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Abstract: In this paper, we give a new representation of exact solutions for nonlinear
time-fractional wave-like equations with variable coefficients using a recent and reli-
able method, namely the fractional reduced differential transform method (FRDTM).
Using the FRDTM, it is possible to find solution for this type of equations in the form
of infinite series, this series in closed form gives the exact solution. It has been proven
that the FRDTM is a convenient and effective method in its application. The accu-
racy and efficiency of the method is tested by means of three numerical examples.
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1 Introduction

The nonlinear fractional partial differential equations (NFPDESs) are increasingly used
to model many problems in mathematical physics, including electromagnetics, fluid flow,
diffusion, quantum mechanics, damping laws, viscoelasticity and other applications. Ex-
act solutions of NFPDEs are sometimes too complicated to be attained by conventional
techniques due to the computational complexities of nonlinear parts involving them.
Therefore, for the study of solution of NFPDEs there are variety of analytical and ap-
proximate methods found in literature. Among them most useful and common meth-
ods are: the Adomian decomposition method (ADM) [8], variational iteration method
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(VIM) [10], fractional difference method (FDM) [4], generalized differential transform
method (GDTM) [1], homotopy analysis method (HAM) |11], homotopy perturbation
method (HPM) [9)].

Recently, an efficient analytical technique for handling different types of NFPDEs has
been developed called the fractional reduced differential transform method (FRDTM).
The FRDTM was effectively used for finding the solution of various kinds of NFPDEs [5}-
7). Further, this method does not require any discretization, linearization and therefore it
reduces significantly the numerical computations compare with the existing methods such
as the perturbation technique, differential transform method (DTM) and the Adomian
decomposition method (ADM).

In [3], we solved the nonlinear time-fractional wave-like equations with variable coef-
ficients by two different methods and compared between these two methods.

The main objective of this paper is to give a new representation of exact solutions
for this type of equations using the FRDTM.

Consider the following nonlinear time-fractional wave-like equations:

- n 6k+m
D2y = Z Flij(thau)mF%j(uwwU'wj) (1)
i,j=1 vt
n
9P
“FZGU(X’LU)*

axpG%(uwi) + H(X7t7u) + S(X7 t)v
i=1 i

with the initial conditions
U(X,O):ao(X), ut(XaO):al(X)a (2)

where D2 is the Caputo fractional derivative operator of order 2, % <a<l.

Here X = (z1,29,...,2,) € R",n € N*, Fy;;,Gy; 4,5 € {1,2,...,n}, are nonlinear
functions of X, ¢ and w, Fy;j, Go; 4,5 € {1,2,...,n}, are nonlinear functions of derivatives
of u with respect to z; and z; i,j € {1,2,...,n}, respectively. Also H,S are nonlinear
functions and k, m, p are integers.

These types of equations are of considerable significance in various fields of applied sci-
ences, mathematical physics, nonlinear hydrodynamics, engineering physics, biophysics,
human movement sciences, astrophysics and plasma physics. These equations describe
the evolution of erratic motions of small particles that are immersed in fluids, fluctuations
of the intensity of laser light, velocity distributions of fluid particles in turbulent flows.

2 Basic Definitions

In this section, we give some basic definitions and properties of the fractional calculus
theory which are used further in this paper. For more details, see [4].

Definition 2.1 A real function u(z,t),z € I C R,t > 0, is considered to be in the
space C,(I x RY), u € R if there exists a real number p > y, so that u(z,t) = t* f(z, 1),
where f(z,t) € C (I x RT), and it is said to be in the space Cj; if u™ (z,t) € Cy,n €N,

Definition 2.2 Let u(z,t) € C,(I x RT), n > —1. The Riemann-Liouville fractional
integral operator of order v > 0 of w(x,t) is defined as follows:

¢
1 _ a1
[Pu(w,t) = T@ E{(t T u(x, )dé,a >0,z € I,t>£>0,

3)

u(x,t), a =0,
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where T'(.) is the well-known gamma function.

Definition 2.3 The Caputo fractional derivative operator of order a of wu(x,t) is
defined as follows:

t
1704) f (t - 5)’“_0‘_1 u(”)(:c,f)d§7n -l<ax n,
0

Diu(z,t) = (4)

u(™ (1), a=n.

For the Riemann-Liouville fractional integral and Caputo fractional derivative, we
have the following relation:

IFDiu(z, t) = u(z,t) Z u® (z,07) E,xelt>0 (5)

3 Fractional Reduced Differential Transform Method (FRDTM)
In this section, we apply the fractional reduced differential transform method for (n +
1)—variable function u(x1,xs, ..., s, t) which has been developed in [2].

On the basis of the properties of the one-dimensional differential transform, the func-
tion u(xy, Ta, ..., Tp,t) can be represented as

(Z Fl(k1)$]f1> (Z F2(k2)$§2> x
k=0 k2 =0

(35 )« (£ )

(o] o0 (o]
Z Z Z Z (k1,ka, ..., ki, km)xlfla:];?..a:ﬁ"tkm,

k1=0ko=0  kp=0km

W(T1, T2y ey Ty T)

where U(ky, ko, ..oy kny k) = F1 (k1) X Fo(ka) X ... X By (k) X Fi (i ) is called the spectrum
of u(xy, 2, ..., Tpn,t). Next, we assume that u(X,t), X = (21,29, ...,2,) is a continuously
differentiable function with respect to the space variable and time in the domain of
interest.

Definition 3.1 Let u(X,¢) be an analytic function, then the FRDT of w is given by

- 1 o
=2 i ) [8t’mu(X7 t)] ’ (6)

k=0 t=to

where « is a parameter describing the order of time fractional derivative in the Caputo
sense. Here the lowercase u(X,t) represents the original function while the uppercase
Ui (X) stands for the fractional reduced transformed function.

Definition 3.2 The inverse FRDT of Uy (X) is defined by

= f:Uk(X)(t—to)’w‘. (7)
k=0
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Combining equations @ and , we have

w0 =Y sy 0] et 3
P T(ka+1) | Othe —to

In particular, for ¢t = 0, equation becomes

- 1 e o
u(X,t) = kz:% Tha 1) L’?tkau(x’ t)} . the, (9)

Moreover, if a = 1, then the FRDT of equation reduces to the classical RDT
method. From the above definitions, the fundamental operations of the FRDTM are
given by the following theorems.

Theorem 3.1 Let Up(X),Vi(X) and Wi(X) be the fractional reduced differential
transform of the functions u(X,t),v(X,t) and w(X,t), respectively, then
(1) if w(X,t)=(X,t)+ pv(X,t), then Wi(X) = NUL(X) + uVi(X), A\, p € R.
(2) if w(X,t) =u(X,t)v(X,t), then Wi(X) = i:o Ur(X)Vi—r(X).
(3) if w(X,t) = u* (X, t)u?(X,t)..u"(X,t), then

k kn— 1 kg k)g

kn—1=0kn _2=0  ka=0k1=0
X UL (XU, (X)

o

() fwx. ="

Hina u(X,t), then

I (ka+na+1)
X)=—F—-—"-= X =1,2,...
Wk( ) F(ka+1) Uk+n( ),TL ) &y

4 FRDTM for Nonlinear Time-Fractional Wave-Like Equations

Theorem 4.1 Consider the nonlinear time-fractional wave-like equations with
the initial conditions (@
Then, by FRDTM the solution of equations —(@ is giwen in the form of infinite

series as follows:
oo

u(X,t) = Up(X)the,
k=0
where U (X) is the fractional reduced differential transformed function of w(X,t).

Proof. In order to achieve our goal, we consider the following nonlinear time-
fractional wave-like equations with the initial conditions (2).

Applying the FRDTM to equation , we obtain the following recurrence relation
formula:
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Uesa(X) = et (A (X) + Bu(X) 4 GX) + DX, (10)

where Ap(X),Br(X),Cr(X) and Dy(X) are the transformed form of the nonlinear
n 8k+m n ap
terms, i};lFlij(XJaU)WFHJ'(U@“U%)» i;Gli(X;tvu)aiﬁGZi(umi)a H(X,t,u)

and S(X,t), rerspectively.
Now, using the FRDTM under the initial conditions , we obtain

Uo(X) = ao(X), U1 (X) = a1 (X). (11)

We substitute equation into equation , we get

Up(X) = ao(X), Ui(X) = a1(X),

Us(X) = m [40(X) + Bo(X) + Co(X) + Do(X)],

Us(X) = lm[Al(X)+B1(X)+01(X)+D1(X)], (12)
Uu(X) = m [A2(X) + Ba(X) + Co(X) + D(X)].

Then, the solution of equations (I)-(2) in the form of infinite series is given by

o0

u(X,t) = Up(X)the. (13)
k=0

The proof is complete.

5 Numerical Examples

In this section, we describe the method explained in Section 4. Three numerical examples
of nonlinear time-fractional wave-like equations with variable coefficients are considered
to validate the capability, reliability and efficiency of the FRDTM.

Example 5.1 Consider the 2-dimensional nonlinear time-fractional wave-like equa-
tion with variable coefficients:
2 62

o 1
D%y = m(uuuyy) - aTay(a:yuLuy) —u,t >0, 5 <a <1, (14)

with the initial conditions
u(z,y,0) = ™, u(x,y,0) = e, (x,y) € R2. (15)

Applying the FRDTM to equations -, we obtain the following recurrence
relation formula:

UO(xa y) = exy7 Ul(xa y) = exy7 (16)
L(ka+1) 02 0?

Uk+2('r7y) = F(k()é+20l+1) axayAk(xay)_aTayBk(xay)_Uk(xvy) ;
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where Ay (z,y) and By (z,y) are the transformed form of the nonlinear terms, wy,u,, and
TYuguy. For the convenience of the reader, the first few nonlinear terms are as follows:

Ag = UpzzUoyy,

A1 = UoeaUryy + UieaUgyy,

Ay = UozaUsyy + UizaUiyy + UsezUoyy,
By = ayUp,Uyy,

B: = zyUp, Uiy + 2yUi.Uyy,

By = ayUp,Usy + 2yUi,Ury + xyUs,Ugy.

From the relationship in , we obtain
1

o) = ¢, Ua(og) = € Ualo) =~y
B F'(a+1) oy B 1 oy
Us(z,y) = T (30t 1)6 yUa(z,y) = T (ia T 1)6

So, the solution of equations — is given in the form of infinite series as follows:

1 2c F(a+1) 3a+ 1 t4a+...> ery.

u(z,y,t) = (1 +t¥— T2a+1)  T(Ba+1) Ida+1)

In particular, for @ = 1, the solution of equations — has the general pattern
form which coincides with the following exact solution in terms of infinite series:

U
u(z,y,t) = (1+t—2'— 3'—|—4'+...> ey,

Therefore, the exact solution of equations - in a closed form of elementary
function will be given by
u(z,y,t) = (cost +sint) e™,

which is the same result as those obtained by the NIM and NHPM [3].

Example 5.2 Consider the following nonlinear time-fractional wave-like equation
with variable coefficients:

2 o 1

with the initial conditions

Dfau = u?

u(z,0) = e®,u(z,0) =%, x€]0,1]. (18)

Applying the FRDTM to equations (17)-(18)), we obtain the following recurrence

relation formulas:

Up(z) = €% Ui(z)=¢€", (19)

Ueia(o) = g gy ) + Bul) = 1564(0) + Ui,
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where Ay(x), Bi(z) and Ci(x) are the transformed form of the nonlinear terms,
2 2

0
U = (Up Uy Upaa ), Uy 7 (ud,) and u®. For the convenience of the reader, the first
i
few nonlinear terms are as follows:
, 0
0 0 6.132 [ 0 0 0. }
A ——2UUéiW'U U ]+W§iW'U U
1 - ov1 6332 0xVY0zxzY0zxzxx 0 (9332 1lzY0xaVO0zxxx
+UO:E Ulmr UOxzx + UOx UOzzUlzmr] )
82
_ 2 3
BO - UOa: o2 UO:ECE’
B, = 2U,U 32U3 3U282(ﬂ U
1 = 0z lw@ Ozz T Oz@ [ Oz 1EI] )
Co = U3, Cy = 5UU.

From the relationship in (19]), we obtain

Uo(z) = €%, Ui(z) =€,

1 P(a+1)
U = [——— U = T I...
2(7) e’ W=t

So, the solution of equations — is given in the form of infinite series as follows:

1 INa+1)
t)y=(1+t* 12 53 4 ) e
u(@, ) <F "Toar D’ "TBatry’ )e

In particular, for o = 1, the solution of equations — has the general pattern
form which coincides with the following exact solution in terms of infinite series:

2 3

Therefore, the exact solution of equations - in a closed form of elementary

function will be given by

u(z,t) = T

)

which is the same result as those obtained by the NIM and NHPM [3].

Example 5.3 Consider the following one-dimensional nonlinear time-fractional
wave-like equation with variable coeflicients:

0 1
D%y = an—(qum) — 2% (Ugz)? —u, t>0, 3 <a<l, (20)
x

with the initial conditions

u(z,0) = 0,u(x,0) = 22, = €]0,1[. (21)
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Applying the FRDTM to equations —, we obtain the following recurrence

relation formulas:

Up(x) = 0,Ui(x) =22 (22)
I'(ka+1) 5 0 9
U, = -— —A —z°B - U,
k+2() Tlha 120 +1) |© 02 k(z) — 2" By(z) — Ur(z) |,
where A (x) and By(x) are the transformed form of the nonlinear terms, u ., and u2,.
For the convenience of the reader, the first few nonlinear terms are as follows:

Ao = UorUosz,

A1 = UpUize + Ui2Uoga,

Ay = UpUszse + UizUrgs + U2pUpsz,
By = Ugse
B1 = 2UpzeUrga,
By = 2UpuaUses + Uty

From the relationship in , we obtain

Uo(z) = 0,Ui(z) = 2% Us(z) =0,
Us(x) = IF((:;.;J_ri_ll))zj,U4(;z:)—O...

So, the solution of equations — is given in the form of infinite series as follows:

(4o Tlat1) 5, Tla+1) 5,
u(x,t)(t 7F(3a+1)t3 F(5a—|—1)t5 +) z2.

In particular, for @ = 1, the solution of equations — has the general pattern
form which coincides with the following exact solution in terms of infinite series:

A 9
u(z,t) = t—g—l———i—... x”.

5!

Therefore, the exact solution of equations — in a closed form of elementary
function will be given by
u(z,t) = 2% sint,

which is the same result as those obtained by the NIM and NHPM (3].

6 Numerical Results and Discussion

In this section the numerical results for all Examples and are presented.
Figures [1] [3] and [5] represent the surface graph of the exact solution and the 6—term
approximate solution at o = 0.6, 0.8, 1. Figures and [6] represent the behavior of the
exact solution and the 6—term approximate solution at a = 0.7,0.8,0.95,1 in the case
when x = y = 0.5 for Example [5.1] and z = 0.5 for Examples [5.2] and Tables
and [3| show the absolute errors between the exact solution and the 6—term approximate
solution at « = 1 and different values of z,y and ¢. The numerical results afirm that
when a approaches 1, our results obtained by the FRDTM approach the exact solutions.



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 19 (2) (2019)

(@) (b)
3 3
s 2 s 2
1 1
1 1
1 1
0.5 05 0.5 05
0 o 0 o
X t X t
© (d)
3 3
E s 2
1 1
1 1
1 1
05 05 05 05
0 o 0 o
X t X t

Figure 1: The surface graph of the exact solution and the 6—term approximate solution by
the FRDTM for Example when y = 0.5: (a) v when o = 0.6, (b) v when a = 0.8, (c) u
when o = 1, and (d) u is exact.
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1.9

«=0.95 a=0.8 — — a=0.7

Exact solution -+~ a=1

1.2 . . . . . . . . .
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2: The behavior of the exact solution and the 6—term approximate solution by the
FRDTM for different values of « for Example [5.1] when x = y = 0.5.

t/x,y 0.1 0.3 0.5 0.7
0.1 | 1.4226 x 107° | 1.5411 x 1079 | 1.8085 x 10~° | 2.2991 x 10~9
0.3 | 1.0648 x 107% | 1.1535 x 107 | 1.3536 x 10~ | 1.7208 x 10~
0.5 | 2.3382x107° | 2.5330 x 10~° | 2.9725 x 10° | 3.7787 x 10~°
0.7 | 1.8000 x 107 | 1.9499 x 10~% | 2.2882 x 10~% | 2.9089 x 107
0.9 | 82963 x 10~% [ 8.9872 x 10~ % | 1.0547 x 10~3 | 1.3407 x 10~3

Table 1: Comparison of the absolute errors for the obtained results and the exact solution for

Example[5.1] when n =6 and o = 1.




328 A. KHALOUTA AND A. KADEM

(@) (b)
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s 5
0
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1 1
0.5 0.5 0.5 0.5
0 o 0 o
X t X t
(©) (d)
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s> 5
0
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0.5 05 0.5 05
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Figure 3: The surface graph of the exact solution and the 6—term approximate solution by
the FRDTM for Example[5.2]: (a) u when a = 0.6, (b) u when a = 0.8, (c) u when a = 1, and
(d) u is exact.

Exact solution -+~ a=1 «=0.95

a=0.8 — — a=0.7| ,
7]

Figure 4: The behavior of the exact solution and the 6—term approximate solution by the
FRDTM for different values of « for Example [5.2] when x = 0.5.

t/x 0.1 0.3 0.5 0.7

0.1 | 1.5572 x 10792 | 1.9019 x 1079 | 2.3230 x 10~° | 2.8373 x 1079
0.3 [ 1.1688 x 1076 | 1.4276 x 1076 | 1.7436 x 1076 | 2.1297 x 10~©
0.5 | 2.5810 x 10=° | 3.1525 x 10~ | 3.8504 x 10> | 4.7029 x 10—°
0.7 | 2.0036 x 10~% | 2.4472 x 10~% | 2.9890 x 10~ * | 3.6507 x 10~ *
0.9 [ 9.3372 x10~% | 1.1404 x 1073 | 1.3929 x 1072 | 1.7013 x 103

Table 2: Comparison of the absolute errors for the obtained results and the exact solution for

Example[5.2] when n =6 and o = 1.
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Figure 5: The surface graph of the exact solution and the 6—term approximate solution by

the FRDTM for Example[5.3]: (a) u when a = 0.6, (b) u when a = 0.8, (c) u when a = 1, and
(d) u is exact.
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Exact solution -+ a=1 0=0.95 =08 — — a=0.7|

0.15 -

0.1lr -

0.05 -

o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 6: The behavior of the exact solution and the 6—term approximate solution by the
FRDTM for different values of « for Example [5.3] when z = 0.5.

t/x 0.1 0.3 0.5 0.7

0.1 [ 1.9839 x 10~ 13 | 1.7855 x 10~2 | 4.9596 x 102 | 9.7209 x 10~ '2
0.3 | 4.3339 x 10710 | 3.9005 x 109 | 1.0835 x 10~% | 2.1236 x 108
0.5 | 1.5447 x 1078 | 1.3903 x 10~7 | 3.8618 x 10~7 | 7.5692 x 107
0.7 | 1.6229 x 107 | 1.4606 x 1076 | 4.0574 x 10~% | 7.9524 x 10~
0.9 | 9.3840 x 107 | 8.4456 x 1076 | 2.3460 x 107° | 4.5982 x 10—°

Table 3: Comparison of the absolute errors for the obtained results and the exact solution for

Example[5.3] when n =6 and o = 1.
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7 Conclusion

In this paper, a new representation of exact solutions for nonlinear time-fractional wave-
like equations with variable coefficients was presented by using the fractional reduced
differential transform method (FRDTM). The method was applied to three numerical
examples. In the numerical examples, our method gave us the solutions in the form
of infinite series, this series in closed form gives the corresponding exact solutions for
these equations without any transformation, discretization and any other restrictions,
therefore it reduces significantly the numerical computations compare with the existing
methods such as the perturbation technique, differential transform method (DTM) and
the Adomian decomposition method (ADM). Also, our results obtained in this paper
are in a good agreement with the exact solutions; hence, this technique is powerful and
efficient as an alternative method for finding approximate and exact solutions for many
other nonlinear fractional partial differential equations.
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