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Abstract: Considering the prevalence of asymptomatic individuals during the spread of disease, this article
develops a model of degenerate reaction diffusion Cholera with asymptomatic individuals. First, the well-
posedness of model is studied, including the global existence of solutions and the existence of attractor.
Second, the basic reproduction number R, is defined to determine whether the disease is vanishing or
persistent. In particular, we also analyze the asymptotic behavior of the endemic steady state when the
diffusion rate of susceptible or asymptomatic individuals tends to 0 or infinity. Finally, by fitting the theore-
tical results with some numerical simulations, we find that the spatial distribution of disease and local
epidemic risk are less affected by the mobility of susceptible populations, whereas the mobility of asympto-
matic or symptomatic populations significantly affects the spatial and temporal distribution of infected popu-
lations. In addition, we found that the proportion of asymptomatic individuals to infected individuals is also a
key factor in disease epidemics, and how to quickly diagnose asymptomatic individuals for disease control and
prevention should be of a particular concern.

Keywords: asymptomatic individuals, spatial heterogeneity, basic reproduction number and stability, asymp-
totic profiles
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1 Introduction

Cholera is an acute diarrheal infection caused by eating or drinking food and water contaminated with Vibrio
cholerae. 1t is typical symptoms are diarrhea and vomiting, dehydration, muscle cramps, etc. [22]. When
medical care is inadequate and treatment is not timely, the mortality rate is high. Although health care is
improving in many countries around the world, the highly contagious cholera still occurs after natural
disasters such as earthquakes and tsunamis, or in areas with relatively poor sanitation. In recent years,
cholera outbreaks have remained severe in less developed countries, including Haiti, Yemen, Zimbabwe,
and the Congo. Researchers estimate that there are 1,300,000-4,000,000 cases of cholera worldwide each
year, and 21,000-143,000 deaths due to infection [38].

As is well known, mathematical models play a critical role in comprehending the dynamics of disease
transmission. Over the past decade or so, many scholars have studied the spread of cholera through the
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development of various mathematical models. Capasso and Paveri-Fontana [6] proposed the first model of
indirect cholera transmission in response to the cholera epidemic that occurred in the Mediterranean region
in the summer of 1973, and the model included only infected population and pathogen. Codeco [7] in 2001
extended this model by adding equations for susceptible populations and showed the aquatic hosts have an
important influence on cholera transmission. Subsequently, many more researchers have extended the model
in [7], such as, Tien and Earn [30] extended the SIR model by adding pathogen concentration compartment
(W), considered the impact of multiple transmission routes, and investigated the global stability of the
equilibrium points. Note that, during the spread of the disease, the fact that asymptomatic infected individuals
have no clinical symptoms associated with the disease can be just as contagious as symptomatic ones, leading
to a longer duration of the disease in some areas. There is strong evidence that asymptomatic carriers of
cholera pathogen may be responsible for the long-distance spread of the pathogen elsewhere, and their
numbers may be much higher than reported [15]. Ogola et al. [26] analyzed a cholera model with indirect
transmission and asymptomatic infected individuals, and their results suggested that asymptomatic indivi-
duals are the main cause of cholera epidemics in Senegal and other sub-Saharan African countries. Other
related articles can be found in [1,3,14,23,31] and the references therein.

It is worth noting that strengthening personal hygiene, improving environmental sanitation, and using
safe drinking water are the most important strategies for controlling and preventing cholera. Therefore,
vaccination has become an effective measure against cholera that has received widespread interest and
became the subject of many clinical and theoretical studies. Many researchers as well have taken the cholera
vaccine into account and have come up with a wealth of theoretical results. In [2,16], it was shown that
backward branching can exist in models of all susceptible individuals vaccinated when the basic reproduction
number is less than one. Cai et al. [5] modeled SAIVB infectious diseases with vaccine age and showed that not
considering vaccine age underestimates the risk of transmission of cholera outbreaks.

Note that most of the aforementioned models are either ordinary differential equations (ODEs) or hybrids
with partial differential equations (PDEs), which do not introduce spatial heterogeneity, resulting in an
inadequate comprehension of the spatial propagation of cholera epidemics. Due to the differences in tem-
perature, climate and geographic characteristics among different countries and regions, which in turn may
contribute to the spatial distribution of the disease. Therefore, it is particularly important to integrate geo-
graphic and pathogen characteristics to develop cholera models with spatial heterogeneity. Much work has
been done on the spatial dynamics of cholera transmission. Zhang et al. [41] developed a reaction diffusion
model incorporating both direct and indirect transmission routes, and investigated the effects of diffusion
coefficients and multiple transmission routes on disease propagation. Wang and Feng [34] proposed a model
with different diffusion rates and spatial heterogeneity to study threshold dynamics and asymptotic behavior.
Wang and Wu [35] investigated a degenerate cholera diffusion model, focusing on the asymptotic behavior of
the positive steady state at small and large diffusion rates in susceptible individuals. Other studies on asymp-
totic behavior are continuing and are detailed in [4,9,36,39].

As mentioned earlier, the existing studies have mainly focused on how spatial heterogeneity and individual
mobility contribute to the cholera propagation, prevention, and control. Actually, vaccine effectiveness, the
prevalence of asymptomatic individuals, and spatial heterogeneity are all essential features that must be taken
into account in the propagation and sustenance of cholera. Throughout this article, we establish a model of
cholera with general incidence, spatial transmission, and incomplete immunity, ignoring person-to-person
transmission (direct transmission) and assuming no transmission of environmental viruses, concentrating on
the effects of these features on the spatial and temporal distribution of the disease and its prevention and control.

The rest of the article is organized as follows. The model is presented in Section 2. In Section 3, the global
existence, ultimate boundedness, and the existence of attractors of model solution are studied. In Section 4,
some relations between the principal eigenvalues and the basic reproduction number R are presented, and
formulas for the local reproduction number R are derived. The threshould dynamics of the model are studid
by Ry in Section 5. The asymptotic distribution of the endemic steady state, as the diffusion coefficients
converge to different scenarios, is examined in Section 6. Finally, a number of numerical simulations are
carried out in Section 7 to validate the theoretical results, and a brief conclusion is presented in Section 8.
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2 Model formulation

Let S(x, t), V(x,t), In(x,t), and I(x,t) stand for the densities of the susceptible individuals, vaccinated
individuals, asymptomatic individuals, and symptomatic individuals at position X and time ¢, respectively.
The concentration of Vibrio cholerae in the environment at position x and time ¢ is denoted by B(x, t). D; > 0
(i =1, ...,4) means the dispersal rates of S, V, I, and L, respectively. A(x) denotes the recruitment rate of the
susceptible individuals. u(x) denotes the natural mortality rate of the population. r4(x) and rs(x) denote the
recovery rate of asymptomatic individuals and symptomatic individual, respectively. §(x) means the prob-
ability that an asymptomatic individual turns into a symptomatic individuals. The functions n(x) and o
represent the rate of immune loss and the probability that the vaccine is immune protective, respectively.
BOOS (S, B) denotes the infectivity of a susceptible individual in contact with a pathogen, where S(x) indicates
the effective contact rate betweens usceptible individuals and pathogens. We hypothesize that a fraction p
(0 < p < 1) of the entering susceptible individuals is vaccinated. In addition, when the susceptible population
is infected with the disease, a fraction of 8 (0 < 8 < 1) becomes asymptomatic, while 1 — 6 develops symptoms.
Compared to symptomatic individuals, asymptomatic individuals carry a lower amount of virus infectiously,
and therefore, they exhibit lower shedding rates and contribute less to the pathogen density in the environ-
ment, denoted by y,(x) and y,(x) for asymptomatic and symptomatic individuals, respectively. a(x) stands for
the clearance rate of the environment. Motivated by these considerations, we propose the following model

Zs = D4AS + (1 - p(X)A(x) = u(x)S - BX)F(S, B) + n(x)V,

% = DAV + pOOAX) — (u(x) + n())V - ap(x)g(V, B),

Zlf = D3l + OB(X)f (S, B) + aB(x)g(V, B) = (u(x) + ra(x) + §C))a, 6]
% = DALs + (1 = O)BX)f (S, B) + SCOL = () + r500),

ar YaCOLs + ys0OIs = a(x)B,

where (x, t) € D x €[0, ), with the boundary condition

95 _ v _oh s
ov ov ov ov

and S(x, 0) = So(x), V(x, 0) = Vo(x), In(x, 0) = Iyo(x), Is(x, 0) = Iso(x), B(x, 0) = By(x), and x € D, whereD is a
general open bounded domain in R" with smooth boundary oD . v is the outward normal unit vector on dD.
The initial value (So(x), Vo(X), Lao(X), Iso(X), Bo(x)) is a nonegative continuous function. The propagation dia-
gram of model eq. (1) is depicted in Figure 1.
In this article, we formulate the following general hypotheses:
(Hy) Functions f(S, B), g(V,B) € C%(R. x R.), f{(S,B), g/(V,B), f;(S, B), and g,(V, B) are positive for S, V,
B > 0; f(S,B) = 0ifand only if SB = 0; g(V, B) = 0 if and only if VB = 0; fz';(s, B) <0, g,,(V,B) <0,fors,

=0, xe€odb, t>0 @
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Figure 1: Schematic of the propagation of model (1).
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V, B 2 0. Here, (3); and (F); denote the first-order derivatives of the function f(S, B) or g(V, B)with
respect to S or V and B, respectively. (§)5, denotes the second-order derivative of the function f(S, B) or
g(V, B) with respect to B;

(H,) There exists a Hélder continuous function k;: R - R, such that f(y,B) < kyB, g(y,B) < kyB,
y€e{S,ViforxeD,S,V,B20.

3 Well-posedness of the problem

Throughout this section, we shall confirm that model (1) has a unique global nonnegative solution and admits a
connected global attractor. Let X = C(D, R*) be equipped with the supreme norm ||-||x, and X* = C(D, R $) be
the positive cone of X. For that, we introduce the notation h* = maxyepih(-)}, hy = minep{h(-)}, where
h() = AC), pC), 1(), BC), nC), 1a(), 15C), 8C), Ya (), aC), Ys()- Let Ti(t) : C(D,R) » C(D,R) (k =1, ...,4) be
the Cy-semigroups of DxA — m(x) with (2), where i (x) = u(x), m(x) = p(x) + n(x), m(x) = u(x) + ra(x) + §(x)
and m4(x) = p(x) + rs(x). Then, for any initial value ¢ € X*, we have

ROP) = [Tt x, )y, V>0, ¢ €CO,R), k=1,234,
D

where Ii(x, t, y) denotes the Green function associated with DA - mx(x) subject to the Neumann boundary
conditions, respectively. Let (T(t)@)(x) = ™t (x), thus, T(t) = (Ti(t), Ty(t), Ta(t), Ta(t), T;(t))T : X » X forms a
strongly continuous semigroup.

Furthermore, set Z = (Zy, Z2, L3, L4, Z5)T : X* = X be given by

Zi(@)() = (A = pOAX) = BOOSf (¢, ¢5) + N0y,
ZoAP)() = POOAX) — aB(X)g(@;, D5)s

Z(P)() = 6BCOS (¢, ds) + S()B(X)E(Dy, Ps),
Zu(@)() = (1 = O)BOOf (¢, P5) + 95,

Zs(@)() = Y5 + Ys(X)Py.

By the aforementioned setting, we can rewrite model (1) as follows:

t
uCx, t, 9) = T(O9 + [T(¢ - $)Z(utx, s, ))ds, ©)
0

where u(x, t, 9) = (S(x, t, ®), V(x, t, 9), I1(x, t, 9), Is(x, t, §), B(x, t, p))T.
The local solutions of the model (1) on X* is given first.

Lemma 1. For any ¢ € X*, model (1) has a unique mild solution u(x, t, ¢) defined on [0, Tax), Where Tpax < © and
If Tmax < ®, then lim,.-_||u(x, t)|| = «. Furthermore, u(x, t, ¢) is a classical solution of (1) for all t € [0, Tpax).

Proof. For ¢ = (¢, @,, 93, @, ¥5) € X" and h > 0, it follows that

@1 + hl(A = pCOAG) = BOOF (94, §5) + N(X)P,]
@, + h[pOOAQ) — aB(x)g(d,, 5]
¢ +hZ(p)= ¢3 + h[OBf (s, ¢5) + GBX)E(D,, P5)]
¢, + h[(1 - OBCOf (¢, ¢s) + 0¢5]
®s + h[y,(00¢; + ys00¢,]

¢, = hBCOf (¢4, ¢5)
¢, = haB(x)g(¢,, ¢s)
g ,
o,
s

\%
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which means
1
}{im Edist(¢> +hZ($),X")=0, V¢ € X"
4»0*

It yields from the general results in [21, Corollary 4] that (1) admits positive solution u(x, t) in t € [0, Tax),
which is unique. The proof is completed. O

Lemma 2. For any ¢ € X*, model (1) has a unique nonnegative solution on D x [0, ), and satisfies
u(x, 0, ¢) = ¢. Furthermore, the semiflow ®(t) induced by the solution of (1) is ultimately bounded.

Proof. From Lemma 1, we learn that model (1) has a unique solution u(x, t) defined for x € D and t € [0, Tax)-
Then, if proves the global existence of the solution, i.e., the existence interval of the local solution can be
extended to infinity. Suppose Tyax < %, then from [21, Theorem 2], we have |[u(x, t)||x = ® as t = Ty It
follows easily from the second equation of (1) that

oV

25 < DAV + POOAK) = (U0 + OO, L€ [0, Tyar), XED,
ov

E =0, te€[0, ), X€EID.

Combining [17, Lemma 1] and the comparison theorem leads to

limsupV(x, t) < Wy(x) uniformly for x € D, @)

t= Thax

where Wy(x) satisfies

%% = DT + POOACO) - () *+ 1007, €€ [0, Guae), XED,
O 0 te[0, 5, x€ oD
av - Y ) Tmax s X .

Thus, there exists positive constant M; > 0, depending on initial value, and § = (¢) > 0 such that
[[V(x, O)|| € My, t > 4. Similarly, from the S equation of model (1), it can be seen that

oS _ _ _ _

FTi D4AS + (1 = pOO)AX) = p(O)S = BOOS(S, B) + nO)Wa(x), t € [&, Tnax) X €D,
oS 0 5

a_V =0, t€ [t tmax), X €D,

which implies that

limsupS(x, t) € Wi(x) uniformlyfor x €D, ©)

|3n T]%ax

where W;(x) meets (5). Hence, there exists a positive constant My, depending on initial value, and t, = t,(¢) > 0
such that

IS, D € My, t >t
Choosing sufficiently large N, Nj such that | T3(t)|| < Nse ™™, || Ta(t)|| < Nae ™ 4!, where k3 > 0 and k4 > 0 repre-

sent the principal eigenvalues of D3;A — m3(x) and DA — m4(x), respectively. Let Ny = N3B*(0kiM, + ok,M;) and
N, = (1 - 0)kB*M;N,, then
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a(x, O] =

T3(DIao(x) + ITs(t - $)[BBCOf (S(x, 8), B(x, 5)) + af(x)g(V (X, 5), B(x, 5))]ds
0

t

< N ™| Lno0)]| + B [e ™ ||Bx, 5)]|ds,
0

llIs(x, Ol =

t
Ty(Olso(x) + Jﬂ(t =9I - OBXIf(S(x, 8), Bx, 5)) + 8(X)Ia(x, 5)]ds
0

t t
< Nie ™ lsoC0l| + By e B, 5)ds + Ni6* [e ™ Iy(x, ) ds,
0 0
for 0 < t < Tpax. According to the fifth equation of (1), one has

t t

IBCx, )] < e 1Bl + y eI Iy(x, s)ds + y3 [e 9 uscx, s)llds,
0 0

where @, = min{k3/2, k4/2, a,} and 0 < t < Tyax. Combining the aforementioned results, one has

t

IsCx, O] < Nye™ 4| Iso(x)|| + Ny _[e_K4(t_s)||B(X, s)|lds
0

t s
+ 8N [Ny 100 + s e D)BCx, )l dr|ds
0 0
t
< Ne™[[o(]| + N [e S C9||Bx, 5)][ds + SNaNullLaoCO)l /s

0
t t

+ 84N, [erant=o) [eranm|Bx, 5)ldsdr
0 r
t

< Nye™4|Iso(x)]| + Ny Ie_K4(t_s)||B(X, s)||ds + 8*NaNy||[Lao(0)||/ K4
0

t
+ §*NsN,e 2ant(t - r)IeZ“ms||B(x, s)||ds,
0

for 0 < t < Tyax. Similarly, one has

t N S
IIaCx, DI < Nae ™ [Lng00)]| + Ky Je-K3<f-s>[e-amS||Bo|| +y; Jer G ML 0n ljdr + g [t Mg, rldr|as
0 0 0
t t

<G+ oot [ems||Iy(x, )[[ds + Coeont [emns|5(x, s)]|ds,
0 0

where C; = Ny||Iyo|| + Ny|Bo||/(k3 — an) and C, = Ngy:/(Kg ~ ), G3=y;C and 0 < ¢ < Tyay. By Gronwall’s
inequality, one has

t

Cr + Coe ot el Iy(x, 5)]|ds
0

[IIaCx, D] < e, 0 <t < Tyax (6)

Then,
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t

[IsCx, O] < Ns|[Iso(XOI| + 6*NsNa|Lao(x)|| /K4 + N4J—e_“(t_s)
0

S S
x e [BoGO| + v [Pl x, PIdr + i fe e, ryjdr fds
0 0
t S S
+ SN2t (¢ = 1) femns|ens| By + y [ean Iy (x, Pdr + yy [eran D IsCx, rlldrfds
0 0 0

t
<G+ Cse-amffe“mllls(x, s)||ds,
0

where Cy = Ny||Iso(O)|| + 8*NaNy||Lao()|l/ ks + Ny||BoCO||/ (i = @) + S*NsNy(t = 1)|[BoX)||/@m + NyCoe(C2ramt/
(G + ap), G5 = (yf + yO[NsC3e®[Cy + §*NsNy(t — r)] and 0 < t < Tay. Using Gronwall’s inequality again yields

I, O < C4%, 0 <t < Tyax. @)
The arrangement (6) can be derived as follows:
ILCx, O] € Ce%t + GG D (a + C5), 0 <t < Tyax ®)
Combining (7) and (8), we obtain
IBCx, O] < IBYCO|| + yiCe [(am + Cy) + yCsCae S ((am + Co + C5)(atm + C5))

+ V;C43C5f/(am +G), 0<t< Tpax

These, together with Lemma 1, we realize that model (1) has a unique nonnegative global solution, i.e.,
Tmax = @. In the next step we prove the boundedness of the solutions of model (1). First, we claim that
(Ia(x, 1), Is(x, t), B(x, t)) meets the following L'-bounded estimate,

timsup(|Za(x, Ol + 1506 Oll + 1B Oll2) < M. ©)

tooo

On the basis of the model (1), we have

d
E(IIS(X, Ollzr + IV Ol + (IZax, Ol + [0 Ol + 1B O]
< IA(x)dX - y(x)J(S(x, t) + V(x, t) + I(x, t) + Is(x, t))dx
D D
< ND| = @, (ISC Ol + IVEOG Ol + [1alx Ol + [s(x, Ollz)-

Hence, we obtain

limsup([|SGe, Ol + [IVOG Ol + [1LaC Ol + [ls(x, Ollp1) < M, (10)

t—o

where M, = A*|D |/u,. Similarly, B equation satisfies
0
EJ-B(X, £)dx < (yF + pOM, - a*_[B(x, t)dx,
D D

it follows that limsup,_,,||B(x, t)||;: < M3, where Ms = (y; + y5)Ma/a.
In the next step, we show that I, Iy and B fulfill 12 bounded estimate for k 20,

timsup(||Za0x, O)|% + [1I50x, Ol + 1B IR < My, for some My > 0. a1

too

It is apparent that (11) holds when k = 0. Suppose that for k - 1, (11) also holds, i.e., there is constant
M1 > 0 such that
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limsup(|lZax, O] + [0 DIEG + 1B OEc) < Mye.

tooo

Multiplying the third equation of (1) by I jk'l and integrating over D, one has

5 6t-[ dx < D5 [ I3 anax + [0B0OIE (S, Byax + [oBOOIE (Y, B)ax
D D D (12)

- f o + ra00 + 800)MZ x
D
Since

Dg_[If, “UL,dx < —Dg_[VIAVIE1 gy = —(2k - 1)D3_[(VIAVIA)IE, 2 = - Dg_[|v 127 pdx

Thus, (12) becomes
o atI D3_[|V12k Pdx + Ieﬁ(xﬂi “1F(S, B)dx

+ Joﬁ(x)IA “lg(V, Bydx - I(u(x) + 1400 + S00)E dx
D

D

According to the boundedness of S and V, one can see that there exists & > 0 such that

Ieﬁ(x)lf,k'lj"(s, B)dx < 68*(M, + 1)]1§k-13dx, for ¢ 8,

[aBoori (v, Bydx < op* + DI Bdx, for t> 6
D D
By using Young’s inequality, ab < eaP + s‘%bq, where a, b,e >0, p,q > 1 and 1/p + 1/q = 1. One can estimate
k
IDBI 21dx by setting &y = a,/(4*max{d(M, + 1), a(M; + 1})), p = 2¥ and q = 2K/(2K - 1) as follows:
__1
IBIﬁk'ldx < eoszkdx + Ce, 1#dx, where Ce, = & 21,

D D
Hence, (12) can be estimated by
10 ok_q K
o) Zax < Gk£|VIA Pdx + _[BZ dx + cleIA dx, 13)

where Gy = (2K - 1)/2%72, Gy, = B*Ce,(0(My + 1) + a(M; + 1)).
Similarly, we multiply the fourth equation of (1) by Iszk‘l and integrating over D, one has

10

zor) Zdx <D, jlg “ULdx + j(1 9)BOOIZI(S, B)dx

. ja(x)IAL% “x - [ (00 + rseo)E dx
D D

Since
D4II§k'1AIsdx < —D4JVISVI§k‘1dx = —(2k - 1)D4_|'(v15v15)132k-2dx - —Lk_[|v1§k’1|2dx,
D D D D
where Ly = (2K - 1)D3/2%-2 and
[ - epoor s, Byix < 1 - 0)p*(y + 1) [BIE dx,
D

D

J’a(x)IAfgk'ldx < S*IIAISZk'ldx.
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By again using Young’s inequality by setting & = a,/(4(1 - 0)B*(M, + 1)), p = 2K and q = 2¥/(2X - 1), we obtain
__1
J—Blszk‘ldx < sJBdex +C, 1Zdx, where Ce, =& 21,
D
Similarly, we also let & = 1/6%, p = 2K and q = 2K/(2¥ - 1), it follows that

1
k_ k k k_
IIAISZ ldx < g|I¥dx + C,|IFdx, where C,=g?
D D

Hence, we can obtain

- a
5 6t-[ < L1 P+ SB[ s o i ax, 14)
D D D

D
where C, = (1 - 0)B*(Mp + 1)Cq, + 6*C,,.
Multiplying the fifth equation of (1) by B*'and integrating over D, one has

zk p JBdex < j(ys(x)ls + 1,(0L)B? 1dx - Ia(x)BZ dx

(15)
< vz [1B7ax + yr [LB7dx - o, [B2dx,
D D D
By again applying Young’s inequality by choosing & = a,/8);, €1 = a4/8y), p = 2K[(2k - 1), q = 2X, we have

1

Ve II B2-1dx < =% Iszdx + Cp, IIS , for C,=g ﬂ,

D
__1

k

rk IIABZk 1dx g = IBdex " CngA for C,, =& 2,

D

Thus, (15) becomes
9k athzkdX < ‘_a*IBdeX + Ce| I3 dx + C£4_IIA (16)
D

By combining (13), (14), and (16), we have

o atJ( +Bixs GkI|VIA [Fx - LkIIVIs [Fx + QkIIA dx + MIIS ax - 5 [Bax,
D

where Q = (G, + 1+ C;,) and Wy = Gy, + C,.
By applying interpolation inequality

€15 < ellVEI; + CllGliE,  where &€ WM(D).

Let & = Gi/20,, § = E2, & = L;/2Wj and E= 12" then
k
2
mﬂdx] |
D
2
I zk 1 ’

—GkJ’WI,%k?leX < 20 J’Iﬁkdx + 20, Ces
D D

~Ly |v 127 Rdx < zwk 12dx + 2WiC,
S 6

Hence, we can obtain
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2

10
+ 2WkCg€

2%t

2
Ilsz“dx] ,

@i+ B+ B < -m @i + B+ Bdx + 20,c,
D D D

[ ax
D

where m, = min{Q,, W, a,/4}. Then from (11), we can see that limsup,_(|[La(x, t)||§£i1)$M2k—l and
limsup, (|| Is(x, t)llﬁiii) < My-1. Hence,

Limsup(|[Za(t, )l + [Is(t, X)|lx + |IB(E, X)|zx) < My,

t—o0
where U = 2Q,C,, + 2WiC,, and My = (Z/IMZZk—l/m*. Thus, by the continuous embedding, LY(D) = LP(D) for
q = p = 1yields
limsup(|[Z4(t, X)||z> + [Us(t, X)||ze + ||B(E, X)||r») < My,  where M, > 0.

t—o0

Denote by ¥, (0 < a < 1) the fractional power space. Similar to [39, Lemma 2.4], one obtains ¥, C C(D) by
selecting p > n/2 and a > n/2p. Hence, we can obtain

* *

+
limsup||La(x, t)|| € Mw, limsup||ls(X, t)|| € Mw, limsup||B(t, x)|| < VAaiyst.

tow tow t—o0 *

where M, > 0. Thus, this completes the proof. O

As the fifth equation of model (1) has no diffusion, the weak compactness of the solution semiflow ®(¢) is
hard to obtain, and we substitute the weak compactness with the asymptotic smoothness of the solution
semiflow. First, we define the Kuratowski measure of noncompactness, 7(-),

(W) = inf{r : W has a finite cover of diameter < r},

for any bounded set W .
Lemma 3. For any t > 0, ®(t) admits a global compact attractor A in X*.

Proof. Let (I, Is, B) = y,(X)I4 + ys(x)Is — a(x)B. Taking the partial derivative of 7(I,, Is, B) with respect to B
yields

0F Iy, Is, B
% =-a(x) € —ay, (4 I, B) € X*.

Let ug = (So(x), o), Lao(x), Iso(x), Bo(x)) € X* and u(x, t) = (S(x, t, ug), V(x, t, uo), Ia(x, t, up), Is(x, t, up),
B(x, t, ug)) be the solution of model (1). It is known by a similar argument as in [39, Lemma 2.5] that for
any t 2 0, the following sets

t
S = Ie“‘(’”(“s)(yA(x)IA(x, S, Up) + Ys(OIs(X, 8, Up))ds : ug € W
0

is precompact. Hence, we rewrite @(t) = ®4(t) + Dy(t), t = 0, where
D1(Oug = {S(X, t, ug), V(x, t, Uo), La(x, t, uo), Is(x, t, up), Si} and  @a(t)ug = {0, 0, 0, 0, e X By(x)}.
Obviously, 7(®,(t)W ) = 0. We then estimate ®,(t) as follows:

Dy(t)u u
[[@2(0)]] = sup I2OU0ll e gy Wl _ o
wex  |Uollx wex |[Uollx

It then follows that for ¢t > 0
T(@(OW) < [|@5(D)]|7(B) < e*'7(B).
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Therefore, ®(¢) is a T-contraction with the contraction function e™%. By [13, Lemma 2.3.4], ®(t) is asymptoti-
cally smooth. On the basis of Lemma 3 and [13, Theorem 2.4.6], one can obtain the existence of compact

attarctor for model (1) in X*.

4 Basic reproduction number and steady states

O

Model (1) admits a disease free steady-state E° = (S°(x), V%(x), 0, 0, 0). The linearized subsystem of (1) at & is

ol
a_? = DAl + 6B(X)f; (S°(x), 0)B + aB(x)g,(V(x), 0)B
= (UO) +ra(x) + ()DL, t>0, x€D,
% = DAL + (1 = 0)BOOS, (S°(X), 0)B + (I, — (u(x) + rs(x)l, t>0, x€D,
O — KOOk + BOOL - a(B, €20, XED,
Ola _ 0k _
3y av 0, t>0, x€oD.

7

Define by 7(t) the solution of (17), that is, 7(t)¢ = (Ia(, t, ¢), (-, t, @), B(-, t, ¢)), where ¢ € C(D, R3). Since

(17) is cooperative, 7(t) is a positive Cy-semigroup with generator 8 = ¥ + V, where

0 0 6BX)f; (S%(x), 0) + aB(x)g,(V(x), 0)

FOO =10 0 (1 - OBEO)f(S°(x), 0) ;
00 0
and
D3A = (u(x) + ra(x) + 6(x)) 0 0
V(x) = () DA = () +1s(x)) 0
Y400 Ys(X) —a(x)

We denote 7 (t) be the positive semigroup generated V(x). By [29, Theorem 3.12], the next generator operator

is defined by

L)) = [FOOT (Op00de = 70 [T (0p00dt, ¢ € D, RY, xeD.
0 0

According to [32], we can define the spectral radius of L as the basic reproduction number as follows:

Ro=rL) = r(-FVD.
where (-)! denotes the inverse of (-). By computing the expression of V~I(x), one finds

(DsA - m3(x))* 0 0
VIx) = —Q;(X) Dy = ()™ 0 ,
Q5 (x) YsCO(@(x)) DA = () = (a(x))™?

where

Qu(0) = 0)D3A ~ 1)) H(Dud =~ ma(x)),  H(x) = OBC)f; (S0, 0) + aB(x)g; (VO(x), 0),
Q3100 = (@G, 0D34 - O™ = §()Q (X)),  JX) = (1 = OBLOS; (S0, 0).

Hence, combining the expressions of #(x) and V ~(x) yields
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HOOQ() ys00(@0))™(Dad = ma(O) ' HOO) = (@OO)) ' HX)
J00Ru()  ys00(@) (Dad - m(O)) I = (@C))'IO) |
0 0 0

-FO)VHx) = -

Therefore, we have

Ro = 1(L) = r(=(H)Qy(X) + y00(a0))™(Dad = m4()) " X))
This indicates that R is the principal eigenvalue of the below eigenvalue problem
~(H()Qu(0) + Y00@0)) ™ (Dad - 1)) LT (O)) = 29, X ED,

99(x)
ov

=0, xe€odD.

So there exists a strictly positive eigenfunction ¢, such that

=(HOO)Qa(X) + ys)(@0)) ™ (Dad = m(O)) TP, = Ro,, x €D,
99,00 _
ov

0, x€adb,

which is equivalent to

=(BB()f, (8°(x), 0) + af(x)g, (VO(x), 0)(a(x))(y,(x)(D34 — m3(x))™
= Y8 (D34 = m3(x)) (Dl — m40))) + p (@)™
x (DyA = (X)) (1 = O)BCOS, (S°(x), 0)¢, = Rod,, X ED,

29,0 _

0, xe€obD.
ov

Let’s further consider the following eigenvalue problem

~(6BOOf; (S°(x), 0) + aB()g; (V°(x), 0) x (@) y,(0)(DaA -~ mO) MY = Ay, x €D,

W) _
ov

0, x€adb,

(18)

19)

where 1 is the eigenvalue and associated with the positive eigenfunction . It is known from [39] that the

problem (19) has a principal eigenvalue A* and corresponds to a positive eigenfunction Y, satisfying

= (B0 (S°(x), 0) + aB(X)gy(VO(x), 0) x (@) y,(x)(D3A = mO) Dy, =AY, x €D,
(0
v

0, xe€adD.
Multiplying the first equation of the problem (20) by ¥, and integrating over D yields
- [14C0@00)) (BBOOF; (8°x), 0) + aBL)g(VOCx), 0)iglx = =3* [(Daly,  + m()yP)dx.
D D

This shows that
. JoraCOOBCOS; (8°0x), 0) + aB(x)g;(VO(x), 0))y2dx
Jo@CODs|VY, 2 + m()y)dx '

In addition, we consider the following eigenvalue problem

YsOO)(@()) M (Dad = 1400 (OB, (S°00), 0) + aB(x)g;(VO(x), 0)) x S(X)(D3A — m3(x))
- (1 - 0)BXf(S°(x),0)p =g, x€D,

09(x) _

0, € adD,
ov X

(20)

21

(22)

(23)
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which is equivalent to

YsCO@OO))(OBOS; (S°(x), 0) + aB(x)g; (VO(x), 0)8(x)(DsA ~ 73(x))™
(1 - 0BLOS; (S°X), 0)p = A(Dud -~ my(x))p, x €D,

0p(x) _

0, € dD.
ov X

Similar to the method of (21), one derives

o JpH000 ~ DRS00, Ol
[ aCouive, + m0092ax
J 008004 = m0) HBBOOF; (5°00), 0) + FBOg; (V°(x), 0)glex
_ [ aowiva,p + moxe2ax |

(24)

Next, consider the following eigenvalue problem

(10080034 = ) OB, (S°(x), 0) + GBOE (VO(), )y = Ay, x €D,

X _

0, x€adD,
ov

where A is the eigenvalue and y is the corresponding eigenfunction. Similarly, one can also conclude that

e Jops008CBBOOS; (S°(x), 0) + GBLOE; (VO(x), 0))Zdx .

25)
[ D319y, P + m)xBdx

From (22)-(25) and multiplying the first equation of problem (18) by ¥,¢,x,, one obtains
[ 100 - 0)800f; (800, 0uZp, 0, [ OBOOF; (S°00), 0) + GBI (V) 0))dx
= +
[ aCoumi,f + m0oy2ax [, aComsivg, P + m00p2ax

.[ (Dy|Vy, [ + ma(Ox)dx ’ J¢*¢*(P*X*dx =1
D * . s

0

< | [raCon2e b, dx +
D

Therefore, we finally obtain

J 000 - 0B (5°00, 0udexax
Ro = sup

9.9.0XEHD), ¢,,9,x#0 IDa(x)(D4|V¢|2 + ()PP dx

|, 88001 (500, 0) + 9B (V(x), 0))g%x
| aom4vel + meoetax

+

[ r0os0ox2gyax
[ @uiwx? + mooxax||

x | [raCoduxdx +
D

Note that in case the diffusion coefficients are all 0, i.e., D; = 0 (i = 1, ...,4), the local reproduction number
Ro(x) is denoted in the following form
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Y500 - 0)f;(S°(x), 0)  OBCOS; (S°00), 0) + ap(x)g; (V°(x), 0) Ys(0)S(x)

Rl = 0w + o) T aow + a0 + 60 AT w60 + oo
= Ri(x) + Ro(x) + R3(x),
where
iy BB = OF(S°00,0) -y OB, S0, )+ 08V, 0)
GO + 1500) GO0 + 1200 + 8(1)
oy - BCOBCOBIES (%0, ) + 08V, 0)

aC)(x) + rsCO)) + ra(x) + 6(x))

For the relation between R, and R(x), it holds by the following conclusions.

Remark 1. The following facts were established.
() IfR(x) (j=1,2,3) are constants, then Ry = Ro(X).
(i) If minygies{R;(x)} > 1, then Ro(x) > 1 holds.

By substituting I4(x, t) = eX,(x), Is(x, t) = eAyh,(x), and B(x, t) = eMyhy(x) into model (17), we obtain the
eigenvalue problem as follows:

AP3(x) = DaAphs(x) + OBOOS; (S°(x), 0)ips(x) + aB(x)g, (VO(x), 0)Y5(X) — (u(x) + ra(x) + SCO))Y5(X),

xeb,

A (x) = DAy (x) + (1 = OBOS; (S°(X), 0)Y5(x) + SCOP5(x) = () + sCNY(X), x €D, ©26)
AP;(x) = y,0P;(x) + yCOY,(x0) — a()yPs(x), x €D,

oY) _ 0 _

€ .
ov ov x € b

According to [29] and [32, Lemma 2.2], it is straightforward to derive the following result.
Lemma 4. Ry — 1 has the same sign s(8), where s(8) = sup{|A|, A € a(L)} is the spectral bounded of B.

Lemma 5. If Rp =21 (s(B) = 0), then s(B) is the principal eigenvalue of the problem (26) associated with a
strongly positive eigenfunction.

Proof. From (17), one can derive

t
I(x, t, ) = T()p(t) + _[T3(t - S)Pu(B(X, s, 9))ds,
0

t
I(x, t, ¢) = Ti(D() + Iﬂ(t = )Plu(x, s, 9), B(x, s, ¢))ds, @7
0

t
B(x,t, ¢) = () + IR(I = )Y4CO0L(X, s, ¢) + ysOIs(X, s, ))ds,
0

where P1(B) = 6B,00f, (8%x), 0)B + Gﬁz(x)gz'(VO(X), 0)B and P,(I,,B) = (1 - G)ﬁl(x)fz'(so(x), 0)B + 8(x)I,.
Let 7 (t) as 7 (t) = T5(t) + Ta(t), where 73(t)¢ = (0, 0, Ix(t)ds) and

Tat)p = (La(x, t, 9), Is(x, t, 9), ITs(t = )WL, s, 9) + ys(OIs(x, s, $))ds).
0
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According to [39, Lemma 2.5], one has Ta(t) is compact. From Lemma 3, F-(t) is the T-contraction on, i.e., the
essential growth bound wess(7 (1)) = imInd(7(t))/t, & is the measure of non-compactness wess(7 (1)) < —ay
and the essential spectral radius ress(['f’ oft)) <e st <1 t> 0. It is well known [11] that

W(T (1)) = max{s(B), wess(T ()}

where w(7 (t)) is the exponential growth bound of 7 (t) defined as w(7 (t)) = lim,-In||7 (¢)||/t. Under the
assumption that s(8) > 0, the spectral radius of 7 satisfies

r@)=e®t>1 t>0.

As aresult, 1s(7 (1)) < (7 (1)), t > 0. By the aid of the generalized Krein-Rutman theorem (see [25, lemma 2.2],
we can conclude that s(8) is the principal eigenvalue of (26), which is associated with a strong positive
eigenfunction. O

5 Stability of steady states

This section focuses on the analysis of the threshold dynamics of model (1) on R,. We start by justifying the
stability of &° when R < 1.

Theorem 1. If Ry < 1 (s(8B) < 0), then E° is globally asymptotically stable.

Proof. Similar to [32, Theorem 3.1], it is clear that &° is locally asymptotically stable. Therefore, we just have to
prove the global attraction of &°. Following Lemma 4 reveals that when R, <1, s(8(S%x), V°(x))) < 0.
That means there exists a sufficiently small positive number &, such that s(B(S%(x) + &, VO(x)) + &) < 0.
According to Theorem 3, S(x,t) and V(x,t) are ultimately bounded, i.e. there exists & > 0 such that
0<S(x,t)<S%x)+¢g and 0 < V(x,t) < VO(x) + g, for t > ;. From the comparison principle [21] yields
(Lu(x, ), I(x, t), B(x, t)) < (I4(x, t), i(x, t), B(x, t)) on D x [0, »), where (I4(x, t), Is(x, t), B(x, t)) satisfies

SUOA D)~ puax, 0 + 0BOOS; (57 + e, 0B(x, ) + GBLOE (V) + e, 0B, 1)
- @00+ 100 + SN D, xE€D, 34,

ols(x, . A . .
D)~ pualitx, 1) + (L= OBCOF; (5700 + e, 0BCx, )+ S0LK, ) = (Gx) * KN, ),
XE€ED, tzt, (28)
LD 0l 0+ 30k, 0 - aB D, xED, €314,
afA(X, t) _ ajs(X, t) _ —

v = v —0, xeb, tzt,
jA(X, t) = IA(X, t1), fg(X, t) = Is(X, tl); XxXED.

Choose a constant ¢ > 0 such that (Ix(x, t, ), Is(x, &, §), B(x, &i, §)) < t(¥;°00), Y;°(x), ¥°(x)) for x € D,
where (¥;°(x), ¥;°(x), ¥°(x)) is the corresponding eigenvector of S(B(S%(x) + &, VO(x)) + &) and
1eSBe)t=(h2o(x), Po(x), Y°(x)) is a solution of (28). By employing the comparison principle, one has

(IA(X) tl! ¢)’ IS(X) tl! ¢)’ B(X’ tl’ ¢)) < Les(BSU)(t_tl)(l)b;O(X)’ I/J:O(X)) wsgo(x))) t> tl-

Thus, (Is(x, t), Is(x, t), B(x, t)) = (0, 0, 0) as t — o uniformly for x € D. Moreover, using the first and second
equations of (1) yields S(x, t) = S%x), V(x, t) = VO(x) as t » « uniformly for x € D. This completes the
proof. O
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Next, we address the uniform persistence of the disease. Before the proof, we present a few lemmas that
will be utilized afterward.

Lemma 6. Let (S(x,t), V(x,t), Ia(x, t), Is(x, t), B(x, t)) be the solution of (1) satisfying ¢ = (So(x), Vo(x),

Tpo(0), Iso(x), Bo(x)) € X*.

(i) For any ¢ € X*, then S(x,t) > 0 and V(x, t) > 0, and there exists a positive constant 7y, independent of ¢,
such that

liminf S(x, t) > 7o, liminf V(x, t) > 7, uniformly for x€D.
t—o0

tooo

(i) For any ¢ € X*, if Ino(x) # 0 or Iso(x) # 0 or By(x) # 0, then p(x, t, $) > 0, for Vx € D,t > 0, where p = Iy,
L, B.

Proof. (i) From Lemma 3, there is a constant M, > 0 such that B(x, t) < My, Vx € D, t > 0. It follows that the
assumption (Hy) yields f(S, B) < kkM,S and g(V, B) < koM,V. In view of V equation of (1), we have

2% 5 DAV - (U0 + 10X) + KPOOMY.

Hence, V(x, t) = V(x, t), where V(x, t) is a solution to the following problem:

aa_‘t/ = DAV + pOOAX) - (u(x) + n(x) + akfOM)V, x €D, t>0,

% 29
9 _o, xeap, t>0, @9
ov

V(x,0)=V(x,0), x€D.

By the the maximum principle, V(x, t) > 0, V(x, t) > V(x, t) > 0 for any x € D and ¢ > 0. Similarly, we can
derive S(x, t) = Sx, t) > 0, where §(x, t) is a solution to the following problem:

% =DiAS + (1 - pOOAC) = (u(x) + klﬁ(x)M4)§ + I]V, xeDb, t>0,

as (30)
— =0, xe€dDb,

ov

S(x,0) =8(x,0), xeD.

Note that problem (29) and (30) possesses a unique steady state, defined by §°%(x) and V°(x), from the proof of
[17, Lemma 1]. Hence,

liminf S(x, ¢) > inf $°(x) = 5, liminf V(x, t) > inf V°(x) = 5.
XED t—ooo XED

t—o

Choose 7 = min{7, %}. This concludes (i) the proof.
(@) For Iyp(x) # 0, from the third equation of model (1), one has

ol

—a;‘ > DaAly — (OO + 1400 + 800, XED, t>0,
ol,

— =0, x€db, t>0.

ov

By [33, Lemma 1.26], it follows that I,(x, t) > 0 for all (x,t) € D x (0, «). Further, considering the third
equation of model (1) yields

ols

e DAIs - (u(x) + rs(x)ls, x€D, t>0,

ol

=0, x€odb, t>0.
ov
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Similarly, we can also derive Is(x, t) > 0 for (x,t) € D x (0, ). Moreover, for fixed x €D and t, > 0, B
equation of (1) yields

t
B(x, ) = e 0B(x, tg) + [ I, 00L(x, 5, ) + ROOIsx, 5, B)]ds.

[0}
This is, B(x, t) > 0 for (x, t) € D x [t,, ®). For the cases Isy(x) # 0 or By(x) # 0, the proof procedure is similar
to Io(x) # 0, which we omit here. Thus, Lemma 6(ii) hold. O

Lemma 7. If there exists 7, > 0 such that

liminfp(x,t,¢) > 7,, for p=1I4 or Is or B, uniformly for x€D,
t—oo
then there exists g, > 0 such that

liminf p(x, t, §) 2 75, for Pp=S,V,IyI5,B, uniformly for x€D. (31)
t—o0

Proof. In the case of p = I, it is assumed that there exists t;* > 0 such that Io(x, t) > 1/27, for any x € D and
t € [tf, ). Therefore, Is equation of (1) satisfies

ol 1
50 > Didls + S58() - (U0 + 15005, X €D, t> 1,

32
ov ’ ’ -

By the comparison theorem, we learn that (32) there exists positive functions I5 (x) such that

liminf I(x, t) = I (x).
t—o0

This means that there exists t;" > 0 such that Is(x, t) > f; (x)/2, for any x € D, t = t;'. According to the B
equation of (1), one has

0B 1
5t > prA(x) + ys(x)Is x)-a(x)B, x€D, t>ty,
(33)
9B _ 0, xeab, t>tf
ov ’ ’ 2

According to the comparison theorem, we learn that (32) there exists positive function B,(x) such that
liminf,,B(x, t) > B.(x). Therefore, the conclusion (31) holds when p = I(x, t).
In the other p = B case, from Lemma 6(ii) and (33), we learn that there exists ¢;" > 0 such that

1 1
S(x, t) 2 Tp, Vix, t) = ET”’ B(x,t) = ET”’ Vx €D, t=zt)

As a result, the I, equation of (1) fulfills

ol ,B By (T
o 2 DAL+ = ”] — 8 [2” 7] - () * 1) + SO, XED, t3tf
DA

=0, x€odDb, t=t
on 2
By the comparison principle, we obtain liminf;.I,(x, t) > I;j(x), where I;(x) is a positive number. Thus, there
exists t > 0 such that I,(x, t) = I,(x)/2, for any x € D and ¢ > t;". By using the I; equation from model (1), we
can also derive
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ol 1 -
6—ts>D4AIS+ES(X)I:(X)—(H(X)+rs(x))fs, XED, t>tf,
alg

=0, x€odDb, tz=t],
on 3

By using the comparison principle again, one has liminf,..Js(x, t) > I5(x). In a similar way to the demonstra-
tion above, the case p = I can be verified. This proves (31). O

In the following, we present the uniform persistence of model (1).

Theorem 2. If R, > 1, then there exists g, > 0 such that for ¢ € X* with ¢5 £ 0 or ¢, 0 or ¢5 # 0, the solution
D= (S t,9), Vx, t,9), Lax, t, §), Is(x, t, ), B(x, t, §)) of () satisfies

liminf p(x, t, §) > o, uniformly for x €D.
t—ooo
In addition, the model possesses at least one positive steady state.

Proof. According to Lemmas 6 and 7 and the process of [28, Theorem 3], define the set

Wo={p €EX": 9;(x) 20}, 0Wo=X\W,={p €X":dy(x) =0},
My =1{¢p € 0W,: O(t)¢ € 0W,, Vi > 0},

where ®(t) : X* — X" is the semiflow generated by the solution of (1). For any ¢ € ‘W), it follows directly from
Lemma 7 that I4(x, t) > 0. This indicates that ®(¢t)W;, € W,. Further, we will prove this theorem by the
following claims.
¢ Claim I: For any ¢ € M, the w limit set w(¢) is the singleton {&E}.

For any ¢ € M, one has ®(t)p € OM, i.e, Ih(x,t,9) =0, x €D, V¢t 2 0. Thus, by I, equation of model
(1), one obtains

BBCOF(S, B) + af(x)g(V, B) = 0.

Combining the conditions (H;) yields B(x, t) = 0, x € D, Vt > 0. Taking the aforementioned leads to the fourth
equation of model (1) yields I(x, t) = 0, x € D, V¢ > 0. Further, the first second equations of (1) yields

liminf S(x, t, ¢) = S%x), liminf V(x, t, ¢) = VO%(x) uniformlyfor x €D.
t—ooo

t—o

This proves Claim 1.
Claim II: limsup,_ || @()¢ - EY| € T, V ¢ € W,
By arguing by contradiction, we suppose that there exists ¢ € W, such that

limsup||®(t)¢ — EY| < T

t—ooo
So there exists t; > 0 such that for any x €D and t > t,
S(X: t; ¢) > SO(X) ~ Ty V(X: t; ¢) > VO(X) = Ty IA(Xx t) ¢) < Txs IS(X! t) ¢) < Txs B(X) t: ¢) < Tk

Thus, one has

ZL? > DAl + OBOOS; (S°00) = T, T)B + 0B (VO(X) = T, T)B = ((X) + Ta(X) + 8GNy, XED, t>1
% > Dfls + (1= 0)BCOS; (S°00) = Ty TB + ()L = (W) + 1s())s, X €D, t> 4,

% 2 Y00 + ys(0L —a(x)B, x€D, tzt,

%:%:o, x€aD, tzt.
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Assuming that the linear system

ou

a—f = D3Auz + OBOOS, (S°(X) = T, TUs + BE, (VOX) = T, TUs — (U(X) + Ta(x) + S())u3, XED, t24
ou

6_1‘4 = DyAuy + (1 = 0)BOOS, (SUX) = T, TUs + S(XUs = (U(X) + rs(X)usg, XED, t24,

6u5

S - 1abous + ys00us — abus, x €D, >,

oI,  alg

—=—= € >t

v v O, X a|D, tzt

admits a solution (uz(x,t), us(x, t), us(x, t)) = eﬂ(so(x)-f*:V“(X)-f*)(t—n), where lﬁ(x) = (1[13(x), 1/34()(), l,ﬁs(x))
corresponding to Ag(S°(x) — 7, VO(x) - 7,) the corresponding eigenvector. Choosing &> 0 such that
E@Wy(0), %, (0), Ys(0)) < a(x, &), I(x, &), B(x, t,)) and by the comparison principle, we can obtain

Us(x, t, 9), Lu(x, t, §), B(x, t, §)) > EAS" 00,V 0)-6)t-t0h(x), for X €D, t> b

By A(S%(x) — Ty, VOX) — 7) > 0, im(I4(x, t, @), Is(x, t, ), B(x, t, ¢)) = (e, 00, @) which contradicts Lemma 2.
Next, we define the continuous function 0 : X" - [0, «) fulfills

0(@)() = min{g,(0)} - ¢ € X*.

Evidently, g71(0, ©) € ‘W, and @ possesses the property that either o(¢) = 0 and ¢ € M, or o(¢) > 0, then
o(®(t)¢p) > 0. Hence, o is a generalized distance function for the semiflow @(t) : X* — X* (see [28]). After the
above analysis, we can derive that any forward orbit ®(t) in M, converges to &% and W5(&E% N M, = @,
where W5(&?) is a stable subset of E%. Moreover, &0 is an isolated invariant set in X*, and no set of {£% forms a
circle in 3 M. Based on [28, Theorem 3], there exists ¢ > 0 such that liminf;_.o(®(t)¢) > ¢, for @ € M, which
means liminf;..[y(x, t, ¢) = ¢ for ¢ € M. It follows from Lemma 7 that model (1) is uniformly persistent and
by [20, Theorem 4.7] and Theorem 2, there exists at least one endemic steady state for model (1). This completes
the proof. O

Theorem 3. In case R, = 1, then E° is globally asymptotically stable.

Proof. As a start, let us study the local stability of £°. Suppose that there exists [ > 0 such that ||juy - 9| < I,
where g = (So(X), Vo(x), Lao(X), Iso(X), Bo(x)) € X*. Define

S t)
S°00)

1, wx,t) = I;(;((,Xt)) -

(L)l(X, t) = 1’ bl(t) = rpé%{“’l(x’ t)’ 0}’ bZ(t) = T)E'le%({wz@, t)’ O}

By D:AS°(x) + (1 = pOO)AX) — u0)S(x) + n(x)VO(x) = 0, DAV (x) + pCOAX) — (u(x) + nC))VO(x) = 0,
one has

Ow; VS')Vw; (1= pOO)AX) + n)Vo(x) —_ BOOF(S,B) | nG)(V - VO(x))
ot Ddenm 2D gt S900) O L I
0w, VVO)Vw,  pOOAX)  ap(x)g(V, B)

oo DA T Dny T g 2T T gy

Denote Ti(t) and Ty(t) be the positive semigroups generated by the below operators, respectively

VS')V (1 - pO))AKX) + nG)V(x)
S0(x) S0(x) ’

VVOo(x)V _ POOAX)

Did + 2Dy )

DA + 2D,

Then for some M(i = 1, 2), there has f; > 0 such that ||Tj|| < Me ™. Hence,
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BOOf(S(x, ), B(x, ) — nOOV (X, 8) = V() ds

t
wix, 0) = TOww) - [Tt - )

. S%(x) S%(x)
t
~ ~ V P ’B )
w208, 0 = (O - [Tyt - 5) ¢ ;’O‘(j)) 00D gs,
0

where wo(x) = So(x)/S%(x) = 1 and wy(x) = Vy(x)/VO(x) - 1. Then, it follows from the positivity of Ti(t)

(i=1,2) that
lee‘ﬁzt

by(t) = max{Ty(t)wan(X), 0} < || B(t)wao(X)|| < = Hye P,
x€D Vm

~ (- BOOf(S(x, 8), B(x,8))  nCOV(x,s) - V(x))
by(t) = max H(H)wio(x) - 'O[Tl(t -9) 900 - $°00) ds, O]
¢
. . V(x,s) - V°
< || h®wio(x) + '!—Tl(t =) et ();Oii) = ds
*H, | e (hi=pt _ _

where S, = min,ep{S°(x)} and V,, = min,ep{V°(x)}. Note that (I, I, B) satisfies

o D3ALy + 6BOOf; (S°(x), 0)B + aB(x)g;(V°(x), 0)B — (u(X) + ra(x) + SO + Gi(X, O),

a

O Dudls + (1 - B)BOOF(S°00), 0B + 80O — (U(X) + 1sCE)s + Ga(x, D), (34)

ot

0B
T YaOOIy + Ys()Is — a(x)B,

for x € D, t > 0 and dI,/dv = 8I;/dv = 0, x € dD, where
Gi(x, t) = BBCOIf(S, B) - f,(8°(x), 0)B] + aB(x)[g(V, B) - g;/(V°(x), 0)],

Gax, 1) = (1 = O)BCOLS(S, B) - f;(S°(x), 0)B].

Then we can derive

Iy Lo ¢ OBOO(f;(S(x, 5), 0) = f;(S°C0), 0))B(x, 5) + Q(x)
I |<T(0)| Iso| + _[7(17 =) (- 0)BOO(f;(S(x, 8), 0) - f, (S°(x), 0)B(X, s)
B B() 0 0
Ino| ¢ OBCOL|S(x, s) = S°CO| + OBOOL|V (X, 8) = VO(x)|B
<STW|Iso| + Iﬂt -$) (1 = O)BOIL1IS(x, s) = S°C0)IB
BO 0 0

where Q(x) = aB(x)(g,(V(x,s),0) + gZ’(VO(x), 0))B(x,s), L1 and L, are Lipschitz constants for f, and g,
respectively. By taking Lemma 4 and R, =1, one derives s(8) = 0; thus, there exists M > 0 such that

[7TO)|| < M, t 2 0. From by(s) < Hie ™S and by(s) < Hye™*, one has

max{||Ly(x, O], [l O, 1B, O}
t

< M1+ FOLy|SCO||H [ee|B(x, )[[ds + MOB*Lal[VOCO)||H, [e5(B(x, 5)]1ds )
0 0

t

t
< ML+ (N + Np) [ePS(B(x, 5)]ds,
0
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where Ny = MOB*Ly||S°(x)||H1, N; = MoB*L,||[VO(x)||H, and p = min{p,, §,}. Further, by using Gronwall’s
inequality, one can derive

t . B N
IBOx, 0] < Mlel, e ™ss ™™ (36)

By combining (35) and (36), we can also derive
t
IACx, OI| < FIL+ (Ny + Np)FTle® 18 [epsds < 1

0
; 37

lIs(x, ]| < M1+ (Ny + Np)MleWi+N2lp J'e-ﬁSds < ]\711[1 +
0

bl

[1 + Me(N1+Nz)/ﬁ
P

Me(lvﬁ'l\[z)/ﬁ
p

As a result, by (36), (S(x, t), V(x, 1)) = (S(x, t), V(x, t)), where (S(x, t), V(x, t)) satisfies

% = DiAS + (1 - pOO)AX) — u(x)$ - BOOMIeMN* IS + n(x)V, x €D, t> 0,

v . . _ .

3t - DAV + POOAX) = (u(x) + nCO)V - ap(x)MleM* /Py, xeD, t>0, (38)
S av

—_ = — = e

5 =gy -0 X€D, >0,

$(x,0) = S(x),  V(x,0) = V(x), x€D.

Let ($i(x, t), Vi(x, t)) is the positive steady state of (38) and S(x, t) = S(x, t) - §;(x), V(x, t) = V(x, t) - V(x).
Then (S(x, t), V(x, t)) satisfies

S DS - (u(x) + BOOMIEM NS + j()T, X ED, >0,

ot

ov _ _ o

S = DAV = (@) + ) = GBOMI®WIP)T,  x €D, >0, )
o5 ov _

—=—=0, x€0dDb, t>0,
ov ov

S(x,0) = S(x,0) - §(x), V(x,0)=V(x,0)-Vi(x), xXED.

Let Ti(t) (i=1,2) be the semigroup generated by DiA — u(x) and D,A - (u(x) + n(x)), respectively, and
satisfying the boundary conditions. We can choose a M; > 0 such that || T(¢)|| < Mye ™™, | To(t)|| < Mye™#*nt,
By (39), one has

t
S0, £) = H()(So0) - Si0) - Ifi(t = )(BOOMIeMNIPS (x, 5) = )V (x, $))ds,
0

t
V(x, t) = BOWX) = i) - ITz(t - $)aPOOMIeN WP (x, s)ds.
0

Moreover, S(x, t) and V(x, t) can be estimated as follows:

t
ISC6, Ol < MilISo(x) = §CO|le7st + IM18'“*("S)(B*Mle(N“NZ)/ﬁI|§(X, Il + n*IV(x, )l)ds,
0

t
170c, 11 < MIVG00) = ViGolle 1+ [ M1 9B Rtle0/5| 7 x, )]s
0

Let K; = MyMpB*le™*M/P and K, = MyMIaB*e®™*N)/6_ After that, it is possible to use Gronwall’s inequality to
derive the preceding equation as follows:
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t
1SCx, £) = SOOI =150, O < [MillSo(x) = SOOI + Qul[Vo(x) = W(X)IIJG(KZ'”*)SdS eliint,
0

V0 8) = VOOl =V 0x, O] < Myl |00 = Vo[t terna,
where Q,, = n*M;M,. Selecting adequately small [ > 0 such that K; < /2, K; < /2, one can launch
ISCx, £) = SN = IS G, O] < BA]1So(x) = SOOI + *n MMy [Vo(x) = ViCO)||/2)e 412, 40)
V0, 6) = VOO = IV D] < M| () = Vi(x)|[e™Earntr2,
Hence,
SO, t) = %) = S(x, t) - S°%(x) = S(x, t) - §i(x) + Si(x) - $°(x)
> =(Mi]|So00) = SO + 1N MM Vo(x) = ViO0)|De 2 + §00) = $O(x)
> My([|So(x) = SCOI| + [IS°C0) = SOOI = 15100 = PO = Quil V() = V)|
> =Myl - (M + D)]IS00) = SOON=Qul Va0 = Vi,
V(x, t) - VOxX) 2 V(x, t) - VOx) = V(x, t) = Vi(x) + Vi(x) - VO(x)
> =Myl [0 = ViCO[le 12 + Vi(x) = VOo(x)
> =My([|Vo(x) = VOO)I| + [[VO00) = Vel = Vi) = VO]
=Myl = (M, + D||VOX) = ()],
where Qy = n*n MiMs. Since by(t) < Hie™Pt and by(t) < Hye P4, one has
S(x, t)
S0

Vix, t)
Vo)

\%

S(x, t) = S%x) = S%x)

- 1] < [IS°CO||Hre ™ < [|S°C0) | Hy,
(41

VX, 0) - VO(x) = V°<x>[ 1] < [[VO0O) || Hoe Pt < [[VO0)||H.

Integrating (40) and (41) yields

ISCx, £) = S°00]| < max{Myl + (My + DIIS°C) = SOOI + QullV" = VO, HallS°COl},

. 42)
IV(x, ©) = VOO < max{Myl + (M + D||VO(x) = Vi, Hal[VOCO [}

Finally, combining (36)-(37), (42) and lim;-¢S;(x) = S°(x), lim;_oVi(x) = V°(x), choose sufficiently small [ such
that for any ¢t > 0,

150, 6) = SPCOll, - IVEx, O = VOO, [1Lalx, Ol HsCe Ol [1BO D] < &

This proves the local stability of &°.

Further, let us prove the global attractiveness of &%, Let @(t) and X* be as defined in Lemma 2. According
to Lemma 3, ®(t) has a global attractor A. Combined with Lemmas 4 and 5, problem (26) has a positive
eigenvector (i,, i), ;) correlated to the eigenvalue s(8). Define

80Xy ={(S,V,I4,I;,B) €EX* : I, = I, = B = 0}.
Claim I: For all ¢ € A, the w limit set w(¢) C 3X.
From (4) and (5), it follows that S(x, 0) < $%(x) and V(x, 0) < V°(x). In case ¢, = ¢, = ¢ = 0, it is easy to
conclude that d%X; is invariant for ®(t). It follows that ¢, # 0 or ¢, # 0 or ¢; #* 0. By Lemma 7, one has I4(x, t),
L(x, t), B(x,t) > 0, x €D, t > 0. Therefore, (S(x, t), V(x, t)) fulfills

% <A -pOeO)HAX) — ux)S + nx)V, x€D, t>0,

2L < POOA) - () + OV, XED, >0,
9S _ov _
v av
S(x,0) < S%x), V(x,0) < Vi), xeaD.

0, xe€db,
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Using the principle of comparison, it follows that S(x, t) < S%x), V(x, t) < V(x), (x,t) €D x [0, ).
Inspired by [8], we define

ct, ) =Inffc ER : [, < &Y, s <Y, and B < &P}
Clearly, c(t, ¢) > 0 for any t > 0. It follows immediately that we prove that c(¢, ¢) is a strictly monotonically

decreasing function. For this reason, fix f >0, and let Ii(x,t) = c(fo, )¢5, L(x,t) = c(f, ¢)¥, and
B(x, t) = c(fy, 9)Ys, t > . Combined with S(x, t) < S%x), V(x, t) < V(x), we have

% > DAl + 00OBCOf (S, B) + 0BGOZ(V, B) = (u(x) + 1a(x) + 80O, x €D, t> 1,
ok _ - -
5 > Dudls + (1= OCOS(S, B) + 800L - (ux) + 1sGE, X €D, t> 1, @3)

0B - - _
E = p,00I + Y5O — a(x)B, x €D, t>t,

L(x, ©) =2 Li(x, &), L(x, &)= L(x, &), B &) =Bx &), xeD,

where 9I/ov=20L/dv=0, x€dD, t>t, Via the comparison principle, we can acquire
Ia(x, £), K(x, ©), B(x, 1)) = (Iu(x, t), L(x, t), B(x, t)) for any x € D and t > . From the first second equations
of (43) and comparison principle, it follows that c(fo, §)1; = Li(x, t) > I(x, t), c(fo, 9)Y, = K(x, t) > Is(x, t) and
c(fo, ®)Y5 = B(x, t) > B(x, t), for any x € D and t > &. Because f, is arbitrary, c(t, ¢) is strictly decreasing
function.

Definition by ¢, = lim..c(t, ¢), we verify that ¢, = 0. As a matter of fact, by setting F = (S, V, I, Is, B) €
w(@), there exists {tx} — o satisfying ®(tx)¢ — [F. Since

tlim Ot + tp)p = @(t)}im ®(ty)p = O(H)F,

o S
we immediately obtain that c(¢,[F) = ¢,,t > 0.If I, # 0 or I # 0 or B # 0, by repeating the above processes, we
know that c(t,F) is a strictly decreasing function. This results in the contradiction that c(t,F) = c,.
Therefore, Iy = I = B = 0.

Claim II. A = {&%.

Claim I guarantees that {&% is globally attractive in X;. Moreover, {E% constitutes the unique invariant
subset in 8X;. Since the w limit set w(¢@) is a compact invariant and w(¢) C 3Xy, we arrive at w(¢) = {E%,
V¢ € A.Lemma 3 shows that & is a compact invariant in X*. Combining the global attractivity of {£° as well
as [39, Lemma 3.11] indicates that A = {E%.

With the aforementioned analysis, we can deduce that &° is globally asymptotically stable. O

6 Asymptotic profiles of the endemic steady state

In this section, we study the asymptotic behavior of the steady state to evaluate the impact of diffusion rate
on the propagation of the infection. The efficacy of vaccines is increasing with the development of
medical technology, we consider ignoring the immune loss rate, i.e., taking n(x) = 0 in model (1). For the
purpose of better investigating the asymptotic behavior of model (1) endemic steady state, we select
f(S,B) =SB/(1+aB), g(V,B) = VB/(1 + gB), where g and ¢ are the saturated coefficients. In light of
Theorem 2, we learn that if Ry > 1, then model (1) has at least one steady state (S, V, I, s, B), which satisfies
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B(x)SB

- DiAS = (1 - pO)A(x) — u(x)S - 1+ 6B x€D
aB(x)VB
= DAV = p(X)A(x) = (u(x) + n(x)V - 1+ 08" X€ED,

0Bp(x)SB . of(x)VB
1+¢gB 1+c¢B

% + 800L = (UX) + rs(X)ls, x €D,

0 = y(OIs + Y,(X)Iy — a(x)B, x €D,

as oV _aly 9l

v v v av

~D3Al, = = () +1a() + 600, X ED,

(44)
~DyAL; =

=0, x€dD.

It is easy to come up with

ax )(VA(X)IA + ¥500I),

then (S, V, I, Is) satisfies

B()SBy
1+agB;’
=DAV = p(X)A(X) - u(x)vV - %’ X €D,
0B(x)SB; . af(x)VB,;
1+agB 1+ 6B
(1 - 0)BCO)SB:
1+ gB;
as oV _aly dl
v v oan av

- DilS = (1 = pONAX) - p()S -

~DsAl =

= (UX) + rax) + S, x €D, (45)

~D,Als = + 800 = (W) + rs(xX)ls, x €D,

=0, x€dD,
here, B; is used to represent (y,00Is + ys(X)Is)/a(x).

Lemma 8. Let (S, V, I, Is) be any solution of (45). For any D1, D,, Ds, Dy > 0, one has the following conclusions
that hold true.

(i The L'-bounded of (S, V, I, Is)

ND I p*K

0 *)B*A¥|D

IIA( iy < O P

#* tu*(.u* + TAx + 6*)
60 + opm)B* D] A*I[D |1 - 6)B*

#*(!‘l* + rS*)(ﬂ* + rA* + 6*) #*(;u* + rS*) .

IS(x)dx < IV( yax « 221
D

IIs(x)dx <
D

(i) The lower bounds of S and V

op. A _
Voo s 2Py e,
o, + ap*

Proof. Arranging the first four equations of (45) and integrating over D yields

IA(X)dX = I(M(X)(S(X) + VOO + 1a(x) + Is(0) + raQOLa(x) + rs(0)Is(x))dx.
D D

Therefore, one obtains J[DS(X)dx < ND|/u,,. Integrating the second to fourth equations in (45) over D, we
obtain
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V(x)B
i [veodx < Jucoveods < flucoveo + w dx = [pOOAGdx < prAD .
D D D 2 1(X) D
Similarly,
(U, + T+ 8 {00 < [(U00) + 1ax0) + SO
D D
_ [BBOOSCOBO [ IBOVOOB)
1+ gBi(x) 1+ gBi(x)
<0p* [seodx + ap* Vo,
D D
and

(1 - 9)BO)S(x)B1(x)
1+ ¢Bi(x)

SOOL(x) +

(i, + s [ 0x < [0 + 1500 00dx = |
D D

D

<8* [Lycodx + (1 - 0)p* [Sodx.
D D

Thus, it follows that I! bound of V, I, and I, Ie., IDV(x)dx < p*AD |/,
JoTa0Odx < (6 + op*)B* D |/(t, (1, + Ta + 65))
and [ K00dx < 840 + op)B*MID (i, (i, + Ts)Wy + Tax + 6:)) + (L= O)p*ID (i (1, + 7).

(i) Set xo € D such that S(xg) = minep{S(x)} and V(x) = minep{V(x)}. By the first equation of (45),
combined with [18, Proposition 2.2], one has

B(x0)S(X0)B1(Xo) < B*

(1= P9 < (1= POODAG) < HOWS ) + =7 S S \[u*+ o oo,

Thus, we obtain S(x) > q(1 - p*)A*/(qu, + B*). From the second equation of (45), using the same method as
above, we obtain
aB(x)V (xa)B1(x) < ap*

DAs < pO)ACR) < pO)V(x) + T TOER [11* + o V().

Therefore, it is feasible to launch V(x) > ¢p A/(qu* + ap*). ]

6.1 The case of D; — 0
Throughout the present section, we discuss the asymptotic behavior of &* as D; — .

Theorem 4. Suppose that Ry >1. Fix D,, D3, Dy >0, and let D; >0 (up to a subsequences), then
(S(X)x V(X)s IS(X)s IA(X)) satisﬁes

(S(), V(x), Is(x), 1a(x)) = (@s5(x), @y(x), @p,(x), @r(x)) uniformly on x € D,
where

(1 - pOGNACI)A + aPp,(X))
1O + q@p,00) + OODE(X)’

and (Py(x), &1,(x), @1(x)) is a solution of the following problem

Dg(x) =
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- D) = pOONY) - i) - T S e,

Dty ) = et PRI 10 + ) + G001 0. X €D, "
Dt ) = EELEIERD. 50000, - () + 100, X €D,

afl)av‘fx) _ 6@61;(X) _ aq)ali}(X) _0, xeaD.

Proof. In this proof, we suppose that C is a positive constant and does not depend on Dy, but allows to vary
from place to place. In the interest of clarity, let’s divide the proof into three steps.

Step 1: The LP-bound of (S, V, I, I;) for any p > 1.

It follows from Lemma 8 and the ellipse Ll-estimated [24, Lemma 2.2] that ||[I4(-)|| < C, ||I(-)|| < C for all
1<q<N/(N-1) (or if N=1, q € [1,®)). The Sobolev embedding theorem W4(D) = LP(D) [12]. For any
q € [1, N/(N - 1)) yields

HaOllenoy € € Oy € €, p; € L gNI(N - q)).
It clearly follows from the fact that q can be close to N/(N - 1) that
HaOllemoy € € sOllenoy < €, py € (4, gN[(N = 2)).

Evidently, if N < 2, then p; € (1, ) holds. Multiplying the S equation of (45) by Sk (k > 0) and integrating over
D, we obtain

ﬁS"*lBl

1+ ClBl '

kD1 [$5119S Pdx = [ - peopacostax - [ucoskidx - |
D D D D

It is clear that

i, [S91dx < (1 - p [ s¥ax. )
D D
Letk =1/q, and q; =1+ 1/(p; - 1) = p;/(p, = 1) (note that 1/p, + 1/q, = 1), we conclude that

1
a

[ $5¥1dx < (1 - pne[Shdx < (1 - pID i <C.
D D

[sax
D

Then, we derive
SOl < C.

Combining the Holder inequality and (47), the following result can be obtained

1

a

y*_[Sk2+1dx <(1- p*)A*_[skzdx < (- p)ND [
D D

Iskzlh
D

where k, = (k + 1)/q, = 1/q; + 1/q12. Hence, we conclude that ||S(-)|| k1) < C. The iterative process can be
repeated to obtain

k-l+i+l+ =p, -1
"4 @ ¢ 17

then one can conclude that

ISOll=1@) = ISOllzrw) < C.
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Similarly, we can also derive ||V (:)||px=+1py = [[V()||lz2p) € C. Further, combining the aforementioned results
and the elliptic LP-theory for I, equation and Is equation of (45), one has

ILaOlw2npy < C sOllwzepy € C.

Combining Sobolev’'s embedding theorem W?2P(D) = L%(D) for 1<p,<Np,/(N-2p,) and
p,; € (1, N/(N - 2)), one has

sy € € MOy € €, Yp, E(LN/(N-4) or Vp,€(1,») if N<4

By a similar argument as the LPi-bound of S and V, one can show ||SC)||z2p) < C, ||[V()||r2p) < C. Therefore,
repeating the aforementioned argument concludes
ISOllr@) < € IVOllro) € Ol <€ IOllro) € VIS p <.

Step 2: Convergence of I, and Is.
Note that I4 can be solved from

px) + 1400 + 6(x)  6BO)SB  aB(x)VB,
D3 Ds(1+ aBply D31+ oBDIy

-Al, + ,=0, x€D,

(48)
o

=0, x€adD.
ov

Fix D3 > 0, it follows from the Lemma 8 (ii) that
px) + 1,00 +6(x)  6B(X)SBy  dp(x)VB,
D; Ds(1+ aB)ly  D3(1 + GBIy

‘u(x) + 100 + 800 | 9OOS | 9COV
Ds aDsly oDsly

LP(D)

<C.
LP(D)

&

Choosing p sufficiently large, by using [27, Lemma 2.2], one has

I&%{IA(X BsC Xné%l{IA(X )} (49)

where C > 0 does not depend on D;. In the light of Lemma 8(i) and (49), one can conclude that

C

ILi(x) £ Cmin{ly(x)} € —
X€D D |

JIAdx <C (50)
D

Rewrite the I, equation in (45) as follows:

0pO)SBy | gBO)VB,

~DALy + (OO *+ 1aX) + SO = — aBi  1+GB

xebD,

(1)
A

=0, € dD.
ov X

By (50), there holds

<C, Vp:x1l

LP(D)

OBOOSB,  aBLOVE,
1+ ¢B; 1+ 6B

According to the standard LP estimate for elliptic equations (see, e.g., [12]), then
HaOllw2ey € €, Vp>1
For sufficiently large p, the Sobolev embedding theorem [12] means that
MAO)llcey < €, for 0<a<1.
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Similarly, we can also derive ||[[o(*)||c*s@) < C, for 0 < a < 1. Consequently one can identify a subsequence
Dy(which is labeled by Dgp), meeting Ds, - 0 as n— », and a corresponding positive solution
(Sn(x)) Vn(X)’ IAH(X)1 ISH(X)) = (S(X) DS,H)) V(X: Ds,n)) IA(X: DS,H)) IS(Xs DS,n)) Of (45) for Dl = DS,n SatiSﬁeS

Lan(0), Isn(x)) = (@1,(x), @1(x)) uniformlyon D, as n-— o, (52)

where (@5,(x), ®7,(x)) € CY(D) x CY(D) and ®;,(x), @1(x) = 0 on D. From (50), it is apparent that
either ®;,(x) =0 on D or ®;,(x) > 0 on D.
Assuming that @;,(x) = 0 on D, that is,

Ij(x) = 0 uniformlyon D, as n— o,
Bringing in the third equation of (45) yields

OB )Y ()8 Isn(X) N aB(X)ys(X) Vi (X)Isn(x) S0 as o e (53)
a(x) + cyg(x)Isa(X) ax) + eys(X)Is(x) ’ '

Combining this with the Lemma 8(ii) yields
Isn(x) = 0 uniformlyon D, as n— o,
Then for any small &, there exists n; > 0, one has
0<yx)se, 0<I(x)<e, VxeD, for nzny.
Along with the first equation of (45), this implies that S,(x) is satisfied for all large n

oS,

—Dg nASy < (1 = pOO)AX) — u(x)S,, x €D, Y

=0, x€adb

and

3,

~DsudSy > (L= pOOAC) = €Sy = (S, X ED,

=0, xe€dbD.

Taking an arbitrarily large n, there are two auxiliary systems to consider as follows:

2,

—Dg yAS, = (1 - pOO)AX) — u(x)S,, x €D, on

=0, x€db (54)

and

3,

=0, x€dD. (55)
ov

~Ds,ndSy = (1 = p()AX) = ef*Sp = u(x)Spn, X ED,

Clearly, (54) and (55) contain unique positive solutions, denoted by u, and v,, respectively. On the basis of the
sub-superior solution argument in [40], we can conclude that

V<SS, <u, on D foralllarge n.
Further by a similar proof as in [10, Lemma 2.4], it follows that

(1= proAG)

uniformlyon D, as n- o
[169) Y

n

and

_ (- pOOAG)

v uniformlyon D, as n— .
"7 00 + e y

Thus, as n — «, one has

A - pxAX) ... . (1 - p)AX))
100 + eB* < hgtllgfs,, < hrnrisllpsn < 1) .
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By the arbitrariness of ¢ yields

(1= peAX)

Sn uniformlyon D, as n - o,

p(x)
Similarly, one can conclude that
pOOA(X) . —
V(x) = ———= uniformlyon D, as n — o,
0 1) y

Consider the I, equation of (45) satisfies

_D3AIAn - GB(X)SnBln + UB(X)VnBln

= () + 1a(x¥) + 80)an, x €D,

1+ ¢Byy 1+ ¢Byy 56)
ol
= -9, xeaD.
ov
Define i = Inn/||Lanlli=@), it is obvious that ||Lu||;>@) = 1 for all n > 1, and I, solves
- 0y,OB(x)S X)BOOV; _ 0y.(xX)B(X)S,L
_D3AIAn - VA( )B( ) n + O—VA( )B( ) n (y(x) + I”A(X) + 5(X))1An + Vs( )ﬁ( ) ndSn
a(x)1 + aB)  a()( + By) a(x)(A + aBi)||Lanllz= )
ays(X)BX) Vulsy  xeD, 57
a(x)(1 + Bi)|anllr=o)
oI,
= -0, xeaD.
ov

Starting from the standard compactness argument for elliptic equations, asn — «,onehas I, ~ I in CYD),
asn — o, where I; > 0 belongs to C'(D) and satisfies ||Is|;~p) = 1. Thus, as n — =, (57) becomes

_[B0B0OAD) ) i
Dy = | PSSO = pO0) + 0p0) = () + ) + SN X €D,
o,
E =0, x€oadD.

By the Harnack-type inequality, one has I > 0. Further, we consider the Is equation for (45)

1-0 SrBin 0B(x)SnB1n VaBin
~Dylsn = =PSB 1 J)rﬁc(l);)l = (U0 + TsO)sn + 80 f(f)clBll + Gf (f)czBll ]
x (=DsA + (u(x) + 1400) + (), x €D,
aISn _
oy 0, x€0dD.

Define Ly, = Iy/||Isn||z=@), taking a similar approach yields &, — I > 0 in CY(D), as n — . where, I satisfies

- _ [@ = 6)BO)ys()A = p(xNAG)
-DyALg = CGOHG) w0 + rs(x))
AQ)ys(x)B(x) ()01 - p(x)) + ap(x)) |-
+ N 5, X€D,
a(Ou0o) —D3A + (u(x) + ra(x) + 6(x))
o
E =0, x€0dD.

Moreover, due to the uniqueness of the principal eigenvalue, 0 is the principal eigenvalue of (19) and (23).
Combined with (18) and Lemma 4, this contradicts R > 1. Thus, ®;, > 0 and ®;, > 0 on D, which means that
Inn = @1, > 0 and Iy, = @7, > 0 uniformly on D, as n — o,
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Step 3: Convergence of S.
From (45), we know that

BOOSI,

DiASy = (= pONAC) = p0ISw = 77 p

XED.

By (52), for any small € > 0, it follows that we have a sufficiently large n such that
0<®,(x)-e<shhy(xX) < P,(x)+e, 0<P(x)-e<Ln(x) S P(x)+e, x€D.
Thus,

a(lx) [(@7,(x) = &) + (Pr(x) — €)] = Pp,(x) - 2€ < a(lx

< ﬁ[(q’IA(X) + &) + (Br(x) + €)] = Dp,(x) + 2e.

So, for sufficiently large n, one has

0<

) (Lan(x) + Isn(x))
(58)

BX)SnBin ﬁ(X)Sn(‘DBM - 2¢)
1+ By, <1 - pCO)AX) — u(x)Sy - m

— (gS(X! q)IAs (I)Is) - Sn)(PS(X; CDIA: q)ls)
1+ Cl(CDBl + 28) ’

(1 = pOAKX) = u(x)Sy -

where
5 - peOAGOA + a(@p, + 26)
87 D1 1) = T (@, + 20)) + BOO(@p, - 28)'
05(x, @1, @1) = 4L + (@, + 26)) + BNy, - 26).

For adequately large n, let us study the below auxiliary problem

DAz = (gg(xy (I)[A, q’Is) - Z)(PE(X; (I)IA) (I)Is) XED (59)
" 1+ Cl(q)Bl + 2¢) ’ ’

with 8z/dv = 0, x € dD. Note that (S,, C) is a a couple of sub-supersolutions of (59), where C > 0 is a suffi-
ciently large positive constant C meeting S, < C. Therefore, (59) admits at least a positive solution z, satisfying
Sn € Z, < C onD. Then, similar arguments applied to [10, Lemma 2.4] can be shown that any solution Z, of (59)
satisfies

Zy — g5(x, @7, @) uniformlyon D.
By S, < Z, < C, it indicate that

limsup$, < gé(x, @7, ®;,) uniformlyon D. (60)

n—o
Furthermore, by (58), one has

B(X)SpBin BOOSH (D, + 2¢)
1+ By, 2 (1 - pCO)AX) — u(x)Sy - T+ o(0n —28) o(®p, — 26)

(8, Dy, Dry) — Sn)@(x, Py, D)
1+ C1(®B1 - 28) ’

(1 = pONAX) = uC)Sy =

where
(1 = pONAC)A + a(Pp, - 2¢))

uOO + a(®p, - 2¢)) + POX)(Pp, + 2¢)
0.(x, @y, D) = pO)(A + a(Pp, - 28)) + BOX)(Pp, — 2¢).

gg(X: q)IA) CDIS) =
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Arguing similarly as before, this leads to liminf;..S, > g.(x, ®,, ®;). We further obtain

1 = pENA)A + qPp,(x))
uCoOA + g®p,(x)) + BXx)Pp,(x)

Lim g5(x, @,(x), ®1(x)) = Lim g,(x, @1,(x), ©1(x)) =
= G(x, @1,00), ().
Combining the above results, it follows that
Sn(x) = G(x, @r,(x), @1(x)) uniformlyon D, as n - o,

Therefore, it can be conveniently derived that ®y(x), ®;,(x) and ®(x) meet (46). The proof is complete. ]

6.2 The case of D3 — 0
We investigate the asymptotic behavior of &* with respect to D3 — 0 in this subsection.

Theorem 5. Suppose that R, > 1. Fix Dy, Dy, and D, are positive constants and D3 — 0 (up to a subsequnece),
then every positive (S(x), V(x), In(x), Is(x)) meets

(SCO), V(X), La(x), Is(x)) = (¥s(x), ¥v(x), Yr,(x), ¥(x)) uniformly on D,

where
LX) = B3, (0ds(1 + qPp,) + cDy(1 + Clq)BJ)’ 61
1+ g®p)A + aBy)
and (Ws(x), Py (x), ¥1(x)) satisfies
_ B(X)¥s¥p,
~Dil¥s = (1= POOA) = HOOWs = T, XED,
af(x)¥yP
“DA¥, = pOOA) - p00¥y - B ey
1+ CzlPBl (62)
1-0)(x)¥¥
-D A, = % + 800, - (U0 + r())¥,, XED,
CllPBl
oW, v, Y
—_— = — = [ .
ov ov ov 0, x€ab

Proof. We will deal with proof by means of belowing three claims.

Step 1: The endemic steady state (S, V, I, Is) is LP-bound for p > 1.

Arguing in a similar way to Step 1 of the proof of Theorem 4, the elliptic L!-theory of he first to second
equations of (45) and the Sobolev embedding theorem lead to

ISOlno) € € IVOllnoy < €, Vp € (LN/(N - 2)) (or Vp; €(0,) if N<2), (63)
where the positive constant C is independent of small Ds. For k > 0, integrating over D by multiplying the third

equation in (45) by I% yields

0B* *
(o + 7o+ 8015105 < [0 + rao) + sC0Max < - [stfax + % [vrax,
D D a D G D

Using the approach of Step 1in Theorem 4 yields the LP-bound of I,. Similarly, multiplying Is equation for (45)
by I¥ and repeating the above process yields LP-bound of Is. Thus, we can conclude that

ISOllr@) <€ IVOllro) <€ aOlro) < € IOllro) <€, V1< q < (64)
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Step 2: Convergence of S, V and I.
By (63), the elliptic LP-theory and Sobolev embedding theorem assure that

ISOllcremy € C, IVOlleragy < C HaO)llereiy € € IOy < €, a € (0, D).

Then D3 — 0 contains a subsequence that converges to zero as j — o, denoted Ds; = D3; — 0, such that
the corresponding  positive solution  (§;(x), V;(), Lo j(x), Is j(x)) = (Ws(x), Py (x), ¥, (x), ¥r,(x)) =
(S(X, D3,j)’ V(X, Dg)j), IA(X, D3,j); Is(X, Dg’]‘)) of (45) for D3 = Dg,]' fulfills

(§i(), Vj(x), Is,j(x)) = (¥s(x), ¥y(x), ¥r(x)) in CY(D) x CY(D) x C'(D) as j—

where ¥ (x) > 0 and Ys(x), Py(x) > 0 due to Lemma 8(ii).
Step 3: Convergence of I,.
It is noteworthy that I,; satisfies

0peISB1;  OPOOViBy,

-D - + +6 1, is €D ’

NINE T+ By, 1+ By, (ux) + r(x) + (x)L;, x .
0l ;

=4 -9, xeaD.

ov

From (64) and (65), It is possible to employ the sub-supersolution comparison argument as in Claim III of
Theorem 4 (see [19, Theorem 1.1]) to conclude that I, j(x) — ¥,(x) in CY(D) as j — o, where ¥p,(x) fulfills (61).
Moreover, the formulation of ¥,(x), it is evidence that (Ws(x), Wy (x), ¥1,(x), ¥(x)) is the unique positive
solution of (62). This completes the proof. O

6.3 The case of D; > © or D3 —»

In the following, we analyze the asymptotic behavior of &* when D; —  or D3 — . The results are presented
below.

Theorem 6. Suppose that Ry > 1. Fix Dy, D3, D, > 0 and let D, — o, then every solution (S(x), V(x), Ia(x), Is(x))
of (45) meets
(S0, V(x), La(x), Is(x)) =~ (S*(x), V=(x), Iy (x), Is'(x)) uniformly on D,

where S*(x) > 0 is a constant, V=(x), I;(x), Ig(x) > 0 on D, and (S*(x), V=(x), I{(x), Ig(x)) solves

DAV = pOOAY) - () + v - HEEL, xe,
pupe - OBCOS°BY | 0BOOVBY .
puar = P2+ TR W60 + 100 + S00)E, X €D,
1-6 S*B®
~DyAIg = % + 6(OI — (u(x) + ()5, x €D, (66)

ove _ oIy _ oIy
= = IS
ov ov ov =0, x€ab,

J’ BO)S*By”

1+ ¢gBy”
Proof. By Theorem 4, the LP-bound of (S, V, Iy, I;) is valid for all D; > 1. The first equation of (45) can be
rewritten as follows:

uO)S™ +

] = [@ - penacodx.
D

_DAS=(1- _ _ BOOSB 9S _
D1AS = (1 - p(xX)AX) — u(x)S 1+ 6B, XED, aV_O, X €9D.
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Then, the elliptic LP-theory Sobolev theorem and standard compactness argument guarantee that there exists
a subsequence of Dgy, labeled by Dy, with Dy - o as k — o and a corresponding positive solution
(Sk (), Vie(x), Ly 1 (x0), Is x(x)) with D; = Dy satisfies Sy —» S* > 0 in C}(D) due to Lemma 8(ii). Further, S* solves

aS8”

-AS*=0, x€Db, —=0, x€dD.

ov
Therefore, S* > 0 must be a constant. Similar to the previous, with the help of the I, and Is equations of (45),
passed to another subsequence if necessary, one has

IA,k - IZ, Ig’k - I;o on Cl(ﬁ), as k- 0o,

where I7 > 0 and I > 0 on D. As the Harnack inequality of I, also holds, either Iy > 0 onD or I = 0 onD.
Analyzing similarly to Step 2 in the proof of Theorem 4, let’s proceed with the argument by contradiction and
suppose that I = 0 onD. Then from (53), one can derive that I’ = 0 onD. Define I x = Iy x/||Is x||z=(D ). Thus,
s kllz=@) = 1 for k > 1 and Ik satisfies

[ 0n00BOOS | 0y, (00BOOVe - Oy COBOISK
DA a0+ B T a0+ aB K0T O GG B e
O—)/S(X)B(X)Vk , X = [D,
a(x)(1 + 6By aklleo)
afA,k _
v - 0, xe€dD.

The proof that is similar to the Theorem 4 leads to I x — f: in CY(D) as k — o, where | 20 20 on D and
||f : 2@y =1. As k-, I;—0 and Igx— o, by sub-supersolution argument that S§%=
Jo @ = pONAC)AX/ [ uC)dx, V= = [ pO)AM)AX/ [ u()dx. Thus, I, solves

ByC0BOOJ (1= PONAGIAX 03,0800 f, PEOAGOAX

Pl = - SO, x €D,
. a(0 u(x)dx " a(oD a0 (W) + 1a(x) + 80| X
v 0, xe€dD.

It is evident that the Harnack-type inequality also holds for I : , then f: > 0onD. Define INS,k = Is 1l ||Is k| Iz it
is easy to derive [s ) — I in CY(D) as k —» ®, where f; > 0 on D and satisfies

(1 - 0)BCOYCO @ - pOAGOdx

~Dals = - () + 1500)
a(X)IDu(x)dx
_ popy O 0 ], 2000 = pOax + adxAGOPKY) .
Ss )
a(x) (=DsA + (u(x) + ra(x) + a(x)))IDu(X)dx
oy
5 =0, x€dD.

Therefore, 0 is the principal eigenvalue of (19) and (23). Combined with (18) and Lemma 4. This contradiction
with Ry > 1. As a result, I; > 0 satisfies (66). This completes the proof. O

As far as Theorem 7 is concerned, the method of proof is very similar to Theorem 6, so that we simply
revise it slightly and then omit the details. It turns out to be as follows.
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Theorem 7. Suppose that Ry > 1. Fix Dy, Dy, D4 are positive constants and let D5 — o (up to a subsequence), then
every solution (S(x), V(x), Ia(x), Is(x)) of (45) meets

(SCO, V(X), La(x), I5(x)) = (Seo(X), VeoX), La,0(X), Is.o(X))  uniformly on D,

where I, is the normal number, Se, Voo, Is 0, Is.0 > 0 0D, and (Se, Ve, Iy w, Is.0) Satisfies

_ B(X)SwB1,e0
DiAS. = (1 = pOVAC) - 008~ - 215, x €D,
V 00
~DaAVe = pOAGO) - ((x) + AV = TN e,
ClBLoo
1 - 9 X SooB [
Dy, = (= DpeRFye + 8000 = (U(X) + 1505w, X ED, (67)
1+ ClBLoo
3S. 0V 0.
v v ov =0, x€ab,
0B(X)SuBro  GB(X)VuBye )
_[[ T an. t 1eap. (00 TG0+ S00)a(dx = 0.

7 Numerical simulations

With this section, we use numerical examples to validate our theoretical findings and explore the impacts of
individuals movement and spatial heterogeneity on R, and disease dynamics. Suppose that the spatial domain
D is one dimensional and select D = [0, r]. Specifically, we consider the general incidence functions
f(S,B) = SB/(1 + ¢B), g(V,B) = VB/(1 + ¢B), where ¢ and ¢ denote the saturation factors. Let’s fix the
parameters D; = 0.02, D, = 0.05, D3 =0.008, D, =0.005, =01, 6=06, g=0.000002, ¢ = 0.000004,
u(x) = 4.5 x 1075(1 + 0.5sin3x), p(x) = 0.7(1 + 0.2sin3x), A(x) = 10(1 + 0.5sin3x), n(x) = 0.0011(1 + 0.5sin3x),
6(x) = 0.23(1 + 0.1sin3x), y,(x) = 20(1 + 0.1sin3x), y,(x) = 40(1 + 0.1sin3x), and initial data

2.24 x 10° - 20,000 cos 2x
6,700 -250 cos2x
(L{(X) = 80 + 20 cos2x y Vx € [0, T[], U = (50, V(), IAO’ Isg, B())T.
260 + 80 cos2x
2.22 x 10* + 5,000 cos 2x

First, we select ra(x) = 0.44(1 + 0.1sin3x), rs(x) = 0.22(1 + 0.1sin3x), a(x) = 0.35(1 + 0.1sin3x) and
B(x) = 9.9 x 107°(1 + 0.5sin3x), the remaining parameters are shown earlier. The approach of calculation
from [32], it can be derived that Ry = 0.9824 < 1. It follows by the Theorem 1 disease-free steady state & is

(a) (b)

Figure 2: The spatio-temporal distribution of I,(x, t) and Is(x, t) with Ry = 0.9824: (a) I4(x, t) and (b) Ls(x, t).
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globally asymptotically stable. Indeed, we can observe in Figure 2(a) and (b) that the distributions of asympto-

matic individuals I4(x, t) and symptomatic individuals Is(x, t) eventually converge to 0 as time t increases.
If the parameters rs(x) = 0.35(1 + 0.9sin3x), rs(x) = 0.18(1 + 0.9sin3x), a(x) = 0.3(1 + 0.8sin3x) and

B(x) = 1.6 x 1078(1 + 0.5sin3x) are varied, other parameters are fixed as Figure 2. The direct calculation in

(a) ()
S(x,t) %108 5
9= 7 2.4 2.4 10 T T T : . .
=100
2.2 =200
0.5 —| 3l
2
Lo 1.8 2|
1.6
1.5
< 1.4 :
24 1.2 L
1
25
0.8 2T
] 06 I I I I I I
o 200 400 i 600 800 . . 2
(c) (d)
1,0x)
0 1400
1200
05
1000
4
800 =
5o 18 :
<
600
2
400
25
200
3
° L L L L L L
o 200 400 600 800 o 05 1 1.5 % 2 25 3
t
(e) (®)
lo(x,t)
9000 9000

8000 8000

7000 7000

{ s000 6000

5000 5000

Y

=
4000 — 4000
3000 3000
2000 2000
1000 1000
° L
o 05 1 1.5 2 25 3
x
x10° 10°

=100

B(x,t)

Figure 3: The persistence of disease for model (1) with Ry = 1.1069 > 1: (a), (c), (e), (g): Spatio-temporal evolution of S(x, t), Is(x, t),
L(x, t) and B(x, t); (b), (d), (F), (j): SCx, t), La(x, t), Is(x, t), and B(x, t) cross-section curves at various times.
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this case yields R = 1.1069 > 1. This is as shown by the Theorem 2 that the epidemic is persistent, and there is
at least one epidemic steady state for model (1). It is apparent from Figure 3(a)-(h) that S(x, t), Is«(x, t), Is(x, t)
and B(x, t) converge to a positive steady state over the entire spatial region. It is also shown in Figure 3(b), (d),

0 05

1

2
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21,70
—r=,01
—— 1,202
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—a012

1,(x,500)
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140
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=0
—a,012
— 0,024
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Figure 4: Effect of spatial heterogeneity parameters on the disease distribution of model (1): (a)-(c) effect of p(x)(x) on S(x, 500),
I(x, 500) and Is(x, 500); (d)-(f) effect of r4(x) and rs(x) on Ix(x, 500), Is(x, 500) and B(x, 500); (g)-(i) effect of y,(x) and y,(x) on
I4(x, 500), Is(x, 500) and B(x, 500); (j)-(k) effect of a(x) on I(x, 500), Is(x, 500) and B(x, 500).
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(e), (j) that owing to spatial heterogeneity, there are area differences in the distributions of S(x, t), Ix(x, t),
Is(x, t), and B(x, t) across distinct time scales.

Subsequently, we consider the effects of the spatial heterogeneity parameters on disease propagation. In
Figure 4(a)-(c) describe the effect of the vaccination rate p(x) on the spatial distribution of susceptible
individuals S(x, t), asymptomatic individuals I,(x, t) and symptomatic individuals Is(x, t) at time t = 500. At
this point, one selects p(x) = 0.35(1 + p, sin3x), and p; is gradually increased from 0, 0.2, 0.4 to 0.6. With
increasing spatial heterogeneity in vaccination rates p;, S(x, 500) shows greater regional diversity, whereas
I4(x, 500) and Is(x, 500) are not significantly fluctuating. This is due to the fact that vaccinated people are to
remain at a high danger of contracting the infection. Thus, mass vaccination should be complemented by a
focus on the effectiveness of the vaccine. Moreover, from Figure 4(d)-(f), it is convenient to notice that when
the spatial heterogeneity of the recovery rate (r4(x), rs(x)) = (0.35(1 + r; sin3x), 0.18(1 + r; sin3x)) changes, i.e.,
r; and r; increase from 0, 0.15, 0.3, 0.45 to 0.6, the heterogeneity of I,(x, 500), Is(x, 500), and B(x, 500) decreases.
In Figure 4(d) and (e), it can be seen that at the same point, e.g., [0, 1], the peaks of I,(x, 500)(Zs(x, 500)) decrease
with the enhancement of (), which indicates that peaks in disease outbreaks can be reduced to some extent by
increasing the heterogeneous strength of recovery rates. It can be found from Figure 4(g)—(i) that when the

o0z |4 D,-02 D02
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Figure 5: Distribution of different diffusion coefficients for S(x, t), Ix(x, t), and B(x, t) prevalence at t = 500: (a)-(c) Dy; (d)-(f) Ds;
(9)-(i) Dy.



38 —— Shengfu Wang and Linfei Nie DE GRUYTER

spatial heterogeneity intensity (y,(x), ys(x)) = (20(1 + y, sin3x), 40(1 + y, sin3x)) of y,(y,) increases from 0, 0.15,
0.3, 0.45 to 0.6, the regional differences in I4(x, 500) and B(x, 500) become more apparent, while the regional
differences in Is(x, 500) weaken, which is due to the fact that most of the infected individuals are asymptomatic,
and asymptomatic individuals take some time to become symptomatic individuals. Meanwhile, it can be noticed
from Figure 4(j)—(1) that when the intensity of spatial heterogeneity of a(x) = 0.3(1 + a; sin3x) is varied, i.e., a; is
increased from 0, 0.12, 0.24 and 0.3 to 0.4, I4(x, 500), Is(x, 500) and B(x, 500) are all decreasing in spatial
heterogeneity, which further suggests that improving local water sanitation and personal hygiene practices is
also one way to control diseases.

Next, let’s explore how diffusion coefficients affect disease propagation. Figure 5(a)—(c) displays the spatial
distribution of S(x, t), Io(x, t) and Is(x, t) att = 500 as the diffusion rate of the susceptible individuals d; varies
from 0.0002, 0.002, 0.02 to 0.2. It can be seen that S(x, 500) becomes progressively homogeneous throughout
the region as D; increases, due to the low other diffusion coefficients (D,, D3, Dy), the distributions of I4(x, 500)
and Is(x, 500) are reliant on the features of local illness propagation. The Figure 5(d)-(f) reveal that the spatial
distribution of I4(x,500) gradually changes from heterogeneous to homogeneous as the diffusion rate of
asymptomatic infected individuals D5 increases from 0.0008, 0.008, 0.08, 0.8 to 8, I4(x, 500) and Is(x, 500)
also show decreasing spatial variability and peaks in disease outbreaks, which suggests that restricting the
movement of asymptomatic individuals could decrease the level of danger in high-risk areas to some extent,
while increasing the level of danger in low-risk areas, this result is similar to that of Figure 5(g)-(i). In addition,
we also found that the movement of susceptible individuals has a small effect on the spatial heterogeneity and
peak value of the disease distribution in the spreading process of infection in diverse areas, whereas the
spreading of infected individuals I, and Is contributes significantly to the spatial heterogeneity of infection.
Therefore, it is possible to appropriately liberalize the mobility of susceptible individuals during the spread of
the disease, and focusing on restricting the mobility of infected individuals is a necessary means of controlling
the disease.

— 14 -

7@0(7/2

710(7/2)
Ru(ﬂ// )

Figure 6: The correlation between the local reproduction number Ro(x) and some parameters: (a) Ro(x) with p(x) = p,(1+ 0.28in3x)
and n(x) = n,(1 + 0.5sin3x) at x = 7; (b) Ro(x) with (ra(x), rs(x)) = r.(1 + 0.5sin3x, 1 + 0.4sin3x), and §(x) = 8.(1 + 0.1sin3x) at
X = 71/2; (€) Ro(x) with V2, Ys(x)) = .(1 + 0.1sin3x, 1 + 0.25in3x) and a(x) = a.(1 + 0.8sin3x) at x = 1/2; (d) Ro(x) with

B(x) = B.(1 + 0.5sin3x) and a(x) = a.(1 + 0.8sin3x).
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In addition, let’s be interested in the correlation between the primary parameters and the local reproduction
number Ro(x). Here we choose p(x) = p.(1 + 0.2sin3x), n(x) = n.1 + 0.58in3x), ra(x) = r.(1 + 0.5sin3x),
rs(x) = r.(1 + 0.4sin3x), 8(x) = 6.(1 + 0.1sin3x), Ya(x) = y.(1 + 0.1sin3x), Ys(x) = y,(1 + 0.25in3x),
a(x) = a(1 + 0.8sin3x), B(x) = B.(1 + 0.5sin3x), and a(x) = a.(1 + 0.8sin3x). As shown in Figure 6(a), it
is not uncommon to find that R(7r) decreases with the increase of p, and increases with the increase of ,,
and when 1, € [1 x 1074, 2 x 10°], the Ro(1r) grows faster, while Ro(r) grows more slowly when 5, > 2 x 103,
This also suggests that simply increasing the effectiveness of immunization is not an effective way to control the
disease. Furthermore, in Figure 6(b)—(d) also show that at x = 77/2, §(X), y,(X), ys(x) and B(x) are positively
related to Ry(x), whereas r(x), rs(x) and a(x) is a negative correlation. It also demonstrates that infection
prevention can be attained by reducing the transmission rate between individuals and pathogens, the transfer
rate from asymptomatic to infected individuals, increasing the cure rate of patients, and thoroughly disinfecting
the excreta of patients and carriers. In addition, there is some risk of infection transmission due to pathogens in

Figure 7: The effects of 0 and D5 on the spatial distribution of disease at t = 500: (a), (c), (e) the effects on I4(x, 500), Is(x, 500) and
B(x, 500) for different values of D3 with = 0.1; (b), (d), (f) the effects on I4(x, 500), Is(x, 500) and B(x, 500) for different values of D3
with o = 0.9.
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the environment, i.e., y,(x) and y,(x) are positively correlated with Ro(x), there is a need to lessen Ya(x) and y(x)
to reduce the number of pathogens in the environment and thus eradicate the risk of environmental spread.

Finally, we analyze in depth the effect of the proportion of asymptomatic infected individuals as a
percentage of the whole infected individuals 8 and D3 on the disease dynamics. In Figure 7(a)—(f), it can be
observed that as D3 increases from 0.0008, 0.008, 0.08, 0.8 to 8, I,(x, 500), Is(x, 500), and B(x, 500) will have
different spatial distributions at 6 = 0.1 and 8 = 0.9, i.e., when 6 = 0.1, the diffusion rate D; has only a more
significant effect on I(x, 500) only, and very little effect on the other individuals. In contrast, when 8 = 0.9, D5
has a large effect on every individuals. It also suggests that an increase in the percentage of asymptomatic
individuals intensifies the spread of the disease, making it more difficult to control. Therefore, special atten-
tion should be devoted to the proportion of hidden infections to those who contract the disease. When 8 is
small, a policy of slow liberalization and gradual return to normal life can be adopted for groups in low-risk
areas, while for high-risk areas, rapid screening of asymptomatic infected individuals is a priority.

8 Conclusion

To this end, we proposed a model of degenerate cholera with asymptomatic individuals in spatially hetero-
geneous environments that takes into account the rate of immune loss and general morbidity, and assumes
that environmental viruses do not disperse. We studied the existence of global positive solutions to the model
and proved that ®(t) is ultimately bounded (Lemmas 1 and 2). Since model (1) lacks tightness, the 7-contraction
method is utilized to justify the asymptotic smoothness of ®(¢), which proves the existence of a globally tight
attractor for @(t) (see Lemma 3). Furthermore, we identify the basic reproduction number R, give its exact
expression, which is a major innovation of this article. By using R, as the threshold parameter, the dynamical
behavior of the model is studied. More precisely, the disease-free steady state is globally asymptotically stable
if Rp <1 (Theorems 1 and 3); the disease is uniformly persistent if Ry > 1 (see Theorem 2). Finally, it is also
discussed that the asymptotic behavior of the endemic steady state as d; and ds tends to 0 or ®, respectively (see
Theorems 4 and 5, Theorems 6 and 7).

In the numerical simulation section, except for simulating the extinction and persistence of disease
(Figures 2 and 3), the impacts of some crucial parameters on the spatial and temporal distributions of the
disease are also explored. To be more specific, the spatial heterogeneity of model will lead to a regional
variability in the spatial distribution of disease (Figure 4). Furthermore, numerical simulations show that
the spread of susceptible individuals does not modify the risk level of local outbreaks when the spread of
asymptomatic and infected individuals is relatively small (Figure 5(a)-(c)). This is consistent with the conclu-
sions of [37], which stated that cholera cannot be controlled by limiting the movement of susceptible indivi-
duals. We also found the spread of asymptomatic and symptomatic individuals suppresses spatial heteroge-
neity so that each individual is less differentiated across the region (Figure 5(d)-(i)). Therefore, it is not
advisable to entirely limit the mobility of people during epidemic periods of the disease. Further, we also
analyze how the proportion of asymptomatic infected individuals to the whole infected individuals 6 and ds
affects the spread of disease (Figure 7(a)-(f)), and the results show that the proportion of asymptomatic
individuals 6 can change the dynamics of the epidemic and performs a critical role in the process of the
spread of the disease. In real life, asymptomatic individuals are asymptomatic, which makes them unaware of
whether they are infected, which can eventually lead to large-scale outbreaks of the disease, a finding similar
to that in [36]. In Figure 6, we also find that thorough disinfection of the excreta of patients and carriers, as well
as the surrounding area are important ways tocontrol and eradicate the risk of environmental spread.

Unfortunately, in this article, we only considered the effects of environment spread on the disease and
ignored host-to-host spread (direct transmission), which exists in real situations. However, we know that
cholera outbreaks are also related to seasons and temperatures, therefore, a response diffusion cholera model
with cyclical and climatic variations would be more meaningful and the results would be more effective in
preventing and controlling the disease.
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