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Abstract

In this paper, we consider a stochastic SI epidemic model with regime switching. The
Markov semigroup theory is employed to obtain the existence of a unique stable
stationary distribution. We prove that if R° < 0, then the disease becomes extinct
exponentially; whereas if R° > 0 and B() > a(i),i € S, then the densities of the
distributions of the solution can converge in L' to an invariant density.
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1 Introduction
A deterministic Susceptible-Infective model with standard incidence can be described by

das(t) _ BS®I(®)
Rl Al v ) (1S(t), (L)

a0 - SO — (o + wI().
Here S(¢) and I(¢) denote the numbers of susceptible and infected individuals at time ¢, re-
spectively, A is the influx of individuals into the susceptibles, f is the disease transmission
coefficient, u is the natural death rate, and « is the disease-related death rate.

Because of the existence of environmental noises, the parameters appearing in model
(1.1) are emphatically not constants. In a simple case, environmental noises manifest them-
selves as white and color noises. We assume that white noise mainly affects the natural
death rates, that is, u — i + o B(t), where o represents the intensity of white noise, B(t) is
a standard Brownian motion defined on a complete probability space (2, .7, {Z ()} >0, P)
with filtration {.% (¢)}:>0 satisfying the usual conditions (see [1]).

In real world, color noise can cause the population system to switch from one environ-
mental regime to another. Such a switching is described by a continuous-time Markov
chain r(t), t > 0, with a finite state space S = {1,2,..., N} and the generator I" = (y;;)xxn of
r(t) given by

Yiié + 0(8) ifi #j,

P{r(z+8) =jlr(®) =i} = 1+7y:8+0(8) ifi=j
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where y; > 0 for i,j=1,...,N withj #iand y; = - Zm vy fori = .,N. We assume that
the Markov chain r(t) is independent of Brownian motion. For convenience, throughout
this paper, we assume that

vi>0 forij=1,...,N withj#i.

This assumption ensures that the Markov chain r(¢) is irreducible. Consequently, there
exists a unique stationary distribution 7 = {my,75,..., 75} of r(¢) that satisfies #T" = 0,
SN mi=1,and ;> 0 forallieS.

Incorporating the two types of noises into system (1.1), we get a regime-switching diffu-

sion model:
ds(t) = (A(r(t)) — BCOSOIG _ ) (r(2))S(2)) dt + o (r(£))S(E) dB(2), 12)
dl(t) = (ﬂ m, t) (Oé(r(t)) + u(r@ONI() dt + o (r())I(2) dB(2),

where the parameters A(i), 8(i), u(i), (i), and o (i), i € S are all positive constants.

Recently, the long-time behavior of stochastic epidemic model under regime switching
was considered, for example, in [2—4], where the uniform ellipticity condition was needed
when proving the ergodicity of a stochastic system. However, in this paper the diffusion
matrix of system (1.2) is given by

§* SI
2. .
A;=0°(i) (SI Iz), ies.

Since A, is degenerate, the uniform ellipticity condition is not satisfied, and even a variable
substitution cannot improve this situation. To our knowledge, rare works in this direction
are known.

Throughout this paper, we denote by A" the transpose of a vector or matrix A; we set
g = mingcs{g(k)} and g = maxgcs{g(k)} for any vector g = (g(1),...,g(N)); moreover,

Rim ) - n-o()- 22, ies, and R=S mR
= B(0) — pu(i) —ali) - 3 i€y, an —Zn, i

By similar arguments as in Theorem 2.1 of [5] it follows that, for any (5(0),1(0),(0)) €
R? x S, system (1.2) has a unique global solution, which remains in R? with probability 1.

The aim of this paper is to consider the long-time behavior of system (1.2). We prove that
the disease becomes extinct exponentially if R* < 0, whereas if R® > 0 and B(i) > «(i),i €S,
then system (1.2) has a stable stationary distribution. In some sense, R is the threshold
of model (1.2).

The rest of this paper is organized as follows. In Section 2, we present a sufficient condi-
tion for the extinction of the disease. In Section 3, conditions for the existence of a stable
stationary distribution are given, and detailed proofs are presented. Finally, we give a brief

discussion.

2 Extinction of the disease

In this section, we present a sufficient condition for the extinction of the disease.
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Theorem 2.1 IfR° <0, then the disease I(t) tends to zero exponentially,

Proof By the generalized Ité’s formula it follows from (1.2) that

lnI(t)—lnI(O)

L[ 2(r(s)) 1 [t
/ ﬂs)”(s) ‘;/O (O‘('"(s))+u(r(s))+(I ;s )ds+;/0 o (r(s)) dB(s)

1 2(r(s)) 1
= ;_/0. (ﬂ(r(s)) a(r(s)) = u(r(s) - d ;S >d5+ Z/o o (r(s)) dB(s).

Taking the limit as t — oo, we have

InI(t
limsu <> mR;=R°<0.
™0 <3
The proof is complete. O

3 Existence of stationary distribution and its stability
Let x(t) = InS(¢) and y(¢) = InI(¢). Then system (1.2) becomes

dx(t) = (A(r(@)e™ — ECOTE _ o (1)) dt + o (r(2)) dB(2), -

dy(t) = (BXDED _ o) ((e))) dlt + o (r(2)) dB(),

where ¢;(i) :=
To investigate the ex1stence of a stationary dlstrlbutlon of system (1.2) and its stability,

it suffices to consider the corresponding property for system (3.1).

Theorem 3.1 Let (x(t), y(t)) be a solution of system (3.1) with initial value (x(0), y(0),r(0)) €
R? x S. Then, for every t > 0, the distribution of (x(t),y(t), r(t)) has a density u(t,x,y,i). If
R* >0 and B(i) >ali),i €S, then there exists a unique density u.(x,y,i) such that

N
tlirgo;//RJu(t,x,y,i) —u*(x,y,i)|dxdy: 0.

Next, we prove this theorem by Lemmas 3.1-3.4.

Let (x?(¢),y)(¢)) be a solution of system

; Nl i)e (i)( ) ; /
dx (1) = (A(z)e Yo _ % —a@)dt +o (i) dB(b), (3.2)
dy(t) = o & ”E" — (i) dt + o (i) dB(t).

Denote by A, the differential operators
92 92 At a(n?
PR (A I 1)

1 2 2
2 Low " Ponay T o) o gy 0 J €L (RLBEYm),
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where B(R?) is the o-algebra of Borel subsets of R, m is the Lebesgue measure on
(R?, B(R?)), and

Bli)e’
e +e

Bli)e

h}(x,y) =A()e™ - e

~al), My =

— Cz(i).

Next, we show that, for any i € S, the operator 4; generates an integral Markov semi-
group {7:(t)}s=0 on the space L' (R?, B(R?), m) and

/ T(t)f dt>0 a.e.onR2
0

Lemma 3.1 The semigroup {T;(£)};>0 is an integral Markov semigroup.

Proof If a(x) and b(x) are vector fields on R?, then the Lie bracket [a, b] is a vector field
given by
4/ db da;
_ J J P
la, b];(x) = E (dk B (%) = b ™ (x)>, j=12,...,d.

k=1

Let

aln,y) - (A(i)ex— PO _ ), B —Cz(i))

&+ e Tt e

and b(x,y) = (o (i), o (0))".
By direct calculation, [, b] = (o (i)A(i)e™,0)". Thus,

c(@)A(@)e™ o(i)

_ 2 "\ ,—X
0 I =o“(Q))A(i)e™ >0,

’[a,b] b‘ -

which means that b and [a, b] are linearly independent on R2.

Thus, for every (x,y) € R?, the vectors b(x,y) and [a, b](x,y) span the space R2. By the
Hérmander theorem [6] the transition probability function of (x?(¢), y?(¢)) has a smooth
density k; € C*°((0,00) x R? x R2). Then, for every f € L(R?, B(R?), m) satisfying f > 0
and |[f|l =1,

Ti@®)f (x,y) = //R2 ki(t, %, y;u,v)f (u,v) du dv.

Hence, the semigroup {7;(¢)}:>0 is an integral Markov semigroup. O

Lemma 3.2 If B(i) > a(i), i €S, then, for every f € D,
/ T(t)fdt>0 a.e onR?
0

where D = {f € L)(R?):f > 0, |/f]| = 1}.
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Proof For any (x9,0) € R2, consider the following control system:

i ®
PO _ )+ o )(e), (33)

. _ . —x¢(t) _
x¢(t) A(l)e ex‘f’(t) + eyd’(t

)e*s )
PO i)+ o (e (34)

o B
Vo (£) 00

with initial value (x4(0),74(0)) = (%0, o).

Let Dy, ¢ be the Frechét derivative of the function / = X4..,(T) from L*([0, T];R) to
R?, where Xg., = (Xp41 Yg+1) - The derivative Dy .50 can be given by

T
onyyo;aﬁh:/o Q(T, s)vh(s) ds,

wherev = (0 (i),0 (i), and Q(¢, £y) (T > t > ty > 0) is a matrix function such that Q(¢y, fy) =
I, 0Q(t, to)/3t = A(t)Q(L, tp), and A(£) = £' (x4 (£), y»(t)), where f' is the Jacobian of

N )
g’gljey _62(1)

‘e [A(i)e-x - 50— cl(i)}

Assume that the following two conditions are satisfied:

1. The derivative Dy, 5,4 has rank 2;

2. For any (xo,0) € R? and (x1,y1) € R?, there exist T > 0 and a smooth control ¢ such
that the solution of system (3.3), (3.4) satisfies x(0) = x0,¥(0) = y0,%(T) = %1, and
WT) =y

Then k;(T, %1, y1;%0,Y0) > O (see [7-9]). If this is the case, we have

/ T.(t)fdt>0 a.e.onR?.
0
So the rest of the proof is checking conditions 1 and 2.

First, we check condition 1. Let ¢ € (0, T) and % = 1{7_,,1}. Since Q(T,s) =1 + A(T)(T -
s) + o(T —s), we obtain

1 .
Dy yoiph = €V + 582A(T)v +o(e?), v= [0(1)] ,

o (i)
N Dy ety ) N
ATy - -A()e J.C++yg’il+”)2 —é(x?&vg o (i) _ o()A(i)e™
Blpe* 5 _ﬁ(z)e" 3 O'(l) 0
(e*+€¥) (e*+e”)

where x = x4 (T),y = y4(T). Obviously, vand A(T)v are linearly independent for any (x, y) €
R2. This implies Dy, y,
Now we prove that condition 2 is satisfied. In view of (3.3) and (3.4), we obtain

.» has rank 2 for every (x,7) € R%.

®(E) = 9(8) + BG) + c1(d) — c2(i) = A@)e™®, £ e (0,00).

Integrating from O to ¢, we get

x(8) — x(0) — y(t) + y(0) + [B(i) — (i) |t = /0 t A@)e™ds, te(0,00). (3.5)
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In particular,

T
x1— %0 —y1+ Y0+ [Bli) - ()] T = /0 A)e™ds, te(0,00). (3.6)

Choose T > 0 large enough such that the left side of this equality is positive. Then take a
smooth function x(¢) with x(0) = xg and x(T) = x; that satisfies (3.6). Consequently, by (3.5)
we can determine a smooth function y(£) with y(0) = yo and y(7T') = y;. Thus, we can deter-
mine a smooth control ¢(¢) from (3.4), which means that condition 2 is satisfied. a

Let (x(2), y(¢)) be the unique solution of system (3.1) with (x(0), (0), 7(0)) € R? x S. Then
(x(t),y(2), r(¢)) constitutes a Markov process on R? x S. By Lemma 5.5 in [10], for £ > 0,
the distribution of the process (x(t), y(t), r(¢)) is absolutely continuous, and its density u =
(¢61, U3, ..., un) (where u; := u(t, x, y, 1)) satisfies the following master equation:

0
8_1: =Tu+ Au, (3.7)

where Au = (Ayuy, Asun, ..., Ayun) .

Let X = R? x S, ¥ be the o -algebra of Borel subsets of X, and 7z be the product measure
on (X, ¥) given by (B x i) = m(B) for all B € B(R?) and i € S. Obviously, Au generates a
Markov semigroup {7 (£)};>0 on the space L!(X, &, 1), which is given by

TOf = (TOf@p,1),.... Tn@f x5 N)),  feL'X, Z, ).

Let A be a constant such that A > max;<;<x{-y;;} and Q = A"'T"" + I. Then (3.7) becomes

0
a—l: =AQu - u + Au. (3.8)

Obviously, Q is also a Markov operator on L'(X, , #1).
From the Phillips perturbation theorem [11], (3.8) with the initial condition «(0, x, y, k) =
f(x,5,k) generates a Markov semigroup {P(£)}:=o on the space L}(X) given by

P)f =) A"sPyf, (3.9)
n=0
where S©(t) = T(t), and

S (p)f = /tS(o)(t —5)QS"(s)f ds, n=>0. (3.10)
0

Lemma 3.3 If (i) > a(i), i €S, then the semigroup {P(t)}:>0 is asymptotically stable or is
sweeping with respect to compact sets.

Proof By Lemma 3.1, {P(t)}:>0 is a partially integral Markov semigroup. In view of
Lemma 3.2, (3.10), and Q; > 0 (i #), we know that, for every nonnegative f € L' (X) with

If1=1

/ P)fdt>0 ae. onX.
0
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By similar arguments to Corollary 1 in [12] it follows that {P(£)}>0 is asymptotically stable
or is sweeping with respect to compact sets. |

Remark 3.1 A density f, is called invariant if P(¢)f; = f; for each ¢ > 0. The Markov semi-
group {P(£)}:>0 is called asymptotically stable if there is an invariant density f, such that

lim [P@)f ~fi =0 forf eD,

where D = {f € LY(X) :f > 0, ||f|| =1}.
A Markov semigroup {P(t)}:>0 is called sweeping with respect to aset A € X if, for every
feDb,

lim /P(t)f(x)m(dx) =0.
A

t—>00

Lemma 3.4 IfR* >0 and B(i) > a(i), i € S, then the semigroup {P(t)};>0 is asymptotically
stable.

Proof We will construct a nonnegative C2-function V and a closed set U € B(R?) (which
lies entirely in R?) such that, for any i € S,

sup  *V(x,9,i) <0,

(x,y)eR2\U
where
2Hla%v  _9*v 3V 1% v
M*V(x,y,i)zo © 42—t —— |+ — + B —
2 | 9x? dxdy  3y? ox dy
+ Z Vi (Ve p,)) = V(x,p,1) (3.11)
J#ijES
and
Y 1 ()14 ) Bli)e* )
h;(x,y) = A(i)e™ - —al), Ky = — ().
() = Ali)e pr ali) () e 0]

In fact, @/* is the adjoint operator of the infinitesimal generator of the semigroup
(PO)}izo-

Since the matrix I is irreducible, there exists a solution @ = (w1, @y, ..., wy) of the
Poisson system (see [13], Lemma 2.3) such that

N
l'w -R= —ZT[,'R,‘I,
i=1
where R = (R1,Ry,...,Ry) and1=(1,1,...,1), thatis, forany i € S,

N
Z yi,(wj — ZD'i) — R,‘ =— ZN,’RZ‘ =-R° (312)
j#ijes i=1

Page 7 of 9
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Take fixed r > 0 such that
K-rR’<-2,
where
K:= r?easx{A(i) +a (i)}
We define a C2-function V as follows:
Vieyi)=e"+& —x—ry+ r(wi + |w|), (x,9) € R%

By direct calculation we obtain

A*V = A(D) — u@)e* - (a(i) + ,u(i))ey —A()e™ + f;(?j +¢1 (i)
)e*
+ r[_ fx(:) > cz(i):| +r Z V(@i — @)

Jj#ijeS
Bli)e

= AGD) + a1(i) - n()e’ — (i) + n@)e’ — Ae™ + (r+ 1)ex o

+ r[—ﬂ(i) ror()+ Y yylm;- wi)}

J#ijES
Bli)e’
e*+e

= A®) + (i) — u@)e* - (Ol(i) + ,u,(i))ey —A@e*+(r+1) —-rR5,
where (3.12) is used. Since

AV <K-pe —Ae ™ +(r+ 1),3,
choose « > 0 large enough such that

A*V <-1, onR?-[-k,k] xR.

In addition, for any (x,y) € [-«,«] x R, we have

SV < K+(r+1)e_€‘iy —1rR° > K-rR°<-2 asy— —oc;

T K-@+p)e+r+1)f—> -0 as y — +00.
Choose € > 0 large enough such that
A*V <=1, on[-k,k] x R-R x [—-€,¢€].

Obviously, (R? - [-k,«] x R) U ([=k, k] x R =R x [-¢,€]) = R? - [—«,«] x [—¢€,€]. Take
U :=[-k,k] x [—€,€]. Then, for any i € S,

sup T *V(x,y,i) < -1
(x,y)ERZ\LI
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Such a function V is called a Khasminskii function. By using arguments similar to those in
[14], the existence of a Khasminskii function implies that the semigroup is not sweeping
from the set U. According to Lemma 3.4, the semigroup {P(£)}:>0 is asymptotically stable,
which completes the proof. O

4 Discussion
In this paper, we consider the existence of a stationary distribution of a stochastic SI epi-
demic model with regime switching and its stability. We prove that if R® < 0, then the
disease becomes extinct exponentially, whereas if R® > 0 and (i) > «(i),i € S, then the
densities of the distributions of the solution can converge in L! to an invariant density.
Since the diffusion is degenerate, we employ the Markov semigroup theory to study the
long-time behavior of system (1.2).

It is known that to obtain the ergodicity, the strong Feller property and irreducibility of
a Markov process are needed. However, according to the proof of Lemma 3.2, system (1.2)
is not irreducible. This is the reason why we employ the Markov semigroup theory given
by Rudnicki [12, 15]. In addition, we assume that y;; > 0,i # j, which is a strong condition.
This condition is used to ensure that r(¢) is irreducible. In fact, under the condition that
r(t) is irreducible, just spending a little more time, all results obtained in this paper can be
reproved.
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