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ABSTRACT

During the outbreak of emerging infectious diseases, information dissemination dynamics significantly
affects the individuals’ psychological and behavioral changes, and consequently influences on the disease
transmission. To investigate the interaction of disease transmission and information dissemination
dynamics, we proposed a multi-scale model which explicitly models both the disease transmission with
saturated recovery rate and information transmission to evaluate the effect of information transmission
on dynamic behaviors. Considering time variation between information dissemination, epidemiological
and demographic processes, we obtained a slow-fast system by reasonably introducing a sufficiently
small quantity. We carefully examined the dynamics of proposed system, including existence and stabil-
ity of possible equilibria and existence of backward bifurcation, by using the fast-slow theory and directly
investigating the full system. We then compared the dynamics of the proposed system and the essential
thresholds based on two methods, and obtained the similarity between the basic dynamical behaviors of
the slow system and that of the full system. Finally, we parameterized the proposed model on the basis of
the COVID-19 case data in mainland China and data related to news items, and estimated the basic repro-
duction number to be 3.25. Numerical analysis suggested that information transmission about COVID-19
pandemic caused by media coverage can reduce the peak size, which mitigates the transmission dynam-
ics during the early stage of the COVID-19 pandemic.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Emerging infectious diseases, including SARS(2003),H1N1(2009)
and COVID-19, have always been a threat to human healths, bringing
a great disaster to human survival and economic development
(Crossley et al., 2020; Khardori, 2009; Smith, 2006; COV, 2020;
Thompson et al., 2003). In the era of information development, the
spread of infectious diseases has been accompanied by the rapid
spread of information (globally/locally available information). On
the one hand, the disease-related information, can make people
more understand the infectious diseases, including the transmission
routes, infectivity and possible prevention and control measures, so
as for individuals to take effective protective measures. On the other
hand, it may also cause panic and bring some social problems
(Jansen et al., 2003). Therefore, the dissemination disease-related
information consequently induce individuals’ behavioural changes,
which greatly affects disease transmission (Schaller, 2011; Funk
et al., 2010b; Frederik et al., 2016).
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A number of ordinary differential equation models are used to
analyze the impact of individuals’ behaviour changes, such as
wearing face masks, keeping social distancing, etc, in response to
the dissemination disease-related information. Basically, there
are two types of studies considering the transmission of the
disease-related information: One is to hypothesize that behavioral
changes lead to a reduction in infection rate or contact rate, such as
modeling the infection rate as a function of the number of infected
individuals (Cui et al., 2008b; Song and Xiao, 2017; Wang and Xiao,
2014; Xiao et al., 2015; Xiao et al., 2013; Zhang et al., 2004; Zhou
et al., 2019) or number of news items (Yan et al., 2016; Song et al.,
2019), where news items are considered as a separate compart-
ment. In particular, the reduction in infection rate may be deter-
mined by the payoff gains using game theory (imitation
dynamics) (Frank, 2020; Reluga and Bergstrom, 2010), and the
reduction in contact rate may be induced by government shut-
down policies as well as individuals’ adherence to non-
pharmaceutical intervention (Pcja et al., 2021). The other is to fur-
ther divide the population into two types of compartments with or
without disease-related information (Amaral et al., 2021; Shannon
et al., 2015; Funk et al., 2010a; Samanta and Chattopadhyay, 2014;
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Samanta et al., 2013; Zhao et al., 2020), and those who knowing
information may subconsciously protect themselves from the dis-
ease and consequently reduce the contact rates or transmission
probability. Note that the shift between the disease-aware group
and disease-unaware group was modelled and determined by the
payoff gains for changing behaviors or not (Amaral et al., 2021;
Zhao et al., 2020). The second modelling approach actually pro-
vides a scheme of the explicit modelling the transmission of infor-
mation, which inevitably increases the dimension of the system
and brings much difficulties in theoretical analysis. How to nest
the dynamics of information transmission dynamics to the disease
transmission, and theoretically analyze the dynamical behavior
remain unclear and fall with in the scope of this study.

The COVID-19 pandemic has been threatening the public health
and caused worrying concern amongst the public and health
authorities (Cohen and Normile, 2020; Crossley et al., 2020;
Winskill et al., 2020; COV, 2020). As early as the beginning of
2020 when the outbreak of COVID-19 infection was reported in
Wuhan, China, massive news coverage and fast information flow
significantly generated profound psychological/behavioural
impacts on the public, which may influence the implementation
of public interventions (Shannon et al., 2015; Xiao et al., 2015;
Zhou et al., 2020). Actually, Wise et al. (2020) has testified the
importance of risk perception in early interventions during large-
scale pandemic. Many researchers (Amaral et al., 2021; Frank,
2020; Pcja et al., 2021; Zhao et al., 2020) also analyzed the impact
of behavioral changes induced by disease-related information on
COVID-19 transmission from different aspects, which all show that
behavioral changes have potential to curb the transmission of
COVID-19 infection. Further, Amaral et al. (2021) and Frank
(2020) showed the occurrence of multiple outbreaks, which is
the synergy between infection prevalence and prevalence-
induced interventions and behaviour changes. These models sup-
pose that the spread of the epidemic and transmission of informa-
tion occurs at the same time scale. However, the dissemination of
information among individuals is fast compared to the disease
spread. Considering the very differential time scales between infor-
mation dissemination and disease spread through a mathematical
modeling framework falls within another scope of this study.

Main purpose of this study is to propose the multi-scale model
which explicitly models both the disease transmission with satu-
rated recovery rate and information transmission, and further
divide different classes based on epidemiological characteristics
into two subclasses with different infection rates. Considering
the very time scales between information dissemination and epi-
demiological and demographic processes, we introduced a suffi-
ciently small quantity which is determined by population death
rate and media wading rate, on this basis, the dynamical behaviour
of the proposed model was analyzed using the theory of the slow-
fast system (Cen et al., 2014; Feng et al., 2013; Feng et al., 2015).
Moreover, the similarity between the basic dynamical behaviors
of the slow system and that of the full system is confirmed through
theoretical and numerical analyses. Finally, we parameterized the
proposed model on the basis of the COVID-19 confirmed cases data
in mainland China and data on news items at early period of
COVID-19 infection, and estimated the transmission risk. The influ-
ence of information transmission about disease caused by media
coverage on the peak size of the infection during the early stage
of the COVID-19 outbreak was further investigated. We emphasize
that this model is not an empirical description of the current
COVID-19 evolution. Instead, this is a general theoretical frame-
work that merges disease transmission and information dissemi-
nation in a single compartmental model and take into account of
time variation between information dissemination, epidemiologi-
cal and demographic process.
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2. The model

We take a classic SIR-type model to illustrate how to model dis-
ease and information transmission. For this purpose, we divide the
population into susceptible individuals (S), infectious individuals
(I) and removed individuals (R). Taking into account the transmis-
sion of information and the individual’s response to the informa-
tion acquired, the population is further divided into two groups:
one group is disease-unaware group (Si,I;,R;), the other is
disease-aware group (S, >, R;) who get information about the dis-
ease and make behavioral changes to reduce their contacts or
improve protection interventions. We assume that the susceptible
individuals are infected by infectious individuals with a rate of g,
and become infectious, and the infected individuals are recovered
with a saturated function 7, (i =1,2) given the limitation of
medical resources (Zhou and Cui, 2011; Xu and Liu, 2008; Cui
et al., 2008a; Jinliang et al., 2012).

Let the variable B be the average number of news items related
to the outbreak, with which the disease-unaware individuals will
become the disease-aware individuals at the rate o, where o repre-
sents the probability of an individual making behavior changes
after receiving disease-related information, and parameter g, the
transmission probability that a susceptible individual becomes
infected after contacting with an infected individual. The disease-
aware individuals can also change to the disease-unaware individ-
uals with rate of g. It is assumed that the changing rate of the aver-
age number of daily news items depends on the number of infected
individuals with rate of p, and parameter d represents the sponta-
neous disappearance rate of media reports(media wading rate).
The model flow diagram is shown in Fig. 1 and the model equations
are as follows.

B = p— pSily — G 1fSily — pS — aBS; + g5,

ddﬁ = —65ﬁ5211 — 6[65[)’5212 — ,LLSZ + oBS; — qu

t

&= pSily + 01Sily — 74 — uly — By +ql,

1+hly
& = asBSali + 05018S,12 — 15 — s + oBly — gl (2.1)
ddit]:%fluRl 7OCBR] +qR2
dRy _ b

dt = Toh — MR2 + 4BRy — qR,
% — p(ly +0,) — dB

Here we assume that the birth balances the death with the rate of 4,
and mortality due to disease is not considered. Therefore, S;, [;, and
R;,j =1,2 can be considered as the corresponding population pro-
portion. Parameters o; and as (0 < 01,05 < 1) represent the reduc-
tion factors in transmission rate when infection occurs between
disease-unaware group and disease-aware group. In particular,
when a susceptible individual (S;) is infected by an infected individ-
ual (I;), then the reduction factor becomes g;as. Parameter 0 repre-
sent the adjustment factor of the changing rate of the average
number of daily news item depends on the number of aware
infected individuals.

It is obvious that the solution of system (2.1) initiating from the
non-negative data are non-negative.

3. Dynamical analysis
3.1. Establishment of slow-fast system

We know that awareness spreads much faster than population
growth. That is, the parameters in model (2.1) have different time
scales. So we can use the theory of the slow-fast system to analyze
this model. We then reasonably assume that the birth (or death)
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Fig. 1. Flow diagram for a SIRB model that links the disease transmission to information transmission.

rate of population, 4, is much less than the infection wading rate d.
To reduce the number of parameters, we assume 0 = 1. Making
e=4 then 0 <& < 1. Let

o« . _p._q
a7p d’q d ,U Iu7

and for the sake of simplicity, the parameters of subsequent models
are still recorded as the original parameters, then the system on the
slow time scale (3.3) is established:

\:‘z
|~
=
I
|

f=pt,a= (3.2)

Sd—l = —oBS; + qu + 8[] — ﬁ5111 0,ﬁ5112 — S]]

e%2 — oBS, — ¢S, + &[~05pS:11 — 6105pS:1, — S5

e4t = —oBl +qly + & | fSils + GpSi L — 1% — I |

edh

¢4 = 0Bl — qly + & |ospSehy + 0sOS L T —h|  (33)

6% — ~BRy + R, + e[ — Ri]

dRz = oBR; — qu + & [1+l1l2 Rz}

8%2 p(11 +12) —-B

Applying the transformation of time 7 =
the fast time scale (3.4) is established:

then the system on

ﬁ = —O(le + qu + 8[1 — /351]1 — 0,ﬁ5112 —51]
dsz = oBS; — qS, + &[-GspSalt — 0105[35212 -5
d11 — 705311 + qu + 6{&511] + Glﬁsllz 1+h11 11}

vh_
+hI, 12}

42 _ B, —ql, + ¢ [O'SﬁSzI] + 0501, (3.4)

B — _oBR; +qR, + 8[1”,,1 R1]
% — uBRy — qRy + & [W - Rz}

=p(li+L)-B

3.2. Dynamical analysis on the fast subsystem

First, we analyze the dynamical behavior of the fast subsystem.
Let ¢ — 0, system (3.4) becomes:

1 — _oBS; + ¢S,

2 = 0BS; — ¢S,

4 = —oBI; +ql,

W — oBl —ql, (3.5)
& — _aBR; +qR,

% — uBR; — qR,

L=p+L)-B

Let S =S; +S3,I =11 + I,R =Ry + Ry, from system (3.5), we get
S’ =R =1 =0, namely, in the sense of this fast system considering
only information transmission, S,I and R are all constants. Then,
system (3.5) can be reduced to the following four-dimensional
system:

B = —oBS; +q(S - S1)
U — _oBl +q(—1Ir)

& — _4BR, +q(R—Ry)
dB =pl—B

= ol
= al¥

(36)

ll|

We can prove that this system has a unique positive
equilibrium

E;ast = (5;71§R§7B*)7 (37)
where S} = & I, = 4 R} = 4% B" = pl. The stability of Ey,

can also be proved as follows. By checking the Jacobian matrix of
(3.6) at Ep,;, we know that the positive equilibrium is locally asymp-
totically stable. Considering that system (3.6) is a competitive sys-
tem, the positive equilibrium is then globally asymptotically
stable, and hence we have the following theorem.

Theorem 1. The positive equilibrium Eg, of the fast subsystem (3.6)
is globally asymptotically stable.

3.3. Dynamical analysis on the slow subsystem

Then we analyze the dynamical behavior of the slow subsystem.
Similarly, let S=S; +S,,I =1, +I,,R = R; + R, according to sys-
tem (3.3), we have:
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eL = e[l — B(Si + as(S —S1))(I1 + ail3) — S|

68 = e[B(S1 + as(S = S (I + i) — 2 — 2 — 1]
v y(i=h) '

gd_R = 8[1+lf:ll + 1+hI 17) R]

e = pl—B

Substituting E,, into the above system, and then the last equation

of the above system is ¢4 = 0, so the B is constant in the sense of
the slow system (3.3). Besides, B doesn’t appear in the other equa-
tions, so we only need consider the first three equation of this
model. Dividing both sides of it by ¢, we can get that:

=1 pSIf(I) -
4 — BSIf(I) — ylg(I) -
R — lg(l) -

where

(3.8)

(giapl + q)(asapl +q)
(apl +q)°

. q opl

“aplq+hal  apl 1 g+ ahpl

fih=

g

Considering the variable R(t) does not feed back to the variables S(t)
and I(t), we only need to consider the first two equations of system
(3.8):

6 — 1 — BSIF(I) —
= PSIfF(D) — 7ig(D) —
We can testify that Q= {(S,])eRj :S+I<1} is an attraction

region of system (3.9), and this system always has disease-free
equilibrium Ey = (1,0). We firstly examine the local stability of E,.

3:9)

Theorem 2. The disease-free equilibrium Ey is locally asymptotically
stable if Ry < 1 and unstable if Rg > 1. The bifurcation at Ry =1 is
backward when M;s > 0; the bifurcation at Ry = 1 is forward when
M; < 0, that is to say when Ry = 1, Ey is locally asymptotically stable
if My < 0 and unstable if Ms > 0, where

p
Ro=—"—
0 y 1’

My;=a, - =yh— (2 -0, -0

)“T””—ﬁz. (3.10)

Proof. By calculating the spectral radius of the next generation
matrix for model (3.9), we can define and calculate the basic repro-
duction number R,.

The Jacobian matrix concerned with the linearization of system
(3.9)atEp is

-1 -B
Je, = ( )
0 p-(+1)

Therefore the eigenvalue of J; are 2; = —1and 4, = (y + 1)(Ro — 1).
Then, when Ry < 1, all eigenvalues are negative; when Ry > 1,]J,
has a positive eigenvalue. Thus the disease-free equilibrium E, of
system (3.9) is unstable if Ry > 1, and E, is locally asymptotically
stable if Ry < 1.

When Ry = 1, the Jacobian matrix at Ey has a zero eigenvalue.
Hence E, is a nonhyperbolic equilibrium, and the linearization
cannot determine its stability. Here, we use center manifold
(Andronov et al., 1973; Shim, 1991) to analyze its stability.

Letx=Iand y =S — 1, system (3.9) is transformed to
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dx
{dth(xvy) (311)

= QZ(ny)7

where, Q;(x,y) = B(y + 1)xf(x) — pxg(x) —x and Q,(x,y) = —y—
B(y + 1)xf(x). So, the stability of E, of system (3.9) is equivalent to
the stability of (0, 0) of system (3.11). After the coordinate transfor-
mation x = X and y = Y — BX, it becomes the standard form

F(x,y)
{"y— ~y+G(xy) 512)

where F(x,y) = 2(y — px + DXf(x) — 7xg(x) — X, G(x,) = BF(X,y)—
B(y — Bx + 1)xf(x) + Bx, and still writing it in terms of x and y just
for the sake of simplicity. Algebraic calculations show that

F(0,0)= 0,  9F(0,0)=0,
G0,0)= 0,  9G(0,0) = 0.

Besides, functions F(x,y) and G(x,y) are both second differentiable
in the first quadrant. According to the Center Manifold Theorem,

system (3.11) has a locally C?-class central manifold
¥y = c(x)(||x|| < 9). Since the stability of the zero solution of a system
is often determined by the lower order terms, we can just consider
the lower order terms of Q,(x,¥),Q,(x,y) and c(x).

Expanding the functions F(x,y) and G(x,y) in the field of (0,0)
through Taylor expansion, and substituting them into system
(3.12), we get

& — aqyx2 + 2Bxy +o(r?
g 1 pxy +o(r%) (3.13)
Y= —y+bix? +byxy + (%)
where
=2ph—2(2 - 01— 3,) %~ 2%, by = par + 2(F* + (2 — 01 - 0,) %),

=2B(p+1) and r = \/x2 + y2. Similarly, y = c(x) is expanded as
Y=c(x) =Co+ X +xX + 03 +... =T ox
Applying the invariance of center manifold, we have
— Bx — T p0xk — bix? — BX(Zpgcix’) +o(r?)

By comparing the coefficients of the two ends of the above equation
to the same power, we can get ¢y = 0,c; = 0,c; = by, that is

y =c(x) = bix* +0(x).
Substituting it into the first equation of system (3.13), and we have
% =2Mx* +0(x*)
where
a o
M=G—gh- @00y
q

So, the bifurcation at Ry =1 is backward when M; > 0; the
bifurcation at Ry =1 is forward when M; <0 (Broer, 1995;
Castillo-Chavez and Song, 2004), that is to say, when Ry = 1,Ej is

locally asymptotically stable if M; < 0 and unstable if M; > 0. This
completes the proof. O

3.3.1. Global stability on the slow subsystem (3.8) with linear recovery
term

Note that system (3.8) (or (3.9)) has high nonlinearity and it is
complicated to calculate the endemic state. Given the complexity,
we initially consider the special case where the recovery term is
linear (i.e., h = 0).
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Theorem 3. Suppose h =0, the slow system (3.9) has a unique
positive equilibrium for Ry > 1, and further the unique positive
equilibrium is globally asymptotically stable for Ry, >1 and
0]+ 0s > %

Proof. When h = 0, if the slow system (3.9) has a positive equilib-
rium, denoted by (S.,I.), then we have

1-BS.Lf(L) - S. =

{ BSLf(L) = 5. =0 . (3.14)
BS.LF(L) ~ (+ DL =0

From the second equation of (3.14), we have S, = /f, - Substituting

into the first equation of (3.14) and simplifying yield

1

fll) = Ro— AL (3.15)

Let G(I) = g1 if the functions f(I) and G(I) intersect at (0, 1),

there is a I, € (0,1) that satisfies Eq. (3.15), that is to say, the slow
system (3.9) has a positive equilibrium. Algebraic analysis shows
that f(I) decreases monotonically at [0, 1], and G(I) increases mono-

«/ll) and (},11 , 1]. Considering that f(I) >0 for
1€[0,1), and G(I) > 0 for I € [Oﬁ) but G(I) < 0 for I (ﬁ] we
only need to analyze the intersection of function f(I) and G(I) at

[0, e ) We can testify that

tonically at {0,

f(0) < G(0) = Ry < 1,
f(0) = G(0) <= Ry = 1,
f(0) > G(0) < Ry > 1.

Combining the

limy__+ G(I) — f(I) =
intersection at [0, 1] when Ry > 1;f(I) and G(I) have no intersection
at [0, 1] when Ry < 1; and when R, = 1, the abscissa of the only
intersection point of f(I) and G(I) is 0, i.e., I = 0, which is not posi-
tive. So that, when h =0, if Ry > 1, the slow system has a unique

monotonicity of f(I) and G() and
+o0o, we have that f(I) and G(I) have a unique

local equilibrium E; = (S°,I") = (R f(l) *). where [* is the only

intersection of f(I) and G(I); if Ry < 1, there is no local equilibrium.
To prove the stability of the unique local equilibrium E;, we
consider a Lyapunov function

VS =S—§ 1nsi + (=T In(I)).

Then we have

av s

G =155 =% - 0+ DI+ ST — pSIF()

Recalling that gST'f(I') +S" =1 and y + 1 = gS’f(I"), we obtain

+(y+ 1.

av o[3_ S _S ) _fI)
=110~ -5 7
gy | )1 fr) . s
s [Rih - -1+ s s -5
Let m(I) = If (I), we obtain
(1) 016503 03P + 3010502 p2ql? + [2(01 + 05) — 1)apg?] + ¢

(apl +q)°
>0

for all I > 0 and o} + 05 > % Hence, we have

) = fFMITfI) - If D] <0

where the equality holds only when I = I, thus
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Ifm 1 . f0) [T Ifd) J[rfd) -
rfry r l+f(I) L* I*f(l*)Hlf(I) }SO'
Furthermore, we have

*+5f()+f()>37 s? < 96

S+7% >

SO Sfr) f
for all S,I > 0, because the arithmetic mean is greater then or equal
to the geometric mean. Therefore, ‘;‘{ < 0 holds for S,I > 0. In addi-
tion, 4/ = 0 holds only when S=S" and I =", and E, is the only
equilibrium of this systems on this plane. Therefore, the local equi-
librium E; is globally asymptotically stable when h=0 and

0; + 05 > 1. This completes the proof. O

Theorem 4. Suppose h = 0, the disease-free equilibrium E, of system
(3.9) is globally asymptotically stable for Ry < 1, and it is unstable for
Ro > 1.

Proof. First, according Theorem 2, we have that the disease-free
equilibrium Ej is unstable if Ry > 1, and E, is locally asymptotically
stable if Ry < 1. Especially, when Ry = 1 and h = 0, we have M; < 0
holds true, which indicates E, is also locally asymptotically stable
for Ry = 1.

To prove global stability of Eg when Rg <1,
Lyapunov function

let’s consider a

V=I+S-InS.
In case of system (3.9), this Lyapumov function satisfies

‘;‘:— 2 <s+ 1) (3 + DI(RF(I) — 1).

Since the arithmetical mean is greater than or equal to the geomet-
rical mean, the function 2 — (S+1{) is nonnegative for all S,I > 0.
Consider the monotonicity of f(I),f(I) <f(0)=1, then
Rof(I)-1<0 for all 0<I< 1. So that & <0, for all (S1)eQ.
Besides, 4 = 0 holds only when S =1 and I = 0, and E is the only
equilibrium of this systems on this plane. Therefore the disease-
free equilibrium E, is globally asymptotically stable when Ry < 1.
This completes the proof. O

It can be seen from the above analysis that when the recovery
term is linear, the basic reproduction number actually act as the
threshold to distinguish whether the disease dies out or not for
the slow system.

3.3.2. Global stability on the slow subsystem (3.8) with nonlinearly
saturated recovery term

When the recovery term is nonlinearly saturated, that is h # 0,
with help of numerical studies we investigate the existence and
stability of positive equilibrium of system (3.9) (or (3.8)). Let

E = (3,7) be a positive equilibrium of system (3.9). From system

(3.9), we can obtain
< It 2 (7)
)

and T is a solution of the equation A()

1 1
A(l) = Tl 3(1):m+
Then A(0) =%,B(0) = 1. A(1) = kg < 1,B(1) =
H(I) = A(I) — B(I), then H(1) = A(1) - B(1) < 0.

= B(I) for 0 < T < 1, where

gn+1> 1 Let



T. Li and Y. Xiao

(a)

1.2
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(b)

0.35

(0] 0.05 0.1
I

Fig. 2. (a): The curves of functions A(I) and B(I); (b): a partial magnification of the graph on (a), where o = 7.8964, p = 0.6786,h = 20.6671,q = 9.2084,y = 8.3654,

os =0.9312,0, = 0.7287, f = 8.1950.

When Ry > 1, we get H(0) = A(0) — B(0) = %(Ro —1) > 0. Comb-
ing H(1) < 0, according to the zero point theorem, we get that H(I)
has at least one zero point on [0, 1], i.e., the slow system (3.9) has at
least one endemic equilibrium.

When Ry < 1,H(0) <0. Denote Hpe = 5r<1fa<)1({H(1)}. When

Hpax < 0, equation A(I) = B(I) has no solution on [0, 1], so the slow
system (3.9) has no positive equilibrium. For H,,e, > 0, there must

be a Te(0,1), such that H(T) >0, so H(O)H(T) <0 and
H(Y)H(l) < 0. According to the zero point theorem, H(I) has at
least two zero point, one is in the interval of (0,7) and the other

in (7, 1), i.e,, the system has at least two positive equilibriums.

From what has been shown above, we have the following
results.

Theorem 5. When Rg < 1, the slow subsystem (3.9) has at least two
positive equilibria for Hmax > 0; there is no positive equilibrium for the
slow subsystem (3.9) for Hpax < 0. When Ry > 1, the slow subsystem
(3.9) has at least one positive equilibrium.

We numerically plot the curve of functions A(I) and B(I) with
respect to [ as shown in Fig. 2. It shows that there are two intersec-
tion points of functions A(I) and B(I), which indicates this system
has two positive equilibriums, that is a case of Theorem 5 for
Ro <1, and Hy4 > 0. Further, we have the following dynamic
behavior of the slow system in this case.

Theorem 6. When Ry < 1 and Hpgx < O, the disease-free equilibrium
Ey is globally asymptotically stable.

Proof. Let’s consider a Lyapunov function

1
1
V=I+S+/O mdr.

In the case of system (3.9), this Lyapumov function satisfies
=11+ gl — 5"

= [1+7yg()] [m— (”ﬁ)]'

If Hmax < 0, then we have -5 < I + 55 for I € [0, 1], indicating
4 < 0. And & = 0 holds only when S =1 and I = 0. Moreover, we
know that E, is locally asymptotically stable for Ry < 1, then we
can get the disease-free equilibrium E, is globally asymptotically

stable. That completes proof. O

To numerically show the dynamic behaviors, we plot solutions
of the slow system (3.9). Fig. 3(a) shows solutions of the slow sys-
tem (3.9) for Ry < 1 and Hp,, > 0, which illustrates that the solu-
tions with lower initial values I(0) converge to E,, whereas the
solutions with larger initial values I(0) converge to a positive equi-
librium. Fig. 3(c) shows that if there is only one positive equilib-
rium for Ro > 1, solutions with arbitrary initial values [(0)
converge to the positive equilibrium.

Remark 1. When h # 0,Ry is no longer the threshold to distin-
guish whether the disease dies out or not. And the slow subsystem
(3.9) may occur backward bifurcation according to Theorem 2.
However, M, (3.10), is related to information transmission
parameters, and

oM, oM, . OM, . OM
Tm>0’ao's >0, aq >0

OM;

<07W

<0,

so M, may decrease to below 0 by increasing o or p, or decreasing
01,05 or q. That indicates we can increase the information transmis-
sion rate, the changing rate of the coverage number of daily news
items, or decrease the adjustment factors of transmission rate, the
rate of loss consciousness to avoid the occurrence of backward
bifurcation.

It is also known that the dynamics of the fast and slow subsys-
tem are useful to gain insights into the dynamics of the full system
by applying tools in perturbation theory (Fenichel, 1979; Gandolfi
et al., 2015).

4. Dynamical analysis of the full system

In this chapter, we begin by analyzing the dynamic behaviors of
the full system (2.1) and examine the similarities between these
dynamic behaviors of the full system and the slow system (3.8)
(or (3.9)). Since variables R; and R, are decoupled with the other
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Fig. 3. (a): Solutions to the slow system (3.9),where o = 7.8964, p = 0.6786,h = 20.6671,q = 9.2084,) = 8.3654, g5 = 0.9312, 7,
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—0.8287, p = 8.2950 and R, = 0.8857. (b):

Solutions to the full system (4.16),where d = 0.0934, y = 0.0072, the value of other parameters after parameter transformation (3.2) is the same as the value of (a), and

Ros = 0.8857, Ry = 0.1480. (c): Solutions to the slow system (3.9), where o = 8.5316, p = 0.7068,h = 21.1662, q = 9.7470,y = 6.8296, 65 = 0.9501, ¢, =
1.1035. (d): Solutions to the full system (4.16), where d = 0.0949, i = 0.0077, the value of other parameters after parameter transformation (3.2) is the same as the

and Ry =
value of (c) and Rys = 1.1035 > 1,Ryy = 0.1671.

five equations of model (2.1), we only need to consider the follow-
ing model:

B — i — pSily — 01pS1L> — uSy — oBS; + g5,
%= 70'5/35211 - 0'10'5/35212 — US; + oBS; — g8,
dll = BS11 + 01551 — 1+hl
dlz = 05pS:11 + 0501651, —
=p(h+1)—dB

— uly —aBly +ql,
= — iy + Bl — ql,

(4.16)

We can testify that the feasible region of model (4.16) is

F={(51.5.1,1,B) €K :0< S+, +h +1 < 1,0<B< LY,
which is a positively invariant set. A disease-free equilibrium
Eor = (1,0,0,0,0) is always feasible. By calculating the spectral
radius of the next generation for model (4. ]6) we get the basic
reproduction number of this model is Ry = £, where Ry is the

expected number of secondary cases produced, m a completely sus-
ceptible population, by a typical infective individual (Dreessche and
Watmough, 2002).

Similarly we can investigate the stability of the disease-free
equilibrium E, the bifurcation at Ey for Ry = 1, and we can also

0.7330, = 8.6402

analyze the persistence of the full system (4.16) for Ry > 1. In
the following we only give the main conclusions and the detailed
proof processes are given in Appendix A.

Theorem 7. If Ry < 1, the disease-free equilibrium Eyr of system
(4.16) is locally asymptotically stable; if Royf > 1, the disease-free
equilibrium Ey is unstable. The bifurcation at Ry = 1 is backward if
M; > 0, and the bifurcation is forward if My < 0, where

Ay F\d
My = (hv #)p(u+q)(ﬁ+q)
—[2—-0-05)q+ (1 -a)p+ (1 - 0a,05)pop. (4.17)

Further, if Ros < Ry, the disease-free equilibrium Eqf of system (4.16) is

globally asymptotically stable, where Ry = £ ”m;l')

Theorem 8. When Ry; > 1, system (4.16) is uniformly persistent, that
is, there is a constant n >0, and for all initial values

(51(0),5,(0),1,(0),15(0),B(0)) Int(Ri), the solution of the system
satisfies

lim inf(S; (£), S>(6), 1 (t), L2 (£), B(8)) > (1,1,1,11, 7).
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It is worthy noticing the similarity between the dynamic behav-
iors of the slow system (3.9) and the full system (4.16). The basic
reproduction number Ry of the full model (4.16) and Ry of the slow
model (3.9) are equivalent, because the parameters in model (3.9)
are obtained by parameter transformation (3.2). On the basis of
Theorems 2 and 7, we can conclude that the locally stability of
disease-free equilibrium E, of the slow subsystem (3.9) is equiva-
lent to the locally stability of disease-free equilibrium Eq of the full
system (4.16) except the situation Ry = Rof = 1, where bifurcation
may occur, which will be discussed later.
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When the recovery term is linear, the basic reproduction num-
ber actually act as the threshold to distinguish whether the disease
dies out or not for the slow system and the full system on the basis
of Theorem 4 and Theorem 7. When h # 0, the basic reproduction
number Ry (or Ry) is no longer the threshold to distinguish
whether the disease dies out or not for the slow system (or the full
system). The full system occurs backward bifurcation at Eq for
Ry =1 and My > 0 on the basis of Theorem 7; the slow system
occurs backward bifurcation at Ey for Ry =1 and M; > 0 on the
basis of Theorem 2. It is interesting to notice that the conditions
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Fig. 4. (a):The reported cumulative number of confirmed cases and the average daily number of media items from January 10 to 29. (b) and (c): Data fitting for the data from
January 15 to 29, 2020. The circles in (b) and (c) represent the cumulative number of confirmed cases, the average daily number of media items, from January 10 to 29

respectively. The curves are the best fitting curves of model (4.16) to these data.
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Table 1

Estimated initial values of variables and parameters for system (4.16).
Variables Description Initial value Resource
51(0) Unconscious susceptible population 0.9999 LS
S2(0) Conscious susceptible population 739/11081000 Zhou et al. (2020)
1;(0) Unconscious infected population 1.0000 x 1073 LS
I, (0) Conscious infected population 41/11081000 Data
B Media items 16.3 Data
Parameters Description Value Resource
u Natural death rate/Birth rate 0 Assumed
B Probability of transmission from I; to S; 0.4555 LS
o Propagation rate of consciousness 2.0981 x 10°° LS
q The rate of losing consciousness 0.0010 LS
Y Recovery rate of infected individuals 0.1400 LS
P Media reporting rate of number of infected population 5.1753 x 10° LS
0 The adjustment factor of media reporting rate of number of I, 1 Assumed
d The spontaneous disappearance rate of media reports 0.5000 LS
h Non-negative parameter 4.9891 x 10712 LS
gy the reduction factors in transmission rate when infection occurs between I, and S; 0.2398 LS
as the reduction factors in transmission rate when infection occurs between I; and S, 0.2398 LS

for branching in the slow system (3.9) (M; > 0) and the full system
(4.16) (My > 0) are also equivalent on the basis of the time varia-
tion between information dissemination and epidemiological and
demographic process (¢ = 4 < 1). Especially, M is related to infor-
mation transmission parameters, and

oMy oMy o OM;

a0, > %905 > %5 <0
and

OMy OMy

W < Oa—q >0

for My > 0, so we may also decrease My to below 0 by increasing o
or p, or decreasing oy, os or q, which are similar with the situations
of the slow system (3.9) on the basis of Remark 1. See Appendix B
for details. Again we can increase the information transmission rate,
the changing rate of the coverage number of daily news items, or
decrease the adjustment factors of transmission rate, the rate of loss
of consciousness to avoid the occurrence of backward bifurcation.
The disease-free equilibrium E, of the slow system (3.9) is glob-
ally asymptotically stable for Ry < 1 and Hy,q < O on the basis of
Theorem 6. The disease-free equilibrium Ey of the full system
(4.16) for Ror < Rys is globally asymptotically stable on the basis
of Theorem 7. It is easy to testify that if Rys < Ryr, we can conclude
Hmax < 0 holds true. In fact, if Ry < Ry, and applying the parameter
transformation (3.2) on this, similarly, the parameters of subse-
quent models are still recorded as the original parameters, we
1y
T+y

can get % < , then } > ;. Since both f(I) and g(I) are mono-

19k
tonically decreasing in [0, 1], we get
1 1 1 1
HID) =Al)-B(l) = ——~ — 7+1} <—
=080 =~ [ 1) < g @
B 1 _1< 1 1
T+yg(1) B 1+78(1) 1+yy

Due to {i; < g(1), we have H(I) <0 for I € [0,1], which implies
Hmax < 0. However, Hpgx < 0 does not necessarily mean Ry < Ry
holds true. Moreover, we only obtained the uniform persistence
for Ry > 1, we do not know the existence of endemic states for
Ry < Rys < 1, which indicates that we got the relatively strict/
strong condition under which the disease-free equilibrium of the
full system is globally asymptotically stable. This comparison
implies that based on fast-slow system theory we can obtain the
detailed dynamics of the slow system, which represents the dynam-

ics of the full system, while for the full system, it is challengeable to
examine the complex and rich dynamics due to high dimension.
Hence, it is reasonable to examine the dynamics of the slow system
rather than directly investigating the full system.

Numerical simulations are used to further illustrate the similar-
ity of dynamic behavior between the full system (4.16) and the
slow system (3.9). To illustrate the existence of the backward
bifurcation for the full system and the slow system, we plot solu-
tions of the slow system and the full system with equivalent
parameters for Ry < Ros = Ro < 1 and Hpmgx > 0, shown in Fig. 3(a)
and (b). It shows that solutions with relatively low initial values
of I(0) converge to 0, whereas solutions with relatively large initial
values of I(0) converge to a similar positive level of infection pro-
portion both for the slow system and the full system. It's worth
noting that solutions of two systems converge with very different
convergent speed. In particular, solutions of the slow subsystem
quickly converge to the equilibrium, while solutions of the full sys-
tem slowly converge. Moreover, Fig. 3(c) and (d) show that for
Ror > 1 (or Ry > 1), both solutions of the slow system and the full
system converge to almost the same positive equilibrium but with
very different convergent speed.

5. A case study

In this subsection we tried to parameterize the proposed model
with surveillant data and news items data on early stage of COVID-
19 infection in mainland China, and numerically investigate the
media impact of COVID-19 infection. We obtained the reported
cumulative number of confirmed COVID-19 cases in China from
the National Health Commission of the People’s Republic of China
(Data). Although the first case was reported in December 2019, a
new confirmed case was not reported until 10 January 2020, we
used data from 10 January to 29 January, 2020, as shown in Fig. 4
(a). The case data was released and analyzed anonymously. We
also obtained daily weighted average number of media items from
7 major websites during January 10-29, 2020, as in Zhou et al.
(2020), which is shown in Fig. 4(a).

In the initial stage of the epidemic, we assume that the total
population is Wuhan residents, the conscious susceptible popula-
tion is the isolated susceptible population, the conscious infected
population is the reported confirmed population and no individual
was recovered. We further assume p = 0 because of the short epi-
demic time scale in comparison to the demographic time scale. We
used the Least Square Method to fit the parameters in model (4.16)
to study the effects of information transmission about disease
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caused by media coverage on COVID-19 infection. The fitting
results are shown in Fig. 4(b) and (c), and the estimated parameter
values with sources of other parameters are given in Table 1. Based
on the above-mentioned parameter estimations, we then calcu-
lated Ry as 3.25. Note that this estimation agrees with those esti-
mations based on likelihood-based methods (Imai et al., 2020; Li
et al., 2020), while it is less than those estimated levels based on
the dynamic models without considering media impact (Tang
et al., 2020; Ying et al., 2020). This implicitly indicates information
transmission greatly leads to the new infections decline by influ-
encing individuals’s behaviour changes.

To further examine the possible impact of information trans-
mission on disease infections, we plotted the prevalence
(I (t) + Ix(t)) with different values of «,q,0; and p, as shown in
Fig. 5 and the contour plots of the peak size of the outbreak
(I (t) + Ix(t)) with respect to «, p and g, and g, as shown in Fig. 6,
to examine the dependence of the peak size of the infection on
information transmission. Those all show that the larger « or p is
(or the smaller g or g is), the lower the peak size is. It indicates
that increasing the information transmission rate (o), the strength-
ening the intensity of media report (p), or decreasing the loss rate
of consciousness (q), the adjustment factor for transmission rate
(o1), will effectively reduce the peak size. This illustrates that infor-

%104 ( ﬁ)

Time
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mation transmission can mitigate the COVID-19 transmission,
which calls for the importance of media coverage when facing
the outbreak of emerging infectious diseases like COVID-19
pandemic.

Note that directly fitting the proposed model to data may
induce a bias since our model does not consider the infection
induced by the asymptomatic infected individuals, which were
proven to be extremely important for epidemiology of COVID-19
(Amaral et al., 2021; Castro et al., 2020). We then simply extend
our model by including a compartment of asymptomatic infected
individuals (see detailed model equations in C) and data fitting
gives the similar parameter estimations and a slightly great basic
reproduction number as 3.30. This indicates that ignoring asymp-
tomatic individuals may underestimate the COVID-19 infection.
We mention here that the inclusion of asymptomatic individuals
leads to a higher dimensional system, which is difficult to analyze
theoretically, and we leave this for further study.

6. Conclusion and discussion

Media coverage has great influence on both information trans-
mission about disease and the propagation of the infectious dis-
ease. It's important to understand the effects of information

x1073

(b)

,3 d
1g 210 ‘ (@
— 05p
16 Y4 ]
1.5p
141 27 1

Time

Fig. 5. Variation in the total number of infected individuals (I, (t) + I>(t)) with parameters « (a), q (b), g, (c) and p (d), respectively. The corresponding parameter values are

shown in Table 1.
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Fig. 6. Contour plots of the peak size of the outbreak I, (t) + I;(t) with respect to o
and p (a), and a; and q (b), respectively. The corresponding parameter values are
shown in Table 1.

transmission caused by the media coverage during epidemic, so as
to propose public health communication strategies and disease
mitigation measures. To investigate the interaction of information
transmission and disease transmission, we proposed the multi-
scale model which explicitly models both the disease transmission
with saturated recovery rate and information transmission and
used the theory of the slow-fast system to analyze this model.
When the recovery term is linear, we obtained the conditions for
the existence and stability of a positive equilibrium theoretically,
and analysed the impact of disease transmission on the prevalence
of infection through numerical simulation. When the recovery
term is nonlinearly saturated, Ry is no longer the threshold to dis-
tinguish whether an outbreak takes out or not, and our model may
occur a so-called backward bifurcation.

Especially, we establish slow-fast system by introducing a suffi-
ciently small quantity (4§ <« 1), which is determined by death rate
and media wading rate, on the basis of slow dynamics of demo-
graphic process (associated with relatively small value of u) and
fast dynamics of information dissemination (associated with rela-
tively large value of d), which is more natural and reasonable com-
pared with the method in literature (Samanta and Chattopadhyay,

11
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2014), introducing an infinitely small quantity directly. Besides, in
this paper, the dynamic behaviors of the slow system and the full
system are both analyzed, which are similar, but the convergent
speed towards the equilibrium is different. This indicates that,
for this multi-scale model (if complicated), the basic dynamic
behavior can be obtained just by simulating the slow system with
data, which can save calculational costs and obtain the relatively
detailed theoretical results.

In this paper, through analyzing the existence and stability of
positive equilibriums and the existence of backward bifurcation,
we confirmed that when the recovery term is linear, the informa-
tion transmission does not change the outbreak of disease, but
affects the prevalence of infection; when the recovery term is non-
linearly saturated, backward bifurcation may occur, but the back-
ward bifurcation can be avoided by controlling information
transmission. Further, we parameterized the proposed model on
the basis of the COVID-19 case data and data on news items in
mainland China, and estimated the basic reproduction number to
be 3.25. Numerical analyses suggest improving information trans-
mission about disease induced by media coverage is an effective
way to mitigate COVID-19 infection by reducing peak size during
the early stage of the COVID-19 pandemic. It is worth noting that
although the proposed nonlinear recovery function can describe
the saturated effect due to the limitation of medical resources, it
may not represent the case that people would die more likely once
the health care system gets overwhelmed (say SARS-CoV-2 infec-
tion in some country). We then need to extend it by further
proposing the piecewise smooth function to represent, say, there
is a threshold for the number of infected individuals I. such that
saturated recovery function is feasible for I(t) < I., while linear
recovery function is satisfied for otherwise. The piecewise smooth
function will bring the difficulties in analyzing the global dynamics
of the system and we leave this for future work.
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Appendix A. The proof of all Theorem in Section 4

A.1. The proof of Theorem 7

Proof. By checking the Jacobian matrix at Eqr, we can examine the
local stability of the disease-free equilibrium Eg;.

Then we analyze the bifurcation at Ry =1. Let
X = (51,52,11,12,8)7 = (xl,xz,x3,x4,x5)T, where (.)T is the transpose
of the matrix, so model (4.16) can be denoted as

X=F=(f1.fa.f3.f0.f5)".

The linearization matrix of model (4.16) around Ey when
Rgf =1is
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—u q —p -0 —a
0 -u-q O 0 o
]Eof =] 0 0 0 gf+q 0
0 0 0 —-y—u—q O
0 0 o p —d

It is clear that 0 is a simple eigenvalue oijOf, and all other eigenval-

ues are negative, so Ey is the non-hyperbolic equilibrium point. The
left and right eigenvalues of ] £, are denoted as vand w respectively,

where v = (v1, v, V3, Va, vs)T,w = (wl,wz,w3,w4,W5)T. Algebraic
calculations show that
_ YHHA]q N
V= 0, Uy = 0 V3 = U[[f q V4, U5 = 07
w 7_<ﬁ_d+L> w Ws, W dw ws=0
1 FTRATE 572H+q573p574 )

where, ws > 0. One can choose ws and v, satisfy:

-1
VgWs5 = <w g) > O7

ap+q p
such that ow = 1.
Let ) =p—u and ¢ =9 —7, then Ry < 1 if and only if ¢ < 0.

According to Theorem 4.1 in Castillo-Chavez and Song (2004), the
local dynamic behavior near Ry; = 1 is determined by the following
constants a and b:

a= i l/kW,'Wj% (Eof,O),
e 8X,'6Xj

b= kawld X0$ Eof,O)

In terms of a and b, we just have to find the nonzero partial deriva-
tive of f; and f, at E¢f when Ry =1 and ¢ = 0. Algebraic calcula-
tions show that

&fs & &fs

X1 0x3 (Eor.0) = 4. 0X10X4 (Eor.0) = Glﬂ’8x38x5 (Eor.0) =~

gjfB (Eoy,0) = 2hy, =~ 2f4 x; (Eor:0) = asp, 8222];;4 (Eor, 0) = as01p,
bt (5, 0) = . 2% (By.0) = 20y

ai%(p (Eor, 0) = hl_z aii{;(p (Eor, 0) = %

All other partial derivative of f; and f, are zero. So, we can get that
b :’3—203w3 hlz Z W/;’ﬁ,u;rqu ws > 0;
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To testify the globally stability of Eyy, let’s consider a continuous
differentiable and positive definite Lyapunov function

V=5hH+1.
So the derivative along system (4.16) is:

dv 1
e = B+ 08I + aily) - TR+ k)

1+hl; 1+hhL
B+ Y1
< (L +1 + )| Ry — ———2
(h +L)(u V)( of HJH/)
=0 +L)(u+ V)(Rof — Rhf).

Then, if Rof <Ry, % < 0. In addition, 4 =0 holds only when
I; =1, =0, so the maximum compact invariant subset of set

=0 in feasible region I" is (I1,Iz) = (0,0). According to LaSalle’s
invariant set principle, when t — oo, we have (I;(t),>(t)) — (0,0).

Since lim;_ I (t) = 0 and lim;_...I>(t) = O, for sufficiently small
¢, there are constants T; and T, so that when t > Tq,I;(t) < ¢ and
t > Ty,I(t) < &. According to the last equation of model (4.16), we
get that ¢ < p(& + 0¢) — dB when t > max{Ty,T,}. Then from the
comparison principle and non-negativity of solutions, we have
lim; . B(t) = 0.

Similarly, lim;_ .Sz (t) = 0, lim;_.S1(t) = 1.

So, if Rys < Ryy, the solution from I' for model (4.16), approaches
Eor as t — oc. That is, when Ryf < Ry, Eqy is globally asymptotically
stable. That completes the proof. O

A.2. The proof of Theorem 8

Proof. Define the set

X = {(51,52711,1273)‘51 = O,Sz = 0,11 = 0712 = O,M = 0}7

Xo ={(51,5.11,1,B)|S1 > 0,5, > 0,I; > 0,1, > 0,M > 0},

0Xo = X\ Xo.

Then X is the positive invariant set of X,, and Xj is relatively closed
in X. Since the attracting domain I = {(5,5;,I;,,B)¢€
Ri :0<S51+S+h +L, <1,0<B<E} is a positive invariant set,
system (4.16) is point dissipative. Define

Mj = {(51(0),52(0),1:(0),12(0), B(0))|S1(t), S,
satisfy system (4.16), (S1(t), S2(t), 11 (¢),I

2(6), 11 (8), I2(t), B(t)
2(6),B(t)) € 9Xo,¥ = O}

Let’s prove M, = {(51,0,0,0,0)|S; > 0}.

Supposing ¢, = (51(0),5,(0),1,(0),1,(0),B(0)) € My and there is
to = 0, such that at least one of the terms in S,(t), I;(t), [>(t), B(t) is
greater than 0 at t = to. If I (tg) > 0,S,(to) = I2(to) = B(to) = 0, then
B'(to) = pl1(to) > 0, that is to say that there is t; > 0, such that
Ii(t)>0,B(t) >0 when ty<t<to+t;. So (Si(t),S2(t),I5(¢),
I,(t),B(t)) ¢ 0Xo, which contradicts ¢, € My. The same can be
proved in other cases, so My = {(51,0,0,0,0)|S; > 0}. If the initial

a=v3(2pwiws — 20WsWs + 2hyw§) + 04205 fWoW3 + 20W3Ws) = 2

u

p(oif+q)(p+q)
2
{ (hV - B—) %(H +9B+9-12-01-05)q+ (1 -o)p+(1- Glﬂs)ﬁ]ab’}'Z

d Vs Wg
d

2
_ M.
plaf+autaq 5

We have that if My > 0, then a > 0; if My < 0, then a < 0. So we
get the bifurcation at Ry = 1 is backward when M; > 0; the bifur-
cation at Ry =1 is forward when M; < 0. Especially, when
h =0,M; <0 must hold, so the bifurcation at Ryy =1 is forward
when h = 0.

12

value g € My, Uy, em, (o) = Eo since there is only one equilib-
rium Eg in M. Thus, Eg is the compact isolated invariant set of My
over the initial value .
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Then we will prove that there is a positive constant Jg
(0 < 60 < 3% (Ros — 1)), such that for any solution u(t,xo),Xo €
Xo,limsup,__|[u(t,Xo) — Eo|| = do, that is, W5(Eg) N Xy = @, where
W5(Eo) is the stable manifold of Ey. Let's prove it by proof by
contradiction. Let's say for any J,>0, we have
limsup,_, . ||u(t,xo) — Eo|| < do, i.e., there is a positive constant 7,
for any t > 1, such that

1—00<S1(t) <1+00,0<S:(8), 4
So, when ¢ > 1, we have
dI

(£), I(t), B(t) < do-

t} > B = do)l =7l — thy — ok > 5 (u +7)(Ros — D1,

then lim, . I (t) = oo, which contradicts the hypothesis. Thus, Ej is
an isolated invariant set in set X, and WS(EO) NXo = .

In conclusion, each of the forward orbital in My converges to Eg,
and Ey is aperiodic in Mj. By the persistence theorem in Hale and
Waltman (1989), system (4.16) is uniformly persistent when
Ros > 1.That completes the proof. [

Appendix B. The proof of the equivalence of M; and My and the
correlation between information transmission parameters and
Mj

Now let’s look for the relationship between M; (3.10) and My
(4.17). We can get M, > 0 if and only if

2
h>@2-0-a) PP P op (B.1)

and My > 0 if and only if

Y B
i dy (u+q)(B+q)

x[2=-01-05)g+ (1 - o)+ (1-0,05)p]. (B.2)
Applying the parameter transformation (3.2) on (B.2), similarly, the

parameters of subsequent models are still recorded as the original
parameters, we have

2
h [);4,@ q

Y ooqy ef+q

y 2-01-05)q+(1-07)e+(1 —O'IO'S)ﬁgihﬁ (B.3)

pe+q

where ¢ = % Then we have hy — hy as ¢ — 0, which means that the
condition for branching in the slow system (3.9) and the full system
(4.16) are also equivalent on the basis of the huge variation in time
between information dissemination and epidemiological and demo-
graphic process.

Recalling

2
d
M; = (hv—%)ﬁ(qu)(ﬁﬂ)

-2 -0 -05)q+ (1 -0+ (1 - 0105)plop,
it is easy to testify that
oM oM oMy
805>0’ 90, >0, P <0.

2 _P\d (2-05-01)4+(1-01) p+(1-0195)p
When My >0,hy > and (hy u)p > of a0
must hold. So
2
B

oMy L B\ 1
ap—(mq)(ﬁw)(h/ 'u>p2 <0,
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and
aa_";’f—%@y_ﬁ—;)(mMZq)—ocﬁ(l ~ 0,0)
> op2= 5= 0')?;+(1q)7(;'+)l;)+ Q=999 41+ g+ 29)
—af(2 — a7 — 05)
=op2 -0 — Gs)wj_zq;%-i- op(1 - 6:)%
+aﬂm7(’;i)’;)(u+ﬁ+2q)
> (1= o) AL a1 — o) L
+ap(l - 6105)%
>uﬁ(l—ar)%+“ﬁ(] >%>

Appendix C. A model considering the infection induced by the
asymptomatic infected individuals

Note that directly fitting the proposed model to data may
induce a bias since our model does not consider the infection
induced by the asymptomatic infected individuals, which were
proven to be extremely important for epidemiology of COVID-19
(Amaral et al., 2021; Castro et al., 2020). We then simply extend
our model by including a compartment of asymptomatic infected
individuals. The corresponding equations are

BL= 1= Sy (I +G1ly) — Y pS1 (A1 + 0aA) — USy — BS; +48S,
d52 = */3(7552(11 +01ly) =G5Sz (A1 + 0ahz) — USz +aBS1 — g8,
d" =K[BS1 (I + 01l2) + Y pS1 (A1 + GaA2)] *%* uh
d'z = [/;agsz (It + 0112) + Y pasSs (A1 + Tahs)] — 24— il + Bl — ql,
dA] = k)[BS1 (I + a1l2) + Y S1 (A1 + 0aAs)] — Y4A1 — HA; — 0BA; +gA,

d;*g = (1 ~k)[B0sS2 (I + O1l2) +Yp0sS2 (A1 + Oah2)] — ahz — 1Az +0BA: — GA,
dry _ il

dt — 1+h11 + /A
Ry 02y Ay — UR, + 0BRy — qR,

Tdt T 1+hL

B p(l, +0l,) — dB

—oBl +ql,

— UR; —aBR; +qR,

(C1)

where k is the ratio of symptomatic infection, y is the relative trans-
mission probability of A; compared with [;, parameters oy
(0 < 04 < 1) represent the reduction factors in transmission rate
when infection occurs between disease-unaware group S; and
disease-aware group A, and y, and y, are recovery rates of symp-
tomatic and asymptomatic infected individuals respectively.

We can testify that the feasible region of model (C.1) is

r= {(51~,52711-,12,A1~A27R1~R2-,B) €R:0<S51,5,I,1,A1, Ay, Ry, Ry < S
+S2 +1+ 1 +A1 +A2 +Ri +Ry < 1‘0<B§§}

which is a positively invariant set. A disease-free equilibrium
Ey=(1,0,0,0,0,0,0,0,0) is always feasible. By calculating the
spectral radius of the next generation for model (C.1), we get the
basic reproduction number of this model is

R0=l<£+(l —k)@. (C.2)
i Ya

In the initial stage of the epidemic, we still assume that the total

population is Wuhan residents, the conscious susceptible popula-

tion is the isolated susceptible population, the conscious infected
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population is the reported confirmed population and no individual
was recovered. We also assume p = 0 because of the short epi-
demic time scale in comparison to the demographic time scale.
We used the Least Square Method to fit the parameters in model
(C.1) to study the effects of information transmission about disease
caused by media coverage on COVID-19 infection as well. Data fit-
ting gives the similar parameter estimations and a slightly great
basic reproduction number as 3.30. This indicates that ignoring
asymptomatic individuals may underestimate the COVID-19 infec-
tion. We mention here that the inclusion of asymptomatic individ-
uals leads to a higher dimensional system, which is difficult to
analyze theoretically, and we leave this for further study.
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