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Abstract

We introduce a more general class of fractional-order boundary value problems
involving non-separated type multi-point and multi-strip boundary conditions.
Several existence and uniqueness results for the given problem are established by
applying the tools of fixed-point theory. Some illustrative examples are also included.
The boundary conditions introduced in this work are of quite general nature and
reduce to many special cases by fixing the parameters involved in the conditions.
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1 Introduction

In the last few decades, fractional-order differential equations equipped with a variety of
boundary conditions have been studied. The literature on the topic includes the existence
and uniqueness results related to classical, periodic/anti-periodic, nonlocal, multi-point,
and integral boundary conditions, for instance, see [1-18].

In this paper, motivated by the aforementioned works, we consider a more general class
of boundary value problems of Caputo type fractional differential equations and non-
separated type multi-point and multi-strip boundary conditions. Precisely, we investigate
the existence and uniqueness of solutions for the following fractional differential equation:

‘Dix(t) =f(t, (),  DPx(t)), 0<B<1,1<q=<2,tel0,1], (1.1)

supplemented with the boundary conditions of the form:

ax(0) + bx(1) = Y2 ai(or) + YU 1 S w(s)ds,
ex/'(0) + dx'(1) = 072 8 (o) + ij Y ;,U x/(s) ds, (1.2)

O<o1<0op< - <opa<--<E1<m<&<m<--<§a<n,a<l],

where D7, DP denote the Caputo fractional derivatives of order g and B, respectively,
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f is a given continuous function, a,b,c,d are real constants, and «;,8; (i = 1,2,...,m —
2),1,% (j=1,2,...,p — 2) are positive real constants.

Here we remark that the boundary conditions (1.2) can be interpreted in the sense that
the linear combinations of values of the unknown function and its derivative at the end
points of the interval under consideration are proportional to the sum of their respec-
tive multi-point and multi-strip values. It is imperative to mention that nonlocal bound-
ary conditions play a key role in formulating physical, chemical, or other processes in-
volving some peculiarities occurring inside the domain, for instance, see [19]; while the
integral boundary conditions find useful applications in the computational fluid dynam-
ics (CFD) studies of blood flow [20] and regularization of ill-posed parabolic backward
problems in time partial differential equations (e.g., mathematical models for bacterial
self-regularization [21]).

The rest of the paper is organized as follows. We recall some basic concepts of frac-
tional calculus and introduce the integral operator associated with the given problem in
Sect. 2. Existence results, which rely on Schauder’s fixed point theorem, nonlinear alter-
native for single valued maps, and Krasnoselskii’s fixed point theorem, are presented in
Sect. 3. In Sect. 4, we obtain the uniqueness results by means of Boyd and Wong’s fixed
point theorem and Banach’s fixed point theorem together with Holder’s inequality. Exam-
ples illustrating the obtained results are presented in Sect. 5, and the paper concludes with
some interesting observations in Sect. 6.

2 Preliminaries
First of all, we recall some basic definitions [22]. For « > 0, [«] denotes the integer part of
the real number «.

Definition 2.1 The Riemann-Liouville fractional integral of order « > 0 for a locally in-
tegrable real-valued function f on 0 <t < b < oo is defined as

o _L ! _ -1
) = fo (¢ - 51" Ly(s) ds.

Definition 2.2 Letf € L'[a,b],~co <a<t<b < +ooandf*K, o, € W™[a,bl,n=[a] +1,
a >0, where W"1[a, b] is the Sobolev space defined as

d}’l
W"la,b] = {feLl[a,b] : ﬁfeLl[a,b]}.
The Riemann-Liouville fractional derivative D% of order « >0 (n— 1< <n, n € N) is

defined as

a" a"
DO = Sl O = s

Jpila /ﬂt (t —s)""17f(s) ds.

Definition 2.3 If f € C"[a, b], then the Caputo fractional derivative “DS of order « € R
(n—1<a <n,neN)isdefined as

¢ _ 7l p(n) _ 1 /t _ \i-1-a g(n)
Dof(t)=1,f (t)_ir‘(n—a) ; (t—s) 7 (s) ds.

In passing we remark that the Caputo fractional derivative °D% with a = 0 is denoted by
‘D“.
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Remark 2.4 (see [22,23]) (i) Ifo>0,8>0,f € L(0,1), then
FIF@) =1Pf(e), D& =f(®),  DUIPf(e) = 1P ()
(i) I*Df(t) =f(t), 0 < < 1, f € C([0,1]), and D*f € C(0,1) N L(0, 1).
Next, we present an auxiliary lemma which plays a key role in the sequel.
Lemma 2.5 For g € C[0,1], the solution of the linear fractional differential equation
‘Dix(t)=g(t), 1<q=<2,tel0,1], (2.1)

subject to the boundary conditions (1.2) is equivalent to the fractional integral equation

N (Aot = Ag) [, [ (0i =91
O A v [;5"0 PETE

e ' (s —u)1? P(1-s)?
21: /,(/o Ta D l)g(u)du)ds—d/(; 7F(q_1)g(s)ds

m-2 o; -
+AL[Z / ))q gls)ds

p-2 i u)q‘l
+Z’"//v </0 Tq) (u)du)dS—b/ F(q) g(s)ds:|, (2.2)

where
Ay=c+d—pu 70, Ay=a+b—-pu,#0, A3 =b—us, (2.3)
m=2 m-2 p-2
“1 -25 —ZV/ pa=y o=y rini—§), (2.4)
i=1 j=1

p-2

=2 (n
M3 = ZOHUL Z !
i=1

j=1

7 )

(2.5)

Proof It is well known [22] that the solution of fractional differential equation (2.1) can be
written as

(t—s

g(s)ds + by + brt, (2.6)

where by, b; € R are arbitrary constants. Using the boundary conditions (1.2) together
with (2.6), we find that

1 [22 (o (0, —5)12
bi=—|Ys [ YTV 94
1 Al[; /0 rg-1 0%

p-2 ; u)’f‘
Zl / (/0 T-n*¢ ”)d”> d/ Tlg- 1)g‘s)ds} 27)

/
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m-2 o g1
boz—i—ib1+Ai2|:Zai/(; %g(s)ds
i=1
S T (s —u)T” ya-1
+;:”1/Ej < T g(u)du> ds - b/ Wg(s)ds:|, (2.8)

where Ay(k = 1,2,3) are given by (2.3). Substituting the values given by (2.7) and (2.8)

in (2.6), we obtain (2.2). The converse follows by direct computation. This completes the
proof.

O

In the forthcoming analysis, we define the space

X = {xlx € C([0,1],R) and “D*x € C([0,1],R)},

equipped with the norm

lxllx = sup |x(&)| + sup |°D?
t€[0,1] t€(0,1]

where °D? denotes the standard Caputo fractional derivative of order 0 < 8 < 1. As shown
in [24], (X, || - |lx) is a Banach space.

Introduce an operator F : X — X as follows:

- S)q_lf( ,x(s), CDﬁx(s)) ds

(Agt — A3) |:m_2
L2t A3)

[T -9 cpp
A1A, ;& o Tl(g- 1)f( #s),°D ())d

(S (s — u)T2 -
+Zy,/ ( TG 1)f(u,x(u), D x(u))du) ds

—d luf( x(s), “DP x(s)) ds

o Ilg-1)

{Z / r_(;)q_ ,2(s), D (s)) ds
+ZV; / nl( (S'F(”;; : f (1, %(u), *DP x(w)) du) ds

o [ U
F(q) ,x(s), D x(s)) ds |, (2.9)

and observe that problem (1.1)—(1.2) has solutions if and only if operator (2.9) has fixed
points. Furthermore, using the value of F’'(x) given by

t _ g2
Fx)(t) = /O (lf (qu 3/ (5,6, DPx(5) ds
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i S ; ” M cnB
+ A |:; 81/0 Tg-1) f(s,x(s), D x(s)) ds

! s—u)r cpb )
V// (/0 T(g- 1)f(u,x(u), DPx(w)) du ) ds

1 (1 _ S)qu

-d 7f(s,x(s), ”Dﬂx(s)) ds:| (2.10)

o T'lg-1)

in Definition (2.3), we get

B
D (Fx)(8) - /‘“1”mF<x>m

A %f(s,x(s), ‘DPx(s)) ds

1 -8 m=2 % (g; — 5)12 -
TATR-p) {25 | T x0 Dxs) ds

_ )2
+Zy}f ( \ (;(q )1 f(u,x(u),cDﬁx(u))du) ds

1 (1 — s)q_zf(s,x(s); CDﬂx(s)) dsi| . (211)

For convenience, we set the notations:

q- 2
- |d|

1 |Agt = A [ vl g e ldl
_FW+Dt%HIAAﬂ[;; T@ zh%+nm 5l 1

-2
q+1 gq+1 |b|
o - , 2.12
IAzI[ZI | q+1 +;=1 Fq+2)| gl (q+1)} 212
0 - 1
' T@-B+1)
m=2 - p-2
1 1 |1 n &l ld|
d Ny —, 2.13
murzﬂ[in' +%;F¢u ¥ 219
1 [1-y\'7 Aot — A 1 1- Loy [mz2
Z1:—(—y) + max |42 el ( 14 ) Z|5i|
F@\qg-vy telo1] |A1Ay| T(g-1)\g-y-1 =

1 (1-y\'"7[&
+Z|y, - "} |A2|F(q)(q—_y) [gw

nq y+l _ %-q y+1
+Z|r/ el +1bl|, ve(0,g-1) (2.14)
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and

1 1-y \'7 1 1 (1—y )H =
7, = — 5;
S T ) BTt v e 2,13
p-2 - -
nq - &
+ ) Ipl———+ ldl} (2.15)
,21: "ogq-vy

3 Existence results
This section is devoted to the existence results for problem (1.1)—(1.2). Our first existence

result is based on Schauder’s fixed point theorem.

Lemma 3.1 (Schauder’s fixed point theorem [25]) Let U be a closed, convex, and
nonempty subset of a Banach space X. Let P: U — U be a continuous mapping such that
P(U) is a relatively compact subset of X. Then P has at least one fixed point in U.

Theorem 3.2 Assume that f : [0,1] x R x R — R is a continuous function satisfying the
assumption:
(A1) If@t,x,9)] < m(t) +dy|x|” + da|y|P2, V(8 x,9) € [0,1] X R x R, and m EL%([O, 1], R*),
y€(0,g-1),d;>0,0<p;<1,i=1,2.
Then the boundary value problem (1.1)—(1.2) has at least one solution on [0, 1].

Proof Denote ||m|| = (fo1 |m(s)|% ds)?.Let B, = {x € X : ||»||x <r} with r >0 to be specified
later. It is clear that B, is a closed, bounded, and convex subset of the Banach space X.
We will show that there exists r > 0 such that the operator F maps B, into B,. For x € B,,

we have

|(Fx)(0)]

¢ -1
= /0 %[m(s) + d1|x(5)|pl +d2|cDﬂx(s)|Pz]ds

|A2t A3|
max S [Z"/ r( [m(s) + di |x(s)|”" + da|°DPx(s)|"] ds

S (e _ -2
+121:|y]| (/(; %[m(u)+d1|x(u)|ﬂ’l +d2|CDﬁx(u)|p2]du) ds

|d|/ Wl(S)+d1|x(S)|/’1 +d2|cDﬂx(S)i02] :|
m=2 a; o .
' |A—12||:§ |ai|/0 %[W’(‘S) "'611|x(s)|p1 +d2|CDﬁx(S)ipz]ds

1 _

g-1
Y / (lr (S)) [1m(s) + dy (s)| " +d2|CDﬂx(s)|"2]ds]
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(||| (1 -y >1‘V dyrPt + dyrP?
< +
@) \qg-v I'g+1)

A . I 1 1-y
220t 3,10y )
tef01] |A1Ay| T'(g-1) i-1 q-v-1
1-y q-y _ &£9-Y - 7y
N - 1-y
+Z|V;< ) +|d|< )
q-y-1 9= -yt

j=1

p-2
|A2t A3| - 1 |y]| q q dlrpl +d2l"p2

ma E S; WNpd _gd) 4 g | 227720

tel01] |AA,| 19ilo; 2 q \77, E'] +1d| r@

j=1

1 |im| <1 y) (1 y)”nq vl ga-r+l
™ +Y rl
A T@ [Z ,ZI ’ -

qg-y+1
1-y\"7
+ |b|<—7’>
q-v
d1r®t + dyr?

|A|[Z|a,|a +Z |q” 5 + MA]W

and

(‘D Ex)(@)]

t(+_ g-B-1
3! %W +dfx(9)|" + da|"D )| ] ds
| -

tl B m=2
|A |F(2 B) |:Z| l|/ F( (S)+d1|x(s)|p1 +d2|CDﬂx(S)|p2]dS

N2
+121:|)/]| (/o ;‘(Tbt)ql)[m(u)+d1|x(u)|pl+d2icDﬁx(u)|pz]du) ds

! (1 - )q—2 1 c 2
ol [ T s @) s el Do ]”“}

[l 7] < 1-y )l_y dirP! + dyrP?
< _
“Tg-B\g-B-v Fg-B+1)

11—y \[22
+mr(2_5)(q_y_1) Z'BHZW} — .y

m=2 p-2 — _
1 1 niv — g4 APl + dorP?
b | Y S+ Yyl +ld| |
1A TQ2=-8)| 5 = qa-v Fg-p+1)

From the above inequalities, we obtain

IFxllx <L +M[dir™ +dar™],

Page 7 of 20
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where
Cmll 1=\ | Aot~ As| |ml| -
=—| — + max Z| i
N \q-vy telon] [A1As] T(g-1)| 4
-y q-v _gq-v _ 1-y
n & 1-y
+ [yl ( ) +|d|< )
,21: ' q-v q-v-1
1 |m] < ) <1 y) Y paoy+l _gay+l
|l| + |}”
|A2|F(q)[Z 121: ' g-y+1
1-y\"7 llm]| 1-y \7
+|b|{ —— +
qa-v F'g-B\g-B-v
m-2
lm| 1 ( 1-y )W -y
T 181+ ) | +|d)
MITC-A\g—y -1 Z ZV} -
and

1 |Agt — As| g-1 1)l
= Silo
e D) "o Taal [Z' oy Tl

j=1

|}”/ q+1 q+1 1
|A|[Z|a,|a +Z ph =g ""] Mg+ 1) " Tl—p+D

g- 1
|A|F(2 ﬁ)[DWZM - 'd'}r(q—ﬂﬂ)'

Let r be a positive number such that
1 1
r>max{3L, 3Md,) ™1, (3Mdy) 2 }.
Then, for any x € B,, it follows that

Fxllx <L+M[dir™ +dor™] < = +

[SSR

r
—+
3

[SSRE

In view of the continuity of f, it is easy to verify that F is continuous.

Next, for every bounded subset B of X, we show that the families F(B) and ¢Df F(B) are
equicontinuous, where B is any bounded subset of X. Since f is continuous, we can assume
that |f(¢,x(t),°DPx(t))| < N for any x € Band ¢ € [0,1].

Now, for 0 < t; < tp <1, we have

|(Fx)(t2) - (Fx)(11) |

<

L i _ _ Dtl cn
< F(a)/o [ty -5 17 (5,%(5), ‘D x(s)) ds

L[ e b
+ @) -/t1 (ty — ) f(s,x(s), D x(t)) ds
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|t2 ty] Cﬂ
|Aq] [Z| ‘I/ r( f(5,%(5), “D"x(s)) ds

(s—u)i?
—f(u, ,DP d)d
+121:|J/;| (/0 T 1)f(ux(u) x(w)) du ) ds

L(1-s)12 eng
+1d| TG f(s,%(s),°D x(s))ds]
< F(T_I_l)|2(t2—t1)a+t‘f—tg‘
 Ni-n| = |V I P
A [ZW ler(qﬂ)\ﬁj—%}“ﬁq)

and

|(‘DPEx)(t2) - (“DP Fx)(t1)|

N
P S [, YOSRIRY o Y o
_I'(q—/3+1)|(2 1) +1 2 |
N |8 L S d
| + |V/ ’771 §| ||
YAl T@-p) ﬁ - %;Fq+1)

In consequence, we obtain

sup‘(Fx)(tg) - (Fx)(tl)’ + sup‘ (CDﬁFx)(tg) - (CDﬁFx)(tl)’ —0 ast,—t,

x€B xeB

independent of x € B. Therefore the operator F : B, — B, is equicontinuous and uniformly
bounded. Hence, by the Arzeld—Ascoli theorem, it follows that F(B,) is relatively compact
in X. Therefore, the conclusion of Theorem 3.1 applies, and consequently problem (1.1)—
(1.2) has at least one solution on [0, 1]. The proof is completed. O

Corollary 3.3 Letf:[0,1] x R x R — R be a continuous function such that |f(¢,x,y)| <
v(t),Y(t,x,9) € [0,1] x R x R, where v € C([0,1],R*). Then the boundary value problem
(1.1)=(1.2) has at least one solution on [0, 1].

For p; = p; = 1, Theorem 3.2 takes the following form.

Corollary 3.4 Assume that f : [0,1] x R x R — R is a continuous function satisfying the

1
assumption: |f(t,x,y)| < v(t) +di|x| +da|y|,Y(t,x,y) € [0,1] x Rx R, and v € L7 ([0, 1], R*),
y €(0,g-1),d; >0,i=1,2. Then problem (1.1)—(1.2) has at least one solution on [0, 1].

In our next result, we make use of Leray—Schauder’s nonlinear alternative to prove the
existence of solutions for problem (1.1)—(1.2).

Theorem 3.5 (Nonlinear alternative for single-valued maps [25)). Let & be a closed, con-
vex subset of the Banach space € and U be an open subset of 1 with 0 € U. Suppose that
F:U — & is a continuous, compact map, that is, F(E1) is a relatively compact subset of
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&1. Then either F has a fixed point in &, orthere are u € dU (the boundary of U in &) and
A €(0,1) such that u = AF (u).

Theorem 3.6 Letf:[0,1] x R x R — R be a continuous function. Assume that:
(A2) There exist a function m € L% ([0,1],R*),y € (0,q—-1),and ¥; :R* — R*,i=1,2,is
nondecreasing such that |f (t,x,y)| < m(£)(Y1(1x]) + ¥a2(ly)), V(& %,9) € [0,1] x R x R;
(A3) There exists a constant M > 0 such that

M
G+ DM 2+ Z0)

where |m|| = (fo1 Im(s)I% ds)Y and Z,,Z; are defined by (2.14) and (2.15), respectively. Then
problem (1.1)—(1.2) has at least one solution on [0,1].

Proof Firstly, we show that the operator F : X — X defined by (2.9) maps bounded sets
into bounded sets in the space X. Let B, = {x € X : | x||x < r},r > 0. For any x € B,, we have

|(Fx)(0)]

(t—s)q !

[ ([x©)]) + v2(|DPx(s)[) ] ds
IA L— Az ( i = c

S (s—u)t? e
'S ( Ta-" ‘“>[%<!x<u>l)+wz(|z>x<u>\>1d”)”’s
j=1

1(1-5)12
rig-1) "

+|d| ; O (|x6)]) + wz(chﬂx(S)D]dS]

m=2 o L \g-1
. |A—1|[z ™ / %m@[wlqm)p (D x(s)])] ds

p-2 (S u)ql eng
i [ S () v D ] ) ds

j=1 §

1 _ g1

+|b|/0 (II‘(Z) m(s)[wl(’x(s)’)+w2(‘cD‘3x(s)’)]dsj|

Il (1-y\"7 | Aot~ As|  |ml|
fﬁ(q-—y) I A T 1[2' (5

1-¥ pq-v _gq-v _ 1-y

n 3 < 1-y )
d

+;;h9< ) q-v +||q—y—1 }

m-2 -y P2 _ 1=y g-y+1 _ gq-y+1
|A12||:(nq|l[z"'<l y) +Z'r"<1—y) SEL

o q-v q-y+1
_ 1-y
+|b|(1—y> ”[wl(mvfz(r)]
q-v

)
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and
|(‘DPFx) (1))
t(t—s)aP-1 -
=< A WM(S)[W1(|X(S)|)+I/IZO D X(S)|)]ds
[ [ e :
|A1|F(2 ﬂ)[zl’| 0 % m@[v([(s)]) + v (D (s)]) ] s

u)i-?
+ Z [yl (/ F(—_lm(u)[l//1(|x(u)|) + Y2 (|°DPax(u)|) ] du) ds
-1 0 q-1)

+ |d] 1 wm(s)[w (|x(s)|) + (|CD‘3x(s)|)]ds
o Tlg-1) ! ?

_ ] _lml ( 1-y )” lmll 1
Ll
“|T@-B\qg-B-v A1 T(2-B)

x (%)1 ' [Mi 18] + Z =+ |d|} }[t/fl(r) +¥a(r)]-

q-v

From the above inequalities, we find that

IExlx < [¥1(r) + Y2 ()] I1mll(Z1 + Z5).

As established in the proof of Theorem 3.2, one can show that F is equicontinuous on
bounded sets of X. Finally, for A € (0, 1), let x = AFx. Then it is easy to obtain that

ll%llx

W1 (lxllx) + Y (llxlb)llml (Zy + Zz)

In view of (A3), there exists M such that ||x|| # M. Let us set
V={xeC([0,1],R) : |lx]lx < M}.

Note that the operator F: V — C([0,1],R) is continuous and completely continuous.
From the choice of V, there is no x € 3V such that x = AFx for some A € (0,1). Conse-
quently, by the nonlinear alternative of Leray—Schauder type (Theorem 3.5), we deduce
that F has a fixed point x € V, which is a solution of problem (1.1)-1.2). This completes
the proof. O

Our last existence result is based on Krasnoselskii’s fixed point theorem.

Lemma 3.7 (Krasnoselskii’s fixed point theorem [26]) Let Y be a closed, bounded, convex,
and nonempty subset of a Banach space X. Let A, B be the operators such that (i) Ay, + By, €
Y whenever y1,y, € Y; (ii) A is compact and continuous; (iii) B is a contraction mapping.
Then there exists y3 € Y such that y3 = Ays + Bys.

Theorem 3.8 Letf:[0,1] x R x R — R be a continuous function satisfying the following
conditions:
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(Ag) f(&x1,51) = f (& %2, 52)| < m(E)(|1 — x2| + |y1 = y2l) for t € [0,1], x5y, € R,i = 1,2
and y € (0,q — 1) and the function m : [0,1] — R* is Lebesgue integrable with power
%, that is,

1 1 1 Y
meL?([0,1,R*) with ||m||:</ |m(s)|yds> )
0

(As) If@tx,y)] <m(e),V(t,x,y) € [0,1] x Rx R, and m € L%([O,l],R"), y €(0,g-1).
Then problem (1.1)—(1.2) has at least one solution on [0, 1] provided that

1 (1-y\"7 1 1-y \'7
"m”<Zl F(q)(—) +Zz_1"(61—ﬁ)(q—ﬂ—y> ><1’ ey

where Z1,Z, are defined by (2.14) and (2.15), respectively.

Proof Selecting p > L, we define B, = {x € C : ||x||x < p} and introduce the operators A

and B on B, as follows:

[ E-s)T! e
Ax)(t) = L T £ (s,%(s), “DP x(s)) ds

and

m-2 o o 2
B = S22 [Z 5 [ o0, Do) ds
i=1

p-2 _
(5wt C
+Zyj/ ( ; %f(u,x(u), Dﬂx(u)) du> ds

=1 %
1 (1 _S)q—2 P
—d i mf(s,x(s), DPx(s)) ds]

L[ [ o= b
+ A_2|:Z%/o Tq)f(s,x(s), DPx(s)) ds
p-2 s e
' Zr’/ ([ 00, D ) ) s

f (11:(“2: : s,x(s),CDﬁx(s))ds:|.

For any x,y € B, as in the proof of Theorem 3.2, it can be shown that [|Ax + Bx||x <L < p.
This shows that Ax + By € B,. The operator A is completely continuous as in Theorem
(3.2). Using assumption (As), as in the proof of Theorem 4.5, it can be shown that the
operator B is a contraction with the aid of (3.1). Thus all the assumptions of Lemma 3.7
are satisfied. Hence the conclusion of Lemma 3.7 implies that problem (1.1)—(1.2) has at

least one solution on [0, 1]. g
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4 Uniqueness results
In this section we discuss the uniqueness of solutions for problem (1.1)—(1.2) by using a
variety of fixed point theorems.

Our first result relies on Boyd and Wong’s fixed point theorem. For a quick reference,

we recall it here.

Definition 4.1 Let E be a real Banach space. A nonempty closed set P C E is said to be a
cone provided that (i) au + bv € P for all u,v € P and all ¢, b > 0, and (ii) &, —u € P implies
that u = 0.

Definition 4.2 A mapping F acting in a Banach space E is said to be a nonlinear con-
traction if there exists a continuous nondecreasing function ¥ : R* — R* (R* denotes
the set of nonnegative real numbers) such that W(0) = 0, W(§) < & for all £ > 0 and that
lFx - Fyll < W(llx - yll), Vx,y € E.

Lemma 4.3 (Boyd and Wong) [27]. Let E be a Banach space, and let F : E — E be a non-
linear contraction. Then F has a unique fixed point in E.

Theorem 4.4 Assume that f : [0,1] x R x R — R is a continuous function satisfying the
condition

1 — 3]

If (&,1,1) —f (8,23, 92) | < I (8) T ————
H* + |1 — %]

ly1 =yl

+hy(t) ————
PYH |y - 9l

, te(0,1),

x5,y € R,i=1,2, where hy,hy : (0,1) — R* are continuous functions with

H*=

g, (Il + k),

and Q, Q2 are respectively defined by (2.12) and (2.13). Then the boundary value problem
(1.1)-(1.2) has a unique solution.

Proof Consider the operator F : X — X defined by (2.9). Let the continuous nondecreas-
ing function ¥ : R* — R* be defined by

H*
W)=

vt VE > 0.

Observe that W(0) =0 and W(£) < € forall &£ > 0.
For x,y € X, we can find that

If (5,%(5), DPx(5)) = f (5,%(9), D ¥(s)) |

X lx(s) — y(s)]
= U H 1 x(s) — y(s))
_ I+l
s

[“DP x(s) — “DP y(s)|

+ hZ(S)H* + |cD/3x(5) — CDﬁ_)/(S)|

(Il = yllx)-
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Then

|(Fx)(8) - (Fy)(0)]

Pt —s)7! s ) »
< /(; ) [/ (s,%(s), “DPx(s)) - f (5, 7(5), °D’ y(s)) ] ds

(Ast - A3) (a,—s) -2 s -
", [ / 7y (5060, °D"x(5)) =1 (5,519, “Dy(9)) ] ds

p-2 ; s _
+ FZI ¥ /;1 (j(; (;(—qu_)ql)z [f (%), “DP x(w)) ~ f (4 y(w), “DP y(u)) | du) ds

a w[f(& x(s), “DPx(s)) - f (5, ¥(5), “DP y(s)) | ds
o F(g-1)

m-2 % (g: — g)4-1
f{zw [ S 5469, D 409) - (5909, D ) s

P2 )j s _ -1
+ Z rj /n (/0 (s F(uq))" [f(u,x(u),cDﬁx(u)) —f(u,y(u),cDﬂy(u))] du) ds

j=1 §

(ls1

x(s), °DPx(s)) = f (s, (), °D” y(S))]dS}

lx =yl
mmwwmgqﬁﬁ;

and

’ (‘D* Fx)(t) - (CD’S Fy)(t) |

(t s)4 1 e -
x(s),“DPx(s)) = f (5, (5), ‘D’ y(s)) ] ds
1 i e % (0, —5)172 ¢ c
AT [Z‘S | Tl V60 D) ~f (650, D y(o) s

-2 nj (S u)q— . )
+21y}/$] (0 rig = 1 U (00, “DF ) =f (,(0), "D y(a ))]du)ds

(1 S)” 2

x(s),“DPx(s)) f(s,y(S),”Dﬂy(S))]ds}

Il — Il
< (Il + ||h2||)I-W—);||X'

Then ||Fx — Fy||x < W(||x — y|lx) and F is a nonlinear contraction and it has a unique fixed
point in X by Lemma 4.3. This completes the proof. O

In the following result, we establish the uniqueness of solutions for problem (1.1)—(1.2)
by applying Banach’s fixed point theorem together with Holder’s inequality.



Ahmad et al. Advances in Difference Equations (2018) 2018:89 Page 15 of 20

Theorem 4.5 Let f:[0,1] x R x R — R be a continuous function satisfying assumption
(A4). Then there exists a unique solution for problem (1.1)—(1.2) on [0,1] if

lml(Z, + Z3) < 1,
where Z1,Z, are defined by (2.14) and (2.15), respectively.

Proof For x,y € X and for each ¢ € [0, 1], by H6lder’s inequality, we have

|[(Fx)(2) - (Fy)(8)|

t (t _ S)q—l
o Tg)

D’(s,x(s), CDﬂx(s)) —f(s,y(s), CDﬁy(s))] ds

m—2 o; L _
S [ st Do) o0, D)

42
+Zy’/ <o (;(qu)l [f (16,20), “DP () = f (1 y(a4), “DFya ))]du)d

(1 S)” 2

x(s),“DPx(s)) f(S,y(S),”Dﬁy(s))]dsi|

m—2 o; L -1
f{zaf : (G’ré))q [/(556),"D"x(9) (5761, D\ 16)) | s

p-2 1
LY / ( 300, D500) ~ 0, Dy ))]du>d
j=1

(ls1

#9,DPx(5) f(S»y(S),CDﬂy(s))]ds}

IA

/ (t—s)1t cnp ¢pp
T m(s)(|x(s) = y(s)| + |°DPx(s) — “DPy(s)|) ds

[Axt — As|
o A4, [;' |/ 1"( m(s)(|x(s) - y(s)|

+ |”D’5x(s) —°DPy(s) |) ds

(s—u)i?
+ Z [yl (/(; rg-1) m(u)(|x(u) —y(u)| + |CD/3x(u) —cDﬂy(u)l)du) ds

IdI/ F( m(s) (J(s) = y(s)| + |°DPx(s) - “DPy(s)|) . }

2

[D / q) L (9 - 5(6)| + D x(9) - DP9 ds

=

1
| Ay
p—2 M)q_l

nj s
— cpb b
Y2 </0 ) m(u)(|x(w) - y(@)| + |°DPx(u) - °D y(u)|)du> ds

j=1 ]
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ol e (2: ) () 309 + D)~ CDf‘y(s)|)ds}
e [y ([ o)
oy e S ([ -y )
(fere)
+§|y,| ;[(fos s—u)” 2)11du)l_yUOl(m(u))”ydu)y]ds
(o) ([
+|A12| ||xr(;nx[;| '(f _Sql)l_lyds)l_y(/ol(m(s))wdsy
Sl (o) ([orra)
o) [
- ||Wl||||x—)’||x<1—)’)l_y
IR N (/) q-vy
¢y el e e 5 (152 )
Z< L) ()
A )

1-y\"7
+|b|<—’/>
a-y

=Zy|lm|llx - yllx-

Similarly, we have

|(‘DPFx)(¢) - (“DP Fy)(2)]
- (- s)q’ﬂ’
“Jo T(g- ,3)

1 2 [ % (01 =5)17
"aTe- ﬁ)[z| 1), Ta-n

(’xs) y(s ‘+‘”D‘3 (s) - CDﬁy(s)‘)
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X m(s)(|x(s) —y(s)| + |6Dﬂx(s) — CDﬂy(s)|) ds

n _
+ Z |)/;|/ ( A (i(qu) 1) () (|%() = y(w)| + |*DP x(us) —CDﬁy(u)‘)du) ds

+ |d] 1 wm(s)(’x(s) —y(s)‘ + ‘”Dﬁx(s) —CDﬁy(s)‘)ds
o Tlg-1)

1 1-y \'7 1 1 (1—y yﬁ =
_— 255
S{Fw—m<q—ﬁ—y> TaTe-p\g-y -1 ﬁJ

-y q-v
-§
+ E I)/, - +|d|:”||m||||x—y||x

= Zyllm|lllx - yllx-

From the above inequalities, we obtain

|1Fx = Fylix < (Z1 + Zy)lmll 1% =yl x.

In view of the given condition ||m||(Z; + Z;) < 1, it follows that the mapping F is a con-
traction. Hence, by the Banach fixed point theorem, F has a unique fixed point which is a

unique solution of problem (1.1)—(1.2). This completes the proof. d

Corollary 4.6 Suppose that the continuous function f : [0,1] x R x R — R satisfies the

following assumption:

(A/-L), If(t,xl;yl) _f(t»xZ»yZ)l =< L(lxl _x2| + |)’1 —J’2|)f0’"t € [01 1], Xis Vi € er = 1; 2; (ll’ld
L >0 isa constant.

IfQ + Q < 1, where Q, Q) are defined by (2.12) and (2.13), respectively, then the boundary

value problem (1.1)—(1.2) has a unique solution on [0, 1].

5 Examples
Let us consider problem (1.1)—(1.2) with specific data:

q=3/2, B=1/2, y=1/3€(0,1/2), m=6, p=5
a=b=c=d=1, ry =1/24, ry =1/12,
ry = 1/6, o] = 1/25, oy = 1/20, o3 = 1/15, Oy = 1/10,
81 =1/20, 8y = 1/15, 83 = 1/10,
(5.1)
84 =1/5, = 1/18, Y2 = 1/9, V3= 1/3,
o1 =1/16, oy =1/8, o3 = 3/16, o4 =1/4,
&1 =1/2, &, =19/30, &3 =23/30, n =17/30

m= 7/10) n3 = 5/6.

Page 17 of 20
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Using the given values of the parameters in (2.3)—(2.5) and (2.12)—(2.15), we find that

w1 =23/60,  p,=427/1800,  ps = 139/4320,

Ay =97/60, A, =3173/1800, A3z =4181/4320,

(5.2)
Q~1.573224,  ©Q, ~1.951384,
Zy~1911201,  Z,~ 3.547288.
In order to illustrate Theorem 3.6, we take
t+1)? 1
F(x(0),° DPx(8)) = (;1—/3) (4 + g sina(e) + E”D’Sx(t)) (5.3)
Clearly, Lf(t,x(t)fDﬂx(t))l < m@OW (1x(@)]) + Y2(I°DPx(e))) with m(e) = G, jm] =
—= , W (|2 , Yo x(¢ ‘ us condition (A,) is satisfie en,
(S22)13, 4 (|x(0)]) = & + 201y, (1<DPx(z)]) = 2520 Thus condition () is satisfied. Th

from (A3) together w1th the values of Z; and Z2 given by (5.2), we find that M > 3.440883.
Consequently, the conclusion of Theorem 3.6 applies and problem (1.1)—(1.2) with (5.1)
and (5.3) has at least one solution on [0, 1].

For the illustration of Theorem 4.5, let us take

F(ba(0 Dx0) = 1o +11)2 - (% + ':‘l'x| " tanl(CDl/zx(t))> (5.4)

in (1.1) and note that

If (£ %1,°D"2x1) — f(t,%2,°D"*x3) | < 1 — 25| + | "Dy = D2, ).

1
K 178
Here m(t) = t+1)2/3 with ||m| = 384 — 5. Using the values of Z; and Z, given by (5.2), we
find that ||m||(Z; + Z3) = 0.750981 < 1. As all the conditions of Theorem 4.5 are satisfied,
therefore there exists a unique solution of problem (1.1)—(1.2) with the data (5.1) and (5.4)
on [0,1].
Next we demonstrate the application of Corollary 4.6 by choosing a function

cnl/
D" 2x(t)| )|), 5.5)

1
t,x(),° DY2x(t)) = L[ = = U
£ (t,x(6), D2x(1)) 8 W T D

which is clearly a Lipschitz function with Lipschitz constant L. Observe that the condition
L(2 + 1) < 1 is satisfied for 0 < L < 0.283719 (2 and 2; are given by (5.2)). Thus, by
Corollary 4.6, problem (1.1)—(1.2) with data (5.1) and (5.5) has a unique solution on [0, 1].

6 Conclusions

We have studied a nonlinear fractional differential equation with nonlinearity depending
on the unknown function together with its lower-order fractional derivative, equipped
with a general type of non-separated boundary conditions involving finite many nonlocal
points and sub-segments of the interval [0, 1]. Several existence and uniqueness results
have been derived by applying different tools of the fixed point theory. Our results are quite
general and give rise to many new cases by assigning different values to the parameters
involved in the problem. For explanation, we enlist some special cases.
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» Byfixingr;=0=y;,j=1,...,p, in (1.2), our results correspond to the ones for
non-separated multi-point boundary conditions. On the other hand, we obtain the
results for non-separated multi-strip boundary conditions by taking
@=0=8,j=1,...,p,in (12).

+ In case we choose r; = y; =a; =6, =0,j = 1,..., p, in (1.2), our results correspond to
periodic/anti-periodic type boundary conditions x(0) = —(b/a)x(1),x'(0) = —(d/c)«'(1).
In particular, we have the results for anti-periodic type boundary conditions when
(b/a) =1 = (d/c). For more details on anti-periodic fractional order boundary value
problems, see [28].

« Lettinga =c=1,b=d =0, conditions (1.2) read as

m-2 p-2 ni m-2 p-2 ;i
2(0) =Y aw(o) + » 1 / x(s)ds,  H(0)=) sx(0)+ Y v / '%(s)ds,
i=1 =1 % i=1 =1 Y%

which are initial nonlocal multi-point and multi-strip type conditions. Similarly (1.2)
take the form of terminal nonlocal multi-point and multi-strip type conditions for
a=c=0,b=d=1.
o Ifwetakea=c=b=d=0in (1.2), then our results correspond to nonlocal
multi-point and multi-strip conditions.
In the nutshell, the boundary value problem studied in this paper is of fairly general nature
and covers a variety of special cases.

Acknowledgements
This project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz University, Jeddah, under grant
no. (RG-15-130-38). The authors, therefore, acknowledge with thanks DSR technical and financial support.

Funding
Not applicable.

List of abbreviations
Not applicable.

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
Each of the authors, BA, SKN, AA, WS, and RPA, contributed equally to each part of this work. All authors read and
approved the final manuscript.

Author details

"NAAM-Research Group, Department of Mathematics, Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia.
2Department of Mathematics, University of loannina, loannina, Greece. *Department of Mathematics, Texas A&M
University, Kingsville, USA.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 3 January 2018 Accepted: 1 March 2018 Published online: 13 March 2018

References
1. Goodrich, C.: Existence and uniqueness of solutions to a fractional difference equation with nonlocal conditions.
Comput. Math. Appl. 61, 191-202 (2011)
2. Wang, JR, Zhovu, Y, Feckan, M.: On recent developments in the theory of boundary value problems for impulsive
fractional differential equations. Comput. Math. Appl. 64, 3008-3020 (2012)



Ahmad et al. Advances in Difference Equations (2018) 2018:89 Page 20 of 20

20.

21.

22.

23.
24.

25.
26.
27.
28.

. Henderson, J, Kosmatov, N.: Eigenvalue comparison for fractional boundary value problems with the Caputo

derivative. Fract. Calc. Appl. Anal. 17, 872-880 (2014)

. Liu, Y. Multiple positive solutions of BVPs for singular fractional differential equations with non-Caratheodory

nonlinearities. Math. Model. Anal. 19, 395-416 (2014)

. Henderson, J, Luca, R, Tudorache, A.: On a system of fractional differential equations with coupled integral boundary

conditions. Fract. Calc. Appl. Anal. 18,361-386 (2015)

. Peng, L, Zhou, Y. Bifurcation from interval and positive solutions of the three-point boundary value problem for

fractional differential equations. Appl. Math. Comput. 257, 458-466 (2015)

. Zhang, L, Ahmad, B, Wang, G.: Successive iterations for positive extremal solutions of nonlinear fractional differential

equations on a half line. Bull. Aust. Math. Soc. 91, 116-128 (2015)

. Ahmad, B, Ntouyas, S.K:: Some fractional-order one-dimensional semi-linear problems under nonlocal integral

boundary conditions. Rev. R. Acad. Cienc. Exactas Fis. Nat,, Ser. A Mat. 110, 159-172 (2016)

. Qarout, D, Ahmad, B, Alsaedi, A.: Existence theorems for semi-linear Caputo fractional differential equations with

nonlocal discrete and integral boundary conditions. Fract. Calc. Appl. Anal. 19, 463-479 (2016)

. Nyamoradi, N, Zhou, Y.: Multiple solutions for a nonlinear fractional boundary value problems via variational

methods. Fixed Point Theory 17, 111-122 (2016)

. Ahmad, B, Luca, R.: Existence of solutions for a sequential fractional integro-differential system with coupled integral

boundary conditions. Chaos Solitons Fractals 104, 378-388 (2017)

. Alsulami, H.H., Ntouyas, SK, Agarwal, R.P, Ahmad, B, Alsaedi, A.: A study of fractional-order coupled systems with a

new concept of coupled non-separated boundary conditions. Bound. Value Probl. 2017, 68 (2017)

. Agarwal, RP, Ahmad, B, Garout, D,, Alsaedi, A.: Existence results for coupled nonlinear fractional differential equations

equipped with nonlocal coupled flux and multi-point boundary conditions. Chaos Solitons Fractals 102, 149-161
(2017)

. Zhang, H.: Nonlocal boundary value problems of fractional order at resonance with integral conditions. Adv. Differ.

Equ.2017,326 (2017)

. Sayevand, K, Pichaghchi, K. Efficient algorithms for analyzing the singularly perturbed boundary value problems of

fractional order. Commun. Nonlinear Sci. Numer. Simul. 57, 136-168 (2018)
Agarwal, RP, Alsaedi, A, Alsharif, A, Ahmad, B.: On nonlinear fractional-order boundary value problems with nonlocal
multi-point conditions involving Liouville-Caputo derivative. Differ. Equ. Appl. 9, 147-160 (2017)

. Ntouyas, SK, Tariboon, J.: Fractional boundary value problems with multiple orders of fractional derivatives and

integrals. Electron. J. Differ. Equ. 2017, 100 (2017)

. Ahmad, B, Ntouyas, SK, Tariboon, J, Alsaedi, A.: A study of nonlinear fractional-order boundary value problem with

nonlocal Erdélyi-Kober and generalized Riemann-Liouville type integral boundary conditions. Math. Model. Anal. 22,
121-139(2017)

. Bitsadze, A, Samarskii, A.: On some simple generalizations of linear elliptic boundary problems. Russ. Acad. Sci. Dokl.

Math. 10, 398-400 (1969)

Ahmad, B, Alsaedi, A, Alghamdi, B.S.: Analytic approximation of solutions of the forced Duffing equation with
integral boundary conditions. Nonlinear Anal., Real World Appl. 9, 1727-1740 (2008)

Ciegis, R. Bugajev, A.: Numerical approximation of one model of the bacterial self-organization. Nonlinear Anal,,
Model. Control 17, 253-270 (2012)

Kilbas, A.A., Srivastava, H.M,, Trujillo, J.J.: Theory and Applications of Fractional Differential Equations. North-Holland
Mathematics Studies, vol. 204. Elsevier Science B.V.,, Amsterdam (2006)

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

Su, X.: Boundary value problem for a coupled system of nonlinear fractional differential equations. Appl. Math. Lett.
22, 64-69 (2009)

Granas, A, Dugundiji, J.: Fixed Point Theory. Springer, New York (2003)

Krasnoselskii, M.A.: Two remarks on the method of successive approximations. Usp. Mat. Nauk 10, 123-127 (1955)
Boyd, D.W, Wong, J.S.W.: On nonlinear contractions. Proc. Am. Math. Soc. 20, 458-464 (1969)

Agarwal, RP, Ahmad, B., Alsaedi, A.: Fractional-order differential equations with anti-periodic boundary conditions:
a survey. Bound. Value Probl. 2017, 173 (2017)

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 theory for fractional differential equations with non-separated type nonlocal multi-point and multi-strip boundary conditions
	Abstract
	MSC
	Keywords

	Introduction
	Preliminaries
	Existence results
	Uniqueness results
	Examples
	Conclusions
	Acknowledgements
	Funding
	List of abbreviations
	Availability of data and materials
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


