Journal of Mathematical Chemistry Vol. 28, No. 4, 2000

Numerical solutions for a coupled non-linear oscillator
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A second-order accurate numerical method has been proposed for the solution of a cou-
pled non-linear oscillator featuring in chemical kinetics. Although implicit by construction,
the method enabl es the solution of the model initial-value problem (1VVP) to be computed ex-
plicitly. The second-order method is constructed by taking alinear combination of first-order
methods. The stability analysis of the system suggests the existence of a Hopf bifurcation,
which is confirmed by the numerical method. Both the critical point of the continuous system
and the fixed point of the numerical method will be seen to have the same stability proper-
ties. The second-order method is more competitive in terms of numerical stability than some
well-known standard methods (such as the Runge—K utta methods of order two and four).

KEY WORDS: numerical method, stability, Hopf bifurcation, coupled oscillator

1. Introduction

A number of authors have reported on the importance of oscillations in chemical
systems. For instance, the so-called Brussels school (see[1,2]) developed and analysed
the behaviour of anon-linear oscillator (known as the “ Brusselator”) associated with the
chemical system [3]

A X, (1a)
B+X—Y+D, (1b)
2X +Y — 3X, (10)
X — E, (1d)

in which A and B are input chemicals, D and E are output chemicalsand X and Y are
intermediates.
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It is known [4] that the trimolecular reaction step (1c) arises in the formation of
ozone by atomic oxygen via a triple collision, enzymatic reactions, and in plasma and
laser physics in multiple couplings between modes.

Much attention has been devoted in the literature on the ability of non-linear os-
cillators to synchronize to external influences. In order to carry out a detailed anaysis
of the interaction of two centres of oscillators in a chemical network, Tyson [3] consid-
ers two Brusselators coupled in series in which two outputs of the first provide the two
inputs of the second given by

A— X, (2a)
B+X—Y+U, (2b)
2X +Y — 3X, (2¢)
X —E, (2d)
E+U—>V+F, (2¢)
2U +V — 3U, (2f)
U—G. (29)

Employing easy-to-use explicit finite-difference methods such as the Runge-K utta (RK)
and Euler methods to discretize non-linear initial-value problems, like the one consid-
ered in this paper, is known to lead to contrived chaos and oscillations whenever the
discretization parameters exceed certain values (see [5]).

Although such contrived chaos can often be avoided by using small time-steps, the
extra computing costs incurred when examining the long-term behaviour of a dynamical
system may be substantial. It is therefore essential to use a numerica method which
alows the largest possible time steps that are consistent with stability and accuracy. In
order to circumvent contrived chaos, whilst retaining accuracy and numerical stability, it
may be necessary to forego the ease-of-implementation of inexpensive explicit numeri-
cal methods in favour of implicit methods (which are known to be more competitive in
terms of numerical stability).

In this paper, a second-order, implicit, finite-difference scheme will be developed
and used for the solution of the dynamical system associated with the af orementioned
coupled ODE system. Although the method is implicit by construction, the numeri-
cal results can be computed explicitly. This method will be seen to have better stabil-
ity property than the second-and fourth-order Runge—Kutta (RK2 and RK4) methods.
Runge—K utta methods are standard (see, for instance, [5]), so will not be presented here.

A stability and bifurcation of the dynamical system is carried out in section 2. In
section 3, a new second-order, implicit, finite-difference method is constructed for the
coupled IVP, and its fixed point analysed in section 4. Numerical results are reported in
section 5.
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2. Stability and bifurcation analyses
2.1. Analysis of critical point of the system

Consider the kinetic equations associated with (2) given by [6]

dx

azfl(x,y)zA—Bx-i—xzy—x, t>0, x(0) =X,

dy 2 0
azfz(x,y)sz—xy, t>0, y0 =YY",

% = f3(x,e,u) = x — eu, t>0, e(0)=E°, (3
d

d—L;EfL;(x,e,u,v)=Bx—eu+uzv—u, t>0 u(0)=U°,

dU 2 0
Ezfs(e,u,v):eu—uv, t>0, v =V~

inwhichx = x(), y = y(), e = e(t), u = u(t), v = v(¢t) and A and B are red
constants. It can be shown that the only critical point of the ordinary differential equation
(ODE) system is (x*, y*, ¢*, u*, v*) = (A, B/A,1/B, AB, 1/(AB?)). The Jacobian,
J*, at the critical point (x*, y*, e*, u*, v*) isgiven by

B—1 A2 0 0 0
—B —A2 0 0 0
1
1 0 —-AB —= 0
J* = 1 B (4)
B 0 —AB = -1 A%B2
B 1
0 0 AB —=— —A%B2
L B i

It is easy to verify that its eigenvalues satisfy the fifth-degree stability equation (charac-
teristic equation)

[A%+ (A= B+ 1)i + A?] [x?' + (AZBZ +AB+1— %)xz
+ (A®B® + AB* + AB — 2A)) + A3B3] =0. (5)

The quadratic part in (5) iswhat will be obtained if only the normal isolated Brusselator
(first Brusselator) isconsidered. Thisis, of course, due to the absence of “back-coupling”
in this system.

Using the Routh—Hurwitz criteria (see Lambert [5]), it may be shown that the roots
of the cubic part of (5) (the second Brusselator) have negative real parts and the critical
point is stable whenever the following inequalities are satisfied:
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g1(A,B)=A>—-B+1>0,

g2(A,B)= A’B®+ AB>+ B —1> 0,

g3(A, B) = A*B% + 2A3B® + 24?B* — 3A?B3 ©)
+2AB3® - 3AB>+ B2—-3B+2>0.

The first Brusselator may either be stationary or oscillate depending on whether
A% — B+ 1 > Oor otherwise.

2.2. Hopf bifurcation

Returning back to the stability equations (5) and (6), it can be shown that when
B = A? + 1, the quadratic part of (5) given by 1% + (A> — B+ 1)A + A2 = O hasa
pair of purely imaginary zeros, namely, A = +iA. Suppose that B is aHopf bifurcation
parameter, and let A = A(B) be the smooth curve of roots of A>+(A2—B+1)A+A% =0
with A(A% 4+ 1) = iA. Then,

oA(B)
0B

_ A(B)
penzir 2A(B)+(A2—B+1)|p_4oq

()

from which it follows that

B=A241 2

or(B)

Re——
0B

This fact, together with the standard Hopf bifurcation theorem (see, for instance, [6,7]),
confirms that the ODE system (3) has a Hopf bifurcation from (x*, y*, e*, u*, v*) near
B=A%+1

It should be noted that such a Hopf bifurcation is associated with the occurrence
of apair of purely imaginary zeros of the quadratic part of (6) which is exactly what
would have been obtained if only the first Brusselator is considered, and hence, a Hopf
bifurcation takes place near (x*, y*) for the decoupled system

dx 2

d—:A—Bx+x y—x,

f ®
d—y:Bx—xzy

dr ’

when B isnear A2 4+ 1. To ensure the bifurcating periodic oscillation of the first Brus-
selator induces non-linear oscillation of the second Brusselator, assume condition (6) as
stated and compute the eigenvector of J* — iAls by solving

(J* —iAls) ()

< Q=X
Il
o
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where Is is the identity matrix of order five. It can then be shown that an eigenvector of
J* —iAlsisgivenby (X, Y, E, U, V)T, with

X=1

1
Y=i=+1,

IA-I—

1 -1
—AB —iA -= 0
E 1 B 1 0 1
Ul=- —AB — —1-iA A%B? B O (i 1).(10)
v B o o/\z*t
AB ~3 —A’B%2 —iA

Asthe (E, U, V)T component in (10) is not zero, it can be concluded that the bifurcating
periodic solution of system (3) near the fixed point (x*, y*, e*, u*, v*) does have a non-
constant (E, U, V)T component, so the second Brussdlator is indeed oscillatory.

Thebifurcation direction and stability of bifurcating periodic solution can be deter-
mined using the standard algorithm given, for instance, by Hassard et al. [7, pp. 86-90].
The numerical results to be reported in section 5 confirm the existence of a stable limit
cycle as suggested (predicted) by the Hopf bifurcation theory together with the bifurca-
tion direction (seetable 2).

3. Numerical methodsfor two Brusselators coupled in series
3.1. Numerical methods for x

Starting with the initial-value problem [given in (3)]
X' =—=A—-Bx+x’y—x, t>0, x(0) =X° (11)

the development of numerical methods may be based on approximating the time deriva-
tivein (11) by its first-order forward-difference approximant given by

%=w+ow) ast — 0, (12)
dr L
where ¢ > Qisanincrement in ¢ (the time step). Discretizing the interval ¢ > 0 at the
pointsz, = n¢ n = 0,1, 2,...), the solution of (11) at the grid point #, is x(z,). The
solution abtained by anumerical method at the point 7, will be denoted by X™. Four first-
order numerical methods for solving (11) based on approximating the time derivative
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in (11) by (12) and making appropriate approximations for the linear and cubic terms
in (11) are given below:

M®: X" = X" 4 gA — EBX" + £(X") Py — eX7,
M)EZ): Xn+1 — X" + A —¢BX" + Exnynxn+1 _ an’

13
M)ES): Xn+1 = X"+ (A — EBX’H—]' + Z(xn)zyn _ EX’H—]', ( )
M®: X" = X" 4 0A — (BX" + £(X")PY" — X"
The associated local truncation errors of these four methods are, respectively,
LOP=LD [X(t), y(@), E]
= x(1 + ) — x(t) — LA+ £Bx(t) — £{x()) y(t + ) + £x(1),
LP =LP[x@), y(1), (]
=x(t+4€)—x(t) —LA+LBx(t) — x(t)y(®)x(t + £) + £x(1), (14)

L®=LO[x), y(1), (]

=x(t+40) —x(t) — LA+ EBx(t + ) — Z{x(t)}zy(t) + x(t 4+ 0),
L®=LO[x®). y(). ]

=x(t+40)—x(t) — LA+ {Bx(t) — Z{x(t)}zy(t) + £x(1),

in which r = r,. Itis easy to show that the Taylor series expansion of the functions
in (14) about r leadsto

LY = (% - xzy/>62 + O(€3) ast— 0,
L? = (%ﬁ — xyx’)ﬁz + 0(63) ast — 0,

15
L® = (% "+ Bx' +x/>£2 +0(¢%) ast—0, »
LY = %x”ﬁz + O(¢3) ast— 0,

where x and its derivatives (denoted by primes) are evaluated at some grid point ¢ = ,,.
Defining, now, afunction L{*™ by the linear combination

L& =[LP +2LP +L® —2LP] (16)
gives
LE = [x" — 2xx'y — x2y + Bx' + x’]ﬁz + 0(63) as{ — 0. 17)

Differentiating the differential equation in (11) with respect to ¢ reveads that the coeffi-
cient of £2 in (17) vanishes; thus,

L = 0O(6%) (18)
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as¢ — 0. Thisimplies that a second-order method for computing x can be constructed
by taking the linear combination M + 2M@ + M® — 2M® and is given by

i1 _ A+ X" R —LB — X"V + (XY (19)
- 2+¢(1+ B —X"Y") :

This method involves X"*! and Y”+1, thus, X"+ cannot be calculated explicitly
from (19).

3.2. Numerical methods for y
Recalling the ODE [given in (3)]

d

d_)t) =y = Bx — x%y, (20)
a second-order method for solving (20) may be obtained by approximating its derivative
with (12) and evaluating the linear and cubic forcing terms in ways which lead to the
following numerical methods for finding y:

M®: y™l=yn 4 eBX" — 0(X")°Y",
M}(,Z) Yn+1 —y" + EBXrH—l _ Z(Xn)zyn-l—l’ (21)
MO Y =YY"+ (BX" —LY"X" X"

The principa parts of the local truncation errors associated with (21) are given by,
respectively,

1
LY = 5 y'e% + O(£3) asl — 0,
l v / /
L® = <§y — Bx' + x2y )gz +0(¢%) ast— 0, (22)
1 " /
LY = <§y + yxx )zz + O(¢3) ast— 0.

Defining, asin (16), the function
L =[2LY +LP — L], (23)
gives

LE = (y' — Bx' + 2xx'y + x%y) >+ O(¢°) ast — 0. 24
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Differentiating (20) with respect to ¢ reveals that L™ = O(¢®) as ¢ — 0 and the
resulting second-order method for finding y (obtained by taking the combination 2M 3 +
M® — MD)is '

2Y" + ¢BX" + X"t1(£B — 20Y"X") + £(X")°Y"

Yn+l —
24 £(x7)?

(25)

This scheme, like (19), also involves Y™+ and X"+, hence, Y+ cannot be obtained
explicitly from (25).

In both (19) and (25), however, X"** and Y"*+* occur linearly so that (19) and (25)
can be solved simultaneously to give

4X" 4+ L[4A + 2(X™)3 — 2X" — 2BX"] + LA[2A(X™)? — (X™)?]

Xn+1 —
A+ 20[1+ B — 2X"V" + (X")2] + £2(X")2

(26)

and
AY" 4+ L[2Y" + 2BY" + ABX" — AX"(Y")? — 2Y"(X")?]
44+ 20[1+ B —2X"Y" + (X™)2] + £2(X™)?
02[3Y"(X™M)? — 4AX"Y" 4 2AB]
4+ 20[1+ B —2X"Y" + (X")2] + £2(Xn)2°

(27)

3.3. Numerical methods for e

Consider the ODE [given in (3)]

d

d—jEe/zx—eu, (28)
a second-order method for solving (28) may be obtained by approximating its derivative
with (12) and evaluating the linear and quadratic forcing termsin ways which lead to the

following numerical methods for finding e:

MY:  Etl=E"44X" —(EU",

Me(Z): En+1 = E" + EX’H—]' _ ZUnE'H—l. (29)
The associated local truncation errors are given by
"
LY = <% + ez/)ﬁz + O(E?’) ast¢ — 0,
(30)

e

L® — <% —x' + ue’)ﬁz + 0(53) ast — 0.

It may be shown that the linear combination

L& =[LP + L] (31)
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gives
LE = (" —x' +eu' + ue’)ZZ +0(¢%) ast— 0. (32

Differentiating (28) with respect to ¢ reveas that L®” = O(¢%) as ¢ — 0 and the
resulting second-order method for finding e (obtained by adding MY and M(?)) is

2FE" ' -{-ZX'H_]'—EEHU'H_]'
24 ¢Un '

This scheme, like (19) and (25), also involves E" 1, X"*+1 and U"*%, hence, E"*+* cannot
be obtained explicitly from (33).

En+l — (33)

3.4. Numerical methods for u

Returning to the ODE system (3) where

d
d—I;Eu/:BX—EM‘i‘MZU—M, (3%

a second-order method for solving (34) may be obtained by approximating its deriv-
ative with (12) and evauating the reaction terms in ways which lead to the following
numerical methods for finding u:

M®P: U™t =U" +¢BX" —LE"U" + €U"V"U" — U,
M®@- pyrtl = pyr +¢BX" — (ETUNTL + E(U”)ZVnJrl _ EU”+1,

" 35
MIEB): Un+1 =y" _|_€an+1 _ EUnEnJrl + Z(Un)zvn _ EU”, ( )
M®: U™l = U" 4 eBX" — LUTE" + £(U")*V" — eU™,
The associated local truncation errors are given by
@ u” 1\ 2 3
LY = - —uwu 24 0(63) ast — 0,
1
L® = Lo ew —ut +u )2+ O(¢3) ast—0,
2 (36)
M//
Lf{3) = (? — Bx' + ue’)ﬁz + 0(63) st — 0,
"
L = S+ 0(¢) ast — 0.
Similarly, defining the function L(&™ by
LE =[2LP +LP +LP —2LP] (37)

leads to
L = (u" — Bx' — 2uvu’ + eu' — u*v' +u' +ue')¢* +O(¢%) as¢— 0. (38)
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Differentiating (34) with respect to ¢ reveals that L®" = O(¢%) as ¢ — 0 and the
resulting second-order method for finding u is

20" + E[BXn + BXl’l+l _ UnEn+1 + (Un)ZVn+l —y" — UZVn]
2+ €1+ En— 20"V '

Thisscheme asoinvolves U1, x"+1, E"*+1 and V"*+1, hence, U"+! cannot be obtained
explicitly from (39).

Un+1 — (39)

3.5. Numerical methods for v

Recalling the ODE

d
d—l; = v = eu — uv, (40)

a second-order method for solving (40) may be obtained by approximating its derivative
with (12) and evauating the quadratic and cubic forcing termsin ways which lead to the
following numerical methods for finding v:

M®: vl =y Er Ut — eV (UT)

M@ yntl — yn 4 ppnpyntl Z(Un)zvnﬂ’ (1)
M(3): Vn+1 =V"4+¢E"U" — EUnVnUn+l,

M®: vt = ynggrEnt — evn(Un)?,

The principal parts of the local truncation errors are given by

"
LY = S +0(¢) ast — 0,
1
ijz) = (% —eu' + uzv/)ﬁz + 0(63) ast — 0,
@)
L® = (E + uvu’)ZZ + O(£3) ast — 0,
,U//
LY = (E — ue/>62 + O(¢3) ast— 0.
Letting
L =[L? +2L® + LY —2LY] (43)
gives
LE = (v — ev' + u®v' — ue’ + 2uvu')e* + O(¢%) ast — 0. (44)

Differentiating (40) with respect to the  revedls that L™ = O(¢3) as ¢ — 0 and the
resulting second-order method for finding v is

2V" + UM (U"V" + E"Y —gurvr — EMUMH

Vn+l —
2+ 6(U")?

(45)
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This scheme also involves E"*1, U"+1 and V"*1, hence, V"*! cannot be obtained ex-
plicitly from (45).

It may be seen that, in both (33), (39) and (45), E"*1, U"*1 and V"** occur linearly,
thus, the three equations can be solved simultaneously (in terms of the already computed
X"+1) to give (using the Maple software package)

Ci+ D1+ Ry
W 9

C D R

Ul — 2+ Wz+ 2 47)

En+1 — (46)

and
C3+ D3+ R3
w

yrHl = , (49)
where
C1=3(U")’[ X" + X" + U"E" — BX"E" — BX"*E"],
01=2[(U")’ X"+ 4 X" 4 X" + E"X" + E"X"* 4 U"E"
—BX"TE" —2U"V"X"],
Dy =%{Q; — 2[2U0" V" X"1 4 BX"E" — (U")*X" — (U")’E" + (U")°E"]},
Ri=8E" + 4([X" + X" 4 E" + (U")’E" — U"E" + (E")? — 2U"V"E"],
Co=—03(U")’[u" - BX" — BX"*Y],
Dy=—202U"[(U")? - BU"X" — BU"X"** + U" — BX" — (U")°
+X" + X" — BX"H, (49)
R, =8U" — &[U"E" + U" — BX" — BX"*1 — (")’ = (U")?],
C3=3U"[3(U")V" = 2BU" V" X" — 2BU"V" X" 4 X" 4 X1,
Q,=2[BE"X"" 4+ U"V" + BX"E" — (U")°V" +3(U")?V"],
Dy =2{Qs + 2U"X" — 2BU" V" X" — 2BU" V" X"+ — 2(U" V") + U x" 1]},
Ry=8V +4¢[2U0"E" — (U")*V" + E"V" + V" — 20" (V")* + U"V"],
W=8+4[1+E"+U" —2U0"V" + (U")?]
+202U"[1+ (U)? + U — 20V + 3(Un).
The second-order method { (26), (27), (46), (47), (48)} is denoted GLTW2.
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3.6. Implementation

The solution of the ODE system (3) may be obtained at every time step via the
following sequentia agorithm:

(@ compute X"+ using (26),

(b) compute Y"1 using (27),

(c) compute E"*1 using (46) with (49), (50)
(d) compute U™+ using (47) with (49),

(e) compute V"+1 using (48) with (49).

4.  Analyses of thefixed point

The expressions for X"*+1 and Y"+1 in (26) and (27) for solving the first Brusselator
are of the forms

X"t = hy(X", Y"),

Yn+1 — ]’lz(Xn, Yn)’ (51)

respectively. It is easy to verify that the fixed point of (26) and (27) is X* = A,
Y* = B/A. Thus, the fixed point of the numerical method (26), (27) is the same as
the corresponding critical point of the dynamical system (3). It is worth investigating, at
this point, whether or not the fixed point of the difference systems has the same stability
properties as the critical point of the first Brusselator.

Starting first with the functions

AX + 0(4A +2X3 — 2X — 2BX) + £?(2AX? — X3)

h(X,Y)= 52
X ¥) 4+ 20(1+ B — 2XY + X2) + £2X2 ’ (52)
ho(X, ¥y = 4Y + £(2Y + 2BY + 4BX — 4XY? — 2Y X?)
2T AL 21+ B — 2XY + X2) + £2X2
0?(3Y X% — 4AXY + 2AB
( + ) (59)

44+ 201+ B — 2XY + X?) + £2X2°
it may be seen (after some tedious manipulations) that the resulting Jacobian J; at the
fixed point (X* = Aand Y* = B/A) isthe matrix
1 [4 + 20(A% + B — 1) — 4¢%A? 4¢ A2
Ji= =

o —4B 4+2¢(A*+B-1) —EZAZ]’ (54)

inwhicha = 4+ 2¢(1 — B + A% + £?A?). The eigenvaues of (54) are given by

L A 2(A? - B+ 1)? - 447 — (2A°

YT 4+ 20A2-B+ 1)+ 2A7
L AT 2(A? - B+ 1)? - 447 — (2A°
©T 4+20(A2— B +1) + (242

(55)
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It is clear from (55) that the denominators of A, and A, are aways positive provided
A2 — B+ 1> 0anditiseasy to show then that

44 20(A%— B+ 1) — (2A2

56
SA120A2_B+1) +e2A2 (%6)

[Aql

and

4 —20(A? — B +1) — A2
S AT 20(AZ— B+ 1)+ (242
Theinequalitiesin (56) and (57) are also true whenever A2— B+1 = 0. Thus, asufficient
condition for (26) and (27) to converge to the fixed point (A, B/A) isA> — B+ 1 > 0.
Similarly, it may be shown that the second Brusselator converges to the fixed point
(E,U,V)=(1/B, AB, 1/(AB?)) whenever the inequalities in (6) are satisfied.

(57)

[A2l

5.  Numerical verification

In order to verify the convergence properties of the implicit, second-order GLTW?2
numerical method { (26), (27), (46), (47), (48)}, it was tested on the initia-value prob-
lem (3). Extensive numerical experiments were carried out with various vaues of time-
steps ¢ and initial conditions within the interval —8 < X°, Y° E° U° v0 < 8. Of
course, X0, Y0, EC U°, and V° are concentrations so that non-positive values are irrele-
vant, but the results show that the numerical method GLTW?2 performed well for negative
initial conditions, too. Comparisons were made with the standard explicit Runge-Kutta
methods of order two and four.

The behaviours of the two Brusselators for many different combinations of A and B
satisfying or violating the stability conditions (g1, g2 and g3) using £ = 0.001 are tabu-
lated in table 1.

As expected, both methods (GLTW2, RK2 and KR4) gave solution sequences that
converge to the fixed point (X, Y, E, U, V) = (A, B/A,1/B, AB, 1/(AB?)) whenever
the inequalities in (6) are satisfied, and give oscillatory or divergent results otherwise.
For instance, when the parameters A and B were given the values 2 and 1.5, respec-
tively, thereby satisfying the condition 1 — B 4+ A? = 3.5 > 0, the first Brusselator is
stationary. Inthe case when A = 0.5 and B = 1, satisfying the stability condition g;

Table1
Convergence properties of two Brusselators using GLTW2 with £ = 0.001.
A B g1 g2 g3 Brussdlator 1 Brusselator 2
2 15 35 18500 303.500  stationary stationary
05 1 0.25 0.750 —-0.438  dationary oscillatory
1 3 -10 38 1325 oscillatory  non-autonomous oscillation
1 08 12 0.952 —-0.455  dationary oscillatory

02 12 -0160 0557 —-0.330 oscillatory oscillatory
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Table 2
Hopf bifurcation analysis of Brusselator 1 using GLTW2 with A
fixed at 1, B varied and ¢ = 0.001.

A B g1 Brusselator 1

1 0 2 stationary

1 1 1 stationary

1 2 0 neither stationary nor oscillatory
1 3 -1 oscillatory

1 4 -2 oscillatory

(for the first Brusselator) and violating gz (for the second Brusselator), the second Brus-
selator oscillates autonomously (oscillation of the second Brusselator when the first is
stationary). The absence of back-coupling in the system is responsible for ensuring that
the first Brusselator remains stationary even when the second Brusselator is oscillating.

The phenomenon of hon-autonomous oscillation of the second Brusselator (forced
oscillation of the second due to the oscillation of the first) is illustrated in table 1 by
choosing A = 1 and B = 3. With these choices, condition g; is violated whereas
g2 and g3 are both satisfied. Hence, Brusselator 2, if acting alone (without coupling),
will be expected to be stationary. The oscillation of thefirst Brusselator drives the second
Brusselator to oscillate. This confirmsthe prediction and analysis of section 2.2. Another
important observation to make isthe case A = 0.2 and B = 1.2 in which both the
two Brusselators are oscillatory. Thisis an interesting case which the authors hope to
investigate (for the possibility of modulated oscillation) in the near future.

In table 2, the Hopf bifurcation of the first Brusselator was investigated by fixing
the value of A &t A = 1 and varying B. Vaues of B to the left of (less than) the
bifurcating value (B = 2) lead to the first Brusselator being stationary, whereas values
of B totheright of (greater than) B = 2 make the first Brusselator to oscillate, thereby
causing the second to oscillate non-autonomously. Thus, the numerical method GLTW?2
confirms the bifurcation direction of the first Brusselator.

The effect of the time-step on the numerical methods was monitored by solving (3)
using both the RK2, RK4 and GLTW?2 methods with various time-steps. The concen-
tration parameters A and B were assigned the values 2 and 1.5 respectively, and the
results tabulated in table 3. Clearly, from table 3, the method GLTW?2 has superior sta-
bility property (admit large time steps) than the RK2 (which failswhen ¢ > 0.3) and the
RK4 (which fails for ¢ > 0.5). This, of course, is consistent with the known fact that
implicit methods, unlike explicit schemes, are very suited for solving non-linear initial
value problems.

It is worth mentioning that using values of A and B for which the convergence
criteria becomes zero, it was observed that the methods appeared neither to converge
nor to diverge. This is because this case marks the boundary between the convergence
and divergence criteria. Detailed analytical study on the possibility of a double-Hopf
bifurcation will be carried out in a separate study.
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Table3
Convergence properties of GLTW2, RK2 and RK4 using various time-steps with A = 2 and
B =15.
1 GLTW2 RK2 RK4

0.001 converge converge converge

0.01 converge converge converge

0.1 converge converge converge

0.2 converge converge converge

0.3 converge diverge (method failed) converge

0.5 converge diverge diverge (method failed)

1 converge diverge diverge

2 converge diverge diverge

3 converge diverge diverge

6. Conclusion

A competitive, implicit, second-order accurate numerical method has been devel-
oped for the coupled Brusselator system introduced by Tyson [3]. The numerical method
converges to its correct fixed point whenever the input chemicals A and B are chosen
such that a certain convergence criterion is satisfied. The fixed point of the numerical
method was seen to have the same stability properties as the critical point of the ODE
system arising from coupling two Brusselators in series. The second-order method was
seen to be more competitive (in terms of numerical stability) than Runge—Kutta meth-
ods of order two and four. The numerical method confirms the existence of oscillatory
solutions as suggested by the Hopf bifurcation anaysis.
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