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Abstract. We investigate a new kind of nonlocal boundary value problems of non-
linear Caputo fractional differential equations supplemented with integral boundary
conditions involving Erdélyi-Kober and generalized Riemann-Liouville fractional inte-
grals. Existence and uniqueness results for the given problem are obtained by means
of standard fixed point theorems. Examples illustrating the main results are also
discussed.
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1 Introduction

Hemodynamic conditions (blood velocity and pressure as a function of space
and time) can be completely characterized by computational fluid dynamics
(CFD) techniques under appropriate boundary data. The idea of assuming the
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geometry of blood vessel to be of circular type upstream the inlet is not always
justifiable. An alternative and accurate approach to model the blood flow
problems is to consider integral boundary conditions, for details, see [2] and
references cited therein. Integral boundary conditions also help to regularize
ill-posed parabolic backward problems in time partial differential equations [33].

The recent surge in developing theoretical and numerical aspects of frac-
tional calculus is mainly due to widespread applications of fractional-order
operators in mathematical modeling of several real world phenomena. Exam-
ples include acoustics, viscoelasticity, signal and image processing, chemical
processes, control theory, biomathematics, biomedical, etc. For more details
and explanations, see the texts [16,18,23,26,27]. We emphasize that fractional-
order differential and integral operators help to gather useful information about
hereditary and memory characteristics of the processes and materials involved
in the phenomena.

Fractional differential equations supplemented with a variety of initial and
boundary conditions have been investigated by several researchers and the liter-
ature on the topic is now much enriched. For examples and recent development
of the topic, see [1,3,4,5,6,7,9,12,13,21,22,24,25,30,31,32] and the references
cited therein.

Classical, Riemann-Liouville or Hadamard or Erdélyi-Kober type integrals
appear in the study of fractional-order boundary value problems with integral
boundary conditions. In [15], the author expressed Riemann-Liouville and
Hadamard fractional integrals into a single form, which is known as generalized
Riemann-Liouville fractional integral (see Definition 2).

In this paper, we introduce a new class of boundary value problems of
Caputo fractional differential equations supplemented with Erdélyi-Kober and
generalized Riemann-Liouville fractional integral boundary conditions. In pre-
cise terms, we consider the following boundary value problem

cDiz(t) = f(t,x(t), te0,T],

né—nd+) /C STl (s)
5
0

O =0TIG Sy @

ds := OJJ"S:E(C),

Pt s las)
oT) = B [ o ds = B Pa(E), 0<CE<T.

where ©D1 is the Caputo fractional derivative of order 1 < ¢ < 2, f : [0, T]|xR —
R is a continuous function, I}/ ¥ is Erdélyi-Kober fractional integrals of order
6>0,n7>0,v€R, I is the generalized Riemann-Liouville fractional integral
of order p >0, p >0 and a,p € R.

We remark that Erdélyi-Kober fractional integral operator, introduced by
Arthur Erdélyi and Hermann Kober [11] in 1940, is useful in solving single,
dual and triple integral equations possessing special functions of mathematical
physics in their kernels. For details and applications of the Erdélyi-Kober
fractional integrals, for instance, see [10,17,19,29, 34].

The paper is organized as follows: In Section 2 we will present some useful
preliminaries and lemmas. Section 3 deals with the existence and uniqueness
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results for the boundary value problem (1.1) which are established via Kras-
noselskii fixed point theorem, Laray-Schauder nonlinear alternative, contrac-
tion mapping principle, nonlinear contractions, Schaefer fixed point theorem,
and Laray-Schauder degree theory. The paper concludes with illustrative ex-
amples.

2 Preliminaries
This section is devoted to some preliminary concepts of fractional calculus that
we need in the forthcoming analysis [16].

DEFINITION 1. The fractional integral of order ¢ with the lower limit zero for
a function f is defined as

JUf(t) = F(lq)/o (tff))l_qu, t>0, q>0,

provided the right hand-side is point-wise defined on [0, 00), where I'(-) is the
gamma function, which is defined by I'(q) = [~ t7 'e "dt.

DEFINITION 2. [15] The generalized fractional integral of order ¢ > 0 and
p > 0 of a function f(t), for all 0 < t < oo, is defined as

N S A 1C)
110 =0 | e

provided the right-hand side is point-wise defined on (0, c0).

Remark 1. From the above definition it follows that p = 1 corresponds to
the standard Riemann-Liouville fractional integral, while p — 0 yields the
Hadamard fractional integral

1 t t\a-1 f(s)
lim PI9f(t) = — In —

i 1®) F(q)/o ( ns) s ds
For further details, see [15].

DEFINITION 3. The Erdélyi-Kober fractional integral of order § > 0 with n > 0
and v € R of a continuous function f : (0,00) — R is defined by

7 nt—n(5+7) f8177+17—1f(5)
00 =5 [ s

provided the right side is pointwise defined on R .

ds,

Remark 2. For n = 1 the above operator is reduced to the Kober operator

A G ) I LY

R
r@) Jo (=9t

that was introduced for the first time by Kober in [19]. For v = 0, the Kober

operator is reduced to the Riemann-Liouville fractional integral with a power
weight:

ds, ~, d >0,

P S A (C)
If5f(t)F(5)/0 0 ds, §>0.

Math. Model. Anal., 22(2):121-139, 2017.
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DEFINITION 4. The Riemann-Liouville fractional derivative of order ¢ > 0, n—
1< qg<n, n€N,is defined as

D410 = o (&) [ = oyt

where the function f(t) has absolutely continuous derivative up to order (n—1).

DEFINITION 5. The Caputo derivative of order ¢ for a function f : [0,00) — R
can be written as

n—1
c t
D150 = D4, (50~ X G PO). 120 n-1<q<n,
k=0
Remark 3. If f(t) € C™[0,00), then
1 b
Y — — yn—qf(n) _
DIf(t) F(niq)/o (tis)qﬂfnds I"9fM), t >0, n—1<q<n.

Lemma 1. Let §,n > 0 and v,q € R. Then we have

I’y,étq — th(,y + (Q/n) + 1)
K C(y+(g/m)+d+1)

Proof. Recall the definition of beta function and its property:

L) '(y)

1
B - Iill_ y-1 B e
@)= [ w - and Bla) = F Y.

for z,y > 0. From Definition 3, we have
t—n(0+7)  pt o gny+n—1. g9 4 1 4
o = 1 / ds = / (1 —w)’ld
’7 TG o ey BTy

t4 q (v +(g/n) +1)
r<6>B(”“’5> STO+ @ ot D)

The proof is complete. O

Lemma 2. Let constants ¢ > 0 and p > 0. Then:

L(p+p/p) trird
I'(lp+pg+p)/p) p? -

pPrap —
Proof. From Definition 2, we have
1—q [t p—1lgp 1—q gptpq 1 5
pragp — P / 5 517 ds =2 / ur — du
I'(q) Jo (P —sP)ta I'(q) p Jo A—u)~a

pl—qtp+qu ptp P4 F(%)
(g p ( p ’q)_ P F(Lfﬂ’)'

This completes the proof. 0O
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Lemma 3. For any y € C[0,T], a function x € C?[0,T] is a solution of the
linear fractional boundary value problem

cDix(t)=y(t), 1<qg<2 o1
{ £0) = a[Px(Q), #(T)=BoIa(E), 0<ce<T, )
if and only if
2(t) = Jy(t) + 5 (01 — tog) I3 0 Ty ()
+ %(’Uz + tvl)(ﬁ PIP Jy(€) — qu(T))7 (2.2)
where
B I'(v+1) B I'v+1/n+1)
Y oy s R} TS YD S
vg=1-— prp ! vy =T — ngpﬂ F((l i p)/p) (2.3)

P T(p+1) p* IT((1+pp+p)/p)

and A = vivg + vovg # 0.

Proof. Tt is well known [16] that the general solution of fractional differential
equation in (2.1) can be written as

x(t) = co + 1t + J9y(¢), (2.4)

where cg,c; € R are arbitrary constants.
Applying the Erdélyi-Kober fractional integral operator of order § > 0 with
17> 0 and v € R on (2.4) and using Lemma 1, we obtain

I'v+1/n+1) I'(v+1)
I0x(t) = IO Jy(t) + eqt . 2.5
a et = LRy + o Ty +1/n+o+1)  °T(v+o+1) (2:5)
Using (2.5) in the first condition of (2.1), we get
I'(v+1) I'(y+1/n+1)
= al)?Je —_— : 2.
co = aly Jy(OJraCOF(fy—i—(S—i—l)+aclcf(7+1/n+6+1) (2.6)

Applying the generalized fractional integral operator on (2.4) and using Lemma
2, we obtain

PP 1 Pt (1 +p)/p)
p TP — PJP J4 —_—
IPz(t) =PI J9y(t) + co T+ T Tt pptp))p)

(2.7)

Using (2.7) in the second boundary condition of (2.1), we get

q PP Ja £ 1 gt F(ipp)
JY(T)+co+aT =8 JIy(&) +COﬂpT’F(p7+1) c1

pro (e’
(2.8)
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Using the notations (2.3) in (2.6) and (2.8), we get the system
vico — vacy = al 0 Jy((),
v3c +vacr = B PIPJy(E) — JUy(T),

which, on solving for ¢y and ¢y, yields
1 s
co = {onaT}? 7y(Q) + s (B 21 7%y(€) — Joy(T)) ),

er = 7 {w (8 7120() - 71y(T)) — a1y S () .

Substituting the values of cg, 1 in (2.4), we get (2.2). Conversely, it follows by
direct computation that the integral equation (2.2) satisfies the problem (2.1).
This completes the proof. O

3 Existence results

We denote by C = C([0,T],R) the Banach space of all continuous functions
from [0,7] — R endowed with a topology of uniform convergence with the
norm defined by ||z|| = sup{|z(t)| : t € [0,T]}. Also by L'([0,T],R) we denote

the Banach space of measurable functions = : [0,7] — R which are Lebesgue
T

integrable and normed by ||z :/ | (¢)|dt.

0
In view of Lemma 3, we define an operator P : C — C by

(Pa)(t) = Jf (s, 2(s))(t) + %(m — tws) 170 f(s,2(5)) (C)

1
+ Z(UQ +tv1)(5 PIPJIf(s,2(s))(§) — Jqf(s,glc(s))(T))7 te[0,7]. (3.1)
In the sequel, we use the following expressions:

P Y L f(s, a(s)
() / w —s)ir *

PIPf (s, 2(s))(y) =

)

for y € [0,T] and

10 Jf(s,x(s)) (&) = "5 o / / rw" il f);‘l f(s,x(s))ds dr,

where £ € (0,T).

For convenience, we set a constant

_ T |af(jva] + Tlos]) ¢ (y +(g/n) +1)
I'(g+1) |A] I(g+1D)I(y+(g/n) +0+1)
(ol +Ti) (1 e T(5) )
4] I'(g+1) pr F(‘I‘*‘Pipp""!’) I'(g+1)

In the following subsections we present our main results for problem (1.1)
by making use of a variety of fixed point theorems.
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3.1 Existence result via Krasnoselskii’s fixed point theorem

Lemma 4. (Krasnoselskii’s fived point theorem) [20]. Let M be a closed,
bounded, convex and monempty subset of a Banach space X. Let A, B be the
operators such that (a) Ax + By € M whenever x,y € M; (b) A is compact
and continuous; (¢) B is a contraction mapping. Then there exists z € M such
that z = Az + Bz.

Theorem 1. Let f : [0,T] x R — R be a continuous function satisfying the
assumptions:

(Hy) there exists a positive constant L such that |f(t,z) — f(t,y)| < L|z —y|,
for each t € [0,T] and x,y € R.

(H2) [f(t, )] < @), V(tx) € [0,T] xR and ¢ € C([0, T],R").
Then problem (1.1) has at least one solution on [0,T] provided that

P (G ML ES)
' ] Ilq+ 1) (v + (g/n) +5+1)

(ool +Tln) [ 1 €% I((q+p)/p) T
VT (F<q+1> o r<<q+pp+p>/p>+F<q+1>)}<1'

Proof. We define operator Py, Po : C — C by
’Plx(t) = Jqf(sax(s))(t)7 te [O7T]7
Pay(t) = S (on = tog) 107 (5, () (€)

1 (on 4 100) (B 2127 (5,y(5))(€) — T (s, y((T)), £ € 0,7,

Setting sup,ejo ) ¢(t) = [l¢ll and choosing p > ||¢||¥, where ¥ is defined by
(3.2), we consider B, = {z € C: ||z|| < p}. For any z,y € B,, we have

|

‘A| (‘U4| +T|’03|)

[Pra(t) + Pay(t)] < sup {Jqlf(s, z(s))|(t) +
t€[0,T)

1

X L30T f(s,5(3))(€) + m(lvzl +Tloal)

X (18] 717791 £ (5, y(s)I(€) + 7 (s, y()[(T)) }
al(jual + Tles) ¢y + (afn) +1)

< el e A T@r DTG+ @/ oD
q+p

(|lva| + T'|v1]) 1 gater F( - ) T4 B
B (F(q+1) P F(q+pp+p) + F(q+1)>} = llell# < p.
P

This shows that Piz + Pay € B,. Using the assumption (H,), we get

|| (Jva] + Tvs]) ¢ (y + (g/n) + 1)
[Pz = Pal SL{ 4] g+ 1)I(y+(g/n)+6+1)

Math. Model. Anal., 22(2):121-139, 2017.
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o T (L0 o), ) o=
|A] I'(g+1) pr F(q+pp+p) I'(g+1) Yl
p

which, in view of (3.3), implies that P, is a contraction.
Continuity of f implies that the operator P; is continuous. Also, P; is
uniformly bounded on B, as

T1
< ——— .

Next we prove the compactness of the operator P;. Let
SUD(; oyefo,7]x B, |f(t: )] = f < co. Then, for t1,%> € [0,T] with t; < t2, we
obtain

[Pr(ta) = Pra(ts)| = |J9f(s,2(s)(t2) = Jf(s,2(s)) (1)

r t1 ta
= F{q) /0 [(tz — )71 = (ty — 5)7 ]ds + /t (t2 — )9 'ds
< F(qurl)Htg — |+ 2Jta — 19,

which tends to zero as to —t; — 0 independent of x. Thus, P; is equicontinuous.
So P, is relatively compact on B,. Hence, by the Arzeld-Ascoli theorem, P; is
compact on B,. Thus all the assumptions of Lemma 4 are satisfied. Hence the
conclusion of Lemma 4 implies that problem (1.1) has at least one solution on
[0,7]. O

3.2 Existence result via Leray-Schauder’s Nonlinear Alternative

Lemma 5. (Nonlinear alternative for single valued maps) [14]. Let E be a
Banach space, C be a closed, convex subset of E, U be an open subset of C' and
0 € U. Suppose that A : U — C is a continuous, compact (that is, A(U) is a
relatively compact subset of C') map. Then either

(i) A has a fized point in U, or
(13) there is a x € OU (the boundary of U in C) and X € (0,1) with x = MA(z).
Theorem 2. Assume that

(Hj) there exists a continuous nondecreasing function @ : [0,00) — (0,00) and
a function p € L1([0,T],RT) such that

()] < pO)(lall) for each (t,z) € [0,T] x B;
(Hy) there exists a constant N > 0 such that
N/®(N) > Jp(s)(T) + A1 + Ag,
where
A |l /|Al(|oa] + Tlos )1 T%p(5)(Q),
Az = 1/|Al(jva] + Tlor]) (18] 717 Tp(s)(€) + J7p(s)(T)).



Erdélyi-Kober Fractional Differential Equations 129

Then the boundary value problem (1.1) has at least one solution on [0,T].

Proof. We first show that the operator P (defined by (3.1)) maps bounded
sets (balls) into bounded sets in C. For a positive constant r, let B, = {x € C:
lz]] <7} be a bounded ball in C. Then for ¢ € [0,T], we have

Pt < JoUf(s,w(s)I(E) + |' A'|<|v4|+T|v3|WJqf<s #())1(¢)
o (sl + Tl ) (181 227791 s 2(5)) () + T (5, 2()|(D))
< @) p(s)(T) + D)2 (] + Tloa) 132 7 (s)(C)

4]
(o) (el + Tl (181 2P0 %p()(€) + Tp(s)(T))

and consequently,

Pl < @) {I0(6) ) + Gillal + Tloal) 13 70(5)(0)

1 PTP 19 q
(el + T (181 77 p(s)(€) + T8(5)(T)) .

Next we will show that the operator P maps bounded sets into equicontinuous
sets of C. Let 71,79 € [0,T] with 71 < 75 and x € B,.. Then we have

[Pa(r2) — Pa(n)| < |J9f (s, 2(s))(12) = J1f (s, 2(s)) (1)

oflesl 72 = 7] s g s, a5 ()

T

; "|A|" (181 227791 (5. 2()I(©) + 7% (5, 2(NI(T))

P(r) | (™ S () Vp(s)ds 4 | (7 — £ Lp(s)ds
< | e s+ [ (s

L POelesls =l g o

4]

+ KO = 0l (151010 () + a0,
As 7 — 11 — 0, the right-hand side of the above inequality tends to zero
independently of x € B,.. Therefore, by the Arzela-Ascoli theorem, the operator
P : C — C is completely continuous.

Finally, we show that there exists an open set U C C with = # 6Px for
6 € (0,1) and = € 9U. Let = be a solution. Then, for ¢ € [0,T], and following
the similar computations as in the first step, we have

o] < @l { I + il + TleaD 13 1))

Math. Model. Anal., 22(2):121-139, 2017.
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1 PJIP 74 q
el + T} (181 P2 7(5)(€) + T8(5)(T)) .
which leads to

lol/@(llz]) < Jp(s)(T) + Ar + Az,

In view of (Hy), there exists N such that ||z| # N. Let us set
U={zeC: |z|]| < N}

We see that the operator P : U — C([0,T],R) is continuous and completely
continuous. From the choice of U, there is no x € QU such that x = §Px for
some 0 € (0,1). Consequently, by the nonlinear alternative of Leray-Schauder
type, we deduce that P has a fixed point * € U which is a solution of the
boundary value problem (1.1). This completes the proof. O

3.3 Existence and uniqueness result via Banach’s fixed point theo-
rem

Theorem 3. Let f : [0,T] x R — R be a continuous function satisfying the
assumptions (Hy). Then there exists a unique solution for problem (1.1) on
[0,T] provided that L¥ < 1, where ¥ is defined by (3.2).

Proof. Using the operator P defined by (3.1), we transform problem (1.1) into
a fixed point problem as z = Pz. Observe that the fixed points of the operator
P are solutions of problem (1.1). Applying the Banach contraction mapping
principle, we shall show that P has a unique fixed point.

Letting supycio ) [f(£,0)] = M < oo and r > M¥/(1 — L¥), we define a
closed ball B, = {z € C : ||z|| < r} and show that PB, C B,. Then, using
[f(s,2(s))| < [f(s,2(s)) = f(s,0)[ + |f(s,0)] < Lljw|| + M < Lr + M, for any
r € B,, we have

(P01 < sup {7155 a()I0) + 5 on] + TlaaD 371520600

te[0,T]

A o (Jval + Tlo])(18] #1777 f (s, 2(5))](€) + Jqlf(s,x(S))l(T))}

< (Llja]| + M)J7Q)(T) + (L]z]) + M) A'|<v4| T Tlos )10 T9(1)(C)

(Ll + M) (el + Tlah (181 2777+ 7(1)(T))
0 l(al + Tlos) ¢TI (y + (a/m) + 1)
<@ran{ gy A T+ DTG+ g/ + o+ )

(ool + Tlosl) {1 €750 T(q+ p/p) T
MY <r<q+1> I F(q+pp+p/p>+r<q+1>)}
<(Lr+M)¥ <r,

which implies that PB, C B,.
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Next, we let 2,y € C. Then for ¢ € [0,T], we have

Pa(t) = Py(t) < sup {J9]f(s,2(5)) = f(s,9(s))I(2)

t€[0,T]
|af

o gy (vl + TloaD I3 T71£ (s, 2(5)) = £ (s y(5)I(C)
+ el + Tlen (8 77771 s.2(9) = £(s.0(5)I(©
T (s,0(5)) = Fls,u(NIT) )}

< Lljz =yl J*()(T) + Lz — ylm(lml + Tlus|) I J4(1)(¢)

+LW—yh%wm+TwQOPﬂﬁaxo+J%uwn
= L¥|jw g,

which leads to [Pz — Pyl < L¥|z — yl|. As L¥ < 1, P is a contraction.
Therefore, we deduce by Banach’s contraction mapping principle that P has
a fixed point which corresponds to the unique solution of problem (1.1). The
proof is completed. O

3.4 Existence and uniqueness result via nonlinear contractions

DEFINITION 6. Let F be a Banach space and let F : E — F be a mapping. F
is said to be a nonlinear contraction if there exists a continuous nondecreasing
function © : RT — R* such that ©(0) = 0 and O(e) < ¢ for all € > 0 with the

property:
[Fz = Fy| <O(z—yl),  Va,yek.

Lemma 6. (Boyd and Wong) [8]. Let E be a Banach space and let F : E — E
be a nonlinear contraction. Then F has a unique fixed point in E.

Theorem 4. Let f : [0,T] x R — R be a continuous function satisfying the
assumption:

(i) () — 1) < 202U fort 0.7, 2y > 0,

A* A |z =yl
where z : [0,T] = R is continuous and
1
A= D)+ [l + Tles]) 13 072(0)

(jval + Tlor ) (18] #17J92(€) + J2(T)) ]
Then problem (1.1) has a unique solution on [0,T].

Proof. Let us introduce a continuous nondecreasing function © : RT — RT
as follows

O(e) = A%¢/(A" +¢€), Ve>0.

Math. Model. Anal., 22(2):121-139, 2017.
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Note that the function O satisfies ©(0) = 0 and O(¢) < € for all € > 0.
For any z,y € C and for each ¢ € [0, 7], we have

[Px(t) — Py(t)] < sup {Jqlf(s,fv(S))—f(s,y(S))l(t)

t€[0,T]
L o

‘ A|<‘”4' o+ Tlol) 17071 £ (5, 2(5)) = £ (5. y(5)] (©)
+ i al + Tlon ) (18] 227715, 2(5) = 5. (5DI(O
+ 9 f(s,2(5) = f(s,u(s)I(T) ) |

q & o
<o (s Y @+ |A‘<|v4|+T|v3|>

a |z —y|
0t () ) @ il + T

cfio o (s 5 )@+ 0 (s ) )

sie(”;y”)[ﬁd )+ {5l + Tl 132795(0)

o (ool + Tl {181 217.702(6) + 772D} = Ol — ).

This implies that |[Pz — Py|| < O(||z — y||). Therefore P is a nonlinear con-
traction. Hence, by Lemma 6 the operator P has a unique fixed point which is
the unique solution of problem (1.1). This completes the proof. O

3.5 Existence result via Schaefer fixed point theorem

Lemma 7. [28] Let X be a Banach space. Assume that T : X — X is a
completely continuous operator and the set V=4{u € X | u=pTu,0 < p <1}
is bounded. Then T has a fixed point in X.

Theorem 5. Let f : [0,7] x R — R be a continuous function. Assume that
there exists a positive constant Ly such that |f(t,z)| < Ly fort € [0,T], = € R.
Then the boundary value problem (1.1) has at least one solution on [0,T].

Proof. In the first step, we show that the operator P defined by (3.1) is
completely continuous. Observe that continuity of f implies continuity of P.
For a positive constant r, let B, = {x € C : ||z|| < r} be a bounded set in C.
Then, for ¢t € [0, 7], we obtain

lof
4]

1 PTP 7149 )
+ rleal+ Thoa) (181 127915, (DI + 771 £ G55 (D)

< LyJI()(T) + Ly A|| (lval + Tlos)I° J4(1)(C)

[Pa(t)] < 9 f(s,2())](8) + 7 ([val + Tlos )10 T £ (s, 2:(5)) (<)
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mﬁ(w + Tlor) (18] #179(1)(€) + J1(1)(T) )
{ Te . lef(jval + Tlos)) (v +(¢/n) +1)
g+ 1) 4] Ilg+1)I'(y+(g¢/n) +0+1)
IR S S O o (R, B
4] I(g+1) pr I'((@+pp+pp)/) T(@+1)))

which, by virtue of (3.2), yields

[Pz|| < Ly

Next we show that the operator P maps bounded sets into equicontinuous sets
of C. Let 71,72 € [0,T] with 71 < 72 and = € B,.. Then we have

[Px(ra) = Pa(ra)| < |Jf (s, 2(5))(2) = T f (5, 2(5))(11)]

o] [v|| T2 — 74|

H I, 29I (©)
o1 |72 — 71| PP T4 q
T (B 2()I©) + 1 s, 2()I(T))
Ly B =1 _ (7 — )9 Nds T2T—sq_1s
—@/0[(72”) (r1 - 5) 1d+/ﬁ<2 Jo-id
Lilallvallm2 = 71l 145 1 Ly|vi||me — 7| PR q
TR A O Ry e (G KCA OB ACY)
e I ey, Dilaleln mnl TG g/ + 1)
“I(g+1) ! 4] I(g+ 1) (v+(g/n)+0+1)
+L1|”1|Tz—ﬁ|( 1 gter I'((g+p)/p) T1 )
|| I(g+1) p» I'((g+pp+p)/p) T(qg+1))

As 79 — 71 — 0, the right-hand side of the above inequality tends to zero
independently of x € B,.. Therefore by the Arzela-Ascoli theorem the operator
P : C — C is completely continuous.

Next, we consider the set V = {z € C: & = pPz, 0 < o < 1}. In order to
show that V' is bounded, let x € V and ¢ € [0,T]. Then

loll < oa{ gy + el b el
- UG 4] Llg+ D) (v + (a/n) +6 +1)
(lvz] + T'|v1]) 1 gatep r (ﬁpp) T4 -

T (F(q+1) pP F(W) +F(q+1)>}_M1'

Therefore, V is bounded. Hence, by Lemma 7, problem (1.1) has at least one
solution on [0,7]. O

3.6 Existence result via Leray-Schauder’s Degree Theory

Theorem 6. Let f: [0,T] x R = R be a continuous function. Suppose that
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(Hg) there exist constants 0 < v < W~' and M > 0 such that
lf ¢, 2)| <vl)z|+ M forall (t,x)€0,T] xR,
where W is defined by (5.2).

Then the boundary value problem (1.1) has at least one solution on [0,T).

Proof. Let us consider the operator equation
x = Pz, (3.4)

where the operator P : C — C is defined by (3.1). Our proof will be complete
once we establish the existence of at least one solution z € C for (3.4). Set a
ball B C C[0,T] with a constant radius R > 0 as follows

Br={zxe€C: tgf&)j(‘] |z(t)| < R}

and show that the operator P : Bg — C[0, T satisfies the condition
x # 0Pz, Vxe€dBgr, VOe€]l0,1]. (3.5)

Define H(0,z) = 0Pz, x € C, § € [0,1]. We know from Theorem 2 that the
operator P is continuous, uniformly bounded and equicontinuous. Then, by the
Arzela-Ascoli theorem, a continuous map hg defined by ho(x) = — H(0,z) =
x — @Px is completely continuous. If (3.5) holds, then the following Leray-
Schauder degrees are well defined and by the homotopy invariance of topological
degree, it follows that

deg(hg, Br,0) = deg(I — 0P, Bg,0) = deg(h1, Br,0)
= deg(ho, Br,0) = deg(I,Br,0)=1+#0, 0¢€ Bg,
where I denotes the unit operator. By the nonzero property of Leray-Schauder

degree, we have hy(x) = v — Pz = 0 for at least one z € Bg. Let us assume
that @ = #Pzx for some 6 € [0, 1] and for all ¢ € [0,T] so that

[z(®)] = [0Pz(t)]

< JUf(s x(8)I(E) + :j;(lvzl + Tlus|) 10T f (s, 2(5))1(C)

L PTP T4 q
g loal+ Thenl) (181 217715, 2()I(€) + 71 £ s, 2()I(T))

|

< (vl + M)Jp(s)(T) + (vz] + M)W(|U4| +Tlus )1 Tp(s) (C)
0]+ M) (sl + Tlon (18] 217.70(3)(€) + T70(5)(T))
= (vlz|+ M)Y,
which, on taking the norm sup,¢(o 7y [2(t)| = [|z|| and solving for |[z||, yields
ol < T
'

If R=

T o0 + 1, the inequality (3.5) holds. This completes the proof. O
—v
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4 Examples

In this section, we illustrate the results obtained in the last section.

Ezample 1. Consider the following fractional-order boundary value problem in-
volving nonlocal Erdélyi-Kober and generalized Riemann-Liouville fractional
integral conditions
5 e 2t |z(t)| 1
‘Dig(t) = — —log(t+1), te][0,5/2],
z() 1 (t+3)21+3|x(t)|+40g(+ ) 0.5/2]
(2)
z|=)-
2

1
5
2 @,e% 1 5y 3 s

a:(())fﬁlg x(z), x(2>1413]
Here g =5/4, T =5/2, a =2/V3,v=7/4, 6 =2/e*, n=2/3,(=1/2, 8 =
3/14, p=5/13,p =1/v2, £ = 3/2 and f(t,z) = (1/15)(e™>"/(t+3)?)(Jz|/ (1 +
3|z])) + (1/4)log(t + 1). Computing the given data, we obtain the follow-
ing constants vy = —0.122299372, vy = 0.4460979363, v3 = 0.6773267311,
vy = 2.206732908 and A = 0.0322720081 # 0. Since |f(t,z) — f(t,y)| <
(1/135)|x — y|, the condition (H;) holds with L = 1/135. In addition, we find
that | f(t,z)] < e 2t /(15(t+3)?) + (1/4) log(t + 1) and ¥; = 0.9688798089 < 1.

Therefore, by applying Theorem 1, problem (4.1) has at least one solution on
[0,5/2].

Ezxample 2. Consider the following fractional-order boundary value problem in-
volving nonlocal Erdélyi-Kober and generalized Riemann-Liouville fractional
integral conditions

bty (222(0) + 3o
et = D (P 42 e

4 3
z(0) = %IZ% Y (;) , x <;) = T;%I%x (i) .

Here ¢ = 11/6, T = 1/2, a = 1/\/m, v =4/7, § = 3/v/10, n = 5/7%, ( = 1/8,
B=VT/12,p=11/18,p=5/7,& = 1/4and f(t,2) = ((t'/3+t1/2)/15)(((22>+
3|z])/(1 + |z|)) + 2). By direct computation of given constants, we have v; =
0.6273547690, v = 0.02136672311, v3 = 0.8527688407, v4 = 0.4777750041 and
A = 0.3179553030 # 0. Choosing p(t) = (t7 + £2)/15 and &(|z|) = 2|z| + 5,
we have A; = 0.0001321467571 and A = 0.01053345765. Then there exists a
positive constant N > 0.1070970081 satisfying inequality in (Hy). Therefore,
all conditions of Theorem 2 are fulfilled. Hence, problem (4.2) has at least one
solution on [0, 1/2].

(4.1)

S

(4.2)

&

Ezample 3. Consider the following fractional-order boundary value problem in-
volving nonlocal Erdélyi-Kober and generalized Riemann-Liouville fractional
integral conditions

3 1 [ 22(t) + 4x(t)|> 1
cDig(t) = = (T AT o2y~ 1 e0,3/2],
o ( 3+z0)] )T 2ein’ 0.3/2]

)
3 3= 1 3 4 11
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Here ¢ = 3/2, T = 3/2, a = 3/7, v = 1/2, 6 = 2/V/3, n = /5/9, ( = 1/2,
B =4/5 p=3/T,p=06/11, ¢ = 11/8 and f(t,z) = (1/8)((«* + 4]=|)/(3 +
|2|)) cos? t + (1/2) sin® t. Using the given data, we find that v; = 0.7451980583,
vo = 0.02931419848, v3 = —0.910393214, v4 = 0.487833885, A = 0.3368454165
and ¥ = 5.736302996. Since |f(t,z) — f(t,y)| < (1/6)|z — y|, the condition
(Hp) is satisfied with L = 1/6. Obviously L¥ = 0.9560504993 < 1. Thus, by
Theorem 3, problem (4.3) has a unique solution on [0, 3/2].

Ezample 4. Consider the following fractional-order boundary value problem

“DEz(t) = ler' (sin|m( )|+ +|( ()|)|) +%(t +1), t€[0,2],

o (3).

where ¢ = 7/5, T = 2, a = V2/5, v = 7/2, § = 1/4, n = 3/7, ¢ = 1/2,
B=+3/4, p=28/15 p=13/19, & =3/2 and f(t,z) = (1/(3(t +2)%))(sin |z| +
(lz])/(1 + |#])) + (1/2)(t7 + 1). Using the given values, we find that v; =
0.7681027408, vo = 0.09689608493, vs = 0.2722751129, vy = 1.416898935,
A =1.114706347. Choosing z(t) = t%/12, we get A* = 0.4296509478. Clearly
the condition (Hs) holds true as

—~

(4.4)

\w

1
ts |z —y]
t — f(t < — .
f(tz) = f(t9)l = 75 <O.4296509478+ |x—y|>

Therefore, from Theorem 4, problem (4.4) has a unique solution on [0, 2].

Ezample 5. Consider the following problem of Caputo fractional differential
equation supplemented with nonlocal Erdélyi-Kober and generalized Riemann-
Liouville fractional integral conditions

1
CD%x(t) = Ztan~ ! +|x ) 3(:os t+1)+m, t € |0, = > ,
2 1+|a? 2
(4.5)
(0) = —1552(1) x( ) it
X = — 5 = = 5
VT3 2) V3

where ¢ = 27/17, T = 5/2, a = 1/\/7, v = 5/8, 6§ = 7/13, . = 5/9, ¢ = 1,
B=1/V3,p=4/3,p=V7/6,&=2and f(t,z) = (1/2) tan"" ((2* + |z[)/(1 +
|z]))(3 cos? t +1) + 7. By the given data, we find that v; = 0.6863802809, vy =
0.2019299623, vz = 0.1702153301, vg = 1.218454775, A = 0.8706949059 # 0. It
is clear that |f(¢, )| < 2. Thus all the assumptions of Theorem 5 are satisfied.
In consequence, problem (4.5) has at least one solution on [0,5/2].

Ezample 6. Consider the following nonlocal nonlinear fractional-order problem
involving Erdélyi-Kober and generalized Riemann-Liouville fractional integral
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conditions
in*t+1) [ 2%(t) 2lz(t)| 1
DB () = 0 sy 2O 13
z(t) 20 720 ¢ TTraem 3 €0
3 48 (3 2 v s (5
0)=—IyY *x(= )=—=2I"x|=].
0= 5515 " (3) w0 =5k (3)

(4.6)

Here g = 43/26, T = 3, a = 3/16, v = 4/\/5, 6 = V/3/2, 1 = 1//6, { = 3/2,
B=2/V5p=1/e/2,p=3/7,6=5/2and f(t,z) = ((sin® t+1)/120)(x?/(1+
[z)))e™t + ((2|z])/(1+ 3|x])) + (1/3). With the given values, we have that v; =
0.9213181351, vo = 0.06775588797, v3 = —0.658410315, v4 = 0.474997666,
A =0.3930127883 # 0 and ¥ = 55.66868159. Also |f(t,z)| < (1/60)|z|+1 with
v = (1/60) = 0.01666666667 < 0.01796342165 = ¥~1 and M = 1. Therefore,
the conclusion of Theorem 6 implies that problem (4.6) has at least one solution
on [0, 3].
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