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In this paper, we introduce and study a model of a Monod-Haldene type food chain
chemostat with seasonally variably pulsed input and washout. We investigate the sub-
system with substrate and prey and study the stability of the periodic solutions, which
are the boundary periodic solutions of the system. The stability analysis of the bound-
ary periodic solution yields an invasion threshold. By use of standard techniques of
bifurcation theory, we prove that above this threshold there are periodic oscillations
in substrate, prey and predator. Simple cycles may give way to chaos in a cascade of
period-doubling bifurcations. Furthermore, bifurcation diagrams have shown that there
exists complexity for the pulsed system including periodic doubling cascade, periodic
halving cascade and Pitchfork bifurcations and tangent bifurcations.

KEY WORDS: Monod-Haldene growth rate, chemostat, seasonally variably pulsed
input and washout, chaos.
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1. Introduction and the model

A chemostat is a common laboratory apparatus used to culture microor-
ganisms. Sterile growth medium enters the chemostat at a constant rate; the
volume within the chemostat is held constant. In its simplest form, the system
approximates conditions for plankton growth in lakes, where the limiting nutri-
ents such as silica and phosphate are supplied from streams draining the water-
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shed. As seasons change, stream drainage patterns change causing variations in
the supply of nutrients and the washout of lakes. Recently many papers studied
chemostat model with variations in the supply of nutrients or the washout. Che-
mostat with periodic inputs are studied in [1-5], those with periodic washout
rate in [6, 7], and those with periodic input and washout in [§]. We all know
that nutrients are inputted into lakes and lakes are washed out when rain is fall-
ing. In fact, raining is not continuous. It occurs seasonally or in regular pulses.
Thus, it is natural to describe this case in impulsive differential equations. In the
present paper, we consider the dynamics of a bi-trophic food chain model in a
chemostat seasonally variably pulsed input and washout, which incorporate the
Monod-Haldene type growth rate. Without loss of generality, we assume that
the rains occur seasonally at k-times (k € N) in every year 7. The model takes
the form:

ds M SH

dt 8 (Aj+ S+ B2

dH _ u1SH 7% HP t #nT + T;,

dt A +S+BS2 &K (Mt H+BHY | (i=12...kneN)
dp wrH P (1.1)
dt ~ Ay + H+ ByH?

AS = D;i(So — S),
AH = —D;H,
AP = —D;P,

t=nT +T;,
(i=12,....,k;neN),

where T is the period of the impulsive effect and 0 < Ty < T < --- < T} = T are
the times of the impulsive effects in per period T. where S(¢) denotes the con-
centration of nutrient at time t; H(t) denotes the concentration of prey at time
t; P(t) denotes the concentration of predator at time t; Sy denotes the input con-
centration of the nutrient each time; 0 < D; <1 (i = 1,2,...,k) are the wash-
out proportion of the chemostat each time nT +7T;, respectively; §; and 8, denote
the yield constants of unit mass of prey and predator; by, by are half capturing
saturation constants of prey and predator; u; and mj denote the predation con-
stants of prey and predator, respectively. n € N, N is the set of all non-negative
integers.

The theory of impulsive differential equation appears as a natural descrip-
tion of several real processes subject to certain perturbations whose duration
is negligible in comparison with the duration of the process. Recently, equa-
tions of this kind are found in a almost every domain of applied sciences.
Numerous examples are given in Bainov’s and his collaborator’s books [9, 10].
Some impulsive differential equations have been recently introduced in popula-
tion dynamics in relation to: impulsive birth [11], impulsive vaccination [12, 13],
chemotherapeutic treatment of disease [14] and population ecology [15-17].
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Recently the models of predator-prey system in periodic forcing and
impulsive effect environments have attracted new attention because of their pro-
pensity for chaos ([15-17]). Liu and Chen [15], Zhang et al. [16] have studied
predator-prey system with Holling type-1I [15] and type-1V [16] with impulsive
perturbations on the predator, and the impulsive perturbations bring to the sys-
tem complexity. Wang et al. [17] studied the three food chain with impulsive
effects on top predator, and the impulsive perturbations also bring to these sim-
ple system chaotic solutions. In this paper, we want to investigate the complexity
of system (1.1).

There are advantages in analyzing dimensionless equations. We take vari-
able changes as following

S H P
X=—, y=-—, = .
So 8150 818250
After some algebra, this yields
[ dx mixy
Ccllt " l+4ax +bx?’
y mpxy mayz .
e — — , ¢ ! T T, :1,2,...,k,
dr l4+aix +b1x2 1+ ayy + bry? 7T+ i )
) %: myyz (1.2)
dt 14 ay+byy?
Ax =di(1 —x),
Ay = —d;y, t=nt+71,0=12,...,k).
Az = —d;z.
with
0
m1S s0 50 50 B15})
my) = A—l’ myp = sz ) a) = A_l’ ajy = AZ’ b A]O )
325%55

b2 A ) _T7 dl_Dl, Tl_T'l.’ (l=1’27 7k)

2

For convenance, through this paper, we denote dp = 0 and 7y = 0.

The organizations of the paper are as following. In next section, we inves-
tigate the existence and stability of the periodic solutions of the impulsive sub-
system with substrate and prey. In Section 3, we study the locally stability of
the boundary periodic solution of the system and obtain the threshold of the
invasion of the predator. By use of standard techniques of bifurcation theory,
we prove that above this threshold there are periodic oscillations in substrate,
prey and predator. In Section 4, the bifurcation diagrams of different coefficients
show that with increasing the bifurcation parameters, there exists complexity for
the pulsed system including periodic doubling cascade, periodic halving cascade
and Pitchfork bifurcations and tangent bifurcations.



604 F. Wang et al. | Analysis of a Monod—Haldene type food

2. Behavior of the substrate bacterium subsystem

In the absence of the protozan predator, system (1.2) reduces to

dx mixy
— =
de Idax +bix tEnt 4, G=1,2,....k),
dy mixy
dt  1+4apx+bx2 (2.1)
Ax =d;i(1 —x),
t=nt+717,@=12,...,k).
| Ay = —d;y.

This non-linear system has simple periodic solutions. For our purpose, we pres-
ent these solutions in this sections.
If we add the first and second equations of the system (2.1), we have

d(x;ry) = 0. If we take variable changes s = x + y then the system (2.1) can
be rewritten

ds
_=()’ t i '=1,2,...,k,
dr 70t 4, " 22

s =di+ (1 —=d)s@),s0) >0, t=nt+7,G=12,...,k).

For the system (2.2), we have the following lemma 2.1.
Lemma 2.1. The subsystem (2.2) has a positive periodic solution s(¢) = 1 and for
every solution s(¢) of (2.2) we have |s(t) — 1| — 0 as t — oo, where 5(t) = 1,¢t €

(nt,(n+ D], n € N.

By the lemma 2.1, the following lemma is obvious.

Lemma 2.2. Let (x(¢), y(¢)) be any solution of system (2.1) with initial condition
x(0) >0, y(0) > 0, then lim;_ o |x(¢) + y(z) — 1| = 0.

The lemma 2.2 says that the periodic solution s(¢) = 1 is uniquely invariant
manifold of the system (2.1).

Theorem 2.1. For the system (2.1), we denote

= +a +b) 3L In(1l —dy)

*
my .
! T
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(1) If m; < m7, then the system (2.1) has a unique globally asymptotically
stable positive t-periodic solution (x.(z), y.(t)), where

Xe(t) =1, y.(t) = 0; (2.3)

(2) If my > m7, then the system (2.1) has a unique globally asymptoti-
cally stable positive T —periodic solution (x, (), ys(¢)) and the r-periodic solution
(xe(2), ye(2)) 1s unstable. The t-period positive solution yy(¢) satisfies

k

' mi (1= ys() R

Proof. By lemma 2.1, we can consider the system (2.1) in its stable invariant
manifold 5(¢) = 1, that is

dy mi(l —y)y .

— = , t#nt+1,0G=12,...,k),

dt — 14a1(1—y)+b1(1—y)? 7 i ) (2.5)
Ay =—diy,0 <y <1, t=nt+717,@=12,...,k).

Suppose y(z, yg) is a solution of equation (2.5), with initial condition yy €
[0, 1]. We have

y(t, yo) = y((nt + @) ")

m1(1—=y(l, o))
dl ’ i i 9
exp(/nr+n1 +ar(1=y(, y0)) + bi(1=y(, y))? ) Pe T Tt T
y((nt + ‘Ci)"") =1 -d)ynt + 1), y(o-l-) — v, = nt+ 1
(2.6)

For (2.5), we have the following properties:

(1) 0 < y(¢, y9) < 1,t € (0, 00) is piecewise continuous function;

(2) The function F(yg) = y(t, yo), yo € (0, 1] is a increasing function;
(3) y(t,0) =0,1 € (0, 00) is a solution .

The periodic solutions of (2.5) satisfy the following equation

k
T m1(1 — y(, yo)) )
" in:1( Jew (/0 L+ar(1 =y, y0)) + bi(1 = y(, y0))? &7

By (i) and (ii), we know that if 1 < Hl 1I=d) < exp(1+a +b1) thatism; < m7, the
equation (2.5) has a unique solution in (0, 1]; otherwise, it 'has no solution in 0, 11.

If m; < m7, then the equation (2.5) has stable periodic solution y.(t) = 0.
By lemma 2.2, we have lim,_, o |x(¢) — 5(z)| = 0. We have proved in (1).
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If my > m7, then the equation (2.5) has uniquely positive periodic solution.
We denote this positive periodic solution

ys(®) =y, y5), x(1) =5() — y(t, yp).

From (2.6), we obtain the formate (2.4) hold.
For proving the stability of the period solution y,(z), we define a function
G(y0): yo € (0, 1) as following:

k
: mi(1 — y(, y0)) )
Gom =TT —a dr).
(o) il:[f )‘”‘p(/o a1+ (1 =y, yo) + b (1 = y(l, y0))?

Noticing equation (2.5), we have

G(yp) = y(Ty’OyO), v € (0, 1). (2.8)

It is obvious that G(yy)) = 1.

Furthermore, %yoy‘)) > 0,t € (0, 7) is hold (otherwise, there exist 7y > 0,0 <
y1 < y2 < 1 such that y(t, y1) = y(t, y2), that is a contradiction with the differ-
ent flows of system (2.5) not to intersect). So we obtain that the function G(yg)
have the following properties:

Gyo) <1, if yy<y <1,
GOyo) =1, if yo=yg, 2.9)
G(yo) >1, if 0<yo<y;.

Furthermore, we obtain the following equations

Yo > y(t1, yo) > -+ >yt + 7, y0) > yg, i yg <yo <1, (2.10)
Yo < y(T1,y0) < --- <yt +7i,y0) <y;. if &<y <y '

Set yo € (0, 1). According to (2.10), we suppose that
lim y(nt, yo) = a.
n—o0

We shall prove that the solution y(z, a) is t-periodic. We note that the functions
ya(t) = y(t +nt, yo), due to the t-periodicity of equation (2.5), are also its solu-
tions and y,(0) — a as n — oco. By the continuous dependence of the solutions
on the initial values we have that y(t,a) = lim,_ o y,(t) = a. Hence the solu-
tion y(z, a) is t-periodic. The periodic solution y(z, y;) is unique, so a = Y.

Let ¢ > 0 be given. By the theorem 2.9 [9] on the continuous dependence
of the solutions on the initial values, there exists a § > 0 such that

ly(t, yo) — y(t, y5)| < &,
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if [yo — y5l <6 and 0 <t < 7. Choose n; > 0 so that |y(nt, yo) — y;| < 8 for
n > ny. Then [y(t, yo) — y(¢, y5)| < & for t > nt which proves that

Tim_ 1(,30) = vy =0 30 € (0,50)].

For the system (2.1), by lemma 2.2 we obtain that for any solution (x(z), y(¢))
with initial condition x(0) > 0, y(0) > 0, |x —x5] = 0, |y — ys| = 0 as t — oo.

From the r-period solution y; being globally asymptotically stable, we can
obtain that the multiplier i of y,, which satisfies

©mxg (D (1 = bixg (1)
=ex d ) <1, 2.11
a p(/o 1+ axs () + b1x2(0) &1
where we have used (2.7). This conclusion will be used in the Section 3. We have
proved (2). O

3.  Stability of the boundary periodic solution

In order to investigate the invasion of the predator of system (1.2), we add
the first, second and third equations of it and take variable changes s = x+y+z,
then we obtain the following system

d

& o, ttnt41, G=1,2,...,k),

dr

sty =d; + (1 —d)st),s©0) >0, t=nt+7,G=12,...k).
By the lemma 2.1, the following lemma is obvious.

Lemma 3.1. Let (x(¢), y(¢), z(t)) be any solution of system (1.2) with X (0) > 0,
then

lim (1) + y(6) +2() — 1] = 0. 3.1)

The lemma 3.1 says that the periodic solution §(¢) = 1 is an invariant man-
ifold of the system (1.2).

By theorem 2.1, we know that the system system (1.2) has the nonnegative
boundary t-period solutions

(xE(t)s )’e(f), 0) = (15 O’ 0)9 (Xs(t), )’s(f), O) (lf mp > mT)

For convenance, in the following discussing if m; > m], we denote that

\ > —d)

m; :

T v () :
Jo T+azys (D) +byy2 (1) di
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Theorem 3.1. Let (x(z), y(¢), z(¢)) be any solution of system (1.2) with X (0) > 0.

(1) If my < m7, then the system (3.1) has a unique globally asymptotically
stable positive t-periodic solution (1,0, 0).

(2) If m; > m] and my < mj, then the system (1.2) has a unique glob-
ally asymptotically stable boundary t-periodic solution (xs(t), ys(¢), 0)
is globally asymptotical stable.

(3) If m;y > m} and my > mj, then the periodic boundary solution
(1 — ys(2), ys(¥), 0) of the system (1.2) is unstable.

Proof. The proof of (1) is easy, we want to prove (2) and (3). The local sta-
bility of periodic solution (x,(¢), ys(z), 0) may be determined by considering the
behavior of small amplitude perturbations of the solution. Define

x(t) = u(t) +x5(1), y(1) = v() + ys(1), 2(1) = w(2),

there may be written

u(t) u(t )
v() | = ;1) v(tl.tl) o1 <t<71,@=12,...k),
w(r) w(z )

where @;(¢) satisfies

Comy(=bix)) 0
do (1 4+ ayxs + b1x2)2  Haxtbixg
i 2
dr miys(1 = b1x5) myxg _ mys ®; (1),
(1 +ajxs + b1x2)? I+axg+bixd I4azys+bry?
0 0 __Mmays
I+ayys+bry?

and CDZ‘(‘L'itl) = I, the identity matrix. Hence the fundamental solution matrix is

d1i(ti) P2 (Ti) *
®;(1;) = $3i (1) P4i (1) 3k ) (3.2)
Ti mpys (1)
0 0 exp (ffi—l Ty ()-+hay2(D) dl)

It is no need to give the exact form of (x) and (xx) as it is not required in the
analysis that follows. The linearization of impulsive subsystem (1.2) become

u(ntiJr) 1 —d; 0 0 u(nt;)
v(nrl.+) = 0 1 —d; 0 v(nt)
w(n‘c{") 0 0 1 —d; w(nt)
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We denote that

(1—4d;) 0 0
M; = 0 (1 —-4d;) 0 ®;(t;), i =1,2,...,k).
0 0 (1—4d;)

Hence, we obtain the fundamental solution matrix M is

M = M --- MyM,
$11()  @12(7) *
$1(t)  ¢P2(7) ok

0 0o JIL,a —di)exp(

. mays(0)
dl
Jo 1+ apys (1) + bay2(l) )

The eigenvalues of the matrix M are u3 = Hle (1—d;) exp ( fot(#fb)zyz(l)dl)

and the eigenvalues w1, o of the following matrix

é11(7)  @12(7)
(¢21(T) d22(7) ) (3.3)

The 1, uo are also the multipliers the locally linearizing system of the sys-
tem (2.1) provided with m > m] at the asymptotically stable periodic solution
(x5(2), ys(1)), according to Theorem 2.1, we have that u; = u» = u < 1.

. If my < m3}, the Hle(l — di) exp(fy lﬁgsyg?l)dl) < 1, the bogndary peri-
odic solution (x, (), ys(t), 0) of the system (1.2) is locally asymptotically stable.

We have that

¢ n i ! m2ys(l)
0 =alJa=dprla=dne (/o [+ am, () + bzyza)dl) |

j=1 j=I
temnt+rt,nt+1l, i=1,2,... k.

Hence we obtain that for any solution (x(¢), y(¢), z(z)) with X(0) > 0, z(t) — 0
as t — oo. By lim;_ o |x(#) + y(t) + z(t) — 5(¢t)| = 0, we have lim;_ o |x(#) +
y(t) —5(t)| = 0. Now using theorem 2.1, we have lim;_. o |y(#) — ys(t)] = 0 and
lim; o0 |x(2) — fs(t)| = 0}; . wose D)

' If my > 1?12, the ([Ti—; (1 — di)) exp(/, mdb > 1, the boundary
periodic solution (x4(z), ys(¢), 0) of the system (1.2) is unstable. We complete the
proof. 0

Let B denote the Banach space of piecewise continuous, t-periodic functions
N: [0, 7] — R? and have points of discontinuity 7;, (i = 1,2, ..., k), where they are
continuous from the left. In the set B introduce the norm [Ny = suppg,<; [N ()]
with which B becomes a Banach space with the uniform convergence topology.

For convenience, just like [18] we introduce the following lemma 3.2 and 3.3.
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Lemma 3.2. Suppose a;j € Band 0 <dy; <1,0<dy; <1, =1,2,...,k).

(a) If Hle(l—dzi)exp(fot an(s)ds) # 1, l_[f:l(l—dli)exp(for ar1(s)ds) # 1, then
the linear impulsive homogenous system

dy

3. = + )

g GO e b i =1,2,...,k),

d_t2 =danys, (3.4)

Ayy = —dy;y1, :
t=nt+r7,(=12,...,k).

Ayr = —da;y2, " i 0 )

has no nontrivial solution in B x B. In this case the nonhomogeneous system

dx;

- =aiixy +apx+ 1,

g nxtat Al =12 k),

g, = @x+ f (3.5)

Ayp = —dy;y1, .
t=nt+7,0=12,...,k).

Ayr = —da; y2, nT AT, )

has, for every (f1, fo) € B x B, a unique solution (xi,x») € B x B and the
operator L: B x B — B x B defined by (x{, x2) = L(f1, f») is linear and
compact. If we define that

%:azz)(z—i—fz, l#l’lf—i‘fi,(i:l,z,...,k).
Ayz:—dzlyz’ l‘:n‘[-}-l’i,(i:l,z,...,k).

has a unique solution x, € B and the operator Ly: B — B defined by x, =
L, f> is linear and compact. Furthermore, the equation

t

%=a11xz+f1, t#nt+1,(0@=12,...k).
Ay = —dy;y1, t=nt+71,0=12...,k).

for f3 € B has a unique solution (since fOr ai1(s)ds #0) in B and x| = L1 f3
defines a linear, compact operator Li: B — B. Then we have

L(f1, f2) = (Li(apnLafr + f1), L2 f2). (3.6)

(b) If Hle(l—dzi)exp(fot an(s)ds) =1, Hf'(:l(l_dli)eXp(for ar1(s)ds) # 1, then
(3.4) has exactly one independent solution in B x B.
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Lemma 3.3. Suppose that « € B, 0 < d; < 1,G = 1,2,...,k), Hf.‘zl(l —
d;) exp( fOT a(s)ds) =1 and f € B. Then the impulsive equation

%:ax+f, tEnr =12, k),
Ax = —d;x, t=nt+71,(@=12,...,k).

has a solution x € B if and only if [ f(/)(exp(— féa(s)ds))dl =0.

By the lemma 3.1, in its invariant manifold § = x(¢) + y(¢) + z(t) = 1, the
system (1.2) reduce to a equivalently nonautonomous system as following

[ dy _ mi(l—y—z)y ___myz
dr 7 l+a(d—y—2)+bi(1-y—2)2  l4+apy+bry?’ t#nt+ 1,
dz _ _ moyz (i=12,...,k).

] dr T lray+hoy?’ (3.7)
Ay = —d;y, t =nt+ 1, '
Az = —d;z, i=1,2,...,k).

[ y(0) > 0,2(0) >0, y(0) +2z(0) < 1,

If my > m7, for the system (3.7), by the theorem 3.1 the boundary periodic solu-
tion (ys(7), 0) is locally asymptotically stable provided with my < mj, and it is
unstable provided with m; > mj, hence the value m3 practises as a bifurcation
threshold. For the system (3.7), we have the following results.

Theorem 3.2. For the system (3.7), m; > m] and l—bzysz(t) > 0 (r € [0, 7]) hold,
then there exists a constance Ao > 0, such that for each my € (m3,m3 + o),
there exists a solution (y,z) € B x B of (3.7) satisfying 0 < y < y;,z > 0 and
x=1—y—z>0 for all t > 0. Hence, the system (1.2) has a positive t-periodic
solution (1 —y —z,y, 2).

Proof. Let x; =y — ys(t),x = z in (3.7), then

% = F11(xs, ys)x1 — Fia(ma, x5, ys)x2 + g1(x1, x2), t#£nt 41
I = Fr(ma, yoxa + ga(x1, x2), =12 k>(3.8)
Ax) = —dx t =nt+ 1,
Axy) = —dx» (i=12,...,k),
where
mix, mi(1 — b1x2)y,
Fii (x5, y5) = - SoIor
1 +ayxs +bixg (1 +ajxg +b1xg)
mi(l — bix2)ys myy
F12(m2,x5~7 y&) = : ; 2 u 2,
(I +aixs + b1x7) 1 + ayys + bay:
mays

Fry(mo, = .
20(my, ys) [y + boy?
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We know that Hle(l — di)exp(Jy #ﬁiy&(l)d” # 1, by the lemma 3.2,

using L we can equivalently write the system (3.8) as the operator equation
(x1,x2) = L*(x1, x2) + G(x1, x2), (3.9)

where

L*(x1, x2) = (L1(=F12(m2, x4, y5) L2x2), —L2Xx2),
G(x1,x2) = (L1(=F12(my, xs, y5)g2(x1, x2) + g1(x1, x2)), L2ga(x1, x2)).

Here L*: Bx B — B x B is linear and compact and G: Bx B — B x B is contin-
uous and compact (since L and L, are compact) and satisfies G = o(|(x1, x2)|o)
near (0, 0). A nontrivial solution (x1, x») # (0, 0) for some m» > 1 yields a solu-
tion (y,z) = (ys + x1, x2) of the system (3.7). Solutions (y, z) # (ys,0) will be
called nontrivial solutions of system (3.7).

We apply well-known local bifurcation techniques to (3.9). As is well
known, bifurcation can occur only at the nontrivial solution of the linearized
problem

(1, y2) = L*(y1, y2), ma > 0. (3.10)

If (y1,y2) € B x B is a solution of (3.10) for some m> > 0, then by the very
manner in which L* was defined, (y1, y2) solves the system

dx1

—L = F11(xs, y5)x Fia(ma, xg, ys)x2,

dr 11 (X5, ys)x1 12(m2, Xy, ¥5)X2 t#nt+1,0@=12,...,k),
dz2 = Fp(my, ys)xa,

Ax) = —dixy, =nt+7,(0=

Axy = —d;x2, mrrm =2l

(3.11)

and conversely. Using Lemma 3.2 (b), we see that (3.11) and hence (3.10) has
one nontrivial solution in B x B if and only if my = mJ3. Hence there exists a
continuum C = {(m»; x1, x2)} € (0,00) x B x B nontrivial solutions of (3.10)
such that the closure C contains (m3;0,0). This continuum gives rise to a con-
tinuum Cy = {(my; y, 2)} €(0, o0) x B x B of the solutions of (3.7) whose closure
C) contains the bifurcation point (m%; yy, 0).

To see that solutions in C; correspond to solutions (y, z) of (3.7), we inves-
tigate the nature of the continuum C near the bifurcation point (m3;0,0) by
expending mj, and (xg, x2) in Lyapunov-Schmidt series:

my=mj+re+---,
x| = X116 + X287 - -,
X =x018 +ame’ + oo,
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for x;; € B where ¢ is a small parameter. If we substitute these series into the
differential system (3.7) and equate coefficients of ¢ and ¢ we find that

%ZFII(XS»YS)XH — Fra(ma, x5, ys)x21, t#nt +1,
%=F22(m29 ys)lea (l = 1’2""’k)’ (312)
Axyp = —dix11, t=nt+1,
Axy1 = —d;xay, (i=1,2,...,k),
and
X2 = Fui@s, yo)xi2 = Fialmg, x5 y9)an + Golanxp A0 o
m(1=byy2)x1y . v
Xzz = F22(m2ays)x22+m Ays+m) (i=12,...,k),
Axpp = —dix12, t=nt+71,
Axy = —d;ix2, (i=12,....k),

respectively. Thus, (x11, x21) € B x B must be a solution of (3.10). We choose the
specific solution satisfying the initial conditions x»>;(0) = 1. Then

o o m;)’s()
= [[A —dpexp ( (1+a2ys<l>+bzy3<l>)dl) =0

nt+t_1<t<nt+r,
x1(00) = 1.

. T myxs(1=byx; 2)
Moreover x1; < 0 for all t, (since mi>m7 and (2.11), hence |, ljr o +bl]x2 dl <0,

which implies that the Green’s function for first equation in (3.11) is posmve).
Using Lemma 3.3, we find that

T mix11 (021 () (1—bay2 (1)) ( m3ys(l) )
Jo = Tramormzaor - SXP Jo T rbnio L) 4t

A= — > 0,

T X21 Vs . mgy.v(l) )
b Tramormm & p( by Tramtremmzm &) 4
provided with 1 — bzysz(t) > 0. Thus we see that near the bifurcation point

(m3;0,0) (say, for 0 < |my —m3| = Ale] < Ao ) the continuum C has two (sub-
continua) branches corresponding to ¢ < 0, & > 0 respectively:

CT = {(ma; x1,x2) :m5 <my <mj+ ko, x1 <0, x>0},
C™ ={(ma; x1,x2) :m5 — Ao <mp <m3,x1 > 0,x3 <0}

The solution is on CT which prove the theorem, since A > 0 is equivalent to
my > m;. We have left only to show that y = x; + y; > 0 for all t. This is
easy, for if Ay is small, then y is near y, in the sup norm of B; thus since y, is
bounded away from zero, so is y. At same time, by theorem 3.1, for the system
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Figure 1. Bifurcation diagrams of system (1.2) with my = 8,a; = 0.2,ap = 0.3,b7 = 0.1,
by = 03,df = 09,dy = 08,71 = 04r,7p = v = 8§ and 0.2 < my < 12.2 and initial values
x9 =0.5,y9 = 0.7, z9 = 0.05.

(1.2), y is near y; means that x is near x,; thus x = 1 —y—z > 0. We notice that
the periodic solution (y, z) is t-periodic. So x = 1 —y —z is piecewise continuous
and t-periodic. We complete the proof. O

4. Chemostat chaos

In this section, we will analyze the complexity of the impulsive system (1.2).
By theorem 2.1, 3.1 and 3.2, we know that if m; < m7, the periodic solution
(5(1),0,0) 1s globally asymptotically stable; if m; > m}] and my < m3, then
the (x5(2), ys(2), 0) is globally asymptotically stable. According to Theorem 3.2,
if m; > m} and mp > m3, the predator begins to invade the system.

We want to investigate the influence of mi. In the system (1.2), set my = 8,
ay =02,ap =03,b =0.1,bp =03,dy =09,d, =08, 71 =047, 1o =1 =8
and 0.2 < m; < 12.2. The influences of m; may be documented by stroboscopi-
cally sampling some of the variables over a range of m; values. We numerically
integrated system (1.2) for 500 pulsing cycles at each value of m;. For each m,
we plotted the last 200 measures of the prey y and the predator z. Since we sam-
pled at the forcing period, periodic solutions of period T appear as fixed points,
periodic solutions of period 2t appear as two cycles, and so forth. The result-
ing bifurcation diagrams (figure 1) clear show that: with increasing m; from 0.2
to 12.2, the system experiences process of cycles — periodic doubling cascade
—chaos — cycles — periodic doubling cascade —chaos — periodic halfing cas-
cade — cycles, which is characterized by (1) period doubling, (2) period halfing.

When my is small (m; < go =~ 0.66), the solution (1,0, 0) is stable. When
mi > qo, the prey begins invade the system and the solution (xg, yg,0) is sta-
ble if m; < g1(> qo). When m| > ¢, the predator begins invade and a stable
positive period solution (figure 2(a))is bifurcated from (x;, ys,0) if m; < o =
0.9. However, when m| > ¢, the stability of t-periodic solution is destroyed and
27-periodic solution occurs (figure 2(b)) and is stable if m| < g3 = 1.26. When
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Figure 2. Doubling bifurcation. (a)-(d) Phase portraits of t, 27, 4r-period solutions and chaotic
solution for m1= 0.8, 1.18, 1.302 and 1.361, respectively.

my > g4 ~ 1.32, it is unstable and there is a cascade of period doubling bifur-
cations leading to chaos (figure 2 (c, d)). Continuously increasing m; ~ 2.2, the
chaotic solution suddenly shrinks to a t-period solution and further the system
shows next doubling bifurcations. A typical chaotic oscillation is captured when
mp = 2.98 (figure 3). When m; > 5.18 is followed by a cascade of periodic hal-
fing bifurcations from chaos to cycles (figure 4). This periodic-doubling route to
chaos is the hallmark of the logistic and Ricker maps [19, 20] and has been stud-
ied extensively by Mathematicians [21]. Periodic halving is the flip bifurcation in
the opposite direction, which is also observed in [22].

It is obvious, from the resulting bifurcation diagrams figure 1, we observe
that there exists more than one attractor for the same m;. In such a case, the
state that the system will reach depends on its initial value. An example of two
different stable states, a t-period attractor and a strange attractor, observed for
the same values of impulsive period, is shown in figure 5.

We want to investigate the influence of mj. Set m; = 6,a; = 0.2,ap =
02,by = 0.1,bp = 03,dy = 09,d, = 08,77y = 04r,» = 7 = § and
1 < my < 18.8. We numerically integrated system (1.2) for 500 pulsing cycles
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(b)
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Figure 3. A strange attractor: (a) phase portrait of system (1.2) of m1=2.98, (b) time series of y
solution with initial values xy = 0.5, yg = 0.7, z¢ = 0.05.

Figure 4. Halving bifurcation. (a)-(d) Phase portraits of 67, 3t, 2t and t-period solutions for
ml =9.06, 9.38, 10 and 11.8, respectively.
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Figure 5. Coexistence of a strange attractor with a 2tr-periodic solution when m| = 4.18: (a)
a strange attractor with (x(0),y(0),z(0)) = (0.5, 0.7, 1.8), (b) a t-periodic solution with (x(0),y(0),
z(0) =(0.5, 1.7, 0.02).

(a) 05 NI
08" B2
06
06 1.
y 044 z
. 0.4 1
029" 02
n- .-l T T T T L M B B B 0 T T T T T T T YT
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
n2 m2

Figure 6. Bifurcation diagrams of system (1.2) with m; = 6,a; = 0.2,ap = 0.2,b7 = 0.1,
by = 03,dy = 09,dp = 08,71 = 04r,7p = 7 = 8and 1 < my < 18.8 and initial values
x0 = 0.5, y9 = 0.7, z9 = 0.05.

at each value of m,. For each m», we plotted the last 200 stroboscopic measures
of the prey y and the predator z. The resulting bifurcation diagrams (figure 6)
clear show that: with increasing m, from 0.2 to 18.8, the system experiences pro-
cess two time’s periodic doubling bifurcations. Comparable changes occur with
an increase in the pulse period t. Set my = 6,my = 8,a; = 0.2,ap = 0.2,b; =
0.1,bp=03,d1 =09,d, =08, 71 =041, 1p =7 and 0.2 < v < 18.2. The result-
ing bifurcation diagrams (figure 7) clear show that: with increasing t from 0.2
to 18.2, the system also experiences process two time’s periodic doubling bifur-
cations.

Pitchfork bifurcations and tangent (saddle node) bifurcations are abun-
dantly evident in cycles in figures 1, 6 and 7, as well as attractor crises (the phe-
nomenon of “crisis" in which chaotic attractors suddenly appear or disappear,
or change size discontinuously as or change size discontinuously as a parame-
ter smoothly varies, was first extensively analyzed by Grebogi et al. [23]). For
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Figure 7. Bifurcation diagrams of system (1.2) with m| = 6, my = 8,a; = 0.2,ap = 0.2,b; = 0.1,

by =03,d1 =09,d) = 08,71 = 047,750 = 7 and 0.2 < v < 18.2 and initial values xy = 0.5,
yo = 0.7, z9 = 0.05.

instance, in figure 7, when the forcing period 7t is slightly increased beyond 7 =
9.17, the chaotic attractor abruptly disappears, thus constituting a type of crisis.

5. Conclusions

In this paper, we introduce and study a model of a predator-prey system
with Monod-Haldene type functional response with seasonally variably pulsed

input and washout. Firstly we find the invasion threshold of the prey, which is
m* = —(I+a1+b) 35 In(1-d;)

] - I my < m7, the perlodlc periodic solution (1,0, 0)
is globally asymptotically stable and if m; > m7, the prey starts to invade the
system. Furthermore, by using Floquet theorem and small amphtude perturba-

—>* In(1—dy)
ys (D)
I I+ayys ()+by 3 (1)
to play as the invasion threshold of the predator, that is to say, if my < mj

the boundary solution (xg, ys, 0) is globally asymptotically stable and if m, >
m3 the solution (xs, ys, 0) is unstable. By using standard techniques of bifurca-
tion theory, we prove that above this threshold there are periodic oscillations in
substrate, prey and predator.

Choosing different coefficients m, my and pulsed period t as bifurcation
parameters, we have obtained bifurcation diagrams (figure 1, 6, 7). Bifurcation
diagrams have shown that there exists complexity for system (1.2) including peri-
odic doubling cascade, periodic halving cascade and Pitchfork bifurcations and
tangent bifurcations. Further, we can conclude from the results obtained in the
paper that periodically pulsed input and washout make the food chain chemostat
occur with various kinds of periodic fluctuations, period-one attractors, multi-
period attractors and chaotic attractors. More than one stable state may exist
for the same parameter values. All these results show that dynamical behavior
of system (1.2) becomes more complex under periodically impulsive input and
washout.

tion skills, we have proved that if m| > m7, there exists m3 :=
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