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Abstract

In this paper we prove the existence and unigueness of solution for a boundary value
problem of fractional order involving two Caputo's fractional derivatives. Our
investigation is based on Holder's inequality together with Banach contraction
principle and Schaefer’s fixed point theorem.
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1 Introduction

Boundary value problems for fractional differential equations arise from the study of mod-
els of viscoelasticity, electrochemistry, control, porous media, electromagnetic, etc. (see [1,
2] and [3]). Therefore, they have received much attention.

The existence theory for initial value problems involving fractional derivatives has re-
ceived considerable attention during recent decades, we mention, for example, [4—7] and
[8]. However, quite recently, the theory of boundary value problems for fractional differ-
ential equations has received attention from many researchers. The attention drawn to
the theory of the existence, multiplicity, and uniqueness of solutions to boundary value
problems for fractional order differential equations is evident from the increased number
of recent publications; see, for example, [9, 10] and [11], and the references therein.

Motivated by the above work, we investigate the existence and uniqueness of solution

for a boundary value problem of fractional differential equation of the form

CDYu(t) = f(t,u(t), “DPu(t)), te]:=[0,1],
u(0) = Au(n), /' (0) =0, 1#”(0) =0, . 1.1)
u™=2(0) =0, u(l) = Aau(n),

wherea € (m—-1,m),meN,m>2,8>0,a—8>1,0<n<1with (Ag —A))n" 1 #(1-1y),
f:] xR xR — Ris a given function satisfying some assumptions that will be specified
later and ©D®, ©D# are the Caputo derivatives of orders  and 8 with the lower limit zero,
respectively.
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2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts which are

used throughout this paper. Let C(/,X) be the space of all continuous functions defined

on J. Define the space X = {u(t) | u(t) € C(J),*DPu(t) € C(J)} endowed with the norm

llullx = maxses ||u(t)|| + max;es |CDPu(t)|). It is clear that (X, || - ||) is a Banach space [12].
For measurable functions m : J — R, define the norm

_ (f, Im(@)P di)?, l<p<oo,

lmll e ) )
inf, 5o {sup,; 7 Im(@)l}, p =00,

where 1(J) is the Lebesgue measure on J. Let L?(J, R) be the Banach space of all Lebesgue
measurable functions m : ] — R with ||m]| () < 00.

We need some basic definitions and properties [13, 14] of fractional calculus which are
used in this paper.

Definition 2.1 The Riemann-Liouville fractional integral of order g with the lower limit
zero for a function % : [0,00) — R is defined by

B0
Iqh(t)—@/; mds, t>0,q>0

provided the right-hand side is point-wise defined on [0, c0), where I'(-) is the gamma
function.

Definition 2.2 The Riemann-Liouville derivative of order g with the lower limit zero for
a function % : [0, 00) — R can be written as

1 d" [ k)
Lpin(e) = _/ M) e ison-1 ’
© T'(n—gq)dt J, (t-s)ain S >0,n-1<qg<mn

Definition 2.3 The Caputo derivative of order ¢ > 0 for a function % : [0,00) — R can be

written as
n-1 ¢
CDUL(t) =D | h(¢) - Z —hP0) |, t>0,n-1<q<n.
k!
k=0
Lemma 2.1

(i) Ifh € C"([0,00),R), then the Caputo derivative of order q > 0 for a function
h:[0,00) — R can be written as

1 A
Cth(t)z / (s) ds, t>0,n-1l<g<n.
F(n-gq) Jo (t—s)11"

(i) Ifx€L(0,1), p>0 >0, then
CDoIPx(t) = 1P x(¢), IPI°x() = I°*° x(2).
(iii) If p>0, k>0, then

I'(k)
CDptk—l _ tk—,o—l.
I'(k - p)
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(iv) If p >0, C is a constant, then
CDrc=o.

It is useful to mention that Definition 2.3 (generalization of the classical Caputo deriva-
tive), where the integrable function / can be discontinuous, is more general than that of

the classical Caputo derivative described in (i) in the above lemma (see [15] and [16]).
Lemma 2.2 [17] Let o > 0, then the differential equation

“Dh(t)=0
has solutions h(t) = co + it + cot> + - -+ cat™ L, c; €R,i=0,1,...,m-1, m =[] + 1.
Lemma 2.3 [17] Leta > 0, then

I““Dn(t) = h(t) + co + 1t + Cot® + -+ + + Gy 87!

forsomec;€R,i=0,1,...,m—-1,m=—-[-«a].

Now, let us recall the definition of a solution of the fractional boundary value problem
1.1).

Definition 2.4 A function u € C(J,X) with its «-derivative existing on J is said to be
a solution of the fractional boundary value problem (1.1) if u satisfies the equation
CDu(t) = f(t,u(t), “DPu(t)) a.e. on J and the conditions %(0) = Au(n), ' (0) = 0,4”"(0) =
0,...,u"2(0) =0, u(1) = Au(n).

To study the nonlinear problem (1.1), we first consider the associated linear problem

CD“u(t) = h(t)’ t e]y
w0)=hu(m),  w(©0)=0, w(0)=0, .., @1)
u™=2(0) = 0, u(l) = Ayu(n),

where & € C(J,R).

Lemma 2.4 A unique solution of equation (2.1) satisfies the following integral equation:

~ t (t _S)a—l )»m'”"l + (1 _ Al)tm_l 1 (1 _ S)a—l
ute) = /o Fa@) OB G oD+ G = /o ) ©%

it (e =gt /” U
M =D+G2=2n" " Jo  T(a)

h(s)ds. (2.2)

Proof By Lemma 2.3, the general solution of (2.1) can be written as

t _ o)1
u(t) = / &h(s) ds—co—cit—cot> + - — g™, (2.3)
o TI'e)
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where ¢y, c1,...,c,-1 € R are arbitrary constants. In view of Lemma 2.1, we obtain

t _ a2
u'(t) = /0 %h(s) ds—c; —2cot + - — (m =1yt 2,

t -3
u'(t) = / (tih(s) ds—2cy+ - —(m—=1)m = 2)cpt™ 3,
0

IMNa-2)
From #'(0) = 0,4”(0) = 0,...,u""2(0) = 0, it follows that ¢; = ¢y = - - - = ¢,,_o = 0. Using
u(0) = Au(n) and u(1) = Ayu(n), we get
—1 K (77 - S)a_l
()\.1 - l)CO + )Lli’}m Cipy-1 = )\.1/ 71’1(5) ds
o TI'e)
and
; " (-5 L
Ao —1 Aot —1) et = A - ,
(A2 )C0+( a1 )C 1 2/0 @) h(s)ds /(; ) ——h(s)ds

respectively. Therefore, we get

— Al n (77 _ S)ot—l
Co = (A =1) + (Ag = Ap)ppm-1 / (@) h(s)ds
Uk (1- S)a 1
_ s
(A =1) + (Agy = A 1/ h(s)ds
= Ay = A ( )a 1
Cm-1= (A1 =1) + (Ag = A1 /0 ) h(s)ds

A =1 L(q-ge!
h(s)ds.
* (A1—1>+<x2—xl)nm4/o Ty eds

Substituting the values of ¢y and ¢,,_; in (2.3), we obtain the result. This completes the

proof.

O

As a consequence of Lemma 2.4, we have the following result which is useful in what

follows.

Lemma2.5 Letf:] xR x R — R be a continuous function. A function u € X is a solution

of the integral equation

t (t— )0[—1
u(t) = /0 ﬁf(s, u(s), CD’Su(s)) ds
Jan™ + (1= )t /1 (1-s5)!
+
M =D+ Q=)™ )y  T()

M+ (A — A" /" (n-s)*"
(A1 =1) + (hg — At I'(a)

f(s, u(s), CD’su(s)) ds

f(s, u(s), CD""u(s)) ds

if and only if u is a solution of the fractional boundary value problem (1.1).

Lemma 2.6 (Holder’s inequality) Assume that q,p > 1 and l + l =1.Ifl e Li(,R) and

m € LP(J,R), then for 1 < p < 00, Im € L'(J,R) and ||Im|| 1) < < ||l||Lq(]

|m|| )
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Lemma 2.7 (Bochner’s theorem) A measurable function g : ] — R is Bochner integrable
if |g| is Lebesgue integrable.

Lemma 2.8 (Schaefer’s fixed point theorem) Let F : C(J,X) — C(J,X) be a completely
continuous operator. If the set E(F) = {u € C(J,X) : u = AFu for some X\ € (0,1)} is bounded,
then F has at least a fixed point.

3 Main results
Before stating and proving the main results, we introduce the following hypotheses.
(H1) f:J x R x R — Ris Lebesgue measurable with respect to t on /. X
(H2) There exists a constant «; € [0,«) and a real-valued function m(¢t) € L« (J,R,)
such that

[f (&, 12, v2) = f (& w1, v1) | < m(8)(luz — ] + |va — 1)

foreachteJandall u;,v; e X,i=1,2.
1
(H3) There exists a constant a; € [0, «) and a real-valued function a(¢) € L®2 (J,R,)
such that

If (&, u,v)| < h(2)

for each t € Jand all u,v € X.
For brevity, let M = ||m| 1 and H = ||k]| 1 .
LY (JR,) L

) @2 (JR+)
Our first result is based on the Banach contraction principle.

Theorem 3.1 Assume that (H1)-(H3) hold. If

(1 + Al) 1 AZ
1, 3.1
F)(ne (F(a (R Eye  Te)(E2) )] ) e

oo

where

2|0+ 1=+ A — A
=1 + (A = Ay

(11 = 1| +|Ag — 21 |)T (mm)
(i =1) + (k2 = A1)~ LIT (m = B)’

1

2=

then the boundary value problem (1.1) has a unique solution.

Proof For each t € ], we have

t t a1 1-ap t 5]
/ |(t —s)“_lf(s,u(s),cDﬂu(s))|ds < </ (t—s)T-= ds) (/ (h(s)) 2 ds)
0 0 0

t a1 1-a3 1 1 o
< </0 (t —s) -2 ds) (/0 (h(s)) 2 ds>

H

B —
- (OHXZ Y-z !

8]~

1-ap
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Thus |(t — s)*7 £ (s, u(s), “DP u(s))| is Lebesgue integrable with respect to s € [0,] for all
t €] and u € C(J,X). Then (t — s)*"f (s, u(s), “DPu(s)) is Bochner integrable with respect
to s € [0,¢] for all £ € J due to Lemma 2.7.
In the same manner we can show that (1 — s)*~}f (s, u(s), “D? u(s)) and (1 — s)*"\f (s, u(s),
CDPu(s)) are also Bochner integrable with respect to s € [0, ¢] forall £ € / due to Lemma 2.7.
Hence, the boundary value problem (1.1) is equivalent to the following integral equation:

t (t— )a—l
u(t) = /O I"(Sa) £ (s, u(s), “DP uls)) ds

. )Llnm_l + (1 _ A‘l)tm—l /1 (1 _S)a—l
M=+ @G =2)n" 1 Jo  Tl()

M+ (A = Aq)em ! /n (n—s)*t
0

£ (s, u(s), “D’ uls)) ds

f(s, u(s), CDﬂu(s)) ds, te].

S (M=) + (g = Ay I'(e)
Let
1+ A+ A2 1
r>H o t o .
F(O[)(E) o2 F(Ol - ﬂ)(?;)l—az

Now we define the operator F on B, := {u € C(J,X) : ||lu||x < r} as follows:

Ot % £ (s,u(s), D u(s)) ds

N )»17]”171 + (1 —)\.l)tWFl / (1 S)a 1
(A1 =1) + (Ag — Ayt F(oc)

M+ Qo) /" U
(=D + G2 =2)n" 1 Jo ()

(Fu)(t) =

L u(s), CDP u(s)) ds

f(s, u(s), CD’Su(s)) ds (3.2)

for each ¢ € J. Therefore, the existence of a solution of the fractional boundary value prob-
lem (1.1) is equivalent to the fact that the operator F has a fixed point in B,. We shall use
the Banach contraction principle to prove that F has a fixed point. The proof is divided
into two steps.

Step 1. Fu € B, for every u € B,.

For every u € B, and § > 0, by (H3) and Holder’s inequality, we get

|(Fu)(£ +8) — (Fu)(t)|

t+8 o—
< /t‘ %f(s, u(s), CD’gu(s)) ds

Lt+8—-9)*T1=(t-s5)*T) Crp
+ /0 T f(s, u(s), ~ D u(s)) ds

(L= 2)((t + 8" — g7 (1 (1 —s)? -
D Ga it Sy Ty D) ds
(= M) (£ + 8" — 771 /" (n —s)=L
M =D+ R =A™t Jy  Tl(x)

f(s, u(s), CDﬂu(s)) ds

t+6 (t §— )a—l
< /t ﬁ [f(s, u(s), CDﬂu(s)) | ds
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+ /Ot (e+9 _S)Ol:_(;_) =9 If (s, u(s), “DP u(s))| ds
T e e WA -
=D+ G o] Jo Ty V(0 Dl ds
[t = Aol (¢ + 81 = ) 7 (5 =) s
Or 05 O 1] Sy Ty (&) D) s

t+8 (t +§ _s)a—l t ((t +4 _S)a—l _ (t_s)ot—l)
5/t T h(s)ds+/0 r@) h(s)ds

1= | (¢ + )™ — g1y 1 (1—s)
[(A1=1) + (Ag — A,l)nm—1| o () h(s)ds

g = Ao (£ + 8L — £ 1) [ (5 — )=
h(s)d.
=)+ O 3] Jo Tl 6)ds
1

s o) (o)

A ([onaa)” [t

L [ arhe) ([
<o ([ Tersam=a) ([T ooy as)”

+ ﬁ(/ot((n 5—5)t (t—s)f“?)ds>l_a2 (fot(h(s»“lz dS)az

1=+ 8™ 1= 1) 1

1 -1 1y 1 1 o
00 =1 + O — 21| T(@) (/O (1-s) d5> <fo (h(s)) =2 dS)

A= Aal((£+8)™ =" 1

n a1l 1-ay n N oy
+ 101 = 1) + (g = A) 1] F(a)</0 (n-s) 2ds> (/0 (h(s)) zds)

Al 1
L% (Ry) | coan el B0}
571,(0[)(“7”)1_&2 |:8 +((E+8)T2 — T2 — T2 )
1-ap

11— |((t+8)" " —¢" )
+
[(A1 = 1) + (A2 — AL
= Fy | (0 T
1-ap

A = Ao (£ + 8)" =™ ) 2}
[(A1 = 1) + (A2 — )™

(1=l + [ = 2] met _ it
' |()L1_1)+(A2—K1)nm—1|((t+5) -t )il)

and in view of Lemma 2.1, we have

|“DP (Fu)(t + 8) — “DP (Fu)(t)|

t+6 _ oa-pB-
< /t % If (s, u(s), “DP u(s))| ds

Page 7 of 19
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If (s, u(s), “DP u(s)) | dis

+ /t ((t+8—s5) P = (t=5)"FT)
0 Fe-p)

1-A (1 5)2-1
+|:|(A1 | )‘le)»l ml|/ S,u(s),CDﬂu(s))‘ds

|A1 — Az = /77 (n =) s,u(s),CDﬂM(S))MS]

+|O4—1y+@2_1ﬂn @)
x F(mrf—r:;)—l) (¢ + 8)"B=L — (gym-F 1)

- / ) %h@ as /0 s S)?:;l__ﬂ(; =9 sy ds
' ['(M -1 |+1<;: : ] Jo | (1;8:_1 Hs)ds
et [ o]

T (O )

t+8 a-p-1 1-0 t+6 1 s
= r(%—ﬂ)(/ (”‘3‘5)#7”15) (/ (h(s))ws)
1 ¢ 1 1-ap t N a

+ M- p) (/0 ((t +6— S)a—ﬂ—l —(t- S)rx—ﬁ—l) T-ay ds) (/0 (h(s)) %) ds)
|1 — )"ll 1 % 1-a3 1 % %)

+ I:I()»l 1)+ (g — )™ | (/0 (1-5s) ds) (/0 (h(s)) ds)

|A1 = Azl 1 2l l-ay s rn L o
+ =D + O 2] </0 (n-s) ds> (/0 (h(s)) ds) ]

C(m)((t +8)" P - )" ")
L(m-B-1)I ()

S[‘(otl—,B)(/tm;(tﬂg_S)ul__g;als)l_ ( () " )
(D)
+[|(A1—1)|+1<;:1—|A1>nm1|(/ -9 ds) (/ () ds)
+|(x1—1)|il<x_zk—2|xl>nm-1|(/ r-9% ds>l (f (1) ds) ]

L(m)((t +8)" P71 — (¢)y"F1)
IFm-pB-1T(x)

a—Pf—ay a—f—ay a—f-an -
<H|: §9- B—an . ((t+ 3) Tmay _§ oy _f I-op ) -
T L - g [(a - B)(&E522 )1

n 11— Al + A=Al T(m)((+8)" P~ (t)mﬂl)}
|G = 1) + G = AT T = p = DT (o) (E2)ie |
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Hence, we get
”(Fu)(t+8) (Fu ”X
- _az g 2(2 % 1-0r
_W[S 2+((t+5) —§l2 — ¢l 2)
. (11 =21 + 121 = A2])
|(M = 1) + (A2 — )™

((t + a)m—l _ tml):|

a—pf-ay a-p-a: a—p-ay

|:50tﬂ0t2+((t+5) oy _§ 10(22 t o )1 %)
+H
T(a - B)(4E22 ) -

1=A1] + A1 = As]  T(m)((t+8)"F1 - (t)m—ﬂ—l)i|
AM-1)+ Ay =A™t T(m—-B -1 (a)(52) -

Page 9 of 19

It is obvious that the right-hand side of the above inequality tends to zero as § — 0. There-

fore, F is continuous on /. Moreover, for u € B, and all t € /, we get
|(Fu)(@)|

t (t_s)oz—l Crp
5/0 T [f(s,u(s), D, u(s))|ds

At (1= )t
+
(A1 =1) + (Ag — AL

A+ (A — A"t

/ (1 (s, u(s), cpf u(s))| ds

/ﬂ g _S) - [f (5, u(s), DY u(s)) | ds
0

1) + (Ag = Ap)pm! I'(«)
Lt - s)at P+ 1@ =AY -
h(s)ds + h d.
=), T OB G T T e m h 1|/ r( ) (s)ds

. Al + [(hg — Ap)E" Y " (n—s)*
(A =D+ A=) Jo D)

1 t -l 1-ap t 1 an
o) ([oarte
N Al + 1= [e") 1 (/l(l—s)%ds)l_az(fl(h(s))%ds)az
[(A = 1) + (A = A" T'(e) \Jo 0
[A1] + [Ag = Agl[£™7 1 ( 7 ey )1_“2< n 1 )"‘2
—§)2 /. h @
"1 =D+ Gz = 21 () /(" S ds /0((5)) ;
1 t w1 1-ap L an
) ([t
[A1] + 11— Aq] 1 ! ey )1_“2< 1 1 )"‘2
— T-ag d h ay d
00D+ G~ 2071 T (/o a-9fas) ([ (o) as

[A1] + Ao — Aq] 1 " a1 1-ar 1 1 o
— T-ag d h ) d
TG0 -1+ (2 — A T(a) (/o (=) S) (fo (65) S)

M vy (e al + 11— &) (] + 12 — Ay e
S ToayEmyia (Pt T m-1
T(e)(f52) [ = 1)+ G =201 [ = 1) + (Ao = Ay

h(s)ds

IA

[

H ( 2|?»1|+|1—k1|+|>~2—?»1|> H(1+Ay)
B 1"(0!)(“ o) |(h1 = 1) + (A2 = A1) P (e)(f2 )t

1-ap
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In view of Lemma 2.1, we have

|“DF (Fu)(t)]
t (t_s)oc—ﬁ—l Crp
5/0 7”01_’3) [f(s,u(s), D u(s))’ds
1= 2] L(1-s)t
’ [|(xl-1)+(x21-x1>nm-1|/ ey /(646 D) ds
A2 = Al " (n- s)°‘1 -
D + G i / I(@) (3)’CDﬂ”(S))‘dS]CDﬂt 1

() p 1= (1- )“
———h(s)d
Sfo Ta—p) " “[|(A1—1)+xz—xl)nml|/

|Ag = Al " (n - S)"‘ - ]F(m P
h -~
=D G = 1|/ s | T n )

1 t a-p-1 1-ap 1 L oy
=] ) (/0 oy )
|1—)\,1| 1 1 % 1-a3 1 % o
+ |:|()L1_1)+()L2_)L1)7]m—1| @) (/ (1-5s) ds) (/0 (h(s)) ds)
|A2 = M| e e Lo
100 =1 + G = 27| T() (/ (n—s) ds) (/(; (h(s)) ds> ]

T (m)em—F-1
['(m-B)

SH|: 1 N (11— A1l + 12y = M )T (m) _ ]
F(Ol—ﬁ)(af—;:z)l‘“z |(A1 = 1) + (ha = A)n" T (m = B)T (@) (T2)12

H( ! + Az )
Mo - p)(Ee2) e T(a)(52) 2 )

1-a9

Therefore,

||Fu||X<H( 1 1+A1+ A, )<
= F(a—ﬁ)(%;;z)l_az F(a)(a otz)l ay | —
Notice that (Fu)(¢) and D? (Fu)(¢) are continuous on J. Thus, we can conclude that for all
ueB,, FueB,,ie,F:B.— B,.

Step 2. F is a contraction mapping on B,.

For u,v € B, and any ¢ € J, using (H2) and Hélder’s inequality, we get

|(Fu)(2) - (Fv)(2)|

Lt —s)e - o
S/(; F(O{) lf(S, M(S), D M(S)) —f(S,V(S), D V(S))|ds

‘ A (1= A
+
(A1 =1) + (Ag — At

1 a-1
x / U9 (5, u(5), EDPus) - s, v(s), SDPu(s) | ds
0

I'(a)
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‘ A+ (g = Aq)em !
+
(A1 =1) + (hg — At

71( _ )Ot—l
Xfo nr(jx) [f (s, (5), “DP uls)) = f (5, v(s), “D"v(s)) | ds

t a-1

< ‘/(; (t;(so)l) m(s)(\u(S) - V(S)| + |CDﬂu(S) _ CDﬁV(s)D ds
. A1+ (1= Ap)em Y
(A = 1) + (Ay — A

1 a-1
X/(; (1;(‘2) m(s)(|u(s)—v(s)|+|CDﬂu(s)_CDﬂV(s)|)dS

A1+ [(ha — Aq) ™7
|()”1 - 1) + ()‘2 - )\,1)7]m_1|

« [ _S)a_lm(s)(|u(s) —v(s)| +[“D uls) - “DPv(s)) ds
0 o)

<|: t(t—S)O’_lm X [A1] + 11— Aq] T1-gt
(A =1+ (A=A Sy T(w)

Al + |A A n Sozl
= (s)ds}”u e
1 2 on

1
[t )™ (o)
A1) + |1 = Aq] 1 1 el 1-on 1 % a1
+ 0a=1) + (g — 2™ | (@) (/ (1-s) ds) (/(; (m(s)) ds)
[A1] + A2 — Aql 1 n g1 1-o n % ay
+ o= 1) + Ooa — 371 T(@) (/ (n-s) ds) (/(; (m(s)) ds) :|

X [lu—vllx

m(s)ds

m - —
il 2 e Il + 1= Ay (Al + g — A e }

a—ag

= o) (2 ) e | * (A1 =1) + (g =A™ [(A = 1) + (Ay — A)y" Y

1-og

X [lu—vlx

M i 2|)»1|+|1—)»1|+|)~2—A1|]|| "
- —VIX
= Pl [ 100~ 1)+ (o 2]
M(1+Ay)
= WIIM—VIIX.

1-og

Similarly, we can get

|“DP (Fu)(t) - “DP(Fv)(0)|

t(+_ \o-B-1
S'/O (tr(:)_ﬂ) lf(s,u(s),CDﬂu(s)) _f(S;V(S),CDﬂV(S))}dS

N [ [1—24]
[(A1 = 1) + (A2 — A)p™ 1

1(1_S)Ot—l s ) e
XA F(a) V(S,M(S); D M(S)) f(S,V(S), D V(S))|ds
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s [A2 = Aql
[(A1=1) + (Ao = A1)

y /0 ! % [f (s, u(s), “DPu(s)) — £ (s, v(s), “D*(s)) | dS}

T (m)tm—F-1
['(m-pB)

t a-p-1
5/0 (tr(S) gy 6 ([u(s) = v9)| + "D uls) = D) ) ds

s [ [1- 2]
[(A = 1) + (A2 = A1)

1 o—
x /(; %m(s)ﬂu(s) ~w(s)| + |“DPu(s) - “DPv(s)|) ds
[A2 — A1

+
[(A1 = 1) + (A2 = AL

9 f I o () 9] + D D)

(f (t—5s) al /qu ds) ) (/ (WI(S))% dS) - vilx
0
|1—)\.1| 1 1 % 1-0q 1 % o]
+ |:|(k1 _ 1) + ()\2 _ kl)’?m_” F(Cl) (/(; (1 —S) ds) (\/0 (Wl(s)) ds)

|)\2 - )‘-1| 1 n oz:l 1_“1< n 1 >a1i|
- T-a7 d o d
* |0 = 1) + (kg — A0 | T(a) (/o (n—-s) S) /(; (m(s)) 1 ds

y ['(m)
['(m -~ B)
- |: 1 . (11— Aq| + [Ag — A T () i|
T LT - gy e (= 1) + (kg = AT (m = BT (@) (F5)

[ (m)"—P-1
['(m - B)

lloe —viix

X Mju—vx

( ! A )Mnu—vn
Mo pY(EEm) | Tl () %

So we obtain ||Fu — Fv||x < Q|lu — v|ix. Thus, F is a contraction due to condition (3.1).
By the Banach contraction principle, we can deduce that F has a unique fixed point which

is just the unique solution of the fractional boundary value problem (1.1). g

Our second result is based on the well-known Schaefer’s fixed point theorem. We make
the following assumptions:

(H4) f:] x R x R — R is continuous.

(H5) There exists a constant L > 0 such that

If (& w,v)|| <L(1+ |ul + |v])

for each t € J and all u,v € X, with

I 1 1+A1+A2 1
(rm_ﬁ+n+ Fa+1) )#'
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Theorem 3.2 Assume that (H4) and (H5) hold and there exists a constant M* > 0 such

that
1+A +A
M* > L( /S+1) (;+1 2)
1— L( + 1+A1+A9 ) :
ﬂ+1 C(a+1)

Then the fractional boundary value problem (1.1) has at least one solution on J.

Proof Transform the fractional boundary value problem (1.1) into a fixed point problem.
Consider the operator F : C(J,X) — C(/,X) defined as (3.2). It is obvious that F is well
defined due to (H4).

For the sake of convenience, we subdivide the proof into several steps.

Step 1. F is continuous.

Let {u,} be a sequence such that u, — u in C(J, X). Then, for each ¢ € J, we have

| (Fun)(£) = (Fu)(2)]

t (t_s)a—l Cr s
S/O @) lf(S,l/ln(S)’ D u,,(s)) —f(s,u(s), D u(s))|ds

)\17]”171 + (1 - )\1)1’”171
(A1 =1) + (hg — Ayt

IM CnB _ Chp
X./o @) If (5, 4n(5), “DP 1 (5)) = f (s, u(s), “DP u(s)) | ds

A+ (A — A"t
(A1 =1) + (Ag = Ayt

) /on % [f (5 tn(5), “DP un(5)) = f (5, u(s), “DP u(s)) | ds

Et-s)*! [A] + 1= Aq] (1- S)a 1
d
= Uo M) T 0a-1+ )»z—)»l)nm l|f
s [A] + A2 = Aql / ]
[(A=1) + (A2 = A1) F(Ol)

x suplf (s, un(2), “DP u,(2)) = f (s, u(t), “D u(2) ) |
te]

: (Fl(; fi)) suplf (s, (0), “D’un (1) = (5, u(e), "D ®) |

Also, we can get

|CDP (Fu)() - CDP (Fu) (1) |

t _a-p-1
) ./0 % [ (5, 14u(5), "D () = £ (5, s), "D u(s)) | s

s [ [1- 2]
[(A = 1) + (Ao — A1)

1% Cp B Cip
x /0 o 175 0,6, D1, 9) = (56, D (5) s

s [A2 — A1l
[(A=1) + (Ao = A1)p" L
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X /'7 Vbl [f(s, u,(s), °DP u,,(s)) f(s, u(s), CDﬂu(s)) | ds] M
0

IN)) I'(m - B)
[ F(e—s)* P I'(m) ( 11— 2] T(1-s) !
< ds +
o Tle—-p) Cm—B)\ 1M =1+ —2)n" Y Jo  T(a)

[Ag — A1l /" (n- S)“ 1
+
[(A1 = 1) + (A2 = AL

x suplf (s, un (), D1 (6) ~ £ (s, M(t);CD’Su(t))|
te]

1 A
= <1"(oc -B+1) " [N i 1)) suplf (s, 1 (£), “DP u (£)) ~ f (s, u(t), "D’ (1)) .

te]

Thus, we get

| (Fun) (@) - F)(®)

(v a0 s
Since f is continuous, then ||(Fu,)(¢) — (Fu)(¢)||x — 0 as n — oo.
Step 2. F maps bounded sets into bounded sets in C(/, X).
Indeed, it is enough to show that for any r’ > 0, there exists / > 0 such that for each
ueBy={ueC(,X): ||lullx <}, we have ||Fulx <.
Then, for each ¢ € J and (H5), we have

t _ a1
(E00] = [ (o), D) s

‘ At (1= At
(A1 =1) + (Ag — Ayt

_ m-1 n _g)x-1
h+(k2(xzk_1¥1)nm4 /0 (nr(fx)) [/ (s5,4(9), “DP u(s)) | ds

t(t_s)a—l Crp
S/O @) L(1+|u(s)|+| D u(s)!)ds

L1—gs)et
o I

|f (s, u(s), “DP u(s))| ds

A1l + 11— Aq] (1- S)a -1 s
’ (A1 = 1) + (g — Ay ™= 1|f (1+‘M ’+’ D" u(s) |)
A1l + |22 — A s
T D+ G - A 1|/ e ) ~L(u[uts)] ¢ D))
_La+A)

< Ty (U ).

Also, we can get

|(“D"Fu)(@)]

< [ ot D) s

11— 24 s
’ |:|()L1—1)+()\2—)L1)77W1 1|/ F( ) S’M(S)r D Lt(s))ids
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[Ag — Aq] Crp ] T ()¢ —F1
+|(?»1—1)+(/\2—>»1)n'”1|/ r() (s u(s), DP9 ds | 0T,

t (t_s)a—ﬂ—l Cp
5/0 F(T—ﬁ)L(lJr |lu(s)| + |“DP u(s)]) ds

Il + 1= g (1- )‘“
+[W11;hzkim”/ o LU 6]+ DP9 ds

1] + A2 = Aq] T (n - S)Ol1 ChpB :| I"(m)
Ga=D 02— m1|/ L ol + [P us) ) ds |

<L< ! R )(1+||u||)
“"\T@-g+1) T(+1) x)

Hence, we get

1 1+A1+A2 -
|(Fu)(@)]| SL(F(a 5D + P )(1+ lullx) = L.

Step 3. F maps bounded sets into equicontinuous sets of C(J, X).
For u € B,» and #1, £, € ] such that #; < £;. Then, using (H5), we have

|(Fu)(t2) - (Fu)(t1)|

ty _ ae-l
</ (t2 =) £ (s,u(s), “DP u(s)) ds

B IN'a)
+ R U S)D‘_l)f(s, u(s), *D? u(S)) ds
0 (@)
A=r)eg™ =) [t a-s)! Cpp
oD 0ty Ty F GO TP ) de

(= 2)E& =) 7 (n—9)*! Cpp
00D+ (g m o )y T T@) f(s,u(s), “DP u(s)) ds

< /f2 (t =5 [f(s, u(s),CDﬁu(s)) | ds

I'(a)

(-9t = (B —-5)*T)
+/o [(a)
1@ =)@yt = )] (1- )0‘ -
’ |()»1—1)1 (Ao — )»11 m-1| / S V(S’M(S) “DIuts) )|dS
. [ = A) (@ =g )] 7 (77—5)“ -
(M =1+ R =2 o T()
ty (If _ )a—l
5/ﬁ ZF((SX) L(1+ |u(s)| + |“DPu(s)|) ds

Lty -9 = (-9
0 IN'a)

|1—)»1|(t2 - (1-s) -1 s
0D+ (g - M)n’“l/ Ty L0+ @]+ [*Duls)]) ds

A1 = Aot =) " (n—s)*
(A —1)+ (A2 =A™ Jy  T(a)

[f(s, u(s), CD‘gu(s)) | ds

[f(s, u(s),CDﬁu(s)) | ds

L(l + |u(s)‘ + ‘CD’Su(s)‘)ds

L(1+ |u(s)| + |“DPu(s)|) ds
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< |:-/n 2(t2 —8)* Vds + /0 1 ((tz —s)* (- s)"“l) ds

[1—2l(e =g /1 5
1_ o
G =D + O —agy Jy B9

= Aal(85 7 = ") /'7 . i| L
* -8)"ds | ——(1+|lu

o) G o] J, 01797 ds |5 (L lul)

11— A (85" =)
(= 1) + Ga = 2)7 |

= [(t2 —n)* 4 (] -8) - (b -n)" +
s AL — Ao (851 — 1) a] (
0n—1)+ (o= 2" [ Tla+1)

vy (L=l + = Ao = 7Y
5[(t1_t2)+ |1 = 1) + (g — A1) ]F(Of”)(

1+ [lullx)

1+ [|ullx)-

Also, we can get

|“D? (Fu)(t2) - “DP (Fu)(t) |
to _ a-pB-
< /tl % If (s, u(s), “D us)) | ds

4 (6 -9~ (0 - 5
'

Cpp
F@-p) If (s, uls), “DP u(s)) | ds

|1_)‘1| 1(1_5)a_1 CnB
+|:|(M—1)+()~2—)»1)Tlml|/o Ty /() D uls) [ ds

7 a-1
el s [ ot Dt |

100 =D + Gz — A I'(a)
T(m) ey P =P

I'(m-B)
= /: %L(I + |u(s)| + |“DPu(s)|) ds
+ /0 " (s _S)a_:(; -_(;1)_ P 1k )] + [CDP )] s
* |:|()\1 -1) Ll(;jl_l )| /: (11:(2:_1L(1 + |u(s)] + [°DPus)|) ds

. |1 = Aal
|2 =1) + (A2 = A1)n
o™ -4

I'(m - B)
- [(t;*‘ﬂ —t5") (L=l + [} = DT ™" - 4"

T@—f+1)  [(a—1)+ (o —r)n™T(m— )T (a+ 1)]L(1 +lullz)-

Hence, we get

| (B} (t2) — (Fu)(21) |

’I(n_S)a—l Crp ]
'"-1|/o @) L0+ 9]+ "D uts)]) ds

[(f‘f —5) , AT (m = B)(ty ™" — ") N &P - 5P . As( P~ grP Yy
“LTl(@+1) [(e + 1) (m) T(a—B+1) T(o+1)

x L(1+ |lulx).

Page 16 of 19
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Now, using the fact that the functions 2 — £, ¢~ — g4, (2P _ (2P —g !

are uniformly continuous on /, we conclude that the right-hand side of the above inequal-

,and ¢, m-p-1

ity tends to zero as ¢, — t;, therefore F is equicontinuous. As a consequence of Steps 1-3
together with the Arzela-Ascoli theorem, we can conclude that F is continuous and com-
pletely continuous.

Step 4. A priori bounds.

Now it remains to show that the set E(F) = {u € C(J,X) : u = AFu for some A € (0,1)} is
bounded. Let u € E(F), then u = AFu for some A € (0,1). Thus, for each ¢ € J, we have

t (t _ )a—l
u(t) = A[/‘o ﬁf(s, u(s), “D u(s)) ds

N Alnm—l + (1 _ )Ll)tm—l /1 (1 _S)a—l
M-+ =)™t Jy  T(a)

M+ (e f” (n—s)*"
(=D +@2=2)n" 1 Jo ()

f(s, u(s), CD’gu(s)) ds

f(s, u(s), CD’su(s)) ds] .

For each t € J, we have

L(l + Al)

|u( !_ ( + llullxc)

and

- 1 A )
Dut] <21y * ey ) )

Therefore,

lullx sL( L LAy Az)(l + lul).
MNoa-B+1) Mo +1)

Thus, for every ¢ € ], we have

L( 1 1+A1+A2)
”M”X < IM(a— /3+1) [(a+1) <M*.
L( 1+A1+A2)
I'a— ;3+1) T(a+1)

This shows that the set E(F) is bounded.
As a consequence of Schaefer’s fixed point theorem, we deduce that F has a fixed point
which is a solution of the fractional boundary value problem (1.1). The proof is complete.

O
4 Example
In this section, we give two examples to illustrate the usefulness of our main results.
Example 4.1 Let us consider the following fractional boundary value problem:
cps (0D x(0)
D2x(t) = —>—"—, te]i:=[0,1],
(149¢!) (1+x(2)+CD 2 x(1)) (4.1)

x(0)=3x(3),  #(0)=0,  x(1)=x(3),
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where a > 0 is a constant.

Here,m:S,a:%,,B:%,)qz%,kzzi,andnz%.
Set
e (x +y)
f(t,x,y) = m, (t,x,y) €1 x [0,00) x [0, 00).

Let x1, x5, y1 and y, € [0,00) and ¢ € ;. Then we have

lf(t:xZ’yZ) _f(t:xlryl)|

e~ X+ Yo X1 +N

:1+9e’ 1+x2+y2_1+x1+y1

_ e (|xg — 21| + |y2 = 1)
(1+9e) (1 + %o + y2)(1 + x1 + 91)

—at
=

e
o 9et(|xz — x|+ ly2 = y1)
—at
<
— 10

(o2 = 21| + ly2 = 1l).

Obviously, for all x,y € [0,00) and each ¢ € /i,

—at e—at e—at

Xty | _ .
T 1+9 7 10

lf(t)xry)| =

1+9e |1+x+y

Fort€/yand b e (0,a), let m(®) = h(e) = 55 € LEGLR), M= 15501 3 .
1>

Choosing some a > 0 large enough and suitable b € (0, %) b= % say), one can arrive at
the following inequality:

Q=M|: (1+5A11) 1+< 211 s 15\21 1):|<1’
F(%)(%)l’7 FR)(=)"2 TE)(E)2

1
2 1-3

where A; & 2.0731707 and A, ~ 1.65128707. Thus all the assumptions in Theorem 3.1
are satisfied, our results can be applied to problem (4.1).

Example 4.2 Let us consider the following fractional boundary value problem:

CD3x(t) = 2l (L4 x(t) + CD3x(0)), te,
x(0) = %x(%), x'(0) =0, x(1) = %x(%).

Set

1
f(tyx’y) = m(l +x+y)r (tyx;y) 6]1 X [01 OO) X [07 OO)

Let x,y € [0,00) and t € J;. Then we have

1
5+ et

lf(t’xry)| =

(1 + x| + |y|).

N =

1
l+x+yl < 5+et—1(1+|x|+|y|)§
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According to (H5), L = %. Then we have

( 1 1+A+ Az) 1 ( 1 1420731707 + 1.65128707)
+ ==X +
(@=B+1)  T(ax+1) 6 r'(3) r' )
~ 0.3202658 #1.

Finally, we can get

Ll M e 0.3202658
1 Aj+A
1- L( L+ HArh) T 1-0.3202658

~ 0.47116328 > 0.

This gives that M* > 0. Thus all the assumptions in Theorem 3.2 are satisfied, our results

can be applied to problem (4.2).
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