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Abstract: The primary objective of this manuscript is to obtain the approximate analytical solution
of Camassa—Holm (CH), modified Camassa-Holm (mCH), and Degasperis—Procesi (DP) equations
with time-fractional derivatives labeled in the Caputo sense with the help of an iterative approach
called fractional reduced differential transform method (FRDTM). The main benefits of using this
technique are that linearization is not required for this method and therefore it reduces complex
numerical computations significantly compared to the other existing methods such as the perturbation
technique, differential transform method (DTM), and Adomian decomposition method (ADM). Small
size computations over other techniques are the main advantages of the proposed method. Obtained
results are compared with the solutions carried out by other technique which demonstrates that
the proposed method is easy to implement and takes small size computation compared to other
numerical techniques while dealing with complex physical problems of fractional order arising in
science and engineering.

Keywords: shallow water wave; Caputo derivative; Camassa—Holm equation; differential transform
method

1. Introduction

Nonlinear phenomena are of significant importance in natural sciences and engineering. Most of our
real-life problems are modeled through the use of nonlinear phenomena. In the present years, fractional
calculus has become widespread because of its applications in mathematical biology, electrochemistry,
and physics [1-8]. For example, the earthquake model [9] and traffic model [10] with fractional derivatives
have been demonstrated. However, sometimes, it is challenging to find the exact and numerical solutions
of these models. During the last few decades, several analytical and numerical approaches have been
established for the solution of such types of models such as homotopy perturbation method (HPM) [10,11],
homotopy perturbation transform method [12,13], homotopy analysis method (HAM) [14,15], Adomian
decomposition method (ADM) [16,17], sine-cosine method [18] and transform method [19]. Recently,
multi-dimensional diffusion equation of fractional order has been solved by Kumar et al. [20] by modified
HPM (m-HPM). In this approach, parameter p has been presented to extend the solution in series form,
whereas the nonlinear terms can be extended by using He’s polynomial [21]. It has been observed that
the computation of He’s polynomial is complicated, and the main disadvantage of this approach is its
complexity in that regard and enormous calculations.

Among all the listed method, FRDTM plays a vital role because it takes small size computation, easy
to implement as compared to other techniques. It was first introduced and developed by Keskin and
Oturanc [22]. It is a beneficial and powerful semi-analytical approach. By implementation of the FRDTM,
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many physical nonlinear problems can be solved easily. In this article, the nonlinear time-fractional
Camassa—Holm (CH) equation is taken as [23,24]

Y 1/) Py I 9909 Y
g 205 ~ o0 T =25¢ 52 T ‘/’ax3 ’
fort>0,x€‘R,O<0le

¢y

with initial condition (IC)
P(x,0) = g(x), (1a)

The modified Camassa—Holm (mCH) and Degasperis—Procesi (DP) equations are derived from
modified b-equation [25] which is

Y Py L, o PP Py
of gy TOF DI =be on tYos

(1b)

where b is a positive integer.
The time-fractional mCH and time-fractional DP are derived from fractional modified b-equation
which may be written as

1Y Py 200 I 9%y Py
M 2ot (b+1)y ox bax ox? YOS ox3 (1o)

By substituting b = 2, b = 3 into Equation (1c), we obtain the time-fractional mCH equation and
time-fractional DP equation, respectively. So, the nonlinear time-fractional mCH equation is written
as [11,24,25]

"y 33170 Y 81,0 Py Py
o ox2ot 1P8x axaxz+¢33’f°rt>0'xe%'0<“31 )
with IC
ll}(x’ 0) = p(x)/ (za)
and the nonlinear time-fractional DP equation is given as [11,24,25]
8a¢ 33¢ o 31[1 52#} 31!}
8t0¢_axzat l’b&x ax&Z+1,Da3,fort>0,xey\,0<asl 3)
with IC
IP(X, 0) = f(x)/ (33)

These three models are the unidirectional shallow water waves propagation over a flat bottom.
Equation (1) is a shallow water wave equation and was initially determined as an estimation to the
incompressible Euler equation and observed to be integrable with a Lax pair [26]. Equation (3) is the
shallow-water dynamics model and found to be completely integrable. All the equations possess
not only the peakon solutions but also the multi-peakon solutions [26]. Recently, Degasperis and
Gaeta [27] have been examined the behavior of the DP equation with the help of the bifurcation theory
of dynamical system. To the best of authors” knowledge, for the first time, the fractional-order three
relevant wave equations have been studied by the present authors analytically using FRDTM.

This article is prepared as follows: In Section 2, the essential features of fractional calculus
related to the titled problem are included. Fundamental theories of FRDTM are described in Section 3.
In Sections 4-6, implementations of FRDTM on CH, mCH, and DP equation are incorporated respectively.
Numerical results and discussion are discussed in Section 7. Lastly, a conclusion is given in Section 8.
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2. Preliminaries

Definition 1. The operator DY of u(x) in Riemann-Liouville (R-L) sense is

written as
d”;mu(x) a=m 4
Dfu(x) ={ 1 gv [_ )
mdxmbf(t)wdt m-l<a<m
whereme ZT,a € RT.
Definition 2. The operator J§ of u(x) in R-L sense is described as
X
Ju(x) _ﬁ f (x= 1) Lu(t) dtt > 0, a > 0. 5)
0
Following Podlubny [1] we may have
= LOFD g ©6)
I'n+a+1)
r 1
D" = _Fnt+1) e ?)
Tn-—a+1)
Definition 3. The operator DS of u(x) in the Caputo sense is defined as
1 [
D) = l“(m—a)of s trdt, m=1<a<m, ®)
(%), a=m
Definition 4.
(a) DFJEF(8) = f(8), €)
(b) J¥DYF(t) = Zf (0%) E,fort>0andm l<a<m, (10)
3. FRDTM

Definition 5. Fractional reduced differential transform of an analytic and continuously differentiable function
u(x, t) is defined by

— ! ak —
Uk(x> = M[Dt u(x, t)]f:to fork = 0, 1, 2, . (11)
Taking the inverse transform of Uy (x) is defined as
u(x,t) = ) Up(x)(t = o)™ (12)
k=0

From Equations (11) and (12), we have

[0e]

1 1e¢ [24
g s L S 1)
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In particular, at ty = 0, we get
[ [ 1
_ ak __ - ak ak
u(xt) = Y U(x)t™ = Z‘(T n 1)){Dt u(x, b))t (14)

As such Table 1 incorporates fractional reduced differential transform of few standard functions.

Table 1. The major operation of fractional reduced differential transform method (FRDTM) [22].

Functional Form Transformed Form
8(x,t) Gi(x) = B[ Grg(xt) ]
w(x, t) =g (xt)+h(xt) Wi (x) = Gy(x) + Hy(x)
w(x,t) = ag(xt) Wi (x ) = a G(x)
w(x, t) = g(x, t)h(x, t) Wi(x) = Z Gr—r(x)Hy(x)
w(x, 1) = $8(x,1) Wi(x) = (k*” B G ()
w(x, t) = %g(x,t) Wi (x) = %Gk(x)
w(x, ) = D" (g(x,1)) Wi(x) = o846y,

In order to explain the concept of FRDTM, let us consider the following equation in the operator
form as

Li(x,t) + RY(x,t) + Ny(x, t) = h(x,t), (15)
with IC
IP(X,O) = g(x)/ (16)
where L = ata , R, N are linear, nonlinear operators and h(x, t) is an inhomogeneous source term.

Using Table 1 and Equation (11), Equation (15) reduces to

1+ ak+a)

Fra Ven (8) = Hi(x) ~Ryx () =N (o), fork=0,1,2... a7

where Y (x) and Hy(x) are the transformed forms of {(x, t) and h(x, t), respectively.
Appling FRDTM on IC, we obtain

po(x) = g(x), (18)

Using Equations (17) and (18), ¥k (x) fork =1, 2, 3, ... can be determined.
Then by taking the inverse transformation of {{y(x)};_, gives n-term approximate solution as

n
B =Y (), (19)
k=0
So, the analytical result of Equation (15) is written as {(x,t) = lim ¥, (x, ).

4. Implementation of FRDTM on the CH Equation

The time-fractional CH Equation (1) in an operator form as
D+ 2¢ Dy = Dyystp + 3¢ Dy = 2Dyt Dyt + 9 Dy p, 0 <@ <1, (20)

with IC
P(x,0) = g(x) (21)
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Applying FRDTM on Equations (20) and (21), the following recurrence relation is obtained as

k k. (oui(x) Py Pi(x op(x)  Bu(x
ML g 1(6) = 2 (B0 P 4 (40 D) 2200 1 200
=

—32(%( )2 22)
o(x) = g(x)
Solving Equation (22) we obtain
0100 = ey (0¥ @ ~2e+ 5860 - 52)s V) )

[ (9(x))°8®) (x) + 781 (x)g(x)g®) (x) + g¥) (x)
(~cg(x) - 63(x)* + 13g(x)g2 >< +8 g“ (¥) )2)+8gx (89
Po(x) = Ti720) —12¢( (x)(g(3( )) (c+ Lox) - (x) (g x)) + | (24)
(-21g(x) - 8¢ >( )(x))” - 30(gM (x >) §@ (x) + 48 (x)(c + 35(x))
| +12(30 () (e + 32(x)

Continuing the procedure, likewise, the rest of the components can be evaluated. So the
approximate analytical solution of Equation (20) is

1

[oe]

Pl ) = ) pul)r. (25)

n=0
5. Implementation of FRDTM on the mCH Equation
Consider Equation (2) in an operator form as
Dy = Dxttp + 39 Datp = 2Dx) Daatp + ¢ Dyat) (26)

with IC
ll}(x/ 0) = P(X)r (27)

Using FRDTM on Equations (26) and (27), the following recurrence relation is obtained as

1+ak+a) (%) P P 2
((1iak0[_¢k+l( ) = 22( Hilx) lg"XZ )+ Z (1/;1 lgk;@ )+ &l%f)

_ i (x) (28)
3120 ]g (¢]¢l 7 ox )
Po(x) = p(x)
Solving the recurrence relation Equation (28), we get

1 (x) = m[p(x);?(3) (%) =3(p(x))*pM (x) + 20 (2)pM) (x)] (29)
(p(x))*p® (x) + 7pM (2)p(x)p®) (x) + p*) (x)
~6(p()” + 13p(x)p®) (x) + 8(p1) () ) + 8p(x) () (1))

20 = gy | 40 O @) (707 - 2 0) + 42 )+ 40

(=30p(x))(p'? (x)) +9(p(x))?p? (x) —96P(x)(lﬂ(l)(x)) p? (x)
+36(p(x)*(p ) ()"~ 12(p1) ()"
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Similarly, the rest of the components 13,14, ... can be evaluated. So the approximate analytical
solution of Equation (26) is
Z x)the, (31)

6. Implementation of FRDTM on the DP Equation
Considering Equation (3) in operator form, we get
Df‘l/’ - Dxxtl,b + 4¢2Dx'7[) = 3Dx'~/’ Dxxlp + ll} Dxxxl/’/ (32)

with IC
¥(x,0) = f(x) (33)

Applying FRDTM to Equation (32), we obtain

akta (%) P ko Py, P
—%ﬂg Y (x >—3z( AT 4 X () ¢ T4

(34)
_4120 ]; (lnb]lzbz - ox )
Applying FRDTM to Equation (33), we get
Yo(x) = f(x)- (35)

Substituting Equation (35) in Equation (34), the following recursive values of (), are obtained

_
I'(l1+a)

[ (F0)*FO () +9fM () f () fO () + F ()
(-8CF()° +18£(x) @) (x) +15(FV () ) + 110 (£ (x)
V20 = 5w —72f<1><x>2(f<3><x>)(2<f<x>>2—% 4(>(x))+9(f<2( x)’ 2 @)
~48(f(0)°(f? () +16(/(0)*F1D () - 168 () (£ (x)) S ® )
| +64(f(0)°(fD () —24(f D ()

Continuing in this manner 13,4, ... can be evaluated. So the approximate analytical solution of
Equation (32) is

P1(x) = [£() P (x) = 4(p(x))*pM) (x) + 3p12) (x)p ™ ()] (36)

2

(o)

Pl t) = ) Yul0)™ (38)

n=0
7. Results and Discussion

In this section, approximate solutions of displacement (x, t) for different values of « are calculated
for different values of t and x at fixed ¢ = 0.005 and k = 0.5. In Section 4, IC [24,28] is considered
as ¥(x,0) = g(x) = (k+ c)e ™ — ¢ for showing the nature of the displacements of CH Equation (1).
The solutions ¢(x, t) for different values of t, x and « are depicted in Figure 1a—d for the CH equation.
In Section 5, we considered the IC [11] as ¢(x,0) = p(x) = —ZSechz(é—‘), a particular case for viewing
the behavior of the displacements. The numerical results of i(x, ) for various values of ¢, x and « are
portrayed in Figure 2a—d for the mCH Equation (2). Similarly, in Section 6, the IC [11] is assumed as
Y(x,0) = f(x) = sechz( ) for presenting the nature of the displacements. The numerical solutions
Y(x,t) for various Values of t, x and « are illustrated in Figure 3a—d for the DP Equation (3). Also,
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comparison tests have been included among the existing solution and the results of Zhang et al. [11]
and Zhang et al. [28] in Figures 4-9. One may see from Tables 2—4 that approximate solutions solved
by FRDTM are quite close to the solutions solved by Zhang et al. [11,28].
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and k = 0.5 for Equation (25).

Figure 2.
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Figure 1. The solution plots of (x, t) at (a) & = 0.5 (b) &« = 0.25 (¢) @ = 0.75 (d) @ = 1 with ¢ = 0.005
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Figure 2. Plots of (x, t) with respect to x and t at (a) « = 0.5 (b) & = 0.25 (¢) « = 0.75 (d) &« = 1 for
Equation (31).

Figure 3. Plots of (x, t) with respect to x and t at (a) « = 0.5 (b) & = 0.25 (¢) « = 0.75 (d) &« = 1 for

Equation (38).

(c)

(d)




Mathematics 2019, 7, 722 90of 13

-2 -1 0 I ) : : ,
X -2 -1 0 1 7

— = n=0 =l ——n=2= = |n=3—_m}1[25]| X

—'D=[|—'—n=1_n=2' ] '11:3__]31)1[\[26]'

(a) (b)

Figure 4. Comparison plots of {rrprp and P ypy of Camassa—Holm (CH) equation for -2 < x < 2.
(@) c=0.005, k=0.5,t=0.05,a=1;(b)c=0.005k=05t=01a=1.

0.6

0.5

0.41

Hx,t) 0.3:
0.2

0.14

0

(a) (b)

Figure 5. The solution plots of CH equation at &« = 1 (a) two-terms FRDTM solution (b) homotopy
perturbation method (HPM) solution [28].

— = E = OE =B [T m g — g e s —— BRI

(a) (b)

Figure 6. Comparison plots of {)rrpram and ¢ gpys of modified Camassa—Holm (mCH) equation for
~10<x<10. @)t=005a=1;{b)t=01a=1
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Figure 7. The solution plots of mCH equation at &« = 1 (a) two-terms FRDTM solution (b) HPM solution [11].
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Figure 8. Comparison plots of Yrrprpm and ¢ypy [11] of Degasperis—Procesi (DP) equation for
-10<x<10. (@)t =0.05,a=1,(b)t =01, a=1.
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Figure 9. The solution plots of DP equation at &« = 1. (a) two-terms FRDTM solution (b) HPM solution [11].
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Table 2. The two term FRDTM approximation results of CH equation with HPM [28] for @ = 1.
FRDTM FRDTM FRDTM FRDTM
G0 Yrpm 28] (n=0) (n=1) (n=2) (n=3)
(0.1, 0.05) 0.47479025 0.45194289 0.45194289 0.45194289 0.45194289
(0.2, 0.05) 0.42913217 0.40845903 0.40845903 0.40845903 0.40845903
(0.4,0.05) 0.35043736 0.33351162 0.33351162 0.33351162 0.33351162
(0.8, 0.05) 0.23325678 0.22191112 0.22191112 0.22191112 0.22191112
(0.2, 0.05) 0.42913217 0.40845903 0.40845903 0.40845903 0.40845903
(0.4, 0.05) 0.35043736 0.33351162 0.33351162 0.33351162 0.33351162
CPU time 0.053s 0.063s 0.078s 0.124s
Table 3. The two term FRDTM approximation results of mCH equation with HPM [11] fora =1
FRDTM FRDTM FRDTM FRDTM
Cert) Wrpw [11] (1= 0) (n=1) (n=2) (n=3)
(8,0.05) —0.00268298 —0.00268190 —0.00268297 —0.00268298 —0.00268298
(9, 0.05) —0.00098718 —0.00098703 —0.00098718 —0.00098718 —0.00098718
(10, 0.05) —0.00036318 —0.00036316 —0.00036318 —0.00036318 —0.00036318
(8,0.1) —0.00268406 —0.00268105 —0.00268405 —0.00268406 —0.00268406
9,0.1) —0.00098732 —0.00098703 —0.00098732 —0.00098732 —0.00098732
(10,0.1) —0.00036320 —0.00036316 —0.00036320 —0.00036320 —0.00036320
CPU time 0.063 s 0.093 s 0.078 s 0.094 s
Table 4. The two term FRDTM approximation results of DP equation with HPM [11] fora =1
FRDTM FRDTM FRDTM FRDTM
Cet) Yrpy [11] (n = 0) (n=1) (n=2) (n=3)
(0,0) -1.875 —1.8750 -1.875 -1.875 -1.875
(0.2,0.2) —2.1311490 —1.8563742 —2.1311490 —2.1311490 —2.1311490
(0.4,0.4) —2.8273737 —1.8019555 —2.8273737 —2.8273737 —2.8273737
(0.8,0.8) —4.7337056 —4.7337056 —4.7337056 —4.7337056 —4.7337056
(-0.2,0.2) —1.5815995 —1.8563742 —1.5815995 —1.5815995 —1.5815995
(—0.4,0.4) —0.7765374 —1.8019555 —0.7765374 —0.7765374 —0.7765374
CPU time 0.01s 0.016 s 0.062 s 0.078 s

8. Conclusions

In this article, FRDTM is successfully implemented for solving time-fractional CH, mCH, and
DP equations with suitable initial conditions. Solutions are obtained without any transformation and
perturbation. Three test problems were performed to validate the precision and efficacy of the current
method. Also, it was seen that the obtained results are a good agreement with the solution obtained
by Zhang et al. [11,28]. The main benefit of this approach is that linearization is not required for this
method and therefore it reduces complex numerical computations significantly compared to the other
existing methods such as the perturbation technique, DTM, and ADM. Small size computations over
other techniques are the main advantages of the proposed method.
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