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Abstract: In this paper, we analyze the global dynamics of an endemic mathematical model that
incorporates direct immunity by vaccination, as well as the shift from the asymptomatic to the
symptomatic group in complex networks. By analyzing the Jacobian matrix and constructing suitable
Lyapunov functionals, the stability of the disease-free equilibrium and the endemic equilibrium is
determined with respect to the basic reproduction number Ry. Numerical simulations in scale-free and
Poisson network environments are presented. The results validate the correctness of our theoretical
analyses.
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1. Introduction

It is well known that many infectious diseases have an incubation period. For example, the average
incubation period of HIV is 8-9 years. SARS-CoV-2, which causes COVID-19, also has an incubation
period, and people infected by the disease appear as asymptomatic or symptomatic and are able to
infect susceptible individuals. To reduce the spread of COVID-19, vaccination is a commonly used
control measure. Thus, investigating the impact of vaccines on the dynamics of endemic diseases is
crucial.

Many endemic compartmental models for COVID-19 have been proposed to study the
transmission dynamics since its outbreak. For example, Ma et al. [1] proposed an SEIR-type epidemic
model that considers the contact distance between the susceptible individuals and the asymptomatic
or symptomatic infected individuals. They analyzed the stability of each equilibrium and obtained the
threshold values for population influx and contact distance. Simulation of the SARS-CoV-2 pandemic
in Germany has been performed with ordinary differential equations in MATLAB, as presented in [2].
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It revealed vaccination to be an effective means in the fight against the pandemic. Yuan et al. [3]
discussed an SEII[,HR model and obtained that the disease-free equilibrium (DFE) is globally
asymptotically stable if Ry < 1, and that the endemic equilibrium (EE) is uniformly persistent if
Ry > 1. Chen et al. [4] considered both the SEIR model and the SPEIQRD model incorporating two
control actions, i.e., vaccination and quarantine, to estimate the spread of the virus and control the
number of infected and dead people via controller tuning. Rakshit et al. [S] proposed an SIR model
with the asymptomatic and symptomatic groups. They simulated case data from the UK, USA and
India with their model. Guo et al. [6] proposed an SEIAQR model for COVID-19. By using the limit
system of the model and Lyapunov function method, they proved that COVID-19 would die out if the
basic reproduction number R. < 1, and that the disease is persistent if R. > 1. Khoshnaw et al. [7]
discussed an SIUWR model for COVID-19, and some key computational simulations and sensitivity
analysis were investigated.  Aguilar et al. [8] considered a mathematical model that takes
asymptomatic carriers into account. Peirlinck et al. [9] modeled the epidemiology of COVID-19 by
using an SEIIR model. Simulations indicated that encouraging increased hygiene, mandating the use
of face masks, restricting travel and maintaining distance could be the most successful strategies to
manage the impact of COVID-19 until vaccination and treatment could become available.

Since the mutation of single-stranded RNA viruses is relatively strong, such as those for HIV, HCYV,
SARS, MERS-CoV, SARS-CoV-2 and so on, multi-strain models have also been intensively proposed
to study epidemic dynamics; for examples, see [10—14] and the references therein. Many authors
have discussed the stability of equilibria in their studies, which may help us determine the long-term
behaviors of disease dynamics.

The studies mentioned above mainly made homogeneous contact assumptions, i.e., that each
individual in the population has the same probability of contact with an infected individual. However,
the contact among people is heterogeneous in the real world. For this reason, the notion of complex
networks is incorporated. Many endemic models based on networks have been proposed. Huang et
al. [15] proposed a network-based SIQRS epidemic model. Sun et al. [16] constructed an SIS model
on networks. They studied the dynamics of the models, including the basic reproduction number and
the global asymptotic stability of the DFE and EE. Meng et al. [17] established an SEIRV model on
heterogeneous networks. In addition, they used the epidemic parameters in Wuhan, China for
numerical analysis. Lv et al. [18] proposed an SIVS epidemic model based on scale-free networks. Li
and Yousef [19] proposed a network-based SIR epidemic model with a saturated treatment function.
And, they obtained the threshold values R, and R,. The global stability of equilibria strongly rely on
both of them. Besides, forward or backward bifurcation will occur at Ry = 1. Yao and Zhang [20]
developed a two-strain SIS model based on heterogeneous networks. They derived five different
threshold values, i.e., Ry, R, R, , Rj» and R,;, which are closely related to the stability of equilibria.
Yang and Li [21] studied a two-strain SIS epidemic model based on complex networks. The DFE E|
is globally asymptotically stable if the basic reproduction number Ry < 1. Otherwise, there exists
either a unique strain 1-only or a strain 2-only boundary equilibrium. Cheng et al. [22] talked about a
network-based SIQS infectious disease model with a nonmonotonic incidence rate. Moreover,
endemic models with time delay in networks have also been established [23,24].

As the virus mutates, individuals will become infected and remain asymptomatic. However, some
will become seriously ill and require medical attention. More and more people will get vaccinated
to prevent infection. Furthermore, the spread of the disease begins exhibiting more heterogeneity.
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To consider the impact of these features on the dynamics of disease transmission, motivated by the
above discussions, we propose an SEIR-type endemic model that incorporates direct immunity by
vaccination, as well as the conversion from the asymptomatic to the symptomatic group in complex
networks. Conditions for the extinction and permanence of the disease are investigated in this paper.
The rest of the paper is organized in the following way. In Section 2, we introduce the network
model. In Section 3, we investigate the dynamics of the proposed model. Section 4 is devoted to
numerical simulations to verify our theoretical results. Finally, we give the discussion in Section 5.

2. Models

As reported by the World Health Organization, COVID-19 affects different people in different
ways. Some infected people will be asymptomatic and recover without hospitalization, whereas some
will experience fever, coughing, difficulty breathing, shortness of breath, chest pain and other serious
symptoms. Both asymptomatic and symptomatic infected individuals are infectious. On average, it
takes 5-6 days from when someone is infected with the virus for symptoms to show. According to
these COVID-19 transmission characteristics, the total populations are divided into five
compartments, namely, the susceptible subclass (), the exposed subclass (E), the asymptomatic
infected subclass (/,), the symptomatic infected subclass (/) and the removed subclass (R). The
transmission process for each individual is shown in Figure 1. Moreover, we make the following
assumptions:

1) All infected people have an incubation period. The incidence functions for the asymptomatic and
the symptomatic infected people are @S I, and a,S I, respectively.

2) The infected people have immunity to COVID-19 after rehabilitation and vaccination.

3) The asymptomatic infected people may become symptomatic or recover from the disease, which
is dependent on their physical fitness. We assume that the rate of transition from 1, to [ is
proportional to their density with the scaling factor 6.

Based on the above assumptions, we propose the following ordinary differential equation endemic
model of COVID-19, which incorporates direct immunity by vaccination and the shift from the
asymptomatic to symptomatic subclass:

S'(t)=A—-a;S1, —arSI—uS —v§,

E'(t)=a,S1, + a,S1 — uE —mE —nE,

L(t) =mE - 01, — ul, — w1, — yil,, (2.1)
I'(t) =mE + 601, — pl — ol =y,

R'(t) =yil, + yol + vS — uR.

System (2.1) is an SEIR-type endemic model with two different manifestations of infection in the
population. The parameter A is the recruitment rate of susceptible individuals, u is the natural
mortality rate of all individuals, v is the vaccination rate of susceptible individuals, @ denotes the rate
of transmission of susceptible individuals to exposed individuals, as induced by asymptomatic
individuals, and @, denotes the rate of transmission of susceptible individuals to exposed individuals,
as induced by symptomatic individuals. Exposed individuals can become asymptomatic at a rate of
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11, or symptomatic at a rate of 77, due to their constitutions. Asymptomatic infected individuals will
become symptomatic infected individuals at a rate of . u; and u, are the fatality rates of the
asymptomatic and the symptomatic individuals, respectively. v, and 7y, are the recovery rates of
asymptomatic individuals and symptomatic individuals, respectively.

o
A arl, + asl
S

Figure 1. The transmission diagram for system (2.1).

To study the effects of contact heterogeneity on endemic dynamics, we view the entire population
as a social network, and each individual corresponds to a network node. Moreover, an edge connecting
two individuals denotes a potential contact between both. All nodes of the network are assigned to
different groups according to their degrees. Specifically, the kth group has a degree k for k € N, =
{1,2,...,n}, and n is the maximal degree. Let N, be the number of all individuals that have a degree k.
Then, the total number of individuals is N = N; + N, + ... + N,. To incorporate the property of contact
heterogeneity, we consider the network characterized by the degree distribution P(k), which is defined
as a randomly selected node with a degree k, i.e., P(k) = N;/N. Based on system (2.1), we construct
the following network model with k subsystems for k € N,

S =A — a1kS 0, — kS Oy — uSy — vSi,

E(t) =a kS O + a2kS 1O, — uE, — m E — mE,

Jy @) =mEy — 0J; — pJi — i Ji — viJi (2.2)
() =mEy + 0y — uly — ol — 214,

R.(t) =y1Ji + vali + VS i — uRy,

where S, represents the number of susceptible individuals with degree k, and E; represents the
number of exposed individuals with degree k. J; and I, are the numbers of asymptomatic and
symptomatic individuals with degree k, respectively. R is the number of recovered individuals with
degree k. The parameters for systems (2.1) and (2.2) have the same meanings. Nevertheless, there are
slightly different units after dimensionless transformation (see Table 1). And, the transmission
diagram for system (2.2) is shown in Figure 2.
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Table 1. The units of quantities in systems (2.1) and (2.2).

.. Unit before Unit after
Quantities . . . . . .
dimensionless transformation dimensionless transformation
S,E. Lo, I, R, Number of individuals Dimensionless
St Ex, Ji, I, Ry
A Number of individuals/time 1/time
ay, ar 1/(time X number of individuals) 1/time
/-'t, v, 771’ 772’ 99/’[19/-129 ')’1, 72 l/tlme 1/t1me

o
A IS @101 + @202

Figure 2. The transmission diagram for system (2.2).

All subsystems of dynamics in system (2.2) are coupled by functions ©(r) and ©@,(t), which are
respectively defined by

010 = ) PGk, and €x0)= ) PGk,
J=1 Jj=1

where P(jlk) represents the conditional possibility of a node with degree k connecting a node with
degree j. The possibility of a link connecting to a node with degree j is proportional to jP(j). Hence,
P(jlk) = jP())/<k), where (k) = 27:1 JP(j) is the mean degree of the network [25]. Then,

"o V pen
EI <(/i>) /, QFZJ((,(J;]- (2.3)

J=1 J=1

In this paper, we study the endemic dynamics with the form of relations given by (2.3) for the
functions @ and @, in uncorrelated networks.

Since the first four equations in system (2.2) are independent of the variable state R (f), we can
simplify the model as follows:

S =A — a1kS 0, — kS Oy — uSy — vSi,
Ei(1) =a1kS O + a2kS 1Oy — uEy — m E — mEy,
SO =mEy — 0J — pdy — i Jy — y1Js

() =mE + 0Ji — pli — oy — ya .

(2.4)
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3. Dynamics

Lemma 3.1. Let k € N,.. For any initial data point S (0), Ex(0), J(0), I(0) > 0, all of the solutions
(Sk(t), Ex(1), Ji(t), I[(t)) of system (2.4) are nonnegative for t > 0.

Proof. Assume, on the contrary, that at least one of the subclass values, i.e., Si(¢), Ex(?), Ji(?), Ii(),
is negative with the initial conditions S;(0), E(0), Ji(0), [(0) > O for k£ € N,. According to the
continuity, there exists a sufficiently small & > 0 such that S(¢), Ex(¢), Ji(2), It(t) > 0 for t € (0, &)
and k € N,.. Furthermore, there exist j € N, and the initial time 3 > & > 0 such that J;(#3) = 0 and
J;.(tg,) < O0or/j(t;3) = 0and I}(t3) < 0. Otherwise, Ji(¢), I;(t) > 0 for t > 0 and k£ € N,,, which means that
there is no such #3. Similarly, there exist j € N,, and the initial time points #; and #, such that S ;(;) = 0,
S}(tl) <0and Ej(1;) <0, E;.(tz) =0fort,t, >2e>0.

Case 1: t, < t,t;. Here t, and #3 may not exist, but 3 must exist. We have that
Ei(t),Ji(t1),1j(t), ©1(t1), O»(t;) > 0. Substituting #; into the first equation of system (2.4) yields
§1.(t1) = A > 0. Hence, this contradicts the hypothesis.

Case 2: t, < t,t3. Here #; and 73 may not exist, but , must exist. We have that
S (1), Jj(12), Ij(12), ©1(12), Ox(t,) > 0. Substituting #, into the second equation of system (2.4) yields
E}(tz) = a1 ]S j(1)0O1(f2) + a2 jS j(12)O1(12) > 0. Hence, this contradicts the hypothesis.

Case 3: 13 < t1,1,. Here t; and t, may not exist, but 73 must exist. If J;(z3) = 0, we have that
S (t3), Ej(t3),1i(t3), ©1(t3), O»(t3) > 0. Substituting #3 into the third equation of system (2.4) yields
J;.(t3) = mEjt;) > 0. Hence, this contradicts the hypothesis. If /;(z3) = 0, we have that
S (1), Ej(t3), J(13), ©1(13), ©>(13) > 0. Substituting #3 into the last equation of system (2.4) yields
I'(t3) = mE(t3) + 6J(13) > 0. Hence, this contradicts the hypothesis.

Similarly, we can prove that S;(¢) > 0. This completes the proof.

Lemma 3.2. The solutions of (2.4) satisfy that 0 < S, < ;—i, 0<E. < %, 0<J < % and 0 < I <
forall k e N,.

= >

Proof. Let Ny = Sy + E; + Ji + I for k € N,,. Adding the equations in system (2.4), we obtain

Ny(t) = A = uNi — yiJi = valy = vS i — i Jie — ol
SA—,L[N](, kENn.

By integration, it follows that
—ut A —put
Ni(H) S Np(0)e™ + —(1 —e™), ke,
J7i

where N, (0) represents the total population with degree k at time ¢ = 0. Therefore,

t—00

A
limsup(Sk+Ek+Jk+Ik) < -, keNn.
u
This, together with Lemma 3.1, readily imply the lemma.
System (2.4) always has the DFE
Py = (S, E)J) 1, S5, ES, 10,10, S ELJL L, Sh E T L),

n’ n>vn’ n
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where
S?:Sg :...:52 :...:52: A
u+v
E?:Eg :~--:E2 :...:Egz ,
J?:Jg :...:]]‘3 =...=J% =0,
Bl == ==D) =

Assume that there exists the EE
P =(SLELILLLS By Iy L SSGEL TG L S BT T,
where
A— kS0 — kS0, —uS; —vS; =0,
alkS,t@l + asz,’;@z —,LLE;; — T]IE;; — 7]2E;; =0,
mE; —0J; —uJy —Jy —nJy =0,
mE; +60J; =l — ol =20 = 0,

3.1

k € N,. Solving system (3.1), we obtain that S, E}, J; and I; are functions with respect to @, and @,
for k € N,,, namely,

A . kA(Q’lgl + 02@2)
[k(a10) + @20,) + u+v] (i + 2 + )’

*

St = : 2
K k(a1O) + @20)) + u+ v (3-2)

mkA(a,0, + a,0,)

(k@101 + :202) +p+ v +ma+ ) (u+ 1 + 0+ y1) (3.3)
kA(101 + @20,) [(u + 1 + 0+ y1) 12 + m16] .
[k(@101 + @202) + p+ v +m2+ 1) U+ + 0+ y) (U + 2 +72)

Substituting (3.3) into (2.3) gives

*

*

o JPG) mkA(a;0, + a,0,)

0, = , (3.4)
LG ) (K@i + @x8) + vty + ) (k64 7)
9, = o JP()) kA(a101 + @,0,) [(u + py + 0 +y1) 72 + 116)] (3.5)
= . .
(k) [K@101 +a202) + p+ V] + 1+ 1) o+ i+ 0+ 71) (W + 2 +72)
From (3.4) and (3.5), we observe
82:[(11+M1+9+)’1)772+7719]@1 (3.6)
mp+p2 +7y2)
Noting (3.4)—(3.6), we define
(utp+6+y1)m2+m10
" iP(i nlkA ) + a2 | O
fl(@l) — Z .] ]{(.]) w+ﬂl+€+y1)n2+n[€ 771(11+/12+72) ] _ @1, (3.7)
=1 (k) {k[a'l +C¥2W] 0, +M+V}(Th +tm+ )@+ +60+y1)
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M (utpn+y2)
kA {al [(/‘+/1:+9+)’21)7722+7719] + a/z} [(ﬂ 6+ 71) m + 7719] 0,

$(0,) = 5” JPG)
k
o [k (al [w'jiﬁ;:’fzjimg] + az) O +u+ V] (M + 1+ 1) (U A+ +0+7) (U + 2 +72)

- 0,.
(3.8)
Then, (3.4) and (3.5) are respectively equivalent to

[i(0) =0,  f(0)=0. (3.9)

Clearly, ©; = 0 and @, = 0 are solutions for (3.9), which correspond to the DFE P,. Assume that
there exist nontrivial solutions 0 < @; < 1 and 0 < @, < 1 for (3.9). Then, we consider derivatives for
the functions (3.7) and (3.8). Hence, we have

& fi
de?

&*f

—= <0
d@%

<0,

for ®, > 0 and @, > 0. Owing to f;(0) = 0 and £>(0) = 0, it is guaranteed that the equations given by
(3.9) have nontrivial solutions between 0 and 1 if

fi0)>0, £0)>0, fi(l)<1l and fr(1)<1. (3.10)

Combining (3.10) with (3.7) and (3.8) implies that

n

:Z kP(k) kA [aym (U + o + ¥2) + aomp (U + g + 6+ y1) + aam 6]
o=0 = kY V)@t +y) i+t @+ +0+y1)
:<k2>A[C¥17]1(ﬂ+,Lt2+’)/2)+a’27]2(/.1+,u]+9+’)/1)+a’27]19]
kY W+v)(u+m+y)m+m+p@+u +6+y)

dan
de,

2

s
do,

:Zn: kP(k) kA [aym (U + o + y2) + aomp (U + g + 6+ y1) + aam 6] 1
o=0 = k) WA Am )t +0+y) (Ut + )
:<k2>A[0117]1 (Ut +y) +amW+m+0+y) +amb]
kY W+ (u+mp+y)+m+p) @+ +60+y)

A = Zn: kP(k) mkA [afl + QZ%W] §
= k) {k[al+a2%]+ﬂ+v}(m+’72+ﬂ)(ll+/l1+6+yl)
B [ + R (g gy ) (e + 64 71)

:Z”: kP(k) mA .
(k) (m+m+ )W+ +0+y)
mA

= -1
(m+m+p)u+pu +6+7y)
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and

1 (u+po+y2)
"\ kP(k) kA {‘“ TG oryomemd] “2} [+ 1 + 6+ 1) 12 + 6]
f(l) = E

k
= R [k(al [WZi(ng;z;Zjinlg] + CYz) +u+ V] (m+m+@) @+ +60+y) W+ +7y2)

-1

A {al [ Mt +y2) + Q’z} [(/.l +u + 0+ ’}/1) n + 7]19]

- i kP(k) (up1+0+y)ma+m 6]
k
= B {m [(w;’j(j;:‘f;;jime] + az} (q + 1+ ) (e + iy + 0 +71) (U + 2 +72)

-y kP(k) Al +m +0+y)m +mb] ~
k) (m+m+ )W+ +0+y) W+ +y2)

_ A+ + 0+ y)n +n06] _
m+m+pwu+u +0+y) U+ +y)

-1

Define the basic reproduction number of system (2.4) as

_ (k*Y Al (U + o+ y2) + aomp (U + i + 60 + 1) + aomi 6]

R
Tk AUy () (U + O+ 7))

Hence, there exists a unique positive EE P* with0 < ®; < 1 and 0 < @, < 1 for system (2.4) if

Ry > landA < Ay,

where

]

A _mm{(m +m ) +0+y) ) U+ +0+71)(u+u2+72)}
O— .
m [+ +0+y)n +mb]

Remark 3.1. There always exists a DFE Py for system (2.4). Besides, given that @lim f1(@)) =
1>+

@lim f>2(0,) = —oo, and considering the continuity of functions f1(01) and f,(0,), there exist solutions
) —+00

O, > 0 and O, > 0 for (3.9) if and only if Ry > 1. Namely, system (2.4) has a unique positive EE P* if
and only if Ry > 1.

Theorem 3.1. The DFE P, for system (2.4) is locally asymptotically stable if Ry < 1, and unstable if
Ry > 1.
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Proof. The Jacobian matrix for system (2.4) is

—a 0
0 —-a
0 0
0 0
0 0
0 0
0 0
0 0

0

0

m

0
2

0

0 P(1) 0nPn)
0 —alSlw —alSl )
0 —alnSB% —cylnSS”Zg’)
0PM) 0nP(n)
0 alSlW Q]Sl )
0PA) 0nP(n)
-b CU]I’lSnW alnSnW
0 —c 0
m 0 Y
0 0 0
n 0 0

0P1)
STy

0P
n{k
ord)
17

—aonS
QZS

0P

@nS, 75

0
—d

0

0nP(n)
1 (k)

—Q’QS

0nP(n)

k
0 r’llP(<n)>

17

—arnS

azS

.0 nP(n)

NS, =5

—d 4nx4n

(3.11)

wherea=u+v,b=pu+n +m,c=u+u +y +60,d=pu+ u + v,k € N,. Obviously, there are n
eigenvalues equaling to —u — v for the matrix (3.11), and the remaining eigenvalues are determined by

-b
0
m

0
m

0

0

-b alnSow

0
m
0

m

0L

CUlS] ©

n (k)
—C

0

0nP(n) 0P
alSl ) a’leW
P Pl
alnS,?"(k(;” aang%

0 0

—c 0

0 —d

0 0

0nPn)
1 (k)

(l’zS

0nP(m)
Sn (k)

0

arn

O e

-d

a1

, (3.12)

3nx3n

k € N,. For (3.12), we add the column 2r + 1, multiplied by —=%, to column n + 1; column 2n + 2,

multiplied by —

becomes

Electronic Research Archive

a
a2

-b

m

mn

0 0
-b 0
0 —c
m 0
0 6+ Z—;d
2 0

PQ)

0 QZS?W

- P(1)

0 CZQ”SSW
0 0
—c 0
0 —d
0+ Z—;d 0

a
a

@2

0nPn)
1 (k)

(l’zS

anS 2%

0

—d

=L to column n+2 - --; and column 3n, multiplied by —=%, to column 2n. Hence, (3.12)

, (3.13)

3nx3n
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ayd+arf

k € N,,. For (3.13), we add the row n + 1, multiplied by md”zg , torow 2n + 1; row n + 2, multiplied by

o OTOW 21 +2; - - a1d+aze

and row 2n, multiplied by

, to row 3n. Then, (3.13) is converted to

P(1) nP(n)
b 0 o --- 0 a/zS?W azS?W
0 b 0 0 aan 0 12%) anS 2%(;1)
m 0 —c -+ 0 0 0
0 m 0 B — 0 0
mi;rgﬁn oy e 0 0 --- 0 —d 0
0 S U —d

3nx3n

k € N,.. For (3.14), we add the column » + 1, multiplied by "?‘ to column 1; column n + 2, multiplied

by L, to column 2; - - -
C

and column 2n, multiplied by L, to column n. Then, (3.14) is converted to

P(1) nP(n)

_b 0 0 -~ 0 S?<k> S‘f ®

0 ... b 0 0 ans 2]2%) arnS B"fk(;’ )

0 ... 0 — -+ 0 0 0

: . - : , (3.15)
a]i;rgz@n oy e 0 0O --- 0 —d 0

i ajd+a 6' : ' : : :

0 o Tmem+m 0 - 0 0 —d 3nx3n

k € N,. Obviously, there are n eigenvalues equaling to —u — v,
eigenvalues are determined by

b 0 0

— 1 — 6 for (3.15). The remaining

Sol;il) 2SO2P(2) azs(l)nfk(;l)
(1) 2P(2) nP(n)
0 -b 0 a/ZZSg © 25(2) © szsg ©
: : ' 0P 0 2P(2) 0 nP(n)
) 90 0 -b ozannW aonS, = @nS, - ’
4 +“217 + 1 0 0 —d 0 0
0 aqd+a/29n + nz “ee 0 0 _d cee O
ayd+a 0. : i . :
0 0 lazcz 771 + )72 O O o _d 2nx2n
(3.16)
k € N,. For (3.16), we add the column n + 2, multiplied by —%, to column n + 1; column »n + 3,

multiplied by —iﬁ—g;, tocolumnn+2;---

Electronic Research Archive

and column 27, multiplied by —

—@=DPe=D) 4 column 25 — 1.
nP(n)
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Then, (3.16) is converted to

b 0 0 0 o --- SO"P]{(?)

nP(n)

0 ~b 0 0o 0 - 2253 ©

0 0 ~b 0 0 - aznsg"fg)

01d+029 , (3.17)

adr by + 0 0 -d 0 - 0
0 a1d+a/29n +1p e 0 21;3((12))61 —-d --- 0
0 0 “"““29;7 +7, 0 0 - —d

2nx2n

k € N,,.. For (3.17), we add the row 1, multiplied by (v Omracn o row n + 1; row 2, multiplied by

asbc

WW?Z% to row n + 2; --- and row n, multiplied by W“’ii%, to row 2n. Then, (3.17) is
converted to
b 0 --- 0 0 o --- 025?”‘;{(;)
0nP(n)
0O -b --- 0 0 o --- a/2S1 o
0 0 - =b 0 0 - anso"f,f;>
0 0O --- 0 —d 0 --- (a|d+(229)r]1+azcr]250nP(n) s (318)
be 1)
P(1) (1d+a20)n1+arcn () nP(n)
0 0 - 0 2P(2)d —d - be 252 k)
0 0O --- 0 0 0 - —d+ ((Yld"'aZZ)’Il*"’ZC’D ZSQnP(n)
c k) 7 2nx2n

k € N,.. Obviously, there are n eigenvalues equaling to —u—n; —n, for (3.18); the remaining eigenvalues
are determined by

_ . (aid+ad)ni+ascn ¢ 0nPn)
d 0 e
21;((12))61 -d - (a1d+ar b)cr71+0126772 ngni’k(;l) 310
. ) 3.
(01d+¢129)771 +axcm A ¢ 0 nP(n)
0 0 - —d+ Insmanngotn )

k € N,.. For (3.19), we add the row 1, multiplied by 21;((12)) , to row 2; row 2, multiplied by 3 Pé; , to row 3;

- and row n — 1, multiplied by %, to row n. Hence, (3.19) is converted to
— - (a1d+a6)ni +azeny @0 nP(n)
d 0 i ” A ®
_4 ... ‘edraedm+escn (PO G0 2P<2) nP(n)
0 d be ( <k> S T S ) 2P(2) (3.20)
e — (md+029)m +anemp 0 kP(k)
0 0 d+ z“(sk eny)

k € N,,. Clearly, there are n — 1 eigenvalues equaling to —u — u, — y, for (3.20), and the last eigenvalue
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is given by
(a1d + ar0) + axemy o kP(k)
A=-d kS, ——
i be ; ko)
s+ (20 + o)y + azeny, A (k)
B be w+v (k)
B [0 + ay(u + o +y)Im + @+ +y1 + 0O A (k)
=—(U+p+y)+
M+ p+ 71+ O+ +m0) p+v <k
B Al (u + po + y2)m + aa(u + iy + 1+ O + a6 (k)
=+ 2 +72) -1
U+ +yi+OW+m +m)p+ o +y)u+v) (k)

=(u+ po +y2)(Ro — 1).

Hence, all eigenvalues are negative if Ry < 1, and there exists a positive eigenvalue if Ry > 1.
Therefore, the DFE P, for system (2.4) is locally asymptotically stable if Ry < 1, and unstable if
Ry > 1.

Remark 3.2. Define

(k) )t +y) i +m ) (Ut + 60+ y1)

A* = .
K2y [aam (U + o +y2) + @ (U + 1y + 6+ y1) 12 + aami 6]

Then, from Theorem 3.3, we can derive the threshold-type dynamics of the DFE of system (2.4) with
respect to A*, namely, the DFE is locally asymptotically stable if A < A*, and unstable if A > A*.

Theorem 3.2. Let

A% = min {(.U V) Yk v+ + 72)(16)}.

a{k?) ’ a(k?)

If A < A8, then the DFE P, for system (2.4) is globally asymptotically stable.

Proof. Let h(x) = x — 1 — In x. It is easy to verify that the function /(x) is nonnegative. We define the
Lyapunov function

+ O + O,, kENn.

_ 15 0p (3%
V= <k>;kp(k)[skh(so)+p:k

k

Obviously, V > 0, and the equality holds if and only if £, = J;, = [, = 0and S = % for k € N,,.
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Differentiating V with respect to ¢, we derive
V(1) = : Zn:kP(k) [(1 Sg)S’ + E;
ky £ VAL

1 n
:@ ZkP(k)[A —uSk—=vSi —uEy — udy — i Ji — y1Ji — pli — ol — y2 I
k=1

4 4
+ 60, + 0,

0
- SEA - k401 - kS 10: 1S - vSk)]
k

0

—L Y _&_ﬂ 0<k2> 0<k2> b
= ;kP(k)A (2 5 Sk) S —— 7 O+ S = o 0, o ZkP(k),uEk

— (W +p +y1)O01 — (U + o + )0,

S Sg G’IA <k2>
<k>ZkP(k)A(2—S—k—S_k)+ /.l+V<k> _(M+ﬂl+71) @1
@A (k*)
+ ’u+vm—(ﬂ+,uz+)’2) @z—mzkp(k)ﬂEk

Then V’(t) < 0 is guaranteed if A < A%, and the equality holds if and only if E; = J; = [, = 0 and

Sk =15 k € N,. Hence, by LaSalle’s invariance principle [26], P, is globally asymptotically stable.
This completes the proof.

Remark 3.3. Note that A < A* & Ry < 1. A direct computation yields A* > A%. Then, we have
A<A*=Ry<1l, Ry<l=pA<AS
Hence, condition A < A% is stronger than condition Ry < 1.

For the global asymptotic stability of EE, we assume that

) =@, M1 =M, YI= Vo (3.21)

Consequently, system (2.4) becomes

St =A—akS; 0 — uS; —vSy,
E]’c(l‘) = akS 0 — uE, —nEy, (3.22)
Li(t) = nEy — uLy — pi Ly = y1 Ly,

where @ = @y = @y, n=1n1 + 12, @ = 01 + Oy, L = I} + J;. And, the invariant set for system (3.22) is
oy 3n A
Q= (Sk,Ek,Lk)€R+20SSk+Ek+LkS—, keN,».
u

The EE of system (3.22) is P = (S, E;, L), k € N, where

. A . Aak® Anak®

*

, Ep = , L = .
ak@+u+v * U+ @kO® +pu+v) T () + p +y1)(@kO + p+ v)
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Owing to (3.21), we obtain the basic reproduction number

(k*) Aan
ky (u+v) U+ +y) M +p)

Theorem 3.3. The EE P* of system (3.22) is globally asymptotically stable in Q if Ry > 1 and the
matrix (M)m k=1,2,---,n k' =1,2,--- ,nis irreducible.

(k)
Proof. Define
Sk E + L
Vk(t):S;:h( ) E*h( k) £ ”L;;h( ff).
S E; n L

Hence, Vi > 0, and the equality holds if and only if S, = §;, E; = E} and L, = L;. Differentiating
Vi, we obtain

s E + L
Vi) :(1 - —k)s,;+(1 - E")E,;+’%(1 - —")L,;

O:

Sk k Lk
S E;
=|1- S_ (A akSk@ ,uSk — VSk) +(1-— (a/kSk@ /.lEk - ﬂEk)
+7 L;
+ 'UT (1 - —) (MEx — pLy — pu Ly — y1Ly)
= I—S— (akSk@ +,LlSk+VSk—CYkSk@—,USk—VSk)+ 1—E— (akS O — £ E))
k k k
L; E7
+m(1 ——)(nEk— iLk)
n Lk Lk
i St A\ S E; akS ;0"
:Sk(/1+v)(1——) 1- =% 1—— (kS ;0" — akS O) + 1-=X)|akS 0 - E;
x Sk Ey E;ck
kS ;O L* E;
1)
nE; L, L
S. S (526" SEO L
=S*u+v)|2 -2 - k)4 k(35,0 = ———+S5,0 - —— - —§,0" - S@*
e V)( S Sk) ¢ S YT TR L L, E:

S. S7 = k'P(k")L:, S* L. S«ELy L, LE
:S,’;(/J+v)(2——]:—_k)+ak5;:2¥(3__k+_/;_%__/:_ k k)
Sk Sk =1 <k> Sk Lk/ SkEkLk/ Lk LkEk
_ con  KPROL, L _
Let ay = akS7 Y-, ® ,Gr(ly) = —# : ot In 7 and H(x) = —h(x) =1+ Inx - x. We have

S: EkL;; S Ly E:
Fie = Gi(Ly) — Gp(Lp) + H S, +H

L) < Gu(Ly) = Gu(Ly).
EL S;:L;:/Ek)_ k(L) — G (Ly)
Therefore, ay, Gy, Fiu and V) satisfy the assumptions of Theorem 3.1 and Corollary 3.3 in

Ref. [27]. For the Lyapunov function V* = 3/ Vi, we have that ‘% < 0 for
(S1,E,Ly,S2,Er, Ly, -+, S, Eyy Ly) € Q. We can show that the only compact invariant set % =0is
a singleton P*. By LaSalle’s invariance principle, we conclude that P* is globally asymptotically

stable in Q if Ry > 1. This completes the proof.
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Remark 3.4. According to Theorem 3.5, the EE will be persistent if Ry > 1 and the matrix (%)m

is irreducible for k, k' € N,. To compare the threshold-type dynamics with respect to the reproduction
number, we further need the irreducible assumption. This restriction is just a technical requirement in
computation.

4. Simulations

In this section, we present numerical simulations to verify our theoretical results. We set the initial
values S;(0) € (0.5, 0.6), Ex(0) € (0, 0.1), Jx(0) € (0, 0.1) and I;(0) € (0, 0.1) for k € N, in all
simulations. We consider a scale-free network with a degree distribution of P(k) = (y — 1)m*~'k™?,
where m is the smallest degree of node in a scale-free network; y stands for the power law exponent.
Here, we applied m =2,y =3 and N,, = {1,2,---,100}. Consequently, we obtained that (k) = 6.5399
and (k*) = 20.7495.

1 T T T 0.14

09 r

081

0.12
071

— —
S S /
~Z 06 = 006
0 =
05 0.04
Sao(t)
0.4 Su(t) 0.02
Seo(t)
038 Ssot) | ] or
_Slﬂﬂ(t)
02 . . . . . 0,02 . . .
0 50 100 150 200 250 300 0 5 10 15 20 25 30 35 40 45 50
time ¢ time ¢
0.09 . . . : : 01 : : : : : : : : :
Jao(t) Io(t)
Ju(t) | 0.09 Lio(t) |
Jeo(t) Too(t)
Jso(t) | ] 0.08 Io(t) ||
Jio(t)] | 0.07 Lio(t)) ]
E 0.06 E
—
Nl ]
E N&0.05
g 0.04 g
g 0.03 g
E 0.02 E
0.01 E
001 | | | | | | | | | 0 | ?
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
time ¢ time ¢

Figure 3. Time evolution of S(t), Ei(?), I;(¢) and J,(¢) for k = 20, 40, 60, 80, 100 with a fixed
recruitment rate.

In Figure 3, the parameters were selected as A = 0.02, u; = 0.01, u, = 0.02, n; = 0.4, 7, = 0.2,
v1 =04,y =0.6,v =0.01, a; =0.02, 2, =0.04, 0 = 0.02 and u = 0.01. Subsequently, we have
that Ry = 0.1666 < 1, and it follows from Theorem 3.1, i.e., that the DFE is locally asymptotically
stable. Moreover, according to Theorem 3.2, we have that A% = 0.0993, which implies that A < AS.
This means that the DFE is globally asymptotically stable according to our theoretical analysis. From
Figure 3, it can be seen that S () — S,‘Z(t) = 1, and Ei(r), Ji(?), I,(t), O (1), O(t) — 0 as t — oo, where
k = 20,40, 60, 80, 100, respectively. This supports the stability of the DFE.
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Figure 4. Time evolution of S (1), Ei(?), I,(¢) and J,(¢) for k = 20, 40, 60, 80, 100 with a fixed
recruitment rate.
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Figure 5. Time evolution of S(¢), Ex(t), It(¢) and Ji(¢) for k = 20,40, 60, 80, 100 with
randomly selected recruitment rates.
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In Figure 4, the parameters were selected as A = 0.02, yy = u», = 0.01, n; = 04, n, = 0.2,
vi =7y, =04 v =001, a = a = 02,6 = 0.02 and ¢ = 0.01. Subsequently, we have that
Ry = 1.4861 > 1, and it follows from Theorem 3.3 that the endemic equilibrium P of system (3.22) is
globally asymptotically stable. Namely, the disease will be endemic. Figure 4 shows that S(7), Ex(?),
Ji(1), Ii(1), ©(t) and O,(¢) will persist for a sufficiently large ¢, where k = 20, 40, 60, 80, 100. This
supports the stability of the EE.

In Figures 5 and 6, we consider the different recruitment rates in groups with different degrees. Let
A, be the recruitment rate of the group with degree k. The parameters were selected to be the same as
those applied in Figures 3, and A; was randomly selected in (0, A%] for k € N,,, where A% = 0.0993.
The simulation results are shown in Figures 5. It can be seen that S (¢) will persist, and E(t), Ji(),
I (1), O(1), O,(¢) — O for a sufficiently large ¢ and k = 20, 40, 60, 80, 100. Therefore, it seems that, as
long as all values of A, are below the threshold for £ € N,,, the disease will die out.

0.9 ! ! ! ! ! ! ! . . 1
Sao(t)
08} Sio(t) 09 r
Seo(t) |
07 Selt) 08
So(t) 07k
06 4
0.6 [ —— Ex(t)
=05 { = Enlt)
= < 05 Eiolt)
@0 04 — Ex(t)
04 Ewo(t)] 7
03
03
0.2 02
0.1 R 01
o o | | | | | | | | |
0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 50 60 70 8 90 100
time ¢ time ¢
09 ! ! ! ! | ! ! ! ! 05 ! ! !
o8l i 045 |
07} B 04r
035 |
06 E
Jao(t) 03} —1In(t) |
S 05f Ju(t) | A = —I1(t)
= Joo(t) Zo2sf Too(t) 1
™ o4t Jsot) | 4 —Iso(t)
Jioo(t) 02 Lioo(t) [
03}
0.15
02 E i 01
0.1 1 0.05

0

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 8 90 100
time ¢ time ¢

Figure 6. Time evolution of S(7), Ex(t), Ik(¢) and J(¢) for k = 20,40, 60, 80, 100 with
randomly selected recruitment rates.

In Figures 6, the parameters were selected to be the same as those applied in Figures 4 and A; was
randomly chosen in (A*, Ag] for k € N,,, where A* = 0.0135 and Ay = 0.6710. It can be seen that S (%),
Ew(t), Ji(1), I(1), ©1(t) and O,(¢) will persist for a sufficiently large 7, where k = 20, 40, 60, 80, 100.
Therefore, it seems that, as long as all values of A; are above the threshold for k € N,,, the disease will
also be endemic.

In Figures 7 and 8, we show the time evolution diagrams for ®, and ®, with respect to ¢ under
two different population influx patterns, i.e., the fixed population inflow and the random population
influx. The fixed population influx pattern means that the recruitment rates of different groups with
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different degrees are the same, while the random population influx pattern means that the recruitment
rates of different groups are different. We applied random values to depict random recruitment rates in
the simulations. Note that the stability of the DFE and EE depends on the strength of the relationship
between the recruitment rate and threshold values A% and A*. Therefore, once the other parameters are
fixed, we can obtain the value ranges for A and Ay, k € N, by taking A% and A* into account. Figure 7
(left) (Figure 8 (left)) indicates that, if A < A% (A, < A%,k € N,)), the disease will be extinct, and Figure
5 (right) (Figure 8 (right)) indicates, that if A > A% (A, > A", k € N,;), the disease will be endemic. This
is in line with our expectations.

0.07

= T T T =em
CHON 006 — (1) |

0.01 k
e

0 5 10 15 20 25 30 35 40 45 50 0 50 100 150 200 250 300 350 400 450 500
time ¢ time ¢

Figure 7. Time evolution of @,(f) and O,(t) with a fixed recruitment rate.

0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 5 60 70 8 90 100
time ¢ time ¢

Figure 8. Time evolution of @(t) and @,(¢) with randomly selected recruitment rates.

In Figures 9 and 10, we consider the impact of the network structure on the dynamics, and the
parameters were fixed as A = 0.1, u; = u, = 0.01, 7, = 04,17, =02, v, = v, = 04, v = 001,
a; = a; = 0.02,60 = 0.02 and = 0.01. In Figure 9, we consider scale-free networks with the degree
distribution P(k) = (y — )m* 'k for k € N,, m = 2 and y = 2.1, 2.3, 2.5, 2.7, 2.9, respectively.
In Figure 10, we consider Poisson networks with the degree distribution P(k) = e~°c*/k! for k € N,
and ¢ = 3, 6, 9, 12, 15, respectively. Obviously, we can observe that @(¢) and @,(¢) tend to O for a
sufficiently large # when v is large in Figure 9. In contrast, ®,(#) and @,(¢) approach O for a sufficiently
large ¢t when c is small in Figure 10. In summary, the network structure does affect the spreading
dynamics.
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Figure 9. Time evolution of @,(¢) and @,(¢) in scale-free networks with degree distribution
P(k)=(y—1m" 'k forke N,,m=2andy = 2.1, 2.3, 2.5, 2.7, 2.9.
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Figure 10. Time evolution of @(t) and @,(¢) in Poisson networks with degree distribution
P(k) = e“cf/k! fork e N,andc = 3, 6, 9, 12, 15.

5. Conclusions

Complex networks, such as completely random networks [28], small-world networks [29] and scale-
free and Poisson networks [30], have been frequently used to model the spread of an epidemic disease.
Affected by occupation and geographical location, the contact among the population cannot always
be modeled as a uniform collision for COVID-19; also, the epidemic disease transmission is usually
heterogeneous. In order to investigate the effect of contact heterogeneity, we proposed an endemic
mathematical model that incorporates direct immunity by vaccination, as well as the shift from the
asymptomatic to the symptomatic subclass, by applying the idea of a compartmental model in a scale-
free network. With the help of eigenvalues of the Jacobian matrix, the Lyapunov function method and
LaSalle’s invariance principle, we evaluated the dynamics of the proposed model. The results were
obtained as follows:

o If Ry < 1 or A < A*, the DFE is locally asymptotically stable.

o If A < A%, the DFE is globally asymptotically stable.
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o If Ry > 1 and the matrix (%528) k= 1,2,--- .0,k = 1,2,--- ,nis irreducible, then the EE
of (2.4) with @y = a», u; = pp and y; = 7y, is globally asymptotically stable.

In the past years, ordinary differential equation compartmental models have been widely applied to
describe the spread of COVID-19 (see [1-9] for example). Taking contact heterogeneity into account,
we have generalized the results of the dynamics for the ordinary differential equations to the
networks. We also performed simulations to validate our theoretical results. In the simulations, we
mainly show two different scenarios, namely, disease persistence and disease disappearance. So, we
selected two different sets of data to simulate. Moreover, we found that different subgroups with
different degrees may have different recruitment rates. Again, we selected two more different sets of
data to simulate. Based on the result presented in this paper, we know that the recruitment is crucial.
Hence, the investigation of the recruitment rates in different groups is an important direction that is
significant to better connect with reality.

The paper indicates that the disease may be under control if Ry < 1. So, we can adjust the values
of parameters to reduce the value of Ry. However, some values of parameters, including the natural
mortality rate, transmission rate, recovery rate, disease mortality rate, incubation period duration and
the rate of shift from the asymptomatic to the symptomatic group, are inherent attributes of diseases
or nature that cannot be changed in the short term. Once these values are determined, we can control
the spread of the disease by adjusting the value of the vaccination rate v and/or the recruitment rate
A. From the result of this paper, we see that accelerating vaccination and reducing travel and contact
are appropriate strategies for controlling the spread of the disease. Our study can give theoretical
perspective that can facilitate understanding of the transmission mechanism for COVID-19, and the
result may provide some reasonable suggestions that can be used by the policy-makers to control the
disease.
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