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This paper studies the existence of solutions for a boundary value problem of nonlinear fractional hybrid differential inclusions by

using a fixed point theorem due to Dhage (2006). The main result is illustrated with the aid of an example.

1. Introduction

The intensive development of fractional calculus in recent
years clearly indicates the popularity of the subject. It has been
mainly due to applications of the subject in various fields such
as physics, mechanics, chemistry, and engineering [1-3]. In
particular, the tools of fractional calculus have considerably
improved the modelling techniques and several important
models describing biological, ecological, and engineering
phenomena are now based on fractional derivatives and
integrals. Another factor attracting the attention of many
scientists is the nonlocal nature of fractional-order operators
which accounts for the hereditary properties of many mate-
rials and processes.

Much of the work on fractional differential equations
involves either Riemann-Liouville derivative or Caputo
derivative; for instance, see [4-33] and the references therein.
However, there is another concept of fractional derivative
in the literature which was introduced by Hadamard in
1892 [34]. This derivative is known as Hadamard fractional
derivative and differs from aforementioned derivatives in the
sense that the kernel of the integral in its definition contains
logarithmic function of arbitrary exponent. Further details of
Hadamard fractional derivatives and integrals can be found
in [2].

In this paper, we study a Dirichlet boundary value
problem of nonlinear fractional hybrid differential inclusions
given by

D"‘(%) €eF(t,x(t)), l<t<e, 1l<ac<2,

x(1)=x(e) =0,
1

where D is the Hadamard fractional derivative, f €
C([1,e] x R,R\{0}), F: [1,e] xR — 9P(R) is a multivalued
map, and P(R) is the family of all nonempty subsets of R.

The main objective of the present study is to establish
an existence result for the problem (1) under Lipschitz and
Carathéodory conditions by applying a fixed point theorem
in Banach algebras due to Dhage [35]. Some recent details on
hybrid fractional differential equations can be found in [36-
40] and the references cited therein. We emphasize that our
work is new in the present configuration and contributes to
the present literature on Hadamard type fractional differen-
tial equations and inclusions [41-44].

The paper is organized as follows: in Section 2 we recall
some preliminary facts that we need in the sequel and Section
3 contains our main result.



2. Preliminaries

2.1. Fractional Calculus

Definition I (see [2]). The Hadamard derivative of fractional
order g for a function g : [1,00) — R is defined as

pla) (o)) "5

n=[q]+1,

Dig(t) =

n-1<g<n,

where [g] denotes the integer part of the real number g and
log() = log, ().

Definition 2 (see [2]). The Hadamard fractional integral of
order g for a function g is defined as

provided the integral exists.

q>0, (3)

Lemma 3. Let y € C([1,e],R). Then the integral solution of
the problem

af x(b) )
DY —" )= , 1 L l<a<?,
(f(t,x(t)) y () cheedcas (4)

x(1)=x(e) =0,

is given by

x (t)

= f(t,x(t)) (ﬁ Lt <log E)a%@ds

~ (log#)*™! % f (108 f)H @ds) ,

tele].
€)

Proof . As argued in [2], the solution of Hadamard differen-
tial equation in (4) can be written as

t Oc—ly(s)
02,
& 5> N s

x(t) = f (6 x (1)) (ﬁ j: (lo
(6)

+¢ (log t)o‘_1 + ¢ (log t)a_2> ,

where ¢;,c, € R are arbitrary constants. Using the given
boundary conditions in (6), we find that

=0, ¢ = —ﬁ r <log E)a%@d& (7)

1 N

Substituting the values of ¢}, ¢, in (6), we obtain (5). O
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Remark 4. It is interesting to note that solution (5) for « =
2 corresponds to the one for a Dirichlet boundary value
problem of Cauchy-Euler type hybrid differential equation:

, d? x (t) d x (t) _
tﬁ<f<t,x<t)>>”E(f(t,xm))‘y(”' ®

2.2. Multivalued Analysis. Let us recall some basic definitions
on multivalued maps [45, 46].

For a normed space (X, | - [1), let 4(X) = {Y € P(X) :
Y is closed}, 2,(X) = {Y e P(X) Y is bounded},
@CP(X) ={Y € P(X) : Y is compact}, and g’cp’CV(X) =
{Y € P(X) : Y is compact and convex}. A multivalued
map G : X — P(X) is convex (closed) valued if G(x)
is convex (closed) for all x € X. The map G is bounded
on bounded sets if G(B) = U, 5G(x) is bounded in X for
all B € 2,(X) (i.e., sup,glsupilyl : y € G(x)}} < oo).
G is called upper semicontinuous (u.s.c.) on X if for each
x, € X, the set G(x,) is a nonempty closed subset of X, and
if for each open set N of X containing G(x,), there exists
an open neighborhood ./, of x, such that G(/#/)) < N.
G is said to be completely continuous if G(B) is relatively
compact for every B € 9, (X). If the multivalued map G is
completely continuous with nonempty compact values, then
Gisu.s.c.ifand only if G has a closed graph; thatis, x,, — x,,
Y, — ¥ and y, € G(x,) imply y, € G(x,). G has a
fixed point if there is x € X such that x € G(x). The fixed
point set of the multivalued operator G will be denoted by
Fix G. A multivalued map G : [0;1] — P4(R) is said to be
measurable if for every y € R, the function

t—d(y,G(@) =inf{|y-z|:z2 € G(1)} 9)

is measurable.

Let C([1,e],R) denote a Banach space of continu-
ous functions from [1,e] into R with the norm |x|| =
SUP;e(10 1X()]. Let L'([1, €], R) be the Banach space of mea-
surable functions x : [l,e] — R which are Lebesgue

integrable and normed by | x[|;: = Le |x(2)|dt.
Definition 5. A multivalued map F : [L,e] x R — P(R) is
said to be Carathéodory if

(i) t — F(t, x) is measurable for each x € R;

(ii) x — F(t, x) is upper semicontinuous for almost all
te(l,el

Further, a Carathéodory function F is called L'-
Carathéodory if

(iii) there exists a function g € L'([1, €], R") such that
IF (& x)ll =sup{lvl:veFEtx)}<g(), (10)

forall x € Rand fora.e. t € [1,e].

For each y € C([1, ], R), define the set of selections of F
by

Sky = {ve L' ([Lel,R):v(t) € F(t, y ()
D)

for ae. t € [1,€] }
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The following lemma is used in the sequel.

Lemma 6 (see [47]). Let X be a Banach space. Let F : [1,e] x
R — P _(X) be an L'-Carathéodory multivalued map,

cp,ev
and let © be a linear continuous mapping from L'([1,e], X)
to C([1, e], X). Then the operator

@0Sp:C([Le],X) — P, ., (C([1,e], X)),

cpicv

S (SF,x)

is a closed graph operator in C([1, e], X) x C([1, e], X).

(12)
x+— (@08p) (x) =

The following fixed point theorem due to Dhage [35] is
fundamental in the proof of our main result.

Lemma 7. Let X be a Banach algebra, let A : X — X bea
single-valued, and let B : X — P, . (X) be a multivalued
operator satisfying the following:

cp,cv

(a) A is single-valued Lipschitz with a Lipschitz constant k,
(b) B is compact and upper semicontinuous,

(c) 2Mk < 1, where M = | B(X)]].
Then either

(i) the operator inclusion x € AxBx has a solution, or

(ii) theset & = {u € X | pu € AuBu, u > 1} is unbounded.

3. Main result

Definition 8. A function x € AC'([1,e],R) is called a
solution of the problem (1) if there exists a function v €
L'([1,e],R) with v(f) € FE(t,x(t)), a.e. on [1,e] such that
D%(x(t)/ f(t, x(t))) = v(t), a.e. on [1,e] and x(1) = x(e) =

Theorem 9. Assume that

(H,) the function f: [1,e] xR — R\ {0} is continuous and
there exists a bounded function ¢, with bound ||}||, such
that ¢(t) > 0, a.et € [1,e] and

[f 62~ f (62| <¢@ x® -y,

ae. t€[le], Vx,y € R;

(Hy) F: [Le] xR — P(R)is Ll-Camthéodory and has
nonempty compact and convex values;

(H;) there exists a positive real number R such that

(2Fy/T (@) | gl

, 14
TTI- el @) |4l "

where 2|loll/T(e)lgl < 1/2, Fy = supte[l)e]lF(t, 0)|.

Then, the boundary value problem (1) has at least one
solution on [1, e].

Proof. Set X = C([1, ], R). Transform the problem (1) into a
fixed point problem. Consider the operator /4 : X — 2P(X)
defined by

Nx(t)

- {h e C([Lel,R):h(t) = f (£ x (1))

X <%oc) Lt <log E)a_lgds

(15)
~(logt)™" r( )
J o) ).
Ve SF)x]» .
Now we define two operators &/ : X — X by
dx(t) = f(t,x(t), telle], (16)
and B : X — P(X) by
Bx (t) = {h e C([1,e],R): h(t)
1 \* v (s)
i b (osy) e
~(l0gt)"! 1= )
J <log ) V(S)

ve SF,X}.

Observe that //(x) = o/ x%Bx. We will show that the operators
9 and 9 satisty all the conditions of Lemma 7. For the sake
of convenience, we split the proof into several steps.

Step 1. o/ is a Lipschitz on X; that is, (a) of Lemma 7 holds.
Let x, y € X. Then by (H,), we have

|dx (t) =y ®)] = |f (t.x () = (£, ()]
<o) |x@®) -y ©)] (18)
< [l |x - »]

forallt € [1, e]. Taking the supremum over the interval [1, e],
we obtain

[t = atry| <l Ix -yl (19)

for all x,y € X. So o is a Lipschitz on X with Lipschitz
constant [|¢].

Step 2. The multivalued operator 9 is compact and upper
semicontinuous on X; that is, (b) of Lemma 7 holds.



First, we show that % has convex values. Let u;, u, € Bx.
Then there are v, v, € Sg, such that

u; (t) = l“(l ) Jt <log£>ailv"T(S)ds

s [ (g ) s

i=1,2,t€[l,e]. Forany 0 € [0, 1], we have

(20)
~ (logt)

Ouy (1) + (1 - O) u, (1)

1 ¢ £\ [Ouy (s) + (1= 0)u, (s)]
= m J (log ;) X ds

(o)
Je (10g ) [0”1 () +(1-0)u, (5)]

N

= ﬁ Lt <log E)a_l@ds

o o)

where v(t) = 0v,(t) + (1 - 0)v,(t) € F(t,x(t)) forallt € [1,e].
Hence 0u,(t) + (1 — O)u,(t) € Bx and consequently Bx is
convex for each x € X. As a result % defines a multivalued
operator B : X — P_(X).

Next we show that 9 maps bounded sets into bounded
sets in X. To see this, let Q be a bounded set in X. Then there
exists a real number r > 0 such that ||x|| < r, for all x € Q.

Now for each h € Bx, there exists a v € Sp such that

a1 1 e< e)"‘lv(s)
—_— log - —d
() L °8 s s
Then, for each t € [1, e], using (H,) we have
o \* v (s)
\Bx ()] = Ir( ) j (log ) g

~log)" " | (1og o) "q

(
< ﬁ J;t (log E)a_lgds (23)

~ (logt)*™!

(21)

~ (logt)

(22)
~ (logt)
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This further implies that

Al < mllgllp, (24)

and so B(X) is uniformly bounded.

Next we show that 98 maps bounded sets into equicon-
tinuous sets. Let Q be, as above, a bounded set and h € %Bx
for some x € Q. Then there exists a v € Sy such that

h(t) = l“(l ) Jt <log£>ail¥d5

a1 1 (© e\* 1y (s)
m Jl <10g ;) TdS, re [1,6] .
(25)

— (logt)

Then, for any 7;, 7, € [1, e], we have

_h(Tl)l
”g"L1 n 7, \* "1 2 7,\* "1
<t [l (s ) s [ (e ) s

T T'(w)
lgll '(logTz)a_l - (lOng)a_l| Je e\* 11
+ <log —) —ds
I'(@) 1 N s

|h (1,)

”g"Ll n 7\ 7,\*1] 1
) J [(‘Og:) ~(1082) ];ds
Il [ (=7, 5\ "1
" T J <1°g ?) s

gl '(logrz)m_1 —(logrl)‘H| Je ena-1]
+ <log—) —ds.
I'(a) 1 s s
(26)

Obviously the right hand side of the above inequality
tends to zero independently of x € Qast, —t;, — 0.
Therefore, it follows by the Arzeld-Ascoli theorem that & :
X — P(X) is completely continuous.

In our next step, we show that % has a closed graph. Let
x, — x,,h, € B(x,) and h, — h,. Then we need to
show that h, € 9. Associated with h,, € %B(x,,), there exists
v, € Sp, such that, for eacht € [1,e],

0=t o) 50

s [ (o) e

Thus it suffices to show that there exists v, € Sp, such
that, for each t € [1,¢],

h, (t) = r(l ) Jt <log£>a_1V*T(s)ds

ek [ )

(27)
~ (logt)

(28)
~ (logt)
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Let us consider the linear operator ® : L'([1,e],R) —
C([1, €], R) given by

t t a—1 v (S)
o 1 e a—1
— (logt) 17) L <log ) 40 s.
(29)
Observe that
I, @) = b, (t)||
)”‘ L, (s) - v, (S))
r (oc) s
~ (log#)*™ (30)

r()
<[ (108)" L ALH2 (), “_,o,

1

as n — 0.

Thus, it follows by Lemma 6 that © o Sy, is a closed graph
operator. Further, we have h,(t) € ©(Sg, ). Since x, — x,,
therefore, we have

1 t\* v, (s)
- 1 _> e\
I'(x) L < °8 s s ds
11 e( e)“‘l v, (s)
— log - ——2d
() L 8 S s s
for some v, € Sg, .

Asa result we have that the operator A is compact and
upper semicontinuous operator on X.

h, (t) =
(31)

— (logt)™

Step 3. Now we show that 2Mk < 1; that is, (c) of Lemma 7
holds.

This is obvious by (H;) since we have M =
sup{|Bx| : x € X} < 2/T(@)lgll;, and k = [|¢]l.

Thus all the conditions of Lemma 7 are satisfied and a
direct application of it yields that either conclusion (i) or
conclusion (ii) holds. We show that conclusion (ii) is not
possible.

Let u € & be arbitrary. Then we have, for A > 1, Au €
Au(t)Bu(t). Then there exists v € Sg , such that, for any A >
1, one has

IBCXOI =

u(t) = A" [f(tu)
(e
gt (2 00

—(logt)

forall t € [1,e]. Then we have

lu ()] < A7 f (8 u ()]

(et

[ e\ v (s)l
gt s | (1og ) as)
<[|f Gu@) - f&0]+|f ¢0)]

<r(1 )Jt(log_>“ 1|V§S)|ds
SRR

2
< [l tleell + F, ] m"g“p’

+ (logt)

(33)

where we have put F, = sup,[, ,
we have

)1 f (2, 0)|. Then with [lul =

__CRT@)|gly
T 1= (2¢) /T @) gl

Thus condition (ii) of Lemma7 does not hold by (14).
Therefore the operator equation &/x%x and consequently
problem (1) have a solution on [1,e]. This completes the
proof. 0

(34)

Theorem 10. Assume that (H;) holds. In addition, one sup-
poses that

(H2) there exists a continuous nondecreasing function y :

[0,00) — (0,00) and a function p € C([1,e],R")
such that
IEt, )l = sup {|y| : y € F (t, )} 5)
<p@®)w(lx]) for each (t,x) € [l,e] xR
(H3) there exists a constant r > 0 such that
CR/T@) v 0 -
T 1@ T @) [plv ()
where
2]
by < @)

and Fy = sup,¢(, ,1|F(t,0)].

Then the boundary value problem (1) has at least one
solution on [1, e].

Proof. The proof is similar to that of Theorem 9 and is
omitted. O



Example 11. Consider the boundary value problem

D32 [ x (£)
(1/12) el *tan~lx + 2

] eF(t,x(t)), 1<t<e,

x(1)=x(e) =0,
(38)

where F: [1,e] xR — P(R) is a multivalued map given by

t— F(t,x) =

x| |sin x| 8
3 , - —1. (39)
10 (Jxf +3) 9 (Isinx|+1) 9

By condition (H,), ¢(t) = e /12 with ¢l = 1/12. For
f € F, we have

'ﬂ < max Il Isin ] +§ <1
N 10 (|xf* +3) 9(sinx[+1) =9 )~

x €R,
IF (£, )l =sup{|y| : y e F(t,x)} <1=g(), xeR.
(40)
Clearly,
2|glllgly _ -1 1
= = 0.323146 < — 41
T (a) 3V =2 ()

and R > 24(e — 1)/(1 + 3+/m — e). Hence all the conditions
of Theorem 9 are satisfied and, accordingly, the problem (38)
has a solution on [1, e].
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