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We investigate boundary value problems for a coupled system of nonlinear fractional differential equations involving Caputo
derivative in Banach spaces. A generalized singular type coupled Gronwall inequality system is given to obtain an important a
priori bound. Existence results are obtained by using fixed point theorems and an example is given to illustrate the results.

1. Introduction

Fractional differential equations involving the Riemann-
Liouville fractional derivative or the Caputo fractional
derivative have been shown to be very useful in the study of
models of many phenomena in various fields of science and
engineering, such as physics, chemistry, biology, signal and
image processing, biophysics, blood flow phenomena, control
theory, economics, aerodynamics and fitting of experimental
data. For more details, see, for example, [1-6].

In recent years, many researchers paid much attention to
the coupled system of fractional differential equations due to
its applications in differential fields. The reader is referred to
the papers [7-11] and the references cited therein.

Up to now, there are fewer results of fractional differential
equations with boundary conditions in infinite dimensional
spaces than in finite dimensional spaces. Recently, Wang et
al. [12] investigated the existence and uniqueness of solutions
for a fractional boundary value problem involving the Caputo
derivative in Banach space as follows:

ED?y(t)=f(t,y(t)), 0<a<l, te]=10,T],
ax (0) +bx (T) =c,

which extended the earlier work [13], where OCD;" is the

Caputo fractional derivative of order o, f : J x X — X,

where X is a Banach spaces and a, b, and ¢ are real constants
witha+b # 0.

To the best of our knowledge, there is no effort being
made in the literature to study the existence of solutions
for a coupled system of fractional boundary value problems
involving the Caputo derivative in Banach space. Motivated
by the above-mentioned works, in this paper, we study
a coupled system of fractional differential equations with
boundary conditions of the type

CDfx ()= f(tx(t),y(®), O0<a<l, te]=[0,T],

€ B
oDiy®)=gtx®),y®), 0<B<1, te]=1[0,T],
ax (0) + bx (T) = p,

cy(0) +dy(T) = g,
2)

where (?D‘tx and OCDf; are the Caputo fractional derivatives of
order aw and B, respectively, f,g: Jx X xX — X, where X is
aBanach spacesand a, b, ¢, d, p, and q are real constants with
a+b# 0andc+d # 0. We will apply Schaefer fixed point
theorem, nonlinear alternative of Leray-Schauder type, and a
new singular coupled Gronwall inequality system given by us
to establish the existence of solutions for BVP (2).

This paper is organized as follows. In Section 2, we recall
some preliminary facts that we need in the sequel, and we
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give a generalized singular type coupled Gronwall inequality
system which can be used to obtain an important a priori
bound. In Section 3, we give two existence results of the
problem (2) which is based on two fixed point theorems,
respectively. Finally, an example is given to illustrate the
results in Section 4.

2. Preliminaries

For the convenience of the reader, we first briefly recall some
definitions of fractional calculus; for more details, see [1, 2, 5],
for example.

Definition 1. The Riemann-Liouville fractional integral of
order « > 0 of a function u : (0,00) — R is given by

ut) = I (t = ) 1 (s) ds 3)

T ()

provided that the right side is pointwise defined on (0, co),
where I'(-) is the Gamma function.

Definition 2. 'The Caputo fractional derivative of order y > 0
of a function u : (0,00) — R can be written as

Corumo L [ u”)
PO ) L T

n-1l1<y<n
Definition 3. The Mittag-Leftler function in two parameters
is defined as
o) k

z
Ea,ﬁ (2) = kgom, (5)

where a > 0, > 0,and z € C; C denotes the complex plane.
In particular, for $ = 1, one has

[e) zk
By (2) = Eq (2) = kzom (6)

The Laplace transform of Mittag-Leffler function is

B-1 _ s 1/
LA Ey g (-M%)} = 7 (%(s)> "), @
where ¢ and s are, respectively, the variables in the time
domain and Laplace domain; Z{-} stands for the Laplace
transform.

Throughout this paper, let C(J, X) be the Banach space of
all continuous functions from J into X with the norm ||x| :=
sup{llx(®)|l : t € J}. Let E = C(J, X) x C(J, X) be the Banach
space endowed with the norm as follows:

V(x,y) € E. (8)

Now, we give the definition of the solution for problem

(2).

1, )| = max {llxl, [ ¥]}
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Definition 4. A (u,v) € E is said to be a solution of a coupled
system of fractional BVP (2) if (u,v) satisfies the system

SDEx(t) = f(t.x(0), y(8)), SDfy(t) = gt.x(t), y(t)) on ]
and the conditions ax(0) + bx(T) =p,cy(0) +dy(T) =q

By Lemma 3.2 in [14], we have the following.

Lemma 5. (x,y) € E is a solution of the fractional integral
system

x(t) = l"(loc),[ (t- 5)“‘1f(5’x(5)>y(5))d5—$
[ —5)" lf(57x(5)>y(5))ds—p],

y(t) = j(t—s)ﬁ g(s,x(s), y(s))ds—;

(/5) c+d

(T—s)ﬁlg(s x(s),y(s))ds—q ]
)

Wang et al. in [15] gave a generalized Gronwall inequality
as follows.

[l

Lemma 6. Let y € C(J, X) satisfy the following inequality:
t T
y@l<a+s| @ do+c| ly@f" o
(10)
t A L
d Dol dove | Iyl an rey,
where A;,A; € [0,1], A,,A, € (0,1), a,b,c,d,e > 0 are

constants, and ||ygllz = supy,plly(s)ll. Then there exists a
constant M* > 0 such that

ly @] <M". 1)

By using the above generalized Gronwall inequality, we
now give the following generalized singular type coupled
Gronwall inequality system.

Lemma 7. Let x, y € C(J, X) satisfy the following inequality
system:

lx ()l < a + by jo (t— 9" x (o) ds
Jt a—1 Ay
+q . (t—2s) ||y(s)|| ds
T A
d, jo (T - x (o) ds
T
+e Jo (T - s)”‘_l ||y (s)||)LZ ds,
t 1
ly ®] < a+b, L (t = P x (o) ds

vy [ -9 Iy as
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T
+d, j (T - 9P x (9)“ ds
0

T
+e, Jo (T - s)‘B_1 ||y (s)“”2 ds,
(12)
where o, § € (0,1), A;, y; € [0,1/2), and a;,b;,¢,d;,e; > 0

(i = 1,2) are constants. Then there exists a constant M* > 0
such that

[lx @) < M, ||y(t)|| <M". (13)
Proof. Let
(L x@ls1,
ule) = {x(t), @l > 1,
(14)
_n ly®l <1,
v {y<t>, ly ] > 1.
By (12), we have

t
lu@®l<a,+1+b J (t- s)”‘_1 ||u(s)||’\1 ds
0

t
‘e j (t =% v ()™ ds

0

T
vy [ -9 ™ ds

' (15)
‘e, L (T = v (o)™ ds
<A+ B [ =9 [P + vl ds
T A A
+C | @9 [l + 1] ds
() <ay+1+b, L (t— 9P u (91" ds
t 1
e, L (t = P v (5)] ds
T
+d, L (T - F Ju (I ds
(16)

T
‘e, L (T — P v ()] ds
< A,+B, jo (6= P [l () + v (9)1¥] ds

T
i C, jo (T = P [l O + v (9I¥] ds,

where A; = a;+ 1, B; = max{b;, ¢}, C; = max{d,, ¢;} (i = 1,2),
A = max{A,, A,}, and y = max{y,, u,}. It is easy to know that

A+’ <2@+b)?, 6€1), ab>0. (17)

Adding (15) to (16), we get by Cauchy inequality and (17) that
(0 = max{A, u})

lu @)1 + 1y ()]
SA +HA+ Jt [Bl (t—s)*" + B, (t—s)ﬁ_l]
0
x (lu@I° + v ()1°) ds
' _ el _ p-1
[ fa@-g v -]

x (lu@I° + v ()I”) ds

t 1/2
SA +A,+ (L [By (t -9 + B, (t- s)f“]2 ds)
t 1/2
) 0 %
(], (reon” +wen’)'as)
+ (JT [C (-5 4G (T -] ds>
0

T , 2
([ (uen? sy as)

t
<A +A,+ (J [B] (t - 9"V + 2B, B, (t — 5)*F
0

1/2

1/2
+B§ (t - s)z(ﬁ_l)] ds)

t

-2 L (Nl (I + v ()N ds
T

+ (J [C} (T = )"V +2C,C, (T - 5)*F7
0

1/2

+C§ (T - s)z(ﬁ_l) ] ds)

T 20
"2 J (lu I+ v ()™ ds
0

2
< 141 + A2 +2 Bl T20(—1 Z’BIBZ T0t+ﬁ—1
200 -1 a+f-1
1/2
B
D2 p2p-1
261
! 20
X L (et (I + v ()N ds
+2 Cf T20¢71 + 2C1C2 Toc+ﬁ71
200 -1 a+f-1
/2
c '
2 2p1
2 -1

T

X J (lu ()1 + v ()Y ds.
0
(18)



From Lemma 6, we obtain that there exists M* > 0 such that
lu@®l + vl < M*. Thus,

Ix O < lu @l + v ©l < M7,

ly @l < lu @l +lv@)ll < M*.

(19)

O

Theorem 8 (Schaefer’s fixed point theorem [16]). Let F :
X — X completely continuous operator. If the set

E(F) = {x € X : x = AFx for some A € [0, 1]} (20)

is bounded, then F has fixed points.

Theorem 9 (Nonlinear alternative of Leray-Schauder type
[17]). Let X be a Banach space, D a closed, convex subset of X,

U an open subset of D, and 0 € D. Assume that o/ : U — D
is a continuous and compact map. Then either

(i) & has fixed points or
(ii) there exists u € OU and A € (0, 1) with u = Ao/ (u).

3. Main Results

In order to obtain main result, we make the following
assumptions.

(HI) The functions f,g: ] x X x X — X are continuous.

(H2) There exist constants A, A,, y;, 4, € [0, 1/2) such that

+[y[").
lg (&%, )| < My (1+ ] + |y]), (21)

Vte], x,yeX.

1f (6 )] <y (14 ™

(H3) For each t € ], the sets
K, = {(t =) f(s,x(s), y(s)) :

x,yeC(],X),se[O,t]}, .

K, = {(t—s)'g_1 g(s,x(s),y(9):

%,y €C(J,X),s € [0,1]}

are relatively compact.

Define the operator F : E — E as follows:

F(x,y) () :=(F (x,y)(0),F (xy)®), (23
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where
Fy (x, ) (t)
1 o )
I‘_J =) 1 S’x(s),y(S))ds—m
b ! a—1
[r_ (T )7 f(s,x(s), y(s))ds - ]
:ﬁjo(t—s)/iflg(s,x(s),y(s))ds_ﬁ

J (T—s)ﬁlg(s x(s),y(s))ds—q ]
(24)

[ r(p)

It is easy to know that the existence of solution of the
coupled fractional BVP (2) is equivalent to the operator F
having a fixed point on E.

Theorem 10. Suppose that (H1)-(H3) hold. Then the coupled
fractional BVP (2) has at least one solution on J.

Proof. We will use Schaefer’s fixed point theorem to prove
that F has a fixed point. The proofis divided into several steps.

Firstly, F is continuous. Let {(x,,, y,)} be a sequence such
that (x,, y,) — (x, y)in E. For each t € ], we have

IFy (% y0) () = Fy (3, ) 0]

1 ! a-1
< m L (t—s)

X[ f (5%, (8) 3 () = £ (5% (5), y (5)] ds

R L
la+0b|T (x)

T
x Jo (T — )"
X || f (5%, (5)5 ¥ (8)) = f(s,x(s), y(s))| ds

JT (T -s)** ds]

1 a-1 1]
SF(oc)“ (=9 s+ 270 )y
X"f "xn’yn)_f("x’y)"
Ta
= 1"(064'1)< |a+b|> 1 €)= £ G20
(25)
Similarly, we obtain
”FZ (xn’ yn) (t) - F2 (x’ }’) (t)“
Ll i o
< v (14 o) oG - g Gl
(26)
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Since f, g are continuous ((H1)), we have by (25) and (26)
that

I1E, (00 ) = Fy (5, )| — 0,
”FZ (xn’yn)_FZ (X,y)" —0 (27)
as 1 — Q.

Thus, we get

IF (%, ¥u) = F(x, )| — 0, asn— oo. (28)

Secondly, we will prove that F maps bounded sets into
bounded sets in E.

By (H2), for any m > 0, we have for each t € Jand (x, y) €
B, ={(x,y) € E: |(x, y)| < m} that

IF, (. 7) 0]

A |b|
F(oc) J =) |f (s,x(s), y(s))| ds + WTbr@
T
X Jo (T -s)** [f (s;x(s), y(5))| ds + a|i)|b|
M a-
F(l)j (-9 (1 Ix@I" + |y ) ds
N |b] M,
la+0b|T (x)
T a—1 A A
x JO (T =9 (1+ e O + |y @) ds
||
la + b|
_ Ml ! _ el | | _ el
) L (t—9)" ds+ —| bT @) J (T-9)""ds
|P| a—1 A
Pl i j (t- 9 Ix I ds
M, [t . i
fr ] T ol
|b|M a—1
+ mj (T -s) ||x(s)|| ds
|b|M a—1
" la+0b|T (x) J (T-s) ”J’(S)“
M,T* bl M lp| M TmM
"T(x+1) Ja+b|T(aw+1) Ja+bl T(ax+1)
M, T*m"  |b| M, T*m™
IF(a+1) J|a+bT(a+1)
|b| M, T%m™>

— =N,
la+b|T (a+1) !
(29)

which implies that || F,(x, y)Il < N;. Similarly, we can obtain
that ||F,(x, ¥)|| < N,, where

N M,TF |d| M, TP la  M,TPm*
2 F([3’+1) c+d|T(B+1) lc+d| T(B+1)
M,TPmt> |d| M,TPmt |d| M, TPmt
T(B+1) |c+d|IT(B+1) |c+d|T(B+1)
(30)
Thus, we get
IF (e y)l < max {Ny, N} €)

Thirdly, F maps bounded sets into equicontinuous sets of
E.Let0<t, <t, <T,(x,y) € B,,. By (H2), we have

[F, (x, %) (t,) = Fy (x, 9) (1)
< i T ==
x|f (s.x(5),y ()| ds

F()J

" T'(w) J [( e
X (1 +x ()M + ||y(s)||/\2)ds

YIS (5. (), v (9))] ds

- (t, - S)DH]

L (b =) (Lo I @IM + |y 9" ) ds

F ()
tl
< ( 1) (1+m" +m™) J- [(t, =) = (t,—5)" ] ds
0
t
L (1+mM +mh J t,—s) ' ds
(a) ( ) ‘) ( 2 )
M, AL
< F(oc+1)(1+m +m )
<[ -5l +2(t, - 1) — 0, ast, — 1.
(32)
Similarly, we obtain
|E; (x, y) (t;) = F (x,y) (1)
(1+m" +m")
r(/s 1) (33)
x [|tf —tf‘ +2(t —tz)ﬁ] —0, ast, — t.
Hence, F is equicontinuous.
Let {(x,, y,)},n =1,2,..., be a sequence on B,,, and
Fl (xn’ yn) (t) = G1 (xn’ yn) (t) + G2 (xw yn) (T) > te ]’

FZ ('xn’ yn) (t) = Hl ('xn’ yn) (t) + H2 (xn’yn) (T) > te ]’
(34)



where

G1 (xn’ yn) (t)

- (35)
=ﬂaj U f (5.2, (), y, (9))ds, £ e,
G2 (xn’ yn) (T)

1
a+b

b ! a1
) [WL (T=9)"" f(5%,(5), 5 (s))ds = p

Hl (xn’ yn) (t)
1

“T(B)

HZ (xn’ yn) (T)
1

F

According to the condition (H3) and Mazur Lemma [18],
we know that convK] is compact. Forany t, € J,

J'(t—s)ﬁ1 (8, %,(8), y,(8)ds, te],

T
J (T - s)f? g (s, x,(s), y, (5))ds—q] .

(B) Jo
(36)

Gy () (1) = s || (0= (55,03 () s
t,
= T
(37)
where
e im 3 (-5 ) (Geon () ()
(38)

Since convK; is convex and compact, we have that &,
convK,. Thus, for any t, € ], the set {G,(x,, y,)(t,)} is
relatively compact. From Ascoli-Arzela theorem [17], every
{G,(x,,, y,)(t)} contains a uniformly convergent subsequence
{Gl(xnk, ynk)(t)}, k=1,2,..., 0onJ. Hence, the set {G,(x, y) :
(x,y) € B,} is relatively compact. Similarly, one can
obtain that {G,(x,, y,,)(T)} contains a uniformly convergent
subsequence {Gz(xnk,ynk)(T)}, k = 1,2,.... Thus, the set
{F,(x,y) : (x,y) € B,,} is relatively compact. Similar to the
above process, we can get that the set {F,(x, ¥) : (x, y) € B,}}
is relatively compact. Thus, the set {F(x, ), (x, y) € B,} is
relatively compact.

From the above three steps, we can conclude that F is
continuous and completely compact.
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Finally, we will show that the set
E(F)
={(x,y) € E: (x,y) = AF (x, y), for some A € (0,1)}
(39)

is bounded.
Let (x, y) € E(F); then (x,y) = AF(x, y) for some A €
(0, 1). Hence, for any ¢ € ], we obtain

x (t)

_ _ ocl _;
= ( ()j( f(sx(s),y(s))ds 3

b T a—1
[r_ T-5) f(s,x(s),y(S))dS—PD’

= (mj (t —s)P! (s,x(s),y(s))ds—ﬁ
[ (T—s)ﬁ (s,x(s),y(s))ds—q]).
(40)
For each t € J, we obtain
M,T®
I'(x+1)

|b| M, T* |p|

DIl <
IOl < A+ bT(@+1)  |a+b|

+

&)LU—$*WM®NMm

M a—1
F( )J(t s) ||y(5)|| ds

Ml |b| T a-1 A
ETHHEL(T*)'”@”dS

M (T enr
P e Ml 195 P

M,TFP (4D

1“(/3+1)

|d| M, T? l4]
c+d|T(B+1) |c+d|

ly @] <

M,
()ju—aﬁWM@mmm

1\(4/3) J (t - s)ﬁ ! ||y(s)||“2 ds

M, |d|
+
c+dIT(B)
M, |d|
+ —_—
lc+d|T(B)
By Lemma 7, there exists a M* > 0 such that
el <My ®] < M7,

ja—&lwwwm

J (T - )P |y (9)|"* ds.

telj. (42)
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Hence for any t € ], we obtain

G I

which implies that the set E(F) is bounded. From Theorem 8
(Schaefer’s fixed point theorem), we have that F has a fixed
point which is a solution of the fractional BVP (2). O

= max {|lx], |y} < M, (43)

Next, we give the second result of this paper, which applies
Theorem 9. We firstly introduce the following assumption.

(H4) There exist functions h;,k; € L*(J, X) and nonde-
creasing functions ¢, ¥; : X — X (i = 1,2) such
that

If (. 9)]| < by () @y (lxl) + By () @5 ([5]]) »
(x,y) € E,
lg (&, %, y)| < ket @)y (lxl) + &, @ v (I9])
(x,y) € E.

forte],
(44)

forte],

For convenience, let

T b
A, = s max [ K e+l )

T d
A= e g Bl Bl 9

@ (t) = max {max {g; (), 9, (t)}, max{y, (t),v, (t)}}.

(47)

Theorem 11. Let (HI), (H3), and (H4) hold. Assume that there
existsr > 0, with

r

AP +B (48)

where

el lal
la+b| |c+d|] "’ (49)

A=max{A,A,}, B= max{

Then problem (2) has at least one solution.

Proof. Firstly, we prove that F maps sets into bounded sets
in E. Let D be a bounded subset of E. For each t € J, and
(x, y) € Dwith [|(x, )| <7 (r > 0), we have

IE, () O]
. |6
W)j =9 | (o x @y O ds+ s
J (T =) f(s,x ),y ()| ds + | |f|b|

7
<z (“) 91 (Ixl) + | o 2 (I¥D]
! a-1 |b|
X JO (t—s)" " ds+ m
X (171 o0 @1 Uxl) + [l oo @2 (|]D)]
T a—1 |pl
X JO (T - S) ds + m
T b
< i o {1 Ul + ale)
wmax oy (I -0 I D} + 120
(50)
which implies that
17, G )l = 4y mas g (e 3D I D) + 20
(51)
where A, is as in (45). Similarly, we have
[E (e, )] < A max {yy (| 2)1) s (I 2)D}
la &
lc+d|

where A, is as in (46). Combining (47), (51), and (52), we
obtain

IF (. 9) < A® (|(x, »)|) + B< AP () + B, (53)

where A and B are as in (49). This implies that F(D) is
bounded in E.

Secondly, we claim that F is continuous and completely
continuous. The proof of this claim is the same as the
corresponding part in the proof of Theorem 10 by the
conditions (H1), (H3), and (H4).

Finally, let (x, y) = vF(x, y) for some v € (0, 1). Then for
any t € J, we have by (53) that

[lCx P
A® ((x »)]) + B~

By (48), we know that there exists r > 0 such that [|(x, y)|| # 7.
Let

(54)

={(xy) € E:|(x. )| <} (55)

From the choice of U, there is no (x,y) € 0U such that
(x,y) = vF(x, y) for some v € (0, 1). Therefore, Theorem 9
guarantees that F has a fixed point (x, y) € U which is a
solution of (2). This completes the proof. O

4. An Example

In this section, we give an example to illustrate the main
results.



Example 1. Consider the following fractional boundary value
problem:

e @M 2y @)
T @)@t x@D A+ ]y @)

te]:=[0,1],

C

o DY x (t)

t

O<ac<l,

t+sint |x (£)[" + cost |y (t)
e 2+lx@N(1+]y®)])
0<p<1, te]:=][0,1],

|.“2

€8

oDy y () = > (56)
x(0)+2x(1) =0,
y(0)-y(1)=0.

Set

1+ VExM o+ 2 |y|/\2
(L+e)(L+1x])(1+]y])

(t,x,y) € T x [1,2] x [1,2],

f(t.xy)

(57)
t+sint |x|" + cost |y|“2

et (2+|x]) (1 +|y])

(tx,y) € T x[1,2] x [1,2].

gtxy) =

>

For eacht € J and (x, y) € [1,2] x [1,2], we have

1+ VE|x + 2 [y
(L+e)(L+|x))(1+]y])

é (1 + |x|)Ll + |y|A2) ,

1+ [sint| |x|* + |cost]|y|*
et 2+ |x])(1+ |y|)

|f (t,x, )| <

IN

(58)

lg (t.x,y)| <

IN
A=

(1 + x| + |y|“2).

On the other hand, we easily see that

Jt et LSl E@M+ |y )"
(t-s) s
0 (L+e)(L+]x©N) 1+ |ye))
< Lt (t— )" <% + 4—11\/3+ le52>ds
L, F(cx)F(3/2)ta+1/2 I'(a)T(3) o2
8a 4T (x + 3/2) 4T (x + 3)
1 T(@TI3/2) I ()
T 8x 4Al(a+3/2) 2T (ax+3)

|.‘"2

Jf . s)B_l s+ [sins| |x (s)|" + |coss| |y (s)
0 e2+x6s))(1+]ys))

Journal of Applied Mathematics
t (s 1 1
< I (t - )P (—+—+—>ds
0 6 2 3

r(ﬁ)r(z)tﬁ+l+itﬁ

T 6T (B+2) 6/3
rp .5

“er(B+2) 6B

(59)
Thus the sets
K, = {(t—s)“_l L Sl @f ey ot
(L+e) 1+ xS (1 +]y))

x,y€C(J,[1,2]),s € [0,t] } ,

(60)

|I42

P RN +|sins| |x (s)[* + |coss| |y (s)
: {(t J T e kO O]

x,ye€C(J,[1,2]),s € [O,t]]>

are bounded and closed which implies that K; and K,
are compact. Hence, all the assumptions in Theorem 10
are satisfied. By Theorem 10, the fractional boundary value
problem (56) has at least one solution.
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