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Abstract: The current manuscript investigates a model of the spread of polio under the condition of
vaccination by using the novel modified Atangana-Baleanu-Caputo (mABC) fractional derivative. This
problem has been studied for non-zero solutions under the modified operator. The series-type solution
has been obtained through the application of a Laplace transformation, along with the decomposition
technique and Adomian polynomial for the nonlinear terms. The qualitative analysis for the solution
of the model has been tested by using fixed point theory. The stability of the solution is also crucial
for a dynamical system; therefore, it was checked by using the T-Picard method. With the help of the
approximate scheme, numerical simulations were conducted for the proposed model by using different
fractional orders and transmission parameters. Based on the obtained positivity of the solutions and
numerical stability, we have established the analysis of the mABC operator in the field of fractional
calculus and other physical sciences.
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1. Introduction

In the middle of the 20th century, the disease of Poliomyelitis (polio) was one of the contagious
diseases which has been transmitted from the western regions of the Asian continent. Jonas Salk,
in the year 1952 developed a vaccination process for this outbreak. Poliovirus became the cause of
this outbreak among most societies. It affects the nerves of the human body and may cause whole-
body paralysis within a short duration. The associated disease mainly affects children in the first three
years of age but it may also affect anyone at any age. The poliovirus is transmitted to the children’s
bodies through the mouth, eventually reaching the intestines of the digestive system. The poliovirus
can be transferred from one person to the other. The starting signs of the associated infection are fever,
headache, fatigue, vomiting, and pain produced in the limbs. There is still no effective treatment for
the virus, but its spread can be controlled through the process of vaccination and immunizations which
commonly save many children’s lives.

Mostly, assumptions regarding dynamic problems of daily life are necessary to manage these
problems; therefore, in every mathematical model the infections are only transmitted to the
susceptible or healthy class due to the infective population. Several diseases like polio are contagious
during the time of incubation. So one can conclude that the interactions between the healthy
population classes exposed classes have their importance in the spread of diseases. Thus, scholars
have discussed the relationship between the susceptible and the exposed classes. Many scientists have
attempted to construct mathematical models of Polio. The authors [1] developed a mathematical
system spread of polio after the re-introduction of poliovirus. Garfinkel and Sarewitz et al. [2] briefly
studied the conditions that would lead to polio eradication. Furthermore, to prove efficacy of polio
vaccines in the control of polio infection, most scholars have constructed various models for the
spread of polio [3-5]. The authors of [6] specifically considered the SIR problem with pulse
vaccination and have shown that pulse vaccination can lead to eradication under specific conditions
related to the magnitude of vaccination proportion. In some of the articles like [7], the authors dealt
with a two-dimensional SIS polio system with the addition of vaccination terms for bifurcation in the
opposite direction. The authors of [8] developed a polio mathematical system to investigate its
dynamical behavior in the presence of vaccinations strategy with nonlinear incidence, which also
deals with the optimality of the model that converges the vaccine quantity to the threshold value.
Agarwal and Bhadauria [9] developed a polio epidemic model with vaccine quantity to investigate the
effect of vaccination once a strategy is applied to the susceptible and exposable populations. In this
study, the polio model was adapted from [9], and it has been divided into five subgroups, namely
susceptible persons S, exposed persons &, acutely infected persons 7, chronically infected persons V
and recovered persons R :

S(t) = A — BST — rBSE — (u + v)S,
E(t) = BST + rBSE — (b + u + v1)E,
IO =0b+v)E-(u+a)l,

V@) =vS — uV,

(1.1)

with the following initial conditions

S(0) = Ny, E(0) = Ny, 7(0) = N3, V(0) = Ng.
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The parameters used in model (1.1) are described as follows: A is the rate of immigration in the society,
u is the rate of death that occurs naturally, § is the probability of disease transmission because of the
infectious population, 8 is the rate of chance of infection because of the exposed population, r is the
rate of reduction in the transmission of infection by exposed class, v is the rate of individuals moving
from the susceptible to vaccinated class, v; is the rate at which exposed individuals are vaccinated, b
is the rate at which exposed individuals move to the infective class and « is the rate of death due to the
disease.

The utilization of fractional calculus in the fractional-order model, which combines differentiation
and integration, offers a more effective approach to comprehending real-world problems as compared
to classical derivatives [10-16]. The concept of fractional derivatives, originally introduced by
Riemann-Liouville based on the power law, has recently faced scrutiny from researchers due to the
presentation of experimental results questioning the adequacy of a single fractional operator, such as
the Caputo, Caputo-Fabrizio and Atangana-Baleanu operators, as a tool to describe complex
phenomena in science and engineering [17-21]. These findings suggest that a broader range of
fractional operators may be necessary to accurately capture the behavior of diverse systems [22-26].
The authors of [27] developed a model by using a new definition of the constant proportional Caputo
operator, which describes the generalized memory effects. A new recursive algorithm has been
constructed to solve certain initial value problems involving a fractional differential equation [28].
This new approach Adomian decomposition method (ADM) is based on the application of the ADM,
and it involves combining the decomposition with a recurrence formula and utilizing the solutions of
the generalized Abel equation. According to the researchers, a new fractional derivative can be
defined by utilizing the exponential kernel [29,30]. The utilization of non-singular kernel fractional
derivatives in the modeling of epidemics offers valuable insights into the dynamics of infectious
disease outbreaks, particularly when applied to trigonometric and exponential functions [31-33].
Initialization can pose challenges when working with non-singular kernel fractional derivatives,
especially in cases involving non-singular kernels. Regardless of their type, equations in the following
form have been observed to present similar challenges, as noted by the authors of [34]:

fx F(x,7)g(t)dr = y(x), a+x#b. (1.2)

The condition F(a,a) # O introduces distinct limitations on differential equations involving
non-singular kernels, implying that if F(x, 1) and y(x) are continuous and F(a, a) # 0, then y(a) # O.
This condition gives rise to peculiar behaviors in these equations, necessitating careful consideration
during the development of models in various research fields. As mentioned in [34], this issue remains
unsolved. However, the problem associated with the operator introduced in [17] has been solved by
various researchers [35,36]. To overcome the challenges associated with non-singular operators, the
authors of [37] proposed a modification to the operator that involves utilizing a Mittag-Leftler kernel.
They demonstrated that the resulting fractional differential equations, based on this modified operator,
are easier to initialize than those based on non-singular kernels. Additionally, they showcased that the
modified operator, known as the modified Atangana-Baleanu-Caputo (mABC) derivative, is capable
of solving multiple fractional differential problems, which is not possible for the
Atangana-Baleanu-Caputo (ABC) derivative. = The mABC derivative possesses an integrable
singularity at the origin. In [38], the authors developed a unique numerical method for the mABC
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derivative, utilizing finite differences; the method streamlines the initialization of the corresponding
fractional differential equations. Researchers have also developed modified fractional difference
operators by employing the mABC derivative and Mittag-Leftler kernels [39].

We propose a memory-affected mABC model to model the spread of polio. Although the epidemic
model described by Eq (1.1) utilizes classical derivatives and should be considered, our memory-
affected mABC model provides additional insights and enhances the accuracy of hepatitis B spread
predictions. To convert the ordinary system of equations given by Eq (1.1) into the mABC operator,
we make the following transformation:

mABCDYS(1) = A — BST — rBSE — (u + v)S,
mABCDYE(t) = BST + rBSE — (b + p + v))E,
mABCDYT(t) = (b +v))E — (u + a)T,
mABCDYY(£) = vS — uV,

(1.3)

with the following initial conditions
S(0) = N1, &(0) = N3, 7(0) = N3, V(0) = Na.

The rest of the paper is arranged as follows. In Section 2, we recall some basic definitions and
statements from the literature. In Section 3, we give some formulas and show the non-zero solution to
the homogeneous fractional initial value problem. With the use of the Laplace Adomian
decomposition method, we find the approximate solution for the mABC derivative in Section 4. In the
same section, we also establish the stability and uniqueness results for the considered system. The
approximate series solution is graphically presented in Section 5. We conclude our work in Section 6.

2. Basic results

Here, we recall basic results from the literature on fractional calculus.

Definition 2.1. [37] Let f(t) € L'(0,T) be a function; then, the mABC derivation is presented as
follows:

PASDYf(r) = SCDIH() ~ By~ )FO)

¢ 2.1)
— Uy f (t — )" "Eg g(—ps(t — u)")f(u)du],
0

where Eq4 is known as the Mittag-Leffler function for one parameter while Ey4 denotes the Mittag-
Leffler for two parameters; from the above definition one may prove that ™*3¢D’f = (.

Definition 2.2. [37] Let f(t) € L'(0, T) be a function, then, the integral of mABC operator is given as

M(1 — %)

mABCDgf —
M(%)

[£(2) = £(0)] + s MG (F2) — £(0))]. (2.2)

Lemma 2.2.1. For f’ € L'(0, o) and the order ¢ € (0, 1), we obtain

mABCTIMABC D054y = £(r) — £(0). 2.3)
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The Laplace transform for the mABC is defined as

M) s?L(f;s) — £(0)s?! Ho

mABC g~
D ft ) = )
LU Dot s = a8 — v 57

<1 (2.4)

3. Analysis of the model

We state that there is a non-zero solution to the homogeneous fractional initial value problem. To
achieve that, we use the following formulas:

s Sﬁ—l h
L[Ey(ht")] = || < b (3.1
L[ By g(ht")] = LR LA P (3.2)
9,0 ) . .

Lemma 3.0.1. [37] Suppose that the fractional initial value problem is as follows:

mABCDES(1) = QS, ¢ > 0,8(0) = Sy,
mABCDIE(r) = QE, t > 0,E(0) = &,

33
mABCDY T () = QT ,t > 0,1(0) = Iy, G5
mABCDEY (1) = QV,t > 0,V(0) = V,,
where 0 < ¢ < 1.
(1) For Q = 1\1#?, the solution is as follows:
0
-— t#0,
St =8y w1 -1)
1, t=0.
0
-— t#0,
E1) =8 Hol(1-7)
1, t=0.
£
-— t#0,
It =TIo¢ weI'(1-19) (3.4)
1, t=0.
t—ﬁ
T T /1 o t ;t 07
V) =Voy Hol (1 -7)
1, t=0.
(2). For Q # 1\1%?, the solution is as follows:
= s t O’
S(t) —_ SO 1 _ Tﬁ ;t
1, t=0.
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Ey (1 1")
= s t Oa
8 =8 I *
1, t=0.
Eﬂ(ﬂﬂl_iﬂ fﬂ)
= - 1 _ t ()a
I=Iy"71_4, * (3.5)
1, t=0.
Ey mli—iﬁtﬁ)
= ’ t Oa
V@) = Vol =T, 1#
1, t=0.
where, 75 = QI\(,II(;)?).
Proof. (1) Given that
A
f (= )" Ega(—pts(1 - )"y dy = T(1 - DEy(—ut", (3.6)
0

for O < ¢, we have

M®E9 !
mMAECDIS() = %1;(3(0 — Eg(—ust")So — g f (t = )" " Ego(—us(t — )"
- 0
_ SO —
x ( TOED )dy>, (3.7)
M3 !
mABCIYIS () = %ﬁf(am — Eo(=pp")E — o f (t = )" By o(—ptolt = )")
- 0

So

e S -9
% ( ioT(1—Egp)” )dy)’ (38)

M !
MDI() = TS0~ Ealpot)To o [ (=3 Enal-piate =)
0
IO _9
(o (3.9)
M !
"DV = 1%;(fva) — Ep(—pt"YVo — iy fo (t =) Eg p(~po(t = »)")

Vo

A
x ( E )dy), (3.10)
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m M)
ABCDﬁS(l) = —(S(f) Eg(—p91")So + Ep(—p91")So) = QS(1),
m Q) ( ) )
AEEDYE®) = —)(8( 1) = Eg(=pst")Eo + Eg(—pst”)Eo) = QE(),
M9 ) (3.11)
MDY I (1) = —(I () — Eg(—ugt") Lo + Eg(—ppt”) o) = QI(0),
m M@ )
AEEDIV(r) = —((V(l) Eg(—p1")Vo + Ey(=ust")Vo) = QV(),
which shows that the proof is complete.
Applying Eq.(3.1) and Eq.(3.2) for > 0, we have
M®@) 1 Sos? s01 _
mMABC o 9-1
DyS;s] = ( -S )
~£[ 0 S] 1_ﬂsﬂ+/lﬁ 1_7_19 Sﬁ_#ﬁli_l:ﬂ 0S
M9 9-1 -1
= ( )SO ~ ) - T Q SO ) - T9
1-9 "1 -1y s" — py7 I —79s" —porr
= Q So L[Eﬂ(/lﬂ o tﬂ)],
1- Ty 1- Ty
m M@ 1 Eys? 51 _
L[™PDlE; 5] = ( >< — -& s? 1)
[ 0 ] l_ﬁsﬁ-'_ﬂﬁ 1_719 _:uﬁ]l:ﬁ ’
. M®) Ty s & sV
S 1-=-9 Ol—Tﬂsﬂ—,uﬂlf"m 1—T,9sl9—,u191f’m
&
= 0 ] By ()|
1- Ty 1- Ty
. M®) 1 Tos? 571 _
LMD T 5] = ( x - T, 1)
[ L35l 1-9s% +pus\1 -1y ,u]ﬂm 0
M@ 9-1 7 9-1
= ( )IO o 9 . Ty Q - 9 . Ty
1-9 I—Tﬁs _#191_7'17 1—T,9S _,uﬁl_.,-ﬂ
I
= 20 L[Eﬂ(yﬁ o zﬁ)],
1- Ty 1 - Ty
m M@®) 1 Vs’ 571 _
[ 0Vs ] 1-9s" +pup\l =719 57" = pg7= ’
9-1 9-1
_ M) YV, Ty _ s _ -0 % 1 s
1= "1-1ys" -y =7y s" — pp=
= Q (VO ~£[Eﬁ(luﬁ o tﬂ)]’
1- Ty 1- Ty
Thus, the proof is complete. O
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Lemma 3.0.2. [37] Assume the following fractional differential equations

mABCDIS() + QS = Gi (1), > 0,8(0) = Sp,
mABCDIE(f) + QE = Ga(t),t > 0,E(0) = &y,
MABCDP T (1) + QT = Gs(1),t > 0, 1(0) = I,
ABCDIV(1) + QV = Gu(t),t > 0,V(0) =V,

where 0 < ¢ < 1 and Q # —“ff?; the solution of the above initial value system is given by
S, 1#0,
S@) =
SO$ t - 05
E. t#0,
s=1"""
80, t=0,
7, t#0,
I(n) = g (3.12)
Iy, t=0,
V, t#0,
V@) = {
(Vo, t=0.
where
~ M Q 1 - 1- Q Q
S=58 (ﬁ)Eﬁ( - —ﬂtﬂ) + ﬁQ](t) + ﬂ(,uﬁ - —ﬁ)(f9 lEﬁ,ﬁ( - ﬂtﬁ))gl,

2y 2y 2y 2y 2y 2y
= M3 Qf 1-9 1-9 Qi Q1
& =& ( )Eﬂ( —tﬂ) + Go(t) + (ﬂﬂ - —)(tﬂ lEﬂ,ﬂ( - —tﬂ))gz,

29 29 29 Z9 29 Z9 (3 13)
~ M3 QY 1-¢ 1-9 Q9 QY '
7-1, M )Eﬁ( - )+ GA(t) + o — —)(f’ IEM( _ _tﬂ))%,

29 29 29 29 29 29
~ M Q 1- 1- Q Q
V=V (ﬁ)Eﬁ( - —ﬁt’?) + ﬁg4(t) + ﬂ(ﬂl - —ﬁ)(l‘l9 lEﬁ,ﬁ( - —ﬂtl9 )@1,

2 2y <9 <y 9 <y
and zyg = M(J + Q(1 — 9)).
Proof. Utilizing Eq (3.1) and (3.2) we may verify that
L1S:s] = SoM@)s”" + (1 = N(s” + ) LIG; S]
Z987 + QI
L6 5] < EMO" + (1 =06 + 1) L1G; 5]
’ 2957 + QO Gl
rFs1= L oM@)s""! + (1 = 95" + o) LIGs: 5]
’ z9s? + QO
L1 5] = Y@ + (1= " + o) LIGa: 5]
ZﬂS’9 + QY

AIMS Biophysics
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by Eq (2.4), we obtain

M@ S LS; 5) - 577 Sy
C1-9 s +
M) s? L(E; 5) — s71&
1-9 s7 +

L[™*DIS + QS; 5] + L[S; ],

+ L[E; 5],

L["PDIE + Q8 5] =

s (3.15)
LMD T+ QT 5] = 11“512 sﬂL(Z;ﬁsi;;ﬂ_lfo + LT 5],
LMDy 4 0y ] = 11“?’1; S%((T’;ﬁsi;:ﬂ_“‘/(’ + L[V 5],
Further calculation then yields the following:
meb$+g&ﬂ:a_@&ﬁﬂJ@ﬁUQﬁﬂ@ﬂ—MWWH&}
L[mABCDgS £ Q8 5] = i ﬁ)(lsﬂ v [(zﬁsﬂ + QI LE; s) - M(ﬂ)sﬂ—‘&)], 516
L™DIT + QT 5] = — ﬁ)(lsﬂ — [( 295" + QN LT 5) - M(ﬁ)sﬂ‘lfo], .
DY 0V = ﬂ)(lsﬁ — |(zos” + QOLV3.9) - M@)s" Vo |

By substituting Eq (3.14) into Eq. (3.16), the following results are obtained:

ﬂmmmw+9&ﬂ=(L¢M¢+MJ&MWWH+U—ﬁmwum£wuﬂ—MWWH&}
1
LI"DiE+Q8; 5] = EM®)s"! + (1 = N(s" + 1) LIG2: 51 - M(P)s""'Eo|.
Lﬁmbﬁ4ﬂﬂﬂ=U_mwM%J%MWW4+aﬂmﬁ+mw@;ﬂ4wm#U@
ammmv+qquU_m&+MJWMwM”+aﬂmﬁﬂma@m—Mww*%}
= LI[G1; s,
= LI[G»; s, (3.18)
= LIG3; 51, '
= L[G4; s].
This finishes the proof. O
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Remark 1. Suppose that G; € C[0,T], withi = 1,2,3,4,; then, we have

~ 1
S-= 5[SOM(ﬁ) + (1 -9G1(0)],

M
I

il

Zy
V=1
Zy

subject to the following conditions:

1
5[80M(19) + (1 - 1G2(0)],
1
= —[ZoM®) + (1 - $G3(0)],

1
[VoM(@@) + (1 = HGa(0)],

QS = G1(0),
Q& = G2(0),
Q7 = G5(0),
QVo = G4(0),

(3.19)

(3.20)

Therefore, S = So,g = 80,7 = 1, and V= “Vy; hence, the soultion given by Eq (3.12) presents
the condition of continuity. On the basis of the above conditions the solution exists for the proposed

model.

4. Approximate solution via the Laplace Adomian decomposition method

Applying the Laplace transform to the mABC, as given in [37] to the considered model (1.3) gives

Proceeding we get

M) y 5" L{S(1)} — s7718(0)

'mABCD?(V(z)] _

£|™#ep’sw| = £n - asove - o, + u)S(f)],

D80 = £]aSOVe - @+ wew)|

L
LVmABCD?‘_Z'(t)— - ,L»a'8(t) —(u+a + az)I(l)],
L

L[azf(t) ot ast m(vm].

1-9 s? + g

M(3) y s? LIE(E)} — s771E(0)

L[n — aSOVE) (1 + msm],

1-9 s7 + g

M(@3) o s LT ()} - 771 T(0)

L[asa)q«n —(a+ ma(r)],

1-9 s7 + py

M) o P LIV} - 71V (0)

L[aa(t) —(u+a +a)t (r)],

1-9 s7 + g

AIMS Biophysics
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By application of the initial conditions we get

(1 — 9)(s” + up)
L18() = N |11 aS@Vo - @z + 0S|
(1 — (" + pg)
LiEm) == [ Vi asovo - @+ wew|| -
(1 = N(s" + py) ’
LI = [ N £Lo&n) - Gu+ ar + a1
(1 -9)(s” + /Jﬂ)
LV = =2+ [ N a7 =+ as + V0|
Decomposing each quantity as yields
SH=> 8, &0=) & 1= I, Vi)=Y V,
i=0 i=0 i=0 i=0
We write the non-linear term as follows:
SOV =) G
i=0
where .
_ U AN kg
TG+ Ddp [ kz(; P S"(Vf] p=0
Plugging all of the above values into Eq (4.3) we get
(1 -9(s” + ,ua) N
ZS [ M(9)s? [ Z‘ ‘_("”“)ZSH
N & [(L=N(s" + py) C N
L{; &) ==+ | a4 ZO Gi - (@ +w) Z &)
- (4.4)
C _ Iy [ — (s + uy) N
LY T = R L[aZ& (u+a ”2)23”
N Vo  [(1-D(" + /119)
LY Vo)== i e ZL (1 +as + ) Z vi|
after calculating the above Eq. (4.4) we get
L{So} = ‘io
[ =" + )
s =| N 2|11 aGo - (2 + S0 |
[ =" + p) 45
£18:00 = | N L1 aGy - i + 51| (4.5)
A =" + )
LS = | Vi -G, - o + w1

AIMS Biophysics
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So

L&) =2,
1 —9(s?
L{&} = [( M)((I;)S:: 'uﬁ).ﬁ[aGo —(a+ ,U)SOH,
(A =" + ) 4.6
L&) = | N5 £]aG, - (@ + e | (4.6)
1 -9’
L&} = [( M)((g)s; 'uﬂ)ﬁ[aGi —(x +,U)8i”,
I
LiZo} ==,
1 -9 g
o= M)((;)Sj ) flagy - v ar + ansi]
1 -9
L1701 =[S ta - e an v ans || (“.7)
1 —9)(s? 4
LT} = [( M)((;)s:: u9)~£[a'8i —(u+a + az)Si”,
Livy =2,
1 —9(s? g
v = M)(i;‘)sﬁ 0 lanty = o + s + Vi
1 - 9)(s”
£y = M)(f;)sj D flanty = s+ v 48)
1 —9)(s? '
L{Vi} = [( M)((;)s;#9)£[azji —(n +as +,U)(Vi”.

Considering the first three terms and by applying the inverse Laplace transform we get

SO = S(O) = S(o),

S =[a-o+ %)@[H - aSiVo - (2 + 10So| | (4.9)
$=[0 -0+ i | a7 - e+ w1

AIMS Biophysics Volume 11, Issue 1, 97-120.
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& = &(0) = &)
g

t 1
&0 =|(1-9+ @>m[a&m - (@+ w&o|| (.10)

Ex(0) = [aS1V: - (@ + 1081 |

IOZI(O):I(O),
9

t 1
I,(t) = [(1 -9+ @)w[a&)—(p+al +612)S()”, 4.11)

IH(1) = [081 —(u+a+ 612)31],

Vo =V(©O) =V,
9 1
Vi(t) = [(1 0+ N

V() = [azfl (o tas u)(vl].

[a210 — (O +az + u)%”, 4.12)

By putting the values S|, &;, 7, V), into the second term of each quantity, we get

So = S8(0) = S,

9

1
Si(t) = [(1 ads Wm][n — aSeVy — (12 +u>so],
A #1 P (4.13)
82 = [(1 -0+ %)—M(ﬂ)] - Cl[(l -0+ @)—M(ﬂ)] [H - aSO‘VO - (772 +,Ll)80]
¢ 1
x [Clzf() (i tas u)%] — (i + u)[(l — 9+ ﬁ)m][n —aSeVo - (2 + ,U)So],
& = 8(0) = &,
v 1
&) = [(1 — 9+ @)W[“&)% ~(a+ u)c‘:o]],
& l—o+ L L Tl asy Sollanr S
o (1) = [a( - +@)w] [ —aSyVo—(m + ) o][az o—(m +as+ WV

v

);[G‘SO(VO -(a+ #)80]”,

~(a +“)[(1 ~ e M)
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Lo =1(0) = 1),

r=la-0+ L |us S
1()—[( - +@)W[C¥ o— (W +a+a) 0”,
P 1 4.15)
To(t) = a[(l _9+ @)m[a&% —(a+ /1)80”
e 2L me asyy S
—(,U"‘al"‘az)[( - +%)m][ - aSoVo — (2 + p) o”,
Vo = V() =V,
Vi =0+ Jar V.
1()—[( - +%)M(ﬁ)[a2 o—(m +az+u) 0”,
P 1 (4.16)
(Vz(t) = Clzl:(l -3+ @)W[Q’SO — (/J +a; + 612)80]]
T L Y V.
—(m +a3 +IJ)[( - +%)M(ﬁ)[a2 o—(m +az+ om,

Lastly, each quantity can be written as follows:
S(t) =8y +S81() +Sx(0). ..

EO=E+E () +EQ0...
I =Ig+ 1)+ 15(1)...
V@)=Vo+ Vi) + Vo). ..

4.1. Stability and uniqueness of the solution

Theorem 1. Suppose that a Banach space is denoted by (B, |.|) with a mapping T : B — B which
satisfies
IT, — Tyll < BT, = T,ll + 7llx — i

forevery x,y € B; also, 0 < ®and 0 < w < 1. Then, T is Picard T-stable.

Theorem 2. Suppose T to be a self map defined as given below:

1 — 9)(s"
T[Sq(t)] = Sq+1(l‘) = S,0) + £_1[( M)((l;)s;_ /lﬁ)
(1= 96" + )
M(9)s?
- N(s? + wp)
M(;)Sﬂ Ho Lla&,(t) — (u+a; + az)Sq(t)]],
(= (" + o)
M(9)s?

Aun—asnggn—m2+msgm}

T(E,(D] = Eg1(1) = E,(0) + £‘1[ L[aS (V1) — (@ + ,U)&;(t)]],

4.17)

1
T, (0] = () = 1,0+ £7]¢

T[Vy0] = Vg (1) = Va(0) + 13_1[ Llaxd (1) = (m + a3 +ﬂ)Vq(t)]]~
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Thus, the iteration is T-stable in L' (x, y),

if we obtained the following results:

(1 = a(Ny + Nyw1(6) = (2 + ()w2(0)) < 1,
(1 +a(N; + Nyw,(0) — (@ + wws(0)) < 1,
(1 +awq(0) — (u+ a1 + ax)ws(0)) < 1,
(I + aaws(0) — (m1 + a3 + Wwe(0)) < 1,

(4.18)

Proof. We need to prove that T has a fixed point; for this we use (g, p) € N X N

T[S,O] - T[S, =S, - S, + L
- !

TIE,N] - TIE,(D] =&, - &, + L
-t

T, -TIL,0)]=1,-1,+L"
-,

T[V,0)] - T[V,0)] =V, -V, + L

- !

Taking the first equation of Eq (4.19) and

| T[S, (] - T[S,0]|| =

-,

with the help of the triangular inequality,

|TLS,(01 - TLS,0]|| < IIS, = S, Il +

By establishing the relation as follows:

replacing the above relation in Eq (4.21),

(1 =) + py)

LI = aSy (V@) — (72 + (1)Sy(1)]

|

S,~S,+ L}

M(9)s”
ik _1\12)((1;;; Ho) prp - aS,(OV (1) — (72 + ,,t)S,,(r)]],
ik ‘1\1?[)((1;;; Ho) LLaS,(1V, (1) - (@ + u)&z(f)]]
a ‘1\’?((;;; 1) 11 aS 1YV, () — (o + u)8p(t)]]’
(1 - 1\1?1)((1;;; Hs) LIoED) — (u+ay + az)Sq(t)]] o
(1_;E§;;M”£kﬁ%@)—gl+al+aﬁ3ﬂﬁﬂ,
u—ﬁﬁﬁwwﬂ@@@_w+%+mvmﬂ
(d —13[)((1;;; Ho) Liar T, (t) — (7 + a3 + u)V p(t)]]-

calculating the norm on both sides, we have

(1= D(s” + )

LT = a8, (V1) = (2 + Sy (0)]

|

1 l\g)((?fi ) (4.20)
B 9
e LT =S, 0,0 = e + 08,01

and by solving Eq (4.20), we obtain
[ =9)(s" + pg)

L L[l = aSy()(V4(@) =V, )l

M(#)s? (4.21)
+ | = aVy(D)(Sy(1) = Sy + 1| = (172 + WS,y () — Spl,
[Sq(1) = SpDll = [V (1) =V, (0l (4.22)
we get the following relation
A=) ) )
L M@)5? L[|l = a8, (0)(S,(1) = S, (4.23)

T[S, (01 - TIS,0]|| < IS, = S, Il +

+ 11 = aVy@(Sg(0) = Sy + 1| = (72 + S (1) = S,
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Furthermore, the convergent sequence V, is bounded.
Additionally, one may obtain different constants N, N,, N3 and Ny for every ¢ such that

IS,ll < Ni, 1€l < N, 17,1l < N3, [|V,ll < Ny, (g, p) € NXN. (4.24)
Therefore, considering Eq (4.23) and Eq (4.24), we obtain

[ TLS,(1)] = TLS, ]| < (1 — aN; + No)wi(8) — (2 + w2 (OIS, = Sp)ll. (4.25)
here, w; and w, are the functions of L‘l[% ] Considering the same procedure for the

remaining equations, we have
|T[E,(] = TIE,M]|| < (1 + aNy + Ny)wi(8) — (e + w3 O)(E, — EpII,
|ITLZ,()] = TIZ,0]|| < (1 + aws(0) — (u + ay + a)ws@OIT, — T, (4.26)
|T[V,(0)] = TV, @] < (1 + aaws(®) — (g1 + a3 + Wws @IV = V).
Hence, T has a fixed point. Applying Eq (4.25) and (4.26), we assume that
v =1(0,0,0,0),

(1 —a(N; + Ny w(0) — (172 + w2 (6)),
1+a(N; +N 0) — (a + 0)),
W= ( a(N; ADwi(0) — (a + wWws(0)) 4.27)
(I + awy(0) — (u + a; + ax)ws(0)),
(I + aaws(0) — (m1 + az + wws(0)),
Therefore, the conditions of Theorem 1 are satisfied; hence, the proof is complete.

Theorem 3. The aforementioned method gives a unique solution for the considered model.

5. Numerical simulation

The graphical representations for the proposed model under the modified operator have been
established by using the data taken from [9]. Four studied compartments of the model were tested on
different fractional orders by using the obtained numerical scheme. The initial values and
corresponding parameter descriptions are given in Table 1.

Table 1. Parameters and their numerical values for model (1.3).

Notation Value Source Notation Value Source
S 500 [9] &Eo 200 [9]
I 150 [9] &Eo 600 [9]
1 A 1000 [9] B 0.002, 0.003, 0.0016, 0.05 [9]
r 0.5 [9] u 0.5 (9]
% 0.6 [9] vl 0.001 [9]
b 0.9 [9] o 0.6 [9]
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Figure 1. Plots for all four agents on six different fractional orders ¢} lying between 0 and 1;
S =0.002.

In Figure 1(a—d), the dynamics of all four compartments are shown for different fractional orders
under the modified fractional operator which has extra terms as compared to the ABC operator. The
susceptible population gains stability after increasing to some peak value and the stability is best
achieved for relatively small fractional orders instead of the higher order. The exposed class declines
and then increases to the equilibrium point to achieve stability. During this period, the exposed
population is transferred to the infected population, whose density is increasing and then stabilizes, or
decreases as a result of individuals recovering from the infection after the vaccination is applied to the
population. The vaccination process is terminated once the infection is controlled.
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Figure 2. Plots for all four agents on six different fractional orders ¢} lying between 0 and 1;
S =0.003.

In Figure 2(a—d), the dynamics of all four compartments are shown for different arbitrary orders
under the modified fractional operator with extra informative terms. The susceptible class gains
stability after declining to some small value and the stability is achieved faster with small fractional
orders. The exposed class here declines quickly and then increases to the equilibrium point to achieve
the convergence. During this period, the susceptible population is transferred to the exposed class,
and then to the infected class whose density increases and then stabilizes, or decreases as a result of
recovering from the infection after the vaccination is injected into the total population. The
vaccination process is reduced as the transmission 1 is increased and the infection is controlled after
more populations.
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Figure 3. Plots for all four agents on six different fractional orders ¢} lying between 0 and 1;
S =0.0016.

In Figure 3(a—d), the rate of transmission is decreased which affects the dynamics of all four
compartments as shown for different arbitrary orders. The susceptible class increases and gains
stability after reaching some high value. The exposed class here declines much more quickly and then
converges to its equilibrium point. In this case, after a small increase, the infection is controlled
quickly. Here the vaccination rate also increases, i.e. as the vaccination rate increases the infection
may be easier to control.
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Figure 4. Plots for all four agents on six different fractional orders ¢} lying between 0 and 1;
£ =0.0002.

In Figure 4(a—d), the rate of transmission is again decreased which affects the dynamics of all the
four compartments, as shown for different arbitrary orders. In this case, the dynamics are about the
same as observed for the previous dynamics but the dynamics can be controlled more quickly. Such
dynamics provide the total density of each compartment in the form of a continuous spectrum lying
between 0 and 1.

6. Conclusions

This study developed the analysis of the impact of vaccination on the spread of polio in the human
population by using a four-compartment system with the generalized novel mABC fractional operator.
The dynamical behaviors of all compartments have been successfully examined for different fractional

orders to demonstrate the validity of an extra degree of freedom in the selection of the derivative order.
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The fixed-point theory shows the uniqueness of the solution in the generalized novel modified format.
The stability analysis of the model has been conducted by T-Picard-type stability techniques. The
numerical solution for the model has been achieved by using the Laplace transform, along with the
Adomian technique in the format of the decomposition process. Such a study involved the analysis of
the complex geometry in the dynamical system. The study was performed by using various fractional
orders and iterations with different transmission rate; also, each curve has been plotted for six different
fractional orders and compared with the integer-order result. The study also shows that the impact of
vaccination is more significant on the total population. In terms of stability, relatively smaller fractional
orders yield high accuracy. In all of the numerical simulations, decreasing the transmission rate led to
better control of the polio infection.
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