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Abstract

To study the impact of disease awareness on infectious diseases with direct and indirect
transmission, we develop a mathematical model by coupling the transmission dynamics at
the population level and the environmental level. The basic reproduction number Ry of the
coupled model is calculated, and the existence and stability of the disease-free and endemic
equilibrium are analyzed in detail. By using center manifold theory, it is verified that the
model undergoes backward bifurcation under certain conditions. Numerical simulations
verify our theoretical results and indicate that enhancing disease awareness can help reduce
both the risk of direct and indirect disease transmission. Interestingly, increasing disease
awareness decreases the backward regime of the bifurcation curve, thereby the Ry interval in
which the endemic equilibrium and the disease-free equilibrium showed bistability becomes
smaller, and the Ry interval in which the disease-free equilibrium showed global stability
becomes greater. If the disease cannot be eliminated, the number of infected persons at
the steady state decreases with the increase in disease awareness. The findings have certain
reference values for the development of effective non-pharmaceutical intervention policies.

Keywords: Coupled epidemic model; Disease awareness; Backward bifurcation; Global
stability.

1. Introduction

Infectious diseases seriously threaten human health and economic development. Since
the 21st century, there have been many large-scale outbreaks of infectious diseases, such as
HINT in 2009 and COVID-19 in 2019, etc [I]. Some infectious diseases, like viral respiratory
infections (VRIs), cholera, and hand, foot and mouth disease (HFMD) can be spread not
only directly by contact with infected individuals but also indirectly by contact with the
contaminated surfaces or objects [2HI5]. For example, some respiratory viruses, such as
human rhinovirus (HRV), respiratory syncytial virus (RSV), and influenza virus (IFV), can
survive in the environment, especially in cold and dry environments, for a long time and
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remain infectious, thus presenting a risk of indirect transmission [2-5]. SARS-CoV-2 can
survive in the environment, especially on plastic and stainless steel, for several days [6], thus
indirect transmission has had a significant impact on the COVID-19 outbreak [7-0]. Cholera
is an acute intestinal infectious disease caused by the bacteria Vibrio cholerae (V. cholerae),
which can survive in contaminated environments, especially river water and seawater, for
several weeks [10-12], and indirect transmission is one of the main transmission routes of
cholera. The human enterovirus (EV) that causes HEMD can also survive for 2 to 12 days on
the surfaces of a wide variety of household items [I3HI5], so indirect transmission cannot be
ignored. In the process of disease transmission, people may get information about the disease
gradually, and people who are aware of the disease may engage in protective behaviors to
reduce the risk of infection, such as maintaining personal hygiene and maintaining social
distancing. Thus, people’s disease awareness has a great effect on disease transmission,
especially in today’s society, where the media is highly developed and information spreads
rapidly. Hence, it is of great significance to study how disease awareness affects the direct
and indirect transmission of infectious diseases.

Many mathematical models have been proposed to investigate the impact of disease
awareness on the spread of infectious diseases [16H24]. Agaba et al. [I7] have proposed a
SIRS model considering the influence of public and private awareness on infectious diseases.
The study found that the spread of awareness reduces disease transmission, and increases the
recovery rate of infected people. Das et al. [20] have established a SEIR model by introducing
a media awareness related infection rate function to research the influence of awareness on
tuberculosis transmission. The research found that increasing media awareness can reduce
the peak level of infected people. Sharmin et al. [21] have investigated how awareness affects
disease transmission by introducing a media compartment to the classical SIR model. Their
findings indicate continuous publicity is effective in preventing disease transmission. By
supposing that the infection rate is a decreasing function and removal rate of mosquitoes is
a non-decreasing saturation function of disease awareness, Basir et al. [22] have studied the
influence of awareness on malaria transmission. The study found that increasing people’s
awareness would reduce the abundance of mosquitoes in the environment. Recently, Aldila
[24] has studied how media awareness impacts dengue eradication by introducing the control
variable media publicity and found that high-intensity media attention significantly reduced
the scale of infection. However, to our knowledge, current studies have not examined the
effects of awareness on diseases that can be transmitted both directly and indirectly.

To study the indirect transmission of infectious diseases, many researchers have intro-
duced an environmental compartment into their models [25H3T]. Feng et al. [25] have
studied toxoplasmosis infectious diseases by explicitly linking epidemiology and immunology
through an environmental compartment. Taking bacterial infection as an example, Xiao et
al. [27] have established a model considering the pathogen concentration in the environ-
ment to study the impact of individual movement and spatial control measures on disease
outbreaks. In this article, we shall establish a mathematical model with disease awareness,
which takes into account both direct transmission between people and indirect transmission
between people and the environment. It should be noted that the environmental time scale
is slower than the epidemiological time scale [25], so our model couples two different time



scales and contains multiple transmission routes of the disease.

Based on the proposed multiscale model, we shall study how disease awareness affects
both the direct and indirect transmission of infectious diseases. For this model, detailed
theoretical analyses of the local and global dynamics are presented. Choosing the basic
reproduction number as the bifurcation parameter, the emergence of backward bifurcation
under certain conditions is proved. Moreover, by numerical simulations, we verify our the-
oretical conclusions, and it is found that disease awareness significantly affects both the
direct and indirect transmission. A great reduction in the peak level of the number of
exposed individuals, infected individuals, and the virus concentration is observed when dis-
ease awareness increases. Interestingly, increasing disease awareness decreases the backward
regime of the bifurcation curve, so that the Ry interval in which the endemic equilibrium
and the disease-free equilibrium showed bistability becomes smaller, and the Ry interval in
which the disease-free equilibrium showed global stability becomes greater. If the disease
cannot be eliminated, the number of infected persons at the steady state decreases with the
increase in disease awareness.

The paper is organized as follows: the mathematical model is given in Section 2. In
Section 3, the expression of the basic reproduction number is given, and the existence and
stability of the disease-free equilibrium and the endemic equilibrium are analyzed. In Section
4, the possibility of backward bifurcation at Ry = 1 is proved. Section 5 validates the
theoretical results and assesses the impact of disease awareness on disease transmission
through numerical simulations. In Section 6, some discussions and summaries are given.

2. Mathematical model

A mathematical model with disease awareness is formulated by coupling the transmission
dynamics at the population level and the environmental level. The total population ()
is divided into five compartments, including unaware susceptible individuals (S,), aware
susceptible individuals (S,), exposed individuals (), infected individuals (1), and recovered
individuals (R). The environmental contamination level is denoted by W. There is a constant
recruitment rate A for the susceptible population, and a natural death rate e for the whole
population. It is assumed that all the newly recruited susceptibles are unaware of the
disease. The unaware susceptible individuals could become aware susceptibles due to disease
awareness at a rate of a. The awareness acquisition rate, denoted as a, can be regarded
as a constant, as this rate is primarily influenced by stable external factors such as the
efficiency of information dissemination and the level of public attention. Both unaware
and aware susceptible individuals could be infected directly by contacting with exposed and
infected individuals or indirectly through contacting the contaminated environment, and the
infection rate of the aware susceptibles is decreased by proportion o compared with unaware
susceptibles, where o (0 < o < 1) represents the effect of disease awareness on direct and
indirect transmission. Since the viral dynamics in the environment is slow relative to the
epidemic dynamics between hosts,| two different time scales are coupled by a constant ¢



_ The following equations can be used to describe the mathematical model:

(U = A— (BLE + Bo + BsW) S, — aS, + 05, — €Sy,
€Sa,
9B — (BLE + Bol + B3W)Sp + (1 — 0)(BLE + Bl + BsW

dt
Ba — 45, — (1 —0)(B1E + Bol + B5W)S, — S, —

A= §E — I —el,

at
%zyI—eR,

(W = ((mE +m] — uW),

with initial conditions

)Se —OFE — €F,

S,(0) > 0, S,(0) > 0, E(0) > 0, I(0) > 0, R(0) > 0, W(0) > 0.

Param Biological Meaning Value Source
A Recruitment rate of susceptible individuals 0.1 ~ 2/day Assumed
€ Natural death rate 0 ~ 1/day Assumed
a Awareness acquisition rate 0.4/day [17]

0 Awareness lossing rate 0.2/day 18]

51 Direct transmission rate of exposed individuals 0.4x1073~ 0.045/day  Assumed
B Direct transmission rate of infected individuals 0.5x1073~ 0.053/day  Assumed
B3 Environmental Indirect transmission rate 0.2x1073~ 0.023/day  Assumed
o The impact of disease awareness on both direct and indirect transmission 0 ~ 1/day Assumed
1) Probability of conversion of exposed persons to infected persons 0.16 ~ 0.45/day Assumed
ol Recovery rate for those with infection 0.18 ~ 0.45/day Assumed
m Viral shedding rate of exposed individuals 0 ~ 0.6/day Assumed
72 Viral shedding rate of infected individuals 0.6/day 27

1 Environmental clearance rate 0 ~ 1/day Assumed
¢ Scale parameter 0 ~ 1/day Assumed

Adding the first five equations of the model , we obtain

Therefore, we have

N(t) = N(0)e ™ + A

€ t—o00

From the last equation of the model , we obtain
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dWw
o (MmE + nod — pV)

< ([(m + 772)% — uW].
Hence, the biological feasible region of model is given as
0= {(Sn,Sa,E,I,R,W) ERE[0< S, + S+ E+T+R<40<W < A“?—:")}
Throughout this paper, the dynamical behaviors of system will be discussed in the
region ().

3. Model Analysis

In this section, we shall calculate the basic reproduction number and analyze the existence
and stability of the disease-free equilibrium and endemic equilibrium of model .

Letting the right-hand sides of model be 0, it is obvious that the disease-free equilib-
rium Ey = (5°,59,0,0,0,0) = (Gé(f;rj)e), G(angre),O, 0,0,0) always exists. The basic reproduc-
tion number Ry gives the average number of secondary infection caused by a single infected
individual in a whole susceptible population [32]. According to the next-generation matrix
method illustrated by Van den Driessche et al. [33], the transmission (F') and transition (V)

matrix of system evaluated in Ej as follows

1Sy + (1 —0)B1Sy BaSy + (1 —0)B2S, BsSy + (1 — ) B35,

F = 0 0 0 ,
0 0 0
and
0+ € 0 0
V=| =0 ~v+€¢ 0
—Cm —Cn2 Cu

Then, Ry can be calculated by
Ahé[f + e+ (1 —0)d]

Ry = p(FV_l) = Rop + Ror + Row = c

6+e)(y+e)(at+b0+e)
where
h = 517 ;— ‘ + B2 + 33771(7 +(5€) ki mé,
L
Rop = (3159 + (1 - )10 =,
)
Ror = [35) + (1 — U)ﬁQSg]m,
_ m(y+e) +dn
Row = [B35, + (1 — 0)5352]'“(5 o0t

Here, Ryg and Ry; are the average number of secondary infections caused by the ex-
posed and infected individuals, respectively. And Rgy measures the contribution of indirect
transmission by contacting the contaminated environment.
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3.1. Emistence of endemic equilibria
Let Q*(S;, Si, E*, I*, R*,W*) be an arbitrary endemic equilibrium of system (J), we have

A1 —o)hI* + 0 + €

Sy =
" (hI*+a+e)[(1—0o)hl*+0+ ¢ —ab’
o Aa
“ (W +a+e)|[(1—o)hl* +0+¢ —ab’
=Y F e g e MmO

) € O

Here, I* satisfies
m(I*)* +nl* +c=0, (4)

where
m = (6 +€)(y+e€)(1—o)h?,

n=+el+e[(1l—-0o)a+e) +0+eh—As(1— o)h? (5)
c=elatet0)(0+e)(v+e)(l - Ro).
Note that m > 0 and
c< 0 Ry>1l;,c=0&Ry=1,¢>0& Ry < 1.
According to the discriminant of equation that A = n? — 4me = n? — 4me(a + € +
0)(0 + €) (v + €)(1 — Ry), solving for A =0 by Ry, we have Ry = R., where

n2

Re= e et 00T+ o)

Clearly, R. < 1, and the following equivalent relations are true
Ry<R. & A<0,Rp=R.<A=0,Ry>R.< A >0.

Through detailed analyses, the following conclusions on the existence of endemic equilibria
are obtained.

Theorem 1. System has

(1)If n > 0, system has one unique endemic equilibrium Q7(Sk,, Sk,
for Ry > 1, but no endemic equilibrium for Ry < 1.

(2)Ifn < 0, system (1|) has one endemic equilibrium Q5 (S%,, Sk, EY, I, Rt , W) for Ry >
1, two unequal endemic equilibria Q5 (S}, Sk, By, I, Ry, W{) and Q3(S},, Sk, E3, I3,
R, W5) for R. < Ry < 1, and the two equilibria degenerates to one unique endemic
equilibrium Q3(Srs, Sk, B35, 15, RS, W) for R, = Ry < 1, where

—n+ A —n—vA . —-n

I = p=_""ve p__"
! om 2 om0 3T 2m

EY 1T, Ry W)



Cases Ranges of Threshold Existence of Endemic Equilibria
(1) n>0and Ry <1 -

(2) n>0and Ry > 1 i

(3) n<0and Ry > 1 1

(4) n<0and R. < Ry <1 Q7, Q%

(5) n<0and R.= Ry <1 3

(6) n <0 and Ry < R, -

By Theorem 1, we summarize the conditions for the existence of endemic equilibria in
Table [2| to facilitate subsequent analysis and discussion.

3.2. Stability of the disease-free equilibrium

Theorem 2. The disease-free equilibrium Ey of system 15 locally asymptotically stable if
Ry < 1 and is unstable if Ry > 1.

Proof. Let a; = 31[S%+(1—0)S% —d—¢, ay = Bo[S°+(1—-0)S5Y], az = B3[SY+(1—0)SY].
The Jacobian matrix of the system at Fjy is calculated as follows

—a—¢€ 7 —B1Sy —B2Sy 0 —Bs,
o —f—e —(1-0)3S, —(1=0)B:S5) 0 —(1—0)B5)
B 0 0 ax a2 0 as
J(EO) - 0 0 ) -y —€ 0 0
0 0 0 g —€ 0
0 0 ¢m Cne 0 —Cp

Its characteristic equation is



A3+ A2 4 b\ + by = 0.

Here, by =Cpu+v+e+ (0 +¢€)(1 — Rog),be = Cu(y+€) + (v +€)(6 + €)(1 — Rog — Ror)

m(y +e)
+Cu(d +€)(1 — Rop — Row ), bs = 0+¢€)(y+€)(1 — Ry). Clearly, when R
Ch( ) 0E (Y +€) + 70 ow ), bs = Cpu( )y ) 0) Y. 0
< 1, we have by > 0, by > 0, bs > 0 and b;bs — b3 > 0. According to the Routh-Hurwitz

criteria, we conclude that all eigenvalues of the Jacobian matrix J(Ep) have negative real
parts, which means FEj is locally asymptotically stable when Ry < 1. If Ry > 1, then Ej is
unstable as b3 < 0 holds.

Theorom 5 The e o quriun £ of syem () s bl oty st

Proof. Define the Lyapunov function V'(¢) as follows
A(Bapt + 1233)
I(t) + —W(t
eu(y +¢€) ) G (®)

Clearly, V/(¢) > 0, and V/(¢) = 0 holds only at Ey. Along the solution of the model (T]), the
derivative of V (¢) is given as

dV(t) _dE | A(Pop+mfs)dl | ABsdW

V(t) = B(t) + A

dt  dt ep(y+e) dt - eCp dt
=[(B1E + B2l + BsW)(S, + (1 —0)S,) — (6 + €)E]
A(Bapt + 1m253)

0E — (v + 1) + f—ﬁf’w ol — W)

en(y +e)

Adh
=@+ 6)[6((5 +e)(y+e) B
=(0+e)(R;—1)E.




It is clear that if Rf < 1, d‘g—gt) < 0 holds, and d‘g—gt) =0ifandonlyif E=1=W =0.
Consequently, Ej is globally asymptotically stable for Rj; < 1 by using LaSalle’s invariance
principle [34]. It needs to mention that n = (y+e€)(0+€)h[(1—0)a+e +0+€(1—0)(1—R})],
thus n > 0 holds if Rj < 1. Meanwhile, it is simple to calculate that Ry < R always holds.
Hence, if Rj < 1, then n > 0 and Ry < 1 hold, and Ej is globally asymptotically stable.

3.8. Stability of the endemic equilibrium

Firstly, by studying the Jacobian matrix of the system at the endemic equilibrium
@7, we can get the local stability of the equilibrium by Routh-Hurwitz criteria, as given in
the following theorem.

Theorem 4. The endemic equilibrium Q7 of system 1s locally asymptotically stable if
Bg(BlBQ — Bg) > Bl<BlB4 — B5) and (B4Bg — 3285)(3132 — Bg) > (BlB4 — B5)2.

See the appendix A for the proof and expressions of B; (i =1,2,--- ,5).

Note that by Theorem [2], Fy is locally asymptotically stable when Ry < 1. Therefore, if
n < 0, then Fy and ()7 may be bistable for R. < Ry < 1. This bistable phenomenon is caused
by the backward bifurcation at Ry = 1, which we will investigate later. In the following,
we shall construct a Lyapunov function to analyze the global stability of equilibrium Q7 for
Ry > 1.

Theorem 5. The unique endemic equilibrium Q7 of system 15 globally asymptotically
stable if Ry > 1.

Proof. Define the Lyapunov function L£(t) as follows

E
£ty =St =5t — s gy g~ gt m 2 L gy g g 2O
Sn1 San By
I
+6(I(t)— 1] — I1In (t>) + lo(W(t) — W) — Wi ln W(t>),
Iy wy
where
(B2 +m2B3)[Sh + (1 = 0) S5 ~ BslSp + (1 —0)S4]
l = , by = :
p(y +e) 97
Then, the derivative of L() is given as
dc(t) dS,,. S4. dS.,. S4. dE, Er. dIl,  I;. dW, Wy
and S R 1 Zaly 4 2 el IS & R L S
T T T R TRy SR P TAC RN T i
Sy Sy
= (1= A= (BB + Bol + B5W) S — aSy + 05, — e8] + (1 = ZH)[aS,
E*
— (1= 0)(B1E + ol + BsW) Sy — 0S8, — €Sa] + (1 — = )[(BLE + BoI + BsW)S,,

E

+ (1= 0)(BiE + Bol + BsW)S, — 6F — eE] + £1(1 — ?)[5}5 T — el

*

W
(1 = )M E + 1] — pV).




Sa E I w

By denoting 551 =Y, =— - = 1Yy, — B =2z, — Iz = 29, —— W = 23, we obtain
AT (e+a)Spy + (0 +€)Ss + (6 + €) By + li(y + )17 + LoCuWy
- yl(esnl + ﬁlElsnl) - _A - y_esal - y_asnl - yQ[GSal + (1 - O—)BlEl al]
1 21

- 51—5Ef - —€2C771Eik - —52@72[;
29 z3 Z3

= (eSp+BiEIS)2—y1— —) 4+ [eS; + (1 —0) B ETSy](3 =y — b _ =)

Y1 Y2 Y1
X o z z 1 + € . a z
1S (2-2 My g (:%—gﬁ——l——)ntn(7 )63 (3 - A2
o Y2 21 Z2 N o <1

21 Yoza Y1 21 1 m(y +e)

—— =)+ A =0)p ;S (4 —— = — — — —)+(1-— —552[*
S )Rl (=R T (1 o) TS (4
z z 1 z z z 1

A N S )_|_77253 (4 — M+_2__1__

21 Z3 Y2 Y1 21 Z3 22 n
1
+(1-0)" :111‘(5—%—@—2—@——
e 21 3 %2 Y2 U

Since the arlthmetlc mean is greater than the geometric mean, according to the above
analysis, we have ( <0. And =+ dﬁ ) = 0ifand onlyify; = 1 (1=1,2),21=1,20 =23 =2
that is, %y) =0 if and only if S, Snl, Se =28, E=E" I=1I;, W =W;j. Substituting
relations I = I into the fifth equation of system ., we get 71} — eR = 0, then we have
R = R} = 1I}. Consequently, we obtain that Q7 is globally asymptotically stable if Ry > 1
by using LaSalle’s invariance principle [34].

Based on the detailed analysis of the dynamics of system , the stability of the relevant
equilibria is summarized in Table[3] The asterisk (*) in Table [3] indicates that the result is

numerically verified.

4. Backward bifurcation analysis

In this section, combined with the previous analysis of the existence of endemic equilibria,
we shall discuss the backward bifurcation problem of system . In addition, the influence
of disease awareness on backward bifurcation is investigated.

From Theorem , it shows that if n < 0, there exists a unique endemic equilibrium of
the system for Ry > 1, and there are two endemic equilibria for R. < Ry < 1, which
indicates that the system may occur backward bifurcation. Thus, based on the general
center manifold theory proposed by Castillo-Chavez and Song, the threshold conditions under
which backward bifurcation may exhibit in the system are investigated.
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Table 3: Stability of equilibria for the system .

Ranges of Threshold Ey Q7 Q5 Q3
n>0and Ry <1 LAS - - -
n>0and Ry <1 GAS - - -
n>0and Ry > 1 Unstable GAS - -
n<0and Ry > 1 Unstable GAS - -
n<0and R. < Ry <1 LAS LAS* Unstable* -
n<0and R. = Ry <1 LAS - - LAS*

e LAS: Locally asymptotically stable; GAS: Globally asymptotically stable.

Firstly, we consider the following ordinary system with a parameter v:

dX

== F(X0), ()

where f: R" x R — R and f € C*(R" x R). Without loss of generality, we assume that 0
is an equilibrium of system (7)) with the parameter ,that is, f(0,%) = 0, for all ¢.

Lemma 1. Assume that (Castillo-Chavez and Song [35]) :

(Hi) G =Dxf(0,0) = g)fé (0,0) is the Jacobian matriz of system @ around the equilib-
rium X=0. 01s a simple eigenvalue of G and all other eigenvalues of G have negative
real parts;

(Hy) A right eigenvector w and a left eigenvector v of matriz G, corresponding to
zero eigenvalues, respectively.

Let fi, be the k' component of f and

n 2
o= v 2L (0,0,

w
ki j—1 J 89028%

b:ivkw, e (0,0)
k=1 OO~

Then, the local dynamics of system (@ around X = 0 are totally determined by o and b.

(1) a>0,b>0. Ifp <0 with || < 1, X =0 is locally asymptotically stable and there
exists a positive unstable equilibrium; if 0 < ¥ < 1, X = 0 s unstable and there
exists a negative and locally asymptotically stable equilibrium,;

(2) a<0,b<0. Ifp <0 with || < 1, X =0 is unstable; if 0 < < 1, X =0 is
locally asymptotically stable and there exists a positive unstable equilibrium,;

(3) a>0,b<0. Ifp <0 with || < 1, X =0 is unstable and there exists a locally
asymptotically stable negative equilibrium; if 0 < v < 1, X = 0 is stable and a
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positive unstable equilibrium appears;

(4) a < 0,b>0. When v changes from negative to positive, X = 0 changes its stability
from stable to unstable. Correspondently, a negative unstable equilibrium becomes a
locally asymptotically stable positive equilibrium.

Next, by using Lemma , we shall discuss the conditions under which system under-
goes backward bifurcation.

Theorem 6. Ifn < 0, system exhibits a backward bifurcation at Ry = 1.

Proof. Introducing change of variables: S, = z{, S, = 29, F = 23, I = x4, R = x5,
W = x6. Further, using the vector notation X = (z1, 9, 23, 24, 5, 26)T, our system can

be rewritten in the form as &X = f(X) with f(X) = (f1, fo, f3, f1, f5, f6)T, where

fi=A— (Biws + oy + Paw6)r1 — axy + 0xy — €y,

fo=axy — (1 —0)(Bi23 + Powy + B3w6) T2 — (0 + €)22,

f3 = (B1r3 + Bozy + Baw6)r1 + (1 — 0) (123 + Bowy + Bawg) o — (6 + €) 13,
fo=0x3 — (v + €)xy,

fs = yxy4 — €xs,

fo = ((mxs + noxy — pxe).

We focus on the case where Ry = 1, choosing 35 as a bifurcation parameter. Solving for
from the formula , we obtain

eb+e)(v+e)(a+8+e)
A0+ e+ (1 —0)d]

(v +¢) 3 m(y +€) + on
— B, ‘

— A

Further, the Jacobian matrix J(FEy, 55) at Ey is given as

—a—¢€ 0 —B1S) —B55, 0 —PsSy
o —f-e —(1-0)BS,  —(1-0)BS. 0 —(1—0)3sS!
" 0 0 a 1S+ (1 —0)S] 0 a
J(EO:62) = 0 0 61 62[ —'}S—E ) ] 0 03
0 0 0 gl —€ 0
0 0 m Cn2 0 —Cp

So we obtain that the Jacobian matrix J(Ep, f5) has a simple zero eigenvalue if and only
if Ry = 1 and all the other eigenvalues have negative real parts. Thus, Fj is a nonhyperbolic
equilibrium when Sy = ;. It is evident that model satisfies assumption (H;) in Lemma
m
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Assume that the right eigenvector of the matrix J(Ey, 33) is w = (wy, wo, w3, wy, ws, we) T,
which is given by
( (—=a — €)wy + Owy — f1.S)ws — B5S)ws — P3Spws = 0,
awy — (0 + €)wy — (1 — 0)B1S%w3 — (1 — 0)B55%w, — (1 — 0)B35%ws = 0,
[B1(Sh + (1 = 0)S7) — & — ejws + B5(Sh + (1 — 0)S)wa + B3(Sp + (1 — 0)Sg)we = 0,
dws — (v + €)wy = 0,
ywy — ews = 0,

L C(mws + nawy — pwg) = 0.

Solving the equation , we get
(1 —0)0eh1S2 — (v +€)(d+€)(0 +¢)

= de(a+ e+ 6) 45
deh1SY — (v+€)(0+€)(a+e)
— n 9
w2 de(a+€+0) Wy )
_(y+e _ Y _m(y+e) +m0
W3 = —( Wy, W4 =Wy, W5=—"Wg, We= Wy,
) € O
where
+e . +€) + 120
hy = 51—(7 5 ) + 535 +ﬁ3m(7 5}3 e

By calculation, we have h; = RLO, then h; = h when Ry = 1. Additionally, the left eigenvector
v = (v1, Vg, V3, Vg, Vs, Ug) of the matrix J(Ey, 55), which satisfies v - w = 1, is given by

((—CL — 6)1)1 + avy = O,
Ovy + (=0 — €)vy = 0,
—5152’01 — (1 — 0’)51521)2 + [51(52 + (1 — U)Sg) -0 — 6]1}3 + 6’04 -+ (nlvﬁ = 0,

0 0 0 0 (10)
_555711)1 - (1 - O—)B;SaUQ + B;[Sn + (1 - O)Sa]v3 - (’Y + €)U4 + YUs + Cn2/U6 = Oa
—€V5 — O,
(=031 — (1 — 0)B3Sqvs + P3[Sy + (1 — o) Sy]vs — Cuwve = 0.
Solving the equation , we get
v =vy =05 =0, v3=u;,
_0¢u? — vgwa[CpP(y + €) + Bs(mi(y + €) +n20)(Sp + (1 — 0)SP)]
Vy = s
OCuw,p? (11)
B3[Sn + (1 — )53
Vg =

V3.
Cp

Because vy, v9, and v5 are zero and the second-order partial derivatives of f; and fg are zero,
only nonzero partial derivatives of f3 need to be calculated. Then, we obtain
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0? o2 o2
O, £3 (o, B2) = Br 8x1£3x4 (Eo, B5) = B, o gs (Eo, B3) = Bs,
0? 92
8I2§;3 (E(]?B;) = (1 — U)Bh %%(Eo,ﬁ” (1 — O‘)ﬁ2,
0? 92
8x2£3xﬁ (Eo, B3) = (1 —0)Bs, —8m4£352 (Eo, B3) = S° + (1 — 0)S°.

Next, we calculate the bifurcation coefficients a and b, it follows that

32
a= Y v gk (Eo, 53)

2 9 ,
E 2 E 9
ox la T3 ( 0 ﬁ2) + 'U3U)1w4a 18 T4 ( 05 62) + Ugw1w68xlax6
2 9 ,
6$28m3 (E07 6;) + 2U3w21U4 8x285p (EQ, /82> + 2U3w2w6a ax

= 2?)3’(1]1 W3

(Eo, 53)

+ 21}3wgw3

(Eo, 53) ,

and

In view of @D and , we obtain

a = 2u3[frwiws + Srwiwy + Bswiwes + (1 — o) (Brwaws + Bwarws + Pawaws)]
= 2u3(Brws + Bywy + Bawg)[wr + (1 — o) wy]

_ 2h [ (1 —0)deh (S + S9) 1 (12)
Se(at+e+0) (Y+e) (0 +e)[0+e+ (1—0)(a+te)
2h (1—0)dAn?

- 6e(a+e+€)[(1 —0)6AR? +n )

and

Al +e+ (1 —0)a
€@+ e+ a)

Obviously, b is positive. And from the expression , we can observe that if n < 0, we
have o« > 0. Hence, it follows from Lemma (1| that system occurs backward bifurcation
at R =1if n < 0.

The emergence of backward bifurcation makes the disease control strategy more chal-
lenging, the elimination of epidemics cannot be guaranteed even if Ry is below 1. From the
expressions (|12)) of the bifurcation coefficient «, we find that o decreases with the increase of
the disease awareness impact factor o, indicating that « is a decreasing function of . Hence,
the possibility of backward bifurcation in system is influenced by disease awareness, that
is, it decreases with the increase of disease awareness.

b=S"+(1—0)S° =

(13)
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5. Numerical simulation

In this section, we numerically verify the theoretical results and analyze the impact of
disease awareness on disease spread. The values of parameters are provided in Table [T}

5.1. The influence of disease awareness on disease transmission

o=0.3 — ¢=0.3
o=0.5 —— o=05 o
22 =0.8 11 5=0.8

P!
>
Infected
2B B

R

»
5]

Environment contamination fevel

®

50 100 150 200 0 50 100 150 200 o 50 100 150 200
Time(days) Time(days) Time(days)

Figure 1: Variation in the number of exposed and infected people and virus concentration in the environment
under different values of o.

To assess the effect of disease awareness on both direct and indirect transmission, we
set A=2, 8 =3x1073 8, =36x1073, 83 =15x1073% 6§ = 0.16, 6 = 0.3, v = 0.28
and p = 0.33. The curves of the number of exposed and infected individuals and the virus
concentration in the environment under different values of the disease awareness impact fac-
tor o over time are plotted in Figure As shown in Figure [ the number of exposed
individuals and infected individuals and the virus concentration in the environment all de-
crease significantly when the value of o changes from 0.3 to 0.8. Moreover, the increased
disease awareness impact factor o decreases the peak level of the number of exposed individ-
uals, infected individuals, and virus concentration. This illustrates that when people have a
higher level of awareness, they are motivated to take preventive measures, thereby slowing
virus transmission. Thus, increasing disease awareness helps prevent and control direct and
indirect disease transmission.

5.2. The effect of environmental clearance and viral shedding on Ry

Set A =18 =04x1073 By =05x 1073, B3 = 02x 1073, 6 = 0.35, v = 0.26
and ¢ = 0.36, the change of the basic reproduction number R, under various environmental
clearance rates p and various viral shedding rates 7; is drawn, as shown in Figure 2] It
shows that as the environmental clearance rate p increases and the viral shedding rate 7;
(i = 1,2) decreases, Ry decreases significantly (as shown in Figure [2(c-e)). This illustrates
that strengthening environmental health management and improving the personal hygiene
of exposed and infected people can effectively reduce disease transmission.
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Figure 2: The impact of p and n; (i = 1,2) on Ry.

5.8.  The stability of the equilibrium

Firstly, the stability of the disease-free equilibrium FEj is verified. We take the parameter
values A = 2, 31 = 0.4 x 1073, By = 0.5 x 1073, 5 = 0.3 x 1073, § = 0.42, v = 0.25,
o =045 60 = 0.2 and p = 0.23, then we have Rj = 0.6926 < 1, Ry = 0.4915 < 1 and
n = 1.0319 x 10~* > 0, which obviously satisfies the condition that equilibrium £, global
stability in Theorem [3] The simulation result is shown in Figure [3|(a), where the number
of exposed and infected individuals and the virus concentration decrease over time and
eventually approach to 0. Thus, Ej is globally asymptotically stable and the disease will
become extinct when the condition Rj < 1 is satisfied.

Next, we verify the globally stability of the endemic equilibrium @7 when Ry > 1. Set
A=2 8=2x1073 8, =3x1073, f35=1x10"2,5 =0.45, v = 0.18, 0 = 0.41, § = 0.2
and p = 0.25, then we get Ry = 2.5272 > 1, which satisfies the condition that equilibrium
Q7 global stability in Theorem . As illustrated in Figure (b), exposed people, infected
people, and viruses in the environment persist, while the number of unaware susceptible and
aware susceptible decreases rapidly over time and then increases slowly. Finally, system
is stabilized to the unique endemic equilibrium @}, which verifies Theorem [5]
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Figure 3: (a) shows that Fj is globally asymptotically stable if n > 0 and Rj < 1. (b) shows that Q7 is
globally asymptotically stable if Ry > 1.
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Figure 4: Taking different initial values, Ey and @7 are bi-stable when n < 0 and R. < Ry < 1.

Further, we verify that E, and Q)] are bistable for R. < Ry < 1. Set A =1, f; =
0.815 x 1073, B, = 0.91 x 1073, B3 = 0.76 x 1072, 0 = 0.3, 6 = 0.36, v = 0.28 and p = 0.23,
then we have n = —4.0088 x 1075 < 0, Ry = 0.6642 < 1, R, = —0.1272 < 0, which
obviously satisfies the condition (2) in Theorem . Thus, we obtain two edemic equilibria
Q7(5.4881,8.2816, 6.5868, 18.5254, 11.1152, 10.9183) and (5(19.7058,17.2252,1.3857, 1.6629,
10.0204, 7.3504). For Q*, we have By = 0.9499, Bs = 3.2117 x 107°, By By — B3 = 0.2557,
Bg(BlBg — Bg) - Bl(BlB4 - B5> = (0.0091 and (B4B3 - BQB5)(BlBQ — Bg) - B1B4(BlB4 -
Bs) = 2.0024 x 107°. For Q3, we have By = 0.7865, By = 5.6351 x 107%, B} By — B3 = 0.1313,
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Bg(BlBQ - Bg) - Bl(B1B4 - B5) = —0.0017 and (B4Bg - BQB5)(BlB2 - Bg) - BlB4(BlB4 -
Bs) = —7.5077 x 1077. Consequently, we conclude that system possesses a locally
asymptotically stable endemic equilibrium )7 and an unstable endemic equilibrium @3 if
n < 0and R. < Ry < 1. And as illustrated in Figure 4 the system stabilizes to
equilibrium @} and equilibrium Ej, which verifies Theorem [2] and Theorem [4] and shows
that Ejy and Q)] are bistable when n < 0 and R, < Ry < 1.

5.4. Backward bifurcation
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Figure 5: Bifurcation diagram for different awareness impact factors. (a) shows the backward bifurcation
diagram of system , where the dash curve represents unstable equilibrium while the solid curve represents
stable equilibrium. (b) shows the influence of the value of different awareness impact factor o on the backward
bifurcation curve.

Let A = 0.1 p; = 0.045, By = 0.053, B3 = 0.023, ¢ = 0.3, 6 = 042, v = 0.45,
u = 0.12, we have n = —0.0015 < 0, Ry = 0.9248, and R. = 0.1240. It is evident that
condition (2) in Theorem [I| and the condition that system ([1)) occurs backward bifurcation
in Theorem [f] are satisfied, and the backward bifurcation diagram is depicted in Figure
Ba). We can observe that Ej and @} are stable and Qj is unstable when n < 0 and
R. < Ry < 1 from Figure [5|(a). Moreover, numerically, Ey = (1.4706,3.5294,0,0,0,0), Qf =
(0.5994, 0.4080, 0.8739, 0.7809, 2.3378,0.2112) and Q5 = (1.4151, 3.2141,0.0196, 0.0175, 0.3337,
0.0047), where Ey and Q7 satisfy the stability condition, while @5 does not. Hence, Ey and
Q7 are bistable for R. < Ry < 1. As Ry increases, when Ry > 1, only the large endemic
equilibrium Q7 exists and is stable, while the small endemic equilibrium )5 does not exist
and Ej become unstable. The bifurcation diagram in Figure [5(a) verifies the conclusions
of Theorem [I] and Theorem [] and shows that when R. < Ry < 1, the disease will not be
extinct.

In addition, Figure [5(b) shows that disease awareness has an impact on backward bi-
furcation of the model (1)). Figure (b) shows that as awareness impact factor o increases,
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the interval of backward bifurcation decreases, thereby the Ry interval in which the endemic
equilibrium and the disease-free equilibrium showed bistability gets smaller, and the Ry in-
terval in which the disease-free equilibrium showed global stability gets greater. Moreover,
when the awareness impact factor ¢ increases, the number of infected people at the stable
endemic equilibrium also decreases. Therefore, it is necessary for society to strengthen health
education and promote effective disease information to raise public disease awareness so that
disease transmission can be effectively controlled.

6. Conclusion and discussion

In this paper, a coupled epidemic model with disease awareness is developed by consider-
ing both direct transmission between people and indirect transmission between people and
the environment.

By analyzing the coupled model in detail, we find that it exhibits rich dynamic behaviors.
The basic reproduction number Ry is computed, which can be divided into three parts:
secondary infections caused by direct transmission from exposed and infected individuals,
and by indirect transmission from the contaminated environment. It is found that the
disease-free equilibrium always exists, and system has at most two endemic equilibria.
By using the Routh-Hurwitz criterion and constructing Lyapunov functions, the local and
global stability of the disease-free and endemic equilibrium under certain conditions are
proved. By using center manifold theory, we verified that the system may undergo backward
bifurcation, where the bi-stability phenomenon of disease-free equilibrium E, and endemic
equilibrium @] can be observed.

Numerically, it is found that strengthening environmental clearance and reducing viral
shedding from exposed and infected persons can reduce Ry (as shown in Figure . This
indicates that strengthening environmental health management, as well as regular environ-
mental cleaning and disinfection, can reduce the spread and survival of viruses in the envi-
ronment, thereby reducing new infections. Exposed and infected individuals could improve
their personal hygiene and actively seek treatment to minimize environmental contamina-
tion, thereby reducing the risk of wvirus transmission. We also observed that the number
of exposed and infected and the virus concentration in the environment show a decreasing
trend with the increase of the disease awareness influence factor o (as shown in Figure |1)).
Interestingly, increasing the value of o decreases the backward regime of bifurcation curve so
that the bistable interval decreases and the globally stable interval of disease-free equilibrium
increases. Meanwhile, the number of infected people also decreases at the stable endemic
equilibrium (as shown in Figure [5(b)). These findings indicate that enhancing the public’s
disease awareness can effectively reduce the spread of disease. Therefore, society should
strengthen the publicity of disease information in various information channels to raise more
people’s disease awareness.

In summary, our findings show that disease awareness has a positive impact on controlling
the direct and indirect transmission of infectious diseases. By enhancing disease awareness,
the risk of direct and indirect transmission of diseases can be effectively reduced, which pro-
vides new insights into controlling disease transmission with multiple modes of transmission.
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Therefore, such adjustments would signifi-
cantly increase the complexity of the model and the difficulty of analysis. Secondly, random
factors are common in disease transmission, which may also impact disease transmission and
awareness acquisition. Therefore, it would be significant to develop a stochastic epidemic
coupled model to further investigate how disease awareness affects both the direct and indi-
rect spread of diseases.
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Appendix A. Locally stability of endemic equilibrium of system ([1]

Appendiz A.1. The endemic equilibrium QF of system 1s locally asymptotically stable
if B3(B1By — Bs) > By(B1By — Bs) and (B4Bs — ByB;)(B1By — B3) >

(BB, — Bs)?.
Proof. Let ¢; = —(1 —o)hl* — 0 — ¢, co = [1[S + (1 — 0)Sk,] — 6 — €, the Jacobian

matrix of system at the endemic equilibrium )7 is given by

—hl*—a—c¢ 0 —ﬁlS;;l —525;21 0 —538:;1
a c —(1—0)p1S —(1 — 0)p25%, 0
J(QF) = hIy (1 —o)hi} C2 BolSpi+(1—=0)Sy] 0 BlSy+(1—0o
1 0 0 ) -y —¢€ 0 0
0 0 0 v —€ 0
0 0 Cm (12 0 —Cp
Then, let
kll 0 k13 k14 0 k15
a ¢ kos  koa 0 kos
J( *) . h[ik (1 O')h[* Cy k34 0 k35
1 0 0 0 —v—¢ 0 0 ’
0 0 0 y — 0
0 0 Cm Qe 0 —Cp
its characteristic equation is
(A + €)(N° + By + BoX3 + B3A? + By + Bs) = 0,
where
By =Cu+vy+e— (ki +c+ kss)
+e€
=(u+y+e—(kn+ca)+ (5+6)[1—5l%}>07
By =514+ Cu(y+¢€) — (Cu+v+e)(kin + 1+ c2) — (mkss — dksa
+e€
=s1+Cu(y+e€) = (Cu+v+e)(kn +er) + Cu(d+ )[1—51<7 )
+ € te
- 520 s g6+ an-m ) - s

oh h
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By = s1(Cu+ v +€) + 52+ maqr + q30 — kasC[one + (7 + €)m] — ksadCp
— (ki + a1+ e2)(y+e)
=80+ (Cpu+vy+ (M +¢e)((1 —o)hl} + 60 +¢€) +a((1 — o)hl] + ¢€)]

+Cua+0+26)[(6+€) — (B + 5%)(5:;1 +(1=0)S)]+ (6 +¢)
— (B + ﬁs’h)S* [Cu(1 = )T} + Cuh I8 +€) — (B + 53%)(1 ~0)55]

+(r+ela+0+2)[(0+€) — (B + b )(Sp1 + (1= 0)55)]

0
(v +e€)

0 * *
Sl + O+ L6+ 0
— (B + B2 ))(1_0)521] — (b + ) (v +¢€) >0,

(v +
By = s1Cu(y +€) + s2(Cpp+ v + €) + qi[on2 + (v + €)m] 4 qamiC + dqsCpu + 0gy
= Cu(y + (AL} + )((1 — )L + 0+ €) + al(1 — o)hI: + )] + Cu(y + ORIF[(5

Sh . . N Ok

( )(1_U)Sa1]+g/'b(7+€)(]‘ )[(6—'_ ) (,7+6)Sn1]h]1

+ (6 + ORL(1—0)a+ 0+ A1 — o) (Cu+ +€) + Ceula+ 0+ €)[(5 + )
)(S

<51+63’71< + (1= 0)S5)] + Cep(1 — a)RIF[(6 + €) — wlwg"l)s*]

+(r+e( —U)hff[(5+€) — (b1 + B2

+e)—

+ CenhI;[(8 + > — (B + @%)(1 —0)Sh]+e(v+)a+ 0+ )8 +e)

= (B + Par——=)(Sp1 + (1 = 0)Sg)] + e(v + €)(1 = 0)hI{[(0 + €)

(v )
(51-1—52( 5

Bs = s2Cu(y + €) + C[0m2 + (v + €)m] + dquCp
=Cu(y+e)(d+ehl[(1 —o)a+ 0+ hI; (1 —0)] + Ceu(y + €)hI{[(6 + €)
- S (1= S+ Gy + 1 = DG+ )~ =
s1 = kier + (ki1 + ¢1)ea — kishIy — kag(1 — o)hIy — ab,
So = crkishI} + cofla + ki1kos(1 — o) hI) — OkoshI] — (1 — o)hI{akis — kyicico,
—B3[Sp + (1 —0)Sal(a+ 6+ 2€) — (1 — 0)BshIT(Spy + Sa),
G2 = —B3€[Spy + (1 —0)Sal(a+ 0 +€) — (1 — 0)Bseh i (Spy + Sa1):
@3 = —Pa[Sp1 + (1 = 0)Su](a+ 6 + 2¢) — (1 — o) BohI{ (S5, + Sa1),
g1 = —Ba€[Spy + (1 —0)Sql(a+ 0+ €) — (1 — 0)BaehI{ (Spy + Sa1)-
By detailed calculation, we have By By — B3 > 0. Thus, if the conditions B;3(B; By — Bs) >
Bi(B1By — Bs) and (ByBs — ByB3)(ByBy — Bs) > (B1By — Bs)? are satisfied, then Q* is
locally asymptotically stable according to the Routh-Hurwitz criteria.

+
) . . ) .
n )Smil +e(y +RIT[(0 4 €) — (B1 + Ba v+ e))(l —0)Sy] >0
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