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Abstract

In this paper, we consider the existence of stationary distribution and extinction for a
stochastic generalized logistic system. Sufficient and necessary conditions for the
existence of a stationary distribution and extinction are obtained. (a) The system has a
unique stationary distribution if and only if the noise intensity is less than twice the
intrinsic growth rate. The probability density function has been solved by the
stationary Fokker-Planck equation. (b) The system will become extinct when and only
when the noise intensity is no less than twice the intrinsic growth rate, and the
exponential extinction rate is estimated precisely by two parameters of the systems.
A new perspective is provided to explain the recurrence phenomenon in practice.
Nontrivial examples are provided to illustrate our results.

Keywords: stochastic generalized logistic system; extinction; stationary
Fokker-Planck equation; stationary distribution; Itd's formula

1 Introduction
In the past few decades, population systems have received a great deal of research attention
since they have been successfully used in a variety of application fields, including biology,
epidemiology, economics, and neural networks (see [1-7]). Population systems are always
subject to environmental noise. It is therefore necessary to reveal how the noise affects
the population systems. Recently, the population dynamics under environmental noise
has been extensively considered by many authors (see [8—11]). It is well known that when
the noise intensity is sufficiently large, the population will become extinct, while it will
remain stochastic permanent when the noise intensity is small.

In fact, if we make a great number of records to investigate the dynamic behavior of
a permanent population system, we may find that a single record may fluctuate around
a fixed point even if the number of records is large. In order to illustrate such biological
phenomena clearly, more and more attention has been paid to the existence of stationary
distribution and positive recurrence of population systems in recent years (see [12-15]). In
this paper, we will concentrate on the stationary distribution and extinction of a stochastic
generalized logistic system. The obtained results provide a new perspective to explain such
biological phenomena (see Remark 3).
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Consider the stochastic generalized logistic system (Gilpin-Ayala) with the following

form:
dx(t) = x(r - ax“) dt + oxdB(t), (1)

where r is the intrinsic growth rate, 02 > 0 is the noise intensity, and B(¢) is the one-

dimensional Brownian motion. Throughout this paper, we impose the condition:
r>0, a>0, a>0. (2)

The logistic system is one of the famous population systems due to its universal existence
and importance. More recently, the asymptotic behavior of a stochastic logistic system has
received a lot of attention (see [16—20]). Jiang et al. [16] showed the stability in time average
and stochastic permanence of a non-autonomous logistic equation with random pertur-
bation. Li et al. [18] discussed the stochastic logistic population under regime switching,
and sufficient and necessary conditions for stochastic permanence and extinction under
some assumptions are obtained. Liu and Wang [20] and Mao [15] studied the stationary
distribution of more general stochastic population systems than system (1); the result in
[20] and [15] showed that when 0 < o <1, the system (1) has a stationary distribution.
Then some questions arise naturally: Is there a stationary distribution to system (1) in the
case of o > 1? If yes, can we compute the probability density function of the stationary
distribution? And can we compute the mean or variance?

In addition, the existing literature (see [14, 15, 18]) shows clearly that if the noise intensity
is more than twice the intrinsic growth rate, the population will become extinct exponen-
tially, whereas it will remain stochastic permanent or has a stationary distribution when
the noise intensity is less than twice the intrinsic growth rate. Then one interesting ques-
tion is: What will happen if the noise intensity equals twice the intrinsic growth rate?

However, to the best of the author’s knowledge, few studies have attempted to investigate
the density function of the stationary distribution and the asymptotic behavior under the
assumption that the intrinsic growth rate equals half of the noise intensity. In this paper,
we are concerned with these topics. The primary contributions of this paper are as follows:

+ The probability density function of the stationary distribution was obtained by solving

the stationary Fokker-Planck equation.

« By using some novel techniques, we point out that system (1) will also be extinct when

the noise intensity equals twice the intrinsic growth rate.

« Sufficient and necessary conditions for the existence of stationary distribution and

extinction are established.

The organization of the paper is as follows. Section 2 describes some preliminaries. The
main results are stated in Sections 3 and 4. In Sections 3 and 4, we show that system (1)
either has a stationary distribution or becomes extinct. The probability density function,
mean, and variance of the stationary distribution are obtained in Section 3. The exponen-
tial extinction rate is given precisely in Section 4. In Section 5, the sufficient and necessary
conditions and some important remarks are stated and three numerical examples are given

to illustrate the effectiveness of our results.
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2 Notation
Throughout this paper, unless otherwise specified, let (2, , {F;}:>0,P) be a complete
probability space with a filtration {#;};>¢ satisfying the usual conditions (i.e. it is increas-
ing and right continuous, while #; contains all P-null sets). The gamma function I'(s) is
defined for positive real number s > 0, which is defined via a convergent improper integral,
T(s) = [;° £ exp(-t)dt.

In the same way as Mao et al. [8] did, we can also show the following result on the

existence of global positive solution.

Lemma 2.1 Assume that condition (2) holds. Then for any given initial value x, € R,,
there is a unique solution x(t,xy) to system (1) and the solution will remain in R, with

probability 1, namely
IP’{x(t,xo) €R,,Vt> 0} =1,
forany xy € R,.

Lemma 2.2 Let condition (2) hold. Then for any p > 0, there exists a constant K, such that
SUPg<<o0 EX(t) < Kp.

The proof is similar to Liu et al. [19]; it is omitted here.

3 Stationary distribution and its probability density function

The main aim of this section is to study the existence of a unique stationary distribution of
system (1). Let us prepare by a well-known lemma (see Hasminskii [21, pp.106-125]). Let
X(t) be a homogeneous Markov process in E” C R" described by the following stochastic

differential equation:

d
dX(6) = b(X)dt + Y 6u(X) dB(2). 3)

m=1

The diffusion matrix is A(x) = (a;(x)), a;(x) = anzl aj;l(x)afn(x).
Lemma 3.1 [21] We assume that there is a bounded open subset G C E” with a regular (i.e.
smooth) boundary such that its closure G C E", and
(i) in the domain G and some neighborhood therefore, the smallest eigenvalue of the
diffusion matrix A(x) is bounded away from zero;

(ii) ifx € E"\ G, the mean time T at which a path issuing from x reaches the set G is
finite, and sup, .y ExT < +00 for every compact subset K € E" and throughout this
paper we set inf ) = co.

We then have the following assertions:

(1) The Markov process X (t) has a stationary distribution (u(-) with density in E". Let
f(x) be a function integrable with respect to the measure (). Then

.1t
P{thoE/Of(x(s)) ds:/Enf(y),u(dy)} =1 (4)
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(2) The probability density function ¢(y) of u(-) is the unique bounded solution to the
stationary Fokker-Planck equation

=0, (5)

satisfying the additional condition [, ¢(y)dx = 1.

Theorem 3.2 Let condition (2) and o* < 2r hold. We then have the following assertions:
(1) System (1) has a unique stationary distribution denoted by ().
(2) The probability density function of () denoted by ¢(y) has the following form:

2r-g2
o 2a ac? 2r 2a
= T\ ooz o2 2 exp( ===y )I , p
o NEES) <aa2> g p( w0 ) ©0:290) (©)
where I(o,)(y) is the indicatorfunctionfor the set (0, 00). Its mean and variance are
( 2r ) 27+J2)
(W " (2%— STy ) ( 2r— ( 2%3 )2) respectively.

Proof The proof is composed of two parts. The first part is to prove the existence of sta-
tionary distribution. The second part is to obtain the probability density function by solv-
ing the stationary Fokker-Planck equation. Let x(¢) = x(¢; xo) for simplicity.

Let us now show the existence of a stationary distribution. To validate condition (i)
and (ii), it suffices to prove that there exist some neighborhood U and a nonnegative C2-
function V such that o2x? is uniformly elhptlcal inUand LV < -1foranyx € R, \ U (for
details refer to [15, p.400]). By the condition 6% < 2r, we can find a number 1 > 0 such that
n € (0, j—; —1), n <. Applying Itd’s formula to V(x) = x + x~7 we have

a a +1)o?
LV (x) = (rx +anx® - —x"‘”) — —x <rn - M)x_”.

Since a > 0, there exists a constant K > 0 such that sup,_, .. [rx + anx®™7 - %x‘“l] <K.
This implies

a +1)o?

LV(x) <K - Ex"”l - (rn - %)x_”.

Note from rn — % > 0 that there is a sufficiently large N, such that

. o
LV(x) <-1, VxeR,\Gpn; xénva Amin (szz) =2 0,
where Gy = {x : i < x < N} C R,. This immediately implies condition (i) and (ii) in
Lemma 3.1. Therefore, system (1) has a stationary distribution pu(-).

Now, we aim to prove the assertion (2). Since system (1) has a unique positive solution,
the () will be restricted to region R,. By virtue of Lemma 3.1, we have the probability
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density function ¢(y) satisfying the following stationary Fokker-Planck equation:

2

10 0
Ea—yz(azyzq)) (y(r ay)) 0, y>0, (7)

dy

with the normalization condition fooo ¢(y)dy = 1. Using the integrating factor

exp(l—/zy(r D) 2 )dy,

the solution to (7) can be expressed in the form of (6). Now, we proceed to compute the
mean and variance of the stationary distribution. For the readers’ convenience, some no-

tations are given as follows:

o0
Mp=/ Yo dy, A=pp—ui.
0

It is easy to observe that ; and A are just the mean and variance of the stationary distribu-
2

( 2r (2r+(r )
tion, respectively. Simple computations show that u; = (%)é r(%)’ Mo = (52 )"‘ ﬁ,}})
This implies
2
() v - (2) (- (ne)
: .
2 ) Ty 20 ) \r=g) " \re=g)

The proof is completed. O

Remark 1 Note, for o =1, d =1, the system (1) becomes the classic logistic system (see
[15]). The probability density function has the following form:

2r-g2

1 2\ o 2 2a
=L () 5 )t

P \o?

It is easy to observe that the stationary distribution p(-) obeys the gamma distribution in
2r—g? A = 62(2;‘—02)
2a 7T T 442

on mean and variance coincides with the result in Mao [15, p.403]. It is worth noting that

. In this case, our result

this case. The mean and variance become u; =

we provide a more detailed description of the stationary distribution than that by Mao
[15].

4 Extinction
In this section, we will show that if the noise is sufficiently large, the solution to system (1)

will become extinct with probability 1.

Theorem 4.1 Let condition (2) and o* > 2r hold and x(t,xo) be the global solution to
system (1) with any positive initial value xo. We then have the following assertions:
(i) If o2 > 2r, the solution x(t,xo) to system (1) has the property that

lim M = —(0—2 - r) a.s. (8)

t—o00 t
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That is, the population will become extinct exponentially with probability one and
02
2
(ii) If o2 = 2r, the solution x(t, xo) to system (1) has the property that

the exponential extinction rate is —(%5- —r).

Inx(¢,%0) _

lim x(¢,%9) =0 a.s., lim =0 as. 9)
t—00

t—00 t

That is, system (1) still becomes extinct with zero exponential extinction rate.
To prove Theorem 4.1, let us present three lemmas which are essential to the proof.

Lemma 4.2 [23] Suppose that an n-dimensional stochastic process x(t) on t > 0 satisfies
the condition

E|x(t)—x(s)‘a <Clt-s"*?, 0<s,t<oo

for some positive constants «, B, and C. Then there exists a continuous modification x(t)
of x(t) which has the property that, for every y € (0, g), there is a positive random variable
8(w) such that

x(t, w) — x(s, w 2
P{w: sup 148, ©) - X( )|§ }:1.
0<t—s<8(w) |t - S|y 1-277r
0<s,t<00

In other words, almost every sample path of x is locally but uniformly Holder-continuous
with exponent y .

Lemma 4.3 Let condition (2) hold and x(t,x) be the global solution to system (1) with any
positive initial value xo. For any B > 0, x8(t,x0) is uniformly continuous on [0,0) a.s.

The proof of this lemma is rather standard; hence it is omitted. For details the reader is
referred to [19].

Proof of Theorem 4.1 As the whole proof is very technical, we will divide it into two steps.
The first step is to show the exponential extinction of system (1) when o2 > 2r. The second
step is to show the extinction with zero exponential extinction rate in the case of 0% = 2r.
Let x(t) = x(¢;xo) for simplicity.

Step 1: In this step, we aim to prove assertion (8). It follows from Itd’s formula that

t 2 t t
lnx(t):lnx(0)+/ (r—%) ds—a/ x"‘(s)ds+/ o dB(s).
0 0 0

Dividing both sides by ¢ yields

Inx(t) Inx(0) 1 [! o? a [t , 1 [t
P +E/O(r—;)ds—;/ox(s)ds+2/0adB(s). (10)

Using the law of strong large numbers for martingales (see [22]), we can claim that

1 t
lim p odB(s)=0 as.

t—00 0
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Letting ¢t — oo yields

Inx(¢ 2
lim sup m;( ) <—(U— —r) a.s.

t—o00 - 2

This shows that for any € € (0, "72 —r), there is a positive random variable 7'(¢) such that,
with probability 1,

0.2
x(t) <e T s T(e) as.
It follows that
02
2() < et e s T(e) as.,
which means

o0
/ x%(s)ds <o a.s.
0

Then letting ¢ — 0o on both sides of (10) yields

_ Inx(p) (02 )
lim =——-r a.s.

t—00 t

Step 2: Now, let us finally show assertion (9). The proof of this step is composed of two
parts. We first show the almost sure convergence of x(¢) to zero as t — co. Then we show
that the exponential extinction rate is zero.

Decompose the sample space into three mutually exclusive events as follows:

E = [w:limsup|x(t)| > liminf|x(t)| =y > 0];
t—00 t—>00
E, = {w :lim sup|x(t)| > 1iminf|x(t)| = 0];
t—>00 t—>00
Es = {o: lim [x(¢)] =0},
t—00

When o2 = 2r, (10) has the following form:

Inx(t) _ Inx(0) _a /txa(s) ds + %/tgdB(s). (1)
o 0

t t t

We, furthermore, decompose the sample space into the following two mutually exclusive
events according to the convergence of fooo x%(s) ds:

]lz{w:/oox“(s)ds<oo}, ]zz{a):/oox“(s)ds=oo}.
0 0

The proof of lim;_, - x(t) = 0 is equivalent to showing J; C Es, J, C E3 a.s. The strategy of
the proof is as follows:
« First, using Lemmas 4.2 and 4.3, we show that J; C Es.
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« Second, using some novel techniques, we prove that P(J, N E;) = 0 and P(J, N E;) = 0,
which means J, C E3 a.s.

Now we realize this strategy as follows:

Case 1: Let us now show J; C E3 a.s. It follows from Lemma 4.2 that almost every sam-
ple path of x“(¢) is locally but uniformly Holder continuous. And therefore almost every
sample path of x*(t) must be uniformly continuous. Combining the definition of J; and
Lemma 4.3, we have

lim x(¥) =0 a.s,,

t—00

which means J; C E3 a.s.

Case 2: Now, we turn to the proof that J, C E3 a.s. It is sufficient to show P(J, N E;) = 0
and P(J, N E;) = 0. We prove by contradiction.

IfP(J, N E1) >0, for any w € J, N Ey, &g € (0, %), there exists T' = (g9, w) such that

x(t)>y—so>g, Vt>Ta.s.

It then follows from (11) that

1, I 1, I t=T (v\"
E/ﬂx(s)ds-;/() x(s)ds+;/tx(s)dszg‘/0 x*(s)ds + ; (§>

Letting t — oo, we obtain

1/t y\“
liminf — / x%(s) ds > <—) >0 as.
t—>oo t Jg 2

This implies

Inx(t “
lim sup t( ) < —a(%) <0 as,

t—>00

which contradicts the definition of J, and E;. So P(J, N E;) = 0 must hold.
Now we proceed to show P(J, N E;) > 0 is false. For this purpose, we need a few more
notations as follows:
m(A7)

Ai::{Ogsgt:x(s)zg}, df::T,

d°:=liminfd;, D" :={wehNE:d" >0},

where m(A?) indicates the length of A7. It is easy to see that D =], N E,. For any & < €,
simple computations show that

AT e A7)
mAD | g ,

t

AoAR mlA)ze(AR),  d-
which implies

a2 <df, D2 C D, Vg <eé,.
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It is easy to observe from the continuity of probability that
P(DF) > P(D°) =P(, NE,) ase— 0.

IfP(J,NE,) > 0, there exists € > 0 such that P(D€) > 0. For any w € D¢, simple computations
show that

1 [t 1 1 1
—/ x”‘(s)ds:—/ x"‘(s)ds+—/ x%(s)ds > —/ x%(s) ds.
tJo bJas L Jio,a\4¢ L Jas

By letting ¢ — oo, we have

t—oo

1 [t 1
liminf - / x%(s)ds > liminf - / x%(s)ds > d?e“ as. (12)
0 t—>oo Af

Substituting (12) into (11), we obtain

Inx(t
lim sup %() < —-ad?e“ <0 as.
t—00
This contradicts the definition of J, and E,. It yields the desired assertion P(J, N E;) = 0
immediately. Combining with the fact J; C E3, P(J, N E;) = 0, and P(J, N E;) = 0, we can
claim that

lim x(¥) =0 a.s,,

t—00

which means system (1) is extinct when o2 = 27. It follows that lim;_, ., x%(¢) = 0 a.s. This
implies

1 t
lim = | x%(s)=0 a.s. (13)

t—oo [ 0

By the law of strong large numbers for martingales and (13), letting ¢ — oo on both sides

of (11) yields
1
lim na(?) =0 as.
t—00 t
The proof is completed. O

Remark 2 Comparing with the existing literature [18, 20], we point out that the expo-
nential extinction rate is just the difference between intrinsic growth rate and half of the
noise intensity. Especially, we present some novel techniques to show the extinction of the
system when o2 = 2r.

5 Summary and numerical examples

In this paper, we have discussed the existence of a stationary distribution and extinction of
system (1), and sufficient conditions have been established in Theorems 3.2 and 4.1. Note
that the two sufficient conditions are complementary and mutually exclusive. Thus, there
are also the necessary conditions. In conclusion, we formulate the sufficient and necessary
conditions as a theorem.
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Figure 1 Stochastic trajectory of x(t) for system (14) with o = 0.5.
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Figure 2 Probability density function of system (14) with o = 0.5.
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INX(t)/t

Figure 3 Stochastic trajectory of "‘# for system (14) with o = 2.

Theorem 5.1 Let condition (2) hold. There are two mutually exclusive possibilities for sys-
tems (1): either a stationary distribution exists, or it becomes extinct. That is, the system is

stationary if and only if o® < 2r, while it is extinctive if and only if r < %

Remark 3 In the existing literature (see [14]), the recurrence phenomenon is attributed
to the positive recurrence. Now we try to explain the phenomenon via the divergence of
the solution to the system. Note from Theorems 3.2 and 4.1 that there is E; UE; C 2 with
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t
Figure 4 Stochastic trajectory of x(t) for system (14) with o = 2.

Figure 5 Stochastic trajectory of "‘# for system (14) with o = 1.

P(E; U E;) = 1 when o2 < 2r. It is easy to prove by contradiction that

IP’(lim supx(t, w) = litminfx(t, ) > O) =0.
— 00

t—00

Thus, for almost sure w € E; U E,, we have

lim supx(f, w) > liminfx(z, w).
t—00 =00

Then there exists 6,(w) > 6;(w) > 0 such that the process x(¢, w) is up-crossing the inter-

val (6;(w), 62(w)) infinitely many times. Let 6;, 6, denote the higher and lower population

levels, respectively. Defining a sequence of stopping times:

T = inf{t >0:x(f) > 92},

r2k=inf{t202k_1:x(t) 591}, Tok+1 =inf{t202k:x(t) 292}, k=1,2,....

It follows from the definition of E; and E, that 7y < 0o, Vk > 1, a.s. This implies that the
higher and lower population levels of the population occur infinite times. Meanwhile, by
virtue of the ergodic property, the average of records approaches the means of their in-
variant distributions as the number is large. In conclusion, we provide a new point of view

to describe some biological phenomena of a permanent population system.
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30

In X(t)/t

Figure 6 Stochastic trajectory of x(t) for system (14) witho = 1.

Example 5.1 Consider a stochastic generalized logistic system as follows:
dx(t) = x(0.5 - xz) dt + oxdB(t). (14)

The existence and uniqueness of the solution follows from Lemma 2.1. We consider the
solution x(t, xo) with initial date xo = 1. Let x(¢) = x(¢; 1) for simplicity.

(i) o =0.5:

Since 0.5 > %, by virtue of Theorem 3.2, system (14) is stochastically permanent and
has a unique stationary distribution. Figure 1 shows a stochastic trajectory of x(¢) gener-
ated by the Euler scheme for time step A = 278 for system (14) on [0,300]. Figure 2 shows
the probability density function p(y) of system (14).

(ii) o = 2:

Note that 0.5 < %, by virtue of Theorem 4.1, system (14) is exponentially extinctive.
Figures 3 and 4 show the stochastic trajectory of w and x(t) generated by the Heun
scheme for time step A =103 for system (14) on [0,200] and [0, 20], respectively.

(iii) o = 1:

Note that 0.5 = %, by virtue of Theorem 4.1, system (14) is extinctive with zero expo-
nential extinction rate. Figures 5 and 6 show the stochastic trajectory of x(¢) and %
generated by the Heun scheme for time step A = 1073 for system (14) on [0,200].
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