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Abstract

This PhD document is devoted to the analyses of large stochastic networks used to
study mathematical models in communication networks and in biology.

The first part consists of the analysis of three models used to evaluate the efficiency
of duplication and placement algorithms in large distributed systems. These models are
represented by large stochastic networks under different scaling regimes assumptions.
In Chapter 2, the dynamic of the system can be described with the empirical measure
associated to a multi-dimensional transient Markov process. We provide a detailed
study of these processes on several fast time scales. Stochastic averaging principles
with multiple time scales are investigated in particular. In Chapter 3 and Chapter 4,
the interactions have unbounded jump sizes and occur within a limited random set
of nodes. We develop a convenient mean field analysis in despite that the associated
empirical measures do not have autonomous evolution equations. We also study the
long time behavior of the corresponding limiting nonlinear jump diffusions.

The second part analyzes two models used to study the variability in the polyme-
rization phenomena occurring in a biological context. In Chapter 5, we investigate the
polymerization and fragmentation processes with an assumption of critical nucleus size.
A scaling analysis of these stochastic models show that the sharp phase transition and,
especially the large variance, observed in the experiments can be explained by these
models. In Chapter 6, we provide a functional central limit theorem in the classical
(infinite dimensional) stochastic Becker-Doring model.

Keywords :

Stochastic Averaging Principle; Multi-dimensional Transient Process; Interacting
Particle System ; Propagation of Chaos ; Marked Jump Process ; Measure-valued Process ;
Infinite-dimensional Fluctuations; Coagulation and Fragmentation Processes; Becker-
Déring Model.



Résumé

Ce document de thése est consacré aux analyses de grands réseaux stochastiques
utilisés pour étudier des réseaux de communication et ainsi que certains phénomenes
biologiques.

La premiére partie se compose de trois modeéles pour évaluer l'efficacité des
algorithmes de duplication et de placement dans les grands systémes distribués. Ces
modeles sont étudiés sous différents régimes d’échelle. Au chapitre 2, la dynamique
du systéeme est décrite I'aide de la mesure empirique associée a un processus de
Markov transient multidimensionnel. Une étude détaillée de ces processus est effectuée
sur plusieurs échelles de temps rapides. Des principes de moyenne stochastique
avec plusieurs échelles de temps sont étudiées. Aux chapitres 3 et 4, les interactions
considérées peuvent avoir des tailles de saut illimitées et se produire dans un ensemble
aléatoire fini de nceuds. Le processus de la mesure empirique associé n’ayant pas
d’équations d’évolution simples, nous développons une analyse de champ moyen
spécifique pour étudier ces systémes. Le comportement en temps long des processus
de diffusions non linéaires correspondants est aussi analysé.

La deuxieme partie présente deux modeles pour étudier la variabilité dans les
modeles de polymérisation se produisant dans un contexte biologique. Dans le chapitre
5, nous étudions les processus de polymérisation et de fragmentation avec ’hypothese
d’un noyau critique pour la taille des polymeres. Notre résultat principal montre que
ces modeéles semblent donner une explication raisonnable de la transition de phase
courte du phénomene de polymérisation, et surtout de la grande variabilité de I'instant
de transition, qui ont été observés dans de nombreuses expériences de biologie. Au
chapitre 6, nous proposons un théoreme de limite centrale fonctionnelle dans le modele
stochastique classique en dimension infinie de Becker-Déring.

Mots-clefs :

Principe de la Moyenne Stochastique; Processus Transitoire Multidimensionnel;
Systéme de Particules en Interaction ; Propagation du Chaos ; Processus de Saut Marqué;
Processus a Valeur de Mesure; Fluctuations Infinies; Processus de Coagulation et de
Fragmentation ; Modele de Becker-Déoring.
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Chapter 1

Introduction

1.1 A General Overview

This PhD thesis consists of two independent parts. The first part is composed of
three stochastic models in order to analyze the efficiency of duplication and placement
algorithms in large communication networks. The results are based on four papers:

[154] Analysis of large unreliable stochastic networks. Annals of Applied Probability
26, 5 (2016). Joint work with M. Feuillet and P. Robert.

[1] A large scale analysis of unreliable stochastic networks. Annals of Applied
Probability 28, 2 (2018). Joint work with M. Aghajani and P. Robert.

[156] Analysis of a stochastic model of replication in large distributed storage
systems: A mean-field approach. ACM-Sigmetrics 2017. Joint work with V. Simon,
S. Monnet, P. Robert and P. Sens.

[155] Analysis of Large Urn Models with Local Mean-Field Interactions. Preprint.
Joint work with P. Robert.

The second part investigates stochastic models associated to biological polymerization
processes, it corresponds to two papers

[139] On the asymptotic distribution of nucleation times of polymerization pro-
cesses. Preprint. Joint work with P. Robert.

[153] A functional central limit theorem for the Becker-Doring model. Journal of
Statistical Physics 171, 1 (2018).

In the following, we will describe briefly the mathematical context of this thesis, present
our main contributions and give the outline of the two parts: describe the motivations,
explain the models, present the mathematical results and compare our results with the
real experiments.

1.2 Mathematical Background

From a mathematical point of view, this thesis presents the studies of five large
stochastic networks that are used to study important phenomena occurring in com-
munication networks or in a biological context. These phenomena of interest can be
described through the asymptotic dynamics of the empirical measures associated with

1



1.2. MATHEMATICAL BACKGROUND

these networks. In Chapter 3 and Chapter 4, mean-field approaches are developed
in a quite different setting for the reason that our empirical measures do not have
self-contained descriptions of evolutions. In Chapter 2 and Chapter 5, the interesting
phenomena only happen on large time scales, i.e., t—N*t, for some integer k>1. In
this context, stochastic averaging principles have to be established in order to analyze
the dynamics of empirical measure processes on large time scales. In Chapter 6, a
functional central limit theorem around the re-scaled empirical measure is proved in the
classical Becker-Doring model.

In this section, we will introduce the classical mathematical background of this thesis,
the basic scaling methods: stochastic averaging principle and mean field theory.

1.2.1 Scaling Methods: Time Scales and Space Scales

Scaling methods have been widely used in Probability Theory. A basic example is
the Brownian motion which can be roughly seen as random walks with very small size
of steps (space scale) in very long time (time scale). The scaling techniques can provide
useful approximations for large systems. For example, the estimations of first-order
(functional law of large numbers), second order (functional central limits) and also the
descriptions of long-time behaviors, efc. of a given system.

Here, we begin with the basic idea of the scaling methods. Let (XN (t)) be a random
process, given any sequence (¢n(f)) and (¥ ), one can define the re-scaled process

N (X (gn(D)
&) = (Tjj) |

By careful choice of scaling parameters ¢n(t) and ¥y, one may expect that there exists
a process (or function) x(t), such that, in probability,

Jlim (X7(1)) = (x(t)).

We should remark that:

1. The choices of scalings are different case by case. Usually, it depends on the
properties of the process (XN(t)). For example, in Chapter 2, we consider the
scaling limits when ¢y (t)=N*t and ¥=N or v/N.

2. The processes (XN (t)) are not necessarily to be Markovian. In Chapter 3, we study
a case when (XN(#)) is a non-Markovian counting measure process.

In the following, we present some classical examples by using scaling limits.

Example: Donsker’s Theorem

Let (n)n>1 be a sequence of i.i.d. random variables with mean 0 and variance 1. Let

11
(X(£)) = (Z;&) :

The law of large numbers implies the re-scaled process (X(Nt)/N) converges to 0
almost surely. For the case time scale ¢n(t)=Nt, and space scale ¥ny=+/N, one has
the Donsker’s Theorem as follows.



CHAPTER 1. INTRODUCTION

Theorem 1.1. For the convergence in distribution of continuous processes, one has

tim (202 = 600,

where (B(t)) is a standard Brownian motion on R.

See the Section 2.8 in Billingsley [19] for example.

Example: M/M/1 queue

Let (LN(t)) be the M/M/1 queue with arrival rate A, departure rate y and initial state
LN(0) = |xN], where x € R*. This process can also be seen as a reflected continuous
time random walk in IN. It has the same distribution with the solution of the following
stochastic differential equation,

LN(t) = [xN] + /(:./\/'A(ds) — /Ot]I{LN(S)>O}NH(ds),

where N, (ds) denotes a Poisson point process on R with intensity #, for 7 = A, yi. The
two Poisson point processes are assumed to be independent.

By using scaling methods, one will see that (in the next Theorem), on the long
time interval [0, Nt], for any t<x/(u — A)", the M/M/1 queue behaves like a diffusion
around a linear function:

LN(NE) ~ N (x+ (A = w)t) " + VN (VA+ pB())

It is actually a functional law of large numbers and a functional central limit theorem of
the re-scaled process (LN(Nt)/N).

Theorem 1.2. For the convergence of process associated with the uniform norm on compact sets,

in probability, one has
N
lim <L§\]Nt)) =(x+A—-un".

N—oo

Moreover, with the convention that 0/0 = 0, on the time interval [0,x/(u — A)™), one has

N N (x RV
lim (L (V) e (A= ): (VA+uB().

N—oc0

We refer to Section 5.7 of Robert [138] for more scaling limits of queues.

Scaling limits in this thesis

In this thesis, various scaling problems have been investigated:

— in Chapter 2 and 5, we study the scaling limits with multiple time scales for
two sequences of multi-dimensional transient Markov processes. They give quite
precise descriptions of the long time behavior of these systems.

— In Chapter 3, 4 and 6, we study the scaling limits for counting measure processes,
to obtain the first order and second order estimations.



1.2. MATHEMATICAL BACKGROUND

1.2.2 Stochastic Averaging Principle

The averaging principle first appeared in the perturbation problems in celestial
mechanics. Roughly speaking, it has provided an approximation of the dynamics of
a coupled system with two kinds of motions: one evolving much faster than the other.
The faster motion has effect on the slow motion, which can be seen as perturbations.
The simplest example would be the Earth’s rotation and revolution around the sun. The
rotation is evolving faster than the revolution and has effects on the orbit. The main
idea of the averaging principle is to use an averaged motion to replace the fast motion
and make a prediction of the effects on the slow motion. See Chapter 5 in Arnold [12]
for more details.

In the following, we start with two basic results of averaging principle in a
deterministic dynamic system and in a stochastic dynamic system. The statements are
taken from Chapter 7 of Freidlin and Wentzell [63]. For more references in this topic,
we refer to Khasminskii [94], Papanicolaou, Stroock and Varadhan [124], Kurtz [98]. In
the subsection 1.3.1, we will discuss our stochastic averaging problems associated with
some transient multi-dimensional jump processes.

Averaging principle in an ODE system

Let (XN(t), YN(t)) be the solution of the following ODEs in R'®R’,

dXN(t) = b(XN(t), YN(#))dt,  XN(0) =x,
{ dYN(t) = NB(XN(t), YN(t))dt, YN(0) =y,

where x€IR7, ye]RE and b, B are bounded, continuously differentiable functions from
R'®R’ to R" and R’ respectively.

Due to the boundedness condition, one could roughly say that the velocity of the
function (XN(t)) is of the order of O(1) and the velocity of the function (YN(t)) is of
the order of N. For N sufficiently large, the function YN moves much faster than XV.
Hence, if at time ¢, (XN (t), YN(t)) = (x,y), on the small time interval [t, t + At/N], the
function XN (-) is approximately x while

YW+ oy /At Blx, YN(t+ ) ds
N 0 ’ N '

This gives us the idea of introduce an auxiliary function Y*¥(t), which is the solution of

the following ODE in R,

AY¥(H) = B(x, Y1) dt,  Y(0) = y.

The averaging principle states that if the function (Y*Y(t)) satisfies the following
condition, the solution of original ODE system can be approximated by the solution of
an averaged system.

Assumptions 1.1. We assume that there exist a function b: R"—R’", such that for any x€R"
and yERY,
1 /T -
lim T b(x,Y¥(s))ds = b(x).

T—o0 0
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For any t > 0, let (t,) be a partition of [0,t] and A;=t;—t;_1, if the norm of the
partition is small enough, then under the Assumption 1.1,

XNt [ N (10), YV(s)) ds

(t) tiq

A Y k
~Xx-+ 2 N 2 b(XN(tifl), YN(tl;l-i‘ﬁ))
(tn) k=1
t_
~X +/ b(XN(s))ds.
0

Theorem 1.3. Let X(t) be the solution of the ordinary differential equation
dX(t) = b(X(t)) dt, X(0) = x.
If Assumption 1.1 holds, then for any T>0, 6>0, x€R" and y€R’, one has

lim sup
N—oo 0<t<T

XN (t) — Y(t)‘ =0.

Averaging principle in a SDE system

Let’s consider a stochastic system driven by a standard Wiener process (B(t)) in R".
For any N€NN, let process (XN (t), YN(t)) be the solution of the following SDE,

AXN(#) = b(XN (1), YN(£)) dt + o(XN (1)) dB(E), XN(0) = x,
{ dYN(H) = NB(XN (1), YN(£)) dt + VNC(XN (1), YN(£)) dB(t), YN(0) =y,

where b(-, -) is a bounded and Lipschitz mapping from R"®R’ to R’, B(-, -) is a bounded
and Lipschitz mapping from R'®R’ to R, and for any x€RR" and y€R’, o(x) is a rxn
matrix and C(x,y) is a ¢xn matrix. Moreover, all the entries of these matrices are
assumed to be bounded and Lipschitz with respect to (x,y).

Analogously, we introduce an auxiliary process: for any x€R” and y€R’, let YV (t)
be the solution of the stochastic differential equation

dY¥() = B(x, Y(£)) dt + C(x, Y (1)) dB(t),  Y¥(0) =v.

The stochastic averaging principle states that if this auxiliary process satisfies the
following condition, then there would be an averaged system whose solution could
be a good approximation of the solution of the original system for N large.

Assumptions 1.2. There exists a function b from R” to R”, such that for any t>0 and x€R’,
y€R’, one has
= 0.

T—o0

lim E H, /OT b(x,Y"(s))ds — b(x)

Theorem 1.4. Let X(t) be the solution of the stochastic differential equation

dX(t) = b(X(t))dt + o (X(t))dB(t), X(0) = x.
If Assumption 1.2 holds, then for any T>0, 6>0, x€R" and y€R’, one has
lim PP ( sup ]xN(t) —Y(t)‘ > 5) =0.

N—eo 0<t<T
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We should remark that Assumption 1.2 is valid when (Y*¥(t)) is an ergodic process.
For some specific cases, one can identify the limit function b.

An Example: Large Loss network

Here we give an example of the application of stochastic averaging principle and
scaling methods in large loss network (c.f. Kelly [93]). The results are based on the
paper Hunt and Kurtz [77].

Definition 1.1. (Loss Network) It is a network with | links and R kinds of calls, labeled by
j=1,...,Jand r=1,...,R. The link j has C; circuits. The arrival of the calls of type r can be
described by a Poisson process with rate x,. Upon the arrival moment, the call will hold Aj,
circuits from all j=1, ..., ] links. After an exponential holding time with rate y,, it will release
all these circuits simultaneously and leave the system. If some link doesn’t have enough circuits
at the arrival moment, the call will be rejected.

The scaling methods (Kelly’s scaling [93]) are used in order to analyze the behavior
of the loss network when the arrival rates are large. Of course in this case, the capacity
of the system should be large as well. Hence, one could introduce the scaling parameter
N and it is assumed that the arrival rates k) and capacities C]N are in the order of N.

The state descriptor of such a system is XN(t)=(XN(t),..., X} (t)) where XN(t)

denotes the number of calls of type r at time t. In order to analyze the dynamic, one
should keep track the free circuits in each link, i.e., for each link j=1, ..., ], let

R
YN(t) = CY = Y Ap X ().
r=1

In the paper Hunt and Kurtz [77], it is proved that, in some cases, the fluid limit of the
scaled process (YN(t))::(XN (t)/N) can be obtained by a stochastic averaging principle
for the coupled system consists of slow process (XN(t)) and fast process (YN(t)). The

transition rate of the slow process (X (t)) can be approximated by the equilibrium of
the fast process when N is large. That gives the motivation to study the occupation
measure of the fast process (YN(t)), i.e.

t
UN((O, t) X ) = /0 ]I{YN(M)E.} du.

By studying the associated martingale problem, one can have the convergence and then
identify the limit of coupled system (XN(t), vN(1)).

We remark that the convergence of occupation measure of fast process (YN(t)) is a
analog of the Assumption 1.2 in the classical stochastic averging system. For more about
averaging in martingale problems, see Kurtz [95].

In this thesis

In Chapter 2 and Chapter 5, we have investigated two stochastic averaging principles
associated with multiple time scales in the analyses of the transition behaviors of multi-
dimensional Markov processes. See Section 1.3.1 for a detailed introduction of our
stochastic averaging problems.



CHAPTER 1. INTRODUCTION

1.2.3 Mean-Field Theory

Mean field theory has a long history in physics. It has been first derived by Van der
Waals in the 1870s to understand the gas-liquid phase transition. In 190y, Pierre Curie
and Pierre Weiss developed a mean field theory of ferromagnetism. The mathematically
formulated study started from Kac [85] on stochastic model for the Vlasov equation
of plasma and then by McKean [109]. After that, a wide variety of systems have
been studied through mean field theory. For example, Sznitman [159] gave a full
proof of propagation of chaos in Boltzmann equation; Vvedenskaya, Dobrushin and
Karpelevich [165] introduced the mean field analysis in queuing theory and worked
on the interacting jump diffusions and also the Ising model, the Kuramoto model,
Ginzburg-Landau model, etc. In short, mean field models describe the dynamic of the
system with a large number of particles where the force acting on a single particle can be
approximated by an averaged interactions over all the other particles. A general survey
of these methods is presented in the book Sznitman [158].

In the following, we will take a simple version of McKean-Vlasov model as example
to explain briefly the classical mean field theory.

The McKean-Vlasov N-particle system

It is a N-body system with pair interactions. Namely, there are N particles, labeled
by integers 1,..., N. The evolution of state of the particle i is described by a stochastic
process XN(t) taking values in the state space E. The interaction between particle i
and particle j leads to a force acting on particle i, which is captured by some function
b(XN, X]N ). It is assumed that the total force on the particle i is approximated by the
averaged force over all the particles in the system, i.e.

1

N !

N
b(X}Y, XY).
j=1

We assume that the fluctuations on each particle are independent standard Brownian
motions. Hence, the evolution equation of the system can be described by the following
SDEs: for all integer i=1,..., N,

dX(t)
dx(0)

dB;(1) + & TN b(XN (1), XN (1)) dt,

X;.

(1.1)

For any fixed N, the process (XN (t))=(XN(t),..., XN (t)) lives in the high dimensional
space E®N. 1t is difficult to analyze such a process when N is large. Mean field theory
allows us to reduce the N-body problem to a one-body problem by introducing the
process of empirical measure.

Empirical measure and One-body system

The empirical measure of the system is denoted by (AN(-)):
N 1
AT = 21;5xﬁ(t),
1=

7



1.2. MATHEMATICAL BACKGROUND

where (4.) is the Dirac measure. Due to the randomness of the McKean-Vlasov
system (1.1), (AN(-)) is a stochastic process taking values in the space of probabilities
on E, noted by M;(E). Then by using Ito’s lemma, for any reasonable test function ¢ on
E, one could obtain the one-body problem

(9. AN() = (9, AN(0)) + [ (LIA()]g, AN(s)) s + M (1) (1.2

where L[-] is the nonlinear operator: for any ¢ € M;(E),

Liolp(x) = 380(x) + Vo(x) [ b(x,)r(dy)

and (M g (t)) is a continuous martingale with quadratic variation

(MY (1 N/ (V) AN(s) ) ds.

One should notice that if the function V¢ is bounded, then by using Doob’s inequality,
the martingale (M(t)) is vanishing in probability as N getting large.

Let (A(+)) be a function taking values in M;(E), and for any reasonable test function
¢, it satisfies an analog equation of (1.2) as follows:

(9. A() = (9, AO) + [ (LIAG,AG)) s 13

Thus, when N is essentially large, providing the convergence of the initial state, one
may expect that the function (A(t)) (if it exists) is an approximation of the empirical
measure (AN(-)).

The McKean-Vlasov process

In the probability point of view, the solution of (1.3) is the distribution of a nonlinear
process taking values in E, so called McKean-Vlasov process.

Definition 1.2. The McKean-Vlasov processes are the stochastic processes that can be described
by the following form of SDEs,

dX(t) = [ a(X(0), A () dB(H) + [ BX(0),AED)(dy) (1.4)

where (A(+)) is the distribution of the process (X(-)). These processes are also called non-linear
diffusions.

When a=1, the distribution of the McKean-Vlasov process (1.4) with initial dis-
tribution A(0) satisfies the equation (1.3). For the existence and uniqueness for the
process (1.4) when function b is bounded and Lipschitz and a=1, we refer to Theorem 1.1
in Sznitman [158].
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Weak compactness of the sequence of processes of random measures

Clearly, for any finite time T>0, the sequence of processes (AN(t),t<T) and
(A(t),t<T) live in the space Cr:=C([0, T]; M;1(E)), which is the continuous functional
space on time interval [0, T| and taking values in M;(E). If E is a Polish space, then so
is the space Cr. See Billingsley [19] for details. In order to show the convergence

lim (AN(t),t < T) = (A(t),t < T),

N—o0
one need to provide tightness arguments of the sequence of processes of random
measures (AN(t)) in Cr first. We refer to the Theorem 3.7.1 of Dawson [42] for the
sufficient and necessary condition for the weak convergence of the measure-valued
processes.

Propagation of chaos

In the particle system (1.1), if all the diffusion (XN(t)) starts from an i.id.
distribution, then for any i, j, it is easy to see that

(xN(#), ¢ < T) = (xN (1), £ < T).

However, on the time interval [0,T], the processes (XN (t)) and (X]N (t)) are not
independent for any fixed N. It is natural to ask, in the large system, how to
describe the dependency among the particles? Or more precisely, could the particles
be asymptotically i.i.d. after time 0? The concept of “Propagation of chaos” has been
proposed by Kac [85] to derive the homogeneous Boltzmann equation from a random
walk on the energy sphere. In the McKean-Vlasov particle system (1.1), it means that
under certain conditions, for any finite subset of particles, they are asymptotically (i.e.
N—00) i.i.d. distributed on any finite time interval.

For a finite time T, the joint distribution of (XN (t), t<T)¥, is denoted by PV, which
is a probability on C([0, T], E)®N. Thus, we first introduce the notion of the property
“chaotic” for the sequence of probabilities.

Definition 1.3. (u-chaotic)
Let (un) be a sequence of exchangeable probabilities on SN, where S is a separable metric space.
We say that uy is u-chaotic, for a u€ My (S), if for any keIN*, ¢1, ..., P €Cy(S),

K
Jim <uN,<P1 ® - ®4’k@i'N_';k® ]1,> = g<”'4’i>'

By using the notion of “chaotic”, the “propagation of chaos” means that if the
sequence of initial states (XN(0))N, are iid. random variables with distribution
AoEM; (E), then PN is A-chaotic, where A is the solution of (1.3) on the time [0, T]
with initial condition Ag.

To prove this, one need the following theorem, which depicts the relation between
PNeM;(C([0, T], E)®N), the joint distribution of all particles, and ANeM;(C([0, T], E)),
the empirical distribution.
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Theorem 1.5. (Proposition 2.2 in Sznitman [158])

Assume that (XN(0)) are i.i.d. random variables with distribution Ao, then, (PN) is A-chaotic
is equivalent to the sequence of empirical measures (AN) converges in law to A, where A is the
solution of (1.3) with initial condition Ay.

In conclusion, in the McKean-Vlasov system (1.1), if all particles starts independently
from the same distribution, then the empirical distribution of the system converges to
the distribution of a non-linear process. It implies that asymptotically, any finite subset
of test particles behave like i.i.d. processes.

Central limit theorem

The mean field limit can be interpreted as a law of large numbers in probability, it
is natural to study the fluctuations along this limit. The first result on the central limit
theorem for the Vlasov limit seems to have been given by Braun and Hepp [24] in 1977.
They investigated the fluctuations around the trajectory of a test particle. The CLT for
the general McKean-Vlasov model when the initial measures of the system are products
of N ii.d. measures is proved by Sznitman [160] in 1984. He proved that, the process

Y= VN ((£,AN(0) — (f,A0))

converges in the finite distribution sense towards a centered Gaussian field Y, for any
reasonable test function f.

After these, many people have worked in the central limit problems around the
hydrodynamic limits. For instance, the classical work of Shiga and Tanaka [146];
Zhu [173], Chang and Yau [33] proved the CLT in the Ginzburg-Landau model;
Graham [71] gave the CLT in a large queuing system with power of choices policy.

In this thesis

In Chapter 3 and 4, two symmetrically interacting particles systems have been
studied. Unlike the classical mean field models, the interactions among particles in our
cases can not be interpreted explicitly by the empirical measures, which are the main
difficulties in our studies. In Chapter 6, we present a study of the fluctuation problem
around the re-scaled empirical measure in the classical stochastic Becker-Doring model.
For an exhaustive introduction of our work related to mean field theory, see Section 1.3.2.

1.3 Main Contributions

1.3.1 Stochastic Averaging Principle and Multiple Time Scales

In Chapter 2 and Chapter 5, we have investigated two large interacting particle
systems with an absorbing state. We could apply the classic mean field method to
translate the problem with large number of particles into an one-body problem for the
empirical measure. However, in our cases, the scaling limits of the empirical measures
(XN(t)/N) do not capture the absorption phenomenon. It indicates that the absorption
could only happen after “a very long time”. Thus, in order to have an estimation of

10
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the instant of absorption, instead of studying the fluid limit of the normal time scale of
the empirical measures (XN (t)/N), we study the asymptotic behavior of the process on
larger time scales: i.e., for a k>1, the scaling limit of the process in the form

()= (5),

The tightness of the sequence of processes (XN(t)) is difficult to obtain mainly due to
the large fluctuations occurring when k>1. Naturally, by using Doob’s inequality, the
martingale part of process (XN (N¥t)) should be of the order N¥/2 as N gets large which
is not obviously vanishing when scaled by N. Recall that the coordinates of (XN (t)) are
counting measures and then upper bounded by the total number of the particles which
is of the order of N.

To control the fluctuations, we make a careful analysis of the transition of the process
(XN(N*t)) and find that the coordinates processes (XN (t)) evolves on multiple different
scales in our systems. For this reason, there are stochastic averaging phenomena arising
in the dynamic of the empirical measure processes. We should remark that the multiple
scales of evolving speeds make the stochastic averaging principles much more difficult
to study than the dynamic with only “fast” and “slow” processes.

In the following, we will describe briefly the main problems in Chapter 2 and
Chapter 5 and give the sketch of the proofs. Roughly speaking, the empirical measure
processes in these two systems share some common properties:

1. they have absorbing states;
2. they live in multi-dimensional spaces;

3. asymptotically, the process moves much faster away from than towards the
absorbing state.

To be more specific on the speed of absorbing, the speed of moving away and the
consequences on the multiple time scales, we will take the processes in Chapter 2 for
instance.

The Transient Process v.s. The normal time Fluid Limit

In Chapter 2, a large system with Fy = | BN | particles has been investigated. In this
system, each particle has d+1 types of states, labeled by 0,1, ...,d. For a particle at state
k, where d>k>1, it will jump to the state k — 1 at rate k. Once it reaches state 0, it is
dead. There is a strong force that favors the upwards jumps: it is assumed that at rate
AN, one of the particle at the lowest state (>1) will have a upward jump.

The empirical measure of this system can seen as a d-+1-dimensional transient
process (XN(t)/Fy), where (XN(t)) = (X} (t), XN (t),..., XN (t)) is a process taking
values in IN?*!, satisfies the conservation law

d
Y xN(t) = Fy,
i=0
where Fy = |BN]. For all i=0, ...,d, XN (t) represents the number of particles of type i
at time f. Clearly, this process has an absorbing state (Fy, 0, ...,0).

11
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In Section 2.3, we have proved the tightness and convergence of the empirical
measure (XN (t)/Fy) and obtained the limit through a generalized Skorohod problem. *
Moreover, for the case 28 < A, one has

im (%57 =

This means that the fluid limit of the normal time scaled empirical measures is not
adequate to describe the absorption.

The Fast Process v.s. The Slow Process
In this model, the transition matrix (g™ (-, -)) is given by follows

qN(x,x —ep+e,-1) = upx, Vp=1,...,4d,
qN(x,x+ep—ep1) = )‘N]I{xlzu-:xp,z:o,x,,_l>o} Vp=2,...,4d.

where (e,,0 < p < d) is the standard orthonormal basis of N?*!. Intuitively, one can
observe from this matrix, for the case AN>upFy, if N is large enough, the upward rates
are much larger than the downward rates. It means that the particles are more likely
staying above the critical level p. In Proposition 2.7, we have proved this observation by
using an auxiliary process

2,4 (1) = (p = DX (1) + (p =X (1) + - + X4 (1)

and showing that it is upper bounded by an ergodic process with transition rates in the
order of N. That gives us the idea to decouple the process by

{YN(t) = (XN(1),... ,X’Ig\ll(t)), the fast part,
S(t):= %(X;\I(t),...,Xfi\’(t)),

If we follow the classical procedures described in Section 1.2.2, we need to prove the
convergence and then identify the limit of the occupation measures,

the slow part.

t
N ) —
Up ((0, t) X ) : /0 ]I{(X{\'(s),...,Xé\’fl(s))E-} dS,

which are random measures in multi-dimensional space RT xIN?~!. The local times
in the transition and the multi-dimensionality make the stochastic averaging problem
complicated.

The Multiple Time Scale and Scaling limit

In order to investigate the fast process, we have analyzed the marginal distributions
of these occupation measures. In Proposition 2.3 and Proposition 2.7, we find the critical

1. For more about Skorohod problems, see the appendix in Chapter 2.

12
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time scale t :— NP~!t and prove the local times of these marginal processes on [0, NP~ 1¢]
are of different scale: i.e. for any 1<k<p — 1 and any >0

NP7 NP
N k
/0 L x50} ds < /0 X (s)ds ~o (N er) :

It means that the process (X;\]—1(‘)) is the dominating component in the fast process.
More precisely, we can give a sequence of identical relations for the scaled processes

Al 1 N N 1 NP1 N
" ﬁ/o X (s)ds | ~ W/o XNi(s)ds|, Vk=1,...,p-2

in Proposition 2.4 and Proposition 2.7. It indicates that one should study the scaled
marginal occupation measure

N 1 NP1
w,_1((0,t) x ) 1= W/o H{X;’,l(S)>0} ds.

Then by studying the stochastic averaging principle in the coupled system:
<N e
SN NP, W) ),

the slow dynamic and the occupation measure based on the dominating component of
the fast process, we give the limit in Theorem 2.2 and Theorem 2.4,

lim (XN(N””)) — (@(1)

N—o0 N

where (®(t)) is a non-trivial function. It means that under condition upB<A<u(p+1)B,
the absorbing moment is in the order of N*~!. The explicit expression of the estimation
of the absorbing moment is stated in Corollary 2.2. In addition, we also provide the
central limit results along this convergence (c.f. Theorem 2.3).

1.3.2 Mean-Field limits

This scaling regime has been used only in the communication network framework
when the number of nodes of the network goes to infinity. In a classical mean-
field context, the evolution equations of the empirical distribution of the states of the
particles can be expressed through a set of stochastic differential equations which can
be amenable to an asymptotic analysis. Our two studies in this domain, Chapter 3 and 4
respectively, have differed from this context in two ways.

1. In Chapter 3, we have studied a system where, in a Markovian context, the natural
state space of a particle is a space of dimension N, and therefore not really suitable
for a classical mean-field analysis. The approach we have used has consisted in
taking a reduced (non-Markovian) representation of the state of a node so that
the dimension of the state space is fixed. In this setting, we have proved through
various estimates that a mean-field result holds. In the limit, this non-Markovian
representation is converging to a Markovian McKean-Vlasov process which can be
analyzed.

13
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2. In Chapter 4, a Markovian system with local interactions has been investigated.
For these systems, a node does not interact with all the other nodes in the
system as in a classical mean-field context, but only with a subset nodes, called
“neighborhood” whose size hy is converging to infinity as N gets large. Intuitively,
the associated asymptotic McKean-Vlasov process should not depend on hy
provided that hy grows to infinity sufficiently fast. It turns out that this result
is not easy to prove. One of the main difficulties is that the evolution equation
of the empirical distribution of all nodes highly depends on the structure of
the “neighborhoods” and therefore cannot be expressed in a set of autonomous
equations. Another difficulty is that the interactions (1) are unbounded and follow
distributions depending on the current state; (2) occur among random sets of
nodes.

The (quite technical) method we have used here is to (1) for a given node, introduce
the local empirical measures associated to the nodes in neighborhood of this node
and study the global empirical measure of these local empirical measures. An
autonomous evolution equation holds for the corresponding process; (2) prove the
convergence for this process with values in a measure space on another measure
space. With this method, a mean-field result has been proved for all growth rates
of (hy), the size of neighborhood, that tends to infinity.

1.3.3 Functional Central Limit Theorem

Outside these two main scaling regimes described above, in Chapter 6, we have
proved a functional central limit theorem for the Becker-Doring model, which is a
classical model in coagulation-fragmentation theory. In this model, the state space of
a Markovian description is an infinite dimensional space. The main difficulty here is
of controlling the fluctuations of the first coordinate since it has interactions with all
the other coordinates. To handle this problem, we have proposed a convenient Hilbert
space such that: (1) the potential limiting SDE is well-defined; (2) tightness and weak
convergence of the fluctuations can be proved in this space.

We are now going to describe more precisely the stochastic models analyzed in this
document. Section 1.4 presents the stochastic models of the communication networks
context and Section 1.5 the analogous section for the polymerization processes.

1.4 Summary of Part I: Large stochastic networks with failures

In the first part, we propose three stochastic models to analyze the long time
performance of algorithms in large unreliable stochastic networks. Here, we will begin
with the introduction of the framework of large network with failures, duplication
algorithms and allocation algorithms. Then we will explain the stochastic models to
discribe the dynamic of these algorithms. We will state our main results and outline the
plan of Chapter 2, 3, 4 briefly in advance.

A large unreliable network is a system in charge of managing a large number of files
in a network of servers in the Internet. Files have copies stored on the servers. Each
server may have a failure and, in this case, all copies on it are lost. If all copies of a given
file are lost then the file is lost for good. Despite the fact that failures of servers rarely

14
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occur, in a system with a large number of servers, having failures is not a negligible
phenomenon. For example, in a data center with 200,000 servers, in average five servers
fail every day. See the extensive study Pinheiro et al. [130] in this domain at Google.

In order to prevent file losses, it is necessary to have copies of files on different
servers. Consequently, each server should devote a part of its processing capacity
to duplicate files on other servers. Duplication mechanism has thus a cost on the
processing capacities of the server to achieve other tasks. One hand, maintaining too
many copies of the same file is a waste of processing capacity, bandwidth and storage
of servers, on the other hand having too few of them may lead to the loss of all copies
of a file if the servers having its copies fail before any recovery procedure can happen.

Another requirement of these systems is load balancing. If a heavily loaded server,
ie. having many copies, fails then it will trigger a lot of activity (processing and
network) because recovery mechanisms have to be launched for all copies lost on it.
If, because of congestion, the procedure is too long, it may end-up in losing files if
other servers fail in the meantime. Therefore, a good allocation policy should avoid
unbalanced loads on servers and, at the same time, keep as many files as the capacity of
the system permits.

See the following figure for example. The circles represent servers in the network.
There is an edge between different servers if there exists at least one file that has copies
on these two servers. Servers can make copies on other servers. When the red server
failed, copies on it are lost. For any lost copy, the servers that have a copy of the same file
(green servers) may help to recover the data on the failed server. If there is no another
copy available, the copy could not be retrieved and the file would be lost for good.

@
~ N \
/ R Q@ Failure
@ N
/ (backup) O<7
O \ Duplication
( Copies stored among servers : ( Recovery

In general, duplication algorithms is defined by the rate at which a copy is done and
by the allocation algorithm that determines the location of the new copy. Concerning
the duplication rate, we will study two situations.

Global duplication The capacity of all servers is assumed to be available to copy any
file in the system on a given server. The policy is to duplicate files with the least number
of copies in the system. For example, in a system of N servers, each server devotes
capacity A for duplication, then the system has capacity AN to duplicate one file at any
moment. It is the optimistic duplication policy for the whole system since the most
vulnerable files are taken care of.

Local duplication The duplication capacities are assumed to be local in the sense that
each server is making copies of files that it has stored.

15
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Allocation Algorithms When a server generates a new copy, a server is chosen to
receive this copy. Computer scientists have done experiments and have shown that
allocation policies may lead to different distributions of loads on servers. The unbalance
loads on servers may speed up the losses of files and is thought to be a waste of
capacity. Heavily loaded servers may lose most of their files before making copies.
At the opposite, the bandwidth and storage of an almost empty server are wasted.
We introduce three allocation policies: Random, Least loaded and Power of Choices.
These policies can be applied among all servers, or in a subset of servers, called
“neighborhood”.

— Random Policy Under Random Policy, a server generates a new copy on a server
chosen with uniform probability on all the other nodes.

— Least Loaded Policy The Least Loaded Policy is the most effective way that can
prevent heavily loaded servers. In this case, the new copy will be sent to the
server with least number of copies in the system. This policy manages to keep
the loads on servers almost constant. However, it also requires the knowledge
of all the loads of all nodes of the network which is expensive in terms of
communication.

— Power of choices For this policy when a new copy is generated, the server will
randomly choose m servers and send the new copy to the least loaded one.
This policy is a compromise between communication costs (m messages) and the
choice of a node with a minimal load. It can lower the load by just checking some
finite subset of servers instead of all of them. In the context of static allocation
schemes of balls into bins in computer science, this policy has been first studied
by Mitzenmacher and others, see [112] for a survey.

— Allocation in neighborhood Each server is connected with a subset of servers,
called “neighborhood”. When a new copy is generated from a given server, it
will be placed in a server chosen from this neighborhood, following some Choice
Policy.

The problem of reliability of such large systems has been studied mainly in theoretical
computer science. For example, Rhea et al. [137] and Rowstron and Druschel [144]
studied duplication policies by simulations for the design the large scale distributed
system. Simple mathematical models using birth and death processes have been
proposed by Chun et al. [36], Picconi et al. [128] and Ramabhadran and Pasquale [134].
In Feuillet and Robert [61], a stochastic model of the case when each file has at most two
copies has been analyzed in a simplified setting.

The efficiency of a duplication mechanism can be expressed as a trade off between
the number of files a system can maintain and the lifetime of these files. If there are
many files with few copies, then very likely consecutive failures of servers will lead quite
quickly to losses of files. On the other hand, if there are few files but with many copies,
their durability will be preserved with high probability at the expense of a reduced
capacity of the system.

1.4.1 The Global Duplication Model

The performance of the global duplication is investigated in Chapter 2. We briefly
describe the associated stochastic model. This is a closed system with N servers and Fy
files, there is no external file arriving in this system.
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1. The total capacity of N servers is AN. For this model, a new copy of a file occurs
at rate AN and only for a file with the lowest number of copies in the system.

N

Each copy has a lifetime which exponentially distributed with parameter .
The maximum number of copies for a file is d.

Initially, all files have d copies in the system.

R S

Scaling assumption for >0,

Recall that a file that has no copy is lost for good. For this model, we do not need
to keep track of the locations of copies in particular the impact of allocation policy is
meaningless in this context. Note that this model provides, in some way, an upper
bound on the efficiency of these mechanisms since the most vulnerable files (the files
with the least number of copies) are duplicated in priority.

The evolution of the system can be expressed by a d + 1-dimensional Markov jump
process (XZ-N(t),i =0,...,d). Fori =0,1,...,d, XlN(t) denotes the number of files
with i copies at time t. See Figure 1.1 for the possible jumps of the coordinates of
this process. It is assumed that the initial state is optimal, all files have the maximum
number of copies, i.e. XY(0) = Fy and XN(0) = 0 for 0<i<d. It is transient with a
unique absorbing state (Fy,0,...,0) for which all files are eventually lost.

Hxq u(i-1)x pix; ((d-1)x 4 pdxy

S0 TBO T8

AN 1f X]=Xp=-+=Xj 0= Ox,,1>0

Figure 1.1 — Jump Rates between the coordinates of the Markov Process (XN (t))
We are interested in the decay rate of the system, the duration of time after which a

fraction of files is lost. For any ¢ € (0,1), let Tyy(6) be the first time that a fraction ¢ of
the Fy~pBN initial files are lost:

Ty (6) = inf{t >0: xN(t)/N > (s/s} .
We study the transient Markovian process (XN (t)) and obtain the following results.

— Under the condition A > dufB, we have shown that the system is stable in the
following way, for the convergence in distribution of processes,

. XN (t)
Jim (dN ) = (B),

at the first order none of the files have been lost and all of them have the maximal
number of copies d.
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— Under the condition A < dup, i.e. pup <A < (p+1)up forsome2 < p <d—1,
then we have proved that

xN() XN (¢
( i) ,,;Vm,bo) = (w822 pprso),

lim
N—+o00

all files have immediately either p or p + 1 copies.
Hence if A > dup holds the decay of the network does not happen on the “normal”
time scale. The main result of this work shows that the variable Ty (6) is of the order of
N?-1. 1t leads us to study the asymptotic behavior of a scaled process on the time scale
t — N1t and prove the following convergence result for the number of lost files,

d_
lim (W) _ (@(1)), (15)

N—+o0

where (®(t)) is non-trivial deterministic function such that ®(0) = 0 and

lim ®(t) =B,

t—+oo

all files are eventually lost on this time scale. This is done by using the associated
stochastic differential equations (SDEs) satisfied by XN(¢)) and a series of technical
arguments which I describe briefly.

— Relation (1.5) gives a convergence to a deterministic process, in particular the

stochastic fluctuations vanish at infinity. Because of the very rapid time scale,
this phenomenon is not easy to establish, a direct use of the SDEs gives that the
martingale terms are of the order of N“~!/N? and, consequently, does not vanish
when d > 3. The problem is taken care of in several steps.
A first argument consists in establishing a stochastic uniform upper bounded
for the processes (XN(t),i = 1,...,d — 1), it is obtained by a coupling with an
ergodic Markov processes. Then, by using a series of quadratic equations, we
prove a key (highly) technical result that shows a kind of balance of flows between
the components of the state variable, forall 1 <i <d —2,

1 N-1t
lim <N+1/0 [(i+1)yxﬁ1(u) —ANXlN(u)} du> = 0. (1.6)

N—oo

Finally these results give an asymptotic relation between the scaled processes
(XY (N?"1)/N) and (X}, (N91t)).

— To establish (1.5) one has then to remark that (X}, (N“71t)) is a “fast” process
interacting with a “slow” process, (X)Y(N?~1t)/N). The evolution between the
fast process and the slow process generates a stochastic average problem which
we solve. By combining all these arguments, Convergence (1.5) is established.

— A central limit theorem associated to (1.5), due to the stochastic averaging context
it is not straightforward. A refined version of the convergence (1.6) is derived to
get the corresponding result.
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1.4.2 The Local Duplication Model

In Chapter 3, we have studied the long time performance of the local duplication
algorithm in a closed system with N servers, Fy files. The maximum number of copies
that a file can have is denoted by 4.

1. The duplication processes are assumed to be local. Each server generates a new
copy of one of its files after any exponential distributed amount of time with
parameter A. The copy is done on another server following the Random Choice
Policy.

2. On each server, the duplication capacity is used only on the files with the least
number of copies.

3. Each server fails after any independent exponentially distributed amount of time
with rate y. A failed server is immediately replaced by a new, empty, server.
Upon this failure time, it loses all the copies on it and is replaced by a new server
immediately.

4. Scaling assumption,

In this model, the locations of different copies of a given file play an important role.
However, keeping track of the locations of all copies may lead to large state space which
is very complex to study. For example, for d = 2, let Xf\]’(t) be the number of files that
have copies on server i and server j. The process (Xilj(t))i:l,...,N;igjgN isaN(N+1)/2
dimensional Markov process. In general case, the dimension of the state space is in the
order of N and a huge number of equations are required.

To avoid the large dimension space, we introduce a reduced representation of the
system for the case d = 2.

1. Let Rlzj]l (t) be the number of files that only have 1 copy on server i,
RN (1) = XTo(t).
2. Let Rfj]z(t) be the number of files that have 1 copy on server i and have 1 copy on
another server at time ¢,
RN (1) = Y XN(1).
j#i

3. Instead of studying the N(N + 1)/2 dimensional Markov process (Xf\][(t)), we
focus on the 2N —dimensional non-Markovian process

RY(1) == (Riy (1), RS (1)1

The loss of the Markov property is the price for the dimension reduction. However,
through the process RN (t), we can obtain an estimate of the decay rate of files in the
model. A possible approach to study RY(t) is of using mean-field convergence results
by considering the evolution of the empirical distribution
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The main results are the following. We prove that this non-Markovian description
of the network is asymptotically a nonlinear Markov jump process, by the following
steps. First, we show the existence and uniqueness of a possible asymptotic nonlinear
Markov jump process. In this case, a fixed point problem in the probability space of the
Skorohod space is studied. A technical result is then proved : on any finite time interval
[0, T], for a given server, with high probability, the load on it is bounded and all other
servers have almost surely one file in common with it, i.e. there exists a constant C(T),
such that for any given i,

P sup Xf\;(t)ZZ Sﬂ.
jAI0<EST N

This technical result makes it possible to handle the evolution equations related to the
reduced process (RN (t)) without using the transitions of the complete vector (Xll\;(t))
Finally, it is shown that the sequence of empirical distributions of reduced process
(RN(t)) is converging to the distribution of the possible asymptotic nonlinear Markov
jump process. With these results, we can obtain a lower bound for the asymptotic
exponential decay rate of the total number of files.

For d > 2, we introduce a related simplified model based on the reduced processes
and apply a mean-field method. In this case, we show that asymptotically, the evolution
of total number of files is upper bounded by a function Koe "% A1t where Ky, Ky (A/p)
are positive constants and « (-) < 1. The value of —x (A/p) is the largest eigenvalue
of the matrix associated with the limiting nonlinear Markov process. Although there is
no explicit expression of x; (A/), We obtain a good estimate for it. Moreover, we prove
that k7 (A/p) is also the lower bound on the exponential decay of the number of files in
the non simplified system.

1.4.3 Allocation algorithms

In Chapter 4, we investigate the long time performances of several allocation policies
in neighborhoods in a large stochastic network with failures. As before it is a closed
system with N servers, labeled by 1,..., N. Initially, there are Fy files and the scaling
condition

is assumed for some B>0. The life time of each server is exponentially distributed with
parameter 1, a failed server is immediately replaced by an empty new server at the same
time. Fori =1,..., N, the “neighborhood” of server i is given by

HN = { j|server i and server j are connected } ,

the cardinality of %" is denoted by hy, it is assumed the (hy) is converging to infinity.
To evaluate the allocation algorithms, the following assumption is done, once a server
has a failure, the files that were on it are immediately assigned to the servers in its
neighborhood according to the allocation policy; the failed server is replaced by a new
empty server immediately, inheriting the same neighborhood.
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A measure-valued Markovian description Intuitively, the simplest description of the
system is the Markov processes LN (t) = (LN (t),...,LN(t)), where LN(t) is the load on
server i at time t. By the assumption, at rate 1, a server i will have a failure and the files
on server i are re-placed on the servers of HN. Therefore, the transition matrix (4 (,))
at state [ can be given by

gV (1,1 —Lie; + z{:e]-) =pN(z = (z{:),l,HfV),

where pN(-) is a probability function depends on the neighborhood HYN. Since the the
interactions in neighborhoods (HN,i = 1,...,N) cannot be expressed only in terms of
the empirical measure of the process LV(-), the classical mean-field approach cannot be
used in this case. After careful estimations on the probability function pN(z,1, V), we
show that this expression can be approximated by a simple function of z, I, and of the
local empirical measure

1
AN(t) = — I .
b thgN {trew}

This fact suggests the study of the measure-valued interacting system
AN(t) = (AY(H), ., AN ()
and the evolution equation of the global empirical measure of AN(t), i.e.,

_1
=N
1

™=z

PN(t) . 5AN(t)'

i

Il
—_

We may then expect that the limit of (PN) is a Dirac measure at the distribution
of a McKean-Vlasov process (L(t)). Moreover, note that the empirical measure of
LN(t) is actually the arithmetic average of processes (AN(t)), therefore, this mean field
convergence of (AN(t)) may give the desired mean-field convergence of the system
(LN(t)) whose limit is the process (L(t)).

The main results are the following.

1. For all hy, which tend to infinity along with N, under certain conditions, the local

empirical measure processes converge in distribution to the distribution of a non-
linear jump process.

2. The mean field limit and propagation of chaos hold for the whole system
(LN(t),1<i<N).

3. When hy is linear with N, we have the convergence of the stationary distributions
of the N servers system to the stationary distribution of the limit system.

4. For some allocation algorithms, the stationary distributions of the limit non-linear
jump processes have nice properties in a heavy load regime.

We present some details of the proofs of the results for the power of d Choices.
For Random policy, the approach is similar. One of the most important quantity in an
assignment policy is the probability that a given server being chosen. We give quite
precise estimates of this quantity for N large. At any failure moment, the increments
of the number of files at the servers follows a multinomial distribution. We show that
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with a high probability, these increments have the value 0 or 1. This property allows us
to approach the increments by Poisson random measures. We then give the definition
and prove the existence and uniqueness for the possible limiting process (L(t)), the
McKean-Vlasov process,

dL(t) = /0 I[{O<T<‘3At[L(r—),oo)d—Af[L(t—)+l,oo)d }N(dr,dt) - L<t_>N(dt>r

Ap—{L{t-)}

where A;(-) = P(L(t)€-). We show a mean field convergence holds for (AN(t)) (and
therefore of (LN(t))). We prove that the processes LN(t) and the limit McKean-Vlasov
process L(t) are ergodic and that the empirical distribution of the stationary distribution
of LN(-) converges to the stationary distribution of the limit McKean-Vlasov process
when hy is linear with N. The main striking result is the following convergence result
for the stationary distribution of the McKean-Vlasov process. If Xz be the random
variable on IN whose distribution is the stationary distribution of the limit McKean-
Vlasov process, then, for the convergence in distribution,
Xp taw d

. - _qqd—-1
Jim = g U

where U is a uniform random variable on [0,1]. This result implies in particular that,
the load of an arbitrary node of the Mc-Kean Vlasov model has an asymptotic finite
support of the order of fd/(d—1) when B is large.

1.5 Summary of Part II: Variations in coagulation and fragmen-
tation models

In the second part of this thesis, we investigate two stochastic models to understand
the variability observed in experimental data of biological polymerization processes.

These polymerization phenomena arise in a large variety of domains, like in aerosol
science, atmospheric physics, polymer science and also biology. The purpose of
coagulation and fragmentation models is the description of the reactions involving
growth and degradation of polymers. To be accurate, a complete model for such
reactions should involve the size, position and velocity of each particle, which is too
complicated for analysis. As a simplification, we consider models where a monomer
is a molecule of size 1 and a polymer is a macro-molecule, composed by monomers.
Furthermore the dynamic of the system depends only on numbers of polymers of a
given size. The growth mechanism can be seen as polymers and monomers assembling
to form a larger polymer, for example, n polymers/monomers of size xi, k=1, ..., n may
form a a polymer of size x=x1+x2+ - - - +xy,

(x1) + (x2) + - -+ + () — (%)

The fragmentation mechanism occurs when an unstable polymer breaks into smaller
pieces, for example, a polymer of size x may break into polymers/monomers of sizes
xp, k=1,...,n,

(x) —(x1) + (x2) + -+ + (xn),
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if x=x1+x2+ - - - +x,. In a deterministic setting, these reactions can be described by a set
of differential equations. The literature of these dynamical systems is very rich, mainly
concerning the well-posedness, long-time behavior, metastability. See [15] for example.
These ODEs can be seen as the thermodynamic limit of the time evolution of polymers
when the initial number of monomers is large, yet the thermal fluctuations are not
represented by these deterministic dynamical systems. These aspects are important, for
instance, it is known from experiments that the lag time, i.e. the first time a fraction of
monomers is polymerized, exhibits a large variance. See Szavits-Nossan et al. [157] and
Xue et al. [168] for example. Related phenomena also occur in different contexts, such
as the lag time of nucleation of ice in supercooled small water droplets, see Heneghan
et al. [74]. See Aldous [5] for a general survey on the coalescence models.

In the following, we first introduce two classical models, the Smoluchowski Model
and the Becker-Doring Model, for both a deterministic and a stochastic descriptions.
We will bring up some useful properties and literatures of these two models. Then we
present our contribution concerning the fluctuations in coagulation and fragmentation
models.

The Smoluchowski Model

Only binary interactions are considered in the classical Smoluchowski model
(1917) [163]. This model focus on the case when coagulation occurs between only two
particles and the unstable polymers can only break into two particles. The quantity
K(i,j) denotes the chemical rate at which a polymer of size i reacts with a polymer of
size j and the quantity F(i, j) is the chemical rate at which a polymer of size (i + j) breaks
into two polymers of size i and size j. The chemical reactions thus can be represented

as -
. NS
(i) + () = (i+7)-
F(ij)
The kernel K(+, -) and F(-, -) are (clearly) symmetrical, i.e., K(7, j)=K(j, i) and F(i, j)=F(j, i).
The deterministic description of this system is an infinite set of non-linear ordinary
differential equations given by

de 1 -1 . .
E(t) =3 Y (K( =k k)cj—(t)er(t) — F(j — k, k)cj(t))
k=1
- :}jl (K(, K¢ (B)ex(t) — E(j, K)eja(D))

where c(t) = (c;(t),j € IN") is the expected number of cluster of size j per volume at
time f£.

If initially there are only N monomers, N is in particular the total mass of the system,
a corresponding stochastic model is an N-dimensional Markov process (XN(t)) =
(XN(t)) where XN(t) is the number of polymer of size k at time t. The associated
transition matrix g2 (-, -) is given by

g (x,x —e; —ej +eiyj) = K(i,j)xix;/N,
qé\’(x,x +e+e— €i+]') = P(i,j)xiﬂ-,
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where (e;, k € NT) is the standard orthonormal basis of NN

It has been proved by Jeon (1998) [83] that, that under condition

@) limi o0 K ) /(i) = 0,

(b) there exists G(i + j) such that F(i,j) < G(i+ j) and lim;; ;e G(i +j) =0,
the scaled process (XN(t)/N) converges to the solution of the Smoluchowski equation
(thermodynamic limit) in the L?-norm. The gelation phenomenon corresponding to an
asymptotic loss of mass after finite time is also investigated in this reference.

The Becker-Déring Model

The Becker-Doring model (1935) [16] can be seen as a simplified version of the
Smoluchowski model. It describes the system where only additions (coagulation) or
removals (fragmentation) of one monomer from a particle are possible, i.e.,

(1) + (k) == (k+1),
bri1
where a,=K(k,1) and by, = F(k, 1) are the chemical rates.
The ODEs associated to this model is a (classical) infinite system of ordinary
differential equations of c¢(#)=(ck(t),k € INT), given by

%(t) = 21 (c(t) = Y Jk(c(t)),

1 k=2 (BD)
SO = Jeale(®) = I(e(®), k>1,

with Ji(c)=arcicx—byy1cx i1 if c:(ck)G]RH;ﬁ. For k>1, c(t) represents the concentration
of clusters of size k at time . The conditions on existence/uniqueness of solutions
for the Becker-Doring equations (BD) have been extensively investigated. See Ball et
al. [15], Niethammer [118] and Penrose [125, 126]. Moreover, under certain assumption
the equilibrium point ¢ of the Becker-Doring equation (BD) has an explicit form.

The stochastic description of this model can be represented by a N-dimensional
Markov jump process (XM (t))=(XN(t),1<k<N) where, as before, XN(t) is the total
number of polymers of size k at time t and N is the initial mass of monomers. The
transition matrix Qff, = (g3 (-, -)) is given by

qﬁlp(x,x — ey —ex+expq) = ax1x;/N,

aBp (%, X + €1 + e — ey1) = bri1Xpey1,
where (e;, k€IN*) is the standard orthonormal basis of NN". As a special case, the
first order convergence for this model is given by Jeon’s result. In Chapter 6, we study

the second-order of this thermodynamic limit by providing a functional central limit
theorem.

1.5.1 The large variability of the lag time for nucleation

In Chapter 5, we investigate the nucleation phenomenon in a model where the
coagulation mechanism occurs only through the successive additions of monomers
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while the fragmentation mechanism has a generalized form, i.e.,

() =5 (@) @)+ (@), p22, ateo ek,

where £ and Kﬁ}‘; are the corresponding reaction rates. Let k. be the degradation rate

of a polymer of size k, i.e. the sum of all K';’f‘; over all possible fragmentation vectors a.

The key assumption for nucleation is that there exists a critical size n., called nucleus
size such that, for a polymer of size less than n., the aggregation on an additional
monomer is thermodynamically unfavorable while its degradation into smaller pieces
is more likely due the random fluctuations of the environment. When the size is larger
than 7., the polymer is more stable even if it can still be broken at a relatively smaller
rate. This mechanism with a nucleus assumption is also called nucleation process in
the literature in physics, see Kashchiev [89]. This assumption will be translated in a
mathematical model as follows,

{K’éff >k, fork <n, (NU)

k k
Ko ~ Kon  for k > ne.

Assuming that there are initially only monomers, the main quantity of interest is the
duration of time after which a significant amount of stable polymers are generated in
this system. This quantity is referred to as the lag time of the nucleation. Experiments
show that there is a sharp phase transition, the polymerized mass starts and stays at 0
until it reaches quickly its final value after the lag time. Moreover, the measured lag
time exhibits a significant variability in experiments. Our stochastic analysis gives a
qualitative and quantitative explanation of these experimental observations.

We represent the evolution of this system by an infinite dimensional Markov jump
process (UN(t)) = (UN(t),k € N*) where U} (t) denotes the number of polymers of
size k at time t and N is the number of monomers at time 0, i.e,, UN(0) = (N,0,...).
The transition matrix gV (-, -) is given by

gN(u,u —e1 — e+ eey1) = rhaurug/N,
N — 4ka
q (M, u—ex+ Ep ellp) = KogUks

where (e;, k€INT) is the standard orthonormal basis of NN'. The lag time can be
expressed as, for any 6 € (0,1),

LY =inf{t>0: ) UJ(t) > éN}.

k>n,

We denote A=« and the assumption on the nucleation is translated in the scaling
representation

Kk _ N‘uk lf k<nc,
off 1k if k>n,.

Our main result is the following convergence in distribution
N

L

N—4oo N3

= E,
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where E, is an exponential random variable with parameter

In particular, because of the exponential distribution, the standard deviation of the lag
time is of the same order as its expected value. Note that the limit does not depend
on 6 which shows the quick transition for the polymerized mass. To the best of our
knowledge this is the first rigorous result of such a phenomenon. The proof relies on
coupling techniques, careful stochastic calculus with Poisson processes, and the use of
several results on branching processes.

1.5.2 Fluctuations in the Becker-Doring model

In Chapter 6, we prove a functional central limit theorem for the Becker-Doring
model. As we state above, the Becker-Doring equation (BD) is the thermodynamic limit
of the Markov process with transition matrix Q) when the total mass tends to infinity.
We are interested in the second order approximation of this limit, i.e., the asymptotic
behavior of the RN-valued process

W (1) = (1 (x¥(0) —Nc(t))>.
VN

We prove that, under appropriate conditions, this fluctuation process (WN(t)) converges
for the Skorohod topology to a infinite dimensional process W(t), which is the strong
solution of the following SDE

dW(t) = T<Vs(c(t)) . W(t)) dt + T(Diag < s(c(t))) -d,B(t)), (BD-fluc)

where
1. s is a mapping from RN" — RN": for any k € N* and ¢ € RN"
sok—1(c) = arcice  and  spr(c) = brg1Chy1s

2. and 7 is a linear mapping from ]RHJ:I+ — ]Rﬂf+: for any z € ]RHJ:I+ and k > 2,

{Tl (z) = = Y (L +Tjmy)z2ic1 + Y (141202002,

i>1 i>2
T(2) = Zok—3 — Zok—2 — Zok—1 + Zok-

3. Vs(c) is the Jacobian matrix

Vs(c) = <g:(c)) ,CE ]RH;I+

4. B(t) = (Bk(t),keINT) is a sequence of independent standard Brownian motions
in R;

26



CHAPTER 1. INTRODUCTION

5. Diag(v) is a diagonal matrix whose diagonal entries are the coordinates of the
vector v € RN,

With these notations, the (BD) equations can be expressed in a more compact form as

T =(sw)

It should be noted that the drift part of the SDE (BD-fluc) is actually the gradient of the
Becker-Doring equation. At the thermal equilibrium, it can be seen as the fluctuation-
dissipation relation in physics.

We first investigate the existence and uniqueness of the corresponding infinite
dimensional stochastic differential equation (BD-fluc). For this a weighted L? space
Ly(w), see Section 6.2), has to be introduced. We also prove that, at equilibrium point of
the first order equations (BD), the solution of this SDE is a Gaussian process. The proofs
consists in proving Lipschitz conditions for several functionals and that the martingale
part of the evolution equation is a well defined stochastic integral in the space Ly (w).

To prove the tightness of the sequence of process (W (¢)) one of the main difficulties
is the fact that the first coordinate (W (t)) is interacting with all the other coordinates
(because monomers are required to increase the size of polymers). For this reason,
there are several infinite series of stochastic fluctuations in the evolution equation of
(WN(#)) which have to be controlled. This aspect had implications in the choice of
the Hilbert space Ly(w) to formulate the SDE (BD-fluc). Another difficulty is that the
fluctuations of (WN(t)) are driven by a set of independent Poisson processes whose
intensities are state dependent. For this reason, the tightness argument highly relies on
the boundedness properties of both Becker-Doring equation and processes. With the
help of quite technical estimations of scaled processes and martingales in the Hilbert
space L(w), we are able to obtain the desired tightness and convergence results.

1.6 Notations
Here we introduce some notations, used repeatedly in the rest of the thesis.

R (resp. Ry) the set of (resp. non-negative) real numbers,
Z,IN,IN; the set of integers, non-negative integers, positive integers,

iid. independent and identically distributed,
a.s. almost surely,

M;(-) the space of the probability on a space,

|- |[ryv total variation norm,

aAb (resp. aV'b) min(a,b) (resp. max(a, b)),
Card(:) the cardinality of a set,

I;} Indicator function.

With a slight abuse of notation, to make the document more readable, when a
subsequence of some sequence (XV) is converging, we do not use an index (XM)
to indicate the converging subsequence but keep the notation (XV). We use the
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term “convergence in distribution” even in the cases where the convergence proved
is stronger, when the convergence in probability holds for example.
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Abstract In this chapter a stochastic model of a large distributed system where
users’ files are duplicated on unreliable data servers is investigated. Due to a server
breakdown, a copy of a file can be lost, it can be retrieved if another copy of the same
file is stored on other servers. In the case where no other copy of a given file is present
in the network, it is definitively lost. In order to have multiple copies of a given file, it
is assumed that each server can devote a fraction of its processing capacity to duplicate
files on other servers to enhance the durability of the system.

A simplified stochastic model of this network is analyzed. It is assumed that a copy
of a given file is lost at some fixed rate and that the initial state is optimal: each file has
the maximum number d of copies located on the servers of the network. The capacity of
duplication policy is used by the files with the lowest number of copies. Due to random
losses, the state of the network is transient and all files will be eventually lost. As a
consequence, a transient d-dimensional Markov process (X (t)) with a unique absorbing
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state describes the evolution this network. By taking a scaling parameter N related to
the number of nodes of the network, a scaling analysis of this process is developed.
The asymptotic behavior of (X(t)) is analyzed on time scales of the type t — NPt for
0 < p < d—1. The chapter derives asymptotic results on the decay of the network:
Under a stability assumption, the main results state that the critical time scale for the
decay of the system is given by t — N9~1t. In particular the duration of time after which
a fixed fraction of files are lost is of the order of N~1. When the stability condition is
not satisfied, i.e. when it is initially overloaded, it is shown that the state of the network
converges to an interesting local equilibrium which is investigated. As a consequence
it sheds some light on the role of the key parameters A, the duplication rate and d, the
maximal number of copies, in the design of these systems. The techniques used involve
careful stochastic calculus for Poisson processes, technical estimates and the proof of a
stochastic averaging principle.

2.1 Introduction

2.1.1 Large Distributed Systems

In this chapter the problem of reliability of large distributed system is analyzed via
mathematical models. A typical framework is a cloud computing environment where
users’ files are duplicated on several data servers. When a server breaks down, all copies
of files stored on this server are lost but they can be retrieved if copies of the same files
are stored on other servers. In the case where no other copy of a given file is present in
the network, it is definitively lost. Failures of disks occur naturally in this context, these
events are quite rare but, given the large number of nodes of these large systems, this is
not a negligible phenomenon at all at network scale. For example, in a data center with
200 000 servers, in average five disks fail every day. See the extensive study Pinheiro
et al. [130] in this domain at Google. A natural consequence of these failures is the
potential loss of some files if several servers holding copies of these files fail during a
small time interval. For this reason this is a critical issue for companies deploying these
large data centers.

DurLicaTION PoLIcies. In order to maintain copies on distant servers, a fraction A of
the bandwidth of each server has to be devoted to the duplication mechanism of its
files to other servers. If, for a short period of time, several of the servers break down, it
may happen that files will be lost for good just because all the available copies were on
these servers and because a recovery procedure was not completed before the last copy
disappeared. A second parameter of importance is d the maximal number of copies of
a given file in different servers. The general problem can then be presented as follows:
On the one hand, d should be sufficiently large, so that any file has a copy available on
at least one server at any time. On the other hand, the maximum number of copies for a
given should not be too large, otherwise the necessary fraction of the server capacity for
maintaining the number of copies would be very large and could impact other functions
of the server.
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2.1.2 Mathematical Models

The natural critical parameters of such a distributed system with N servers are the
failure rate u of servers, the bandwidth A allocated to duplication and the total number
of files Fy. To design such a system, it is therefore desirable to have a duplication policy
which maximizes the average number of files B = Fy /N per server and the first instant
Tn(9) when a fraction 6 € (0,1) of files is lost. The main goal of this chapter is to give
some insight on the role of these parameters through a simplified stochastic model.

A lot of work has been done in computer science concerning the implementation
of duplication algorithms. These systems are known as distributed hash tables (DHT).
They play an important role in the development of some large scale distributed systems,
see Rhea et al. [137] and Rowstron and Druschel [144] for example.

Curiously, except extensive simulations, little has been done to evaluate the
performances of these algorithms. Simplified models using birth and death processes
have been used. See Chun et al. [36], Picconi et al. [128] and Ramabhadran and
Pasquale [134]. In Feuillet and Robert [61], a mathematical model of the case of d=2
copies has been investigated. In [61], the main stochastic process of interest lives
in dimension 1 which simplifies somewhat the analysis. As it will be seen, in our
case, one has to investigate the more challenging problem of estimating some transient
characteristics of a d—1-dimensional Markov process.

To the best of our knowledge, there has not been any mathematical study investigat-
ing the dependence of the decay of the network, represented by the variable Ty/(4), with
respect to the maximal number of copies d and p the average number of files per server.
As it will be seen, even with a simplified model of this chapter, the problem is already
quite challenging. One has to derive estimates of transient characteristics of a transient
d-dimensional Markov process on IN“ with a reflection mechanism on the boundary of
the state space.

A PossiBLE MATHEMATICAL MODEL. Without simplifying assumptions, a mathematical
model could use a state descriptor (Y;(t),1 < j < Fy), where Y;(t) is the subset of
{1,..., N} of servers having a copy of file j at time ¢. Note that the cardinality of Y;(f) is
at most d and that file i is lost if Y;(t) = @. The transitions can be described as follows.

1. Loss: If, for 1 <i < N, node i breaks down in state (Y;) then the value of Y; does
not change if i ¢ Y; and, otherwise, Y; — Y;\{i}.

2. Duplication: if 1 <i; # i < Nand 1 < j < Fy are such that |Y]| <d i €Y
and iy ¢ Yj, if the duplication policy at node i; does a copy of j at iy, then Y; —
Y; U {i>} and the other coordinates are not affected by this change. Depending on
the duplication policy at node i, the choice of the node i, and of file j to copy may
depend in a complicated way of the current state (Y;).

As it can be seen the state space is quite complicated and, moreover, its dimension is
growing with N which is a difficulty to investigate the asymptotics for N large. It does
not seem to lead to a tractable mathematical model to study for example the first instant
when a fraction § € (0,1) of files are lost,

Fn
inf{t >0: ;l[{yj(t):®} > 5FN}.

33



2.1. INTRODUCTION

SIMPLIFYING AssumPTIONS. We present the mathematical model to be studied. The
model has been chosen so that the role of the parameter d on the decay of the network
can be investigated. To keep mathematics tractable, simplifications for some of the other
aspects of these systems have been done. We review the main features of our model and
the assumptions we have done.

1. Capacity for duplication.
If there are N servers and each of them has an available bandwidth A to duplicate
files, then the maximal capacity for duplication is AN. One will assume that the
duplication capacity can be used globally, i.e. the rate at which copies are created
is AN.

2. Duplication Policy.
Moreover, the duplication capacity is used on the files with the lowest number of
copies. The duplication capacity is in fact used at best, on the files that, potentially,
are the most likely to be lost.

3. Failures.
Any copy of a given file is lost at rate . With this assumption, failures are more
frequent but only a copy is lost at each event. In a more realistic setting, when a
server breaks down, copies of several different files are lost at the same time.

4. Topological Aspects.
In practice, in DHT, servers are located on a logical ring and, in order to limit the
communication overhead, the location of copies of a file owned by a given server
i are done at random on a fixed subset A; of nodes, the leaf set of i. In our model,
we assume that A; is the whole set of servers.

5. Statistical Assumptions.
For mathematical convenience, the random variables used for the duration
between two breakdowns of a server or of a duplication of a file are assumed
to be exponentially distributed.

For this simplified model, the use of the total capacity of duplication is optimal, see
items (1) and (2) below. Our results gives therefore an upper bound on the efficiency of
duplication mechanisms in a general context.

THE CORRESPONDING MARKOVIAN MODEL. With our assumptions, the state space can be
embedded in a fixed state space of dimension d + 1. If, for 0 <i < dand t > 0, XZN (1)
is the number of files with i copies, then the vector XN (t) = (XN (t), XN(t),..., X} (t))
is a Markov process on IN+1.

TransiTIONS. The model starts initially with Fy files, each of them having a maximal
number of copies d, i.e. XN(0) = (0,0,...,0,Fy). If XN(¢) is in state x=(x;) € N+
and, for 0 < i < d, ¢; is the ith unit vector, there are two types of transitions for the
Markov process. See Figure 2.1.

1. Loss: for1 <i<d,x - x+e_1—e;.
A copy of a file with i copies is lost at rate ix;u.

2. Duplication: for1 <i<d,x = x—e; +e;11,1<i<d.
It occurs at rate AN under the condition x; = x, = --- = x;_1 = 0, which means
that there are no files with between 1 and i copies.

34



CHAPTER 2. THE GLOBAL DUPLICATION MODEL

Hxq y(ifl)xFl pix; u(d—l)xd 1 ;td\d
AN lf x1=xp=---=x;=0,x;_1>0

Figure 2.1 — Jump Rates for transfers of one unit between the coordinates of the Markov
Process (XN(t)) in state (xo, x1,...,X;)

Clearly enough, this system is transient, due to the random losses, all files are eventually
lost, the state @ = (Fy,0,...,0) is an absorbing state. The aim of this chapter is to
describe the decay of the network, i.e. how the number X} (t) of lost files is increasing
with respect to time.

For fixed Fy and N, this problem is related to the analysis of the transient behavior of
a multi-dimensional Markov process. In our case, because of reflection on boundaries of
IN?t1 due to the duplication mechanism, the distribution of the evolution of the Markov
process (Xi(t)) is not easy to study. For this reason, a scaling approach is used, with N
converging to infinity and Fy being kept proportional to N.

It will be assumed that the average number of files per server Fy/N converges to
some B > 0. For 6 > 0, the decay of the system can be represented by the random

variable N
Tn(6) = inf{t >0: XON(t) > 5/3}

the time it take to have a fraction ¢ of the files lost.

2.1.3 Related Mathematical Models

EHRENFEST URN MoDELS. The Markov process (X(t)) can be seen as a particle system
with d + 1 boxes and any particle in box 1 < i < d moves to box i — 1 at rate y. Box with
index 0 is a cemetery for particles. A “pushing” process moves the particle the further
on the left (box 0 excluded) to the next box on its right at a high rate AN. The model can
be seen as a variation of the classical Ehrenfest urn model, see Karlin and McGregor [56]
and Diaconis et al. [48] for example.

POLYMERIZATION PROCESSES IN BioLoGy. It turns out that this model has some
similarities with stochastic processes representing polymerization processes of some
biological models. The simplest model starts with a set of monomers (some proteins)
that can aggregate to form polymers. Due to random fluctuations within the cell, a
polymer of size i and a monomer can produce a polymer of size i 4+ 1 at some fixed rate.
In this context, as long as the size i of the polymer is below some constant iy, the polymer
is not stable, it will lose monomers very quickly, at a high rate, it breaks into a polymer
of size i—1 and a monomer. When the size is greater or equal to ip (nucleation phase)
the polymer is much more stable, it is assumed that it remains in this state. Again due
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to the random fluctuations, all particles will end up in polymers of sizer greater than
ig. These “large” polymers correspond to our box 0 for the duplication process and the
monomers are the equivalent of files with d copies. The lag time is the first instant when
a positive fraction (half say) of the monomers have been consumed into stable polymers.
Note that it is analogous to our Tx(1/2). In this framework, the fluctuations of the lag
time have important consequences on biological processes. See Prigent et al. [132], Xue
et al. [168] and Szavits-Nossan et al. [157] for example.

2.1.4 Presentation of the Results

The model starts with Fy ~ BN files, all of them with the maximum number of
copies d. The loss rate of a copy is # and the duplication rate is AN but only for the files
with the minimum number of copies. For 0 <i <d, XZN (t) denotes the number of files
with i copies.

It is first shown in Theorem 2.1 that, as N gets large, for the convergence of stochastic
process

Jim <X€i]<t),o <k< d) = (x(£),0 < k < d). (2.1)

The limit (x(#),0 < k < d) can be expressed as the solution of a deterministic
generalized Skorohod problem. See Section 2.3 for the definition.

StAaBLE CASE: A > dup.

With the resolution of the generalized Skorohod problem, Proposition 2.1 of Section 2.3,
one proves that if A > dup then the network is stable in the sense that the limiting
process (xx(t),0 < k < d) is constant and equal to (0,...,0,p). In other words, on the
normal time scale, the fraction of lost files is zero and, at the fluid level, all files have the
maximal number of copies 4.

The key results of the stable case are Theorem 2.2 of Section 2.4 and Theorem 2.3
of Section 2.5 . These quite technical and delicate results rely on stochastic calculus
and various technical estimates related to the flows between coordinates of the process
(XN(t)). They are proved in several propositions of Section 2.4, the important
Proposition 2.4 in particular. A stochastic averaging result completes the proof of these
convergence results.

Theorem 2.2 shows that the network is in fact beginning to lose files only on the time
scale t — N971t, i.e. that the convergence in distribution

i
lim <W> — (D(1) (2.2)

N—+o0 N

where ®(t) is the unique solution y € [0, B] of the equation

(rog) - ().

where p = A/u. On this time scale, the fluid state of the network evolves from
(0,...,0,B) to the absorbing state: ®(0) = 0 and P(t) converges to f as t goes to
infinity.
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The second order fluctuations are described by the convergence in distribution

XY (NI=1t) — NO(¢)
VN

where ®(t) is the solution of Equation (2.31) and the process (W(t)) is the solution of a
stochastic differential equation, Relation (2.34).

lim
N—+o0

= (W(1)),

OVERLOADED CASE: puf < A < (p+1)upFORSOME2 < p <d —1.

In this case, the limiting process (xx(t),0 < k < d) of Relation (2.1) is not trivial,
i.e. different from its initial state (0,0,...,0,B). Its explicit expression is given in
Proposition 2.1. Moreover, it is shown that

Jim (5, (0) 30(8) = (DB = 5,5 = 1)
This can be interpreted as follows: In the limit, on the normal time scale, at the fluid
level all files have either p or p + 1 copies. The network exhibits therefore an interesting
property of local equilibrium.

If one starts from this local equilibrium, it is shown that the system begins to lose
files only the time scale t — NP~1t. A result analogous to Relation (2.2) is proved by
Theorem 2.4, for the convergence in distribution,

_ N(NP-1p) XN -
(0 BT = @t 0

lim
N—+o0

holds, where (®(t), ®p(t), Pp11(t)) is deterministic, with the property that

Jim (@0(0), @,(0), @pia() = (B 5,00 64),
i.e. asymptotically all files are either lost or have p + 1 copies.

These results give the main phenomena concerning the evolution of a stable network
towards the absorbing state. It should be noted that we do not consider the special cases
when the parameters satisfy the relation A=dyup for the following reason. When A <dup,
the analysis involves a stochastic averaging principle with an underlying ergodic
Markov process. See Section 2.4.2 below. With equality A=dup, the corresponding
Markov process is in fact null recurrent and proving a stochastic averaging principle in
this context turns out to be more delicate. There are few examples in this domain to the
best of our knowledge. See Khasminskii and Krylov [95] in the case of diffusions. The
same remark applies to similar identities, like A = pup for 1 < p <d.

CHOICE OF PARAMETERS. As a consequence, the parameters § and d should be chosen so
that A/(Byu) > 2and d = |A/(Bu)] to maximize the time of decay of the network and at
the same time to preserve the stability of the network. For § € (0, 1) the variable Tn/(6),
the first instant when a fraction § of files is lost, is then of the order of N4~1.

OuTLINE OF THE CHAPTER. Section 2.2 introduces the main notations and the stochastic
evolution equations of the network. Section 2.3 shows that the Markov process
can be expressed as the solution of a generalized Skorohod problem, presented in
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Appendix 2.A. A convergence result on the evolution of the network on the normal
time scale is established and an explicit expression for the limiting process is provided.
Section 2.4 investigates the decay of the network on the time scale t — N?~!t in the
stable case. A central limit theorem on this time scale is established in Section 2.5.
The overloaded case is analyzed in Section 2.6, the asymptotic evolution of the local
equilibrium is studied on several time scales.

2.2 The Stochastic Model

In this section we introduce the notations used throughout this chapter as well as the
statistical assumptions. The stochastic differential equations describing the evolution of
the network are introduced. It is shown that, via a change of coordinates, the state
descriptor of the process can be expressed as the solution of a generalized Skorohod
problem. See Section 2.A. The convergence results at the normal time scale t > ¢
proved in the next section use this key property.

A given file has a maximum of d copies and each of them vanishes after an
independent exponential time with rate rate y. A file with 0 copy is lost for good.
The recovery policy works as follows. The total capacity AN of the network is allocated
to the files with the minimum number of copies. Consequently, if at a given time all
non-lost files present have at least k > 1 copies and there are x; files with k copies,
then each of these is duplicated after an independent exponential time with rate AN/ xy.
Initially it is assumed that there are Fy files and that the network starts from the optimal
state where each file has d copies.

For 0 < k < d, X)N(t) denotes the number of files with k copies at time . The quantity
X{¥(t) is the number of lost files at time ¢, the function t — X}Y(t) is in particular non-
decreasing.

The conservation relation X} (t)+X}(t)+ - +XJ(t)=Fy gives that the stochastic
process (XY (t), XN(t),..., XY | (t)) on N? has the Markov property. Its Q-matrix QN =

(gN(-,-)) is given by

gV (x,x —ep +e1) = pkxy, 1<k<d-1,

gV (x,x +e4_1) =wud(En—xo—Xx1— " —X4_1), (23)
gV (x,x+ec—er1) = ANy soy-oi<ick-13, 2<k<d-1,

gV (x,x —eq1) = AN, ~0x=01<i<d-1}/

where ey, is the kth unit vector of N“. The first two relations come from the independence
of losses of various copies of files, note that Fy — xg — x; — - - - — x4_1 is the number of
files with d copies. The last two equations are a consequence of the fact that the capacity
is devoted to the smallest index k > 1 such that x; # 0. The coordinate XY () is of
course given by

X3 (5) = En = Xg'(6) = XY (1) =+ = X34 (1),

XX (t) is the number of files with the maximal number d of copies at time t. The initial
condition is such that X}¥(0) =0 for 0 < k < d —1and XY (0) = Fy € N.
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Scaling Condition

It is assumed that there exist some f > 0 and v > 0 such that

. EN—NB _
]\ljlglo W =. (24)

Equations of Evolution

To analyze the asymptotic behavior of the process (XN(t)), it is convenient to in-
troduce the processes (SN (#))=((SN(t),1<k<d—1)) and (RN (t))=((RN(t), 1<k<d-1)).
For1<k<d-—1landt >0, S}g] (t) is the number of files with no more than k copies at
time t and RYY(#) is the local time at 0 of the process (SN (t)),

k t
() = LXMW and RY(O) = [ Wggyy)-oy de
1=
For any function 1 € D(R4, R} ), i.e. h is continuous on the right and has left limits on
R, one denotes by V), denotes a point process on R defined as follows

NG10,6) = [ P10, =) x @)

where fi(u—) is the left limit of h at u and P is a Poisson process in R3 whose intensity
is the Lebesgue measure on R?.. In particular if / is deterministic, then \j, is a Poisson
process with intensity (h(t—)). When several such processes N, are used as below in
the evolution equations, then the corresponding Poisson processes P used are assumed
to be independent. The equations of evolution can then be written as,

H
sy =05y, (o0 Nan(dD),

dSY 1 (1) = Noy(ry—sy ,—xp (dt) = Nygn (dt)

dSIZC\](t) = N’(k+1)yxﬁ+1 (dt) _NVS{V (dt>_H{S{("_l(t—):O,S,’(\’(t—)>0}N)‘N(dt)’

for 1 < k < d — 2, with the convention that (S} (¢)) = 0 is the null process and also that
(Ro(t)) = (). By integrating and compensating these equations, one gets that

SN(H) = ZN (1) — AN(RY () — RY(8)), 1<k<d-1, (26)
and the first coordinates (X} (t)) satisfies the relation
XY = [ 53 ) du+ U, @7
with
230 = i [ [ = S0 = X3 0] du—pe [ SN u) du+ Ul (9

Z2(0) = e+ D [ (¥t =Y () du— o [ 8 (a) e+ UM )
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for 1 < k < d —2, where the (UN(t)) = (UN(t),1 < k < d—1) are the martingales
associated to the jumps of these processes, for 1 <k <d —2,

t

N () = [ [Ny, () = e+ DX () du]

t
_/0 [Nyxiv(du)—yX{\’(u)du} / II{S 0,5 (u—)>0} [Man(du)—AN du],
and its increasing process is given by
t t
<U,£\]> (t) = y(k—l—l)/o Xpq(u) du+y/0 XN (u) du
+ AN/ Lsy (mospso) 4t (28)

The martingales (U (t)) and (U} ,(t)) have similar expressions,

uLIi\I—l(t) = /Ot [Ndy(FNfsg’fl—XN)(d”) - dH(FN—SQI—l(W—X(I)\I(“)) d“}
_/Ot [/\/‘MXIN(du)—yXl du /11{5 0,5, (u-)>0} [Man(du)—AN du],
with
() () =ap [ (By=sY3 0~ XN ())

+/ uxN (u du+/\N/ Lay om0y -0y

and
ull(t) = /Ot [Nysf’(d”) - yS{\](u)} du, w1th = y/ SV (u

A Generalized Skorohod Problem Representation

For h = (h;) an element of D(R,,R*" 1), > 0 and F € N, denote

Gi(h, Fy)( —y/ (2ha(u) — 3hy(u)) du — nt,
Gr(h, E,n)(t) = M/O ((k+ Dhgyr—(k + Dy () =h1 (u)) du, 1<k<d—1,  (2.9)
Gar(h Ep)(t _dy/ [1—" ha 1 (u y/hl dv}du y/hl
and G(h, F,57) = (Gx(h,E 5),1 <k <d—1). Equations (2.6) and (2.7) give the relations
SN =G (sN, Fy, /\N) (£) + UN(t)

—dy/ U (u) du-eg_1 +AN(I — P)RN(t), (2.10)
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where P is the matrix P = (P;;,1 < i,j < d —1) whose non zero coefficients are the
Pi,i—l :1f01‘2§i§d—1.

In other words, for a fixed N, the couple (SN ,ANRN ) is the solution of the
generalized Skorohod problem associated to the matrix P and the functional

é:h—>G(h,FN,)LN)—i—UN—dy/.UéV(u) du-es 1. (2.11)
0

See the appendix for the definition and a result of existence and uniqueness.

2.3 First Order Asymptotic Behavior

In this section, the asymptotic behavior of the sequence of processes (XN(t)/N) at
the “normal” time scale is investigated. As a consequence, it is shown that if A > Bdu
then the network is stable at the fluid level, i.e. the fraction of lost files is 0 at any time.
Otherwise, a positive fraction of files is lost, an explicit expression for this quantity is
provided.

More precisely the convergence of the sequence of stochastic processes

X (#)
<k<
( N ,0<k<d|,

is investigated. One first shows that this sequence is tight and the limit is identified as
the solution of a deterministic generalized Skorohod problem. An explicit computation
of this limit concludes the section.

Tightness

Due to Assumption (2.4), there exists some constant Cy such that the relation Fy <
CoN holds for all N. Since 0 < X,i\’(t) < Fyforany0 <k <d—1andt > 0, Relation (2.8)
gives the existence of a constant C; such that

E (ukN(t)z) —E (<u§“> (t)) <CNt, V1<k<d—1landt>0. (2.12)

with Doob’s Inequality one gets that, for 1 <k <d —1and ¢ > 0,

LI,?] (S) 1 N/\2 Cqt
(o 5 ) < o < &
which shows that, for 0 < k < d — 1, the martingale (U,i\] (t)/N) converges in distribution
to 0 uniformly on compact sets.
For T > 0, 6 > 0 and for Z a function in the space D(R4,R) of cadlag functions,
i.e. right continuous functions on R with left limits at every point, define wz(J) as the
modulus of continuity of the process (Z(t)) on the interval [0, T},

wz(6) = sup  |Z(t) = Z(s)|- (2.13)

0<s<t<T, |t—s|<é
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By using again the relation X}Y(t) < CoN forall N € N,1 <k <d—1andt >0, the
above equations and the convergence of the martingales to 0 give that, for any ¢ > 0 and
n > 0, there exists § > 0 such that

]P(ws}j/N@) >1n)<eg ]P(wXé\;/N((S) >n)<e VYNand1<k<d-1.

This implies that the sequence of stochastic processes

<X6V<t> sN<t>> ) (Xé“a) Si“<f>,1§kgd_1>

N ' N N ' N

is tight and that any of its limiting points is almost surely a continuous processes. See
Billingsley [19] for example.

Convergence

Let (xo(t), (sk(t),1 <k <d—1)) denote a limiting point of the sequence
(Xp"()/ Ny, S (£)/ Ny)

associated to some non-decreasing subsequence (N,). By choosing an appropriate
probability space, it can be assumed that the convergence holds almost surely. By
Equation (2.7), one gets that

xo(t) = y/otsl(u) du,

From Definition (2.11) of the functional G and by convergence of the sequence of
processes (X(I)\]”(t)/Np,SNV(t)/Np) and of the martingale (UM /N,) to 0, one gets that
the convergence
lim ié(sz Ex,, AN ) =G (S,BA)
p—+eo N, PN ' P

holds uniformly on compact sets, where G is defined by Relation (2.9). As it has been
seen in the previous section, Equation (2.10), the couple (SN/N, RN/N) is the solution
of a classical Skorohod problem associated to the matrix P introduced in Equation (2.10)
and the free process (G(S™, Fy,, AN,)/N,. By continuity of the solutions of a classical
Skorohod problem, see Proposition 5.11 of Robert [138] for example, one concludes that
(SN/N,RN) converges to the solution (S, R) of the Skorohod problem associated to P
and h — G(h,B,A). Hence (S,R) is the unique solution of the generalized Skorohod
problem for the matrix P and the functional & — G(h, B, A). The convergence of the
sequence (SV/N, X' /N) has been therefore established.

Theorem 2.1. If S(t) = (sx(t),1 < k < d — 1) is the unique solution of the generalized
Skorohod problem associated to the matrix P = (]I{(i,]-):(i,i_l)},l < i,j <d-—1) and the
functional h — G(h, B, \) defined by Equation (2.9), then the sequence of processes
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converges in distribution uniformly on compact sets to (x(t)) defined by

t
xo(t) = i /O si(u) du, x1(t) = si1(b),
X (t) = si(t) —sk-1(t), 2 <k <d -1,
xd(t) = ,3 — Sd,1<t) - XO(t).

If the limiting processes is uniquely determined as the solution of a Skorohod
problem, it is not always easy to have an explicit representation of the solution of
a Skorohod problem. The classical example of Jackson networks, see Chen and
Mandelbaum [35], shows that this is not always easy to have an explicit expression
for the solutions of these problems in dimension greater than 2. The linear topology of
the network simplifies this question as the following proposition shows.

Proposition 2.1 (Characterization of fluid limits).
1. 2up < A < dup.
Let p = |p/B| with p = A/ p. the fluid limits (s(t)) = (s1(t),...,s4(t)) of Theorem 2.1
are defined as follows. There exist a sequence (ty),
O:td<td71<"'<tp+1<tpzoo,

such that, foralll =d —1,...,pand for t; 1 <t <t

se(t) =0, 1<k<I-1,
si(t) =(1+1)B—p+&ae ™+, 8 e
s(t) =B <1 — Y “k,iefiw> , 14+1<k<d,

where a3 4 = 1 and, for j > 1+1

I+1 Lyt PN
A= mﬂélﬂ,ﬁ ayppq = DM 1‘@‘ Y, e M

k=142
I+1 B o
Crj = ﬁ; 1 )"‘l+1,j, i1 = — ((l +1)p—p+ ';251,]'3 H Utl“) ,
=+

with a;; = 0 and t; is the unique solution of s;(t) = A/ (Ip).

2. A >dup.
Forallt >0, (x1(t),...,x4(t)) = (0,...,0, B).

Proof. The vector (si(t)) is solution of the following equation:

s4(1) = (k1) [ (sk1(0) = sy (u)) = p [ s1(0) = AGrga(6) = rc(0),

silt) == [ psi (),
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where the (r((t)) are the reflection processes such that

/(;t sp(u)dri(u) = 0.

By uniqueness of the solution of a generalized Skorohod problem given by
Proposition 2.8 of the Appendiyx, it is enough to exhibit a solution to the above equations.

We assume the conditions of the case (1) of the proposition. We will prove in fact that
there exists t; = 0 <ty <ty , <--- <ty <t, 1= +ocosuchthat, forallp </ <d-1
and t;;1 < t < t], the s and the t; have the following equations:

sk(t) :0, re(t) =t, 1<k<I-2,

si-1(t) = fio1(t) =1 —1Iu/Asi(t),
si(t) = i‘( +U)sipa(t) —upsi(t) — A, #(t),=0 (2.14)
se(t) = plk+1)(sea () —sk(t)),  #(t) =0, I+1<k<d-1
sa(t) =B, ra(t) = 0.

The t; are defined such that s (f;) = A/ (uk).
We start with the case d — 1. It is easy to check that ((sx), (r¢)) defined by the
following equations is the solution of the generalized Skorohod problem,

Sk(t) =0, T’k(t) =1, fOI‘ 1<k<d-3,
si—2 =0, ra—o(t) = #/ Sq—1(
oa(t) = @B —A/H) (1= M), ria() =0

This is valid for all 0 < t < t;_4 with

=008 (g ri=1))

Now, we proceed by using a recursion. Assume that there exists [ > p such that the
system of equation (2.14) is verified until ;. Moreover, we assume that, for all k > [ and
e <t <t

se(t) = B (1 - i Dék,ie_”it> ;

i=k+1
and .
sec1(t) =kB—p+&11e M+ Y Gqe
i=k+1
and t;_, is the only solution of
A
Se-1(te-1) = (=T
We define
I+1

= D‘l—i—lzz ford >i>1+1,

I+1—-
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d
wy g = el T (1 - ;;3 - Dél,kek’”’) ,

k=142

!
C1-1,i = f—ltxl,i, ford >i>1+1,

and

d .
G110 =— (lﬁ -0+ ) 511,1‘@_”('_1)“) .

i=I+1
It is easy to check that s; is then solution of the equation

s1=p(I+1)(s1(t) —si(h))

when t > t; and s;_; is the solution of the equation

si—1(t) = ulsi(t) — psi—1(t) — A,
when t;_1 >t > t;, t;_; is the solution of the equation

si—1(ti-1) = (Z—)\l)y

The recursion is proved and therefore the assertion of case (1) of the proposition.
Concerning the case (2), one has only to check that the couple

{(xl(t),...,xd(t)) ©0,...,0,B)
(r1(8), - raa (), raa (8),1a(£)) (4., t, (1= dup/A) 1,0)

is indeed the solution of the generalized Skorohod problem. O

The following corollary shows that in the overloaded cases, asymptotically, there is
an equilibrium where most of files will have either p or p 4- 1 copies for some convenient
p. This situation is investigated in Section 2.6.

Corollary 2.1 (Stable Fluid State of the Overloaded System). In the case (1) of Proposi-
tion 2.1, then

Jim (xp (), %p11(8)) = ((p+1)B = 0,0 = PB),

and x;(t) — 0ast — +ooforall1 <k <d, k & {p,p+1}.

Example

To illustrate the results of Proposition 2.1, one considers the case d = 4 and with the
condition 2By < A < 3Bu. One easily gets that

1 3 4p-p
t3_ﬂlog<4 3ﬁ—p)

and
(4B —p)(1 —eH) if t <ts,
s3(t) = 27 (4B —0)* 4 .
TR IR
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time

Figure 2.2 — Fluid Limits of an Overloaded Network, 28u<A<3Bu withd =4, u = 0.1,
A =0.22, B = 1. In this case t3 = 5.23.

and for t < t3, sp(f) = 0 and if + > t3,

Y
520) = (36 —p) — 4p = plett = Z LI o

Finally s1(t) = xo(t) = 0, for all t > 0. Figure 2.2 presents a case with d = 4 and where,
asymptotically, a local equilibrium holds: files have either 2 or 3 copies as t goes to
infinity.

2.4 Evolution of Stable Network

In this section, the asymptotic properties of the sequence of processes
(XN(1) = (X0'(8), X' (1), ., Xg'4 (1)

are investigated under the condition p = A/u > dB and with the initial state XN (0) =
(0,...,0,Fy). Section 2.3 has shown that, in this case, the system is stable at the first
order, i.e. that the fraction of lost files is 0. This does not change the fact that the system
is transient with one absorbing state (Fy,0,...,0). The purpose of this section is of
showing that the decay of this networks occurs on the time scale t — Nt

The section is organized as follows, preliminary results, Lemma 2.2 and Proposi-
tion 2.1 partially based on couplings show that the coordinates in the middle, i.e. with
index between 1 and d — 1, cannot be very large on any time scale. In a second step,
Proposition 2.3 and Proposition 2.4 show that the flows between the coordinates of the
Markov process are “small”. Proposition 2.4 is the crucial technical result of this section.
Finally, the asymptotic study of a random measure on IN x R, gives the last element to
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establish the main result, Theorem 2.2, on the evolution of the network on the time scale
t— N9-1f,

Stochastic Differential Equations
The SDE satisfied by the process (X} (t)) are recalled. As before, if 1 < k < d, SN(t) =
XN(t) + - -+ XN (t) and the convention that S} = 0 and SV, = —1, then

P‘/ X3 (u) du + Mg (1), (2.15)
t
XN(t) = y(k—l—l)/ X (u) du — ;uk/ XN (u) du (2.16)

+/\N/ H{s =0,xM , (u)>0} du — )‘N/ ]I{s (u)=0,xN (u)>0} du
+Mk(), forlgkgd—l,

where, for 0 < k < d —1, (MN(t)) is a square integrable martingale whose previsible
increasing process is given by

t
0= [ XN du, (2.17)

t t
<M,£\]> (t) = p(k+1) / Xp o (u) du~|—yk/ XM (u) du (2.18)

"'/\N/ H{SN =0,x), ()>0} d”+/\N/ ]I{SN =0,xN (u)>0} du

2.4.1 Some Technical Results

We start with two preliminary results on a coupling of the network.

Lemma 2.1. If (L(t)) is the process of the number of customer of an M/M/1 queue with
arrival rate « and service rate v > « and with initial condition L(0) = xo € IN then, for the
convergence in distribution of continuous processes,

Jm () v a) = (5551):

Proof. The proof is standard, see the end of Proof of Proposition 9.14 page 272 of
Robert [138] for example. O

The next proposition presents an important property of the network. Roughly
speaking it states that the Fy files have either 0 or d copies on the time scale t — N9 1t.
Coordinates with index between 1 and d — 1 of the vector (X™(t)) remain small.

Proposition 2.2. Let the condition dBu<A hold and the initial state is X™(0) = (0,...,0, Fy).
(I) (Coupling). One can find a probability space so that the relation
@—1)XY(E) + (@=2)XN(t) +- -+ XY 1 (t) < Lo(Nt),  Vt>0,

holds, where the vector (XN (t),1 < k < d—1) has the same distribution as the state of
our network and (Lo(t)) is the process of the number of customers of an M/M/1 queue
with arrival rate duBo and service rate A and with the initial condition Ly(0) = 0 for
some Py satisfying dupfo < A.
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(I) (Convergence). Foralli = 1,2, ..., d=1and a > 0 then, for the convergence in
distribution of continuous processes, the relation

N (njd—1
lim <X1<Nt)> =0 (2.19)

N—oco N«

holds.

Proof. The existence of Ny and B¢ such that dupfy < A and Fy < BoN for N > Np is clear.
Define
ZN(H) = (d=D)XY (1) + (d = 2) X3 () + - - + X'y (1),

then the possible jumps of (ZN(t)) are either 1, —1 or —(d—1). If XV (t) = (x}), jumps of
size 1 occur at rate p[2xp + -+ - + (d — 1)x4_1 + dxz] < pdFy < pdBoN. Similarly jumps
of size —1 occurs at rate AN provided that ZN(t) # 0. A simple coupling gives therefore
that (Zn(t)) is upper bounded by an M/M/1 queue with service rate AN and arrival
rate udBoN. The first part of the proposition is proved.

By ergodicity of the M/M/1 process (Lo(t)), one has, for the convergence in
distribution on compact sets,

lim (LO(NKt)> =0 (2.20)

N—+o00 N«
for all x > 0 and « > 0. Indeed, if
Tk =inf{s > 0: Lo(s) > K},

then, if 6 = dupBo/A, the random variable 68Tk is converging in distribution to an
exponential random variable as K goes to infinity. See Proposition 5.11 page 119 of
Robert [138] for example.

For T > 0 and € > 0, one has

P ( sup LO(Z\Z{ t) Z 8) =P (T]—EN”‘] S NKT)
0<s<T N

and since § < 1, this last term is converging to 0 as N goes to infinity. Conver-
gence (2.20) has therefore been proved. One concludes that the sequence of processes
(ZN(N9-1t)/N®) converges in distribution to 0. The proposition is proved. O

Proposition 2.3. Under the condition dfu < A and if XN(0) = (0,...,0,Fy), then, for
1<k <d—1andany vy > 0. one has

] 1 N1t N
1\11520 W/o X (u) du | =0. (2.21)

for the convergence in distribution of continuous processes, and, for any t > 0,

1 N1
lim W/o E (X}?’(u)) du = 0. (2.22)

N—o0
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Proof. One proceeds by inductionon1 <k <d —1. Let k = 1, if t > 0, Equation (2.15)
gives the relation

1 Nd?lt XN(u) du _ X(I)\](Ndilt) _ M(I)\](Ndilt) (22 )
FNTH Jo N N 23

by Doob’s Inequality and Equation (2.17), for € > 0,

N d—1
P<Sup \M(N)@)

o<u<t N1+’Y
11 N N1 1 (X (N
< abnenF </o XU(NT ) du | =GB — gy

by using again Equation (2.23). The variable X} being upper bounded by Fy,
relation (2.23) shows that Convergence (2.22) holds in this case. Additionally one gets
that the martingale term of Equation (2.23) vanishes at infinity. The convergence (2.21)
is therefore proved. Induction assumption is thus true for k = 1.

Assume by that induction assumption holds up to index k<d—1. Equation (2.16)
gives

ﬂ(k_i_]_) Nd—1¢ N B X}l{\[(Nd—lt) ]/lk NA-1¢ N
Nk+1+7/0 Xiq(u) du = Nk+1+7 Nk+1+7/o X (u) du

A N1t
N /O ]I{S,l(\lz(u):O,X,ﬁl(u)>0} du
A N1t M}:](Nd_lt)
+ Nk+Y /0 H{sgﬁl(u):o,xy(upo} du — TNk (2.24)

Note that, fori =k —1, k,

)\ Nd?lt )\ Nd—lt N
W/o s, a=0x¥ >0} d¥ < W/o X (u) du.

By integrating Equation (2.24) and using the induction assumption, one obtains that
Convergence (2.22) holds for k + 1. Back to Equation (2.24), by induction again, the first
four terms of the right hand side of Equation (2.24) converges to 0 and the martingale
term vanishes since the expected value of its previsible increasing process is converging
to 0 by Relation (2.18) and Convergence (2.22) which has been established. O

Proposition 2.4. Under the condition dBu < A and if XN(0) = (0,...,0,Fy), then the

relations, for 1 < k < d-2,

N—oo

) 1 N1t
lim (W /O [(k + )XY (u) — ANXY (u)} du) =0 (2.25)
holds for the convergence in distribution of continuous processes.
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Proof. One proves Convergence (2.25) for 1 < k < d—2. With the evolution
equation (2.16) and the same notation (2.5) as in Section 2.2 for the Poisson processes,
for any function f : N — R, one has

£ () =f (FO) + [ [f (@) +1) = (X 0))] Mgy, (@)
1 (¥ wm)-1) =7 (x) <u—>)} Ny ()
7 (=) +1) = ()] Ty oy o0y ()
[ (¥ w)-1) (xwu—))} H{s ooy Man(du).
By taking f(x)=x2 and by compensating the Poisson processes, one gets the relation
XN(NT1)? = u(k+1) /ONd " XN () + XN, (u) du
b uk /N“t “oxXN () + 1)XN () du
+AN/Nd ! X () + Dy -0x 50} 4
+AN/Nd ! (—2XN(u ) + Doy (1)-0.xN (1) >0} du+ Mo (t). (2.26)

The process (M}),(t)) is a martingale with a previsible increasing process given by

N1t
(ME) (1) = lis) [ XY (0) + 12X, () du
N1t
+ uk /0 (—2XN (1) + 12X (u) du
N4
N 2
+/\N/O (2X, (u) +1) Lesy ,w=0.x) , (w)>0} du

N1t
+AN/0 (—2X¢ () + 1)2H{5;?],1(u):0,X£](u)>0} du. (2.27)

By adding up Equations (2.16) and (2.26), after some straightforward calculations, one
gets

N-1¢
XN(N 1)+ XN (N9 1)2 = 2/0 [ (1) X ()= ANXY ()| du

Ni—1t N4—1t
—|—2y(k—l—1)/ Xp (u) X, (u) du —Zyk/ XN (u)? du
0
Ni= 1t
+2AN/ XN () + Dl ggnmoxy -0y 4

Ni- 1t
+2/\N/ XN OT gy o0y A+ MY () + MS(6). (2:28)
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It will be shown that, when this relation is scaled by the factor N*+1/2, except the first
integral in the right hand side, all terms of this identity vanish as N gets large. The
proposition will be then proved.

For the terms of the left hand side this is clear. For 1<k<d—2 and je{k, k+1}, the
relation

1 N N XN (Nu) 1 N
W/o Xy (u)X;'(u) du < sup N1/ Nk+1/4/o X (1) du,

o<u<t

and Propositions 2.2 and 2.3 show that the second term of the right hand side of
Equation (2.28) scaled by N*¥¥1/2 vanishes for the convergence of processes when N
gets large. By using the inequalities

NA-1¢ Ni-1¢
N N N
| XML oy o S [ X)X () d,

and
Na-1t

Ndflt k—1
N N N
L g e a0 = K XN @XY ) du

the same property can be established in a similar way for the third, fourth and fifth
terms.

By using Equations (2.18) and (2.27) and similar methods one gets that for any t > 0,
for the convergence in distribution,

i (WW) o i (<Mﬁz> <N“f>)

N—+oo N2k+1 N——+o0 N2k+1

From Relation (3.31) of Lemma I.3.30 of Jacod and Shiryaev [81], these convergences of
previsible increasing processes show that the martingale terms of Relation (2.28) scaled
by N**1/2 vanish for the convergence of processes when N gets large. The proposition
is proved. O

Proposition 2.5. Under the condition dBu < A and if XN(0) = (0,...,0,Fy) then, for the
convergence in distribution of continuous processes, the relations

lim (\/N (Z‘l\lj /ON 71tXf](u) du — A(d_l)! /ot XY (N 1u) du>> =0 (2.29)

N— o0 p-1
and
i (X{Y (ZZ\\fl“t) - "(id__ll)! /Of X (N du) o (230
hold.
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Proof. By Relation (2.25), one gets that, for the convergence in distribution of continuous
processes,

vl X XN W]
. k+1 k —
g (Vo ([ [0 X0 ) ) <o

holds for 1 < k < d — 2, and therefore that

lim (\/N </0Nd1t (X () K XEG) du>> )

N— 400 pk+1 Nk+1 pk Nk

By summing up these relations, one finally gets that

lim <\/ﬁ ((d—l)! 1 /ONdlth’l(u) 4 Ndfltw du)) o

N0 pd—1 N1

Relation (2.29) is proved.
SDE (2.15) for (X}'(t)) gives the relation
XN MY (N9
N N N

N1t
+ %/0 XN(u) du,

where (M} (N?~!t)/N) is a martingale whose previsible increasing process is given by

(<A§> () - (uljz [ % du) ,

it is converging in distribution to 0 by Proposition 2.3, one concludes that the martingale
is also converging to 0. The proposition is thus proved. O

We now turn to the proof of an averaging principle. It relies on the martingale
characterization of Markov processes as used in Papanicolau et al. [124] in a Brownian
setting, see also Kurtz [98].

2.4.2 Convergence of Occupation Measures

Forx € IN and N > 1, the random measure AxN on IR, is defined as, for a measurable
function g : Ry — Ry,

N —
<Ax 18> = /]R+ g(ﬂﬂ{xggl(z\]d—lt):x} dt.

Clearly AY is the random Radon measure associated with the local time of (X} | (N9~1t))
at x. For a given x, the sequence (AY) of random Radon measures on R is tight. See
Dawson [42, Lemma 3.28, page 44] for example. Note that the null measure can be a
possible limit of this sequence. By using a diagonal argument, one can fix (Nj) such
that, for any x € N, (AY¥)isa converging subsequence whose limit is v,.

Since, for N > 1, AY is absolutely continuous with respect to the Lebesgue measure
on R, the same property holds for a possible limiting measure v,. Let (x,t) — 7:(x)
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denote its (random) density. It should be remarked that, one can choose a version of
mi(x) such that the map (w, x,t) — 7:(x)(w) on the product of the probability space
and N x R is measurable by taking 77;(x) as a limit of measurable maps,

m(x) = limsup %vx([t, t+s]).

s—0

See Chapter 8 of Rudin [145] for example. See also Lemma 1.4 of Kurtz [98]. One
denotes by 71; the measure on IN defined by the sequence (7;(x), x € IN).

Proposition 2.6. For any function f : N — Ry such that the sequence (f(x)/x) is bounded
then, with the subsequence (Ny) defined above, for the convergence in distribution of continuous

p?’OC@SS@S,
‘ 1 NI N t
Jim (Ngl [0 (i) dn) = ([ au),

In particular, almost surely, for all t > 0,

Z/Otnu(x) du = /Otnu(lN) du =t.

Proof. Denote K = sup{f(x)/x:x > 1} and

o= [ (3w) du

the stochastic domination results of Proposition 2.2 gives that, for any 0 <s <'¢,

Nt
¥ () — ¥ (s) < Kz\lld /Nds Lo(u) du,
where (Lo(t)) is the process of the number of customers of an M/M/1 queue with
arrival rate dufo and service rate A for some convenient By such that dufy < A and with
the initial condition Lo(0) = 0. The convergence result of Lemma 2.1 implies then that
the sequence of processes (‘I’}\’ (t)) is tight by the criteria of the modulus of continuity.
ForC>1landt >0
1 N1 N K N1 N
Nt Jy SR g ey S g ) Xaa My sy v

K N
< W/o Lo(u)Lypy(uy>cy du.

The last term is converging in distribution to KHE(Ly)I {Lo=C}), Where Ly is a random
variable with geometric distribution with parameter dufo/A, the invariant distribution
of the process (Lo(t)). In particular for T > 0, if C is sufficiently large, this term can be
made arbitrarily small uniformly for t < T.

By using the fact that, for x € IN,

1 Nd*lt N N
W/o FXga)hexn (=) du = f(x) <Ax /H{[O,t]}>r

one gets the desired convergence in distribution.
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2.4.3 The Decay of the Network occurs on the Time Scale t — N9~ 1t

We have all the necessary technical results to prove the main result concerning the
behavior of the system on the time scale ¢ — N9~ 1¢.

Theorem 2.2 (Rate of Decay of the Network). Under the condition dBu < A and if XN (0) =
(0,...,0,Fy), then the sequence of processes (XN (N~1t)/N) converges in distribution to
(D(t)) where, for t > 0, P(t) is the unique solution y € [0, B] of the equation

/d
(1 — %)P e/ =exp <_/\(id_—11)!t> . (2.31)

Proof. Let f be a function on IN with finite support then, the SDE (2.16) associated to the
evolution equations give

FOXN L (NF18)) = £(0) — MY (N4-1)
N4 N

t _ XN (N9 1y)
/0 AT ()X (N u)) (dVN+/\]I{sg’3:o,ng2(Nd—lu)>o}> du

XN (N 1)
+/ A~ Xd 1 Nd u ))((d_l).ule+/\]I{S;’2—O,X";’1(Nd—1u)>0} du,

where AT(f)(x) = f(x+1) — f(x) and A (f)(x) = f(x — 1) — f(x). The convergence
of the various components of this identity are now examined.

Clearly enough, f being bounded, the process ([f(X} ,(N971t)) — £(0)]/N?) is
converging in distribution to 0 as N gets large. By calculating the previsible increasing
process of the martingale (M}V (N4=1t)/N4), it is not difficult to show that this process
vanishes at infinity.

Note that

NN
/ AT(f)(X3 (N )]I{sN =0,XY ,(N#-1u)>0} du

d—1y

_ 1
<20l [ X0 QN u) =2l [ X o)

the process associated to the last term is converging in distribution to 0 by Proposi-
tion 2.3. Similarly,

d—2 ,t
Nd "u ))]I{SL§[2>O,X§’,1(N"’*lu)>0} du| < 2||f”°°}£/0 Xi(NT1u) du

and the last term is also converging to 0 in distribution. In the same way

EXPL (N )

xN Nd 1
Bl g <opp [ B0 g,
0 N

£ (N 1) S

du

which converges to 0 by the last assertion of Proposition 2.2.
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To summarize, we have proved that the following convergence in distribution

XV (NT1y)

Jim ( [ A e (vt T

+/ A () (X {(NT 1 W)ALeen (o150} du) =0. (232)

By using again Propositions 2.5 and 2.6, one gets that the convergence of the
sequence of processes is converging to a continuous process (®(t)) such that

(@) & lim (W) — </\(d__1)!/0t<7ru,1> du>,

N—+oco pi-1

where I(x) = x for x > 0. By the Skorohod representation theorem, one can take
a convenient probability space such that, for all x € IN, this convergence also holds

almost surely as well as the convergence of the processes (<A§”‘ | {[O,t]}>)' The identity

XN(N©)  Fy XO(Nd 1t) N(Nd 1t)

—1X
N N ;
and Equation (2.32) give that the relation

[T o) |8 = ()8 (1) 6) + ALy (7) ()| =0
xeN

holds almost surely for all > 0 and all functions f = fi, k > 0 with fi(x) = Iy (x) for

x € IN. One concludes from this relation and Proposition 2.6, for u € Ry outside a set

S negligible for the Lebesgue measure, one has for all k > 0

¥ () (B @A () (x) + g () )| =0
xeN

and 7,(N) = 1. Hence, if u € S, (m,(x)) is a geometric distribution, the invariant
distribution of an M/M/1 queue with arrival rate du(f — ®(u)) and service rate A. The
definition of ®(t) gives therefore the fixed point equation, for all t > 0,

D! du(B—D(w)
PO =N o A= (- o)) (233

one gets the relation

<1 _ (D(t)>p/de<l>(t) = exp (_/\(d_l)!t) .

The theorem is proved. O

One concludes this section with the asymptotic of the first instant when the network
has lost a fraction 6 € (0,1) of its file. It generalizes Corollary 1 of Feuillet and
Robert [61]. This is a direct consequence of the above theorem.
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Corollary 2.2. If, for 6 € (0,1),

Ty (6) = inf{t >0 X@i{(t) > 5;5}

then, under the condition A > dBu, the relation

O InG) e e
im N _A(d—l)!( g 1081 =9) 55)

holds for the convergence in distribution.

2.5 Second Order Asymptotics in the Stable Case

This section is devoted to the study of the second order fluctuations associated to
the law of large numbers proved in Theorem 2.2. As it will be seen the proof relies on
careful stochastic calculus, technical estimates and Proposition 2.4 proved in Section 2.4.
Notations

— If (Yn(t)) and (Zn(t)) are sequences of stochastic process, with a slight abuse of
notation, we will write Zx (t) = Yn(t) + O4(1) when the sequence (Zn(t) — Yn(t))
converges in distribution to 0 when N goes to infinity.

Lemma 2.2. Let
i 1
VN Jo

then (YN | (t)) converges in distribution to 0 as N goes to infinity.

t
Y (t) (X (N )+ 1)y (N 1) = ANXY (N |

Proof. By using the SDE satisfied by the process (X ;(t)), as in the proof in Proposition
2.4, one gets

XY (N XN (N2 M (8) Mrli\jfl,z(t)
Ni-1/2 Nd-1/2  — Nd-1/2 Nd-1/2
) N1 N
Nd4-1/2 /0 [(Xd—l(”) + 1)AN]I{SQQ3(u):o,xfiiz(u)>o}

— X4 () (d = )X () = ANIggy ()-0y)] du

+

2

+ Ndfl/z

N1

| T )+ DX () - ANXY ()] du
where (MY ,(t)) and (Mgl\]—l,z(t)) are the associated local martingales. The processes
of left hand side of this relation vanishes as N gets large due to Proposition 2.2. With
similar arguments as in the proof of Proposition 2.4, one obtains that the martingale
terms and the first integral of the right hand side vanish too. This is again a consequence
of Propositions 2.2 and 2.3.

Therefore, the last term

1 N1t
(Ndm | [ 0 + D ) = ANXY () du)
converges to 0 in distribution when N gets large. The lemma is proved. O
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Theorem 2.3 (Central Limit Theorem). If dBu<A and if Condition (2.4) holds and the initial
state is XN(0) = (0, ...,0, Fy), then the following convergence in distribution holds

XY (NI=1t) — NO(¢)
VN

where ®(t) is the solution of Equation (2.31) and the process (W(t)) is the solution of the
stochastic differential equation

2 _
dWU%:M@%ﬂdﬂﬂ—iﬁf%A_;ﬁg_gunydn (232)

with Wy (0) = 0, where (B(t)) is a standard Brownian motion and ®(t) is the unique solution
of Equation (2.31).

lim
N—+4o0

= (W),

Proof. We denote by

Xp'(N“1t) — NO(t) Xi (N1t) — N(B— (1))
VN VN '

The strategy of the proof consists in starting from the convergence proved in the above
lemma to write an integral equation for the process (W}'(t)), this is Equation (2.37)
below. Technical results of Section 2.4 are used repeatedly in the proof of this identity.
The last part of the proof consists in proving the tightness and identifying the possible
limits of this sequence.

The total sum of the coordinates of (X}(t)) being Fy, scaling Condition (2.4) and
Relation (2.19) of Proposition 2.2 give the identity

W' (1) = and Wy'(t) =

N (njd— 1y _ d—1 d—1
W (1) = X3 (N )\/NN(ﬁ (1)) FN\FN k; N u)
Xo'(N"'u) — N (t)

_ 7~ = -W{ () +9+ 04(1). (2.35)

The SDE (2.15) gives the relation
t
XN = p [ XV (NS TN du - MY (N,
0

The previsible increasing process of the martingale (M} (N9~1t)/+/N) is given by

(2 () = (#;, [ v du) ,

and it is converging in distribution to (P(t)), see the proof of Proposition 2.5.
Consequently, by using Theorem 1.4 page 339 of Ethier and Kurtz [57] for example,
for the convergence in distribution of processes, one has

Jim (V%) = (f Vo as) = s,
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where (B(t)) is a standard Brownian motion on RR.
Let

t
Hn(t) = / XY (N 1) du,
0
Relation (2.29) of Proposition 2.5 shows that

N1t )

MDY by (1) fy/ du+ Oy(1)

o
holds and SDE (2.15) gives

N1
p [ X ) du = XY - M (N
= NO(t) + VNW (1) — MY (N4 1p).

One obtains therefore the following expansion for (v NHy(t)),

A(d—1 MY (N1t
VN (M b - o)) —win - MU 0,00, s
Lemma 2.2 gives the relation
f/ (X (N1ar) + 1) X (N 1) — ANXY, (N 1) | e = 04(1),
which can be rewritten as

t N(nd—1
VN [ X3 (N (Xd“fv) -5~ @(u)))) a

FVN [N N ) (B~ () — )
+ dy\/ﬁ/ot(ﬁ — ®(u))du + dy\/lﬁ /Ot(X;V(N“u) — N(B—®(u))du = O4(1).
If one plugs the integration by part
[N D dp — ()] d
= Hy(1) A~ dn(p — ()] — dye [ ()@ () du,
into this identity, this gives the relation
t
dy/o XN (N L)W (u) du
~ NHx(t) [\ — du(p — D(t +dy/ VNHy (1)@ (1) du
+dy\/ﬁ/0 (B —®(u)) du+dy/ WN (1) du = Og(1).
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The expansion (2.36) for (v NHy(t)) yields

dp /Ot X)L (N W (u) du + VNAN(8)
(

pdfl MY Ndflt)
T Ad-1)! (Wév( )= O\m> (A —du(B— (1))
d—1 t N (njd—1
+d”A(€z—1)!/0 <W0N(u) - W) @' (u) du
e [ W0 du = 0401
with
d—1
AN(t):A({;_l)!( D(t) [A —du(p — Dt +dy/ )
—I—dy/ot([%—q)(u))du
d—1 t ¢
= by ) (= () @' () dutdp (B @(u))

=0,
by Relation (2.33). By using Equation (2.35), one gets finally the relation

_dV/Xled fu)We! (“)d“+dﬂ7/ X3 (N 1) du

d—1
(w -4 NN t>>[2\—du(/3—<1>(t))]
1

o= t -1,
—dy/ W0 )du +duyt = Oy4(1). (2.37)

Starting from the above equation, one can now complete the proof of the theorem in
four steps.

1. Local boundedness.
By using the convergence in distribution of (M} (N%~'u)/+/N) and Gronwall’s
Inequality, one gets that, for e > 0 and T > 0, there exists some K > 0 and Ny such
that if N > N, then

P ( sup [WQY(s)| > K) <e (2.59)

0<s<T

2. Tightness.
One first note that the two sequences of processes

</Ot Xjﬂl(Ndlu)du> and (/Ot Xé\]l(Ndlu)Wg’(u)du>
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satisfy the criterion of the modulus of continuity: for the first sequence this is a
consequence of Proposition 2.5 and Theorem 2.2. Relation (2.38) and the fact that,
for0<s<t<T,

t
/ XN (N 1)WY (i) du
S

< (s i) £ 20
0<u<T

give this property for the second sequence. As it has been seen this is also the case
for (MYY(N?~1u)/+/N). Relation (2.37) can thus be rewritten as

W)+ [ W ) Fla) du = HY (), 239

where (F(t)) is a deterministic continuous function and (HM(t)) is a sequence of
processes which satisfies the criterion of the modulus of continuity. As before, See
relation (2.13), denote wz as the modulus of continuity of the process (Z(t)) on
[0, T], Relation (2.39) gives the inequality,

Wy < Wy +|[Flleo sup [WE(s)]
0<s<T

with ||Fljee = sup(|F(s)|,0<s<T). One deduces the tightness of (W}¥(t)) by
the criterion of the modulus of continuity. In particular any limiting point is a
continuous process.

. Convergence of the first term of Equation (2.37).

Let (W(t)) be a limit of some subsequence (Wé\] “(t)). By Skorohod’s representation
theorem, on can assume that the convergence

lim (/ XN (NF10) du, W (¢ )> - (@@(o,wu))

holds almost surely for the uniform norm on compact sets of R . If f isa C!(IR..)
function, by integration par parts, one has the convergence

dim ([ an) = (55 [ @0s0 a),

which can be extended to any arbitrary continuous function f by a regularization
procedure. Since

lim (/ X3 (NE 1y (wéVk(u)—W(u))du> =0,

k—+o0

one finally gets the convergence

kEToo </Ot XN (NET )W () du) = (2\5;1:11)' /Ot D' ()W (u) du) ,
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Figure 2.3 — Stable Asymptotic Fluid State in an Overloaded Network with ppu < A <
(p+1)Buforsomel < p <d

4. Identification of the limit.
A possible limit (W(t)) satisfies therefore the integral equation

t d— d—2
— dy/o <A&_1 @' (u) + 1> W(u) du + d’y(g_l)!QD(t)
-1
i (W0 = B(@() [~ (s~ (1)

pd—l

+dym /Ot (W(u)—B(®(u)))® (u)du + duyt =0,

and, with Relation (2.33), it can be rewritten as

-2
—Ady/ - u) du—l—d'y 1)!d>(t)+dy'yt

,/0 (A —du(p—P(u))] (dW(u)— q>/(u)dB(u)> —0.

The theorem is proved.

2.6 A Local Equilibrium in the Overloaded Case

We have seen in Corollary 2.1 that if for some 2 < p < d, one has pf < p <
(p+1)p and if the initial state is Xy (0) = (0, ...,0, Fy) then one has the convergence in
distribution

tim L (X(8), XN1 () = (xp(8), xp1(1))

and

lim (xp(t), xp11(t)) = ((p+1)B—p, 0 — pP)

t—-+oo

The system started with ~BN files with d copies and it ends up, on the normal time
scale, in a state where there are still BN files but with either p or p 41 copies.

In this section we start from this “equilibrium”, Proposition 2.7 shows that this fluid
state does not change on the time scale t — NP~2t. Theorem 2.4 proves that, on the time
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scale t — NP1t a positive fraction of files are lost. It is also shown that the number
of files with p copies decreases to end up in a state where, for the fluid state, there are
only files with p 41 copies.

One starts with an elementary result concerning the M/M/co queue.

Lemma 2.3. If (Ln(t)) is the Markov process associated to an M/ M /oo queue with arrival
rate AN and service rate y, and initial condition such that
Ly(0) A

li = —
N—1>I£-100 N ‘ul

then, for any £ € IN, the convergence in distribution

N—+oc0 U
holds.

Proof. For ¢ > 0, by bounding the rate of jumps —1 of the process, a coupling can be
constructed such that

Ln(t) < (p+¢)N + Ly(Nt)
holds for all + > 0, where (Ly(t)) is an M/M/1 queue with input rate A and service
rate A + pe, with initial condition Ly(0) = 0. If Ty = inf{t > 0 : Ly(t) > eN} then,
Proposition 5.11 page 119 of Robert [138], gives that for any £ > 1 and x > 0,

lim P(ty < N'x) = 0.
N—1>I—I|-100 (TN_ x) 0

This proves that, for any T > 0,

, Ly(N*t)
Iim P sup ——=<p+2)| =1.

With a similar argument for a lower bound one gets finally the convergence in
distribution, for any ¢ > 0,
Ly (N‘t)

li —_ =
Nirﬂoo N P

The lemma is proved. O

One shows in the next proposition that the fluid state of the network does not change
on the time scale t — NP~2t.

Proposition 2.7 (Stability of Local Equilibrium on the time scale t — N¥~2t). If for some
2 < p <d, onehas pp < p < (p+1)B, and the initial state Xy(0) is such that XN (0) = 0
for1<i<d, ig¢{p,p+1}and

XN) xN_.(0
Nlﬂ@( ”Z\g ), ”}'\1,( )) =((p+1)B—p,0—pB)

then for any q < p — 2, for the convergence in distribution,

XN(N9t) XN (N9t
lim ( ”(N t), ”“I\(, )>=((P+1)ﬁ—p,p—ioﬁ)

N—+co
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Proof. Clearly it is enough to show the proposition for g = p — 2. Let
p—1
Z8(t) =) (p =X (1),

k=1

then, if ZN(t) = z, there is a jump of size +1 for ZV at rate

p
wY kXY (t) < pupN,
k=2

and of size —1 at rate AN if z > 0. In the same way as in in the proof of Proposition 2.2,
one can construct a coupling, for which

ZN(t) < Lo(Nt),

where (Lo(t)) is a stable M/M/1 queue with input rate pup and output rate A. In
particular, the convergence in distribution

, XN(NP=2t) ,
_t v 7] = <1 <p-— .
ngﬂoo < N 0, 1<i<p-1, (2.40)

holds.
Because of Relation pup < A, one can extend the results of Propositions 2.3 and 2.5
to get that, for 1 <k <p -2,
du> =0

NP~2¢
lim /
N—oo 0

holds for the convergence in distribution. By summing up all these relations for 1 < k <
p — 2, one gets

, (p—1) 1 N NP2t XN
ngﬁ@( pr~1 prl/o X” Jdu=73 / =0

Relation (2.40) gives the convergence in distribution
NP—2¢ XN
lim </ L () du) —0,
N—+o00 0 N

XN (NP2
lim <O (N t)> =0,

N—4o00 N

(k+ 1) XR () kXN (u)
pk+1 Nk+1 E Nk

consequently

by using the SDE associated to (X' (t)) as in the proof of Proposition 2.5.
One concludes that

d
lim <1 Y XN(NP- 2t> B (2.41)

N—+o0 k=p
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Let ]
=y e
k=1

then, if YN(t) = y, there is a jump of size —1 for YN at rate uy, and of size +1
at rate AN if XN(¢) +--- 4+ (d —1)X) ,(t) > 0. Hence, in the same way as in the
proof of Proposition 2.2, a coupling can be constructed such that the process (YN (t))
is dominated by the process (Ly(t)) of the number of customers in an M/ M /oo queue
with arrival rate AN and service rate A, and with initial condition such that

O = plp+ 1B p) + (P10~ pB) = .

By using the relation

Zka +pXN( +(p+1) (2 XN(t )) < YN(t) < Ly(t),

Equations (2.40) (2.41) and the above lemma, one gets that, for any e > 0 and T > 0,

N—+oc0 0<t<T N

X (NP=2t)
lim P| inf ——=>(p+1)p—p—¢] =1

Relation A < (p +1)Bp, gives that (X} (NP2t)) is strictly positive on any finite interval
with high probability. Consequently,

lim ]P( inf XN(NP72t) 4+ (d—1)XY [ (NP72t) > 1) =1

N—+oo 0<t<T

this implies that the two processes (YN(NP~2t)) and (Ly(NP~2t)) are identical with
probability close to 1 when N is large. Secondly, since the duplication capacity cannot
be used at any node with index greater than p + 1, for any p +2 < k < d, for the
convergence in distribution, the relation

XN(NP—2¢
lim <k()> =0
N—+oo N

holds. One deduces therefore the convergence in distribution

(X (INPTE) A+ (p+ D)X (NP2
lim P =p
N—+o00 N
o (KNP + X (NP
N—1>I—§r—100 N o ﬁ
The proposition is proved. O

We can now state the main result of this section.
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Theorem 2.4 (Evolution of the Local Equilibrium). If for some 2 < p < d, one has pp <
p < (p+1)B, and the initial state Xn(0) is such that XN(0) = 0for1 <i<d,i & {p,p+1}

and N() N ()
: Xp (0) X110
ng@( ”N , ”N >=((r)+1)f5—p/p—r7ﬁ)

then, for the convergence in distribution,

lim

XN(NP-1E) XJ(NP~) X;,VH(NP-lt)
N—+oo

N ’ N ’ N ) = (q)O(t)/q)P(t)cherl(t))
where, for t > 0,

Dp(t) = (p+1)(B—Do(t)) —pand @y (t) = p — p(p — Po(t))

and Oy (t) is the unique solution y of the fixed point equation

p/ (p(p+1)) —1)
B y y _ L (p=1)!
(1 ﬁ—p/(p+1)> ‘ exP( A ot ) (242
In particular,
. (. P 4
T (@(t), @y(1), By (1)) = ( et p+1) . (2.43)

Remark. Relation (2.43) shows that a fraction B—p/(p+1) of the files is lost asymp-
totically on the time scale + — NP~'t. The corresponding asymptotic state consists
then of files which are either lost and, at the first order in N, p/(p+1) - N files
with p+1 copies. This suggests that p is changed to p'=p/(p+1) and p replaced by
p’=p+1. Unfortunately, this is the case of equality '=p’p which is not covered by our
theorem. This suggests nevertheless the following evolution on the time scale t — N7t,
p—1<g<d-2, for t going to infinity, there remain p/(g+2)N files alive with q+2 copies.
Some of the files are therefore lost and the number of copies of the remaining files is
increasing, until the maximum number of copies is reached which is the framework of
Section 2.4.

Proof. The proofs use the same arguments as in the proof of Theorem 2.2 and of the
above proposition. We give a quick overview of it. By using again the results of
Propositions 2.3 and 2.5 and Relation (2.25), one gets that, for 1 <k <p -2,

NP—1t
lim / du| =0
N—c0 0

holds for the convergence in distribution. By summing up all these relations for 1 < k <
p — 2, one gets

, (p—1)! 1 (N NPt XN
lei‘oo< pr1 NP—1/0 Xp- d”_*/ =0
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From there one gets that

lim (Xév(”)—(p_l)! A /ONpltX,iVl(u) du>:0.

N—+o0 N pP*l Npr—1

As in the proof of Proposition 2.6, one can define a similar (‘I’}V (t)) and prove the same

stochastic averaging property associated to the coordinate (X} (t)). The rest of the proof
is then similar to the proof of the last proposition with B replaced by g — ¢(t) where
(¢(t)) is the limit of some converging subsequence of (X} (N?~1t)/N). The convergence
follows from the uniqueness of the fixed point equation satisfied by (¢(¢)). O

2.A  Appendix: Generalized Skorohod Problems

For the sake of self-containedness, this section presents quickly the more or less
classical material necessary to state and prove the convergence results used in this
chapter. The general theme concerns the rigorous definition of a solution of a
stochastic differential equation constrained to stay in some domain and also the proof
of the existence and uniqueness and regularity properties of such a solution. See
Skorohod [149], Anderson and Orey [9], Chaleyat-Maurel and El Karoui [55] and, in
a multi-dimensional context, Harrison and Reiman [73] and Taylor and Williams [161]
and, in a more general context, Ramanan [135]. See Appendix D of Robert [138] for a
brief account.

We first recall the classical definition of Skorohod problem in dimension K. If z =
(zx) € RX, one denotes ||z|| = |z1| + |z2| + - - + |zx|. If (Z(t)) = (Zi(t)) is some function
of the set D(IR, RX) of cadlag functions defined on R, and P is a K x K non-negative
matrix, the couple of functions [(X(t)), (R(¢))] = [((Xk(t))), ((Rg(t)))] is said to be a
solution of the Skorohod problem associated to (Z(t)) and P whenever

1. X(t) =Z(t)+ (I—P)-R(t), forall t >0,
2. Xg(t) >0, forallt >0and 1 <k <d,
3. For 1 <k <K, t — Ri(t) is non-decreasing, R¢(0) = 0 and

/ X;(£) dRy (1) = 0.

+

In the important case of dimension 1, Conditions (1) and (3) are
1. X(t) = Z(t) + R(¢), forall t > 0,
3. t = R(#) is non-decreasing, R(0) = 0 and

/ X(#) dR(t) = 0.
Ry

The generalization used in this chapter corresponds to the case when (Z(t)) depends
on (X(t)).

Definition 2.1 (Generalized Skorohod Problem).
IfG: D(R;,RX) — D(R;,RKX) is a Borelian function and P a non-negative K x K matrix,
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((X(t)), (R(t))) is a solution of the generalized Skorohod Problem (GSP) associated to G and
P if ((X(t)), (R(t))) is the solution of the Skorohod Problem associated to G(X) and P, in
particular, for all t > 0,

X(t) = G(X)(t) + (I = P) - R(d),

and
/ Xi(t)dRy(t) =0, 1<k<K.

+

The classical Skorohod problem described above corresponds to the case when the
functional G is constant and equal to (Z(t)). In dimension one, if one takes

G(x)(t) = /Otcr(x(u)) dB(u) + /Otm(x(u)) du,

where (B(t)) is a standard Brownian motion and ¢ and m are Lipschitz functions on
R. The first coordinate (X(t)) of a possible solution to the corresponding GSP can be
described as the solution of the SDE

dX(t) = o(X(t)) dB(t) + m(X(t)) dt

reflected at 0.

Proposition 2.8. If G : D(R;, RX) — D(R,,RK) is such that, for any T > 0, there exists a
constant Cr such that, for all (x(t)) € D(R;,RX) and 0 <t < T,

sup [|G(x)(s) = G(y)(s)[| < Cr /Ot [Jc(u) = y(u)]| du (2.44)

0<s<t

and if the matrix P is nilpotent, then there exists a unique solution to the generalized Skorohod
problem associated to the functional G and the matrix P.

Proof. Define the sequence (Xy(t)) by induction (X°(t),R%(¢)) = 0 and, for N > 1,
(XN+1, RN*1) s the solution of the Skorohod problem (SP) associated to G(XM), in
particular,

XNH(f) = G <XN) (1) + (1= P)- RNt and [ XN (u) dRN " (u) = 0.

The existence of such a solution is a consequence of a result of Harrison and Reiman [73].
Fix T > 0. The Lipschitz property of the solutions of a classical Skorohod problem, see
Proposition D.4 of Robert [138], gives the existence of some constant Kt such that, for
alN>1and 0<t<T,

v x|, < salle (x) = ()],

0o, t

where [|h]|, 7 = sup{||h(s)] : 0 < s < T}. From Relation (2.44), this implies that

t
]z [
oo, t 0

0,U
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with & = KrCr. The iteration of the last relation yields the inequality
N ot
o], < 6 ], o 017
o,t N ! 0 oo, U

One concludes that the sequence (XN (#)) is converging uniformly on compact sets and
consequently the same is true for the sequence (RN (t)). Let (X(¢)) and (R(t)) be the
limit of these sequences. By continuity of the SP, the couple ((X(t)), (R(t))) is the
solution of the SP associated to G(X), and hence a solution of the GSP associated to G.

Uniqueness. If (Y(t)) is another solution of the GSF associated to G. In the same
way as before, one gets by induction, for 0 <t < T,

DCtN t
X =Yy < B05 11X - Yl d

and by letting N go to infinity, one concludes that X = Y. The proposition is proved. [
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Large Unreliable Stochastic
Network: Local Duplication
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Abstract The problem of reliability of a large distributed system is analyzed via a new
mathematical model. A typical framework is a system where a set of files are duplicated
on several data servers. When one of these servers breaks down, all copies of files stored
on it are lost. In this way, repeated failures may lead to losses of files. The efficiency
of such a network is directly related to the performances of the mechanism used to
duplicate files on servers. In this chapter we study the evolution of the network using a
natural duplication policy giving priority to the files with the least number of copies.
We investigate the asymptotic behavior of the network when the number N of servers
is large. The analysis is complicated by the large dimension of the state space of the
empirical distribution of the state of the network. A stochastic model of the evolution
of the network which has values in state space whose dimension does not depend on
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N is introduced. Despite this description does not have the Markov property, it turns
out that it is converging in distribution, when the number of nodes goes to infinity,
to a nonlinear Markov process. The rate of decay of the network, which is the key
characteristic of interest of these systems, can be expressed in terms of this asymptotic
process. The corresponding mean-field convergence results are established. A lower
bound on the exponential decay, with respect to time, of the fraction of the number of
initial files with at least one copy is obtained.

3.1 Introduction

The problem of reliability of a large distributed system is analyzed in the present
chapter via a new mathematical model. A typical framework is a system where files
are duplicated on several data servers. When a server breaks down, all copies of files
stored on this server are lost but they can be retrieved if copies of the same files are
stored on other servers. In the case when no other copy of a given file is present in the
network, it is definitively lost. Failures of disks occur naturally in this context, these
events are quite rare but, given the large number of nodes of these large systems, this is
not a negligible phenomenon at all at network scale. See the measurements at Google
in Pinheiro et al. [130] for example.

In order to maintain copies on distant servers, a fraction of the bandwidth of each
server has to be devoted to the duplication mechanism of its files to other servers. If,
for a short period of time, several of the servers break down, it may happen that files
will be lost for good just because all available copies were on these servers and that the
recovery procedure was not completed before the last copy disappeared. The natural
critical parameters of such a distributed system with N servers are the failure rate y of
servers, the bandwidth A allocated to duplication of a given server, and the total number
of initial files Fy. The quantity A represents the amount of capacity that a server allocates
to make duplication to enhance the durability of the network. If there are initially too
many files in the system, the duplication capacity at each node may not be able to cope
with the losses due to successive failures of servers and, therefore, a significant fraction
of files will be lost very quickly. An efficient storage system should be able to maximize
both the average number of files B = Fy/N per server and the durability, i.e. the first
instant TN (§) when a fraction 6 € (0,1) of files which are definitely lost.

3.1.1 Models with Independent Losses of Copies and Global Duplication
Capacity

A large body of work in computer science has been devoted to the design and the
implementation of duplication algorithms. These systems are known as distributed
hash tables (DHT). They play an important role in the development of some large scale
distributed systems and are quite popular right now like in cloud computing, see Rhea
et al. [137] and Rowstron and Druschel [144] for example. Except extensive simulations,
little has been done to evaluate the performances of these algorithms.

Several approaches have been used to investigate the corresponding mathematical
models. Simplified models using birth and death processes have been used often, see
Chun et al. [36], Picconi et al. [128] and Ramabhadran and Pasquale [134]. In Feuillet
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and Robert [61] and Sun et al. [154], the authors studied how the durability T(J) scales
with the number of servers N and the maximum number of copies d of each file, under
simplifying assumptions on file losses and the duplication mechanism. Firstly, in their
model, each file copy is assumed to be lost at a certain fixed rate, independent of other
copies. Secondly, they assumed that the duplication capacity can be used globally. This
means that when each of N servers has an available bandwidth A to duplicate files, the
total capacity for duplication, AN, can be used to create a copy of any file from any server
in the system to another. With these assumptions, the mathematical representation of the
network is significantly simplified because it is not necessary to know the locations of
copies of files to derive the dynamics of the system. In particular, in [154], a Markovian
model with a fixed state space of dimension d+1 has been investigated: if for 0 <
i<dandt >0, XZN (t) is the number of files with i copies, then the vector XN (t) =
(XJ(t), XN(t),..., X} (t)) is a Markov process on IN“*! under the hypothesis that the
global capacity AN is devoted to a file with the least number of copies. They have shown
that the durability TN (6) is of the order N?~! for a large N under certain conditions.
Limit theorems were established for the rescaled process (XN (N9~1t)) using various
technical estimations. In Sun et al. [156] the impact of placement policies, i.e. policies
determining the location of the node to make a copy of a given file, is investigated.

3.1.2 Stochastic Models with Local Duplication Features

In this chapter, we consider a more realistic stochastic model for these systems,
dropping the two main simplifying assumptions of previous works on copy losses and
duplication capacity.

i. Simultaneous losses due to server failure. Each server can fail with a constant rate y,
and independent of other servers. When a server fails, all copies on that server are
lost simultaneously, and therefore, the copy losses are not independent anymore.
This dependency and bursty losses of file copies has a crucial effect on system
performance.

ii. Local duplication capacity. The duplication capacity is assumed to be local, that is,
each server has a capacity A to duplicate the copies of files present on that server.
In particular, this capacity cannot be used to copy files of other servers, as it is case
for models with a global duplication capacity.

iii. Duplication Policy: Priority to files with smallest number of copies. The capacity of
a server is allocated to duplicating one of its own files which has the smallest
number of copies alive in the network. It is copied, uniformly at random, onto one
of the servers which does not have such a copy.

Without a duplication mechanism, it is not difficult to see that the probability that a
given file with d initial copies has still at least one copy at time t is O(d exp(—put)) for
a large t, when p is the failure rate of servers. If, initially, there are |BN| files, all with
d>2 copies scattered randomly in the network, the average fraction of files with at least
a copy at time ¢ is thus O(pd exp(—put)). The central question is how much a duplication
mechanism can improve these (poor) performances.

One cannot expect, intuitively, that the average lifetime of a file will grow
significantly with N as in the case of a global duplication capacity, see Sun et al. [154]
where the decay occurs only on the “fast” time scale t — N“9~'t. In contrast, as it will
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be seen, the decay of our system occurs in fact on the “normal” time scale t — t. The
main aim of this chapter is of investigating the exponential decay rate of the fraction of
the number of files alive at time t with bounds of the form

Ce Mt

Of course duplication is of interest only if k<1 and in fact is as close to 0 as possible.
The goal of this chapter is to investigate the decay of the system described above via a
mean-field approach. This is the key problem of these systems in our view.

With these assumptions, our mathematical model turns out to have stark differences
compared to previous stochastic models. For a system of fixed size N, the exact
dynamics of the system under above duplication mechanism is quite intricate, and
hence, obtaining mathematical quantitative results to estimate the coefficient x is quite
challenging. A natural approach is of studying the performance of the system when the
number of servers N goes to infinity.

To illustrate in a simpler setting the difficulties of these models, we first consider the
case where there are at most two copies of each file stored on the system (d=2). In this
case, a Markovian representation of the state of the system can be given by

(XN(8)) = (X](t),i,j =0,1,..,N), (3.1)

where for 1<i# j<N, Xf;] (t) is the number of files which have copies on server i and j at

time ¢, and X} (#)=X) (t) is the number of files having only one copy located on server
i. The state space of the state of a given node is therefore of dimension of the order of
N which does not seem to be not amenable to analysis since the dimension of the basic
state space is growing with N.

To overcome this difficulty, we introduce a reduced state representation in which
each node i is described by only two variables: the number of files whose unique copy
is on server i and the number of files with two copies and one of the copies is on i. The
empirical distribution associated with such a representation has values in a state space
of probability distributions on IN?, two integer valued variables give the state of the
node. Instead of a state of dimension N. This dimension reduction comes at a price, the
loss of the Markov property. We prove nevertheless that this non-Markovian description
of the network is converging in distribution, as N goes to infinity, to a nonlinear Markov
process, (R(t)=(Ry(t), Rz(t)) EIN? satisfying the following Fokker-Planck Equations

SE (FRi(),Ra()) = AE ((fR()+e2—er) = FR(E)) Ly, )01

+AP(Ri() > 0)E (f(R(t)+e2) — f(R(1)) )
+ 4 (£(0,0) = F(R(1))) + pE ( (f(R(D)+er—e2) — f(R()) ) Ra()), (3.2)

with e; = (1,0) and e, = (0,1), and f is a function with finite support on IN?. In
this setting the asymptotic fraction of the number of files alive at time t is given by
ERi(1) +E(Ra(6)/2

The asymptotic process (R(f) = (Ry(t), Ra(t)) is a jump process with a type of jump,
x — x+e; having time-dependent and distribution-dependent rate given by AIP(R (t) >
0) which is the nonlinear term of this evolution equation.
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3.1.3 Rate of Convergence to Equilibrium

It will be shown that the non-homogeneous Markov process defined by Relation (3.2)
is converging to the unique distribution =5 ), the Dirac measure at (0,0), corre-
sponding to a system with all files lost. The decay of the network is then closely related
to the convergence rate to equilibrium of this Markov process.

In our case, as we have seen before, the problem is of finding a constant x>0 for
which the asymptotic fraction of the number of files alive at time f has an exponential
decay with parameter px, i.e.

E (Ry(1)) + %ﬂz (Ra(t)) < <R1(0) + ;R2(0)> e > Q. (33)

The convergence rate can be defined in terms of the Wasserstein distance between the
distribution P; of the distribution at time ¢ and the equilibrium distribution 7,

Wi (P, 7r) def inf {IE(d<X, Y)): Xdi:St'Pt, Ydi:st,n} ’

where d(-,-) is some distance on the state space. One has to find the best possible
constant a such that the relation

Wi (P, ©) < Wi (P, m)e ™ (3.4)

holds for all +>0.

For homogeneous, i.e. “standard”, Markov processes, this is already a difficult
problem. For finite state spaces, tight estimates are known for some random walks,
see Aldous and Diaconis [41] for example. When the state space is countable, results are
more scarce. Lyapunov functions techniques to prove the existence of finite exponential
moments of hitting times of finite sets can give a lower bound on the exponential decay
«. This is, in general, a quite rough estimate for a, furthermore it does not give an
estimate of the form (3.4). See Section 6.5 of Nummelin [120], see also Chapter 15 of
Meyn and Tweedie [111].

In the continuous case, i.e. with Brownian motions instead of Poisson processes,
some functional inequalities have been successfully used to obtain Relations of the
form (3.4), see Markowich and Villani [108] and Desvillettes and Villani [46] for surveys
on this topic. This approach for the case of the discrete state space turns out to be
more difficult to use. Some generalizations have been proposed by Caputo et al. [30],
Joulin [84] and Ollivier [121] for some jump processes. They can be used with some
success, see Alfonsi et al. [6] and Thai [162] for example. For classical birth and death
processes on IN, the assumptions for these results lead to some quite specific (and strong)
conditions on the birth and death rates in order to have a positive exponential decay «.

For non-linear Markov processes, which is our case, the situation is, of course,
much more complicated. Recall that, in this context, there may be several invariant
distributions, so that convergence to equilibrium is more delicate notion. Note that this
is not our case however. Ideas using the functional inequalities mentioned before have
been also used but for specific stochastic models. See Carrillo et al. [31] and Cattiaux et
al. [32] for a class of diffusions and Thai [162] for a class of birth and death processes.
They do not seem of any help for the class of models we consider. To the best of
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our knowledge, the results of optimality concerning the exponential decay a are quite
scarce. Only lower bounds are provided generally. For the non-linear Markov processes
associated to the mean-field results in this chapter, our approach will mainly use some
monotonicity properties to derive lower bounds on the exponential decay.

In a first step, the present chapter develops a mathematical framework to get a
convenient asymptotic description of our network (Equations (3.2)), and, secondly, to
obtain explicit lower bounds on its exponential decay. This program is completed in the
case d=2. In particular it is shown that Equation (3.3) holds some a constant k=x, . Note
that, however, as it can be expected in such a complicated context, we are not able to
show that the constant K;_ is optimal. As it will be seen, the case d>2 is more awkward
in terms of an asymptotic picture but results on the exponential decay of the network
can be nevertheless obtained by studying a non-linear Markov process dominating, in
some sense, the original Markov process.

Outline of the Chapter

Section 3.2 introduces the main evolution equations of the state of the network.
Section 3.3 investigates the existence and uniqueness properties of a nonlinear Markov
process, the main result is Theorem 3.1. This process turns out to be the limit of a
reduced description of the network. Section 3.4 shows the mean-field convergence of
the reduced description of the network to this asymptotic process, this is Theorem 3.2.
Section 3.5 studies the asymptotic behavior of the nonlinear Markov process. A lower
bound on the exponential decay, with respect to time, of the fraction of the number of
initial files still alive at time t is derived. These results are obtained in the case when
the maximal number of copies for a given file is 2. Section 3.6 investigates the case of
a general d. By using a simpler stochastic model, for which a mean-field limit result
also holds, a multi-dimensional analogue of the set of equations (3.2) is introduced and
analyzed. It gives a lower bound on the exponential decay of the number of files present
in the network. It is expressed as the maximal eigenvalue of a d xd matrix. The proofs
of the main results rely essentially on several ingredients: careful stochastic calculus
with marked Poisson processes, several technical estimates, Lemmas 3.1 and 3.2, and
mean-field techniques.

3.2 The Stochastic Model

In this section, we describe the dynamics of our system. Recall that the system has
N servers, and until Section 3.6, it is assumed that each file has at most two copies in
the system. Recall the Markovian representation (XN (t)) defined in (3.1), that is,

N . N ..
XU (t) = (X;(t),1 <1,j <N),

where, for 1<i<N, X%(t) is the number of files whose unique copy is located in server i
at time t, and Xf\;(t) is the number of files with a copy on server i and on server j,
1<j<N, j#i. Note the symmetry Xf\]’(t):X]I\g(t), and by convention, X[i(-)=0. We
assume that all files have initially two copies and are randomly scattered on the network,
as described below.
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Assumptions 3.1. (Initial State) For 1<i<N, there are A; files on server i and each file
¢=1,...,A; has another copy on server V; ;, where
— A;ji=1,... N, are i.i.d. square integrable random variables on IN,
— For each i, Vi{\é,ﬁzl, are ii.d. random variables with uniform distribution over
{1,...,N}\{i}.

Hence, X[\,(0)=0 and
N A 4
xN(0) = I . I -
z,](o) gzzl {Vf)’z]} +£:21 {V/I‘;:l}

The total number of initial files is therefore Png’Al +Ay+ - --+Ap, and the initial
average load of the system is

The initial mean number of copies of files per server is therefore 2p.

The initial state described in Assumption 3.1 have two main properties. First, it is
exchangeable, in the sense that the distribution of X" (0) is invariant under permutations
of server indices, and second, the two copies of each file are uniformly distributed over
all servers. Alternatively, one can also assume that the total number of files Fy is a fixed
number, without changing the results of this chapter.

Transitions of the State Representation

The transitions of the Markov process (XN (t)) is governed by server failures and file
duplications, as described below. Throughout this chapter, f(t—) denotes the left limit
of a function f at time ¢.

— Server failure. Each server i breaks down after an exponential time with
parameter p. At each breakdown, all copies on server i are lost, and the server
restarts immediately but empty. It is in fact replaced by a new one. If a
breakdown happens at time ¢,

Xf\;(t) =0, forallj=1,.,N,
XN (t) =0,
X%(t) = X]%(t—)%—X%(t—), for all j #i.

— Duplication. If there are files on server i with only one copy (i.e. X%(t)>0), one
of such files is copied at a rate A onto another server j € {1,..., N}\{i} chosen
uniformly at random. If the duplication is completed at time ¢,

X%(t) = X}}g(t—)—l,
X{j(t) = X{Yj(t—)—kl.

Note that (XN(t)) is a transient Markov process converging to the state with all
coordinates being 0 (all copies are lost).
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Stochastic Evolution Equations

We can describe the dynamics of (XN(t)) using stochastic integrals with respect to
Poisson processes. Throughout the chapter, we use the following notations for Poisson
processes.

— N is a Poisson point process on R with parameter ¢ > 0 and (Mg ;) is an ii.d.

sequence of such processes.

— N is a Poisson point process on R% with intensity ¢ dt dh and (Ng;) is an ii.d.

sequence of such processes.

— For 1<j<N, the random variable \/y': UN_ (¢ 1) is a marked Poisson process,

(t]n) is a Poisson process on R ; with rate A and (LI,]1) is an i.i.d. random variables
with uniform distribution over {1,...,N}\{j}. In particular, for 1<i<N,
(N )%I]N (+,{i})) is an i.i.d. sequence of Poisson processes with rate A/ (N—1).

With a slight abuse of notation, we denote N, ]def N u]N (-,IN), which is a Poisson process
with rate A. See Kingman [96] and [25] for an introduction on ordinary and marked
Poisson processes. All Poisson processes used are assumed to be independent.

For every j=1, ..., N, failure times of server j are given by the epoch times of a Poisson
process \V,, ;. A marked Poisson process N, Au N captures duplications of files from server

j as follows: for n>1, at the nth event time t] of N UN XN (t] —)>0, a file on server j

is copied onto the server whose index is given by the mark U{l.
The process (XN (t)) can then be characterized as the solution of the following system
of stochastic differential equations (SDEs): for 1<i, j<N, j#i and t>0,

dxfj(t) = —X}j(t—) [N,,,i(dt) +N,,,j(dt)}
+ H{X%(t—po}/\/g]{N(dt' {i}) + H{X%(t—)>0}NﬂN(dtr {i}), (5

and
N

dXN(t) = = XD (t—)N,,,i(dt) — H{X%(FM}NM(dt) +Y XN(E-)Ni(d).  (3.6)

j=1

Classical results on Poisson processes show that the process

</0tll{x%( Ly NEN (s, {]})_L 10001 ds)

is a martingale whose previsible increasing process is

/\ t
(N— 1 /o Loxyo>03 ds) '

See, for example, Section 4 of Chapter IV of Rogers and Williams [142]. Therefore, for
1<i#j<N,

t
XN(t) = XN(0) — 2u /O XN(s) ds

At
+ N7/ < {xN(s)>0} +]I{X]%(s)>0}) ds + MJi(t), (3.7)
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and
X%(t) ]/t/ X ds—)\/ II{X (5)>0} ds
+yZ/X ) ds+ M), (3.8)

where (./\/l%(t)), 1<i<N, and (Mf\;(t)), 1<i<j<N, are local martingales with the
respective previsible increasing processes:

t At
(M) O =2u | (x(s)) " ds + 1/1[{X ooy 5+ 577 | om0} 9

and
<M%>(t):y/0t(X%(s ds—l——/H{XN >O}ds+y/z

3.3 An Asymptotic Process

As mentioned in the introduction, for 1<i<N, the state of each server i at time t can
alternatively be described by the pair

RY(t) = (R} (1), R5(1)), (3.9)

where Rf?]l (t) (resp. Ryz(t)) is the number of files with one copy (resp. two copies) at node
i. This reduced representation can be obtained from the full Markovian representation
(XN(t)) via

RN(t)=XN(t) and R, ZX

Therefore, the evolution equations of (RN(t)) can be deduced from the SDEs (3.5)
and (3.6):

dR)(t)= — R} (t—)N,i(dt) — ]I{RE, >0}NA1 (dt) + ;x —)N,,i(dt)  (3.10)
JFL

dR}Yz(t):—Rffz(t—)/\/w(dt)Jr]I{RN B }NAz‘(dt)

= 2 XPi(t=) N, (dt) +Z]I{RN > } N (at {i}). (3.11)
J#i J#i

The process (RN (t))=(RN(t),1<i<N) lives on a state space of dimension 2N instead of
N2. The process (RN (t)) still captures the information on the decay of the system since,
for example, the total number of files which are still available in the network at time ¢
can be expressed as

NN 1N
Y RN (E) + ERi,Z(t)'

i=1
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This dimension reduction comes at the price of the loss of the Markov property.
The evolution equations of (RN(#)) are not autonomous, they depend on the process
(XN(t)), and, consequently, the process (RN(t)) does not have the Markov property.
However, as it will be seen, the limit in distribution of (RN (t), RN( )) turns out
to be a nonlinear Markov process, or a so-called McKean—Vlasov process. See e.g.
Sznitman [158]. In this section we characterize this limiting process, while the proof
of convergence as N goes to infinity is given in the next section.

An Intuitive Introduction of the Asymptotic Process

The purpose of this section is only of motivating the asymptotic process; rigorous
arguments to establish the convergence results are given later. Fix some 1<i<N and
assume for the moment that (RN, (#), RY(t)) is converging in distribution to a process

(R1(t), Ra(t)). Define the positive random measure

(10,4)) dEf/Zx i(ds).

i

It will be shown later in Lemma 3.1 that for a fixed 1<i<N, with high probability when
N is large, all the variables (Xf\]’(t), 1<j<N) are either 0 or 1 on a fixed time interval.

In particular, PV is asymptotically a counting process, i.e. an increasing process with
jumps of size 1, with compensator given by

y/zx ) ds = y/R

j#i

See Jacod [80] or Kasahara and Watanabe [88] for example. The convergence in
distribution of the process (RzNz(S)) to (Ra(s)) and standard results on convergence of
point processes give that PN converges to P®, an inhomogeneous Poisson process with
intensity (Ra(t)) which can be represented as

PE(d) = /H{0<h<R }Nu(dt dh).

See e.g. Kasahara and Watanabe [88] and Brown [26]. Recall that NV is a Poisson process
on R? with intensity y dt dh (see Section 3.2). By formally taking the limit on both sides
of Equation (3.10) as N gets large, this yields that the process (R;(t), R2(t)) satisfies the
relation

AR (1) = —Ry(t= )N (dt) ~ L oy N (dh) + /R Locperye Nt dh). (312)

A similar work can be done with Equation (3.11). Consider the counting measure

O [Tl N @ 1)),

j#i

which has the compensator, see Jacod [80],

/N ZRN >o}
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Again formally, it follows from the asymptotic independence of different servers and
the law of large numbers limit for the processes (R;\’1 (t)) that

Jm (575 D) = 2 @0 > 0),

j#i

and therefore, QN converges in distribution to an inhomogeneous Poisson process with
intensity (IP(R;(s)>0)). Therefore, taking limit from both sides of Equation (3.11) as N
gets large, one obtains that the process (Rx(t)) satisfies

dRy(t) = —Ra(t—)N,(dt) +H{§l(t7)>0}/\&(dt)
- /]R+ H{Oﬁhéﬁz(tf)}ﬁ}l(dtl dh) + /]R+ ]I{oghgn)(ﬁl(t)>o)}NA(dtz dh). (3.13)

The first result establishes the existence and uniqueness of a stochastic process satisfying

the SDEs (3.12) and (3.13). For T > 0, let Dr def. D([0,T],IN?) be the set of

cadlag functions from [0, T] to IN? and dr(-, ) denotes the distance associated with the
Skorohod topology on D7 and under which Dr is complete; see Page 125, Section 12
Chapter 3 of Billingsley [19].

Theorem 3.1. (McKean-Viasov Process) For every (x,y) € IN?, the equations

[ Ry()=r— /0 "Ry(5— )N (ds) /O I (oo VA (ds)

i [0,t] xRy H{Oﬁhﬁﬁz(sf)}ﬁy(ds,dh)l

_ t__ .
Ro(t)=y— /O Ry(s— )N, (ds) — / /MXIR+ Lgepcryo )y Vo (ds, dh)

t —
+/0 Lig, (s )>0yNalds) + /[0 xR, Liocnap(®,()>0) )N a(ds, dh).

(3.14)

have a unique solution (Ry(t), Ro(t)) in Dr.

The set of probability distributions on Dr is denoted as P(Dr). Theorem 3.1 states

that there exists a unique 7 st (R1(t), Ry(t)) in P(Dr) which satisfies Equation (3.14).

See Rogers and Williams [142] for definitions of existence and uniqueness of a solution.
Note that the solution to Equation (3.14) solves the Fokker-Planck Equation (3.2) of the
introduction.

Proof. Define the uniform norm || - ||, on Dr, if f = (f1, f2) € Dr,

| flleo,r = sup{[If(£)]| : 0 < t < T} = sup{|fa(t)| + [fa(t)| : 0 <t < T}

One can introduce the Wasserstein metrics on P(Dr) as follows, for 7t1, 1o € P(Dr)

Wr(m, mp) = inf / [dr (w1, w2) N1 drr(w), (3.15)
w:(wl,wz)eD

7T€CT(7'L’1,7'[2) %

pr(m, m) = inf (w1 — walleo,r A 1] drt(w), (3.16)

HGCT(T[LT[z) ~/(,(}_(w1,(,()2)€D%
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where a Ab = min{a, b} for a, b € R and Cr(m, m2) is the subset of couplings of
my and 71y, i.e. the subset of P(DrxDr) whose first (resp. second) marginal is 71
(resp. 7). Since (Dr, dr) is separable and complete, the space (P (D7), Wr) is complete,
which gives the topology of convergence in distribution on P(Dr). Clearly, for any
11, 11y € P(Dr), one has the relation Wr(my, 712) < pr(m, m12).

Let ¥ : (P(Dr), Wr)—(P(Dr), Wr) be the mapping that takes 7t to the distribution
¥ (7r) of Ry, where (Rx(t))=(Rz1(t), Rz2(t)) is the unique solution to the SDEs

X—/ Ry1(s—)Nyu(ds)— /]I{R,Tl )03 VA (ds)

+ ,/[o,t]XIR+ ]I{OShSRmz(s—)}NV (ds,dh),

/ Ry a(s—) N, (ds) / / T(oner, (o N u(ds, dh)
[0,f]] xR+
+/0 IR, (s—)>0pNa(ds)+ /[0 Ljo<h<r(r(s)>0 N a(ds, dh),
JxR+

with initial condition (R;1(0), R2(0))=(x,y). Note that

i(ri(t) > 0) = /w: i Ler (>0 drt(w).

The existence and uniqueness of a solution to Equations (3.14) is equivalent to the
existence and uniqueness of a fixed point 7="¥ (7).

For any 7, r, € P(Dr) then, let R,, and Ry, both be solutions to the equations of
the display above driven by same Poisson processes. Therefore, the distribution of the
pair (R, (t), Ry, (t)) is a coupling of ¥ (7t,) and ¥(71;), and hence,

(¥ (7a), ¥ (75)) < E([[Rr, — R, [looyt) - (3-17)
For t<T, using the definition of R, and R,,

|R7, — Ra, ||oo,s=sup (|Rr,1(s) — Ry, 1(8)] + R, 2(s) — Rﬂh,2(5)|)

s<t

t
< [ (1Rt (5=) =Ry 15-)] + Ry 2(5=) ~Ror (5= ) N ()
t
L2) A LTSRISSIRS AR RACD

t (o] .
+2 /0 /0 ]I{Rm,,z(sf)ARﬂh,z<s7>ShSRnﬂ,z(sf)anb,z(sf)}N u(ds, dh)

t (o] I
+/0/0 I, (11 (5) 50) Aty (11 (5)>0) <h < 7 (11 (5) >0) vty (11 (5)>0)} N A (s, dlt). - (3.18)

We bound the expected value of each of the terms of the right-hand side above. First,
for /=1, 2,

(/ IRy, 0(s Ry, o(s—)| Ny, ds>—yIE </ |Rrz,0(s)—Rp, (s ]ds) (a)

<p [[B(IRn - Rm,nm,s) ds
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For the second term on the right-hand side of (3.18), since Ry, 1(s) and Ry, 1(s) are
integer valued,

‘H{Rna,1<s>>0} - H{R,,b,l(s>>o}\ < Ry 1(8) = Re 1 (s)],

and hence, using (a), we have the bound

t t
E </O ‘H{Rm,1<s—>>0} _H{Rnb,1(s—)>0}‘j\/}l(ds)> = ”/o E (||Rr, = Rry ) ds. ()

Similarly, for the third term on the right-hand side of (3.18), we have

t [e ] .
E </0 /0 ]I{Rnﬂz S* /\Rﬂbz(sf)<h<Rna2(Sf \/R”bz S* }N.ll(ds’ dh))
= [ B(Ra2(6)Ra2(6)) a5 < g [ B (IRe~Rayll.) ds @
Finally, for the last term on the right-hand side of (3.18),
t [} .
E </0 /0 L1, (71 (5)0) A7ty (71 (5)>0) <h < 7ta (1 () >0) vty (71 (s)>0) 1V A (S, dh))
t
= [ mu(n(s)>0) =y (11 (5)>0) ds. ()
Note that for every coupling teCr(7,, 7tp) of 7, and 7,
t
/O 1724 (11 (5)>0) — 77, (r1 (5)>0) ds
_/ ‘71 7 )>0> ((r”,rb) :r?(s)>0)‘ds
= /0 /w—ua,rb)ep% 90} W00y I77(dew) ds
t
< r2(s)—r2(s)| A1 7t(dw) ds.
< o MO -AE A1 ()
By taking the infimum among all the couplings of 7, and 71, we have

[ 172(1(6)0) = my(ra(5)>0)] ds < [ pu(a, ) s ©
0 0

Now, by combining the estimates (a), (b), (c), (d), (e), we conclude
t t
E((IRx = Rulls) < 4 +30) [ B (IR = Rayll) ds + 2 [ oo, o) s,
Gronwall’s inequality then gives

t
E (IR, — Reyllo) < CT/O oi(mt, ) ds,  Wte[0,T],
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with Cr=Aexp(2A+3u)T. Hence using (3.17), we have

t
pi(¥ (), ¥(m)) < Cr [ p(mam)ds,  WEe (0,7, (3-19)

Uniqueness of the fixed point for the equation ¥ (7r)=7m follows immediately from
(3.19). Also, a typical iterative argument proves the existence: pick any 1o€P(Dr), and
define the sequence (7,) inductively by m,.1=%(7,). It follows from Relation (3.19)
that
(TCr)"

n!

T
Wr(7tys1, ) < p1(7Tps1, ) < /0 ps (71, 0) ds.

The metric space (P(Dr), Wr) is complete, and therefore the sequence (7,) converges.
Since Y is continuous with respect to the Skorohod topology, its limit is necessarily a
fixed point of ¥. This completes the proof. ]

3.4 Mean-Field Limit

The empirical distribution AN(t) of (RN(t),1<i<N) is defined by, for f a function
on IN?,

™=z

AN = L3 RN = &
N ! N

i=1 i

£ (RN (5, R (1)

Il
—

As it has already been remarked, at the beginning of Section 3.3, the process (AN(t))
does not have the Markov property. The goal of this section is to prove that the
stochastic process (AN(t)) is converging in distribution as N goes to infinity, that is,
for any function f with finite support, the sequence of stochastic processes (AN ()(f))
converges in distribution. See Billingsley [19] and Dawson [42].

The main result of this section is the following theorem.

Theorem 3.2. (Mean-Field Convergence Theorem) Suppose the process (XN (t)) is initialized
according to Assumption 3.1. The sequence of empirical distribution process (AN (t)) converges
in distribution to a process (A(t))€D (R, P(IN?)) which is defined as follows: for f with finite
support on IN?,

AW L E(f (Ri(t), Ralt))),

where (Ry(t), Ra(t)) is the unique solution of Equations (3.14).
Moreover, for any p>1, the sequence of finite marginals (RZN1 (1), R%(t), 1<i<p) converges

in distribution to ((R;1(t), Ria(t)), 1<i<p), where (R;1(t), Ri2(t)) are iid. processes with
the same distribution as (Ry(t), Ra(t)).

The last statement is the “propagation of chaos” property.

3.4.1 Uniform Bound for (RN(t))

We start with a technical result which will be used to establish mean-field
convergence. It states that, uniformly on a compact time interval, the number of files
with a copy at a given server i is stochastically bounded and that, with a high probability,
all other servers have at most one file in common with server i. This is a key ingredient
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to prove that the non-Markovian process (RN (t), (RN (t)) is converging in distribution
to the nonlinear Markov process described in Theorem 3.1.

Lemma 3.1. If the initial state of the process (XN (t)) is given by Assumption 3.1, for 1<i<N
and T>O0 then, for icN,

2
sup E ( sup (RlNl(t) + RlNz(t)> ) < 00 (3.20)
N>1  \0<t<T

and if

a-N(T)”’éf‘{ sup Xg(t)zz},

then there exists a constant C(T) independent of i such that P (EiN(T)) <C(T)/N.

Proof. For i=1, ..., N, the total number of files DI\(]) initially on server i satisfies
DY, & RN (0)+RN(0) = XN (0) + ZX = At Z Z Ty (3.21)
j#i =

and hence, E (D%) =2E (A7) and Var(Dl%):2var(A1)—|—]E (A1) N/(N—1). Also, the

total number of files Dl{\]l (t) copied on server i from all other servers during the interval
[0, t] verifies

DYDY [T o NI ) < TN 0. G
, — |y {leo(s)>0} fE

Therefore, for every t<T, E (DlNl(t)) <AT and E <Di,Nl(t)2) <2AT. The bound (3.20)
then follows from the inequality

sup (RN(t) + R (1) < DY(T) +DN(T)
0<t<T

For the next part, note that on SZ-N (T), there exists 1<j<N such that either server i or j
makes two copies on the other one or both i and j make one copy on the other during
the time interval [0, T]. Recall again that server i initially copies A; files on other servers,
and that the total number of files copied from server i onto server j during (0, T| is
upper bounded by NN(T, {j}). Define the sequence (Z}),1<i<N, (>1) as follows:

N=V} when 1<€<A1, and Z[)= u, 4 When £>A;. For the first A; indices ¢, zN s
are therefore the indices of servers which received an initial copy of a file of server i,
while the subsequent Zi%s are the server indices on which (potential) duplications from
server i can take place. (Z 11\2) is therefore a sequence of i.i.d. random variables uniformly
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distributed on {1,..., N}\{i}. Therefore, P (EN(T)) <P (BY), where

N
def. . .
Y= U U {Zh=izje=i}

j=Lj#i | 1<0<A+Li(T)
1<V'<A+Li(T)

U @=izh=i U {Vﬁilvj%})

1§€#£'§Ai+Li(T) 1§€#E/SA]+L](T)

with L;(T)=N, ([0, T])+A;. Since the probability of each of the elementary events
of the right hand side of this relation is 1/(N—1)?, Z ss are independent of Ly/(T) for
all k, k', and E (L;(T)) =AT+E (A;1). It is then easy to conclude. O

3.4.2 Evolution Equations for the Empirical Distribution

Denote e1=(1,0) and e;=(0, 1), and define the operators

(x+er—er)—f(x), AT(f)(x)=f(x—erter)—f(x),

for x€IN? and f:N?—R. For every function f:N?—IR; with finite support, it follows
from Equations (3.10) and (3.11) and using martingale decomposition for the Poisson
processes, we have

dF (RN (1)) = dMY, (1) + AT ()R () g oy Al
85 (RN (D) s Ty 20) &+ [0, 0)—A(RY )] et

LR 0 ) RO, 629
j#i

where M }I?’ ; is a martingale. The jth term of the last sum on the right-hand side above

corresponds to the event when server j breaks down and therefore the copies of Xfi(t)
files at node j are lost, and the remaining copies are only located at node i. Using the
notation of Lemma 3.1 then, outside the event EN(T), Xf\;(t) is either o or 1, and hence,

te0, T,

LR+ X0 - ) = SRY)] = REWS (RN )
j#i
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By summing up both sides of Relation (3.23) over i and denoting N*=IN\{0}, we have

A=A O MFO 1 [ [ A7) 1) o A (5) ) s
+£_N1/tAN (s ]N*XIN)/ A (f) (x, ) AN (s)(dx, dy) ds — HN(#)
b [ [ 0,0 = Fry) AN () (e, dy) ds

o /0 /N VA () (x,9) AV(s) (dx, dy) ds + HY (), (324

where
MY (6) = < (MI) + MYa() 4+ MYy (D),
0 = 3 [ [ AT A (9)(dx, dy) d
1Y
HY () = g 1 ) W) s
with
W) = X (FORN () + X (0)er = 2)) = FRV(0)) = [ yA*(F) (e y) AN (1) ().

j#i
Now, we investigate the asymptotic properties of the terms of the right hand side of
Equation (3.24).

3.4.3 The negligible terms

We first prove that the two processes (HN(t)) and (HY(t)) converge to zero in
distribution as N goes to infinity. For the former, the result follows immediately from

the simple bound

2AT
1Y [leo 7 < N -

For (Hé\[(t)), first note that, for 0<t<T and 1<i<N, hé\{i(t) is non-zero only on the
event 51-N (T), and hence,

1 NhN _ 1N N o .
WL < sup 5 3B [FRNE)+ X)) emen) (RN

By an application of Cauchy-Schwartz inequality and using Lemma 3.1, there exists a
constant C1(T) such that

3 Ly Cu(T)
; (‘R21|°°T]I{£ZN(T)}) < Nz‘; (|R21 ooT) P (eN(T))< \1/N :
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ngﬂoolE< g /21 )ZO'
(t

which implies that the process (HY(t)) is also vanishing in distribution.

Consequently,

3.4.4 The Martingale

Careful calculations show that the previsible increasing process of (M }\] (t)) is given

by
(M) 1) = (a6t + a3 ).
with
N ot
Gl =1 [ (8 RN+ A0 (05 (1)
N 2
RS RN ) Ty opoay @5

and

60 =3 [ (0.0~ f(RY )

2
+ Y [f( +XN( )(31_32))_f<R]N(S))]]I{XN(s)>O}) ds.
j#i i

From the simple bounds ||GY ||« <16 - NT||f||3, and

|G loor < SNTI£II3 (1+IR 12,7 )

and, by using Relation (3.20) of Lemma 3.1, we get

. N _
a5 () m) o
Therefore, by Doob’s inequality, the martingale (M}\’ (t)) converges to zero in distribu-
tion as N goes to infinity.

Proposition 3.1. (Tightness of the Empirical Distribution Process) The sequence (AN(t)) is
tight with respect to the convergence in distribution in D(R;, P(IN?)). Any limiting point
(A(t)) is a continuous process which satisfies

ADE=AO) A [ [ AT )T Als) (d, dy) ds
—I—/\/ )(IN*xIN) / A (f)(x,y)A(s)(dx, dy) ds
b [ 0,0 = Fey)AG) (dx, dy) ds

e /0 [ Y5 (A y) Al (v dy) ds - (.25)
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for every function f with finite support on IN?.

Note that the Fokker-Planck Equation (3.2) of the introduction is the functional form
of the stochastic Equation (3.25).

Proof. Theorem 3.7.1 of Dawson [42] states that it is enough to prove that, for any
function f on IN? with finite support, the sequence of processes (An(-)(f)) is tight
with respect to the topology of the uniform norm on compact sets. Using the criterion
of the modulus of continuity (see e.g. Theorem 7.2, page 81 of Billingsley [19]), we need
to show that for every >0 and #>0, there exists a §p>0 such that if <éy then,

P o<su$ . IAN(E)(f) = An() () =] <e (3.26)
I?féa

holds for all NeN. Fix 0<s, t<T with |t—s|<{, and remember the equality (3.24) for the
process (AN(t)(f)). We have already shown that the processes (HN(t)), (HY(t)), and
(M }V (t)) vanish as N goes to infinity. For the remaining terms on the right-hand side
of (3.24), note that there exists a finite constant Cy such that

/St /]N AT (F) (%, y) Lm0y AN (u) (dx, dy) du| < Cod|f|leo,

J AN N [ A5 (7) (e ) AN 1) () | < Cod s,

and

/st /Nz(f(ofo) — f(x,v))AN (1) (dx, dy) du

Also, by Relation (3.20) of Lemma 3.1 shows that there exists C; <oco independent of N
such that

:[E <
1 Y N
S?-IIwaO”NZIE sup Rjp(u) | < Cid||flleo
i=1

0<u<T

< Cod|| f 1| eo-

/st /IN2 yAE(f)(x,y) AN (u)(dx, dy) du

If follows from the Chebishev’s inequality that the sequence (AN(:)(f)) satisfies
Relation (3.26), and hence it is tight.

Moreover, if A is a limiting point, from Relation (3.24) and the fact that the processes
H{\[ , Hé\l ,and M}V vanish as N gets large, one obtains that Relation (3.25) holds, Finally,
it is straightforward to show that all the terms on the right-hand side of (3.25) are
continuous in t. t

We now show that Equation (3.25) that characterized the limits of (AN(t)) has a
unique solution.
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Lemma 3.2. Let (A(t)) be a solution to equation (3.25) with an initial condition A(0), a
probability on IN? with bounded support. Then, for any T>0, there exists a constant Cr such
that for all K>21log(2),

t
sup /0 /]I\pyll{yZK}A(s)(dx,dy) ds < Cre X/2, (3-27)

0<t<T

Proof. For all t < T, since y < exp(y/2) if y > 21log(2), then for K > 2log(2),
/]N2 vl >k At) (dx, dy) < e K/2 /]N2 e/ A(t)(dx, dy). (3-28)
For every K; > 0, using equation (3.25) for A with f replaced by
f(xry) = ex+y]I{x+y§Kl}/

and since AT (f) = A*(f) = 0, we have

[ MMy AW (A dy) < [ e AQ)(dx,dy)

t
+Ale—1) /0 /NZ ey y<k 3 A(s)(dx, dy) ds
t
+pt/0 <1 — /11\12 ey y<k 3 A(s) (dx, dy)) ds.

By an application of Gronwall’s inequality, there exists a constant ct independent of K;
such that

sup el y<ky A(t)(dx, dy) < cr.
0<t<T /IN?

The bound (3.27) can be obtained by letting K; go to infinity in the above inequality,
and substituting it in Relation (3.28). O

Proposition 3.2 (Uniqueness). For every Ao a probability on IN* with finite support,
Equation (3.25) has at most one solution (A(t)) in D(RT, P(IN?)), with initial condition Ao.

Proof. Let (Al(t)) and (A%(t))eD(Ry,P(IN?)) be solutions of (3.25) with initial
condition Ag. Let f be a bounded function on IN? and #>0, we have

N - ON=A [ [ ATy (M) — A26)) (dx,dy) ds
| "AL(s) (N xN) [ 85 () (AM) = A%(s)) (dx, dy) ds
+A /Ot <A1(s) — A2(5)> (N*xIN) /]N2 AS (f)(x,y)A?(s)(dx,dy) ds
s [ [L0F0,0) = £ (A1) — A(9)) () ds
[ [ s Py (A1) - A%6)) (dx,dy) s
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For any signed measure m on IN?, denote

[|m||rv = sup {/sz(x,y)m(dx, dy), f : IN? = R with || f]|e < 1}.

Therefore, for every f on IN? with || f||<1 and every K>0, we have

A0 - A2 <(6A+242) [ [AT() ~ A2(5) v s
+2pu /O t /N Yl A (5) (da, dy) ds+2p /0 t /NZ Yl A2(s) (dx, dy) ds.

Now using (3.27) of Lemma 3.2, and taking the supremum over all functions f on IN?
with || f]le < 1, we have

t
IAT(5) = A2(B)llrv < 4uCre™/2 + (61 +2p + 2pK) /0 1Y (s) = A*(s) v ds.
Therefore, by another application of Gronwall’s inequality,

HAl(t) o Az(t)HTV < 4‘1/!CT€_K/2€(6A+2H+2VK)t.

For t<1/(4u), by letting K go to infinity in the above relation, one gets that A'(t)=A2(t).
By repeating the same argument on successive time intervals of width less than 1/(4u),
one obtains the uniqueness result. O

Now we can conclude the proof of Theorem 3.2.

Proof of Theorem 3.2. Let (x,y)EN? and Ag=0(y,), then if (Ri(t), Ra(t)) is the unique
solution of Equation (3.14) and the measure valued process (A!(t)) is defined by, if f is
a function with finite support on IN?,

def. - =
AB)(f) = E (f(Ri(t), Ra(1))) ,
it is straightforward to check that this is a solution of Equation (3.25). The convergence of
(AN(t)) follows from Propositions 3.1 and 3.2. The last assertion is a simple consequence
of Proposition 2.2 in Sznitman [158]. O

3.5 An Asymptotic Bound on the Decay of the Network

The asymptotic process (R(t))=(R1(t), R2(t)) of Theorem 3.1 is an inhomogeneous
Markov process with the following transitions: if (R(f)) is in state r=(ry,72) at time ¢,
the next possible state and the corresponding rates are given by

r—ei+en with rate A]I{r1>0}

0,0) with rate
r— {( ) # (3.29)

] and 7 +— ]
r+e; with rate Ap(t) {r—i—el—ez with rate pry,

where p(t)=P (R;(t)>0) is the non-linear part of the dynamic. A simple feature of
this process is that it resets to the state (0,0) at the epoch times of a Poisson process
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with rate y, and between two consecutive epoch times, the sum of its coordinates grows
according to an inhomogeneous Poisson process with rate p(-). With this observation,
the following proposition gives a representation of the distribution of the total number
of copies with the function (p(t)).

Proposition 3.3. If the initial state of (Ry(t), Ry(t)) is (0,72) with ro€IN then, for u€|0,1]
and t>0,

B t
E (uRl(t)+R2(t)> =e My exp <—A(1—u)/ p(z) dz)
0
t S
+/ exp <—A(1—u)/ p(t—2) dZ> pe ' ds.
0 0

Proof. From Relation (3.29), one obtains that the transition rates of the process (R (t)+Ra(t))
are given by
r+— r+1, atrate Ap(t) and r — 0, at rate .

The Fokker-Planck equation associated to this process yields the relation

d g (L RO+RMY _ v Ri()+Ra(t)
a]E(ul 2 )—y+()\p(t)(u 1) y)]E(ul )

It is then easy to conclude. O

The problem with the above formula is that the function t +— p(f) is unknown. In
the following, we obtain a lower bound on the asymptotic rate of decay of the network,
i.e. the exponential rate of convergence of the process (R (t), Rz(t)) to (0,0).

Recall that R (t) and RY,(t) are the number of files on server i with one and two
copies, respectively. Therefore, the quantity

N

LR ()

i=1

N —

LN(t) = inﬂ(t} +

is the total number of distinct files in the system at time t. By Theorem 3.2,
Equation (3.20) of Lemma 3.1, and an application of the dominated convergence
theorem, we have

(we) < tim (50 = (B Ru0) + 1B (Ralt) )

N—o0

The following proposition gives therefore a lower bound on the exponential rate of decay
(L(£))-
Proposition 3.4. If (R(t))=(Ry(t), Ra(t)) is the solution of Equation (3.14), then

E (Rit) + 3R] < B (Ri(0) + R(0)) e 0, (3:30)

where

_ 2_
K (x) = (3+x) 2(3+x) 8, YER

and p=A/ .
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The quantity &, (o) is thus a lower bound for the exponential rate of decay. When
there is no duplication capacity, i.e. A=0, «; (0)=1 and the lower bound becomes j, the
failure rate of servers, as expected. On the other hand, when the duplication capacity
goes to infinity, the lower bound goes to 0.

Proof of Proposition 3.4. Let m1(t)=E (Rq1(t)) and my(t)=IE (Ry(t)). Taking expectation
from both sides of Equations (3.14), we conclude that the pair (mj,m,) satisfy the
following set of Ordinary Differential Equations (ODEs):

{rm(t) = —Ap(t) + u(ma(t) — my (1)),
ip(t) = 2Ap(t) — 2umy(t).

Defining g(t)=my(t)—p(t), then clearly 0<g(t)<mj(t). The ODEs (3.31) can be
rewritten as

(3-31)

) =G ()
where A is the matrix n (—(;\j\_y) _Zy> |

It has two negative eigenvalues, —ux; (p) and —ux, (p) with
oy BFp)—/(B+p)2-8 = (B+p)+/(3+p)*—8
KZ (p) - 2 4 KZ (p) - 2 N
Defining the constants y1=(—pi; (0)+A+u)/ 1, ya=(—px; (0)+A+u)/u,
1
= — 0)+m32(0)), d h= 0)—m32(0)),
yl—yz( yom1(0)+m>(0)), and hy — (y1m1(0)—m2(0))

the standard formula for explicit solution of the linear ODE (3.32), with ¢ regarded as
an external force, gives

m1<t) = hle_]””(;(p)t + hze_‘uKE(p)t (3'33)

hy

t —
-5 Ay / g(s) {(yzjuz)e—m;(p)(t—s)_(y1+2)e—mz (p)(t—s)} ds,
1—Y2J0
my(t) = yrhye 19 O 4y ppe= 1o (0 (334)
t —
-5 )\y / g(s) [(yz—}—?_)yle—HK;(P)(t—S)_(y1+2)y28—ykz (p)(t—s)} ds.
1—Y2J0

Therefore, using the fact g(s)>0 in the first inequality, and the relations y; >y>>—2 and
Ky (p) <k, (p) in the second inequality below, we conclude

o (F) + o (t) = (1 + ﬂ) He =1 ()t (1 + %) hpe 1z ()t

2 2
_ y)\]/;(yﬁrz) (y2+2) /tg(s) (e*zﬂfz*(p)(tﬂ)_e*w@(p)(tﬂ)) ds
1—12 0
Y1\ gy ot (o)t Y2\ 1, 015 (o)t
§<1+2)hle 2 +<1+2)hze 2

< <m1(0) + ;mz(0)> etz ()t
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This completes the proof. O

3.6 The Case of Multiple Copies

In this section, we consider the general case where each file has a maximum number
of d copies in the system. We now describe the algorithm without too much formalism
for sake of simplicity. The duplication capacity of a given node is used for one of its
copies corresponding to a file with the least number of copies in the network. Provided
that this number is strictly less than d, a new copy is done at rate A at random on a node.
See Section 3 of Sun at al. [156] for a quick description of how this kind of mechanism
can be implemented in practice. The node receives copies from other nodes from this
duplication mechanism. As before, at rate y all copies of the node are removed.

As it will be seen in the next section, the model does not seem to be mathematically
tractable. To understand the effect of the maximum number of copies d on the
performance of the file system, we study the asymptotic behavior of a stochastic model
which is dominating (in some sense) our network. We study the decay rate of this new
model.

The initial condition of our system are given by the following assumption.

Assumptions 3.2. (Initial State) There is a set Fy of Fy initial files, and for fcFy, a subset
of d nodes of {1, ..., N} is taken at random and on each of them a copy of f is done.

It should be noted that, with the duplication mechanism described above, a copy
can be made on a node which has already a copy of the same file. But, with a similar
approach as in the proof of Lemma 3.1, it can be shown that on any finite time interval,
with probability 1, there is only a finite number of files which have at least two copies
on a server. In particular, this assumption has no influence on the asymptotic results
obtained in this section since they are concerning asymptotic growth in N of the number
of files alive at time ¢.

With these assumptions, if f is a file, f€Fy, one denotes by AJIY (t)c{1,...,N} the
subset of nodes which have a copy of f at time t. The cardinality of the set A}\] (t) is
denoted as c}\] (t), it is at most d. The process

(AN () E (AN (1), feFN)

gives a (Markovian) representation of the time evolution of the state of the network.

3.6.1 The Additional Complexity of the Model

A analogous Markovian description as for the case d=2 can be done in the following
way. If S is the set of non-empty subsets of {1, ..., N} whose cardinality is less or equal
tod and, for A € S, if X}/ (t) is the number of files with a copy only in the nodes whose
index isin A,

XN =), ]I{ANU):A}

feEFN
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then it is not difficult to show that (XN (t))=(X%(t), A € S) is a Markov process, even
if its transitions are not so easy to write formally. Following the analysis done for the
case d=2, it is natural to introduce, for 1<i<N, and 1<k<d, the quantity

REM =Y xNn= Y 1, )
T ke g a0

is the number of files having k copies in the whole network, with a copy on server i. It
is the equivalent of the variables RY(t) and RY(t) of the case d=2.

The vector RY(t) = (RN(t),1 < k < d) gives also a reduced representation of the
state of the node i at time ¢. It turns out that the evolution equations of this model are
much more involved. To observe why our method cannot be worked out for general
d>2, let us try, as in Section 3.3, to heuristically obtain the transition rates of a possible
asymptotic limit process for this model. Fix 1<k<d and 1<i<N, ¢ is the kth unit vector
of N%, and r=(r;)=(RN(t—)), then the process (RN(t) jumps from r to r—ex+e1 at
time t according with two types of events:

a. due to the duplication capacity at node i, at rate A, if ri=rp=---=r,_1=0 and
r>0. Recall that only files with the least number of copies are duplicated.

b. If a file present at i in k copies is duplicated on one of the other k—1 servers having
a copy of this file, conditionally on the past before ¢, it occurs at rate

1

AV — XN (t-).
j; {R}Y({(tf):o,1§€<k,R]N/k(t7)>O} Rﬁfk(t_) AES;,]'GA
card(A)=k

The first event is similar as in the case d=2, the jump rate can be expressed in terms
of the vector r. This is not the case for the second event. The last sum of the above
expression does not seem to have an expression in terms of the components of the
vector r. It requires a much more detailed description. The information provided by
r is not enough, even in the limit when N goes to infinity as it is the case when d=2.
Consequently, it does not seem that one can derive autonomous equations describing
the asymptotic dynamics of (RN (t)).

3.6.2 Introduction of a Dominating Process

We now consider the following related Markov process. We first describe it
without too much formalism for sake of simplicity in terms of a duplication system.
Note however that this is not an alternative algorithm but merely a way of having
a mathematically tractable stochastic process that will give us a lower bound of the
exponential decay rate of the initial system. For convenience, we will use nevertheless
the terminology of “files”, “copies”, “duplication” and “servers” to describe this new
process.

The initial condition is also given by Assumption 3.2. If f is one of the files of the
network, as long as the total number of copies of f is strictly less that d, each of the
nodes having one of these copies generates a new copy of f at rate A at random on a
node. The case of multiple copies on the same server is taken care of as for the process
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(AN(t)). The failures of a given node occur according to a Poisson process with rate y
and, as for our algorithm, all copies are lost.

The system works the same as the original model, except that each file on a server
i with strictly less than d copies in the network, has a dedicated duplication rate A,
regardless of any other copy on that server. Consequently, if, for 1<k<d, a node has 7
files, each of them with a total of k copies, at a given time, the “duplication capacity” of
this node for (YN(t)) is given

A (1’1—{-1’2—{- < +7’d71)

instead of A in our algorithm. Remember nevertheless that such system is not possible
in practice, it is used only to estimate the performances of the algorithm introduced at
the beginning of this section.

For feFy, one denotes by B}\] (t) the finite subset of {1,..., N} of nodes having a

copy of f at time ¢ and its cardinality is denoted by d}\] (t). We define

(BN (1) (BN(1), feFn).

In this model, for ke{1,...,d} and 1<i<N, we will denote by Tl{\,’((t) the number of files
of type k and with one copy on node i at time t>0, this is the analogue of the variable
Rﬁ((t) defined above,

TN(t) = I .
ik (t) er];N {zeB}’(t),dj’}’(t):k}
For a given node i, if (Tl{\,’((t—), 1<k<d)=r=(ry), provided that there are no multiple
copies on the same server just before time ¢, the transition rates of this process at time ¢
are given by
r—er+er,1, atrate Akry, 1<k<d,
NN { kT Ck+1 k <

r+ex—1—e, u(k—1)ry, 1<k<d.
and
(0,0), atrate p,
r = 1
r+ex, A (k—1)X;, _ .
N—k+1 erfN {igB) (Y (1-)=k—1}

Note that the last sum is the sum of the terms Y}Z\,’(fl (t—), j=1, ..., N minus some term

which is less that (k —1)T}}_,(t—). The term T)}_,(¢—), with appropriate estimates
as in Section 3.4, will vanish in the limit when divided by N—k+1. Consequently,
asymptotically, the transitions of the vector (T (t)) can be expressed as a functional of
its coordinates. With the same methods as for the original model for d=2 in Section 3.4,
it is not difficult to show that an analogue of Theorem 3.2 holds.

Theorem 3.3. (Mean-Field Convergence Theorem) Suppose the process (AN(t)) is initialized
according to Assumption 3.2. The process of the empirical distribution

(AN(t) ( 2 O(TN (1) 1<k<d )
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converges in distribution to a process (A(t) € D(Ry, P(IN?)) such that : for f with finite
support on N,

A L E (f (Ti(1)),

where (T(t))=(Tx(t)) is a nonlinear Markov process with the following transition rates: if
(T(t)) is in state r=(ry) just before time t, the next possible state and the corresponding rates
are given by

s (0,0), u and r—extexr1, Akrg, 1<k<d
r+er, AE (Tyq(t), 1<k <d r+ec_1—er, uk—1)r, 1<k <d.

An argument similar to that in the proof of Theorem 3.1 shows the existence and
uniqueness of the Markov process (T(t)). Note that the nonlinear component is now
given by the vector of the mean values E(T(t)), k=1, ..., d.

The limiting Markov process (T(t))=(T(t)) can also be seen as the solution of the
following SDEs, for t > 0

dT;(t) = —Ty (= )N, (dt)— /]R Tocner, o)V (de, di)
+/]R+ Looneryo ) Valdt ), (3.35)
for 1<k<d,
dT(t) = —Ti(t—)Ny(dt)
_ /R ocenyoy Vit di) + /IR oser, o)V i (e di)
- /]R+ Locnete )N -1y (dt, dh)+ /]R+ Lfoan<ty )} NV (dt dh)

+/]R I[{OghglE(Tk_l(t))}NA,kfl(dt/dh)/ (3-36)
.

dT4(t) = ~Ta(t=)Nu(d) + [ Tfooyenr, ) Va1 (At )

+ /JR+ H{Oghgfi,l(t—)}N(d—l)/\(dtr dh) — /]R+ H{OShSTd(t—)}N(d—l)y(dt' dh). (3.37)

The interesting property of these SDEs is that the vector of expected values can be
expressed as the solution of a classical ODE, as the next proposition states.

Proposition 3.5. For t>0, the function V (t)=IE[T(t/u)] satisfies

d
gV () =M, V(1), (338)
with
—(p+1) 1 0 0
20 —2(p+1) 2 0 0
0 30 —=3(p+1) 3 0 0
M,=| .. .
0 0 ko —k(p+1) k 0
0 0 do —d
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and p=A/u. Moreover, the matrix M, has d distinct negative eigenvalues and the largest of
them, —x7 (p), satisfies

qet. & pF1 1
0 <xy(p) <Kalp) = <Z k> <l (339)

Finally, there exists a positive constant Ko such that, forall 1 < k < dandt > 0,
E (Tk(t)) < Koe #%i (0)t, (3.40)

Proof. Equation (3.38) can be obtained by taking the expected value of both sides of the
integral version of Equations (3.35), (3.36) and (3.37). For the next claim, since the matrix
M, is a tridiagonal matrix, it has d distinct real eigenvalues (see e.g. Chapter 1 of Fallat
and Johnson [60]). If D is the dxd diagonal matrix whose kth diagonal component is

1/+/kp*=1, then

~(p+1) /3 0 0
V2o =2(e+1)  \/ep 0 0

0 Voo —3(p+1) 120 0 0
0 0 JEETDp —k(p+1) VEERIDp 0
. . d(‘d“—l)p -

is a symmetric matrix with the same eigenvalues as M,. A straightforward calculation
shows that its associated quadratic form is given by

DM,D'=

2

d—1
def.
q(x1, . xg) = =) <\/kpxk — \/(k—l—l)ka) — %2, (x1,..,x5) €RY,
i=1

which implies that all eigenvalues of M, are negative. The maximal eigenvalue of the
symmetric matrix can be expressed as

sup (4(y) 1y = (1, va) € RY, Jyll = 1),

with [[y||?=y3+ - - - +y3, see e.g. page 176 of Horn and Johnson [76]. Taking the vector
x=(x1, ..., x4) such that

Xe=Xk—14/ —p, 1<k<d,

and x; is chosen so that ||x||=1, one gets the upper bound (3.39).

Finally, Equation (3.38) shows that the components of V(-) can be expressed as a
linear combination of the functions (exp(Axput)), 1<k<d. Since all eigenvalues of M, are
negative, —« is the largest eigenvalue, Relation (3.40) follows. O

Remarks
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1. We have not been able to get a closed form expression for the actual exponential
decay rate k7 (p) associated to the process (Ti(t)). However, the upper bound
x4(p) defined in Equation (3.39) gives a lower bound for the decay rate. In
Figure 3.1, we plot the ration %;(p)/x; (p) for different values of p and d.

2. Note that if the duplication rate A is larger than y, i.e. p>1, then

lim x; (p) = 0.
A K (e)

19
18
17t

TRTTT
o 01 R W N

Figure 3.1 — Accuracy of the upper bound of Relation (3.39): The ratio %4(p)/x (p) for
various values of p and 4.

Finally, for the case d=2, we can compare our result on the decay rate of file system
with the decay rate of the process (E(T(t))).

Corollary 3.1. For d=2, if (T1(0), T2(0))=(0, r2), we have

Gl 7’2 _ + _ _
E(T;(H)) = ——2 (e M (o)t _ pmpry (o)t
) = o )
- 2 et o
E(T)(t) = —F—F—-—"—— e ()t _ oy, o hiy ()t )

where

(o) def. (3+p) £ 2(3+p)2—8

and yidg'—xét%—p—i—l.

The definitions with + just indicate that the identities are taken for + and —
separately. Note that the definition of x; (p) is consistent with the definition of
Proposition 3.5.
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Proof of Corollary 3.1. The above proposition can be used but the work has already been
done to prove Proposition 3.4. It is not difficult to show that

(1 (£), ma(t)) = (B (Tw(t)) , B (T2(t)))

satisfies Relation (3.31) with p(t)=m;(t), i.e. so that ¢(#)=0 with the notations of the
proof of Proposition 3.4. One concludes by using Relations (3.33) and (3.34). O

A Bound on the Exponential Decay Rate of the Algorithm

Since the duplication mechanism associated to the process (B}V (t)) is more active

than for our algorithm, intuitively the decay rate of our system should be faster that
the decay rate of the process (B}\’ (t)). The following lemma will be used to establish

rigorously this relation.

Lemma 3.3. There exists a coupling of the processes (AN (t)) and (BN(t)) such that, almost
surely, for all f€Fy and t>0, A}\’(t)CB}\’(t).

Proof. This is done by induction on the number of jumps of the process (BN(t)). By
assumption one can take AN(0)=BN(0). If the relation .AJI(\] (t)CB}\] (t), at the instant
t = 7, of the nth jump of (AN(t)) and (BN(t)). We review the different scenarios for
the next jump after time T, at time 7,41,

1. if some node ip€{1,..., N} fails, then, for f€Fy,
A}V(THH):AJIEJ(TH)\{iO} if iOEA}\](Tn), A}V(Tnﬂ):A}\](Tn) otherwise,

and a similar relation holds for B}\] (Tys1)- The relation A}\] (t)CB}V (t) still holds
for t=1,1 since it is true at time T,.

2. If a duplication occurs for the process (AN(t)) at time 7,41 at some node
ipe{1,...,N} and for file a feFy, In particular 1'06.,4}\] (Tx) and therefore, by
induction hypothesis, iOEB}V (Tx), so that we can couple both the duplication

process for both processes (AN(t)) and (BN (t)) as follows

— If card(B}\] (Tw))<d. A copy is made on the same node for both processes
(AN (1)) and (BN (1)).

— If card(B}\] (Tw))=d. There exists some node iy such that iog.A}\] (tn) and
iOEB}\](Tn). We can then set A}\[(Tn+1) = A}’(rn)u{io}, remember that for the

process (BN (t)) the servers where to make a copy are also chosen at random.
In both cases the relation A}\] (Tn+1)CB}\] (Ty+1) will hold.

3. If a duplication occurs for the process (BN (t)) at time 7,1 but not for the process
(AN(t)) then, clearly, the desired relation will then also hold at time T, 1.

t
The following proposition gives an estimation of the rate of decay of the network.
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Proposition 3.6. If LN(t) is the number of files alive at time t,

NOESY

feFn ]I{A?I(t)#@}/

then there exists a constant Ky > 0 such that, for all t > 0,

N
limsup E (L (t)) < Kle—HKI(P)f,
N—+o00 N

where k7 (p) is the constant defined in Proposition 3.5.
Proof. By using the coupling of the last proposition, one gets

E(LN() < ¥ P(BY() #0)

fG]'—N

E(Th(H) = Nkizl %]E (%) -

=

<y E(B}’(t)) :iké

foN

Theorem 3.3 gives the convergence of the sequence of processes (T{j’k(t)) to the solution
of the EDS (3.35), (3.37) and (3.37). It is not difficult to obtain an analogue of Lemma 3.1
which guarantee the boundedness of the second moments of the variables TN, (t), k =
1,...,d, which gives the convergence of the first moments. One has obtained the relation,

N d
limsup E <L ]\gt)> < kg:l %]E (Tk(t)),

N—+o0

one concludes with Inequality (3.40). The proposition is proved. O
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This chapter consists of two sections.

The fist section is devoted to the analysis of the efficiency of allocation algorithms
in a large storage distributed system. Three allocation algorithms are tested against
simulations in the context of a real implementation of a DHT network: Random, Least
Loaded and Power of Choice. A mathematical model is presented to explain the
phenomenon observed in the simulations.

In the second section, we have developed a large urn model with local mean-field
interactions to study general local allocation algorithms on a abstract symmetrical graph.
We present a thorough study on the large scale, long time and heavy load behaviors of
this model. Results in the first section can be seen as an application of results in the
second section.
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4.1 Motivations: allocation in large storage distributed system

Abstract Distributed storage systems such as Hadoop File System or Google File
System (GFS) ensure data availability and durability using replication. Persistence
is achieved by replicating the same data block on several nodes, and ensuring that
a minimum number of copies are available on the system at any time. Whenever
the contents of a node are lost, for instance due to a hard disk crash, the system
regenerates the data blocks stored before the failure by transferring them from the
remaining replicas. This section is focused on the analysis of the efficiency of replication
mechanism that determines the location of the copies of a given file at some server. The
variability of the loads of the nodes of the network is investigated for several policies.
Three replication mechanisms are tested against simulations in the context of a real
implementation of a DHT network: Random, Least Loaded and Power of Choice.

The simulations show that some of these policies may lead to quite unbalanced
situations: if B is the average number of copies per node it turns out that, at equilibrium,
the load of the nodes may exhibit a high variability. It is shown in this section that a
simple variant of a power of choice type algorithm has a striking effect on the loads of
the nodes: at equilibrium, almost 100% of the nodes are less than 2. Furthermore, the
load of a given node has in fact a uniform distribution between 0 and 2. In particular
the load of a random node of the network for this algorithm is bounded by 2 which is
an interesting property for the design of the storage space of these systems.

A mathematical model is presented to explain this unusual, quite surprising,
phenomenon. The analysis of these systems turns out to be quite complicated mainly
because of the large dimensionality of the state spaces involved. Our study relies on
probabilistic methods to analyze the asymptotic behavior of an arbitrary node of the
network when the total number of nodes gets large. An additional ingredient is the
use of stochastic calculus with marked Poisson point processes to establish some of our
results.

4.1.1 Introduction

For scalability, performance or for fault-tolerance concerns in distributed storage
systems, the pieces of data are spread among many distributed nodes. Most famous
distributed data stores include Google File System (GFS) [66], Hadoop Distributed
File System (HDFS) [21], Cassandra [101], Dynamo [43], Bigtable [34], PAST [144] or
DHASH [40].

Distributed data storage permits to enhance access performance by spreading the
load among many nodes and by placing conveniently pieces of data. It can also
improve fault tolerance by maintaining multiple copies of each piece of data. However,
while implementing a distributed data store, many problems have to be tackled. For
instance, it is necessary to efficiently locate a given piece of data: to balance the storage
load evenly among nodes, to maintain consistency and the fault-tolerance level. While
consistency and fault-tolerance in replicated data stores are widely studied, the storage
load balance has received little importance despite of its importance.

The distribution of the storage load among the storing nodes is a critical issue. On a
daily basis, new pieces of data have to be stored and while a failure occurs, maintenance
mechanisms are supposed to create and store new copies to replace the lost ones. A key
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feature of these systems is that the storage infrastructure itself is dynamic: nodes may
crash and new nodes may be added. If the placement policy used does not balance the
storage load evenly among nodes, the imbalance will become harmful. The overloaded
nodes may have to serve much more requests than the others, and in case of failure, the
recovery procedure will take more time, increasing the probability to lose data.

To circumvent this issue most systems rely on data redistribution. They use a hash
function in the case for distributed hash tables (DHTSs) [144, 40]. However, as shown in
previous studies, these systems imply many data movements and may lose data under
churn [104]. Rodrigues and Blake have shown that classical DHTs storing large amounts
are usable only if the node lifetime is of the order of several days [140].

In this section we study data placement policies avoiding data redistribution: once a
piece of data is assigned to a node, it will remain on it until the node crashes. We focus
specifically on the evaluation of the impact of several placement strategies on the storage
load balance on a long term. To the best of our knowledge, there are few papers devoted
to the analysis of the evolution of the storage load of the nodes of a DHT system on such
a long term period. Our investigation has been done in two complementary steps.

1. A simulation environment of a real system to simulate several years of evolution of
this system for three placement policies which are defined below: Random, Least
Loaded and Power of Choice. See Figures 4.1 and 4.2.

2. Simplified mathematical models to explain some of the surprising results obtained
through simulations for the Random and Power of Choice Policies. We show that

for a large network, if B is the average load per node and Xlg, [resp. Xg] is the
load of a node at equilibrium for the random policy [resp. power of choice policy]
then, for x > 0,

X
Iim P| —+=>x|=e*
B—+o0 ,3
X, 1-x/2 ifx<?2
lim P | =£ >x|= X 1 X (4.1)
B—r+o0 ‘3 0 if x Z 2.

See Theorems 4.2 and 4.3 below. The striking feature is that, for the power of choice
policy, the load of a node has, in the limit, a finite support [0, 2] for a large average
load per node B. This is an important and desirable property for the design of
such systems, to dimension the storage of the nodes in particular. Note that this
is not the case for the random policy. The simulations of a real system exhibit this
surprising phenomenon, even for moderately large loads, see Figure 4.2.

It should be noted that, usually, power of choice policies used in computer
science and communication networks are associated with loglog N loads instead
of log N loads, see Mitzenmacher [112], or with double exponential decay for tail
distributions of the load instead of simple exponential decay, see Vvedenskaya et
Al [165]. Here the phenomenon is the asymptotic finite support instead of an
exponential decay.

A mathematical model is presented to explain this unusual, quite surprising,
phenomenon. The analysis of these systems turns out to be quite complicated
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mainly because of the large dimensionality of the state spaces involved. Our study
relies on probabilistic methods to analyze the asymptotic behavior of an arbitrary
node of the network when the total number of nodes gets large. An additional
ingredient is the use of stochastic calculus with marked Poisson point processes to
establish some of our results.

The section is organized as follows. The main placement policies are introduced
in Section 4.1.2. Section 4.1.3 describes the simulation model and presents the results
obtained with the simulator. Concerning mathematical models, the Random policy
is analyzed in Section 4.1.4 and Power of Choice policy in Section 4.1.4. All (quite)
technical details of the proofs of the results for the random policy are included. This
is not the case for the power of choice policy, for sake of simplicity and due to the
much more complex framework of general mean-field results, convergence results of
the sample paths (Proposition 4.4) and of the invariant distributions (Proposition 4.6)
are stated without proof. A reference is provided. The complete proof of the important
convergence (4.1) is provided in both cases nevertheless.

4.1.2 Placement policies

To each data block is associated a root node, a node having a copy of the block in
charge of its duplication if necessary. During the recovery process to replace a lost copy,
the root node has to choose a new storage node within a dedicated set of nodes, the
selection range of the node. Any node of this subset that does not already store a copy of
the same data block may be chosen. Three policies of placement are investigated.

Least Loaded Policy

For this algorithm the root node of the data block selects the least loaded node,
in terms of storage load, of its selection range not already storing a copy of the same
data block. This strategy clearly aims at reducing the variation of storage loads among
nodes. As it has been seen in earlier studies, this policy has a bad impact on the systems
reliability,see [147]. Indeed, a node having a small storage load will be chosen by all
its neighbors in the ring. Furthermore, this policy implies for a root node to monitor
the load of all the nodes of its selection range, which may be costly. It is nevertheless
in terms of placement an optimal policy. It is used in this section as a reference for
comparison with the other policies.

Random Policy
The node chooses uniformly at random a new storage node within its selection range
among nodes not already hosting a copy of the same data block.

Power of Choice Policy

For this algorithm, the root node chooses, uniformly at random, two nodes of its
selection range not storing a copy of the data block. It selects the least loaded among
the two.
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It is inspired of algorithms studied by Mitzenmacher and others in the context of
static allocation schemes of balls into bins in computer science, see [112] for a survey. In
queueing theory, a similar algorithm has been investigated by the seminal Vvedenskaya
et al. [165] in 1996. There is a huge literature on these algorithms in this context.
Our framework is quite different, the placement is dynamic, data blocks have to move
because of crashes, and the number of requests is constant in the system contrary to the
queueing models. The idea is nevertheless the same: reducing the load by just checking
some finite subset instead of all possibilities.

4.1.3 Simulations

Our simulator is based on PeerSim [82], see also [114]. It simulates a real distributed
storage system. Every node, every piece of data, and every transfer is represented. Each
piece of data is replicated and each copy is assigned to a different storage node.

System model We have simulated N nodes, storing Fy; data blocks with a fixed size s
and replicated k times. The nodes and the data blocks are assigned unique identifiers
(id). The nodes are organized according to their identifiers, forming a virtual ring, as it
is usual in distributed hash tables (DHTSs) [144, 40]. To each data block is associated a
root node, a node having a copy of the block in charge of its duplication if necessary. See
below.

Failure model Failures in the systems occur according to a Poisson process with a
fixed mean of seven days. The failures are crashes: a node acts correctly until it fails.
After a crash it stops and never comes back again (fail-stop model). All the copies stored
become unavailable at that time. To maintain the number of nodes constant equal to N,
each time a node fails, an empty node with a new id joins the system at the same position
in the ring of nodes.

Simulation parameters In the simulations, based on PeerSim, the parameters have
been fixed as follows:

— The number of nodes N=200,

— the number of data blocks Fy;=10000,

— the block size s=10MB,

— the replication degree of data blocks k=3,

— the mean time between failures (MTBF) is 7 days.

The network latency is fixed to 0.1s and the bandwidth is 5.5Mbps.

At the beginning of each simulation, the N nodes are empty and the Fy; blocks
are placed using the corresponding policy and the system is simulated for a period of
2 years. We have studied the storage load distribution and its time evolution. With
these parameters, the average load is f=kx FY;/ N=150 blocks per node. The optimal
placement from the point of view of load balancing would consist of having 150 blocks
at every node. We will investigate the deviation from this scenario for the three policies.
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Network simulation The impact of policies on bandwidth management has been
carefully monitored. In case of failure, many data blocks have to be transferred among
a subset of nodes to repair the system. Taking into account bandwidth limitation and
network contention is crucial since a delayed recovery may lead to the loss of additional
blocks because of additional crashes in the meantime.

Recovery mechanism Concerning the data blocks it is root for, a node is responsible:

— to regularly check the presence of all copies;

— In case of failure of a node having a copy of a data block, it has to select a node.
This node has to transfer the data block from one of the remaining copies in the
system.

Note that in case of failure of a node, lost data blocks will involve, in general,
different root nodes. Each root node is only responsible for the recovery of the data
blocks it is root for. The mechanism in charge of the failure of root nodes (each node is
both root for many data blocks and stores copies for many data blocks) is beyond the
scope of this section, see, for example, the work on RelaxDHT [104]. What is important
here is that, each time a node fails it is eventually detected, and for each data block it
stores, a new node is chosen to store a new copy replacing the lost one. See Section 4.1.4
for a discussion of this assumption from the point of view of the mathematical model.

We have also observed that the wider the selection range, the faster the recovery
process is. Intuitively, this can be easily explained as follows: if the number of sources
available for transfers is large then the local traffic at each of the nodes will be reduced
thereby reducing congestion and therefore delays and, potentially additional losses. We
now focus on the placement policies within the selection range.

Simulation results

Figure 4.1 shows the evolution of the average load of a node with respect to the
duration of its lifetime within the network. One can conclude that:

— For the Least Loaded strategy, the load remains almost constant and equal to the

optimal value 150 . By systematically choosing the least loaded node within the
selection range to store a data block copy, the storage load tends to be constant
among nodes.
As observed in simulations, this policy has however two main drawbacks. First,
it requires that nodes maintain an up-to-date knowledge of the load of all the
nodes within their selection range. Second, it is more likely to generate network
contention for the following reason: If one of the nodes is really underloaded, it
will receives most of the transfer requests of its neighborhood. See [147].

— For the Random strategy, the load increases linearly until the failure of the
node.This is an undesired feature since it implies that the failure of “old” nodes
will imply in this case a lot of transfers to recover the large number of blocks lost.

— The growth of the Power of Choice policy is slow as it can be seen from the
tigure. It should be noted that, contrary to the Least Loaded Policy, the required
information to allocate data blocks is limited. Furthermore, the random choices
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of nodes for allocation spread the load from the point of view of the network
contention.

700

L

Power Of Choice
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Days

Load, number of data blocks

Figure 4.1 — Evolution of the Average Load of a Node with Respect to its Age in the
System.

The distribution function of the storage loads after two simulated years is presented
in Figure 4.2 . For clarity, the figure has been truncated. Each point of each policy has
been obtained with 210 runs. At the beginning, the data block copies are placed using
the corresponding strategy. After two years of failures and reparations, one gets that:

— The Random strategy presents a highly non-uniform distribution profile, note that
more 10% of the nodes have a loaded greater than 350. This is consistent with
our previous remark on the fact that old nodes are overloaded.

— For the Least Loaded strategy, as expected, the load is highly concentrated around
150.

— The striking feature concerning the Power of Choice policy is that the load of a
node seems to follow a uniform distribution between 0 and 300. In particular
almost all nodes have a load bounded by 300 which is absolutely remarkable.

Table 4.1 gives the maximum loads that have been observed for each strategy over
132 090 samples: starting from day 100, the maximal load has been measured and
recorded every day, this for the 210 runs. We can see that the mean maximum load of
the random strategy is already high (more than five times the average), and furthermore,
the load varies a lot, the maximum measured load being 2188 data blocks. This implies
that, with the random strategy, the storage devices for each node has to be over-sized,
recall that the average load is 150 data blocks.

As a conclusion, the simulations show that, with a limited cost in terms of
complexity, the power of choice policy has remarkable properties. The load of each
node is bounded by 300. It may be remarked that each possible load between 0 and
300 is represented by the same amount of nodes in average. Figure 4.2 shows that there
is approximately the same number of nodes having 0 data blocks, than nodes having
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Figure 4.2 — Distribution function of load distribution of a random node after 729 days.

Strategy Mean of Max | Min | Max
Least Loaded 153 150 | 165
Random 864 465 | 2188
Power of Choice 300 269 | 328

Table 4.1 — Statistics of Extremal Loads

150 data block or nodes having 300 data blocks. Note that this is a stationary state.
Additionally, the variation is low, we can observe in Table 4.1 that upon the 132,090
samples, the most loaded node was never above 328. From a practical point of view, it
means that, at the cost of a slightly oversized storage device at each node, a bit more
than twice the average, is enough to guarantee the durability of the system.

In the following sections we investigate simplified mathematical models of two
placement policies: Random and Power of Choice. The goal is of explaining these
striking qualitative properties of these policies.

4.1.4 Mathematical Models

The main goal of the section is of investigating the performances of duplication
algorithms in terms of the overhead for the loads of the nodes of the network. For
simplicity we will assume that the replication rate is 2, each data block has at most two
copies. Without loss of generality, we will assume that the breakdown of each server
occurs according to a Poisson process with rate 1. After a breakdown, a server restarts
empty (in fact a new server replaces it). A complete Markovian description of such a
system is quite complex. Indeed, if there are N servers and Fy; initial data blocks, for
1 <i < FY, the locations of the ith data block are either the index of two distinct servers
if there are two copies, or the index of one server if only one copy is present, or 0 if
the data block has been lost for good. A simple calculation shows that the size of the
state space of the Markov process is at least of the order of (N?/2)'~ which is huge if
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it is remembered that FY; is of the order of N. For this reason, we shall simplify the
mathematical model.

Assumption on Duplication Rate In order to focus specifically on the efficiency of
the replacement strategy from the point of view of the distribution of the load of an
arbitrary node, we will study the system with the assumption that it does not loose
files. We will only track the location of the node of each copy of a data block with
a simplifying assumption: just before when a node fails, all the copies it contains are
allocated to the other nodes with respect to the algorithm of placement investigated. In
this way, every data block has always two copies in the system.

Note that this system is like the original one by assuming that the time to make a
new copy is instantaneous. Once a server has failed, a copy of each of the data blocks
it contains is produced immediately with the remaining copy in the network. With this
model, a copy could be done on the same node as the other copy, but this occurs with
probability 1/(N—1), it can be shown that this has a negligible effect at the level of the
network, in the same way as in Proposition 4.1 below. This approximation is intuitively
reasonable to describe the original evolution of the system when few data blocks are
lost. As we will see, qualitatively, its behavior is close to the observed simulations of the
real system, few files were lost after two years.

Now Fy = 2F}; denotes the total number of copies of files, it is assumed that, for
some 8 > 0,

lim Fy/N = B.
Nir—lr—loo N/ ﬁ

B is therefore the average load per server. For 1 <i < N, LN(0) is the initial number of
copies on server i. Throughout the section, it is assumed that that the distribution of the
variables (LN(0)) of the initial state are invariant by any permutation of indices, i.e. it
is an exchangeable vector, and that

N ()2
sup M < o0, (4.2)

N>1 N

Note that this condition is satisfied if we start with an optimal exchangeable allocation,
i.e. for which, for all 1<i<N, LN(0)e{kn—1,kn} with kn=[Fn/NT.

The Random Allocation

For 1 < i < N, we denote by N; = (t;,U;) the marked Poisson point process
defined as follows:
— (#,) is a Poisson process on R with rate 1;
— U;:(U;’”) is an iid. sequence of uniform random variables on the subset
{1,..., N}\{i}.
qu 1<i<Nandn>1, tfq is the instant of the nth breakdown of server i. For p > 1,
Uy" is the server where the pth copy present on node i is allocated after this breakdown.

The random variables N;, 1<i<N are assumed to be independent. Concerning marked
Poisson point processes, see Page 130 in next subsection.

109



4.1. MOTIVATIONS: ALLOCATION IN LARGE STORAGE DISTRIBUTED SYSTEM

One will use an integral representation for these processes, if My={1,..., N}N and
f : IR+ X Mu — IR+,

Yo ft, (U /t / » GMU f(t,@)N;(dt, du).

n>1

Equations of Evolution For 1<i<N and >0, Lf\] (t) is the number of copies on server
i at time t. The dynamics of the random allocation algorithm is represented by the
following stochastic differential equation, for 1<i<N,

dLN(#) LN (#) LN (1) = —LN (t—)N;(dt, My)

N
+ Y w(IN (), )N (e di) (4.3)

m=2

where z; : Nx M/ — NN is the function

zi(0, ) = Tgy =iy + Ly + -+ + Lgymiy- (4-4)

The first term of the right hand side of Relation (4.3) corresponds to a breakdown of
node i, all files are removed from the node. The second concerns the files added to node
i when other servers break down and send copies to node i. Note that the ith term of
the sum is always 0.

Denote LN(t)=(LN(t),1 < i < N) € S=NV, then clearly (LN(t)) is a Markov
process. Not that because of the symmetry of the initial state and of the dynamics of
the system, the variables LN (¢) have the same distribution and since the sum of these
variables is Fy, one has in particular E(LN(t))=Fy/N for all N, i and t > 0. In the
following, we will only consider the process (LY (t)) due to this property of symmetry.

The integrand in the second term of the right hand side of Equation (4.3) has a
binomial distribution with parameter LY (¢) and 1/(N—1) and the sum of these terms is
Fn/(N—1) which is converging to . Hence, this suggests that this second term could
be a Poisson process with rate 8. The process (LY (t)) should be in the limit, a jump
process with a Poissonnian input and return to 0 at rate 1. This is what we are going to
prove now.

By integrating Equation (4.3) on gets the relation

LN (t) /LN ds+—Z/LN ds + MV (1), (4.5)
where (MY (t)) is the martingale
/ LY (s—) [Ny (dt, My) — ds]

+ i /Ot {zl (L,I;Z](s— 7)/\/' (ds,du) — ?\7(51) ds
m=2

The following proposition shows that the process (LY (t)) does not have jumps of
size > 2 on a finite time interval with high probability.

110



CHAPTER 4. A STUDY OF ALLOCATION ALGORITHMS

Proposition 4.1. For T > 0 then

lim P | sup dALY(t) >2] =0.
N—+oo <te[0,T] '

Proof. For 0<e<1, from Equation (4.15) in the Appendix, there exists K>0 such that
P(En x)>1—¢ holds for all N>2, if

Enk = {Sup(LiV(t) 0<t<T) < K}

On the event Ey k the probability that a failure of some node will send more than 2 new
copies on node 1 is upper bounded by (K/N)?2. Since the total number of failures on the
time interval [0, T] affecting node 1 has a Poisson distribution with parameter N—1, one
obtains that the probability that (LY (t)) has a jump of size at least 2 on [0, T] is bounded
by K2/ N hence goes to 0 as N gets large. The proposition is proved. O

Convergence to a Simple Jump Process Define
t N .
PN0, 1] = / Yz (Lﬁ(s—),ﬁ) Now(ds, du),
0 m=2

this is a counting process with jumps of size 1. Define

CN(t Z/

then (CY(t)) is the compensator of (PN[0, ]) in the sense that it is a previsible process
and that (PN[0,#]—CY(t)) is a martingale. The proof is analogous to the proof of
Proposition 4.7 in the Appendix.

Proposition 4.2. If the initial distribution of (LN (t)) satisfies Condition (4.2) then, for the
convergence in distribution of processes,

li N(t) = (Bt).

Jim (CN (1) = (B)
Proof. We first prove that the sequence (CH(t)) is tight for the convergence in

distribution with the topology of the uniform norm. By using that the sum of the
Ly’sisless than Fy, for0 <s <t < T,

(6~ o)) < ZLN ws Nt s,

Hence for any #>0 and £>0, there exists some é > 0 such that, for all N > 1,

P| sup ‘CP CP()’>;7 <e.
0<s,I<T
[t— s|<5
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The sequence (CH(t)) satisfies the criterion of the modulus of continuity, see Theorem
7.2 page 81 of Billingsley [19]. The property of tightness has been proved.
The symmetry of the variables (L, (t)) and the fact that their sum is Fy give that

E(CN () = /Otnz (L)) ds = %t.

Hence, the sequence (E(CY(t))) is converging to Bt.
By using again the same arguments, one has

E (Cll;j(ty) =E </[o,t}2[N1—11 ZLN(S)] [Nll ) L,I)l’(s’)]ds ds)

m J—
<m<N 1<m<N

ING) [ 1 IN(Gs) | \°
_2F / 1811 IN(s')| dsds’ ]E( 1 d)
< o2 N—1 [N_l 13;31\1 (S)] ° S) " /[o,t]N—l ’
N

:<NFf1t>2—2/Otw ds+E (/M IL\;ESi ds)2. (4.6)

With Lemma 4.1 of Appendix and Cauchy-Shwartz’s Inequality, one obtains therefore
that the second moment of CY (¢) is converging to (Bt)?, hence

Jim E <<c{¥(t)2 - /st)2> —0.

One concludes that finite marginals of the process (CY(t)) converge to the correspond-
ing marginals of (Bt). Consequently, (Bt) is the only limiting point of the sequence
(CH(t)) for the convergence in distribution. The tightness property gives therefore the
desired convergence. The proposition is proved. O

Theorem 4.1. If the initial distribution of (LN(t)) satisfies Condition (4.2) and converges to
some distribution 1o, then, for the convergence in distribution,

Jim (L) = (xXE (),

where (Xg(t)) is a jump process on IN with initial distribution 1ty whose Q-matrix Q=(q(x,y))
is given by, for x€IN, q(x,x +1) = B and q(x,0) = 1.

See also Proposition 4.14 below.

Proof. By using Proposition 4.1, Proposition 4.2 of the Appendix and Theorem 5.1
of [88], one concludes that the sequence of point processes (PN[0,t]) is converging in
distribution to a Poisson process N with rate .

Recall that 'y (dt, My;) = (t}), from SDE (4.3), one has
dLN(t) = —LN(t—)N;(dt, My) + PN(dt),

thus, for t>0,
LYV(t) = PN(tL, 1) if £ <t < th .
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The convergence we have obtained shows that (L{'(t)) is converging in distribution to
(L1(t)) where
Li(t) = Np(ty 1] if ty <t < t,q.

This is the desired result. O

Proposition 4.3. The equilibrium distribution of (LY (t)) is converging in distribution to Y?,
a geometrically distributed random variable with parameter B/ (1 + B).

Proof. Denote by 7'(113\' the invariant distribution of the process (LY (t)). By symmetry, we

know that F
N _N
Ery (L) = N’

hence the sequence of probability distributions (nlﬁ\’ ) is tight. Let 7t be some limiting

point of this sequence for some subsequence (Nj). If f is some function on IN with finite
support, then the cycle formula for the invariant distribution of the ergodic Markov
process (LY (t)) gives

B (f(L1)) = By ( AVEE) ds> :

where ﬁg’ is the distribution of (LN (t)) at the instants of jumps of breakdowns of node 1.
In particular,

N (fz(ﬁi)e]NN, 61:0) = 1.

By Proposition 4.8 of Appendix, Theorem 4.1 is also true when the initial distribution
is ﬁé\] hence, for the convergence in distribution,

Jim ( JO) ds) - ( [ ek ds)

when the process (Xg(t)) has initial point 0. Consequently, by Lebesgue’s Theorem,

N—+c0

Ex(f) = lim Enw(u)):mo( NEHS ds>.

The last term of this equation is precisely the invariant distribution of (Xg(t)), again

with the cycle formula for ergodic Markov processes. The probability 7t is necessarily

the invariant distribution of (Xg(t)), hence the sequence (ng ) is converging to 7. It is

easily checked that 7t is a geometric distribution with parameter 5/ (1+5). ]

By using the fact that ]P(Ygzn):(ﬁ /(14pB))", it is then easy to get the following
result.

Theorem 4.2 (Equilibrium at High Load). The convergence in distribution

X
Iim —/— =E,,
B—+oo ﬁ

holds, with Eq an exponential random variable with parameter 1.
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In particular the probability that, at equilibrium, the load of a given node has more
than twice the average load is

<R
Jim P (X,S _25) exp(—2) ~ 0.135,

which is consistent with the simulations, see Figure 4.2.

The Power of Choice Algorithm

Similarly as before, for 1 <i < N, N; = (t,, (V;)) denotes the marked Poisson point
process defined as follows:

— (t,) is a Poisson process on R with rate 1;

— V,=(Vi"=((V¢ g v o By")) where (Vy Z,Vl”) is an ii.d. sequence with com-
mon distribution (Vp, V7) is uniform on the set of pairs of distinct elements of
{1,...,N}\{i}. Finally, (B;") is i.i.d. Bernoulli sequence of random variables

with parameter 1/2.
The set of marks My is defined as

My={v=(v,)=(v0,p, 01,5, bp) {1, ... ,N}2x{0,1} : Vo,p#V1p }

For 1<i<N and n>1, tfq is the instant of the nth breakdown of server i. For p > 1, V(;:Z

and Vf:; are the servers where the pth copy present on node i may be allocated after this
breakdown, depending on their respective loads of course. If the two loads are equal,
the Bernoulli random variable B;" is then used.

Equations of Evolution For 1<i<N and >0, Qf\’ (t) is the number of copies on server
i at time t for this policy and (QN(#))=(QN(#)) The dynamics of the power of choice
algorithm is represented by the following stochastic differential equation, for 1<i<N,

N

doY(t) = —QY (t=)Ni(dt, My) + ) Rpy(QN(t-),9) Nw(dt, do) 4.7)

m=1,m#i

where R% : NN x My s N is the function, for £ = (¢;) and =(v0,p, V1,p, bp) EMy

L
(¢, 0)= k:Zl Ltie fony, 01011 X <]I{€f<€vo,k\/€v1,k } +H{€”0,k:€v1,k’i:vbkrk}> :

As it can be seen, when node m breaks down while the network is in state ¢, RN.(¢,7)
is the number of copies sent to node i by the power of choice policy if v = V" is the
corresponding mark associated to this instant.

Contrary to the random policy, the allocation depends on the state (QV(t)), for this
reason it is convenient to introduce the empirical distribution AN(t) as follows, if f is
some real-valued function on N,

(A0L£) = [ AOAY ) @0 = Nif(@f“(t)).
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If 0<a<b, (AN(t), [a, b]) denotes AN(t) applied to the indication function of [a, b]. In the
same way as in the proof of Proposition 4.1, it can be proved that with high probability,
uniformly on any finite time interval, the positive jumps of all processes are +1. By
using Equation (4.7) and the definition of AN(t), one gets that, for a finite support
function f, with high probability

d(AN(1), £) = dMP (1) + (AN (1), F0)=f() ) dt+
L L+ ~F I E OO iy * | 5 Yaromey Moy

{eN ]7&]/
jof #m
- ) 1 I dt
ON(H)>t+1 oN(H)>1+1 /
P ARCHOECS M CHOERS)
jof' #m
where My (t) is a martingale. Note that the terms inside the brackets in the last equation
is simply the number of pair of nodes whose state is greater than ¢ and the state of at
least one of them is /. By integrating, this gives the relation

(AN (1), £)=(AN (), )+ MY 1)+ [ (AN(), £(0)—f) ds
+B /;(AN(S),g) ds+O(1/N), (48)

with
_ B o AT 6)([4 +00))2 =AM (s) ([£41, +00) )]

See the derivation of ¥, page 130 for example. The term O(1/N) is coming from the
martingale part which is vanishing by a standard argument using Doob’s Inequality.

Proposition 4.4 (Mean-Field Convergence).

1. The distribution of (QN (t)) is converging in distribution to (Xg (1)), a non-homogeneous
Markov process whose Q matrix (q(t)(x,y)) is given by, for x € N, q(t)(x,0) = 1 and

q(t)(x,x+1) = B

2. For the convergence in distribution, if f has finite support,

im (40.0) = (B[r (%50)])

The proof is developed in a more general setting in Section 4.2.4. It is based on the
proof of the convergence of the process (AN(t)) by using Equation (4.8). Additionally,
Theorem 4.6 shows that a propagation of chaos also holds, i.e. in the limit, as N gets
large, the finite marginals of the processes (QN(t)) converge in distribution to the law
of independent processes.
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The Invariant Distribution In this part, we study the asymptotic behavior of the
invariant distribution of the load of a node at equilibrium.

Proposition 4.5. The process (Xg (t)) of Proposition 4.4 has a unique invariant distribution 7'[5

on IN, which can be defined by induction as

—1+\/1+452n§([x, +00))2
2B

ﬂg([x+1,+00))= , x €N,

with 7t ([0, +00))=1.

It should be noted that, due to the non-homogeneity of the Markov process, the
uniqueness property is not clear in principle.

Proof. Let 7 a possible invariant probability of the process. If we start from this initial
distribution, obviously the coefficients of the Q-matrix do not depend of time, the
invariant equations can be written as

{n(x)(l +g(x, x+1)) = m(x—1)g(x—1,x), x > 0, 49

7(0)(1+4(0,1)) = 1.
Define, for x > 1, {(x)=m(x—1)g(x—1, x), then
T(x)=¢(x)=¢(x +1),
in particular IPH(XE > x) = {(x), hence by definition of the Q-matrix

E(x+1) = B(&(x)* —&(x+ 1)), (4.10)

hence, necessarily

L+ I ()
1)=
é(x + ) 2 ,B 4
with initial value ¢(0)=1. It is easily seen that the sequence ({(x)) is converging to
0. Hence the positive measure 71 defined by Relation (4.9) is indeed a probability
distribution on IN. Such a probability is of course invariant with respect to the McKean-
Vlasov process. The proposition is proved. O

Proposition 4.6 (Invariant Distributions). The invariant distribution of (QN (t)) is converg-
ing to the unique invariant distribution of (XléJ (1)).

See the proof of Theorem 4.7 below. It shows that it is enough to analyze the invariant
distribution Ttg of the limiting process we have just obtained. We can now state the main
result of this section which explains the phenomenon observed in the simulations, see
Figure 4.2.

Theorem 4.3 (Equilibrium with High Load). If Y; is a random variable with distribution
ng , then, for the convergence in distribution,

X,
lim — = U,
B—+o0 :B

where U is a uniformly distributed random variable on [0, 2].
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Theorem 4.8 below gives an analogous result in a more general setting.

Proof. In the proof of Proposition 4.5, we have seen that, by Equation (4.10), for k > 0,
2 2
P _ P P
P (Xﬁ 2k+1> =B <]P (Xﬁ > k) P (Xﬁ zk+1) > ) (4.11)
by summing these equations, one obtains for all x,
2
E (XfAx) :,/3(1—113(X§2x) )
where aAb = min(a, b). Hence, as expected, ]E(Xg )=pB, and therefore
P(xl>x) =1 (E(xD)—E(x] ~Lp((xp-x)”
(35 =) = 5 (B (%) ~E(xnx)) = gE((X-%) ). 42
By multiplying Equation (4.11) by k+1 and by summing up, one gets
x x—1 2 2
P _ P P
k;k]l’ (Xﬁzk) _,Bk;)]P (Xﬂ > k) +p <1—1P <X52x> ) .
The right hand side of this relation is bounded by
—+00
Bl L P(XE=k)+1)=p(p+2)
k=0
hence, by using Fubini’s Theorem on the left hand side,

B((x})") <2p(p+2)

ng
iﬁm((ﬁ>)<+“

holds. In particular the family of random variables

def. Xj
0% (%)

is tight when B goes to infinity. Let Y be one of its limiting points,

P (Y; > x)* = ((Yﬁ—@)+>.

The uniform integrability property of (Yj), consequence of the boundedness of the
second moments, gives that Y satisfies necessarily the relation

so that

P(Y>x)*=E ((Y—x)+) :/+OOII)(Y>S) ds.
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The function f(x)=IP(Y > x) is thus differentiable and satisfies the differential equation

2f'(x) f(x)=—f(x),
for x>0, so that f’(x)=—1/2 when f(x)#0. One obtains the solution
P(Y > x)=(2—x)"/2,x>0,

with 4™ = max(a,0), Y is a uniformly distributed random variable on the interval [0, 2].
The family of random variables (Yg) has therefore a unique limiting point when g goes
to infinity. One deduces the convergence in distribution. The theorem is proved.

O

4.1.5 Conclusion

Our investigations through simulations and mathematical models have shown that

— a simple, random placement strategy may lead to heavily unbalanced situations;

— Classical load balancing techniques, like choosing the least loaded nodes are
optimal from the point of view of placement. They have the drawback of
requiring a detailed information on the state of the network, hence a significant
cost in terms of complexity and bandwidth.

— the power of two random choices policy has the advantage of having good
performances with a limited cost in terms of storage space and of complexity.

Appendix: Convergence Results

The technical results of this section concern the random allocation scheme. The
notations of the corresponding section are used.

Proposition 4.7. The previsible increasing process of the martingale (MY (t)) is

t N t _
:/0 Li\](s)2 ds+mZ:2/0 [(Nil)ZL%(s)va (g_lz)anl\{(s) ds. (4.13)

Concerning previsible increasing process of martingales, see Section VI-34 page 377
of Rogers and Williams [142].

Proof. The proof is not difficult, it is included for the sake of completeness for readers
not familiar with the properties of martingales associated to marked Poisson point
processes. The previsible increasing process of the martingale

(/LN ) [V1(dt, My) — ds>1s</LN ds),

see Theorem (28.1) page 50 of [142]. By independence of the Poisson processes, it is
enough to calculate the previsible increasing process of the martingale, for 2<m<N,

MY (1) /0 t [zl (L;i(s—),a) N (ds, dit) — [I‘?_(Sl) ds}

LN (tm )

:t;t Z Lpypogy — /

tLN
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It is enough in fact to show that the second moment of this martingale is such that

E (MY, (1)) = /Ot [(Nlly]}a (LN Gs)?) + (I\Z\]I__SZJE (Lﬁ(s))} ds,

the property of independent increments of Poisson processes will then give the
martingale property of MY (t)? minus this term. By integrating with respect to the
values of (U,""), one has

Ly -) ? _
E ( 21 H{uz,,nl}) - (Z{]V_lz)zuz (Lf){(tﬁ—)) +(N11)21E (Lﬁ(tg_)z),
p=

which gives the relation

_ (Nil)z]E ((/Ot L%(s—)/\/mms))z) 4 (NN__f)zlE (/Ot L%(s—)NMds)) -

In the same way, by integrating with respect to the values of (U,""), with the notation

Nm(d5>:Nm(dS/ MU)/

FLN(S) 4 v N g ([N g [P ING)
E ( . N_1 ds ) )° H{ug,,nzl} —]E(/O N_1 ds/O N1 Nm(ds)>.

m<t  p=1

By using the last two relations one gets
E (M{\Im(t)z) =
(Nil)zlE ((/Ot L (s) [Nu(ds) — ds]>2> + (NN__lz)zlE </(: L%(s—)]\/ﬂds)) .

Since the the martingale (N, ([0, t]—t) has the increasing previsible process (), one gets

E (Mfm(t)z) = (Nil)z /Ot]E (Lnl‘{(s)2> ds + (NN_—lz)z /Ot]E (L%(s—)) ds.

The proposition is proved. O

Lemma 4.1. If the initial distribution of (LN (t)) satisfies Condition (4.2) then, for any T>0,

sup sup E ((LY(1))?) < +eo. (4.14)
N>1 0<t<T

and
sup E ( sup L?’(s)) < +o0. (4.15)
N>1  \0<s<T
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Proof. With Relation (4.3), by writing the SDE satisfied by (LY (¢)?),
LN( / LN Nl ds, Mu)
n Z/zl Lz(s—),a) X [zL{V(s—Hzl (Lz(s—),a)]ﬁm(ds,dn)
m=2 0
by taking the expectation, one obtains
t
N2\ N2\ _ N ()2
E (LY (1)?) —IE(Ll 0) ) /O E(LY(5)?) ds
N(q)_ N
+/ ds+/ ZIE( )L 5) 1)+Lm(s)) ds

(N—-1)2 N-1
By using the fact that the L) (#)’s have the same distribution and their sum is Fy, if
fn(t)=E(LYN(#)?), Equation (4.5) gives that, for 0 < t < T,

it <eran B (L M a

If p € N such that Fy/N < p for all N, then, by Gronwall’s Inequality, see Ethier and

Kurtz [57] p.498,
() < p?(1+2T)e/N-D yN > 2.

Relation (4.14) is proved.
Denote by
SN(t) = sup(LN(s) : 0<s<t)

then, by Equation (4.5), for t<T,
SN () < LN(0) Z/ SN(s) ds+ sup [MN(s)|-
0<s<T

with the help of Doob’s Inequality, see Theorem (52.6) of Rogers and Williams [141], one
gets

E ( sup M{V(sV) < 2E(MY(T)?) = 2B((M}' ) (T))
0<s<T

and this last quantity is bounded with respect to N > 2 by Relations (4.13) and (4.14).
Hence, by using the previous inequality, one can find a constant Ky such that, for any
N>2 and t<T,

t
E(SY(1) <Ko+ [ E(SV()
0
one concludes again with Gronwall’s Inequality. The lemma is proved. O

Lemma 4.2. If the initial condition (L]N(O)) is such that the variables L]N(O), j > 2 are
exchangeable and that

sup E(LY(0)?) + E(LY(0)?) < +o0
N>1
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holds, then, for all T > 0,

sup sup E(L{ (1)?) +E(LY(1)?) < +oo,
N>10<t<T

Proof. The proof is similar to the proof of Lemma 4.1. One has to introduce the functions
fh(t)= (LN( )?) and fZ(t)=E(LY(t)?), by using an integral equation for (LY (t)?)
and (LN (t)?) and the symmetry properties of the vector (L;\’ (t),j> 2), one obtains the
relations

L) <+ A /Otf}V(s) ds + By /Otfgf(s) ds

R0 < oot A [ (s ds B2 [ F2(6)

for convenient positive constants A;, B;, C;, i = 1, 2 independent of N. One uses
Gronwall’s Inequality for the first relation to get an upper bound on f3,

t
A < (b [ f2s) as) e
0
and Gronwall’s Inequality is again used after injecting this relation in the second
inequality. O

The next result is a technical extension of Proposition 4.2 used to prove Proposi-
tion 4.3.

Proposition 4.8. If ﬁg’ is the invariant distribution of the state of the network at the instants of
failures of node 1, then, with the notations of Section 4.1.4, for the convergence in distribution,

lim (kD) = (p)

N— 400

if the initial distribution of (LN (t)) is 7.

Proof. Let ﬁg’ be the invariant distribution of the process (LN (t)) at the instants of
failures on nodes, not only of node 1. The sequence of states of the corresponding
Markov chain is denoted as (L)) = (LN 2<j<N) where LN njr 2<J<N is the state of the
nodes at the instant of the nth failure, i.e. the state of network reordered but with the
failed node is excluded. If

W = (ZnN,2>2+ ('IZ”N,3)2+ ot (Z%N)z,

by invariance one has
Ezy(Wo) = Ezy (Wh),

after some trite calculations, one obtains

~n )\ 2 N-1F4 FyN-2
Ezy ((LOI-’-)) N NN N
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hence

=N 2
N>2

The same property will hold when one considers only the instants of failures of node 1
since, recall that t% is the first of these instants,

Ay E(IN(H),i>2) if (LN (0)) = 7.

By proceeding as in the proof of Lemma 4.1, but by stopping at time #] instead of a fixed
time t, one obtains that

2 - 2
N _ ~ N4l
i]uzl:;]Eﬁg ((Lz (O)) > = ifuzglEng] <<L2 (tl)) ) < 0.
Lemma 4.2 implies therefore that
Ny ) N2
sup sup Eﬁg] ((Ll (t)) ) +E ((L2 (t)) < +o0.
N>20<t<T

One can now proceed as in the proof of Proposition 4.2 by noting that the crucial
argument is the fact that the two last terms of the right hand side of Equation (4.6)
vanish when N gets large. O
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4.2 Large Urn Models with Local Mean-Field Interactions

Abstract The stochastic models investigated in this section describe the evolution of a
set of Fy identical balls scattered into N urns connected by an underlying symmetrical
graph with constant degree hy. After some exponentially distributed amount of time
all the balls of one of the urns are redistributed locally, among the hy urns of its
neighborhood. The allocation of balls is done at random according to a set of weights
which depend on the state of the system. The main original features of this context is
that the cardinality iy of the range of interaction is not necessarily linear with respect
to N as in a classical mean-field context and, also, that the number of simultaneous
jumps of the process is not bounded due to the redistribution of all balls of an urn
at the same time. The approach relies on the analysis of the evolution of the local
empirical distributions associated to the state of urns in the neighborhood of a given
urn. Under some convenient conditions, by taking an appropriate Wasserstein distance
and by establishing appropriate technical estimates for local empirical distributions,
we are able to establish a mean-field convergence result. Convergence results of the
corresponding invariant distributions are obtained for several allocation policies.

For the class of power of d choices policies for the allocations of balls, we show that
the invariant measure of the corresponding McKean-Vlasov process has an asymptotic
finite support property when the average load per urn gets large. This result differs
somewhat from the classical double exponential decay property usually encountered in
the literature for power of d choices policies. This finite support property has interesting
consequences in practice.

4.2.1  Introduction

The stochastic models investigated in this paper describe the evolution of a set
of N urns indexed by i€{1,...,N} with Fy identical balls. There is an underlying
deterministic symmetrical graph structure connecting the urns. The system evolves as
follows. After some exponentially distributed amount of time all the balls of an urn,
index i€{1,..., N} say, are redistributed among a subset %™ (i) of urns “near” urn i.
Urn i is then empty after that moment except if some of its balls are re-allocated to it.
An important feature of the model is that the allocation of the balls into urns of HN (i)
is done at random according to a set of weights depending on the vector of the number
of balls in each of these urns.

Quite general allocation schemes are investigated but two policies stand out because
of their importance. Their specific equilibrium properties are analyzed in detail in the
section. We describe them quickly. Assume that a ball of urn i has to be allocated.

1. RANDOM PoLICY.
The ball is allocated uniformly at random in one of the neighboring urns, i.e. in one
of the urns whose index is in HN (i), this occurs with probability 1/card(HN(i)).

2. PoweRr OF d-CHOICES
For this scheme, a subset of d urns whose indices are in HN (i) is taken at random,
the ball is allocated to the urn having the least number of balls among these d
urns. Ties are broken with coin tossing.
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4.2. LARGE URN MODELS WITH LOCAL MEAN-FIELD INTERACTIONS

Under some weak symmetry assumption and supposing that the state of the system
can be represented by an irreducible finite state Markov process, at equilibrium the
average number of balls per urn is Fyy/ N whatever the allocation procedure is. The main
problem considered in this section concerns distribution of the number of balls in a given
urn: how likely is the event that, at equilibrium, an urn has a large number of balls such
a context? It may be expected that if the set of weights to perform allocation is chosen
conveniently, then there are few heavily loaded urns, i.e. the probability of such event
is significantly small. An additional desirable feature is that only a limited information
is available for the allocation of the balls. In our case this will be the knowledge of the
occupancy’s of few of the neighboring urns.

Lo llose][se]lee][[oe][e®] ------ e[ |

i j
Figure 4.3 — Urn Model with Neighborhoods

Urn Models and Allocation Algorithms in the Literature

These problems have important applications in several domains, in physics to
describe interactions of particles and their non-equilibrium dynamics, see Ehrenfest [54],
Godreche and Luck [69] and Evans and Hanney [59] or Godréche [68] for recent
overviews. They are also used in theoretical computer science to evaluate the efficiency
of algorithms to allocate tasks to processors in a large scale computing network, see
Karthik et al. [87], Maguluri et al. [107]; to place copies of files in the servers of a large
distributed system, see Lakshman et al. [101] and Sun et al. [156] or to design hash
tables, see Azar et al. [14] and Mitzenmacher [112]. We review some of their aspects.

Urn models have been used in statistical mechanics as toy models to understand
conceptual problems related to non-equilibrium properties of particle systems. As a
model they describe the evolution a set of particles moving from one urn to another
one. Ehrenfest [54] is one the most famous of these models: in continuous time models,
each particle moves at random to another urn after an exponentially distributed amount
of time. There may also be underlying structure for the urns, a ball can be allocated to
the connected urns at random according to some weights on the corresponding edges
or, via a metropolis algorithm, associated to some energy functional. See Evans and
Hanney [59] and Godreche [68]. Due to their importance and simplicity, these stochastic
models have been thoroughly investigated over the years: reversibility properties,
precise estimates of fluctuations, hitting times, convergence rate to equilibrium, ... See,
for example, Bingham [20], Karlin and McGregor [86], Diaconis [47] to name but a few.
For these models balls are moved one by one. Closely related to these models is the zero
range process for which the corresponding rate is f(x) for some general function f on
IN. When f(-) is constant the jumps are in fact associated with the urns instead of the
balls, as it is our case. See Evans and Hanney [59].
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A classical problem in theoretical computer science concerns the assignments of
N balls into N urns. Balls are assumed to be allocated one by one. The constraints
in this setting are of minimizing the maximum of the number of balls in the urns
with a reduced information on the state of the system. When balls are distributed at
random, it has been proved that this variable is, with high probability, of the order of
log N/ loglog N. See Kolchin et al. [97] for example. By using an algorithm of the type
power of d-choices as above, Azar et al. [14] has shown that the maximum is of the
order of loglog N/logd. Hence, with a limited information on the system, only the
state of d urns is required, the improvement over the random policy is striking. See also
Mitzenmacher [112].

A related problem is of assigning the jobs to the queues of N processing units
working at rate 1. The jobs are assumed to be arriving according to a Poisson process
with rate AN. When the natural stability condition A <1 holds, if the jobs are allocated at
random, then, at equilibrium, it is easily shown that the tail distribution of the number of
jobs at a given unit decreases exponentially. If the allocation follows a power of d choices,
Vvedenskaya et al. [165] has shown that the corresponding tail distribution has a double
exponential decay, i.e. of the type x— exp(—a exp(dx)) for some positive constants « and
0. See Bramson et al. [23] for more delicate asymptotic mean-field results at equilibrium
in a non-Markovian framework. See also Alanyali and Dashouk [2], Alistarh et al. [7]
for similar results on related models.

The initial motivation of this work is coming from a collaboration with computer
scientists to study the efficiency of duplication algorithms in the context of a large
distributed system. The urns are the disks of a set of servers and the balls are copies of
files on these disks. The redistribution of balls of an urn correspond to a disk crash, in
this case, the copies of its lost files are retrieved on other neighboring disks. See Sun et
al. [156] for more details on the modelling aspects.

Results
Mean-Field Convergence

For the stochastic models investigated in this section there are N urns and a total of
Fy balls with Fy~pBN for some $>0. The underlying graph is symmetrical with degree
hy=card(HN(i)), 1<i<N. The sequence (hy) is assumed to converge to infinity. The
state of the system is represented by a vector /=(¢;, 1<i<N) describing the number of
balls in the urns. The distinctive features of the stochastic model investigated in this
section can be described as follows.

1. MULTIPLE SIMULTANEOUS JUMPS.
When the exponential clock associated to urn i rings, then all its balls are
redistributed to other urns of the system. For this reason, there are ¢; jumps
occurring simultaneously.

2. LocAL SEARCH.
Let
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be the local empirical distribution around urn i, where §, is the Dirac mass at a€IN.
When urn i has to allocate a ball, it is sent to one of Iy neighboring urns, | eHN (i),
with a probability of the order of ¥(AY, ¢;)/hy, where ¥ is a some functional on
M;(IN) xIN and M; (IN) is the set of probability distributions on IN.

This interaction with only local neighborhoods and the unbounded number of simulta-
neous jumps are at the origin of the main technical difficulties to establish a mean-field
convergence theorem. See the quite intricate evolution equation (4.39) for these local
empirical distributions below. More specifically, this is, partially, due to a factor ¢;/hy
which has to be controlled in several integrands of the evolution equations. This is
where unbounded jumps play a role. See Relation (4.50) for example. A convenient
Wasserstein distance (4.32) is introduced for this reason.

It should be noted a classical mean-field analysis can be achieved when the sequences
(hn) has a linear growth, this is in fact close to a classical mean-field framework with
full interaction. In this case the term ¢;/hy is not anymore a problem since ¢; is bounded
by Fy~BN, The same is true if the simultaneous jumps feature is removed by assuming
for example that only a ball is transferred for each event. In this case a mean-field result
can be established with standard methods for the model with neighborhoods.

Literature

For an introduction to the classical mean-field approach, see Sznitman [158]. Specific
results for power of d choices policies when hy=N are presented in Graham [70], see
also Luczak and McDiarmid [106]. One of the earliest works on local mean-field models
seems to be Comets [37]. Budhiraja et al. [28] considers also such a local interaction for
a queueing network with an underlying graph which is, possibly, random, with jumps
of size 1. In this setting when the graph is deterministic, the mean-field analysis can be
carried out by using standard arguments. Andreis et al. [10] investigates mean-field of
jump processes associated to neural networks with a large number of simultaneous
jumps with an infinitesimal amplitude. Lucon and Stannat [105] establishes mean-
field results in a diffusion context when the mean-field interaction involves particles
in a box whose size is linear with respect to N and a spatial component with possible
singularities. A related setting is also considered in Miiller [116].

Asymptotic Finite Support Property

The mean field results show that, for a fixed asymptotic load § per urn and under
appropriate conditions, the evolution of the state of the occupancy of a given urn is
converging in distribution to some non-linear Markov process (Lg(t)).

We show that, for all classes of allocations considered in this section, when it exists,
an invariant distribution of (Lg(t)/B) has at a tail which is upper-bounded by an
exponentially decreasing function. Additionally, for the random algorithm this is an
exact exponentially decreasing tail distribution in fact. It shows, as it can be expected,
that the performances of random algorithms are weak in terms of occupancy of urns.
Recall that these algorithms do not use any information to allocate balls into urns.

For power of d choices algorithms, contrary to the model analyzed in Vvedenskaya et
al. [165], we do not have an explicit expression for the invariant distribution of (Lg(t)).
We show that, for any >0, this distribution exists and is unique and that it can be
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expressed via a recursion. See Proposition 4.15. We prove the following behavior for
high loads. The invariant distribution of (Lg(t)/pB) for power of d choices is converging
in distribution to a distribution with a continuous density on the compact interval
[0,d/(d—1)]. When d=2, this is a uniform distribution on [0,2]. The striking feature
is that, for an average load of B per urn, at equilibrium, the occupancy of a given urn is
at most Bd/(d—1) with probability arbitrarily close to 1. In some way this can be seen
as the equivalent of the double exponential decay property in this context. It should be
noted that this is an asymptotic picture for N large and also f large. Experiments seem
to show nevertheless that, in practice, this is an accurate description. See for example
Figure 2 of Sun et al. [156] where d=2, N=200 and =150 and the uniform distribution
on [0,300] is quite neat. Explicit bounds on error terms would be of interest but seem to
be out of reach for the moment.

Outline of the Section

The stochastic model is presented in Subsection 4.2.2. Subsection 4.2.3 introduces
the main evolution equations for the local empirical distributions and establishes
the existence and uniqueness properties of the corresponding asymptotic McKean-
Vlasov process. The main convergence results are proved in Subsection 4.2.4 via
several technical estimates. Subsection 4.2.5 is devoted to the analysis of the invariant
distribution of the McKean-Vlasov process. The finite support property is proved in this
section.

4.2.2 The Stochastic Model

We give a precise mathematical description of our system with N urns and Fy balls
with the following scaling assumption

= lim —, (4.16)

for some B>0. An index N will be added on the important quantities describing
the system to stress the dependence on N but not systematically to make the various
equations involved more readable.

Graph Structure

One considers a graph with N vertices labeled from 1 to N and HNC{2,...,N} is
assumed to satisfy the following property of symmetry

ket < (N42—k mod N)eHY, (4.17)
with the convention used throughout the section that (0 mod N) is N.

The set HN is the set of neighbors of node 1. The set ™ (i) of neighbors of a node
ie{l,...,N} is defined by translation in the following way

HN (i) = {(i+j—1 mod N) :jE'HN}.
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In particular HN(1)=H", one denotes by hy the cardinality of H". Relation (4.17) gives
the property that the associated graph is non-oriented that is, if i€H N (j) then je HN (i)
and regular, its constant degree being card (H"). Here are three examples.

— FuLL Grars: ’Hé\édéf'{Z, ...,N}
— Torus: for a€(0,1),
HNY L (14j mod N) : je[-aN, aN]NZ}\{1}.

— Loc-Torus: for >0,

HNE{ (14 mod N) : je[[Slog N, |6log N|JNZ}\{1}.

We have chosen that 1¢ 1N and, consequently, i¢ ™ (i). Our results in the following do
not need this assumption in fact. It just simplifies some steps of the proofs, to compute
the previsible increasing processes of some martingales in particular.

Assumptions 4.1. (Topology).

1. The sequence of the degrees of nodes (hN)dg'(card(HN )) is converging to infinity.

2. The interaction set of node i, 1<<i<N, is defined as

AN e (1, Ny HY ()NHY () £ 0 (4.18)
and its cardinality satisfies
N
lim A4ATM)
N—+oco hy

Remark.

a) The associated graph can be seen as a torus and the set of neighbors of each node are defined by
a translation of the neighbors of node 1. We have chosen it with convenience. In fact, as long as
symmetry properties hold, so that the invariant distributions of the number of balls into the urns
are identically distributed and that Assumptions 4.1 holds, then it is not difficult to see that the
main convergence results of Section 4.2.4 still hold.

b) The set AN (i) is the set of nodes at distance 2 from i. Assumption 4.1 is clearly satisfied for the
full graph, torus graphs described above, in these cases card (AN (1))<Chy, for some constant
C.

Allocation Policies

A set of Fy balls are scattered in the nodes, the state of the system is thus described
by a vector {=(¢;) € Sy, with

Sn=1{() € NV - O+l - - - +On=FN},

for i€{1,...,N}, ¢; is the number of balls in urn i. For each /€Sy, one associates a
probability vector PN (¢)=(pN(¢), 1<i<N) with support on H", i.e. pN=0if i¢HN. The
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vector PN(¢) is in fact the set of weights associated to urn 1 in state ¢ and p(¢) is the
probability that a given ball of urn 1 is allocated to urn i. As for the topology, we define
the vector of weights for the other urns by translation.

For i€{1,...} a probability vector PN (E)z(pf}l (¢)) with support on HN (i) is defined
by

P (O)=p3 (v), (4.19)
with a=(j—i+1mod N) and y=((i1k-1 modn), I<k<N), for any je{l,...,N}. In
particular PV (¢)=PN(¢) and PN(-) is the vector PN(-) “centered” around node i. The
quantity pf}] () is the probability that, in state ¢, a ball of urn i is allocated to urn j.

The dynamics are as follows: After an exponentially distributed amount of time with
mean 1, the balls of an urn i, 1<i<N, are distributed into the neighboring urns in the
subset HN (i) one by according to some policy depending on the state /=(¢;) of the
system just before the event. Each of the /; balls of the ith urn is distributed on H™ (i)
according to the probability vector P;(¢) and the corresponding ¢; random variables
used are assumed to be independent. As it will be seen our asymptotic results hold
under general assumptions, the following cases will be discussed due to their practical
importance.

— RANDOM ALGORITHM.

Balls of a given urn i€{1,..., N} are sent at random into an urn with index in
HN(i). This is the simplest policy which is used in large distributed systems. See
Sun et al. [156] for example. this corresponds to the case where

1 .
P (O=5- JEH. (4.20)

— RaNDpOM WEIGHTED ALGORITHM.
Each ball is sent into urn je #N (i) with a probability proportional to W(¥;), where
W is some function on IN, that is

pr)=W() /Y W), jeH™. (4.21)
keHN

— PoweRr oF d CHOICES, d>2.
For each ball, d urns are chosen at random in H™ (i), the ball is allocated to the
urn of this subset having the minimum number of balls. Ties are broken with
coin tossing. A simple combinatorial argument gives that, for je HN (i),

N(p) — 1 [(Zke?—[rv H{fk>ﬁj}> B <Zk6'HN H{5k>fj}>] ’ ‘
) (") Teenn Lep—en d d (422

with the convention that (;)=0 if n<d.

Remark.

1. For simplicity we have chosen to consider only the state of the system just before the jump
for all the balls which have to be moved. The state of the system could be also updated after
each ball allocation and, consequently the vector p(-), the dynamical description would
then be more intricate to express. Using an arqument similar as in the proof Proposition 4.1
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of Sun et al. [1506], it is not difficult to see that the two corresponding processes describing
the number of balls in the urns has the same asymptotic behavior on any finite time interval
as N gets large.

2. It should be noted that the exponential clock associated to the ith urn gives simultaneous
jumps of {; coordinates with high probability if N is large. In particular the magnitude of
a possible jump is not bounded which leads to significant technical complications to prove
a mean-field result as it will be seen.

Assumptions 4.2. (Allocations).

1. The sequence (PN(-))=(pN(-)) satisfies the relation

lim sup thZ ( Z 54, ) =0, (4-23)

N—H—ool. ]EHN

where ¥ is a non-negative bounded function on M;(IN)xIN such that, for any
ceM; (N) ,

/ ¥(o,x)o(dx) = 1. (4-24)
N
2. There exist constants Cy, Dy >0 such that the relations

{|‘{’(U,l)—‘l’(a,l’)] < Cy|l-1],

(4.25)
¥ (o, 1)-¥(c',1)| < Dy |lo—¢’||,,

hold for any (c,1), (¢/,1')eM;(IN) xIN, where || - ||t is the total variation norm.

Relation (4.24) is a conservation of mass condition, all balls are reallocated.
— RaNDOM WEIGHTED ALGORITHM.
Assumptions 4.2 are satisfied with the function ¥ given by

Yoo(0,1) = //w

if the range of W is in [c, C|, for some positive constants ¢ and C.
— Power oF d CHOICES.
It is not difficult to check that Assumptions 4.2 are satisfied with

(o ([, +00)) =0 ((I, +00))"
c({1}) ’

Yoo(o, )=
with the convention that 0/0=0.

Marked Poisson Point Processes

In order to use a convenient stochastic calculus to study these allocation algorithms,
one has to introduce marked Poisson processes. See Kingman [96] and Robert [138] for
an introduction on marked Poisson point processes.
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We define the space of marks M=0,1]N, a mark u=(u;)€M associated to an urn
ie{1,..., N} describes how the balls of this urn are allocated in the system: If the state
is (=(¢ j), assuming that the balls are indexed by 1<k</;, the kth ball is allocated to urn
je{1,...,N}if

j—1 j
u € L)% [z o), Y pN <£>> , (4.26)
n=1 n=1

if uy is a uniform random variable on [0, 1], this occurs with probability pf}’ (¢). For i,

j€{1,..., N}, we introduce the family of mappings Z;; on M xSy defined by, for uc M
and /€Sy,

4
def.
Zij(u’g) - I;H{ukelfj(ﬂ)}' (4-27)

the quantity Z;;(u, £) is the number of balls of urn i which are allocated to urn j if the
ith urn is emptied when the system is in state ¢ and with mark u. If U=(Uy) is an
i.i.d. sequence of uniform random variables on [0, 1] then, clearly, for i€{1,..., N} and
j € HN(i), and (€S,
. dist.
(Zij(ll, g),]E{l, ceey N}) =t Bl(g) (le, ceey dZN), (4.28)
where B;(¢) is a multinomial distribution with parameters ¢; and pY(¢), ..., pN;(¢), in

particular
dist.

Z;ii(U,£) =" Bjj(¢)(dz), (4-29)

B;j(¢) is a binomial distribution with parameter ¢; and pf}’ (0).
Let N be a marked Poisson point process on R; xM with intensity measure
dt® T du; on Ry xM. Such a process can be represented as follows. If N'=(t,)
is a standard Poisson process on R, with rate 1 and ((U}}), n€N) is a sequence of

i.i.d. sequences of uniform random variables on [0,1], then the point process N/ on
R x[0,1]N can be defined by o
N= Y S

n>1

where &, ) is the Dirac mass at (a,b). If A€B(IR+ x.M) is a Borelian subset of Ry x.M,
N(A) = /A N (dt, du)

is the number of points of A/ in A. We denote by N the point process on R . defined by
the first coordinates of the points of A, i.e. N'(dt)=N(dt, M), N is a Poisson process
on R, with rate 1.

We denote by N;, i€N, iid. marked Poisson point processes with the same
distribution as N. The martingale property mentioned in the following is associated
to the natural filtration () of these marked Poisson point processes, for >0,

Fi =0 (Ni([0,s]xB) : i € N,s<t,BEB (M)},

We recall an elementary result concerning the martingales associated to marked Poisson
point processes. It is used throughout the section. See Subsection 4.5 of Jacobsen [79],
see also Last and Brandt [102] for more details.
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Proposition 4.9. For 1<i<N, if h is a Borelian function on Ry xM depending on a finite
number of coordinates of u€ M, cadlag on the first coordinate and such that

/ h(s,u)* dsdu<+oo, Vt>0,
[0t} x M

where du denotes the product of Lebesgue measures on M=|0,1]N, then the process

(M(t)) def. </[0,t]xM h(s—,u))N;(ds,du) — /[O,t]xM h(s,u) ds du)

is a square integrable martingale with respect to the filtration (F}), its previsible increasing

process is given by
M) (t)) = / h , 2 dsd ) .

We conclude this subsection with some notations which will be used throughout the
section.

Technical Framework

We denote by M;(IN) the set of probability distributions on N. If peM;(IN) and
fIN —- R,
() [ Fudx) = T fn({k)),
N kelN
provided that the later term is well defined. If y1, uo€M;(IN), the total variation norm
of p1—p2 is defined by

Ii=p2llw = sup [ (p1, f) = (p2, f) |- (4-30)

FIN—{0,1}
The space M;(IN) endowed with the total variation norm is a separable Banach space.
For T>0, we will denote by C([0,T], M;1(IN)) (resp. D([0, T], M1(IN))) the space of
continuous (resp. cadlag) functions with values in M;(IN). We denote by dr(-,-) a

distance associated to the topology of Dng'D( [0, T], M1(IN)).
We introduce the Wasserstein metric Wr on the corresponding stochastic process, on
M;(Dr), the space of cadlag process with values in M;(IN). Let IT; and ITl,eM;(Dr),

def. .
Wr(lh, )™ inf /D% A7 (A1, A2)A1] TI(dA, dAs), (4.31)
where [ITy,I1;] is the set of couplings of distributions Iy and Iy, i.e. IT€[I1;, IT,] is an
element of M; (D?) such that the marginals are I1; and IT, respectively. The metric space
(M1(Dr), Wr) is complete and separable. See Billingsley [19] for example. See also
Dawson [42] for a more specific presentation of measure-valued stochastic processes.

We will use the stronger Wasserstein distance Wr to establish our convergence
results,

= def.

Wor(ITy, T) % inf /D sup [[Av(s)—Aa(s) | TI(dAL, dAs). (4.32)

HG[H],Hz] T s<T

We will use the notation Cy or Cp for several different constants to avoid the
multiplication of notations for constants in the text.
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4.2.3 Evolution Equations

The state of the system at time # is denoted by a cadlag process (LN (t)), with
(LN(1)) = ((L?’(t),lgigN)) € Sy,

LN(t) is the number of balls in urn i at time t. One defines the local empirical distribution
ati, 1<i<N, at time >0 by

AN = — Y S (4-33)
Z hy jeHNG) )
the global empirical distribution is
def. 1 & 1Y
AN(1) = N Z;éL;V(t) =N X;A]N(t)- (4-34)
= =

Assumptions 4.3 (Initial State).

— The distribution of the vector LN (O)déf'(LlN (0))eSy satisfies the relation

(Ly(O),...,Lg(O)) dist (LQI(O),...,LZIQ’,(O),L{\'(O)) .

— The local empirical distribution of the initial state converges in distribution to a
probability distribution 77p on IN for the total variation distance

: N()_ _
;g;E@AMW %MQ 0. (4-35)
— There exists some 77>0 such that

sup E (e”L{V(O)) < H-o00. (4.36)
NeN

Remark. Let us assume for the moment that the above condition holds. If f is a bounded function
on N with || f|| <1, by the symmetry property,

[E (f@¥0)) = (mo, )] = [E ((A¥(0), £)) = (0, )] <2E (| AY (©) =]l )

the sequence (LY (0)) is thus converging in distribution to to. For 1j9<n, Relation (4.36) gives
the existence of a constant Co such that

P(LY(0) > x) < Coe ™%,  Vx>0. (4-37)

In particular all moments of LN (0) are converging to the corresponding moments of 7. The
same property holds for exponential moments of order no<n. Since LN(0)€Sy, implies that
E (LY (0))=Fn/N. we obtain that

/xno(dx) = lim E (L{\](O)) =B,

N—+o0
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by Relation (4.16). Let I be the identity function on IN, for K>0, the relation

E ([(AY©).1) = (w0, 1)])
< E ([(AY©) = mo 0s0)]) + B (O o) + (o i)

the convergence in distribution and the exponential estimate (4.37) show that the right hand side
of this inequality can be made arbitrarily small as N gets large. Therefore, under Condition 4.3,
we have the convergence

lim E ((<A{V(0)—no,1>‘) —E (‘<A{‘](O),I> —,BD = 0.

N—+o0

The process (LN(t)) can be represented as the solution of the following stochastic
differential equation (SDE), for 1<i<N,

dLM = ¥ [ Zil L) Nidtdu) - LY NI, 438)

JEHN (D)

where f(t—) denotes the left limit of the function f at +>0. For i€{1, ..., N}, the points
of the process N;(dt) correspond to the instants when the ith urn is emptied. Recall
the notation N;(dt)=N;(dt, M). If time ¢ is one of these instants, due to the uniform
distribution assumption of the variables (U, ), Relation (4.26) gives that, conditionally
on F;_, a ball from urn i is allocated to urn j with probability pf}] (LN(t—)). This shows
that the solution of Equation (4.38) does represent our allocation process of balls into

the urns.

Evolution Equations for Local Empirical Distributions

Recall that, for any function f with finite support on IN,

(AN, £) & [ Fa¥ B ),

The SDE (4.38) can then be rewritten in the following way, for all 1<i<N,

(WO F) = (WO )+ T [ [fO-5w -] Nias)
JEMN (i)
+,fly Iy S [F (04230 L)) —f (LY (5-))] (e, ). (439)

keHN ()NHN(f)
where the variables (Zj;(-, -)) are defined by Relation (4.27) and AN (i) by Relation (4.18).

A Heuristic Asymptotic Description

As it will be seen, the proof of the main convergence result of this section in
Subsection 4.2.4 is quite involved. We first present an informal, hopefully intuitive,
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motivation for the asymptotic SDE satisfied by the time evolution of the number of balls
in a given urn. It should be noted that we will not establish our mean-field result in the
same way. The method can be used in a simpler setting, see Sun [156]. It does not seem
to be possible for our current model. The integration of Equation (4.38) and the use of
Proposition 4.9 lead to the relation

LN(t) = LN(0) + CN (1) / LN(s—) N(ds, M) (4.40)
with (CN(t)) is the process associated to the interaction of the nodes in the neighborhood

of i,

CN(t) = Zi(u, LN(s—)) N;(ds, du).
0 jg;(i)/[ow i1, LV () W (ds, du)

As it will be seen, under Assumptions 4.2, with high probability the process
(Zji(u, LN(s—)), ueM,s<t)

is either 0 or 1 and, consequently, (CN(t)) is a counting process. Additionally the process
(ClN(t)—élN(t)) is a martingale, where

() - ( fene >>d)

is the compensator of (CN(t)). See Jacobsen [79]. With the definition of (pﬁ’ (0)),
Relation (4.23) of Assumptions 4.2 gives the equivalence

(mup (LN (E)) ~ (AN, LY 1)

with high probability on finite time intervals, then

(/ N LY (s)¥(AY(t), LY (s)) ds) .
N HN

Assuming a convenient mean-field convergence, i.e. that the local empirical mea-
sures (A]N (t)) [resp. the processes (L;V (t))] are converging in distribution to a

continuous deterministic process (A(t)) [resp. to a process (L(t))]. In particular
(A(t)(f))=(E(f(L(t)))) and, due to the fact that LN(#)€Sy and the scaling assump-
tion (4.16),

(A(£), ) =E(L(1))=p, VIO,

where I(x)=x is the identity. Under this hypothesis, one would have the equivalence in
distribution for the compensator of (CN(t)),

(C}V(t)>N (/Ot\}f(A(s),Lf\](s))hll\[ Y LN ds)

JEHN (i)
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This suggest that the sequence of counting processes (CN(t)) is converging in distribu-
tion to a counting process (C(t)) given by

€)= ([P (dsx0.p¥(A), L)) ).

where P is an homogeneous Poisson point process on R%. In view of Relation (4.40),
one can now introduce a potential candidate for the asymptotic process (L(t)).

Existence and Uniqueness of the McKean-Vlasov process

We first establish the existence and uniqueness of such a process. The proof of the
convergence in distribution of (LZN (1)), 1<i<N, to this asymptotic process is achieved
in the next subsection.

Theorem 4.4. If the functional Y satisfies Assumptions 4.2, there exists a unique cadlag process
(L(t)) with an initial condition L(0) and such that the SDE

dL(t) =P (dtx [O,ﬁT(n(t),L(t—))D —L(t—)P(dt) (4.41)

holds, where, for t>0, 7(t) is the distribution of L(t) on IN and P [resp. P] is an homogeneous
Poisson point process on R% [resp. R.] with rate 1 and the random processes P and P are
independent .

This will be referred to as the McKean-Vlasov process associated to this model.
This non-linear Markov process can be also be seen analytically as the solution of the
following Fokker-Planck equation, i.e. find (77(¢)) a continuous M; (IN)-valued function
such that, for any function f with finite support on IN,

t
(7(8), ) = (7(0), )+ [ (7(5), Qo f) ds, V=0, (4.42)
where the generator Q) is defined by, for ce M (IN),

Qo (f)(x) = B¥ (e, x) (f(x+1)—f(x)) + (f(0)=f(x)), (4-43)

for x€IN. See Sznitman [158].

Proof. Recall that C(IR, M;(IN)) is the set of continuous mappings on R with values in
M; (IN) endowed with the topology associated to the total variation distance. A coupling
approach is used. For any rr=(7(t))eC(R4+, M;1(IN)), we can construct the solution

(Lx(t)) of the SDE (4.41) with L;(0)=Lo€IN, with Lo™ 7r9, on the same probability
space. All we have to show is that the mapping

@ : C(Ry, Mi(N)) — C(R, M (N))
((t)) — (P(Lx(t)€-))
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has a unique fixed point. Let f be a real-valued function on IN then, for t>0,
F(La(t)) = f(Lo) +/ 81(F)(L(s=))P (dsx [0, B (7(s), La(s—))] )

+ [ O Lals=)P(9), (440

where, for x>0, A1(f)(x)=f(x+1)—f(x). By using standard properties of Poisson
processes, one gets the relation

B(F(La(1) = B(f(Lo)) + [ B8 () (Lal&) ¥ (2(5), La(s))) s
+ [ EIFO)~f(La(e))] ds

In particular (E(f(Lx(t)))) is a continuous function, so that ® is indeed well defined.

For my=(m(t)) and m=(m(t))eC(Ry, M1(IN)), and >0, let m(t) [resp. M(t)]
be the minimum [resp. maximum] of ¥ (7(t), L, (t)) and ¥(7a2(t),Lr,(t)), then
Equation (4.44) gives the relation

L (6) ~ L ()] < [ P (dsx[pm(s-) D+ [ L (9)~ L (9)/ PLs).
By integrating this inequality, we get
B (1L, ()~ Ly ()]) < B [ B (19(01(5), L (5)) ~ ¥ (2(5), Ly (5))])
+ [ B (L)~ Las)) a5

From the Lipschitz conditions (4.25) we get the relation

¥ (7t1(s), Ly () =¥ (712(s), Ly (5))| < Dyl|71(s)=7m2(s) v + C[Lry (5) =Ly ()],

and therefore the existence of constants a and b such that

ht) < a/oth(s) ds+b/0ﬂm(s)—n2(s)||w ds.

From Gronwall’s Inequality, we get that

) < beﬂf/ 1721(s)—702.(5) [low dls.
Since
H<I>(7T1)(t)—q>(7fz)(f)Htv=;f.Sf111?<1 [E(f(Lr () —E(f(Lr ()]

E(|Lr (t) =L (H)]) = (t),

for T>0, there is some constant Ct>0 such that for any ¢t<T, the relation

@ (1) () =P(72) (8] | < Cr /Ot [771.(s) —7t2(s) v dls

holds. From there, the existence and uniqueness result of a fixed point for ® is
established with standard arguments. The theorem is proved. O
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Proposition 4.10. If there exists some 1o such that E(exp(10L(0)))<+oo, then, for T>0, there
exists some y>0 such that

E (sup e”TL(t)> < 400,

t<T
where (L(t)) is the solution of SDE (4.41).
Proof. With the notations of Theorem 4.4, SDE (4.41) gives the inequality, for all t<T,

L(t) < L(0)+P ([0, T]x[0, B[ ¥|l«]),

which leads to the desired result. O

We conclude the subsection with the following straightforward lemma.

Lemma 4.3. If Q) is the operator defined by Relation (4.43), then under Assumptions 4.2, for
any function f on IN with ||A1(f)||e<-oo, the relation

(0,06 (1)) — (¢, 0 ()] < 28181 () oo [1¥ oo+ D] o=l +| (=0, £ |
holds for any o, 0’ € M1 (IN) such that f is integrable with respect to o and ¢’

Proof. This is a simple consequence of the inequality

140, Q0 () = (0", Qo () | < [0, Qo (f) = Q0 () | + | (0 =0", Qo (f)) |
and Relation (4.25). O

4.2.4 Mean-Field Convergence Results

The general strategy to establish the mean-field convergence is to use Relation (4.39)
and decompose it in a convenient way with the help of (careful) stochastic calculus
for Poisson process and of several technical estimates. We begin by recalling and
introducing some notations which will be used throughout this subsection.

— As before, if f is some function on IN, for y€IN, A, is the operator defined by, for

x€NN,

Ay (f) () f(x+y)—f ().
— The set of 1-Lipschitz functions on N is denoted as Lip(1),
Lip(1) = {fN=R | |A1(f)[=<1},
and, for K>0,
Ik (x)xl(ogy and 1(x) %, (4.45)
Relation (4.39) is rewritten by compensating the stochastic integrals with respect to the

Poisson processes then, by using Proposition 4.9, one gets that, for a bounded function
f on N and t>0,

(A¥(0),5) = (A <o>,f> + [ (¥ E,r0-£() ) as
+ Z/

z>1 ]e'HN

Az(f>( )( )y Bk] dz)) ds+ MY,(t), (4.46)

keHN(j
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By;(+) is the binomial distribution defined by Relation (4.29) and (M 7, N.(t)) is a martingale
whose previsible increasing process (( f,i( ))) is given, via some simple calculations,
by

<M}\{i( ) / / N ( f(L]N(S))} Liienn iy

N ]EAN

2
+r Azk<f><Li“<s>>) Bi(LV(s))(dz, .., dzn) ds. (4.47)

keHN (1) HN ()

where AM(i) is defined by Relation (4.18) and B)(-) is the multinomial distribution
defined by Relation (4.28).

We introduce the potential asymptotic process of Theorem 4.4 in this relation. A
careful (and somewhat cumbersome) rewriting of Relation (4.46) gives the identity

(AN, F) = (AFOLF) + [ (AN O () ) ds

+ XF () + YR + Z (1) + MPi(t), (4.48)
where Q) is the operator defined by Relation (4.43) and I is the identity function. Note
that the relation (7t(s), I) =B, s>0, has been used in this derivation. The other terms are

RES / 67§A1 <AN() (S),1>T(A?’(s),L]N(S)) ds,  (4.49)
where (71(s)) is defined by Theorem 4.4, and
- )def
i /J@%A)l ) (v (A6, 100) ¥ (AV0), 1Y) ) s a0
keHN(j)

The term LY (s)/hy in the expression of (Y}\]l (t)) is the main source of difficulty to prove
the mean-field convergence. When the sequence (h1y) grows linearly with N then, since
|LN|<Fn~pN, this term is bounded and the usual contraction methods, via Gronwall’s
Inequality, can be used without too much difficulty. A more careful approach has to be
considered if the growth of (hy) is sublinear. Finally,

ZN(t )dEf/O Z%N > a0 (1)) ( y Bk] dz)> ds

jEHN z>2 keHN (j
+ /S)L%E%)NAl(f) (LJN(S)) L,I(\’(s)pli\]f, (LN(s)) <<1—P;I<\]]- (LN(s))>L£](S)_11> N
keHN(j
+/J€7§ HIO) Li}jﬁ(}s) (vl (LV()) =¥ (AY (), LY(s)) ) ds (a.50)
keHN (j)
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where (By;(¢)) are the binomial distributions defined by Relation (4.29).
We first consider the last four terms of Relation (4.48) via three technical lemmas.

Lemma 4.4. Under Condition (4.3), for any T>O0, there exists a finite constant Ct such that

sup sup E <L{V(t)2> < Cr.
N>1 t<T

Proof. Condition (4.3) shows that the quantity

70" sup E (LY(0)?)

N>1

is finite. From Relation (4.23) and the boundedness of the functional ¥, we get the
existence of a constant Cy and Ny€IN, such that, for N> N, the relation

C
sup  pl(6) < <1 (4.52)
ieHN LSy N

holds. Proposition 4.9 and Relation (4.38) give the identity
E (LY()?) =E (LY(0)?)
) (/ <2L{V(S)Z+ZZ> Bn(LN(s))(dZ)> ds— /(:IE (L{V(S)z) ds. (4.53)

jeEH

For s>0, by using Relation (4.52) and the symmetry of the model, we get

E (Ly () [ szl(LN(s))(dz)> =E (1Y) (6)pN (1Y)

< %iilE (LN ()LN(s)) < ;?IIE (1¥62?),

by Cauchy-Shwartz’s Inequality. Similarly, by using the expression of the second
moment of a binomial variable,

E ([ 2Bune @) < B (L (1V6) ) +E (LN ep) (24))
< ;I?]IE (LV () <1+§§>

By plugging these estimates in Equation (4.53), we obtain the following inequality, for
all N>1,

E (Lf’(t)Z) < qo+(3Co—1)/0t]E (L{V(s)2) ds.

A straightforward use of Gronwall’s Inequality gives then directly the estimation since
the constants g9 and Cy do not depend on N. The lemma is proved. O
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Lemma 4.5. Under Conditions (4.2) and (4.3), if (Z}\,’i(t)) is the process defined by Rela-
tion (4.51), for T>0,
uzNHT%¥Ez<sup sup \ZN )>
t<T feLip(1
then the sequence (||ZN||1) converges to 0.

Proof. We denote by 6N (f,t), 6N (f,t) and 65 (£, t) the three terms of the right hand side
of Definition (4.51) of (Z}\[l(t))

Let, for I€N, B(l) be binomial distribution with parameter ! and podéf'Co /hn defined
in Relation (4.52), then

E (E(Z)H{E(z)zz}) =E (B()) PP (B(1)=1) =Ipo (1—(1—190)1_1) < (Ipo)  (454)

By using this inequality and the fact that if f€Lip(1), then ||A;(f)||cc<z holds, for z>1 .
For T>0,

(sup sup ’51 ft‘)
t<T feLip(1

<1 E (B(LY(s)1 )ds < G /T]E<LN(S)2>d
‘Mﬂﬁ%a Dm0z} 90 = gy fy BT 0
keHN(j)

From Lemma 4.4 we deduce that the right hand side of the relation is converging to 0 as
N gets large. A similar argument can also be used for the term (6)(f,t)). For the last

term of (Z}\]l( ))
hnpN (¢ ( ) S¢;s ) )/OTIE (L,I(\](s)> ds.

JEHN

sup sup ‘(53 (f, 1) ‘ < sup
t<T feLip(1 i€EHN
(eSNn

Relation (4.23) of Condition (4.2) shows that this term is converging to 0 when N goes
to infinity. The lemma is proved. O

Lemma 4.6. Under Conditions (4.1) and (4.3), the relation
2
N GO R
holds for any T>0, where, for f€Lip(1), (M}‘{i(t)) is the martingale of SDE (4.46).
Proof. By using Relation (4.47), we get the inequality

£ O)) <3 % [ e ()

felip(1)
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Note that, for /€Sy, the multinomial distribution B;(¢) on NV has the support
{zeNNizy+zp+ - - - +zn={;}, which gives the relation

= ( s () <=0 T (e

We conclude the proof by using again Lemma 4.4, Condition (4.1) and Doob’s Inequality.
O

Now we can turn to the remaining terms of Relation (4.48) to establish the
convergence results.

Proposition 4.11. Under Condition (4.2), for T>0 and t<T,
def. t
XN ( sup sup | X} (s \) < ¥l [ E([(AV@-r(),1)]) ds, @59)
feLip(1) s<t 0

and for K>0,

HYNthef ( sup sup‘Y )) §4DWK/(:]E<HA{V(S)—7T(S)

feLip(1) s<t

e

t
+ ny/ E(|(AV()-7(s),1)|) ds + ny/ E ((7(s),Ic)) ds (4.56)
0 0
where 1 is the identity function, and (7t(s)) is defined by Theorem 4.4.

Proof. The first Inequality is straightforward to derive from Relation (4.49).
Let feLip(1) and t<T, by the Lipschitz property of Relation (4.25) we get that

1 gt

sup YN _—/ LN() (¥ (AN (s), LN(s) ) =¥ (AN(s),LN(s))|ds  (4.57)

o] < & Eao[ (sniyo) ¥ (0.170)

keHN(f)
_hz/ DY Lk ) |al)-AYe)|ds.
JEHN (1) keHN (j
For s>0,
1

= Y Y e |ale-ale)|

N jeHN (1) ke HN(j) tv

< T T [K[ae-ate), L one.g),

N jeHN(1) ke HN(j)

since || AN (s)—AN(s)|lw<1. We get therefore, by symmetry, that

> T r IE(Lk 9 [are-av o))
ST VDY [ZK]E(HAN mG)||, )+ E (L3

N ]eHN( ) kEHN ()
N jeHN(1) ke HN(j
o) FE(W O e2g)

< 2KE () A{V(s)—n(s)
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and this term is smaller than
) +E ()<Aff(s)—n(s),11<>]) +(n(s), Ik)
) +E (‘<Ai\’(s)—n(s),l>‘> +(n(s), Ix),

which gives the desired result. O

2KE (HAZlV(S)—T[(S)

tv

< 4KE (HAlN(s)—n(s)

tv

For the next step to prove the main mean-field result, one has to estimate the
deviations of the local mean,

E (Sslilf ’<A{\](s)—7t(s),1>’> =E <sslift> ’<Af1(s),l> —ﬁ‘) ,

this is the next proposition. We define, for +>0, dV (t)déf'd{\] (t)+d) (t), with

AN (5= E { sup||AY(s)-n(s) )

= ! (458)
dy(t) def g sup‘<A¥(s)—7r(s),I>D.

s<t

We are going to show that, for T>0, the sequence (d(T)) is converging to 0. Let

d(t) = limsupdN(t).
N—+o00

Proposition 4.12. Under Conditions (4.1), (4.2) and (4.3), for any T>O0, there exists a constant
Co>0 such that the relation

d(t) < CoK /Otd(s) ds+CoTKsup E ({7t(s), Ix)) - (4-59)

s<T
holds for all t<T and K>1.

Proof. Noting that I€Lip(1), Relations (4.42) and (4.48) give the inequality, for T>0 and
t<T,

E (Ssgl? ]<A{V(s)—n(s),1>‘> <E (|(aAY(©0)-7(0),1)|)
* /oltE (KA?](S)’QA{”(S)(I» - <7T(S)/Q7t(s)(1)>D ds

ok (sup o] ) ] o] 2

s<T

4

T

with the notations of Proposition 4.11 and Lemma 4.5. From Lemma 4.3 we get the
relation, for s>0,

(A6, 00y (D) = ((5), O (D)
< @I DoAY (5) = (3) et | (A (5)=72(s), ).

143



4.2. LARGE URN MODELS WITH LOCAL MEAN-FIELD INTERACTIONS

By using Proposition 4.11 and Lemma 4.5, we get that

a¥() = E (sup AV (s)-n(s), 1>}> <E (|(aY©)-70),1)])

s<t

+[(2)1¥|o+Dy)B+4DyK] [ AN ()= 72(5) o di
+ [['¥[leo+Dy+1] /OtIE (‘<A{V(s)—71(s),l>’) ds

+ Dy /Ot]E ((mt(s), Ix)) ds+E <sup ’M%(s)’) + HZNHT. (4.60)

s<T

We now turn to the estimation of dV(t). For f:IN—{0,1} and T>0, by Lemma 4.3, if
t<T,

LAY 00 (1)) = {051, g (1)) s < Co [ AN (5) = 2(5) o s

with Coy=1+PB(2||¥||+Dw), Relations (4.42) and (4.48) give then the inequality

(A0 -(t), £)] < Co [ IAY () ~re(s) v s

+ [AN©=r()]| +[M¥O| +XN OHYEOHIZH O] @61)

By definition of the total variation norm, see Relation (4.30), we have

|AY(H-m(t)

= sup (AN (=m0, f)| < RY () + RY (1), (4.62)
f:IN—{0,1}

with

R{V(t)dg'sup)<A¥(f)—ﬂ(t),ﬂlf>‘ and  RY (1) sup
FC(K,+) b

<A{V(t)—n(t), 1F>\ .

With the same argument as before, we get

RN (1) < (AN()+7(1), (K, +00) ) < [(AV (D) =7(), L )| +2 (70, Ik)  (463)

and therefore
RN (1) < RY (H)+2sup (r(s), Ix)

s<t

Denote by Ex={f=1r:FC|0, K]}, By taking successively the supremum on all f€&x and
s<t for Relation (4.61), we obtain the inequality, for t<T,

E <supR§V(s)> <G /Otua <sup ||A{V(u)—n(u)|\w) ds

s<t u<s

+E([[AY@-mO) ) 42" supE (i‘il? \Mﬁ{xs)\) FIXN e Y| ZN - 464)
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Again the quantity || XN||;+|YN||; is upper bounded with the help of Proposition 4.11.
If we gather the estimates (4.60), (4.62), (4.63) and (4.64), we obtain that, for T>0, there
exists a constant Cy independent of K>1 and T such that, for any t<T,

godN(t) < K/Ot dN(s) ds + KT sup (7e(s), Ix) +E (‘<A{\’(O)—n(0),l>‘>

+E (HA{\’(O)—N(O)

)2 o & (supluatco]) |24,

Note that, for s>0, | (AN(s)—nt(s), I) |<Fy/N+p, the mapping s—d"(s) is therefore
bounded by a constant. By using Condition (4.3), Lemmas 4.5 and 4.6, and by applying
Fatou’s Lemma, we obtain the relation,

—_ t_
d(t) < CoK / d(s) ds+KCoT sup (7(s), I -
0 s<t
The proposition is proved. O
We can now formulate our main convergence result.

Theorem 4.5 (Convergence of Local Empirical Distributions). If Conditions (4.1), (4.2)
and (4.3) hold, then, for any 1<i<N, the local empirical distribution process at node i, (AN(t)),

1

AN = [— Ly s

(A7) (Card(HN(l)) ].67%(1.) L (0)

is converging in distribution to (7t(t)), where, if (L(t)) is the solution of McKean-Viasov
SDE (4.41) with initial distribution 71(0), for t>0, 7t(t) is the distribution of L(t).

Proof. The notations of the proof of the previous proposition are used. With Gronwall’s

Inequality and Relation (4.59), we get the relation
d(t) < CoTKsupE ({r(s), I)) X!

s<T
for all t<T. Proposition 4.10 gives the existence of some 7>0 and C;>0 such that

sup E ((rt(s), Ix)) < Cie %, VK>O0.

s<T

By letting K go to infinity, we obtain that d(t)=0 for all tgtldg'q /(2Cy) AT and therefore
the desired convergence on the time interval [0, t1]. In particular if we make a time shift
at tq, it is easy to check that Condition (4.3) are also satisfied for this initial state and
we can then repeat the same procedure until the time T is reached. The theorem is
proved. O

Theorem 4.6 (Mean-Field Convergence). Under the conditions of Theorem 4.5, then, for the
convergence in distribution of processes,

. 1N
NN (N ;ﬂm) =(n(t),
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and, for any p>2, and 1<n1<npy<--- <np,

lim ((Lan( )) , (L,sz(t)) (Lfyp(t))) dist ryop

N—+o0

where 11 is the distribution of the stochastic process (L(t)), the solution of McKean-Vlasov
SDE (4.41) and, for s>0, 7t(s) is the distribution of the marginal of 11 at s, i.e. it is the
distribution of L(s).

Proof. By using relation (4.34), one has

< l 3 sup HAN (t)H

N
sup |AM O] < 5 Lo

t<T

w .

The first claim of the theorem follows directly from Theorem 4.5 and the fact that the
processes (AN(t)), 1<i<N, have the same distribution. The last assertion is a simple
consequence of Proposition 2.2 p. 177 of Sznitman [158]. O

We conclude this subsection with a mean-field convergence result for the invariant
distributions when the sequence of the sizes (h1y) of the neighborhoods grows at linearly
with respect N. For a fixed N, the finite state space Markov process (LN (t)) has a unique
invariant distribution. We will denote by (LN (o)) a random variable whose distribution
is invariant for (LN (t)).

Theorem 4.7. Under the conditions of Theorem 4.5, and if

hmlnth/N>0

N—4o00

and 1y is the distribution at equilibrium of (LY (t)), then the sequence (7y) is tight and
any of its limiting points is an invariant distribution of the McKean-Vlasov process defined by
SDE (4.41).

Proof. Since (LN(t)) is an irreducible finite state Markov chain, it has therefore a unique

invariant distribution. We denote by LN (co )dEf (LN(c0),...,LY(c0)) a random variable
with such a distribution.

We first show that some exponential moments of the variables Lll\’ (c0), N>1, are
bounded. For >0, the balance equation for the function f(¢)=exp(n¢;), (€SN, gives
the relation

E () ~1=E (e”L {e’? 1) L LY (e)pl (L¥(e0)) +Un (LN(oo))D,
i€HN(1)

where, for /€Sy,

ux()= ¥ [Leplo@-1)]" -l o).
iEHN(1)
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By using Relation (4.52), we have p} (£)<Cy/hy, we get then the estimation

|uN(£)| < Z (8;7_1)2 C[%£12 <1 4 }i?]( ]7_1)>fi—2

2
i€EHN(1) 2hN
C? Co R
< (eT—1)*> =0 (1 n_1 N
<17 (120
since /€Sy. The assumption of the sequence (hy) shows that there exists some 771 >0

such that if 7<7; then the last term is bounded by Dy(e”—1)? for some constant Dy>0.
By using this inequality, we get the relation

N (oo N (oo Co
lE(e’?Ll( >) 1<]E(e’7Ll( >< y L%(eﬂ 1) +Do(e — 1)))

i€HN(1)
<E (enw(”) (D1 (e"-1) +Do(e’7—1)2)> ,

for some constant D;>0. If 179<#; is such that Dy (e —1)+Dy(e"—1)?<1, then we get
that the exponential moments of order 7y of LY are bounded,

sup E (e”ow(w)) < +oo. (4-65)
N>1

This shows in particular that the sequence (7y) is tight. Let 77 be one of its limits. For
K>0,

E (AN(oo)([K, +oo))) —P (LflV 2K> , (4.66)
from Lemma 3.2.8 of Dawson [42], we deduce that the sequence of local empirical
distribution at equilibrium (AN(c0)) is tight for the convergence in distribution. We
take a subsequence (Nj) so that (7ry, ) and (AN"( 00)) converge.

By Skorohod’s representation theorem, one can construct a probability space where
the sequence of random probabilities (All\l “(00)) on IN converges almost surely towards
some random probability A. In particular for any bounded function f on N,

E (A(f)) = lim IE(A “(0)(f)) = lim /f dry, (dx)= /f

k—+co k—H—oo
) ~0.
tv

Condition (4.3) is therefore satisfied for the initial vector LN(o0). N
If (LN(t)) be the solution of SDE (4.38) with initial state (LN(c0)) and (AN(t)),
1<i<N, are the corresponding local empirical distributions. Theorem 4.5 gives the

relation _
lim E(AN(H()) =E (FL1)),

N—+o0

From Relations (4.65) and (4.66), we get that

i (-

where (L(t)) is the solution of McKean-Vlasov SDE (4.41) with initial distribution 7. By
invariance, E ( f (f(t))) is constant with respect to t, hence 77 is an invariant distribution
of the McKean-Vlasov process. The theorem is proved. O
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The following subsection is devoted to the properties of the invariant distributions
of the McKean-Vlasov process.

4.2.5 Equilibrium of the McKean-Vlasov Process

Recall that B is the average load of an urn at any time. The purpose of this subsection
is to investigate the properties of the tail distribution of the number of balls in an urn at
equilibrium when f get large. Recall that in our asymptotic picture, the time evolution
of the number of balls in a given urn can be seen as the solution of the SDE defining the
McKean-Vlasov process

dLg(t) = P (dtx [0, B¥((t), Ls(t-))] ) ~La(t=)P(d), (4.67)

where P [resp. P] is an homogeneous Poisson point process on IR% [resp. R ] with rate
1.

If the process (Lg(t)) is at equilibrium, then the function (7r(t)) is constant and
is equal to some mmgeM;(IN). In this case, the process (Lg(t)) is a simple Markov
jump process on IN. It is easily checked that any invariant distribution 715 satisfies
the following fixed point equation Fg(7g)=rs in M;(IN) where Fg is defined by, for
7T€M1 (N)/

Fy(1)= (Fy(m) (n)) & <1+ﬁ‘{’1(7r 2 H : fq;\;f(fkﬂ (4.68)

with the convention that [T, ' =1. Clearly Fg(rr)eM1(IN) and, due to Relation (4.24), the
quantity
BY (7, k)

Z"1—[1%—,8‘{’7rk)

n=0k

is p when 7 is a fixed point of Fg.

The following proposition shows that, for a large class of functionals ¥, a potential
invariant distribution is always concentrated around values proportional to its average p.
We will give more precise results later for power of d-choices algorithms. Additionally,
an existence and uniqueness result is proved when the average load per urn is small
enough.

Proposition 4.13. If Assumptions 4.2 holds for the functional ¥,

1. if, for B>0, there exists and invariant distribution 7tg for the McKean-Vlasov pro-
cess (4.41), then it is stochastically bounded by a geometric distribution with parameter
Bl |oo/ (14B|¥||e), in particular, for any x>0,

ceo (B (1
gl o))< P< 1+/sr|‘1f||oox<1 z<1+ﬁ|wum>)>' (469)

2. There exists Bo>0 such that, if B<Bo, then the McKean-Vlasov process (4.41) has a unique
invariant distribution.
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Proof. If the initial distribution of the McKean-Vlasov process is 7g, then (Lg(t)) is a
simple Markov process which jumps from 7 to n+1 at rate ¥ (714, 1) and returns at 0

with rate 1. Denote by (Zﬁ(t)) a Markov process on IN with the same characteristics
except that the jumps from n to n+1 occur at rate B||¥|«. It is easy to construct
a coupling such that fﬁ(O):Lﬁ(O):Yﬁ and that Lﬁ(t)gfﬁ(t) holds for all t>0. By
assumption, the distribution of Lg(t) is constant with respect to t. It is easy to check

that the invariant distribution of (fﬁ(t)) is a geometric distribution with parameter
Bl¥ e/ (14B]||¥]|co). This proves the first part of the proposition.
For k€N and e M; (IN), one defines

def. BY (7, k)
ar (k)= WI

the function Fg can be expressed as, for nelN,

n—1 n
Fg(mr)(n) = [ [ an(k)—] Jax(k).
0

0

From Relations (4.25) and the boundedness of ¥, we get that

B
- Moo < D - v d k < 5d:f L
lan—azllo < Dyl =l and  ax(k) <0= o

hold for any 7r, '€ M;(IN) and k€IN. Note that, for n€N,

n n nom n m—1 n
l;Ian’(k)_lgIan(k) = Z I;[ﬂn(k) H an (k)— H ar (k) Han’(k)z

m=0 m—+1 0

and therefore that, for n>1,

[Taw®)— Jax(k)
0 0

n
< Y |an(m)—az(m)] 6" < (n41)6" BDy||r— 71" |1y
m=0

This gives the Lipschitz property for the mapping Fg for the total variation norm,

1%

1 () =Fp ()l = 5 ;) |[Fp(7t") (n) = Fg () (n)]

—+o0
<)
n=0

n n ﬁD ,
I;[anf(k)—lglan(k) < (1_52\!7T—7T||tv-

Hence if Dy (1+B||¥ || )?<1, Fg is a contracting application for the total variation norm.
The proposition is proved. O

We have not been able to improve significantly this result. As it will be seen for
specific functionals ¥ much more can be said.
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Random Weighted Algorithm

For ce M;(IN), the function ¥ is, in this case, defined by

Yeo(o, 1) =

and the range of W is assumed to be in [c, C|, for some positive constants ¢ and C.
It is not difficult to see that there exists a unique invariant distribution 7tg. If
e M;(IN) is invariant if and only if it has the representation

rm) = (vﬂ%w HwﬁW( ))

where y= (7r, W), i.e
B= Z "= 5 + ;sw (4.70)

n=0k=0
It is easy to see that this equation has a unique solution vz which gives the existence
and the uniqueness of the invariant distribution in this case.

When (W(k)) is constant equal to w>0, then balls are placed at random in the
neighboring urns, independently of their loads in particular. In this case ys=w and the
corresponding invariant measure is the geometric distribution with parameter f/(1+p).
From Theorem 4.7, we get the following proposition.

Proposition 4.14 (Random Algorithm). Under Assumptions 4.1, for any >0, when N goes
to infinity, the equilibrium distribution of the process (LY (t)) is converging in distribution to a
random variable Yg with a geometric distribution with parameter B/(1+B). In particular, for
the convergence in distribution,
. Yp
lim — = E;,
B—+o0 ,3

where Eq is an exponentially distributed random variable with parameter 1.

It turns out that the random algorithm behaves poorly in terms of the load of a
given urn. For a large , the asymptotic tail distribution of the occupancy of an urn
at equilibrium is, as expected, the upper bound (4.69). The simple consequence of this
result is that, if on average, there are 8 balls per urn, there is a significant fraction of urns
with an arbitrarily large number of balls. We will see that the situation is completely
different for the power of d choices algorithm.

Power of d-choices

For € M;(IN), the function ¥ is, in this case, defined by

co) ) — o))
ARG L (R
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Proposition 4.15. There exists a unique invariant distribution 7tg of (Lg(t)), it is given by

mp(n) = En—Guy1, 10, (4.71)

where (&) is the non-increasing sequence defined by induction by &o=1 and

Cn=p (Cﬁfl—é‘ﬁ) , n=>L (4.72)

Proof. The existence and uniqueness of such a sequence (&) is clear. Let 7t be an
invariant distribution of (Lg(t)), it satisfies the balance equation

n(n)(1+pY¥(m,n)) = n(n—1)¥(m,n—-1), n>1.

and 77(0)BY(7r,0)=1—m(0). Define &, = m([n,+o0)). The balance equation for n=0
shows that Relation (4.72) is clearly true for n=1. If we assume that Relation (4.71)
holds up to p, the balance equation can be rewritten as

(6p =) + B (E0-1a) = B (601-7) =&
hence Relation (4.72) is valid for p+1. The proposition is proved. O

The following theorem shows that the power of d-choices policy is efficient in terms
of the load of an arbitrary urn, the invariant distribution of this load is asymptotically
concentrated on the finite interval [0,d/(d—1)B]. Only an extra capacity /(d—1) has
to be added to the minimal capacity B for any urn in order to handle properly this
allocation policy. This has important algorithmic consequences in some contexts. See
Sun et al. [156].

Theorem 4.8 (Power of d choices). Under Assumptions 4.1, for any >0, when N goes to
infinity, the equilibrium distribution of the process (LY (t)) is converging in law to a random
variable Yg whose distribution is the unique invariant measure of the McKean-Vlasov process
(Lg(t)) defined by SDE (4.41).

Furthermore, for the convergence in distribution,

513&:1;; - ddj (1_ud71> ’

where U is a uniform random variable on [0, 1].

Proof. The first part of the theorem is a direct consequence of Theorem 4.7 and
Proposition 4.15.
For k>1, by summing up Equation (4.72) for 1 to k—1, one gets the relation
B(1-P(Y; > K)") =E (Ypnk),

since [E(Yp)=p, this gives

i~ L gy, _E( (Y kYT
P(Yg > k) _ﬁ(lE(Yﬂ) IE(YﬁAk))_lE<<ﬁ /3> )
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hence, if Zﬁdéf'Yﬁ/ B, for x>0,

P(Zs>x)" =E ((zﬁ— [ﬁﬂﬂ>+> .

Relation (4.69) shows that, for B; sufficiently large the family of random variables Zg,

B>p1 is tight and that the corresponding second moments are bounded. Let Z be a
fef.

limiting point when B gets large and h(x)d P(Z>x), x>0. The previous relation gives
the identity, for x> 0,

h(x)d= / " h(u) du,

It is easy to see that this relation determines & and therefore gives the desired
convergence in distribution. The theorem is proved. O
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Chapter 5

On the Asymptotic Distribution of
Nucleation Times of Polymerization
Processes
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Abstract In this chapter, we investigate a stochastic model describing the time
evolution of a polymerization process. A polymer is a macromolecule resulting from
the aggregation of several elementary subunits called monomers. Polymers can grow
by addition of monomers or can be split into several polymers. The initial state of the
system consists of isolated monomers. We study the lag time of the polymerization
process, that is, the first instant when the fraction of monomers used in polymers
is above some threshold. The mathematical model includes a nucleation property: 1f
n. is defined as the size of the nucleus, polymers with a size smaller than n. are
quickly fragmented into smaller polymers. For polymers of size greater than n., the
fragmentation still occurs but at a smaller rate. A scaling approach is used, by taking
the volume N of the system as a scaling parameter. If n.>3 and under quite general
assumptions on the way polymers are fragmented, if TN is the instant of creation of the
first “stable” polymer, i.e. a polymer of size 1., then it is proved that (TN /N"~3)
converges in distribution. We also show that, if n.>4, then the lag time has the
same order of magnitude as TN and, if n.=3, it is of the order of log N. An original
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feature proved for this model is the significant variability of TN. This is a well known
phenomenon observed in the experiments in biology but the previous mathematical
models used up to now did not exhibit this magnitude of variability. The results are
proved via a series of technical estimates for occupations measures on fast time scales.
Stochastic calculus with Poisson processes, coupling arguments and branching processes
are the main ingredients of the proofs.

5.1 Introduction

The protein polymerization processes is an important phenomenon occurring in
many biological processes. Macromolecules proteins, also called monomers, may be
assembled into several aggregated states called polymers. A polymer of size k is an
assembly of k monomers linked by some chemical bonds. See Appendix 5.A for a more
detailed description of the biological background.

In this chapter, we introduce a stochastic model describing the time evolution of the
set of polymers. It is assumed that, initially, there are only single monomers. Polymers
are formed by the successive additions of monomers to an existing polymer, these events
are essentially caused by random fluctuations inside the cell due to thermal noise for
example. The same fluctuations may also cause the breakage of polymers into several
polymers of smaller sizes and also monomers.

The main quantity of interest is the time evolution of the polymerized mass of
monomers, that is the the mass of the polymers of size greater or equal to 2. In practice,
this quantity can be measured in the experiments.

Using the classical notations for chemical reactions, if X} is the set of polymers of
size k, the polymerization process analyzed in this chapter can be represented as

k
X1+Xk&>/¥k+1/

k
Koff,

Xe—— Xoy + X+ - —I—Xup, p>2,a1+ - - - +ap=k.

(5.1)

The quantity %, [resp. x*.] is the chemical rate at which a polymer of size k is bound
with a monomer [resp. at which it is broken].

The Large Variability of Polymerization Processes

Starting with only monomers, the system will stay for some time with a negligible
polymerized mass, i.e. few monomers are polymerized at a given instant. The main
phenomenon observed in the experiments is that there is an instant when a sharp phase
transition occurs, the polymerized mass goes then from 0 to reach very quickly its
final value. This explosive behavior is a constant feature of polymerization processes
observed in experiments. Another key property from a biological point of view is that
the instant when this event occurs, the lag time, varies significantly from an experiment to
another. See Figure 5.1 in the appendix. This phenomenon is believed to be at the origin
of the long delays observed in the development of several neuro-degenerative diseases
such as the Bovine Spongiform Encephalopathy (Mad Cow) or Alzheimer’s disease. See
Appendix 5.A for a quick review and references for the biological aspects. The main
goal of mathematical models in this domain is of representing this phenomenon via a
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simple model exhibiting this phenomenon and so that the variability of the lag time can
analyzed quantitatively.

A natural description involves an infinite dimensional state space, the kth coordinate
giving the number of polymers of size k. The growth of polymer of size k is described
by the interaction of the kth and first coordinates. The fragmentation of polymer gives
a more intricate transition since a polymer can be fragmented into a subset of polymers
of smaller sizes and also monomers. We begin with the description of a classical
mathematical model of polymerization.

Literature: Becker-Doring Equations

The corresponding sequence of chemical reactions are given by

&
X+X — Xk+1, k>1. (52)
bri1
They have been quite often used to represent polymerization processes. It amounts to
assume that polymers can evolve only by the addition/removal of one monomer. In
a deterministic setting, there is an associated system of ODEs called the Becker-Diring
Dynamical System (ci(t)) solution of the system of differential equations

%(t) = 21 (c(t) = Y Jk(c(t)),
d = (BD)
Ck

ZE ) = Jeale() = Tile(®)), k>1,

with Ji(c)=axcicx—bxr1cky1 if c=(cx) ERY and with a convenient initial condition. This
is a first order description of the process, the term ci(t) should be thought of the
concentration of polymers of size k>1. The conservation of mass holds, provided that
the system is well-behaved, i.e. the quantity

c1()+2co(t) + - - 4 ke (£) + - - -

is constant with respect to . See Becker and Doring [16] for the original paper. The
conditions on existence/uniqueness of solutions have been extensively investigated. See
Ball et al. [15] and Penrose [125, 126]. For the rate of convergence to equilibrium,
see Jabin and Niethammer [78] and for the so-called gelation property when the
conservation of mass is not satisfied, see Jeon [83]. In the literature of biological models
it has been extensively used, see the various classes of ODEs in Table 2 of Morris et
al. [115] and Hingant and Yvinec [75] for example, see also Wu and Shea [167] and
Yvinec et al. [170].

With convenient parameters estimations, these ODEs can describe first order
characteristics such as the mean concentration of polymers with a given size. See
Davis and Sindi [41], Rubenstein et al. [75] for a survey of these results. Due to their
deterministic formulation, they cannot really be used to investigate the fluctuations of
the lag time of the polymerization process. Recall that this is one of the most important
aspects of these phenomena.

There is a past and recent interest in growth-fragmentation models which are gen-
eralizations of the polymerization process described by Relation (5.1). For these
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models, the growth can occur also by coagulation and not only by addition of a single
particle/monomer at a time. Additionally, the rates of occurrence of the growth or
fragmentation events can be state dependent. See Aldous [5] for a general survey. See
also Bertoin [18] and Calvez et al. [29] and subsequent references for recent work on
these topics. These processes are also used to study some population processes. These
studies focus mainly on the existence of such processes, on their scaling properties
(like self-similarity) or their branching process representation. It should be noted that
the term “polymer” is also used for stochastic processes defined in terms of a Gibbs
distribution on finite sample paths in Z?, these processes are related to several classes
of random walks in random environment, see den Hollander [44] and Comets [38] for
example. The problems investigated in this chapter are described differently and they
focus on transient properties rather than equilibrium properties.

Central Limit Theorems vs Rare Events Asymptotics

There are several analyses of stochastic versions of the Becker-Doring equations.
Jeon [83] shows, that starting from N particles, and with Poisson processes governing the
dynamics of the transitions of monomer additions and deletions then, under appropriate
conditions, a convergence result holds for the coordinates scaled by N and the limit is
the solution of Becker-Doring equations. The corresponding functional central limit
theorem has been proved in Sun [153]. A stochastic analysis of the lag time of the
polymerization processes based on Becker-Doring equation can then be done in terms
of a central limit theorem (CLT) in Szavits et al. [157]. A mathematical analysis of
a stochastic model with only two species, monomers and polymerized monomers is
achieved in this way in Szavits et al. [157], Eugene et al. [58], see also Doumic et al. [51]. It
should be pointed out that these mathematical models fail to explain the large variability
of the lag time which is observed in practice. For these models the ratio of the variance
and the mean of the lag time is converging to 0 in the asymptotic regimes considered.
In a small volume, theses estimations can nevertheless be reasonably accurate.

We believe that the variability cannot be explained only by a central limit theorem
(CLT), see Szavits et al. [157] and Eugene et al. [58]. The main result of this chapter
states that the fluctuations are due to the occurrence of a set of rare events. This has
been suggested in earlier works, see for example Yvinec et al [171], but to the best
of our knowledge it has never been proved rigorously for a convenient mathematical
model. We also think that the Becker-Doring model itself cannot be a convenient model
to describe polymerization processes. The fragmentation mechanism of the model, the
removal of monomers of a polymer one by one, is too limited to give the appropriate
explosive behavior mentioned above. On this matter, Condition A-3 of Assumption A*
below is key to get this property.

The Nucleation Phenomenon

One has first to introduce the notion of nucleation which is a popular assumption
in the biological literature but, to the best of our knowledge, does not seem to
have been properly included in the previous mathematical models of polymerization.
See Morris et al. [115] and Gillam and MacPhee [67], and the references therein,
Kashchiev [91, 9o] for example. The assumption is that polymers with small sizes
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are quite unstable. They are very quickly broken by the random fluctuations of the
environment. There is nevertheless a critical size n. above which a polymer is more
stable. It can be still broken due to random events but at a much smaller rate. See also
the discussion on Appendix 5.A. The quantity 7. is called the nucleus size, in this way
polymerization can also be seen as a nucleation process as in the literature in physics, see
Kashchiev [89]. These assumptions are generally based on considerations of statistical
mechanics expressed in terms of the free energy of assemblies of proteins. See Andrews
and Roberts [11], Firestone et al. [62] and Zhang and Muthukumar [172] for example.
We will assume in this chapter that the size of the nucleus is at least 3, n.>3. See the
discussion in Section 5.3 concerning the case n,=2.

The assumption of the existence of a nucleus size can be translated as follows in the
chemical reactions: for k<#n. then Kléff>>Klén, otherwise, if k>n,, Kf)ff is of the same order
of magnitude as x5, or much smaller. In our model, with the scaling parameter N, the
number of initial monomers, we will assume that, for k<n,, then Kﬁff/ K'c‘m:N a.

In a first step in the analysis of these models, we have chosen a linear dependence
on the scaling parameter N for the ratio of the chemical rates. A more general
dependence of the type X /x5 =®(N)uy, 2<k<n,, for a non-decreasing function ®
will be investigated in a future work.

The Main Results

Assuming that there are only N initial monomers, the mathematical results we obtain
is that if TN is the first instant when a polymer of size 7, is created, under appropriate
conditions, the following convergence in distribution holds

TN
lim

Nostoo N3 Ep, (5.3)

where E, is an exponential random variable with parameter p defined by Relation(s.27),
a constant depending on the polymerization and fragmentation rates before nucleation.
In particular the variability of the lag time is the variability of an exponential distribution
with a large average and, therefore, gives a large variance.

Furthermore, it is also shown that, for a sufficiently small J, the lag time LN, ie. the
first instant when a fraction ¢ of the initial monomers is polymerized, then, with high
probability,

LY = TN+0 (logN). (5-4)

This relation shows that, for n.>4, the variable TN has the same order of magnitude in
N as the lag time LY. See Proposition 5.8 and Theorem 5.2 for a precise formulation of
this result.

The polymerization process can thus be decomposed into two steps.

1. The evolution of the process until a stable polymer (a polymer whose size is #.)
is created. With our scaling assumptions, this is a rare event as mentioned above.
The convergence (5.3) is natural in probability theory. For stochastic processes
converging quickly to equilibrium, rare events are, generally, reached after an
exponentially distributed amount of time with a large average. See Keilson [92]
and Aldous [3] for example. Nevertheless, getting a precise limiting result for
this convergence turns out to be quite challenging. The main reason is that our
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assumptions on the way the polymers are fragmented are somewhat minimal, the
transitions of the associated Markov processes are thus quite complicated. See
Section 5.3 and Appendix 5.B.

2. With an initial state with only one stable polymer, it is shown that the number
of stable polymers is lower bounded by a super critical branching process, in
particular with positive probability it is growing exponentially fast or it dies out.
This is the explosion phase of the polymerization process.

The picture is then as follows: Stable polymers are created individually from the
aggregation of monomers according to a Poisson process with a small parameter
proportional to 1/N"~3. One of them will be eventually successful to produce a
significant fraction of stable polymer in a very small amount of time (with respect
to N"73). The lag time is then essentially the amount of time it takes to have a
successful stable polymer that generates sufficiently many stable polymers. When n.>4,
the duration of the growth period is negligible with respect to N"<~3, because of the
exponential growth during this phase.

Our model has thus the two main characteristics observed in the experiments in
biology: a take-off phase with a large variability (the asymptotic exponential random
variable) and a steep growth (the super-critical branching process). See Figure 5.1 in
the appendix. The results are proved via a series of technical estimates for occupations
measures on fast time scales associated to the first n. coordinates of the corresponding
Markov process. Stochastic calculus with Poisson processes, coupling arguments and
branching processes are the main ingredients of the proofs. A related model (in a quite
different context) with a Becker-Doring flavor is analyzed in Sun et al. [154] with a
different perspective since the goal is of analyzing the asymptotic behavior of a transient
multi-dimensional Markov process. Outside the fragmentation feature which does not
appear in the models of [154], the transition rates are linear with respect to the state in
this reference, instead of a quadratic dependence for the present chapter. In both cases,
several estimates on fast time scales have nevertheless to be derived.

Outline of the Chapter

Section 5.2 introduces the stochastic model used to investigate the polymerization
process, together with the notations and definitions used throughout this chapter.
In Section 5.3 limiting results are proved for the first instant when there is a stable
polymer, see Theorem 5.1 and Proposition 5.5. For that purpose, several estimates on
the time scale t— N" 2t are derived via stochastic calculus and coupling methods. The
most technical parts of the proofs of these estimates are postponed in Appendix 5.B.
Section 5.4 considers the dynamic of the polymerization for the polymers whose
sizes are above the level of nucleation n.. Under appropriate conditions on the
fragmentation process, a coupling with a super-critical branching process is obtained,
see Proposition 5.6. In Section 5.5 the main results for the asymptotic behavior of the
distribution of the lag time are proved, see Theorem 5.2. Appendix 5.A gives a quick
overview of the biological aspects of these processes.
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5.2 Stochastic Model

In this section we introduce the stochastic model describing the polymerization
processes with a nucleation phenomenon. The later feature is introduced via a
multiplicative scaling parameter for the rate of fragmentation when a polymer has a
size strictly less than n.>3 the size of the nucleus. In this way, polymers of small size
are unstable and quickly break into monomers.

We define, for p>1

Sy = {(ui)e]NHf pur2up+ - Hlupt - ZP} -

The state space of the process is thus given by Sy, if u=(u;)€Sy, u; is the number of
polymers of size i. Since for u€S,, all components with index strictly greater than p+1
are null, we will occasionally use the slight abuse of notation u=(uy,..., up). We denote
by
k>0
the set of states with finite mass. For p€IN, e, will denote the pth unit vector of S.
One starts from N monomers, i.e. N polymers of size 1, as the initial state

u(0)=(N,0,...,0,...).

The parameter N is the original mass of monomers of the system, it will be also
interpreted as a volume parameter. When the system is in state u=(u;)€Sy then, for
k>1, the quantity u/N is defined as the concentration of polymers of size k. In the
following, N is used, classically, as a scaling parameter.

In the special case of Becker-Doring chemical reactions (5.1), the law of mass action
gives the Michaelis Menten’s kinetics equations for the concentration of the various
polymers. If [X] is the concentration of polymers of size k, one has for k>2,

d -

3] = ron 1] [ ] — o [Ha] [A] — Kol Xi] + e [ K] (5.6)
See Chapter 6 of Murray [117] for example. The fragmentation processes analyzed in
this chapter are more general. In a stochastic context, because of the different time scales
of the phenomena of aggregation and fragmentation, we will study the evolution of the
numbers of polymers rather than their concentration.

Growth of Polymers

We make the, classical, assumption that the growth of polymers occurs only through
the successive additions of monomers. The rate at which a given monomer, a polymer
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of size k, k<n,, collides with a polymer of size 1 is classically taken as proportional to
the concentration u; /N of these polymers. See Anderson and Kurtz [8]. Hence the total
rate of production of polymers of size k+1 via this kind of reaction is given by

Ui
Al —,
NN
for some constant A, >0. which is consistent with the two first terms of the right-hand
side of Relation (5.6).

Fragmentation

This is where the nucleation phenomenon is introduced in the stochastic model.
Fragmentation occurs because, as long as the size of the polymer is below the nucleation
size 1., it is quite unstable, the thermal noise breaks it after some time. For k>2, define

{Nyk if k<n,,

N:
k u if k>n,

# (5.7)
where (pg, 2<k<n.—1) and p are positive real numbers. Polymers with size greater than
n. will be qualified as stable to stress that its fragmentation rate is not large.

In the literature for chemical reactions of the type (5.6), the ratio kX /«¥.. is assumed
to be large for k<n. and small otherwise. In our case we used the scaling parameter N
to stress the difference before and after nucleation.

In this setting, a quite general fragmentation process is considered. A polymer of
size k splits at rate ;Y according to a fragmentation distribution v on the state space Sy.
A polymer of size k is broken into Yik polymers of size i, 1<i<k where Yk:(Y{‘, e, Y,f)
are random variables such that

E (f(Y{‘,---,Y,f)> = /Skf<y1/---ryk)vk(dy>-

The case where the fragmentation of k gives one item of size k is a priori not excluded,
ie. Yri=e,=(0,...,0,1) with positive probability. We will assume in the following that
the fragmentation measure is not singular from this point of view, i.e. that vi(er)<1
holds for all k>1. Under this assumption, ultimately, a polymer of size k>2 will be
decomposed into polymers of size less or equal to k—1. In the case vi(ex) >0, we allow
then transitions with no effect on the state. This is not a restriction since one could use
an equivalent model where the fragmentation rate i is replaced by pi(1—vi(ex)) and
the measure v(dy) by
1
mﬂ{y#k}w(dy)-

For p<k, we denote by I,(y) the pth coordinate of y€S; and

(e o) = [ D) vpldy) = [y vp(y)

is the average number of polymers of size p for v, in particular

k
2 v, Ip) =

p:
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When fragmented, a polymer of size k is decomposed into a set of Y polymers of size i
for 1<i<k, where (Ylk ) is a random vector of integers with distribution vy.

Remark on the Nucleus Size

If the nucleus size is 2, in state u€Sy stable polymers are created at rate Aju?/N.
Hence, initially, in a time interval of duration >0, A1eN stable polymers are created
directly with monomers. Polymerization starts right away initially. When n.>3, it
will be seen that that the stable polymers are essentially produced by an autocatalytic
process: under appropriate conditions on the parameters, a stable polymer grows for
some time and then is fragmented into multiple polymers and, with positive probability,
the size of several of them will be larger than 7, and therefore a stable polymer can
create stable polymers with positive probability. It turns out that this production
scheme is much faster than the creation of stable polymers by the successive addition
of monomers. In this way the case n,=2 stands out. It is in fact used in most of the
mathematical models of polymerization, implicitly sometimes. In our view, for this
reason it cannot be used to explain the large variability observed for these processes.

ExAMPLES OF FRAGMENTATION MEASURES.

Fragmentation is associated to the decomposition of integers. An important literature is

devoted to this topic: from the point of view of combinatorics as well as for statistical

aspects. See, for example, Fristed [64], Pitman [131] or Ercolani et al. [56]. We now give

some classical examples. Binary fragmentations are single out due to their importance.
For k>2, a polymer of size k is split according to the distribution v ().

1. Binary Fragmentations.

— UF: Uniform Binary Fragmentation,
for 0<¢<k,
k odd
¥ (ep+ex_g) = 1 (#k/2 keven
ki—l {=k/2 keven

=
N+ (N
—_
~

where ¢, is the (th unit vector of NN, ¢, is representing a single polymer
of size /. We take the convention that ep=0 when ¢€{0,k}, in this case the
corresponding transition is empty.

— BF: Binomial Fragmentation, for p € (0,1),

k
v (eptex—y) = 2(€> pt(1-p)*=", 0<e<k,

if k is odd. If k is even, the case {=k/2 has to be singled out as before.

2. Multiple Fragmentations.
— MEF: Multinomial Fragmentation.
For m>2 and p=(p;)€(0,1)" with p1+p2+ - - - +pm=1, a polymer of size k>m
is fragmented into at most m polymers according to a multinomial distribution,
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if {=e, +ep,+ - - +ey, €Sk

Vi () = 1 mnpz

Recall the convention eyp=0.

— SF: Symmetrical Fragmentation. This is similar to the previous case except
that the degree of splitting is a random variable. If (g;,i>2) is a probability
distribution on integers greater than 2, for k>2,

V,?F(ﬁ) = qmij(eel—ke@z%— s +€gm),

with if f=e,, +eg,+ - - - +ey, €S

The family of probability distributions to describe fragmentation have various defini-
tions depending on the context investigated. For continuous fragmentation, i.e. when
the state space is Ry instead of IN, the corresponding quantity is the dislocation measure.
In the self-similar case, the fragmentation process is described by a measure associated
with the outcome of the breaking of a particle of size 1. There are generalizations in this
continuous setting with fragmentation kernels K(x,dy) depending on the initial size x
to decompose. See Bertoin [17] for example. For fragmentation of integers, as it is our
case, Mohamed and Robert [113] describes the fragmentation also via a single measure,
the splitting measure for the analysis of first order quantities. See [113] for an overview of
this literature in this framework. In our case, we have to use instead a family depending
of the size of initial polymer.
The following conditions will be assumed to hold throughout this chapter.

Assumptions 5.1.

A-1) Non-Degeneracy of Fragmentation.

sup v (ex)<1.
k>2

For simplicity it will be assumed in the rest of the chapter that vy (ex)=0, for all k>2. The
above discussion shows that, up to a change of the fragmentation rate, there is no loss of
generality. It is used in several proofs in Section 5.3.

A-2) Lower Bound for Polymerization Rates.

def. .
A ="inf A . .
A= inf A >0 (5.8)

A-3) Fragmentation of Large Polymers. The quantity

. eSS
lim infvj (]/ (yi)€Se: ) yi > a)

i>ne

is 1 for a=1 and is positive for a=2.
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A-4) Monotonicity Property: If k<k', then, for all acIN and £>1, the relation

+oo =
Ve (yGSk: Y Ty > a) < v (1/65% Y Ty > ”)
i=1 i=1

holds.

Assumption A-2 states that growth of polymers occurs at least at a minimal positive
rate. Assumption A-3 states that, with probability close to 1, the fragmentation of a large
polymer gives at least a stable polymer, i.e. whose size is greater than n., and, with
positive probability, at least two stable polymers are produced. Under this condition
a large polymer cannot in particular be broken into monomers with probability 1
in particular. The monotonicity property A-4 gives that the sizes of fragments are
stochastically increasing with respect to the size of the initial polymer.

Proposition 5.1. The fragmentation measures UB, UF, MB and MF satisfy Assumption A*.

Proof. The proof is done for the multinomial fragmentation, the proof for the symmetri-
cal fragmentation is similar. The fragmentation as the distribution of k balls into m urns
so that the probability the ith urn is chosen is p;, if A¥ the number of balls in this urn,
then vy is simply the empirical distribution of these variables. A simple coupling can
be constructed so that Ai-‘gA;‘H holds for all i€{1,...,m}. This gives right away the
monotonicity property. The law of large numbers gives the convergence in distribution

.1
lim E(A",...,AZ) = (p1,---, Pm),

k—+o0

Condition A-3 holds since p; is positive for all i. O

The Infinitesimal Generator of the Stochastic Evolution

We define by UN(t) the number of polymers of size k>1 at time t>0. Clearly, the

process (UN (t))déf'(uli\l (t)) has the Markov property on the countable state space Sy.

The generator Q) of this process is given by, for u€Sy,

Ow()0) = X2 Mot [F ey 1-ex—ex)— ()]
k=1

£ e [ [Flty—e)—f ] w(dy) (59)
k=2

k

where, for i>1, ¢; is the ith unit vector of NN and f is a function on Sy with finite
support.

The growth mechanism involves the scaled term u;/N, the concentration of
monomers. This is not the case for the rates of fragmentation which do not depend
on the concentration, in the state u=(u;) €Sy, polymers of size k are fragmented at rate

N
}/lk uk.
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Stochastic Differential Equations

Throughout the chapter, we use the following notations for Poisson processes. For
&>0, Ng is a Poisson point process on Ry with parameter ¢ and (Ng;) is an iid.
sequence of such processes.

-7k . . . sl s .
For k>2, Nz is a marked Poisson point process on Ry xSy with intensity measure

Zdtov(dy) and (N ]gl) is an i.i.d. sequence of such processes. Such a process can be
represented as follows. If Nz=(tt) is a Poisson process on R with rate ¢ and (Y¥) is

an i.i.d. sequence of random variables on Sy with distribution vy, then A ¢ has the same
distribution as the point process on IRy xSy given by

Y Ot i

n>1

where ¢, is the Dirac mass at (a,b). All Poisson processes used are assumed to be
independent.

In this context, the Markov process (UM (t)) can also be seen as the stochastic process
solution of the system of stochastic differential equations

uNuk 1( ) +0o0 um t

duy (t) = Z WRWICLESD Z / yk/\/'lédtdy)

m=k+1
Ny o)

uN (+—
)k
- Z Ny o(dt, Si) — Y. Nune(dt), k>2. (5.10)
(=1 =1
The conservation of mass condition defines the evolution of the first coordinate (U} (t)),
the process of the number of monomers,
uNe)+2ud)F3ul(t)+ - - +euN(t)+--- = N. (5.11)
The initial condition is given by
uMNo)) = (N,0,...,0,...). (5.12)
The process (UN(t)) is cadlag, i.e. right continuous with left limits at every point of R,
and AU} (t) is UYN (t)—UN(t—), where f(t—) denotes the left limit of a function f at ¢.
Nucleation Times
We can now introduce the lag time of the polymerisation process, for 6€(0,1),
=inf{t > 0: U, (t)+U,+1(t)+ - +U(t)+--- > IN}. (5.13)

This is the main quantity of interest in this chapter, the first instant when there is
a fraction § of monomers in stable polymers, i.e. of size greater than n.. The first
nucleation time is defined as

=inf{t > 0: U, (t)=1}, (5.14)

it is the first time a stable polymer appears.
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5.3 The First Instant of Nucleation

In this section, one introduces an auxiliary Markov process (XY (t))def (XN(t)), the
solution of the system of stochastic differential equations

XNXN( ) +o00 Xm
“7Fm
dxN(t) = L N0+ ) Z /5 N (dt, dy)
m=k+1 (=1 m
X,f’(t XNXN(t-)

-y N yk/ (dt, S) — Y, N%/(dt), k>2, (5.15)
(=1 N2

(=

[y

with initial condition (XV(0))=(N,0,...,0,...). By an abuse of notation, here we
assume that for the process (XN(t)), Ak u=0, for all k>n.. Therefore, (XN(t))=(0)
for all k>n.. As before, the mass conservation condition on any finite time interval
defines the evolution of the first coordinate (XN (¢)). Up to a change of time scale, the
process (XN (t)) is closely related to the polymerization process, see the lemma below.
The main difference is that polymers with size #n, cannot be fragmented and therefore
do not produce polymers with smaller size. This process is used to investigate the first
phase of the polymerization process, until the first nucleus is created. Another auxiliary
process will be introduced in section 5.4 to investigate the second phase during which
polymers of size greater than 7. have a total mass of the order of N.

Lemma 5.1. If ™N=inf{t : X} (t)=1} and ((UN(t)) is the process defined by Relations (5.10),
(5.11) and (5.12), then the following identity in distribution holds

(UN(t),t < TN> st <XN(Nt) t< TN/N) (5.16)

with TN defined by Relation (5.14). In particular TN AN /N

Proof. The arguments are quite simple. Up to time TV, the size of any polymer is at
most n1.—1, hence its fragmentation rate is proportional to N. Since the time scale t+— Nt
adds a multiplicative factor to the transition rates of (XN (t)), we easily check from the
SDEs (5.10) and (5.15) that the two processes on both sides of Relation (5.16) satisfy the
same SDE. Since they have the same initial point, we get the desired result. O

The strategy to derive the limiting behavior of the distribution of the variable T
is explained briefly. One will first prove, via a coupling argument, that, on the fast
time scale t— N"~1¢, the values of the coordinates with index between 2 and n.—1 are
essentially negligible with respect to N. The key results are the asymptotic balance
equations (5.24) of Corollary (5.1), they will finally give the order of magnitude in N of
7V as well as the corresponding limit convergence in distribution to an exponentially
distributed random variable, see Proposition 5.5 at the end of the section. The derivation
of these balance equations is achieved through a sequence of estimations of occupation
measures associated to the coordinates of the process. Several of the technical details
are postponed in Appendix 5.B.
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Lemma 5.2. If (XY(t)) is the solution of the SDE (5.15) with initial state (5.12) then, for
2<k<n.—1 and >0, the convergence in distribution of processes

) XY(N™~1t)\
Nﬁk( N7 =)
holds.

Proof. Define 2% max(Ag, 1<k<n.) and

CONPEED]

Definition (5.9) of the infinitesimal generator gives that the process (X" (t)) has positive
jumps of size 1 only. In state x€Sy they occur at rate

ZA—<A

Remember that a polymer of size 7, is in a cemetery state from the point of view of the
dynamic of the process (X (t)). The size of negative jumps of (RN(t)) is less than —1
and they occur at rate at least

ne—1

5 0z i),

with ‘udéf' min(y;/(i—1),2<i<n.—1).

With a simple coupling, one can therefore construct the process (L(t)) of jobs of an
M/M/ oo queue, see Chapter 6 of Robert [138], with arrival rate A and service rate u
such that L(0)=0 and the relation RN (¢)<L(t) holds for all +>0.

Proposition 6.10 of [138] gives that, for ¢>0, the hitting time of K=eN" by (L(t)) is
of the order of (K—1)!(u/A)X as N gets large. In particular this does not happen on the
time scale t— N"~!t. The lemma is proved. O

The integration of Equations (5.3) gives the following representation, for k>2,

FXY(s) XLy (s)
N N ds —|—Z;+1yg Vg,]k /Xg d

e [ X a5 [ YO, G

where (MY (t)) is a martingale, obtained by the compensation of the Poisson processes
of the dynamics. Stochastic calculus, see Section 5.B.1 of the Appendix for example,
gives that its previsible increasing process is

X (1) = Ak A

X)X () :
<M1£\]>(t)=7\k—1 N N ds +[; pe (ve, I) /X?I(S) ds
+1
t XN
‘f’ﬂk/ XY (s dS—I—/\/ ds. (5.18)
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Proposition 5.2. For n.>r>2, k<r—1 and 2<h<n.—1 then, for the convergence in distribu-
tion of continuous processes,

i 1 N N N
Jim [ /0 XN () XN (u) du | = (0).

Specially, for all 1<k<n.—2,

, 1NN
Hm W/o Xpe—r(u)*du | = (0).

Proof. We prove the lemma by induction on 7, from n, to 2.
When r=n, and k<n.—1, one has

LN XN ) XN
(N”c/o Xnﬁk(u)Xh (u)du | = /0 N N du |,

Lemma 5.2 shows that this process converges in distribution to o when N goes to infinity
for all k=1,...,n,—1 and 2<h<n.—1.

Now suppose, by induction, that for all />r and 1<k</, 2<h<n, — 1, one has the
convergence in distribution

~ 1Ny N
lim W/o X (u) X (u)du | =0. (5.19)

N—o0

On will prove that this property holds for /=r. Take k=1 and h=n.—1. Relations (5.15),
via stochastic calculus with Poisson processes, see Section 5.B.1 of the appendix for
example, give the identity

XN(u Xﬁ’f u
Xine *1(t)2:Mzzi\ifl,nH(t)Jr)\m*Z/o (2Xn 1 (u )+1) L )Nzc 2l )du

N N
+/ 2Xn 4 1) <ynC1Xﬁ_1(u)+An61X (u );[(; _1(u)> du (5.20)

where (M}Y_, , _,(t)) is a martingale whose previsible increasing process is given by

<Mnc 1ne— 1> (t) = /\ncfZ/O <2Xn 1 (u )+1>2 X{\](U)ié\iz(”) du

2 XN(u) XN (u
+/ ZXN 4 +1> (ﬂnC1X,1X_1(u)+Ancl w )N;”_l( )>du.

Since XlN(t)gN for all i>1, for 2<h<n.—1,

1 2 N"c—2¢ XN(M>XN(M> 1 1 NMc—2¢
<]\[r> /O Xili\ifl(u)z : Nzh du < Nr—1 Nr+1/0 X,Ii\iil(u)X;Z\[(u) du,
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as a process, the last term converges to 0 in distribution by the induction assumption.
Similarly, since » > 2, the term

1 2 Nme2 N 3 1 1 NMe=2¢ N )
<Nr> /0 Xipe—1 (1) duSNr_ZW/Q X —1(u)*du

converges to 0 in distribution as a process by induction. By considering in the same

way each of the terms defining <MN > (N"~2t), one gets the previsible increasing

ne—1,n.—1
process of the martingale

1 _
(M a0

is converging in distribution to 0 as N goes to infinity. By using Lemma 1.3.30 of Jacod
and Shiryaev [81], this martingale is thus vanishing in distribution for N large. Similarly,
the relation

1 N XN (u) XN (u) 1 N
W/O X%il(u)% du S WA X,{l\iil(u)xli\l(u) du

and the induction assumption give the convergence in distribution

(1 e XY (1) X ()
Wm (N/o X (W) === du | = (0).

From Lemma 5.2 we get that, for the convergence in distribution,

. 1 _

By gathering these results in Equation (5.20), one finally gets that

lim (ler /0 e (221 (w) 1) X,ii_l(u)du> —(0).

N—oo

For x€IN the relation x?<(2x—1)x gives therefore that

N—o0

li LN XN (0 du ) =(0
m (57 [ XX ) du | =), (5:21)

for h=n.—1. Now, one proves this convergence by induction on h, from n.—1 to 2.
Assume it holds for all he{h'+1,...,n.—1}. By using Relation (5.15), one gets, again
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with stochastic calculus with Poisson processes, for h = h'<n.—2,

Xn 71( )X]I;]( ) Mn -1, h(t)
+/OtX;ZV(u) <Am_2X£i_z(u)X{V( ) a Xal )xy(u))du

N2 N2
s [ [0 (T (X0 = 1) XY )

L [ (Mlxgm XY@ X XY W)

N2 N2

i=h+1

EX o (u) X7 (u)
_]I{h:nc—z})\ncfZ/O 2 N2 ——du, (5.22)

ne—2
— X () + Y XN () (v, 1h>> du

where (M:Zq\i—l,h(t)) is a martingale.
We now show that in this identity, when t is replaced by N2t and it is multiplied
by 1/N’, then several of its terms vanish in the limit. They are examined one by one.

a) By lemma 5.2 and the fact that ¥>2, one has

Jim (XL XY ) = 0)

b) For ho=h, h—1,

1 N”ffzt XN_ ( )XN( ) Nte— Zt
N X d<—/ XNy (u) du,

Equation (5.21) obtained for h=n.—1 shows that the last term of this inequality
converges in distribution to 0 when N gets large.

¢) For hy=h and n.—2,

o XN )XY () 1 e
" / X0 () Z12) du < o /0 XN () XN (u) du,

the recurrence relation (5.19) gives that the last term of this relation vanishes as N
goes to infinity.

d) For all n,.—1>i>h+1, the recurrence assumption (5.21) gives

lim (Z@/ON"”W XY (u )du) — (0).

N—+oc0

e) The martingale. The relation

1 _ 1 _
(M N2 () = 0 (M) ()
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5.3. THE FIRST INSTANT OF NUCLEATION

and, in the same way as before, by checking each term of the expression (5.33) of
(M}Y_, ;) () in the appendix, one also gets the convergence in distribution

. 1 _

One gets finally that the remaining term of Relation (5.22) is also vanishing, the
convergence in distribution

lim <1\1]r /ONnC tX,iiq(u)X;I,\](u) du> =(0)

N—oo

holds, i.e. Relation (5.21) is true for h. This gives the proof of this recurrence scheme for
k=1and all n, — 1>h>2.

To proceed the induction on k, from 1 to r—1, one uses the SDE (5.34) and
Relation (5.35) for (XN _,(£)%) and (5.36) for (X} _ ()X} (t)) , 2<h<n.—1 of the
Appendix, and, with the same method which has been used for the first step one gets
that, for 1<k<r—1 and 2<h<n.—1,

) 1 N”C72t N )
B () Xisau) <o

and

N—o0

- 1Ny N
lim W/o X (u) X (u) du | =0.

The proposition is proved.

Proposition 5.3. For k=1,..., n.—2, the relation

XY (X0 (H=H (1)

A /t Xi\](”)kﬂxﬂfkq(”)
ne—k—1 0 N2

t
dit—p i | XN ()XY _y(u) dlu
O C

holds where (HN (t)) has the property that, for the convergence in distribution,

. 1 _—

Proof. By a careful use of the SDE (5.15), one gets that, for t>0 and m=n.—k, where
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1<k<n.—2
XY ()X (=M, (1)

(3000 -1) (00 41) -3t ) K b g

i [ /gn((Xi“ () (XN -1) X ()XY <u>> V() X)) () du}Ay (1)
b (00 -1-mmy) ) X S a4y

i#Fm—1,m

+Am /Ot <<X{\’(u)—1>k (an\{(u)—l) _X{V(M)kXHI‘{(u)> Wd”}qu(t)

+gm L () =00t ) X080 %Y 0 ety e paX )

ne—1

(6800 ) (X3 )y 0 X0 0 ) X ) e AY )

i=m+1
(5.23)
As usual (M% (t)) is a martingale. By looking at all the terms of its previsible increasing

process, in the same way as in the proof of Proposition 5.2, it can be shown that, for the
convergence in distribution,

: 1 N Nne—2
im <Nsz<k> (N ”) = (0).

Denote respectively by AJN (), 1<i<6 the five remaining terms of the right hand side of
Relation (5.23). One has

HY (= <A1N (A [ S K du) "

t
<A§’(t)+ym/ XlN(u)"Xnﬁf(u)du> + Y AN(H).
0 ‘_
One rewrites

Am—1 [t
AV(E) = St [ XN @)X ()

X{\](”)an\{fl(”)

N2 du,

P [ BN (u), XYy (u))

with By (x,z)% ((x — 1)¥—xk)(z+1). Since XN (t)<N and that B (x,z) is a polynomial

of degree k—1 in x, by taking m=n.—k with 1<k<n.—2,

1 NMe—2¢ X{\](M)XN,k,l (Ll)
o [ B (), XY ) - du

1 N7e=2¢
< ClW/o (X () +1) Xy () du,
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5.3. THE FIRST INSTANT OF NUCLEATION

for some constant ¢;. By using Proposition 5.2 and the fact XN(¢)<N (for the case
k=n.—2), one gets that the process associated to this last term converges in distribution
to 0 as N goes to infinity.

The second term (AY(t)) can be written as

AY(0) = g [ 0) -t g [ B0 ), 3080 () XN )

with By(x, z):((x—i—yl)k—xk)(z—l). Again, by taking m=n.—k with 1<k<n.—2,

1 N"e—2¢
v s

Nne—

k By(XN(u), Xz\i_k(u))vnc_k(dy)qu\i_k(u) du

n

1 N"e=2¢
< G /o (Xfffk(u)—1> X () du,

for some constant c,. Proposition 5.2, again, gives the convergence in distribution to 0
of the process associated to this last term.

For the four remaining terms (ALY (¢)), (AY(t)), (AN (t)) and (AY(t)), with the same
type of method, one can show, that, for the convergence in distribution,

1
Jim (NzkAfV (N"c—zt)> =(0), i=3,4,5,6.

See Section 5.B.3 of the Appendix for the list of inequalities used to get these
convergences. By gathering all these results in Equation (5.23) with m=n.—k, one gets
the desired identity. O

Corollary 5.1 (Balance Equations). For 1<k<n.—2 and t>0,

. N A e XY () XY (W) n
]\1]1120 (/0 I: Mn.—k NZ(k+1) X”c*kfl(u) - N2k chk(u):| du) = (0)/ (524)

and, consequently,

lim
N—oo

</Nnc—2t |:nlc_[1 )\kfl X_Zl\;(u_)zc _Xi\l(u)Xi/X—l(u)} du> :(O).
0 k2 Mk N7 N

Proof. Lemma 5.2 gives the convergence in distribution

. 1 - -
m <Nsz1N(N”C )X (N 2f)> = (0),

the first identity is then a consequence of Proposition 5.3.
O

The next proposition states that, on the time scale t— N"~2t, most of the polymers
are of size 1.
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Proposition 5.4. The convergence in distribution

lim (;]XN (N”f‘zt)> = (1,0,...,0)

N—oo
holds.

Proof. By using Lemma 5.2 and the fact that (XN(¢))€Sy, we just have to prove
the convergence result for the last coordinate X of XN. By using SDE (5.15) and
Relation (5.18), we have

ot XN XN
XN (1) :)\m_l/o (u )N’;f 1 (1 )du+MfX(t), (5.25)

where (M} (t)) whose previsible increasing previsible process is
FXN(s)XN _(s)
N _ =1
(MY (1) = Anc,l/o ngs.

The inequality

1 N"e=2¢ XN XN 1 N7e=2¢
N2 Jo N2 N3 0 e
Proposition 5.2 and Lemma 1.3.30 of Jacod and Shiryaev [81] give the convergence in

distribution

: 1 N Nne—2 _
i, (oen)

From Corollary 5.1, one has

</ON"C—2tﬂIc_Il M1 XN () _ X (u )Xl’ll\]—l( ) du)

lim o e N2

N—oo

N"e=2¢ XN 1 [t XN(anfzu)nf ¢
B R s B O L
N / N2” 2 M=y /0 N =N

we obtain therefore the convergence in distribution

i (1 /N’“f XN () XN () du) o

N—+oo \ N Jo N2

and, since

One concludes the proof of the proposition with Equation (5.25). O

Theorem 5.1. The sequence of processes (XN (N™72t)) is converging in distribution to a
Poisson process on R with rate

P = M —. (5.27)
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Proof. Indeed Clearly (X} (N"<2t)) is a counting process, i.e. a non-decreasing integer
valued process with jumps of size one. By Equation (5.25), its compensator is given by

N2t XN (u) XN (u
(mM/ (X >du>.
0 N

Relation (5.26) shows that the later process has the same limit as the process

ne—1 ne—2 N ne—1 N n
c A N t X c A X N c—

()\nc—l k- 1/ Nch du) = (Anc_l k= 1/ ( )> du).
k=2 k=2

From Proposition 5.4, the right hand side of this relation converges in distribution to ().
We have thus shown that the compensator of (X (N"~2t)) is converging in distribution

to )
Ne— )L
A —t
(v TT50)

Theorem 5.1 of Kasahara and Watanabe [58], see also Brown [26], gives the desired
convergence in distribution to a Poisson process. The theorem is proved. O

Proposition 5.5 (Asymptotic of the First Nucleation Time). If ((UN(t)) is the process
defined by Relations (5.10), (5.11) and (5.12) and

= inf{t > 0: UY(t)=1},

then, for the convergence in distribution,

TN
1 m = E ,
NiH»oo Nne—3 P

where E, is an exponential random variable with parameter p defined by Relation (5.27).

5.4 Fast Growth of Stable Polymers

In this section, the evolution of the polymerization process after nucleation is
investigated. The main difference with Section 5.3 lies in the fact that the polymers
become more stable after nucleation: a polymer of size k>n. is degraded at rate u
instead of the rate yxN when k<#, as in Section 5.3, where, as before, N is the scaling
parameter. See Relation (5.7). As before we will introduce an auxiliary process to study
this phase.

We will be interested by the evolution of the number of polymers whose size are
greater than n.. For a>0, a Markov process (Z%(t))=(Z#(t),i > n.) will be introduced
for this purpose. With a slight abuse of notations, we will consider (Z*(t)) as a
process in the state space Se. Formally, it can be done by assuming that the n.—1
first coordinates are null. We denote by ||z|| the sum of the components of the vector
z=(z;) of the set S, of states with finite mass defined by Relation (5.5),

Izl =} zi.

i>ne
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For z€S., then the generator ()z. of the process is given by

05 (F)2) = ¥ [f(eteps—e0)—F(2)] az
k=n.
o0
+ L [ Fery—ed—f@)] pmuldy) (.29
k=n. " <k

where, as before, for i>1, ¢; is the ith unit vector of So and f is a function
on S, with finite support. Since the first n.—1 first coordinates of (Z*(t)) are
implicitly 0, in Relation (5.28) we use the convention that f(z+y)=f(z+7,, (y)) where
T (¥)=(0,...,0,Yn., Yn.+1,...) for y€Se, 7y, is the projection on the coordinates with
index greater or equal to 7.

We give a quick, informal, motivation for the introduction of the Markov process
(Z*(t)). It describes in fact the evolution of stable polymers. Assume for the moment
that the polymerization rates are independent of the sizes of polymers, i.e. Ay=a for
all k>n.. A monotonicity argument will be used to have a more general framework.
The initial state is assumed to be Z*(0)=e,, with only one polymer of size n. present at
time 0, as it is the case just after the first nucleation instant. Proposition 5.4 gives that,
at this instant, the number of polymers is small with respect to N, i.e. the fraction of
monomer is close to 1. A polymer of size greater that n. grows therefore at a rate close
« as in Relation (5.28). If the fragmentation of a polymer of size k>n, gives a polymer of
size <n,, then, due to the fast fragmentation rates below #,, this last one is fragmented
quickly into monomers and thus vanishes as in Relation (5.28) since coordinates with
index less than 7, are assumed to be 0 for the process (Z*(t)).

Proposition 5.6. Under Assumption A-3, if Z*(0)=e,, for some m>n, there exist xo>0, a9>0
and 1>0 such for any « and u>0 such that «/ u>xo, then the event

= o —aopt 1%
Fz {ligﬁgfe |Z5(t)| > 11}

has a positive probability.

Proof. The evolution of (Z*(t)) describes the the population of stable polymers gener-
ated by an initial polymer with size m>n.. By condition A-3, for e>0 sufficiently small,
there exists some ky>n. such that if k>k,

Vg (y Y ylZl) > 1—¢ and v (y DY %‘22) > 2¢

i>n. i>n.

A stable polymer of size m>n, is fragmented after an exponentially distributed amount
of time E, with parameter u. Just before this instant its size has the same distribution
as M=m+N,([0,E,]). Recall that only the fragments with size greater than n. are
considered for (Z*(t)). The process (Z*(t)) can then be also seen as a multi-type
branching process with the type of an individual being the size of the corresponding
polymer. The average number of stable polymers generated by the fragmentation of the
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polymer is greater than

(v Dvt) ) o8 (s v D2

X ko—nc
>P(M>ko)((1—¢)+2¢) =(1+¢) <o¢—i—y> :

By choosing «/u sufficiently large, the last quantity is strictly greater than 1. We
have thus shown that the process (||Z%(t)||) is lower bounded by a continuous time
supercritical branching process. The proposition is then a simple consequence of a
classical result in this domain, see Chapter V of Athreya and Ney [13] for example. [

5.5 Asymptotic Behavior of Lag Time

We now return to the original polymerization process (UN(t)) with values in the
state space Sy defined by the SDE (5.10). The goal is of establishing our main result on
the asymptotic behavior of the associated lag time L(Is\] defined by Relation (5.13) for a
small 6 which will be determined later. The variable TN defined by Relation (5.14) is a
stopping time clearly satisfying TN<LY. Let

N Ny def. UN(TN),

u' = (uy) = (5-29)

in particular unNc =1 and u,ﬁ‘] =0 for k>n.. For the other coordinates of u!N, from
Lemmas 5.1 and 5.2 and Proposition 5.5, one gets the following convergence in

distribution,
ne—1

In the rest of this section, one denotes by (UN(t)) the solution of the SDE (5.10) with
initial point uN and Lé\’ the corresponding lag time, in particular Lg\] =TN +L§] .
Fix some 6y>0 and define

En E{TN(H)>(1- 6)N, V<IN AN}, (5-30)

with aAb=min(a, b). If N is sufficiently large so that (6y—¢)v/N>1, then
1 " N
{N Z UM (t) <1,Vt<L; /\N} Cén
k=2

By using again Lemmas 5.1 and 5.2 and the strong Markov property, one gets that

Jim P(en) = 1. (5.31)

We have to study the order of magnitude of fg\] . We will prove that, with a positive
probability, the mass of stable polymers hits the value |SN| in a duration of time of the
order of log N.
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A Coupling

Let us introduce a process (Z*(t)) with the initial state Z*(0)=e,, and genera-
tor (5.28) of Section 5.4 with ag=A(1—0p).

Proposition 5.7 (Coupling). Under Assumptions A-2 and A-4, one can construct a version of
the processes (Z*(t),+>0) and (UN(t), +>0) such that, Z*(0)=e,, and, on the event Ey, the

relation R
Y. Z0() < YU (5-32)

k>n k>n

holds for all OStSf?’/\N and n>n,.

Proof. At time 0, there is at least a polymer of size n. for (UN(t)) and a unique one for
(Z*(t)). For t>0, recall that

Iz = Y Ze(t)

n>ne

is the number of polymers for (Z%(t)) and Aj(t), ..., A|z ) (t), their respective sizes.
One will show, by induction on the number of jumps of (Z%(t)) and (UN(t)) after time
0, that there are at least || Z%(t) || of polymers of UM (t) whose sizes are given respectively
by Bi(t), ..., Bjzao( (t) with Ag(t) < Bi(t) holds for all 1<k<||Z%(t)||. Assume that
this relation holds at some fixed time ogtgigf , we will show that one can construct a
version of the two process after that time so that the relation will also hold after the next
jump of (Z*(t)) and (UN(t)). We give the construction of the next jump.

1. A monomer addition to the polymer of size A;(t—) occurs at rate . A monomer
addition to the polymer of size B;(t) occurs also at that time for the process
(un ().

2. A monomer addition to the polymer of size B;(t—)=k occurs at rate given by
MUN (=) —A(1—-80)N. This last quantity is non-negative because, by definition,
A>A and, since t<ffs\’, one has the relation l/i{\](t—)ZA(l—éo)N. There is no
change for the process (Z*(t)) with this event.

3. If A;j(t—)=k and B;(t—)=k’, at rate y the polymer of size k [resp. k'] is fragmented
as Aj, ... A}, [resp. Bj, ...B; | according to the distribution vy [resp. 1;]. By
Assumption A-4, the random variables (A}) and (B}) can be chosen so that, for
any 1<i<ng,, there exists some 1<m;<np such that A}gB%ﬁ and all indices m;,
i=1,..., nu are distinct.

With this construction, it is easily seen that (UN(t)) and (Z%(t)) are indeed Markov
processes with the generator (5.9) and (5.28) respectively. Moreover each of the three
transitions described above preserve the desired relation. Equation (5.32) is a simple
consequence of this relation. O

Proposition 5.8. Under Assumptions A*, if A>xop, where x is the constant of Proposition 5.6
and A is defined by Relation (5.8), then for any éo<l—xou /A, there exist positive constants K
and po such that
Ly
liminflP | —% <K .
Iigfc}o (logN - > ~ Po
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Proof. In the following, all statements are understood on the event &y defined by
Equation (5.30). Relation (5.31) gives that this event has a probability close to 1 as N
gets large.

From the coupling proved in Proposition 5.7 and with the same notations, it can
be assumed that there exists a Markov process (Z*(t)) with generator defined by
Relation (5.28) and initial point e, such that the relation

Izl = Y zge(r) < 3 U (e,

k>ne k>n.
holds for all tgigg . For K>0,

Hy {zg > KlogN} C {l1z*(Klog N)|| < [60N]} C {[|Zz*(Klog N)|| < [4oN]},

Since A(1—0dy)>uxp, with the notations of Proposition 5.6, one can take K=2/ag then
FrioNHN=D,

as soon as N>25y /1, where the event Fs is defined in Proposition 5.6, hence
i & N < = o .
Jim P (ExnFzon {LY < AlogN}) = P(Fz20)>0
The proposition is proved. O
Theorem 5.2 (Asymptotics for the Lag Time). Under Assumptions A*, if A>xou, where xg

is the constant of Proposition 5.6 and A is defined by Relation (5.8), for all 0<d<1—xou/A,
then, for any >0, there exists Ky and K, 0<Ky <Ky, such that

1. lfnC:\?’,

LN
lim inf P b <Ky | >1--
N—+o00 log N

2. If n.>4,

Ly
liminflP [ K3 < <K 1—e.
e N R

Proof. By Proposition 5.5, at time TN a polymer of size n. is created. According to
Proposition 5.8, for N sufficiently large, with probability at least py there is a fraction

6 of monomers polymerized as stable polymers before time RY et +Klog N. If this
does not happen, there are two possibilities:

1. There is at least one stable polymer at time RY. One can construct another
coupling with an independent process (Z%(t)) with the same distribution as
(Z*(t)). Again there is a probability py that a fraction 6 of monomers is
polymerized into stable polymers before time RN-+KlogN. If this does not
happen, there are again the same two possibilities.

2. There are no stable polymers at time RY. From Lemma 5.1 and 5.2, the fraction of
monomers is 1 and thus the systems starts afresh: a polymer of size n, is created
at a time RY + TV, with TN independent of TV and with the same distribution.
We can then repeat our argument.
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This decomposition shows that the lag time LY can be stochastically upper-bounded by

the random variable
1+Gy,

i; (TZN+Klog N) ,

where (T;) is an iid. sequence of random variables with the same distribution as
TN and G is a geometrically distributed random variable with parameter py which
is independent of the sequence (TN). The theorem is then a simple consequence of

Proposition 5.5. The theorem is proved. O

5.A Appendix: Biological background

The protein polymerization processes investigated in this chapter are believed to
be the main phenomena at the origin of several neuro-degenerative diseases such as
Alzheimer’s, Parkinson’s and Huntington’s diseases for example. The general picture
of this setting is the following. At some moment, for some reasons, within a neural cell
a fraction of the proteins of a given type are produced in a anomalous state, defined
as misfolded state. Recall that if a protein is a sequence of amino-acids, its three-
dimensional structure determines also its functional properties.

A misfolded protein has the same sequence of amino-acids but a different spatial
architecture. It turns out that misfolded proteins tend to aggregate to form fibrils,
also called polymers. These fibrils are believed to have a toxic impact in the cell,
on its membrane in particular, leading to its death. The prion protein PrPC is an
example of such protein that can be polymerized when it is in the state PrPSC. The
corresponding disease is the Bovine Spongiform Encephalopathy (BSE), also known
as the mad cow disease. See Dobson [50, 49] and Ross and Poirier [143]. There are
mechanisms within the cell, via other proteins, to “correct” misfolded proteins, but
they seem to be inefficient when the phenomenon has really started. See Bozaykut et
al. [22] or Smith et al. [150]. This (rough) description is not completely accurate or
complete, moreover some aspects are disputed, but it is used in a large part of the
current literature. See also the interesting historical surveys of Sipe and Cohen [148]
and Pujo-Menjouet [133]. Other biological processes such as actin filamentation, or yet
industrial processes exhibit similar mechanisms, see McManus et al. [110], Wegner and
Engel [166], Voter and Erickson [164] and Ow and Dustan [123].

The Variability of the Polymerization Process

Neuro-degenerative diseases are quite diverse. They can be infectious, like the BSE,
others are not, like Alzheimer (apparently). Nevertheless they all exhibit large, variable,
time spans for the development of the disease, from several years to 10 years.

When experiments are done in vitro with convenient types of proteins/monomers
and with no initial polymers, a related phenomenon is observed. The fraction of
monomers consumed by the polymerization process exhibit an S-curve behavior: it
stays at 0 for several hours, and quickly reaches 1, the state where most of monomers
are polymerized. The other key feature of these experiments concerns the variability
of the instant of the take-off phase of the S-curve from an experiment to another. See
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Szavits-Nossan et al. [157] and Xue et al. [168]. See Figure 5.1 where twelve experiments
are represented, the instant when half of the proteins are polymerized varies from 7.3h.
to 10.1h. with an average of 8.75h. See also Pigolotti et al. [129] and Eden et al. [53].

Fraction of Polymers

4 6 8 10 12 14
Time (hours)

Figure 5.1 — Twelve experiments for the evolution of polymerised mass. From data
published in Xue et al. [168], see also Eugene et al. [58].

The initial step of the chain reactions giving rise to polymers consists in the
spontaneous formation of a so-called nucleus, that is, the simplest possible polymer
able to ignite the reaction of polymerization. This early phase is called nucleation, and is
still far from being understood. See Philo and Arakawa [127].

5.B  Appendix: Technical Details

5.B.1 A Reminder on Marked Poisson Point Processes

We first recall briefly some elementary aspects of stochastic calculus with marked
Poisson point processes. They are used throughout this chapter. See Jacobsen [79] and
Last and Brandt [102] for more details. Let N,=(t,) be a Poisson point process on R
with parameter A and an independent sequence (U, ) of i.i.d. random variables on some
locally compact space H, p denotes the common distribution of these variables. The
marked Poisson point process N\ is defined as a point process on R x H, by

N)\uz 2 5(tn/un)’

nelN

if f is a non-negative measurable function on R4 X H, one defines, for t>0,

/ fls,u) N (ds, du) = Y f(ta, Un)lg, <py

nelN

and, if FEB(H) is a Borelian subset of H,

t
NY([0, ] x F) :/O Lyepy Ny (ds, du) = Y Ty <iu,ery-
nelN
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The natural filtration associated to N\ is (F;), with, for t>0,
Fi= o (NH([0,5] x F) :s<t, FEB(H)) .
Proposition 5.9. If ¢ is a cadlag function on Ry and h is Borelian on H such that
/Otg(s)2 ds<+oo, Vt>0and /Hh(u)zv(du)<+00,

then the process

(1)) % ([ gts- N s du) = A [ wlav(a) [ ) d )

is a square integrable martingale with respect to the filtration (Fy), its previsible increasing

process is given by
t
= A/ hz(u)v(du)/ f(s)* ds
H 0

In this chapter, since we are dealing with several Poisson point processes, the
(implicit) definition of the filtration () is extended so that it includes all of them.

5.B.2 Additional Calculations for the Proof of Proposition 5.2

After some careful calculations, for 2<h<n.—2, the previsible increasing process of
the martingale of Relation (5.22) can be expressed by

(MY_ ) (1)
2 XN (u)XN(u)
=Ij=n, 2} An—2 /{)(X;Ii—z(”)—xfl\iﬂ”) _1) n=2 N2 " du

t xN XN X XN
+/ X}Zl\l(u)Z (AnC—Z nc—z(“) 1 (u)l{h<nc—2}+/\nffl nc—l( ) ( )>du

N2 N2

e ) (R0 100 = 1)) XY ) ()

e —

t XN () XN (u XN(u)XN(u
+/o Xy (u)? </\h — WXL )‘l'/\h i (X )H{h<ncz}+}4hX;lz\](u)> du

N2 N2

+ Plz / yivi(dy) / X1 ()X (u) du. (5.33)
i=h+1

The SDE (5.15) gives for, 1<m<n.—1,

an\{(t)ZZMTI:{’m(t) 4+ Am—1 /Ot (2X,,I\1](M)—|—]) Xi\l(u)i](f{—l(u) du
ne—1
Vi N
+z—;i-1‘ul/ /yes 2X (u )ym+ym) (dy)XN(u) du

+/0 (1—2X,§¥(u)) (mef;{(u)nL/\mW) du, (5.34)
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(MN ,,(t)) is a martingale whose previsible increasing process is given by

(MY, (H=An /Ot (2x}§(u)+1)2 X)X (1) 4

N2
ne—1
8 [ (XN wan XN da
i=m+1 yesi

+/0 (1—2Xn1\1’(u)) <MmX%(u)+AmW> di. (5.35)

For 1<h<n.—1,

XY XY (=MY 0+ [ (X)) Tl g,
Y /t (1—X{V(u)) Wdu
_ncz—:l/\ / X (u) du—ZAl/ XN X?}’\g)z .
+nc_1 / / yi X5y (u)+yn (Xl( )+y1) Liisny— (Xl( )+y1> Iy h}]

vi(dy) XN (u) du. (5.36)

5.B.3 Proof of Proposition 5.3

The End of the Proof of Proposition 5.3. With the same notations as at the beginning of the
proof of Proposition 5.3, we review the components of the AJN of Equation (5.23), for
j=3,..., 6. Recall that m=n.—k with 1<k<n.—

The generic scaled expression of Aé\’ (t) is, for 1<i<n.—1,

o (011 () ) v MEOXE

1 Nre=2¢ N Nne=2¢ N
_CSW/O X,y (u)du < Nk+1/ X,y (u)~du,

for some constant cs.
For Ai‘] (t) the analogous term is, for a convenient constant cs,

o (k) (1) o) X0,

1 Nngfzt N )
< C4W/() X,y (1)~ du.
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For AN(t), if i=n.—k—1,..., 2, this is

w L () =00 ) X300 XY @)

1

Nme=2¢
N N
S C5wA Xm (M)XZ (1/[) du

For AY(t) itis, if i=n.—k+1, ..., n.—1, and n.—2>k>2,

w (Kt m)” (X 0wm) =X @308 0) ) il XN )

1

= CONF

Nne=2t N 1 N2t N o
/0 XY (u) du < C6W./o X (u)” du.
The right-hand-side of the four previous inequalities satisfy the assumptions of
Lemma 5.2 and therefore each of them, as a process, converges in distribution to 0.

This completes the proof of the proposition.
t
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Chapter 6

A Functional Central Limit Theorem
in the Becker-Doring Model

Contents
6.1 Introduction .. .......... ... ... ... . . . i .. 187
6.2 The StochasticModel . ............. . ..., 192
6.3 SDEin Hilbertspace . ............. ... 195
6.3.1 Remark on the assumptions on the coefficients (a;) and (b;) . . . 197
6.4 Convergence of the Fluctuation Processes . . .. ... .......... 201

abstract We investigate the fluctuations of the stochastic Becker-Doring model of
polymerization when the initial size of the system converges to infinity. A functional
central limit problem is proved for the vector of the number of polymers of a given
size. It is shown that the stochastic process associated to fluctuations is converging to
the strong solution of an infinite dimensional stochastic differential equation (SDE) in a
Hilbert space. We also prove that, at equilibrium, the solution of this SDE is a Gaussian
process. The proofs are based on a specific representation of the evolution equations,
the introduction of a convenient Hilbert space and several technical estimates to control
the fluctuations, especially of the first coordinate which interacts with all components
of the infinite dimensional vector representing the state of the process.

6.1 Introduction

Polymerization is a key phenomenon in several important biological processes.
Macro-molecules proteins, also called monomers, may be assembled randomly into
several aggregated states called polymers or clusters. These clusters can themselves be
fragmented into monomers and polymers at some random instants. The fluctuations
of the number of polymerized monomers analyzed in this chapter is an important
characteristic of polymerization processes in general.
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6.1. INTRODUCTION

The Becker-Doring model

We investigate the fluctuations of a stochastic version of the Becker-Doring model
which is a classical mathematical model to study polymerization. The Becker-Doring
model describes the time evolution of the distribution of cluster sizes in a system where
only additions (coagulation mechanism) or removals (fragmentation) of one monomer
from a cluster are possible. A cluster of size 1 is a monomer and clusters of size greater
than 2 are polymers. Under Becker-Doring model, coagulation and fragmentation are
simple synthesis and decomposition reactions: a polymer of size k may react with a
monomer to form a polymer of size k+1 at kinetic rate a;; a polymer of size k+1 may
break down into a polymer of size k and a monomer at kinetic rate by, 4, i.e.,

(1)+(k) == (k+1).
b1
The ODEs associated to the deterministic version of the Becker-Déring model have been
widely studied in physics since 1935, see Becker and Doring [16]. This is an infinite
system of ordinary differential equations of c(t)=(cx(t), k€IN™), given by

%(t):—Zh(c(t))— Y Jle(t),
d & (BD)
Ck

T O=Tia(e(t)=Jile(), k>1,

with Ji(c)=axcicx—bg 10k if c:(ck)G]RH;ﬁ. For k>1, c(t) represents the concentration
of clusters of size k at time t. The conditions on existence/uniqueness of solutions for
the Becker-Doring equations (BD) have been extensively investigated. See Ball et al. [15],
Niethammer [118] and Penrose [125, 126].

The evolution equations satisfied by (c¢(t)) can be rewritten under a more compact
form as,

de(t)=Tos(c(t)) dt, (6.1)
where s is a mapping from ]R]I;T+ —>]Rﬂf+: for any keIN* and ce]Rﬂ;I+
Sok—1(c)=arcice  and sy (c)=byy1k11; (6.2)

and T is a linear mapping from IR]L\I+ —>]R$+: for any ze]RﬂJ>I+ and k>2,

T (z)== ) (1+0giz1y) 21+ Y (14120 ) 22i -2,
i>2

i>1

(6.3)
T (2)=2ok—3—Zok—2—Zok—1+Zok-

As it will be seen this representation will turn out to be very useful to derive the main
results concerning fluctuations.

Becker-Doring ODEs and Polymerization Processes

This set of ODEs is used to describe the evolution of the concentration c¢;(t), i>1,
of polymers of size i. The classical framework assumes an initial state with only
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polymers of size 1, monomers. In a biological context, experiments show that the
concentration of polymers of size greater than 2 stays at 0 until some instant, defined
as the lag time , when the polymerized mass grows very quickly to reach its stationary
value. With convenient parameters estimations, these ODEs can be used to describe
first order characteristics such as mean concentration of polymers of a given size. The
use of systems of ODEs to describe the evolution of polymerization processes started
with Oosawa’s pioneering work in 1962, see Oosawa and Asakura [122] for example.
Morris et al. [115] presents a quite detailed review of the classical sets of ODEs used for
polymerization processes. As it can be seen and also expected, the basic dynamics of
the Becker-Doring model of adding/removing a monomer to/from a polymer occupy
a central role in most of these mathematical models. See also Prigent et al. [132] and
Hingant and Yvinec [75] for recent developments in this domain.

Outside the rapid growth of polymerized mass at the lag time, the other important
aspect observed in the experiments is the high variability of the instant when it occurs,
the lag time, from an experiment to another. This is believed to explain, partially,
the variability of the starting point of diseases associated to these phenomena in
neural cells, like Alzheimer’s disease for example. See Xue et al. [168]. Hence if the
deterministic Becker-Doring ODEs describes the first order of polymerization through
a limiting curve, the fluctuations around these solutions will give a characterization
of the variability of the processes itself. Up to now the mathematical studies of these
fluctuations are quite scarce, the stochastic models analyzed include generally only a
finite number of possible sizes for the polymers. See Szavits et al. [157], Xue et al. [168]
and Eugene et al. [58] for example. To study these important aspects, we have to
introduce a stochastic version of the Becker-Doring model.

The stochastic Becker-D6ring model

The polymerization process is described as a Markov process (XN (t)):=(XN(t), 1<k<N),
where XN (t) is the total number of clusters of size k at time ¢, it takes values in the state
space,

SN::{J_C’EINN

N
2 kxk:N } ,
k=1
of configurations of polymers with mass N.

For any ¥€S" and 1<k<N, the associated jump matrix QV=(g"(,-)) is given by
qN (X, ¥—8 —+81)=arx1 (xx—I1y) /N,
N(X, X+E1 48 —8i1) =ber1 Xk,
where (&, k€IN™) is the standard orthonormal basis of NN In other words, a monomer
is added to a given polymer of size k at rate a;x;/N and a monomer is detached from
a polymer of size k at rate b;. Note that if N is interpreted as a “volume”, the quantity
XN(t)/N can be seen as the concentration of monomers.

There are few studies of this important stochastic process. The large scale behavior of

the stochastic Becker-Doring model, when N gets large, is an interesting and challenging
problem. Given the transition rates, one can expect that the deterministic Becker-Doring
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equations (BD) give the limiting equations for the concentration of the different species
of polymers, i.e. for the convergence in distribution

im (XN(t) /N, k>1)=(ck(t), k > 1).

Such a first order analysis is achieved in Jeon [83]. This result is in fact proved for a
more general model, the Smoluchowski coagulation-fragmentation model. The Becker-
Doring model is a special case of Smoluchowski model, see Aldous [5] for a survey
on the coalescence models. The stochastic approximation of the pure Smoluchowski
coalescence equation through Marcus-Lushnikov process is investigated in Norris [119].
There are also results on the relation of stochastic Becker-Doring model and the
deterministic Lifshitz-Slyozov equation, see Deschamps et al. [15] for example.

The Main Contributions

In this chapter, we investigate the fluctuations of the Becker-Doring model, i.e. the
limiting behavior of the RN-valued process

GOE <\/1N (XN(t)—Nc(t)>> 6.4)

is analyzed. We prove that, under appropriate conditions, the fluctuation process
(WN(t)) converges for the Skorohod topology to a Ly(w)-valued process (W(t)) which
is the strong solution of the SDE

dW(t)zT(Vs(c(t)) : W(t)) dt+t (Diag < s(c(t))) -dﬁ(t)), (6.5)

where
1. Ly(w) is a Hilbert subspace of RN", see definition 6.2 of Section 6.3;
2. The operators s(-) and 7(-) are defined respectively by relations (6.2) and (6.3);

3. Vs(c) is the Jacobian matrix

Vs(c)= (g:@)) ,celR]f+

4. B(t)=(Bk(t), keINT) is a sequence of independent standard Brownian motions in
R;

5. Diag(7) is a diagonal matrix whose diagonal entries are the coordinates of the
vector GERN",

See Theorem 6.3 in Section 6.3 for a precise formulation of this result. Note that the drift
part of (6.5) is the gradient of the Becker-Doring equation (6.1).

Under appropriate assumptions, see Ball et al. [15], the Becker-Déring equations (6.1)
have a unique fixed point ¢. If ¢(0)=c, the asymptotic fluctuations around this stationary

state are then given by (W(t)). It is shown in Proposition 6.2 that this process, the
solution of SDE (6.5), can be represented as

W(H=T (H)W(0)+ /0 t T(t—s)r(dB(s)),
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where 7 is the semi-group associated with linear operator 7oVs(c) and (B(t)) is a
Q-Wiener process in Ly(w) where Q=Diag (w,s,(c),n>1). In particular if the initial
state W(0) is deterministic, then (W(t)) is a Gaussian process. For the definitions and
properties of Q-Wiener process and Gaussian processes in Hilbert spaces, see Section 4.1
and Section 3.6 in Da Prato and Zabczyk [39] for example.

Literature

For the fluctuation problems in the models with finite chemical reactions, results
are well known, see Kurtz [99, 100] for example. However, in the Becker-Doring
model, there are countable many species and reactions, where the results for the finite
reactions are not directly applicable. See the Open Problem 9 in Aldous [5] for the
description of fluctuation problem in the general Smoluchowski coagulation model. For
this reason, the studies of fluctuations of the Becker-Doring models are quite scarce.
Ranjbar and Rezakhanlou [136] investigated the fluctuations at equilibrium of a family
of coagulation-fragmentation models with a spatial component. They proved that,
at equilibrium, the limiting fluctuations can be described by an Ornstein-Uhlenbeck
process in some abstract space. Their results rely on balance equations which hold
because of the stationary framework. Durrett et al. [52] gave the stationary distributions
for all reversible coagulation-fragmentation processes. Then they provided the limits of
the mean values, variances and covariances of the stationary densities of particles of any
given sizes when the total mass tends to infinity.

Concerning fluctuations of infinite dimensional Markov processes, several examples
have received some attention, in statistical physics mainly. In the classical Vlasov model,
the first result on the central limit theorem seems to be given by Braun and Hepp [24]
in 1977. They investigated the fluctuations around the trajectory of a test particle. The
central limit theorem for the general McKean-Vlasov model when the initial measures
of the system are products of i.i.d. measures is proved by Sznitman [160] in 1984. For
the Ginzburg-Landau model on Z, where the evolution of the state at a site i depends
only on the state of its nearest neighbors i+1. The independent (Brownian) stochastic
fluctuations at each site do not depend of the state of the process. The hydrodynamic
limit, i.e. a first order limit, is given by Guo, Papanicolao and Varadhan [72]. The
fluctuations around this hydrodynamic limit live in an infinite dimensional space.
Zhu [173] proved that, at equilibrium, the limiting fluctuations converge to a stationary
Ornstein-Uhlenbeck process taking values in the dual space of a nuclear space. In the
non-equilibrium case, the fluctuations have been investigated by Chang and Yau [33], the
limiting fluctuations can be described as an Ornstein-Uhlenbeck in a negative Sobolev
space. For more results on related fluctuation problems in statistical mechanics, see
Spohn [151, 152]. Fluctuations of an infinite dimensional Markov process associated
to load balancing mechanisms in large stochastic networks have been investigated in
Graham [71], Budhiraja and Friedlander [27].

One of the difficulties of our model is the fact that the first coordinate (XN (t)) of
our Markov process, the number of monomers, interact with all non-null coordinates of
the state process. Recall that monomers can react with all other kinds of polymers. This
feature has implications on the choice of the Hilbert space L,(w) chosen to formulate the
SDE (6.10) and, additionally, several estimates have to be derived to control the stochastic
fluctuations of the first coordinate. This situation is different from the examples of the
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Ginzburg-Landau model in [33, 151, 173], since each site only have interactions with a
finite number of sites, or in the stochastic network example [27] where the interaction
range is also finite. It should be also noted that our evolution equations are driven
by a set of independent Poisson processes whose intensity is state dependent which
is not the case in the Ginzburg-Landau models for which the diffusion coefficients are
constant. For this reason Lipschitz properties have to be established for an appropriate
norm for several functionals, it complicates the already quite technical framework of
these problems.

Outline of the chapter

Section 6.2 introduces the notations, assumptions and the stochastic model as well
as the evolution equations. Section 6.3 investigates the problem of existence and
uniqueness of the solution of the SDE (6.5). The proof of the fluctuations at equilibrium
is also given. Section 6.4 gives the proof of the main result, Theorem 6.3, the convergence
of the fluctuation processes.

6.2 The Stochastic Model

In this section we introduce the notations and assumptions used throughout this
chapter. The stochastic differential equations describing the evolution of the model are
introduced.

For any h€R*, (V)% denotes a sequence of independent Poisson processes with
intensity h. The stochastic Becker-Doring equation with aggregation rates (a;, k € IN™)
and fragmentation rates (by, k € INT) can be expressed as the solution of the SDEs

XN (=) (XY (1) Ty XN(t

-)
dx{ (==Y (1+Ip_y)) ; A/’aik/N(dt)_’_Z(l'f'l[{k:Z})' N;, (dt),

k>1 k>2 i=1
XY (=) (X (=)~ jay) =)
dX}(t)= (A= Y N (dE)
i= i=1
XN (t-)XN (1) XN, (=)
- L M@t L A,
1= 1=

and for all k > N, X} (t)=0, with f(t—) being the limit on the left of the function f at
t>0.

In order to separate the drift part and the martingale part, it is convenient to
introduce the corresponding martingales (DN(t)). For k>1, let

X (=) (X (=) —Te1y)

f 1
DN = [ L N - el (8 ) T du |

Xpq (u—)

t k+1 .
DX (t) :/0 ( Nl;m(d”) — bk+1X,ﬁ1(u)du) .
i=1
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Clearly, for every fixed i€NT, (DN(t)) is local martingale in R with previsible increasing

process
(<D1N>(t)) = <N/0tsi <XAZ]\§”)> du — Ty /Otalxi;\g“) du), (6.6)

where the operator s = (s;,i>1) is defined by relation (6.2), additionally the cross-
variation processes are null, i.e., for any i#j,

(DN, DM)(1)) = (0).

This is in fact one of the motivations to introduce the variables (D}(t)) and the
functionals (7(-)) and (s(+)).
A simple calculation shows that, for any N, the process (XN (t)) satisfies the relation

XN(H)=XN(0)+N /OtT <s <XI\I[\](u)>) du+t (DN(t)> +2m /Ot (X{\I]\](u)> erdu, (6.7)

where T is defined by relation (6.3) and e1=(1,0,0, .. .). Therefore the fluctuation process
(WN(t)), see relation (6.4), satisfies

WN(t):WN(O)—i-\/lNT (D (1)) +\2/’% Ot (X{;\E“)> e du
t N
+;/0 T <Vs (XN(M)> WN(u)+Vs (c(u)) - WN(u)> du. (6.8)

If we let N go to infinity, then (XN (t)/N) converges to c(t) and provides that, for all
i>1,

lim ((DZN/\/N)(t)) = /Otsi(c(u))du.

N—+o0

We can expect that the process (DN (t)/v/N) converges to a stochastic integral

[ piag (y/s(e(w)) - apw),

with (B(t)) defined in relation (6.5) in the introduction. See page 339 in Ethier and
Kurtz’s [57] for example. Then, formally, the limiting process for (W™ (t)), provided
that it exists, would be the solution of the SDE (6.5).

In order to give the well-posedness of the infinite dimensional process (6.5), we
introduce the following notations.

Definition 6.1. Let X'y be the phase space of the Becker-Doring model with initial density less
than 1,

X, = {c = (cx, k € NT) VK, ¢, > 0; chk < 1}.
k>1

For c(0) € X, the solution of the Becker-Diring equation (BD) is a continuous function taking
values in X.
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Definition 6.2. One assumes that w=(wy,) is a fixed non-decreasing sequence of positive real
numbers such that
— 1/l = Do 1/ <00
— limy, 00 w /m<q;
— there exists a constant yg such that for all n€IN, wo, <7yowy,.
One denotes by Ly(w) the associated Ly-space,

Ly(w):= {z e RN'

[ee]
2 wnzfl<oo} ,

n=1

its inner product is defined by, for z, 2’ € Ly(w)

LZ w) Z WnznZ nl

and its associated norm is ||z|| 1, ) =1/ (2, 2) 1, (w)-
An orthonormal basis (1,)%_, of Ly (w) is defined as, for n>1,
hy=(0,...,1//wn,0,...). (6.9)

As it will be seen in Section 6.3, L,(w) is a convenient space to ensure a boundedness
property of the linear mapping 7oVs(-), which is essential for the study of fluctuation
process (6.5).

We now turn to the conditions on the rates and the initial state of the Becker-Doring
equations.

Assumptions 6.1.
(a) The kinetic rates (ay), (by) are positive and bounded, i.e.,

A= , b} <oo.
7 fan b <o

(b) There exists a positive increasing sequence reRN", such that
— 1 >wy, for all k>1;
— there exists a fixed constant 7y, such that ro, < 7,1y, for all k>1;
— (wy/1y) is a decreasing sequence converging to 0,
where (wy,) is the sequence introduced in Definition 6.2.
The initial state of the process (XY (0)) is assumed to satisfy

XN (o
supE [ Y X (0))
N k>1 N

(c) The initial state of the first order process, c(0)=(cx(0))e X, is such that

):0

N
k

—Ck 0)

Y wicr(0)<coand lim E <Z
=1

>1 N—oo

hold.
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(d) The initial state of the centered process, the random variables WN(0), N>1, defined by
relation (6.4) satisfies the relation

Coi=sup E (IWN(O)[F0)) <+

and the sequence (WN(0)) converges in probability to an Ly(w)-valued random variable
W(0).

For a detailed discussion of Assumption (a), see Section 6.3.1 below. Assumption (b)
gives conditions on the moments of the initial state of the process. For example, by
taking ry=kP with B>1, one can study the central limit problem in the Hilbert space
Ly (w) with weights wy=k* for some a€(1, ). Note that this condition is more, but not
much more, demanding than the conservation of mass relation

Y kXY (/N =1,

k>1

which is always satisfied. This assumption gives therefore a quite large class of initial
distributions for which a central limit theorem holds.

Some Notations. For any T>0, let Dy:=D([0, T|, L2(w)) be the space of cadlag
functions on [0, T| taking values in Ly(w). Since Lp(w) is a separable and complete
space, there exists a metric on D7, such that Dr is a separable and complete space. See
the chapter 3 in Billingsley [19] for details.

Let L£(Ly(w)) be the set of linear operators on Ly(w) and the || - [|z(1,(w)) be the
associated norm for linear operators, i.e. for any feL(Ly(w)),

1fll 2@y = sup  Lf (@), (ew)-

z€Ly(w)
HZ”Lz(w)Sl

For any f,g € L(Ly(w)), fog denotes the composition. We call A€ L(Ly(w)) to be in

a trace class if there exist a constant C, such that for all z€Ly(w), || Az||1,(w) <Cl|z| 1, (w)
and it has a finite trace, i.e.,

TI'AZ: E <Ahn, hn>L2(w) <OO.

n>1

6.3 SDE in Hilbert space

In this section, we are going study the existence and uniqueness of process

W(t)=W(0)+ /OtT<Vs(c(u)) : W(u)> du+ ./OtT<Diag < s(c(u))) : d[a’(u)), (6.10)

when Assumptions (a) and (c) hold.
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Clearly, the process (W(t)) has the form of a stochastic differential equation in the
infinite dimensional space RN". Tt has a stochastic integral

M(t)= ' (Ding (y/s(c(w)) -dp(w)

with respect to B(t)=Y_,>1 Bn(t)€,, which is a cylindrical Wiener process (c.f. Yor [169])
in the Hilbert space L2(RN"). Here (c(t)) is the unique solution of Becker-Doring
equation (6.1) with initial state c(0). However, the mapping 7 is unbounded in L>(RN").
Therefore, we consider the SDE (6.10) in the Hilbert space L(w) (Definition 6.2). In the
following, we are going to show that

1. for any c€X, the linear mapping toVs(c) : Ly(w)—Ly(w) is bounded (and
therefore Lipschitz);

2. the stochastic process (M (t)) is well-defined in Ly(w) and is a martingale.

Finally, by using the results in Section 7.1 of Da Prato and Zabczyk [39], we give the
proof of the existence and uniqueness of the solutions of the equation (6.10).

Lemma 6.1. T is a continuous linear mapping from Ly(w) to Ly(w): there exists a finite
constant y.(w), such that for any z € Ly(w),
1T (2) |1, () <12 (@) 12]] 1 (20)-
Proof. One only needs to verify that 7 is bounded. For any z € L,(w),
HT(Z)H%Z(W)=R1+R2,

where

2
Ry=w, <— Y (L mry)Zok 1+ Z(l‘HI{kZ})ZZkz) ,
=2

k>1

Ro=Y " wi (zok—3—Zok—2—Zok—1+221) -
k>2

By using Cauchy-Schwarz inequality, we have

1
Ri < 4w, 2 7”2”%2(@{;):421)1
k=1 Wk

HZH%Z(w)/
Iy

and by using the increasing property of weights w
Ro<4 ) wy (25525 o +23_1+23)
k>2

2 2 2 2 2
<4 E (w2k73zzk—3+w2k7222k—2+w2k7122k—1+w2k22k) +ZU221
k>2

< (84w /w1)||2]17, -
In conclusion, one has |[7(2)[1,(w) < Ye(w)]|2]|,(w), for

1/2
w
+8+-—2 | .
w ll ZU1

Y (w)= (4w1
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Lemma 6.2. Under Assumption (a), for any ¢ € Xy that satisfies ) j~q wicr<0o, there exists a
finite constant y(c, w), such that for any x€Ly(w),

IVs(e) - x|, ) < ¥(e, w)[|x] 1 w)-

Moreover, under Assumption (a) and (c), if (c(t)) is the solution of the Becker-Doring
equation (6.1) with initial state c(0), then for any finite time T, one has

sup y(c(u), w)<+oo.
u<T

Proof.

| Vs(c) - x”%z(w): Y wopap(xickterxne)*+ Y wo obixg
k=1 k>2

< 299A? (2 wkc£> 27007 ) w700 ) wixp < (e, w) [|x]|7, ()
k=1 =1 k>2

where for any c € A
v(c, w)=yA> <3—|—2 Y. wkck> .
k>1

The Theorem 2.2 in Ball et al [16] gives that sup, . wick(u)<co under Assumption (a)
and (c). - O

6.3.1 Remark on the assumptions on the coefficients (4;) and (b;)

We recall the main results for the existence and uniqueness of a solution of the
deterministic Becker-Doring ODEs.

1. From Theorem 2.2 in Ball et al. [15], existence and uniqueness hold under the
condition

—+00
2i(gi+1— &) = O(g&) and ) gici(0)<+oo,
i=1

for a positive increasing sequence g satisfying min;(gi+1 — gi)>6>0. For example,
when g;=i?, i.e.,, ;=O(i) and the second moment of the initial state is bounded,
the Becker-Doring equation is well-posed.

2. Conditions from Theorem 2.1 in Laurenc¢ot and Mischler [103],
There exists some constant K>0 such that

a;j—a;,_1<K and b;—b;_1<K,

for any i€IN.

It should be noted that Laurencot and Mischler [103] have a stronger conditions on the
coefficients but, contrary to Ball et al. [15], not any on the initial state.

The known conditions necessary to get the convergence of the first order of the
stochastic Becker-Doring model to the solution of the deterministic Becker-Doring ODEs
are more demanding, they are given by Theorem 2 in Jeon [83], they are

lim —=0 and lim b;=0.
i—oo 1 i—o0
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Note that law of large number in this chapter requires growth rates (4;) to be sublinear
and break rates (b;) to be vanishing.

For second order convergence, additional conditions seem however to be necessary
to establish the well-posedness of the limiting fluctuation process defined by SDE (6.5).
First of all, for any c€ Xy, the linear operator ToVs(c) does seem to have monotonicity
or symmetry properties that could give an alternative construction of the solution of
SDE (6.5). Hence, boundedness properties of the linear operator ToVs(c) have to be
used to get existence and uniqueness results of the solution of SDE (6.5).

For any k>2, it is easy to check that the kth coordinate of the vector ToVs(c) - Iy is
— (bx+-axc1) / /Wy, in particular the relation

1ToVs(O) | £(1,(w)) = ITOVS(€) - k| L) = (by+axer)? for all k,

holds. Hence the operator ToVs(c) is unbounded in any weighted L, space if a
boundedness property for the sequences (4;) and (b;) does not hold. By using similar
arguments, we observe that the operator ToVs(c) is unbounded in the state spaces I
and [ as well if this property does not hold.

Proposition 6.1. If Assumption (a) and (c) hold, then the process (M(t)) is a well-defined
continuous, square-integrable, martingale.

Proof. By definition of the stochastic integral with respect to a cylindrical Wiener process
(Chapter 4 in Da Prato and Zabczyk [39]), it is sufficient to verify that,

T
/0 7; HToDiag( s(c(u))) .en||%2(w) du<oo.

By using Lemma 6.1,

Jreiag (/s ) -l ) < el Ding (y/5(e(w)) el

Therefore,
T
/O;HTODiag< s(c(u)))-enﬂiz(w)du

T
< 'Yr(w)z/o Y (waryaxer (u)cy(u) +wabp 11 (1)) du
k=1

< Yov-(w)*AT sup Y wick(s)<oo.

s<T k>1

The last inequality is valid under Assumption (a) and (c). See Ball et al. [16] for details.
O

Theorem 6.1. For any measurable Ly(w)-valued random variable W(0), the SDE (6.10) has a
unique strong solution in Ly(w). If, in addition, for p>1, IE||W(0) Hi’;(w)<oo, then

E ( sup ||W(s)||§§(w)> <oo.

0<t<T
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Proof. In Proposition 6.1, we proved that the martingale part M(t) of the SDE (6.10)
is well-defined and continuous. By using Lemma 6.1 and Lemma 6.2, the drift part is
Lipschitz and linear on any x € C([0, T], La(w)):

I (Vs(e(u) - x()) | Lyw) < ve(w) sup y(e(u),w) sup |lx(u)|L,w)

0<u<T 0<u<T

Therefore, by using the results in Section 7.1 of Da Prato and Zabczyk [39], we can obtain
the strongly existence, uniqueness, continuous and bounded results of SDE (6.10). [

In Ball et al. [15] it is shown that, under the assumptions

z;lzzlimsupR}/i<oo and sup ZiRizi>1, (6.11)

i—o0 0<z<zsi>1
where, for k>1, Ry= HfZZ(ai,1 /b;), then the equation

Y kRiZF =1

k>1

has a unique solution z=¢;. Moreover if ¢;=R(¢1)’, then (¢;);>1 is the unique fixed
point of Becker-Déring equations (BD).

Proposition 6.2 (Fluctuations at equilibrium). Under condition (6.11), at equilibrium, the
strong solution of SDE (6.10) can be represented as

~ ~ t
W(t):T(t)W(O)—I—/O T(t—s)r(dB(s)), (6.12)
where (T (t)) is the semi-group associated with linear operator ToVs(c),
T (t):=e™VsOr
and (B(t)) is a Q-Wiener process in Ly(w) where

Q=Diag (wys,(¢),n>1).

Moreover, the stochastic convolution part
t
= / T(t - s)TdB(s)
0

is Gaussian, continuous in mean square, has a predictable version and

({(Weelt)) (/7’ )70 (T(r)7)" d )

Proof. At equilibrium, the SDE (6.10) becomes
W(t)= +/ VS ©) - W(u du+/ (Dlag( (~)> dp(u )> (6.13)
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It is a linear equation with additive noise. The noise part can be expressed by T(B(f))
where
t
B(t)::/o Diag (Ms(?f)) cdB()= Y \/ s (0)Bu ().
n>1

Recall that (h,) defined by (6.9) is an orthonormal basis in L,(w). By definition of z;
and the assumption lim, w}/ "=1,if 0 < z<z,, then

Y wyR,z"<oo

n>1

holds. Let
Q:Diag (wnsu(c),n>1),

then it is trace class, i.e.,

TrQ: Z Wysy(C) < 270A Z Wy, Cpy < 00.

n>1 n>1

Therefore, B(t) is a Q-Wiener process in Ly(w) (c.f. Section 4.1 in [39]).

Again, by using Lemma 6.1 and Lemma 6.2, we can see that the linear operator
ToVs(¢) is bounded, and therefore, the associated semi-group 7 is uniformly continu-
ous and satisfies that for any z € Ly(w),

1T (B2l ) < 77N 2|, )

Therefore, on any finite time interval [0, T],

t - t ~
/O Tr (T()7Qe T*(r)) dr= /0 1T (1) TG a2, ) dr
By applying the Theorem 5.4 in Da Prato and Zabczyk [39], the process (6.12) is the
unique weak solution of SDE (6.13). By Theorem 5.2 in [39], the stochastic convolution

part (Wsc(t)) is Gaussian, continuous in mean square, has a predictable version and for
allt € [0, T],

(Wee()) = /0 T (0T T (r) dr.

To show that the process defined by relation (6.12) is also a strong solution, we use
Theorem 5.29 in [39]. It is sufficient to check

Y. ITVs(@)TQY 2hy 17, ) <00

n>1
Then, stochastic integral ToVs(C) - Wi (t) is a well defined continuous square-integrable
martingale on [0, T]. The process toVs(c) - W(t) has square integrable trajectories.

Therefore, (W(t)) is a strong solution. The proposition is proved. O
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6.4 Convergence of the Fluctuation Processes

Recall that the fluctuation processes (W™ (t)) satisfies relation (6.8),

WN(t):WN(O)—i—\/lNT (DN(t)) +\2/% Ot (X{;\;“)> er du

w1 e (s (Xﬁ)) W) 95 e() - W) )

The goal of this section is to prove that, when N is going to infinity, the process (W™ (t))
is converging in distribution to (W(t)), the solution of the SDE (6.10). We will first
prove some technical lemmas and the convergence of scaled process (XN (t)/N). Then,
we will prove the tightness and convergence of the local martingales (DN (t)) and, with
the help of these results, we will get the tightness of (WN(¢)) and identify the limit.

Lemma 6.3. Under Assumptions (a) and (b) then, for any T >0, one has

X (t
{r:=supsupE (Z rk]]i]()> <400, (6.14)
N t<T k>1
ME ()]
kr:=suplE | su — | <400, (6.15)
rimsup <p r ;

where MN (£)=7(DN(t)).
Proof. By using the SDE (6.7), we get that, for any N,

E (Z rkX];g’(t)> _E (Z VkXI;ﬁ\V](O)>

k>1 k>1

ok [ (200D 0,

; N(y N =1, N(u
+r11E/0 <_ Z(l—HI{i:l})aiX1 ( )(Xlzx(iz) H{z—l})+2(l+][{i:2})bixzz\§ )> du

i>1 i>2

t Ny Ny N(y
+1E/O (Xll\g )Z<ri+1_ri)aiXZZ\§ )+Z(7i—1—fi)bixll\(] >>du

i>2 i>3

<E (Z

k>1

e XN(0 : XF (u
K Zli]( )> -I-(rz-l-rl)At-l-’YrA]E/O Y i~ L

i>1

N du,

where A is defined in Assumption (a). We apply Gronwall’s inequality, then, for any

t<T,
E (Z rkxl’g(t)> <e? AT (113 <Z r"XI’;,N(O)) +(r2 +r1)AT> :

k>1 k>1

Therefore, there exists a constant {1, such that the relation (6.14) holds.
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For the other inequality, we first see

e 3 MY
E(tslﬁz; VN )

< Z —HE sup Z &]I
>1 Wk I<T k>1 VN { |M§,ﬁ(t)| >jk}
N ()2 N(T
2ok (sup . MO Ly (M)
t<T k>1 N k>1 N
By using the expression of the increasing process (6.6) and the definition of T, we get
y & p &P &
Z ﬂ <MN( <A/ Z Wy 1]I{k>2}+ZUk) Xi\](u) du
k +
i N k>1 N
XN (u
+A/ Z Wi+ wWy— 1H{k>3}) ( )du.
k>2
It implies
Wi Wi
supE (Z N <M,§V(T)>> <w1AT+(3470)ATsupsupE ) WX,i‘](t)
N k>2 N t<T  k>2
§w1AT+(3+'yO)AT§T.
For k=1,

<MN ><2/ 2 < XI\]()—l-bm}%()) du<4AT.

Therefore, there exists a positive constant «r, such that
(M ()]
sup]E sup Z — | <k
<t<T k>1 V N

holds.
O

Now we prove the law of large numbers under Assumptions (a), (b) and (c) in the
Li-norm. This result will be used in the proof of Theorem 6.3. We should note that
we could not directly apply the Theorem 2 of Jeon [83] since it requires the conditions
lim;_, a;/i=0 and lim;_,, b;=0.

Theorem 6.2. (Law of large numbers) Under Assumptions (a), (b) and (c), for any T>0,

one has
X ()

lim E <sup 2

N—co t<T k=1

where (c(t)) is the unique solution of Becker-Doring equation (BD) with initial state c(0)€X .
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Proof. From SDE (6.7), we have that

YO s /otf < <XAII\§u)) . (C(””) »

XN
()=

With a simple calculation, we get the relation

XN(t) XN(0) 2At
Y2 )| < Y|P g (0) |+
&N C"()—kzl N w0+
t N(u) M (1)
+ [ 8A) k22 cp(u)| du+ ) £ ,
0 =1 N =1 N

and, by Gronwall’s inequality and relation (6.15), we have

X’ZCVZ\](” —ck(t)| 0.

lim Esup )

N—oo t<T k=1

Proposition 6.3. Under Assumptions (a) and (b), the sequence of local martingales

FEORECDN

is tight for the convergence in distribution in Dr.

Proof. Recall that for all i>N, (DN(t)) = 0 and (XN(¢)) = 0. By using Jensen’s and
Doob’s inequalities, for any fixed T and N, we get
2
L DN (t) >
Ly (w)

o) =y (el
-\ (oot < Bukecoron

From the expression of the increasing processes (6.6), we have

wX
*szk 11E<D§\,]{1 <’Yo/\/ ( KX (u )>du,
k>1

k>1

L pN)

VN

E ( sup
t<T

and

w XN
7Zw2k 2]E<D£\,]<2 <70A/ < K X (u )>du.
k>2

k>2
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Therefore, by using inequality (6.14), one gets

1L pvy

VN

sup [E sup
N t<T

XN(t
<,|270ATsupsupE (Z wkk()) <00,
Lz(ﬁ]) N

N t<T k>1
>a
Lo (w)

1
<lim —supE <sup

a0 q <T

it gives that

L pN(y)

VN

lim limsup IP (sup

A= N_s00 t<T

1 N —
=P w)) ~0.

Since the Skorohod distance is weaker than the uniform distance in D7, we estimate
the modulus of continuity with uniform distance to prove the tightness in the Skorohod
space. For any ¢>0, 6>0 and any L€IN, we have

1 1 527'L
>e | <P |su ri—DN(1)?>=—+=
% w2 = (e =)

t<T i>L

L 1 2 82
+IP sup w; <D1N(t)—DlN(s)) > .
(t,sST,|t—s|<5; \/N \/N

By using the inequality (6.14),

P sup
t,s<T,|t—s|<é

P (sup Zri;[DlN(t)zZe%L) < @E <Z Vi;I<D1'I\](T)>>

t<T i>L 4wy ery i>L
8 A riXN(t 8 A
< ')’rzwL T sup sup E Z 4N () < ’)’rzwL T{r.
ery N <T = N ery

By using the Assumption (b), lim_,., wi/7x = 0, for any constant #>0, there exist a
constant L, such that

1 N2 e2rr n

t<T i>L

The processes (DN (t)/+v/N) i=1,..., L, live in finite dimensional space and each of them
has an increasing process that is uniformly continuous almost surely. Therefore, for N
large enough, we have

P s Yu(obNO-oDNe) 25 ) <]
t,s<T,|t—s|<é 1:21 \/N VN 2 2

consequently, by using Theorem 13.2 in Billingsley [19], the sequence of processes
(DN(t)/+/N) is tight in Dr.
O
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Proposition 6.4. For the convergence in distribution of random process, uniformly on compact

h Jim (P 0) = 0= (] pias (V/sletw) ) -apiw).

Proof. From the previous proposition, we have that, for T>0, the sequence (DN (t)/+v/N)
is tight in D([0, T], Lo(w)). Let D'(t) be a possible limit. For any d€IN*, let P; be
the projection from RN" to R, i.e., for any zeRN, Pi(z)=(z1,...,24). It is easy to
check that (P;(D’(t))) is a limit of a subsequence of (P;(DN(t)/v/N)) for the weak
convergence in probability in the Ly-norm. By using Theorem 1.4 page 339 of Ethier and
Kurtz [57], we know that for any d€IN*, the equality (P;(D’'(t))) = (Ps(D(t))) holds
in distribution. Hence, by Kolmogorov’s theorem, we have the equality in distribution

(D'(t))=(D(t)). O
We can now state our main result.

Theorem 6.3 (Functional Central Limit Theorem). Under Assumptions (a)—(d), then the
fluctuation process (WN(t)) defined by relation (6.4) converges in distribution to the Ly(w)-
valued process (W (t)), the unique strong solution of the SDE (6.10).

Proof. From relation (6.8), process (WN(t)) satisfies

WN(t):WN(O)+\/1NT (DN(t)> +/t'ro Vs (c(u)) - WN(u) du

0
+\2;% Ot (szf\gu)) ep du+ /Ot'r (AN(u)> du

where

N 1 XN(“) N N
A (u):i Vs N +Vs(c(u)) ) - WY (u)=Vs (c(u)) - WY (u).
By direct calculations, we have that for k>1

N(u
Ay (u)= (1+1 =1y ) ax <X1Z\§ >—01(M)> WN (u),
=0

A% (u)=0,

and then

)

AN <2 A &_
AN ()] 1, (w0) <24/70 N e

WY (1) [, ) <20/ P0A W (1) ]y 0)-

Let T = y¢(w)(sup, -1 v(c(u), w)+2,/Y0A), by using Lemma 6.1 and Lemma 6.2, for all
t<T, one has -

1 2 /w1 At
IV 0y < W ) Ly 7 (20) DV (B g =Y

t
+ [ TIWN @)l
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Thanks to Gronwall’s lemma, for any ¢t<T, we have

W) <6 (IO s+ 7e(0) T IDN O o+ 7T ),

which implies the relation

supIE sup ||[WN (¢ )H%z(w)
t<T

4w A?T?
<3¢ (suplEHwN<o>||i2(w)+%< P sup Esup SIDY 12, 1N>.
N t<T

In the proof of Proposition 6.3, we have shown that

supIEsupanN( )12, ) <0
t<T

therefore, if
S‘;}P]EHWN(O) 17, ) <Co,

then there exists a finite constant Ct such that

SuPIE sup [[WN () |17,y <Cr-
t<T

For the tightness of (WN(t)), for any ¢>0, >0, by using Lemma 6.1 and Lemma 6.2,
we get that

€

IP( sup  [|[WN ()= WN(s)|| 1, (@ ) <P (résupuwN( )y|L2(w)22>

t,s<T,|t—s|<d u<T
DN(t) DN(s) €
+IP sup — >—— |+l 2w,
(t,sg,|t_s<5 VN N e ~4r<(w) ) A
holds. Choose 61 >0 such that
e
0=\ 3¢ ar

then, for §€(0,d1) and N>1,

e 25\ 2
P (Fésup HWN(u)I|L2(w)22> < <£> E sup HWN(M)||%2(w)<g-

u<T u<T

According to the proof of Proposition 6.3, there exist J,>0 and Ny, such that, for
0€(0,62) and N>Nj, the relation

DN(t) DN
p o [2N0_DYG)
t,s<T,|t—s|<é

VN VN

™M

> £ )<
w) 47T(w)> 2
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holds. In conclusion, for any 6<d Ao A(e/ (8A/w1)) and N>Ny,
P ( sup HWN(f)—WN(S)HLZ(w)ZE> <7
t,s<T,|t—s|<d

It is then easy to check that

lim limsup P (sup [WN(t) HLz(w)Zﬂ> =0.

A= N-_so0 t<T

Therefore, the process (WN(t)) is tight in D([0, T], Lo(w)). To identify the limit, note

that
E o (AN(w)) d < E[ [aY d
sup || [T (AT (u) ) du < 7e(w) 1A ()| Ly ) At
t<T 11/0 Lo(w) 0
X{\](”) N
<2\/707<(w)TAE Sup | = —c1(u) | W (1) |1, )
u<
XN (u) 1/2 1/2
u
< 2v707(w)TA (21‘5811}; ! —Cl(“)> (ESHI;HWN(“)HE(WJ :
u< u<

By using Theorem 6.2, this term is vanishing as N goes to infinity. From Proposition 6.4,
one conclude that any limit of (WN(t)) satisfies SDE (6.10). The theorem is proved. [J
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