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Introduction

In light of the COVID-19 pandemic and its significant influence on a global scale, we contribute
in this manuscript to the rise of interest in infectious disease modeling. Contagious diseases
have been for long a great threat to human populations, especially in areas with limited re-
sources ([5]). The challenge of fighting these diseases and mitigating their expense on human
life has brought significant attention to the field of epidemiology which is a rich and diverse
interdisciplinary field that brings together experts from mathematics, epidemiology, computa-
tional physics, ecology, evolutionary biology, immunology, sociology, and public health ([22],
[21]). Tt involves the use of mathematical modelling and the study of these models’ aim is to
understand the consequence of the assumptions about the infection process and how disease
spreads through a population. By using the results, we can develop effective strategies to inter-
vene and control dramatic outbreaks and predict their potential trajectory into the future. As
such, these models have become an indispensable part of the fight against infectious diseases,

helping us to mitigate their impact on our communities and improve the well-being of people
worldwide ([4], [12]).

COVID-19

At the end of December 2019, the World Health Organization country office in China was
notified of several cases of pneumonia of unknown etiology. These were the first cases of
COVID-19 to soon later become a true catastrophe. In the three years since, COVID-19 has
killed more than 7.3 million people worldwide ([14]). The virus was subsequently identified as
a novel coronavirus known as SARS-CoV-2 which may have originated in bats ([15]), which are
known to carry coronaviruses, and then transmitted to an intermediate animal host, possibly
a pangolin, before jumping to humans. However, the exact pathway of transmission and the
identity of the intermediate host are still under investigation. COVID-19 has experienced
multiple waves of outbreaks and the emergence of different variants since the start of the
pandemic ([24]). A wave is a period of increased transmission and cases of the disease, often
followed by a decrease in cases. These waves can be caused by various factors, such as changes
in public health measures, the introduction of new variants, and seasonal patterns ([23]). Some
of the most well-known COVID-19 variants include:

o AlphaVariant (B.1.1.7): First identified in the UK ([26]), this variant is thought to be
more transmissible than the original strain.

» BetaVariant (B.1.351): First identified in South Africa, this variant is thought to be less
susceptible to some treatments and vaccines.

o GammaVariant (P.1): First identified in Brazil, this variant is also thought to be more
transmissible and may be less susceptible to some treatments and vaccines.

o DeltaVariant (B.1.617.2): First identified in India, this variant is highly transmissible
and has been associated with a surge in cases in many countries.
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These variants ([23]) along with others, have led to concerns about their potential impact on
public health and the effectiveness of current treatments and vaccines ([27]). Health officials
and researchers are closely monitoring these variants and studying their characteristics and
potential impact on the pandemic. Vaccines have also been developed and updated to be
effective against these variants, and public health measures such as mask-wearing, social dis-
tancing, and testing continue to be important tools in controlling the spread of COVID-19 ([6]).

Overall, up until the finishing of this manuscript, the COVID-19 pandemic is still ongoing, and
the daily confirmed cases continue to be reported at a high level ([25]), and its effects are likely
to be experienced for years to come. Therefore continued mathematical modelling is essential
for ongoing efforts to control.

Models structure

In the attempt of describing an epidemiological model, the choice of which compartments, trans-
mission, and formulas associated with each arrow can all change, depending on the outbreak’s
biology and the modeler’s focus. Yet the connection between equations stays consistent: one
differential equation per compartment, each arrow showing flow into one compartment and/or
flow out of another. Acronyms for epidemiology models are often based on the flow patterns
between the compartments such as SEIR, SEIRS, SIR, SIRS, SEI, SEIS, SI, and SIS ([1], [17]).
For example, in the SEIR model, newborns first become susceptible, then exposed in the latent
period in which the disease is held, but not yet unleashed, then infectious, and then removed
with permanent immunity. An SEIRS model would be similar, but the immunity in the R class
would be imperfect so that individuals would regain their susceptibility after the temporary
immunity has ended.

Abstract

This thesis is organized in a twofold structure, with two distinct sections that share similar
themes. We introduce the basic compartmental models SIR and SEIR and their characteristics
together with representing the threshold value %, with the next generation matrix method
outlined in [10], resp. in [11], and we are discussing how it relates to the parameters and
structure of the SIR model then we are presenting a time delay definition, all in Chapter 1.
Investigation of the model in [3] with taking care of its well-posedness in Chapter 2. Then
its extension to a more realistic model incorporating a time delay and stability analysis of the
equilibrium points in Chapter 3. Chapter 4 is devoted to a modification of the model proposed
in [2] and its equilibrium points stability analysis followed by the analysis incorporating a time
delay in Chapter 6.
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Compartmental Models

1.1 SIR Model

The basic paradigm for understanding the spread of infectious diseases, called (SIR), The
model was first proposed in 1927 by Scot’s epidemiologists Anderson Kermack and William
McKendrick ([18]), it has become a very popular tool in epidemiology.

Susceptible (S(t)): The total susceptible population at time ¢t. Who are the people who are
exposed to the disease at the time ¢7

Infected (I(t)): These are individuals that are able to spread the disease to individuals in
the S-class.

Recovered (R): Individuals that can neither spread the disease nor contract it again, Indi-
viduals may enter this compartment by isolation, infection prevention vaccinations, recu-
peration from infection with latent infection immunity, or disease-related death ([15]).

Each individual belongs to one and only one compartment at each time t. Transitions
from S — I (infected) to I — R (recovered) may occur over time, and it is assumed that
a recovered individual has immunity and cannot go back to being susceptible. The transit
between one compartment to another is captured by a system of ODE’s, including time ¢ and
the transfer rates between the compartments, which are independent parameters that make
sense biologically. The derivatives in the ODE system express the evolution in the size of each
compartment with respect to time ¢. We define the (SIR) model by the following ODE system:

d

Cgs(t) = —pSl,
Cg[(t) — B8SI—al, (1.1)
%R(t) = al,
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Providing visualization of the interactions between the compartments:

Figure 1.1: SIR model with 3 states

The following statements serve to define the system:

e [ is used as the parameter describing the transmission rate that transfers individuals from
S to I, and « is the recovery rate, describing the rate at which individuals go from I to

R.

e The SI product serves for simulating chance meetings between the two compartments.
Specifically, the term ST can be utilized to model the transmission of a disease from
infected individuals to susceptible ones.

e At a rate of al per unit time, the population from the contaminated compartment trans-
fers to the recovered compartment.

However, the ODE system cannot be analytically solved, quantitative methods are used to
determine the behavior of the solutions.

If S(0) < a/f with S(0) being the initial value of S, then I’ < 0 and I, in this case,
decreases to zero (no epidemy), but if S(0) > «/f, I increases which implies epidemy presence.

The limit 500

0=,

commonly called the "Fundamental Reproduction Number" represents the average number of
new infections generated by a single infected individual in a susceptible population.

1.1.1 The Fundamental Reproduction Number

In a lot of epidemiology models, the outbreak of an infection in a fully susceptible population is
possible only if %, is larger than unity, which could be seen in the previous case. Therefore, %,
is often considered as the threshold value that determines whether an infection can invade and
sustain itself in a new population. For this classic SIR model and a lot of other more complex
models, the behavior of solutions almost completely depends on the threshold quantity %,
meaning that it determines when the local stability of the endemic-free equilibrium switches.
It is worth noting that % is also referred to as the basic reproductive ratio or basic reproductive
rate.

1.2 The SEIR Model

After introducing the simple compartmental model SIR, we continue by extending it to have
another compartment called Exposed (E), getting reached by the Suscebtible population, as
it is commonly recognized that, in general, when a susceptible individual contracts mumps for
example, there is a long time lag until he or she becomes infectious or show symptoms. Thus
this period in which E takes place is called latent. For a variety of diseases, this period takes
typically from 2 to 18 days. So in the SEIR model that we are about to discuss, it is assumed
that an exposed individual holds but does not transmit the disease. We will also add rates of
natural births and deaths (unrelated to the disease) in a population. We propose an example
of what a general SEIR model can look like:
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s p—BSI—pS,
gfi — BSI—oE — uE,
“@o BSI — oE — uF,
gé = 7l —pR,

t
where p, 3,0, and v represent the natural birth/death rate (often assumed to be equal for
simplicity reasons), transmission rate, incubation rate, and recovery rate, respectively.

1.2.1 The Next Generation Method

We use the Next Generation Method to find this model’s basic reproduction number %, The
method is given by Diekmann et al. (1990) (cf. [10]) and van den Driessche and Watmough
(2002) (cf. [11]) and is usually evaluated from observational data, which is often the most
productive approach where there are large numbers of compartments. We first need to find the
disease-free equilibrium point (I = 0) of the system by setting all derivatives equal to zero we
can see that it is the point (S, E, I, R) = (1,0,0,0). We refer to it by Cy, Jr(Cy)Jy, ' (Cy) denotes
the next generation matrix such that F' represents the rate of appearance of new infections in

compartment [ and J is the Jacobian. New infections can originate from 2 and 9 as these
infection is only generated by the term BSI, hence

dt dt
are called non-infection classes. From ¢ E’
we have Fy = pBSI. From, Cgf no new infection is generated, then Fy = 0. As compartments

and 4 dt are the ones that pass infection through the population, we consider these dlmensmns
when constructing the Jacobian it will then be:
3 O
SE oI
Jp =
OFy  OF,
o SE oI
Substituting Cy:
U
Tr@) =14 ¢

Here V' represents the rate of transfer of individuals into and out of £ and I by means other
than infection originating outside of these classes. After attaching a minus sign we have V; =
(1 + o) E, the transfer rate in E, and V5 = —0F + (u + ) which is the transfer rate in I. We
can now have the Jacobian for V:

5V1 (OO) 5V1 (C(]> /46 + o O
JV(CO) == =
§2(Co) 57(Co) -0 pty
Now we get J;,* (Cp):
_ 1 +v 0
Iy (Co) = K ,
= e | e
Then finally:
Bo But+o)
Jp(Co)Jy(Co) = [ (u+06(u+v) (u+06(u+'7) ]

The spectral radius of Jr(Cy)Jy,'(Cp) that is the eigenvalue with the largest absolute value
is the basic reproduction number, in our case, we get:

Bo
(n+o)(p+v)

Ky =
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1.3 The incorporation of a time delay in epidemiological
models

The SIR and SEIR models are relatively simple compartmental models that consider a constant
rate of disease transmission and recovery. Nowadays, mathematical models are more complex
resulting from aiming to imitate reality. For example, including a large number of health classes
such as pre-symptomatic, asymptomatic, and severely symptomatic individuals (see [29], for a
model with much more epidemiological classes). However, in relation to the analysis of these
models, one of the challenges is how to establish the stability of equilibrium points to learn more
about the dynamic behavior of these models hence the disease. Other models are extended after
the consideration that transmission and recovery rates can vary over time due to changes in
the environment, behavior, and interventions. For example, some researchers have added age
or spatial structure to the models to better capture the heterogeneity of the population and
the effect of mobility on disease spread.

Another line of research concerns models that represent the dynamics of disease by systems
of differential equations with a time delay, where a time delay is incorporated, to accurately
provide a more detailed mechanism for the epidemic as people will stay in a specific compart-
ment for an indefinitely long period of time, which leads to the definition of the delay between
arriving and moving to another compartment. It is often reflecting the time taken for the
holders of the disease to become infectious which is called the incubation period.
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A non-delayed model of
coronavirus

In this second chapter, we discuss a model as presented in [3]. Let N(t) denote the total
population. It is divided into the following five classes of populations:

e S(t): the susceptible class, the individuals who have not yet been exposed to the virus.

e FE(t): the exposed class refers to individuals who have come into contact with the virus
but are still in the incubation period and cannot yet transmit the disease.

e [(t): the symptomatic infectious class, individuals that manifest symptoms and can spread
the disease.

o A(t): the asymptomatic infectious class; those persons that can spread the disease without
explicit symptoms.

e R(t): the removed class includes the people who recovered from the disease.

Figure 2.1 illustrates the fundamental mechanisms that underlie the model. The model con-
siders all potential interactions among the compartments previously described. It is imposed
that susceptible individuals are recruited at the constant rate A, and become infected by direct
contact with an infectious individual at a rate §;, which is scaled by a factor k to account for
the possibility that the latter is asymptomatic. Finally, all human individuals are subject to
natural mortality d,. These considerations are incorporated in the first equation of the system
(2.1). Individuals that contract the disease are accounted for in the second equation of (2.1).
They become exposed, i.e., they cannot yet spread the virus, which needs an incubation period
within the body of its hosts. The susceptible that were contaminated in the aforementioned
two possible ways enter this class. People leave it by becoming infectious, and either showing
symptoms, thereby migrating into class I, or not, therefore, finding themselves in class A. The
progression rates into these two classes are w, and w;,. Furthermore, we assume that a fraction
a becomes asymptomatic and 1 — « instead will manifest symptoms. The third equation mod-
els the symptomatic infectious, recruited from the exposed class at rate (1 — a)w, as described
above. Furthermore, there could be asymptomatic individuals that become symptomatic at
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rate {. They leave this class by either progressing to the recovered class at rate v,, or dying,
naturally, or by causes related to the disease, at rate . The asymptomatic individuals mod-
eled in the fourth equation appear from the exposed ones and leave the class by overcoming the
disease at rate v,, dying naturally or by disease-related causes at rate v, or eventually showing
the symptoms, for which they migrate into class I. Recovered individuals are those that have
healed from the disease. They are subject only to natural mortality. We assume that they have
also become immune so that they are unaffected if they become in contact with the infectious.

AR (- %
s s ——(=]

A

A

©

oW

He

Figure 2.1: SEIR model with 4 states.

Taking into account the above considerations, the model dynamics is regulated by the
following system of nonlinear ordinary differential equations:

;ﬁaﬁ:A—&SwwA@+J@H—%5@a

th(t) = BISWRA() + 1(1)] — (1 — a)w, B(t) — aw, E(t) — d, E(2),
CI(0) = (1~ @)y (1) — (3 + dy + 1)T(0) + EA(D) 2.1)

L A1) = ol B(1) — (dy + v+ 5) A(D) — EAQ),
C‘;t R(t) = 71 (t) + 1, A(t) — d,R(t).

All the parameters are non-negative and their meaning is summarized in Table 2.




parameters description

A susceptible recruitment rate

d, natural mortality

ot disease transmission rate

k transmissible ratio

1 disease-related mortality for infected

v disease-related mortality for asymp-
tomatic

Wy progression rate from exposed to symp-
tomatic

w;, progression rate from exposed to
asymptomatic

« fraction of exposed that turn asymp-
tomatic

& progression rate from asymptomatic to
symptomatic

Yp recovery rate from symptomatic infec-
tion

Y recovery rate from asymptomatic infec-
tion

Table 2.1: Model parameters and their meaning

2.0.1 Existence, uniqueness, and boundedness

The system (2.1) can be rewritten as
X(t) = f(X() (>0)
with X = (S, E, I, A, R) € R5 where the non-linear operator f is defined in R® by
A — BrS()[kA) + 1(t)] — d,S(t)
BrSt)[kA(t) + 1(t)] — (1 — a)w,B(t) — aw, E(t) — d,E(t)
awy B(t) — (dy + v + ) At) — EA(t)
W I(1) + A — dyR(1)
In order to prove that the problem determined by (2.1) is well-posed, we introduce the compact
region () defined by

Q={X=(SE AR €[R)0<S+E+I+A+R<M}, (2.2)
where
A
M := max {N(O),
dp

The following theorem establishes the existence of global solutions to (2.1).

Theorem 1
For any Xo = (So; Fo; lo; Ao; Ro) € €2, the Cauchy problem given by (2.1) and
X(0) = X, admits a unique solution, denoted by X (¢; Xj), defined on [0, +o00], whose
components are non-negative. Furthermore, the region € defined by (2.2) is positively
invariant.

Proof:
From Cauchy-Lipschitz’s theorem proved in [8], the existence and uniqueness of a max-
imal solution in time solution X (¢; X) to problem (2.1) starting from X, € Q. The
non-negativity of the components is guaranteed by the quasi-positivity of the non-
linear operator f, which means that it satisfies the property:
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CZS(t)Lsu)o =A>0,
& (0|00 = HSOBA() + 1)) > 0,
L1000 = (1 — @)y B+ €A 20, (2.3

fA(t)|A(t):0 = ozw;)E Z 0,

—R(t)|rty=0 = I +7,4 > 0.

It follows that the components of any solution X (¢; Xy) stemming from Xj in Q
remain non-negative in future time. Finally, summing the five equations of system

(2.1) leads to:

dN
E‘i‘de:A—VA—,u]SA.

Solving the differential inequality gives:

N(t) < N(O)exp(~dyt) + = [1 — exp(~dy)] < M,

P
so that all subpopulations, being non-negative, are bounded as well. And the set € is
positively invariant, Q.E.D.

2.1 Analyzing Equilibrium Points

The equilibrium points of the model are obtained by equating the right-hand side of system
(2.1) to zero. The following equations hold:

A—BS(EA+1I)—d,S =0, (2.4)
BiS(t) (kA + 1) — BrE =0, (2.5)
(1—-a)w,E—Crl+E&A=0, (2.6)
aw,El — HrA = 0, (2.7)

ol + LA = d,R = 0. (2.8)

Br = (1 = a)w, + aw, + d,,
Cr =+ p+dp,
Hp =, +v+E+d,.

Adding (2.4) and (2.5) yields

A ByE

S i,
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From (2.7) we get

Ao aw;) 5
=& )

and by (2.6) we get

I (1 — a)wpHr + aw§ i
CrHr
By (2.8) we get

R <(1 —a)prT+ozw;§> E—{—l’/’ <aw;)> 5

d, CrHy d, \ Hr
We have
o7 = (1 - a)w,Hr + aw &][AE — BrE?]
d,CrHr ’
G- aw)[AE — BrE?] _ aw, Cr[AE — BTEZ]'

d,Hr d,HrCr

2 / /
BuS(H (A + 1(1)) ZBI[AE Br E?|law kCr + (1 — a)w, Hr + aw, ]
d, HyCr
_ Bi[AE — BrE?|law, Dr + (1 — a)w, Hr]
- deTCT ’
where Dy = £ + kCp. By replacing in (2.5) we get,
Bi1[AE — BrE?|[aw, Dy + (1 — a)w, Hr|

— BrE=0
d,HyCr T ’
A — BrE 'Dr + (1 — H
then either, E =0 or il r HOMP il @)y Hr] — Br = 0. Thus,
d,HrCr

BrAlaw, Dy + (1 — a)w,Hr| — B BrE[aw, Dr + (1 — a)w, Hr]
deTCT

= DBr.

Hence,
BrAlaw, Dy + (1 — a)w,Hy] — f1BrElaw, Dy + (1 — a)w,Hy] = Brd,HyCr.
Therefore,
BrAlaw, Dy + (1 — a)w,Hr| — Brd,HyCr = B BrE[aw, Dy 4 (1 — a)w, Hr),
Moreover,
- 51A[QW;DT + (1 — (l/)prT] — BpoHTCT
BrBrlaw,Dr + (1 — a)w, Hr] ’

Consequently,
1 d,BrCrHy

E=—|A- ,
Br [ Brl(1 — a)w, Hr + Ozw]gDT]]
with feasibility condition:

[A S deTCTHT ]
Brl(1 — a)w,Hr + aw), Dy] ’
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The system gives two equilibrium points:

e The coronavirus-free equilibrium Cy = (Sp,0,0,0,0,), with Sy = %.
e The full coronavirus endemic equilibrium C* = (S*, E*, I*, A*, R*) where

A BrE

S*
d, ’

L1 d,BrCy Hy
E=—|A-
Br Br {(1 — a)w,Hr + Ozw;,DT}

[ (1 — )w,Hr + aw,§ o
CrHr ’

A = Oéw;) E*
= HT

B — Yo (1 —a)w,Hr +aw;§ B lﬁlﬂ % =
d CTHT dp HT

P

Remark 1
When a =1 and & = 0, we get the corona virus-symptomatic-infected-free equilibrium

Cr = (S, Er,0, Ar, Ry), which is the special case of C*, where

g, = A= Brki _fTE’,
P
1 d,BrCrH
g )
CL)/
Ar=(2) B,
! !
R, = (;;;;)E,

The feasibility conditions are:

deTCTHT

=1 d = 0. 2.9
e 29

A >

2.2 The Basic Reproduction Number

The basic reproduction number %, for system (2.1) is found using the next generation matrix
method outlined in [11] to our model (2.1), the basic reproduction number can be computed
by considering the new generation matrices /' and V', that is, the matrices associated with the
rate of appearance of new infections and the net rate out of the corresponding compartments,
respectively, The reduced system of (2.1) may be written in compact form as 2’ = F(z) —V (z)
where x = (E, I, A),
BrS(I + EA)
F(EI,A) = 0 ,
0
and
(1 - )w b + aw, B + d, B
V(E, [,A)= | —(1 —a)w,E+ (7, +dp + )] —EA
—aw,E + (v, +d, + v)A+ A
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The Jacobian matrices of F'(X) and V(X)) at the disease-free equilibrium point Cy are

0 BrSo BrSok
JF(CO) =10 0 O
0 0
and
Br
Jv(C()) = (1 — a)wp +OT
—aw, —|— T
We find that
% 0
_ [(1- a)pr +awp§}
Jvl(CO) = CTBTT}{T C’LT CTgHT
BTIST 0 HT

The next-generation matrix is
_ﬁISO (1_01)"JPHT+O‘W;DT _BiSo _ B1SoDr

CrBrH @ CrH
—JF(O()>J‘;1(OO) _ 0T THT 0T 6 T
0 0 0
Thus,
A[(1 — @)w,Hr + aw! D]
Ro = p|(—Jr)(Co) I (Co)| = max Al = - —.
o= p[(=Tr)(Co) J7 (Co) )\ESpec[(—JF)(CU)J;l(CO)]| = dyCrBrHr

We have the following theorem

Theorem 2
System (2.1) has the following equilibrium:

1. The coronavirus free equilibrium can be calculated as Cy = (%, 0,0,0,0) which
exists always.

2. In addition, if %, > 1 then system (2.1) admits another non-trivial equilibrium,
in fact: when o = 1 and £ = 0, it is the corona virus-symptomatic-infected-free
equilibrium C; = (Sy, Er,0, Ar, Ry). When either aw # 1 or £ # 0, it is the full
coronavirus endemic equilibrium C* = (S*, E*, I*, A*, R*).

2.3 Stability of the equilibrium point

Letting
ap = BrCrHr,
ay = Hp[Br + Cr| + BrCr,
as = Br+ Cr + Hr,
bo = (1 — a)w, Hr + aw, Dr,
by = (1 — a)w, + kaw,,

p

2.3.1 Local Stability at C

1. f %y <1 (resp. A < aod") the coronavirus-free equilibrium Cy = (59, 0,0, 0,0) of
the system (2.1) is stable

Thﬂorem 3
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Proof:
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2. f %y > 1 (resp. A > aod”) the coronavirus-free equilibrium Cy = (Sp,0,0,0,0) of
the system (2.1) is unstable

The characteristic equation of system (2.1) at Cj is defined as
det(A — L) =0,
where L is the Jacobian matrix of system (2.1) at Cy. Then,

~d, 0 BB —kgA 0
0 —Br Braw  kBrg 0
L=10 (1-aw, —-Cr 13 0
0 aw, 0 —Hrp 0
0 0 Yo Y —d,
and the characteristic equation of system (2.1) at the coronavirus-free equilibrium Cj
1S:
A +d, 0 Bri ) kB & o 0
0 A+ Br —BrA o —kB A i 0
0 —(1-a)w A+ Cr £ 0 |=0.
0 —aw), 0 A+ Hr 0
0 0 —y = A+d,
After calculation, this equation becomes
(A +dp)* (A + agA® + 51X + 50) = 0. (2.10)

Where

S1=4ay — B[jpblv
A
Sop = ap — 516750-

P

We need to prove that all roots of the characteristic equation (2.10) have negative
real parts.
Note that —d, is a negative real root of the characteristic equation (2.10) and this
equation reduces to,
Pl()\> = (AS —I— (12)\2 + 81)\ + 80) = 0 (211)
Using the Routh—Hurwitz criterion [38], we know that all roots of P;(A) have negative
real parts if, and only if, the coefficients of P;(A) are strictly positive and ags; > s.

In this case,

1
[albo - 51 bobl]

—ay — B1=b
S1 a1 depl b p

1

b —[HypCrby + Hy Brby + BrCrby + (so — ag)bi]

0

1

b [HTCTbo + HTBTbo + aw DTBTCT + Sobl k:aw’ag]

0

1

b [HTCTbO + HTBT[(l — a)prT + aw DT] + aw BTCTDT + 80[)1 kaw'ao]
0

bg[

1
b [HTCTbO + H BT(l — a)wp + aw HTBTf + ow BTCTDT + Sobl] > 0.
0

1
HTCTZ)O + HTBT[(l — a)prT —+ aw (f + ]’CCT)] + aw BTCTDT + Sobl kOéw/CL()]
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And

A
so = ao[l — Br

dpag

= CL()[]_ - gg@]
We have as > 0, s; > 0 and if Zy < 1, s > 0. Now, we only need to show the
following statement: a251 > Sp.

bo]

9851 — (BT + CT + HT)

bo
1 1 , 1 Sobl
= (BT + OT + HT)[HTCT + b H BT(l - Oz) + b — oW HTBT§ + *Oéw BTCTDT + T
0 0
1 1 1 1
=ay+ b —HIB3(1 — a)w, + ; —ouw HTB f—i— aw’ B3CrD + b—soblBT—i—
0 0
1 1 1 1
-+ (CT -+ HT)[HTCT + bT)H%BT(l — a)wp + %aw;HTBTﬁ + FQQW;BTCTDT + bT)S()bl]
a92S81 — Sg — A281 — (10[1 — %Q]
= agsy — ag + apHo
1 2 R2 1 / 1 !/ P2 1
b —H7BH(1 — a)w, + boaw HTB f—l— aw BrCrD + b—soblBT + ap Ao+
1 1 1 Sob
+ (Cr + Hp)[HrCrp + %H%BT(1 — )w, + T ! HrBré + o ' BrCrDr + %}
(2.12)

Thus ass; > sg. Then, according to the Routh-Hurwitz criterion, all the roots of the
characteristic equation (2.11) have negative real parts. Therefore, the coronavirus-
free equilibrium point Cy is locally asymptotically stable under condition %, < 1,

(resp. A < Zf’iﬁ)

For %y > 1.(resp. A > aod »-), we have P1(0) = ao(1—%o) < 0, AHT Pi(X) = +o0.
—4-00

By the continuity of Pl()\) : there exists at least one positive root of P;(A) = 0. Thus,
the infection-free equilibrium Cj is unstable.

2.3.2 Local Stability at C*

Since we can deduce the stability of the coronavirus symptomatic infected-free equilibrium Cj
from the stability of the coronavirus endemic equilibrium C* simply by taking o = 1 and £ =0
in the latter, we now just analyze the coronavirus endemic equilibrium C™*.

Theorem 4
If Zy > 1 (resp. A > “Odp) the coronavirus endemic equilibrium C* is locally asymp-
totically stable.

Proof:
The characteristic equation of system (2.1) at the coronavirus endemic equilibrium C*
is:
A+dy,+ Bi(I* + EAY) 0 BrS* BrS*k 0
—Br(I* + EA") A+ Br —B1S* —p1S*k 0
0 —(l-a)w, X+Cpr  —=¢ 0 | =0,
0 —aw, 0 A+ Hr 0
0 0 —Yp -, A+d,
in which By, Cr and Hp are same as before. From this, we get the characteristic
polynomial:

Py(A) = (A + dp)[A* + (c3 4+ d3) A + (ca + do)A* + (c1 + di) A + (co + dp)], (2.13)

[HTCTbO + HTBT(l — Oé)wp + aw HTBT§ + aw BTCTDT + Sobl]

]
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where
c3 =dy,+ Br+ Cr+ Hp,
co = dy(Hr + Br + Cr) + BrCr + HpBr + HrCr,
c1 = dy(BrCr + HrBr + HyCr) + Hp BrCr,
Co = deTBTCT>
dz = pr(I" + kA"),
dy = (Br + Cr + Hy)B1(I" + kA™) — 31570y,
dy = (BrCr + HpBr + HrCr)Br(I" + kA*) — 515" [bo + bid,),
do = HpBrCrf(I* + kA™) — Br.S™dybo.

Note that ( P )
A—(A— pBrCrHr /
B8,5* = B, ,31((1da)prT+awpDT) |
P
_ deTCTHT
d, ((1 — a)w,Hr + ozwz’)DT) 7
=0
bo

and  [i(I*+kA*) = p;

C3 — dp+6l2,

oo B = A = 1), Thus,

cy = dpag + aq,

C1 = dpal + aop,

Co — dpao,
ds = dp(%o — 1),
a
dg = agdp(%o - ].) - Fobly
0
a
dy = aydy (%o — 1) — bfo [bo + brdy] ,
0
a
do = aodp(e@O - ].) - ngpbo.

We have
Co + do = aodp(ﬁo - 1),

d
C1 —I— d1 = bfp[alﬁobo — aobl],
0

d /
= Fp[(l — a)wp,Hr Br(Cr(%o — 1) + Hr) + HpCrbo + aw, Br(§Hr + DrCrs)),
0

1
Cco + dg = agdp%() + %[(1 - Oé)pr%BT + HTCTbO + HTBTC\&(,U;)g + aw;,DTBTC’T],
Cc3 + d3 = dp + ag + dp(%() — 1) = a9 + dpﬁo.

For %, > 1. We have co +dy > 0, ¢ +dy > 0, ca +dy > 0, c3 + d3 > 0. By the
Routh-Hurwitz criterion, we only need to show the following statement:

(c1 +di)[(cs + d3)(ca + da) — (¢1 + di)] > (co+ do)(cs + d3)?, (the proof from [3] is in
appendix A).

Then, according to the Routh-Hurwitz criterion, all the roots of the characteristic Equa-
tion (2.13) have negative real parts. Therefore, the coronavirus-free equilibrium point
C* is locally asymptotically stable under condition %, > 1.
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2.3.3 Local Stability at C}

Theorem 5
If Zy > 1,(resp.A > Z‘izg), the coronavirus endemic equilibrium C7 is locally asymp-
totically stable.

Proof:
The result can be easily obtained from Theorem 4 by taking a = 1 and £ = 0.

2.4 Global stability when %, < 1

Theorem 6
If % <1, (resp.A < Ezg ), the disease-free equilibrium Cj is globally asymptotically
stable.

Proof:
Note that the four equations of (2.1) are independent of R, therefore, the last equation of
(2.1) can be omitted without loss of generality. Let us consider the following Lyapunov

functional,
1 B
V(5) = 5 (S() = So)* + E(t) + L [HrI(t) + DrA(). (2.14)
0 0
By calculating the time derivative of V' along the positive solution of system (2.1),
we get
dv(t 1 B
W) _ (5= s0)9'0) + B0 + ST HI (1) + DrA ()
dt S(] bO
dv(t) 1
= S—(S —S0)[=BrS(I + kA) — d,(S — So)] + BrS(I + kA) — BrE+
0
BrH BrD 'E — HrA
BT B - O 4 4] + DrPrlos = Hrd]
bo bo
v (t d S?
dvit) _ PG — S+ Br[2S — 2 — Sol(I + kA) + BrSo(I + kA)
dt So So
BrH
— =2 (Or] + (Dr — )4
0
dv(t)  dp 5 S? aop
=55 +Br[28 — 5 So| (I + kA) + [BrSo — %}(H kA),
dp 2 (S — 50)2 Br [ agdp]
=——(S=5)" - 01— +EkEA) +— |A— I +EkA).
e e

Since (%o < 1), resp. A < 'g;ig), then, d‘;gt) < 0 for all (S,E,I,A) € R:. d\ggt) = 0 if and
only if (S, E, I, A) = (S,0,0,0). Thus, the only invariant set contained in R is {(Sp,0,0,0)}.
Hence, LaSalle’s theorem implies convergence of the solutions (S, F, I, A) to (S, 0,0,0). From
the last equation of (2.1) we can show obviously that R converges also to 0. Therefore, Cj is

globally asymptotically stable when %, < 1.



16

CHAPTER 2. A NON-DELAYED MODEL OF CORONAVIRUS



Chapter

Delayed Model of
Coronavirus

By presenting a compartmental model and incorporating time delay to provide a more detailed
description of the transmission dynamics, it is precisely reflecting the time taken for the holders
of the disease to become infectious which is called the incubation period, this time delay plays
an important effect on the stability of the equilibrium points which by the end contribute to
a more reliable forecasting. When adding a time delay 7 to an ordinary differential equation
(ODE) it becomes a delayed differential equation (DDE). The difference between them is that
the derivatives of the DDE at any time ¢ depend on the solution at prior times ([32]). Because
of that, to solve a DDE we need to define how the dynamical system behaves when 7 —t < %,
with ¢y being the starting time of the system. To describe the behavior of the system in the
interval before t; an initial history function is used to specify the values of the solution set at
that interval.

CiS(t) =A—-05S{t—7)kAt —7)+1(t —7)] —dpS(1),

d /

%E(t) =BrS(t —7)[FA(t —7) +I(t —7)] — (1 = a@)w, B(t) — aw,E(t) — d,E(t),
d
51 (0) = (1= a)wB(t) = (v +dp + p)I(t) + EA(), (3.1)
d !/ /
A = aw B(t) - (dp + v+ ;) Alt) — EA(1),
d /

S 1) = I(t) + 1 A) — dR(2),

where the state variables are subject to the initial conditions,
S(6) = ¢1(0) > 0,

I(9> = 1/)2(8> > 07 0 € [_7-7 0]7

A(0) = ¥3(0) >0,

R(0) =Ry and E(0)= Ej

where 1) = (¢, 19,13) € C Here C denotes the Banach space C'([—7, 0]) of continuous functions
mapping the interval [—7, 0] into R3.

(3.2)

17
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3.0.1 Existence and Uniqueness

Proposition 1
For any initial condition (3.2) defined in C, the system (3.1) has a unique positive
solution on [0, 4+o00[, denoted by (S(t), E(t), I(t), A(t), R(t)).

Proof:
From Hale and Verduyn Lunel [13], for each continuous initial condition (3.2), system
(3.1) has a continuous maximal solution (S(t), E(t), I(t), A(t), R(t)). We can prove that
this solution is bounded the same way as the previous model. Hence the solution is
defined globally for [0, +o00].

3.1 Non-negativity of solutions

Proposition 2
The solutions (S(t), E(t), I(t), A(t), R(t)) of (3.1) are non-negative for all ¢ > —7 with
non-negative initial conditions (3.2).

Proof:
We have,

d

£S(t)|s(t):0 =A> 0,

d

%E(t”E(t):o = B1S(t —7)[kA(t —7)+ I(t —7)] >0,
d

1 Olw=0= (1~ a)w, B +EA 20, (3.3)
d

%A(t”A(t):O = OZQJI/)E Z O,

d

%R(t)lR(t):O =Yl +7,A>0.

Therefore, any solution of system (3.1) is such that (S(t), E(t), I(t), A(t), R(t)) € (R{)®
for all t > —7.

3.2 Stability of the System’s Equilibrium

The equilibrium points of the new system are the same as for the system with zero delays.

This is because, by definition, all nearby trajectories will approach the stable equilibrium point

asymptotically as ¢ — +o00, so the delay will not have an effect on the equilibrium points.
Now, we prove some sufficient conditions for the local asymptotic stability of the disease

free equilibrium, Cj, and the endemic equilibrium point, C*, for any time delay 7 > 0.
Consider the following coordinate transformation:

z1(t) = S(t) — S, mo(t) = E(t) — E, a3(t) = I(t) — I, 24(t) = A(t) — A and z5(t) = R(t) — R,

where (S, E, I, A, R) is any equilibrium of (3.1).

Then the linearized system of (3.1) takes the form

X'(t) = Li X (t) + Lo X (t — 1),
where X (t) = (z1(t), 22(t), x3(t), z4(t), x5(t))T. The characteristic equation at any equilibrium

i=det(AM — Ly — e Ly) =0 (3.4)
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with
—~d, 0 0 0 0
0 —Br 0 0 0
Li=] 0 (l-aw, —Cr ¢ 0 1,
0 ozw; 0 —-Hr 0
0 0 Yo Y,  —dp
~Bi(kA+1) 0 —f1S —BikS 0
Br(kA+1I) 0 prS  BikS 0
Ly = 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
So, (3.4) becomes
A+ dy, + Br(kA+ e " 0 BrSe>  kBiSe 0
—Br(kA+4 T)e > X+ By  —B;Se™ —kB;Se > 0
0 —1-a)w, AX+Cr —£ 0 |=0,
0 —aw, 0 A+ Hp 0
0 0 —Yp —p A+d,

3.2.1

Local Stability at C

The characteristic equation of system (3.1) at the coronavirus-free equilibrium Cj is:

A+ dp 0 ﬁ]Soe_)‘T kﬂ[Soe_/\T 0
0 A+ Br —61506_)‘7— —]{751506_)‘7 0
0 —1-a)w, AX+Cr —<£ 0 | =0,
0 —oz(,uz’J 0 A+ Hp 0
0 0 —Yp —Yp A +d,

It is equivalent to
AP+ aA? + @y h + ag — BrSoe N by + by] = 0. (3.5)
where ag, a1, as, by and b; are defined in Chapter 2.

Theorem 7

Proof:

If %y > 1 the coronavirus-free equilibrium Cy = (.Sp,0,0,0,0) of the system (3.1) is
unstable.

When %, > 1, let
FON) = A3+ A% + a1 A + ag — BrSoe [y + bo] = 0. (3.6)
Then f(0) = ao(1 — %) < O, }\lim f(A) = +oo. By the continuity of f(A), there
—00
exists at least one positive root of f(A) = 0. Thus, the infection-free equilibrium Cj is
unstable if Z, > 1.

Theorem 8

Proof:

If %y < 1 the coronavirus-free equilibrium Cy = (.Sp,0,0,0,0) of the system (3.1) is
locally asymptotically stable.

Let Zy < 1. We divide the proof into the non-delayed and delayed cases.

e Let 7 = 0 we get the same characteristic equation as for the no-delay model. Then the
coronavirus-free equilibrium point is locally asymptotically stable, as shown in Chapter
2.

e Let 7 > 0. In this case, we will use Rouché’s theorem to prove that all roots of the
characteristic Equation (3.5) cannot intersect the imaginary axis, i.e., the characteristic
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equation cannot have pure imaginary roots.
Suppose the contrary, that is, suppose there exists y € R such that A = yi is a solution
of (3.5). Replacing yi in we get that

—iy® + ap + iary — agy® — SoBre” ™Y (tyby +by) =0
then,
—iy® 4 ag + ia1y — asy® — SoBr(cosTy — isinTy) (iyby + by) =0

Separating real and imaginary parts, it follows that

—b1y* + (bra; — boasz)y* — boag
BrSo(b§ + biy?)
(bo — azb1)y® + (aghy — aibo)y
BrSo(bg + biy?)
Replacing the above expressions in the following relation
cos?(yr) + sin®(y7) =1

cos(yr) =

sin(yr) =

we get
2 2
(—b1y4 + (blal — boag)y2 — bo&o) + ((bo — agbl)?f’ + (aobl — albo)y> = BﬂSg(bg + b%yQ)Q.

Hence, it follows that

Dy + (B + b3 (a3 — 2a1)| o° + [B3(a3 — 21) + b3 (a? — 2a0a2) — B{SFA.2] y* (3.7)
+ [b3(a? — 2a0a2) + aZb? — 2023528,%] v + adbR — BASEA* = 0.
Let
K1 :bg + b%(@g - 2@1),
Ky =b(a3 — 2a1) + 7 (af — 2agaz) — by S5Hr%,
K5 =by(af — 2a0as) + aghi — 2650155 1,
Ky =aghy — byS551%,

then (3.7) becomes
bay® + Kb + Koy* + Ksy? + Ky = 0 (3.8)

We have

a3 —2ay = B3 + C% + H%,

a? — 2apay = H2B2 + C2H? + B2C%
and Syf8; = g/}‘)’% then

Ky =b3 4+ b}(B} + C;+ H}) >0
Ky =albi(1 —%2) >0 (sinceZy < 1)
1
]
Ky = b(H7 B} + C3HZ + B1C7) + adbi(1 — 2%,°).
It remains to show that,
K3 >0 and Ky > 0.

Lemma 1
Let M = W(H2B2 + C3H3 + B3C2) — a2b? then M > 0.

K, [b3(B} + CF + H}) + Bbi (HE B} + CLH} + BECE) — b1 af
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Proof:
In fact,
M = bi(H7B}) 4 b3(CH; + B3C3) — aghi
= bo(C3HY + B3C3) + bt (H%B%) — C3H? BLb;
= by(CTH} + BiCF) + HEBI[by — C3[(1 — )w, + kaw, )]
2
> H?B2 [ ((1 — a)w,Hr + Ozw;,DT) — CF(1 — a)w, + kaw)]?
> H? B} [(1 — a)’w,’Hz + o’w ’2D% +2(1 = @)awyw, Hr Dy — C3(1 — a)’w,’
— Cik*a’w ’2 — 207 k(1 — a)awpw]’,]
> Hj; Bj l(1 — a)’w, (H} — C3) + oW *([Crk + €§]* — CFK?)
+ 2(1 — a)awyw, (Hp[Crk 4 €] — C’%k)] :
In fact,

M = b}(H7B}) 4 b3(C:H; + B1C3) — aghi
= by(CTH} + BFCF) + by(H7 B}) — C7H7 B b
= bo(C3HY + B3C3) + HzB3[bs — CF[(1 — a)w, + k;aw;,ﬁ

> H%B%l ((1 — a)w,Hr + aw;,DTy — C2[(1 — a)w, + k:aw;]ﬂ

> H2DB2 [(1 —a)’w,’Hz + o’w ’QD% +2(1 — a)awpw, Hr Dy — C3(1 — a)’w,’
— C2E* 0w ’2 — 202 k(1 — a)awpw;]

- 2B [(1 ) (HE — C2) + o2l X([Crk + €% — C2R)

+2(1 — a)awpw, (Hp[Crk + &) — C’%k)] :

Since Hp > C'r, then we have, M > 0.
K3 — bQ(HTBT + CTHT + BTCT) + a0b2<1 - 2%0 )
= bA(H3B3 4+ C2H2 + B3C3) + a2bi(1 — %y — %y°)
— b2(H2B2 + C2H2 + B2C2) — a2b°%y> + a2b* (1 — %)
> ba(H2B3 + C2HZ + B7.C%) — ajh?
=M > 0.
L
Ko = 3 |08(B3 + C + H3) + B (A B} + R + BACH) — i’
0 L
i
= 2 [DA(BE + b+ 113+ BIEB + CRITE + BYCR) — ik’
i
0l
1]
>l by(B2 + C2 + H2) + i M
Therefore Kg > 0.
Since K7 > 0, K5 > 0, K3 > 0 and K, > 0. This implies that the equation (3.5) has no

> o [W(BE + C3 + HE) + BIG(HE B} + ChH} + BRCH) — biad
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roots. This shows that (3.5) can not have a purely imaginary root.
Thus Cj is locally asymptotically stable.

3.2.2 Local Stability at C*

The characteristic equation of system (3.1) at the coronavirus endemic equilibrium C* is:

A+ dp + ﬁ[(]* + k:A*)e_)‘T 0 615*6_)‘7 ﬁ[S*ke_AT 0
—B1(I* + kA*)e™>T A+ By  —fS*e™  —B3;S*ke 0
0 —(l1-—a)w, AX+Cr —£ 0 |=0.
0 —aw, 0 A+ Hp 0
0 0 —Yp —p A+d,

It is equivalent to
A AP 4 AT oA+ o 4 e M [dsA? + doA? + di X + do] = 0,
where ¢y, c1, ¢o, c3, dy, do, and d3 are defined as in chapter 2.

Theorem 9
o Let 7=0. If #Z; > 1, then the endemic equilibrium point C* is locally asymptot-
ically stable.

e If 7 > 0, the endemic equilibrium point C* is locally asymptotically stable if
1< % < 3,

and

Ey, Fy, F, df — 2dyds, d% — 2d;d3 are strictly positive,
where

Fy = ¢} — 2cocy + 2dody — dF,

Fy = 2+ 2c — 2c1c3 — d? + 2d,ds,

FG 203—202 —dg

Proof:
e Let 7 = 0, we get the same characteristic equation as for the no-delay model. Then
The endemic equilibrium point is locally asymptotically stable, under condition
Py > 1, as shown in Chapter 2.

o Let 7> 0.
If iw(w > 0) is a solution of (3.9), then (3.9) becomes
wh — cow? + ¢g —icsw® +iciw + G_in[—iWSdg — dow? + iwdy + do] = 0.
Separating real and imaginary parts, it follows that
— cow? + co + (dy — daw?) coswT + (diw — daw®) sinwr = 0,

1
. 3 3 2 . (3.10)
—c3w” + w + (dyw — dzw?) cos wT + (daw” — dp) sinwT = 0.
Thus
COS WT = (da — c3d3)w® + (c1d3 — cady + czdy — do)w* + (cado — c1dy + coda)w® — cody
B (d2w2 — d0)2 + (dlw — d3w3)2 ’
sinwr = dsw” — (dy — cady 4 cads)w® — (csdy — cady + c1dy — cods)w® — (cody — crdp)w

(d2w2 — d0)2 -+ (dlw — d3w3)2
(3.11)
Replacing the above expressions in the "fundamental trigonometric formula",
we get
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(ws + 0(2) + wch — 2wOey + w4cg + 2wy — 2c0cow? — 2¢1 05wt + c§w6

—d} — diw? + 2dodaw? — dw’ + 2dydyw’ — d3w®) - (dF + w?d} — 2wdody + w'd3

—2uw'dyds + w¥d3) = 0.

Then

{w8 + (2 — 2¢y — d3)w® + (3 + 2co — 2¢1¢3 — di + 2dyds)w*

+(ef = 2eo0s + 2dody — df)w? + ¢ — df| - |’ + (df — 2dyds)w’ + (dF — 2doda)w® + df] = 0.
Consequently

|wf + Fow® + Faw + Fow® + ¢ — dg] - [d30® + (d5 — 2dyds)w’ + (d} — 2doda)w® + df] = 0.
(3.12)

We have

C% - d(2) = —dﬁag(%’o — 3)(%0 — 1)

Under the assumption 1 < %y < 3 we get ¢2 — d2 > 0 and since Fy, Fy, Fs, d> — 2dydo,
d3—2d,ds, are strictly positive. We conclude that the left hand-side of equation (3.12) is
strictly positive, which implies that (3.9) does not have imaginary roots, and therefore
C* is locally asymptotically stable for any time delay 7 > 0.
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Chapter

SIPR Model

A constant population model with four compartments is proposed, see Fig. 4.1. The compart-
ments are defined as Susceptible (), Infected (I), Infected symptomatic positive tested (P)
and Recovered (R).

In Fig. 4.1, I is the infectious population compartment representing the population in the
incubation stage, i.e., prior to the onset of symptoms.

L N L
LA | Ba B3
P
Th

Figure 4.1: SIPR model with constant population.

The infected population can be asymptomatic or symptomatic, the incubation period is
assumed to be 5.1 days. Infectiousness occurs 12 hours prior to the onset of the symptoms for
the symptomatic. On the other hand, for those who are asymptomatic, the infectiousness is
assumed to occur 4.6 days after infection. The average time between infection and infectiousness
is 6.5 days.

Those who are asymptomatic or do not develop severe symptoms, i.e., cases which are
neither tested nor documented are moved to the R (Recovered) compartment after a 1//;
period [2].

The incubation period for those who are symptomatic is 1/82. Once the infected individual
is tested positive and the case is documented, it is moved to the P compartment, which consists
of those patients with severe symptoms seeking medical attention, to assess the potential role
of multiple preventive measures and strategies imposed. After a period 1/83 the P population
that recovers is moved to compartment R.

The possibility of temporary immunity for recovered individuals is also considered.

In addition, the population growth and death rates u, including deaths due to COVID, are
considered to be equal.
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N =5(t)+ 1(t) + P(t) + R(t) (4.1)
From the foregoing considerations, the SIPR mathematical model is given by,

d

dtS< )= —a(l—0)S(t)I(t) — uS(t);

L1t = a1 - OSOIE) ~ (B + B — pI (D)

d (4.2)
L) = P2I(t) = BsP(t) — pP(t);

;it (t) = BiI(t) + BsP(t) — uR(t).

4.1 Non-negativity of solutions

Proposition 3
The solutions (S(t), I(t), P(t), R(t)) of (4.2) are non-negative for all ¢ > —7 with non-
negative initial conditions.

Proof:
We have,
d
ﬁs(t)!sm:o =pu>0,
d
%I(ml(t):o =0,
d (4.3)
a P(t)|py=0 = B21(t) > 0,
d
at R(t)|rey=0 = B11(t) + BsP(t) > 0.

In the next Section we show that model (4.2) has two equilibrium points: the disease-free and
he endemic equilibrium.
4.2 Equilibrium Points

The equilibrium points of the model are obtained by equating the right-hand side of system
(4.2) to zero:

p = a1 = O)SOI() — uS() = 0

o1~ O)SOI(1) ~ (B + B)I(0) — I (1) = O o
)~ AP0 — P =0 |
B + BP0~ pRO =0

From the second equation, we obtain I =0 or .S a(i=0) "
If I =0 we have S =1, P =0, and R = 0, from which the disease-free equilibrium, Ey, is given
by Ey = (1,0,0,0).

Ifts = 1(1 29)”, we obtain from the first equation I = , with feasibility con-
a(l—6) P+ P2+

> 1. From the third equation P = 22 And from the last equation

dition ———— .
B+ Ba+ Batp
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_ BuI®)+BsP®) _ (B3+p)Bi1+B3B2
R = B - w(B3+1) L.

B+ P2+ /‘[1_%] Bol (53+M)51+5352]
a(l=0) " i+ Patp Pzt (B3 + )

Therefore E* = ( )

4.3 The Basic Reproduction Number

The basic reproduction number %, for system (4.2) is found using the next generation matrix
method. The reduced system of (4.2) may be written in compact form as X' = F(X) — V(X)
where X = (I, P).

F(I,P) = <a(1 — 92)5(15)[(15)) 7

(B1 + B2)I(t) + pl(t)
V(I,P)=
7= (g Zble Lep)
The Jacobian matrices of F/(X) and V(X)) at the disease-free equilibrium point Ej are

o) = <a(10— 0) 8)

and ( )
B+ B2+ p 0
Jv(Ey) =
v(Eo) < —2 +(B3 + 1)
We find that
1
. B1+B2+u 0
JV (EO) =
B2 —1

(B1+B2+p)(Bz+p)  Bs+u

The next generation matrix is

—JF(EO)Jx?l(Eo) — <51+82+u 0)
Thus

_ a(l —0)
Ry = p| — Jr(Eo)Jy ' (Ey)| = max - 7
° P[ F( 0) v ( O)] Xespec[—Jp(Eo)Jy, ' (Eo)] B+ B2 + p
We have the following theorem

Theorem 10
System (4.2) has the following equilibrium:

1. The corona virus-free equilibrium E, = (Sy,0,0,0) = (1,0,0,0) which exists
always.

2. In addition, if %, > 1 then system (4.2) admits another non-trivial
equilibrium, £* = (S*, I*, P*, R*). Where

g B+ P2+

a(l—06) "’
. H[l - /8;—(’_15_2;_)#]

fr+Ba+p
Bol*

P = ,

P+ p
R* — (63 + :u)ﬂl + 5362 I*

(B3 + 1)
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4.4  Stability analysis

Now, we prove some sufficient conditions for the local asymptotic stability of the disease-free
equilibrium, Ejy, and the endemic equilibrium point, £*.

The characteristic equation at any equilibrium point is given by

A1(N) :=det(M — M) =0, (4.5)
with
—u—a(l—=0)I —a(l1—-0)S 0 0
M= a(l—0)I —(B1+ B4 p) +a(l —0)S 0 0
N 0 o —(Bs+np) 0
0 B B3 —H
So, (4.5) becomes
A p+all—0)1 a(l—-0)S 0 0
—a(l—-0)I A (B1+ Ba+p) —a(l—0)S 0 0 1_, (4.6)
0 —[2 AtfBs+p 0 ' '
0 —b —[s At p

4.4.1 Stability of Ej

Theorem 11
If Zy, < 1, then the disease-free equilibrium Fj is locally asymptotically stable.
If Z, > 1, then the disease-free equilibrium Fj is unstable.

Proof:
From (4.6) the characteristic equation at the disease-free equilibrium FEy(1,0,0,0) is
given by,
A+ p a(l - 6) 0 0
0 A+Bi+Ba+p) —a(l-0) 0 0 | _, (47)
0 — o At+Bs+p 0 ' '
0 —5 — 33 A+ p
Therefore (4.7) becomes
PO = (A 1) (A s + 1) (V4 B+ o + 1 — a1 — )] = 0. (45)

Let Zy < 1. We need to prove that all roots of the characteristic Equation (4.8) has
negative real parts. It is easy to see that
At = —p, Ay =—f3—pand
A3 =—(Pr+ B+ p) +all =0) = (B + B2+ p) (%o — 1)
are roots of Equation (4.8) and all of them are real negative roots. Therefore, Ey, is
locally asymptotically stable , whenever %, < 1.
Suppose now that %, > 1. We know that the characteristic Equation (4.8) has two
real negative roots A\; = —u, As = —(83 + ). Thus, we need to check if the remaining
roots of

qA) =A+ B+ Pt p—a(l—=0)=0 (4.9)
have positive real roots. We have q(0) = 81+ 2 +p—a(1-0) = (Bi1+B2+up)(1-%) < 0
because we assume %, > 1. And /\l_igloo q(\) = +o0. Therefore, by continuity of g(\),

there is at least one positive root of the characteristic equation (4.8). Therefore, we
conclude that Fj is unstable when %, > 1. The proof is complete.
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4.5

Stability of the endemic equilibrium point

Theorem 12

Proof:

If Z, > 1, then the endemic equilibrium point E* is locally asymptotically stable.

The characteristic equation, computed at the endemic equilibrium E*, is given by
PO) = (b ) Ot )| O )3+ )+l =)0+ AT = ()7 (410

where A = (1 + B2 + p.
Then, the equation (4.10) becomes

P*(\) = (A1) A+ B+ 1) [)\2+)\(A+u)+u14+a(1—6)[()\([*—S*)+A[*—uS*]] (4.11)

Looking at the roots of the characteristic Equation (4.11), it is easy to see that Ay = —p
and Ay = — (3 + 1) are real negative roots of (4.11). Considering the third term of the
above equation, let
Pi(A) := A2+ AMA+ p) + pA + a1l — O)[(MI* — S*) + A" — uS*)

Then,

Pr\) = N+ NA+ p+ ol —0)(I* — S*)] + pA + ol — 0)(AI* — uS™)
Using the Routh-Hurwitz criterion, we know that all roots of P(\) have negative real
parts if, and only if, the coefficients of P;(\) are strictly positive.
We have
A+p+a(l—=0)(I*—S*)=pu% >0
pA+ a(l —0)(AI* — puS*) = Au(%o — 1) > 0 since Zy > 1.
Consequently when %, > 1, then the endemic equilibrium point E* is locally asymp-
totically stable.
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Chapter

Delay SIPR Model

Now we present the second model’s delayed version. Same as we did for our model, representing
the time taken for the infection to run.

jtg@) —pu—a(l— 0S8t -7t —7)— uS{):

jtl(t) — (1= 0)S(t = )I(t —7) — (B + Ba)I(t) — pl(8);
(5.1)

jtP(t) = Bo1(t) — B3 P(t) — pP(t);

;iR(t) = Bul(t) + B P(t) — pR(D);

5.1 Stability analysis

Now, we prove some sufficient conditions for the local asymptotic stability of the disease-free
equilibrium, Fy, and the endemic equilibrium point, E*.
The characteristic equation at any equilibrium point is given by

Ay(\, 1) i=det(\] — My — e M) =0 (5:2)
with
—1 0 0 0
M. — 0 —(B1+ B2+ p) 0 0
! 0 Ba —(Bs+p) 0]’
0 B B3 —H
—a(l—60) —a(1—0)S 0 0
| a@=0I a(l-6)S 0 0
My = 0 0 0 0
0 0 00
So, (5.2) becomes
A+ a(l —6) e a(l —0)Se 0 0
—a(l —0)Ie At (Br+ Bo+ 1) — (1l — ) Se 0 0 =0. (5.3)
0 — [ A B3+ p o |
0 — 01 —f33 A+

31



32 CHAPTER 5. DELAY SIPR MODEL

5.1.1 Stability of Ej

Theorem 13
If Zy < 1, then the disease-free equilibrium Ej is locally asymptotically stable for any
time-delay 7 > 0.
If Z, > 1, then the disease-free equilibrium Fj is unstable for any time-delay 7 > 0.

Proof:
From (5.3) the characteristic equation at the disease-free equilibrium, Ej is given by
PA) =A+p)lPA+B8s+ ) A+Bi+ B+ p—all—0)e =0, (5.4)
Let %0 < 1.

We divide the proof into the non-delayed and delayed cases.

e Let 7 = 0. We get the same characteristic equation as for the no-delay model (4.2).
Then the coronavirus-free equilibrium point is locally asymptotically stable, as
shown in Chapter 4.

e Let 7 > 0. and consider the third term of equation (5.4)

AN Bi+Botp—a(l—0)e™ =0 (5.5)
In this case, If jw (w > 0 and j is the complex identity element) is a solution of
(5.5), then (5.5) becomes

jw+ B+ Ba+p—a(l —0)e™ =0.
Then, jw + 1 + B2+ 1 — a(l — 0)[cos(w T) — jsin(w )] = 0.
Separating real and imaginary parts, it follows that;

w+a(l —0)sin(wr) =0,

p1+ Po+ pu—a(l —0)cos(wT) = 0.

Then
sin(w ) = L
cos(wT) = 75;?15_2;)“.

By adding up the squares of both equations, and using the fundamental trigono-
metric formula, we obtain that

W4 (B + fa + p)* = (1 = 0)%,
which is equivalent to

w? = a(1=0)" — (B + B2 + )?, (5.6)
therefore w? = (81 + B2 + p)*[ %2 — 1]. If Zo < 1, then we have w? < 0, which is a
contradiction. Therefore, we have proved that whenever %, < 1, the characteristic
Equation (5.5) cannot have pure imaginary roots and the disease-free equilibrium
Ey is locally asymptotically stable, for any strictly positive time-delay 7.
Suppose now that %, > 1. We know that the characteristic Equation (5.4) has
two real negative roots Ay = —pu, Ay = —(f3 + ). Thus, we need to check if the
remaining roots of

qA) = A+ B+ B+ p—a(l—0)e™ =0
have positive real roots. We have

q0) =1+ fo+p—a(l =0) = (b1 + B2+ p)(1 = %) <0

because we are assuming %, > 1. And AETOO q(\) = +o00. Therefore, by continu-

ity of q()\), there is at least one positive root of the characteristic equation (5.4).
Hence, we conclude that Fj is unstable when %, > 1. The proof is complete.
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5.2 Stability of the endemic equilibrium point

Theorem 14
Let 7 = 0. If Zy > 1, then the endemic equilibrium point E* is locally asymptotically
stable. When 7 > 0, the endemic equilibrium point E* is locally asymptotically stable
if the basic reproduction number %, satisfies the following relations:

1<% <3 (5.7)
and

Ny, N3 >0

where
1

N pu—
T mA

[(%0 — D)[2P ARG — A% + 12pA° — (o — 1) Ro(Ko — 2)]+

+2A2[L2%0 (3 — 2%0)}

1
Na = (%o — 1) | A% (~ o + 3) + i (~ 2 + 1045 — 1490 +5) + 4Au* (%o — 2)°|
0

Proof:
The characteristic Equation, computed at the endemic equilibrium E*, is given by

P N T) = A+ p)(A+ P54+ ) [(A +u) A+ A) +a(l-=0)[(AN+ AT — (N + u)S*]e‘T’\_
Then _

P (N, 7) = (A +p)( A+ B3+ 1) [/\2+A(A+u) +uA+a(l—0)\I*—S*)+AI* —uS*]e*”_

(5.8)
Let 7 = 0. In this case, the proof is the same as the proof of Theorem 12.

Let 7 > 0. By Rouche’s theorem, we prove that all roots of the characteristic
equation cannot intersect the imaginary axis, i.e., the characteristic equation cannot
have pure imaginary roots. Suppose the opposite, i.e., that there exists w € R such
that y = jw is a solution of (5.8). Replacing A in the third term of (5.8), we get

—w? + jw(A+ p) + pA+ (1 —0)[cos(T w) — j sin(r w)][jw(I* — S*) + AI* — uS*] = 0.
Then,

—w? + pA+ a(l — 0)(AI* — pS*) cos(tw) + a(l — O)w(I* — S*)sin(Tw) =0,

w(A+p) + a(l —w(l* — S*) cos(tw) — a(l —0)(AI* — pS*)sin(tw) = 0.
Then, separating real and imaginary parts, it follows that;
w?(AS* — ul*) — pA(AI* — uS*)

a(l — 9>2KA[* — uS*)2 + w2(I* — §*)?2]

w(A [ — p2S*) — w3(I* — S%)
a(l —0)[(Al* — pS*)? +w?(I* — S*)?|

By adding up the squares of both equations and using the fundamental trigonometric

formula, we obtain:

Niw® + Nyw* + N3w? + Ny = 0, (5.9)

Where
Nl — (I* . S*)27
Ny = 2(A2T* — 2S*)(I* — S*) + (AS* — puI*)? — (I" — S*)*a*(1 — 0)?,
Ny = (A2T* — p2S*)? — 2(AS* — ul" uA(AI* — uS*) — 2(AI* — puS*)*(I* — 5*)%a?(1 — 0)?,
Ny = 2 A2(AT* — puS*)? — (A" — uS*)*a*(1 — )%

cos(Tw) =

sin(Tw) =

Lemma 2
1f1<%0<3th€11N420
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Proof:

Ny = 2 A*(AT* — puS*)* — (A" — uS*)*a(1 — 6)%,

— (A" = 8 [P A* = (A" = pS™ (1 - 7.
- _ 2
= (A1 — s yfpea — (MDY g,
i Ko
- 2 _0\2
= (AI* — puS*)? | u?A? — (W)AQ%(%}
I 4
— (A" = uS7P |2 471~ (% — 27,
Ry — 2)2
= M4A2(f@2)(3 — Ro) (%o — 1).
0

Therefore Ny > 0 if and only if 1 < %, < 3.

1

N, = PirE [(%0 — D)[2u* AQRZS — 4%y + 1) + 2uA® — (%o — 1) %o (%o — 2)] + 2A* 1> Ro(—2R, + 3)]
1

N; = %2(%0 —1) [A%f(—%o +3) + ut (=273 + 1092 — 14%y + 5) + 4Au> (%o — 2)2]

Under the assumption Ny > 0 N3 > 0 and lemma (2), We conclude that the left-
hand-side of equation (5.9) is strictly positive, which implies that (5.8) does not have
imaginary roots, which implies that E* is locally asymptotically stable for any time
delay 7 > 0.
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Appendix

6.1 Appendix A

We provide the proof from our first model original paper [3] for the formula in Routh Hurwitz
theorem: (Cl + dl) {(Cg —+ d3)(02 + dg) — (Cl + dl)} > (CO + do)(C3 + d3)2.
We have
a1 = BrCp + Hy (BT -+ CT)
bo = (1 — a)w,Hr + aw, Dr,
03+d3 :ﬁ[(l*—FkA*)—i‘dp—i‘HT—i‘BT—i‘OT>0,
¢y + dy = [B; (I* + kA*) + d] (Hr + Br + Cr) + a1 — |awpk + (1 — a)wy) 815,
o1 +dy = [Br (I* + kA*) + dy) a1 + Hr BrCr — |ow), (kdy + Dr) + (1 — a)wy (d, + Hr)| 8157,
co +do = [B1 (I* + kA*) + d,) HrBrCr — d,, |aw),Dr + (1 — a)w, Hr| 315"
Thus
03+d3 :B[HjleCTE*—de—i‘HT—FBT—f—CT >0
co+do = BlbOBTE* >0
(BT + CT) H%(l — a)wp + HTBTOéwI,)f + CT (BT + HT) aw’ DT

Cl+d—ﬁlb0alE*+d g b -
0
1 —a)w,H? + Hrow' € + aw' CpD
02+d2_ﬁIGQ(C;OHT)E*‘i‘deLQ‘i‘CTHT—i—BT( )p T Z;) pg p-T T>O.
Moreover
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bo
HrCr

(cs+ds)(ca+d2) — (a1 +dy) = (5] [

CrHr + By (Cr + Hr)
_ B*
Brbo ( Coy

((BT + CT) H%(l - O[)(,dp + HTBTawI’J{’ -+ CT (BT + HT) OZWI/)DT
[bo]

]E*+dp+HT+BT+CT> (co + da)

_dp

b
— 5] [HT%'T] E*(Cg + dg)

+ (dp+HT+BT+CT) (02+d2)

CrHp + Br (Cr + HT))
— b E*
By [bo] ( s

d ((BT + CT) H%(]_ — O[)(,dp + HTBTawI’J{’ -+ CT (BT + HT) OZWI/)DT
Y
[bo]

b
— 51 [HT%'T] E*(Cg + dg)

b
+ (dp + Hr + Br + Cr) 81 (Br + Cr + Hr) (CT;[T> F

+ (dp + Hp + Br + Cr) [dp (Hr + Br + Cr) + CrHy]
(I — a)wp,H7 + Hpow, & + ozwz’)CTDT>
bo

+(dp+HT+BT+CT)BT<

CrHr + Br (Cr + HT)> .
— B, b E
Br [bo] ( CrHyp

d ((BT + OT) H%(l — a)wp + HTBTOéwI/)f + CT (BT + HT) aw;)DT
—Yp
[bo]

bo
HrCr

1| | Bt

b
+ 5[ [(dp + HT + CT) HT + (dp + CT) CT] (CT;[T> E*

bo
d H B B E*
+ B (dy+ Hr + Br + Cy) T<OTHT>

+ (HT + By + OT) [dp (HT + Br + CT) + OTHT]
+d2 (Hy + Br + Cr)

(1 — a@)w,H? + Hraw! ¢ + aw!, CrDr
Hy+ B B P P )
+ (Hp + By + Cr) By ( bo
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Then

[(c3 +ds)(ca +dy) — (c1 +dy)] (c1 +dy) = Br [ bo

HpCrp

1 E*(c1 +dy)(ca + da)

bo
CrHr

bo
CrHr

+Br (dy, + Hr + Cr) Hr ( ) E*(c1 + dy)

"—ﬂ[ (dp + CT) CT < ) E*(Cl + dl)

b
"’ﬂ[ (dp+HT+BT+CT> BT ( 0 ) E*(Cl+d1)
CrHr

+ (Hr + Br+ Cr) [dp (Hy + Br + C7) + CrHy (¢1 + dy)
+d]20 (HT + BT + CT) (Cl + dl)

1 — a)w,H? + Hraw' & + aw' CrD
+(HT+BT+CT)BT<( )p T Z pé pT T>(Cl—|—d1)
0

=L+ L+ 13+ 1+ Is + Ig + I,
where

b
Il = BI [HT%T] E*(Cl + dl)(CQ + dz)
b
I = By (dp + Hy + C7) Hy | =—— | E*(c1 + dy)
CrHp
b *
IS = ﬁ[ (dp + OT) CT (CT;IT> E (Cl + dl)
b
Iy = B (dy + Hy + Br 4+ Cr) By | —— | E*(¢y + dy)
CrHr
I5 = (HT =+ BT + CT) [dp (HT + BT + CT) + CTHT] (Cl + d1)
]6 = di (HT + BT + CT) (Cl + dl)
1— H2 + Hraw' £ + aw! CrD
I; = (Hy + Br + Cr) By <( o)y Hr bTawpg et T) (c1+dy).
0
Since )
(CQ + dQ) :BI (BT + OT + HT) (OT_OE[T> E*

+d,,(HT+BT+CT)+CTHT+BT<

b
>BIHT <CT3{T> E*)

(1 — @)w,H7 + Hrow) & 4+ aw,CrDr
[bo]

(c1 +di) =P; [CrHr + Br (Cr + Hr)] (OTbjL[T) v

HZ(1 — a)w, + Hraw,¢ + Craw, Dy
[bo]

+ deT (

+ deTHT

b
>B[ [CTHT + BT (CT+HT)] <C 3_] )E*
TLLT
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Therefore 5
b
I, > 33 (By + Hr) CrHy (CT([){T> E*
b 3
> 33BrCrH. 0 E*
B;BrCrHyp (CTHT>
Moreover )
b
I, >5? (dp + Hr + Cp) (Br + Hy) CrHyp (C ;[ ) E*?
T

b 2
>32BrCrHy (dy + Hy + Cr) | =—— | E*
C’TI—IT

b 2
Iy >B2BrCr (dy, + Hy + By + Cp) (Bp + Hy) | =—— | E*
C1T]—IT

b 2
>32BrCrHy (d, + Hy + 2Br + Cr) 0 E*?
CTHT

b
Is >f; [CrHr + Br (Cr + Hr)] (Hr + Br + Cr) d,, (Hr + Br + Cr) (CT;[T> E*

b
+ B [CrHr + By (Cr + Hy)| (Hy + Br + Cr) CrHy (C’ 3_—, ) E”
TLLT

b
>2B[BTCTHpo (HT + BT —+ CT> (C 3_1 > E*
T

b
+ B1BrCrHry [CrHyp + By (Cr + Hr)] (C’ ;{ ) E*
TLLT

b
+ BIBTCTHT (CT + HT) (HT + CT) ( " ) E*

b
Is >B1d; (Hy + Br + Cr) (Br + Hr) Cr ( : ) E*

b
>6[BTCTHTd129 <CT(])'—[T E*> .
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and
I; >BBr (Hy + Br + Cr) [CrHr + Br (Cr + Hr)] x

((1 — a)wpH} + Hraw)§ + ozw]’gCTDT) ( bo ) o

[bo) CrHr
>B1BrHy (Hy + Br + Cr) [CrHy + Br (Cr + Hr)] %
((1 - a)prT> < bo ) 7
[bo] CrHr
+ BrBrCr (Hr + Br + Cr) [CrHr + Br (Cr + Hr)] X

aw;DT bo .
E
( bo ) (CTHT)

b
>0 BrCrHy [CrHp + Br (Cr + Hr)] 0
CTHT

(1-— H b
CrHr

aw /DT "
+ B BrCrHr (Br + Cr) [Cr + Br] E
CTHT

>0 BrCrHy [CrHr + By (Cr + Hr)]
CTHT

E*.

‘l'BIBTOTHTB:QF (C q
THr

That is

b 2
I + I, >282B;CrHy (d, + Hy + Br + Cr) 0 E*?
CrHy

bo
Is + Is + I; >23; BrCrHrd, (Hy + By + Cr) (C H > 2
THT

b
+ B BrCrHryp [B%-FC’%—FH%—FQOTHT—FQBT (OT'FHT)} (C ;‘I )E*
THT

b
+ 6IBTCTHTdf, < 0 ) E*

b
=61 BrCrHy (dy + By + Cp + Hy)? ( 0 ) E*.

CrHy
Hence
((03 + dg)(Cg + dg) — (Cl + dl)) (61 + dl) >0+ 1+ I+ I5 + ]6 + [7
> (CO + do)(Cg + d3)2.
Since

2
(co + do)(cs + ds)? =pBrbyBrE* (BI [ E*+d,+ Hp+ Br + CT)

HrCr

b 3
—B33BCrH 0 E*3
61 VYT T<CTHT

b 2
+282BrCrHy (dy + Hy 4+ By + Cr) | =—— | E*
CrHy

b
+ B1BrCrHry (d, + Hr + Br +CT)2 <C 3{ )E*
THt
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