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Abstract. The aim of this paper is to study the existence and uniqueness of solutions for
nonlinear fractional relaxation integro-differential equations with boundary conditions.
Some results about the existence and uniqueness of solutions have been established by
using the Banach contraction mapping principle and the Schauder fixed point theorem.
An example is provided which illustrates the theoretical results.
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1. Introduction
Fractional differential equations have many applications in different problems and
phenomenons in science and engineering, see [1]-[16], [18]-[20].
In [10], Chidouh, Guezane-Lakoud and Bebbouchi studied the existence and
uniqueness of positive solutions of the following nonlinear fractional relaxation dif-
ferential equation

{ LCDam(t)+)\$(t):f(tvx(t))’ 0<t<l,
;E(O):I0>O,

Received May 2, 2021, accepted: December 20, 2021

Communicated by Hari Mohan Srivastava

Corresponding Author: Abdelouaheb Ardjouni, Faculty of Sciences and Technology, Department
of Mathematics and Informatics, University of Souk-Ahras, P.O. Box 1553, Souk-Ahras, 41000,
Algeria | E-mail: abd_ardjouni@yahoo.fr

2010 Mathematics Subject Classification. Primary 34A08; Secondary 34A12, 34B15

© 2022 By UNIVERSITY OF Ni§, SERBIA | CREATIVE COMMONS LICENSE: CC BY-NC-ND



212 A. Lachouri, A. Ardjouni and A. Djoudi
where L€ D is the Liouville-Caputo fractional derivative, 0 < o < 1. By using the
method of the upper and lower solutions and the Schauder and Banach fixed point
theorems, the existence and uniqueness of solutions have been established.

In [11], Guezane Lakoud, Khaldi and Kilicman discussed the existence of solu-
tions for the following nonlinear differential equation with boundary conditions

{ LCpe DP x(t) = f(t, (1), t € (0,1),
z(0)=2'(0)=2(1) =0,

where LCD?, and Dg+ are the right Liouville-Caputo and the left Riemann-Liouville
fractional derivatives respectively, 0 < a < 1, 1 < f < 2. By employing the
Krasnoselskii fixed point theorem, the authors obtained existence results.

In [2], Abdo, Wahash and Panchat investigated the existence and uniqueness

of positive solutions of the following nonlinear fractional differential equation with
integral boundary conditions

{ Lepeg(t)=f(t,z(t), 0<t<T,
z(0) :afoTx(s)ds-i—by

where 1 < o < 1. By applying the method of the upper and lower solutions and
the Schauder and Banach fixed point theorems, the existence and uniqueness of
solutions have been provided.

Inspired and motivated by the works mentioned above, by using the Banach and
Schauder fixed point theorems, we study the existence and uniqueness of solutions
for the following nonlinear fractional relaxation integro-differential equation

1 DB LEDg (t) + Az (t) = f (t,z (t), "z (1)), t € (0,T), N €R,
(L.1) { LCpag (0) = LOD* &(T) =0, z(0) = a f, «(s)ds+b, a,beR,

where D? and ““ D® are the Riemann-Liouville fractional derivative and Liouville-
Caputo fractional derivative of orders 5 and « respectively, 1 < <2, 0< a < 1,
I" is the Riemann-Liouville fractional integral of order v € (0,1), and f : [0,T] x
R x R — R is a nonlinear continuous function.

The remaining part of the paper is organized in four sections. In Section 2, some
notations, definitions of fractional calculus and fixed point theorems are presented.
In Section 3, some useful results about the existence and uniqueness of nonlinear
fractional relaxation integro-differential equations are obtained. In Section 4, an
example is provided to illustrate the theoretical results.

2. Preliminaries

Some definitions, notations and results of the fractional calculus are introduced
throughout this section which will be utilized in this paper.

Let J = [0,T]. Denote by C = C (J) the Banach space of all continuous functions
defined on J endowed with the norm

]l = sup {|= ()] : t € J}.
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And AC(J) is the space of absolutely continuous valued functions from J into R,
and set

AC™(J)={z:J—=R:z,2',2", 2" ' e€Canda™ '€ AC(J)}.

Now we’re giving out some fractional calculus results and properties.

Definition 2.1. [14] The fractional integral of order o > 0 of a function b : J — R
is defined by

I°h (1) = ﬁ/o (t— )" h(s) ds,

provided the integral exists.

Definition 2.2. [14] The Liouville-Caputo fractional derivative of order o > 0 of
function h : J — R is defined by

LECpep(t) = D™ lh (t) — mz_:l h(k]i,(o)t"’] :

k=0
where
(2.1) m = [a] + 1 for a ¢ Ny, m = a for a € Ny,
and D, is a fractional derivative in Riemann-Liouville sense of order a given by

DOR () = D™ ™= (1) = P(nl_a)jt; /0 (t— 8)™ "1 b (s) ds.

The Liouville-Caputo fractional derivative LCD3+ exists for x belonging to AC™(J).
In this case, it is defined by

LCpap(t) = Im—oztm) (1) = ﬁ / t (t— )" ™) (5) ds.
n—a) g

Remark that when a = m, we get “CDh(t) = h(™) (¢).
Lemma 2.1. [14] Let o > 0 and m be given by (2.1). If h € AC™(J,R), then

(IQLCDah) (t) — h(t) - mz_: h(k];(o) tk,

k=0

where h\®) is the usual derivative of h of order k.
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Lemma 2.2. [14] For a > 0 and m be given by (2.1), then the Liouville-Caputo
fractional differential equation “C D®h(t) = 0 has a general solution

h (t) = Qo + Cth —+ (12t2 + ...+ am_ltmfl,

where a; € R, i = 0,1,2,...,m — 1. Further, the Riemann-Liouville fractional
differential equation

D*h(t) =0,

has a general solution
h(t) =ait® ' 4+ agt® 2 +azt® P+ . Fapt®™, a; €R, i =1,2,...,m.

Lemma 2.3. [14] For any o, 8 € [0,00) and p > —1, then

R R G P ) B
F(a)/o(t ) d r(a+ﬁ)t '

Lemma 2.4. (Banach fixed point theorem [17]) Let Q be a nonempty closed con-
ver subset of a Banach space (S, ||.]|), then any contraction mapping ® of Q into
itself has a unique fixed point.

Lemma 2.5. (Schauder fixed point theorem [17]) Let Q be a nonempty bounded
closed convex subset of a Banach space S and ® : Q — Q be a continuous com-
pact operator. Then has a fized point in €.

To obtain our results, we need the following lemma.

Lemma 2.6. For any h € C (J), then the problem

05 DPLEDey (t) + Xz (t) =h(t), t€ (0,T), NER,
(22) { LCDax (0) = 19D 2 (T) = 0, x(O):afOTx(s)ds+b, a,b € R,

is equivalent to the integral equation

t6+a71

x(t) = I9TPh(t) — AXI*Px (1) — TG T a)

(I°h(T) — APz (T))
T
—HI/O x(s)ds+b
_ 1 ‘ at+p—1 t a+pB—1
- W</0 (t—s)* h(s)dsf)\/o (t—s)*" ;z:(s)ds)

B tﬂ-i-a—l T ., 51 s T ., 671$ o) de
Tﬁ_lrww)(/o = hds—A [ (= <>d>

(2.3) +a /OT x (s)ds + 0.
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Proof. Taking the integrator operator I? to the first equation of (2.2), and from
Lemma 2.2, we get

(2.4) LEDey (t) = IPh (t) — NPz () + art® ' + aot? 2.

According to conditions ¢ D% (0) = LCD z (T) = 0, it yields

a (MPz(T) — I°h(T)), as = 0.

Replacing a; and as by their values in (2.4), we get
B—1

LCpeag (t) = IPh (t) — NPz (t) + !

A (\Pz(T) - I°h(T)).

Taking the integrator operator I* again to the above equation and using Lemmas
2.2 and 2.3 we obtain

L (B)trtet

(2.5) 2 (t) = I*Ph(t) — \I*Pz (¢) — TF—1T (B + a)

(I°h(T) = APz (T)) + as.
Using the integral condition, we find

T
agza/ x(s)ds +b.
0

Substituting the value of ag into (2.5), we obtain the integral equation (2.3). The
reverse is followed by a direct calculation which finishes the proof. [

3. Main results

In the following we employ fixed point theorems to prove existence and uniqueness
results for the problem (1.1).

For obtaining our results, we need the following hypotheses
(H1) There exist constants l1,lo > 0 such that

If (tz1,y1) — (G ze,y2)] < lufor — 22| + 12 [y1 — y2l,

for any t € J and each x;,y; € R, i =1,2.
(H2) There exists a function ¥ € L' (J,R*) such that

I (t,2,9)] < U(L), V(t,z,y) € J xR x R.

3.1. Existence and uniqueness results via Banach’s fixed point
theorem

Theorem 3.1. Let (H1) holds. If

Tat+B T28+a-1 T
ey 7 (F(a+ﬁ+1) * /D’T“F(BJra)) (“ ThEn T 'A')

+lal T <1,

then (1.1) has at least one solution.
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Proof. We convert the problem (1.1) into a fixed point problem by defining the
operator ® : C — C as

1

@0 = g (] € e ) as

t
—)\/ (t— )Pz (s) ds)
0
tBta—1

T 41
TS (/0 (T =)%Y f (s, 2 (s), D' () ds

T T
(3.2) —/\/0 (T —5)" "z (s) ds) + a/o x(s)ds+b.

Obviously, the fixed points of operator ® are solutions of problem (1.1). By (H1),
for each z,y € C and t € J, we get

(@) (t) — (Py) (1)]

1 ' atp-1 n — f(s,y(s). Iy (s s
< m/{)(m) 1 (s (), I () — £ (s,9(s) . Iy (3))]d
¢ t — )P r(s) =y (s)|ds
g = e @) =y ()l
B+a—1 T
+m </0 (T = 5)° 7 | f (5,2 (s), I (s))
F(s,(s), I (s)] ds + A / (T =" | () -y (s)] ds>
0
T
+\a|/0 2 (s) — g (5)] ds
To+B T28+a—1
< ((Fezsr * morera)
. (zl g |A|) T |a|T) -
Thus

@2 — Dy[| < O]z —yll-

From (3.1), ® is a contraction. As a result of Banach’s fixed point theorem, ® has
a unique fixed point which is the unique solution of the problem (1.1) on J. This
finishes the proof. [
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3.2. Existence results via Schauder’s fixed point theorem
For the sake convenience, we put

\IJ*TaJrﬁ \I/*Ta+2ﬁ71

Al:l“(a+ﬂ+1) +ﬂifﬁ—lr(a+,3)

+ 0],
where ¥* =sup{¥(¢) : t € J}.

Theorem 3.2. Assume that the hypotheses (H1) and (H2) are satisfied. If

Ta+5 T2,8+a—1
o=

Ta+B+1) +5T61r(a+6)>+|aT<1’

then (1.1) has at least one solution on J.

Proof. We consider the nonempty closed bounded convex subset
Q={zeC:|z| <M}

of C, where M is chosen such

Ay

T 1l-w

Notice that, the continuity of the operator ® follows from the continuity of the
function f. Now, we need to show that the operator ® is compact by using the
Arzela-Ascoli theorem. So, we will prove that ® () C Q and ® () is uniformly
bounded and equicontinuous set. For x € 2, we have

(@) (1)]
1 ! _yatp-1 Ul
< raam | T ) e ) s
Al fo yatBo1
+F(a+ﬁ)/0 (t — )21 |z (s)] ds
thta—1 T _

TG (/ (T = 9%~ 1f (s,2(5) I (s))| ds
o [ @ |ds> ol [ oo ds +
pro+B To+B T2B+a—1

S Taxprp M (F(a+5+1)+5Tﬂ1F(a+5)>
pHot2p-1
< M.
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[Pz < M,

which means that ® (2) C Q and the set ® () is uniformly bounded. Next, we
will prove that ® () is equicontinuous set. For t1,ts € J such that ¢; < t5 and for
x € (2, we get

IN

IA

(@) (t2) — (D) (t1)]

ﬁ/o (2= 9™ = (= 9™ | (s, () P (5) s
+F(al+ﬁ)/ C(tn = 8 f (s, (s) I (5)) ds

+F(O|;\+ﬂ) (/Otl ((t2 - S)O‘Jrﬂfl (- S)awﬂ) 2 (5)| ds

+ [ "t — 9 () ds)

ty
Bta—1 _ ,B+a-1
th T =T

T 5
+ Tﬁ_lr(,@—i—a) (/0 (T —s) |f (s,2(s), "z (s))|ds

+|>\|/OT (T — 5 |x(s)|ds>
% </0t1 ((t2 _ g tB gy 3)‘1+6—1) ds + /:2 (ty — s)* A1 ds)
B o

123 B+a—1 _  B+a—1 *B 8
_ t t TR N TPM
+/ (ty — s)**7 1d8>—|— 2 1 < +| | >

t TP-IT (B + ) B B
B+a— B+a—
o (ta+5 _taw) . (t2+ h 1) TP . N T°M
T(a+p+1) \? ! TE=IT (B + «) &} 8 :

As t; — to, we see that the right hand side of the above inequality tends to zero
and the convergence is independent of « in 2, which means ® () is equicontinuous.
The Arzela-Ascoli theorem implies that ® is compact. Thus, by the Schauder fixed
point theorem, we prove that ® has at least one fixed point x € ) which is a solution
of the problem (1.1) on J. O

4. Example

We take the following fractional relaxation integro-differential equation

(4.1) { D} LDYa (1) + ha () = £ (Lo (1), IFa (1) te (0,1),

LCD3(0) =FC D3x (1) =0, x(0) = & [5 @ (s)ds + 2.
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Herea:%,ﬁ:%,n:%,)\:%,a:%andbz?. Set

_sin) (el
exp () +7 \ o (O +1 1

RIONEEI0)

For z;,y; € R, i = 1,2, we have

|f(t, 21, 22) — f(t,91,92)]
sin (1) <( lzal |yl )+( lzol |yl ))’
exp(t?) +7 \\|z1|+1  |n|+1 lwal +1  fyo| +1
< 1 < |z1 — y1] + |2 — 12| )
T oexp () + T\ (L+[z) (T+[y)) (1 + [z2]) (1 + |y2])

1
< 3 (|z1 = ya| + w2 — y2[)

thus, the assumption (H1) is satisfied with I; = I, = &. We will check that condition
(3.1) is satisfied. Indeed

Tcx+ﬂ T2ﬁ+o¢—1 Tn
(rersrs * orera) (4o +W) T

(L, 2 N1y
- \r@) 3r@2)/)\8 8r(s+1) 4 10
0.7 < 1.

R

Then by Theorem 3.1, the problem (4.1) has a unique solution on [0,1]. Also we

have
2

exp(t?) + 7’
Hence condition (H2) holds with ¥(t) = exp(fw, it follows from Theorem 3.2 that
the problem (4.1) has at least one solution on [0, 1].

f(tzy) < V(t,z,y) € J x R x R.
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