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ON EXISTENCE OF SOLUTIONS TO THE CAPUTO TYPE FRACTIONAL
ORDER THREE-POINT BOUNDARY VALUE PROBLEMS

B.M.B. KRUSHNA"* AND K.R. PRASAD?

ABSTRACT. In this paper, we establish the existence of solutions to the fractional order three-point
boundary value problems by utilizing Banach contraction principle and Schaefer’s fixed point theo-
rem.

1. INTRODUCTION

Fractional calculus deals with integration and differentiation of an arbitrary real order. Fractional
order derivatives provide a new approach for modeling complex phenomena in physics, mechanics,
control systems, flow in porous media, signal and image processing, aerodynamics, electromagnetics,
viscoelasticity and especially dealing with memory and hereditary properties of various real materials
[5, 6, 9, 11]. Compared to integer order models, the fractional order models offer better description of
underlying processes. In consequence, fractional order differential equations have achieved great deal
of interest and attention of researchers [1, 2, 4, 7, 10, 12, 13, 14, 16, 17, 18].

Zhang [20] obtained the existence and uniqueness of solutions for two-point fractional order bound-
ary value problem

D§u(t) = f(t,u(t)), t €(0,1),
w(0) +u'(0) =0, u(l) +u/(1) =0,
where D¢, is the Caputo fractional order derivative and 1 < o < 2.
Shi and Zhang [17] given sufficient conditions for the existence of at least one solution for fractional
order boundary value problem
Dou(t) + g(t,u) =0, t € (0,1),
u(0) = a, u(l) =0,
where 1 <6 <2,¢9:[0,1] x R — R and D? is the Caputo fractional order derivative, using upper and
lower solutions method.

Benchohra, Hamani and Ntouyas [3] derived sufficient conditions for the existence of at least one
solution to the fractional order boundary value problem

“Du(t) = f(t,ult)), 0 <t <T,
u(0) = g(u), u(T) = ur,

where 1 < a < 2, “D* is the Caputo fractional order derivative, by using Schaefer’s fixed point
theorem. Also they established criteria for the uniqueness of solutions by virtue of the Banach fixed
point theorem.

In [8], the authors studied the existence and uniqueness of solutions to the boundary value problem

D%u(t) = f(t,u(t),v'(t)), t € (0,1),
u(0) =0, DPu(1) = 6DPu(n),
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where D is the Caputo fractional order derivative, 1 <« <2,0<d <p < 1,0 < n <1, by using some
fixed point theorem.
In this paper we consider the fractional order three-point boundary value problem

(1.1) “DIy(t) = f(t,y(t)), t € (0,1),
y(0) +4'(0) +4"(0) =0,

(1.2) y(n) +v'(n) +y"(n) =0,
y(1) +y'(1) + 4" (1) =0,

where ¢ € (2,3],7 € (0,1) and ©D? is the standard Caputo fractional order derivative.

We assume that the following conditions hold throughout the paper:

(A1) f:]0,1] x R — R is continuous,

(A2) there exists a positive constant M such that ‘f(a y)‘ < M, for each t € [0,1] and y € R,

(A3) there exists a positive real constant & such that |f(¢,y) — f(¢,7)| < &ly — | for each t € [0, 1],
for all y, 7 € R.

1.1. Preliminaries. In this section, we present some definitions and lemmas that are useful in the
proof of our main results.

Definition 1.1. [11] The Riemann—Liouville fractional integral of order p > 0 of a function f :
[0, +00) — R is given by

1

o) = 50 / (t— ) f(r)dr,

provided the right-hand side is defined.

Definition 1.2. [11] The Caputo fractional derivative of order a > 0 of a function f : [a,+00) = R
s given by

Craepy 1 M)
ath(t)F(a—n)/a (t_q-)a-i-l—ndT’ (n—1<a<n),

provided the right-hand side is defined.
Lemma 1.1. [11] Let « > 0, then the fractional order differential equation
CDu(t) =0
has solution, u(t) = co +cit +cot?> + -+ cp 1t 1 ¢, €R, i=0,1,2,---,n—1, n=[a] + 1.

Lemma 1.2. [11] Let a > 0, then I* ©DYu(t) = u(t) +co+cit+cat?> + - +cp_1t" ! fore, €R, i =
0,1,2,---,n—1, n=[a] + 1.

The rest of the paper is organized as follows. In Section 2, we establish the conditions for the
existence of solutions to the fractional order boundary value problem (1.1)-(1.2) by using different
fixed point theorems such as Banach contraction principle and Schaefer’s fixed point theorem. In
Section 3, we present examples to illustrate the applicability of the conditions.

2. MAIN RESULTS

In this section, by stating some lemmas, we establish sufficient conditions for the existence of solu-
tions to the fractional order boundary value problem (1.1)-(1.2) using certain fixed point theorems.

Let B = C%([0,1],R) be the Banach space of all continuous functions from [0, 1] into R equipped
with the norm

- 1.
lyll tgl[gﬁ]\y()\
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Lemma 2.1. Let A = (> — n)T'(q) # 0. Assume that condition (A1) is satisfied. A function y €
(}"1([07 1]7]1%) is a solution of the fractional integral equation

[T e |8 T D) (5. uls))ds
" ) = [ i sae)ds + |3 | [Car(s.p)d
+ [77 (t—l)znt(Q—t)] X/O q/*(s)f(s,y(s))ds,
where
22) { O(s) =(n—9)"""+(qg—1)(n—95)"7+ (> =3¢+ 2)(n—5)?,
' W (s) =(1— )7 + (g — 1)(1 — 8)77% + (¢ — 3g+ 2)(1 — 5)77,

if and only if y is a solution of the fractional order boundary value problem (1.1)-(1.2).

Proof. Let y(t) € C'?7[0,1] be the solution of fractional order boundary value problem (1.1)-(1.2). An
equivalent integral equation for (1.1) and is given by

(2.3) y(t) = /o (tr(q))qlf(s, y(s))ds + k1 + kat + kat?.

Using the conditions (1.2) to y(¢) in (2.3) and by algebraic calculations, we can get
1

/ﬁ:A[ [ #6119 /Olw*@)f(s,y(s))ds]
ko n +21) /01\1/* ))ds — 3 / )ds}
’fBZM/O (5,5 )ds—/ 9 (s,0()d ]

By substituting the values of ki, ko, k3 in (2.3), we obtain (2.1). This completes the proof. O

Now we establish the existence of solution to the fractional order boundary value problem (1.1)-(1.2)
by an application of Banach contraction principle [15].

Lemma 2.2. (Banach contraction principle) Let (X, d) be a complete metric space. Let T : X —
X be a contraction. That is, there exists A € [0,1) such that d(T,,Ty) < Md(z,y), for all z,y € X.
Then there exists a unique fixed point of T.

Theorem 2.3. Assume that the conditions (A1) and (A3) are satisfied. If

_ &+ 1)(n?~ 241
F'(g+1)(n—1)

then the fractional order boundary value problem (1.1)-(1.2) has a solution on [0, 1].

(2.4)

<

Proof. We transform the fractional order boundary value problem (1.1)-(1.2) in to a fixed point problem
by defining an operator 7.
Let T : B — B be the operator defined by

it — g)a1 2 _ n
Ty(t) = [ L o) - [ ¢ [Cas(sato)is

_ [W(t -1 Z n(2 — t)t} y /01 W (5) (5, 3(a0)ds

Clearly the fixed points of the operator T are the solutions of the fractional order boundary value
problem (1.1)-(1.2). Now we show that the operator T is a contraction mapping. Let y, 7 € B and

(2.5)
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using (2.2), then for each ¢ € [0,1], we have

7 - 30)| < [ (s ute) - S (soa9)as

2 —3t+1

i A’ % /0”<1><s)\f(s,y<s>) — 75,70 s
N 772(1—t)+77(t—2)t‘x/1\1,
0

()| (s:u(5)) = £(5,7(5)) | ds

A
S{(th_(Z; +ﬁ /nq>(s)ds+‘2‘x/olw*(s)ds}[fly—ylloo}
<| Sty -5,

(n—1Dl(g+1)

Hence ||Ty(t)—T9(t)|co < C|ly—7||- Therefore T is a contraction mapping. By the contraction mapping
principle, the operator T' has a fixed point and is the solution of the fractional order boundary value
problem (1.1)-(1.2). O

Next we establish the result by applying Schaefer’s fixed point theorem [19].

Lemma 2.4. (Schaefer’s fixed point theorem) Let F : X — X be a completely continuous op-
erator. If the set E(F) = {x € X : x = N Fuz, for some \* € [0, 1]} is bounded. Then F has fixed
points.

Theorem 2.5. Assume that the conditions (A1)-(A2) are satisfied. Then the fractional order boundary
value problem (1.1)-(1.2) has at least one solution on [0,1].

Proof. We prove that the operator T is defined by (2.5) has a fixed point by utilizing Schaefer’s fixed
point theorem. Now we establish the result in 4 steps.

Step 1. The operator T given by (2.5) is continuous. Let {y,} be a sequence such that y, — y in B.
Using (2.2) and for each ¢ € [0, 1], we have

Tunt) = 7)) < [ 1 ons) = 15,0060 s |
/77 @(s)‘f(s,yn(s)) - f(s,y(s))‘ds + U t)l—nt(t -2 ’x
0
| v ] ss) = o) s

</0t(t_r(‘2)q_lérgg>§]‘f (5,yn(s)) —f(Say(S))’dSJF

t2—3t+1‘
— | X

ﬁ X /?7 ®(s) max ’f(s,yn(s)) - f(s,y(s))‘ds—k

s€[0,1]

|Z|| X/ W (s) ma | (s,a(5)) — 1(5,u(s) | ds

s€[0,1]

1 Gy () = FCyOIE 1 -1
: I'(q) /( o) dat

1 n
7“7_772‘ x/ @(s)der‘

'(nJrl)( N2 +1)
L(g+1)

1
X U*(s
0

| lrmtn - s >H

<



84 KRUSHNA AND PRASAD

Since f is continuous, we have

n+1)(n7=24+1)
Tyn(t) — Ty( H
H yn(t) — Ty(t _’ T{g+ 1)(n

as n — o0.

Mf () = F(y() | =0

Therefore the operator T is continuous.
Step 2. The operator T" maps bounded sets in to bounded sets in B. Now we will show that for any
¥ > 0, there exits a positive constant m* such that for each y € By = {y € B : [[y[loc < ¥}, we have

ITyllco < m*. By the condition (A2) and (2.2), for each t € [0, 1], we have
t -1 2
(t — s) 2 3t+1 /’7
T < —_— _ P
Tyt < [ | r (vt as+ | 5 [ a1 (s.9()] s

\”“‘”Z”t( 2)‘></01‘I’*(3)f(5,y(s))ds

tfsql 1 K n v
{ ds—|—m></0 ()ds—b—’A‘ /0 v (s)ds}

(n+q) 1+77q ?)
g+ 1)(n—1)

| /\

/\

Thus

(n+q)(1+n72?)
T(g+1)(n—1)

*

ITylloo < M‘

Step 3. The operator 7' maps bounded sets into equicontinuous sets B. Let t1,t3 € (0,1], t; < ta, By
be a bounded set of B as in Step 2 and y € By. Then

ITy(ts) — Ty(t)| < /0 )t — (0 - S)q_l]f(s,y(s))ds - / Mf(s,y(s))ds

I'(q) I'(q)
(13 — 3ty +1) — (12 — 3t + 1) n
- { X } X/o f D(s)ds
2 _ 42 2 _ 42 9 — 2t
[n (2 t)+n(t1A t3+2t 2t)}x y(9))ds
(2—t1)?—(t2—t))!) (BB —1]) —3(ta—t1)
: M{ [ I'(q) ] Alnt+qni=t +q(q — 1)n12]
LA = DB =) + (2 —2t1)] }
X .

As ty — t1, the right hand side of the above inequality tends to zero. From Steps 1 to 3, we can
conclude that T : B — B is completely continuous.

Step 4. The set A = {y € B:y=\Ty for some 0 < A < 1} is bounded. Let y € A, then y = ATy
for some 0 < A < 1. Therefore, for each ¢ € [0, 1], we have

y(t) :)\{/0 “;‘Zj_f(s,y(s))ds— [t_zt—i_l} X /Oné(s)f(s,y(s))ds

_ {nQ(t— 1)2%(2—0} y /01 W*(s)f(s,y(s))ds}
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and

Ty(o)| gm{ /O (’*qu))“dﬁ tht“’ x/nfl)(s)ds

+77(t—1)+77t ‘ / }
SMA{/O (g [

o MO+ +77q‘1).

/ \Il;(s)ds}

T(g+1)
Thus for every t € [0, 1], we have
(L+n)A+n1"")
T <M
I y”oo = T(q+1)
This shows that the set A is bounded. By Schaefer’s fixed point theorem, the operator T has a fixed
point which is a solution of the fractional order boundary value problem (1.1)-(1.2). O

3. EXAMPLES

In this section, we give two examples to illustrate the usefulness of our main results.

Example 3.1 Consider the fractional order three-point boundary value problem,

(3.1) Cpsy(y — 3¢ te(0,1)
' YW= 953 +y) )
y(0) +y'(0) +y"(0) =0,
2 2 2
3.2 “ (4 ey
82) o(5)+v(5) v (5) o
y(1) +y' (1) +y"(1) =0.
For y,7 € [0,00) and ¢ € [0, 1], we have
Je~ 2 y Y 9
t —f(t,y)| = — < —|y—T79|.
) = FED =15 5|50y ~ 547 | S21Y T
Now we check the condition (2.4) with £ = 2,
0.6
1 1
(=2 G DIG) + )}’:0.42<1.
I'(3.6)(3)

Then all conditions of Theorem 2.3 are satisfied. Thus by Theorem 2.3 the fractional order boundary
value problem (3.1)-(3.2) has unique solution on [0, 1].
Example 3.2 Consider the fractional order three-point boundary value problem,

3.3 Cp2iyy = — Y pe(0,1),
(33) W) = ety 1€ 0D
y(0) +y/'(0) +y"(0) =0,
1 1 1
34 (3)+v(5) +v(5) =0
(3.4) ulz) +v'(5) tv'(5) =0
y(1) +y'(1) +y"(1) =0
. . : |31+ 05%)] |
By simple algebraic calculations, one can determine m™ = W = 1.6 and M = 5. Then
: 2

the fractional order boundary value problem (3.3)-(3.4) satisfies all conditions of Theorem 2.5. Hence
it has unique solution on [0, 1].
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