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We prove the existence and uniqueness of solutions for nonlinear integro-differential equations of
fractional order g € (1,2] with three-point nonlocal fractional boundary conditions by applying
some standard fixed point theorems.

1. Introduction

Fractional calculus (differentiation and integration of arbitrary order) is proved to be an
important tool in the modelling of dynamical systems associated with phenomena such
as fractal and chaos. In fact, this branch of calculus has found its applications in various
disciplines of science and engineering such as mechanics, electricity, chemistry, biology,
economics, control theory, signal and image processing, polymer rheology, regular variation
in thermodynamics, biophysics, blood flow phenomena, aerodynamics, electro-dynamics
of complex medium, viscoelasticity and damping, control theory, wave propagation,
percolation, identification, and fitting of experimental data [1-4].

Recently, differential equations of fractional order have been addressed by several
researchers with the sphere of study ranging from the theoretical aspects of existence and
uniqueness of solutions to the analytic and numerical methods for finding solutions. For some
recent work on fractional differential equations, see [5-11] and the references therein.

In this paper, we study the following nonlinear fractional integro-differential
equations with three-point nonlocal fractional boundary conditions

Dix(t) + f(t,x(t), (px) (1), (px)(t)) =0, O0<t<1,1<g<2,

1.1
D(q—l)/Zx(O) =0, aD(‘H)/zx(l) + x(’?) =0, 0<n<l, (D
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where D is the standard Riemann-Liouville fractional derivative, f:[0,1] x X x X x X — X
is continuous, for y,6:[0,1] x [0,1] — [0, c0),

t t
(¢x)(t) =J y(t,s)x(s)ds,  (gx)(t) = f 5(t s)x(s)ds, (1.2)
0 0

and a € R satisfies the condition al'(q) +7 9V ((q+1)/2) #0. Here, (X, ||-||) is a Banach space
and C = C([0,1], X) denotes the Banach space of all continuous functions from [0,1] — X
endowed with a topology of uniform convergence with the norm denoted by || - ||.

We remark that fractional boundary conditions result in the existence of both electric
and magnetic surface currents on the strip and are similar to the impedance boundary
conditions with pure imaginary impedance, and in the physical optics approximation, the
ratio of the surface currents is the same as for the impedance strip. For the comparison
of the physical characteristics of the fractional and impedance strips such as radiation
pattern, monostatic radar cross-section, and surface current densities, see [12]. The concept
of nonlocal multipoint boundary conditions is quite important in various physical problems
of applied nature when the controllers at the end points of the interval (under consideration)
dissipate or add energy according to the censors located at intermediate points. Some recent
results on nonlocal fractional boundary value problems can be found in [13-15].

2. Preliminaries
Let us recall some basic definitions [1-3] on fractional calculus.
Definition 2.1. The Riemann-Liouville fractional integral of order g is defined as

1" g(s)

q =
Ig(t) T Jo o)

ds, q>0, (2.1)

provided the integral exists.

Definition 2.2. The Riemann-Liouville fractional derivative of order g for a function g(t) is
defined by

1 d\" (" g(s)
D4 = — d -1 .
80 F(n—q)<dt> Io sy Mol<asnazo (22)

provided the right-hand side is pointwise defined on (0, o).

Lemma 2.3 (see [16]). For g >0, let x, D7x € C(0,1) N L(0,1). Then
IDx(t) = x(t) + 1t + et T2 4 o 4 ¢t (2.3)

where c; € R,i=1,2,...,n (nis the smallest integer such that n > q).
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Lemma 2.4 (see [2]). Let x € L(0,1). Then
(i) D I#x(t) = IFVx(t), u > v > 0;
(i) Dt = (T(&) /T~ w7, u>0,¢> 0.

Lemma 2.5. For a given o € C[0,1] N L(0, 1), the unique solution of the boundary value problem

Dix(t)+o(t)=0, 0<t<l,1<g<2,

(2.4)
D@ 2x(0) =0, aD"Zx(1)+x() =0, 0<n <1,
is given by
(t-s)i! I((g+1)/2)t"
0= [ oM L ot Gy 17
(2.5)

T(n-s)" f -
X {fo Tq)G(S)dS +a . WG(S)ds .

Proof. In view of Lemma 2.3, the fractional differential equation in (2.4) is equivalent to the
integral equation

Pt—s)1!

IO

x(t) = —I0(t) + byt + byt = o(s)ds + bit1™! + byt172, (2.6)

where by, b, € R are arbitrary constants. Applying the boundary conditions for (2.4), we find
that b, = 0 and

( -s) (g-1)/2

0 I'((9+1)/2)

o(s)ds+a

b Ila+1)/2) <Iﬂ<n—s>q‘l

= [al(q) + 1@ T ((g+1)/2)] \Jo  T(q) a(s)ds>. (2.7)

Substituting the values of b; and b, in (2.6), we obtain (2.5). This completes the proof. O

3. Main Results

To establish the main results, we need the following assumptions.

(A1) There exist positive functions L; (), L (t), L3(t) such that

I1£ (£ x(®), (9x) (1), (92) (1)) = £ (Ey (1), () (), (wy) 1) |
< Li®flx -yl + L) | ¢x -

(3.1)
vte[0,1], x,y € X.
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Further,

6o = sup j o(t,s)ds|,

te[0,1]

Yo = sup I y(t, s)ds|,

te[0,1]

I} = sup {|ILy ()|, I9La(t)|, | I9Ls(t)|},
te[0,1] (3.2)

I(q+1)/2L(1) _ max{ |I(q+1)/2L1(1)|, |I(q+1)/2L2(1)|, 'I(q+1)/2L3(1)' },

IL(n) = max{ |1 ()|, [T"L2(n) |, [T"Ls () [}-
(Ay) There exists a number x such that A < k <1, where

A= (1+70+80) {17 + 1 (T7L(y) + |alITD 2L (D)) },

r((g+1)/2) (33)

" [al(q) + 1T ((g+1)/2)]

(Aa) Il f (£ x(8), (Px) (1), (px) (D) < p(t), for all (£, x,dx, ¢x) € [0,1] x X x X x X, p €
L'([0,1], RY).

Theorem 3.1. Assume that f : [0,1] x X xX x X — X is a jointly continuous function and satisfies
the assumption (Ay). Then the boundary value problem (1.1) has a unique solution provided A < 1,
where A is given in the assumption (Az).

Proof. Define f :C — Cby

(t=5)""
00 == [ CE 20, (42) 9, () )t

I((g+1)/2)tt
[aT'(q) + 1T ((9+1)/2)]

(3.4)

1(n-s5)""
x {L ) —————f(s,x(s), (px)(s), (¢px)(s))ds

1 1- S)(q—l)/Z

0 Wf(S,X(S)/ (be) (s), ((}fX) (S))ds}, te[0,1].

Let us set SUP;ef0.1] |f(£,0,0,0)| = M, and choose

M 1+ M71 Aila]
=Y {r<q+1> ' r<<q+3>/2>} 49
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where 1 is such that A < A < 1. Now we show that F B, C B,, where B, = {x € C : ||x|| < r}.
For x € B,, we have

I(Fx) @

ft-9)T
< [ S5, (4) 0, () o) s

. r((g+1)/2)t"
[aT(q) + 1T ((g+1)/2)]

(n-9""
{f CT(q) | f (s, x(s), ($x) (s), (¢x) (s))||ds

(1 S)(ql
vl |, (g s 172y X6 (406, <wx><s>>||ds}

by a1
=), (tr<séy)> (1 (5:x(), (@)(5), (gx)(9)) = £(5,0,0,0)]| + [ £(5,0,0,0) [ ls

I((q+1)/2)6
[al(q) + T OT((q +1)/2)]

T (n-s)""
X{ ) T (£ (s, x(5), (¢x)(s), (gx)(s)) = £(5,0,0,0)|| + || £ (5,0,0,0)|| ) ds

(g-1)/2
sl | e W o9, (42, (1))~ 5,000 5000t |

t (t— S)q—l
< j B9 (s ()] + La(s) || (9x) (8) | + La(s) || () (5) || + M)ds
0 F(q)

.\ I'((g+1)/2)t5!
[aT(gq) + 1T ((q+1)/2)]

1 (n-s)"
x fo T(4) (Li(s)|x(s)]| + La(3) || (@) () || + La(s)|| (x) (s) || + M)ds

(1 S)(q 1)/2
il [ S WO+ L@ (3) O]+ o) )0 +M)ds}

Pt—s)T!
(Li(s)[lx(s)]l + yoLa(s) [l (s)[| + SoLs(s) | (s) || + M)ds

<
“Jo T(9)

I((q+1)/2)8"
[al(q) + 1@ DL (g +1)/2)]
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1 (n-s)""
x T (Li(s)llx(s)Il + yoLa(s)|lx(s) || + oLs(s)llx(s)|| + M)ds

(1 S)(q 1)/2
[ OO OO+ B+ M)ds}
M [((g+1)/2)65"
< (I9Lq(F) + yol Lo (t) + 6oILs(t) )1 + Fq+1) @ (q) + 1T (4 1)/2)]

x { <(I‘7L1(’l) oI (1) + 60T9Ls (1)) + — >

I'(g+1)

M
1@ D211 (1) + ypI TD2Ly(1) + STV L5 (1 —
+|a|<< 1(1) + 70 2(1) + &0 3( )>r+ T((7+3)/2)

1+ M7
S(1+Y0+6o){IZ+)L1<I‘7L(71)+Ia|I(‘7+1)/2L(1)>}r+M{ ' hilal }

Flg+1) T((9+3)/2)
<S(A+1-M)r<r.
(3.6)

Now, for x,y € C and for each t € [0, 1], we obtain

|(Fx)t) - (Fy)®)]

F-9)T! s)7!
T(q)
I((g+1)/2)0!

[al (q) + 0 1 ((q + 1)/2)]

| £ (s, x(5), ($x) (5), (¢x) (5)) = £ (5, y(5), (Py) (5), (gy) (5)) ||ds

{ (nr(s)) : [1£ (s, x(5), (¢x)(5), (gx)(5)) = f (5, 5(5), ($v)(5), (wy)(5))llds
(-5
+|a |f M((q+172) £ (s, %), ($x)(5), () () = £ (5, (), ($y)(s), (g7 (s))”ds}

< [ oyl o=l + Lol -l

r((q+1)/2)6"
[al'(q) + 1T ((q +1)/2)]
x { 1 (71 _S)q_l
0 F( )

r(( 1)/2)

(La(s)[|x = y|| + La(s) ||px = py || + Ls(s) ||gx — gy ||)ds

(L) 2= yl| + L) 4 - by + Lo(o) g - ¢y||>ds}

+al
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< (I9L1 (1) + Yol TLa () + 6ol 'La (1)) | x - y | +

T((g+1)/2)t! ‘
[al'(q) + 1 DT((q+1)/2)]

x {198y (1) +yoI"La (1) + 60I7Ls (1)
+|al <I(q+1)/2L1(1) + ol @21, (1) + 501<q+l>/2L3(1)) } llx - |

< (14 0+ 80) {1} + 44 (1L () + |al1FV2L (1) ) |2 -y

(3.7)

where we have used the assumption (A;). As A < 1, therefore F is a contraction. Thus, the
conclusion of the theorem follows by the contraction mapping principle.

Now, we state Krasnoselskii’s fixed point theorem [17] which is needed to prove the
following result to prove the existence of at least one solution of (1.1). O

Theorem 3.2. Let M be a closed convex and nonempty subset of a Banach space X. Let A, B be the
operators such that (i) Ax + By € M whenever x,y € M; (ii) A is compact and continuous; (iii) B is
a contraction mapping. Then there exists z € M such that z = Az + Bz.

Theorem 3.3. Let f : [0,1] x X x X x X — X be jointly continuous, and the assumptions (A1) and
(A3) hold with

Ay =1 (1+70 +80) (m(q) + |a|1<q+1>/2L(1)) <1. (3.8)

Then there exists at least one solution of the boundary value problem (1.1) on [0, 1].

Proof. Let us fix

1 +./\11”lq .)Lllal
2l e ) @9)

and consider B, = {x € C : ||x|| < r}. We define the operators ©; and ©, on B, as

(t=s5)""
@00 =~ [ Lo 15,9, (429 (g ),

L((g+1)/2)t!
[al'(q) + 79T ((g+1)/2)]

(©220)(t) =
(3.10)

(n-s)""
{f I(q) oy f(5%(5), (9x) (5), (¢x) (s))ds

1 (1 _ S)(q—l)/z

wa | sy ¢ HO 606 ) (s))ds},
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For x,y € B,, we find that

1+ A7d Mlal }< . (3.11)

[©1x + Oy < ||P‘||L1{r(q+1) " I'((g+3)/2)

Thus, ©1x + O,y € B,. It follows from the assumption (A;) that ©; is a contraction mapping
for A1 < 1.

In order to prove that ©; is compact and continuous, we follow the approach used
in [6, 7]. Continuity of f implies that the operator (©1x)(t) is continuous. Also, (©1x)(t) is
uniformly bounded on B, as

[l
T(g+1)

l©1x| < (3.12)

Now, we show that (©;x)(t) is equicontinuous. Since f is bounded on the compact set
[0,1] x B, x B, x B,, therefore, we define sup(t,x,lpx,wx)e[al]XBprpry||f(t, X0, ¢x)|| = fmax-
Consequently, for t1,t, € [0,1], we have

[(©1x) (t1) = (©1x) (B2) ]|

f
i ”F(l_vn [ (=91 =t =97) 75,59, (), (9 s

[} (313)
+f (tr — s)q_lf(s,x(s),d)x(s), px(s))ds

31

< fmax
T T(g+1)

|2(t2—t1)ff+t‘17 -tg|,

which is independent of x. So, ©; is relatively compact on B,. Hence, By Arzela-Ascoli’s
Theorem, ©; is compact on B,. Thus all the assumptions of Theorem 3.2 are satisfied and the
conclusion of Theorem 3.2 implies that the boundary value problem (1.1) has at least one
solution on [0, 1]. O

Example. Consider the following boundary value problem:

t x| 1 (te D 1 (f e (D2
c3/2 > - - =
D> x(t) + 5T+ 1] tE fo G x(s)ds + 5 .[0 G x(s)ds=0, te]0,1],

(3.14)

1
DY*x(0) =0, aDV*x(1) + x<§> = 0.
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Here, g = 3/2, y(t,s) = e /5,6 = e D/2/5 a =1,17=1/3. With yy = (e —1)/5, 69 =
2(y/e —1)/5, we find that
8(e+2(ve+1))(9V3r +T(1/4))
A =

<1. (3.15)
225\/3(2\/35 LT /4))

Thus, by Theorem 3.1, the boundary value problem (3.14) has a unique solution on [0, 1].

4. Conclusions

This paper studies the existence and uniqueness of solutions for nonlinear integro-differential
equations of fractional order g € (1,2] with three-point nonlocal fractional boundary
conditions involving the fractional derivative D@ 1/2x(.). Our results are based on a
generalized variant of Lipschitz condition given in (A;), that is, there exist positive functions
L1(t), Ly(t), and L3(t) such that

| £ ( x(B), (dx) (), (wx) (1) = f(t,y(®), (py) (), (py) (D)) ]|

(4.1)
SLi(t)||x - y|| + La(®) || px — py|| + Ls(®) ||gx — gy|, Vt€[0,1], x,y € X.

In case L (t), Lo(t), and L3(t) are constant functions, that is, L1(t) = L1, L,(t) = Ly, and L3(t) =
L3 (L1, Ly, and L3 are positive real numbers), then Lipschitz-generalized variant reduces to
the classical Lipschitz condition and A in the assumption (A,) takes the form

(4.2)

1+ Mn7
A=(L1+YOL2+60L3){ i 1l )Lllal }

T(g+1) T((4+3)/2)

In the limit g — 2, our results correspond to a second-order integro-differential equation
with fractional boundary conditions:

D*x(t) + f(t, x(t), (px) (t), (px) (1)) =0, O0<t<]1,

(4.3)
DY?x(0) =0, aDY?*x(1)+x(7) =0, 0<ny<1.
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