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1 Introduction

In late 2019, a new virus from the corona virus, called the Novel Corona
virus, was identified in Wuhan, China, and spread rapidly in several
parts of China. It was initially reported that the virus had spread from
the seafood market, now, it has been almost a year and a half since
the virus was identified and its origin has not been determined. The
SARS-CoV-2 quickly spread to other countries and spread widely, with
the World Health Organization announcing a pandemic and informing
all countries of rapid measures to control the spread of COVID-19, such
as hand washing, mask use and social distancing. COVID-19, which
is caused by SARSCOV-2, has different symptoms in different people.
The most common symptoms are fever, lethargy, dry cough, and lung
involvement, some other symptoms such as sore throat, body aches, di-
gestive problems, and skin and heart problems, etc... can add to symp-
toms of the disease.At the beginning of the outbreak of COVID-19, it
was announced that children and adolescents would not be infected, but
by mutations in the SARSCOV-2 virus, new strains of the virus have
identified that is more rapidly transmitted and infect children.Various
vaccines have already been developed for COVID-19 and vaccination has
begun in many countries, however, the spread of the disease continues
and it is unclear whether vaccinated individuals will be resistant to the
new strains of SARACOV-2, or no?

The theory of fractional calculus, especially differential equations of
fractional order derivatives have a significance important in the modeling
of many real world problems arising in science and engineering (see e.g.
(2, 5, 6, 12, 18, 20, 27, 28, 32, 33, 35, 30] and references therein). Frac-
tional derivative due to Riemann-Liouville and Caputo were used widely
in the early literature. But due to the presence of singularities in their
kernels, some new fractional derivatives were introduced which settled
the arisen problem, for details, we refer [1, 3, 4, 10, 19, 21, 24,29, 31, 37].
More precisely, to study the complex biological systems and diseases,
fractional calculus played an important role as it provides better results
than the integer order models (see e.g. [7, 14, 15, 16, 17, 22].

In the past, the integer-order derivative was used for modeling that
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did not preserve the system’s historical memory, but in recent decades,
with the expansion of the use of the fractional order derivative that pre-
serves the system’s historical memory, researchers have begun to use the
fractional order derivative instead of ordinary derivative. With the out-
break of COVID-19, mathematicians and biologists studied the spread
of the disease. Depending on the behaviour of the SARSCOV-2 virus
and how the disease spreads, various mathematical models have been
written (see e.g. [8, 13, 23, 26, 34]).

Due to the nature of the prevalence of COVID-19, the number of infected
people at any time depends on the number of infected people in previ-
ous times, and the disease transmission system has historical memory.
So we use the fractional-order derivative, which preserves the historical
memory of the system, to investigate the spread of COVID-19. On the
other hand, because some fraction-order derivatives have a singularity
in their kernels, we use the Atangana-Baleanu-Caputo fractional-order
derivative whose kernel has no singularity. We also present a numerical
simulation to better investigate the COVID- 19 transmission.

The structure of the paper will be as follows: In the next section, some
basic definitions and concepts are recalled. The fractional order model
is presented in Section 3 to investigate the release of COVID-19. The
equilibrium points of the system and its stability conditions are deter-
mined in Section 4. The existence of the system solution is proved using
the fixed point theory in Section 5. Using Shehu transform, a specific so-
lution for the system is determined in Section 6, and the stability of the
method in Section 7 is demonstrated. Numerical results and conclusions
are presented in sections 8 and 9, respectively.

2 Preliminaries

In present section, we recall the some basic definitions of fractional cal-
culus. We start with the definition of Caputo fractional-order derivative
which can be found in many books (see, e.g., [15]).

Definition 2.1. For a differentiable function h, the Caputo derivative
of order § € (0,1) is defined by

CDIp(t) = P(11—<5)/o h/(s)(t_ls)éds.
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Definition 2.2. [3] Let h € #!(0,1) and § € [0, 1] then the Atangana-
Baleanu-Caputo (ABC) fractional derivative is defined by

ABOQIp(p) — (]1”_(55)) /0 h/(w)Eg[—%(t—w)‘s]dw.

Definition 2.3. [3] The integral operator associated with ABC-fractional
derivative is defined by

(L(di)h(t) + M(é()sF(é) /0 B(w)(t — w)*dw,

where M (0) is the normalization function.

ABCjéh( )

Definition 2.4. [25] For a function £(¢) in

A = {£(t) : there exist x,t1,t2 > 0,]£(t)| < xexp (|tt> , ift € (=1)7 x[0,00)},

the Shehu transform of (t) € A is given by
t
Si(e(0) = [eon (<2 )0t e (-t
0

Lemma 2.5. [0] Assume h € H'(a,b), b > a, v € (0,1) and h(t) € A,
the Shehu transform (Sy) of Atangana-Baleanu fractional derivative in
Caputo sense is

Sp(MPCDON(t)) =

3 Fractional Model in Atangana-Baleanu Sense

In this section, we present a fractional-order mathematical model for the
transmission of COVID-19, using the idea in the work of Chen et al. [11].
In this model, the people are divided into five compartments: susceptible
people (&,), exposed people (€,), symptomatic infected people (J,),
asymptomatic infected people (2(,), and removed people (%) including
recovered and dead people. Also, the virus repository from which the
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virus starts spreading is indicated by 9t. We consider the desired model
as follows:

S L[ 0y — G, (Tp + TA,) — WS, M,

% = (8T + TUy) + wu &M — (1= D)y, — Bpop€, — wpEp,

B = -2~ (m+ )3, (1)
% = Qpor€, — (Tap + wp)Ap,

LR A .

% = ¢pJp +wpAp — M,

with the initial conditions

6,(0) = 6,(0) = 0, €,(0) = &,(0)

>0 3,(0) = 3,(0) > 0,
Ay (0) = 2A,(0) > 0,%,(0) = R, (0)

0,
0, M(0) = M(0) > 0.

AVANAY

The parameters of the model are: the birth rate ]_[p, the death rate
wp, the transmission rate from J, to &, as (p, the transmission rate of
20, to that of J, as ¥, the transmission rate from 9 to &, as w,, the
proportion of asymptomatic infection rate of people ®,, the incubation
period of people %, The latent period of people g, the infectious period

of symptomatic infection of people %7 the infectious period of asymp-
tomatic infection of people 7., the sﬁedding coefficients from J,, to I
as ¢p, the shedding coefficients from 2(, to 9 as w),the lifetime of the
virus in N as é.

We generalize the model (1) to a fractional order model using the
Atangana-Baleanu derivative in Caputo sense as follows:

ABC@&GP = H —wp&p — (6,(Tp + ¥Ap) — wuSpIM,

P
ABC@&QEP = 6T + ¥A) + wuGpM — (1 = @p)1p €y — Ppop€p — wp €y,
ABC@ij = (1= Qp)np& — (1p + wp)Tp, 2)
ABC@&le = OpopCp — (Tap + wp)2Up,
ABODIR, = 1,0p 4 Tapp — wpRyp,

ABCom = $pJIp + wpUAp — MM,
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where § denotes the the fractional order parameter and the model vari-
ables in (2) are nonnegative and the initial conditions are given by

&,(0) = ©,(0) > 0,€,(0) = €,(0) > 0,3,(0) = 3,(0) > 0,
2,(0) = 2,(0) > 0,9,(0) = 2R,y(0) > 0,9(0) = M(0) > 0.

4 Equilibrium Points

To determine the equilibrium points of the fractional order system (2),
we solve the following equations

ABC©56p :ABC @(SQEP :ABC @éjp :ABC Démp :ABC ’Défﬁp :ABC gém =0.

By solving the algebraic equations we obtain equilibrium points of sys-
tem. The disease-free equilibrium point, the point where there is no

Ly 0,0,0,0,0). In addition, if Ry > 1,then the

wp
system (2) has a positive endemic equilibrium

disease, given by EY = (

E>1k = (S}vaE}kD7[IE7 *p,R*p,M*),

« Tyzp

TapPLpPYCpY + TapPpww Ppy — wuwPp@pnpz — PpPNplpz + wwdppz + PNplp2z '

Gl

* a,p,w

- 2(TapPpPPpY + TapPpww PpyY — W PpPpNpz — PpPNppz + WuwdpnNpz + ENplp2)

with
G}Lp,w = Tap H q)Pclm’/)CPy + Tap H (ppww(I)Py - H ww(I)pd)pT/pz
p p p
~ [ ®oenmpGoz + [T wutpmpz + T empGoz — cwpayz,
p p p
I* . Gg,p,w
B 2(TapPpePCpy + TapPpwuw Ppy — W Ppdpnpz — LpnpCpz + Wuwdpnpz + ENPpz)y

with

GZ,p,w = p(Tap H Y(PpptpCp + ppwiPp)
p
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- Hﬁp(ww¢p¢pz — Qpp(pz + Gpdpz + (p2) — pwpzyz)(Pp — 1),
P

3
A* = Ga,p,w

2(TapPppPCpy + TapPpwuw Ppy — Wuw PpPpnpz — LpnpCpz + WwPpnpz + PNpCpz)z

with

Gi,p,w = OpTap(Tap H PpevCpy + Tap H PpwuwPpy — H W PpPpTlpz
P 2 P

- H (I)p‘Panpz + wa¢pnpz + H Spanpz - ‘Pwpxyz)a
p p p

G4

* a,p,w

B 2(Tap LpVCpy + TapawwPpy — wuw Ppdpnpz — Ppenp(p2 + wWwdpnpz + ENpCpz)wpyz

with

Gg,p,w = (Tap H q)py(SOpr + (ppww) + (— H @prlpz
p P

+ H Mp2) (Wwdp + PCp) — pwpry2)(TapPpy T — Tp1pz(Pp — 1)),
P

5
* Gapw

B 2(TapPppPCpy + TappBPpy — BPrdpMpz — Ppnppz + Cpdpnp2z + Pnplp2)pyz

with

Gip,w = (Tap H ®py(@¢gp + @pww) — (H (I)p’r/pz
p P

- H Mpz) (W dp + 9Cp) — Ppwpry2) (TappPpy — Ppnpz(Pp — 1)),
P

where y = (1p+wp), = (1=Pp)np +Ppop+wp, 2 = Tap+wp. Also, Ry is
the basic reproduction number and is obtained using the next generation
method. To find Ry, we first consider the system as follows

ABEDOW (1) = F(U(t)) — V(T (1)),
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where
GSE)I(L) + Y A(L) + wuSEW (L)
F(U(1)) = 8
0
and
(1= @p)npE(t) + PpopE(t) + wpE(t)
V(T(t) = —(1 = @p)mpE(t) + (7p + wp)I(t)

—Pp0p E(t) + (Tap + wp) A(t)
—ppl(t) — ppA(t) + W (1)

At E°, the Jacobian matrix for F and V are obtained as

GBS GUS  wyS

Jp(B%) = B Nf’;?’} Naxz=|0 0 0
0 0 0
and
(1= ®p)np + pop + wp 0 0 0
—(1=®,)n Tp + w 0 0
g EO — ( p/'lp p p

o(E7) —®,0p, 0 Tap T wp 0
0 —op —op €

FV~1 is the next generation matrix for system (2), then the basic re-
production number is
Ry = p(FV 1)
~ G I = @p)mp(wp + Tap) + G [T, Ppiip(wp + 7)
wp(wp + 1mp) (wWp + Tp) (Wp + Tap)
+Ww ]_[p Gpip(L — @p)(wp + Tap) + wWu ]_[p Pp1pop(wp + 7p)
wpe(wp + 7p) (wWp + 7p) (Wp + Tap)

This basic reproduction number Ry, is an epidemiologic metric used to
describe the contagiousness or transmissibility of infectious agents.

In the next section we investigate the existence and uniqueness of the
solution for system (2) by fixed point theory.
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5 Existence of Solution

Using the initial conditions and fractional integral operator, we convert

model (2) into integral equations

ABC3
[H —p®

—Pp0p€p — Wp@p} )

S,(Tp + W2, —

Tp(t) = 3p(0) = APCT(L — @), €, — (7 + wp) Ty,
() —Ap(0) = ABCSS[ p0PEp — (Tap + wp)2Ap),
Ry(t) — R,y(0) = PO, 3, + 70,2, — wpRy),

M(t) —MO) = B3¢, 3, + @A, — M.

For simplicity, we write the kernels
51(t,6p(1) = p(t) = S, (1) (Tp(t) + WA (1))

H —wp G
P

Wy GpM |,

ABCjé [Cpgp(jp + \I/Q[P) + wwG;ngt - (1 - q)p)np€p

— WSy (T)M(2),

2, €,(1) = GpSp()(Tp(t) + VAL (1)) + wuSp(t)M(E) — (1 — p)np&,(2t)
_(I)pr€ (t) pr(t),
B3(t,Tp(1)) (1= @p)np€y(t) — (p + wp)Tp(t), (4)
Ta(t,Ap(t)) = Ppop€p(t) — (Tap +wp) p(t),
Fs(t, Rp(t) = 7pTp(t) + TapAp(t) — wpRy(2),
Se(t, MN(1)) PpIp(t) + wpRAy(t) — ( )
and the functions
1-6 )
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Applying (4) and (5) in (3) and writing state variables in terms of ker-
nels, we obtain

Sul0) + T8 0.8,(1) +400) [ 5:(0. Syt — )~
€,(0) + T(6)3a(t, €,(1)) + A(9) /0 o, & () (1 — ) d,
3,(0) + Y(0)F3(t, T,(t)) + A(6) /Ot F3(2,3,(2))(t — 2)°dz, (6)
2, (0) + T(6)Fa(t, A, (t)) + A(6) /O (20 (2)) (1 — )P,
P,(0) + T(0)35(8, Ry (1)) + A(0) / ol Ry ()¢ — 2,

MO) + Yot M(O) +AG) [ ol )1 - )

The Picard iterations are given by

Gg,ﬂ (t)

I+1
€ (1)

9({;‘)%*1 (t)

Mt (¢)

= YOS +AG) [ Tl S -

= T(0)Fa(t, (1)) + A(5) /0 (s €1(@) (¢ — 2,

= Y(O)Fs(t,75(1)) + A(Gs) /O t@g(z,jz(x))(tfx)éfldx’

— TOBA0) A [ a2 )t — 2z, (1)
= TOR0) + ) [ Sl )0 - 0

= Y(0)Fs(t, M (¢)) + A(d) /0 Folw, M (2)) (t — 2)° " da.

In order to show the existence and uniqueness of solution of the model
(2), we make use of fixed point theory. First, we re-write the model (2)
in the following way:

{ABC®5§(t) = 3(t,<(1)), (8)

C(0)=2¢p, 0<t<T < o0.
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The vector ((t) = (&), €p,Tp,Ap, Ry, M) and § in (8) represent the
state variables and a continuous vector function respectively defined as
follows:

L[p —wpGp(t) — (pSp () (Tp(t) + VAp(t)) — wuwSp(L)M(t)

gé CpSp(t)(Tp(t) + VAL () + WwGp(t)g?t(t) — (1= ®p)mp&p(t)
33 —Ppop€p(t) — wp€p(t)
§= 34 = (1= @p)mp€p(t) — (Tp + wp)Tp(t) )
Fe QpopCp(t) — (Tap + wp)Ap(t)
F6 TpIp(t) + TapAp(t) — wpMp(2)

GpTp(t) + wpAp(t) — M(t)
with initial conditions (o(t) = (&,(0), €,(0),T,(0),2A,(0),R,(0), M(0)).
Corresponding to (8), the integral equation is give by

(0 =G+ TR0 +A6) | S @)t —2) e, (10)

5.1 The Existence of Unique Solution

Consider A = [0,T], £ = C(A,R®) and the Picard operator P : & — &
be given by

t
PIC) = G+ TEF(C) +AG) [ Fa (@)t =)o (11
Together with the supremum norm || - ||¢, on ¢ is defined by

I<(@®)lle = Sup 1@, <) €€, (12)

& defines a Banach space. Assume the following
[A; ] Let §: A x RS — RO is continuous.
[A2 | There exists Cz > 0 such that
13(t.¢) — (@, ¢) < C51¢ = ¢

for all ¢,¢’ € RSt € A.

11
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[As | There exist a constant L > 0 such that |§(x, ()| < L(1+ |¢|) for
each z € A and all ¢ € RS,

We prove the existence of solution of (8) by Schaefer’s fixed point theo-
rem.

Theorem 5.1. If [A;]-[A3] together with 1 — Y (6)L > 0 hold, then (8)

has at least one solution.

Proof. We first show that the operator P given in (11) is continuous.
Consider a sequence ({;) such that (; — ¢ in £. Now

P () = PC(B)] = ’T(5)3(t741(t))+A(5)/0 (@, (@) (t — )’ da

CYO)F(EC) — AG) / § (. C(@)(t — 2)°da

< TO)|60.60) - 30,0
40| [ 5 G- dn = [ S o) e

< T (66) — 506 oD +40) [ 1500, 6) — Sla C@t — )"

< TECHI G (@) = 5o (@) e + AEColF(r. G a) = Flo (@) e s

< (16 + 205 ol ¢ ) - 5ol

Continuity of § implies the continuity of P.

Now suppose that W = {¢ € £ : ||{|| < ¢ > 0}. We now show that
P[W] is bounded, i.e. there exists d > 0 such that for every ( € W,
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|P¢|| < d. For any t € A, we have

IPC(E)] = |Go + L () (£, ¢5(t)) + /\(5)/0 S, G(a)(t —2)° tde

< 6l + TSSO +AG) [ 5o - 0
< 16l + YOO +A0) [ 5l -0
< Gl TOL0 -+ D+ AGL [ 1+ i@ - o)
< Gl + TELA+ I+ AG LA + ) S

< Jol+ T@LA+ )+ AG)LA+0)

]
3
= lal+ (16 A0 T )20 +0) =

which implies [P((t)

| < d. For the equicontinuity of P, let t1,to € A
with 0 < tq,to < T and C S

W. Utilizing [As], we have

IPC(t1) — PL(t2)] = ‘T((S)S(thC(tl)) +A(9) /Otl (@, ¢(2))(t1 —2)° " d

— T(6)3(t2,¢(t2)) — A(9) /Om (@, ((2))(t2 —2)° " da

< Y(9)|(§(t1, C(t1)) — F(t2,((t2)))

+A@

~~

tq 2]
' [ 8@t -0 tde — [ 5@ gt - 2)'da
0 0

< TO)| Gt (1) — Bt )| + A<6>] / " e @)t - 2) e

t1

ta
- [ s c@te -0 e - [ 5 c@)e -0 s

0 ty

S Y(6)|(B(t1,C(t1)) — F(t2,((t2))) +A(5)‘ /Otl F(@,¢(@)[(tr —2)° 7! = (t2 —2)° " ]da

t2
+A(5)'/t (@, (@) (t2 — 2)° " da

< r(é)‘(&(thc(m) - 3(t2,<<t2)>>]
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t1
“(‘”'/0 §(@, C@)l(tr =)’ = (t2 —2)°da

ta
1

+ AL+ |<|>/t \(t2 — 2)°|da

< T@'(g(tl, C(tr)) — §(ta, <<tz))>\ 4 A(é)\ / S @)t — ) — (6 — 2)Vde

(t2 —t1)°
"

+A)L(1 + d)

As t1 tends to to, continuity of § tends R.H.S of above inequality to
zero. Hence P is equicontinuous. Therefore, we conclude by Arzela-
Ascoli Theorem that P is completely continuous.

Finally, we show that the set Q(P) = {( € £ : { = ¥P(} is bounded for
some ¥ € (0,1). For each t € A, we have

IPC()] = (o + Y(6)F(t,¢;(t)) +A(5)/0 S, Ga)(t —2)° tde

< Gl + T3 C(1)] +A(5)’/O (@, ((2))(t = 2)°'da
< 1ol + Y (O)[S(t, C(X))] + A(6) /0 [§ (2, C(2))[(t —2)°~da
< Gl +T)LA +[C(H)]) + A(5)L/O (L+[C@))(t — )’ 'de

Té

< 1G]+ TEL+ )+ AD)L5 +AG)L [ [C@l(t =)o

8

= [l + YL+ YOLICO]+ MA@ +AGL [ ¢t =),

Writing S = [(o| + Y(d)L + A(6)LT76 and since 1 — T(§)L > 0, we can

have

PO < Ty T, @l e,

utilizing Gronwall’s inequality, we obtain

PC(t)] <

A(&)LT?
1- T(a)L“p<(1 - T((S)L)(5>

Therefore Q(P) is bounded. Consequently, by Schaefer’s theorem P has
a fixed point which is infact a solution of (8). O

We now show by using Banach contraction principle that solution of
(8) is unique.
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Theorem 5.2. If [A1]-[As] together with (T((S) + A((?Té> Cs < 1 hold,

then there exists a unique solution of (8).

Proof. Considering the equation together with (8), we have

¢(t) = PIC(t)]. (13)

The operator P given in (11), is well defined by [A;]. Now for all , ¢’ €
£, we have

[PICH)] = PIC(®)]]
= T(5)(S(t7C(t))—S(t’C'(t)))+A(5)/O(3(9:,((96))—S(w,C'(x)))(t—x)‘S_ldx

IN

TO)IF(t,¢(t) = F(t,¢ ()] + A(6) /0 §(x,¢(2) = F(@, ((2))|(t — ) 'da

IN

T()Csl¢(t) — ¢ + 1\(5)6’3/O [§(2) = ¢'(@)|(t — )’ da

IN

TGC5 ¢ — ¢lle + ABCs ¢ — ¢ lle / (t—2)"'de

t
0

A(&)T?
B

IN

(T(3) +
= A=,

)CsM1¢ = ¢ lle

where

a- (16 20T

This implies

IPIC®)] =PI B]lle < AlIC = lle, (14)

Thus the defined operator P is a contraction, and hence Banach con-
traction principle guarantees that P has a unique fixed point which is
the solution model (8). O
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6 Special Solution by Iterative Approach

We obtain iterative solution of the model (2). Apply Shehu transforms

ABC 56
Shl D6p]

Sh

(Sk) on both sides of TZ), we get

H —wpGp — (pGp(Tp + ¥Ap) — wuwGpM| ,

P
s

AB ~
Sp*BCD%¢,] = S [CrGp(Tp 4+ FAp) + wwGpM — (1 — Bp)1p€p — Ppopy — wp€y],
ABC ~6
Shl D°7p = Spl(l = @p)np€p — (1p + wp)Tpl, (15)
S}L[ABCQSQI

]
] [
pl = Sul®pep€p — (Tap + wp)Apl,
I = SulmpTp + TapAp — wpRpl,
]

= SnlepTp + wpAp — ¢M].

Using definition of Shehu transforms of ABC-derivative, we get

% [snien - (£) &0

% [snien) = (£) &)

% [sna@w = () 2

M(5)
1-s+6 (%)’ (

% [sn) = (2) 3,00
TR

On rearranging

Sh {]_[ —wpGp — (pGp(Tp + TAY) — Wy GpM|
P

Sh [CPGp(ﬁp + URAp) + W GpM — (1 — Pp)np €y

—PpopCp — ‘*’pep] >

Spl(1 = ®p)np€p — (7p + wp)Tpl,
Shl®pop€p — (Tap + wp)Apl,
SplmpIp + TapAp — wpRpl,

SnlepTp + @pAp — ¥M],

Sh(e‘p) = (*) G;D(O)JF oo ) Sh Hf“’PGp*Cpep(jPJf\I’mp)*WwGpim ’
M(9) p
u 1-st5(%)’ N
Sh(ep) = (;) @,,(0) + Wsh [Cpbp(jp + \I/le) + W GpM — (1 - CI?'I,)’qp@p
—Ppop€p — “’:nep]v
“ 1—5+5(%)
) = (2) 30 + S0 - Eme - ()T,
u 1-5+5(2)°
Sph(Ap) = (;) Ap(0) + W‘Sh [®pop€p — (Tap + wp)Apl,
w 1—6+05(%
Sp(Rp) = <;> NRp(0) + ]\/[((5)( ) ShltpIp + Taplp — wpRpl,
S5
w 1-s+06(%)
Sp(Mp) = (;) My (0) + Wshh%jp + wpAp — @M,

(16)
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Operating S, ! on both sides of (16) and taking into account that
S;l (%) =1, we get

5
1—6406(x
Sp = Gp(0)+shl{M<6)()5h|:

1 -wpSp — ¢p&p(Tp + ¥2Ay,) — wwe,,zm} } ,
P

—1{176+5(%)5

€ = E0)+ 5, M) Sh, [Cpep(jp + WAp) + wuwGpM — (1 — @p)np€p

—Ppop€p — Wp@p] }v

N (%f

Jp = Jp(0)+ S, T@Sh[(l — Pp)npCp — (Tp +wp)Ipl ¢, (17)
L fresee(w)

Ap = AUp(0)+ Sy, T@Sh [Ppop€p — (Tap + wp)Ap] ¢,
-1 1_5+6(%)6

Rp = NRp(0)+ S, Wsh [TpIp + TapAp — wpRpl ¢,
L frera(w)

Mp = Mp(0) + S, M) ——Sh[¢pTp + @pAp — ¥M] o,

The recursive formula is given by

8
175+5(£)
~ntl —1 s [ 1 gy
eptt = ep0)+5, { ey o | mer®p — S 0p + 9 —wusym™ | o
P
entl = em0)+s5;t 17(““;(%)05 &SI + wAn STM" —(1— @ en
D = p()+ h T@ h Cp p(Ap‘F p)+ww P _( - p)np D
,ngpe;' — wpe;'] }
5
n41 n —1 176+6(%) n n
Jp = 3,00 +5, W&JU*‘%))UP@:*(Tp+wp)jp] ) (18)
S5
n41 n -1 1_‘”—5(%) n n
2, = A0+ S, W‘gh[@PQFep = (Tap +wp)A,] ¢,
S5
1—6+6(2
wotl = mg<o>+s;1{M(6)(é> Sh[fpﬁﬂerp‘zl;‘wme]},
S5
n+1 n —1 1_6+5(%) n o n
m? = M) +5; Tsh[%ijrwpupf@m] ,

The approximate solution of (18) is given by

&, = lim &7 ¢, = lim €, = lim 3"

é—-)

n—oo n—oo n—oo p’
A, =  lim A? R, = lim R? M, = lim IM”.
P n—oo P’ Lot PSP

17
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7 Stability Analysis and Iterative Solution
Consider a Banach space X' together with norm ||z|| = max |z(t)], z € X

tela,b
and F a self map on X. The recursive procedure is !
Spt1 = h(F,Sp). (19)
The set of fixed points Fiz(F) of F is nonempty and S,, converges to
a point of Fiz(F). Choose a sequence (f,) in X and e, = | fot1 —
h(F,Spn)||. The recursive procedure (19) is F-stable if nh_)n(r)lo en =0. We
suppose that the sequence (f,) is bounded above, else it will diverge.
Under these conditions, S,+1 = FS,, is Picard’s iteration as described
in [38], implies it is F-stable.
Theorem 7.1. Let (X,||-||) be a Banach space and F be a self map on
X satisfying
[Fe = Fyll < Rljz — Fe| +rlle -yl (20)
forallz,y € X, where R>0 and0 <r < 1. Then F is Picard F-stable.
Theorem 7.2. A self map F given by
Fepw) = &y

~n -1 1_6_‘—6(%)6 ~n ST AT n g
= Sy +8, {5, [[[~wpS) — &L (T + TAY) — wyu, St

M(6) ™
Fep@) = ertie

§+6
= erw+s;t {T)()Sh[cp6"(7"+\l&l )+ wwGp Mt — (1 — @p)npey

—®pop€y — wpe‘;}]}
FOap@w) = a3t
1—6+6
= 33(’5)+5[1 {IW)()SFL[( — ®p)mp ;L - (7 +‘*’p)j;]}
FQw) = artte

5+6

_ n 1
= O+, M(é)

Sh[‘ﬁngG — (Tap + wp)2,, ]}

FoRI@®) = «wutle

M(5>

For) = wm"te

1—5+5
= HOES-

= 98T+ Sy o+ ( A Ny Ry S A n
= + h h[‘rp.p+7'a,721p7wp9‘§p]

I\/I((S) Sh[¢p3 + wpA — o’ ]}
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is F-stable in H'(a,b) if the following conditions holds:

1—wpfi(s) - g%wl + L3+ ULy + WLy fa(r) — ww (L1 + Lg)}f3(r) < 1

1+ %(Ll + L;’; + YLy +wL£1)f4("”~) + ww (L1 + Lé)fS(“) —{(1 = ®p)np + Ppop +wptfe(r) <1
1+ 1 = 2@p)npfr(s) — (7p + wp)fe(r) <1

1+ ®popfo(k) — (Tap + wp)fio(k) <1

1+ 7pf11(K) + Tapfi2(k) — wpfia(k) <1

1+ ¢pfra(x) + @wpfis(k) — ¢p(k)fie(s) < 1.

Proof. We first show that F has a fixed point. For m,n € N, we have

F(S2(1) — F(&7 (1)

~n ~m -1 176+6(%)5 =n ~T AT n <M
=6,(t) -6 (1) + S, {]\4(5)Sh {];[ﬂupbp —(pSy (T + VAY) — wu &M }}
g1 1_6+5(%)6S ~m ST m m mapm
—Sh { M) h {%{*prp =S, (Tp + AT —wy&Tm }}
F(e, (1) — F(e,' (1)
1o (%)’

=ep(t) — e () + 5;1{ 5] Sh [cpego;j +WAY) 4w Sy M — (1 — &p)np €Y

. n
— <I>pgpép — wp@p]}

_571{17‘“”;(%)6

h M(9) Sh {CPGZL(:}:’” + \pm;”) + w“’G;nfmm -@Q- ‘bP)”P@ZL

— ®pop€, — wpeg,”] }

FE(®) - FER ()

1-s545(%)’
=3, =30 (8) + st ) 2/ Sl — @p)mp€, — (p + wp)jg]}
1 76+6 % m m
_ 5;1 {M((;)(-)sh[u — @p)np€, — (Tp +wp)J, ]}

FEL®) — FET (1)

1-s45()’

=A@ -0 + 5y { M (3)

5;1{1“”5(5)6

Sp[®pep €, — (Tap + wp)QlZ]}

M) Spl®pep€y’ — (Tap +wp>9l;"'J}
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FRE(#) — FRI (1)

8
1—6+6(%
= R7(t) — R () + 5, 7( ) Shlmpd™ + TapA” — wpR")
P P h M(é) P p P
g1 176+6(%)6S 5m om R
—Pp Wh["'pp‘*'ﬂwp_wp p]
F(" (8)) — F(M™ ()
8
1-6+436
=My (1) — M (1) + 5, Lo () SnlopTp + w@py, — 0"
i d h M(5)
S5
o [
h M(5) »J P

Taking norm, we have

IF (&2 (1) — F(& ()]l

~n ~m -1 176+6(%)5 n n~n n ~TapT
< ey —epr I+ S, Wsh [T -wrSpy — &5 (O + 9AT) — wyy &M
D
175+5(ﬂ)
—1 S ~
-5, {]\/1(5) ];[ =S (I WA — w, &M H
n m -1 1_5+6(%)6 n m noan m
< e - sT @) + S, {Wsh[— lop (&7 — &™) — 16p&7 (37 — 3|
G I (ST — &I — W SE AL — AT — [ WCpAT (6T — ST ]| — lwu ST (™ — ™ |
™ (&5 - 1] }. (21)

Due to similar functioning of both solutions, we have

16,(1) = &' I = €5 — € (@)l
= 50 =3 @l
=R () =A@l (22)
= R0 =R @)l
= () — ()]
Replacing (22) in (21), we get
IF(&T (1) — F&T @)l
< lerw—erwl+ 5*1{175;75(%)55;1 [ - Iente} = o3l - e (87 - &1
(%)
—l¢pT" (8 — S = 1W¢pSp (6 — S — W¢pAT (6 — )| — wwS, (6™ — 6™

o™ (&5 — 1] }. (23)
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The sequences &, 3,7, 27", IM™ are bounded being convergent, so there
exist Ly, L%, LYy, Lg for all ¢ such that

16511 < La, 13571 < L, 12| < L, |00 ]| < Lg.

Together with this, (23) become

7S5 1) = F (&5 ()]
< {1-wpfi(s) = Gp(La + Ly + WLy + WLY) f2(k) — wa (L1 + Lg) }fa(k)[|6) — G

w)\
where f; are the functions obtained by S, 1{1_61\;((35()5)5;1[-}}. In a

similar fashion, we can have

17y 1) = FE I < |1+ Cp(L1 + Ly + WL1 + WLY) fa(k) + ww (L1 + Lg) f5 (k)

{1~ @p)np + Ppop + wp}fs(n)] ey — e (25)

IFORE) = FEPON < {1+ 1= @p)npfr(r) — (rp + wp) fs () HITT — 37| (26)
IF@E@®) = FRFEI < {1+ Ppepfo(n) = (Tap +wp)fro()}IAG — AT (27)
IF@RE @) = FOP O < {1+ 7pf11(k) + Tapfi2(s) — wpfra(R)}IRT — R (28)

[FE™ (@) = FO™ @) < {14 dpfra(r) + wpfis(k) — @p (k) fre(m)HM™ —m™|,  (29)
where

1—wpfi(r) = Cp(L1 + Ly + WLy + WL)) fa (k) — we (L1 + L)} fa(k) < 1

1+ C¢p(Ly + L 4+ WLy + WL)) f4(k) + ww (L1 + Lg) f5(k) — {(1 — @p)np + Ppop + wptfe(x) < 1
1+ (1 - q>;n)77pf7("‘“) - (Tp + W;n)fS("”") <1

1+ ®popfo(k) — (Tap + wp)fio(k) <1

1+ 7pf11(k) + Tap f12(k) — wp f13(k) <1

1+ ¢pfra(r) + wpfis(r) — ¢p(k)fre(k) < 1.

Hence, F possesses a fixed point. Thus to prove that the assumptions of
Theorem 7.1 are satisfied by F, we assume inequalities (24)-(29) holds,
denote r = (0,0,0,0,0,0) and

L —wpfi(r) = ¢p(Ly + L + WLy + WLY) f2(r) — ww (L1 + Lg)}fa(r) < 1

1+ ¢p(L1 4+ Ly 4+ WLy + WL)) fa(r) + ww (L1 + Lg) f5(k) — {(1 — @p)np + Ppop + wplfe(r) < 1
14+ @1 —2@p)npfr(s) — (7p + wp) fe(r) <1

1+ @popfo(k) — (Tap +wp)fro(k) < 1

1+ 7pf11(k) + Tapfi2(r) — wpfiz(k) < 1

1+ ¢pfra(k) + wpfis(k) — pp(k)fre(x) < 1.

Hence all the conditions of Theorem 7.1 are satisfied, therefor F is
Picard F-stable. O
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8 Numerical Results

In this section, using the three-step Adams method, we solve the system
of equations (2) and present an approximate solution and perform a
simulation for forecasting of transmission of COVID-19 in Iran.

8.1 Numerical Method

Using the Adams-Bashforth scheme, we present a numerical solution
for the COVID-19 transmission model (2). Owolabi and Atangana in-
troduced the three-step Adams-Bashforth scheme with the Atangana-
Baleanu-Caputo fractional derivative [30], we use this method to find
three step Adams-Bashforth scheme for fractional order system (2).
Consider the fractional differential equation with the Atangana-Baleanu-
Caputo fractional derivative

ABCsz(t) = f(t,2(t)), 0<d<1. (30)
Using the fundamental calculus theorem, we get
(1-9) 0 /t 51

t) — = t,2( —_— t— dr.

2(1) — 2(0) = s F020) + gpp ¢ 7 )
(31)
By discretize the time interval [0,t] in steps of h, we obtain the sequence
to = 0,tmy1 = t;m +h,m =0,1,2,....n — 1,t, = t. By replacing t =

tm41 and t = t,, in above equation and computing the difference of the
resulting equations, we obtain

“{tmi1) = #(tm) = o8 [ (mealtn)) = Ftmor.altn )] + 50557

0

X s 177'671 T,2(7))dT — —//—= " — )7L (7, 2(7))dr.
| = e s — s [ = )

By putting t,,, = mh and t,,,11 = (m+ 1)h and 2(tm) = 2m, 2(tmt1) =
Zm+1, we simplify the last equation as follows

1-96 ) 2(m+1)°  (m+ 1)1

Zm+1:Zm"‘f(tmazm){AB(é)_AB((s)F(é)hé[ 5 - S+ 1 ]
) md  motl §—1 )
~asere)" s sl e am ) s~ aere
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(m+1)°  (m+1)0H mott
S Y aseron

Using this method, we can obtain the solution of the system (2) as
follows

Spmi1 = 6p7m+f(tm’6p’m){23_(§) _AB(cf)F(J) h6[2(m; - <m5++1)16+1]
‘AB<§>F®>’”‘6[”§6 T+ e S 455 ~ ZEETE"
U - T
Epmt1 = Cpm+ f(tm, ep,m){jB(g) - AB((?)F(é) hd[Q(m; - (m6++1)15+1]
T T e € - s

AB(OT(6) "6 d+1 AB(5)  AB(6)I(d)

(m+1)°  (m41)7*! mot1
ol S ABGTER
- . 1-6 ) 2m+1)°  (m+1)%+!
Tpmar = Tpm+Flom Do U g5~ ABGTE L 5 Sr1
) 15 m®  motl 5 §—1 ) 15
~ AB(6)T(0) i s R A 1){AB(<S) ~ AB(0)T(0)
(m+1)2°  (m+1)°+! motl
o e e e v NG
1-6 ) s 2(m+1)72  (m41)0+!

Q‘zhm-i-l = Q[1)777L‘~‘Jc(7577179l h [

p’m){AB(d) ~ AB(5)T'(6) 5 at1

) mé  mitl §—1 )
ABOTE) " o " arid T b A E S — ARG 0)

(m+1)2°  (m+1)°+! mditl
o S S e VT TN TS

1-94 ) 6 2(m+1)°  (m+1)°+!
=m){AB(5) "~ AB(5)L(6) L I
1) 5[m5 mot1 6—1 )

P = s e P A5G — 20T 0)

h5

i)c{pnn-i-l = ERznm‘i‘f(tma 9“‘p

h5
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(m+1)°  (m41)7*! mot1
o e e e v TNk
_ 1-94 ) 2(m+1)°  (m+1)5+
M1 = M + f(t’"’Mm){AB(é) ~ AB(6)T(6) al 5 o41
) B9 m®  mot! . M §—1 ) b5
T AB(5)T(5) b MU m_l){AB(é) " AB(S)T(6)
(m+1)Y°  (m+1)°%+! mott
L N Y TNk

8.2 Simulation

In Indonesia, a new wave of the release of Covid 19 has started and the
number of patients is increasing, so we present a numerical simulation to
predict the release of Covid 19 in this country. To this end we assumed
p = 0.99, some parameters are estimated, and the rest parameters are
fitted by the least curve fitting technique. According to report of WHO,
The total population of the Indonesia in 25-June 2021 is N = 276351443,
the birth rate for the Indonesia in 2020 was 17.45 births per 1000 people,
and the death rate was 6.6 per 1000 people. Thus for every day, we have
A = 2N = 13211.87 and m = 20085 = 0.0000180821. Given that
in Indonesia, have no connection with the reservoir , so we considered
Bw=0,u=0, ,u/ = (. For the fitting, we use the information provided
by the World Health Organization for COVID-19. The fitted curve and
the reported cases of COVID-19 in 2021 at the Indonesia from 18 May
to 23 June 2021 are plotted in Figure (1), so that every part is 3 days.
Using this method, we obtain the parameters as follows

A = 13211.87,m = 18.0821 x 1079, 8, = 2.4 x 107, k = 0.001, 8 = 0.05,

w=11x10"*w =34x10"%~v=0.03,7 =0.07,e = 0.01

In Figures (2)-(4), we plotted the results of the system of COVID-19
transmission (2). As you can see in Figure (2)-(4), the variables have
different results in different amounts of § but exhibit the same behavior.
Figure (2) shows that two months after the virus is released, almost
the entire population is at risk for the disease. Figure (3) shows that
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€  Rcported cases of COVID-19 in Indonesia from 18 May to 23 June 2021. |

Fitting curve

Figure 1: The fitted curve and the reported cases of COVID-19 in the In-
donesia from 18 May to 23 June 2021.

the number of people with COVID-19 increases until 300 days. Also,
the forecast is that the number of infected people could rise to 800,000.
Figure (4) shows that the number of people who have recovered or died
also increases over time and the number of virus in reservoir decreases.

8=0.95

8=0.95

8=0.85
5-0.8

o
o
©

05

o 50 100 200 250 300 o 50 100 1 200 250 300

T80 %
t(days) t(days)

Figure 2: Plots of &, and &, for different values of 6 = 0.95,0.9,0.85,0.8.
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Figure 3: Plots of J, and 2, for different values of 6 = 0.95,0.9,0.85,0.8.

$=0.95
8=0.9
$5=0.85
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200 250 300 0 50 100 200 250 300

150 150
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Figure 4: Plots of R, and M (t) for different values of § = 0.95,0.9,0.85,0.8.

9 Conclusion

In this paper, considering fractional order derivative due to Atangana
and Baleanu we have studied mathematical model of COVID-19 trans-
mission. We presented the existence and uniqueness of the related frac-
tional differential equation of the model utilizing Schaefer’s and Banach
fixed point theorems respectively. Making use of Shehu transform and
Picard iterative procedure, we presented iterative solutions and proved
the stability of iterative method. Also, the equilibrium points of the
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system and its stability conditions are determined.The resulting differ-
ential system is solved using two-step Adams-Bashforth method, and
we have obtained approximate solutions. A simulation of COVID-19
transmission based of real data in Indonesia is presented.
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