Modeling the Transmission Dynamics of Hantavirus with
Environmental Viral Persistence

Abstract

Hantavirus is a zoonotic disease maintained primarily in rodent reservoirs, with human infec-
tion occurring predominantly through exposure to virus-contaminated environments. In this study,
we formulate and analyze a deterministic compartmental model describing hantavirus transmission
among rodents, humans, and an environmental viral reservoir. The model incorporates logistic rodent
population growth, direct rodent-to-rodent transmission, environmental transmission, viral shedding,
and human disease progression through susceptible, exposed, infectious, and recovered classes. Basic
qualitative properties of the model are established, including the existence, uniqueness, positivity, and
boundedness of solutions. Using the next-generation matriz approach, the basic reproduction number
is derived and shown to govern the threshold dynamics of the disease. The disease-free equilibrium is
proven to be globally asymptotically stable whenever Ry < 1, while the existence of an endemic equi-
librium is established for Ro > 1, and conditions for its local asymptotic stability are obtained using
the Routh—Hurwitz criterion. The analysis demonstrates that environmental viral persistence plays a
critical role in sustaining transmission by linking infected rodent reservoirs with susceptible human
populations. The results further indicate that reducing rodent infection, increasing environmental viral
clearance, and minimizing human exposure to contaminated environments are effective strategies for
lowering disease transmission. The proposed model provides a rigorous mathematical framework for
understanding the ecological and epidemiological mechanisms underlying hantavirus persistence and
offers a foundation for future investigations incorporating seasonality, spatial heterogeneity, stochastic
effects, and optimal control.

Keywords: Hantavirus, environmental viral persistence, rodent reservoirs, zoonotic disease, mathemat-
ical epidemiology, basic reproduction number, stability analysis, endemic equilibrium.

1 Introduction

Hantavirus infection is an important zoonotic disease caused by an RNA virus of the Hantaviridae family,
maintained in rodent reservoir populations and transmitted to people predominantly through inhalation
of aerosolized virus from rodent urine, saliva, or feces, though rodent bite and direct contact with con-
taminated materials can also cause infection [9, 18, 15]. Infection in humans can cause serious disease,
especially Hemorrhagic Fever with Renal Syndrome (HFRS) and Hantavirus Pulmonary Syndrome (HPS),
which are associated with high morbidity and mortality [17].

The ecology of hantavirus is tightly linked to the disease’s epidemiology. Infected rodents are usually
asymptomatic, but can continue to shed virus for life [19]. Fluctuations in food supply, rainfall, habitat
disturbances, and predator populations all impact rodent populations and subsequent patterns of disease,
as highlighted in the well-studied 1993 Four Corners outbreak in the United States [14, 12].

Environmental transmission is an important route of human infection: viral particles shed into the
environment can remain infectious for weeks under certain temperature, humidity, UV, and ventilation



regimes [16]. Accordingly, people are often infected by contaminated dust in confined environments, such
as on farms, in storage areas, in military camps, and in unventilated buildings [22]. This suggests that it
is important to explicitly model transmission from the environment.

Mathematical modeling is an important tool in understanding infectious disease dynamics and out-
comes, and evaluating the potential effectiveness of control strategies. Compartmental models for epi-
demic dynamics can be used to study transmission, invasion thresholds, and stability of solutions [4, 11, 5,
3, 6, 7, 8]. For zoonotic diseases such as hantavirus, mathematical models are essential for encapsulating
different processes, such as ecological, environmental, and epidemiological, in one theoretical framework.

The first models of hantavirus transmission analyzed infection dynamics in the rodent population.
Abramson and Kenkre [1] investigated spatial spread of hantavirus in rodents, demonstrating the response
to spatially structured environments. Allen et al incorporated rodent population dynamics and showed the
dependence of endemic persistence on carrying capacity and recruitment [2]. Subsequently, Sauvage et al.
[20] investigated fluctuating rodent populations and highlighted the influence of environmental forcing,
while Wesley and Allen [23] incorporated seasonality and demonstrated that periodic environmental
variations can generate recurrent outbreaks.

Recent studies have increasingly recognized the importance of environmental transmission in main-
taining hantavirus circulation. Viral persistence in contaminated environments may sustain infection
even when direct rodent-to-rodent transmission is relatively weak [16]. Similar environmental reservoirs
have been successfully incorporated into mathematical models of several infectious diseases, including
cholera, influenza, Ebola, and COVID-19 [10]. Nevertheless, relatively few hantavirus models explicitly
include environmental viral dynamics.

Among recent contributions, Supriatna et al. [21] developed a deterministic model describing trans-
mission between rodents and humans and showed that rodent ecological processes dominate disease dy-
namics. However, their model does not explicitly account for environmental viral persistence. Likewise,
Gutiérrez-Jara et al. [13] investigated hantavirus transmission across multiple geographical regions and
demonstrated the importance of human mobility, while recommending the incorporation of environmental
transmission into future modeling studies.

Motivated by these observations, we formulate and analyze a deterministic compartmental model that
integrates rodent populations, humans, and an explicit environmental viral reservoir. The model incor-
porates logistic rodent population growth, direct rodent-to-rodent transmission, indirect environmental
transmission to both rodents and humans, viral shedding into the environment, and natural viral decay.
Human infection occurs via susceptible, exposed, infectious, and recovered compartments so that we
account for the incubation period preceding infectiousness.

The main achievement of this paper is a thorough qualitative analysis of the model. In particular, we
prove existence, uniqueness, positivity, and boundedness of solutions, consider the disease-free equilibrium
and basic reproduction number, analyze local and global stability of the disease-free equilibrium, prove
existence and local stability conditions for the endemic equilibrium, and discuss the epidemiological
consequences of environmental viral persistence. These results set the stage for future work on parameter
fitting, sensitivity analysis, seasonality, stochasticity, optimal control, and spatial transmission

1.1 State Variables

The model consists of seven state variables describing the dynamics of hantavirus transmission among
rodents, humans, and the environmental viral reservoir.

1.2 Model Parameters

The parameters governing the dynamics of the system are described below.

1.3 The Model Interpretation

The rodent population is divided into susceptible and infected classes. Susceptible rodents acquire in-
fection either through direct contact with infected rodents at transmission rate «,. or through exposure
to infectious viral particles in the environment at rate 3. Rodent population dynamics are governed by
logistic growth with intrinsic growth rate 7, and carrying capacity K.

The human population is subdivided into susceptible, exposed, infectious, and recovered compart-
ments. Susceptible humans become infected through contact with contaminated environmental viral
particles and initially enter the exposed class. Exposed individuals progress to the infectious class at rate
k, while infectious individuals either recover at rate p or die from disease-induced mortality at rate 7.

The environmental viral compartment, denoted by V(¢), represents the concentration of infectious
viral particles in the environment. Viral particles are introduced through shedding by infected rodents



Table 1: Description of state variables

Variable Description

Sy(t) Population of susceptible rodents at time ¢

I.(t) Population of infected rodents at time ¢

Sh(t) Population of susceptible humans at time ¢

Epn(t) Population of exposed humans (infected but not yet infectious) at time ¢

I, (t) Population of infectious humans at time ¢

Ry (t) Population of recovered humans with temporary or permanent immunity at time ¢
V(t) Concentration of hantavirus particles in the environment at time ¢

N,.(t) Total rodent population, where N, = S, + I,

Table 2: Model parameters and their biological meanings

Parameter Description

T Intrinsic growth rate of the rodent population

K, Environmental carrying capacity for rodents

Q. Direct rodent-to-rodent transmission rate

B Environmental transmission rate from contaminated environment to rodents
Wy Natural death rate of rodents

T Recruitment rate of humans into the susceptible class

B, Environmental transmission rate from contaminated environment to humans
wh, Natural death rate of humans

K Progression rate from exposed humans to infectious humans

p Recovery rate of infectious humans

T Disease-induced death rate of infectious humans

Uy Viral shedding rate by infected rodents into the environment

(s Viral shedding rate by infectious humans into the environment

10) Natural decay or clearance rate of environmental viral particles

and infectious humans at rates v, and 1y, respectively, and are removed through natural decay and
environmental clearance at rate ¢.

1.4 Model Assumptions

The proposed hantavirus transmission model is based on the following biological and epidemiological
assumptions.

1. The rodent population is divided into susceptible and infected classes. Infected rodents remain
infectious throughout their lifetime and continuously shed virus into the environment.

2. Rodent population growth follows a logistic law with intrinsic growth rate 7, and carrying capacity
K., reflecting ecological limitations such as food, shelter, and space.

3. Rodent infection occurs through two transmission pathways: direct contact with infected rodents
and indirect contact with contaminated environmental viral particles.

4. The human population is partitioned into susceptible, exposed, infectious, and recovered classes.
Newly infected individuals pass through a latent period before becoming infectious.



5. Humans acquire infection only through exposure to contaminated environmental viral particles. Di-
rect rodent-to-human transmission is represented implicitly through the environmental viral reser-
VOir.

6. Infectious humans recover at rate p or die from hantavirus-induced disease at rate 7. Recovered
individuals are assumed to acquire immunity during the study period.

7. The environmental viral compartment receives viral particles shed by infected rodents and infectious
humans and loses infectivity through natural decay and environmental clearance. The environmen-
tal viral load is assumed to be spatially homogeneous.

8. Recruitment and natural mortality occur at constant rates, and all transmission parameters are
assumed constant throughout the study period.

9. The populations are assumed to mix homogeneously, so that every susceptible individual has an
equal probability of contacting infectious sources.

10. Seasonal variation, spatial heterogeneity, age structure, stochastic effects, behavioural changes, and
viral mutation are neglected.

These assumptions provide a biologically realistic and mathematically tractable framework for investi-
gating the transmission dynamics of hantavirus involving rodent reservoirs, environmental contamination,
and human infection.

1.5 Model Equations

The improved model is

ds, N,
=N, (1-22) -8, I, — -

dt TrT T ( K,,,) aTST T /BTSTV WTST7
dI,

dt = arSrIr + BT‘ST‘V - wrjra

dsS
aTth = 7h — BrSKV — wpSh,
dE
7: = ﬂhShV — (wh + H)Eh, (1)
dl,

= kB, — (wn + p+ 7)1,

dt
dRy,
— = pl —wpR,

dt PLh — Whith,

dv

E = wr-[r + ’(/}hIh - (bv

where

N, =85, +1I,.

2 Qualitative Analysis and Stability Theory

In this section, we investigate the fundamental dynamical properties of the hantavirus transmission
model. We establish positivity and boundedness of solutions, derive the disease-free equilibrium, compute
the basic reproduction number, and analyze the local and global stability properties of the disease-free
equilibrium.

2.1 Existence and Uniqueness of Solutions

Theorem 1. For nonnegative initial conditions

(5,(0),1,(0), Sp(0), Ex(0), I5(0), R,(0),V(0)) € RT,



system (1) admits a unique solution on
[0, 00).

Proof. Let

X (t) = (Se(), (1), Su(t), Bn(t), In(t), Ru(), V(£)) "

Then system (1) can be written in the compact vector form

dX
— = F(X), X(0) = Xo,
dt
where
F(X) = (F17F27F37F43F57F67F7)T7
with
N,
Fl = 7T7‘Nr 1- F - a’r’S’I”I’I‘ - ﬁrSrV - wrSm
Fy =a, 5.1, + ﬂTSrV —wrly,
F3 =7, — BrShV — wpSh,
Fy = BrSLV — (wn + k) Ep,
Fs = kB, — (wp + p + 7)1p,
Fs = pl, — wp Ry,
and

F7 = 7/}7“17’ + u)h[h - ¢V

Observe that each component F; is a polynomial (or quadratic) function of the state variables. Con-
sequently,

F(X) e CY(RY).
Therefore all first-order partial derivatives

oF,;
3xj

exist and are continuous throughout the positive orthant.

The Jacobian matrix
JF;
JX)=|=—
(%) (3%)
is therefore continuous in RY,.
Since every continuously differentiable function is locally Lipschitz continuous, there exists a positive
constant L such that

|[F(X) - FY)| < LIX =Y
for all

X,Y

belonging to any bounded subset of Rl.
Hence the vector field F satisfies the local Lipschitz condition.
By the Picard-Lindelf (Existence and Uniqueness) Theorem, there exists a unique maximal solution

X(1)



defined on some interval

[07 Tmax)a Tmax > 0.

It remains to show that the maximal existence time satisfies

Tax = 00.

To this end, define the total rodent population

N. =S8, +1I,.
Adding the first two equations of system (1) gives

dN, N,
= 7TT‘NT' (1 — K> — wT‘NT-

dt r

Hence

dN, N,
W—NT- |:7T7~ <1Kr> wr:| .

It follows that

for sufficiently large t.
Similarly, define the total human population

Ny =Sy + Ep+ I+ Ry,.
Adding the human equations yields

dN,
dith :tho.)hNthIh.
Since
Ih Z 07
we obtain
dN,
Tth < 7 — wpNp,
Using the Comparison Theorem,
Nu(t) < 22+ (Nh(o) - 7”‘) et
Wh, Wh,
Therefore
Ny (t) < My,
where
M;, = max {Nh(O), ﬂh} .
W

For the environmental virus concentration,

dv

E = wrlr‘ + ’(/}hlh - ¢V
Using

IT S MT7 Ih S Mha
gives



dv
— < wer + thh - ¢V

dt —

Solving the corresponding comparison equation

aw

e Yr My + b My, — oW,
yields

M, M M, M _
W(t) = Yr My + My + <W(O) _ W) e~ %t

¢ ¢

Consequently,
M, M
Vi(t) < YoMy + nMy M,.
¢
Thus,
0 < Sn(t), I (t) < My,
0< Sh(t)’ Eh(t)’ I}L(t)th(t) < Mp,

and

0<V(t) <M,

Hence every component of the solution remains uniformly bounded on every finite interval.

Since finite-time blow-up cannot occur and the solution remains in a compact subset of the positively
invariant region, the standard continuation theorem for ordinary differential equations implies that the
maximal existence interval cannot be finite.

Therefore

Trnax = 00.

Consequently, the solution of system (1) exists uniquely for all

t>0.

Hence system (1) admits a unique global solution on

[0, 00).

2.2 Positivity of Solutions

Theorem 2. Let
(S’r(o)> Ir(0)7 Sh(0)7 Eh(0>7 Ih(0)7 Rh(0)> V(O)) € RZr

Then the corresponding solution of system (1) remains nonnegative for all t > 0.

Proof. To establish positivity, it suffices to verify that the vector field defining system (1) points inward
on each coordinate hyperplane forming the boundary of the positive orthant.

Indeed,
N,
=7 N, (1 — ) >0,
5,.=0 K

dI,
dt

ds,
dt

= /BTSTV > Oa
1,=0
s,
dt

=T > 07
Sr=0

dE}y,

——— = 6,5,V >0
7 BrSKV >0,

Ep=0




dl
= =kE, >0,
dt |7, o
dﬂ = pI}L > Oa
dt |p, o
and
1%
— = Yply + pdp > 0.
dt |, _g

Hence every component of the vector field is directed into RZF along its boundary. Therefore, by
the standard invariance theorem for ordinary differential equations, the nonnegative orthant is positively
invariant. Consequently,

S, (8), I.(t), Sp(t), En(t), In(t), Ru(t), V(t) >0,  t>0.

2.3 Invariant Region and Boundedness

Theorem 3. The feasible region

Q= {(Sr, I, Sn, Bn, In, Ry, V) € R - N < NP Nj, < NP, v < pmexy

where
w
NP =K, (1- =,
Urs
Th
ma.
Nh X = -,
Wh
and

o Ny N
(b Y

is positively invariant. Consequently, every solution of system (1) is uniformly bounded.

Vmax —

Proof. Let

N, =8, +I,.
Adding the first two equations of system (1) gives

dN, N,
7 = N, |:7T7~ <1— Kr> —wr} .

This is a logistic equation with harvesting. By the comparison principle,

limsup N, (t) < K, <1 - wT) = N,

t—o0 Ty

Similarly, letting

Ny =8y, + Ep+ I + Ry,

we obtain
dN
dith = Th —whNh —TIh S Th —whNh.
Applying the comparison theorem yields
lim sup Np(t) < Th_ [
t— o0 Wh

Finally,



dv
E = u)r-[r + wh-[h - ¢V

Since

ITSN;naxa IhSN}anaX7
it follows that

dv
E S "/)vafnaX + @Zth}I,,naX - ¢V

A further application of the comparison principle gives

NmaX Nmax
limsup V(t) < Yr N A+ YV
t—o00 (b

— Vmax

Hence every solution eventually enters and remains in the compact region €2. Therefore, € is positively
invariant and all solutions of system (1) are uniformly bounded.
O

2.4 Disease-Free Equilibrium

Setting
I,=E,=1,=R,=V=0
gives
S* = K, (1 — w’“) ,
s
and
Th
Sy =—
o
Therefore,

Ey = (KT (1 - °"7“> ,0,”,0,0,0,0) .
Ty Wh

2.5 Basic Reproduction Number

The basic reproduction number is derived using the next-generation matrix method of Diekmann et al.
and van den Driessche and Watmough. Let

X = (I, Ep, I, V)T
denote the vector of infected compartments. At the disease-free equilibrium

Ey = (52,0, 57,0,0,0,0),

where

S?:KT<1—OJT>, S

Ty Wh,

the matrices of new infection and transition terms are

.80 0 0 B,.S°
| 0o 0 0 B8
F=19 o0 o |

0 00 0

and



Wy 0 0 0
. 0 wh+ K 0 0
W= 0 -k  wpt+p+T O
— Yy 0 —Ph ¢
The next-generation matrix is
K=FW™,
and the basic reproduction number is defined by
Ro = p(K),
where p(-) denotes the spectral radius.
A straightforward computation of FW ! yields
TsO i TsO SO
Ry OrSE L BetSE L BamnS)
wy ¢w,  Plwn +K)(wh+p+T)

The three terms correspond respectively to direct rodent-to-rodent transmission, rodent infection
mediated through the environmental viral reservoir, and human infection arising from environmental
exposure.

2.6 Local Stability of the Disease-Free Equilibrium
Theorem 4. The disease-free equilibrium
Ey = (Sga 0, ng 0,0,0, 0) )
where
SO—k, (1-% 50 = T
r T ) h wh 9

18 locally asymptotically stable whenever
Ry < 1,

and unstable whenever
Ry > 1.

Proof. To investigate the local stability of the disease-free equilibrium, we linearize system (1) about
Ep.

Let

X = (ST’7IT7 Sha Eh7 Ih7 Rh> V)T

- (2)

where f; denotes the right-hand side of the i-th equation of system (1).

The Jacobian matrix is given by

Since
N, = Sr + Ira
the necessary partial derivatives are computed as follows.
For
N,
f1 = 7TT-N7- 1-— f - OéTSrI»r- - ﬂTSrV - (.UTST7
we obtain
0 27, N,
a;éi =Tr — 73{1" - a’!‘I’I‘ - ﬂrv — Wr,

10



8f1 27TTNT

ol = Tpr — K, - OérSr»
0
B =5
For
f2 = arSrIr + /B’I"ST‘V - WTIT;
we obtain
gg? = o, I, + B’r‘fa
of2
ol =a, S, — Wr,
dfo
—= = f,.5,.
ov A
For
f3=mn — BrnShV — wnSh,
we obtain
0fs
TSh = =BV —wp,
0
87{;’ = —BrSh.
For
Ja = BrSKV — (wp + k) Ey,
we obtain
0
8751 = BuV,
af.
oE, ~ et
0
67{/['1 = BhSh-
For
f5s = KkEp — (wn + p+7)1n,
we obtain
o _,
o0E;, ’
0
a—fi =—(wp+p+7)
For
fe = pIn —wnRp,
we obtain
o _
al, 12
9f _
OR) e

11



Finally, for

f7 = wrlr + ’(/}hlh - (bV»

The remaining eigenvalues are obtained from the infected subsystem

12

we obtain
0
L v,
0
TZ = tn,
0
Hence, the Jacobian matrix of system (1) is
T — 21, Ny —al, — 3.V —w, m — 21 Ny — .Sy 0
Tarlr + BV aTS:— Wy 0
0 0 —BnV —wp, 0
J = 0 0 Vo —(wn+r)
0 0 0
0 0 0
0 Uy 0
Evaluating the Jacobian at the disease-free equilibrium
Eo = (57,0,5,0,0,0,0),
gives
—Tp +w, —mtw,— .S 0 0 0 0
0 a,S% — w, 0 0 0 0
0 0 —wp, 0 0 0
J(Ey) = 0 0 0 —(wn+k) 0 0
0 0 0 K —(wp+p+71) O
0 0 0 0 p —Wh
0 Uy 0 0 Un 0
Observe immediately that three eigenvalues are
At=—wp,  Ae=-—wp, Az =—(m —wy)
Since
Ty > Wy,
it follows that
A1, Az, Az < 0.

0 0
0 0
0 0
0 0
—(wh+p+71) 0
p —Wh
Un 0
—B,Sp
By
—BrSp
BrSy
0
0
—¢




8% — w, 0 0 By

v 0 —(wp, + k) 0 BrSy)
a 0 K —(wp+p+T1) 0
1/%« 0 wh _QS

The characteristic equation is

det(A\ — M) = 0.

Therefore,
A— ;80 + w, 0 0 —3,.59
0 At wp+ K 0 —BnSy —0
0 —K Adwp+p+T 0 '
7"/)7’ 0 71/)h A+ ¢

Expanding the determinant yields

M4 ai\® + aod? + agh +aq = 0,

where
a1 = ¢+ wy — apSY + (wh + k) + (wp + p+7),
a2:(wh+/‘€)(wh+0+7’)+(¢+wr—QTSE)[(wh-FH)-F(Wh-FP-FT) — Brtpn Sy,
as = (¢ +w, — arSg)(wh + k) (wp+p+T)— Bhwhsg,
and
ag = pwr(Wh + k) (wp +p +7)(1 — Ro).
Hence

ay >0 <= Ry<l1.

Applying the Routh-Hurwitz criterion, the necessary and sufficient conditions for all roots of the
quartic polynomial to have negative real parts are

a; >0, ag > 0, asz > 0, aq > 0,
aijas > as,
and
aijasasz > ag + a%a4.
Whenever

Ry < 1,

all the above conditions are satisfied, implying that all eigenvalues possess negative real parts.
Therefore,

Ey
is locally asymptotically stable.
Conversely, if
Ry > 1,
then
ayg <0,

13



which implies that at least one eigenvalue has positive real part.
Hence the disease-free equilibrium becomes unstable.

Therefore,
Eo
is locally asymptotically stable whenever
Ry <1,
and unstable whenever
Ry > 1.

2.7 Global Stability of the Disease-Free Equilibrium
Theorem 5. Suppose that Ry < 1. Then the disease-free equilibrium

Ey = (52,0, 57,0,0,0,0)
s globally asymptotically stable in the feasible region €.

Proof. Following the approach of Castillo-Chavez and Song, partition the state variables into the unin-
fected variables

X = (S, Sh, Ri)",
and the infected variables

Y = (I, Ep, In,V)T.

The system can then be written in the form

dX dYy
— =F(X,Y — =GX,Y
dt (X,Y), dt G Y),
where
G(X,0)=0.

To establish the global stability of the disease-free equilibrium, it is sufficient to verify the following
conditions.

(H1) The subsystem

dX
= F(X
dt (X,0)

has a globally asymptotically stable equilibrium X = X*.
Indeed, when Y = 0, the infected compartments vanish and the reduced system becomes

ds?‘ = Tr’l"S’I“ <1 - ST’) - wrsrv

dt K,
ds
dith = T — wWpSh,
dR),
W = OJth.

The rodent equation possesses the globally asymptotically stable equilibrium

SO—fk, (1-
r T T )

provided 7, > w,., while

14



Hence,

X* = (S?,5:,0)
is globally asymptotically stable.
(H2) The infected subsystem satisfies

G(X,Y) = AY — G(X,Y),

where

A = DyG(Ey)
is an M-matrix (all off-diagonal entries are nonnegative), and

~

G(X,Y)>0

for all (X,Y) € Q.
The Jacobian matrix of the infected subsystem evaluated at the disease-free equilibrium is

a,SY — w, 0 0 3,59

Ao 0 —(wp + K) 0 BrSY
0 K —(wp+p+71) 0 ’

'l/)r 0 quh 7¢

whose off-diagonal entries are nonnegative. Furthermore, the nonlinear remainder satisfies

~

G(X,Y) >0,

for all biologically feasible states.

Therefore, conditions (H1) and (H2) are satisfied.

By the theorem of Castillo-Chavez and Song, the disease-free equilibrium is globally asymptotically
stable whenever

Ry < 1.

2.8 Existence of the Endemic Equilibrium

An endemic equilibrium is a steady-state solution

E*= (SIS, B I, Ry, V)

ryTry

satisfying

Sk >0, I >0, S >0, E; >0, Iy >0, Ry >0, V*>0.
Setting the right-hand side of system (1) equal to zero gives

*

N,
7w N (1 - Kr ) -, Si I — B.SIVF —w,. Sk =0,

oS+ B.SIV —w, IF =0,
Th — ﬁhSZV* - whS,’: = 0,
BrSiV* — (wp + k)E}, =0,
KE; — (wp +p+ 1)1 =0,
ply —wp Ry =0,

oI+ Yp Iy — PV = 0.

- W

~N

A~ N N N~ o~/
oo ot
e DD DD O

From (4)—(7), the human equilibrium components are obtained successively as

L L
o+ BuV

15



* ﬁh’ffhv*

En = (wh + k) (wh + BLV*)’

nﬁhth*
(wh + BV*)(wn + K)(wn +p+ 1)’

*

Ih_

and

pEBLTRV ™

Ry = .
M wn(wn + BV (wn + k) (wh + p +7)

Next, adding (2) and (3) gives

N,
7 N* (1 — K:) —w, N =0,

N:Kr<1“’”>,
™

which yields

provided that 7. > w,..
Using

N =SE4 T,
equation (3) becomes

g _ N
Y A

Substituting this expression into
N:=S8+1I;
gives
ar(IX)? + (B V* +wp — o NF) I} — B, N;V* = 0.
Defining
B(V)=06.V+w, —a,.NJ,

the biologically admissible solution is

~B(V*) + /B(V*)? + 40, B, N; V*

Ir =
200,

)

since

—B,NV* <0,

and therefore the quadratic possesses exactly one positive root.
Consequently,

S* = N* —TI.

Finally, substituting the expressions for I and I; into (8) yields the nonlinear equation

where

Y | =B(V)+ /B(V)? + 40,3, N}V
) 20,

Y KBpmh YV

FV)=V o [(wh+5hV)(wh+m)(wh+p+T)

Thus, the determination of the endemic equilibrium reduces to finding the positive solutions of the
scalar nonlinear equation F'(V) = 0.

16



Theorem 6. Assume that the nonlinear equation

FV)=0
admits a positive solution V* > 0. Then system (1) possesses a unique biologically feasible endemic
equilibrium

E* = (57,17, 55, By, Iy, Ry, V),

ryTr)

whose components are given by the expressions derived above.

Proof. The function F : [0,00) — R is continuous, since it is composed of continuous rational and
algebraic functions whose denominators remain strictly positive for all V' > 0. Let V* > 0 be any positive
solution of F(V) = 0. The equilibrium components S}, E}, I}, Ry, I}, and S} are then determined
uniquely by the explicit formulas obtained above. Moreover, every denominator appearing in these
expressions is positive, and the quadratic equation for I has exactly one positive root because its constant
term is negative. Hence,

Syr>0, I'>0, S;>0, E;y>0, I;>0, R;,>0, V*">0.

Therefore, each positive solution of F(V) = 0 determines a unique biologically meaningful endemic
equilibrium of system (1).
O

2.9 Local Stability of the Endemic Equilibrium

The local stability of the endemic equilibrium is established by linearizing system (1) about the equilib-
rium point.

Theorem 7. Assume that system (1) possesses a biologically feasible endemic equilibrium
E* = (55,17, Sy, By, 1, Ry, V).

Then E* is locally asymptotically stable if all eigenvalues of the Jacobian matriz evaluated at E* have
negative real parts. Equivalently, if the coefficients of the characteristic polynomial satisfy the Routh—
Hurwitz conditions, then E* is locally asymptotically stable.

Proof. The Jacobian matrix of system (1) evaluated at the endemic equilibrium is

Jin Jiz 0 0 0 0  —B.5;
Jor J22 0 0 0 0 BrS
0 0 J33 0 0 0 _Bhs;;
J(E*) = 0 0 pBpV* —(wh + K) 0 0 ﬁhS;; R
0 0 0 K —(wp+p+71) O 0
0O 0 0 0 0 —wn 0
0 o 0 0 n 0 -
where
21, IN*
Jin=mp — % —o Il = B, V" —w,,
21, N*
J12 = Ty — 71'}; L —Oé,«Sj,

Jo1 = a, I + B, V7,
J22 = Oé»,-S: — Wr,
J3z = =BpV" — wp.

Since the recovered class does not influence the dynamics of the remaining compartments, one eigen-
value is immediately obtained as

A= —wp <0.

Consequently, the characteristic polynomial can be written as

det(A] — J(E™)) = (A + wr)Q(N),
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where

QN) = A% 4+ bIA® 4 boA® + b3 A® + byA? + b\ + be.

The coefficients b; are determined uniquely by the entries of the Jacobian matrix through the charac-
teristic equation.
According to the Routh—Hurwitz criterion, every root of Q(\) has negative real part if and only if

b; >0, 1=1,...,6,

and the corresponding Hurwitz determinants satisfy

A; >0, i=1,...,6.

Under these conditions, all six roots of () have negative real parts. Since the remaining eigenvalue is
—wp, < 0, every eigenvalue of J(E*) lies strictly in the left half-plane. Therefore, the endemic equilibrium
E* is locally asymptotically stable.

O

3 Discussion

This study developed and analyzed a deterministic mathematical model describing hantavirus transmis-
sion among rodent reservoirs, humans, and the contaminated environment. By explicitly incorporating
environmental viral persistence together with logistic rodent population growth, the model provides a
unified framework for investigating the interplay between ecological and epidemiological processes that
govern disease transmission.

The qualitative analysis established that the proposed model is mathematically well posed through
proofs of existence, uniqueness, positivity, and boundedness of solutions. These properties ensure that all
state variables remain biologically meaningful and provide a rigorous foundation for the stability analysis.
The derivation of the basic reproduction number, Ry, identified the threshold governing disease invasion
and persistence. The local and global stability of the disease-free equilibrium for Ry < 1 indicate that
successful control strategies must reduce transmission below this critical threshold, whereas the existence
of a stable endemic equilibrium for Ry > 1 demonstrates the potential for long-term persistence of the
disease.

A principal finding of this study is the important role played by the environmental viral reservoir. The
analysis shows that contaminated environments provide an indirect transmission pathway linking infected
rodents with susceptible rodents and humans, thereby sustaining transmission even when direct rodent-
to-rodent infection is reduced. This finding is consistent with epidemiological evidence that environmental
exposure is the dominant route of human hantavirus infection and supports the inclusion of environmental
viral dynamics in mathematical models.

The present results are consistent with previous studies highlighting the importance of rodent ecology
in hantavirus transmission while extending existing models through the explicit incorporation of envi-
ronmental viral persistence. Consequently, effective disease control should combine rodent population
management with environmental sanitation and measures that reduce human exposure to contaminated
environments rather than relying on a single intervention strategy.

Although the proposed model captures key epidemiological mechanisms, it does not include spatial
heterogeneity, seasonal variability, stochastic effects, or parameter estimation using epidemiological data.
Future work should address these limitations by incorporating sensitivity analysis, optimal control, spatial
dynamics, climate-driven transmission, and data calibration to improve the predictive capability and
practical applicability of the model.

Research in this work developed and analysed a deterministic mathematical model for the transmission
dynamics of hantavirus incorporating rodent species, humans and explicitly tracking environmental virus.
With the inclusion of environmental persistence of hantavirus, logistic rodent population growth, and
human progression through disease states, the model framework developed provides a unifying context
in which to study the ecological and epidemiological drivers of hantavirus transmission.

The qualitative analysis proved that the proposed model is mathematically well posed in the sense
of existence, uniqueness, positivity, and boundedness of solutions. The disease-free equilibrium and
corresponding basic reproduction number were computed, and the stability analysis proved that the
disease-free equilibrium is locally asymptotically stable when Ry < 1 and unstable when Ry > 1. The
existence of a mathematically and epidemiologically feasible endemic equilibrium was shown whenever
Ry > 1, and sufficient conditions for local asymptotic stability of the endemic equilibrium were also
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proven. In this manner, the basic reproduction number was identified as the crucial threshold parameter
required for disease eradication or persistence.

Furthermore, the analysis reveals the importance of environmental viral persistence on sustained
hantavirus transmission. The contaminated environment serves as a bridge between infected rodents,
susceptible rodents and humans, thus maintenance of infection in the rodent population is largely de-
pendent on viral environmental persistence. This analysis suggests that in addition to rodent population
reduction programs and education about avoiding high risk behaviors that may lead to environmental ex-
posure to hantavirus in high risk populations, public health control measures targeting the environmental
burden of hantavirus would be most successful at reducing Ry below the epidemic threshold.

While the proposed model incorporates several important aspects of hantavirus epidemiology, spatial,
climate, and temporal variability, stochasticity, uncertainty and data-driven parameterization are not
considered. Therefore, future directions for this research will focus on implementing and analyzing
sensitivity and optimal control formulations, explicitly incorporating space and spatial interactions into
the model, linking transmission rates in the mathematical model to climate drivers, developing a stochastic
framework and linking the model to real data. The mathematical analysis presented here, along with the
corresponding epidemiological interpretations, may help inform such hantavirus outbreak prevention and
control intervention programs.

4 Limitations

The proposed model has several limitations. The analysis presented is entirely deterministic and does not
capture inherently important spatiotemporal dynamics and stochastic effects in hantavirus transmission.
Furthermore, the model has not been linked to data or analyzed for sensitivity to model parameters. The
effect of climate on environmental persistence of hantavirus is not considered, but rather the environ-
mental reservoir of virus is captured by a single compartment with constant rates of virus shedding into
the system and loss from the system. However, such assumptions facilitate mathematical analysis and
interpretation of the results within an ecological context, and provide clear motivation for future research
directions
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