EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

Study of a Delayed McKean-Viasov process

van Schooten, Bart

Award date:
2021

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/e18403cc-61a4-455f-a1af-67cb17eb2a93

Study of a Delayed McKean-Vlasov process

Master Thesis
Industrial and Applied Mathematics
Technische Universiteit Eindhoven

Bart van Schooten

Supervisors:
Alberto Chiarini
Markus Fischer

17th August 2021



Contents

[2.1. Stochastic integrall . . . . . . . ..o
[2.2. Martingale inequalities| . . . . . . . . . ... ...
[2.3. Stochastic differential equations (SDEs)|. . . . . . .. ... ... 0L

[3. Existence, uniqueness and moment bounds|
[3.1. Interacting particle process|. . . . . . . . . . ..o
[3.1.1. Existence and uniqueness| . . . . . . . . ... ...

[3.2. McKean—Vlasov process| . . . . . . . . . . . ...
[3.2.1. Existence and uniqueness| . . . . . . . ... Lo

[4. Propagation of chaos|
[4.1. An easier example|l. . . . . . . . L.
[4.2. Interaction with adelay| . . . . .. ... ... .. ... ... ... . ...

[5. Small noise regime|

[5.2.  Large deviation principle for delay equations . . . . . . . . ... ... ... ...
[5.3. Application to our model| . . . . . ... ..o o000

[6. Numerical approximations and simulations|
[6.1. Euler-Maruyama approximation| . . . . . . . . . . . . ... ... ... ... ...
6.2, Simulations] . . . . ..o
[6.2.1. Propagation of chaos| . . . . . . ... ... ... L.
[6.2.2. The small noise regime| . . . . . . . . . ..o
[6.2.3. The impact ot delay| . . . . . . .. ... ... .. ... ... ... ...,

[7. Conclusionl

[7.1. Summary| . . . . . ..

A Cod [for Smulations

11
12

19
19
20
20
20
20
20
21

28
28
30

34
35
38
40
41
45

48
48
53
54
26
o8

61
61
61

63

64



Glossary

Throughout this thesis, we use the following acronyms:

a.s.
iid.
LDP

ODE
SDE

almost surely

independent and identically distributed
large deviation principle

ordinary differential equation
stochastic differential equation

For mathematical notations, we use the following definitions:

(%)
1
alNb
aVb

the empty set

the indicator function

the minimum of a and b

the maximum of a and b

the real line

the set of non-negative numbers, i.e. R, = [0, 00)

the d-dimensional Euclidean space

the space of real d x m-matrices

the Euclidean norm of a vector x

the open ball with radius R around zy, i.e. B(x, R) = {x :
the inner product (scalar product) of the vectors x and y
the expected value of X

the probability of the event A

the family of continuous functions from X to Y

the family of functions A : [a,b] — R? such that f: |h(t)] dt < oo

the family of R?valued random processes {f(t)}a<i<p such that
[Pt < oo as.

the family of R%valued random processes {f(t)}a<i<p such that

E ([ 170 dt] < oc

|r—z0| < R}

Instead of writing {f(t)}a<i<p We may also write {f(¢)} or simply f when it is clear from
the context on which intervals the process is defined. Definitions not explained here will be
explained when they first appear.



1. Introduction

Imagine a boat with people on board moving around and a captain trying to keep the boat
balanced. Suppose that the movement of the people can be described by their current position
on the boat with the addition of some noise, as their behaviour can not be fully determined.
The captain, trying to keep the boat in balance, will tell all people, regardless of their own
position, to move in a certain direction based on which direction the boat is currently leaning.
He, however, only notices that the boat is leaning in a certain direction with some delay. If
we wish to describe this model mathematically, we could use stochastic delay equations. Let us
explain how to model this scenario. For simplicity we will assume that the boat stretches out
indefinitely in all directions, such that we do not have to take into account boundary conditions.
Let N denote the amount of people on the boat. Let f : R? — R2 be a function describing
in which direction a person moves based on their current position, and let g : R* — R? be a
function describing how a person moves based on the instructions of the captain, which bases
his instructions on the center of mass of all the people on the boat with a delay § > 0. Let X*(¢)
denote the position of the 7’th person at time t. The following stochastic differential equation
(SDE) now describes the movement of the people on the ship:

dX'(t) = f(X"(t))dt + ¢ (% ZXj(t — 5)) dt +edB'(t), i=1,...,N. (1.1)

Here Bi,i = 1,...,N denote independent Brownian motions, modeling the uncertainty of
the movement of the people, and ¢ > 0 is a parameter scaling this uncertainty. In order to
complete this model we still need to give the appropriate initial conditions, but we will do this
in Section [I.1I} An interesting question to ask is what happens when the amount of people on
the boat becomes large. The law of large numbers suggest that the empirical mean converges
towards the expected value of the random variables. We therefore also consider the delayed
McKean-Viasov equation

dX(t) = F(X()dt + g (E[X(t — 6)])dt + edB(2). (1.2)

These special types of SDEs, where the evolution of the process depends not only on the state
of the process but also on its law, were first studied by McKean| (1966).

An interesting question is whether the ship will eventually stabilise, or if the delay will
cause the ship to keep shifting from one side to the other over and over again. We briefly
study this question for the deterministic equation (¢ = 0) in Section . We find that the
limiting behaviour highly depends on the choices for f and g and parameters of the model.
During our research for this thesis we also considered many different other scenarios for both
the deterministic equation and the SDEs. Our results however were not clear, and we were
unsure what effects should be attributed to the model and which were nothing but artifacts of
our approximation method. We therefore decided to not include these result in this thesis, and
leave this question open for further research.

The model can also be given a more general interpretation. Consider N agents, whose current
state can be described as a vector in R% d > 1. Suppose that the evolution of these agents
can be described as a function of their current position combined with a noise term. Suppose
further that there exists a controlling agent which influences the evolution of all the agents
based on their center of mass with a delay §. We again arrive at Equation [L.1]

Let us give an example. Consider a finite-horizon problem. Let X* € R denote the amount
of money a company receives from the government at time 7" > 0, where a positive number
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indicates that the company will receive money, while a negative number indicates that the com-
pany has to pay money to the government. In this case the controlling agent is the government
itself, which tries to keep its expenses balanced, i.e. they strive to keep the mean payout 0.

The function g in this case could for example be g(x) = —z, which pushes the mean towards
0. The function f would describe the intentions of the companies, which do not wish to pay
money.

Besides its applications, the model is also interesting to study from a mathematical point
of view. While the study of both stochastic delay equations and McKean-Vlasov equations is
rich, the study of the combinations of the two seems much slimmer. In particular, we could
not find any work that studies these kind of equations under the same assumptions as we will
be making in this thesis.

1.1. Main model

We now describe the model in more detail. Let d > 1 denote the dimension of both the
Brownian motion and the processes themselves. In a more general case it is also possible
to let the Brownian motion be of a different dimension than the processes, but we will not
consider that case in this thesis. Let N > 1 denote the amount of particles. We now have
that f: R — R? and g : RY — R? to match the dimensions of the process. Let § > 0 denote
the delay, let € > 0 denote the intensity of the noise and let T" > 0 denote the time horizon
on which we consider the problem. We consider the interacting particle process governed by
Equation on the interval [0, 7] with initial conditions

X'(0) =,
X'(s)=¢, se[-6,0), i=1,...,N.

ER

In general zj) and £, s € [—4,0) are random variables taking values in R?. We also consider the
McKean-Vlasov process, which consists of the Equation (1.2)) on the interval [0, 7] and initial
condition

X(O) = Xy,
E[X(s)] =&, s€[-0,0).

Here we again have that x( is a random variable taking values in R%. This time, however, we
have that £ : [—,0) — R? is a deterministic function. This is because the interacting with the
past only happens through the mean, so it is sufficient to only specify the mean of the process
on this interval.

1.2. Main results

We just presented the McKean-Vlasov process as the limiting process of the interacting particle
process when the amount of particles N is send to infinity. While intuitively this seems like
a natural limit, it is not directly clear in what sense this limit should hold, if it does. In
Chapter 4] we investigate this relation further. We find that under certain assumptions the
McKean-Vlasov process can indeed be seen as the limiting process of the interacting particle
process. If we couple the Brownian motions and the initial conditions, i.e. B = B, z} = x4 and
E[¢l] =&, s € [-4,0), we find that the expected distance between the trajectories of X! and X
in the supremum norm converges to 0 when N goes to infinity. We also obtain an upper-bound
on the rate of convergence. In particular, we show, in Theorem [£.3] a result of the form

sup NE | sup | X" — X?| < oo.
N 0<t<T
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In fact, the above result can be generalised even further. Assume that the initial conditions are
independent. By considering n independent copies of the McKean-Vlasov process and coupling
them to the first n particles of the interacting particle process as described above, we can show
that the result holds for each of the n particles. Since each copy of the McKean-Vlasov process
is independent of the other copies, we also obtain that the first n particles of the interacting
particle system become asymptotically independent. This result is what is called the propagation
of chaos property of the system. The chaos (independence) of the initial condition propagates
forward to all the marginals in the limit of the amount of particles N going to infinity.

We also consider a different limit. Instead of sending N to infinity, we keep N fixed and
consider the limit ¢ — 0, the so called small noise regime. If we directly set ¢ = 0 in Equa-
tion (|1.1)) and Equation ({1.2)), we obtain two ordinary differential equations (ODEs). The ODE
associated to the McKean-Vlasov process is given by

W _ plet) + gttt o), te o1 (13)

for some (deterministic) function z(s). For the interacting particle system we consider two
cases. If we assume that the initial conditions are the same for all particles ¢’, we then have

%Zj"j“) = 41

by symmetry of the equations and the fact that the evolution of the equations is now determ-
inistic. Therefore we find that Equation is also the ODE associated to the interacting
particle model. In the case that the initial conditions are different we have to use a different
approach. This is described in Section

We are now interested whether or not the stochastic processes converge towards the solutions
of these ODEs when ¢ — 0. In the case that they do, we are also interested how far they
deviate from the deterministic trajectory when ¢ is small. In particular, we wish to obtain a
large deviation principle (LDP). LDPs describe the probability of rare events on an exponential
scale. They do so by describing a rate function /. In Chapter [5| we first present various known
theorems regarding LDPs for solutions of SDEs. We then show how these theorems can be
applied to the processes we consider in this thesis. For the McKean-Vlasov equation we obtain
a LDP with a rate function I given by

T
L) =5 [ 160) = F(6(0) = slelt = D)
for ¢ —x € H1([0,T],R?) and I,(¢) = +o0 else. Here ¢ is the solution to the associated ODE.
See Theorem for details. We also obtain a similar result for the interacting particle process
by considering it as one vectorized equation. See Theorem for details on this result.
Furthermore, we use simulations to numerically verify these results and analyse a particular
scenario for the associated ODE in Chapter [6, We will be doing this with the Fuler-Maruyama
approxzimation. In this method, similar to the Euler (forward) method for ODEs, the time
interval [0, T'| is partitioned into equally sized intervals, each with width A. The approximations
of the processes are then computed iteratively over the end points of these intervals. If we then
interpolate these approximations appropriately, we can show that this method is consistent.
That is, we show that in the limit of h — 0 the expected distance between the approximation
and the process itself in the supremum norm goes to 0. The exact statement is formulated in

Theorem [6.2
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Knowing that the approximation method is consistent, we use simulation to see how certain
theoretical results behave in practice. In Section [6.2.1] we verify the results we obtained in
Chapter [f regarding the propagation of chaos property. We find that in the scenario we consider
the result indeed holds, and we conjecture that the rate of convergence might be faster than
linear. The small noise regime is studied in Section [6.2.2] In particular, we investigate how
the McKean-Vlasov processes convergences to the solution of the associated ODE. The results
suggest a linear decay, which would be an improvement of the results obtained in Chapter [f
Lastly, we show the effect the delay term can introduce in Section [6.2.3] We show that, for
certain choices for the function g, the associated ODE has periodic solutions, while the solution
convergences to a constant when we remove the delay.

However, before we can show any of the above, we first have to show that these statements
are meaningful, by showing that there exist solutions to Equation and Equation [[.2] In
Chapter [3| we show that under certain assumptions there exist indeed unique solutions to these
equations. We assume that g is globally Lipschitz and that f is locally Lipschitz and satisfies
a one-sided Lipschitz assumption. In particular, we do not assume that f satisfies some sub-
linear growth condition. This allows us to consider functions of higher orders, given that they
still satisfy the one-sided Lipschitz assumption. See Theorem and Theorem for details
for the interacting particle process and the McKean-Vlasov process respectively. We also give
assumptions under which we can show that for all p > 0, the p’th moment of the process in the
supremum norm exists. For the McKean-Vlasov process we do not need to make any further
assumptions to show this, see Theorem For the interacting particle system we make the
additional assumption that ¢ is bounded, see Theorem [3.2] These moment bounds also play an
important role in the proofs of the theorems of the later chapters.

In order to make the thesis self-contained, we start with a discussion of the general theory
of SDEs in Chapter 2 We will first heuristically derive the meaning behind the stochastic Ito
integral. We then formalise these ideas and derive various properties of the It6 integral. In
particular, we make great use of the fact that the It integral is a martingale. Next we define
what we call a solution of a SDE, and present various theorems regarding the existence and
uniqueness of solutions in the standard case.




2. Stochastic calculus

Before we are able to analyse our model, we first need to discuss some preliminary theory about
SDEs. In particular, we have to define what we mean exactly with a SDE and find ways to do
computations with them. We will be doing this in a couple of steps. Throughout this chapter
we will follow Chapter 1 and 2 of Mao| (2007)). The theorems presented here are taken from
these chapters unless specified otherwise.

We first explain the idea behind SDEs from a modeling perspective and derive a heuristic
definition for a stochastic integral based on what properties we desire it to have. We then find
a way to precisely define the stochastic integral. Based on this definition we are able to derive
a series of equalities involving the stochastic integral. Furthermore, we find that under mild
assumptions on the integrand, the stochastic integral becomes a martingale. Next we present
various theorems about martingales, which will be useful in the context of SDEs.

Finally we will define what we call a SDE and in particular define what it means for a process
to be a solution. We present conditions under which these solutions exists and we also present
It6’s lemma, the stochastic equivalent of the chain rule of calculus. This lemma plays a central
role in stochastic calculus and is used in a lot of proofs of theorems about SDEs.

2.1. Stochastic integral

Consider the following ODE, describing the evolution of a process { X () }o<i<r taking values
in R? over a time interval [0, 7]

E%?-mﬂmm t € [0,7),
X(0) = zo,

with b(z,t) : RY x [0,7] — R? and 2y € R?. Equivalently, we can write this problem in an
integral form, namely

X@:%+/%u@@a,tepﬂ

Now suppose that the evolution of the process {X ()} is not deterministic, but rather subject
to some outside noise. We would wish to model this process with an equation of the form

%t(t) =b(X(t),t) +o(X(t),t) - noise, te€[0,T),
X(O) = 2o,

or equivalently
t t
X(t) = xg —i—/ b(X(t),1) dt+/ o(X(t),t) - noisedt, te€0,T], (2.1)
0 0

with o(z,t) : R x [0, T] — R>™ where m is the dimension of the noise vector. Typically we
use m = d such that ¢ is a square matrix, but this is not required.

We would wish that this noise process possessed certain properties. Namely we would want
that:

1. The noise process is unbiased, meaning that its mean is 0;

7



Stochastic calculus Bart van Schooten

2. The noise at time t is independent of the noise at time s for ¢ # s;
3. The variance of the noise is constant over time.

Let us now consider a process that captures only the accumulation of the moise in a one-
dimensional setup. Suppose that d =m = 1 and that {X(¢)} satisfies the equation

t
X(t):/ noisedt, t e [0,T].
0

If we now furthermore assume that the marginal distributions of {X(¢)} are normal, then
{X(t)} becomes a Brownian motion. A Brownian motion is defined as follows.

Definition 2.1 (Brownian motion; 1.4.1 in Mao| (2007))). Let (2, F,P) be a probability space
with filtration {Fi}i>0. A (standard) one-dimensional Brownian motion is a real-valued con-
tinuous {Fi}-adapted process { B(t) }1>o with the following properties:

1. B(0) =0 a.s.;

2. for 0 < s <t < oo, the increment B(t) — B(s) is normally distributed with mean zero
and variance t — s;

3. for 0 < s <t < oo, the increment B(t) — B(s) is independent of Fs.

Remark. Instead of working with a given filtration, we can also consider a Brownian motion
on the natural filtration {FP},>0, the filtration generated by the Brownian motion. In this case,
property 8 now requires that the process has independent increments.

We also define a higher dimensional Brownian motion as follows.

Definition 2.2 (1.4.3 in Mao (2007)). A d-dimensional process {B(t) = (B(t),..., B4 (t))}
is called a d-dimensional process if every {B'(t)}; is a one-dimensional Brownian motion, and
{BY(t)},...,{B%t)} are independent.

Based on this we would like to define the noise process as the derivative of a Brownian
motion B(t), such that noisedt = dB(t). We, however, have that a Brownian motion is
nowhere differentiable almost surely. Therefore we would need a new definition for the integral

1) = /O " H) dB (). (2.2)

In order to define this integral, a similar approach is used as in the definition of the normal
Riemann integral. That is, we first define the integral for a set of simple functions and then
define the general integral as a limit of integrals along these simple functions. We wish to define
the integral for all f € M?([a,b]; R?). This space is defined as follows.

Definition 2.3 (1.5.1 in Mao| (2007)). Let 0 < a < b < 0o,d > 1. Denote by MP?([a, b], R?) the
space of all R%-valued measurable {F;}-adapted processes f = {f(t)}a<i<p such that

b
17, = E [ / FOP dt] .

We say that f and g are equivalent if || f — g||% , = 0.

We also define the following space of processes which belong to L? a.s.
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Definition 2.4. Let 0 < a < b < 0co,d > 1. Denote by LP([a,b],R?) the space of all R¢-valued
measurable {F; }-adapted processes f = {f(t)}+ such that

b
/ If(@®)|Pdt < oo a.s.

As said, before defining the integral on the entirety of M?2([a, b], RY), we first define it on a
smaller family of processes instead, namely the family of simple processes. These are defined
as follows.

Definition 2.5 (1.5.2 in Mao (2007)). A R¥-valued process g = ||g(t)||a<t<p s called a simple
(or step) process if there exists a partition a =ty < t; < --- < tx, = b of [a,b] and bounded
random variables ,0 < i < k — 1 such that & is F;, measurable and

k-1

g(t) = &I{t € [to, ]} + Zéﬂl{t € (ti,tin]} as. (2:3)

Denote by Mo([a,b]; R?) the family of all such processes.
We can now define the stochastic integral for simple processes.

Definition 2.6 (Ito’s integral; 1.5.3 in Mao| (2007))). For a simple process g € My([a,b]; R?)
with the form of (2.3)) define

[ a0 Z@ lir) — ()

and call it the Ité integral of g with respect to the Brownian motion {B(t)}.

Notice that in this definition we essentially evaluate the process g on the left-end point of
each interval. While for the normal Riemann integral it does not matter on which end-point
we evaluate the integral, it does matter for the stochastic integral. When we use the left-end
point we obtain the Itd integral as mentioned above. We will be using this integral throughout
the thesis. When we instead use the mean of the left- and the right-end point we obtain the
Stratonovich integral, which possesses different properties, which we will not discuss further
here. We would also like to remark that the [t6 integral is not monotonic. That is, if f > g,
we do not have that f; f(t)dB(t) > ffg(t) dB(t). This is due to the fact that the terms
B(tiv1 — B(t;)),i =0,...,k — 1 can also be negative.

To extend this definition to the entirety of M?([a,b]; R?), we present the following approx-
imation lemma.

Lemma 2.7 (1.5.6 in Mao| (2007)). For any f € M?([a,b]; R?), there exists a sequence {g,} of
simple processes such that

limE{/ |f(t) — gn(t \] dt = 0.
n—oo
We are now ready to define the integral (2.2) for all f € M?([a,b]; R?) as follows.

Definition 2.8 (Ito’s integral continued; 1.5.7 in Mao| (2007)). Let f € M?([a,b]; R?). The Ito
integral of f with respect to {B(t)} is defined by

n—oo

/ FOAB@) = lim [ g.(t) dB(t), (2.4)

where (gn)n 18 a sequence of simple processes such that

JE&EU |f(t) ]2dt} 0.
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Using the previous lemma we find that such a sequence of simple processes always exists.
Furthermore, it can also easily be shown that the limit in the right hand side of exists
and is independent of the particular sequence {g,}. Therefore we have that the It6 integral is
well defined for all processes f € M?([a, b]; R?).

Next we state some important properties of the It integral.

Theorem 2.9 (1.5.8 and 1.5.9 in Mao| (2007)). Let f,g € M?([a,b];R?), and let o, 3 be two

real numbers. Then

1. fff(t) dB(t) is Fy-measurable;

2 B[} () aB(t) | F] =0;

3, E[ i B t)ﬂ =E [ff |F ()2 dt} (It6’s isometry);

4o af () + Bg(t) dB(t) = a [, f(£)dB(t) + 5 [, g(t) dB(D).

These statements are proven by first showing them for simple processes based on definition [2.6]
and then showing that they can be extended to all processes in M?([0, 7], R?). Based on this
theorem, and in particular point two we get the impression that the stochastic integral is a
martingale, as the increments have expectation 0. The following theorem shows that this is
indeed the case.

Theorem 2.10 (1.5.14 in Mao| (2007)). Let T > 0. Let f € M?([0,T];R?). Define

/f )dB(s), 0<t<T,

with 1(0) = 0. We call I1(t) the indefinite It6 integral of f. We now have that I = {I(t)}o<t<r
18 a square integrable continuous martingale with quadratic variation given by

<I,I)t:/0t|f(s)|2ds, 0<t<T.

Here the quadratic variation is defined as the unique process starting at 0 such that I — (I, 1)
15 a martingale. Since I is continuous we also have the equivalent definition

n

(I,I), = [I], = lim Y (I(te) = I(te1))*,

IPll—0 4=

where P ranges over the partitions of the interval [0, t].

Remark. If we use f =1, we obtain that I(t) = B(t) based on Definition [2.6. From this we
can conclude that the quadratic variation [B]; =t. In particular we have that

n n

I1Pll—0 4=

which suggests that, heuristically speaking, dB(t)? = dt.

Remark. [t is also possible to extend the definition of the Ité integral even further to the space
L2([a,b],RY). In this case the integral I is no longer a martingale but only a local martingale.
This allows us to use the Ité integral before we verify that the integrand belongs to M?([a, b], RY).
We can than later check that this is indeed the case, such that the integral still becomes a
martingale.

10
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2.2. Martingale inequalities

Knowing that the stochastic integral is a martingale, we now present some theorems about
martingale processes that will be useful later.

We first present Doob’s inequality. This inequality relates the moments of the supremum
over a time interval [a,b] of a martingale process to the moments of that martingale at time
b. As we wish to bound the supremum norm of certain processes, or the differences between
them, this seems like a useful inequality.

Theorem 2.11 (Doob’s inequality; 1.3.8 in Mao| (2007)). Let {M(t)} be an R%-valued martin-
gale. Let [a,b] be a bounded interval of Ry. Let p > 1 and suppose that for all t, M(t) € L?,
i.e. E[|M(t)|P] < co. Then

p

[ ] < (S25) EM@P) (25)

a<t<b p—1

The downside of Doob’s inequality is that we still need to manage the moments of martingale

at time b. In the case that the martingale is a stochastic integral, that means we want to
compute

E

[ rerase|

In general, it is not directly clear how to do this. Point 3 of Theorem however shows that
for p = 2 there is a relation between the second moment of the stochastic integral and the L2
norm of the integrand. Let f € M?([0,T],R>™) and set I(t) = fot f(s)dB(s). Using Doob’s
inequality and It6’s isometry we have

[ s o] <oz [ [ el

0<t<T
It turns out that this inequality can be generalised for all p > 2, as the following theorem shows.

Theorem 2.12 (1.7.2 in Mao| (2007))). Let p > 2. Let {B(t)} be a m-dimensional Brownian
motion and let g € M?([0,T],R>™) such that

=[[ woras
Ja(ita) el fore]

This inequality turns out to be really useful, as it not only gets rid of the supremum, but
also changes the stochastic integral into a normal integral and shifts the power p inside the
integral. We will be using this theorem in the proofs of various theorems, such as the existence
to solutions of stochastic differential equations. We would also like to compare it to the following
lemma, which also allows us to move the power p inside the integral, but this time for normal
integrals.

< 00.

Then

[ | g(s) dB(s)

0<t<T

Lemma 2.13. Let p,q > 1 such that % - % =1. Let f € M?([0,T],R?), then

[ | <] [Cireras)

11
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Proof. Firstly, we have

sup
0<t<T

t p T p
[ sl < ([ 1re1as)
0 0
Using Holders theorem we have

(/OT|f(S)|ds>p < </0T1qu> /OT|f(S)|”ds

-7 [ ") ds.

SIS

Using that % + % = 1 we can deduce that § = p — 1. Combining these properties and taking
expectation on both sides completes the proof. [ |

The only downside to Theorem is that the statement is only valid for p > 2. In certain
cases we also would like to be able to control for example the first moment. For this we present
the following theorem, that will help us out in those scenarios.

Theorem 2.14 (Burkholder-Davis-Gundy Inequality). Let {X (t)} be a martingale with X (0) =
0 and quadratic variation {A(t)}. Then for every p > 0, there exist a universal positive constant
¢p, Cp (depending only on p), such that

o [lA0IF] <E| s [X()F| < 6B [lael].

In particular, in the case that {X (t)} is giving by

X(t):/of(s)dB(s), t € 10,77,

f e M2([0,T],R?), we have

[ ieras

2.3. Stochastic differential equations (SDEs)

ya
2

c,E <E {sup ] tf(s) dB(s)|p1 < C,E

0<s<t 0

[ ireras

1

Now that we have defined the stochastic integral, we can return to our original problem. Equa-
tion (2.1) can now be written as

X(t):xo+/tb(X(t),t)dtJr/ta(X(t),t)dB(t), t € [0, 7). (2.6)

We now wish to seek solutions {X (¢)} that satisfy {o(X(t),t)} € M?([0,T]; R) such that the
stochastic integral is well-defined. Before we are able to continue, we first need an important
result to more properly deal with the stochastic integral. Similar to the normal Riemann
integrals, the definition as is is not particularly helpful when evaluating the integral. It6’s
lemma (also known as It6’s formula) will help us with this. We first define what am It6 process
is

12
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Definition 2.15 (1.6.3 in Mao| (2007))). A d-dimensional It6 process is an R*-valued continuous
adapted process {X (1)} = {(Xu1(1),..., Xa(t))"} ont =0 of the form

+/0 7(s ds+/ 9(s) dB(s),

where f - (flv"'afd)T S £1(R+)Rd) g = <g23>d><m € £2<R Rdxm)’ and B<t> is a m-
dimensional Brownian motion. We say that {X(t)} has stochastic differential dX (t) given
by

dX(t) = f(t)dt + g(t)dB(t).

Notice that if we where to found solutions to (2.6]), that this process would be an Itd process
with f(t) = b(X(¢),t) and g(t) = o(X(t),t), given that they are integrable and square integrable
respectively.

We now have the follow theorem.

Theorem 2.16 (It6’s lemma; 1.6.4 in Mao (2007)). Let {X(t)} be a d-dimensional Ito process
on t > 0 with stochastic differential

dX(t) = f(t)dt + g(t)dB(?),
with f € LY(R;RY) and g € L2(R;R>™). Let V € C*H(RY x Ry ;R). Then {V(X(t),t)} is

again an Ité process with stochastic differential given by

%}W (VL V(X @), )T F(E) + %trace (9(t)" Ho(V(X(t),8))g(t)) | dt

+(VLV(X(1), 1) g(t)dB(t),

where V, denotes the gradient with respect to the x variable and H, the Hessian with respect
to the x variable.

dV(X(t),t) =

Notice how this result is very similar to the usual chain rule in calculus. The only difference
is that in this case the second derivative still plays a roll. We will show why this is the case by
giving a heuristic idea of the proof for the case d = 1. We will consider a Taylor expansion of
V(x,t). We obtain that

IV (x,t) oV (z,t) 102V (z,t) | o
———dt + ———=d ———d

ot T e YT T
Setting x = X (¢) and using the expression for d X (t) we get

av()(;' t(t),t) dt + av(g( ;t),t) (FO)dt + 9B @)

10°V (X (t),t

5% (f(£)%At* + 2f(t)g(t)dtdB(t) + g(t)*dB(t)*) + - - .

The quadratic variation of the Brownian motion now suggests that dB(t)? = dt, while the
terms dt?, dtdB(t) and all higher order terms tend to 0 faster than d¢. Therefore we obtain,
heuristically,

dV(z,t) =

AV (X (),1) =

V(X)) = av();it),t)dwav(g;t),t) (FOdE + (D) dB(®) + ;th?dt
_ (8V()§§t),t) +6V(§£t),t)f(t)+ ;a (a 0.1 ())dt
RGO

We now have all the tools we need to find solutions to Equation (2.6). First, we define what
we mean with a solution.

13
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Definition 2.17 (2.2.1 in Mao| (2007))). Let (2, F,P) be a probability space with filtration
{F#)}:. Let {B(t)} be a m-dimensional Brownian motion on this probability space. An R%-
valued stochastic process {X (t)} is called a solution of Equation (2.6) if it has the following
properties:

1. {X(t)} is continuous and Fi-adapted;
2. {f(X(1),0)} € LY[0,T];R) and {g(X(), 1)} € L2([0, T], R™™);
3. Equation holds for every t € [0,T] with probability 1.

In this definition that we will use from now on, the Brownian motion {B(¢)} is assumed to
be part of the equation, rather than the solution, and we say that Equation has a strong
solution if it has a solution for all Brownian motions. There exists also the notion of weak
solutions for in which the Brownian motion and the probability space itself are instead
a part of the solution, but we will not discuss this here further. We now have the following
important theorem regarding the existence of strong solutions for Equation .

Theorem 2.18 (2.3.1 in Mao, (2007)). Consider the SDE (2.6). Assume that E [|zo|*] < oo.
Assume that the function b(z,t) and o(z,t) are Lipschitz in space, i.e. there ezists a K > 0
0

such that for all z,y € Rt € [0,T] we have
|b(l’,t> - b(yv t>|2 v |0'(Jf,t) - 0(y7t)|2 < Kll‘ - y’2

Furthermore, assume a linear growth condition, i.c. there exists K > 0 such that for all
z € R4t €0,T] we have

b, )1 Vo (z,O)? < K(1+ |2]?).

Under these assumptions we have that there exists a unique solution {X ()} of (2.6) belonging
to M2([0,T],R9).

Proof. We start the proof by showing the boundedness of the solution. In particular, suppose
that {X(¢)} is a solution of (2.6]), we will show that

E { sup |X(s)]2] < (1+ 3E [|zo|?]) exp BKT(T +4)).

0<s<T

Firstly, for every integer n > 1, define the stopping time 7,, = T Ainf{t € [0,T] : | X(¢)| > n}.
Define X™(t) = X(t A7,) for t € [0,T]. Then X"(t) satisfies the equation

X" (t) = xg —|—/0 b(X"(s),s)1{s € [0,7,]} ds +/0 o(X"(s),s)L{s € [0,7,]} dB(s).

Using the binomial inequality gives

2
-+

2

| X" (1)]? < 3|zol® + /0 o(X"(s),s)1{s € [0,7,]}dB(s)

/0 b(X"(s),s)1{s € [0,7,]}ds

Applying Holders inequality (Lemma [2.13)), the Doob-like inequality (Theorem [2.12)) and the
growth assumption gives

E {Sup |X"(s)|2} < 3E [|zo)?] +3f<T/O (1+]E[|X"(s)|2})ds+12k/0 (L+E[|X"(s)]])ds.

0<s<t

14
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We therefore have

1+E [sup |Xn(s)|2] < 1+ 3E [Jzo)?] +3f<(T+4>/0 (1+E [|X"(s)*]) ds.

0<s<t

Applying Gronwall’s inequality gives

1+E { sup |X"(s)|2} < (1+ 3E [|zo|?]) exp BKT(T +4)).

0<s<T

Using the definition of X" (), we have that

n*P(r, <T) <E { sup |X"(s)|2} :
0<s<T
Since we just showed that the right hand side is bounded independent of n, we clearly have
P(r, <T) — 0 as n — oo. Therefore we have that X™ — X almost surely. Applying Fatou’s

lemma now proves the required bound.
Next we prove uniqueness. Suppose that {X(¢)} and {Y(¢)} are two solutions of (2.6). We

obtain that

X(t)-Y(t) = /Otb(X(s), s) —b(Y(s),s)ds + /OtU(X(S), s)—o(Y(s),s)dB(s),
2 s

2

Xt)-Y)|*<2 /0 b(X(s),s) —b(Y(s),s)ds /0 o(X(s),s) —a(Y(s),s)dB(s)

Taking supremum and expectation, and then using Holders inequality (Lemma [2.13) and the
Doob-like inequality (Theorem [2.12]) we obtain

E [Sup X (£) — Y(t)|2] < 2R [/Ot b(X(s), 5) — b(Y(s),s)Fds}

- T SE { / o(X(s), ) - a<Y<s>,s>|2ds: .

Using the Lipschitz assumption we get

E {Sup 1 X () —Y(t)IQ} < K(2T +8) /OtE[Sup X (s) = Y(s)]*| ds.

0<r<t 0<r<s

Finally, applying Gronwall’s inequality gives

E {Sup X (t) — Y(t)|2] =0.

0<r<t

Therefore we conclude that {X(¢)} and {Y(¢)} are indistinguishable, proving the uniqueness.
Lastly, we present the proof for the existence of solutions. For this we make use of Picard
iterations. Namely, let X°(#) = z, for all ¢ € [0, 7] and for every integer m > 0 define

Xm+1(t):x0+/0 b(Xm(s),s)ds—l—/O a(X™(s),s)dB(s).

We will show that this is a contraction. In particular, we prove using induction that

| < e

B | sup 1Y) - Xm0 < (0

0<r<t

15
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with R = max{2K (T + 8)(1 + E[|zo|?]),2(T + 4)K}. For m = 0 we compute, using Hélders

inequality,
/ o(xg,s)ds
0

Taking expectation, using the Doob-like inequality and the linear growth assumption gives

2

t
sup | X'(r) — xo|* < 2t/ |b(z0, 8)|>ds + sup 2
0<r<t 0 0<r<t

t
E | sup |X'(r) —xo\z] < 2K(T+8)/ E [1 4 |zo|?] ds
0

0<r<t

< 2K(T + 8)t(1 + E [|zo*]) < Rt.

Now suppose that the result holds for m — 1. Now for m we have

2

sup [ X" (r) — X" ()] <2 sup
0<r<t 0<r<t

/Or b(X™(s),s) — b(X™ 1(s))ds

2

+ 2 sup
0<r<t

/OTO'(Xm(S), s) —o(X™(s))dB(s)

Taking expectation, applying Holder and the Doob-like inequality and applying the Lipschitz
assumption we get

E | sup | X™(r) —Xm(r)IQ] < 2(T+4)K/Ot]E {Sup | X™(r) —Xm_l(r)|2] ds

0<r<t 0<r<t
t m
< R/ (72s) ds
0

m!
(Rt)ym+!
~— (m+ 1)V

which proves the result. Applying Markov’s inequality now gives

P ( sup X0 - X70)] > 5 ) <27 | sup X0 - Xm0

0<t<T 0<t<T
(RT) m+1

< 22m—‘
- (m+1)!

Since this is summable over m, the Borel-Cantelli lemma gives us that

1
P ( sup | X" (r) — X™(r)|* > = for infinitely many indices m) = 0.
0<t<T 2m

Therefore, for almost every w € 2 we have for sufficiently large m that

1
sup [ X" (r) — X™(r)]? < —,
0<t<T 2m

such that for fixed w the series

o + %:(X’““(t) - X*(1) = X"(t)

16
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converges uniformly on [0, 7. Now define X (¢) = lim,,_,oc X™(t), t € [0,T]. We now show that
{X(t)} is a solution to (2.6). Recall that the {X™(¢)} are given by

Xm+1(t):x0+/0 b(Xm(s),s)ds—i—/o a(X™(s),s)dB(s).

We clearly have that the left hand side converges to X(¢) uniformly. By the Lipschitz as-
sumption we have that b(X™(s),s) — b(X(s),s) and o(X™(s),s) = o(X(s), s) uniformly, and
therefore also the integrals

[ [, 90 as

and

/0 l0(X™(s),8) —a(X(s),s)[*ds = 0 a.s.

Therefore, using Proposition 7.3 of Baldi (2017), which relates the convergence in probability
in L? of the integrand to convergence of the It6 integral in probability,

/0 o(X™(s),s)dB(s) 5 /0 o(X™(s),s)dB(s).

Taking the limit along a sub-sequence turns this convergence in probability into almost sure
convergence. Since the other terms already converge a.s., by uniqueness of limits this does not
cause any problems. Therefore we have proven that {X(¢)} is a solution to (2.6)), proving the
theorem. [ |

The assumption as stated in Theorem [2.1§ can easily be weakened to allow for more general
drift functions b and diffusion functions o. In particular, we will show that a local Lipschitz
assumption suffices to prove existence and uniqueness up to a time 7, the stopping time when
the process first leaves the ball or radius R centered around 0. In order to then prove general
existence and uniqueness on a time interval [0, 7], one only needs a sufficient growth condition
to show that limp_ ..o TR AT = T a.s. In this case the solution of the SDE will be defined based
on these stopped processes. The reason that this approach works is because of the following
theorem.

Theorem 2.19 (9.3 in[Baldi (2017)). Let b;, 04,1 = 1,2, be measurable functions on R x [0, T].
Let X;,1 = 1,2, be solutions of the SDE

X;(0) = xo.

Let D C R? be an open set such that, on D x [0,T], by = by, 01 = 09 and, for every x,y €
D0<t<T,

Then, if T; denotes the exit time of X; from D,
AT =1 AT as. and P(Xi(t) = Xa(t) for every 0 <t <m AT)=1.

Using the above result we can now state the following theorem, based on Theorem 2.3.4 in
Mao, (2007) and Theorem 9.4 in Baldi (2017).

17
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Theorem 2.20. Consider the SDE
dX(t) =0b(X(t),t)dt + o(X(t),t)dB(t),

Assume that E [|zo]?] < oo and that the function b and o are locally Lipschitz, i.e. for each
R > 0 there exists an constant Lr > 0 such that for all z,y with |z|A|y| < R and t € [0,T] we
have

[b(z, 1) = b(y, )| Alo(2,t) — o(y, )| < Lrlz =yl

Lastly, assume that supg<,<7 |b(0,1)|A|o(0,1)] < oco. Then there exists a unique solution { X (t)}
on the interval [0, Too], Wwith Too = limpg_oo TR AT. Here T denotes the exit times from the ball
with radius R centered around 0.

Proof. Let R > 0 we consider the SDE

AXR(t) = ba(Xn(t), )dt + o(Xa(t), )dB(),
Xr(0)

Zo,

where bg is such that bg = b on B(0, R) x [0,7] and globally Lipschitz, and similarly for og.
By the assumption that supg,< [0(0,1)] A |0(0,t)] < oo we have that br and og also satisfy
the linear growth condition of Theorem [2.18, Therefore we can apply Theorem to obtain
a unique solution Xg(t). We now define the solution {X ()} of the original process as

X(t)IXR(t), tSTR.

Because of Theorem this solution is well-defined. Indeed let 0 < Ry < Ry. Then we have
that b, = b = bg, and o, = 0 = og, on B(0, Ry) x [0,T]. Therefore Xp, = Xg, on t < 7g,,
and 7r, > 7Tg, a.s. We now have constructed a solution on the interval [0, 7], as required,
proving the theorem. [ |

Remark. The equations we have considered so far feature functions b and o which on itself are
deterministic. It is however also possible to make the functions itself depend on w. It turns out
that the above theory is still valid as long as the functions b and o are adapted and of course still
satisfy the other required assumptions. Details can be found in|Gikhman and Skorohod (1972).

18



3. Existence, uniqueness and moment bounds

In this chapter we will investigate under which conditions the equations presented in Chapter
have strong solutions. In Chapter 2| we have seen sufficient conditions for the existence and
uniqueness of basic SDEs.

In this chapter we will relax these assumptions further and show that these milder solutions
are sufficient to prove the existence and uniqueness for the class of SDEs with delay we are
considering. Furthermore, we show that all the moments of the processes exist, both for the
marginals and the supremum norm.

Knowing that the equations possess unique solutions, we can study the solutions and their
properties further in the next chapters. In these later chapters the moment bounds also play
an important role, as they are used to derive other properties of the solutions.

The chapter is structured as follows; we start by presenting all our results, first for the inter-
acting particle process in Section and then for the McKean-Vlasov process in Section [3.2]
The proofs for all the results are presented afterwards in Section [3.3

3.1. Interacting particle process

Let N > 1 and T,0 > 0. As stated we will first consider the following model, describing an
interacting particle system, where the interaction happens through the mean with a delay 0.

dX'(t) = f(X'(t))dt + g (%ZXj(t — 5)) dt +edB'(t), i€l,...,N,t€[0,T], (3.1)

X0) = b, (3.2)
X'(s)=¢&, se€[-6,0), (3.3)

ER

with f,g € C(R?,R?) and B’ independent d-dimensional Brownian motions. We assume that
zl and &, s € [—0,0) are i.i.d. and Fy-measurable. For the functions f and g we have the
following set of assumptions.

Assumption 1. We say that the functions f and g satisfy Assumption 1 if the following holds.

1. The function f is locally Lipschitz, i.e. for each R > 0 there exists a constant Lr > 0
such that for all z,y € R? with |x| A |y| < R we have that

[f(x) = f(y)| < Lelz —yl.

2. The function f satisfies a one-sided global Lipschitz condition, i.e. there exists a constant
C > 0 such that for all x,y € R? we have

(x—y, fx) = f(y)) < Claz —yl*.

3. The function g s globally Lipschitz, i.e. there exists a constant L > 0 such that for all
z,y € R? we have

lg(z) — g(y)| < Llz —yl.

Remark. Although the above assumptions are sufficient for our result, we make some further
minor assumptions to make the proofs simpler. In particular we will assume that f(0) = g(0) =
0. This implies that we have the following two inequalities for all x € RY:

(z, f(2)) < Claf,
|g(z)| < Llz|.
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3.1.1. Existence and uniqueness

For the existence and uniqueness of solutions to Equation (3.1)) we have the following theorem.

Theorem 3.1. Suppose that Assumption |1| holds. Suppose that E|[|z{|*] < oo and also that
sUp_s<ico E[|€]]?] < oo. Then there exists a unique set of solutions {X'(t)},i = 1,...,N to
Equation (3.1). Furthermore, we have that {X'(t)} € M?([0,T],RY) for alli=1,...,N.

3.1.2. Moment bounds

In Theorem [3.1] we have seen that the solutions {X?(#)} belong to M?([0, 7], R%). In this section
we will extend this results. We have the following theorem.

Theorem 3.2. Let f and g be functions that satisfy Assumption[l. Furthermore, assume that
g is bounded, i.e. there exists a constant M > 0 such that |g(x)| < M for all z € R, Let
p > 1. Assume that for all 1 < i < N we have E|[|z}|P] < co. Let {X'(t)},i=1,...,N be the
corresponding solutions of Equation . We have

E { sup |Xi(t)|p1 < 00. (3.4)

0<t<T

3.2. McKean—Vlasov process

We now instead consider the McKean-Vlasov process, where the dependence on the mean also
happens with a delay §.

dX(t) = f(X(#)dt + g(E[X (¢t — 0)])dt + edB(¢t), te0,T],
X(O) = Xy,
E[X(s)] =&, se[-0,s).

We again have that f,g € C(R? R?) and that B is an d-dimensional Brownian motion. We
assume that xg is Fp-measurable.

3.2.1. Existence and uniqueness

For the existence and uniqueness of solutions to Equation (3.5) we have the following theorem.

Theorem 3.3. Suppose that Assumption |1| holds. Suppose that E [|zo|?] < oo and also that
SUP_s<io [&]? < 00. Then there exists a unique solution {X(t)} to Equation (3.5). Further-
more, we have that {X (t)} € M?([0,T],R%).

3.2.2. Moment bounds

Similar to what we did for the interacting particle process, we now also extend the result that
the solution to the McKean-Vlasov process belongs to M?2([0,T],R%). In particular, we have
the following theorem.

Theorem 3.4. Let {X(t)} be the solution of (3.D), where Assumption |1 holds. Let p > 1.
Assume that E [|xo]P] < co. We have

E LTETW(W} < . (3.8)
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3.3. Proofs

We will now present the proof for the above mentioned theorems. We will start with The-
orem [3.1, We will prove the theorem in steps. We will first show that, under the assumptions
we have, a unique solution exists on the interval [0, 0]. Then we will show that this solution also
satisfies the assumptions we had regarding the initial conditions on the interval [—6,0]. This
allows us to repeat our arguments to ind a solution on the interval [d,26]. Since § > 0 is fixed,
we can iterate this argument until we find a solution on the whole interval [0, T], proving the
theorem.

Proof (Theorem[3.1]). Consider the process X (t) = (X'(t), X%(t),..., X" (¢))'. Then X(2)
satisfies the SDE

dX(t) = F(X(8))dt + G(X(t — 6))dt + edB(t)

with
f(ﬁl(t)) 9 %23:11]:@_2) gl(t>
2(t LN Xt~ 2(t
rocn = | O] gy [T |y B0
FXN(t)) g (% Zj\le Xt — 5)) BN(t)

Since the interaction happens with a delay ¢, on the interval [0, §] we have that G(X(t —9)) =
H(t) for some functions H € C([0,4],R%). Since the function f is locally Lipschitz, we also
have that the function F' is locally Lipschitz, and therefore also the function F'+ H. We also
have that B is a dN-dimensional Brownian motion, as each of the Brownian motions B’ are
independent. Since we assumed that the initial conditions are Fy-measurable we have that the
function F' + H is also adapted.

Therefore, by Theorem [2.20 we have a unique solution {X (¢)} up to time T, where T, =
limg o Tg. Here Ty is the first time the process X leaves the ball B(0, R) (in dimension dN).
We now only need to show that T, A0 = § a.s. We will be showing this component-wise. In
particular, let 7% be the first time the process X leaves the ball B(0, R) (in dimension d). We
will show for each i that 70 Ad = § a.s., with 72, = limp_, Tk Since the amount of particles
N is fixed, this clearly implies that T, A d = § a.s. as well. To show that 7/, Ad = 4, let
1 <i< N and let R > 0. Consider the system of SDEs

N

dX5L(t) = fr(X4L(t)dt + g (%ng(t - 5)) dt +edB'(t), i€l,...,N,t€]0,d],
=1

Xp(0) = =y,

Xp(s) =&, s€[-09),

where fr is such that fr = f on B(0, R), is globally Lipschitz and satisfies condition 1 and 2
of Assumption [I] Note that the function g is already globally Lipschitz, so we do not need to
make a local approximation. By Theorem we have that the exit times of B(0, R) coincide
for X* and X%. Using It0’s formula we compute

[ XR () = || +/0 2(XR(5), fr(XR(5))) + 2(XR(s) ( ZX )

t ¢
+ / de® ds + / 2e X h(s) dB(s).
0 0
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Applying the one-sided Lipschitz to the first inner-product, and Cauchy-Schwarz, the global
Lipschitz assumption and Young’s inequality to the second inner-product gives

. t , . 1M
< |zf|* + /0 201X 56 (s)|* + LI Xk(s)|* + L]N ng(s —8)]* +de* ds
j=1

+ /t 2e X h(s) dB(s).

Taking the supremum over time and expectation yields

0<u<t 0<u<s

4 . t . 1 <& 4
E l sup |X§%(u)|2} < E [|zf|?] +/ (2C + L)E [ sup \X}%(u)ﬂ + LN ZE [|[X%(s —0)|*] ds
0 =
+tde® + E [ sup / 2e X5 (s) dB(s)] :
0<u<t Jo
Using the Burkholder-Davis-Gundy inequality gives

< E [|zf|’] —i—/o (2C+ L)E [ sup |X}3(u)|2} + L% ZE [ X% (s —0)[*] ds

0<u<s
t
+tde® + [| / 42| X (s) 2 d5|é} .
0

Using symmetry of the equations such that all X7 are equally distributed and the fact that
VT < i(1+z) for all z € Ry gives

‘ ‘ 1
<E[|2] +T(L sup E[|X'(u)] +d52)+§

—6<u<0

t
+/ (2C+L+252)E[sup !XE(U)IQ} ds.
0

0<u<s

Using Gronwall’s lemma now yields

. , ' |
E {SUP \X}:(mﬂ < (E [[z5]*] + T(L sup E[|X'(u)]?] +de?) + 5) (2C+L+2e2)T

0<t<é —0<u<0

We have that

P(rh, <0) R*<E {sup ]X}é(t)|2] .
0<t<s
Since we just showed that the right hand side is bounded independent of R, sending R to
infinity gives P (74 < &) — 0. This means that 75 — § a.s., proving existence on the whole

interval [0,6]. Furthermore, using Fatou’s lemma the above bound also holds for the process
X' itself. Therefore we have that

sup E [|X1(t)|2} <E [sup |Xi(t)|2] < 00,
0<t<$ 0<t<s

meaning that the solution on the interval [0,0] can serve as an initial condition for a solution
on the interval [0, 20]. Repeating this argument shows existence and uniqueness on the whole
interval [0, 7], proving the theorem. [
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We continue with the proof of Theorem [3.2] In the proof of Theorem we have already
seen that the result holds for p = 2, even when ¢ is not bounded. We will now present the case
when p > 2. The proof is inspired by the proof of Theorem 2.3.3 of Reif| (2007).

Proof (Theorem[3.4). Let 1 < N and p > 2. We wish to show that E [sup,<,<p |X'(t)[P] < oc.
We will be doing this by showing that there exists a K such that e X®\T8) (1 4+ | X (¢ A 75)[P)
is a supermartingale. Here 7 is the first time the process X* leaves the ball B(0, R). We can
then use this result to obtain an upper-bound on P (75 < T'). With this bound we can derive
the required result. To be precise, let

:pC+g(1+M2+(p—2+d)€2).
By Ito’s lemma we have
M AHXTOF) - 1+ X' (0)])

¢ ¢
:—K/ e_KS(1+\Xi(s)]p)ds+/ e Bop| X (s) P2 X () d X (s)
0 0
1t g 20 yi( o [P—2
+§ e pp— 2+ d)e”| X (s) [P ds.
0

Working out the term dX*(s) gives

= local martingale +/0 e K (—K(l + X" (s)P) +P’Xi(5)‘p72<Xi(5)»f(Xi(S)») ds

+ /Ote—f“(pm () ( ZXJS—) §<p—2+d>e2wxi<s>|f’—2> ds.

Applying the one sided Lipschitz assumption of f to the first inner-product and Cauchy-
Schwarz, the boundedness assumption of g and Young’s inequality to the second inner product
yields

t
< local martingale +/ e K (—K(l + | XP) + pC| X (s)|P + g[Xi(s)V’) ds
0
t
+/ e ( M2+ -2+ d)?xi(s )|p—2) ds.
. 2 2
Using the fact that |2|P=2 < 1+ |z|P for all z € R? and grouping everything together gives

t
< local martingale +/ e K (—K +pC + g + %)MQ + g(p -2+ d)52> (1 + |Xi(8>|p) ds
0

Due to our choice of K we find that {e 5 \#) (14| X?(tATg)[P)} is a supermartingale. Therefore
we have that

E[1+|X(0)F] > E [e XU (1 + | X' (t A 7g) )]

In particular, this implies that

E[14|X(0)]] ™' —— >P(rp < t).
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We now only need to show that this result implies that the moments of the process X* in the
supremum norm are finite. To do this, let ¢ < p. We obtain

5| s (x| = [TP (s X0l = R) ar

0<t<T 0<t<T

:/ P (rys < T) dR.
0

Using the previous result

7 <1
SE[1+\X(O)|p]6KT(1+/1 WdR)

=E [1+|X°(0)]"] " (1 + L) < 00,
pP—q

proving the theorem. [ |

We now aim to prove Theorem and Theorem [3.4] regarding the existence and uniqueness
of solutions to the Mckean-Vlasov equation, as well as its moments in the supremum norm.
We start out with the proof of Theorem [3.3] The idea is similar to the proof showing that the
interacting particle system has unique solutions. We again first show that local existence holds,
and then also verify that these solutions in fact exist on the entire interval [0, T]. Just as in the
proof of Theorem [3.1} we will be doing this step-wise, by first showing that a unique solution
exists on the interval [0, 4], and then showing that this solution satisfies the assumptions we
placed on the initial conditions, such that we can iterate this approach to obtain solutions on
the intervals [, 28], [20, 39] until we have a solution on the entire interval [0, 7"]. To be precise,
the proof is as follows.

Proof (Theorem[3.9). Consider the SDE (3.5) on the interval [0,8]. Setting b(z,t) = f(z) +
9(&—s), due to Assumption , we have that Theorem applies, such that we have a solution
on the interval [0, 7], where 7, = limpg_, Tg, with 75 the exit time of the ball B(0, R), R > 0.
We now wish to show that limp_ oo 7 A 0 = 9 a.s. Consider the SDE
dXg(t) = fr(Xr(t))dt + g (&_5) dt + edB(t),t € [0, 4],

XR(O) = Xy,

Xr(s) =&, se€[-=9,s9),
where fr is such that fr = f on B(0, R), is globally Lipschitz and satisfies condition 1 and 2
of Assumption [I] Note that the function g is already globally Lipschitz, so we do not need to
make a local approximation. By Theorem we have that the exit times of the ball B(0, R)

coincide for the processes X and Xg.
Using Itd’s formula we compute

[ XR()* = |wof* + /0 2(XR(s), [r(Xr(5))) + 2(Xr(s), 9 (£5-5))) + de* ds

+ /t 2e Xp(s)dB(s).

Applying the one-sided Lipschitz to the first inner-product, and Cauchy-Schwarz, the global
Lipschitz assumption and Young’s inequality to the second inner-product gives

t
< |zol* + / 20| Xp(s)* + LIXR(s)] + L|&s|* + de* ds
0

+ /t 2e XR(s)dB(s).
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Taking the supremum over time and expectation yields

E [ sup |XR<u>|2] <E o] + [ 00+ DE [ sup |XR<u>|2] T Ll ds

0<u<t 0<u<s

+tde® + E { sup /0 ' 2e X p(s) dB(s)} :

0<u<t

Using the Burkholder-Davis-Gundy inequality

<E (o] + [ 20+ L)E { sup |XR<u>|2} L, 5 ds

0<u<s

t
+tde* + E {|/ 452|XR(3)|2d3|5} :
0
Using the fact that /x < %(1 + x) for all x € R gives
1
<E[|zo]’] + T(L sup €] +de®) + =
—§<u<0 2

t
—1—/ (2C+L—|—2e2)E[sup |XR(u)|2] ds.
0

0<u<s

Using Gronwall’s lemma now yields

1
0

0<t<s —§<u<0 2

We have that

P(rr <6)R*<E [Sup ]XR(t)]Q} :

0<t<o

We now continue in the same way as we did in the proof of Theorem [3.1] In particular, we
argue as follows. Since we just showed that the right hand side is bounded independent of R,
sending R to infinity gives P (g < §) — 0. This means that 7x — § a.s., proving existence on
the whole interval [0, ¢]. Furthermore, using Fatou’s lemma the above bound also holds for the
process X itself. Therefore we have that

sup E [|X(t)|2} <E [sup |X(t)|2] < 00,
0<t<§ 0<t<§

meaning that the solution on the interval [0, 0] can serve as an initial condition for a solution
on the interval [0, 20]. Repeating this argument shows existence and uniqueness on the whole
interval [0, 7], proving the theorem. [

Lastly, we present the proof of Theorem [3.4, We already have proven the result in the case
that p < 2. For the proof of the case p > 2 we use a similar approach as we did for the proof
of Theorem [3.2| That is, we show that there exists a K such that ~%*(1 + | Xz (¢)|P) is a super-
martingale. This will give us an upper-bound on the probability that 7z < T, in a way that will
allow us to show that the moments of X in the supremum norm are finite. This time, however,
we do not need the assumption that ¢ is bounded. This is because we have a deterministic
upper-bound on the expectation of X at time t,¢ € [0, 7], while for the interacting case we
did not have a deterministic upper-bound for the empirical mean of the particles. The precise
proof is as follows.
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Proof (Theorem . Let p > 2. Let

K:pC+gL+§(p—2+d)€2

+ %?L ( sup E [|X(r)]*] + (]E [1X(O)P]+TL sup E[|X(r)]] +Te+ %) 6(20+L)T) '

—6<r<0 —6<r<0
Using [t0’s lemma we compute
e M1+ X (OF) — (1+]X(0)7)

= —K/O e T 1+ | X (s5)P) ds—l—/o e R p| X (5)[P2 X (s)T dX (s)

1 t
+ 5 / e Xop(p — 2+ d)e* X (s) P2 ds.
0

Expending the term dX (s) yields
t
= local martingale —|—/ e (=K (14 |X(s)[") + p| X (s)P>(X(s), f(X(s)))) ds
0

+ /0 e (DX ()X (5), (B [X (5 = D)) + 50— 24+ d)e? X ()72 ds.

Applying the one-sided Lipschitz assumption on f to the first inner-product and Cauchy-
Schwarz, the global Lipschitz assumption on g and Young’s inequality gives us

t
< local martingale +/ e K (—K(l + | XP) +pC|X (s)|P + §L|X(s)|2) ds
0

+ /0 e (LI [1X (s~ )P) + Do — 2+ )X (9)P7) .

Using the fact that |z[P=2 < 1+ |z|? for all z € R? and reordering all the terms yields

< local martingale
! p, D p
T / e (<K +pC+ EL+ ZLE [1X (s = )] + £ (0 — 2+ d)2) (1 + [ X (5)]") ds
0

By our choice of K, and the bound on the second moment we found earlier, we find that
{e=K@ATR) (1 4| X (t A TR)|P) Yo<i<r is a supermartingale. Therefore we have that

E[1+|X(0)]7] > E [e” XUAR)(1 4+ | X (¢t A Tg)[7)] -

In particular we have that

E[14 | X(0)[7] ** > P(tr < t). (3.9)

1+ RP—

Lastly, we show how this result implies that the moments of X in the supremum norm are
finite. Let ¢ < p. We obtain
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Using the previous result gives

1
p] KT

—E[1+ |X(0)]] X7 (1 + p%q) < o0,

proving the theorem. |

Remark. Instead of assuming that g is Lipschitz, we can also assume that g is bounded by
some constant M > 0, i.e. for all x € R® we have that |g(z)| < M. In this case we can improve
the value of K to
K=pC+2+2p-2+d)2+Em2
2 2 2
The proof for this is similar to the proof of Theorem[3.9, as the assumption of g being bounded
was also made there.
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4. Propagation of chaos

So far we have been discussing two processes. The first process describes an interacting particle
system, where evolution of the IV particles depends on the mean position of all the particles with
a delay 6 > 0. The other processes is a delayed McKean-Vlasov process, where this stochastic
empirical mean term is replaced by the (deterministic) expectation of the process itself. By
the law of large numbers we know that the empirical mean converges towards the true mean.
Therefore it is natural to assume that there is some relation between the two models, and that
the McKean-Vlasov process can be seen as the limiting process when the amount of particles
N goes to infinity in some manner. In this chapter we will describe precisely in what way this
limit holds.

We will find out that, if we create n copies of the McKean-Vlasov process and couple them to
the first n particles of the interacting particle process by the means of using the same Brownian
motion and initial condition, under certain assumptions, we can show that the distance in
supremum norm between the interacting particle process and the McKean-Vlasov process con-
verges to 0 when sending N to infinity, while keeping n fixed. Furthermore, we also obtain
an upper bound on the rate of convergence. This result implies that the interacting particle
system possesses the so called propagation of chaos property. This means that the marginals
of the first n particles of the interacting particle process at a time ¢ will converge to the mar-
ginals of the n McKean-Vlasov processes, which are all independent of each other given that
the initial distributions of these processes are independent. Therefore we have that the chaos
(independence) of the initial condition propagates forward to all the marginals in the limit of
the amount of particles N going to infinity.

4.1. An easier example

Before we analyse the main model as presented in Section [I.1] we first consider a simpler model
to get an idea of the concept. Here we follow Chapter 1 of |Sznitman| (1991)). In particular, we
consider, for N > 0 , the system of SDEs

dXN(t) Zb XN @), XPN(@))dt + dB(t), i=1,...,N, (4.1)

X(0)=a), i=1,...,N. (4.2)

Notice that there are three major differences between this model and our model. Firstly, the
drift function b is not separated into two functions, depending on X and X’ respectively,
but as one function, allowing for more direct interaction. Secondly, in this model there is no
delay in the interaction. Lastly, in this model we consider the average of the interactions, rather
than an interaction withthe average. We will see that this also results in a different limiting
model. In particular, consider the McKean-Vlasov equation

dX'(t) =z} + // b(X'(s),y)us(dy)ds + B(t), i=1,...,N, (4.3)
us(dy) = law(X'(s (4.4)

where the initial conditions z} and the Brownian motions B’ are the same as those for the
interacting particle system. As stated, we now indeed have a different limiting model, as the
expectation over the law of X?(s) is now outside the function b rather than inside. The reason
that we call this the limiting model is because of the following theorem we have.
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Theorem 4.1 (Theorem 1.4 of [Sznitman| (1991))). Suppose that b is bounded and Lipschitz in
both arguments. Suppose that the initial conditions x},i = 1,..., N are i.i.d. Then for any
1> 1,T >0 we have

sup VNE | sup [ X"V (1) — X'(t)|| < . (4.5)

N>i 0<t<T

We omit the proof here, as it is similar to the proof of Theorem [£.3] which we will present
later in this chapter.

This theorem tells us that when N grows large, the expected distance in the supremum
norm between the trajectories of the interacting particle model and the trajectories of the
(independent) McKean-Vlasov process becomes small.

We now wish to show the propagation of chaos property. We first remark that by Proposi-
tion 2.2 of [Sznitman| (1991)) we only have to consider two particles instead of n particles, and
show that the propagation of chaos result holds for this pair. This pairwise independence im-
plies non-trivially that the propagation of chaos also holds for a set of n particles, with n > 2
fixed.

Using Theorem [4.1], we can easily show that X% — X7 in probability. Indeed, let § > 0. By
Markov’s inequality and Theorem we have that there exists a constant M > 0 such that

P < sup | X5N(t) — Xi(t)] > 0) < %E [ sup | XHN(t) — Xi(1)]] < M1 (4.6)

0<t<T 0<t<T — 0 +\/N

Sending N — oo we see that we indeed have convergence in probability in the space C([0, 7], R¢)
equipped with the supremum norm.

We now define what we mean when we say that two sequences of random variables are
asymptotically independent.

Definition 4.2. Let (X,,,Y,), be a sequence of pairs of random variables, converging in distri-
bution to the pair (X,Y). We call the sequence (X,,,Y,) asymptotically independent if the pair
(X,Y) is independent.

To show that we have propagation of chaos, which is equivalent to saying that for ¢ # j
we have that the pair (X*V X7¥)y is asymptotically independent, we want to show that
the pair (X*V, X73V)y converges in distribution to the pair (X?, X/) when N — oo, which is
independent by construction. We will show that this convergence even holds in probability.
Indeed, let 8 > 0, we have

P (JI(x™Y,y"Y) — (X, X)) > 0)

<P ( sup | XN () — Xi(t)] + sup [XPV(E) — XI(¢)] > 9)

0<t<T 0<t<T
: _ 0 . _ 6

<P ( sup |X“N(t) — X' (t)| > = U sup | XPN(t) — XI(t)] > —)
0<t<T 2 o<i<r 2

<P ( sup | XON(t) — Xi(t)] > Q) +P ( sup | XN (1) — X7(t)] > Q) ;

0<t<T 2 0<t<T 2

where the norm in the first line denotes the supremum norm on the product space C([0, T], R%)2.
The terms in the last line go to 0 by Equation . Thus we have that (X*Y, X7V)y converges
in probability to the pair (X?, X7) when N — oco. Since convergence in probability implies
convergence in distribution, we have that the pair (X%, X7")y is asymptotically independent,
as the pair (X*, X7) is independent.
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4.2. Interaction with a delay

We now wish to apply similar arguments as above to the model we introduced in Section [I.1]
Namely, we consider the following model. For N > 2 and § > 0, consider the interacting
particle process

AXN(t) = F(XN(8))dt + ¢ <% ZXJ?N(t — 5)) dt +edB'(t), i=1,...,N,
XN(0) = af, 7
XN(s) =¢€(s), s€[~0,0),

with B’ independent standard Brownian motions. Also consider the processes

dX*(t) = f(X'(t))dt + g (E [X'(t — 6)]) dt + edB'(t), i=1,...,N,

X0) =,
X'(s) (s), s€[-6,0),

I
I

where the initial conditions and the Brownian motions are the same as for the interacting
particle system. As stated before, the model differs from the previously discussed model in
several ways. Firstly the structure of the interaction is different. Instead of considering one
function depending on both the current particle and the particle with which it interacts, we now
have two functions, f and g, which consider the drift of the particle itself and its interaction
with the other particles separately.

Secondly, the interaction now happens as a function of the mean, rather than the mean of a
function. This is also reflected in the McKean-Vlasov equation, where the expectation is inside
the function g, rather than outside.

Lastly, the interaction now occurs with a delay ¢. Although this changes the model signific-
antly, we will see that the results concerning the propagation of chaos do not change because
of this. The reason for this is that we have a bound on the second moment of the process
uniformly in time. To be precise, we present the following theorem, which can be seen as the
equivalent of Theorem [4.1]

Theorem 4.3. Assume that Assumption 1| holds. Assume that the initial conditions £(s),s €
[—0,0) and x}y,i=1,...,N are i.i.d. We then have

sup NE | sup | XV (t) — X(t)|*| < 0.

N>i 0<t<T

If we compare Theorem to Theorem we can note some differences. Firstly, the result
is slightly stronger, as this time we consider the second moment rather than the first moment.
Since E [X]* < E[X?], we can obtain results for the first moment based on the second moment,
but not the other way around.

Also the required assumptions for Theorem [£.3] are milder than those for Theorem [4.1] The
latter has a global Lipschitz assumption on both arguments. Furthermore, it assumes that the
function b is bounded. In this theorem the assumptions are weakened to require only a global
Lipschitz property for the function g, and only a local Lipschitz with a growth condition for
the function f. Also neither of these functions are assumed to be bounded.

Before we present the proof of the theorem, we first present a small algebraic lemma, which
we will use in the proof.
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Lemma 4.4.

1 1, 1 ,
a ij<§a +2sz]
Jj=1 j=1
Proof.
N N
1 a b
o =3
NS o VNVN
N 2 bQ N
a 4 1 1
< — 4+ L =g = b?
—;2 ToN 2a+2N]Z]

We now present the proof of theorem. We will show that the squared distance between X'
and X' can be related to the variance of the empirical mean of the processes X%, s =1,..., N.
Since these processes are independent, we have that this variance decays linearly in N, which
will allow us to prove the result.

Proof. Using [t6’s formula we compute

dIX(t) = X' ()P = 2 (X" (t) — X*(t), f(X'(1)) — F(X'(t))) dt
2 <X@'(t) _Xi(t),g (%ZXj(t _ 5)) g (E[X(t— 5)])> dr.

Or equivalently
t

IXi(t)—Xi(t)IQZ/ 2(X'(s) = X'(s), F(X'(5)) = f(X'(5))) ds

|/ <X"<s> - X'(s).g (%st—d)) g (B [Xi<s—6>])> ds

Applying the one-sided Lipschitz assumption of f to the first inner-product, and Cauchy-
Schwarz and the global Lipschitz assumption of g to the second inner-product we obtain

g/o 201X (s) — X'(s)[2ds

+/0 | X (s) — X'(s)| L %ZXj(S—5)—E[Xi(S—(S)] ds
< [ 201w - X Pas
o . 1N
+/0 LIX(s) = X(3)] | 20X/ (s =) = X (s = 9)| s
t o _ 1L .
+/0 LIX(s) = X'(s)l| 5 D2 X(s =) ~E[X/(s - 9)]| .
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Using Lemma

< (2C’+L2)/0 |X(s) — X'(s)]*ds
+/0 %;]Xj(s—é)—)?j(s—é)\zds

1 t

2,
Next we take the supremum over time and expectation. Noting that X7/ — X7 is identically
distributed for each j by symmetry, we obtain

E [Sup \Xi(r)—xi(r)ﬁ] < (2C+L2+%)/Ot1[§[sup |Xi(r>—xi<r)\2] ds

0<r<t 0<r<s

+%/OE ‘%;Xj(s—é)—lﬁl[)_(j(s—é)}

Applying Gronwall’s inequality yields

2

ds.

1 = X J X J
N;X (s —0) —E[XI(s — 0)]

2

ds.

, _ 1 g
E [ sup | X'(r) — Xl(r)F] < 56(2(]%2*5”/ E ds.
0

0<r<T

%Z)‘cj(s—a) ~E[XI(s - 0)]

Notice that we have

E —Z)_(j(s—é) —E [X/(s - 9)]
- %nz: >0 (Xi(s—0) ~E[X{(s — 0)]) (X(s —6) ~E [X,k(s_a)})] ,

where X7 (s — §) denotes the I'th component of X7 at time s — ¢. Using independence of the
X7’s we obtain

= BN (Ko _E[Xg‘(s_a)})?]

J=1

- %E D | Xi(s—06) - K [Xj<s—5)]|2] .

Lj=1
By symmetry of the distributions of X7 we have
1 _ _
= LE [{Xl(s —§) —E[X'(s — 0)] ﬂ
M
< AT
- N
for some constant M > 0. See Chapter [3| for details on this. Therefore we obtain that

E[sup |Xi(t)—)‘(i(t)\2] < e RO+ / — ds

0<t<T

)

1 2 M
_ See+r+H T
2" ° N
proving the theorem. [ |

M
N
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Now that we have proven Theorem [£.3] we can apply a similar analysis as we did in Sec-
tion . We again have that X" — X' in probability in the space C([0,T], R?) equipped with
the supremum norm. Therefore we also have for any i # j that the pair (XY X»V) — (X X7)
in probability as N — oo. From this we can conclude that the pair is asymptotically inde-
pendent and that thus the propagation of chaos property also holds for this model, under the
assumptions as stated in Theorem [4.3]
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5. omall noise regime

In the previous chapter we discussed what happens to our model when we send the amount
of particles N to infinity. In particular, we found that for a fixed amount of n particles, the
trajectories of interacting particles converged to those of the McKean-Vlasov equation.

In this chapter we will be looking at a different limit. We will now investigate what happens
to the model when the noise parameter ¢ is send to 0. We are especially interested in whether
or not a LDP applies to our model. LDPs concern at which rate probabilities of rare events
occur on an exponential scale when the noise parameter ¢ is send to 0. Let us make this more
precise. We first define what we call a rate function.

Definition 5.1. A rate function is a lower semi-continuous function I : X — [0,00], i.e. for
all o € [0, 00), the level sets

Uia)={reX : I(z)<a}
are closed. I is called a good rate function if all level sets are compact.
With this definition in hand we can now define what we precisely mean with a LDP.

Definition 5.2. Let I be a rate function. A family of probability measures {ji.}e~o satisfies a
large deviation principle with rate function I if for all ' € B we have

— inf I(x) <liminfeln p (I') < limsupln p.(I') < —inf I(x).

zel* e—0 e—0 zel
Here T° denotes the open interior and T the closure of the set I.

Remark. We often say that a family of random variables { X¢}.~o satisfies a LDP. In this case
we mean that the family of laws of the random variables satisfies a LDP.

As said, in this chapter we investigate if solutions to SDEs satsify a LDP. We will start with
Schilder’s theorem, describing a LDP for Brownian motions. Using the so called contraction
principle, we are then able to show the Freidlin-Wentzell theorem, describing a LDP for SDEs
with a Lipschitz drift function and additive noise.

Next we look at a general result by (Chiarini and Fischer| (2014]), describing a LDP for a class
of stochastic delay equations, which may not only depend on the current state and the state at
a fixed delay o, but rather on the entire trajectory up until that point.

Finally, we investigate which assumptions we need to make such that we can apply the result
of |Chiarini and Fischer| (2014) to our model.

We will find that under a local Lipschitz assumption with a linear growth condition we are
able to show a LDP for both the interacting model as well as for the McKean-Vlasov equation.
Without the linear growth condition we are still able to show pathwise convergence of the
solution to the corresponding ODE, but we are unable to proof that a LDP holds in that case.
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5.1. Freidlin—Wentzell theorem

Throughout this section we will refer to various theorems obtained from [Herrmann et al.| (2014]).
We will refer to them for the proofs of the theorems when we do not provide the proofs ourselves.
We start by presenting Schilder’s theorem, describing a LDP for the Brownian motion re-scaled
by the square root of the noise parameter . Firstly, we notice that for ¢ € [0, 7] we have that
VeB(t) is normally distributed with mean 0 and variance et. We thus expect that the marginals
converge to 0 when € — 0. The reflection principle of the Brownian motion then implies that
this also holds on a trajectory level. A typical trajectory therefore stays close t0 0 trajectory
when ¢ is small. Schilder’s theorem now tells us how fast the probability that non-typical
trajectories occur, decays when € — 0. To be precise, the theorem states the following.

Theorem 5.3 (Schilder’s theorem; Theorem 2.28 in Herrmann et al.| (2014)). Let B be a d-
dimensional Brownian motion. For e > 0, let B = \/eB. Then on the space C([0,T], R%)
equipped with the supremum norm, the family { B®}. satisfies a LDP with good rate function

H@:{§L|Mm%w if 6 € Ha((0, T), RY),

+00, else.

Here H,([0,T],R%) denotes the Cameron-Martin space of absolutely continuous functions, which
1s defined as

H,([0,T],R%) = {f :[0,1] = R?, £(0) = 0, f is absolutely continuous with | f| € L*([0, 1],R)}

[ oasiiie v}

We will not discuss the proof of this theorem here. It can be found in Section 2.3.3 of
Herrmann et al.| (2014). We now wish to extend this theorem for Brownian motions to solutions
of equations of the following type.

dXe(t) = b(X=(t))dt + VeB(t), te|0,T). (5.1)

To do this, we make use of the so called contraction principle. This important theorem in the
study of LDPs allows us to derive a LDP for a certain family of random variables based on
an existing LDP, given that there exists a continuous mapping from the latter to the former.
Precisely, the contraction principle states the following.

Theorem 5.4 (Contraction principle; Theorem 2.17 in |Herrmann et al.| (2014)). Let X and Y
be topological spaces, and f : X — Y a continuous mapping. Let I : X — [0, 00] be a good rate
function. The following holds.

1. ForyeY let
I'(y) =inf{I(z) : z € X,y = f(x)}

with the convention that inf{@} = +oo. Then I' is a good rate function on Y ;

2. Suppose that {y.}eo satisfies a LDP with (good) rate function I, and v. = p. o =1,
e > 0. Then the family {v.}eso satisfies a LDP with (good) rate function I'.

We now wish to use this contraction principle to show a LDP for the family of solutions
{X#}.-0 which satisfy Equation (5.1)). For this we would like to use the space X as C([0, T], RY)
equipped with the supremum norm, where the laws of the family {1/B}.s¢ play the role of the
family {uc}es0. For Y we wish to use the same space as for X, but let {v.}.~o play the role
of the laws of the family of solutions {X¢}.-¢. For this we would need a continuous function
f which maps a Brownian motion to a solution of Equation (/5.1)). This function indeed exists
and gives rise to the Freidlin-Wentzell theorem.
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Theorem 5.5 (Freidlin-Wentzell theorem; Theorem 2.31 in Herrmann et al. (2014))). Let X©
be the solution to the SDE

dX=(t) = b(X*(¢))dt + v/edB(t), t€[0,T],
X°(0) =z,

where B denotes a standard R*-valued Brownian motion. Assume that function b: R? — R? is
Lipschitz with Lipschitz constant L. Then {X (t)}eso satisfies a LDP with good rate function

]woz{%k\aw—wadeu if 6~ € Ha([0, ], ),

400, else.
Proof. As said before, we wish to show that the mapping
F: C([0,1],RY) — C([0,1],RY),

which maps a function ¢ to a function f which satisfies

f(t):x+/0tb(f(s))ds+g(t), t € 0,7, (5.2)

is well-defined and continuous. We start with the well-definedness. We will show that there
exists a unique solution of for all z € RY g € C([0,T],R%) with T such that LT < 1. We
can then in steps construct a solution of length 7" for any 7" > 0. To show this existence, define
the mapping

r:C(0,7],R% — C([0,T],R%),
ﬂde+/¢U®»®+gU-

0

We will show that this mapping is a contraction. Let fi, f» € C([0,T],R%). We have

sup [['(f1)(t) — T(f2) (@) —/0 [6(f1(s)) = b(f2(s))] ds.

0<t<T

Using the Lipschitz assumption
T
< [ LA - sl ds
0

T
L — d
sé Ifi = foll ds
— LT|fi — full

Since we assumed that LT" < 1 we indeed have a contraction. By the Banach fixed point theorem
we find a unique solution f. Next we show that F is continuous. Let gy, g» € C([0, 7], R?) and
set f; = F(g;),i =1,2. We have

t
[f1(t) = f2(b)] < / [b(f1(s)) = b(f2(s))| ds +[g1(t) — ga(£)].
0
Using the Lipschitz assumption and taking the supremum over time yields

t
wpmm—ﬁvW§Aprmm—ﬁWMHWm—ML

0<r<t 0<r<s
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Applying Gronwall now gives

1f1 = foll <P lgr — gal-

Thus F' is continuous, and in fact even Lipschitz continuous. Combining Theorem and
Theorem [5.4| gives that the family {X*¢}.5( satisfies a LDP with (good) rate function

1 T
I(f) = inf = 7(s)|ds.
= it [ laolas

We now wish to show that I = I. We first notice that F'is a one-to-one mapping. Furthermore,
for g € H; we have that f — 2 € Hy and f = b(f) + ¢g. Therefore we have that I = I, which
completes the proof. [ |

It turns out that the result above can be generalised, obtaining similar results for larger
classes of SDEs under weaker assumptions. In particular we would like to present the following
result from Baldi and Caramellino| (2011). Let B be a m-dimensional Brownian motion. For
€ > 0, consider the SDE

Ye(t) = b (YE(t))dt + eo(YE(t))dB(t), Y*©(0) ==, (5.3)
with b, : R = R?, 0. : R? — R¥™ and z € R%. We now make the following assumption.
Assumption 2. There exist functions b : R — R? and o : R? — R>*™ such that

1. for every h € Hy([0,T],R™) and x € R? the ODE

g(t) = b(g(t)) + o (g(t)h(t), g¢(0) == (5.4)
has a unique solution on [0,T].

2. Let S,(h) denote the solution of Equation . For any a > 0, the restriction of Sx to
the compact set K, = {||h||1 < a} is continuous with respect to the uniform norm: for
any (hy)n C K, such that ||h, — h|| — 0 with h € K, then ||S.(h,) — S:(h)|| — 0. Here
| - || denotes the uniform norm and ||h||y is, for h € Hi, defined as

Il = (/OTlh(s)\2ds)2.

3. For every R > 0,0>0,a > 0,c > 0 there exist g > 0, > 0 such that, if € < &,
P([V*—gll > o, eB — h| <o) < e
uniformly for ||h||y < a and |z| < ¢, where g = S, (h).
We now present the following theorem.

Theorem 5.6 (Theorem 2.4 in |Baldi and Caramellino (2011)). Suppose that b., o are locally
Lipschitz and the SDE (5.3|) has a strong solution for every e > 0. Then, if Assumption @
holds, the family {Y¢}.so satisfies a LDP with inverse speed €2 and (good) rate function

17
I.(9) = inf - 2 4.
@)=, ot 2 /0 |h(s)]* ds
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The assumptions of this theorem allows for a broad general class of SDEs. In particular, it
can be shown that, when the functions b and o are locally Lipschitz, when they satisfy a sub-
linear growth condition and when b, — b and 0. — ¢ uniformly on compact sets, Assumption
is satisfied, and therefore Theorem holds. From this we can conclude that the Freidlin-
Wentzell theorem is indeed a special case of this theorem, with b. = b, 0. = ¢ = 1 and stricter
assumptions.

We will leave the discussion of regular SDEs here. In the next section we will focus on a
result describing a LDP for a class of SDEs that not only depend on their current position at
time ¢, but on their entire trajectory on the interval [0, ¢].

5.2. Large deviation principle for delay equations

Since the model we are considering, in particular the interacting particle system, not only
depends on the current state but also at the state of the system in the past with a delay ¢ > 0,
we are interested in results on LDPs for classes of SDEs that allow such dependence. In this
section we will present the results of Chiarini and Fischer| (2014). They provide criteria under
which a family of solutions {X¢}.-¢ of a SDE, depending not only on the current state of the
system and its state in the past with a fixed delay, but possibly on its entire trajectory up to
that point, satisfies a LDP. To be precise, we consider the following SDE

dXe(t) = b.(t, X°)dt + eo.(t, X°)dB(t), (5.5)
and its controlled counterpart with control-parameter v,
dXe¥(t) = b(t, Xo)dt + o.(t, X ) (t)dt + eo(t, X=¥)dB(t), (5.6)

with X¢(0) = X*¥(0) = z and v € M?*([0,T],R™). Here b and b. are functions mapping
[0, T] x C([0,T],RY) to R?, and ¢ and 0. functions mapping [0, T] x C([0,T], R?) to R>*™ with
m the dimension of the Brownian motion B(t).

Also, for f € L*([0,T],R™), consider the deterministic equation

t t
o) =o+ [ Mso)ds+ [ ols.0)f(9)ds (5.7
0 0
We are now ready to present the following set of assumptions, which will imply a LDP for
the family {X¢}..o satisfying (5.5)).

Assumption 3. H1 The coefficient b and o are predictable. Moreover, b(t,-) and o(t,-) are
uniformly continuous on compact subsets of C([0,T],R?), uniformly in t € [0,T], and
t— o(t,¢) is in L*([0, T]),R>™) for any ¢ € C([0,T],R?).

H2 The coefficients b. and o. are predictable maps such that b, — b and 0. — 0 as e — 0
uniformly on [0, T] x C([0,T],R%).

HS3 For all sufficiently small € > 0, pathwise uniqueness and existence in the strong sense hold

for (53).
Hj For any f € L*([0,T],R™), (5.7) has a unique solution so that the map

I, : L*([0,T],R™) — C(]0, T],R%)

which takes f € L*([0,T],R™) to the solution of (5.7)) is well defined.
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H5 For all N € N, the map T, is continuous when restricted to

svi={revoren: [ 1reras <]

endowed with the weak topology of L*([0,T],R™).

H6 If {e,}n C (0,1] is such that &, — 0 as n — oo and {v,}, C M?([0,T],R™) is such that,
for some constant N > 0,

T
sup/ V" (s,w)|*ds < N for §-almost all w,
0

neN

then {X¢envn}, is tight as a family of C([0,T], RY)-valued random variables and

T
sup/ E [|o(s, X)) *] ds < oo.
neN Jo

As stated, under these assumptions we have that the family {X¢}.. satisfies a LDP. To be
precise, we have the following theorem.

Theorem 5.7. Assume that Assumption@ holds. Then the family {X®}.~o of solutions to the
SDE (5.5)) with initial condition X(0) = x satisfies a LDP with good rate function

1.(9) { ! / P dr,

= in —
{fEL2([0,T]R™):To(f)=¢} 2
with the convention that inf{@} = +oo0.

Although the result is powerful and allows for a broad class of SDEs, the assumptions are
also not easy to work with. We will also present a second set of assumptions which will imply
Assumption [3] While these assumptions are stricter than the ones given above, they are also
easier to check. These assumptions are as follows.

Assumption 4. A1 The functions b and o satisfy a sub-linear growth condition. Specifically,
there exists M > 0 such that for all t € [0,T] and all ¢ € C([0,T],R?)

0<s<t

(1, 6)] Alo(t, 6)] < M <1 + sup |¢<s>|) .

A2 The functions b and o are locally Lipschitz. Specifically, for any R > 0, there exists Lr > 0
such that, for all t € [0,T] and all ¢,¢ € C([0,T],RY) with supo<s<t|P(s)| A |d(s)| < R

b(t,6) = b(t. )| Alo(t,0) = o(t, )] < L sup [o(s) = o{s)].

A8 The functions b, and o. enjoy property Al with the same constant M as well as property
A2.

A4 The coefficients b, and o. converge as € — 0 to b and o respectively, uniformly on bounded
subsets of [0,T] x C([0,T],RY).

The proof that Assumption [ implies Assumption [3] is structured as follows. Assumption
H1 is implied by A2 and Al. Assumption H3 is implied by A3. H4 and H5 can be proven by
assuming A2 and Al. Assumption H6 can be proven with Al and the Kolmogorov tightness
criterion. Lastly, A4 is a weaker version of H2, but in combination with A3 it can be shown
that the assumptions suffice such that Theorem is also true when Assumption [4 holds. The
details can be found in |Chiarini and Fischer| (2014).
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Remark. If b(t,$) = b(t,¢(t)), o(t,¢) = &(t,¢(t)), i.e. the functions only depend on the
current state and not on their past trajectory, and & is a square matriz such that 5(t, )5 (t,z)"
1s uniformly positive definite, then the rate function can be expressed as

L= [ (56)-Bs.06) " (@005,

whenever ¢ —x € H1([0,T],R?) and I,(¢) = +oo otherwise.

-1

(6(5) = bls. 0(5))) ds

With this powerful theorem in hands, we now wish to see if we can apply it, or one of
the previous mentioned theorems, to our model. In the next section we investigate which
assumptions we need to make on our model to show that a LDP holds for the solutions of the
SDEs we have been studying so far.

5.3. Application to our model

Now that we have studied various theorems about LDPs for solutions of SDEs, we wish to see
when and how they can be applied to the two equations we have been studying so far. We
will consider the two equations separately. We start with the Mckean-Vlasov equation. Let
T,6,e > 0, consider the SDE

dXe(t) = f(X°(t))dt + g(E [X(t — 9)])dt + edB(t), (5.8)
X(0) =z,
E[X®(s)] = z(s), se€[-6,0).

Assume that Assumption [I| holds, such that we know that solutions exist for all € > 0. Now
define h.(t) = g(E[X¢(t — §)]), which is a deterministic function from [0,7] to R?. Now also
define b.(t, X°(t)) = f(X°(t)) + h.(t). We can now rewrite our equation to

dXe(t) = b.(t, X°(t))dt + ed B(t),
X(0) = =.

This is an equation of the form of . We therefore have that this equation satisfies a LDP
when Assumption (] is met. Since we have that ¢ = 0. = 1, they clearly satisfy a sub-linear
growth condition and are locally Lipschitz. Furthermore, we trivially have that 0. — o as
¢ — 0. All that is left to show is that the same holds for our functions b and b.. First we need
to define our function b. We define b(z,t) = f(x) + g(p(t — 0)), where ¢ satisfies the ODE

—a:~|—/ fle (p(s—0))ds, tel0,T], (5.9)
©(0) =z, p(t =z(t), te[-650).

By Theorem , with ¢ = 0, we have that ¢ is uniformly bounded on [—4, T|. Since we already
assumed ¢ to be Lipschitz, we also have that g(¢(- — 0)) is uniformly bounded. If we now
assume that f satisfies a sub-linear growth condition we find that b also satisfies a sub-linear
growth condition. Equivalently, since we have that E[X¢(- — §)] is again uniformly bounded
by Theorem [3.4] we also find that b. satisfies a sub-linear growth condition if f satisfies such
condition. If we assume that 0 < ¢ < M for some M > 0, we can also make the constant in
the growth condition independent of £ by taking the supremum over all € € [0, M], which is a
finite number.

The local Lipschitz assumption also holds. Since we have, by Assumption [I} that f is locally
Lipschitz, we also have that b and b. are locally Lipschitz with the same constant as f.
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For the final condition we need to show that b. — b uniformly on bounded subsets of [0, 7] x
C([0,T],R%). This is equivalent to showing that g(E[X*(- — §)]) — g(¢) uniformly on [0, T].
By the Lipschitz assumption of ¢ this is implied if E [X¢(- — )] — ¢ uniformly on [0,7]. The
results of Chapter [3] in particular Theorem [3.4] is not sufficient to show this result. We will
now derive a series of results that will allow us to show that the expectation of the solution of

(5.8) indeed converges uniformly to the solution of ([5.9)).

5.3.1. Central moments

Consider the SDE (5.8). Assume that Assumption [l holds. Furthermore, assume that f is
globally Lipschitz. We obtain the following result.

Lemma 5.8. There exists a constant Cy such that for all t € [0,T] we have

E [ sup |X®(u) — E[X®(u)] ]2} < 0T (tde? + Cyv/te).

0<u<t
In particular, when € — 0 we have that the second central moment also goes to 0.

Proof. We proof this lemma by doing a straight forward computation, using our assumptions
and Gronwall’s lemma to prove the inequality. In particular, using [t6’s formula we have

[ Xe(t) —E[X(0)] " = /Dt 2(X5(s) —E[X5(s)], f(X"(s)) + E[f(X"(s))]) ds
+ tde® + /Ot 26(X*(s),dB(s)).
Applying Cauchy-Schwarz and Young’s inequality to the first inner product yields
[ Xe(t) —E[X(0)] " = /Ot | X9(s) = E[X ()] [* + [£(X?(s)) = E[f(X(s))] |* ds
+ tde? + /Ot 26(X%(s),dB(s)).
Taking supremum over time and expectation gives us

E | sup |X*(u) — E[X*(u)] |2] < [[E[x() - LX) a

+ / E [|f(X*(s)) — E[F(X*(s))] 7] ds

4 tde? +E [ sup /0 22(X(s),dB(s)}

0<u<t
Using the fact that E[|Y —E[Y][]?] < E[]]Y — a|* for any a, with Y = f(X®(s)) and a =
FE[X=(s)]) we get

E | sup | X®(u) — E[X®(u)] |2} §/0 E “XE(S) —E[X(s)] |2} ds

n / E[|/(X%(s)) — F(E[X*(s)])] [*ds

+td52—|—E{sup /0u25<X5(3),dB(s)> .

0<u<t
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Using the Lipschitz property and the The Burkholder-Davis-Gundy inequality yields

g/o E [|X*(s) - E[X(s)] [2] ds
+ L’E [|(X°(s) — E[(X°(s)] |*] ds

(/Ot 62|X6(s)|2d3>;] .

Using Jensen’s inequality and the fact that the second moment of X¢ is bounded we can bound
the last term by Chy/te for some Cy > 0 independent of ¢ when ¢ € [0, M]. Finally, applying
Gronwall’s lemma yields

+tde? + C4E

E | sup [X°(u) — E[X*(w)] 2| < e (tde?® + Cov/te),

0<u<t
which proves the lemma. [ |

We now also define a new process Y¢, which will help us show that the mean of X¢ converges
towards ¢, the solution of the corresponding ODE. We define Y* as the solution of the SDE

dYe(t) = f(YE(t))dt + g(Ye(t — 6)) + edB(t),
Ye(0) =z,
Ye(s) =x(s), se€[-06,0),

where the Brownian motion B is the same as for the process X¢. Notice that the equation
for Y¢ coincides with the interacting particle system with N = 1. Therefore we have that
Theorem and Theorem also apply to the process Y©. In particular, strong solutions
exist and those solutions have finite moments. We now have the following lemma.

Lemma 5.9. For allt € [0,T] we have

2y, 1 2
E [ sup | X(u) — Ys(u)|2] < eUH2OH2LALOT (422 4 —C2t%5),
0<u<t 2 3

where Cy is the same constant as in Lemma[5.8

Proof. The proof is similar to that of Lemma [5.8 Again, using Ito’s formula we compute
t
[ X5(t) = Y=(1)]* = / 2(X%(s) = Y*(s), f[(X"(5)) = f(Y"(s))) ds
0

n / 2(X(5) — Y*(s), g(E[X*(s — 8)] — g(Y*(s — 5))) ds.

For the first inner-product we use the one-sided Lipschitz assumption. For the second inner-
product we apply Cauchy-Schwarz, the global Lipschitz assumption on g and Young’s inequality.
Together this yields

< / 201X7(s) = Y¥(s)? + LIX"(s) = Y¥(s)|?ds

+ /0 LIE [X%(s — 6)] — Y¥(s — 0)| ds.
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Adding and subtracting the term X¢(s — d) and using the triangle inequality gives us
< /Ot(zc + L)|X(s) = Y(s)]* + LIE [X*(s — 0)] — X°(s — 6)*ds
+ /Ot LIX*(s—0)—Y%(s—6)]*ds.
Taking supremum over time and expectation yields

& [ 1w -] < | "2C +20)E s ) - Yo

0<u<t 0<u<s
t
+/ LE [|Xs(s —9) —E[X®(s—9)] |2] ds.
0
Using Gronwall’s lemma we get
t
E [ sup |X*(u) — Ys(u)|2} < 6(20+2L)t/ LE [|X°(s — 0) —E[X*(s — 0)] |*] ds.
0<u<t 0

Finally, using Lemma

t
<€(2€+2L)t/ e(1+L2)T(Sd€2+CQ\/§€) ds
0

_ 6(1+2C+2L+L2)T(%t2d52 + ;Cﬂgg)’

which proves the lemma. [ |

Now instead of assuming that f is globally Lipschitz, assume that Assumption [I| holds and
that f can be approximated by functions fr, R > 0 such that f = fg on B(0, R), fr satisfies
Assumption [I| and fr is globally Lipschitz with Lipschitz coefficient Lz such that there exists
L > 0 such that Lg < LR for all R > 0. We have the following lemma regarding the second
moment.

Lemma 5.10. There exist Cy,Cy > 0 such that for allt € [0,T]

2L2T
E | sup |X°(u) — E[X*(x)] |2] < 6Cyy |55 + 3¢ (tde? + Cav/ie).
0<u<t n_

Here the constant Cy is the same as in Lemma and the constant Cy can be chosen inde-
pendent of ¢ when e € [0, M| for some M > 0. In particular, the second central moment of X¢
in the supremum norm tends to 0 when € — 0.

Proof. The proof works by approximating the solution X¢ with other processes which do satisfy
the assumptions of Lemmal[l] In particular, in accordance with our assumptions, let fx be such
that it is globally Lipschitz with Lipschitz constant Lg, that it coincides with f on B(0, R) and
that it satisfies Assumption [I] Let L > 0 such that Lz < LR for all R > 0. Let X}, satisfy the
SDE

dX5(t) = f(XR(t)dt + g(E [XR( — 6)])dt 4 edB(?),
Xr(0) =,
Xp(s) =x(s), s€[=4,0),
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where B denotes the same Brownian motion as that of the process X¢. We have that

E | sup |X°(u) — E[X*(u)] |2} < 3E {sup | X*(u) —X%(U)IQ}

0<u<t 0<u<t

+3E { sup |Xp(u) — E [Xz(u)] |2}

0<u<t

+3E { sup |E[X5(u)] — E[X¢(u)] \21 .

0<u<t

For the last term we notice that

E | sup [E[Xp(w)] = E[X(u)] IQ] = sup |E[Xz(u) — X*(u)]]”

0<u<t 0<u<t

<E | swp (X5 - X))

0<u<t
For the second term Lemma [5.8 applies such that it is bounded by
IR (tde? + Cyv/te),

where C5 can be chosen independent of R. We now wish to control the first term (which, as
shown above, also serves as a bound for the third term). Using Theorem we have that

E | sup |X*(u) - Xﬁ(u)\?} _E [ sup |X°(u) — X5()P1{ sup X*(u) > R}

0<u<t 0<u<t 0<u<t

Using Holder’s theorem with p = g = 2 we get

[NIES

< (E [ sup | X*(u) — X;WDé (B (s < 1))}

0<u<t

where 7z denotes the exit time of the ball B(0, R) of the process X¢. Using that |a — b|* <
8la|* + 8|b|* for all a,b € R? we obtain

S

< (IE { Sup 8|X5(u)|4] +E [sup 8|sz(U)I4Dé (P(rr <t))

0<u<t 0<u<t

Using Theoremwe have that there exists a constant C1, independent of R and ¢ for e € [0, M]
for some M > 0 which bounds the first term. For the second term we invoke Equation (3.9
with p = 2. Together this yields

E { sup | X*®(u) — Xﬁ(u)\z] <Civ/(1+ |:I;|2)6KT}% = Cl%'

0<u<t

Combining the three terms together, and using the assumption that Lr < LR, we obtain

1 2 g2
E { sup | X(u) — E[X®(u)] |2] <604+ 3L RO (+de2 + Cyv/te).
0<u<t

Taking R = W/2L12T In %, we get

2L2T
<60 [T 1+ 3¢ (tde? + Cov/te),
n =

which proves the theorem. [ |
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Remark. For the lemma above we made the assumption that Lg < LR for some L > 0.
Instead, we could also assume that there exist L, > 0 such that Lr < LR*. Under this
assumption we can deriwe a similar result, where we also have that the second central moment
tends to 0 when € — 0. The only difference is that we have to change the rate at which we send
R — oo when we send € — 0. In particular, taking

1 1\
— In=
R (2L2T ne)

Before we continue we would like to remark that under Assumption [I without the global
Lipschitz assumption on f we still have that

would suffice to show the result.

| sup 1)~ Y:(F| 0,

0<u<t

as ¢ — 0. Indeed, closer inspection of the proof of Lemma [5.9) only requires the global
Lipschitz assumption to invoke Lemma Now that we can replace that result by the result
of Lemma [5.10, we get a similar result which still tends to 0 when € — 0.

5.3.2. Large deviation principles (LDPs)

Now that we have analysed how the second central moment of X¢ behaves in terms of ¢, we
can return to our problem where we try to find whether or not a LDP holds. As explained
at the beginning of this section, under the assumption that Assumption [I| holds and that f
satisfies a sub-linear growth condition, we only needed to show that E [X*(¢)] — ¢(t) uniformly
on [0,7]. Assume that, for the Lipschitz coefficient Lg of Assumption , it holds that there
exists a o > 0, such that Lz < LR® for all R > 0. We now have the following lemma.

Lemma 5.11. Under the assumptions mentioned above, we have

sup [E[X°(8)] — ()" — 0,

0<t<T
as € — 0. Here ¢ is defined as the solution of (5.9).

Proof. To proof this limit we make use of the lemmas presented in the previous subsection. In
particular, we use that

sup [B[X°(0)) - pl0)” < 3E [p E[X5(0)] - X&(t)ﬁ] 1 3E [p X2(1) — V<(1)
+ 3E Li?% YE(t) — go(t)ﬂ . (5.10)

In Lemma [£.10 and Lemma [5.9] we have seen that the first and second term tend to 0 when
e — 0. For the last term we carry out the following computation. By I[t6’s formula we have

VA0 o0 = [ 206) = ol JO(6) — T s
v 2Y¥(5) = p(s), 9(Y*(s — 8)) — glip(s — 8)) s + tde?

+/0 e(Y*?(s),dB(s)).
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Applying the one-sided Lipschitz assumption to the first inner-product and Cauchy-Schwarz,
the global Lipschitz assumption and Young’s inequality to the second inner-product yields

< [ 20 ) = o) + LIV*(s) = (o) ds

+ /0 LIY¢(s —0) — (s — 6)|]*ds + tde* + /0 2e(Y*(s),dB(s)).

Taking supremum over time and expectation gives

B[ sup V() - o] < [ a0+ 20 sup v7(0) - o] @

0<u<t 0<u<s

+tde* + E { sup / 25(Y€(s),dB(s)>} :
o<u<t Jo
Using Burkholder-Davis-Gundy Inequality gives
t
< / (2C + 2L)E [ sup V() — gp(u)\} ds
0

0<u<s

(/Ot 452|Y‘5(3)\2d5);] .

We now apply Grénwall’s inequality, which gives us
t 3
( / Yes|? ds) :
0

Since the second moment of Y* is uniformly bounded in ¢ for € bounded, we have that the right
hand side converges to 0 when € — 0. Therefore we have that all terms in the right hand side
of (5.10]) tend to 0 when ¢ — 0, proving the lemma. [ |

+ tde? + O

E | sup |Y*© — go(t)|2} < 2OH2DT (Td52 + eCoE

0<t<T

The above lemma directly gives rise to the following theorem, describing a LDP for the family
{X*}.>0 using Theorem [5.7]

Theorem 5.12. Consider the SDE . Assume that Assumption holds and that f satisfies
a sub-linear growth condition. Furthermore assume that for the Lipschitz coefficient Lgr of
Assumption [1] there exists an o > 0 such that Lr < LR® for all R > 0. Then the family
{X¢}.0 satisfies a LDP with inverse speed e* and (good) rate function

1

L) =5 [ 1600 = F(o(6) = glelt — )P

for ¢ —x € H1([0,T),RY) and I,(¢) = +oc else. Here o is the solution of (5.9).

The proof follows by combining the arguments given above. The rate function can be found
by realising that the map I', defined in Assumption [3] is invertible, which allows for an explicit
expression of the rate function. We will end our discussion of the McKean-Vlasov equation for
now. It is possible that under milder assumptions a similar theorem can be shown, by showing
that those assumptions imply Assumption [3| directly.

We will now discuss the interacting-particle system. Let N > 1, T',0 > 0 fixed. Consider the
system of SDEs

dX"(t) = f(X"(t))dt + g (% ZX“(t — 5)) dt +edB'(t),
X"(0) = o, _
X" (s) = 2'(s),s € [-0,0),i =1,...,N
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Here B’ are independent Brownian motions. Equivalently, we can consider the vectorized
equation

AX(t) = F(X°(t))dt + G(X(t — 6))dt + ed B(¢), (5.11)
with
FX(1)) g (%25 Xf’s(t—j) BL(t)
X2 (t LSV XIE(t — B2(t
rocon = | O gy = [P (FERC0) |p EO
f(XN’e(t)) g <% E;V:1 Xj7€(t _ 5)) BN(t)

and equivalently for the initial conditions. Now Equation (5.11)) is already in the form of ([5.5))
with

bo (X5, t) =b(X*,t) = F(X°(t)) + G(X°(t — 9))
and o, = ¢ = 1. Checking the assumptions of Assumption 4] we find that point A4 trivially
holds. Furthermore, point A3 holds if A2 and Al hold, as the functions b, and 0. do not

depend on . Since we have that F' and G are locally Lipschitz and satisfy a sub-linear growth
condition if and only if their components do, we obtain the following theorem.

Theorem 5.13. Consider the SDE (5.11). Assume that the functions f and g are locally
Lipschitz and satisfy a sub-linear growth condition. Then the family {X¢}.so satisfies a LDP
with inverse speed €2 and (good) rate function

1

L) =5 [ 160 = Flole) = Glolt —a) P

for ¢ —x € Hi([0,T],R¥™N) and I,(¢) = +oo else.
Remark. In the above, both in Theorem and in Theorem when t € [0,6), we need
an interpretation of the term g(¢(t —8)) for functions ¢ : [0, T] — R One option is to extend
the domain of the function ¢ to [—0,T| and define ¢(t) = x(t) fort € [—0,0), where x(-) is the
initial condition of the SDE in question. Another option is to redefine the function g, i.e.
g(x(t - 5))7 le [075)’
g(¢(t o 5))7 te [67 T]

Although the rate functions for the McKean-Vlasov process and the interacting particle
process are different, we would like to note that they have the same expected asymptotic beha-

viour. The expected behaviour of the interacting particle process minimizes its rate function.
The function ¢ that minimizes the rate function satisfies

¢ — F(¢(t)) — G(¢(t —8)) = 0.

If we assume that the initial conditions are identical for all particles, we have

gwu—énzgwu—axo:{

1 o ;
szl¢<t):¢(t)

by symmetry of the equations. This means that we can decouple the equations and solve them
component-wise. We thus have that the component ¢ satisfies the ODE

%;(0 = f(¢'(t)) + g(o(t — ).

This is precisely the same ODE as ¢ solves. In Lemma we have already seen that this is
the expected limiting trajectory of the McKean-Vlasov equation. We therefore find that the
two equations indeed have the same expected asymptotic behaviour.
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6. Numerical approximations and simulations

In the previous two chapters we investigated the limiting behaviour of the systems we are
considering under different limits. In Chapter |4 we investigated what happens when we send
the amount of particles N in the interacting particle system to infinity. We found that the
trajectory of a fixed particle converges to the trajectory of the McKean-Vlasov equation, when
they are coupled with the same Brownian motion. Furthermore, for two particles i # j, we
found that they become asymptotically independent.

In Chapter [5| we considered the limit of ¢ — 0. We found that under certain assumptions
we can show that the second central moment of the solution of the McKean-Vlasov equation
converges to 0 when € becomes small. Furthermore, we showed that for both systems a LDP
holds.

In this chapter we wish to verify these results using numerical approximations to the solutions,
as well as using these approximations to study the non-limiting behaviour of the system for
specific choices of the functions f and g. For these numerical approximations we will use the
Euler-Maruyama scheme, which discretizes the time interval [0, 7] into steps of width h > 0.

In Section we will explain this method further, and show that this approximation is
consistent. That is, we show that in the limit h — 0, the approximation converges towards the
true solution on a trajectory limit. This implies that for small A the numerical approximations
serve as good approximations to the solutions of the original problem.

In Section [6.2] we present various scenarios which we will investigate by doing simulations.
These simulations are a simple implementation of the numerical approximations we discus in

Section [6.1]

6.1. Euler-Maruyama approximation

The Euler-Maruyama approximation method is a way to approximate solutions of SDEs. The
method is similar to that of the Euler (forward) method for ODEs. The method works as
follows. Consider the SDE

dX(t) = b(X(t),t)dt + o(X(t),t)dB(t), te€[0,T],
Now set n > 0 and h = % Define the timesteps t; = hi,7 = 0,...,n. The Euler-Maruyama

approximation computes the approximations X of X at the time steps t; as follows. First set
X(0) = zy. Now recursively define

A A ~

X(tz) = X(tz_l) + b(X(tl_l), ti_l)h + O'(X(ti_1>,tl‘_1) (B(tz) - B(tz_l)) s 1= 1, e, n.

The idea behind this method is that for small h, on the interval [¢;_1, ¢;], the functions b(X (¢), t)
do not vary too much, such that they can be approximated by just evaluating them at the left
end-point of the interval.

We now wish to show that this approximation indeed works for our model. In order to do
this, we first present a couple of different SDEs. We then present how all these equations can
be related to each other. We start with the interacting particle model. Let N > 1 and 6,7 > 0
and assume that % is rational. Consider the SDE
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dXi(t) = f(X'(t))dt + g (% > Xt - 5)) dt + edB'(t),

We also consider the local approximations of both SDEs. For R > 0, let fr be such that
fr = fon B(0,R), that fr satisfies Assumption and that it is globally Lipschitz with Lipschitz
coefficient Lg. Consider the equations

dX5(t) = fr(Xk() dt+g< ZXIQt— )dt+sdB"(t),

Xp(0) =z,
X;%(S) - ias S [_57 0)7

and

dX (1) = fr(XE()dt + g (E [X5(t —6)]) dt + edB'(¢),
Xg(0) = x5,
X%(S) = 527 s € [_57 O)
Lastly, we consider the Euler-Maruyama approximation for the globally Lipschitz interacting

particle model. To do this, let n > 1, h = % such that h = %. Let t, = kh,k = —m, ... n.
Consider the approximations.

N
Xi(ty) = Xig(tro1) + fr(Xe(ti-1) h+g<1ZX tk1m>h

7=1
—|—€(Bz(tk) —Bi(tk_1)> s k= 1,...,n,
Xr(0) = 2,
X%(tk)zfzk, k:—m,...,—l.

We now also consider an interpolation between these points to make the process continuous.
We do this as follows. For t € [ty_1, tg], let

N

Xi(t) = Xj(tho1) + frR(Xpteo1)(t — tio1) + 9 (% > X;(tk_l_m)> + e(Bi(t) — Bi(tp_1)).

We thus use a linear interpolation for the functions f and g, but we use the true trajectory for
the Brownian motion. We could also use a linear interpolation for the Brownian motion term,
and for small A the difference will be small with high probability, but doing so makes the proof
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of showing that the approximation is consistent a lot harder. Also set Xi(s) =&, s € [=6,0).
If we define j,(s) = t, for ¢, < s < t,,1 then X} satisfies the SDE

Xi(t) = 2! + /fR X (Gu(s) ( ZX (Jn(s =19 )ds—l—/osdBi(s),

with the appropriate initial conditions.

%) (2) (%,
Figure 6.1.: The relation between the different processes.

Let us make clear how all these processes are related. See Figure [6.1] We start with Rela-
tion 1. Theorem [4.3] tells us that, when Assumption [I| holds and the initial conditions are i.i.d.,
there exists a constant M7, independent of N, such that

) _ M
E [ sup | X*(t) — X’(t)|2} <=1
0<t<T N
Next we consider Relation 2. Again assume that Assumption [I] holds. By Theorem [2.19] we
have

E | sup [Xi(t) - Xg@ﬂ <E [ sup |X(t) — X0 {r < T)

0<t<T 0<t<T

where 7 is the first time the process X' leaves the ball B(0, R), which coincides with the exit
time of X% of the same ball by Theorem [2.19, By Hélder’s theorem with p = ¢ = 2 we have

N

< (& | sup 10 - X300l )é (B (7 < T))".

0<t<T

Using the fact that |a — b|* < 8|a|* + 8|b|* for all a,b € R? we obtain

N |=

1
< (E [ sup 8|X’i(t)|4] +E [ sup 8|X§%(t)]4}> (P(tr < T))2.
0<t<T 0<t<T
Using Theorem , stating that the moments of X* and X'}'% are finite, and Equation with
p = 2, we have that there exists a constant M, independent of R such that

E { sup [X'(t) —X@(tﬂ < %

0<t<T
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The case of Relation 3 is similar to that of Relation 1. Again assume that Assumption [1] holds
and that the initial conditions are i.i.d., we have by using Theorem that there exists a
constant M3, independent of N and R, such that

. ) M.
E [ sup [ Xit) - Xﬁ(tﬂ?] <M
0<t<T N

We now only need to investigate Relation 4. We wish to obtain an upper-bound in the form of
| sup [X4(0) - K40 | < Mur(h),
0<t<T

for some function r which satisfies limy_,o7(h) = 0. Before we are able to present such a result
we first present a lemma describing that in a small time frame, the process X% does not deviate
from its initial condition too much. In particular, we have the following result.

Lemma 6.1. Under the assumptions mentioned above, there exists a constant C' > 0, depending
on R, such that for allt € [0,T] and for alli=1,..., N we have

E [ sup | Xh(u) — xé]z] < Ct.
0<u<t

Remark. Instead of looking at how big the deviation from the initial condition is, we can also
look at how much a solution at a later time deviates from an earlier time. In particular, let
0<s<t<T, we have

B | sup [X40) ~ X(o)F | < Cle )

s<u<t

This can easily be seen by considering a new SDE, started at time s with initial condition Xh(s),
and applying the lemma to that process.

Proof. We have that

sup |Xp(u) — zg* <2 sup
0<u<t 0<u<t

N
U . 1 )
| snlxio) g (N > Xh(s - 6)) ds
0 .
u 2
/ edB(s)
0
Taking expectation, using Theorem and Theorem yields
B | sup [Xi(u) - xaﬂ <2 [ B |2nlXh(s) + 29 ZX;@ -
0<u<t 0
t
+ 8/ e?ds.
0

Using the global Lipschitz assumption of fg and g, together with the assumption that fz(0) =
9(0) = 0 to simplify the notation, we obtain

+ 2 sup

0<u<t

2

t 9 N
< 2t/ 2L3E [| X5(s)[*] + 2% D E[IX%(s — 6)7] ds + 82>,
0 =1
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Using the fact that the second moments of X% are bounded uniformly in time, there exists a
constant C'; > 0 such that

t
< 275/ Cy ds + 8%t
0

= Ct* + 8%
< (OWT + 8%t = Ct,

proving the theorem. [ |
We are now ready to present the following theorem.

Theorem 6.2. Assume that X% and )A(}z satisfy the assumptions stated above. Furthermore,
assume that for all s,t € [—§,0], s < t we have that

B | sup 6 6| <G

s<u<t
There exists a constant My, depending on R, such that
E [ sup | Xi(t) - X;g<t>|2] < Myh.
0<t<T

Proof. Using Itd’s formula we compute
[ XR(t) = XR(1)]* = /O 2(Xp(s) = Xi(s), fr(Xi(in(5))) = fa(Xr(s)) ds
+ [ 2% - x4,
1L 1L
g (N > Xilinls - 6))) ~ (N > Xis - 5)) ) ds.

Applying Cauchy-Schwarz, the global Lipschitz assumption for both fr and ¢ and Young’s
inequality we obtain

t
< [ 2LalX4(5) = Xi(o) P + LalXain(s) ~ X ds
0
tr N .
+ [ ST 1K = 8) = X(s) P
j=1

Taking supremum over time and expectation, and using the symmetry of the equations to
deduce that X7, and X7, are equally distributed for all j, gives us

t
E | sup, [Xh(0) = XpP| < [ 2248 [1409) - Xho)P] a
0<u<t 0

[ L [ K400 — X))

- LB [|Xins - 8)) — Xis — O] s
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Adding and subtracting the terms X%(j,(s)) and X4 (j,(s)) yields

t
§/ 6LRE { sup | X4(u) — Xb(u)?| ds
0

+/0 2L RE [| Xk (jn(s)) — Xi(s)] ds
+ /0 2LRE [| X5 (ju(s = 6)) = X(s — 8)] ds.

Applying Gronwall’s inequality yields

E {Oiltl%mg(t) —Xg(t)ﬂ < (SLAT /0 2L RE [| X (n(s)) — Xi(s)]?] ds

T
+ eGLRT/ 2LRE [| X5 (jn(s — 6)) — Xi(s — §)°] ds.
0

We now analyse the first integral. We have by the definition of j, that

/0 E [|Xh(u(s)) — ds—z / TR [|XE (1) — Xi(s)[] ds.

Using Lemma [6.1] we obtain

n—1 thy1
SZ/ C(s — ty) ds

k=0 vtk
n—1 X
3o
2
k=0
= ng}ﬁ = @
2 2

By similar arguments we can show that the same holds for the second integral. We therefore
have

E | sup |X&(t) — X,’é(t)ﬁ] < SLRTQCh = Myh,

0<t<T
proving the theorem. [

We now have shown how the numerical approximations are consistent, in the sense that for
each N > 1, R > 0 we have that in the limit A~ > 0 the approximation Xi R converges to the
process X% on a trajectory level. Furthermore, by choosing R and N large enough, we can
make the expected distance between the trajectories of the processes X4 Xb X! and X' as
small as we desire. We thus have that for sufficiently large R and N and sufficiently small h, the
approximation )A(}% serves as a good approximation for all of these processes. In the following
section we will use this result to analyse certain scenarios using the numerical approximation
described above.

6.2. Simulations

Now that we have shown that the numerical approximation is consistent, we can use it to
analyse our model in certain scenarios. Throughout this section we will look at specific choices
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for the functions f and g and the other parameters, and using simulations we will investigate
how the model behaves. Throughout these simulations we will be using d = 1, as this will help
us to better visualise the result of our simulations. In order to simulate the Brownian motions,
we make use of the fact that for 0 < s < ¢, B(t) — B(s) is normally distributed with mean 0 and
variance t — s. Our simulations are written in R (R Core Team| (2020)). For the visualisation of
our results we make use of the ggplot2 package (Wickham (2016)) combined with the scales
package (Wickham and Seidel (2020))). The code used for all of the simulations can be found
in Appendix [A]

6.2.1. Propagation of chaos

In Chapter 4 we discussed the relation between the interacting particle equation and the
McKean-Vlasov equation. In particular, in Theorem we found that, when the two pro-
cesses are coupled, the mean squared distance in the supremum norm converges to 0 when the
amount of particles N gets large. We also obtained an upper-bound on this rate of convergence,
namely that this decay happens linearly in N. We now wish to analyse numerically how tight
this bound is. The expected distance between the two particles of course heavily depends on
the choices that we make for the functions f and ¢, and the parameters such as ¢, and T'. If
we, for example, consider the case that g = ¢ for some ¢ € R?, then the two equations become
the same, such that the distance between the two will be 0 for all values of N > 1. On the
other hand, if the Lipschitz constant of ¢ is large, small differences between the empirical mean
of the interacting process and the expectation of the McKean-Vlasov process might still lead
to different trajectories, resulting in a larger distance.

In order to test out how this expected squared distance between the trajectories behaves as
a function of N, we made the following choices regarding the model. For the functions f and
g we will be using

f(z) = —2® + g(z) = x.

It is easy to verify that these functions satisfy Assumption [I] with for example C'= L =1 and
Lr = 3R? + 1. The values of the other parameters can be found in Table [6.1]

Parameter ‘ € ‘ (5‘ T ‘ h
Value | 11 ]10 [ 0.01

Table 6.1.: Values of the parameters.

We will be using a deterministic initial condition. In particular, we will use X*(s) = 0,s €
[—9,0],i=1,...,N.

If we wish to compare the distance between the trajectory of the interacting particle equa-
tion and that of the McKean-Vlasov equation we need to simulate both of the equations. In
Section we, however, only described a method to simulate the interacting particle equa-
tion. Simulation of the McKean-Vlasov equation is difficult, as we have no access to the true
expected value of the process. Instead, we will run a simulation of a copy of the interacting
particle process Y2 for a high value of Ny, and use this as an estimate for the mean of the
McKean-Vlasov process. Theorem shows that this method works. The main structure of
our simulation is present below (see Algorithm . For the amount of particles for the process
Y42 we will be using N, = 10.000. The amount of particles N will be varied, ranging from 1
to 10.000. For each value of N we will repeat the simulation 100 times, to get a good estimate
of the mean squared distance. The results of the simulation are presented in Figure [6.2] and
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Figure [6.3]

Algorithm 1: Main structure of the simulation
1 Initialize Y'(t3),k = —m,...,0
2 Initialize X'(ty),k = —m,...,0
3 Initialize X'(tz), k= —m,...,0
4 fork=1,...,ndo

5 | Compute Y(t)
6
7
8
9

Save mean My ()

Compute X'(t;) using My

Compute X'(t;) using Mx and same noise as X*(t;)
Save mean M x

10 | Save difference | X1(t;) — X (t)[?

11 end

12 Return maxg—;__, | X () — X' (t4)]

Squared absolute difference

1 10 100 1000 10000
N

Figure 6.2.: Mean squared distance for different values of N, plotted on a log-log scale.

1 2 5 10 20 50 100 200 500 1000 2000 5000 10000
N

Squared absolute diff

Figure 6.3.: Distribution of squared distances for different values of N.

In Figure we plotted the mean squared distance between the trajectories of X' and X'
in the supremum norm on a log-log plot. In the case that this distance decreases linearly in
N, we expect to see a straight line. This is however not the case. It appears that the slope
becomes more steep the larger N becomes until N is of the same order as Nj, suggesting an
exponential decay rather than a linear one. It can, however, not be justified that this is the
case based on this single simulation.
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In Figure 6.3 we plotted the distribution of the obtained differences for the different values
of N. Notice that the y-axis is on a log-scale. The size of these distributions is normalised
such that each one has the same maximum width. Since the sample-size for all values of NV is
the same, a smaller total area indicated that the distances obtained for that value of N were
more concentrated. Based on this graph we can clearly see the decay in distance happening as
N increases, not only in the mean but also in the distribution itself. For example, we can also
see that the minimum and maximum distance we obtained for each value of N decreases as N
increases.

6.2.2. The small noise regime

In Chapter [5| we investigated what happens to the model when € becomes small. We found
that under certain assumptions a LDP holds for both the McKean-Vlasov process as well as the
interacting particle process. An important step to show that this result holds is Lemma [5.11]
which states that when € — 0, we have that the expectation of the McKean-Vlasov process
converges to the solution of the associated deterministic equation. We now wish to investigate
numerically whether or not a slightly stronger result holds, namely, we investigate the quantity

E | sup [X(t) — ()],

0<t<T

with X the solution to the McKean-Vlasov equation and ¢ the solution to the deterministic
equation. We will consider the following scenario. Let f and g be defined as

f(x) = -2 + g(x) = —x.

It is easy to verify that f and g satisfy Assumption [l with C = L = 1 and Lr = 3R? + 1.
Therefore we also have that Lr < LR*, with L =4 and a = 2 for R > 1. The values of the
other parameters can be found in Table [6.2]

Parameter ‘ ) ‘ T ‘ h
Value ‘ 1 ‘ 10 ‘ 0.01

Table 6.2.: Values of the parameters.

The value of ¢ will vary ranging from 1 to 0.001. We will be using a deterministic initial
condition, namely, we set X (s) = p(s) = 1,5 € [~4,0].

For the simulation of the McKean-Vlasov process we use a similar approach as we did in
Section We simulate an interacting particle process with N = 10.000 and use the mean
of this process as an approximation for the mean of the McKean-Vlasov process. This gives
our simulation the following structure (see Algorithm . For each value of ¢, we will repeat
the simulation a 100 times to get a good idea of the mean behaviour.
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Algorithm 2: Main structure of the simulation
Initialize Y(tg),k = —m,...,0
Initialize X (t),k = —m,...,0
Initialize ¢(t;),k = —m,...,0
for k=1,...,ndo
Compute Y (ty)
Save mean My ()
Compute X (t;) using My
Compute ¢(t) Save difference | X (t1.) — @ (t)|?
end
Return maxy—; ., | X (t;) — X' (ts)]

© 0w N O ok W N

[y
(=}

We first present the trajectory of the solution ¢ of the deterministic equation in Figure [6.4]
The result suggests that the solution of the ODE is that of a (damped) oscillator. We now
present the results of our simulations in Figure [6.5] and Figure [6.6]

¢ equation

Trajectory of the determinisi

00 25 5.0 75 10.0
t

Figure 6.4.: Trajectory of ¢, the solution to the ODE.

Squared absolute difference

1.000 0.100 0010 0.001
epsilon

Figure 6.5.: Mean squared distance between the McKean-Vlasov process X and ¢, the solution
to the associated ODE for different values of ¢, plotted on a log-log scale.
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Figure 6.6.: Distribution of the squared distance for various values of ¢.

In Figure the mean distance between the processes X and ¢ is plotted for various values
of € on a log-log scale. The created line seems linear, indicating that the distance converges to
0 as a power of ¢ when € — 0. This of course does not suffice as a proof, but we conjecture
that under certain assumptions a result as above can be proven.

The distributions of the distances obtained for the various values of € are shown in Figure [6.6]
The distributions are normalised such that the maximum width is equal for each value of ¢.
The y-axis is a log-scale. The convergence that we saw for the mean can also be seen in the
distributions. For example, the maximum and minimum distances that we obtained per e
decrease as € becomes smaller.

6.2.3. The impact of delay

In this section we will show that having an interaction with delay fundamentally changes the
model. We will be showing this for the ODE

W _ flow) + oot - 0.t

o(s) =xg, s€[-0,0].

For a > 0, define the function h, : R — R as

-1, =< —a,
ho(z) =%, —a<z<aq,
1, a<zx.

Put into words, A, is the sign function but smoothed in the interval [—a, a] in order to make sure
that it satisfies a Lipschitz assumption. We now consider two scenarios; in the first scenario
we set f = h, and g = 0, such that the system only depends on the current state without
influences from the past. We test two values of a, namely a = 0.5 and a = 1. The values of the
other parameters can be found in Table [6.3]

Parameter ‘ 0 ‘ T ‘ T
Value | 1|25 | 0.1

Table 6.3.: Values of the parameters.

The resulting trajectory for ¢ can be seen in Figure[6.7] and Figure [6.§ for « = 0.5 and a = 1
respectively. We clearly have that ¢(t) — 0 as t — oco. As long as 0 < xy < a, we can even
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find an explicit expression for . It can be shown easily that in this case ¢ is given by

o(t) = zoe @, t>0.

0.100

ic equation

Trajectory of the determins|

0.000

0 5 10 15 20
t

Figure 6.7.: Trajectory of ¢ with f = hys and g = 0.
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equation

Trajectory of the determinisic

0.000
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t

Figure 6.8.: Trajectory of ¢ with f = h; and g = 0.

Let us now switch the role of the functions f and g. That is, we now set f =0 and g = h,.
We keep the other parameters the same, and test the same values of a. The results can be seen
in Figure [6.9] and for a = 0.5 and a = 1 respectively. We now see that the two different
values of a lead to different limiting behaviours. For a = 0.5, the system converges towards a
periodic function, with - in this case - an amplitude larger than the initial condition. On the
other hand, for a = 1, the system converges towards 0. In contrary to the scenario without
delay, this convergence is no longer monotonic. The critical value a*, the value for which the
system becomes periodic when a < a* and converges towards 0 when a > a* seems to be around
0.64. The exact value is however hard to determine, and likely also depends on the parameters
used, such as 0 and xg.
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Figure 6.9.: Trajectory of ¢ with f =0 and g = hgs.

uation

q

Trajectory of the determinisic e
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t

Figure 6.10.: Trajectory of ¢ with f =0 and g = h;.

During our research for this thesis we have investigated many more scenarios, as mentioned
in the introduction. In particular, we tried to find criteria for when the mean of either the
interacting particle process or the McKean-Vlasov process becomes a periodic function in time.
We are however unable to formulate a clear answer to this question. We are also not certain
which parts of the results we obtained are due to the models themselves and which parts are
mere artifacts of our numeric approach used. Therefore, we decided to not include these results
in this thesis.
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7. Conclusion

7.1. Summary

Throughout this thesis we investigated a SDE describing an interacting particle process where
the interaction happens with a delay through the empirical mean, and a delayed McKean-
Vlasov SDE. We formulated assumptions under which these SDEs posses unique solutions. In
particular, we showed that for the drift function f a one-sided Lipschitz assumption combined
with a local Lipschitz function suffices. This assumption is more general than the sub-linear
growth assumption often made. We also showed that all the moments of both processes in
the supremum norm are finite, under the additional assumptions that ¢ is bounded for the
interacting particle process.

Under the same assumptions as we made for the existence, and the assumption that the
initial values for the interacting particle process are i.i.d., we show that the propagation of
chaos property holds. That is, the trajectories of the interacting particle model converge to
those of the McKean-Vlasov equation under a suitable coupling when the amount of particles
N is send to infinity. This also implies that the trajectories of two particles i # j become
asymptotically independent in the same limit.

In Chapter [5| we provided assumptions for both models under which a LDP hold. We also
derive an explicit expression for the rate functions for both models. Although these rate func-
tions are different for both models, we show that the expected asymptotic behaviour is the
same for both models in the limit ¢ — 0.

Lastly, we show that the Euler-Maruyama approximation scheme is consistent for the inter-
acting particle process when we assume that the function f is globally Lipschitz. That is, in the
limit of sending the step size h used in the approximation to 0, the approximation converges
towards the true process in the supremum norm. We use this result to study a series of scenarios
using simulations. We investigate how some theoretical bounds obtained in this thesis compare
to real scenarios. We also briefly discuss how the delay term can lead to a periodic function,
while the model would converge to a constant without the delay.

7.2. Discussion

In this thesis we investigated multiple aspects of the equations we have been studying. By
focusing more on a specific aspect it is likely to obtain more general results than we have
obtained. There are a variety of methods to generalise our results. Firstly, we only considered
the case with additive noise. By multiplying the Brownian motion with a function o, depending
on the process, possibly even with a delay, a more general noise term can be introduced. We
suspect that under certain assumptions on this function o, similar results as we have described
in this thesis could be obtained. Secondly, the functions f and g in our model do not explicitly
depend on time. Results for standard SDEs, as described in Chapter [2] suggest that introducing
this explicit dependence does not require many extra assumptions. We thus expect that our
results can still be shown for functions explicitly depending on time without making too many
extra assumptions. Finally, it might be possible to relax the assumptions we made in this
thesis. In particular, the global Lipschitz assumption on the function g is rather strict, and we
suspect that this assumption can be weakened for most of the results we have presented in this
thesis.

Another interesting take for further research would be to focus more on the non-limiting
behaviour of the model. During our research we investigated many different scenarios, but
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we were unable to formulate clear conclusions. Particular interesting questions are in which
scenario the system becomes periodic, i.e. the mean of the process is a periodic function in
time and in which scenarios the mean converges towards one fixed point. In the case that the
mean is a periodic function over time, questions such as how the period and the amplitude
depend on the parameters used could be of interest. In the case that the mean converges to a
fixed point, the rate of convergence could be investigated. In particular, whether this rate is
exponential or not.
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A. Code used for simulations

# Package required to create the plots
library(ggplot2)
library("scales")
reverselog trans <— function(base = exp(1)) {
trans <— function(x) —log(x, base)
inv <— function(x) base” (—x)
trans_new(paste0("reverselog—", format(base)), trans, inv,
log breaks(base = base),
domain = ¢(1le—100, Inf))
}

+ Main simulation
Simulation <— function(x0,epsilon, Tmax,delta,stepcount,N,NMcKean){

# Initialize all the data

h <— delta/stepcount

tVec <— seq(—delta, Tmax,h)

indepVec <— rep(x0,NMcKean)

xVec <— rep(x0,N)

x2Vec <— rep(x0,N)

McKeanVec <— rep(0,length(tVec))

McKeanVec|1:(stepcount+1)] <— x0

MeanVec <— McKeanVec

MeanindepVec <— McKeanVec

MeanMcKeanVec <— McKeanVec

DeterVec <— McKeanVec

Diff2 <— rep(0,length(tVec))

Diff2[1:(stepcount+1)] <— 0

pb <— winProgressBar(title = "progress bar", min = 1,

max = length(MeanVec), width = 300)

+# Compute all the timesteps

for(i in (stepcount+2):length(MeanVec)){
indepVec <— indepVec + hxf(indepVec) + hxg(MeanindepVec|i—stepcount—1]) + sqrt(
epsilonxh)srnorm(NMcKean,0,1)
MeanindepVec|i] <— mean(indepVec)
noise <— rnorm(N,0,1)
McKeanVecli] <— McKeanVec|i—1] + h#f(McKeanVec|i—1]) + hxg(Meanindep Vec|i—
stepcount—1|) + sqrt(epsilonxh)*noise[1]
x2Vec <— x2Vec + hxf(x2Vec) + hxg(DeterVec|i—stepcount—1]|) + sqrt(epsilonsh)=noise
MeanMcKeanVec|i| <— mean(x2Vec)
xVec <— xVec + hxf(xVec) + hxg(MeanVec[i—stepcount—1]) + sqrt(epsilonsh)xnoise
MeanVec|i] <— mean(xVec)
Diff2[i] <— (McKeanVec|i]—xVec|1])"2
DeterVec[i] <— DeterVec[i—1] + hxf(DeterVec|i—1|) + hxg(DeterVec|i—stepcount—1|)
setWinProgressBar(pb,i,title = paste(round(i/length(MeanVec)*100,1),"% done"))

}

# Close the progress bar and return the results
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close(pb)
return(list(tVec,MeanVec,McKeanVec,Diff2, Deter Vec,MeanMcKeanVec))

}

#+# Propagation of chaos
# Define the functions f and g
f <— function(x){

—X"3+x
¥
g <— function(x){
X
¥
# Specify the parameter used
x0 <—0
epsilon <— 1
delta <— 1
Tmax <— 10xdelta

stepcount <— 100

NVec <— ¢(1,2,5,10,20,50,100,200,500,1000,2000,5000,10000)
NMcKean <— 10000

runs <— 100

# Perform the simulation
MaxMatrix <— matrix(nrow = runs,ncol = length(NVec))
for(j in 1:length(NVec)){
for(i in 1:runs){
result <— Simulation(x0,epsilon, Tmax,delta,stepcount,NVec|j|,NMcKean)
MaxMatrix|[i,j| <— max(result|[4]])

}

print(paste(runs,"runs done for N =" NVec][j]))

}

# Convert the data
Ncol <— rep(NVec,each=runs)
DiffCol <— ¢()
for(i in 1:length(NVec)){

DiffCol <— c¢(DiffCol,MaxMatrix|,i])
}

MeanCol < rep(colMeans(MaxMatrix),each=runs)
MyData <— data.frame(Ncol,DiffCol,MeanCol)

+# Plot the data
ggplot(MyData, aes(Ncol,MeanCol)) + geom line() -+
scale_x loglO() + scale y logl0() +
theme light() + labs(x="N",y="Squared absolute difference")

ggplot(MyData,aes(as.factor(Ncol),DiffCol)) 4 geom violin(scale="width") + theme light()
+
labs(x="N" y="Squared absolute difference") + scale y logl0()



94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

136
137
138

139
140
141

#+ Small noise regime
# Define the functions f and g
f <— function(x){
—x"3 +x
}

g <— function(x){

—X
}
# Specify the parameters
x0 <—1
delta <— 1
Tmax <— 10xdelta
stepcount <— 100
NMcKean <— 10000
N <— 10000

epsilonVec <— ¢(1,0.5,0.2,0.1,0.05,0.02,0.01,0.005,0.002,0.001)
runs <— 100

+# Perform the simulation
DistMatrix <— matrix(nrow = runs,ncol = length(epsilonVec))
for(j in 1:length(epsilonVec)){
for(i in 1:runs){
result <— Simulation(x0,epsilonVec|j|, Tmax,delta,stepcount,1,NMcKean)
DistMatrix|i,j| <— max((result|[3||—result|[5]])~2)

}

print(paste(runs,"runs done for epsilon =" ,NVec[j|))

}

# Convert the data
epsiloncol <— rep(epsilonVec,each=runs)
DiffCol <— ¢()
for(i in 1:length(epsilonVec)){
DiffCol <— ¢(DiffCol,DistMatrix|,i])
}

MeanCol <— rep(colMeans(DistMatrix),each=runs)
MyData <— data.frame(epsiloncol, DiffCol,MeanCol)

# Plot the data
gegplot(MyData, aes(epsiloncol,MeanCol)) + geom line() + scale x continuous(trans=
reverselog trans(10)) +
scale_y loglO() + theme light() + labs(x="epsilon" ,y="Squared absolute difference")

ggplot(MyData,aes(factor(epsiloncol,levels=epsilonVec),DiffCol)) + geom violin(scale="
width") +
scale_y loglO() + theme light() + labs(x="epsilon",y="Squared absolute difference")

#+# The impact of delay



142| # Define the functions f and g

143|f <— function(x){

144 0

145|}

146

147|g <— function(x){

148 —( sign(x)x(x< —a) + x/ax(x>=—a)x(x<=a) + sign(x)*(x>a) )

149 }

150

151| # Specify the parameters

152ja <— 1

153|x0 <— 0.1

154|delta <— 1

155| Tmax <— 25xdelta

156|stepcount <— 100

157|NMcKean <— 1

158N <— 1

159 epsilon <— 0

160

161| # Perform the simulation

162|result <— Simulation(x0,epsilon, Tmax,delta,stepcount,N,N)

163

164|# Convert the data

165| MyData <— data.frame(time=result|[1]], McKean=result|[3]]|,Deter=result|[5]], Mean=result
[|6]],Interacting=result|[2]])

166

167| 4 Plot the data

168| ggplot(MyData, aes(time,Deter)) + geom line() + theme light() + labs(x="t",y="

Trajectory of the determinisic equation")
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