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Abstract

This paper studies a new class of boundary value problems of sequential fractional
differential equations of order g € (2, 3] supplemented with nonlocal non-separated
boundary conditions involving lower-order fractional derivatives. Existence and
uniqueness results for the given problem are obtained by applying standard
fixed-point theorems and are illustrated with the aid of examples. Some interesting
observations are presented.

1 Introduction

Fractional calculus has been extensively studied and developed during the last few
decades. It has been mainly due to an overwhelming interest shown by the modelers and
researchers in the subject. One can find the applications of fractional-order derivatives
and integrals in diverse disciplines such as applied mathematics, physics, control theory,
mechanical structures, thermodynamics, etc. [1-5]. In contrast to the classical Laplacian,
which is a local operator, the fractional Laplacian is a paradigm of the vast family of non-
local linear operators and has immediate consequences in the formulation of basic equa-
tions like the diffusion equation. In particular, there has been a significant progress on
fractional-order initial/boundary value problems, and the literature on the topic is now
much enriched, covering theoretical development as well as applications of this impor-
tant topic. The advancement in the study of fractional-order boundary value problems
includes different kinds of boundary conditions such as two-point, multi-point, nonlo-
cal, periodic/anti-periodic, and integral conditions. For details and examples, we refer the
reader to a series of papers [6—16]. For some works on sequential fractional differential
equations, for example, see [17, 18] and the references cited therein. In a recent work [19],
the authors obtained some existence results for sequential fractional differential equations
with anti-periodic type boundary conditions.

In this paper, we plan to develop the existence theory for nonlinear sequential fractional
differential equations equipped with nonlocal non-separated fractional boundary condi-
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tions. Precisely, we consider the following problem:

(°DT + k°DT VYu(t) = f(t,u(t)), 2<q<3,0<t<T,
au(n) + pu(T) = a,

DT u(n) + BoDIu(T) = b,

a3*DT%u(n) + B3°DT*u(T) = c,

(11)

where D7 denotes the Caputo fractional derivative of order g, oy, o, @3, B1, B2, B3, a, b, c €
R, keR*, 0<n<T,andf is a given continuous function.

To the best of our knowledge, problem (1.1) considered in this paper is new and covers
a variety of special cases for appropriate values of the parameters involved in the bound-
ary conditions (see the ‘Concluding remarks’ section). The rest of the paper is organized as
follows. In Section 2, we recall some preliminary concepts of fractional calculus and prove
an auxiliary lemma associated with the linear variant of the given problem. Section 3 con-
tains our main results which are supported with illustrative examples. Some interesting
observations are presented in the last section.

2 Preliminary work
First of all, we recall some basic definitions [20, 21].

Definition 2.1 The fractional integral of order r with the lower limit zero for a function
f:[0,00) = R is defined as

o L[S
If(t)_F(r)/o (t—s)l—’ds’ t>0,r>0,

provided the right-hand side is point-wise defined on [0, c0), where I'(-) is the gamma
function, which is defined by I'(r) = fooo et dt.

Definition 2.2 The Riemann-Liouville fractional derivative of order r >0, n —1<r < n,
n € N, is defined as

r _ 1 i " ! _ oypr-1
D40 (%) [ o

where the function f : [0,00) — R has an absolutely continuous derivative up to order
(n-1).

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

written as
n-1 tk
‘D'f(t) = Dy, (f(t) - Z Frf(k)(o))’ t>0,n-1<r<n.
k=0 "

Remark 2.4 If f(t) € C"[0, 00), then

1 A0

L(n-r) Jo (£=s)+i ds=I""f"(), t>0,n-l<q<n.
) -

‘Df(t) =
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To define a solution for problem (1.1), we need the following lemma for its linear variant.

Lemma 2.5 Let h € C([0, T],R). Then the following linear problem

(DT + kDT VYu(t) = h(t), 2<g<3,0<t<T,
aru(n) + 1u(T) = a,

@2*DT 7 u(n) + BDIu(T) = b, 2D
w3 DI21(n) + B D12u(T) = ¢,
is equivalent to the fractional integral equation
u(t) = vi(0) + /0 t e‘““”( OS (li(_qx_)q; h(x) dx) ds
_ % 0" k-9 ( /0 ) (; (‘qx_)ql_; h(x) dx) ds
_ % /O ! ek(Ts)( OS (; (‘q"_)ql_; hix) dx) ds
w0 [C=spo( [ ([ %mm)m) ) d
ronle) [ e [ ([ %h(rn) am) ) ds
+us(0) /0 - s)z-q( /0 S (li(_qx_)q; h(x) dx) ds
+us(2) OT(T - s)H( fo s (;(_ x_) 1_)2 h(x) dx) ds
60 | - s)z-q( /0 o (‘qx_) 2)3 H) dx) ds
rnte) [ s ([% (‘q’“_)qz; b)) ds, 22)
where
vy (£) = % ¥ Fk(fT":U)b(N(pe-kt —a) —k(z— pt)9) + F(?Ni_pq)c(pt _2),
)= ff—i (o= pert) o K0~ ZL(Z]O\? ~ay?)
) = 22 (o - pertt) 4 KOZEOR L),
(0= 2 (pert —a)  EZILNO Z00)
R
Ve(t) = ———=—[N(a = pe™™) + ki (z - pt)], (2.3)

- oNk%c
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B2
pNk?c

v7(8) = [N(a- pe_kt) + ki (z - p1)],

p =01+ B, z=noy + ThH, o =ay + B,
o =ae+ e, ¥ =azy + B3P

T+ BT

3-q

T
B = / (T —s5)* 9™ ds.
0

n
N , y :/ (n —s)>%e7 ds,
0

Proof Writing the linear sequential fractional differential equation in (2.1) as *D?1(D +
k)u(t) = h(t) and then applying the Riemann-Liouville integral operator I7! on both sides,
followed by integration from 0 to ¢, we get

t
u(t) =Age ™ + Ay + Aot + / e ¥ 1171 (s) ds, (2.4)
0

where Ay, A;, and A, are arbitrary constants and

_ Fe-x)12
q-1 - A ;
I h(e)  T@-D h(x) dx

From (2.4), we have

1 t s
eDIly(t) = / (t—s)*1 <k2A0e"“+k2 / e K911 (x) dx
0

ré-q 0

— kI h(s) + I"zh(s)> ds, (2.5)
DI 2y(¢) = 1"(31— ) /(; ) (—kAoe_kS +Ay — k/: e K91 (x) dix

+ Iq_lh(s)> ds. (2.6)

Now, using the boundary conditions given by (2.1) in (2.4), (2.5), and (2.6) together with

notations (2.3), we get

n T
aAg + pAy +zA5 + oq/ e 0= 1971 (5) ds + ﬁ1/ e XTI 1971 (5) ds = a, (2.7)
0 0
K2 Aq
rG-g (aay + B2B)
n s
_n / (n—s)24 <k2 / K= [3-1 () dloe — kI V() + I‘I‘zh(s)> ds
I'G-q) Jo 0
Ba

T s
+ (T —s)*1 <k2 / e K919 (x) dix
I'G-q) Jo 0 )

— kI (s) + Iq‘zh(s)> ds=b, (2.8)
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(azy + B3B) + 1_(‘4327]_\;)

n s
PR / (n—s)*1 (—k / e XD 1171 (x) dx +1‘11h(s)) ds
I'G-q) Jo 0

T s
+ F(fi 2 fo (T —s)*™ (—k/o e I () d + Iqlh(s)) ds=c. (2.9)

kAo
ré-q

Solving system (2.7), (2.8), and (2.9) for Ag, A1, and A;, we find that

PRACEY

kKo
n s
-2 / (n— s <k2 / e I [ () dx — K17 h(s) + Iq‘zh(s)) ds
ko 0 0

T s
- k”% / (T -5 <k2 / e I h(x) doc — kI hi(s) + Iq‘zh(s)> ds,
o Jo

0

I'3- '3 -
A= TC-9D - LD,
o k2poN Np

n s
! (Naay - zk(oas — ar®)) f (n-s)*1 ( / e X1 p(x) dx> ds
0 0

Npo

+

+ L(Naﬂ —zk(o B3 — Bo?)) / T(T—s)2q< / ' e K 1y (x) dx) ds
Npo 2 3 2 o o

1 0
- kN po (NO‘O‘Z + kz(ax® — aag)) /o (n — )91 h(s) ds

1 U
- kN po (Noeﬂz +kz(Bo¥ — (7/33)) /O (n - $)> U (s) ds
L
k2N po
22
k2N po

n
(Na + zkt?)/ (7 = 92192 )(s) ds
0

+

T
(Na + zk?) / (T - $)2 91972 h(s) ds
0

T
_4 Y kg gs - B / e KT 471 p(6) dis,
P Jo P Jo
:re—m

A
> Nko

k n s
(koc+ b)) + — (03 —ax®?) / (n-s)*1 </ e K60 111 (x) dx) ds
No 0 0

0

T s
+ %(Gﬂg - B21?) /0 (T - s)“( / eI p(x) dx) ds

1 1
+ — (o — ago)/ (n - )91 h(s) ds
No 0

L (80 - so) / (T - 9 d
+No’ 2 30 A S s)as

01219
kNo

Bt
kNo

n T
/ (n = )91 2 py(s) ds — / (T — $)> 1172 y(s) ds.
0 0

Substituting the values of Ay, A;, and A, in (2.4) and using notations (2.3), we get the

solution (2.2). The converse follows by direct computation. This completes the proof. [



Alhothuali et al. Advances in Difference Equations (2017) 2017:104 Page 6 of 16

3 Main results
Let P = C([0, T],R) denote the Banach space of all continuous functions from [0, T] — R
endowed with the norm defined by ||| = sup{|u(¢)|, ¢ € [0, T1}.

In view of Lemma 2.5, we transform problem (1.1) into an equivalent fixed-point prob-

lem as
u=Hu, (3.1)

where H : P — P is defined by

s—x )q‘

(Hu) () = vi(0) + /0 s ( 0 5 oo
_a K _k( _5)< (S—x) )
P/o e /0 Tg-1) 1) f (%, u(x)) dx | d
ﬁl T—s)( (s —x)1~ 2
P /0 ¢ /o T(g-1) 1) ) dx | ds
q-2
+ vz(t)/ (n=s)”" q(/o e (/0 (’;(qm)l) f(m,u(m)) dm) dx) ds

+v3(t) /0 (T —5)* q( /0 -k“-x( 0 %f(m, u(m)) dm) dx) ds

x, u(x) dx) ds

1)

n g )q 2
rat) [ -9 ( B xﬂu»m)m
T 2
+1@u[/ (T—sfq< (;;fﬂn xﬁdxndk>ds
+ Vg t)f —8)* q(/ kit x)q 3 (%, u(x)) dx) ds
-3
+ vy(£) /0 (T - s)z-q( \ %f(x, u(x)) dx) ds. (3.2)

Observe that problem (1.1) has solutions if operator equation (3.1) has fixed points.

For computational convenience, we set

{ 7 pl(L—e™) + o [nT (L — e7) + | B1| TT1 (L - €T
Q= sup
t€[0,T] |o|kT"(q)
s (2 (@)L = e™) + [v3(O) T?(1 - e + |va(t)|kn? + |vs(£)|KT?
k(3 -q)T(q)

[ve(£)n + |v7(t)|T} (3.3)

TTGeorq-n |

In the following theorem, we establish the existence of a unique solution of problem (1.1)

by means of Banach’s fixed-point theorem.

Theorem 3.1 Letf:[0,T] x R — R be a continuous function satisfying the Lipschitz con-

dition:
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(A1) There exists a positive number £ such that |f(¢t,u) — f(t,v)| < Llu —v|, Vt € [0,T],
u,veR.

Then the boundary value problem (1.1) has a unique solution on [0, T] if £ <1/Q, where Q
is given by (3.3).

Proof Consider a set B, = {u € P: ||lu|| <r}, where r > Q]YI_;K“Q”I”, sup;co,77 [f (¢,0)| = M and
Qis given by (3.3). In the first step, we show that #{B, C B,, where the operator # is defined
by (3.2). For any u € B,, t € [0, T], observe that

[f (& u(®)] = |f(6u(®) - f(£,0) +£(50)| < |[f(&u(®)) —f(£0)] + |[f(£0)|
</Llul| + M <4Lr+M,

which together with (3.2) yields

s _ a2
||(7-Lu)|| < sup |v1(t)| / ts)( 0 (;(axi 5 lf(x,u(x))|dx> ds

tel0,T]

al " —k(n—s)( *(s—x)1 )

+ p /0 e ./o Tq-1) [f(x, u(x))|dx ds
B " —k(T—s)( Ts-x)? )

+ p /(; e fo P If (%, u(x)) | dx ) ds

n _ N k(o x( _ )qu
+|v2(t)|/0 (n—2s)? q(./o ek )(./o %V(m,u(mmdm)dx)ds

+ |1)3(t)|

(] )«)
_<)2q (s—x
/(T s) (/e (/0 Fg-1) [f(m,u(m))|dm dx | ds
|v4(t)|/ (n—S)”(/
+us@) / (T - 5P ( / x)f x,u(x))|dx>ds
s — x)‘
+‘v6(t)’/o(" (/ Fg-2)
T
2- -x)1°
+\v7(t)}/0 (T -s) q(/ Py If (%, (x))\dx)ds}
k(e (s —x)?
K(t-s)
§(€r+M)tes[lé,I;"]{|vl|+/O e (o Ta_D) dx)ds
/nek(nS)( - dx) ds
0 o I'lg-1)
s ns)( S(s—x)1? )
p /oe /0 I'(g-1) d ) ds
n Jee s —k(s—x)( (x m)qz > >
+|V2(t)|/ (n—s) q(/ e _/oir(q D dx | ds
Ko (o — m)1~
2—q k(s—x)
|v3<r)|/ -9 (/e (/o S dm)dx)ds

sx)

x, x)) | dx) ds

x, x)) | dx) ds

[03]

0

Page 7 of 16
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-2
‘VS ‘/ (f S(qx_)ql) dx) ds
_ \q-3
+|ve(t)] / (n—s)* ( / (; (qx_)qz) dx> ds
-3
|v7 }/ (f s qx_)qz) dx> ds}

=Ur+MQ+ vl =r.

This shows that HB, C B,. Next we show that the operator H is a contraction. Let u,v € P.
Then

t S (o _ )2
IHu~Hv| < sup fo e“”)( fo (fl(axil) If (3, () —f(x,v(x))|dx>ds

te[0,T]

s -2
+ % /0'7 ek(nS)< \ % Lf(x, u(x)) —f(x, v(x)) | dx) ds

B r k(Ts)< S (s—x)72 _ )

+ p /0 e /0 NPy If (%, u(x)) = f (%, v(x)) | do | ds
/ (o)
)

(x — m)12
I'(g-1)

|”2(f)|/ (n- s)”(/o e (

m, v(m))| dm) dx | ds

x (x _ m)q—Z

(o)

m, V(m)) | dm) dx) ds

. |v4<t)}["(n—s>

(s —x)172

(
I'(g -

[f(x, (x)) ~f (x, V(x)) ’ dx) ds

1

S (s—x)1?

—%)
0 ) e
+ s ) / (1=t [ o) s vt ) s
+|v6<t>}/ (- 91
(s x)173
+|va(e ‘/ fo r-2) xu(x))—f(x,v(x))]dx)ds}
_ Y et )
sa s | ()
Tk —s)( S (s—x)17? >
/Oe n /0 Fg-1) dx | ds
/91

(s —x)1~
(=) dx ) d
p/oe <or(q1)x)s

n N k(s x( _ )qu
i [l ] o[ )

2
2q
2

(s - x)q‘3

‘q(
(s

If(
V(x, u(x)) —f (% v(x))| dx) ds
If(

1 )
o] [ oo [ enoo( [
I

o

7

(241

0
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T o x(x_m)q—2
)24 k(s—x)
unto] [ [t (([TE I dm) ds) o
2
o) [ -s2 ( b )ds
LS (s—x)”l2

‘v5(t / (T - q( F(q D )ds

|V6 }/(’7—52‘1( x)qS )ds
+|v7(t)‘/ (T - ( (S_ )q3 )ds

0

= €Qllu—vl,

|

where we have used (3.3). By the given assumption £ < 1/Q, it follows that the operator
‘H is a contraction. Thus, by Banach’s contraction mapping principle, we deduce that the
operator # has a fixed point, which equivalently implies that problem (1.1) has a unique
solution on [0, T1]. O

Next, we show the existence of solutions for problem (1.1) by applying Krasnoselskii’s

fixed-point theorem which is stated below.

Lemma 3.2 (Krasnoselskii’s fixed-point theorem [22]) Let ) be a closed bounded, convex,
and nonempty subset of a Banach space X. Let Gy, G, be the operators such that (i) Giy; +
Goy2 € Y whenever yy,y, € Y; (ii) G is compact and continuous; and (iii) G, is a contraction

mapping. Then there existsy € Y such thaty = Giy + G>).

Theorem 3.3 Letf : [0, T] x R — R be a continuous function satisfying condition (A;) and
that |f(t,u)| < g(¢), ¥(t,u) € [0, T] x R, where g € C([0, T], R*) with sup,c(o 17 1g(£)] = lIg]I-
In addition, it is assumed that £Q, < 1, where

o511 — &) 4 | BT (1 - )
Q= tifé,pn{ PIkT(@)
IO )+ s OIT20 — eHT) + uyOlka? + lvs(ORT?
k(3 -q)T'(q)

o o7 )

B-q9Tl'(qg-1)

Then problem (1.1) has at least one solution on [0, T1.

Proof Let us consider the closed set B, = {u € P : ||lu|| < a}, where a > Q|g|| + ||v1]l and Q
is given by (3.3). We define the operators #; and #; on B, as

t y s( _ )a—z
(Hiu)(2) = /0 —k( )(/0 %f(x, u(x)) dx) ds,
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)-8 "—mm( G )
(et () = (1) - fo e [ e ute) dx ) ds

T s _
_ % [o o H(T=s) ( /0 7(;(_;_)3 f (% u(x)) dx) ds
+vy(2) /Oﬂ(n —s)¥ (/05 ek(“‘)( Ox %f(m, u(m)) dm) dx) ds

T
+ 1)s(t)/‘ (T -s)*" q(/(; s ( ; %f(m,u(m)) dm) dx) ds

+ V4(t)/ (n—s)* q( (li(_q ) -f (0, u(x)) dx) ds
+ v5(t)/ (T —s)*" q< (s —qx)ql‘) (0, u(x)) dx) ds

+v6(t)/ (n-s* q( T 2) x,u(x))dx)ds
~ 5 (s—x)173 )

T —5)*™ = f(x, dx | ds.

(0 /0 (T-9) (/0 £y ) dix )

I'(g-2)

For u,v € B,, it is easy to verify that || Hiu + Hyv| < Q|lgll + ||v1ll. Thus, Hiu + Hyv € B,.
Using assumption (A;) and (3.4), we can get ||[Hou — Hav|| < £Q:|lu — v||, which implies
that H, is a contraction in view of the given condition £Q; < 1.

Notice that the continuity of f implies that the operator #; is continuous. Also, H; is

uniformly bounded on B, as

(1-e )T gl

IHaull < kT(q)

In the last step, it will be shown that the operator #; is compact. Fixing
SUP ;. <l0,T)x B, If (& U)| = fa, for £, ¢, € [0, T, we have

|| (Hau)(t2) — (Hau)(tr) ||
s -2
e [ ([ 5 e
2 B (S x)q -2
k(t2~s)
+/;1 e (0 Fig-1) dx)ds)

—0 asth—-tH —0

independent of u. This implies that #; is relatively compact on B,. Hence, by the Arzela-
Ascoli theorem, the operator #; is compact on B,. Thus all the assumptions of Lemma 3.2
are satisfied. In consequence, it follows from the conclusion of Lemma 3.2 that problem
(1.1) has at least one solution on [0, T1. a

Now we prove the existence of solutions for problem (1.1) via the Leray-Schauder alter-
native. Let us first recall the nonlinear alternative for single-valued maps [23].

Lemma 3.4 Let C be a closed, convex subset of a Banach space E and U be an open subset
of C such that 0 € U. Suppose that the operator T : U — C is a continuous and compact
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map, that is, T (U) is a relatively compact subset of C. Then either (i) T has a fixed point
in U, or (ii) there is u € U (the boundary of U in C) and ) € (0,1) such that u = AT ().

Theorem 3.5 Letf:[0,T] x R — R be a continuous function. Assume that

(Ap) there exist a function p € C([0, T],R*) and a nondecreasing function v : R* — R*
such that |f (t,u)] < p(O)Y (lull), V(¢ u) € [0, T] x R;
(As) there exists a constant M > 0 such that M/Q > 1, where

Q= [wu®] + Iplly GDQ. (3.5)
Then problem (1.1) has at least one solution on [0, T.

Proof We complete the proof in several steps. In the first step, it will be shown that the
operator H : P — P maps bounded sets into bounded sets in C([0, T'], R). For the positive
number 7, let B, = {u € C([0, T],R) : ||u| < r} be a bounded set in C([0, T],R). Then, in
view of assumption (A;), one can get

t s AT 2
G0 < ) + e-k“—”( / %p(x)w(||u||)dx>ds

(241

o (s )2
- k(n-s
/o ¢ (0 Tq-1) (x)W(||M||)dx)ds

0
'31 Ts)( S (s—x)172 )
/0 ¢ _/(; r(q_l)l”(x)l/f(ﬂull)dx ds

+ |U2(t)|

P
JI S-k(s_x)( F ) ) )
X/o (n-s) q(/o e  TG-D p(m)yr(|lull) dm ) dx ) ds

+ |vs (@)

T ~ s o x(x I’I’l) q-2
2—q k(s—x)
x/ (T -5s) (/ e (0 7”[1 5 (m)w(||u||)dm>dx>ds
’v4(t |/ (n—s)* q(/ (s p(x (||u||)dx>ds
— x)q2
chsto] [ -oo( [ (li( "_) 1) P (1) ) s
Ivs(t>|f —s”(/ (Sq 2)p(x (||u||)dx)ds

—x)43
+]v7(t)|f0 (T—s)Zq(/O %p(x)w(”un)dx)ds.

In consequence, taking the norm on [0, 7], we have that

7 p|(L— ™) + |on [T (1 — ™) + | By | TTH (1 - e7*7T)
lolkT'(q)

. o (8) (1 — e71) + |vs(6)| T2(1 — e™T) + [v4(8)|kn? + |vs(£)|KT?

k(3 -q)T'(q)

[Gan)| < Il + ||p||w(r){
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[ve(£)In + Iw(t)lT}
B-9)'(g-1)
= [lull + lplly (n)Q,

where Q is given by (3.3).
Next we show that { maps bounded sets into equicontinuous sets of C([0, 7], R). Let
t,ty € [0, T] with #; < t, and u € B,, where B, is a bounded set of C([0, T],R). Then we

obtain

((Hu)(ts) - (Hu) ()|

= ’V1(t2) _vl(tl)’

E —k(ta—s) _ ,—k(t1~s) S (s—x)172 )
/0 (e e )(/0 FqD (%, u(x)) dx ) ds

ty s — -2
/ ek(tls)< 0 (15“ (qx_)ql) 1 (% u() dx) ds

+

+

+ |V2(t2) - Vz(t1)|

" e [ —k(s—x)( o —m)?? ) )
X/O (n-s) q(/oe /0 NP \f (m, u(m))|dm ) dx ) ds

+ |V3(t2) - V3(t1)\

T ~ s o x (x _ m)q—Z ) )
)21 k(s—x)
X /0 (T -5s) </0 e </0 Fg-1) [f(m, u(m))|dm dx | ds

n s _ a2
+ oate) -] | (n—S)Z‘q( 5 lf(x,u(x))|dx) ds

S (5 — 2)82
o I'lg-1)
5 (s — )

o Tg-2)

§ (5 2)03

 Tw-2 [f(x, u(x)) | dx) ds

r'3-g)
N

T
+ |v5(t2) - vs(t1)|/o (T—s)z_q< [f(x,u(x))|dx) ds

()| dx) ds

+ |ve(£2) — vs(11)] /On(ﬂ —5)2_q<

T
+ |V7(t2)—v7(t1)|/0 (T—S)z_q(

r'-q)b
k2No

t s _ a2
+||p||w(||u||)<|e-“2—e-“1| /0 eks< 0 (;(qx_)l) dx> ds

7] L s (S _x)q—z
k(ty—s)
+/;1 e (0 Fig-1) dx)ds)
%’lz(e—ktz _ e—ktl) N <k(t2]\; f1)) <oz3 B %)‘
n N s e X (x _ m)q_z
_ )21 k(s—x)
X /0 (n-s) (/(; e ( oD If (m, u(m))|dm) dx) ds

—,32 —kty —kt1 k(tz - tl) /32_19
e (S5 (-7

IA

(N(e2 —e™) + k(ty - 11)0) +

(a—t)

+

+
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T ~ s L x (x _ m)qu
2 k(s—x)
X /(; (T —5s) </0 e </0 71"((]— D [f(m, u(m))|dm) dx) ds
o2 —kty —kt; (t2 - tl) @
et - () (-2
s -2
X /n(n —5)2_q< ﬂlf(x, u(x))|dx> ds
0 0

I'g-1)

ﬁ —kty —kt1 (t _t) ﬁﬂ
frenrn- (552 (5-22)

T ~ s(S_x)q—Z
2
x/o (T -3s) q(fo m{f(x,u(x))}dx)ds

+

+

e N =) ko -]
XLjW-SVq<Os%é%%;V@M@DVW>%
[ N - ) ko -]
< T(T_s)z—q< X %y(x,u(x))wx) ds.

Obviously, the right-hand side of the above inequality tends to zero independently of 1 €
B, as t; —t1 — 0. As H satisfies the above assumptions, it follows by the Arzeld-Ascoli
theorem that H : C([0, T],R) — C([0, T], R) is completely continuous.
The result will follow from the Leray-Schauder nonlinear alternative (Lemma 3.4) once
we establish the boundedness of the set of all solutions to equations u = AHu for A € [0,1].
Let u be a solution. Then, for ¢ € [0, T], using the method of computations in proving

that H is bounded, we can obtain

lu(®)| = |AHw)(®)] < [ @) | + Iplv()Q,

which implies that

lluell/ (vl + llpll¥ (NQ) <1.
In view of (A3), there exists M such that ||u|| # M. Let us set
U={ueC([0,T],R): |lull <M}.
Note that the operator H : U — C([0, T],R) is continuous and completely continuous.
From the choice of U, there is no u# € U such that u = AH(u) for some A € (0,1). Con-
sequently, by the nonlinear alternative of Leray-Schauder type (Lemma 3.4), we deduce
that H has a fixed point u € U which is a solution of problem (1.1). This completes the

proof. d

Our final result is based on Leray-Schauder degree theory.
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Theorem 3.6 Letf:[0,T] x R — R. Assume that there exist constants 0 < k < é, where

Qs given by (3.3) and M > 0 such that If (&, u(®)] < kllu| +A:/[for allt €0, T),u e R.Then
boundary value problem (1.1) has at least one solution.

Proof In view of fixed-point problem (3.1), we just need to prove the existence of at least
one solution « € R satisfying (3.1). Define a suitable ball Bg C C[0, T] with radius R > 0 as

By = {ueCl0,T]: ull <R},
where R will be fixed later. Then it is sufficient to show that  : Bz — C satisfies
u#AHu, VuedBz and Viel0,1]. (3.6)
Let us set
D\, u)=AHu, ueC,xrel0,1].
Then, by the Arzeld-Ascoli theorem, w; (1) = u — ®(A, u) = u — Hu is completely contin-
uous. If (3.6) is true, then the following Leray-Schauder degrees are well defined and, by

the homotopy invariance of topological degree, it follows that

deg(w;, Br,0) = deg(I — A'H, B, 0) = deg(w1, Br, 0)
= deg((,()(),BR, 0) = deg(I)BR¢ 0) =1#0, 0€Byp, (37)
where I denotes the unit operator. By the nonzero property of Leray-Schauder degree,

w1(t) = u — AHu = 0 for at least one u € Bg. To prove (3.6), we assume that u = AHu =0
for some X € [0,1] and for all £ € [0, T']. Then, as in the preceding results, one can obtain

Il + MQ
lall < —=——.
1-kQ
Letting R = ””ﬂ%gQ + 0.5, (3.6) holds. This completes the proof. O

Example 3.7 Consider the following anti-periodic fractional boundary value problem:

(¢D°? + 2°D3?)u(t) = (¢, u(t)), te[0,4],
u(1) +2u(4) =1,
—2°D32y(1) = <D32y(4) = 1.5,

‘D"?u(1) + ‘D"?u(4) = -1.

(3.8)

T=4,n=1L,k=2,00=1,8=2,00=-2,08=-1,a3=1,83=1,a=1,b=15, c=-1. With
the given values, it is found that Q ~ 16.51234 and Q; ~ 13.504.34, where Q and Q; are
respectively defined by (3.3) and (3.4).

« For the applicability of Theorem 3.1, let us take f(¢, u(t)) = sinu 4 o=t cost in (3.8). Then

30
£=1/30as |[f(t,u) —f(t,v)]| < % |u —v| and £Q ~ 0.55041 < 1. Thus all the conditions
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of Theorem 3.1 are satisfied. Hence we deduce by the conclusion of Theorem 3.1 that
there exists a unique solution for problem (3.8) on [0, 4]. To illustrate Theorem 3.3,
we find that |f (¢, u)| < g(¢) = % +efcost with | g|| = ;’—é and £Q; ~ 0.45014 < 1. In
consequence, by Theorem (3.3), problem (3.8) has at least one solution on [0, 4].

« For the illustration of Theorem 3.5, we consider f (¢, u(¢)) = %\/%g» in (3.8). Then

(6,01 < p(eyy (lul) with y (lul) = 2, p(6) = =,

Q= |l + llplly (IM])Q ~ 3.84039 (Q is given by (3.5)) and M > 3.84039. Thus all
the conditions of Theorem 3.5 are satisfied, and the conclusion of Theorem 3.5 applies
to problem (3.8).

« For demonstrating the applicability of Theorem 3.6, let f(¢, u(t)) =

(3.8). Obviously, |f(t,u)| < ||u[|/30 +2 with k = 55, M = 2. Clearly,

Thus the hypothesis of Theorem 3.6 is satisfied. Hence, it follows

sin(mu) 2

307 T 1r2 I

1
= 1651234°
by the conclusion of Theorem 3.6 that problem (3.8) has at least one solution on [0, 4].

1 _7. 1
%_k<Q

4 Concluding remarks

We have discussed the existence of solutions for sequential fractional differential equa-
tions of order g € (2, 3] equipped with nonlocal non-separated boundary conditions in-
volving lower-order fractional derivatives. The uniqueness result relies on Banach’s con-
traction mapping principle, while the existence of solutions is established by applying
Krasnoselskii’s fixed-point theorem, the Leray-Schauder nonlinear alternative and Leray-
Schauder degree theory. Though we make use of the standard tools of fixed-point theory,
our results are new and significantly contribute to the existing literature on fractional-
order boundary value problems with separated boundary conditions. Now we enlist some
interesting observations.

(a) For n =0, our results correspond to the boundary conditions
a1u(0) + B1u(T) = a, ‘DIy(T) = bl B, °DI2y(T) = c/ B3

as °DI71u(0) = 0, °D72u(0) = 0. This situation is in contrast to classical boundary
conditions involving #/(n) and #” (1), which do not vanish when n = 0. This is
equivalent to saying that the reduced results remain the same whether we take =0
or oy = 0 = 3. From the preceding discussion, one can easily infer that the nonlocal
boundary conditions involving lower-order fractional derivatives considered in
problem (1.1) do not reduce to classical anti-periodic boundary conditions of the
form u(0) + u(T) =0, u'(0) + u/(T) = 0, u”(0) + u”(T) = 0 when we take n = 0,
ai=1=p;i(i=1,2,3),a=b=c=0.

(b) By taking B; =0, i=1,2,3, we obtain new results associated with one-point nonlocal

conditions involving lower-order derivative:
u(n) = aloy, ‘DI y(n) = blay, ‘DI2y(n) = clas, @; #0,i=1,2,3,0<n<T.
(c) Incasewetakea;=1=8;(i=1,2,3),a=b=c=0with 0<n < T,our results
become the ones supplemented with perturbed anti-periodic boundary conditions

involving lower-order derivatives:

u(m) =-u(T),  D'u(n)=-D"'u(T),  “DIu(n) =-DIu(T).
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