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Abstract

Nonlinear phenomena play an essential role in various field of natural sciences and engineer-
ing. In particular, the nonlinear chemical reactions are observed in various domains, as, for
instance, in biological and chemical physics. For this reason, it is important to investigate
the solution to this nonlinear phenomenon. This article investigates numerical solutions to a
nonlinear oscillatory system called the Belousov—Zhabotinsky with Caputo fractional-time
derivative. The simplified Noyes—Field fractional model reads

Di'p =& pux+ BSw+p—p* —8pw, 0<p<l,
D;Lw - Slwxx+]/w_)\.pw,

where &1 and &; are the diffusing constants for the concentration p and w respectively, y and
are given constants, A 7% 1 and ¢ are positive parameters. The two iterative techniques used in
this work are the fractional reduced differential transform method and g-homotopy analysis
transform method. The outcomes using these two methods reveal an efficient numerical
solution with high accuracy and minimal computations. Furthermore, to better understand
the effect of the fractional order, we present the solution profiles which demonstrate the
behavior of the obtained results.

Keywords Belousov—Zhabotinsky system - g-Homotopy analysis transform method -
Laplace transform - Fractional reduced differential transform method - Fractional Fisher’s

equation

Mathematics Subject Classification 26A33 - 35Q92 - 35R11

1 Introduction

The applications of fractional calculus have been established in various connected bifurca-
tion of science and engineering such as found in quantum mechanics Joseph (2012), random
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walk Hilfer and Anton (1995), astrophysics Tarasov (2006), chaos theory Baleanu et al.
(2017), electrodynamics Nasrolahpour (2013), viscoelasticity Mainardi (2010), nanotech-
nology Baleanu et al. (2010), financial models Sweilam et al. (2017) and other fields Ali
et al. (2019), Sun et al. (2018), Baleanu et al. (2011), Kilbas et al. (2006), Kumar et al.
(2018a), Jaradat et al. (2018b), Jaradat et al. (2018c¢), Laskin and Zaslavsky (2006), Pu (2007),
Ullah et al. (2017) and Zhang et al. (2012). In the twentieth century, Caputo Caputo (1969),
Liao Liao (1998), Podlubny Podlubny (1999) and Miller and Ross (1993) have described
the essential properties of fractional calculus. Nonlinear problems with fractional order are
often more difficult to solve because its operator is defined by integral. However, differ-
ent computational schemes are developed and have been used to investigate both the exact
and numerical solution of the fractional problems. Some of the used methods are the Ado-
mian decomposition method, (ADM) Ray and Bera (2006), Adomian (1994) and Wazwaz
and Gorguis (2004) variational iteration method, (VIM) Das (2009) and He (1998) homotopy
perturbation method, (HPM) He (1999) and He (2003) residual power series method, (RPSM)
Alquran et al. (2015), Kurt et al. (2019), Senol et al. (2019a) and Senol et al. (2019b) Sumudu
decomposition method, (SDM), Eltayeb and Kilicman (2012), homotopy analysis method,
(HAM) Liao (2004) and Liao (1995) Laplace decomposition method, (LDM) Khuri (2001)
and g-homotopy analysis method, (q-HAM) Akinyemi (2019), Akinyemi et al. (2020), EI-
Tawil and Huseen (2012), El-Tawil and Huseen (2013), Iyiola (2015), Iyiola et al. (2013),
Iyiola (2016) and Soh et al. (2014).

In this present work, we consider a nonlinear oscillatory system called the Belousov—
Zhabotinsky, (B—Z) with Caputo fractional-time derivative. The B-Z is a family of oscillating
chemical reactions and is interesting because this reaction is a chemical reaction which can
demonstrate both temporal oscillations and spatial traveling concentration waves that are
accompanied with dramatic color changes Gibbs (1980). This reaction can generate up to
numerous thousand oscillatory cycles in a closed system that enables examining the chemical
waves and patterns without constant replenishment of reactants Zhabotinsky Anatol (2007).
The simplified Noyes—Field fractional model for this B-Z is given as

Dl p = & pex + BSw + p — p* — Spuw,
Di'w = Ewyy + yw — Apw, (1

where 0 < p < 1 in Caputo sense and 0 < ¢ < 1. The motivation of this work is to study
the numerical solutions of Eq. (1) with diffusing constants &} = & = 1. Two distinct cases
of Eq. (1) are considered.

e The first case is when y = B = 0. This case has also been considered by Jaradat
et al. (2018a) by means of generalized Taylor power series method with different initial
conditions.

e The second case when y = X and 8 = 1 is study for the first time.

In addition, to also examine graphically the effect of the fractional order © on the obtained
numerical solutions. The two methods proposed for this present investigation are the frac-
tional reduced differential transform method, (FRDTM) and g-homotopy analysis transform
method, (q-HATM). The FRDTM was proposed by Keskin and Oturanc (2010) while the
g-HATM which is a combination of g-HAM and Laplace transform was proposed by Singh
et al. (2018). These two methods overcome a very huge computations that may arise in other
methods used to obtain approximate and exact solutions to strong nonlinear problems with
high accuracy and minimal computations.
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The rest of the paper is organized as follows: Sect. 2 presents some important definitions
and notations of fractional calculus and Laplace transform used in the present framework. In
Sect. 3, the general idea of the proposed methods are detailed. Section 4 is concerned with the
application of the proposed methods on two cases of time-fractional Belousov—Zhabotinsky
system of equations. The numerical experiments and discussion are presented in Sect. 5.
Finally, Sect. 6 gives the conclusion.

2 Preliminaries

Here, we present key concept of fractional calculus and Laplace transform, which are vital
in the present framework.

Definition 1 Let n € R and ¢ € N. A function p is said to be in the space C, if there exists
a €R,a > nand f € C[0, co) such that p(¢) = t* f(¢), V¥ t € R*. Furthermore, p € (C‘,’;
if p¥) € C,, Luchko and Srivastava (1995).

Definition 2 The Riemann-Liouville fractional integral of order ; (1 > 0) of a function
p € C;, n = —1, is given as Podlubny (1999), Luchko and Srivastava (1995) and Kilbas
et al. (2006)

J/J« _ 1 ! _ n—1
; p(1) = o b (t—=8"" p)ds, n, 1 >0, (@)

where I" denoted the classical gamma function and Jto p(t) = p(t). For example,

A Flp+1 e

T T(+14v) ©

Definition 3 In the Caputo’s sense, for p e C,, n > —landgp — 1 < u < ¢, ¢ € N, the
fractional derivative of p(¢) (denoted by Df‘ p(2)) is defined as Podlubny (1999); Kilbas et al.
(2006)

(¢) _
" | @), n=g,
Prp) = { JWEp@Ow®), e—1<p<o, @
where
1 t
I @) = 7/ (t—&)? "1 p@(E)dE, . t > 0. (5)
C'(p —w) Jo

Definition 4 The Laplace transform (denoted by .¥) of a Riemann-Liouville fractional inte-
gral (Jt“ p(t)) and Caputo fractional derivative (D{L p(t)) of a function p € C,, (n > —1) is
given, respectively, as Caputo (1969) and Kilbas et al. (2006)
2 0] =sTLIp0)],
¢p—1
LDl p®)] = s"LIpn] =Y s* T pMON), g—1<p<o, (6)

m=0

where s is a parameter.
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3 Analysis of the proposed methods
Consider the time-fractional Belousov—Zhabotinsky, (TFB-Z) Eq. (1) with the diffusing con-
stants for the concentration, £ = & =1,

82p

Dip=_5+Bsw+p—p’—spw, O<ps<l,
X
“ 92w
Dyw = —5 +yw—Apw, (7
dx

subject to initial conditions

p(x,0) = g1(x),
w(x,0) =g(x), xeR. (8)

3.1 Analysis of FRDTM
Let the functions p(x, t) and w(x, t) in Eq. (7) be analytic and continuously differentiable

in the domain of investigation. In regard to the properties of differential transform, functions
p(x,t) and w(x, t) can be express as

ple, ) =Y Pu(x)"™",

m=0
wx, 1) =Y W)t )
m=0
where
Po) = 1 |:8’”“p(x, t)] ,
F'mwu+1) armu (=0
W () = 1 |:8m“w(x, t)] . (10)
F'mw+1) armu (=0

Here, u is the fractional order and the #-dimensional spectrum functions Py, (x) and W, (x)
are, respectively, the transformed functions of p(x, ¢) and w(x, t). According to Table 1, the
iteration formulas for Eq. (7) are

2 m m

Fmp +p+1) 0“ Py,
Wp(m+l)(x) = 9x2 + BSWy, + Py — ; PPy — 8; PWy_r,
T(mp+p+1) 92W,, “
_— = Wi — A PWy_r, =0,1,2,3,....
C(np + 1) (m+1)(x) 9x2 +yWn ; r Wm—r m
(11)

From initial condition Eq. (8), we write

Po(x) = p(x,0),

Wo(x) = w(x, 0). (12)
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Table 1 The essential operations of FRDTM

Functional form

Transformed function

P Fm = m[%}z:o

v=B1p+phw Vin = B1 Pm + B2Wp, B1 and By are constants
v=pq Vin = 2_ito PiWin—iy = Xieo Wi Pon—i)
v=D"p Vin = St Pt

v= % Vi = 3;571

v=x"t’ Vin = x"8(m — ), S(m—s):{(l): Z;i
v Bt Vi = £

Substituting Egs. (12) into (11), we obtain the P, (x) and W,,(x) values. The inverse trans-
formation of the sets { Py, (x)}ﬁzo and {W,, (x)},lrfzo are, respectively,

K
P[K](x7 1) = Z Pm(x)tmll’

m=0

K
WKl (x 1) = Z W ()" (13)

m=0
and
-
plx, 1) = Tim PEI(x, 1) = mZ:O Py ()™,

oo
wir, ) = lim WG, 6 = 3 7 W (e, (14)

m=0
which gives the exact solution of Eq. (7).
3.2 Fundamental idea of the q-HATM
Here, the central idea of g-HATM Kumara et al. 2017; Kumar et al. 2018b and Akinyemi

(2020) to TFB-Z system of equations is presented. We first begin by applying Laplace trans-
form to both sides of Eq. (7) and after simplifying, we obtain

1 1 92
Zpe 0] - < per 0] - 73[—’2’ +Bsw+p - p? - Spw] o0,
K s 0x
LT ,)]_1{ ( o>}—i;f W apw| =0 (15)
w(x, S w(x, o Py yw pw | =0.

To epitomize the idea of homotopy method Liao (1998), we construct zeroth-order deforma-
tion equations for 0 < g < %, n>1,as
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(1= ng) 2 (®1(x,159) = polx.1)) = hgHx, DN (®1(x, 15 9). 2(x. 13 ).

(1= n) 2 (®a(x, 1) = wo(x, 1)) = hgH(x, DN (P1(x, 15 9), ®2(x. 15 ),
(16)

and define ./\/p(cbl(x, t;q), Pax, t; q)) and V'V (d>1(x, t;q), Pa(x, t; q)), respectively, as

NP(Di(x,1:q), Pa(x. 13 q))
2@ (x, 15 q)

1 1
= Z2[P1(x,t;9)] — ;{gl(x)} — S—ﬂf[ Py

+ B8®a(x, 15 q) + P1(x, 15 q) — DI(x, 15 q) — 8P (x, 15 @) Do (x, 15 q)],

NY(®1(x, 15 9), Pa(x, 1: )
Do (x, 15 q)

1 1
=$[¢2(x,t;61)]—;{82(x)] —Sfuiﬂ[ P

+y®2(x,t;q) —A<I>1(x,t;q)<l>2(x,t;q)} (17

where ¢ is the embedded parameter, the non-zero £ is the auxiliary parameter, % is the
Laplace transform and H(x, t) # O represents the auxiliary function. Considering Eq. (16)
with g =0, L, we get

L]

<I>1<x,t; 0) = po(x, 1), <I>1<x,t; %) = p(x,1),

<I>2(x, . 0) — wo(x, 1), @z(x, ‘ %) — w(x, ). (18)

When g rises from 0 to %, the solutions ®; (x, t; ¢), i = 1, 2, ranges from the initial guess po
and wy to the solution p and w. The Taylor series expansion of ®;(x, t; ¢) and P, (x, t; q)
are given as

o0
Di(x.119) = pox. ) + Y pm(x.0)g".

m=1

o0
Dy(x, 15 q) = wolx, 1) + Y wp(x, ", (19)
m=1
where
1 0m®(x,1;q)
pur ) = — DD
m! aq 4=0
1 0" Dy(x,t;q)
Wy (x, 1) = ﬁimq . (20)
m! aq 4=0
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If we choose pg, wo, h, and H adequately so that Eq. (19) converges at ¢ = %, then we
attain the following result for Eq. (7) as

o0 1 m
P, 1) = pole, )+ Y pm(x, 1) (;) :

m=1

w(x, 1) = wo(x, t) +mZ=1 Wiy (X, 1) (%) . 1)

Differentiating Eq. (16) m-times w.r.t to “q”, setting ¢ = 0 and lastly, multiply by %
gives

L[pmx, 1) = X Pm—1(x, D] = FHG OR L (Pm—1 (. 1), W1 (x, 1)),
L[ wmx, 1) = xppwm—1(x, )] = FHE, ORom (Pm—1(x, 1), W1 (x,1)). (22

Here, the vectors py and wy is define as
Pr(x, 1) = {po(x, 1), pi(x, 1), -+, pr(x, 1)},
wk(x5t):{w0(x5t)a wl(xvt)a"' awk(-xat)}' (23)
Application of inverse Laplace transform on Eq. (22) with H(x, t) = 1 gives
Pm(x, 1) = X:,Pm—l(X, r+ hozﬂ_l[Rl,m(pmfl(xv 1), Wi—1(x, t))]’
Wpy (x, 1) = X;;wm—l(x» n+ hy™! [RZ,m(pm—l(xs 1), Wi—1(x, t))]v 24

where R, (pm_l (x,1), Wpy—1(x, t)) andRa (pm_1 (x,1), Wy—1(x, t)) are defined, respec-
tively, as follows:

Xm \ 1 ! 3% pm—1
7el,m(pm—la Wm—l) = f[pm—l] - <1 - %);[gl(x)] - ij[ 3)’:2
m—1 m—1
+ Bowm—1 + pm—1 — Z PrPm—1-r) — 8 Z prw(m—l—r)]a
r=0 r=0
Xm \ 1
RZ.m(pmfls wmfl) = g[wmfl] - 1= 7 ;{gZ(X)}
1 8211) i m—1
- 973[ ax”; +ywm—1 — A Z Prw(m—l—r)], (25)
r=0
and
0 m<1,
Xm = (26)
n otherwise.

Hence, Egs. (24) and (25) reduces to

_ * _ _L; —1 l _ —1 i 82Pm—]
P 1) = (B X3) P h(l . )z L {g1(x)}] ne [Sﬂf[ o
m—1 m—1
+ ﬂswm—l + pm-1— Z PrPm—1-r) — 8 Z prw(m—l—r):|:|v
r=0 r=0
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. 1
Wi (1) = (B4 ) w1 = h(l - X—'”)f—l [; {gz<x)}]

n

m—1

1 32w
—hf*l[s—ﬂf[ Ol YW —AZPrW(m—l—r)]]a m=123....
r=0

27)

The iterative terms of p(x,t) and w(x, t) are generated from simplifying Eq. (27) and the
q-HATM series solution is

K 1\
P[K] 7t; ;h - m 5t - )
(x, t;n3 h) 21’ e (

K m
WK (% t:n; h) = z:%wm(x,z) (%) . (28)

Then for a prescribed value of n and £,

[e%s) m

1

0= lim PM G rnimy =) -
p(x, 1) Jim (x,t;n;0) Pm(x, 1) o B

m=0

o0 1 m
w(x, 1) =kli)nolOW[K](x,t;n; h) = Z Wy (x, 1) <ﬁ> . (29)
m=0

Theorem 3.1 (El-Tawil and Huseen (2012) and Kumar et al. (2018b)) Suppose we can obtain
real numbers My and My such that 0 < M| < 1 and 0 < My < 1 satisfying

[ Pm1(x, DI < My llpm (DI Nwmgr (6, DI < Mo lwn(x, DI, Vm € N.

Furthermore, if the truncated series P[K](x, t;n; h) and W[K](x, t; n; h) defined in Eq. (28)
are, respectively, used as an approximation to the solutions p(x,t) and w(x,t), then the
maximum absolute truncated errors are estimated, respectively, as

|per. =PI, 15| < nK(n{{_jA]) IpoCx. D)l (30)
and
Hw(x 1) — WK (x, 1: n: h)H oM lwo(x, DIl 31)
’ B TPV

Proof For a prescribed value of n (n > 1) and % (i # 0), we have

o) m K m
> pnx.0) (%) — Y pmlx, 1) (%)
m=0

m=0

Hp(x, 1) — P& (x 15 n; 1) ”

o0

1 m
D pmlx,n) (f)
m=K+1 n
o0

1 m
< > lpm. 0l (—)
n

m=K+1

A
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~-~}|lpo(x,t)||

[e.¢] l m
< > M@ lpotx. 0l (—)
m=K+1 n
e} m
Mi
< Y (—) lpoCx, D)
m=K+1 n
M K+1 M M2
() e (e (0
n n n
K+1
<1 il .
= K =MD llPoCx, D
By following the same approach, we also obtain
K+1
[K] - 2
HlU(x,t) - W (x, 15 m; h)” = nK (= My) llwo (x, I -

This completes the proof.

4 Solution for TFB-Z system of equations

Here, application of the two proposed methods is tested on two cases
Belousov—Zhabotinsky (TFB-Z) Eq. (7).

of time-fractional

Case 1 Consider the nonlinear TFB-Z system with y = 8 = 0, then Eq. (7) reduces to

2
?;% = %er—pz—rﬁpw, 0<p<l,
e 9r? P,
with the initial conditions
px,0) = ;,
(V5 1)’
(1 — el st (eﬁ" + 2)
w(x,0) = .

8(6\/%)( + 1)2

The exact solution of Eq. (32) when u = 1 is

32y

plen=—"2"

(6 ix +e%,)2

(1— A)e\/%x (e/%" n 26%)
w(x,t) = .

S(e\/%x + e%t)2

Here § and A # 1 are positive parameters.

(32)

(33)

(34)
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Remark 1 The exact solution can also have the following form:

e 1( 2(\/7 sx) )2
. PNl (AR I I
(e %X—l—e%[)z 4 24 12

l—A)e[<\F +2es)

A—1 [ A SA [ A S5h
= (tanh2< —x — —t) —2tanh< —X — —t) —3).
5((3\/%)( n e%’) 45 24 12 24 12

(35)
FRDTM solution
From Eq. (11) with y = 8 = 0, we have
Cmp+1) [9%P, - "
Pin+1)(x) = { Pt Pu—Y PePuy—8) PeWauor|,
Fmp+p+1) ox e
Cmu+1) [9*W, -
Wing1)(x) = { =AY PWupp,  m=0,1,2,3,...
Cmp+p+1)| ox gt
(36)

Utilizing the initial condition Eq. (12), we obtain the successive solutions

|
Ph=—r——"—,
' (e\/gx + 1)2
(1= el o ( Vi +2)
Wo = - ,
5(6‘/%)( + 1)2
SAe‘/%x

P = - <

30 (1w + 1)(e\/;‘ + 1)
SA(h — 1)e@"

Wi = x 3’

38T (1 + 1)((3 oy 1)
25320V (Ze\/%x - 1)

Py = ) 4’
1802 + l)(e‘/;x + 1)
251200 — Dy 8 (2e\/§x - 1)

Wy = ,

185T 2u + 1)(e\/§x + 1)4
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2%
» 25)3TQu + 1)e@x
3=

9T (u + 2T GBp + 1)(e\/§x + 1)6

25A3e@x(15ef 200V 4 e br 5)

108T (30 + 1)(e\/%" + 1)

2%
W 25300 — DI 2u + l)e\/;X
3=

98T (1 + 12T B + 1)( Vi )6
25%*@ — l)e[ (15ef 206V 3 4 el ér — )
1085T 3y + l)(e\/gx + 1) ’

25x4r(2u+1)ef (lle‘/7 —Se\/gx—l)

Py =
27T (1 + 1)2T (4 + 1)(e\/%x + 1)8

12524T G + l)e‘/> (2ef — 1)
27T (1 4+ D2 + DT (4u + 1)(e\/§x + 1)7
25340V 37 (124e\/§ * 41006V F 4 gsel b 4)
324T (4p + 1)(e@" + 1)8

625A4e\/§x<17e2\/2§ * g 1)

+

648T (411 + 1)(e\/%" + 1)8,
25%4@ P+ eV 5 (11e\r sl 1)

Wi = X 8
278T (11 + 12T (4iu + l)(e\/;x + 1)

1253400 — DFG 4 eV ¥ (2ef — 1)
278T (1 + DI Q2u + DT (4 + 1)( Vor g 1)7
253400 — ey B¢ (124e\r 100257 4 gseVEr 4)
3248T (4p + 1)( Vor 1)

625A4(A—1)e[ (17e2\r +1)

6485F(4u+1)( Vor 4 )

_|_

@ Springer f DMAC



175 Page 120f 34 L. Akinyemi

Similar expression for P, (x,t) and W, (x, t), respectively, for m = 5,6,7,... can be
achieved. Then for system of Eq. (32), the FRDTM series solution is presented by Eq. (13).

g-HATM solution

From Eq. (27) with y = 8 = 0, we have

* 1
P, 1) = (h+ x3) Pt — h(l — A )z* Hgﬂx)}}
n S

| 32p 1 m—1 m—1
— hy™! [73[ S Pt = ) PrPm—1-n =8 ) Pr“’(m—l—’)]]’

2
st dx r=0 r=0
Xon !
wm(x7 t) = (h+ Xm)wm—l - h<1 - 7>$ [;[32()()]}
i1 3Zw,_1 m-l
_ e ﬁg = _Azp,w(m,l,r) , m=1,23.... (37
r=0

On solving Eq. (37) with the aid of Eq. (26), we get the iterative terms of p and w as follows:

1

Po=—F——"7,
E)
(1— )»)e‘/%x (e\/%“‘ + 2)
Wo = A 2
5(e\/;‘ n 1)
» 5hke\/gx o
1 =— ,
30w + 1)(e\/%“‘ + 1)3
S5hA(L — 1)e\/%" B
w| = — - 3l‘
38T (1 + 1)(e@‘ + 1)
252326V 60 (2e\/%x - 1)
p2=((h+n)p + - 4t2“
1802 + 1)(e\/;“‘ + 1)

2512320 — 1eV 6 (kﬁx - 1)
185T (2 + 1)(e\/%" + 1)4

2512 (h + n)kze\/%x (ze@)‘ — 1) i

[PL

wy = (h+n)wy + 2

)

p3 = (h+n)p2 + :
1802 + 1)(6@’“ + 1)4
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21
25330 2u + 1)e\/;‘ A

9T (u + 12T B + 1)(6@’“ + 1)6

25h3x3e\/§’“(15e@x 200V 3% gV bT _ 5) .
+ _ oK,
108T B + 1)(6‘/%)6 + 1)6

251202 (h + n) (A — 1)6\@" (2e\/§)‘ - 1)

= (h+n)wy + 12+

185T (21 + 1)(e\/%x + 1)4

2)
2580300 — DI Qu + 1)e\/; 3

98T (1t + 1)2T (3 + 1)(e\/gx + 1)6
25333 (h — l)e\/gx(ISef _ 206V 3 4 g6 _ 5)
1085T Bt + 1)(6@" + 1)
25R2(h + n)%le\/%*’ (2e/%" _ 1)

180 2u + 1)(e\/§" + 1)4

+

120

ps = (h+n)p3 +

2n
25(h+ n)BPA3rQu + l)e\/;X S

9F (u + 12T B + 1)(6@’“ + 1)6
25(h+n)h3)\3e\/gx(156\/> 2003 4 6ol 8 —5)
108T B + 1)(e\/%" + 1)

625h4k4 Vo (17e2\r +)

+ 3r

4

6481"(4,u+1)( Ve +1)
25K 2 + l)e\/> (11e\/> sl ) "
) 270 (u + 2T (4 + 1)(e@*’ + 1)8 t
12SH9T Gy + ey B (2ef —1)
270G+ DEQu+ DE @+ 1) e Vi g 1)7

25h4k4 VE (124ef 10023 4 gseV e —4)

324T (41 + 1)( Vor 1)

A

P

31,
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25(h 4 n)2R2A2(. — 1)e\/gx (2e\/§" - 1)

wqg = (h+n)ws + 2u

185T (2 + 1)(6\@)‘ + 1)4

2%
L B4 mIAG - DEQp + Do e

98T (1t + 1)2T By + 1)(e@x + 1)6

25(h+ )23 (h — l)e\/§x<15e\/?x - 206\/% + 6@/& _ 5)

+ 3K

1085T Bt + 1)(6‘/%)( + 1)6
625H* A% (h — 1)e\/%*(17e2\/% n 1)
6485T (411 + 1)(e\/§“‘ + 1)8

ARG, — DT Qu + 1)e‘/Z¥x<1 1oV sl 1)

Au
— t
A 8
278T (i + 12T (4 + 1)(eﬁ’f + 1)

e

12524 (L — DI B + 1)6\@)‘ (26\@ _ 1)

4u
- t
A 7
278T(u+ D Qu+ DT dp + 1)(6\/; + 1)

25440 — l)e\/?x<124e‘/231x + 10062\/?X + 856‘/%)6 - 4)

£

+
X 8
3245T (410 + 1)(e£" n 1)

Similar expression for p,, and w,,, respectively, form = 5,6, 7, ... can be achieved. Then,
for system of Eq. (32), the ¢-HATM series solution is presented by Eq. (28).

Case 2 Consider the nonlinear TFB-Z system at y = A and 8 = 1, then Eq. (7) reduced to

2

0
D#p:a—g—i—(Sw—i—p—pz—(Spw, O<pu<l,
X
82
Dlw = 1;) + Aw — Apw, (38)
0x
with the initial condition
(x,0) '
X, = "
py 2
(el 1)
Ar—1
wx,0) = ——. (39)

A 2
8(@ 6% 4 1)
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The exact solution of Eq. (38) when u = 1 1is

Sk

3kt
p(x,t) = %
(e‘/;x +e%’)
(h — De!
wkx,t) = ——"——— (40)

2 a2
B (e\/;x + e%t)
where A # 1 is a positive parameter.

Remark 2 The exact solution can also have the following form:

%! 1 A SA 2
5 =1 tanh —x——t)—=1]),
(e Ly n e%’> 4 24 12

(h — 1! A1 PR 7Y 2
= tanh —x——t)—=1]).
8(6 %x—i—e%t)z 48 24 12

(41)

FRDTM solution

From Eq. (11) with y = A and = 1, we have

C(mu + 1) {azpm - -~ }
P X) = + Wy + Py — PPy, —6 PW,_, ¢,
(m+1)( ) Tnp+p+ 1) 9x2 m m ; rEm—r ; r Wm—r

m
+AWm—AZP,Wm_r}, m=0,1,2,3,....
r=0

Cmp+1)  [9*W,
W(erl)(x): - [ .

Cmpu+u+1)| 0x2
(42)

Using the initial condition Eq. (12), we obtain the successive solutions

K 1
0= —F7—""7,
2
(/¥ 41)
A—1
Wo=—r———

(S(e@" + 1)2’
SXE\/%X

P = >
30 (u + 1)(e\/§" + 1)3
SA(L — 1)e\@"
Wi = x 3’
35T (u + 1)(eﬁ* + 1)
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25)\.26@){ (Ze\/gx — ])

P, =

187 2u + 1) (e + 1)4’

25220 — 1)3/%”‘ (2e\/§" _ 1)

W, = ,
185T (21 + 1>(e@)‘ 1)’

2%
2537 2u + 1)e@x

Py =—
9F(u + 2T GBp + 1)(e\/%x + 1)6

25A3e\/%“‘(15e\@“‘ — 200V 3 4 ge b — 5)

1087 B + 1)(6@“ 1)’

2
?X

2500 — DASTu + Wf

W3 = — ‘
98T (1 + 1)2T' G + 1)(e@)‘ + 1)6

25(1 — 1)A3e\/§“‘(15e\@“‘ - zoe\@* T 63/%)6 _ 5)

X 6
10857 (31t + 1)(6\/; i 1)

2% 2h A
2514 T @+ e T (110 5o b 1)

= L 8
270 Gu+ 12T+ 1 (V5 1)

125:4T B + 1)e@" (2e\/%)‘ _ 1)
27T (1 + DT Q2u + D (i + 1)(e\/%" + 1)7
25teV % X(124e\/2§ ¥ 4 10062 3 4 gsel b _ 4)
324T (41 + 1)(e@x n 1)8

625300V " (17e2\/§ Ty 1)

+

6481 (4)1 + 1)(e\/§" n 1)8’

2504 (0 — DT 2p + 1)e@x(11e\/§x - Se\/gx - 1)

Wa = X 8
2780 (n + DT (4p + 1)(6\@ + 1)

125340 = DG + eV 3 (2e@" - 1)

276 (1 + DI Qu + DI (4p + 1)(e/§" + 1)7
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FRDTM Solution: PH(x,t) q-HATM Solution: P1(z,t) Exact Solution: p(z,t)

Fig. 1 The 3D and 2D comparison of FRDTM, q-HATM (n = 1, h = —1) and exact solution for p(x, f) in
a—ewhen u =1, § =2and A = 3 for Case 1

253400 — l)e\/?x(124e\/§x + 1006V 3 4 gseV/ 6 _ 4)

+
3248T (4p1 + 1)(e\/%" + 1)8

625340 — 1)e\/§"<17e2\@" + 1)

x 8
6488T (411 + 1)(6‘/;6 + 1)

Similar expression for P, and W,,, respectively, form = 5,6, 7, ... can be achieved. Then
for system of Eq. (38) with initial condition Eq. (39), the FRDTM series solution is presented
by Eq. (13).

g-HATM solution

From Eq. (27) with y = X and 8 = 1, we have

|:32pm—1

_ * Xm il | 1
pm(x, 1) = (B4 o) Pm—1 — h(l - 7)«3 [ {gl(x)ﬂ - hZ [ﬁ«f o2

N

m—1 m—1
+ 8wm71 + Pm—1— Z PrP(m—1-r) — ) Z prw(mflfr)iH,
r=0 r=0
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FRDTM Solution: Wll(z,1) q-HATM Solution: Wl(z,1) Exact Solution: w(z,t)

(d) (e)
Fig.2 The 3D and 2D comparison of FRDTM, q-HATM (n = 1, h = —1) and exact solution for w(x, ¢) in
a—ewhen u =1, § =2 and A = 3 for Case 1

_ ; Y P APPSR
Wi (1) = (A x5 w1 h(l n)z L{gz(X)}]

1 3211) . m—1
—he! [sfuf[ixm* RS prw<m717r>ﬂy m=123....
r=0

(43)

On solving Eq. (43) with the aid of Eq. (26), we get the iterative terms of p and w as follows:

1
po=——>,
(e
y A1
0= s
a(e\/%" + 1)2
» Sfike\/gx o
1 =- ,
30w + 1)(e\/%x + 1)3
o Sha(h — 1)e\/%“‘ "

35T (1 + l)(e‘/%x + 1)3

252326V 60 (2e\/%x - 1)

p2 = (h+n)pi + 2

’

18T (2 + 1)(e\/§" + 1)4
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4 fone [4] ion: (7 — _ _
Prrpras Solution: (z = 3) Pl yaru Solution: (z =3,n=1,h=—1)
08y 08
=05 ——Y)
—_—= 06 —_—— 06
07r e = 0.7 07 r n=07
p=08 [p=08
[ p=09 L —= 09
06 noy 06 noy
- = = Exact - = = Exact
05t 05t
—~ —
S €S
& 0.4 8 04
= 2
=Y S
03f 03f
02f 02f
o1t - 01f g |
0 . 0
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05
t t
(a) (b)
w Solution: (z = 3) wi Solution: (z =3,n =1,k = —1)
FRDTM = q—HATM : ) )
021 02r
—— 05 W=05
—_—=06 n=06
-03r —_—=07 -0.3F —=07
p=08 n=08
ol 5=09 [ n=09
04 ny 04 -
- = = Exact - - == Exact
05f 05F
— —
S =
& -06f 5 -06f
) S
3 3
o7t o7t
08t 08f
09f | 09F g |
1 . ! 1
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05
t t

Fig.3 Solution profiles in a—d with different ;« values when x =3, § =2 and A = 3 for Case 1

2512920, — 1y (2e@x - 1)
185T (21 + 1)(e o 4 1)4
252 (h + n),\2e\/%" (2e/%" _ 1)

1802 + 1)<e\/%x + 1)4

wy = (h+n)w; + 2

)

p3 = (h+n)ps+ 2

21
253030 2u + 1)e\/j* A

OF (u + 12T B + 1)(e@" + 1)6
25h3x3e\/§"(15e@" 200V 3 gV bT 5)

31
1087 G + 1)(6‘/%)6 + 1)6

+

’
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[4] some (F — [4] ione (f — _
) Prppra Solution: (¢t = 0.1) ) P,” garay Solution: (t=0.1,n=1h=-1)
=05 i
09t ——06 09F
p=07
08} n=08 0.8
p=09
. p=1 .
07 R 07
06 06
— —
S S
& 05F & 05
= =
04r 04
03F 03t
02t 02t
01f 01t
0 = S 0
0 -8 6 4 2 0 2 4 6 8 10 0 -8 6
(a) (b)
wii Solution: (¢ =0.1) wl Solution: (t =0.1,n =1,k = —1)
0 FRDTM PO =0 0 q-HATM c=uLn=L1Lh"=
=05 [E——'y
01 ——06 01t §=06
=07 e g1, = 0.7
0.2f n=08 02f n=08
n=09 — = 0.9
03F p=1 03F =1
03 R 03 k=t
___-04f __04f
€Y S
8 05F & -05f
s N
S el S o6l
0.7 07t
08} 08}
09f 09f
4 e =S — 4 T
0 -8 6 4 2 0 2 4 6 8 10 0 -8 6 8

(c) (d)

Fig.4 Solution profiles in a—d with different ;« values whent = 0.1, § = 2 and A = 3 for Case 1

251202 (h + n) (A — 1)e\/§x (2e\/§* - 1)

w3 = (h+n)wy + IZM

185T 2 + 1)(e\/§)‘ + 1)4
7,

2580300 — DI Qu + l)e\/> 3

98T (11 + 12T Gy + 1)(e\/g" + 1)6

25K3A3(h — 1)6\/%)((156‘/2;( 200V F 4 geV 5)

+ 3K,

1085T Bt + 1)(6@" + 1)6
25R2(h + n)zkze\/%x (ze/%" — 1)

18T 2p + 1)(e\/gx + 1)4

pa = (h+n)ps+ 2H
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P%]RDTM Solution: (¢t = 0.5) . Pz[ﬁHATM Solution: (¢t =0.5,n=1,h=—1)

WEL‘]RDTM Solution: (¢t = 0.5)

(c)

Fig.5 Solution profiles in a—d with different ;« values when r = 0.5, § = 2 and A = 3 for Case |

21
250+ mIT @ + eV ¥ A

OT (1 + 12T B + 1)(e\/%" + 1)6

25(h + n)h3k3e\/gx(15e\/?x — ZOe@x + 66\/%)‘ — 5)

+ 13"

1081 3 + 1)(e\/§x T 1)6

625h4x4e\/%"(17e2\/§ * 4 1)

s
648T (411 + 1)(e/%x + 1)8

2A 2\ A
2SHAAT 2u + 1)e\/;‘(1 1oV 3 sl 1)

A
27T (s + 1)2T (4 + 1)(6‘/;( + 1)8
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FRDTM Solution: Pl(z, ) q-HATM Solution: P1(z,t) Exact Solution: p(z,t)

£=0.20
DTN solution: P(z.1) [ AT sotution: PU(z, 0]
09 cact solution: p(z. 1) 09 et solution: pr.1)
08 08
07 o7
06 08
= 05 s 05
= =
04 04
03 03
02 02
01 01
0 & 6 4 -2 0 2 4 6 8 10 0 & 6 4 2 0 2 4 6 8 10
z x

Fig. 6 The 3D and 2D comparison of FRDTM, q-HATM (n = 1, A = —1) and exact solution for p(x,r)
when =1, § =2 and A = 2 in a—e for Case 2

FRDTM Solution: WH (z, 1) q-HATM Solution: WH (z, ) Exact Solution: w(z,t)
0s
04
=03
£
T 02
o1
o
04
03 10
02 5
01 5 o
t 0 -0 z
t=0.20 t=0.20
0.
045
04
0.35
. 03
Hozs
3
02
0.15
01
0.05
-10

d) (e)

Fig. 7 The 3D and 2D comparison of FRDTM, q-HATM (n = 1, h = —1) and exact solution for w(x, 1)
when =1, § =2 and A = 2 in a—e for Case 2
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P%?DTM Solution: (z =5) ) PE‘JHATM Solution: (z =5,n=1h=—1)

H=05

4 . 4 .
WE,]RDTM Solution: (z = 5) WL£HATM Solution: (z =5,n=1,h=—1)
0.04 0.04
n=05 =05
— =06 e 11 = 0.6
0.035 n=07 0,035 u—o7

0.03 [

= = =Exact

0.025 0.025
—~
=

8 002 0.02 [
—
B

0.015 0.015

0.01 0.01[

0.005 - 0.005

0 0
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05
t t
(0 (d

Fig.8 Solution profiles in a—d with different p« values when x =5, § =2 and A = 2 for Case 2

12534347 B + Dest (2e\/§" - 1)

A

270 Gu+ P @p + PG+ (V6 1)’

2571‘%4\r (124ef + 1006V 3 4 gseV 6 _ )4
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3247 (4p + 1)( Vor 4 1)
25(h + n)2 220 — DeVst (2e\/%" - 1)
wy = (R+n)ws + 21

185T Qu + 1)(e\/%" + 1)4

L 25(h+ w3 0.~ DT @p + Dl 3 S

98T (1 + 1)2T' G + 1)( Vi | 1)
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P[}l]RDTM Solution: (¢ =0.1) 1 PﬁHATM Solution: (t = 0.1,n =1,h = —1)

n=08

_—
8 10
K x
(a) (b)
4] P 4] L B _
Wirprar Solution: (t = 0.1) o W, g aray Solution: (£ =0.1,n =1, = —1)
pn=05 ' =0,
w=06 0.45 hoe
— =0T __“:07
n=08 0.4 w=038
——=09 T
n=1 L nol
= = =Bact 0% - = = Exact
03
=
g 025
&
® 02
0.15
0.1
005}
S . S —
8 10 0 8 6 <4 2 0 2 4 6 8 10
() (d)

Fig.9 Solution profiles in a-d with different 1« values when r = 0.1, § = 2 and A = 2 for Case 2

25(h + )33 — 1)e\/%x(15e\/2¥x - 20e\@)‘ + 66\/%)‘ - 5)

£

J’_
1085T B + 1)(e/%" + 1)6

625h* 34 (\ — 1)e@"(1762@x + 1)
6485T (411 + 1)(e\/gx + 1)8
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2787 (1 + 12T 4y + 1)(e@" + 1)8

125734~ DF G+ DeV ¥ (203~ 1)
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Pl 1y Solution: (t = 0.7) 1 P zar Solution: (t=0.7,n=1,r=-1)

= = =Exact

(a) (b)

W[;]RDTM Solution: (t = 0.7) ] W([ﬂHATM Solution: (¢t =0.7,n =1,k = —1)

(© (d)

Fig. 10 Solution profiles in a—d with different  values when r = 0.7, § = 2 and A = 2 for Case 2

20 250 20 A
25K 340 — 1)e\/;"<124e€" + 100V 3 4 g5V st _ 4)

+ 4

3248T (4 + 1)(e\/%x + 1)8

Similar expression for p,, and w,,, respectively, for m = 5,6, 7, ... can be achieved.
Then for the system of Eq. (38), the g-HATM series solution is presented by Eq. (28).

Remark 3 If weletw = )‘8;1 p, in Eq. (38), then the system (Case 2) reduces to the fractional

Fisher’s equation

2

0°p
Df'p = Fre it Ap?, (44)

which represents a model for the propagation of a mutant gene where p denotes the population
density, p(1 — p) stand for the population supply due to births and deaths and X is the birth
rate Fisher (1937). The exact solution of Eq. (44) for the case when i = 1 can be obtained
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h-curve, (n =1, =2,A = 3) h-curve, (n =1, =2, =3)
05r 051
of 1
05 15
—— =05 .
= — =06 = =05
JES —_——0r g 2 —_—=06
= n=08 - —_—= 0T
Y —_—= 09 3 n=08
—_—1 —_—=09
15 -2.5 n=1
2 3
25 | | | | | | 35 | | | | |
4 35 3 25 -2 45 -1 05 0 05 1 4 35 3 25 2 -5 -1 05 0 05 1
h h
(a) (b)
h-curve, (n =1, =2,A =2) h-curve, (n =1, = 2,\ = 2)
05 02r
051 ———p=05
——=05 —_—= 06
= —_—pn=06 n=07
- —_——0T w=08
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ISH — = 0.9 — =1
—_—r1
15
2
25 | | | | | | 42 | | | | |
4 385 3 25 2 -5 - 05 0 05 1 4 35 3 25 2 -5 -1 05 0 05 1
h h
(©) (d)

Fig. 11 h-curves plot in a, b for Case 1 and in ¢, d for Case 2 when x = 0.1, ¢t = 0.01 with different

from Eq. (40) and is given for positive parameter A as

e 1 PRE7Y 2
px,t) = ——— = —| tanh —x——t)—1]). (45)
(\/%X-i‘ %t>2 4 24 12
e e

5 Numerical results and discussion

Here, the numerical simulation of the obtained results by the two reliable techniques for
TFB-Z system of equations is discussed. In Figs. 1, 2, 6 and 7, we observe that for the
special case when u = 1 the difference between the sets of numerical values obtained using
the two proposed methods and the exact values are graphically almost indistinguishable.
The solution profiles which described the effect and the behavior of the fractional order is
presented in Figs. 3,4, 5,6, 7, 8,9 and 10. These solution profiles reveal different behavior for
different fractional order u (u = 0.5, 0.6, 0.7, 0.8, 0.9, 1), thus assisting in understanding
the nature of considered model. From these figures, we notice that as p increases from 0.5
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Table 6 The error estimate for the time-fractional Fisher’s Eq. (44) when u = 1, n = 1, h = —1 and
t = 0.001 for different A

Absolute error(A = 1)

[4]

[4]

Absolute error (A = 2)

[4]

x PrrRDTM Pg—HATM x PErRDTM Pq—HATM[4]

0.00  5551115x 10717 5551115x 10717 000  1.110223 x 1071©  1.110223 x 10716
0.01 2775558 x 10717 2775558 x 10717 0.01  2.775558 x 10717 2.775558 x 10~17
0.02  5551115x 10717 8326673 x 10717 0.02 8326673 x 10717 8.326673 x 10~!7
0.03  5551115x 10717 5551115 x 10717 003 5.551115x 10717 5551115 x 10717
0.04  5551115x 10717 5551115x 10717 004  5551115%x 10717 5551115 x 10~17
0.05 2775558 x 10717 2775558 x 10717 0.05  2.775558 x 10717 2.775558 x 10~17

Table 7 The description of numerical solutions obtained from ADM Wazwaz and Gorguis (2004), HPSTM
Abedle-Rady et al. (2014), g-HATM (P3]) Veeresha et al. (2019), g-HATM (P14), FRDTM and the exact
solutionat u =1, n =1, h=—1, t =0.001 and A = 6 for the time-fractional Fisher’s Eq. (44)

x PaDM PupsT™ Pe_parm® Pg_parm™  Perprm™! Exact solution

Wazwaz and Abedle-Rady Veeresha et al.

Gorguis et al. (2014) (2019)

(2004)
0.01 0.248751565 0.248753418 0.248751565 0.248751565  0.248751565  0.248751565
0.02  0.246264132 0.246265957 0.246264132 0.246264132  0.246264132  0.246264132
0.03 0.243789384 0.243791181 0.243789384 0.243789384  0.243789384  0.243789384
0.04 0.241327440 0.241329210 0.241327440 0.241327440 0.241327440 0.241327440
0.05 0.238878418 0.238880160 0.238878418 0.238878418  0.238878418  0.238878418

Table 8 The error estimate for the time-fractional Fisher’s Eq. (44) when u =1, n =1, h = —1, t = 0.001
and L =6

x Papm Pupst™ Py—_HAT™M 31 Pq—HATM 41 Perpm Y

Wazwaz and Abedle-Rady Veeresha et al.

Gorguis etal. (2014) (2019)

(2004)
0.01 6.568 x 10712 1453 x 10790 6568 x 10712 6.189x 10715 6.189 x 10715
0.02  6.629 x 10712 —1.825 x 10700 6.629 x 10712 5912 x 10715 5.912 x 10713
0.03  6.687 x 10712 —1.789 x 10703 6.687 x 10712 5.662 x 10715 5.662 x 10713
004  6743x 10712 —1771x 1079 6743 x 10712 5385 x 10715 5385 x 10713
005 6796 x 10712 —1.743x 1079 6796 x 10712 5190 x 10715 5.190 x 10715

to 1, the solutions obtained by the two methods tends to the integer-order solution which are
asymptotically continuously convergent to the exact solution (i = 1).

To guarantee fast convergence of the series solutions obtained by q-HATM, the choice
of the auxiliary parameter / is very vital. The h-curves which guide the optimal choice of
the values of A for Cases 1 and 2 are illustrated in Fig. 11. The horizontal line segment in
the h-curves presents the range for /4 (which verifies the choice of selecting i = —1 in this
present study). In Tables 2, 3, 4 and 5, we present the comparative study among the FRDTM,
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q-HATM and the exact solution which indicate the results obtained by the two techniques are
very accurate and in agreement with the exact solution for the case when pu = 1. We further
present the absolute errors on the cited tables.

Remark 4 In Case 2, the numerical result for the case when A = 3 and § = 2 is identical to
the result obtained for p(x, t) in Case 1, so we switch attention to the case when A = 2 and
8§ = 2 instead.

Remark 5 1t is worth looking into the numerical solution of the time-fractional Fisher’s Eq.
(44). Table 6 reveals the absolute error for different A for the time-fractional Fisher’s Eq. (44).
In Table 7, the numerical values of the proposed methods is compared to the obtained results
by HPSTM Abedle-Rady et al. (2014), -HATM Veeresha et al. (2019), ADM Wazwaz and
Gorguis (2004) and the exact solution. Finally, the comparison in terms of absolute error is
presented in Table 8.

6 Concluding remarks

In this paper, the time-fractional Belousov—Zhabotinsky system is solved using two reliable
techniques, namely the fractional reduced differential transform method and g-homotopy
analysis transform method. Two cases of the model are tested by the proposed methods.
The effect of the fractional operator can be observed and capture more interesting physical
behaviour of the considered model for diverse arbitrary order. The two methods reveal series
form solutions which are stable while the values of the fractional order w is approaching
integer order 1. The outcomes of this study show that the result obtained by q-HATM is
more general and contains the result of HAM, ADM, HATM, HPSTM, FRDTM, HPM and
RPSM as a special case. The ¢-HATM uses two parameters / and n that provides flexibility
in adjusting and controlling the convergence region of the solution. The choice of these two
parameters give g-HATM advantage over these methods.

In Remark 3, it has been shown that the Belousov—Zhabotinsky system for Case 2 can be
reduced to the fraction Fisher’s equation which represents a model for the propagation of a
mutant gene. It is evidence from Tables 7, 8 that the proposed methods outperformed other
methods used in obtaining approximate solution of the Fisher’s equation. Therefore, the
proposed methods used in this present investigation are very effective, accurate and has a
wide-ranging feasibility and can solve a lot of strong nonlinear fractional and classical PDEs
that arise in physics, chemistry, biology, mathematics, and engineering. As for the future
work, the author intend to explore other numerical methods, compare their computational
time with the two methods used in this present investigation and study the noise effects with
the aim to establish the robustness of the concerned algorithm.
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