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Preface

In this thesis we investigate the emergence of collective periodic behaviors in a frus-
trated network of stochastic interacting diffusions. The study proposed revisits the
work on [12]. We provide a model of noisy interacting particles, arranged in two com-
munities of units, which depend on their mutual coupling interactions. Motivated by
insights on numerical simulations, we show that this model features the phenomenon
of noise-induced periodicity: when the number of particles goes to infinity, in a certain
range of interaction strengths, although the system has no periodic behavior in the
zero-noise limit, a moderate amount of noise may generate attractive periodic rules.
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Introduction

Living systems are characterized by the emergence of recurrent dynamical patterns,
that arise from the aggregate of a very large number of interacting units. Such patterns
are due to self-organization and are observed at all scales of magnitude. Self-organized
behaviors are noted both in large communities of microscopic components - like neu-
ral oscillations (alpha and beta waves), gene network activity and chemical reactions
- as well as on larger levels - as predator-prey equilibria and applauding audiences
to name few. In particular, collective periodic behaviors of many elements systems are
among the most commonly observed ways of self-organization in biology, ecology and
socio-economics. The attempt of modeling such complex systems leads naturally to
consider large families of microscopic identical units (particles). Self-organized oscil-
lations, then, arise on a macroscopic scale from the dynamic of these minimal compo-
nents that evolve coupled by interaction terms.

In this framework lies the topic of this thesis: the phenomenon of noise-induced
periodicity. Indeed, large-volume natural systems of noisy interacting particles often
exhibit robust collective periodic behaviors [[17]]. Frequently are encountered systems,
with this property, in which the particles neither have tendency to behave periodically
on their own nor are subject to a periodic external forcing; nevertheless, they organize
to produce a regular motion perceived only macroscopically: a collective self-sustained
rhythm.

The presence, within a system, of noise, meant as an intrinsic, unpredictable, dis-
turbance element in the particle’s interactions, may stimulate the emergence of such
collective periodic motions. However, how such families of “non-periodic” particles
can generate macroscopic oscillations, is, still, poorly understood from a theoretical
standpoint.

The difficulty of treating theoretically large noisy interacting components leads to
give great attention to mean-field theory and mean-field interacting particles systems,
due to their more analytical properties. In this context, the attempt of explaining rig-
orously possible origins of self-organized rhythms identified various essential aspects
that enhance the emergence of such coherent and structured dynamics. Since, rhyth-
mic behaviors are intrinsically non-equilibrium phenomena, a breaking mechanism
needs to enter the microscopic design of the models.

Quite a number of such mechanisms, lately, have been taken into account: for ex-
ample, the addition of delay in the information’s transmission [1,|9]], and/or frustration
in the interaction’s network in multi-population discrete particle systems [2]]. However,
several works have highlighted the importance of the interplay between the reciprocal
interaction of the units and noise. Examples of nonlinear diffusion processes, for which
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periodic behaviors are caused by the presence of noise, meaning that no periodicity
occurs in the system when noise is turned off, where given long time ago [15]. Re-
cent works have stressed the specific importance of noise, as a equilibrium-breaking
element. For instance, the phenomenon, known as excitability by noise, is widely ob-
served [10]. From this point of view, the role of noise is believed to be twofold. On one
hand, noise can lead to oscillatory states in systems whose deterministic counterparts
do not display any periodic behavior; on the other, it can facilitate the transition from
incoherence to macroscopic pulsing [[17].

In this thesis we investigate the emergence of a collective periodic behavior in a
frustrated network of interacting diffusions. We retrace the work made on [12], con-
ducting a similar study. In the model we provide, particles are divided into two pop-
ulations and they interact only via the respective empirical means. The frustration of
the network is designed as follows. On one hand, both intra-population interaction
parameters are positive: each particle wants to conform to the average position of the
particles in its own community. On the other hand, inter-population couplings have
opposite signs: the particles of one population want to conform to the average posi-
tion of the particles of the other community, while the particles in the latter want to
move away from the empirical mean of the first community. We show that this sys-
tem features the phenomenon of noise-induced periodicity: in the infinite volume limit,
that is when the number of particles goes to infinity, in a certain range of interaction
strengths, although the system has no periodic behavior in the zero-noise limit, a mod-
erate amount of noise may generate an attractive periodic law.

The thesis is divided into the following chapters.

In Chapter 1 we introduce the model described above as a system of N diffusive
particles on IR, divided in two populations of N; and N, elements. Mean-field theory
is introduced as, by design of our model, the interaction between particles is managed,
only, via the respective means of the populations. Then we give a description of the
study, as we analyzed the occurring of noise-induced periodicity in the model. We
summarize it here.

We observed, on numerical simulations of the model, periodic oscillations in the tra-
jectories of the empirical means of the two populations. This motivated the investi-
gation of the thermodynamic/macroscopic limit of the system (when N goes to infinity).
Through a propagation of chaos statement we prove that, in the macroscopic limit, two
generic particles of the system, one for each population, follow non-linear diffusion
equations. As non-linear diffusion processes can have time-periodic law, we argue that,
for specific choices of the parameters, the presence of a noise component may gener-
ate a robust, self-sustained, rhythmic behaviour in the mean-field trajectories. While,
when the noise is turned off the system moves towards stable equilibria.

Therefore, we further analyze the time-evolution of the macroscopic limit and prove
that, the noisy limiting dynamic can evolve as a pair of Gaussian processes. This reduces
the study of our problem to a finite dimensional one, since we derive the explicit (de-
terministic) equations for the mean and variance of these processes. Finally, we show
that the dynamical system describing the time evolution of these means and variances
undergo a phase transition via a Hopf bifurcation at an equilibrium point. As a conse-
quence, in a certain range of the noise intensity and parameter’s choice, the system has
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a stable limit cycle as a long-time attractor, implying that the laws of the previously
mentioned Gaussian processes are periodic.

In Chapter 2 we give some general background and mathematical tools to the
study of diffusions. In particular, after recalling some basics in stochastic calculus and
stochastic differential equations, we give a short introduction to some modern concepts
about propagation of chaos for interacting diffusions. We state the general theorem that
provides the convergence of a wide class of mean-field interacting dynamics (micro-
scopic models) to a macroscopic limit, as the number of particles goes to infinity. This
can be useful to describe whenever stochastic independence of two random particles
in a many-particle system, persists in time, as the number of particles tends to infinity.
Originally designed for Statistical Mechanics, the emergence of application of stochas-
tic mean-field dynamics includes life and social sciences. We illustrate, without tech-
nical details, a famous model of interacting Fitzhugh-Nagumo neurons.

We include also in this chapter the relevant result about Hopf bifurcations, which pro-
vides the technical conditions to be checked when searching for limit cycles around
equilibrium points in dynamical systems.

Finally, in Chapter 3 we provide all the results in the study. In order, in Sec.
after a well posedness statement for the finite-size system which describes the model,
we give the results and the analysis of the numerical simulations we ran. Sec.
contains the well-posedness proof of the macroscopic limit, while in Sec. [3.3| we state
the propagation of chaos theorem for our model. After that, we argue, in Sec.
that no periodic behaviour are present for the macroscopic limit when the noise is
absent. In Sec. [3.5|we prove the existence of a pair of independent Gaussian processes
which approximate the macroscopic dynamic and, finally, in Sec. [3.6|we show that the
system which describes the means and variances of these processes displays a Hopf
bifurcation.
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Chapter

DESCRIPTION OF THE MODEL AND
OUTLINE OF THE RESULTS

In the first section, we introduce the (microscopic) model as a diffusion process.
We define the dynamics of the system with N It6 stochastic differential equations on
IR. The analytical expression of the equation is inspired by a model of interacting
FitzHugh-Nagumo neurons, of which we give a brief description in Sec. here we
divide the units into two populations.

Then, in latter section, we give a walk through of the study and a brief summary of the
results: starting from the numerical simulations, trough the theoretical work, finishing
with the main topic, the noise-induced periodicity.

1.1. THE MODEL AS A FINITE-SIZE SYSTEM OF INTERACTING DIFFU-
SIONS

So to introduce the subject let us consider a system of N diffusive particles on R and
divide the N particles into two disjoint communities of sizes N; and N, respectively.
Denote by I; (resp. I,) the set of sites belonging to the first (resp. second) community.

In this setting, we indicate with (x;N)(t)). the “positions” at time t of the particles

of population I; and with (y](-N)(t)) the “positions” at time t of the particles of
j:1 ..... N2

population I, so that

x() = (V0,570 0,580,987 0,000 )

represents the state of the whole system at time t.

The basic feature we want to introduce in the following model is that the strength
of the interaction between particles depends on the community they belong to: 61
and 6;, tune the interaction between sites of the same community, whereas 61, and
6,1 control the coupling strength between particles of different groups.



Chapter 1. Description of the model and outline of the results

More specifically, each population, taken alone, is a mean field system with interac-
tion strength 61 (resp. 6,;). When we couple the two communities, the population
I; (resp. I) influences the population I, (resp. I;) through the average position of its
particles with strength 60,; (resp. 61,).

A crucial feature for the system to show periodic behavior is frustration of the network,
i.e. the inter-community interactions must have opposite signs.

Now we introduce the microscopic dynamics we are interested in. Let

(N) 1 Al (N) (N) 1 N2 (N)

N N N N

my ()= N, E : X; (t) and m, '(t):= N, E : v; ()
j= iz

be the empirical means of the positions of the particles in populations I; and I, re-
spectively, at time t. Moreover, denote by «a := % the fraction of sites belonging to the
first group. Then, omitting time dependence for notations convenience, the interacting
particle’s system we are going to study reads:

3
dx;.N) = (— (x;N)) + x;.N))dt — a6 (x}N) - m(lN))dt

—(1 —a)@lz(x;N) - m(zN))dt+ cdW/ forj=1,.,Ny,
(1.1)
3
N N N N N
dy](. ):(—( ]( )) +y](. ))dt—aen(y](. )—m(l ))dt
-1 —a)@lz(y](.N) - m(zN))dt+ adWhNiti forj=1,..,Ny,
where (Wt]) are N independent copies of a standard Brownian motion. Here
i=1,..N

0 > 0is the parameter that tunes the amount of noise in the system, since the diffusion
coefficient is the same for each coordinate.

Note that in (1.1, the two populations interact only via their empirical means. This
feature puts our model into the mean-field theory.

When 61 = 05, = 01, = 0,1 = 0 > 0 the model reduces to the mean field interacting
diffusions considered in [5]. In particular, it describes a dynamical model of a collec-
tion of an-harmonic oscillators, which can be proved to experience a phase transition
as the number of oscillators goes to infinity.

In a general setting, all the coupling constants could be either positive or negative,
allowing both cooperative and uncooperative interactions. Nevertheless, in the present
work, we focus on the case 6011,0,, > 0 and 0;,0,; < 0. In particular, we make the
specific choice: 61, > 0 and 6,; < 0. This means that a generic particle from I; tends to
conform to the average particle position of community I,, whereas particles in I, are
incline to differ from the average particle position of community I;.



1.2. NOISE-INDUCED PERIODICITY: SYNOPSIS OF THE STUDY

The numerical simulations of the model (L.1)), that we have computed in Section
show that the empirical means (m(lN)(t) and m(lN)( t)) display an oscillatory behavior for
appropriate choices of the parameters. This motivated the investigation of thermody-
namic limit of (1.1), i.e when the number of particles N goes to infinity.

Indeed, it is known that diffusion processes, described by SDEs as (1.1)), cannot have a

time periodic law.

Remark. Solutions to stochastic differential equation of the form:
dX(t) =b(X(t))dt+cdW(t), t>0, o>0

with b : RY — R? Lipschitz continuous, {W(t);t > 0} a d-dimensional Brownian mo-
tion cannot have a time periodic law. This follows from the fact that solutions to
such equations either have an invariant probability measure 7, which is globally
asymptotically stable (the Law{X(t)} converges to = weakly as t — oo, for every ini-

tial Law{X(O)}) or IP(X(t) € K|X(0) = x) 1o, 0, for every compact subset K C R? and
every initial condition x € P(IR%), the space of probability measures on R? [15, 8].

While, this need not to be true for nonlinear diffusion processes, i.e. solutions of
stochastic differential equations of the form:

dX(t) = b(X(t), Law{X(t)})dt + cdW(2);

where b : RY x M(R?) — RR?. They are called “nonlinear” because the associated
Fokker-Plank equation is a nonlinear partial (integro-)differential equation.

In [16] can be found a proof of this fact, whereas [15]] even provides examples of a
nonlinear diffusions for which periodic behaviours are created by the noise, i.e. no pe-
riodicity occurs when the noise is turned off (¢ = 0).

In our model the mean-field interaction has a peculiar feature: when the num-
ber of particles N goes to infinity, the empirical averages m(lN)(t) and m(ZN)(t) are ex-
pected to converge to a limit given by the solution of a nonlinear stochastic differential
equation, which, can have a time periodic law. So the oscillatory behaviour, observed
in the numerical simulations, could be theoretically explained trough the macroscopic

limit. In the following we outline the study in more details.

First, we prove that, starting form i.i.d. initial conditions, if we let the number of
particles N grow large, independence propagates in time. As a result, time evolution of
a pair of representative particles, one for each population, is described by the stochastic
differential system of equations:

X = [—X? + Xy — a0 (X; — E[X;]) - (1 - @)012(X; —IE[Yt])]dt +odW},
(1.2)
dY, = [—Yt3 +Y; = a0y (Y; - E[X;]) - (1 - a)0,(Y; —IE[Yt])]dt +odW2;
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where {W/;t > 0};_; , are two independent Brownian motions and [E[-] is the expec-
tation respect of the joint probability measure Law{X(t), Y(t)}, given the initial condi-
tions. The system (1.2)) is well posed and a proof of the existence and uniqueness of a
strong solution is given.

To be more precise, we show that, for all 0 < k;,k, € IN, for all T > 0 and for all
(N)

t € [0,T], as N goes to infinity, the random vector (x(ll\])(zf),...,xkl (t),yiN)(t),...,y,(jj)(t))
converges in distribution to the vector (Xl(t),...,Xkl(t), Yl(t),..., Ykz(t)), whose entries

are independent random variables such that (Xi(t))i_1 are copies of the solution

of the first equation in 1} and (Yi(t))i_1 B
equation of (1.2). This is referred as the phenomenon of propagation of chaos.

are copies of the solution to the second
2

Moreover, if we introduce the transition densities of the laws of X; and Y; as qf((x,y)
and q)(x,v) and denote their respective means EX[-] and EY[-], the Fokker-Plank
equation, associated to (1.2), is nonlinear:

0 §< : 2 92X : 9
A T 2 {[a-a6u - (1-@on)z- ¥ )
X
‘[“Qllmx[zl—ﬂ—a)e)lzlEY[zl]w'
(1.3)
da¥ (v, 29247 (o, 9
qta(f - 5 qu(z 2 ‘z{[(l“"@n —(1—a)622)z—z3]qty(m)}
9! (v,
- [“621 E*[z]-(1- a>922EY[zl]%;

Therefore system is a good candidate for having a solution {(X;,Y;);0 <t < T}
with time periodic law, in view of the previous remark. However, it is very hard to have
insight into the long-time behaviours or to find periodic solutions, since the presence of
non-linearity and noise makes the problem infinite dimensional, as we’ll find out later.
One could also perform numerical simulations of system using the F.E.M. method
with point-wise initial conditions (qé((x,z),qg(y, z)) = (5x(z), 6y(z)), x,y € R. Neverthe-
less, we proceeded with a different approach.

First, in Section we analyze the system in the absence of noise and prove
that oscillatory/periodic behaviour are not observed when o = 0. We fully analyze the
equilibrium points of the system and, doing so, we provide a scheme for the parame-
ters space. Then, in the main part of the study, we investigate our limiting model, with
o>0.

We show, in Sec. that in presence of an appropriate amount of noise, the posi-
tions, at the thermodynamical limit, of the two representative particles of system (L.2),
evolve as a pair of two independent Gaussian processes; we refer to this as small-noise
Gaussian approximation. More precisely, we construct two independent Gaussian pro-
cesses so that they solve the first two moments equations of (1.2), and, starting from



same i.i.d. initial conditions, their evolution in time is close to the one of the macro-
scopic limit.

Consequently, we reduce the study to the means and variances of the Gaussian
processes, for which we provide an explicit and deterministic system of differential
equations. The dynamical system, which describes the time evolution of these, is pa-
rameterized by the noise (o) and displays, in different parameters regions, a Hopf bifur-
cation for some critical values o,. In Section [3.6, we prove that, as the noise-parameter
is decreased to cross the thresholds o, a stable limit cycle appears around an equilib-
rium point. Therefore, within a certain range of the noise intensity (0 < o < o,.) the two
Gaussian processes have a limit cycle, as long-time atractor of their evolution.

This, in particular, denotes that the laws of the Gaussian processes are periodic
and, therefore, the small-noise approximation gives a good qualitative description of
the emergence of the self-sustained oscillations observed in the numerical simulations
of the system (1.1J.
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Chapter

MATHEMATICAL BACKGROUND

In this chapter we introduce a basic background for diffusion processes. In view
of provide a general context for diffusions and give some useful notions to the study
of them, we present some famous results in a discursive manner, without giving any
rigorous demonstration. One can find extensive description about diffusion processes
in [7]], while we refer to [8} /6] for the study of stochastic differential equation.

In Sec. we introduce some basic facts about propagation of chaos in a stochastic
mean-field dynamic. In Sec. [2.4we use them in an application of a Fitzhugh-Nagumo
model for interacting neurons. For these we used [4] as a reference.

Sec. reports the condition, that we used in our study, to check when showing the
occurrence of a Hopf bifurcation within a dynamical system.

2.1. BASICS ON DIFFUSION PROCESSES

Before diving into the subject, we bring in the common notions of basic probability the-
ory on Euclidean n-spaces, as we will use most of them and their properties on defining
diffusion processes.

We denote with the triple ((,U/,IP) a general probability space, provided: () is a
non-empty set, U is a o-algebra of subsets of Q and IP: U/ — [0, 1] is a probability mea-
sure. The smallest o-algebra of subsets of R”, containing all the open sets, is called
the Borel subsets of IR"” and it is indicated with B. In the following, the presence of a
probability space will be implicit.

The elements A € U are called events, and IP(A) is the probability of the event A. When-
ever a property is true except for an event of probability zero, we say that it holds almost
surely/almost everywhere (usually abbreviated with “a.s.”).

A U-measurable function X : (3 — RR", which is almost everywhere finite, is a
generic random variable. Boldface characters denote vector valued quantities.
Usually, for a random variable, we omit the w dependence and write “X” instead of
“X(w)”. Moreover, if B € B, IP(X € B) indicates IP(X~!(B)), the probability that X takes
values within B.

If X a random variable, 2/(X) := {X~'(B)| B € B} is a 0-algebra, generated by X.



Chapter 2. Mathematical background

The expectation/mean of a random variable is defined to be the integral

E[X]:= L XdP (: L X(w)lP(dw)),

provided |X(a))| is integrable; || denotes the Euclidean norm. So we can set the covari-
ance function of two random variables X,Y: Cov(X,Y) := [E[(X — E[X])(Y — [E[Y])]; and
the variance Var(X) := Cov(X, X) = E[|X]?] —|IE[X]|2.

Additionally, a random variable X, can be defined in terms of the joint distribu-
tion function Fx(xy,...,x,), that is, by specifying the probability of the event {X(w); <
X1, X(w), <x,}, for w € Q and (xy,...,x,) € R". In particular, if there exists a nonnega-
tive, integrable function f : R” — R such that Fx(xy,...,x;) = I_X;o I_X; fW1, 0 V) dy,...dyy,
we say that X has probability density f (X ~ ...).

In this case, it follows that, for any event B € J3:

P(X e B) = J f(x)dx.
B

The expectation of a random variable can be extended and written using its density
function.

For any pair of events A, Bwith IP(B) > 0, the conditional probability of A, given B, is

P(A|B):= H)I(IQQ)B). Thus, A and B are said to be independent if IP(ANB) = IP(A)P(B). This
definition is naturally extended to sequence of events and o-algebras. In particular,
{X;: Q = R"};_; . is a collection of independent random variables, if for all k > 2 and

choices of By,...,B, €8,

IP(X] € B],XZ € Bz,...,xk € Bk) = H)(Xl € Bl)IP(XZ € Bz) IP(Xk € Bk)

Upon this, one defines the conditional expectation of a random variable X, given the
event B (IP(B) > 0) as the mean over the probability measure IP(-|B):

E[X|B] := ﬁ L XdP;

and, more in general, given the o-algebra V C U, E[X|V] is defined to be the unique
V-measurable random variable such that fA XdP = _[A E[X|V]dP for every Ae V.

The properties that follow from these notions will be used without giving too much
details and considerations.

2.1.1 Diffusions as Markov processes
For simplicity of notation, in the following, most of the definitions are given on the one

dimensional case, but the concepts we present are easily generalized.

The concept of a stochastic process is used to describe, in a loose sense, systems
which evolve probabilistically in time, or, more precisely, systems in which a certain
time-dependent random variable X(f) exists.



We can measure values x1,x,,X3, ..., etc., of X(t) at times £, t,, t3,... and assume that a set
of joint probability densities exists p(xy, f1;X,, t5;X3, t3;...), which describe the system
completely. In terms of these probability densities, one can define the conditional
probabilities

p(Xl, t1;X0, 82551, T15 Y2, Tz}...).
Py, T15¥2, 125 )

p(X1,t15X0, b Y1, T3 Y2, T2s5n) =

where the time-ordering is: t; > t, > t3 > ... > 71 > 1, > .... The concept of an “evo-
lution” leads to consider the conditional probabilities as the predictions of the future
values of X(t) (i.e. x1,Xp,... at times t1,1,,...) given the knowledge of the past (values
Y1,Y2,... at times T, Ty, ...).

DeriniTION 1 (Stochastic process). Let T be a set, denoting the time, and (Q,U, P)
a probability space. A stochastic process is a collection of real random variables X =
{X;|t € T} that can be expressed as a function of two variables X : T x () — IR"”, where:

* X;:=X(t,-): Q - R" is a random variable for every t € T.
* X(-,w): T — IR" is the realization or sample path for each w € Q).

Depending on T being a discrete or a continuous time set, we call the stochastic pro-
cess a discrete or a continuous time process. Most of the times, we will denote a stochas-
tic process by time dependence {X;};>o or simply by X;.

The time variability of a stochastic process, technically, is described by all its con-
ditional probabilities. Though, substantial information can be gained studying the
quantities:

* Mean: E[X;] = p(t) foreach t € T
e Variance: Var(X;) = v?(t) for each t € T.
* (two-time) Co-variance: Cov(X;, X) for distinct time instants s,t € T.

A stochastic process X;, for which the random variables th+1 —th, j=1,.,n-1,are
independent for any finite combinations of time instants #; <... <t, in T is a stochastic
process with independent increments.

ExampLE 1. A stochastic process X;, such that any joined distribution

FX o Xy (xill-"lxi,l)

[T
n n

is normal, i.e. has density of the form

1 bk
f(x)= e 202 for some p,0 € R,

V2mo?

for every choices of t; € T, is called Gaussian.




Chapter 2. Mathematical background

ExampLE 2. A Poisson process is a continuous time stochastic process X = {X;|t > 0}
with (non-overlapping) independent increments for which

Xp=0a.s,,
E[X;]=0,
X = Xs ~P(A(t—3))

for all 0 <s <t; A is called intensity parameter.

We call a stochastic process strictly stationary if all its joint distributions are invari-
ant under time displacement, that is
Fx,

zl+h""’X’i,,+h in

(+)= Fxtl.1 x. ()

for every ti ti,, € T and h > 0. While a stochastic process X; is wide-sense stationary if
there exists a constant m € R and a function c¢: T — R, such that

E[X;] =m, Var[X;]=c(0) and Cov[X;, X;]=c(t—5)

foralls,teT.

The setting of a generic stochastic process is very loose, so, next, we focus on the
concept of Markov process, which rises from the simple idea that only the knowledge of
the present determines the future. We start from discrete time and discrete spaces and
the definition of Markov chain; this helps to better understand diffusion processes.

DeriniTION 2 (Markov chain). Let X = {x,...,xy} be the set of a finite number of
discrete states. The discrete time stochastic process X ={X, : Q - X|n=1,2,..}isa
discrete time Markov chain if it satisfies the Markov property, that is

P(X,1 = x| X, =x;) = P(X, 11 = x| Xy =%, Xy = %)
for all possible x;,x; ,...,.x; € X withn=1,2,....

Heuristically, the Markov property tells that the future depends on the past only
through the present, or, in other words, that only the present state is needed to deter-
mine the future ones.

RN*N its entries are

For a Markov chain we can define the transition matrix P, €
given by

pi(il’]) = 1P(Xn+1 =Xj |Xn = xin)

fori,j =1,..,N. We call them the transition probabilities and they satisfy Z}V p,(f’]) =1
for each i, as X,,;; can only attain state in X'.

If we call p,, the column vector of the marginal probabilities (IP(X,, = x1),...,IP(X,, =
xy)), then the probability vector p,,,; is given by p,..1 = Pl p,.

A discrete time Markov chain is called homogeneous if P, = Pforalln=1,2,..
Therefore the probability vector of a homogeneous Markov chain satisfies

T
Pu+k = (P ) Px

10



for every k > 1, and the probability distributions depend only on the time that has
elapsed.
This does not mean that the Markov is strictly stationary. In other to be so, it is also re-

quired that p,, = p for each n =1, 2,..., which implies that the probability distributions
are equal for all times such that p = 5T§.

Remark. It can be shown that a homogeneous Markov chain has at least one stationary
probability vector solution. Therefore, it is sufficient that the initial random variable
X is distributed according to one of its stationary probability vectors for the Markov
chain to be stationary.

DeriniTION 3. Let &' = {xq,...,xn]} the set of a finite number of discrete states. The
stochastic process X = {X; : Q — X|t € R"} is a continuous time Markov chain if it
satisfies the following property:

H)(Xt =X |Xs = xi) = IP(Xt =X |Xr1 = xill'-'rXrn = xians =x;)
for0<r <..<r,<s<tandall Xiyseeer X Xis Xj eX.
n

The entries of the transition matrix P;; € RN*N and the probability vectors are now
respectively:

pi =X, =x;1X,=x)  pi=Plp

for any 0 < s < t; and the transition matrices satisfy the relationship P, ; = P, ;P ,, for
any 0 <r<s<t.

If all the transition matrices depend only on the time differences, the we say that the
continuous time Markov chain is homogeneous and we write P;; = Py ;_s = P for any
0<s<t. Sowehave P,,s =PP; =P;P; for all s,t > 0.

Moreover, for an homogeneous continuous time Markov chain, we define the in-
finitesimal generator or intensity matrix G € RN*N, as follows:

THEOREM 1. A homogeneous continuous time Markov chain X, is completely character-
ized by the initial probability vector py = P(Xy = x;); and its intensity matrix G. Moreover,
if all the diagonal elements of G are finite, then, the transition probabilities satisfy the Kol-
mogorov forward and backward equation, respectively:

d

Ept_Ptg: 0
d

%Pt_gTPt = 0

We move on now to define continuous time continuous state Markov processes, when
the state space X C R.

11



Chapter 2. Mathematical background

DeriNITION 4 (Markov process). Let X C R be the state space, the stochastic process
X ={X; : QO —» X|t € R*} is a continuous time continuous state Markov process if it
satisfies the following Markov property:

P(X; € B|X; = x) = P(X; € B|X;, = x1,.., X, = xp, X; = X)

for all Borel subsets B C R, time instants 0 <r; <...<r, <s<tand all x,...,x,,x € R
for which the conditional probabilities are defined.

Fore fixed s,x and t the transition probability IP(X; € B|X; = x) is a probability
measure on the o-algebra B of Borel subsets of R such that

P(X; € B|X;=x) = f p(s,x;t,v)dy
B

for all B € B. The quantity p(s,x;t,-) is called transition density, it generalize the role of
the transition matrix of Markov chains. It follows form the Markov property that

pis,x;t,y) = J- p(s,x1,2)p(t,2t,v)dz
for all 0 <s <t <tand x,y € R. This equation is known as the Chapman-Kolmogorov
equation.

Remark. From this point of view, one can construct a complete Markov process given
a transition probability function p(s,x;t,v) and starting with an arbitrary initial dis-
tribution Xj.

If all the transition density of a Markov process X; depend only on the time dif-
ferences t —s, then it is called homogeneous and we write p(s,x;t,v) = p(0,x;t —s,9) =
pi—s(x,v) for any 0 <s < t. It is called periodic if the function p(s, x; ¢ +s,y) is periodic in
S.

Now we have all the tools to give the definition of a diffusion process.

DerintTION 5 (Diffusion process). A continuous time continuous state Markov pro-
cess X = {X;|t € R*} is a diffusion process if the following limits, involving the transi-
tion densities p(s,x;t,), exists for all € >0, s> 0 and x € IR:

1mL p(s,x;t,y)dy =0, (2.1)
tls t—5 a|y—x|>e
1mL (y=x)p(s,x;t,v)dy = b(s, x), (2.2)
tls t—s J|y—x|<e
lirnL (v —-x)?p(s,x; t,y)dy = o(s, x). (2.3)

tls 1=5 Jy—x|<e

The functions a(s, x) and (s, x) are called respectively the drift and diffusion coefficient
at time s and position x. Usually it is assumed that these limit relations are uniform
with respect to t in each finite interval ¢ty <t <t; and with respect to x in —co < x < co.

12



The first condition prevents the diffusion process from having instantaneous
jumps, assuring the “continuity”. It means that the probability for the final position y
to be finitely different from x goes to zero faster than t—s, as t —s goes to zero. Diffusion
processes are almost surely continuous functions of time, i.e. the map X(-,w): R* - R
is continuous function in ¢, for P-almost all w € Q, this is also called sample continuity.
However they not need to be differentiable.

Remark. The continuity of a stochastic process, can be defined in several ways (con-
tinuity with probability one, mean square continuity, continuity in probability, etc.
) An interesting result is the Kolmogorov’s continuity criterion, which states that if a
continuous time continuous states stochastic process X; satisfy

E[1X, - X*| < clt - 5"+
for all s, > 0 and |t —s| < h, for some a,b,c,h > 0, then there exists a modification X,
such that X; is sample continuous and for all t > 0 P(X; = X;) = 1.

Conditions (2.2) and (2.3), on the other hand, shows that b(s,x) and o2(s, x) repre-
sent, respectively, the instantaneous rate of change of the mean and the instantaneous
rate of change of the squared fluctuations of the process, given X; = x:

IE[Wt_Wslws = x]

b(s,x) =1lim
tls t—s
_ 2 —
GZ(S,X):lim IE[(Wt WS) |Ws X]
tls I—s

Remark. 1f X, is a homogeneous diffusion process, i.e. its probability densities depend
only on the time differences, it follows that the drift and the diffusion coefficients are
independent of time, that is b(s, x) = b(x) and o(s,x) = o(x) for every s,x € R.

We give now two important notions that describe the evolution of a diffusion pro-
cess in time. For simplicity, we focus here on homogeneous diffusion processes, since our
model falls into this class, but the concepts are generic.

A Markov process is well portrayed by its “infinitesimal behaviour”, i.e. the evolu-
tion for small time increments.
Suppose X; is an homogeneous Markov process that takes values in R”, we use the ab-
breviations [E,[-] := E[-|Xy = x] and Py(-) := IP(-| Xy = x), so we can set the transition
kernel:

QuxiA)i= Py, € 4) = [ puxy)dy.
We denote with Cy(IR",IR) the space of continuous functions f : R” — R such that
hm|x|—>oo f(X) =0.

DeriNiTION 6 (Infinitesimal generator). We define the infinitesimal generator £ of a
homogeneous Markov process X;:

0 tim [f(x0)]- fx)

2.4
t—0 t ( )

for every function f € Cy(IR",IR) for which such limit exists. The set of such functions
is called the domain of the generator.

13
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It can be shown that the generator completely describes the law of the process.

Note. This relation is valid and can be extended also to the class of functions twice
continuously differentiable with compact support C3(R", R).

If X, is a diffusion process that takes values in R”, its diffusion and drift functions
are respectively o0 : Rx R" — M(nxd,R) and b : RxR" — R". Moreover, if X; is
homogeneous b and ¢ are time independent and it can be proved that the infinitesimal
generator acts:

Zb 2200 i >af;x f(x),

i,j=1

for every f € Cyp(R", R).
Furthermore, we can define a family of operators {P; |t > 0}, called semigroup of the
process, that acts on the functions f € Cy(IR",R) in the following way:

Pif (x) == By[f (X;)] = R f(y)Q:i(x;dy);
It is possible to show that P; f € Co(IR", R) for every f.
The name “semigroup” comes from the fact that P, o P, = P, ie. PUPsf) = Prusf
for every t,s > 0 and f € Cy(IR",R), as it follows from the Chapman-Kolmogorv equa-
tion. Note that

£f_hm (Pef = f) = =Pe(f)li=o0-

for every f in the domain of £. More generally, for every f, P;(f) is still in the domain
of £ and the following relation holds

%Ptf = L(P,)=PULSf),  Vt=0.

Therefore, the generator £ determines the semigroup.
We shall see later an useful criterion on stochastic differential equations, that em-
ploy the infinitesimal generator.

For a diffusion process, another way to gain sight into its behaviour is to look at the
backward-forward evolution of its transition density p(s, x;t,v).
Let X; be a homogeneous diffusion process such that its transition distribution

Qi(x;dy) = Py (Xt € dy) is absolutely continuous for every t > 0, i.e. suppose that there
exists a measurable function g; : R” x R” — RR such that

Qi(x;dy) = q:(x,y)dy, Vt>0, Vx,yeR"

Giving some regularity assumptions, it can be shown that the density g;(x,y) satisfy
the backward Kolmogorov equation, that is, for every fixed y € R",

%%(X:Y) = Lxq:(x,y), Vt>0, VYxelR"

14



here £x means that the infinitesimal generator is acting on the variable x of g;(x,y).
Furthermore, if we denote with £* the Hermitian adjoint operator of £, it holds that, for
every fixed x e R",

8 *
2,01 y) = Lyai(xy),  Vi>0, VyeR'

This is the so called Kolmogorov forward equations, which is also know as the Fokker-
Plank equation. It can be proved that for a generic homogeneous diffusion process X;
the equation is:

Xayl Yy} + Zaylay] oT)yWalx )

where the initial conditions are given by g (x,y) = 6(x—y). The study of such equations
can give useful insight of the long time behaviour of a diffusion process.

2.1.2 The Wiener process

The Wiener process was proposed by Wiener as mathematical description of the Brow-
nian motion. It is the fundamental building block of the theory of stochastic differen-
tial equations, as we will show. The physical phenomenon of the Brownian motion
was investigated by the famous botanist Robert Brown in the nineteenth century, when
observing the motion of pollen grains suspended in water. Essentially, it characterizes
the erratic motion (i.e. diffusion) of a grain pollen on a water surface due to the fact
that is continually bombarded by water molecules. The modern formulation is quite
straight forward and we shall use both terms (Brownian motion and Wiener process)
to indicate it.

DeriniTION 7 (1-dim Brownian motion). A standard 1-dim Wiener process is a con-
tinuous time continuous states Gaussian Markov process W = {W;|t > 0}, with (non-
overlapping) independent increments for which

® IP(W():O):l
* E[W;]=0forall t>0
e W,—W;~N(0,t—s)forall0<s<t

The covariance is Cov[W;, W;] = min{t,s}. Indeed, if 0 <s <t, then

(Wt - Ws + WS)WS]
W, — W,]E[W,] + E[W2]=0-0+5

Hence, it is not a wide-sense stationary process. However, it is homogeneous since its
transition probability is given by

Lo 1 (p-x)?
ploxty) = 2n(t—s)exp{ 2(t - s) }

15
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Although the sample paths of Wiener processes are almost surely continuous functions
of time (the Kolmogorov continuity criterion is satisfied for a =4, b = 1 and c = 3), they
are almost surely nowhere differentiable. The following lines give a proof of this fact.

Consider the partition of a bounded time interval [s, ] into sub-intervals [T,in), T](:r)l]

k(=) for k = 0,1,...,2" — 1. It can be shown that

of equal length %, where 7, (n) =s+ n

2
(n)(a))) =t—s, a.s.;
k

W, (w) is a realization of the standard Wiener process W = {W_ | € [s, t]} for any w € Q.
Hence,

t—s<limsup max
n—oo 0<k<2(M-1

2"-1

)

k=0

W (n) ((1)) - WT(n)(CL))‘ .
k

k+1

From the sample path continuity, we have that

max
0<k<2(m—1

W (w)-W (n)(ﬂ))} — 0, a.s.,asn— oo,
Tyr1 Tk

and therefore, we must have that:

2"-1

)

k=0

W i (0) =W _w(w)| = o0, as.,asn— oo
k+1 Tk

As a consequence, the sample paths do, almost surely, not have bounded variation on
[s,t] and cannot be differentiated.

The standard Wiener process is a diffusion process with drift and diffusion coeffi-
cient b(s,x) =0and o(s,x) = 1:

E —
b(s,x) = lim 221 =% _ g
tls t—5
E[y?]-2E 2 -
o%(s,x) = lim v’] [yl +x :lim{t—s+0}:1
tls t—s tls \t—s

Closely related to the Brownian motion is the white noise, as we show in the follow-
ing.

Let X; be a (wide-sense) stationary process, i.e. E[X;] = m € R, Var[X;] = ¢(0) and
Cov[X;, X;] = c(t —s) for some function ¢ : Rt — IR.
We define for X; the power spectral density as the Fourier transform of its covariance, that
is:

&(&) = fo c(t)e ¢t dr,

(o)
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where & = 2ntf and c(t) = ¢(t — 0), f indicates the frequency.

We can recover the covariance of X; as the inverse transform of the spectral den-
sity: ¢(t) = 5~ j et d&. So, the variance of the process can be interpreted as the
average power or energy)

Var[X,] = ¢(0) = L joo &(&)dé

27

DerinitTioN 8 (White noise). A white noise w; is a zero-mean wide-sense stationary
process with constant non-zero spectral density ¢(&) = ¢(0) for all £ e R.

The white noise has flat spectral density, all “frequencies” contribute equally in the
correlation function. The covariance of the white noise Cov[wy, x;] = E[w;w;] = c(t — )
satisfy c(t) = ¢(0)o(t) for all t € R".

So, without loss of generality, if we assume that ¢(0) = 1, it can be shown that Gaussian
white noise correspond to the following limit process

+h — Wt
wy = lim
b h—0 h ’

where W; is a standard Wiener process. To see this, suppose h > 0, fix t > 0, and set

P

= o (B[Woag W]~ BIWe Wi~ E[W, Weyy] + E[W, W]

¢u(s):=E

= (min{t + h,s + h} —min{t + h, s} — min{¢, s + h} + min{t, s})
Then, ¢p(s) — 0 as h — 0 for each s = t. But ¢, > 0 and f(j)h(s)ds = 1; and so
presumably ¢y (s) — O¢(s —t) in some sense, as h — 0. In addition, we expect that

¢n(s) —» E[w,w,]. These heuristic considerations, suggest the definition of the white
noise.

Hence the white noise can be seen as the “derivative” of a Wiener process. However,
the sample paths of a Wiener process are not differentiable anywhere. We will see how
to interpret this in the next section.

2.1.3 Diffusion processes as solution to stochastic differential equations

Diffusion processes can be described by solutions of Ité stochastic differential equa-
tions (SDE). Generally speaking, stochastic differential equations describe processes
for which a variable x following the rule a(t, x) might be subject to some random envi-
ronmental effect, i.e. noise.

The solution to an ordinary differential equation (ODE) of the form

ﬁx(t) =a(t,x),

17



Chapter 2. Mathematical background

can be written in its symbolic differential form or as an integral equation, which are
respectively:

dx =a(t,x)dt

x(t) = x(tg) + J-ta(s,x(s))ds;

x(t;tg, xg) denotes the solution satisfying the initial condition x(ty) = xy. For some reg-
ularity conditions on a(t,x), this solution is unique, which means that the future is
completely defined by the present given the initial condition.

In a similar manner, we want to extend this to deal with the presence of an intrinsic
random component &;, which represent the environmental noise, in such a way that we
can find solutions to equations of the form:

Ex(t) =a(t,x)+“b(t,x)&/;

for suitable functions a(t,x) and b(t, x).

We want to associate the noise &; to some random process and expect it has the prop-
erties:

» zero mean: [E[&;] =0 for all ¢;
 uncorrelation: [E[&;&] = 0 for every t #s;
* (wide-sense) stationarity.

One can easily check that the white noise w; satisfies all these.
Therefore, the symbolic form of a stochastic differential equation can be written as
follows:

dX; = a(t,x)dt + p(t, x)w,dt (2.5)

for suitable functions a(t,x), 5(t,x). It defines a continuous time continuous space
Markov process X;, as one can prove.

The next step is to connect this to the standard Wiener process W;, and read w;dt
as the increment d W;. Roughly speaking, we want the process X; to be connected with
W; in such a way that if X; = x, then the increment dX; = X;,;; — X; during the next
period of time dt is

dX; ~ a(t,x)dt + p(t,x)d W;.

Indeed, if this relation holds, one can prove that

E[dX; — (a(t,x)dt + B(t,x)dW;)| X; = x] =o0(dt),
E[dX, — (a(t,x)dt + B(t,x)dW;)?| X, = x] =o(dt);

where o(dt) approach zero as dt, and therefore, that X; defines a diffusion process in
the sense of the definitions (2.1) to (2.3).

18



The interpretation of the symbolic expressions (2.5) is the integral equation along
a sample path

t t
Xi(w) =Xt0(w)+J; a(s, Xs(w))ds + t B(s, Xs(w))dWi(w), (2.6)
0 0
given some probability space (€),U,IP); where we interpreted w;dt as d W;

However, the Wiener process W, is (almost surely) nowhere differentiable such that
the white noise process w; does not really exist as a conventional function of t. As a
result, the second integral in cannot be understood as an ordinary (Riemann or
Lebesgue) integral. Worse, it is not a Riemann-Stieltjes integral since the continuous
sample paths of a Wiener process are not of bounded variation for each sample path.
A way to read is given by the It6’s stochastic integral, which we will explain in the
next section.

2.1.4 1t6 Stochastic Calculus

Consider a probability space (QQ,U,IP), a Wiener process W = {W;|t > 0} and an increas-
ing family {U;,t > 0} of sub-c-algebras of U such that W; is a U;-measurable for each
t > 0 and with

E[W;|Uy]=0 and E[W,-W,|U]=0 as.,

for 0 < s <t. Consider the integral expression of the random function f : T x(2 — R on
the unit time interval:

1
Ivmm=Lf@mwmm. (2.7)

Step 1. If the function f is a nonrandom step function, i.e. f(t,w)=fiont; <t <t
forj=1,2,.,n-1with0=1t <t, <..<t, =1, then

n—1

I[f)(w) = ij(Wth(w)—Wtj); as. . (2.8)

j=1

Remark. This integral is a random variable with zero mean as it is a sum of random
variables with zero mean.

Furthermore, we have that:

n—

1
E[I[fl@)]=) fAtia—t), (2.9)
=1

~

by the properties of the Brownian motion.

Step 2. If the function f is a random step function, that is f(t,w) = fj(w) on t; <t <t;
forj=1,2,..,n—1with t; <t <.. <t, is U;-measurable and mean square integrable
over (), that is IE[sz] < oo for j =1,2,...,n. The stochastic integral is defined as follows

n—1

Ifl@)=) filw) (W, (@)-W,), wp.1. (2.10)

j=1
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Then, for any 4,b € R and any random step functions f, g such that f;,gj on t; <t <t;,;
for j=1,2,..,n—1with 0 =t <t, <..<t,=11is U; -measurable and mean square
integrable, the stochastic integral (2.10) satisfies the properties a.s.:

I[f]is U,-measurable, (2.11)

E[I[f]] =0, (2.12)

E[[f1]= ) Bl )t - 1) (2.13)
j

Ilaf +bg)=al[f]+bI[g] (2.14)

Step 3. If f is a continuous function such that f(t,-) is U;-measurable and mean
square integrable, then we define the stochastic integral I[f] as the limit of integrals
I[f"™] of random step functions f(") converging to f, with the following convergence
description. We characterize the limit of the following finite sums:

n—1

I[f Zf( " )[th Wt( )] a.s. ;

=1

—.

where f<”)(t,a)) = f(t](.n),w) ont;<t<tjforj=12,..,n-1witht; <t <..<t, From
the property (2.13) it follows:

Elel])-

Mi

lE[fz(t](.n), )] (Hs1 —1))-

~.
Il
—_

This quantity converges to the Riemann integral jol E[f?(s, -)]ds for n — co. This re-
sult, along with the well-behaved mean square property of the Wiener process, i.e.
E[(W, — W,)?] = t —s, suggests defining the stochastic integral in terms of mean square
convergence.

THeOREM 2 (It6 stochastic integral). The It6 (stochastic) integral I[f] of a function
f:TxQ — R, is the (unique) mean square limit of sequences I[f"] for any sequence of
random step functions f") converging to f (in mean square):

I[f)(w) = m.s. lim Zf( ") )[wtﬁ1 “W ()], as.

n—-oo

" is converges to f in mean square ifIE[Lt (f(”)(’f,a)) —f(T,a)))Z) dr] — 0, as n — oo.

The time-dependent It6 integral

t
Xi(w) = t fls, w)dWy(w)

is a random variable defined on any interval [ty,t], and it /;-measurable and mean
square integrable for every t > 0. Moreover, properties (2.11)) to (2.14) still hold.
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Remark. Since we chose f to be mean square integrable, one can prove that I[f] has a
version with continuous samples path almost surely, which leads us to consider I[f]
satisfying sample continuity.

As the Riemann and the Riemann-Stieltjes integrals, the It6 integral satisfies con-
ventional properties such as the linearity property and the additivity property. How-
ever, it has also the following unusual property.

ExampLE 3. Let W, be the standard Brownian motion, then

! 1 1
j W,(w)dW,(w) = = WA (w) - =t, a.s. .
0 2 2

This follows from the fact that

wa W, — W) %wa - W%

J

for every choice of t; <t.

Indeed, another famous interpretation of Jf(s,w)dWs(a)) is the Stratonovich inte-
gral. In Ito, the integrand f is approximated in the left end point t; in every interval

[tj,tj+1]. An alternative option is to choose the middle point ¢, Y +2t'“ , which charac-
terizes the Stratonovich integral. The two definitions lead to dlfferent results in various
cases and are useful in diverse contexts. The Stratonovich integral, for example, obeys
the usual chain rule when performing change of variables, so can be easier to use to
perform some calculations, while the It6 integral does not, as we shall se in the next
section.

Stochastic differentials that are interpreted as It6 stochastic integrals do not follow
the chain rule of classical calculus. Roughly speaking, when differentiating, an addi-
tional term is appearing due to the fact that dW? is equal to dt in the mean square
sense.

Let X; be a general diffusion process and consider Y = {Y;, = U(t,X;)|t > 0} with
U(t,x) having continuous second order partial derivatives. If X, were continuously
differentiable, the chain rule of classical calculus would give the following expression:

U U
dY; = —dt+ —=—dX
TR
This follows from a Taylor expansion of U. If X; is a process such that dX; = f (¢, X;)d W,
for some function f, we get,

_[9U 292 au
dYt—{W —f }dt-l— ox dXt,

where the equality is interpreted in the mean square sense. The additional term is due
to the fact that IE[dX?] = [E[f2]dt gives rise to an additional term of the order in At of
the Taylor expansion for U:

U U 2U , U ?U
AYt {at At+WAX}+{WAt +2 a ox axz }"r
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THeorem 3 (Itd Formula). Consider the following general stochastic differential:

Xi(w) - X (w) = Jt a(u,X,)du + Jtﬁ(u,Xu)qu(w).

Let Yy, = U(t, X;), with U(t,x) having continuous partial derivatives in t and up to second
order in x. Then the following stochastic chain rule (It6 formula) holds :

t t
Yt—YSZJ{a_U }du'i'\fa_U
s ot (u,X,) B dx

Now that we gave an precise interpretation to the expression (2.6), we we give the
standard definition of stochastic differential equation.

. 10%U
(wX,) 2 dx2

L daou
(w,X,) OJu dx

ax
wx,)

Let W, be a standard d-dimensional Brownian motion and Z a random variable
independent of the process W,. Define F; := U({W,|0 < s < t},Z) with t > 0 the o-
algebra generated by Z and all the history of the Wiener process up to (and including)
time t.

DerintTION 9 (It6 Stochastic differential equations). Assume T >0 and
b:[0,T]xR"—>R", o:[0,T]xR"—> M(nxd,R)
are given functions. We say that a stochastic process X; is a strong solution of the It6

stochastic differential equation

{dXt = b(t,X,)dt + o(t,X,)dW, (215)

XO =Z
for 0 <t < T provided for all t > 0:

1. X; is F;-measurable,

2. IE[IOT|bi(s,XS)’ ds] <oo,foralli=1,..,n;

3. IE[IOT o*i%].(s,Xs)ds] <oo,foralli=1,.,nand j=1,..,4d;

4. foralltimes0<t<T,

t t
X; :X0+j b(S,Xs)d5+j o(s,X;)dW;
0 0

Remark. In view of previous assertions, X;(w) can be always assumed to have sample
continuous paths almost surely.

In the following we recall two famous results about stochastic differential equations
we use in the study of our models.
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THEOREM 4. Let T >0, {W,|0 <t < T} astandard Wiener process and let b : [0, T]xR" —
R" and o : [0, T] x R" — M(n x d,R) be measurable functions such that:

d
[b(t,%)|* + Z|o-,-(t,x)|2 <L(1+x?); xeRte[0,T]
j=1

d
|b(t,x) —b(t,y)| + Z|0‘]~(t,x) - Gj(t,y)| < D|x—y| x,yeER,te[0,T]
j=1

for some constants L,D. Then,

1. For every o-algebra {F;|0 <t < T} generated by the history of the Brownian motion
and fixed (square-integrable) random variable Z independent of the processes W,—W, ,
there exists a solution X; of the stochastic differential equation

which is an almost surely continuous stochastic process and is unique w.p. 1.

2. This solution is a Markov process whose transition probability density p(s,x;t,y) is
defined for t > s by the relation p(s,x;t,v) = P(X; = y|Xs =x);

Moreover,

3. The transition probability density p(s,x;t,v) satisfies a generalized version of limits
(2.1) to (2.3), and define a diffusion process with drift and diffusion constants respec-
tively b(t,x) and o?(t,x).

The following result is useful to prove the existence of solution to stochastic differ-
ential equations. In the study of our model we use the following theorem to prove the
well posedness of system (1.1).

THEOREM 5. Suppose that conditions of the previous theorem are valid in every cylinder
I x Ug and, moreover, that there exists a non-negative function V € C3(R x R",R) on the
domain of the infinitesimal generator L such that for some constant ¢ >0

LV(t,x) < cV(t,x), foreveryt e R, x € R”,
Vg = inf V(t,x) > 00, asR— oo
[x|>R

then part 1, 2 and 3 of the previous theorem hold true.

2.2. STOCHASTIC MEAN-FIELD DYNAMICS AND PROPAGATION OF CHAOS

We give in this section a brief view on the stochastic mean-field dynamics perceived as
the random evolution of a system comprised by N interacting components, invariant in
law for permutation of components and such that the contribution of each component
to the evolution of any other is of order % The permutation invariance clearly does
not allow any freedom in the choice of the geometry of the interactions, however this is
the feature that makes these models analytically treatable. Applications of such theory
span in many field including social and life sciences.
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Chapter 2. Mathematical background

2.2.1 A first example

First we give a result to better understand the general setting.

Consider a system of N interacting diffusions on R? solving the following system
of SDEs:

N
dx;'N:ﬁZb(Xz'N,XJ'N)deW[ i=1,.,N
=

where b: R x R? — R is a Lipschitz function, (Wti) | are independent Brownian mo-

1>
tions, and we assumed that (X(Z)’N)i_1 N is a family of i.i.d. square integrable random
variables; so that that the above stochastic differential equation is well posed, by the
fundamental theorem [13]. ‘

Consider the single component XV, assume X(’)’N = X! does not depend on the specific
number of particles N and “believe in laws of large numbers” as N — co. It is natural

to guess that X"V converges, in some sense, to a limit process X solving:
X, = {f b(Y;,y)qt(dy) } dt +dw}

(2.16)

where g;(-) denotes Law(Yi).
Once the nontrivial problem of well-posedness of (2.16) is settled, one aims at showing
that, for any given T > 0 and for any given m > 1:

LN 2N N =1 =2 —m
(X[O,T]’ X[O,T]’"" X[rg,T]) — (X[O,T]’ X[O,T]""’ X[O,T])

in distribution, as N — oo; indicating with X[o 1] € C([0, T]), the whole trajectory up

- -1 =2 < )
to time T. Note that the components of the process (X[O,T],X[O,T],...,X[n&ﬂ) are inde-
pendent. This means that independence at time 0 propagates in time, at least in the
macroscopic limit N — co. This property is referred to as propagation of chaos.

Propagation of chaos can be actually rephrased as a Law of Large numbers. To this
aim, given a generic vector x = (xq,xp,...,XN), denote with p(x;dy) := % Zf\il Oy, (dy) the
related empirical measure. The propagation of chaos property given above, is equiva-
lent to the fact that the sequence of empirical measures p(Xf\é’T]) converge in distribu-
tion to Q € P(C([0,T])); where P(C([0,T])) denotes the set of probabilities on C([0, T]),
provided with the weak topology of weak convergence and Q is the law of the solution
of (2.16). This is established in the following result.

PROPOSITION 6. Let (XN : N > 1,1 <i < N) be a triangular array of random vari-
ables taking values in a topological space E, such that for each N the law of (Xl’N)lgigN is

symmetric (i.e. invariant by permutation of components). Moreover let (X')js1 be a i.i.d.
sequence of E-valued random variables. Then the following statements are equivalent:

i) forevery m<1
(XN x2N xmNy (XXX

in distribution as N — oo
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ii) the sequence of empirical measures p(X%’T]) converges in distribution to Q := Law(X ")
as N — oo.

2.2.2 Propagation of chaos for interacting systems

Now we extend this result to a wide class of R?-valued interacting dynamics, which
includes the relaxed model above. Systems given by and (1.2), fall into this very
general setting, however here the main aim is to introduce quenched disorder, which
accounts for inhomogeneities in the system and jumps in the dynamics, which allows to
include process with discrete state space. The dynamics is determined by the following
characteristics.

N

* “Local” parameters (h;);_,, drawn independently from a distribution y on RY

with compact support.

* A drift coefficient
b(x;, h;, pn(x,h)): RY x RY x P(RY x RY) — R,
where
L&
pn(h) = ;5(x,-,h,-)-
* A diffusion coefficient
o (x;, b, pn (%)) : R x R x P(RY x R ) — R*"

where 7 is the dimension of the Brownian motion.

* A jump rate
A(x;, by, pn (%, h) : R x R x P(RY x RY) — [0, +00),

together with

* adistribution f(x;, h;, py(x,h);v)a(dv) with
FRYxRY x PR x RY) x [0,1] — RY;

a(dv) is a probability measure on [0,1].

The microscopic model. The dynamics could be introduce also via the infinitesimal
generator and the semigroup, but it is convenient to use the language of stochastic
differential equations. Let (W?);5; be a i.i.d. sequence of the n-dimensional Brownian
motions; (N'(dt,du,dv));s; bei.i.d. Poisson random measures on [0, +00)x[0, +c0)x[0, 1]
with characteristic measure dt®du®a(dv). The microscopic model is given as solution
of the SDEs:

XN =x§ +f
0

+ f N By o (XY ), @) e oo o ()N (ds, du, do);
[0,)x[0,+00)x[0,1] S s

(2.17)

t t
b(XS”N,hi,p(Xﬁ\I,h))ds+J‘ o (XN b p(XN, b)) d W/
0

it will be assumed that the inital conditions X} are i.i.d., square integrable, indepen-
dent of both the local parameters (h;) and of the driving noises (W', N").
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Chapter 2. Mathematical background

The macroscopic limit. At heurisitc level it is not hard to identify the limit of a give
component X"V of (2.17) subject to a local field h. We omit the apex i on the process
and of the driving noises

. . t . t - )
X, (h) =X, + L b(X,(h), h,rs)ds + L o (X,(h), h,rs) AW
(2.18)

+ J- f(Xs(h),h,1s, a)I[O’A(yf(h)’h,rs)](u)Ni(ds, du,dv);
[0,£)x[0,+00)x[0,1]

where r; = Law(X;(h)) ® p(dh). We indicate by X' the solution to 1) with X, = Xé
and driving noises W', N".

Well posedness conditions We now give conditions that guarantee well posedness
of and (2.18). Weaker conditions exists but the two Lipschitz conditions we pro-
vide allow a reasonable economy of notations. It is useful to work with the following
probability measure:

PYRY) := {v e P(RY)] J|x|v(dx) < oo}
which is provide with the Wasserstein metric:
d(v,v'):= inf{j|x —y|H(dx,dy)|H has marginals v and v’}.
L1: The function b(x,h,r) and o(x, h,r) defined in R? xR? x P(IR? xIR?') are continuous,
and globally Lipschitz in (x, ) uniformly in h
L2: We assume f : R xR xP(R?xR?)x[0,1] — R? and A : R xR x P(R? x R?) —

[0, +00) are continuous and obey the following condition:

flf(x,h: F0) 1[0, ey () = £ (7, 05 750) 10, a e ()| dua(dv) < L (x| + d(r, 7))

for all x,y,r,7’,h.

Remark. The above assumptions imply that when one replaces r by the empirical
measure py(x,h), recovers a Lipschitz condition in x. For instance, the function
b(x;, hi, pn(x,h)) is globally Lipschitz in x uniformly in h.

THEOREM 7 (Propagation of chaos). Under conditions L1 and L2 both the system

(]2.17[) and (|2.18 admit a unique strong solution. Moreover, for i > 1 denote by Yi(hi the
solution of (2.18) with the local parameter h; and the same initial condition X; of
Then for each i and T > 0:

lim | B XN _ X (h;)

N —>o0

HN (dh) = 0

sup
te[0,T]

where u®N is the N-fold product of p.
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We have seen in proposition (6], that propagation of chaos is equivalent to a Law of
Large Numbers:

N
1
p(XN) = N Zéxi,N —> Q
i=1

as N — oo, where Q is the law of the macroscopic dynamics. It is therefore natural
to consider a corresponding Central Limit Theorem, which describes the fluctuations
around the limit. In particular, one can consider the normalized distribution-valued
process

N
1 3
oN = VN N E éX;,N—qt ;
i=1

where g, is the marginal probability of Q at time ¢ and prove, with remarkable gener-
ality, that for any bounded time-interval [0, T], the process ®N converges quickly to a
distribution valued Gaussian process.

2.3. LiMIT CYCLE FROM A HOPF BIFURCATION

Here we recall a famous result in dynamical system which it is useful in the study of
our model. The aim is to provide some tools that allow us to justify the presence of
periodic behaviours for a diffusion process.

Consider a generic non-linear dynamical system of differential equations, depend-
ing on a parameter k € R:
x =f(x, k),

with f € C'(E), where E is an open subset of IR”. We focus on changes of the param-
eter k, if the qualitative behavior of the system remains the same, we say that there is
structurally stability. A vector field which is not structurally stable, it belongs to the
bifurcation set in C!(E). A bifurcation occurs when a small smooth change made to the
parameter values causes a sudden “qualitative” or topological change in the behavior
of the system. A value k of the parameter k for which the vector field f(x,k) is not
structurally stable is called a bifurcation value. We are interested in a particular type
of these phenomena.

The analysis around non-hyperbolic critical points of a vector field is relevant to
the notion of Hopf bifurcations. These occur when a periodic solution or a limit cycle
branches-out around the equilibrium point x, as the parameter k changes to cross the
threshold k.

Note. When a equilibrium point locally changes its stability, as the parameter varies,
from stable to unstable or vice-versa, the phase portrait far from it will be qualita-
tively unaffected: if the non-linearity makes the far flow contracting, then orbits will
still be coming in (or out) and we expect a periodic orbit to appear where the near and
tar flow find a balance.

One can detect Hopf bifurcations simply by looking whether a pair of complex

eigenvalues of the linearized system, given by the Jacobian matrix Df(xy, k), around the
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Chapter 2. Mathematical background

equilibrium point x,, crosses the imaginary axis at k = k.

Tueorem 8 (Hopf). Suppose that x = f(x,k) defines a C*-system, where x € R" and

k € R, with a critical point x, for k = k. Moreover, suppose that Df(xo,a has a simple pair
of pure imaginary eigenvalues and no other eigenvalues with zero real part. Then there is a

smooth curve of equilibrium points x(k) with x(k) = xo and the eigenvalues A(k) and A(k),
which are pure imaginary at k = k, vary smoothly with k. Furthermore, if

a4
dk

[Re(/\(k))]k:%;t 0, (2.19)

then there is a unique two-dimensional center manifold passing through the point (xo,a
and a smooth transformation of coordinates such that the system on the center manifold is
transformed into the normal form

&=~y +ax(x? +y%) - by(x® + %) + O(x|*) (2.20)
J'c:x+bx(x2+y2)+ay(x2+})2)+o(|x|4) '
in a neighborhood of the origin which, for a # 0, has a weak focus of multiplicity one.

For a function f € Ck(E), where E is an open subset of IR”, we define
Ifllx = sup|f(x)| + sup”Df(x)” +...+ sup“Dkf(x)”
xeE xeE xeE

where for the norms||-|| on the right-hand side of this equation we use

k£ (x)

”Dkf(x)” = max W

with j],...,jk = 1,...,7”1.

THEOREM 9. If the origin is a multiple focus of multiplicity m of the analytic system
then for k <2m+1

1. thereisa 0 > 0 and an € > 0 such that any system e-close to in the C*-norm,
defined above, has at most m limit cycles in a neighbourhood Ng(0) and

2. for any 6 >0 and an € > 0 there is an analytic system which is e-close to in the
Ck-norm and has exactly m simple limit cycles in N(0) .

2.4. AN AppPLICATION: THE FirzHUGH-NAGUMO MODEL FOR NEU-
RONS

The FitzHugh-Nagumo model describes (qualitatively rather than quantitatively) the
response of an excitable neuron membrane to external current stimuli. It was designed
to isolate conceptually the essentially mathematical properties of excitation and prop-
agation from the electrochemical properties of sodium and potassium ion flow, but it
has many more apllications in various fields of science.
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The FitzHugh-Nagumo model comes from a reduction of more realistic and com-
plex models (e.g. the Hodgkin-Huxley model) and describes the evolution of the mem-
brane potential x; through the following differential equation

1
Lo 3 ext
xt_xt—gxt +v+ 1

v, =€la+bx,—yy)

(2.21)

where:
* v, is a recovery variable obtained by reduction of other variables

I is the input current, assumed to be random and stationary. Without loss of
generality, choosing a properly, we can assume If*' has zero mean.

* bisthe interaction strength between x and y, y > 0 is a dissipation parameter and
a is a kinetic parameter related with the input current and synaptic conductance.

The parameter € can be used to separate the time scales of the evolution of the
two variables. We assume the input current takes the form a scaled Brownian motion:
I = odW,.

If we analyze the system in absence of randomness, i.e. consider in the equations no

input current (0 = 0) and set b = -1,y = 0 to make the analysis simpler, then has
a unique equilibrium point in (a,-a + %), which is globally stable for |a| < 1, resulting
in small amplitude trajectory dynamics.
The system display a Hopf bifurcation at |a| = 1 and a stable periodic orbit emerges for
|a| > 1. This means that the system can be excited by the input current, producing, at
least for appropriate choice of the parameters, rapid variations of the potential (spikes)
which occur periodically.

There are many ways to make several neurons interact with each others in a net-
work, even within the mean-field scheme, depending of how we model synaptic con-
nections. The simplest that correspond to electrical synapses, leads to the following
system.

We denote with X”N the membrane potential of the i-th neuron. Assigning the
local parameter h;, that can be interpreted as the macroscopic location of the neuron, or
its type, we derive the following stochastic differential system of equations:

. ] 1 . 3 .
ax;N = (x;'N -5 (X e )dt

N

1 i i,N ; ]
+NZI(hlfh])(XtN_Xt]- )dt+athl (2 22)

j=1
a¥;N =) [athy) + o) X\ — () VN

where the coupling parameters J(h;, h;) are introduced. These quantities tune the inter-
action between neurons. One can introduce a delay dynamics to enririch the dynamic.
So, denoting the delay with 7 in the transmission of information between different
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neurons, we have:
iN _[viN_ L iN\3  iN
dx;’N =(x; —g(xt )"+ YN dt

N
1 : N . '
) ](hi,h]-)(x;'N —XZ_T(hilh]_))dt +odW; (2.23)

j=1
av;N =) [alhy) + b X} — y () V|

However the delay makes a bit more difficult to prove the well posedness of the sys-
tem, for both the model and its macroscopic limit, nevertheless one can prove that, as
N — oo, the propagation of chaos carries through, giving the following macroscopic
description:

dX,(h) = (Yt(h) - %Yf(h) + 7t(h)) dt

+ (J](h' W)Xt (h) = )Gt () (d; h')y(dh’)) dt+odW,, (2.24)

dY,(h) =e(h) (a(h) +b(h)X,(h) - y(h)?t(h)) dt.

Here q,(dx;h) denotes the law of X, (h).

Not much is known at this level of generality, so we consider the simplest, homoge-
neous case in which #/ is constant, y = 0 and b = —1. The following SDEs describe the
evolution of the state of a generic particle of the system, when N — oo:

— = l=3 — v 8
dXt:|:Xt—gX?+Yt+](Xt_lE[Xt—T])]dt+ath (2 25)

dy, :e(a+Yt)dt

here [E[-] is the conditional expectation of the process, given the initial conditions.

As a further simplification, we let the noise go to zero, in both the equation and the
initial condition. We obtain the deterministic system with delay

. 1,
Xp =X — =X7 + v+ J (% — x4
t t=3% Ve + ] (% = X_o) (2.26)

vy =ela+xy)
This system has been extensively studied in [9]. Here we assume ] > 0.

* For every fixed a € R, the point (a,—a+ %—3) is still the unique fixed point of system
(2.26). It is stable for |a| > V1 + 2] and unstable for |a| < 1, no matter what 7 is.

* For 1 <|a| < v/1+2] loss of stability via a Hopf bifurcation can be obtained by
increasing t: interaction and transmission delay may produce oscillations even if
single neurons are in the stability region.
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In this setting the noise may play a role in exciting the neuronal network. Consider
the simplified system (2.25)) and remove the delay. We obtain:

X, = Xt—%X?‘l'Yt‘i'](Xt_lE[Xt]) dt+odW, (2.27)

dYt = E(a—Xt)dt

Some indications on the behavior of this system, confirmed by numerical simulations,
are obtained via the following heuristic argument. A similar approach can be found
also in [3].

Using the Ito formula, write the moments equations of (2.27):

1 . _ .
de:{[Xt—ng+Yt+](Xt—IE[Xt])]pr Yrolpp-1)X? 2}dt+o-pr Law,
dYtp:e(a—Xt)thp_ldt

If we pretend the two variables (X;, Y;) describe Gaussian processes, one can de-
rive a closed system for the mean functions (,ux(t),yy(t)) and the covariance matrix

(Cov(Xt,Xt), Cov(X;, Y), Cov(Yt,Yt)). The solutions to this system fully describe two

Gaussian processes (X;, Y;) which can be shown to be a good approximation of the so-
lution to for o small.

Therefore, one can focus on the study of the evolution of the law of (X,,Y;) and gain, at
least locally around the fixed point, a sufficient approximation of (X;, Y;), the solution
to our model.

It can be shown that for |a| > 1 but sufficiently close to 1, periodic solutions for the
law of (X}, Y;) emerge for moderate values of 0, i.e. within some interval 0 < 0y < 0 < 07:
we therefore obtain noise-induced oscillations. On can find in [[11] a considerable anal-

ysis of (2.22) and its parameters.

This is an example of a model that undergo a phase transition: in the macroscopic
dynamics, the stationary solution that is unique for small interaction, loses its stability
as the interaction strength crosses a threshold, and is subject to bifurcation, which
generates periodic solutions.
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Chapter

NOISE-INDUCED PERIODICITY:
ILLUSTRATION OF THE RESULTS

This chapter illustrates all the results, previously mentioned, and presents the
study as we demonstrate the occurring of the phenomenon of noise-induced period-
icity in the model.

3.1. PRELIMINARY STUDY OF THE MODEL
We prove, firstly, the existence and uniqueness of a strong solution to (1.1)):

[xM(t)0<t<T)= {(x‘lN)(t),...,xﬁ)(t),yﬁm(t),...,yl(g)(t));0 <t< T}

using the Khasminskii criterion [8].

Consider the auxiliary norm-like function V : RN x RN> — R

S [ [ I )
Nz — —
v (™) NIZ 1 2 +N2Z ¥ 2

i=1 i=1

and the infinitesimal generator £ of (1.1).

Remark. We recall that for a general Markov process defined by the stochastic dif-
ferential equation dX; = b(X;)dt + 0dW, (the prototype equation of our model), the
infinitesimal generator acts like:

(92
— Jx;0x;
L]

d
LF(x) = Zbi(x)%F(x) +02 F(x),
i=1 !

for every, at least C2, time independent real function F.
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Chapter 3. Noise-induced periodicity: illustration of the results

It is easy to prove that there exists some real constant k > 0 such that the inequality
KV(X(N)) < k(l + V(X(N)))

holds true in every bounded domain of RM x IRM2. This fact ensures the existence and
uniqueness of a strong solution to (1.1) (Khasminskii criterion).
In particular, for every initial condition xN)(t;) = z, independent of the processes

- j . . N Co
(WtZ - Wé), LN there exist a solution x(Z )(t) to 1} which is an almost surely con-
i=1,...,
tinuous stochastic process in some probability space (Q3, F,P).

3.1.1 Numerical simulations of the finite-size system

In this section we present the results of numerical simulations of the finite-size system
with the aim of giving evidence of the phenomenon of noise-induced periodicity.
In the view of the model, all the simulations were ran with different choices of o and
several values of the interaction strengths. We made use of the classical Euler method
to perform simulations of 10° iterations with time-step dt = 0.005 for a system of 1000
particles equally divided between the two populations, i.e. we set @ = % We computed
these with the help of the software Mathematica: the appendix [A] contains the code.

All the particles in the same population were given identical initial conditions. For
the analysis we fixed 68,; = 0, = 8 and let A := (1-a)0;, > 0 and B := —a0,; >0
vary. The parameter’s space of the simulations in this work can be summarized in the
following scheme:

1. Noiseless dynamics (0 = 0):
(a) A=2,B=2.5 (A-1<B<A+2)
(b) A=2,B=4; (B=A+2)
(c) A=2,B=7; (B>A+2)
2. Intermediate noise (o > 0)
(a) 0=0.5;, A=2B=25(A-1<B<A+2)
(b) 0=0.1; A=2B=4; (B=A+2)
(c) 0=0.6; A=2B=7; (B>A+2)
3. Large noise value (0 > 1)
(a) o
(b) o
o

()

5 A=2,B=25 (A-1<B<A+2)
5 A=2,B=4, (B=A+2)
5 A=2B=7;, (B>A+2)

Remark. This particular structure was motivated by the investigation conducted on
the deterministic dynamical system that drives (1.2). The equilibrium point analysis
of the related vector field is found in Section

Ours examinations establish the following.
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1. Deterministic behaviour If o = 0 the system is attracted to a fixed point (Fig. [3.1).
During a time interval of T = 0.005 - 10, for different initial conditions, no periodic
behaviors arise in any of the three considered cases and the system ends up in one of
the stable equilibria. In section [3.4) we will explore better the nature of the dynamics
in this case. Numerical evidences support the idea that this behavior persists also in
the parameter range A—1 <B <A+ 2 and B > A + 2 for small values of ¢.

m,™M(t)
o

mz(N)(t)
(=]

m ™M)
o

-2 -1 0 1
m ™)

()

-2

-1 0 1
ml(N)(t)

(b)

ml(N)(t)

(©)

Figure 3.1: Each graph represent the trajectory t (m(lN)(t), m(zN)

simulations of system (1.1) starting from the same 4 random initial points. In (a) A =2,B=2.5,
(b)A=2,B=4,(c)A=2,B=7.

(t)) obtained with numerical

2. Large noise values If o is increased to larger values (> 1), the dynamics are com-
pletely altered, the zero-mean Brownian disturbance dominates and the trajectories
exhibit random excursions around the origin. The system essentially becomes a Brow-
nian motion: see Fig. [3.2]

e

mz(N)(t)
o
!ﬁ
mz("”(t)
(=]
ha¥
m™(t)
=]
Ty

-1 -1

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Figure 3.2: In these simulations ¢ = 5 and the coupling constants are respectively: (a) A =
2,B=25; (b)) A=2B=4;(c) A=2B=7. Itis clear from the graphics that the stochastic
component dominates the dynamics.

3. intermediate noise range We find that if the intensity of the noise is tuned to an
intermediate range of values, that are different for each case, we observe robust oscilla-
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Chapter 3. Noise-induced periodicity: illustration of the results

Noise | Coupling constants | Poincaré return time | P.r.t projection

o=0.5 A=2,B=25 19.30+0.16 19.23+0.45
o=0.1 A=2,B=4 29.27+£0.26 29.24+0.61
o=0.6 A=2,B=7 6.45+0.01 6.46 +0.03

Table 3.3: First and second column display the different choices for the constants. Third

column: period of t — (m(lN)(t), m(zN)(t)) obtained by computing the average passing time from

positive to negative values of m(ZN) for each simulations. In the fourth column the period of
every simulation is recovered from the power spectrum of the Fourier transform, considering
a sampling period of dt = 0.005.

tory behaviors on the {m(lN), m(zN)} plane. This suggests the presence of a time periodic

law. Therefore this model seems to exhibit the phenomenon of the noise-induced peri-
odicity.

A simple explanation could be the following. An intermediate amount of noise may
create/stabilize some attractors and destabilize others. In this setting, seems that the
noise destabilizes (some of the) fixed points and generates a stable rhythmic behavior
on the empirical averages of the particle positions of the two communities.

The oscillatory behavior emerging from the simulations of system (1.1) is analyzed

in Fig. [3.4]and Table In particular, in the analysis we computed the average return

time of the system to the Poincaré section {m(zN) =0, m(lN) > 0} and its standard devia-

tion, in the various cases. These are reported in the third column of Table (3.3). On top

of this we computed the discrete Fourier transform (DFT), averaged over n = 50 sim-

(N)

ulations, of the mean particle position mZN . Using the peak frequency of the Fourier

transform, we computed a projection of the period of the trajectory t — m(zN)(t). The
average of the periods and their standard deviations are reported in the fourth column
of Table for the different values of the constants, as the Poincaré return time (P.r.t.)
projection. In this setting, in every simulation we assigned different initial points,
identical for particles of the same population.
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Figure 3.4: Analysis of the trajectories t > (m(lN)(t), mgN)(t)) and t +—> (m(zN)(t)) from the nu-
merical simulations of system (1.1), when the noise is tuned to an intermediate range of values.

From top to bottom: (a) A=2,B=2.5,0=05 (A-1<B<A+2);(b)A=2,B=4,0=0.1 (B=
A+2);(c)A=2B=7,0=0.6 (A+2<B). In the first column: trajectory (m(lN)(t), m(zN)(t))

of sample simulation, with the Poincaré section. The second column display the time evolu-

tion of m(zN)(t). In the third column: we plotted the modulus of the discrete Fourier transform
(averaged over the simulations), i.e. the power spectrum P(v) against the frequencies v, in
the relevant spectral region. To produce these figures we used the Fourier built-in function of
Mathematica applied to the trajectory t +— m(ZN)(t) over 10° steps and averaged the obtained
spectrum over the 50 simulations. In the three cases the projection of the period was obtained

as the reciprocal of the frequency highlighted by the red peak lines in the graphs.
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Chapter 3. Noise-induced periodicity: illustration of the results

3.2. WELL-POSEDNESS OF THE MACROSCOPIC LIMIT

As a first step to the study of (1.2, we prove that the system (1.2} is well posed, i.e. for
every suitable initial condition (X*, Y*) the system (1.2) exhibits a unique strong solution.

THeOREM A (Existence and uniqueness of a strong solution of system (|1.2))).
Let T > 0 and any initial condition (Xo,Yo) = (X*,Y™), having finite first moment and
being independent of the Brownian motions {W'(t);0 <t < T};_; . Then the system
dX, =[-X?+ X, - a0 (X, ~ B[X,]) - (1 - )015(X, — E[Y,])] dt + 0d W},
dY, = [-Y? + Y, - a0 (Y, — E[X,]) - (1 - )0 (Y, ~ E[Y,])] dt + cd W;

has a unique strong solution.

Proof. The argument follows a Picard iteration. A similar approach is used, for
example, in [5].

Step 1: Picard iteration.

Consider the two sequence of stochastic processes {X,(¢);0 <t < T} and {Y,,(¢);0 <
t < T}, indexed by n > 1, defined by the following integral equations and iteration
scheme: for n > 1

Xn(t) _Xn(o) :JOt _Xn(5)3 + Xn(s) - aellxn(s) - (1 - 0‘)912Xn(5)d5
+ Jtaell E[X,_1(s)]+ (1 = )01, E[Y,_(s)]ds + aW(t)
0
=f—xn<s>3 4 X,(5)(1—aBy; — (1 - a)y,)ds
0

+ Jtagll E[X,,_1(s)] + (1 = )01, [ Y, (s)]ds + o W' (2)
0

Y, (t)-Y,(0)=.. :fot—Yn(s)3 +Y,(s)(1 —aBy; — (1 —a)B,y)ds
+ jt @61 B[X,_1(s)]+ (1 - )05 [,y (s)]ds + a W (t)
0

(0 <t < T); all with the same initial conditions (Xn(O), Yn(O)) = (X%, Y"), together
with X((t) = X* and Yj(¢) = Y*. Now, by subtracting two subsequent approxima-
tions we get:

Xyu41(£) = X, (1) :L ~[X11(5)? = X,u(8)*] + [Xp1 (8) = Xu(5)](1 — @Oy ; — (1 — a)0y2) ds

t
+f0 @011 E[X(5) = Xy (5)]+ (1 = )01 E[Yy(5) - Yooy (s)]ds
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t
Y1 (t) =Y, (t) ZJ; ~[Vye1(5)° = Y (5)* ]+ [ Yyrg1 (5) = Yiu(8)](1 — @O — (1 — @)O55) ds
+f0 0021 E[X,(5) — X1 (5)] + (1 @)025 E[¥(s) = Y1 (5)]ds

Note that the Brownian motions cancel out. Now, using the identity (a3 — b%) =
(a—Db)(a®+ab + b?), we can re-write the system as:

t
X1 (£) = X,,(1) ZL [X41(5) = X (8)](1 = fu(s) —ab11 = (1 —@)01,)ds

+f0 @01y E[X,() = X1 (5)] + (1= )01, E[Y(s) Yooy (5)]ds,
(3.1)

Y1 () = Yiu(t) ZL [Yir1(s) = Yo (s)](1 = gu(s) — a0y — (1 —)635) ds

t
+ J(; 0,1 E[X,(5) = X1 (s)] + (1 = )0, B[ Y, (5) — Yy, (5)] ds;

(3.2)
where, we put:
fn(t) ::Xn+1(t)2 + X1 (£) X (2) + Xn(t)zi
8n(t) =Yt ()7 + Yiu1 () Yo () + Yo (B)%;
note that f,(t),g,(t) > 0 for all t € [0, T].
Equations and have the form:
t t
o) = | pHE s+ | Qs (3.3)
0 0

where @(t) is given by X,,,1(f) — X,,(¢) and Y,,,1(t) — Y, (¢) respectively.
Solutions to this kind of equations can be written as

t t
1) = p(0)+ J Qs)ell HOar g,
0

Therefore, applying this to Eq. (3.1) and (3.2)) we have that for t € [0, T] and n > 1:

t

X (6)=X,0) = [ {0011 BLX,(6) = X,2 ()] + (1= 012 ELY, ) = Yoa (4]

'eLtl—fn(r)—aﬂll—(l—a)ﬂlzdrds, (3.4)

$(0) =X,141(0) - X, (0) = X" - X" = 0;
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Chapter 3. Noise-induced periodicity: illustration of the results

and

t

Vo5 Y50 = [ {0 BIX,6) = Xyra 9]+ (1 =)0 BYy(5)= Vo1 9]

. eL’ 1-g,(r)—a0y—(1-a)0, dr ds, (3.5)

$(0) =Y;11(0) - ¥, (0) = Y* = Y" = 0.

Above we used respectively 1-f,(r)—a6;—(1-a)0,, and 1-g,(r)—aB,; —(1-a)0,;
as H(r), and it is easy to notice that H(r) < 1 in both cases. In the next lines we use
these facts to bound ours solutions.

Step 2: Convergence’s property.
We want to show now that for every T > 0, {[E[X,,(¢)];0 <t < T},51 and {IE[Y,,(#)];0 <
t < T},>1 are Cauchy sequences in C ([0, T]), equipped with the sup-norm:

d(f,g>:=ts[13pﬂ|f<t>—g<t>| Vf,geC([0,T])

Hence, since (C([0,T]),d) is a complete metric space, we expect that the two se-
quences converge to some elements {Mx(t);0 <t < T}, {My(t);0<t<T}eC([0,T]).

Consider Eq.(3.4) and take the Expectation of the absolute value on both side. De-
fine ¢n(t) = SUPg¢(0,¢] E [|Xn+1 (5) - Xn(s)” and Ebn(t) o= SUPse(0,t] IE[|Yn+1 (5) - Yn(s)l]-
Then, there exists some positive constants C; and D; such that:

Bult) < djo ¢n_1<s>ds+5tf0 Pra(s)ds: (3.6)

From Eq. (3.5) we get an identical inequality for i, (t). Hereby, applying iteratively
the above inequalities in [0, T], we prove that:

Tn—l Tn—l
——+D T
(n—1) 1 )(n—l)!
for some real constants Cr and Dr; and the same for 1,,(T).
This proves that, for every T > 0:

¢n(T) < Cr¢1(T)

lim ¢,(T)=0 and lim ¢,(T)=0

n—00 n—o0
It follows that {[E[X,,(¢)];0 <t < T},>1 and {IE[Y,(¢)];0 <t < T}, are two Cauchy
sequences, so they converge to some continuous limits {Mx(t);0 < t < T} and
{My(t);0<t<T}inC([0,T]).
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Step 3: Existence.
Consider now the following stochastic differential equations

dX; = [—X? + Xy — a0 (Xy = Mx(t)) - (1 - a)012(X; —My(t))]dt +odWw}
(3.7)
dYt = [_Yt3 45 Yt = anl(Yt —Mx(t)) = (1 = a)@zz(yt _MY(t))]dt + O.thZ
with initial conditions (X, Yy) = (X*,Y*). Now, since the terms Mx(t) and My(t)

are bounded for every t € [0, T, existence and uniqueness of a strong solution to
system (3.7), can be proven with the Khasminskii’s test, see [8].

So, let ()?t,?t);o <t< T} be the solution of 1) We can repeat the scheme of
(3.1) and (3.2) and construct the two approximations:

t —~
X1 (1)~ X, =JO (X1 (5) = X(5)](1 = Fo(s) - aByy — (1 - @)By2) ds

t
+L 61, E[X,(s) ~ My (5)] + (1 — )61, E[Y(s) — My (s)]ds

t
Xour (-, =L (Y1 (5) = 7)1~ Fo(s) — O3y — (1 — a)B3) ds
t
+j0 @031 E[X,(5) ~ My (5)] + (1 = )02 E[ Yy (5) — My (5)] ds

wherif;(s) comes from replacing the terms X,,(s) with X; and analogously ;(s)
with Y;. Now, applying the same arguments as before, we have:

t

Xaoa)=K| sk | sup B, -] s
re(0,s

sup
s€[0,t]

t
+ kzj sup |]E[Yn(r) —My(r)]| ds foreveryte[0,T];
0 r€[0,s]

for some positive constants kq, k,.
Hereby, we obtain that:
n—-0o0

(X, 1);0 <t <T) =S {E[X,;0<t<T} inC([0,T)).

The same result can be shown for YE
This proves that E[X;] = Mx(t), E[Y;] = My(t) and, therefore, 1} provides a so-
lution for the system (1.2). It remains only to prove uniqueness.

Step 4: Uniqueness.
Let {(U(t), V(t));O <t< T} be another solution of l) Consider the integral ex-
pressions for X(t) — U(t) and Y () — V(t) as in (3.4). We can use them to estimate
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Chapter 3. Noise-induced periodicity: illustration of the results

the quantities:

D(t) =|BIX(t
W (t) =|B[Y(t

)= U ()],
)= V()]

1|

(
(

Applying an identical argument, we easily obtain the following inequalities:

— (! _
D(t) < KTIO DO(s)+W(s)ds and W(t) < HT_L DO(s)+W(s)ds,

for some real constants K7, Hr. Summing up them we get that

t

D(t)+W(t) < (Kp +HT)I D(s)+ P(s)ds.

0

Note that, in this particular expression, the Gronwall’s Lemma can be applied, and
it can be used to prove that ®(t) + W(t) < 0 for every t € [0, T].
This means that E[X(¢)] = E[U(t)] and E[Y(¢)] = E[V(t)] for every t € [0,T], and
so {(U;, V4);0<t<T}and {(X;,Y;);0 < t < T} are both solutions to with same
pair (MX(t),My(t)) of moments and initial conditions (X%, Y*). By the uniqueness,
it follows that:

IP{(X(t),Y(t)) = (U(t), V(1)), forall t 0, T]} 1,

This concludes the proof.

3.3. PROPAGATION OF CHAOS IN THE MODEL

Follows, in this section, a propagation of chaos statement, in which we prove that the
macroscopic description of system (1.I) is exactly the system (1.2). We claim that,
as N — oo, the evolution of each particle remains independent of the evolution of
any finite subset of others. Indeed, one key feature of our model, is that individual
particles interact only via the empirical means of the two populations. Consequently,
when taking the infinite volume limit, the influence of a finite number of particles
becomes negligible. In our case, the macroscopic evolution of a pair of representative
particles, one for each population, is the process {(X(t), Y(t));t < T} described by the
system (|1.2).

THeoreM B (Propagation of chaos). Fix T > 0. Let

N N N N
{(x‘1 ey 091 1), (1)) 50 < £ < :r}
be the solution to ([I.1), with the initial condition satisfying the following properties:

i) the vector (x(lN)(O),...,xl(\l,\f)(O),ygN)(O),...,yl(\fl\zl)(O)) is a family of independent random

variables, such that each component is also independent of the Brownian motions

......
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ii) the random variables (x(lN)(O),...,xg)(O)) are identically distributed with the law Qy,
respectively (yiN)(O), ...,yl(\,l\z])(O)) with Qy; and such that Qx and Qy have finite second

moment.

Let
{310 (D31 O i () ;0 < £ < T

be the random processes whose components {x;(t);0 <t < T};_;, N, are copies of the so-
lution to the first equation of (1.2 H} and (y;(t);0 < t < T}j_y, N, copies of the solution of
the second equation of (1.2); with both sharing the same initial conditions (component-
wise equal) and Brownian motions that define system (I.1). Define the index sets T =
{it, ik ) S {1, Ny and T = {j1, jk,} € {1,..., N2}, s0 that|Z| = ky and |T| = k,
Then, we have

lim [E

N—>oco

sup |xk K, t)_xkukz(t)u =0; (3.8)
te[0,T]

here| - | denotes the €1-norm and
N N N (N N
Xk, (0= (50 0V 0,5 (1), 1),

Xy (1) = (1 (B e X1, (8), 91 () D1 (1)

Proof. The proof relies on a coupling method. Similar approaches were used, for
example, in [3]. The goal here is to prove (3.8).

To begin with, without loss of generality, we can take Z = {1,...,k; }and J = {1, ..., kp}.
Next, we can note immediately that:

[E| sup 'xk k —Xkl,kz(t)|] <
t€[0,T]
e o-sol|- x| -

so0, to conclude it suffices to show that each of the k; + k, terms goes to zero when
N — oo.

We will show this holds for i = 1, i.e. lE[supte[O,T]'x(lN)(t) —x1(%) ], since identical

arguments can be carried out for the others terms.
As we did in the proof of existence e uniqueness of system (1.2, we consider the

integral equations for {x(lN)(t); 0<t< T} and {xl(t); 0<t< T}.
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Therefore we can write:

t

AN () = x (1) :L [N (5) = x1(5)](1 = £ (5) — @Oy — (1 - @)B15) ds
t
[ aons () B, (0]) + (1 =001 ")~ Bl (1) s

here, as we did before, we used the identity a® — b®> = (a — b)(a® + b? + ab) and put

2
f(s):= (x(lN)(s)) +x1(s)% + x(lN)(s)xl (s). Moreover we can set:

p(s) 1= a0y (m5)(9) = BIX ()] + (1 = )02 5 (5) ~ Ly 51,

SO
(N) ()
N <t>—x1<t>=f0[(x1 <s>—x1<s))(1—f<s>—a6u—(1—a>912)+y<s>]ds (3.9

We can see that equation 1} is of the type ¢(t) = J‘Ot @(s)H(s) + Q(s)ds, where
p(t) = x(lN)(t) —x1(t). We already saw previously, that a solution to this kind of
equation can be written as ¢(t) = ¢(0) + Iot Q(S)eL,H(r)dr ds; this fact will be useful
to estimate 'x(lN)(t) —xl(t)| with |y(s)|.

Since by assumption x(lN)(O) = x1(0), we can have that, for every t € [0, T]:

t ; t
|x(1N)(t) —xl(t)l < j |(s)| ek 1=fulr)-abn—~(1-a)012dr 5o CTJ lu(s)|ds  (3.10)

0 0
for some real positive constantCy (we used the above fact). Moreover we have that:

E[Jts)]] < @by |n(9) = BLX ($)]]+ (1 - )012]ms” 5) - Ly 9]

N, N,
S y 1_2
sE a611’m1 (s)+ Ny im1 A9 Ny &= Sl (S)]' (3.11)

Nz Nz
(N) 1 1
+ (=)0 (s) + - ;yxs) -5 ;yxs) - 1E[m<s>]|].
We added and subtracted the quantities NLI Zﬁ‘l x;(s) and NLZ Z?]:Zl v;(s), respectively
in the first and second absolute values of the first line.
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Continuing we have:

E[Ju(s |]<a9“ZIE
1 a 912 ZIE

N;

[ )_ils) =Bl o]
i=1
|N Zy] —E[y;(s) |]

(3.12)

' N |}+0¢911

|y] S —x] |j| 1 24 912

Now we want to bound the four relevant terms:

E|

x;(s)

N
x§ )(s) xl(s

|

1 &
E |ﬁ2 Zyj<s>—11~:[y1<s>]|].
j=1

™

x;(s) —E[x;(s

I
13

The first two are easy, since:

IEDxEN)(s) —xi(s )H < IE[ sup
rel0,s

“}’] —j(s )H IE[rsel[l()I;]

)= x|

yV)- i) |

Note, in addition, that these terms are independent of the indexes i, j, due to the
symmetry of our system, which, on the other hand, depends on the initial condi-
tions and the choice of the constants. So we can chose for example i =1 and j = 1.
Regarding the other two terms, we can employ the central limit theorem. The two
limiting processes {x;(f)}icn, and {x;(¢)};cn, are a family with independent identi-
cal distributions and have uniformly bounded second moments (since the system
(1.2) is well posed). As a consequence the standard limit theorem assures that
there exists a positive constant K, such that, uniformly for all s € [0, T], it holds:

1 &
|5 23t~ Eln )] <
j=1

Now, if we take the supremum and the expectation on both sides of (3.9)), for every
f € [0, T] for which:

Ni

'Nil in(s)—IE[xl(s)]'] < 5}\% and E

i=1

Kr

VN,

e

te[0,7]

<cr [ mfjus]as
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We now put everything together, recall that a = % We obtain:

IE[|/4(S)|] <ab11 E [ sup 'xl r)—xl(r)H + %

ref0,s]
|] Vl—a HIZKT

(3.13)
?(N( ) =1 (r

+(1 —a)@lz]E[ sup
rel0,s]

and so, surely there exists some real positive arbitrary constant D, depending on
T and on all the parameters (a, 011,015,601 and 60,;), such that:

i
E| sup ’xl )—xl(t)| SDJ IE[ sup x(lN)(r)_xl(r)HdS
te[0,7] 0 re[0,s]
i
+DJ IE[ sup yiN)(r)—yl(r)Hds el
0 r€(0,s]
D
+—;

VN

In the same way, we can achieve:

7
sup '3’1 -1 (t )‘ SDJ IE[ sup x(lN)(r)_xl(r)Hds
te[Ot 0 rel0,s]
f
+DJ IE[ sup yiN)(r)—yl(r)Hds (3.15)
0 r€l0,s]
D

VN

Therefore, if we define the function

sup|x1 (t)—x ()' +IE

te[0,7]

g(f):=E

LY |y1 ~ilt )|]

te[0,7]

Summing up the inequalities (3.14) and (3.15), we get:

g(f)<2D Ltg(s)ds + 2\/%.

An easy application of the Gronwall’s lemma leads, in particular, to:

2De?PT

VN

that proves limy_,, g(T) = 0. This concludes the proof.

g(T) <
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3.4. NOISELESS DYNAMIC OF THE MACROSCOPIC LIMIT

Before giving the main result of the thesis, we argue here that, in absence of a noise
component, the system (1.2) does not exhibit oscillatory behaviours. Thus, it behave,
essentially, in the same way as the finite-size system.

If 0 =0, the system (|1.2)
dX, =[-X?+ X, - a0y1 (X, - B[X,]) - (1 - )015(X, ~ E[Y,])|dt + od W'
dY, =[-Y? + Y, - a0y (Y, — B[X,]) - (1 - )0 (Y, — E[Y,))] dt + 0d W7,

reduces to a system of differential equation, in which the variables X; and Y; are de-
terministic functions of time. Thus, in the equations, both terms a6, (X; — [E[X;]) and
(1-a)0,,(Y; —E[Yr]) are equal to zero. Setting A := (1 —-a)601,(> 0), B:= —a 6, (> 0) and
X; = x,Y; =y the system can be re-written as:

(3.16)

x=-x3+x-A(x-y)
y=-y’+y-B(x~y)

where time dependence is implicit and z := %z(t).
Note. We assume that A >1 and B > 0, unless otherwise specified.

In the following we summarize the equilibria analysis of the vector field of (3.16).
Many results about dynamical system were used, we refer to [14] for complete expla-
nations.

1. The fixed points (0,0) and +(1,1) are present for any values of A and B, in partic-
ular:

* The linearization of (3.16) around the origin has the eigenvalues:
/\1:1 and /\2:1—A+B:1_7/;

setting y := A—B. Thus (0,0) is a saddle if > 1, it has a unstable and a
neutral direction for = 1 and it is a unstable node in the other cases.

* The points +(1,1) have identical properties since the eigenvalues for the lin-
earized system around them are:

/\1:—2 and /\2:—2—A+B:—2—y

Therefore +(1,1) are stable nodes for y > -2, they have a neutral and a stable
direction when y = -2 and they are saddle points otherwise.

So, summarising we have: i) y < -2, (0,0) is unstable and +(1, 1) are saddle points;
ii) when -2 < y <1, (0,0) is unstable and +(1,1) are stable nodes; iii) for y > 1,
(0,0) is a saddle point and +(1,1) are stable nodes.
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2. Two additional equilibria points might be present, depending on the values of
the parameter space. To find them we seek through the lines y = fx (p = 0).
Substituting on the first equation of the system

{—xz+x—A(x—y):0 (3.17)
-y’ +y-B(x-p)=0
gives the points:

%p=+(1-A(1-p),B\1-A(1-B)) (3.18)

where f is subject to the condition: > %.

Since we assumed A > 1, we must have f > 0. Therefore fixed points of the form
(x, Bx) can only appear in the first and third quadrant. Meanwhile the second
equation of gives the extra condition on f:

pif

1_
B=f(B) with f(B):= Tlfﬁ)

Note that =1 is a solution, for which we find again the equilibria +(1,1).
Fixed points ¥4 may exist only if the argument inside the square root in (3.19) is

strictly positive, that is if:
> A-1 B (3.20)
max{ ——, —— ¢, .
Prmax\ =173

(3.19)

which brings to the following cases, since both terms are positive.

A-1 _ B -
/3 > A T 118 iff B=A-1
p>At iff B<A-1 (3.21)
B> s iff B>A-1
However,it is possible to prove that two additional fixed points only appear in

the last case, i.e. when B > A — 1; we postpone the details. The others either have
no solution or the solutions are again (0,0) and +(1,1).

Moreover, in this range of values (B > A — 1), three situations arise:

* A-1<B<AH+2: there exist f > 0 such that +x; are fixed points for system
|) with |xﬁ| <1land B <1. In this case +xg are saddle points.

* B=A+2: no other fixed points are present apart from (0,0) and +(1,1).

* B> A+ 2: there exist g > 0 such that +xg are fixed points for system (3.16),
with |xﬁ| > 1 and g > 1. In this situation +xg are stable nodes.

The table (3.6) summarizes the study, combining points 1 and 2. The parameters space
of interestis A>1,B>A-1.

The scenarios summarized in Table [3.6 have inspired the numerical study carried
out on the model. In addition, we have examined in more details the behaviour of
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Figure 3.5: Phase portrait of system (3.16) for various values of A and B. (a) Case A -1 <
B <A+2with A=2and B = 2.5. Fixed points: (0,0) is an unstable node, +(1,1) are stable
nodes and £(0.78’,0.63’), numerically computed, are saddle points. (b) Case B = A + 2 with
A =2 and B = 4. Fixed points: (0,0) is an unstable node +(1,1) have a negative and a zero
eigenvalue. (c) Case B> A+ 2 with A =2 and B = 7. Fixed points: (0,0) is an unstable node,
+(1,1) are saddle points and +(1.24’,1.58’), numerically computed, are stable spirals. Red dots
mark the equilibria. Streamline colors corresponds to the magnitude of vector field scaled to
[0,1] (relative magnitude).

(3.16) in the three different cases, providing some examples. In Fig. numerically
obtained phase portraits are displayed for specific values of the parameters in the cases
A-1<B<A+2,B=A+2and B>A+2.

B (B<A+2).1If A=2,B=25the Eq. p = f(p) has the solution f=1and =, <1,
numerically obtained. Thus we obtain respectively the fixed points +X; = +(1,1)
and +%3 ~ #(0.78,0.63). The eigenvalues of the linearized system around +X, are
both real and negative, therefore they are stable nodes. The fixed points +X4_are
saddle points. The phase portrait numerically obtained is shown in Fig. (a).

m (B=A+2). If A=2B =4 the only solution for 8 is 1, so the only fixed points,
apart from (0, 0), are +%;. The analysis above, for this particular case, gives a good
explanation of the dynamics. Also the Fig. (b) displays the phase portrait for
this choice of constants.

m (B>A+2). If A=2,B=7, there are two solutions for f: f =1and =, > 1.
In this case the fixed points +X; are saddle points, while the fixed points +Xg =~
+(1.24,1.58) have complexes eigenvalues with negative real part, thus they are
stable spirals. The phase portrait is shown in Fig. (c).

Remark. In the 3 cases, (0,0) is a unstable fixed point.

3.4.1 Equilibrium points of the system

We include here the case study of (3.21) and hence conclude the analysis of the equi-
libria points of the system.

1.IftB=A-1, f(B) = ﬁ So the unique solution to the equation (3.19) is p =1

and Xg = #(1,1). In this case y = 1 so (1, 1) are stable nodes and (0,0) has a zero
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(0,0) +(1,1) +(x, px)
0 1,0 1,
A—1<B<A+2 | unstable node stable nodes <xs <,ﬁ <
saddle points
i
B=A+2 unstable node one negative -

and one null eigenvalue
x>1,>1,

B>A+2 unstable node saddle points
stable nodes

Table 3.6: Parameters space is A > 1, B> A—1. The table outline the nature of the fixed
points of system (3.16) for different values of the parameters A, B. It defines also the scheme
used to arrange the numerical simulations conducted on 1)
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eigenvalue, thus the linearization cannot give information about the behavior in
the phase space close to it. Nevertheless, the system can be re-written as

x=-x3-x(A-1)+Ay
y’:—y3—x(A—1)+Ay.

We observe that above the line t : y = 4zlx, that is the eigen-direction of the
zero eigenvalue, the linear component of the vector field is positive and negative
below it. So close to (0,0) we can neglect the third-order terms and the get a good
approximation for the local dynamics. Furthermore along the line ¢, the linear
component is equal to zero and so only the third-order terms count. We get that
% < 0,9 <0 in the first quadrant and x > 0,9 > 0 in the third one, which give a
good understanding of the flow.

. If B<A-1, the only solution to Eq. (3.19) is again g = 1.

First of all, observe that f(B) has a vertical asymptote to positive infinity as
approaches % and it has a horizontal asymptote to zero as  grows to infinity.

Moreover, % f(B)=0in:

AB+\JAB(B—(A-1))

Pe= A(1+B) ’

that are not real for B < A —1. Now, in this case, we are searching for solutions
B> %. In this region f(p) is strictly decreasing and its graph cannot have more
than one intersection with the line y = f8, so the only solution to the Eq. is
B = 1. This means that the only fixed points of the system are (0,0) and +(1,1)
and we already portrait this behavior in the previous paragraph.
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Figure 3.7: This figures represent the phase portrait of the system when B< A-1.
In red are displayed the nodes, and the dashed lines t show the neutral eigen-directions
of (0,0): y = %x in the first graph and y = £ in the second. In order, the choice for the
constants was A=2,B=1and A=2,B=0.5.

. When B>A-1,1ie > %, (0,0) is unstable and the nature of +(1,1) changes
according to y being greater, less or equal to —2.
Observe that f(B%) =0, limg_, f(B) = 0 and in this case a%f(ﬂ) = 0 gives two

distinct real points ., with f_ < %. So the function f(f) has only one critical
point (maximum) g = f, > %, therefore it may cross the line y =  once, twice
or never. But since we know that f = 1 is a solution of f = f(p), there are 3
possibilities: p = B, = 1 is the only solution [7)], or there is another intersection
By that could be greater [ii)] or less [iii)] than 1. In the following lines we analyze
the 3 sub-cases.

i) p =Py =11is the only solution to Eq. (3.19).
This happens when the line y = § is tangent to f(f) in p =1, i.e. g—g(l) =1.
That is if B=A+2 (y = -2). In this case £(1,1) have a negative and a zero
eigenvalue, so to check stability one has to take into account higher-order
terms. We study only (1,1), since —(1, 1) is similar.
To ease the computations we make the change of variables: * = x-1,9 =y-1;
so (1,1) is shifted to (0,0). The system becomes

k=—(A+2)x+Ap-3322-%°

. 3.22
D=—(A+2)k+AD-3p> 93 (3:22)

Along the eigen-direction of the zero eigenvalue, represented by the line
rip = %5@ the first-order terms of the system above vanish, and the line
r always lies above ¢ = %, that is the eigen-direction of the non-zero eigen-
value. Also the first-order terms of the system are positive above r and neg-
ative below it. So, out of this line, higher-order terms can be neglected close
to the origin, while the second-order terms give a good approximation along
the line r, where is immediate to see that the vector field points downward-

left.
i) If 0 < g_;;(l) <1,i.e. B<A+2,there are two intersections, one at § = 1 and
one at = B,(A,B) < 1. This means that there are two extra fixed point of
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type +(x, B,x), with absolute value less than 1.

iii) If 3—;;(1) >1,1ie. B> A+2,in addition to the intersection = 1 there is a

second intersection at f = B, > 1, so there are two extra fixed points of type
+(x, Bx), with absolute value greater than 1.

3.5. SMALL NOISE APPROXIMATIONS OF THE MACROSCOPIC LIMIT

We derive now a small-noise approximation of the system (1.2). In particular, we aim
to create a pair of independent Gaussian processes {(Xt, ?t), 0<t< T} that closely fol-

lows in time {(X;,Y;);0 <t < T}, the solution of the system (1.2). Although we prove
that this approximation, holds rigorously true when ¢ — 0, numerical simulations
show that it remains valid also beyond the assumption of o <« 1, which explains the
observations made on the numerical study.

Note that the specific form of the system allows to consider the two processes X,
and Y; to be independent. Indeed, in the equations

dX, =[-XP+ X, - a0y (X, ~ E[X,]) - (1 - )015(X, ~ E[Y,])] dt + cd W},

dY; = [—Yt3 +Y; — a0y (Y — E[X;]) - (1 - )02 (Y; —E[Yt])]dt"‘ cdW7,

the two variables interact only through their expected mean; if we had mixed terms of
the type X"Y™, such approach would not be possible.

The following theorem gives the result.

THeoreM C (Small noise approximations). Let T > 0 and {(X;, Y;);t < T} be the
solution of (1.2) with initial conditions X* and Y*. There exist two Gauss-Markov processes
{X(t);0 <t < T} and {Y(t);0 < t < T}, with X(0) = X* and Y(0) = Y*, satisfying the
following properties.

1. X, and Y, solve the first two moments equations of the system (1.2

2. X, and Y, are simultaneously o-closed to the solution of , that is, for every T > 0
there exists some real constant Cp > 0 such that for every o > 0:

E SCTGZ

sup {|X(t) —X‘(t)| +|Y(t) - ?‘(t)’}

t€[0,T]

Remark. X; and Y; are Gaussian processes, so, among other properties, we use here
the fact that their higher-order moments are polynomial functions of the first two
moments. In particular, this means that their behaviour is completely described by
the mean and variance functions. As a result, rather than studying some infinite
dimensional system, given by the moments equations of the solution of (1.2), we can
reduce our analysis to a 4-dim system of differential equations, which portrays the
behaviour of the means and variances of the Gaussian-approximation processes. We
shall see how to do this in the proof of the theorem.
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Proof. We divide the proof in several steps and begin by deriving the equations of
the moments for (1.2).

Step 1: Moments equations.
Applying Itd’s formula to the equations of the system (1.2) we obtain the following
SDEs, which are solved by all X(t)” and Y (¢)P, with p > 1:

2
de’:[—pr’+ +pXP — (a6, (X, —E[X,]) + (1 - a)015(X, - B[Y,])]pX} ™"

2

4 %p(p ~1)XP2|dt+ opXPTlaw,

(3.23)
dYtI]:[_PYf+2+PYp (@021 (Y, ~E[X,]) + (1 - @) (Y, ~ E[Y:])p Y/

2

+ %p(p = l)Ytp_2 dt + Uthp_IthY

Now, set mif(t) := E[XP(t)] and mp( ) := E[YP(t)] the p-th moments of X; and Y;.
Taking the expectation [E[-] on both side of the above equations we obtain the sys-
tem:

d x X X o’ X
23 () == prmy o (8) +pmp (8) + —-plp —1)m;,_,

—paByy(my —mf (ymX_ (1)) = p(1 - a)Ora(my (£) = m ()mX_ (1))
d 2
Em;,/(t)——pm},ﬁrz(t)+pm‘};(t)+(%p(p—l)m;/_2

— pabyy(my —my (ymY_, (1)) = p(1 = )0 (my (1) = m} (ym)_, (1)));

(the Brownian motion has zero mean: E[W;] = 0). We formally divided by dt on
both sides of the equations.

Note that in the p-th moments depend on the (p+2)-th moments, this makes
the system infinite dimensional, unless some higher order term depends on the
first two moments of X; and Y;.

Nevertheless, consider the first two moments equations, so take p = 1,2 in
(3.24):

d
o (8) = =m (6)+ m (£) = a0y — (1= )01 (1),

(3.25)
d Y Y

—my (t) = —m} (t) + m{ (t) = a0y m{ — (1 - a)0yymi (t);
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—m%((t) = —mef(t) + 2m§(t) - 20(611(711)2( - m{((t)z)

- 2A(m§(t) - m?(t)m{((t)) +0?
(3.26)
——m () = =2my () + 2m} (t) + 2B(m} — m}(t)m] (1))

2
=2(1 = a)0pp(my (1) - m} (1)) + 0%
here, we called A := (1 — )01, and B := —a6,;.

Recall that if Z is a Gauss random variable with normal distribution N (y,v),
where y and v denote the mean and variance respectively, then we have the iden-
tities:

E[Z3]=p®+3uv and E[Z*] = u* + 6p’v + 302
Therefore, if we suppose that a couple of Gauss-Markov random processes with
mean and variance ux(t), vx(t) and py(t), vy(t) respectively, solve equations
and (3.26), then, plugging the identities into the equations, we obtain the following
system of differential equations, to which the mean and variance functions must
obey:

fix = —py + px(1 = 3vx) — A(px — py)

jry = =py + py (1 = 3vy) + B(py — px) (3.27)
Vx = —61/)2( - 6/1§(VX +2vy — 20011 vx + 2Avy + 02

Vy = —61/12/ - 6y§<vY +2vy +2Bvy —2(1 — )05 vy + 02
In particular, (3.27) has a four-dimensional vector field which is continuous in
each variable and has continuous partial derivatives. Hereby the system has a
unique global solution {(ﬁx(t),ﬁy(t),VX(t),Vy(t));t > O} with the initial conditions
1% (0) = X", vy(0) = Y* and vx(0) = vy(0) = 0.
Step 2: approximations processes’ definition.
Now let T > 0, and set Vx(t) := 02V x(t) and Vy(t) := 0 *Vy(t). We want to define

two centered (with zero mean) Gaussian processes {Zx(f)};<r and {Zy(t)};<7, soO
that

E[Zx(t)’] = Vx(t) and E[Zy(t)’|=Vy(t) forall te[0,T]; (3.28)

and obtain the differential characterization of these, that will be useful later to
prove the o-closedness to the solution.
Let’s consider {Zx(t)};<r first and its differential as a generic Ito’s process:

dZx(t) = a(t)dt + b(t)d W, (1);
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with suitable functions a(t), b(t) and W, (-) a standard Brownian motion. Using Ito’s
formula we derive:

dZx(t)? = (2Zx(t)a(t) + b(t)>)dt + 2Zx (t)b(t)d W (1);

and taking the expectation [E[-] and dividing by dt on both side of the equation we
otain:

Bl Zx (1)) = 2E{Zx(1a(t)] + E[b(t)’) (329

Now we have to give b(t) and a(t) such that (3.29) respects condition (3.28), that is
(3-27):

[E[Zx(t)?] satisfies the third equation of
Vx = —61/X2 - 6/,1X21/X +2vx —2a01vx + 2Avx + o2,
which, dividing both side by 02, becomes:
Vx(t) = -2(Vx(1)(302 V() - 3ux(t)* + 1 - abiy + A))+ 1; (3.30)

where we used the definition of Vx and made the time-dependency explicit.
Now we can set b(t) = 1 and define a(t) in the following way.
Take the deterministic function

ﬁ(t) = 3GZVX(t) = 3]lx(t)2 +1 —a@ll + A.

We can define a(t) such that Zx(t)a(t) = Z)Z((t)c”z(t). Then we have a process Zx(t),

whose second moment function IEZX(t)2 satisfies , for which Vx(t) is the solu-
tion. In the same way, with straight-forward modifications, we construct {Zy (¢)};<r.

Hence, putting together the results, we have constructed two processes {Zx(t)};<7
and {Zy(t)};<r satisfying the stochastic equations:

dZx(t) = (=30 Vx(t) = 3ux (t)* + 1 - a1y - (1 - @)B15) Zx (H)dt + AWy (t)
dZy(t) = (=30 Vy(t) = 3uy (1) + 1 - aBp1 — (1 - )0 ) Zy(t)dt + AWo(t)  (3.31)
Zx(0)=Zy(0)=0

They are both Gauss Markov with zero mean and such that Var[Zx(t)] = Vx(t) and

Var[Zy(t)] = Vy(t) for all t € [0, T]; they are also well-defined, since the solution of
(3.27)) is unique.

Part 3: o-closedness.
Define the two processes:

X(t) = ux(t)+ 0 Zx(t)  Y(t):=py(t)+0Zy(t)  forall t€[0,T];

They both are Gaussian Markov processes, with the respective means px(t), py(t)
and variances vy = 02Vy, vy = 02Vy that satisfy system (3.30). This also imply
they solve the first two moments equations: (3.25) and (3.26). So we proved the
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first statement of the theorem.
Now, we consider the following trivial inequality:

To conclude the proof of the theorem, it is sufficient to find an upper bound for
the right-hand side terms.
So, by construction we have that:

we used the identity (a+b)3 = a3+3ab+3ab?+b>. Following the same computations
we obtain also:

Then, we can look at their integral equations. For X;, we have:

recall that E[X;] = px(t) = [E[X;], since they solve the same equations. We used
f(1)=X(1)2 + X (D)X (¢) + X(t)?.
Again, the above equation is of the form ¢(¢) fo ds+J0 s)ds, with ¢(t) =

E

sup {|X(t) —)’Z(t)] +'Y(t)— Yt )]}

t€[0,T]

<1E[ sup ’X )?(t)']

te[0,T]

sup }Y ?(t)‘].
t€[0,T]

+E

dX, =dux(t)+ 0dZx(t)

=[ - px (0 + px()(1 = 307V (1)) - (1 - @)1 px (1) — py (1) )]t
+ o-zX(t)[ —302Vy(t) = 3ux(t)> +1—aby; —(1 - a)912]dt +odW(t)

=[1-302Vx(t) - (1 - )01, |(px(t) + 0 Zx (1))t + [ - px(t)® - B0 Z (D)pux (1) |dt
+[(1=a)01opy () - 0110 Zx (1) |dE + od Wy (1)

- [(1 ~302Vx ()~ (1-a)01) X - X2 + 0 Zx (1) + 3GZZX(t)2;/tX(t)] dt

+[(1= @)O12py (1) - 0110 Zx (8)]dE + cd Wy (8);
(3.33)

v = .. = [(1 ~302Vy ()~ a0 ) V- T2 + 02 Zy (1) + 3OZZy(t)2]Ay(t)] dt
(3.34)
+[aa1py (£) = (1= )0220 Zy (8)]dt + Gd Wy (8).

t
X(t)—i(t):L(X( - X(s) [1 —af;,—(1- a912]d5

t
_gzL (0Zx(5)® + 3pux()Zx(s)? = 3px(s) Vic(s) ~ 30 V() Zx(s))ds;




X(t) = X(t). So, as ¢(0) = 0, the solution is ¢(t) Io eL Hdrgs ) with:

H(t)=1-f(t)-ab;; — (1 -a)bq,
Q(t) = —0*(0Zx (1) + 3ux (1) Zx (1) = 3px (£)Vx (1) = 30 Vi () Zx (1))

So, we have the inequality:
t t
|x(t)_)?(t)| gj Q)| b 1 -a0n-t1-a)01zdr g
0

and, therefore,

[ sup 'X ( )|]< sup J |Q | fl —f(r)-ab;-(1- a912drd ]

t€[0,T] t€[0,T]
sup el 1=/ (N-a61-(1- aelzdrds]<CTJ IE“Q(S)”ds
teOT 0

Now, since Q(s) is polynomial function of a Gauss Markov process, it has a time-
local finite L!-norm. Furthermore we can define Q(s) := O'ZQ( ), and the last term
of the above inequality can be bounded by the constant Cyo2. Everything said can
be applied in the same way to prove it holds that:

SETO‘Z

=] s s10-
t€[0,T]

for some positive constant Dr. All of this proves the second statement of the the-
orem and concludes the proof.

O]

3.6. OCCURING OF A HOPF BIFURCATION

This section concludes our study of the model. Here we reduce our analysis to a four
dimension dynamical system. With the help of bifurcation theory, we provide the re-

sults that motivates th

e observations made in the numerical simulations.

In the proof of the theorem |C| we constructed a pair of Gauss-Markov processes,
{(Z,Yt);O <t< T}, that closely follows the solution of the system 1) These pro-

cesses are o-closed to the solution of (1.2) and their respective mean and variance

functions (I/lx(t),]/ly(t), vx(t), Vy(t)) solve the system of differential equations (3.27):
fix = = + px(1 = 3vx) = Apx = pix)
fiy = —py + sy (1= 3vy) + B(py — pix)
3-27)

1'/X = —61/)2< —6]A§(VX + ZVX — 20(9111/)( + 2AVX + 02

vy = —6vE — 6% vy + 2vy + 2Bvy — 2(1 - )0y vy + 0>
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Since the equations above completely describe the processes X; and Y;, we can focus on
the study of the system (3.27) to have a sufficiently good approximation of the solution
to the model (1.2), which is the macroscopic limit of our model.

Result For fixed values 0,1,0,,,A, B, considered in this work, the dynamical system
(3.27) displays a Hopf bifurcation at the equilibrium point
AB _AB
(”X’ KX, VX, 1/X) = (01 0, Vi sV, )
with a critical value o4 g of the noise parameter.
We recall that a Hopf bifurcation occurs whenever a fixed point of a dynamical system

loses stability, as a pair of complex conjugate eigenvalues (of the linearization around
the fixed point) crosses the imaginary axis of the complex plane.

Consider the vector field of the system (3.27):

—px + px (1= 3vx) = A(ux — pix)

—py + py (1= 3vy) + B(py — px)
—61/}2( — 6‘14)2(1/)( + 2VX - 2&9111/)( + 2AVX + 0
—61/12/ - 6;4%(1/1/ +2vy 4+ 2Bvy = 2(1 — )0y, vy + 02

F(,”‘X),”‘Y} VX, VY) = 2

with the noise-parameter o. For F( -,0) we find the equilibrium point:

1 1
(0,0,v{"%, w3} = [0, 0, g( (A+3)2+602—A— 3)'g(w/(3— 3)2+602+B- 3));

and the linearized system DF ((0, 0, Vf’B, v’;’B), O'), given by the Jacobian matrix:

—A-3viP i A 0 0
A,B
-B B-3v{ 0 0
o) =
Japto) 0 0 —24-12vF_¢ 0
0 0 0 2B-12v4"* -6

The matrix J4 g(0) has the eigenvalues:

AP(6) = —2VAZ + 6A+ 602 +9
AP(0)=-2VB2—6B+602+9,

and

1
AP (o) :Z{—w/(A+3)2+60'2—A—\/(B—3)2+60'2+B+ 10

—\/E[A2+A(\/(A+3)2+602—\/(3—3)2+60-2—7B+3)

—(,/(3—3)2+6a2—B)(,/(A+3)2+602+B)—3B+6a2+9]2}
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Figure 3.8: The figures displays the behaviour of the eigenvalues /\?’B and /\2’3 (the real part
in blue and in orange the absolute value of the imaginary part) as the values of the parameter
o change, in the three cases: i) A = 2,B =2.5,ii) A=2,B=4and iii) A=2,B=7. The red
line represent, in each case, the threshold, i.e. the value of o at which the eigenvalues cross the
imaginary axis: 0,5 =~ 1.65, 034 ~ 2 and 0,7 ~ 2.45; while the thin black ones represent, in
each case, the values for which we computed the simulations in Fig. All the results were
obtained numerically using the software Mathematica

1
AP (o) :Z{—w/(A+3)2+602—A—w/(B—3)2+602+B+ 10

+ \/E[AZ +A(\/(A+ 3)2+ 602 - \/(B— 3)2+602-7B+ 3)

—( (B—3)2+602—B)( (A+3)2+6a2+B)—3B+602+9]2}

In the three cases considered in this study (1) A=2,B=2.5,ii) A=2,B =4 and iii)

A=2,B=7;01; =05, = 8), /\’f’B, )\';’B are non-zero for o > 0. Moreover, )\?’B and /\2’3
are complexes conjugate numbers. Fig. represents the behaviour of them in the
three different choices of A and B, respect to the noise’s parameter changes. We can see
that, in each case, the eigenvalues have a threshold o p for which the system stability
changes as we cross it. We have 0,5 ~ 1.65, 04 = 2 and 0,7 =~ 2.45. Therefore the
conditions for the Hopf bifurcation are satisfied, which proves the presence of a limit
cycle.

The Fig. shows that in all the three cases, the equilibrium point (0, 0, vf B v? ’B)
changes its nature from stable to unstable, as the noise decrease and the real part of
/\‘;’B, /\2’3 becomes positive (/\f’B, /\‘;’B are always negative for every o > 0). This suggest
the presence of a stable limit cycle. We computed numerical simulations of system
that prove the occurring of a Hopf bifurcation in all the cases considered and
the presence of a stable limit cycle for an intermediate range of values of the noise. In
Fig. we analyze the results. For completeness we also show in Fig. the cases
oc=0and o =5.
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Hy(t)

Figure 3.9: Dynamics of system (3.27) when o = 0 and ¢ = 5. The figure display trajectories of
px(t) and py(t) during the numerical simulations of the system (3.27)). For these we used the
Euler method. In the first row we plotted the simulations for 0 = 0 and ¢ = 5 for the second

row. Each column represent respectively: first A = 2,B = 2.5, second A = 2,B = 4 and third
A=2,B=7.

To complete the study, in Fig. [3.10|we simulated the behaviour of the system (3.27)
with the same choices of the parameters A, B,o as Fig. Our analysis shows that
the behaviour of our model is qualitatively well described by the the Gaussian
approximation given by (3.27), which drives its robust, self-sustained, periodic rhythm.
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Figure 3.10: The figure shows numerical simulations of the system , in three parameters
cases: A =2, B=25, ¢ = 0.5 first column, A =2, B=4, o0 = 0.1 for the second and A =
2, B=4, 0 = 0.6 for the third. On the top we plotted the path of (yx(t),yy(t)), while under
the trajectory of each variable. We ran the simulations using the Euler method, with the same
choice for the constants as in Fig. [3.4} with the same time step dt = 0.005, for 10 iterations.
We computed also the mean return time (M.r.t.)to the Poincaré section {th( ) >0, uy(t) = } 0} for
the trajectory t — py(t).
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Chapter 3. Noise-induced periodicity: illustration of the results
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Figure 3.11: We ran numerical simulations of the system , to prove the occurring of an
Hopf bifurcation at the equilibrium point (O, 0, vf’B ) v?’B), and the rise of a stable limit cycle.
From top to bottom in each row we have the three cases: i) A =2,B=2.5, ii) A= 2,B = 4 and iii)
A =2,B=7.Ineach row we plotted the trajectory t — (ux(t), py(t)) as well as the time evolution
of the 4 dimensional vector (yx(t), Hy (1), vx (1), vY(t)). We choose in each case two values of o,
that are from opposite sides of the threshold ¢4 g. We recall that: 65,5 ~ 1.65, 6,4 = 2 and
0y,7 ~ 2.45. We can clearly see the presence of stable limit cycles in each case. The simulations
were run with the Euler method, with a time step dt = 0.005 for 10° steps, using he software
Mathematica.
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Conclusions

In this thesis we investigated the emergence of collective periodic behaviours in a frus-
trated network of interacting diffusion particles. In particular, we were interested in
the role of the noise as equilibrium-breaking element and, thus, as an essential compo-
nent, for the model considered in this thesis, to develop self-sustained periodicities.

In our view, the emergence of periodic motions in the model can be explained as
follows. If we imagine to start with two independent communities, that is, particles
evolve according to system with 61, = 8,7 = 0. When the interaction constants 6;
and 0,, are positive and large enough, each population tends to its own equilibrium. In
this case a well description is found in [5]. However, as soon as the two populations are
linked together within a interaction network, with 6,,0,; < 0, dynamical frustration
is generated between the two populations. If o > 0 and large enough, diffusion in
enhanced and the interaction terms start to play a significant role. Indeed the rest
state of the first community is not compatible with the rest position of the second.
Thus, as a consequence, the dynamics does not settle down to a fixed equilibrium and
keeps oscillating. While, when o = 0 and all the particles in a same population share
the same initial condition (as in the simulations), the system is attracted to a critical
EN) = y](.N) = m(lN) = m(ZN) foralli=1,..,N; and j = 1,...,N; and, thus, the
interaction’s terms in (1.1) vanish. This makes noise responsible for the emergence of a
stable periodic rhythm and, hence, the occurring of the phenomenon of noise-induced
periodicity.

point where x

In particular we argued that oscillations appear for an intermediate amount of noise.
Our analysis goes as follows. First, we derive the large volume limit of the system and
show that it has no periodic behaviour in absence of noise. Second, we increase noise
and study our system trough numerical simulations. Such simulations shows clearly
that self-organized periodic behaviour appear for an intermediate size of the noise to
disappear when the noise is too large. Finally, to explain rigorously observed behaviour
we prove a small noise approximation. We reduce the system of interest to a system of
ODEs for the time evolution of the means and the variances of the two communities.
For this system we are able to prove there is a Hopf bifurcation, which explain at least
qualitatively the result of numerical simulations.
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Appendix A
Code

A.1. EuULER’s ALGORITHM FOR SDEs

Consider the one-dimensional ordinary differential equation x = A(x,t) with initial
conditions x(0) = xq in the time interval [0,1]. Let’s choose our step size h and the
number of iteration we want to perform N , which define the grid points t/' := nh,0 <
n < N. Then a numerical solution x” can be found with the following inductive scheme:

Xh(O) =Xg XZ+1 = xﬁ +A(xﬁ,t,}1’)h

Let’s consider now the stochastic differential equation
dX(t) = A(X(t), t)dt + B(X(t), t)dW (t) (A.1)

with initial conditions X(0) = X, where {W(t)};>( is the standard Brownian motion.

The meaning of (A.1) is

X(t) :XO+JO

where the second integral has to be interpreted in the It6 sense, while the first one is
a standard integral. Like before, with the step-size h and the number of iterations we
construct the grid points t" := nh. We recall that, since {W(t)},5( is a Brownian motion,
W(t) — W(s) are independent normal distribution for every t > s > 0: W(t) - W(s) ~
N(0,t —s). Therefore, AZW = W(tﬁ) - W(tZ—l) are i.i.d. N(0,h). So, we can implement
a numerical solution X" to :

t t

A(X(s),s)ds +J B(X(s),s)dW(s) t>0 (A.2)
0

xXM0)=Xo X[y =XI+ A+ B(X] AW

The following Mathematica script uses this method to find a numerical solution to the
system (|1.1).
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Appendix A. Code

Mathematica Session

In[1]:= sdesim[nl ,n2 ,o ,0 ,dt ,iter ,o ,z0 ] := Module[{m1m?2k,cix,ciy,avg,

ci,sim},

cix = Table[z0[1],{/,1,n1}];
ciy = Table[z0[2],{i,1,n2}];
ci ={cix, ciy}; avg ={}; m1m2k ={};

fx[x_,m1_,m2_]:= -x>+x-a06[1,1](x -m1) - (1 - )61, 2](x - m2);
fyly_,m1_,m2_]:=—p*+y-a62,1](y -m1) — (1 - )62, 2](y - m2);
F[z_] := Module[{m1,m2},
m1 =Mean[z[1]];m2 = Mean[z[1]];
AppendTo[m1m?2k,{m1,m2}];
{fx[zl[l]],ml,m2],fy[z[[2]],m1,m2]}

I

AlgEulero[h ][z ] := z + hF[z] +
o {RandomVariate[NormalDistribution[O, Vh],n1],

Random Variate[NormalDistribution[0, V], 2] };

Monitor[Do|
Clear[sim|;
it
sim = NestList |AlgEulero[d],ci, zer ;
100
AppendTo[avg, m1m?2k];

mlm2k ={}; ci =sim[-1]],

{r,100}], ProgressIndicator[n,{1,100}]
1;
Flatten[avg,1]

]
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