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Abstract

This research investigates a fractional-order mathematical model for analyzing the dynamics of
Monkeypox (Mpox) disease using the Caputo-Fabrizio derivative. The model incorporates both
human and rodent populations, aiming to elucidate the disease’s transmission mechanics, which
is demonstrated to be more effective than integer-order models in capturing the complex nature of
disease spread. The study determines the fundamental reproduction number (Rg) while assessing the
existence and uniqueness of the solutions. Numerical simulations are conducted to validate the model
using Adams-Bashforth technique and illustrate the influence of different factors on the progression of
the disease. The findings shed light on Mpox control and prevention, emphasizing the importance of
fractional calculus in epidemiological modeling.

Keywords: Adams-Bashforth technique; Caputo-Fabrizio derivative; existence and uniqueness; fixed
point theorem; monkeypox virus
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1 Introduction

Monkeypox (Mpox) is a viral zoonotic disease that is transmitted between animals and humans,
caused by the Mpox virus. This infection mostly occurs in Central and West Africa. Mpox became
a significant orthopoxvirus for human health in 1980, after the eradication of smallpox infection.
The first occurrence of this virus outside African nations was documented in 2003 in the United
States. Afterwards, several instances of Mpox infection were recorded in countries across Africa
and Europe [1]. In May 2022, the presence of the pathogen was verified in other nonendemic
regions. The World Health Organization (WHO) received reports of about 3413 confirmed cases
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and 1 fatality case from 50 countries/territories. Mpox is transmitted zoonotically from animals to
humans [2]. Typically, the hosts in animals include a variety of rodents and non-human primates.
The transmission of the virus may occur via interpersonal contact, particularly by droplets emitted
during conversation, respiration, or sneezing. Additionally, it may be transferred by sexual contact
with an individual who is contagious. Mpox may potentially be transmitted via the environment
[3]. Wild animals, such as African rats and monkeys, are the primary sources of viral transmission
to humans. Nevertheless, there is a high occurrence of human-to-human transmissions in the
majority of the documented instances. Spreading diseases from animals to humans can occur
through various mechanisms, including bites or scuffs the handling and consumption of bush
meat, direct contact with body fluids, or the ingestion of food contaminated by rodents. The
illness may be transmitted by direct contact with lesions and body fluids of infected individuals.
Smallpox vaccination, antivirals, and vaccine immune globulin may serve as alternatives for
preventing the transmission of Mpox. However, there is presently no established and reliable
therapy for Mpox virus infection [4]. Mathematical models are crucial and have been widely used
to examine the dynamics and provide effective ways to eliminate infectious illnesses from society
[5, 6]. Those frameworks analyze quantitative aspects of the circumstance. Several epidemiological
characteristics of Mpox infection are currently being studied [7, 8]. Ongoing research is being
conducted to further investigate the transmission and treatment of this virus. Venkatesh et al. [9]
established numerical method using new time fractional model for the Mpox. Also, Manivel et al.
[10] developed a fractional mathematical modeling in humans and rodents for the Mpox disease.
The numerical simulation indicates that individuals’ immunological state has a significant role
in their recovery process after orthopoxvirus infection. Several mathematical models [11] have
been examined to enhance comprehension of the transmission dynamics and various strategies
for managing endemic diseases.

The fractional modeling works synthesizes advanced mathematical modeling approaches to
address epidemiological challenges by integrating key concepts from fractional-order models
and stability analysis [12]. A mathematical model of mobility-related infection and vaccination
is extended to consider the dynamics of SARS-CoV-2 through a Fractional SIQRV framework,
emphasizing the role of fractional derivatives in capturing memory effects and complex dynamics
[13]. Simultaneously, insights from a fractional-order model designed to analyze stability and
propose sterilization strategies for the habitat of stray dogs are leveraged to develop holistic
and adaptive intervention strategies [14]. Meanwhile, the SIR model with constrained medical
resources and time delay examines the dynamics of healthcare system capacity and the impact of
delayed interventions on disease progression [15]. This unified approach underscores the utility
of fractional-order systems in understanding infection dynamics, vaccination impact, and the
stability of populations, offering innovative solutions to pressing public health issues.

The primary motivation for this study arises from the increasing prevalence of Mpox infections
outside traditionally endemic regions, underscoring the need for advanced mathematical tools
to understand and predict the dynamics of its spread. Unlike classical integer-order models,
fractional-order models can capture the memory effects and complex dynamics intrinsic to bi-
ological processes. This unique advantage provides a more accurate representation of Mpox’s
epidemiological patterns, which is crucial for effective disease control and prevention.

To enhance comprehension of the dynamics of Mpox, [16] formulated a mathematical model.
The results indicate that Mpox may be effectively managed and eliminated by using vaccination
strategies, even in regions where the disease is moderately prevalent. However, vaccination alone
is insufficient to completely eliminate Mpox in a population that is already totally endemic [17]. In
addition, the research conducted by [18] found that the recommended treatments resulted to the
eradication of infected individuals in both human and non-human primate populations over the
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study period, as shown by numerical simulations done on the model. Scientists and engineers from
several fields have lately shown interest in using fractional differential equations for mathematical
modeling, especially in the field of epidemiology. The memory effect is a fascinating characteristic
of fractional-order framework that is absent in classical differential equations because of the
diverse features of equations with fractions.

All Mpox transmission models currently in use solely account for transfer from animals to humans.
There have been recent reports of transfer from humans to rodents. Based on the recent facts,
in this paper, we develop the Mpox transmission model with animal-to-human transmission of
infection. The aim of this research is to examine the spread and management of Mpox in the
population by employing a classical and fractional-order model. Additionally, the study aims to
examine the impact of the memory index or fractional order element on the dynamics of Mpox
disease and determine whether it can be utilized as a control parameter.

The subsequent sections of the paper are structured as follows: Section 2 discusses model formula-
tions and analyses of the Mpox model. Findings on the existence and uniqueness of the model
variable are elaborated in Section 3. Section 4 delineates the equilibrium and reproduction number
with the parameters affecting Ry. Section 5 illustrates a numerical technique using the Adams-
Bashforth method. Section 6 includes the quantitative simulations and discussions pertaining to
the model. Section 7 presents a succinct conclusion.

Preliminaries

This section presents the essential foundational materials concerning fractional order operators.

Definition 1 [19] The fractional derivative in the Caputo-Fabrizio (CF) sense for the function H €
MY (a,b),b > a,é € [0,1] is characterized as

DH(#)) = ]1”7(‘2 Lt H'(s)exp (— M)ds. (1)

M(9) is the normalized function that meets the criteria M(0) = M(1) = 1 [19]. In the scenario where
H ¢ M (a,b) the aforementioned CF derivative can be articulated as

piter(e) = S [ (1)~ HEs) enp (- =50 @

Remark 1 Ifa = 152 € [0,00), 6 = ﬁ € [0,1], then Eq. (2) this can be written:

D¥H(t)} = % r H'(s) exp [— ths]ds,N(O) = N(c0) = 1. 3)

a

Moreover,

1 t—s
lim — —— | =1(s—t).

alg%“exp{ o } T(s—t)
The integral that is related to the CF derivative is described as follows [20]. The initial function H(t) is
assumed to satisfy the reqularity conditions required for the application of the CF derivative. Specifically,
H(t) is considered to be a member of M1(a,b), ensuring it possesses the necessary smoothness and
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boundedness over the interval of interest. Moreover, the model presumes that the initial conditions
H(to) = Hy align with the physical or epidemiological study.

Definition 2 While t > 0 and M(0) indicates the normalization function, In such a way that M(1) =
0 = M(0). It is presumed that 0 < 6 < 1 and H(t), is dependent on t, then the Riemann-Liouville
fractional crucial of order J is characterized as

RIS (H(1)} = % J;a — )" 1H(s)ds,

the Caputo-Fabrizio integral of order 0 is expressed as

2 5)H(t)+ _25 JtH(s)ds, @

AR = s

where t > 0.

2 Mpox model formulation

In order to create the model, the complete human population N, divided into six distinct cate-
gories, namely susceptible S, exposed E;, infected I, asymptomatically-ill A,,, vaccinated V,,
and recovered humans R;,. Likewise, the total rodent population is N,. It is further separated into
three distinct categories, namely susceptible S,, exposed E;, and infected rodent I, groups.

The initiation of the susceptible human class occurs through two mechanisms: either by birth or
through the immigration of susceptible individuals at a specified rate I1;; and from the vaccinated
population following the decline of the induced immunity at a specified rate . The natural death
rate declines throughout human classes ;. The group of individuals susceptible to infection is
diminished as a result of vaccination at the specified rate a,;, and as a result of the interaction with

infected humans and animals. Consequently, the individuals who are susceptible transition to the
( ﬁl I +‘B]2\[LZ +53Am

exposed category at the rate of infection force A1 depicts as: A| =

m

The interaction terms in the model are derived from fundamental epidemiological principles.

These terms capture the probabilistic nature of contacts leading to disease transmission. The force
/311m+/321a+l33Am

of infection for the human population A includes , where the numerators represent
interactions between susceptible and infectious 1nd1v1duals across compartments, scaled by their
respective contact rates. These interactions reflect real-world dynamics, where direct or indirect
contacts between infected and susceptible humans lead to new exposures.

The choice to multiply these variables ensures that the rate of new infections is proportional
to the number of infectious individuals, their contact rates, and the availability of susceptible
individuals. Exposed individuals transition to either asymptomatic or symptomatic infectious
states (E;; — A, Iy) based on progression rates (k(1 — p) and kp respectively). It is emphasized
that the interactions in the model occur via rates that represent indirect effects (e.g., disease
transmission or recovery) rather than direct inter-compartmental mixing. This separation ensures
that the model accurately depicts real-world disease transmission while maintaining mathematical
and conceptual simplicity. The parameters 1,82, and B3 are the effective contact rates. The
group of susceptible animals, which includes primates or rodents, is established through the
incorporation of newly enlisted animals I1,. The number of individuals in the susceptible class
decreases as a result of two key factors: The phrase A, = Bl N, it considers the connection among
vulnerable animals (primates or rats) and infected ones, as well as the natural mortality rate .
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Consequently, the system illustrating the spreading processes of Mpox in both populations is as
described below:

dj_tm =11y, — A1Sm — (41 + am)Sm + Vi,

dg—;" = A1Sm — (k+ p1)Em,
d% =k(1=p)En— (71 + 11 +1m)Am,

’%” = kpEm — (72 + p1 + 172) I,

% = &mSm — (T + 1) Vi, ©)
d?—tm = 711Am + v2lm — W1Rm,

% =11, — A28, — 12Sa,

ddEta = ApS,— (7t + up)E,,

% = 7By — (42 +73) Lo-

The flowchart of the problem explained in system (5) is given in the following Figure 1.

Uz Uz

Figure 1. Graphical representation of Mpox model

The Caputo fractional derivative was used for this investigation because it accommodates initial
conditions articulated in integer-order derivatives, which is consistent with the majority of physical
and epidemiological issues. In contrast to Riemann-Liouville derivatives, the Caputo derivative
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permits the direct integration of real-world initial conditions, hence enhancing the intuitive and
practical use of fractional calculus in modeling infectious disease dynamics. The Caputo operator
is well suited for numerical approaches, guaranteeing stability and precision in simulations, which
is essential for accurately portraying the intricate memory effects of Mpox transmission. The
memory effects, characterized by the non-local properties of the Caputo derivative, provide a more
thorough comprehension of disease dynamics compared to integer-order models. In addition,
unlike the CF derivative, which emphasizes exponential decay, the classical Caputo derivative
provides versatility in characterizing long-range temporal interactions inherent to epidemiological
phenomena. Replacing the integer order model (5) with non-integer order in CF operator with
each differential equation’s dimension maintained as stated:

)
)
)
)
)) = &mSm — (T + p1) Vin, (6)
)) = 11Am + v2lm — m1Rm,

)) =11, —ApS, — ]/‘2511/

)) = A2Sa — (7T + p2)Eq,

)) = nE; — (]/12 + 773)Ia/

with regard to the initial conditions involved in system (6) are S;,,(0) = Sy0, En(0) = Epo, Am(0) =
Amo, IM(()) = im0, VM(O) = Vo, Rmm) = Rmo, Sa(o) = Sa0, Ea(0> = Eq, Iu(o) = 1530-

3 Model analysis in the fractional case

We will examine fundamental mathematical elements of the Mpox compartmental epidemiological
model in fractional form as outlined in (6).

Existence and uniqueness

This section will demonstrate the outcome of the fractional-order model (6) through an analysis
of fixed point hypothesis. This is achieved by reformulating the fractional-order differential
equations as integral equations and verifying the Lipschitz conditions for all model kernels. We
will additionally demonstrate the uniqueness of the remedy. To achieve this, the initial step
involves converting the proposed fractional order system into a corresponding integral equation
structure as follows:

Sm(t) = Sm(0) = FIY ATy — A1Su — (1 + ) S + TVin),
En(t) = Em(0) = “FI§ {A1Sm — (k+ 1) Em),
A (t) —Am(0) = CFIg,t{k(l —0)Em— (71 +p1+1m)Am),
Ly(t) — In(0) = CFIg,t{kPEm — (v2 +p1+12) I},
Vin(t) — Vi (0) I domSm — (T + 1) Vi, )
R (t) — Rm(0) I A1 Am + v2Im — 1R},
(0)

= IS {T1, — A2Sa — 2Sa},
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Eo(t) —Eo(0) = “FI§ {A2Sa — (1 + p2)Ea},
Ia(t) - Iﬂ(o) = CFIg,t{T[Ea — (,142 + 773)Iu}-

Through the implementation of CF fractional order integrating [20], one can acquire

Si(1) = 5n(0) = eSS + o [ S,
Enlt) — En(0) = (ot (0 En) + oy | (o B
An(t) = Anl0) = O st An) + s [ s Awi
I () — I (0) = % Ta(t, I) + % J; La(x, In)dx,
Vi £) = Vn0) = 20O (4, Vi) + s [ s, Vi,
R(6) = R0) = (5ol )+ s [ R,
Salt) = Sa(0) = % I7(Sa) + ﬁ E Io(x, Sa)dx,
Bult) ~ Ea(0) = s Ea) + iy [l Enl,
2(1-9)

<

t
]9(t/ Ia) + (2—5J ]9(3(, Ia)dx.

- (2-0)M(9) 2—6)M(é)

J1(Sm(t),t) = Ty — A1Sm — (41 + &m) S + TVim,

J2(Em(t),t) = A1Sm — (k+ p1)Em,

J3(Am(t),t) = k(1 —p)Em — (71 + p1 +171) Am,

Ja(Im(t),t) = kpEm — (v2 + p1 + 172) I,

J5(Vin(t),t) = amSm — (T + p1) Vin, (8)
Jo(Rm(t),t) = Y1 Am + 2 Im — p1 R,

J7(Sa(t),t) = 11y — ApSa — U2 S,,

JS(Ea(ﬂ/ t) = A28, — (7[ + VZ)Ea,

Jo(La(t),t) = Ea — (p2 +113)

Theorem 1 The kernels |1, ]2, |3, J, 5, J6, J7, s, and Jg meet the Lipschitz criteria.

Proof Let us imagine that S,, and Sy, E;y and Ey,, Ay and Ay, Iy and Iy, Vi and Vi, Ry
and Ry, Sq and Sg,, E; and E,;, I, and I,;;, represents the two functions corresponding to the
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aforementioned kernels J1, ]2, J3, J4, J5, J6, J7, Js, and Jo. Thus, we set up the subsequent system

+ T(Vin(£) = Vi, (1)),
Ja(Em(8),£) = J2(Emy (£), £) =A1(Sm(t) = Sy (8)) = (k + p1) (Em (t) — Emy (1)),
J3(Am(t),£) = J3(Am, (), £) =k(1 = ) (Em(t) = Emy (£)) = (71 + p1 + 111) (Am () — A (£)),
Ja (T (£),£) = Ja Ty (£), £) =ko(Em(t) — Emy (£) — (v2 + g1 + 172) (I (£) — Ly (£)),
J5(Vin(£),£) = J5(Viny (), £) =0 (S (£) = Sy (£)) = (T 4 p1) (Vi () = Vimy (8)),
Jo(Run(£), £) = Jo(Rumy (£), ) =71 (Am() = Amy (£)) + 2 (Ln () = Ly (£))

— 11 (R () = Ry (1)),
4) = J7(Say (£),£) = — (A2 + 2) (Sa(t) — Say (1)),
Js(Ea(t),t) = Js(Eay (£), ) =A2Sa(t) = Say (£)) — (7 + pa) (Ea(t) — Eay (£)),
Jo(La(t),£) = Jo(lay (£),8) =70(Ea(t) — Eay (£)) — (42 + 113) (La(t) — Loy (£)).

By applying Cauchy’s inequality to the aforementioned system, it is possible to derive

11(Sm (), £) = J1 (S, (), )| = [| = A1 (S () —Sml(f)) — (u1 + am) (S () — Sy (1))
+T(Vin () = Viny (1)) |
< [1A1 4 p1 + @[S () = Sy ()],
1J2(En (£), ) = J2(Emy (£), D) | = 1A (S (£) — Sy (£)) — (k+M1)(Em( ) = Emy ()]
< (|41 4+ k4 pa [ Em () — Emy (1)),
1J3(Am(#), ) = J3(Amy (£), ) || = [1k(1 — ) (B (£) — Emy (¢ )) (714 p1 +71) (Am(t) — A, ()|
< [lk(X=p) + 71+ 11 + 1l (An(t) = Am, (D)1,
4 (T (£), £) = Ja(Lny (8), )| = (1Ko (Ernu () = Eimy (£)) = (72 + 11+ 172) (I (8) — Iy (8)) |
< [lko +v2 + p1 + 72l | (I (£) — Ty (£)) ]

15 (Vi (), £) = J5(Viny (£), )| = [l (S (£) —= Sy (£)) = (T + p2) (Vi () = Vi, (1))
< lawm + 7+ pa [ (Vi (8) = Viny ()],
/6 (Rn (£),£) = J6 (R, (), £)[| = [l71(Am(£) — Aml( )+ v2(In () = Iny (1))
— H1(Rin(£) = Riny (1)) |
<lm +72+V1||||(Rm( ) = Ry (£)) ],
1J7(Sa(t), £) = J7(Say (£), )] = [| = (A2 + p2) (Sa(t) — Say (£)) ]
< [[A2 + p2l[l[Sa(t) = Say (),
1J8(Ea(t), £) = Jg(Ea; (), )| = |1A284(t) — Say (£)) — (71 + p2) (Ea(t) — Eqy (1)) |
< [[A2 4 7 + pa [l (Ea(t) — Eqy (£)) ],
1Jo(Ta(£),£) — Jo(Lay (), )| = [[72(Ea(t) — Ea, () — (p z+173)( a(t) = Loy (1)
< [l7e + 2 + 13| [1(La () — Ly (£)) -

Employing the definition of the CF fractional integral, recursively, one may obtain
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O WIVRE . g
Bl = 2 ) T J B
Aokt = 2 e P i a9 3
8 = 2 A J e 5l
Vin(t) = 2(1_(5)15(5)‘/ ](’;"(g)(t)’t) (2_5)‘5 M) Jot J5(Vin, 1 (s),)ds,
Ratt) = 2+ G o
5t = T G Jy S 9
£ = 2 G Jy B 5
b = 2 B ) 2 i (6

73

©)

The utilization of norms the concept of majorizing indicates that the variance among successive

terms suggests

ICa () = 1Sm, (8) = Sy o [l <

20

T =M

[La(E) ] = [[Em, () = Emy || < %Hb(aﬂnl(w,t) — 2 (Emy 5 (), 8)]]
20 4
+ (2 - (S)M(5) JO []Z(Em”_l (S),S) B ]Z(Eml,n—Z (S)’S)]ds ’

M) = [[Am, (8) = Amy, o || < €

20

T 2= M)

2(1—6)
(2—8)M(9)

Jo[msmnl(s),s) (S, (), 5))ds||

2(1-5)
WHIS(

jOUg(Amnl(s),s) (A, (5),5)]ds])

171 (S, 4 (£),8) =

L(8)1)

J1 (Sml,n—z (t)/ t) ||

- ]3(Am1,n—2 (t)/ t) H
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2(1- )

NGO = 1y (8) = Ty o || < WHM(MHU)J) = Ja(Lny, ,(8), 1)

20

T 2 ME©)

| U2 9),9) = sl (00905 |

2(1—6)

1On (O = [[Viny (£) = Viny 4 || < m”k(‘/mm(t)/f) —J5(Viny 5 (£), 1)

20

T e=oM)

L[fs(an_l (8),5) — J5(Viny, 5 (5), )1ds]|

P = 1Ry (1)~ Ry | oot UTRon s (8,8) = o Ro (01,0
26
o [ DR (915 = o R, (9,0 |
O] = 10, () = S, | < 152ty (02 (8,) = (S, (01,0
26 f
=iy | | U7 Sens (99 = (S, o (5), )]
195001 = B () = Eapy 1| < (oo B, 10, 0) = JoEar, (0,0
26 !
+ T | oI55 9:9) ~ oy o 0,9l
12001 = 10,0~ Ty s < G5 s (060 = Pl 20,0
26 !
e 7ol NSO B AURO IS
S K N S M) = Auy (), 3 NiH) = I, (1)
i=0 i=0 i=0
S O = Vi (0, Y Pit) = Ruy(t), Y () = Suy (1), YV =Ea (), (10)
i=0 i=0 i=0 i=0
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Moreover, the kernels [y, ..., Jo tulfill the Lipschitz condition, allowing one to express

IO = 1 (6) = Som,ll < gt 112 ()= Sy o (0]

+ ool | Sm 9= Sm (0

7

121 = 1Em (1)~ Bmos | < gty EaEmns () — By a0

2

+ gl [ B 9= B (01

MO = 1A (8) = A} S gt Esl A, 1 (6) = A, O

- iyl v = 0

N = () = | € gt (6) = o (0]

T | KC R e |

2(1-9)

10O = 1V (8) = Vim,ia | < 5= 53105

Coll Vi, 1 (£) = Viny o (£) |

T IR e

7

R ()~ R 5 0
26 t
ol ] R ) R, 0]

[P ()] = 1R, (£) = Riny 4 || <

+

)] = 1150, = S, | < 7520157 E1305,4(6) =S, o 0]

< el S =S 00

75
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19001 = 1By ()~ Eopo sl < G5t 35 s () = By 2O

+ el Eo (0 F o]

2001 = 10 ()~ Ty s < G560 s () = o O

t
+ ] [ 6= T o)

Theorem 2 The existence of the solution for the introduced fractional order model (6) is established based
on the CF operator.

Proof The utilization of Eq. (10) along with the implementation of a recursive scheme results in
the subsequent system

a0 < Hsm<o>u+{(%> }+{(%) }

() ||
Ma0)] < 4w ()] + { ( Aj(ggzgfg))"} {(Méff; - 5>> }
NGO < ()] + { (%)} + { (M(ff{ft_(s))n},
0K < [V 0)] + { (%)} + { (%)} )
I1Pa()] < IRu(O)] + { ( ffg;ff;_‘%)n} n { (M(fggﬁ 5)>n},
201 < 15:(0)] + { (%)} + { (M(ﬁé&i 5)),1}’
9(6)] < IEa(0)]) + { (%)} - { (M(jfg‘sﬁé))n},

12.(8)]) < ||u<o>ﬂ+{(%) }+{<%) }

To examine whether the functions in Eq. (11) serve as solutions to the model (6), we will employ
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the subsequent replacements

)/ Rm ) — Rmn t) _Yé,n(t)/ (12)

where Y1 ,,(t),Y2,,(t), Y3, (), Ya,,(t),Y5,,(t), Yeu(t), Y7 (t), Ysn(t), Yo,(t), illustrate the resid-
ual components of the series solutions. Therefore,

S(0) S, (1) = =D X0 O) 205006~ Yo,

But) — B, (1) = 2= = Xan Oy B[ ) — Yo (o),

An(t) = A (1) = 2B S0n Oy B8 [y 5) = Vo 51,
In0) ~ Iy () = 2O = X0 ) B0y 0(5) a9,

Vil£) = Vi, (1) = 2= Yol B0 v 6) ~Ysa(ots, (19
R(t) = Ry, (1) = 2= Welotl) = Noal0) o B[ (R (5) Yo (51,

52(6) 5., (1) = 2SN =0 0) 20 ps9) Vo))

Balt) — o, (1) = S~ Toa ) B0 () Yaul9)ds,
W1, (1) = 20 ‘%9(551;((;[—(;%(”> 4 M(&)Z(i — jo Jo(La(s) — Yo,u(5))ds.

By utilizing the norm on both sides and utilizing the Lipschitz principle, the preceding assertion
results in

2(1—0)]1(Sm(t),t) 25 t
(2—51)M(5) —5m(0) _WL J1(Sm(s),s)ds

< Y1u(t)] {1 + <(2 _ 5)M((15) o= 5)§VI(5)> }

Sm(t) —

2(1—08)J2(En(t), t) 20 t
B =G i) O g B

< ||Y2,n(t)||{1 + ((2_5)M((25) * (2—5);1\4(5)> }
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2(1—9)J3(Am(t), 1) 25 t
= ;)M(a) ~ 40 - Mm@ L J3(Em(s),s)ds

< HYg,n(t)H{l + ((2_5)1\4((55) * (2—5);4(&) }

Ap(t) —

2(1—=0)]a(Ln(t),t) 25 t
(2— 54)M(5) — In(0) — 2-60)M() JO Ja(Iiu(s),s)ds

< \|Y4,n(t>|l{1 + <(2_5)M(c75) * (2—5)34(5)> }

L (t) —

2(1—6)J5(Vin (1), 1) 20 t
V)= 22 a0y~ VO~ iR oV

< [IYsu(t)ll {1 T ((2 _ 5)M((95) e —5)11(34(5)) }

2(1—=0)J6(Ru(t),t) 26 t
Ra() = S5 L~ Ro(0) = s | Jo(Run(s), <)

2(1-5)¢ 20612t
< |]Y6,n(t)||{1 + ((2—5)M(151) + (2_5)15/1(5)) }

2(1—6)J7(Sa(t), 1) 25 t
2 M) ‘5ﬂ<0>—mjoh<su<s>,s)ds

2(1-8)¢ 2014t
< ||Y7,n(t)||{1 + <(2_5)M(§’) + (2_5)11%4(5)) }

Sa(t) —

2(1—0)Js(Ea(t),t) 25 t
(2— c;;M(cS) —Ea(0) - 2-0)M(3) JO Js(Ea(s),s)ds

2(1-6)¢ 2016t
< ||Y8,n(t)||{1+ ((2_5)1\/1(1;) * (2—5)1;1@)},

E,(t) —
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2(1—8)Jo(I(t),t) 26 f
Ia(t)— (2—5;]\/1(5) — a(O)—mﬁ)b(la(s)ls)ds

2(1-6)¢ 20618t
< ||y9,n(t)|y{1 + ((2_5)1\/1(;7) + (2_5)1155/1(5)> }

Following the implementation of limit as t procedures co indicates that

I
AT T o
) = 2 ¢ gy | A b+ 4000,
tn(t) = 2D 20 ] 1 (5) 9 + 1u0),
200 i
Ra(t) = 2L lO0) 20 [ (R (5) )5+ Ra0),

Sa(t) = 2(1]\7{(5(5))](72(5:1(5’3),” + M((s)z(g_é) J J7(Sa(s),8)ds + Sa(0),

0
_ t
e T SRR
_ t
a(t) = 2(1M (‘?)’(92(%%)'” o (5)2(‘; 5 JO To(Lu(s), s)ds + L (0).

This demonstrates the conclusion, indicating that the aforementioned are solutions of the model
as specified by system (6).

Theorem 3 The fractional order infectious disease model, as indicated by system (6), exhibits a unique
solution.

Proof Based on the principle of contradiction, we posit that (S,/n (t),E,(t),A,(t),L,(1),V,(t),

R, (t),S,(t), Ey(1), I, (t)) it’s additionally the solution to the developed fractional infectious dis-

ease model (6), consequently

Su(t) — Siy(t) = 2<1—5>Ul<(52m_<2;;>4(—5)h<5m<t),t)}

t
TR TE Jo U1(50()9) = R(S,(5)9) s,

_|_
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En(t)—E, (1) = 21=0U2(E _(2131 Ja(E,(1), 1))

t

o) V2B (En(s)) s,
An(t) — Al(t) = “ ‘Ws 2_< ?4()< ROR)

e o {4 (A (5)9) s,
Ln(t) — L) = (1 ‘5){1481 5)}3{(5)( (), 1)

J {]4 n(s), S)}ds,

V() — Vio(t) = (1 5){15(Vm()t) Js(Vy (1), 1)}

(2- )M()

o [ {1 Vi(5),9) = sV 5),9) s,
Ru(t) =R, (1) = 2(1—5){]6((R2m_(t(2;;f\21(—(5)]6(12;n(t),t)}

+ﬁ J; {16(Rm(5)15) - ]6(R;n(5),5)}ds,
Sa(H)—SL() = 2<1—5){17%_(2;;)4(_5)]7(5;0),f)}

o [ {00~ (5161, s,
E.(t)—EL(t) = 2(1—5){]sglft§;1t\)4(—5>]s(ls;(t),t)}

o | (a5~ o)) s
L) —L(t) = 2(1—5){]9((21a_(t231t\)4(—5)]9(1;(t),t)}

20 t /
My Vo))~ oi(s) ) s

Based on the property of majorizing, we can express the aforementioned system as

15000 —s- (o)) < 2= OGS, D)~ 1(Sw(®). D

- (2—8)M(6)
+ﬁ JO |7 (Suls),5) = Ti(Siu(s),5)] |,
|Ew(t) —E,(1)]| < 2(1_5)||]2((€m_(t(331t\31(_5)]2(]5m(t),t)”

+% J; Hfz(EMs)/s) - h(E;(s),s)Hds,
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| Am() = A (8]
1 (£) = L (8)]]
[ Vi () = Vi (8)]
| Ron(£) = Ry (8)]
1Sa(t) = Sa(8)]
|Ea(t)

—E, (1)

122(t) — L(1)]]

IN

IN

IN

IA

IN

IA
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2(1=0)||J3(Am(t), £) = Js(An (), 1)
(2—6)M(9)
t
+% Jo H]3(Am(5)r5) —]3(Am(5)15)Hd5,
2(1 =) Ja(Lu(t), 1) — Ja(Lu (1), B)|]
(2—6)M(5)

20 t I P
‘l‘m 0H]4 ),8) — Ja( m(S),S)H S,
2(1=0)|J5(Viu(£), ) — J5(Viu (1), 1)

(2—38)M(J)

20 s v, d
+(2_5W OH]S( m(s),8) —Js( m(s),s)” S,
2(1=8)|Jo(Rum(£),£) = Jo(Ryu (1), 1)l

(2—6)M(9)

20 ek R, d
+W 0H]6( m(5),8) — Jo( m(s),s)H s,
2(1=8)1J7(Sa(t), £) = J7(Sa(t), 1)

(2—6)M(9)

20 s S, d
+m 0H]7( a(s),s) —J7( a(S),S)H S,
2(1—0)||Js(Ea(t), t) — Js(E4(t), 1) |

(2

“5)M(o)
T ;H’8<Ea<s)fs>—fs(E;(s>,s)Hds,

2(1 =) [|Jo(Ta(t), 1) = Jo(Ls(t), £
(2—8)M(9)

Ty, P

+ ),5) = Jo(I; (s), 5) .

By applying the findings established in (1) and (2), we achieve

1S () —Shll < %5151()1M i ( Zﬁzéézt )
IEn) Bl < B0 §+< 200t )
| Au(t) — ALl < 255551M §+< 22etLe )
O g e v §+(M2?8558t )
Valt) vl < U §+(Mz¢w5€wf )

81

(14)
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IRm(t) = Ryl < 2611%11(1_‘5)4_( 20120012t )n’

2-0)M()  \ M(3)(2—9)
s = BT (i)
s -si < B ()
o < BT (i)

The inequalities presented in Eq. (14) are valid for all values of 7, leading us to the conclusion

Sm(t) = S(t), Em(t) = Ep(t), An(t) = Ay(t), I

oo , e (15)
Ru(t) = Ry (t), Salt) =S,(t), Ea(t) =E,(t), Lo(t) = I,(t).

The Lipschitz condition is pivotal in ensuring the uniqueness of the solution by guaranteeing that
small variations in the initial conditions or parameters lead to proportionally small changes in the
solution. Intuitively, this condition prevents the system from exhibiting erratic or unpredictable
behavior, which is critical when modeling real-world disease dynamics. In this work, the context
of Mpox transmission, the Lipschitz condition ensures that the predicted number of infections
remains stable and consistent under slight perturbations in the transmission or recovery rates. This
stability is vital for reliable disease modeling and control strategies. By enforcing a bounded rate of
change, the Lipschitz condition acts as a safeguard against anomalies, ensuring the mathematical
and practical robustness of the model.

4 Equilibra and fundamental reproduction number

The Mpox-free equilibrium corresponds to the case when no infections exist within the population.
The derivations of the equilibrium points ¥ and ¥*, it is important to note their practical
implications in understanding disease dynamics. The disease-free equilibrium ¥ represents a
scenario where the disease is eradicated from the population, with all infected compartments at
zero. This presents the critical role of intervention strategies, such as vaccination and public health
measures, in achieving and maintaining a disease-free state. In contrast, the endemic equilibrium
Y* corresponds to a persistent state of the disease within the population. The proportions of
infected individuals at ¥* depend on parameters such as contact rates, recovery rates, and
vaccination efficacy. This underscores the significance of controlling the reproduction number
Rp and modifying key parameters to shift the system toward the disease-free equilibrium. These
insights provide actionable guidance for policymakers and public health officials in formulating
strategies to manage and potentially eliminate Mpox outbreaks.

Hence, the Mpox free equilibrium point

Y0 = (S5, Ens Ay Lo Vi Ry, S0, EQL 1)
_ ( csILy, K1 Ly I,
(

/0/0/0/ ,0,_,0,0 .
€165 — &y T) + C5Am (c165 —amT) + csAm” " o )
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The endemic equilibrium of Mpox is ¥* = (S}, Es,, A, L, Vi, Ry, Sk, Ex, 1), Then, from system
(6) the endemic equilibrium points are

g c51 1y B AnSh A k(1—p)E;, o koE;
™ (c1e5 —amT) + csAy’ m o m C4 g m c3
. _ W Ly . k(T=p)esriAmlly kpcsyaAm L
Vm - 4 Rh - + s
(C1C5 — DCmT) + C5)\m C2C4((C1C5 — [XmT) + C5)\m) C2C3 ((C1C5 — [XmT) + C5)\m>
or [1,(7t+ c7) . IT C7(g:f7 —1)
a ’ a — s
(cocr (B —1) + pa (7 +¢7)) (coc7 (B —1) + pa(71 + ¢7))
BaTt
I* — TCH (C6C7 )

T (ceer(BE - 1)+ pa(m+ o)

where

c1 = (u1+am), c2=(u1+k), c3=(r2+u1+m), ca=(v1+u1+12),
Bl + B2l + 531‘1%)
N, ’

cs = (T+p1), c6 = (m+p2), ¢z = (p2+1m3), Am=<

The fundamental reproduction number of the human and rodent population Mpox model (6) is
computed via the next-generation matrix. Using this technique [21], we have

0 Safr Subs o o Sube o 000 0 0]
0 0 0 00 O© —kp ¢z 0 0 0 0

F—|0 0 0 00 0| y_|*1=p) 0 0 0 0
0 0 0 00 O 0 0 0 cs 0 O
0 0 0 00 Py 0 00 0 ¢ O
0 0 0 00 0 | 0 0.0 0 —m e}

The reproduction number is the dominant eigenvalue of FV~1. Thus,
Ro — max(Ry, Ry} — max kes(B1pca + B3(1—p)cs) , parr | (16)
2634 (0 + C5) CeCy

The fundamental reproduction number R is a pivotal metric in understanding the spread of
infectious diseases. The Mpox model’s Ry depends on several parameters, such as contact rates,
transmission probabilities, recovery rates, and others as outlined in Eq. (16). Additionally, these
Figure 2 and Figure 3 illustrate the effect of different parameter combinations of the examining the
influencing the fundamental reproduction numbers of humans R;;, and rodent R,. The interplay
of these factors determines whether the disease will spread (Ry > 1) or decline (Ry < 1). To
ensure effective control, policies should target reducing Ry to below 1. Vaccinating a substantial
fraction of the population is estimated to be at least 75% of the total susceptible individuals based
on model outputs. Implementing social distancing and minimizing inter-species transmission
pathways to reduce contact rates. Also, enhancing recovery rates through early diagnosis and
treatment programs. This analysis underlines the importance of targeted interventions on specific
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parameters to control the spread of Mpox.
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(a) Dynamical behaviour of Ry, for 1 and k values (b) Dynamical behaviour of R, for B3 and p values

Figure 2. Dynamical behaviour of Ry, for different variables
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(a) Dynamical behaviour of R, for y1 and T values (b) Dynamical behaviour of R, for B4 and 7 values

Figure 3. Dynamical behaviour of R, and R, for different variables

5 Numerical simulations

Numerical method

This section of the study presents an estimated approach to addressing the fractional order
Mpox model (6) utilizing the two-step fractional Adams-Bashforth approach for the CF fractional
derivative [22]. The structure is implemented using the fractional Volterra model, which is based
on the basic theorem of integration. This method offers a balance between computational efficiency
and accuracy, making it well-suited for iterative simulations involving fractional derivatives. The
choice of the Adams-Bashforth method is rooted in its ability to handle the memory effect inherent
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in fractional models, as it builds on previous computational steps to predict future values. This
iterative approach aligns well with the characteristics of the Caputo-Fabrizio derivative used
in our model, ensuring stability and precision in the simulations. Specifically, the method’s
compatibility with non-local properties of fractional calculus enhances its capability to simulate
long-term interactions and dynamic responses. In order to achieve the required iterative strategy,
we first focus just on the first equation of system (6) and follow the steps shown below. Utilizing
the basic concept of integration, we derive the subsequent outcome from the initial equation of
the system (7).

Sm(t) —Sm(0) =

_ t
A= 0) r th, ) + =2 JO T1(%, Su)dx. 17)

Fort =t,,1,n=0,1,2,..., we acquire

_ tn+1
S(tus1) = Smg = %h(t, Sw) + ﬁj J1(x, Su)dx. (1)

The difference between each consecutive term is shown as follows:

Smper — Sy = {1 (b Suny) — T (but, S >}+th”“ LSt (19)
n+1 n M((S) n n—1 M((S) ,

Over the close interval [t ik H)], the function J; (¢, S;;) is able to estimated using the interpolation
polynomial

Hy = f(tk};yk> (t _ tkfl) _ f(tk—ll;yk—l) (t— tk)/

where h = t;, —t,_1. The integral in (19) is computed using the polynomial estimation outlined
above, resulting in

tnt1 _ tnt1 ]1<tn,Smn)_]1(tn*1'Smn71) _ )
Ln ]1(t,5m)dt—Ln ( . . (t—ty) ) dt

(20)

n
_]1 (tnflz Smnq )

3h
- 7]1(t1’l/ Smn> - 7

Putting (20) in (19) and after simplification we acquire

1—-96 3h 1-6 oh
Smn+1 = Smn + (M(5) + 2M(5)>]1(t71/5mn) - <M((S) =+ 2M(5)>Il<tn+115mn1)' (21)

Similar to this, we were able to derive the recursive formulas for the other equations in system (7)
as follows

1-6 3h 1-6 oh
Emn+1 = Emn + (M(é) + 2M((S)>]2(tn’ Emn) - (M((S) + 2M(5)>I2(t7’l+11 Emn71>’

1—-6 3h 1-6 oh
Amn+1 = Amn + (M((S) + 2M(5)>I3(t7’1’ Amn) - <M((S) + 2M<5)>]3<tn+1/Amn1)’
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Imn+1

an+1

Rmn+1

San+1

Ean+1

Ian+1

I, + <M5‘; + 21\34}(1 5))14(% In,) — (}@; + ZA‘Z 5)>I4<tn+1,lmn1>,
Vin, + (}@5‘; + 2]\3}(1 5>>I5(tn,vmn> - (}@S + ZA‘Z 5)>I5(tn+1,vmn1), (22)
R, + (;?f) + 3t 5)>16<tn,1<mn> - (%‘i s 5))16@”“,12%),
Sy (zlvfz(s(; - 21\3?5))17””’5“") - (zlwz(s Ai}éa)>]7(t”“’5““)’
Oh

)2
1-46 3h 1—6
Eq, + <M<5) + ZM(5))]8(tn,Ean) - (M((s) + 2M(5)>]8(tn+1,5a“),

1-¢6 3h 1—6 Sh
Lo, + (M((S) + 2M(5)>19(tn,lan) - (M((S) + 2M<5)>]9(tn+1,1an1).

Furthermore, we present the numerical simulations conducted to examine the interactions of the
proposed model, as indicated in system (6), for different values of §, random sequence of CF
derivative throughout the range of [0, 1], as well as for other model relevant factors.

6 Discussion

The objective of the numerical simulation is to examine the effects of changes in order and
parameters are shown in the Table 1 on the dynamic behavior of the system. To create Figure 4-
Figure 14, we use the utilizing two-step fractional Adams-Bashforth technique [22] of the CF

derivative.
Table 1. The values of the model parameters
Parameter Explanation Values Source
I, Recruitment into susceptible humans 64850 [1]
I, Recruitment into susceptible rodent 0.2 [8]
B1 Rate of S, and contagious rodent 0.3632 0<pr <1
B2 Rate of S;;, and contagious humans 0.4192 0<p <1
B3 Rate of A, from susceptible humans 0.1900 [23]
B4 Rate of S; and contagious rodent 0.1802 [23]
K Vaccination rate from the susceptible humans 0.2104 Fitted
T Waning rate of induced immunity 0.3525 [23]
k Rate of transition of E;, to infected human 0.3966 0<k<1
0 Exposure-related infection rate 0.132 0<p<l1
7 Recovery rate from A, 0.5093 Assumed
72 Recovery rate from infected humans 0.5093 Fitted
T Infected rodent to exposed rodents rate 0.5410 0<mn<l1
M Natural morality rate of humans 0.000303 [1]
U Natural morality rate of rodetns 0.0012 Assumed
m Death rate of A,; due to Mpox 4.1187 x 10~* Fitted
) Death rate of I, due to Mpox 0.0012 [23]
73 Death rate of I, due to Mpox 2.8532 x 10~* Fitted
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Figure 4 shows the density of susceptible human populations over time (t) at various values of
the fractional order J. The values of J likely represent different scenarios in the model, affecting
how the susceptible population changes over time. Figure 5 represents the population density
of individuals who have been exposed to the illness but have not yet become contagious. The
numerous graphs represent different values of J, illustrating the temporal fluctuations in exposure
levels.
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Figure 4. Population density of suspected human populations at different values &
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Figure 5. Population density of exposed humans populations at different values 6
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Figure 6 focuses on the asymptomatic but infected human population. The different § values
show how this segment of the population varies over time ¢, indicating the impact of different
model parameters on asymptomatic infection rates. Figure 7 shows the density of humans who
are actively infected. The variation in J values allows for the comparison of infection trends under
different fractional orders as represented by J.
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Figure 7. Population density of infected human populations at different values ¢
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The Figure 8 illustrates the population density of humans who have been vaccinated. The various
0 values likely represent different vaccination rates or efficacies, showing how vaccination impacts
the population over time t. Figure 9 presents the density of humans who have recovered from
the infection. The different § values depict how recovery rates and the number of recovered
individuals evolve under different scenarios.
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Figure 8. Population density of vaccinated human populations at different values &
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Figure 9. Population density of recovered human populations at different values 6
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Figure 10 shows the population density of rodents suspected to be susceptible to the disease. The
fractional order J indicates different scenarios or intervention strategies affecting this population
over time. Figure 11 illustrates the population density of exposed rodent populations. The different
6 values demonstrate how exposure among rodents changes over time under various conditions.
Figure 12 depicts the density of actively infected rodent populations. The variations in § values
show how infection spreads within the rodent population.
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Figure 10. Population density of suspected rodent populations at different values ¢
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Figure 11. Population density of exposed rodent populations at different values &
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From Figure 13 to Figure 16 appear to show the results of numerical simulations that explore
the dynamics of a proposed model asymptomatically-ill A;, humans and infected I,, humans
for Mpox transmission. Specifically, this figure likely illustrates how varying a key parameter,
denoted respectively B1, B3, B4 affects certain population densities or infection rates over time ¢.
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Figure 13. Graphical representations of A, and I, for 5
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Figure 15. Graphical representations of A, and I, for B4

Figure 16 presents the outcomes of numerical simulations that investigate the dynamics of a
proposed model involving asymptomatically-ill A, and infected I, in the context of Mpox
transmission. This figure likely demonstrates the impact of altering a key parameter, represented
by 7, on specific population densities or infection rates as time t progresses.

The model employs the CF fractional derivative, which is a mathematical tool used to describe
processes with memory or hereditary properties. Simulations using numerical methods are
conducted to analyze the dynamics of the model as outlined in system (6). The iterative technique
of the CF derivative is used to generate the data for these figures.
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Figure 16. Graphical representations of A,, and I, for 7t
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Figure 17. Graphical representations of E; and I, for 4

Figure 17 continues from Figure 15 by showing additional or comparative results of the numerical
simulations under different B4 values. This figure might depict another aspect of the model’s
behavior, such as the transition rates between different compartments of the model (e.g., sus-
ceptible, exposed, infected) over time t. The focus on different B4 values helps in understanding
the sensitivity of the model to changes in this fractional order, which is crucial for validating the
model’s robustness and reliability in predicting Mpox dynamics under varying conditions.

The CF fractional model captures memory and hereditary properties in epidemiological systems.
This feature aligns well with the observed transmission dynamics of Mpox, which may involve
delayed responses in immunity and disease progression. The solutions demonstrate consistency
across a range of fractional orders é. Notably, the choice of 6 = 0.60,0.70,0.80,0.90, 1.00 appeared
to yield slightly more accurate alignment with empirical data. The value of J significantly impacts
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the rate of infection spread and recovery, as it controls the degree of memory effect incorporated
into the model.

7 Conclusion

In this investigation, we formulated a fractional-order epidemiological framework to examine the
dynamics of the Mpox virus transmission, incorporating both symptomatic and asymptomatic
infections. The model was rigorously analyzed for the existence and uniqueness of solutions,
demonstrating that it possesses a unique solution under certain conditions. The key findings
demonstrate the impact of vaccination rates, contact rates, and immunity waning on the basic
reproduction number (Rp) and the disease’s spread within human and rodent populations. The
synergistic effect of the human-to-human transmission rate (81) and the progression rate of
exposed individuals (k) significantly elevates the human reproduction number (R;;,), while
increased vaccination rates («,) and reduced immunity waning (7) contribute to a decline in
Ry, Similarly, in rodents, the interaction between the infected-to-susceptible contact rate (B4)
and the progression rate of exposed rodents () critically affects the rodent reproduction number
Rg,. Numerical simulations were conducted to validate the theoretical findings, showing that
the model accurately captures the spread of the virus and the impact of various parameters on
the infection dynamics. The results highlight the critical role of asymptomatic individuals in
the transmission of Mpox and underscore the importance of targeted control measures. This
work provides a valuable framework for understanding the complex dynamics of Mpox and
can inform public health strategies for managing outbreaks. Future studies could benefit from
localized modeling efforts. Also, the model has been validated using simulated datasets, but
the incorporation of real epidemiological data could improve the robustness of our findings and
validate assumptions made regarding disease progression and intervention strategies.
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