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General Fractional Integro-Differential Equation of Order
0 € (2,3] Involving Integral Boundary Conditions

Abdelati El Allaoui

ABSTRACT. In this paper, we are interested in studying an integro-
differential equation with two-point integral boundary conditions
using the Caputo fractional derivative of order 2 < ¢ < 3. The con-
sidered problem is transformed into an equivalent integral equation.
To study existence and uniqueness results, our approaches used is
based on two well-known fixed point theorems, Banach contraction
and Krasnoselskii’s theorems. To illustrate our obtained outcomes,
an example is given at the end of this paper.

1. INTRODUCTION

Fractional calculus is widely employed for the mathematical model-
ing of various natural and engineering processes, as highlighted in [17].
Moreover, several works such as [12, 19, 20] delve into the application of
fractional calculus in constructing models to explore theoretical physics
problems. In particular, [18] presents a concrete real-world instance that
demonstrates the physical interpretation of the Caputo fractional deriv-
ative. Numerous researchers have contributed to the study of fractional
differential equations, including [2, [13-15].

Firstly, we present an overview of recent advancements in the analysis
and solution of fractional differential equations with different types of
boundary conditions. As a starting point, we will focus on three notable
works by E. Shivanian.

The work [5] delves into the error estimation and stability analysis of a
high-order nonlinear fractional differential equation featuring a Caputo
derivative and integral boundary condition. Through rigorous analysis
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and numerical investigations, the study provides valuable insights into
the accuracy and stability of the equation’s numerical solution.

In the work [6], E. Shivanian and A. Dinmohammadi tackle the chal-
lenging task of solving a nonlinear fractional integro-differential equation
with a non-local boundary condition. The authors explore both analyt-
ical and numerical methods to obtain solutions and examine the impact
of non-locality on the behavior of the equation.

Lastly, E. Shivanian and H. Fatahi’s research focuses on the study of
a specific class of three-point boundary fractional high-order problems
subject to Robin conditions (see [[7]). Their work investigates the exis-
tence of unique solutions and presents efficient numerical techniques for
approximating the solution.

By reviewing these three works, we aim to highlight significant ad-
vancements in the understanding, analysis, and numerical solution of
fractional differential equations with diverse boundary conditions. The
insights gained from these studies contribute to the broader field of frac-
tional calculus and offer valuable tools for modeling and solving complex
mathematical problems arising in various scientific and engineering dis-
ciplines.

Ahmed et al. discussed the existence and uniqueness of solutions to
the following fractional differential equation.

CD_g+u(t) = ¢(t, u(t)), for t€(0,1), n—1<p<n,
u9(0) =0, for i=0,1,...,n—1,

v 1
u(¥) = 51/ u(s)ds + 52/ u(s)ds, 0<vy<d<o<l,
0 o

where CDg + represents the Caputo fractional derivative, for more details
see [1].

Dong et al. in [§] investigated the solvability of the following fractional
integro-differential equation

{ “Dyru(t) = o(t,u(t)) + fotz/) (t,s,u(s))ds, teJ=1[0,T], 0<v<l
u(0) =4,

where the existence and uniqueness of solutions are established using

the Banach contraction and the Schauder fixed point theorem.
Motivated by the aforementioned researches, the purpose of this paper
is to study the following fractional integro-differential equation involving
nonlocal double integral boundary conditions:
(1.1)
D u(t) + MNP o(t,u(t) = (tut), tel=[0,1], 2<p<3, 9>0,

u(0) /0 u(T)dr,
u(l) = ' u(r)dr, 0<y<o<l,

u'(0)=0
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where D¢ designates the Caputo fractional derivative [10], Ig+ repre-
sents the Riemann-Liouville operators of fractional order 9 (see [L0]),
¢, ¥ : I x R — R are continuous functions and A € R.

To the best of our knowledge, no one has combined a fractional
integro-differential equation of this type with these integral conditions
and a higher order derivative. The innovation also lies in the construc-

tion of the equivalent integral equation for this problem.

2. PRELIMINARIES

Firstly, we provide a concise overview of compact operators, including
their definitions and key properties. The Krasnoselskii and Banach fixed
point theorems, which are fundamental to this study, are also recalled.

Definition 2.1 ([4)). (i) An operator T' : X — Y between two
Banach spaces X and Y is called a compact operator if, for any
bounded subset A in X, the closure of T(A) be compact.

(ii) T is called a relatively compact operator if the closure of its
image set T'(X) is compact in Y. This means that T(X) is
both closed and compact.

(iii) T is said to be equicontinuous if, for every € > 0, there exists
d > 0 such that for any x,y € X with ||x —y|| < d, it holds that
IT(@) - Tl < =.

Theorem 2.2 (Arzela-Ascoli theorem [9]). Let X be a compact Haus-
dorff metric space. Then K C C(X) is relatively compact if and only if
K is uniformly bounded and uniformly equicontinuous.

Theorem 2.3 (Banach’s Fixed Point Theorem [3]). Let X be a Banach
space and A : X — X be a contraction on X. Then, A has a unique
fized point.

Theorem 2.4 (Krasnoselskii’s fixed point theorem [11]). Let B be a
closed bounded convex subset of a Banach space X. Assume that A1 and
Ao are mappings from B into X such that:
(i) Ai(u) + Az(v) € B for all u,v € B,
(ii) Ay is a contraction,
(iii) Ag is continuous and compact.

Then, A1 + Ao has a fized point in B.

Now, we recall essential findings on fractional calculus, which form
the foundation of our research. These fundamental results provide the
necessary tools and concepts to investigate and analyze fractional dif-
ferential equations.
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Definition 2.5 ([10]). For h € L'[0,1], we define the left fractional
integral of order g > 0 of Riemann-Liouville as follows:

T, (1) = F(lg) /O (t — 7)o 1h(r)dr.

Let ne Nand n — 1 < p < n. we recall the following definition:

Definition 2.6 ([10]). Let AC™[0,1] be the space of functions that have
nth derivatives absolutely continuous.

The left Caputo fractional derivative for a function h € AC™[0,1] of
order ¢ is defined as

b

where, I' represents the Gamma function of Euler [16].
Lemma 2.7 ([21]). We have
CI8, [“DE, h(t)] = h(t) + ao + art + agt® + -+ + an_1t" ",
forap € Rand k=0,1,2,...,n—1.

3. MAIN RESULTS

First, let us construct the solution to our problem. Consider the
following problem

CDngu(t)j—/\IngtI’(t):\I/(t), tel=[0,1, 2<0<3, ¥>0,

u(0) = / u(T)dr,
(3.1) 9,
u(l):/ u(T)dr, 0<y<o<l,

W/ (0) =0,
with ®, U € C(I).
The solution of problem (@) is expressed as

ult) = T8 (1) = NEGT 0(1) + () [T () = AZeH o)
+u(t) [Azgj%(l) + NI (o) + T8 W (1) — T2, W (1)
—ATE (1) - Igfl\ll(a)} ,
with

2+ o3 — 302
pt) = ——, vt :

w w
where w = (1 —7) (24 ¢®) 4+ 07>
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Indeed:

Let us apply Ig . on both sides of the first equation of problem (@), we
get,

(3.2)

u(t) = I8, U (t) — MIZ ®(t) + ap + art + ast’

—L t — e lu(r 7—7)\ t — et 1 () dr
= g Jy OO g [ e

+ ag + ait + ast?,

where ag, a1, as are unknowns to be determined.
From (@), we have

(3.3) w(0) = ag = / " u(r)dr.
By deriving both sides of equation (@), we have
u(t) = I8 () — AZGTUT () + a + 2ast,
which implies that
(3.4) v (0) =a; = 0.
From (), we have
u(l) = I8, U(1) — AZZ " ®(1) + ag + a2

1
= / u(T)dr,
g
which means that

1
(3.5) as = / u(r)dr + )\Igj__ﬁ@(l) - /07 u(T)dr — Zg, W(1).

By substitution of (@), (@) and (@) in (@), we obtain
(3.6)

u(t) = I8, U(t) — MIZ D(t) + MPT2B(1) — 78, U (1)
Y 1
+(1— t2)/ u(T)dr + t2/ u(T)dr
0 o

*L t — e ly(r 7—7)\ t — 1) dr
= 5057 | e = st [ ner e

,
F M (1) — 272, (1) + (1 —t2)/ u(T)dr
0

1
+t2/ u(r)dr,
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note that this solution is implicitly defined. In the next step, we will
o 1
determine the two unknowns / u(7)dr and u(T)dr.
0
Integrating both sides of equation (@) on [0, ')(/7], we have
! 1 7 V3 oto
tydt = ——— — 7)2U(7)dT + AT @ (1
|ttt = s [ = newmar 2z )

A v 0
- oD ), (e

3 3 ¥ 3 1
Tz w) 4+ (- L /u(T)dT—i—’Y/ u(r)dr,
3 5/, 5/

which is equivalent to

(3.7)
34" =3 [ utryar 7 [ u(ryir
- oo [0z e
N p(gfzJﬂ) /07(7 — )P (r)dr — 73109+\1/(1)

=321 W(y) = BATE TR (y) + MO R(1) — 4PTE (1),

Now, integrating both sides of equation (@) on [0, 1], we obtain

/U ()t

1 ! . 1 7 .
= 7I‘(g Y /0 (1 —7)°W(r)dr — 7I‘(g Y /0 (o —7)°W(r)dr
A(1

A ! o+v _03) 0+9

A g 0
+ m /0 (0 —7) +19CI)<T)dT —

2 3 _ vy 1— 3 1
TR 4 / u(r)dr + ==~ / w(r)dr,
0 o

which is equivalent to

1—o3

7, (1)

1

(3.8) (24 0° —30) /O7 u(r)dr — (24 0%) /(, u(r)dr
/

o

3 (o —7)°W(7)dr

I'(e+1)

0
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3 ! 040
+F(9+79+1)/0 (1—71)to(r)dr

3 ! 0
_F(Q—Fl)/o(l_T) \I/(T)dT

3\

- F(Q—i-19-i-1)/0 (o0 — T)Q'H?(I)(T)dT

~ A=) Z8B(1) + (1-0%) 22,9 (1)
=72 W(0) + 3T B(1) - 3781w (1)
3N (o) — A (1 - 0%) 78 B(1)
+(1-0%) 28, v().
We define

.
o 348 — 3y 3 o /0 u(T)dr
"\ 240*-30c —(2+%) )’ N

B= < 2; ) :
where
by =3I U(7) = BT B(y) + MPTE B (1) — T W (D),
by = I8 W(0) + 3AZZV T B(1) — 3Z2TM (1) — AT VT @ (0)
A1 -0} Z8 (1) + (1 - 0®) I8 W (1).
From equations (@) and (@), we have the following system
(3.9) SU = B.
Note that
det(S) = =3 [(1—v) (2+0°) + ov*] <0.

Then, the system (@) has a unique solution.
Using Cramer’s rule, one can get

(3.10)
¥ 3
/ w(r)dr = % (Azgjﬁqn(l) F AL D (o) + (1) - 22,9 (1)
0
~T2H9 () - Alg;“”l@(l))

2+ 03
+ T (T8 ) - Az ).
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and
(3.11)
! 3+7% -3y +1 941 941
/ u(rydr = T2 (gerty (1) 4 AZgH (o) - XTE0(1)

2+03—30
“Ig (o)) + T (T8 () Az ()

X (1) (1— 0::) +v3(1-0) ()\Igfﬂ@(l) - I§+\If(1)> .

By substitution of (M) and (ﬁ]) into (@), we get
(3.12)

u(t) = T3 W(t) = MIEE 0 () + pt) [T W) = AT ()]

() [Azgj%u) + AT (o) + T (1) — 78, W(1)
TS (1) — Igjllll(a)} ,

Therefore, the problem (@) can be abstracted to the following fixed
point problem

(3.13) Au(t) = F(lg)/o (t — 1) "p(r,u(r))dr
A

=y am— t — 1)L (r u(r))dr
F(ﬁ_ﬁ)/o(t )0 o(r,u(r)d

1 ol ,
T [, O )
A

4
e el AR R o

1

A a 0
+F(Q+79+1)/0 (0 — 1) (7, u(r))dr

1

1
+ F(g—i—l)/o (1 = 7)%(7,u(r))dr

+ ()

+ v(t)

1 1 o1
o A o)

1
- T ), (et

1

_F(Q‘f'l)/o (0 —1)(T,u(T))dT| .
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Let X = C(I,R) the space formed by continuous functions on 1.
The Banach space X' is endowed with the norm ||y|| = sup |y(t)|.
tel

Before citing our existence results, we consider the assumptions below:
(1) There exist kg, ky > 0 such that, V¢t € I, Vu, v € R

|¢(t,0) = ¢(t, u)| < kglv — ul,
[(t,0) = p(t, u)| < kylv —ul
(H2) There exist 61, 62 € C(I,RT) such that, Vt € I, Vu € R
|6(t, u)| < 61(2),
[p(t,u)| < Ba2(t).
At this point, we are able to present our first existence result.

Theorem 3.1. Suppose that assumptions (Hi) and (Hz) hold. Suppose
in addition that

Ak ky,
(3.14) §i= I(o+9+1) T(o+1)

Then, there exists at least one solution for problem )

< 1.

Proof. First, we consider the following closed ball
By ={uecX: |ul| <r},
with 7 > A]|01] + A2||62]|, where
_ Mle+9+1+ (e+ 9+ a)|vll + el

A ;
! T(o+9+2)
Ny = 2L F (et o)lvl + ylpl
T(o+2)

The operator A defined by () can be written as Ay + Ao, with

Alu(t) = P(lg)/o (t - T)Qilw(Tau(T))dT

- F(QAH‘})/O (t — 1) (7, u(r))dr,
and
1 Y
Aou(t) = p(t) [w/o (v = 7)%%(7, u(r))dr
A

_F(Q"‘M/O (y — 1) p(r, u(r))dr

A ! ot9—
o) [F(@W) /0 (1 — 1) =L(r, u(r))dr
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A 0 ot+? w(T))dr
e eyl MG G
1 ! 0
+ F(Q"‘l)/o (1 —71)(r,u(r))dr
1

1
= — 7)Yy (7, u(r))dr
-5 |, =)

A 1 0
- P(Q""M/O (1 — 7)™ o(r, u(r))dr

1 g 0
_F(Q‘f‘l)/o (o — 7)Y (r,u(r))dr| .

(1) For u, v € B, Ayu+ Agv € B,.. Indeed:

||A1u + AQUH

— 7)o 1
<i?{ / (t — )0, u(r))|dr
AL [ 9”1w7u<mm}

I'(o+9)
+ sup |u(t) [ v = 71)2(r,v(7))|dr
tel
L ) b(r, v(7))|dr
e %A(v -~ (r)lar]

1 (1 _ T)g+19 (1 _ T)g+1971
+ﬁymm®Mé To+d+1)  T(o+9)

1 1-7)¢ (1-7)et
+A (o)) ldr

(7, v(7))|dr

T(o+1)  I(o)
[ el + [ i t]
i (0 9+ o)lIv] +
< M1l [F(g+19+ 1) L(o+ 9 +2) ]
L (ot o)+l
R e i
_ Wle+0+1+ (o 9+ o)l ol
= T(o+9+2) !
0+ 1+ (et )lvl 4l
L(o+2) 2

< A |01 + Azl[02]]
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<r.

(73) A; is a contraction. Indeed:
For u, v € B,, we have

[A1v = Aqul| < Sup {F(lg) /0 (t =) (7, o(r) = (7, u(7))|dr

D[y e )
a1 el - dtru(r)r |

< ( [Allkg + ky ) o — ul
“\I(e+9+1) T(o+1)

<¢&flv—ull.

(7ii) Note that Ay is continuous, and for u € B,, we have
1 g

NAoull < ||p [/ ~ — 7)Y (T, u(T))|dr

[[Azull II\IP(Q+1)O( )2l (7, u(7))]

N,
ey | o et lar]
(1—7)et? - (1 —7)etv-1

1
v [W/O T+ 0+1) T(o+0)
[l et Ao wrlar
0

(7, u(r))|dT

(@+1) I'(o)
0-_7- Q+19
+|A|/ ROt )l
o7
+ [ Dt
A[[(e+ 9+ a)[wll + 7wl (e + o)l +~ul

which prove that Ay is uniformly bounded on this ball.
Now, let us prove that As is compact:
Denote

€,= sup |o(t,u)] and &= sup |Y(t,u)|.
(t,u)eIx By (t,u)eIX By

For u € B, and 0 < t; < ts < 1, we have
[(A2u) (t2) — (A2u) (t1)|]

1 v 0
< |vorr [ 0= et rlar
o [ o= etmateiar Inta) — o)
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1 (1 _ T)g—i—ﬂ (1 _ T)g+19—1
" ['M/o Te+d+1)  T(e+7)
La—-r)e (1 —r)e-t
+/0 Tle+1)  T(o)

w/ e

(7, v(7))|dr

(r,v(7))|dT

—7)°
+/0 O )W)(T Jo(T ))|d7] v (t2) = v(t1)]
|AIvEe €y
< [ 28] ) - e

[|A|(9+19+0)§¢ (0+0)&y
Lo+ 9+ 2) I'o+2)

} v(ta) — ()],

since

3(1—~
n(ts) — ()] < 2018 gy
6(1 —
S M‘Q _ t1’7
and
v(t2) —v(t1)] < *Itz — 7] < fltz —t].
Therefore,

1(Agu) (t2) — (Agu) (t1)]]
6(1—1) IA[v€s &y
: [ o (r<g+z9+2> +r<@+2>)
60 (M(o+9+0)y (0+0)y
+w< L(o+7+2) + F(g+2)>}‘t2_t1|'

Hence, As is equicontinuous. Then, it is relatively compact on

B,.

Thus, according to Arzela-Ascoli theorem, As is compact.
Consequently, all conditions of Krasnoselskii’s fixed-point theo-

rem hold.
The result is then proved.

Based on Banach contraction, the result of existence and uniqueness

will be the subject of the next theorem.

Theorem 3.2. Suppose that (H1) is satisfied. Suppose also that
(3.15) k= /\1]{2¢ + )\2k‘¢ <1
Then, there exists a unique solution for problem )
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Proof. Denote
N = SUP"/)(E 0)|7 Ty :SUPW(@O)L
tel tel

let
B,=fueX: |u| <p},
the closed ball of radius p defined by

S A1 + Aoty

- 1-k
Firstly, show that A is defined on B, into itself.
For t € I and z € R, we have

< kglz| + ng-
Then,

Ot u(t)| < kollull +ng
<kep+ng, Y(t,u) €l x B,

Similarly, we have
[W(t,u®)] < kyp+ 1y, V(t,u) € 1 x By,
let u € B,. In a similar way to the proof given in (i), we get

[Aul] < Avsup [o(t, u(t))| + Az sup [¢ (¢, u(?))]
tel tel

< A1 (kgp +mg) + A2 (kyp + 1)
< Ekp+ Aing + Xany
< p.
Now, let us prove that A is a contraction.
For u, v € B,, we have

[|Av — Aul|

L t — 1) (r,v(1)) — (1, u(r))|dT
<sip{ s [0 ne ot o) - v(rutrla

A t — )t (r u(1)) = (T, u(r))|dr
rib [ = e ot o) - ot u(r)ar |

Tl [F(glﬂ) [ 6= meluteatr)) vt trlar

Al

oy L O P letr () - ot ulnar

233
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el 1
(1 .Q+19 (1 _ 7-).9+19—1

1
+"/ F(Q+19+1) T(o+ )

7 ((T — 7— Q+19
Clo+9+1) o(7,0(7)) = &(7, u(T))|dT

(1_7)9_(1—7')g_1 7, 0(7)) — (7, u(r))|dr
I(o+1) (o) (7, 0(7)) — ¥(7, u(r))|d

6(7,0(7)) = &(7, u(T))|dr

IAI

o 7_)
n /0 W'W o(r) —w<nu<7>>|df}

1 (Q+19+U)HV|+7||M||>
< |k
‘[d" '(F(g+ﬂ+1>+ T(o+9+2)

(o+0o)lv +’Y||HH)}
+k + v—u
Y <P<g+ 1) (o +2) o=l
< (Mtkg + A2ky) [lv — |
< kH’U - UH,
hence, the existence and uniqueness of the solution due to Banach’s
theorem 0
Remark 3.3. We observe that,
A 0
e (Dl 0ol bl ol 4ol
F(o+v+2) I'(e+2)

Which means that, if the condition ) of Theorem @ holds, then
the one given by () in Theorem also holds.

To illustrate our results, we consider the following example.

Example 3.4. we consider the problem defined by

1 [cos(u(t)) + sin(t)

“Diu(t) + 3202+ 30 + 12

__ 1 <!u(t>| vet). ter
(3.16) ¢2500+t2 1+ Ju(t)] ’ ’

(0) = fo

(1) f1 u\T

u'(0) = 0.

The problem ( can be abstracted into (@), with

u

e

7

)
)

cos(u(t)) + sin(t) 1 ( |u t>
t, = ; t7 - + )
o(t;u) 30 4 ¢2 v = e \ T
1 1 5 1
19—0—5,’}/—1,@—5811(1)\—5
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Note that assumption (#;) holds, where

1 1
fy = — ky = —.
7 30 Y50
We have also
272 192 , 2 9288,
f =22 205y )= — 4 2292
MO =505 ~ o050 ) =505 T 505

Then, we get &k = 0.0182 < 1. According to Theorem @, problem ()
has a unique solution.

Note that, according to the Remark @, the existence of the solution
is guaranteed.
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