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Abstract. In this paper, a stochastic predator-prey system with modified Leslie-Gower and Holling type
IT schemes is studied. For the autonomous case, we prove that the system has a stationary distribution
under some parametric restrictions. We also obtain conditions for the non-persistence of the system, and
the results are illustrated by computer simulations. For the non-autonomous system with continuous
periodic coefficients, sufficient conditions which guarantee the existence of periodic solution of the system
are established.

1. Introduction

One of the dominant themes in both ecology and mathematical ecology is the dynamic relationship
between predators and their prey due to its universal existence and importance in population dynamics.
The predator-prey system, incorporating a modified Leslie-Gower function response and the Holling-type
II function response, can be written as follows [1, 2]:

o cy(t)

X(t) = X(t) (El — bX(t) - m),

o fy(®) @
o) = 0 [r= L0 ),

where x(t) and y(t) represent the population densities at time ¢, the model parameters a, b, c, 7, f,m; and m,
are assuming only positive values. a is the growth rate of prey, b is the strength of competition among
individuals of species x, ¢ is the maximum value of the per capita reduction rate of x due to y, m; and
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my measure the extent to which the environment provides protection to prey x and to the predator y
respectively, r describes the growth rate of y and f has a similar meaning to c. Aziz-Alaoui and Daher
Okiye [1] point out that:

(i) System (1) has a unique interior equilibrium E*(x*, y*) if "”72 < ”%

(ii) The interior equilibrium E*(x*, y*) is globally asymptotically stable if the following conditions hold

amq

L < —L
1<2c

, my <2my, 4(a+bm)<c,
where L, = ﬁ(ﬂ f(a+4)+ (r + 1)%(a + bmy)). More related results on (1) can be seen in [1-5].

In fact, population dynamics is inevitably affected by environmental white noise. Some researchers have
paid their attention to the environmentally perturbed system, and many interesting results are obtained
[6-10]. In this paper, we will focus on the case that a and r in model (1) are perturbed with white noise, that
is
a— a+aBi(t),

r— r+ BBy(t).

Then we get the following stochastic system

dx(t) = x(t) (a — bx(t) - %)dt + ax(t)dBs (8),
)
t
dy(b) = y(b) (r _ mzfz—(x)(t))dt T By(t)dBa(b),

where By (t) and By(t) are independent one-dimensional Wiener processes, @ and f° represent the intensities
of the white noise.
Jiand Jiang [6, 7] investigate the special case of system (2), that is, m; = my = m:

dx(t) = x(t) (a — bx(t) - mcf (i)(t))dt + ax(t)dBy (b),
3)
t
dy(d) = y(t) (r - mf _}:(xzt))dt + By(HdBa(t).

Condition for the system to be extinct is given and persistent condition is established. Moreover, they show
that there is a stationary distribution for the system by constructing the Lyapunov function. However,
in these work, the existence of stationary distribution depends heavily on the positive equilibrium of
corresponding deterministic system. In this paper, one of our aims is to establish sufficient conditions for
the existence of stationary distribution of system (2) by constructing the suitable Lyapunov function, which
does not depend on the existence and the stability of the positive equilibrium of system (1).

Since there are number of factors in the environment, which vary periodically with changing seasons,
affect various parameters in the ecological models, therefore the study of ecological systems driven by
periodic external forces is of importance. However, there is little work about periodically stochastic
differential equations. In [11], Li and Xu obtain some sufficient conditions for the existence of periodic
solution of the delay equations by using the properties of periodic Markov processes. Lin and Jiang [12]
investigate stochastic SIR epidemic model with variation in all parameters, they obtain the threshold for the
epidemic to occur. Moreover, the existence of nontrivial positive periodic solution is obtained. Motivated
by these, we consider a stochastic non-autonomous predator-prey system with modified Leslie-Gower and
Holling type II schemes with periodic coefficients, which takes the following form:

dx(t) = x(t) (a(t) — b(B)x(t) - %) dt + a(t)x(H)dBy (8),
@
Hy(t
a0 = 0 (6 - X0+ st
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where a(t), b(t), c(t), mi(t), (t), f(t), ma(t), a(t) and B(t) are positive continuous functions with period 6, B1(t)
and B;(f) are standard one-dimensional Wiener processes (the independence of B;(t) is not necessary in
model (4)), and a?(t), f%(t) are the intensity of the white noise at time t. We will study the sufficient conditions
for existence of positive periodic solution of system (4) by using the periodic theory of Has'minskii.

The structure of this paper is as follows. In Section 2, we establish the existence of unique positive
global solution for system (2). If the noise is relatively small, there is a stationary distribution. Conditions
for non-persistence of the system are established. In Section 3, we explore the existence of periodic solution
of system (4) provided the coefficients of the system are continuous periodic functions.

Throughout this paper, let (Q, ¥, P) be a complete probability space with a filtration {¥;};»0 satisfying
the usual conditions (i.e. it is increasing and right continuous while ¥y contains all P-null sets). We denote
by R the positive cone in R”, thatis R} = {x € R" : x; > 0forall 1 <i < n}.

If f(#) is a continuous bounded function on [0, +c0), we define

f'= sup f(t), f'=inf f(b).

te[0,+0) €10, +00)
In general, consider a d-dimensional stochastic differential equation
dx(t) = f(x(t), t)dt + g(x(t), )dB(t) ont >t (5)
with initial value x(tp) = xo € R?. Define the differential operator L associated with equation (5) by

2

d 9 1¢ P
_9 7.1 T A
L= FTid ;:1 fr(x, t) o +5 k%:l[g (x, )g(x, )]k %

2. Stationary distribution and non-persistence of system (2)

2.1. Existence and uniqueness of the global positive solution

In order for the model to make sense, we need to show the solution is global and nonnegative. However,
theorem of existence and uniqueness (cf. Mao [15]) is not satisfied in (1.2). Using the Lyapunov analysis
method([13]), we will show the existence and uniqueness of the global positive solution of (1.2).

Theorem 2.1. For any given initial value (xo, yo) € R2, there exists a unique solution (x(t), y(t)) to (2) and the
solution will remain in R% with probability 1, that is, (x(t), y(t)) € R2 for all t > 0 almost surely.

Proof. First, consider the equation

2 o(t)
— |y & pouty _ €€
du(t) = |a > be p— eu(t)]dt + adBq (),
2 For® (6)
dU(t) = [T’ - E - m]dt + ‘Bde(t)

For any given initial value u(0) = log x(0), v(0) = log y(0), there exists a unique local solution (u(t), v(t)) on
t € [0, 7,), where 7, is the explosion time [14, 15]. By It0’s formula, it is easy to see that x(¢) = e, y(t) = ev®
is the unique locally positive solution of (2) with initial value (x(0), ¥(0)) € R3. To show this solution is
global, we need to show that 7, = o0 a.s. Let my > 0 be sufficient large so that xyp and y, lie within the
interval [mlo, myp]. For each integer m > mg, we define the stopping time

T, = inf{t € [0, 7,) : x(t) ¢ (%,m) or y(t) ¢ (%,m)},

where throughout this paper, we set inf() = oo (as usual @ denotes the empty set). It is clearly that 7, is
increasing as m — oo. Denote 7, = lim 7,,, whence 7 < 7,. It is easy to show that 7, = o a.s. implies
m—oo
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T, = o a.s. Therefore, to complete this proof, it is enough to show that 7., = oo a.s. If this statement is not

true, there will exist a pair of constants T > 0 and € € (0, 1) such that
P{t,, <T}>e.
Define a C? function V(x, y) as follows:
Vix,y)=x+1-logx+ (y+1-logy).
By Itd’s formula, we get

dV(x,y) = LV(x, y)dt + a(x — 1)dBy(t) + By — 1)dBs(t),

where
_ cy y, a8 o fy . B
LV(x,y) = (x l)(a bx m1+x)+2+(y l)(r m2+x)+2
— 2 2 2
:—bx2+(a+b)x—a—cxy Cy+ry— fy — 7+ fy +a_+ﬁ_
+x my + x my+x 2 2
a2 p? c f
SE+?+(a+b)x+(r+m—]+m—2)y

=C1 + X +C3Y
<c1+20(x+1-logx) +2c3(y + 1 -1ogy),

f

2 2
where ¢; =“7+%,C2:a+b,C3:r+le+m—z,

in the last inequality. Therefore,
LV(x,y) <1+ aV(xy) <cs(1+V(xy),
where ¢4 = max {2¢y,2¢3}, 5 = max {cy, ¢4}. Substituting (9) into (8), we get
dV(x,y) < cs(1+ V(x,y)) + a(x = 1)dBi(t) + f(y — 1)dBa(t).

Hence for any 0 < t; < T, we have

T AE
fo V), y()

T Aty T At T Aty
< fo os(1 + V(x(t), y(£)dt + fo ax — 1)dBi(t) + fo B(y — 1)dBa(t).

Taking expectation of both sides, yields
T Aby
E[V(x(ti A 11)), (y(Tm A 11))] < V(x(0), y(0)) + csE f V(x(t), y(t))dt
0

t
< V(x(0),y(0)) + c5T + c5 j(; EV(x(t A Tw), y(t A Tpy))dt.

The Gronwall’s inequality yields that
E[V(x(ty A T)), (y(tm A T))] < ¢,

(7)

(®)

and inequality z < 2(z + 1 —logz) — (4 — 21log 2), (z > 0) is used

©)

where ¢ = (V(x(0), y(0)) + c5T)e%T. Set Q,, = {1,y < T} for m > my, due to (7), we have P(Q),, > €). Note that

for every w € Q,,, at least one of x(t,,, @), y(T;m, w) equal to m or % It follows from that
¢6 > Ello, V(x(tm), y(Tm))]

1 1
>e€ (m—l—logm)/\(a—l—loga)],

here I, is the indicator function of Q),,. Letting m — oo yields the contradiction co > ¢¢ = co. Therefore we

obtain that 7, = oo a.s. This completes the proof of Theorem 2.1. [
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2.2. Existence of stationary distribution

In this section, we prove the existence of stationary distribution of system (2). First, we cite a result from
[16] as a lemma.

Let X(t) be a homogeneous Markov Process in E; (E; denotes | dimensional Euclidean space), and is
described by the following stochastic equation:

k
dX(t) = b(X)dt + Z 7,(X)dB, (). (10)
r=1

The diffusion matrix is defined as follows:
k
AW = (1j0), A0 = Y gi@)g)).
r=1

Assumption (A): Assume that there exists a bounded domain U € E; with regular boundary I', having the
following properties:

A;p: In the domain U and some neighborhood thereof, the smallest eigenvalue of the the diffusion matrix
A(x) is bounded away from zero.

Ay: If x € E/\U, the mean time 7 at which a path emerging from x reaches the set U is finite, and sup Ex7 < o0
xeG
for every compact subset G € E,.

Lemma 2.2. [16] If Assumption (A) holds, then the Markov process X(t) has a stationary distribution u(-). Let f(-)
be a function integrable with respect to the measure . Then

T
P, {;gr;o = fo FX(E)dt = fE | f(x)u(dx)} =1
forall x € Ej.

Remark 2.3. In order to verify (A1), it is sufficient to prove that F is uniformly elliptical in U, where Fu =

1 I
b(x) - uy + Etr(A(x)uxx), that is, there is a positive number M such that }. a;j(x)&:&; > MIE?, x e U & e Rl(see
ij=1

[17], Chapter 3, p.103). To validate (A,), it is sufficient to verify that there exist a nonnegative C2—function V such
that LV is negative for any E; \ U(see [18], p.1163).
a2
Theorem 2.4. Assume that 0 < < (aff)ml , then for any initial value (x(0), y(0)) € R2, there is a stationary

distribution u(-) for system (2) and it has ergodic property.

2
(= )m2

Proof. Introduce a nonnegative C>2—function

Vix,y) = glx, y) + cy — g(x", y"),

where ' " ,
—rx— M 2 -
g(x,y) =rx . log x + 7 logy + v

1
(x",y) = (’%, (’%)7?) is the unique minimum point of function g(x, ¥), and k and p are positive constants

chosen in the following proof. Applying Ité’s formula, we get

ki —
LV=7’x(a—bx— 7 )+cy r— fv +kbm1x+ (1 — mz)xy
mp +Xx my + X c (m1+x)(m2+x)
2 g (11)
DN PR N P 2 o @ Fm (= F)m
p(r my+x)? +§P(P+1),By k p 7
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Consider the following bounded subset

1
U={(x,y)eR?,e<x<-,e<y<

).

m
o | =

Then
R\U=U; | | Jus| Jus,

where

U, = {(x,y) €R2,x> %},u2 — () eR2,0<x<él,

Us ={(x,y) €R;,0<y <€}, Uy = {(x,y) €ERL,x>ey> %}

€ (0 < € < 1) is sufficiently small number satisfying the following conditions

|M2| rb
Myt - o <, (12)
2 b
(2 + |Ms]) mzl <1, (13)
C[(u—“j)ml ~ <r—“2>mz]
c f
1
My + Mol _ peflr—(p+ 1)1 < -1, (14)
niy 2
and
M c
My Ml of 4 (15)

My  2mpe? + 2¢

where My, M, M3, M4 and Ms are defined in the following proof.
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Case 1. If (x, y) € U;, we have

LV < (m + kb;nl )x —rbx® + [—cfy2 + crim (1mz + 3) + K = ma)x ]

my + X m +Xx m +x

a? g
pfyl P p o @ Fm (= F)m
- - py Plr— (p + 1)1 -k . 7
_ kbm1 _ 2 1 _ 2 my — Mmq k(m1 - mz)x
_(m+ . )x rbx +m2 x[ cfy +crm1(—m1+x + 1y + p—.
- a? B
U e @ Sm - m
m2+x[pfy i pyPlr = 5(p + DFT] - k| —— 7
<|ra T ) - rba + L {—cfyz + [er(my + mp) + kml]y} 1
- my +x (16)
1-p pf 2-2p 1 2
+ m2+x[pfy o @ Y )] Pl =5+ Dp']
J@=Hm o= Sm
c f
—cfy? + [er(my + my) + kmyly + 1F’+’jn{ 2=2p
s(m+kbm1)x—1(rb—p—{)x2+ fy (my + my) ly+pfy 2 Y
c My + X
1 @-$m  -Sm| 1
_ Py _ — 21 _ 2 _ 2 _ = 2
py Plr 2(p+1)‘B | k[ c 7 2rbx .
We can choose p(0 < p < 1) sufficiently small such that
b — ﬁ >0 (17)
m;
and
1 2
r— E(p +1)p" > 0. (18)

2
(“—%)ml
c

2
(=% yms

Inequality (18) is allowed by the assumption r > £ Substltutmg (18) and condition
(16) yields

< into

kb, 1( Pf) ., —cfy? + [cr(my + mp) + kmaly + pfy'=P + pf Y
x rb— = |x
c

2 3 My + x
- %;’bx2

S(m+kbﬂ)x—1 rb—p—f x2+£—ﬁ
c 2 m% my+x 2e?

IMp| b

<M + -,

1+ my,  2e2

where o
M; = sup {(ra+ ml) - —( b— ﬂ)x

x€(0,00) m;
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and
pf

2-2p
Zmy b<oo

M, = sup {—cfy* + [cr(my + mp) + knuly + pfy' ™ +
y€(0,00)

It then follows from (12) that
LV < -1.

Case 2. If (x, y) € U, thatis 0 < x <€ < 1, then

LV <ra+cry—

ﬂﬁ' y pf 1p [(”_%2)_(7_§)]+kbmle

my +1 mz c f c
- Sy (r- %Z)mz kbmye
< |M3| - - + 7
f c
where
2
c
M; = sup(m+cry—L+ y pf y'h).
ye(0,%0) 2+1
Choosing k = —=L— we have
(ﬂ—a Yy (V—T)mz
LV < 24— @HIMshom
c [(u—“zz)ml _ (r—ﬁz)mz]
c f
It then follows from (31) that
LV < -1.

Case 3. If (x, y) € U3,

bm1 2 1 2
LV < (ra+ )x—rbx + m2+x{—cfy + [cr(my +m2)+k7n1]y}
1-p pf 2-2p Pl _ 1 2
e o s 2w i) - oy - S s v
( kbml) ( of ) ) —cfy? + [er(my + mp) + kmaly + pfyt=r + ZP_HJ;]/Z_ZP
<|ra+ x—=|(rb——|x" +
2m2 my + X
1
—pyFlr = 5(p + DF’]
<My + . — pe p[r——(p+1)ﬁ ]
<M4+u—pe ”[r—— (p+ 1B,
ny
where
My = sup {(ra + %)x —(rb— p—fz)xz} < oo,
x€(0,00) ¢ 2
By (14), we have

LV < -1.
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Case 4. If (x, y) € Uy,

—Cfy? + [er(my + ma) + ki Jy + pfyl= + £L,22
LVS(ra+ —bml)x—(;’b—ﬁ)x2+ 1y y+efy 2z Y
m; my + X
<M+ — (—— y? + Ms)
|M5| cf 2
< -7
My+ 2 My 2(m2 + x)y
c
cf
<M, + |M5| _ €2 .
my 2my + £
|Ms| cf
=M+ -
YT T, 2mye? + 2¢’
where
Ms = sup ——cfy + [cr(my + my) + kmy ]y + pfy1 Py — pf yz 203,
ye(0,00) 2m;
By (15), we derive that
LV < -1.
According to the discussion above, we have
LV < -1

for any (x,y) € R2 \ U. Hence condition (Az) in Lemma 2.1 is satisfied.
Besides, choosing

M = min{a®¥?, %, (x,y) € U} > 0

then we have
2

Y aijx &ig; = 28 + PRS2 M| &P,

ij=1

which means that condition (A;) is satisfied. By Lemma 2.1, the desired results can be obtained. [

Remark 2.5. In Ref [6, 7], Ji and Jiang investigated the dynamic of (3), which is a special case of system (2). They
show that there is a stationary distribution u(.) for system (3) and it has ergodic property provided the following
conditions hold:

(H)a>0,>0;

2
N L P f 8 ﬁ fy)?
(H2)6 < mln{ "} = [x + 4(bfm—cr) (x a? + 4LE )] 7 %}/

where (x*,y") is the interior equilibrium of the corresponding deterministic system of (3) and 6 = m(x*a2 +

* 02 *Q2
#)2 + %(x* +m)(x*a” + #). Theorem 2.2 in our investigation shows that if the intensities of the white noise are

a2
small, only condition < (ﬂ_f)ml is required, without other conditions imposed on the coefficients. Therefore,

Theorem 2.2 in large improves Theorem 2.1 in [7]. Moreover, we see that if « = 0,8 = 0, the above condition is

reduced to ””72 < T, which is the condition for the existence of interior equilibrium of system (1). This means that

the existence of whlte noise is beneficial to the stability of the system.

2
(r— % )iy

2.3. Non-persistence

In this section, we will discuss the non-persistence of system (2).
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First, we consider the following stochastic equation

{dX(t) = X(t) (a — bX(t)) dt + aX(£)dBi (1), 1)

X(0) = x(0).

Lemma 2.6. [6] Suppose that a > %2, then for any initial value x(0) > 0, the solution of (19) has the following
properties:

log X(t
tlim 0 X(H) =0, as.,
tll)rn— OX(s)cls= b a.s

Theorem 2.7. Suppose that (x(t), y(t)) is the solution of (2) with initial value (xo, yo) € R3.

(N}

_B
M Ifa-% <0,r- % >0, then lim x(f) = 0, lim } fof y(s)ds = mzof D)

a2

2)Ifa-%>0,r- ﬁ; <0, then lim 1 fot x(s)ds = 5=, lim y(t) = 0 s

(3) Ifa - %2 <0,r- %2 <0, then tli_)rgx(t) =0, tli_)rgy(t) =0as.

Proof. Clearly,
dx(t) < x(t) (a — bx(t)) dt + ax(t)dB1(t).

By the comparison theorem, we derive that
x(t) < @(1), (20)

where @(t) is the solution of the following equation

dO(t) = O(t) (a — bD(t)) dt + adD(t)dB. (1), o)
D(0) = x(0). (
According to Theorem 2.2 in [19], we derive that
e(af%)HaBl(t)
O(t) = (22)

Leb fe P

Xo

Case 1: (22) and (20) show that
x(t) < O(t) < x(0)e" THBI®),
Ifa- %2 < 0, obviously

lim x(t) = 0.

t—o0

Then for any ¢ > 0, there exists Q, such that P(Q),) > 1 — ¢, for every w € (), there exists t, = ty(w) > 0 such

that
x(t
L < ¢ whenevert > ty(w).
my + x(t)
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Hence we have

fy(®)
my + x(t))diL + By(t)dBa(t)
= f fx(y()
=y(t) [r — m—zy(t) + P e

< y(t) [r - miza o)

dy(t) = y(t) (r -
] ldt + By(t)dBs()

dt + By(t)dBa(t).

On the other hand
dy(t) > y(t) (r - mizy(t)) dt + By(t)dBa(t).
If r - %2 > 0, according to Lemma 2.2 and comparison theorem, we have

&

.1 my(r — 3
11?_1)§onf?f y(s)dszf a.s.

mo(r — &
limsu f s)ds < 2 a.s.

For the arbitrary of €, we have

Case 2: Take (20) into the second equation of (2), we have

t
dy(t) < y(t) (r - msz—(qi(t)) dt + By(t)dB,(t),
which implies
y(t) < W(b), (23)

where W(t) is the solution of the following equation

d¥(t) = W(b) (r - &)dt + B (t)dBs(t)
my + O(F) 2 (24)
W(0) = y(0).
The solution of (24) is
o= ) 4BB (1)
P = 1 1 r—E)s4pBas) 1o 25)
¥ +ff0 o ¢ #ods

(23) and (25) show that
y(t) < W(t) < y(0)elr=HFE,

If r - ﬁz—z <0, we get
tlim y(t) =0.
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Then for any ¢ > 0, there exists Q, such that P(Q).) > 1 — ¢, for every w € (), there exists t; = t;(w) > 0 such

that ”
cy )
m <e ,t=th(w).

Hence we have
dx(t) < x(t)(a — bx(t))dt + ax(t)dBi(t),
and
dx(t) = x(t)(a — bx(t) — €)dt + ax(t)dB1(t).
Ifa - %2 > 0, according to Lemma 2.2 and comparison theorem, we obtain

t

1 _a
Iim = | x(s)ds = 2
t—oo f 0

b

a.s.

Case 3: Basing on the discussion in case 1 and case 2, if a — “72 <0, r- %2 < 0, it follows that
tlim x(t) =0, tlim y(t) =0 as.
O

2.4. Simulations

In this section, we will illustrate our findings by the method developed in [20]. Consider the corre-
sponding discretization equation:

CYk

my + X

2
Xka1 = Xp + X [(a —bxy — )At + aeqk VAL + %(eikAt - At)] ,

[k

My + Xj

2
Yir1 = Yk + Yk [(1’ - )At + Berk VAt + ‘%(eglkAt - At)] ,

where €1 and e, are the Gaussian random variables N(0, 1). Parameters are listed in the following Table
1 and initial values are x(0) = 1, y(0) = 1.5, we get simulations by the help of Matlab.

Table 1: List of parameters

Parameters Description Values Source
a Intrinsic growth rate of the prey 1 [3, 4]
b Strength of competition among the prey 0.06 [3, 5]
c The maximum value of reduction rate of prey 1 [3]
my The extent of protection to prey by environment 10 [4]
r Growth rate of the predator 0.03 Assumed
f The maximum value of reduction rate of predator 1 [3]
my The extent of protection to predator by environment 20 [3, 4]

First, we start the numerical simulation with environmental intensities « = 0.05, = 0.05, parameters

2
@S )m

2
satisfy conditions a > &7 > g and =2
show that the population densities fluctuate around the the equilibrium (x}, x3) of the deterministic system.
Stationary distribution of x and y is provided in the right figure (see the histogram on the right in Fig.1).

In Fig.2, we choose the same parameters as in Figure 1, but change the intensities of the white noise(
a =15, = 0.01), case 1 in Theorem 2.3 is satisfied. We can see that species x(t) will die out, and species
y(t) will be persistent.

. Hence Theorem 2.2 is satisfied. In the left figure, we
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Figure 1: The solution x(t) of model (2) compared to the deterministic system with (a, ) = (0.05,0.05) and its histogram. The red line represents the

solution of stochastic system, and the blue line represents the solution of the corresponding deterministic system.
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Figure 2: The solution x(t) of model (2) compared to the deterministic system with (@, §) = (1.5,0.01). The red line represents the solution of stochastic

system, and the blue line represents the solution of the corresponding deterministic system.

In Fig.3, we choose intensities of the white noise @ = 0.1, § = 1.3, thus case 2 in Theorem 2.3 is satisfied.
We see that species y(t) will die out, and species x(t) will be persistent.

In Fig.4, we increase the intensities of the white noise( @ = 1.5, = 1.3), parameters satisfy case 3
in Theorem 2.3. In this case, both of the two species go to extinction after some initial large amplitude
oscillation. However, the corresponding deterministic system is persistent. These show that the strong
white noise may make a persistent system to be extinct.



Q. Han et al. / Filomat 34:4 (2020), 13831402 1396

25 a.s
a | .
2o [ g asl i
=L i
1s
2.5} —
= =
=L i
1o} g
1.5} —
s | - Tr 7
o.s i
o o
o s00 1000 o 500 1000
t t

Figure 3: The solution x(t) of model (2) compared to the deterministic system with (a, ) = (0.1,1.3). The red line represents the solution of stochastic

system, and the blue line represents the solution of the corresponding deterministic system.
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Figure 4: The solution x(t) of model (2) compared to the deterministic system with (a, ) = (1.5,1.3). The red line represents the solution of stochastic

system, and the blue line represents the solution of the corresponding deterministic system.

3. Existence of periodic solution of system (4)

3.1. Existence and uniqueness of the global positive solution

Theorem 3.1. For any given initial value (xo, yo) € R2, there exists a unique solution (x(t), y(t)) to (4) and the
solution will remain in R2 with probability 1, that is, (x(t), y(t)) € R2 for all t > 0 almost surely.

The proof is a modification of the autonomous case (Theorem 2.1) hence is omitted.

3.2. Existence of O-periodic solution

In this section, we will discuss the existence of positive periodic solution of system (4). First, we assume
that
(H) = a(t), b(t), c(t), mi(t), r(t), f(t), ma(t), a(t) and B(t) are positive continuous 0-periodic functions.

Now, we shall present some definitions, lemmas which are used in the follows.

Definition 3.2. [21] A stochastic process &(t) = E(f, w)(—o0 < t < o0) is said to be periodic with period O if for
every finite sequence of numbers t1,ty,--- ,t, the joint distribution of random variables E(t; + h),--- , E(t, + h) is
independent of h, where h = kO(k = +1,+2,...).
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Remark 3.3. In [21], they show that a Markov process x(t) is O-periodic if and only if its transition probability
function is O-periodic and the function Py(t, A) = P{X(t) € A} satisfies the equation

Po(s,A) = f Po(s,dx)P(s,x,s + 6,A) = Py(s + 6, A)
R!

for every A € B, where B denotes the o-algebra of Borel sets

Consider the following equation

t k t
X(t) = X(to) + f b(s, X(s))ds + Z f ar(s, X(s))dB,(s), (26)
to r=1 Yo

assume that the coefficients b(s, x), 01(s, x), 02(s, x), . . . 0+(s, x) satisfy the following conditions:

k k
Ib(s, %) = bls, y)l + Y, lo,(5,2) = oy, )| < Blx—yl,  [b(s, )|+ Y lovls, ¥) < B(1L + ), (27)
r=1 r=1

where B is a constant.

Lemma 3.4. [21] Suppose that the coefficients of (26) are O-periodic in t and satisfy condition (27) in every cylinder
I x U, and suppose further that there exists a function V(t, x) € C> which is O-periodic in t, and satisfies the following
conditions

|i|n£ V(t,x) = 00 as R — oo, (28)
X|>
LV(t,x) < -1 (29)

outside some compact set. Then there exists a solution of (26) which is a O-periodic Markov process.

Remark 3.5. According to the proof of Lemma 3.1, we note that linear growth condition is only used to guarantee
the existence and uniqueness of the solution of (26).

Theorem 3.6. Suppose that condition (H) holds. Assume further that
(A) )/ (r(s) = L(s))ds > 0,
m! a? my 2
®) [} |26 - 5 - S - ED)|ds >0,
then there exists a 0 periodic solution of (4).

Proof. Since the coefficients of system (4) satisfy the local Lipschitz condition and the existence and unique-
ness of the positive solution of (4) has been guaranteed by Theorem 3.1, to prove Theorem 3.2 we only need
to show that conditions (28) and (29) are satisfied. Define a C? function V/(t, x, ) as follows:

epw1(t)
yP

m m
Vit,x,y) = (x - kc_“ logx +y) + (kF logy +

+ kawo(t))

= Vl (t/ X, ]/) + VZ(t/ X, y)/

where w;(t) € C}(R,R)(i = 1,2) is a O-periodic function which will be determined in the following proof,
and p is a sufficient small positive number satisfying

0
L fo (r6) ~ 2N~ O > 0 (30)



Q. Han et al. / Filomat 34:4 (2020), 1383-1402

We note that

liminf V(t,x,y) =
k—»oo,(x,y)eRi\Dk

where

o= i tee (L)L)

Applying Itd’s formula, we get

mi(t) + x my(t) + x

fy )

my(t) + x

+y (r(t) -

km! b km!
< (a” + C+]x -+ 1Y + ! (—f'y* + mir'y + rxy)

my(t) + x(f)  mo(t) +x
- £0)

ct 2
and
5 2(t t
LVt =k ()= B2 - LT gt
t

- pery” [r(t)— S0+ 080 - L0 ki
"y, B (t) myy p -

<6 (055 )‘km<t>+x TROETE

= per Oy [1(0) = 3+ DFHO i) + p0r®) — 5(p + DI + k()
() iy N

<6 (0-577)- "mz<t>+x+P<P”p‘ e

— pePer()y- [r(t) 52(,5) - gﬁz“ — i (t) + p(r' + %(p + 1)ﬁ2u] + k) (1),

where p = pef1 fu.
Let

0
(0= 00~ 30~ 5 [ (160 - 550
Then w1 (t) is a O periodic function. In fact,

t+0
w1(t+ 0) —wi(t) = f wj(s)ds
t

- f " o) - SFENs - fo i (9 - 520))as

=0.

1398

(31)

(32)

(33)

(34)

(35)
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Substituting (34) into (33) yields

ﬁ2(t)) —k mgy p 1-p

2 mo(t) + x * my(t) + xy

LVo(t,x, y) < kr;—? (r(t) -

1 (9 1 P ”
_pepwllyfp |5‘fo‘ (r(s)_zﬁz(s))ds—zﬁﬂl +k0)£(t)
Then
) kml u . kmlly uu u
LV<txy><(u ' ]x W D RSy )
ot a(t) (40 may P -
(<>——)+"?(‘”‘ )t e
_pepa)lly— [ f(r(s) —ﬁ (S))dS ﬁ2u]+k 2(t)
< | ey b bl W2+ mirty + +M -
S|+ [ R Y ety ey =
5 1
mz(tp)+xy1 P — pervhy P [ f(r(s)——ﬁ (s))ds — ﬁ ]
m! a?(t My At ’
_k[c—ul(a(t)— =200 -5 - wz<f>]-
Let

yy < ™ W\ _m, . FH, 1 ), Mmoo PO
wz<t>=c—;(a<t>—“7) 0= 0 - éf[ (@(s) = =) = () = =) s (38)

By the similar computation as (35), we show that w,(t) is a 6 periodic function. Substituting (38) into (37)
gives

kml " k ml — m"x
LV(t,x, ]/) S (au + —1Jx - blxz + ( 1 2) y]
CM —

_ gl 2 U u
mz(t)+x[ Fy +marty +rixy + my(t) + x

1 a¥(s), My B*(s)
_k{éf[;m— )—flm——)] }

Consider the following closed set

={(x,y) eRZ,A<x<

>|>—\
=

Then

RAU =1 | | s |,

Ut = {(x,y) €R%, x> %} U, = {(x,y) € R}, 0 < x < A},

where
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U; = {(x,y) eR2,0<y < A}, U4={(x,y)eRi,/\<x< %,y>

A0 < A < 1) is sufficiently small number such that

|Hy| 0
Ho+2_ 7 <
! mh 2027

2 + [Halym! b

A<-—
0 m! a2(s m 2(s -
e[ ) - ) - Hrts) - Eyas|

-2+ 1,

0
Hy + 220 porei g0 [1 IRCEEO Eﬁz”] <-1,
m 0 0 2 2

2

1
s —f <-1.

mh AmEAZ + 4N T

H4+

Case 1. If (x, y) € Uy, substituting conditions (A) and (B) into (39) yields

kmll " 12 1 o
LV(t,x,y) <|a" + T x=b'x"+ ————|=fy" +myr'y + r'xy +
2

1400

il
(40)

(41)

(42)

(43)

k(m} — m&)xy
my(t) + x

(44)

kmt bt — 2 mirty + oyl + (a2 + Agy?) + k|l — m
<(a”+—m1 )x—b1x2+ Ty 2" YT PY (2 oY) + kimy z|]/‘

my(t) + x

where Young inequality is used in the second inequality. Choosing A¢ = % yields

kmll b* i

—/;yz +mir'y + py' P + kIm’1 - mjly

ct 2f1

LV(t,x,y) < [a + PR

+ —)x—blx2 +

kmll b* i bl ’

1
_fiyZ +miirty + pyt=P + kim! — mbly ~ b_’x2 (45)

<la"+ + —|x—=x"+
_[u ct ZfI)x 2" my(t) + x

H. b
BN
m

where

kit b+ u !
Hy = sup {|a"+ — +r_l L1
x€(0,00) ¢ 2f 2

1
H, = sup {—%yz +myr'y + ﬁyl_P + klml1 - mg|y} < oo,

and

y€(0,0)

It then follows from (40) that

LV <-1.

2

(46)
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Case 2. If (x,y) € Up, thatis 0 < x < A < 1, we get

1 u K ml — mt ~ kml I
LV(t,x,y) <a" —Ly + —+1 |1—12| y+£ly1_9++)\
, m;, 2 €
1 (0]m a?(s)\ _ Bs)
o =)o) .
{9 o [\ 7 “7)
L0 a?(s)) M Bs) fey b
< — — = IR S/ [T 7 -
< |Hj| k{6 [) [C“ (a(s) > ) 7 (r(s) > ) dsy + o A.
where 1
! m klm' — m* 6
H; = sup {a" - Ly + [(—12 +1]r” + |1—12|]y+ ﬁlylfp .
y€(0,0) iy m, m, m;,
Choosing k = 2] , we have
b g[ﬁii (at9)- 52 - % (re9)- 52 )]ds
2 + |Ha|)m! b
V<24 (2 + |Hs)
c“ [cu ( (s) — 04(5)) ( (s) — ﬁ(s))]
It then follows from (41) that
LV <-1. (48)
Case 3. If (x, y) € Us, making use of (45) we obtained that
km lb“ r 1 f,
u R ! - uu 1-p I u
LVS(:J + +2fl)x bx® + mz(t)+x( 2y +myr'y + py P + klmy — myly
- peP“’ll yP [é f (r(s) - 152(5)) ds — 852”]
0
< Hy + 2L el 30 [l f () - 387 s - ﬁz“],
n 0
where l
km b* u
Hy = sup [a“+—i+r—l]x—b’x2 < oo,
x€(0,00) ¢ 2f
By (42), we have
LV <-1. (49)

Case 4. If (x, y) € Uy, from the the proof of Case 3, together with (30), we derive

kmlpt 1 fl,
1 1.2 1- 1
v <o T g e s i (B ey s <)
o, |Hs| o,
<H;y+ —— +H: | <H; + — _—
! m2(t)+x( AR i mlz 4(m”+x)y
|Hs| 5 Hs|  ff
m, 4’”;"‘} n, 4m/\ +4A7
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where l
Hs = sup {—%yZ +myr'y + ﬁyl_P + klrn’1 - mg‘ly}.
ye(0,00)
By (43), we derive that
LV < -1. (50)

It then follows from (46), (48), (49) and (50) that
LV(t,x,y) < -1, (x,y) € R2\U.

According to Lemma 3.1, the proof is completed. [J
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