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Abstract

For Brusselator diffusion—reaction model involving complex forming reaction with
the activator species, an amplitude equation has been derived in the framework of
a weakly nonlinear theory. Complexing reaction with the activator species strongly
influences the time-dependent amplitudes such as in Hopf-wave bifurcations, whereas
time-independent amplitudes such as in Turing—bifurcations, are independent of com-
plexing reaction with the activator species. Complexing reaction arrests the arrival of
Hopf—bifurcations and the domain of excitable non-oscillations such created may be
used effectively for Turing-structure generation by inducing inhomogeneous pertur-
bations of nonzero wavenumber mode. Any major complexing interaction with the
activator species in a biological oscillatory network is bound to alter the domains
of Hopf/Turing bifurcations affecting the course of physiological self-organization
processes.

Keywords Hopf-wave bifurcation - Turing patterns - Diffusion—-reaction systems -
Amplitude equation

1 Introduction

Instabilities breaking temporal and spatial symmetries [1] have been observed in
diverse fields of non-equilibrium systems including nonlinear optics [2], hydrody-
namics [3], and oscillating chemical reactions [4—7]. Nonlinear diffusion-reaction
(D-R) systems exhibit self-organized concentration patterns, when the steady states
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become unstable to inhomogeneous perturbations, but remain stable to homogeneous
perturbations. These patterns, originated from the coupling between nonlinear chem-
ical reaction and molecular diffusion, are called Turing structures [7]—these patterns
are periodic in space with an intrinsic wavelength, and stationary in time. Diffusion
coefficient of the inhibitor species must be sufficiently larger than that of the activator
species, is the necessary condition for Turing instability to occur. This requirement
for Turing structure formation is termed [8] as long range inhibition and short range
activation.

The discovery of Turing structures [4—6] in CIM A reaction and in its variant CDIMA
reaction seems to be the result of fortunate coincidence that starch and poly-acrylamide
(PAA) gel were also present in the system. In agarose gel, which does not interact chem-
ically with iodine species, the presence of starch is necessary [9, 10] for generating
Turing structures. At low starch concentration, the system is shifted to oscillatory state
producing travelling waves rather than Turing structures.

Color indicators, as for example, starch having large molecular weight and low
diffusivity (~zero in gels) are often used for controlling and visualizing these patterns.
A color indicator binds itself with the activator species, thereby reducing its effective
mobility [11]. Hopf-bifurcating waves may be produced at low indicator concentra-
tions (for the details of Hopf/Turing bifurcations see Sect. 3), but Turing structures
overtake them at high indicator concentrations because of reduced free concentration
of the activator species due to its complexing reaction with the color indicator. Thus,
color indicators can effectively control the distance between the thresholds of Hopf and
Turing bifurcations, which may coincide at a co-dimension-two Turing—Hopf bifurca-
tion point (CTHP) [12, 13]. The co-dimension of a bifurcation is the actual number of
parameters, which must be varied for the bifurcation to occur. A CTHP is characterized
by two bifurcating situations and generally appears on co-dimension-two manifolds in
the parameter space. Topaz et al. [14] have investigated time-periodic forcing of spa-
tially extended systems near a CTHP. Biancalani et al. [15] have investigated stochastic
Turing patterns in a microscopic model of the Brusselator [16].

Although Turing structures may be computed directly from D—-R equations by
setting the parameter values appropriately, the structural transitions and the stability
of various forms of Turing structures can be interpreted effectively by an amplitude
equation (AE), which may be derived in the framework of a weakly nonlinear theory.
AE [1, 8, 17] for Turing pattern selection [4-6, 9, 10, 18] has been derived in the past
for a few D—R systems including Brusselator [19, 20], Swift-Hohenberg model and
others [12, 21-24]. AE derivation for Swift-Hohenberg model [25] has been widely
used for qualitative understanding of convective structures originated from Benard—
Marangoni instability or non-Boussinesq Benard convection [26, 27]. Yansu et al. [28]
have derived an amplitude equation of the Brusselator D-R system with time delay
based on Friedholm solvability condition and multi-scale analysis method near the
critical point of phase transition including a discussion on its stability analysis.

Because of lengthy algebraic calculations only those D-R systems have been chosen
for AE derivation, which have simple-looking kinetic steady states from analytical
calculations. In this paper we have derived the AE for an irreversible Brusselator model
[16] in presence of complex forming reaction with the activator species X (see Eq.2.2).
Such derivations and obtained results are interesting since complexing reaction with
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the activator species may play a major role in biological oscillatory networks in self-
organizing physiological systems. Attempts have been made to interpret [29-33] the
structural transitions and stability of various forms of Turing structures.

Section 2 discusses on the irreversible Brusselator [16] D-R model in presence
of complexing reaction [11, 34] with the activator species X. Section 3 undertakes a
linear stability analysis of the D-R equations (2.6) and (2.7). Section 4 divides the
D-R equations into linear and nonlinear parts as given in Egs. (4.0) to (4.3). Section 5
presents the nonlinear analysis. This is based on (i) expansion of the evolution of the
inhomogeneous perturbations, which unfold in terms of the amplitudes of branching
solution for critical bifurcation parameter (1) in the neighborhood of Turing bifurca-
tion point [, = 0; see Eq. (6.5)] and (i) derivation of two solvability conditions from
second and third order terms [see Egs. (5.13) and (5.18)]. Section 6 incorporates these
two solvability conditions into the expanded partial time derivative of amplitude [see
Egs. (5.4), (6.2), and (6.3) ], which after neglecting the terms of order &> and higher,
generates the AE. The new results are summarized in Sects. 7 and 8.

2 The model

A two variable Brusselator model [16] consisting of two intermediate species X
and Y is given by the following four irreversible steps.

A—> X

2X+Y — 3X

B+X—> Y+D

X—> E (2.0a)

which leads to the overall reaction given by
A+B— D+ E (2.0b)
The D-R equations are given by

3X/3t = kia + ko XY — k3bX — ks X + Dx(3>X/01?)
dY /0t = —ka XY + k3bX + Dy (3°Y /01?) (2.1a)

where k; (i = 1 to 4) is the rate constant of step i; a and b are molar concentrations
of the reactants A and B respectively, which are kept constant in time; X and Y are
molar concentrations of the intermediate species X and Y respectively; Dy and Dy
are diffusion coefficients (cm? s~!) of the species X and Yrespectively and [ (cm) is
the geometrical coordinate. Assuming that k1 /s~' = ko/M 25! = k3/ M~ s ! =
k4/s~! = 1, which was originally proposed by Prigogine et al. [16], one gets the D-R
equations in the form as given in equations (2.1b)

9X/ot = a— (b+ )X + X2Y + Dy (82X/812)
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— f(X,Y)+ Dy (BZX/alZ)
3Y /3t =bX — X2Y + Dy (aZY/aF)

— ¢(X,Y) + Dy (32Y/312) (2.1b)

If the activator species X is assumed involved in a rapid comlexing equilibrium reac-
tion (2.2a) [11, 34] similar to that reported in the Turing structure experiments and
modelling of CIMA oscillatory reaction [4-6, 9—11], the chemical equilibrium reaction
is given by

X+ C S XC (2.2a)

where the activator X is captured partially to produce the complex X C after reacting
with the complexing species C. The equilibrium constant K of this complex formation
reaction is given by

_ [XCT ke
K=—r=1 (2.2b)

where [XC], X, and C are the equilibrium concentrations of the complex XC, the
activator X and the complexing agent C respectively and k., and k_ are respectively
the forward and reverse rate constants of the complexing equilibrium reaction (2.2a)
such that k4 >> k_. If we use the complexing agent in large excess such that the
initial concentration (Co) of the complexing agent is almost equal to its concentration
(C) at chemical equilibrium, (2.2a) becomes a rapid complex forming equilibrium
reaction for which one can define a new constant K’ such that

K = KCy (2.2¢)

where K is the equilibrium constant for complex formation reaction (2.2a), and K’
is a measure of degree of complex formation in presence of complexing agent C in
large excess such that C &~ Cy, its initial concentration. It is essential that K’ remains
time-independent because here it’s a measure of the degree of complex formation with
the activator species X. To make K’ time-independent, K and Cy in Eq. (2.2¢) must
also be time-independent.

Because of complex formation reaction with the activator species X, we get a new
D-R system described by

IX/3t = F(X,Y) —kycoX +k_[XC] + Dy (82X/812> (2.3)
Y /3t = (X, Y) + Dy (82Y/812> (2.3b)
AXCl/ot = kicoX — k_[XC] (2.3¢)
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(2.3a) plus (2.3¢) =
(X +[XC))/ot = (14+ KX/t = f(X,Y)+ Dy (BZX/alz) (2.4a)
and,
9Y /3t = g(X,Y) + Dy (BZY/aﬂ) (2.4b)
Using the following scaling of time and space,
T =kat/(1+K')=1/(1+K'), andl = (Dx/ks)'*p = (Dx)"?p  (2.5)

one obtains Eq. (2.4) in dimensionless form as given below if the concentrations are
assumed to have numerical values.

AX/0t = f(X,Y)+ d°X/0p> (2.6a)
aY /ot = (1 + K') [g(X, Y)+ (1/772)82Y/8p2] (2.6b)

where
n = (Dx/Dy)'"? 2.7)

The nature of complexing agent is left open as a subject of different possible reac-
tions/interactions including weak H-bonding interactions with the activator species X,
which may take place in a real physiological D-R system.

3 Linear stability analysis

The steady state concentration of the dimensionless D-R equations (2.6) is given
by

Xs=a, Ys=0bJa (3.0)
The Jacobian matrix elements are given below

fui=fy=—-b+1)+2Xs¥Ys=(>b-1)

fo=fy=Xs=d

H1=0+K)Ngy =0+ K)b-2XsYs) =—(1+K)b
fr=0+K)gy =0+ K)X3) =—(1+Ka? 3.1

Applying the linear operator,
fijy = fij — Dik*8i; (3.2)
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one obtains the characteristic equation for the dimensionless partial differential equa-
tions (2.6) in the form

fi1 — K2 —wx fi2
det n 172 =0
fa Jo2 = (14 KD 5k — o

R 1-
or, (fi1 — k* — wy) [fzz —(1 +K/)-Fk2 - wk} = fuafar =0
2 [ I T,
or, wy + Fk +k +Fk K" — fit — f2 ) o

+det F — (fo + fur/n* + fuk'/n*)k?
+(1/P(1+ Kk =0
or, w(K)? = Tr()w®) + AK) = 0 (3.3)

where Tr (I_é) and A (12) indicate the trace and determinant of the linear operator f;; (/E))
respectively given by

> 1 - - I -
Trk) = fi1+ fo2 — ?kz . ?sz/ (3.4a)
and
AR = det F = (fa2+ fu/n® + fuK' /) 24 (1/n)(1 + KOE (3.4b)

and a)(l_é) is the eigenvalue. From the characteristic Eq. (3.3), for nonzero wavevector
(k) mode, the condition for Hopf-wave bifurcation is given by 7'r (k) = 0, which gives

72 - Sfu+ 2

k _ .
Hopf —= 1+(]+K,)/n2 (3 5)

where A(l_é) [from equation (3.4b)]> 0. Turing bifurcation occurs [35, 36] when the
real part of an eigenvalue of equation (3.3) becomes positive, which implies that the
constant term A (k) of the characteristic Eq. (3.3)vanishes.

A) =0 (3.6a)

For critical wavenumber calculation the first derivative of A(Iz) with respect to (ié)
must be zero as given in Eq. (3.6b).

dAK)/dk = 0 (3.6b)
provided that

<f22+f11/772+f11K//772) >0 (3.7a)
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because of positivity of k2 from Eq. (3.6a) and

Sir + f2 <0 (3.7b)

to prevent Hopf-wave oscillations from Eq. (3.5). Substituting the values of f;; and
f22 from Eqs. (3.1), Eqgs. (3.7a) and (3.7b) take the forms as given in Egs. (3.8a) and
(3.8b) respectively.

—a**+b—1>0 (3.82)
b<1l+(1+Kd® (3.8b)

The critical wavenumber (wavelength) is determined either from the degenerate root
of equation (3.6a) or from equation (3.6b). The degenerate roots of equation (3.6a)
give,
2 4
(24 i/ + K fn) = (4 Ky det F (3.9)
This is the condition for Turing instability—the equality being the critical condition.
Substituting the values of fi1, f22, and det F from Eq. (3.1), Turing instability con-
dition (3.9) takes the form as given in the following Egs. (3.10a)/(3.10b) in terms of
the dimensionless steady state concentrations of Xg and Yg (see Eq. 3.0). From Eq.
(3.9), we have

1 2 4
[—(1+K’)a2+—2(1+K’).(b— 1)] > S (1+K)
n n

[—(b “ 1)1+ KN + a2 + K’)b]

, b—1\*_ 4 , )
or, | —a” + - Zpa [ (1+K") #0]

or, —a2n2 + (b —1) > X2an
Ignoring the negative value because of Eq. (3.8a), we have
—d®*+(b—1)>2an (3.10a)
Substituting the value of 1 from Eq. (2.7), one gets
(Dya* + Dy — bDy)? > 44> D, D, (3.10b)
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3.1 Critical wave number: (I;c)

From Eq. (3.6b) one obtains

—[fzz + L+ K /n?2k + (1/n*)(1+ K')4k> =0

Lo I2t UKD fu/r
- 2(1 4+ K')/n?

Substituting the values of fi; and f> from Eq. (3.1), we have
K= (—a*n?+b-1))2
Substituting Eq. (3.10a), we get
ke > (am'/? (3.11a)

The critical wavenumber l?c can also be calculated from the degenerate roots of Eq.
(3.6a). We have from Egs. (3.6a) and (3.4b) after substitution of the values of fj; and
f22 from Eq. (3.1),

o Pt U+ KD (4 KDa® + (/n).(0+ KDk — 1)

T Q/mH(1+K') Q/nH(1+K')
_—dl+ 1/Hb - 1)
= (2/7}2) >an (3.11a)
or, 27 /xe = (an)"/?, which implies that A,
<27/(an)'/? (3.11b)

where A is the critical wavelength for Turing bifurcation. Itis noteworthy that the value
of kZ, for the dimensionless diffusion co-ordinate p (see Eq. (2.5)) is different from that
reported in Ref. [20] based on the geometric diffusion co-ordinate /. This difference is
obviously due to the coordinate transformation from geometric diffusion coordinate /
to dimensionless diffusion co-ordinate p used in our present manuscript. By applying
the coordinate transformation Eq. (2.5), we can revert to 1?5” by multiplying 125” ) in
Eq. (3.11a) with Dy /. This implies

N 2
F0* = {(an)l/znx‘l/z} =a/(DyD,)", (3.11¢)

which was really obtained in Ref. [20].
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3.2 Critical b, at the Turing bifurcation point

One can substitute the value of Ef from Eqgs. (3.11a) in (3.6a) to get

[—a2(b —1 +a2b] - |:—a2 n iz(b - 1)] an+a*>=0
n

or,b=>bl = (1+an)? (3.12)
It is to be noted that b, is independent of the choice of diffusion co-ordinate-the value
is identical to that reported in Ref. [20], which is based on the geometric diffusion

coordinate / as given in Egs. (2.5) and (2.1). Substituting the value of b, from Egs.
(3.12) in (3.8b), one obtains

1/2
(+an) < {1+(1+K’)a2} / (3.13)

Therefore, in presence of complexing reaction with the activator species X, the
reference steady state (Xs, Ys;) = (a,b/a) may undergo a Turing bifurcation at
be = (1 4+ an)* where n = (Dy/Dy)'/? < [{1 + (1 + K")a*}'/? — 1]/a; the corre-
sponding critical wavenumber being l;c > (an)'/?.

4 Separation into linear and nonlinear parts

One obtains D-R equations (2.6) divided into linear and non-linear parts as given
below.

b,
30, T =[Le+ (be — b)- (M +K'N)]- (x, ) + (Z - x% 4 2axy + x2y>

[+, =1+ KN — [(bc — b)’;—z} 41 =+ KDY (4.0)
where

be = _g?(cl_+11)f<j;bfz ?12 +K') - (—a® + n—hvﬁ)} @D

M = J_r} 8] (4.2)

N = ? 8} 4.3)

and the symbol d; = 9/dt. The derivation of Eq. (4.0) is in Appendix A.
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5 Nonlinear analysis

We consider that Turing structures constitute the linear superposition of three pairs
of modes (k,, —k )i -1.2,3 which make angles of 2 /3 between each pair, such that
|k | = k and Zl lk = 0. Let the inhomogeneous perturbations, (x, y) unfold in
terms of three amplitudes (A/s) according to the relations

3

@’ = > (AF. AN exp (ki - p) + cc. (5.0)
i=I

where c.c indicates the complex conjugate terms. The nonlinear analysis is based on
the following expansion in terms of the amplitude of the branching solutions for b
(say) in the neighborhood of b, (the critical value for Turing bifurcation) such that

T =y + 2y + - 5.1
where,
be —b = bV + 2@ + ... (5.2)
By = Oy + 807, + 8205, + - - (5.3)
A= (3A/3t0) +£(3A/dT) + 2 (DA/ITD) + -+, (5.4)

where ¢ is the coefficient of the first order perturbation in the expansion of the inho-
mogeneous term (x, y) around the stable steady state Xg = a, Ys = b/a and A is
the amplitude; (0A/0d1p) term in Eq. (5.4) is ignored because the slow variable at
zero time is time-invariant. Nonvanishing values of b1 in Eq. (5.2) are possible only
when triangular conditions between the wavevectors are satisfied [20]. Substituting
Egs. (5.1) to (5.3) into Eq. (4.0), one obtains the first, second and third order balance
equations as given below in Egs. (5.5), (5.6), and (5.7) respectively.

et Le(xr, yD)T =001 (5.5)

b ,
e Le(xa, yo)T [b“>x1 X 2ax1y1} (L =+ KN 4+ 871 (xp, )T
= (Fx, Fy)T (say) (5.6)

£ Le(xs, y3)' = [b@xl + " - 2b x1 = 2ay)x = 2axy2 + 50— T yl}
(+1, -1 + K’))T + 3r1(x2, )T + 32 (x1, y1)T = (Gy, Gy)T (say) (5.7
The derivation of Egs. (5.5)—(5.7) is given in Appendix B.
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5.1 Order 1
From Eq. (5.5), (x1, y1)7 is proportional to the right eigenvectors of L. with zero

eigenvalue at the critical mode (b = b, |ki| = k.) is given below. For degenerate
eigenvectors, the solution (x1, y)7 is

T
G,y = [Z, Wi exp(iki - p) + c.c.] : (—m 1} (5.8)

The derivation of Eq. (5.8) is given in Appendix C.
5.2 Order 2

The first solvability condition requires that the inhomogeneous term (F’ )é , F ;)T (see
Eq.5.6) be orthogonal to the left (row) eigenvectors of LI with zero left eigenvalue.

In order to get it, we calculate the eigenvectors of LI with zero left eigenvalue as
given in Eq. (5.9).

LI (x2, y2)T =001 (5.9)

These eigenvecors of LZ with zero left eigenvalue (see Appendix D for its calculation)
are given in Eq. (5.10).

(1+K)-(1+an)

T
= 1] : [Zl W; exp(ik; - p) + c.c.] (5.10)

(x2, y)' = [

The eigenvectors of L!, on transposing, gives the left (row) eigenvectors of LI with
zero left eigenvalue are given in Eq. (5.11).

A+ K")-(1+an) 1

an } : [Z, W; exp(iki - p) +c.c.] (5.11)

(x2, y2) = [

We now calculate (F)gl),Fy(vl))T, the coefficient of exp(ik| - p) by incorporating Eqs.
(5.8) into (5.6) as given below in Eq. (5.12) (see Appendix E for this calculation)

T a 2(1 —an) — — /
FOFP) = ———— 10w - ———WoWs (+1, -1 + K )T
( v Fy ) o T an i ; 2Wiag (+1,-(1+K))
T
LW .<_ a 1) (5.12)
aTy n( +an)

The inhomogeneous term, relation (5.12), being orthogonal to relation (5.11), gives the
first solvability condition as given in Eq. (5.13) (see Appendix F for its calculation)
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oWwr  (1+KHbDW 200+ K') - (1 —ampWo W3 0

2 I
—(1+K)}-
tn ( ) aty 1 +an n(l +an)

(5.13)
We express (x2, yz)Tin Eq.(5.6) as the sum of a series of Fourier terms as given below.

2, )T = (X, Yo + (X1, YD) exp(iky - p) + (X2, Y2)T exp(ika - p)
+(X3, Y3)T exp(iks - p) + (X11, Vi) expik - p) + (X2, Ya2)”
exp(2iks - p) + (X33, ¥33)"
exp(2iks - p) + (X12, Y1) T exp(i (k1 — k2) - p) + (X23, Y23)”
eXp(i(l_éz —k3) - p) + (X31, Y3
exp(i(ks — k1) - p) + c.c. (5.14)

The Fourier coefficient values have been derived in Appendix G.
5.3 Order 3
Substituting the values of the Fourier coefficients from Appendix G into the inho-

mogeneous term (Gx, Gy)T, the coefficient of exp(il_él - p) from Eq. (5.7) may be
written as (for calculations see Appendix H).

T
(G;D, Ggw) = (+1, -1+ k)" : [—ab@) Wi + {n(1 +an)X,

n(l+an)
2aWL W 2a(1 —a -
SUER A ( n)’(Y2W3+Y3W2)
n(l+an) n
81 2 2 hy
—W2W — = (|Wa|" + | W W.—:|
(Wi ["W1) 9P (L an) (IWal” + [W3|7) Wy 0 +an
aW, 9y T
+ (—1 + —1> : (—L, 1) (5.15)
0Ty 0T n(l+an)

where,

g1 = 38an + 5(an)* — 8 — 8(an)®
hi = 5an + 7(an)*> — 3 — 3(an)’ (5.16)

As the second solvability condition should satisfy that the left (row) eigenvectors (see

T
Eq. 5.11) be orthogonal to the column matrix (G)(CI), G;l)) (see Eq. 5.15), we have

T
(232 (G, 6") =0
Or,
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1+ K')(1 !
(MGerGy)) ~0 (5.17)
an

Substituting Eq. (5.15) in Eq. (5.17), one obtains (see calculations in Appendix I),

oW oY,
{(1+K)—n}(l+ar/)< +8n)

=(1+K')- { —bPwW —yp

2WoW3bMD  2(1 —an)
n(1+an) n
A(YaW3 + Y3Wo) — (Wi P W; -

81
In3a(l + an)

hi
—(|W>|? WsHWy - 5.18
(IW2|= + [W3|5) Wy n3a(1+an)} (5.18)

Equation (5.18) is the second solvability condition, also to be used in amplitude equa-
tion derivation in the next section.

6 Amplitude equation

Substituting the values of (x, yl)T and (x», yz)T fr(lm Egs. (5.8) and (5.14) respec-
tively into Eq. (5.1), we equate the coefficients of exp(ik;.p) from Egs. (5.0) and (5.1).

T
) a
(AL AT = e [—m, 1] Wi + £2[X;., Yi1" (6.0)

Using Eq. (G10) from Appendix G, one obtains

(Ai, ADT = (A7, ADT

- e[—L 1TW~+82 [—L I]TY 6.1)
B n(1+an)’ ’ n(1+an)’ ’ '

The partial differential of the amplitude Ajwith respect to time t from Eq. (5.4) is
given below.

dA] aAl . 2041 . ©2)
It 811 91y '

The term d A1 /a7y from Eq. (5.4) has been neglected here because the slow variable
at time zero is time-invariant. Substituting the value of A from Eq. (6.1) into Eq. (6.2)
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and neglecting terms beyond the order of &3, one obtains

0A B [ ( a )
0 E—
ot 8t1 n(l—i-an)
(e ) 1) [ ()
n(1+an) : ) n(+ap)
+(~5rtan) ]
(1+an)

( ) |:3Y1 8W1:| 2( a ) 3W1
= & _— RN +— +8 — .
n(l —l—an) a7y 01 n(l +an) 7]

We incorporate the solvability conditions Eqgs. (5.18) and (5.13) into Eq. (6.3) to get
the amplitude equation as given below in Eq. (6.4) with the help of Egs. (5.2) and
(6.1)—neglecting terms involving & of order &> and higher (Derivation of Eq. (6.4)
including the coefficients 1o, i, v, g and & are given in Appendix J).

(6.3)

04 _ — — 2 2 2
0| —— ) = A1 +VA2A3 — g|A1|"A1L — h(JA2|” + |A3|9) Ay (6.4)

Jat
where,
_ _U+KY—wr o b—be __ 2l-—ap g
A+K)-Qtan 7 b """ al+an 7 930 +an

_ 38an +5(an)? —8 —8(an)® N

o 9a377(1+ar;) ’

_ o san+7(am?® =3 —3(an)’ 6.5)
@l +an) an(1 +an) ’

Expressions for the amplitudes A, and A3 may be obtained by circular permutation of
the indices from Eq. (6.4). The bifurcation scenario may be schematically presented
[22, 37-41] in Fig. 1 in the form of amplitude as a function of the bifurcation param-
eter 1 (the normalized distance from onset) for stripes (S) and hexagons (H) states
respectively. For Turing pattern amplitude Eq. (6.4), the supercritical stripe branch is
unstable near the critical point, but becomes stable for © > pug > 0 . The stable
hexagonal branch is Hy (or H;) if vV > 0 (or v < 0). A subcritical hexagonal branch
begins at w1 = —52/4(g + 2h) < 0, which remains stable until ;g> > 0. Both
branches (stripes and hexagons) are stable in the bistable range given by

s < b < gy s =v°g/(h — )2, umgar = Qg +h)v2/(h —g)*  (6.6)
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]

> u

Fig. 1 Schematic bifurcation diagram of the amplitude of stripe state (Rg) and hexagon state (Ry) as a
function of the bifurcation parameter y for the amplitude Eq. (6.4) for v > 0; Ho: hexagonal patterns with
¢ = 0; Hy: hexagonal patterns with ¢ = 7; S: stripe patterns; solid lines denote stable states; dashed lines,
unstable states. The limits of stability (,u§ S§) are given in Eq. (6.6). For v > 0, the indices 0 and = must be
interchanged

7 Results and discussion

The results from algebraic calculations are similar to those for the reversible Sel’kov
model [30, 31]. Hopf-bifurcations of the homogeneous (k = 0) and inhomogeneous
(k # 0) model systems strongly depend on the complex formation reaction [11, 34]
with the activator species X (see Eq. 3.5). Due to the complexing reaction with the
activator species X, there is decrease (increase) of Hopf-wavenumber k (wavelength
A) values—when translated to wavelengths using the relation k = 2m /A, one can
get the values in dimensionless unit of p, from which the values in the unit of real
length (cm) may be obtained with the help of Eq. (2.5) for an appropriate value of
D, (x 10’5cm2s’1) in aqueous solution.

Equation (3.5) shows that Hopf wavenumber in (a, b) parameter plane decreases
with the increase of K’ (complex formation reaction with the activator species X
for a particular value of the ratio n), whereas Eq. (3.8b) shows that, by increasing
K’ to an appropriate value, it is possible in principle to increase the range of b, for
which the state of excitable non-oscillations may be imposed for a particular value
of a. But, complex formation reaction with the activator species X neither changes
the wavenumber (wavelength) of Turing patterns (see Eq. 3.11) nor does it affect the
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basic relation to be maintained for Turing structure formation (see Eqs. 3.10a and
3.10b).Turing wave-number k. as a function of a is given in Eq. (3.11), which verifies
that k. indeed doesn’t depend on K'—an appropriate value of K’ can only help in
changing the range of b, for which the state of excitable non-oscillations may be
imposed for a particular value of a (see Eq. 3.8b). This result is in agreement with the
observation of De Kepper et al. [9, 10] on the chlorite—iodide—malonic acid (CIMA)
reaction with varying concentrations of starch. Also, by increasing K’ in Eq. (3.5) to
an appropriate value it is possible, in principle, to arrest the arrival of Hopf-bifurcation
in this model system—the Hopf-domain which disappears by this technique, may be
utilized in generating Turing patterns by inducing inhomogeneous perturbations of
nonzero k-mode.

Different numerical values of the ratio n << 1 (see Eq. 2.7) can be realized
in experiments by adopting a regulatory mechanism based on immobilization of the
activator X in a real D-R system. This can also be realized in BZ-reaction experiments
in a water-in-oil aerosol OT (AOT) micro-emulsion [42—44], because small molecular
species such as Bry, Br—, or BrO,. may display very different diffusion coefficient
(D) values in oil and dispersed phases—D of Brp, Br~ species is of the order of
the diffusion coefficient of oil molecules (~10~> cm? s~!). For the BrO,- molecules
responsible for the formation of activator species HBrO, (X), D is decided by the
diffusion of droplets in oil phase [45] and is of the order of 1077—1078 cm? s~!.
D-R systems with such unequal diffusion coefficients may have values of the ratio n
very much less than 1 (see Eq. 2.7) and possess unusually complex properties [46—48]
including Turing structure formation. Incorporation of complexing reaction with the
activator species X in the Brusselator model [16] enhances these interesting features
further, as given in the last paragraph in presence of an AOT micro-emulsion, which
generates very much unequal diffusion coefficients (see Eq. 2.7) leading to Turing
structure formation.

However, the mathematical treatment undertaken in this manuscript remains valid
also for equal diffusion coefficients for this two component system for which n =
(Dx/Dy)'/? ~ 1. Vastano et al. [49] reported that discrete Turing type patterns remain
hidden in a D-R system having equal diffusion coefficients. These stable patterns can’t
organize spontaneously, but require finite perturbation of the homogeneous steady
state. This is because primary Turing bifurcation is unstable, which becomes stabilized
by a secondary supercritical Hopf-bifurcation.

8 Conclusion

The manuscript reports an amplitude equation Eq. (6.4) derivation for a D-R Brus-
selator model [16] in the framework of a weakly nonlinear theory in presence of
complexing reactions [11, 34] with the activator species X. The amplitude equation
derivation is interesting enough from mathematical point of view because the kinetic
steady state is simple looking in algebraic form [12, 21-24].

The kinetic stability analysis of the amplitude Eq. (6.4) interprets the structural
transitions and stability [23, 37—41] of stripes and hexagonal patterns (see Fig. 1).
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Complexing reaction with the activator species X strongly influences the wavenum-
ber (wavelength) of Hopf-wave bifurcations (see Eq. 3.5), whereas Turing pattern
wavenumber (wavelength) is independent of complexing reaction with the activator
species X (see Eq. 3.11). We may obtain the same information immediately just by
looking at the amplitude equation itself-time dependent amplitudes in Eq. (6.4) such
as in Hopf-wave bifurcations, strongly depend on K’ (degree of complexing reaction
with the activator species X), whereas time-independent amplitudes, such as in Turing
structures, are independent of complexing reaction with the activator species X; K’
included in the expression for 7y (Eqgs. 6.5) only.

Complexing reactions arrest the arrival of Hopf-bifurcations and the additional
domain of excitable non-oscillations such created may be utilized for Turing structure
generation by inducing inhomogeneous perturbations of nonzero k-mode (see Eq.
3.11), for which very low values of the positive ratio n << 1 is useful [35, 36].
Complexing reaction with the activator species seems to have a major role in biological
oscillatory networks including glycolytic oscillations [30, 31], because any kind of
interaction with the activator species X is bound to alter the domain of Hopf/Turing
bifurcations (see Eq. 6.4) enforcing additional changes in the existing order in self-
organizing physiological systems.

9 Note added in proof
Reference note 50

- . 2
{Zi;? W; exp(ik; - p) + c.c.]
i=3 7o) i=3 77 7o)
= (I WiexpEi - 0)) "+ (I Wi exp(—iki - )
+2 (123 Wi expliki - ) - (SIZ3 Wi exp(—iki - p)) = 0+ 2W, W3;

. o 3
[ ﬁz% W; exp(ik; - p) + c.c.]
i=3 7 3 i=3 77 7 3
= (SIS Wieiki - )+ (XI5 Wi exp(—iki - )
i=3 7 2 i=3 7 7 i=3 2
+3 (S0 Wiexp(iki - p)) - (I Wi exp(—iki - ) +3 (X123 Wi expliki - 0) )
. N 2 _ _ _
: (Z;j W; exp(—ik; - p)) = 0404 3(W2W) +2W, WoWa + 2W3 W3 W)) + 3.0

Appendix A

Let the inhomogeneous perturbation (x, y) around the stable steady state (Xg =
a, Ys = b/a) be represented by the following relations.
x=X—-a;y=Y—>bJ/a (A1)
As (X, Yg) is the dimensionless steady state solution of the D-R equations (2.6), we
have

a—Gb+1D)Xs+X3Ys=0; bXs— X3¥s =0 (A2)
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Incorporating the values of (X, Y) from Eq. (A1) into the D-R equations (2.6), one
obtains

g ta)=a-b+D.E+a)+ @+’ (y+b/a)+ Vi +a) (A3
3 (y+bj/a)=(1+K")-[b(x+a) — (x+a)(y+b/a) + %Vf, (y+b/a)]
(A4)

Therefore,
b
dex =a— b+ x—(b+a+ (x> +2xa +ad°) - <y+ —) +Vix (A5)
a

b 1
y=(10+K")- |:bx—|—ab— <x2y —I—xzf +2xay+2xb+a2y+ab> + —Zngi|
a n
(A6)

Incorporating the steady state conditions, Eqgs. (A2) into (AS) and (A6) one obtains,
0;x =la— b+ 1a+ab]— (b+ 1)x +a2y + (x2y —l—xzé + 2axy) + 2xb + Vgx
a
2 2 b 2
=[b-D+V;lx+a y+[x<ax+2ay>+x y] (A7)

1
ay=(1+K")- |:(ab —ab) + (bx — 2bx) + (—azy + —ZV/Z) y)
n

- (xzy +x2§ + 2axy>:| (AB)
Therefore,
N RN Vo e -
6 (x. %) [ “bA+K) (a4 5VD Ak [V
+[ (—x+2ay>+x2y]-[+1,—(1+K/)]T (A9)
@ = H+V2  a
| e+ KDY (=P 455V (LK)
be+b 0 T
+[(1+K) (b — b) 0}}()"”

bc 2 2 X2 N
+ —X +2axy+xy —(bc—b)— [+1,—(1+K)]

— [LC+(bC —b) [(_11+ X' OOH.(x,y)T

@ Springer



1700 Journal of Mathematical Chemistry (2024) 62:1682-1726

b :
+ (Z - x” + 2axy +x2y) [+, -+ K1

x2 /
- [(bc—b)ﬂ- [+1,— (1 +K)H]" (A11)

=[Le+ (be — b)- (M +K'N)]- (x, y)7

b
+ <;sz + 2axy +x2y) 1, =1+ KDT

x2
- [(bc —b);] L -+ kDT (4.0)
where
(be — 1) + V2 a?

be= [—(1 + k. +K’>.<—a2+nizv§>} @D

-1 0
M = [+1 0} “4.2)

00
N = [1 0} 4.3)

and the symbol 9; = 9/0t

Appendix B

Substituting Egs. (5.1)—(5.3) into equation Eq. (4.0), one obtains

(g + €dry + %00 +---) - [e(xr, y)T + &2 (x2, y2)T + &3 (a3, y3)T +..1]
=[Le+ M+ K'N)- (b +2b® 4+ .. )] le(xr, y)T + €202, )T + &3 (x3, y3)T

2
o ]= [(ab(l) +e2p@ 4. ) L] (1, -1+ K/))T
a
2
+<bc% +2axy+x2y> S+ -1+ KN (B1)

Equating the coefficients of order ¢, €2, and &3 from both sides, one obtains

g1 eLe(x, y1)T =02y (B2/5.5)
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e 1 &2 Lc(x2, y2)T = %85 (x2, y2)T + 2001 (x1, y)T — XM + K'N)DD (x1, y)T

—&? (b—cx% + 2ax1y1) S =+ KT (B3)
a
Therefore,

Le(x2, y2)T

b,
—(M + K'N)bY - (xp, y)T — (—fo + 2ax1y1>
a
(41, =1+ KN 4801 (e, )T
1 0 0 0
_ (€)) / T
=-b <_+1 o}“’( [1 o])'(’”’yl)

b ,
- (;Cx% + Zax1y1) (L =+ K DT + 8 (e, y)T

= - < (_11+ K?/ 0]) (e, ot

b,
— <;Lx% + 2ax1y1) (L =A+ KD+ 000 (e, y)T

b
= bWy (=1, 1+ KT — (;“x% + 2ax1y1>
"\\T T
(+1, =+ K ))" + 0371 (x1, ¥1)
b
= bW (1, —(1+ KN - (Zcx% - 2ax1y1)
'\WT T
(+1, =+ K ))" + 0371 (x1, y1)
b ,
= [b“)xl — (;Cx% +2ax1y1)} L=+ KD+ 01 e,y

Therefore,

b
Le(xa, y)T = (b“)xl - ;Cx% - 2ax1y1) (L =+ KD 48,0 (e, )T

= (F., )" (say) (B4/5.6)

e &L (x3, 3307 =¢° [3r0(x3, y3) T+ o1 (x2, y2) T + 82 (a1, Y1)T]

e} [BO M+ K'N) - (2, 32) + DO+ K'N) - (o1,

b x2
—? [ZaCxlxz +2a(x1y2 + x2y1) + x7y1 — b(l)al}

(1, =1+ KN (B5)
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= & [0c00x3, y9)T + de1 (2, 32T + 0o (1, y)T | = &M + KNI (a2, )

+b@ (x1, y)7]

b x2
— [2;%1@ + 2a(x1yy + x2y1) + X3y — b“);l} S+, -1+ KN (B6)

-1 0 00
oo Le(xz, y3)T =311(X2,y2)T+8r2(X1,y1)T—([_H O]+K’[1 OD

o0 "+ 6 0]
be 2 (1)’“12
- 2;)61)62+2a(x1Y2+xzy1)+x1y1 —b o

(+1, -1+ KT (B7)

-1
= 31 (02, y2)" + 82 (a1 y)T — ([(1 LK) 8] [0 G2 32T+ 5@ (T |
(B8/5.7)

b, x2
- [2;‘x1x2 +2a(x1y2 + x2y1) + xPy1 — b“);l] S, (1 + KT

= 3:1(x2, y2) T 4+ 802 (1, y)T = bV (—x2, (14 K)x2)T — 6@ (—x1, (1 + K)x)T
b. x2 ,
- |:2;X1X2 +2a(x1y2 + x2y1) + x{y1 — b(l)al} (1L, =1+ K )T
= 3:1(x2, y2)T + 832 (1, y)T + 6V xo(1, —(1 + KT
T bc x2
+b6Px (1, -1+ K))" — |:Zaxlxz +2a(x1yz + x2y1) + x{y) — b(l)ali|

(L =1+ KT
oo Le(xs, y3)T

b x2
= |:b(2)x1 + (b(“ - 2;%1 - 2ay1> X2 — 2ax1ys + b“);1 - x12y1i| (1= +k9)"

+ 001 (x2, )T 4 902 1, y) = (G, Gy)' (say)

Appendix C
We have

Le(xi,yp' =0 (5.5)
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Substituting the value of L. from Eq. (4.1), Eq. (5.5) in component form may be
written for b = b.; |k;| = k. as

[(AI+an? =1+ V) Ixi+ a’y; =0 (Cl)
1
—1+K).(A+an’*x1 + 1+ K. <—a2 + PVf,) yp =0  (C2)
Let, (X1, y;)7 be the solution for non-degenerate eigenvectors such that the degenerate

solution (x1,y;)”7 may be written as a linear combination of such non-degenerate
eigenvectors as given below

3

X1 = X1 ) _[Wexp(iki - p) + c.c] (C3a)
i=1
3

yi = Y1 Y _[Wexp(iki - p) + c.c] (C3b)

i=1
We, therefore, obtain from the first component Eq. (C1),
3 B 3
[(1+an? — 11X1 Y _[W; exp(iki - p) + c.c] + (iki)*¥1 Y _[W; exp(iki - p) + c.c]
i=1 i=1
3
+ay, Y [W; exp(iki - p) +c.c] =0 (C4)
i=1

As |E,~| = l_éC, we have

[(1+an)? — 11X — k2% + a%y; =0
Or. [(14+an?—1 — k2% + a*y, =0 (C5)

Substituting I_cbc2 from Eq. (3.11), one obtains

[(1+an)®—1—an] ¥ + a’y; =0
or, (an*+n) X1 + ay, =0 (C6)

which gives the non-degenerate eigenvectors solution

T
— -7 _(_ a
G131 _< n(1+an>’1> ©
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For degenerate eigenvectors solution, we obtain from Eq. (C3), the solution of
(x1, y1)Tas shown in Eq. (5.8).

T
(e, y)T = Zi[w,» exp(ik; - p) + c.c.)] - (—m 1) (C8/5.8)

We could also get the same solution starting from the second equation Eq. (C2), and
substitution of the values of b. and kg from Egs. (3.12) and (3.11) respectively. For
calculations, see below:

1
—(L+an’x + (—ahﬁvz)yl =0 (€2)

Therefore,

3
1
—(1 +ar7) X1 Z[W’ exp(lk, p) +c.cl + (—a + Vz)
i=1
3
Z[Wi exp(iki - p) +c.c] =0
i=1
3 3
or, — (1 +an)?*x Z[Wi exp(ik; - p) + c.c] + (—a>)y, Z[W,- exp(iki - p) + c.c]
i=1 i=1
3
2(zk) > [W; exp(iki - p) +c.clFy =0
i=1

2 1 72
Or = (1 +an’ ) + | =a® + (k) |3, =0

or, — (1 +an)?*x —|—|:—a + (- an)] =0

+a
Or(1 +an)’ ¥y +( ”n >y1 =0

The non-degenerate eigenvectors solution is given by
Ly’ = (s tam 1T, which is the same as that in Eq. (C7).

Appendix D

LI (x2, y)T = 0251 (5.9)

Substituting the values of L. and b, from Eqs. (4.1) and (3.12) respectively into Eq.
(5.9) and considering that (X2, y,)” be the non-degenerate eigenvectors solution such
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that

Xy =% ) [Wiexp(iki - p) +c.c] (D1)

1

Y2 =2 [Wiexp(iki - p) + c.c] (D2)

L
One obtains Eq. (5.9) divided into component forms given in Eqgs. (D3) and (D4).
[(1+am? =14V o — (1+K).(1+an)’y, =0 (D3)

and

2 2 1 2 /
a“xy+ | —a +ﬁvp (I + Ky, =0 (D4)

Or, [(1+an? — 1+ (k)1 T2 Y [Wi expliki - p) + c.c] = (1 + K') - (1 +an)?

1

Y2 Y [Wiexp(iki - p) +c.c] =0

1
or, [(14+an?—1—k 1% —(1+K)-(14an?y, =0 (D5)
and,

- 1
a’xy Y [Wiexp(iki - p) + c.c] + (—a2 + F(z‘kaz) ~(1+ K"y,

l

Z [W; exp(il?i -p)+cc]l=0

1
1-
Or, a’xs + (1 4+ K') (—a2 — —2k§> ¥, =0 (D6)
n
Substituting the value of 123 from Eq. (3.11) into Eq. (D5) one obtains,

[(1+an)?—1—an] T — (1 +K)-(1+an?y, =0, (D7)

which gives the non-degenerate eigenvectors solution

1 T
2. 7)) = [(1 +K’).< +“”>,1]
an

and the degenerate solution

T
(2, y)T = [(1+K/).<1:na"),1] > [Wi expik; - p) +c.cl  (D8/5.10)
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Equation (D6) can also give identical non-degenerate eigenvectors solution as given
below

T
2. 70T = [(1 + K. (”ﬂ) , 1}
an

Appendix E

Let us calculate (F;l), Fy(l))T, the coefficient of exp(ik; - p) by incorporating Eq.
(5.8) into Eq. (5.6).

(M) (T ) Teon o4
(Fe7, Fy) =>[b {W1 exp(iky - p)} { 77(1-1-6”7)}

2
—% {Z [W; exp(ik; - p) + c.c]}

a 2 ik .
(o) —Za:;[WieXp(lkt'P)+"d}'{_77(1+an)}

: {Z [W; exp(ik; - p) + c.c]” Sl =+ KD+ 0y [[Wh expliki - p))

1

a T
'{_n<1+an)’l} } =D

_7} {_(l—l—an)z‘ a’ N 2a? }
n(l +an) a n”?(I+am?  n(l+an)

= |:b(1) {Wl exp(iﬂ -p)} . {

i=l1

3 2
: [Z W; exp(ik; - p) + c.c.l } L =L+ KD+ 001 W1 exp(iki - p))

T
a
B N — E2
{ n(l +an) } E2)
— |0 R B D _a(,_ 2an i -
= |:b {W1 exp(ik; - p)} { Tt am } - (1 0 +a77) {W1 exp(iky - p)

+ Wi exp(—iki - p)
+W, exp(ika - p) + W5 exp(—iks - p)
+Ws exp(iRs - p) + W exp(—iks - )} (+1, (1 + K )T

T
— a
+0-1{Wyexp(iky - p)} - i—m, 1} (E3)
—{pm ol @ A AN, e exoiT -
_[b {Wiexp(ik; - p)} { 77(1+077)} 7721+WIZW2W3 exp(iki p):|.
T
(FL (14 KD+ 301 (W) expCiFr - ) - {—L, 1} (E4)
n(l 4 an)
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2(1 —an)— — /
(FD, YT — L{_bmw - = "TwW,w } +1, -1+ K )T
(Fy7, Fy) YT 1 ; W3- ( ( )

aw, < a )T
+ = , 1
Ty n(l +an)

(E5/5.12)

Appendix F

As the left (row) eigenvector of LZ with zero eigenvalue, given by Eq. (5.11) is
orthogonal to (F)Sl), Fy(l))T as given by Eq. (5.12), one obtains

(x2,y2) - (F, F{MYT =0 (F1)
Therefore, x» F, )fl) +wF )(,1) =0 (F2)

Substituting the values in Eqgs. (5.11) and (5.12), one obtains

1+ K)-(1+an)

FO + FD =0 (F3)
an ’
or. (1+K)‘(1—|—ar;)|: a {—b(l)Wl—Z(l_an)W2W }_ a %]
an n(l+an) n n(l+an) dn
+L.{—b<”wl—MW2W3}-(—1)~(1+K’)+%=0 (F4)
n(l+an) n a7y

1 2(1 —an)— — 1w
or,(1+ K~ -{—b(l)Wl _Aany } !
n

~(1+KH— S on

szg} —D.(+Ky+ M g

{ pDaw,  2a(1 — an)

“n(l+an)  pA(1+an It
Therefore,
1) oW, . 1 a
1—(1+K)—} +bOW 1 +K)- { +—}
{ n?) ot n?  n(l+an)
1 a
21 —an)WoWs-(1+K — -0 F5
+2(1 —amWoWs3-(1+K ) - { =+ 2(l+an)} (F5)

Or. b — (1 + K 2 +b<1>W1(1+K){ 1+ — }
14an

o C( 1
+2(1—an)W2W3~(1+K).{—Z—I— a }:0
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Or,
oW 1+ KHpDW, 21+ K) - (1 —an)WoW.
P — (4K M _d+K) 1 20 +K)-( 6177)2320
It 1 +an n(l +an)
(F6/5.13)
Appendix G
Calculation of the coefficient (X,, ¥,)” exp(0):
Let (x2, y2)" = (X0, Yo) " exp(0) 4+ v-vvvvv o (G1)

Substituting Eq. (G1) into Eq. (5.6) and equating the coefficient of exp(0) (i.e. constant
term) from both sides,

(be —1)+V2 @&
. T _ p
L H S(Left hand side) = L.(x2, »2)" = |:—bc(l 4K (—a2 " #Vg) A+KY |

(XOs YD)T
_| =1 a? ,
B [—bc(1+K’) —az.(l+K’)]’(X0’ Yo)
_ [ 4ap* -1 a? ,
[—(1 +an?(+K) —a®.(+ K’)] (Xo, Yo) (G2)

, be
RH S (Right hand side) = (+1, —(1 + K )T - [b<1>x1 . —2ax1y1]+311 Gy’
(1
2 . 2
_ _ r | _(4ap? [ a =3 ‘
=L -(1+K)) [ ; aran) Y. Wiexpliki.p) +c.c.
a i=3 - 2
—2a- _7'7(1_’_“”) . Zi:lW;exp(zki~p)+c.c. +0

2 . 2
— (41, -1+ KT [ % T L] : (Zj Wi exp(iki - p) + C.c.)
a
n
a
n

n(l +an)

) |:(1+a77)2—1 a?

, 1
=L -A+K )T ; Uta )’2(W1W{k + WaW5 + W3 W3)

+an

’ 1
=HL-(+K)"- o +a ) 2(IW11? + W2 + (W3 ]) (G3)

—(I+an?*d+K) —da*- (1+K)

1 —an
— (1L, A+ KN (=2L).
=+ £ ( n2> 1+an

} (X0, Yo)T
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2(0W1 12 4 [Wal* + [W31%)

a 1—an
(A +an?* = 1)X,+a°Y, = —— - 2(Wil? + [Wal” + [W3]%)
nc 14an

(G4a)

and

a 1—a
— (L +an)?X, —a*Y, = = — 1

. 2(WiP + [Wal” + [ W3]?)  (G4b)
n- l+an

(G4a) plus (G4b) = X, =0

. 2(1 —a
(G4a) minus (G4b) = Y, = —# (W12 4 W2 + (W37
an=(1+an)
(G5)
Calculation of the coefficient (X1,Y1)”:
Let (x2, y) = (X1, YD) exp(iki - p) + -+ -- (G6)

Substituting Eq. (G6) into Eq. (5.6) and equating the coefficient of exp(ilzl - p) from
both sides,

L HS(Left hand side) = Le(x2, y2)"
[ +an?—1+V2 o
|~ +an*(d+K) (—a2 + W%V,E) (1+K%)

} (X1, Y1) explik; - p)
[ +an?—1-k & ;-
_(1 + K/) . (1 +an)2 (1 + K/)(_aZ + nilz(_kz)) . (le Yl) eXp(lkl : p)
(1 +an?—1—an a?

T -
- _(1 + K/) . (1 +an)2 (1 +K/) . (_ 2 _ Z):| . (le Yl) exp(lkl /0) (G7)

RH S(Right hand side) = (+1, —(1 + K )7 [b“) (- ) W) exp(iky.p)—

n(1+an)
(1+an)? a 2 =3 e 2
a . <_ 7’](1 + ai])) ’ (Zi:] Wl eXp(lk, : ,0) + C.C.)
a i=3 - 2
—2a (—m> . (Zi=1 Wi exp(ik;.p) + c.c.) i| + 01 Geryy)T

, pOw - 2a°
=(+1,—<1+K)>T~[ “7‘-exp<ik,-~p>+(L i)

(1 +an) n(l+an) 7
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i=3 - 2
. (Zi_] Wi exp(ik; - p) + c.c.)

abMw, a ( 1—an

=L -1+K )T {— ) -2W2W3} exp(iki - p)

n(l+an) 0 \n(l +an)
, 1 —an
ey o - (L2)
(+1, —( D | -
2WL W3] exp(iky - p) (G8)

From Egs. (G7) and (G8), one gets

(1 +an?—1—an a? .
SA+K) - (ap? (14K (a2 g) | T H T

— (+1, -1+ KT .

n(l+an)
i} L o
. —b(l)W] — ( n‘“?) 2Wo W3
) ) a
(U 4an)? — 1 —anlX, +a*Y) = ————
n(l +an)
i} L -
A =pDw, —( n“") W, W, (G9a)

and,

a 1—a _
—(1+an)*Xy + (—a* — ;)Y] =— - [—b“)W] - '7.2W2W3]

n(l+an)
(G9b)
aY1
(G9a) plus (G9b) = X| = ————— (G10)
n(l+an)
Calculation of the coefficient (X;1, Y11)7 :
Let (x2, y2)" = (X11, Y11)T expQiky - p) + -+ - (G11)

Substituting Eq. (G11) into Eq. (5.6) and equating the coefficient of exp(2i 121 - p) from
both sides,

L H S(Left hand side) = Le(x2, y2)”
(I+an?—1+V2 a?
—( +an?(+K) (—a2 + n—lzvf,) S +K)
(A +an)? — 14 Qik,)* a?
T | =4 an?+K) (—a2 + n—‘2(2ikc)2) ~(1+K)

} - (X11, Y1) exp(2iky - p)

} - (X11, Y1) T exp(Rik; - p)
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(L+an?—1—4an d>

- [—(1 +an?(1+K) (—a*+ L (~4am) - 1+ K)

a*n® —2an al T 7
= | (1 +an?d + k) (—az—“#)~(l+K’) “ (X1, Yi)' expQRiky - p) (G12)

:| (X1, YinT eXP(Zil:I - p)

R H S(Right hand side) =

(+1. -1+ K )" [bmxl — %x% - 2ax1y1] + 071 (x1, y)”
" (l—i—ar))2 a 2
= (1L -(1+K)) '[0— - ‘<_n(1+an)>
. <Zi? w; exp(ilzi
a i=3 - 2
cp)+ce)? — 2a(—m) . (Zi_l Wi exp(iki - p) + C.c.) :| +0

2 - . 2
=(+1, -1+ K/))T . [—i + L] . <Zl,_3 W; exp(ik; - p) + c.c.)
n*  n(l+an) i=1

, a 1 2a
=<+1,—(1+K>>T-—~[——+ ]W%exp(zikl-m
n n l4an
1~ Ky W@ =D i) (G13)
= , — . exp(2ik; -
P ranp P
From Eq. (G12) and (G13) one obtains,
aW?(1 —an)
(@n* = 2amXn +a’¥y = ————= (Gl4a)
n>(1 +an)
4 W2(1 —
—(+d®n® +2ap) X1 + (—a2 - —a) Yy = az‘(—an) (G14b)
1 n-(1 +an)
Eq.(Gl4a) plus (G14b) = Y| = 41(—44177 - DXu (Gl4c)
a
Substituting Eq. (G14c) in Eq. (G14a) one obtains,
4W2(1 —
"= M (G15a)
I (1 + an)
Substituting X1 from (G15a) in (G14c) one obtains,
W2(1 4 4an)(1 —
vy = Y+ damd = an) (G15b)

9an?(1 + an)
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Calculation of the coefficient (X2, Y12)7 :
Let (x2, y2)" = (X12, Y12)” exp(i(k1 — k2) - p) (G16)

Substituting Eq. (G16) into (5.6) and equating the coefficient of exp(i (l_él — Ez) .
p)from both sides, one obtains

LHS(Left hand side) = L. (x2, y2)”
[(I+an?—14+V?2 a*
|~ +an’(1+K) (=a®+ 5V2) - (1 +K)
(X12, Y1) T expli (k1 — k2) - p)
(1 +an? — 1 +i2(ki — k»)? @
- S \2
—(I+an)?(1+ K (—a2 + ,’1—21'2 <k1 — kz) ) -(14+K")

(X12, Y1) exp(i (ki — k2) - p)
[(1+an?—1-3k2 a?

—(+an?.(+ K" (—a2 + L (—3k§)) (1 +K)
(X12, Vi) exp(i (ki — k2) - p)

(1 +an)?—1-3an d*
T -aranta+ k) (=a? = Fan)- (1K)
(X12, Y12)T - exp(i (k1 — ka) - p) (G17)

R H S(Right hand side) =
, 1 2 2
=(+1,—(1+K))T~|:O—( +a‘”7) < - >

(I +an)
i=3 . 2
. <Zi:1 Wi exp(ik; - p) + c.c)

a i=3 .7 g
2a (_m> ) (Zi=1 W; exp(ik; - p) + c.c.) :| +0

2 i . 2
=(+1, -1+ KN [ﬁ — %} . (Zizf W; exp(ik; - p) + c.c>

/ 2 1 _ L.
=(+1,—(1+K))T-9( a ——> Wi Wa.expli(ki — k2) - p)
n \1+an n
. B T 2aW1W2(an —1) . R
=1, —(1+K)) 21+ an) exp(i (k1 — k2).p) (G18)
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From Eq. (G17) and (G18) one obtains,

a2n? — an a2 ,
~Uban?- (4K (~a? =)y | TR
, 2aW 1 Wa(an — 1)
=(H+1,-1+KNnT.
( ( ) 2+ an)
2aW 1 Wa(l —an)
(c12172 —an)Xpp + azle = — (G19a)
n*(1 +an)
and
3a 2aWiWr(l —a
— (1 +an)*Xi + (—a2 - —) Yip = ; 2( . (G19b)
" n*(1+an)
Eq.(G19a) plus (G19b) = Yip = 31(—351;7 - DX (G20)
a
Substituting Eq. (G20) in Eq. (G19a), one gets
3W Wa(l —
X12 = M (Gzla)
2n°(1 4+ an)
Substituting X1, from Eq. (G21a) in Eq. (G20), one gets
WiWa(1 + 3an) - (1 —
Y= 2(1+3an) - (A —an) (G21b)

2an?(1 + an)

Appendix H

T
M & _ NN Y
(6.6")" = (+1. -1+ k") [b ( n(1+an)>
2(1 4+ an)? a =3 > _ —
— P . (_77(1 n a'l)) . (Zi=l Wi exp(ik; - p) + c.c.) AXo + Xaexp(—ika - p)

+X3exp(—iks - p) + X11 exp(+2ik; - p) +
Xipexp(i(ky —k2) - p) + X31exp(—i(ks — k1) - p} —2a(Xo Wi + XoW3 + X3Wa +

Wi + bV X,

— — a - - —
X1uuWi+ X12Wa + X351 W3) — 2a (-*) (YW1 + Y W3 +Y3Wo 4+ Y11 Wy
n(l +an)

- b a 2 i=3 - 2
+Y12W2 + Y3|W3) + 7 <—m> . (Zi=1 Wi exp(lk,- . p) + C.C.)

a : i=3 - ;
- (_M) Q. Wiexpliki - p) + c.c)
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Wi T
3 (X1, YD) + 8, —“7,14/) HI
+0:1 (X1, Y + 2( 2 ran M (HT)

T
(61.6") = (+1. -1 +K)"- [b<2) <— Wi + b0 x,

2(1 +a 2 a — — _
_Z+an) -(— )'(XoW1+X2W3+X3W2+X11W1+X12W2
a n(l +an)

+X31W3) — 2a(X, W1 + Xo W3 + X3 W) +

)
n(1 4 an)

— — a - - —
X1uWi+ X1oWa + X31W3) —2a (—7) (YW1 + Y W3+ Y3Wo+ Y11 Wy
n(l +an)

_ p(D PN _ 2
+Y1 oWy + Y31 W3) + - (—m> . <Zi:l Wi exp(ik; - p) + C.C.)

2 - . 3
_ <_m> . <Zi: W; exp(ik; - p) + c.c.) i|

+ (-L Y)T—H) (-ﬂ W)T (H2)
T\ Fan ! 2 +apy ™!

ab®w,

—m +bD X1 + (XoWi + X2 W3 + X3 W)

= (+1,-a+K")" [

+X1u Wi+ X12Wa +

- 2(1 +a 2a?
X31W3) - <—2a + ( 77)) +

(YW + Y, W3+ Y3Wo + Y W,
n n(l+an)

_ pM a 2 i=3 = 2
+Y12Wo + Y31 W3) + o (_m> : (Zi:l Wi exp(ik; - P))
=3 - 2 i=3 .
+ (Zi:l Wi exp(—ik; - p)> +2 (Zizl W; exp(ik; - p)>
= 7 a? =i 3
i=3_ - 3 i=3 - 2 =3 -
+ (Zi:l Wi exp(—ik; - p)) +3 (Zl_zl Wi exp(ik; ~,o)) . (Zizl Wi exp(—ik; ~p))
i=3 - =3 - 2
+3 (Zi:1 W; exp(ik; - p)) - (Zizl W exp(—ik; - p))
AW ax a T
— t— ) 1 H3
+<8rz+an) ( 2 +an) ) 1
. - n
Substituting the values of (ZE? Wi exp(ik; - p) + c.c.) forn =2, 3 in Eq. (H3)

from reference note 50 (see Sect. 9), one gets
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T
1 1
(c.6)

= (+1, -0 +K))" [

ab@w,
n(l +an)

1 —
+ bWV x, +2< an —a) (XoW1 + X2 W3
n

+X3Wo + X1 W1 +

+ a?
n(1 + an)

ab(l) 2

- a — R
e O+ 04+2WoW3) — ———— {0+ 0 + 3(WEW | +2W | Wa W, +
n2(1+an)2( 2W3) 20+ an)? { (Wiw, 1WaWo

T
2W3 W3 W) + 3.(0)}} + (% + %> . ( . 1) (H4)

+X12 W2 + X31W3) (YoWi + Yo W3+ Y3Wa + Y1 Wi 4 Yo Wa + Y31 W3)

9y An (I +an)’

ab@w,

n(1+an)
612

n(l+an)

L — 3a?

2 s WaWs — — 2

n= (1 +an) n= (1 +an)

W, Y a r
—_—t— ) —— 1 H5
+(arz+an) ( (0 + an) ) (H5)

ab(z)Wl
" (1 +an)
2 AW —anW,

n 93 +an

2 3W i Wa(l —apWs 2 3Wi3Wi(1 —an)Ws 24>
7 2P(I+an) 7 2P(I+an) n(1+ an)
—2(1 —an) - (W1 ? + [W > + W3] W, 24?
{ an?(1+an) } n(1 +an)
L {—(1+4m7)W12(1—an). —(1+ 3an) Wi Wa(l —an)
n(1+an) 9an?(1 + an) ! 2an*(1 + an)

—(1+3anW3W;(1 — an) W
2an*(1 + an) ’

20w 3 WRWL 4 20Wa + Wi PyW)
P +ap? 20T P fap?t T : e

aW, Y, a T
AT I (. — |
+(3fz +ar.> < 20t an’ ) (H6)

ab®@w,
n(1+an)

2 . _
=(+1. -1+ K/))T~ |: +bMx + ;(XUWI +XoW3+ XaWa + X1 Wi+

+X1oWs + X3 W3) + (Yo Wi + Yo W3 + Y3 Wa + Y1 Wi + Yo Wa + Y3 Wa)

C(WEW +2Wi W Wy 4+ 2W3 W5 W])}

2 N
= (+1,—<1+K’))T~[ +b(l)X1+E(X2W3+X3W2)

(Y2 W3 +Y3W2)

W,

2 _
=(+L-1+K))"- [ +bo0X) + LWy

@ Springer



1716 Journal of Mathematical Chemistry (2024) 62:1682-1726

2

R a JE— JE—
X3W — (Y2 W YW
+X3 2)+'I(1+w7) (Y2 W3 +Y3W3)
(W |2W1)- 1 {8(1 —an) _ 4a(l —an) B 2a(1 +4an)(1 —an) B 342 }
! n2(1 + an) 9?2 n(1+an) In(l +an) 1 +an
+(|W2|2 N |W3|2)W1 . 1 {3(1 —an) B 4a(l —an) _ a(l+3an)(1 —an)
n*(1 +an) n? n(1 +an) n(l +an)
6a?
1+4an
2apM aW,  aY a T
e WW3 |+ —+— ) [————. 1 H7
(1 +ap? 20 (8rz an) < n(l +an) ) )
ab®w; 2ab™"
=+ -0+&)" |- —L 0%+ WL W
(. =1+ i) [ aran 0 A e M

a2
n(1+an)

1 1
(1 +an) 9n>(1+an)

2 o
+E(X2W3+X3W2)+ ~(Y2W3 +Y3W»)

+(W1 P Wh).

{8(1 —a®n?) —4a(l —an).9y
1

—2an(1 + 4an)(1 — an) — 3a* - 9n* Wal? + W3 H)W) + ———
an(1 -+ dan) (1 = an) =3¢ -0 | +- (Wl + [WsPIW1 s

{31 —a®n?) — dan(l — an) — an(1 + 3an)(1 — an) — 6a2n2}]

(1 +an)
AW, aY; a T

L) (L HS

+<arz+an> ( 2+ an) ) (H3)
=(+L-a+KH)"- S —abmwl+n(1+an>-b<”xl+ﬂWzW3

' n(1 +an) n(1 +an)

2
+—-n(l+an)
n

a¥s —  a¥s o ,

. _?7(1+a77)W3_77(1+077)‘W2 +2a” (Y, W3 +Y3Wo) + (|IW[*W))

1 1
1 38an —5a*n> + 8+ 8a’n’ Wl + |W3H) W, - —
STy 73800 = 56 + 848 | 4 AW + I Ws )Wy -

1
e sar — 7420 43 4 3433
772(1+a77){ an —Ta"n” + +an}

AW, 3y, a T

L) (2 H9
+<3fz+afl) ( n(1+an) > (H9)
=(+1,-a+ K" — |:—ab(2)W1 +{n(l+an)X; + L%Wﬁhm

' n(1 +an) n(l +an)

26 — — - —
*7~(Y2W3+Y3~W2)

+2a> (Yo W3 + Y3W3) — (Wi |*W)) - (38an + 5a°n* — 8 — 8a°n’}

1
I3 (1 + an)
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—(IWal* + W3 W) ){5(117+7a2n2—3—3a3773}]

1
w3 +an
aw, 3y, a T
LA (4 HI
+(3T2 +3n) ( 2 +an ) (H10)
Therefore,

G, G, = (1.~ + KT - [~ab® Wi+ (1 +anx,

n(1+an)
2aW-L W 2a(1 — o
L 2aWaWs, oy 2ad=am g o YW
n(l+an)
81 2 2 hy
—(W1PW)) - —— — (IWa)> + |W W-—:|
(WIPW) - 5 = (Wal” + (Ws W1 - o
aw, Y r
+< ! +_1) . (_—“ ,1) (H11/5.15)
0Ty a1y n(l +an)
where, g1 = 38an + 5(an)® — 8 — 8(an)’
hi = 5an + 7(an)? — 3 — 3(an)’ (H12/5.16)

Appendix |

Substituting Eq. (5.15) in Eq. (5.17) one obtains,

2aW, W3
aWa W3 L

1+ K1 1
1+ X)X +‘”’).[ {_ab<2>wl+n(1+an>xlb“>+

an n(l +an) n(1+an)
2a(l — an)
n

T g1 > > i
(VW3 +Y3Wy) — (IW1PW)) - ———— — (IW2)? + W3 )W) - ————
(Y2 W3 +Y3W2) — (IW1["Wy) 93 (1 +an) (W2l + W3 )Wy n3(1+an)}

a

n(1+an)

AW, 8Y1>] (1+ K" @ by, 2aWa Ws
A=+ =) |+ | ——————{=abPW, + (1 +anX;pV + ——=pD
(arz oty (1 +an) T
2a(l — an)

n

T g1 > > i
Yo W3+Y3Wa) — (W1 PW)——— — (WP + W3 )W) ————— t +
(Y2 W3 +Y3W2) — (IW1]"Wy) OB +an (IW2|™ + W3 W, 7)3(1+C“7)}
oW, Y]

)| =o0 11
(312 +3Tl)] an
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2aWr W3 pD 2a(1 —an)
n(l+an) n

1
or, (1+K).— {—ab(z)Wl —ay bV +
an

> = 81 2 2 hy (1+K"
(YoWs+Y3Wo) — [W P W) ———— — (IWa)? + W3 W] }— )
(Y2 W3 +Y3W2) — Wi "W 97 (L £an) (IW2|" + [W3[9) W, 20 +an 7

(8W1 ayl) (1+K" [—ab(z)Wl _arp® 4 29W2 W

i, o) n(+an) n(1+an)
2a(l —an) - — - 2 g1 2 2 hy }
—— (Yo W3+ Y3Wy) — | W "W). ———— — (|W2|" + | W W.—/——mm
. (Y2W3 +Y3W2) — [Wi] 90301 + an) (W2l + (W3 W) 0+ an)
aW Y
(W (12)
ko) a1y

(Yo W3+Y3Wo)—

2aWy W3 p _ 2a(l —an)
n

Or, —ab(z)W1 —aY1b(l) +
{ n(l +an)

1 hy 1+ K’ 1+ K’
|W1|2w1.g7)—<|w2|2+|w3|2>wl. }{

931 +an 3 +an) an?  n(+an)
aW,  aY 1+ K’
p(p o PR 13)
T2 Ty n?

14K’ 5 aw, 9y, N 1 )
B -1 1 |\—+—)=0+K){—— —— 1 .
( n? )77 (Iam <8r2 Ton ) T GE T aran [T

2aWH W 2a(1 — —— —
{—ab@)wl —aypH 4 242 ) “(7‘“7).(;/2‘;‘/3 +Y5W))
n

n(l +an)
hy
S P — _(w? sz.i} 4
|Wil A0 T an) (IW2]” + [W3]%) “ R T am (14)
aw, Yy
or, {(1+K')—n?).( +an). (—1 + —1)
a7 a7
1 2aW, Wb
:(1+K/).{ +“"—n}. —ab®Wwy —ayp®» y 2222137
n(l+an)
2a(1 —an) - — < — 2 81
e Y Ws 4 Y3Wa) — (WP W ———— —
(Y2 W3 +Y3W2) — [Wi] 9031 + an)
1
(IW2|* + |W3|2>W1.—} (15)
31 +an)

oW Y
or, {1+K)—p’L(+ap. (= +2)=1+K). {—b(z)Wl —vpD4
0T aT|
2WoWs3bM 21 —anp) — — g1
- (YaW3 4+ Y3Wo) — [Wi P W) o——— — (W2
n(l +an) n In-a(l +an)
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hy
+| W)Wy ———— 16/5.18
|W3%) 1773a(1+6”7)} ( )

Appendix J

Incorporating the solvability conditions Eq. (5.18) and (5.13) into Eq. (6.3), one
obtains using Eq. (5.2) and (6.1),

9A 1+ i
G — L+ 0 A-p@wi -0y,
ot n(l+an)” {(14+k) —n?}.(1 +an)

26DW, W3 2(1 —an)

n(l +an) n

= == 1 hy
(Y2 W3 + Y3Wa) — W > Wy. 8 —(|W2|2+|W3|2)W1-7}

9n3a(l +an) nda(l +an)
gz( a ),{ (1+K') {WW‘ +2(1—an)Wst}

Cn(tan) =0 +K)) | 1+ay n(1 + an) b

2_82<_ a ) (1+ K" ‘b(')W1_83(_ a )
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