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Abstract

In this paper, we propose a new nonlinear stochastic SIRS epidemic model with
standard incidence rate and saturated treatment function. The main purpose of this
paper is to investigate the threshold dynamics of the nonlinear stochastic SIRS
epidemic model by making use of stochastic inequality techniques. By using
Lyapunov methods and It&'s formula, we first prove the existence and uniqueness of a
global positive solution for the corresponding limiting system. Furthermore, we
obtain sufficient conditions for the extinction and persistence in mean of the
nonlinear stochastic SIRS epidemic model by using the techniques of a series of
stochastic inequalities. Finally, we provide some numerical simulations to illustrate the
performance of our theoretical findings.

Keywords: Stochastic SIRS epidemic model; Stochastic inequality; Saturated
treatment; Standard incidence rate; Permanence in mean

1 Introduction

Mathematical inequalities play an important role in many fields of mathematical anal-
ysis and applications, especially for differential systems [1-5]. Recently, the inequalities
techniques have been widely used to impulsive differential systems [6—10], stochastic dif-
ferential systems [11-16] and impulsive stochastic differential systems [17-20], thus some
new and interesting results have been obtained.

In the last few decades, infectious diseases have brought a series of troubles and great
pain to millions of families. Many suitable measures are implemented to prevent the out-
break of infectious diseases. Various mathematical models are essential tools to study the
spread of infectious diseases. Epidemiological models can analyze the underlying mecha-
nisms which influence the expansion of infectious diseases. Let us assume that all individ-
uals are divided into three compartments: S(¢) represents susceptible individuals who are
susceptible to the disease; I(¢) represents infected individuals who are infected by the dis-
ease; and R(t) represents recovered individuals who hold temporary immunity acquired
from a disease, namely, after recovery, individuals lose immunity and move into the sus-
ceptible individuals. This is called SIRS model [21]. In most epidemic models, the bilinear
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incidence rate AS(£)I(t) is extensively used. Therefore, the dynamics of the SIRS epidemic
model can be expressed by the following system of ordinary differential equations:

80— aAN(2) - dS(£) - ASOI() + vR(2),
0 _ 5S@)1() - (d + NI, 1)
RO — r1(t) - (d + V)R(E),

where the parameters X, d, v and r are positive constants. Here, N(£) = S(¢) + 1(£) + R(¢t)
represents all individuals, X is the rate of transmission per contact, d represents the dis-
eased death rate and also represents the rate of recruitment of individuals, v represents
the rate at which recovered individuals lose immunity and return to the susceptible indi-
viduals, r is the recovery rate of the infected individuals. Many researchers have studied
several different SIRS epidemic models in the literature [21-25].

In epidemiological models, many different types of incidence rate play an important role.
In 1986, Liu et al. [26] introduced a general incidence rate

ASIP
1+all

Sf) = 2)
into the SIRS epidemic model. Here, LI? is infection force of the disease and ﬁ rep-
resents inhibition effect. The general incidence rate is more reasonable than the bilinear
incidence rate because the general incidence rate takes into account the crowding effect
and behavioral change of the infective individuals and prevents the unboundedness of the
contact rate occurring by choosing suitable parameters. We notice that when p = 1 and
a =0 or g = 0, the general incidence rate (2) changes into the bilinear incidence rate. In
recent years, a number of researchers [27-31] have investigated the nonlinear transmis-
sion laws more than the bilinear transmission laws. In 1992, Hethcote et al. [32] studied a

standard incidence rate

ASI

Sf(I) = STI+R (3)

in the continuous-time SIRS epidemic model. In this paper, the authors analyzed the sta-

bility of the disease-free equilibrium and the endemic equilibrium for the SIRS model.
To prevent the spread of the infectious disease, many researchers [33-36] began to in-

vestigate a treatment function in the epidemic models. In 2004, Wang et al. [37] introduced

a constant treatment function

B, I>0,
0, I=0

T(l) =

into the SIR epidemic model. The authors found that to eradicate the disease, it is unnec-
essary to take such a large treatment capacity, and proved that disease spread may depend
on a certain range of the initial parameters. In 2006, Wang [38] introduced a piecewise

linear treatment function

I, 0<I<lIy,
() = B 0
m, 1210
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into the SIR model and proved that a backward bifurcation existed in this model. In 2011,

Eckalbar et al. [39] adopted a quadratic treatment function
T) = max{ﬁ[ —gIZ,O}, B,g>0

into the SIR epidemic model and found four equilibria at most. Recently, the saturated
treatment function has been frequently used in classical epidemic models. In 2008, Zhang
et al. [40] introduced a saturated treatment function

__PI
T l+al

(4)

into the SIR model, where 8 >0, « > 0. 8 is the cure rate and « represents the extent to
which the infected effect delays the treatment. In [40], authors found that the valid meth-
ods for the control of disease were providing the patients timely treatment, enhancing the
cure efficiency and decreasing the infective coefficient. According to (1), (3) and (4), in
[41], Gao et al. took into account the SIRS epidemic model with standard incidence rate

and saturated treatment function as follows:

CA- dS(t) ESOIO L R(E),
1(
d(tt) _ N(t —(d+ r)l (t) 1faf O’

RE _ 1(£) - (d + v)R(E) +

1+otI t)’

where A is the recruitment rate of susceptible individuals, d represents only the diseased
death rate, N(¢£) = S(¢) + I(t) + R(¢) represents the total population size, other parameters
have the same meaning as the ones above.

On the other hand, any systems are inevitably affected by various environmental noises,
such as white noise, which are important components in an ecosystem. In 2001, May [42]
showed that according to environmental fluctuation, the population birth and death rate,
transmission coefficient and other parameters exhibit random perturbations to a lesser
or greater extent. Consequently, we assume that the environmental fluctuation affects not
only the standard incidence rate but also the saturated treatment rate of the disease, so
that

A— A+ O'lgl(t), /3 d ,3 + 0’232(1'),

where Bj(t) and B,(t) represent standard Brownian motions with B;(0) = 0 and B,(0) =
o and o} denote the intensities of white noise. In recent years, many researchers [14, 43—
52] have introduced stochastic environmental perturbations into deterministic population
models to analyze the effects of environmental noise.

Motivated by the above work, we obtain the following stochastic SIRS epidemic model
with standard incidence rate and saturated treatment function:

dS(t)—[A dS(t) ””’ +VR(®)] dt - 230I0O g, (p),

TNO
dr() = 55" (d+r)1(t> POV de + U0 By (¢) - 200 dBy(8), (5)
dR(t) = [rI(t) - (d + V)R(t) + L2 1 d¢ + ”2’ de(t)

1+ol(t 1+al(t
1+al() 1+al(t
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This paper is organized as follows. In Section 2, we first introduce preliminary knowl-
edge and give some notations and lemmas. Furthermore, we prove the existence of a global
positive solution for the corresponding limiting SIRS epidemic system. Moreover, we ex-
plore sufficient conditions for the persistence in mean and extinction of the stochastic
SIRS epidemic system. In Section 3, we give a summary of the main results and a series of
numerical simulations to illustrate the theoretical results.

2 Main results

The main purpose of our study is to investigate the threshold dynamics of the stochas-
tic SIRS epidemic model which governs the extinction and permanence of the epidemic
disease by applying the techniques of a series of stochastic inequalities.

2.1 Preliminary knowledge
In the section, we give some notations and lemmas which can be used for our main the-
oretical results. To this end, throughout this paper, unless otherwise specified, we let
(2, F, {Ft}t=0,P) stand for a complete probability space with a filtration {F;};>¢ satisfy-
ing the usual conditions (i.e., it is increasing and right continuous while F{ contains all
P-null sets). For convenience, for an integrable function f(¢) on R, = [0, +00), we define
(F(0) = § [y f(s)ds.

Generally speaking, an n-dimensional stochastic differential equation is expressed as
follows:

dX(¢) = F(¢, X (1)) dt + G(, X(¢)) dB(2). (6)

Here, F(t,x) represents a function defined in [0, +00) x R"” and G(¢,x) represents an n x
m matrix, F(t,x) and G(¢,x) satisfy the locally Lipschitz conditions in x. B(t) represents
an m-dimensional standard Brownian motion defined on the complete probability space.
CZLHR" x [0, +00), R,) is a family of all nonnegative functions V(x, £) which are defined on
R” x [0, +00) such that this family of functions are continuously twice differentiable on x
and continuously once differentiable on ¢. In [53], Mao defined a differential operator £
for the stochastic differential equation (6):

n 8 1 n 2
L=— Fixt)— + = Gl(x,0)G(x,t)]. ——.
s 2 (x )8xi ) ;[ (%, t)G(x )]w D0,

Applying £ to a function V(x,t) € C>1(R" x [0, +00),R,), we get

LV(x,t) = Vi(x,8) + Vie(x, £)F(x, t) + %trace[GT(x, Vi, )G(x, 1) ],

ot Bx1” 3x” """ By
when x(£) € R”, we have

where Vi(x,£) = 2, Vi (x, t) = (2£, ¥ V) and Vig(x, t) = (%)nm. By Itd’s formula,
0%

dV(x,t) = LV (x, ) dt + Vi(x, t)G(x, £) dB(2).

Definition 2.1 ([54]) The definitions of extinction and persistence in mean are given as
follows:



Zhang et al. Advances in Difference Equations (2018) 2018:50 Page 5 of 22

(i) The population X(t) is said to be extinct when lim;_, ,, X(£) = 0;
(i) The population X(¢) is said to be persistent in mean when liminf;_, , (X (¢)) > m,
where m is a positive constant.

The following inequalities can be used frequently in the sequel.

Lemma 2.1 (Burkholder—Davis—Gundy inequality [53]) Let f(¢) € C*(R,;R™"™) (C*(R,;
R™™) be the family of processes {f(t)}>0 such that, for every T > 0, {f(£)}o<t<T €
C2([0, T); R™™), where C*([0, T); R"™*™) represents the family of R™"-valued F;-adapted
processes {f(t)}o<t<T such that fOT |f(©)|? dt < 00). For every t > 0, we define

t t
M= [ soas0),  a0- [ ol .
0 0
Thus, for any 1 > 0, there are two positive constants c, and C, such that

cElA@)]? < E( sup |M(9)|”) <GEAW|?, t=0,
0<6<t

where c,, and C, only depend on 1.

Lemma 2.2 (Chebyshev’s inequality [53]) For all ¢ >0, n >0 and X € L", the following
inequality holds:

ElX]"

cl

P{&: X ()] =} <

Lemma 2.3 (Doob’s martingale inequality [53]) Let X be a submartingale taking nonneg-
ative real values, either in discrete or continuous time. That is, for all times s and t having
s<t, we have

X; < E[Xi| F].

Then, for any constant ¢ > 0,

] < E[|Xz]

IP’[ sup X;>c¢
c

0<t<T

’

where P denotes the probability measure on the sample space Q2 of the stochastic process
X :[0,T] x Q — [0, +00] and E denotes the expected value with respect to the probability
measure P.

According to the biological meanings, we know that variables S(¢), I(¢) and R(¢) of system
(5) should be nonnegative when ¢ > 0. Before we prove that the global positive solution of
system (5) is existent and unique, we firstly investigate the following Lemma 2.4.

Lemma 2.4 For the positive solution (S(t),1(t), R(t)) of system (5) with any initial value
(5(0),1(0), R(0)) € R3, we have

>

max{lim sup S(t), lim sup I(¢), lim sup R(¢) } <

t—+00 t—>+00 t—+00
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Proof For system (5), computing the sum of three equations yields

d(S(2) + I(2) + R(2))
dt

= A -d(S(t) +1(2) + R(2)).
Then we obtain

lim (S(t) +1(t) + R(t))

—+00

&|>

It is easy to see that

li S() < A li I(¢) < A li R(¢) < A
ims -, ims <-—, ims —
e oS s TN s
and S(¢) >0, I(¢) > 0, R(¢) > 0.
This completes the proof of Lemma 2.4. O

According to Lemma 2.4, we can know that at any equilibrium E* = (§*,I*, R*) of system

(5), N*=S*+I*+R* = g,then

Q= {(S(t),l(t),R(t)) :S8(8) >0,1(2) > 0,R(t) > 0,5(t) + I(2) + R(t) = 2 }

is a positively invariant region for the system. Therefore, we only consider the dynamics
of system (5) in €.

The set Q is a positive invariant region for system (5) thus we assume the population
size has reached limiting value; in other words, N(¢) = 3 = S(¢) +1(¢) + R(¢), and we obtain
R(t)= 5 - S(t) — I(¢). Obviously, system (5) can be reduced to the following system:

ds(t) = [A —dS( )— M + ‘)(% _ ( )_ (t))] de — dUlsl(\t)I(t) dB (t)
dI(t) = (248010 _ (d 4 p)1(e) - £49-] dt + 918010 4B, (1) - 210 4By (1),

1+al(t

7)

Therefore, system (7) is equivalent to system (5). Next, we prove the existence and
uniqueness of the global positive solution of system (7).

Lemma 2.5 For any given initial value (S(0),1(0)) € R?, model (7) has a unique positive
solution (S(t),1(t)) on t > 0, and the solution remains in R* with probability 1, namely
(S(),1(2)) € R? for all t > 0 almost surely.

Proof Since all the coefficients of system (7) satisfy the local Lipschitz condition, for any
initial value (S(0),1(0)) € R?, there exists a unique local solution (S(¢),1(£)) on [0, 7,), where
7, represents the explosion time. Then 7, = +oo demonstrates that the solution of system
(7) is global. Therefore, welet ko > 1 be a sufficiently large constant for every component of
(5(0),1(0)) all lying within the interval [%, ko] x [%, ko). For each integer k > ko, we define
the stopping time as follows:

- inf{t € [0,7) : min{ (S, 16)} < + or max{(S(0), 1)) = k}.

»
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Throughout this paper, we let inf ) = oo (as usual ¥ denotes the empty set). It is easy to
see that 4 is increasing as k — +00. We set T = limsup,_, , . T, obviously 7o, < 7, a.s. If
we can show that 7., = +00 a.s., then we can obtain that 7, = +00. Next, we only need to
show 7., = +00 a.s. Assuming this assertion is not true, there exist a constant 7 > 0 and
¢ € (0,1) such that P{t,, < T} > ¢. Thus, there exists an integer k; > ko such that

P{ty < T}>e forallk> k. 8)
We define a C?>-function V: R? — R, by
V(S(8),1(2)) = (S(t) =1 - InS(®)) + (I(t) - 1 - In(2)).

Applying It6’s formula leads to

doy(I(2) - S(2)) o2(I() - 1)

dV(S(6),1(2)) = LV (S(2),1(2)) de + — dBi(t) - L+ al® dB,(t),

where

1 AdS()I(t) A
LV(S@®),1(t)) = (1 - %> [A —ds(t) - — v(E - S() —I(t))]

1 \[1dS@®)I(t) BI(6)
+<1_@)[ A _(d+r)1(t)_1+a1(t):|
1[d*02%(t) d?02S%(¢) o}
E[ Az T Az T oz](t))21|
AdS()I(t) A A Adi(t)
e +v(2—5(t)—1(t))—%+d+ A

V(4 =S -11)  rdS@E)I(t) BI(t)  AdS(t)
- () ta o IO e T A

B . d*ol’(t) d*oiS%(t) s o}
1+al(t) 2A2 2A2 2(1 + al(2))?

= A—dS(t) -

+d+r+

A 2
§A+‘)7+2a,’+)x+r+/3+<712+(%2

<K,

where K is a positive constant which is independent of S(¢), 1(¢) and .

Therefore, we can have

do(I(2) - S(2)) o2(I(¢) - 1)

Integrating (9) from 0 to T A 7 = min{T, 7x} and taking expectation on both sides yield
EV(S(T A o), I(T A i) < V(S(0),1(0)) + KE(T A %),
then

EV(S(T A o), I(T A i) < V(S(0),1(0)) + KT. (10)
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Set Qi = {tx < T}, from inequality (8), we can know that P(2;) > ¢. And for all w € €,
there exists at least one of S(tx,w), I(tx, w) which equals either k or % Thus, we get

V(S(tx, w), (1, w)) is no less than either

1 1 1
k—l—lnkor%—l—ln% =%—1+lnk.
As a result, we can have
1
V(S(T A ), (T A i) = (k=1 =1nk) A <% -1+ 1nk>, (11)

Combining equations (10) and (11), we can have
V(8(0),1(0)) + KT > E[1Q4(w) V (S(T A 1), (T A 1)) |
>elk—1-Ink) A <% —1+1nk>,
where 1Q; denotes the indicator function of Q. When k — +00, we obtain
+00 > V(8(0),1(0)) + KT = +00,

which is a contradiction. Thus, we obtain that 7o, = +00 a.s.

This completes the proof of Lemma 2.5. O

Lemma2.6 Let (S(t),1(t)) be a solution of system (7) with any initial value (5(0),1(0)) € R?,

then
1 (! doS(6) 1% o
lim — dB;(9) =0, lim - ————dB,y(9) =0,
JHm, 7 / A 4B A, / T+ al) 82
1 [t o,d(0) 1 [0y
- | ————dB,(0) =0, lim - —dB;(0) =0.
t*)I';'IIOO t/(; 1+al(9) 2(0) tall;noo t/(; o 1®)

Proof We let M;(¢) = fot WdBI(Q) and n > 2. Making use of Lemma 2.1 for the

Burkholder—Davis—Gundy inequality and the results of Lemma 2.4, we can get

dPas?0) TF d'0,'S"(9)
E M©O)|"|<CEl | ———do| <t?C,E —ar
I:OSSI.;IS)J 10)] ]_ n [/o A2 :| - [oilél; AT ]

Nl

<t2C, 01'7.
Here, we set € be an arbitrary positive constant. Thus, applying Lemma 2.2 for Chebyshev’s
inequality yields

_EIMi((k+ 19" _ 0/Cyl(1+ k8]

]

(k8)1+e+7 - (k8)1+e+%

Ple: sup [mio)]"> (o) ]
ké<t<(k+1)8

2%0'1”C,7

(k8)1+e'

=
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Using Lemma 2.3 for Doob’s martingale inequality and the Borel-Cantelli lemma in [53],
for almost every £ € 2, we always get that

sup My (0)]" < (k8)' <+ (12)
ks<t<(k+1)s

satisfies for all except finitely some k. Thus, there is a positive number ky(§), for almost
every & € €2, inequality (12) holds when k > ko(£). Therefore, when both k > ko(£) and
ké <t < (k+1)8 hold, for almost all £ € Q, we get

In[Mi(8)]"  (1+e€+3)In(kd) n
< =l+e+—.
Int In(k3) 2

Thus, it is easy to see that

In |M; (¢ l+e+1
lim sup n| 1()|< 2,

t— +00 Int - n

Let € — 0, we can have that

In |M;(¢
limsup—n| 10 <

1
<=+
t— +00 Int 2

1
- as.
n

So, for an arbitrary small positive constant ¢ (¢ < % - %), there is a constant T'(£) and a set
Q, such that P(Q2;) > 1 - ¢. Furthermore, for t > T(£), £ € Q,, we have

1 1
ln|M1(t)| < (— +—+ g“) Int.
2 7

As aresult, we get

1,1
Mi(2) ezt

lim sup < lim sup =0 a.s.

t—+00 t—+00

On the other hand, we know

M (t
limsupmzo
t—+00 t
To sum up
M
lim |My(2)] 0
t—+00 t
That is to say,
M;(t 1 [*do1S(O
fim MO —f 9150) 13.6)=0 as.
t—+00 t—+oo t J A

Making use of the same argument, we let M;(¢) = ot #ﬁ(e) dB,(6), then we can get

Mo, M. 1 [
limsupwglimsup—/ 07df =0} <+00 as.
0

t—+00 t—+00
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Using the strong law of large numbers, we can obtain

i My (t)
im

t—+00 t

=0 a.s.,

lim - dB,(0)=0 a.s.
t—+00 t t—>+00

Mg(t) . I/t (o))
= lim _—
o 1+al(0)

Let Ms(t) = fot 1?.51 dB,(6), then we can get

2

M3, M. . 1 [fo3
lim sup M, Ms)e <limsup —/ 22 do = 0—2 <400  a.s.
t—+00 t—>+00 0o« (24

Using the strong law of large numbers, we can obtain

i Ms;(t)
im

t—+00 t

=0 as,

ie.,

lim dB,(0) =0 a.s.
t—+00 t t—>+00

M) . 1 [P ol(6)
=1 _/0 1+al(6)

Let M,(t) = ft 2 dB,(6), then we can get

My, M) o} o7
limsup — (M, Ma)e =limsup — / 24 = —2 <400  a.s.
[—+00 t t—+00 t (X

Using the strong law of large numbers, we can obtain

My(t
lim 4():O a.s.,
t—>+00
ie.,
Myt 1 (fo
fim MOy L de(e) 0 as
t—+00 t T 15400 t
The proof of Lemma 2.6 is complete. O

2.2 Extinction
When we study an epidemic model, extinction and persistence in mean are two important
properties. In this subsection, we explore the conditions which lead to the extinction of
epidemic system (7) under stochastic disturbances.

Next, we explore the conditions for the extinction of the epidemic disease of stochastic

system (7).

Theorem 2.1 Let (S(¢2),1(t)) be the solution of system (7) with any initial value (5(0),1(0)) €
R2. When one of the following conditions holds:



Zhang et al. Advances in Difference Equations (2018) 2018:50 Page 11 of 22

2 2

A _
W) Ry = i} ¥ Sz <L
20\ —d—r)(d+aA)? _ 2dB(d+a )
(11) Az 01 and Rz - 2(d+0[1\) +d2172 o 2(d+aA)2+d2o. 2 <1
2 _ 22(d+a ) _ d2 2
(111) A< o1 and R3 - 2012[dﬂ+(d+r)(d+aA)] 2[dﬁ(d+aA)+(d+r)(d+otA)2] <1
: 2 _ 2 82
(IV) Az 9 and R4 - 612+2(d+r) + 022[012+2(d+r)] <L
then
lim S(¢) = — lim I(¢t) =0.
t—>+00 t—>+00

Proof Making use of Itd’s formula to the second equation of the stochastic differential
system (7), we get

L[ 2dS@)I) BI(t) do1S(8)1(¢)
dln[(t)-@[(T—(d+r)l(t)—1+a1(t))dt+ " dB; (¢)
ooI(t) ® 1 d?o2S%(t)I%(¢) a2 I%(t) At
" Trai ] ( 12(t)>[ A2 s aI(t))2:|
_ (4dS(0) B doiS) o3
- ( TR wv T iy 2(1+a1(t))2>dt
d
- 225 a0 - 2 dbat)
[ 0 (o, 22A
- |- (0~ Ts0)
o3 1 28
((1 ral@O) o1+ oz](t))) s ’)] de
d
+ 4050 4, ) - 2 2B
[ dPo} AN\ o} 1 B\> A2 ,32
‘['2/\2 (S(”'dTE> 2(1+a1(> ?> 207 " 207 (d”)]
do1S(t) Iop)
Case (i): When R = —i)af + ﬁ < 1 holds, integrating both sides of inequality (13)

from O to ¢ gives

d*c? [* AA ol [t 1 B\?
Inl(¢) = - ) -2 S I V)
ni() 2A2/(() 1) 2 0<1+(x1(9)+022)

- (d+r— A—ZZ - '3—2>t+M1(t) — M5 (t) + In1(0)

208 203
2 ’32
—<d+ -5 - gzz)t+z\41(t> — My(t) + In (0), (14)

where M; () = [y 259 dBy (69) and Ma(t) = [; :25; dBa(0).
Dividing both 51des of inequality (14) by ¢ ylelds

InI(t) - _<d+ 22 B2 ) . Mi(t)  Ma(t) N In1(0) (15)
— .

" 202 202 t t t
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The functions M; (¢) and M,(t) are known as the local continuous martingale with M; (0) =
0 and M»(0) = 0. Applying Lemma 2.6, we can know

M, (¢ My(t
lim 1():0, im 20

t—>+00 t t—>+00 t

=0 a.s.

2
Making use of the condition R; = W + Z(d‘jw < 1 and taking the limit superior of
1 2

both sides of inequality (15), we can get

. InI(t) 2 B2
lltlilf;lop ” 5‘(”[”_2712_2722 =d+r)(R-1)<0,

which implies lim;_, , I(t) = 0.

Y. 2 _ 20—d-r)(d+aA)?  _ 2dB(d+ah) .
Case (ii): When both A > o7 and R, = P dran)rdol ~ 7Hdral)rd®o] <1 hold, according

to inequality (13), we can get

d*c? AANE A2 d’o? dg
dInJ —L(sw)- == — - z__ _ —(d d
! (t)f[ 2A2 ( ® daf> Y20 drad)? drah ”)} g
do1S(t) 02
+ A dBl(lf) - m ng(t). (16)

Since A > o7, the variable S(¢) in inequality (16) takes its maximum value on the interval

[0, %] at %, thus we have

o} d*o} ap
dIni(¢) < [—7 +A- Ydran)? dran —(d+r)]dt
do1S(t) 02

Integrating both sides of inequality (17) from 0 to ¢ and dividing both sides by ¢, we obtain

InI(t) o} d*o} dap
<% _ —d
t —[ 2 T adrarE dran @FD
M(t) My(t) InI(0
N 1t()_ 2t()+11t()' (18)
Using the condition R, = 2—drda)’ _ 2dpdiar) g by Lemma 2.6 and taking the

012(d+aA)2+d2022 Ulz(d+0t1\)2+d20‘22
limit superior of both sides of inequality (18), one has

. InI(t) ol d*o} dp
1 Do (2% ) _(a- —d-
T = [( 2 " 2d+any dran 77

~ 1( ,  d*o}

e — 22 )(Ry-1)<0,
2\t (d+aA)2)( 2= 1)<
which implies lim;_, , I(t) = 0.

fy 2 _ A2(draA) d*a3
Case (iii): When both A < o{ and R; = 2o dran)] ~ A e n e d)] < 1hold,

since A < o7, the variable S(¢) in inequality (16) takes its maximum value on the interval
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[0,4] at %, so we have
1

A2 &2 dp
dinl(0) = [2712 Todran? dran @7 r)} a
dcrlS(t) (o))
+ A dBy () - Tral() dBy(2). (19)

Integrating both sides of inequality (19) from 0 to ¢ and dividing both sides by ¢, we can

obtain
InI(t) 22 d*o} dp Mi(t) May(t) 1nI(0)
<|—- - - - . (20
t = [2012 Ndvah? drah @D : (20)
22(d+a ) d?0?

Applying the condition R; = <L by Lemma 2.6

202 [dp+(dn)(d+an)]  2AdBld+an)+(d+r)(d+an)?
and taking the limit superior of both sides of inequality (20), we get

InI(t) - [ A2 d*o} dp

. - —d
272 2d+ah)?  d+ah (”)}

lim sup
t—+00

= (d+aA +d+r>(R3—1)<0,

which implies lim;_, ,, I(£) = 0.

. 2 _ % i : 2
Case (iv): When both A > o7 and Ry = Teaan * Bt @] < 1 hold, since A > o7, the

variable S(¢) in inequality (13) takes its maximum value on the interval [0, 4] at &, thus

one has

2 2 9 2
dlnI(t)f[ doi (é—ﬂ> —G—2< ! + 'B> +k—2+ﬂ—2—(d+r):|dt

“2A2\d  do? 2 \1+al(t) o02) " 207 202
do1S(t) 02
dB(t) - ———— dB,(t
o 1) 1+l 2()
20022 2 (1 2o p
:[_"—1<1+—4——2)—"—2< +ﬁ2> +—2+ﬂ—2—(d+r)]dt
2 oy o} 2 \1+al(t) o; 207 205
dO'IS(t) (o)
+ X dBl(t)—1+a1(t)de(t)
2 2 1 2 2
= —G—1+A—a—2 +£ +'3——(d+r) det
2 2 \1+al(t) of 203
do,5(¢) oy
dB,(¢) - dBy (¢
+ 1) T+l 2(2)

o} B2 doS(t) 02
< <—7 +A+?22—(d+r)) de + X dB1(t)—mde(t)~ (21)

Integrating both sides of inequality (21) from O to ¢ and dividing both sides by ¢ yield

2 2
InI(t) < (_0_1 e ,3_2 —(d+r)> s M (t) _Mz(t) s lnI(O)' (22)
t 2 205 t t t



Zhang et al. Advances in Difference Equations (2018) 2018:50 Page 14 of 22

2, 82
012+2(d+r) 522 [012+2(d+r
superior of both sides of inequality (22), we get

Ini(t z 2
lim sup nt()< (—G—1+k+2ﬁ——(d+r)>

— 2
t—+00

Applying the condition Ry = < 1, by Lemma 2.6 and taking the limit

2 05

o2
= <d+r+ %)(R4—1)<0,

which implies lim;_, ,, I(£) = 0.
Since lim;_, 10 I(£) = 0, we have assumed the population size has reached limiting value.
Further we consider the limit system of stochastic differential system (7)

ds() = |:A —dS(t) + v(% - S(t)>:| dt.

It is easy to see that limy_, .o S(£) = %. This completes the proof of Theorem 2.1. O

2.3 Persistence in mean

The conditions of the extinction for system (7) have been obtained. In this subsection, we
investigate the conditions which lead to the persistence in mean of epidemic system (7)
under the stochastic disturbances, which implies the infectious disease is prevalent.

Theorem 2.2 Let (S(2),1(t)) be the solution of system (7) with any initial value (5(0),1(0)) €
]R%. When both the conditions :f—;\\ >d+vand

EZozA(af+1))[2)»—261—2;”—(012+c722 ] 1
246

hold, then the epidemic disease I(t) is persistent in mean; in other words,

R A
0< ﬁm -=< lti§+i£10f<1(t)) < litrilfllopg(t)) ==

Proof For system (7), computing the sum of two equations yields

d(S(0) + 1)) = [A —ds() + % ~S(0) Vi) - (d + IO - - f gj)(t)]
O'z[(t)
" Trar B0
> |:A+ E—(d+v)S(t)—(v+d+;‘)1(t)—é]dt
d o
Uz[(t)
1+ al(t) dB,(¢). (23)

Integrating both sides of inequality (23) from 0 to ¢ and dividing both sides by ¢, we obtain

%[S(t) - S(0) + I(¢) —I(O)] > (A + % - g) —(d+ v)(S(t)) -(v+d+ r)([(t))
_ M;(2)

P (24)

whﬂehh@)zﬁfﬁﬂzﬁﬂbwy
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Taking the limit of both sides of inequality (24) and by Lemma 2.6, we can get

o t—+00 t—>+00

0> (A + % - E) —(d+v) lim (S(t))—(v+d+r) lim (I(t)),

ie.,

lim (S(0) > <A d ) JVEART e (1(0). (25)

d  ald+v) d+v t—+o0

Next, we define a C2-function V: R% — R, by

V(S(6),1(2)) = % InI(¢) +I(t) + S(2).

Applying It6’s formula results in

dV(S(6),1(2)) = LV (S(2),1(2)) de + dB;(t) - - dB,(t), (26)

where

LV(S(@e),1(2)) = [A _ds() - SO1D u<ﬁ 0 —I(t))]

A d
. 1+a1(t)[dk$(t) Cdar- P }
o A 1+al(t)
d*a2S2(t) B o}

200 A2 20(1 + al(2))?
= (A+E—d+r+ﬁ) + (ﬁ—d—\))S(t)
al

d o
d*a S (t) o}

2072 20(1 +al(t))?
> (A+E—d+r+ﬂ> + (ﬂ—d—\))S(t)
al

—(w+d+n)I) -

d o
ol o?
- d+r)i) - L -2
(v +d+n)It) 5% %o
:(A+ﬂ—d+r+'3—012+022)+(ﬂ—d—v)5(t)
d o 200 aA

— (v +d+r)I).

Integrating both sides of inequality (26) from 0 to ¢ and dividing both sides by ¢, we get

%(élnl(t)+](t)+5(t)> > <A+ %— drr+p - 012+022> + (d—j\—d—v><S(t))

o 20 o

Mi(2)  My(2)
e 2 e o 24

—(v+d+ r)([(t)) " ,

+ 1 (l InZ(0) + 1(0) + S(0)>,
t\o
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ie,
vA d+r+B of+o} dh M;(2)
10)> A+ — - - et RS
(w+d+r)I@) = < + - o m d—v)(S()+ ”
My(t) InI(¢)-InI(0) I(t)-1(0) S(t)-S(0)
t ot t t
(A + 2 - et ohe) | (g ) (s(e) + 202
M0 @ 010 S<r)—[5<0), 0<I(t) < 1;
> : (27)
(A4 o 200y | (o) (s(0)) + 20
_ ]\44T(t) _ lnI(t)a;nI(O) (0 )t1(o) _ S(r)—t © 1< I( b),
where M, (t) = [y “5€) 4B, (9) and Ma(t) = [, 2 dB(0).
Taking the limit of both sides of inequality (27), by Lemma 2.6, we have
_ VA d+r+p of+o;
(v+d+r) lim <I(t)) > A+ —
t—+00 d o 20
dx
+ (J —-d- v) E{rnoo<5(t)> (28)

From inequality (25) and inequality (28), and assuming that the COl’ldlthI’l > d+v holds,
then we can obtain

(v+d+r) lim (I(t))
—>+00
. <A+E_d+r+ﬁ _012+022>
d o 20
di A B v+d+r
——d- — - lim (I(¢
+<aA )[(d a(d+v)> d+v tlﬂnoo(())]
—A+VA d+r+B of+o} A rdp (d+v)A+,3
- d o 200 o o2A(d+v) d o
A +d+r) .
_ [m -(v+d+ r)] tl}l}l{){)([(t)),
ie.,
. 20 —2d - 2r — (0} + 03) Adp aA(d+v)
lim (I(¢ .
Jim [10) = [ % T 2Ad+y) | advrd+dn)
B B aA(d+ V)21 - 2d - 2r — (0} + 03)] 1
T a(w+d+r) 2d B
B ~
=—(R-1). 29
a(v+d+ r)( ) @9
When the condition R = 2242~ 2%;2r_(01 193] > 1 holds, taking the inferior limit of both
sides of (29) yields
liminf(I(¢)) > L(N -1)>0.
t—+00 T a(v+d+r)
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By Lemma 2.4, we know limsup,_, ,, /() < 4, then limsup,_, , ., (/(¢)) < 4. Therefore, we

get
< L(R 1)< 11m1nf<1(t)) <lim sup( (t)) < A
a(v+d+r) t—+00 t— +00 ~d
This completes the proof of Theorem 2.2. O

3 Conclusions and numerical simulations
In this paper, we investigate the stochastic SIRS epidemic model with standard incidence
rate and saturated treatment function. We first prove the existence and uniqueness of a
global positive solution for the corresponding limiting system (7). Then we investigate the
persistence in mean and extinction of the stochastic SIRS epidemic system by using the
Lyapunov method and the techniques of a series of stochastic inequalities. The biological
significance of our results shows that the ability of the epidemic model to adapt to the
external environment disturbance is limited, and the external environment disturbances
may have important effect on the stability of the SIRS epidemic system. When the pertur-
bations in the environment are small enough, the stability of the stochastic SIRS epidemic
system cannot be destroyed, while large disturbances occurring in the environment can
lead to the extinction of epidemic diseases. Therefore, this shows that the environmental
distributions are advantageous to controlling infectious diseases. Our results significantly
improve and generalize the corresponding results in recent literature. The developed the-
oretical methods and stochastic inequalities techniques can be applied to explore the high-
dimensional nonlinear stochastic differential systems.

Next, we give some numerical simulations to illustrate our theoretical results. The dis-

crete equations of system (7) are described by

drS,I, A
Sn+1=Sn+[A—dSn— A +v (——S )]At

d
dS 1, ds,I,
N " (W2, - 1)At,
dAS,I, Bl
Li=1,+ [ A” " d+nI, - 1+;1 :|At
dS I, A7 ds,I,
Wln 01 —A (len — I)At
I, )
v AtW: W; —1)At,
+od ne 1+(x1,,( 1)
where Wy, Wy, n=1,2,..., are independent Gaussian random variables N(0, 1). Here,

we let At =0.01.

In the following figures, we let S(0) = 0.1, 1(0) = 0.1, « = 0.3, 8 = 0.01, A = 0.7, d = 0.5,
A =0.1,r=0.07, v =0.5, and the step size At =0.01.

Figure 1(a) is the deterministic model of stochastic system (7) with o; = o, = 0. Fig-
ure 1(b) shows the stochastic epidemic system (7) with o7 = 0.7 and o, = 0.1. By compu-
tation, we get that

)\2 /32

A
Ri = . ~0886<1,  lim S()=—=02,  lim I(t)=0,
YT 2d1ne? T 2d + 1ol < Jim S(8) = Jim 1(2) =
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a b
0.2 (@) 0.2 (b)
— S| —S(1)
0.15 —I® 0.15 — 1
= 0.1 = 0.1
71 A
0.05 0.05
0 0
0 20 40 0 20 40
t t
Figure 1 Time sequence diagram: (a) the deterministic epidemic model, (b) the stochastic epidemic system
(7) for case (i) of Theorem 2.1

a b
03 @) 03 (b)
—3s0 —S(0)
—I(t) —1(t)
90.2 | 90.2
% 0.1 0.1
0l 0
0 20 40 0 20 40
t t

Figure 2 Time sequence diagram of stochastic system (7): (a) case (ii) of Theorem 2.1, (b) case (iii) of
Theorem 2.1

which satisfy case (i) of Theorem 2.1. For Figure 2(a) with 7 = 0.5 and o, = 0.2, we get that

A =0.7>025=0.5 =07,

20 —d —r)(d + aA)? 2dB(d + aA
_ AU Nid+an) Bldrad) o eazcr,

R, = _
27 62d+ a2 +d%0?  oX(d+aA) +d’ol
and
lim S(¢) = A 02 lim I(¢)=0
t—grnoo - E o t—ll;noo -

which satisfy case (ii) of Theorem 2.1. For Figure 2(b) with o; = 0.85 and o, = 0.3, we get
that

A =0.7<0.7225 = 0.85% = 0,

P A2(d +aA) d*o} 05161 <1
3T 202[dB + [d+r)d+al)] 20dpd+an)+@+ndrahy] Y
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a b
0.2 (@) 0.2 (b)
—s( — S0y
e 0.15 1(t) R 0.15 1(t)
= 0.1 = 0.1
71 771
0.05 0.05
0 e 0
0 20 40 0 500 1000
t t
Figure 3 Time sequence diagram of stochastic system (7): (@) case (iv) of Theorem 2.1, (b) case of Theorem 2.2

and

A

lim S(¢)= — =0.2, lim I(¢) =0,
t—+00 d t—+00

which satisfy case (iii) of Theorem 2.1. For Figure 3(a) with o; = 0.7 and oy = 0.3, we get

that

) 21 B?

2=0.7>049 =0.7% =02, Ry = + =0.85958 < 1,
- ! * ol +2(d+r)  o}lof+2(d+7)]

and

tErJrnc><> S(t) = % =0.2, tginool (r) =0,
which satisfy case (iv) of Theorem 2.1.
According to Figures 1(b), 2(a), 2(b) and 3(a), the disease (¢) in the stochastic epidemic
system (7) is extinct. Comparing Figure 1(a) with Figures 1(b), 2(a), 2(b) and 3(a), we can
see that when the environmental fluctuations are large enough, they can lead to the ex-
tinction of disease. Thus, the random fluctuations are beneficial to the control of epidemic
diseases. This is consistent with our conclusion in Theorem 2.1.
For Figure 3(b), we let 01 = 0, = 0.03. By computation, we get that
ﬁ:11.621:d+v, Te:ozA(d+v)[2)»—2d—2r—(<712+022)]

=1.10657 > 1,
aA 2dp

which satisfies the conditions of Theorem 2.2. Comparing Figure 1(a) with Figure 3(b),
when the white noises are small, the stochastic epidemic system (7) is persistent in mean.
This is consistent with our conclusion in Theorem 2.2.

Obviously, the numerical simulation results are consistent with the conclusions of our
theorems.

To sum up, our main results are summarized as follows:

I. Extinction
When one of the following conditions holds:

i) Ry= 2y L 1,

2(d+r)oy 2(d+r)oy
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iy 9 _ 20—d-n(d+ar)® _ _ 2dB(d+ah)
(i) A>ofand R, = o2(@radrd2o]  oldrahPrd2o} 1,
2 o 2san) d’oy
(ili) A <oy and R3 = 202 [dB+(d+r)(dran)]  20dpld+an)+(d+r)(d+al)?] <L
. 2 _ 2\ ﬁz
(iv) A > oy and Ry = o2+2(d+r) + o2[o2+2(d+r)] <1
then
. A .
lim S@&) = —, lim I(¢) =0.
t—+00 d t—>+00

II. Persistence in mean
When both conditions O‘f—j\\ >d +vand

%o aA(d+v)[2x —2d - 2r — (o} + 03)] o1
2dBA

hold, then the epidemic disease I(£) is persistent in mean; in other words,

P % o . A
0< W(R 1)< I}Lnfo%f(l(t)) < lltIllilopU(t)) <.
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