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Abstract:  An expanding field of study that offers fresh and intriguing approaches to both
mathematicians and biologists is the symbolic representation of mathematics. In relation to COVID-19,
such a method might provide information to humanity for halting the spread of this epidemic, which has
severely impacted people’s quality of life. In this study, we examine a crucial COVID-19 model under
a globalized piecewise fractional derivative in the context of Caputo and Atangana Baleanu fractional
operators. The said model has been constructed in the format of two fractional operators, having a
non-linear time-varying spreading rate, and composed of ten compartmental individuals: Susceptible,
Infectious, Diagnosed, Ailing, Recognized, Infectious Real, Threatened, Recovered Diagnosed, Healed
and Extinct populations. The qualitative analysis is developed for the proposed model along with the
discussion of their dynamical behaviors. The stability of the approximate solution is tested by using
the Ulam-Hyers stability approach. For the implementation of the given model in the sense of an
approximate piecewise solution, the Newton Polynomial approximate solution technique is applied.
The graphing results are with different additional fractional orders connected to COVID-19 disease, and
the graphical representation is established for other piecewise fractional orders. By using comparisons
of this nature between the graphed and analytical data, we are able to calculate the best-fit parameters
for any arbitrary orders with a very low error rate. Additionally, many parameters’ effects on the
transmission of viral infections are examined and analyzed. Such a discussion will be more informative
as it demonstrates the dynamics on various piecewise intervals.

Keywords: Covid-19 model; piecewise derivative operator; fractional operators; qualitative analysis;
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1. Introduction

Covid-19 is a pandemic infections which globally has caused damage to human lives and also effect
other lining things. This coronavirus has been a terrible epidemic for mankind around the globe. The
transmission of COVID-19 has significant negative effects on the lives of all people, and the many
people have died from the virus. The first attack of these viruses occurred on last days of 2019.
Symptoms of unfamiliar conditions of lungs, coughing, fever, tiredness and breathing problems were
seen in the people of Wuhan, China. The healthy territory of China as well as its Central Infections
Control (CDC) quickly reconsidered the cause of such signs, a viral virus from the population of
Coronaviruses, and it was named as COVID-19 by the World Health Organization (WHO) [1-3].

For the investigation of the new coronavirus in terms of predictions and infectivity, the authors in [4]
established a deep analysis algorithm and found that bat and minks are the main sourced of the said
virus. Mostly, mathematical models have had an important role in modeling the direct transmission
between humans in the outbreak. As demonstrated in the literature, many people were infected in
Wuhan and had no contact with other people, but the virus spread very rapidly in the whole province
and China [5]. The infected people have a long incubation period, they are not aware of the symptoms
and don not know the quarantine time. This infection can easily spread to other people, and many
researchers have documented models of COVID-19 [6-10]. Several researchers have developed the
COVID-19 time delay models and studied by different aspects. Most of them modified the said models
by the application of fractional operators such as Power and Mittag-Lefller law [11-18].

In this article, we have re-considered the COVID-19 mathematical model [19], which has not been
investigated under novel piecewise derivative and integrals operators. The considered model has ten
agents, namely: Susceptible S, Infectious I, Diagnosed D, Ailing A, Recognized R, Infectious Real I,,
Threatened T, Recovered Diagnosed H,, Healed H, and Extinct population E. The COVID-19 model
has the following form:

S = —(al + BD + yA + 6R)S

I=—(e+ ¢+ DI+ (al+BD +yA + 6R)S

D = —(n+p)D + el

A=-O+u+rA+ /I

R: -(v+ &R + nDOA (L.D)
I, = (al + BD + yA + 6R)S

T=—(c+1)T+pA+vR

H, = pDER + 0T

H=Al+pD + kA + éR + oA

E =1T,

where the used parameters in the model with descriptions are given in Table 1.
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Table 1. Parameters and their description in model 1.1.

Parameter Description
a,B,y,0 transfer rates from Susceptible class to infectious,
Diagnosed, Ailing and Recognized stages, respectively
€ Rates of detecting related to Asymptomatic person and
0 detecting rate of Symptomatic individuals
¢m Rates of Awareness and Non-awareness classes from being infected
u Rate at which Un-detected class transfers to Threaten class
1% Rate at which Detected classes transfer to Threaten class
T Death rate of Threaten individuals, transfer to Extinct class
LK, E 0,0 Rates of Recovery from five Compartments

Modern calculus (MC) has attracted more interest from researchers and scientists in the last 20
years [20,21]. MC, compared to traditional integer-order models, gives novel, accurate, and deeper
information on the complicated activity of several infectious disease mathematical models [22-25].
Because of genetic properties and memory behaviors, integer order problems are not superior to MC
problems. Many types of integer order equations are used in mathematical models of the real world.
The real phenomena are analyzed for a higher degree of choices and precision by applying the
fractional differential equations. Several researchers have done enough work in MC, and the authors
in [26] used the Mittag-Lefller derivative and investigated the fractional infectious disease model.
In [27], the authors used Atangana-Baleanu-Caputo fractional derivative and studied a mathematical
model of Covid-19. The authors in [28] applied the Caputo-Fabrizio operator along with double
Laplace transform and found the series solution for the fractional biological model. The scholars
in [29] applied a novel fractional order Lagrangian scheme to show the motion of a beam on
nanowire. Liaqgat et al. [30], established a new scheme to obtain the approximate and exact solution in
the sense of Caputo fractional partial differential equation along with variable. Odibat and
Baleanu [31] studied a novel system of fractional differential equations involving generalized
fractional Caputo operator. Different disease models have been investigated by researchers by using
the fractional operators such as [32-36]. By using various operators to solve a variety of issues from
the real world, significant work in the area of fractional calculus has been documented by numerous
mathematicians and academics [37-44].

A novel operator for piecewise derivative and integrals was presented by Atangana and Araz [45].
The piecewise derivative is divided into two sub intervals: The first interval solution is found out in
the sense of Caputo while the second intervals solution is under the ABC derivative. As the time of
crossover behavior is not mentioned by the power or Mittag-Lefller law and therefore it is well defined
in the piecewise derivative. In order to overcome these challenges, one of the unique ways of piecewise
derivative has been proposed in [45]. A new window of cross-over behaviors using these operators has
been studied by researchers. Several applications of the aforesaid fractional operators are investigated
in the literature by different researchers [46—49]. Inspired by the above novel operator, we investigate
the model taken from [19] under the framework of piecewise Caputo and Atangana-Baleanu operator
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as follows:

FEAPEDYS(1) = —(al + BD + YA + 6R)S,

PCABCDYI(r) = —(e + £ + DL + (el + BD + YA + 6R)S,
0 APDYD(r) = —(n + p)D + €l

FCABCDYA(f) = —(0 + pu + KA + 1,

o FEDYR(1) = —(v + OR + nDOA,

1.2
gCABCD;’]I, = (al + D + yA + 6R)S (1-2)
gCABCDfT =—(c+1)T+uA+VR
gCABCDt“Hd = pDER + 0T
LCABCDVH = AL+ pD + kA + R + oA
(’;CABCD;JE =1T.
In more detail we can write Eq (1.2) as
CABCDU(S(t)) _ SD?(SU)) =¢ 0,5, D, AR, L, T,Hy, HLE,7), 0<t<1y,
o 0EDY(S(0) =€ UY(S, LD, AR L, T, Hy, HLE, 1), 1, <t<T,
Cyv _C
gABCDU(I[(I)) _ ()Dt (I[(t)) - UZ(Sa ]L D, A9 R9 ]Ir’ T, Hd» H, E, t)» 0<t < I,
' oECDY(I(r)) =*PC Uy(S, LD, AR, 1, T,Hy, HLE, 1), 1, <t<T,
CABCy(D(7)) = ng(D(t)) =C U35, LD, AR, I, T,H,, HLE, 1), 0<t<1t,
o 0FDY(D() =% Us(S, LD, AR, T, Hy HLE, 1), 1, <1<T,
CABCDU(A(I)) — gD?(A(I)) :C 04(83 ]L D’ Aa Ra ]Ir’ T’ Hd7 H’ E’ t)7 0 <t< ll 5
0 ' SPCDY(A(®D) ="5C Uy, LD, AR, L, T,Hy, HLE, 1), t; <t <T,
CABCaw SDY(R() =€ Us(S, LD, AR, I, T,Hy, H,E, 1), 0<t<t,
o DiR(M) = ABCyv _ABC (1.3)
0 t(R(t)) - 05(87]19D9A3R’I[r$T9Hd9H9E9 t)’ tl < té Ta
Cyv _C
CABCDU(]I’,([)) — ()Dt (]Ir(t)) - UG(Sa ]L ]Da A9 R9 ]Ir’ Ta Hd’ Ha Ea t)’ 0 <t S tla
0 ! SECDV(I, (1) =*E€ Ug(S,1, D, A, R, I, T, Hy, H,E, 1), t; <t<T,

SDY(T(t)) =€ U5(S,I,D, A, R, I, T, Hy, H, B, 1), 0<t<1,
2ECDY(T (1)) ="5€ U4(S, LD, A, R, L, T,H,, H,E, 1), t; <t<T,
SDY(Hy (1) =€ Ug(S,L,D, A, R, L, T,Hy, H,E, 1), 0<t<t,
SPEDY(HY (1)) =€ Us(S, LD, AR, L, T,Hy, HLE, 1), 1, <t <T,
SDY(H(1) =€ Uy(S,L, D, A, R, I, T,Hy, H,E, 1), 0<t<1t,
SPCDY(H(D) ="5C Uo(S, I, D, A, R, I, T,Hy, HLE, 1), t; <t <T,
SDY(E(1) =€ Uo(S, LD, A, R, I, T,Hy, H,E, 1), 0<t<t,
SBCDY(E(1) =45€ Uo(S, I, D, A, R, I, T, Hy, H,E, 1), t; <t <T.

$AEDY(T() = {
$AECDY (H (1) = {
$AEC D (HI(r) = {

6D} (E(r) = {

We considered the dynamics in terms of piecewise fractional operators. The piecewise operators
discuss the crossover and abrupt dynamics very well. Therefore, we treated the said model under the
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two fractional operators in different intervals. For each operator the qualitative analysis is provided
on each subinterval. The UH stability is applied for stability analysis of the system. The system is
investigated for approximate solution with the piecewise term and also the fractional parameters in
the last expression of the system. This gives the choice for any dynamics of integer order as well as
rational values.

2. Preliminaries

Here we present some definitions regarding Caputo and ABC fractional as well as piecewise
derivatives and also integrals.

Definition 2.1. The definition of ABC operator of function K(t) with condition K(t) € H'(0,T) is :

o]

1-v

ABC (v)

ABC v
DY) = = | o

4 KWE, [ ]dﬁ. @.1)
9
One can replace EU[%(I 19) ] by E| = exp[ (t - )] in (2.1) and obtain the Caputo-Fabrizio

operator.

Definition 2.2. Consider K(t) € P[0, T'], and then the ABC integral is:

ABC VK (1) = ——2 K(f) + ——o f K@)t — 9" do. (2.2)

ABC(v) ABC( 7 (v)
Definition 2.3. The Caputo operator of function K(¥) is

C v n—-v-1

D/K(t) = K@@ -9 dd.

DK = i [ (K-

Definition 2.4. Suppose K(t) is piecewise differentiable. Then, the piecewise derivative with Caputo
and ABC operators [26] is

SDVK(f), 0<t<t,

PCABC yv 0
DYK(1) =
0 t ( ) {SBCD;’K(I) tl <t< T,

where [““BCDV represents piecewise differential operator , where Caputo operator is in interval 0 <

t < t; and ABC operator in interval t; <t < T.

Definition 2.5. Suppose K(¢) is piecewise integrable, and then piecewise derivative with Caputo and
ABC operators [26] is

1 ! v—1
mLK(ﬁ)(t—ﬁ) d@), 0<r<mn,

OPCABCItK(t) — ) .
-v v
KO +-——— | KDHt-9""d@®) 1, <t<T,
ABCw) P ABCwTY f,l @) =9 d®) &
where OCABCI Y represents piecewise integral operator , where Caputo operator is in interval 0 <t < t

and ABC operator in interval t; <t < T.
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3. Existence and uniqueness

The existence and the uniqueness results of the suggested model in the piecewise notion are found
in this part. We shall now determine whether a solution exists for the hypothetical piecewise derivable
function as well as its specific solution attribute. In order to do this, we may use the system (1.3) and
can also write the following by way of more explanation:

SAEEDYW () = Nt, W), O0<v <1

1s
1 ! .
W, + m NG, W)t - dd, 0<t<t
v
W) = : _°U y . (3.1)
Wit t, W _ t—DTING, WD), 1, <t <T,
(‘)+ABC(u)N( ())+ABC(U)F(U)L( ) TN( M)d), 1 <
where
S(2) So Sy,
I(¥) Io L,
D(t) DO Dtl
A1) Ay Ay
R(7) Ro Ry, “U«S,L,D, AR, L, T,Hy, H, E, 1)
(W(t) = s (WO = ) (Wl‘1 = P N(ta (W(t)) = Ui = N ABC s
I[r(t) JIF(O) ]Ir(tl) Ui(S’ ]L D9 Ay R; Hry T’ Hda H9 Ea t)
() To T,
Hy(1) Hao) Hay)
H(z) Hy H,,
E(r) Eo E,,

(3.2)
where i = 1,2,3...,10. Take 0 < # < T < oo and the Banach space E; = C[0, T] with a norm

W]l = max [ W(@)I.
1€[0,T]
We assume the following growth condition:
(C1) 3Ly >0, YN, W e E we have

IN(t, W) = N(t, W)| < Ly|W — W,

(CZ) HCN>O&MN > 0,;
IN(t, WD)l < CNIW] + My

If N is piece-wise continuous on (0, ;] and [#;, 7] on [0, 7], also satisfying (C2), then (1.3) has > 1
solution.
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Proof. Let us use the Schauder theorem to define a closed sub-set as B and E in both subintervals of
[0, .Z].
={WeE: |'W|<Ri R>0}
Suppose .Z : B — B and using (4.8) as
W, + mf N@, W)t -9 'dd, 0 <t<
LW) = (3.3)

v—1

Any W € B, we have

Wol + ﬁ f (6= 9N, WD,
LW

IA

WDl + NG WD) + —f(t—ﬁ)” IN@, W))Id(),

ABC(v) ABC(W)I'(v)

[Wol + rw )f (t = )" [CNIWI| + Myldu

Wil +

IA

v—1
ABC(w )[CNl |+ My] + mf(t—ﬁ) [CnIW| + Myld(v),

v

T
(Wol + s [Cul W+ Myl = R,, 0 <t=<,

I'v+ )
|- u(T - T) B
|(W(l])| + ABC(w )[CNl(Wl + My + ABCWL (W) + 1[CN|(W| + MN]d(U) =Ry, t; <t<T,

{Rl’ 0<t<ty,

IA

Ry, ty <t<T.

As determined by the previous equation, ‘W € B. Therefore, .Z(B) C B. Thus, it demonstrates that .’
is closed and complete. In order to further demonstrate the complete continuity, we also write by using
t; < t; € [0, ;] as the initial interval in the sense of Caputo, consider

| L(W)()) = Z(W)(W)

_ g\l - v—-1
‘F( )f (t; = D" N@, WH))d) rw )f(t DN, ‘W(ﬂ))dﬂ‘

[(t =" =t = D NING, W@I))ldd

IA

F(v)
1 ' v—1
b f, (t; = "IN, WD

L " vl gyl 1j el

< T (v)[ fo [t =) (t; = H" 1di + ft (tj =) dﬂ](CH|fW| + My)
(CN(W + MN) 9 v )
T 2=, (3.4

Next (3.4), we obtain #; — ¢;, and then

|L(W)(t) — L W)t)| — 0, ast; — t.
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So, .Z is equi-continuous in [0, #;]. Consider #;,¢; € [t;,T] in ABC sense as

tj

LWNG) = LW = [ NEWO) + et [0 oW,
— AlBC( )N(t , W) + % tlti(ti - ﬁ)v_lN(ﬂ, W())do
o OO f -9 (- 9 ING WD
4 Zﬁ%ﬁzﬁlﬁy—m*Wwawwmmm
< oo f -9 — (1 - 910

1j
+ m—mﬂm*qmw+Mm

UECN(W + My)
ABC)T(w+ 1)

IA

[t -t +2(t; - 1;)"]. 3.5

If t; — t;, then
.Z(W)(t) = L(W)t)| — 0, ast; — t.

So, the operator .Z shows its equi-continuity in [t;, T]. Thus, .Z is an equi-continuous map. Based
on the Arzela-Ascoli result, .Z is continuous (completely), uniformly continuous, and bounded. The
Schauder result shows that problem (1.3) has at least one solution in the subintervals.

Further, if .7 is a contraction mapping with (C1), then the suggested system has unique solution.
As .Z : B — B is piece-wise continuous, consider ‘W and ‘W € Bon [0, 1] in the sense of Caputo as

|L(W) — LW)| = ‘fa—ﬁfﬁNWGMWWM———:[U DN, W(D))dd
iy t1] T(v) I'(v)
F(v " 1)LN||(W WIl. (3.6)
From (3.6), we have
1L (W) = Z(W)| < o 1)LNIIW - WIl. (3.7

As aresult, .Z is a contraction. As a result, the issue under consideration has only one solution in the
provided sub interval in light of the Banach result. Alsot € [t;, 7] in the sense of the ABC derivative as

T = T) _
12(W) = LW < e )LNH ~ Wi+ e sl - Wi (3.8)
or
_ 1- T -T) _
LLW) = LW < Ly =Y+ 2T =D Qg . (3.9)

ABC(v) ABCWw)I'(v+1)
This is why .Z is a contraction. As a result, the issue under consideration has a singleton solution in

the provided sub interval in light of the Banach result. So, with (3.7) and (3.9), the suggested problem
has unique solution on each sub-interval. O
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4. Stability analysis

Here, we prove the H-U stability and different forms for our considered model.

Definition 4.1. Our proposed model (1.1) is U-H stable, if for each a > 0, and the inequality
[eABEDYO() — U(, O(1))| < @, for all,t € T, 4.1)
unique solution O € Z exists with a constant H > 0,
|© =8|, < Ha, for all,t € T, 4.2)

In addition, if we take the increasing function ® : [0,00) — R*, then the above inequality can be
written as

||® - @”Z < HD(a),at every,t € T,

if ©(0) = 0, then the obtained solution is generalized U-H stable.

Definition 4.2. Our considered model 1.2 is U-H Rassias stable if, ¥ : [0, 0) — R*, for each a > 0,
and inequality

FEABCDLO(1) — U(t, O(1))| < a¥ (1), for all,t € T, (4.3)
unique solution O € Z with constant Hy > 0, so that
|© - 0|, < Hya¥(1),1 € T. (4.4)
If¥ : [0,00) — R" is exist, for the above inequality, then
|PCABEDYO(t) — U(1, Ot)| < P(0), 1 € T, 4.5)
then there exist a unique solution ® € Z with constant Hy > 0, such that
|© -0, < HeP(), 1T (4.6)

then the obtained solution is generalized U-H Rassias stable.

Remark 1. Suppose a function ¢ € C(7") does not depend upon ® € Z, and ¢(0) = 0. Then,

gl < a,teT
PCABCDYO(1) = U (L, 0@1)) + ¢(1),t € T .
Lemma 4.2.1. Consider the function
PCABCDE@(f) = U(t, O(t)), 0 <o < 1. 4.7
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The solution of (4.7) is

Qo + % f V@, 0Nt -9 'dd, 0 <<t

o) = (4.8)
O(t) + ABCw )U(t ,0()) + mf(t— MO, OW))d®), t <t<T,
1v reT,
I'lv+ 1)
IF@ = FO®| <4161 2wy + ) (4.9)
[ ABC)I () ] a=Aa,teTs.

Theorem 1. In light of lemma (4.2.1), if the condition er(—:)v < 1 holds, then the solution of our

considered model (1.2) is H-U as well as generalized H-U stable.

Proof. Suppose @ € Z is the solution of (1.2), and ® € Z is a unique solution of (1.2). Then we have
Case:1 fort € 7, we have

_ 1 gl . _
-0 = sup W(‘“mf (t =) 10(&,@(19))5119)‘

<sup|® - (@ +—f (t; — 9~ 10(19 @(ﬂ))dﬂ)‘
reT I'(v)
- (4.10)
+ sup +— f (t; — 90 (¥, @(ﬂ))dﬂ—(—) (t —ﬂ)“‘lU(ﬁ,@(ﬁ)) dﬂ'
el
TV LT _
“Tw+D" r(u+1)” -9
On further simplification
T oo
= T(v+1)
Tw+1)
Case:2
®-0| < sup|®-|0@)+ U (¢, O(f
lo-efl < suwp [ 1)+ F5c0 [0 GO0,

v-1
' m[f a- 0710 (0.80)aw |

+ S,eqPABC o )‘U(t e() - U (1,0,
+ @Pm f (t—9)" I‘U(ﬂ e®) - U (9, @(ﬁ))'
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By further simplification and using A = [%] , we have
|©-0|, < Ac+ALf||© -0, (4.12)
We have
— A —
fo-al, =[5 |ole-al..
Ly
we use
T
Tw+D) A
W:max{[ i( ;)Tl l—ﬂ}
T(o+1) 1My

Now, from Egs (4.11) and (4.12), we have
||® - 6”2 <Ha,at eacht € T.
Therefore, the solution of model (1.2) is H-U stable. Also, if we replace @ by ®(«a), then from (4.13),
||® - @”Z < HD(a),at eacht e T.

Now, ®(0) = 0 shows that the solution of our proposed model (1.2) is generalized H-U stable. O

We give the following remark to conclude the Rassias stability results and also the generalized form.
Remark 2. Suppose a function ¢ € C(7") does not depend upon ® € Z, and ¢(0) = 0. Then,

o) < Y@)a,teT

PCABCDY@(r) = U (1,0(0) + ¢p(t),t €T
f Y(Wds < Cy¥(),teT.
0

Lemma 4.2.2. Solution to the model

PEABC @ (1) = U (1, O(1)) + (1),
®0) =06,,

hold the relation given below:

v

7 Co¥Y()a,t € T,
m— (S
Tw+1) ¥ ®eI=

(I -»)l') + (T73)
ABC()I'(v)

|F©) - FO)| < (4.13)

Co¥(t)a = ACy¥(t)a,t € T>.

where ﬂf’\y’,\ = A?’(ﬂly.
With the help of remark 2, one can get Eq (4.7).
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Theorem 2. The solution of model (4.13) is H-U-R stable if the following conditions hold:
H)) For each ®,v € Z and a constant Cg > 0, we get

|D(®) - P(V)| < Co|O -],

H,) For each ©,v,0,v € Z and constant Ly > 0,0 < M; < 1, we get

[0,0,v) -V, 0,V)| < L [0 - 6| + M|y -]

Mf<1.

Proof. We prove these results in two cases.

Case:1 fort € 7, we have

lo-o]

On further simplification

Case:2

lo-o]

IA

+

By further simplification and using A = [

teT

IA

teT

+ Ssu
,ef}? T(v)

v—1 ~
- @ fo (t; — ) U(ﬁ,@(ﬂ))dﬁ‘

l/

f (t; — 9 U (9, O@)) d9

CodDa+ —=_ll0-©
o+ 0 g 10~

IA

C(D(I)(t) r(u+1)
1— LT @

I'(v+1)

lo - el

sup |® — [0(1,001),]

teT

_ v-1
ABC(U)F( )[ f (- 97U (9, @(0))d(ﬁ)”|

[0 (1, 0(0) - U (1,00, )

[@)(n) ABC( )

o ABC( )

ey ABC (U)F(v) f

(=)L W)+T7

ABC()I'(v) ] » WE have

|© =8|, < ACo®(a + ALs||® - 0],

Mathematical Biosciences and Engineering

1 o _
sup |® — (@o v fo (1 —9)""'U (8, 0) dﬂ)‘

sup @ — (@o + % f l(rl - 97U (8, 0)) dﬂ)‘

(4.14)

(t — 9! ’U (#,0() - U (9, @(ﬁ))' ds

(4.15)
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We have
lo -8, <| 222140 -7,
3
We use
- Co®(A
7{1\,6'(1) = max {(1 i(uzjl”?fl q>_ AL }
T+ 1) 1-M;

Now, from Eqs (4.14) and (4.15), we have
||® - @“Z < Hpc,a,at eacht € T
So, the solution of model (1.2) is H-U-R stable. O
Remark 3. Suppose a function ¢ € C(7") does not depend upon ® € Z, and ¢(0) = 0; then,
o) < ¥(1),1 € T

Theorem 3. In light of H,, H,, Remark 3 and 4.2.2, the solution of model 1.2 is generalized H-U-R
stable, if My < 1.

Where

H,) For each ©,v € Z and constant Cq > 0, we get

|D(B) - (V)| < Co |© — |

and
H>) For each ©, v, @,\7 € Z and constant Ly > 0,0 < My < 1, we get

[0(1,0,v) - U(1,0,V)| < Ly |© - O] + My v -]

Proof. We obtained our results in two cases:
Case 1: fort € 7, we have

lo - @]

teT

1 " v-1 o
sup [© — (@0 v fo (= 0)""'U (8, 0(9)) dﬁ)‘

IA

1 o _
sup |© — (@)O * T fo (1t —9)""'U (8, 0(9)) dﬁ)

teT

v—1 o g1
+ sup r()f(“ MU (9, () do r()f(t 9) U(ﬂ@(ﬁ))dﬂ

<

Cod(t)r + 2= e -o|
Tw+1) ° Tw+1) '

On further simplification

e - el (4.16)

Cd’q)(t)r(uﬂ)]
— |

1— LT
I'(v+1)
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Case 2:

o-3

IA

[O (7, 0())]

sup |® —
teT”

v—1
+ A—BC(U)F(U) [ f (t — ) U(ﬁ @(ﬁ))d(ﬁ)”'

[@(rl) " ABC( ;

+ sup ABC( )‘U(t e() - U (1.0, )
+ ,e}-’mf“‘w I‘U(ﬁ e®) - U (9, ®(19))'

(1-)FW)+T7

ABECON®) ] , we have

By further simplification and using A = [

|© - 0|, < ACo®@()er + AL;||© - B)|,

We have
o~ = ($=52) lo -l
We use
s | Co®A
I'(v+1 (O]
Haco :max{(l _(Lf_ﬁr] - ALf}
T(v+1)

Now, from Egs (4.16) and (4.17), we have
||® - 6“2 < Hrc,.at eacht €T

So the solution of the model (1.2) is generalized H-U-R stable.

5. Numerical Scheme for the fractional piecewise COVID-19 model

In this section we derive the numerical scheme for the following Covid-19 model (1.2).

(I)’CABCD;/S(z) = —(al + BD + yA + 6R)S,

FEAPEDYI() = —(€ + £ + DT + (ol + BD + yA + 6R)S,
PCABCD(1) = —(n + p)D + €],

ECABCDYA(f) = —(0 + p + KA + {1,

GEAPEDYR() = —(v + )R + nDOA,

CEAPCDYL(1) = (al + BD + YA + 6R)S,

CABCDYT () = —(0 + )T + pA + VR,

o DY H() = pDER + 0T,

CCABCDYH(r) = AL+ pD + kA + R + 0°A,
PCABCIVE(f) = T,

(4.17)

(5.1)
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By applying the piece-wise integral to the Caputo and AB derivative, we obtain

S(1)

I(»)

D(1)

A(r)

R(?)

L:(2)

T

Hy(2)

H(?)

E(?)

Attt =1,

S(t)

1(1)

D(1)

A

R(?)

Mathematical Biosciences and Engineering

{S(O) + 5o [ = p) U, S)dp 0 <t <1,

S(t) + AlB(g)U (t, S)dp + 15 ot =) VN, S)dp 1 <t < T

100) + 7 r() [ (t = p) U5t Ddp 0 <1< 1,

1) + 52 )Uz(t Ddp + 15 (= p) " Ua(t,Ddp 1 <t < T
{D(O) + s i (= p) U5, D)dp 0 <1<y,

D(n) + AB(U)Uga D)dp + gy ) —p) Vst D)dp 1y <1 < T

{A(O) + (= p) UL, A)dp O <t <1y,
A(n) + AB(U)U4(t A)dp + 15 it = p) Ut Adp 1 <t < T
{R(O) s [ = p) Vs R)dp 0 <t <1,

R(t) + 255 Us(t, R)dp + s ot —p) "' Us(t, Rydp 1) <t < T
{,<0>+ s fo (1= p)"Us(t.1)dp 0 <1< 11,

1(1) + $55 U6t Idp + 15 [ (4 = p)" ' Us(t,Tdp 1y <t < T

B {T(O) + 0 r(,,) [ (t = p) U5 1, T)dp 0<r<t,

Ha(0) + 755 fo (t — p)’~ 1< Us(t, Hd)dp 0<t<t,
Hd(tl) + AB(U)US(l Hd)dp+ AB(U)F(U) f(l )U_IUS(t’ Hd)dp Hh<t< T

HO) + 1755 Jy "t = p)Us(t, H)dp 0 <t <1y,
H(#) + AB(U)Ug(t H)dp + 1585 [t = p)" Ut Hdp 1) <t < T

E0) + 5 [ (= p)" Uyt R)dp 0 <1 <1,
E(n) + AB(U)UlO(t E)dp + 5o f (t—p) 'Ot B)dp t; <t <T

SO) + &= [t = p)" U1 (1, 8)dp 0 <t <1y,

S + 255 016 S)dp + sy [ (0= p) 701 S)dp 1 <1< T

100) + 7 ' (¢ = p)" Ut B)dp 0 <t <1,
1(t1) + 75502 Ddp + e o' (¢ = p)" ' Un(t,Ddp 1ty <t < T

D(0) + mfo (t— ) U5t Idp O <t <1,
D(1y) + S = py Uy DYdp 1 <t < T
AQO) + = r(v) b
A(t) + 225 04(t, A)dp + =

{R(O)+ L (- p) Vs Rydp 0 <1 <1y,

v 75,2, D)dp + 24—

AB(U) AB(v)F(v)

(1 — p) UL (1, A)dp 0 <t <1,

f”“(t—p)v "Ou(t,A)dp t, <t <T

AB(v) AB(v)F(v)

R(1)) + =2 Us(6, R)dp + 2— [t = p)* "Us(t,R)dp t, <t < T

AB( ) AB(v)F(v) f

(5.2)
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108(l, Hydp t, <t<T

I() = { A0) + % fotl (t=p) Vet 1)dp 0 <t <1y,
L)+ a5 >U6(t dp + 5eime f "t -p) U6t I)dp 1y <t < T
T(t) = {T(0)+ w Jo (=P, T)a’ptO <r<t,
T() + AB(U)U7(Z Tdp + %— VIO f”“(t— YU Tydp 1y <t < T
Hy(r) = {H"(O)+ F(u)f (t = p)"~"Ug(r, Hp)dp 0 <t <1,
Ha(ty) + AB(U)US(t Hy)dp + ——%— AB(U)F(U) f””(t —p)-
H() = {H(O) O F() [t = p) 1 Us(t. H)dp 0 <t <1,
H() + 2550 (t H)dp + 155y

E0) + 1 [t = p)* " <Up(t. Edp 0 <1 <1,

"t — ) Uo(t,H)dp t) <t <T

E() = .
{Em) + 2500 B)p + b [ = p) Vot B)dp 1 <1< T

We put the Newton polynomials, so we obtain

(At)v—l
Fw+1) &

(A[)U 1
+2) k=2

[ U1(S52, f_ 2)]H+

So + ‘
v(A ¢

C
— U1(S*5, 1) = 2608, 1) +€ U
+2F(U+3)k:2[ (S5, 1) = 260851, 1 p) +€ Ty (

— 1-v ABC Sn v (5t)u_1 - ABC
S(tps1) = ABCw) 16 t”)+ABC(v)1"(v+l)k: 3[

. v wHr b &
ABC(wv)T'(v+2) S

S(t1) +

. U U(Ul)y_l n [ABC
ABC()T(w +3) £,

i

(A[)U_l i C K2 (AZ)U_I C e
T+ 1) & [ 0l ’t"‘Z)]H "Tw+2) k; [ 0l

Iy +

N (AU
2l (v +3

ABC

i C
[ Uy (5%

U4 (SK, ) — 248€0, (5%~

ep) =€ U(S*2, tk—z)] /\

Sk_z, tk_z)]A

Uy (5%, tk_z)]n (5.3)

ABC
| O e + ABCOIE )|

L) +45C Uy (852, rH)]A

') =€ B2 )| A\

o)
P | 024,10 = 20205 ) +€ B0, 1) A

1 v—1
I(tye1) = Y_ABCTs, (1, 1) 4 e O [ 07, )| (5.4)

ABC(v) ABCw)T(w+1) 4

v ()~
ABCv)T'(v + 2)

I(zy) +

VRV (7) Ll O L P
+ABC(U)F(U+3) Z[ U (1%, 1) = 2777 0,(1

Mathematical Biosciences and Engineering

[ a0 ) + ABCUL 2, 1y 2)]/\

1 e )+ABC [0} (I[k 2 B 2):|
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i

(At)u—l
T+ 1) ];

2

DO +
v(AHY!

‘

+ e
(v +3) H

i

(At)u—l
T(v+2) &

c
U5(D*2, fk—z)]H + [ U3, fey) =€ U(DR2, fk—z)] /\

i

C
[ U3@K, i) — 2°U5(0% 1, _p) +€ V3@F2, zk_z)]A

D(t,11) = 1=V ascyy (D", 1,) + —— "' [ABCU (D2, )]1‘[ (5.5)
n+l ABC() > T ABC) T+ 1) &, I k2 :
U (U[)U_l n ABC B ~
D)+ + Tt 2| O e+ ABCUE )| /\
k=i+3
U U(U[)U_l n ABC B ~
+ ABCw) T(w +3) [ U3 (DX, 1) — 24BCU (D, _y) +48C€ U3 (DR, lk—z)]A
k=i+3
(An! i [C ) ] (An! i [C k-1 c ) ]
O4(A* 7, o) |IT O4(A* 1) = O4(A* 7 e
Tw+l) 24 4( ) |11 + Tw+2) kz_; a( tk-1) 4( k—2) A
A() + _1 . B
v(AnY~ e _ _
e [ V(A 1) — 2°U, (A, 1 p) +€ Uy(AK Z,rH)]A
k=2
1-v v (U & [ABC _
Altyy) = U ABCG(AM, 1) + [ Uy Ak z,rH)]H (5.6)
ABC(v) ABC()T(w+ 1) £,
U ut v—1 ABC _ 3
A+ + e r((v)+ 5 00| v e < ABCUNA2 )| /\
k=i+3
) U(Ut)u—l n ABC 3 3
T e [ Ua(A¥, 1) — 24BCT, (A, ) +45C Uy (aK Z,rk_z>]A.
k=i+3
) S [C - A S C 1v k-2
Us(R ,t_)]l'[+ [U(R 1) =€ Us(R ,t_)]
F(U+1)kZ:; 5 k-2 F(U+2)kz:; 5 k-1 5 k-2 /\
RO * A 1 i C
v(ADY~
. % |05 50— 2T ) +€ U5, |
k=2
1-v v (62‘)“’1 =y [ABC _
R(fys1) = U ABCT(RY, 1)+~ Us(RK z,rk_z)]n (5.7)
ABC(v) ABC()T(w + 1) £,
U (UI)U_] n ABC B B
R+ + gt O | OB+ ABCUSE . )| /\
k=i+3
v—-1 ABC
L \CJ) [ 0 0 = 2T ) +5C USEE2, )[

Mathematical Biosciences and Engineering

ABC(w)T(w +3) &,
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(A1
T(w+1) &

L,.(0) +
U(At)“ !

T Tw+3)

Z[ (2%, )

1-v 45 v

ABC() rotn) +

L(ty+1) =

N v (wryv!
ABC(w)T(v+2) e

11r(tl) +

N v uw)r!
ABC(w)T'(v + 3) Eh

(At)u—l
Tw+1) &

T(0) + ,-

u(AHV!

2I'(v + 3) =
1-v 45 v

T(tps1) = ABC@)

U7 (T”» tn) +

ABC

() + v (! Zn; [

T ABC() T +2) L4,

" ABC

N v v
ABC(w)T'(v + 3) e

(Ary!
T(w+1) &

H4(0) + ;

. u(Anv-!
(v +3) H

1 - UABC

Ha(thi1) = ABCw)

8(Hn’ tn)

v ()
ABC(v)T'(v+2) e

Hy () +

N v u(u)!
ABC(w)T'(v+3) e
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[CU6(]Ik‘2 zk_z)]n +

ABCw)I'(v+1) £

[A BC

n [ABC

2 [CU7(’JI""2, tk_z)]l_[ ;

ABC

C
[ Uy (HE2, tk_z>]n T

ABC(U) Fw+1) &

n [ABC

[A BC

S Pt et
k=2

= 2T 1) +€ U, 1) [

n

(6t)u 1

ABC
[ U, )| (5.8)
U i) + ABCUE 2 )| /\

Uk, 1) = 25T, ) +45 T2, o)

F((Avt):zl) Z [CWTk?I’ 1) =TT, tk—z)] A\
k=2

C
O | O 0 = 2051 ) 4 T o)

O

59
W) T +1) & 59

ABC
[ U7(TE2, lk—z)]n
U7(T&!, 1) + ABCU(T¥2, zkfz)] A

Uy(T%, 1) — 24505 (T5 1 1) +4BC T (TH2, zk_2>]A

(At)v 1
T(v+2)

Z[ U ) =€ U e |

C
[ Us(HY, 1) — 2CU5(EE, i y) +€ U (HE2, rk_z)]A

v (6!

(5.10)

n_ ABC
[ Ug(HK2, fk—z)]n

U 1) + ABCU S )] /\

Us(EX, 1) — 245U (HE, 1) +45€ U (HE2, rk_2>]A
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H(tn+1) =

E(tn) =

Here

(At)v—l i
T(v+2) &

(At)u—l i

[CU9(Hk_2, fk—2)]H + [CU9(Hk_1, feo1) =€ Ug(HE2, tk—Z)] /\

H() + c
[ Vy(HY, i) — 2°Tg(H", 1) +€ Vo (H2, rH)]A

_ v—1 n ABC
e (IR WL CL) [ Vo (HE2, rk_z)]n (5.11)
i+3

ABC(v) ABCW)T(w+1) 4

U (Ut)u—l n_ rABC el o
B+ ST 2 | O e +ABCU )| A\

i+3

U U(Ul‘)v_l n ABC

+ Uo(HX, 1) — 28T (HX!, f_p) +45€ To(HK2, 1y ]A
ABC(v)T(v +3) kzl.;[ o(H% 1) o k-1) o( k-2)

i

(A~ Zl: [CUIO(Ek_Z, tk_z)]n . (Apyv! Z [CUm(Ek_lv fet) C Ulo(Ek_2v lk—z)] /\

Tw+1) & Twi2) 2
E(0) + "—12 A k=2
v(ADY G €
+ 21"((11)_{_ 3) Z [ UIO(Ek, i) — 2CU[Q(Ek71, k1) +¢ Ulo(Ekiz, tk—2)]A
k=2
1 -v 45 v ) R [ABC - ]
= E* )|l 5.12
ascw) OO E Mt e W D k;% V1o, 1) (5.12)
v (vtyv-! ABC - -
E(f) +4 + ABCwI Tw 1 2) k_Zi;J U10(E* ", 1x-1) + ABCUo(E ,tk—z)] /\
n_ rABC

v vy [ K ABC k-1 ABC k-2 ]
+ O10(E*, 1) = 2770 10(E* 7, 1) + O10(B* 7, (k2 |A
ABCw) T(w+3) k; 10(E*, 1) 10( k-1) 10( k-2)

i+3

(1-k+ n)”(Z(—k + 1) + Bu + 10)(=k + 1) + 207 + 9v + 12)
11 =

2

_(-k + n)(2(—k + 0 + (5u+ 10)(n — k) + 607 + 180 + 12)

(1—k+n)”(3+n+2v—k)

—(—k+n)(n+3v—k+3)

A:[(l—k+n)”—(—k+n)“ ]

Mathematical Biosciences and Engineering Volume 20, Issue 4, 6134-6173.



6153

and

COI(S, 1) =480 (S, 1) = —(al + D + yA + 6R)S,

CO3I, 1) = 2031 1) = —(e + £ + DI + (al + BD + YA + 6R)S,
Uy (A, 1) =BT, (A, 1) = —(n + p)D + €l

COLD, 1) = 48CU,(D, 1) = —(0 + u + KA + T,

CO5R, 1) = 2BCU5R, 1) = —(v + &)R + nDOA,

COs(,, 1) = 4BU5(1,, 1) = (al + BD + YA + 6R)S,

CO4(T, t) = ABCUs(T, 1) = —(0 + 7)T + A + VR,

CUs(Hy, 1) = *BCUs(Hy, 1) = pDER + 07T,

COy(H, 1) = 4BCUs(H, 1) = AL + pD + kA + R + TA,

€U(E, t) = 4BCUs(E, f) = 1T.

The above Eqs (5.3)—(5.12) are the solution for the considered model.

6. Numerical simulations

In this section we provide the numerical simulation for all the five compartments of the proposed
model using the initial data and parameters values taken from [19]. The initial populations are
S(0) = 1, I(0) = 0.001, D) = 0.002, A0) = 0.0001, R(0) = 0.0003, I,(0) = 0.0009, T(0) =
0.002, H,(0) = 0.003, H(0) = 0.00012, E(0) = 0.00014.

Table 2. Parameters values in model 1.1.

Parameter Value Parameter Values
1% 0.57 B 0.0114
0% 0.456 19) 0.0114
€ 0.171 0 0.3705
e 0.1254 m 0.1254
u 0.0171 v 0.0274
T 0.01 A 0.0342
K 0.0342 & 0.0171
o 0.0171 Jol 0.0171

The graphical representation of all the ten compartments of the analyzed model has been shown on
three different data of fractional orders and time durations in the sense of piecewise Caputo and ABC
derivatives. The first compartment of susceptible population is shown in Figure la—c, respectively,
on two sub intervals. The said class population decreases slowly in the first interval, while in the
second interval it decreases very abruptly. On small fractional orders it is stable quickly, and piece
wise behaviors are negligible in this case, as shown in Figure la,c.
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—0.96
0 ‘ ‘ 0.985 ‘
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t t
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1
—0.05
0.8 —0.15]
0.25
=067 —0.35|
7]
0.4
0.2
0 L L
0 100 200 300
t

(0)
Figure 1. Dynamical behaviors of susceptible individuals S(z) on different arbitrary
fractional orders v and time durations on sub interval [0, #;] and [#;, T'] of [0, T].

The second compartment of infected population is shown in Figure 2a—c respectively on two sub
intervals on three different data of fractional orders and time durations. The said class population
grows quickly in the first interval, while in the second interval it decreases very abruptly, as shown in

Figure 2a. On small fractional orders it is stable quickly and piece wise behaviors are negligible in
this case, as shown in Figure 2c.
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0.2 ‘ ‘ 0.015 ‘
—0.90 —0.99
7 —0.89| | —0.98
0.15 0.87 0.01 | 0.97
. —0.86 . —0.96/
< 017 1 =
0.005 |
0.05¢ 1 ‘—/
_/
0 ‘ ‘ 0 ‘
0 100 200 300 0 50 100
t t
(a) (b)
0.2
—0.05
7 —0.15|
0.15 0.95
— —0.35
= 017 1
0.05¢ L
WA\
0 100 200 300

t
(0)
Figure 2. Dynamical behaviors of infected individuals I(¢) on different arbitrary fractional
orders v and time durations on sub interval [0, ;] and [#;, T] of [0, T'].

The next agent of Diagnosed population is shown in Figure 3a—c respectively on two sub intervals
on three different data of fractional orders and time durations. The said class population depends on
the behavior of infected population showing the same dynamics but smaller than infectious
population. On small fractional orders it is stable very quickly, and piece wise behaviors are
negligible in this case, as shown in the Figure 3c.
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(0)
Figure 3. Dynamical behaviors of Diagnosed individuals D(z) on different arbitrary
fractional orders v and time durations on sub interval [0, #;] and [#;, T'] of [0, T].

The next quantity is of Ailing population, shown in Figure 4a-c respectively on two sub intervals
on three different data of fractional orders and time durations. The said class population grows quickly
in the first interval, while in second interval it decreases very abruptly, as shown in Figure 4a. It also
gives the same dynamics as given by the diagnosed population. On small fractional orders it is stable
quickly, and piece wise behaviors are negligible in this case as shown in Figure 4c.
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(0)
Figure 4. Dynamical behaviors of Ailing individuals A(¢) on different arbitrary fractional
orders v and time durations on sub interval [0, ;] and [#;, T] of [0, T].

Next is the Recognized population, shown in Figure 5a—c respectively on two sub intervals on
three different data of fractional orders and time durations. The said class population grows quickly in
the first interval, while in second interval it decreases slowly, as shown in Figure 5a. On small
fractional orders it converges quickly, and piece wise behaviors are negligible in this case as shown in
Figure 5Sc.
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Figure 5. Dynamical behaviors of Recognized individuals R(z) on different arbitrary
fractional orders v and time durations on sub interval [0, #;] and [#;, T'] of [0, T].

The sixth compartment is of real infected population, shown in Figure 6a—c respectively on two
sub intervals on three different data of fractional orders and time durations. The said class population
increases in the first interval, while in the second interval it is moving towards stability, as shown in
Figure 6a. On small fractional orders it is stable quickly, and piece wise behaviors are negligible in
this case, as shown in Figure 6c¢.
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Figure 6. Dynamical behaviors of Infected real individuals I.(#) on different arbitrary

fractional orders v and time durations on sub interval [0, #;] and [#;, T'] of [0, T].

The next compartment is of threatened population, shown in Figure 7a—c respectively on two sub
intervals using three different data of fractional orders and time durations. The said class population
grows quickly in the first interval, while in the second interval it increases very abruptly, as shown in
Figure 7b. On small fractional orders it is stable quickly, and piece wise behaviors are negligible in

this case, as shown in Figure 7c.
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Figure 7. Dynamical behaviors of Threatened individuals T(f) on different arbitrary
fractional orders v and time durations on sub interval [0, #;] and [#;, T'] of [0, T].

The next quantity is of infected population, shown in Figure 8a—c respectively on two sub intervals
on three different data of fractional orders and time durations. The said class population grows in the
first interval, while in the second interval it increases very slowly, as shown in Figure 8b. On small
fractional orders it is stable quickly, and piece wise behaviors are negligible in this case, as shown in
Figure 8c.
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Figure 8. Dynamical behaviors of Diagnosed recovered individuals H,(#) on different
arbitrary fractional orders v and time durations on sub interval [0, #;] and [#;, T] of [0, T].

The ninth compartment is of healed population, given in Figure 9a—c respectively on two sub
intervals on three different data of fractional orders and time durations. The said class population
grows quickly in the first interval, while in the second interval it increases very abruptly, as shown in
Figure 9b. On small fractional orders it is stable quickly, and piece wise behaviors are negligible in
this case as shown in Figure 9c.
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Figure 9. Dynamical behaviors of Healed individuals H(¢) on different arbitrary fractional
orders v and time durations on sub interval [0, ;] and [#;, T] of [0, T].

The tenth compartment is of Extinct population, shown in Figure 10a—c respectively on two sub
intervals on three different data of time and fractional orders. The said class population grows quickly
in the first interval, while in the second interval it increases slowly, as shown in Figure 10b. On small
fractional orders it is stable quickly, and piece wise behaviors are negligible in this case, as shown in
Figure 10c.
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7. Sensitivity of parameters

In this section, we check the sensitivity of two parameters @ and 6 along with the fractional
parameters. Decreasing the value of @ and increasing the value of 6, greatly affect the dynamics of the
said COVID-19 model. The infection may be controlled by reducing the infection rate @ and by
increasing the value of 6 in the sense of piecewise Caputo and ABC operators on different fractional
orders.
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of [0, T].
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8. Conclusions

In this study, we have developed the scheme of a ten compartmental piecewise fractional model
of COVID-19 under the fractional derivatives of Caputo and Atangana Baleanu in the sub-partition
format. We have demonstrated that on small fractional orders, all quantities converge and are quickly
stable. The important theoretical and numerical properties have been presented for the proposed model.
Applying the concept of fixed point results, we have derived results which deal with existence and
uniqueness of solution for both sub intervals in the sense of Caputo and Atangana Baleanu operators.
The Ulam-Hyers stability concept on both intervals has also been derived. We have used the Newton
Polynomial technique to compute numerical solutions of the piecewise fractional model of COVID-
19 virus. We have used MATLAB-18 to depict the numerical results for few fractional orders and
time durations. We have observed that the piecewise data gives more information describing crossover
dynamics for different fractional orders. Further, the graphical results are very interesting for both
piecewise and fractional order analysis. In the future, the work can be extended to optimal control and
stochastic models to examine the behavior and control of the disease.
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