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ABSTRACT. In this manuscript, we have proposed a comparison based on newly
defined fractional derivative operators which are called as Caputo-Fabrizio
(CF) and Atangana-Baleanu (AB). In 2015, Caputo and Fabrizio established
a new fractional operator by using exponential kernel. After one year, Atan-
gana and Baleanu recommended a different-type fractional operator that uses
the generalized Mittag-Leffler function (MLF). Many real-life problems can be
modelled and can be solved by numerical-analytical solution methods which
are derived with these operators. In this paper, we suggest an approximate so-
lution method for PDEs of fractional order by using the mentioned operators.
We consider the Laplace homotopy transformation method (LHTM) which is
the combination of standard homotopy technique (SHT) and Laplace transfor-
mation method (LTM). In this study, we aim to demonstrate the effectiveness
of the aforementioned method by comparing the solutions we have achieved
with the exact solutions. Furthermore, by constructing the error analysis, we
test the practicability and usefulness of the method.

1. Introduction. In modelling real-life problems, some fractional derivative oper-
ators have been used up-to-now. For this reason, different-type fractional operators
have been established. Among them, classical Liouville-Caputo operator defined
by power law, Caputo-Fabrizio operator (CFO) [13] defined with exponential decay
law and Atangana-Baleanu operator (ABO) [9] uses the Mittag-Leffler kernel have
been used extensively.

These operators are very efficient to model the complex nonlinear fractional dy-
namical systems and to solve them. Caputo and Fabrizio have given a different
perspective to fractional operators by introducing a new fractional operator with-
out singular kernel. This definition comes naturally from the constitutive equation
relating the flux and gradient by exponential damping functions. In addition to be-
ing a very useful mathematical definition, it is an operator that is highly preferred
in terms of physical meaning [17].
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Especially in recent years, many important theoretical results and applications
have been obtained with the CFO and ABO. Some interesting studies such as [17,
10, 2, 3, 18, 25, 24, 8] have been resulted in the sense of the CFO.

However, some studies have pointed out that the kernel in integral of the CFO
is non-singular and non-local. Besides, the mentioned integral has not a fractional
structure in the CFO. To avoid from this situation, the ABO [9] was defined by
the generalized MLF. In this definition, the kernel has non-singularity and non-
locality. In addition to this, the integral has been regarded as fractional. After this
definition, many physical, mathematical, chemical, biological problems have been
solved by using the ABO. For example, [15, 6, 7, 1, 11, 4, 26] are the other studies
based on application of AB fractional derivative.

On the other hand, many studies based on the comparison CFO and ABO have
been made in a short time. Koca and Atangana [19] examined the Cattaneo-Hristov
model in view of the CFO and ABO. In another study [5], the authors compared
the CFO and ABO on Allen Cahn model. [22, 23, 16] are some comparison studies
based on the CFO and ABO.

In this paper, the mentioned LHTM for numerical-approximate solutions of
FPDEs is considered. In order to show the efficiency and accurateness of the
method, it is applied to the several illustrative problems. When looking at the
results, it can be seen clearly that the suggested method is very influential and
infallible for solving FPDEs.

2. Some preliminaries. In this section, we present some important definitions of
fractional calculus and Laplace transform.

Definition 2.1. The classical case of Caputo operator is given as [14]

DYF (1) = F(ll—a)/a (tf'_(:iadﬂ 0O<a<l. (1)

Definition 2.2. The Caputo-Fabrizio (CF) time fractional derivative is given by

[13]
CF por (1) o / Fr { (t—aT)] dr. 2)

where B («) is a normalization function such that B (0) = B (1) = 1.
Definition 2.3. The LT of the CFO §¥ D& f (t) can be written as [13, 12]:

LAFF DI F (0} (5) = e £ (£ (O} £ {exp [-125 ]}

s"HL{f (D)} —s" £(0)—s™ 1 f(0) = f(")() 3)
sta(l—s)

From Definition 2.3, we have the results:

L{FTDyf (1)} (s) = ELDILO 0 — 0,

2 SLUW)=sIO)=F (4)
C{FrDEr (1)} (5) = =GR, =1

Definition 2.4. The ABO in the sense of Liouville-Caputo is given as [9]:

ABC po f 1_a/ Fr [ (t_T)a] dr, (5)

11—«

where f € H' (a,b), b > a,
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Definition 2.5. The LT of the ABO §B°Dg f (¢) is given by [9]

L {g\BC’D?f (t)} (S) _ B (a) s*L {f (t)} (S) — sailf (0)

1 @ _a
11—« $Y+ 125

: (6)

3. Solution method which is described with the CFO. Consider the follow-
ing model constructed with the CFO [20]:

¢ Dpuet) + (@) 20D @ T =@, @)

where (z,t) € [0,1] x [0, T], with the initial conditions

o*u
W(m,O)sz (z), k=0,1,...,m—1, (8)
and the boundary conditions
uw(0,t) = go (t), u(l,t) = g1 (t), t>0, (9)

where fr, k=0,1,....m—1, 7, go, 91, 1,7 and ¢ are known functions and 7' > 0 is
a real number. In this part of the study, we achieve the solution method to solve
problem (7)-(9).

The Laplace transform of the Caputo-Fabrizio fractional derivative is satisfied as

s"FUL{u (z,t)} — s™u (x,0) — s" Y (2,0) — - — u(™ (2,0)

CF a+n _
£{O D u(a:,t)}— s+a(l—s)

(10)
In Eq. (10), s > 0 and let we define the £ {u (z,t)} (s) = x (z,s) for Eq. (7), then
we can write

x(@,8) = (S512) @) & +7 (@) & + 0 (@) x(@,9)

, (11)
+ ST,% [s”uo () + 8" Yuy (2) + - +uy (m)] + %? (z,s).
Then we get the homotopy for Eq. (11) as
x(@5) = 2 (SCH=) [n@) & +7(@) & + 0 (@) x (@,9) (12)

+ o [8"uo (%) + 8" tug (@) + -+ ug ()] + SJF:}%S)? (z,s),

where x (z,s8) = L{u(z,t)} and 7 (z,s) = L{7 (z,t)}. Also taking the LTs of the
boundary conditions we have:

X(O,S) = E{go (t)} ’ X(LS) = L{gl (t)}7 s> 0. (13)

Then we obtain the solution
X(Ls):szXm(x,s), m=0,1,2,.... (14)
m=0

Substituting the Eq. (14) in Eq. (12), we get
Zino:o 2" Xm (2, 5)
— 2 () (@) & +7 (@) Ex + 9 (@) Tiice 2 xm (2,9)
sta(l—s) ~

+ ot [$"uo (%) + " hug (@) + - 4wy ()] + T (2,)
(15)
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As the last step, we have the following homotopies:

2% xo (2, 8) = ot (s™uwo () + 8" Lug () + - 4 un (2) + (%) 7 (z,8),
2 (ws) = — (HEE) (@) & 4+ (@) 2= + 0 (@) xo (w.9),

s _ 2
2ixe(2,8) = — () (@) 2+ () &5 + ¢ (@)| xa (@, 8),

st+a(l—s 2
S (2,8) = — (SR [ (@) & 44 (2) x4+ 0 (2)] X (2,9)

(16)
Then the solution for the problem (7)-(9) is presented by the following sum
$)=Y Xwl(x,5). (17)
w=0

Using the inverse LT of Eq. (17), we obtain the approximate solution of Eq. (7),
Uapproz (T,1) Zuy, (v,t) = L7 {H, (z,5)}. (18)

4. Solution method which is described with the ABO. Consider the men-
tioned problem with Eq. (7) with ABO in the clasiccal Caputo sense:

wﬂw%www =7(z1), (19)

with the same initial and boundary conditions as in Eqs. (8) and (9), respectively.

By using the LT of the ABO as we defined in Eq. (6), we can obtain

___ B
}7o¢+sa(1—a)

0" Dt (x,t) +n (z)

L{4BC D (8L {u(x,t)} — s*tu(z,0), s>0. (20)

We use the fact that defined previous £ {u (x,t)} (s) = x (z, s) for Eq. (19), so we
can see

X (@) = = (4202 [ 2) &+ (@) & + 0 (@) x (@,9)

s (21)
+ i [s7 o (@)] + (45 7 ().
Now we can construct the homotopy for Eq. (21) as follows:
X (@) = =2 (=20 [y (@) £ + (>82+¢< >]x<x,s>
1 a—1 (1-a)s%+a (22)
5 [87 7 uo (@)] +
Then we can solve Eq. (22) with the following sum:
zz,zmxm(a:,s), m=0,1,2,.... (23)
Substituting the Eq. (23) in Eq. (22), we have
Zf: 02" xXm (2, 8)
—z (=) [ (2) & 49 (@) Zr + 0 (@) Soso X (35) (24)

s

s (@) + () 7 ).
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The homotopies are obtained in the similar way:

20 xo (2, 8) = S% [sa_luo (SE)} + (%) 7 (z,5),

—a)s%+a 2

2y (z,8) = — (L2225 (@) 2 4y (2) Z5 + ¢ (2)] xo (2, 5),
1—a)s%+a 2

2 x (@,8) = — (L2254 (1) 2 47 (2) Z5 + ¢ (2)| xa (2,),

X (,8) = = (9595 [ (@) & +7(0) 2 + ¢ (2)] s (29).
(25)
When z — 1, we see that Eq. (25) gives the approximate solution for the problem
(19) and the wanted solution can be obtained as

H, (z,s) = Z Xw (2,8). (26)

By applying the inverse LT of Eq. (26), we obtain the approximate solution of Eq.
(19),

Uapproz (T,1) Zuy, (v,t) = L7H{H, (z,5)}. (27)
As the last work, we determine the stability situation of the solution by applying
the proposed method to some illustrative examples. If we consider w, (x,t) =
LY {H, (z,s)}, that is the nth partial sum in Eq. (27), the inaccuracy rate ER (%)
is evaluated as:
Z,t) — Uegact (T, 1)

Uezact (x7 t)

ER (%) = | "= % 100. (28)

5. Numerical examples. In this subsection of the paper, we discuss the proposed
method via the CFO and ABO senses.

5.1. Example. Consider the following well-known Burgers equation of fractional
order [21]

0%y Ou 0%u 22—

—t ——— == +2(zx -1 t>0 R, 0 <1 29

o Y or oa? T(oa) T 170 wEeR Ocast (29
with the initial condition

u(x,0) = 2°. (30)

Firstly, we apply the Laplace homotopy method in Caputo-Fabrizio sense to the
problem (29)-(30).

. 22—« 2 2z — 2
T(%,S)E{T(‘T,t)}ﬁ{r(g_a)‘i’zZQ}83_a+ s y

Now we get the following recurrence relations:

2% x0 (2, 8) = Tu(,0) + (7S+ail_s)) (2= + 2=2)

2 2 2a(1—s) 20 —2 2(81—1)04(1—5) (31)
=2 2y B a2y

s 82 )
—8 2 xr,s xTr,s
X () = (£0070) [Paptz) o]
_9 (<s+a(17s>><zs+a<1—s>>) ’

33




1000 MEHMET YAVUZ AND NECATI OZDEMIR

—S 2 xT,s x,s
22 xo (@, 8) = (S+ail )> [a %;2’ ) _ 8X1a( : )]

X

—9 (s+a(1—s))?

PE] )

From the last iterations, we have

H, (z,s) = Z;:o Xw (T,8)
= 4 532—a + 20;31:15) + 2x8—2 + 2(37—12(;(1—3) (32)

S

_9 ((s+a(1—s))s(3xs+a(1_s))) i 2(3—&-@&5_3))2.

Taking the inverse LT of Eq. (32), the approximate solution of (29)-(30) is presented
as:
u(w,t) ~uy, (z,t) = L~7H{H, (v,5)}

—a 1—
— 22 422 (—F(fja) n —F(g,‘g))

(33)

For the special case a = 1, the exact solution is given by u (z,t) = 22 + t2.
The following Figure (1) and Figure (2) show the numerical computations of Eq.
(33) in the CFO and ABO sense, respectively.

u(x, t)

FIGURE 1. The solution function of (29) in the CFO sense for
x =0.5 (left) and = 1 (right).

Secondly, we solve the problem (29)-(30) by using the Laplace homotopy method
in the Atangana-Baleanu sense.

2—a
o) = £ (@) = £{

2, 202
B-a)

g3~ s

)

—1—21—2}2

Then we can write the followings:

2% xo (z,8) = %u (,0) + (%) (532_a + —2:”;2)
_ a2 92 (A-a)s®+a 1 z—1 (34)
=242 ) (k= +250),

s s

2y (2, 8) = ((1—a)sa+a) 32)@(;6,5) _ Oxo(x:)

ox ox

1—a)s“+a —a)s“ta
:2<( Sa‘)+1+ (1_1;—(1 S)O‘ + )7
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—a)s®ta 2 T,s z,8
2 e (a,s) = (Lmedetse) [Fyen o]

s« Ox2 z

_ 2 ((=)s"+a 2
s s 9

By using the above iterations, we have

H, (z,8)=>." _ X (2,5)
_ 22 (1—a)s*+a (35)
=42 (T) .

Taking the inverse LT of Eq. (35), we get the approximate solution of (29)-(30) as

follows:
u(z,t) = uy (2,t) = L7 {Hy (2, 5)} (36)
—_a [ at®T(3—a)—2a+2
For the special case o = 1, the exact solution is offered by u (z,t) = 2% +t? which
is in settlement with the result in the CFO sense.

FIGURE 2. The solution function of (29) in the ABO sense for
x =0.5 (left) and = = 1 (right).

5.2. Example. We take the following time-fractional PDE
0% 0%u Ju
—_—=— — t>0 €ER, 0<a<l, 37
ot o2 Tor T », TEA, O<as (37)
subject to the initial condition
u(z,0) =z, (38)
and the boundary conditions
Uy (x,0) =1, u(0,t) = 0. (39)

Let apply the LHTM in the Caputo-Fabrizio sense to the problem:
Because the equation is homogeneous, 7 (z,s) = L{7 (z,t)} = 0.
As the second step of CF derivative, the homotopies can be given as:

1
2% xo (,8) = Ju (2,0) = g, (40)
2
2 (e, s) = (STeU=s) La X0(2:9) | p0x0(@3) 4y (z,5)
_ 2z(s+a(l—s)

52 ’
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22 x2 (2,8) = (S+a(81_8)> [az’f;;;”’s) +a2alEs) 4y, (a:,s)]

_ dx(sta(l—s))?
= 53 )

Ly (2, s) = s+a(1—s)) Lazxé;(f,s) + $8X%(f’s) + Xn ($75)]

S

2" lg(sta(l—s))"
- Sn+2 )

1

So, the approximate solution is

H, ((E,S) :Z;:()Xw ({E,S)
n 2% (s+a(l1—s))%
=5+ Ty %

If we consider the inverse LT of Eq. (41) and, when n — oo we get the approximate
solution of problem (37)-(39) as follows:

u(at) = up (2,1) = L7 {H, (2,5)} (42)

__ ze2a-1
2a0—1 °

(41)

For the special case o = 1, the exact solution is given by u (z,t) = ze?’.

The following Figure (3) shows the LHTM solution of Eq. (37) with the condi-
tions (38)-(39) in the Caputo-Fabrizio sense for various values of a and ¢.

6 —e—=0.90

FIGURE 3. The solution of Eq. (37) in the CFO sense for various
values of a.

Now, we apply the LHTM in the ABO sense to the problem (37)-(39):
Similarly, we set the homotopies of the series with respect to the ABO as:

1 T
2% xo (x,8) = gu (2,0) = > (43)

a 2
21 X1 (SU,S) _ ((lfa)s +a) |:8 )g(:r,s) + an%(js) + Yo (wvs)i|

s 72

_ 2z (1—a)s¥+a
s s ’
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[e% 2
22 ix2 (z,8) = ((1_025 +°‘) [8 Xu@o) 4 pales) 4y, (x,s)}

i (Umelta)?

s s

«@ 2
2" g () = ((1—018)5 +a> [3 Xa’;(f’s) + xax’g(;’s) + Xn (33’3)}

_gntly ((lfa)s"ura)""_l
- )

s s«
After that, we have the following sum

Hy (2,8) = 350 Xew (7, 9)
(44)

_ % T %Z;ﬂ (2((17¢z2¥s”+o¢)) .

Getting the inverse LT for Eq. (44), we have the approximate solution of (37)-(39)
as:
u(x,t) ~u, (z,t) = L= {H, (v,5)}
at® 2 “o(a— 2aa2
=x+ 2z (1 —a+ 7F(at+l)) + 4z ((Oé -1 - 2tr(a(+1)l) + Fl(kzaﬂ))

8z (—3t**a?(a—1)I' (Ba+ 1)+ (2a+1) (t**a® — (a—1)°T(3a+1)) )
T(a+ D) (3a+1)

242t a(a—1)2
y HoalaslP o

T 2at”
- 204—1E0‘ (20431> .
(45)

where F,(z) is the Mittag-Leffler function in one parameter. In Eq. (45) if we use
the special case a = 1, the exact solution of the problem is given by u (z,t) = ze?t.
In Figure (4), we present the graphs of Eq. (45) in the ABO sense for various

values of «, z, and t.

LT T
T £ 7
..w"',".'.'."‘:]

-y i
e

u(x, t)
u{x, t)

FIGURE 4. The solution function of (45) in the ABO sense for
various values of o = 0.7 (left) and «a = 0.9 (right).
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6. Stability and convergence analysis of the mentioned method. In this
subsection of the study, we analyze the convergence and the stability of the method.
If the series (17) and (26) converge where x (z, s) is occurred by Eq. (14) and Eq.
(23), they have to be the solutions of Eq. (7) and Eq. (19), respectively. Besides,
the solution results declare that the mentioned method is stable. Our suggested
method provides a good convergence area of the solution by generative functions
(15) and (22). Furthermore the approximate results get with the homotopy are
good agreement with the accurate solutions. In order to verify the convergent and
stability of the proposed method defined in Sects. (3) and (4), the error rates
ER (%) are obtained for some values of space variable # and time variable ¢. In
Figure (5), we compare the numerical solution in Eq. (41), for n = 10, with the
exact solution.

1.5x10718

FIGURE 5. Inaccuracy rates ER (%) of the mentioned method

Concluding remarks. Two newly defined fractional operators with respect to
the exponential and the GML functions have been used in this paper to obtain the
solutions of FPDEs with the LHTM. Two illustrative problems have been solved
numerically-approximately and the results have been presented for different values of
the fractional parameter «. Besides the convergence and stability analysis have been
constructed of the model. The results obtained in this study show that the suggested
method has a good stability and they have verified the validity and effectiveness of
the LHTM in both the CFO and ABO senses.
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