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Abstract. We propose conformable Adomian decomposition method (CADM) for fractional par-
tial differential equations (FPDEs). This method is a new Adomian decomposition method
(ADM) based on conformable derivative operator (CDO) to solve FPDEs. At the same time,
conformable reduced differential transform method (CRDTM) for FPDEs is briefly given and a
numerical comparison is made between this method and the newly introduced CADM. In applied
science, CADM can be used as an alternative method to obtain approximate and analytical solu-
tions for FPDEs as CRDTM. In this study, linear and non-linear three problems are solved by
these two methods. In these methods, the obtained solutions take the form of a convergent series
with easily computable algorithms. For the applications, the obtained results by these methods
are compared to each other and with the exact solutions. When applied to FPDEs, it is seem that
CADM approach produces easy, fast and reliable solutions as CRDTM.
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1. INTRODUCTION

Fractional differential equations have a substantial contributions in fields,e.g. op-
tics, biology, physics, chemistry, mathematics, fluids mechanics, applied mathemat-
ics, and engineering [18, 26, 40—42]. We recall that finding an analytical solutions
to these problems is not always possible [9—11, 20, 24,27-29,37-39]. As a result,
it becomes crucial to manage these problems appropriately and solve them or de-
velop the required solutions. ADM, which is introduced [4—6] in the 1980’s, is one
of the important mathematical methods used to solve many problems in real world.
Since then, a number of studies have been conducted on ADM such as linear and
non-linear, homogeneous and non-homogeneous operator equations which includ-
ing fractional or non-fractional ODEs, PDEs, integral equations, integro-differential
equations, etc. (see [12, 13,15, 16,25,30,32-36] and references therein). A new
derivative called CDO was suggested [1, 7, 22]. By the help of it, the behaviors
of many problems were investigated and some solutions techniques were applied

(© 2018 Miskolc University Press



4 OMER ACAN AND DUMITRU BALEANU

[1-3,7,8,14,17,19,21,23,31]. This new subject gives academicians an opportun-
ity to study further in many engineering, physical and applied mathematics problems.

The aim of this study is to introduce CADM by using CDO and ADM for the
first time in the literature. This method can be used to solve many linear and non-
linear FPDEs. We will briefly mentioned CRDTM to compare our CADM with it.
The problems will be solved both by the CRDTM and the first proposed CADM.
The obtained solutions by these methods will be compared. Thus, in section 2, we
present some basic definitions and important properties of CDO. Next, in section
3, we propose CADM. In sections 4, we introduce CRDTM to compare with our
method. In section 5, we give applications of CADM and CRDTM. We give the
conclusion in the final section.

2. BASIC DEFINITIONS
Definition 1. Given a function fj : [0,00) — R. Then the CDO of f; order « is
defined by [1,7,22]:

f1(t + et ™) — f1(1)

&

(To f1)(7) = lim
&—>0
forallt > 0, o € (0,1].

Lemma 1 ([1,7,22]). Let f1,g1 be o and B-differentiable at a point t > 0 for .
Then
(@) Ty(af1 +bg1) =a(Ty f1) +b(Tug1) foralla,b € Rand o € (0,1],
(ii) Ty (f1(2)) = O, for constant function f1(t) = A, @ € (0,1],
(i) Ta(f181) = f1(7;gg1)+g1(7;gf1), a € (0,1],
(v) If f1 is n times differentiable at t, then Ty, (f1(2)) = tr“T_“fl([a])(t), ac(nn+
1]. Where [«] is the smallest integer greater than or equal to o.

Lemma 2. [/] Suppose that f is infinitely o-differentiable function for a € (0, 1]
at a neighborhood of a point ty. Then fi has the conformable power series expan-
sion:

k
00 (tToE )fl)(to)(f—fo)ak y
fl(t):kX: I Jfo<t<to+ R’ R>0.
=0

Here (Tofk) f1) (to) denotes the application of the conformable derivative for k times.
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3. CONFORMABLE ADOMIAN DECOMPOSITION METHOD

We will briefly introduce CADM for FPDE:s in this section. We write the non-
linear FPDE:s in the standard operator form

Lo u(x,t))+ Ru(x,1))+ N (u(x,t)) = g(x,t) (3.1)

where Ly = o7 is a linear operator with conformable derivative of order o (n <
o <n+1), N is a non-linear operator, R is the other part of the linear operator and
g (x,t) is a non-homogeneous term. If the linear operator in eq. (3.1) is applied to
Lemma 1, the following equation is obtained:

o]
tfcﬂ—tx;twu(x,t) F R, )N u(x,1) = g (x,1). (3.2)

t & En—1
Applying Lyt = [ [+ [ smﬁ(.)dénd&_l---dél, (n <a <n+1) the in-
00 n

n
verse of operator, to both sides of (3.2) , it is obtained as

L Lo (u(x.,t)) = L, 'g(x,t) =L ' R(u(x,t)) — L' N (u(x,1)). (3.3)

The general solution of the given equation is decomposed into the sum

u(x,t) = Zun(x,t). (3.4

n=0
The non-linear part N(u) can be decomposed into the infinite polynomial series ob-
tained by

o0
N@) =) An. (uo.u1.....un), (3.5)
n=0
where A, is the so-called Adomian polynomials (APs). These APs can be calculated
for all types of non-linearity by the help of algorithms built by Adomian [5,6, 12,15,
,32]. u and N (u), respectively, is obtained as

u=ZAiui,N(u)=N<ZAiui) = A4 (3.6)
i=0 i=0

i=0
where A is the convenience parameter. From (3.6), APs A, are obtained as

ol (&)

n
dAn
These APs can be calculated easily with the following Maple code:
Substituting (3.4) and (3.5) into (3.3), it is obtained

o0 o0 o0
> up :9+L;1g—L;1R<Z u,,)—L;,l (Z An). (3.7)
n=0 n=0 n=0

n'A, =
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restart:

ord:=m: #0rder (Enter a number for m.)
NE:=N(u(x, t)) #Nonlinear Function
ult]l:=sum(ul[bl*t"b,b=0..0rd):

NE[t] :=subs(u(x,t)=ult], NF) :
s:=expand (NF[t] , t}:
dt:=unapply(s,t):

for i from 0 to ord do
Ali]:=((Di@i) (dt) (0) /i) :

print (AA[i] ,A[1]): #Adomian Polinoms
od:

where 8 = u (x,0) is initial condition (IC). From (3.7), the iterates are defined by the
following recursive formulas:

upo=0+1L3'g,
up = —LZ'R uo—L_lA() ,
o ¢ (3.8)
Unt1=—Ly'Rupy— L Ay ,n>0.
Therefore, from (3.8), the approximate solution of (3.1) is obtained by
m
i (x.1) = ) un(x.0). (3.9)

n=0

Hence, from (3.9), the exact solution of (3.1) can be obtained as

u(x,t) = mli_r)nooﬁm(x,t).

4. CONFORMABLE REDUCED DIFFERENTIAL TRANSFORM METHOD

In this section, it is given basic definitions and properties of CRDTM for FPDEs
[3].

Definition 2. Assume u (x,¢) is analytic function and differentiated continuously
with respect to time ¢ and space x in the its domain. the conformable reduced differ-
ential transformed (CRDT) of u (x,¢) is defined as [3]

g 0= (7).,

where some 0 < o < 1, @ is describing the order of CDO,
tTagk)u = (Tq:Ty 1 Ty)u(x,t) and U]g‘ (x) is the CRDT function.
~—————

k times
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Definition 3. Let U (x) be the CRDT of u (x,7). Inverse CRDT of UZ (x) is
defined as [3]
= 1

0= DU -0 = 3 [ 7u] _ @10

CRDT of ICs for integer order derivatives are defined as [3]

1 gk :| . Z+
Ug (x) = _(Olk)![_ato‘ku(x’t) yy SokE fork = 0,1,2,...,(3—1)
0

if ak ¢ ZF o

where 7 is the order of CDO of PDE.

By consideration of
Ug (x) = f(x)
as transformation of IC
u(x,0) = f(x).
A straightforward iterative calculations gives the U}* (x) values for
k =1,2,3,...,n. Then the set of {Ulg‘ (x)}z=0 gives the approximate result as:

n
fin (x.0) =Y U (x)1**,
k=0
where 7 is approximate result order. The exact solution can be obtained as:

u(x,t) = nli)ngoﬁn(x,t)

The fundamental operations of CRDTM that can be deduced from Definition 2 and
Definition 3 are listed in Table 1 [3].

5. NUMERICAL CONSIDERATION

To illustrate the effectiveness of the given CADM and CRDTM, three examples
are considered in this section. All the results are calculated by software MAPLE.

Example 1. Firstly, consider the linear time and space fractional diffusion equa-
tion:

T azﬂ
Z)t—()!u(x,z)z8 2‘Bu()c,t)l‘>O,x€R,O<oz,,6§1 5.1
X
with the IC
. Xﬂ
u(x,0) = sin ? . (5.2)

Exact result of the problem (5.1) in conformable sense is

B @
u(x,t) =sin (%) e~ T,
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TABLE 1. Basic operations of the CRDTM [3].

Original function Transformed function

u(x,t) Ug (x) = ﬁ[(tTék)u)]tﬂo

u(x,t) =av(x,t) £bw(x,1) UZ(x)=aV¥(x) bW (x)

u(x,t)=v(x,t)w(x,t) UZ (x) = i Ve (x) Wi (x)
s=0

u(x,t) =;Tyv(x,1) Ug(x) =ak+ DV | (x)

u(x,t)=x"@t—1)" U (x) =x"8(k—1)

Solution by CADM: Solve this problem by using CADM. Let Ly =Ty = 5% be
a linear operator, then the operator form of (5.1) is as follows

2Pu(x,1)
dx2P
By the help of Lemma 1, eq. (5.3) can be written as

Tou(x,t) = t>0,xeR, 0<a,B<1 (5.3)

J1-pdule 1) 32Pu(x,1)
at  Qx2B

t>0,xeR,0<a,B<1. 5.4)

t

If L' = / Ell,a (.)d& ,which is the inverse of L, is applied to both sides of eq.
0

(5.4), we get

B
u(x,t) = u(x,O)—LO_L1 (38;2,3 u(x,t)) .

According to (3.8) and the IC (5.2), we can write

Ug = sin (XTB) ,

==L (Fawo), 5.5)

1 /(
Unt1 =—L;! (ax_Z””)’n >0.
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From (5.5), we conclude the terms of decomposition series as:

u sin X u sin xP )
0= I 1= W1
B B |

B 2a B na
X t . [ x t
MZZSIH(F) 20[—2,-.-,14” :(—1)”s1n(F) W’ (5.6)

Thus, by using (5.6), the approximate solution of (5.1) obtained by CADM is

m m xﬂ [”a
Um(x,1) = E Up(x,1) = E (=1D)"sin| — —. (5.7)
n=0 n=0 ’3 nlo
From (5.7) we obtain
xﬂ ¢
u(x,t) = lim #y(x,t) =sin (—) e a, (5.8)
m—o00 B

This analytical approximate solution (5.8) is the exact solution.

Solution by CRDTM: Now solve this problem by using CRDTM. By taking the
CRDT of (5.1), it can be obtained that

32P
where U ,?‘ (x) is the CRDT function. From the IC (5.2) we write
xP
Ug (x) =sin 7 (5.10)

Substituting (5.10) into (5.9), it can be obtained the following U ]g‘ (x) values

B\ 1 B\ 1
Uf (x) = —sin (%) o Uz () =sin (%) 202’

B 1 B\ (="
U (x) = —sin (%) Siose " Us () =sin (%) (n!a)n

Then, the set of values {U Pa (x)}z= o gives the following approximate result

~ . o o . . xﬂ (_l)k o
un(x,t)=kX=%)Uk (x)tk =,§SIH(?) Wtk . (5.11)

From (5.11) we obtain

B
u(x,t) = nll?éoﬁ" (x,t) =sin (%) e a, (5.12)



10 OMER ACAN AND DUMITRU BALEANU

This approximate solution (5.12) is the exact solution.

Remark 1. If take « = B = 1 in the problem (5.1), then Example 1 is reduced to
standard diffusion equation
2

0
gu(x,t) = ﬁu(x,t) t>0,xeR

with IC
u(x,0) = sin(x)
and our analytical approximate solutions (5.8) and (5.12) imply

u(x,t) = sin(x)e™’

and this solutions is the exact result of the standard problem in the literature.

The Aproximate solutions obtained by both CADM and CRDTM give us the exact
solution.

Example 2. Secondly, let us consider the non-linear time and space fractional gas
dynamics equation:

0% 1 9P 2
Z)t_“u(x )+§a—u (x,t)—u(x,t) (1 —u(x,1)=0,0a,8 <1 (5.13)
subject to IC
B
u(x,0)=e #. (5.14)

The exact solutions of (5.13) in conformable sense is

@ _xB
u(x,t)=ea 8,

Solution by CADM: Solve the problem by using CADM. Let Ly = Ty = (.;% be a
linear operator, then the operator form of (5.13) is as follows

1 9%
Tou(x,t) = —Ea—uz(x ) 4ux,t)(1—u(x,1) 00,8 <1. (5.15)
By the help of Lemma 1, eq. (5.15) can be written as
TN 8
ug); ) _ u(x,t)—u(x, t) u(x 1) —u?(x,1),00,8<1. (5.16)

¢
If L;l = { E‘;‘“ (.)d& ,which is the inverse of L, is applied to both sides of eq.
(5.16), we get

B
u(x,t) =u(x,0)+ L' (u(x,t))—L," (u(x 1) —r 9 Fu(x. 1)+ u?(x, z))
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According to (3.8) and IC (5.14), we can write the following recursive relations:

_xB
Uug=e ~8
up =Ly (o) — L3 (Ao) (5.17)
Unt1 =Ly (un)—Lg" (An),n > 0.
where A, ’s are APs. By using the Maple code above, for the non-linear term
0
N ((x)) = u(x.0)gu(x.0) +u?(x,1),
X
the APs can be obtain as:
8
Ay = u% + u()ai—ﬂu()
8 8
A1l = 2uouq +u088x_ﬁul +u1£C—ﬁu0
B B B
A2=u%+2u0u2+io£€—ﬂu2+121£6—5u1—I—zzzic—ﬂuo , (5.18)
Az =2uius + 2uous +M0£C—ﬁu3 +up 3336—5142 + uzaax—ﬁul + M3£C—ﬁuo
From (5.17) and (5.18), we conclude the terms of decomposition series as:
B _xB 1@ _xB 12 _xB
Up=e B, u;=e B ;,UZ —e¢ B ﬁ’ JUp=e¢ B n!an,... (519)
Thus, From (5.19), the approximate solution of (5.13) obtained by CADM is
m m _ﬁ tna
Um(x,t) = Zun(x,t) = Ze B o (5.20)
n=0 n=0
From (5.20) we obtain
o xﬁ
u(x,t) = lim dipm(x,t) =ea 7 (5.21)
m—0oQ

This analytical approximate solution (5.21) is the exact solution.

Solution by CRDTM: Now solve this problem by using CRDTM. By taking the
CRDT of (5.13), it can be obtained that

k

k
0B
ak+ DU (x)==>" U, ()55 Ur () + U (x) = > UL (DU (x)
r=0 r=0
(5.22)

where U (x) is the CRDT function. From the IC (5.14) we write

Uy (x) = e_% (5.23)
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Substituting (5.23) into (5.22), it can be obtained the following U (x) values

_xf 1
...’Una(x):e B

ﬁ _’
212

_x8 1 _
Uf‘(x):e B a, Ug(x):e n!an,...

Then, the set of values {U Pa (x)}z= o gives the following approximate result

n n B l
~ _ o ka _ —X= ka
fp(x.1) =Y UZ)** =) e A (5.24)
k=0 k=0
From (5.24) we obtain
a B
u(x,t) = lim iip(x,t) =ea 7. (5.25)
n—>00

This approximate solution (5.25) is the exact solution.

Remark 2. 1f take o = B = 1 in the problem (5.13), then Example 2 is reduced to
standard gas dynamics equation

d 10
with IC
u(x,0)=e*
our analytical approximate solutions (5.25) and (5.21) imply
u(x,t) =e'™*

and this solution is the exact result of the standard problem in the literature.

The approximate solutions obtained by both CADM and CRDTM give us the ex-
isted exact solution.

Example 3. Finally, let us consider the non-linear time and space FPDE:

0% 9%
at—au(x,t)%—(l+u(x,t))zbc—au(x,t):0,0a5 1 (5.26)
subject to IC
x¥—a
u(x,0)= (5.27)
2a
The exact solutions of (5.26) in conformable sense is
x% —t%—qw
)= ——————
u(x,1) 1% —2u

Solution by CADM: Solve the problem by using CADM. Let Ly =T, = 5% be a

linear operator, then the operator form of (5.26) is as follows
o

Tou(x,t) = —(14+u(x,t)) Eic_“u(x’t) ,0a <1. (5.28)
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By the help of Lemma 1, eq. (5.28) can be written as

. du(x,1) 9* o*
1—a A
o _—axau(x,[)—M(.X,l)ax—au(x,t),00(f1- (529)
t
IfL =/ Elia (.)dé&, which is the inverse of L, is applied to both sides of eq.
0

(5.29), we get

u(x,t) = u(x,O)—Lo_t1 (aax—aau(x,t)) — (u(x t)— & Su(x, t))

According to 3.8 and IC (5.27), we can write the following recursive relations:

x¥—a

Uug =

2o
=11 —L>14
Ui o (u()) o ( 0) (530)

Up+1 = Lo_tl (un) —L;l (An) n>0.
where A,’s are APs. By using the Maple code above, for the non-linear term
0
N (u(x)) = u(x,t)a—u(x,t) +u?(x,1),
X
the APs can be obtain as:

aa
Ao =uozaUo
9% 9%
Ay = Uogya 1+ U1 g Uo
9% % 9%
A2 = U0z g2+ Ui gt HUagaUo (5.31)
% 9% 9% %
A3z =uogaUs+urggz + Uy Ul T U35 T UO

From (5.30) and (5.31), we conclude the terms of decomposition series as:

x*—a x*+a , x*+a ,,
Ug = , U1 = _—2 , U2 = 3 )
20 (2e) (2ar)
xa+a 3oz n x® +a l’lOl
Uz = — ‘ = (— (5.32)
3 (2“)4 n ( ) (2 )n+1

Thus, from (5.32), the approximate solution of (5.26) obtained by CADM is

x*+ o

M, 5.33
(2 )m+1 ( )

tim (x.1) = me n="=

n=0

—)
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Solution by CRDTM: Now solve this problem by using CRDTM. By taking the
CRDT of (5.26), it can be obtained that

k

o (k+ 1) U1 (x) = =Up(x) = Y U ,(x) ~Ur(x) (5.34)
r=0

where U Ig (x) is the CRDT function. From the IC (5.27) we write

x%—«a

Us = 5.35
0 (x) o (5.35)
Substituting (5.35) into (5.34), it can be obtained the following U ,g‘ (x) values
U% (x) X%+« U (x) x* 4o U (x) = (—1)" x* 4o
X)=——F, X _—... e —_—,

! 20)> " 2 Qa)? (2a)"+1

Then, the set of values {U fa (x)}Z: o gives the following approximate result
= x“ x*+a
i (x.1) =Y U (x)tk = * 5 Z (—)"———me, (5.36)

= (2 )m+1

Now, we compare the seventh iteration CADM and CRDTM solutions with the exact
solution on the graphs for some « values. These comparisons can be seen in fig. 1
and fig. 2.

o =1.00 o.=0.90
My Gasseal " EEess sep
93 C4DM (CRDTM) " cADM (CRDTM) iy
01 , —
< [CCorcO) ~ o [CCCrO)
# " Ever e K EXACT ks s
S o S o o
o %
04 s :" 04 ""lg:;”ﬂi
bt 3 .’ i s
A e g
05 :. 45 'y :d
. it
ki
06 rid 6 o
L) o 0 o
02 02 02 02
04 04 (LX) LX}
(T3 [ x 08 o6 L

11 11

FIGURE 1. Comparison of seventh iteration approximate results of
CADM (CRDTM) with the exact solutions for eq. (5.26).
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o =0.85 a=0.75
02 02
’M o, M
o] CADM(CRDTM) '“““Jy o CADM(CRDTM)
~— -
~ ] :::lﬁ ":-: T 0] l=:==
I 2]  Exacr »s X 02|  Exacr s
= o = ey
& = o
EY = 04
06 406
0 o L] L]
02 0z 02 7, 0.2
Sogy
04 04 04 LX}
x 95 s [ x 5 [T

FIGURE 2. Comparison of seventh iteration approximate results of
CADM (CRDTM) with the exact solutions for eq. (5.26).

6. CONCLUSION

The fundamental goal of this article is to construct the approximate solutions of
FPDEs. The goal has been achieved by using CADM for the first time and it is
compared with CRDTM. CADM and CRDTM are applied to different linear and
non-linear conformable time and space FPDEs. And also the approximate analytical
solutions obtained by CADM and CRDTM are compared to each other and with the
exact solutions. CADM and CRDTM offer solutions with easily computable com-
ponents as convergent series. Approximate solutions obtained by CADM are exactly
same as the solutions obtained by CRDTM for time and space FPDEs. The CADM
gives quantitatively reliable results as CRDTM, and also it requires less computa-
tional work than existing other methods. As a result, in recent years, FDEs emerging
as models in fields such as mathematics, physics, chemistry, biology and engineering
makes it necessary to investigate the methods of solutions and we hope that this study
is an improvement in this direction.
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