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Abstract: The presence of asymptomatic carriers, often unrecognized as infectious disease vectors,
complicates epidemic management, particularly when inter-community migrations are involved. We
introduced a SAIR (susceptible-asymptomatic-infected-recovered) infectious disease model within a
network framework to explore the dynamics of disease transmission amid asymptomatic carriers.
This model facilitated an in-depth analysis of outbreak control strategies in scenarios with active
community migrations. Key contributions included determining the basic reproduction number, Ry,
and analyzing two equilibrium states. Local asymptotic stability of the disease-free equilibrium is
confirmed through characteristic equation analysis, while its global asymptotic stability is investigated
using the decomposition theorem. Additionally, the global stability of the endemic equilibrium is
established using the Lyapunov functional theory.
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1. Introduction

With the global population continuously increasing and people’s social networks expanding, the
study of disease transmission has gained increasing importance. Taking COVID-19 as an example, it
is evident that formulating appropriate control strategies based on the epidemic’s characteristics can
optimize the utilization of social resources, minimize economic losses, and reduce human casualties.
In recent years, there have been significant advancements in the field of infectious disease dynamics,
which have provided valuable guidance for disease transmission control and treatment. Mathematical
models play a crucial role in infectious disease dynamics research by elucidating the key
characteristics of diseases through assumptions, parameters, variables, and their interrelationships.
Through the application of dynamic methods, mathematical models can be developed to investigate
whether a specific infectious disease will continue to spread and become endemic in a particular
region, or if it will eventually be eradicated.
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In the realm of infectious disease modeling, compartmental models are prevalently utilized for
analyzing disease spread. These models postulate that populations are divisible into homogeneous
subgroups or compartments, within which individuals are indistinguishable. Parameters may vary
among compartments but are constant within each one. Foundational compartmental models, such as
the susceptible-infected-susceptible (SIS) and susceptible-infected-recovered (SIR) models proposed
by Kermack and McKendrick [1], along with the concept of epidemic thresholds, have established a
rigorous mathematical framework for the study of disease spread and the evaluation of control
strategies. Progress in research has led to the introduction of additional compartments and the
development of more realistic models [2-5].

The interaction between different types of networks and the dynamics of disease transmission
primarily concerns how various social network structures influence the spread of diseases. For
instance, scale-free networks, characterized by a few highly connected nodes, may facilitate rapid
disease propagation across a large population [6-9], while small-world networks, known for short
average path lengths and strong social connections, might accelerate disease spread within
closely-knit groups [10-13]. These network characteristics are crucial for understanding and
predicting how infectious diseases spread through populations and for formulating effective control
strategies. Beyond the previously discussed models, there are also epidemic models specifically
designed for overlapping community networks, as described in [14, 15]. Hence, disease models need
to consider these network properties to more accurately predict and address disease transmission.

Several studies indicate that asymptomatic carriers may exhibit higher transmissibility compared
to symptomatic individuals. This is attributed to asymptomatic individuals often not experiencing
noticeable illness, thus possibly not undertaking necessary isolation and prevention measures. To
enhance our understanding of the impact of asymptomatic carriers on disease transmission, researchers
have proposed refined models, including the extensively studied SEIR model, which encompasses four
states: susceptible, exposed, infectious, and recovered [16, 17]. These studies highlight the significant
role of asymptomatic individuals in the dynamics of disease transmission, suggesting a need for cost-
effective detection methods, such as nucleic acid testing, to inform disease control strategies. The
role of asymptomatic spreaders may correlate with their social contact patterns, with skewed degree
distributions indicating that some individuals, like asymptomatic carriers, have higher connectivity in
social networks, potentially playing a more significant role in disease spread [18, 19].

Individual migration refers to the movement of individuals from one node to another within a
network, thereby facilitating the spread of diseases across regions or communities. Such migration
can be motivated by various factors, including employment, travel, or other socio-economic
considerations. Incorporating individual migration in infectious disease models is crucial, as it allows
diseases to traverse broader geographical or social boundaries, impacting the epidemiological
dynamics across the entire network [20]. Studies, such as [21], have shown that high mobility
between areas with differing infection rates significantly impacts the spread of diseases like
COVID-19. Current research suggests the implementation of appropriate travel restrictions to help
control the spread of diseases from high to low prevalence areas [22,23]. Additionally, the influence
of migration on disease replication and diffusion, as well as the unequal migration rates among
different populations, which can substantially affect the effectiveness of control strategies, are
important considerations [24].

In numerous diseases like COVID-19, asymptomatic carriers exist. While symptomatic individuals
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can be isolated during epidemic management, asymptomatic carriers might spread the virus when
moving to other communities. To understand their impact on disease transmission, a numerical
analysis of a complex network infectious disease model across six regions was conducted, based
on [25]. The study examines if a topological structure exists that minimizes active infections over
time. We extend this model to a more general complex network model, incorporating asymptomatic
transmission and migration features. By integrating graph theory and stability analysis, the
equilibrium and stability of the nonlinear system are theoretically proven, laying a solid foundation
for effective epidemic management strategies. For example, this research can inform decisions on
whether it is necessary to invest a significant amount of time or resources in nucleic acid testing, by
considering other studies or real-world conditions.

The key contributions of this research are threefold. First, we extend the existing model of [25] to
complex networks, specifically scale-free networks, enabling a more realistic representation of disease
dynamics in interconnected populations with varying degrees of connectivity. Second, we explore
the stability of the nonlinear system model with asymptomatic infections on a scale-free network,
substantiating the findings through rigorous theoretical proofs and simulations. Last, we investigate the
dynamic behaviors of diseases in the presence of migration and assess the specific impact of unequal
migration rates between different populations on disease spread.

We specifically examine the SAIR infectious disease model within a scale-free network
characterized by degree correlations. We aim to explore effective strategies for controlling disease
outbreaks within communities that experience migration between them. The threshold R,, which
represents the level of disease transmissibility, is determined by employing the next-generation
matrix. Moreover, the global asymptotic stability of both the disease-free equilibrium and the
endemic equilibrium is demonstrated through the application of the decomposition theorem [26] and
the development of Lyapunov functions.

This paper is organized as follows. In Section 2, we propose an SAIR infectious disease dynamic
model based on an uncorrelated network. In Section 3, we prove the existence of two equilibria of the
model and calculate the basic reproduction number R, using the next-generation matrix method. In
Section 4, we use the decomposition theorem and construct Lyapunov functions to prove the global
asymptotic stability of both the disease-free equilibrium and the endemic equilibrium of the system. In
Section 5, we conduct numerical simulations in MATLAB to validate the theoretical results. The paper
concludes in Section 6, providing some conclusions and suggestions for future work.

2. Establishment of a SAIR network disease model

Individual migration refers to the movement of individuals from one node of the network to
another, thereby facilitating the spread of diseases from one region or community to another. This
type of migration can be driven by various reasons, such as employment, travel, or other
socio-economic factors. In models of infectious diseases, considering individual migration is crucial
as it enables diseases to transcend broader geographical or social boundaries, thereby influencing the
epidemic dynamics across the entire network [20]. We employ network topology to represent the
migration between individuals, assuming that within the same community, i.e., each node on the
network, the total influx of different population groups, such as susceptible individuals, equals the
total outflux. Infected individuals are either consciously or forcibly restricting their movements, so
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there is no community migration of groups with symptomatic infections.

In the real world, social networks often exhibit the characteristics of scale-free networks, with a
power-law degree distribution as their primary feature. As demonstrated in the literature [27], this
common structure of social networks not only possesses the characteristic of a power-law distribution
but also exhibits a dual nature of robustness and vulnerability. Furthermore, in the literature [28], an
analysis of the distribution of user activities on different social media platforms reveals a similar
adherence to a power-law distribution. Building upon this, We focus on the issue of epidemic spread
on scale-free networks. Specifically, we extend the model proposed in the literature [25] to form
model (2.1). In this model, individuals within the same node are considered to have identical
characteristics, i.e., the same parameter values. Individuals within each node undergo different forms
of infection processes and spread between nodes through migration at a constant rate.

Thus, this article constructs a SAIR model to describe the spread of disease within a network.

S(D) = A = B (BALD) + (1) S (1) — uS () — s S (8) + sk zl 2R g (p),
At) = Br BRAWD) + L(0) S (1) = ViAW(D) — HALD) — TaAWD) + ok zl 20 4,

[i(8) = ViAw(t) = Sl (£) — (1),
Ri(t) = 6u1i(t) — HRi(t) — okRi(1) + ok 3, PR (1),
i=1

2.1)

In the epidemic network we consider, each node can be in one of four different states at any time:
susceptible (S), asymptomatic infected (A), symptomatic infected (/), or recovered (R). Susceptible
individuals (§) can become infected by contacting symptomatic infected individuals (/) and
asymptomatic infected individuals (A), with an infection rate of S(6A + I), where 6 represents the
transmission modifying parameter for asymptomatic infected individuals (A). Only a small fraction of
asymptomatic infected individuals (A) with symptoms transition to symptomatic infected individuals
(1) at a rate of v, and symptomatic infected individuals (/) recover/are removed at a rate of §. o, 04,
and o represent the migration rates of susceptible individuals ($'), asymptomatic infected individuals
(A), and recovered individuals (R) among different communities, respectively. The constant
parameters A and u represent the birth rate and natural death rate of individuals, respectively.

Due to the complexity of network structures, this article divides the nodes in the network into n
classes according to their degrees, where n is the maximum degree of the network. In other words, if
the degrees of nodes i and j are both &, then they belong to the kth class, where k € 1,2,--- ,n. The
state variables S (?), Ax(?), I;(?), and R;(¢) represent the relative density of susceptible, asymptomatic,
symptomatic, and recovered nodes with degree k. The expression p(ilk) is the probability that a node
with degree k is connected to a node with degree i. In an uncorrelated network, it is expressed as
p(ilk) = @ which is considered independent of the connectivity of the node that sends out the link,
where (k) represents the average degree of the network.

Remark 1. Symptomatic individuals, whether voluntarily or due to enforced restrictions, tend to
restrict their activities. Consequently, there is no migration of symptomatic infection groups between
communities, and migration is virtually non-existent. The social contact matrix is represented as 0. In
contrast, asymptomatic individuals are those who have been infected with pathogens, such as viruses
or bacteria, without exhibiting typical disease symptoms like fever, cough, or headache. Their clinical
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characteristics closely resemble those of susceptible and recovered individuals. Drawing inspiration
from references [29, 30], we can express the social contact matrix between asymptomatic individuals,
susceptible individuals, and recovered individuals as Aj; = 15(2) (i,j=1,2,---,n), where each
element represents the probability of contact between individuals at node i and node j. Here, k; and k;
represent the degrees of node i and node j, respectively. From a mean-field perspective, in the context
of scale-free networks, the term for inter-community migration can be observed as the final
component of model (2.1). However, as asymptomatic individuals also carry the pathogen, they
possess the potential to transmit the disease, akin to symptomatic individuals, through contact. The
transmission probability can be represented as BiOAiS, where 6, is a corrective parameter
distinguishing it from the infection rate of symptomatic individuals. Additionally, we intend to
consider adjusting parameters such as v in the future using control measures like nucleic acid testing
to enhance epidemic management. Consequently, research on asymptomatic individuals carries
significant importance. It is important to note that, for the sake of research convenience, this paper
has not yet factored in the difference in recovery rates between asymptomatic and symptomatic
individuals. Nonetheless, a more precise clinical characterization will become a crucial avenue for
future research.

Remark 2. The model presented in this article (model (2.1)) has several limitations. First, although
in theory, social networks can be considered scale-free networks, exhibiting power-law
characteristics, many field experiments suggest that real contact networks do not follow a power-law
distribution [31]. Nevertheless, scale-free networks, as a theoretical model, can effectively capture
and reflect key features of real networks, such as the high concentration of connections in certain
nodes. This simplification makes mathematical and computational analyses feasible, providing
valuable insights for a deeper understanding of network dynamics. Second, to maintain the simplicity
and ease of analysis, and since the focus of the study is on understanding long-term immune
dynamics, this article omits the exposure stage by choosing to exclude the exposed category (E). It is
undeniable that the exposed category (E) is crucial for the spread of the disease, and this omission
represents a limitation of the model presented in this article.

3. Boundedness of solutions and basic reproduction number
Based on Theorem 6 in the literature [26], it can be observed that the solution to model (2.1) exhibits
existential uniqueness for a given initial value. Below, we present two distinct solutions to the model.

The disease-free equilibrium and endemic equilibrium are determined by solving Eq (2.1) with the
right-hand side set to O:

A = By (6kAk(®) + 1(0) S k(1) — S (1) — TsSi(1) + 075 % Z p@Si(H) =0

Br (0 A (1) + Li(1)) S 1 (1) — viAr(t) — pA(t) — T pAr(t) + 04—~ o Z P(DHA;(1) =

ViAR(1) - 5/Jk(f) — uli (1) =

3.1)

Oulk(1) = PR = TwRi + (D Zp(z)R (0 =
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Clearly, model (2.1) possesses a disease-free equilibrium:

A kA
+ I 20,0,0).
+ 0y ,u+0'5<k>,u

Ep= SuALLLRY) = ()

To determine the endemic equilibrium, we initially manipulate Eq (3.1) to acquire:

+ _ Oktp o+
Ak - Vi Ik’

Si= ll [A+0'S k S++0'ALA+—(vk+u+0'A)A;],

p+o <k> <k>
+ _ _1 + _k_ p+
Rk = Lror (5klk +O'R<k>R )

In this context, S*, A*, and R* represent the total number (density) of susceptible individuals,
asymptomatic infected individuals, and recovered individuals in each community, respectively. In

n n

other words, S* = Zn] pDS;(), A" = X p(DA/ (1), and R* = 3 p(i)R}(¢). By substituting the above
i=1 i=1 i=1

2

equation into the first equation of Eq (3.1), we obtain (A;{’) + bA; + ¢ = 0, where
_ k o+ k A+) _Hptos (p+0 ) (G +1) _ HtOs O+ k A+
b=~ (A + aS%S toa $A ) ViAo A + Bibe@erm B € = T virproa Bule@erm B O A $A )

Therefore, we find that A} = b+ Vb7 —de ’th"c > 0. Next, we will demonstrate the positive definiteness

of the local disease equilibrium.

Theorem 1. Let D = {(S1, A, 11, Ri,..., S A L Ry) € R, N(t) = Si+ Ay + I+ Ri < &}, The set
D is positively invariant for model (2.1).
Proof. First, we illustrate the solution is positive. According to A > 0, and A] = @Iz , we know

that 77 > 0. By weighting and summing the fourth equation of (3.1), we have

i PRSI (1) — u i p(OR (1) = 0, thus R* > 0 and consequently, R, > 0. By weighting and
k=1 k=1

summing the second equation of (3.1), we have
2 POBGAL() + LIS () — 2 ploviAL (D) — u Y p(b)A(r) = 0. It is obvious that
k=1 k=1 k=1

S BOAT D) + D) 3 pST®) > 3 p(BUBAT(D) + I} (©)SF (1) > 0, which indicates that §* > 0.
k=1 k=1 k=1

Assuming that S < 0, then V1, S, > 0, which is a contradiction. Therefore, S ¢ > 0. Next, we
illustrate the boundedness of the solution. The total population of each node is defined by
Ni(H) = Si() + Au(®) + I(t) + Ri(f), which satisfies Ny(f) = —uNy(t) + A. Obviously, we can get
Ni(t) = |Ni(0) = 2] e + 2. So, we can get that £ > 0, Ne(t) = Si + Ay + I + R < 2.

The basic reproduction number, denoted as Ry, plays a pivotal role in epidemiology. It represents
the average number of people an infected individual can transmit the disease to in the absence of any
intervention measures. The computation of R varies depending on the mode of disease transmission
and the epidemiological model employed. Common methodologies include the next-generation matrix,
epidemiological parameter estimation, branching process models, and dynamical systems analysis.
The most frequently used method, particularly applicable to the compartmental models discussed in
this article, is the next-generation matrix [32—-35]. This approach primarily involves calculating the
average number of secondary infections generated by an infective individual over the course of their
infectious period. It typically requires the computation of the average expected matrix of disease
transmission, followed by determining its largest eigenvalue.
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According to the method of the second moment matrix, we can initially classify the districts into
diseased districts F(x) and non-diseased districts V(x), as given by:

Bi(OrAw(2) + L (1)S 1(1) + 4= i P(DA(1)
0

F(x) =

V(x) = ViAi(1) + pA(1) + TaAK(1)
’ - —VkAk(t) + 6k1k([) + ,Lllk(t) )

Hence, the basic reproduction number R, corresponds to the largest spectral radius of the matrix FV !,
In this context, F and V represent the Jacobian matrices of F(x) and V(x) evaluated at E, respectively.
The matrix FV~! is defined as:

0, © A% o
FV™' = diag PbSy PiS v ) + Kdiag (—A) , (3.2)
Vitp+oa (O + ) (v + i+ 0a) Vit L+ 0y
where,
e p@ . p0
w2
Kk=| ® ® ®
np.(l) np.(2) . np.(n)
(k) (k) (k)
From the above formulas, we can obtain:
1) When all parameters are the same for each community,
R < TS Kmax BOA (6 + p) + BAv N BOA (6 + ) + BAv o\
0=

K G AptoNEros)@rWE GVt pt o)t os) @) Vgt o

in a finite-scale-free network with N nodes, initial node degree my, and adding m links at each time,
the degree distribution follows p(k) = (y; — 1)m”'~'k™1. Then, (k) =~ 2m, kpa =~ mN'/?, Ry < 1, and

2(v+u)(+0s YO+)U—2[BON(S+u)+BAV]u - .
\/N < [BOA(S+1)+BAV]os are equlvalent,

2) When the parameters in different communities are not exactly the same,

BbiS ) BeS vk )+ max( o4 )
Vitu+oa O+ (i +pu+0oy) Vitpu+oa)

Ry :p(FV‘l) < max(

The basic reproduction number Ry is a critical metric in epidemiology, commonly used to assess
the potential for the spread of infectious diseases. In epidemiology, R, is often compared to 1 to
determine the trend of disease transmission: When R, > 1, it signifies that, on average, each infected
individual can transmit the disease to more than one person. In such cases, it is expected that the disease
will spread in the population and may lead to an epidemic. When R, = 1, each infected individual, on
average, transmits the disease to only one other person, and the spread of the disease remains stable
without expansion or reduction. When R, < 1, each infected individual, on average, transmits the
disease to fewer than one person, indicating that the disease spread will gradually decline and may
eventually disappear. Therefore, control measures and preventive strategies are typically designed to
reduce R, to below 1, slowing down the spread of the disease and gaining control over the outbreak.
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In situations where the network topology is uncertain, meaning the corresponding adjacency
matrix is uncertain, the precise computation of the value of Ry becomes challenging. In such cases,
establishing an upper bound for R, is both important and meaningful. Determining an upper bound
for Ry helps us assess the potential risk of disease spread in the worst-case scenario and provides a
safe threshold for epidemic control strategies. Even when the precise calculation of Ry is not feasible,
analyzing factors that may influence the upper bound of Ry still offers valuable insights into effective
epidemic control strategies.

4. Local stability and global stability of equilibria

In the context of metapopulation network models for infectious diseases, this study distinguishes
between two distinct scenarios: the homogeneous case, where all communities share identical
parameters, and the heterogeneous case, where parameters vary among different communities. The
formulation of the upper bound for the basic reproduction number, Rj, differs under these two
circumstances. It’s worth noting that the homogeneous scenario essentially serves as a specific
instance of the more general heterogeneous case.The analysis within this article primarily focuses on
the latter, more complex scenario of heterogeneous community parameters. This approach inherently
encompasses the homogeneous case, providing a comprehensive framework applicable to both
specific and varied settings. Furthermore, the core of this manuscript revolves around the stability
analysis of the model. It posits that if the conclusions derived for the general case (heterogeneous
parameters) hold true, they will invariably apply to the special case (homogeneous parameters) as
well. This methodology ensures the analysis’s robustness and wide applicability, catering to a diverse
range of epidemiological scenarios encountered in real-world situations.

In the following section, we will address the local stability and global stability of equilibrium
points for the model under general conditions (heterogeneous parameters). The stability conclusions
derived are equally applicable to the special case (homogeneous parameters). First, let’s analyze the
local asymptotic stability of the disease-free equilibrium point in the system.

Theorem 2. If Ry < 1, then the disease free equilibrium E is locally asymptotically stable. If Ry > 1,
the disease free equilibrium E is unstable.

Proof. The Jacobian matrix of system (2.1) at the disease-free equilibrium E is:

~B+os(K - E) —C -D 0

Y- 0 C-F-B+ouK—-E) D 0
0 F ~B-G 0 :
0 0 G -B+or(K-E)

where, B = diag(u), C = diag(Bu6;S?), D = diag(BiS %), F = diag(vy), G = diag(y), because,

p(os(K—-E)—B)<p(-0sE - B)+p(csK) =max(-u) <0,
p(or(K = E) = B) < p(—0gE - B) + p(0gK) = max(—u) <0,

and

C-F-B+osK—-E) D
F —B-G |’

Mathematical Biosciences and Engineering Volume 21, Issue 3, 4648—4668.



4656

make a line change,we can get

C—F—-B+0sK-E)+DF(B+G) 0
F -B-G |’

Obviously,

p (=B —G) = max(—u — &) < 0;
0(C—F—B+04s(K-E)+ DF(B+G))
0, SY—vi—p—o
=p (diag e+ + O'A)diag( By BOS i ga ok _ ))

O+ (Vi +u+04) VitH+oa Vitt+oa

. . BiS vk BibiS Y —vi—p—o4 oK
< -
< p(diag (v +p+0oa)p (dlag ((5k+u)(vk+/1+0'A) ViU A VitU+O A

= p(diag (v + p+04)) (R — 1) <O0.

The eigenvalues of M are in the left half open plane of the complex plane,so the disease free
equilibrium E is locally asymptotically stable.

Theorem 3. If R, < 1, then the disease free equilibrium E° is globally asymptotically stable. If Ry > 1,
the disease free equilibrium E° is unstable.

Proof. We utilize an approach from page 4 of Castillo-Chavez et al. (2002) [27] to establish the global
stability of the disease-free equilibrium within the system. Within the framework of this theorem, we
rewrite system (2.1) as:

dX
— = F(X,Y),
o~ FXD)
dY
=7 =0, with G(X,0) =0,

here’ X = (51’529 e 9Sn»Rl9R2’ e ,Rn) € Ril’l and Y = (AI’A2’ e aAna Il’ 12, e ,In) € Rf-n denote
the dependent variables of uninfected and infected individuals, respectively. The right-hand sides, i.e.,
F(X,Y)and G(X, Y) are, respectively,

A=BiOA +1)S| —uS -S|+ 0= glp(i)sf

X BiB1A) + 1)S | — viA; — pA; — 0aA; + Ta== 3 p()A;
A—ﬂ2(92A2+12)52—,U52—0's52+0'si;P(l)si =

Ba(6247 + 1))S2 = vaAy — Ay — Tahy + 0a 25 ; P(DA;

A _Bn(gnAn + In)Sn _,USn - O-sSn + O-S<Z_> Z p(l)S,
i=1

ﬂn(gnAn + In)Sn - VnAn - ,UAn - O-AAn + O-A% Z P(l)Az
i=1

n V1A1—5111—,u11
621, — uRy — ogRy + O'R% 21 P(DR; Voly — 621p — ulp

81l — puRy — ogR) + oRo ;P(i)Ri

VnAn - 6nln - ﬂln

6n1n - /an - O-RRn + O—Ri Z P(Z)Rz
i=1
According to the approach in [27], the disease-free equilibrium in this context can be expressed as:

N O 1 A A N g n A
u+os u+os<k>u uput+tos pt+os<k>pu’

E](():(X*’O):( 0’..‘7030,‘..’O’O?‘..’O)’
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is globally asymptotically stable for Ry < 1 as long as the following conditions are met for (X, Y). In
the first step, we understand that for the sub-system:

A_NSl_O-SS1+O-S<1$._le(i)Si

A_MSZ_O-SSZ‘FO-SiZ:lp(i)Si

A _IUSn -8, + Usi Z p(l)Sl
i=1

dX
d_ = F(Xa O) = n 5
! —pR; — orR; + 0—R<1+> 21 P(DR;
—pRy — orRy + O-R<]2(_> Zl P)R;
—uR, — OrR, + oRr— 21 PDR;
the equilibrium, X* = (”J:}TS + ﬂfgs ii—‘, o ,#Jﬁrs + #Z(STS i%,(), .-+, 0), is globally asymptotically

stable, which is a decoupled linear system.
Second, we observe that the Jacobian matrix given by

A Ap ]
Alpo = :
e [ Ay Ax

is clearly an Metzler-matrix. Here,

1p(1 1p(2 1
,6’101—1/1—/1—0'A+0'Afk(>) O-A% A%’
2p(1 2p(2 2
A% ,3292—V—H2—0'A+0'A%>) A%
A = ) ) ) ) ,
1 2
A oA o Bub = Va— = oa+oa R
Bl 0 0 V1 0o - 0 —(51—[11 0 0
0 ﬂz 0 0 V2 0 0 —52—/12 0
Ap=| . . . . A= . . . |,An= .
0 0 - B, 0 0 - v, 0 0 cee =8, — iy

Then, we can get
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G(X,Y) = AY - G(X,Y)

) ﬁ](@]A]'FI])S]—V]Al—/.lAl—O'AAl'i'O'AiiAi ) .
Ay i Bl =S )61A; + 1)
A, Ba(02As + )S 5 — v2A; — Ay — Tahs + 0 g = ;1 A; Bo(1 = 82)(6,A2 + 1)
=A ?1 | BulOuA, + 1)S, — VA, — A, — OTaA, + T4 gl A | = Al S")ée”A" s

I viAy =61l — puly 0

: VA — 001, — ulp :

I, | : 0

VnAn - 6nln - /Jln

Utilizing the approach found on page 4 of [27], we can establish that the disease-free equilibrium
E) is globally asymptotically stable.

Theorem 4. In positive invariant D, the endemic equilibrium E* of system is globally asymptotically
stable, if Ry > 1.

Proof. Consider the Lyapunov function:

S A I
Vi=c Sk—s,j—S,jln—f)+c2(Ak—A,j—Agln—f)+c3(1k—1,j—1,j1n—’;),
Sk Ak Ik

with the positive coefficients ¢, ¢;, c3 satisfy ¢; = ¢; = 1, caviA] = 1Bk S [ 1.
As constructed, V; is a non-negative functional and we have

Vi=0& (St A, I, Ry) = Ei".

Whose derivative along the solution E; " gives
+

. Sy ko .
Vi =ci 1_S_k A_ﬂk(eAk+Ik)Sk_/JSk_O'SSk+0'S@;p(l)Si

%)
+ Cp 1-—
Ay

I+
+ 3 (1 - Ii) [VkAx — Oy — pli].
&

k n .
B (A, + 1) Sk — vilAr — pAg — T AAy +0—A@;p(1)14i

Since $; = A} = [} = 0 s satisfied at E;*, we can get:
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+

. S
Vi =c (1—S—i)[ﬂk(QkAZ+Ik+)SZ—ﬁk(QkAk+1k)Sk+/t(S;—Sk)+o-S(S,j—Sk)
+o izn: @) (S, =S| +c (I—A—;)[—,B (B AT + 1) ST+ B OA+ 1) S
S(k>i:1p ! i 2 A k Yk k)P k k OkAg + 1) Sy
k n
Ho+ (AL —Ak>+m<A;—Ak)wA@;p(i)(Ai—A:)}

I+
+c3 (1 - Ti) (A = A)) + (6 + U = )]
= ¢ + dp + 85

where,

+

1= _)[ﬂk(gkA+ L) ST =B Ok + L) Sy + u(ST = S1)]

I
L= 22 DAk = A + @i+ i) = 1)

+ C (1 Ak)[ ﬁk (QkA+ I;)S}: +ﬁk (QkAk + Ik)Sk + (Vk +/.l)(A}: - Ak)]
-3

S k <
Sk)[O-S(SZ_Sk)"‘O_S@ Zp(i)(si—sf)]§

k
A+

3 — 1-— Tk
¢k Cz( Ay

First, simplifying ¢,, we can get:

Oa(Al —Ap) + oa— o Z p () (A —A))|.

+Q+

S S
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S+ At I
B\l = LIS - LSy +er |1 = 5| (IS = IFST) + 3 [ 1 = 2 | A — viA))
Sk Ak Ik

+

I 1
—c3<6k+u>1;(1—i +Ii—2) = U YU
k k

with,
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It is seen that ¢ < 0, by virtue of the elementary inequality (xyz)'* < <2,

Next, we discuss those with migration items:

- k (S; SiS{ Sk
l//k+¢k<C10'sZP(l)S @(ST—SJ,—S](—F+1)

i=1
A+ ' A
l/’k+¢k—C20'AZP(l) TS E_AT—A,{_E-'_ .
Then, by virtue of the elementary inequality 1 — x + In x < 0, Vx > 0. we can get that
Ve= i+ i+ 6 = Ui + Ui + U0+ 05 + &
S SiSy Sk k (A AA; A
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S, S Sk Sk 5 k(A A,- Ay Ay
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Obviously, there exists a positive constant ¢ such that
k < k <
— NAT = — NS .
AR ;:1 pPDA; = cos o ;:1 pDS;
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Therefore,
Vk_GS%Zp(z)ST(s—i lns—;—g—g—l S—’i+ci—:’r+cln%—cﬁ—g—clnj—z)
_05%2p(1)ST(CE+Clnj—;+§+ ng—;)—aséip(l)Sf(clrz+clnA—Z
+§—]§ +1In g—g) = O'S% ZPU)S?[G:'(SI'JD = G(Sk, I,

where G;(S;,I;) = (c% +cln % + §—+ +1n §—+ . Consider a randomly generated scale-free network
graph with adjacency matrix A = (A;j),,*n. The corresponding weighted directed graph is denoted as
(G,A). Letl; = Yrer, w(T), in which T; is the set of all spanning trees T of (G, A) that are rooted
at vertex i, and w(T) is the weight of T. In particular, if (G,A) is strongly connected, then /; > 0
for 1 < i < n. and consider the corresponding weight matrix W = (w;;) of A, where w;; = o ’%S ;
and k; is the degree of node j. Then the following equation can be obtained from reference [25]:

n ) n n A]l
Zl AN 757, ST1GAS 1) = G 1)) = .

=1 j=1

In the context of mean-field, A ;; represents the probability of connection between nodes i and j.

Then, by the virtue A; = kiki

Nao» 1t 1s seen that

n . n k n
LV, < l — NS TGS, 1) — Ge(Sk, [
;kk_;kas<k>;p<z),[( ) = Gi(S 1o I)]

= > )y o %S 1[GHS . 1) -GS 1) = 0.
J

=1 j=1

From another perspective, since we discuss scale-free networks in a mean-field sense, there is no
specific form of the adjacency matrix. However, we can be certain that its result corresponds to the
expectation of many specific matrices of scale-free networks. If /; can be found for each term such that

n . .
> [;Viequals 0, then its expected form, ) k = 1"V, must also equal 0.

i=1
From the previous context, we already know that the local disease equilibrium E* has a unique

positive solution. By virtue of LaSalle’s invariance principle, we can conclude that the disease-free
equilibrium E* is globally asymptotically stable.

Remark 3. In this paper, we approach the representation of scale-free networks statistically.
Consequently, there is no specific matrix diagram for a scale-free network. In such cases, finding
specific parameters like [; becomes challenging. Therefore, we employ statistical concepts to
demonstrate the global stability of the model’s endemic equilibrium. In particular, assuming that the
spanning tree weights of nodes with the same degree in a scale-free network are equal, we can select
the weight of the spanning tree of nodes with the parameter I, representing degree k to show that
V<O0.
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5. Simulations

The results from the previous section indicate that when R, < 1, the disease-free equilibrium E°
of model (2.1) is globally asymptotically stable, implying that the number of infected individuals will
tend towards zero, and the disease will eventually be eradicated. Conversely, when Ry > 1, the endemic
equilibrium E* of model (2.1) is globally asymptotically stable, indicating that the number of infected
individuals will tend towards a positive value I*, and the disease will persist indefinitely. To verify
the stability of the equilibria I° and I'* discussed in the previous section, numerical simulations using
MATLAB have been conducted in this section.

Our focus of this study is to offer a theoretical framework for analyzing and interpreting epidemic
dynamics and transmission patterns under various conditions. Therefore, the parameters employed
in this study, while thoughtfully constructed within the confines of a mathematical model, may not
directly mirror specific biological properties. The objective of the model is to explore and comprehend
the theoretical dynamics of infectious diseases and potential epidemiological patterns. This approach
enables us to analyze and predict the spread of diseases on a broader and more abstract level, thus
contributing to a deeper understanding of the nature of infectious disease dynamics.

To begin our exploration of the dynamics of various populations in the infectious disease model
within a scale-free network, we considered the topological characteristics of such a network. Utilizing
the preferential attachment algorithm, where nodes tend to connect to existing nodes with higher
degrees, we devised an algorithm for the random generation of a scale-free network. This resulted in a
network with a node count of N = 1000 and an initial network node count of m, = 3. Following the
principles of the scale-free network model, m = 2 links were added for each new node, as illustrated
in Figure 1(a). As depicted in Figure 1(b), the node distribution of this scale-free network follows a
power-law form.

the frequency of k
g

DA
-

109 = B0 0—
108 10" 102
k

(a) Network topology illustration. (b) Node degree distribution statistics.

Figure 1. Scale-free graph with N =1000 nodes, m, = 3, and m = 2.
Second, this study places emphasis on investigating the specific impact of varying migration rates
among different populations on the disease transmission capability. Accordingly, under the assumption

that parameters across different compartments are equal, the dynamics of various populations within
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the model have been taken into account. This approach facilitates the exploration of how differential
migration rates among susceptible, infected, and recovered individuals within a community network

influence the overall disease dynamics.

Select a set of parameter values: g = 0.1, 6 = 0.02, v
og =0.01, A =0.1, u = 0.1, and initial variable values S (0)
R(0) = 0, corresponding to a basic reproduction number of Ry = 0.8124 < 1.

=0.1,0 = 0.1, oy = 0.01, 04 = 0.01,
= 0.0033, A(0) = 0.0033, 1(0) = 0.0033,
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(a) Evolution trends of population densities at disease- (b) Distribution of infected population densities by

free equilibrium. degree at disease-free equilibrium.

Figure 2. Disease-free.
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(a) Evolution trends of population densities at endemic (b) Distribution of infected population densities by
equilibrium. degree at endemic equilibrium.

Figure 3. Endemic.

From Figure 2, it can be observed that the equilibrium / is stable and tends towards I°.
Additionally, when all other parameters are held constant, the disease takes longer to disappear as
k increases.
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Select a set of parameter values: § = 0.1, 6 = 0.02, v = 0.1, 6 = 0.1, oy = 0.01, 04 = 0.01,
og =0.01, A = 0.1, u = 0.1, and initial variable values S (0) = 0.0033, A(0) = 0.0033, 1(0) = 0.0033,
R(0) = 0, corresponding to a basic reproduction number of Ry = 2.5235 > 1.

From Figure 3, it is evident that the equilibrium / is stable and tends towards /™. Additionally,
when all other parameters remain constant, an increase in k leads to an increase in I*, signifying a
higher concentration of the disease.

Observations of the expressions for Ry itself and its upper bound in Section 3 indicate that the
basic reproduction number Ry is influenced by factors such as the susceptibility migration rate and the
asymptomatic migration rate. To further illustrate and discuss potential epidemic scenarios, we provide
an example below.

Building upon the previous discussion, particularly from Eq (3.1), we have already established
the following expressions:

In the presence of migration, we have,

3 L ) 006 +u)+v 0 o
RO_p(FV )_'D('Bdlag((v—f—y+(m)(6+,u) k) v+,u+(TAK)'

Clearly, in the absence of migration, we have,

006+u) +v A
V+wE+pp
It is evident from both expressions that they are related to the infection rate. To illustrate the
specific impact of migration on the numerical values of Ry, taking the scale-free network illustrated in
Figure 1 as an example, and we select the following parameters: 6 = 0.02, v = 0.1, 6 = 0.1, A = 0.1,
u=0.1,05 = 0.1, and o4 = 0.1. Figure 4(a) is presented to provide an intuitive visualization of the
effects of migration.

Ry=p

T T
Migration
- No Migration 3 -

0 0.2 0.4 0.6 0.8 1
B

(a) Relationship between R; and infection rates under  (b) Correlation of Ry with migration rates in different

different migration scenarios. populations.

Figure 4. The analysis of Ry.

Next, to further investigate and demonstrate the influence of different population migration rates
on Ry, we choose the parameters 5 = 0.1, = 0.02,v=0.1,6 = 0.1, A = 0.1, and u = 0.1. This allows
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us to assess the impact of susceptibility migration rate o and asymptomatic infection migration rate
04 on Ry, as shown in Figure 4(b).

From Figure 4(a), it can be observed that, consistent with the expressions for Ry, when migration is
present, R exhibits a nonlinear relationship with 8, whereas in the absence of migration, R, has a linear
relationship with . Furthermore, under the same parameter conditions, when migration is present, the
value of Ry is higher than the basic reproduction number Ry in the absence of migration. This indicates
that inter-community migration makes it more challenging to eliminate infectious diseases. This result
is highly reasonable because, in the presence of migration, disease transmission is not only directly
related to the infection rate within the community but also influenced by the importation of cases from
other communities, leading to a nonlinear relationship. In contrast, in the absence of migration, R is
directly related to the infection rate 8. Figure 4(b) illustrates that both the susceptibility migration rate
and the asymptomatic infection migration rate have an impact on the basic reproduction number Ry.
Clearly, as the migration rates increase, the basic reproduction number also increases, indicating that
inter-community population migration increases the likelihood of disease outbreaks. Therefore, we
can conclude that the existence of migration between communities increases the probability of disease
outbreaks and widens the scope of disease transmission. If not properly controlled, it may lead to
widespread epidemic outbreaks.

Remark 4. Our results illustrate that community network structure and population migration have a
significant impact on the spread of infectious diseases. Notably, scale-free network structures increase
the probability of disease outbreaks, and population migration expands the scope of infection. It is
important to note that while the model is based on a scale-free network, the parameter values may
not directly reflect biological characteristics. However, the theoretical insights provided by this study
are crucial for developing effective infectious disease control strategies. Future work will explore the
integration of the model with specific biological data to enhance its practical application value and
biological accuracy.

6. Conclusions

Considering the exacerbation of the epidemic due to the presence of asymptomatic individuals,
especially individual migration between communities leading to widespread outbreaks, we establish a
network-based SAIR infectious disease model to investigate the impact of individual migration on the
spread of the disease in the presence of asymptomatic individuals. Based on this model, we calculate
the epidemic threshold R, and find that disease transmission is not only related to intra-community
parameters such as infection rate and recovery rate but is also influenced by network structure and
different population migration rates between communities. Furthermore, we observe and prove, using
the method of decomposition theorem and constructing a Lyapunov function, the stability of the
disease-free equilibrium when Ry < 1 and the stability of the endemic equilibrium when Ry > 1.

Looking ahead, our objective is to enhance our model by incorporating individual connectivity
differences and delving into the impact of asymptomatic carriers on disease transmission. While our
current model does not differentiate individual connectivity, we acknowledge the significance of this
extension. Our research agenda encompasses addressing this aspect in future studies, planning to
explore more intricate network structures, and introducing additional data to better capture subtle
variations in individual connectivity. This improvement will not only contribute to a more realistic
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depiction of disease spread dynamics but will also extensively investigate the role of asymptomatic
carriers in various connectivity scenarios. In the future, we will consider models with heterogeneous
connectivity, conduct numerical tests, and comprehensively assess the influence of individual
connectivity on disease dynamics. Through these efforts, we aim to deepen our understanding of
disease transmission and provide valuable insights for the field of infectious disease modeling.
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