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Abstract

Epidemiological models with time delays often display oscillations, this thesis will present the conditions needed
for either stable or unstable periodic solutions to occur within these models. We will specifically look at models
for which the stability changes as a function of the time delay and provide formulas to determine the stability of
periodic cycles. Then we will analyse some specific models using the MATLAB package DDE-BIFTOOL.
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Part 1
Introduction

We begin by discussing epidemic models. A mathematical model describing the spread of a disease generally
consists of a system of functions which give the population of a certain group with respect to time. Because it is
easier to formulate models using the rate of change of these functions a model will mostly consist of a system of
differential equations.

1 Standard epidemiological model

The most simple model contains three populations. The susceptible population S(z) which consists of the individ-
uals who could become infected, the infected population /() consisting of individuals who contracted the disease
and the recovered population R(z) of those who overcame the infection. We will distinguish between models with
constant population size and models without constant population size.

1.1 Constant population

The standard model describing the rates of change of the populations S, / and R is given by the following system
of differential equations:

so = BE
{.(t) _ %7% (1.1.1)
R(t) = I,

Where N = S+ 1+ R denotes the total population. This model was first introduced in 1927 by W.O. Kermack and
A.G. McKendrick [1]]. Here the rate of change of the susceptible population is assumed to depend on the product of
the susceptible population with the infected population and a constant 8. This is because every time a susceptible
individual comes in contact with an infected one there is a chance the susceptible individual will become infected,
using the constant 3 we can account for the probability someone becomes infected. Because these individuals will
join the infected population we have a term BIS/N in the differential equation for I where we had —BIS/N in
the equation for the susceptible population, we will call this term the incidence rate. Because individuals in the
infected population will also transfer to the recovered population we lastly have a term —7I in the equation for the
infected population and a term 7/ in the equation for the recovered population.

This model does not include a natural death rate or birth rate for the population, looking at the derivative of
the total population we will therefore get:

dN dS dI dR

So we have a constant population size. This model can be used to model a population over a small amount of
time where the death and birth rates will not influence the population in a big way. Instead of working with a total
population we could also work with fractions of the population by substituting S = S/N, I =1/N and R = R/N.
The system then becomes:

= 7ﬁ§7
= BSI—vl, (1.1.3)
YI.

Because we divided by the total population we now get S +1+R = (S+1+R)/N = 1.

|~ -
|

Definition 1 (Basic reproduction number). The basic reproduction number R\ of a disease is the expected number
of susceptible individuals which become infected by a single infected person.

In system 1] the basic reproduction number is Ry = /7, because the time between contacts is $ ! and the
time before removal form the infected population is 1.
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Figure 1.1: Solution to system ll for B =5and y=0.5.

In figure we see the solution to system (1.1.1), we can see the infected population start to infect the susceptible
population who in turn gain immunity and the infected population will therefore deplete.

Notice that the equation for R is uncoupled from the first two in (1.1.1). Removing it leaves us only with the
equations for S and 7. The phase portrait for SI then becomes:
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Figure 1.2: Phase portrait of susceptible and infected populations for system n

1.2 Non-constant population

The next model we will look at does include a inflow/immigration rate and a natural death rate, so it is more

suitable for modeling epidemics over longer periods of time but will also be more complex. The model is given by
the following system of differential equations:

S(t) A“S(t)l”](\;()f)(t),
i) = l”}g()ts)(t) 1) — (1), (12.1)
RU) = 1) —uR(),

Where A is the inflow/immigration rate and u is the natural death rate. This model only differs from in
the fact that individuals in all groups will have a term for the natural death rates within the populations and the
inflow/immigration rate in the susceptible population. An example of an inflow rate is the birth rate in models
describing human populations. For the derivative of the population we get the following equation:

dN _dS dI _dR

I_E—FE—F - =A—UuN(t) (1.2.2)

So we again get a constant population if we have a initial population of N(0) = A/u, if N(0) # A/u we can solve
equation (1.2.2) and get the following:

N() = % + (N(O) - z> o, (123)



So we see N(t) — A/ as t — oo and therefore converges to a constant population. The basic reproduction number

of this system is Ry = iry Taking the same parameter values as with the additional A = 10 and u = 0.1 we
get the following figure:

350 | |

300
250 |

200 \/
150 |
100

50t /

Figure 1.3: Solution to system 1» forf=5,y=0.5,A=10and u =0.1.

We see that the figure is very similar to , only difference being that the susceptible population will once again

start to grow together with the infected population and the recovered population will start to decline due to the
natural death rate.

While the incidence rate used in system (1.2.1) is the standard one, we can also use what is known as the mass
action incidence found in [2]. For this we assume the following:

(i) c¢N is the number of contacts per unit time infected individuals make.

(ii) % is the probability that a contact involves a susceptible individual, and therefore cN % = ¢S is the number of
contacts which one infected individual makes with susceptible individuals.

(iii) pcS is the number of susceptible individuals per unit of time who become infected per infected individual.

Here p is the probability of a susceptible individual becoming infected after having been in contact with an
infected individual.

The incidence rate then becomes BSI where 3 = pc. Note that because we assumed in (i) that the number of
contacts per unit time is proportional to the population size we assume that the number of contacts increases with
an increased population size, which was not the case with the standard incidence rate. These incidence rates
agree when the population size remains constant, but differ if the total population size is variable. The mass
action incidence rate can therefore be used to model diseases like influenza or SARS, where contacts increase as
population size and therefore population density increases. The standard incidence rate can be used for diseases
where there is a certain bound on the number of contacts an infected individual has, this is the case for sexually
transmitted diseases where the amount of contacts does not increase with population size. In this thesis we will
mostly look at diseases which are not sexually transmitted, so we will mostly look at systems similar to the
following:

$() = A—uS()-BSOI),
i) = BS@I)—yi() - i),

RU) = 7I()—pR(),
Notice that the third equation is again uncoupled from the first two equations, so we only have to look at the

equations for the susceptible and infected populations. A phase portrait for these two populations is found in the
following figure where § = 0.1, y=0.3, u =0.0l and A = 1:

(1.2.4)



Figure 1.4: Phase portrait of susceptible and infected populations for system t

In this case we have a very different phase portrait then in . Where in that portrait the solutions converged
towards zero we now have the solution converging towards a nonzero equilibrium. This is because instead of the
population being constant and all the individuals of the population eventually ending up in the recovered population
we know have a constant inflow in the susceptible population.

2 Variations of the standard model

Now that we defined the standard model in we can start to add elements which make the system more
complicated and therefore better suited to specific diseases. We will now look at adding another sub-population
and changing the incidence rate to a nonlinear one.

2.1 The exposed population

There are many types of diseases which have a significant incubation period, meaning that an individual is infected
but cannot yet spread the disease to other subjects. During this period we will place these individuals in a separate
population, namely the exposed population E. A model incorporating this is called an SEIR model, we will
consider the following one:

S() = A—pS(0)— BI()S(),
E(t) = ﬁl(t)S(t)—uE(t)—aE(t), (2.1.1)
I(1) = ak(t)—pl(t) = vI(), o
R(t) = i()—uR(r)

Here instead of the susceptible population directly feeding into the infected population we see that the susceptible
population first transfers into the exposed population via the incidence rate.

2.2 Models with time delays

We can also substitute # — 7 instead of just + where 7 indicates the time delay, which transforms the model into
a system of delayed differential equations (DDE’s). For example, we can delay the transfer from the infected
population to the recovered population in order to add a infected period to our model in the case of diseases like
SARS of influenza or for computer viruses we can add a delay to the incidence rate to simulate the time it takes
for infected nodes to start infecting the susceptible nodes. In the case of SARS or influenza we can look at the
following system for example:

St) = A—pus(t)—BSWOI),

i) = BS@I)— it — 1)~ ul(), @2.1)

R(@t) = 7I(t—1)—pR(),
Here 7 indicates the infected period, so when a susceptible subject enters the infected stage it will take T units of
time before it can transfer to the recovered population. Adding a delayed term to the incidence rate can also be
used to model the time it takes for the infection to develop in a subject, so we could use this instead of the separate
exposed population. In a way adding a separate exposed population is similar to adding a delay because it takes
more time for a susceptible subject to transfer to the infected population. An immediate drawback to using delayed
terms in models is that the system becomes harder to analyse.



2.2.1 Delayed term instead of exposed population

In the previous section we introduced the exposed population, this makes it so that there is a time between the
susceptible and infected state, which could also be modelled using time delays instead. As an example we will
look at the following simulations of|2.1.1]and|1.2.4|for A = 0.1,u = 0.01, =0.2,y=0.1 anda = I:
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We can clearly see the infected population reaching its maximum value at an earlier point in the normal SIR model
then in the SEIR model, which illustrates that using a separate exposed sub-population is in some ways like using
a delayed term in the equation.

2.2.2 Ways to incorporate delays

We will now discuss different ways to add time delays to our models.

» First of all we can add a time delay to our incidence rate for models where it takes a while for a susceptible
individual to become infected after contact. As we discussed previously this serves a similar purpose as
adding an exposed population to our model.

.
—~
-~
—

—BI(t—1)S(t — ) + other terms,

BI(t — 7)S(t — T) + other terms. (2.2.2)

~.
—~

~
~—

* A time delay can be added to the transfer rate between the infected and recovered population to model the
time it takes for an individual to recover from the disease.

I(r) = —7I(t—7)+other terms, (2.2.3)

R(t) = vI(t— 1)+ other terms. -

¢ In order to add a temporary immunity to our model we can add a delay to the transfer term from the recovered
population to the susceptible population. In these models it is assumed that their is no immunity after having
recovered from the disease or virus. The time delay will let us be able to add a time in which an individual
is recovered and after this time it will again be possible to enter the susceptible population.

S(t) = &R(t—7)+other terms, (22.4)
R(t) = —&R(t— 1)+ other terms. -

2.3 Nonlinear incidence rate

In the standard model we defined we assumed that the incidence rate is bi-linear, which is a strong assumption
because the infection rate almost certainly does not linearly increase with the size of the infected population. The
infection rate per infected individual most likely will decrease as the infected population increases because of the
behavioral change in the susceptible population, in [3] it is assumed that instead of a bi-linear incidence rate we
have one involving a term g(7) where g : R, — R satisfies the following conditions:

(i) g(0) =0;

(ii) g is bounded, so there exists a constant ¢ € R~ such that g(x) < ¢ forall x € R,;



(iii) the derivative of g exists and is bounded on any compact interval of R, with g’(0) > 0;
(iv) g(x) < g'(0)x forall x € R..
Here (iv) ensures the rate of change of the function will decrease as I gets big. An example for g is the following:

I

=T ey

2.3.1)
Where k,a > 0, we see that as I gets bigger the infection rate will decrease relative to the size of the infected
population. The incidence rate in this case will be equal to % We can also let this function g depend on the
ratio I/S like in [4] which results in the following(a = 1):

_k(I/S)  xl
C141/S SHT

g(1/S) (2.3.2)

BSI

Here the incidence rate will equal ¢7.

3 Structure of this thesis

This thesis is divided into a theoretical part and case studies. In the theoretical part we will discuss the theory be-
hind ordinary differential equations and delayed differential equations, which define our epidemiological models.
We will specifically look at Hopf bifurcation in these systems, a bifurcation is defined as the phase portrait of a
system changing significantly when we change a parameter a certain amount and Hopf bifurcation is a specific
type of bifurcation we will define in the next part. For ordinary differential equations the parameter can be any
constant within our system and for delayed differential equations we will specifically look at changing the time
delay values in order to find bifurcations. Next we will look at how to find and study the properties of Hopf bifur-
cation numerically using DDE-BIFTOOL, which implements the formula’s we will find in the part about delayed
differential equations. This tool will help us analyse different case studies. Lastly in the theoretical part we will
see how to simulate models in MATLAB using dde23.

In the case studies we will look at 8 different DDE systems which are used to model either diseases or com-
puter viruses within networks. We will look at academic papers discussing these models and we will check the
validity of these papers using DDE-BIFTOOL and attempt to recreate their simulations using dde23. For two of
these models we get the same results as described in the paper, in the rest of the examples we find different results
then found in the papers. In three of these models the Hopf bifurcation was subcritical instead of supercritical and
in the last two there was no Hopf bifurcation at all. The counterexamples found in these models are considered to
be the contributions of this thesis.



Part 11
Hopf Bifurcation in Ordinary Differential
Equations

In this part we will look at the theory behind ordinary differential equations in order to better understand the epi-
demiological models described in the Introduction. We will look at equilibria and what it means for an equilibrium
to be stable, after this we will describe what it means for a system to undergo a Hopf bifurcation and look at the
two types of Hopf bifurcation and the necessary conditions for them to occur. For convenience we will abbreviate
ordinary differential equations as ODE’s.

4 Equilibria and their stability

Consider the following system of differential equations with parameter o € R:

x(t) = f(x(r), ), x(t) eR"r €R, (4.0.1)
where f: R" x R — R" is smooth. We start with a few definitions.
Definition 2 (Equilibrium). The system has an equilibrium at a point xo(ot) € R" when f(xo(@), ) = 0.

Definition 3 (Orbit). For a solution x = x(t,xo) of (4.0.1) where x(0,x0) = xo € R" we define the orbit with the
starting point xy as
Or(xo) ={x e R" | x=x(t,x0),t € R} (4.0.2)

and orient it by the advance of time.
We will call the collection of all these orbits the phase portrait.

Definition 4 (Flow). Given a solution x = x(t,x) starting at xo € R", the flow is an operator ¢' : R" — R" that is
defined by

¢'(x0) = x(t,x0). (4.0.3)
Note that an equilibrium xo () is a point such that ¢’ (xo(ct)) = xo (o) for all 1 € R. An equilibrium xo() is called
stable if

(i) for any neighbourhood U of xo(a) there exists a neighbourhood V of xo(c) such that for all # > 0 holds
¢@'x € U providedx € V;
(ii) there is a neighbourhood Uy of x (o) such that for all x € Uy holds ¢@'x — xo when ¢ — 0.

An equilibrium is called unstable if it is not stable. In order to determine the stability of an equilibrium for a
system like (4.0.1) we need to calculate the eigenvalues of the Jacobian matrix of f. The characteristic matrix is
given by:
AA) =AT—Df(xp, @). (4.04)

The eigenvalues of the Jacobian matrix are the roots of the characteristic polynomial given by detA(A). The
relation between these eigenvalues and the stability of an equilibrium is given by the following theorem:
Theorem 4.1 (Lyapunov). Consider a system of differential equations

x(t) = f(x(1)), x(r) eR",r R, (4.0.5)

where f is smooth. Suppose it has an equilibrium xy and denote by A the Jacobian matrix of f(x) evaluated at
the equilibrium. Then x is stable if all eigenvalues A,z ..., A, of A satisfy R(A) < 0. If there is at least one
eigenvalue with R(A) > 0, the equilibrium xo is unstable.

Example 4.1. Setting x = (x1,x,x3) with x; = S, x =1, and x3 = R, we can write system (1.2.1) in the following

way:
x(t) = f(x(1)), (4.0.6)
where
A—px — B
S0 = | B |- (4.0.7)
VX2 — Ux3

The equilibria of this system are found by solving f(x) = 0, which gives the following stable equilibria:

10



(i) The disease-free equilibrium xy = (%,0,0) when Ry < 1.

(ii) The endemic equilibrium x, = ((W[;iﬁ)/" %(Ro —1), % (Ro — 1)) for Ry > 1.

Here Ry = 7%1 is the basic reproduction number. This example illustrates the importance of the reproduction

number in epidemic models, when Ry < 1 we eventually get to a point where there are no more infected nodes but
if Ry > 1 we get a nonzero steady state.

5 Bifurcation

Our goal is to study how the phase portrait of system (4.0.1) changes when we change the parameter ¢. In order
to do this, we will need to classify the phase portraits of these differential equations. For this we will define what
it means for two phase portraits to be topologically equivalent:

Definition 5 (Topological equivalence). We will call two systems of differential equations topologically equivalent
if there exists a homeomorphism h : R" — R" mapping orbits of the first system onto orbits of the second one,
preserving the direction of time.

Because it is easier to study these differential equations locally, namely around an equilibrium, we will further
define what it means for phase portraits to be locally topologically equivalent near an equilibrium:

Definition 6 (Local topological equivalence). Consider two systems of differential equations:
x(t) = f(x(2)), x(r) eR",r R, (5.0.1)

y(t) =g(()), y(t) eR"t R, (5.0.2)

where f,g are smooth functions. Assume 1i and 1i have equilibria xo € R" and yy € R" respectively, then
the phase portraits of these differential equations are called locally topologically equivalent near these equilibria
if there exists a homeomorphism h : R" — R" that is

(1) defined in a small neighborhood U C R" of xo;
(i) satisfies yo = h(xo);
(iil) maps orbits of (5.0.1) in U onto orbits of (5.0.2)) in V = h(U) C R", preserving the direction of time.

Theorem 5.1. The systems 1} and ll with equilibria xy and yo are locally topologically equivalent near
these equilibria if they have no eigenvalues with R(A) = 0 and the same number n_ and n.. of eigenvalues with
R(A) < 0and with R(A) > 0, respectively.

Going back to the differential equation defined in (4.0.1), when we change the parameter a to o there are two
possibilities: either the phase portraits of %(¢) = f(x(r), o) and x(¢) = f(x(r), &) remain topologically equivalent,
or this is not the case.

Definition 7 (Bifurcation). The appearence of a topologically nonequivalent phase portrait under variation of
parameters is called a bifurcation.

We will call the exact value of the parameter at which the phase portrait changes the bifurcation (critical) value.

Since generic systems of equations satisfying the same bifurcation conditions at an equilibrium are often locally
topologically equivalent it is handy to define a simple system satisfying specific bifurcation and nondegeneracy
conditions. This leads to the next definition:

Definition 8 (Topological normal form). Consider a polynomial system:
E=g(£.B,0),E R BER 6 R, (5.0.3)
Together with consider another system,
i=flx,a),x e R", o0 € R¥, (5.0.4)

having at & = 0 an equilibrium x = 0. System (5.0.3) is called a topological normal form for the bifurcation if any
generic system i with an equilibrium at x = 0 satisfying the same bifurcation conditions at o0 = 0 is locally
topologically equivalent near the origin to system Il for some value of ©.

11



6 Hopf bifurcation in 2 dimensions

There are many types of bifurcation, we will focus on Hopf bifurcation. This type of bifurcation is defined as
follows:

Definition 9 (Hopf bifurcation). The bifurcation corresponding to the presence of A » = Liwy where @y > 0, is
called a Hopf bifurcation.

In this type of bifurcation we have a periodic solution for specific values of the parameter, this is specifically
relevant in epidemiological models because having repeating outbreaks is not a good scenario while confronted
with a disease or computer virus. We will first introduce the normal form of this bifurcation and then discuss the
conditions for which Hopf bifurcation occurs.

6.1 Normal form of Hopf bifurcation in 2 dimensions
We begin by introducing the topological normal form of Hopf bifurcation as defined in the last section. Consider

the following 2-dimensional differential equation with one parameter:

{xl = Ot)q—)(z—x](x%"'x%)v 6.1.1)

X = X4 0x —x (X +x3).

This system has equilibrium x; = x, = 0 for all ¢ and its Jacobian matrix is equal to

o —1
A_<1 a) (6.1.2)

The matrix A has eigenvalues A; » = a £ and therefore satisfies the simple condition for Hopf bifurcation given
in Definition 1.7 for o = 0. Introducing the variable z = x| + ix, we get the equation:

= (a+i)z—2z*, z€C. (6.1.3)
Setting 7 = pe'?, we get the polar form of system 1i
p = pla—p?),
{ o = 1. (6.1.4)

We have an equilibrium at p = 0 for all &, we will look at the phase portraits for o¢ < 0,00 =0 and o > 0 (see
Figure 1):
Case 1 (a < 0):
In this case p < 0 so all solutions of system will converge towards the equilibrium at p = 0 and we therefore
have a linearly stable equilibrium.
Case 2 (ax = 0):
The system in this case will become:
p = —p 3 )

{ o = 1. (6.1.5)
Again we have p < 0 for p > 0, so every solution starting at some point xo € R? will converge to the equilibrium
p =0, but no longer linearly. Nevertheless the equilibrium is still stable.
Case 3 (a > 0):
For this case we have a periodic solution if p = /. If p < \/ot we have p > 0 so solutions starting there will tend
towards the periodic solution and the equilibrium at p = 0 is unstable. If p > /o we have p < 0 and solutions
starting here will also tend towards the periodic solution.

So we again see there is bifurcation with bifurcation value & = 0, because the phase portraits of @ < 0 and ot > 0
are different. The system is one of the normal forms of Hopf bifurcation, every system that is locally
topologically equivalent to this system demonstrate a supercritical Hopf bifurcation. The other normal form
corresponding to subcritical Hopf bifurcation is given by:

{ X] = 0Ox;—xy+x] (x%—FX%), (616)

X = x4 0x+x(8 +x3),

12



Figure 6.1: Supercritical Hopf bifurcation

To

Figure 6.2: Subcritical Hopf Bifurcation

Changing this system into its polar form like we did with (6.1.1) we get the system:

5 _ 2
{g - ’ff“*” ) 6.1.7)

There is again an equilibrium at p = 0 for all &, we will again look at the different values ¢ can have:

Case 1 (o > 0):

In this case we get p > 0 for all values of p so solutions will converge away from the equilibrium at p = 0 so this
equilibrium is unstable.

Case 2 (ot =0):

In this case we have the system:

¢ = 1.
So again p > 0 for all p > 0 and therefore the equilibrium at p = 0 is still unstable.
Case 3 (o < 0):
Similar to case 3 in the supercritical system we have a periodic solution at p = /. For p < /& we get p < 0 so
solutions tend towards the equilibrium at p = 0 and if p > /& we have p > 0 so it will converge away from the
periodic solution.

5 _ 3
{p = P (6.1.8)

These normal forms can be found in [5]. Now using the normal forms we can formulate the following theorem [6]:

Theorem 6.1 (Topological normal form for Hopf bifurcation). Consider the following two dimensional system
with one parameter:

¥=f(x,a), xeR*> acR, (6.1.9)

13



where f is smooth, and suppose this system has the equilibrium x = 0 for all sufficiently small |o,| with eigenvalues:
Mo=pu(a)tio(a) (6.1.10)
with 11(0) =0, w(0) = @y > 0. Further assume that
(AH.1) [;1(0) # 0, where I, is the first Lyapunov coefficient;
(AH2) 1'(0) #0

Then system (6.1.9) is locally topologically equivalent near the origin to the following system.:
51) (ﬁ —1) (51) 2 g2 <§1)
1) _ to(E2 4+ , 6.1.11
(§2 1 B 52 ) (gl gZ ) éZ ( )

We will explain what the Lyapunov coefficient mentioned in the previous theorem is when we defined Hopf bifur-
cation in n dimensions.

where o = sign [;(0) = £1.

7 Hopf bifurcation in » dimensions

To study Hopf bifurcation in systems with dimension higher then 2 we will need a way to reduce the dimension of
the given system near equilibria. In order to do this we will need the center manifold theorem.

7.1 The Center manifold theorem and reduction principle

Consider the following n-dimensional differential equation:

£=f(x), xeR" (7.1.1)

Where f is sufficiently smooth, f(0) = 0. Then has equilibrium at xo = 0. Let A be the Jacobian matrix
evaluated at xo with eigenvalues 41,4, ..., A,. Denote by n,ng and n_ the number of eigenvalues having R(1) >
0, R(A) =0 and R(A) < 0, respectively. The eigenvalues ng are often called critical. Denote by 7 the union of
generalized eigenspaces of the ng eigenvalues. Lastly, let ¢’ denote the flow of , see Definition 1.3. Now we
can formulate the following theorem:

Theorem 7.1 (Center manifold theorem). There is a locally defined smooth ny dimensional invariant manifold
We(0) of that is tangent to T at x = 0. There exists a neighbourhood U of xo = 0 such that if ¢'x € U for
allt > 0(r <0), then @'x — W (0) when t — oo(t — —oo).

Definition 10 (Center manifold). We call W, (0) as defined in the previous theorem the Center manifold

Note that in the case that there is Hopf bifurcation we have ng = 2 so there will be a center manifold of dimension
2, so we can reduce the differential equation to 2 dimensions and use the theory from the 2-dimensional case to
define the normal form for n dimensions.

Going back to system we will first split the equation into an ny dimensional equation and another dif-
ferential equation having dimension ny +n_. We obviously require ny # 0, since otherwise the equilibrium is
hyperbolic and does not bifurcate. Using a basis in 7¢ and its A-invariant complement (eigenbasis), we can write
(7.1.1) as follows:

i = Butg(u),
{ y Cv+h(u,v), (7.1.2)

where u € R, v € R™+"= B a ny X ng dimensional matrix having eigenvalues on the imaginary axis and C an
(ny +n-) x (ny +n_) dimensional matrix with no eigenvalues on the imaginary axis. The functions g,h are
nonlinear. The center manifold W¢ of this system can be represented locally as the following graph:

We={(u,v)lv=V(u)} (7.1.3)

Where V : Rj — R’} +n_ is smooth. Now we are able to reduce the differential equation to no dimensions using
the following theorem:
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Theorem 7.2 (Reduction Principle). System (7.1.2) is locally topologically equivalent near the origin to the fol-

lowing system:
i = Bu+g(u,V(u)),
{‘} ~ o, (7.1.4)

Because the equations for # and v are uncoupled the behaviour of the system on the center manifold is only deter-
mined by the first equation, so for Hopf bifurcation we can use the theory for the 2-dimensional case to handle the
n-dimensional case also.

The equation for v can be replaced by the equations of a standard saddle:

Vo= -,
{ W= w, (7.1.5)
Where (v,w) € R"= x R"+. This leads us to the following system of equations:
u = Bu+g(u,V(u)),
Vo= -, (7.1.6)
W= w,

7.2 Center manifolds in parameter-dependent systems

Now that we know how to reduce differential equations using the center manifold theorem we will look at param-
eter dependent differential equations next:

i=f(xr,a), xER" aeR. (7.2.1)

Where for o = 0 there is a non-hyperbolic equilibrium x = 0 with ng,n; and n_ the eigenvalues A with R(1) =0,
R(A) > 0and R(A) < 0 respectively. We will look at the following extended system:

o = 0,
{ Y = fra) (7.2.2)
This system has an equilibrium at (¢, x) = (0,0) with Jacobian matrix:
0 0
J= 72.3
(o) 500) 723

Having ng + 1 eigenvalues on the imaginary axis and n — ng with negative or positive real parts. If we now apply
the center manifold theorem to system we find a center manifold W¢ C R x R", dim(W*¢) = no+ 1. Because
o = 0 the hyperplanes ITy, = {(o,x)|0t = &} are invariant with respect to so we can split W¢ into the
following invariant manifolds:

Wg =W NI, (7.2.4)

Which leads to the following lemma:
Lemma 7.3. System (7.2.2) has a parameter-dependent local invariant manifold Wg.

Note that for a = 0 we get the center manifold Wy from the last section. So we can also reduce the systems with
parameters to the suspension of restriction to the manifold by the standard saddle.

7.3 Normal form of Hopf bifurcation in » dimensions

Now that we know how to reduce the dimension of systems, we can introduce the normal form for Hopf bifurcation
in n dimensions, which is defined as the following system:

xl = 0Ox;—x2 jZXI (x% +x%)a

B o= xtaxEn(d+ ), (73.1)
Loy 3.
o= a

Where for n; the amount of eigenvalues with R(A) < 0 and n, the amount of eigenvalues with R(A) > 0 we have
x* € R’ and x* € R™. When the nondegeneracy conditions (AH.1) and (AH.2) from Theorem 1.3 hold we will
get that an n dimensional system is locally topologically equivalent to one of the systems defined above.
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7.4 First Lyapunov coefficient

In order to calculate the first Lyaponov coefficient at & = 0 of system (4.0.1), we have to write the function f as
its Taylor expansion:

1 1
ﬂLM:Jﬁmk+5D%W%ﬂ+gD%WLL@+OWﬂﬁ, (7.4.1)
where the second and third differentials of f are defined as:
n 82 . 7O
szl(')(xvy) fj(g)‘ XkYIs
k,j=1 agkaél E=0 (7142)
Lo 2 f(6,0) o

D’ f)(x,y,2) =

NE JDEJE XkY1Zm;s
k,l,m=1 aéka&la‘gm E=0 L

where j=1,2,....,n. Now let ¢ € C" be a complex right eigenvector of A = Df(0) corresponding to the eigenvalue
iax, and let p” € C" be left eigenvector of A = Df(0) corresponding to the same eigenvalue i@y. Assume that
pg = 1. Then the first Lyapunov coefficient is equal to

L(0)= %iﬁ(m), (7.4.3)

where ¢ is given by

1
c1=5p[D*f%(4,4:9) +2D71°(q, =4y ' D*f*(4,9)) + D* (@, D °(@, (2icnly — A0) ' D*f*(q,q))] . (T4.4)

A derivation of this formula can be found in [6].

Example 7.1 (Lyapunov coefficient). Consider the 2-dimensional system % = f(x, o) with

R O N

Using eigenvalues g = p = % (_ll> we get the following formula for the first Lyapunov coefficient:

1 1
ll (0) = % (Puuu +Puvv + Quuv + viv) + W (Puv(PLm +va) - qu(Quu + vi) - PuuQuu +vavi) (746)
0

Here the lower indices mean the partial derivatives evaluated at x = 0.

Using this formula to calculate the Lyapunov coefficients of the normal forms of Hopf bifurcation we get the value
1,(0) = —2 for the supercritical normal form defined in and /1 (0) = 2 for the subcritical normal form defined
in (6.1.6). We can determine whether an equilibrium satisfies the conditions for Hopf bifurcation using the sign of
the Lyapunov coefficient. If sign /; (0) = 1 for a certain system, it is locally topologically equivalent to the normal
form defined in and we will call it suberitical. If sign /;(0) = —1 it is locally topologically equivalent to
the normal form defined in and we will call it supercritical.
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Part 111
Hopf bifurcation in Delayed Differential Equations

In this Part we will study differential equations with a time delay as a parameter, which we will abbreviate as
DDE’s, to see why they are useful we will first look at an example taken from [7]:

Example 7.2 (Linear delay equation). Starting with a model for population size, let N(¢) denote the density of
adults at time 7. Because it takes a while for kids to grow up we will denote the juvenile period to be % units of
time. Assume the rate at which adults produce offspring to be «, U is the probability of dying per unit of time and
p is the probability a child will survive the juvenile period. When we set r = ap the model can be described by
the following differential equation:

N(t) = —uN(t) +rN(t —h), (7.4.7)

The h is this equation is called the time delay.

There are many biological reasons to include a time delay in a model. In the example above the time delay is
used to model the time it takes for a kid to become an adult but there are many other reasons to include a time
delay. In epidemiological models, in particular, there are many time delays: It can be used to include a temporary
immunity in computer virus models, an infectious period can be included using time delays, and we can instead
of a separate exposed population include a time delay in the incidence rate which provides a more natural way
to model the exposed population. In this Part we will look at the theory behind delayed differential equations.
We will first define a delayed differential equation, then we discuss what equilibria are and what it means for an
equilibrium to be linearly stable. We will also look at the conditions for Hopf bifurcation in these systems and
describe differences and similarities DDE’s and ODE’s have.

8 Delayed differential equations

In general we will look at systems of the following form:

() = f(x(2),x(t — 1), x(t — T2), ..., x(t — Ty)), x(2) €RT, (8.0.1)

where f: R("+D" — R? smooth and 0 =: Ty < 7) < ... < T, =: h < co. For ordinary differential equations it was
sufficient for a solution to have a single starting point, now for t = 0 we see that we need a function which tells us
what the solution was before # = 0 on an interval of length 2. We will call this the initial data ¢ € C([—4,0],R").
The global solution for this system will be an element x € C([—h,0],R") NC!([0, ], R") and for this solution at a
time ¢ > 0 the history x; € C([—h,0],R"), x;(0) := x(t + ). The initial-value problem for the DDE then becomes:

(1) = F(x),t>0,
{ o - ¢ (8.0.2)

Here F : C([—h,0],R") = R" F(¢) = f(¢(0),0(—71),0(—T2),...,¢(—Ty)) is smooth. For convenience we will
denote X = C([—h,0],R") for the Banach-space of continuous functions endowed with the supremum-norm:

0] := sup{ll¢()| | —h=>x>0}. (8.0.3)

When F is globally Lipschitz with respect to this norm we have a unique global solution x = x(., ¢), for any ¢ € X,
which is continuous with respect to ¢. If F is only locally Lipschitz the solution is only guaranteed to exist on
a small interval. In the ordinary differential equations case we had orbits of solutions uniquely determined by a
single point, so it made sense to have a state space made up out of points. In the DDE case we have an orbit starting
at a time ¢ uniquely determined by a given function defined on [ — &,¢] so the state space will also consist of func-
tions defined on the interval [—A,0]. In the ODE case we had a state being defined by an n dimensional point for
an n dimensional system, here in the DDE case we need a function defined on an interval so an infinite amount of
points. For this reason we call a system of delayed differential equations an infinite dimensional dynamical system.

For ordinary differential equations, we had a function called the flow assigning to an initial point a point along
the solution at time . In the DDE case, we need a mapping defined on the space of functions which gives the state
at a later time, provided the initial state is given. For an initial state ¢ € C([—h,0],R") let S(r) denote the operator
that assigns to it a state ¢ units of time later. This operator satisfies the following:

(i) S(0) =id,

17



(i) S(r+s)=S(t)S(s), forall ¢,s > 0.

The second property is due to the uniqueness of the solutions. The family {S(¢) };>¢ forms a semigroup of opera-
tors.

Definition 11 (Strongly continuous semigroup / Cy-semigroup). Let X be a complex Banach space and let, for
eacht >0, T(t) : X — X be a bounded linear operator. Then the family {T (t)};>0 is called a strongly continuous
semigroup, whenever the following properties hold:

(i) T(0) = id,
(i) T)T(s) =T(t+s), fort,s >0,
(iii) forallx € X, ||T(t)x—x|| > 0ast 0.

Using semigroups we can define the (forward) orbit for a given initial state @ to be the subset {S(¢)¢|t > 0} C X
and the collection of all these orbits could again be called the phase portrait. Note however, that orbits of DDEs
can overlap.

9 Equilibria and stability

In the case of delayed differential equations the equilibria will again be constant solutions, so for a system defined
in (8.0.1) a constant solution x(¢) = x* € R" is called an equilibrium if:

S XX x") =0. (9.0.1)

The linearized system of (8.0.1) is given by:

m
(1) =Aoy(t)+ Y Ajy(t—75), y(t) €R", Aj=D;f(x",x*x",...x*), j=0,1,...m. (9.0.2)

j=1
Solutions to this linear DDE define a Cy-semigroup 7'(t) on X = C([—h,0],R"). The characteristic matrix can

now be introduced as
AA) = AL, —Aog— Y Aje 7. (9.0.3)
j=1

with the characteristic equation detA(A) = 0. Its roots are called the eigenvalues of x*. Just like in the ODE case
the equilibrium x* is asymptotically stable if all eigenvalues satisfy R(A) < 0, and unstable if there is at least
one eigenvalue with R(A) > 0 [7]]. Notice that, unlike in the ODE case where we had the eigenvalues defined as
the roots of a polynomial, we now have them as the roots of a quasi-polynomial with exponential functions in its

coefficients. So where in the ODE case we had maximum 7 eigenvalues for an n dimensional system we now in
the DDE case have an infinite number of eigenvalues regardless of the dimension.

10 Hopf bifurcation in DDE’s

10.1 Center manifold theorem and normal form

Now consider a DDE with m delays for x(¢) € R” and having a parameter o € R:
x(t) = f(x([)ax(t - T]),X([ - TZ); ~'~7x(t - Tm)7a)a (10.1.1)

With f: R+D7 « R 5 R” smooth and 0 = To < T1,..., Ty = h. Just like in the ODE case we assume there is an
equilibrium at x = 0 when ot = 0. Let A; € C be the roots of the characteristic equation

m
0 = det (M,, —Ag— ZAjeM/) , Aj=D;f(0,0),j=0,1,..,m. (10.1.2)
=1

J=

We again write ng,ny and n_ for the numbers of eigenvalues satisfying R(1) =0, R(A) > 0, and R(A) =0,
respectively. The center manifold in the DDE case will be mostly the same as the one in the ODE case, only
difference being that instead of the flow we use the solution operator defined in the previous section.
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Let WS C X be the center manifold, then the restriction of the solution operator Sq(¢) to W is locally generated
by a smooth ODE:

E=g( a),EcR" acR (10.1.3)

For Hopf bifurcation the smooth normal form on Wy is:

2= (u(a) +io(a)z+c(a)z|Z?|+0(|z*), (10.1.4)
here ¢1(0) =0,@(0) = @y > 0 and ¢(0) = ¢;. In order for (10.1.4) to be locally topologically equivalent to

W= (B+i)w+oww?|, (10.1.5)
where 0 = +1, we need the first Lyapunov coefficient to be nonzero, /| := %Re(cl) # 0. Then ¢ = sign [;.

So the conditions for Hopf bifurcation are the same as in the ODE case. For system we need eigen-
values A (o) = p(a) +io(a) with @(0) =0, ©(0) = @y > 0. In order for this system to be locally topologically
equivalent to the normal form we need u’(0) # 0 and /;(0) # 0.

Instead of the parameter & we could also let the center manifold depend on one of the delays 7; in order to deter-
mine if there is a bifurcation with respect to that time delay.

10.2 Computation of the first Lyapunov coefficient for DDE’s

Now again consider a DDE as defined in (10.1.1), and assume there exist roots A, = %iwy of the characteristic
equation defined in (10.1.2). Just as in the ODE case we have to calculate the first Lyapunov coefficient in DDE’s,
and we will now give the corresponding formula. Choose ¢, p’ € C" such that:

A(imy)g =0, pA(ian) =0, pA'(iwp)g = 1. (10.2.1)

Then the eigenfunctions will be given by: ‘
0(6) =g, (10.2.2)

Now using sun-star calculus [7] one can derive the following formula for the first Lyapunov coefficient:
/ ! Re(cy) (10.2.3)
1= 1), il
Q)
where ¢ equals:

&1 = 30 [DPF(0)(8, 2 A2ion) ' DPF(0)(9,9) +2D7F(0)(9,A(0) ' D*F(0)(9,8)) +D*F(0)(,9.9)]
(10.2.4)
Where F : C([—h,0],R") - R",F(¢) = f(¢(0),6(—71),0(—72),...,¢(—Tw)). So the second differentials of F
become:

D*F(0)(9,¢) = D*f°(@, D),
D2F(0)(9,9) = D2f(®,B). (10.2.5)
And the third differential is:
D’F(0)(9,9,9) = D*f°(®,®,®), (10.2.6)

where ® = (¢(0),¢(—11),...,¢(—T»)), and for Q,P,R € R*"*+1) with components qi,p,{,r,{ the (multi-)linear
forms D*f°(Q,P) and D3 f°(Q, P, R) are defined as:

n m a2f(0) L
2 0 . J1 J2
p*f.p): = Y ) m%ﬁkz’
k17k2:]j17j2=0 xkl 'xk23
- o d f(O) J1 jzrj3
J1 Y J2 3 TkiPka ks®
ki s =11, jargs=0 OX, OX2 0

(10.2.7)

D3f%(Q,PR):

A derivation of this formula can be found in [7].
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Example 10.1. Consider the following scalar nonlinear DDE:

(1) = (), x(t — ), 1), Fx(e),x(t — 1), 1) = (—g +)x(r — 1)(1+x(1)). (10.2.8)

We see that f(0,x(r — 1), 1) = 0 for all u so there is an equilibrium at x* = 0, the Jacobian matrix of f evaluated
at x* is:

T T T
A= (Ag,A)) = Df(0,0,p) = (—f ,(—f 1 ) —(0,-Z 1 u). 10.2.9
(40,41) =DF(0,0.p) = (=3 +p. (=5 +u) (142))| = (0.-F +n) (10.2.9)
So according to (9.0.3) the characteristic matrix is scalar and is equal to:
_ 7 _ _E —At
A(R) =2 ( : +u)e . (10.2.10)

To prove that system (10.2.8) undergoes a Hopf bifurcation we will need a palr of purely imaginary roots to this
equation at the critical parameter value 7, the speed of the eigenvalue Re( ) needs to be non-zero when crossing
the critical parameter value and the first Lyapunov coefficient needs to be non-zero. We will start by substituting
A = i@y into the characteristic matrix and set it equal to O:

T
(—E—H.t) (cos(@T) — isin(@yT)) = iap. (10.2.11)
Splitting this equation into its real and imaginary components we get the following system:

_ %
—(5+n)’ (10.2.12)
cos(wpt) = O.

sin(wpt) =

The second equation will give us the critical parameter values 7 for k € Z:

k
=2 (10.2.13)

2ap @y
In order to calculate @y we can square both equations and add them afterwards:

2

1 = sin®(wyt) + cos*(@yT) = (Eiiouﬂ (10.2.14)
2

Which gives @y = £(5 + u). We will now prove that d@;(f)) |t—z, # 0, to do this we will calculate the derivative
of (10.2.10) and find an expression for (%)_1:

dzf T ,M.dl T AT

0= E—H’( 2+,u)e E+(_§+”)e A (10.2.15)
dA T 1
— =—|-+———— 10.2.16
(dr) (N(—’;w)xe“) (10210
Therefore we have:
~1

sign{d(mw} =sign< R <M> = sign{—ﬂlz} =—1. (10.2.17)

dt =T dt 1=, A=iay (f +u)

The only thing left to prove is that the first Lyapunov coefficient is non-zero, for this we need to find p,q € C such
that:

A(im)g = 0, pA(iax) = 0, pA'(ian)g = 1. (10.2.18)

For this part we will let y = 0, the critical parameter value then becomes 79 = 1 and @y = 7. Because A(iay) =0
we can choose g = 1, The derivative of the characteristic equation is:

Ny =1— ge—l (10.2.19)
So the last equation of (10.2.18) becomes:
T _ T
P =Se M) rtima=p1+i5)=1. (10.2.20)

2 2
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So we can set p = 2+m The eigenfunction ¢ defined in (10.2.2) is equal to:
$(0) =¢'7°. (10.2.21)
Take Q = (¢°,¢"), P = (p°,p") and R = (+, ') then the derivative of f at 0 are:

d’f(0)

1
D’f'(Q.P) = ) ax,,axhq“p” 0-¢°" = Zq"p' = Za'p"+0-q'p'
11% =0 (10.2.22)
= —3@" P +a'p),
D*f°(Q.PR) = 0.
So the derivatives of F become:
DA F(0)(6,6) = D*f((9(0),0(~1)),(9(0),0(~1))) == (1- =i+ ~i-1) =, (102.23)
2F(0)(0.9) = D ((9(0).0(~1),(9(0),6(~1))) = =5 (1-~i+i-1)=0. ;
So c¢; will be equal to:
(= PDUF(0)(@, M A2ian) DPF(0)(9.9))
o, _ 2
- .DF<0><¢,.)
2*’” *51. . (10.2.24)
= D*fO( ( ==
R EES)
= 4+71725(2 3m— (64 m)i).
So the first Lyapunov coefficient of (10.2.8) is equal to:
1 22-3m _
b= Refer) = 5y = 02141 (10.2.25)

Since /; < 0 we have a supercritical Hopf bifurcation.

11 Comparison of ODE’s and DDE’s

We will now compare the results form ordinary differential equations and delayed differential equations. First we
will look at the characteristic equation, in the ODE case we saw that we get the eigenvalues by calculating the roots
of the characteristic equation which was just a polynomial. So for an n-dimensional system we get n eigenvalues.
The difference in the DDE case is that we get a quasi-polynomial with exponential functions as its coefficients, so
we can get an infinite amount of eigenvalues. Because of the exponential terms we now get an infinite number of
eigenvalues regardless of the dimension of the system.

The conditions for Hopf bifurcation are mostly the same for ODE’s and DDE’s, but because we have delayed
terms in DDE’s we get a function as an initial condition instead of a single point. In both cases the first Lyapunov
coefficients are given by:

1,(0) = %Re(cl) (11.0.1)

The expressions for ¢ are also very similar:

* ODE:
c1= ; [D°(a,4,9) +2D°f(a,~A¢ ' D*£(a,9)) + D* (@, D* (@, (2ianly — Ao) "' D*f*(g,9))] -
* DDE:

= %p[D3F(0)(¢, 9,9) +2D’F(0)(¢,A(0) 'D*F(0)(¢,9)) + D*F(0)(9, e ™°A(2in) ' D*F(0)(9,¢)]

Instead of the function working on a vector like in the ODE case, in the DDE case we have a separate function F
depending on f and working on the eigenfunctions of the equilibrium instead of the eigenvectors. Other then that
we see that the two expressions are very similar.
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12 Numerical analysis of DDE’s

DDE’s of higher dimensions can be tedious and very labour intensive to analyse, we will therefore look at ways
of studying these equations numerically. In this section we will show how to compute Hopf bifurcation critical
parameters and its direction using the DDE-BIFTOOL package for MATLAB. We will also show how to simulate
DDE “s in MATLAB.

12.1 DDE-BIFTOOL

DDE-BIFTOOL [8] is a package that can be used to analyse numerically bifurcations in systems of delayed differ-
ential equations. It can perform the following computations:

» Computing stability of equilibria using the roots to the characteristic equation;
» Continuation of of equilibria with respect to a single parameter;
» Continuation of Hopf and fold bifurcations of steady states in two parameters;

» Continuation of the periodic solution with respect to a single parameter starting at a Hopf point or manually
set up periodic orbit;

* Approximation of Floquet multipliers for periodic orbits;
» Switching to secondary branches at a period doubling bifurcation or a branch point;
* Continuation of fold, torus and period doubling bifurcations in two parameters;
* Calculating normal form coefficients for Hopf and fold bifurcations.
We will illustrate some of these functionalities in the following example:

Example 12.1. We will use the example from the last section, namely the following differential equation:

£(1) = f0x(0),x( = ), 12), S(3(0),3(0 = 7). ) = (=2 + )t = D)(1+(2)). (12.1.1)

We start by creating a directory in the demo folder of DDE-BIFTOOL, we will be calling it example. In this
directory we will create a file named gen_sym_example .m containing the following code:

o\

%$Differential equation

o

$$$\dot x(t) = —(\pi/2+mu)*x (t-\tau) (1+x(t))

o°

o°

%%Add paths and load sym package in GNU Octave is used
clear
ddebiftoolpath="../../";

10 addpath(strcat (ddebiftoolpath, 'ddebiftool'), ...

11 strcat (ddebiftoolpath, 'ddebiftool_extra_symbolic'));

12 1f dde_isoctave ()

13 pkg load symbolic

14 end

I
2
3
4
5 %Parameters are |mu| and |[tau]
6
7
8
9

16 %%Create parameter names as strings and define fixed parameters
17 parnames={'mu', 'tau'};

19 %%Create symbols for parameters, states and delays states
20 syms (parnames{:});
21 par=cellZsym(parnames) ;

23 %%Define system using symbolic algebra
24 syms X Xtau
25 dX_.dt = (-pi/2+mu)+Xtaux (1+X);

27 %%Differentiate and generate code, exporting it to sym_example
[fstr,derivs]=dde_sym2funcs (...

29 [dX_dt], ...

30 [X,Xtaul, ...
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31 par, ...
32 'filename', 'sym_example'...

The code will generate the system file, so we can start to analyse the system numerically. In order to do this we
need to create a new file example .m in the same directory, containing the following code:

1 %%load DDE-BifTool into MATLAB path

2 clear

3 close all

4 ddebiftoolpath='../../'";

5 addpath(strcat (ddebiftoolpath, "ddebiftool"), ...

6 strcat (ddebiftoolpath, 'ddebiftool_extra-psol'), ...
7 strcat (ddebiftoolpath, 'ddebiftool _extra.nmfm'), ...
8 strcat (ddebiftoolpath, 'ddebiftool_utilities'));

9

10 format compact

11 set (groot, 'defaultTextInterpreter', 'LaTeX"');

12 %%Initial parameters and state

13 parnames={'mu', 'tau'};

14 cind=[parnames;num2cell (1:length (parnames))];

15 ind=struct (cind{:});

16 bounds = {'max,bound‘,[ind.tau 10], 'max_step', [0,0.5], ...
17 'min_bound', [ind.tau 01};

18 %$%Set user-defined functions

19 %use the right-hand side and derivatives created via symbolic toolbox
20 funcs=set_symfuncs (@sym_example, 'sys_tau',@()ind.tau);

Now we will create a file in order to set up the steady state to this differential equation and calculate its stability.
According to the example the steady state is x* = 0. We will use parameter values 4 = 0,7 = 0.5. The steady
state can be contructed using the function dde_stst_create, and we will compute the stability with the function
p-stabil. We can set the minimal real part of the eigenvalues to a certain value in order to limit the amount of
eigenvalues which are computed. Lastly we will plot the eigenvalues:

1 %% Construct steady-state point

2 mu=1l;

3 stst=dde_stst_create('x', [0]);

4 stst.parameter (ind.mu)=mu;

5 stst.parameter (ind.tau)=0.5;

6 % Compute stability

7 method_stst=df_mthod (funcs, 'stst');

8 method._stst.stability.minimal_real_part=-20;
9 stst.stability=p-stabil (funcs,stst,method-stst.stability);
10 % Plot eigenvalues

n  figure(l); clf;

12 plot(stst.stability.l1l,'x")

13 title('Stability plot of stst')

14 xlabel ('$\Re (\lambda)$"')

15 ylabel ('$\Im(\lambda)s$")

16 stst.stability.ll

Executing this code for we get a plot for the eigenvalues in figure (12.1)
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Figure 12.1: Eigenvalues of system l for equilibriumx =0 with7=0.5and 4 =0

Next we will initialize a steady state branch using the function SetupsStst. This function will create a bunch
of equilibria for different values of a certain parameter starting at the original steady state. We will continue the
equilibria with respect to 7, the branch is visible in figure (12.2):

© % N U B W N —

%% Initialization of branch of steady-states

contpar=ind.tau;

steadystate_br=SetupStst (funcs, 'x',stst.x, 'parameter', stst.parameter, ...
'step',0.1, 'contpar', contpar, 'max_step', [contpar, 0.3],bounds{:});

%% Continue steady-state branch

figure (2);clf;ax2=gca;

xlabel ("$\taus")

ylabel ("$\mus")

n_steps=40;

steadystate_br=br_contn (funcs, steadystatebr,n_steps, 'plotaxis',ax2);

step 26, steplength=7.989e-02

06
04r

02

Iz
(=]

Figure 12.2: Steady state branch

Lastly we will use the LocateSpecialPoints function to detect Hopf bifurcation along the branch and the
GetStability function to calculate the first Lyapunov coefficient when a bifurcation is detected:
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%% Detect bifurcations on steady-state branch

[steadystatebr,—,ind-hopf,bifltypes]=LocateSpecialPoints (funcs, ...
steadystate.br) ;

nunst_egs=GetStability (steadystate_br);

fprintf ('near point %d\n',ind-hopf);

[T O -

This code gives the following output:

>> examplehopf
StstCodimensionl: calculate stability if not yet present
StstCodimensionl: (provisional) 3 Hopf detected.
br_insert: detected 1 of 3: hopf. Normalform:
Ll: -0.2141
br_insert: detected 2 of 3: hopf. Normalform:
Ll: -0.0720
br_insert: detected 3 of 3: hopf. Normalform:
Ll: -0.0412
10 near point 5
11 near point 16
12 near point 25

© % N U B W N —

Inspecting the first occurence using steadystate_br.point (5) we see that there is a Hopf bifurcation at 7 = 1
with Lyapunov coefficient L; = —0.2141 like we got in the example in the previous section. In order to see if we
have a supercritical or subcritical Hopf bifurcation, we can continue the periodic solution with respect to 7 with
the following code, which results in figure @):

%% Branch off at Hopf bifurcation

disp('Branch off at Hopf bifurcation');

fprintf('Initial correction of periodic orbits at Hopf:\n');
[perl, suc]=SetupPsol (funcs, steadystate_br, ind_hopf, ...
'print_residual_info',1, 'intervals', 20, 'degree',4, ...

'max_bound', [contpar, 8], 'max_step', [contpar,0.5], 'matrix', "full'");
figure (3);clf;ax3=gca;

xlabel ('S$k$")

ylabel ("Amplitude")

10 perl=br_contn (funcs,perl, 60, 'plotaxis',ax3);

e I WY S SO SO R

step 51, steplength=2.546e-02

Amplitude
o]

Figure 12.3: Continuation of the periodic solution; green line segments indicate predictions.

We can see that there are only periodic solutions after the Hopf point, which confirms a supercritical Hopf bifur-
cation. If there were periodic solutions before the found Hopf point we would have a subcritical Hopf bifurcation.
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12.2 dde23

Now we will look at a tool to find numerically solutions to systems of DDE’s, i.e. to simulate them. We will be
using dde23, which is a standard function in MATLAB. We will use the same example as with DDE-BIFTOOL.
First we need to create a function which defines the system of equations:

function dXdt=ddeExde (t,y, Z)

ylag=Z(:,1); %$define the delayed terms
mu=1; %$set the parameters
dxdt=[-pi/2xylagx (1+y)];%defining the system

A w0 =

Because we are studying a delayed differential equation we also have to define the history:

1 function s=ddeSExhist (t)
2 s=[0.5];

In our case this is a single constant function but for higher dimensional systems we can add more initial values.
Lastly we will create a function to solve the system:

function ddeEx

sol=dde23 (@ddeExde, 0.9, @ddeExhist, [0,200]) %solve the equation using dde23
%plot the solution

figure;

plot (sol.x,sol.y);

xlabel('t");

ylabel ('x");

R Y Y S SO R

In the dde23 function we have to enter a system of equations(@ddeExde), a delay, the history(@ddeExhist) and
the interval which we want to simulate the solution in. Instead of a single delay like in this example we can also
add multiple delays, we just have to write [T, T, ..., T,] instead of our 0.9. Note that dde23 can also be used to

study systems of ODE’s, in this case instead of a delay we can just write []. This program will create the Figure
12.4
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Figure 12.4: Simulation of system (12.1.1) using dde23
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Part IV
Case Studies

In this Part we will look at 8 different models which are analysed in recent publications. We will use DDE-
BIFTOOL to either confirm or find counterexamples to the analysis done in these papers. After that we will
simulate these models in order to confirm our numerical analysis. For every model we will first define the model
and see what it can be used for, then we will summarize the results found in the papers, and finally check these
results with numerical analysis.

13 Introduction to the models

13.1 Three-dimensional models

First we will look at three models with three state variables, one SIR model found in [9] and two models utilizing
separate immature and mature populations found in [10] and [11]. In these models complexity is added trough
the nonlinear incidence rate and the first model also has a temporary immunity to make it possible for recovered
individuals to return to the susceptible population. In the other two models the time delay is used in the incidence
rate in order to delayed transfer to the infected population. The two models using an aged structure can be used for
diseases which affect adults in a different way than kids. Examples of this include sexually transmitted diseases or
diseases like SARS. The other model can be used for diseases where individuals are still susceptible to even after
having contracted them.

13.2 SEIR models

Next we will look at three SEIR models found in [12], [13] and [14]. Two of these models have a linear incidence
rate while the other one has a nonlinear incidence rate. The first and last model can be used to model diseases and
the middle one is used to model computer viruses within a network. The delayed terms in these models are used
in three different ways: Two use it to model a temporary immunity rate and one for a delayed immunity.

13.3 SIQR models

Lastly we look at two SIQR models described in [15] and [4]. These models have a separate quarantined pop-
ulation which contains the individuals who have been infected but are no longer able to infect other individuals.
Both of these models are used for computer viruses within networks so the quarantined population contains those
computers who are known to be infected and therefore cut off from the network. One of these models uses a non-
linear incidence rate while the other uses a linear incidence rate. In both of these models the delay is used to add
a period where the virus is present within the computer but cannot yet infect other computers within the network.
They also both assume that recovered nodes cannot return to the susceptible population, so after recovering from
the virus the computer becomes immune.

14 SIR model with nonlinear incidence rate and temporary immunity

14.1 Model

Consider the following model found in [9]:

S() = p—pS@)—9fU(1)S(t)+7I(t—T)e 7,
1(7) ¢S U(@))S(t) = (u+ V(1) (14.1.1)
R(7) VI(t) = vI(t — 1) MF — uR(1),

Where S, I, R represent the susceptible, infected and recovered populations respectively. the function f is a nonlin-
ear function satisfying f(0) =0, f'(0) > 0, f”(I) < 0 and lim;_, f(I) = ¢ < 0. The parameters i, 7, ¢ represent
the natural death rate, the recovery rate and the recruitment rate from susceptible to infected respectively. Because
this model does not include disease induced death and has a temporary immunity this system could be used to
model diseases like the flu. Other diseases with temporary immunity like salmonella and Chlamydia trachomati
would also be suitable for this model. This system is very similar to the standard model , the differences
are that the incidence rate is nonlinear and that there is a term yI(r — 7)e "% which allows this system to model
diseases with a temporary immunity.
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14.2 Results

We first look at the analysis done in [9]]. The first two equations of this system do not depend on the third one
so they omit this equation without loss of generality. In the paper they assume f(I) = I/(1+1I), the model then
becomes:

) I(2)S(t
$0) = u—nus)— "0 Ly gyens
1+1(2) (14.2.1)
i) = oMU iy -
= T W
The basic reproduction ratio is Ry = %, This system (14.2.1) has two equilibria, namely the disease free equilib-
rium Ey = (1,0) when Ry < 1 and an endemic equilibrium E* = (S*,I*) when Ry > 1 where:
¢ — _(mty@uty—ye ™
1 +u+7y) —yp(1 —er7)’ (14.2.2)
e pio—p—y)

pn(o+u+7y) —yp(l—eHr)’

For the stability of the disease-free equilibrium they prove the following theorem:
Theorem 14.1. The disease-free equilibrium, Ey = (1,0), is stable when Ry = 1.

The characteristic equation A(A) of the linearization of system (14.2.1) at the equilibrium E* is given by:

oI 9S" \,  ues Ot It yplre AT
1+ (1+1%)? (141%)2 141 141

=0. (14.2.3)

12+<2u+y+ +u(u+7y)+
They assume the following hypotheses:

(H1). Rp > 1.

(H2). p(¢+p+7) > yo(1—e H7.

), QPO = ) QU (1 —e )yt
' P(u+7)*(1 —eh7)? '

When these three hypotheses are satisfied then equation has a pair of purely imaginary roots i®; when
¢ = ¢; where ¢; is given by:

X(@;)0; + P} —B*ye *Tsin ;7

= 14.2.4
& Y(w;)@; — Buye *Tsinw;t ( )
Here X and Y are given by:
X Bu(u+A)+By(n+7y)(1—e * coswr), (14.2.5)
Y By(1 —e **cosw1), -

ForA=p —y(l —e %) and B= u(u +¥). Then they prove the following theorem:
Theorem 14.2. Suppose that (HI),(H2) and (H3) are satisfied.
1. If g € (L+7,0), then the endemic equilibrium E* is asymptotically stable.

2. If R(A(¢;) # 0, then a the system undergoes a Hopf bifurcation at the endemic equilibrium E* when ¢ = ¢;
forj=1,2,....n.

After this they proceed to compute the normal form of the Hopf bifurcation.

14.3 Numerical analysis

In [9] they fix the following values for u,7y and 7:
u=8v=077=1,
Using DDE-BIFTOOL, and setting R(A) > —10 we get the following approximations for the eigenvalues A:

A =—8.8+1283.3i,—8.8+1270.3i,—9,1 £1297.8i,—9.5+ 1313.4i,—9.7 + 4.4

28



and we also get an eigenvalue A = —8 so without imaginary part. This already points toward a fold bifurcation
rather then a Hopf one. In the paper they say that at ¢ = @9 = 79,073 but I only found a fold bifurcation at the
point ¢ = 8.3306.

In [16] this model is also discussed, they propose the parameter values ¢ = 10,u = 0.1 and Yy =5 and use 7
as the bifurcation parameter. Plotting the solution for 7 = 1 and T = 3 for initial values Sy = Iy = 0.5 we get the
following figures:

Solution for r =1 Solution for =3
0.8 . . . . : . . . 0.8 . . : ; . . . . .
0.7 ‘j- 0.7 ‘i—l_
h
", H
061 \ | 06 l HM‘ '” 111
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A
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Figure 14.1: Solution for t=1and 7 =3

Here we see the solution for T = 1 head towards the equilibrium and for 7 = 3 heading towards a stable periodic
solution which suggests a supercritical hopf bifurcation.

15 Epidemic model using immature and mature populations with nonlin-
ear incidence rate.

15.1 Model

Consider the following model also found in [10]:

Si)) = aSa(t) = (i +b)S1(0),
S2(I) Sl(t)—l.tzS%(t)_ﬁSZ(t)I(t_T)

Ital(t—1)’ (15.1.1)
1) = B2 o,

Here a,b, Uy, iy, U3, o, 3,0 > 0, S; () represents the immature population and S, (¢),1(¢) represent the mature sus-
ceptible and infectious populations respectively.

The initial conditions of this system are:
S1(6) = 01(6),52(6) = ¢2(6),1(6) = ¢3(6),
6:(6) > 0.0:(0) > 0 (1512
Fori€ 1,2,3,1 € [-7,0] and @ = (¢1(0),92(0),93(0)) € C([—7,0],R3.0).

The basic reproduction number is given by:

abf
pa(b+ ) (U3 +98)

Because this model distinguishes between immature and mature populations it can be used for diseases which
have more opportunities to spread among adults. Examples are gonorrhea, syphilis, SARS and AIDS. Instead of

the standard incidence rate $SI/N the nonlinear rate % is used. This is to account for the behavioral change

Ro= (15.1.3)
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of susceptible individuals while their number increases or from the crowding effect of infective individuals. This
model also differs from the standard model defined in (1.2.1)) by not including a recovered population because it is
assumed that the disease is fatal. Another difference is that the death rate for the mature population depends on S%.

15.2 Results

This system is studied in [10]. There are three equilibria for this model, namely:

(i) the trivial equilibrium E(0,0,0),

(ii) The disease-free equilibrium E;(S?,59,0) where:

2p ab
027 0P 15.2.1
Y (bt w)? TP b+ ) ( )
(iil) the endemic equilibrium E*(S7,S5,I*) where:
asy . 2(b+wm)(us+9)
o= I = Ro—1
S o= L Ry -1),
o _ @a—pbtm)+/(aba—pbtwm)) +aap(b+ )’ (s +9)
? 2001 (b + ) ’
A = By/laba— Bt ) +daua(b+m) (s +8) + 2apa(b+ ) (s + 8) — Blaba — B(b+ ),
(15.2.2)

The stability of the equilibria is analysed in the following theorems:

Theorem 15.1. Ey is always unstable. If Ry < 1 the disease-free equilibrium E is locally asymptotically stable
and unstable if Ry > 1.

Theorem 15.2. let

]*
+al
2uzsz(b+mu1) —ab (15.2.3)
90 = —(U3+9) 7

1+ or*

If Ry > 1 and po > qo, the unique endemic equilibrium E*(S},S5,1%) is locally asymptotically stable for all T > 0.
IfRo > 1 and py < qo, there exists a Ty such that if 0 < T < 7y, E* is locally asymptotically stable and E* becomes
unstable if T > 1. System (15.1.1) undergoes a Hopf bifurcation at E* when T = 1.

There is no attempt at calculating the normal form of this Hopf bifurcation in the paper.

15.3 Numerical analysis

In the numerical section of [10] they propose the following parameter values:
a=5b=2,u=0.1, i, =0.01, uy3 =0.1, ® =0.0001, § =0.01, § =0.8. (15.3.1)
For 7 = 1 the eigenvalues of this system are (with minimal real part -4):

A =—0.3458 £0.8028i, —2.2453 +5.2794i, —2.7832 4+ 11.3853i, —3.1415 £ 17.5429i,

—3.4171£23.7539i, —3.6379+£29.9928i, —3.8208 4-36.2467i, —3.9765 £42.5094i, (1532)

Because they all have negative real parts this equilibrium is stable for 7 = 1. Continuing the equilibria for higher
values of T and checking for Hopf bifurcation we get an instance of Hopf bifurcation at the critical value 79 =
1.2374 with the first Lyapunov coefficient being L; = —1.2789-10~°. So we have a supercritical Hopf bifurcation,
now plotting the solution we get:
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Figure 15.1: Solution for t=1and 7 =3

In these figures we again see that there is a supercritical Hopf bifurcation, for T = 1 the solution tends towards

the equilibrium and for 7 = 3 it tends towards the stable periodic solution. Continuing the periodic solution with
respect to the amplitude gives the following figure:

step 62, steplength=2.688¢+01

1200
1000
800

600

Amplitnde

400

200

Figure 15.2: Continuation of periodic solution starting at critical value 7y = 1.2374

We only see periodic solutions after the determined Hopf point, so this again confirms a supercritical Hopf bifur-
cation.
16 XSI model with nonlinear incidence rate.

16.1 Model

The following model can be found in [11]:

X(t) = A+BS(t)— (0 H; _
S() = @X(t)—uS(t)— H(C)I((IT))Jrnl(t)’ (16.1.1)
i) = UMD e i),

1+CI( T)

With A,B, w,r, 1,0, € and 7N positive constants and X, S and / represent the immature, mature and infected popu-
lations respectively. The conversion rate from immature to mature individuals is @, r and u are the natural death
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rates of the immature and mature populations respectively and ¢ represents the probability per unit time that the
infection is passed between two individuals taking part in contact.

Setting x = “’X’X, s = %S, i= A(gilj_r) and using the dimensionless time scale 7 = (@ + r)z (for simplicity 7 will be
substituted by ) the system can be rewritten as follows:

X)) = 1=x(0)+50),

S0) = bx(0)—ds() - 1j;?3+xo, 1612
0 - M
Where
_ (w“’ﬁ)z, d= wir, o= %, m— CA(;’B“), B = (wiAr)B, c= “;it", 1= (0407 (16.13)
The initial conditions for this system are given by:
(0, v1,¥2) € C([=7,0],Ry), 9(0)>0, y;(0)>0, i=1,2. (16.1.4)

This model is very similar to the one defined in (15.1.1) and can therefore also be used for diseases which spread
differently among immature populations like SARS and AIDS. Differences are that the disease is not assumed to
be fatal and the death rate of the mature population depends only on S which is more standard.

16.2 Results
System (16.1.2) is analysed in [11]. It has two equilibria:

(i) The disease free equilibrium Eq = (x?,s%,1%) = (ﬁ ﬁ,O).

(ii) The positive equilibrium E (x*,x*,i*) which exists when Ry = B Hb‘ > 1 (H1) and dem —bem+ac—f >0

(H2), where: .
¥ =1 +C(1Jl;"”*), SFext o1, = dcmﬁb;itjccﬁ. (162.1)
The stability of these equilibria is analysed in the following theorems:
Theorem 16.1. For system , the disease-free equilibrium Eg = (ddfb, ﬁ,O) is
(i) asymptotically stable if Ry < 1;
(ii) linear neutrally stable if Ry = 1;
(iii) unstable if Ry > 1.
Denote -
f= ¢ (16.2.2)

1+ mi*’ /= B(1+mi*)’

The characteristic equation at the positive equilibrium E} is:

A (I+d+of+)A*+((1+c)(d+of)+c—Bf—b)A+c(d+of)—(BjA +(1+d)BAL+(d—b)Bjle *T=0

(16.2.3)
Let A = +iay be roots of this equation. Define
D = 1+4d+c+af,
E = d+af—-b+c(d+1)+ f(ca—PB), (162.4)
F = cd—bc+ f(ca—B), -
G = (d-b)Bj.
and
P = _2E_ﬁ2 .2,
g = —2FD—B22(14+d)*+2BjG, (16.2.5)
r = F2-G%
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Theorem 16.2. For system (16.1.2), the following statements hold:
(i) if r >0 and p* —3q < 0 then the positive equilibrium E__ is absolutely stable.

(ii) if (H1), (H2) hold and Bd + dc —bc < 0, dot — ba +2bf + beta > 0. Then E* is stable for all T € [0, 7)) and
unstable for T > 1. The system undergoes a Hopf bifurcation at T = 1. Where

1 —o +E i(1+d —Dw} +F)(—Bjwi+G
TO:arccos<( 0+ %)Ej(;&- )@+ .0—2’— J(=Bjeop + )) (16.2.6)
o) B2j*og(1+d)?+ (—Bjog + G)?
They then proceed to calculate the normal form of the Hopf bifurcation.
16.3 Numerical analysis
In the paper they suggest the the following values for these parameters:
b=25d=05 a=c=3, m=p=1. (16.3.1)

At the positive equilibrium E; = (16.75,15.75,4.25) the eigenvalues for T = 10 are :

A =—-0.0302+£0.1464i, —0.1537 £0.6952i, —0.1855+1.2874i, —0.1997 4+ 1.8893i, —0.2093 £ 2.4971i,
—0.2177£3.1089i, —0.2257 +3.7237i, —0.2335£4.3408i, —0.2412 £4.9596i, —0.2487 £+ 5.5800:.
(16.3.2)
So the positive equilibrium is stable like in the paper. If we continue the equilibria for higher values of T we get
a Hopf bifurcation critical value at 7o = 19.8445 just like they got in the paper. The first Lyapunov coefficient is
equal to L; = —2.7387 - 10~* so we have a supercritical hopf bifurcation. We will now plot the solution once for a
value T < 7p and for T > 7y with initial data x = 15,s = 14,i = 3:

Figure 16.1: Solution for 7 = 18.74451105 and 7 = 21
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These figures again confirm the existence of Hopf bifurcation, in the picture to the right we see the solution tending
towards the equilibrium E and in the picture to the right it tends towards the stable periodic solution.

17 SEIR model with bi-linear incidence rate and delayed immunity.

17.1 Model

Consider the following model from [13]:
S(t) = b+yi(t)+eR(r) — (u+p)S(t) - BSO)I(r),
E() = BSW)I(r)—pE(r) - nE@R(), .
I(t) = (THGﬁ)E(t) (06+#+Y)1f) o
R(t) = pSt—1)E(—7)R(t—1)—(e+u+0P)R(r)
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Where p is the proportion of asymptomatic infection, b is the birth rate, ¥ is the incubation period, 3 is the
transmission rate, U is the death rate, 7 is the infectious period of symptomatic infection of people, ¢ is the
infectious period of asymptomatic infection of people, & is the multiple of the transmissibility while infected cells
are created from the viruses and € is the latent period of human infection in population no longer infectious due to
being fully recovered. The basic reproduction number for the system is defined by:

__ bBm+op)
u(p+p)la+p+y)
The initial conditions for this model are S(z) > 0,S(0) > 0,E(t) > 0,E(0) > 0,1(¢t) > 0,1(0) > 0,R(¢t) > 0,R(0) > 0.

This system is used to model the current COVID-19 pandemic. Looking at the standard model described in
this model uses an extra population for exposed individuals and has the term pS(t — T)E(r — T)R(¢ — 7) such that a
delayed immune response and duration of an individual being infectious can be modelled.

17.2 Results

We now look at the claims about this model made in [13]. It has three equilibria:

(i) COVID-19 infection free equilibrium:

b
Eo= (,0,0,0) (17.2.1)
L+p

(i) COVID-19 infection absent equilibrium:
bB(n+oB) —p(u+p)(atu+y) bpm+of)—pum+p)latuty) .

_(u(a+p+y)
El‘( g n+ob) uB(n+op) ’ uBlatp+7) ’
(17.2.2)
(iii) COVID-19 infection present equilibrium: E = (E1,E>,E3,E4) where:
B, - pla+u+yb—B(n+op)(e+p+op)
p(u+pla+pu+y) ’
B, — (et+p+oB)(utp)atuty
pla+p+y)b—B(n+op)(e+un+op)’ (17.2.3)
£ _ _ (mtop)etutop)(utp) .
pla+p+yb—BMm+of)(e+p+op)’
= _ 1 BMm+oB)(plat+u+yb-PB(n+oB)(e+u+op))
Ey = ( P [J)
p(u+p)(a+pu+7y)

3

Theorem 17.1. If Ry < 1, then Ey is globally asymptotically stable.

B*(n+0B)*(e+u+0op) . . B2(n+opB)>(e+u+B)
Theorem 17.2. If1 <Ry <1+ (i p) (@ then Eq is locally asymptotic stable. If Ry > 1+ 2 p (4 p) (a7

then Eq is unstable.

The characteristic equation of equilibrium E is given by:

Q) = A* + X A% + 1A% + 134 + x4 — (xsA° +x6A% +x74 4 x3)e 7. (17.2.4)
Where

xt = (etp+oB)+(u+p)+BI+(a+p+y)+u+nR,
x = (e+p+of)(u+p)+(e+u+op)pl+(e+pu+of)(a+u+y) ~

+ (w+p)a+tp+y)+plla+pu+y)+@+nR)((e+u+0of)+(u+p)+pI),
x3 = (e+ptof)(utp)a+p+y)+(e+tu+op)plla+pn+y)

+ (L+nR)(e+u+0B)(u+p)+(e+u+0B)BI)+(n+0B)B>SI,
x4 = (e+u+oB)(n+op)p>sI, (172.5)
xs = (e+pu+op), B -
x6 = (e+p+of)(u+p)+(e+u+of)pl+(e+putof)(a+pu+y)+ule+p+op),
¥ = (e+p+of)u+p)a+pu+y)+(E+u+of)plla+u+y)

+ (u+nR)((e+p+oPB)(u+p)+(e+u+0oB)BI)

— (e+p+of)nR((u+p)+pI+(a+p+7)), B
x3 = (e+u+oB)(n+oP)B*SI—(e+p+oB)(u+p)(a+p+y)nR.

Let A = ¢y be roots to this equation.
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i ; Y B*(n+0pB)(e+u+0p)
Theorem 17.3. E is locally asymptotically stable if T =0 and Ry > 1+ L)@t

System (17.1.1) is stable when T € [0, 7p) and unstable when 7 > 7y and there is bifurcation at T = 7, where:

6 4 2

C1Qy + 20y + 30y +c4
Tp = — arccos < (P% ¢?‘ ¢% . (17.2.6)

o e19y +expy +e3dy +eq

for
€1 = XIX5—Xg, C2 = Xg+X2Xg — X1X7 —X3X5, €3 = X3X7 —X2Xg — X4X6, C4 = X4Xg, (17.2.7)
2 2 <
el = X5, e =Xg— 2X5X7, €3 = X5 — 2XXg, €4 = X3.

There is no attempt at calculating the normal form for this bifurcation.

17.3 Numerical analysis

The values they propose in the paper for b,7v,€, 1, p,B,1n,0 and  are 0.5,0.008,0.1,0.0018,0.5,0.1923,0.1,0.5
and 0.5 respectively. Calculating the eigenvalues at the infection present equilibrium E = (E|,E,E3,E4) defined

in (17.2.3), taking 7 = 0.5 we get:

A =0.0040 £0.0468i,—0.2585,—0.3058,—9.6309 £ 7.6333i, —10.9546 + 21.0382i,
—11.7846 +33.8934i, —12.3765 £ 46.6087i, —12.8350 £ 59.2668i, —13.2089 £ 71.8958i, (17.3.1)
—13.5244 £84.5079i, —13.7972 £ 97.10911,

So according to the software this equilibrium is unstable, which is in line with the paper because they only got a
stable equilibrium at T = 0. Because there are already eigenvalues with positive real part there is already a periodic
solution at T = 0.5, for lower values of T this doesn’t change. The paper claims that there occurs Hopf bifurcation
at T = 2. Using DDE23 we can solve the differential equations for 7 = 0.9 and 7 = 2 like they did in the paper, as
initial values we will take So = 1.1,Ey = 0.4,1p = 0.2 and Ry = 0.8 as this is close to the equilibrium. Looking at
the figure we see there is a periodic solution in both cases, so there is no Hopf bifurcation at 7 = 2.

Figure 17.1: Solution for T=0.9 and 7 = 2.0
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18 SEIR model with nonlinear incidence rate and temporary immunity

18.1 Model
Next we look at the following SEIR model found in [14]:

BBEE(r—7)+BBil(t—7)

S(t) = T— N D) S(t—1)—us(t)

E(r) = ﬁﬁEE(’_NT(iJ_rf)ﬁ’I(t_T)S(z—r)—(u+c+1c)E(t) (18.1.1)
I(r) = OE(t)—(u+oa+)I(t)

R(t) = KE(t)+7yI(t)—uR(t
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Here II is the recruitment rate into the population, p is the natural death rate, ¢ is the rate at which exposed
individuals become infectious, k is the recovery rate of exposed individuals, ¥ is the recovery rate of infected
individuals, and « is the rate of disease-induced death.

The initial conditions for this model are given by:

S(e) = (])1(6), E(B) = 0-2(6)7 1(6) = ¢3(9)7 R(e) = ¢4(6)a S [_7:70]7 (18.1.2)

With ¢ = [91, 9,93, 94] € C[[—7,0],R% ], where RY = {(S,E,I,R)|S > 0,E >0,] >0,R>0}.

Apart from the extra population for susceptible individuals this system differs from the standard system (1.2.1]

in that it utilizes a nonlinear incidence rate 222 E(t;f(gff)ﬁ 1(=7) jnstead of the standard IS /N. This incidence rate
depends on both the infected and exposed population, so it can be used to model diseases for which individuals
can spread the disease even if they aren’t sick yet. Examples include influenza and SARS, the current COVID-19

pandemic can also be modelled using this system because exposed individuals can infect others.

18.2 Results

We now look at the analysis in [14], the system has two positive equilibria:
(i) Disease-free equilibrium &) = (%,0,0,0)
(ii) Endemic equilibrium &€* = (S*,E*,I*,R*), with:

(kiky — o) _ kII(Ry— 1) _ oII(Ry—1) R — (xk, +0Y)(Ry— 1)
,LL(k]szo—GOC)’ klszQ—G(X)’ klszo—G(X’ ,u(kzszo—GOt)
(18.2.1)
Where ki = u+xk+0,ko =u+7y+ o and Ry = W Because they require the population sizes to

be positive Ry > 1 needs to be assumed for the endemic equilibrium.

* *

St =

First they give the following theorem for the stability of the disease-free equilibrium:
Theorem 18.1. The disease-free equilibrium € is:

(i) absolutely stable if Ry < 1,

(ii) linearly neutrally stable if Ry = 1,
(iii) unstable if Ry > 0.

They prove this by looking at the eigenvalues of the linearization of the model around &. They then also
proceed to prove that for the region Q = {(S,E,I,R) € RY|S+E +1I1+R <II/u} the equilibrium of & is globally
asymptotically stable if Ry < 1.

The characteristic equation of the endemic equilibrium is given by:

A+p)(A> + @A’ + a1 A +ag + (baA> + b1 A +bo)e *7) = 0. (18.2.2)
Where E* It
ay = pkiky, a1 = kiky +u(ky +ka), a2:H+k1+k2,Q*:%7
caQ*
by = —ukiky+kikaQ" — RQ b1 = —kiky — % + (k1 +k2) 0", (18.2.3)
* ﬁl
by = @ —FL
2 0 Ro

This equation has a pair of purely imaginary roots of the form A = +iy. The bifurcation critical parameter 1 is
equal to:

(wg_al(go)blwo—(azwg—ao)(wag_bo)). (18.2.4)

(bo — b2033)? + (b1 a)?

The stability of the endemic equilibrium is then analysed in the following theorem:

1
Ty = — arccos <
(0]

Theorem 18.2. Suppose Ry > 1. Then the endemic equilibrium €* is:
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(i) absolutely stable for T > 0 whenever

kiky 2k1ky —oa

Beka + Bro Brkat B0 (18.2.5)

3kikp—oo

(ii) conditionally stable for T € [0, 7)) whenever B > Beie o

T = Tp.

System (18.1.1) undergoes a Hopf bifurcation at

Lastly they compute the normal form of the Hopf bifurcation.

18.3 Numerical analysis
The following parameter values are proposed in the paper:
=160, B =0.21, f; =0.84, u =0.000263, 6 =2.32, y=1.4, x=1.3, oo = 0.065. (18.3.1)

And B is kept as a variable. When 3 = 2 we have Ry < 1 so the solution should converge to the disease-free
equilibrium g for all values of 7, plotting the solution for T = 5,15,25 we get the following figures for initial
conditions S(0) = 1.92465-10°, E(0) = 30, (0) = 47 and R(0) = 4.03998 - 10°:

10%

0 05 1 15 2 25 3 “o 50 100 150 200 250 300
t

10%

Figure 18.1: Solutions of model (18.1.1) for T =5,15,25 when 8 = 2.

We see that for all three values of 7 the solution tends towards the equilibrium and is therefore stable.

Next for B = 7.2875 we have Ry > and the condition for Hopf bifurcation is satisfied. Continuing the equilibrium
in DDE-BIFTOOL we get a Hopf bifurcation at 7y = 25.8558 just as they got in the paper. The first Lyapunov
coefficient of this bifurcation is L; = 2.0951 - 10713, this indicates a subcritical Hopf bifurcation where as in the
paper they thought it was supercritical. Next we will plot the solutions for 7 = 15 and 7 = 30:
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Figure 18.2: Solutions of model fort=15

Here we see the solution getting smaller, so there is no periodic solution yet and it will tend towards the equilibrium.
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Figure 18.3: Solutions of model for 7 =30

Here we see the oscillations getting bigger, which again indicates a subcritical Hopf bifurcation.
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19 SLIR model with bi-linear incidence rate

19.1 Model

We consider the following system found in [12]:

S(t) = A—PBSE)L(t)+wl(t—1)—€eR(r)— uS(t),

L) = BS()L()—(35+y+u)L(), oL
It) = yL@t)—(a+w)l(t)—wI(t—1), o
R(t) = OL(t)+al(t)—(u—e)R(1),

Here S(¢), L(t), I(t) and R(¢) are the sizes of susceptible, exposed, infectious and recovered populations at time .
o, B,7,1,€,A € R, t >0 and 7 indicates the time delay. This model can be used to model computer viruses and
normal diseases because it is pretty standard. Differences from the standard epidemic model defined in are
the separate population for susceptible nodes, a term €R which allow the transfer from the susceptible population
directly into the recovered population and a delayed transfer from the infected population to the susceptible pop-
ulation. This model can be used to model computer viruses in a network, the ability to transfer from susceptible
directly into recovered might be because when a computers start to recover updates can be developed to prevent
other computer from getting infected.

19.2 Results
System (|19.1.1) is analysed in [12], it has an unique endemic equilibrium P, (S, L., L, R ), where:

s - o+y+u I — (M—¢)(a+u+w)G
* - ﬁ ) * T BF 9
_ Yu-6)G . (a(6+7)+6(u+w)G
L. = , R, = , (19.2.1)
BF BF
F o= pa(d+y+pu—e)+6(u+o)+(u—e)(r+u+o)),
G = PBA-p(6+y+u).
The characteristic equation at this equilibrium is:
A+ AP+ A2+ A + g+ (BsA3 + oA + BiA + o)e AT = 0. (19.2.2)
Where:

oy = (011002 — 02001 ) 033044 + (033042 — 032043) (L1401,
o = (020n) —0t1002) (033 + Oag) — (1 + Op) 033 0lag — L4 O O,
03 = 010 — 02001 + 03304a + (0] + 02) (033 + Olaa),
o3 = —(0an+ 0+ 033+ 0ua),
Bo = (01002 — 02001)04af33 + 01 (004042 B33 + 032044 PB13), (19.2.3)
Bt = PBs(oom —ollony) — cusPz(ar + an) — i o Pis, -
B = PBsz(our+ 0o+ oas),
B = —Bss,
i = —BL.—u, ap=—PS,, s =0, 01 =PL,, 0 =PBS.—(0+y+1), az =7,
3 = —(0+U), =20, A3 =0, Oug =—(U—€), fi3 =, B33 = —0.

And let iy be a root of this equation. They then formulate the following theorem:

Theorem 19.1. Under the hypotheses (Hy) and (H,) defined in the paper, the endemic equilibrium is locally
asymptotically stable when t© € [0,7y) and a Hopf bifurcation occurs at the endemic equilibrium when T = Ty
where:

(B2 — a3 f33) 08 + (a1 B3 + o381 — 02 f2) @0 + (cto B2 + 02 o — 0 Br) 0 — o
(Biwy — B3633)? + (Bo — B0 )?

After this they proceed to calculate the normal form of this Hopf bifurcation.

1
Ty = — arccos (
ay

). (19.2.4)
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19.3 Numerical analysis

In the paper they propose the following values for the parameters:
A=1, =035 0=08, €¢=0.15 4 =035, y=0.05, « =0.35, 6 =0.15. (19.3.1)

In the paper they wrote that the steady state is at P.(1.5714,0.6712,0.0224,0.5427 while it is actually at
P.(1.5714,0.6981,0.0233,0.5643). They also say that the Hopf bifurcation critical value is equal to 7y = 5.3442
but i found it at 7y = 6.4588 with first Lyapunov coefficient equal to £.; = 5.3256 - 10~* which indicates a subcritical
Hopf bifurcation where they found a supercritical one. Simulating the solution for T = 5.2482 and 7 = 6.5 we get:

Solution for r="5.2482 Solution for 7=6.5
1.8 T T T T T T T 2 T T T T T T T
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1.6 W LH i
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Figure 19.1: Solution of system (18.1.1) for T =5.2482 and 7 =6.5.

We can clearly see that in both figures there is no periodic solution or even an unstable one. Now plotting the
solution for T = 8 > 7y we get:

Solution for 7=6.55

E———3§

l]l!i‘lllll II,J

0 100 200 300 400 500 600 700 800

Figure 19.2: Solution for to system (18.1.1) for T = 6.55.

In this figure we also see a periodic solution after the critical parameter value. In order to further investigate what
is happening here we will continue the periodic solution with respect to the time delay, which gives the following
figure:
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step 68, steplength=2.446e-02

N N @ %)
=] 3 =} @
T T T d

Amplitude

o
T

6‘7
Figure 19.3: Continuation of the periodic solution emanating from the detected Hopf point.

Here we see that there are periodic solutions before the critical parameter value, which confirms a subcritical Hopf
bifurcation. As we saw in the simulations there are also periodic oscillations after the critical parameter value.
This model is a perfect example of why simulations are not enough to confirm the direction a Hopf bifurcation
has, if we would only simulate for T =5 and 7 = 6.55 we would see the stable solution in and then the
periodic solution in which would indicate a supercritical Hopf bifurcation while normal form calculation
using DDE-BIFTOOL detects a subcritical Hopf bifurcation.

20 SIQR model with bi-linear incidence rate and a delayed infection rate

20.1 Model
In [15] we find the following system:

St) = (1—p)b—PBSEt—1)I(t—1)—dS(t),
I(t) = BS(—o)(t—1)—(8+d+au+nI(t),
O(r) = 8I(t)—(e+d+a)Q(),

R(t) = vI(r)+pb+eQ(r) —dR(1),

Where S, I, Q and R represent the susceptible, infected, quarantined and recovered populations at time ¢ respec-
tively. The parameter b is the new number of individuals, p is the proportion of individuals who are immunized
directly, f3 is the probability of an individual to get infected, d is the natural death rate, o and a; are the death
rates due to the virus, ¥, A and € are the coefficients of state transmission and 7 is the latent period of the virus.
The basic reproduction number of this system is given by:

(20.1.1)

Ry = (1—p)b§(7t +doy +7). (20.1.2)

This model can be used to model computer viruses in a network. Many computer viruses have a latent period delay
and a temporary immunity period delay which can be modelled using this system, and computers within a network
can be shut off from the network while infected which is why there is a quarantined population. Looking at the
standard system this system is very similar, it only has an extra population for quarantined nodes and a time
delay to model the time it takes for a node to be able to infect other nodes.

20.2 Results

The model is also analyed in [15]. When R > 1 system (21.1.1) has an unique positive equilibrium D, (S, I, Ox, Ry)
with:

o+d+a+7y
S* - #7
Lo (1—p)bB—d(6+d+ou+7Y)
' 61ﬁ(<3+d+061 +7) ’ (20.2.1)
0 = e+d+o’
R pb+vl +€Q,
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They define the following parameters:

ay =

—d, a2=—(£—|—d+061+}/), a3z =0, a4 = —(8—|-d+062), ag=¢, aj = —d,

by = —BL, by=—BS., b3 = —by, by = —b. (2022)
The characteristic equation of system (21.1.1) at the equilibrium D, is:
A+ A3A3 + A% + A A +Ag+ (B3A® + BaA? + BiA + By)e *F = 0. (20.2.3)
Where:
Ay = aimasar, Ay = —ayax(as +ay) —asar(a) + az),
Ay = aimp+asar+ (a1 +ax)(as+aq), A3 =—(a1+ax+as+ay), (202.4)
By = asaz(aibs+axby), By = —asay(by +bs) — (as+a7)(a1bs+ azby ), -
By = aibs+axb)+ (as+a7)(by+bs), B3 = —(by +bs).

Let (20.2.3) have the purely imaginary roots A = +i@y. Then the following theorem holds:

Theorem 20.1. If the conditions (H\ )-(H3) defined in [|15] hold, then the positive equilibrium D, is asymptotically
stable for T € [0,7y) and system (20.1.1) undergoes a Hopf bifurcation at T = 1ty where

1 o wg o}
Ty = — arccos (m6 06+ e 3+m2 20 +m0). (20.2.5)
o ne Wy + na@y +na@y +no
for
my = —AoBo, my=AoBy—A1B1+A2By, my =A1B3 —AyBy+A3B; — By, me = By —A3B3, (20.2.6)
ngy = B3, ny=B}—2ByB,, ny =B5—2BB3, ng = B3. -
20.3 Numerical analysis
In the paper they propose the following values for the parameters:
p=02,8=0.1,d=0.01, a; =0.01, y =0.02, y=0.5, § =0.1, € =0.1, b= 10. (20.3.1)

Using DDE-BIFTOOL we can find an occurrence of Hopf bifurcation at 7y = 1.3976, in the paper they found it
at 7o = 1.3265. The first Lyapunov coefficient of this bifurcation is L; = 0.0028, so a subcritical Hopf bifurcation.
We now simulate the solutions of this system for 7 = 1.3 and 7 = 1.4, we get the following figures:

0 20 40 60 180 200 0 2 40 60 8 100 120 140 160 180 200

80 100 120 140 160
t t

80 100 120 140 160 180 200 0 20 40 60 8 100 120 140 160 180 200
t t

Figure 20.1: Solutions of model (20.1.1) for 7 = 1.3.
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Figure 20.2: Solutions of model (20.1.1) for 7 = 1.4.

This again confirms a subcritical Hopf bifurcation. In figure (20.T) we see the solution tend towards the equilibrium
and in figure (20.2) we see the solution getting a bigger, so we have an unstable periodic solution. When we
continue the periodic solution with respect to T we get the following figure:

step 59, steplength=2.852e+01

Amplitude

Figure 20.3: Continuation of the periodic solution starting at the critical Hopf point

Here we see the existence of periodic solutions before the critical parameter Ty = 1.3976, so this figure confirms
the existence of a subcritical Hopf bifurcation.

21 SIQR model with noninear incindence rate and delayed infection rate

21.1 Model

Consider the following system found in [4]:

ﬁS(t_ )( — ) dS(l),

i
O (e BGARXANOLL! 2LL1)

ki(t) — (c2 +d+uz)Q(t)
ctl(t) +c20(r) — dR(r).

—
~

~— —
|
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Where S(1), I(t), Q(¢) and R(z) represent the susceptible, infected, quarantined and recovered populations at time ¢
respectively. A is the recruitment rate of the population, d is the natural death rate, t; and U, are the extra disease-
related death rates and &, c; and ¢, are the transfer rates between populations. This model is pretty general and
can therefore be used for most kinds of disease which do not have a difference between infection rates of mature

and immature populations. Looking at the standard model (1.2.1) this model has an extra quarantined population
BS(r—1)I(t—71)
S(t—1)+I(t—7)
accounts for the behavioral change of susceptible individuals as the infectious population grows.

and instead of the standard incindence rate .SI/N this model utilizes the incindence rate which again

21.2 Results

Model (21.1.1) is discussed in [4]. Because the equations for Q and R are uncoupled from the first two equations
the model reduces to:
_ BS(t—)(t—1)

S = A S(t—r)+1(t—r)7ds(t)’
i(t)

Sﬁ(f(_t 7)2%_?) —(er+ktd+m)I),

This system has a disease-free equilibrium E1 = (A/d,0) and and endemic equilibrium E, (S*,I*), where:

(21.2.1)

A
S* =
B+d—(ci+k+d+pm)’
.o B (citktd+u)A (2122
(c1+k+d+m)(B+d—(ci+k+d+um))
The characteristic equation at the endemic equilibrium is:
A2+ AL+ (BA+c)e **+D=0 (21.2.3)
where 5 5
I* S*
A = ctkr2dip, p=PUSHE))
s plsy B(Y (2124
Cc = k+d d D=d——.
(C1+ + +'u1)(5*_|_[*)2+ (S*—FI*)z’ (S*+I*)2

Let A = w..i be a root of this equation. The following theorem about the stability of the equilibrium E> holds:
Theorem 21.1. (i) if A> — B> —2D > 0 and D> — C?> > 0 E, is asymptotically stable for all T > 0.

(ii) if D> — C? <0, then equilibrium E is asymptotically stable when T € [0, ’L‘Jr ) and unstable when T > ‘L'a“ and
system (21.1.1) undergoes a hopf bifurcation at T = 1.

(iii) if A> —B?> —2D < 0, D*> — C? > 0 the equilibrium E. is stable if:
1€(0,7) U5y, 5 )U. [t . 5) (21.2.5)

and unstable when
te ) Ul ) Ut Ly, T> 1 (21.2.6)

And system (21.1.1) undergoes a Hopf bifurcation when T = Tji.

Here ‘L'ji is equal to the following:
1 C—AB)oi —DC\ 2mj
o = L arccos ¢ ; = ey 212.7)
J (O B2 w1 + C? (018
After this they calculate the normal form of this Hopf bifurcation.
21.3 Numerical analysis
The parameter values they propose are:
A=10, =06, d=0.02, ¢; =0.08, k=0.01, yu; =0.03, c; =0.02, u, =0.04. (21.3.1)
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When we check this system for Hopf bifurcation we get one at the critical parameter value 7o = 4.9422 with a

history So = 20, Iy =68, Qo =0and R =0:
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Lyapunov coefficient of L; = —1.9546 - 10~ just like they got in the paper. We get the following figures for
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Figure 21.1: Solutions of model (21.1.1) for T = 4.
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Figure 21.2: Solutions of model (21.1.1) for T =5.

We can clearly see the solutions heading towards the equilibrium in (21.1) and in (21.2) we see the solution
heading towards a periodic solution. This again confirms the existence of a supercritical Hopf bifurcation. When

we continue the periodic solution with respect to T we get the following figure:
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step 59, steplength=4.680e-+01
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Figure 21.3: Continuation of the periodic solution starting at Ty

Here we see that even though there are periodic solutions just after the critical parameter value, they do not exist
for all 7, but we also have (unstable) periodic solutions that merge with the stable ones near T = 5.5.
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Part V
Conclusion

In this thesis we have looked at epidemiological models with time delays. We found that there are many reasons for
time delays to be included in the models, and they provide many ways for models to be more accurate. Using time
delays does make the models more difficult to analyse and we have found that the solutions include oscillations.

With these oscillations we can expect Hopf bifurcation to occur in a lot of these models. This is especially relevant
in epidemiological models because periodic outbreaks of a disease or virus within a computer network are often
have to be prevented. Therefore analysing the conditions for which these periodic solutions occur is very impor-
tant. This is why the notion of Hopf bifurcation is of particular interest. We have looked at the conditions for Hopf
bifurcation in delayed differential equations and the formulas to determine the direction of these bifurcations and
seen that these conditions and the formulas are very similar to the ones which we defined for ordinary differential
equations.

To analyse epidemiological models and determine if Hopf bifurcation is present in these models, we used the
DDE-BIFTOOL package for MATLAB. We used this software to analyse 8 different models which can be used
to model all kinds of epidemics. We have looked at published research papers discussing the conditions for Hopf
bifurcation in these models and applied DDE-BIFTOOL to check the validity of the claims made in these papers
by checking their analysis with modern numerical techniques.

We found that in 5 out of 8 cases the analysis was wrong, in two of these cases there was no sign of Hopf bi-
furcation when analysing them using the software and in the other three cases the direction of the bifurcation was
wrong and the parameter value at which these bifurcations occur was also not always consistent with the claims
made in the articles. All of these articles had simulations of their models which backed up their analysis but in 5
of these cases this was not sufficient to confirm the results in the paper. The model we discussed in section 19 is of
particular interest as we have seen, because there were stable periodic solutions before and after the Hopf bifurca-
tion. So if we would have simulated this model for particular values of the time delay, we could feasibly arrive at
the conclusion that a supercritical Hopf bifurcation occurs. Yet using DDE-BIFTOOL we found a subcritical Hopf
bifurcation. This illustrates the need for normal form calculation in order to complete Hopf bifurcation analysis
done for the models.

In all considered papers, the first Lyapunov coefficient was determined in an outdated way (with a separate compu-
tation of the center manifold followed by the normalisation on it), which is also really tedious and labour intensive,
so making mistakes in these calculations is relatively easy. Using the explicit formula for the normal
form coefficient, which is also implemented in DDE-BIFTOOL, streamlines this process and reduces chances for
mistakes.
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