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Abstract

This work proposes and analyzes a family of spatially inhomogeneous epidemic models.
This is our first effort to use stochastic partial differential equations (SPDEs) to model
epidemic dynamics with spatial variations and environmental noise. After setting up the
problem, the existence and uniqueness of solutions of the underlying SPDEs are exam-
ined. Then, definitions of permanence and extinction are given, and certain sufficient
conditions are provided for permanence and extinction. Our hope is that this paper will
open up windows for investigation of epidemic models from a new angle.
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1. Introduction

This work presents an attempt at studying stochastic epidemic models in which spatial inho-
mogeneity is allowed. The hope is that it will open up a new angle for investigating a large class
of epidemic processes. In lieu of the usual formulation based on stochastic differential equa-
tions considered in the literature, we propose a new class of models by using stochastic partial
differential equations. This greatly enriches the class of systems and offers great opportunities
both mathematically and practically. Meanwhile, it poses greater challenges.

Epidemic models (compartment models) in which the density functions are spatially homo-
geneous were introduced in 1927 by Kermack and McKendrick [24, 25]. The main idea is to
partition the population into susceptible, infected, and recovered (SIR) classes. The dynamics
of these classes are given by a system of deterministic differential equations. One classical
model takes the form

T  aSOI)
ds() = [A msS(t) SO+ 10 —I-I(t)} : 1=0,
B aS(I(1)
d](l)—[—(ﬂl+r)l(f)+m]dl, IZO,

dR(t) = [ — urR(1) + rl(1)]dz, 1>0,
$(0)=80>0, 10)=1p>0, RO)=Ry=>0,
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where S(¢), I(t), and R(¢) are the densities of the susceptible, infected, and recovered popula-
tions, respectively. In the above, A is the recruitment rate of the population; us, i1, and ur are
the death rates of susceptible, infected, and recovered individuals, respectively; « is the infec-
tion rate; and r is the recovery rate. To simplify the study, it has been noted that the dynamics
of recovered individuals have no effect on the disease transmission dynamics. Thus, follow-
ing the usual practice, the recovered individuals are removed from the formulation henceforth.
SIR models are known to be useful and suited to such diseases as rubella, whooping cough,
measles, smallpox, etc. It has also been recognized that random effects are not avoidable and
a population is often subject to random disturbances. Thus, much effort has also been devoted
to the investigation of stochastic epidemic models. One popular approach is adding stochastic
noise perturbations to the above deterministic models. In recent years, resurgent attention has
been devoted to analyzing and designing controls of infectious diseases for host populations;
see [1,4,6,14,17,20,23, 26,36, 37] and references therein.

For the deterministic models, studying the systems from a dynamic system point of view,
certain threshold-type results have been found. In accordance with the threshold, the pop-
ulation tends to the disease-free equilibrium or approaches an endemic equilibrium under
certain conditions. It has taken a long time to find the critical threshold value for the cor-
responding stochastic systems. A characterization of systems using critical thresholds was
reported very recently in [15, 18,21,22], in which sufficient and almost necessary conditions
were obtained using the idea of a Lyapunov exponent, so that the asymptotic behavior of the
system has been completely classified. Such ideas can also be found in [16, 28] for related
problems.

From another angle, it has been widely recognized that there should be spatial dependence
in the model to better reflect the spatial variations. In the spatially inhomogeneous case, the
epidemic reaction—diffusion system takes the form

a(x)S(t, x)I(t, x)

i = +
ES(I’ X) =k1 AS(t, x) + A(x) — w1 (x)S(t, x) — G0 1100 R™ x O,
9 _ B @S0l x) .

al(r, x) =kyAI(t, x) — pa(x)I(t, x) + —S(I, DT inR"™ x O,

0,8(t, x) = 0,1(t, x) =0 inRt x 00,
S(x, 0) =Sop(x), I(x,0)=Ip(x) inO,

where A is the Laplacian with respect to the spatial variable, O is a bounded domain with
a C? boundary of R! (1> 1), 3,5 denotes the directional derivative with the v being the
outer normal direction on 90, and k; and ky are positive constants representing the dif-
fusion rates of the susceptible and infected population densities, respectively. In addition,
A, p1(x), pa(x), a(x) € CX(O) are non-negative functions. Recently, epidemic reaction—
diffusion models have been studied in [2, 19, 32,33,40] and the references therein. In [36],
some results were given for a general epidemic model with reaction—diffusion in terms of
basic reproduction numbers. The above models are all noise free. However, random noise per-
turbations in the environment inevitably appear often. Therefore, a more suitable description
requires considering stochastic epidemic diffusive models. Taking this into consideration, we
propose a spatially non-homogeneous model using a system of stochastic partial differential
equations given by
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_ _ _ a(x)S(t, x)I(t, x)
dsS(t, x) = [kl AS(t, x) + A(x) — w1 (0)S(t, x) —S(t, D EIGD i|dt
+S(t, x)dWi(t, x) inRT x O,

_ a(x)S(t, x)I(t, x)
di(t, x) = [szI(t, x) — u2(0)I(t, x) + m]dl

+I(t, x)dWs(t,x) inRT x O,

(1.1)

0,S(t, x) =0,1(t, x) =0 inRt x 90,
S(x, 0) = So(x), I(x, 0) = Io(x) in O,

where W, (t, x) and Ws(¢, x) are L*(O, R)-value Wiener processes that represent noise in both
time and space. We refer readers to [ 12] for more details on the L>(Q, R)-value Wiener process.

Because this is our first work in this direction, we have to settle a number of issues. First,
we establish the existence and uniqueness of solutions in the sense of mild solution of the
stochastic partial differential equations. Moreover, we examine some long-term behavior of
the solutions. These are the main objectives of the current work.

The rest of the paper is arranged as follows. Section 2 gives some preliminary results and
also formulates the problem that we wish to study. Section 3 establishes the existence and
uniqueness of the solution of the stochastic partial differential equations. Section 4 provides
sufficient conditions for extinction and permanence, while Section 5 provides an example.
Finally, Section 6 concludes the paper with some further remarks.

2. Preliminary and formulation

Let O be a bounded domain in R’ (with [ > 1) having a C? boundary, and let H := [2(O:R)
be the separable Hilbert space, endowed with the scalar product

(u, vig ::/ u(x)v(x) dx
@]

and the corresponding norm |u|y = /(u, u)g. We will say u > 0 if u(x) > 0 almost everywhere
in O. Moreover, we denote by L2(O, R?) the space of all functions u(x) = (u1(x), ua(x)) where
Ui, Uy € LZ(O, R), on which the inner product is defined as

(u, V)20, R2) == /o (), V() dox = /o (u1 ()1 (x) + ua (x)v2(x)) dx
= (u, Vl)LZ(O’]R) + (u2, VZ)L2((9,R),

for all u, v € L>(O, R?). Note that L>(©, R?) is a separable Hilbert space. In what follows, we
use u to denote a function that is either real valued or R2-valued (as will be clear from the
context). Denote by E the Banach space C(O; R) endowed with the sup-norm

Julg = sup [u()] .
xeO

Let (2, F, {F:}i=0, P) be a complete probability space, and L”(€2; C([0, 7], C(O, R?))) be the
space of all predictable C(O, Rz)-valued processes u in C([0, 1], C(O, Rz)), P almost surely
(a.s.), with the norm L, , as follows:

4

P
IulLLP :=E sup Iu(s)lc(aRz),

sel0,1]
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where 1

, I
lul o2 = (Z sup |ui<x>|2) if u=(u1, ) € C(O, R?).

i=1 x€O

For £ > 0, p > 1, denote by W#”(O, R?) the Sobolev—Slobodeckij space (the Sobolev space
with non-integer exponent) endowed with the norm

) |ui(x) — wi ()P
lul. ) = lulppo. R2)+Z/oxo wdxdy.

Assume that By () and By o(f) with k=1, 2, ... are independent {F;};>0-adapted one-
dimensional Wiener processes. Now, fix an orthonormal basis {e;}7~ | in H and assume that
this sequence is uniformly bounded in L*°(O, R), i.e.

Co:= sup lex| oo, r) = Sup ess sup ex(x) < oo.
keN keN  xeO

We define the infinite-dimensional Wiener processes W;(¢), which are driving noise in (1.1), as
follows:

o
Wit)=> " JaxiBrither,  i=1,2,
k=1

where {ay ;};2, are sequences of non-negative real numbers satisfying

[o)e]
ai=y  a;< oo, i=1,2. (2.1)

Let A; and A be Neumann realizations of k1 A and ky A in H, respectively, i.e.

DA)={ueH|AuecHandd,u=00nd0},
Aju=k;Au, u € D(A;),

where the Laplace operator in the above definition is understood in the distribution sense. Then,

Aj and A; are infinitesimal generators of analytic semigroups e’! and e4? with corresponding
N,1 N2 .

Neumann heat kernels denoted by Po (t, x, ), Po (t, x, ), 1.e.

eu)(x) = fo Pyt x, yu@y)dy,  i=1,2,

respectively. In addition, if we denote by A := (A1, A,) the operator defined in L*(O, R?) by
Au = (Ayu1, Ayuo) for u= (uy, up) € L*(O, R?), then it generates an analytic semigroup ¢4
with e4u = (e1uy, e2u,). In [13, Theorem 1.4.1], it is proved that the space L' (O, R*)N
L%°(O, R?) is invariant under e, so that ¢4 may be extended to a non-negative one-parameter
semigroup e4?) on LP?((; R?), for all 1 < p < oco. All these semigroups are strongly continu-
ous and consistent in the sense that ey = &A@y for any u € LP(O, R?) N LI(O, R?) (see
[8]). So, we will suppress the superscript p and denote them by ¢4 whenever there is no con-
fusion. Moreover, if we consider the part Af of A; in the space of continuous functions E, it
generates an analytic semigroup (see [3, Chapter 2]), which has no dense domain in general.
However, since we have assumed that O has a C> boundary in our boundary condition, Af has
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dense domain in E (see [12, Appendix A.5.2]), and hence this analytic semigroup is strongly
continuous. Finally, we recall some well-known properties of the operators A; and analytic
semigroups e for i =1, 2 as follows (for further details, we refer the reader to [3, 13,31] and
the references therein):

e ForallueH, fot eMiyds € D(A;) and A;( fot ey ds) = eiy — u.

e By Green’s identity, it can be proved that A; is symmetric, that A; is self-adjoint in H,
and that, for all u € D(A)), fO (Aju)(x)dx =0.

e Foranyt>0,x,y€ O,

M—yP}

Ofpg»i(t,x,y)fcl(tAl)*% eXp{—c2 ;

for some constants ¢ and ¢ which depend on O but are independent of « and 7.

e The semigroup e satisfies

eu

7\
eu <clulj and . Zclulspm 2.2

’LOO(O,R2) - | |L (O‘Rz) C(O,Rz) - | |C(O,R2) ( )
for some constant ¢ which depends on O but is independent of « and 7.

e For any 1, & >0, p> 1, the semigroup e maps LP(O, R?) into W&P(©O, R?) and,
for all u € LP(O, R?),

<ct A Ul o w2 (2.3)
&,p

eu

for some constant ¢ independent of u and z.

Now, we rewrite (1.1) as a stochastic differential equation in an infinite-dimension space:

_ aS(HI(1)
dS@) = [A SO+ A — 1S — —S(t) mn I(t)] dr + S(r) dW (1),
B - aSOI(1) (2.4)
di(r) = I:AQI(Z) wal(t) + —S(t) iy (t)] dt + I(r) dWi (1),
S(0) =Sy, 1(0) = I.
As usual, we say that (S(¢), I(¢)) is a mild solution to (2.4) if
t
S(1) =18y + / el=94 (A — 18(@s) — M) ds + Ws(1),
0 S(s) +1(s) 2.5)
I(t) — el‘Azl + /t e(t—s)Az ( _ I(S) + C(S(S)I(S) ) ds + W (t) .
0 A J2%) 56+ 1) (1),
where
t 1
Ws(t) = / el=918(s)dWi(s) and Wi(r) = / =92 1(5) dWa(s),
0 0
or, in vector form,
t t
Z(n=e"Zy + f e F(Z(s)) ds + / el=94Z(s) dW(s), (2.6)
0 0

https://doi.org/10.1017/jpr.2020.15 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.15

618 D. H. NGUYEN ET AL.

here Z = (S, 1), F(Z) = (F1(Z), F2(Z)) := [ A — 111§ oS 1425 and
where Z = (S, I), = , = — - - —,
1 2 M1 S+I n2 S+I

el=947(5) dW(s) := ("1 S(s) AW, (s) , e"921(s) AWa(s)).

Because we are modeling SIR epidemic systems, we are only interested in the positive (> 0)
solutions. Therefore, we define a positive mild solution of (2.4) as a mild solution S(¢, x), I(¢, x)
suc.h that S(¢, x), I(¢, x) > 0, almost everywhere x € O, for all 1 > 0. Moreover, to have the term

si
T well defined, we assume that it is equal O whenever either s =0 or i = 0.
s+1i

Remark 2.1. The integrals on the right-hand side of (2.5) are understood as Bochner integrals
(in the Banach space H), while Wg(#) and Wj(¢) are stochastic integrals (stochastic convo-
lutions). The S(s) (resp. I(s)) in the stochastic integrals is understood as a multiplication
operator, i.e.

S(s)(u) = S(s)u forall u e H.

The stochastic integral f(; =94 (s) dW;(s) (see [12, Chapter 4] for more details on stochastic
integrals) is well defined if the process U(s) satisfies

t 5
./ Z ar.i|e" N U(s)ex |, ds < oo.
0 k=1

Finally, in the vector form, to simplify the notation we do not write the vectors in column form.
However, the calculations involving vectors are understood as in the usual sense.

To investigate epidemic models, an important question is whether the infected individuals
will die out in the long term. That is, the consideration of extinction or permanence. Since the
mild solution is used, let us introduce the definitions in the weak sense as follows.

Definition 2.1. A population with density u(t, x) is said to be extinct in the mean if

1 t
limsup;/ JE/ u(s, x)dxds =0,
0 (@]

— 00

and is said to be permanent in the mean if there exists a positive number R;, independent of the
initial conditions of the population, such that

1

1 [t 2
liminf—/ <]E/ (uz(s,x)/\l)dx> ds > Ry.
—oo 0 O

Remark 2.2. It is well known that it is fairly difficult to confirm the existence of strong solu-
tions for stochastic partial differential equations (or even weak solutions); see [12, Section 6.1].
As an alternative, we shall use the notion of mild solutions. Hence, the convergence in our situ-
ation is in the weak sense. Note, however, in the deterministic case, [2, 19, 32, 33, 40] obtained
strong solutions of deterministic reaction—diffusion epidemic models and the convergence was
taken in L*°, E, or Sobolev spaces. In what follows, for convenience, we often suppress the
phrase ‘in the mean’ when we refer to extinction and permanence, because we are mainly
working with mild solutions.
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3. Existence and uniqueness of a positive mild solution

In this section we shall prove the existence and uniqueness of a positive mild solution of the
system as well as its continuous dependence on the initial conditions. In what follows, without
loss of the generality we can assume |O| = 1, where |O] is the volume of the bounded domain
O in R/, and the initial values are non-random for simplicity.

Theorem 3.1. For any initial data 0 < Sy, Iy € E, there ex_ists a unique positive mild solu-
tion (S(1), I(t)) of (2.4) that belongs to LP(S2; C([0, T1, C(O, R?))) for any T > 0 and p > 1.
Moreover, this solution depends continuously on the initial data.

3.1. Proof of Theorem 3.1

In this proof, the letter ¢ denotes a positive constant whose value may change in different
occurrences. We will write the dependence of the constant on parameters explicitly if it is
essential. First, we rewrite the coefficients by defining f and f* as follows:

a(x)si a(x)si

fma0=<mm—mun— —, —a(x)i + .), xeO, (s,i)eR?,
s+1 s+1

and
e, s, ) =f(x,sVv0,iVv0).

Writing z = (s, i), by noting that we are assuming the term s—_:_ will be equal to O whenever
s+

either s =0 ori = 0, it is easy to see that f*(x, -, -): R2 > RZis Lipschitz continuous, uniformly
in x € O, so that the composition operator F*(z) associated with /*, i.e.

F*(2)(x) = (F] (2)(x), F3(2)(0)) :=f"(x, z(x)), xe0,

is Lipschitz continuous in both LZ(O, Rz) and C(@, Rz). Now, we consider the following
problem:

dz*(r) = [AZ*(t) + F*(Z*(t))] dt+ (Z* () v 0)dW(), Z*(0)=Zy=(So, ly), (3.1
where Z*(t) = (S*(¢), I'"(¢)) and Z*(¢) v 0 is defined by
(Z*(H) v 0)(x) = (S*(t, x) V0, I*(t, x) v 0).
For any
u(t, x) = (uy (¢, x), ux(t, x)) € LP(2; C([0, T1, C(O, R))),
consider the mapping
1
P =20 + [ ) ds + ol

0

where

t
e(u)(1) := / e (u(s) v 0) dW(s)
0

t t
= ( f =41y (s) v 0) AW (), f =942 (45 (5) v 0) sz(s)>.
0 0
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We will prove that y is a contraction mapping in L”(€2; C([0, To], C(@, R?))) for some T > 0
and any p > pq for some py.

Lemma 3.1. There exists po such that, for any p > po,
e the mapping ¢ maps LP(Q; C([0, t], C(O, R?))) into itself,
o forany u=(u1, u2), v=(v1,v2) € LP(2; C([0, 11, C(O, R?))),

lo() — Wy, < cp(@) lu—vly, ,, (3.2)

where cp(t) is some constant satisfying ¢, (1) { O as t | 0.

Proof. Let pg be sufficiently large to ensure that, for any p > pg, we can choose simultane-
ously B, € > 0 such that

1 1 l 1

—-<B<=- and —-<e<2(B—-).

p 2 p P

Now, for any fixed p > po, let 8, ¢ be chosen as above. By using a factorization argument (see,
e.g., [12, Theorem 8.3]), we have

. t
P(u)(D) — p(v)(1) = smﬂ”ﬂ / (1 — )P 1Y g (u, v)(s) ds,
0
where
Yp(u, v)(s) = / (s — 1) Pel™Au(r) v 0 — v(r) v 0) dW(r).
0
If

t
/0 |Y,3(u, v)(s)|ip(O)R2)ds < 00 a.s.,

then it is easily seen from the properties in (2.3) of the semigroup e”* and Holder’s inequality
that

lp@)(®) — W),
t
gcﬂ/o (t =P M=) A D2 [Ypu )| o g2y ds

' e N ([ » PoG3)
Scﬁ,p(t)</0 (t=s) A 1)r1 ds) (/0 }Yﬁ(u, V)(S)|LP(O,R2) ds)

1
¢ P
Sa‘hp(ﬁ(/o |Y,3(u, v)(s)|‘zp<o‘R2) ds) a.s.,

where cg (1) is some positive constant satisfying cg ,(f) | 0 as ¢ | 0. Rewriting Yg(u, v)(s) =
(Y18(u, v)(s), Y2p(u, v)(s)), where

Yip(u, v)(s) := / ' (s — 1) e (r) v 0 = vi(r) Vv 0) AWi(r), i=1,2.
0
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Therefore, applying the Burkholder inequality, we obtain that for all s € [0, f] and almost every
xeQ,

[STaS]

E |[Yigu, v)(s, 0)|" <¢p [/ (s—r) 2’32:ak,|M(s r, k, x)|? dr] ,

k=1

where
Mi(s, r, k) = i (u;(r) v 0 — vi(r) V O)ey.

In the above, we used the notations
Yig(u, v)(s, x) := Yig(u, v)(s)(x),  Mi(s, r, k, x) := M(s, r, k)(x), i=1,2.

Asa consequence,

t
E /0 |Yp(u, v)(s)|ip(O’R2) ds

t
<¢,(NE / / ( Y15, v)(s, 0 + [ Yap(u, v)(s, 0 ) dxds (3.4)

<cp(0) / ( / (s—1r)" ﬁ<a1+az>sup|M<s ry R oo 12) d’> ds,

where M(s, r, k) := (M, (s, r, k), M5(s, r, k)) and ay, ap are defined in (2.1). Moreover, from
the uniformly boundedness property of {e;};2, and (2.2), we have
sup M (s, . k)l oo g2) < € () = V()| 0@, z2) (3.5)
keN

for some constant ¢ independent of s, 7, #, and v. Combining (3.4) and (3.5) implies that
t
E / |Y/3 (u, V)(S)VZI’(O,Rz) ds

<c,(t) / E sup |u(r) —v(r)|C( 5 ) ( /0 ) (s—r)~2 dr)2 ds (3.6)

rel0,s]

< cp,(0) /0 E sup [u(r) — v(r)P’

<cpp(t) lu— vllL’tp < 00,
rel0,s] ’

(O, Rz)

where cg () is some positive constant satisfying cg ,(¢) | 0 as ¢ | 0. Therefore, the inequality
(3.3) holds and, as a consequence, ¢(u)(f) — p(v)(r) € WoP(O, R?). Since ¢ > I/p, the Sobolev
embedding theorem implies that ¢(u)(f) — p(v)(?) € C(O, RY). Finally, (3.3) and (3.6) imply
that

l0() — @)1, , < cp(®) u— v,
for some constant c,(?) satisfying ¢, (¢) | 0 as t | 0. The lemma is proved. U

Therefore, for p > pg, with sufficiently large po, y maps L?(<2; C([O, 7], C(O, R?))) into
itself. Moreover, by using (2.2) and the Lipschitz continuity of F*, we have

/

N )~ Fow)] [, ds=e f () = VI, 5 o) d

C((’) R2)
(3.7)

ds <ct sup |u(s) —v(s)|”

C(O R?) se[0,¢]

t
<c /0 sup. [(u(r) — v’

rel0.s] CO.R?)
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Hence, (3.2) and (3.7) imply that

ly) =y Wy, < cp@lu—vlg, .

where ¢,(?) is some constant depending on p and t satisfying c,(¢) | 0 as ¢ | 0. Therefore,
for some Ty sufficient small, y is a contraction mapping in LP($2; C([0, Tp], C(O, R?))).
By a fixed point argument we can conclude that (3.1) admits a unique mild solution in
LP(S2; C([0, Tol, C(O, R?))). Thus, by repeating the above argument in each finite time inter-
val [kTy, (k+ 1)Tp], for any T >0 and p > py (3.1) admits a unique mild solution Z*(¢) =
(S*(1), I*(1)) in LP(; C([0, T], C(O, R?))). We proceed to prove the positivity of $*(z), I*(¢).

Lemma 3.2. Let (S*(1), I*(¢)) be the unique mild solution of (3.1). Then, for all t € [0, T},
S (1), I"(£) > 0 as.

Proof. Equivalently, (S*(¢), I*(¢)) is the mild solution of the equation

dS*(1) = [A15* (1) + F1(S*(1) v 0, I*(1) v 0)]dz + (S*(1) v 0)dW (1),
dr (1) = [Aal*(1) + Fa(S*(1) v 0, T*(1) v 0)]dr + (I* (1) v 0)dWa (1), (3.8)
S*(0) = So, I*(0) = Iy.

Fori=1, 2, let A; € p(A;) be the resolvent set of A; and R;(A;) := A;R;(A;, A;), with R;(A;, A;)
being the resolvent of A;. For each small ¢ >0, A= (X1, A2) € p(A1) X p(A2), by [27,
Proposition 1.3.6], there exists a unique strong solution Sy .(, x), I, ¢(¢, x) of the equation

dSye(0) = [A1S5.6(1) + RIDF1 (e ®(e 7" S5 (1)), e (eI o (1))]dt
+R1()e® (™S5 (1)AW (1),

dl (1) = [Aoly (D) + Ro(A2)Fa(e (e S) (1), eP(e ™ I o (1)))]dt
+Ry(A2)e D (™' o (1)dWa (1),

S3,e(0)=R1(A1)So, I1.£(0) = Ra(A2)lp,

where
0 ife<o,
dE)= {365 -8+ + 683 if0<E<],
& ifEx>1,
satisfying
® € CX(R),

ed(e 1) > EVO ase— 0.

Combined with the convergence property in [27, Proposition 1.3.6], we obtain that (Sy),(?),
Liky,«(1) = (S*(1), I*(1)) in LP(Q; C([0, T1, L*(O, R?))) for some sequence {A(k)}?°, C
p(A1) x p(Az) and ¢ — 0.

Now, let
, 1 :
& ~ % ifé < -1,
_ 4 4 3
8¢) = —% 5 1<t <0,
0 ife > 0.
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Then g’(§) < 0for all £ and g"’(§) > O for all £. Hence, we are to compute

dt(/ g(1, X)dX)>~
o

Since /()P (&) = ¢ (§)®(¢) =0 for all £, by It6’s Lemma [10, Theorem 3.8], we get
t
/ g &(t, ) dx =k / / g (I (s, )AL (s, x) dx ds
O 0 JO
t
ko [ [ 0060 V10,0 deas
0

<0.

Since g(&§) > 0 for all £ <0, we conclude that, for all A € p(A1) x p(A2), € >0, I) «(t,x) >0
for all ¢ € [0, T'], almost everywhere in O. Similarly, we have

t
/O §(S3.(t, 1)) dx = /0 /0 §/(S1.2 (5. X0)(k1 ASy o5, %)+ (R1 () A)w)) d ds
t
_— / / §(S2.6(5.20) | V3o, 0> deds
0o JO

t
+/0 /Og’(S,\,a(s, D)R1(AD)A)(x) dx ds
=0,

where the last inequality above follows from the fact that
o
Rl(kl,Al)zf e Ml g
0

preserves positivity. Again, since g(§) > 0 for all £ <0, we obtain the positivity of Sy (¢, x).
Hence, S*(¢, x), I*(t, x) > 0 almost everywhere in O for all ¢ € [0, T1], a.s. O

Returning to the proof of the theorem, since (S*(¢), I*(¢)) is a unique mild solution of (3.8)
and is positive, it is a mild solution of (2.4). Therefore, (2.4) admits a unique positive mild
solution (S(7), 1(1)).

Now we prove the second part. For convenience, we use subscripts to indicate the depen-
dence of the solution on the initial value. Let Z; (), Zz(r)(t) be the positive mild solutions of

(2.6) with the initial conditions Z(0) = zg and Z(0) = 16, respectively. That means,

t t
Z, (1) = ez + / e (7, (s)) ds + / =947, (s) dW(s)
0 0

and

t t
zzb(z):e’/*zg)jL /0 e(’_S)AF*(Zzb(s)) ds + /O e(’_S)AZZG(s)dW(s).

This implies that
t
Zoy(t) — Zy () =29 — €25 + / " TINF(Zy(5)) — FH(Z () ds
0

t
+ [ N0~ Zy o AW
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Since (3.3) and (3.6) hold, we can obtain that

E sup / S=A(Z, (1) = Z2 /(1) dW(r)
s€[0,1] C(O,R?)
t
<c (z)/ E sup |Z,(r) — ()‘ (3.9)
r re[()ps] N c, Rz)
<o [ |z -] o
Therefore, by virtue of (3.7) and (3.9), it is possible to get
Zo -2, <cplio—z|" von [z —z d
20 20 Ly~ P 120 — Zp C(O.R?) 4 ) 20 20 Ly, :
Hence, it is easy to obtain, from Gronwall’s inequality, that
z. —7z." <exr Al
20 Zb Lr, = CP( ) |ZO - Z0|C(5,]R2) .

Therefore, the continuous dependence of the solution on the initial values is proved.

4. Long-time behavior

This section investigates the properties of the positive mild solution (S(¢), I(f)) of sys-
tem (2.4) when ¢t — oo. In particular, we provide the sufficient conditions for extinction and
permanence. For each function u € E, denote

us = inf u(x).
xeO

/15:/ a(x)dx—/ uz(x)dx—a—z.
o o 2

Theorem 4.1. If A, > 0 and R > 0, then the infected class is permanent in the sense that, for
any initial values 0 < Sy, Iy € E satisfying

Define the number

/ — In Ip(x) dx < o0,
@]

we have
1

1 [t 2
liminf—/ <E/ (12(s,x)A1)dx) ds > R;
—o00 f 0 O

for some Ry > 0 independent of initial values.

Proof. To obtain the long-time properties of (S(¢), 1()), one of tools we use is It6’s formula.
Unfortunately, in general It6’s formula is not valid for mild solutions. Hence, our idea is to
approximate the solution by a sequence of strong solutions when the noise is finite dimensional.
First, we assume that Sy, Iy € D(Af ), where D(A[.E ) is the domain of Af , the part of A; in E. For
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each fixed n e N, let gn(t, x), I,(, x) be the strong solution (see [12] for more details about
strong, weak, and mild solutions) of the following equations:

a(x)Sy(t, ), (t, x)] dt
S, x) + 1,(t, x)

dS,(t, x) = [A1§n(t, x) + A) — 1 (0)Su(t, x) —

+ ) Varien®)S,(t, x)dBy 1 (1),

k=1

dL(1, x) = [A27n(t, X) — 21, x) +

a@S@@I@@} 4.1)
. Su(t, x) + 1,(2, x)
+ ) Jak2e®)I,(t, x)dBr (1),

k=1
Sa(x, 0)=So(x),  In(x, 0) = Io(x).

The existence and uniqueness of a strong solution of (4.1) follow the results in [11] or [12,
Section 7.4]. To see that the conditions in these references are satisfied, we note that the semi-
groups e and e2 (as well as their restrictions to E) are analytic (see [3, Chapter 2]) and
strongly continuous (see [12, Appendix A.5.2]). Moreover, from the characterizations of frac-
tional power of elliptic operators in [38, Chapter 16] or [12, Appendix A], it is easy to confirm
that the coefficients in (4.1) satisfy condition (e) in Hypothesis 2 of [11]. Moreover, a detailed
argument can be also found in [29, 30].

In addition, from the continuous dependence on parameter & of the fixed points of the family
of uniform contraction mappings 7(£), by a similar ‘parameter-dependent contraction map-
ping’ argument, it is easy to obtain (see [12] or [30, Proposition 4.2]) that, for any fixed ¢,

lim E|S(1) — Su()|5, — 0
n— 00

and 5
lim E [1(1) — 1,(t)|, — 0.
n— 0o

To proceed, we state and prove the following auxiliary lemmas.

Lemma 4.1. Let . := inf _z min{u;(x), u2(0)} If s > 0 then
IAlE

*

E/ (8@, x) +1(z, X))dXSC*“*t/ (So(x) + Io(x)) dx +
@) o

Proof. In view of 1t6’s formula ([10, Theorem 3.8]), we can obtain

t
Bt [ e+ T de< [ sow +o s+ [ e [ Awdeas
@]

/ (So(x>+lo<x>)dx+' £ gt

Mo

Letting n — oo, we obtain the desired result. O

Now we are in a position to estimate E( |, o E”(% dx) by the following lemma.

Lemma 4.2. For any p > 0, lffO AT dx < oo, there exists K > 0, which is independent of n
and the initial conditions, such that

~

1
— dx+K,,.
S”(z x) = fosg(x) T
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Proof. For any 0<¢e < p/2\*’ using It6’s Lemma ([10, Theorem 3.8]) and by direct

calculations, we have

Ct/ _; dx
O (Sn(t, x) + &)

= dxds
/ (SO(X) + 8)” / / (Sns, x) + &) * / ./ (Sas, x) + 8)1’+1

x <k1 ASu(s, x) + A(xX) — p1(x)S,(s, x) — a_(x)S”(S’ (s, x)) d ds

Su(s, x) 4 In(s, x)
=2
L1 /CZ / PP+ Dar1gS, (5,0
2o IHlo Suls,x)+ept?

+Z / [ JarT —per(x)Sy(s, x) } dBe1(s)

O (Su(s, x) + e)pt!

</ / / —pklAS (s, x) dr ds
o (So(X)+8)” O Spls, x)+ ept1

//—p A++||+I|+1++1C
o(S(sx)+8)P+1< (€9) <M1E olg 7 o)

S,
X Su(s, x)) dxds+2/ |:«/ . %M} dBy.1(s)

1 t pKPop
5/ —dx—i—/ pp—pesds
o (So(x) + &) 0 AP

(1 S[ — [ —Per@)Sus. v }
—_— dx dB ,
+k=21/0 ) |: ! /(9 (Sn(s, x) + &) +! k1(s)

4.2)

where K, = |1 lg + |alg ~|— + p a1 C2 In the above, we used the facts that

—pk1 AS VS, (s,
/ _—PkiASA(s, X) :_p(p+1)1/ _‘n(—sx)|dx§0a.s.
O (Sy(s, x) + &)+l O (Su(s, x) + &p+?
and
p € I p+1 2\ <
_— —A(X)+—+<IM1| +lalp+ -+ a1 C, >S (S,X)>dx
/co(sn<s,x)+s)1’+1( p ETTET D o)

p Ae -
< | = - =+ KSu(s. 0 |15 dr
_fo (Sns, X)+8)1’+1< 2 RS x)> {Suso= 4}

Kp+12p
PR =

a.s.
— 14
AL
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Hence, (4.2) implies that, forall > 0and n € N,

t p+1 »
ef e [ are [P Yen as
O (Su(t, x) + &) o So(x) + &) 0o A

Letting ¢ — 0, we have, from the monotone convergence theorem,

CpKyor
dx—l—e*’/ Pp—peA ds.
0 A

1 1
E| = dx<e™ / 5
o SH(t, x) 0 Sp(x)
The proof of the lemma is completed. (|

Noting that our initial conditions are not assumed to satisfy |, o S2 dx < oo, we will prove

in the following lemma that, after some finite time, the solutions have inverse functions that
belong to L3O, R).

Lemma 4.3. For anyn e N,

1
E/ = dx < o,
05,4, x)

where £y depends only on the initial conditions (independent of n).

Proof. Using

t
Ef Sn(t,x)dx=/ So(x)dx+/ Ef (klAS‘n(s,xHA(x)
O O 0 O

S @()Su(s, X)u(s, X)
— 11 (X)Sn(s, X) — 3, (5. T (5. ) > dxds

;/%mM+ﬂME
O

and s? <s+ 1 forall se R > 0, g € [0, 1], it is easy to show that there exists £ > 0 such that

]E/ Sle,xydx<€,  foranyre(0,1],q€[0, 1], (4.4)
O

where ¢ is independent of n. For any & > 0, using [t6’s Lemma ([10, Theorem 3.8]) again, we
have

]E/ (S(1, %) + )7 dx
(@)
1
=/ (So(x)+8)%dx+/ E/ %(klAgn(s»x)
o) 0 O 2(S,(s, x)+¢)2

a_(x)En(s, x)_in(s, x)) b ds 4.5)
S (s x) + 1,,(s, x)

B _/ Z/ aklek(x)S (s, x) dr ds
(@]

(S (s, x)—i—e)z

1
Zl/ / _ A —N1/ (IE/ E,%(s,x)dx>ds
2 O Sy(s, x)+ )2 0 16)

+ A(X) — w1 (X)Su(s, x) —
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where
a1 C

|M1|E+|06|E+
2

In view of (4.4) and (4.5), we have
A
—dxds <(L+ Nl + /e for all ¢ > 0,
O (Suls, ) + )7

which implies that

/ / A0 s <204 M),
O (Su(s. x))?

or there exists t; = t;(n) € [0, 1] such that

E/ _A(x) 1dx§2(1+N1)£1.
O (Su(t1, x))? A

Applying Lemma 4.2 and the Markov property of (S,, I,), we have

A(x)
E| ————dx<¥{, forall r € [1, 2],
O (Su(t, x) +€)2

for some ¢, independent of n. We again have

IE)/ (52, x) + &)~ 2dx
O

2
=E/ (§,,(1,x)+8)*%dx—/ ]E/ _;S(klAgn(s,x)
o 1 O 2(S,(s,x)+¢)2

oz_(x)Sn(s, x)_In(s, x)) dr ds
Sn(s, x) +1,(s, x)

/ Z/ ai, 1ek(x)S (s, x) dr ds
@

(S (s, x)+8)2

<—-/ / A s +E/ (Su(1, x) + &)~ 2dx
O (Syu(s, x)—i—e)z

+N2/ <E/ S 2(s x)dx)ds
1 O

l1lg + lalg +
2

+ A(X) — w1 (X)Su(s, x) —

(4.6)

where
3a1 C

Ny =
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Thus,

/ / A(x)
dx ds < 53
o (Sn(s x) + 8)2

for some ¢3 depending only on the initial conditions. Letting ¢ — 0, we obtain that, for some

n=nn)ell, 2],
A
E/ W ge<e,
O S (12,
which together with Lemma 4.2 implies that

A(x)
E[| — = _dc<ty, forallze[2, 3],
O (Su(t,x)+¢)2

where ¢4 is some constant independent of n. Using the same process we can obtain that there
exist 13 =13(n) € [0, 4] and £5 such that

A
o LR
O (Su(13, X))2
Therefore, it is possible to obtain the existence of two constants, t4 = t4(n) € [0, 4] and {¢,

satisfying

1
E/ _—2 dx < €6.
(@] (Srl(t4’ -x))
The lemma is proved by applying Lemma 4.2. (]

In view of Lemmas 4.2 and 4.3, we have

1 ~
]E/ = dx<e g+ K> forallneN, t > 4. 4.7
0 51, %)

Note that both £y and K> are independent of n, and £( may depend on the initial point but K>
is independent. By It6’s Lemma ([10, Theorem 3.8]) again, and with calculations similar to
obtaining (4.3), we have

]E/ in(t,x)dsz/ In (T,(t, x) + ) dx
(@] (@]

t
:/ ln(Io(x)+£)dx+f IE/ ;(/QAL,(S, X)
o) oL(s,x)+e¢

a(x)S, (s, X)I (s, X) dxds)
S, (s, X) + Iy(s, X)

__/ Z/ akzl (s, x)ek(x)dxds
o0 Iu(s, x)+ ¢)?

z/m@@+@m—<i
o 2

— U2 (D)u(s, x) +

+|M2|E)tforallneN,t>0,0<8<1.

As a consequence,

E/L@@MZE/MEQ@@Z/M%@@F(%&M&b>>—wmmm>0
O O O
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That means,

IP’{T,,(t, x) > 0 almost everywhere in (9} =1 forallneN, t> 0. 4.8)

On the other hand, combining It6’s Lemma and basic calculations implies that

1., I -
OzE/ lndeZ/ OO TE R
o 1+ x) o 1+1x)

t - - _
_/ ]E/ (_ ot(x)ln(A:, X) 4 a(x)é‘,,(s, x)I,,_(s, X) )dde
Su(s, x) + (s, x)  (Su(s, x) + (s, )T n(s, x) + 1)

/ / oz(x)s dx ds forallt>0,neN,0<¢e < 1.
O In(s,x)+¢

Thus, forallt>0,neN,0<¢e <1,

) B _ _
/‘ E/ (_ oz(x)ln(i, X) 4 a(x)i’n(s,x)ln_(s,x) )dxds
0 ON\Su(s, x) +1,(s, x)  (Sp(s, x) + 1n(s, x))Un(s, x) + 1)

4.9)
zE/l b + ¢ dx+Rt—|a|E/ /—dxds.
9] 1+10(x) o L(s,x)+¢
Let ¢ — 0; using (4.8) and (4.9), we have
. _ _ _
/ E/ (_ a(X)In(f, x) b a(x)fn(s, x)In_(s,x) )dxds
0 ON\Su(s, X) + In(s, x)  (Suls, x) + (s, )Up(s, x) + 1) (4.10)

Ip(x) ~
> In ———— dx+ Rt forallt>0,neN.
o 1+

We have the following estimates:

l p—
e To(s. x) o) >]E/ QI 0)
E\7 Jo (1 +Tu(s, 02 = Jo 147145, %)
. / a(x)Sy (s, ) (s, x)
T Jo (Suls, x) 4+ Tu(s, x))Tu(s, X) + 1)

and
Ps, 3 | 2\ 2
|| E/ — 7 dx IE/ <_ +1>dx
( 0 (1+1y(s, 0))? 0 \Sy(s, %)
_]E/ Ot(x){n(& Xx) (_ 1 +1>dx2E/ _ Ot(x)ln(b:,x) d
o 14+ 1,(s,x) \S,(s, x) O Su(s, x) + I,(s, x)
since

1+71 1 N I 1+1
S+1~ S+1 S+1—S
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Therefore, after some basic estimates, we can get from (4.10) that
5 1 1
t I,(s,x) : 1 2 \?
|Ol|E ]E _—2 dx 1 + E = + 1 dx dS
4 0 (1 +1I(s, x)) O \Su(s, x)
. / " / (_ a(X)Tn(f, N L a(X)ffn(s, X)Tn_(s, x) ) b ds
4 JO \Su(s, x) +1n(s,x)  (Su(s, x) + In(s, ))Un(s, x) + 1)

i N
z/ 1nﬂdx+Rt—8|a|E,
o 1+

which together with (4.7) leads to

1
' (s, x)dr )’ !
/ lerlg (E (f—x)) (2\/e—~‘ﬁo+2K22+3)d
4

0 (1+Iu(s, ))?

Ip(x) ~
> [ " 4y —8laly +Rr.
o 1+

Letting n — oo yields
1
t 12(.8‘ X) 2 it
alg |[E | ————— dx 2/ e 5€y + 2K +3) ds
A' 'E< /o(1+1(s,x)>2 > ( o

Ip(x) —~
> In ———— dx — 8 |o|g + Rt,
o 1+

“.11)

which is easily followed by

1
1 [t 12, 2 R
LY I (Y RLCE N U M,
t—oo 1 J o (1 +1(s, x)) |Ol|E(21~(2§+3)

Asa consequence,

1
1 [t b
liminf—/ (]E/ (Iz(s,x)/\l)dx> ds>R; >0,
—oo 0 @)

where Ry is independent of the initial points. The proof of the theorem is completed by using
the dense property of D(AE ) in E and the continuous dependence on initial data of the solution.
In more detail, since the constants K and R are independent of the initial points, the estimates
(4.7) and (4.11) still hold for the solution starting from arbitrary initial points Sp, Iy € E with
Joo — InIp(x) dx < oo. O

Theorem 4.2. For any non-negative initial data Sy, Iy € E, if

(12 — )y = inf (u2(x) —a(x)) >0,

xeO

then the infected class will be extinct with exponential rate.
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Proof. First, we define the linear operator J : H+— R as, forall u € H,
Ju:= / u(x) dx.
(@]

By the properties of ¢, for all u € H, J(eiu — u) = 0 or Ju = Je iy, forall i=1, 2.
Now, as in the definition of the mild solution, we have

t t
_ A (-9 [ aS(s)I(s) /‘ (1—5)A
1) =e"Io + /O e 2( “2I(s)+—5(s) I ds + e 21(s) dWa(s).

Hence, applying the operator J to both sides, using the properties of operator J and stochastic
convolution (see [12, Proposition 4.15]), we obtain

_ ! B a(x)S(s, X)I(s, x)
/O f 0 de= /(; foto d+ /0 /O ( #2()I(s, 7) + S(s, x) 4+ 1(s, x) ) drds

t
+ / JE21(5)) AW (s),
0

where J(e?~942](s)) in the stochastic integral is understood as the process taking values in
spaces of the linear operator from H to R that is defined by

J(e(t_S)AZI(S))M = / (e(t_s)A2](s)u)(x) dx forallu e H.
@]

From (2.1), it is easy to see that these integrals are well defined. By taking the expectation on
both sides and using the properties of stochastic integral [10, Proposition 2.9],

_ ! a(0)S(s, X)I(s, x)
E/(jl(f,x)dx—folo(X)dx+E/(; /O (—,uz(x)l(s,x)+m) dxds

As a consequence,

[ B a(0)S(r, )I(s, x)
]E/O’(f’ x) dx — ]E/OI(H)dX—K E/O < KR ) =g = S ) dxdr

t
S—(Mz—a)*/ E/ I(r, x) dxdr.
s O

Hence, we can obtain the following estimate for the upper Dini derivative:
d
—E | I(t,x)dx < —(uy — a)E I(t, x) dx forall ¢t > 0.
et Jo o

Since (2 — ) > 0, we can get that £ fO I(t, x) dx converges to 0 with exponential rate as
t — oo. Hence, it easy to claim that the infected class goes extinct. O

Theorem 4.3. Suppose that W»(t) is a space-independent Brownian motion with covariance
ast. For any non-negative initial data Sy, Iy € E, if

a . a
(MZ - Ol)* + _2 = llli (,u,z(x) — O[(x)) + _2 > ()’
2 xeO 2

https://doi.org/10.1017/jpr.2020.15 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.15

An SPDE epidemic model 633

then when p > 0 is sufficiently small that

(I —play
Rp::(/LZ_Ol)*‘FT >0,
we have )
InE I(t, x) dx
lim sup (fo t( %) ) <—-pR, <0.
11— 00

Proof. Since W, () is a space-independent Brownian motion, as in the arguments in the proof
of Theorem 4.1, the mild solution /(#) is also the solution in the strong sense if /o € D(AZE).
Hence, with an initial value in D(Af), we have

_ ! a(x)S(s, x)I(s, x)
/Ol(t,x)dx—/(;/o(—,uz(x)l(s,x)—l— G0 + 15, x)) ds +//I(s x) dWa(s).
By It6’s formula, we obtain that
p
(/ 1(t, x)dx)
(@]
! -l a()S(r, VI(r, x)
Z/S [” (fol(” v d’“) /o (_“ R P ey T > dx] v
1 a P t p
+/ p(1 —p)? </ I(r,x)dx) dr—i—/ </ I(r,x)dx) dWs(r)
s O s O
t P t 14
f—pRp/ (f I(r, x)dx) dr+f </ I(r, x) dx) dWs(r).
s O s O

Since E ([ 1(z, x) dx)” < 0o, we have

p P t P
E </ 1(t, x) dx) =E (/ I(s, x) dx) —pRp/ E (/ I(r, x) dx) dr,
(@] O s (@]

which easily leads to

d P p
i F (/Ol(t,x)dx> < —pR)E (/Ol(t,x)dx> :

An application of the differential inequality shows that

P V4
E( / I(t,x)dx) < e PRt ( / 1(0, x)dx) (4.12)
O O

for any ¢ > 0 and initial values in D(Af). Since D(Af) is dense in E, (4.12) holds for each fixed
t and any initial values in E. Then the desired result can be obtained. O

5. An example

In this section, to demonstrate our results we consider an example where the noise processes
in (1.1) are standard Brownian motions and the recruitment, death, infection, and recovery rates
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are independent of the space variable. Precisely, we consider

aS(t, x)I(t, x) i| dt

ds(z, x) = [klAS(t, x)+ A — 1S, x) — S0+t

+018(t, x)dB1(1) inRT x O,

Al x) = | ko AIGE 1t e DI Ny
(,x)—[z (’x)““(’XHM}

+ ool(t, x)dB2(f) inRT x O,

0,S(t, x) = 0,1(t, x) =0 in Rt x 90,
S(x, 0) = So(x), I(x, 0) = Ip(x) in O,

5.1

where A, i1, 12, and o are positive constants, and Bj(¢), B>(¢) are independent standard
Brownian motions. As we obtained above, for any initial values 0 < Sy, Ip € E, (5.1) has
a unique positive mild solution S(¢, x), I(f, x) > 0. Moreover, the long-time behavior of the
system is shown in the following theorem.

Theorem 5.1. Let S(t, x),1(t, x) be the positive mild solution (in fact also in the strong sense)
of (5.1).
o2
(i) For any non-negative initial values So,Ilo €E, if o <>+ ?2 then the infected
individual is extinct.

(ii) For initial values 0 < Sy, Iy € E satisfying

/ — In Ip(x) dx < o0,
@]

2
o
Ifa > u>+ 72 then the infected class is permanent.

Remark 5.1. As in Theorem 5.1, the sufficient condition for permanence is almost a necessary
condition. It is similar to the result for the SIS reaction—diffusion epidemic model shown in
[33, Theorem 1.2].

6. Concluding remarks

Being possibly one of the first papers on spatially inhomogeneous stochastic partial dif-
ferential equation epidemic models, we hope that our effort will provide some insights for
subsequent study and investigation. For possible future study, we mention the following topics.

e First, there is growing interest in using the so-called regime-switching stochastic mod-
els in various applications; see [39] for the treatment of switching diffusion models, in
which both continuous dynamics and discrete events coexist. Such switching diffusion
models have gained popularity with applications ranging from networked control sys-
tems to financial engineering. For instance, in a financial market model, one may use
a random switching process to model the mode of the market (bull or bear). Such a
random switching process can be built into the stochastic partial differential equation
models considered here. The switching is used to reflect different random environments
that are not covered by the stochastic partial differential equation part of the model.
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e Second, instead of systems driven by Brownian motions, we may consider systems
driven by Lévy process; some recent work can be seen in [5]. One could work with
stochastic partial differential equation models driven by Lévy processes. Recent work
on switching jump diffusions [9] may also be adopted in stochastic partial differential
equation models.

e Finally, in terms of mathematical development, various estimates of the long-time prop-
erties were given in the average norm, although the solution is in the better space E.
Future work will be to obtain stochastic regularity of the solution by using the methods in
[7,34,35] so that it is possible to provide estimates in the sup-norm (|-|g). Nevertheless,
some mathematical details need to be carefully worked out. The result, in turn, will be
of interest to people working on real data. Some other properties such as the strict posi-
tivity of the solutions and sharper conditions for extinction and permanence are worthy
of consideration.
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