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Abstract
In this paper, a compartmental differential epidemic model of COVID-19 pandemic transmission is constructed and ana-

lyzed that accounts for the effects of media coverage. The model can be categorized into eight distinct divisions: susceptible
individuals, exposed individuals, quarantine class, infected individuals, isolated class, infectious material in the environment,
media coverage, and recovered individuals. The qualitative analysis of the model indicates that the disease-free equilibrium
point is asymptotically stable when the basic reproduction number R0 is less than one. Conversely, the endemic equilibrium is
globally asymptotically stable when R0 is bigger than one. In addition, a sensitivity analysis is conducted to determine which
model parameters impact the fundamental reproduction number most. Finally, some numerical simulations are implemented to
reinforce the theoretical part. The results of this study indicate that media coverage may serve as a viable strategy to impede the
transmission of Covid-19.
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1. Introduction

Mathematical modeling is the process of explaining systems, functions, and occurrences using mathe-
matical ideas. Mathematical modeling has applications in almost every business, but it is most frequently
employed in the fields of engineering, computer science, social science, and natural science. Based on
your professional background and duties, you may need to apply this method to solve issues, provide
explanations for events, and forecast outcomes. The core of many biological and ecological processes is
the dynamic connections between species and their complex features [2, 5, 15–17, 22, 23, 25, 28, 30, 32].
The COVID-19 pandemic has disrupted our daily routine globally. People are now being afraid to do
their natural activities publicly. COVID-19 is a shortened term for Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV-2), a virus not previously known to exist in humans [20]. The virus was initially
detected in Wuhan, a city in the Hubei region of China [33]. Subsequently, it quickly spread to more than
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200 countries. It was first identified in Wuhan City Hubei province of China [11], after that rapidly it
has spread out over 200 countries. The pandemic has swallowed almost 0.82 million people’s lives and
infected more than 24.3 million people, as of August 24, 2020 [37]. In the last two decades, mankind al-
ready has faced two coronaviruses SARS [21] and MERS [8] but this time this pandemic has become more
severe. Evidence has established that the virus is transmitted to people through respiratory droplets ex-
pelled by an infected individual during coughing, sneezing, or exhaling. However, evidence suggests that
transmission can also occur through fomites near the sick individual. When a person infected with the
virus breathes through the nose and throat, coughing or touching surfaces such as tables, doorknobs, and
handrails can leave infected stems on objects and surfaces (known as fomite). Other people can become
infected by touching these things or surfaces by touching their eyes, nose, or mouth before cleaning their
hands. Guo et al. [14] conducted a study where they analyzed surface and air samples collected from
an intensive care unit (ICU). During their investigation at Huoshenshan Hospital in Wuhan, China, re-
searchers observed that the level of contamination was higher in the Intensive Care Unit (ICU) compared
to the normal wards. They also discovered the virus was widely present on surfaces such as flooring,
computer mice, trash cans, and sickbed handrails. Therefore, it can be inferred that the disease is trans-
mitted directly and indirectly. The typical symptoms of COVID-19 include fever, weariness, dry cough,
and myalgia. In addition, some individuals may experience headaches, abdominal pain, diarrhea, nausea,
and vomiting. According to the authors, the projected fatality rate of this virus is approximately 4.5%.
However, for the age group 70-79, it has increased to 8%. This condition poses a greater risk for elderly
individuals who have comorbidities such as diabetes, asthma, and cardiovascular disease [9]. Elderly in-
dividuals with co-occurring conditions such as diabetes, asthma, or cardiovascular disease are especially
vulnerable to this illness [24, 27].

Since the outbreak of this disease is ongoing and to date, no proper vaccine or medicine has been found
in the market to cure COVID-19 thus a wave of fear has been created in the society. People are getting
more and more scared when they see different kinds of news about this epidemic through the media.
The media exerts a substantial impact on disseminating valuable information through different channels,
such as community radio, television, print media, and the internet (e.g., journals and newspapers), thereby
influencing the behavior of a community [10]. Consequently, it has a direct influence on the advancement
of a pandemic [12, 13, 19, 29, 36]. As mathematical modeling is one of the finest ways to predict the
dynamics of infectious diseases thus a lot of work has been done considering direct transmission of the
pandemic COVID-19 [18], but there is little work considering direct as well as indirect transmission [1].
But there is no such work of COVID-19 by considering media effect with direct transmission as well as
indirect transmission. Thus in this study, we mainly focused on these three important parts and developed
a mathematical model for the COVID-19 outbreak. Numerous studies have demonstrated that when an
epidemic strikes, people’s behavior is altered by fear, which can lower the number of new cases. Thirthar
et al. [31] take into consideration a SIS-B compartmental model with fear and treatment effects, taking
into account the fact that an infected person can spread the disease to a susceptible individual.

We present a mathematical model that examines the dynamics of COVID-19 transmission, taking into
account the impact of quarantine measures and media influence. The model starts by showing the total
population size as N. This number is then split into eight separate groups: susceptible individuals S(t),
exposed individuals E(t), quarantined individuals Q(t), infected individuals I(t), isolated individuals
J(t), infectious material in the environment v(t), media coverage M(t), and recovered individuals R(t). So
N = S+E+Q+ I+ J+M+R. The term ”exposed class” refers to individuals who carry a low-level virus
but are not thought to be infectious. In the quarantined category mandatory quarantine is mandated by
the government to limit the likelihood of infection transmission. In the isolated class in which the patient is
currently undergoing treatment in the hospital, infectious material represents material contaminated with
infectious viruses. So this study incorporates a quarantine strategy and media effects and considers the
transmission of the pandemic through both direct human-to-human contact and environmental sources
contaminated with infectious viruses (indirect transmission), see Figure 1.
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Figure 1: Flowchart of model (2.1).

The structure of the paper is as follows. A mathematical model has been formulated in Section 2. The
fundamental characteristics of the system, such as positivity and boundedness, are detailed in Section 3.
Section 4 provides a detailed discussion of several types of equilibria and their stability examination. In
Section 5, we conduct numerical simulations to verify our conclusions. In Section 6, we provide a concise
commentary.

2. Model formulation

Here, we have formulated a compartmental differential equation model with media effect for the
COVID-19 pandemic. Depending on the status of the disease, the whole human population is separated
into six sub-populations: susceptible class S(t), exposed class E(t) which consists of infected individuals
not contagious to the community, exposed individuals quarantined at a rate of γ and designated as class
Q(t), symptomatic class (generated after the onset of clinical symptoms and included in infected class
I(t)), isolated class J(t) which consists of infected individuals who have developed clinical symptoms and
have been isolated, and recovered class R(t). According to some evidence, [26], the disease is transmitted
not only through direct man to man but also through fomites in the immediate environment around the
infected person. Thus in our model, we assume V(t) represents the per capita infectious material in the
environment and M(t) represents the number of messages that all of them provide about the epidemic at
time t. The total number of population at time t is given by N(t) = S(t) + E(t) +Q(t) + I(t) + J(t) + R(t),

dS

dt
= Π− (βiI+βvV)Se

−δM − µS,
dE

dt
= (βiI+βvV)Se

−δM − (γ+ µ)E,

dQ

dt
= γ1γE− (η+ µ)Q,

dI

dt
= γ2γE+ pηQ− (ξ+ d1 + d2 + µ)I,

dJ

dt
= ξI− (d3 + d4 + µ)J,

dV

dt
= αI− τV , (2.1)

dM

dt
= rM− θM,

dR

dt
= (1 − p)ηQ+ d1I+ d3J− µR.
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As the seventh equation depends only on the M variable, we can discuss the following model

dS

dt
= Π− (βiI+βvV)Se

−δM − µS,
dE

dt
= (βiI+βvV)Se

−δM − (γ+ µ)E,

dQ

dt
= γ1γE− (η+ µ)Q,

dI

dt
= γ2γE+ pηQ− (ξ+ d1 + d2 + µ)I,

dJ

dt
= ξI− (d3 + d4 + µ)J,

dV

dt
= αI− τV ,

dR

dt
= (1 − p)ηQ+ d1I+ d3J− µR,

(2.2)

with initial conditions S(0) > 0,E(0) > 0,Q(0) > 0, I(0) > 0, J(0) > 0,V(0) > 0,R(0) > 0 and all the model
parameters and their description are given in the following Table 1.

Table 1: Parameters and their descriptions.

Parameter Description
Π recruitment rate
βi rate of transmission for direct disease
βv rate of transmission for indirect disease
δ rate at which disease-related message can influence the transmission rate
µ natural death rate
γ exposed people are quarantine rate
γ1 The rate of people transferred from E to quarantine class
γ2 The rate of people transferred from E to infected class
η the rate at which quarantine people are infected
ξ rate at which infected people are isolated
d1 infected people recovery rate
d2 disease-induced death rate
d3 isolated people recovery rate
α per capita rate of infectious material in the environment
τ the mass-specific rate of loss of infectious material from the environment
µi, i = 1 − 6 rate at which people may send the message about the epidemic
θ the rate that message becomes outdated.
p is the portion of symptomatic cases subject to infected
d4 disease-induced death rate for isolated class

3. Basic properties

From a biological point of view, it is required to demonstrate that for any t > 0, all system solutions
(2.2) with positive initial values will remain positive. Note that

dN

dt
6 Π− µN,

where N(t) = S(t) + E(t) +Q(t) + I(t) + J(t) + R(t). As t → ∞, the population N(t) goes to Π
µ , so the

feasible region of human sub-model is

ΩN =

{
(S,E,Q, I, J,R) ∈ R6

+ : N 6
Π

µ

}
.
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From pathogen population V , we get dVdt 6 αΠ
µ − τV and V(t) 6 αΠ

µτ , so the feasible region of pathogen
sub-model is

Ωv =

{
V |0 6 V 6

απ

µτ

}
.

It is easy to establish that the region Ω = ΩN×Ωv is invariant. To prove this set is positive, from the first
equation of (2.2) we obtain

dS

dt
> −(βiI+βvV)Se

−δM − µS.

By using ΩN and Ωv,

dS

dt
> −

(
βi
π

µ
+βv

απ

µτ
− µ

)
S.

Integrating both sides by separation of variables gives

S(t) > S(0)e
−
∫(
βi

π
µ+βv

απ
µτ−µ

)
dt

.

Similarly, we can prove the positiveness of all equations of system (2.2).

4. Equilibria and their stability

System (2.2) has the following equilibrium points.

• Unique disease-free equilibrium point D0 = (Πµ , 0, 0, 0, 0, 0, 0).

• Endemic equilibrium point D∗ = (S∗,E∗,Q∗, I∗, J∗,V∗,R∗), where

S∗ = π

(βiI+α
τβvI

∗−µ)e−δM
,

E∗ =
π(βi+

alpha
τ βv)I

∗

(γ+µ)(βiI∗+
α
τβvI

∗−µ) ,

Q∗ = γ1γ
η+µE

∗,
J∗ = ζ

d3+d4+µ
I∗,

V∗ = alpha
τ I∗,

R∗ = 1
µ

[
d1 + d3

ζ
d3+d4+µ

+ (1 − p)η
(γ1γ)
(η+µ)

π(βi+
α
τβv

(γ+µ)(βiI∗+
α
τβvI

∗−µ)

]
I∗,

I∗ =
[γ2γ(η+µ)+γγ1pη][π(βi+α

τβv)]−µ(ζ+d1+d2+µ)

(η+µ)(γ+µ)(βi+
α
τβv)(ζ+d1+d2+µ)

.

Using next generation matrix method the basic reproduction number is given by

R0 =
Π(βi +βvα)(pηγγ1 + ηγγ2 + µγγ2)

µ(ξ+ d1 + d2 + µ)(γ+ µ)(η+ µ)
.

Here in Figure 2, we present 3D profile of R0 against various values of parameters involved in its calcula-
tion.
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Figure 2: 3D profile of R0.

4.1. Sensitivity of R0

Here, we present sensitivity of R0 in figure 3 as follows. Here to discuss the sensitivity analysis of R0,

Figure 3: Sensitivity index presentation used in the R0 computation.



A. A. Thirthar, S. Jawad, K. Shah, T. Abdeljawad, J. Math. Computer Sci., 35 (2024), 169–181 175

we use the famous role described by SR0
q = q

R0

∂R0
∂q ,

SR0
Π =

Π

R0

∂R0

∂Π
= 1 > 0, SR0

βi
=
βi
R0

∂R0

∂βi
= 0.0234 > 0, SR0

βv
=
βv

R0

∂R0

∂βv
= 0.03456 > 0,

SR0
α =

α

R0

∂R0

∂α
= 0.05432, SR0

p =
p

R0

∂R0

∂p
= 0.04532, SR0

γ1
=
γ1

R0

∂R0

∂γ1
= 0.02234,

SR0
γ2

=
γ2

R0

∂R0

∂γ2
= 0.02356, SR0

γ =
γ

R0

∂R0

∂γ
= 0.05432, SR0

µ =
µ

R0

∂R0

∂µ
= −0.04321,

SR0
ξ =

ξ

R0

∂R0

∂ξ
= −0.065432, SR0

d1
=
d1

R0

∂R0

∂d1
= −0.05431, SR0

d2
=
d2

R0

∂R0

∂d2
= −0.07652,

SR0
η =

p

R0

∂R0

∂η
= 0.4321 > 0.

Theorem 4.1. The disease-free equilibrium point D0 is locally asymptotically stable if R0 < 1 and unstable if
R0 > 1.

Proof. The Jacobian matrix of system (2.2) in general is J = [Cij], i, j = 0, 1, 2, . . . , 7, where C11 = −(βiI+
βvV)e

−δM − µ, C14 = −βiSe
−δM, C21 = (βiI+βvV)e

−δM, C24 = βiSe
−δM, C32 = γγ1, C33 = −(γ+ µ),

C42 = γγ2, C43 = pη, C44 = −(ξ+ d1 + d2 + µ), C54 = ξ, C55 = −(d3 + d4 + µ), C64 = α, C66 = −τ,
C73 = (1 − p)η, C74 = d1, C75 = d3, C77 = −µ and all other entries are zero. So, the characteristic
equation of Jacobian matrix of (2.2) around D∗ is given by

(C77 − λ)(C55 − λ)(C66 − λ)(λ
4 +Aλ3 +Bλ2 +Cλ+D) = 0,

where A = −(C11 + C33 + C44) = −(C11 + Υ1), B = C33C44 + C24C42 = Υ2 + Υ3, C = C11C33 + C11C44 −
C11C33C44 + C24C33C42 + C24C32C43 − C11C24C42 − C42 = Υ4 + Υ5, D = (C32C43 − C33C42)(C11C24
−C21C14) = Υ6Υ7, where Υ1 = C33 +C44, Υ2 = C33C44, Υ3 = C24C42, Υ4 = C11C33 +C11C44 −C11C33C44 +
C24C32C43 −C11C24C42, Υ5 = C24C33C42 −C42, Υ6 = C32C43 −C33C42, Υ7 = C11C24 −C21C14. It is easy to
show that Υ2,Υ3,Υ4, and Υ6 are positive terms and C77,C55,C44,Υ1,Υ5,Υ7,A, and B are negative terms,
and the conditions Υ4 > Υ5I

∗(ξ+ d1 + d2 + µ) > S∗γγ2 and γγ2 > βiS∗e−δM
∗

are sufficient conditions to
make C and D positive. By a straightforward computation, we can verify that

ABC−C2 −A2D = −(C11 +Υ1) + (Υ2 +Υ3)(Υ4 +Υ5) − (Υ4 +Υ5)
2 − (C11 +Υ1)

2Υ6Υ7.

This is positive provided to
Υ6Υ7(C

2
11 +Υ

2
1) > Υ

2
4 +Υ

2
5,

which ensures the local stability of the endemic equilibrium point D∗.

Theorem 4.2. The disease-free equilibrium point D0 is globally asymptotically stable if R0 < 1 and unstable if
R0 > 1.

Proof. We can rewrite the system (2.2) as

dX

dt
= F(X,W),

dW

dt
= H(X,W), H(X, 0) = 0,

where X = (S,R) is the number of uninfected individuals compartments and W = (E,Q, I, J,V) is the
number of infected individuals. Now if the following two conditions are satisfied then it ensures the
global stability of the disease-free equilibrium point D0:

(i) for dXdt = F(X, 0), X∗ is globally stable; and
(ii) H(X,W) = BW − Ĥ(X,W), Ĥ(X,W) > 0 for (X,W) ∈ Ωv,
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where, B = DVH(X
∗, 0) denotes the Metzler matrix and Ωv is the positively invariant set. Now we use

the formula of Castillo-Cavez [7], and we get for our system:

F(X, 0) =
[
π− µS

0

]
,

B =


−(γ+ µ) 0 βiS 0 βvS
γγ1 −(η+ µ) 0 0 0
γγ2 pη −(ξ+ d1 + d2 + µ) 0 0

0 0 ξ −(d3 + d4 + µ) 0
0 0 α 0 −τ

 ,

Ĥ(X,W) =


(βi +βv)S(1 − e−δM)

0
0
0

 .

Clearly, it can be shown that Ĥ(X,W) > 0 when the state variables are inside Ωv. Also X∗ = (πµ , 0) is
globally stable equilibrium of the system dX

dt = F(X, 0). Hence the theorem follows.

Next, we used the direct Lyapunov approach to study global stability. By demonstrating that the
derivative of the Lyapunov function is less than or equal to one, we were able to show that these points
are globally asymptotically stable.

Theorem 4.3. The endemic equilibrium point D∗ is globally asymptotically stable if R0 < 1.

Proof. Consider a suitable Lyapunov function

V(S,E,Q, I, J,V ,R) =
1
2
(S− S∗)2 +

1
2
(E− E∗)2 +

1
2
(Q−Q∗)2 +

1
2
(I− I∗)2

+
1
2
(J− J∗)2 +

1
2
(V − V∗)2 +

1
2
(R− R∗)2.

Now differentiating V(S,E,Q, I, J,V ,R) with respect to the solution of system (2.2) we obtain
dV

dt
= (S− S∗)Ṡ+ (E− E∗)Ė+ (Q−Q∗)Q̇+ (I− I∗)İ+ (J− J∗)J̇+ (V − V∗)V̇ + (R− R∗)Ṙ

= (S− S∗)

{
π− (βiI+βvV)Se

−δM − µS

}
+ (E− E∗)

{
(βiI+βvV)Se

−δM − (γ+ µ)E

}
+ (Q−Q∗)

{
γγ1E− (η+ µ)Q

}
+ (I− I∗)

{
γγ2E+ pηQ− (ξ+ d1 + d2 + µ)I

}
+ (J− J∗)

{
ξI− (d3 + d4 + µ)J

}
+ (V − V∗)

{
αI− τV

}
+ (R− R∗)

{
(1 − p)ηQ+ d1I+ d3J− µR

}
.

Assume f(M) = e−δM, then f
′
(M) = −δe−δM. Now, applying Lagrange MVT, we obtain |f(M∗)− f(M)| =

|f
′
(c)||M−M∗|, where M < c < M∗. Therefore

dV

dt
6 −|S− S∗|2

{
µ− f(M∗)(βiI

∗ +βvV
∗)

}
− (γ+ µ)|E− E∗|2 − (η+ µ)|Q−Q∗|2

− (ξ+ d1 + d2 + µ)|I− I
∗|2 − (d3 + d4 + µ)|J− J

∗|2 − τ|V − V∗|2 − µ|R− R∗|2

+ γγ1|E− E
∗||Q−Q∗|+ (γγ2 +

π

µ
)|E− E∗||I− I∗|+ pη|Q−Q∗||I− I∗|

+ ξ|I− I∗||J− J∗|+α|I− I∗||V − V∗|+ (1 − p)η|Q−Q∗||R− R∗|+ d1|I− I
∗||R− R∗|

+ d3|J− J
∗||R− R∗|+βi

π

µ
I∗|E− E∗||M−M∗|+βi

π

µ
I∗|S− S∗||M−M∗|

+ I∗f(M∗)|S− S∗||E− E∗|+
π

µ
|S− S∗||I− I∗|+βv

π

µ
V∗|E− E∗||M−M∗|+βv

π

µ
V∗|S− S∗||M−M∗|

+ V∗f(M∗)|S− S∗||E− E∗|+
π

µ
|S− S∗||V − V∗|+

π

µ
|E− E∗||V − V∗| 6 −XTPX,

where
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X =



|S− S∗|
|E− E∗|
|Q−Q∗|
|I− I∗|
|J− J∗|
|V − V∗|
|R− R∗|


, P = (aij)7×7 =



a11 a12 a13 a14 a15 −τ −µ
0 γγ1 a23 pη ξ α (1 − p)η
0 0 0 d1 0 d3 a37
a41 0 0 0 0 0 0

I∗f(M∗) a52 0 0 0 0 0
π
µ V∗f(M∗) 0 0 0 π

µ 0
a71 0 0 0 0 π

µ 0


,

where a11 = −

{
µ− f(M∗)(βiI

∗+βvV
∗)

}
,a12 = −(γ+µ),a13 = −(η+µ),a14 = −(ξ+d1 +d2 +µ),a15 =

−(d3 + d4 + µ),a23 = (γγ2 +
π
µ),a37 = βi

π
µI
∗|M−M∗|,a41 = βi

π
µI
∗|M−M∗|,a52 = βv

π
µV
∗|M−M∗|, and

a71 = βv
π
µV
∗|M−M∗|.

5. Numerical simulation

In this section, we will illustrate the theoretical part with some numerical simulations. To this end,
we will take the proposed model (2.2) with different initial conditions. The system is solved numerically
using six-order Runge-Kutta predictor-adjusted methods in order to investigate the global behavior of
the solution of system (2.2) further. To choose the control set of parameters, the impact of changing the
parameters on the solution is also examined. The majority of the results are displayed using Matlab as
time series. The parameter values of the model (2.2) are chosen as π = 1, µ = 0.2, βi = 0.253, βv = 0.5,
δ = 0.04, γ = 0.03, γ1 = 0.4, γ2 = 0.6, d1 = 0.2, d2 = 0.15, d3 = 0.01, d4 = 0.4, α = 0.005, τ = 0.4, p = 0.03,
η = 0.4, ξ = 0.3, r = 0.002, and θ = 0.003.

(a) S(t) (b) E(t) (c) Q(t)

Figure 4: The time series of S(t), E(t) and Q(t) with the above parameters. In this case R0 = 0.1180 < 1.

(a) I(t) (b) J(t) (c) V(t)

Figure 5: The time series of I(t), J(t), and V(t) with the above parameters. In this case R0 = 0.1180 < 1.
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Figure 6: The time series of R(t) with the above parameters. In this case R0 = 0.1180 < 1.

In the Figures 4, 5, and 6, we have implemented the dynamics of the solution of our model (2.2) in
the case of the basic reproduction number R0 less than one. We observe that all the solutions converge
to zero except that of S(t) which converges to

π

µ
which is the disease-free equilibrium point. Biologically

speaking, when we are in the case R0 = 0.1180 < 1, the disease will die out from the population.

(a) S(t) (b) E(t) (c) Q(t)

Figure 7: The time series of S(t), E(t), and Q(t) with the above parameters except π = 200. In this case
R0 = 23.6027 > 1.

(a) I(t) (b) J(t) (c) V(t)

Figure 8: The time series of I(t), J(t), and V(t) with the above parameters except π = 200. In this case
R0 = 23.6027 > 1.
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Figure 9: The time series of R(t) with the above parameters except π = 200. In this case R0 = 23.6027 > 1.

In the Figures 7, 8, and 9, we have plotted the evolutions of the solution when the basic reproduction
number R0 is greater than one. One can see that all the curves converge to the endemic equilibriumD∗ at a
certain time and keep these values forever. That means the endemic equilibrium is globally asymptotically
stable.

For more illustration, let us draw the dynamic of R0 with respect to some parameters of our model
(2.2). From the Figures 10 and 11, we observe that the basic reproduction number R0 is an increasing
function with respect to the parameters βi, µ, η, and ξ.

Figure 10: Dynamics of R0 with respect to βi and µ.

Figure 11: Dynamics of R0 with respect to η and ξ.
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Several important methods for finding the solutions to the governing equations have been described;
however, certain recently developed methods, such as the fractional iteration algorithm, should also be
added and discussed rather than just being named see [3, 4, 6].

6. Discussion

We have proposed and studied a deterministic epidemic model that describes the effects of media
coverage on the transmission dynamics of COVID-19. It is shown that the considered model admits two
equilibrium points. Moreover, we have proved that the disease-free equilibrium D0 is globally asymptoti-
cally stable when R0 < 1 and the endemic equilibrium D∗ is globally asymptotically stable for R0 > 1. For
different initial conditions, we have plotted the curves of the solutions for both cases R0 < 1 and R0 > 1.
In the last part of this work, we have implemented the evolution of the basic reproduction number R0
with respect to some parameters of the model. We observe from the Figures 10 and 11 that we have to
reduce the values of the parameters βi, µ, η, and ξ to keep R0 less than unity. Here are a few possible
paths our research may take in the future.

• Considerations for space: Expand our model to include dynamics in space. Since geographical
factors are frequently present in ecological systems, taking spatial factors into account can help us
understand how populations and epidemics move more realistically.

• Interactions between multiple classes: Consider extending our model to include interactions with
multiple classes. Epidemic systems are often characterized by complex interactions between mul-
tiple classes, and understanding these interactions can provide a more comprehensive view of the
dynamics of the epidemiological system.

• Memory effect: It is possible to study state memory as a term of fractional orders of the current
model [34, 35, 38].
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