Niazi et al. Advances in Difference Equations (2017) 2017:353 ® Advances in Difference Equations

DOI 10.1186/513662-017-1407-8

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Existence results for hybrid fractional
neutral differential equations

Azmat Ullah Khan Niazi'", Jiang Wei', Mujeeb Ur Rehman? and Du Jun'

"Correspondence:
azmatmath@yahoo.com

School of Mathematical Sciences,
Anhui University, Hefei, Anhui
230039, China

Full list of author information is
available at the end of the article

@ Springer

Abstract

We discuss the existence of solutions of initial value problems for a class of hybrid
fractional neutral differential equations. To prove the main results, we use a hybrid
fixed point theorem for the sum of three operators. We also derive the dependence of
a solution on the initial data and present an example to illustrate the results.
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1 Introduction

In the last two decades, many researchers attracted toward the study of fractional differ-
ential equations, motivated by their broad use in mathematical modeling. In the recent
years, the theory of fractional differential equations has been analytically investigated by
a large number of very interesting and novel papers; for some recent development on the
topic, see [1-12] and the references therein.

Fractional calculus has found important applications in different fields, especially in
problems related to acoustics, rheology or modeling of materials, thermal systems, and
mechanical systems. Also, fractional differential equations have been used in models of
biochemistry (modeling polymers and proteins), electrical engineering (transmission of
ultrasound waves), medicine (modeling human tissue under mechanical loads), etc. Thus,
differential and integral equations of fractional order play nowadays a very important role
in describing some real-world phenomena [13-16].

Recently, quadratic perturbations of nonlinear fractional differential equations became a
more interesting topic. Hybrid differential equations are important because they include
several dynamic systems as particular cases. This class of hybrid fractional differential
equations includes the perturbations of original differential equations in different ways.
Much work has been done on the theory of hybrid differential equations; see the mono-
graphs [17-32]. Sitho et al. [27] discussed the existence of solutions by using the hybrid
fixed point theorems of Dhage [24] for the sum of three operators in a Banach algebra for
the following initial value problems of a hybrid fractional integro-differential equations:

*(6)-S1 1Piby (e

D, (MO - o(t,x(1), te] =[0,T),

x(0) =0,
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where D* denotes the Riemann-Liouville fractional derivative of order o, 0 < @ <1, and
1% is the Riemann-Liouville fractional integral of order 8; > 0.

Zhao et al. [26] discussed the existence of solutions under mixed Lipschitz and
Carathéodory conditions for the fractional hybrid differential equation

Dj (77951 = g6.x(0), t€]=[0,T],
x(0) =0,

where D? denotes the Riemann-Liouville fractional derivative of order g with 0 < g <1,
feC( xR,R/{0}), and g € C(J x R, R).
Moreover, the existence and uniqueness of a solution for the problem of type

‘Do x(t) = f (%, DYxy), 0<t<l,

where °D};, and °D}). are Caputo derivatives with 1 <y <2 and 0 < § <1, has already been
proved by Niazi et al. [28] under some boundary conditions.

Motivated by these papers and the fact that the time-delay phenomenon is so common
and certain. Many perturbations depend on both present and past status. Therefore, it
is essential to consider the time-delay effect in the mathematical modeling of fractional
differential equations. However, to the best of our knowledge, it looks like nobody con-
sidered the existence of a solution for the hybrid fractional neutral integro-differential
equation (1). So, in this paper, we discuss the existence of a solution for the initial value
problem for the hybrid fractional neutral integro-differential equation

-2 Iihi(txe)
Dy, [MEEH ) < (0,0 DY), £€T =[0,1]

x(t) = ¢(t), -1 <t<0,

ey

where CDE)/+ and CDg+ are the Caputo derivatives with 0 < § < y <1, I% is the Riemann-
Liouville fractional integral of order ¢; >0, i =1,2,...,m, f € C(J x R,R/{0}), g € C(J x
R,R),and /; € C(J x R, R). Let E = C(J, R) be the space of continuous real-valued functions
defined on J = [0,1]. We define the norm || - || in E for 0 < T <1 by ||x|| = sup{|x(¢); -7 <
¢t <1}. For any ¢ € [0,1], we define x; by x:(0) = x(¢ + ) for 6 € [-7,0]. As a motivation,
problems of type (1) seem to be important in the study of dynamics of biological systems;
see [33].

The paper is organized as follows. In Section 2, we recall some basic definitions. Sec-
tion 3 is devoted to the existence of a solution for the IVP (1). Section 4 ends by proving
the dependence of the solution on the initial value and its uniqueness. In Section 5, an
example is given to explain the applicability of the results.

2 Preliminaries

This section contains some basic definitions and results.

Definition 2.1 ([13]) The gamma function is defined as

o0
') :/ et ldt, o>0.
0
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One of the basic properties of the gamma function is the identity I'(« + 1) = «'(@).

Definition 2.2 ([13]) The Riemann-Liouville fractional integral of order & > 0 of a con-
tinuous function f : (0,00) — R is defined by

1

I"f(t) = m

t
/ (t—s)""f(s)ds, o>0,t>t,
0

where I' is the gamma function, and right-hand side of the equality is defined pointwise
on R*.

Definition 2.3 ([13]) The Caputo fractional derivative for a function f : (0, +00) — R of
order o (n—1 <« < n) is given by
ar 1 t f(n) (S)

DY AR =IY—F(t) = ds, t>0,
oSO =1 2l O =50 | G @ >

where 7 = [«a] + 1 ([«] stands for the bracket function of «).

Throughout the paper, X denotes a Banach algebra with norm || - ||. The space C(J,R)
of all continuous functions endowed with the norm ||x|| = sup,; |x(¢)] is a Banach algebra.
For proving the existence result, we will use the following fixed point theorem.

Lemma 2.1 [24] Let S be a nonempty, closed convex, and bounded subset of a Banach
algebra X, and let P,R : X — X and Q: S — X be three operators satisfying:
(i) P and R are Lipschitzian with Lipschitz constants § and p, respectively,
(i) Q is compact and continuous,
(ili) x=PxQy+Rx=>x€ S forallyeS,
(iv) M + p <1, where M = ||Q(S)].
Then the operator equation x = PxQx + Rx has a solution.

3 Existence result
We will use the following conditions:
(H1) f is continuous, and for any x,y € R,

[f(t, %) = f(&:90)| < Uixe = yell,  where I € [0,1].

(H2) There exist a continuous function u € L*°(J,R*) and a contraction ¢ : R* — R*
with contraction constant < 1 and ¥(0) = 0 such that, for x € R and y € R, |g(£,x,y)| <

w@lxll + lyl) ae, t€].
(H3) The functions /;: ] x R —> R, i=1,2,...,m, satisfy

’hi(t:xt) - hi(tiyt)‘ < ni”xt _yt”’ n; [O: 1]

(H4) There exists ¢ > 0 such that, for u;,v; € R, i =1,2, and s € [0,1], we have

2
(s, 11, 12) — g(s,v1,v2)| <€) Jui —vil.

i=1
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Lemma 3.1 Suppose that 0 < § <y <1 and that functions f, g, h;, i = 1,2,...,m, satisfy
problem (1). Then the function x € R(J,R) is a solution of the hybrid fractional neutral
integro-differential problem (1) if and only if it satisfies the integral equation

B #(0) = 3" Ih(0,$(9)) 1 [t a o s
x(t) —f(t»xt)|: 70,60) + F(y)/(; (t —5)" ' g(s,%5,° Dy x5) ds]

+ Y Fihy(t,x,).

i=1
Proof Applying I” to both sides of equation (1), we get

x(t) — Y ikt x,)  x(0) — Y0 I5h(0,x0) 1 ¢ . -
ft,x5) B £(0,%0) = F(y)/o(t_s)y g(s,%5,° DY x5) ds,

and

x(t) = Y2 bt x)  $(0) = Y7 I9h;(0,¢(0))

St x0) /(0,9(0))

1 t
= WV) /o (t - s)V’lg(s, %,° Dg+xs) ds

for 6 € [-7,0]. Hence

0) = Y7 I%ih;(0, (0 ¢ B
x(6) =f<r,xt>["’( ) ?{01 W))( LN F(ly) fo (- 5" lg(s,xs,Cngs)dS]
+ Zﬂihi(t, x.). (2)
i=1

O

Theorem 3.1 Assume that (H1)-(H3) hold. Assume that there exists a real number v such

that
w(s)(1+ =5 V) mo K
. Fo[N + TG+ 1+2°05 F((,-(ll) 3)
- 1)1+ 3=55)V) o
L-Nl- 55— = X e

‘ $(0)- l'f 1% h;(0,6(6))
where Fy = sup,; |f(t,0)| and Ko = sup,; |hi(£,0)],i=1,2,...,m, N = |ZJ'@{W|’

and

m

RO+ ) | - _m

Ty +1) TG+D " )

1+

i=1
Then problem (1) has at least one solution on J.

Proof Take X = R(J,R) and define the subset S of X as

S={reX:|xl<v}
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where v satisfies equation (3). Clearly, S is a closed, convex, and bounded subset of the
Banach space X. By Lemma 3.1, problem (1) is equivalent to the integral equation (2).
Now we define three operators: P: X — X by

Px(t) =f(t,x;), te], (5)

Q:S— Xby
_9(0) = X I5i(0,4(6))
GO =" F0.00)
+ 1 /t(t—s)y_lg(s, xs,cngS) ds for6 e[-1,0], (6)
'(y) Jo

and R: X — X by

Rx(t) =Y Iihi(t,x), te]. )

i=1

We shall show that the operators P, Q, and R satisfy all the conditions of Lemma 2.1. This
will be achieved in the following series of steps.

Step 1. We will show that P and R are Lipschitzian on X. Let x,y € X. Then, for ¢ € ], we
have

|Px() - Py(®)| = |f (&%) —f(&,7)|
<Ilxs=yell <

0 € [-1,0]
<[l sup |x(t+9) —y(t+8)‘
—T<t+0<1

<1 sup ‘x(t') —y(t’)

—T<t'<1

, t=t+0

= ||Px—Py|| = l|lx—y| forallx,yeX.

Therefore, P is Lipschitzian on X with Lipschitz constant /. Also, for any x,y € X, we have

[Rx(t) - Ry(t)| =

Z[th(t,xt) - Zlcihi(t:yt)
i=1 i=1
—Z 0 (tF(SEL |h (5,%) - h(S,ys)|dS

L—s)rt

= ———n;|l%s — ysll ds
Z 0 F(gl ’

i

" n, t
< Il -yl -
; I'() ¢

i

m

= |IRx — Ryl = Z

lx =yl forallx,yeX.
ST g
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Thus, R is a Lipschitzian on X with Lipschitz constant ;" i { oD
i

Step 2. Now we will prove that the operator Q is completely continuous on X. First, we

show that Q is continuous on S. Let {x,} be a sequence in S converging to a point x € S.

Then by the Lebesgue dominated convergence theorem

- Ei(0,6(6) (o
tim Qs ) - X0 E0 OO i [ D)
SO - YL ERO.60) 1 [ -
T f0,66) ' r(y)/o (£ =57 Yim g(s, % Doy ns) s
(0) Zz llglh (0 ¢(0)) 1 ! Y cny d
7(0,6(0)) )’)/o(t V' gom D) de

= Qux(t)

forall £ € J. Hence, Q is a continuous operator on S. Now we will show that Q is a compact
operator on S. We have to prove that Q(s) is a uniformly bounded and equicontinuous set
in X. By (H2) we have

axto)] - |20 X1 40, 6(6) |

£(0,¢(0))

1 ! _ -1 cnd
+‘F(y)/(t s) g(s,xs, D0+xs)ds
IR L

1
S )/(t o7 1M(S)<I|xs||+r(2 8)||xs||>ds

1 1
To +1)“(S)(1+ r(z—a))V:Kl

for all ¢ € J. Therefore, ||Q| < K3, which shows that Q is uniformly bounded on S. Now,
we will show that Q(s) is an equicontinuous set in X. Let t;,t, € J with f; < £,. Then, for

anyx € S,

1 L
|Qu(tz) — Qx(ty)| < ‘F—/ (ts =) " g(s,%5,° D ;) dis

-1 5
F( )/ (tr—s)"~ (s,xs, D0+xs)ds

< %}/) /:1[(1‘2 —8)" 7 = (t1 - 9)" ] |g (5,5, D) | ds

1
+ o) 1 (t — )" |g(s,%5,° DY) | ds

1 1
< m[(fz)y - () - (2 — 1) |uls) (1 *Teo 5)>(V)

(& — 1) 1
YT D ‘“”(“ r(z—a))(”

1
<

T I'(y+1)

[ - (@) Ju6) (1 o 5)>V’
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which is independent of x € S. As ¢; — £;, the right-hand side of the last inequality tends
to zero. Therefore, it follows from the Arzela-Ascoli theorem that Q is a completely con-
tinuous operator on S.

Step 3. We will prove that hypothesis (iii) of Lemma 2.1 is satisfied, that is, x = PxQy +
Rx = xeSforally e S. We have

x(t)| < |Px(2)]|Qy(6)] + |Rx(2)]

3 $(0) = X7, (0,60 |
= W"“)’H 7(0,6(0))

1 t
) /(; (t - )" "g(s,5,° Dy ys) ds

|

m

> Pyt x,)

i=1

< (f6.x) —f(5,0)] + Lf(t,0>|){N+ ﬁw) (1 - (21_ 5)>(v)}
L[t (t—s)ht
' Z )
x (|his, %) = hi(s, 0)| + |hi(s, 0)|) ds

. "]+ Ko
< st e F) N et (10 s Jo |+

i=1

1 " oniv + Ky
§(lv+Fo){N+F(y+1),u(s)(l r2- ) }+Z §l+1<,

i=1

+

which implies that ||x|| < v, and therefore x € S.

Step 4. Finally, we will show that vM + p <1, that is, (iv) of Lemma 2.1 holds. Since

N +

1 t
I(y) /o (£ =) (s x5 Do) ds

1
=N+ e +1)M()( —F(Z—a))(v)’

using equation (3), we have

M = Q)] =sup

UM+p_lM+Zm
Iu(s)(1 + 25)(1’ "
=INy 00 +ZF§,+1)

=

withv=7andp=3)", T { .- Thusall the conditions of Lemma 2.1 are satisfied, and hence
the operator equation x = PxQx + Rx has a solution in S. In consequence, problem (1) has

a solution on /. This completes the proof. O

4 Data dependence of solution

In this section, we will derive the data dependence of a solution for equation (1).
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Theorem 4.1 Let x and y be two solutions to the fractional hybrid equation (1) with ¢ = ¢,
and ¢ = ¢, respectively. Then we have

HOW+ 55V (v=Fo)(©) 3
"x_yni[l[m T+ D) ]*r(yu)( 25)+ZF¢1+1

i=1
x |¢1 — éall.

Proof Let x and y be two solutions of equation (1). Then from equation (2) we have

|x(t) —y(t)| < ‘j(t,xt)[N + %}/)/0 (t—s)V—lg(s,xs,cngs) ds]

—f(t’)’t)[N + m / (¢ —S)V_lg(s’ys’cDg+ys) dsi|

+ [i[t"hi(t,xt) - iﬂiht(t,yt)} ’

i=1 i=1

t
/ (t— S)V_lg(s, %5, ngs) ds

1
< |ft,x) —f(’f’yt)|[ C'(y) Jo

)

1 t
+f(t;yt) |:1_,— / (t - S)y71 |g(57 xs;c Dg+xs) ds _g(srywc Dg+ys) |:|
0

+Y TSl 8)

i=1 l

Now consider

P lg(t 50 D) - g0 D) < el =i + D= D]

<c (¢ — 8)" g — ys| ds
F()/)/o s =

t
+c /( t — )77 "D x5 = D ys| ds

T'(y)

c c
< — |lx = _ -
=T +1) llc: — el T(y + )I(2—3) ez — el

< ¢ 1 1
< (F(y +1))( * r(2_5)>”¢1“”2”'

So equation (8) implies that

[2(0) = y(®)] < Uz = [N b —— (I + D] /0 (t-s)! ds}

T(y)
0 -0l + ol (55 ) (1+ r g )i ol
+;r, [

<n u(®) + 7V ; F
< |: + W]prl ool + [Ulyell + Fo]



Niazi et al. Advances in Difference Equations (2017) 2017:353 Page 9 of 11

m

1
F(y+1)< r(z—@))]”“’l_‘f””*zr(; Sl

< |:l|:N+ adl 1+ ))Vi| + (v = Fo)(e) (1+ 1 )
I'(y +1) I'(y +1) Ir'e-9)

m

+Zr(a I)}nqx $all. -

i=1

Corollary 1 Under the assumptions of Theorem 4.1, the solution of equation (1) is unique.

Proof Let x and y be two solutions of equation (1). Then from Theorem 4.1 we have that

[lx = y|| = 0 (since ¢ = ¢, = ¢ in this case). Hence the uniqueness. O

5 Example

In this section, we present an example to explain the applicability of the main results.

Example 1 Consider the following initial value problem of fractional neutral hybrid

integro-differential equation:

20l 1
epl, [FOZEL T sy (g 4 e 1)), £e[0,1],

1+smt‘x‘ (9)
x(t) =1, -1 <t<0

with

hit, %) = Joce |

YT A2+ 2i+ )1+ |xl)
and{,—Tl,i—l 2,3,4. Therefore{l—% Ig) :%,Q:%,Q:%,y:%,é:%,
sint sint
[f (&) = f (&, 90)| = ‘(1 + E|xt|> (1 + ED’H)’
sin ¢
= E”xt Yell,
and
1 |t | [yl
hi(t, %) — hi(e, = -
[t ) = kit 3| = G | el 1+ 1yl
< —— % = ¥l
=< 24+i+t”xt yell
From this we get the norms ||/|| = % and ||x;] = 13+2l Moreover,
lp(0)]
hi(0,¢(6)) =
(12 +20) (1 + ¢ (0)1)
1
i=1,2,3,4,

T 12+2)2)
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andthereforeN 1- 17( ) — 17( 5) — Ii( ) — 17( o) By using I°c =
0.0743, (1 + 1557)(v) = 0.4698v, Fo =1, Ko = 0, u(s) = 1. Also, DO

“1 we get N ~

=0.1393. So

r(2 z1r§+1

B[N + Ry | i

> I (y+1) i=1 T(£;+1)
$)1+ a)) mo o
1-NI- l L(y+1) Zi=1 L(gi+1)

implies that v € [0.2242,7.8345]. Hence all the conditions of Theorem 3.1 are satisfied.
Therefore problem (9) has at least one solution on [0, 1].

6 Conclusions

In this paper, we proved the existence of a solution for initial value problem for a class of
hybrid fractional differential equation with delay by using a hybrid fixed point theorem of
Dhage [24] for three operators in a Banach algebra. We also derived the data dependence
of a solution. The main result is well illustrated by an example.

Competing interests
The authors declare to have no competing interests.

Authors’ contributions
The authors read and approved the final manuscript.

Authors’ information
This research had been supported by National Natural Science Foundation of China (nos. 11371027, 11471015, and
11601003).

Author details
'School of Mathematical Sciences, Anhui University, Hefei, Anhui 230039, China. ?Department of Mathematics, School of
Natural Sciences (SNS), National University of Sciences and Technology (NUST), H-12 Sector, Islamabad, 44000, Pakistan.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 1 July 2017 Accepted: 19 October 2017 Published online: 02 November 2017

References
1. Anguraj, A, Karthikeyan, P, Rivero, M, Trujillo, JJ: On new existence results for fractional integro-differential equations
with impulsive and integral conditions. Comput. Math. Appl. 66(12), 2587-2594 (2014)
2. Arshad, S, Lupulescu, V, Regan, DO: L,-Solutions for fractional integral equations. Fract. Calc. Appl. Anal. 17(1), 259-276
(2014)
3. Harikrishnan, S, Prakash, P, Nieto, JJ: Forced oscillation of solutions of a nonlinear fractional partial differential
equation. Appl. Math. Comput. 254, 14-19 (2015)
4. Li, K, Peng, J, Gao, J: Nonlocal fractional semilinear differential equations in separable Banach spaces. Electron. J.
Differ. Equ. 2013, 7 (2013).
5. Rodriguez-Lopez, R, Tersian, S: Multiple solutions to boundary value problem for impulsive fractional differential
equations. Fract. Calc. Appl. Anal. 17(4), 1016-1038 (2014)
6. Wang, JR, Zhou, Y, Fe¢kan, M: Abstract Cauchy problem for fractional differential equations. Nonlinear Dyn. 71,
685-700 (2013)
7. Zhang, Z, Ning, Q, Wang, H: Mild solutions of fractional evolution equations on an unbounded interval. Adv. Differ.
Equ. 2014, 27 (2014)
8. Sheng, J, Jiang, W: Existence and uniqueness of the solution of fractional damped dynamical systems. Adv. Differ.
Equ.2017,16 (2017)
9. Ahmad, B, Ntouyas, SK: Nonlocal fractional boundary value problems with slit-strips boundary conditions. Fract. Calc.
Appl. Anal. 18, 261-280 (2015)
10. Chen, L, Wy, R, Chu, Z, He, Y: Stabilization of fractional-order coupled systems with time delay on networks. Nonlinear
Dyn. 88(1), 521-528 (2017)
11. Chen, L, Wu, R, Cao, J, Liu, JB: Stability and synchronization of memristor-based fractional-order delayed neural
networks. Neural Netw. 71, 37-44 (2015)
12. Chen, L, Liu, C, Wu, R, He, Y, Chai, Y: Finite-time stability criteria for a class of fractional-order neural networks with
delay. Neural Comput. Appl. 27(3), 549-556 (2016)
13. Kilbas, AA, Srivastava, HM, Trujillo, JJ: Theory and Applications of Fractional Differential Equations. North-Holland
Mathematics Studies, vol. 204. Elsevier Science BV, Amsterdam (2006)



Niazi et al. Advances in Difference Equations (2017) 2017:353 Page 11 of 11

14.
15.

16.

17.
18.

20.
21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

Podlubny, I: Fractional Differential Equations. Academic Press, San Diego (1999)

Sabatier, J, Agrawal, RP, Machado, JAT (eds.): Advances in Fractional Calculus: Theoretical Developments and
Applications in Physics and Engineering. Springer, Dordrecht (2007)

Lakshmikantham, V, Leela, S: Differential and Integral Inequalities. Academic Press, New York (1969)

Dhage, BC: On a-condensing mappings in Banach algebras. Math. Stud. 63, 146-152 (1994)

Dhage, BC, Lakshmikantham, V: Basic results on hybrid differential equations. Nonlinear Anal,, Real World Appl. 4,
414-424 (2010)

. Dhage, BC: A nonlinear alternative in Banach algebras with applications to functional differential equations.

Nonlinear Funct. Anal. Appl. 8, 563-575 (2004)

Dhage, BC: Fixed point theorems in ordered Banach algebras and applications. Panam. Math. J. 9, 93-102 (1999)
Dhage, BC: Quadratic perturbations of periodic boundary value problems of second order ordinary differential
equations. Differ. Equ. Appl. 2, 465-486 (2010)

Dhage, BC: Basic results in the theory of hybrid differential equations with mixed perturbations of second type.
Funct. Differ. Equ. 19, 1-20 (2012)

Dhage, BC, Ntouyas, SK: Existence results for boundary value problems for fractional hybrid differential inclusions.
Topol. Methods Nonlinear Anal. 44, 229-238 (2014)

Dhage, BC: A fixed point theorem in Banach algebras with applications to functional integral equations. Kyungpook
Math. J. 44, 145-155 (2004)

Lu, H, Sun, S, Yang, D, Teng, H: Theory of fractional hybrid differential equations with linear perturbations of second
type. Boundary Value Problems, 23 (2013)

Zhao, Y, Sun, S, Han, Z, Li, Q: Theory of fractional hybrid differential equations. Comput. Math. Appl. 62, 1312-1324
(2011)

Sitho, S, Ntouyas, SK, Tariboon, J: Existence results for hybrid fractional integro-differential equations. Boundary Value
Problems, 113 (2015)

Niazi, AUK, Jiang, W, Rehman, M, Pang, D: Boundary value problem for nonlinear fractional differential equations with
delay. Advances in Difference Equations, 24 (2017)

Sun, S, Zhao, Y, Han, Z, Li, Y: The existence of solutions for boundary value problem of fractional hybrid differential
equations. Commun. Nonlinear Sci. Numer. Simul. 17, 4961-4967 (2012)

Ahmad, B, Ntouyas, SK: An existence theorem for fractional hybrid differential inclusions of Hadamard type with
Dirichlet boundary conditions. Abstr. Appl. Anal. 2014, Article ID 705809 (2014)

Ahmad, B, Ntouyas, SK, Alsaedi, A: Existence results for a system of coupled hybrid fractional differential equations.
Sci. World J. 2014, Article ID 426438 (2014)

Ahmad, B, Ntouyas, SK, Tariboon, J: A nonlocal hybrid boundary value problem of Caputo fractional
integro-differential equations. Acta Math. Sci. 36B(6), 1631-1640 (2016)

Abbas, S: Existence of solutions to fractional order ordinary and delay differential equations and applications.
Electron. J. Differ. Equ. 2011, 9 (2011)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Existence results for hybrid fractional neutral differential equations
	Abstract
	MSC
	Keywords

	Introduction
	Preliminaries
	Existence result
	Data dependence of solution
	Example
	Conclusions
	Competing interests
	Authors' contributions
	Authors' information
	Author details
	Publisher's Note
	References


