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EXISTENCE OF SOLUTIONS FOR THREE-POINT
BOUNDARY VALUE PROBLEM FOR NONLINEAR
FRACTIONAL DIFFERENTIAL EQUATIONS

Slimane BENAICHA'! and Noureddine BOUTERAA?2

Abstract

This paper deals with the existence and uniqueness of solutions for nonlin-
ear fractional differential equations supplemented with three-point boundary
conditions. Our results are based on some well-known tools of fixed point
theory such as Banach contraction principle and the Leray-Schauder nonlin-
ear alternative, and are illustrated with an example.

2000 Mathematics Subject Classification: 34A08, 34B10, 34B15 .
Key words: terml (fractional differential equations, existence), term2
(nonlocal boundary, fixed-point theorem).

1 Introduction

In this paper, we are interested in the existence of solutions for the nonlinear
fractional differential equation

‘Du(t)=f(t,u®),v (), telo,1], (1)
subject to three-point boundary conditions

Pu(0) +u (1) =u(n),
u(0) = [ u(s)ds, (2)
BeDPu (0) +~°DPu (1) = “DPu(n),

where 2 < <3, 1<p<2 0<n<l, B,yeR" feC([0,1]xR*R) and
¢D® denotes the Caputo fractional derivative of order a.
The g-difference equations and operators have extensively been studied in the
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framework of quantum calculus (g-calculus). In fact, g-calculus has a rich his-
tory and the details of its basic notions, results and methods can be found in the
texts [2,11] and papers [1,2]. The concept of fractional calculus has played an
important role in improving the work based on integer-order (classical) calculus
in several diverse disciplines of science and engineering. The nonlocal nature of
a fractional order differential operator, which takes into account hereditary prop-
erties of various materials and processes, has help to improve the mathematical
modeling of many natural phenomena and physical processes, see for example
[12,18]. The increasing interest in fractional differential equations and inclusions
is motivated by their applications in various fields of science such as physics chem-
istry, biology, economics, fluid mechanics, control theory, etc, we refer the reader
to [4,5,6,8,10,13,14,15,16,19,21] and the references therein.

In [3], Ahmad et al. studied the following nonlocal boundary value problems of
nonlinear fractional g-difference equations

(CD?u) (t) = f(t,u(t), t€0,1], a € (1,2

aru (0) — by (Dgu) (0) = cru (m)

agu (1) + bz (Dgu) (1) = cou (12) ,
where “Dy denotes the Caputo fractional g-derivative of order « and a;, b;, ¢;, 1; €
R (i=1,2).
In [7], the authors studied the existence of solutions for the nonlinear fractional
differential equation

‘Du(t)=f(t,u®),v (), telo,1],
subject to three-point boundary conditions

Bu(0) +~yu (1) = u(n),
B’ (0) +~u' (1) = ' (n),
BeDPu (0) +~°DPu (1) = “DPu(n),

where 2 < a<3,1<p<2 0<n<l, B,yeR", feC(0,1 xR*R) and
¢D“ denotes the Caputo fractional derivative of order «.

Motivated greatly by the above mentioned works, we etablish the existence and
uniqueness of solutions for nonlocal boundary value problem (1) — (2) by using
some well-known tools of fixed point theory such as Banach contraction principle
and the Leray-Schauder nonlinear alternative (see [9,21]). The paper is organized
as follows. In Section 2, we recall some preliminary facts that we need in the
sequel. Section 3, deals with main results and we give an example to illustrate
our results.

2 Preliminaries

In this section, we introduce some necessary definitions and lemmas of frac-
tional calculus to facilitate the analysis of the problem (1) — (2). These details
can be found in the recent literature; see [12,19, 14] and the references therein.
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Definition 2.1. Let a >0, n—1<a<n, n=[a]+1 and u € C([0,00),R).
The Caputo derivative of fractional order o for the function u is defined by

¢
‘D% (t) = /t—s” =Ly (s) ds.

n—a
0

where T (+) is the Eleur Gamma function.

Definition 2.2. The Riemann-Liouville fractional integral of order a > 0 of a
function u : (0,00) — R is given by

t
I%y /t—s (s)ds, t>0,
0

where I" (+) is the Eleur Gamma function, provided that the right side is pointwise
defined on (0, 00).

Lemma 2.1. ([19]). Let o, >0 and v € LP(0,1), 0 < p < 4+o00. Then the next
formulas hold.

(i) (IPI%u) (t) = I*tPu(t),

(i1) (DPI%) (t) = I*Pul(t),

(791) (DI%u) (t) = u (t).

Lemma 2.2. ([14]). Let a >0, n —1 < o < n and the function g : [0,T] — R be
continuous for each T’ > 0. Then, the general solution of the fractional differential
equation “D%g (t) = 0 is given by

g (t) =co+ ct+---+ Cnfltn_la

where ¢y, 1, ...,cn—1 are real constants and n = [a] + 1.

Lemma 2.3. ([12]). Assume that u € C'[0,1]N L (0,1) with a Caputo fractional
derivative of order aw > 0 that belongs to u € C™ [0, 1], then

19D () = u (t) + o + 1t + -+ epyt™ 1,

where cg, 1, ..., cn—1 are real constants and n = [a] + 1.

3 Main results

Let X ={u: u, v € C([0,1],R)} endowed with the norm defined by |ju|| =

sup |u(t)]+ sup |[u' (t)| such that ||ul| < co. Then (X, |.||) is a Banach space.
t€[0,1] te(0,1]
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Lemma 3.1. Let y € C([0,1],R). Then the integral solution of the linear frac-
tional differential equation

Dou(t)=y(t) tel0,1], ac (23], (3)

subject to three-point boundary conditions

Bu(0) +yu(l)=u(n), B>0,v>0, (4)

n
u(O):/u(s)ds, ne 1), (5)

0
BDPu (0) +°DPu (1) =° DPu(n) pe(1,2], (6)

18 given by

¢ _Sa—l i 2 S_Ta—l
u(t):/(tr(i) y(s)ds—l—lln/(/( F(i) y(mh) ds
0 0

Com@ et )
Q1(1U)0/<0/ T (a) Y ( )d)d

Ao (t) My / (n— S)a_p_l : (1 S)Oc—p—l i

6(1—n)Q: 0/ T (a—p) y(s)ds ’70/ T (a—p) y(s)ds

n 1 -
Ay (2) (n— S)a_l (1— S)a—l

QB+ —1) L/ T (o) y(s)d5‘70/ T V@ds| (@
where
AL (t)=(B+7—1) (1P +2(1—n)t), Ml_m

A= B+y-1)+3(—n*)1—=n) (*+2(1—-n)t)

—Q1 (n*+3(1—n)t?)
and

Q=201-n)(y—n)+n(B+~v—1) #0.

Proof. In view of Lemma 2.1 and Lemma 2.3, the solution of equation (3) can be
written as

t
t— s a—1
u (t) :Iay(t)+co+c1t+02t2:/(r(a))y(s)ds+co+clt+02t2, (8)
0
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where cg, c1,co € R are arbitrary constants.
Differentiating both sides of (8) and applying Definition 2.1, Lemma 2.1 and
Lemma 2.3, we obtain

t
2t2-P

t? p a p—1
“DPy (t) = I* Py (¢t ds + =
W) =1y 0+ e = [ @ s e )
0
where a € (2,3] and p € (1, 2].
Integrating both sides of (8), we obtain
/ Flr@—se 1 1
/u (t)dt = / /(;Z)y (s)ds | dt 4+ con + 501772 + §02n3. (10)
0 0 \0
By using the boundary condition (4) in (8), we obtain
n a 1
coB+y=D+ely—n+e(y—n =/ (s) ds
0
1
(1 _ S)Oc—l
— —_— 11
v [ v as ()
0
By using the boundary condition (5) in (8) and (10), we obtain
[ =) Loy
n—s
— [V (s)ds P 12
[ ey s ds = et = g =0, (12)
0

By using the boundary condition (6) in (9), we obtain

n

_]\41 (n_s)apl /l_sapl

2= / (o —7p) -y T (s)ds | . (13)
0 0

1
Solving the above system of the equations (11), (12) and (13) for ¢y, ¢1, 2, we
get

cy = % (1°7Py () — v I° Py (1)),
Ml i (77 _ S)a—p—l 1 (1 _ S)Oé—p—l
-5 /rmm“@“‘V/rm—m“Q“ |
0
(B | /SS—TC”
Co——— (t)dr | ds

[e=]
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2(1=n) @

and .
—2(6+’y—1)/ /(s—ﬂa‘l
c T)dr | ds
1 Ql T (Oé) Yy ( )
0 \o
B+y=D+30—n")dA—n) M o
Ui O =) WM sy g - qzeomy (1)
3Q1
77 1
o S a 1 d B - -
F s—7 y(s)ds|,
0 0
where
i a p—1 L a p—1
e7P NPy .
y (1) / T (a ’y/ T (a s)ds
0 0
Substituting the values of constants cp,c; and ¢z in (8), we get (7). The proof is
complete. 0

Throughout the paper, we let

_I'@G-p

[y —n?P|

=20 -n)(v—n)+n?|B+~y—1|| £0,
At)y=1B+v-1(n*+2(1—n)t),

and

#£0, [B+~—1]#0, |y —n*| #0,

B(t)= (1B +y—1U+3|y=n*[(L=m) @ +2(1—n)t)-Q (1’ +3(1 —n)t*).
The following inequalities hold:

A< B+v—1 (0" +2(1—n)) = Ay,
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BOI| (18 +7=11+3|y—n2[ (1= m) (n* +2(1 = )
~Q(*+3(1-n) | = B,

A ()| <218+7 -1 (1 —n) = A,

and

B <20 =) |0 1B+y=1+3|y—n*|(1-n)) -3Q| =

To simplify the proofs in the forthcoming theorems, we etablish the bounds for
the integrals arising in the sequel.

Lemma 3.2. Fory € C([0,1],R), we have
n s
(s—7)*" ot
—_— dr | ds| < ——
[ v | i) < sl
0 \0
Proof. Obviously,

S

N s U
s [ - o

I'(a) I'la) |, ol'(a) T(a+1)
Hence
n s
(s —7)*" U
0/0/ () ds<|y||/ = g -
O
For the sake of brevity, we set
A na+1 N AlnaJrl ]\4’31 (nafp_’_,y)
T A-mT(e+2)  QU-mT(a+2)  (1-mQT(a—p+1)
AL (n™ +7) 1 (14)
QIB+~—-1T(a+1) T(a+1)
and
Ny = A/177a+1 MB/l (P +7)
Ql—n)T'(a+2) (1-n)QI'(a—p+1)
b A1) P (15)

QIB+v—-1T'(a+1) TI'(a)
In view of Lemma 3, we define the operator F' : X — X by
t n s

/t;S )d8+1177/ /%y(T)dT ds

0 0 0
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7 1
B M _Sapl o ozpl
n 1(1_8)a—1

Q|ﬂ+’}’—1!/ I‘ )ds—’y/r(a)y(s)ds.

0 0

n /s N
_Qé(i)n)/ /S_T (r)dr | ds. (16)
0

Observe that the boundary value problem (1) — (2) has solutions if the operator
equation u = F'u has fixed points, where F' is given by (16).

Now we are in the position to present the first main results of this paper. The
existence result is based on Leray-Schauder nonlinear alternative.

Theorem 3.1. ([13]) (Nonlinear alternative for single valued maps). Let E be a
Banach space, C a closed, convexr subset of E and U an open subset of C' with
0 € U. Suppose that F : U — C' is a continuous and compact (that is F (U) a
relatively compact subset of C') map. Then either

(i) F has a fized point in U, or

(73) there is a w € U (the boundary of U in C) and X € (0,1) with u = \F (u).

Theorem 3.2. Assume that f : [0,1]xR? — R is a continuous function. Further,
it is assumed that the following conditions hold,

(Hy) there exists a function ¢ € C ([0,1],R") and a nondecreasing function v :
Rt — Rt such that |f (t,u,u')| < ¢ (¢) Y (||ul]), for all (t,u) € [0,1] x R,

(Ha2) there exists a constant N > 0 such that

N >
ol (N) (&1 + 82)

where A1 and Ao are given by (14) and (15) respectively. Then the boundary
value problem (1) — (2) has at least one solution on [0, 1].

(17)

Proof. 1t is clear that F is a continuous operator where F' is defined by (16). Now,
we show that ' maps bounded sets into bounded subsets of X. For a positive
number 7, let B, = {u € X : |Ju|| <r} be a bounded set in X. Then, by (14)
and by (15) we have
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B [ Fno syt
T6i-nae 0/ g G ¥l ds
/ (1—s)> Pt
[ ey w(swuun)}ds]
0
A f (n— s)® 1
1 S
+Q|5+’Y— 1] [0/ T (a) [¢(s) ¥ ([|ul])] ds

7 a—p-1 ; a—p-1
S0 0/ R d””o/ T ds]
TR Y AU N N
NCICEET L/ F(a) d””o/ (a) d”
= ol (r) 1.
Also,
) @) < [T o as
;

39
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+6£?%Q ju}éf;IW@WﬂMM@
i 1 S)afpﬂ
+”!%Iwa_m hﬂ@wude4
n
Qw+v—u[! T (a ¥ (Jlul)] ds

n 1
(1—s)*t
Q5+71[J “*”!’ (a) d%}

= lloll ¥ (r) Aa

Consequently,
[Full <ol ¢ (r) (A1 + Ag). (18)

Now, we show that F' maps bounded sets into equicontinuous sets of X. Let
t1, t2 € [0,1] with ¢; < t2 and u € B, is a bounded set of X. Then
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s

At) = A@)| [ [ (s—r)2?
I i/(/, T (a) W@ﬂw<unm)ds

0

Altz) — A(t)

(n—-s
QB

O\d
=
L=
L
Y
=
<
=
QL
V>

Obviously, the right-hand side of the above inequality tends to zero as ty — ;.
Similarly, we have

t1
(tg o S)Q*Q - (tl o 8)0{72

|(F'u) (t2) — (F'u) (t1)| < / Ta—1) |f (s,u(s),u (s))|ds
0

S

A (t2) = A ()] [ s =7
N Q1 —n) 0/(/ T () [¢(7)¢(u)]d7> ds

0

A ()= A )| [ -9
BCIERE] L/
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Again, it is seen that the right-hand side of the above inequality tends to zero
as to — t1. Thus, [|[(Fu) (t2) — (Fu) (t1)|| — 0, as to — t1. This shows that the
operator F' is completely continuous, by the Ascoli-Arzela theorem. Thus, the
operator F' satisfies all the conditions of Theorem 3.1, and hence by its conclusion,
either condition (7) or condition (i¢) holds. We show that the condition (i7) is not
possible. Let U = {u € X : |lu]| < N} with N given by (17). In view of condition
(H2) and by (18), we have

[Full <{loll9 (r) (A1 + A2) <N

where we have used (17).

Now, suppose there exists u € QU and A € (0,1) such that u = AF'u. Then for
such a choice of v and the constant A, we have

N = [lull = M Full < ¢l ¢ (Jull) [A1 + Do] = ll¢l & (N) [A1 + Ao < N,

which is a contradiction. Consequently, by the Leray-Schauder, alternative, we
deduce that F' has a fixed point uw € U which is a solution of the boundary value
problem (1) — (2). The proof is completed.

O]

Now, we are in a position to present the second main result of this paper.

Theorem 3.3. Assume that f : [0,1] x R? — R be a jointly continuous satisfying
the condition

(Hs) |f (t,ug,u2) — f (8, v1,02)] < L(Jug —v1| + |ug — va]), fort e [0,1], u;, v; €
R i=1,2,

where L > 0 is a constant. Then the boundary value problem (1) — (2) has a
unique solution on [0, 1] provided

(A1 4+ Dg) L <1, (19)
where A1 and Ay are given by (14) and (15) respectively.

Proof. Let us set sup |f (t,0,0)] = N < co. For u € X we observe that
te(0,1]

[f (& u ), v @) <[f @ u(t),v(t) = f(&0,0)+f(£0,0)] < Liul + N.

Then for u € X, we have

S

n
1 (s —7)> 1
H(FU)(t)HSl_UO/ O/F(a)[L”u’—i_N]dT ds

t

n s
AW (s =) A ) S
+@(1—77)0/0/ (o) LIl NTd d+/ T (Ll + N)d

0
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n

1
MB s)* P! 1)
£ / e L\uH+N]ds+7/(F(;)_m[Luuu+zv]ds
0 0
7 1(1 jat
—s
T L/ Luuu+N1ds+»yO/ (Ll + ]

i _chfl
<(Lu+N){11n/(/ (Sr(i) dT> ds
0 0

+/t< LHuH+N]
’ n 1
M|B' ) {/ = ) L\uH—i—N]ds—i—’y/W[LHUH+N]CZS
At T p 1—s)""
Q’ﬂﬂ_” L/ LHuH—i—N]ds—irvO/( (‘2) (L Jull + N]

n /s ¢
A (s—7)" (t—)*"
<(L“+N){Q(177)0/(/ r(a) dT)d”O/Nal)ds
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!

n 1
A (n—s)°! (1—5)°"!
+Q6+71{! T () “*”/‘lxw d%}’

0

< (Lllul + N) b2 < os,

which implies that ||Ful| < (L|ul + N) (A1 4+ A2) < oc.
For u, v € X and for each ¢ € [0,1], it follows from assumption (H3) that

[(Fu) — (Fv)|| = sup |(Fu)(t) — (Fv) (¢)],
t€(0,1]

SO YT o O
<Lu’0{0/ () +Q(177)0/</ dT)dS

BOIM | [ (s [ 5]
+6UWQ!! I'{a—p) “*”J T(a—p) “]
+ /?7 7/10 _ S)a_lds

Q\6+7—1!0 I (a ) I (a) ’

< LA ||Ju—v]|.
Also,
[(F'u) = (F'0)|| = sup |(Fu) (8) = (F'v) (1)]

te(0,1]

<Luv{0/t(tpf£1+cgﬁmn)0/n</s " )ds
Q[/” o aplds—i—’Y

0

/ llfsal
me/r n/r ]},

S LAQ Hu — ’UH .
Thus |[(Fu) — (Fv)|| < L (A1 + Ag) ||lu—vl|. Since L (A1 4+ Ag) < 1, thus F is a

contraction. Hence it follows by Banach’s contraction principle that the boundary
value problem (1) — (2) has a unique solution on [0, 1].

O\H
r1
Q
~s
L
CIJ
I —

O]



Boundary value problems for fractional differential equations 45

We construct an example to illustrate the applicability of the results presented.

Example 3.1. Consider the following fractional differential equation

! —(u(t)+u/ (1))
‘D3u(t) = % <(cost) sin (W)) + elT’ t€10,1], (20)
subject to the three-point boundary conditions
ﬁu (0) + %u (I)=u (%) ,
w(0) = [ u(s)ds, (21)

D2 (0) + £°D2u (1) =¢ D2u (1),

e (u+u,)2
1+¢2

where f (¢, u,u) = & ((cost) sin (\u|4;|u’\)) +
0,01, y=0,1and p =1,5.

It can be easily found that M = 1,4597546147 and @ = %.

7t6[071]an:075aﬁ:

For every u;, v; € R, ¢ = 1,2, we have
1
|f (& ur, uz) = f (801, 02)] < 7o (lur = v1] + Juz = wa),

where L = 1—16. On the other hand, we have

[f (tu(t),v(t)] < %w(luwl +lo@®), tel01].
Put ¢ (t) =t and ¢ (t) = &. Clearly, ||¢|| = & and the function 1 is nondecreas-
ing and continuous on [0, 1]. It can be easily found that A; = 0,4141664514 and
Ay = 0,9758011659.
Finally. Firstly, since ||L|| (A1 4+ A2) = 0,0868729761 < 1, thus all assumptions
and conditions of Theorem 3.3 are satisfied. Hence, Theorem 3.3 implies that the
three-point boundary value problem (20) — (21) has a unique solution on [0, 1].
Secondly, we check the conditions of Theorem 3.2. Clearly, assumption (H7) holds
with [|¢]| = &, ¢ (JJul]) = ||lul| .i.e ¥ (N) = N and by assumption (Hs) we found
that there exists NV > 0. Thus the conclusion of Theorem 3.2 applies, and hence
the problem (20) — (21) has at least one solution on [0, 1].
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