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Abstract: In this paper, we discuss the existence of solutions for a hybrid boundary value
problem of Caputo fractional differential equations. The main tool used in our study is associated
with the technique of measures of noncompactness. As an application, we give an example to
illustrate our results.

Keywords: fractional differential equations; boundary value problem; Caputo fractional derivative;
measure of noncompactness; Darbo fixed point theorem

1. Introduction

The field of fractional calculus is concerned with the generalization of the integer order
differentiation and integration to an arbitrary real or complex order. It has played a significant
role in various branches of science such as physics, chemistry, chemical physics, electrical networks,
control of dynamic systems, science, engineering, biological science, optics and signal processing
(see, for example, [1-4]). Recent development on fractional differential and integral equations are
considered in some recent books [5-12]. There exist some papers on the boundary value problems of
fractional differential equations (see [13-19]).

Benchohra et al. [15] studied the existence and uniqueness of solutions of the following nonlinear
fractional differential equations:

{CD8‘+y(t) = f(ty(t)), foreacht € [ =[0,T], 0 <a < 1, @
ay(0) +by(T) =¢,

where Dg; is the Caputo fractional derivative, f : [0, T] x R — R is continuous and a, b, ¢ are real
constants with a + b # 0.

The area of differential equations devoted to quadratic perturbations of nonlinear differential
equations (called hybrid differential equations) has been considered more important and served as
special cases of dynamical systems. This class of equations involves the fractional derivative of an
unknown function hybrid with the nonlinearity depending on it. Some recent results on hybrid
differential equations can be found in a series of papers [20-31].
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Dhage and Lakshmikantham [23] discussed the existence and uniqueness theorems of the solution
to the ordinary first-order hybrid differential equation with perturbation of first type

@ (%) =g(t,x(t)), ae.t €],
x(to) = x0 € R.

where f € C(] x R,R\ {0}) and g € C(J x R,R), where | = [y, to + a] is a bounded interval in R for
some tp and a € R witha > 0.

Zhao et al. [32] studied existence and uniqueness results for the following hybrid differential
equations involving Riemann-Liouville differential operators:

{Dg+ (%) = o(tx(t), ae.t € ] =[0,T],
x(0) =0,

where 0 < g < 1, f € C(J xR,R\ {0}) and g € C(J x R,R). A fixed point theorem in Banach
algebras is the main tool used in this work.

Hilal and Kajouni [25] extended the results to the following boundary value problem for fractional
hybrid differential equations involving Caputo’s derivative:

2)
x(0 x(T) (
Yy T = ¢

{@@[ﬁﬁbhjgnmm»w»ef—mJL

where0 <a <1, f € C(JxR,R\{0}), g € C(J xR, R) and 4, b, ¢ are real constants with a +b # 0.
They proved the existence of the boundary fractional hybrid differential equations under mixed
Lipschitz and Carathéodory conditions. Some fundamental fractional differential inequalities are also
established, which are utilized to prove the existence of extremal solutions.

Motivated by some recent studies on hybrid fractional differential equations, we consider the
following boundary value problem of nonlinear fractional hybrid differential equations:

D |7y | = 8(t x(v(), t € 1=[0,1],
3)

x(t) x(t) —
¢ {f(tIX(H(t)))]t:o +b [f(t,X(ﬂ(t)))Lzl -

where 0 < a < 1,4,b, ¢ are real constants such thata + b # 0, CD3+ is the Caputo fractional derivative,
f e C(IxRR\{0}),g € C(I xR,R),u and v are functions from I into itself. Note that, if
u(t) = wv(t) = t, then the first problem of Equation (3) is reduced to the problem in Equation
(2). In addition, if u(t) = v(t) =t, f(t,x(t)) = 1, then the problem in Equation (3) is reduced to the
problem in Equation (1).

The main tool of our study is a generalization of Darbo’s fixed point theorem for the product of
two operators associated to measures of noncompactness. We can use a numerical method to solve the
problem in Equation (3) (see [16]).

2. Preliminaries

First, we present the necessary definitions and lemmas from fractional calculus theory.

Definition 1 ([1]). Let & > 0, for a function u : [0, c0) — R. The Riemann—Liouville fractional integral of

order o of u is defined by
1

) ./Ot(t —5)* Lu(s)ds,

I u(t) =
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provided that the right-hand side is pointwise defined on (0, c0).

Remark 1. The notation I u(t) |=o means that the limit is taken at almost all points of the right-sided
neighborhood (0, €)(e > 0) of 0 as follows:

Iy u(t) |i=o= t£r51+ Ig u(t).
Generally, 1§, u(t) |i=o is not necessarily zero. For instance, let « € (0,1), u(t) = t~*. Then,

1 t
— T _o\a—1l.—a _
It =0 = thr& W /0 (t—s)""s7%s =T(1 —a).
Definition 2 ([1]). Let « > 0. The Caputo fractional derivative of order a of a function u : (0,00) — Riis
given by
1 t

Crya n—u, (n) _ / _ o\n—a—=1_(n)
DX u(t) = I *uV(t) = t—s u\(s)ds,
ot ( ) 0+ ( ) I"(n _OC) 0 ( ) ( )

where n = [a] + 1, [«] denotes the integer part of real number a, provided that the right-hand side is pointwise
defined on (0, c0).

Lemma 1 ([1]). Let a, f > 0, and u € L'([0,1]). Then, Ig+lg+u(t) = Igjﬂu(t) and “D§, I8, u(t) = u(t),
forall t € [0,1]

Lemma 2 ([1]). Leta > 0, n = [a] + 1, then
n—1
13‘+C Gru(t) =u(t) =Y, ok, ceR
k=0

In the sequel, we recall some definitions and basic facts about measures of noncompactness.

Assume that (E, || - ||) is a real Banach space with zero element 0. By B(x,r), we denote the
closed ball in E centered at x with the radius r. By B,, we denote the ball B(0, 7). If X is non-empty
subset of E, then X and ConvX denote the closure and the closed convex closure of X, respectively.
When X is a bounded subset, diamX denotes the diameter of X and | X|| the quantity given by
|X|| = sup{||x|| : x € X}. Further, by Mg, we denote the family of the nonempty and bounded
subsets of E and by N its subfamily consisting of the relatively compact subsets.

We accept the following definition of measure of noncompactness.

Definition 3 ([33]). A mapping o : Mg — [0, 00) is said to be a measure of noncompactness if it satisfies
the following conditions:

(1) The family Kerc = {X € Mg;o(X) = 0} is non-empty and Keroc € N.

(2) XCcY=o0X) <o)

3)  o(X) =c(ConvX) = o(X).

4 c(AX+(1-21)Y)<Ac(X)+(1—-A)o(Y)for A € [0,1].

(5)  If (Xy) is a sequence of closed subsets of Mg such that X, 11 C X, (n > 1) and limy, e 0(X,,) =0,
then (N_1 Xn # @.

An important theorem about fixed point theorem in the context of measures of noncompactness
is the following Darbo’s fixed point theorem.

Theorem 1 ([34]). Let Q) be a nonempty, bounded, closed and convex subset of a Banach space E and let
T : Q — Q be a continuous mapping. Suppose that there exists k € [0,1) such that

o(TX) <ko(X),
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for any non-empty subset X of (3, where o is a measure of noncompactness in E. Then, T has a fixed point in Q).

Now, we introduce the following class A of functions ¢ : (0,00) — (1,00) satisfying the
following condition:
For any sequence (,) C (0,00),

nlgrolocp(tn) :1<:>nlglgotn =0.

A generalization of Theorem 1, which is very useful for our study, is the following
theorem (see [35]).

Theorem 2. Let Q) be a nonempty, bounded, closed and convex subset of a Banach space E and let T : QO — Q)
be a continuous mapping. Suppose that there exist ¢ € Aand k € [0,1) such that, for any nonempty subset X
of Quwitho(TX) >0,

P(e(TX)) < (p(e(X))),

for any non-empty subset X of 3, where o is a measure of noncompactness in E. Then, T has a fixed point in Q).

Next, we assume that the space E has structure of Banach algebra. By xy, we denote the product
of two elements x,y € X and by XY we denote the set defined by XY = {xy: x € X,y € Y}.

Definition 4. Let E be a Banach algebra. A measure of noncompactness o in E is said to satisfy condition (m)
if it satisfies the following condition:

o(XY) < [X[le(Y) +[[Y]e(X),
forany X,Y € M.

This definition appears in [36].
As is known, the family of all real valued and continuous functions defined on interval [ is a
Banach space with the standard norm

€] = sup{|x(#)|, t € I}.

Notice that (C(I), | - ||) is a Banach algebra, where the multiplication is defined as the usual
product of real functions.

In our considerations, we use a measure of noncompactness defined in [33]. To o recall the
definitions of that measure, let us fix a set X € C(I). For x € X and for a given ¢ > 0, denote by w(x, €)
the modulus of continuity of x, i.e.,

w(x,e) =sup{|x(t) —x(s)|: t,sel, |t—s| <e}.
Put
w(X,e) =sup{w(x,e): x € X},
and

wo(X) =limw(X,¢).

e—0

The authors of [33] showed that function wy is a measure of noncompactness in space C(I).

Lemma 3. The measure of noncompactness wq on C(I) satisfies condition (m).
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Proof. Let X, Y be a fixed subset of MC(I), e > 0andt,s € [ with |t —s| < e. Then, for x € X and

y € Y, we have

[x()y(t) —x(s)y(s)| < |x()y(t) —x(H)y(s)] + |x(H)y(s) — x(s)y(s)|
< xIly(t) —y(s)[ + [y (s)][x(t) — x(s)]
< lxflw(y,€) + [lyllw(x,e).
Thus,
w(xy,e) < |x||w(y,€) + [yllw(x,e),
and

w(XY,e) < [X[lw(Y,€) +[[Y[w(X, ¢).
Therefore, we get
wo(XY) = limw(XY, ¢) < || X|ewo(Y) + [[Y[|ewo (X).
This completes the proof. [

Lemma 4. Foranyy € C(I), the unique solution of the hybrid fractional differential equation,

x(t)

CD0+ [f(t,x(y(t)))} = y(t), O0<t<l,

with boundary conditions

1 x (1) »
{f(tfx(ﬂ(t)))}t—o—i_b[f(trx(.”(t)))}t—l '
is given by )
0 = £t 3 o) { [ Gowsas+ 55
where b
(t—s) 1 ——(1—-s)1 , 0<s<t<1,
G(t,s) = — a+b
49 = 1) ERELENCRNTE , 0<t<s<l.

a+b

Here, G(t,s) is called the Green function of the boundary value problem in Equations (4) and (5).

Proof. We may apply Lemma 2 to reduce Equation (4) to an equivalent integral equation

FExuy ~ oyt aek.

Consequently, the general solution of Equation (4) is
x(£) = £(t x (1)) (v (1) + <o)-
Applying the boundary conditions in Equation (5) to Equation (8), we find that
aco +b(I5ry(1) +co) = c.

Therefore, we have

— 1 o
0= b(c —blgy(1)).

4)

Q)

(6)

@)

®)

)
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Substituting the value of cg into Equation (9), we get Equation (6).

(0) = £ xu0) {Bew) - )+ 5 L (10

that can be written as

x(0) = £t x(ue) { [ s+ <5,

where G is defined by Equation (7). The proof is complete. [

Remark 2. From the expression of G(t,s), the function G(t,s) is not continuous on I x I, however the function
t— fol G(t,s)ds is continuous on 1, so it is bounded.

Thanks to Lemma 4, the proposed problem is equivalent to the following integral equation

x(0) = £t x(u)) { [ 69506 x(w)as + -

3. Proof of Main Results
Firstly, we list some assumptions:

(H1) The functions p, v : I — I are continuous.
(H2) feC(I xR, R\{0})and g € C(I xR, R).
(H3) There exists a constant k € (0,1) such that

|f(t,x1) *f(f,X2)| < (‘X1 — X2| + 1)k —1,tel, x1,x €R.
(H4) There exists a continuous nondecreasing function i : R, — (0, +-00) such that
g0 < (lxl), tel xeR..

(H5) There exists ¥ > 0 such that

k |a| +2b| |c|
_ R i B el ot R <
((r+1) 1+M]{|a+bl’(¢x+1)lp(r)+|a+b ="
and ] +2J1 "
al + c
<
it YO g SV

where

M = sup{|f(t,0,0)| : t € I}.
Now, we are in a position to state and prove our main result in this paper.

Theorem 3. Assume that Assumptions (H1)—(H5) hold. Then, the problem in Equation (3) has at least one
solution in the Banach algebra C(I).

Proof. To prove this result using Theorem 2, we consider the operator 7 on the Banach algebra C(I)

as follows
c

Ta(t) = £t x(uio)) { [ 61806 x(vis)as+ |

for t € I. By virtue of Lemma 4, a fixed point of 7 gives us the desired result.
We define operators F and G on the Banach algebra C(I) in the following way:

Fx(t) = f(tx(p(t))),
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and

Gx(t) = [ Gt 9)g(s,x(v(6)))

fort € I. Then, Tx = (Fx).(Gx) for any x € C(I).
We divide the proof into five steps.

Step 1: T transforms C(I) into itself.
In fact, since the product of continuous functions is a continuous function, it is sufficient to prove that
Fx,Gx € C(I) for any x € C(I). Now, from Assumptions (H1) and (H2), it follows that if x € C(I)
then Fx € C(I). Next, we prove that if x € C(I) then Gx € C(I). To do this, let ¢ > 0 be fixed; take
x € C(I) and ty,t; € I with t; — t; < ¢; and assume that t; < t,. Then, in view of Assumption (H4),
we get

C
a+b

AN
\
E

|Gx(t2) — Gx(t1)]| G(tz,s)l[8(s, x(v(s)))lds

+/t2 (t1,5) — G(tz,5)|18(s, x(v(s)))|ds

+tgcm,> Glt2,5)Ig(s, x(v(s)))lds
wwm 211G (t1,5) = Glta,5)|ds
+/ |G i‘1, tz, |d5+/ |G t1,s ) (t2, )|dS)

&+@(< n)+@$4g)

(]
- (zx—i—l
290D,
- (oc—i—l

IN

IN
Hle

~——

(tr —t1)"

W

~—

From the above inequality, we conclude that |Gx(t;) — Gx(t1)| — 0 when ¢ — 0. Therefore,
Gx € C(I). This proves thatif x € C(I) then Tx € C(I).

Step 2: An estimate of || 7 x|| for x € C(I).
Now, let us fix x € C(I), then using our assumptions for ¢t € I, we obtain

(T2 (1) \f@x@@»%&ﬂg@x@@») s + b
L0)| +£(5,0)])
S

IN
]
-
—

Ny

=
~—~
=
—
-
N—
N~—
S~—
|
\vx

1 rtg(s, x(v(s)))l |b| Lg(s, x(v(s)))] c|
X F(zx)/o (f—s)l-a ds+|a+b|r(oc)/o (1—s)la ds+|a+b|}
S[””W”ﬁﬁ‘ﬁﬁ] B P eED,
X{I’(zx) 0 (t—s)l—"‘d |a+b|F / 1—51 « +|a+b|}
< [<|x|+1)k—1+M]{ lal +21b] 'C

ot YD+ g

Therefore,

+2|b| c|
< f =14 m] { 2L
|7l < [(lell + D =1+ }{W+MNa+n¢””“+a+m
By Assumption (H5), we deduce that the operator 7 maps the ball B, C C(I) into itself. Moreover,
let us observe that, from the last estimates, we obtain

|FBy| <(r+1Dk—1+M,
< (11)

120D
1G Bl \alub‘\r(un‘/’( )+ \a+|b\’
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Step 3: The operators F and G are continuous on the ball B;.
In fact, firstly we prove that the operator F is continuous on the ball B;,. To do this, fix e > 0 and take
arbitrary x, y € B, such that ||x — y|| < e. Then, for t € I, we have

(& x(u(8)) = f(Ey(u()))]
(l(u(t) = y(u())] + 1) ~1
(Ilx =yl +1)* -1

(e+ 1)k -1,

[(Fx) () = (Fy)(B)]

VAVARVANI

and, since (e 4+ 1)f —1 — 0 when ¢ — 0, from the above inequality, the operator F is continuous on
the ball B;.

Next, we prove that the operator G is continuous on the ball B,. To do this, we take a sequence
{xn} C Brand x € B, such that ||x, — x|| = 0 as n — oo, and we have to prove that ||Gx, — Gx| — 0
as n — oo. Since g(t, x) is uniformly continuous on the compact I x [—r, 7], we may denote

H =sup{|g(t,x)|: t € [, x € [—r,7]}.

Since y : I — I is continuous, then for any n and t € I, we have |x,(v(t))| < r. Thus, for any n and
t €I, weget
G(t,s)[lg(t xa(v(t))] < HIG(t,5)],  (ts) € Ix 1.

By applying Lebesgue dominated convergence theorem, we get

lim @x)() = Jim [ Glt3)g(s mlvl))ds + —
- Alc(t,s)g(s,x(u(s)))dwaib
- G,

Thus, the above inequality shows that the operator G is continuous in B,. Hence, we conclude
that 7 is continuous operator on B,.

Step 4: We estimate wy(FX) and wy(GX) for @ # X C B,.
Firstly, we estimate wy(FX). Let ¢ > 0 be fixed; since y : I — I is uniformly continuous, we can
find § > 0 (which can be taken with § < ¢) such that, for |t; — 5| < §, we have |u(t1) — u(tz)| < e.
Letx € X and t1,tp € I with |f; — t5| < J < . Then, in view of Assumption (H3), we have

|(Fx)(h) = (Fx)(tr)] (b1, x(u(f1))) = f(t2, x(u(t2)))]

< f(tx(u(t)) — (b, x(u(t2)) |+ | f (B, x(p(t2))) — f(t2, x(pu(t2)))]
< (x(u(t) = x(p(k2)) |+ 1)F = 1} +w(fe)
< (w(x,s)+1)k—1}+w(f,e),
where
w(f,e) =sup{|f(ty,x) — f(tr,x)| s t1,tp €L, |1 —t2| <, x € [—1,7]}.
Thus,

W(FX,e) < [(@(X,e) +1)F = 1] + w(f,e).

Observe that the function f(t, x) is uniformly continuous on the set I x [—r,r]. Hence, we deduce
that w(f,e) — 0as ¢ — 0. Thus, from the above inequality, we conclude

wo(FX) < (wo(X) +1)F - 1. (12)
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Next, we estimate wy(GX). Fix ¢ > 0; since fol G(t,s)ds is uniformly continuous on I, there exists
J > 0 (which can be taken with § < ¢ ) such that, for any t1,t, € I with |t — #| < <,

/01 G(t1,s) — G(ta, 8)|ds <

ﬁ
Thus,
Gx(t2) — Gx(h)| = / G(t1,5) = G(t2,5)[g(s, x(v(s)))|ds
< H/O G(t1,5) — G(to,5)|ds < .
Thus,
(Gx,¢)
Taking ¢ — 0, we get
wo(GX) = 0. (13)

Step 5: We estimate wy(7 X) for @ # X C B,.
From Lemma 3 and the estimates in Equations (11)-(13), we have

wo(TX) = wo(FX.GX) < [|FX|wo(GX) + |GX]|wo(FX)

< [ FBryllwo(9X) + 1GBy, [|wo(FX)

2|b| el
< k_ la] +
< @)+ 1 ~1] {a+b|l‘(o¢+1)1’b<r0)+ @+ 0]
By Assumption (H5), we know that
|a] +2|b| el
_— <1
e om0 o S

Hence,
wo(TX) +1 < (wy(X) 4+ 1)k,

Thus, the contractive condition appearing in Theorem 1 is satisfied with ¢(t) = t + 1, where
¢ € A. By applying Theorem 2, we get that the operator 7 has at least one fixed point in the ball B,.
Consequently, the problem in Equation (3) has at least one solution in B,. This completes the proof. [

4. An Example

Consider the following fractional hybrid problem

3 x(t .
CD5+ |:1+)((()gtl):| = %SIIIX(\/E), tel = [0,1],

x(t) x(t) _
x4 4+ | =2 =0.
[ 1+x(e”)J =0 { 1+|x(5”)|] =1

Corresponding to the problem in Equation (3), we have that f(t,x) = /14 |x|, |g(t, x)| =
%sinx, u(t) = e=Lu(t) = Vta = %,a =b=1c=0M = sup,|f(t0,0)| = 1. It is clear that
Assumptions (H1)-(H2) hold.

(14)
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On the other hand, since the function B(x) = /1 + |x| — 1 is concave (because g’ (x) < 0) and

B(0) = 0, we infer that 8 is subadditive and, therefore, for any t € I and x7, x, € R, we have

If(t,x1) = f(tx2)| = [B(x1) — B(x2)] < B(x1 — x2)
= \/1+|x1—x2|—1.

Thus, Assumption (H3) holds, with k = 1/2.
Moreover, for any t € I and x € R, we have

Hence, Assumption (H4) holds, where (x) = 1x.
Observe that Assumption (H5) is equivalent to

Vi+l r

<1 and — <1,

V7 v

Thus, Assumption (H5)is satisfied for all0 < r < /7.
Thus, all assumptions of Theorem 3 are satisfied, and consequently the problem in Equation (14)

has at least one solution in C(I).
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