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Abstract. This paper presents the analytical solutions of the Fractional Burgers Kuramoto KdV
equation by the variational iteration method and Adomian’s decomposition method using Hadamard
fractional derivative. By using initial conditions, the explicit solutions of the Burgers Kuramoto Kdv
equation have been presented. The fractional derivatives are considered according to the Hadamard’s
approach. Two examples are given for illustrate to implement variational iteration method and
Adomian’s decomposition method for fractional Burgers Kuramoto KdV equation.
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1. Introduction

For several decades now, fractional calculus is distinguished by its many applications in
various fields of physical sciences and engineering such as electromagnetics, viscoelasticity,
fluid mechanics, electrochemical for example [17]]. It thus became very popular with many
researchers.
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The fractional differential equation solution is very much difficult to found. There is no
general method which provides a exact solution for any fractional differential equations. We can
obtain only approximate solutions using perturbation or linearization methods.

In this paper, we introduce the analytical approximate solutions of the fractional KdV
Burgers Kuramoto equation by the variational iteration method ([9-11]]) and the Adomian
decomposition method ([1H3]) via Hadamard derivative. The fractional Burgers Kuramoto KdV
equation with space fractional derivatives of the form:

a_u +u0“u +a62u +b63u +ca4u
ot  0x* 0x2 0x3  ox%’
where a, b, c are constants and «a is a parameter which describes the fractional space derivatives

t>0,0<a<1,

order. The u(x,t) function is presumed to be a causal function of space, i.e. to vanish for ¢ < 0 and
x <0. The fractional derivatives are considered in Hadamard sense ([15], [16, p. 1101, [18, p. 3]).

2. Preliminaries and Notations

2.1 Basic Definitions
We give some important definitions and properties of the theory of fractional calculus which are
used further in this paper.

Definition 1. The Hadamard fractional integral of order a € R* of a function f(¢), for all ¢ > 0,
is defined as:

trogn - (12 [*fint] 72
10 =1 =\t5,] | | —ds.

provided the integral exists. where I is the Euler Gamma-function ([6, Section 1.1]).

Definition 2. The Hadamard derivative of fractional order a for a function g :— (0, +00) is
defined as:

1 9\ t ¢ n—a+l
HD“g(t):—(t—) f (ln—) @ds, n-l<a<n,n=[al+1,
I'n—a)\ 0t) Jo s s

where log(:) =log,(-).

Lemma 3 (See [16], p. 113]). Let a >0 and n > 0. Then the following formulas:
Hrpagn — p=9t"  qnd HD%" = n%"
hold.
Example (See [16, Chapter 2]). With f(x) = xP, B is a complex number, one obtains:
DG, tP)x) = x7H6™ M T % tP)(x)
= x MM (B + W xP)
d
=x 6" x=(B+ W P (x)
X
— x—u6n—l(x(ﬁ + M)a—n+1xﬁ+u—1)

— x—u6n—1((ﬁ + u)a’—n+lxﬁ+u)
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— x—,u(sn—Z((ﬁ + 'u)a’—n+2xﬁ+/.1).
By recurrence, one obtains:
DG, ) = B+«
In particular, for =0 and a > 0. We find:

DG, ) = (B’

Definition 4. Jumarie ([14, p. 2]) defined the fractional derivative as the following limit form:
. AYf(x)-f(0)]
“=1 .
f 20 h¢
This definition is close to the standard definition of derivatives, and as a direct result, the a

derivative of a constant, 0 <a <1 is zero.

Definition 5. Fractional integral operator of order a =0 is defined as:

1 X
oI% F(x) = —— f (x— O LF@EdE, a>0, (1)
T Jo

Fractional Leibnitz Product Law
oD% (wv) =uv +uv?,
fractional Leibnitz formulation:
ol iD¥(uv) = f(x)— f(0).
The fractional integration by parts formula:
oI5 W) = Wo)|) =4 I (uv®).
Definition 6. Fractional derivative of compounded functions ([14} p. 5]) is defined as:

df=T(1+a)df, O<a<l.

Definition 7. The integral with respect to (0¢)* ([14, p. 5]) is defined as the solution of the
fractional differential equation:

dx = fx)dD)¥ t=0,x0)=0,0<a<]l.

Lemma 8 (See [13, p. 3], [[14, p. 51). Let fix) denote a continuous function, then the solution of
is defined as:

y= fo £,

—a f x(x 1) (1)ar), O<a<l (2)
0

that is,
apy_ L) [" a
I f(x)-(r(a)) fo f(@)a(T)”.

For example ([14, p. 6]), with f(x)=xP, one obtains:

fx Bocey = I+ DM@ +D) g
0

Ta+prD) , O<ax<l. 3)
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3. Fractional Variational Iteration Method

3.1 The Basic Idea of the Variational Iteration Method
To clarify the basic ideas of VIM ([/7,, p. 2], [8]), we consider the general nonlinear differential
equation:

Lu+Nu=/Ff(@),

where L is a linear differential operator, N is a nonlinear operator and f(¢) is a given analytical
function. a functional correction can be written as follows:

ns1(8) = un(t) + f " A, ) L) + Niin(r) — £(1)) 01,
t

where A is a general Lagrangian multiplier that can be optimally identified by means of the
variational theory. The subscript n indicates the nth approximation and %, is considered as
a restricted variation 6u, = 0. After determining the Lagrange multiplier and selecting an
appropriate initial function ug, the successive u, approximations of the u solution can be
obtained with ease.

3.2 Implementation of VIM on the Fractional KdV Burgers Kuramoto Equation
To describe the solution procedure of fractional variational iteration method, we consider
the fractional KdV Burgers Kuramoto equation:
ou %u  u dPu  du
—+ + +b + , t>0,0<a<1,
ot “oxt  “ox2 " " 0x3 " “oxt “ )
u(x,0) = s(x).

s(x) are continuous functions. According to variational iteration method we construct introduced

by He ([[7, p. 3]), we can construct a correction functional for eq. as follows:

a 2 3 4
/1(8)((2_1;+u6 u+ 0“u bau au)

Un+1(x,8) = up(x,t) + I} Pl + e +cax4

; (%)

¢ ou %u  d*u ,d%u  o*u
_ -1
Ups1(x,t) = un(x,t)+f0 (t—8)*""A(s) (E +u e +a 3 +b e +c e, ) ds.

Combining egs. and (5), we obtain a proposed correction functional:
¢

ou 0%u  0%u  u  du
Uni1(x,t) =u,(x,t) +j(; {/l(s) (d_t +u e +a T2 +b P +c 6x4) }(ds)a7
where A is the general Lagrange multiplier which can be defined optimally via variational

theory [[12]] and u(x,¢) = 0 is the restricted variation, that is 6u(x,¢) = 0.

Making the above functional stationary the following conditions can be obtained:

t 0 a(x 02 63 64
51y e1(x,t) :5un(x,t)+af {A(s)(a—Lt‘ e Ly N ”)}(ds)“.
0

6
ox® Y522 " " 0x3 " Coxt ©)

Now, we can get the coefficients of du to zero:

0% A(s)
1+ A(s) =0, =0.
(&) 0s4
So, the generalized Lagrange multiplier can be identified as:
AMs)=-1. (7)
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Then, we obtain the following iteration formula by substituting (6) in (7):
0w u  Bu  d'u }(ds)“,

t(ou
un+1(x,t):un(x,t)—f —+u + +b +
o (Ot
where 0 <a <1 and D is the Hadamard derivative of order a ([16, p. 110]), u,(x,?) is an initial

Ox% a6x2 0x3 c@x4

approximation which can be freely chosen if it satisfies the initial and boundary conditions of
the problem. Consequently,

u(x) = ’}Lq}oun(x).

4. Adomian Decomposition Method

4.1 The Basic Idea of the Adomian Decomposition Method

The Adomian’s decomposition method ([4, p. 2], [5, p. 1]) is a potent tool to solve linear or
nonlinear equations. For each nonlinear differential equation can be decomposed into the
following form:

Lu+N@u)+F(u)=g(),

where L is the operator of the highest-ordered derivatives with respect to ¢ and N is the
remainder of the linear operator. The nonlinear term is represented by F(u). Thus, we will get:

Lu=g(t)-N(u)-F(u). (8)

The inverse L™! is assumed to be an integral operator given by:

¢
L' = [0,
0
operating with the operator L1 on both sides of eq. we have:
u=fo+L Hgt)-Nu)-Fu)},
where g is the solution of homogeneous equation:
Lu=0, 9)

involving the constants of integration. The constants of integration involved in the homogeneous
equation solution (9) are to be determined by the initial or boundary condition, as the problem
is a boundary value problem or an initial value. The Adomian’s decomposition method assumes
that the unknown function u(x,¢) may be expressed through an infinite series of the form:

u(x,t)= i un(x,t).
n=0

The nonlinear term F'(u) is represented by the Adomian polynomials A,,, given by:

o0
Fw)=) A,,
n=0
where u(x,t) will be determined recurrently, and A, depends on ug,u1,...,u, and can be
formulated by:
A, = — T F n;o/l u) A:O, n=0,1,2,....
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4.2 Implementation of Adomian’s Decomposition Method on the Fractional KdV
Burgers Kuramoto Equation

Now, let us consider the application of Adomian decomposition method for eq. ). If eq. (4) is

dealt with this method, it is formed as:

Liu(x,t)= —(uanu+aLxxu+bL3xu+cL4xu) (10)
where L; = a 7y Ly = ax2 , L3y = 6;3 , Ly = %, L,a aa = 1s the Hadamard derivative of order «a.

If the invertible operator L 1= fO( )dt is applied to eq. (10), then
L7'Liu(x,t) = —L; YuLyeu +aLyu + bLyu + Ly u)

is obtained. By this:

u(x,t) = u(x,0) — L7 (uLyau + aLyyu + bL3gu + cLycu). (11)
Here the main point is that the solution of the Adomian’s decomposition method is put in the
form
o0
u(x,t)= Z Un(x,t). (12)
n=0

Substituting from eq. in (11), we obtain:

(o] (o0} o0 oo
3 unle, ) =ul,00—Li' | Y up(e,)Lye Y un(x,t)+alye Y unlx,t)
n=0 n=0 n=0

n=0

(o] o0
+bL3, Z Un(x,t)+cLyy Z un(x,t)|.
n=0 n=0

5. Applications

In this section of the article, we have applied fractional variational iteration method and
Adomian’s decomposition method to fractional Burgers Kuramoto KdV equation.

Example 1. In this example we consider the application of VIM to fractional nonlinear Burgers
Kuramoto KdV equation:

6u+ a“u+ a2u+b63u+ otu t>0,0<ac=<1

- u a C b b a —_ b

ot 0x® 0x2 0x3 O0x? (13)
u(x,0) = kxt.

Substituting (@ =0, 5 =0 and ¢ =0, £ = 1) in eq. (13). Construction the nonlinear Burgers

Kuramoto equation KdV formula as follows:
ou o
ot 0x®’

D¢ is the Hadamard fractional derivative of order a. Taking the initial value uo(x,t) = x* we

t>0,0<a<l. (14)

can derive the first approximate u(x,#) as follows:

a
auo 0 uo)(ds)a

u1(x,t) =uolx,t) - f (—+u0

=xt- fo *# DY, s*Mds)”.
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By applied Lemma [3] we find:
HDE v*)(s) = 4%*.
formula the u1 as follows:
wilx,t)=x* - f @ s
By applied eq. (3), WZ find:
rée)ra+ a)t‘”“

Ir'é+a)
Substituting % =6, formula the u as follows:

uq(x,t) = x* —4%45¢4+

uq(x,t) = x* — x*4°

_ ! aul Hna a
u2(X,t)—lL1— A ¥+U1( D0+(U1)) (dS) .
By applied eq. (3), we find:

ug(x,t) = xt + (2 + a)4% 511 — 4201548120 | 9« g20x 1524820
t Oug 4/.Hna a
u3(x,t):u2(x,t)—f0 ¥+x ("Dy,uz) ¢ (ds)”.

Thus, the approximate solution is

u(x,t) = 3x* + (1 + a)d%cA6514+ % — 4204548720 4 9 x 420, 45248420

(a) (b)

Figure 1. The surface shows the solution u(x,¢) for eq. (I4) with initial condition wug(x,t) = x%: VIM
results are, respectively, (a) « =0.5 and (b) a =1

Substituting (e =1,b=1and c=1, k = 1) in eq. (13). We construct the nonlinear Burgers
Kuramoto equation KdV formula as follows:
ou 0%u 0%u 0°u 0*u
ot “ox® " 0x2 " oxd T oah’

t>0,0<a<l. (15)
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Taking the initial value wo(x,¢) = x* we can derive the first approximate wu1(x,¢) as follows:

¢ 0u0 6“u0 62u0 03u0 04u0
t) = 1) — + + + + ds)®
ulx,0) = uo(#, ) fo ( ot “O0x " 522 | ox® | oxt (ds)

=xt- f t{x4(H DY, s*) +12x® + 24x + 24)(ds)" .

By applied LemmaE([), we find:

ID§, v* =4%*.
formula the u; as follows

ui(x,t)=x* - ft (x*(4%s%) + 1242 + 24x + 24)(ds)*.
By applied eq. (3), W(()e find:

wi(x,t) =x* — 4% + (12x% + 24x + 24)¢,,

ug(x,t) =x* - ft{ul +x* DY up) +uf +ul +utPHds) .
Thus, the approxim;te solution is

u(x,t) = 2x* — 4%6x4 4% + (1242 + 245 + 24)t + ... .

Figure 2. The surface shows the solution u(x,t) for eq. with initial condition uq(x,t) = x2:
ADM results are, respectively, (c) a = 0.5

Example 2. In this example we consider the application of Adomian’s decomposition to
fractional nonlinear Burgers Kuramoto equation KdV (eq. (14)).

D¢ is the Hadamard derivative of order a. Taking the initial value ug(x,?) = x* we can derive
the first approximate u1(x,t) as follows:

¢ au() 6“u0
t)=-— —+ dt.
ui(x,?) fo ( 5 4050 )
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By applied Lemma [3] we find:

uqlx,t) = —4%8¢,

t(ouq 0%
H=—| =+ dt,
uz(x, 1) j(; ( ot " 0x% )

3 s
¢ aug G“ug
t)=-— —+ dt
us(x,t) fo ( 5 t4 )

— _4ax8t + %42a8ax16t3 _ 42a8ax16t2 + %(42&’ + 8“)43a8ax24t4 _ %46(182ax32t6 .

Thus, the approximate solution is

1 1
un(x,t) = x* —4%B8t — 420871642 1 5(42“ +8%)4308a, 2444 _ §46"‘82%3%6 T

Figure 3. The surface shows the solution u(x,¢) for eq. with initial condition wg(x,t) = x2: Adomian’s
decomposition method results are, respectively, (d) @ =0.5 and (e) a =1

6. Conclusion

The variational iteration method and Adomian’s decomposition method became regarded as
an effective technique for solving certain fractional equations, such as partial differential
equations, integro differential equations, and fractional KdV Burgers Kuramoto equation. In
this paper, based on the variational iteration method and Adomian’s decomposition method
and Hadamard derivative, we have presented a general study on variational iteration method
and Adomian’s decomposition method in the fractional framework for analytical treatment of
Fractional Burgers Kuramoto KdV equation. All of the examples concluded that the variational
iteration method and Adomian’s decomposition method is both effective and productive in
finding analytic approximate solutions. Wolfram Mathematica has been used for presenting the
graph of the solution in the present paper.
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