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Global dynamics of a fractional-order Hantavirus
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Abstract

In this paper, a new fractional-order model of Hantavirus transmission between humans and
rodents is proposed, incorporating the effect of media awareness. The model is formulated with
the Caputo fractional derivative, which captures the memory effects inherent in epidemic dy-
namics. The existence, uniqueness, positivity, and boundedness of the solutions are established.
The basic reproduction numbers of humans and rodents are derived using the next-generation
matrix approach, and the disease-free and endemic equilibrium points are computed. Their
global asymptotic stability is established using Lyapunov theory and LaSalle’s invariance prin-
ciple for fractional-order systems. The sensitivity analysis shows that the transmission and re-
cruitment rates have positive effects on the basic reproduction numbers, whereas the recovery
and natural mortality rates have negative effects. The numerical results support the theoretical
findings on the global stability of the equilibria and show that increasing the effectiveness of
media awareness reduces the infection burden. Moreover, the simulations indicate that decreas-
ing the fractional-order parameter leads to faster convergence toward the equilibrium state.
However, variations in the fractional-order parameter do not affect the global stability of the

system, while increased media awareness contributes to a reduction in Hantavirus infections.
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1 Introduction

Hantavirus infection is an emerging zoonotic disease primarily associated with rodent reservoirs
and poses a serious public health threat in many parts of the world [17]. Hantavirus is maintained
in nature by small mammal reservoir hosts and is transmitted to humans primarily through
inhalation of aerosolized rodent urine, saliva, and feces [20]. The transmission dynamics of
Hantavirus are influenced by the ecology and distribution of reservoir rodents, as well as by
human exposure and preventive behaviors, making disease control challenging [5]. Although
much has been learned about the epidemiology and pathogenesis of Hantaviruses, no specific
treatment or vaccine is yet available [9]. For this reason, reducing human exposure to infected
rodents remains the main means of preventing the disease. Thus, a better understanding of the
dynamics of Hantavirus transmission will help public health officials enhance their surveillance
systems and develop better prevention and control strategies.

Mathematical modeling has become an essential tool for understanding the dynamics of dis-
ease transmission and for supporting public health policy [4, 18]. Mathematical epidemic models
integrate biological and epidemiological information to analyze infectious disease transmission.
Understanding how infectious diseases spread can help predict disease outbreaks and assess the
effectiveness of preventive measures [19]. Over the years, a variety of compartmental models
have been developed to study Hantavirus epidemiology in humans and rodents. Such work has
improved our understanding of host-reservoir interactions, transmission processes, and the ef-
fectiveness of different control strategies on disease persistence [21, 24, 27]. Nevertheless, the
complex nature of Hantavirus transmission highlights the need for more refined mathematical
models that integrate additional biological mechanisms and behavioral factors. Several mathe-
matical models have been proposed to analyze the transmission dynamics of Hantavirus under
different epidemiological assumptions. Early studies used deterministic compartmental models
to study the relationship between human and rodent populations and to analyze the impact
of demographic and epidemiological factors on disease transmission [16, 26]. Building on this
approach, subsequent studies incorporated additional mechanisms such as nonlinear incidence
rates, ecological transmission, seasonal patterns, spatial heterogeneity, and stochastic effects
[29, 3, 22]. Despite these advances, most current models are still based on classical integer-order
differential equations. Such models assume that the future evolution of the epidemic depends

only on its current state. Although this assumption is reasonable, it may not fully capture the
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memory and hereditary effects present in most biological and epidemiological systems. Davarian
et al. [10] investigated a multigroup COVID-19 epidemic model in Iran and analyzed the repro-
duction number and the stability of its equilibrium points. They also considered optimal control
strategies aimed at reducing symptomatic and asymptomatic infections.

To overcome the limitations of traditional integer-order models, fractional-order differen-
tial equations have attracted increasing attention in epidemiological modeling over the last two
decades. Unlike ordinary derivatives, fractional derivatives are nonlocal and can capture the
memory and hereditary effects characteristic of biological and epidemiological systems [15]. This
property enables fractional-order models to describe infectious disease transmission more re-
alistically, since the current state of an epidemic depends on its past states and on previous
interactions [6]. Accordingly, fractional-order epidemic models have been used to study diseases
such as COVID-19, influenza, dengue, tuberculosis, and hepatitis. Several studies have shown
that these models can describe epidemiological data and make predictions more accurately than
classical integer-order models [1, 7, 31, 2, 8, 33].

Compared with the extensive literature on classical models of Hantavirus transmission, stud-
ies based on fractional calculus remain scarce. Nevertheless, the ability of fractional calculus to
account for memory and hereditary effects may provide a more realistic picture of Hantavirus
dynamics. In this context, Rida et al. [25] developed a fractional-order sensitivity index (SI)
model of Hantavirus infection in mice to investigate the effects of environmental conditions and
habitat variability on disease dynamics. Using the generalized Euler method, they obtained
numerical solutions and showed that changes in environmental conditions, represented by the
carrying capacity, can substantially influence the persistence and dynamics of the infected mouse
population. Yakit Ongun and Arslan [34] developed explicit and implicit numerical schemes for
solving fractional-order Hantavirus models and examined the qualitative properties of their so-
lutions. Moustafa et al. [23] considered a fractional-order Hantavirus infection model with
logistic growth, describing the transmission dynamics in a population of susceptible and infected
mice. They established the existence, uniqueness, nonnegativity, and boundedness of the solu-
tions. Furthermore, they investigated the local and global asymptotic stability of the equilibrium
points and derived the basic reproduction number. The effects of the basic reproduction num-
ber and the carrying capacity on the stability of the fractional-order system were also examined
through theoretical and numerical analyses. Although these studies demonstrated the advantages
of fractional-order models over their integer-order counterparts, they mainly focus on the math-
ematical and numerical aspects of disease dynamics. In particular, the influence of media-driven
public awareness, which can induce protective behavioral responses and thereby reduce human
exposure, has not yet been investigated within a fractional-order framework for Hantavirus mod-

eling. The aim of the present study is to bridge this gap by developing a fractional-order model
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that incorporates media awareness, providing a more realistic description of Hantavirus trans-

mission.

In light of the above observations, this study presents a new fractional-order Hantavirus
transmission model that includes the role of media awareness in influencing disease transmis-
sion. The proposed model is formulated using the Caputo fractional derivative to incorporate
the memory characteristics of the transmission process. We first prove the positivity, existence,
uniqueness, and boundedness of the solutions of the model. Then, we identify the equilibrium
points, derive the basic reproduction number, and study the global stability of the equilibria.
Afterward, numerical simulations are performed to verify the theoretical results and to investi-
gate the effects of the human transmission rate, the rodent transmission rate, media awareness,
and the fractional-order parameter on the spread of Hantavirus. A sensitivity analysis is also
conducted to determine the parameters that most influence the disease transmission dynam-
ics. The remainder of this paper is organized as follows: Section 2 presents the formulation of
the fractional-order Hantavirus model. Section 3 provides proofs of the positivity, existence,
uniqueness, and boundedness of the model solutions. Section 4 discusses the existence of the
equilibria and the computation of the basic reproduction number, and derives global stability
results for the equilibria. Section 5 presents the numerical simulation results. It also discusses
how the transmission parameters, media awareness, and the fractional-order parameter affect
the dynamics of the model. Section 6 is devoted to the sensitivity analysis. Finally, Section 7

concludes the paper with a brief summary and future directions.

2 Model formulation

Motivated by the need for a better understanding of the role of public awareness in Hantavirus
transmission, we propose a new fractional-order epidemic model in the Caputo sense. The model
incorporates the role of media through a compartment of protected humans and assumes that
greater public awareness reduces the effectiveness of disease transmission, since the public is
encouraged to adopt preventive measures. The total human population is divided into four

compartments: Susceptible Sy, protected P, infectious I, and recovered Ry, such that
Np(t) = Sp(t) + Py(t) + In(t) + Rn(t). (1)
The rodent population consists of susceptible S, and infected I,. rodents, satisfying

No(t) = S,(t) + L.(1). 2)
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5 Global dynamics of a fractional-order Hantavirus model with awareness-driven protective behavior

Humans acquire infection through effective contact with infected rodents or infectious humans.
The parameter 7 represents the relative contribution of human-to-human transmission. The
level of media awareness, denoted by M (t), is generated by infectious individuals. As awareness
increases, susceptible individuals adopt precautions and move to the protected class at the rate
TM(t). Moreover, media awareness further reduces the force of infection through the factor
To bl Protected individuals gradually lose their protection and return to the susceptible
class at the rate &, while recovered individuals lose their temporary immunity at the rate w.
Under these assumptions, the dynamics of Hantavirus transmission are governed by the following

system of Caputo fractional differential equations:

BrSn(Ir +nIy)

DSh:Ah+UJRh—TMSh— 11wl

— tnSh + EPy,

D*Py, = TMS}, — (§+ ) Pr,

_ BrSh(Lr +nlp)
14+xM

D*Ry, = ypdy — (W + pn) Ry,
DS, = Ay — 3,81y — 1Sy,
DI, = B.Sp 1 — prly,
DM = al;, — bM.

DI, - ('Yh + ,Uh)I}u

The corresponding initial conditions are Sp(0) > 0, P,(0) > 0, I(0) > 0, Ry(0) > 0, S,.(0) >
0, I,(0) > 0, and M (0) > 0. The Caputo fractional derivative of order a € (0, 1] is defined by

apy— L RUC)
D0 = iy ) oo

where I'(:) denotes the Gamma function. The biological meanings of the state variables and
model parameters are summarized in Tables 1 and 2. The schematic diagram of the proposed

model is shown in Figure 1.
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Table 1: Description of the state variables.

Variable Description
Sh(t) Susceptible human population.
P, (t) Protected human population due to media awareness.
I, (t) Infectious human population.
Ry, (t) Recovered human population with temporary immunity.
Sy(t) Susceptible rodent population.
I.(t) Infected rodent population.
M (t) Media awareness level.
Table 2: Description of the model parameters.
Parameter | Description Unit
Ay, Recruitment rate of the human population. | Individuals/day
A, Recruitment rate of the rodent population. Rodents/day
Lh Natural death rate of humans. Day !
Lo Natural death rate of rodents. Day !
B Effective transmission rate from infected Day~!
rodents and infectious humans to suscep-
tible humans.

By Transmission rate among rodents. Day !

n Modification parameter representing the -
relative contribution of human-to-human
transmission.

T Protection rate induced by media aware- Day !
ness.

K Media effectiveness parameter reducing -
disease transmission.

13 Rate at which protected individuals return Day !
to the susceptible class.

Yh Recovery rate of infectious humans. Day !

w Loss of immunity rate of recovered hu- Day !
mans.

a Media awareness generation rate. Day !

b Natural decay rate of media awareness. Day !

@ Fractional-order parameter, 0 < a < 1. -
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A A

I bM
aly, ﬁéﬁ)
BrSn (I +nlp) I A
pnSh 1+ kM pnRp,
— Ay > S )€ wRy Ry,
TMSh *
wnPp

§P,

7 L4
r Sy pr Ly

Figure 1: Flow diagram of the fractional-order Hantavirus transmission model with awareness dynamics.

3 Mathematical well-posedness of the model

In this section, we verify the well-posedness of system (3). Specifically, we prove the existence and
uniqueness of a positive solution of the fractional-order model and show that the state variables

remain bounded for all £ > 0.

Proposition 1. For any positive initial conditions, the variables of system (3), namely
Sh(t), Pu(t), In(t), Rr(t), Sy(t), I-(t), and M(t), remain positive for all ¢ > 0.

Proof. From the different components of system (3), we have
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DSh |s,=0 = Ap + wRy, + EP, > 0,

DPy, |p,—o =TM S >0,
DIy |1,=0 > 0,

DRy, |ry=0 = dn = 0, (4)
D*S, |s,=0 = Ar >0,
DI, |1,—0 = 0,

DM ‘M:O = th Z 0.

By applying [1, Lemmas 2 and 3], it follows that every solution of system (3) with positive initial
conditions remains positive for all ¢ > 0. Hence, the proposed model preserves the positivity
of its solutions, which ensures that it is both biologically meaningful and mathematically well-
defined. O

Next, we investigate the boundedness of the state variables of system (3). The following

proposition establishes that all solutions of the system remain bounded.
Proposition 2. The biologically feasible region
H = {(ShaphalhaRh75T7ITaM) S Rl :

A A, A
Sp+Py+In+Ry <=2 S +1, <=L Mﬁah}
Hh Hr bun,

is positively invariant.
Proof. Let

Ny (t) = Sp(t) + Pu(t) + In(t) + Rp(t).
By summing the first four equations of system (3), we obtain

DaNh(t) = D*S;, + D*Py, + DI}, + D*Ry,
< Ap — pnrSn — pnPn — prdy — pn Ry,
<Ay *Hh(Sh + Py + 1, +Rh).

Thus,

DaNh(t) S Ah — p,hNh(t).
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Therefore, we have

lim sup Ny (t) <

An
t—+oo h '
Similarly, let

N.(t) = S (t) + L.(1).

By summing the rodent equations of system (3), we have

DN, (t) = D*S, + DI,
S Ar - MTS’I‘ - MTIT-

Hence,
DaNr(t) S Ar - ,u'T'NT(t)7
which implies

Ay
limsup N, (t) < —.
t——+o0 Hr

Now, from the last equation of system (3), we obtain

DM = alp, — bM.

Since
A
I, < Ny, (f) < —h7
Hh
we have
A
DoM< 25 by
K
Therefore,
A
limsup M(t) < 4%h
t—stoo bu,
Consequently, the region H is positively invariant. O
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Theorem 1. For every initial condition in H, system (3) has a unique solution.

Proof. First, system (3) can be rewritten as
DX (1) = F(t, X (1)),
where
X(t) = (Sn(t), Pu(t), In(t), Ru(t), Sy (t), In(t), M(t)) ,

and

BrSr(Ir +nly)

—TMS;, — - P
Ap +wRp, — TMS), 1+ M wnSn + EPy
TMSh—(f+ﬂh)Ph
Sn(Ir +nl
PuSlly +0l) _ (v + pn)In

1+rkM
Ynln — (W + pn) Ry
Ay — BrSpdy — 1Sy
BrSrly — prly
al, — bM

The function F(t, X (t)) satisfies the first condition of [32, Proposition 4]. To verify the second

condition of this proposition, we use the boundedness of the solutions established above, which

gives
2atAp  208npn(Arpn + nAp ) )
F(t, X ()1 <Ap + A, + + + Sh(t
VF( X ()] <An ( - i i) 150 (0)]n
(26 4+ 1) [Pa)1 + 290 + 0+ ) [ (0) s
28 A,
(2w ) ||Rh<t>|1+< - m) 1S. )l + 1ol L)
oMy < Ar + OX(0)]1.
with
AT:Ah+Ar
and
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11 Global dynamics of a fractional-order Hantavirus model with awareness-driven protective behavior

2atA 2b Nopn + 1Ay
O = max by Bupin(Artin & nhnsir) + phy 26+ s
iy, bun + kalp
QBTAT
29, +a+ pn, 2w+ pn, + fry pors bp.

Hence, F(t,X(t)) satisfies both conditions of [32, Proposition 4]. Consequently, the fractional

system (3) admits a unique solution in the region H. This completes the proof. O

4 Global stability analysis of the equilibria

This section analyzes the existence of the equilibrium points of the model, namely the disease-
free equilibrium FEy, the human-only equilibrium FEj, the rodent-only equilibrium F,, and the
endemic equilibrium E*. In addition, the basic reproduction number Ry is computed using the
next-generation matrix technique, and the conditions for the existence of each equilibrium point
are derived. Moreover, using Lyapunov functions together with LaSalle’s invariance principle,
we prove the global stability of these equilibrium points. We begin with the derivation of the

basic reproduction number associated with system (3).

4.1 Computation of the basic reproduction number

The basic reproduction number, denoted by Ry, is defined as the average number of secondary
infections produced by a single infected individual introduced into a fully susceptible population

[28]. We use the next-generation matrix method as in [30] to calculate Ry, which is given by
Ry = p(FV71)7

where F' is the nonnegative matrix of new infection terms, V is the matrix of the remaining

transition terms in system (3), and p denotes the spectral radius of the matrix FV 1. Let

BunAn BriAn
T 0
F = Hh ﬂ#/}{ 7 V:<’Yh+/lh )
g P 0
i

Therefore, by computing the matrix FV~!, we obtain
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Ry = max {R{, Ry},

where
A
Rg _ BrnAn ,
pn(Yn - pn)
. BeAs
Ry = 5
Ky
Here,

« R} represents the human-related basic reproduction number associated with the human-

to-human transmission pathway;

o R{ denotes the rodent-related basic reproduction number associated with the transmission

dynamics among rodents.

Consequently, the overall basic reproduction number R is determined by the dominant trans-

mission mechanism between the human and rodent populations.

4.2 Determination of steady states

Model (3) admits four equilibrium points: The disease-free equilibrium FEj, the human-only equi-
librium E}, the rodent-only equilibrium FE,., and the endemic equilibrium E*. These equilibrium

states are given as follows:

1. Disease-free equilibrium point. The disease-free equilibrium point is given by
Eg = (Sp, Py, I}, Ry, S, 1Y, M"),

where

A A
SO =h g0 pO_ 0 RO 0= a0 =0,
Hh Mo
The disease-free equilibrium point Fy always exists, since all its components are nonneg-

ative.

2. Human-only equilibrium point. The human-only equilibrium point, denoted by FEj,
represents a state in which the infection persists exclusively within the human population,

while it is absent from the rodent population. It is given by
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En = (Sp, P I, Ry, S0, MM,

where

Mh h
Sh—2r o EI,’}, J o — I, = T 5h7
e b w+ pp §+ pn

and

o nt )1+ RMY)
h — 6 .
nM

Furthermore, I {f is obtained as a positive solution of the corresponding equilibrium equa-

tion. Since [ ;f > 0, the infected human equilibrium equation is given by

BrnSy:

T wagh T

Therefore, a positive human-only equilibrium exists whenever

Rh — BrnAn
h—  PhllZh
L (Y + pn)

. Rodent-only equilibrium point. The rodent-only equilibrium point, denoted by E,.,

corresponds to the persistence of the infection in the rodent population while the human

population remains disease-free. It is given by
E,.=(5;,0,0,0,5;,1],0),

where

A v
sp==t sr=tr o

T I

_ AT/B’I" - M%
Kh 57" ’

Br phr

Furthermore, I is obtained as a positive solution of the corresponding equilibrium equa-

tion. Since I} > 0, the infected rodent equilibrium equation is given by

/BT‘S': = M.
Substituting S; = ';—7 into the susceptible rodent equilibrium equation gives
T
Im = A Br — ,LL72~
" Brtir
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Therefore, a positive rodent-only equilibrium exists whenever
B, — p2 > 0.

Hence, the rodent-only equilibrium point E,. exists if and only if

rA'r
RS:BQ > 1.

. Endemic equilibrium point. The endemic equilibrium point, denoted by E*, represents
a steady state in which the infection persists in both the human and rodent populations.
It is given by

B = (S;L?P;’IIt?R;aS* I7 M*)v

rTYTTr)

where
% oy * Arﬁr _/~L724 * a
Srziﬂ Irzia MZ*I)
67‘ BT/’(”I‘ b h
R — Yh * *_TM*SZ
"wdm M
and
g — Om A pn) (A + kM)
r =

Bu(Lx + nlj)

The quantity I} is determined as a positive solution of the corresponding equilibrium
equation. For the endemic equilibrium to be biologically meaningful, all state variables

must be positive. In particular, since I > 0, we require

AT'ﬁT' - /1'3 > 07
which can be rewritten as
A
R = b > 1
L=

Similarly, persistence of the disease in the human population requires a positive infected

class, I;; > 0. This condition is satisfied whenever

Rh B BhnAh
h—o PRITh
ton (Y + fen)
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Therefore, the endemic equilibrium E* exists whenever both the rodent and human basic

reproduction numbers exceed unity, that is,

The existence conditions of the equilibrium points of system (3) are summarized in Table 3.

Rl >1  and

Ry > 1.

Table 3: Summary of the existence conditions for the equilibrium points of system (3).

Equilibrium Point Description Existence Condition
Ey Disease-free equilibrium Always exists
Ey, Human-only equilibrium Rh>1
E,. Rodent-only equilibrium Ri>1
IO Endemic equilibrium Rl >1and Ry > 1

Next, we investigate the global stability properties of the equilibrium points of system (3).

4.3 GGlobal stability

This subsection investigates the global stability of the equilibrium points of system (3) using
Lyapunov’s direct method and LaSalle’s invariance principle [12]. Although a human-only equi-
librium Ej may exist when Rg > 1, it is of limited relevance to Hantavirus transmission, because
rodents are the natural reservoir of the virus and the long-term persistence of the disease depends
on the survival and proliferation of infected rodent populations. Thus, the equilibrium point E},
which excludes the persistence of infection in rodents, does not accurately reflect the key dynam-
ics of the coupled human-rodent transmission system. Similarly, the rodent-only equilibrium F,.,
in which rodents remain infected while humans are free of infection, is not the primary focus
of this study. This equilibrium may be biologically feasible, but it provides limited insight into
the public health consequences of Hantavirus infection. Since our main aim is to determine
the mechanisms governing disease spread and persistence in both host populations, the global
stability analysis is restricted to the disease-free equilibrium FEy and the endemic equilibrium
E*.

are crucial in determining the threshold dynamics and the long-term behavior of the Hantavirus

These equilibria represent the most epidemiologically significant states of the system and

transmission system.
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Theorem 2. If Ry = max{R}, R} < 1, then the disease-free equilibrium point Ej of system

(3) is globally asymptotically stable in the feasible region H.

Proof. Consider the following function:

_ Ih Ir
Yo+ Bh

Vo

Clearly, V is continuous and nonnegative throughout the feasible region H. Since I, > 0 and
I, > 0, it follows directly that V; > 0. Moreover, V) = 0 if and only if I, = I,, = 0, which implies
that Vj is positive definite with respect to the disease-free equilibrium Ey. Consequently, Vj is a
suitable Lyapunov function candidate for analyzing the global stability of Ey. By applying the

properties of the Caputo fractional derivative, we obtain

1
DV, < DI, + — DI,
Mo

Yh + Lh

Substituting the equations of system (3), we get

1 6hSh(I7' +77]h) 1
DV, < — + Iy ) + — (6,51, — pu-1I,.) .
o_%+ﬂh< Ll (Yn 4 pn) I T(ﬁ 1)
Since
A A,
3 . ar S ]-7 Sh S 7}17 S’I" S ]
1+ kM 12 Hor

it follows that

b B () ()
pn(Yh + fn) pn (Y + 1n)

r

Using the definitions

A A,
Rh_ Bhn h and R626r277
K

o o (vn + )

we obtain
DVo < (Rg — 1)1 + (Ry = )1,

Since R} < 1 and R} < 1, it follows that D*Vy < 0. Moreover, DV, = 0 if and only if I, = 0

and I, = 0. From the system equations, when I, = I, = 0, we necessarily obtain M = 0,

P, =0, and Ry, = 0, while Sj, = % and S, = 2 Therefore, the largest invariant set contained
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17 Global dynamics of a fractional-order Hantavirus model with awareness-driven protective behavior

in {(Ip,I,) : D*Vy = 0} is the singleton {Ey}. Consequently, by LaSalle’s invariance principle
for fractional-order systems, the disease-free equilibrium FEjy is globally asymptotically stable in
H. O

Theorem 3. If R} > 1 and R}, > 1, then the endemic equilibrium point E* is globally asymp-
totically stable in the feasible region H.

Proof. Consider the following function:

Sh Sh Ph Ph, Ih Ih
=5 In— —1 P —1 —1)+1 In— —1
Sh(S* " )* h(P;: "B > h(f; T )

* Rh Rh * S S
+Rh<RZIR*1)+ST<S g 1)

(1 I, (M M
e (o) (2w ).

Clearly, V* is continuous and nonnegative throughout the feasible region H. Indeed, for every

positive variable x, the inequality
x—In(z)—1>0

holds, with equality if and only if z = 1. Since each component of V* is of this form, every term

is nonnegative, implying that
V*>0 forall (Sh, Py, I, Ry, Sy, I, M) € H.

Moreover, V* =0 if and only if S, =S}, P, =F;, I, =1, Rn =R}, S, =5}, I, =1, M =

M*, which is equivalent to
(Sh7Ph,Ih7Rh, S’I”,IT,M) = E*.

Therefore, V* vanishes only at the endemic equilibrium E* and remains strictly positive elsewhere
in H. Hence, V* is positive definite with respect to E*, which makes it an appropriate Lyapunov
function candidate for establishing the global asymptotic stability of the endemic equilibrium

point E*. By [1, Lemma 4], we obtain

S Py Iy
DoV <(1- =22 ) D= 1— =) Dp 1— =) Dor
v _( Sh) Sh+< Ph) h+< Ih) "

R: S I
DR 1-20) DS, + (1— =) Do,
+< Rh) h+( 5r> +< Ir)
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M*
1- D*M.
(%)

Substituting the model equations into the above inequality yields

*

D*V* < <1§) (AththTMS —
h

BrSn(Ly +nlp,)

—upS P
T, wnSp +§ h)

h) (TMSh — (& + pn)Pr)

N [ BuSn(Ln+ 1
L Z)(h;wLnMnh) (%LM’L)I’L)

(
+ <1 Z) Yolpn — (w + ) Rp)
(-
(

Using the equilibrium relations

TM*S, = (§+ pn) Py,

BnSi (L7 + nlj)

= I*
14+ xkM* (’7h+,u‘h) h>

Wl = (w + pn) Ry, (5)
BrSyLy = pr 7,
aly = bM™,
and after straightforward calculations, we obtain
Dev* S —F;q)l - G2¢)2 - ’thZ(I)g - F:(I)4 - 171\4*(1)57
where
g BaSi(L; + i)
h 1+ rkM* ’
Gi =TM*S;, (6)
Fr = B,8:I7,
and
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o —3_ b Salltaln)(L+ ML LSi(I7 + i) (L+ sM)
! Sn o StIF 4+ I+ kM), LSu(L + nlp)(1+ sM*)’
o _3_ Sh_ MSwPy  PM'S;
2778, M*SiP, PIMS),’
I,R:  RuI;
B9 _ 7
3 I;R, RI,’ Q
Sy ST
=22 Zrr
* S, SrI.
o — o DM MI;
M~ M-I,

By the arithmetic-geometric mean inequality,
®; >0, i=1,...,5.
Therefore,
Dev* <0 for all (Sk, Pn,In, Rp,Sr, I, M) € H.

Moreover, D*V* =0 if and only if S, =S}, P, =P, I, =1}, R, =R}, S, =S}, I, = I, and
M = M*. Therefore, every state variable coincides with its corresponding endemic equilibrium
value, which implies that the largest invariant set contained in {D*V* = 0} is the singleton { E*}.
Consequently, by LaSalle’s invariance principle for fractional-order systems, every solution of
system (3) with initial conditions in H approaches E* as ¢ tends to infinity. Hence, the endemic

equilibrium point E* is globally asymptotically stable in H. O

5 Numerical simulations

In this section, a series of numerical simulations is carried out to investigate the influence of the
fractional order and of the transmission and awareness parameters on the infection dynamics. All
simulations were performed using MATLAB. To obtain approximate solutions of the proposed
fractional-order model, we employed the numerical scheme introduced in [14]. The discretization

formula is given by

[e3

V(L) = Y (to) + = (6 — 1) — (i — = 1)i*] G(Y (to))

I'(a+2)
‘T Dol 1) =20 =) g =1 6 )
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e (Yt - = P(Y (i) (8)
T(a+ 2) YT D+ 1) e
where the discrete time nodes are defined by
t; =ty + ih, 1=0,1,...,N —1,
with h denoting the time-step size. The initial condition is

Yy = (50, 30, 10, 5, 30, 7, 15).

Unless otherwise specified, the parameter values used in the numerical simulations are listed in

Table 4. These values were used to generate all the figures presented in this section.

Table 4: Parameter values used in the numerical simulations.

Parameters Figure 2 Figure 3 Figure 4 | Figure 5 | Figure 6
Ap, 1 1 1 1 1
Lh 0.05 0.1 0.1 0.1 0.1
Bh 0.0002 0.25 - 0.25 0.25
n 0.1 0.8 0.8 0.8 0.8
K 0.1 0.5 0.5 0.5 -
T 0.02 0.002 0.002 0.002 0.002
13 0.01 0.05 0.05 0.05 0.05
Yh 0.3 0.08 0.08 0.08 0.08
0.05 0.05 0.05 0.05 0.05
A, 1 1 1 1 1
By 0.0003 0.2 0.2 - 0.2
s 0.1 0.25 0.25 0.25 0.25
a 0.05 0.02 0.02 0.02 0.02
b 0.3 0.20 0.20 0.20 0.20
Rl 0.00114 11.11 - - -
Ry 0.03 3.20 - - -
Theorems Theorem 2 | Theorem 3 - - -
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5.1 Global stability and effect of the fractional order

To illustrate the global stability of the equilibria and the effect of the fractional order on the
infection dynamics, we used scheme (8), with the fractional order ranging between 0.55 and
1. Figure 2 illustrates the time evolution of the Hantavirus model variables, namely Sy, Py,
Iy, Rn, Sy, I., and M, for different values of the fractional-order parameter «. As shown,
all state trajectories converge to the disease-free equilibrium Ey = (20, 0, 0, 0, 10, 0, 0) for all
values of a considered. This behavior indicates the complete elimination of the infection from
both the human and rodent populations, with only the susceptible classes remaining positive at
equilibrium. These numerical results are fully consistent with Theorem 2, which guarantees the
global asymptotic stability of the disease-free equilibrium. Furthermore, the basic reproduction
numbers reported in Table 4, RF = 0.00114 < 1 and R} = 0.03 < 1, satisfy the conditions of
Theorem 2.

Consequently, the infection cannot persist in either the human or the rodent population, and
the disease-free state is globally attractive. The simulations also show that the fractional-order
parameter has a significant impact on the transient dynamics of the system. In particular, lower
values of « lead to faster convergence to the equilibrium, whereas higher values lead to slower
convergence. This phenomenon is due to the memory effect characteristic of fractional-order
derivatives: The higher the fractional order, the stronger the memory of the system and the
longer the transient response before the steady state is reached. It should be noted that chang-
ing the fractional-order parameter alters neither the location nor the stability of the equilibrium
point. In other words, the fractional order only influences the convergence speed of the tra-
jectories, while the long-term qualitative behavior remains unchanged. Figure 3 illustrates the
time evolution of the Hantavirus model variables for different values of . The numerical results
show that, irrespective of the chosen fractional order, all solution trajectories converge to the en-
demic equilibrium point £* = (0.820, 0.009, 5.983, 3.191, 1.250, 2.750, 0.873). This convergence
demonstrates the long-term persistence of the disease in both the human and rodent popula-
tions. In particular, the infected human and rodent compartments approach positive equilibrium
values, confirming that the infection remains endemic. Furthermore, the protected human com-
partment P stabilizes at a very small positive level, which can be attributed to the relatively
low awareness rate 7. These numerical observations are fully consistent with Theorem 3, which
establishes the global asymptotic stability of the endemic equilibrium. Moreover, as reported in
Table 4, the basic reproduction numbers satisfy R} = 11.11 > 1 and R = 3.20 > 1, thereby
fulfilling the conditions of Theorem 3.

Consequently, the endemic equilibrium exists and is globally asymptotically stable. The

simulations also emphasize the role of the fractional-order parameter in the transient behavior
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Figure 2: Stability of the disease-free equilibrium point Eq for different values of the fractional-order parameter

(e

of the system. In particular, lower fractional-order values result in faster convergence to the

endemic equilibrium, while higher values lead to a longer transient phase. This behavior is typical
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Figure 3: Stability of the endemic equilibrium point E* for different values of the fractional-order parameter
a.

of fractional-order dynamical systems, in which memory effects arise from the Caputo fractional

derivative. As the order increases, the memory effect becomes more significant, which translates
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into a longer transient period before the system reaches equilibrium. However, changing the
value of the fractional-order parameter alters neither the position nor the stability of the endemic

equilibrium; it only affects the rate at which the solution trajectories converge to it.

5.2 Effects of the transmission rates

In this subsection, we study how the transmission rates affect the dynamics of the Hantavirus
model. The transmission rates play a key role in the spread of the disease among humans and
rodents. We analyze the impact of varying these parameters on the evolution of the model

variables while keeping the other parameters unchanged.

60 ;
—B3, = 0.01
40 B, = 0.10
I — By = 0.50
20 —B, = 0.90
0 L r
0 20 40 60 80 100

Time(day)

Figure 4: Influence of the human transmission rate 85 on the infected human population Ij,.

Figure 4 highlights the impact of the human transmission rate S5 on the infected human
population Ij,. The results show that, as 3;, increases, the number of infected individuals increases
throughout the simulation. For small values of 3, the number of infections decreases quickly,
leading to a low endemic level. In contrast, larger values of §;, result in a high infection peak and
a high endemic equilibrium. These findings demonstrate that reducing the human transmission
rate is an effective means of preventing the spread of Hantavirus and reducing its burden on the
human population over time. Figure 5 presents the impact of the rodent transmission rate [, on
the infected rodent population. It can be seen that increasing (3, increases the number of infected
rodents throughout the simulation, whereas decreasing this parameter substantially reduces the
infection level among rodents. Although all trajectories eventually converge to an equilibrium,
the transient dynamics are considerably affected by the value of .. For instance, for larger
values of f3,., the infection level is higher and persists longer before the steady state is reached.
Thus, this figure illustrates the importance of the rodent transmission rate in maintaining and

propagating Hantavirus.
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Figure 5: Impact of the rodent transmission rate 3, on the infected rodent population I,.

5.3 Effect of media awareness

In this subsection, we analyze the effect of media awareness, which encourages individuals to
adopt preventive behaviors and thereby reduces the infection rate. By varying the media aware-

ness parameter while keeping all other parameters unchanged, we assess its effect on the infected

population.
60 :
—I/i =
Kk = 0.40]|
Ih 40 —r = 0.80
20 —r=C |
0
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Figure 6: Influence of the media awareness parameter « on the infected human population 1.

Figure 6 illustrates the effect of media awareness on the infected human population I, for
different values of the media awareness effectiveness parameter . In the proposed model, media
awareness acts through two mechanisms. First, the awareness level M (¢) promotes protective
behavior by transferring susceptible individuals from S} to the protected class P}, at the rate

TMS}. Second, it reduces the force of infection through the factor Therefore, increasing

1
T+RM*
K strengthens the effect of media awareness on reducing disease transmission. The numerical
simulations consider x = 0, 0.40, 0.80, and 1, while keeping the other parameters unchanged. As
shown in Figure 6, increasing « progressively reduces the number of infected individuals. When

k = 0, the infected population remains at a higher level, whereas larger values of k lead to a
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lower infection peak and a lower infection level over time. These results show numerically that
increasing the effectiveness of media awareness can reduce the infection burden by promoting
protective behavior and decreasing effective transmission. However, under the endemic conditions
considered here, media awareness reduces the infection level but does not necessarily lead to
complete disease elimination. Thus, media awareness represents an important behavioral control

mechanism for reducing Hantavirus transmission.

6 Sensitivity analysis of the basic reproduction number

This section is devoted to the sensitivity analysis of the model. The main objective is to determine
the parameters that most strongly influence the dynamics of disease transmission and the basic

reproduction number Ry. The following definition is required for the subsequent analysis.

Definition 1. [13] The normalized forward SI of the basic reproduction number Ry with respect
to a parameter § measures the relative variation in Ry resulting from a relative change in 0. It
is defined by

ORy 0
Ry _ Y70 Y
5o = 90 Ry’

Since Ry = max {Rg, RS}, the sensitivity analysis is conducted separately for the two thresh-
old quantities R} and Rj. Specifically, we first calculate the normalized forward SIs of R} with
respect to the human-related parameters By, 1, Ay, ppn, and v,. We then determine the Sls of

R{, with respect to the rodent-related parameters 3, A,, and pu,.

The SIs of R} are given by

h
SHo =1,
Sy =1,
h
Syl =1, (9)
sp0 = -
Y+ Lh
Sﬁ? _ _nt 2
Yn + h

The SlIs of Ry, are given by
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BT
sho_q,
Ry
Sye =1, (10)
R’V‘
Sl = —2.

(s

The computed SIs of the model parameters with respect to RSL and Ry are reported in Table 5

and illustrated in Figure 7.

Table 5: SlIs of the model parameters associated with the basic reproduction numbers Rg and Rj.

Parameter | Value | SI for R} | SI for R}
Ay, 1 1 -
Bn 0.25 1 -
7 0.80 1 -
Th 0.08 -0.4444 -
L 0.10 -1.5556 -
A, 1 - 1
Br 0.20 - 1
Loy 0.25 - -2

Figure 7 and Table 5 show the normalized forward Sls of the model parameters with respect
to the basic reproduction numbers R and Rj. In general, a positive SI indicates that an
increase in the corresponding parameter leads to an increase in the basic reproduction number,
whereas a negative SI indicates that increasing the parameter decreases the reproduction number.
Furthermore, the magnitude of the SI reflects the relative importance of each parameter in
influencing disease transmission. For the human basic reproduction number R%, the parameters
Ap, Br, and n all have STs equal to +1. Consequently, a 10% increase (or decrease) in any of these
parameters results in a 10% increase (or decrease) in the value of R}. This shows that the human
recruitment rate, the human transmission rate, and the modification parameter have the largest
positive impact on disease transmission within the human population. On the other hand, the
SIs of the recovery rate v, and the natural death rate pj are both negative, equal to —0.4444
and —1.5556, respectively. Consequently, increasing either of these parameters decreases the
reproduction number Réﬂ whereas decreasing them favors the spread of the disease. Similarly,
for the rodent basic reproduction number R, the recruitment rate A, and the transmission
rate B, have SIs of +1, indicating that a 10% increase in either parameter increases R{, by
10%. On the other hand, the natural death rate p, has an SI of —2, which means that a

10% increase in p, reduces Rf by approximately 20%. Among all rodent-related parameters,
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Figure 7: Normalized forward SIs of the parameters associated with R} and Rj.

1 has the largest SI in absolute value and is therefore the most significant factor determining
Hantavirus persistence in the rodent population. In summary, the sensitivity analysis shows
that the transmission parameters 3;, and [, drive the spread of the disease, while the recovery
rate 7, and the natural death rates uj and p, help limit its spread. For this reason, reducing
transmission through preventive actions, combined with measures aimed at speeding up recovery
and shortening the infectious period of humans, is expected to be the most effective way to
bring the basic reproduction numbers below one and thus limit the spread of Hantavirus among

humans and rodents.

7 Conclusion

This study proposed a novel fractional-order Hantavirus transmission model based on the Caputo
fractional derivative that takes into account media awareness and the protective behavior of

humans. By accounting for memory effects, the model better represents disease dynamics and
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captures the complex interactions between humans and rodents. The mathematical analysis
established the existence, uniqueness, positivity, and boundedness of the solutions, confirming
that the model is mathematically well-posed and biologically meaningful. Moreover, the basic
reproduction numbers were computed, and they determine the conditions for disease extinction
or persistence.

The global stability analysis focused on two epidemiologically significant equilibria: The
disease-free equilibrium Ejy and the endemic equilibrium E*. While the human-only equilibrium
Ej, may exist when R} > 1, it is of limited epidemiological significance, since Hantavirus is
mainly sustained in infected rodent populations, the natural reservoir of the virus. Therefore,
E}, does not properly describe the long-term dynamics of the coupled human-rodent transmission
system. Similarly, the rodent-only equilibrium E,., although biologically possible under certain
circumstances, is not very informative about the public health impact of the disease because
human infections are not involved. For this reason, a global stability analysis of E; and E, was
not undertaken. Instead, only the disease-free and fully endemic equilibria were examined, since
they determine the threshold behavior and the long-term dynamics of the complete transmission
system. Specifically, it was shown that the disease-free equilibrium FEj is globally asymptotically
stable whenever Ry = max{ R}, Ry} < 1, whereas the endemic equilibrium E* is globally asymp-
totically stable whenever R > 1 and R}, > 1. These global stability results were established
using Lyapunov functions and LaSalle’s invariance principle for fractional-order systems.

The simulations confirmed the theoretical results and illustrated the importance of the
fractional-order parameter in the epidemic dynamics. In particular, reducing the fractional
order accelerated convergence to the equilibrium without affecting its asymptotic stability. The
simulations also showed that an increase in the transmission rates resulted in a higher number of
infected individuals, whereas increasing the effectiveness of media awareness reduced the number
of infections through changes in protective behavior. According to the sensitivity analysis, the
transmission and recruitment parameters are the main contributors to the spread of the disease,
while higher recovery and natural mortality rates are associated with a decrease in disease trans-
mission. These findings highlight the importance of combining transmission-reduction measures,
such as limiting contact between humans and infected rodents, with effective public awareness
and appropriate protective behaviors as part of a comprehensive strategy for controlling Han-
tavirus transmission.

The proposed fractional-order framework provides a useful mathematical approach for in-
vestigating the combined effects of memory, media awareness, and behavioral responses on Han-
tavirus transmission dynamics. Future work could extend the present model to a multi-group
setting to account for population heterogeneity and investigate optimal control strategies for

reducing Hantavirus transmission [11].
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