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Keywords Abstract
COVID-19, In this research study, we investigate the impact of multiple exposure of individuals on
Incidence rate, the prevalence of COVID-19 and the efficacy of high-risk immunity measures in
High risk immunity, controlling its transmission dynamics. Through a qualitative analysis of a mathematical
Homotopy model, which includes the positivity of solutions, existence and uniqueness of solutions,
perturbation method. and study of invariant regions, we demonstrate that the model can be utilized to examine

pandemic outbreaks in a physical system. Our analysis of the basic reproductive ratio
reveals that the implementation of high-risk immunity can reduce the number of
secondary infections even in scenarios of multiple exposures. Numerical simulations,
based on real-life COVID-19 data from the Nigeria center for disease control, were
conducted using the homotopy perturbation method, yielding results that support the
outcome of the basic reproductive ratio analysis and providing insight into strategies to
mitigate the spread of the disease.

1. Introduction

The SARS-CoV-2 virus, responsible for the COVID-19 pandemic, rapidly spread globally, with initial outbreaks
in Wuhan, China, in December 2019 [1]. By mid-July 2020, it had infected over 213 countries, resulting in
millions of confirmed cases and hundreds of thousands of deaths [2]. The World Health Organization (WHO)
confirmed respiratory droplets as a mode of transmission, leading to further infections [1]. The virus's incubation
period ranges from 2 to 14 days, with approximately 97.5% of infected individuals exhibiting symptoms 11 days
post-infection [1]. Del Rio and Malani's paper in 2020 provided new insights into the COVID-19 epidemic [1].
Though exact details aren't mentioned, it likely covered aspects like global spread, epidemiology, clinical
presentation, and healthcare challenges [1]. Another paper discussed challenges posed by the closely related
SARS-CoV, shedding light on unique COVID-19 characteristics [3]. A research article in 2020 focused on the
early transmission dynamics of the virus in Wuhan [4]. It likely explored the initial spread and reproductive
number (RO) [4]. In 2021, a study proposed a fractional order model of COVID-19, considering the effects of
fear induced by media and social networks on community behavior [5]. This model provides insights into the
impact of human behavior on virus spread [5].

Several studies aimed at mitigating the spread of COVID-19 have been published by distinguished researchers
and scientists. In particular, the study presented in [6] quantifies the fear impact of media exposure into two
categories: fear of infection toll and fear of death toll, utilizing a mathematically formulated model. Another
study [7] evaluated the impact of the convex incidence rate on the transmission dynamics of COVID-19 and
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found that double exposure of vulnerable individuals could result in elevated rates of infection in the general
population. A comprehensive assessment of COVID-19 transmission dynamics was conducted in [8], examining
the effects of the convex incidence rate and proposing various strategies aimed at stabilizing the pace of disease
reduction. The results showed that the dynamics of the disease are significantly influenced by factors such as
immigration and population mixing in affected areas, leading to substantial decreases in infection rates.

High-risk immunity refers to a public health measure aimed at containing the spread of infectious diseases,
such as COVID-19, by isolating individuals who are at elevated risk of transmitting the disease. This measure is
usually implemented when an individual has been diagnosed with an infectious disease or has had close contact
with someone who has been diagnosed. The goal of high-risk immunity is to prevent the infected individual from
spreading the disease to others, thereby controlling the spread of the outbreak [9]. High-risk immunity is a crucial
component of public health response strategies, particularly during pandemics, as it helps to reduce the
transmission of the disease and slow down the spread of the outbreak. However, it can also have significant
impacts on individuals and society, including loss of income, social isolation, and psychological distress. It is
important for public health authorities to balance the benefits of high-risk immunity with its potential harms and
to implement measures to mitigate the negative effects.

A convex incidence rate of disease occurs when the rate of disease or infection increases at a faster rate than
it decreases [10]. This means that the rate of infection is increasing as time passes. The incidence rate of a disease
or infection is the number of new cases per unit of time. Convex incidence rates can be caused by a variety of
factors, such as the spread of a disease, the emergence of new strains, or a lack of access to treatment [11]. It can
also be caused by environmental factors such as overcrowding and poor sanitation. Convex incidence rates can
lead to a rapid increase in the number of cases of a disease or infection. This can have serious implications for
public health, as more people may become ill, and the healthcare system may not be able to cope with the
increasing demand. To prevent a convex incidence rate, it is important to identify the risk factors for a particular
disease or infection and implement strategies to reduce these risk factors. This could include improving access to
healthcare, providing education on preventive measures, or implementing control measures such as vaccinations.

The prediction of epidemic spread can be achieved through numerical simulations of epidemic models. To
forecast the COVID-19 virus's progression, a mathematical model was constructed using real-world data from
Pakistan, as described in [12]. A stochastic analysis of a COVID-19 model with effects of vaccination and
different transition rates using real data approach was performed in [13]. The logistic growth model was evaluated
in [14] as a potential method for determining the extent of the COVID-19 epidemic. In [15], a mathematical
analysis of a stochastic model for coronavirus transmission, utilizing the Legendre collocation method, was
performed and validated through simulations. Recent research [16] demonstrated the application of the Laplace-
Adomian decomposition method in simulating fractional-order Caputo's derivative on a COVID-19 disease
model and a study involving Lyapunov stability and wave analysis of Covid-19 omicron variant using real data
with fractional operator was studied in [17]. Mathematical models often exhibit nonlinearity, necessitating the
use of advanced numerical techniques for accurate solutions [18]. The homotopy perturbation method has been
effectively utilized in various studies to solve complex nonlinear differential equations. For instance, in studies
related to the EIAV infection epidemic [19] and the impact of disease transmission on the death seizure epidemic
[20], the homotopy perturbation method provided valuable insights and solutions. Moreover, researchers have
extended the use of the homotopy perturbation method to develop semi-analytical solutions for nonlinear models
[17]. This modified approach allows for a more efficient and accurate solution to complex nonlinear problems.
In addition to the homotopy perturbation method, other numerical techniques have also been employed in
different modeling areas to solve classical and coupled systems of ordinary differential equations. Olayiwola et
al. introduced an efficient algorithm for solving nonlinear partial differential equations [21]. Muideen et al.
proposed an optimized three-step hybrid block method for stiff problems in ordinary differential equations [22].
Furthermore, a modified variational iteration method was employed for the solution of a class of differential
equations [23]. The researchers Olayiwola, Gbolagade, and Akinpelu contributed to the field of mathematical
physics with their work on approximate analytical methods for the solution of fractional-order integro-differential
equations [13]. Their studies provide valuable insights into solving fractional-order equations, which have
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applications in various scientific disciplines. In summary, the literature showcases various numerical methods,
such as the homotopy perturbation method, variational iteration method, and hybrid block method, to address the
challenges posed by nonlinear mathematical models. These methods have been instrumental in solving complex
differential equations, providing researchers with valuable tools for understanding and analyzing real-world
problems.

Several researchers, notably [8] and [10], have independently studied the application of convex incidence
rates and high-risk immunity to the prevalence of COVID-19. As a subject of active research, we shall conduct
an analysis of the impact of high-risk immunity on a proposed mathematical model that incorporates convex
incidence rates, accounting for the rate of multiple COVID-19 exposures in the presence of vaccines, treatments,
and curfews. Since such an analysis would require standard data and information as well as the application of
advanced mathematical techniques, it is essential to accurately model the dynamic interactions between immunity
measures, exposure risk, and the spread of the virus. We will conduct theoretical and qualitative analyses to
establish the study's potential real-life applications and apply numerical simulations using results generated by
the homotopy perturbation method with standard real-life and literature data through the modification of a
mathematical model proposed in [24].

1.1. Basic Mathematical Model

Z—f:A—ﬂ(l—W)Sl(l+al)—,uS

c::l_f:ﬂ(l_W)SI(HaI)_(#”JF”)E

%:ﬂE—(§+,u+d)l .
c;—?:é] —(u+0)Q+E

dR

E:@_#R

Subiject to the following initial conditions
S(O): So , E(O):eo, I(O): iy , Q(O): Qo R(O): r, =0 _

1.2. Description of variables and parameters

From the model, S (t) represents the population of susceptible individuals, i.e. those who are not infected with
COVID-19 and can potentially contract the virus. E (t) represents the population of exposed individuals, i.e. those
who have been infected with COVID-19 but are not yet infectious. | (t) represents population of infected
individuals, i.e. those who have been infected with COVID-19 and are currently infectious. Q (t) is the population
of isolated individuals, i.e. those who have been infected with COVID-19 and are currently in quarantine or
isolation. R (t) stands for the population of recovered individuals, i.e. those who have been infected with COVID-
19 and have recovered from the disease. w represents the high risk quarantine rate, i.e. the proportion of
susceptible individuals who are quarantined due to their high risk of exposure to COVID-19 as a result of their
existence in infected zone. & denotes the coefficient of multiple exposure of susceptible individuals to COVID-
19. It is a measure of how likely susceptible individuals are to be exposed to COVID-19, based on factors such

as their occupation, living conditions, and social interactions. A denotes the recruitment rate of individuals: it is
the rate at which new individuals enter the susceptible population, e.g., through birth or immigration. /3 is the

successful contact rate. It is the rate at which infected individuals come into contact with susceptible individuals
and transmit the virus. 77 represents the progression rate from exposed to infectious: it is the rate at which exposed
individuals become infected and become part of the infected population. o is the progression rate from infected
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to isolated class. It is the rate at which infected individuals are identified and quarantined. » represents the
progression rate from exposed to isolated class: it is the rate at which exposed individuals are identified and

quarantined. @ is the recovery rate of isolated individual. It is the rate at which isolated individuals recover from
COVID-19 and become part of the recovered population. The natural death rate is denoted by £¢ . It is the rate at

which individuals in the population die from causes other than COVID-19.

Table 1: Description of parameters

VARIABLES DEFINITION
S (t) Population of susceptible individuals
E (t) Population of exposed individuals
I(t) Population of infected individuals
Q(t) Population of isolated individuals
R(t) Population of recovered individuals
INTRODUCED PARAMETERS DEFINITION
w High risk quarantine rate
o Coefficient of multiple exposure of Susceptible individuals to COVID-19
Parameters DESCRIPTION
A Recruitment rate of Individuals
ﬂ Successful contact rate
T Progression rate from Exposed to Infected
o Progression rate from Infected to Isolated class
Y Progression rate from Exposed to Isolated class
2] Recovery rate of isolated individual
)7, Natural death rate

Table 2: Values of model’s parameter and references

Parameters VALUE REFERENCES

A 750 day [24]
p 0.0000124 day * [24]
a 0.0000124 day ™ [24]
o 0.010939586 day [24]
y 4.013000000 x10°® day ™ [24]
0 0.0766169 day ™ [24]
H 0.001466848 day * [24]
w 0 -

(04 0 -

2. Model Analysis
2.1. Positivity and Boundedness of Solution

Consider the following classes of the system of equations given by:
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Q =51, E® , 1Y) , Qt), R(Y), € R°. |.

The total population at any time t is given by (1) and the derivatives obtained as;

% - %[S(t) +E®) +10) + Q) +R®],
such that

dN(t) dS dE dI dQ dR
— = — e —F—+—,
dt  dt  dt dt dt dt

aNe® =A-u(S+E+1+Q+R)-dl; MSI\—#N :
dt dt
Such that
MO,y <a, @

Which upon integration yields

N (t)e* :Ae”t +C.
y7i

o A _
The time dependent number of human population is N (t) = — + Ce ™, (3)
MU
Which is the birth and death ratio of human population. And as time progressively increases indefinitely i.e

t—>o00 Ce™™ =0.Such thatN(t)gA.
U

This shows that it is sufficient to consider the dynamics of the model in R° which infers that the model is
mathematically and epidemiologically well posed. Hence the nonnegative solution set of the model equations

enters the feasible region, €2, which is a positively invariant set.

2.2. Existence and Uniqueness of Solution

Let:
f,=A—BL-w)SIL+ad )— 45
f,=pL-w)SIQ+ad)—(u+y+7)E 4)

fy=7E—(5+pu+d)l
f,=a _(,U"'Q)Q"'?’E
f5 = — 1R

Then,
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% =|BL-w)l+al ) < o0, % =10} <, % =BL-w)l+a) <o, j_g =[0j <o, % =[0|< o0
o, =|BL-w)l+al)- p| <o ‘%:|(y+y+7z]<oo 2 = |pL-w)l+a) <o %:|0|<oo
ds " |dE Cldl dQ
M o< e
dr
=<, ‘_ n] <o0 ‘_: 5+ p+d)<oo, ‘_ o< ‘ ~ (0] <0
df, =[0 < oo, af, =|6] < o0, ‘ﬂ=|7|<oo, ‘%:( +9)|<oo —% =0 <
ds dE dl dQ
=<, [ G2 =l0l<ce, | SE =l <oo, T2 fef<en, G2 =<
ds dE dQ drR
The solution of the model is bounded, therefore is well-posed in R,
2.3. Disease Free Equilibrium State
At disease free equilibrium point, there is no outbreak of disease. Therefore, E =1 =0. Thus equating the left
hand side of (1) to zero, yields:
A-BL-w)SI(L+al)-S=0
SA-w)SI(L+al )~ (u+y+7)E=0 (5)
mE—(5+u+d)l =
—(u+0Q+E=0
RQ-pR=0

A
Such that the disease-free equilibrium (S, E,, 15,Q,, R, ) is given by (—,0,0,0J
7,

2.4. Endemic Equilibrium Point

At endemic equilibrium, there is a persistence of disease in the system thus,E=#1+=0. Let
E, = (S*E*, 17,Q, R*) be the endemic equilibrium of (1), and let,

g=p0-w), f=(u+y+nx), e=(u=5+d) j=u+6.

The endemic equilibrium points are obtained as:

B A +_ 9 T . (aA—gf)+g7r2—ef,u
Mo a)al _f{gl(lwl)w] | _\/ goef
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_ &hprA —eus — yNegh’r —e’yu R* AoAghpr — Geud — ByNegh’ e’ yu |
j(ghef +eu) ju(ghef +eu)
2.5. Basic Reproduction Number (R,)

The model has three disease states, but only one causes new infections. This is represented by the connection
between the exposed, infected and quarantined compartments in equation (1), which shows the number of
secondary infections caused by infected individuals in the population. We apply the next generation matrix to
obtain the basic reproductive ratio. Hence, consider:

o8

c;_ltzzﬂ(l—w)SI(l+al)—(ﬂ+7+7f)E’
%:;ZE—(§+,u+d)l, ©
%—?:61—(#+9)Q+7E-

We create the following transition matrix
F = M and V, = 61/,_()(,) 1=1273
OX; OX;

which Jacobian yields:

0 pl-w)S,@+a) O (u+y+n)E
F=|0 0 0| and V =| —zE +(5+u+d)I
0 0 0 0 +(u+0)Q—E
Since S, = A therefore
7
0 SL-w)AL+a) 0
P (,u+;/+7r) 0 0
F=|0 0 0|, V=| -=x (u+d+5) 0
0 0 0 —y -5 (u+06
1 0 0
(u+y+7)
and V! = 7[(‘”‘“9) - 0
(u+y+a)u+rs+d)fu+0) (u+5+d)
76+ y(u+s+d ) 1
(u+y+n\u+rs+d)fu+0) (u+o+dfu+6) (u+6)

The required R, is the spectral radius of matrix |G — 1| =0 whereG = F xV ™.

Hence, the basic reproductive ratio is:
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PAZ(L-w)1+ )
plp+y+xfpu+s+d)

R, = (7

2.5.1. Analysis of the Basic reproductive ratio R,

Here, the significant effect of the incorporated parameters is examined on the basic reproductive ratio. We initiate
the step by evaluating the R, using the baseline parameters on Table 2. The proceedings of the evaluation yields
R, = 2.204147669(1- w)(1 + )

Table 3: Effect of Induced parameters on R,

Rate of W effecton R, Rate of & effecton R, Combined Rate of Simultaneous
W, a effecton R,

w=0,a=0 2.204147669 w=0,a=0 2.204147669 w=0,a=0 2.204147669
w=03a=0 1542903369 w=0,a=03 2865391970 w=0.3a=0.3 2.005774379
w=0.6,¢0 =0 08816590677 w=0=06 3526636271  \w=0.6,a =0.6 1.410654509

W=09ag=0 0224147669 \w=0,0 =09 4187880571 W =09 ¢ =0.9 0.4187880571

Table 3 shows the impact of the two factors on R, . The initial examination illustrates that elevating the
degree of High-risk immunity exerts a noteworthy influence on the basic reproductive number R,. Conversely,

arise in the value of the multiple exposure factor results in an elevation of R, signifying that without an adequate

plan in place for individuals who do not follow the curfew regulation, the system may become destabilized as
every person will eventually be contaminated. The concurrent evaluation of both variables on R, reveals that

even in cases of recurrent COVID-19 exposures, R, would still decrease with maximum implementation of High-
risk immunity.

2.6. Local Stability of Disease Free Equilibrium

The local stability of the disease-free equilibrium suggests that a small number of infected individuals introduced
into a disease-free population will not cause a major outbreak, and the infection will eventually die out. However,
this does not ensure long-term absence of the disease, as larger perturbations or parameter changes could still
lead to an outbreak. For long-term eradication of the disease, global stability is necessary. The Disease-Free

Equilibrium (DFE) of the proposed Epidemic Model is locally asymptotically stable if R, <land unstable if
A

R, >1. The local stability of the disease-free equilibrium at (S,E,1,Q,R) = (—,0,0,0,0j
Y7,

The Jacobian matrix of the system (1) is obtained, and the characteristic polynomial obtained using

‘J e, — Al ‘ = 0 will be solved to obtain the eigen-values A, i=12,---5. Hence,
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iy 0 _ BAL-w)l+a) 0 0
U
0 —(utyin) AAL-w)1+a) 0 0
Je) = 1z (8)
0 —(5+pu+d) 0 0
0 y 5 —(u+0) O
0 0 0 0  -u
and ‘JEl —/Iil‘ =0 implies
i, 0 _ fAL-w)l+a) 0 0
U
0 —(uty+r)-4, AAL-w)L+a) 0 0 |,
U =
0 7r —(S+pu+d)-4, 0 0
0 y 5 —(u+6)-2, 0
0 0 0 0 — A

Such that we obtain

WO+t + puty? + ptd?
—2uPom+2uPd =215y
=20+ 2uPmd + 24 my
—2yu°d + 4upAnd — 4 ufAw

A=—u, A, =—2i 20° + U + 1o + py + pum +
7,

WO+ 1wt + iy’ + ptd?
=27yl +251°d — 261y

— 270 + 27yl — 270
+A4n LN\ — Ar AW

A :—zi(Z,u2+,u§+,ud +,u;/+,u7z)+
7

Ay :_(‘9"'/1)’ As=—u

All the obtained eigen values are negative, therefore system (1) is Locally Asymptotically Stable. Therefore the
disease will eventually die out in the system.

2.7. Local Stability of Endemic Equilibrium
The endemic equilibrium of the proposed mathematical Model is locally asymptotically stable if R, <land
unstable otherwise. We apply the linearization technique to prove this. Hence, to linearize the mathematical

model, we substitute the following parametersS =X+S*, E=y+E*, | =z+1", Q=p+Q’, R=q+R’
into (1) yields
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%zA—ﬂ(l—w)(x+S*Xz+ 1 i+ ez +17)- ul(x+57)
dy :,B W-w)x+S Nz + 1" \+a(z+17)-(u+y+x)y+E")
:7z'(y )=+ pu+d)z+17) )
d *
p 5(z+l ) ,u+9 (p+Q )+7(y+E )
=0(p+Q’)-ula+R)
Such that we have
3—): = —ﬂ(l— W)(1+ az)xz — pX+ higher order nonlinear terms
((jzl)t/ S—-w)1+ az)xz— px —(u + y + )y + higher order nonlinear terms
% =7y — (5 +u+d )z + higher order nonlinear terms
z—f = &z — (1 + 0)p + ¥ + higher order nonlinear terms
dq
e = &b — uq + higher order nonlinear terms
The Jacobian matrix of the system is:
~[BA-w)1+az)z + u] 0 BL—w)1+a)x 0 0
pl-w\l+az)z—pu  —(u+y+z) BL-w)l+az)x 0 0
J. = 0 w —(5+pu+d) 0 0
0 y 5 ~(u+0) 0 (10)
0 0 0 0 — U
Such that the characteristic polynomial ‘J e, — Al ‘ =0 yields:
~[pa-w)i+eaz)z+ u]-2 0 BL-w)L+a)x 0 0
pl-w\l+az)z-u  —(u+y+x)-24 BL-w)l+az)x 0 0
0 s —(+u+d)-2 0 0 [=0
0 y ) —(u+6)-2 0
0 0 0 0 —u-A

The resulting eigen-values are:
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Let A=—[ﬂ(l—w)(l+0(2)z+u], B=—(,u+7/+7r),C =—(§+,u+d), D=—(u+0), E=-u
We have

(A-2)B-2YC-1YD-A)E-4)=0 1)
Equation (11) that the system is locally asymptotically stable. Thus, this also assures that the disease will
eventually be wiped out as time progresses.

2.8. Global Stability of Disease-Free Equilibrium
Here we construct a Lyapunov function approach to proceed for the result for Global Asymptotic Stability of the
proposed model, at Disease Free Equilibrium State. Hence we have:

?j_ltz:ﬂ(l—W)SI(1+aI)—(u+7+”)E
3_1=3E—(5+y+d)l
(jj—?=él ~(u+0)Q+E

Q:{ E(t) , 1(t) , Q(t),e R% : N sﬁ}
U

V(t,S,E,1,Q,R)=C,l, +C,I, +C,l,

Z—\:=C1I1'+C2I;+C3I§

:Cl[ﬂ(l—W)SO|2(l+a|2)—(lu+y+7z)|1]+C2[7zil —(5+,u+d)|2]+C3[é]2 —(,u+l9)|3 +7’|1]
=C,A1-w)S,1,A+al,)-C(u+y+z)l,+Cod, —C, (S + p+d)l, +C, A, —C,(1+6)l, +C, A,
< [Czﬁ_c1(ﬂ+7+”)+cs7/]|1 +[Clﬁ(l—W)So(1+a)—C2(5+,u+d)+C35]|2 —[Cs(,u+6’)]|3

<[C,x—Ci(u+y+7)+Cyy]l, {Cl PAL-w)L+a)
U

—cz(5+wrol)+c:35}|2 —[Cy(u+0)I,<N,S

AsS, =2 Let C, = c, - PAA-wli+a) C, <0

u (uty+a)o+u+d)” " plu+y+afs+u+d)’
<(5+ 1+ ﬂA(l—W)(1+a)7z B (,u+y+7z)
S d){u(u+y+ﬂ)(5+ﬂ+d)2 (ﬂ+?+”)(5+ﬂ+d)}l
{ PAL-wWYita)  BAL-wl+a)S+p+t d)}l
wu+y+r)o+u+d)  ulu+y+x)o+u+d)
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. AAL-w)l+a)r
Y _Ll(ﬂ+7+7f)(5+ﬂ+d) 1}

Ve <[R, -1]i

It is imperative to note that V" =0 only when E = 0, the substitution of E = 0 into the model system of equation

A i
(1) shows that S, = — att — co. Based on LaSalle’s invariance principle of model stability. Hence E,= 0 is
7

globally asymptotically Stable whenever R, <1

2.9. Sensitivity analysis of R,

We are to test for the sensitivity of R,by differentiating R, with respect to all the parameters inR,. The
normalized forward sensitivity index is defined:

PAZ(L-w)1+«a)
plu+y+x)fp+5+d)

As R, =

Tabular representation of parameter and indices of sensitivity analysis is deduced from the initial values of the
said parameters.

Table: Parameter and indices sensitivity analysis

Parameter Sensitivity
1
1

0

0

0
-2.748752009

0

0

RERXA 3>

3. Homotopy perturbation method
An objective of this study is to undertake numerical simulations of a mathematical model through the
development of an approximation solution. This objective is being achieved by utilizing the homotopy
perturbation method. An in-depth examination of this technique will be presented by analyzing the following
differential equation.

Aw) = Kk(r), red. (12)

Subject to the boundary condition
Y(o,0,)=0 rell (13)

Operator A denotes the differential operator, the boundary operator is'¥, k(r) is an analytic function, the
boundary of the domain @ is denoted byII, and @, is the normal vector derivative drawn externally from® .

We can split the operator A(@) into two parts such that

A(w) = Ly (@) + Ny (), (14)
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The operator L, (@), N; () denotes the linear and nonlinear term respectively such that equation (14) implies.
L; (w) + N; (w) =K(r), red. (15)

We can construct a Homotopy for (15) so that
H(f.p) == p)[Lr (F) =Ly (@5)]+ p[ACF) —k(n)]=0. (16)

Where p is an embedding parameter which can undergo a deformation process of changing from[0,1] . Equation
(16) is further simplified to obtain:

H(f,p)=L; (f) =Ly () + PLLy (@6)]+ P[N; (@) — k()] =0, (17)
as p — 0,equation (17) gives:
H(f,0) =L, (f)-L;(w,)=0 (18)
And when p -1,
H(f1)=A(f)—k(r)=0. (19)
We can naturally assume the solution (12) as a power series such that
f(t) = f,(t) + pf,(t) + p* f,(t) +--- p"f, (1) (20)
Evaluating (19) with (20), and comparing coefficients of equal powers of p.

The values of f,(t), f,(t), f,(t) are obtained by solving the resulting ordinary differential equations. Thus, the
approximate solution of (25) is:

fO =1 f,0= 0+ 0+ O+ (21)

3.1. Numerical Solution

In this part, we use the homotopy perturbation approach to conduct the numerical simulation that produces the
SEIQR epidemic model's approximate solution. Constructing a homotopy for (1),

a-p®0. (dzf) (A= AA-0)SO)1 )L+l )—usa))] -
1- p)dE(t) p(dE(t) (

B~ QSGNGXLHH)(y+7+zﬁﬂ0ﬂ:

dt
1-pY ‘t) p[dij(tt) (M)~ (d+ e+ 5)] (t))j -0, 22)
1 )d(gt“) p(d(gt“)—(yE(t)+é1(t)—(e+u)Q(t))j=
dR(t) ([ dR(t) B
a-p= +p[ " —(eQ(t)—yR(t))j—

The approximate solution of (1) can be assumed as:
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S(t) =s,(t) + ps,(t) + ps,(t) +... p"s, (t)

E(t) =6 (t) + pe(t) + pzez (t)+...p"s, (1)

1(t) =i, (t) + piy(t) + P, (1) +... p"s, (1) (23)
Q(t) =g (1) + PO (1) + PG (1) +... p"s, (1)

R(t) =r,(t) + pr,(t) + p’r,(t) +... p"s, (t)

Substituting (34) into (33) and comparing coefficients of equal powers of p,

p°: L, =0, &®)=0, iht)=0,8,1)=0, ,{1)=0, (24)
Solving (36) yields
So (t) =S, & (t) =€, io(t) = io’ %(t) =g, Iy (t) =T (25)

Similarly comparing the coefficients of p*,

ds(;t(t) = A= BL-W)S, (), (O)L+aly)— 15, (1),

% = L-W)S, ()1, O +aly)~ (u+y +7)E, (1),

d'ét(t) =7, (t) = (d + &+ )1, (t), (@)
%: YEo(©) +81,(t) — (8 + 1)Q, 1),

P~ 00,0 - R, 0

Evaluating (37) wusing (36), and then solving the resulting system of equations, produces;
S, (t) = (A= BL-W)S, ()1 OL+ad o) - 1S, O

E, (1) = (BA-wW)So 1, ()AL +ad ) - (u+7 + 2)Es (D)

1, () = (76, (1)~ (d + u+8) L, (OX (27)
Q1) = (E, (1) + 81, ()~ (0 +)Q, (DX

R ()= (6Q0 () — 1R, (t))[

The coefficients of p”equally yields:
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dsét(t) = A—BA-wW)S, (O, (O)1+al, )— 15,(t),

dE, (1)
dt

%:ﬁla)—(d +u+ ), (), (28)

E0 e 1 +,0- @+ 00,0
e 0,0, 0

= ﬁ(l_W)Sl(t)ll(t)(l+a|1)_ (u+y+m)E(t),

The second Approximation are obtained by solving these equations.

The second Approximations are

ﬂdioso +:Baoso +3181uioso +182i2°So _Aﬂio _ﬂ-ﬂaoso +1U250 —A,Ll

+pne, s, +a’flitos, + 2af%i%s, — Aafi’c + BPWi%os, — 237 Wi%es,

s,(t)==1t%| + ApWi, — dafuni®es, — 2afdwi’es, — 2afBNi’es, + 2afne,i,s, — 2raf,i,s,
+a?prwlits, —2a? prwi, s, + 2ap?WRi, s, — dapiwi s, + Aapwi,® + 2aMdi s,

+2aBd s, +4api,’s, — pdwi s, — AN S, —3Bwi, s,

— yafNi%es, — mafiNi®os, — y Wi S, + TafA%es, — mNi,S, + yaAes, — ye’ — e, — 21k,
— 27k, + pi’e, = 2yme, + fiyS, + OGS, + 3PS, + TS, + ¥PisS, + Fl,S, — A,

1| +a@® B s, + 20 °s, — Aafiy’ + BPWRi s, — 2 8°Wiy’s, — mfR,S, + TANE,S,

+ APWi, — dafi s, — 2 fdwites, — 2aBNi%es, + 2amfiNi s, — 2ax /B, s, + o’ fPWA,'s,
—2a°BPwi's, + 2a WA ’s, — dafPwi,’s, + Aafwi’ + 2adi’s, + 2a5d,%s,

+4afiy’s, — fAWicS, — BANI,S, — 3L,

i ()= —ltz rafini’os, — mrafA’os, + mPNi S, — mA,S, + 77, + ade, + TR,
2 2 +7z';eo+27z'Leo_dzio_deo_Zdﬂio_ézio_Zéﬂ-o_ﬂzio

q (t) 1t2(aﬂw\/i2030_aIBJ'iZOSO'FﬁWVioSo_ﬂj’ioso_ﬂ-&o-l_”}eo_'_dao j
2 p—
2

2 +52i0 +25:Ljo +5ao +7/2eo +27;L£o +]/6€0 _luzqo _zﬂmo _92qo

rZ(t):%tz(é‘ao +7&o +/'12ro _Zlua:]o _ezqo)

4. Results

Here, we obtain the solutions of each class by taking the sum of their partial iterations hence, we have:

S(t) = an (), E@t) = Zen(t), I(t) = Zin(t), Q(t) = an(t), R(t) = Zrn ().
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To study the impact of the incorporated parameters on the mathematical model, we evaluated the obtained
results using the following COVID-19 data of Lagos acquired from the Nigeria center for disease control on 1%

December 2020 [19] presented as E(0)=2003, 1(0)=416, Q(0)=404, R(0)=115. The current
population of Ikeja, Lagos Nigeria is applied as the susceptible population [24] S(0) =470200 such that the
evaluated results yield the following series results containing the parameters whose influences are to be examined.
S(t) = 470200 + (1.008999547 x10° ow —1.008999547 x10° or + 2425.479680w — 3238.700958)t
2.165206478x10°r” +12.51159438W° + 76.44829437 +56255.96956¢r —86.25626306W
—66665.61608cw — 4.330412956 x10° or*W +10409.646520w” + 2.165206478 x 10° ar*W? ]

3.625743584w — 3265.211544¢ + 4664.4122420w + 7.751645814 x 10° or®W — 1479.7463800w”
—4.378427956 x10° *W? + 80.54568096W°r + 33507.00327Wcr® +1.303891336 10" o*w
+4.646304455x10°*W® —1.393891336 x 10" or?W* — 3.708287891x10° r* —1.220637838wW°
—4.646304455x10° ¢ + 0.06453980844w° — 2.478633996

0.1770978022w — 203.2373146¢ + 346.19737980w +1.044528951x 10° oW — 165.6268025cwW
69845.87057cr*W? + 23.220719700°W +12207.194530°W* +5.754421783x10° a’*w

1 | +2.173793894 x10°r*W® —5.946161758 x 10° *w?” — 5.982287227 x 10" o *w?

24 | -9.970478712x10%*w" +3.988191485x10" or*w* + 3.988191485x 10" ar*w

—0.5539824544w"or — 95896.987600°W* — 46468.534880:> —0.09375716092w” —0.09718119346
-1.886183932x10°a° +0.01414359139w° —9.970478712 x10°* —0.0003329221480w*

E(t) = 2003+ (~1.008999547 x 10° cw —1.008999547 x 10° @ + 2425.479680w — 3238.700958 )k
1 o 2165206478x10° " +12.51159438W" + 76.44829437 + 56255.96956 —86.25626306w
— 66665.61608cW — 4.330412956 x 10° o> + 10409.64652aW” + 2.165206478 x 10° o> W?

2
3.625743584w — 3265.211544¢ + 4664.41224200W + 7.751645814 x 10° ar*w — 1479.746380aw’

e 4.378427956 x10°ar*W? +80.54568096W°cr + 33507.00327wW’er? +1.303891336 x10” a®w
6 | +4.646304455x10%*w® —1.393891336 x10” or*W® —3.708287891x10° > —1.220637838w°
—4.646304455x10°® + 0.06453980844wW° — 2.478633996
0.1770978022w — 203.2373146¢ + 346.1973798aw +1.044528951x 10° or*w — 165.6268025cw?
69845.87057:*W? + 23.220719700°w +12207.194530°W? +5.754421783x10° or*w
. +2.173793894 x10° o*W*® —5.946161758 x10° o *w? —5.982287227 x 10" o *w?

“oa t*| —9.970478712 x10°x*w* +3.988191485x10” o*w* + 3.988191485x 10" o *w
—0.5539824544wW* o — 95896.98760c*W* — 46468.53488c> — 0.09375716092w
—1.886183932x10°x° + 0.01414359139w° —9.970478712 x10°*

—0.0003329221480w" —0.0971811935

I(t) = 416 —8.399725754t —;t2(11.72255674aw—11.72255674a +0.02817922292w - 0.1981757720)

1 e 0.004869416444 —1.012011290cw — 50.31073772a:*w + 0.8910720168« + 0.0001453597035w*
6 | +25.1553688a” +0.1209392734w ¢ + 25.1553688¢°W’ —0.001573015077w

—0.00007398642906w — 0.05598536228¢ — 0.074691414520w —10.02511972¢0°w +0..019641831950w°

. 1 y +5.5964864072.*W? —0.000935779721cw” — 0.38928436410°W* —161.94229540°w
24 | —53.98076514a°W* +161.9422954¢*W? + 4.817917679¢% + 0.000017126484w* +53.98076514¢>
—7.498234947 x10~"wW* + 0.0001272965002
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Q(t) = 404 —31.4962177t — %tz (0.04049115182cw — 0.04049115182« + 0.00009733449956w — 2.501806504)

0.1996200021+ 0.01662979047aw + 0.1737794719a*w — 0.01704752958¢ + 0.0001453597035w*
1

——t% +5.020902824 x 10~" w?* + 0.08688973593* + 20.0004177391150cw° + 0.08688973593cx*W*
+0.00004294498237w

—0.000006312448556w — 0.002945275534¢ + 0.003088292280cw + 0.051745978490.ac°w
1 e~ 0.0001397844441cw” —0.02385603518c°w* — 0.000003232298178W°cr — 0.00134463604 1w’

24 | -0.55936859340°w — 0.1864561978c°W* + 0.55993685934c°w’ — 0.02654530726¢:>
—1.9903988158 x10~' W’ + 0.1864561978c° — 2.589982613x10°w* + 0.01594865528

R(t) =115 +30.57089998t —1.257392747t* — —t
6 |0.000007457467620w —0.2000412843

0.01595932060 + 0.001263809101.cw — 0.01331444442a*w — 0.001295814977
—2—14t4 +3.846860097 x108w? + 0.006657222212x% + 0.00003200587600cw? + 0.0066
57222212a°w? + 0.000003265518413w

1 3(0.00310230653005\N —0.003102306530cx +j

4.1. Numerical Simulation

Here we examine the influence of high risk quarantine w and multiple COVID 19 exposure « on the interval
[0,1) to analyze their influence in Control and Spread of COVID-19 respectively. We assess the model's validity

by numerically projecting the impact of the induced parameters on the dynamics of transmission of each classes
at an increasing time using the baseline parameters in Table 2.
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-I-ﬁDIZI'DI}-
-I-iI}I}DD'-
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4200000+
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4100004
4000004
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Figure 1: Effect of COVID-19 multiple exposure on susceptible population.
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Figure 2: Effect of COVID-19 multiple exposure on Exposed population.
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Figure 3: Effect of COVID-19 multiple exposure on Infected population.
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Figure 4: Effect of High risk quarantine on susceptible population.
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Figure 5: Effect of High-risk quarantine on Exposed population
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Figure 6: Effect of High risk quarantine on Infected population.
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5. Discussion

The figures presented in this section reveal critical insights into the dynamics of COVID-19 transmission and the
effectiveness of high-risk quarantine and multiple exposures in controlling its spread. Figure 1 depicts the
relationship between the coefficient of multiple exposure and the number of susceptible individuals. As the
coefficient of multiple exposures increases, the number of susceptible individuals decreases. This trend can be
attributed to the fact that individuals exposed to the virus multiple times are more likely to become infected,
transitioning into the exposed or infected populations. Consequently, the susceptible population is reduced.
Notably, the graph shows that the rate of decrease in the susceptible population is more pronounced for higher
values of the coefficient of multiple exposure. This indicates that multiple exposures have a more substantial
impact on reducing the number of susceptible individuals when the exposure rate is higher. In Figure 2, we
explore the effect of multiple COVID-19 exposures on the exposed population. As expected, an increase in the
coefficient of multiple exposure leads to a rise in the number of exposed individuals. Those who experience
repeated exposure to the virus are more susceptible to infection, and as a result, they contribute to the growing
number of exposed individuals in the population. Similar to Figure 1, we observe that the rate of increase in the
exposed population is more significant for higher values of the coefficient of multiple exposure. This underscores
the heightened impact of multiple exposures on increasing the exposed population when the exposure rate is
higher. Figure 3 takes a closer look at the impact of multiple COVID-19 exposures on the infected population.
As the coefficient of multiple exposure rises, the number of infected individuals also increases. This is
understandable, as individuals exposed to the virus multiple times are more susceptible to infection and
consequently contribute to the spread of the disease. This finding highlights the importance of mitigating multiple
exposures to control the overall infection rate. Shifting our focus to the effect of high-risk quarantine, Figure 4
demonstrates how the number of susceptible individuals is affected by an increase in the high-risk quarantine
rate. As the high-risk quarantine rate rises, the number of susceptible individuals decreases. This trend arises
from the fact that individuals at high risk of exposure to COVID-19 are more likely to be quarantined, effectively
preventing them from contracting the virus and thus reducing the number of susceptible individuals in the
population. Figure 5 explores the impact of high-risk quarantine on the exposed population. As the high-risk
quarantine rate increases, the number of exposed individuals decreases. This is due to the identification and
quarantine of individuals who have been exposed to the virus. By promptly isolating these individuals, we prevent
them from becoming part of the infected population and further curtail the spread of the disease. Finally, in Figure
6, we examine the effect of high-risk quarantine on the infected population. As the high-risk quarantine rate
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increases, the number of infected individuals decreases. This is because infected individuals are more likely to
be identified and isolated through quarantine measures, effectively halting their ability to transmit the virus to
others. Consequently, this results in a decline in the infected population. Taken together, these discussion
underscore the significance of high-risk quarantine and the impact of multiple exposures on controlling the spread
of COVID-19. Implementing measures to identify and quarantine individuals at high risk of exposure or those
who have been exposed to the virus can lead to a reduction in the number of susceptible, exposed, and infected
individuals in the population, thereby slowing down the transmission dynamics of the disease.

6. Conclusions

To achieve full elimination of COVID-19 outbreaks, we conducted a study examining the effect of High-risk
immunity on a COVID-19 positive system with repeated exposure of susceptible individuals. Our research
objective was accomplished as the numerical simulation results clearly illustrated the transmission of COVID-
19 under High-risk immunity conditions with multiple exposures. To eliminate the virus, we advise widespread
immunization of vulnerable populations. The efficacy of governmental control measures to mitigate transmission
can only be realized through public cooperation in adhering to preventative measures such as curfew, self-
isolation, and proper utilization of face masks. The complete elimination of COVID-19 requires collective efforts
from all individuals to strictly abide by these preventive measures. Our study highlighted the various responses
of a vulnerable population to High-risk immunity with repeated exposure. Future studies could consider
combining the examination of proportional vaccination and High-risk immunity. Furthermore, utilizing fractional
order analysis in the existing mathematical model through the implementation of fractional operators such as
Caputo [25], Caputo-Fabrizio [26], or Antangana-Baleanu [27] could provide a more in-depth evaluation of the
disease's dynamics using actual data.
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