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EXISTENCE OF SOLUTION FOR A THREE POINT BOUNDARY
VALUE PROBLEM OF FRACTIONAL DIFFERENTIAL
EQUATION

R. A. KHAN, H. KHAN

ABSTRACT. In this paper, we study existence and uniqueness of solutions to
a class of three-point boundary value problems for nonlinear fractional order
differential equation of the form

Deu(t) + f(t,u(t),v'(t)) = 0, l<a<2,

u(0) = 0, DPu(l) = 6DPu(n), 0<p<1
where 0 < 4 < p < 1,0 <n <1 and D¢ is Caputo’s fractional derivative
of order a. Our results are based on some classical results from fixed point

theory. We impose some growth and continuity conditions on the nonlinear f.
For the applications of our results we present an example.

1. INTRODUCTION

Due to the development and applications of fractional calculus in many fields
such as engineering, mathematics, physics, chemistry, etc (see [1]-[6]), have at-
tracted the attentions of many researchers in a variety of directions. The efforts
of mathematicians to develop theory for applied scientists played significant role in
this area of mathematics too. Different aspects of fractional differential equations
are studied and being developed but one of the most important area of research
in the field of fractional order differential equations is the theory of existence and
uniqueness of solutions of nonlinear fractional order differential equations. This
ares of research gained much interest in the community of mathematicians. In par-
ticular, for the study of boundary value problems for fractional order differential
equations, we refer the readers to ([7]-[23]) and the references therein.

Here we refer some boundary value problems which motivated us for the present
work. By the help of fixed-point theorem, in [25] Bai and Lu investigated the
existence and multiplicity of positive solutions for fractional differential equation

Di.u(t) + f(t.u(t)) = 0, 0<t<1 (1)
u(0) = u(l) = 0,
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where 1 < ¢ < 2 and Dg+ is the Riemann-Liouville fractional derivative. Jiang et.al
[24] studied existence of positive solutions for two-point boundary value problem of
the form

{Dg+u(t)+/~ta(t)f(tau(t)) =0 @
0)

u(0) = u(l) = l<a<?,

where Dg, is standard Riemann-Liouville fractional derivative. M. El-Shahed in
[7] studied sufficient conditions for existence and as well as nonexistence of positive
solutions to the two-point BVP

{D"‘u(t) + Xa(t) f(u(t) 2<a<3

= 0,
u(0) = «”(0) = 0, ~u/(1)+Bu'(1) = 0, 3)

where 0 < t < 1, where )\ is a positive parameter and D is Caputo’s fractional
derivative.

In this paper we study existence and uniqueness of solution for nonlinear three-
point boundary value problem corresponding to fractional order differential equa-
tion of the form

Deu(t) + f(t,u(t),v'(t)) = 0 l<a<?, )
u(0) = 0, DPu(l) = 6DPu(n), 0<p<1
where D is Caputo’s fractional derivative of order «, f is continuous and may be
nonlinear and the parameters satisfy 0 <d <p<1,0<n < 1.

We recall some basic definitions and results. For a > 0, choose n = [a] + 1 in
case « in not an integer and n = « in case « is an integer.

Definition 1 The fractional order integral of order & > 0 of a function f : (0,00) —
R is given by

IO = g =0 ) as (5)

provided the integral converges.
Definition 2 For a function f € C™[0, 1], the Caputo fractional derivative of order
« is define by

! ) / (t— )" £ (5)ds,

(D*)f(t) = Tn—a)

provided that the right side is pointwise defined on (0, c0).
The following Lemmas give some properties of fractional integrals
Lemma 1[2] Fort 8 > a > 0 and f € Ly[a, b], the following

DOID f(t) = ID °f(t)

holds almost everywhere on [a, b] and it is valid at any point ¢ € [a, b] if f € Cla, b].
Lemma 2 [2] Let o > 0 then

I°Dgu(t) = u(t) +co+cit+ -+ coqt" !, for ¢; € R. (6)

Lemma 3 [2] For g(¢t) € C(0, 1), the homogenous fractional order differential equa-
tion Dg, g(t) = 0 has a solution
(

gt)=c1 +eat+est? + - Fept" G €Ri=1,2,3,--- ,n. (7)
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We use the notations A = %,Gl(t,s) = ﬁ(t—s)“_l,Gz(t,s) = W‘Sim(n—
S)a7p71 and Gg(t, S) = ﬁ(l — S)(aipil).
Lemma 4 For y € C[0,1], 0 < § < p < 1and 0 < n < 1, the boundary value
problem for fractional differential equation

Du(t)+y(t) = 0 l<a<2, ()
u(0) = 0, DPu(l) = dDPu(n), 0<p<1
has a solution of the form
1
ut) = [ 6t y(s) ds. )
0
where
Gi(t,s) + Ga(t,s) + Gs(t,s) 0<s<t<n<l1,
Ga(t,s) + Gs(t, s) 0<t<s<n<l1,
Gt 0<t<n<s<l,
Glt,s) = &30 S
Gi(t,s) + Ga(t,s) + Gs(t,s) 0<s<n<t<1,
Gi(t,s) + Gs(t, s) 0<n<s<t<l1,
Gs(t, s) 0<np<t<s<l1.
Proof. Applying the operator I* on (8) and using lemma 1, we obtain
u(t) = —Igy(t) + c1 + cat. (10)
The boundary condition «(0) = 0 implies ¢; = 0, thus we have
tP
u(t) = —I§ y(t) + cot which implies Df, u(t) = —I“"Py(t) + CQW.
—-p
The boundary condition DPu(l) = 6DP u(n) yields c; = x(=6I*77 y(n) +
I*7P y(1)) where A = %. Hence, (10) takes the form
(0% t o— a—
u(t) = —I% y(t) + 1 (=0I"7F y(n) + 177 (1)) (11)
which can be rewritten as

) = g =9 ) ds kg0 [t () ds

—|—/0 (1—35)* P y(s) ds) = /0 G(t,s) y(s) ds.

2. MAIN RESULTS

We consider the space E = {u(t) € C[0,1] : ¥/(t) € C[0,1]} with the norm
defined by |lulli = maxcjo 1) [u(t)] + max,ep,1) [/ (t)]. E is a Banach space [20].
In view of Lemma (1), the integral form of the BVP (4) is given by

%( — 61°7P f(n,u(n), ' (n)) + I°7P f(1,u(1),u'(1)))

/0 Gt 8)f (s, u(s), 1 (s)) ds, t € [0,1].

w(t) = —I%f(t,u(t), v (t) +

(12)
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By a solution of the the BVP (8), we mean solution of the integral equation (12).
Define an operator T : E — E by

= /0 G(t,s) f(s,u(s),u/(s)) ds, t € [0,1]. (13)

By continuity of f : [0,1] xR xR — R and G on [0,1] x [0, 1], the operator
T is continuous and solutions of the integral equation (12) are fixed points of the
operator T'. In view of (12), we have

(Tu)(t) = = I (e u(), () + 5 (=8 I fn,un), o' (n)

+ 1077 f(1u(1),4'(1))).

Assume that the following growth conditions hold:

(14)

(B1) There exists a nonnegative function m(t) € L1(]0,1]) such that
[t u(), o' ()] < m(t) +ay [u®)]™ +az |u' (1),

where a1,a2 € R are nonnegative constants and 0 < A, A < 1.
(B2) There exists a nonnegative function m(t) € L1([0,1]) such that

Fu(),d O)] < m(t) +ar [P + ag [ (1),

where a1,as € R are nonnegative constants and Ay, A\; > 1
(B3) There exist a constant k > 0 such that

|f(t,ut), u'(1) — f(t,v(e), v (O] <k (Jult) —v(@)] +[u'(t) — ' ()])
for each ¢ €[0,1] and all u, v, v, v' real valued functions of ¢.

For convenience, use the following notations

L t — )22 m(s) ds

/Gts ds+r(a_1)/(t ) (s) ds+
_— a=p=1 s _ ' — )P~ m(s) ds
K<F(a_p)/0<n—s> m(s) ds + s [ (1= () d)

(15)
_ " t+D@P+1) 1
ho(t) = faiD "t afe 51D @ 1 (16)
U.}l(t) = 1 >+ t (677a_p_1+1)a w2(t) _ o1 5na_p+ 1

Fa+1 Al'(a—p+1) F(a)+AF(afp+1)

and w = w; +wse. Choose R > max{3hy, (3k1h2)1j%1, (3k2h2)ﬁ} , where
ki = maxipq) ai(t), ka = mariep) az(t) and consider a closed bounded
subset U = {u(t) € E : |Ju|1 < R,t €][0,1]} of E.

Theorem Under the assumption (B1) the BVP (4) has at least one solution.
Proof. The proof is based on Schauder’s fixed point theorem. For u € U, using
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B1, we have
1 1
Tu(t)] < | / Gt 5)] m(s) ds + (ar(Dul™ +as(t)]u’ ) / G(t,5)] ds
< [ 169 m(s) ds-+ @Ol +ax@ P [ (Ga(t5) + Galt.s
0 0

n 1
+ Gs(t, s)| ds+/ |G2(t,s)+G3(t,s)|ds—|—/ |G3(t, s)| ds)
n

/ G(t, s) ) ds + (a1 (t)|ul™ +a2(t)|u’|>‘2)(r(;j_ 0
otn™>—P t
ATl(a—p+1) AF(O&*]?‘F].))
! ) e t* otn*—P
§/0 G(t,s) m(s) ds+ (ky|ul™ + ko |0/} )(F(a+ 0 + Al(a—p+ 1)
t
* AT'(a —p+ 1))
(17)
and in view of (14), we have
Tt < (] (0= 9% ) st Gl 4 alu' )
t a=2 lié ! —5)2 P L m(s) ds
[ =2 a9+ 3 ([ =97 e a
A1 u/ Ao K _s a—p—1 s 1
by k) [ =027 )+
(/0 (1= )" P  m(s) ds + (kaful™ + kz\“/‘b)/o (1—s)*777" ds))
1 t a—2 l g K — g a—p—1
- (F(a—l)/o(t_s) A (F(a—p)/o =
1 ! aep1 1 o, 1 P41
+m/0 (1—-1s) )) m(s) d8+(mt +Zm)

(ky [ul™ + Ky [u']*2).
Hence it follows that

tOé
I'a+1)

[Tu@)]: < /0 G(t,s) m(s) ds + (ky |ul™ + Kz [u/|*)(

5t77a P 1 ! a—2
AF(a p+1) AF(a—p+1))+(F(a—1)/0(t_8)

/on o al—p) /01“5)”‘“)) m(s) ds

(18)
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[ B L/ b O N .
™ ATy ) el ke )

! ! _sa—2 l L K _sa—p—l
<(f G+ a_l)/(t ) +A(F(a—p)/o(n )
—g)e P 1 m(s s 28 (t+1)(57la7p+1)
+F(a—p)/0(1 V) ms) ds + (G T T AT - p D)
1

a—1 >\1 )\2
Using (15), (16) and (18), we have
R R R
ITu()[i < ho+ (ki[RI + ko [RI?2) hy < 3t3t3y =R
which implies that TU C U.
Now we show that T is completely continuous operator. Let
M = max{|f(t,u(t),u'(t))| : t€]0,1],ueU},
then
|Tu(t) — |/Gts s, u( dS*/GTS (s,u(s),u'(s)) ds|
<M |/ (Gt 5) — G(r,5)) ds|
0
¢ T t—7
= M/ t—s‘klds—/ 7—5)°"tds 4 ————
| ; (t—s) ; (1 —s) AT(a—7)
n 1
(—5/ (n— s)*r! ds+/ (1— 5)* L ds)
0 0
1 t—T
< - (¥ —7© - a—p
s MEo " ™) arp x0T D)
(19)
and
T'u(t) = T'u(r)| = | = I (f(tult), o/ (1) — f(T,u(r),u'(1))]
M ! 2 T 2
< t—s)*" ds—/ T —8)%"“ds
(= [ — sy
_ M a—1 _ _a—1
= —F(a)(t T
thus
[Tu(t) = Tu(r)[1 < M(#(ta— °) (P 1))
“ Wl = M a1 T T AT(a—p+r1) T
M a—-1__ _a—1
+ o) (t T,

Since the functions t*~1, 7971+ 7 are uniformly continuous on the interval [0,1],
it follows that T is equicontinuous and by Arzela-Ascoli theorem 7' is completely
continuous. By Schauder fixed point theorem T has a fixed point.

Lemma Under the assumption (B2), the boundary value problem (4) has a solu-
tion.

Proof. The proof is similar like theorem 2, so we exclude the proof.
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Theorem Assume that (B3) hold. If kw < 1 then the problem (4) has a unique
solution.
Proof. By the help of our supposition (B3), we have the following estimates

|T’U,(t) - T’U(t)| = ﬁl (t — 3)a_1|f(3’u(8)’u/(s)) _ f(S,U(S),U/(S))| ds
- S0, )

= f(s,0(s),0'())| ds +/0 (1= )P f (s, u(s), u/(s))

— f(s,0(s),0(s))] ds)
1 t

< Tt kllu—vl+ [u" ='[}) + AT(a—p+1)
(@ (R Ju— o] + [u' = '[}) + (e{u = o] + o = '[})
t

1
< o I o
S N U|}(F(a+l)t P AT (a—p+ 1)

(67?74 1)) = kwllu — vl
(20)
By the help of (14) we have the following estimates
! = 1 t —5)* 72| f(s,u(s),u'(s
[T'ult) = T'0(0)] = [y | (0= 9" s u(s). ()
~ o0 ()] ds 4 pra—s (=0 [ (=)

1

(s u(s), () — (s, 0(s), ' (s))] ds + / (1 s)a-p-1
0

(s, us), () — F(s,0(s), 0 (s)))] ds

t! P41
I'(a) AF(a p+1)

<k A{Ju =l + o' = HE )

= kwallu — vl
(21)
Thus by the help of (20) and (21) we have
[Tu(®) = Tv)lly < kwillu—vlli + & wsllu—wvll (22)
= k(wi +w)llu—vlly = kwlu—wvl

thus by contraction mapping principle the boundary value problem (4) has a unique
solution.

Example 1

D%u(t) . cos(t)

¢ — 3G ATu()[+5[Du()]) (23)

u(0) =0, Diu(l)= fDru(l)
For the uniqléte) solution of problem (23), we apply theorem (2) with f(¢, u( ), u'(t))
o cos =3 == !
— 35(5+T7[u(t)[+5[Du(t)])’ t e [O’ 1]’ u( )’UI(t) < [O OO) “mrh= 0= o
n= % and for u(t), u'(t), v(t),v'(t) we have that | f (¢, u(t), v (t)) — f (¢, (t)av ) <
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Hlu—v|+[u/(t) = v'(t)|} and thus condition (A4) is satisfied. By computation we
have w = 2.4389 and kw = .4878 < 1. Thus by theorem (2) the problem (23) has
a unique solution.
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