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ABSTRACT. In this paper, we investigate the dynamics of a delayed logistic
model with both impulsive and stochastic perturbations. The impulse is intro-
duced at fixed moments and the stochastic perturbation is of white noise type
which is assumed to be proportional to the population density. We start with
the existence and uniqueness of the positive solution of the model, then estab-
lish sufficient conditions ensuring its global attractivity. By using the theory
of integral Markov semigroups, we further derive sufficient conditions for the
existence of the stationary distribution of the system. Finally, we perform the
extinction analysis of the model. Numerical simulations illustrate the obtained
theoretical results.

1. Introduction. This paper considers the long-term behavior of a system that
results from impulsive and stochastic perturbations of a deterministic dynamical
system with delay. This type of dynamics occurs naturally for example in the mod-
eling of biological systems such as a growing bacterial colony, modeled determinis-
tically, from which samples of random size are drawn regularly in an experiment or
a marine ecosystem from which fish are harvested with a net [2], or the modeling of
stochasticity in gene regulatory networks with feedback through a cell’s signaling
system [19], etc.
The associated mathematical model with stochastic perturbations

dz(t) = z(t)(r(t) — a(t)z(t))dt + o(t)x(t)dB(t), (1)

where z(t) is the population size, B(t) is a standard Brownian motion, 7(t), a(t)
and o(t) are continuous bounded functions on [0, 00), has been considered by many
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authors [3,6,11,12,15,16]. Recently, Liu and Wang [17] studied a stochastic logistic
system with impulsive effects which takes the following form

{ dx(t) = z(t)(r(t) — a(t)x(t))dt + o(t)z(t)dB(t), t # tg, 2)
z(t)) — z(ty) = bya(ty), t =tk € N,

where N denotes the set of positive integers. The time sequence {t;} is strictly
increasing such that limy_, o tx = +00. The term by is impulsive perturbations at
the moments of time ¢, and satisfies that 1 + b > 0 for all kK € N. The authors
obtained the sufficient conditions for extinction, non-persistence in the mean, weak
persistence, persistence in the mean and stochastic permanence of the system.

As is well known, time delay always exists in the evolutionary processes of the
population (e.g., resource regeneration times, maturation periods, feeding times,
reaction times, etc) and it can cause the oscillatory or even unstable phenomena
(see monographs [8,14]). Therefore, it seems more realistic to consider model (2)
with delay. As far as we know, few investigations have been made on such type
system. Based on model (2), we propose the following model:

{ dz(t) = z(t)(r — ax(t) — c [, f(s)z(t — s)ds)dt + o (t)x(t)dB(t), t # tk, (3)
{,C(t;r) — .Z‘(tk) = bkl'(tk), t=tg, k€N,

where ¢ stands for the effect power of the past history. f(s), called the delay kernel,
is a weighting factor which indicates how much emphasis should be given to the
size of the population at earlier times to determine the present effect on resource
availability [24]. Usually, we use the Gamma distribution delay kernel

ansn—le—as

n —
fal®) =
where « > 0 is a constant, n an integer, with the average delay T = n/a. The
corresponding version of model (3) with a Gamma distribution delay kernel can be
written as
dz(t) = a(t) [r — ax(t) — c [y fo(s)x(t — s)ds] dt + ox(t)dB(t), t # tk, (4)
.’L‘(tg) — l‘(tk) = bkx(tk)7 t=ty, k€ N.

To perform a thorough analysis on model (3) with a general delay kernel function is
very difficult. So in this paper we mainly devote our attention to the investigation
on the dynamics of its special case model (4).

Notice that in the absence of impulsive and random perturbations, it is obvious
that model (4) has a stable positive equilibrium z* = _*—. However, under impul-
sive and random perturbations, the equilibrium does not exist. That is, the steady
state of model (4) can no longer be represented by a single point. Therefore, we
turn our attention to the study of the stationary distribution of the system. To
the best of our knowledge, though some significant progress has been made in the
techniques and methods of determining the existence of the stationary distribution
and the stability of the density for stochastic differential equations [9,20], unfortu-
nately, few works have been performed for the corresponding problems of impulsive
stochastic differential equations up to now. So, our work in this paper may be
considered as a first attempt to the investigation on the stationary distribution of
the impulsive stochastic differential equations.

The organization of this paper is as follows. In the next section, we show the ex-
istence and uniqueness of a global positive solution of model (4). Then, in section 3,
we present our main results: we first carry out the global attractivity analysis of the
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model; then using the Hasminskii’s method and constructing Lyapunov function,
we prove the existence of the stationary distribution of the model; we also perfor-
m an extinction analysis of the model. Finally, some discussions and numerical
simulations are presented in section 4.

2. Existence and uniqueness of a global positive solution. In this section,
we show the uniqueness and global existence of a positive solution of model (4) for
any positive initial value. Using the linear chain trick, if we define

/ f2(s)at - s)ds

then model (4) is equivalent to the following system

da(t) = z(t)(r — ax(t) — cyn(t))dt + ox(t)dB(t),
dy: (1) = —a(y1(t) — =(2))dt, £ by, 5
dy;(t) = —a(yi(t) — g1 (1)dt, i =2,3,...,n,

w(tf) = a(te) = bpa(te), t = te, k € N.

Therefore, to study the dynamics of model (4), we need only to consider system (5).
To begin with, we consider a general d-dimensional impulsive stochastic differ-
ential equation:

dX(t) = F(t, X(t))dt + G(t, X (t))dB(t), t # ty, k € N, ]
{X( 5= X(te) = b X(tr), k€N (6)

with initial condition X (0) = X, € R? B(t) denotes m-dimensional standard
Brownian motions defined on the probability space (2, .%,{%;}+>0, P), which is a
complete probability space with a filtration {.%; };>¢ satisfying the usual conditions
(i.e. it is right continuous and .%; contains all P-null sets). Denote the differential
operator L associated with Eq. (6) by

d
82
+ZF (t.X) 55 Z [GT(t, X)G tX)LjiaX‘aX‘ (7)
.: 1 ]

fort € [tp_1,tx). Let PCY2([tg_1,tx) x R4 R,) denote the family of all nonnegative
functions V (¢, X) on [tg_1,tx) x R? which are continuous once differentiable in ¢
and twice differentiable in X. If L acts on such V (¢, X), then

LV (t,X) =V, (t,X)+ Vx(t, X)F(t, X) + %trace [GT(t, X)Vxx(t, X)G(t, X)].

Definition 2.1. (See [17]) A stochastic process X (t) = (X1 (t), Xa(t)..., Xa(t))T,t €
Ry, is said to be a solution of Eq. (6) if

(i) X(t) is Fe-adapted and is continuous on (0, 1) and each interval (tg,tx+1) C
Ry,k € N; F(t,X(t)) € LY(Ry; RY),G(t, X(t)) € L2(Ry; RY), where £F(R,; R?)
is all R™ valued measurable {F;}-adapted processes f(t) satisfying fOT |f(t)|*dt < 0o
almost surely for every T > 0;

(i) for each ty,k € N, X(t]) = 1imt%tk+‘ X(t) and X(t;) = limtﬁt; X (t) exist
and X (t) = X(t,,) with probability one;

(iii) for almost all ¢ € [0, 1], X (t) obeys the integral equation

X(t):X(O)—i—/O F(S,X(s))ds—i—/o G(s,X(s))dB(s)
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and for almost all ¢ € (¢, tr4+1],k € N, X(t) obeys the integral equation

X(t):X(tz)—l—/o F(s,X(s))ds—i—/O G(s, X (s))dB(s).

Moreover, X (t) satisfies the impulsive conditions at each ¢ = ty, k € N with proba-
bility one.

We now establish a fundamental lemma to reduce the dynamics of nonlinear
stochastic differential system under impulsive perturbation to the corresponding
problems of a nonlinear stochastic differential system without impulses.

Lemma 2.1. Consider the following stochastic differential equation:
dY (t) = f(t, Y (t))dt + g(t, Y (t))dB(t), (8)
where

feyey = IT a+er(t I a+uve),

0<tp<t 0<tp<t

gt vy = ] a+oc(t I a+uve)
0<tr<t 0<trp<t
with the initial Y (0) = Xo.
(i) If Y (t) is a solution of Eq. (8), then X(t) =[]y, <,(1+bx)Y (1) is a solution
of Eq. (6) on [0,00);
(i) if X(t) is a solution of Eq. (6), then Y(t) = [Toey, <o(1 +br) ' X(t) is a
solution of Eq. (8) on [0,00).

Proof. The proof is inspired by the method of Yan [26]. Fist, we prove (i). Let Y (t)

be a possible solution to Eq. (8), it is easy to see that X (t) = [, o,(1+bx)Y (t)
is continuous on each interval (t,tr+1) C [0,00),k € N, and for any t # ty,

dX(t):d( I1 (l—l—bk)Y(t))

0<tp<t

= [T a+oseyepde+ JT Q+boglt, Y (1)dB(1)

O<tp<t 0<tp<t

:F(t, II (1+bk)Y(t))dt—|—G(t, I1 (1+bk)Y(t))dB(t)
O<trp<t O<trp<t
= F(t, X(t))dt + G(t, X (£))dB(2).

So, X (t) satisfies Eq. (6) for almost everywhere on [0,00)/{t;}, k= 1,2, ...
On the other hand, for each k € N and ¢}, € [0, c0),

X5 =lim J[ @+b)Y(®)

+
= o<ty <t

[ a+opv)

0<t; <t
=(1+b) J[ (+0)Y (k)
0<t; <t

= (1+ by) X (tx)
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and

X(t;)=lim J[ @+b)Y()

=t o<t <t

= I a+eva)

0<t; <t

IT a+e)vis)
0<t; <ty

= X(tg),

which implies that X (¢) is the solution of Eq. (6).

We now prove (ii). Since X (t) is a solution of Eq. (6) and is continuous on each
interval (t,tk41) C [0, +00), thus Y(¢) = [[oo;, (1 + br) 1 X (t) is continuous on
(tg, tk+1) C [0,4+00). What’s more, we have that, for any k € N and ¢ € [0, 400),

Y(t) = lim II a+ve)~'x)= ] @+v)"'Xx(t)

e o<ty <t 0<t; <t
= ] (+b) 7" X(t) =Y (ts)
0<t;<tp

and

Y(ty)=lim ] (+b)7'Xt)= [J[ (1+0)7'X(t;) =Y(ts).
=ty 0<t, <t 0<t;<tp

Therefore, Y (t) is continuous on [0, +00). Similar to the proof in the case (i), we
can easily check that Y'(¢) is the solution of Eq. (8) on [0, +00). This completes the
proof of the Lemma. O

It should be emphasized that we consider Egs. (6) and (8) on the same probability
space. For Eq. (8), the associated differential operator L is the same as that defined
in (7) for ¢ € [0, 00) rather than for ¢ € [tg_1.4, ).

Now we turn to show the existence and uniqueness of the solution of system (5)
by employing Lemma 2.1. Let x(t) = [[o.;, (1 + br)u(t) and y;(t) = vi(t), i =
1,2,...,n, then system (5) becomes

du(t) = u(t) (r —a]foey, < (1 +br)u(t) — cvn(t)>dt + ou(t)dB(t),
dor(t) = —a(v1(8) = Moy, <1+ be)u(t) ) dt, 9)
dvi(t) = —a(vi(t) —vi—1(t))dt, i =2,3,...,n.

By Lemma 2.1, if (u(t), v1(t),...,v,(t)) is a solution of system (9), then (x(¢),y1(t),
.., Yn(t)) is a solution of system (5). So, in the following, we only need to show
the global existence of the positive solution of system (9).

Lemma 2.2. There is a unique positive global solution (u(t),vi(t),...,v,(t)) of
system (9) a.s. for any initial value (ug, V19, .. .,Vn0) € R:ﬁ“.

Proof. Consider the system
da(t) = (7’ — 162 — aTyep i (1+ br)e™® — ce’_’"(t))dt + 0dB(t),
et ®
doy (1) = —a (1 - Hese=f0e gy, (10)

e?1 (1)

doi(t) = —a(1— 0 Ydt, i =2,3,...,n

e?i(t)
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with initial value @(0) = Inwg, 9;(0) = lnwvy, ¢ = 1,2,...,n. Obviously, the
coefficients of system (10) satisfy the local Lipschitz condition, then there is a
unique local solution (@(t),v1(¢),...,0,(t)) on t € [0, 7.), where 7, is the explosion
time. By It6’s formula, it is easy to see

(w(t),vi(t), ..., va(t)) = (e%D @ Pnt)
is the unique positive local solution of system (9) with initial value (ug,v10, - - -, Uno)
+1
€ R
We now show the solution of system (9) is global, i.e., T = co. Since the solution
is positive for ¢t € [0, ), we have

du(t) < u(t) (7’ —a J] a+ bk)u(t))dt + ou(t)dB(t).

0<trp<t

Let
(1= )t+o B(1)

t (r—22)sto ’
u% + a[Tgey, < (14 bi) fy e F)HoBE)ds
then ¢(t) is the unique solution of the equation
{ do(t) = 6(t) (7 = aTlpe,<o(1 + bR)O() ) dt + u(t)dB(2),
¢(0) = Uo,
and by the comparison theorem for the stochastic equation, yields

u(t) < ¢(t),t €10,7e), a.s.

o(t) =

Besides, we can get
dvi () < (—avl(t)Jroz I1 (1+bk)¢(t))dt.
0<tp<t

Obviously,

t
o) = o +a [] (b [ o(et-as
0

0<tr <t

is the solution to the equation

{ dir(t) = (= ap1(t) + @ Tlyer, <o (1 + bi)6(D) )dt,
¢1(0) = v1o

and vy (t) < p1(t),t € [0,7¢), a.s. Similarly, let @;, i =2,3,...,n be the solution to
the equation

{ dpi(t) = —a(pi(t) — pi-1(t))dt,

©i(0) = vio.

Then we have v;(t) < ¢;(t), where ¢;(t) = vipe " + afot i_1(s)e*(t=9)ds.
On the other hand,

du(t) > u(t) (r —a [ (+boult) - capn(t))dt + ou(t)dB(t).
O<tr<t
It follows that
u(t) > ¢(t), t €[0,7), a.s.
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where

§ o(r= %) t—c [{ on(s)ds+oB(1)

o(t) =

ULO +a H0<tk<t(1 + bk) fOt e(r*%)sfcfos tpn(r)df+aB(s)dS.

Then one has

dvr () > (—am(t)—i—a I1 (1+bk)<;s(t))dt.

0<tp<t
Arguing as above, we can get

t
v1(t) > vige " +a H (1+ bk)/ B(s)e™ = ds 2 3 (t),t € [0,7.), a.s.
0

0<trp<t

Similarly, we have v;(t) > ¢;(t), i = 2,3,...,n, where

t
(ﬁi(t) = ’Uio@_at + Oé/ @i_l(s)e_(’(t_s)ds.
0
To sum up, we have that

é;(t) < U(t) S ¢(t)? @z(t) < U(t) S sz(t)v i = 1727 RN te (0700)7 a.s. (11)

This completes the proof of the lemma. O

By Lemma 2.2, we have the following result on the global existence of the positive
solution to system (5).

Theorem 2.1. There is a unique positive global solution (x(t),y1(t),...,yn(t)) to
system (5) a.s. for any initial value (2o, Y10,---,Yno) € R1+1.

3. Asymptotic behavior of system (5). In this section, we will first investigate
the global attractivity of system (5), then prove the existence of its stationary
distribution, and finally, we perform an extinction analysis of the system. We first
give the following fundamental assumptions on the impulsive perturbations by.

e Assumption 3.1. 1 +b; >0 for allk € N.
e Assumption 3.2. There are two positive constants 61 and 0 such that for
allt > 0,

o< [ A+be) <6 (12)

0<tp<t

3.1. Global attractivity of system (5). Before proving the global attractivity
of system (5), we first prepare some lemmas.

Lemma 3.1. Let (u(t),v1(t),...,v,(t)) be a solution of system (9) with any initial
value (u(0),v1(0),...,v,(0)) € R, Then there are ¢ > 1, K1(q) and K»(q) such
that

limsup E(u?(t)) < Ki(q) and limsup E(vl(t)) < K2(q), i =1,2,...,n.

t—o00 t—o00

Proof. Applying It6’s formula to system (9), we compute

Bletut(t)) = ui(0) + B /0 eV (s)ds,
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where
1
= —aq H 1+ bp)u?™(t) + (rq + iq(q —1)o? + l)uq(t) — cqui(t)v,(t)
0<tp <t
1

< —agbutt(t) + (rq + 5q(q —1)o” + 1)ui(t)

< Ki(g).
Therefore,

E(eful(t)) <u(0) + Ki(g)e'
So
limsup E(u?(t)) < K1 (q). (13)
t—o00

On the other hand, one can compute that
dvi(t) = qv‘f*l(t)< —avi(t) +« H (1+ bk)u(t))dt.
0<tp<t

It follows that

dE(I(t _

7(d;()):an[v‘f (t) (71)1 + H (1+bk)u )]

0<tp<t
< —qaB(Wi(t) + qaba E(u(t)oi ™' (t)).

Using Holder inequality, one can then derive that

%f(t)) < qaB(vf (1)) — 1+ b2(Bu’(1)* (B (1)1 . (14)

From (13) we know that for any e > 0, there exists a T' > 0 such that when ¢t > T,
E(ui(t)) < Ki(q) +¢.
It then follows from (14) that

D < gapg(on] -1+ 030) + )5 (B0

Using comparison theorem and noting also that ¢ is arbitrary, we obtain

limsup E(v{(t)) < 03K (q) = Ka(q). (15)

t—+4oo

Similarly, for ¢ = 2,3, ..., n, we compute that
dE(vi(t _
BB _ o[- Bl (6) + B v (1)

dt
< qaB(uf(1)[=1+ (Bvl_, (1)) (E({ (1))~ ).
Then we can deduce that
limsup E(v{(t)) < K2(q).

t—+o0
This completes the proof of Lemma 3.1. O

Definition 3.1. (See [18]) Let X (t), X(t) be two arbitrary solutions of Eq. (5)
with initial values X (0) > 0 and X (0) > 0, respectively. If

0,
t—I}T X () —X(#)] =0 a.s.,

then we say Eq. (5) is globally attractive.
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Lemma 3.2. (See [13]) Suppose that a stochastic process X (t) on t > 0 satisfies
the condition

EIX(t) = X(s)|* < erft —s['*P, 0< s, t <00

for some positive constants o, 3 and c1. Then there exists a continuous modification
X (t) of X(t) which has the property that for every v € (0, 8/an), there is a positive
random variable h(w) such that

& {w : sup [X(t,0) = X (s,) <2 — } =1

0<|t—s|<h(w),0<s,t<c0 |t — s|7 T 1-277

In other words, almost every sample path of X(t) 1s locally but uniformly Hoélder
continuous with exponent -y.

Lemma 3.3. Let (u(t),v1(t),...,v,(t)) be a solution of system (9) for any positive
initial value (u(0),v1(0),...,v,(0)), then almost every sample path of (u(t),v1(t),
.0 (1)) is uniformly continuous for t > 0.

Proof. From (13) and the continuity of E(u?(t)) we have that there is a K7 (q) such
that for ¢t > 0,

E(u?(t)) < Ki(q)-
Similarly, by (15) and the continuity of E (v (t)), there is a K3(q) > 0 such that for
t>0,

E(v](t)) < K3(q)-

The first equation of system (9) is equivalent to the following stochastic integral
equation

u(t) = ug + /Otu(s) [r —a [ Q+be)uls) - Cvn(s)]ds + /Ot ou(s)dB(s).

0<tr<s
Then
q
‘ [r—a H (1+bg)u —cvn()”
O<tp<t
2q
<0.5E|(u(t))|? + 0.5E‘r —a [ (t+beult) - cvn(t)‘
0<trp<t
2q
<0.5E|u(t) + 0.5 x 32‘1_1[7“2‘14— (a I1 (1+bk)) E\u(t)|2q+02qE|vn(t)|2’1]

0<tp<t

<0.5K7(2q) + 0.5 x 320! [ﬂq + ()21 K (29) + c2qK;(2q)]
£L1(q).

By the moment inequality for stochastic integrals, we know that for 0 < t; < ¢
and g > 2,

E‘/t2 ou(s)dB(s)‘qSUq[q(qil)}% (t —11)? / Elu(s)]?ds.
ty t1

2
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For0<t1<t2<oo,t27t1§1,and]%Jr%:l,wehave

E(lu(tz) — u(t1)[)
:E‘ /t ’ u(s)[r—a H (14 bg)u(s) — con(s)]ds + / : ou(s)dB(s) 7

0<tr<s t1
ts q
§2q71E‘ / u(s)[r —a H 1+ bg)u(s) — cop(s)]ds
t1 0<trp<s
ts q
+2171E / ou(s)dB(s)
t1

<29 Mty — 1)07! /;2 E‘u(s) {T ¢ H (14 bi)u(s) - CU”(S)} ’qu

0<trp<s
-1 q 4 to
+ 24—104[%} 2ty — )37 [ Elu(s)|ds

t1

<297ty — 1)Ly (q) + 291 0? {w} %(tz — 1)K (q)

<297 (ty — )3 [(tz —t1)2 L1 (q) + o7 [q(qT_)] %Kl( )]
<(tg — t1)%L2(Q),

where Ly(q) = 2971 [Ll(q) + o1 [Q(qgl)} EKl( )] Then it follows from Lemma 3.2
that almost every sample path of u(t) is locally but uniformly Hoélder-continuous
2

with exponent ~; for every v, € (0, qu ).

From the second equation of system (9), we have

v1(t) = vi0 + /Ot (— avy(s) + « H (1+ bk)u(s))ds.

0<tp<s

Then for 0 < t; <ty < oo and ty — t; < 1, we compute that
Elvi(t2) —vi(t1)[?
to
_E‘/ —avi(s)+a [[ +bu )ds’

0<tr<s

S(tg—tl)q_l/ E‘—avl +a« H —&-bk)u(s)‘qu

0<ty<s

ta
§2"*1(t2—t1)"*1/ 0B +a T (4 b Elu()]]ds

t1

0<tp<s
<2771 (t, —tl)q[aK2 +a H L+ b)) K7 ( )}
0<ty<t
22971ty — 1)1 L3(q).
Similarly, for i = 2,...,n, we can compute that

Elv;i(te) —vi(t1)|? = E‘ /:(_an(S) + avi,l(s))ds’q



A DELAYED STOCHASTIC LOGISTIC MODEL 1487

ta
< 2q_1(t2 — tl)q_l / {aE‘vi(S)lq + O(E|’l)¢,1(8)|q:| ds

t1
<297 Yty — t1)90 K3 (q).
In view of Lemma 3.2, almost every sample path of v;(¢)(i = 1,2,...,n) is locally
but uniformly Holder-continuous with exponent ~y, for every o € (0, 9-1 ).

Therefore, almost every sample path of (u(t),v1(t),...,v,(t)) is uniformly con-
tinuous on ¢ > 0. O

Lemma 3.4. (See [4]) Let f be a non-negative function defined on Ry = [0, +00)
such that f is integrable on R, and is uniformly continuous on R, , then

tlggo F(t) = 0.

Now, we are in a position to prove the global attractivity of system (5). We have
the following theorem.

Theorem 3.1. Under Assumptions 3.1 and 3.2, if ¢ < a, then system (5) is globally
attractive.

Proof. Let (x(t),y1(t),...,yn(t)) and (Z(¢),71(t), ..., yn(t)) be two arbitrary solu-
tions of system (5) with positive initial values, and suppose z(t) = [[o.;, o,(1 +
brju(t), yi = vi(t), T(t) = [loey, «¢(1 + br)u(t), i = 0i(t). Then for Vi(t) =
|Inwu(t) — Inu(t)|, the right differential d*V;(t) of Vi (t) is

dtVi(t) = sgn(u(t) — a(t))d(Inu(t) — Ini(t))
= sgn(u(t) —a(t) [ —a [T (1+b)(u(t) = a(t)) — c(oa(t) — 0a(t))|dt

0<tp<t
<[- @ TT (-+bolutt) )] +centt) - on(t)]]dt.

Define Vo = 37| |v; — 44|, by directly calculating the right differential D* V5 (¢) of
V5(t) and then making use of It6’s formula, we have

d*Via(t) ZZSgH(W(t) = 0;(t))d(vi(t) — vi(t))
< [ —alvi(t) — 01 ()| + « H (14 bg)|u(t) — a(t)@dt

0<trp<t
+ [ —a Y o) —wm() + a3 o () - m,l(t)@dt
=2 =2
=[—alvn® =) +a ] Q+bu)u(t) - a)]d

0<tp<t
Then for V() = Vi(t) + AVa(t), A € (¢/a,a/a), one has
drV(t) < [f (=) I (t4bw)lu(t) —at)] - (@A —c)[oa(t) - an(t)@ dt. (16)
0<tr<t

Integrating both sides of (16) from 0 to ¢ yields

V(t)+/0 [(af)\a) H (1+bk)|u(s)fﬁ(s)|+(Oz)\—c)|vn(s)717n(s)|} ds <V(0) < oo,

0<tp<s
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which leads to
lu(t) — a(t)| € L']0,00) and |vs(t) — 0;(t)] € L'[0,00), i =1,2,...,n.
It follows from Lemmas 3.3 and 3.4 that
Jim u(®) = a(0)] = Jim foi(6) = 5:(6)] =0,
Consequently, by Assumption 3.2, we obtain
tll>ngo |£C(t) - j(t)‘ = tli>nolo |y2(t) - gz(t)| =0,i=1,2,...,n.
O

3.2. Stationary distribution of system (5). In this subsection, we will prove
the existence of a stationary distribution of system (5). Due to the complexity
of system (5) and the lake of effective mathematical techniques available, we only
consider the special case for Gamma distribution delay kernel with n = 1, i.e.,
f(s) = ae™®%, which is called weak delay kernel, indicating that the maximum
weighted response of the growth rate is due to current population density while
past densities have (exponentially) decreasing influence [24].

For convenience, we first study system (9) since systems (5) and (9) are equivalent
when we set z(t) = [[,,, .,(1 + br)u(t) and y(t) = v(t). Furthermore, we assume
that

Jim (1+bx) =10 (17)
0<tp<t

holds and let (@(t),o(t)) be the solution of

da(t) = a(t) (r — aba(t) — co(t)) dt + oa(t)dB(t), (18)
di(t) = (—ad(t) + abi(t)) dt

Notice that system (18) is the limit system of (9), then by the global attractivity
of (9), we only need to study the existence of stationary distribution of system (18).

Let @i(t) = e¢® and #(t) = ), then system (18) becomes

{ dé(t) = (r — %2 — afes®) — ce™®)dt + odB(t), (19)

dii(t) = (—a + afesO=11) gt

We now study the existence of stationary distribution of the equivalent system
(19) of (18). Let X = R? ¥ be the o—algebra of Borel subsets of X, and m be the
Lebesgue measure on (X, ). We denote by (¢, %, 7y, A) the transition probability
function for the diffusion process (£,7), i.e. P(t,&,7, A) = Prob((§ n) € A) and
(€,7) is the solution of system (19) with the initial condition (£(0),7(0)) = (Z,9).
If the distribution of (f ,7) is absolutely continuous with respect to the Lebesgue
measure with the density U(t,,7), then U(t,Z, ) satisfies the following Fokker-
Planck equation:

oU 1 ,0°U  9(f(&,9)U) 9(fa(7,9)U)

ot — 27 oz oz 0§ (20)

where
2

fi@g) =r— % —afe® —ce¥,  foE,9) = —a+ afe” Y. (21)

Then for the asymptotical stability of system (19), we have the following theorem.
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Theorem 3.2. Let (f, 7) be the solution of system (19). Then for every t(> 0)
the distribution of (£,7) has the density U(t,Z,q) satisfying (20). Furthermore, if
> %02, then there exists a unique density U*(Z,q) such that

lim // U(t,,5) — U* (&, §)|didj = 0 (22)
t—o00 R2

and
suppU* = R2.

Remark 1. By the support of a measurable function f we simply mean the set
suppf = {(Z,9) € R*: f(,9) # O}

Besides, note that the Fokker-Planck equation corresponding to system (19) is of
a degenerate type, thus the asymptotic stability of the system can’t follow directly
from the known results from Hasminskii [9]. We will show it by using the theory
of integral Markov semigroups (see Appendix A). Now we introduce an integral
Markov semigroup connected with system (19).

Denote by k(t, &, ¥; To, §o) the density of L (t,Zo,o,-). Then

PS5 = [ btd.5:0.0) . 0)dud

and consequently {P(t)};>0 is an integral Markov semigroup. Thus the asymptotic
stability of the semigroup {P(t)};>0 implies that all the densities of the process
(£(t),7(t)) convergence to an invariant density in £'. Therefore, for Theorem 3.2,
we only need to show the asymptotic stability of the semigroup {P(¢)};>0. The
outline of our proof is as follows:

(i) First, using the Hérmander condition [21], we show that the transition func-
tion of the process (£(t),7(t)) is absolutely continuous;

(ii) Then according to support theorems [1,5], we find a set E on which the
density of the transition function is positive;

(iii) Next we show that the set E is an attractor and the semigroup satisfies the
Foguel alternative [22,23,25];

(iv) Finally, we exclude sweeping by showing that there exists a Khasminskii
function.

In the following, we give the proof of Theorem 3.2 through four lemmas in suc-
cession, which correspond respectively to (i)-(iv) above.

Lemma 3.5. The transition probability function P (t,Zo, Yo, A) has a continuous
den5ity k(ta ‘%7237 53072]0)'

Proof. The proof is based on the Hormander theorem for the existence of smooth
densities of the transition probability function for degenerate diffusion processes. If
a(x) and b(x) are vector fields on R?, then the Lie bracket [a,b] is a vector field
given by

8bj 8aj T )
A g ) kg =1,2,...,d.
[a’ b]j (X) ’; (ak 6$k (X) bk 8.Ik (X)) ) J ) 27 9 d
Let
o? _ _ o
a(i'ug) = (7' — — —abe” — cey7 —o+ aeew—y)T

2
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and
b(z,9) = (0,0)".

Then

[a,b](Z,9) = (Uaﬁei, —crozﬁeifg)T.
It follows that

o 0

cabe® —afet Y
Thus for every (Z,7) € R?, vectors b(Z,4) and [a,b](Z,7) span the space R2.
This implies that the transition probability function (¢, Zg,Jo, A) has a densi-
ty k(t,Z,9;Zo,00) and k € C"O((O,oo) x R? x R2). This completes the proof of
lemma 3.5. O

= —c2afe” .

Lemma 3.6. Let E = R%. Then for each (Zo,%0) € E and (%,7) € E, there exists
T > 0 such that k(T, %, 7; To, Jo) > 0.

Proof. We now use support theorems to check that the kernel k is positive. Fix
a point (Zo,Jo) € R? and a continuous function ¢ € L£2([0,T]; R). Consider the
following system

.’f¢(t) = (fo + /0 [fl ("f(;s(s), 17¢(S)) + U¢]d8, (23)

Jo(t) = o + / fo(Ea(5), Tg(s))ds, (24)

where f1(Z4,9¢) =17 — %2 — abe®s — ce¥e and fo(Zy, §) = —a + alfete s,

Let Dz, g,:¢ be the Frechét derivative of the function h — Xy 41 (T) with Xg1p =
[Tgths Yprn]T. If for some ¢ the derivative Dz, 5o.4 has rank 2, then we get
E(T,Z,9;Z0,90) > 0 for « = Z4(T) and y = (7). The derivative Dy 0.6
can be found by means of the perturbation method for ordinary differential e-
quations. In other words, let I'(t) = f'(Z4(t), §s(t)), where f’ is the Jacobians of
f = [f1(2,9), f2(%,9)]T. Let Q(t,ty) be a matrix function such that Q(to,to) = I,

Q) — 1(1)Q(t,ty) for T >t > tg > 0 and v = (3,0)7. Then

t
Dio,go;¢h=/ Q(T, s)vh(s)ds.
0

We first check that the rank of Dz, 7,4 is 2. Let ¢ € (0,T) and h = 1jp_. (1),
where ¢ € [0.7] and 1j7_. 7] is the characteristic function of interval [T" — ¢, T].
Since Q(T,s) =TI+ T(T)(T — s) + o(T — s), we obtain

1
Ds, go:gh =ev + 552F(T)v + 0(52).

Then, we have
—afe® —ce¥ o i | —ab
L(T)v = afe~V  —afet Y } [ 0 ] - oe [ afle™¥ } ’
Hence, vectors v and I'(T")v are linearly independent. Thus D, j,.4 has rank 2.
Next, we prove that for any two points (Zo, Jo) € E and (z7,yr) € E, there exists
a control function ¢ and 7' > 0 such that Z4(0) = Zo, §4(0) = 7o, Z4(T) = 7 and
Jo(T) = yp. Taking derivatives of systems (23) and (24) yield
Ty(t) = f1(Ze(t),Ts(t)) + 00, (25)
Up(t) = f2(Zo (1), Ts(1)). (26)
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We construct the function ¢ in the following way. First, we find a positive constant
T and a differential function &4 : [0,7] — Ry such that §4(0) = o, §6(T) = 97,
7,(0) = —a+ afeob0, Uy(T) = —a + afeTIT (27)
and
Ji(t) + o= abe™ % >0 for te[0,T). (28)
Denote constants §;,(0) and g4(T') by ag and ar. We split the construction of the
function g4 on three intervals [0,¢], [¢,T — €] and [T — ¢,T], where 0 < ¢ < T/2.
By (27), we can construct a C? function g4 : [0,e] — R such that §,(0) = o,
9,(0) = ao, ,(c) = 0 and g, satisfies inequality (28) for ¢ € [0,e]. Similarly,
we construct a function gy : [T'—€,T] — R such that §,(T) = gr, y4(T) = ar,
(T —€) = 0 and g, satisfies inequality (28) for t € [I'—¢,T]. Let T be sufficiently
large, we can extend the function g : [0,e] U [T —¢,T] = R to a C? function Z,
defined on the whole interval [0, T'] such that g, satisfies inequality (28). From (28),
we can find a C' function #, which satisfies (26) and finally we can determine a
continuous function ¢ from (25). This completes the proof of Lemma 3.6. O

Notice that for every density f, one has

im [ PO =1
t—00 R2

Lemma 3.7. The semigroup {P(t)}i>0 is asymptotically stable or is sweeping with
respect to compact sets.

Proof. By Lemma 3.5, the semigroup {P(t)};>0 is an integral Markov semigroup
with a continuous kernel k(¢,%,7) for t > 0. Let E = R?, then it is sufficient to
investigate the restriction of the semigroup {P(¢)};>0 to the space £!(E), where E
denotes the closure of the set E. In view of Lemma 3.6, for every f € D, we have

/ P(t)fdt >0 a.e. on E,
0

where D is defined in Appendix A. Therefore, according to Lemma A.1 in Appendix
A, it follows that the semigroup {P(¢)}:>0 is asymptotically stable or is sweeping
with respect to compact sets. This completes the proof of Lemma 3.7. O

Lemma 3.8. The semigroup {P(t)}i>0 is asymptotically stable.

Proof. In order to exclude sweeping, we now construct a nonnegative C2—function
V and a closed set I" € 3 such that

sup &V (z,79) <0,

#,5¢T
where 7 is the adjoint operator of the infinitesimal generator &7 of the semigroup
{P(t)}i1>0, which is of the form

B U . | ()

where f;(Z,7), i = 1,2 are defined in (21). Define

V(Z,7) =0(e® — ¥ —é®

* ~ ~ %

(5= ) + el — )2,

where

=] T e r

_— =1 .
na9+09’y na—l—c
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By (29), one has
A"V (Z,9)

# " o’ z J 1 5,3 J " J z

=0(e” —e¥ )(r — 5 afe® — ce¥) + Pl 0e® + c(e¥ — eV )(—ae¥ + abe”)

*

- - - - 1 .
= —af?(e® — e )% —acle? — eV )? + Zo%0e®

Thus, the ellipsoid

- - - o 1 -

af?(e® — e )2+ ac(e? — eV )? = 50'2061
lies entirely in R2. Thus, there exist a closed set I' € 3 which contains this ellipsoid
and ¢ > 0 such that

sup &V (z,5) < —c < 0.

z,§¢r
The function V is called a Khasminskii function. By means of standard arguments
similar to those in [22], one can check that the semigroup is not sweeping from the
set T' due to the existence of a Khasminskii function. Therefore, according to Lemma
Al in Appendix A, we conclude that the semigroup {P(t)}:>¢ is asymptotically
stable. O

In view of Theorem 3.2, for system (18) there exists a unique positive invariant
density with the support set Ri since it is equivalent to system (19). Notice that
system (18) is the limit system of (9) as lim¢—oc [[;, <, (1 + bx) = 0, then by the
global attractivity of (9), we conclude that there exists a unique positive invariant
density for system (9). Further notice that system (5) is equivalent to system (9).
Therefore, we have the following result for system (5).

Theorem 3.3. Assume that condition (17) holds. If r > 02 and ¢ < a, then for
system (5) there exists a unique positive invariant density with the support set Rﬁ_.

3.3. Extinction of system (5). In this subsection, we show that large noise can
lead to the extinction of system (5).

Theorem 3.4. Let (z(t),y(t)) be a solution of system (5). Then
Inz(t 1
n(t) o2

. <p_ =
tlggo t =" 2

In particular, if r < %02, then limy_, o x(t) = 0 a.s.

Proof. Applying Itd’s formula to system (9), one has

1
dlnu(t) = (r - 502 —a H (14 bg)u(t) — cv(t))dt + odB(t).
0<trp<t

Integrating both sides from 0 to ¢, we have

() < Inu(0) + (r — %&)t + M), (30)

where M (t) = fot odB(s). Note that M;(t) is a local martingale, whose quadratic
variation is (M (t), M;(t)) = o*t. Making use of the strong law of large numbers
for local martingales leads to

tlgglo Mi(t)/t =0, a.s.
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From (30), we know

Inz(t) = Z In(1+bg) + Inw(t) <Ilnwu(0)+1né+ (r — %(72)15 + Mi(t). (31)

0<tp<t
It then follows from (31) that

1 1
lim nz(t) <r-——o
t—o00 t 2

O

Remark 2. From Theorems 3.3 and 3.4, one can see that if the intensity of the noise
is small, there exists an invariant and asymptotically stable density of the system,
while large noise will make the population extinct eventually. Noting further that
if ¢ < a and condition (17) hold, then r — 162 can be considered as a threshold
determining the asymptotical stability and the extinction of system.

4. Simulations and discussions. Impulsive and uncertain variability together
with time delay are always present in a natural system, which should be accounted
for in its mathematical model. The research performed in this paper is an attempt in
this direction, using an impulsive stochastic model with delay. More specifically, the
impulse is introduced at fixed moments, the stochastic perturbation is of white noise
type and is assumed to be proportional to the population density, and the delay
takes the distributed type with a weak delay kernel. To perform a detailed analysis
on the dynamics of model (4), we first transform it to an equivalent stochastic system
(5) with impulsive effects using the linear chain trick. Then based on Lemma 2.1, it
can be further reduced to the problem of a nonlinear stochastic differential system
without impulses, i.e., system (9).

For system (5), we first carry out the analysis of its global attractivity. Theorem
3.1 shows that the system is globally attractive provided that ¢ < a, Assumptions
3.1 and 3.2 hold. Note that Assumptions 3.1 and 3.2 are only relative to the impulse,
so we see that the noise and the delay do not affect the global attractivity of the
system. Then we study the existence of the stationary distribution of system (5).
It is difficult to directly study its distribution, so we turn to study its equivalent
system (9). Notice that (9) is non-autonomous and it has been showed to be globally
attractive in Theorem 3.1. So we only need to study the limit system (18) of (9).
Due to the Fokker-Planck equation corresponding to system (18) is of a degenerate
type, thus the existence of the stationary distribution can’t follow directly from
the known result from Hasminskii [9]. We show it based on the theory of integral
Markov semigroups. Theorem 3.3 shows that for system (5) there exists a unique
invariant density with the support R% provided that r > $02, ¢ < a and condition
(17) hold. Moreover, it is shown in Theorem 3.4 that if r < %02, the population
will be extinct eventually. Thus, under ¢ < a and condition (17), r — %02 can be
considered as a threshold determining the asymptotical stability and the extinction
of system (5).

To illustrate the results obtained above, some numerical simulations are carried
out by using Milstein scheme [10]. Consider the discretization of model (5) for
t =0,At, 2At, ..., nAt:

Tip1 = z; + xi(r — ax; — cy;) At + oz vV AL, oy
Yit1 = Yi + (—ay; + ax;) At, b
z(th) — x(ty) = bpa(ty), t =ty k € N.
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where time increment At > 0 and &; are N(0,1)—distributed independent random
variables which can be generated numerically by pseudorandom number generators.

First, we demonstrate system (5) is asymptotical stability. For this purpose, let
r=2038, a=0.6, a =04, c=033, t, =k (k € N), initial value (x(0),y(0)) =
(1,1), by, vary in the range [—0.3/k,0.3/k] and o vary in the range [0,0.03]. Simple
computations show that o® < 2r = 1.6 and lim; o0 [Ty, <¢(1 + bi) exists.

By Theorem 3.3, system (5) is asymptotical stability. Our simulation supports
this conclusion as shown in Fig. 1, where we show the effect from different noise
intensities o and different impulse intensities by, respectively.

It is seen in Fig. 1 (a) that the steady state of the system is point E*(x*,y*) =
(1.0909,1.8182) in the absence of impulsive and random perturbations (i.e. o =
b = 0). Increasing the value of o and keeping by the same, we can see that the
steady state of the system can no longer be represented by a single point; instead,
it is represented by a region around E*. Shown in Fig. 1 (a)-(c), the larger the
noise intensity is, the more diffusive of the system state is. When by changes and o
stays 0, we can see in Fig. 1 (d)-(e) that there is an attractor for the system, but
E* is not included in the attraction, which is above the attraction in the case of
br < 0 and is below the attraction in the case of by > 0. When we choose o = 0.03
and by, = 0.3/k, the system is still stable, please see Fig. 1 (f).

Fig. 1 shows the trajectories of system (5) under different values of parameters.
However, we should point out that the trajectory in each subgraph is drawn for
a single sample, which is stochastic for each sample under the same parameters,
that is the outcome for a single trajectory is not predictable. But, the probability
distribution of all possible outcomes can be determined. Our simulation supports
this conclusion as shown in Fig. 2, where o = 0.03, bx, = 0.3/k and the densities are
drawn based on 10000 sample pathes, computed with differential initial value and
different iterative times, respectively. We can see from the figure the distribution is
stationary.

Next, we show system (5) is extinct. To this end, we set initial value (x(0), y(0)) =
(1,1), =03, a=04, c=0.33, « =06, by =0, tx =5k and 0 = 0.8. Since
r < %02 = 0.32, by Theorem 3.4, the population is extinct eventually. Our simula-
tion supports this conclusion as shown in Figs. 3 (a) and (b). Decreasing the value
of o from 0.8 to 0.1, we obtain r > %02 = 0.005. Then the population is persistent
and system (5) is asymptotically stable, please see Figs. 3 (c¢) and (d). Thus, as we
mentioned before, under condition (17), r — 202 can be considered as a threshold
determining the asymptotical stability and the extinction of system (5).

To sum up, this paper presents an investigation on the dynamics of a impulsive
stochastic system with delay. Our findings are useful for better understanding of the
effects of impulses, stochastic perturbations and delay on the dynamics of a system.
We should point out there are still some other interesting topics meriting further
investigation, for example, the long term behavior of multi-population system with
impulsive and stochastic perturbations. We leave these for future considerations.

Appendix A. Let the triple (X, X, m) be a c—finite measure space. Denote by D
be the subset of the space £! which contains all densities, i.e.

D={feLl':f>0f]=1}

A linear mapping P : £! — L is called a Markov operator if P(D) C D.
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FIGURE 1. Trajectories of impulsive stochastic system (5) with different
o and bg. Here (5(0),z(0)) = (1,1) and E*(z*,y*) = (1.0909, 1.8182).
System (5) is asymptotically stable.

The Markov operator P is called an integral or kernel operator if there exists a
measurable function &k : X x X — [0, 00) such that

for all y € X and

for every density f.

/ k(E, §)m(dF) = 1
X

Pi(x) = /X k(& 9)f (5)m(di)

(A1)
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FIGURE 2. Probability densities of z(t) for system (5) based on 10000
sample pathes, computed with the noise intensity o = 0.03, and for (a)
differential initial value and (b) different iterative times. There exists
stationary distribution and the density is stable.

18

1.6
1
14
12 0.8
= 1 =y
< £ 06 1
< E3
0.8
0.6 0.4
0.4
0.2 4
0.2
0 L L L 0 L L L L
0 100 200 300 400 500 0 100 200 300 400 500

(a) (b)

FIGURE 3. The dynamics of the system (5) with different . (a) The
population z(t) is extinct with o = 0.8. (c¢) The population z(t) is
persistent with o = 0.1.

A family {P(¢t)}i>0 of Markov operators which satisfies conditions:

(i) P(0) = Id,

(ii) P(t+ s) = P(t)P(s) for s,t > 0,

(iii) for each f € L' the function t — P(¢)f is continuous with respect to the
L' norm is called a Markov semigroup. A Markov semigroup {P(t)}:>¢ is called
integral, if for each ¢t > 0, the operator P(¢) is an integral Markov operator.

A density f. is called invariant if P(t)f. = f. for each t > 0. The Markov
semigroup {P(t)}>0 is called asymptotically stable if there is an invariant density
f+ such that

Jim [P(1)f ~ ]| =0 for feD.

A Markov semigroup {P(¢)};>0 is called sweeping with respect to a set A € ¥ if
for every f €D

lim [ P(t)f(@)m(dz) = 0.

t—o00 A
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We need some result concerning asymptotic stability and sweeping which can be
found in [7].

Lemma A.1. Let X be a metric space and 3 be the o—algebra of Borel sets. Let
{P(t)}+>0 be an integral Markov semigroup with a continuous kernel k(t,Z, ) for
t > 0, which satisfies (A.1) for all § € X. We assume that for every f € D, we
have

/OO P(t)fdt >0 a.e.
0

Then this semigroup is asymptotically stable or is sweeping with respect to compact
sets.

The property that a Markov semigroup {P(¢)};>0 is asymptotically stable or
sweeping for a sufficiently large family of sets (e.g. for all compact sets) is called
the Foguel alternative.

Acknowledgments. We would like to thank anonymous reviewers for helpful sug-
gestions which greatly improved this paper.
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