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A stochastic delay Gilpin-Ayala competition system under regime
switching

Yiliang Liu?, Qun Liu?

?College of Sciences, Guangxi University for Nationalities

Abstract. In this paper, a stochastic delay Gilpin-Ayala competition system under regime switching is
proposed and studied. We show that there is a unique global positive solution of the system for any given
positive initial value. Moreover, we show that the solution is stochastically ultimately bounded under some
conditions. Finally, asymptotic moment estimation of the solution with respect to a large time behavior is
derived.

1. Introduction

A deterministic Gilpin-Ayala competition system with N interacting species is as follows:

N N N
du(t) = 5@ - Y a0 @ = Y by ¢ - ) - Y i)
=1 =1 =1
. ] ] ]
X f Kij(s)xg“f(t+s)x;?*‘f(t+s)ds]dt, 1<i<N, (1)

where x(t) = (x1(), x2(t), . . ., xn(t))T, x(t) and 7,(t) are the population density and intrinsic growth rate of the
ith species at time t, respectively; A(t) = (a;;(t))nxn, B(t) = (bij(t))nxn, C(t) = (cij(t))nxn, where a;j(t), bij(t), cij(t)
stand for the effects of interspecific (for i # j) and intraspecific (fori = j) interaction at time t; a;j, Bij, vij, 6ij = 0
and they denote nonlinear measures of interspecific or intraspecific interferences; 7;; > 0 denote the matura-

tion time of the jth species. We assume that K;; € C((—o0, 0]; RY) satisfying f_ 000 Kij(s)ds = 1. Furthermore, we
suppose r;(t), a;(t), bij(t) and c;;(t) are positive continuous and bounded functions on [0, »),7,j =1,2,...,n.

On the other hand, in the real world, populations systems are often affected by environmental noises.
There exist a large number of papers which consider stochastic population systems, but most of them are
Lotka-Volterra competition systems and just a few articles deal with Gilpin-Ayala competition systems (see
e.g. [1-4]).
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In general, the intrinsic growth rate r;(f) of the ith species is estimated by an average value plus an error
term. Then we can replace the rate r;(t) by an average growth rate plus a stochastic fluctuation term

N
() = ri(t) + Y oy (O] (DB (1),
j=1

where ¢;j(t) is the intensity of the white noise at time (i, j = 1,2,...,N) and o(t) = (0(t))nxn satisfies
oi(t)>0, i=1,2,...,N, O,']'(t)ZO, li] (*)

We choose 6,](911 >0,i,j=1,2,...,N) dependent on the parameters aij, Bijr Vijs 61-]- such that the solution of
the stochastic system has some nice properties. Then corresponding to the deterministic system (1), we
have the following stochastic N-species Gilpin-Ayala competition system:

N N N 0
dxi(t) = xi(t)[i’i(t) - aij(f)x;?ﬂ(f) - Z b,‘j(t)x?if(t - Tjj) — Z Cij(t)f K,-,-(s)x‘;"”(t " S)x?"(t + s)ds|dt
j=1 j=1 j=1 —00
N
+ 3 oo (BdBi(B), i=1,2,...,N. 2

=1

It is well known that in the real world there are several types of environmental noise. Besides the white
noise, in this paper we consider a classical colored noise, i.e., telegraph noise. The telegraph noise can
be demonstrated as a switching between two or more regimes of environment. Frequently, the switching
among different environments is memoryless and the waiting time for the next switch is exponentially
distributed. Consequently, we can take the random factors in the stochastic system by a continuous-time
Markovian chain &(t),t > 0 with a finite state space S = {1,2,...,m}. Let &(t) be generalized by Q = (g;)),
that is

. . iiAt Ab), if j#1;
plece+an =i =i ={ S0 B IEE ®

where g;; > 0 fori, j=1,2,...,m with j # i and Z;Zlq,-]- =0fori=1,2,...,m

Corresponding to system (2), in this paper we consider a stochastic delay Gilpin-Ayala system under
regime switching;:

N N
) = x]r(E0) - Y () “"(t)—Zbl,@ ()~ ) et

j=1 j=1
Xf K,-]-(s)xiy”(t + s)x}”(t + s)ds]dt + Z aij(é(t))xi(t)xj "(hdBj(t), 1<i<N, 4)
oo =
where x(t) = (x1(t), x2(t), ..., xn(t))". The initial condition is
xi(0) =@i(0) >0, —c0<O<0; sup |p(9)]< oo, )
—00<0<0

where @;(i = 1,2,...,N) are continuous functions on (-o0,0]. Suppose that the Markovian chain y(:)
is independent of Bj(t),j = 1,2,...,N. As the standard hypothesis, we assume that y(-) has a unique
stationary distribution 7 = (711, 7y, . . ., 71,;) which can be obtained by solving the following linear equation
nQ = O subjectto Y./"; ;i =1land ; >0, i € S.

Throughout this paper, let (2, #,P) be a complete probability space with a filtration {F}}»0 satisfying
the usual conditions and D(t) = (Bi(t), B2(t),...,Bn(t))T be a N-dimensional Brownian motion defined
on a filtered probability space and ]R]f ={xeRV:x;>0foralli = 1,2,...,N}. Moreover, define
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¥ = maxes (i), ¥ = min;es v(i) and let C((=o0, 0]; RN) be the collection of continuous functions from (—co, 0]
to RY.

This paper is organized in the following way: In Section 2, we show that the solution of system (4) is
global and positive. In Section 3, we obtain the stochastically ultimate boundedness of the solution. Finally,
the asymptotic moment behavior of the solution is analyzed.

2. Positive and global solutions

Since x;(t) in system (4) represents the population size, it should be nonnegative. For further study, we
firstly give some conditions under which system (4) has a global positive solution.
Theorem 1. In addition to assumption (*), let us suppose that

0 = max{@ij}, i=12,...,N, 6)
i
max{0;;} > max{w;;j/2, Bij, yij + 6ij}, (7)
i L]

then for any system parameters A(t), B(t), C(t) € RN and any given initial value {x(t) : —0 < t < 0} €
C((—o0,0]; RY), there exists a unique solution x(t) to system (4) on ¢ € R and the solution will remain in RY
with probability 1.

Proof. The proof of this theorem is motivated by the idea of Theorem 1 in [5]. Because the coefficients of
system (4) are locally Lipschitz continuous, for any given initial value {x(t) : —o0 < t < 0} € C((—o0,0; RY),
there exists a unique maximal local positive solution x(t) defined on t € [0, 7.) (see e.g. [6, 7]), where 7, is
the explosion time. To show this solution is global, we only need to verify 7, = oo a.s. Let ko be so large
that every component of {x(f) : —o0 < t < 0} € C((—o0,0]; RY) is lying within the interval [1/ko, ko]. For each
integer k > ko, let us define the stopping times

T = inf{t € [0, 7,)x;(t) ¢ (1/k, k) forsome i=1,2,...,N},

where throughout this paper we set inf() = co. It is easy to see that 7; is increasing as k — oo. Set
Teo = liMy,e T If we can prove 7o, = o0 a.s., then 7, = co a.s. and x(t) € IRI;’ a.s. forall t > 0. In other words,
to finish the proof, we need to show 7., = o0 a.s. or for all T > 0, we should obtain P(7y < T) = 0as k — oo.
To show this assertion, define

N
V(x) = Z(xiy -1-ylnx),
i=1

where 0 < y < 1. Letk > kg and T > 0 be arbitrary. For 0 <t < 1 A T, applying Itd’s formula to V(x(t))
yields

N
dV(x(t)) = LV(t)dt +y Y o EO) (1)~ D (B (1),

i,j=1
where
N N
LVGE) = 7 )0 - D]n(E®) - Y a0 - qu(e(t»x 't~ 1y)
i=1 =1
N 0 ] N
=Y ) [ Ky 9 95|+ Y Ao - @ - ek,
j=1 i,j=1

From the elementary inequality 2xy < x* + y?, it follows that

N N N
=y Y A EOE O = Dx O <y Y a0 +y Y (0)

=1 ij=1 i,j=1
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N
—y Y by E@O)E ) - 1)xﬁ”(t—11])<—2bz X () -1) Z Dot =y,

i,j=1 i,j=1 1] 1

-y Z c,,(é(t))(x tH-1) f ,j(s)xy”(t + s)x U(t + s)ds

i,j=1

<72f zf(s) AZ () (t) - 1)* + L 2’”(t+s) ‘f(t+s)]ds

i,j=1
= B -1+ % KO (¢ + 952 (¢ + ).
4 j
i,j=1 1] 1
Therefore,
N
vty < 5| L=+ Za”xy(t X0 + Zaux“”(t)
i,j=1 i,j=1
N Y 24 ﬁ,,
zZ“’ 2)( () -1 + Z (t - )
ij=1 1] 1
N Zf Kij(s)x; y”(t+s)x Tt +5)ds + = Z o2 ?"U(t)
i,j=1 ij=1
- ;_)/ 5 }(t)x () ]dt + )/Z &ii(x) (t) — 1)x ”(t)dB .
ij=1 i,j=1
Then define

nam =1y f i(5)ds

1]1

Va(x(1)) Z f Kij(s) f 2V”(u)xZ(S”(u)duds

1]1

and compute that

Avi(x() = NZ EAOREAR ]

i,j=1

N
Vo) = N Z fﬂ U(S)[xzy” f)x i xizy,, (t +s)x§5i’ (t +s)]ds

N 2 0o

= N Z [ 7 (t (8 - foo Kij(s)x,” (¢ + S (E+ s)ds].
=1
Hence,
N

d[V(x(t)) + V1(x(t)) + Va(x(t))] < F(x(t))dt +y Z 5ij(xl-y(t) _ 1)x?‘j(t)dBj(t), ®)

ij=1
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where
N
) = [ Pl ) ””Zauxy(t “‘f(t)+2az,x i(t)

i=1 i,j=1 =

N < 2 1 & " —
ij= =

1 N N

+§ 61?],3(?91/(15) Z <2 y+29,z (t)] o
ij=1 =

However, F(x(t)) will be bounded if the extent of the term with negative coefficient is greater than any
degree of the terms with positive coefficients. As conditions (6) and (7) are satisfied, for y < 2max;{0;} A 1,
there is a positive constant K such that F(x(t)) < K. Consequently, we have

N
AV (x(t)) + Vi(x(t)) + Va(x(t)] < Kdt +y Z 8ij(x) (1) — 1)xf“f(t)dB (0.
ij=1

Integrating the above inequality from 0 to 74 A T and then taking expectation leads to

EV(x(tx A T)) EV(x(ti A T)) + EVi(x(tx A T)) + EVa(x(ti A T))

<
< V(x(0)) + Vi(x(0)) + Va(x(0)) + KE(tx A T)
< V(x(0)) + V1(x(0)) + V(x(0)) + KT.

Thus, for each w € {1} < T}, there exists some 7 such that x;(ty, w) € (1/k, k). So

V(x(ty)) > xl?/(’ck) —1-ylnxi(t) = A/ =1+ yInk) A (K —1—yInk)

and then
oo > V(x(0) + V1(x(0)) + V2(x(0)) + KT = EV(x(tx A T))
= P(tp £ T)V(x(ty)) + P(tx > T)V(x(T)) = P(ti < T)V(x(T%))
> Pt < DA/ =1+yInk) A (K" =1 —yInk)].

Since (1/k” =1+ yInk) A (kV — 1 — yInk) prones to oo as k — oo, one can see that limy_,., P(tx < T) = 0 and
hence P(t, < T) = 0. Because T > 0 is arbitrary, we conclude that

P(Teo <0) =0 and P(T, =) =1,

which finishes the proof of Theorem 1.

3. Stochastically ultimate boundedness

In this section, we will investigate how the solutions vary in RY. Firstly, we give the definition of
stochastic ultimate boundedness. Then, we prove Lemma 1. Finally, we prove the solution of system (4) is
stochastically ultimately bounded.

Definition 1. The solution of system (4) is said to be stochastically ultimately bounded if for any ¢ € (0,1),
there exists a positive constant H = H(e) such that for any initial value {x(t) : —oo < t < 0} € C((—o0,0]; RY)
satisfying (5), the solution x(f) of system (4) satisfies

limsup P{lx(t)| < H} > 1 —e¢.

t—oo



Zhenhai Liu, Qun Liu / Filomat 27:6 (2013), 955-964 960
Lemma 1. Let us suppose that conditions of Theorem 1 hold and u € (0,2 max;{0;;} A 1). Moreover, we

assume that there is a constant A > 0 such that

0
f Ki]'(s)eiAst = Kz] < 0o, l/] = 1/ 2/ oo INI (10)

(o)

then there exists a positive constant C = C(6) which is independent of the initial value {x(t) : —c0 <t <0} €
C((—c0, 0]; RY) satisfying (5) such that the solution x() of system (4) has the property

lim sup E[x(f)|* < C.

t—o0

Proof. The proof of this lemma is motivated by the idea of Lemma 1 in [5]. For x € RY and 0 < u < 1, define

N
Vix) = Z xf.
i=1

Using It6’s formula to MV (x(t)) results in

N
dleMVx()] = eMAV(x(t) + AeMV(x(t)dt = LV(x(t))dt + e Z ,m,-,-(g(t))x;*(t)xf"f(t)dB]-(t),
i,j=1

where

N N
LVGE) = ) [0+ (st - it @) ) (a0 @) + b0 (¢ - 1) + €0
i=1 j=1

(o]

0 Vij Oij H(l_y) S 20;;
x I Kij(s)x)" (¢ + 9 (t+s)ds)— . ;ofj(g(t))xf(t)xj (t)].

Applying the elementary inequality 2xy < x* + y? and condition (10) imply

N N
MY (B OO <MY gl (0x0),
= i

N 2
; N &
—eM Y b EON O (¢ - i) < MY B + § (e 1),

i,j=1 i,j=1 1] 1

—e“Zyc NEOEA) f 1](s)x”’(t+s)x Tt + 5)ds

1]1

<eMZ f U(s) e f*‘(t)+ 27'/(t+s)x]2.5if(t+s)]ds

ij=1

N L 21 ‘
MH4 Z 5?“ Zf_i ZJ(S)x”t+s) (t + s)ds.

i,j=1 1]1
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Consequently,
N N 12N N )
_ At W P aij ®v H
dVE(E) < e ;[(m i) (t) + y;al]xi(t)xj’(t)+ ) ; 2) (t]
1 0
4 ; (x?ﬁ”(t — 1) + f i K@ (¢ + ) (1 + s)ds)
(1 lLl) V2 #+29n d At H ll d
ol |t + e yZo,]x (5 (B(1).
i,j=1
Then define
Vi(x(t)) NZ ft eA(S”"f)x?ﬁ U(s)ds,
i,j=1 Tij
P =5 Y [ a0 [ e s
i,j=1
then
AV ((b) = ~ i [eM'-‘”ff)xzﬁ"f(t) — My - Tl)]
1 N ! ] ] l] 7
i,j=
AV(x() = Z f K9] 07 () = 7 1+ 95+ 9
z] 1
By (10), we obtain
28 M o o, 0
—Z f Ki(@)e 92 (0" (Dds - = WZ SO0 f Kij(s)e ™ ds
i,j=1 i,j=1 —00
EM 2l = 2)/,7 Oij
= T 2K 0o,
i,j=1
it shows that
_ eM N _ . » i x..
AV (x(t)) = ﬁzi(mjxf”(t)xj‘”(t)— f; Kij(s)xizy’(t+s)x?6’(t+s)ds).
i,j=
Then
N
AleMV(x(1)) + V1 (x(t)) + Valx(t)] < eM(F(x(t))dt + Z yaijx;’(t)xfff(t)dB ,-(t)),
ij=1
where
N 2
() = Z{(un+A>x”<t)+2[uaux“<t)x“”<t)+—<b2 + &)
i=1 j=1
1/ 1z 28 o 2y, 25 (1 /J)Vz 20
(0 + R (0 ’(t))] Bz (t)}
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and 7 = maxi,j{T,-]-},K = maxi,]-{K,-j}. Because condition (7) is satisfied, for u € (0,2max;{6;;} A 1) there is a
positive constant K such that F(x(t)) < K. Therefore,
N
AV ((B) + Vi (x() + Va(x(®)] < e“(Kdt + Y o e (1B j(t)).
i,j=1

Integrating the above inequality from 0 to t and then taking expectation on both sides result in

MEV(x() < eMEV(x(t)) + EVi(x(t)) + EVa(x(t))
t
< V0)) + V1(x(0)) + Va(x(0)) + f Ke'ds
0
< V(x(0)) + V1(x(0)) + Va(x(0)) + KA~teM
and hence,
lim sup EV(x(t)) < KA™L.
t—oo
Since
N y 1 , N .
(B = Z xf(t)' <N& max x{'(t) <N? ) x{'(t) = N V(x(),
i=1 si= i=1
we get

lim sup Elx(#)|* < lim sup E(NZV(x(f)) < N2KA™L.
t—o0 t—o0
Thus, by taking C = N 7KA™!, we obtain the desired assertion of this lemma.
Theorem 2. Assume that conditions of Lemma 1 are fulfilled, then the solution of system (4) is stochastically
ultimately bounded.
Proof. The proof of this theorem is motivated by the idea of Theorem 2 in [5]. By Lemma 1, we can see that
if we take some fixed 6 € (0,2 min;{6;;} A 1), then there is C > 0 such that

lim sup E[x(t)|° < C.

t—oo

It follows from Markov’s inequality that

0
P{lx(H)] > H} < E';;’;)'

C\1/0
Forany ¢ > 0, set H = (;) . Therefore,

limsup P{lx(t)| > H} < ¢,
t—o0
which implies
limsupP{lx(t)l <H} > 1 -e.

t—o0

Thus we complete the proof.

4. Asymptotic moment estimation

As no explicit solution of system (4) has yet been found, it is reasonable to investigate an asymptotic
moment estimation of the solution. The following theorem shows that the average in time of the pth
moment of the solution will be bounded.

Theorem 3. Suppose that conditions of Theorem 1 are fulfilled and p € (0,2 max;{0;;}), then there exists a
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positive constant C, which is independent of the initial value {x(f) : —co < t < 0} satisfying (5) such that the
solution x(f) of system (4) satisfies

t—oo

1. [
lim sup ?Efof(s)dSSC.
0 %=1

Proof. The proof of this theorem is motivated by the idea of Theorem 3 in [5]. We start from the relation
(8), where F(x(t)) is given by (9),

N
d[V(x(#)) + Va(x(t)) + Va(x(¥)] < F(x())dt +y Z Bij(x] () — 1)?6?” ()dB;(#). (11)
ij=1
Then we take

N
F1(x(t) = F(x(t) + ) 2/ (D).
i=1

Because conditions (6) and (7) hold and p € (0,2 max;{6;}), by the same way of Theorem 1, we can deduce
that F1(x) is bounded. So there is a positive constant C such that F;(x) < C. In other words, we have

N
F(x(t)) < C— Z 2(t).
i=1
If we employ this estimation, (11) becomes
N N
AV (x(t)) + Vi(x() + Va(x(t)] < [c -y xf’(t)]dt SO CACE 1)xf"f(t)dB (D).
i=1 ij=1

Integrating the above inequality from 0 to 74 A t and then taking expectation lead to

EV(x(te At)) + EVi(x(te At)) + EVa(x(ti A L))
At N
< V(x(0)) + V1(x(0)) + Vo(x(0)) + CE(t A E) — Ef Z xf(s)ds.

0 i=1

By letting k — oo, we have

t N
E f Z xf (8)ds < V(x(0)) + V1(x(0)) + V»(x(0)) + Ct,
0 %=1

which shows the required statement.
Remark. M. Vasilova and M. Jovanovi¢ [5] studied the following stochastic Gilpin-Ayala competition model
with infinite delay:

d
du) = x®)n- Y a0 - Y bl - ) -
. '

4 d 0 ,
Gij f Kij(s)x) (¢ + s)x;?"(t + s)ds]dt
j=1 =T

]
d

+ Z Gifxi(f)X?”(f)dw]’(t), i=12,...,d
j=1

with initial value
x(0) = @i(0) >0, —c0<0<0; sup |p(0) < oo,

—00<0<0
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where ¢;,i =1,2,...,d are continuous functions on (—co,0]. Under some conditions, the authors obtained
some asymptotic properties of the positive solutions to the above system. It is easy to see that our model
generalizes the above system into more complicated and realistic case.

Acknowledgement. The authors thank the referees for their comments and suggestions on the original
manuscript which led to its improvement.
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