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Abstract. The global emergence of Monkeypox presents significant public health challenges, particularly in re-
gions with varying levels of food insecurity. This study develops and analyzes a novel mathematical model exam-
ining the dynamics of Monkeypox transmission across food-secure and food-insecure human populations, while
incorporating animal reservoirs. We investigate the system through three distinct arbitrary-order derivative op-
erators: the Caputo derivative with power law, the Caputo-Fabrizio derivative with non-singular kernel, and the
Atangana-Baleanu derivative incorporating the Mittag-Leffler function. The model explicitly considers the impact
of food insecurity status on disease transmission rates, recovery patterns, and intervention effectiveness. Through
numerical simulations, we demonstrate that food-insecure populations experience significantly higher infection
peaks (approximately 12.5 million cases) compared to food-secure populations (approximately 9.5 million cases).
Our analysis reveals how varying fractional orders (6 = 0.95, 0.85, and 0.75) influence the temporal effects and
overall disease dynamics. The model parameters, estimated from current epidemiological data and literature,
provide insights into the critical role of food insecurity in disease mitigation. Surface plots analyzing the basic
reproduction number R\ against various parameters demonstrate the sensitivity of disease spread to contact rates,
recovery rates, and food insecurity status. These findings emphasize the importance of integrating food security

measures into public health interventions for effective Monkeypox control, particularly in vulnerable populations.
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1. INTRODUCTION

Monkeypox is a zoonotic viral disease first discovered in 1958, with the first human case re-
ported in 1970 in the Democratic Republic of Congo [1, 2]. The disease is caused by the
Monkeypox virus, a member of the Orthopoxvirus genus in the Poxviridae family, which is
closely related to smallpox but clinically less severe [3, 4]. The primary signs and symptoms of
Monkeypox include fever, headache, muscle aches, swollen lymph nodes, and a characteristic
progressive skin rash that develops into fluid-filled and later scabbing lesions [5, 6]. It can be
transmitted through proximity with infected persons, bodily fluids, contaminated materials, and
potentially through respiratory droplets [7, 8]. Treatment for Monkeypox is basically auxil-
iary in nature, Concentrating on symptom management, preventing secondary infections, and
providing hydration and nutritional support [9, 10]. Antiviral medications like tecovirimat, orig-
inally developed for smallpox, have shown potential efficacy in managing severe cases [11, 12].
Globally, the 2022 Monkeypox outbreak represented a significant public health event, with the
World Health Organization reporting over 87,000 cases across 110 countries by January 2023,
marking an unprecedented spread beyond traditional endemic regions in Africa [13, 14, 15].

Food is one of the most critical items in the world, essential to human survival alongside cloth-
ing and shelter. Food insecurity, defined as the inability to consistently access safe, nutritious,
and affordable food, poses a significant challenge to global health and well-being [16]. In the
wake of global food crisis of 1970’s, The idea of food security was popularized by Food and
Agricultural Organization (FAO), an organ of the United Nations, aiming to address hunger by
ensuring sufficient food production, reliable supply chains, and protection from price fluctu-
ations [17]. Food insecurity can manifest in two forms: chronic, characterized by prolonged
inadequate access to nutritious food, and transitory, reflecting temporary food shortages in a
community. The drivers of food insecurity include adverse climatic conditions, political and
economic instability, escalating food costs, violence, terrorism, weak agricultural systems, high

unemployment, and inflation. Its impacts, such as hunger, malnutrition, weakened immunity,
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and poverty, are particularly severe in Africa, the region with the highest rates of food insecurity
globally. In Nigeria, for example, over 31.8 million people face acute food insecurity exacer-
bated by rising food prices and security challenges (FAO). Due to these conditions, individuals
often resort to consuming contaminated or infected animal products to meet daily caloric needs,
increasing the risk of zoonotic disease outbreaks like Monkeypox [18, 19].

Fractional calculus represents a sophisticated mathematical framework extending beyond tradi-
tional integer-order derivatives, enabling more nuanced modeling of complex systems. [25]
have demonstrated its profound potential in translating abstract mathematical concepts into
practical solutions across diverse scientific domains [24]. The versatility of arbitrary-order
derivatives spans multiple disciplines, including advanced signal processing, complex biomath-
ematical systems, epidemiological modeling, and sophisticated public health interventions
[20, 21, 22]. Contemporary research has predominantly categorized these derivatives into
two fundamental classes: singular and non-singular mathematical representations. Pioneering
work by Podlubny on Riemann-Liouville and Caputo operators has established foundational ap-
proaches for power law kernel-based mathematical transformations [26]. Recent investigations
have critically examined these traditional kernel structures, proposing innovative non-singular
modifications that enhance computational flexibility and predictive accuracy. Emerging frac-
tional modeling techniques have introduced sophisticated derivative approaches, such as the
Caputo-Fabrizio derivative utilizing exponential law kernels and the Atangana-Baleanu deriva-
tive leveraging Mittag-Leffler kernel representations with remarkable non-local characteristics
[33, 27].

Researchers have increasingly focused on modeling infectious disease transmission using dif-
ference approach, as demonstrated in numerous studies. [1] employ two modeling methods
to examine the spread and efficient control measures for Mpox virus. [30] developed mathe-
matical models using Laplace Adomian Decomposition approaches, analyzing stability through
advanced mathematical techniques. [29] investigated disease dynamics using fractional deriv-
ative approaches, providing comprehensive analytical and numerical solutions. [31] utilizes
a new numerical approach that pertains to non-singular kernels to investigate the spread and

management of Monkey pox virus.
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The novelty of this research lies in investigating the effect of fractional order on Monkeypox
transmission dynamics, with a specific focus on the impact of food insecurity as a critical con-
trol measure. By examining the disease system within the structure of fractional derivative
operators using three distinct kernel types, we aim to provide a more nuanced understanding of
disease transmission mechanisms. The advantages of the proposed approach using fractional
operators are significant. Fractional-order derivatives can approximate real-world data with
greater flexibility than classical derivatives, accounting for non-locality and exhibiting remark-
able memory effects. These characteristics allow for a more sophisticated representation of
complex disease transmission systems that traditional models cannot capture. To ensure robust
model development, we implemented cross-validation techniques, temporal and spatial vali-
dation, and parameter simplification strategies. These methodological considerations address
potential limitations of fractional-order models, such as the risk of over-fitting, and enhance the
model’s generalizability and predictive capabilities.

This work is structured as follows: Section (1.1) introduces the mathematical foundations for
fractional-order derivatives. Section (2) outlines the formulation of the mathematical model in
both classical and fractional-order frameworks. In Section (3), numerical methods are detailed
for the fractional Caputo derivative with a power-law kernel and the Caputo-Fabrizio derivative
with an exponential kernel. This section also includes an investigation into the existence and
uniqueness of solutions, alongside the corresponding numerical schemes. Section (4) focuses
on the analysis of the Mpox model using the Atangana-Baleanu (AB) derivative operator and
presents the results of the model simulations. Finally, Section (6) summarizes the conclusions

and numerical findings derived from the study.

1.1. Fractional Calculus Preliminaries. This section provides essential definitions and re-
sults foundational to this study. Key definitions related to the various kernels necessary for the

research are succinctly outlined [35, 36, 37, 38, 39, 40].

Definition 1.1. [26]. The Liouville-Caputo fractional order derivative of order 6 € [0,1) is
defined as:

1) SDPx(1) = ‘—(11_9) [e=w = Sxway.
o 0
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Definition 1.2. [33] The Caputo-Fabrizio (CF) derivative, which features a nonsingular kernel,
of a function x(t) with fractional order 6 € (0,1) is defined as:
t
N(6 0(t— d
0) o (r) = %) / exp {—M} x(y)dy,

1-6 1-6 dt
0

Where N (0) =N (0) = N (1). Secondly,
xeQ (0,T),T >0.

Definition 1.3. [41] The fractional order integral of a function x(t) with order 6 € (0,1) is
defined as:

201-0)

©) oI x (1) = 2-0)N(8) x(6)+ 2— 9 O/x

Definition 1.4. [32] The Atangana-Baleanu (AB) fractional order operator in the Caputo sense,
with order 0 € (0, 1), is defined as:

! e
d
@) 0 DPx( / i [ ] r(way,
0

Where vy is a Mittag-Leffler function and is defined as:

oo mk

Yo (m) = Z ——,0€C,R(0)>0,meC,
= ‘ (Ok+1)

also AB(0) =1—6+ represents the normalization function.

0
(6)
The discussion of the fractional order integral associated with the Atangana-Baleanu deriv-

ative is defined as:

® (0 = g v+ [ ) ey
0

2. MATHEMATICAL MODEL FORMULATION

The monkeypox model is formulated by dividing the human population into six different com-
partments and the animal population is sub-divided into three compartments: susceptible indi-
viduals with food security (Srs), infected individuals with food security (Irg), recovered in-

dividuals with food security (RFs), susceptible individuals with food insecurity (Sr;), infected
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individuals with food insecurity (Iry), recovered individuals with food insecurity (Rf;y), suscep-
tible animals (S, ), infected animals (I ), and recovered animals (R, ). The following equations
describe the dynamics of each compartment.

Susceptible Individuals with Food Security (Srs): The susceptible individuals with food se-
curity are recruited at a rate aAg, where Ag represents the birth rate and immigration into the
human population, and the parameter a represents the fraction of the recruited individuals en-
tering the food-secure population. This class decreases as susceptible individuals come into
contact with infected individuals from the food-secure population (Irg), food-insecure popula-
tion (Igy), and infected animals (I ) at rates o, 0, and @3, respectively. These contacts triggers
the spread of the disease. Additionally, susceptible individuals die due to natural mortality at a
rate uy. The dynamics of susceptible individuals with food security is therefore given by:

dSps _  m(oulps+ oolp+ 03l4)
dt Nrs

SFs — UHSFs.

Infected Individuals with Food Security (/rs): The number of infected individuals with food
security increases due to contacts with susceptible individuals from the food-secure and food-
insecure populations, as well as infected animals, at rates ¢, o, and 03, respectively. We
define the parameter m as the modification parameter that accounts for the reduced rate of
disease contraction in the food-secure population compared to the food-insecure populations.
The infected population decreases due to recovery at rate Tg, disease-induced mortality at rate
0s, and natural mortality at rate ty. The equation for the infected individuals with food security
1s:

dlrs _m (a1lps + oolrr + osly)
dt Nrg

Srs — (s + 6s+ un) Irs.

Recovered Individuals with Food Security (Rpg): Recovered individuals with food security
are those who have recovered from infection. The number of individuals in this compartment
increases due to recovery from the infected food-secure individuals at a rate Tg and decreases
due to natural mortality at a rate ug. The equation for recovered individuals with food security
is:
dRps
dt

= Tslps — UHRFs.
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Susceptible Individuals with Food Insecurity (Sr;): The susceptible individuals with food
insecurity are recruited at a rate (1 —a)Ag, where (1 — a) represents the fraction of the re-
cruited individuals entering the food-insecure population. This class decreases as susceptible
individuals come into contact with infected individuals from the food-secure and food-insecure
populations and infected animals, at rates 0, Ot5, and 0, respectively. Additionally, susceptible
individuals die due to natural mortality at a rate ty. The dynamics of susceptible individuals
with food insecurity is:

dSrr

C(1—a)As— (ctalps + oslpy + Ogly)
dt

NF;

Srr— UaSFI.

Infected Individuals with Food Insecurity (/r;): The infected individuals with food insecurity
increase due to contacts with susceptible individuals from the food-secure and food-insecure
populations, as well as infected animals, at rates oy, o5, and o, respectively. The infected
population decreases due to recovery at rate 77, disease-induced mortality at rate d;, and natural
mortality at rate ug. The equation for infected individuals with food insecurity is:

dlr; _ (Oulps+ aslrr+ 0la)
dt Nrj

Ser— (7 + O+ um) Iryg.

Recovered Individuals with Food Insecurity (Rr;): Recovered individuals with food inse-
curity are those who have recovered from infection. The number of individuals in this com-
partment increases due to recovery from the infected food-insecure individuals at a rate 7; and
decreases due to natural mortality at a rate uy. The equation for recovered individuals with
food insecurity is:

—— = Tl — U RF].

dt

Susceptible Animals (S4): Susceptible animals are recruited at a rate A4, and they decrease
as they come into contact with infected animals at a rate ¢;. Additionally, animals die due to
natural mortality at rate 4. The equation for susceptible animals is:

dSy o7l

— = Ay — ——S4— UaSa.

i A Na A — HASA
Infected Animals (I4): Infected animals increase due to contact with susceptible animals at

rate o;. The infected animal population decreases due to recovery at rate T4, disease-induced

mortality at rate 84, and natural mortality at rate us. The equation for infected animals is:
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——8SA—(TA+ 04+ a) In.
Recovered Animals (R4): Recovered animals are those that have recovered from infection.
The number of individuals in this compartment increases due to recovery from infected animals
at a rate T4 and decreases due to natural mortality at a rate y4. The equation for recovered

animals is:

dRx

—— = T4l — U4Ry.
dr AlA — HARA

The sum of food-secure humans is given as:
Nrs = Srs+1rs+Rrs
The sum of food-insecure humans is given as:
Nrs = Sp1+1r1 +Rpy
The sum of animal population is given as:
Npo=S8Sa+I4+Ry

The mathematical model based on our assumptions and the described framework is presented

as follows:
% = alAg — m<a1]FS+]\(J]?SIFI+a3IA) Spg— .UHSFS
&= m(aIIFS+$;FI+aSIA) Srs — (Ts+ 0s + Uu ) IFs
Res = Tglps — unRrs
% — (1 _ a) AS _ ((X41Fs+OA£,5FIf1+a6IA)SF[ o ,LLHSF]
(6) % = a4IFS+(1)\‘,5;fI+%IA Srr— (T + 61+ un) Irs
% = Tlp; — UpRF;
G = A — FASa — HaSa
o= a]\?_fSA —(Ta+ 04+ 1a)la
dRA

S = Tala — UARy
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FIGURE 1. Flow diagram for the Monkeypox model
2.1. Invariant Region of the Monkeypox Model.

Theorem 2.1. The solutions of the monkeypox model given in Eq. (6) are feasible for all t > 0
if they remain in the invariant region Q = Q) X Qy C REL X Ri, where Q1 and Q, are positively

invariant subsets for human and animal populations, respectively.
To prove feasibility, we demonstrate that all solutions are uniformly bounded within Q. Let:
Q= {(SFSJFS,RFS,SFI,IFI,RFI) € RS : Sks,Irs, Rrs, Sk1,Ir1, RFr > 0},

Q) = {(SA,IA,RA) S Ri :Sa, 14, Rp > 0} .
The total human population is:
Ny (t) = Sps(t) +Irs(t) + Rps(t) + Sri(t) + I (t) + Rpy(1).

Where Ny = Ngs + Npj.
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Differentiating with respect to time, we get:

dN,
d_tH =alg —[,LHNH(Z‘) — 651F5<t) — 5IIFI(I)'

Using the integrating factor method and initial condition Ny (0) = Ng, we solve:

As t — oo, Ny (t) approaches % Therefore:

0<Ng(t) < —=.

This shows that €2 is positively invariant.

The total animal population is:
Na(t) = Sa(t) +14(t) + Ra(2).

Differentiating with respect to time, we get:

dN
d_tA = Aa — HaNA(1) — Sala(2).

Using the integrating factor method and initial condition N4 (0) = Ng, we solve:

A A
Na(t) <=2 4 (fo - —A> e Mt
Ha Ha

As t — oo, Ny (t) approaches %. Therefore:

Ax

OSNA([)S .
Ha

This shows that €2, is positively invariant.

Since Ny (t) and N4(z) are bounded and non-negative, all solutions of the system remain in the

invariant region 2. Thus, the model defined by Eq. (6) is feasible.
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2.2. Positivity of Solutions for the Monkeypox Model.

Theorem 2.2. Let the initial data for the monkeypox model given in (6) satisfy
Srs(0) > 0, Irs(0) > 0, Rps(0) > 0,
Sr1(0) >0, Ir;(0) > 0, Rpy(0) > 0,
S4(0) > 0,14(0) > 0, R4(0) > 0.

Then, the solutions

Sps(t), Ips(t), Rps(t), SFI(I), IFI(I), RF]<Z‘>, SA(I), IA<Z‘), RA(Z‘)

remain non-negative for all t > 0.

We will prove positivity for Sgs(r), the susceptible population in the first subgroup. The same

technique applies to all other compartments.

The differential equation for Sgg is

dSrs m (0 lps+ 0ol + 0lp)
= CZAS —
dt Nrs

Srs — UHSFs.

Rewriting,

dSrs <m(0611Fs+0621F1+0631A)

—_— Srs.
T Nrs +.UH> FS

Dividing through by Sgg (assuming Sgg > 0),

1 ol o0lr+ sl
/—dSFsZ—/ m(ailps + oplr + 3A)+“H gt

Integrating,

InSps > _/ (m(OC1IFS—|—(X21F1+(X3IA)

+ dt +C,
Nrs .LLH)

where C is the integration constant.

Exponentiating both sides,

I I I
Sps(f) > Cexp (_/ (m(al FS +]\(7);2SFI+a3 4) +‘uH> dt) ‘
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At the initial condition, 7 = 0, we have Sgs(0) = C > 0. Thus,

I I I
Ses(t) > Srs(0) exp (_/ <m(a1 FS +A(]1;25F1+063 4) +IJH> dt) >0.

Using similar steps for Irs, Rrs, Sk1, IF1, Rr1, Sa, Ia, and R4, we obtain

Sps(t), IFs(t), RFs(t), SFI(Z‘), IFI(Z‘), RF[(Z‘>, SA(I), IA(I), RA(Z‘) >0 forallt > 0.
Thus, all compartments remain non-negative for all 7 > 0.

2.3. Asymptotic stability of the disease free equilibrium point of the Monkeypox model.
The disease free equilibrium point of the Monkeypox model is the point where there is no
disease in the population. This is the point where Irs = Rps = Ir; = Rpy = I4 = R4 = 0 as well
as their associated parameters. Hence, the disease free equilibrium point of the Monkeypox

model is given as:

* * * * * * * 7% pk aAS (1 _a)AS AA
€0 = (Sks) Irs: Rrs, SprsApp, Rep Say Ii, Ry) = ( ,0,0, ,0,0,—,0,0
Me Ur 2%\

Thus, at the disease free equilibrium point of the Monkeypox model in (6), we have that
S;S - N;S7S;k7[ = N;IaSjl - NX

2.4. Basic reproduction number of the Monkeypox model. The basic reproduction num-
ber (Ry) is the threshold parameter that measures the average number of secondary cases of
infection caused by the introduction of a single infected individual into a wholly susceptible
population. The basic reproduction number of the monkeypox model is determined using the

next generation operator matrix method. It is defined as:
Ry=pFV~!

where F' is defined as the matrix of new infections whileV is defined as the matrix of the transi-

tion term. p is the dominant eigenvalue of FV ~! matrix. For the monkeypox model in equation

(6), we have
moy mop mop (Ts+ 1y + Os) 0 0
F = Ol Ols Olg , V= 0 (T]+‘LLH+51) 0

0 0 (04 0 0 (TA+HA+8A)
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mo moh moi
Ts+Ug+0s  T+UE+O  Ta+Up+6a

Fv—1= oy as oy
Ts+Ug+0s  T+uE+O  Ta+um+6s
a;
L 0 0 To+Uug+04

Thus, the basic reproduction numbers of the Monkeypox model are:

(moy+as) g +m(T+8) o +(Ts+3s)065+\/alz(T1+#H+51)2m2—2(0!5 0 —20004) (ty+ g +87) (Ts+ g +8s)m-+a2 T+ +85)*

Ros = 2(Ts+4 +0s) (Tr+ +6;)
R — (moq+a5)uH+m(11+61)a1+(TS+55)0557\/alz(11+uy+51)2m272(a5a172052054)(T1+;LH+51)(rs+uH+6S)m+a§(Ts+u1-1+65)2
or= 2(Ts+up+0s) (T+pa+0r)
o7
Rop=——"—+
To + Uy + 64

Where Ros,Ro; and Rg4 are the basic reproduction number of Monkeypox in the food-secure

humans, food-insecure humans and animal population respectively.

2.5. Local Asymptotic stability of the disease free equilibrium point of the Monkeypox

model.

Theorem 2.3. The disease free equilibrium point of the Monkeypox model (6) is locally asymp-

totically stable whenever Ros < 1,Ro; < 1, and Roa < 1.

We use the Jacobian matrix of the Monkeypox model in (6) to prove the local asymptotic stabil-
ity of its disease free equilibrium point. The Jacobian matrix of the Monkeypox model evaluated

at its disease free equilibrium point is given as

[ —Ug —mo 0 0 —moh 0 0 mog 0 |

0 moy—(ts+ug+0os) O 0 maohp 0 0 maoi 0

0 Tg —ug 0 0 0 0 0 0

0 —0ly 0 —uy —Qs 0 0 — 0 0
J(E)=| 0 o 0 0 as—(Tat+ug+684) O 0 o 0

0 0 0 0 —Un —ug 0 0 0

0 0 0 0 0 0 —us —0y 0

0 0 0 0 0 0 0 o7—(ta+ia+8) O

0 0 0 0 0 0 0 T —Ua
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Using the row-column reduction method, which eliminates the first, third, fourth, sixth, seventh,
and ninth columns and rows of J(&), it is implied that the first six eigenvalues of J(&p) are

Ug (quadruple) and iy (twice).

The Jacobian matrix J(&) reduces to:

moy — (Ts + tp + Os) moyp mog
J1 (&) = oy os — (7 + uu + o) Og
0 0 a7 — (Ta+ a +4)

The characteristic polynomial of the Jacobian matrix (J; (&)) is obtained as

p(l) = A3 +b2)l/2 +bll +b0

23 [ <fs+uH+5s T+ My + O TA+/JH+5A>:| 2
=234+ = A
o Ts+Ug+0s  T+Uy+0O  Ta+ U+ 04

T+ Mg+ 6

Ts + Ug + s 1
Ts + Uy + O

1—R 1—Rop) —————————
* OI)TI+HH+31+( OA)TA+NH+5A

o

+ (1 —Ros)(1 —Ror) + (1 —Ros)(1 —Roa) + (1 — Ror) (1 — Roa)-

Applying the Routh-Hurwitz criterion which ensures that for the Jacobian matrix of (J; (&))
to have negative real parts, its is necessary and sufficient that the co-efficients of A in (7) exceed
zero.

Thus, it implies that
(1 —Rps) >0,(1—Ros) >0,(1 —Rpa) >0and Rys < 1,Ry; < 1 and Rpy < 1.
Hence, the Monkeypox model in system (6) is locally asymptotically stable.
2.6. Fractional Monkeypox Mathematical Model. We extend in this section the integer
model presented in equation (6) as given below:
DiSps(t) = ahg — " AISTOIEOI) g o iy,

Nfs

DtIFS(t) _ m(alIFS+A(IX;:F[+a3IA>SFS o (TS"— 65+HH)IFS,

D;Rrs(t) = tslps — UuRFs,

DiSpi(t) = (1—a)As— Wﬁ‘f\f—wsn — U SFI,

®) DiIp(t) = er?VS—W‘SFI— (77 + 0y + uw ) Iry,
D;Rp(t) = Tl — UHRF1,
DySa(t) = Aa — OC}ZT?‘SA — HaSa,

Dila (1) = SpASa — (Ta+ 84 + 1a) L,

DRy (l) =Taly — [,LARA.
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With initial conditions
Srso(t) = Srs(0), Irso(t) = Irs(0), Rrso(t) = Rrs(0),
Sr10(t) = SFr(0), Iro(t) = Ir1(0), Rrro(t) = Rr1(0),
Sa0(t) = Sa(0), Ino(t) = 14(0), Rap(t) = R4(0).

Model (8) is therefore re-modeled by replacing the classical derivative D; with thG , gF DY, and
SBCD,G , which represent the Caputo derivative of fractional order 6, the Caputo-Fabrizio deriva-
tive of fractional order 8, and the Atagana-Baleanu derivative of fractional order 0, respectively.
The modified Monkeypox model using the Caputo derivative of fractional order 6 with a power

law is given as:

CDte S:FS ([) = al ’”(aljFS"‘NaZIFI‘f‘aﬂA) S U S ,
ODt IFS(t)_ (o Nrs = )SFS (CS+5S +.UH>1FS>

SDPRps (t) = Tslps — U RFs,

6DYSF1 (1) = (1 —a)As— (a“[FSJrO;f;:,F'JF%IA) SF1— MHSFI,

) CDPIpy (1) = O‘4IFS+OA‘;;;”+%IA Srr— (T + &+ un) Irr,
SDRp; (1) = Tl — UuRFr,

§DPSA (1) = A — %284 — p1aSa,

SDP I (1) = SHASx — (Ta+ 8+ a) In,
theRA (l) = Tylp — UARY.

Ve

The modified Monkeypox model with Caputo-Fabrizio derivative with fractional order 6 having

an exponential kernel law is presented as:
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o Ips+0olp+osl,
()CFDzeSFS (l) — ahs— m(oulrs NFstl 3 A)SFS — UnSrs,
o lps+0nplp+031,
ST D Ips (1) = "o T M) Sps — (Ts+ 85 + ) Irs,

6" D/ Rrs (t) = tslps — 1R,
6 DSk (t) = (1—a)As — Mﬁoﬁ—wsn — U SFI,

(10) §TDPIpy (1) = SlestQelertCela g — (1) + 8 + uy) I,
STDPRp; (t) = tlps — UnRF,
SEDPSA (1) = Aa — a]ZT{ASA — UaSa,
OCFDZGIA (1) = %SA —(TA+ 04+ 1a) L,

OCFDIGRA (l) = Taly — [,LARA.

W

Also the modified Monkeypox model with Atagana-Baleanu-derivative with generalized

Mittag-Leffler function is presented as:

Ry —
oBEDESEs (1) = ahs— m{% FS+13FZS”+OC3 1) S5 — UnSrs,
ABC 6 _ m(oylps+oplp+osl,
o Dilrs(t) = (0 ]rs A 1) S — (Ts+ s + ) Irs,

SBCDte Rps (t) = tslps — UuRFs,

07°DSF (1) = (1—a) As — (a“lFﬁO]\CfFIIF’JF%IA)SFI — UHSFI,

(11) ABCDOIr (1) = a4IFS+O,<;5FIIF1+a61A Srr— (T + 6+ un) Irs,

SBCD?RF[ (l‘) = Tlr; — UHRF],
ABCDIS, (1) = Aa — a]\7;_;ASA — HaSA,
0PCDP Iy (1) = FASa — (Ta+ 84+ a) Ln,

éBCDteRA (l‘) = Talp — UARY.

3. NUMERICAL METHOD FOR THE CAPUTO DERIVATIVE

We provided a concise overview of a Predictor-Corrector numerical method designed to address

the Monkeypox model incorporating the Caputo fractional derivative of order 6.

6Dix (1) =F (1,x(t)),0<1 <T,

(12) (n)
x((0) =xy ,n=0,1,2,..k—1.

Equation (12) is equivalent to the Volterra integral equation.



IMPACT OF FOOD INSECURITY ON MONKEYPOX DYNAMICS WITH FRACTIONAL OPERATORS 17

(y,x
(13) x)=Y 4 / dt//,
n;o n! ;-
Setting P = %, t, = rp,(r=0,1,2,3,..R).
We therefore discretized equation (13) as follows:
(14)  xp(tri1) = Z r+, Xy A == |F (tr+1,%p (tr11)) + Y} bisr1 F (11, (t;))
n=0 ‘(9—}-2) i—0

Here, x,, (t,11) refers to the predicted value, calculated using the generalized Adams-Bashforth

method as outlined below:

|6]— ltn 1 k
(15) Xp(ter) =Y rJr'lX(())+':Zdi,k+1F(ti7xr(ti))
n=0 (6) i=0
Where
r9+1—(r—9)(r+1)9,i20,
bigri =9 (r=i+2)"" 4+ (r=0®" —2(r—i+ 1)1 <i<r,
li=r+1.
and
0

P
digi1 = = ((r+1—i)9—(r—i)9> 0<i<ki=1.23

3.1. Predictor-Corrector Numerical Method for the Monkeypox model with Caputo
Fractional derivative. To solve the fractional operator in our model (9), we apply the
predictor-corrector numerical approach. For this purpose, model (9) is discretized as shown

below:

%4 \4 \4 %4 \4 \4 14 1% \"4
[Fl (tH-l 7SFSr+1 7IFSr+1 ’RFSrJrl ’SFIr+1 ’IF1r+1 aRFIr+1aSAr+1 71Ar+1 7RAr+1)

Srsr+1=Srs(0) +
’(9+2)‘

k
+ Zbi,kJrlFl (fi,SFSi,IFS,',RFS;,SFIi,IFInRFIi,SAiJAi,RAi)] ,

_ v % v v % % v ooV v
Irsr+1 = Irs(0) + ‘ [Fa(tri1,SEsr 15 IEsr 10 REsr 10 SEIe 1 IE 4 1 REL15SArs 10 D 10 R 1)

’(e+z)

k
+ Zbi,kJrlFz(thSFSiaIFSi»RFShSFIhIFlhRFIiaSAi’IAi,RAi)l ,
i=0



18 ROSE VERONICA PAUL, OBIORA CORNELIUS COLLINS, WILLIAM ATOKOLO

)
_ % % v v v % % v %
Rrsr+1 = Rrs(0) + ‘(6 > [F3(tr15SEsr 1 IF 515 REsr15SF1r 1 I 1r1 s RE D415 Shrs 1 D15 Rays1)
+2)
k
+ ) b1 F3(ti,Srsis Irsi, Resis Seiiy Iv i RE 1 Sai Tais Rai)
i=0
PP v % % v % v % v \
SFIr+1 = SF1<0) + ‘(ejz) [F4(tr+l7SFSH»I’IFSrJrl7RFSr+17SF1r+1’IF1r+1’RFIr+175Ar+1 aIAr+1’RAr+1)
+2)

k
+ Zbi,k+1F4(fi,SFSi,IFSi,RFSi,SFmIFli,RFIi,SAiJAi,RAi)] )
i=0

0

P v v v v v v v v %
Irpre1 = 1p1(0) + ‘7(9T2)‘ [F5(tr1,SEsr1:IF s 15 REsr15SF1r 15 TF 115 R4 1Sk 15 L 1 R 1)

k
+ Zbi,k+1FS (tiaSFSi,IFSiaRFSiaSFIhIFIi;RFIi,SAhIAiaRAi)] ;
i=0

0
% v v % v v v v v
Rrr41=Rri(0) + ‘7(6 ) [Fo(trit,Sksrat: I sri1: REsrits et F 1m0 RE 1St i1 Ryt
+2)
(16)
k
+ Zbi,k+lF6(ti7SFSi,[FSiaRFSiaSFlhIFIi;RFli,SAhIAiaRAi)‘| ;
i=0
o v v v % v v v v v
SAr+1:SA(0)+’(9 ) [Fr(triet, Sksrats Isrets REsrets SEtrt F 1t RE 1St 1 Rt
+2)
k
+ ) b1 F1(ti,Srsi, Irsi, Resis Siiy IFti RF1is Sais Iai, Rai) |
i=0

¢]

P v v v v v v v v v
Iar1 = 14(0) + ’(GjZ) [Fs(tr+1,SEsrs 1 IFsr41-REsre1sSEIr 1 I0 14 1 RE15 S e 15 D 15 R 1)
+2)]

)

k
+ Y bigs1 Fs(ti, Sesiy v sis Resiy Seris Ipni REniy Sais Iais Rai)
=0

1

0
vV vV 14 vV vV V 14 V vV
RAV+1 :RA(O)+ ’m‘ [Fg(tr+17SFSr+leFSr+17RFSr+1’SFIrJrl’IFIrJrl’RFIr+17SAr+17IAr+l’RAr+1)

k

+ Y bisr1Fo(ti, Sesiy Irsi, Resis Srais Irni, REi Sais Iai, Rai)
i=0
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v v :
Skt F s 1 REsri1-SF1re 1l 11 RE115SAr 15Dy 1 Ry are therefore written as fol-

lows:
Seri1 = Srs (0) + ’(%) L)_liodi,kHFl (ti,SFSi;IFSivRFSiySFIiaIFlivRFIhSAi,IAiyRAi):| ;
Iy =1Irs (0) + |(:) [é’odl kr1F2 (tnSFSt,IFSt,RFSzaSFIUIFIHRFIHSAzalAz;RAz):| ;
RYg..1 =Rrs(0)+ ’(%) L_{Odi,kﬂﬁ (ti7SFSi;IFSiaRFSiaSFIi;IFliaRF1i7SAi7IAi,RAi):| ;
S¥1r41 =SF1(0) + |(:) [Ek‘,odz ke+1F4 (tlaSFSlalFSlaRFSHSFIHIFIHRFII;SAlaIAl7RAl):| )
(17) opor =171 (0) + ’(% [iiodi,k+1F5 (tiaSFSiJFSi;RFSi7SFIiJFIi;RFIiaSAi,IAi7RAi):| 5
R}y 1 =Rer(0)+ ‘(1) [z_fodl k+1F6 (tzaSFSZaIFStaRFSHSFIHIFIHRFIHSALaIAtyRAt):| )
Shi1 =54 (0)+ ‘(% [i_fodi,kﬂﬂ (li,SFSi,IFSi,RFSi,SF/iJF/i,RFn,SAi,IAi,RAi)] ;
I =1,(0)+ ﬁ |:i§0di,k+1F8 (tiaSFSi,IFSi,RFSiaSFIiylFIi,RFIiaSAiaIAiaRAi):| )
Ry, =Ra(0)+ ‘(% [iiodi,k+1F9 (ti;SFSi7IFSiaRFSbSFIhIFliyRFIi;SAi;IAi,RAi)] .
Where,
(18)
Fi (t,8Fs,Irs,Rrs,SF1,Ir1, RF1,S4, 14, Ra) = aAs — alIFS+1\?fS[F'+a3IA)SFS — MHSFS,
F (t,SFrs,Irs, Rrs, SF1,IF1, RF1,Sa, 14, Ra) = alIFﬁ]\(;f;“wﬂA)S Fs — (Ts + 0s + ug) Irs,
F5(t,Srs,Irs, Rrs, SF1,IF1, RE1,Sa, Ia, Ra) = Tslps — LuRFs,
Fy (t,8Fs,Irs,Rrs,SF1,IF1, RF1,Sa, 14, Ra) = (1 —a) As (a“IFﬁOIf,SFIIF'MGIA)SFI — Uy SFI,
Fs5 (t,SFs,Irs,Rrs,Sr1,Ir1, RF1,S4,1a, Ra) = (a4IFS+OﬁF€F1+a61A)SF1 — (77 + 61 + uu ) IF1,
Fe (t,8Fs,Irs,Rrs,SF1,IF1, RF1,Sa, 14, Ra) = TlF; — U RFI,
F; (t,SFs,Irs, Rrs, SF1,Ir1, RE1,Sa, Ia, Ra) = a7IA VSA — HaSa,
Fy (t,SFs,Irs,Rrs,SF1,Ir1, RF1,S4,1a,Ra) = (WAS — (Ta+ 64+ Ua) In,
Fy (t,8Fs,Irs,RFs,SF1,IF1, RF1,Sa, Ia, Ra) = Talp — UaR4.

J

3.2. Existence and Uniqueness of Solutions for the Modified Monkeypox Model with

Caputo-Fabrizio Derivative. In this section, we employ the fixed point theorem to investi-

gate the existence and uniqueness of solution for the modified Monkeypox model with Caputo-

Fabrizio derivative presented in equation (10).

The model is therefore transformed into an integral equation given as:
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[ m(0olps + Ol + 0314

Srs(t) = Sps(0) =67 1P |ans — ( N )SFS — UHSFs|
i Fs
[m(oulps + ool + 03ly)

IFs(l‘) — IFs(O) =CF Ite

N Srs— (TS+55+HH)IFS] ,
Fs

Rps(t) — Rps(0) =57 1P [tslps — UpRrs],

[ Oulrs + oslp; + Ol
Spi(t) = Spr(0) =57 19 | (1 —a) Ag — L5 TSI D6 A g uHSF,} :
i Nr1
[ oulrs+ oslpy+ ol
(19) IFI(I)—IFI(O) :CF Ite 4ES ]\/5[7;71 6ASF1_(TI+51+.UH)IF1:| 9
Rpi(t) — Rpr(0) =G7 1 [wlpr — puRFi)
ol
Sa(t) —Sa(0) =5F 1 {AA - #SA — .LLASA] ,
A
_CF 40 | 071A
Ix(t) —14(0) =¢" 1, N_ASA —(Ta+0a+ua)al,

RA(l‘) —RA(O) :OCF Ite [TAIA — [JARA] .
The kernel is defined as follows:

m(o lps+0plpr+03l,
Yi(1,Sps) = ahg — ™%rs Nog a) §pes — Sk,

1 1 1
Yz(t,EFS) _ m(oy F5+A(]J;25F1+Ot3 A)SFS . (al + ’L') Ers — pnErs,

Y3(t,Rrs) = Tslrs — UHRFs,

Yu(t,Spr) = (1 —a)As — (a4IFS+OJfJSI:,F1+a6IA)SFI — MHSFI,

Ys(t,Ips) = SO G — (14 8+ ) Ips. )

Yo(t,Rrr) = Tlr1 — UuRFI,
Y7(t,84) = Aa — a]\71_iASA — HaSa,
(20)
Yg(t,Ex) = %SA —(Ta+ 64+ 1a) n,

Yo(t,04) = Tals — UaRA.

Vs

We obtained the following after using the arbitrary integral in equation (19).
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)

Srs(t) = Srs(0) = ogrtar 1 (1 Sks) + Grmagyray Jo Y1(9,Sks)d,
Ips(t) —Irs(0) = %YN Srs) + m=oe Jo 2(9,SFs)d,
Rrs(t) = Rrs(0) = ogntar Y3 (6:SFs) + r=asyiar Jo Y3(9, Sks)d9,
Sei(t) = Sp1(0) = gy Ya(t,Skr) + (zg—fo Y4(,SF1)d9,
@1 Ery(t) = Eri(0) = 52ty Y5 (6 Skr) + —aiay Jo ¥5(9,Sr1)d,
s (1) = 11 (0) = o2ty Yot Ser) + t=atizay Jo Yo(,Sr1)d,
Sa(t) = Sa(0) = ogrlar V1 (1:54) + =g orey Jo Y1(0,54)d,
Ia (1) = 14(0) = %Ys(f Sa)+ =gy Jo Ys(#,54)d9,
Rier(r) = Rr1(0) = 2t Yo(t,S4) + ta—atiiar Jo Yo(9,S4)d9,

Theorem 3.1. The kernels Y1,Y,,Y3,Y4, Ys, Yg, Y7, Yg and Yy in equation (20) fulfills the Lipschitz

and contraction condition provided the inequality given below is satisfied.
0 <m(agr+ args+ 0386+ 1g1) <1

Starting with kernel Y;. Assuming that kernel Y}, has S and S* as functions, then we can say

HYI Z‘ SFS) Y (l‘ SFS H = ” al]FS+]\(])CF2SIFI+a3IA)SFS—S;SHa
(22) <m(ou |Irs||+ o | Iri|| + o [Iall + 1) ||SFs — Sis]|

<m(ong2+0pgs+ 386+ 1g1) HSFS _S;S” :

Let Ly = m(oug2 + 0ga + +0386 + LU&1).
Considering the fact that

ISesll < g1, |Fsll < g2, |RFs|| < g3, [|SFill < g4, || IF]] < g5,

IRF1]| < g6, 1541l < &7, [|E4ll < g8, IRl < 8o

are functions that are bounded where g1, 22, 83,84,85,86,87,88 and gg are some non-negative
constants.

‘We therefore have that

(23) 1Yy (2,SFs) = Y1 (1,Sks) | < p1[|Srs — Srsl
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Equation (23) means kernel Y] satisfied the Lipschitz condition. For the contraction condition,
0 < p; < 1 settles the case.

Similarly, we can write expressions for then remaining kernels as follows

(

Y2 (t,1Fs) = Ya (t,155) || < p2 |[lrs — I |
Y3 (2. Rps) = Y3 (t,R:s) || < p3 ||Res — Ris]|
1Ya (2,8F1) = Ya (t, S ) || < Pal|Skr = Sgy
o4 1Ys (¢, 1Fr) = Y5 (¢, 15| < ps Mrr — 154l
1Y (t,RF1) = Yo (t,Rip)|| < Pe [|RFr — Ry
#2650~ 5] < prllsr— i
(
(

|Ys (2,14) — Y3 (1,13)|| < ps

[ 1. Ra) — 1o (1R < po R4 R

\
Introducing the recursive formula using equation (21) gives:

t
Srse (1) = (a1 (1 Sese-1) + oy [ Y1 (9:5-1)d

IFSr (l‘) = WMYZ (l‘,IFSrfl) +(297sz ((PaIFSr 1)d¢

Rps(t) = %Ys (t,Rpsr—1) + 3= g fY% (¢, Rrsr—1)d¢

(25) Serr(t) = (22,9)1\; 5y Ya (8, SF1r—1) + W{Y“ (0,Ir,_1)d¢

13
Irir (1) = —giay Vs (6 IFir—1) + (,Lst (0,Ir1r—1)do

Reir (t) = gintay Yo (8 RF1r—1) + 5 9 fY()((b Rrpr—1)do

Sar(1) = (23(;;1\?()9)Y5 (t,Sar—1) + W Ost (0,S4r—1)d¢

Where Spso = Srs(0), Irso = Irs(0), Rrso = Rrs(0), Srro = Sr1(0), Irro = Ir1(0),
Rrio = Rrr(0), Sao = Sa(0), Iso = 14(0), Rap = R4(0) are the initial conditions for the

recursive expression given in (25).

Equation (26) is obtained after taking the difference between successive terms.
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2(1-6)

W (t) = Srsr (t) — Ss(r—1) (1) = myl (t,Sps(r—

1))‘1'(297/)/1 O, SFs(r— )d(b,

Xr () =Ipsy (1) — Ips(r—1) (t) = mYz (tIps(—1)) + (267/1/2 ¢, Ipsr—1)) 4o,
T (t) = Rrsy (t) = Rps(r—1) () = (22_(19%1/3 (t,Rps(r—1)) + (267/)/3 ¢, Rps(r—1)) d9,
Q, (1) = Srir (t) = Spr—1) (1) = m& (t,SF1(—1)) + (297/1/4 ¢, Spi1—1)) AP,

2(1-9)

26 /
(26) o, (t) = Ip1 (t) = Ipy—1) (1) = mYS (t,Ipr(—1)) + m/YS (0. 1rs(r—1)) d9,
0

A (t) = Rpir (t) = Rpg(r—1) (t) = m% (t,Rpi(r—1)) + (297/1/6 ¢, Rpy(r—1)) 40,
£ =500 = Su) () = 3 groygr (-5 / (0.S11) 49,
Ny (t) = Iar () = Iyr—1y (t) = myze (t,1a(—-1)) /YS ¢, Iy(r—1)) d9,

2(1-0)

& (1) = Rar (1) = Rp(r—1) (1) = ml@ (t,Rar—1)) + %/1@ (¢.Ra(r_1)) do
0

Expressing our model variables in terms of an infinite series, we have that

SFSr(t):._i]l//i(t)v IFSr(t):éXi(f), RFSr(f):é?fi(t),
Seir(1)= £ Qu(0). Iprr(0) = X 0i(1). Rpir(6) = £ A1),
Si ()= L 60, ()= Eml0). Ra()= L&)

We obtained equation (27) by taking the norm of equation (26).

)| = [|1Sksr (1) — Sesr—1(1) ]

27) 2(1- )
= HWH(LSF&_O + (29—/ Y ¢ SFsr—1 d¢H

Equation(27) is modified as (28), when we apply the triangle inequality
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IO = 1S5 (1) = Srsr—1 (1)

2(1- ) 20
~(2-6)N(6) (2-6)N(6)

Using the Lipschitz condition which was satisfied from theorem (3.1), section (3.2) by kernels,

(28)

1Y1 (2, SFsr—1)|| + H/O[Y1<¢aSFSr1)d¢H

we now rewrite equation (28) as

W (Ol = 1Sksr (1) = Srsr1 (1)l

29 2(1-6 20 ,
< (2_(6)1\]()9)[)1 ISFsr—1 — SEsr—2l| + 2=eN0) 9)N(6)p1/o |ISEsr—1 — Srsr—2||d¢
Therefore we now have
(30)
2(1—6
1 Ol = [Sr5,0) = Srsioa (] < 5 g 00 pr Vs (43— g / i1 ()9

The following results are obtained following the same procedure used in equation (30)

1 ()] = sy (1) = Irse—1 ()] < 2gratay P 11 ()| + o plf\lxr 1(9)]d9
17 ()| = [1Resr (£) = Rese—1 (1)| < gtz |71 (0| + =aty szH?Tr 1(9)]d¢
1927 ()11 = 1SF2r (1) = Srrr—1 ()] < gty 1201 ()| + pmiay psfnszr 1(9)Ild9
oy (0)11 = [1Zer (6) = Letr—1 ()] < gty Pe lor—1 (]| + 55 p4f||c» 1(9)]ld9
(31)

1A, (0)11 = [Rer (6) = Rerr—1 ()] < gty s 181 (]l + 3 psanr 1(9)Ild9
1E- ()1 = 157 (1) = Sar1 (D]l < itz Po 161 (1) + 2 pﬁfucr (9)]d¢
1, @)1 = 12ar (1) = Tar1 (O]l < gty 7 111 ()| + =pte7ay mem 1(9)]ld9

16 (DI = [IRar (1) = Rar—1 (1) ]| < ¢ 9 P8 |1 (1l + 7z P8fH<5r 1(9)ldo

Theorem 3.2. The fractional order model (9) coupled solution exist, if there exist some to when-

ever 2(1-0)
2-6)N ()" (2-6)

The model variables S(¢),E (t),Q(t),I(Tt) and R(z) are taken to be bounded functions of

p1+ pito <1

which Lipschitz condition is fulfilled by their kernels.

We therefore obtained the following results by employing equations (30) and (31) recursively.
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(32)

25

I Ol < 11Sks )| | 2g5wter 1 + gyt P

Iz Ol < ites )| etz + o epzr}’

|7, )] < 1Res (0] '(;<9)N( o5+ ot Pt

2 01 < lI#1 (O] '<;<},) Oi0s+ o]

o7 ()11 < Wter O | 25ty s + 2<9 o pst]

I8, Ol < IRe1 0)] | 25 “ 9 BPo+ )N> pet]’
(

16O < 1154 0)]| [ 2255 " Pt e (ew?)mr}

Ime (1)) < 1 0) | [ 245

p8+ (2 9) <) )PSI}

1& ()] < R4 (0)] [<2

p9+ 2(9

i P9t}

We assume the following so as to show that equation (32) is a unique solution of the Caputo-

Fabrizio derivative Monkeypox model presented in equation (10).

(33)

So that

2(1—
~(2-6)N(0)

(34)

Then,

14, (2)

% v

401 < 5

7SFS)

Srs(t)
IFs(t)
RFs(t)
Sri(t)
Ir;(1)
Rri(t) —Rrr(0)
Sa(r) —Sa(0)
Ia(t) — 14(0) = Ia,(1)
Ra(t) —RA(0)

—Srs(0)

—Rps(0)
—Sr1(0)

2(1-6)
(2—6)N(0)
26
(2—0)N(0) Jo

-

_|_

— Y1 (t,Spsr—1) || +

2(1-6)

0

= Srsr(t)
—1Irs(0) = Ipsy(2)
= Rps;(t)
= SFr,(t)
—Ir1(0) = Ipp, (2
= Rrr(t) —
= Sar(t)
—I(t),
= Ry, (t

Yy (t,SFs) —

20
(2-0)N(8)

\

— A1),
=B (1),
=G (1),
=D, (1),
) = E (1),

G (1),
—H, (1),

) = Jr(1)

Y (t,Sr—l)

[ 0160.59)-1i(0.5r5- )

/HYI (0,Srs) —Y1(9,5,-1)|ld9,
0

20

o P1ISEs = SEsr—1|| + oo |SFs — Sksr—1]]2.
—)N(O)le FS —OFSr 1||+(2—9)N(9)H Fs—Srsr—1||
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2(1—0) 20 rl
< |7 - .
(35) 1A (1) < [(2_9)N(9)p1+ (2_9)N(9)p1t] Irs
When ¢ = £y, we then have that
2(1—0)

26 r+l1
2-oN@e) T2 G)N(Q)Plfo} Irs.

30 a0l < |
Taking the limit of equation (36) as r — inf, then we have ||A, (¢)||" leading to zero.

In the same way, we can show that ||B,(¢)|| — O, ||C,(¢)|| — O, ||D,(®)| — O, ||F-(2)|| —
0, [1G- @) =0, [[H, @) ]| =0, [[- ()] = 0, [[J- (#)[| = 0.

We therefore conclude that the solution to our model (10) exists and proved.

We now discuss the uniqueness of the model (10 solution) in theorem (3.3)

Theorem 3.3. The fractional Monkeypox model (10) with Caputo-Fabrizio derivative has a

unique solution whenever

2(1-6) 26
(1‘ EEOIC <2—9>N<e>””> >0

Assuming that the fractional model (10) has another solution of the form

Sks (1) 155 (t) , Rips (2) ;S5 (1), L5y (2), S3 (1), 15 (1), I (2), therefore
(37

t

[ (041(6.55) =11 (0,555))d9

0

2(1-6) 26

Srs (Z)—S;S (l) = W (Yl (taSFS) =Y (tvS;S))—i_W

Taking the norm of the above equation (37), we have

y 2(1—-6 ;

SIS g I0(0585) = Ti(15)

26 f *

+m/o |(Y1(9,SFs) —Y1(9,Sks)) || d@
Since the Lipschitz condition is satisfied by the kernel, then we have that,
" 2(1-6) "
" 1SFs(t) = SEs()|| < ml’l 1S(t) = SEs(@)|l
> 26 t||Sps(t) — Spg(t)|
+mpl 1Sps(t) = Sgs(2)]]-

Equation (39) can also be expressed as
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sk Sis 0l (1- e - g e ) <0
But

@ I8 (0)~ Sts (0l =0

Therefore

(42) Srs(t) = Sks (t)

This implies the model solution is proved to be unique, the remaining fractions
Irs(t) ,Rps(t),Sps(t), Sa(t), Is (t) and Rx (¢) results can be obtained following the same pro-

cedure.

3.3. Caputo-Fabrizio derivative numerical algorithm. In this section, we discussed a nu-
merical method for Caputo-Fabrizio fractional order derivative following the method used in

[34].
(43) §EDOx (1) =y (t,x(1))

Using the calculus fundamental theorem we now have,

(44) x(1) —x(0) :}Vz—e")ya,x(rm% / ¥ (wx ()dy

For a general case (44) becomes O

45) r11) = (0) = gty i1, i) + s /y (t.x()dr

Secondly, 0

(46) (1) =2(0) = 377y (-1:5r-1)) + 5 / y (1 (0))dr

From (46), we have that 0

G i) =30) = S 0 (0) <316 /y (t.x(0) .

tr



28 ROSE VERONICA PAUL, OBIORA CORNELIUS COLLINS, WILLIAM ATOKOLO

Where
frit T () Yt 1% 1)

(48) f y(t,x(l))dtz f rl;r (t_trfl)_%(t_tr)
i i

= %y (thxn) - gy (trflaxrfl) )

From equation (47), the following solution is obtained.

o) x(tr41) = (tr) = g [0 (rrx (1) =¥, 1r-1))]
+% [37Py (trax(tr ) - gy (tr—l,x(lr—l)ﬂ
Therefore,
1-6)
(50) wlirsn) =x(ir) = Sy + sy ) (e (60)

2
1—
~ (Sap + 2ok ) ¥ (tr-1,2(01)
Equation (50) has the solution of the form
x(ri1) =) = (Sat + 53087 ) (o (1)
— (Sap+ 22k )y (1,6 (6 1)

This is the two step Adams-Bashforth-Moulton numerical method for the Caputo-Fabrizio frac-

D

tional order derivative.

3.4. Caputo-Fabrizio Derivative Monkeypox Model Numerical Method. We now employ
the above two step Adams-Bashforth-Moulton numerical algorithm proposed to obtain the ap-
proximate solution of model (10).

0
Srsr+1 = SFsr+ <(1( )) + 27\;0(}0)))’1 (tr,SFSrs IFsr, REsry SFIrs IF1r, REIr Sar, Lar; Ray)

1-6
—<( N ))—i-Z,s(P))yl (tr—1,SFsr—1,IFsr—1, RFsr—1,SF1r—1,IF1r—1, RF1r—1,Sar—1,Iar—1, Rar-1) ,

Ipsr1 = Ipsr + <( NG )) + Q?VO(P)) Y2 (tr,SFsryIFsr, REsry SFIrs IF 1y, RF I Sar, Lar, Rar)

—( +213p ) (tr—1,SFsr—1,IFsr—1, Rrsr—1,SF1r—1,IF1r— 1, RF1r—1,Sar—1,Iar—1, Rar-1) ,
Rpsr+1 = Rpsr+ (N +2,3V9P )y3 (tr,SFSrs IFsr, REsry SFIrs IF1r, RFIr, Sars Iar, Rar)

(52) —( +2,3P )y tr—1,Spsr—1,IFsr— 1, RFsr—1, SFir—1, Ip1r— 1, RP1r—1,Sar—1: dar—1,Rar—1)
Srir+1 = SF1r+ ( o NG )4 Z?VBP )y4 (trSFsry IFsr, RESry SFIr IF 1y, REIr Sar, Lar; Rar)
—<(1(6))+2,3P ) Ya (tr—1,SFsr—1,1Fsr—1, REsr—1, SFIr—1, IF1r—1, RF1r—1,SAr—1, lar—1, Rar—1) ,
Ipir41 = Ip1r + (W + %) s (tr,SEsrs IFsr, REsry SFIrs IF 1y, RE I, Sar, Iar, Rar)
—((1(6))%-2,31) ) s (tr—1,SFsr—1,IFsr—1, REsr—1,SF1r—1,IF1r—1, RF 171, Sar—1,1ar—1,Rar—1) ,
Rrir+1 = Rrir + <

NG )) + 2N( )))’6 (trsSFsryIFsry RESry SFIr IF 1y, RE1r Sar, Lar; Rar)
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1-9
- (ﬁ + %) Y6 (tr—1,SFsr—1,IFsr—1,RFsr—1,SF1r—1,IF1r—1, RF1r—1,Sar—1,Iar—1, Rar—1)

4. ADAMS-TYPE PREDICTOR CORRECTOR NUMERICAL METHOD WITH ATAGANA-

BALEANU-DERIVATIVE FRACTIONAL ORDER MODEL

In this section, we employ the Adams-type predictor corrector numerical method used [42] to
obtain an approximate solution of our Monkeypox model (11).
Recall that our Monkeypox model in the sense of Atagana-Baleanu-derivative with the general-

ized Mittag-Leffler function is given as:

ABC 0 _ m(oyIps+0oplpi+0osly)
0 Dt Sps(l‘)—a/\s— Nrs

ABCDO Ig (1) = M(a]IFS+1\??;F1+a3IA)SFS — (ts+ 85 + ) Irs,

éBCDte Rrs (t) = tslps — UuRFs,

ABCDOSE (1) = (1 —a) Ag — LIETBITeel) gy iy,

oals+ sl + 0l
05CDP Iry (1) = ST Sy — (Ty + 8 + ) IF 1,

Srs — UHSFsS,

ABCDORp (t) = tilp — UnRF1,

0PCDPSA (1) = A — G284 — aSa,
ABCDOI, (1) = a]\}—iASA —(Ta+ 64+ pa)lu,
ABCDIR, (t) = tals — HaRA.

This can also be written as:

)
ABCDOSEs (t) = y1 (t,Sks, Irs, RFs, Sk, Ir1, RF1,Sa, 1o, Ra) ,

ABCDPIrs (1) = y2 (t,SFs,Irs, Rrs, Se1,IF1, RF1,Sa, 1, Ra)
ABCDPRps (t) = y3 (t,SFs,Irs, Rrs, Sk1.Ir1, Rr1,Sa, Ia, Ra)
ABCDP Sy (t) = ya (t,SFs,Irs, Rrs,Sr1,1r1,Rr1,Sa,1a,Ra) ,
(53) SBCDOTr (t) = ys (t,SFs,Irs, Rrs, S1,Ir1,RF1,Sa, 14, Ra) ,
ABCDP Ry (t) = yo (t,SFs,Irs, RFs,Sr1,1r1,Rr1,Sa.Ia,Ra) ,
ABCDPS (1) = y7 (t,SFs,IFs: Rrs, Se1,1F1, RF1,Sa, 1A, Ra) ,
ABCDP I, (1) = ys (t,SFs, Irs, Rrs, SF1,Ir1, RF1,Sa, 14, Ra)

SBCDOR4 (1) = yo (t,SFs,Irs, RFs, Sk, Ir1, RF1,Sa, 1o, Ra) .
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Applying the Atagana-Baleanu (AB) fractional order integral on both sides of the equation.

Srs(t) = Skso(t )+£§B< ;y1(t Ses drs,Rrs,Sr1,Irr, Rrr,Sa Iy, Ry )+
ABL@)f(;yl(I,SF&IFS,RFS;SFI,IFI,RF],SA’]A7RA)(I _ W)efldl[/,
Irs(t) = Ipso(t) + SB;(ggyz(t’SFS’IFSvRFSaSFI,IFI,RF[,SA,IA,RA)-}-
/%@féyz(t,SFS,IFS,RFS,SFI,IFI,RFI,SA,1A7RA)(I —y)®-lay,
Rrs(t) :RFSO(I)+%)}3(1,SFS,IFS,RFS,SFI’]FI’RFLSAJA’RA)_‘_
1%@f6y3(t,SFS,IFS,RFS;SF],IF],RF[,SA’]A7RA)(t _ V/)e_ldl//,
Sei(t) = Seio(t) +1(413;(33)/4(1‘,SFS,IFS,RFS,SFIJFI’RF[’SA’]A,RA)_i_
(t, SFS>IFS7RFS,SF1,IF1,RF1,SA,IA,RA)(t_1//)9—1011/,,

AB(0)
Iri(t) = Irno(t )+£13( gys(f Srs,IFs,Rrs,SF1,1r1,RF1,Sa,14,Ra)+
<t7SFS7IFS7RFS7SF17]FI7RF[,SA,IA7RA)([—]I/)e_]dW,

(54)

RFI(t) = Rro(t )+£;B( §Y6(f Srs,IFs,Rrs,SF1,Ir1, RF1,SA, 14, Ra)+
fo)’6(f Srs,Irs, Rrs, Sr1,Ir1, Re1,Sa,Ia, Ra) (t — W) 0 1y,
) Sao(t) + (l—(§y7(taSFSalFSvRFS;SFIylFIaRFI;SA;ImRA)"‘
—5f(§ 7(t,8Fs,Irs, REs, Se1, Irr, Rer, Sas 1a, Ra) (0 — w) 2~ dy,
In(1) = Lao(r) + AB(0) §YS(I»SF57IFSaRFS;SFIylFlyRFhSA;IAyRA)+
Vo )fé v8(t,SFs,Irs, Res, S, Ik, Re1,Sa, I, Ra) (1 — w) 1y,
Ra(t) = Rao(t) + (]_(9;y9(Z7SFSalFS7RFSaSFI,IFI:RFIaSAaIA,RA)‘F
/T(g) Joyo(t,Sks.Irs, Res, ki, Ir1, Rer,Sa Ia, Ra) (t — w) 0y,

~—

To investigate the above fractional order integral numerically, we therefore approximate the
fractional order integral numerically. Employing the Adams-type predictor-corrector method

presented in [42] for Atagana-Baleanu fractional integral, we now have

t
(55) B0 = anx )+ —— [ () (= )*
9 0

By letting P = %1, = rp,(r=0,1,2,3,...9).
We therefore consider the solution in the interval of [0, T'].
Therefore the corrector formula for the Atagana-Baleanu fractional-integral version is presented

as:
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Xp (tr41) = X0 (tr11) +

JrAB(

Where,

0)[(6+2)

(1—6)P°?
AB(0)[(6+2) >

("

k

0

op .ZOYi,r—i-ly (ti:xp (ti))
=

P — (r—0)(r+1)%,ifi=0

Yirp1 =

li=r+1

31

+1,x},/ (lr+1))

(r—i+2)" =0 2 —i+ 1) 1<i<y,

Similarly, the predictor xV (¢, 1) is expressed as given below:

Where,

AiJ

(1-6)

xp (trr1) = X0+ AB(0)Y (tr,xp

(7))

k
+¢72 .ZOAi,quly (tivxp (tl)) )
=

AB(6)[(6)

0

1=

((r—l—l—i)e—(r—i)6>,0§i§r

We therefore present our model (11) as given in (56) using the Adam-type predictor-corrector

numerical method.

Sr+1=35(0) +A73((g|%| 1, ST I R ST2 IS RYS S Y R )
+[$E‘;T2)|Zf:on,r+lm(fi,Si,Ii,Ri,SA,IA,RA) ;
It =1(0) + f% [y2(’r+1’SﬂlvlgwRﬂl’Sfflva+517Rf£1=5é+171f+1’R¢+1)
Iﬁ%mz‘f:ol.i,r+l)ﬂ(tiysiali,RiaSAJAvRA)_ ;
Rry1=R(0)+ /ﬁ% [y3(t,+1,Sfil,Iffl,Rfi],Sffl,lffl,Rffl,SfH,IfH,R/r‘H)
56 /ﬁ%m):f:onﬁm(lnSiJi,Ri,SAJA,RA) ;
Sr1 = Sri1(0) +A;(;,79(QPT92)‘ [y4(tr+1’Slrzl’If+11’erZl’Sffl7lf+sl’Rffl’S?HJfH’R?JrI)
+[$EZT2)|Z§:0Y1'J+I)71(tiasiali;RhSAalAaRA) ;
Irr = I1(0) +AB((1$()OPTG2)| sty ST I REL ST I RED S0 B R )
fﬁ%mﬂ;onrﬁyl(fnSiJi,Ri,SA,IA,RA)_ ;
Rrr = Rp(0) + W% [y6(tr+lasf-il-lvlf-{l7Rf-I-1 vSfJflJfflﬂRffleé-H71;4+1’R?+1)
+f$£j2)|):§:on,r+1yl(li,Si,Ii,Ri,SA,IA,RA) ;
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Where SE1. [F1 RFI

(57)
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SA A RA

_ ]
SA:SA(0)+AB(] 6)P FILIFL RFL SFS IS, RFS S 14 RA)

W [y7(t"+175r+1’ r+ DN+ 0P+ DA+ Nk

op? k

+A73(9)|7(9+2)’ Yo Virt1y1 (%, i, 1i,Ri, Sa, Ia, Ra)
_ (1-6)P° FI FI pFI oFS FS pFS @A A

Iy =14(0) + W()GTZ)] [YS(tr+laSr+17Ir+17Rr+1vSr+17Ir+17Rr+1vSr+17Ir+1aRf+1)

0
+/W Y o Yo 1yi (1, Si, I Riy Sa, Ia, Ra)

. (1-6)P°
Ry = R4 (0) + AB(6)[(6+2)]

FI  yFI FI FS JFS FS ¢A A A
[o(trst, SEL I R ST IS RED S I R )

0
ﬂbﬁ Yo o Yo 1y1 (1, Si, I Ry Say Iay Ra) | -

SFS IFS RFS

A JA  pA : : :
i L RS L R Se s 1, Ry are the predictors given as:

r+1"%r41>

(1-96)

AB(Q) yl (thSFSraIFSHRFSHSF]r71F1r7RFIHSAHIAHRAI‘)

Srsr+1=Srs(0) +

0 k
—————Y A1 (4, SEsis Irsis Resiy Seai Iv1i RE1i Sais Iais Rai)
(©)] AB(6)

1—-6
Irsri1 = Irs (0) + EL\BWM (trySESr, IFSr, RESr, SFIr IFIr REIr, SAr, Iar, Rar)

0 k
+———— Y Aigr1)2 (i, Srsis Irsi, Resiy Seriy Irti RE1i, Sais Inis Rai)
(@) aB(6) =0

1—-6
Rrsri1 = Rps (0) + ﬁys (tr,SFsryIFsr, RESr, SEIr IF Ir, RE1r SArs Iar, Rar)

0 k
+—————Y Aiwr1y3 (4, SEsi Irsi Resiy Seais Iv1i RE 1 Sais Iais Rai)
(@) aB(6) 0
(1-6)

Srire1=Srr(0) + mm (tr,SFsr IFsr, REsrySFIr IFIrs REIr, Sar, Iar, Rar)

+

0

k
+ Y Aijes1ya (ti, SesisIrsi, Resiy Seriy Ipti Reri, Sais Iais Rai)

) 48(0) 5

(1-6)
AB(0)

0 k
——————Y Aixr1ys (4, SEsis Irsi, Resiy Seai Iv1i RE1i Sais Iais Rai)
()| aB(6) i

Iprr41 =11 (0) + Vs (trySESr, Ipsr, RESr SFIr IFIr, REIry Sar, Lars Rar)

_|_

Rrir+1 = Rpr(0) + ( Y6 (tr,SFsr, Irsr, RESr, SEIr IF I RFIry Sar, Lar, Rar)

AB(8)
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Sar+1=3S4(0) +

0
]@]2@(9) =

(1-6
AB(0)

0

+

R
(©)| 4B(6) i

k
Y Air1ye (8, SesisIrsi, Resiy Seriy Irnin Rrriy Sais Iais Rai)

v7 (trySESr, Ipsr, RESrs SEIr IF Ir, REIr, SAr, Lars Rar)

k
Y Air1y7 (t,Sesiodesi, Resiy Seriy Irni, Rrriy Sais Iai, Rai)

4.1. Fractional Order Monkeypox Model Simulation. In this section, we present the nu-

merical simulation of the Monkeypox (6) model employing the three(3) differential operators

used. The values of our model variable(parameters) used for this simulation is presented in

Tables (1 and 2) below.

TABLE 1. Variables and Parameters of the Monkeypox Model

Symbol Description Values Source

Srs Susceptible individuals with food security 200,000,000 [43]

Irs Infected individuals with food security 10,000,000 Estimated

Rpg Recovered with food security 5,000,000 Estimated

Srr Susceptible individuals with food insecurity 23,000,000 [43]

Irp Infected individuals with food insecurity 4,000,000 Estimated

Rp; Recovered individuals with food insecurity 2,000,000 Estimated

Sa Susceptible animal 10,000 Estimated

Iy Infected animals 5,000 Estimated

Ra Recovered animals 3,000 Estimated

Ag Recruitment rate of humans 0.029 [45]

a Fraction of human recruitment into the food-secure population 0.6 Estimated

m Modification parameter accounting for the reduced rate of dis- 0.1 Estimated
ease contraction in the food-secure population

ap,0p,03 Rates of contact between susceptible food-secure humans and 0.1, 0.21, 0.00025  [44], Estimated, [45]

food-secure infected humans, food-insecure infected humans,

and infected animals, respectively
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TABLE 2. Variables and Parameters of the Monkeypox Model

Symbol Description Values Source

a4,05,0¢ Rates of contact between susceptible food-insecure humans and  0.36,0.17,0.32  Estimated
food-secure infected humans, food-insecure infected humans,
and infected animals, respectively

Estimated, Estimated

ay Rate of contact between susceptible animals and infected ani- 0.3412 [44]

mals

Ts, 77, TA Recovery rates of infected food-secure humans, infected food 0.079,0.21,0.11 [44]
insecure humans and infected animals respectively

Estimated, Estimated

05,067,064  Disease-induced death rates of infected food-secure humans, in-  0.1001, 0.26, 0.5  [46], Estimated, [47]

fected food insecure humans and infected animals

Up Natural death rate for humans 0.00303 [47]
A Natural death rate for animals 0.002 [47]
8
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(A) Surface plots of 75 and uy against Ry (B) Surface plots of m and 15 against R

FIGURE 21. Human Population

5. DISCUSSION

The graphs presented in Figures (2a, 2b, 3a) depict the dynamics of all compartments in the
Monkeypox disease transmission model, governed by the system of equations in (6), under the
Caputo fractional derivatives of orders 0.95, 0.85, and 0.75, respectively. These simulations
provide significant insights into the effects of fractional-order dynamics on the spread of Mon-
keypox, with a particular focus on the role of food security in mitigating disease transmission.
The application of Caputo fractional derivatives enables a detailed exploration of the temporal
memory effects inherent in disease dynamics. As the fractional order increases, the popula-
tion of susceptible humans demonstrates a notable decline, as illustrated in Figures (3b) and
(5a). This decline can be attributed to the amplified effects of interventions, such as awareness
campaigns and sensitization programs, which underscore the dangers associated with consum-
ing unwholesome or improperly handled food, particularly meat. By reducing the likelihood
of exposure to infectious agents, these interventions lead to a decrease in the number of sus-
ceptible individuals over time. The infected human populations, both in the food-secure and

food-insecure groups, initially exhibit an increase due to the progression of individuals from the
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susceptible compartment caused by the highly infectious nature of the disease. However, a sub-
sequent decline is observed as individuals recover through treatment, immunity development,
or other interventions. This trend is clearly illustrated in Figures (4a) and (5b). Interestingly,
the peak number of infected cases in the food-secure population, approximately 9.5 million, is
substantially lower than the 12.5 million cases observed in the food-insecure population. This
stark contrast highlights the critical importance of food security in mitigating the transmission
of Monkeypox.

Food security plays a vital role in reducing zoonotic transmission risks, achieved through prac-
tices such as proper food storage, ensuring hygiene, and minimizing contamination by infected
animals. These practices significantly diminish the likelihood of animal-to-human transmis-
sion. On the other hand, food-insecure populations, characterized by limited access to hygienic
food practices and insufficient awareness of associated risks, show higher susceptibility and
infection rates. The findings underscore the need for targeted public health interventions in
food-insecure regions to promote food safety practices and enhance disease awareness. The
graphs in Figures (8) and (9) present the system dynamics under the Caputo-Fabrizio fractional
derivative approach. For fractional orders 8 = 0.95, 0.85, and 0.75, this method reveals distinct
behavioral characteristics of disease progression. The Caputo-Fabrizio derivative, characterized
by its non-singular kernel, provides additional insights into the memory effects of disease trans-
mission while allowing for smoother transitions between population states. The susceptible
food-secure population exhibits a more gradual decline compared to the Caputo derivative ap-
proach, suggesting that the non-singular kernel better captures realistic behavioral responses to
disease awareness. In Figures (14) through (19), the Atangana-Baleanu derivative analysis fur-
ther enriches our understanding of disease dynamics. Incorporating the Mittag-Leffler function,
this derivative captures unique long-term memory effects in disease transmission. The suscep-
tible and infected populations demonstrate smoother transitions and more pronounced peaks
compared to the Caputo and Caputo-Fabrizio approaches. This indicates that the Atangana-
Baleanu derivative effectively represents scenarios where past events significantly influence

current transmission rates. Surface plots in Figures (20) and (21) provide critical insights into
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the sensitivity of the basic reproduction number, Ry, to various model parameters. The plots re-
veal that higher contact rates (¢, () are associated with elevated Rg values, indicating a faster
spread of the disease. Similarly, the recovery rate (7s) and natural death rate (ug) are shown
to influence the disease’s propagation. The modification parameter m, reflecting food security
status, demonstrates a significant role in altering transmission patterns. Lower values of m in
food-secure populations correspond to reduced transmission rates, highlighting the protective
impact of food security measures.

The dynamics of animal compartments, presented in Figures (6), (15), and (18), further empha-
size the zoonotic nature of Monkeypox. These figures reveal how infected animal populations
serve as reservoirs for the disease, maintaining its presence in human populations. Control
strategies targeting both human and animal populations are essential to disrupt this transmis-
sion cycle effectively. The comprehensive analysis provided by the three fractional derivative
approaches—Caputo, Caputo-Fabrizio, and Atangana-Baleanu—underscores the multifaceted
dynamics of Monkeypox transmission. The results consistently demonstrate that food-insecure
populations bear a disproportionate burden of the disease, characterized by higher infection
peaks, slower recovery rates, and greater susceptibility to zoonotic transmission. This disparity
necessitates integrated public health strategies combining traditional disease control measures
with enhanced food security interventions. In conclusion, these mathematical analyses, coupled
with visualizations, offer valuable insights into Monkeypox dynamics, emphasizing the critical
role of food security and targeted interventions in disease mitigation. Improved food security
emerges as a promising strategy for reducing the disease burden, particularly in vulnerable pop-

ulations, thereby contributing to more effective and sustainable public health outcomes.

6. CONCLUSION

In order to comprehend the transmission dynamics of Monkeypox across populations with vary-
ing food security status, we evaluated a novel fractional-order mathematical model incorpo-
rating both human and animal compartments. The model was analyzed using three distinct
fractional derivative operators: the Caputo derivative with power law, Caputo-Fabrizio with
exponential law, and Atangana-Baleanu with generalized Mittag-Leffler function, making our

analysis more comprehensive and robust. The numerical simulations reveal that increasing the
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fractional order generally leads to a slower progression of the disease, reflecting the memory
effects inherent in fractional derivatives. Specifically, higher values of the fractional order cor-
respond to more gradual disease spread, as evidenced in the dynamics of both food-secure and
food-insecure populations. This effect is particularly pronounced in the food-insecure popula-
tion, where the peak infection rates reach approximately 12.5 million cases compared to 9.5
million in food-secure populations, highlighting the critical role of food security in disease
transmission. Our results indicate that food security status significantly impacts the transmis-
sion dynamics of Monkeypox. The modification parameter (m) accounting for reduced disease
contraction in food-secure populations demonstrates that improved food security measures lead
to a notable decrease in cumulative cases. This is attributed to better food handling practices,
reduced exposure to infected animals, and improved access to healthcare resources in food-
secure populations. The model shows that higher rates of recovery (7s,7;) and lower contact
rates (0, 0, 03) in food-secure populations result in lower peaks of infections and faster de-
cline in new cases, emphasizing the importance of food security interventions in disease control.
The surface plots analyzing the basic reproduction number Rg against various parameters reveal
critical thresholds for disease control, particularly highlighting the relationship between food
security status and transmission rates. These findings underscore the necessity of implement-
ing comprehensive public health strategies that address both direct disease transmission and
underlying socioeconomic factors, especially food security. In summary, the arbitrary-order
derivative operators applied in this study provide enhanced understanding of the complex dy-
namics of Monkeypox transmission. The model successfully captures the crucial role of food
security in disease progression and suggests that integrated approaches combining traditional
disease control measures with food security interventions may be most effective in controlling

Monkeypox outbreaks, particularly in vulnerable populations.
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