assumptions and

simplify some notations in Lemmas 4.3.10-4.3.13 below.

Proposition 4.3.8. Let {k,k+ 1} be a local minimum of size 2 with A = A\ = g1,
and let r = r(x), z1 and zy be quantities as in Definition (4.5.6). Then, z1 < zo if
and only if local minimum {k,k + 1} is of type 1, in which case there might exist x
such that zy <1 < zy. Otherwise, if a local minimum {k,k + 1} is of type 2, then

29 < 21, in which case r > zo orr < z for all x.

Definition 4.3.9. Recall that 7, := inf(n : Xy(n) = X;(0) + 1) and let us further

define the following stopping times o and wy and events Dy, D; and Dj.

o) = min(7,_1, Tkyo), and wi =min(r; : i #k+ 1,k k+2),
Dy = {or < wi}, D)= {11 <min(mgy2,wr)}, D} = {7ri2 < min(m_1,w)}.
Note that Dj, N D} =, Dy = D, U Dy and AG%5 0 Dy = 0.
Lemma 4.3.10. Suppose that {k,k + 1} is a local minimum of size 2, and x € ZY
is such that max(I'y(x), [x41(x)) = max; [';(x).

1) There exists € > 0 such that

Py (AU Di) = Py (AFE)) + Py (Di) > €

[1,00)

2) If z1 < r < z (only possible if {k,k + 1} is of type 1), then, with posit-
ive probability, all subsequent particles are allocated at sites {k,k + 1}, i.e

Py (Ak k+1> > ¢ for some ¢ > 0.

[1,00)

3) If r <z orr > zy (always the case if {k,k+ 1} is of type 2),
then Py (Ak k“) =0 and, hence, Px (Dy) > €.

[1,00)
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Lemma 4.3.10 is analogous to Parts 1)-3) of Lemma 4.3.7 for the case of a local
minimum of size 2. An analogue of Part 4) of Lemma 4.3.7 in the same situation is

provided by Lemma 4.3.11 below.

Lemma 4.3.11. Suppose that local minimum {k,k + 1} is of size 2 with A\, =

MNet1 = A, and x € ZY is such that max (T (x), Tx41(x)) = max; I';(x).

1) If {k,k+ 1} is of type 1 and r < z1, or {k,k+ 1} is of type 2 and r < zy then

Py <D;€,lzmax Fi(X (Tr-1)) max Fi(X(Tk_l))) >e> 0.

i—k—2 k—1 SN

where max [';(X (7x_1)) may be attained at k — 2 only if Ay_o > .

2) If {k,k+ 1} is of type 1 and r > zo, or {k,k+ 1} is of type 2 and r > z; then

1
. — . >
Px (Dk, pax Li(X (Trs2))  Jax, F1<X(Tk+2))> >e>0,

where max I';(X (7,42)) may be attained at k + 3 only if M\grsz > .
3) If {k,k+ 1} is of type 2 and z < r < z1, then

P (D;,' max (X (m_1)) max Fi(X<Tk_1)))

i=k—2,k—1 C i=1,..N

77777

" . — .
4P, <Dk, _max DX (742) = max rZ(X(TM))) >c0,

where max I'; follows the corresponding prescriptions as above.

Remark 4.3.12. The next lemma concerns the borderline cases in between having
a local minimum {k,k + 1} of size 2 and type 1 or a saddle point. For example,
in notations of Lemma 4.3.11 these cases are formally obtained by setting either
M1 = A (where —o0 = 21 < 23), or Ao = A (where 21 < 29 = 00). As both
cases can be addressed in similar ways, the lemma below deals only with the case

)\k,1 - )\
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Lemma 4.3.13. Suppose that sites {k — 1,k,k + 1,k + 2} are such that
A—1 = Ap = Apg1 =0 A < Apyo,
x € ZY is such that max(Ty(x), Ty41(x)) = max; T;(x) and, additionally, Tj_1(x) <

Pk+1<X) .

1) There exists € > 0 such that

P. (Akk+1UDk)_P (Akk+1>+Px(Dk)Z€

[1,00)

2) If r < zy, then, with positive probability all subsequent particles are allocated

at sites {k,k+ 1}, i.e. Px (Ak k“) > € for some ¢ > 0.

[1,00)

3) If r > zy, then Py (Ak k+1) =0 and, hence, Py (Dy) > €

4) If r > 2z, then there exists € > 0 such that

P, (Bk _max, Ti(X(2) = max ri(X(TM))) > e,

where max I'; (X (7x42)) may be attained at k + 3 only if M\grsz > .

The following corollary concerns those cases covered by Parts 3) of Lemmas 4.3.7,
4.3.10 and 4.3.13, where the configuration parameter r is equal to one of the model

parameters z; and z5. In what follows we call them critical cases.

Corollary 4.3.14. For the critical cases, relocation of the maximal rate to a site

with larger parameter A also occurs, with positive probability, in finite time.
Remark 4.3.15. Let us remark the following.
1) It is important to emphasize that in all the above cases where the maximal rate

max; [';(x) eventually relocates with positive probability, it always relocates

to a site with strictly larger parameter .
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2) Note that Lemmas 4.3.2, 4.3.3, 4.3.7 and 4.3.11 can be appropriately reformu-
lated in order to cover the symmetric cases by simply re-labelling the graph
sites in reverse order as the graph is a cycle. For example, if {k,k + 1} is a
saddle point as in Lemma 4.3.7, then the corresponding symmetric case would

be A\p_1 > Ay = )\k—i-l > )\k+27 etc.

4.4 Random geometric progressions and

Bernoulli measures

The statements and propositions in this section are essential building blocks for the
proof of lemmas which follow. The reason is that along the proofs of Lemmas 4.3.4-
4.3.13 we need to analyse the limiting behaviour of random variables of the form
> H§:1 (j, as n — oo, where {(;, j > 1} is an i.i.d. sequence of positive random
variables. It will also be necessary to compare such variables and introduce some
stochastic domination concepts to enable us to carry out uniform estimates not
depending on the starting configuration X (0) = x. We refer to [83] for standard
definitions and basic properties of stochastic domination. The following notations
are used throughout. Given random variables X and Y (or sequences X and Y),
we write X >4 Y if X stochastically dominates Y. Similarly, given two probability

measures v and u, we write p >4 v if p stochastically dominates v.

Random geometric progressions. In this subsection we consider random vari-
ables realised on a certain probability space (€2, F,P). E denotes the expectation
with respect to probability measure P. If X and Y are random variables or sequences
such that X >, Y, then we may assume that P is a coupling of probability distri-
butions of X and Y such that P(X >Y) = 1. Such a coupling exists by Strassen’s

theorem ([82]).
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Given a random sequence ¢ = {(;, i > 1}, define

j=1 =0
and
2(¢) =YY (44.2)
=0

Proposition 4.4.1. 1) Let { = {(;, i > 1} be an i.i.d. sequence of positive random
variables such that E (log((;)) < 0. Then P(Z(() < oo) = 1 and, consequently,
E (e’Z(O) > 0.

2) Let 0 = {0;, i > 1} be another i.i.d. sequence of positive random variables such

that E (log(6;)) <0 and 0 >4 C. Then E (e‘Z(O) >E (e‘Z((’)) .

Proof of Proposition 4.4.1. Denote E (log(¢;)) = a < 0. Given 6 > 0 such that

atd)n for all

a+6 <0, it follows from the strong law of large numbers that Y, < e!
but finitely many n almost surely. Therefore, a tail of Z(() is eventually majorised
by the corresponding tail of a converging geometric progression. In turn, finiteness
of Z(¢) implies positiveness of the expectation. Moreover, note that ¢#) is an

increasing function. Therefore, e 2 > =40 and hence, E (e_Z(C)) >E (e‘Z(e))

as claimed. O

Definition 4.4.2. Let ( = {(;, ¢ > 1} and n = {n;,j > 1} be i.i.d. sequences of
positive random variables. Sequence 7 is said to be reciprocal to ¢ if n; has the same

distribution as 1/¢;.

Proposition 4.4.3. Let X and Y be two i.i.d. sequences of positive random vari-

ables, and let ny and ny be their corresponding reciprocal sequences. If X >4 Y then

Nx <st Ny-

Proposition 4.4.4. Let ( = {(;, i > 1} be an i.i.d. sequence of positive random
variables such that E (log(¢;)) > 0. Let {Y;,i > 0} and {Z,,(¢),n > 1} be the random

variables as in (4.4.1). Define the following random sequence

Fo(C) = Zn(Q) /Yo, n 2 1.
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Then, F,(C) converges in distribution to
Zm) =1+>_[In, as n— oo, (4.4.3)
i=1j=1
where 1 is the sequence reciprocal to (. Moreover, Z(n) is almost surely finite and

Z(1) 2 Fa(Q) for any n > 1,

Proof of Proposition 4.4.4. First, note that for every n > 1,
F.(Q) =1+ Xn: f[ Catjpr =1+ Zn: ﬁ 77J('n)’
i=1 j=1 i=1 j=1
where n](-n) = (%41 This means that F,(¢) has the same distribution as Z,(n)
defined for the sequence n = {n;, i > 1} reciprocal to (. Therefore, F},({) converges
in distribution to Z(n). In addition, E(log(n)) = —E(log({1)) < 0. Therefore, by

Proposition 4.4.1, Z(n) is almost surely finite. Finally, it follows by construction

that Z(n) >y Fp(C), n > 1. 0

Proposition 4.4.5. Let ( = {(;, i > 1} be an i.i.d. sequence of positive random
variables such that E (log(¢;)) = a >0, and n = {n;, i > 1} be its reciprocal sequence.

Given 0 < v < 1, define the following stopping time
m = min(n : vY, > 1). (4.4.4)

Then both Z(n) < oo and Zz _1(C) < oo almost surely, vZ~_,(C) <& Z(n), and,
hence,

E <6_7Z371(<)> >E (e_Z(”)) > 0. (4.4.5)

Proof of Proposition 4.4.5. By Proposition 4.4.4, Z(n) is almost surely finite and
F.(¢) <« Z(n) for all n > 1. Therefore, Fr () <& Z(n). Since 7Y ; < 1 we

obtain that
VZ5-1(Q) < Z51(Q)/ Yaoy = F5 1 (Q).
Consequently, vZ=_(¢) <s Z(n), which implies (4.4.5) as claimed. O

Proposition 4.4.6. Let ( = (¢;, i > 1) and 0 = (0;, 1 > 1) be i.i.d. sequences of

positive random variables such that E (log(01)) > 0 and ¢4 >4 01. Let . and ny be
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sequences reciprocal to ( and 6, respectively. Given 0 < v < 1, let m be the stopping

time for sequence ¢ as in (4.4.4). Then

E (e*ﬂa_#)) SE (672(779)) .

Proof of Proposition 4.4.6. By Proposition 4.4.4 both Z(n.) and Z(ny) are almost

surely finite. Further, by Proposition 4.4.3 1. < ng. Therefore
E (efz(nc)) >E (efZ(ne)) '

By Proposition 4.4.5, it follows that

as claimed. O

Bernoulli measures. Now, we introduce a family of Bernoulli measures and some

notations that will be used throughout proofs of Lemmas 4.3.4-4.3.13.

Let £ = (&,7 > 1) be a sequence of independent Bernoulli random variables with
success probability p. Let p, be the distribution of &, that is, the product Bernoulli
measure defined on the set of infinite binary sequences, and denote by E, the

expectation with respect to the Bernoulli measure f,.

Define

the binomial random variables corresponding to a Bernoulli sequence €.
Let Ak_1, Ak, Agr1 and Mgy 2 be Ad-parameters corresponding to quadruples {k—1, k, k+

1,k + 2} of the graph sites such that A = Ay = Agy1 as in Lemmas 4.3.4-4.3.13. Let

us define the following i.i.d. sequences

G = (¢, = eMe-11-6)=2 1 > 1),
(4.4.7)

Co = (Coq = eM+2572 1§ > 1),
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It is a well known fact that if 0 < p’ <p” <1, then py <g p,». This fact yields the

following proposition.

Proposition 4.4.7. Let (|, () and (], () be sequences defined by (4.4.7) for Bernoulli

sequences with success probabilities p' and p”, respectively. If 0 < p’ < p” <1, then

C{ Zst Ci/ and gé S

Note that variables Z,, (defined in (4.4.1)) corresponding to sequences (; and ¢, can

be expressed in terms of Binomial random variables (4.4.6) as follows
Ze)"“ 1=U0=2and - Z,((o) Zek’““U A (4.4.8)

It is useful to note that if \,_; = Ao = A, then the above expressions are
n

Zn(C1) :Ze Ui and Zn(C2) :Ze’\
=0

=0

4.5 Proofs of Lemmas

In the following proofs we show the existence of positive real constants C, ¢, € and
e, whose exact values are immaterial and may vary from line to line, but which do
not depend on the starting configuration X(0) = x. In order to avoid notational
clutter we shall denote I';(x) simply by I'; for all 7. Moreover, whenever we fix index
ke {1,..., N} and consider indices in the neighbourhood of &, those indices should

be interpreted as modulo N.

4.5.1 Proofs of Lemmas 4.3.1-4.3.3

For short, denote B = 2,4, 41 I'i and Z = SN T;. By assumption, I';, = max I,

.....

then

Loy g Do oy 5 222l LV 1)
'y Iy N A N

It follows from the last two inequalities that

B
ZonN-1 (4.5.2)
I
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Proof of Lemma 4.3.1. Recall that A\, > max(A;_1, Agy1). We need to prove the

existence of a positive number ¢ such that

O erkkn

Py (A 4.5.3
( [100) H Fk 16)"9 1n+rk€)\kn+1“k+16)\k+1n+B ( )

where € > 0 depends only on A\;_1, Ak, Apr1 and N.

Indeed, rewriting the identity in (4.5.3) and applying bounds (4.5.1) and (4.5.2),

Py (Af; o))

> | r B

n=0

> exp (— Z log(1 + ePe-1=2)n 4 oAer1=Ar)n 4 (N — 1)6_’\k”)>
n=0

> exp < C Z Rre—1=d)m 4 pGirr=n (N 1)6_/\’“”)) >e> 0,

since the series in the exponent above converges. It is not hard to see that in the

last inequality, € should depend only on Ap_1, Ak, \p11 and N. O

Proof of Lemma 4.3.2. Recall that A\y_1 < Az < A\y1. We need to prove the

existence of a finite positive integer n and a positive number € such that

Ak+1M > Akf Ak—17
[yiie I'pe™ ™ > max (Fk e ,Hlérklzﬁll“) (4.5.4)

and

n F )\kn
14&
Py ( 1n+1 H ) X ) > 6
no Le—re=1m + Dpete™ + Ty evei + B

(4.5.5)

where ¢ > 0 depends only on A\;_1, A\g, \pr1 and N. Note that the sequence
ePra1=2)n > () is strictly increasing, so there exists the minimal integer 7 such

that

ePrr1=AR)R > Ty . that i Dpy1(x + Ney,)

A
1 (x4 neg)
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Then, there exists a positive constant such that (I'yyi/Tx)ePer1=)7% < O and,

hence,

T n
% Z e()\kJrlf)\k)n S 02 < 00, (456)
k  n=0

where Cy depends only on Ay and Ay ;. Further, rewriting the identity in (4.5.5)
and using bounds (4.5.1), (4.5.2) and (4.5.6), gives that

= Fk 1 )\ Y Fk‘—i—l A - B Y

=X lo 1+ ——e! k) —+ 76( k1= Ak)N 4 —e M
(g o1+ s y

: r

Z exp ( Z log (1 +e (Ak—1—2Ag)n + %ahﬁq—)\k)n + (N . 1)6_)\’“”>>
n=0 k
> e ( 03 Z (6 Ak—1—Ap)n + F]-’—‘::He()\mrl)\k)n + (N . 1)6)\]“”)) S e>0.
n=0 k

Proof of Lemma 4.3.3. Recall that \y < min(A,_1, Ap41). As in the proof of

Lemma 4.3.2, we need to show existence of a finite positive integer n and a positive

€ such that
max(Ty_;eM 1" Ty e 1) > Ty > Z;%%lr (4.5.7)
and )
]P)X(Aﬁﬁ]) = ﬁ erAk” > €,

n—0 kaleAkﬂ” + er)\kn + Fk+1€)‘k+1n + B
where € > 0 depends only on A;_1, Ay, Apy1 and N. This can be shown similar to

the proof of Lemma 4.3.2, and we skip details. O]

4.5.2 Proofs of Lemmas 4.3.4-4.3.13

Notations

We start with some preliminary considerations and notations that will be used

throughout the proofs of Lemmas 4.3.4-4.3.13.
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Let {k,k + 1} be a pair of sites such that A\, = A\y1 =: A. If, as defined in

Definition 4.2.2, r = r(X) = x40 — Tx_1, then Fl’iz(l)(:;) = ¢V, Therefore, given that

the next particle is allocated at either k£ or k£ + 1, the conditional P,-probability to
choose k + 1 is equal to

Ter1(x) e

Th(x) + Tppr(x)  1+eM

pi=plr) = (4.5.8)

We henceforth denote ¢ = 1 — p. Furthermore, probability p does not change by

adding particles at sites k and k+1 since configuration parameter r remains constant.

Note that p(z), considered as a function of z € R, is monotonically increasing. A
direct computation gives that unique solutions of equations A1 — A = p(2)A,—1 and

Akt2p(2) = A are quantities z; and 2y (defined in (4.3.2)) respectively.

Let S,, be the number of additional particles at site kK + 1 at time n > 1. Let
So =0 and s(n) = (sg, $1,.-.,5,) be a fixed trajectory of a finite random sequence
S(n) = (So,S1,-..,5). Note that, by construction, any trajectory s(n) is a sequence

of non-negative integers such that sy =0 and s; —s;1 € {0,1},i=1,...,n.

For short, denote

[ = Fz’(X% f‘k: = Z I,

itk k1 k42
= o T 5 = L'y
—_— pr— 77 k —_— .
P+ Tha A Y
In the rest of this section we are going to derive expressions for probabilities
Py (Aﬁ’i:rl”) , n > 1, in terms of expectations with respect to a Bernoulli product
measure on {0,1}* with parameter p defined in (4.5.8). These expressions allow

one to obtain lower and upper bounds for the above probabilities. We start with the

case of fixed n and then extend it to the case where n is a stopping time.

In the above notations

k,k+1 .
Px (Ai+1 7S'i+1 = Si+1

k,k+1 -

pritr st e TS (D 4 Ty )
(Tg + Dryr)eNt + Tpqete—1l=s) 4 Ty peerasi + T
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p5i+1_5iq1_(5i+1_5i)

= 1 T Vi 16)\k_1(i—si)—/\i + Vi 2€>\k+25i_)‘i + ,’.“Ykef)\l' .

Then, given n we obtain by repeated conditioning that

Px (Aﬁfnt-llp Sn+1 = Sntly- .- 75’1 = 51) = psn+1qn+1_8n+1 Wn(sla s 7Sn)7
where
Wi(sn, .., ﬁ ! (4.5.9)
L9 4 Vi, 1€>\k 1(i—si)—Ai + Vi, 2€>"“+281 i + rYke -’
Consequently, we get that
k,k) 1 Sn n —Sn
Px (A[l,nJ:Ll]) - Z p Hq i HWTL(Sl? o 8”)7
s(n+1)
=> (P + P " Wasy, .., 50), (4.5.10)
s(n)
= Zpannisnwnﬂsla tty 371)7
s(n)
where the sum in the first line is over all possible trajectories s(n+1) = (s1,..., Spt1)
of S(n+1) = (S1,...,5+1) and the other two are over all possible trajectories

s(n) = (s1,...,8,) of S(n) = (S1,...,S5,). Therefore, we arrive to the following
equation

where [, is the expectation with respect to the Bernoulli measure p, defined in

Section 4.4 and U;, i > 1, are Binomial random variables defined in (4.4.6).

Further, assumptions of Lemmas 4.3.4-4.3.13 imply that 3 +FF <l,2=1,...,N.
Therefore,

Fre M < (N —4)e™ < cre™, (4.5.12)
for some ¢y, ¢y > 0. Using bound (4.5.12) and inequality log(1l + z) < z for all z > 0
we obtain that

1
Vi, 16)‘]‘ 1(i—si)— /\Z+7k2€)\k+232 M"‘Cle cot

Wn(Sl,..., H +

— e~ Z, 10g(1+7k petk—10=si)— ’\Z+7k,26Ak+2 i Z-1—616*021)
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> 6_(2?:0 Vk’le)‘k—l(i_si)—/\i+,yky2ekk+25i_Ai+cle—62i>

S PSP DAY P T DHIT s (4.5.13)

Y

for some § > 0 not depending on the configuration x. On the other hand, note that

i 1
Wn(Sb ey 1;[ 14 Vr., 16)‘]“ 1(i—s;)—Ai + Vi, 26)"“"'281 AiC (4514)
The above inequalities yield the following lower and upper bounds
P (A1) 3 3B, (cm Do T (g5
i 1
kk+1
Px (A[l,n—f—l]) S Ep <Z]‘_[0 1+ Ve, 16)‘k 1(=U;)=Xi + Y, 26)‘k+2U1 >‘7'> <4516)

We will also need a generalisation of lower bound (4.5.15) for probabilities Py (Aﬁ’ff]d) ,

where 7 is one of the following stopping times, min(n : S, — ¢in > ¢2), min(n :
n — S, > c3), and the minimum of two such stopping times. At the moment, we
shall not further specify such stopping times as it will be clear later which one it

refers to. Arguing similarly as in equation (4.5.10), one can obtain that

Py ( k‘ll:_]+1) Z Zpann SnW 81, ceey Sn)l{Mn}7 (4517)
n=0 s(n)
where M,, is a set of paths s(n) = (s1,...,s,) for which 7 = n + 1. Furthermore,

similar to equation (4.5.11), we can rewrite equation above as
Py (AA) = B, (W2 (UL, UY)). (4.5.18)

where 7 is a stopping time defined by replacing S,, by U,, in the same way as 7 but
in terms of random variables U,,. Proceeding similarly to how we got lower bound

(4.5.15) we obtain the following lower bound

o (Aﬁ’i?l) > O, <€—%,1Zf_ol A1V S e*k+2UiM’) ' (4.5.19)

Let us rewrite the lower bounds in terms of random sequences (;, (; and Z, as

defined in (4.4.7) and (4.4.8). In these notations, lower bounds (4.5.15) and (4.5.19)
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take the following form

P (A1) 3 0B, (e 20 mahc) (45.20)
and

P, (Aﬁ,fi—]i-l) > (SEP (e—'ykylfol(C1)€—7k,2Z%71(Cz)) (4,5,21)
respectively.

Finally, letting n — oo in (4.5.15) and (4.5.20) we obtain the following bound

00 Ap_1(G@=U;)—=X i _ oo A U; —X\i
Pr (A7) 2 B, (s BRa ¥t 0 T )

[1,00)

(4.5.22)
= (5Ep (6_’71@12({1)6—’7}@722((2)) '

Proof of Lemma 4.3.4

We start with the following proposition.

Proposition 4.5.1. Let p, be the Bernoulli measure defined in Section 4.4, and
let U,, n > 1, be the corresponding Binomial random variables (defined in (4.4.6)).

Then

1) given € € (0,1) and k > 0, there exist positive constants c¢1 and co such that
~ [n
inf —p(l —kK) —c < < 1 > 4.5.2
Jnf <nDM{2p( k) —c; < U, < np( +/<c)+02}> >e,  (4.5.23)

where M = [p~1] is the integer part of p~*;

2) given A > 0, there exists e1 > 0 such that

i Py isge
pel%gl)Ep (e ' ) = e
Proof of Proposition 4.5.1. Set Uy = 0 and define the following random variables
M

i=(j—1)M+1

Y,=Vi+---4+V;,j>1, and Y, =0.
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First, denote a(p) := E,(V;) = pM = p[p~'] and note that a(p) € [1/2,1] for all

€ (0,1). Moreover, Var(V;) = E,(V?) — (E,(Vi))* = p(1 — p)[p~'] < 1. Now,
consider the auxiliary process x, := Y, — n(l — k)/2 + ¢, with xo = ¢’. Note that
E,(Xn+1 — Xn | Xn = X) = a(p) — (1 — k)/2 > 0. Moreover, if we define the stopping
time ¢, = min,>o{x» < z}, it follows from Theorem 2.5.18 in [61] that there exist

x1 and « > 0 such that

3

(ﬂ{ l—m)—(c’—xl)}>:P(tz1:m>21_<1+xl>a

I+ xo

[\

So, for every ¢ € (0,1) and k > 0, we can appropriately choose a and xo = ¢ > 14
such that the probability in the above display is greater than /2. Analogously, if
we define y,, = =Y, + n(1 + k), the upper bound can be found exactly as above,

yielding

(ﬂ{ (1-kK)—c<Y, <n(1—|—/£)—|—c}> (4.5.24)

Further, fix n > M. Let m, and [, be integers such that n = m, M + [,,, where

l, < M. Then on event ;2 {5(1—k) —c <Y, <n(l+4k)+c} the following bounds

hold
U, >v, >+ (o) q oy —es Lapa— ) - (4.5.25)
nZ Y, 2o\ 7 T K) —c = gnp K) — c1, 5.
and
n M—-1,
U, <Y 1< M—{— i (1+k)+c<np(l+kK)+ cs. (4.5.26)

Inequalities (4.5.24), (4.5.25) and (4.5.26) yield bound (4.5.23).

Recall that M = [p~!], and so,
M-1
P e M < pM < 1.
i=0

By combining this bound with bound (4.5.23), it follows that given ¢ € (0,1) and
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k > 0 we can find ¢; > 0 such that with j,-probability at least ¢
pY e Ni<14p Y eAGrili-n-a) < ¢ (4.5.27)
i=0 =M
for some deterministic constant C' = C(e, \) and all p € (0, 1). Therefore

inf E, (e P20 ™) >eeC =g, >0
pe(0,1) a )z Lo

as required. O

We are now ready to proceed with the proof of the lemma. Recall that A\y = A\ =:

A

Proof of Part 1) of Lemma 4.3.4. Recall that in this case A\p_; < A\ = Apy1 = A,
A > Apao and 'y = max; I';. Then,
'7k,IZ(§1) = Vea Ze)\k—l(i—Ui)_)\i < Ze—(/\—/\k_l)i < 01 < 00, (4528)
=0 i=0

where C'; > 0 is a deterministic constant and we used that v, < 1.

Further, if A\ > A\;io, then
'Yk,QZ(C2) = Vo2 Ze)\k-mUi—)\i S Ze—()\—)\k+2)i S 02 < 00, (4529)
i=0 i=0
where Cy > 0 is a deterministic constant and we used that ;2 < 1. Then, using
bounds (4.5.28) and (4.5.29) in lower bound (4.5.22) gives that Py (Aﬁ]f;)l) > ¢ for

some € > 0, as claimed.

If A = Agi2, then bound (4.5.29) cannot be used, and we proceed as follows. Note

that in this case
W2 Z(G) = ma ., M) < g dym M, (4.5.30)
i=0 i=0
as
_ | P < 'y
I + Fk+1 I+ Fk—H

where p is defined in (4.5.8). Further, combining bounds (4.5.28) and (4.5.30) in

=qg=1-—np, (4.5.31)

Vk,2
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(4.5.22) we get that
Pu (A1) > i, (S50 ) — o, (5 (453)

where the equality holds by symmetry. It is left to note that the expectation in the
right side of the last equation is bounded below uniformly over p € (0, 1) by Part 2)

of Proposition 4.5.1. O

Proof of Part 2) of Lemma 4.3.4. Recall that in this case Ay_1 = A\ = Ay = A >
Moto, Iy = max; I'; and T'y_; < I'yiq. These conditions give that eM—1(=Ui)=A —

6_)\Ui, e}\k+2Ui—>\i S e)\(UZ—Z)’ and

_ T Cppn
Fk + Fk+1 - Fk + 11}4:-&-1

Vi1 (4.5.33)

Recall also that 7,2 < ¢ =1 —p (see (4.5.31)). Using all these inequalities in lower

bound (4.5.22) gives the following lower bound

P (AEFH) = 6B, (e 7ot T ) (4.5.34)

[1,00)

We have already shown in (4.5.27) that for any ¢ € (0,1) there exists constant
C' = C(g) > 0 such that

Lp <p§:ewi < C) >e and p, (qiewj"i) < C’) > (4.5.35)

=0 =0
for all p, where the second bound holds by symmetry. Choosing ¢ > 0.5 we get that
Iy (pie’wi <, qie)‘w"’i) < C’) >2e—1>0,
=0 i=0

for all p. Combining this bound with equation (4.5.34) we finally obtain that

Px (Aﬁk;)l ) > &5 for some g5 > 0, as claimed. O

Proof of Lemma 4.3.7

Proof of Part 1) of Lemma 4.53.7. Note that at every time a particle is added to

site k or k 4 1, the allocation rates at these sites are multiplied by e*. In particular,
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if a particle is added to site k, then the allocation rate at k — 1 is multiplied by e**-1.
Otherwise, if a particle is added to site k + 1, then the allocation rate at k + 2 is
multiplied by e*+2. Other rates remain unchanged. Thus, by allocating a particle
at k or k + 1, the sum of rates at k,k + 1 and k£ + 2 over the sum of rates at all
other sites is increased by a multiple constant. This yields the following exponential

bound

(.

AT < Cre e, (4.5.36)
ik k+1,k+2 ’

for some Cy, Cy > 0. In turn, bound (4.5.36) implies that with a positive probability
(not depending on x) event Aﬁk;)l U {7p42 < wi} occurs as claimed. Note also
that events Aﬁk;)l and {712 < wi } are mutually exclusive. Thus, with a positive
probability either all particles will be allocated at & and k + 1, or a particle is
eventually placed at k + 2. Placing a particle at k 4 2 can violate condition (4.3.5)

because the maximal allocating probability can be now attained at sites k£ 4+ 2 and

k + 3 as well. Part 1) of Lemma 4.3.7 is proved. O

Proof of Part 2) Lemma 4.3.7. Note that e-10=U)=2 < o=(A=M-1)i and N\, < A

Consequently, for any n
Zn(Gr) = Y MU =A < N7 em (A hen)l o 0 < o, (4.5.37)
i=0 i=0

Note also that v,; < 1 and 72 < 1. Combining these inequalities with equation

(4.5.37) and letting n — oo in (4.5.20) gives that
P (ARS) 2 21y (7).

for some e; > 0. Further, assumption r < z5 implies that Ag,op — A < 0. Recall that
parameter r = xpio — T)_1 takes integer values, and p = p(r) is a monotonically
increasing function of r. Let ry be the maximal integer such that r < 2o and

Po = p(r9), so that A\giopg — A < 0. It follows from Proposition 4.4.1 and Proposition
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4.4.7 that for all 0 < p < pg
E, (e 7)) > By, (e 7)) >0, (4.5.38)

and, hence, Py (Alfl’ ;f) > ¢ for some uniform € > 0 over configurations x satisfying

r < zg. Part 2) of Lemma 4.3.7 is proved. O

Proof of Part 3) of Lemma 4.3.7. We are going to use the following relaxation of
upper bound (4.5.16)

) n (s ) s

LT e peteralioi
Next, assumption r > zo implies that A\g op — A > 0. Therefore, by the strong law of
large numbers, we get that p,-a.s. A\y12U; — Ai > 0 for infinitely many ¢ and, hence,
A W — 0. The product is bounded by 1, therefore, by the Lebesgue’s

dominated convergence theorem, the expectation in the right side of (4.5.39) tends

to 0 as n — oo, which implies that

P, (Ak,kJrl) — lim P, (Ak,k+1 ) =0, (4540)

[1,00] n—s00 [1,n+1]

as claimed. Note that equation (4.5.40) combined with Part 1) of the lemma further

yields that Py (Tk+2 < w,j) > ¢ for some e. O

Proof of Part 4) of Lemma 4.3.7. Define
n = min (n g ge kRS TAT > 1) . (4.5.41)

In other words, n is the first time when the allocation rate at site k + 2 exceeds the

sum of allocation rates at sites k and k + 1, becoming therefore, the maximal rate.

Applying lower bound (4.5.21) gives that

ko k+1 k12 () k22 (C2)
P (AR5) > OR, (e 7 malS e a2 (4.5.42)
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where

m = min (m N e 1) . (4.5.43)

Equation (4.5.37) yields that v,1Z, (1) < Z(¢1) < C < oo. This allows us to
rewrite bound (4.5.42) as follows Py (Aﬁk%l) > gk, (677’“’222—1(426 , for some ¢s.
By assumption r > z,. Let now ry be the minimal integer such that ry > 2, and

po = p(ro). Then Agyop — A > Agiapo — A > 0 for any p > po. It follows from

Proposition 4.4.6 and Proposition 4.4.7 that for all p > pg

E, (e %5 @) > |, (e=20m)) > 0, (4.5.44)

where 1), is the sequence reciprocal to (5. Hence Py ( ﬁkﬁv > g9€9 > 0.

Next, recall event By defined in (4.3.4). Note that Aﬁ’%rl N A%ﬁ C By, so that

Px (Bk) > €2¢2/N > 0 as well.

It is left to show that the maximal rate max; I'; relocates as described in (4.3.6).
Clearly, this is always the case if A < min(Agy2, Agr3). This might not be the case
in the following particular situation. Namely, suppose that \;;3 < A and initial
configuration x is such that I';, = max;[; and 'y 3e*+3 > I';. In this case, if
Trao = 1, then the maximal rate might move to k + 3. However, note that 74,0 > 2
on event Aﬁ’%’l Indeed, by definition (4.5.41) n > 1, and, hence, on this event
Tkio > 2 as Tpyo > 7, so that at least one particle is deposited at {k, k + 1} by time

Tk4+2. 1t is not hard to check that placing one particle at {k, k + 1} makes impossible

that relocation of max; I'; to k + 3 when A\ 3 < A O

Proof of Lemma 4.3.10

First, note that the proof of Part 1) of Lemma 4.3.10 is analogous to the proof of
Part 1) of Lemma 4.3.7 and we omit technical details. For simplicity of notation we

denote A = Ay = A\p11 in the rest of the proof.
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Proof of Part 2) of Lemma 4.3.10. Recall lower bound (4.5.22)

P, ( ﬁfﬁ;‘]l) > 5Ep (e_'Yk,lz(Cl)e_'Yk,2Z(C2)> )

Note that z; < r < 29 if and only if both A\,_1(1 —p) — A < 0 and A\pop — A <
0. Therefore, it follows from Proposition 4.4.1 that p,-a.s. both Z(¢;) < oo and

Z((s) < 00. Consequently,
]Efp (6_%’12(@)6_%’22@2)) > Ep (e—Z(Cl)e—Z(CQ)) > 5(])) > 0,

as vk, < 1,7 =1,2, so that Py (Alfl’fg;]l) > de(p). It is left to note that there is a finite
number (depending only on A’s) of possible values of integer-valued parameter r
satisfying z; < r < zp, and, hence, the same number of possible values of probability
p. Therefore, constant (p) can be chosen as the minimal one for those values of p.

This concludes the proof of the second part of the lemma. n

Proof of Part 3) of Lemma 4.3.10.  Let us start by noting the following. Assump-
tion r < z; implies that A\;_1(1 — p) — A > 0, and assumption r > z, implies that
Ait2D — A > 0. Therefore, the law of large numbers yields that j,-a.s. at least one
of the following events {A\,_1(i — U;) — Ai > 0} and {\p42U; — Ai > 0} occurs for

1

n
infinitely many ¢. Consequently, 1,-a.s. il:[O ST A

PYNPYIZEpY; — 0, as

+Vk,2€

n — oo. Using bound (4.5.16) and the Lebesgue dominated convergence theorem,

we obtain that

i 1
k,k+1
PX (A[l,n-i-l}) S ]Ep (g) 1 + 'Yk 16)\]6,1(2'—[]1')—)\1' + ryk 26)‘k+2Ui_)‘i> — 07

as n — o0o. Hence, Py ( ]fl’f“o'g]l) = 0, and, hence, Py (Dy) > ¢, as claimed. O

Proof of Lemma 4.3.11

The proof here is similar to the proof of Part 4) of Lemma 4.3.7. The common
starting point is the lower bound (4.5.21) where 7 and 7 are appropriately chosen

stopping times.
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Proof of Part 1) and 2) of Lemma 4.3.11.  First, note that the random variables
Z(¢1) and Z((z) are finite if A\y_1(1 —p) — A < 0 and A\gi9p — A < 0, respectively. In
fact, by our assumptions, precisely one of these conditions is necessarily satisfied so
that one of Z(¢;) and Z((s) is almost surely finite. Then we apply bound (4.5.21)
with the corresponding pair of stopping times (7,7) = (fig, msg) or (7,7) = (Ny, M)

respectively, where

For concreteness, consider the case where {k,k + 1} is of type 2 and r > 2z; > 2z, in
which case Ap_1(1 —p) — A < 0 and Agrop — A > 0. Applying bound (4.5.21) with

(1,7) = (ng, my) yields that

P, (Ak,kJrl) > 5Ep (6_7k,1Z:;21(<1)6_7k,2Z:;21((2)) .

[17;7’\2]

Condition A\;_1(1 —p) — A < 0 and Proposition 4.4.1 imply that Z(¢;) < oo p,-a.s.
Therefore, we can bound V175 _1(¢1) < Z(C1), as 11 < 1. Also, condition

Ai2D—A > 0 and Proposition 4.4.5 imply that v 22,

mo—1

(C2) < copp-a.s. Combining

the above, we get to the following lower bound

[1,72]

P, (Ak,k—i-l) > 5Ep <e_Z(<l)e%’QZﬁg—1(<2)) .

Moreover, let 1y be the sequence reciprocal to (. Then, applying Proposition 4.4.5

again, we get that Z(ny) < 0o pp-a.s., Z(n2) >g vZ4_1(¢2) and

E, (e~ %@ %00(®)) > |, (em#(Wem2m)) > g,

Let us show that, when r > z;, the expectation in the right side of the preceding
display is uniformly bounded below over p = p(r). To this end, take the minimal

integer 7o such that ry > 2; so that condition r > z; implies p > py = p(ry), and,
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hence, A\p_1(1—=p) = A < X1 (1—po) — A < 0 and Agyop— A > Agrapo — A > 0. This
implies the following. First, consider the random variable Z((;) with distribution
determined by parameter py. By Propositions 4.4.1 and 4.4.7, it follows that Z((;)
is almost surely finite, and, moreover, it stochastically dominates any other random
variable Z(¢;) with distribution determined by p > po. Second, consider the random
variable Z(n9), where 7, is a sequence reciprocal to sequence (» whose distribution is
determined by parameter py. By Propositions 4.4.1, 4.4.3 and 4.4.7, it follows that
Z(ny) is almost surely finite and, moreover, it stochastically dominates any other

random variable Z(n,), where 7y is reciprocal to (» whose distribution is determined

by p > po.

Therefore, E, (e‘Z(@)e_Z(m’)) > E,, (e‘Z(Cl)e_Z(m)). Summarizing the above, we

finally obtain that

Py (AFEY) > 6E,, (e7#(@e#0m)) > 0, (4.5.45)

[17;7'\2} -

We have considered here only the case where {k, k + 1} is of type 2 and r > z1, but
by rearranging the stopping times above, one should note that for all the remaining
cases stated in Parts 1) and 2) of Lemma 4.3.11, the reasoning is exactly the same

as above. O

Proof of Part 3) of Lemma 4.3.11.  Let us obtain the lower bound in Part 3) of
Lemma 4.3.11. In this case {k,k + 1} is a local minimum of type 2 and 2z, < r < 2.
The double inequality implies that both Ay_1(1 —p) — A > 0 and Agyop — A > 0. As

a result, both Z((;) and Z((,) are infinite. In this case we modify bound (4.5.21)
with stopping times 7 = 7 = min(ny,ny) and 7 = m = min(m, M), as follows
P, ( k,k—i—l) > §E, (6—’71@,1Za_1(C1)€—’Yk,zzg_1(42)>

[1,n]
> OE, <6—’Yk,1Z§1_1(C1)€—’Yk,QZ;2_1(C2)> 7

where in the last inequality we bounded m = min(my, ms) by m; and my respect-

ively. By Proposition 4.4.5 p,-a.s. both v,1Z5 1 (¢1) < 0o and Y225, 1(¢2) < 0o.
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Therefore, Py (Aﬁ’gl) > e(p) > 0. Further, there are finitely many integers r such
that 2o < r < z;. Consequently, there are finitely many corresponding values of
probability p, and Py (Aﬁ%rl) > ¢ for some ¢ > 0 uniformly over all values of p in

this finite set.

Finally, relocation of the maximal rate in all cases covered by Lemmas 4.3.11 can be

shown by modifying the argument used in the proof of Part 4) of Lemma 4.3.7. [

Proof of Lemma 4.3.13

We skip proofs of Parts 1) and 3) as they are analogous to the proofs of Parts 1)
and 3) of Lemma 4.3.7. Proofs of Parts 2) and 4) can be obtained by appropriately
modifying proofs of Parts 2) and 4) of Lemma 4.3.7 and combining them with the
ideas in the proof of Lemma 4.3.4. Modifications are due to condition A\p_; = A

implying that z; = —0o < 25 (see Remark 4.3.12).

Proof of Part 2) of Lemma 4.5.13. Recall that in this case r < z3, so that Ay op —
A < 0 and p < po, where pg is defined in Part 2) of Lemma 4.3.7. Repeating the
proof of Part 2) of Lemma 4.3.7 and using that v,; < p and 7,2 < 1 (see (4.5.33)

and (4.5.31)) we obtain the following lower bound
Pe (A5)) 2 B, (e P #(@) (4.5.46)

Our assumptions imply that both Z((;) and Z((z) are almost surely finite by Pro-
position 4.4.1. Fix € > 0.5, let C; = Cy(¢) > 0 be such that

i 02(6) < €=y (p3 e < 1) 2 0 (1547

i=0

for all p € (0,1) (see (4.5.35)), and let Cy = Cy(e) be such that p,, (Z(() < Cs) >
e. The last inequality yields that p, (Z(() < C2) > iy, (Z(¢2) < Cy) > e, as
Z((3), with distribution determined by parameter py, dominates any random vari-
able Z((3) with distribution determined by parameter p < po. Finally, by us-

ing the same elementary argument as in the proof of Lemma 4.3.4, we get that
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ty (pZ(¢1) < Ch, Z(() < Cy) > 2e — 1, which implies that the expectation in the
right side of (4.5.46) is bounded below away from zero, so that Py (Alfl’fg]l) > g1 for

some uniform €; > 0 over configurations x satisfying r < z,. O

Proof of Part 4) of Lemma 4.53.13. Recall that in this case r > 23, so that Ay iop —
A > 0 and p > pg, where pg is now defined in Part 4) of Lemma 4.3.7. Repeating
the proof of Part 4) of Lemma 4.3.7 and using again that v, < p we obtain the

following lower bound

P, ( ﬁ%ﬂ) > 5Ep (e—PZ(Cl)e_”’k»QZ;q(C?)) :

where n and m are defined in (4.5.41) and (4.5.43) respectively. Our assumptions
imply that both Z({;) and Z-_,((2) are almost surely finite by Propositions 4.4.1

and 4.4.5. Further, Proposition 4.4.5 yields that

P, ( ﬁ,%rl) > iR, (e—pZ(cl)e—Z(n2)> 7 (4.5.48)

where 1), is the random sequence reciprocal to (5.

Let ¢ > 0.5 and C; = C}(e) > 0 be such that (4.5.47) holds, and let Cy = Cy(e) be

such that p,, (Z(n2) < Cy) > €. The last inequality yields that

tp (Z(n2) < Ca) = ppy (Z(m2) < Ca) > ¢,

as Z(n), with distribution determined by parameter py, dominates any random

variable Z(n,) with distribution determined by parameter p > py.

As at the same stage of the proof in Part 2) we can now conclude that the expectation
in the right side of (4.5.48) is bounded below away from zero, which implies that

Px (Aﬁ%r1> > &9 for some uniform €9 > 0 over configurations x satisfying r > z,. [

Proof of Corollary 4.3.14

The critical cases where r = z; or r = 2 need to be treated separately since these

cases can not be proven directly by the above arguments. However, by a slight
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modification one can amend the proof of each lemma in order to encompass such

critical cases.

The modification is the same for all lemmas, but for the sake of concreteness let us
consider the critical case described in Part 3) of Lemma 4.3.7 assuming that r = z,.
We start by commenting on the same effect that we already discussed in the proof
of Part 4) of Lemma 4.3.7. Namely, recall that if A3 < A\ = g1, Drpge+3 > Ty,
and 'y = max; [';, then 74,5 = 1 makes the maximal rate move to k + 3. One can
check that the above situation is the only one that can possibly relocate the maximal
rate to a site with smaller A\. In order to avoid such case, it is simply a matter of
placing a particle at k£ at the first step, which can be done with probability at least

1/N. Therefore, without loss of generality we can exclude this case.

Next, if at time 7545 the maximal rate relocates either to k + 2, or to k + 3 (provided
Ait3 > Ag = Agy1) then we are done. Suppose the opposite, namely, that at time

Tr1+o the maximal allocation rate remains where it was, that is, at k or at k + 1. It

k,k+1

is left to note that given event A[1,7k+2—1]’

placing a particle at site £ 4+ 2 at moment
Tr1o increases the configuration parameter r = x50 —xr_1 by 1, so that the resulting
configuration is such that r > z,. By Part 4) of Lemma 4.3.7, the next allocated

particles at {k, k + 1} will end up by relocating the maximal rate as prescribed.

Other critical cases can be handled similarly, and we skip straightforward technical

detalils.

4.6 Proof of Theorem 4.2.3

The idea of the proof goes briefly as follows. Given any initial state X (0) = x, the
site k where I'y(x) = max;—;  n(I';(x)) is identified. Then, a particle allocation
strategy is drawn so that it always results in localization of growth as described in
Theorem 4.2.3. Lemmas 4.3.1-4.3.13 enable us to identify the corresponding strategy

for each particular case and bound its probability from below wuniformly over initial
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configurations. Should a particular strategy fail to happen, which means that at a
certain step n a particle is not allocated according to that strategy, but somewhere
else, a new one is drawn and this procedure reiterates from X (n). Since there is a
finite number of possible strategies it follows from the renewal argument below that

almost surely one of them eventually succeeds.

In what follows, when referring to Lemma 4.3.2 or one of Lemmas 4.3.4-4.3.13,
this automatically includes the symmetric cases by re-labelling the graph in reverse
order (as explained in Remark 4.3.15). Also, local minima of size 2 and type 1

automatically include the limiting case described in Remark 4.3.12.

Let X (n) = x be a fixed and arbitrary configuration, and:

1) Assume that I'y(x) = max;—;__n(Ti(x)) and A\p—1 # Mg # Aega-

1.1) Let k be a local maximum. By Lemma 4.3.1, with positive probability, all

subsequent particles are allocated at k.

1.2) Let k be either a growth point, or a local minimum. By Lemmas 4.3.2 and
4.3.3, with positive probability, the maximal rate relocates in finite time to one of

its nearest neighbours having parameter A > \.

2) Assume that I'y(x) = max;—;__n(I'i(x)) and that additional assumptions of
Lemma 4.3.4 are satisfied. Lemma 4.3.4 yields that, with positive probability, all

subsequent particles are allocated at sites {k,k + 1}

3) Assume that max(T'y(x), [x1(x)) = max; ';(x), where {k,k + 1} is either a
saddle point, or a local minimum of size 2 and type 1. Additional assumptions on
x, as described in Part 2) of Lemmas 4.3.7, 4.3.10 and 4.3.13, guarantee that, with

positive probability, all subsequent particles are allocated at sites {k, k + 1}.

4) Assume that max(I'y(x),k1(x)) = max; [';(x), where {k,k + 1} is either a
saddle point of size 2, or a local minimum of size 2 of either type. Assume also that

configuration x is such that assumptions as in the preceding item do not hold. Such
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cases are covered by Lemmas: 4.3.7, Part 3) and 4); 4.3.10 Part 3); 4.3.11 and
4.3.13; and finally, 4.3.13 Part 3) and 4) complemented by Corollary 4.3.14. In all
those cases, with positive probability, the maximal rate eventually relocates in a

random but finite time to a site with larger parameter .

5) Finally, for the remaining cases of local minima, maxima or saddle points of size
greater than 2, it is not hard to check that such cases can be reduced to one, or a

combination, of the above items.

Thus, for every configuration x and every set of positive real parameters A = (\)2_;,
we have identified two types of events. First, there are events resulting in localisation
of growth at either a single site or a pair of neighbouring sites (as described in
Theorem 4.2.3 Part 1) and 2) respectively). Call such events L-events. Second, there

are events resulting in relocation of the maximal rate. Call such events R-events.

The next step of the proof is to define a sequence of random moments of time
(T3);>0 called renewal moments. First, set Tp = 0. Now, given T}, let us define Tj;.
Suppose that at time 7} the process is at state x. We identify an event Ry ... R,,L
(strategy) formed by a sequence of m R-events (possibly none) ending at an L-event.
At the fist moment of time ¢ > T} a particle is not allocated according to R; ... R, L,

we set T = t.

Note that R-events are defined in a way so that the maximal rate always relocates
to a site with strictly larger parameter A. It follows that the number of R-events
preceding any L-event is bounded by the number of different values of \;; 7 =1... V.
Then, by Lemmas 4.3.1-4.3.13, probabilities of events R; ... R,,L are bounded below

uniformly over configurations, where m < N.

Further, let jyq, := max{j > 0:7; < co}. Lemmas 4.3.1-4.3.13 imply the existence
of an uniform bound e > 0 such that P(7; = co) > € on {7, < oco}. Therefore,
P(T; < o0) <1—eon{Tj_1 < oo}, or equivalently, P(jimaz > J | Jmaz > j—1) < 1—e.

Thus, P(jmaez < o0) = 1. This implies that 7; = oo for some j, so that, with
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probability one, a certain allocation strategy R, ... R,,L eventually succeeds, that

is the growth process localises as claimed.

Finally, the long term behaviour of ratio Xy 1(n)/Xx(n) described in item ii) of
the theorem is implied by the law of large numbers for the Binomial distribution.
This follows straightforwardly from the proofs of Lemma 4.3.4 and Parts 2) of
Lemmas 4.3.7, 4.3.10 and 4.3.13. The theorem is proved. O
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