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Abstract The purpose of this paper is to investigate the transmission dynamics of a fractional-order mathematical model of COVID-
19 including susceptible (S), exposed (E), asymptomatic infected (I;), symptomatic infected (I), and recovered (R) classes named
SEI IR model, using the Caputo fractional derivative. Here, SEI{ I, R model describes the effect of asymptomatic and symptomatic
transmissions on coronavirus disease outbreak. The existence and uniqueness of the solution are studied with the help of Schaefer-
and Banach-type fixed point theorems. Sensitivity analysis of the model in terms of the variance of each parameter is examined, and
the basic reproduction number (Ry) to discuss the local stability at two equilibrium points is proposed. Using the Routh-Hurwitz
criterion of stability, it is found that the disease-free equilibrium will be stable for Ryp < 1 whereas the endemic equilibrium becomes
stable for Ry > 1 and unstable otherwise. Moreover, the numerical simulations for various values of fractional-order are carried out
with the help of the fractional Euler method. The numerical results show that asymptomatic transmission has a lower impact on the
disease outbreak rather than symptomatic transmission. Finally, the simulated graph of total infected population by proposed model
here is compared with the real data of second-wave infected population of COVID-19 outbreak in India.

1 Introduction

Mathematical models are powerful tools for understanding and preventing the infectious disease transmission. The researchers gain
valuable information for several contagious diseases by studying stochastic and deterministic models. Kermack and McKendrick
(1927) created a helpful model for executing and growing complex epidemic models, now regarded as a fundamental model in an
epidemiology study [1]. Many infectious diseases can transmit in both vertical and horizontal paths. HIV/AIDS, Herpes Simplex,
Hepatitis B, and Rubella are a few examples of such infections. These diseases are horizontally transmitted in people and animals
by host-to-host interaction or disease carriers such as flies, mosquitoes, and others. The reader can find several good papers on the
infectious disease modeling in the literature, for example, HIV/AIDS [2], Zika [3], Ebola [4], West Nile [5], Influenza [6], Dengue
[71, Oncolytic [8], Cancer [9].

The first epidemic of severe acute respiratory syndrome (SARS) occurred in mainland China in 2003, while another outbreak
is known as Middle East respiratory syndrome (MERS) occurred in South Korea in 2015. The new virus (2019-nCoV), which
is highly transmissible and virulent, was identified in a single individual in the Chinese city of Wuhan [10]. This new disease,
which produces a severe acute respiratory syndrome, has spread throughout the world. There have been over 253 million confirmed
COVID-19 registered cases, and over 5.1 million fatalities globally since November 10, 2021 [11]. America, Europe, Africa,
Southeast Asia, the Western Pacific, the Eastern Pacific, and the Mediterranean are the most effected by the coronavirus. The first
signs of a COVID-19 infection include a dry cough, fever, exhaustion, and shortness of breath, which develop in 2-10 days and
can lead to pneumonia, SARS, kidney failure, and even death [12]. The pandemic continued to expand, but vaccinations have now
halted the transmission. Many researchers have been developed mathematical models for the transmission of the aforesaid disease
involves various compartments, for example Susceptible-Infected (SI) [13], SI-Removed (SIR) [14], S-Exposed-IR (SEIR) [15],
SEI-Quarantined-R (SEIQR) [16], and SIQ-Home Quarantined-R-Diseased (SIQHRD) [17].

For a year, there were no particular treatment approaches such as antibiotics or other treatments against the coronavirus because it
is a single RNA virus. As a result, non-pharmaceutical measures such as isolation, social distance, quarantine, awareness programs,
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and personal hygiene, such as wearing a mask and washing hands regularly, become more helpful in reducing COVID-19 disease
transmission. Interestingly, it has been observed that individuals who take all precautionary measures are occasionally infected,
making it necessary to investigate the facts in human-to-human transmission processes. Even though nothing is known clinically
about the COVID-19 transmission pathway, numerous compartmental models offer simulation graphs that are quite similar to
statistical data. In most situations, asymptomatic people are excluded from the COVID-19 diagnostic test and play a substantial role
in the disease’s transmission. There have also been several reports of other diseases’ deaths yet later tested positive with COVID-19.
Because COVID-19 is a lot more infectious disease than being deadly, a massive proportion of the population eventually becomes a
carrier. To address all of these factors, no mathematical model for parallel disease transmission has been developed on COVID-19,
and hence a mathematical model for symptomatic and asymptomatic disease transmission at the same time is required. Consequently,
the goal of this research is to provide a mathematical model for controlling the COVID-19 epidemic. The new mathematical model,
known as SEIjIpR model, considers two parallel paths for symptomatic and asymptomatic transmission throughout the exposed
compartment. The model examines the COVID-19 outbreak’s asymptomatic transmission impact as well as the sensitivity of the
parameters affecting the pandemic.

The function representing the disease’s transmission mechanism, known as the force of infection or incidence rate, plays a crucial
role in SIR, SEIR, and similar models. Typically, such a function is dependent on both the susceptible and infective classes, for
example f(S, I). The incidence rate can be expressed in a simple way using the mass action principle: If i is the per capita contact
rate, then the infection is assumed to spread with the rate f (S, I) = uSI. Capasso and his colleagues [18] have emphasized the need
to consider nonlinear incidence rates for some specific diseases since the 1970s: The studied example was the spread of cholera
epidemic. Many researchers have suggested different nonlinear forms for the incidence rate since then, see [19]. The functional
f(S,D = uSI(1 + AD) is an excellent example of the nonlinear incidence rate, where the constants i and A are both positive. It
refers to a higher infection rate over a short period, which is caused by two exposures. The contact rate ©«SI is the result of single
contact, while the term pAI2S refers to a new infective that arises as a result of the double exposure [20]. The readers may see more
detail about incident rate in [21]. The reason for choosing the convex incident rate is because this function could model the increase
in infection resulting from the situation of double exposure. This is in line with the unknown disease mechanisms of a COVID-19
pandemic studied in [22].

Over the last three decades, fractional derivatives have fascinated many researchers due to the recognition that, compared
to classical derivatives, fractional derivatives are more efficient tools for modeling real-world phenomena. Fractional calculus
(FC)-based modeling is becoming increasingly popular in dynamic situations. The fractional-order differential operators such as
Riemann—Liouville (R-L) [23], Caputo [24], Erdélyi-Kober [25], Hilfer [26], Hadamard [27], Katugampola [28], Caputo—Fabrizio
[29], and Atangana-Baleanu [30] change the ordinary model into a generalized model. This paper presents new research on a
fractional-order dynamical model that underpins the spread of coronavirus infectious disease and can be used to predict its spread.
So, in this manuscript, we develop a new mathematical model for COVID-19 outbreak and extend it to a fractional-order model by
adding the Caputo sense of fractional derivative. The reason for utilizing the Caputo fractional derivative is that it possesses several
fundamental characteristics of FC.

Furthermore, the Caputo operator may be useful to further specify the transmission behavior given in the model. Several previous
investigations have found the reliability of the Caputo operator and their applicability to diverse the models arising in numerous
areas of engineering and other sciences. A few related studies on Caputo and other fractional-order derivative can be found in
the literature, for example physics and polymer technology [31], electrical circuits [32], electrochemistry [33], electrodynamics of
complex medium [34], fluid mechanics [35], control theory [36], thermodynamics [37], neural network [38], image encryption [39],
chaos [40], viscoelasticity [41], aerodynamics [42], capacitor theory [43], biology [44], blood flow [45], and the references cited
therein. Besides, nowadays the researchers are devoting their research work to the fractional-order COVID-19 mathematical models.
A huge number of good research papers related to fractional-order COVID-19 mathematical models can be found in the literature,
some of them are the following: Caputo fractional-order [46,47], Caputo—Fabrizio fractional-order [48,49], Atangana—Baleanu
fractional-order [50,51], fuzzy fractional-order [52,53], fractal-fractional order [54,55].

The remaining part of the paper is carried out as follows: The COVID-19 model formulation is discussed in Sect. 2. Section 3
is devoted to basic FC tools and fundamental definitions, which will be used to determine theoretical outcomes. In Sect. 4, using
the Schaefer- and Banach-type fixed point theorems, the appropriate conditions for existence and uniqueness are derived. In Sec. 5,
the well-posedness and the biological feasibility of the model are obtained. Section 6 is devoted to the disease-free and endemic
equilibrium point. The basic reproduction number (Rp) is obtained in Sect. 7, and the stability of the equilibrium points is proved
in Sect. 8. In Sect. 9, the sensitivity analysis of Ry is discussed. Sections 10, and 11 are devoted to numerical simulation/discussion
and conclusion, respectively.

2 Model formulation
A mathematical model is an abstract model that uses mathematical objects to explain the behavior of a real-life situation. Mathematical

models may help in making better decisions about a particular process and studying functional relationships. Moreover, they may also
be used to predict the quantitative behavior of a system. Due to the above importance of mathematical modeling, in this section, we
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developed an SEI; I;R model for COVID-19 disease transmission, in which the population is divided into five classes: susceptible S,
exposed E, asymptomatic infected I, symptomatic infected I, and recovered or removed R. The model assumes the total population
N is not constant throughout the time and equal to the sum of all compartment sizes at any time t,i.e., N =S+ E+1; + 1 + R.
We made the following assumptions to formulate the model: Asymptomatic transmission is represented by the primary pathway
SEI R, in which asymptomatic infected individuals spread the disease at a rate of 1¢1. The SEI;R is the second pathway that denotes
indicative transmission, in which symptomatic individuals transmit the infection at a rate of j12. The symptomatic case’s transmission
rate (o and infection rates p, are considered to be higher than the asymptomatic case’s, i.e., 2 > w1 and py > p;. Asymptomatic
patients have a higher recovery rate than symptomatic patients (81 > B2), and asymptomatic patients have a lower mortality rate
(o2 > 1) than symptomatic patients. IT is the recruitment rate, representing the increment of compartment S in the form of birth
or migration or recovered individuals. The natural death rate « is equal to the recruiting rate IT into compartment S. In this study
death population due to the COVID-19 infection is only counted.

dS II SII(1+X 11) SIZ(1+)» 12) S
& 0 i Ay 2 2)_as,
a N MR N THEN N

st ) 4 S+ 22— (o + B
o =Sy 1N TSy 2N p1+ p)E,
dI;

T P1E — (a1 + B, (D
dl,

T PE — (a2 + Bo)Ia,

dR

i Bily + B2l — aR,

where 11, p;, B;, and o; (4 = 1,2) denotes the transmission rate, infection rate, recovery rate, and death rate in the mentioned
above pathways, respectively. A1 and A, are the positive constants. The quantities jt1S IN' and u2S INZ in the first equation represent the
interaction of susceptible individuals with asymptomatic and symptomatic infectious peoples with w1 and ., rates, respectively. As
can be seen in the second equation, these interactions increase the number of people who are exposed. The terms p1 E and p; E denote
the number of people becoming infected via the exposure of susceptible people. In the third equation, «11; and B11; show the number
of death and recovered population in the asymptomatic class. The terms a1, and By1, in the fourth equation specify the number of
death and recovered individuals in symptomatic class. The term oS represents the natural death of susceptible people and @R shows

the death of recovered people. Dividing all the equations of the model (1) by (N) and setting S = %, E = %, I = IN‘, I, = INz, R= %

and A = % (recruitment rate), as a result, model (1) may be expressed as:

dS

T A — w1 SLy (L + MIy) — waS (1 + Azl) — @S,
dE

i 1SLI(L + A1) + paSh(1 + A2b) — (o1 + p2)E,
dl

= piE— @+ AL, 2)
dl,

— =mE — I,

o (2 + B

dR

i Bili + Bolr — aR,

where S + E + I} + I + R = 1. The proposed mathematical model for COVID-19 outbreak is considered under the initial
conditions: S(0), E(0), 1;(0), I2(0), R(0) > 0. All of the involved parameters (u;, A;, o, B4, @), (4 = 1,2) are considered to be
nonnegative. The model is designed to look at the role of asymptomatic transmission rates in the COVID-19 epidemic in comparison
to symptomatic transmission rates.

Using the above assumptions, we propose the following SEIR compartmental model of order0 < 6 < lattimet € [0, T], T < oo
as:

DS = A — i S (1 + MTy) — paSh(1 + Aalh) — @S,

“DYE = u1SIi(1 + A11y) + paSh(l + A1) — (o1 + p2)E,

DL = p1E — (o1 + D11, 3)
DY, = pE — (a2 + B)la,

DR = B11; + folr — aR,

subject to the following initial conditions

$(0), E(0), I;(0), 1r(0), R(0) = 0.
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Fig. 1 Flowchart of the proposed
model (3) - | Il
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The flowchart for the proposed model (3) can be seen in Fig. 1.

3 Preliminary definitions

This section is dedicated to some basic definitions and lemma that are necessary for achieving the existence theory.
Definition 3.1 [27] The integral of order & > 0 of a function Z € L([0, T, R™) in the sense of R-L is the following:

1

0 —_——_
1°2(t) = N0

t
f (t —s)?12(s)ds.
0
Definition 3.2 [27] For derivative of order 6 > 0 of a function Z € AC" (0, 00), in the sense of Caputo is the following:
1 t
DIgt) = — f (t—s) 0 12M(g)ds, n =1[6]+ 1.
F(n — 9) 0

Lemma 3.1 [27] If0 > 0, then the differential equation CDIZ(t) = G(t) will have the following solution:

I[D72(0)] = 1°G() + Bo + Bit + Bot® + - - + Byt 7,
B;eR, i=0,1,2,....,n—1,

where n = [0] + 1.

4 Existence theory of model (3)

We construct the existence theory for the considered model (3) in this section.
Let us write model (3) as follows:

S1t, S E 1, I, R) = A — g STi (1 + A1) — oS (1 + A2l) — @S,
S S, E 11 I, R) = wi ST+ Aq1h) + w2 S (1 + Azlz) — (o1 + p2)E,
£ S, E 11, b, R) = p1E — (a1 + B, 4)
Jfa(t, S,E, 11,12, R) = 02E — (a2 + B2)12,
S5 S, E T I, R) = Bl — Bola — @R
The proposed problem (3) can be reformulated in the following form:
DS = £1(t, S, E, 11, 1o, R),
°DYE = fo(t,S,E, 11, I, R),
D1, = f3(t, S, E, 11,1, R), )
D1, = fu(t, S, E, 11,1, R),
DR = f5(t, S, E, I1, 1o, R).
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The considered system (3) can be written in the form presented using Eq. (4):

D2t = G(t, 2(1), 0<6 <1, (6)
Z(0) = Zo

Equation (6) is solved using the R-L type integral as follows:

— - _ -1
Z(t) = Zo + R0 / (t—18)"""G(s, Z(s))ds, (7)
where
S(t) So fit,S,E, 11,15, R)
E(t) Eo L, S, E I;,1h,R)
ZH) =1 L®, Zo®=q1L,, G 2@1) =1 f3(tS,EL,,R). 3)
L (0 I, fa(t, S,E, I1, 12, R)
R(t) RO f5 (t, S, E 1, I, R)

For the existence theory, we define Banach space J = W x Wy x W3 x Wy x Ws, where W; = C([0, T]), ({ =1,2,...,5)
under the norm [|Z]| = [|(S, E, I1, I2, R) || = maxicjo,[ISO| + [E@®)] + L1 (O] + [I2(0)] + [RO]].
Let U : J — J be an operator defined as follows:

1 t
UDO =20+ 1o /0 (t = 9°~ G(s, 2(5))ds. ©

The existence of a solution is proved using the following theorem.

Theorem 4.1 [56] Suppose U : J — T is completely continuous and let ®(U) = {Z €egJ 2 =0U®R), o € [0, 1]} be
bounded. Then U has at least one fixed point in .

Theorem 4.2 Let G : [0, T] x J — R is continuous and the following hypothesis:
(P) There is constant Lg > 0 such that for Z, 2 € J, then
G(t, 2) = G(t, 2)| < LglZ - Z|.

is hold. There is at least one solution for the considered system (3) .

Proof We begin by proving that the operator U is completely continuous. Suppose a sequence {Z, } such that Zy, — Z in 7, then
for t € [0, T], we have

1 t
IU@n) — U _—F(Q) max / (t = 9°1|G(s, Zn (5)) — G(s. 2(s)|ds,
af-1
—F(e)”z" || max /(t )77 ds,
T Lg
< m”zn —Z|.

Since, 2y, — Z, 0 || U(Zn) — UZ)|| — 0as n — 0. Thus U is continues. Let a bounded set S C J. Then by definition of S,
|G(t, Z(1))| < Cg, Cg >0, VZ e S. Then foreach Z € S, we can obtain

-1
U < == F(e) t—>[0 TJ/ (t—19)"""1G(s, Z(s))]ds,
< Lg max /(t—s)eflds,
'®) 0,11 Jy
< TC
“Tr@e+1

Thus, U is uniformly bounded.
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Further, suppose 0 < t; < t; <T. Then

UD M) — U W) < 8 ‘tlt o1gs— [Py — 9 d
U () — ()(2)||_%t_§1[%>%] fo (ty —s) S—/(; (o —s) S|,

_ Cg

< x ] =] - 0 as t; > t.
re+1 t—>[OT]

As a result, U is equicontinuous. Since U is both continuous and bounded, it is compact and so completely continuous. Let
o = {Z €egJ :Z=0UR), o €0, 1]}, we need to confirm that ® is bounded. Suppose Z € ®, then for t € [0, T], we have:

12l = max {L/t(t—s)"—‘g(s Z(s))ds}
T lre) Jy ’ ’

e t
< —G_ max /(t—s)e_lds,
'(0) t=[0,T1 Jo
0
- T"Cg .
“re+1

Hence, the operator is completely continuous and the set ® is bounded. Therefore, according to Theorem 4.1, U has at least one
fixed point. As a consequence, the considered system (3) has the same number of solution. O

To prove the uniqueness, we utilize the Banach’s fixed point theorem [56].

Theorem 4.3 [f the assumption (P) is hold and < 1, then the solution of system (3) is unique.

F(0+1)

Kl (O+1)

Pr00f We define maxe[0,T) |g(t, 0)' = Wg < 00, such that R() > m

={2 €T : 12| <Ro}. For Z € Ag,, we have

We have to show that U(Ag,) C Ag,, where

_gf-l _
U < = 1"(9) te[O T]/ (t—9""(|G(s. 2(s)) — G(s,0)| + |G(s, 0)])ds,

_ T Lg%+ Ke)
NCESY,

- ¢ (LgRo + Kg)

=T TGO+

< Ro.

’

’

Now, in view of (P), for Z, Z € J, and for each t € [0, T], we have

HLQ

) < 1,(6)_1_1)||Z—ZII- (10)

IUZ) - UZ)| < F(Q)t max, | / (t=9)""'G(s, 2()ds - / (t=9)"7'G(s. Z(s))ds

The contraction of U proves that the solution to the problem under consideration is unique. O

5 Well-posedness and biological feasibility

This section looks at the interval and region where our system’s solution will make perfect historical sense. Let N be the net
population size, i.e., N(t) = S(t) + E(t) 4+ 11 (t) + I2(t) + R(t). Then

N(@® = A —aS —ai]; — w2, — aR,
<A —aR.

Since, R < N. So the above inequality becomes:
N'(t) < A —aN.

We want that the function N(t) is a positively increasing function N (t) > O then N(t) < 3 and N (t) = N(t). The aforementioned
inequality is known as the threshold population level in the literature. As a result, we infer that the accepted set of solutions to the
proposed model must be contained within:
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A
O={S.EI LR ER:0=S+E+l+h+R<> ] (11)
o

Here in biological terms Ri is the positive cone of R that also contains its lower-dimensional faces.

6 Disease-free and endemic equilibrium point
6.1 Disease-free equilibrium point

The point that no disease exists in the population is known as the disease-free equilibrium point. Let set “D?S(t) =€ DYE(t) =C
DI, (t) =€ DI, (t) =C DYR(t) = 0 to compute the equilibrium points from system (3). Then
A — i SOLIOA + 2T (0) — n2SOLO A + A212(0) — aS(t) =0,
w1SOII O + A1 (1) + 12SOLO (1 + 2212(1) — (o1 + p2)E®) =0,
P1E@® — (a1 + L) =0, 12)
P2E) — (a2 + B2)a () =0,
Bili (V) — f2l2(t) — aR(t) = 0.

Applying the required conditions E = I} = I = 0 in the system (12) for disease-free equilibrium, then the disease-free equilibrium
point of the considered model (3) is given below:

A
S E. 1,15, R”) = (—,0, 0,0, 0). (13)
o
6.2 Endemic equilibrium point

The endemic equilibrium point (S*, E*, I7, I3, R*) of the system (12) is as follows:

S* = A

a+ MII%)\I + legkz + 1Ly + poly
B — B S + 1013008 4+ il S + ol S

P11+ P2 '

I _Ep
YUt
= Epz ’

B+ a2
R* — Bl + 5212.

o

7 Basic reproduction number

The virus’s reproduction number, also known as Ry, is a way of rating a disease’s propensity to spread and calculate the average
number of individuals infected by one infected person. In general, this basic reproduction number Ry is an epidemiologic metric
used to describe the transmissibility of infectious agents or contagiousness. So in this section, we will utilize the next generation
matrix technique to calculate the basic reproductive number for this model. Therefore, the infected compartments of our model are
the following:

CDYE() = 1iSOLI O + AT () + n2SOLO (1 4 A2l (1) — (o1 + p2)E(L),
DLy (t) = p1E() — (a1 + BN (1), (14)
DL (t) = pE®) — (@2 + B (D),

The Jacobian matrix of the system (14) is given by:

—(p1+p2)  wS° oSO
Jo= Pl —(a1 + B1) 0
02 0 —(a2 + B2)

@ Springer
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Now decomposing the matrix Jg in terms of A and B, that is Jo = A — B, we have:

0 1118 u2S? prt+p2 0O 0
A=1|10 0 0 , B= —p1 a1+ B 0
00 0 —02 0 w+p

The basic reproduction number is obtained from Ry = p(AB 1y so we have:

_ S%wi1Bap1 + m2Bie2 + pioapr + poaipa)
(p1 + p2)(B1 + 1) (B2 + a2)

Ro , (15)

where S° = % Hence, Eq. (15) is the basic reproduction number for the proposed system.

8 Stability of equilibrium points

The stability of equilibrium points is investigated in this section. The Jacobian matrix of system (3) is as follows:

—a — il (1 + A1) — palza (1 + A213) 0 —p1A1STy — S+ Aly) —poAaShh — uaS(1 + Az21z) 0
i (U +AD) + pelo(1 +221)  —p1 — p2 1A SIy + i SA+ Aql1)  p2A2SI + S+ A2) 0

J= 0 o1 —ay — Bi 0 0
0 o) 0 —ay — B 0

0 0 B1 B2 -

So, the Jacobian matrix of system at EOis:

HiA Ha A
Oa B 0_ % ok 8
P11 — P2 « «
WEY=]0 p —-a1-f 0 0
0 P2 0 —ax—f 0
0 0 B B2 —«a

Theorem 8.1 Let Ry and A;, (4 = 1,2, 3) be defined by (15) and (17), respectively. If Ry < 1, then by Routh-Hurwitz stability
criterion [57), the disease-free equilibrium point E° of the model (3) is locally asymptotically stable if and only if A; > 0, Az > 0
and A1Ar > Aj.

Proof The characteristic equation of the Jacobian matrix at the disease-free equilibrium point is det(J(E 0y — ¢I) = 0. Then one
can achieved the following:

(@ + )@ + A19” + A + A3) =0, (16)
where
Aj=B1+p+or+ar+ p1+p2,
Az = (p1 + p2)(B1 +a1) — Ao~ (i p1 + pap) + (B2 + 2) (B1 + a1) + (B2 + a2) (p1 + p2).

Az = (B2 +a2)(p1 + p2) (B + 1) — Aa” (1p1(Ba + @2) + a2 (B + ).
(17)

Rewriting the A3 in terms of the basic reproduction number Rp, A3 becomes:

Az = (B2 + a2)(p1 + p2)(B1 + a1)(1 — Ro).

It is obvious in the first factor of above characteristic Eq. (16) that two eigenvalues ¢; and ¢, are always negative for « > 0. The
other three eigenvalues can be obtained by solving the following equation:

& + A1p® + A + Az = 0. (18)

The remaining three eigenvalues have negative real parts, if they follow the Routh—Hurwitz criteria of order 3, such that A; >
0, A3 > 0 and AjAy > Ajz. Therefore, Ry < 1 if and only if all the eigenvalues have negative real parts. Which completes the
proof. O

Individuals who are asymptomatic yet infectious play a critical role in spreading the disease across the population. When Ry > 1,
the endemic equilibrium state of the model (3) is stable, as shown in the following theorem.
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Theorem 8.2 Let RyandB,, (i =1,2,3,4) be defined by (15) and (20), respectively. If Ry > 1, thenB; > Oforalli = 1,2, 3, 4.
Then by Routh—Hurwitz stability criterion [57), the endemic equilibrium point E* of the model (3) is locally asymptotically stable
if and only if BiB2B3 — B% — B%B4 > 0.

Proof To show the local stability of the proposed model at endemic equilibrium point E*, linearizing model (3) about E* such that:

—aj 0 —ap —as 0
ag —(p1+ p2) a az 0
JEH =] 0 Pl —(B1 + 1) 0 0],
0 02 0 —(B2taz2) O
0 0 Bi B2 —a

where

ar =+ I (14 D)) + paI5 (1 + A0L3),
ar = A S™ + w1 S* (1 + A1),

az = pal32S™ + uaS*(1 + 2l3),

ay = i IF 1+ 2017 + pl5 (1 + A013).

The characteristic equation associated with J(E™) is:

(—¢ — )@ + B1¢” + B2¢® + B3¢ + Bs) =0, (19)
where
Bi=ai+ i+ B2+ +a2+p1 + p2,
By =ai(Bi + B2+ a1 + a2+ p1 + p2) —azp1 —azp2 + Bi1(B2 + a2 + p1 + p2) + Brot + Pap1 + Bap2
+oaipr + a2+ a1 + o2 + ara,
B3 =aspi(as — B2 — a2) + ai(—azp1 — azpz + Palor + p1 + p2) + B1(B2 + a2 + p1 + p2) + @2p1 20)
+oaopr +a1p1 + o102 +aron) —azfip2 — aza1p2 + azaapz + o1 + Brozpr + Baaip2
+ Braap2 + BiBap1 + B1Bap2 +a1c2p1 + 1202,
By = as(azp1(B2 + o2) + azp2(B1 + 1)) + a1((B1 + a)(—azp2 + B2(p1 + p2) + e2(p1 + p2))
—azp1(f2 + a2)).
From Eq. (19) it is clear that there are five corresponding eigenvalues of J(E*). One of them is ¢y = —«, having negative real part.
The remaining four can be obtained by the solution of the following equation:
¢* +B1¢’ + B2’ + B3p + By =0, @
Using Routh—Hurwitz criterion of order 4, we can conclude that given system (3) is local asymptotic stable at E*. O

9 Ry Sensitivity analysis

The sensitivity analysis is applied to study the effect of the parameters on proposed COVID-19 outbreak model. In particular, it is
necessary to identify the most sensitive parameters causing a disturbance in model dynamics by a small change in numeric value.
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To check the Ry sensitivity, we calculate its derivatives as follows:

dRo  wiBop1 + pafipr + pi2pr + poai p2

aA a(pr + p2)(B1 +a1)(B2 + a2)

ARy Auifapr + pmafrp2 + piaapr + poaip2)
da a(p1 + p2)(B1 + a1 (B2 + a2)

8R0 _ A,Ol

i alpr +p)(Br+ar)’

dRo Ap2

dur  alpr+p)(Ba+ )’

IRy Apr(ua(Br +a1) — pi(B2 + a2))
I alpr+p) B ta)(Br o)
ARy Api(u2(B1 + 1) — pm1(B2 + a2))

a2 alpr + )2 (B +a)(Ba+ar)

dRo wiAp
dar  alpr + ) (B +a)?’
dRo u2Ap2
dar  alpr + ) (B + )’
dRo ni1Apy
B alpr+p)(Br+an?’
Ry H2Ap2

B alpr + p2) (B +a2)?’

Since, all the parameters are positive so %, %, %, % > (. It concludes that the reproduction number (Rp) is increasing with

A, 1, w2 and po. The normalized sensitivity indices corresponding to these parameters are estimated as follows:

A 0Ry
Fp=——=1,
Ry 0A
ro_ MR mip1(Ba + )
MU Ry A apr(Br + o) + papa(Br + )’
r_ M2 0Ro m2p2(B1 + a1)
T Ry s i (Ba + o) + papa(Br +ar)’
r p2 0Ry p1p2(u2(B1 +a1) — i (B2 + 2))
) o

" Roopr (o1 + p2)(1p1(B2 + a2) + wap2(Br + 1)

Here, the sensitivity index can be constant depending on some parameters or can be free of any independent parameters. The
partial rank correlation coefficient (PRCC) results for significance of parameters involved in Ry can be seen in Fig. 2 and in Table 2.

10 Numerical results and discussion

In this section, we discuss the impact of parameters on reproduction number R( in numerical simulations of the proposed model
using the fractional Euler method [58]. The numerical simulation of the present model (3) will be carried out to support the analytical
result using the value of the parameters as given in Table 1.

The sensitivity analysis is carried out by estimating the sensitivity indices based on the parameter values to examine the parameter
impact on Ry. The sensitivity indices given in Table 2 are obtained by using the values of involved parameters. From the computed
sensitivity indices, it can be seen that a 10% increase in the recruitment rate A, asymptomatic transmission rate (1, symptomatic
transmission rate /4, and symptomatic infection rate p; cause to increase the value of Ry by 10%,2.6%, 7.3%, and 1.8%, respectively,
and can lead to an outbreak subsequently. However, it can be noticed that the symptomatic infection rate p, does not affect Ry
significantly. But on the other hand, asymptomatic infection rate p;, asymptomatic recovery rate 81, symptomatic recovery rate S,
asymptomatic death rate o and symptomatic death rate o describe that increasing their values by 10% will decrease the value of
Ro by 1.8%, 2.5%, 5.5%, 0.1%, and 1.7%, respectively.

The impact of some parameters on the reproduction number is shown in Fig. 3. Figure 3a describes the reproduction number R
sensitivity versus the asymptomatic transmission rate (1 and asymptomatic death rate ;. Since from Table 2, it is clear that 11 has
a positive impact while «; has a negative impact on reproduction number Ry. So, it can be seen in Fig. 3a the asymptomatic death
rate has no impact on Ry because no variation can be seen in Ry when o1 increases. On another side, the asymptomatic transmission
rate ¢1 has a very high impact on Ry. Figure 3b describes the reproduction number R sensitivity versus symptomatic infection rate
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Fig. 2 PRCC results for
significance of parameters
involved in R

PRCC

Table 1 List of used parameters in this study

Parameters Values/Day Source
A 421 x 1079 [59]

@ 421 x 100 (591

ni 0.2516 Assumed
o 0.3110 [60]

A 0.2213 Assumed
A 0.3041 Assumed
P1 0.1516 Assumed
0 0.1818 [60]

Bi 0.0700 Assumed
B 0.0300 Assumed
o] 3.50 x 10793 Assumed
o 9.70 x 10~ [60]

Table 2 Sensitivity indices of the R( against the parameters

Sensitivity index Value Sensitivity index Value

'a 1.00000 [py 0.18764
Iy —1.00000 Lo —0.01271
Ty 0.26706 Loy —0.17907
Ty 0.73293 T, —0.25435
Tp —0.18764 T, —0.55385

02 and asymptomatic transmission rate (1. So it can be seen in Table 2 that both parameters has a positive impact on reproduction
number Rp. But the impact of asymptomatic transmission rate is higher than the symptomatic infection rate, which is depicted in
Fig. 3b.

Figure 3c shows the reproduction number Ry sensitivity versus the symptomatic transmission rate ;> and asymptomatic death rate
a1. The impact of the symptomatic transmission rate is positive on the reproduction number, while the impact of the asymptomatic
death rate is negative. The impact of asymptomatic death rate is almost negligible, but the effect of the symptomatic transmission
rate is quite high enough where can be seen in Fig. 3c. Figure 3d shows the reproduction number R sensitivity versus asymptomatic
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Fig. 4 The solution behavior of the all compartments for various values of 6

recovery rate B and symptomatic recovery rate 8. Both parameters have a negative impact on the reproduction number Ry (see
Table 2), but the affect is almost the same, which is shown in Fig. 3d.

Figure 3e demonstrates the reproduction number R sensitivity versus the asymptomatic transmission rate p; and symptomatic
recovery rate ;. The transmission rate w1 of the asymptomatic pathway has a positive impact on reproduction number Rg and
symptomatic recovery rate 8, has a negative impact on Ry, which can be seen in Table 2. From Fig. 3e, we can conclude that the
symptomatic transmission rate 1 effects the reproduction number more than the symptomatic recovery rate 8. Figure 3f describes
the reproduction number Ry sensitivity versus symptomatic death rate oy and symptomatic recovery rate >. Both parameters have
a negative impact on reproduction number Ry. But the impact is almost the same, which is shown in Fig. 3f.

Now we discuss the numerical results of the governing model in terms of approximate solutions. To achieve this goal, we
used the efficient fractional-order Euler technique with the Caputo fractional operator. The initial conditions are considered as
S(0) =1—-E@©) —I;(0) — I2(0) — R(0), E(0) =5/20000, I;(0) =0, Io(0) =0, R(0) = 0 with the total population N = 1 and
the values of the parameter are given in Table 1. We have utilized the MATLAB software to simulate the numerical results. Graphs
are depicted the approximate solutions obtained by using the suggested numerical approaches under the value of the considered
parameters. The dynamics of the suggested model population are graphically shown in Fig. 4 using the Caputo fractional derivative
with time sequence framework. Figure 4a shows the population behavior for 6 = 0.7, Fig. 4b shows the population behavior for
0 = 0.8, Fig. 4c shows the population behavior for & = 0.9 and the population behavior for & = 1.0 is shown in Fig. 4d.

Figure 5 shows the solution behavior of S(t), E(t), Ij(t), I»(t), and R(t) for 6§ = 0.7,0.8, 0.9, 1.0. Figure 5a shows that
the susceptible population decreases rapidly at different rates and stabilizes after about 100 days due to restriction of individual
movements. As we can see that the decay rate is faster for a small value of 6, since the susceptible population S(t) is decreasing,
which affects the exposed population E(t) and more individuals get the infection. That is why we see an increase in the exposed
population in Fig. 5b. Besides, the exposed population E(t) in Fig. 5b is increased very quickly after 15 days and a decrease occurs
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Table 3 Loop iterations corresponding to the sensitive parameters

Parameters Loop iteration Type of effect
Total Infection Plot Reproduction Number Plot
(1=4<5 (1=4<15
i w1+ 4 x0.05 w1 44 x 0.001 Individual
753 o +4 % 0.05 1o + 4 x 0.001 Individual
2 2+ 4 x0.05 2 + 4 x 0.001 Individual
A A+ 4 x 0.001 A + 4 x 0.000001 Individual
i, A 1y + 4 x 0.005 1y + 4 x 0.005 Combined effect
A+ 4 x0.001 A + 4 x 0.000001 of ;11 and A
na, A o + 4 x 0.005 o + 4 x 0.005 Combined effect
A +4 x 0.001 A + 4 x 0.000001 of wr and A
65 60% ‘ ‘
L° — 0 = 0.2516
., — 1y = 0.3016
64 PR 50% /\\ 1 = 0.4016 H
e — i1 = 0.5516
o 65 o — = 0.7516
.:..g . s 40% .\
g o
% 6.2 = N \\
] . -~ : 30%
9 ol —_
5 . & 20%
=R o
o
59 5 & 10%
,O/
5-3.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 00 20 40 60 80 100 120 140 160 180 200 220 240 260
iy time t (Days)
(@ (b)

Fig. 6 (a) Reproduction number with respect to ;1 and (b) Variation in total infection

almost after 70 days and then stables after 110 days. This decrease is happened due to the imposition of movement restrictions.
Moreover, the exposed population increases and decreases rapidly for smaller values of 6 as compared to bigger values.

The asymptomatic class I (t) and symptomatic class I>(t) in Fig. 5c and d have almost the same pattern, but the asymptomatic
population becomes stable after 150 days and the symptomatic population becomes stable after 200 days. Both populations have
grown rapidly, but the decline occurred due to standard operating procedures (SOPs) and vaccinations. The infection increases and
decreases quickly for smaller values of 6. Since we know that many innocent people have been died due to this pandemic, but there
are many who have survived as well due to timely treatment and following the SOPs. Most people have been vaccinated and are now
protected from infection. 52.9% population have received their first dose of the COVID-19 vaccination worldwide till November 13,
2021 [61], which reduced the infection and that is why the recovery rate has almost been stable. So in Fig. Se, it can be seen that the
recovery rate is almost 83% of the population. The increase in recovery is due to a strong protection rate, people’s awareness about
the infection, government action, and vaccination. Besides, this rise up of recovery is also different for various values of fractional
order.

Here, we discuss the impact of the parameters A, i1, 42 and py on the basic reproduction number Ry, where the values of
mentioned parameters is given in Table 2. The sensitive indices (mentioned above parameters) will be used to assess the propensity
of the total infection (I; + I>) curve. Table 3 shows the loop iterations used to simulate model (3). The simulation has used different
sensitive parameter values to generate graphs of total infection and basic reproduction number Ry to examine the COVID-19 epidemic
pattern while the other parameters remain unchanged. The graphs are displayed via a panel in Figs. 6, 7, 8, 9, 10, 11, where the left
showing the basic reproduction number pattern and the right indicating the total infection behavior concerning a specific sensitive
parameter.

According to the sensitivity analysis, the symptomatic transmission rate p, is the second most sensitive component impacting
the epidemic. The parameters w1 and @, have nearly a similar effect on basic reproduction number Rp. In comparison with
asymptomatic transmission rate p in Fig. 6a, with symptomatic transmission rate u; in Fig. 7a, pu; causes a quicker and higher
increase in the total infection. The graph in Fig. 7b shows that roughly 58 percent of the overall population becomes infected with the
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symptomatic transmission rate > on day 40 (approximately). In contrast, about 52 percent of the total population becomes infected
with asymptomatic transmission rate j+1 on day 48 in Fig. 6b. Consequently, maintaining self-isolation and quarantine would be the
most effective ways to control COVID-19, which is disseminated by symptomatic transmission.

Figure 8 depicts the effect of the symptomatic infection rate p» on basic reproduction number Ry and on total infection. From
Table 3 and Fig. 8a, it can be seen that the symptomatic infection rate p; is less sensitive to the Ry. Moreover, as shown in Fig. 8b,
it has a significant impact on the total infection of COVID-19 pandemic. Figure 9b shows the high effect of recruitment rate A on
Ry. Also, it is shown for a minimal increase in A, the total number of infected people increases significantly.

Imposing a ban on population migrating from one place to another would thus be the most effective way of handling this outbreak.
The initial strategic action policy should be to established a management plan to control A in order to keep Ry < 1. Asitis shownin
Fig. 9a, the value of Ry reaches from 5.8 to 20 for a minimal change in A from 0.00004 to 0.00016, indicating that the recruitment
rate to a region during the transmission of COVID-19 has a significant impact on the pandemic.

Furthermore, Figs. 10 and 11 present the simultaneous impact of (A, ), (¢ = 1,2) on basic reproduction number and total
infected population. Figure 10 illustrates the impact of (A, 1) on Ry and the total infected population while Fig. 11 demonstrates the
impact of (A, u2). Both total infection graphs 10b and 11b are almost identical but (A, ;) significantly impacts basic reproduction
number compared to (A, 1). This means that the severe endemic will happen if the recruitment rate and symptomatic transmission
rate change simultaneously.

Recently, India has faced the second wave of the COVID-19 pandemic, which had serious implications in the form of spiraling
cases, restricted availability of essential medications, and increased mortality, particularly among the young population. After the
second wave, the country was infected approximately by 34.4 million individuals and about 0.4 million died innocent people as of
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November 13,2021. The second wave was spread rapidly and had severely impacted the whole country. It is thought to be the second
worst epidemic to hit India nearly after a century. The last menace occurred during the 1918 influenza outbreak, which claimed the
lives of millions people. Here, we have taken the real data of COVID-19 spread in India from February 22, 2021, until November
10, 2021, from reference [62] and compared it with the simulated data in this research, which is shown in Fig. 12.

11 Conclusion

This study was aimed to investigate the effect of symptomatic and asymptomatic transmissions on the coronavirus (COVID-19)
outbreak using a fractional-order mathematical model, which is achieved successfully. The existence theory and uniqueness of
proposed model solution have been carried out with the help of Schaefer- and Banach-type fixed point theorems. The local stability
of the model is established through the Routh—Hurwitz criteria, which is concluded that the disease-free equilibrium is stable for
Ry < 1, whereas the endemic equilibrium becomes stable for Ry > 1 and unstable otherwise. The effect of the various parameters
on the reproduction number (Rg) has also been analyzed. Besides, the transmission of the disease under various fractional orders is
investigated. In Fig. 11, it can be seen that the recruitment rate and symptomatic transmission rate are significantly impacting the
reproduction number. Therefore, the COVID-19 epidemic can be significantly reduced by controlling people from migrating and
strictly enforcing personal measures simultaneously. The total infected population plot has been compared with the real infected
population of India’s second wave of COVID-19 outbreak (proportion of the population) in Fig. 12 which showed the great agreement
of simulated results in this research with the real data. It is worth mentioning that the proposed model here can be studied under
stochastic or fuzzy differential operators in future research.
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