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EXISTENCE AND UNIQUENESS OF SOLUTIONS
FOR NONLINEAR FRACTIONAL DIFFERENTIAL
EQUATIONS WITH NONLOCAL BOUNDARY
CONDITIONS

Abstract

In this study the nonlocal and integral boundary value problems for the sys-
tem of nonlinear fractional differential equations involving the Caputo fractional
derivative are investigated. Theorems on existence and uniqueness the of solu-
tion are established under the some sufficient conditions on nonlinear terms. A
simple example of applications of the main result of this paper is presented.

1. Introduction

Differential equations of fractional order have proved to be valuable tools in the
modeling of many phenomena is various fields of science and engineering. Indeed, we
can find numerous applications in viscoelasticity [1-3], dynamical processes in self-
similar structures [4], biosciences [5], signal processing [6], system control theory
[7], electrochemistry [8] and diffusion processes [9]. Further, fractional calculus has
found many applications in classical mechanics [10] and the calculus of variations
[11] and is a very useful and means for obtaining solutions to non-homogenous linear
ordinary and partial differential equations. For more details we refer the reader to
[12].

There are several approaches to fractional derivatives such as Riemann-Lowville,
Caputo, Weyl, Hadamar and Grunwald-Letnikov, etc. Applied problems require
those definitions of a fractional derivative that allow the utilization of physically
interpretable initial and boundary conditions. The Caputo fractional derivative
satisfies these demands, while the Riemann-Lowville derivative is not suitable for
mixed boundary conditions.

Recently, the theory on existence and uniqueness of solutions of linear and non-
linear fractional differential equations has attracted the attention of the many au-
thors, see for example, [13-17] and references therein. However, many of the physical
systems can better be described by nonlocal boundary conditions. Nonlocal bound-
ary conditions are encountered in various applications such as population dynamics,
blood flow models, chemical engineering and cellular systems.

In this paper, we study existence and uniqueness of nonlinear fractional differ-
ential equations of the type

D, a(t) = f(t,z(t), for te[0,T], (1.1)
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subject to nonlocal and integral boundary condition
x(0) + Bx(t) = C, (1.2)

where 0 < a < 1, E € R™"™ - unit matrix, B € R™"is given matrices and

|Bl| <1; f,g € R" given functions; “D{, is the Caputo fractional derivatives.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts that
will be used in the remainder of this paper. By C([0,T], R"™) we denote the Banach
space of all continuous functions from into [0, 7] with the norm R"

|z|| = max {|z(t)| : t € [0,T]}.

Definition 2.1. If g € C([a,b]) and o > 0, then the Riemann-Lowville frac-
tional integral is defined by

t

lorg(t) = T (1a) / = S)l_ads, (2.1)

a

where T'(+) is the Gamma function defined for any complex number z as
o0
I'(z) = /t‘21etdt,
0

Definition 2.2. The Caputo fractional derivative of order a > 0 of a continuous
function g : (a,b) — R is defined by

1 9™ (s)

‘D g(t) = d 2.2
a+g( ) F(n_a)/(t_s)a_n+1 5, ( )

a

where na] + 1, (the notation [a] stands for the largest integer not greater than o).
Remark 2.3. Under natural conditions on g(t), the Caputo fractional derivative

becomes the conventional integer order derivative of the function g(t) as o — n.
Remark 2.4. Let o, > 0 and n = [o] + 1, then the following relations hold:

r
Dy tP = itﬁ_l,ﬁ >n, and °D§,t* =0, k=0,1,2,....,n — 1.

L' —a)
Lemma?2.5. [18]. For a >0, ¢g(t) € C(0,1)NL(0, 1), the homogenous fractional
differential equation
‘D 9(t) =0,
has a solution
g(t) =co+ it + cot? + oo eyt
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where, ¢; € R, i =0,1,....,n—1 and n = [o] + 1.
Lemma 2.6. [18]. Assume that g(t) € C(0,1) N L(0,1), with derivative of
order n that belongs to C(0,1) N L(0,1) then

Ig+CD3+g(t) = g(t) +co+cit+ CQtQ + ...+ Cn_ltn_l,

where, ¢c1 € R, i =0,1,....n—1 and n = [a] + 1.
Lemma 2.7. [18]. Let p,q >0, f € L1[0,T]. Then

oI, f(t) = INTf(t) = I, 1D, f(t) (2.3)

is satisfied almost everywhere on [0,T]. Moreover, if f € C[0,T], then (2.3) is true
for all t € [0,T].

Lemma 2.8 [18]. If a > 0, f € C([0,T]), then °Dg I, f(t) = f(t) for all
te[0,7].

3. Main results
Lemma 3.1. Let 0 < o <1 and f,g € C([0,T],R™). Then the unique solution

of the boundary value problem for fractional differential equation

°Dg,x(t) = y(t), t€[0,T] (3.1)
2(0) + Bx(T) = C (3.2)
is given by :
dw:/mmw@m+w+m4a (3.3)
where, O
Iém@—gal—F&%E+B)U%T—QQHOSSSL
Gltoe) = Fa%E+BVUﬂTﬁwﬁt§s§T 34

Proof. Assume that x is a solution of the boundary value problem (3.1), (3.2),

then using Lemma 2.6, we have
x(t) =I5, y(t) +c1,c1 € R™. (3.5)
From (3.2) and (3.5), we obtain
a + B(lgy(T) + 1) = C, (3.6)
which implies that

c1=(E+B)'C—(E+ B)"'BI§, y(T). (3.7)
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Using (3.6) in (3.5), we obtain

z(t) =I5, y(t) + (E+ B)~'C — (E+ B) 'BIg, y(T),

which can be written as (3.3). Lemma is provided.

Lemma 3.2. Assume that f € C([0,T] x R™, R™) then the function x(t) is
solution of fractional boundary value problem (1.1), (1.2) if and only if x(t) is
solution of the fractional integral equation

T
/G 2(s))ds + (E + B)"\C. (3.8)
0

Proof. Let x(t) be a solution of the boundary value problem (1.1), (1.2), then
by same method as used in Lemma 3.1, we can prove that is solution of the fractional
integral equation (3.8).

Conversely, let x(t) satisfy (3.8) and denote the right hand side of equation (3.8)
by v(t). Then, by lemmas 2.7 and 2.8, we obtain

T
/G z(s))ds + (E+ B)'C = I$_ f(t,z(t)) + (E + B)"'C,
0

this implies that
Dy o(t) =° DELIG f(t,x(8) +° DEy f (T, x(T)) +° D§ (E + B)™'C = f(t,2(t)).

Hence, x(t) is solution of the fractional differential equation (1.1).
Also, it is easy to verify that satisfy the condition (1.2).
Our first result is based on Banach fixed point theorem.
Theorem 3.3. Assume that:
(H1) There exists a constant L > 0 such that

|f(t,z) — f(t,y)| < L]z —y|, for each t € [0,T] and all z,y € R".

If
1

INa+1)
then the boundary value problem (1.1)-(1.2) has unique solution on [0,T].

LT (14 =B IBI)| <1 (3.9)

Proof. Transform the problem (1.1)-(1.2) into a fixed point problem. Consider
the operator
P (o, 7], k") — C([0,T], R")

defined by

T
/G 2(s))ds + (B + B)"'C. (3.10)
0



Proceedings of IMM of NAS of Azerbaijan 129
[Existence and uniqueness of solutions]

Clearly, the fixed points of the operator P are solution of the problem (1.1)-(1.2).
We shall use the Banach contraction principle to prove that P defined by (3.9) has
a fixed point. We shall show that P is a contraction.

First, note that under condition || B|| < 1 the matrix £ + B is invertible and the
estimation H(E +B)_1H < (1—BJ))~! holds.

Let z,y € C([0,T], R"). Then, for each t € [0,T] we have

T
[P(2)(t) — P(y)(t)] < / Gt )1 f(s,2(5)) = fls,y(s)] ds <
0

< g | [ (=9 (o) = syt s+
0

T
+[(E+B)"'B| / (T — )27 | f(s,2(5)) — f(s,9(s))|ds| <
0
= r<a1+1> (LT (1+[(B+B) "' B|)] Iz~ yl|.

Thus

|P@)(#) - Pa)®)| < r<a1+1> L7 (1+ = 1817 1B1) | ==yl

Consequently by (3.9) P is a contraction. As a consequence of Banach fixed point
theorem, we deduce that P has a fixed point which is a solution of the problem
(1.1)-(1.2). Theorem is provided.

The second result is based on Schaefer’s fixed point theorem.

Theorem 3.4. Assume that:

(H2) The function f:[0,T] x R™ — R™ is continuous.

(H3) There exists a constant N1 > 0 such that

|f(z,t)] < Ny for each t € [0,7] and all z € R".

Then the boundary value problem (1.1)-(1.2) has at least one solution on [0,T].
Proof. We shall use Schaefer’s fixed point theorem to prove that P defined by
(3.10) has a fixed point. The proof will be given in several steps.

Step 1: Operator P is continuous. Let {x,} be a sequence such that z,, — z in
C([0,T7], R™). Then for each t € [0,T]

T
[P (2n)(t) = P(2)(t)] < /IG(t, )1 (s,xn(s)) = f(s,2(s))| ds <
0

t
1 — 5)* T max |f(s,zn(s)) — f(s,2(s))| ds
<T@ 0/(t ) mas (s, 2as)) = S (5,2())| ds-+
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T
+{1-1BI™" IIB!/(T—S)almaX\f(Saxn(S))—f(Sny‘(S))\dS <
0

1
< -
~INa+1)

Since f is continuous function, we have

L7 (14 = IBI) 1BI) | 1£ (s u(s)) = Fls,a ()]

1P () (t) = P(x)(®)] <

< F(alﬂ) LT (14 (= 1B IBI) | 1 (s wa(s)) = f(s,2(5))] = 0
as a — 0o.

Step 2: P maps bounded sets in bounded sets in C ([0,7], R"). Indeed, it is
enough to show that for any 1 > 0, there exists a positive constant [ such that for
each z € B, = {x € C([0,T], R") : ||z|| < n}, we have ||P(z)|| <. By (H3) we have
for each t € [0,T7,

T
/ (t, s)||f(s,z(s)|ds + ||(E+ B)~'C|.
0

Hence,
PO < Foay [+ (= 1817 151]
Thus N o
IP@O] < s [1+ 0= 1817 18] =1

Step 3: P maps bounded sets into equicontinuous sets of C'([0,T], R™).Let
t1,t2 € (0,T], t1 < ta, By be a bounded set of C'([0,7],R") as in Step 2, and let
x € B;. Then

|P(2)(t2) — Pla)(t / b — 51 — (1 — 5)°=1] f(s, 2(s))ds-+
0

1 to - N ) ) )
T /(t2 =) s (s < F(Til) [2(t2 — t1)* + (15 — 19)].

t1
As t; — tg, the right-hand side of the above inequality tends to zero. As a conse-
quence of Steps 1 to 3 together with the Arzela-Ascoli theorem, we can conclude
that the operator P : C([0,T], R") — C([0,T], R™) is completely continuous.
Step 4: A priori bounds. Now it remains to show that the set

A ={zxeC(0,T],R") : x = A\P(z), for some 0 < A < 1}

is bounded.
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Let x € A, then z = A\(Pz) for some 0 < A < 1. Thus, for each ¢ € [0, T we have

T

2(t) = A /G(t, 5)f(s,2(s))ds + (E + B)"'C

0
This implies by (H3) (as in step2) that for each ¢ € [0,7] we have

r<><>|P(N1T“)

Thus for every t € [0,T], we have

1+ (- 18I~ 81
|

NlTOé |: 1
<2 4 a— BB } R
=] < Tla+ 1) (=Bl Bl
This shows that the set A is bounded. As a consequence of Schaefer’s fixed point
theorem, we deduce that P has a fixed point which is a solution of the problem (1.1)-
(1.2).
In the following theorem we shall give an existence result for the problem (1.1)-

(1.2) by means of an application of a Leray-Schauder type nonlinear alternative,
where the condition (H3) is weakened.

Theorem 3.5. Assume that (H2) and the following conditions hold.

(H4) There exist 0 € Lyi([0,T], RT) and continuous and no decreasing v :
[0,00) — [0,00) such that

|f(t,x)] < Op(t)¢(|z]) for each t € [0,7] and all x € R.

(H5) There exists a number K > 0 such that

K
(K |05, + A= IBID-HIB] (140,)(T)

> 1.

Then boundary value problem (1.1)-(1.2) has at least one solution on [0,T).
Proof. Consider the operator P defined in Theorems 3.3 and 3.4. It can be
easily shown that P is continuous and completely continuous. For X € [0, 1] let x be

such that for each ¢ € [0,7] we have x(t) = A(Pz)(t). Then from (H7) we have for
each t € [0, 7]

2(t)] < ——

(a) (t—8)* 10 (s)(|z(s)|)ds+

o

T
1
+@ ¢4+ B) 1BH/ (T = 5)* 10 ()0 (J(s)])ds <

t
<yl /t—sa 19 (s)ds+
0
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T
4 (l2ll) —— [[(A+ B)'B]| /(T e
0

T(a)
< Gp(llel) (1105, + (1= | BI7 |B] (1°6,)(T)

Thus
[kl

Gplllal) (172051l + (1= IBI~ 1B (1205)(T)]

Then, by condition (H9), there exists K such that ||z|| # K.
Let

<1

U={zeC(0,T,R): |z] < K}.

The operator P : U — C([0,T], R) is continuous and completely continuous. By
the choice of U, there exists no € U such that x = AP(x) for some X € (0,1). As
a consequence of the nonlinear alternative of Leray-Schauder type [19], we deduce
that P has a fixed point z in U, which is a solution of the problem (1.1)-(1.2). This
completes of proof.

4. An example

In this section we give an example to illustrate the usefulness of our main results.
Let us consider the following nonlocal boundary value problem for system fractional
differential equation

1
D%y (t) = TOSinm’t €[0,],0 <<,

co _ |LU1| (41)
D) = graa+jah
1
z1(0) = /sinO, lzo(t)dt, x2(0)+0,521(1) = 1. (4.2)
0

1 0 0 O
Evidently, £ + B = , B= , |IB]|=0,5
0,5 1 0,5 0

and (1—|B|)~" =2.
Hence, the conditions (H1) hold with L = 0,1. We shall check that condition
(3.9) is satisfied for appropriate values of 0 < o <1 with 7' = 1. Indeed

1
INa+1)

LT+ Q= BB = e < (49

Then by Theorem 3.3 the boundary value problem (4.1)-(4.2) has a unique so-
lution on for values « of satisfying condition (4.3). For example, if &« = 0,2 then I’

02 _ 0,217 < 1..

d -’
S Yy
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5. Conclusion

In this work, some existence and uniqueness of a solution results have been es-
tablished for the system of nonlinear fractional differential equations under some
sufficient conditions on nonlinear terms. Of course, such type existence and unique-
ness results hold under the same sufficient conditions on nonlinear terms for the
system of nonlinear fractional differential equations (1), subject to multipoint non-
local boundary conditions

J
2(0) + Y Bra(ty) = C.
k=1

J
where B € R™™"™ are given matrices and Z |Bi|]] < 1. Here 0 < t1 < ... <

k=1
< tj <T.
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