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1. Introduction and Preliminaries

ecently, two newly defined fractional derivatives without a singular kernel have been suggested, namely, the

Caputo-Fabrizio fractional derivative [1] and the Atangana-Baleanu fractional derivative [2]. These two new
derivatives have been applied to real-life problems in various areas, for example in the fields of thermal science,
material sciences, groundwater modelling and mass-spring systems [2-7],and have been considered in a number of
other recent works, see for example [8-17]. The main difference between these two definitions is that the Caputo-
Fabrizio derivative is based on an exponential kernel, while the Atangana-Baleanu definition uses a Mittag-
leffler function as a non-local kernel. The non-locality of the kernel gives a better description of the memory
within structures with different scales. These two new derivatives are defined as follows:

eNoel
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Definition 1.1. [2] Let f € H'(a, b), b > 4, a € [0, 1]. The Caputo-Fabrizio fractional derivative is defined as

t
DU (t) = MJ' f(s) exp{i (t—s)}ds, 1)
l-a l-a
and the Atangana-Baleanu fractional derivative is given by
t
DY (t) = MJ' f'(s) E, [i(t—s)“}ds, )
l-a l-a
where H'(a, b) is the usual Sobolev space, i.e., H'(a,b) = {f € I?(a,b), f' € L*(a,b)}, B(a) denotesa

normalization function such that B(0) = B(1) = 1, and

E (z)= gr( o Re@>0.2<C

is the Mittag-Leffler function of one parameter [18]. For properties related to these derivatives, see [2], [11], [15]. In
this paper, we are concerned with solutions to initial and boundary value problems for fractional differential equations
involving Atangana- Baleanu derivative. We first recall the Mittag-Leffler of two parameters

E.,(2)= ZF( T(k ) Re(a) >0, Re(B) >0,z eC.

Moreover, the Mittag-Leffler function E_(At“)is bounded (see [18]), i.e.
E,(At*) <M, €))

where M denotes a positive constant.

In [2], Atangana and Baleanu considered the time fractional ordinary differential equation
ABEDEf (1) = u(t),

and, on using the Laplace transform, they found the following solution

AB 1 l-a a ; R
f(t)="21 u(t)—B(a)u(t)+B(a)r(a)£u(s)(t s)“ds,

where they have defined

AB | a _ a 0 RV E!
B f(t) = B( )f(t) B(a)r(a)!f(s)(t s)“ds

to be the fractional integral associated with the fractional derivative (2).

In this paper, we consider the following initial value problem (1\VVP)

BED u(t)-Aut)= f(t), t>0,

u(0) =u,, @
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where A, U,€R. The solution of this IVP is obtained here by using the Laplace transform, which can also be

obtained by using the successive approximation method as illustrated in the arXiv version of this paper [19]. The use
of such an IVP is illustrated by considering a boundary value problem in which the solution is expressed in the form of
a series expansion using an orthogonal basis obtained by separation of variables. It is worth mentioning here that the
fractional differential equation in (4), with or without initial condition, has also been considered by other authors, see

for example [7], [20-22]. However, most of previous studies have either considered special forms of f (t) or

B(x B(x

(@ ,_B@
l-«o -«
previously fail to satisfy the initial condition, since the existence of a solution requires a necessary condition, namely,
f (0) :—luo , which was first addressed in the arXiv version of this paper [19]. The rest of the present paper is

organized as follows. Section 2 is devoted to our main result, which is an explicit solution of the IVP (4) and to solving
a boundary value problem utilizing the solution of the IVP (4). We conclude this paper by presenting some examples to
illustrate the obtained results.

considered only one case of A, namely, A # . Moreover, most of the solutions obtained

2. Main Result

2.1 Initial value problem

Here, we consider the following problem:

Find a solution U(t) e H*(0,0) that satisfies the following equation
ABEDE ut) — Au(t) = f (1), t>0, (5)

and the initial condition
u (0) = Uy, (6)

where A, U, € R. The solution of this initial value problem is formulated in the following theorem:

Theorem 2.1.
If A# @, f(t) eC(0,), f(0) =—Au,, then the solution of the initial value problem (5) - (6) is
given by
u(t) = B(a)u, Ea|: ad ta}_ l-« £(t)
B(a)-A(l-«) B(a)-A(l-«a) B(a)-A(l-«) .
aB(a) t e ad e
"B ey (OO E [ B@ i) ) }dg'
If A= %, f (t) e AC'[0,00), f(0)=—AUy,, then the solution of the given IVP is given by
_ (1-a) cragp A-a)
)=~ Feh DO ) @

where the space AC '[0,0) is defined as
t
ACY =1{f (t)=f (O)+_[g(z )dz, g eLl[O,oo)}
0

and gD{” f (t) represents the Caputo fractional derivative of order (O < & <1 ) and is defined as [15]
1

D10 = [ Ty,
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Proof. Applying the Laplace transform to both sides of equation (5) and using (6), we have

B(a) s“U(s)—s""u, B
o . @ NO=FE. ©)
l-a
where U (S) = f{u(t)} (S) and
ABC o _ B(a) s“U(s) - Saion
{*%Dru(b)} (s) = o ., a
l-a
Simplifying and solving for U (s), we get
U(s)= B(a)s*u + (L-a)s"+a F(s), for A= M,
s“(B(a)-Al-a))-Aa s*(B(a)-A(l-a))-La l-a
which can be rewritten as
U(s)= B (a)s“ U, - . (l-a)s” +a - F(s)
a (24 a [94
B(a)-A(1l-)) {s "B @) —/I(l—a)} B(a)-i(1l-a)) {s "B @) —/L(l—a)}
_ B (a)s“u, . (l-a) F ()
« ad B(a)-A(1-a))
Bl {S B (@) —/1(1—05)}
" «B () ——F()
2 a o
(B(a)-A(l-a)) {s 5@ —,1(1—05)}
Since the Laplace transform of the Mittag-Leffler function is given by
p-1 a _ Saiﬁ
U E, O = o

applying the Laplace inverse will then give

B (a)u, : ad |y Ql-a) (1)
B(a)-Al-a) “'\B(a)-A(l-a) B(a)-A(l-a)

4 aB(a) Z(ta—lEaa( al taj*f (t)}
B(a)-A(1l-a)) “\B(a)-A(l-a)

which is equivalent to the desired result as given in Equation (7). Note that the condition f (0) = —AU, is needed to

u)=

ensure that U (0) =u,.

B(x)

For A =——=, equation (9) gives,

=) o, (=) (., @
U(s)= ” s“7U, aB(a)(S +1_ajF(s).
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Applying the Laplace inverse, we obtain

u(t)=

“1-a) _(1—0{)2( U ,(t)]_(l—a)zt“f © 1-a;.

al(l-a) " aB(a) |\ T'l-a) aB(a) T(l—-a) B(a)
Using the condition f (0) =—Au,, one can obtain the desired solution (8).

Remark 2.2. For the case A =0 and U(0) =0, we get

t

[T -¢)de,

0

_1-a a
"O=5@ 'V Bere

which coincides with the result obtained in [2]. Note that the obtained results for the IVP (4) are analogous to the
results obtained for the case of Caputo-Fabrizio fractional derivative [8]. In the next section, we consider a direct
initial-boundary value problem including a partial fractional differential equation with the Atangana-Baleanu
derivative. To obtain the solution of the direct problem, we have utilized the solution of the IVP (4). It is also worth

mentioning here that the condition f (0) =—Au, makes it impossible to consider inverse source or inverse initial
problems with the Atangana-Baleanu fractional derivative.

2.2 Initial-boundary value problem

Now, we consider a direct problem of determining U(X,t) in a domain Q = {(X,t) 0<x<1, 0<t <T},

such that u(.,t)eC?(0,2), u(x,.)eH'(0,T) and satisfies the following initial-boundary value problem:

D u(x,t)—u, (x,t) = f(x,1), (xt)eQ (10)
u0,t)=0, u(,t)=0, O0<t<T, (12)
u(x,0) =0, 0<x<], (12)

where f(X,t)is a given function. We begin by using the separation of variables method to solve the homogeneous

equation corresponding to equation (10) along with the boundary conditions (11). Thus, we obtain the following
spectral problem:

X"+ A X =0,
(13)
X(0)=0, X()=0.
which is self-adjoint and has the following eigenvalues
A, = (kz)?, k=123, ...
The corresponding eigenfunctions are
X, =sin(kzx), k=123, ... (14)

Since the system of eigenfunctions (14) forms an orthogonal basis in L (0,1) [23], we can then write the solution

U(x,t) and the given function f(X,t) in the form of series expansions as follows:

u(x,t) =iuk(t)sin(k7rx), (15)
Fxt) =3 f,(O)sin(k 7x), (16)
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where U, (t) are the unknown coefficients to be found, and the coefficients f, (t) are given by
1
f ()= ZJ- f (x,t)sin(kz x) dx. Substituting (15) and (16) into (10) and (12), we obtain the following fractional
0

differential equation
AB(O: Dfu, (t)+ k® 7z° u, (t) = f, (1),

along with the following condition
u, (0)=0.
Whereupon using Theorem 2.1, the solution is given by
l-« a B(a)

2_2 fk(t)+ 2 _2 2
B(a) + k272 (1- @) (B(a)+k:7i(l-a))

Ifk(txt—g)“Ea,a[ “r (t—g)“jdc:,

Uy (t) =

B(a)+k’7r*(1-a)

with f,(0) =0, which is achieved by assuming f (X,0) =0. Thus, the solution U(X,t) can now be written
as

a B(a)
uixt) = Z(B(a)wz 2(1-a) k(t)+(B(a)+k27z2(1—a))2
ak’r?
B(a)+k27z2(1—

[LOe-0"E,, [ (t —4)“}d4)sin(knx).
: @)

In order to complete the proof of the existence of solution, we need to show the uniform convergence of the
series representations of u(x,t), u, (x,t), u,(x,t), **SD u(x,t).

Since the Mittag-Leffler function appearing in the expression of u(x, t) is bounded, the uniform convergence of
the series representation of U(X,t) is ensured by assuming f(X,.) €C(0,T). Now, the series representation of

U, (X,t) is given by

_ o KAP-a) K7 "o B(a)
U, (x1) = ;[B(aﬂkzﬁz(l—a) MOt @ k- a)y

~ak’n?
B(a)+k’7*(1

B(a)
i B(a) +k7*(1-a)

G E( ¢ —:)“}d;jsin(knx)

ak’r?
B(a) + K272 (1—

= i f (t)sin(k 7 x) +Z sin(kzzx)j. f.($) anl{ ) (t_g)ajdg“.
k=1 0 a

Assuming ft (x,t) isintegrable, it is clear that the second term of the above series converges uniformly. For the

convergence of the first term, we assume f(0,t) = f (1,t) =0 and use integration by parts to get

Zf O sin(k 7 x)| = Zi £, ©sin(kzx) giki|flk(t)|,

k1
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where

f, ()= 2J1‘ f, (x,t)cos(kz x) dx.

1
Using the inequality ab < > (a® +b?) and the Bessel’s inequality for trigonometric series, we then have the following

estimate

1 1
Y N Y= IACT

k=1

Therefore, the expression of U, (X,t) is uniformly convergent. The uniform convergence of “*SD? u(x,t),
can be proved in a similar way.

The uniqueness of the solution can be obtained using the completeness properties of the system {Sin(k T X)}
The main result for the direct problem can be summarized in the following theorem:

Theorem 2.3. Assume f(.,t)eC(0,1), f(x,.) € C(0,T) suchthat f(x,0)=0, f(0,t) = f(Lt)=0,

f (x,t) el’(0,T), and f (x,t) €L?(0,1), then the problem (10) - (12) has a unique solution U(X,t) given
by
a B(a)
t t
Hx.t)= Z[B(a)+k2 ‘l-a) il )+(B(a)+k27z2(1—a))2

I f (O (E-)""E,, ( B(a)ﬁfﬂf(l_a) (t —C)“jdéjsin(kﬂX)-
where,
fi (©) =2 f (x,t)sin(kr x) dx
3. Hlustrative Examples

In this section, we give some examples to illustrate our results presented in Theorems (2.1) and (2.3), choosing

B(a) =1.

Example 1. Here, we present solutions of three different initial value problems by considering different choices
of f (t), 4 and u,.

AEED AU (t) +u(t) =1,
u(0)=1.
o For f(t)=t"",(v>1), the solution of IVP (5)-(6) with A =1 and U, =0 is given by

e The constant function U(t) =1 solves the following IVP: {

U(t) — l-a v F(V) ta+v—1EV o (t )’
(24 (04

e The solution of the following I\VP:

DUt +ut) =E, (), yel”
u(0)=1.
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_a+y(Q-a)

a+y(2—-a)

E, (t*)+

Y

—a

a+y(2-a)

e

2—a

t*).

Example 2. Consider the boundary value problem (10) — (12) with f (X,t) =t sin(zX). Using Theorem 2.3, the
solution U(X,t) is given by
a+l
t * Ea,aJrZ[

The obtained solution is illustrated in Figures (1 — 2) for T = 1. Figure 1 demonstrates the solution profile at
different times for a fixed value of the order o of the fractional derivative. The effect of the nonhomogeneous term,
particularly its x-dependence, is clearly seen in the solution profile. Moreover, the solution increases with time and
reaches its maximum when t = T = 1. The effect of the order a of the fractional derivative is shown in Figure 2 at a
fixed time. It shows that as a increases, the solution decreases and reaches its minimum when o = 1, which represents
the classical derivative case.

2
(07/4

l-« o B t
1+7°(1-a)

ux,t)= t+
1+7°(1-a) (+7°(1-a))?

“J sin(zx).
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Figure 1. Graphs of u(x, t) at different times for ¢ = 0.5.
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Figure 2. Graphs of u(x, t) at t = 0.5 for different values of .
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4. Conclusion

In this paper, we have considered an initial value problem (IVP) for a nonhomogeneous linear fractional
differential equation with the Atangana-Baleanu derivative. An explicit solution of the IVP in integral form has been
obtained using the Laplace transform. The solution can be also obtained using the successive approximation method as
shown in the arXiv version of this paper. A condition relating the initial data and the initial value of the

nonhomogeneous term, namely, f (0) =—Auj , has been found to be necessary for the existence of a solution of the

IVP. On the other hand, this condition makes it impossible to consider inverse source or inverse initial problems with
the Atangana-Baleanu fractional derivative. We have also considered an initial-boundary value problem for a
nonhomogeneous linear partial fractional differential equation with the Atangana-Baleanu derivative and a given time
and space dependent nonhomogeneous term. A regular classical solution of this direct problem was obtained in the
form of a series expansion using an orthogonal basis, which is a set of eigenfunctions of a self-adjoint spectral problem
obtained by considering the corresponding homogeneous equation and using the method of separation of variables. The
uniform convergence of the series solution was obtained by imposing certain conditions on the given nonhomogeneous
term. The uniqueness of the solution can be obtained using the completeness properties of the orthogonal basis used.
Finally, a number of examples were presented to illustrate the obtained results.
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