M Mathematical Modelling and Numerical Simulation

é\f ? %@ﬂ with Applications, 2023, 3(1), 33-57

S Q

£ [ https://dergipark.org.tr/en/pub/mmnsa

£ £ psi//dergipark.org.tr/en/p

3 ; g ISSN Online: 2791-8564 / Open Access
£

L)Y
1’04( v\o\y
Ly, RS
(RSVEIS

https://doi.org/10.53391/mmnsa.1273982

RESEARCH PAPER

Malaria and cholera co-dynamic model analysis furnished
with fractional-order differential equations

Livinus L. Iwa® L#* Ugochukwu K. Nwajeri LY Anne O. Atede ™ 11,
Augustine B. Panle ’ ¥ and Kenneth U. Egeonu @ 14

IDepartment of Mathematics, Federal University of Technology, Owerri, Nigeria

*Corresponding Author

tiwa livinus@gmail.com (Livinus L. Iwa); ugochukwu.nwajeri@futo.edu.ng (Ugochukwu K. Nwajeri);
anoja4god@gmail.com (Anne O. Atede); panle.augustine@futo.edu.ng (Augustine B. Panle);
kennethegeonu91@gmail.com (Kenneth U. Egeonu)

Abstract

This paper presents malaria and cholera co-dynamics under Caputo—Fabrizio derivative of order
a € (0,1) varied with some notable parameters in the fractional system. The fractional order system
comprises ten compartments divided into human and vector classes. The human population is exposed
to obnoxious diseases such as malaria and cholera which can lead to an untimely death if proper
care is not taken. As a result, we present the qualitative analysis of the fractional order system where
the existence and uniqueness of the solution using the well-known Banach and Schauder fixed point
theorems. The numerical solution of the system is achieved through the famous iterative Atangana-—
Baleanu fractional order Adams—Bashforth scheme. The numerical algorithm obtained from the
scheme is used for graphic simulation for different fractional orders & € (0,1). The figures produced
using various fractional orders show total convergence and stability as time increases. It is also evident
that stability and convergence are achieved as the fractional orders tend to 1. The actual behavior of
the fractional co-dynamical system of the diseases is established also in the numerical simulation.

Keywords: Malaria disease; cholera disease; fractional derivative; stability; co-infection
AMS 2020 Classification: 34C60; 92C42; 92D30; 92D25

1 Introduction

The disease malaria caused by harmful parasites and transmitted from infected female anopheles
mosquitoes to humans through contagious bites is a serious life-threatening disease and one of
the most common deadly diseases in the world. This disease has caused millions of life all over
the world, especially in tropical and sub-Saharan Africa [1], where the parasites can survive freely
in the host. The world malaria report of 2021, shows that in the year 2020, an estimated 627,000
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deaths occurred out of estimated 241 million cases of malaria reported worldwide. Among these
number of reported cases of malaria, there were 95 percent recorded cases in Africa with 94 percent
deaths which include 80 percent of children under the age of five [2]. Most of the deaths recorded
occurred during a latent period of 10-15 days with symptoms of severe fever, headaches, and
loss of appetite for food or drinks. Suspected cases of malaria symptoms are confirmed through
parasite-based diagnosis testing. The WHO recommends the use of insecticide-treated nets (ITNs),
indoor residual spraying (IRS) and draining of stagnant waters to prevent transmission of malaria.
On the other hand, the disease cholera is an acute diarrhoeal infection caused by ingestion of food
and water contaminated with the bacterium Vibrio cholera [3, 4]. An estimated 1.3 to 4 million
cases of cholera are reported globally each year and 21,000 to 143,000 deaths are recorded annually
to cholera. Inadequate access to clean water and properly sanitized water are normally linked to
the transmission of cholera.

The number of reported cases of cholera has continued to grow in recent years. In 2020, 323,369
cases were recorded with 857 deaths from 24 countries amidst limitations in surveillance systems
and the fear of trade and tourism. The co-infection of these diseases is prevalent in the sense
that the parasite which transmits these diseases are associated with contaminated water and the
environment. It is widely known that mosquitoes are the real agents of malaria which breed
from stagnant and contaminated water. In another hand, the contaminated water where these
mosquitoes breed is the main source of cholera transmission. Both these diseases are treatable
through clinical means but can be harmful to vital organs if proper care and diagnosis are found
wanting.

Mathematical models have been used extensively over the years as relevant tools in understanding
the dynamics of disease transmission and policy-making with regard control mechanism of
diseases. For instance, Ross [5] first formulated the malaria transmission models. In his paper, he
focused on malaria prevention and showed that the mosquito population should decrease to a
certain threshold for malaria to be eradicated. Okosun et al. [6] formulated a mathematical model
for malaria—cholera co-infection for the purpose of investigating the synergy between malaria
and cholera in the face of treatment. Other important contribution includes Egeonu et al. [7]
who proposed a co-infection model for two—strains of malaria and cholera with optimal control.
Mandal et al. [8] proposed a hierarchical structure of a range of deterministic models of different
levels of complexity and the evolution of modelling strategies to describe malaria incidence by
including the critical features of host-vector—parasite interactions.

Oke et al. [9] proposed a mathematical model of malaria disease with a control strategy where
prevention through bed nets, treatment, and insecticide were considered. In their paper, it was
demonstrated that the use of treatments and treated bed nets should be taken into account when
scarce resources arise while combining the two gives maximum results to malaria control. Osman
and Adu [10] analyzed two sections in their mathematical model; the SEIR and the SEIR-SEI
models. They showed that malaria may be controlled through the use of active malaria drugs,
insecticides, and mosquito-treated nets. Tilahun et al. [11] proposed a stochastic and deterministic
mathematical model of cholera disease dynamics with direct transmission. Hintsa and Kahsay [12]
proposed the analysis of cholera epidemic control using mathematical models. In their findings,
they showed that the introduction of preventive measures for contracting the disease reduces the
basic reproduction number to below one as against the opposite where the reproduction number
is greater than one. This suggests that cholera disease can be controlled and eliminated from
the community if susceptible and recovered individuals comply with the preventive measures.
However, a few studies have been carried out on the formulation and application of fractional
order differential equations of malaria models. To the best of our knowledge, no work has been
carried out on the analysis of co-dynamic model of malaria and cholera via Caputo-Fabrizio
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fractional order differential equation. Only recently, the authors in [13] used Caputo—Fabrizio
fractional order derivative to model HPV and Syphilis diseases. Omame et al. [14] proposed a
fractional order model for dual variants of COVID-19 and HIV co-infection via another derivative
that has a non-singular kernel, Atangana—Baleanu fractional order derivative. Nwajeri et al. [15]
proposed the analysis of HPV and CT co-infection model using a fractional order derivative.
Fractional order derivatives have made a tremendous contribution to the field of epidemiological
modelling and have huge developments [16-25]. It is evident nowadays that fractional differential
equations are efficient tools and very useful and effective in numerous fields of science and
engineering such as biology, finance, rheology, electro—chemistry, chemical physics, etc. These
wonderful applications of fractional differential equations to physical problems are due to their
natural relation to the system with memory which is a common feature of many phenomena
[26-31].

The aim of this work is to analyze vividly the co-dynamism of malaria and cholera via fractional
order derivative. In particular, we formulate a fractional order model of ten compartments which
depicts the two diseases’ interaction within a population. The model is based on the paper of
Omame et al. [32] where Atangana—Baleanu fractional order derivative to model the impact of
SARS-CoV-2 infection on the dynamics of dengue and HIV. Moreover, we describe and analyze
the results using Caputo-Fabrizio fractional derivative and Caputo fractional derivative.

The rest of the paper is arranged as follows; the fractional order model is formulated in Section 2
via Caputo-Fabrizio fractional derivative. In Section 3, we present in nutshell, some definitions
of fractional order differential equations. Qualitative analysis of the fractional system takes the
centre stage in Section 4 where the positive invariant region of the system, and basic reproduction
number are presented. We also present the existence and uniqueness of the solution using the
fixed point theorem. In Section 5, we developed the numerical solution of the fractional system
with the aid of the Atangana-Baleanu technique. In Section 6, graphical figures and their biological
discussions and results were presented after rigorous MATLAB simulations. Finally, we draw the
necessary conclusion of our manuscript in Section 7.

2 Model formulation

The model consists of different compartments of human and vector populations. The human
population is divided into the following compartments: susceptible humans Syp, infected individ-
uals with malaria Zy; 41, recovered individuals from malaria disease R4, individuals infected
with cholera Z¢po, recovered individuals from cholera disease Rcpyo, individuals co-infected
with malaria and cholera Z);4¢ and recovered individuals from malaria and cholera R 4c. On
another note, we have bacterial population denoted by Bcpo and the vector population which
is divided into two compartments, namely, the susceptible vectors Syrc(t) and infected vec-
tors Zypc(t). The total population of humans and vectors at the time t are given by Nyp(t)
= Sup(t) + Zmar(t) + Rmar(t) + Zeno(t) + Reno(t) + Imac(t) + Rmac(t) and Nypc(t) =
Svec(t) + Zyec(t), respectively. The parameter Sy14; denotes the probability of humans infected

with malaria while yyp denotes the natural mortality rate from the human population. The

quantity % represents the rate Syp are exposed to the infected vectors and moved to Zy41

and and Zyj4c compartments while the quantity Bffozz’éo Syp denotes the rate Syp contracts

cholera through bacteria and moved to Zcpo and Zy4c classes. The remaining parameters are
properly defined in Table 1.
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Table 1. Description of parameters in model (1)

Parameter Description Value References
Agp Recruitment rate of humans 10017111y*1 [33]
BMAL Human probability of infection with malaria  0.181 (dimensionless) [34]
qcHo Bacterial contact rate for human 0.05day ! [6]
Bcro Human probability of infection with cholera  0.005 Assumed
UHB Natural death rate for humans mday* [7]
r Per capita bacteria reproduction rate 0.5 Assumed
b Average vectors bitting rate 0.5day ! [35]
WMAL Waning rate of malaria mday*1 [33]
WCHO Waning rate of cholera 0.001day ! [34]
Wne Malaria-Cholera co-infection waning rate 0.001 —0.02day ! [6]
OMAL Malaria induced death rate 0.05 — 0.1day ! [6, 36]
YMAL Recovery rate from malaria 0.25 [37]
dcHO cholera induced death rate 0.0002day ! Assumed
YCHO Recovery rate from cholera 0.07day ! [34]
BvEc Vector probability of infection with malaria 0.181 (dimensionless) [34]
SMAC Death caused by malaria-cholera co-infection ~ 0.05day ! Assumed
YMAC Recovery rate for malaria and cholera 0.4day 1 Assumed
¢mp1,6mp2  Modification parameters 0.6 (dimensionless) Assumed
UDBR Natural death rate for bacterial 0.123 [38]
UVEC Natural death rate for vectors %, 0.143day ! [33]
AvEc Recruitment rate for vectors 1000day—! [33]

Motivated by the numerous advantages of fractional order operators as already stated, we hereby
state the fractional order co-dynamic model under the Caputo-Fabrizio derivative as

CFDESp(t)

“FDITyaL(t)
“FDIRMaL(E)
“FDiTcno(t)
“FDiRero(t)

CEDETarac(t)
CEDERMac(H)

D Benol(t)
CFDESyEc(t)

CFDETyEc(t)

= PBmarb Nors (SuB + Rcno) +

= — . LIma+t

= Avec

bZ
Anp— BmaLbZvec

+wcHoRcHO + Wi Rmac,
Zyec

BcroqcHo
K+ BCHO

BcroqcHo BmarbZvec

K + Bcro

= YmacZcruo — (MHB + Wme) Rmac,

B
rBcro (1 — CKH O) +Smp1Zcro + Smp2Iamac — “pBRBcHO,

_ Bvecb(ZmaL + Imac)

N
Bvecb(Zpar +Imac)
Nus

. Bernoqcro
Nyg x + Bcro

BcroqcHo
K+ BCHO

YMALZMAL — (MMmAL + WmAaL) RpmAL —

YernoZcuo — (MuB + weno) Reno —

BcroqcHo
K+ BCHO

(S + Rmar) — (6cro + puB + Ycro)Zcro —

BmaLbZyec Rewo
Nusp ’

SvEC — UVECSVEC,

Svec — uvecZvec,

Rmar,

BvEcbIyEc

SHB — HHBSHB + WMALRMAL

Iaviar — (MuB + Omar + Ymar)ImarL,

NHB

N Zeno — (B + 0Mmac + Ymac)Imac,
HB

ZcHo,
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which corresponds to the following initial conditions

Sup(0) = Sup) 20, Imar(0) = Zyar) =0, Rmar(0) = Ruyar) =0,
Zcro(0) = Zcno) 2 0, Rero(0) = Rero) 20, Zmac(0) = Zyac(o) = 0,
Rmac(0) = Ruyac) 20, Bcro(0) = Benooy) = 0, Svec(0) = Syec(o) 2 0,
Zyec(0) = Zygc(o) = 0.

@)

3 Preliminaries

This section presents several important properties and definitions of Caputo-Fabrizio derivative
in the Caputo sense which will aid the analysis of the manuscript.

Definition 1 ([39]) The Caputo-Fabrizio fractional derivative of order a for the function K € H*([0,b], R™)
where b > 0 is given by

CEDER(H) = %J; exp (%) K'(Q)dz, O0<a<1l, t>0. (3)

Definition 2 ([40]) The Caputo—Fabrizio fractional integral order  for the function K € H'([0,b], R™)
where b > 0 is given by

_ t
CFraK(f) — %K(t) + Q_i%JOIC(C)d@ O<a<1, t>0. @

Definition 3 ([22]) The Atangana—Baleanu fractional derivative in the Caputo sense of order a for the
function K € H([0,b], R"), where b > 0, is given by

ABCDA[C (1) = (Zl”("‘)) Jt Ea (M) K'(Q)d;, 0<a<1,  t>0.
— X 0 —

Definition 4 ([39]) The Atangana—Baleanu fractional integral of order a for the function KK € H'([0,b], RT),
where b > 0, is given by

ABp(r) = “‘”Kurw—ii—jgw@v*mwwa 0<a<1, t>0, 6

where U (a) denotes the normalization function and

o0

Z ozk+1 R(x) >0

Lemma 1 ([39]) The solution for the following problem with « € (0, 1] is given as:

CEDIEW(t) = V(1),

W(0) = W, ©
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that is assumed to be equivalent to the following fractional Volterra integral equation

B 2(1—a) B 2u !
W) = Wot Ggrging (VO V(O))Jr—(z_w)u(a)JOW(C)dg, (>0, (@)

Lemma 2 ([40]) The Laplace transform of Caputo-Fabrizio fractional derivative in the Caputo sense of
order o € (0, 1] for the function IC(t) is given by

(2 —a)U (&) sLIK(E)} — K(0)

LADERAR), s} = 2 s+a(l—s)

, s > 0.

4 Qualitative analysis of the constructed model

In this section, we present carefully the analysis of the fractional order co-dynamic model of
malaria and cholera (1) where the positivity of the solution, basic reproduction number via
next-generation matrix method, existence and uniqueness of the solution are presented.

Positivity

Lemma 3 The region D = D, UD, UD, C R’ x Ry x RA is non-negatively invariant for the model
(1) with initial conditions in R1°, where

D, = { (SuB, Imar, Rmar, Ieuo, Rero, Ivmac, Rmac) = Sup + Imar

A
+Rumar +Zcro + Rero + Zmac + Rmac < ptTHzl: },

D, = {BCHO : Becro < M},

HHBHUDBR

A
D, = {(SVEC/IVEC) . Syec + Tyee < —YEC }
MVEC

Proof Adding all the equations corresponding to the human components of the system (1) gives
7 D{ Nup(t) = Aup — pusNup(t) — [bmarImar + dcnoZcno + dmacImac), ®)
so that from (8), we have
7 D{ Nup(t) < Aup — pusNup ().

Applying the Laplace transform of the Caputo-Fabrizio derivative on the above inequality, and
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simplifying, we obtain

Anp App(2e—01) Nug(0) ot
Nan(t - o1t _ Q1
melt) < HHB [1+VHB(1—“)]Qle (1—“)[1+MHB(1—0<)](Q1—Qz)e
NHB(()) e—gzt

(1—a)[1+ puyp(l—a)](o1 —02)

HHBX _ o . A
(s 92 = ) Thus, the total population of humans, Nyp(t) < VTHBB as

t — oo. Similarly, the total population of vectors Nygc(t) < % and total bacteria population

Bepo(t) < %. This shows that malaria and cholera fractional order model (1) is bounded

and has a solution in Dy, D, and Dy, respectively. Hence, for fractional malaria and cholera
co—dynamic model, Dy, Dy, and D, are positively invariant regions and thus the proof. n

where 01 =

Basic reproduction number

The disease-free equilibrium (DFE) of the fractional order malaria and cholera co-dynamic model
(1) achieved by setting the right-hand side of the equations of the model to zero is given by

_ * * * * * * * * * *
76 - (SHB'IMAL' RMAL’ICHO’ RCHO’IMAC’ 7—\)’MAC' BCHO/ SVEC’IVEC)

9
= <ﬂ,0,0,0,0,0,0,0,ﬂ,0>. ®)
WHB HVEC

Using the similar approach in [41], we obtain the basic reproduction number as follows

0 0 0 0 BmaLb
4cHOST
0 0 0 feHoons
r— 0 0 0 0 0 )
0 0 0 0 0
BvECSVEC BvECSYEC
T 0 0
A, 0 0 00
0 A 0 0 0
v=| 0 0 4 o0 0 |,
0 —p1 —p2 u O
0 0 0 0 pu

where

A1 = uuB +mar + ymar, A2 = dcro + tHB + YcHO, A3 = HHB + dMmac + YmAc

After elementary algebra, we obtain the basic reproduction number Ry = max{Rop, Ror}, where

Rop — bBmaLPvechSvEc Ror = P1qcHOS),
Ny Aipyee KA,

Theorem 1 The DFE, Ty, of the fractional Malaria and Cholera model (1) is locally asymptotically stable
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(LAS) if Ry < 1, and unstable if Ry > 1.

Proof The Jacobian matrix of the malaria and cholera fractional order model (1) evaluated at the

disease-free equilibrium, 7 is given by:

—#up 0 wmar 0 wcwo 0 wme — qCHO;Z;{B 0 —Bmarb
0 —A 0 0 0 0 0 0 0 Bumarb
0 rymar —Qi 0 0 0 0 0 0 0
0 0 0 —A 0 0 o0 (leoSip 0

1(T5) = 0 0 0 Ycuo —Q2 0 0 0 0 0 ,
0 0 0 0 0 —Aj 0 0 0 0
0 0 0 0 0 ymac —0s 0 0 0
0 0 0 01 0 02 0 —MUDBR 0 0
0 —0 0 0 0 —0 0 0 —HVEC 0
0 0 0 0 0 0 0 0 0 —UVEC
where

Ay = pupp +oymar +YmarL, A2 = dcho + pHB + YcHO, A3 = MHB + dMmac + YMAC,

bS;
Q1 =pu+wmpmar, Q2 = p+wchHo, Q3 = Y + Wi, 0 = ﬁVlZS\(T?* v
h

Thus the eigenvalues are as follows A1 = —Q1, Ay = —Qy, A3 = —Q3, Ay = — A3, As = —uyp,
Ae = —pyec and the following characteristic equations given below

(—=b0Bmar (A + A1) (A + pvec)) (1—Rop) =0,

and
S*
<(/\ + Az) (A + uper) @) (1-Ror) =0.

By the Routh-Hurwitz criterion, the above equations will possess negative real roots if and only
if Rop < 1 and Ryt < 1, respectively. Hence, the DFE, 7 is locally asymptotically stable if
Ro = max{Rop, Ror} < 1. |

Existence and uniqueness of solution

Here, we present the existence and uniqueness of the formulated fractional order system (1) using
fixed point theorems. For this purpose, we rewrite malaria and cholera fractional co-dynamic
model as

CED*Syp(t) = Q1 (t, Sup, Inar, Rmvar, Zeno, Rewos Imac, Rvac, Bero, Svee, Tvec)

ED*Tyiar(t) = Qa (t, Sup, Inar, Rmar, Zeno, Reno, Imac, Rviac, Bero, Svec, Zvec)
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D Rymar(t) = Q3 (t, St Ivar, Rmar, Zeno, Renos Ivac Rvac, Bero, Svec, Ivec) .
FD"Ieno(t) = Q4 (t, Sup, Imar, Rmar, Zero, Rernos Imac, Rmac, Beno, Svee, Zvec)
“FD*Reno(t) = Os (t Su, Imar, Rmar Zenos Renos Imac, Rmac, Bero, Svee, Ivec)
FD*Tpac(t) = Q6 (t, Sup, Imar, Rmar, Zeno, Reros Imac, Rmac, Beno, Svee, Zvee)
FD*Rtac(t) = Q7 (t, St Imar, Rmar, Leno, Reno, Imac, Rmac, Bero, Svec, Zvec)
“FD*Bero(t) = Qs (t, Sup, Imar, Rmar, Zeno, Reno, Imac, Rmac, Bero, Svee, Ivec) )
FD*Sypc(t) = Qo (t, Sup, Imar, Rmar, Ieno, Reno, Imac, Rmac, Bero, Svee, Zvec)
D" Tyec(t) = Qio (t, St Imar, Rmar Zewo, Rewo, Imac, Rmac, Beno, Svee, Zvic)
(10)
where Q] Q] (t, SuB, Imar, Rmar, Zeno, Reno, Imac, Rmac, Berno, Svee, Zvec)
forj = ,10is given by
Q = Anp— %3 %SHB — #HBSHB + WMALRMmaL + wcHORCHO + W Rmac,

= BralbRES (Shp + Rero) — (prp + Omar + Tmar) Tmar + SLGIHOTy 4y

Q3 = ’YMALIMAL — (4 +wmaL) RmaL — TCB%RMAL,
Q4 = %%(SHB +Rmar) = (6cro + puB + YeHo)Zero — %%’%ICHO/
PmarbZvec o
M ReHos an
Qp = BHO Ty + EMALVECT 0o — (g + dmac + Ymac)Imac,
Q7 = YmacZcrno — (HHB + Wme) Rmac,

Qg = rBcho (1 — BCKHO> + dmr1Zcro + SMmP2Zmac — HDBRBCHO,
Qy = Aypc — Bvecb(Znmar+Zmac)

Qs = ycHoZcro — (HHB + wcHo)ReHo —

SvEC — UVECSVEC,

b(Z +7,
Q0 = Bvech(Zmar MACESSVEC_

\ Nis wvecLvec

Using the above illustration, malaria and cholera fractional order co-dynamic model (1) can be
written as

{CFD;XQMC(t) = K(t,QMc(t)), O<a<l, te J = [0, T], (12)

Qpmc(0) = Quco > 0,
where K : J x R — R is continuous and

Quic(t) = (Sug, Tmar, Ruar, Zero, Reno, Iniac, Ruvac, Bero, Svee, Zvee)
Opico = (S0, Ino, Rumo, oo, Reo, Inico, Raco, Beos Soo, o) T (13)
K(t, Qmc(t)) = Qi (t, Sup, Zmar, Rmar, Zerno, Rero, Imac, Rmac, Bero, Svee, Tyec)',

wherej=1,2,3,...10,and ()T denotes the transpose of the vector. Using Lemma (1), the initial
value problem (12) is equivalent to the following fractional order Volterra integral equation

2(1—u) 2u

t
Oumc(t) = Qmco + a—ali(@) (K(t, Qumc(t)) — Ko) + [CE=I0) L K2, Omc(2))dg,  (14)
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where t > 0.
Furthermore, let us define C(7,R) as the Banach space of continuous functions from J = [0, T|
into R endowed with the Chebyshev norm

1QMc oo = sup {IQumc (B}, J =1[0,T].
teJ

Theorem 2 Assume that (B1): There exists a Lipschitz constant Lyic > 0, such that
K, Qmcr (1) — K(t Qmc2 (D)) < Lyc 1Qmc1(t) —OQumca (), t€ T =[0,T], Quc1, Omec2 € R,

then if

2(1—uw) 20 Tmax
£MC((z—ooz/f(oc)*(z—ooz/«oc)) < 3)

the initial value problem (1) has a unique solution on J = [0, T|.

Proof Consider the transformed initial value problem (12) plugged into a fixed point quantity
under the operation

®:C"(J,R) - C"(J,R),

with the corresponding definition as follows,

®Ouc(t) = Ouco+ % (K (t, Qe (1)) — K(0, Quac(0))
20 t
+m Jo KA(Z, Qmc())dg. (16)

Next, we apply the Banach contraction principle to prove that the quantity ® has a unique fixed
point. In that case, we let the two solutions Qyc1(t), Qpca(t) € C™(J,R), where J = [0, T},
then we have:

[P (t) = POMmea ()] < % I (t, Onic1 (1) — K(t, Qpca (1))
20 t
+ WLW(C/QMG(C))—’C(C/QMcz(C))ldC

< Lmc <(22_(1a;;()a> + (2%5;2)((“)) Qmct (1) — Omez ()l -

Thus,

2(1—a) n 20 Trnax
2—a)U(x) (2—a)lU(x

[@Qpmci () — POMc2(H) [l oo < Lmc ( )> Qe (t) — Qpc2 (H)l o -

Applying (15), we see that the operator @ is a contraction and hence possesses a fixed point, and
hence, (1) has a unique solution. |
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Theorem 3 Assume that
(B2): The function K : J x R — R is totally continuous.
(B3): There exists a constant Gy;c > 0 such that

|IC(t,QMc(t>)| < gMc, fOTLlet eJ= [O, T], Oume €R,

then the malaria and cholera fractional order system (1) with its corresponding initial condition (2) has at
least one solution on J = [0, T].

Proof Following a similar process in [15], we apply Schauder’s fixed point theorem to illustrate
that @, defined by (16) possesses a fixed point. Thus consider the following steps;
STEP (1): The operator @ : C"(J,R) — C™(J,R) is totally continuous. Define the function Q¢

as a sequence {QMC(m)} such that Qyic(y — Qumc in C(J, R). Thus, foreacht € J = [0, T], we
have

’(DQMC(m) (t) — (DQMC(t)’

B t
‘% (Kt Qnacion (6) — K0, 0aac(0))) + % JO K(Z, Quicm (£))dE
[ 20-w) B 2
<—(2—zx)l/{(0¢) (K(t, Oare (1)) — K(0, Qpe(0))) + U@ LIC(C, QMC(Q)dC)‘
< % Kt ey () = K (t Qage (1))
20
*WJ 1K(Z, Oty (©)) = K(Z, Ouac(0))] 45
2(1—a) 2
< W?SE‘K & Qe )(C))—’C(t/QMC(O)’*m
x Jofﬁ}? K@ O (©) = K, Oue(9))] de,
such that
2(1—a) 20 Tmax
200 ()~ @] < [ Onsein ) K Owe O (it * ey

Since K is continuous, clearly,

HCDQMC(m)(t) _(DQMC<t>HOO < ((229“;;()“) + (22_“3%( ) H’C  Qpvicim) (1) _’C(-rQMC(~)>H

(0.¢]

Hence,

cDQMC(m)(t) _(DQMC<t)H — 0 as p — 0.
STEP (2): ® maps a "bounded set into another bounded" set in C(7,R).
Therefore, for every real number k > 0, it can be shown that there exists an associated real number

X > o such that

Bi = {Omc € C(TR) : |Qmcllw <k}, 1POMmclle < X0 YQMc € By
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Thus Vt € J = [0, T], from (16) and (B3) that

% Kt Qe (1)1 + %ﬂm@’ﬂm@)w
2(1—a) 20 Tmax
< gMC(( U (@) ( —Dc)U(‘X)).

Thus || PQpic| o < X, Where

[ @O (t)]

IA

O (( 2(1—a) 20 Tmax )

2— (@) 2—aU@)

STEP (3): The operator ® : C"(J,R) — C"(J,R) maps a bounded set into equi-continuous set
in C(J,R). Letty,tp € J = [0,T] and ¢, > t; and let B be bounded set of C(7,R) as defined
above and Q¢ € By, then using (16), (B3) and triangle inequality, we have

] 2(1-a) 2u f2
|CDQMC(t2) _CDQMC(t1)| - ‘ (2—0&)2/[(06) (K(tz, QMC(tZ))) + (2—0()1/{(0() JO K(g, QMC(é))dg
_ 1
- (% (’C(fLQMC(h)))JF(ZIX—“ . K(C, QMC(@))dC)’

‘%(K(tZIQMc(tz))—IC(tl,QMC( )+ 20

(2—a)U(a)
>< (J; K(Z, Onacim () — J; K6 Ome(0) ) a2
< s (Kt Oy (12) ~ Kty (i)
C?f%ﬁcajh K(, Qe (9))148
< ((12 ocz)(;g%c) N (Zz_af)z\éc(“) J: i

(
_ 4(1—w) 20ty —t)
= gMC(( U <>+<2—an«m>'

The right-hand side of the above inequality tends to zero as t; — t,. Thus, from STEPS (1) to (2)
and also recalling the Arzela-Ascoli’s theorem, the operator ® : C"(J,R) — C"(J,R) is totally
continuous.

STEP (4): The boundedness of priori: Let
¢ ={Omc € C(J,R) : Quc = APQuc,

for some A € (0,1). We show that set ¢ is bounded. Let Q¢ € &, then Q¢ = APy for some
A € (0,1). Thus for all t € J, we have that

Qpme = ADPQyc

_ 2<1 _0‘) 2 tr
= A (—(2_“)2/,(“) (K(t2, Qmc(t2))) +—(2—zx)l/{(oc)J lC(g,QMc(g))dg>.
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Using (B3) and STEP (2) we get

Ol = A(f“—_"‘)|16<tz,nMc<tz)>|+_2—“f2w(§,om(é>)mé)

2~ a)U(a) 2= Jo
< (i * T
Thus, for every t € J = [0, T],
2(1—«) 2 Tona

10ucl, < 9(( ):zx, YER,

2 U@) | 2—aU@)

which is the boundedness of set . Applying Schauder’s fixed point theorem, the operator ¢
possesses a unique fixed point which is the solution of the IVP (12). Thus malaria and cholera
co—dynamic fractional order system (1) solution exists. |

5 Numerical scheme

In this section, we apply a numerical algorithm to the proposed malaria and cholera fractional
order system to obtain the numerical solution of the proposed system. The numerical scheme
proposed and proved by Toufik and Atangana [42] which has a tremendous convergence property
is applied to approximate the fractional order malaria and cholera system. Using the initial
condition (2) and the Atangana—Baleanu integral (5), we obtain the following Atangana-Baleanu
fractional Volterra equation of the system (1) as;

Sun(t) ~Sus(0) = L8 01 (4,8un(0) + et [ (-0 1 @ Sal)
Tuan() = T (0) = G80a 1 T ) + s [ (=012 (6 Tuar @) e,
Ruaac ()~ Raaac(0) = G805 6 Raaan ) + s [ (12010 6 Rusan ) a2
Zenot)~ Zerio() = G804 (1 Zeno(0) + s [ (-0 10 (6 Teno0)
Rano(t)~ Reno(0) = §=2 05 (Renolt) + s [ (1- 00105 (6 Renol@) e, "
Tuiact)~Tuaac0) = G0 (0 Taaac) + g7 [ (=001 Q6 6, Taanc @)
Rasaclt) = Ranac(0) = 8000 (1 Rasac) + g7 [ (4= 0100 (€ Rannc @)
Bertolt) ~ Bero(0) = 48104 (1, Bero(t) + s [ (-0 08 (€ Benol0) e,
Sveelt) = Svre(®) = G80u (1 Svec) + e [ (-0 0 @ Svec@)
Tyre(t) - Zrac(0) = G801 (6 Tyee(t) + gt [ (00" Qu0 € Turc(@))
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Next, setting t = t,,;.1 form =0,1,2,...

Sup(tmt1) —Sup(0) = (11/{;;3‘) Q1 (tm, Sup(tm))
o m tk+1
( )1—.( kZOJ m+1
Imar(tms1) —Zpmar(0) = u (03) Qs (tm, Imar(tm))
( )r( I;)J m+1
Rmar(tmy1) — Rmar(0) = 1 ((XD;) Q3 (tm, Rmar (tm))
(06)1—'( I;)J tm+1 -
Zcro(tms1) —Icro(0) = 1 (03) 4 (tm, Zeno(tm))
o M et
([x)r( gJ tm+1 -
Rerobnir) ~Reno(0) = @fﬁ) s (bn Rerio(tn)
o m
U(a)T () g
Tmac(tmi1) — Imac(0) = a ((XD)C) Q6 (tm, Zpac(tm))
o mn fk+1
(a)r( kg()‘[ m+1
Ryvac(tms1) — Rmac(0) = (lezl;;) Q7 (tm, Rmac(tm))
o M et
+ U(IX)F((X) kgojo (tm—i—l g)
Bero(tms1) — Bero(0) = (11/{?03) Qs (tm, Bcro (tm))
+ Z/{(zx)l"(lx) EOJO (tm—I—l - g)
Svec(tmi1) — Svec(0) = (?11?03) Q9 (tm, Svec(tm))
( )r( ZJ tm—f—l
Zvec(tmy1) — Zvec(0) = (1-2) Q10 (tm, Zvec(tm))

m

o tet1
+ U([X)F(IX) — JO (tm+1_€)

into the above equation (17), we get

101 (¢, Sus(0)) dg,

QZ (gl IMAL (g)) dg,

Q3 (, Rmar(Q)) g,

194 (8, Zcno()) dg,

treta
J (V= 0" 105 (2, Rewo(©)) dT,

Q6 (gl IMAC (g)) dg/

ol QS (gl BCHO(E)) dg/

Q9 (¢, Svec(Q))de,

1910 (¢, Tyec(Q)) dg.
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By two-point Lagrange interpolation polynomial, we approximate Q1 (¢, Sug({)), Q2 (¢, Zpmar(0)),
Q3 (8, Rmar(€)), Qa (&, Zcrno(2)), 25 (8, Rerno(2)), Qe (&, Imac(2)), Q7 (8, Rmac(2)),
Qs (¢, Bero(2)), Qo (8, Svec(D)), Q1o (8, Zvec(Z)) in (18) on the interval [t t11] and get

Q1 (tr, Sup(tr)) Q1 (te—1, Sup(tr-1))

Q1 (¢, Sup() ~ 2 (F=tea) + 2 (t =),
Q2 (§, Tunr (@) ~ 2Tl -y g Qo UaBarlea)) ),
00 € Rugn (1)) = SRt 0) 05 Rass ),y
Q4 (8, Tenol?)) = 2 (tk’Z;;HO(t")) (F—tiq) + % (t"l’z}(;HO(t"l)) (t—te),
05 (¢, Renol()) ~ 2k RhCHO(tk)) (t—ta) + = <tk_1'RhCHo<tk_1)) (F=t), as)
Q6 (£, Tnpac(Q)) =~ % (tk’I;fAC(t")) (F—teq) + D (t"‘l’sz“‘c“k‘l)) (t—t),
Q7 (¢, Raac(()) ~ 22k RhMAC(t")) (t—t)+ 2 (tkl’RhMAC(t“)) (t—ti),
Qs ({, Bcro(Q)) = s (. B;HO(tk)) (F—teq) + s (t"‘l’B}fHO(t"‘l)) (t—t),
Qs (§, Svrc () ~ Ll Svecli) )y Dol Sveelicn)) _y),
Qo (0, Tysc(0)) ~ Q0lvectd) )y ol Tveclti) oy

so that system (18) becomes

Sup(tmt1) —Sup(0) = U(a) Q1 (tm, Sup(tm))

« Q1 (ke Sup(t)) Q1 (tk—1, Sup(t-1))
+u(a)r(a),§)( T Pt S 7”““)’
(1-a)

Zyar(tms1) — Imar(0) = Ua) Qs (tm, Inmar(tm))

o = (2 (tk, Imac(ty)) D2 (tk—1, Imar (t—1))
+ u(ﬂ)r(a) ];) ( 2 \tk ]fl\/IAL k Pk_La + 2 1 I{[VI L 1 Pkﬂ),
(1—a)

Rmar(tms1) — Rmar(0) = U Q3 (tm, Rmar(tm))

« — ( Q3 (t, Rumar(t)) Q3 (te—1, Rmar (t-1))
+u(a)r(a)]§)( 3 (t hMAL ) p 4 Lt hMAL k-1 P}(ﬂ)/
(1—a)

Tero(tme1) —Zcro(0) = U Q4 (tm, Zecuo(tm))
w i (Q4 (tr, Zero(te))

Q4 (tr1,7Z, b
oot 4 (-1, Zeno (fe 1))73]%),

h
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Q5 (tm, Rero(tm))

Recuo(tms1) —Rero(0) =

h

Q6 (tm, Iprac (tm))

Imac(tms1) —Imac(0) =

k:O

Q7 (tm, Rmac(tm))

Rmac(tme1) — Rmac(0) =

« h
k=0

Qg (tm, Bcro(tm))

Beno(tmt1) = Bero(0) = U()

h

Svec(tms1) — Svec(0) =

114 Z ( Q9 (tkr SVEC(tk)) Pk—l,uc +

h

Q10 (tm, Zvec(tm))

Tvec(tms1) —Zvec(0) =

" te, T t
« (QlO( i Zvec( k))Pk—l,oc i

h

where and using t;, = kh, we obtain

bt _
Pk—l,{x = L (t - tk—l) (tm—i-l - t)“ 1dt
k

ha+1

- a(a+1)

tr+1 _
Pra = [ (1= 1) (s — 1)t =

tx

hotl
a(a+1)

Substituting (20) into (19) gives

ah®

=) o (b, Stin(tu) + U@T(a+2)

U()

Sup(tm+1) = Sup(0) +
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14 Z (Q5 (tk/ RCHO(tk))Pk—l,oc +

Qs (tk—1, Rero (1)) D )
2 ko |r

Q Z (Q6 tk/IMAC(tk))sz_lla n
o Z (Ql (tk/ RMAC(tk))Pkfl,oc +

14 i (QS (tk/ BCHO(tk)) Pk*l,ﬁé +

Q6 (tr—1,Imac(te—1)) D )
2 ko |r

Q7 (tr—1, Rmac(te—1)) D
ko |r

Qs (tx—1, Bero(te-1)) D )
2 kua |r

(n+ 1=K k2 0) — () 2+ 20)|

Qo (tr—1, Svec(te_1)) D )
7 ko | s

Qlo(tk—1/IVEC(tk—1))73 )
2 ko |r

(20)

(m+1—k)"‘+1—(m—k)“(m—k+1+oc)].

X Z [Ql (tk, Sup(tx)) ((m +1-k)*(m—k+2+a)— (m—k)“(m—k+2+21x))
k=

O (1, Sun(ti 1)) (<m+ 1) (k) (m—k + 1 +a>)}.
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(1—a) ah®
U 22 (b Dmar(tn)) + e m s

Imar(tmy1) = Ivar(0) +

X i |:Qz (tk/IMAL(tk)) <(m +1 —k)"‘(m —k +2+ OC) — (m —k)"‘(m —k+ 2+ 20&))
k=0

+ Q2 (e, T b)) (1= 0H = (=K —k 14 ) |.

(1—a) ah®
e Q3 (tm, RMAL(fm))+Lm

Rmar(tm+1) = Rmar(0) +
« ké [Qg (b, Roar (1)) ((m+ L k) (m—k 42 + &) — (m—k)“(m—k+2+2:x))
+ Q3 (t—1, Rmar (t—1)) ((m +1—k) — (m—k)%(m—k+1+ a))].

s Teroltn)) + ot

Xy [94 (t, Zcno(t)) ((m+1—k)“(m—k+2+0¢)—(M—k)“(m—k+2+2a)>
k=0

Tcuo(tms1) = Icno(0) +

O (1, Teno(te 1)) (<m+1—k>“+l (K (k41 +a>)].

(1—w) ah®
e Qs (tm, Rcro(tm)) +m

Rero(tms1) = Rero(0) +

XZ[Q5 ty, RCHO tk m+1 k m k+2+0€) (m—k)"‘(m—k+2—i—2¢x))
k=0

—l—Q5 tk 1, RCHO tr_ 1 <m+1 k“+1 m k)“(m—k—f—l—i—uc))].
(tm

B
Imac(tm+1) = Imac(0) + ( Q6 Imac(tm)) + m
XZ[Q6 tkIMAC tk <m—|—1 k m k—|—2—|—(x) (m—k)"‘(m—k+2+21x))
k=0
+Q6 tkleAC tkl <m+1 kaJrl m k)"‘(m—k—f—l—}-oc))].

(1—a) ah®
e Q7 (tm, RMAc(tm))'i'm

X i |:Q7 (tkrRMAC(tk)) ((m+1—k)“(m—k+2+zx)—(m—k)”‘(m—k—f—Z—i—sz))
k=0

Rmac(tms1) = Rmac(0) +

QO (1, Ratac(ti 1)) (<m+ 1) (k) (m—k + 1 +a>)}.

(1—a) ah®
U Qg (tm, BcHo(tm)) +m

Bero(tms1) = Bero(0) +

XZ[QS te, Beno(te)) (| (m+1—k)*(m—k+2+a) — (m—k)"‘(m—k-l—Z-l—Z(x))
k=0

+Q8 tleCHO tkl (m—l—l kuH_l m k)“(m—k—l—l%—oc))}.



50 | Mathematical Modelling and Numerical Simulation with Applications, 2023, Vol. 3, No. 1, 33-57

Svec(tms1) = Svec(0) + (lelz;;) Q9 (tm, Svec(tm)) + L#jﬁz)
X i [Qg (tr, Svec(t)) ((m +1—-k)*m—k+24+a)—(m—k)*(m—k+2 —|—21x))

k=0
+Qqu1¢wmakn>Qm+1—@““—0n—M%m—k+1+w)]
(1—a) ah®
WQIO (tm, Zvec(tm)) + U@ Tat2)

X Z |:Q10 (tk,IVEc(tk)) <(m+1—k)“(m—k+2+¢x)—(m—k)“(m—k+2+20¢)>
k=0

Tvec(tms1) = Zvec(0) +

+Qmuphmmdm4»(MHJf«V“=«m—MWm—k+1+w)}

6 Results and discussion

We present the results of the subject matter with the aid of the above numerical scheme for the
numerical solution of the proposed malaria and cholera system. For this purpose, we will adopt the
data in Table 1 and support it with the following initial conditions for each compartment Spp(0) =
10000, Zp1a1.(0) = 2000, Rarar(0) = 300, Zcpo(0) = 400, Rero(0) = 300, Zarac(0) = 200,
Rumac(0) = 100, Beygo(0) = 2000, Syec(0) = 2000, Zyec(0) = 2000 and the fractional orders
0.50, 0.60, 0.70, 0.80, 0.90 to plot all the ten classes in malaria and cholera dynamic system. The
dynamic behavior of all the compartments is shown in Figs. 1-10. The susceptible populations to
these diseases represented in Fig. 1 increase mildly until infected by the diseases and transfer to
other compartments within the system (1).

The mild increase of susceptible populations without interaction with the diseases occurs as the
fractional order tends to one. Fig. 2 shows the infection with malaria caused a transitional increase
with time in the population, then decreases and stabilizes after precautionary measures were
applied. A considerable response within the infected class as individuals respond to treatment
and necessary malaria control measures can be seen in Fig. 3.

As individuals recover from malaria and are infected by cholera, it can be seen from Fig. 4 that a
sharp decrease occurs as the fractional order increases. As individuals recover from cholera after
being infected through the necessary, an increase is recorded as depicted in Fig. 5. It can be seen in
Figs. 6 and 8 that there is a decrease within the population as co-infection of malaria and cholera
occurs.

The presence of the bacteria compartment facilitates this decrease as fractional order decreases
and converges to a certain point as time increases. The increase is seen in Fig. 7. The numerous
numbers of susceptible vectors show a correlation with the fractional order in Fig. 9. An increase
in the fractional order increases the number of susceptible vectors. After a stable population of
about a hundred individuals for the first three days, a decrease in the population of infectious
vectors is noticed when the fractional order increases as shown in Fig. 10. This explains the level
of infection in the vector population. Also, infection with cholera reduces more population of
individuals compared to infection with malaria within the same time interval.
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Figure 1. Simulations of the total number of Sy (t) at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 2. Simulations of the total number of Zy;4; (¢) at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 3. Simulations of the total number of R 41 () at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 4. Simulations of the total number of Zco(f) at different values of a
on the interval of (0,1) with the stated initial data.
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Figure 5. Simulations of the total number of Rcpo(t) at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 6. Simulations of the total number of Zy;4¢(t) at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 7. Simulations of the total number of R y4c(t) at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 8. Simulations of the total number of Bcyo () at different values of «
on the interval of (0,1) with the stated initial data.
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Figure 9. Simulations of the total number of Sygc(f) at different values of a
on the interval of (0,1) with the stated initial data.
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Figure 10. Simulations of the total number of Zypc(t) at different values of &
on the interval of (0, 1) with the stated initial data.

7 Conclusion

In this paper, we investigated the fractional co-infection model of malaria and cholera in detail.
We also established the existence and uniqueness of the solution using Banach and Schauder’s
fixed point theorems. The positivity and boundedness of the fractional system solution are stated
and proved by using Mittag—Leffler function. The basic reproduction number R is computed
using the next-generation matrix method and it reveals that malaria—cholera model is locally
asymptotically stable when Ry < 1. Several simulations on the model were performed numerically
and we obtained various graphical results that align with the theoretical result obtained. Further
results revealed that infection with cholera reduces more population of individuals compared
to infection with malaria during the same time interval. For the future research interests of this
work, we recommend consideration of control measures and other fractional derivatives for this
purpose.
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