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Lay Summary

In many situations, when we have a group of people, they all form opinions on a subject. Everyone in a popu-
lation influences each others opinion. Naturally, people how the opinion of children are influenced by other
children differs from how adults influence their opinions. Between different age groups there are all kind of
different interactions.

This thesis aims to model how such opinions evolve and influence each other over time. First We assume
an individual can either have a negative or positive opinion on a subject. To model this, we use the Ising
model, originally developed for the description of magnetism in metals. We model opinion changes as ran-
dom processes influenced by the opinion of other individuals in the population. We divide the population
into subgroups of people who interact similarly. In this thesis, we prove that if we make the total group of
people larger and larger, this random process becomes a deterministic process. Just like when you flip a coin
infinitely many times, you end up with heads 50% of the time. We then determine how the different popu-
lations influence each other’s opinions. Understanding group opinion dynamics can help explain the spread
of misinformation on social media, the emergence and disappearance of political parties, or how companies
can predict or start trends.

Summary

In this thesis we show we can model population opinion dynamics, where we split the population into a
general number of N groups. For this we first used a variant of the Ising model, used to describe magnetism
in metals, for the opinions. We found that we could describe the opinion model using the Hamiltonian given
by:

N
H@)=) Y 0ilf1jmp(0)1p1+-+Pnjma(0)NpN]
j=l Ui\iGIj

We used this Hamiltonian to determine the flip rate of the opinions given by:

qji = e PAH

We used this flip rate to describe the opinion model as a Markov process. We proved that this Markov
process converges to the deterministic solution of the N-dimensional system of differential equations given
by:

dz
dat
{ x(0) = xo,

where F(X) is the N-dimensional vector given by:

(1-xp)e!V — (1 +xy)e™
F(X) = :
(1-xn)et™ —(1+xy)e TV
Depending on the strength of F(X) we see different behavior in the limiting ordinary differential equation.

We did local bifurcation analysis on the two-dimensional system around the origin. For the two-dimensional
model we found that the following conditions hold the system undergoes an Hopf bifurcation at (0,0)

ap +ax =2,

2
(11 — @) +apan <0.

Finally we showed that the findings of the bifurcation analysis were correct by performing numerical analysis
for a three different systems.
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Introduction

The analysis of opinion dynamics is a field of study which gets increasingly more important in the modern
era. With the internet people get connected and influence one another more than ever before. Understand-
ing the evolution of the opinion of different groups of people in society helps us predict the next social media
hit or fashion trend. Naturally this is very useful information for companies. But, it is also important for gov-
ernments to understand population dynamics. It can be used to predict and stop the spread of fake news and
propaganda.

To help develop a model for opinion dynamics we take a look at a model from statistical physics. Ferromag-
nets are a class of metals, with the special property that they can become magnetic, even in the absence of an
external magnetic field. This phenomenon can be explained using the quantum mechanical descriptions of
atoms. Each electron in each atom of the metal has a small magnetic field within it. This magnetic field can
be in two directions: up or down. In the initial state of the metal, all the electrons within it are pointing in
random directions, giving a mean zero magnetic field(Because opposite spins cancel each other out). When
the metal is put into an external magnetic field, all the electrons will align with this magnetic field. After turn-
ing off the external magnetic field the electrons will stay in this aligned position, causing them to create their
own magnetic field and therefore causing the metal to become magnetic.

In the twenties of the twentieth century a mathematical model to describe the behavior of the interacting
spins in the ferromagnets was developed. It was developed by Ersnt Ising under the supervision of Wilhelm
Lenz. The former being the inspiration of the name of the so-called Ising model. In the Ising model, each
electron is assigned one of the values -1 or +1, representing the up or down state respectively. These spins(or
electrons) are positioned on a lattice, with each spin only interacting with its nearest neighbors. Neighboring
spins with the same direction have a low energy and neighboring spins with opposite directions have a high
energy. The total energy of the system is given by the following Hamiltonian:

H=- ) Jijoioj=) hjo; (1.1)
irj j

Here the sums are taken over all pairs of neighboring electrons in the model, o ; represents the state of the
spin, the electron interaction coefficient is given by J;; and the effect of an external magnetic field is given
by h;. In this thesis we will only look at situations without an external magnetic field. Thus, from now on we
will set ;= 0. This version of the model is shown in Figure 1.1 In this version of the model particles are only
influenced by adjacent particles. The next assumption we make is that the model is location independent,
i.e., each particles influences every other particle.

Later on in the twentieth century Pierre Curie and Pierre Weiss developed a simplification of the Ising
model, called the Curie-Weiss model. This mathematical model is a mean-field approximation, which as-
sumes that the interaction between the spins are symmetric and that the behavior of each spin is influenced
by the mean behavior of all the other spins in the system. This system is shown in Figure 1.2 and has the
following Hamiltonian:
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Figure 1.1: Schematic view of the Ising Model, where each particle only interacts with its direct neighbour.

ﬁ N N
Ho)=-= ) 0i0;-) hjo; (1.2)
N ;7= i

The Curie-Weiss model assumes that all electrons in the system interact with each other in the same manner.
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Figure 1.2: Schematic view of the Ising model, where each particle is only influenced by the mean field of the entire population.

This is of course not always applicable. For this we introduce our model which is the main subject matter of
this thesis: The N-population Curie-Weiss model. This model assumes that all the electrons in the system
are dividable in N populations. Each population i has a set of interaction factors {§;} j=1, ., for its interaction
with all the populations. This model is shown in Figure 1.3. The Hamiltonian of one of these populations is
given by:
nj N
HUp)==) 0ji ) Prjk@r)pk (1.3)
i=1 k=1

In this equation, o j; represents the spin of the i-th electron in population [}, n; represents the size of
population [}, B represents the influence of population I on populations I}, (x) is the mean function and
O is the proportion of population I of the total population.

You can find that model lies somewhere in between the Curie-Weiss and Ising model. When we have N =1
populations we just get the Curie-Weiss model and when we take that there are only populations of size 1, we
get a Ising model if we say that only neighboring populations have a §;; # 0.

Now that we have defined the model we can go back to the subject of population opinion dynamics with
an example. Suppose we have research the opinion of a population of 100.000 people on a social media trend
over time. Each person in the population has either a positive or a negative opinion on the social media trend.
Let’s divide this total population in to three groups. The first group consists only of children, the second group
are the young adults, and the final group contains the people over 30 years old.

Now suppose there is a new social media app on the market. Initially a few people in the young adult group
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Figure 1.3: Schematic view of the 2-dimensional Ising model where each particle is only influenced by the mean field of each of the two
populations.

use the app. So, they have a positive opinion about the app. The other groups don’t know about the app yet,
so their opinion will be negative. The new app starts spreading within the young adult group and peoples
opinion start changing to positive. Then the young brothers and sisters of the young adult group start using
the app, so the app spreads to the children group. Now also the opinion in the children group starts flipping to
positive. Some of the parents of these children see their children using the app and start using it themselves.
But it doesn’t really spread within in the 30+ group, because the 30+’ers don’t have time to talk about the app
with other people.

Finally the young adults start noticing the 30+’ers using the app. The young adults stop using the app, be-
cause it’s not cool anymore since there are parents on it. This starts the rapid flip to a negative opinion in
the young adult group. For social media companies it is really important to know what causes the flips of the
opinions of the groups. If they can predict why and when the happen they can act on them.

Let’s continue back to the subject of this paper. The opinions of the populations are the spins, the effect
between and within the populations are the interaction coefficients, the flips of the populations are phase
transitions. Our model can be used to predict those big changes of opinions of the groups. This example
shows the importance of studying the phase transitions. It also show that expanding our model to arbitrary
N group, is important. The more groups the better you can describe the real situation. For example we could
expand the model to separate between sociological generations, like: generation X, the babyboomers, the
millennials etc.

In this thesis we will derive a time evolution of the N-populations Curie-Weiss model. We start this in Chapter
2, by introducing some necessarily foundational mathematics. In Chapter 3 we develop the 2-dimensional
mean-field Ising model and show its convergence to a two-dimensional system of ordinary differential equa-
tions. In Chapter 4 we build upon this and expand the model and the convergence to a general number N. In
Chapter 5 we will analyze the local bifurcations at the equilibrium point at the origin of the two- and three-
dimensional model. Then in Chapter 6, we will discuss the results. Finally in Chapter 7 we will show the
conclusion.






Markov processes and generators

In this chapter we will introduce the reader to some relevant background theory, which is necessary to un-
derstand the results shown in the report. In the first section we will discuss Markov processes, generators and
other related concepts. In the second section of this chapter we will give two theorems used in this thesis.

2.1. Markov processes and Generators
Let’s look at a discrete time process {X,}5~.,. Now let us assume that each state X, depends solely on its
previous state X;,,—;. This kind of process is called a Markov process. A formal definition is given by/[5]:

Definition 2.1 (Markov Process). Let X = {X,;} be a stochastic process for n = 1,2,3, ..., with state space S. We
say that X is a discrete-time Markov process if for all n:

P(Xn|Xn—1;Xn72»---;X1) :P(Xn|Xn71) (2.1)

We want to extend the discrete time Markov process to a continuous time Markov process. For this we
introduce the concept called the holding time. This is the time it takes for a system in state A to jump to any
other state. The holding time is exponentially distributed with rate A 4. This rate is given by:

Aa= Y w(A—B) 2.2)
BeS\{A}

Where the sum goes over all possible states. Here w(i — j) is the flip rate from state i to state j, given by[5]:

OP(X, =B|Xp=A
w(A— B) = (X 6t| 0=4 2.3)

This allows us toe define the continuous time Markov Process.

Definition 2.2 (Continuous-Time Markov Process). Let x(t) be a stochastic process with state space S. This
process is called Markov if for all for all 0 < s < t, we have:

Px(t+8)|x(r) Vr < t) =P(x(t+ s)|x(1)) (2.4)
We say that a Markov Process is time-homogeneous if:
P(x(t+s) = Blx(t) = A) =P(x(¢) = B|x(0) = A) (2.5)

We then denote this probability by pap ().
Next up we will introduce the master equations. This theorem allows us to say something about the time-
dynamics of the system.

Theorem 2.1 (Master Equation). Suppose we have a continuous time Markov process X with state space S. Let

P4(¢) the probability that the system is in state A at time t, then the following holds:

dPx(t) = Y w(B— A)Pp(t) - w(A— B)P4(1).
dt BESVIA}
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Each Markov process has a corresponding semigroup. We say that a Markov process X = {X(#)} corre-
sponds to a semigroup {7 (¢)} on the function space Cj(x) ifforall f € L, s, =0 and all x in the state space of
X, we have: [2]

E[f(X(z+)IX() =x]=T(s) f(x) (2.6)

The generator of a semigroup {T(#)} on L is the operator £ with domain 2(%) for which this limit exists is
defined by: [2]

Lf =m0 f - /). @2.7)

Using the definitions of the generator and semigroup we can use the following lemma to find the generator
of the Markov Process:

Lemma 2.2. For the generator £ corresponding to the time-homogeneous Markov process X is given by:

LfA)= ) wA—B)(f(B)-[f(A)
BeS\(A}

Proof of Lemma 2.2. Let {T (t)};<0 be the semigroup corresponding to the markov process X with state space
S, then:
T f(A):=E;(f(X) =E(f(X)IXo = A), (2.8)

Using the definition of the generator we can find the statement we set out to prove:

27 =tim T f(At) ~fA

—lim E(f(XJ)IXo=A4) - f(A)

1—0 t
_ lin(l) Y BesP(X; = BlX(; =A)f(B)-f(A)
—

Substituting Y gesP (X; = B| Xy = A) = 1 in this equation gives:

P(X;=B|Xp=A
zf(A)zltii%ZBES ( ft X0 =4 rm) - pean.
Now, using that f(B) — f(A) =0if B = A, we get:

YBes\iat P(X;=B|Xg=A
t

. )
ZLf(A)= %133 (f(B)- f(A)

We know that P (X, = B| Xy = A) = 0if B # A. Adding this into the fraction gives:

ZBES\{A}P(Xt = BlX() = A) —P(X() = B|X() =A

)
p (f(B)- f(A)

ZLf(A) =1lim
t—0
Now when we move the limit inside of the sum, we get a partial derivative:

OP(X;=B|Xo=A)
gf(A) _ Z t 0
BESV(A} ot =0

(f(B) - f(A)

Finally using Equation 2.3, this partial derivative is the flip rate and we get:

LfA)= ) wA—B)(f(B)-[f(A)
BeS\ (4}

Finally, if B = A, then f(B) — f(A) =0, so we get:

LfA= Y wA—B)(f(B) - [f(A).

BeS\A
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Now we have defined all the terms associated with the Markov Process, we would like the introduce a final
theorem. This theorem shows that we can use the convergence of generators to prove the convergence of the
corresponding Markov process .

Theorem 2.3. Let E,, be a discrete spaces and define the mapn, : E, — RN. Let X,, be a Markov process on Ej,
with generator (A, 2(Ap)) on Cy(Ey). Let Y be a Markov process on RN with generator (A, 2(A)) on Cp(RY).
Set Y, =n,(X,) and suppose:

a) Y,(0) — Y(0) (2.9
D)V f € D(A):limsup | Ay (f 017, (x) = Af (7, ()] = 0 (2.10)

x€Ey,

Then for all t Y, (t) converges to Y (t) in distribution. [2]

2.2. Other Theorems

Theorem 2.4 (Taylor’s Theorem[1]). If f : RN — R is a real-valued function of class C* on the open set contain-
ing the line segment L from X to X + h, then there exists a point 0 € L such that:

L= A logpo o
f(x+ h):f(x)+2—,f(x)hi+—h A O)h,
=100 2

where H r Is the Hessian matrix given by :

2f _*f
axlz te 0x10xN
ﬁf = : . :
*f 2f
oxyoxy  °°° ox3,

4]

Definition 2.3 (Bifurcation value). Suppose we have system of ordinary differential equations given by:
i=f&w, (2.11)

depending on a parameter 1 € R. A value of py € R is called a bifurcation value if the vector field f (X, p) is
structurally unstable at p = . [7]

Theorem 2.5 (Saddle-Node Bifurcation). Suppose we have the system given by Equation 2.11. Suppose f (xo, to) =
0 and that the N x N matrix A= D f (xo, o) has a simple eigenvalue A = 0 with eigenvector v and that AT has
an eigenvector w corresponding to the eigenvalue A = 0. If the following conditions are satisfied:

" fu(xo, o) # 0, " D f (x0, o) (B, D) # 0. (2.12)

Then depending on the signs in Equation 2.12 there are no equilibrium points of the system near xo when
U < Lo, there are two equilibrium points of the system near xy when > [y and the system experiences a saddle-
node bifurcation as u passes through the bifurcation value i = . [7]

Theorem 2.6 (Transcritical Bifurcation). Suppose we have the system given by Equation 2.11. Suppose f (xo, to) =
0 and that the N x N matrix A= D f(xo, o) has a simple eigenvalue A = 0 with eigenvector v and that AT has
an eigenvector w corresponding to the eigenvalue A = 0. If the following conditions are satisfied:

W fu(x0, o) =0, (2.13)
" D fu(xo, o) U #0, (2.14)
" D f (xo, o) (B, D) #0, (2.15)

then the system experiences a transcritical bifurcation at xy as the parameter L passes through the bifurcation
value u = pg. At the transcritical bifurcation two branches of equilibria intersect and exchange stability. So
for u < wy we could say equilibrium one is stable and equilibrium 2 is unstable, then for u > py, we have
equilibrium one is unstable and equilibrium 2 is stable. [7]
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Theorem 2.7 (Hopf-Bifurcation). Suppose we have the system given by Equation 2.11. Suppose f(xy, to) =0
and that D f (xo, o) has a pair of pure imaginary eigenvalues and no other eigenvalues with zero real part.
Suppose the following condition holds:

d
an [RAW] - #0- (2.16)

Then the system undergoes a Hopf bifurcation at x = xo as the parameter u passes through . [7]



The 2-dimensional mean-field Ising model

In this chapter we analyze the mean-field Ising model with two populations (N = 2). This will serve as the
foundation for studying the general N population model. The goal of this chapter is to show the convergence
of the two-dimensional mean-field Ising model to a 2-dimensional system of ordinary differential equations.
In Section 3.1 we will introduce the model and its mathematical description using an example from pop-
ulation opinion dynamics. In the subsequent section, we we prove the convergence of its generator to the
generator of a two-dimensional system of ordinary differential equations.

3.1. Description of the Model

To introduce the model, we will use an example of opinion dynamics. Suppose we have a group of n indi-
viduals, who all have an opinion on a subject. That opinion can be either positive or negative. Our goal is
to model how these individuals influence each other’s opinions. Figure 3.1 gives a schematic view of a group
of n =121 individuals with either a positive or negative opinion, denoted with a plus or minus respectively.
Each individual in the system influence each other. We begin by introducing a few simplifications to get to
the desired model.

e S R T

S S S

S+ -+ o+ o+ - -+ -

+ - 4+ - -+ o+ -+

- + + + - +

+ + - - - - - -

-+ -+ o+ - - -

+ - - - - + o+ +

- - - . - - -
-4 - - - .o
S

Figure 3.1: Schematic overview of a model with 121 individuals. A plus represents and individual with a positive opinion and a minus
represents an individual with a negative opinion.

The first simplification we want to make is to assume that the location of the individuals does not matter. Two
individuals on opposite sides of the grid have the same influence on one another as two adjacent individuals.
Secondly we divide the individuals in two groups. Let’s say we have a group of young adults and a group of
children. We assume the interactions in the model are characterized by four coefficients. The intra- and inter
population coefficients, i.e: The effects of the group of children on the group of young adults, the effect of
the group of children on other children, the effect of the group of young adults on the group of children and
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the effect of the group of young adults on other young adults. A schematic view of this model is shown in
Figure 3.2.
Finally we introduce the mean-field approximation. This states that instead of each individual influencing

R - -+ 4
+ + + - - - -+ o+
+ + + + + - - + o+ o+
S S i T S
- 4 - - - - g - - -
- S S R
- -+ -+ -+ - -
+ + - + -+ o+ - -
e S
+ - -+ 4+ - - -

+ + - - - -+ -

Figure 3.2: Schematic view of the two-population model. A plus represents and individual with a positive opinion and a minus repre-
sents an individual with a negative opinion. The model is divided in a group of children and a group of young adults in red and blue
respectively.

each and every other individual, each individual is only influenced by the mean of each of the two popu-
lations. This is the two-population mean-field Ising model. Figure 3.3 gives a schematic view of the final
version of this model.

My 1
e

Figure 3.3: Schematic view of the two-population Mean-Field Ising model. A plus represents and individual with a positive opinion and
a minus represents an individual with a negative opinion. The model is divided in a group of children and a group of young adults in red
and blue respectively. The interaction coefficients are shown by the arrows.

We will now introduce the mathematical notation corresponding to the model. To describe the opinion of
our n individuals over time we introduce a sequence of random variables 0 = {o10>...,0,}. As the individuals
can either have a positive or negative opinion, each random variable takes values in the state space of E =
{—1,+1}. The total state space of the population ¢ is therefore given by Q = E" = {-1,+1}". To split the
individuals into two populations we will introduce two index sets I; and I». If the index of an individual is part
of I, thatindividual is part of population 1, conversely if the index of an individual is part of I, that individual
is part of population 2. Obviously we then have that 1 N, = @ and [ U I, = {1,...,n}, since an individual
is part of exactly one population. The sizes of the populations are given by n; = card (I;) and n, = card (I»).
Subsequently the size of the total population is given by n = card (o) = n; + np. We assume p1, p2 > 0, meaning
both populations are non-empty. This gives that the proportion of the populations in respect to the total
population are given by p; = % and py = % We denote the total population with individual j's opinion
flipped by 0.

Because we are using a mean-field model, we need to define the mean. For this we introduce the mean
function u(o):
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Definition 3.1 (Mean Function). Let I; be the index set of j-th sub population of total population o, then mean
function u: E" — [-1,1] is defined by:

1
popiel)=—> o;. (3.1)
H(Ui,iEh)) _ (mn(cf)l)

The 2-dimensional mean vector of the system m,, is given by: m,,(0g) = .
Y n1Sg V: Mn(00) (u(ai,lelz) My (0)2

Next up we look at the Hamiltonian of the system. The Hamiltonian for the Mean-Field Ising model is
given by/[3]:

H(o)=-B)_ oiu0). (3.2)
i=1

Here f is the interaction coefficient. We adjust this Hamiltonian, by splitting it up to two populations.
This gives us the Hamiltonian for the two-population mean-field Ising model, given by:

Ho)=-| Y. oi[fuima(@)1p1+ Paimn(@)2p2]+ Y. 0i[Br2mn(0)1p1+ Paomn(0)2p2]|. 3.3)

o;liel gilielh

Here f11, P12, B21 and P22 denote the effect of population 1 on itself, population 1 on population 2, popula-
tion 2 on population 1 and population 2 on itself, as shown in in Figure 3.3.

We can use the Hamiltonian of the system the determine the energy change when the opinion of an indi-
vidual in the model flips. This change of energy can be used to find the flip rate of an individual in the model.
The energy change when individual o; flips is given by:

AE; = H(o") - H(0),
_ {201' [Bi1mn(@)101+ Barmn(0)202] ifi€l,

20 [Br2mn(0)1p1 + P22mp(0)202] ifi€ L.

Before we can go any further, we define the flip rate of a single spin in the model. For this we apply the
Master equation from Theorem 2.1 on the model:

dPL(Z, 2 Y (w(e' —0)P(c’, 1) - w(o — ")P(0, 1), B4
i
N . ; j
=Y Y (w'—o)P',0)-wo—o")Po,0). 5.5
j=10'i|i€Ij

We know that in equilibrium the probability of the state is proportional to the Boltzmann distribution[6],
i.e., Peg(o,1) o e 19 Here we can use the energy difference described in the Equation 3.4. Plugging the
probability in equilibrium in the master equation gives us the following condition:

. ; .
w(o - b _ Peq(o7) _ ¢~ BH©E)=H(©) _ ,~PAE; 3.6)
w(o! —0) Peylo)

We make the following choice of definition for the flip rate, which satisfies this condition:

iy
wo—o)=e 2 (3.7

{e_o'i{ﬁllmn(U)lpl+ﬁ21mn(U)2P2} ifiel,

e~ OilBrzmn@np1+P2mn@202} if e [, (3.8)

Here we have absorbed the Boltzmann coefficient § into the interaction coefficient. We would like to split
this into a flip rate for each population. This results in:

Qi = e~ 0i{Brimn(@)1p1+P21mn(0)202} _ e—Uirl’

and

Goi = e~ 0i{Przmn(@p1+Pa2mn(0)202} _ p=0iTa2
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Here q;; and gy; are the flip rates for particles in populations 1 and 2 respectively. We introduced the terms
I'y and I', for convenience. Those are given by:

I =Brimp(o)1p1 + B21my,(0)202,
and

[z = B1r2mn(0)101 + P22mp(0)202.

Now that we have defined the flip rate, we can find the generator of o using Lemma 2.2:

Laf0) =) w(Si— SHf(S))— fS)). (3.9)
J#i

In our model w(S; — §;) =0, if §; # SZF for some k =1,...,n, where Sf denotes population S; with the k-th
individual flipped. So we get:
n . .
Lufl0)=) wlo—a")(flo") - flo). (3.10)
i=1

We can split this sum up in a sum for each populations, giving us:

Lnf@) =Y wo—a)(flo") - flo), (3.11)
iel)

+Y w(o—a)(f@) - flo). (3.12)
icl

Finally we can insert the definition for the flip rate for each population giving us:

Luf©@) =Y qui(flo’) - flo)), (3.13)
iel

+ Y qau(f@) - flo). (3.14)
i€l

3.2. Convergence of the generators

Now we have found the generator of our system. We want to show that when taking the limit the system
converges in probability to a two-dimensional system of ordinary differential equations. First we will give
this system with its generator. Then we will show that the generator of the two-dimensional mean-field Ising
model converges to the generator of the two-dimensional system of ordinary differential equations.

We start by showing the two-dimensional ordinary differential equation with its generator. Let x(¢) be the
solution to the two-dimensional ordinary differential equation given by:

di
T =F),
d
{ x(0) = xo. (3.15)
where F(X) is the vector given by:
o (A=xpelt = +xpe T,
F= ((1—x2)€r2—(1+x2)e’r2, (3.16)

The generator o working on f(x(¢)) is can be found using the definition of the infinitesimal generator
and corresponds to the semigroup {7'(#)} with T(¢) f(s) = f(s + t). This gives us:

Af(s) = ltn%w, (3.17)
— ﬁmw, (3.18)
t—0 t
_df
== (3.19)
d
=(Vf, d—’;> = (Vf,F(x)). (3.20)

Where in the last step we used the chain rule.
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Proposition 3.1. The stochastic process given by t — my(t) is a process with generator s, given by:

1+ 2
An(f 0o mp(0)) = Ma“ ( fmalo) == o) - f(mn(o))), (3.21)
1
1- 2
+ Me“ (f(mn(a) il f(mn(o))) :
p2n(1+my(0)2) 71"2( _LA _ )
+—2 e f(my(0)) pznez) f(my(0)],
+ Merz (f(m”(o') + iéz) _ f(mn(o')))) .
2 pan

Proof. Let the generator «f,, work on the function f o m,(0):

An(fomn(@) = Y goi(f(malo™) = f(ma0)),

iel

+ Y qui(Fomato™) - Foma@)).

i€l

. j . . . R 1 )
Next up we want to rewrite the term m,, (c"). For this we first introduces the unit vectors é; = ( 0) and é; = (1)
We now look at the definition of m,, and plug in o’. This gives us:

ot je Iz))

i = .
Mnlo7) = (u(o;,j en)

Ifi € I}, then u(a?,j €D)=p(oj,j€L). Similarly if i € I, then p(a;.,j €)= (o}, j € I). Now let’s have a
look what happens to u(aj.,j el))ifiel,. We get:

. 1
p(U;,]EIl):n— Z gj-0oil, (3.22)
L | jenlj#i
1
=—| ) oj-20i|, (3.23)
ny|:
jeh
. g
=ploj,j EIl)—Zn—. (3.24)
1

We get a similar result for the situation the flipped individual is in population 2. This allows us to write:

) mpy(0)-27ter, ifiel,
my(o') = o

n mn(o)—ZZ—;eg, ifiel.
Substituting this result into our expression for the generator gives us:

) 20;
dn(fompoN =Y el (f(mn(a) - nllel) —f(mn(a))),

ieh

. 20;
+Y el (f(mn(a) - nizez) —f(mn(a))).

i€l

Next, we split the sums over the populations into two parts, a sum over all individuals with a positive opinion
and a sum over all individuals with a negative opinion. This allows to substitute all value of —1 or +1 for all
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the o, terms. This gives us:

2
dAn(fomuo)= Y eh (f(mn(a)—n—él)—f(mn(a)) :
iel

1loi=1

el ( f(mp(o) + —el) - f(mn(a))),
zeIlla,_f

e f2 ( f(my(o) - —62) - f(mn(a))),
zelgla,_l

el ( f(mp(o) + —ez) - f(mn(a)))
zeIzla,_f

Now all the terms over which we sum have vanished and we only sum over one. We can rewrite this sum
as an expression including the m,,. We know that each sum is the number of positive or negative particles in
each populations. We will look at the definition of the mean function p to find this expression:

1 n
u(cr)=;z=0i,
1 n n
== > -1 1,
n lig;=—1 ilo;=1
1
%{n -n"}.

Here ny and n_ denote the number of positive and negative individuals in the model in population respec-
tively. Using n, = n— n~ we can get the following expressing expressions for n* and n™:

1
nt = Z 1= M, (3.25)
i|0'i=l 2
1_
B o .l (3.26)
l‘|0’i:*1 2

Substituting this into the expression for the generator gives:

dn(fo my(0)) = M -, (

2
f(mn(0) ——61)—f(mn(0)))

+ M I (f(m (o) + iel) —f(mn(U)))

2

P21+ 1 (@)2) o, ( Flmn(o)) - iéz) - f(mn(a))),
2 p2n

P2 =mn(@)) o, ( Fmn(o) + ——&5) f(mn(an)) .
2 p2n

Now we have found the generator of the model, we can introduce the final proposition which shows the
convergence of the models.

Proposition 3.2. The Markov process given by t — my (o (t)) with m,(c(0)) — xo converges to x(t) the solution
to the two-dimensional differential equation given by Equation 3.15

Proof. Using the generator we found in Proposition 3.1, We can apply theorem 2.3, to show the convergence
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of the generators. Suppose my (o (t)) — X(t) as n goes to infinity we then have:

hm ,Q{nf(x) = lim

n—oo

pin(l+x1) —rl( -2 Q)
5 e f& p1nxl) f®1,

ﬂ}g{}oM h f(x+pix1)—f(x))

+ lim 22t 22) o, ( FG- -2 — f(x’)),
n—oo pa2n

+nh—r»§oM Iy fE+ pixz)—f(X))

Now since f € C? we can apply the Theorem 2.4. For this we will first only look at the part f (% — p%nfcl). We
know that there exists a 0 € L, where L, is the path between ¥ and % — pf—n, such that:

2

2 2 1 4
f(X—pTxl)—f()—p—naf( 292 2azf()

We can get similar results for f(X + pf—nfcl), f&E- P —2_%,) and fE+ p—xg) which corresponding 6,, 63 and 6,
in paths Ly, Ls and L4 respectively. Substituting these results into our limit gives:

, o 1 p1n(l+x7) oI o . 2 6_2 s
r}l—r»god”f(x)_r}l—» 2 f&x - nax (x)+p2n2 axff(el) r@y

1- 2 2 0
+ lim Me“ (f( )+——f( Shre Ly f(?c)),

n—oo

. p2n(l+x2) _p - 2 0 2
+r}l—l}<}oTe 2 f(X)_m_na_JQf(X)+ > 262f(03) f&@|,
p2n(l—x3) o2 2 0 s
+’¥EIC}OT f()+——f (3 + gnzé_ng(&) f®].
If we now, cancel out the f(X) parts and move the limits and the components "p L and % to inside the
brackets we get:
1 91
hm .szlnf(x)—(1+x1)e_r1 (——f(x)+ lim I 1))
n—oo 1N dxl
0 1 0f(6)
1-x) e | —f(@ + lim
+d-x)e (6 & A, o ox? )
1 0f@®
+(1+xp) e (——f(x)+l il 3))
n—o0 pgn axz
0 1 of@©
+(1-x2)e? | — f(@ + lim [09)
0xy n—o0 pzl’l 6x2
Now since % goes to zero as n goes to infinity we get:
0 0 0 0
lim of, f(%) = —(1+x)e ! or +(1—xp)e or _ (1+x)e 12 or +(1-xp)e'? —f.
n—oo 0x 0x1 0x; 0x;

Rewriting this gives us what we wanted to show:
a
f 1-xpDel' =1 +x)e

hm dnf(x) la- Xz)erz -1+ xZ)e—Fz

6x
=<Vf,F>=off.
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Using this we clearly see that:

lim sup |-/ (f © M) (x) = of f (mn(x))| = 0 (3.27)

xeE,

We have now shown that as n goes to infinity and m,(¢) goes to x; we have that the generator <,, converges
to the generator «f. Therefore by Theorem 2.3, the two-population Mean-Field Ising model converges to
two-dimensional system of Ordinary Differential equations described by Equation 3.15

O



The N-dimensional mean-field Ising model

In this chapter we will expand the framework, we created in Chapter 2 to discuss the two-population Mean-
Field Ising model, to create an analysis of the "general N"-population Mean-Field Ising model. In the first
section of this chapter we will give a quick introduction to the model and will make some alterations and
additions to the mathematical notation introduced in Chapter 2. In the second section of this chapter we will
proof the convergence of the model to a N-dimensional system of Ordinary Differential Equations.

4.1. Description of the Model

When describing the N-Population Mean-Field Ising model, we will make similar steps as before in the N =2
case. We again have a group of n individuals who can have either a negative or a positive opinion on a subject.
We again make the same simplifications as before. We have a Mean-Field and location independent model.
Where in the N = 2 case, we split the populations into two groups, now we split the population into a general
number N groups. Figure 4.1 gives an schematic overview for a three-population Mean-Field Ising model.
We expanded our model to a general N, so we can split the total population on different criteria. We could for
example split the total population into three ages groups: children, young adults and 30+’ers.

To achieve our goal, we need to make some alterations to the mathematical notation introduced with the
two-dimensional model. We again introduce a sequence of n random variables o = {0}, ...,0,} representing
the individuals in the total population. Each individual has a state space E = {—1,+1} and the entire popu-
lation has total state space Q = {—1,+1}"". Now we diverge from the two-population model. We introduce N
index sets I1,..., Iy, to split the total population. All the indices for individuals in Population j are stored in
index set I; foral j =1,..., N. Again we have chosen the populations such that each individual is in exactly
one population. This gives the two requirements for the index sets: Hj.vzl ij =@ and Uj.vzl I; ={1,...,n}. For
each population j the the population size n; is given by n; = card(/;) and the proportion out of the total
population p; is given by p; = n—n’ Here we have chosen p; such that lim . n—n’ = p; >0, meaning that the
populations are non-empty. Obviously this gives Z;V: . 1j =nand Z;VZ 1 pj = 1. As before we denote the k-th

individual in the total population being flipped by o*.
The mean function defined for the two-population model can also be applied to the N-population model,
allowing us to define the N-dimensional mean vector m,, (o) of the model by:

uloiiel) my (o)1
my(o) = = . 4.1)
u(oi,iely) mu(0)N

For the N-dimensional model we also store all the population fractions in a N-dimensional vector given by:

p=|: | 4.2)
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—+

.
+
+ + +

Figure 4.1: Schematic view of the 2-population Mean-Field Ising model. A plus represents and individual with a positive opinion and
a minus represents an individual with a negative opinion. The model is divided in population 1 and population 2 in red and blue
respectively. The interaction coefficients are shown by the arrows.

Now to find the flipping rate of the system we again look at the Hamiltonian. We can continue from
Equation 3.2, and split it up for N populations giving:

N
H)=-), Y oilpijmu@)p1+-+Bnjmn(@)Npn]. 4.3)
j:1 0',‘|i€[j

Here f i is the interaction coefficient denoting the effect of population j on population k. All the interaction
coefficients are stored in the interaction matrix C, which is a N x N matrix given by:

fu ... Pin
c=|: - (4.4)
Bn1 ... Bnn
We now again look at the energy difference when a individual flips and we see:
AE;=H(c") - H(0) (4.5)
20i[frimu(@)1p1+ -+ Pnimp(0)npnl, ifi €1y,
= : (4.6)

20;[finmp(0)1p1+ -+ Bynmp(o)npn], if i € Iy.

Similarly to the two-population mean-field Ising model we find the flip rate for the i-th individual in popula-
tion j g;; to be given by:

qji = e_Uirf. (4.7)
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Where I'; is given by:
N
Ij=) Bijmn(0)ip;. (4.8)
i=1
No we have found the flip rate of the N-dimensional model, we can define its generator:

N
Luf@) =Y. ¥ aji(fo") - ). 4.9)

j:1 iEIj

4.2. Convergence of the generators

Now we have found the generator of our system. We want to show that when taking the limit the system
converges in probability to a N-dimensional system of ordinary differential equations. First we will give this
system with its generator. Then we will show that the generator of the N-dimensional mean-field Ising model
converges to the generator of the N-dimensional system of ordinary differential equations.

We start by showing the N-dimensional ordinary differential equation with its generator. Let x(¢) be the
solution to the N-dimensional ordinary differential equation given by:

dx _
{m = F(x), (4.10)

x(0) = xp.
where F(X) is the vector given by:

A-x))e't = (1+x)e ™
F(X) = : . (4.11)

(1-xn)e™N — (1+xy)e IV

The generator « working on f(x(#)) is can be found by using the definition of the infinitesimal generator
and corresponds to the semigroup {7 (#)} with T(¢) f(s) = f(s + t). This gives us:

T(¢t -
‘df(s):ltill(l)w, (4.12)
_ i LSO S (4.13)
t—0 t
af
=& 4.14
ar (4.14)
dx
=(Vf, rri (Vf,F(x). (4.15)
Where in the last step we used the chain rule.
Proposition 4.1. The stochastic process given by t — my,(t) is a process with generator <, given by:
N o ;
pin(l+my(0)i) _-. 2
Ap(fomu@) =Y %e F (f(mn(a) i —f(mn(a))), (4.16)
j=1 J

3 pjn(l—zmn(cr)j)

) 2
el ( flmy(0)+——¢)) - f(mn(a))) :
j=1 pjn

]

Proof. Let the generator «7,, work on fom,(0):

N .
a(fomn@) =Y. ¥ aji(f(maa™) - fima(@).

j=1iel;
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Next up we want to rewrite the term m, (o). For this we first introduce the N-dimensional unit vector & »
which is zero except for its j-th index, where it has value one. Now we look at the definition of m,, and plug in
o'. This gives us:
ol jen)
my(0") =

,u(o v j€1IN)

If i € I, then ,u(oj‘,j €)= u(oj,jeI;) for I # k. Now let’s have a look what happens to ,u(a;'.,j ely)ifiely.
We get:

1
,u(U ,jEI) = — Z ogj—0il, (4.17)
k| jelelj#i
ZO'] 20|, (4.18)
nk Jelk
, g
=ploj,jelx)—2—. (4.19)
ng

This allows us to write:

mn(a)—z‘;—felifiell,
mn(Ui) =

mpy(o) — elez €lpn.

Substituting this result into our expression for the generator gives us:

N 2 ;
stu(Fomm@n=3 Y e [ fomp(o) - %ej) — fma(0))].
]

j=l iEIj

Next up we split the sums over the populations into two parts, a sum over all individuals with a positive
opinion and a sum over all individuals with a negative opinion. This allows to substitute all value of —1 or +1
for all te o terms. This gives us:

N
An(fomp0)=), Y e (f(mn(a) n—e,) f(mn(o))),
J

j=l i€]j|0i=1

N 2
+Z Z el (f(mn(a)-i-;éj)—f(mn(lf)))-
]

j=l iE]j|0i=—l

Now all the term over which we sum have vanished and we only sum over one. We can now substitute Equa-
tion 3.25:

N poin(l+my,(0); .
dn(fomn(a))zz we—ﬂ(

2
P2 f(mn(o)—ﬂe]) f(mn(a))),

J
1 mn(U) )

+Zp]

ol 2 s )
J(f(mn(o')'f'pjne]) f(mn(g)) .

We have now find our desired expression for the generator. We can now apply theorem 2.3, to show the
convergence of the generators.

O

Proposition 4.2. The Markov process given by t — my (o (t)) with m,(c(0) — xp) converges to x(t) the solution
of the N-dimensional differential equation given by Equation 4.10.
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Proof. Suppose my,(o(t)) — X(t) as n goes to infinity we then have:
i ot o N i pjn(1+x]') -1, N 2 N N
i ot f (= 3, Jim T e [ )= S D),

+ Z lim —xj)erf

n—oo

., 2 -
fE+ mxj)—f(x)).

Now we want to apply the Theorem 2.4. For this we will first only look at the part f(X — -5 £1). We know that

there exists a 6, € L, where L; is the path between X and X — 5 An, such that:
J

1 4 @2

2 2
f(X—?x] f(X)__Ef() 2 2202f()

We can get similar results for f(X + —p? —-X1) with corresponding 6, in path L,. Substituting these results into
7
our limit gives:

1+x 2 2 9
11m .szfn (%) = Z 11m ]) el (f(x)———f X+ — 2—2f(01)—f(?6)),
Pj pin ij

=1 n—oo 2 i

1xj)rA#za*262 .
Z lim —e J (f(X)+ﬁaf(x)+W@—x?f(ez)—f()ﬂ .

If we now, cancel out the f(X) parts and move the limits and the component @ to inside the brackets we
get:

N 1 0f(6y)
Jim dnf(X) ;(1“‘351’) 1 (——f(x)+nl_)oop in ](;xl )’

o3 (1-x;) el —f(x)+1 2%

= J n—»oop n Gx '

Now since % goes to zero as n goes to infinity we get:

o of of
. - -T; I';
lim o, f(X) = jZ:l—(l +xj)e ]a_xj +(1-x))e ]a_xj'

Rewriting this gives us what we wanted to show:

0 _
R il et
=<Vf,F>=df.
Using this we clearly see that:
lim sup |-/ (f © M) (x) = of f (mn(x))| = 0 (4.20)

xt—:En

We have now shown that as n goes to infinity and m,(f) goes to x; we have that the generator <,, converges
to the generator «/. Therefore by Theorem 2.3, the N-population Mean-Field Ising model converges in prob-
ability to the N-dimensional system of Ordinary Differential equations described by Equation 4.10. O






Local bifurcations of the model for two and
three populations

In this chapter we will be characterizing the two- and three-dimensional system of ordinary differential equa-
tions for when local bifurcations around the origin occur. In the first section we will be looking at the vector
F obtained in Chapter 4 and determining when bifurcations occur in the two-dimensional model. In the sec-
ond section of this chapter we will be doing analysis of the two-population model for a Hopf bifurcation. In
the third section of this chapter we will focus on the analysis of a Hopf bifurcation in the three-dimensional
model and in the fourth and final section we will do two numerical simulations of Hopf bifurcations in the
three-dimensional model. This chapter will solely focus on local bifurcations. Global bifurcations are outside
the scope of this thesis. We will first make some notation changes to the N-dimensional ordinary differential
equation given by:

{ 4% = F(%)

x(0) = xo, 6D

where F(X) is the N-dimensional vector given by:

(1-xpetN —(1+xy)e
F(X) = : (5.2)

(1-xnetN -1 +xpy)etw

The change in notation we make, has to do with the interaction matrix 8. For this we first diagonalize the
fraction vector p giving:

Pl 0 0
0 P2 ... 0

pa =diag(p1,pz,-..on)=| . . . (5.3)
0 0 ... pn

We now define a new interaction matrix @, which includes the populations fractions p. «a is defined by:

pifin ... p1fin
a=pqf= (5.4)
PNﬂNl pNﬁNN
This allows us to write I'; as:
rj()_(?) ZXTQEj (5-5)

23
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The second change in notation we introduce is rewriting the vector F using the hyperbolic sine and cosine
given by:

eX+e™”
cosh(x) = — (5.6)
and (5.7
X _ ,—X
sinh(x) = % (5.8)

Inserting these two equations into the definition of the vector F(X) gives:

2sinh(I'y) — 2x; cosh(I'y)
F(%) = : (5.9)
2sinh(I' ) —2xy cosh(T'y)

5.1. Bifurcations in the 2-dimensional Mean-Field Ising model

For the analysis of the bifurcation we will be looking at an example of a group of men population 1 and a
group of women population 2. We will be looking at the equilibrium point xo = (0,0). This means that the
women and the men both have an average of 0 opinion on the subject. Meaning half of each group has an
positive opinion and half of each has an negative opinion on the subject. The two-population system of
ordinary differential equations discussed in this section is given by:

dx =
= = F(X)
dt
{ %(0) = xo (5.10)
Where F(X) is the two-dimensional vector given by:
- _ (2sinh(I'1) —2x; cosh(I'y)
Fo = (2 sinh(I'») — 2x» cosh(I'») .11

We start this chapter by showing that two types of bifurcations are not possible at x = (0,0).

Lemma 5.1. The two-dimensional system of differential equations given by Equation 5.10 cannot have the
following bifurcation types at (0,0): (a) A saddle-point bifurcation and (b) a transcritical bifurcation.

Proof. Suppose there is either a saddle-point of transcritical bifurcation at (0,0). Then by Theorem 2.5 and
Theorem 2.6, we have w’ D?F/|,-,0) (v, v) # 0. However if we look at D?F we get:

D2F = ([20421 —4ai;] vi + [2@21 —2a1| V2 + [4aj1az) —4az1] v1vs)sinh(l) - (Zail v+ Zazl V% +4ay1az1 vy v2) x1 cosh(T'y)

([2a5, —4a] v5 + [2a5, —2a12] v5 + [4azza12 —4a12] vy v2)sinh(T2) - (2a5, v] +2a7, V5 +4azai2v1 v2) X2 cosh(T2) |

Now substituting for x = (0,0) gives:

0
D*Fly=0,0) = (0) (5.12)

This is leads to a contradiction. So by contradiction we have shown there cannot be a saddle-point or trans-
critical bifurcation at (0, 0). O

Now we are going to take a look at the Hopf bifurcation, which indicates that limit cycles occur.

Lemma 5.2. The two-dimensional ordinary differential equation given by Equation 5.10 has a Hopf bifurca-
tion at (0,0) with bifurcation parameter L = a1 if the following are true:

atap =2, (5.13)

(@11 — @22)® +apaz <0. (5.14)



5.2. Numerical methods on the 2-dimensional Mean-Field Ising Model 25

Proof. For this we will be using Theorem 2.7. The Jacobian of vector F at (0,0) is given by:

2a11—2 2a0

J(F(E)|z=0,0 = 201, 20 —2 (5.15)
Now let us determine the eigenvalues of this matrix. Using det (J(F)|x=(0,0) — A1) = 0 we get the equality:
A+ (@ -2az —2a1)A —4(a11 + @z — @112 + A12021 — 1) (5.16)
Solving for A using the quadratic formula gives:
Ae=ap+ap-2+ %\/(4 — 222 -2a11)? —16(a11 + @22 — an1a22 + a12021 — 1) (6.17)
We can simplify this equation to:
Ay = 0611+a22—2i\/(all—a22)2+46¥120621 (5.18)

Now suppose a1 + @22 =2 and (a;; — @29)% + aj2a21 < 0 hold. Substituting the former in Equation 5.18,
gives:

As = (@11 — @22)? + @1pa21 <0 (5.19)

Now we get $(A) # 0 and R(A) = 0. If we now take the derivative of the real part of the eigenvalues w.r.t. u we
get:

d
an [+ a2ly=y, =1 (5.20)
This is not equal to zero, so by Theorem 2.7 there is a Hopf bifurcation at (0,0) as u passes through . O

5.2. Numerical methods on the 2-dimensional Mean-Field Ising Model

To perform the numerical analysis of the 2-dimensional Mean-Field Ising model we want to construct an
interaction matrix which satisfies the conditions of Lemma 5.2.For this we start with a matrix A, which has a
conjugate pair of purely imaginary eigenvalue 1, = +wi, with w € R. This matrix is given by:

wi 0
A= ( ’ _wi) (5.21)

Next up we alter the matrix such that it only contains real numbers. This gives us:

0 w
Areal = (_ w 0) (5.22)

Next we want to find the interaction matrix C, which Jacobian is equal to matrix A,.,;. This matrix is given
by:

1 _w
C= (w 2) (5.23)

This matrix satisfies the conditions of Lemma 5.2. We set a; to be the bifurcation parameter, then the bifur-
cation value o = 1. We see that for p < po, RA+) <0, for p > po, RA+) >0 and for u = pp, R(A4) = 0. Next
up we performed a numerical simulation on the two-dimensional system of ordinary differential equations
given by Equation 5.10, with interaction matrix C. For this we have chosen w = 2. We used the forward differ-
ence method, with time-step d¢ = 107>, for a total of two million steps. The simulation started close to (0, 0)
at the point x = (0.1,—0.1) The results of the simulation are shown in figure 5.1. The simulation shows the
occurrence of a limit cycle, due to the Hopf bifurcation.
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Population 1 Population 2
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0.05 0.05 4
< 0.00 S 0.00
—0.05 | —0.05
-0.10 | -0.10
=0.15 1+ T T T T T T T T —0.15 T T T T T T T T T
0.0 25 50 75 100 125 150 175 200 0.0 25 50 75 100 125 150 175 200
time time
(@) (b)
0.15
0.10 1 A1 =0.00+2.00j
0.05 4
~ A2 =0.00-2.00j
c
.2
= 0.00
2
2 RefA1,2)=0
-0.05
im(Ay,2) = £2.00
-0.10
—0.15 4, ; . . . ; . Re(A1,2) =0 and Im(Ay,3) # 0, so Hopf-Bifuraction
-0.15 —-0.10 -0.05 0.00 0.05 0.10 0.15
Population 1
(©) (d)

Figure 5.1: (a) shows the evolution of the average opinion of population 1, (b) shows the evolution of the average opinion of population
2, (c) plots the average opinion of population 1 vs the average opinion of population 2. The start point of the simulation is shown in red
en the end point in green. (d) shows the check if a Hopf bifurcation is possible.

5.3. Bifurcations of the 3-dimensional Mean-Field Ising model

In this section we will be discussing the three-dimensional Mean-field Ising, as derived in Chapter ?2. This
system is given by:
ax >
& =F(X)
dt
{ %(0) = xo (5.24)
Where F(X) is the three-dimensional vector given by:

2sinh(T"y) — 2x; cosh(I';)
F(X) = | 2sinh(I'y) — 2x, cosh(I'5) (5.25)
2sinh(I'3) — 2x3 cosh(I'3)

We will start by stating the conditions on when a Hopf bifurcation occurs.

Lemma 5.3. Let x(t) be the solution of the three-dimensional system of ordinary differential equations given
by Equation 5.24. Let 3 x 3-matrix D be given by:

2a11 -2 2a91 2as;
D= 2a12 2a92 —2 2a3n . (5.26)
26(13 2&23 2“33 -2

Suppose there is a choice of parameter . and bifurcation value pysuch that:

d
2 RO =y 70 (5.27)
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The system undergoes a Hopf-bifurcation at x = (0,0) as u goes through po if D has to eigenvalues of the form
A = twi and one eigenvalue of the form A = d, with w,d € R

Proof. Suppose D has eigenvalues and a bifurcation value as described in the lemma. By theorem 2.7 we
know that the Jacobian of vector F at x = (0,0) has to have a conjugate pair of pure imaginary eigenvalues and
areal eigenvalue. After long and cumbersome computations we have found the Jacobian of F at to be given
by:

2a11 —2 2a01 2a3;
J(B)x=00 =| 2a12 2a22-2 2as |. (5.28)
2(113 2&23 20133 -2

. Clearly this is equal to D. So J(F)|x=(0,0) has the same eigenvalues of D. Therefore by Theorem 2.7, there is
an Hopf bifurcation at x = (0,0). O

5.4. Numerical methods on the 3-dimensional Mean-Field Ising model

We want to construct a matrix which satisfies the conditions laid out in Lemma 5.3. For this we start with a
matrix A, which has a conjugate pair of pure imaginary eigenvalues 1. = +wi and a real eigenvalue A,.4; = a,
with a,w € R. We construct this by making A a diagonal matrix with the eigenvalues on the diagonal:

wi 0 0
A=10 -wi 0 (5.29)
0 0

Next up we want this matrix to only contain real numbers, so we create the matrix A;.,;, with the same
eigenvalues given by:

0 -w 0
Arear=|lo 0 0 (5.30)
0 0 a

Clearly this matrix has the same eigenvalues. Next we want to find a interaction matrix C such that its Jacobian
at zero is equal to matrix A. This interaction matrix is given by:

I 0
c=[-2 1 (5.31)
0 0 §+1

This matrix satisfies the conditions of Lemma 5.3. Next up we did a numerical analysis on the three-dimensional
system of ordinary differentials equations given by Equation 5.24 with the interaction matrix being C, where
we have chosen w = 2 and a = —2. For this we used the forward difference methodwith a timestep dt = 107>
for a total of two million steps. The simulation started at starting point x = (0.1, -0.2,0.07). The results of this
analysis are shown in Figure 5.2.
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Figure 5.2: (a) shows the evolution of the average opinion of population 1, (b) shows the evolution of the average opinion of population
2, (c) shows the evolution of the average opinion of population 3, (d) plots the average opinion of population 1 vs the average opinion of
population 2. The start point of the simulation is shown in red en the end point in green.

The figures show the occurrence of two periodic populations and one stable population. The Hopf bifur-
cation caused the occurrence of a limit cycle between two of the three populations, as expected.

Lastly we construct a third numerical simulation. We wanted to have a simulation where all three popula-
tions where oscillating. What we did was to let the third population act as a "carrier" population. We started
with an interaction matrix where two populations oscillate given by:

2 -3 0
Coriginal =13 2 0 (5.32)
0 0 1
Then we switch the interaction factors a;» and a;3. We also set the interaction factor a3, = 3. This caused
population 1 to influence population 2 through population 3. This gave us the interaction matrix C given by:

2 0 -3
C=(3 2 0]. (5.33)
0 3 1

ext up we did a numerical analysis on the three-dimensional system of ordinary differentials equations given
by Equation 5.24 with the interaction matrix being C. For this we used the forward difference method with a
timestep dt = 107° for a total of two million steps. The simulation started at starting point x = (0.1,—0.2,0.07).
The results are shown in Figure 5.3. It shows that we succeeded in our goal to make all three populations
oscillate.
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Figure 5.3: (a) shows the evolution of the average opinion of population 1, (b) shows the evolution of the average opinion of population
2, (c) shows the evolution of the average opinion of population 3, (d) plots the average opinion of population 1 vs the average opinion of
population 2. The start point of the simulation is shown in red en the end point in green.






Discussion

The objective of the study in this paper was to extend the two-population mean-field Ising model to a general
N-population mean-field Ising model, with the aim to use it to model opinion dynamics. We proved that the
two- and N-population mean-field Ising model converge to systems of ordinary differential equations. This
result bridges the gap between a statistical process and a deterministic process.

We found that by created a new interaction matrix by taking the production of the old interaction matrix and
the population fractions. This shows that a big population can be modeled as a small population with a big
interaction coefficient and vice versa.

We characterized when Hopf bifurcations occur for the two- and three-dimensional models. This result is of
good use for the modeling of opinion dynamics. A Hopf bifurcation coincides with a big change in system
behavior. This could be used to model big changes in opinions to changes in society.

In this study we only focused on local bifurcation at xy = (0,0). Further research should be done on other
equilibrium points and global bifurcations. This would allow us the predict the population dynamics even
better. The bifurcation analysis in this study was solely focused on the two- and three-dimensional models.
Further research should be done on bifurcations in the general N model.

When we defined the system, we excluded the external field. The effect of an external field should be re-
searched and whether the convergence from statistic model to deterministic model still happens.

One of the limitations of the model is the binary behavior of the opinions. Each individual could either have a
positive or negative opinion. In reality opinions are a lot more nuanced and a person could for example also
have a neutral opinion on a subject. Further research should be done on adding more opinion possibilities
to the model.

In the final section of Chapter 5 we showed that it is possible to have three populations oscillating at the same
time. The conjugate complex pair of eigenvalue of the Jacobian of this interaction matrix, has a non-zero
eigenvalue. Further research should be done what the conditions are for three populations to oscillate.
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Conclusion

The objective of the study in this paper was to analyze population dynamics, by expanding the two-population
mean-field Ising model to a general N-population mean-field Ising model and showing its convergence to
a system of ordinary differential equations. In Chapter 3, we defined the notation of the two-dimensional
mean-field Ising and showed its convergence to the two-dimensional system of ordinary differential equa-
tions given by Equation 3.15.

In Chapter 4 we expanded the notation of the two-dimension mean-field Ising model to the general N situa-
tion. Subsequently we showed the convergence of model the N-dimensional system of ordinary differential
equations given by Equation 4.10 using convergence of generators. In chapter 5 we showed that for the two-
dimensional model transcritical and sandle-node bifurcations are not possible at xo = 0,0. We found that a
Hopf-bifurcation is possible for the three-dimensional model if the following requirements for the interac-
tions coefficients are met:

ap +ax =2, (7.1)
(@11 — @22)* + a12021 < 0. (7.2)
With a numerical analysis using the forward difference method we showed that when these conditions are
met a limit cycle occurs close to xp.
For the three-dimensional model we gave the requirements needed for a Hopf bifurcation in Lemma 5.3.

Here we again performed a numerical analysis and again found limit cycles close to xy. We were also able to
construct a model were three population oscillate.
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