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ANALYSIS OF A DEGENERATED DIFFUSION SVEQIRV
EPIDEMIC MODEL WITH GENERAL INCIDENCE IN A SPACE
HETEROGENEOUS ENVIRONMENT

Yantao Luob?T, Yungiang Yuan!, Zhidong Teng?

Abstract Considering the comprehensive impact of vaccination, quarantine and spatial heterogeneity on
diseases dynamics, we formulates an SVEQIRV model with degenerate diffusion. Firstly, we discuss the well-
posedness of the model solution. Then, we analyze the dynamic properties of model by using the semigroup
theory and the global exponential attractor theory. We use the threshold feature A\* which is the principal
eigenvalue of the eigenvalue problem associated with the linearized system at the disease free equilibrium,
to describe the transmission dynamics of epidemics. The results show that the disease-free equilibrium is
globally asymptotically stable when A* < 0 and the system is uniformly persistent when A* > 0. Finally, some
numerical simulations and the sensitivity analysis are conducted to visualize the theoretical results and the
effect of vaccination rate on disease dynamics.
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1. Introduction

At present, the impact of diseases on the human world is becoming more and more serious. WHO has identi-
fied infectious diseases as the second most common cause of death worldwide [1]. Therefore, understanding the
progression of disease, and developing appropriate prevention and control interventions for the disease are critical.
Mathematical models play an important role in understanding and exploring the dynamics of disease progres-
sion [2,3]. In 1927, Kermack and McKendrick used dynamic methods to establish the famous SIR model, and
then they proposed the SIS model [4], thereby obtaining the threshold theory to distinguish whether diseases are
prevalent, which is an important progress.

In fact, some diseases have incubation periods. For example, influenza, Ebola, COVID-19, etc [5-7]. Therefore,
many individuals infected with the virus do not immediately become infected, but rather become exposed. As
a result, many works have extended the SIR model to the SEIR model. For instance, Jiao et al. [8] proposed
a SEIR epidemic model for home quarantine of susceptible populations. Annas et al. [9] analyzed the spread of
COVID-19 in Indonesia by establishing SEIR model. In addition, some research found that vaccination is one of
the most important measures to control the spread of diseases [10,11]. So researchers have incorporated the factor
of vaccines into their mathematical models to explore the impact of vaccines on disease control. For example, El
Hajji et al. [12] established SVEIR model to study the role of vaccines in controlling the spread of measles. Huo
et al. [13] incorporated vaccination into the model and analyzed the impact of vaccination on seasonal influenza in
Gansu, China. Poturi et al. [14] based on realistic data, discussed the impact of preventive vaccination in Sierra
Leone and the Democratic Republic of the Congo on the Ebola epidemic.
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However, most of the above models are based on ODE models. While these ODE models can well describe many
real-world diseases, there are still some situations that cannot be addressed with autonomous ODE models. For
example, the random movement of individuals in space is also an influencing factor [15]. Several studies on modelling
of infectious diseases such as influenza [16], cholera [17] and COVID-19 [18] have emphasized the importance of
individual movement in epidemic dynamics. Therefore, there are some researchers use the reaction-diffusion systems
to model individual random movement, see as [19,25].

On the other hand, more and more people are beginning to consider the impact of spatial heterogeneity on
disease transmission, e.g. [20,21,24,26,30]. Many infectious diseases occur in heterogeneous environments because
of different environmental conditions [15]. Constrained by factors such as altitude, temperature, humidity, latitude,
climate, and living factors, the diffusion of epidemics in different environments is vastly different [20]. For example,
from January to March 2020, the main reason for the rapid spread of the COVID-19 epidemic in China is the
conditions of climate and temperature are suitable for the spread of coronavirus. And the gatherings caused a
rapid increase in population density and contact in a small area, and it has also created conditions for the spread of
the novel coronavirus [21]. Moreover, for mosquito-borne diseases, such as malaria, dengue fever and yellow fever,
rising temperatures may increase mosquito populations and bite rates, resulting in wider disease transmission [22].
Hence, regions with different latitudes and longitudes have different climates, and the prevalence of diseases is also
different.

As a result, considering the diffusion and spatial heterogeneity of populations is an important factor in epidemic
modeling [23]. For example, Wang et al. [24] proposed a reaction-diffusion model with incubation period and
nonlinear morbidity in a spatially heterogeneous environment, and theirs results show that the incubation period
can significantly enhance the persistence of the disease if the dispersal rate of susceptible hosts or exposed hosts is
small or large. Zhu et al. [20] discussed a reaction-diffusion SVIR model in a spatially heterogeneous environment,
and obtained the spatial heterogeneity had a great effect on the spread of the disease. Luo et al. [25] considering
the individual differences, spatial environment and the temporary acquired immunity, a general multi-group re-
action—diffusion epidemic model with nonlinear incidence was proposed and they concluded that the difference of
diffusion rate may bring great difficulties to control the disease. In fact, there is a lot of work in this area that we
will not describe in detail here, please see [26—29] and corresponding reference .

In recent years, discussions of partially degenerate reaction—diffusion systems that couple partial differential
equations with ordinary differential equations have received continuous attentions [24]. For example, Wang et al. [30]
established a degenerated reaction—diffusion cholera model with spatial heterogeneity and discussed the impact of
the transmission rate of infected individuals on the spread of cholera. Shan et al. [31] discussed a degenerate
reaction-diffusion host-pathogen model with general incidence rate, the analysis shows that its theoretical results
can be applied to the dynamics of infectious diseases, such as Zika virus, avian influenza, HIN1, and seasonal
influenza, and can also be used to assess the risk of disease transmission. For related studies on degenerated
reaction—diffusion, see [32,33].

In addition, different types of incidence rate have been used in the study of infectious diseases [34]. The incidence
rate of a disease is a measure of how many people are infected with the disease per unit of time and plays an
important role in the dynamics of epidemic models [15]. Traditionally, the incidence rate has been assumed to be
bilinear, but disease dynamics do not always follow standard incidence rates, and many epidemiological mechanisms
are more suitable for non-linear incidence rates, especially general incidence rates [35]. At present, more and more
researchers use the general incidence rate to study the mechanism of disease transmission, can see [15,35-37].

Based on the discussion above, a more accurate description of the disease transmission model require the con-
sideration vaccination, quarantine and general incidence in a space heterogeneous environment. Furthermore,
considering that the effect of many vaccines is not permanent and some diseases relapse, i.e., the recover individuals
may changed the sensitive vaccinated individuals such as COVID-19, Ebola, etc. Hence, we propose a partially
degenerate reaction—diffusion SVEQIRV systems to model the factors mentioned above. These factors increase the
number of equations and the coupling between equations in the system, which poses greater challenges to discuss
global dynamics apply the Lyapunov function method.

The article is organized as follows: In Section 2, we give the model. In Section 3, the existence, positive and
boundedness of the global solutions are discussed by using comparison principle and Gronwall’s inequality. In Section
4, we prove the existence of the global exponential attraction set by using the existence theorem of exponential
attractor, and then discuss the global asymptotic stability of the equilibrium and uniform persistence of system. In
Section 5, some numerical simulations and the sensitivity analysis are conducted to visualize the theoretical results
and the effect of vaccination rate on disease dynamics. Finally, in section 6, Give some conclusions.
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2. Model formulation

In this section, we assume the total population N(z,t) include six parts, S(z,t) is the density of susceptible
individual at position x and time ¢, V(z,t) is the density of vaccinated individual at position x and time ¢, E(z,t)
is the density of exposed individual at position z and time ¢, Q(z,t) is the density of quarantined individual at
position x and time ¢, I(x,t) is the density of infected individual at position = and time ¢, R(x,t) is the density of
recovered individual at position x and time ¢, that is

N(z,t) = S(z,t) + V(x,t) + E(z,t) + Q(z,t) + I(x,t) + R(z,t).

The transmission dynamics of the disease in the population is shown in Figure 1. We have noticed some phe-
nomenons, for example, most people have been vaccinated with COVID-19 vaccine, but they will also be infected
with the virus and become recovered individuals and they are vaccinated individuals. That is to say, the recovered
individuals R can return to vaccinated individuals V. Similarly, influenza also has this situation. So we assume
that some recovered individuals who have been infected with the virus will return to V.
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Figure 1. Schematic diagram for the disease transmission

Since the compartment @ is quarantined, so we do not consider the diffusion of the quarantined individuals in
this paper. Thus, We can formulate the system:

%‘j =V (ds(x)VS) + A(z) — B1(2)Sf(E) — Bo(2)SF(I) — [a(z) + u(x)]S,

%/ =V (dv(z)VV) + a(x)S — §(x)B1(2)V f(E) = 6(x)B2(x)V f(I) — p(x)V + ¢(2)R,

%f =V - (dp(2)VE) + 51(2)S f(E) + Ba(x)Sf(I) + 8(x)B1(2)V f(E) + () 2(2)V f(I)
= lo(@) +v(z) + (@) E,

9@ _ o(a)E — [p(a) + n(x) + (@) + u(@)]Q

O V(@1 (@)V) +9(@)B + n(@)Q — [ofa) + ela) + ()]

%fj =V (dp(2)VR) + p(2)Q + w(@)] — [6(x) + u(x)]R,

9S oV OE 0l OR

%:%:%:%:%:07x689,t>0,

S(x,0) = So(z,0) >0, V(x,0) = Vo(2,0) >0, E(x,0) = Ey(z,0) > 0,

Q(IL‘,O) = Qo(IL‘,O) > Oa I(‘T’O) = Io(IL’,O) > O, R(IE,O) = Ro(ﬂf,()) > Oa S Qa

where Q is a bounded domain in R™(m > 1), with smooth boundary 9Q (when m > 1), diffusion coefficients
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ds(z),dv(z),dg(z), di(x),dr(z) € C'(Q) are positive, continuous and uniformly bounded, A(z), a(x), B1(x), B2(x),
0(x),o(x),n(x), p(x),w(x), u(x), c(x) are positive Holder continuous functions. And we assume that the initial value
S0, Vo, Eo, Qo, I, Ry are nonnegative continuous functions on € and the number of initially infected individuals is
positive, i.e. fQ Iyp(x,0)dz > 0. The parameters in system (2.1) are given in Table 1.

Table 1. The meanings of the parameters in system (2.1)

Symbol  Meanings

A(z) the total recruitment scale at position z

a(x) the vaccination coverage at position x

Bi(z) the contact rate of exposed at position x
B2(x) the contact rate of infected at position x

o(x) the intensity of contact between the virus carrier and V' at position z
o(z) the quarantine rate of exposed at position =
~(x) the incidence rate of exposed at position x
n(zx) the incidence rate of quarantined at position x
p(x) the recovery rate of quarantined at position z
w(x) the recovery rate of infected at position x
w(z) the natural mortality at position

c(x) the mortality due to disease at position x

Next, we give a few definitions. Firstly, f(E) and f(I) is non-negative continuous differentiable on [0, c0) and it
meet the following conditions:

. f(E) . f)
(1) f(0)=0,0< Elgr&+ 5 ¢ <oo, 0< 11_1>161+ T c1 < 00

(2) Forany E >0, 1 >0, f(E)<akE, f(I) <l
Let L1, Lo, L3, Ls, Lg be a linear operator defined by

LiS(z) :=V - (ds(x)VS), LV (z) .=V - (dy(2)VV),LsE(z) := V - (dg(z)VE),
LsI(z) :=V - (d;(2)VI), LgR(z) := V - (dr(z)VR)

on D(L) = (D(L4),D(L2),D(Ls),D(Ls), D(Lg)) C X and the domain indicates that the directional derivative of
SVEQIR is equal to zero on the boundary. X := L2(Q) is Banach space and L? space mean the set of all square
integrable functions,

oS

D(Ly) := {S € H*(Q); I 0 on 89},D(L2) = {V € H*(Q); g—‘; =0on 8Q},

D(Ls3) := {E c H*(Q); g—f =0on 8(2},D(L5) = {I c H*(Q); 3711 =0on 69},

D(Lg) := {R c H*(Q); g—f =0on OQ},

where H?(Q) = H(Q) x H(Q2) and H refers to Hilbert space. So that Ly, Lo, L3, Ls, Lg is the infinitesimal generator
of strongly continuous semigroup {e*1}i>0,{e'2}i>0, {e'X2 }i>0, {15 10, {eF6 b0 on H2(R).

Set space (H?())® = H2(Q) x H2(Q2) x H2(Q) x H?(Q) x H?(Q) x H?(Q). Define operator L : (H?(Q2))5 —
(H?(Q))8, for any u := (S,V, E,Q,I,R) € (H%*(Q))®, we have
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L1S(33, If)

)

LoV
3E(£E,t)

~+

z,

~

L(S,V.E,Q,I,R) :=
0

L5I(l‘, t)

LﬁR(l’, t)

That is, L is the infinitesimal generator of strongly continuous semigroup {e‘” H>o0.

Let Y := (H?(Q))® be a normed Banach space defined by

105, V. E,Q, 1, R)" ||y := max{[|S|lmz(0), |V 12, |Ellm2@), 1Qlm2 (), [ |20, 1R 20}
We assume G be a nonlinear operator on Y,

G(S,VQ.EEQ,I,R) = (gl(saVvaEva[?R)ng(S?‘/7E»QvIvR)ng(SvVvaQaIaR)v
g4(Sa‘/7E7QaIaR)7g5(Sa‘/7E7Q7I7R)?96(S7‘/7EaQ7[aR))T7

where

2)Vf(E) = 6(x)B2(x)V f(I) — p(z)V,

93 = B1(x)Sf(E) + B2(x)Sf(I) + 0(2)B1(2)V f(E) 4 d(2) B2 (2)V f(I) — [o(2) + () + p(2)] B,
g1 = 0(x)E — [p(z) +n(z) + c(z) + p(2)]Q,

95 = (@) E +n(x)Q — [w(x) + c(z) + ()],

96 = p(2)Q +w(@) — [p(x) + p(z)|R

Let function F' = (g1, g2, 93, 94, g5, g6)- From operator L and function F', we rewrite system (2.1) in the following
form

d
2 () = Lu(t) + F(u(t)), (2:2)
with
S('7t) SO()
V('7t) VO()
wy= | 2w = | U],

Q('vt) QU()

I(-,t) Io()

R(-,1) Ro(-)

where So(-) = 5(-,0), Vo(-) = V(-,0), Eo(-) = E(-,0), Qo() = Q(+,0),Io(-) = I(:,0), Ro(-) = R(:,0). Because L is
the generator of a Cy-contractive semigroup on Y, and F is locally Lipschitz continuous, from [38, Corollary 11.3.1],
system (2.2) has at least one classical solution, can be represented by

u(t) = efug + /0 e DL E(u(s))ds. (2.3)



6 Y. Luo, Y. Yuan, Z. Teng

In addition, if S(z,0), V(x,0), E(z,0),Q(z,0),I(z,0), R(z,0) € C3(2), then u(z,t) € C**(Q x (0,7)).

From now on, for any given continuous function A on (2, we define

A* = max A(z) and A, = min A(x).
z€eQ €

Obviously, the system (2.1) has a disease-free equilibrium P° = (S%(x),V%(x),0,0,0,0). Next, we illustrate the
existence of principal eigenvalues of the eigenvalue problem associated with the linearization of system (2.1) at the
disease free equilibrium P°. Linearize the system (2.1) at disease-free equilibrium PY:

a@f‘ V- (dg(x)VE) 4+ c161(z)E + c1B82(x)] + c10(x) b1 (z) E + c10(x) Ba(z) ]

~ [o(a) +7(z) + p()] .
O — 0@~ ) + () + ela) + u()Q. (4)
oI

ot
O =V (dn(@)VR) + p(@)Q + ()] ~ [6(2) + p(a)| R
Let E = eMy(2),Q = eMo(z), I = eMip(x), R = e*&(x), then system (2.4) can be rewrite as

2)Vx) +{e1fi(x) + e16(x) () — [o () +y(x) + p(@)]}x(2)
(

=V (dr(@)VI) +7(2) E +1(2)Q — [w(z) + c(x) + p(@)]1,

o(x)p ()]w(w
c(x) + p(@)]y (@),
p(@))E(x).

+ c1d(z)f1(z) — (o(z) + 7(2) + (), ma2(z) = p(z) +
é(x) + p(x), where m;j(x) > 0,7 # j,x € Q,

x(@) = [p
(dr(2)VY) +
( +

Define @(z) = (x(z), p(2), ¥(z), ()
n(x) + c(x) + p(x), mas(x) =

a
S
3
_
—_
=
I
)
ok
=
=
|| \./

mn(z) 0 C1BQ(I)+015($)52(1‘) 0

J(.’E) moo 0 0
M(z,t) = (myj(z,t)) =

v(@) n(z) mas () 0

0 plx) w(z) maa(z)

Thus system (2.5) can be written

AD(z) =V - (D(x)VP(z)) + M (z,t)P(x),x € Q,
{a@ (2.6)

and [40, Theorem 7.6.1], system (2.6) has a real eigenvalue A\* and

€5 (2)).

According to the Krein-Rutman theorem [39
positive eigenvector ®*(z) = (x*(z), p*(x), ¥*(

]
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3. Positivity and boundedness

In this section, we prove the existence, positivity and boundedness of the global solution.

Theorem 3.1. If (S(m,O), V(z,0), E(z,0),Q(x,0), I(z, 0),R($,O)) > 0, for any x € Q, then the system(2.1) admits
the globally solution u(xz,t) = (S(Jc, t),V(x,t), E(z,t),Q(z,t), I(z,t), R(x, t)) It 15 positivity and uniformly bounded
in L' norm. In particular, E(x,t),I(z,t) is ultimately bounded.

Proof. Define
g1 = =Pi(z)Sf(E) = B2(2)Sf(I) — [a(z) + p(@)]S.

Then % — V- (dg(z)VS) = g1, according to the strong extremum principle, S > 0. And because g; > §i, that is

dS _ 08 -
E -V- (ds(x)VS) =01 > g1 = E -V (ds(.%‘)VS)

It satisfies the conditions in the theorem [41, Theorem 2.2.1], so we have S > 0.
Define

Go = —0()P1(x)V f(E) — d(x)B2(2)V f(I) — pu(2)V.
Then &Y — V- (dy (2)VV) = go, similarly, V > 0. And because go > go, that is

v 9V -
e V- (dy(x)VV) =g > go = i V- (dy(z)VV).

It satisfies the conditions in the theorem [41, Theorem 2.2.1], so we have V' > 0. In the same way, £ > 0,Q >
0,1 >0,R>0.

Because F' = G when S, V,E,Q,I, R € R, so u(t) is the solution of system (2.1). This indicates the existence
of a solution for system (2.1).

Next, we prove the uniform boundedness. Define

U(t) = /Q S(x,1) + V(2,1) + Bz, 1) + Q(z.t) + I(z,) + Rz, t)]dx.

From system (2.1),

WO _ (1260 s Ovimns 2 pon e Lowns Lo d
£ - /Q [atS(x,t) b V() + o B t) + QU t) + 4T 1) + atR(x,t)]dx

- /Q V- (ds(2)VS) + V - (dy (2)VV) + V - (dp(2)VE) + V - (di (2)VI) + V - (dp()VR)
+A(x) — p(2)S — (@) E — (p(x) + c(2))Q — (u(x) + c(x))I — p(r) Rldx
< /Q V- (ds(2)VS)dz + /Q V- (dy (2)VV)daz + /Q V- (dp(z)VE)dz + /Q V- (di(2)V)dz

—|—/V~(dR(x)VR)dx—|—/[A*—u*(S+V+E+Q+I+R)]dx
Q Q

<A Q| = U(1).
According to the Gronwall’s inequality [20, Lemma 2.3],
A1
+ PR

U(t) < Uge M+t
s

(1 - e_ﬂ*t)’
: A9
that is U(t) < max{Up, =}, where

Uy = /Q[So(L 0) + Vo(2,0) + Eo(z,0) + Qo(x,0) + Io(x,0) + Ro(,0)]dz
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< /Q I So(-,0) + Vo(z,0) + Eo(-,0) + Qo(+,0) + Ip(-,0) + Ro(+,0) ||Loo(Q) dx
:H SO(,O) + V()(,O) + E()(',O) + QO(,O) + Io(,O) + Ro(,O) ||Loc(Q)| Q | .

Hence, U(t) = [,(S+V + E+ Q+ I + R)dx is bounded. From the positive of the solution for system (2.1)

||S+V+E+Q+I+R||L1(Q):/ |S+VAE+Q+1+R| (z,t)de
Q

:/(S+V+E+Q+I+R)(x,t)d:z::U(t)
Q

A | Q
<max{ H So(lC,O)-i-Vo(m,O)+EQ(LC,0)+Q0(5C,O)+Io(l‘,0)+R0(1'70) ||Loo(Q)| Q |, Ml |} =K,

*

s0 [((S+V +E+Q+ 1+ R)dx < K. According [42, Lemma 2.1], there is a positive constant K* independent
of K such that || S+V + E+Q+ I+ R [|p~@)< K*. Therefore S(xz,t),V (x,t), E(z,t),[(z,t),Q(z,t), R(x,1) is
uniformly bounded on €. From [38, Corollary 11.3.2] , u(t) is global solution of system (2.1).

Finally, we prove E(z,t),I(x,t) is ultimately bounded. According to the method in [25], let T;(¢) : C(Q), R) —
C(, R) fori = 1,2,3,4,5 are Cp-semigroup associated with the operators V- (d;V) —¢;(x) subject to the Neumann
boundary condition, where ¢;(x) = a(x) + p(x),2(x) = p(z),s3(z) = o(z) + y(x) + p(z), u(z) = p(z) + nlx) +
(@) + p(x), 5(x) = w(x) + c(x) + p(@),s6(2) = ¢(x) + p(x) , di(z) = ds(x), dz () = dy (2), d3(2) = dp(r), ds(z) =
dr(x),ds(x) = dr(z). Then

(Ti)(@) = [ Titp)stu)dy, i =1,2.3.4.5
Q

for any ¢t > 0 and ¢ € C(Q, R), T;(t,z,y) are the Green function associated with V - (d;V) — pu(z) subject to the
Neumann boundary condition. Then there is

¢

E(x,t) = Ts(x)E(0,x) + / T3()[B1(x)Sf(E) + Ba(2)Sf(I) + 6(2)Br(x)V f(E) + () B2(2)V f(I)
0
—o(2)E —~(2) + p(x)Elds

<K'e®' | B(O,") llo,ny / /Fs (t,2,y)[B1(x)Sf(E) + Ba(x)Sf(I) + 6(2) b1 (x)V f(E)+
6(2)Ba(x)V f(I) — o (2) E — y(x) + p(x) Eldyds

< K e || B0, ) logm + / oge e ® /Q (81 (2)SF(E) + Ba(2)SF(I) + 8() 1 (2)V F (B)+
5(2)B(2)V F(I) — o(2)E — () + () Eldyds

<K' | B0, llo,r) +oaK” / e /[51( )ST(E) + Ba(2)Sf(I) + 6(x) Br(2)V f(E)
+0(2)Ba(x)V f(I) = o(2) E = y(2) + p(z) Eldyds

(73K

<K eagt ” E( ) HC(Q R) 432 ™ (5101K* +ﬂ202K*+§*B101K*+5*5202K )

Then

ag

4 K* * * * * * 0% * * Q% *
1ECDlc@r <K e || B(0,-) le@,r) +‘;7(B161K + B3e2K" + 6" Bie1 K™ + 6" f3e2K™) = M.

That is
limsup E(z,t) < M.
t—o00

Similarly, we have
limsup I(z,t) < Ms.

t—o0
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Let M = max{M;, My} and My, My dependent on initial conditions, so F(x,t), I(z,t) is ultimately bounded, it
satisfy
limsup E(x,t) < M, limsup I(z,t) < M.

t—o00 t—o00

4. Global exponential attraction set and threshold dynamics

In this section, first of all we obtain the existence of the global exponential attraction set by means of semi-
group theory and the global exponential attractor theory in infinite dynamical systems. Then we prove the global
asymptotic stability of the disease-free equilibrium and uniform persistence of the system (2.1). Here, we give some
definitions:

Let X be a Banach space with the decomposition

X =X3 @XQ,dlIl’le < 00,

and denote orthogonal projector by P : X — Xy and (I — P) : X — X5. In addition, let Q(t),~, be a continuous
semigroup on X. The following Condition C* is an important condition for verifying the global exponential
attraction [43]:

Condition(C*) : For any bounded set B C X, there exist positive constants tg, C and « such that for any € > 0,
there exists a finite dimensional subspace X; C X satisfies

| PQ(t)B ||;>4,, is bounded,

| (I -P)Q{#)B ||< Ce * +¢fort > tg,

where P : X — X is a orthogonal projector.
In the following, define H = L?(Q) N C*1(Q), H; = H{(Q),H* = HxH xH x H x H x H and H} =
H; x H; x H; x H; x H; x H;. Note that H° and H} are Banach spaces equipped with norm

(S, V. E,Q.I,R)" ||mo:= max{|| S [le, | V llex, | B llex, | @ llex, | L [, | R [l

and
(S, VB, Q, I, R)" |lgge:= max{|| S le,, [| V llex, | B [y || @ N 11 e || R Jlga, 3

4.1. The existence of global exponential attraction set
In this subsection, we prove the existence of a global exponential attraction set.

Theorem 4.1. System (2.1) has a global exponential attraction set A*, which exponentially attracts any bounded
set in HS.

Proof. From the existence of the solution, for any ¢ = u(0) = (So(-), Vo(-), Eo(-), Qo(-), Io(+), Ro(-))* € H, then
system (2.1) has a global solution v = (S,V, E,Q, I R)T ([0, 00), HG). This means that system (2.1) generates

an operator semigroup Q(t) = (Q1(t), Q2(t), Qs(t), Qu(t), Qs(t), Qs(t))", and Q(t)¢ = u(t, ¢).
First, we prove the operator semigroup Q(t) has an absorbing set B s C H®. Make the inner product of
S, V,E,Q,I, R and the first, second, third, fourth, fifth and sixth equations of system (2.1) respectively
(V- (ds(@)VS) + Ax) — Bi(x)Sf(E) = Ba(x)Sf(I) — [afx) + p(x)]S, S)n
:/V-(ds(x)VS)de—i—/A(x)Sd:ﬂ—/ﬁl(x)SQf(E)dx—/52(m)52f(1)dx
Q Q Q Q

- [ fata) + uta))s?ds
_ n i T @ T T v — )52 "
—/Q;S 8xi(d5( )8a:i)d +/QA( )Sd /951( )S2f(E)d
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—/ﬁz x)S?f(I dw—/[a(iv)—i—u(:c)]SQdm
_Z/S -(ds(x as d:c—i—/A de—/ﬁl )82 f(E)da
—/&w52 M—/mm+mmﬁm
Q Q
= - Y X 95 2dx Y . x 05 ‘N dS x X
=3 [ sty i 3 [ 8 stargny s+ [ Asa
- / Bi(x)S? f(E)dx — / Bo(x)S? f(I)dx — / [a(z) + p(x)]S?da
Q Q Q

", 9S8 a8
—/ng(x)Z(axi)2dx+/aQ S(ds(x)a)dsqL/QA(I)def/Qﬂl(az)Szf(E)dx

=1

- [ @)t 1o~ [ a(e) + u)s*da
/ds |VS|2dx+/A de—/ﬁl )S2£( )dx—/ﬂﬁg(m)SQf(I)d
- [ fot@) + n(@)s%do
f(dg)*/Q|VS 2 dm+A*/Qde

= (s IS 2, +A*/ Sdz.
Q

(V- (dv(2)VV) + a(2)S + ¢(2) R — 0(x)p1(x)V f(E) — 6(2)2(2)V f(I) — p(x)V, V)&
= / V- (dv(x)VV)Vdz + / [(2)S + ¢(x)R]Vdzx — / 5(z)Br(x)V2f(E)
Q Q

Q

—/MWM@WﬂD—/M@WM
Q Q

< —(dv)*/ | VV |? da:+a*/ Sde+¢*/ V Rdz
Q Q Q
= —(dv) | V|2, +a*/ Sde+¢*/ V Rdx.
H2 Q Q

(V- (dp(z)VE) + b1(2)Sf(E) + B2(x)Sf(I) + 6(x) 1 (2)V f(E) + 6(x)B2(x)V f (1)
—[o(z) +7(z) + p(@)]E, E)n

:/V-(dE(x)VE)de+/Bl(x)SEf(E)dm+/52(x)SEf(I)dx
Q Q Q
+ [ 3B @VES B+ [ 3@)5(VEF D - [ foa) + () + u(o) B
Q Q Q
—(dE)*/Q|VE| dx+ﬂf/QSEf(E)dx+B;‘/QSEf(I)der(S*ﬁf/QVEf(E)d
+6*B§‘/QVEf(I)d
— (). | B2, +ﬁf/QSEf(E)d:c+6§‘/QSEf(I)d:c—i—é*Bi“/QVEf(E)d
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+5*ﬁ;/QVEf(I)dx

(0(2)E — [p(x) + () + e(x) + p(2)]Q. Q)
- / o(2)EQr — / (p(x) + () + cfx) + p(@)|Qda

Q

o 1 Q I 4o / EQda.
Q

(V- (di(@)VI) +7y(2)E +n(2)Q — [w(z) + c(z) + p(z)]], Hu
- /Q V- (di (@) V) Ids + /Q (@) Elds + /Q n(2)QIdz — /Q () + o(x) + p(2)]12
g—(dl)*/g | VI |? do +~* /ﬂEIdx—kn* /QQIdx

—(dp)« || IH;% +7* /QEIdx+77*/QQIdx.

(V- (dr(z)VR) + p(2)Q + w(z)] — [¢p(x) + p(2)| R, R)u
- /Q V - (dp(z)VR) Rdz + / p(2)QRdx + / w(@) I Rdz — /Q [6(2) + ()| R2der

Q Q

f(dR)*/ | VR |? d:z:+p*/QRd;v+w*/IRdx
Q Q Q

—(dr)« | R, +p*/ QRdx+w*/ IRdx.
H?2 Q Q

Where H? is the fractional power subspace generated by the sectorial operator L [44]. According to Theorem 3.1,

S, V,E,Q,1,R is positive and uniformly bounded, so there exist constant C1, Cs,C3, Cy, Cs, Cs > 0, such that

A*/Sda:SC’l, a*/Sde+¢*/VRdx§C2,
Q Q Q

ﬂf/SEf(E)d:r+B§/SEf(I)dz+5*ﬁf/VEf(E)dx+5*ﬂ§/VEf(I)dngg,

Q Q Q Q

U*/EQdm§C4, 7*/EIdm+n*/Q[dac§C5, p*/QRdm—&—w*/IRdeC%.
Q Q Q Q Q

From H2 < H, then there exist constant C' > 0, such that | S lgiz CIS e IV Ig=2C IV e,

TE g3z CHE el T gy = C I e | B g3 2 C Nl Bl foranyS VEQIR€H2

Because %di<s S> <St>S>Ha S dt <V V> <‘/157V>H7 %I(E E> <Et7 >H7 th<Q Q> <Qt7Q>H7 %%<I7 I> =
(I, 1, 3%(R, R) = (R, R)n, we have
1d 2 2 2
LS < —dsC S [ +Ch 5 |V IS —dyC |V [+
1d ,
| E IS ~dsC? | E & +Ca 221 Q i< —p | Q I +Cs.
2dt 2dt
1d 1d
L TS O T O s | R < ~anC? | Ry o

From Gronwall’s inequality [20, Lemma 2.3], let 71 = 2dsC?, 72 = 2dy C?,v3 = 2dpC?,v4 = 2p,v5 = 2d;C?, 76 =
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2drC?, then

_ 2C _
IS I1E< e || So(2) [ +71( —e ),

_ 2C. .
IV f< e || Vo(e) |1 +72( —e ),

— 2C .
| Bl e | Vo) [+ — e,
3
- 20 -
| Q 1< e || Qolx) I +T4(1—e t),

2C,
51— e,
5

%(1 _ e_’YGt).
6

1T [[f< e || o(x) Iff +
I R |[f< e || Ro(x) Il +

Therefore, if admits (ﬁ’,) > max{&, %%, {%, %, 2%, QA%} then there exist tg > 0, such that for any ¢ > tg,

u(t,p) C Bj and By is a closed unit ball with a radius of R. So By C HS is the absorbing set.

Then we verify Condition (C*). Because L1 = V - (dg(z)V) : H; — H is a symmetric sector operator, the
eigenvectors {e;};en corresponding to the eigenvalues {Ag ;},jen are the complete orthonormal on H, that is for

SeH
any s - -
S= wkew, || S l=D_ =i
k=1 k=1

Furthermore, for any Ng > 0, there exists a integer Kg > 1 such that —Ng > g, for any j > Kg + 1. Let
H{(S = span{ei,ea, -+ ek} and Hé{s = (H{(S)L.

Then, for any S € H, it can be decomposed into

S o0
S=PS+(I-P)S:=5+8, Si=Y» mecHI S= Y azje; € H,

i=Ks+1

where P: H — H{(S is the orthogonal projector. For any V, E,Q, I, R € H, there’s a similar decomposition.

Because @; has a bounded absorption set B s C HS, for any bounded set B C HY, there is tg > 0, without losing
generality, assuming tg > g, such that

(S(t, So(2)), V (£, Vo(x)), E(t, Eo(x)), Q(t, Qo()), I(t, Io(x)), R(t, Ro(x))) C B,
where
S(t, So(@)) = Q1(t)So(w), V (1, Vo(2)) = Q2(t)Vo(2), E(t, Eo(w)) = Qs(t) Eo (),
Q(t, Qo(w)) = Qa(t)Qo(x), I(t, Io(x)) = Qs(t)Io(x), R(t, Ro(x)) = Qs
For any (So(x), Vo(x), Eo(x), Qo(x), Io(z), Ro(x)) € B, t > to, then

I S(t, So(x)) =l Q1 (t)So(x) |[4< R2, for any ¢ > t,
1Vt Vo(@)) 5=l Qa(t)Vo(x)
(

I12,< R2, for any ¢ > tg,

| E(t, Bo(x)) [5=] Qs(t)Eo(z) < R2, for any t > tg,
1 Q(t, Qo(x)) 3=l Qa(t)Qo(x) |[x< R?, for any ¢ > t,
| I(t To()) =] Qs(t)Io(x) < B2, for any t > tg,

| R(t, Ro(2)) =1l Qs(t) Ro(x) |4< R?, for any ¢ > tg,



Analysis of a degenerated diffusion SVEQIRV model 13

so || PQ(t)¢ ||s< R, for any t > tg, that is | PQ(t)B |m6 >, is bounded.
The first equation from system (2.1), take the inner product with Ss, then

;jtw So)er = (i, So)ut
= (V- (ds(x)VS) + A(x) — B1(x)Sf(E) — B2(x)Sf(I) — [a(x) + p(x)]S, Se)m

-(d
= (V- (ds(x)VS), S2)u + (A(z) — B1(2)SF(E) = B2()Sf () — [a(x) + p(2)]S, S2)m
= (V- (ds(2)V51) + V- (ds(2)V5S2), S2)n
+ (M#) = B1(@)SF(E) = P2(x)SF(I) — [a(@) + p()]S, S2)m
< (V- (ds(2)V52), Sa)m + (A(x) — Br(2)SF(E) — Pa(2)Sf(I) = [a(x) + p(x)]S, S2)u

and

(V- (ds(@)VS2). Sehat = —(ds). || 52 [y = (ds)e 3" Asya?

j=Ks+1

ds NS Z 33 = ds NS ||SQ HH

Because || S |u< R, || E |u< R, || I |a< R for t > tg,
(A(z) = 1(2)Sf(E) = B2(2)Sf(I) — [e@) + p(2)]S, S2)m
< A(@) = B1(@)SF(E) = B2(x)Sf(I) — [a@) + p()]S [eall Sz [|ex
< (| A@) i + || Bu(2)SCLE [|lin + || Ba(@)SCoT [l + || (@) + u(2)]S [l1) R
< {A" + B;C1R? + B3CoR? + [a(x) + ()| RIR := Cy .

So % || S2 H%—IS —2dgsNg || ue ”%—I +ZCS,I/§' Thus, for any Ng > 0, t > tg,

C. =
| Sz [ e 25N t0) | Sy(tp) 3 +- o (1 — e~ 2dsNs(ttm)).
dsNg

Similarly,

C. =
| Vo [[f< e 2NV ETB) || Wy (k) (I3 - (1 — e 72w Vv (=tm)),
dy Ny

C. =
| By |f< e 22 Ne0=t0) | By(tg) || +-aam (1 — e~ 20eNe(tn)),
dgNg

C ~
| Qo |H< e 2Net=te) || Qy(tp) || +—2T(1 — em2deNelt=tr)),
pNq
R

I R (1 _ e—Qd[N[(t—tB))’

T 2 < —QdINI(t—tB) T t 2 5
I 2 s e I atts) s + 50

[OFPS
| Ra [[fr< e 20mNel=te) || Ry (1) |3 430 (1 — e 2AnNr(t=tn)),
drNp

Therefore, Condition(C*) holds. According to [43, Theorem 4.1], the system (2.1) has a global exponential

absorption set A*.
O

4.2. Threshold dynamics

After obtaining the global exponential attraction set, we will analyze the dynamic properties of the system (2.1).
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Theorem 4.2. For any (S(x,O), V(z,0), E(z,0),Q(x,0), I(z,0), R(:mO)) >0, x € Q, the following statements are
true:
(1) If \* <0, then
. ) . _ 1,0 : _
tllgolo S(I,t) - S (z)7t1i>nolo V(l‘,t) - V (I)a tlig.lo E(l‘,t) - 07

tliglo Q(z,t) = O,tlgélo I(z,t) = O,tlggo R(z,t) =0

on H. The disease-free equilibrium of the system (2.1) is globally asymptotically stable. -
(2) If \* > 0, then there exist a function h(x) > 0 that does not depend on the initial value, such that for any x € Q
and solution (S,V,E,Q, I, R) of the system (2.1) satisfied

o S o S o S
htn_1>1£f S(x,t) > h(a:)7htn_1>10£1f V(z,t) > h(x), htrglolgf E(z,t) > h(x),
htrgégf Q(z,t) > h(a:),htrgélgf I(x,t) > h(z), htrglor.}f R(z,t) > h(x).

The system (2.1) is uniformly persistent.

Proof. (1)if A* <0, from the first equation of system (2.1),

%f <V (ds(2)VS) + Az) — [a(z) + w(2)]S, 7 € 0t > 0.
08
ain = 0, T € Q

By the comparison principle [45] and [25, Lemma 2], we have

limsup S(z,t) < S°(x) uniformly for z € Q.

t—o0

Without loss of the generality, we assume that S(z,t) < S%(z) + ¢ and g is a sufficiently small constant, for any
t >0, x € Q. First of all, from system (2.1),

%’f < V- (dp(@)VE) + [1f1(z) + e18(2) 51 (2)](S° + 0)E — [o(z) + +(z) + p(2)|E
+ () + e10B())(S° + o)1,

2 < 0l)E~ [ple) + 1fa) + cla) + p(@)]Q,

S SV @)V + (@) E + ()@ ~ (@) + (o) + (]

O <V (dn@)VR) + p(@)Q + ()] ~ [6(2) + ()] R

Then we can write the corresponding comparison equation

v (de(2)VE) + [e1p1(2) + 18(2)B1(2)](S° + 0) E = [o(2) + v(2) + p()] B

ot
+ [e1Ba(z) 4 c16(x) B2(2)](S° + o)1,

%‘f — o(2) E — [p(x) + () + c(x) + p(2)]Q,

oF B - N B (4.1)
o =V (dr(@)VD) +9(@)E +n(2)Q — [w(@) + e(x) + p()]1,

%f = V- (dr(@)VR) + p(@)Q + w(@)] — [¢(z) + p(x)|R.

OE 0Q 9I OR
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So we define (E(x,t), Q(z,t), I(z,t), R(x,t)) =
of system (4.1), A* is the elgenvalue of system (2.
large enough, such that E(z,0) < E(z,0), Q(x,0)

According to the comparison principle [45], we

with correspondlng positive elgenvector (X", ", *, &%), M is
Q(z,0),1(x,0) < I(x,0), R(z,0) < R(z,0).

have

(MeXNty*(x), MeXN to* (), MeX ty* (), Me* t¢* (x)) is solutions
5)
<

E(z,t) < E(x,t),Q(z,t) < Q(z,t),I(x,t) < I(x,t), R(z,t) < R(x,t), for any z € Q,t > 0.

Because when \* < 0, — oo, E(x,t) = 0,Q(z,t) — 0,1(z,t) — 0, R(z,t) — 0, for any = € Q. So E(z,t) —
0,Q(x,t) — 0,1(z,t) — 0, R(x,t) — 0, for any = € Q with ¢t — co. Next we claim S(-,t) — S°(x) uniformly on as
t — oo, V(-,t) — VO(x) uniformly on as ¢t — co. Furthermore, we get the limit equations as follows:

% — V- (ds(2)VS) = A(x) — [a(2) + p(@))S, 2 € Q> T,
a8 (4.2)
I =0, x € 09,

S(z,T) = S(z,T), z € Q.
According to [25, Lemma 2] and the theory of asymptotically autonomous semiflows [46],
tlim S(x,t) = S°(x) uniformly on z € Q.
— 00

Similarly,
lim V(z,t) = V°(z) uniformly on z € €.

t—o0

So the disease-free equilibrium of the system (2.1) is globally asymptotically stable.

(2) If A* > 0, according to Theorem 3.1, there exists constant M > 0, for any solution (S(-,t),V(-,t), E(:, 1),
Q(,t),I(-,t),R(-,t)), and time tg > 0, we have E(-,t) < M,I(-,t) < M. Thus, from the first equation of system
(2.1), we have

0S(x,t)
ot

>V (ds(x)VS(x,1)) + Ax) — [Bi(x)er M + B3 (x)er M + o™ (z) + p*(2)]S(2,t), for any ¢ > to.

By the comparison principle [45] and [25, Lemma 2], S(z,t) has a positive lower bound. Hence, S(z,t) of system
(2.1) has a positive lower bound. Similarly, V(x,t) is uniformly persistent. Here we assume

tlingo S(z,t) = S*(x) >0, thHIr010 V(z,t) =V*(x) > 0.

Define (E_(z,t), Q_(x,t),I_(x,t), R_(x,t)) = (ex™(z),ep™ (x), ™ (x),e*(x)), and x* > 0,9* > 0,9* > 0,£* >
0, e > 0 is a sufficiently small constant. Next, substltute ex*(xz),ep*(x),etb*(x),e£*(x) into the third, fourth, fifth
and sixth equations of system (2.1), we have

eV - (dp(@)VX") + B1(2)Sf(ex™) + B2(2) S f(ey™) + 6(2) Br(2)V f(eX™) + 0(z) B2(x)V f(e9™)
~<lol@) + () + ) ~ 25
=eV - (dp(@)VX") + c1ef1(x)x" + c1eBa ()™ + c1ef1(x)6(x)x* + c1eP2(x)d(x)™
—elo(@) +y(z) + p(@)]Xx* + Bi(z)Sfex™) + B2(2) S f(ed™) + 6(x)Br(z)V fex™)
+6(2)B2(2)V f(ey™) — crefr(x)x” — crefa(x)y" — c1efi(z)0(z)x" — cr1eB2(x)d ()"
=eA'X" + B1(@)[Sf(ex”) — crex™] + Ba(2)[Sf(ed™) — crep”]
+ B1(2)8(2)[V f(ex™) — crex™] + B2(2)d(2)[V f(ey™) — cre9)”]
=eN'X" + Bi(x)ey [S];fi): ) _ E] + Ba(z)cr9” [Sifz{: ) _ 6]
+ Bi(z)d(x)er ™ [VJC:(;S*) - 5} + Ba(z)d(x)er 9™ {VJ;(Zf*)

— €:| > 0. (e > 0 is sufficiently small constant)
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d(ep™)
ot

eo(z)x" —elp(x) +n(z) + c(x) + p(@)]e” -

= e{o(x)x" = [p(x) + n(x) + c(z) + p(x)]e"}
=eX"p" > 0. (e > 0 is sufficiently small constant)

A(ey”)
ot

eV - (dr(z) V™) + ex(a)x” +en(@)¢” — elw(@) + c(z) + p(2)]y” -

=e{V - (di(@)V") +y(@)x" + n(z)e” — [w(x) + c(z) + p(2)]P"}
=X > 0. (e > 0 is sufficiently small constant)

9(e€)
ot

eV - (dr(2)VE") +ep(a)p” +ew(@)y” —ep(x) + p(x)lE" —

=e{V - (dr(2)VE) + p(2)¢" + w(@)y" — [(x) + ()|}
=eX"¢" > 0. (e > 0 is sufficiently small constant)

Therefore, (ex™(x),ep*(x),ep*(x),e*(x)) is the lower solution of the third, fourth, fifth and sixth equations of
system (2.1).
Let 0 < h(z) < min{S* (z), V*(z), E* (x), Q* (x), [* (x), R* (z)}, then

o S o S - S
hglor.}f S(z,t) > h(x), htn_1>1£f V(z,t) > h(x), hglor‘}f E(z,t) > h(x),

l1g1£fQ(m, t) > h(x), htn_1>1nf I(x,t) > h(z), hgg}lf R(z,t) > h(x).

oo

Thus, the system (2.1) is uniformly persistent.

5. Numerical simulation

In this section, we discuss the extinction and uniform persistence of the system (2.1) through numerical simula-
tions. Then, we perform sensitivity analysis on the parameter vaccination rate.

5.1. The extinction and uniform persistence of system
For numerical simulation, we select the following incidence functions:

0.03-F 0.09 -1

B =10/ =1 0n1

Firstly, we simulate the situation with the constant coefficient. Figures 2 and 3 simulate the extinction and uniform
persistence of system (2.1). The parameter selection in Figures 2 is A = 10,8; = 0.04, 55 = 0.06, = 0.8,0 =
0.7,¢ = 0.7,v = 0.46,0 = 0.32,7 = 048,p = 0.25,w = 0.7, = 0.1595,¢ = 0.1, and the initial condition is
S(z,0) = 200 - exp(—10(z — 5)2),V(x,0) = 10 - exp(—10(z — 5)2), E(x,0) = 20 - exp(—10(z — 5)?),Q(x,0) =
10 - exp(=10(x — 5)2), I(x,0) = 5 - exp(—10(x — 5)?), R(x,0) = 0. The parameter selection in Figures 3 is A =
10,81 = 03,8, = 0.7, = 0.5,6 = 0.8,¢ = 0.7,v = 0.46,0 = 0.32, = 0.35,p = 0.25,w = 0.7, u = 0.15,¢ = 0.2,
and the initial condition is S(x,0) = 20000 - exp(—10(x — 5)?),V(z,0) = 100 - exp(—10(z — 5)?), E(x,0) = 100 -
exp(—10(z — 5)?), Q(z,0) = 300 - exp(—10(z — 5)?), I(x,0) = 200 - exp(—10(z — 5)?), R(z,0) = 0.

Next, we simulate the global asymptotic stability of the disease-free equilibrium, the parameters are shown in
Table 2. Here we select the initial value S(z,0) = 20000 - 0.92 - exp(—10(x — 5)2), V(z,0) = 100-0.94 - exp(—10(z —
5)2), E(x,0) = 800-0.04 - exp(—10(x — 5)?), Q(x,0) = 300-0.03 - exp(—10(x — 5)?), I(x,0) = 700 - 0.02 - exp(—10(x —
5)2), R(x,0) = 0.

Figures 4 and 5 simulate the extinction of the system (2.1). By comparing with Figures 2, we can see that
due to the heterogeneity of the coefficients, the susceptible and vaccinated individual tend to be stable after the
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Figure 2. The time evolution of the extinction of the system (2.1) with the constant coefficient.
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Figure 3. The time evolution of the uniform persistence of the system (2.1) with the constant coefficient.

Table 2. Values of all parameters in model (2.1)

Parameter  Value Parameter  Value

A(z) 10 a(x) 0.8(1 + 0.5sin(27x))
B1(z) 0.04(1 4+ 0.5sin(27x)) | Ba2(x) 0.06(1 + 0.5sin(27x))
o(x) 0.7(1 + 0.5sin(27x)) o(x) 0.7(1 4 0.5sin(27x))
~(zx) 0.46(1 4 0.5sin(27x)) | o(x) 0.32(1 + 0.5sin(27x))
n(z) 0.48(1 + 0.5sin(27x)) | p(x) 0.25(1 + 0.5sin(27x))
w(x) 0.7(1 4+ 0.5sin(27x)) w(z) 0.1595(1 + 0.5sin(27x))
c(x) 0.1(1 4 0.5sin(27x)) ds(x) 0.06 + 0.005 sin(27x)
dy (z) 0.08 +0.005sin(27z) | dg(x) 0.05 + 0.005 sin(27z)
dr(x) 0.02 + 0.005sin(2rz) | dr(z) 0.08 + 0.005 sin(27z)
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(al)

£

Table 3. Values of all parameters in model (2.1)

Parameter  Value Parameter  Value

Ax) 10000 a(z) 0.5(1 4 0.5sin(27))

81 () 0.3(1 4 0.5sin(2rz)) | Ba(z) 0.7(1 + 0.5sin(2nz))

5(x) 0.8(1 + 0.5sin(27z)) | ¢(z) 0.7(1 + 0.5sin(2mz))

~(z) 0.46(1 + 0.5sin(27z)) | o(x) 0.32(1 + 0.5sin(27))
n(z) 0.35(1 + 0.5sin(27z)) | p(z) 0.25(1 + 0.5sin(27z))
w(z) 0.3(1 + 0.5sin(2rz)) | p(x) 0.15(1 + 0.5sin(27))
() 0.2(1 + 0.5sin(27x)) | dg(z) 0.06 -+ 0.005 sin(27z)
dy (z) 0.08 4 0.005sin(2rx) | dg(z) 0.05 + 0.005 sin(27z)
dr(z) 0.02 4 0.005sin(27rz) | dg(z) 0.08 + 0.005 sin(27z)

(b1) (c1)

Vo) E(xt)

s 8

8 88 8 83

2

Figure 4. The time evolution of the extinction of the system (2.1).

(b1) (c1)

168 ROt

Figure 5. The time evolution of the extinction of the system (2.1).

fluctuation, and show the phenomenon of non-smoothness. Other groups tend to zero after a sharp rise and a sharp
decline, which reflects the extinction of the disease.
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Then, we discuss the uniform persistence of system (2.1). Parameter’s selection is shown in Table 3. Here we
select the initial value S(z,0) = 20000 - 0.92 - exp(—10(x — 5)2), V(x,0) = 100 - 0.94 - exp(—10(z — 5)?), E(z,0) =
7000-0.04-exp(—10(z—5)?), Q(x,0) = 3000:0.03-exp(—10(z—5)?), I(x,0) = 5000-0.02-exp(—10(z—5)?), R(z,0) = 0.

Figures 6 and 7 simulate the system (2.1) is uniformly persistent. By comparing with Figures 3, we can see
that due to the heterogeneity of the coefficient, the number of people increases sharply and then becomes stable,
presenting irregular and oscillating phenomena. That is, the system (2.1) has attractive set.

(al) (b1) (c1)

St Vet EG)

o 200 a00 600 800 o 200 a00 600 800
t t

Figure 6. The time evolution of the uniform persistence of the system (2.1).
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Figure 7. The time evolution of the uniform persistence of the system (2.1).

5.2. The sensitivity analysis

To investigate the impact of vaccination rates on disease transmission, we will conduct sensitivity analysis in this

subsection.

Choosing the parameter values as in Table 2, we discuss the changes in the density of infected individuals
over time under different vaccination rates. During the extinction of the disease, Figures 8 (b) and (d) compare
the changes in the peak value of infected individuals with vaccination rates of @ = 0.2 - (1 + 0.5sin(27z)) and
a = 0.9-(1+0.5sin(27x)), respectively. It can be seen that at the same time ¢ and location x, the higher the
vaccination rate, the smaller the number of infected individuals. This means that in the case of spatial heterogeneity,
increasing the vaccination rate can reduce the peak value of infected individuals. Under the condition of spatial
heterogeneity and other parameters being the same as Table 3, Figures 9 (b) and (d) compare the changes in the
peak value of infected individuals with vaccination rates of & = 0.5-(140.5sin(27z)) and a = 0.9-(140.5sin(27x)),
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respectively. It can be seen that at the same time ¢ and location z, the higher the vaccination rate, the lower the
number of infected individuals. Which means that in the case of spatial heterogeneity, increasing the vaccination

rate can reduce the peak of infected individuals.
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Figure 8. The effect of different levels of vaccination rates on the number of I(z,t) when system is extinct
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Figure 9. The effect of different levels of vaccination rates on the number of I(z,t¢) when system is uniformly persistent
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6. Conclusion

We have established a degenerated diffusion SVEQIRV epidemic model with general incidence in a space het-
erogeneous environment, analyzed the well-posedness and dynamic properties. Theoretical results show that the
disease-free equilibrium is globally asymptotically stable when A\* < 0 and the system is uniformly persistent when
A* > 0. The numerical simulation also described this result. Firstly, we found that the image of the solution is
turbulent and exhibits an unsmooth state, which is caused by the spatial heterogeneity of diffusion coefficients.
Secondly, this turbulent phenomenon is controlled within a certain range, which is the range of the global expo-
nential attraction set. Then we can also see that the image rises or falls very quickly in the initial stage, and then
quickly stabilizes. It is confirmed that the solution of system (2.1) is globally exponentially attractive. Finally, in
the sensitivity analysis subsection, we found that the peak of infected individuals decreases as the vaccination rate
increases.

On the whole, for complex reaction-diffusion models, the semigroup theory and infinite dimensional dynamical
system method can also be used to analyze the dynamic properties conveniently. However, our model still has some
shortcomings, such as not taking into account the time-delay effect, seasonal change of the periodic environment
and so on, which are all questions worthy of our investigation in the future.

Acknowledgment

This work was supported by the Natural Science Foundation of Xinjiang Uygur Autonomous Region (2022D01C64),
the National Natural Science Foundation of P.R. China (12201540), the project of University Scientific Research of
Xinjiang (XJEDU2021Y001), the Doctoral Research Initiation Fund of Xinjiang University (620320024).

The conflict of interest disclosure

We all author(s) declare(s) that there is no conflict of interest regarding the publication of this paper.

References

[1] S. Kejriwal, S. Sheth and P. S. Silpa, Attaining herd immunity to a new infectious disease through multi-stage
policies incentivising voluntary vaccination, Chaos Solitons Fractals, 2022, 154: 111710.

[2] A.Kumar, P. K. Srivastava and R. P. Gupta, Nonlinear dynamics of infectious diseases via information-induced
vaccination and saturated treatment, Math. Comput. Simulation, 2019, 157: 77-99.

[3] A. Kumar, P. K. Srivastava, Vaccination and treatment as control interventions in an infectious disease model
with their cost optimization, Commun. Nonlinear Sci. Numer. Simul., 2017, 44: 334-343.

[4] W. O. Kermack, A. G. McKendrick, A contribution to the mathematical theory of epidemics, Proc. Roy. Soc.
London Ser. A, 1927, 115(772): 700-721.

[5] C. Tadmon, B. Tsanou and A. F. Feukouo. Avian—human influenza epidemic model with diffusion, nonlocal
delay and spatial homogeneous environment, Nonlinear Anal. Real World Appl., 2022, 67: 103615.

[6] F. Ndairou, M. Khalighi and L. Lahti, Ebola epidemic model with dynamic population and memory, Chaos
Solitons Fractals, 2023, 170: 113361.

[7] Y. Sheng, J. A. Cui and S. Guo, The modeling and analysis of the COVID-19 pandemic with vaccination and
isolation: a case study of Italy, Math. Biosci. Eng., 2023, 20(3): 5966-5992.

[8] J. Jiao, Z. Liu, S. Cai, Dynamics of an SEIR model with infectivity in incubation period and homestead-isolation
on the susceptible, Appl. Math. Lett., 2020, 107: 106442.

[9] S. Annas, M. I. Pratama, M. Rifandi, et al., Stability analysis and numerical simulation of SEIR model for
pandemic COVID-19 spread in Indonesia, Chaos Solitons Fractals, 2020, 139: 110072.

[10] A. d’Onofrio, Globally stable vaccine-induced eradication of horizontally and vertically transmitted infectious
diseases with periodic contact rates and disease-dependent demographic factors in the population, Appl. Math.

Comput., 2003, 140(2-3): 537-547.

[11] Q. Li, M. C. Li, L. Lv, et al., A new prediction model of infectious diseases with vaccination strategies based
on evolutionary game theory, Chaos Solitons Fractals, 2017, 104: 51-60.



22

Y. Luo, Y. Yuan, Z. Teng

[12]
[13]

[14]

[15]
[16]
[17]

[18]

[19)
[20]
[21)
[22)
23]
[24]
[25)
[26)
[27)
28]
[20]
30)
31)
32)

[33]

M. ElL Hajji, A. H. Albargi, A mathematical investigation of an “SVEIR” epidemic model for the measles
transmission, Math. Biosci. Eng., 2022, 19: 2853-2875.

H. F. Huo, K. D. Cao, H. Xiang, MODELLING THE EFFECTS OF THE VACCINATION ON SEASONAL
INFLUENZA IN GANSU, CHINA, J. Appl. Anal. Comput., 2022, 12(1): 407-435.

R. Potluri, A. Kumar, V. Oriol-Mathieu, et al., Model-based evaluation of the impact of prophylactic vaccination
applied to Ebola epidemics in Sierra Leone and Democratic Republic of Congo, BMC Infect. Dis., 2022, 22(1):
769.

E. Avila-Vales, A. G. C. Pérez, Dynamics of a reaction—diffusion SIRS model with general incidence rate in a
heterogeneous environment, Z. Angew. Math. Phys., 2022, 73(1): 9.

Y. Cai, X. Lian, Z. Peng, et al., Spatiotemporal transmission dynamics for influenza disease in a heterogenous
environment, Nonlinear Anal. Real World Appl., 2019, 46: 178-194.

J. Wang, F. Xie, T. Kuniya, Analysis of a reaction-diffusion cholera epidemic model in a spatially heterogeneous
environment, Commun. Nonlinear Sci. Numer. Simul., 2020, 80: 104951.

A. Viguerie, A. Veneziani, G. Lorenzo, et al., Diffusion-reaction compartmental models formulated in a contin-
uum mechanics framework: application to COVID-19, mathematical analysis, and numerical study, Comput.

Mech., 2020, 66: 1131-1152.

T. Zheng, L. Nie, H. Zhu, et al., Role of seasonality and spatial heterogeneous in the transmission dynamics of
avian influenza, Nonlinear Anal. Real World Appl., 2022, 67: 103567.

C. C. Zhu, J. Zhu and X. L. Liu, Influence of spatial heterogeneous environment on long-term dynamics of a

reaction-diffusion SVIR epidemic model with relapse, Math. Biosci. Eng., 2019, 16: 5897-5922.

C. C. Zhu, J. Zhu, Dynamic analysis of a delayed COVID-19 epidemic with home quarantine in temporal-spatial
heterogeneous via global exponential attractor method, Chaos, Solitons Fractals, 2021, 143: 110546.

R. Wu, X. Q. Zhao, A reaction—diffusion model of vector-borne disease with periodic delays, J. Nonlinear Sci.,
2019, 29: 29-64.

Y. Li, H. Zhao and K. Wang, Dynamics of an impulsive reaction-diffusion mosquitoes model with multiple
control measures, Math. Biosci. Eng., 2023, 20(1): 775-806.

J. Wang, B. Dai, Qualitative analysis on a reaction-diffusion host-pathogen model with incubation period and
nonlinear incidence rate, J. Math. Anal. Appl., 2022, 514(2): 126322.

Y. Luo, L. Zhang, Z. Teng, et al., Analysis of a general multi-group reaction-diffusion epidemic model with
nonlinear incidence and temporary acquired immunity, Math. Comput. Simulation, 2021, 182: 428-455.

Q. Ji, R. Wu and Z. Feng, Dynamics of the nonlocal diffusive vector-disease model with delay and spatial
heterogeneity, Z. Angew. Math. Phys., 2023, 74(5): 183.

L. Duan, L. Huang and C. Huang, Spatial dynamics of a diffusive SIRI model with distinct dispersal rates and
heterogeneous environment, Commun. Pure Appl. Anal., 2021, 20(10): 3539-3560.

X. An, X. Song, A spatial SIS model in heterogeneous environments with vary advective rate, Math. Biosci.
Eng., 2021, 18(5): 5449-5477.

P. Song, Y. Lou and Y. Xiao, A spatial SEIRS reaction-diffusion model in heterogeneous environment, J.
Differential Equations, 2019, 267(9): 5084-5114.

J. Wang, W. Wu and T. Kuniya, Analysis of a degenerated reaction—diffusion cholera model with spatial
heterogeneity and stabilized total humans, Math. Comput. Simulation, 2022, 198: 151-171.

Y. Shan, X. Wu and J. Gao, Analysis of a degenerate reaction-diffusion host-pathogen model with general
incidence rate, J. Math. Anal. Appl., 2021, 502(2):125256.

J. Wang, H. Lu, Dynamics and profiles of a degenerated reaction—diffusion host-pathogen model with apparent
and inapparent infection period, Commun. Nonlinear Sci. Numer. Simul., 2023: 107318.

Y. Zha, W. Jiang, Global dynamics and asymptotic profiles for a degenerate Dengue fever model in heteroge-
neous environment, J. Differential Equations, 2023, 348: 278-319.



Analysis of a degenerated diffusion SVEQIRV model 23

[34]
[35]
[36]

[37]

[46]

F. Zhang, W. Cui, Y. Dai, et al., Bifurcations of an SIRS epidemic model with a general saturated incidence
rate, Math. Biosci. Eng., 2022, 19(11): 10710-10730.

A. Alshehri, M. El. Hajji, Mathematical study for Zika virus transmission with general incidence rate, AIMS
Math., 7(4): 7117-7142.

A. J. May, E. J. A. Vales, Global dynamics of a two-strain flu model with a single vaccination and general
incidence rate, Math. Biosci. Eng., 2020, 17(6): 7862-7891.

A. Ouakka, A. El. Azzouzi and Z. Hammouch, Global dynamic behavior of a vaccination—age SVIR model with
treatment and general nonlinear incidence rate, J. Comput. Appl. Math., 2023, 422: 114848.

I. I. Vrabie, Co-semigroups and applications, Elsevier, 2003.
R. D. Nussbaum, Figenvectors of nonlinear positive operators and the linear Krein-Rutman theorem, 1981.

H. L. Smith, Monotone dynamical systems: an introduction to the theory of competitive and cooperative systems,
American Mathematical Soc., 1995.

Pao C V. Nonlinear parabolic and elliptic equations. Springer Science & Business Media, 2012.

Z. Du, R. Peng, A priori L™ estimates for solutions of a class of reaction-diffusion systems, J. Math. Biol,
2016, 72(6): 1429-1439.

J. Zhang, P. E. Kloeden, M. Yang, et al., Global exponential k— dissipative semigroups and exponential attrac-
tion, Discrete Contin. Dynam. Systems, 2017, 37: 3487-3502.

S. Wang, Introduction to Sobolev Spaces and Partial Differential Equations, Beijing: Science Press, 2009.

M. H. Protter, H. F. Weinberger, Mazimum principles in differential equations, Springer Science & Business
Media, 2012.

H. R. Thieme, Convergence results and a Poincaré-Bendizson trichotomy for asymptotically autonomous dif-
ferential equations, J. Math. Biol., 1992, 30(7): 755-763.



	Introduction
	Model formulation
	 Positivity and boundedness
	 Global exponential attraction set and threshold dynamics
	The existence of global exponential attraction set
	Threshold dynamics

	Numerical simulation
	The extinction and uniform persistence of system
	The sensitivity analysis

	Conclusion

