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Abstract: In the present paper, the explicit solutions of some local fractional partial differential
equations are constructed through the integration of local fractional Sumudu transform and homotopy
perturbation such as local fractional dissipative and damped wave equations. The convergence aspect
of this technique is also discussed and presented. The obtained results prove that the employed
method is very simple and effective for treating analytically various kinds of problems comprising
local fractional derivatives.
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1. Introduction

In recent years, fractional calculus is considered to be a fascinating field of research, due to the wide
applications of fractional integrals and derivatives in mathematical modeling of systems and processes
in many fields of engineering and science [1-13]. Generally speaking, most of fractional differential
equations are not solvable toward exact solutions. Therefore, numerous analytical and numerical
methods were successfully utilized to treat this sort of problems. Among the aforementioned methods,
we can refer to fractional Homotopy Perturbation [14], fractional Adomian decomposition [15],
Yang-Laplace transform [16], Variational Iteration and function decomposition in local fractional
sense [15,17].

Homotopy Perturbation coupled with Sumudu transform technique is an integration between two
powerful methods: Sumudu transform, which was proposed by Watugala [18] in 1993, and Homotopy
perturbation, which was introduced by He [19,20]. This combined method was applied to solve
fractional nonlinear problems, arising in the field of nonlinear sciences such as engineering and
mathematical physics. Several researchers used this simple tool to obtain solutions of nonlinear
differential equations. For example, both Singh and Kumar [21] solved the nonlinear fractional gas
dynamics equation. On the other hand, Sharma and Singh [22] derived the solutions for the fractional
nonlinear partial differential equations. As far as Ait touchent and Belgacem [23] are concerned,
they presented the solutions for the system of nonlinear fractional PDEs. For Eltayeb A. Youssif [24],
he found the exact solution for nonlinear Schrodinger equation.

Fractal Fract. 2018, 2, 22; d0i:10.3390/ fractalfract2030022 www.mdpi.com/journal/fractalfract


http://www.mdpi.com/journal/fractalfract
http://www.mdpi.com
https://orcid.org/0000-0003-0228-7829
http://www.mdpi.com/2504-3110/2/3/22?type=check_update&version=1
http://dx.doi.org/10.3390/fractalfract2030022
http://www.mdpi.com/journal/fractalfract

Fractal Fract. 2018, 2, 22 20f12

In recent years, not only was the local fractional analysis theory given much more consideration
and concern, but also it was well employed for describing non-differentiable problems appearing in
different sciences. For example, local fractional Laplace equation [15], diffusion equations on Cantor
sets [25], Korteweg-ed Vries equation with local fraction operator [26] and fractal heat conduction
equation [27] as well as fractal wave equation [28].

The aim of this paper is to implement the combination of local fractional Sumudu transform
and homotopy perturbation in order to get analytical solutions of some local fractional problems in
mathematical physics, for example dissipative and damped wave equations. Furthermore, we prove
the convergence analysis and we show the advantages of this method for constructing solutions of
local-fractional PDEs.

This article is divided into seven sections: In Section 2, we introduce some preliminaries about
local fractional calculus. Section 3, is dedicated to present the local fractional Sumudu transform.
In Section 4, the main steps of homotopy perturbation coupled with local fractional Sumudu transform
are mentioned. Analysis on convergence with some examples are given in Sections 5 and 6, are followed
by the conclusion in Section 7.

2. Local Fractional Calculus Preliminaries

The following section sheds light on some necessary definitions of local fractional calculus
exploited in the present article.

Definition 1. (see [29]) We say that the function g is continuous in local fractional sense at xo, if

|8(x) —g(xo) <€, 0<r<l, 1)
with | x — xo |< 6, fore > 0and e € R.
Definition 2. (see [29]) The derivative of g in local fractional sense at xg is presented as

d'g(xo0) _ . A'(g(x) —g(x0))
dx" xlggclo (x—x0)" @

where A(g(x) = g(x0)) = T(r +1)A(g(x) — g(x0))-

Dig(xo) =

The formula of local fractional derivative of high order is given by
k  times
(kr) r r
g (x) = DyDs...D} g(x). ®3)
The expression of local fractional partial differential operator of order ¥ (0 < r < 1) has

the form: 5 N (0. f0))
r r xo,1) — ¢(xo,
@8(950/ t) = g O(t _ t0§r et ’ (4)

where A" (g(xo,t) — g(x0,t0)) = T'(r +1)A(g(x0,t) — g(x0,t0))-
Moreover, the form of local fractional partial derivative of high order is presented below:

k  times
akr o’ o o
ot SY) = 537 g SLOY) ®

The formula of local fractional derivative applied in this work, is in the following form [30]:

dr X" x(n=1)r
I Ti+nr)  Ta+m=Dr "N ©)
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Definition 3. In fractal space, the Mittag—Leffler function is defined as
(e
E.(x") = IS < 1. 7
7(x) Zr(1+mr)’ 0<1’_ ()

3. Local Fractional Sumudu Transform

The integral transform method named Sumudu transform was proposed in 1993 by Watugula,
who applied it to obtain solutions for problems in mathematical physics. Some fundamental properties
of this transform were introduced and investigated by Belgacem [31]. Katatbeh and Belgacem [32]
put into practice this method to get solutions for fractional differential equations. Also Ait touchent
and Belgacem used the combination of Sumudu transform and homotopy perturbation for handling
nonlinear fractional PDEs [23]. In this part, we define the Sumudu transform in local fractional sense
and we give some of its important properties.

The definition of this transform of function g is given by Srivastava et al. [29] as follows:

LFS[s(x)] = Gi(2)
o 1 *© —r T g(x) r
- fa b BT, o<t ©

where the integral of g in local fractional sense is given by [29]
s = = [ sy = =L tim Y g(x)(axy g
'8 T +7) . 8 T T(1+47) Ax—0 i:og AT

where the partitions of the interval [a,b] are (x;, xj11),i =0,... M —1,Ax = x;11 — X;.
The inverse of local fractional Sumudu transform is provided by

LFS; G, (z)] = g(x), O0<r<1. (10)

The local fractional derivative is transformed by the local fractional Sumudu transform as is
shown below [29]:

r _
dx’ z"
where G,(z) = LFS,[g(x)]. Also, we have the following results [29]:
nr n—1
LFS, [d dgf,x )] - = lGr (z) = ) 2g™) (0)1 : (12)
x z =

When n = 2, from expression (12) we get

LFS, [dzf;igx)} - 217 [Gr(z) —g(0) —27g" (0)] ) (13)

with G,(z) = LFS,[g(x)].

4. Local Fractional Sumudu Transform Coupled with Homotopy Perturbation (LHPSTM)

The following section is dedicated to the introduction of the main steps of the exploited method
(LHPSTM) [33]. To illustrate this, we consider the next local fractional differential problem:

Lw(x,t) + Rw(x,t) = h(x,t), 0<x<1, 0<t<]1, (14)
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where L and R represent respectively local fractional differential linear operator and nonlinear operator
and the function / is a source term.
Applying the technique of local fractional Sumudu transform on both sides of Equation (14)
we obtain
wy(x,z) = w(x,0) — 2" LFS,[Rw(x,t)] + 2" LFS, [h(x,1)]. (15)

The inverse local fractional Sumudu transform method implies that
w(x,t) = w(x,0) — LFS, ! [z'LFS, [Rw(x,t)]] + LES, ! [Z'LES, [h(x, t)]]. (16)
By the homotopy perturbation for (16), we get:
H(w, p) = w(x,t) — w(x,0) + p x [LFs;l [Z'LFS, [Rw(x,t)]]] — LESTY[Z'LFS, [h(x,£)]] =0, (17)
where p € [0,1] is a homotopy parameter, which gives
w(x,t) = w(x,0) — p x [LFS; ' [Z'LFS, [Rw(x, 1)]]| + LFS; " [Z'LFS, [h(x,1)]], (18)

and

w(x, t) = Z plwn(x, 1), (19)
n=0
and the nonlinear term is decomposed as:
Rw(x,t) =Y p"Hu(w), (20)
n=0

for some He's polynomials H, (w) that are given by:

n

n .
H, (wo, wy, ..., wy) = 19 [RZplwil , n=0,1,2,.. (21)
p=0

ntop" |5

Substituting Equations (19) and (20) in Equation (18), we obtain:

Lo p"wn(x,t) = w(x,0)—px [LES7 ['LES, [ p" Ha(w)]]

+LFS; 1 [Z'LFS, [h(x,1)]], 22)

which is the combination of local fractional Sumudu transform and HPM with He’s polynomials.
Making a comparison of the terms having same power of p, we achieve:

p¥wo(x,t) = w(x,0)+ LES; Z'LFS,[h(x,1)]],
plwi(x,t) —LFS; Y[Z'LFS,[Hy(w)]],
p? i wy(x,t) = —LFS;'[z'LFS,[Hi(w)]],

(23)

Finally, the analytical solution of Equation (14) has this structure:

N

w(x, t) = Zélinoo Y wa(x,t). (24)
n=0
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5. Analysis on Convergence

The goal of this section is to demonstrate the convergence theorem which is used further in
this work.

Lemma 1. C; (]0,1],R) is a Banach space of local fractional continuous functions on the interval [0, 1] with
the norm

w ||= max |w(x,t)|. 25

I = max [w(x o) @5)

Proof. Let (f,),en a Cauchy sequence in C, ([0, 1], R). For t fixed in [0, 1].

Vp,q € N, wehave | (t) = fo(t)| < [|fp = foll <€, (26)

which implies that f, () is a Cauchy sequence in R. While R is complete, then f,, () is convergent.
Let f(t) its limit, where the function f : [0, 1] — R verify:

f(t)= lim f,(t) Vtel0,1]. (27)

n—->-00

Now, we prove that f is local fractional continuous. The sequence (f,,),cn is a sequence of local
fractional continuous functions. Therefore

fn(t) = fulto)| < €Vt e [0,1], with |t — fo| < o. (28)

Using limit we get
f(t) = flto) <€ te[01]. (29)

Hence the function f € C, (]0,1],R).
Let’s prove that (f,),en converges to f in C; ([0, 1], R). There exist N such that:

Vp,a> N |fp—foll <€ (30)

Therefore, for fixed tin [0, {], we have:

Vp>NVg=>N  |fp(t) = fo®)| < |l fp — full <€ (31)

Now, we fixe p and we let g to infinity in the last expression, we get |f,(t) — f(t)| < € which is
true for every t € [0,1], we have ||f, — f|| < €’ for every p > N, then f), converges to f.

Finally, every Cauchy sequence (f;),en converges in C; ([0, 1],R), then C, ([0, 1], R) is complete.
Therefore C, ([0,1],R) is a Banach space. [

Theorem 1. Let (wy),en in Banach space C, ([0,1],R). If || w1 IS g || wi || for 0 < g < 1 then,
the series ) . Wy is convergent.

Theorem 2. If the series solution Y ;> wy given in (24) is convergent then, it is an exact solution of the local
fractional problem (14).

Proof. We determine the sequence

Ay = wy +wy + ... +wy, (32)



Fractal Fract. 2018, 2, 22

by using the iterative scheme

Ao =0,

Aui1 = w(x,0) — LFS™! [’ LFS [R, (A, + wp)]] + LES ™ [Z'LFS [H]],

where

i=0 i=0

n n
R, (Zwi> = ZHI n=0,1,2,..

Suppose that the series solution (24) converges, and = Y _,>_, wy, then we have,

Tim Ay 41 = w(x,0) ~ LFS™! [z’LFs [ Tim Ry (A, + wo)H + LFS~Y[Z'LFS[h]],

then we obtain

[ [ n
_ o -1 r . )
¢ =w(x,0) — LFS™" |2'LFS | lim R, igw,

[ n
+ LFS™'[Z'LES [H]],

=w(x,0) — LFS™! |Z'LFS | lim ¥ H;
n—oo 0

i=

=w(x,0) — LES™' |Z'LFS | Y H;| | + LFS™[Z"LFS [1]],
=0

1

using (20), for p =1, we get

RY w;|| +LFS ™' [Z'LFS[n],

¢ = w(x,0) — LFS~1 [erFS
=0

then
¢ = w(x,0) — LFS™1 [z'LFS [Ry]] + LFS~! [z LFS [H]],

applying the LFHST on both sides of Equation (37) then, we obtain,

LFS [y] — w(x,0)
ZT’

— LFS[Ry] + LFS [h],

LFS[Ly(x,t)] = LFS [Ry(x,t)] + LFS [h(x,t)],
Now, by applying the inverse of LFHST we obtain,
Ly(x,t) + Ry(x,t) = h(x,t),
therefore, = Y _;° ( wy is an exact solution of Equation (14). [
6. Application

6.1. Exemple 1

Considering the following diffusion equation involving local fractional derivative

1
Dijw(x,t) = Exzwxx(x,t), 0<x<1l0<r<l,

+ LFS Y [Z'LFS [H]],

6 0of 12

(33)
(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)
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with the next conditions:

w(x,0) = 2,
w(0,t) = 0, (43)
w(l,t) = E/(t),

where the expression of exact solution is w(x, t) = x?E,(").
Employing the expression of local fractional Sumudu transform for Equation (42) we have

LFS,[Djw(x,t)] = LFS, [ Cwyr (x, t)} (44)
then, we obtain
wy(x,z) = w(x,0) + 2" LFS, { Cwyy(x, t)] (45)
which gives
w,(x,z) = x> + 2’ LFS, [ Cwer(x, t)} (46)

The inverse of local fractional Sumudu transform method implies that
w(x,t) = x> + LFS; ! {z LFS, { Py (x, t)” (47)

The homotopy perturbation gives

i plw,(x,t) = x>+ p X LFS;l [z’LFS, (;xz i P (wn) xx(x, t))] . (48)

n=0 n=0

By comparison of the terms owning similar power of p, we get:

PO wo(x,t) = x?,
247
pl : wl(x/ t) - LFS;l rLFS (%xz( 0)xx - r(xr_it_l)/
242r
prrwa(x,t) = LFS; ' |Z'LFS, (32 (w1)xx| = ippay-
(49)
p" i wy(x,t) = LFS;! [ Z'LFS,(3x (wn,l)xx} = %
Therefore, the solution is formed as shown below:
) " tZr t3r nr
wrt) = U e Y ) Tt T T T 50)
Hence
2y " 51
- mZO I'(mr + 1 (1)
Finally, we come up with the following:
w(x, t) = szr(t’), (52)

which is the exact solution of Equation (42).
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6.2. Example 2: Local Fractional Dissipative Wave Equation

Considering the next dissipative wave equation including local fractional derivative [34]:

tr

DX w(x,t) — Diw(x,t) — D¥w(x,t) — Dlw(x,t) — Tr+1) =0 0<x<Lt>0,
with the initial conditions
x7
w(x0) = T(1+7)
Diw(x,0) = 0.

Using the Sumudu transform in local fractional sense for Equation (53) we obtain

t}’
LFS, {th[w(x,t)] = LFS, [Dtrw(x, t) + DZw(x, t) + Diw(x, t) + 1"(;*—1—1)} .

Then, we get

;
wr(xlz) = ZU(X, 0) + ZZVLFSV |: {ZU(X, t) + DJZC;ZU(.X, t) + D;‘CW(X, t) + F(rtmj| ,

which implies

r

we(x,2) = ﬁ

¢
+Z2rLFSr l:D{w(x, £+ D%Zw(x, £) + Diw(x, t) + M] .

By the inverse local fractional Sumudu transform, it yields

w(x,t) = r({‘ijﬂ) + LFS; 1 [z’ LFS, [Djw(x,t) + DZw(x, t)

+  Diw(xt) + b ||
Now, the use of homotopy perturbation gives

Yo o wn(x, t) = r(fi:-r) +p x LES; L [z LFS, (DL Y5 p"wn(x, 1)

+ DY Lo P'wn(x,t) DL Iag pwa(x, t) + 1-(:7;)” .
Taking the terms of alike power of p, we obtain

xr

pO . w()(x, t) - m

p!:wi(x,t) = LFS; ! {zerFSr {D{wo(x,t) + D2 wy(x, t) + Dhwo(x, ) + 1-(:7_:_1)”

p" iwy(x,t) = LFS;Y [z LFS, [Diw,_1(x,t) + DZw,_1(x,t) + Diw,_1(x,t)]] .

8of 12

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)
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We find .
wo(x,t) = Famy
o tZV t3r
wi(x,) = T(+2r) * T(+3n
(x, t) _ p(n+1)r p(n+2)r

T(1+(n+1)r) " T(A+(n+2)r)"

Therefore, the solution is given as

X! 1 Hr 2 Hr
t) = ———— +2E,(#).
w(xt) I(1+r) ; I(1+jr) ]; 1—|—])+ ()
For the convergence of the above series, we have to prove that
lim leonl <1
n=e [[wy ||
Proof. For0 <t <1, 0<r<1,wehave
Wy - p(n+1) $(n+2) pnr p(n+1) -1
W1 (F(1+(n+1)r) F(l+(n+2)r)) (F(nr+1) F(1+(n+1)r))

pn+1)r r

While the function Gamma is increasing, we find

V t?

1
ST T e <t T R

Then, we get

1 t"

(v
Hence, we have this inequality

7

r 1 1 r - r
t (1"(1+(n+1) 7t F(l+(n+2)r)) (F(nr+1) + 1"(1+(tn+1)r)) <t <L

Then,

loal

w1l '
Therefore,

VneN ] <t <1
w1l
Finally,
lim I <t <1

n=veo [|wy 1 |

’ -1
P (r<1+<34+1>r> * r<1+<n+z>r>) (r<nr+l> +r<1+<tn+1)r>)

-1
r r 1 ’
t ( (l+(n+1)r) + (1+(tn+2)r)) (F(nr+1) + 1"(1+(tn+1) )) :

t -1
00 T F(1+(n+2)r)) (F(nr+1) + 1"(1+(n+1)r)) <L

9of 12

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)
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10 of 12

Consequently, Theorem 1 ensures the convergence of the corresponding series for all values of ¢

satisfying 0 < t < 1.

6.3. Example 3: Local Fractional Damped Wave Equation
Consider the damped wave equation with local fractional derivative as follows [34]

x}’

D w(x,t) — {w(x,t)—D,%;w(x,t)—m:O 0<x<Lt>0,
subject to the following conditions
w(x,0) = 0
D;ZU(.X, 0) - —ﬁ

Using the expression of local fractional Sumudu transform for Equation (71) we find

x}’
LFS, [D%{w(x, t)} = LFS, [D;w(x, t) + DX (x, ) + r(r+1)} ,

then, we get

.
wy(x,z) =2Z'w'(x,0) +z%LFS, { jw(x, ) + D?(;w(x,t) + F(rx+ 1)} ,

it yields
wy(x,z) = _erif + 22’ LFS, | Diw(x,t) + D w(x,t) + o _
’ F(l—i—r) t 4 XX s T(r—l—l)

By applying the inverse local fractional Sumudu transform, we find

w(x,t) = _r(ltlr) r(ic;r) + LFS; ! [2%LFS, [Dlw(x, t)

4 D,%Z(w(x,f)JfﬁH'

Using the homotopy perturbation, we obtain

Yo o ptwn(x, ) = _ﬁﬁ +p x LFS; Y [z¥LFS, [D} T3 pwn(x, t)

r

+ DI Lo P wa(x,t) + %H .

Collecting the terms of similar powers of p, we get:

t x"

pOrwo(x ) = TTO+) T+r)’

p':wi(x,t) = LFS;! [zerFS, [D{wo(x, t) 4+ D2 wo(x,t) + r(rxi;)H ,

p"iwp(x,t) = LFS;![z¥LFS, [Djwy_1(x,t) + D¥w,_1(x,1)]].

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)
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we get
wo(x,t) = — r(1t7’+r) 1_({‘7;7),
wi(x,t) = 0,
(79)
wy(x,t) = 0.
Hence the solution is
w(x,t) = — a x (80)

TA+r)T(A+r)

which is an exact solution of Equation (71).

7. Conclusions

In this work, the technique that combines homotopy perturbation and Sumudu transform in local
fractional sense was applied, to obtain solutions of local fractional PDEs. Further, we presented the
sufficient condition for the convergence of this method. The obtained solutions show that this technique
is a powerful tool to solve different types of local fractional PDEs arising in mathematical physics.
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