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In this paper, we study a mathematical model for an infectious disease caused by a virus such as
Cholera without lifetime immunity. Due to the different mobility for susceptible, infected human
and recovered human hosts, the diffusion coefficients are assumed to be different. The resulting
system is governed by a strongly coupled reaction—diffusion system with different diffusion coeffi-
cients. Global existence and uniqueness are established under certain assumptions on known data.
Moreover, global asymptotic behaviour of the solution is obtained when some parameters satisty
certain conditions. These results extend the existing results in the literature. The main tool used in
this paper comes from the delicate theory of elliptic and parabolic equations. Moreover, the energy
method and Sobolev embedding are used in deriving a priori estimates. The analysis developed
in this paper can be employed to study other epidemic models in biological, ecological and health
sciences.
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1 Introduction

In an ecological environment, various infectious diseases in human or animals occur frequently
(see [26]). The current global COVID-19 pandemic is one such an example. Other recent
examples include epidemics caused by HIV, Cholera and Zika viruses. Scientists often use
the well-known Susceptibility—Infection—Recovery (SIR) model ([13]) to describe how a virus
spreads and evolves in future. The SIR model and its various extensions have been studied by
many scientists (see [1, 15, 17, 21, 24, 27, 31], e.g.). A good review for the model written by
Hethcote in 2000 can be seen in [11]. The most of these studies focus on understanding the com-
plicated dynamics of interaction between different hosts and viruses. However, this SIR model
and its extensions cannot include the mobility of human hosts around different geographical
regions. In order to take the movement of human hosts into consideration, one must develop a
new mathematical model which can reflect these factors (see [9, 20, 37]). Towards this goal, con-
siderable progress has been made for different types of infectious diseases. In particular, many
researchers have studied the mathematical model for the epidemic caused by the Cholera virus
(see [2, 17, 18,27, 28, 31, 32, 33, 34], etc.).
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In this paper, we consider the mathematical model for the cholera epidemic with diffusion
processes. A novel feature for the model is that there is no lifetime immunity. This leads to a
coupled reaction—diffusion system with different diffusion coefficients. We begin by describing
the model system recently studied in [28, 32, 34, 35].

Let  be a bounded domain in R" with C2-boundary 9. Let Q7 = Q x (0, T] for any T > 0.
When T = oo, we denote Oy, by O. Let S(x,f), I(x,t) and R(x,f) represent, respectively, suscep-
tible, infected and recovered human hosts. Let B(x,f) be the concentration of bacteria. Then, by
the population growth and the conservation laws, we see that S,/,R and B satisfy the following
reaction—diffusion system in Q7 (see [9, 11, 27]):

S, — V[d)(x, ))VS] = b(x, 1) — B1SI — B,S - h(B) — dS + o R, (1.1)
I, — V[do(x, )VI] = BiSI + BoS - h(B) — (d + y)I, (1.2)

R, — V[ds(x,)VR] = yI — (d + o)R, (1.3)

B, — V[dy(x,))VB] = £I + gB(I — If;) — 8B (1.4)

subject to the following initial and boundary conditions:

(V,S,V,[,V,R,V,B)=0,  (x,1)€dQ x (0, T], (1.5)
(S(x, 0, I(x, 0), R(x, 0), B(x, 0)) = (So(x), Io(x), Ro(x), Bo(x)), x € 2, (1.6)

where v represents the outward unit normal on €2, A(B) is a differential function with
h(0)=0,0<h(B)<1.

A typical example used in [34] for A(B) is
B
hB)= ——.
(B) B+K

For reference, we list various parameters in the model as in [9, 27, 32, 33]:

d = the natural death rate

y = the recovery of infectious individuals

b = the influx of susceptible host

o = the rate at which recovered individuals lose immunity

8 = the natural death rate of bacteria

& = the shedding rate of bacteria by infectious human hosts,
d; = the diffusion coefficients, i =1, 2, 3, 4,

K = the maximum capacity of the bacteria

All these parameters are positive. The interested readers may find the value range of those
parameters from the website of the World Health Organization.
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We would like to point out that the analysis for the reaction—diffusion system (1.1)—(1.4)
is often difficult since there is no comparison principle ([19, 23]). Some basic questions such
as global existence and uniqueness for the system are extremely challenging since equations
(2.1) and (2.2) contain some quadratic terms in the system ([5, 7, 12]). Many of the quantitative
properties are still open. For example, from the physical point of view, the concentration, S(x, ¢),
I(x, 1), R(x, t) and B(x, ) must be nonnegative and bounded in Or. However, it appears that there
has been no rigorous proof in the previous research when the space dimension is greater than 1.
Answering these open questions is one of the motivations for this paper. Moreover, with different
diffusion coefficients in a reaction—diffusion system, the dynamics of a solution may be very
different from that of an ODE system. The most striking example is the Turing phenomenon in
which the solution of an ODE system is stable, while the solution of the corresponding reaction—
diffusion system is unstable when one diffusion coefficient is much larger than the other ([10]).

When the space dimension is equal to 1, the authors of [18, 24, 32, 34, 35] studied the sys-
tem (1.1)—(1.6). The global well-posedness is established for the model. Moreover, some global
dynamical analysis for the solution is carried out in these papers. However, when the spatial
dimension # is greater than 1, the analysis becomes much more complicated. More recently, by
using a dual argument, Klements—Morgan—Tang ([14]) and Morgan—Tang ([22]) obtained some
interesting results for a class of reaction—diffusion system. Particularly, a global bound of the
solution can be obtained if the coefficients are constants. The purpose of this paper is to study
the reaction—diffusion system (1.1)—(1.6) when the space dimension is greater than 1 and the
diffusion coefficients in the model for susceptible, infected and recovered human hosts are dif-
ferent. Furthermore, the diffusion coefficients in our model allow to depend on space and time,
which are certainly more realistic than in the previous model. This fact is observed from the
recent COVID-19 pandemic in which the mobility for infected patients is close to zero due to
required global quarantine and travel restriction. It is also clear that for flu-like viruses, the rate
of infection is much higher in the winter than in the summer.

In this paper, we establish a global existence and uniqueness result for any space dimension
n. Particularly, we prove that the weak solution is actually classical as long as the initial data
and coefficients are smooth. Hence, global well-posedness for the model problem (1.1)—(1.6) is
established without any restriction on space dimension. Moreover, under a condition on some
parameters, we are able to prove that the solution is uniformly bounded and converges to the
steady-state solution (global attractor, see [25]) for any space dimension as time evolves. These
results improve the previous research obtained by others where the well-posedness is proved
when the space dimension is equal to 1 (see [24, 33, 34, 35]). The main idea for establishing
global existence is to derive various a priori estimates (see [37]). Our analysis in this paper uses
a lot of very delicate results for elliptic and parabolic equations ([16, 19, 36]). Particularly, we
use a subtle form of Campanato—John—Nirenberg—Morrey space to obtain the regularity of weak
solution ([36]). A uniform bound in Q for the solution is even more subtle, where a special form
of Gagliardo—Nirenberg’s inequality is used. The global asymptotic analysis is based on accurate
energy estimates for the solution of the system ([8]). The method developed in this paper can also
be used to deal with different epidemic models caused by some viruses such as avian influenza
for birds ([30]).

The paper is organised as follows. In Section Section 2, we first recall some basic function
spaces and then state the main results. In Section Section 3, we prove the first part of the main
results on global solvability of the system (1.1)—(1.6) (Theorems 2.1 and 2.2). The long-time
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behaviour of the solution in the second part is proved in Section Section 4 (Theorems 2.3 and
2.4). In Section Section 5, we give some concluding remarks.

2 Notations and the statement of main results

For reader’s convenience, we recall some basic Sobolev spaces which are standard in dealing
with elliptic and parabolic partial differential equations.

Let o € (0, 1). We denote by C""%(QT) the Holder space in which every function is Holder
continuous with respect to (x,f) with exponent (a, 5) in Or.

Let p > 1 and V be a Banach space with norm || - ||,, we denote

PO, T; V)y={F(t):t [0, T1— V : ||Flzp(o,1;v) < 00},

equipped with norm

1

T v
[1Ellpo,r;) = </ ||F||’,jdt)
0

When V' = [7(£2), we simply use
LP(Qr)=17(0, T; I[P (2)).

Moreover, the LP(Qr)-norm is denoted by || - ||, and || - || Wwhen p = oo for simplicity.
Sobolev spaces W;‘(Q) and W;"Z(QT) are defined the same as in the classical books such as
[10] and [16].
Let V5(Qr) = {u(x, t) € C([0, T; Wzl(Q)) :lully, < oo} equipped with the norm

n
lullv, = sup |lull 2 + Y L2
0<t<T

i=1
For any u € [0, 7 + 2), the Morrey—John—Nirenberg-Campanato space L>*(Qr) is defined as
in [6]. Particularly, when =0,

L*(0r) =L*(Qr),
and when p € (1, n + 2), L**(Qr) is equivalent to the classical Holder space C""%(QT) with

(n+2)—p
a=—:
2

We first state the basic assumptions for the diffusion coefficients and known data. All other
parameters in equations (1.1)—(1.4) are assumed to be positive automatically throughout this

paper. We also choose h(s) = ;¢ for simplicity.

H(2.1). Assume that d;(x, 1) € L*°(2 x (0, 00)) for all i. There exist two positive constants dj and
Dy such that

0<d05di(x7 I)SDOa (x9t)eQT~
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H(2.2). Assume that all initial data Sy(x), Io(x), Ro(x), Bo(x) are nonnegative on 2. Moreover,
Up(x) = (So(x), Io(x), Ro(x), Bo(x)) € L*(2)".

H(2.3). Let 0 < b(x, t) € L*°(Q). Moreover,
[16]] 1000y < by < 0.
For brevity, we set
ui(x, ) =S, 1), up(x, £) = I(x, t), us = R(x, t), us(x, t) = B(x, ), (x,¢) € Q.

We use U(x, ) = (uy, uz, u3, us) to be a vector function defined in Q. The right-hand sides of
the equations (1.1), (1.2), (1.3) and (1.4) are denoted by f1(U), f2(U), f3(U), fa(U), respectively.
For convenience, we use f1(U) instead of f|(x, ¢, U) since f; depends on x,t and U. With the new
notation, the system (1.1)—(1.6) can be written as the following reaction—diffusion system:

uy — V[di(x, )Vu 1 =/1(U),  (x,1) € Or, 2.1)
1y, — Vds(x, V] = (U),  (x,1) € Or, (2.2)
us, — Vds(x, )V =U),  (x,1) € Or, (2.3)
uyy — Vda(x, OVu] =fo(U),  (x,1) € Or, (2.4)

subject to the initial and boundary conditions:
U(x, 0) = Up(x) = (So(x), Io(x), Ro(x), Bo(x)), x €, (2.5)
VUG, ) =0, (x,1)€d x (0, T]. (2.6)
We define a product space X equipped with the standard product norm:
X =170, T; Wy ().

The conjugate dual space of X is denoted by X*.

Definition 2.1. We say U(x,f) is a weak solution to the problem (2.1)—(2.6) in Q7 if U(x, 1) e X
such that

T
/ / [—ui - i + A Vuy - Vi |dxdt
0 Q
T
= / uk(x, 0)gr(x, 0)dx + / / [o(U) gy (x, )dxt,
Q 0 Q

for any test function ¢y € X* () L(Qr) and ¢y, € L*(Qr) with ¢y(x, T)=0 on K for all k=
1,2,3,4.
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Theorem 2.1. Under the assumptions H(2.1)-H(2.3), the problem (2.1)—(2.6) possesses at least

one weak solution and the weak solution is nonnegative in Qr.

To obtain more regularity, we need additional regularity for known data.

H(2.4). Assume that b(x, £) € L>*(Q)) for any u € [n, n + 2). Let VUy(x) € L>*(Q2)* for any p €
[n—2,n).

Theorem 2.2. Under the assumptions H(2.1)-H(2.4), the problem (2.1)—(2.6) has a unique
weak solution U(x,t) € C""%(QT) for any T > 0 with a = %27" Moreover, the weak solution
is classical if the coefficients d; are smooth.

With some additional effort, we can prove that the solution is uniformly bounded in Q for any
dimension #.

Theorem 2.3. Under the assumption H(2.1)—(2.4), the problem (2.1)—(2.6) has a unique global
solution in L*(Q) C""%(Q). Moreover,

[1Ullzo0) < C,
where C depends only on known data.

Remark 2.1. The results in Theorems 2.1-2.3 still hold with some modification of the proofs if
the system (2.1)—(2.5) contains linear convection terms.

With the result of Theorem 2.3, we can establish the global asymptotic behaviour of the
solution.

H(2.5). Assume
tl_l)n;o b(x, £) = by(x), tl_l)n;o di(x, t) = diso (), xe,i=1,2,3,4,
uniformly in Q. Moreover, djq(x) € C*(Q2) for all i.
Let Seo(x) be the steady-state solution for the following elliptic equation
—VI[d\(x)VSoo] = bo(x) — dSeo, xXeQ 2.7

ViSso(x) =0, x €. (2.8)
where my = maxg Soo(¥).

Theorem 2.4. Let the assumption H(2.1)—H(2.5) hold. If the parameters in the system (1.1)—(1.5)
satisfy either

(@) di(x, ) =dso(x) and

2Bamo§

d > 2B1mp + ,
K@©G—-g)

6—g>0

or
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(b)

3 1
d> pimy Pamos +—max{0,y},8—g—%>0,

2 2K@E-g—-% 4

then the corresponding steady-state system of (2.1)—(2.6) has only one steady-state solution
Uso(x) := (S0 (%), 0, 0, 0). Moreover,

tl_i)nolo(S(x, 1), 1(x, 1), R(x, 1), B(x, 1)) = (Seo(x), 0, 0, 0),

in LP(Q)-sense for any p > 1. That is (Sxo(¥), 0, 0, 0) is a global attractor.

Remark 2.2. Roughly speaking, the solution of (1.1)—(1.5) converges to the unique steady-state
solution as long as 8; and B, are suitably small.

3 Global solvability and regularity

From the physical model, the concentration must be nonnegative. Here, we state this fact as a
lemma and sketch a proof since we could not find precise reference in the literature. Recall that a
vector function is said to be nonnegative if each component of the vector function is nonnegative.

Lemma 3.1: Assume the conditions H(2.1)-H(2.2) hold. Then, a weak solution U(x,t) of (2.1)—
(2.6) must be nonnegative in Q:

U@, 6)>0,(x, 1) e QOr.

Proof Recall that a vector function F(x, ¢, U) := (fi(x, t, U), fa(x,t, U), - - -, fu(x, t, U)) is said
to be quasi-positive if forall k=1,2,--- ,m,

ﬁ(xat,ulau29"' 5uk7150,uk+1"" ,um)ZO,Uje[0,00),i:1,2,"' amsi#k'

Since b(x, t) > 0, clearly, F(x,t, U)=(i(U), - ,f4(U)) is quasi-positive. Moreover, f;(U) is
locally Lipschitz continuous with respect to . For a function v(x, t) € L*>(Qr), we define

)] — v, )
vhix, t) = — 5 v(x, )= — 5

Now, we consider a modified system (2.1)—~(2.6) in which f;(U) is replaced by f;(U™"). Then, we
choose ¢ (x, t) = (T — t)u;, (one may need to use a truncation technique as in Lemma 1, p. 749,
in [3], if necessary) to obtain, after some routine calculation,

o, 0]+ v(x, )

d
£ /(T —)|U Pdx < c/<T —1)|U Pdx.
dt Q Q

It follows that u; (x, ) =0 in Qr, which implies that a weak solution to the modified system is
the same as the original system (2.1)—(2.6). O

As in the standard analysis in deriving an a priori estimate for solution of a partial differ-

ential equation, we may assume that the solution is smooth in Q7. A special attention is paid
to be what a constant C depends precisely on known data in the derivation. We will denote by
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C,C, G, - -+, etc., generic constants in the derivation. Those constants may be different from
one line to the next as long as their dependence is the same.

Lemma 3.2: Under the assumptions of H(2.1)-H(2.2), there exists a constants C; such that

4
Z [uillvy0r) < Ci,

i=1

where C) depends only on known data and the upper bound of 7.

Proof From equations (2.1) and (2.3), we use the energy method to obtain

1d
2dt Jq

5/ ulbdx—i—a/ ujuzdx
Q Q

58/ u%dx+C(s)/ bzdx+5/ [12 +12] dx.
Q Q 2 Q

1d
24t Jq

5)// uruzdx
Q

51/ [u§+u§]dx.
2 Jo

u%dx—i—do/ |Vu1|2dx+d/ utdx
Q Q

ugdx—{-do/ |Vu3|2dx+(d+o)/ uddx
Q Q

It follows that

1d
24t Jq

+(d—8—%)/ﬂu%dx—i—(d+%—%)/s;u§dx

< C(e) / bzdx+g / Wdx.
Q Q

To estimate u, we must use the special structure of the system (1.1)—(1.4).
Let

(i + o] dx + do / [1Vi1 2 + |Vas 2]
Q

U(x, t) = UI(X, t) + uZ(xa t)s (X, t) € Q
Then, we see that v(x,f) satisfies

v, — V[d,Vv] +dv=V[(d| — d)Vui] + b(x,t) — yup + ou3, (x,5)€Qr, (3.1

v(x, 0) = So(x) + Lo(x), x € Q; V,u =0, (x, ) € IQ x (0, 00). (3.2)

https://doi.org/10.1017/50956792521000231 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792521000231

On a reaction-diffusion system modeling infectious diseases 811

The energy estimate for v from equations (3.1)—(3.2) yields

1d

3 szdx+d0/9|Vv|2dx+d/;2v2dx

§2D0/[|Vu1|~|Vv|]dx+/ vbdx+0/ uzvdx
Q Q Q

d
5—0/ |Vv|2dx+C/ |Vu1|2dx+8/ vzdx—i—C(e)/ bzdx+Z/[u§+v2]dx,
2 Jo Q Q Q 2 Jo

We combine the estimates for u;, u3 and v to obtain

1d

d
——/[u%+u§+v2]dx+—°/[|Vu1|2+|w3|2+|w|2]dx
2dt Q 2 Q

gcf[u§+u§+u2]dx+ c/ b2dx,
Q Q

where C depends only on known data.
Gronwall’s inequality yields

t T
/[u%+u§+v2]dx+/ /[qu1|2~|—|Vu3|2+|Vv|2dx]dxdt§C~|—C/ /bzdxdt,
Q 0 JQ 0 Q

where C depends only on known data and 7.
It follows that

i vy < C; uzllyyor) < C.

By the definition of v, we see

[lu2llvy07) < C,

where C depends only on known data and the upper bound of 7.
Once u;, is bounded in V,(Qr), by equation (2.4), we easily obtain an estimate for u:

[luallvy07) < C,
where C depends only on known data. O
With the estimates from the previous lemmas, we are now ready to prove Theorem 2.1.

Proof of Theorem 2.1. There are several ways to prove the existence of a weak solution for the
system (2.1)—(2.6). We use a truncation method. For any ¢ > 0, we denote by x () the Heaviside
function. Denote the smooth approximation of x.(u) by

Xe (1) = smooth approximation of x (u - %)
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S1e(U) = b(x, ) — Bruyuz — Bour h(us) — duy + ous(1 — x.(uy)),
Soe(U) = Bruua + BoS - h(ug) — (d + y)I,
fre(U) = yuy — (d + 0 )us,
fie(U) = Euz + guy (1 - %) ~ Su.

Now, we consider the following approximated reaction—diffusion system:

e — VIdi(x, OV ] =fi(U), (v, 0) € Or, (3.3)
Uy — Vdy(xr, OV] = (U),  (x,0) € Or, (3.4)
uy, — V[ds(r, )Vis] =fo(U),  (x,0) € Or, (3.5)
uy — V[da(x, OVus] =foe(U),  (x,0) € Or, (3.6)

subject to the same initial and boundary conditions (2.5)—(2.6).

For the approximate problem (3.3)—(3.6) subject to initial-boundary conditions (2.5)—(2.6), by
using the standard theory for parabolic equations (see [10] or [16]), we claim that there exists a
unique weak solution in V,(Qr) () L*(Qr) for every small ¢ > 0 and

4
Z [|uie] |00y < C(8),

i=1
where C(¢) depends on known data and €.

For the completeness, we sketch a proof for the claim here. For the existence of a bounded
weak solution U,(x,#), we use Leray—Schauder’s fixed-point theorem. Choose a Banach space
X =L>(Qr)*. For every V(x,t) € X and each A € [0, 1], the standard theory of parabolic equa-
tions (see [16]) implies that there exists a unique weak solution U,(x, ) € V2(Qr)* (X for the
following linear parabolic system:

ure — V[di(x, )Vur] =21(V),  (x,1) € Or,
uy — V[da(x, OVur 1 = A (V),  (x, 1) € Or,
uze — VIds(x, )Vus] = Af3.(V),  (x,1) € Or,
ugy — V[da(x, OVusg] = Mae(V),  (x,0) € Or,
U, H)=0,(x,1) €92 x (0, T], U(x, 0) = LUp(x), x € Q.
We define a mapping M, from X into X as follows:
M, VeX—>U=M[V]eX.

Clearly, the mapping M, is well-defined and My[V] = 0. Moreover, DeGiorgi—Nash’s theory
implies that all fixed-points of M, satisfies

Ul < C(e),

c30n =

where o € (0, 1) and C(¢) is a constant which depends on ¢.
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Since the embedding mapping from C*2(Qr) into L>(Qr) is compact, we can easily show
that the mapping M, is continuous and compact from X to C“’%(QT). By Leray—Schauder’s
fixed-point theorem, the problem (3.3)—(3.6) along with the initial-boundary conditions (2.5)—
(2.6) has a weak solution U, (x, ) € V2(Qr () L*°(Qr). Uniqueness follows from the fact that all
weak solutions are bounded and f; is locally Lipschtz continuous with respect to u;.

Next, we see that all a priori energy estimates from Lemma 3.2 hold and these bounds are
independent of &. Note that U,, € L*(0, T; H~'(Q)). By using the weak compactness of L>(Qr),
we can extract a subsequence of ¢ if necessary, as ¢ — 0, that for k=1, 2, 3,4,

e (x, 1) = u(x, 1), strongly in L*>(Qr) and a.e. in Oy,
Vi (x, £) = Vu(x, ), weakly in L2(Qr).

Moreover, by using Egorov’s theorem, we see, as ¢ — 0,
/ / |ursttne — uyun |dxdt < / [(u1e — u)uze| + uyluze — up|]dxdt — 0.
or or
On the other hand, since u; € L>®(0, T; W2(R)), we see

H(x,t)eQT:u1>lH
&

is sufficiently small, provided that ¢ is chosen to be sufficiently small. It follows that for any test
function @(x, 1) € L*(0, T; W, () () L>(Or)

limf/ u38(1—xg(u18)¢dxdt=// uzpdxdt.
e—>0 or Q

Consequently, for all £ we have, as ¢ — 0,

fie(Up) = fi(U) a.e. in O and strongly in L' (Or).
For any test function ¢y € X* with ¢ € L*°(Qr) and ¢y, € X*, ¢x(x, T) = 0, we have for all k=
15 27 3, 4’

T
[ [0 i Vouasas = [ w0+ [ fupies ndsa.
0o Ja Q Q
After taking limit as ¢ — 0, we obtain a weak solution U(x, f) € X. O

To obtain more regularity, we need a result in Campanato—John—Nirenberg—Morrey space for
a linear parabolic equation. Consider the following linear parabolic equation

n 9 x
u; — Vialx, )Vu) =f(x, 1) + Z 3—;{_, (x,7) € Or, 3.7
i=1 !
Vou(x, t) =0, (x,t) € 92 x (0, T1, (3.8)
u(x, 0) = up(x), x € Q. (3.9
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H(3.1): Assume that a(x, ) € L*°(Qr) and
0<ag<a(x,t) <Ay < oo.
Moreover, Vuy(x) € L>*(Q),f € L**(Qr) and fi(x, t) € L>*(Qr) with i € [0, n + 2).

Lemma 3.3. (/36]) Under the assumption of H(3.1) for any weak solution u(x, t) € V,(Qr) to the
problem (3.7)—(3.9) and any p € [0, n), there exists a constant C) such that

n
IVl 2000y < Ci [| Vaoll 2y + 11l o2yt g,y + D ] mww} : (3.10)
i=1
Moreover, there exists a constant C, such that
Null 22007 < Cas (3.11)

where C| and C, depend only on ay, Ay, T and Q.

Proof of Theorem 2.2. For any p € (0, 2], we use equation (2.1) to obtain
V| |L2J‘(QT) < C[IIVSol |L244(Q) + ||u3||L2,(,kz)+(QT)]-
Similarly, by equation (2.3), we obtain
||V“3||L2,/L(QT) < C[IIVR| |L2,M(§z) + ||u2||L2’(M*2)+(QT)]'
From the linear system (3.1)—(3.2) for v =u; + u,, we see
VUl 2007 = CUIV Ol 20(0) + IVl 2eory + 112l 227 (o] F 1131 2027t (o))

where C depends only on known data.
Since v(x, t) = u;(x, t) + uz(x, t), we see

3
2 1Vullzur)

i=1
3

<C |:||VS0||L2#(Q) + ||V[0||L2,#(sz) + ||VR0||L2#(Q) + Z ||ui||Lz,<,L2)+(QT):| . (312
i=1

The L?(Qr)-estimate for u;,i = 1,2, 3 implies that the above estimate holds for any u € [0, 2].
The interpolation yields that, for any u € [0, 2],

3
> il zaezopy < G (3.13)
i=1

where C depends only on known data.

Now, we go back the estimate (3.12) to see that the estimate (3.13) holds for any u € [2, 4].
We can continue this iteration process as long as the right-hand side of (3.9) is bounded. After a
finite number of iterations, we see that the above estimate (3.12) holds for any u € [0, n).
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Since equation (2.3) is linear, we can use the interpolation to obtain

[us| |L2,u+2(QT) <C,

where u € [0, n) and C depends only on known data.
It follows that

% - <C)
u3]] . 5 =

where C depends only on known data and o = %27”

Once we have the estimate for u3 in C%2(0)7, we obtain
[lu1]]zo00r) < C.
Now, we can use the standard DiGorgi—Nash’s estimate to obtain

e ] + [ua]|

o, % = o, % = SC,
C72(0r) C72(0r)

where C depends only on known data.
From equation (2.4), we obtain

u e <C,
gl g, =

where C depends only on known data.
With these estimates, the uniqueness follows immediately.

815

Finally, using the general theory of parabolic equations, we see that «; is smooth in Qr as long

as d;(x, t) is smooth forall i =1, 2, 3, 4.

4 Global bounds and asymptotic behaviour of solution

O

In this section, we first derive a global bound for U and then prove Theorems 2.3 and 2.4. Unlike
the proof of Theorem 2.2, we must pay a special attention to various estimates which must be

independent of 7.

In order to see a clear physical meaning for all species, we may use the original variables

(S,I,R, B) or (uy, uz, us, uy) in this section.

Lemma 4.1. Under the assumptions H(2.1)—-H(2.2), there exists a constant Cy such that

4
sup Y Il < Cr

O<t<oo k=1

where C| depends only on know data.

Proof: We take integration over Q2 for equations (2.1)—(2.3) and then add up to see

d
—/(ul+u2+u3)dx+d/(u1+u2+u3)dx
dt Jg Q

:/ b(x, t)dx < by|R2|.
Q
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Since d > 0, it follows that

sup f(ul + uy + uz)dx < Cq,
Q

O<t<oo

where C; depends only on known data.
Now, we integrate of €2 for equation (2.1) again to find

d
—/ uldx+ﬂ1/u1u2dx+ﬂ2/ ulh(u4)dx=/ b(x,t)dx+a/ uzdx.
dt Q Q Q Q Q

It follows that
T T
Bi / / uluzdxdt+/32/ / ul(u4)dxdt§ Cs.
0 Q 0 Q

Next, we take integration over €2 for equation (2.4) to obtain

d
—/u4dx+8fu4dx+gfuﬁdx
dt Jo Q Q
=§‘/u2dx+g/u4dx

Q Q

fé'/uzdx+§/uidx+c.
Q 2 Jg

Since L'(2)-norm of u;, is uniformly bounded, it follows that

d
—fu4dx—|—8/u4dx§C.
dt Jg Q

Thus, we obtain the desired L!(§2)-estimate for uy. O

A direct consequence of Lemma 4.1 is that when the space dimension is equal to n=1,
from the general theory of parabolic equations (for example, See Lemma 2.6 in [5] or [4]), we
immediately see that S, R, I and B are uniformly bounded in Q.

When the space dimension is greater than 1, the derivation is much more complicated. In the
derivation of various energy estimates, the following Young’s inequality with a small parameter
& > 0 will be used frequently: for any a, b > 0,

where

1 1
_+_=15paq€(laoo)'
P q

Lemma 4.2. Under the condition H(2.1)-H(2.3), there exists a constant C such that

Sup/[sl+r +[1+2 +R1+l‘+Bl+r]deC,
Q

t>0

where r € (0, ﬁ) is arbitrary and C depends only on known data.
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Proof Keep in mind that we shall always derive an estimate for S,/ and R as a first step. The

second step for estimating B will be followed easily once we have an estimate for / by equation
(1.4).

We use the standard energy method to derive the estimate. We multiply equation (2.1) by u]
and equation (2.3) by R’, respectively, and then integrate ove 2 to obtain

1 d

1+ rdt

Sl+’dx+ dor f ST \VS|Pdx

+8i / SY Idx + B, / S h(B)dx + d f S dx
Q Q Q

S/Srbdx+afRSrdx
Q Q

1
< e/ Sy 4+ C(s)/ b1+rdx+a/ [LSH’ + —R”’} dx.
Q Q aelr+1 r+1

1 d
/Rl+’dx+dor/ R~ 1|VR|2dx+(d+a)[ R dx
l+rdt

<y / IR dx
Q

1
<y / S . s
oll+r 14+r

Similarly for /, we have

1 d
1+rdt

11+’dx+d0r/ I'“YVIPdx + (d + y)/ I dx

<B / SI'dx + B, / SI"h(B)dx
Q Q

=J+ /.

J1<ﬁ1/

Sh<hs / " A(B) + 1'1ds,
Q

Il+2r]dx
1+ r)e

where we have used the fact 0 < #(B) < 1 for the second estimate.
We choose ¢ = 1 + r and then add up the estimates for S,/ and R to obtain

1+rdt/[S1+r+ll+r+Rl+r]dx+d0”/[Sr NVSP + I VIP + R VRdx
+3 / [+ 17+ R Jdx
Q

<C / I'"7dx + G, / b dx.
Q Q
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Now, we recall a Gagliardo—Nirenberg’s inequality
lullzrey < ClIVul ey lulliy + Cllull,

where C depends only on n and €2, p, g, s, 6 satisfy 0 <0 < 1,1 < p < 0o, and

1 11
-:e(———>+(1—0)-
P q

2142 g - _n(1430)

We choose g =2 and s = 1, then we see that, for p = = i’

Note that by Lemma 4.1, foru =1 =h with 7 < 1, then
llull 1y < C.
Moreover,
|Vul> =1 \VI.

If we apply Gagliardo—Nirenberg’s inequality to obtain

f lulPdx < C||Vu||L2(Q) +C
Note that if » satisfies
1
O<r< s
n—1
then
0
P <1
2
We see
/ lulPdx < C||Vu||L2(Q) +C

5/ |Vul>dx + C(e),
Q

where & > 0 is arbitrary and C(¢) depends only on ¢, [|u||,1 (g, and known data.
By choosing ¢ sufficiently small, we obtain

d

dt/[sl+r+1‘+' +R1+r]dx+/[S’ "WVSP2+ Y WVIP? + R VR dx

+/[S1+V+Il+r +Rl+7‘]dx
Q

<G / b dx < Csby 1.
Q

1
Consequently, for any r € (0, =), we have
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Sup /[S1+r +11+F+R1+r]dx§ C,
Q

O<t<oo
where C depends only on known data.
The estimate for B follows easily from equation (1.4). O
Proof of Theorem 2.3: Let £ > 1. We follow the same calculations as in Lemma 4.2 to obtain

1 d

__/[S1+k +[1+k +Rl+k]dx+dok/[Sk_l|VS|2 +[k—1|v]|2 +Rk—1|VR|2]dx
1+kdt Jq Q

d
+§/[s1+k +[1+k +R1+k]dx
Q

<C / 'R+ G, / bk dx.
Q Q

14k . . . . .
Letu=1 7 .Asin Lemma 4.2, if we have an estimate in L' () for a function u, then we can

obtain an estimate for u in LF(2) with p = 2nf(2++2)9 and 6 = % as long as k < ﬁ For
any k > 1, after a finite number of steps, we obtain

sup/[S1+k +[1+k+R1+k]dxfc(k),
Q

>0

By the standard estimate for parabolic equation (see Lemma 2.6 in [5]), we obtain

Sug’[”S”LOC(SZ + [H||zoo) + IRz ] = C,
=

where C depends only on known data.
Once [ is uniformly bounded, we can easily derive a uniform bound for B by using the standard
theory of parabolic equation ([16]). This concludes the proof of Theorem 2.3. O

With the global bound for U(x,f), we are ready to prove the asymptotic behaviour of the
solution for the system (1.1)—(1.6).

Proof of Theorem 2.4: From Theorem 2.3, we have

sup |S(x, )| + sup [/(x, )| + sup |R(x, £)] + sup | B(x, 1)| < C,
0 0 0 0

where C depends only on known data.
We consider the following steady-state system corresponding to (2.1)—(2.6):

—V[d10o(X)VS] = bo(x) — B1SI — BoS - h(B) — dS + o R, (4.1)
—V[drooX)VI] = B1SI + B2S - h(B) — (d + y)I, (4.2)
—V[ds00(X)VR] = yI — (d + 0)R, (4.3)
—V[dsoo(x)VB] = &I + gB(1 — g) — 6B (4.4)

https://doi.org/10.1017/50956792521000231 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792521000231

820 H.-M. Yin
subject to the following boundary conditions:
VS, V,I,V,R,V,B) =0, X€I, 4.5)

By using the same argument as for the system (2.1)—(2.6), we can show that the problem (4.1)—
(4.5) has a weak solution U*(x) = (S*(x), I*(x), R*(x), B*(x)) € W} () () L>°(2). Moreover,
since by(x) > 0, the maximum principle implied that every weak solution is nonnegative on £2.
Furthermore, since the coefficients dj,, € C%(Q), regularity theory for elliptic equation ([29])
yields

||S*||C|+a(Q + ||I*||C1+Lx(§z + ||R*||C|+OI(Q + ||B*||C1+u(Q < C,

where C depends only on known data.

We divide the rest of the proof into three steps. In the first step, we show that there is an upper
bound M, which is independent of 8; and $,. In the second step, we show that the steady-state
system has a unique solution (S (x), 0, 0, 0) if the parameters satisfy the conditions in Theorem
2.4, where S (x) is a solution of (2.7)—(2.8). In the third step, we show that the U(x,f) converges
to the steady-state solution U*(x) in L(£2) for any p > 1.

Step 1. There exists a constant My which is independent B, and S, such that

sup S$*(x) < M,.
Q
Indeed, it is easy to see

d / [S* + I* + R*]dx = / bo(x)dx,
Q Q

6—2) / BYdx+g / B?dx=¢& / I*dx.
Q Q Q

Hence, L'-bound of (S*, I*, R*, B*) is independent of 8, and f8,. Moreover,

/B*defgfl*dx.
Q g Ja

To derive an L?>-bound, we define V' (x) = S(x) + I(x). Then

—V[d10o(x)VS] = bo(x) — B1SI — BoS - h(B) — dS + o R, (4.6)
—V[daoo(¥)VV] = V[(d1o0 — oo VS] + bo(x) — dV + oR, 4.7)
—V[dsoo(x)VR] = yI — (d + 0)R, (4.8)
—V[dioo(x)VB] = £ + gB (1 - IE;) — 8B, (4.9)
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By using the energy method, we immediately obtain an L?*(2)-bound for S,V,R.B and the
bound is independent B, and B,. By using the same L?>*-argument, we can deduce an L®(Q)

bound for $*(x) and the bound is independent 8, and S,.

Step 2. We show that a steady-state solution U*(x) to (4.3)—(4.7) must equal to (S (x), 0, 0, 0)

if the conditions in Theorem 2.4 hold.
Let

Ux) = (Sx), 1(x), RX), B) = (5*(x) — Soo(x), I* (%), R*(x), B*(x)), x € 2.

It is easy to see that (3‘, 1, R, B) satisfies the following elliptic system (for convenience, we use

I*, R*, B* instead of (j, R, B)):

~V[di0o(X)VS] = = Bi[ST* + Sool*] — Bo[Sh(B*) + Sech(B*)] — dS + o R,
—V[daoo(¥)VI] = BIIST* + Secl*] + Bo[S - H(B*) + Ssch(B*)] — (d + )I*,

—VI[dsoc(X)VR] = yI" — (d + 0)R",

*

B
—V[dsoo(x)VB*] = €I + gB*(1 — E) — 6B
subject to the following boundary conditions:

(V,S, V,I*, V,R*, V,B*) =0,  xe€d,

(4.10)

4.11)

(4.12)

(4.13)

(4.14)

We first use L' (2)-estimate to show that the steady-state system (4.6)—(4.9) with homogeneous
Neumann condition has a unique solution Us(x) = (Seo(x), 0, 0, 0). From the elliptic equation
(4.6), we multiply the sign function sgnS (one may use a smooth approximation of sign function

first and then take the limit) to obtain the following estimates:

d / 18 + / [BUSIT + BaIS (B
Q Q
S,BI/SOOI*dx—i—,Bz/ Sooh(B*)dx—i—U/ R¥dx
Q Q Q

fﬂlmO/I*dx—l—'BZKmO/B*dx—i—o/R*dx,
Q Q Q

where

my = max Seo(X).
Q
Similarly, from equation (4.7), we have

d+y) /Q I*dx

<8, / USI + Sl 1ds + B2 f [IS1A(B) + Sxoh(B)1db.
Q Q
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From equations (4.8)—(4.9), we find

(d+o)/ Rdx <y / I*dx. (4.17)
Q Q
-2 / B*dx <& / I*dx. (4.18)
Q Q
We add up the estimates (4.15)—(4.17) to obtain

) 2
d/ |S|dx+(d—2ﬁ1m0—’32—mog)/ I*dx—i—d/ Ridx <0,
Q K@ -2 Ja Q

where we have used the estimate (4.18) for the L!-norm of B*. If

2B,moé

d>?2
> ﬁ'm0+K(8—g)’

then we conclude
Sx)=r'(x)=R*(x)=0, xeQ.
Consequently, the inequality (4.18) implied B*(x, ) = 0 on €.
When d(x, t) depends on ¢, the above conditions for the parameters are not enough to prove
U(x,t) converges to U*(x). We need a different set of conditions on parameters to prove the

uniqueness of U*(x) via L*-estimate. Indeed, we multiply equation (4.6) by S and integrate over
Q2 to obtain

do / IVSPdx +d f S2dx + B / S2I*dx + B, / S2h(B*)dx
Q Q Q Q
~ ~ 1 -~
< Pimo / 82 4+ 12 4+ P20 f [5? + B?dx + o / [eR? + —8dx,  (4.19)
2 Q 2K Q Q 4e

where we have used fact 2(B*) < B% and Cauchy—Schwarz’s inequality with a parameter & > 0.
Similarly, from equation (4.7), we have

M,
do / \VI*2dx + (d + y) / I*2dx < Bi M, / a4 PMo f [I*2 + B*]dx, (4.20)
From equations (4.8)—(4.9), we find

1
do f |VR*|*dx + (d + o) / R?2dx<y f [el'? + —R**]dyx; (4.21)
Q Q Q 4e

do / |VB*|*dx + (8 — g) / B*2dx < 5 / [B*? 4 I'"?]dkx. (4.22)
Q Q 2 Ja
From the estimate (4.18), we see

6—g— §)f B*2dx < 5 f I*dx.
27 Ja 2 Ja
If we combine the estimates (4.15)—(4.18) and choose ¢ sufficiently close to 1 to conclude that

S@)=I"(x)=R*(x)=0, xeQ
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provided that

3B1my Pamo§ +lmax{0 v} 8—g>§
2 T k(-g-5) 4 o 2

d>
The inequality (4.18) yields
B*(x)=0, x € Q.
That is

Consequently, My = my.

Step 3: In this step, we show that U(x,f) converges to the steady-state solution U*(x) =
(Soo(x),0,0,0) as t — co.
For convenience, we set

W(x,t) := (wy, wa, w3, wg) = U(x, ) — U*(x) = (S — Soo, I, R, B), (x, 1) € Q.
A direct calculation shows that W (x,f) satisfies the following system:

wy, — V[di(x, )Vwi ] =mi(x, t) + fi(x, t, U) — fi(x, U"), (x,1) € O, (4.23)

wy = VIda(x, )V ] =my(x, 1) + L(U) = L(U7),  (x,0) €0, (4.24)
w3 — V[ds(x, )Vws] = m3(x, 1) + f5(U) — 5(U"), (x,0) €0, (4.25)
war — VIda(x, )Vwa] = ma(x, 1) + fa(U) — fa(U"),  (x,0) € O, (4.26)

subject to the boundary conditions:
VoW, wa, ws, wg) =0, (x, 1) € 92 x (0, 00), (4.27)
where
mi(x, 1) = V[(di(x, 1) — dicc(x)) VU], i=1,- -+ , 4.

When d;(x, t) is independent of ¢, we see m;(x, f) =0 in Q. For this case, we can use the same
method as in Step 2 to show that ¥ (x,f) converges to U*(x) in L'() if the conditions in Step 2
hold.

Now, we consider the general case when d; depends on ¢. Note that dj(x) are uniformly
bounded in C*(2), we know that Vu? is uniformly bounded in 2. Hence, for each i,

| f m(owids| < &1 / Vwi2dx + Cler) / (di — dio ek,
Q Q Q

where € is a small parameter.
For any 7, > 0. Let O(#)) = Q2 X [y, 00) and

mg = sup s*(x, t).
1)
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By using the same argument as in Step 1, we see m;; is independent of 81 and S,.
Observe 4(0) = 0, hence

N1, U) = filx, U)
=b(x, 1) — bo(x) — Bi[wiwz + Seow2] — B2[W1A(B) + Soo(h(B))] — dwi + o ws.
Moreover, from the definition of 4(B),
[wa|

(B = =

It follows that

m
W1 Seowa| < —O[W? +w3l;

[wiSech(wa)| < _(W1 + W4)

Now, we use the standard energy estimate to obtain

d 1 wldx + (dy — 2 — 2
-5 I 0—€1) |VW1| dx+(d —2¢e1) | widx
dt2 Jq Q
< ﬁl;no /[wf+w§]dx+ 0/32 /( wi +wj)]dx

Q

1
+Ci(e1) / [(b — bo)* + (di — dioo)*1dx + / [e2w] + —wildy,
Q Q 4ey

where ¢ and ¢, are arbitrarily constants.
Similarly, since f,(U*) = f5(U*) =f2(U*) = 0, we have

d1

—-/ wgdx+(d0—gl)f |sz|2dx+(d+y—sl)/ wadx
2 Q Q Q

:32 0

< Bum / whdy + / [0 + w2)ldx + Ca(er) f [(ds — done 2 Jdx:
Q

d1
——/ w%dx—i—(do—sl)/ |VW3|2dx+(d+a—£1)/ W%dx
dt?2 Q

< V/[52W2 W3]dx+C3(81)/(d3 dsoo) dx;

dl1 2 _ 2 _ 2
widx+ (do—¢e1) | |Vws|"dx+ (6 —g) | wydx

<& / w3 +wildx + Ca(er) / (ds — daoo)?dx.
2 Ja Q

Suppose the parameters in the system (1.1)—(1.4) satisfy the following conditions:

381 My BaMo&

R T (4.28)

1
d> 2 max{o, y}+
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5—g> % (4.29)

where My = max{my, m}.
We choose & sufficiently small and &, sufficiently close to 1, then we combine the above
estimates to see that there exists a constant «; > 0 such that

Y1)+ Y (1) = CGQ),

where

4 4
=3 fg Wi, G(t) = /Q [(b—boP + 3 (e — din) 1.
i=1 i=1

Since G(f) converges to 0 as — oo, we conclude that
fim 10=0,
which implies, for any p > 1,
Jim [JU = U0 =0

since U(x,t) and U*(x) are uniformly bounded.
Finally, we can choose m sufficiently close to my as long as  is sufficiently large. Therefore,
the convergence of U(x,f) to U*(x) holds if the conditions for parameters in Theorem 2.4 hold.
The proof of Theorem 2.4 is completed. O

5 Conclusion

In this paper, we studied a mathematical model for the Cholera epidemic without lifetime immu-
nity. The model equations are governed by a coupled reaction—diffusion system with different
diffusion coefficients for each species. We established the global well-posedness for the coupled
reaction—diffusion system under a certain condition on known data. Moreover, the long-time
behaviour of the solution is obtained for any space dimension ». Particularly, we prove that there
is a global attractor for the system under appropriate conditions on known data. These results
justify the mathematical model and provide scientists a deeper understanding of the dynam-
ics of interaction between bacteria and susceptible, infected and recovered human hosts. The
mathematical model with the help of real data analysis provides a scientific foundation for pol-
icymakers to make better decisions for the general public in health and medical sciences. The
main tools used in this paper come from some delicate theories for elliptic and parabolic equa-
tions. The method developed in this paper can be used to study other models such as the avian
influenza for birds.
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