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Abstract

This paper considers a stochastic Susceptible-Infected-Susceptible (SIS) epidemic model with nonlinear saturated incidence.
The threshold conditions for disease extinction and stochastic permanence are obtained by using nonlinear stochastic analysis
for Feller’s test and the canonical probability method. Consequently, this improves and extends some previous results obtained
by using Lyapunov method. A series of numerical simulations are carried out to illustrate our theoretical findings. (©2017 All
rights reserved.
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1. Introduction

Mathematical models for the dynamics of infectious diseases have a realistic significance in the field
of epidemiology, and some novel results are obtained [1-3, 5, 7, 13, 17, 20-22, 29-31]. Recently, nonlinear
analysis has been widely applied in mathematical modelling in biology [2, 3, 5, 13, 21, 22, 31]. Inspired
by previous work for stochastic dynamics in [9, 10, 12, 14, 16, 19, 23, 24, 26-28, 32], this paper discusses a
nonlinear SIS epidemic model with stochastic perturbation, which is described by the following stochastic
system

_ BS(H)I(t) oS(t)I(t)
[ BS(HI(t) oS(t)I(t) :

where S(t) and I(t), respectively, represent the number of susceptible and infectious individuals at time
t, B(t)(B(0) = 0) is the standard Wiener process with intensity o> > 0, A stands for the birth rate of

susceptible individuals, u denotes the natural mortality, A is the recovery rate of disease. The function

BS(t)I(t)

a1 Stands for the saturated incidence rate, here {3 represents the transmission rate of disease and «
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is the half-saturation constant. The parameters {3, «, A are all nonnegative constants and A, p are positive
constants. Recently, authors of [4, 6, 21] have done much research and have obtained plenty of significant
conclusions for system (1.1). They set up the threshold condition R*, which determines disease extinction
or permanence under stochastic perturbation, where

2 /\2
2p2(pn+A)
and R = % stands for the basic reproduction of its deterministic system. Meanwhile, they provided

the results as follows:

(A1) For any given initial value (S(0),1(0)) € ]Ri, the system (1.1) has a unique positive solution
(S(t),I(v)) € IR%L ont>0a.s.

(A2) When R* < 1 and 0? < %, it shows that the disease dies out with probability one.

(A3) When R* > 1, it shows that the disease is permanent in mean with probability one.

From system (1.1), we have

d(s(tlljl(t” = A— (St +1(1).
This implies that
lim (S(t)+1I(t)) = A
t—+00 H

Thus the one-dimensional limiting system of system (1.1) is given by

BA — uI(t)I(t) o(A —uI(t)I(t)
{1+ ad(t)) (1 + oI(t))

di(t) = [ — (u+A)I(t)| dt+ dB(t), (1.2)

with initial value I(0) € (0, %) and then we concentrate on exploring the dynamics of system (1.2).

For another, a large number of literatures have used the Lyapunov functions to study the dynamics
of infectious diseases and have given many good results [4, 6, 11, 21]. However, this paper applies the
Feller’s test and canonical probability methods to study the dynamics of system (1.2) and gives some new
results. In this paper, we are mainly concerned with the following three questions:

(Q1) Removing the condition of 02 < %, if R* < 1 holds, will still the disease go extinct?
(Q2) If R* =1 holds, will the disease die out or persist?

(Q3) If R* > 1 holds, is system (1.2) stochastic permanence in addition to permanence in mean?

The remainder of this paper is organized as follows. In Section 2, we obtain the conditions of disease
extinction by Feller’s test: R* < 1 or R* = 1 is the sufficient condition of disease extinction with probability
one. In Section 3, we study the stochastic permanence of the disease via Chebyshev inequality which is
different from the previous results about permanence in mean. Finally, we show the main results and
then present some numerical simulations to illustrate the main results.

Throughout this paper, unless otherwise specified, let (Q,.#,{.% };>0,IP) be a complete probability
space with a filtration {.#}+>¢ satisfying the usual conditions (i.e., it is increasing and right continuous
while .% contains all P-null sets). Further suppose B(t) is defined on the complete probability space Q.

2. Extinction

In this section, we mainly investigate the dynamics of system (1.2) for R* < 1 and R* =1, respectively,
and give some new results. Now let us state an assumption and some lemmas of a result on the Feller’s
test [8, 25] which will be useful in proving the main results.
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Assumption 2.1. Assume that the following one-dimensional time-homogeneous stochastic differential
equation (SDE) [18]:
dX(t) = f(X(t))dt 4+ g(X(t))dB(t), X(0) € R, (2.1)

satisfying the following properties:

() VX €Y, g*(X)>0;

.. X+e 1+[f(r)]
(i) vXeY, Je>0, [y . 37(1) dr < +o0,

here Y = (§,v) and —o0 < & <y < +o0.

Lemma 2.2. If Assumption 2.1 holds, then let X(t) be a non-explosive solution of the above SDE (2.1) in Y = (&, ).
For any fixed constant ¢ € Y, the scale function is described by

B x B wof(r)
((x) = L exp{ ZL gZ(T)dT} du.

When ((&1) > —oo, ((y~) = +oo, then

IP{ Iim X(t) = E,} =P {supX(t) < y} =1.
t—+o00 >0

Lemma 2.3. Assume that the one-dimensional SDE(dX(t) = f(X(t))dt +dB(t), X(0) € R,) exists a non-
explosive solution in finite time which is unique in the sense of probability law.

Define
o(x) = Jo exp {2JO f(r)dr} du, B(x)= Jo exp {—2 Jo f(r)dr} du.

When «(+00) < +00, a(—00) = —00, B(+00) = +o0, B(—00) = —o0, then

VI e R, IP{ lim X(t)<|“}:l,

t—+o00
that is to say, X(t) — —oo in probability meaning.

Proof. The proof of Lemma 2.2 and Lemma 2.3 are similar to [8, 25], hence we omit it here. O
Theorem 2.4. Let I(t) be the solution of system (1.2) with initial value 1(0) € (O, ﬁ) If R* < 1 holds, then

119{ lim I(t) :o} =1.

t——+o0

Proof. By virtue of Lemma 2.2 and system (1.2), let

B(A—ulI o(A—ull
f(l) = ——7F — A1 [)=—————.
() LT o) (u+A)IL g(D) 1T o)
It is easy to get that
v f(r) 2 (Y TAuB + A*Bax— 12 (n+A) + A2 (u+A) o | App — (1 +A)
2 Z(T)dT:? 2 A + /\ZT
C 9 C /\ (I—T)
B uz(uﬂ)+2u/\(u+>\)cx+/\2(p+)\)o@]dT
2
(2
200 _ 12 2 2
2 AR+ AP — (L +A) F AT (4 A In é—u Cnu
02 A2 u

L ARB (it A) N P2 (n+A) 4+ 2uA (1 +A) o+ A%+ A) o M
AZ AA— pu) ¢
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here M. is a constant. Then by calculation, one can obtain

I 2 2
C(I):exp{—Mc}J exp{(y [/\uﬁw\ Bo— u%ﬂ)w\(uﬂ) ln(/\ u)

-;:

A — 12 (u+A) mus ¥ Z(4+A) + 2pA (R + Ao+ A2 (L +A)o® du
A2 A(A — pu)
I 7% {Auﬁ—ui(uﬂx)} A %{/\Hﬁﬂ\zﬁa W2 (AN +AZ (u4A) 062} (22)
:exp{—Mc}J u ° A (—u)
c [
< oxp 4 2 (2 (1 +A) 4+ 2uA (p 4 A) &+ AZ (e + A) o du
p 02 A(A — pu) ’

Now from (2.2), let I — <%>_, p= ﬁ, we have

2up

A\ win) LA o2a [T _L{Aurstrstx—uZ(wmx\meDcZ}_2
C () exp{ M }C 0—25\2 <) J 0 o2 A2
[ [ B

A—uc
2 (12 (n+A) +2pA(n+ Ao+ A2 (n+A)o?] p
X exp AL dp
= +00.

Notice that R* < 1 such that % [A”E’%W} < 1, then from (2.2) and let I — 0", one sees that

2[AuB+AZBa+A2 (1tA)o?]

A - A\
oA\ oA\
—C(07) < exp{—M }<> ( —c>
(07) S expl-Mc} { "
2 [W3(1+A) + 20A G+ Mo+ A2 o] | (¢ = 5[ Abegimen ]
X exp > J u du
0 A(A — uc) 0
2[AuB+AZBa+ A2 (nA) o2 22 (1t )
A T2 A By
= exp{—Mc} <> " ( — c) A
n m
ox 2 [12 (4 A) + 2pA(+ Ao+ A (n+ A) o]
p 02 A (A — uc)
2 [Aup—r2(urA)
X ! 01 o [ A2 }
1_ 2 [/\uﬁfuz(wr?\)}
o2 A2
< 400,
which implies that ¢ (0%) > —oo. The proof of Theorem 2.4 is complete. O

Theorem 2.5. Let I(t) be the solution of system (1.2) with initial value 1(0) € (0, %) If R* =1 holds, then
t — 400, I(t) — 0 in probability meaning.

Proof. Define
Ven = fInp— BEA%, <A—1>} .
i m

Ao
From Itd’s formula and system (1.2), we have

dV = f(V)dt + dB(t),
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where

w(1+om (V) (k+A) &<“(ﬁ—ﬂlﬂﬂ>—%u+AMO1WVD>

A—m1(V) a 2(1+om—1(V)?A

f(V)=—~|p—

7

with I =n~1(V) since R* = 1.
Now let r =1(x), it is easy to get that

2 A _ 2
ZJ“ 2 J“l(“) - wl+odu+r) <u<” X) (HJFA“)X) u(l + ox)
n-1(0) A —px 2(1+ ox)2A (A —ux)x

W2 2
= —03 [ <(u+7\)/\2 —i—%— B/\u> Inn~t(w) + CW —(u+A) <K2—oc2> +§>

A (L+A) (K +A%0% +2uAx)  oln(1+om~1(w))
<n <_” “”)* AA—m W) 2

:|+M0,

here My is a constant. Then letting u =n(1p), we have

) ex 2 (u+7\)(u +/\20c2+2u/\oc
exp{Mo} (M (1+ o) o P17 AA=pb)
(X(I) - 2 w2 o Bu 2 (BlutAc) 2 U
o n=1(0) ¢§((“+7\)7+7—T>+1 A 2 (BlpAs) () (85— a2)+5)
(% -v)
Notice that n=1(0) € (0, A) , lim n () ==, lim n'(I)=0". By Lemma 2.3, one sees that
s I—+oo L I——o0
{M } /\ o+1 A 1
o) « BT (14 28) T [ 2
W n1(0) & (A B § =) 1
2 (u+7\)(u +/\2cxz+2p/\oc)
P o2 ATA—1) .
X
A 2, (BlutAel (u+7\)<——a2)+7)+1 b
(5-v)”
< +00,
and
7l(u+7\)(u2+/\20c2+2u/\0c)
(—o0) < — XPMo) 1 P T AR T0)) Jnl(m L gy
o(— — il
o n_l(o)%((uw\)% %7%> (A)zz(ﬁ(uj—\/\oc) ( +7\)(ffoc2) %>H o b
N
= —o0.
Similarly, we also obtain 3(4-00) = 400, B(—00) = —oo. The proof of Theorem 2.5 is complete. O

3. Stochastic permanence

Many results for permanence in mean has been obtained, however, we further investigate stochastic
permanence in this section. Before analyzing the main results, we first give a useful definition as follows.
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Definition 3.1 ([15]). System (1.2) is said to be stochastically permanent, if for any ¢ € (0,1), there exist
positive constants §; = 81(¢) and 8, = d,(¢) such that

IminfP{I(t) < 1} > 1—¢, HminfP{I(t) > &} >1—¢,

t—+o00 t—+o00

where I(t) is an arbitrary solution of system (1.2) for any initial value I(0) € R.

Theorem 3.2. Let I(t) be the solution of system (1.2) with initial value 1(0) € (O, %) If R* > 1 holds, then
system (1.2) is stochastically permanent.

Proof. According to the It6’s formula and system (1.2), we get

2
B (% - 1) o2(k+1) (% - I) oK% (ﬁ - I)
dI ) =—«I*| -2 2 _(u4A)— dt————" 4Bt
1+l 2(1+ «lI)? (14 oI) 3.1)
B [ BA o?(k+1)A2 okl (A —pul)

here k(0 < k < 1) is a constant and

Ut) = kI~ (M_B(/\ul)_cr2(x+1)/\2 02(K+1)(/\u1)2>
B ool ad) 22 212(1+ o)
Br(Aax+ p)Al=*
S FLZ*K :
Set B ) "
o%(k +

Take « small enough such that ¢ > 0. Furthermore, multiplying by e®* on the both sides of (3.1) and
integrating from 0 to t lead to

t

dB(r),

I 5(t) = e Pt %(0) +J

U(r)e— gy Jt okI % (1) (A — pI(r))
0

o w(I+al(r)
then taking the expectation yields

t
E[I" %) =e I %(0)+ E J U(r)e ®t=")gr
0

Br(Ac+ p)AL—x

<I7%(0) +
( ) d)HZfK

By virtue of I(t) € (O, %} , using the Chebyshev inequality, we can get

P{ﬁ>uﬂ>@}:wmw>@}

=1-P{, " > T (1)}

> 1 85E[I%(t)]

Br(Ao+ n)AI—*
OV

>1— 065 [I_K(O) +

Take 6, such that 85 |I7(0) + %} < ¢, we have ltiminf]P{I(t) > 07} > 1 — e. Similarly, we also
— 400
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have liminf IP{I(t) < 81} > 1 — €. The proof of Theorem 3.2 is complete. O

t—+o00

4. Conclusions and simulations

This paper applies Feller’s test and the canonical probability method which is different to Lya-

punov method to investigate long-time dynamics of the stochastic system. We establish the threshold
* BA o2 A2 . . . . . .
R* = iy — 3G which completely determines disease extinction and stochastic permanence un-

der stochastic perturbation. The main results are given as follows:

(I) When R* < 1 or R* =1, the disease dies out with probability one.

(II) When R* > 1, the disease is stochastically permanent with probability one, which is different from
the persistence in mean. Compare with previous study results [4, 6, 21], the additional condition of
0% < % is unnecessary. Therefore, we improve the main results of previous studies.

(a) (b) (c)

g
n
w

S(t) of model (1) S(t) of model (1)

2 — 1(t) of model (1) — I(t) of model (1)
= =2
Z 15 N
— —
~ ~
& ! &1

03— W
0 0 .
0 20 40 60 80 100 0 20 40 60 80 100 . 4 1.
t t S(t)

Figure 1: The simulation of the paths S(t), I(t) for the SDE system (1.1), here (a) and (b) are time sequence diagrams, (c) stands
for the phase portrait of (a) and (b). The blue trajectory and red dots in (c) are the deterministic system and the stochastic system
of system (1.1), respectively. (a) o =0, (b) o = 0.15.

Next, we present some numerical simulations to illustrate the theoretical results. Now we consider
the following discrimination equations of system (1.1):

BSi Ik Skl k 0? Si I 2
S =S A —uSy — Al | At—o0o - — —1)At,
k41 k+( uSy 1+odk+ k T+ V Pr 21+odk(p )
BSk Ik

1+O(Ik

Skk 0'2 Ska
— A | At VA —
(o )k] o Y A T T T,

(xi —1)At,

Lo =Tk + [

where py, xx(k=1,2,---,n) stand for the Gaussian random variables N(0, 1) and time increment At > 0.
Take S(0) =1.2, I(0) =08, A=1, p =0.65 A =03, « =0.6, 1= 0.5, At = 0.001 and choose different
values of o to explore the effect of the stochastic perturbation on dynamics for the SDE system (1.1).

In Figure 1 (a), take 0 = 0, then R* = R = 1.625 > 1. As expected, Figure 1 (a) indicates the disease
persists in real life. In Figure 1 (b), take o = 0.15, then R* = 1.5688 > 1, it satisfies the condition in
Theorem 3.2 and the previous work (A3), we can get that the disease will be stochastically permanent
and permanent in mean with probability one. As expected, Figure 1 (b) supports our results of the
Theorem 3.2 and the previous work (A3).

In Figure 2 (a), take 0 = 0 and R* = R = 1.625 > 1, the result is similar to Figure 1 (a). In Figure 2 (b),
take 0 = 0.7, then R* = 0.4 < 1 holds, but we can see that 02 = 0.49 > % = 0.325, it does not meet the
conditions about the previous work (A2), so we can not make sure the disease will die out or persist by
(A2). Synchronously, from Theorem 2.4, R* = 0.4 < 1 shows the disease will die out with probability one.
As expected, Figure 2 (b) shows the disease dies out, which supports our results of Theorem 2.4.
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(a) (b)
2.5 3
S(t) of model (1) S(t) of model (1)
2 — I(t) of model (1) — I(t) of model (1)
= =2
~ 1.5 Nt
— ]
~ ~
& ! F
0.5 k
0 0 8
0 20 40 60 80 100 0 20 40 60 80 100 .5 1 1.5 2 25
t t S(t)

Figure 2: The simulation of the paths S(t), I(t) for the SDE system (1.1), here (a) and (b) are time sequence diagrams, (c) denotes
phase portrait of (a) and (b). The blue trajectory and red dots in (c) are the deterministic system and the stochastic system of
system (1.1), respectively. (a) o =0, (b) 0 =0.7.
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