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ABSTRACT

In this work, a mathematical model consisting of a compartmentalized coupled nonlinear system of frac-
tional order differential equations describing the transmission dynamics of COVID-19 is studied. The frac-
tional derivative is taken in the Atangana-Baleanu-Caputo sense. The basic dynamic properties of the
fractional model such as invariant region, existence of equilibrium points as well as basic reproduction
number are briefly discussed. Qualitative results on the existence and uniqueness of solutions via a fixed
point argument as well as stability of the model solutions in the sense of Ulam-Hyers are furnished. Fur-
thermore, the model is fitted to the COVID-19 data circulated by Nigeria Centre for Disease Control and
the two-step Adams-Bashforth method incorporating the noninteger order parameter is used to obtain
an iterative scheme from which numerical results for the model can be generated. Numerical simulations
for the proposed model using Adams-Bashforth iterative scheme are presented to describe the behaviors
at distinct values of the fractional index parameter for of each of the system state variables. It was shown
numerically that the value of fractional index parameter has a significant effect on the transmission be-
havior of the disease however, the infected population (the exposed, the asymptomatic infectious, the
symptomatic infectious) shrinks with time when the basic reproduction number is less than one irre-
spective of the value of fractional index parameter.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

According to the International

Committee on Taxonomy

mammals [2,4], while y— and §—CoVs are commonly found in
avian hosts [3].
Before December 2019, HCoV-NL63 (w—CoV), HCoV-229E

of Viruses (ICTV), coronaviruses (CoVs) are enveloped, single- (e—CoV), HCoV-0C43 (B-CoV), HCoV-HKU1 (B—-CoV), SARS-

stranded, positive-sense and nonsegmented Ribonucleic acid (RNA)
viruses which belong to the subfamily Orthocoronavirinae of the
Coronaviridae family and order Nidovirales [1]. All CoVs that have
affected humans are generally of animal origin, a variety of which
have been isolated and identified in birds and mammals hosts [1-
4]. CoVs are distinctively classified into four main genera groups,
namely, @ —CoVs, B—CoVs, y —CoVs and §—CoVs [1,3]. The «— and
B—CoVs have mammalian hosts and are known to cause respi-
ratory related symptoms in humans and gastroenteritis in other
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CoV (B—-CoV) and MERS-CoV (B—CoV) where the only known
pathogenic strains of human coronaviruses (HCoVs). Among these,
infections due to HCoV-NL63, HCoV-229E, HCoV-0C43, HCoV-
HKUT1 are relatively common within the human population with
varying degrees of mild flu-like symptoms typically characterized
by rhinorrhea, sneezing, sore throat, nasal congestion, cough and
fever [1]. However, SARS-CoV and MERS-CoV are highly pathogenic
and have caused major pandemics in the last two decades [1,2].
Towards the end of 2019, a novel viral strain of HCoVs known
as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2), which causes the disease named COVID-19, emerged from the
Chinese city of Wuhan, Hubei Province [1,5-7]. Just like SARS-CoV
and MERS-CoV, genomic sequencing shows that SARS-CoV-2 be-
longs to the S—CoVs genera group. Although its primary origin is


https://doi.org/10.1016/j.chaos.2021.111427
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chaos
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chaos.2021.111427&domain=pdf
mailto:newstar4sure@gmail.com
https://doi.org/10.1016/j.chaos.2021.111427

N.I. Okposo, M.O. Adewole, E.N. Okposo et al.

still shrouded in mystery, available information suggest that it is
also of zoonotic origin with wild bats believed to be the primary
host [8]. SARS-CoV-2 targets the respiratory tract causing common
symptoms such as fever, fatigue, nasal congestion, cough, pneu-
monia, tiredness and loss of appetite. Within a month of its out-
break, this highly virulent disease rapidly spread to many coun-
tries throughout the world. Aside from China where the initial
transmission route was claimed to be from animal host to human,
the transmission route thereafter as well as to other countries
were essentially human-to-human, that is, either through direct
contact with already contaminated surfaces/individuals or via in-
halation of minute respiratory droplets of sneezes or coughs from
already infected individuals [9,1,7]. The risk of COVID-19 related
death is high especially among the aged and imuno-compromised-
COVID-19 patients as complications such as severe acute respi-
ratory distress syndrome, multi-organ failure, septic shock, blood
clots, heart failure, arrhythmias, myocarditis, seizure, encephalitis,
stroke may occur [10-12]. Before the production, approval and sub-
sequent mass availability of the current vaccines to combat and
manage the spread of the virus, governments of various countries
had implemented a variety of non-pharmaceutical control mea-
sures such as public campaign on the mandatory use of face masks
as well as alcohol based sanitizers, imposition of total or partial
lock down, observance of social distancing, ban on crowded so-
cial events/imposition of a maximum number of persons in reli-
gious gatherings, closure both public and private institutions, clo-
sure of borders, ban/restrictions on local and international flights,
contact tracing of suspected infected cases and isolation of de-
tected (asymptomatic and symptomatic) cases for prompt medical
attention [13]. However, there were no total compliance to most
of these measures in most of the affected countries, so that the
disease which started in China gained a devastating global spread.
Medical facilities became overwhelmed and doctors, nurses, health
care givers and other front line staff became infected in some
cases.

In existing literature there are variant notions of fractional
derivatives. However, many authors have used specific fractional
differential operators that best suit their interests. It is worth men-
tioning that mathematical models with fractional derivatives ap-
pear as natural generalizations of existing integer order models.
Before 2015, all the previously used fractional differential oper-
ators incorporate singular kernels which have some setbacks in
the modeling of physical phenomena. In recent times, new types
of fractional differential operators with non-singular kernels have
attracted the interest of many authors. To overcome some set-
backs associated with singularity of kernels, Caputo and Febrizio
[14] introduced the so-called Caputo-Febrizio-Caputo (CFC) frac-
tional derivative which extends the well known Caputo frac-
tional derivative [15] to a more general framework by incor-
porating non-singular kernel. However, the CFC derivative also
have some associated problems due to the locality nature of
its kernel. To overcome the problems associated with both sin-
gularity and locality of kernels, Atangana and Baleanu [16] in-
troduced the so-called Atangana-Baleanu-Caputo (ABC) fractional
derivative which incorporates the Mittag Leffler function as a
non-local and non-singular kernel. With respect to the Mittag-
Leffler function as kernel, the Atangana-Baleanu definition of the
fractional derivative provides an excellent description for mem-
ory and hereditary effects present in a wide range of physical
problems.

The idea of incorporating fractional order derivatives in the
mathematical modeling of infectious diseases is not anything new
(see, for instance [17-21] and the references therein). Within
the past nineteen months, there have been extensive studies on
COVID-19 from different mathematical perspectives. A variety of
mathematical models have be constructed to better understand the
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transmission dynamics and optimal control of the virus. In a num-
ber of these works, the constructed models incorporate integer
order derivatives [22-25]. However, due to the fact that integer-
order derivatives fail to adequately capture hereditary and memory
effects inherent in most real life situations, some of these mod-
els have been extended by other authors to incorporate fractional
(non-integer) order derivatives. Some of the earliest mathematical
studies on the transmission dynamics of fractional COVID-19 mod-
els were done by Chen et al. [26] and Khan and Atangana [27].
Since then, studies on fractional COVID-19 models have attracted
the interest of many authors with interesting results. For instance,
in [28] the authors considered a fractional COVID-19 model in-
corporating the susceptible, exposed, symptomatic, asymptomatic
and removed compartments. Their investigation suggests that the
memory effects contained in the fractional operators apparently do
not seem to play a significant role on the stability behavior of the
fractional model. Verma and Kumar [29] studied a COVID-19 model
with variable fractional derivative in the Caputo-Fabrizio-Caputo
sense. They employed the fixed point theory to establish new ex-
istence and uniqueness results. They also obtained interesting re-
sults related to the generalized Hyers-Ulam stability and general-
ized Hyers-Ulam-Rassias stability of the model. Other recent works
on the dynamics of fractional COVID-19 models include [9,30-34].

In this paper, we contribute to existing body of works by con-
structing and studying a compartmentalized fractional mathemat-
ical model describing the transmission dynamics of COVID-19 us-
ing real data from Nigeria. The fractional differential operator for
the constructed model is taken in the Atangana-Baleanu-Caputo
sense due to its non-locality and non-singularity properties. The
model considered incorporates the susceptible, exposed, asymp-
tomatic, infectious, isolated and recovered compartments. We re-
call that the first case of COVID-19 in Nigeria was reported on the
27th of February 2020 with the patient being an Italian citizen
who arrived Lagos [35] from Milan through the Murtala Muham-
mad Airport, while the second case of the disease was reported in
Ewekoro, Ogun State, the patient being a Nigerian citizen who had
had contact with the Italian citizen. Hence we do not take indi-
rect transmission from animal-to-human into consideration as this
is the situation for most of countries outside China. Among other
things, the impact of the order of differentiation on the dynamics
of the disease is investigated using a fractional two-step Adams-
Bashforth scheme developed in [36].

We highlight the content of the remaining sections of this pa-
per as follows: In Section 2, we recall some important notions
and results which we will find useful in subsequent sections.
In Section 3, a mathematical model incorporating the Atangana-
Baleanu derivative is constructed to describe the transmission dy-
namics of COVID-19 in Nigeria. In view of the fact that the model
describes human population, some dynamical properties such as
invariant region as well as basic reproduction number are also dis-
cussed. In Section 4, we employ a fixed point argument to establish
conditions under which the constructed fractional order model ad-
mits a unique solution. The stability of the model in the sense of
Ulam-Hyers is investigated in Section 5. To obtain numerical solu-
tions for the proposed model, a two-step Adems-Bashforth scheme
incorporating the memory index of the fractional model is devel-
oped in Section 6. In Section 7, we do some parameter estimation
and model fitting using available data from the NCDC in Nigeria.
Furthermore, using these estimated parameter values as well as
the iterative already developed in Section 6, we proceed further to
obtain numerical simulations describing influence of distinct val-
ues of the fractional index on the dynamics of the susceptible, ex-
posed, asymptomatic, symptomatic, isolated, and recovered indi-
viduals. Concluding remarks relevant to the present investigation
are summarized in Section 8.
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2. Some background materials

In this section, we collect some basic notions and results
concerning the Atangana-Baleanu fractional derivatives and inte-
grals. In the sequel, we denote by Hl(a,b) := {{ € [%(a,b): V'€
12(a, b), a < b} the Sobolev space of order 1 in (a, b) e R, I'(:) the
usual gamma function and Ey g(-), defined as

Zk

Ey p(2) := —_— 9,8>0, zeC, (2.1)
v.p gf‘(ﬁk—l-ﬁ)

the two-parameter Mittag-Leffler function [15]. If B =1, then
(3.8) reduces to the one-parameter Mittag-Leffler function
Ey 1(2) = Ey (2). In particular, Eq 1(2) = E1(2) = exp(2).

Definition 2.1. [16] The Atangana-Baleanu-Caputo (ABC) and
Atangana-Baleanu-Riemann-Liouville (ABR) fractional derivatives
of order ¥ € (0, 1] for a function ® € H!(a, b) are defined as

ABC(9) [t s
éA]BCD?G)(t) = T(‘I})./ Ez? <_1—'l9(t —s)”)@’(s)ds, t>0,
a

(2.2)
and
AERDY @ (t)
_ABC(®) d [t ¥ »\ @
_Mdt/GIEﬁ(—l_ﬂ(t—s) O(s)ds, t>0, (2.3)

respectively, where ABC(?}) is the normalization function satisfy-
ing the property: ABC(0) = ABC(1) = 1.
Definition 2.2. [16] The fractional integral associated with the
ABC derivative is defined as

1-9

SO0 = 5700

s t b1
*m/a(f—5> 19(s)ds, ¢t > 0.
(2.4)

Lemma 2.3. Let ¥ € (0,1] and H € C([0, T], Ry.). Then the fractional
initial value problem in ABC derivative:

AECDP @ (t) = H(t), t €[0,T],
0(0) = Oy,

has a unique solution given as

@(t):@o—f—i] — 0 H(E) +

9
ABC) $)? =1 (s)ds.

(2.5)

Definition 2.4. [16] The Laplace transform associated with the
ABC fractional differential operator is defined as

ABC(%)
O +s7(1 -9

'l} t
ABC(&)F(&)/H -

L{FECDY [O(D)]}(s) =
(2.6)

Definition 2.5. [37] Let # be a Banach space. Then the operator
F: % — w is a contraction if

||Fq/1 —F‘Isz SK”‘IH —\1’2”, for all U, W e, 0<k <1.

Theorem 2.6. [37] Let ' be a Banach space and % a nonempty
closed subset of #'. If the map F : # — 2 is a contraction, then there
exists a unique fixed point of F.

Theorem 2.7. (Krasnoselskiis fixed point theorem [38]) Let % be a
non-empty, closed, convex and bounded subset of a Banach space W
and assume that F and G are two operators on % satisfying

) [s%{@(t)}(s) —517‘1@)(0)].
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i) FU + GV € & for all ¥ € %;
ii) F is a contraction mapping;
iii) G is continuous and compact.

Then, there exists at least one solution W € % such that F¥ +
GV =V,

Theorem 2.8. (Arzeld-Ascoli Theorem [39]) Let % be a compact set
in Rh (n>1). Then a set 2 c C(£A) is relatively compact in C(%)
if and only if the functions in 2  are uniformly bounded and equi-
continuous on 2.

3. Construction of the proposed fractional model

Motivated by the works [26-28], we employ a compartmental
approach to formulate a modified model describing the transmis-
sion dynamics of COVID-19. However, our model bears close re-
semblance with the the SEIAR-type model considered in [28] but
differs from the ones in [26,27] in that we do not take into ac-
count the contributions of the animal hosts population (possibly
bats) and environmental reservoir (seafood market) transmission
network whose dynamics accounts for the possible transmission
from the source of infection to human. This is because, the ini-
tial transmission routes in other countries outside China is essen-
tially considered to be via humam-to-human interactions. Instead,
we incorporate an additional compartment accounting for the dy-
namics of the isolated population under medical care. More pre-
cisely, our proposed model sub-divides the total human popula-
tion N(t) into six mutually-exclusive compartments, namely, sus-
ceptible S(t), exposed £(t), asymptomatic A(t), symptomatic Z(t),
isolated #(t) and recovered R(t) compartments, such that

N(t) = 8(t) +E(t) + A(t) +Z(t) + H(t) + R(F). (31)

We assume that natural mortality occur in all compartments at
rate u while disease induced mortality occur only in the Z and
H compartments at rate d; and d,, respectively. We discuss the
components of each compartment as follows:

o The susceptible compartment S(t) consists of all individuals
who are at risk of contracting the COVID-19 disease. We take
into consideration direct transmission of the virus via human-
to-human contact only. Recruitment of new individuals into this
compartment is at a constant rate 1. Moreover, all newly re-
cruited individuals are assumed to be susceptible. Although,
some restrictive policies such as public awareness campaign,
social distancing, wearing of face mask, use of alcohol based
hand sanitizers and Personal Protective Equipment (PPE) as well
as inter- and intra-state lock down were imposed after some
weeks, compliance to these preventive regulations were not to-
tal. Let p (0 < p < 1) denote the efficacy of of the preventive
measures imposed by government. Then any susceptible indi-
vidual who contract the disease through effective contact with
viral sources (that is, A(t) and Z(t)) moves into the exposed
compartment at the rate (1 — p)A(t) where

. Z+tA)

At) = ﬂT
denotes the force of infection. Here, 8 denotes the effective
contact rate for COVID-19 transmission from a viral source to
a susceptible individual and 7 € [0, 1] the modification parame-
ter accounting for the relative infectiousness of individuals with
COVID-19 infection in the A compartment in comparison to
those with COVID-19 infection in the Z compartment.

o The exposed compartment £(t) consists of those who have be-
come exposed to COVID-19. Apart from not showing any clinical
symptom at this stage, exposed individuals are not also imme-
diately infectious as the pathogen may take some time to repli-
cate and establish itself within the new host. Between the time

(3.2)
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of exposure and development of any related symptom, COVID-
19 is known to have an incubation period of 2 to 14 days. We
denote by 6; and 6, the incubation periods for exposed individ-
uals to become asymptomatic and symptomatic, respectively.

o The asymptomatic infectious compartment .A(t) consists
of infected individuals who show no clinical symptoms. An
asymptomatic individual is capable of infecting susceptible in-
dividuals. After the incubation period 67, a proportion o of the
exposed individuals transit to asymptomatic class at rate 6;0.
However, the number of asymptomatic individuals decreases ei-
ther due to transition to isolation centers at rate ¢, recovery at
rate ¢ by overcoming the disease.
The symptomatic infected compartment Z(t) consists of in-
fected individuals with visible (or clinical) symptoms. These in-
dividual are capable of infecting susceptible individuals. After
the incubation period 6,, the remaining (1 — o) proportion of
the exposed individuals enters the symptomatic compartment
at rate 6,(1 — o). However, the number of symptomatic indi-
viduals decreases due to transition into isolation of infectious
individuals at isolation centers/hospitals at rate ¢,, recovery of
infectious individuals at rate ¢,.

The isolated compartment #(t) consists of COVID-19 positive

individuals who are isolated at home or treatment centers for

medical attention. We assume that there is that there is no viral
transmission by isolated individuals to susceptible individuals

(such as doctors, nurses, care givers or visitors). Individuals in

this compartment increases as more asymptomatic and symp-

tomatic cases become isolated at rate ¢, and ¢,, respectively,

and decreases due to recovery at rate @s.

o The recovered compartment R(t) consists of those individual
who have recovered from COVID-19 infection. The recovered
population increases as more asymptomatic, symptomatic and
hospitalized individuals individuals recover from the infection
at rate ¢y, ¢, and @3, respectively. Reduction of number of re-
covered population is only due to natural death at rate u. We
assume that no infection related death occur after recovery and
recovered individuals do not become susceptible again. In order
words, re-infection is not taken into account due to immunity
induced by COVID-19 antibodies.

Putting together the above considerations, we arrive at the fol-
lowing compartmental system of deterministic nonlinear ordinary
differential equations:

Dis(t) =T — (1= p)A(t)S — uS,

Die(t) = (1= p)A(O)S — (010 +6,(1 —0) + )€,
DiA(t) = 610E€ — (1 + @1 + A,

DZ(t) = 02(1 = 0)E — (P2 + 92 +d1 + LT,
DiH(t) = pr A+ ¢ — (@3 +da + WH,

DiR(t) = p1 A+ @2Z + p3H — UR.

Here, the notation D; represents the integer order time derivative.
The description of the model parameters and their values are pro-
vided in Table 1 for further elucidation.

By replacing the classical integer derivative in each equation of
(3.3) with the fractional ABC derivative we arrive at the following
generalized model:

AECDYS(t) =TT — (1 — p)A(H)S — uS,

gBCD?E(t) =(1-p)At)S - (610 +0,(1 —0) + n)E,
SECDTA(L) = 610E — (1 + 1 + WA,

0*DYI(t) = 02(1 - 0)E = (P2 + @2 + di + T,
GFCDYH(E) = prA+ P — (93 +dz + WM,
SECDYR() = 1A+ 92T + @3 H — UR,

(3.4)
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where 45€D? (0 < ¥ < 1) denotes the ABC fractional differential
operator. The model (3.4) is considered with the initial conditions:

S5(0)=8>0,6(0)=& >0, A0)=A4 >0

(3.5)
Z(0)=Zp>0,H(0) =Ho > 0,R(0) =R = 0.

3.1. Positive invariant region

Since the model (3.4) describes human population, it is neces-
sary to determine the region within which the model is epidemi-
ologically meaningful. In this direction, we adapt the approach in
[31,18] to prove the following important result.

Lemma 3.1. The closed set

n
Q:{(s,s,A,I,H,R)eRi:N:S+5+A+I+H+R§M}

(3.6)
is positively invariant for the fractional model (3.4).

Proof. Following similar lines of argument as in [31,18], we sum
up all equations of the fractional model (3.4) to obtain

GEEDYN(t) = TT — uN(t) — d(A() + Z(t) + H(t)) < TT— uN(t).
An application of the Laplace transform yields

ABC()
ABC() + (1 -9

(1-II 5
T ABC(O) + (1= 9)M}El“(_” )

N(t) < [ N(0)

(3.7)

_pt?
+AB(C(19)+(1_19)ME0,0+1( vt?)

¥
where v = m, N(0) =Sy + & + Ag +Zp + Ho + Ro de-
notes the total initial population and Ey g(z) is the two-parameter
Mittag-Leffler function [15] defined by

' o Zk
Ey p(2) == g FOkT B) (z, B €C, Re(¥) > 0). (3.8)

By invoking the following property for the two-parameter Mittag-
Leffler function [15]

1
Ey g(2) =2zEy ».p(2) + Wa
the inequality in (3.7) simplifies to
I1 ABC (1)
NO =+ e+ d -

|:N(0) - 2i|IE,9(—vtl9).

Clearly, N(t) < % as t — oo due to the asymptotic behaviour of
the Mittag-Leffler function [15]. Thus, all solutions of the fractional
model (3.4) with the non-negative initial conditions in € will re-
main in 2. Consequently, the closed set €2 is a positively invariant
with regard to the fractional model (3.4). O

3.2. Model equilibrium points

The equilibrium points of the fractional model (3.4) are basi-
cally steady state solutions of the model. Clearly, by setting the left
hand side of each equations in (3.4) to zero and solving the result-
ing algebraic system of equations, we obtain the following equilib-
rium points:
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i) Disease free equilibrium (DFE) point: In the absence of any COVID-19 infection within the population (i.e., when £ = A=7 =H = 0),
the the DFE, denoted by E°, is calculated as

E0 = (8°.£% 4% 1% %% R") = (g,o, 0, 0,0,0). (3.9)

ii) Disease endemic equilibrium (DEE) point: When &, A, Z, H # 0, the DEE E, is obtained as

Ee = (Se, Ee, Ae, Te, He, Re) (3.10)
where
S = I . O2.(a-p)
T he(l-p)+p" T Ge(T—p) + 0k
_ Mibio(-p) _ _Mibh(1-0)1-p)
T Re(=p)+wkiky ™ (Re(1 = p) + p)kiks 3.11)
24— TA.(1-p) $1610 +¢292(1—U) '
T Re(1=p) + ks \ kika kyks
R — [TA.(1-p) 02(1 — ) (kag + $293) N 0 01 (kag1 + Pr193)
CT e(1=p) + W) kiky ks ko '
In(3.11), ki =61(1 —0) + 620 + , ky =1+ 1+ 14, k3 =P+ @2 +dy + 14, kg =¢@3+dy +u, and
Do = ,3(1”7”‘8). (312)
N,

Moreover, by substituting the expressions for A, and Z, from (3.11) into (3.12) and noting that Ne = Se + & + Ae + Ze + He + Re, an
explicit expression for A, can be obtained.

3.3. Basic reproduction number

By using the method of next generation matrix described in [40] we find the basic reproduction number as follows: Firstly, we obtain
the following Jacobian matrices at the DFE Eg:

[0 A-ppt (A-p)B
F=J(#)| =|o0 0 0
% |0 0 0
and
B kl 0 0
\" =_]('7/) = —910’ kz 0
Eo _—92(1 — U) 0 k3

where . and ¥ are matrices consisting of the new infection terms and transmission terms, respectively, in the &, 4 and Z compartments.
Then the expression for Rq determined next generation matrix as the spectral radius of FV~! (i.e., Rg = ,o(FV”)) is given as

%y = BQ —,0)<1'091 N ( —0)92)

5 5 % (3.13)

The basic reproduction number (3.13) is a non-dimensionless epidemiological quantity which reflects the average number of secondary
COVID-19 cases generated by a single typical COVID-19 infective individual within a completely susceptible population. Note that we can
also express the basic reproduction number (3.13) as

Ro = Rasy + Rsym

where

R . (1-p)otBo
asy - k]kz

is the average number of secondary COVID-19 cases generated by a single asymptomatic COVID-19 individual within a completely suscep-
tible population and

(1-p)(A-0)Bb
kiks )

RAsym =

is the average number of secondary COVID-19 cases generated by a single symptomatic infected individual within a completely susceptible
population.
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4. Existence and uniqueness analysis
Since there exists no technique for constructing exact solutions of time-fractional system of equations of the type (3.4), we employ a

fixed-point approach to investigate conditions under which the existence and uniqueness of solutions to the model is assured. To this end,
we use the following notations for the right hand side of each equation in (3.4):

G, S, E, AL, H,R)=TT-(1-p)A(t)S — uS,
G(t, £, E,AT,H,R)=(1-p)At)S — (010 +0,(1 —0) + )&,
G3(t, A, E, AT, H,R) =010 — (1 + @1+ L) A, (41)
Ga(t. 7,6, AT, H,R) = 0,(1 —0)E — (2 + @2 + ds + T, '
Gs(t, H,E, AL, H, R) = )1 A+ T — (3 +dy + )H,
Ge(t, R,E,A L, H,R) = 01 A+ @2Z + p3H — UR,
and reformulate the model as
AECDUL(t) = G(t, U(L)), te T :=[0,T], 0 <¥ <1 (4.2)
Z/{(O) =Uy > 0, ’
where
S(t) S(0) Gi(t, S, E, AL, H,R)
E(t) £(0) Go(t,E,E, AL, HR)
A(t) A(0) G3(t, A,E,A LT, H,R)
Ut) = , UQ) = , t,Ut)) = . 4.3
0 Z(t) © 7(0) gt.u®) G4(t,Z,E, A, Z,H,R) (4.3)
H(t) H(0) Gs(t, H.E, AL HR)
R(t) R(0) Ge(t, R,E, AL, H,R)

Thanks to Lemma 2.3, the solution of the fractional IVP (4.2) is given by the following nonlinear Volterra-type integral representation

1-9 4 t
u)y=u( ——G(t, U(t —_— t—
(0) =U(0) + 55 OUUM) + s |
Therefore, the problem of investigating the existence of a unique of solution to the fractional COVID-19 model (3.4)-(3.5) (rewritten as the
fractional IVP (4.2)) is equivalent to that of investigating the existence and uniqueness of solutions to the equivalent non-linear integral
Eq. (4.4). For this purpose, we introduce the Banach space # = C(J,R8) with respect to the supremum norm

$)P-1G(s, U(s))ds. (4.4)

Ul := stug{lu(t)l Uer}

where
suplut(t)| = s[ug[w(m FIED] + AWM+ 1Z0)] + 1) + |R<t)|]

and S(t), E(t), A(t), Z(t), H(t), R(t) € C(J,R,). Clearly, by defining the operator E : # — # as

E[U®)] :=FlU®)] + GlU®)], (4.5)

where

FlU(©O] =u(0) + ——V_gt.um)), (46)
ABC(D)

and

Glu®)] = $)"71G(s,U(s))ds, (4.7)

19 t
[ — t —
ABC()TI () /0 (
the fractional integral Eq. (4.4) can be reformulated as the fixed point problem:
Uty = E[U)]. (4.8)

Furthermore, we assume that the following Lipschitz condition and linear growth bound are satisfied by the nonlinear function G : J x
RS — R® appearing in (4.4):

¢ (C1) There exists a constant Lg > 0 such that

g u* () =g u= Nl < Lgllu*(®) U= O, teJ, U U™ eV,
e (C2) There exist constants Cg > 0 and Mg > 0 such that

g unll <G llu®ll +Mg, teg, Uew.
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Theorem 4.1. Consider the fractional COVID-19 (3.4) in the form (4.2). Then under assumptions (C1) and (C2), the equivalent integral Eq.
(4.4) admits at least one solution. As a consequence, the considered model (3.4) admits at least one solution.

Proof. Let %, :={Ue# : |U|lw <y, y > 0} be a closed, convex bounded subset of # with y > ﬁ where

1- T? 1- v
®1=u(0)+[ U v }

ABC(D) ABC(&)F(&)}MQ and ©, = [ABC(#) T me@r@) |

We establish the result of the theorem in the following three steps.
Step I: First we show that E[U/(t)] = Fl/(t)] + G[U(t)] € %), for t € T and U € %,,. Indeed, by the assumption (C2) we have

t
||E[u(t)]||§SUPteJ{U(O)'i‘A;BC(ﬁ)W(f u(ﬂ)“‘mfo (t—s)ﬁ1|g(s,u(s))|ds}
‘17 7.9 t -
EU(O)+7ABC(19) [Cgsup|u(t)|+Mg]+7ABC(ﬁ)F(ﬂ)/0(t—s) l[CgSt2§)|U(t)|+Mgi|dS

1-9 A ‘ -
—UO) + gy GO+ M | + s [ =97 el +mg Jas

1-9 T? 1-9 T?
=u(0)+[ + ]Mg+[ + }ng.

ABC(¢)  ABC(D)I'(¥) ABC(¢) ABC(D)I'(¥)
Thus we have
IEU®OI <©1+y6y <y. (4.9)
Hence, the operator & maps %), into itself.

Step II: Next, we establish that the operator F: %, — %, is a contraction provided that
and t € J. Then by assumption (C1) we have

ABC(#)LQ < 1. To this end, let U*,U** € B,

[F{ee (£)] = Flu™ (O] = sup;. 5

il (oe.ur©) - geu @)

1-9 * Hok
< AIB(C(I?)LQSUP e () — v (o)
1-0

= sEe kU O —u O,

Clearly, under the condition that AM( 5 )Lg < 1, the operator F is a contraction mapping.

Step III: Lastly, we show that the operator is G is relatively compact (that is, continuous, uniformly bounded and equi-continuous). To
prove that G given by (4.7) is continuous, let {i/;} be a sequence such that i, — U as n —> oo in %,,. Then for t € 7 we have

Gl ()] = GIU (O] = sup,.

reecr Jo € =97 [665.n(5)) — 6(s.us)) ||

t
.z _¢)0-1 _
T /0 (=" sup |0(5.x(5) g(s,u(s»\ds

Tﬂ
Wllg(s, Un(5)) = G(s, U

Hence, since G is continuous and U, — U, the operator G is also continuous. To establish uniform boundedness of G on %, and let
U € By. Then for t € 7 we have

IGIUO1 = suPtes | zmemyrey Jo (€ — )7 7' G(s, U(s))ds|

< $/t(t—s)"*1 sup |G(s, U(s))|ds
= ABC(O)T (D) Jo teg

0 ¢ 9—
§m/; (t—7s) 1|:CgS[lEJ‘£)|Z//(S)|+ng|dS

9 t .
= AEC(&)F(&)/(; (t—s)" ][

Tz?
= AEC)T (@) Y T Ml

Colus)| +Mg]ds
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Hence, the operator G is uniformly bounded on %,,. Lastly, for the equicontinuity of G, tet ¢/ € %, and t;,t; € J with t; < t;. Then

1G24 (t2)] = Glu (e ]l

= sup )?-16(s, U (s))ds — )7-16(s, U(s))ds

0 b 9 t
ey ABC(&)F(&)/ & - AIB(C(I?)F(I?)/ Sl
/ (6 — )7 1G(s.U(s))ds + / (6 — )" 1G(s.U(s))ds

=P AB«:(#)F@)

)16 (s, U(s))ds

~ BT O

v & 91
=< m A (t,—1) <CQ 5[2}) ()] +M§>d5

t
e (@060 (G o
t? —t9) +2(t, — t1)?
S( : AIB?(C(l?)F(l?) )(CQV + Mg).

This implies that if t; — t, then ||G[¢/(t2)] — G[U/(t1)]]| — 0. Hence the operator G is equi-continuous on %,. A direct application of the
Arzela-Ascoli Theorem ensures that the operator G is relatively compact. Therefore, in view of Theorem 2.7, the integral Eq. (4.4) admits
at least one solution. Consequently, the considered fractional model (3.4) has at least one solution. O

Theorem 4.2. Consider the Covid-19 model (3.4) in the form (4.2). Then under the assumption that (C1) holds with

_ 9
[1 O N T }Lgd’ (4.10)

ABC()  ABC()I'(H)
the fractional initial value problem (4.2) <= (3.4) admits a unique solution on J.

Proof. Considering (4.8), let &4* and /** be two solutions of (4.2) in # and t € 7. Then
| E[u (O] -E[u~ O]l

1- * ok
< 75555 Stzljp (g(t w () — G(t. U (t)))

——— o 9-1 % _ -
ABC(ﬁ)F(ﬁ) WP ) (g(tu(s)) Gt u (s)))

L0 @) —u O + @ —u o)
= ABC) ABC(OT D)
1-7 T? . -
= |:AIB%(C(19) + ABC(&)F(&)}LQHU ® —u* Ol

With respect to (4.10), the operator E is a contraction mapping. Therefore the integral Eq. (4.4) admits a unique solution. Consequently,
the fractional model (3.4) admits a unique solution. O

5. Stability (Ulam-Hyers stability)

In this section, we establish some results related to stability of Ulam-Hyers type for the proposed fractional model (3.4).

Definition 5.1. The fractional order model (3.4) considered in the form (4.2) is said to be Ulam-Hyers stable if there exist a number Cg > 0
with the following property: for each ¢ > 0 and every solution &/* € ¥ satisfying the inequality

Ig"Dfus(t) —gt.u* ()l <e. ted, (5.1)

there exists a unique solution & € # of (4.2) with initial condition 2/(0) = &/*(0) such that

[l () —ut)|| <Cge, forall teJ, (5.2)
where
S*(t) §7(0) Gi(t, S*, & A, I*, H*, R¥)
e () £(0) Ga(t, S*, &%, A%, T, H*, R¥)
A*(t) A*(0) G5(t, S*, &% A*, I*, H*, R¥)
u(t) = ., u*(0) = . G, u(t)) = ,
© Z*(t) © 7*(0) ( ©) Ga(t, S*, &%, A*, T, H*, R*)
H*(t) H*(O) 95(1“,5*, g*,A*,I*,H*,R*)
R*(t) R*(0) Ge(t, S*, &%, A*, T, H*, R*)

8



N.I. Okposo, M.O. Adewole, E.N. Okposo et al. Chaos, Solitons and Fractals 152 (2021) 111427

and
€1 Cg1
& ng
&3 C

£ = max . Cgi=max|
&4 CQA
&5 Cg5
&6 Cgs

We refer to such Cg an Ulam-Hyers stability constant for the fractional order problem (3.4).

Definition 5.2. The aforementioned fractional problem (4.2) is said to be generalized Ulam-Hyers stable if there exists a continuous function
Ilg : 7 — Ry with T1g(0) = 0 such that for each U* € W satisfying (5.1), there exists a unique solution U € ¥ of (4.2) such that

[l (@) —ut)|| < Tg(e), forall teJ. (5.3)

Remark 5.3. Concerning the stability analysis of the model, we consider a small perturbation ®(t) € C(J) such that ®(0) =0 and the
following properties are satisfied:

(i) |®(t)| <eforte J and ¢ > 0;
(i) §ECDPU*(t) = G(t.u*(t)) + ®(t), for all t € 7,

where @ () = (1 (t), P2(1), P3(t), P4(t), P5(t), Ps(t)) 7.

Lemma 5.4. The solution U (t) of the perturbed problem

AECDU(t) = G(t, U () + D(t), forall te T, (5.4)
u*=(0) =ug, .
satisfies the inequality
g () —U* ()] < Be, (5.5)
where U3, is a solution of (5.5), U* satisfies (5.1) and © := [Aréézﬂ + A]BC(TI;’)FW)]'
Proof. Thanks to Lemma 2.3, the solution of the fractional problem (5.5) is given by
U (O) =t + s [GE.U©) + 0]
R OOl A (5.6)
_ -1 *
+ ABEEITES /O t—s) [Q(s,u ) + CD(t)]ds.
Also, we have
u(t) =uUg + ig(t u*(t)) + # /[(t —$)P71G(s, u*(s))ds (5.7)
TY0OT ABC() T ABC(HT (D) Jo ’ : )

It follows from Remark 5.3 that
U5 (6) = U ()] = 73555190 + meirms Jo E =) (@)|ds

il o (5.8)
=| aBc@®) T aBcr @) |©

This implies

g (£) —U*(t)] < Be. (5.9)
d

Theorem 5.5. Under the assumptions of Lemma 5.4, the solution of the fractional IVP is Ulam-Hyers and also generalized Ulam-Hyers stable in

v if

(1-08Lg) > 0.

Consequently, the model fractional model (3.4)) is both Ulam-Hyers and generalized Ulam-Hyers stable in #'.

Proof. Suppose U* € # satisfies the inequality (5.1) and &/* be a unique solution of the problem (4.2) with the initial condition ¢/(0) =
U*(0) < Uy = Ug. Then it follows from Lemma 2.3 that

U =us + =V _ge.uw)) +

9
ABC) $)?=1G(s,U(s))ds. (5.10)

19 t
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By (5.11), assumption (C1) and Lemma 5.4, we have
llee () —u(@®) || < sup |t (t) — Ug, (£)[ 4 sup |t (t) — U (t)]
teJ teJ

<20&+ ————sup |G, U*(t)) —G(t, Ut
ABC) te})l & U (t)) — Gt U))|
g S [ €976 ) G ) ds G1
ABC(H) (D) ez Jo ’ '

<20+ |20 4 r Lol (t) —u )|l

= ABC(®) ' ABC(O)L (D) | '
This implies
@) -u®ll < Zoze (5.12)
For Cg := % with 1 — ®Lg > 0, the inequality in (5.12) implies
llu(t) —u@)| < Cge. (5.13)
Hence, the solution of the fractional IVP (4.2) is Ulam-Hyers stable. Moreover, by setting ¢ (¢) = Cge with 2z (0) = 0 such that
llees(t) —U®)|l < Mg(e), (5.14)

the fractional IVP (4.2) is also generalized Ulam-Hyers stable. Therefore, the proposed model (3.4) is both Ulam-Hyers stable and general-
ized Ulam-Hyers stable. O

6. Two-step Adams-Bashforth scheme for the considered model

Motivated by the fractional two-step Adams-Bashforth scheme introduced by Atangana and Owolabi [36], we present the corresponding
numerical scheme for the approximate solutions to the fractional system of Eq. (3.4) in ABC derivative. The reader is referred to the work
[36] for detailed treatment of the convergence and stability analysis of the scheme. To demonstrate the behaviour of the system state
variables with respect to varying fractional order parameter, we also provide numerical simulations based on the aforementioned scheme.
Based on the scheme developed in [36], an application of the fundamental theorem of integration in the S—equation of (3.4) with ABC
derivative yields the following corresponding fractional Volterrra-type integral equation

S0 =80 = 1= 61 €SO + gy [, €976 S6)ds (61)
Att=t,and t =t k=0,1,2, -, we have
86 = 8(0) = L0616 S ) + s [ G- 07 GiE S
and
S(tesr) — S(0) = A}B(Ei(?”g] (te. S(6)) + m /Otk“ (ter — 677161 (£, S(E))dt.
respectively. Moreover,
$(tien) = S0 = 5[ 616 S@) ~ 61t S | + ey o — o) (62)
where
Igq = [ (Geer — P16 (6, S(0))dt, 63)

Iy i= [3(t — ) 71Gi (¢, S(¢))d.

Over the interval [¢y, t;, 1], the function G, (t, S) can be approximated by the two-point Lagrange interpolation polynomial of the form

t—t,_ t—t
Gi(t, S0) =~ LG (6, S(t) + —— G (t_1, S(t 1))

te — teq 1 — b

t—t,_ t—t

= hk LG (te, S(t)) — Tk% (tx—1, S(t-1)), (6.4)

so that
LGt s [, G Gt Seea) [hed,
1= h 5 9 +1 h o O +1 63)
Lo = 91 St) he? ] G, Se) B
$2= h 9 0+1 h o+1

respectively. By inserting the integrals in (6.5) into (6.2) we obtain

S(tip1) = Ste) + G1(t, S(t))O1(F) = G1 (-1, S(te-1)) O2(F) (6.6)

10
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as the approximate solution for the S—equation of (4.3) with fractional derivative in the ABC sense where

[ 1-9 U (th;f+1 e _@Jr o+ )} i1

ABC()  hABC()I'() s v +1 4 ¥ +1 ’

61(0) - %4 D+1 9+1 (6.7)
|: 1-9 + 4 (htk+1 _ tk++1 + tk+ >:| ifi=2
ABC(®) " RABC(HT(H\ O 941 0 +1 :

Similarly, we obtain the the ABM scheme for the remaining state variables of the fractional model (3.4) as

Etiy) = E(t) + G2 (b, E(1))O1 (D) — Go i1, E(tx-1))O2(D),

A(tip1) = Aty) + G3 (e, At))O1 (D) = G5 (1, Ati1))O2(F),

Z(te1) = Z(te) + Ga(te, Z(6))O1(F) — Ga(ti—1. Z(t1)) O2(P), (6.8)
H(ter1) = Ht) + G5 (te. H(t))O1(F) — G5 (b1, H(te1))O2(F),

R(te1) = R(t) + G (b, R(6))O1(F) — Go (ti—1. R(t_1))O2(F).

7. Parameter estimation, numerical simulations and discussion
7.1. Parameter estimation

In this section, our model is fitted for ¥ = 1. We use the COVID-19 data provided by Nigeria Centre for Disease Control (NCDC) from
07/10/2020 through 31/12/2020 (86 days) which is publicly available at [35] for our model fitting. For the purpose of data fitting, we add
to the classical model (3.3) two new compartments, namely, confirmed death cases (D(t)) and confirmed cases (C(t)) whose dynamics are
described by the following system of equations

DiC = p1 A+ ¢poZ. (71)

{DtD = dzH,
The confirmed cases compartment (C) is fitted to the cumulative "confirmed cases” while death compartment is fitted to the cumulative
"death cases”. NCDC published that 7222 individuals were quarantined, 59738 individuals were cumulative confirmed cases and 1113
cumulative death cases as of 07/10/2020 (Fig. 1). Adewole et al [22] estimated that about 88,000 individuals were undetected exposed
(&), 80,000 individuals were undetected symptomatic (Z) and 83,000 individuals were undetected asymptomatic, (A) as of 07/10/2020. As
Nigeria is roughly a 200,000,000 population country, we therefore set £(0) = 88000, .4(0) = 83000, Z(0) = 80000, #(0) = 7222, R(0) =
120000, S(0) = 199, 600, 000. Our simulation was carried out using "lsqcurvefit” package by MATLAB. "Isqcurvefit” package by MATLAB
solves nonlinear data-fitting problems in the least-square sense. That is, given input data tdata (which could be matrices or vectors) and
the observed output data ydata (which could be matrices or vectors), we find coefficients x that best fit the equation

min ||F (x, tdata) —ydatal|3 = min > (F(x. tdata;) — ydata;)?,
i

where F(x, tdata) is a matrix-valued or vector-valued function of the same size as ydata [41].

(@@  x10 (b) @ :
% - ' ' 8 * Data *
S| * Dea ” @ — — - Fitted Curve *
- — — =Fitted Curve A _:-:’ 1250 t ; 1
[}
£ b Fa
= Q
= O 1200¢
o o)
o =
g ©
= S 1150
E =
= - 1 0O -
O o 20 40 60 80 0 20 40 60 80
t (days) t (days)

Fig. 1. (a) & (b) Data and fitted curves from 07/10/2020 through 31/12/2020.
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Fig. 2. (a) Susceptible individuals, (b) Exposed individuals, (c) Asymptomatic infectious individuals, (d) Symptomatic infectious individuals (e) Infectious individuals in isola-
tion, (f) Recovered individuals. We take p = 0 and other parameter values as contained in Table 1 such that %3¢ = 1.5128.
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Table 1
Parameter values.

Chaos, Solitons and Fractals 152 (2021) 111427

Parameter  Description Value Reference Default Value
I Recruitment rate of susceptible individuals Nop

B Disease transmission rate 0.2129 - 0.2162 Data fitting  0.2145

T Transmissibility multiple 0.4251 — 0.4473 Data fitting  0.43620

0, Incubation rate for exposed to become asymptomatic & =1 day! [44,45] -

0, Incubation rate for exposed to become symptomatic & -1 day! [44,45] 1

ol Hospitalized rate of asymptomatic infected individuals 0.001331 — 0.001391 Data fitting ~ 0.001361
[0 Hospitalized rate of symptomatic infected individuals 0-0.00003380 Data fitting ~ 4.975 x 106
o Fraction of exposed population that become symptomatic ~ 0.5725 — 0.6270 Data fitting ~ 0.5997

01 Recovery rate of asymptomatic population & — 1 day! [42,47] !

[ Recovery rate of symptomatic population % — 3 day~! [42,47] &

(723 Recovery rate of hospitalized population 0.08013 — 0.08594 day~! [22] 0.0815

dq Disease induced death rate for the infected class 0.011 — 0.3 day! [43] 0.015

dy Disease induced death rate for the hospitalized class 0-0.001779 Data fitting ~ 0.0003629
nw Natural death rate 0.01186 year~! [46,48]

P Efficacy of imposed control measures 0<p<l

x10° ---o=1
-—-9=09
5y e 9=08
----- =07
4 —39 =05
3
w
2
U
0l
3 -
3
x10°
x10°

Fig. 3. Trajectory of disease classes when 2o > 1. We use the parameter values in
Table 1.

7.2. Numerical simulations and discussion

This section presents numerical simulations for our proposed
fractional model (3.4) using the iterative solution scheme given by
(6.6)-(6.8) as well as the numerical values of the parameters speci-
fied in Table 1. We take the time range up to 400 units. The graph-
ical representations demonstrating the behaviour of the numeri-
cal solution for each of the system state variables S, &, A, Z, H
and R at various fractional orders, ¢+ = 0.7,0.8,0.9, 1.0, are given
in Figs. 2 and 4. For our simulations, we take Ny = 100, 000, 000,
So = 0.96Ny, Eg = 0.02Ny, Ag = 0.01Ny, Iy = 0.01Ng, Hy = 0.0001N,
and Ry = 0.0049N.

Fig. 2 shows the trajectory of the state variables for different
values of the fractional index parameter (%). It can be seen that
the value of ¥ has a significant effect on the dynamics of the
disease. For example, when ¥ reduces from 1 to 0.9, the peak
of the disease is lowered but the disease stays in the population
for a longer time. In general, the peak of the disease transmission
is lowered as the value of ¥ reduces however, the disease stays
longer in the population with reduced value of ¢. This is probably
due to the memory term involved in fractional differentiation.

It can be seen in Fig. 3 that, irrespective of the value of the frac-
tional index parameter (1), the infected population (the exposed,
the asymptomatic infectious, symptomatic infectious) approaches
the disease-free equilibrium point even when %Ry > 1. However the
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infected population first increases before tending to the disease-
free equilibrium. This suggests that after a certain percentage of
the population is infected and recovered, the entire population has
indirect immunity. This is called herd immunity.

7.2.1. Reduction in transmission rate

Measures such as the use of face mask, regular hand washing
using hand sanitizer, physical distancing etc. can lead to reduc-
tion in transmission rate. Suppose 50% of the population is 80%
compliant to these measures (ie o = 0.4), then 93¢ = 0.9077. The
effect of this on the dynamics of the disease is investigated and
presented in Fig. 4. The isolation compartment first increases be-
fore it decreases. This is to accommodate individuals who are al-
ready infected before the initiation of the control measure. Other
infected compartment (the exposed, the asymptomatic infectious,
the symptomatic infectious) tend to the disease-free equilibrium. It
can also be seen from Figs. 2 & 4 that the closer the value of ¥ to
one the faster the state variables reach their equilibrium positions.
This is probably due to the memory term involved in fractional dif-
ferentiation ie the memory of the disease has great influence on
the control of the disease.

7.2.2. Contact tracing

Contact tracing involves locating and quarantining individuals
infected with the disease. The parameters responsible for contact
tracing are ¢; and ¢,. Suppose the average period taken to de-
tect an asymptomatic individual is 25 days while it takes 12.5 days
to detect a symptomatic individual (ie ¢ = 0.04, ¢, = 0.08), then
R = 0.8833. The effect of this on the dynamics of the disease is
investigated and presented in Fig. 3. Isolation compartment first
increases greatly before it decreases irrespective of the fractional
index parameter (). This is because, with contact tracing, more
people are gathered into isolation centers. Other infected compart-
ments tend to the disease-free equilibrium. It can also be seen
from Figs. 2, 4 & 5 that the closer the value of ¥ to one the faster
the state variables reach their equilibrium positions. This is prob-
ably due to the memory term involved in fractional differentiation
ie the memory of the disease has great influence on the control of
the disease.

It can be seen in Figs. 4 & 5 that, irrespective of the value of
the fractional index parameter (%), the infected population (the
exposed, the asymptomatic infectious, symptomatic infectious) ap-
proaches the disease-free equilibrium point whenever %Ry < 1. In
other words, the condition %Ry < 1 is sufficient for the disease con-
trol irrespective of the order of differentiation.
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Fig. 4. Investigating the contribution of fractional index parameter (%) on the disease dynamics with reduction in transmission rate as control measure (a) Susceptible
individuals, (b) Exposed individuals, (c) Asymptomatic infectious individuals, (d) Symptomatic infectious individuals (e) Infectious individuals in isolation, (f) Recovered
individuals. We use the parameter values in Table 1 and take p = 0.4. With these values, %o = 0.9077.
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Fig. 5. Investigating the contribution of fractional index parameter (¥%) on the disease dynamics taking contact tracing as control measure (a) Susceptible individuals, (b)
Exposed individuals, (c) Asymptomatic infectious individuals, (d) Symptomatic infectious individuals (e) Infectious individuals in isolation, (f) Recovered individuals. We use
the parameter values in Table 1 and take ¢; = 0.04, ¢, = 0.08. With these values, %Ry = 0.8833.

8. Conclusion

We extended a basic COVID-19 model to a fractional or-
der model with the fractional derivative taken in the Atangana-
Baleanu-Caputo sense. The model incorporate the dynamics of sus-

ceptible, exposed, asymptomatic, infectious, isolated and recovered
individuals. Existence and uniqueness of solutions were established
for the fractional order model via a fixed point argument while
the stability of the model solutions was established in the sense
of Ulam-Hyers. As part of the motivation, the influence of the dis-
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tinct values of the fractional order parameter on the dynamics of
the system state variables of fractional order model was also inves-
tigated. The model is calibrated using COVID-19 data provided by
Nigeria Centre for Disease Control (NCDC) and important param-
eters were estimated. Furthermore, the two-step Adams-Bashforth
method incorporating the noninteger order parameter is used for
the numerical simulations of the model.

The obtained numerical simulations show that the value of frac-
tional index parameter has effect on the dynamics of the dis-
ease status of individuals. More precisely, the peak of the disease
transmission is lowered as the value of the fractional index ¥ re-
duces. The graphs also indicate that the equilibrium solution is sta-
ble. Moreover, the equilibrium solution is approached faster as the
value of ¥ moves closer to 1. The simulations also demonstrate
that the infected population (that is, the exposed, asymptomatic
and symptomatic individuals) shrinks with time when the basic
reproduction number is less than unity, irrespective of the value
of ¢. It should also be noted that contact tracing placed a heavy
burden on health care facilities irrespective of the order of differ-
entiation.

Availability of data and materials

Data sharing is not applicable to this article. This is because the
data used for parameter estimation are publicly available at [35].

Declaration of Competing Interest

The authors declare that they there exists no known competing
interests that could have appeared to influence the work reported
in this paper.

CRediT authorship contribution statement

Newton I. Okposo: Conceptualization, Investigation, Methodol-
ogy, Writing - original draft, Formal analysis, Validation, Writing
- review & editing. Matthew O. Adewole: Methodology, Investiga-
tion, Formal analysis, Data curation, Software, Supervision, Valida-
tion, Writing - review & editing. Emamuzo N. Okposo: Method-
ology, Investigation, Formal analysis, Writing - review & editing.
Herietta 1. Ojarikre: Investigation, Visualization, Writing - review
& editing. Farah A. Abdullah: Investigation, Visualization, Writing
- review & editing, Validation.

Acknowledgements

The authors are thankful to the reviewers for their careful read-
ing and suggestions.

References

[1] Bozkurt F, Yousef A, Baleanu D, Alzabut J. A mathematical model of the evolu-
tion and spread of pathogenic coronaviruses from natural host to human host.
Chaos Solitons Fractals 2020;138:109931.

[2] Cui ], Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses. Nat Rev
Microbiol 2019;17(3):181-92.

[3] Woo PC, Lau SK, Lam CS, Lau CC, Tsang AK, Lau JH, Bai R, Teng JL, Tsang CC,

Wang M, Zheng BJ, Chan KH, Yuen KY. Discovery of seven novel mammalian

and avian coronaviruses in the genus deltacoronavirus supports bat coron-

aviruses as the gene source of alphacoronavirus and betacoronavirus and avian

coronaviruses as the gene source of gammacoronavirus and deltacoronavirus. J

Virol 2012;86(7):3995-4008.

Zhou P, Fan H, Lan T. Fatal swine acute diarrhoea syndrome caused by an

HKU2-related coronavirus of bat origin. Nature 2018;556:255-8. doi:10.1038/

s41586-018-0010-9.

[5] Lu H, Stratton CW, Tang YW. Outbreak of pneumonia of unknown etiology
in Wuhan China: the mystery and the miracle. Journal of Medical Virology
2020;92:401-2.

[6] World health organization (WHO). WHO director-generals statement on
IHR emergency committee on novel coronavirus (2019-nCov)30 jan-
uary. 2020. https://www.who.int/dg/speeches/detail/who-director-general-
sstatement-on-ihr-emergency-committee-on-novel-coronavirus-(2019-ncov).

[4

16

Chaos, Solitons and Fractals 152 (2021) 111427

[7] World health organization (WHO). Naming the coronavirus disease (COVID-
19) and the virus that causes it. https://www.who.int/emergencies/diseases/
novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-
(covid-2019)-and-the-virus-that-causes-it.

[8] Andersen KG, Rambaut A, Lipkin WI. The proximal origin of SARS-CoV-2. Nat
Med 2020;26:450-2. doi:10.1038/s41591-020-0820-9.

[9] Ahmad W, Sarwar M, Shah K, Ahmadian A, Salahshour S. Fractional order
mathematical modeling of novel corona virus (COVID-19). Math Meth Appl Sci
2021:1-14. 10.1002/mma.7241

[10] Guan W, Ni Z. Clinical characteristics of coronavirus disease 2019 in China. N
Engl ] Med 2020. doi:10.1056/NE]M0a2002032. Published online Feb 28.

[11] Wang D, Hu B, Hu C. Clinical characteristics of 138 hospitalized patients
with 2019 novel coronavirus-infected pneumonia in Wuhan. China JAMA
2020;323:1061-9.

[12] Wang W, Tang ], Wei F. Updated understanding of the outbreak of 2019 novel
coronavirus (2019-nCoV) in Wuhan. China ] Med Virol 2020;92:441-7.

[13] Ngonghala CN, Iboi E, Eikenberry S, Scotch M, Maclntyre CR, Bonds MH,
et al. Mathematical assessment of the impact of non-pharmaceutical interven-
tions on curtailing the 2019 novel coronavirus. Math Biosci 2020;325:108364.

[14] Caputo M, Fabrizio M. A new definition of fractional derivative without singu-
lar kernel. Prog Fractional DifferAppl 2015;2:73-85.

[15] Podlubny I. Fractional differential equations, mathematics in science and engi-
neering. New York, NY, USA: Academic Press; 1999.

[16] Atangana A, Baleanu D. New fractional derivatives with nonlocal and non-sin-
gular kernel: theory and application to heat transfer model. Therm Sci
2016;20(2):763-9.

[17] Khan MA, Gémez Aguilar JF, Khan TS, Khan H. Stability analysis and nu-
merical solutions of fractional order HIV/AIDS model. Chaos Solitons Fractals
2019;122:119-28.

[18] Kongson ], Sudsutad3 W, Thaiprayoonl C, Alzabut ], Tearnbucha C. On
analysis of a nonlinear fractional system for social media addiction
involving Atangana-Baleanu-Caputo derivative. Adv Differ Equ 2021;356.
10.1186/s13662-021-03515-5

[19] Nabti A, Ghanbari B. Global stability analysis of a fractional SVEIR epidemic
model. Math Methods Appl Sci 2021;44(2). 10.1002/mma.7285

[20] Owolabi KM, Atangana A. Mathematical analysis and computational experi-
ments for an epidemic system with nonlocal and nonsingular derivative. Chaos
Solitons Fractals 2019;126:41-9.

[21] Saad KM, Gmez-Aguilar JF, Almadiy AA. A fractional numerical study on a
chronic hepatitis ¢ virus infection model with immune response. Chaos Soli-
tons Fractals 2020;139:110062.

[22] Adewole MO, Onifade AA, Abdullah FA, Kasali F, Ismail AIM. Modeling the dy-
namics of COVID-19 in Nigeria. Int ] Appl Comput Math 2021;7:67.

[23] Okuonghae D, Omame A. Analysis of a mathematical model for COVID-19 pop-
ulation dynamics in Lagos, Nigeria. Chaos Solitons Fractals 2020;139:110032.

[24] Yang C, Wang J. A mathematical model for the novel coronavirus epidemic in
Wuhan. China Math Biosci Eng 2020;17(3):2708-24.

[25] Yousefpur A, Jahanhahi H, Bekiros S. Optimal policies for control of the
novel coronavirus disease (COVID-19) outbreak. Choas Solitons Fractals
2020;136:109883.

[26] Chen TM, Ru ], Wang QP, Zhao ZY, Cui JA, Yin L. A mathematical model for
simulating the phase-based transmissibility of a novel coronavirus. Infect Dis
Poverty 2020;9:24.

[27] Khan MA, Atangana A. Modeling the dynamics of novel coronavirus (2019-n-
Cov) with fractional derivative. Alex Eng ] 2020;59(4):2379-89.

[28] Belgaid Y, Helal M, Lakmeche A, Venturino EA. A mathematical study of a
coronavirus model with the Caputo fractional-order derivative. Fractal Frac-
tional 2021;5:87. 10.3390/fractalfract5030087

[29] Verma P, Kumar M. Analysis of a novel coronavirus (2019-nCOV) sys-
tem with variable Caputo-Fabrizio fractional order. Chaos Solitons Fractals
2021;142:110451.

[30] Baba IA, Nasidi BA. Fractional order model for the role of mild cases in the
transmission of COVID-19. Chaos Solitons Fractals 2021;142:110374.

[31] Bonyah E, Sagoe AK, Kumar D, Deniz S. Fractional optimal control dynamics of
coronavirus model with Mittag-Lefflr law. Ecol Complexity 2021;45:100880.

[32] Gao W, Veeresha P, Baskonus HM, Prakasha D, Kumar P. A new study of
unreported cases of 2019-nCOV epidemic outbreaks. Chaos Solitons Fractals
2020;138:109929.

[33] Hamou AA, Azroul E, Alaoui L. Fractional model and numerical algorithms for
predicting COVID-19 with isolation and quarantine strategies. Int ] Appl Com-
put Math 2021;7:142.

[34] lyiola O, Oduro B, Zabilowicz T, lyiola B, Kenes D. System of time frac-
tional models for COVID-19: modeling, analysis and solutions. Symmetry
2021;13:787.

[35] Nigeria center for disease control (NCDC). An update of COVID-19 outbreak in
Nigeria. https://covid19.ncdc.gov.ng/report/.

[36] Atangana A, Owolabi KM. New numerical approach for fractional differential
equations. Math Model Nat Phenom 2018:13. doi:10.1051/mmnp/2018010.

[37] Zhou Y. Basic theory of fractional differential equations. Singapore: World Sci-
entific; 2014.

[38] Burton TA. Krasnoselskii N-tupled fixed point theorem with applications
to fractional nonlinear dynamical system. Adv Math Phys 2019. Article ID:
6763842.

[39] Cho Y], Chen YQ. Topological degree theory and applications. CRC Press; 2006.

[40] van den Driessche P, Watmough ]. A simple SIS epidemic model with a back-
ward bifurcation. ] Math Biol 2000;40:525-40.


http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0009
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0014
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0042
https://doi.org/10.1038/s41586-018-0010-9
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0026
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0026
https://www.who.int/dg/speeches/detail/who-director-general-sstatement-on-ihr-emergency-committee-on-novel-coronavirus-(2019-ncov)
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://doi.org/10.1038/s41591-020-0820-9
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0002
https://doi.org/10.1056/NEJMoa2002032
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0040
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0041
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0029
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0011
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0033
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0033
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0004
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0004
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0004
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0022
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0023
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0028
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0032
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0034
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0001
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0031
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0045
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0046
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0012
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0021
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0007
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0039
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0006
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0008
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0016
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0018
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0020
https://covid19.ncdc.gov.ng/report/
https://doi.org/10.1051/mmnp/2018010
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0048
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0048
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0010
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0013
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0038
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0038
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0038

N.I. Okposo, M.O. Adewole, E.N. Okposo et al.

[41] MathWorks. https://[www.mathworks.com/help/optim/ug/lsqcurvefit.html.

[42] Ferguson N.M., Laydon D., Nedjati-Gilani G., Imai N., Ainslie K., Baguelin M.,
Bhatia S., Boonyasiri A., Cucunub Z., Cuomo-Dannenburg G., Dighe A., Dori-
gatti I, Fu H., Gaythorpe K. Green W., Hamlet A., Hinsley W., Okell L.C., El-
sland S., Thompson H., Verity R, Volz E., Wang H., Wang Y., PGT W., Wal-
ters C., Winskill P., Whittaker C., Donnelly C.A., Riley S., Ghani A.C. Report 9:
impact of non-pharmaceutical interventions (NPIs) to reduce COVID-19 mor-
tality and healthcare demand, Imperial College London (16-03-2020). https:
//spiral.imperial.ac.uk/handle/10044/1/77482.

[43] Iboi EA, Sharomi O, Ngonghala CN, Gumel AB. Mathematical modeling and
analysis of COVID-19 pandemic in Nigeria. Math Biosci Eng 2020;17:7192-220.

[44] Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, Azman AS, Re-
ich NG, Lessler ]. The incubation period of coronavirus disease 2019 (COVID-19)

17

Chaos, Solitons and Fractals 152 (2021) 111427

from publicly reported confirmed cases: estimation and application. Ann In-
tern Med 2020;172(9):577-82.

[45] Li R, Pei S, Chen B, Song Y, Zhang T, Yang W, Shaman ]. Substantial un-
documented infection facilitates the rapid dissemination of novel coronavirus
(SARS-CoV-2). Science 2020;368:489-93.

[46] Statista. https://www.statista.com/statistics/580345/death-rate-in-nigeria/.

[47] Tang B, Bragazzi NL, Li Q, Tang S, Xiao Y, Wu ]. An updated estimation of
the risk of transmission of the novel coronavirus (2019-nCoV). Inf Dis Model
2020;5:48-255.

[48] The world bank.  https://data.worldbank.org/indicator/SP.DYN.CDRT.IN?
locations=NG.


https://www.mathworks.com/help/optim/ug/lsqcurvefit.html
https://spiral.imperial.ac.uk/handle/10044/1/77482
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0019
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0024
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0025
https://www.statista.com/statistics/580345/death-rate-in-nigeria/
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
http://refhub.elsevier.com/S0960-0779(21)00781-5/sbref0036
https://data.worldbank.org/indicator/SP.DYN.CDRT.IN?locations=NG

	A mathematical study on a fractional COVID-19 transmission model within the framework of nonsingular and nonlocal kernel
	1 Introduction
	2 Some background materials
	3 Construction of the proposed fractional model
	3.1 Positive invariant region
	3.2 Model equilibrium points
	3.3 Basic reproduction number

	4 Existence and uniqueness analysis
	5 Stability (Ulam-Hyers stability)
	6 Two-step Adams-Bashforth scheme for the considered model
	7 Parameter estimation, numerical simulations and discussion
	7.1 Parameter estimation
	7.2 Numerical simulations and discussion
	7.2.1 Reduction in transmission rate
	7.2.2 Contact tracing


	8 Conclusion
	Availability of data and materials
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


