AN A4
C0:009°

International
Journal of
Mathematical
Analysis and
Modelling

(Formerly Journal of the Nigerian Society
for Mathematical Biology)

Volume 7 Issue 2, 2024

ISSN (Print): 2682 - 5694
ISSN (Online): 2682 - 5708
www.tnsmb.org




International Journal of Mathematical Analysis and Modelling (2024) 7(2):78-113

Complex Ebola Virus Disease fractional order model in the
Caputo sense with Laplace Adomian Decomposition Method
model solution

Q.O. Ahman % R.O. Aja’", W. Atokolo ¥, D. Omale?, N.E. Didigwul, C.S. Ugwu*;*
A.L. Ozioko']S.O. Joseph* V.I. Ezaegu* R.V. Paul’, and G.C.E. Mbah*

Abstract

Ebola Virus Disease is a life-threatening disease that is transmitted between humans and animals.
The aim of this study is to develop a fractional order Ebola Virus Disease model for the dynamics
of Ebola considering the control measures;quarantine,isolation,treatment, vaccine and protection
(condom use) with a view to study the effects of these control measures on the spread of Ebola in
a given population of humans and animals in the Caputo Sense. The fractional order Ebola Virus
Disease model in the Caputo sense to control the spread of the disease with eighteen compartments
is considered in this paper. This model considered vaccination, condom use, quarantine, use of treat-
ment drugs and isolation as control measures combined together. We analyzed the model where
the validity of the model was proven by establishing a region of invariance and the positivity of
solutions. We also established the model disease-free equilibrium (DFE)and endemic equilibrium
(EE). The reproduction number (a threshold value) (B) was obtained using the next generation
matrix. The result of the study produced an expression for B, where if the reproduction number
B, is less than 1 then the model DFE point is stable, so the Ebola virus disease dies out. If the
reproduction number B is greater than 1, then the model DFE point is unstable, so the Ebola
Virus disease persists in the populations.We also analysed the local stability of the DFE point and
found out it will be stable when the reproduction number B < 1. The novel application of the
Laplace-Adomian decomposition method to the model obtained a result of the complex fractional
model in an infinite series form which converges further to its exact value. Comparing the solutions
of the fractional Ebola virus disease model with that of the classical case using simulation plots we
found out that the case of fractional order has more degree of freedom in such a way that can be
varied as the fraction (&) could be varied to get different results. We proved convergence of the
Laplace Adomian Decomposition method using the Cauchy-Kovalevskaya theorem for differential
equations with analytic vector fields and then obtained a new result on the convergence rate of the
Laplace Adomian Decomposition Method.
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1 Introduction

Ebola Virus Disease (EVD) is a disease that is also called Ebola haemorrhagic fever which is deadly
in nature[l]]. The disease was discovered near Ebola River in The Democratic Republic of Congo
in 1976 [2, 3] The disease infects and affects human and non - human pirates. Five species of the
virus namely; Bundibugyo Ebola Virus, Tai Forest Ebola Virus, Reston Ebola Virus, Su-dan Ebola
Virus, and Zaire Ebola Virus have been identified [[4]. Since the birthing and naming of the disease
so many outbreaks of the disease have been witnessed in Africa including the 2014 Ebola outbreak in
West Africa which in history was called the largest of its kind because it affected many countries at the
same time. A group of viruses known as orthoebolaviruses causes Ebola virus disease. This virus is
formally known as ebolavirus. The disease has an incubation period of 2 to 21 days after first contact
with the symptoms that may include fever, aches, pains, fatigue diarrhea, vomiting, and unexplained
bleeding[3}[5]]. Scientists believe that human can initially get infected with Ebola virus disease through
effective contact with an infected animal which may be fruit bat or non human primate. Research
shows that hosts of Ebola Virus may be bats, arthropods and rodents [6].

Ebola virus disease can infect human beings through direct contact with body fluids or blood an
Ebola Virus infectious or sick person, infected object and surfaces and dead person. Vaccine drugs
and treatment drugs for Ebola Virus disease against the virus are now in use such that those dying
from the disease are far less than those recovering from the disease. These drugs include rVSV- EBOV
which is 70% to 100% effective to protect against the virus [, [8]. Some cases have been traced to
sexual transmission due to virus residual being persistent in the sperm of men that recovered from the
disease[9,110] . In applied sciences Frac-tional Calculus has so many applications hence in mathematical
modelling. From many studies we have seen that fractional calculus can develop the process of some
Phenomena in natural science [[11,12] . Fractional-order differential systems have been found to have
the advantage of sample modelling, clear parameter meaning and accurate description of some materials
and processes with memory and genetic characteristics [|[13]]. Now within the circle of researchers there
is a high growing interest into the role of fractional calculus in many areas of modelling real- world
problems like Ebola Virus Disease outbreaks particularly in Africa [[14}[15].

Laplace-Adomian decomposition method (LADM) is a technique that requires the combination
of the Laplace Transforms and the Adomian decomposition method (ADM) [[16]. Adomian’s is a good
effective technique for the solutions of an Ebola virus disease model or a disease model system of ordi-
nary differential equations. On the other hand, Laplace transform is a perfect method applied in applied
sciences and engineering. The Laplace-Adomian decomposition method (LADM) is the combination
of these two methods. LADM has been applied to so many problems in physics, engineering, biology
and applied mathematics [[1/]. The main idea of the method is to assume an infinite solution of the
form: Z = )77 ,Z, then apply Laplace transformation to the differential equation. The non-linear
terms of the model equation are then decomposed in terms of the Adomian polynomials, and then an
iterative procedure is formulated for the determination of the (Z,,) in a recursive form. This method
can be used for a system of linear and non-linear ordinary and partial differential equations of the clas-
sical and fractional order model. This method does not require any perturbation and also has no need
for a predefined step size. This method is an effective method for explicit and numerical solutions of a
system of differential equations representing all kinds of physical problems [[17]].

The Laplace Adomian Decomposition Method has been used by many to obtain the approximate
solution of frac-tional order models, The approximate solution of a model for HIV infection was
obtained using the Laplace-Adomian decomposition method by Ongun [[11]. Adejoh and Mbah [[1/]]
in their work also obtained the approximate and numerical solution of their fractional order cancer
disease model using Laplace-Adomian decomposition method. The numerical solution of a fractional
order smoking model was obtained via the Laplace-Adomian decomposition method by Fazal et al.
[5]]. Fazal et al. [5]] also determined the numerical solution of a fractional order epidemic model of a
childhood disease using the Laplace- Adomian decomposition method. Recent studies have employed
the Laplace-Adomian decomposition method (LADM) to solve fractional-order models of Ebola virus
dynamics.Atokolo et al [18] considered fractional mathematical model of Lassa Fever where Adams
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Bashforth-Moultan method was used to investigate the model approximate solution. In 2020, Akeem
Olarewaju Yunus and Morufu Oyedunsi Olayiwola utilized LADM to analyze a co-dynamic Ebola and
malaria transmission model with Caputo fractional-order [[19]. Similarly, Queeneth Ojoma Ahman et
al. applied LADM to approximate the solution of a large fractional-order Ebola virus disease model
with control measures [20].

The LADM has also been used to solve various nonlinear fractional differential equations. Shah et al.
(2020) employed a new analytical technique to analyze the fractional view of third-order Kortewege-De
Vries equations [21]]. Ganji and Jafari (2020) developed a new approach using LADM to solve non-
linear Volterra integro-differential equations with Mittag-Leffler kernel [22]]. Furthermore, Shah et al.
(2020) utilized LADM to solve the family of Kuramoto-Sivashinsky equations semi-analytically [23]].
Additionally, Shah et al. (2019) proposed a novel method using LADM to obtain the analytical solu-
tion of fractional Zakharov-Kuznetsov equations [24]. These studies demonstrate the effectiveness and
efficiency of LADM in solving fractional-order models and nonlinear differential equations, highlight-
ing its potential as a valuable tool for researchers in the field. The Laplace-Adomian decomposition
method unlike other numerical methods requires no linearization and discretization and as such the
results obtained from it are more realistic and effective[25}, 126, 2/]]. Un-like the classical integer model
that describes only the local properties of a system, The fractional order model provides a better de-
scription of the whole space of a model system; it also provides a better explanation of a real-life system
with memory effects [128) (12}, 29}, 30, [31}, 132}, 133]] The Riemann-Liouville derivative and the Caputo
derivative are regarded as sin-gular kernels fractional derivative relative to biological problems, Others
that are also non singular are; Mittag-Lefler and the Atangana-Baleanu operators [31]. The classical
order and fractional order derivatives have been used in studying transmission dynamics of Ebola dis-
ease models [25} 26/ 27]] and the likes, but to the best of our knowledge it has not been adopted and
applied in a large eighteen equation compartmental Ebola model. Also, an eighteen equation Ebola
Virus model solution has not been determined using the LADM. To the best of our knowledge, no
author has presented an Ebola model that has up to eighteen (18) compartments to study the transmis-
sion dynamics of Ebola. Above all we considered a non-integer Ebola model which has more degree
of freedom and as such can be varied to obtain more preferred responses which also to the best of our
knowledge has not been given adequate attention by researchers. Thus, in this work, we considered a
system of eighteen equation compartmental fractional order Ebola model (using the Caputo derivative)
for the control of Ebola disease presented with analysis and the analytical solution would be obtained
using the Laplace-Adomian decomposition method (LADM).

2 Methodology/Model formulation

We consider two communities of human and animal interacting with each other. The human popula-
tion is divided into sixteen compartments of Susceptible human population (S(t)),Vaccinated human
population (S, (%)), unvaccinated human population (5, (%)), vaccinated condom using human popula-
tion (Syc(t)), vaccinated non using condom human population (S, (t)), unvaccinated condom using
human population (Syc(t)), unvaccinated non using condom human population (Syn(t)), Exposed
human population(E(t)), Exposed quarantined human population (Eg(t)), Exposed treated human
population (E7(t)),Infectious human population (1(t)), Infectious treated human population(I7(t)),
Infectious isolated human population (I;(t)), Infectious not treated human population (Ix(t)), Re-
covered human population (R(t)) and Dead unburied human population (D, (t)) while the animal
population is divided into three compartments of susceptible animal population (.S, (¢)), Exposed ani-
mal population (E,(t)) and Infectious animal population (I,.(¢)). The animal population is recruited
into the animal susceptible population at the rate (A) while the animal susceptible population is re-
duced through exposure to the disease at the rate (w) and entering the animal exposed population and
animal natural death at the rate (i, ),the exposed animal population reduces by becoming infectious
and entering the animal infectious population at the rate (¢) and animal natural death at the rate (1)
and the infectious population reduces due to animal natural death at the rate (4,) and animal disease
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death at the rate (d4). The human population is recruited into the human susceptible population at
the rate (P) while the human susceptible population reduces due to human natural death at the rate
(1), through those going for vaccination at the proportion (7) and those not going for vaccination at
the proportion (X = 1 — r) with its modification parameter (k7). The human susceptible vaccinated
population reduces due to human natural death at the rate (1), through those using condom at the
proportion () and those not using condom at the proportion (Z = 1 — \) with its parameter modi-
fication (K3).The human susceptible unvaccinated population reduces due to human natural death at
the rate (1), through those using condom at the proportion (¢) and those not using condom at the
proportion (Y = 1 — o) with its parameter modification (K3). The human susceptible vaccinated con-
dom using population reduces due to human natural death at the rate (1) and through exposure to the
disease at the rate (/31) and entering the human exposed population.The human susceptible vaccinated
not using condom population reduces due to human natural death at the rate (1) and through exposure
to the disease at the rate (f2) and entering the human exposed population. The human susceptible
unvaccinated condom using population reduces due to human natural death at the rate (1) and through
exposure to the disease at the rate (/33) and entering the human exposed population.The human sus-
ceptible unvaccinated not using condom population reduces due to human natural death at the rate
(1) and through exposure to the disease at the rate (1) and entering the human exposed population.
The exposed human population reduces due to human natural death at the rate (1) and through those
exposed going into quarantine at the rate (1) and those exposed going for treatment after exposure
at the rate (a2). The exposed quarantined human population reduces due to human natural death at
the rate (1) and by becoming infectious and entering the human infectious population at the rate (61).
The exposed treated human population reduces due to human natural death at the rate (1) and by be-
coming infectious and entering the human infectious population at the rate (62) with those recovered
entering the recovered population at the rate (p). The infectious human population reduces due to
human natural death at the rate (1) and through those infectious going for treatment at the rate (51)
and those infectious going into isolation at the rate (S2) with those not going for any form of treatment
or isolation at the rate (S53). The infectious treated human population reduces due to human natural
death at the rate (1), by those recovering from the disease and are entering the recovered population at
the rate (J2) and through those that die from the disease and are entering the dead unburied population
at the rate (01).The infectious isolated human population reduces due to human natural death at the
rate (i), by those recovering from the disease and are entering the recovered population at the rate (J;)
and through those that die from the disease and are entering the dead unburied population at the rate
(02).The infectious not treated human population reduces due to human natural death at the rate (1)
and through those that die from the disease and are entering the dead unburied population at the rate
(03).The recovered human population reduces due to human natural death at the rate (1) and through
those that are losing their temporal immunity and becoming susceptible to the disease again at the rate
(7). The dead unburied human population reduces due to proper burial of the corps at the rate (g).

2.1 The assumptions of the model

(1) There is no vertical transmission of the infection i.e. there is no infection from mother to unborn

baby.
(2) There is no herd immunity in the population.
(3) The population is not constant and there is no inherent immunity in the population.

(4) The infectious compartment is a transition point i.e. Infected and infectious individuals do not
stay long before joining isolated, treated or not treated compartments.

(5) The disease recovered individuals are still infectious through semen.

(6) Quarantined and isolated individuals are under close surveillance and do not contribute to the
transmission of the disease.
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(7) Death resulting from the disease only takes place in the infectious compartments.

(8) Ebola infected and infectious animals in the population have interactions with the susceptible
human population.

(9) The animals do not recover from the disease.

The schematic diagram of the Ebola Mathematical model is shown in Figure 1 below.

S —fd o
L<]
E r — -
<+
1 r ~H
|
S4
Figure 1: THE EBOLA VIRUS DISEASE FLOW DIAGRAM
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2.2 Ebola mathematical model equations

incorporating the above assumptions, formulations and Figure 1 we produce the mathematical model
equations as follows:

(1)% =P " (p+r+ K X)S+7R

(2)@” =7rS(u+ A+ K2Z)S,

(3)% =K1 XS (u+0+ K3Y)S,

(0 2 A8, — (-t B1)Si

(6) 0 = K25, — (-4 o) Sun

()20 = 55, — (1 + 55)Se
(7) df;;m = K3Y Sy — (1 + B4)Sun

)2 = BiSuc + BSunt

B3Suc + BaSun — (L + a1 + a2)E

T2 =B~ (u+01)Eg %
(1) = 0y — (u+ 05+ ) Er
(11)% = 0151EqQ + 0251 E7 — (u+ 61 + Jo)Ir
(12)% = 0152Eg + 025:E7r — (u+ 02 + J1)1;
(13)% = 015359 + 0253Er — (1 + 03)In
M — 11t Bt pEr(u 4 R
(15)df;u = 03IN + 020; + 0117 — gD,
(16) dCZT — A~ (i +w)S,
(1N — s, — (4 0),

(18)‘3{ = OB, — (ur + 04) 1y

With initial conditions given as follows;

5(0) = g1 > 0,5,(0) = g2 > 0,5,(0) = g3 > 0,
Svc(o) =g4 >0, Svn(o) =g5 >0, Suc(o) =g6 > 0,
Sun(0) = g7 2 0, E(0) = gs > 0, EQ(0) = g9 = 0, Er(0) = g10 = 0, )
I7(0) = g11 > 0,1;(0) = g12 > 0, In(0) = g13 > 0, R(0) = g14 > 0,
D,(0) = g15 > 0,5,(0) = g16 > 0, E,(0) = g17 > 0 and I,(0) = g15 > 0.
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where;
mily + molr + msl, + myD,,
B = N

niIn + nolr + ngly + nyD,,

B = -
eiln + el + e3l, + esD,

p3 = N

ti Iy + tolp + t3l, +t4Dy, (3)
Bs = N

Ts(t) =S+ Sy + Su+ Sue + Son + Suc + Sun+
E+Eg+FEr+Ir+1;+In+ R+ D,

Tw(t) = Sy + E, + I,

N(t)=Ts+ 1T,

Applying assumption (4) the model equation became 18 instead of 19 as the compartments are 19 but
the infectious compartment is a transition point such that no one stays there for long. The model
variables and parameters descriptions are presented in Table 1 and Table 2 respectively.

2.3 Fractional order Ebola Virus Disease model

In this model the Caputo derivative is considered as a differential operator.When using the Caputo
fractional initial value problem, we can express the initial condition with an initial integer order with
physical interpretation that is very easy for real life interpretation, and thus is suitable for the Ebola
Virus Disease model. In this section, we now present some well known definitions and results that will
be used throughout this paper.

Definition 1

The Caputo fractional order derivative of a function (f) on the interval [0, T is defined as follows:

D30 =y [ (=9 s @)

where n = [a] + 1 and [a] represents the integer part of «. In particular, for 0 < a < 1 the Caputo

derivative becomes;
¢ o _ 1 L f(s)
[D()f(t)}_F(n_a)/o(t_s)ads (5)

Definition 2

The Laplace transform of Caputo derivatives is defined as follows:
L[Dv(t)] = M“h(M)ZZﬁOMO‘_i_lxk(O), n—l<a<nneN (6)

for arbitrary b, € R,i = 0,1,2,....,n — 1 where n = [a] + 1 and [a] represents the non - integer part
of a.

Lemma 1.1

The following result stands for fractional differential equations;

n-17(0) g

i=0 ¢!

I°[Dr(t)] =r(t) + ) )
for arbitrary o > 0,7 =0, 1,2, ...,n — 1 where n = [@] + 1 and [a] represents the integer parts of a.
Introducing the fractional order and substituting equation (3) into the model (1), we have a new set
of model equation which is described by the following set of fractional differential equations of order
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(o) forO < a< 1.

(1)D*S(t) =P — (u+r+ K X)S+ TR
(2)DS,(t) = S — (u+ A+ K22)S,
(3)D*S,(f) = K1 XS — (4 + 0 + K3Y)Sa

(4)D%Sye(t) = ASy — [wSue + 1/N(mi Iy Syct+

malrSye + M3l Sye + maDySyc)]
(5)DYSyn(t) = K2ZSy — [uSvn + 1/N(niInSpn+
ol Syn + N3l Syn + naDySun)]
(6)D*Suc(t) = oSy — [WSuc + 1/N(e1In Suc+
e2I7Suc + €31, Suc + €4 Dy Suc))
(T)DSyun(t) = K3Y Sy, — [4Sun + 1/N(t1InSun+
tolrSyn + t3lySun + t4DuSun)]
(8)DE(t) = 1/N{muIn See + molrSuet
m3 ISy + mMaDySye + n1INSun+
nolrSyn + n3lrSyn + N4 Dy Syn+ (8)
e1INSuc + e2lrSyc + el Syc+
eaDySuc + t1INSyn + tolr Syun+
tsl.Syn + t4DySun] — (0 + a1 + a)E

(9)D“Eq(t) = anE — (n+ 61)Eq
(10)DEp(t) = aoE — (u+ 62 + p)Er
(11)D*Ip(t) = 6,51 Eg + 0281 Ep — (1 + 01 + Jo) Iy
(12)D*I;(t) = 015,Eq + 0282 FBr — (1 + 65 + J1);
(13)D*In(t) = 0185Eq + 0255 B7 — (1 + 03) Iy
(14)D*R(t) = J11; + Jolr + pEr — (0 +T)R
(15) DDy (t) = d3In + 621; + 6117 — q
(16)DS,(t) = A — (ty + w)Sy
(17)D*Ey(t) = wSy — (ur + @) E;
(18)DI.(t) = qur (e + 04) I,

The Tabl gives a description summary of the Variables used herein:
The Table 2| gives a description summary of the Parameters used herein:

3 Analysis of the model

In this section, we herein analyse the system of fractional Ebola model(8) as follows;

3.1 Positively invariant Region

In this section we show that the closed set @ = {(.9, Sy, Su, Sves Svns Sue, Sun, B, EQ, Ev, I, Ii, IN, R, Dy,
Sy, Ey,I,) € RI® : 0 < N} provides the Fractional Ebola Virus model system (8) positively invariant
feasible region.

Lemma 3.1

The solutions of the Fractional Ebola Virus model system (8) are non-negative and bounded if they
start in €.

Proof
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Table 1: Ebola model variables and descriptions

Variables Descriptions
S(t) Ebola Susceptible Population
Sy (t) Ebola Susceptible Vaccinated Population
Su(t) Ebola Susceptible Unaccinated Population
Spe(t) Ebola Susceptible Vaccinated Condom using Population
Sun(t) Ebola Susceptible Vaccinated not using Condom Population
Sue(t) Ebola Susceptible Unaccinated Condom using Population
Sun(t) Ebola Susceptible Unaccinated not using Condom Population
E(t) Ebola Exposed Population
Eq(t) Ebola Exposed Quarantined Population
Ep(t) Ebola Exposed Treated Population
I(t) Ebola Infectious Population
Ip(t) Ebola Infectious Treated Population
Li(t) Ebola Infectious Isolated Population
In(t) Ebola Infectious no Treatment Population
R(t) Ebola Recovered Population
D, (t) Ebola Disease Dead Unburied Population
Sy (t) Ebola Susceptible Animal Population
E.(t) Ebola Exposed Animal Population
I.(t) Ebola Susceptible Animal Population
Ts(¢) Total Human Population
T.(t) Total Animal Population
N(t) Total Human and Animal Population

Table 2: Ebola model parameters and descriptions

Parameters Descriptions

P Human rate of recruitment

1 Human rate of natural death

r Human rate of Vaccination
K, Human vaccination modification parameter

A Human Vaccinated rate of condom use
Ky Human Vaccinated condom use modification parameter

o Human Unaccinated rate of condom use
K3 Human Unaccinated condom use modification parameter
b1 Human Vaccinated condom using population force of infection
Ba Human Vaccinated non condom using population force of infection
B3 Human Unaccinated condom using population force of infection
Ba Human Unvaccinated non condom using population force of infection
o Human exposed rate of quarantine

%) Human exposed rate of treatment

01 Human exposed quarantined rate of becoming infectious

02 Human exposed treated rate of becoming infectious

p Human exposed treated rate of recovery

S1 Human infectious rate of treatment

So Human infectious rate of isolation

Ss3 Human infectious rate of no treatment or isolation

Ji Human infectious isolated rate of recovery

Jo Human infectious treatment rate of recovery

o1 Human infectious treated disease death rate

do Human infectious isolated disease death rate

03 Human infectious no treatment disease death rate

T Human Recovered rate of immunity loss

q Disease dead unburied rate of proper burial

A Animal Population recruitment rate

Iy Animal Population natural death rate

w Animal Population rate of exposure to disease

1} Animal Population rate of becoming infectious

04 Animal Population disease death rate
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from (8) we obtain the following;

DYS(t)]seo = P— TR >0
DSy (t)|s,z0 = 7S > 0

DS, (t)|s,—0 = K1XS >0
D*Sye(t)|s,.=0 = ASy > 0

DSy (t)8,0=0 = K2ZS, > 0
D*Sye(t)]s,.=0 = 0Su >0

D Sun(t)]s,n=0 = K3Y S, > 0
D*E(t)|p=0 = B1Sve + B2Suvn + B3Suc + BaSun > 0
D*Eg(t)]5y—0 = mE > 0
DPEr(t)| gy = a2 > 0

DI (t)|1,=0 = 6151 EQ + 0251 E7 > 0
DI;(t)|r,=0 = 6152EQ + 6252 E7 > 0
D*InN(t)|1y=0 = 0153Eq + 02s3E7 > 0
D*R(t)|r=0 = J1l; + JoIr + pE7 > 0
DDy (t)|p,=0 = 93N + d21; + 6117 > 0
DS, ()]0 = A > 0

DYE, (1) 5,0 = wS, > 0

DaIr(t)hr:() = ¢Er >0

)

Hence, the sub-populations S, Sy, Su, Sve, Son, Sucs Suns B, Eq, Er, I7,1;, IN, R, D,,

Sy, B and I, are non-negative. Also, as N = T, + T, wherever NN is considered to be constant each of

the sub-population will lie in [0, N]. Thus, the sub-populations S, Sy, Su, Sve; Son, Suc, Sun, E, Eq, Er, IT, i, IN, R,
D,,S,, E. and I, are also bounded.

3.2 Fractional Ebola Virus model equilibrium points and basic reproduction number

At equilibrium;

DS = D*S, = D*S,, = D*S,c = DSy, = DSy = D*Syp, =0
D*E = D*Eqg = D*Er = DIy = D*I; = D“In =0 (10)
D*R=D*D, = D*S, =D*E, =D“I, =0

The Fractional Ebola Virus Disease free equilibrium (C7) = {S/, S{f, S{:, S{fc, S{,fn, S{jc, S{:n, E7T, Eg?, Eg,i, I%, Iif, IJ{,,
fof pf 7/ P St

Rvau7S’r‘,E’r‘,I7'} - {([L+T'+K1X)7 (}L+)7\1+KQZ)7

KiXSf  AS§ KyzSi oS)

(“JFUJ}KSY)’ n o 0 p?
KaX5 0,0,0,0,0,0,0,0,-2,0,0}.
while

The Fractional Ebola Virus Disease endemic equilibrium (C*) = {S" 8" Sh st sh sh gh
I, Iy, B, Dy, Sy By I

— {Ala A27 A37 A47 A57 Aﬁv A77 A87 Aga
Avo, A11, Ara, Ars, Ava, Ars, Ave, Arz, Ars )

h
Eha Ec}sa ET7 I%a
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where

Ay =

A =

Ag =

Ar =

P+71R"
(p+r+ K1 X)
rSh
(p+ A+ KoZ)’
K, XS"
(u+o+ K3Y)’

ArSh
(Bt A+ K2 Z)(p+ 1)’
Ky ZrS"

(H+ A+ Ko Z)(pu+ Ba)’
oK1 XS"
(h+o+ KsY)(u+B3)
K3Y K, XS"
(w+0+ K3Y)(pu+ Ba)’
+ B2Stn + B3Ste + BaSin

A=

Ao

Az =

f
AS _ Blsvc

Hlleg + Hgle%

A =
1 (1 + 01 + Jo)

A 9183E5 + 9281E§L1
BT (w0 + )

Y

A15 = )

(11)

I

(w4 ag + 042)

OélEh
C (p+601)

OéQEh
(1 +02+p)
9182E6 + 9233E§3

R et
_ NI+ LI} + pEy

R

53[1% + 521211 + (51[%

A

Ao =

)

q

A

(r) +w’
pE!

(HT + 64) y,

A =

The basic reproduction number B can be computed for the model using the next-generation matrix

method as described in (28!

, we calculate B as follows; considering the newly occurring infections

E,Eq,Er,Ir,1;,IN, R, Dy, Sy, E, and I, we calculate the corresponding Jacobian matrices F and V
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at the Ebola model disease-free equilibrium point Cy

where;

and

89

—a by 0

[ 0 0 a1

Q
)
IS
w

[en}
[an}
[an}

DO DO OO OO O oo

cCoo0oo0o0 0o OoOo
cCcoo OO0 O0O0O0OOCOO
coooo o oo
cooo0oo0o o0 OoO
cCooo0o0cocoOoO
cCoOo0O0O0o0O0C OO

o O O O

|

S

S

~
OO OO0 OO OO oo oo oo

|
=
=)
S
ot
S OO O OO

|
>
o
o
S
=)
Ocococoocoococo
coococococoo

|
3
|
S
|
i
S
3]

1
SO0l 4 4 @
|
S
|
o
|
8
)
>
5
o
©

OO O oo oo
o O O
(@]
o
o
o O O

o
o
o
o O

o m2‘s’50 + n255n + 62550 + tQSqem
B N

mySC, + miSG, + €185, + t1SC,
- N

maSe, +naS;, + esSe. + taSe,
N

g = maSe, +n3Se, +e3Se. + 1355,
N

ai

a2

as =

P[T(WQ)H-’NQKQZ) + K1X(620'+t2K3Y) ]
(u+X+K2Z) (u+o+K3Y)

uN(p+r+ K1 X)

P[T(ml)\-‘r?’hKQZ) + K1X(e1a+t1K3Y) ]
(u+A+K2Z) (u+o+K3Y)

uN(p+r+ K1X)

P[r(m4)\+n4K2Z) + KlX(e4a'+t4K3Y) ]
(u+A+K2Z) (p+o+K3Y)

uN(p+r+ K1 X)

P[T’(mg)\+’n3K2Z) + K1X(630'+t3K3Y) ]
(u+A+K22) (pto+K3Y)

uN(p+r+ K1X)
b = (4 a1+ ag),by = (u+ 601),
bs = (p+ 02+ p),by = (u+ 01+ Jo),
bs = (1 + 02+ J1), b = (1 + 03),
br = (u+7),b8 = q,bg = (kr + ),
bio = (ttr + 04),a = a1,b = ag, c = Oas1,

a1 =

ag =

az —

ayq =

d=0151,e = 0152, f = bas2,9 = 0153,
h= 0283,11} :p,k = JQ,:IZ = Jl,m: 51,

OO OO OO OO oo

n:527p2537y:¢')

=~

DO coocoocoocoocoocoof

-y bio |

(12)

(13)

(14)
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With,

eig(FV 1) = (15)

(e R en B e B o B en B e B ol e i @)

m[b8b5(alb6(dbb2 + Cabg) + a2b4(hbb2 + gabg))+
ag(b2b5b(phb4 + mdbG) + by (nfbbgbe + pgabgb5)+
bsbga(neby + mcbs)]

Thus, the basic reproduction number of our Ebola Virus model which is given as the largest eigen-
value p(FV 1) is given as follows;
p(FV_l) = m[bgbg,(alb(,(dbbg + Cabg) + a2b4(hbb2 + gabg)) + ag(b2b5b(phb4 + mdbﬁ) +
by(nfbbabe + pgabsbs) + bsbga(neby + mcb5)]
= B = m[bgbg)(alb@(dbbg + cabs) + agbg(hbby + gabs)) + as(babsb(phby + mdbg) +
by(nfbbabs + pgabsbs) +
bsbea(neby + mcbs)]

- B
P

pN(p 47+ K1 X)(p+ o1 +a2)(p+601) (e + 02+ p) (e + 01 + J2) (10 + 62 + J1) (1 + d3)g
r(mg)\—i—nngZ) KlX(ezO'—l-thgY)

+ 69+ J
lale 0+ )= S 7) (i tor k)
T(ml)\ + anQZ) KlX(ela + t1K3Y)
03)(0 0 (7] 0
(1 +03)(Ohs1ae(p + 01) + O2s101(pn + 02 + p)) + ( Gt K7) (itotKsY) )

(1 + 61 + J2)(O2sgaa(p + 01) + 615301 (1w + 02 + p)))
+(r(m4)\ +n4KoZ)  K1X(eqo +t4K3Y)
(H+ X+ Ky 2Z) (u+o0+ K3Y)
(536233(,u + 61 + JQ) + (510181(,u + 53)) -+ (M + 61 + JQ)(éQ@QSQOCQ(,U + 91)
(1 =+ 03) + 03615300 (1 + 02 + p) (1 + 02 + J1)) + (1w + 02+ p) (1 + d3) oy
(529132(,u + 61 + JQ) + (510231(u + 09 + Jl))] )

J((+01)(p + 62 + J1) e

(16)
B = (a1bg(dbbg+cab3)+a2b4(hbbg+gab3)) + a3(b2b5b(phb4+mdb6)+b4(nfbbgbﬁ+pgab3b5)+b3b6a(neb4+mcb5)
- b1b2b3bybg b1b2b3bbsbgbs

B=B,+B;
where
B _ (a1bG(dbbz-‘rcabg)+a2b4(hbb2+gab3))

L b1b2b3bsbg
B, = By + B2
B = (a1 (dbba+cabs)

rl b1bobsby )

. ag(hbb2+gab3)

Brzl — 7 bib2bsbs
an
B' . a3(b2b5b(phb4+mdb6)+b4(nfbbgb6+pgab3b5)+b3b5a(neb4+mcb5)

L b1b2b3bsbsbgbs
with

__ a1bgdbba a1bgcabs

Br = §labsbabs T Bibabsbabs T

a2b4hbb2 a2b4gab3
b1b2b3bsbgs b1b2b3bsbe
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B, = Bria + Br1p + Braa + Brop

B __ aijbgdbbs __ aibgdb __ a1db
Tla = Bibobsbabs — bibsbabs  bibsba
B _ aibgecabs __ aybgca __ ajca
710 = Bibobsbabg  bibabibs  bibabs
B _ agbghbbs  __ agbshb __ ashb
r2a — blbgblibzébﬁ - blbgb4b6 ~ bibsbg
a a a a a a

By = ;22bagabs _ asbaga _ _asg

- b1b263b4b6 - blb2b4b6 - b1b2b6
The basic reproductive number B is a crucial tool that helps in evaluating Ebola infectious disease

transmission potential in a given susceptible population free of the disease at the time. It helps to
quantify the mean number of the secondary Ebola disease infections generated by a single Ebola infected
individual in the population that is wholly susceptible to Ebola disease. If the Basic reproduction
number B < 1, the Ebola Virus infection quickly come to an end as the disease will not spread.
However, the disease will spread through the population if B > 1.

3.3 Local stability analysis of the model DFE (C/)

Here, we analyze local stability of the model DFE points (C) and show its local stability by showing
that all the eigenvalues of the Jacobian matrix obtained from the linearization of the model system (8)
and evaluated at Cf are negative. This is stated as a theorem and proven as follows;

Theorem 2

The DFE of the Fractional bola Model system (8) is locally asymptotically stable in €2, if B < 1 and
unstable B > 1.

Proof

The Jacobian matrix | of the model at the DFE point is obtained as follows:

r —h 0 0 0 0 0 0 0 0 0 0 0 0 T 0 0 0
r —hs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K1 X 0 —hs 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 A O —u 0 0 0 0 0 0 -y 0 -y 0 —ys 0 0
0 KyZ 0 0 —u 0 0 0 0 0 —T 0 ) 0 —x3 0 0
0 0 o 0 0 —n 0 0 0 0 —C1 0 —C2 0 —c3 0 0
0 0 KsY 0 0 0 — i 0 0 0 —ds 0 —ds 0 —ds3 0 0
0 0 0 0 0 0 0 —by 0 0 a 0 as 0 as 0 0
J— 0 0 0 0 0 0 0 a —bs 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 b 0 —b3 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 c d —by 0 0 0 0 0 0
0 0 0 0 0 0 0 0 e f 0 —bs 0 0 0 0 0
0 0 0 0 0 0 0 0 g h 0 0 —bg 0 0 0 0
0 0 0 0 0 0 0 0 0 w k T 0 —br 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 —bs 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 — Ly 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 —bg
L O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(17)
where;
hy = (p+r+KiX) hy=(p+ A+ K2Z), hg = (u+ 0+ KgY),
_ mQS’leIC _ mlS’leIC o m4S’leIC o m3S’leIC
y1 = N Yy Y2 = N y Yz = N 7y4—T
125 n1.5¢ n45E n3SE¢
T = 2 Un,ﬂ’jg = 1 vn7l‘3 = 4 Un7$4 = 32vn (18)
N N N N
e9S¢ e15¢ eqS¢ e3S¢
e = 2Nu0702 _ 1Nuc c3 = 4Nuc7c4 _ 3Nuc
dy = tQSsn dy = tlSZn d3 _ t4SZn dy = t355n
N’ N’ N’ N
with others as described in equations (13) and (14).
ing matrix operations to we obtain the following eigenvalues;
Applying matrix operati (17) we obtain the following eigenvalues;
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A== A = =, A3 = — i, Aa = — g, A5 = —fi,
Ag = —bg, A\ = —bg, \s = —b10, A9 = —ha, A10 = —hs, (19)
/\11 = —h1, /\12 = —b7 and )\13 = —b5

which are all negative
With these obtained eigenvalues the matrix (17) reduces to;

—bl 0 0 al a9
a —by 0 0 0
Jo=| 0 0 —bg 0 0 (20)
0 d —=by 0
0 h 0 —be

Using MATLAB software, we obtained the characteristic equation of (20) as follows;

N 4+ GiIAE 4+ GoX3 + G3 A2 + G\ + G5

Where;

G1 = (b1 +ba + b3 +bg+bg) > 0

Go = b1(by + b3 + by + bg) + ba(bs + by + bg)

+ b3(ba + bg) + babs > 0

G'3 = bibabs + babs(ba + bg) + babs (b1 + ba + b3) +

blbgb4(1 — Brlb) + b1b2b6(1 — Brzb) +

blbgb4(1 — Brla) + blb?,bﬁ(]. — Brga) >0:f B<1

G4 = bab3bybg + b1babsbs(1 — By1) + bibabsbs(1 — Bro) +

b1b3b4b6(1 - (Brla + Br?a)) +

b1b2b4b6(1 — (Brlb + Br%)) >0 1if B< 1)

Gs = b1b2b354b6(1 — BT’) >0 Zf B<l1

By applying the Routh-Hurwitz criteria [34], the characteristic equation has a real root that is strictly
negative if G1 > 0,G2 > 0,G3 > 0,G4 > 0 and G5 > 0. Which we have shown that G; > 0, G2 >
0 with G3, G4 and G5 all greater than zero if B < 1.

Thus, we conclude that the fractional Ebola virus Model disease free-equilibrium point U of system
(8) is locally asymptotically stable in Q if B < 1.

4 Approximate solution of the Ebola Model applying Laplace-Adomian
Decomposition Method(LADM)

In this section, we apply the Laplace - Adomian Decomposition Method (LADM) technique to the
fractional order Ebola model (8)[20].
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Applying Laplace transform to both sides of (8) we have;

(1)SYL{S} — 8@ VG(0) = L{P — (u+r + K1 X)S + TR}
(2)5°L{S,} — S@ VG, (0) = L{rS — (u+ X+ K22)S,}
(3)5°L{S,} — S VS, (0) = L{K XS — (u+ 0 + K3Y)S,}
(4)SL{Spe} — SOV 8,.(0) = L{AS, — [1Sve + 1 /N (myInSpet
malrSye + M3l Sye + maDySye)l}
(5)SL{Sun} — S 18 (0) = L{K2ZS, — [1Spn + 1/N (n1InSon+
nolrSun + 13l Syn + naDySun)]}
(6)S*L{Suc} = SV Gue(0) = L{o Sy — [1Sue + 1/N(erIn Suct
eal7Suc + e31Suc + €4DySuc))}
(T)SYL{Sun} — 5@ DG, (0) = L{K3Y Sy — [1Sun + 1/N (t1InSun+
tol7Sun + t31.Sun + t4DySun)]}
(8)SL{E} — S VE(0) = £L{1/N[m1InSsc + malpSyc+
msl,.Syc + myDy,Syc + niInSyn+
nolpSyn + n3l.Syn + ng D, Syn—+ (21)
erInSyc+ ealrSy,c + esl,.S,c+
e Dy Syc + t1InSyn + tolp Syn+
tsl.Syn + t4DySyn] — (u+ a1 + az)E}
(9)S“L{Eq} — S VEG(0) = L{a1 E — (1 + 61) Eq}
(10)S“L{Er} — S VEp(0) = L{a2E — (u + 02 + p) Er}
(11)S*L{Ir} — SV Ip(0) = L{01S1Eg + 0251 Ep — (81 + Jo)Ir}
(12)S°L{L;} — S VI, (0) = £{01S2Eq + 6285 B — (02 + J1)I;}
(13)S°L{In} — S VIn(0) = L{01S3Eq + 6283Er — 631n}
(14)S8°L{R} — SV R(0)
(15)S°L{D,} — SV D,(0) = L{0sIn + 21 + 6111}
(16)S*L{S,} — SV S, (0) = L{A — 11,5, }
(17)S°L{E,} — S©VE.(0) = L{wS, — pr-E,}
(18)S°L{T,} — S~ VI,.(0)
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Applying the initial conditions (2) to (8) and dividing by S* gives the following;
(1) L{S} = g + ﬁ[L{P (bn+7r+ K1 X)S+ TR}
(2)£{S,} = = + —[E{rs (p+ A+ K22)S,}
(3)£{8,} = %3 + ﬁ[z{mxs — (40 + K3Y)S,}
(L{Suc} = % 4 L ILONS, — [uSue + 1/N(mi T Suct
7n2fr5bc-F7n3I Sve + maDySye)]}
(5)L{Sun} = § + g[ﬁ{Kzzs — [1Sun + 1/N(n1InSvn+
nolrSun + N3l Syn + 1aDySun)] Y]
()ﬁ{&w}—’s SQVXUS [1Suc + 1/N(e1INSuc+
e2I7Suc + €31, Sye + e4DySue)}]
(DELSun) = L+ G [LOKSY S — [0S+ 1/N (1 I Sunct
tQITSm + 31 Sun + t4DuSun)]}]
(8)L{E} =~ + 7[5{1/N[m11NS ¢+ malrSyct

m3IrSvC + myD,Syc + niInSy,n+
nolpSyn + ngl.Syn + ngD,Syn+

(22)
e1InSyc+ ealrSy,c + e3l,. S, c+
eaD,Syc + t1InSyn + tolr Syn+
tslSyn + taDySyn] — (u+ a1 + az) E'}]
(Mﬂ%}—§+5gMMJ? (1 -+ 01)Eq)
(0)£{Er} = L0+ —[E{OQE (11 + 02+ p) Er}]
(11)£{IT} = QA + 7[£{9151EQ + 05S1Ep — (51 + JQ)IT}]
(12)L{L) = 92 + —[ﬁ{alngQ 4 098 Er — (85 + J1) ;)]
(13)L{In} = gﬁ + f[£{9153EQ + 0553 Ep — 53]]\[}]
(14)L{R} = gﬁ + —[E{Jll + JoIp + pEr — TRY]
(15)£{D,} = gﬁ + f[c{agzN + 0ol + 61 I7}]
(@%ﬁ—@+fWAuﬁH
ANL{BY = 20 4 o [£{wS, - By)]
(A8)L{} = %2 + {6, — (e +60)T)
Assuming that the solutions of
S(t), Su(t), Sult)s Sve(t) Sun(t), Suc(t), Sun(t), E(t), EQ(t),
Er(t), Ir(t), Li(t), IN(t), R(t), Du(t), Sy (1), Er (1), Ir ()
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are in the form of infinite series given by;

S() =D SuSul®) =D S )

Su(t) = ZZZO)SW Spelt) = ZZZO) Ser,
Son(t) =30 Somar Suclt) = 3 Sue

EQ(t) =3 o BawEr®) =3 _ Er, (23)

IN(t) = Z::O)IN”’ R(t) = Z:ZO)Rn
S SIS S
E(t) =30 Eni )= I

We then decompose the nonlinear terms of the Ebola fractional order model (8) before we proceed as

follows;
In@)Swe®) =D An
Ir(0)Suc(t) =D Bn
L(HSwe®) =D F
Dul(t)Suet) =Y G
In(@)Sun(t) =3 Ha
Ir(®)Sun(t) = 3 Ln
1(O)Sun(t) = D Qn
Du(t)Sun(t) =3~ T
N (24)
In(1)Suc(t) = Z(nzo)Un
Ir(O)Suct) =3 Va
1(6)Suclt) = D_ | W
Du(t)Sue(t) = Y- X
In()Sun() = 3 Yo
Ir(t) Sun(t) = Z::O)zn
L(B)Sun(t) =D Na
Dult)Sunt) =3 Mn |
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Where the Adomian polynomials in (24) are defined as follows;

k
R vy n+1 T A a0 NS} o)
1 dar

- s % n k n
Bn = r(n+1) I DN TR A Suer () o=
k n
St Vo) n+1 e OA F0) SFINPLCIC) A

Gn_ n+1 d/\”{zk 0) Duk Z(k—o))‘ S (£) }H(r=0)
1

= - k
Hn = ) i OA TNt gy N Soni(D =0y
" kg
b= n+1 d)\n{zk 0) Z(,ﬂzo)k Sonk ()} (r=0)

k. n
On = +1 d)\”{zk OA (D o\ Sen()}0=0)

" kg
S vy n+1 d/\”{zk oM Dar(t) Y N Sonk (D} r=0)

25
Un = F(nl—kld)\”{z(k 0 NIy (t )Z(k O)A Suck(t) }(x=0) >
V, = n+1 d)\"{zk 0) Iy ( Z?kfo)kk Suck(t) H (r=0)
Wn— n+1 d)\n{zk O)\kIrk: Z(k 0))\ Suck (1) }H(r=0)
Xo == d/\"{zk o) A Dy (1) Z(k )Ak Suck(t) }Hir=0)
= P(nl+1dAn{Z<k oAkIN’“ )Zw o\ Sunk (=0
Zn = S D) n+1 S (O3 X Sunk()Hrco)
No =gty n+1 dAn{Zk _o N I Z?k:()))‘ Sunk(t)} (x=0)
M= 5o O A DOF ) N Sunk ()} o
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From the definitions in (25) when n = 0 we have the following;

1 d°
AO = ( )d}\o [)‘OINO] P\ Sch] = INOSUCO
_ ! dO[AOI 1INSye0] = I70S
0= F(l) d)\o T0 vc0] — LT0Pvc0
1 d 0
FO = F(l) d)\o [A I’I‘O] P\ SUCO] = rOSch
1 d°
Go = (1) a0 (A" Do) [A°Sye0] = DuoSueo
1 4, 0
HO (1)NP\ INOH)\ Svn()] = INOSvnO
1 4,
Lo = (1) a0 (A I70][A° Suno] = I70Suno
1 d°
QO = F(l) d>\0 [)\0 TOHAOSvnO] - TOSUTLO
Ty = — & [N Dyo] [N’ Suno] = DuoS
0— F(l) d)\O u0 vn0 uO vn0
L (26)
Up = (1) a0 A Ino][A"Suco] = IN0Suco
1 4, 0
‘/E) (1) N[)\ ITO][)\ SucO} = ITOSucO
1 d°
0 — F(l) d)\o P\O rUHAOSucO] - TOSucO
1 d° 0, 10
0 — mw[)\ uO]P\ SucO] - DuOSucO
1 4, 0
Yo = mw[)\ Ino]|[N"Suno] = IN0Suno
1 4, 0
ZO = WWP\ ITO] [/\ Sun()] - ITOSunO
1 d°
0= mwp\olﬂ]”)‘osund = TOSUTLO
My = —— & 0D, \8um0] = DuoS
0 — F(l) d)\(] u0 un0 uO un0
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Similarly, when n = 1 we have the following;

1 d
Al = @J[INO + )\INl][SUCO + )\Svcl”()\:(]) = INOSvcl + INISUCO
1 d
B, = @) dr [0 + M11][Sueco + ASvetll(x=0) = I10Sve1 + 171500
1 d
Fl = @d)\[ ro + )\IrlHSUCO + )\Svcl]‘()\:o) - TOS’UC]. + Irlsvco
1 d
Gl = F(Q) N [Duo + )\Dul][svc(] + )\Sq_;cl] |(>\:0) = DuOSMl + Dulsvco
1 d
Hy = ﬁj[INO + A N1][Suno + ASunt]l(x=0) = IN0Sun1 + IN1Suno
1 d
Ly = @J[ITO + A71][Suno + ASvn1]l(x=0) = I10Sun1 + IT1Sun0
1 d
Ql @J[Iro + )\Irl] [SvnO + ASvnl} |()\:O) = TOSvnl + IrlsvnO
1 d
T = [ uwd )\Dul][S'LmO + )\Svnlﬂ(/\:o) = DuoSun1 + Du1Svno
T(2) dA
1 4 (27)
U = T(2) dn — [Ino + MN1][Suco + ASuct]l(x=0) = IN0Suc1 + IN1Suco
1 d
L= @) —<[I10 + M11][Suco + ASuct]l(ax=0) = 170Suc1 + I71Suco
1 d
1= (2) 7[1 0 + AIrl][SucO + )\Sucl]‘()\:o) - TOSucl + I’V’ISUCO
1 d
1= (2) a[ w0 + )\Dul] [Suco + >\Sucl] |(>\:0) — DuOSucl + DulsucO
1 d
D) d)\[ N0 + AIN1][Suno + ASun1]l(x=0) = IN0Sun1 + IN1Suno
1 d
Zl F(2) X [ITO + AITl][SunO + )\Sunl”()\:O) = ITOSunl + ITlsunO
1 d
1= F(2> d\ [I'rO + )\Irl][SunO + ASunl”()\:()) - TOSunl + Irlsuno
1 d
Ml ma{ w0 )\Dul][suno + )\Sunl”()\:o) - DuOSunl + DulSunO
We substitute (22) for n = 0 into (23) and (24) to have the following;
_a _ e _ % _o _ % _ %
£{SO} — g aE{SUO} g aE{SuO} g 7£{SUCO} IS a‘C{SUTLO} S ,E{Suco} g ;
gr g8 99 910 g1 g12
L{Suno} 5 L{Eo} 5 L{Eqo} < L{ETo} 5 L{Iro} 5 L{ILo} 5
913 914 g15 g16 gi7 g18
L{I = o = o Du = o T = 4o ET' = T4 IT = 4
{Ino} 5 , L{Ro} 5  L{Dyo} < L{Sr0} 5 L{E.o} 5 L{I0} 5
(28)
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Similarly, for n = 1 to n = n + 1, we obtain the following:

L{S:} = [£{P (47 + Ki1X)So 4+ 7Ro}]

L{Su1} = [ﬁ{rSo (4 X+ K22)Su0}], L{Su1} = [L{leso (40 + K3Y)Suo}]
L{Sve1} = [E{/\Svo — [1Sveo + l/N(m1A0 + maBo + msFo + maGo)]}]

L{Sun1} = [ﬁ{KzZSUo — [WSuno + 1/N(n1Ho + n2Lo + n3Qo + naTo)]}]

L:{Sucl} = —[E{aSuo — [1Suco + 1/N(e1Uo + e2Vo + esWo + €4 X0)]}]

L{Sun1} = [E{KgYSuo [16Suno + 1/N (t1Yo 4 taZo + t3No + taMo)]}]

L{E} = [ll{l/N[mle + maBo + msFy + maGo + niHo + naLo + n3Qo + naTo + exUo + e2Vo

+esWo + eaXo + t1Yo + t2Zo + t3No + taMo] — (p + a1 + a2) Eo }]
1 y 1 9
Li{Eqi} = gg[L{arEo™ (1 + 1) Eqo}], L{Er1} = o [L{azEo™ (1 + 02 + p) ETo}]
1
L{I} = §[£{915’1EQO + 0251 E1o” (1 + 61 + J2)I70}]

1
L{I:1} = 7[£{0152EQ0 + 0252E70" (1 + 62 + J1) Lio }]

L{N1} = [5{9153EQ0 + 0253 Er0” (11 + 03)Ino}], L{R1} = [E{Jl i+ J2dro + pEro — (1t — 7)Ro}]
L{Du1} = [z{agm + 8210 + 611r0 — uno}} L{Sm} = [E{A“(ﬂ,, +w)Sro}]

ﬁ{Erl} = g[ﬁ{w&-o“(ur + ¢)Ero}], ﬁ{fvl} = [E{<Z>Evo (r = 0alro}]

LSy} = [L{P (u 47+ K1X)Sn + 7R, }]

1 . .
L{Sumrn} = g [LArS™ (0 + A+ K2Z)5vn Ho £4Su(nin} = @[C{KlXSn (1 + 0+ K3Y)Su, }]

L{Sven+n} = [ﬁ{ASvn — [wSve, +1/N(m1An + maBn + msFn + maGn)]}]
L{Svnn+1)} = *[ {K2Z5vn — [1Svn,, +1/N(n1Hy +n2Lly +n3Qn + naTy)]}]
L{Suc(nt1)} = [ﬂ{asun — [1Sue, +1/N(exUn + e2Vy + esWi, + eaX,)]}]
L{Sun(n+1)} = [E{KsYSun — [1Sun, + 1/N(t1Yn + taZn + tsNy + taM,)]}]

1
L{E(n+1)} = g[ﬁ{l/N[mlAn + mZBn + mSFn + m4Gn + ann + nQLn + nBQn + n4Tn + 6lljv’:, + eZVn
tesWn +eaXn + 1Yo +t2Zn +t3N, + taMp] — (b4 a1 + a2)En}]
L{EQn+1)} = [/J{OHE “(k+01)Eq, 1], £{ET<”+1)} = [ﬁ{azE (a+ 02+ p)Er, }]
L{Ir(n1)} = [5{9151EQH + 0251 E7, " (p + 01 + J2)Ir, }]

L{Ln+1)} = @[5{9152]5@,” + 6282 B7, " (1 + 02 + J1) 1, }]

L{INm+1) } = [5{9152EQn +0253E7, " (0 + 03)In, }, L{R(n41)} = [C{Jlfzn + JaIr,, + pE1, — pRA}]
£{Du(n+1)} = @[ﬁ{&sb\rn + 821, + o111, — an}], ‘C{Sr(n+l)} = f[ﬂ{/\v(/ir + w)Srn }]
L{Er (s} = [ﬁ{wsrn (/mur + @) Er, }], L (ni1) ) = [£{¢Em (1 +64)1r, }]

29)
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Evaluating the Laplace transforms on the right hand side of (29) we have the following;

L{S1}={P (u+r+ KX )SO+TR0}S T

1
L{Sn1}={rSo"(n+ X+ KQZ)SUO}Wy

L{Sve1} = {ASvo — [1Sueo + 1/N(m1 Ao 4+ m2Bo + maFo + maGo)|} w7

;C{Sul} = {KlXSOU(,U; +o+ KSY)SUO}W

Sa+1

L{Svn1} = {K2ZS5v0 — [#Svno + 1/N(n1Ho + naLo + n3Qo + n4TO)]}S“+1

L{Suc1} = {0Su0 — [1tSuco + 1/N(e1Uo + e2Vo + e3Wo + 64X0)]}W

L{Sun1} = {K3Y Suo — [4Suno + 1/N(t1Ys + t2Zo + tsNo + t4MO)]}Sa+1
L{E:1} = {1/N[m1Ao + m2Bo + m3Fo + maGo + n1Ho + naLo + n3Qo + naTo + e1Up + e2Vo

+esWo + eaXo + t1Yo + t2Zo + t3No + taMo] — (u + a1 + a2) Eo } =——— SaJrl

L{Eg1} = {a1Eo” (1 + 01)Eqo} w5, L{Em} = {2 Eo™ (1 + 02 + p) Ero} o5

Sa+17 Sa+1

L{Ir1} ={0151FEqo + 6251 E7ro” (1 + 61 + JZ)ITO}SQ+1

L{I;1} = {0152Eq0 + 6252E710" (1 + 62 + Jl)IiO}W

L{I]\n} = {0153EQ0 + 9283ET0 (/L =+ 53)[}\]0} E{Rl} = {JlL;(J + JQITO + PETO - ( - T)RO}

Sa+l ’ Sa+l

L{Du1} = {03In0 + 62Li0 + 61110 — qDuo} w7, L{Sr1} = {A"(ptr + w)S

Saﬂv ro}w

E{ETl} = {WST'OU pr + ¢ ET'O}W7 [f{]'ll} = {¢ET'OU(MT 64[70}Sa+1

SL{Smant ={P (n+ 71+ K1 X)Sn + TR, }SQJrl

L{Sumin)} = {rSu”(+ A + K2Z)Svn}ﬁ, L{Suiminy} = (K1 XSn" (4 + 0 + K3Y)Su, } oo 5a+1
L{Svetn+1)} = {ASv, — [1Sve, + 1/N(m1An +maBn + msFn + m&%)]}ﬁ

L{Summan} = {KsZ S, — [tSun,, + 1/N(n1Hy + noLn + n3Qn + n4Tn)]}ﬁ

L{Suctmsn} = {0Su, — [11Sucr, + 1/N(exUs + 2V + e3Wn + €2 X))} = 5a+1

L{Sunn+1y} = {K3Y Su,, — [4Sun, + 1/N(t1Yn + t2Zn + t3Np + taM, )]}SCz+1

['{E(n+l)} = {1/N[m1An + mQB + mSFn + m4Gn + ann + nZLn + n3Qn + TL4T7L + elUn + 62‘/”"_

esWn +eaXn + 1Yo +12Zn + 13Ny + taMy] — (1 + a1 + a2)Ey }SaJrl

. 1
L{Bqm+n} = {anBn™ (0 + 00)EQn } gopgs A Er(min} = {02En"(a + 02 + p) B, } ooy

L{IT(n+1)} = {elleQn + 6025 E1,” (u + 61 + JQ)IT“}SaJrl

L{Li(nt1)} = {01S2Eq,, + 0252E7, " (1 + 02 + Jl)fzn}s.1+1
1
LUnm+n} = 1015280, + 025 Er, " (n+ 03)In, } oo LA R} = {1l + Jalr, + pBr, — PRn}W

1 . 1
L{Dum41)} =A{03ln,, + 21, + 111, — an}Wa LLSrniny b = {A (ur + W)Srn}w

y 1 . 1
E{Byin} = {Sr, " (/mits + 0)Er, boors eI} = 10Fn, (601, gy
(30)
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Taking the Laplace inverse transform of (30) we have;

tCX
St = {P (u+r+ KX)o+ TR} pro—y
e te
vl — v Ko7 v ., 4y Pul — K, X ) K3Y w T(a+1)
So1 {7"50 (M+)‘+ 2 )SO}F(Q+1) Su1 { 1 X So (PL"FU-F 3 )SO}F(Oé+1)
t(l
Sver = {ASuo — [Sveo + 1/N(m1Ao + maBo + msFo + m4Go)}}m
ta
S’unl = {KQZS’UO — [H/Svn() + 1/N(n1H0 +n2Lo + TZSQO + TL4TO)}}W
t(l
Sucl = {USuO - [I/LSuCO + 1/N(61U0 +eaVo +esWo + 64X0)}}m
ta
Sumt = {KY Suo = [jSuno + 1/N(11¥o + taZo + talNo + taMo) s
E1 = {1/Nm1Ao + maBo + m3Fo + maGo +ni1Ho + naLo + n3Qo + naTo 4 e1Uo + €2V
ta
+esWo + eaXo + t1Yo + t2Zo + t3No + taMo] — (pu + a1 + QQ)EO}W
e .
Eqr = {01 o™ (1 + 1) Bgo} m——, Ern = {2 Bo™ (11 + 02 + p) Bro} ————
01 ={a1Eo" (1 + 01) QO}F(a+ 1 71 = {a2Eo” (1 + 62 + p) TO}F(a+ 1)
Ity = {0:51Eqo + 0251 E1o” (1 + 01 + J2)IT0}W
v ta
Iin = {61S2Eqo + 0282 Ero™ (1 + 62 + J1)I¢o}m
} e te
Ini = {01S3Eqo + 0253E710” (1 + 53)[1\70}@, Ry = {JiLio + J2Iro + pEro — (10 — T)Ro}m
e t*
ul = o2l; 611ro — gDy, 77T:Au7‘ (e +1)
Dy1 = {d3Ino + 6210 + 61110 — q O}F(a+1) Sr1 = A{A" (1 +w)SO}F(a+1)
t(l
rl = 0 (fer rOf 1y dirl = ro” (ke — Oalr
Ery = {wSro” (e + @) Ero} gy It = {00 (1 = 8alr0)
t(!
o= Sy = {P (T K X) S + TR} s Sumin) = {78 (4 A+ K22)S0, }
(a+1)
v ta
Sutren = KX Su ™ (a0 4+ Ks¥)Sund gy
t(!
Svent1) = {ASv, — [Sve, + 1/N(m1An + ma By, + maF, + m4Gn)}}m
t(!
Svnnt1) = {K2Z8,, — [6Svn,, + 1/N(niHn +n2Ln + n3Qn + mﬂ)Hm
t(!
Suc(n+1) = {JS“n - [/J“S“Cn + 1/N(61Un + €2Vn + €3Wn T €4Xn)}}m
t(!
Suntns) = {KaY Sup = [4Sun,, + /N (1Yo +taZn + talNo - taMo) b s

E(n+1) = {1/N[m1An + mQBn + mSFn + m4Gn + ann + nZLn + nSQTL + TL4Tn + elUn + €2Vn + 63Wn
te o
tesXpn + 1Yo +taZn + tsNy + taMy] — (+ a1 + Oé2)En}m, Eqnt1) = {a1En”(n+61)Eq,}

1“(;7:1)’ Ermi1) = {2, (a+ 02 + p)ET,,L}F(Ofiil), Irnyry ={0151Eq, + 6025Fr,” (n+ 01 + Jo)I1, }
1“(0?7:1)’ Ligns1) = {6152Eq,, + 0252 E7, " (1 + 62 + Jl)Ii"}F(Ofi:»l)’ IN(mt1) =
{019:Eq,, + 0293 Fr, " (1 + 53)1Nn}r(;711)7 Rini1y = {1, + JoIr, + pEr, — pR"}F(ofiil)
Dugniny = {0slv, + 021, + 0117, = an}F(%H), Srna1y = (A7 (ur + w)Srn}F(Ofiil)
Er(nr1) = {wSn, " (/mun + ¢)Ern}r(at711), Ltnsny = {6En, (1 + 54)1%}”:711)
(€2
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Recalling and applying the initial conditions (2) we have the following;

So = g1, 500 = 92, Su0 = g3, Sved = Y4,

Sono = g5, Suco = g6, Suno = g7, Eo = g3, Eqo = 9o,
Ero = 910, ITo = 911, Lio = 912, In0 = 913, Ro = 914,
Duo = 915, Sro = 916, Ero = 917, Iro = g1s-

32)

Substituting all these conditions we finally obtain the Ebola fractional model solution in the form of

infinite series (23)using LADM as follows;

S(t) =50+ S1+S2+...

St)=g+{P (n+r+ K X)n +7914}m (33)

t
+HP (p+7r+ K1 X)S1 + rRl}m +...

Sy(t) = Su0+ Sp1 +Sp2 + ...

Su(t) =ga+ {rg1”(u+ A+ KQZ)g2}m G4
H{rS1 (n+ A+ KZZ)SM}F(;:-U + ...

Su(t) = S0+ Su1 +Su2+ ...

Su(t) = g3 + {K1X g1 (u+0+K3Y)93}m (35)
HE 1 XS (u+0+ K3Y)5u1}m + ...

SUC(t) = Svc() + Svcl + SUCQ + ..
Spe(t) = gat
toé
{Ag2 — [1gs + 1/N(m1g4g13 + magagi1 +m3gagig + m4g4g15)]}m (36)
ta
+{ASy1 — [6Sve1 + 1/N(m1 A1 + maBy + mgF + m4G1)]}7F(a ) + .. ]
S’Un(t) = S’U’ILO + S’UTLI + S’un2 + ...
Son(t) = g5+
toé
{K2Zg2 — [ugs + 1/N(n1gs5913 + n2gsgi1 + n3gsgis + n4gsg15)]}m (37)
tOl
+{K2ZSy1 — [11Son1 + 1/N(niHy + noLy + n3Q1 + naTh) |} =—= + . ..
IMNa+1)
Suc(t) = SucO + Sucl + Sue2 + - -
Suc(t) = g6+
ta
{og3 — [1nge + 1/N(e196913 + e2g6g11 + €396918 + 6496915)]}117 (38)
(a+1)
ta
+{O'Su1 — [MSucl + 1/N(61U1 + exVi 4+ esWy + 64X1)]}7F(a n 1) +.. 3
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Sun(t) = g7+

tOé
{K3Y g3 — g7 + 1/N(t1g7913 + t2grg11 + t3grg1s + t497g15)]}m (39)

«

t
H{K3Y Syt — [Sun1 + 1/N(t1Y1 + toZy + t3Ny + t4M1)]}7F(a Y + ...

Et)=FEy+E1+Ey+ ...

E(t) = gs + {1/N[C1 + Co + C3 + C4] — (n+ a1 + az)gs}r(atil) (40)

(67

/NG + Cot Cr o+ Gl = (- on - 00) Bl gy

Where;
C1 = m194913 + M2gagi1 + m3gagis + m4gagis

C2 = n195913 + n2gsgi1 + n3gsgis + nagsgis
Cs = e196913 + €296911 + €396918 + €496915
Cy = t1g7913 + t2g7g11 + t396918 + t497915
Cs = m1 A1 + maBy + m3F1 + maG

Ce = n1Hy +noly +n3Q1 + ngTh

Cr =e1Uy +exVi +esWq +es Xy

Cs = 11Y1 + toZy + t3Ny + ta My

(41)

EQ(t) = EQO +EQ1 + EQQ + ...
Eq(t) = go+

(07

{ongs (i + 91>99}F(0f+1) (42)

(e}

+o B (pn+ 01)Egr

NCFETRER

Er(t)=FEro+ Er1 + Era + ...
E7(t) = g1o+

(e}

{aogs (1 + 62 + P)glo}m (43)

7

«

+{O[2E1v(,u + 92 + p)ETl}m + ...

Ip(t) = Iro + Im1 + ITa + .. . )
Ir(t) = gu+

(67

t
. o 44
{01S199 + 0251g10" (10 + 61 + J2)911}p(a +1) 4

(67

o t
+{0151Eq1 + 0251 Er1” (p + 01 + JQ)ITl}m ..

Lt)=To+ In+ILio+...
I;i(t) = g2+

«

t
. v (45
{015299 + 6252910 (11 + 62 + J1)912}F(a 1) :

(e}

+{0152EQ1 + HQSQETlu(IJ/ + 52 —+ Jl)lll}m -+ ...
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. t
+{0153Eq1 + 0255Er1” (1 + 53)IN1}W +...

+{Jl‘[i1 + Jolr1 + pEr1 — TRl}m +...

104

{01S399 + 0253910 (10 + 53)913}m

J J. — -
{J1912 + J2911 + pgi0 TgM}F(a Y

) 1) ) —qglh}———
{63913 + 02012 + d1911 — qg }F(a—i—l)

t
+{03In1 + d21;1 + 51]T1}1_‘7 + ...

"‘{Av(ﬂr + W)Srl} -+

JF{WSTIV(MT + QS)EH}* + ...

HoE " (p+ 54)-77«1}F(at+1) +...

In(t) =Ino+ IN1 +IN2+ ...
IN(t) = g3+
r (46)

(67

R(t) =Ro+Ri1+Ro+...
R(t) = g1a+
r (47)

tOé

Du(t) =D+ Dy1+ Dy + ...
Du(t) =015+
e (48)

(67

(a+1)

Sr(t) = S0+ Sr1+ S+ ...
Sr(t) = g16+

{Nﬂw+Mde51U (49)
tOL

ot )

E.(t)=Eo+En+En+...
E.(t) = gir+

{wgie™ (1r + <Z>)917}F(ij_1) (50)

tOé

Fa+1)

Ir(t) = T0+Ir1+Ir2+...
I.(t) = g1s+

{og17” (1r + 54)918}“(;0;_1) (51)

(67
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Thus, the solution in series form is given as follows;

. ta . «
St)=aq +{P (/L+T+K1X)g1+Tgl4}m+{P (n+7+ Ki1X)S: +7’R1}(7+1)+...
tﬂé Ot
(1) = ¥ AN+ Ko Z _ 7 A+ Ko 2)S,
Su(t) = g2 +{rgi"(n+ A+ K2 )gz}r(aH)HTSl (h+ A+ K2Z)Sor} 7y o +1)
w(t) = gs KiXaq~ K3Y)gst——— K1 X517 K: "
Su(t) =g3s +{K1Xg " (p+ 0+ K3 )ga}r(a+1)+{ 1XS1"(n+ o+ K3Y)S 1} T +1)
t&
Sve(t) = ga + {A\g2 — [ugs + 1/N(m1gagis + magagin + msgagis + m4g4g15)]}m
tot
+{ASv1 — [8Sver + 1/N(m1 A1 + maBy + msFy + m4G1)]}m +
t&
Son(t) = g5 + {K2Zg2 — [pgs + 1/N(n1gsgis + n2gsg11 + nsgsgis + n495915)]}m
+{K2ZSy1 — [4Svn1 + 1/N(ni1Hy 4+ n2L1 + n3Q +nT)]}L+
2 vl HOvnl 1411 241 31 4141 P(O[+1)
t&
Suc(t) = g6 + {093 — [ugs + 1/N(e1g6913 + €2g6911 + 396918 + 6496915)]}m

@

t
+{05u1 — [,usucl +1/N(e1Us + e2Vi + esWi + €4X1)]}7 + ...

MNa+1)
t()’
Sun(t) = g7 + {K3Y g3 — [ug7 + 1/N(t197913 + tagrgi1 + tzgrgis + tagrg1s)|}

(e

MNa+1)

ta
E({t) =93+ {1/N[C1 + C2 4+ C5 4+ C4] — (u + a1 + a2)gs}

(e

[(a+1)
2 ta h ’
Eo(t) = go + {a1gs” (p + Gl)gg}m +a1 B (p+ 91)EQ1W +

o t
Er(t) = gio + {a2gs™ (1 + 02 + P)glo}m

Ir(t) = gi1 + {615190 + 0251910 (L + 61 + J2)g11}

MNa+1)

@

«@

MNa+1)

I;(t) = g12 + {0152g90 + 0252910 (1 + 02 + J1)912}

(a+1)

+{0152Eq1 4+ 0252E71" (1 + 62 + J1) 11} (o +1) +...
. ta . «

In(t) = g13 + {015399 + 0253910 (1 + 53)913}m + {01S3E¢Q1 + 02S3Er1 " (1 + 53)IN1}W +...
t t

R(t) = g1a + {J1912 + J2911 + pgro — 7914}71—‘(04 Y +{J1Li1 + JoIr1 + pEr1 — TRl}iF(a ) 4.
ta «

Du(t) = g15 + {33913 + 82912 + d1911 — qgl5}7f(a 1) + {03In1 + 621i1 + 51[T1}7( 1 +...
. ta . Dt

Sr(t) = g16 + {A"(ur +w)gm}m + {A"(pr +w) 7‘1} Tlat1) +...
. ta . Dt

Er(t) =gi7 + {w916 (/’LT + ¢)gl7}r(a ¥ 1) + {wSrl (/""r + ¢)ET1}F(C¥ T 1) —+ ...
. ta . «

Ir(t) =018 + {¢g17 (,Lbr + 54)g18}m + {¢Er1 (,LL + 54)Ir1}m + ...

MNa+1)
t
+H{K3Y Su1 — [4Sun1 + 1/N(t1Y1 + t2Z1 + tsN1 + taMy) |} =— + . ..

Tla+1)
t
+H{1/N[Cs+Cs+Cr+Cs] — (u+ o1 +a2)Er1}——— +...

o t
+{aE  (p+ 024+ p)Erit=—-+...

IMNa+1)
o t
+{0151Fq1 + 0251 Eri"(n+ 61+ )i t=—— + ...

(52)

The Laplace Adomian Decomposition method reduces a solution in form of an infinite series that
further converges easily to the exact value. The method unlike other numerical techniques does not

require any perturbation nor predefined step size. Also, the method does not require discretization and

linearization and as such the results obtained from it are more effective and realistic.
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5 Numerical simulations

In this section, we consider the numerical simulation of the Ebola fractional model. Using the initial

values and the parameter values presented in Table [3[and Table 4| respectively which where also used
in [12, (14} 15, 20]

Table 3: Ebola Fractional Model Variable Initial Values

Model Variables | Initial Values
So 4396521
Swo 1758608
Swo 2637913

Sue0 527582
Suno 1231026
Suco 1582748
Suno 1055165
Ey 0
Eqo 74
Erg 0
Irg 500
I; 800
Ing 400
Ry 0
Dyo 24
Sro 6000
E, 100
Lo 0

Table 4: Ebola Fractional Model Variable Initial Values

Parameters Values Parameters Values
A 100 w 0.8
w 0.5 10) 0.6
Iy 0.08 04 0.3110
P 400 I 0.0000246575
r 0.05 K, 0.895
A 0.02 K> 0.765
o 0.07 K3 0.0886
S 0.2257 01 0.08333
S 0.25 02 0.014
Ss3 0.148 01 0.11386
J 0.105186 02 0.0901
Jo 0.17 03 0.2443
K;; OOZ (&3] 007143
p 0.0314862 % 0.02741
T 0.06 q 0.5
my 0.03 mo 0.00003
ms 0.01 my 0.0003
ms 0.003 ny 0.04
na 0.00004 ng 0.04
ny 0.09 ns 0.00009
e1 0.07 €9 0.00007
e3 0.0001 eq 0.0007
es 0.007 ty 0.09
to 0.00009 t3 0.0002
tq 0.0009 ts 0.009

6 Discussions and conclusion

Here, we discuss the numerical simulation of our Ebola fractional order model so as to compare with
the classical order. All the variables of our Ebola fractional order model are presented in Figure 2,
Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 with variation in the value of the model fractional
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Figure 2: (a) Susceptible Human Population with Variation of a. (b) Vaccinated Human Population
with Variation of . (c) Unvaccinated Human Population with Variation of a.
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Figure 3: (a) Vaccinated Condom Users Population with Variation of . (b) Vaccinated Non-Condom
Users Population with Variation of . (¢) Unvaccinated Condom-Users Population with Variation of
a.
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Figure 4: (a) Unvaccinated Non-Condom Users Population with Variation of a.. (b) Recovered Human
Population with Variation of . (c) Dead Unburied Human Population with Variation of a.
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Figure 5: (a) Exposed Human Population with Variation of a. (b) Exposed Quarantined Human
Population with Variation of a. (c) Exposed Treated Human Population with Variation of a.
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Figure 6: (a) Infectious Treated Human Population with Variation of a.. (b) Infectious Isolated Human
Population with Variation of a. (c) Infectious Non-Treated Human Population with Variation of a.

BExposed Arirrel Fopulation’
358888 3388°%8

Irfedtious Arimel Populetion
8 8888288 8

E3 66 £ 766
time(days) time(days)

Figure 7: (a) Susceptible Animal Population with Variation of a.. (b) Exposed Animal Population with
Variation of «. (c) Infectious Animal Population with Variation of «.

108 IJMAM, Vol. 7, Issue 2 (2024) ocNSMB; www.tnsmb.org
(Formerly Journal of the Nigerian Society for Mathematical Biology)



Q.O. Ahman et al. (2024) Int. J. Math. Anal. &° Mod., 7(2):78-113

order a. Figure 2 - Figure 7 shows that the Ebola fractional order model has more degrees of freedom
as such the order « can then be varied in order to determine different degrees of responses of the
different Variables that makes up the Ebola Fractional order model. This is seen when we compared
the model fractional order (i.e.ac = 0.5,0.1) with the model classical case where & = 1. The graphs
have shown the effect of & when @ < 1 and when o = 1 which agrees with our earlier outcome that
the Ebola fractional order model allows for determination of responses of o at different levels when
compared with the Ebola classical order model. The Ebola fractional order model indeed assists us to
obtain different outcomes in real time of the different classes of our Ebola fractional order model as
shown in Figure 2 — Figure 7. We actually chose carefully our initial values and time to avoid obtaining
negative population of human or animal which will not be meaningful biologically. The accuracy of
a model numerical solution depends on the values of parameters and variables. To this end most of
the parameter values employed in our analysis were not assumed but picked from existing literature on
Ebola virus disease. Also, Since the main aim of this work is to determine the approximate solution of
the formulated model, we did not boarder to calibrate to real data for Ebola virus. Secondly, getting
real data for data fitting was challenging as the data was not always available on demand. So, we present
in this work the approximate solution of the model using hypothetical data which the sources were
acknowledged.

6.1 The Laplace-Adomian Decomposition Method (LADM) convergence analysis

The solution of (24) is expressed in form of infinite series as seen in equation (25) which converges
uniformly to its exact solution. To verify the convergence of the series (24), we apply the method used
in [25]. For sufficient conditions of convergence of the Laplace Adomian Decomposition Method, we
present the following theorem:

Theorem 1 (see [133]])

Let K be a Banach space and

X :— K be a constructive nonlinear operator such that for all

(k), (k) € K, || X (k) — X(E|| <m]/(k) — (k)'||,0 < m < 1. Then, X has a unique point k such that
Xk = k where k = (S, Sy, Sus Sve, Sons Sues Sun, B, Eq, Er, I, I;,

Iy, R, Dy, S;, Ey, I,.). The series can then be written by applying the Adomian decomposition method
as follows:

kn =0 kin=1,2,3...

and assume that

ko € Zr(k)

where

Z(k)={K e K: ||k — k| <r}

then we have as follows:

() ky, € Zp (k)

(ii) limy 00 kny = k

proof

To prove (i) we invoke mathematical induction

when n = 1 we have

lko — k|l = [| X (ko) = X (k)| < llko — k|| (53)
if this is true for y — 1 then
lko — Kl < m¥~ ko — K| (54)
This gives the following
[ky — K[| = | X (ky—1) = X(K)|| < mflkm—1 — k[l < m"|ko — Kl (55)
Therefore,
Vkm — K| < m"||ko — k|| <m"r <r (56)
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Which implies that K,, € Z, (k).

Also, for condition (ii), we have that since

[km — Kl < m™||ko — K (57)
and
lim m" =0 (58)
n—oo
we can write
lim k, =k (59)
n—oo

We thus prove convergence of the Laplace Adomian Decomposition method using the Cauchy-Kovalevskaya
theorem for differential equations with analytic vector fields and then obtained a new result on the con-
vergence rate of the Laplace Adomian Decomposition Method.

6.2 Conclusion

The Ebola Virus disease which is now preventable is still persisting and claiming the lives of many
around some parts of the world. In this modified model, we studied the dynamics of Ebola transmission
incorporating quarantine with contact tracing,Isolation, treatment, vaccine, and protection (condom
use). We formulated an Ebola Virus fractional order mathematical model. through the analysis of the
formulated model we found out that the disease (Ebola Virus) can go into extinction by maintaining the
value of reproduction number (B) to be less than one through combined intervention of all our control
measures put together. To solve the formulated model, we developed a numerical scheme that gives an
approximate solution of our Ebola fractional order model using the Laplace- Adomian decomposition
method. The solution obtained showed a good agreement with other numerical solutions. We also
showed that approximate solution obtained converges to an exact solution.From our numerical simu-
lation we finally, showed that the Ebola fractional order gives more degrees of freedom as the order
can be varied to show responses by the different classes in real time. From the outcome it can also be
seen that the reduction of the fractional order « gives a reduction in the population size of each of the
considered classes, which by implication shows that the fractional order has a direct implication on our
model . We herein have been able to show that the LADM can be used to solve an Ebola fractional
order model with control measures of eighteen compartment after analysis which to the best of our
knowledge has not been done before in literature. We also hope to compare our result with that of
homotopy perturbation method and other methods in time for us to have a strong and better recom-
mendation concerning the best method among them. We thus conclude that the Ebola fractional order
model with eighteen equation set solved here using the Laplace- Adomian decomposition method gives
a higher degree of freedom when compared to the Ebola classical order model. Therefore,linear and
nonlinear ordinary and partial differential large equation set of fractional and classical orders can be
solved using the Laplace-Adomian decomposition method.

From the result of our qualitative analysis, it was concluded that Ebola virus disease could be controlled
provided the basic reproduction number could be maintained to a level below unity. The disease equi-
librium points or state of the model was confirmed to be stable if the basic reproduction number is less
than one, this epidemiologically implies that the disease will be eradicated from the population with
respect to the initial population considered. It was further observed that Ebola virus disease would go
into extinction through combined intervention of the control measures incorporated in our model. To
this end, if all the control measures suggested in this research work were followed and implemented by
medical health workers, the disease Ebola virus would be eradicated. To further understand the Ebola
virus dynamics and return predictive accuracy, we recommend that both local and global sensitivity
analysis should be carried out using the model basic reproduction number so as to know important
parameters that should be targeted towards control intervention strategies. Secondly, real data could be
fitted into the model so as to show real life scenario.
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