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J.R. CHRISTIE!, K. GOPALSAMY" and JIBIN LP

(Received 24 March 1997; revised 17 November 1999)

Abstract

Lotka-Volterra systems have been used extensively in modelling population dynamics. In
this paper, it is shown that chaotic behaviour in the sense of Smale can exist in time-
periodically perturbed systems of Lotka-Volterra equations. First, a slowly varying three-
dimensional perturbed Lotka-Volterra system is considered and the corresponding unper-
turbed system is shown to possess a heteroclinic cycle. By using Melnikov’s method,
sufficient conditions are obtained for the perturbed system to have a transverse heteroclinic
cycle and hence to possess chaotic behaviour in the sense of Smale. Then a special case
involving a reduction to a two-dimensional Lotka-Volterra system is examined, leading
finally to an application with a model for the self-organisation of macromolecules.

1. Introduction

Lotka-Volterra systems and many of their variants have been the subject of numerous
studies. Many authors have investigated the potential chaotic behaviour of certain
systems of Lotka-Volterra equations (see for instance [4, 6, 10, 11, 14-16, 20, 21]) and
a large number of authors have used computer simulations in their investigations.
There are not many analytical methods available to establish the existence of chaotic
behaviour in systems of differential equations. However, if we have an autonomous
system of ordinary differential equations possessing a heteroclinic cycle or 2 homo-
clinic orbit, then we can study such systems under a time-periodic perturbation by
using a technique originally due to Melnikov [13]. This technique is called Melnikov’s
method and it can be used to establish the existence of a transverse heteroclinic cycle
or a transverse homoclinic point in the dynamics generated by the associated Poincaré
map [7, 23]; the existence of such a cycle or point then implies the existence of chaotic

!Department of Mathematics and Statistics, The Flinders University of South Australia, GPO Box 2100,
Adelaide, South Australia, 5001, Australia; e-mails: johnc and gopal @ist.flinders.edu.au.

Institute of Applied Mathematics of Yunnan Province, Department of Mathematics, Kunming
University of Technology, Yunnan 650093, People’s Republic of China; e-mail: jibinli @ynu.edu.cn.

© Australian Mathematical Society 2001, Serial-fee code 0334-2700/01

399

https://doi.org/10.1017/51446181100012025 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100012025

400 J. R. Christie, K. Gopalsamy and Jibin Li 2]

behaviour in the sense of Smale by the Smale-Birkhoff homoclinic theorem [24,27].
The authors have given an application of Melnikov’s method to a sociobiological
system in a recent paper [2].

The study of Lotka-Volterra systems driven by time-periodic external forces is of
considerable interest in applications since almost all communities (macroscopic and
microscopic) of natural populations are in periodic environments (seasons, daylight,
temperature, mating habits, food availability). One of the primary concerns is to
examine and understand how the magnitude of perturbations affect the densities of
various species in different communities. A wide variety of dynamical behaviour of
systems in periodic environments is possible [5]. The primary purpose of this article
is to use Melnikov’s method to investigate the potential existence of chaotic behaviour
in certain Lotka-Volterra systems driven by time-periodic perturbations.

The layout of the paper is as follows. In Section 2, we consider a slowly varying
perturbed three-dimensional Lotka-Volterra system and show that the corresponding
unperturbed system has a heteroclinic cycle and a continuous family of periodic orbits.
In Section 3, we use the results of Wiggins and Holmes [25] to apply Melnikov’s
method. Sufficient conditions for the existence of chaotic behaviour in the sense of
Smale are obtained. Then, in Section 4, we consider a special case of the three-
dimensional Lotka-Volterra system which we reduce to a two-dimensional system.
Finally, in Section 5, an application is given with a model for the self-organisation of
macromolecules. A sufficient condition for the existence of chaos is provided.

2. The Lotka-Volterra system

Consider the slowly varying time-periodically perturbed Lotka-Volterra system

X = x(c— bx — 2dy + az) + €[Mx + (As + Asx) sin ],

dt

d

d—f = y(=c + 2bx +dy — az) + €My + (s + Asy) sinot], @.1)

d

d—f = €2(hs + As SIN W7 — Agk + A7y — Ag2),
where 0 < € <« 1 denotes the perturbation parameter, @ > 0 is the frequency of
the perturbation, a, b, ¢c,d > 0and A; j = 1,..., 8) are real parameters. Letting
¢(t) = wt (mod T), where T = 2;r/w is the period of the perturbation, we have the
suspended system

d

d—“: = x(c ~ bx — 2dy + az) + €[Ax + (A2 + Asx) sin @),

d

d—f = y(—c+2bx + dy — a2) + €Ly + (02 + Asy) sin @], @.2)
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dz .
vl €z(As + Assing — Agx + Ay — A32),

d¢

dt
where (x, y,z, ¢) € R? x $,,, in which S,, = R (mod 27). Now (2.1) withe =0
is a one-parameter family of planar Hamiltonian systems with Hamiltonian

w,

Hx,y,z2)=xy(c—bx—dy+az)=nh. 2.3)

In the plane z = 2, there are four fixed points: A(0, 0), B(0, p/d) and C(p /b, 0) are
saddle points; D(p/(3b), p/(3d)) is a centre, where p = ¢ + azp. Consider x > 0,
y = 0and z > 0. The straight lines x =0, y = 0 and p — dy — bx = 0 are invariant
lines. When & € (0, p*/(27bd)), the family of curves defined by (2.3) is a continuous
periodic family {I"**} surrounding the centre at D. The system (2.1) for ¢ = O has the
phase portrait shown in Figure 1(a). There are three heteroclinic orbits consisting of
three straight line segments connecting the three saddle points. The existence of this
heteroclinic cycle enables us to consider an application of Melnikov’s method in the
next section. One can derive the following parametric representations for the three
heteroclinic orbits (each orbit lies on the plane z = z,):

c+az

AB : ) =0, )= s 24
%o(t) Yl = S0 T exp(c + a0D) 24)
- c+az
AC: 1) = , 1) =0, 2.5
*o(t) b(1 + exp(—~(c + az)1)) yo(®) 25)
c+az c+az
BC: 1) = s t) = , 2.6
*o(®) b(1 + exp((c + az)t)) Yo(®) d(1 + exp(—(c + az)?)) (2.6)
and the periodic family {I"*%} has parameterisation: |
_ Y
0= b’
0 = _l_ o by ta 2A2Q sn(Q, k) en(R, k) dn(R2t, k)
O = | T T At k) T~ 1= AZsn2(Q1, k) ’
Zl(t) = 20,
where A = (8 — y)/B, R = /b(e — y)B/2 and a, B and y are the real zeros of the
polynomial
Guw) = u’ — %(c+ az)u® + %(c+ az)’u — 4517}’,

for fixed z = z, and ¢ > p/b > B > p/(3b) > y > 0. The functions
sn(-, k), cn(-, k) and dn(., k) are Jacobi elliptic functions [1] with elliptic modu-
lus £k = /(B —y)af[(« —y)B], 0 < A < k. The period of the family {I'*%} is
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Th* = 2K (k)/ 2, where k € (0, 1), in which K (k) is the complete elliptic integral
of the first kind [1]. As h varies from 0 to p3/(27bd), k decreases from 1 to O and
{I"*} contracts to the centre D. The period of {T'*?} is a monotonic function of k. As
k increases from O to 1, the period of {I"**} increases from 0 to oc.

3. Melnikov integrals

Wiggins and Holmes [25,26] have studied periodic orbits and homoclinic or-
bits in slowly varying oscillators (see also {3,18,19,22,27]). Generally, for het-
eroclinic orbits, the Melnikov function for homoclinic orbits cannot work because
(9H /92)(go(—00)) # (3H /32)(qo(00)), where go(r) = (xo(2), yo(?), 20) (see [25]).
However, for the system (2.2) with € = 0, since d H/3z = axy, by (2.4)<(2.6) we
know that (3 H/3z)(ge(—00)) = (0 H /3z)(go(00)) = 0, so that we can use the same
formula for the Melnikov function for homoclinic orbits with heteroclinic orbits:

® (dH aH
M(1) = [ (a—x(Qo(t))g:(qo(t), t+0)+ W(qO(t))gZ(qO(I)’ t+ 1) G.1)

00
[}

oH oH
+EZ—(¢10(I))83(¢10(1), t+ to)) dt — E(Y(ZO)) 83(qo(2), t + 1) dt,

where y is the parameterisation of a union of saddle points of the one-parameter
family of planar systems and g = (gi, &, g3) is the perturbation function (see [25]).
Since the points A, B and C are saddle points of (2.1) with ¢ = 0, when viewed in
the three-dimensional phase space, this system possesses three normally hyperbolic
invariant one-dimensional manifolds A4 (i = 1, 2, 3), given by the union of saddle
points of the one-parameter family of planar systems. Foreachi = 1, 2, 3, .4/ has two-
dimensional global stable and unstable manifolds W*(.#/) and W*(#)) respectively
such that | J3_, W* (A7) (| W*(47) is made up of the union of the heteroclinic orbits
of the one-parameter family of planar systems (2.1) with ¢ = 0 which is shown in
Figure 1(b).

For the suspended system (2.2) with € = 0, we denote the normally hyperbolic
invariant sets by #; = (A}, ) = A X S2,. By the implicit function theorem,

-ﬁi = {(Yi(z)’ ®): vi(2) = (X(Z)v)’(z), Z)’fl(x7yv 2) =f2(x,}’»2) =0,

a(fhfZ)
3(x, ) |,

fori =1, 2, 3, where (f}, f>, 0) is the unperturbed vector field, and

<0,¢ € Su,z2€(0, Z)],

c+az
b

J’x(Z)=( ,0,z>, »2(2) = (0,0, 2), Vs(z)=(0,c+az,z)

d
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(a)

(b)

FIGURE 1. Phase portrait of the system (2.1) withe = 0.
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and Z > 0 is a constant. By Proposition 2.1 of Wiggins and Holmes [25], we know
that there exists €, > 0 such that for 0 < ¢ < ¢ « 1 there exist three normally
hyperbolic invariant one-manifolds

Mo, = {(vi(z,0:€),9) = (ri() + 0(€), 9) : ¢ € $2r,2€ (0, Z)}, i=1,2,3.

Each .#,, has local stable and unstable manifolds denoted by W;{_(.#,) and W (#,,)
respectively, which are C"-close to the local stable and unstable manifolds of .4,
denoted by W;_(.#;) and W, (.#), respectively. We now use Proposition 2.2 of
Wiggins and Holmes [25], a result which involves averaging. Let g;(yi(z)) = 0,
i = 1,2, 3, where g; is the time average of g;. Then, using the fact that

g(x,y,2,t) = z(Ay + Assinwt — Aex + A7y — Ag2),

we have
————— c+az
&n@) =z (M — ¢ - Asz) =0,
83(n@)) =z(ra —As2) =0,
—— c+az
g3 (1s(2)) =z (14 + A7 7 Asz) =0.
Hence we obtain:

(1) When A4 # cAs/b, at the points zo = 0 and zy = z; = (bA4 — chg)/(akrs + bAg)
(if aks+bArg # 0), g3(v1(20)) = 0and d(g3(¥1(2)))/dzl.=s # 0,50 (11(20) + O(e€), @)
is a hyperbolic periodic orbit on .#,, with period 27 /w.

(2) When A, # 0, at the points 2o = 0 and 2y = 2z, = A4/2g (if A3 # 0), g3(2(20)) =
0 and d(g3(2(2)))/dz];=, # O, 50 (¥2(20) + O(€), ¢) is a hyperbolic periodic orbit
on .#,, with period 27 /w.

(3) When A, # —cA,/d, atthe points zp = O and zg = z3 = (dAs+cAy)/(dAs—airy)
(if dAg—ar; # 0), g3(v3(20)) = 0and d(g3(y5(2)))/dzl.=z # 0,50 (¥3(z0)+ O(€), ¢)
is a hyperbolic periodic orbit on .#,, with period 27 /w.

In order to have the existence of a transverse heteroclinic cycle, we have to assume
that three unperturbed heteroclinic orbits lie on the same z, level, so that we need the
condition z5 = z; = 73 = 73 or Zp = 0. From the first condition, it follows that A = 0
and A; = 0. Hence, z) = 2 = z3 == A4/Ag = 2%, say, if Az # 0.

‘We now calculate the Melnikov functions. Along with the unperturbed heteroclinic
orbits given by (2.4)—(2.6), from (3.1) the Melnikov functions are as follows (note that
(0H/32)(yi()) =0,i =1,2,3):

M 45 (%) =f {xo(1)(p — bxo(t) — 2dyo(1)) [A1yo()+(X2 +A3y0(2)) sin(w (2 +10))]
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+ yo(t)(p — 2bxo(t) — dyo(1))[M1x0(2) + (A2 + Asx0(7)) sin(w(? + %))]
+ axo()yo(t)zo(As + As sin(w(t + %)) — Asxo(t) + A7yo(t) — Agzo)} dt
=2 [ 30 - dyoe) sinw s + )

o0

Aop? [ sin(w(t + 1)) 1
= 1- dt
d J.o 1+¢e* 14 e?

® [ coswt cos wt )
—o \1+e* (14 er)?

+cos f°° sin wt sin wt dt
@o o \1+e* (1+er)?
Wiy (nw) .
= cosech{ — | sin wtp,
d p

using a result from [1] and since the integrand of the second integral is odd. Similarly,
we have

2
= Asz [sin wly

oo

Mac(to) = Az f " x0(t)(p — bro() sin((t + 1))dt

—00

___Azpz *® sin(w(t + %)) f— 1 )dt
T b Jo l4e 1+ Pt

Ty (nw) )
= cosech | — ) sin wt,.
b P

Also, we have
Mac() = | " Lo — bxol) — 2dyos)
4 30O — 2bx0(e) — dyo()]sin(@(t + ) dt
— [ 5o + 1 sinGo e + ) i

o

+az / xo(0)yo(£)(As+As sin(@ (1 + 1)) — Asxo(t) +A7yo(t) — As2o) d?

o0
_ Jpp? /‘°° sin(w(t + 1)) 1 12 )
T b ) 1+ ert 1+e* 147
Ap? [ si 2 1
+ zp/‘ sin( + 1)) (| _ _ dt
d J.oo 1+4e? 1+e* 147

_P [T htdssin@@+n)
bd J_o (14 e?)(1+ef)
azp? /‘ ® Xg + As sin(@(t + 1)) — As2o
bd J_ (A +e?)1+e)

dt

+
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azprep® /‘°° dt
bd J_ o (1 +er)(1 +e?)
+ azhp® [* dt

bd? J_o (1+ eP)(14 eP7)2
_ azop (As — A320) _ MPZ aZoP2 ﬁ _ }_6
- bd bd 2bd \d b

1 1 Asp  Asazg Tw\ .
il =+ = e S e .
[2(b+d)+bd ] ]mucosech(p)smwto

Therefore, when zo = 0,

Myp(t) = Ty cosech (%) sin wt,
Mac(ts) = =222 cosech (ic?) sin wto, (.2)
Mgc(t) = .—A—l;;lci - [lz (% + %) + %] o cosech (-71:3) sin wt,.
When zo = z* (and hence A = A; =0 and Ag # 0),
Mas(i) = ”‘:“ cosech(44w) sin e,
Mactto) = =222 cosech(A o) sin wio (3.3)

Mpc(t) = —A1h — (A2A2 + A3d; + AsAs)m o cosech(A 4w) sin wi,

where
(chg +ary)? 1 1 chg + aky
Al=———s——, A=—-+-, A= —m—m—,
: bd)\2 =gty A bdAs
TTAg ary
Ay = ———, s== .
] C)\.g + ak4 bd)\.g
From (3.2), we know that if A, # 0 and
b+d 1
Ml < + A2 4+ —A3| mwcosech (Jr__w) , (34
(o4 [

then every Melnikov function has simple zeros; hence, there exists a transverse het-
eroclinic cycle to the hyperbolic periodic orbits (y;:(0) + O(¢), ¢), i = 1,2, 3, for
sufficiently small €. Similarly, from (3.3),if A, # 0, A3 # 0 and

A]l)\.ll < |A2)\.2 + Ajhs + Asls‘ﬂwCOSCCh(A‘;a)), (35)
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FIGURE 2. Anorbitof R.1)fora=b=c=d =05, 0=1,4; =-0001, 1, =1, A3 =0,A4 = 1,
As =12 =0, =0,A3 = 1 and € = 0.05. The initial value chosen was (x(0), y(0),z(0)) =
(0, 0,0.01). ‘

then there exists a transverse heteroclinic cycle to the hyperbolic periodic orbits
i(Z*) + O(e), ), i = 1, 2,3, for sufficiently small €. In both cases, the Poincaré
map of (2.2) has transverse homoclinic points; this means that (2.2) and hence (2.1)
have chaotic motions of Smale horseshoe type for sufficiently small € by the Smale-
Birkhoff homoclinic theorem [24, 27].

THEOREM 3.1. Suppose A, # 0. If
(1) X4 #0, cr/b, —crq/d and (3.4) holds, or
(2) A #0, A6 =247 =0, Ag # 0 and (3.5) holds,
then chaotic behaviour in the sense of Smale exists in the system (2.1) for sufficiently
small €.

Consider thecase whena = b =c=d =05, 0 =1, A, = =0.001, A, = 1,
A3 =0, =145 =1,45 =0, A7y = 0 and A3 = 1. These parameter values imply
that A, =4,A, =4,A; =4, A, =7, As = —2 and z* = 1 and it is easily verified
that the hypotheses (1) and (2) in Theorem 3.1 are satisfied, so chaotic behaviour
exists for sufficiently small e. We now present a computer simulation in Figure 2
where we have chosen € = 0.05; this figure shows an orbit of (2.1) near the plane
z = 1. Clearly, the plane z = 0 is invariant so orbits that start on z = 0 never leave
z = 0 and, in effect, we have a two-dimensional system which is analysed in the next
section.
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4. The two-dimensional case

Consider the system (2.1) with z= 0. We obtain the two-dimensional time-
periodically perturbed Lotka-Volterra system given by

d_J: = x(c — bx — 2dy) + €[A1x + (Az + As3x) sinwt], “4.1)
d
.% = y(—c+2bx + dy) + €[Ay + (A2 + A3y) sinwt].

Our analysis in Sections 2 and 3 in the case where z, = 0 can be applied to the system
(4.1). Hence, from (3.4), if A, # 0 and

b+d
2

then all three Melnikov functions of the system (4.1) have simple zeros. Hence (4.1)
has a transverse heteroclinic cycle for sufficiently small €, so chaotic behaviour exists
for sufficiently small €.

1
A ] < Ay + ‘Els

7w cosech ( 7—:2) , 4.2)

THEOREM 4.1. Suppose A, # 0 and (4.2) holds. Then chaotic behaviour in the
sense of Smale exists in the system (4.1) for sufficiently small e.

We note that this result could also be obtained using the standard Melnikov’s
method for planar systems with a heteroclinic cycle (see [12]). Consider now the case
whenb=c=d =05, 0=1,1; = —-0001, A, = 1 and A; = 0. Itis easily verified
that these parameter values satisfy the inequality (4.2), so chaotic behaviour exists for
sufficiently small e. We present some computer simulations in Figures 3 and 4 where
we have chosen € = 0.05.

5. A two-dimensional example

In this section we provide an application with a model for the self-organisation of
macromolecules [8,9,17]. We begin by considering a three-dimensional system of
Gauss-Lotka-Volterra type which models self-organisation between three molecular
species 1, 2 and 3 whose densities are x;, x; and x; respectively [17]:

dxl

s =x;(x; + axy + Bx; — M),

dx

7172 = x2(Bx1 + X3 + ax3 — M), (5.1
dx3

a7 = x3(ax; + Bxy + x3 — M),
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0.6

y(t)

041

02

FIGURE 3. Anorbitof 4.1)forb=c=d =05, 0w=1,4; = —0.001,A; = 1, A3 = 0 and € = 0.05.
The initial value chosen was (x(0), y(0)) = (0, 0).

where

M = x,(x; + axz + Bx3) + x2(Bx) + x3 + ax3) + xs(ax; + fx; + x3).

We considerthecase 0 <a <1 < S, a+ 8 < 2. IfweletVV=x1+x2+x3,then

dv
S =Ma-
T i1-w

and so orbits in R3 = {(x1,x2,x3) € R® : x; > 0,i = 1, 2, 3} (with the exception of
the fixed orbit at the origin) converge as ¢ — oo to the invariant simplex

S35 = {(x1, x2,x3) € Ri (X +x,+x3 =1},

‘We consider the dynamics of the system on S; in the limiting case & + § = 2. Then

we can show that the system (5.1) reduces to the two-dimensional system (writing
x=x;andy = x3)

% =1 -a)x(1 —'x - 2y),
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—0—0.1 0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9

X

FIGURE 4. Poincaré points (minus transients) of 4.1)forb=c=d =05, 0 = 1,A; = —0.001, 1, =1,
A3 = 0and € =0.05.

d
d—f = (1 —a)y(~1+2x +y).

This system is identical to the system (4.1) withe =0andb=c=d =1 —a. Now

consider the perturbed system
dx .
:17 =(1- a)x(l —x— 2y) - G[A;x + (A, + A.‘_;x) smwt], (52)
d—}; =1 —-a)y(=14+2x +y) +€[A1y + (A2 + A3y) sinwr],

which is identical to the system (4.1) with b =c=d =1 — a. From (4.2),if A, # 0
and

[Ail < 1242 + A5]

lzrw cosech ({Lw—) , (5.3)

(¢4 —-a

then chaotic behaviour in the sense of Smale exists in the system (5.2) for sufficiently
small €.
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