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Abstract: The Delta and Omicron variants” system was used in this research study to replicate the
complex process of the SARS-CoV-2 outbreak. The generalised fractional system was designed and
rigorously analysed in order to gain a comprehensive understanding of the transmission dynamics
of both variants. The proposed dynamical system has heredity and memory effects, which greatly
improved our ability to perceive the disease propagation dynamics. The non-singular Atangana—
Baleanu fractional operator was used to forecast the current pandemic in order to meet this challenge.
The Picard recursions approach can be used to ensure that the designed fractional system has at
least one solution occupying the growth condition and memory function regardless of the initial
conditions. The Hyers-Ulam—Rassias stability criteria were used to carry out the stability analysis
of the fractional governing system of equations, and the fixed-point theory ensured the uniqueness
of the solution. Additionally, the model exhibited global asymptotically stable behaviour in some
conditions. The approximate behaviour of the fatal virus was investigated using an efficient and
reliable fractional numerical Adams-Bashforth approach. The outcome demonstrated that there will
be a significant decline in the population of those infected with the Omicron and Delta SARS-CoV-2
variants if the vaccination rate is increased (in both the symptomatic and symptomatic stages).

Keywords: Delta variant; Omicron variant; stability; fractional derivative; fixed-point theory

1. Introduction

In the early Twentieth Century, the continuous advancements in mathematical mod-
elling were used in computational biology [1,2] to investigate the spread of diseases. Ana-
lysts and investigators acquired valuable knowledge about numerous transmissible dis-
eases by utilising deterministic and stochastic models. In 1927, Kermack developed a
useful system for evolving and executing epidemic models, which has been treated as a
fundamental model in epidemiology to this day [3]. Many infectious diseases, such as
Hepatitis B, HIV/AIDS, Herpes Simplex Virus, Rubella, etc., can transmit horizontally
and vertically. Such types of diseases are horizontally spread in animals and humans
through proximity among the hosts or through disease carriers, e.g., mosquitoes, flies, etc.
In 2003, Severe Acute Respiratory Syndrome (SARS) was discovered in China [4,5], and the
outbreak of MERS appeared in South Korea in 2015 [6,7].
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The recent outbreak of the coronavirus pandemic (COVID-19) firstly appeared in
Wuhan, China, in 2019 and has precipitously spread throughout the entire world due
to its high rate of transmission. COVID-19 was announced as a global pandemic by the
World Health Organization (WHO) on 8 March 2020, and the ICTV named itSevere Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [8]. There have been 0.1 billion cases
reported, and deaths surpassed 2 million on 1 January 2021. Numerous studies have
declared that it could have originated from pangolins or bats [9], and the origination of
the virus in the human populationcould have been associated with a seafood market,
but the intermediary host has not been proven [10,11]. The infected individuals initially
had symptoms similar to SARS-COVID and MERS-COVID infections, such as fatigue,
cough, fever, conjunctivitis, sore throat, and, in many cases, bilateral lung penetration [12].
Moreover, many patients may lose their sense of taste and/or smell, may have diarrhoea,
and/or may have signs of a breathing disorder [13,14].

Fractional calculus is one of the most-promising avenues in modern science. There
has been a huge amount of research performed in this area, which has contributed to
remarkable applications. The reason for this is that the fractional operator is a global
operator that predicts the behaviour of physical phenomena at infinity tails, whereas the
local operator ignores the influence of larger neighbours. The fractional derivative can
also be used to solve real-world problems where the integer-order derivative is singular.
Numerous significant fractional operators have been developed such as the Caputo frac-
tional derivative [15], the conformal fractional differential operator [16], the p—fractional
operator [17], the truncated M-fractional operator [18], the Riemann-Liouville fractional
derivative [19], the Caputo-Fabrizio differential operator [20], and the fractional Atangana—
Baleanu derivative [21]. In the last few decades, remarkable developments have emerged
within the field of fractional partial differential equations because of their applicability to
various areas of technology and science [22-24]. Imran et al. [25,26] discussed an MHD
viscous fluid and bi-convection using fractional differential operators and provided applica-
tions to fluid dynamics. Maryam et al. [27] established the application of fractional calculus
to the field of nano-fluids. Naik et al. [28-30] studied the fractional-order model of the
HIV transmission epidemic with optimal control. Mishra et al. [31] proposed a COVID-19
model with asymptotic and quarantine classes. Owolabi et al. [32,33] analysed breast
cancer and brain tumour disease using a type of fractional calculus. A dynamical analysis
of river blindness disease was presented by Atangana [34]. Salman examined the HBV
infection disease model under the influence of the fractional-order derivative [35]. Area
investigated the fractional Ebola epidemic model [36]. Faridi developed a mathematical
fractional cardiovascular disease model applying the Atangana—Baleanu fractional operator
with the memory function and growth condition [37]. The Rubella disease model was
examined by the Caputo—Fabrizio fractional operator [38]. Addai et al. [39] proposed a
new Caputoa€“Fabrizio fractional SARS-CoV-2 epidemiological model with Alzheimer’s
disease, applied Lagrange interpolation for the approximation, as well as discussed the
stability analysis. Omame et al. [40-42] developed many co-infectious disease models,
analysed them through different techniques, and presented a numerical simulation.

There are many epidemiological models such as the SIR [43—-45], SIS [46], SEIQR [47,48],
and SIRC models [49,50]. The SIR model can be used to develop the elementary governing
model for COVID-19 disease, which presents the population as three different classes,
which are susceptible, infected, and recovered individuals [51]. The divisionof these cate-
gories has been examined in a type of classical-order derivative by many analysts to obtain
better simulation results, such as the mathematical model of COVID-19’s spread in India,
as presented by Biswas [52]. A dynamical investigation of the COVID-19 model in Hubei
Province, China, was presented using an SEIQR model [53]. The COVID-19 model was stud-
ied for forecasting in Spain along with the study of the impacts of various parameters [54].
A new governing system was proposed by researchers to check the new cases and deaths
from the virus’s outbreak in India [55]. The investigation of the virus’s impact in Brazil
using a type of multiple delay model and control schemes was provided in [56].
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Different variants of Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2)
have emerged in recent times, including the highly transmissible and deadlier SARS-CoV-2
Delta variant [57]. This variant has been declared as a Variant Of Concern (VOC) by the
World Health Organization (WHO). In almost every country on the planet, this variant
has been detected [57]. The Delta variant has also been linked with increased SARS-CoV-2
cases in places where it is the dominant variant in the population [57]. Very recently
(precisely, 24 November 2021), South Africa reported the discovery of another SARS-CoV-2
variant, Omicron B.1.1.529, to the WHO. It has already been declared as a VOC as well,
even though studies are still ongoing to determine its transmissibility rate and severity [58].
The WHO has authorised a number of vaccines for emergency use, notwithstanding the
fact that there are multiple control measures against SARS-CoV-2. Some of these are:
the BNT162b2 Pfizer-BioNtech vaccine, the mRNA-1273 Moderna vaccine, the Johnson
and Johnson vaccine, and several others [59,60]. These vaccines are incredibly effective
against several SARS-CoV-2 variants, including the Delta variant, according to studies [60].
Recently, much epidemiological research has been performed on the efficacy of current
SARS-CoV-2 vaccines against Variants Of Concern (VOCs) [61-65]. Similar results were
obtained in studies conducted in Israel [61], the United Kingdom [62], Canada [63], and the
USA [64,65], where the Pfizer and Moderna vaccines showed 39-75% efficacy against the
Delta variant. In a recent study conducted by Tang et al. [66], to measure the effectiveness
of the Pfizer and Moderna vaccines against the SARS-CoV-2 Delta variant in Qatar, they
reported that those fully vaccinated with any of these two vaccines have 51.9% protection
against the Delta variant.

Some of the novelties of this work are as follows: we considered and analysed a
model of SARS-CoV-2 with two variants and vaccination-induced cross-immunity, proved
the stability of the equilibrium point, as well as analysed how the fractional-order model
impacts the dynamics of SARS-CoV-2 variants.

1.1. Preliminaries

Definition 1 ([21]). Let 1 € H'(a,b), b > a, then the Atangana—Baleanu fractional integral
with 0 < ¢ < 1 for the function 7\(t) is

L9, o iy ]
(W) = 45 T o VOO 1)

Definition 2 ([21]). Let 7 € Hl(a,b), b > a, then the Atangana—Baleanu time fractional
derivative with fractional order 0 < ¢ < 1 for the function 71(t) is

oo = 42 [T 150 o, ®
where the normalisation function AB(0) = AB(1) = 1.
1.2. Linear Growth Condition
Suppose 3 € > 0, as in [67]:
Ly P< e(lyl>+1),  Y(ty) € Rx [, T]. ®

1.3. Data Operator

The integral operator conserves the initial condition, while the derivative loses the
initial condition. This implies that the derivative has no memory, while the integral does, i.e.,
it can remember the initial state. The integral operator is well-posed, while the derivative
is ill-posed, as is common knowledge. This has implications for inverse problems. Assume
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an unknown function g, with h representing the data of the inverse problem. Obviously, an
operator equation gives the inverse problem [67]:

Ag=h, (4)
where A € { for the data.

1.4. Memory Function

We discuss a memory function, which is associated with the Caputo—Fabrizio (CF)
operator. Angel et al. [68] observed that the (CF) operator shows a cross-over effect in
terms of the probability distribution and the mean-squared displacement. Moreover, the
(CF) operator performs the usual diffusion and confined diffusion before and after the time
t; = a, respectively. Therefore, the memory function can be defined as [67]

n { 0, fora >t, }
T = (1—¢)f(0) S —141-
mexp(—ﬁt)(a—f)g £7¢, fora <t

This is a piecewise function, which is zero at the beginning of the process and zero
after the cross-over since the history has been captured.

2. Model Formulation

At any given time, t is the total population, and N consists of nine mutually exclusive
compartments: S(t): susceptible individuals; V(t): vaccinated individuals; A;(t), A (t),
Ajp(t): infectious individuals with the Delta or Omicron variant or co-infection with both
variants (asymptomatic stage), respectively; Z; (t), Z,(t), Z1»(t): infectious individuals with
the Delta or Omicron variant or co-infection with both variants (in the symptomatic stage),
respectively; R (t): individuals who have recovered from either the Delta or Omicron variant
or from co-infection. Unvaccinated susceptible individuals are recruited into the population
at the rate (1 — x)II, with x as the vaccination rate. Individuals in the unvaccinated
susceptible class acquire the Omicron SARS-CoV-2 variant at the rate 81 (.A; + 61Z; ). They
also acquire the Delta SARS-CoV-2 variant at the rate B (A + 6,75 ). Infection with incident
co-infection is at the rate B1 (A1 + 012Z12). Individuals in this state are vaccinated at the
rate @. Natural death occurs in this state, as well as in all other epidemiological states at the
rate y. Vaccinated susceptible individuals are recruited into the population at the rate xTI.
Individuals in the vaccinated class are infected by the Delta SARS-CoV-2 variant at the rate
(1—141)B1( A1 + 61Z7), where 1 is the efficacy of the vaccine against the Delta SARS-CoV-2
variant. This epidemiological state also is infected with the Omicron SARS-CoV-2 variant at
the rate (1 — ¢2)B2(Ap + 62Z,), where 1, is the efficacy of the vaccine against the Omicron
SARS-CoV-2 variant. Vaccinated individuals can also be co-infected at the reduced rate
(1 — ¢12)B22(A12 + 012Z17), where, again, 1P;; is the vaccine’s efficacy against co-infection
with both strains. Individuals infected with either strain can be additionally infected
with the other strain at the rates ¢182( Az + 027;) and 281 (A1 + 0171), respectively. The
parameters that describe the flows from one epidemiological state to the other are defined
in Table 1. Other assumptions in the model are as follows:

e Incident co-infection with both strains is assumed, and also, that the vaccine has some
efficacy against incident co-infection.

*  The model considers the SARS-CoV-2 Omicron variant (denoted by “1”) and the
SARS-CoV-2 Delta variant (denoted by “2”).

¢ The transmissibility of the Omicron variant is assumed higher than that of the Delta
variant [57].

*  Vaccinated susceptible individuals (assumed also to have completed two doses of any of the
available vaccines) have a reduced rate of infection by both variants.

e  Itis further assumed that immigrants in the population have completed their vaccina-
tion dosage.
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Table 1. Parameters describing the flows in the model (7) (note that the values for some parameters fit by
the model using the data from India and Pakistan are given in Table 2).

Parameter Description Value Source
1T Recruitment rate for individuals See Table 2
B1, B2 Contact rates for Omicron and Delta variants’ transmission See Table 2 Fit
B12 Contact rate for co-infection transmission See Table 2 Fit
X Fraction of vaccinated individuals See Table 2
@ Vaccination rate See Table 2
(7] Vaccine efficacy against the Omicron SARS-CoV-2 variant 0.80 [66]
o Vaccine efficacy against the Delta SARS-CoV-2 variant 0.57 [66]
0 Cross-immunity parameter 1.0 Assumed
U Natural death rate See Table 2
JAYPFAY) Omicron and Delta variants induced death rates See Table 2 Fit
AYD) Co-infection induced death rates See Table 2 Fit
¢12 Modification parameter accounting for the infectivity

of individuals in the 115 class 1.0 Assumed
1,6 Modification parameters for the infectiousness of

symptomatic individuals in Z; and 7, respectively 1.5 [60]
1,12 Omicron, Delta SARS-CoV-2 variant’s progression rates ﬁ [69]
12 Progression rate for co-infection of SARS-CoV-2 variants ﬁ [70]

1

01,02,812,91,92,912  Recovery rates [70]

=)
Qi

Table 2. Estimated parameters for both countries using the available datasets.

Parameter Source
B1 1.9219 x 104 Fit
B2 0.2982 Fit
B12 0.2982 Fit
M 0.0171 Fit
Ay 44185 x 107> Fit
@ 0.08 Estimated
X 0.26 Estimated
Ro 2.0904 Fit

The classical governing system of differential equations to simulate the infectious
Delta and Omicron variants is
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ds

T (1—x)I— (%(-Al +61Z1) + %(Az +6,15) + %(«412 +012712) +‘D+ﬂ) S,

ay

T =xI1+ @S — [(1 —wl)(%(Al +9111)) +(1 —¢2)%(A2+9212)

+(1- 1IJ12)%(A12 +012712) + V] V,

dA

Ttl = <%(A1 +9111))5+ (1 —¢1)<%(A1 +91I1))V— (771 +0 +V>A1 —Cl%(v‘lz-l-@zfz),
o (P ay 01 ) s+ (1- ) (B2t 402 )V - (it Ga ) o - 2B (4 + 07

i (et ek 2)\ A2 T 2d2 U22V22N111,
d

A2 _ @(A12+912112) S+ (1—-112) @(-A12+912112) V— 12+ Zli2+u)An ®)
dt N N

+ Cl%(AZ +6,15) + CZ%(-Al +61Zh),

d7-

7; =mdA; — <fh + 4 +Pl)IL

d7-

[th = 1Ay — (Q2+A2+}4)12,
a7

d;z = A2 — (ﬂlz + A + Pl) Ty,

dR

T 01 AL+ DAY + Cin A + 11 + 92T + qi2Zip — R,

with the initial conditions:

S§(0) =Sp >0,

V(0) =V >0,

A1(0) = A1 >0

A2(0) = Az >0,

A12(0) = A0 20, (6)
71(0) =10 > 0,

15(0) = Ip0 > 0,

Z12(0) = I129 > O,

R(0) =Ry >0

The generalised time fractional governing model with the non-integer order by apply-
ing the Atangana—-Baleanu operator (2) to the model (5) is
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§PCDES = (1— )T — (%(v‘h +617y) + %(Az +6,15) + %(«412 +012Z12) + @ + H)S
§BCDSY = XTI+ @S — {(1 — 1) (ﬁ (A + 9111)) (1— tpz)’B (Az + 6,T5)+
(1 lPlz)l8 (A1 + 012712) +V} v,
35Dy Ay = (%(Al + 9111))5 +(1—1¢1) (ﬁ (A + 9111)) V- (Ql +Z1+ V) A = G1B2(A2 + 0212),
35Dy Ay = (%(Az + 9212))3 +(1—1¢2) (%(Az + 9212)) V- (Qz +0+ }4> Ay — CZ%(-Al +611y),
7)

§BCDS A = ('BW A+ 912112)) S+ (1-912) (ﬁl (A2 + 912112)> v
- <7712+§12 >A12+§1N(A2+9212)+§2Jﬁ\/(v41+9111)
0 FCDIT = m Ay — (fh + 41+ P‘)Il/

§5CDS Ty = Ay — (6]2 +Ar + 14) I,

§ECDS Ty = y1aArp — (%2 + A+ ﬂ) Ty,

§ECDER = {1 Ay + (o As + QinAvy + 1Ty + g2 Lo + g12T10 — HR.

Let us consider nine kernel values for the sake of simplicity and clarity, then Model (7)

can be written as

$PCDFS(H)] = m(tS),

o EEDF V()] = (1, V),
§ECDF[AL(1)] = $93(t, A1),
§PCDF[Aa(1)] = $9a(t, A2),
§EC DY [ A (1)] = $95(t, Ar),
§PCDF T (1)] = $6(t, Th),
§ECDS(Ta(1)] = $97(t, Tn),
B D; [Tha ()] = 98(t, Ta),
§EEDF[R(H)] = $He(t, R).

By applying the fractional integral to Model (8),

S(t) = 8(0) = R(g)Mm(t,S) + (¢ fo (T, 8)(t—=T)e 1T,

V(t) = V(0) = R(c)H2(t, V) + p(¢ fo (T, V)(t—T)s 1T,

Ar(t) — A1(0) = R(g)H3(t, A1) + (g fo 93(T, Ay)(t = T)s~ 1T,

Az (t) — A2(0) = R(g)H4(t, A2) + p(g fO 94(T, A2)(t— )gfldT,

A1 (t) — A12(0) = R(g)H5(t, Az) + (¢ fo H5(T, App)(t— T)e~ 1T,

Ty (t) — T1(0) = R(c)$6(t, 1) + () fy H16(T, Ty)(t— T)s~1dT,

Tr(t) — To(0) = N(c)H7(t, Tn) + p(g) [y H7(T, o) (t — T)s~dT,

Tip(t) — T12(0) = R(¢)$s(t, Z12) + 9(5) fy Hs(T, Tu2) (¢ — T)~1dT,

R(t) = R(0) = R(¢)Ho(t, R) + 0(c) fy H9(T,R)(t— T)s1dT,
where X(g) ;B_(‘é) and p(¢) -

®)

©)
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3. Mathematical Analysis

The boundedness, existence, uniqueness, and stability analyses are discussed in this section.
Assume a set U of continuous real-valued variables specified on a finite interval J and
U fulfilling

1(S,V, A1, Ay, A1z, T, Tp, 12, R) || = IS + VI + [[AL]] + | A2l + [[Ar2 |+

(10)
IZolF+ [ Z2]l + | Zazll + R,

in the Banach space.

IS]l = sup{IMa(t)] : £ € T} < wy,
)|

VI = sup{[Ma(t)| : t € T} < wy,

[ ALl = sup{[Ms(t)| : t € T} < w;,

[ Az = sup{[Ma(t)| : t € T} < wy,

[Ar2]| = sup{|M5(t)| : t € T} < ws,

1 Z1]| = sup{|Me(t)] : t € 3} < ws,
)| :te :} < wry,

()]
1 Z2]| = sup{| M7(t)]
[ Tr2|| = sup{|Mg(#)[ : t € I} < w,
IR = sup{| Mo ()] : t € I} < wo.

Moreover, in the finite domain, a set U(t) = {v(3) x v(3)}, v(3) of continuous
real-valued functions has the supremum norm property in the Banach space.

3.1. Boundedness of the Governing Model (5)

Theorem 1. All the solutions are bounded with positive initial conditions and N (t) < %, vt > 0.

Proof. The growth rate for the population can be expressed by (5) as

§BEDIN = g BCDES +§'PC DY + 1P D Ay +5'5C DY A, + 5 D A+

(11)
3D Ty + 3¢ DETo + 3'PC DT + 5 PC DY Ra.
Equation (11) yields
0 DI () =TT = N (8). (12)
Applying the Laplace transformation to Equation (12), we obtain
sSN(s) —s7IN(0)  II _
N(s) = + N (14)

s(rnt-enssrp) s(@+ui-ops+uc)

After performing a simple calculation and the inverse Laplace transform to Equation (21),
one can see

_ g [ —¢)-TIg(1+pu(l—¢))+1 _ 28
NB = *[ (ST ) ]E€< <1+u<1—g>>tg>‘ (15)
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Thus, for the limiting case t — 0,
I
N(t) < —. (16)
H
One can say that

0<N(t) <

I
—. 17
" (17)

Finally, with the evidence from (17), it is proven that each populations’ individualsare
bounded. O

3.2. Positivity of Solution

Theorem 2. The closed set:

IT
D {(3,V,A1,A2,A12,11,I2,112,R) IS %3 SHV+ A+ A+ Ap+ L+ + 27 +R < ﬁ}

is positively invariant in the context of Model (7).
Proof. Adding all the equations of System (7) gives
§OCDIN =TT = pN (1) = [M Ty + 8Ty + Do Tha), (18)
and from (18), we have that
I — (4 +3A)N < §BCDIN < TT—pN,
where A = min{Aq1, Ay, Az}

We obtain NV (t) < % as t — co by applying the Laplace transform of the AB derivative

to the above inequality. Hence, System (7) has a solution in 3. Thus, the given system is
positively invariant. O

3.3. Lipschitz Condition
Now, we prove the Lipschitz condition for the model.

Theorem 3. The seven above-mentioned kernels (8):

{91(t,S), 9:2(t, V), H3(t, A1), Ha(t, Az), H5(t, Ar2), H6(t, T1), H7(t, 12), H3(t, T12), H9(t, R) },
satisfy the Lipschitz condition.

Proof. Firstly, we verify Lipschitz condition for kernel §);. Assume S and S; are two
functions, and their corresponding norm is

N TN
+ %(Alz +012712) + @ + V)5> - (19)

((1 -0 - (%(«41 +617q) + %(«42 +6,15) + %(«412 +012712) + @ + Pl)51> H

19(t,8) — (6, 81| = H ((1 —on— B 1oz + B2 (s + 0,3)
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Upon simplification and applying the norm property, we obtain

191(8,5) = 1(,80)]l < BL Ay +0zy) + B2 (4, 1 0,13)

N
+%(Au +0T) + @+ w)|S(E) — S,
[91(t,S) = H1(t, S1) || < @1]|S(t) — S(t1)]], (20)

taking @1 = BL(Ay +60,71) + B2 (Ay + 0:T5) + B2 ( A1y + 612T12) + @ + i, where (A +
6171), (A + 6:15), and (A1 + Z17) are bounded
In a similar way, we can verify the Lipschitz condition for the kernel:

92(V), 953(A1), 94(A2), 95(A12), 96(Z1), H7(Z2), H8(Z12), and $H9(R),

[192(t,V) = 920t V1) || < 2| V() = V(t)],
193(t, A1) = 9H3(t, AL | < @3l Ar(F) — Ar(t)]],
[94(t, A2) — 9Ha(t, Az1) | < @al|Aa(t) — Az(t1)]],
[95(t, A12) — H5(t, A1,1) || < @5l A12(t) — Arz(t1) ], 1)
196 (t, Z1) — 96(t, Z1,1) | < @sllZ1(t) — Za ()],
197(t, Z2) — 97(t, Top) | < @7[1Z2(t) — Za(t1) |-
19s(t, Z12) — 98(t, Zi2,1) || < @sl|Taa(t) — Zaa(t1) |-

(t,

R) = 9H9(t, Rl < @9l R(¢) — R(£1)]l-

199
O

3.4. Existence of the Solution

In this part, we prove the existence of the solution of the model. Model (9) can be
expressed in the presence of the memory function:

t

S(
(t

) =Y(t) +R(¢)N(t,S) + (g fo M(T,8)(t—T)s1dT,
) = Y () +R()92(t, V) + p(c) fy $=2(T, V)(t—T)s1dT,
) t) +N(g)H3(t, A1) + p(¢ fo 93(T, A)(t—T)s~1dT,
) =Y(t) +R(¢)H4(t, A2) + (g fom (T, Az)(t—T)s~1dT,
t t

12(t) = Y(t) + R(6)$H5(t, A2) + p(g fo 95(T, Ap)(t = T)s1dT, (22)

Ti(t) = Y(t) + R(5)96(t, Tn) + p(s fo 96(T, Ty)(t = T)e 1dT,
To(t) = Y(t) +X(¢)H7(t, T) + p(g) [y H7(T, o) (t — T)s1dT,
Tia(t) = Y(£) + R(¢)Hs(t, Tia) + 0(5) fy H8(T, Tia) (£ — T)s71dT,
R(E) = Y(1) +R(¢)$H0(t, R) + () fo H(T,R)(t— T)sdT

Theorem 4. Suppose the linear growth condition holds and S(t) is the solution of the governing
model. Then, we have

sup [S(HIP < sup {3||Y<t>|2 143014 |s<t>||2>eN2<g>} x p(?’jﬁ) 23)
tefo,] " e, AB(¢)I(¢)
Proof. LetVn > 1:

Yu(t) = inf{3,inf{t € [0,T] : ||S(t)|| > n}}; (24)

one can observe that lim,_,« ¥, — A and also set

Su(t) = inf{t, v}, Vt€[0,7]. (25)
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t 2
SO = 31Y 01 =305 1 +3] (010)) [ [ma(T S0t =Ty @)
Applying the Holder inequality and the linear growth condition on (26),
toe t
Su(D)]1> =3[ Y (1) |]> = 382(c)e(1 + ||Su () ||? +3<>/ <1+ Su(T 2>dT. 27
1Sa(B)]17 =3[ Y (®)l (©)e(1+[|Su(t)]I%) ABOT(O) ) Jo [Sn (T (27)
I1Su(#) 1% < Su(B)I? +1 < BIIY ()] +3R*(g)e (1 + [|Su () [1?) +
i) (1+1OF )
3 e | (14 [|Se(T)]? )dT. 28
3 (asiarg) (1 1870 28)
By taking the supremum on both sides of (28),
sup [|Su(T)[I? <1+ sup [Su(T)|* <
Te,) Telo,a)
sup {1+3|7(T)||2+3N2(g)€(1+IISn(T)Iz)} (29)
TelT)
:ngle t
+3<>/ (1+ sup [|S(o* 2>d"|'.
AB(5)T(c) ) Jo qugﬂl\ n (09|
Applying the Gronwall inequality on (29),
2 2 2 2 33He
sup [[Su(t)[["+1 < sup (3[Y(H)[7+1+3R(c)e(L+ [|Su (D)%) ¢ x exp| Zprspiy (30)
te0,3) te0.3) (6)T(¢)
2 2 2 2 33¢He
sup [|Su()[I" < sup 3 3[Y(1)[I7 +1+3R8%(c)e(1+ [[Su(t) %) < exp| mrsprsy (31)
t€[0,72] £€[0,7,] (6)T(s)
tim sup 5,0 < tim_sup {3V + 1430 ()e + 5,0 }
[0, n= 0 te0,T)
(32)
( 3¢t le )
ex —_— = |-
P\ABOT(e)
In a similar way, we can verify
suPrcfy=) 1V (1P < supregysy {3IXOIP + 1+ 382(@)e1 + 017 x exp 55 ).
suPrcfy=) |41 (O < supicioy {BIYOR +1+320)e(1 + rn OIF) } x exp 53555 ).
suprciys) [ 42 ()17 < supycpsy {31 ||2+1+3N2<g>e<1+\|Az,n<t>||2>}xexp(%),
sup;c(o) A1 (B2 < supyciomy 131X (D12 +1+382(g)e(1 + [ Anu(B)[|?) { x exp( 532
AB(6)I'(g) (33)

supe(o) [ Z1n (D17 < supyeio oy § 3IY (D2 +1+3R2(g)e(1+ [|Zy,u ()12 >}X€"P( At )

suPrcfy=) T2 < supyciozy {3IY (12 +14 Q1+ [ Zan (1) | x ex (3}“ )
1

suPrcios) 1T DI < supciyz) {INOIP + 1+ 3()e(1 + [Za(0I?) | x exp( 5 )

suPrcfy=) 1Ra0)P < suprciyzy {3IXOIP + 1+ 382(€)e(1 + IRa()17) b x exp (57 ).
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Now, the Picard recursions approach assists in proving the existence of the solution;

thus, the recursive formula for System (9) upon setting

Y(t) = So(t) € F7([0, 3], R),
Y(t) = Wo(t) € 22(0, 3], R),
Y(t) = Ayo(t) € 22([0,3],]),
Y(t) = Axp(t) € 2([0, 3], ]),
Y(t) = App(t) € 22([0,3],R),
Y(t) = Tio(t) € F2([0, 3], R),
Y(t) = Tho(t) € F*([0,3],R),
Y(t) = Tipo(t) € F7([0, 3], R),
Y(t) = Ro(t) € Z*([0,T], ).

Taking the first equation from System (9),

Su(t) = So(t) +R(c)Mm(t, Su-1(t)) + p(c) /Ot [ﬁl(T,SM(T))(t —T)sHdT.

The induction technique is applied, such that S,(t) € 32[0,J],R, Vn > 1:

IS, 01 = 3150(0) 12 + 3911 S, DI+ (50357 ) o I (T Su) (TP,

1,017 = 30+ 32e)e(t+ 18, 01P) + oy ) o 0+ ISua (TIPMT

1501 <+ (o ), IS (DIRaT,

where

305t 1le >

1 = 3[|So(1)]1* +3R%(g)e(1 + |Su_1 (1) [I*) + <AB(g)1"(g)

and taking the max on both sides of (35),

3%
2 o / 2 2
max 5,017 < max i + (e ) [ ST + max 1, T.

3A%€e
2 o / 2 2
max 1Sn(8)]]7 < max ja + (AB( ) [So(T)II*+ max. Hsn( )T,

where

3% )/f o
= max —_— su S dT.
H2 = l<n<zy (AB(g)F(g) 0 léng [So ()l

Thus, the Gronwall inequality yields

30¢te
2 < N N
max [5,(1)[* < ﬂzexP(AB(g)r(@)'

(34)

(35)

(36)

(37)

(38)
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Taking an arbitrary i,

g-‘rle

1Sa(B)]2 < yzexp<Az_?g)r<g>>, vie(od). (39)
Now,

1S1(8) = So(1)|I* = [IS1.(t) = Y (B)|I?

2 ; 2
<2500 +2 (saerg ) SO SOET|
2% t .
<2(N@) Jel1 + sup (SO + gy [0+ s IS DaT
Similarly,
182(0) = S ()1 < 22510 = SOIP + pomson [ 1Si(T) = So(T) AT
2 - (41)
< A2R(g)g1 + AB(g)l"(g)(Pl]'
In the same way,
155~ S0 <28%()gn sup_ [5:(6) = SO+
2:g(p1 t .
ABQIE 28,150 - SO
2 2
<A [2&2((5)4)1 + A;?g;;”zg)} : (42)
We claim that
22%¢p; 1"
IS01(6) = S0P < A 220 g1 + 7] @

is valid Vn > 1. Clearly, one can obtain the requested result upon plugging in n = 0. We
need to show its validity for n 4 1.

1Su+2(t) = Susa(DI? < 2X%(0) 1| Sua (1) = Su(t)|* + AB (Pl/ 1Su41(7) = Sn(H AT

27¢ f
< N2 sup [[S,.1(t) — Sy(B)|2 + ———m / sup [18,.1(7) — S, () |12dT
<280 sup e = S0P+ 5 Olggn 1) = 5,01

2:2§(P1 n+1
< 2 —— .
< A28 (g) gy + AB(g)l"(g)] (44)
Finally, we acquire upon the induction hypothesis
2726 n+1
2 < 2
IS042(6) = Sua (DI < 82801 + =0 )
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A feasible choice of ¢, yields

i A 2R2(6) g1 + Alz;:(l;f(lg) 0
Similarly,
Z,;";OA_2 N*(g )¢2+A:(l§¢(2€)_n<oo'
YO0 A e N*(g) g3 + Az:(l jq)fg)_ < OO’
Y20 A [22() g + B ['<e,
Yoo A :2 2(6)es + 75 :(lj(P(SG): n <o (47)
YO oA e N*(g) g6 + Az:(l jq)?g)_ < Oo’
Yoo A [22(0) g7 + A ;?(7,;)_ <o
YO oA e N*(g) s + Az:(l jq)?g)_ < o
Yoo A ZNZ( )¢9 + AZ:(l iq)(g@)_ n <o
O]

3.5. Uniqueness of the Solution

Let S(t) and S; be two solutions of the fractional governing model, then
t
()= S1(0) = X ®1(8,8) = 91(1,50) + 0(6) [ |(90(T,8) (T, 80)(0 = Ty 1.

Evaluating the norm, such as

2

1S(#) — S (1)])2 = szQ)(m(m —ms))| +2

2
X

7

©(c) /Ot [(ﬁl(T,S) — (T, 8)(t - T)gl] aT

1S(8) = S1(B)|* < 2%%(e) [ (91(£, S) — 91t S))I* +

AB(g)I'(g) /ot 1(91(T, 8) = (T, S)IIPdT.

Applying the Lipschitz condition,

2:[ q)l

. 2 2 . 2
IS() = SO < 22(prlIS — Sil + = [1)1S = SilPdT,

IS(t) = S1()]* <

23, H 1

<=0 . x/ IS — 84|24,
(6)I'(¢) 1—2(&(@) N 0
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with
1
< 2 > 7é 0/
1-2 (N(g)> ¢1
the suggested Gronwall inequality is
|S = &> = 0.
Therefore, we see that
S =3S;. (48)
Similarly,
V="V,
A= A,
Ay = Ayq,
A = A, (19)
Ly =11,,
I =1,
Ty = T2,
R =R;.

With the evidence of (49), we can say that the generalised fractional governing
model (8) has a unique solution.

3.6. The Basic Reproduction Number of the Model
The DEFE of the model (7) is

—
=0

(8%, V", AL A3, AL, I, T3, I, R3),
= (8%,1%,0,0,0,0,0,0,0),

with

ﬁ1[5*+(1;31)V*]

o O O o O>

w—+pu

o (px+ o)l
p@+p)’

following the approach of [71]. The transfer matrices for the model are given, respectively,

0 0 MM
B2[S*+(1-Tp)V*] 0 0
/\/*
0 ﬁ12[5*+J(V1*312)V*] 0
0 0 0
0 0 0
0 0 0
L1 0 0 0 O
0 Lo 0 0 o0
V= 0 L3 0 0
0 0 Ly 0

where

Liy=c1+0+u Lr=c¢+0l+u

-2 0 0 Ls
0

L3 =12+ 12+ 1,

0 0
B2ba[S*+(1-T) V"] 0
N .
0 B12015[S*+(1-11p) V"]
BrobralS™ 41 ~212)V"]
0 0
0 0
0 0
0
0
0
: (50)
0
Le

Li=q+M+p



Fractal Fract. 2023, 7, 192 16 of 26

Ls=qo+M+u, Ls=q1n+ A+

The basic reproduction number of the model (7) is given by Ry = p(FV™!) =
max{Rop, Rom, Ropm}, where Rop, Rom, and Ropp are the associated reproduction
numbers for the Delta and Omicron SARS-CoV-2 variants and their co-infection, respec-

tively, given by
Rop  BLlLs+=6100)[(1=T)(@+ ) + oy
u(@ + p) L1LIN* ’
oo Ba(L5+ =6205)[(1 — 1) (@ + ) + Tocop]
oM u(@ + p) L2 LsN* '
o B1a(Le + —612612)[(1 — Jio) (@ + 1) + Jiocop]
oo (@ + ) LaLeN* '

3.7. Local Asymptotic Stability of the Disease-Free Equilibrium of the Model

Theorem 5. The DFE Z of the model (7) is locally asymptotically stable (LAS) if Rg < 1 and
unstable if Rg > 1.

Proof. The local stability of the model (7) was analysed by the Jacobian matrix of System (7)
evaluated at the disease-free equilibrium Zj, given by

—(@+pu) 0 ,%5* Tizs 7%8* 7%915* 7%925* —S}% 028* 0
® S A A AN VAN OIS CU AN
0 o BM_g 0 0 Bty 0 0 0
0 0 0 B o 0 0 s 0 0
0 0 0 0 Bl _r, 0 0 ol g
0 0 ¢ 0 0 0 —L4 0 0
0 0 0 ¢ 0 0 0 —Ls 0
0 0 0 0 G12 0 0 0 —,66
0 0 & 0 C12 a1 q2 12 —H

where Kf = S* 4+ (1 —J)V*and B, = (1 —J;)B;, (i = 1,2,12). The eigenvalues are
given by

p1=—H4, ¢2=—4, @3=—}, ¢1=—(p+o),

and the solutions of the characteristic polynomial equations:

S* 1-— *
P+ (.cl o, P IZIY ])¢+£1£z(1—Row) o, 51)
and
¢ + X119 + x09 + X33 =0, (52)
where
_ _ B2[ST +0(1 —g)%v*})
X = (53 +Ly+ Ls N
0,)S* 1-— 0 v + L5, ) V*
X2 = (£3£4+£3£5+E4£5— 182(£4+§\5/':_ 62 2)8 _ .BZQ( Q)(g?, 2/‘\"/'*5347 + Ls¢p )V )

X33 = L3L4L5(1 — Rop) = 0.

From the Routh-Hurwitz criterion, Equation (51) has roots with negative real parts if
and only if Rgw < 1. Furthermore, Equation (52) has roots with negative real parts if and
Ol‘lly if x11 >0, x33 >0, and X11X22 > X33- If Rop <1, x11 >0, and x33 >0, hence, the
DFE, 2, is locally asymptotically stable if Ry = max{Row, Rop} < 1.

O
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Since Im (¢¢) =0,for k=0,1,2,3,..,9,

|arg(cpk)|:7r>%, for 0<g<1

4. Stability Analysis

Here, we discuss the stability analysis of the designed fractional governing model.

Hyers—Ulam—Rassias Stability

The stability analysis of the Atangana-Baleanu fractional COVID-19 model is pre-
sented here.
Let us re-write Model (9):

{ABCDf [3(H)] = H(, (1)),

0) =T 0<t<I< oo ©3)

where the vectors 1(t) = (S(t),V(t), A1(t), Ax(t), A1a(t), Z1 (1), Zo(t), Zr2(t), R(t)) and
A = (91,92, 93,94, 95, 96, 7, H3, H9) are continuous vector functions.

Definition 3 ([72]). Assume the fractional order is 0 < ¢ < land $ : [0,3J] x R}, — RY isa
continuous mapping. Then, Model (53) is Hyers—Ulam-stable if 3 K > 0 and N > 0 such that, for
each solution 1 € V([0,3],R%,.), the following inequality exists:

45D (0] = (83N < N, Ve [0,T], (54)
Jasolution I € V([0,2],R%.) of the model (53) such as
3(t) =3 ()| < KN, Vvte[0,T]. (55)

Definition 4 ([72]). Assume the fractional order is 0 < ¢ < 1. The function $ : [0,3] x RS —
R, and Q0 : [0, 2] — R, are continuous mappings. Then, Model (53) is generalised Hyers—Ulam-
Rassias-stable with respect to QY if 3 Vi , > 0 such that, for each solution 1 € V([0,3],R%.), the
following inequality exists:

I*PCDE (0] = (8,3 < (), vt e [o,T], (56)
Ja solution I € V([0,3],R%.) of the model (53) such as
[13(t) = (O[] < V,0Q(t), Vt€0,T]. (57)

Now, to prove that Model (53) is generalised Hyers—-Ulam-Rassias-stable, we assume
that:
[C1] % : [0,T] x RS — R, is a continuous mapping.

[C2] 3 Vi > 0 such that, for each solution 1,1 € V([0,3],%R%.),
[3() =T ()] < VallI-T|, vt €[0T

[C3] Let Q € ([0,3], %) be an increasing mapping, and let W, > 0 such that
t
/ Q(T)dT < WaQ(t), ¥T e [0,3].
0

Theorem 6. Assuming that [C1] — [Cs] exist, Model (53) is generalised Hyers—Ulam—Rassias-
stable with respect to Q) on the interval provided that X(¢) Ve < 1.
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Proof. Let I’ € V([0,3],7R%.) be a solution of Model (53). Then, the unique solution of
Model (53) is as proven above.

A(t) =3(0) +R(¢)H (%, () + p(g) /Otﬁ(TJ(T))(t —T)s T, (58)

With the evidence of (56), we can say

()= 30) + X9, 3 (1) + ple) [ 5(T, Tt~ T) 1a]|

< R(©)O() + AB(E‘;(Q) [ amar,

< (N“) * AB(?)QF@W“)Q“)'

Therefore,

H:u) —:’@)H <

Y1)~ 30) = (9,3 (1) ~ ple) [ 5(T, It =Ty a],

<

T (1) =3(0) = R(e)H (£, A(1) — p(c) /Oth(T/J(T))(t —T)eldT

—R(g)H(t, I (1) — p(c) /OtmT,J’(T N(t—T)dT
PRSI 0) + ole) [ ST I T)gldTH,

<

Y(0) - 30) - R(e)9(,7 (1) ~ (o) /(; ST+

N(g)Hs’J(t,J( ST (1 H—i—p /H ST, 3(T)) = (T, T (T)) (¢t = T)s1|a,

< (N(g) 4 WQ>Q(f) R(6)Ve [3(6) — ()] (59)

Vo [[I3T) = (YT,

AB(g)T'(¢)

Now, X(¢)Vy < 1, s0

(N(Q)‘FWWQ)Q ;; / 1
—N(g)Vy

136 - T (Ol < —— e AT, (60)

Gronwall’s inequality yields

¢
R(c) + zpgrg Ve
1-N(g)Vq

130~ T ()] < [ exp(tﬂo(t). (61)

6
N(';)JFAB(g)r S

W,
With the setting V; o = 1—N(g)\/(}i exp(t)} , we have

13(5) = T(B)]] < Ve, aQ(H). (62)
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Inequality (62) has authenticated that Model (53) is Hyers—Ulam—Rassias-stable with
respectto (2. [

5. Simulations of the SARS-CoV-2 Model (7)

In this part, we give a graphical analysis of the numerical results for the cases of India
and Pakistan. For this, we estimated the real values of the natural death rates and transmis-
sion rates for both countries. In India, the life expectancy is 69.66 years, and the population
is 211,120,000 [73]; therefore, we set the natural death rate to be % per day, while
the natural death rate was obtained as ﬁ per day. The life expectancy for Pakistan is
67.27 years, and the population is 225,199,929 [74]; therefore, we set the natural death rate to
be % per day, while the natural death rate was obtained as ﬁ per day. The initial
conditions were obtained thusly for each of the countries. For India: as at 10 May 2021,
cumulative cases recorded: 22,992,517; cumulative deaths recorded: 249,992. The initial con-
ditions were set thusly: S(0) = 1,300,000,000, V(0) = 35,906,905, A; (0) = Z;(0) = 7,641,000,
R1(0) =0, A»(0) = A5(0) = Z,(0) = 7,641,000, R2(0) = 0. For Pakistan: as at 1 July
2021, cumulative cases recorded: 959,685; cumulative deaths recorded: 22,345. The initial
conditions were set thusly: S(0) = 180,000,000, V(0) = 20,000,000, .A;(0) = Z;(0) = 319,895,
R1(0) =0, A45(0) = A3(0) = Z»(0) = 319,895, R»(0) = 0. Using the data available for the
daily cumulative number of confirmed SARS-CoV-2 deaths in India [73], the estimated
contact rates were B; = 1.9219 x 10~* and B, = 1.9219 x 10~*, while the estimated disease-
induced death rates were A; = 0.0171 and A, = 4.4185 x 1075, respectively. Likewise, from
the data available to us for daily cumulative confirmed SARS-CoV-2 deaths in Pakistan [74],
the estimated contact rates were f; = 0.0099 and B, = 0.3954, while the estimated disease-
induced death rates were A; = 0.0027 and A, = 1.1312 x 107°. The model fitting was
performed based on the period when the Delta variant was dominant or first reported in the
selected countries. For India, the simulation period for the fitting was from 10 May 2021 to
8 November 2021. This was almost around the time when the World Health Organization
(WHO) declared the Delta variant a Variant Of Concern (VOC) [57]. For Pakistan, the simu-
lation period was from 1 July 2021 (around the time the first case of the SARS-CoV-2 Delta
variant was first reported in the country) to 8 November 2021. The estimated parameter
values are shown in Table 2. For both countries, we show the dynamics of the proposed
co-infection model in Figures 1-4.

The simulation for India is depicted in Figures 1 and 2. The number of susceptible
people decreased over time since people were exposed to the coronavirus, which spread in
a particular region in Figure 1a. The vaccination effect was also studied in the proposed
model. When the vaccination ratio increased in India for the Delta variant, as observed
in Figure 1b, as a result, the number of asymptomatic infected and symptomatic infected
people decreased, which is displayed in Figures 1c and 2b. This was due to vaccination
leading to a stronger immune response against the Delta variant. There was no vaccination
program against the Omicron variant. Therefore, the asymptomatic infected and symp-
tomatic people infected with the Omicron variant increased, as shown in Figures 1d and 2c.
Likewise, as shown in Figure 2a,d, the number of coinfected asymptomatic and symp-
tomatic people increased since there was no strategy to develop an immune response
against the Omicron and Delta variants. Figure 2e denotes the recovered people, which
increased with the passage of time. This happened because some people have naturally
strong immunity and can fight off some diseases without taking medicine or vaccines.
Similarly, the behaviour of each class for the Pakistan data was the same as for India.

The simulation for Pakistan is depicted in Figures 3 and 4. The number of susceptible
people decreased over time since people were exposed to the coronavirus, which spread in
a particular region in Figure 3a. The vaccination effect was also studied in the proposed
model. When the vaccination ratio increased in India for the Delta variant, as observed
in Figure 3b, as a result, the number of asymptomatic infected and symptomatic infected
people decreased, which is displayed in Figures 3c and 4b. This was due to vaccination
leading to a stronger immune response against the Delta variant. There was no vaccination



Fractal Fract. 2023, 7, 192

program against the Omicron variant. Therefore, the asymptomatic infected and symp-
tomatic people infected with the Omicron variant increased, as shown in Figures 3d and 4c.
Likewise, as shown in Figure 4a,d, the number of coinfected asymptomatic and symp-
tomatic people increased since there was no strategy to develop an immune response
against the Omicron and Delta variants. Figure 4e denotes the recovered people, which
increased with the passage of time. This happened because some people have naturally
strong immunity and can fight off some diseases without taking medicine or vaccines.
There were some differences in the behaviours of each class regarding the maximum
value of each class. This was due to the the large population of India and different natural

and transmission rates for both countries.
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Figure 1. Simulations of the proposed model for India data.
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Figure 2. Simulations of the proposed model for India data.
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Figure 4. Simulations of the proposed model for Pakistan data.

6. Conclusions

Nature can be understood in a better way and can even be predicted more accurately if
the constraints of developed approaches, theories, and techniques are updated, questioned,
and revised according to modern scientific discoveries and the occurrence of unexpected
physical phenomena. The global non-singular Atangana—Baleanu operator with the pres-
ence of a memory function and the growth condition was used to build a generalised
fractional model for the two variants of the SARS-COVID-19 outbreak in order to capture
the complex dynamics. The Picard recursions approach validated the existence of the
solution of the proposed fractional model, and the Banach fixed-point theory also verified
the solution’s uniqueness. The model was shown to be globally asymptotically stable
in the stability analysis of the Atangana—Baleanu fractional-order dual versions utilising
the Hyers—Ulam—Rassias approach. Finally, the fractional Adams-Bashforth numerical
approach was applied for the numerical simulation and graphical behaviour presented. A
graphic analysis was performed to show the proposed model’s asymptotically global sta-
bility. We are confident about the established results of our model, which has the capability
to provide more efficient and better predictions.

Our model was put forth based on the focal points of two distinct COVID-19 variants.
Those infected with either variant or both variants were called co-infection classes in
the model. Further research on COVID-19 co-infections with other diseases, such as TB,
influenza, malaria, and other diseases, has been prompted by the appearance of many
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COVID-19 variants. While this is the first study on the co-infection of the Delta and Omicron
variants that we are aware of, more research on the mathematics (stochastic, agent-based
modelling, within-/intra-host) and epidemiological dynamics of this co-infection is needed.
We had much difficulty estimating various parameters in our study due to the inadequacies
and inconsistencies of a number of components and the characteristics of the new COVID-
19 variants. Therefore, future research on the interactions between various COVID-19
variants using more accurate data and in-depth information is worthwhile.
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