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Abstract: In this paper, we investigate the existence and uniqueness of
positive solutions of boundary value problems (BVPs) for fractional differen-
tial equations (FDEs) with boundary conditions (BCs) involving the Riemann-
Liouville (RL) fractional derivative of the form:

—Dg,a(t) = f(t,x(t), 0<t<1,
z(0) = 2/(0) = ... = 2(»=2(0) = 0,
z(1) = 19]01 z(s)ds, 0<V <o,

where 2 <n—1< o0 <nand o € R. The technique employed is coupled lower
and upper solutions with fixed point theory on cone. An example is presented
to justify our results.
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1. Introduction

FDEs with BCs have applications in several fields such as applied mathematics,
physics and engineering, see [11, 13, 14, 17]. Existence theorems of multipoint
have extensively studied using Leray-Schauder, coincidence degree theory, fixed
point index theory, and fixed point theorems in cones. For more details, we refer
the reader to [10, 12, 19, 22] and the references therein. On the other hand,
investigating the existence and uniqueness of solutions and positive solutions of
BVPs for nonlinear FDEs of the following type: functional, evolution, impulsive
with integral BCs, can be found in [3, 4, 2, 1, 5, 6, 7, 8, 9, 15]. For instance,
Benchohra et al., in [7] studied some results on FDEs with mixed BCs of the

form
{Dmd) f@dm,telzmTL
+ fo s)ds = x(T),

where 0 < o < 1, D, is the Caputo fractional derivative of order o, u € R,
and f: I x E — FE is a given function satisfying some conditions, F is a Banach
space with sup norm || - |[|.

In [19] Wang et al., discussed the following nonlinear FDE with integral

BCs
D0+.1‘( ) + f(t,.l‘(t)) =0, te (07 1)7
z(0) =0, z(1) = folx s)ds
where 1 < o <2, f:[0,1] x [0,00) — [0,00) is a continuous and Dg, is the
standard RL fractional derivative.

Pawar and Salunke in [16] studied the existence and uniqueness of positive
solutions of the following problem

[ Pty f(.0), 12 7= 01,
+ 19]0 s)ds = x(1),

where Df, is the standard RL fractional derivative and f : [0, 1] x [0, +00) —
[0, 4+00) is a continuous.

Motivated by the above mentioned works, in this paper, we study the exis-
tence and uniqueness of solution for a class of FDE with BCs of the type

-Dg.x(t) = f(t,z(t), 0<t<1,
z(0) = 2/(0) = ... = z(»2)(0) = 0, (1)
= 19]01 z(s)ds, 0<V <o,

where 2 < n —1 < o < n is the order of RL fractional derivative D, and
O<iv<o.
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To our knowledge, fewer works appeared to investigate in positive solutions
to FDEs with BCs. Our analysis relies on the method of lower and upper
solutions and some fixed point theorems on a cone. The results obtained can
be more general, and some of them in the literature are as special cases, so they
are recent contributions to this emerging field.

The rest of this paper is organized as follows: Section 2, devoted to the
derivation of Green’s function and its properties. Also, a discussion of prelimi-
nary facts is presented in this section. Section 3, deals with proof of existence
result by using the lower and upper solutions for FDEs with BCs. The last
section gives an example to demonstrate the main results.

2. Preliminary results

Definition 1. [13] For given a function f : (0,00) — R, then RL fractional
integral of order o > 0 is given by

1

t
B0 = 755 /O (t— )7L f(s)ds,

provided that, the integral exists.

Definition 2. [13] For given a function f : (0,00) — R, then RL fractional
derivative of order o > 0 is defined by

D810 = s () [ 6= 0.

where n — 1 < 0 < n, and the right side is pointwise defined on (0,00) and
n= o] + 1.

Lemma 1. [11] Let o > 0 and u € C(0,1) N L(0,1). Then the linear FDE
D, u(t) =0
has unique solution
u(t) = ct? L4 ettt

Moreover, if u(t), D§, f(t) € C(0,1)NL(0, 1), then I§, D§, u(t) = u(t)+cit” '+
ot 2 4 e t° ", for somec; €R, i =1,2, ..., n.
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Theorem 3. Letn—1< o <n and ¥ # o. Assume u(t) € C[0, 1], then
the unique solution of following problem

Dg, x(t) =u(t), 0<t<l, (2)
1
2(0) =2/(0) = ... =2 (0) =0, z(1) =9 /0 z(s)ds, (3)

1
= / G(t, s)u(s)ds
0

where G(t, s) is the Green’s function defined by

is given by

(c—9)I'(o) (4)
[t(1—5)]7 "1 (0—9+Vs)
—ore) 0 st<s<l

[t1=5)]"" (o—0+98)—(@=D)(t=5)""L § ¢ <4 <1
G(t,s) { o

Proof. Applying I7, on both sides of (2). It follows from lemma 1 that

t o—1

t—

x(t) = — / %U(S)ds Fot” T et T gt
0 (o)

where ¢, co,...,¢, € R. From (3), we have ¢ = ¢c3 = ... = ¢, = 0. Then the
general solution of (2) is

t _ s o—1
x(t) = —/0 %u(s)ds + et (5)

Hence, by the condition z(1) = ¥ fo s)ds, we get

01:/0 (1_(8)) ds—l—??/ ds.

Put the value of ¢; in (5), we obtain

o t (t _ S)U—lu \ds o1 1 (1 _ S)a—lu \ds
() = - | St e [t
1

—H%Ul/o x(s)ds. (6)
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Let A= — s)ds. By the formula (6) and Fubini’s theorem, we get
0

/le(t)dt - // F(Sa)ol (s)dsdt

1
/ ot ( )dsdt—l—??A/ t Lt
0
- ( S)U 1
N /0 ol(0) ()d8+ o
which implies
s(1—s)7~ 1
A= / Su(s)ds. 7

Substitute value of A from (7) into (6) we have
(t)

Lrg = ?98 —s)t]o ! it —s)t
— /0 { + [ F(Ut) u(s)ds — /0 B=s) (o) u(s)ds
B t a—'ﬁ—l—ﬂs [(1—s)t]o ! ()

= /0 [ u(s)ds — /0 ———u(s)ds

8

I'(o) I'(o)
1 0- — 8 — 3 o—1
n t 0, + ¥s7[(1 F(:;] u(s)ds
- t[a—ﬂﬂ?s (R Gt [t i Y
N /0 (0 — 9 (0) (s)d
1 J—’ﬁ—|—193 (1 _S)t]afl
+/t ~ )T (o) u(s)ds
= G

0
O

Lemma 2. For all o € (n—1,n] and 9 > 0. The Green function given by
(4) satisfies the following properties:
(i) G(t,s) >0, t,se(0,1).
(ii)) (o —9)G(1,s) >0, for all s € (0,1) if and only if o # V.
(iii) G(t,s) < m for all t,s € [0,1] and ¥ € [0,0).
(iv) Forn —1 <o <n and 0 < ¥ < o, we have

t°1G(1,5) < G(t,s) < =G(1,s), t,sc (0,1). (8)

| Q
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Proof. The proofs of (i), (ii) and (iii) are easy, so we omit it. In the follow-
ing, we shall prove (iv) in two cases :
Case (i). n0<t<s <1,

G(t,s)

G(1,s)
Case (ii). n0<s<t<1,

Glt,s) 17 '(1—5)7o—0+0s)—(c —9)(t—s)"!

G(l,s) (1-s)Yo—9+9s)—(c—0)(1—s)"1 ~
Since s > ts, we deduce that

G(t,s) - t" (1 —s) o - +9s) — (0 —I)(1 —5)7 1]

:t”*1§t0*1(1+‘7_19) <! <

< t0'72
s -

SIS
| Q

g
s

G(1,s) — (1—=s) Y o—9+9s)— (0 —9)(1—s)!
= oL
Now from (ii) the inequality (8) is satisfied. O

Lemma 3. Let D be a subset of the cone K of semi-order Banach space
E, T :D — E be nondecreasing. If there exists xg,yo € D such that xo < yo,
(z0,y0) C D and xg,yp are the lower and upper solutions of equation x —T'(x) =
0, then the equation x—T(xz) = 0 has maximum solution and minimum solution
x*,y* in (x0,yo) such that x* < y*, when one of the following assumptions hold:

(i) T is compact continuous and K is normal;
(ii) T is continuous and K is regular;

(iii) T is continuous or weak continuous and E is reflexive, K is normal.

Now, let £ = C]0,1]. Then E is a Banach space endowed with norm ||z|| =
supyefo [#(t)]- The Cone K C E'is defined by

K={zeFE|z(t)>0, 0<t<1}

Assume that u(t) = f(¢,2(t)), then it follows from Theorem 3 that the problem
(1) has a solution if and only if the operator 7" defined by

1
T(z) = /0 G(t, 5)f (s, 2(s))ds

has a fixed point. First of all, we give the definition of lower and upper solutions
of the operator T
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Definition 4. The function v(t) € E is called a lower solution of operator
T if

Du(t) < f(t,v(t)), v(t) <Tw(t), 0<t <1,

and the function w(t) € E is called a upper solution of operator T' if
D%w(t) > f(t,w(t)), w(t) > Tw(t), 0 <t < 1.
We consider the following set of assumptions:

(A1) f:]0,1] x [0,400) — [0,+00) is continuous, f(t,-) is nondecreasing for
each ¢t € [0,1], and there exists a positive constant k such that f(¢,-) is
strictly increasing on [0, k] for each ¢ € [0, 1].

(A2) 0 < limgysioo f(t, 2(t)) < 400, for each ¢ € [0, 1].

(A3) vo and wq are a lower and upper solutions of problem (1) satisfying vy <
wo, 0<t< 1.

3. Main results

In this section, we prove the existence and uniqueness of positive solution of
the problem (1).

Theorem 5. (Existence Theorem) Assume that (A;)—(As) hold. Then
the problem (1) has a positive solution.

Proof. We will give proof in the following four steps
Step 1. T': K — K is completely continuous.
At first, T : K — K is continuous according to continuity and non-negativeness
of G(t,s) and f(t,x). Next, Let M C K be a bounded set, i.e., there exists a
positive constant £ > 0 such that ||z|| < ¢;Vz € M. Let L = maxo<i<1,0<a<¢ | f(t, )|+
1. Then, for every x € M, we get

1
T (t)| </0 G(t, 5) |f(s,2(s))| ds < e [0,1].

L
(0 =) (0)
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Consequently, T'(M) is bounded. Finally, we set x € M, then for each ¢ € [0, 1]
the following inequalities are satisfied by means of Lemma 2:

1 1
Tx(t) = /G(t,s)f(s,a:(s))dszt”_l/o G(1,s)f(s,x(s))ds

o—1
- 0 JélaX{Gt 8)}/(s,2(s))ds
o—1 o
= : g ﬂtgl[gi{] /0 G(t7 S)f(S,.’E(S))dS} = t > Q9HT$||7
and
t — 3 o—2
|(Tl‘)’(t)| = ‘ _/O %f{s,x(s))ds
o — 0+ 9s)(1 — 5)7 1472
+/0 (0 —9)I(o — 1) f(s,z(s))ds
L[ sytasy 2
< m/o(t—s) ds—|—F(U_1)J
VL ' o—1 s
oo =Ty
P T Lo e
= T) Te-1) (-9 (-Dolc+1)

Hence, for all t1,t5 € [0, 1] with t; < t3, we obtain

to
[T (ta) — Tx(ty)]| < /t |(T)/(s)lds < N(t2 — t).
1
Thus, T'(M) is an equicontinuous. As a consequence of Arzela-Ascoli Theorem,
we conclude that T'(M) is compact. Therefore T : K — K is completely
continuous.
Step 2. The operator T is an increasing.
Let zg,yo € K with o < yg. Then by (A;), we obtain

Txo(t /Gtsf(s xo($) d5</ G(t,s)f(s,y0(s))ds < Typ(t).

Thus, T is an increasing operator. Operation the definition of the lower and
upper solution, we obtain Txg > xg and Tyy < yo. Hence T : (xo,yo0) — (z0, Y0)
is a compact continuous operator.
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Step 3. By (A»), there exists positive constants M; and N such that x > N
it holds f(t,z(t)) < M.
But in exchange, since f : [0,1] x [0, N] is continuous (by (A;)), there exists a
positive constant Ms > 0 such that f(¢,z(t)) < My. Let M = max{M;, Ms}.
Then we have f(t,z(t)) < M, Vo > 0.
Now, let us take the following problem

{D0+w()+M:0, 0<t<l, 2<n—-1<0o<n,

w(0) = w'(0) = ... = w2 (0) = 0, w(l) =9 [ w(s)ds )

where 0 <9 < o and o € R. From the Theorem 3, we have the solution of (9)
is . .
:/ G(t,s)Mds 2/ G(t,s)f(s,w(s))ds = Tw(t),
0 0

which means that w(t) is an upper solution of T'.

On the other hand, it is obvious that v(¢) = 0 is a lower solution of 7. Hence
u(t) < w(t).

Step 4. Since K is a normal cone, and by utilize Lemma 3, we deduce that
there exists a fixed point z(t) € (0,w(t)) of T. Therefore, the problem (1) has
a positive solution, which completes the proof. O

Theorem 6. (Uniqueness Theorem) Assume that f satisfies
[f(t.x) = fty) <b(B)lw —yl, VEE€[0,1], 2,y €RT,

where b : [0,1] — R is a continuous. If
1
/ 57711 —5)7 Yo — 9+ 98)b(s)ds < (o0 — 9)T(0), (10)
0
then the problem (1) has unique positive solution.

Proof. We known that the problem (1) has a unique positive solution if the
operator 1" is a contraction mapping for m sufficiently large. Indeed, by the
definition of Green’s function G(t,s), then for x,y € K, we have the following
estimate

[T(t) = Ty(t)]

‘/Gts 5, 1 ds— /Gts sy))ds)
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/O "Gits)

1
/ G(t,s)b(s)
0

IN

ds

f(s,2(5)) = f(s,5(s))

IN

x(s) —y(s)|ds

VBl e ga genelds
< | = ) o = 0+ ds)b(s)d

T — o—1 1
< % /0 (1—5)"o — 94 Is)b(s)ds.

Let [ = fol(l —5)7 Yo — 9 + Us)b(s)ds. Then we have

Itcr—l

Tx(t) — Ty(t)| < m”w —yll

Similarly,
| T2 (t) — T?y(t)|

= /0 ‘o, )| 15, Ta(s)) = (5, Ty(s))]ds

IN

/0 1 G(t, 5)b(s) ‘T:z:(s) - Ty(s)(ds

1 Itafl
< G(t,s)a(s) ————=—||z — yl|ds
| tats) s e =l
I|z —yljt"!

R —1
< m/{) s 1 —=8)7 (o — 9+ Us)b(s)ds.

Let J = [; 577 1(1 — 5)7~1=4b(s)ds. Then

IJjto—1

Tz (t) — T?y(t)] < mﬂl‘ =yl

It follows from the mathematical induction that

IJmfltafl

T a(t) = Ty < oy e~ vl

For sufficiently large m, by (10), we have

1Jjmt _ I ( J
(o =0)mTm(o) (o =)o) \(o -
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Hence, it holds
[T (t) = Ty ()] < llz —yll,

which implies the operator T is a contraction mapping for m sufficiently large.
So, the problem (1) has a unique positive solution. This completes the proof.

O
Example 1. Consider the following nonlinear FDE with integral BCs
—D% 2(t) = 1 ( =0 +5t2) 0<t<l
0+ (t+4) 1+|x(t)\ ’ (11)
1) =2 [} a(s)ds, 2®(0) =0, k=0,1,2,

where 0 = L(n =4), 9 =2, f(t,z) = (t+14)2 (H|fc‘|$‘ + 5t2> It is easy to see that

fis Continuous and nonnegative function. Moreover, for z,y € R, |f(t x) —

flt,y)| < t+4 |z — y|. Therefore, Theorem 6 is satisfied with b(t) = (t+4)2 €
C([0,1], R+) In addition, by some direct calculation, we find that
1
4
/ s77 11— 5)7 o — 9+ 98)b(s)ds ~ 0.002 < 51\g7r = (0 —9)I'(0).
0

An application of Theorem 6 implies that the problem (11) has a unique

positive solution. On the other hand, it is clear that f(t, ) = (t+14)2 (1-|F|\ | +5t2>

is nondecreasing for each t € [0, 1]. Also,

0=t ((t+14)2 (1f\(i)(|t)\ #5%)) < g < oo (M = ).

Finally,

53 3
(%——(t%—(t—l)%)), 0<t<l

/GtSMdS_—\/W -

256

is an upper solution of (11). Obviously, vy(t) = 0 is a lower solution of (11)
and vo(t) < wp(t), 0 <t < 1. Thus all the conditions (A1) — (As) are satisfied.
Hence, by Theorem 5, the FDE (11) has a positive solution on [0, 1].
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