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Abstract. In this paper, we consider the higher-order multi-point fractional boundary value prob-
lem. We establish the criteria for the existence of at least one and three positive solutions for
higher order nonlinear m-point fractional boundary value problem by using the Krasnosel’skii
fixed point theorem and the Legget-Williams fixed point theorem, respectively.
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1. INTRODUCTION

Fractional calculus is a generalization of ordinary differentiation and integration
to arbitrary (non-integer) order. Fractional differential equations arise in many engin-
eering and scientific disciplines as the mathematical models of systems and processes
in the fields of physics, chemistry, aerodynamics, electrodynamics of complex me-
dium, polymer rheology, [1,2,6,7,13,17-21].

Among all the researches on the theory of the fractional differential equations, the
study of the boundary value problems for fractional differential equations recently
has attracted a great deal of attention from many researchers. Some results have been
obtained on the existence of positive solutions of the boundary value problems for
some specific fractional differential equations [3-5,8—11,15,22,23].

In [16], Nyamoradi and Javidi were interested in the fractional order multi-point
boundary value problem

(DG (0p(u" (1)) — 8(1)f(u(t)) =0, 1 €[0,1],1 <6 <2,
0p(u"(0)) = 0, (u" (1)) =0,

m—2
au(0) — bu'(0) = ; au(&;),

m—2
cu(1) +du' (1) = ; biu (&),

\
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where D, is the standard Riemann-Liouville fractional derivative of order 6. Some
existence results for at least one positive solutions were established by using Krasno-
sel’skii fixed point theorem.

In this paper, we study the existence of positive solutions to multi-point boundary
value problem (BVP) for higher order fractional differential equations:

(DY (1) + f(t,u(t) =0, t €[0,1],
W (0) = u"(0) = ... = u"2(0) =0, u"”(1) =0,

m—2
au(0) =i (0) = X api (&), (L1)

m—2
yu(1) +8u'(1) = Zl bpu' (€p),
p=

where Dg: ? is the Riemann-Liouville fractional derivative of order 1 — 2. Through-
out the paper, we suppose that m,n > 3 and n — 1 <1 < n, where n,m € N and
B>a>1,v,8>0,a,, b,>0are given constants and 0 < &; < ... <&,—» < 1. We
assume that f : [0, 1] X [0,e0) — [0,o0) is continuous.

We have organized the paper as follows. First, we provide some definitions and
preliminary lemmas which are key tools for our main results. Second, we obtained the
existence of at least one positive solution for the BVP (1.1) by using the Krasnosel’skii
fixed point theorem. Finally, we use the Legget-Williams fixed-point theorem to show
that the existence of at least three positive solutions to the BVP (1.1).

We assume that the following conditions are satisfied:

m—2 m—2
(H1) If m>3,theny Y ar > o Y by and
k=1 k=1

Jj—1 Jj—1
ifm>3,thenad>vY ar > Y by > Py, where 2 < j <m—2.
k=1 k=1

m—2 m—2
H2) 0> Y by +Y X ap.
p=1 p=1

2. PRELIMINARIES

To state the main results of this paper, we will need the following lemmas and we
present some notation.

Definition 1. The Riemann-Liouville fractional derivative of order o > 0 for a
function u : (0,00) — R is defined by
1 da"

Dot = /0= dim

/Ol(t — )" y(s)ds,

where n = [a] + 1.
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Definition 2. The Riemann-Liouville fractional integral of order o. > 0 of a func-
tion u : (0,00) — R is given by
o [ (s
—_— -5 u(s)ds,
(o) Jo

where I'(+) is the Euler gamma function.

Lemma 1 ([13]). The equality Dng+ (t) = f(t), y> 0 holds for f € L(0,1).
Lemma 2 ([13]). Let o > 0. Then the differential equation
D¢u=0 2.1)

has a unique solution u(t) = t* Moot 2 4yt i €R, i=1,...,n, where
n—l<oa<n.

Lemma 3 ([13]). Let a > 0. Then the following equality holds for u € L(0,1),
Dg.u e L(0,1):

IEDGu(t) = u(t) +c1t®  Fept® 2 eyt (2.2)
GEeER i=1,...nwheren—1<a<n.

If —u"(t) = y(¢) and n — 2 = o, then the problem

=Dy (W (1)) + f(t,u(r)) = 0, 1 €[0,1], 03
W'(0)=u"(0)=...=u"2(0)=0, u"(1) =0 '
is turned into the problem
Dngy(t) Jrf(tau(t)) =0, 1€ [O’ 1]7
/ (n—4) / 2.4)
¥(0) =y'(0) =...=y""7(0) =0, y'(1) =0.
Lemma 4. The boundary value problem (2.4) has a unique solution
1
¥(0) = [ H@.5)f(s.u()ds. 23)
0
where
(1 _ s)cfztcfl
<
o) =S
H(t,s) = (2.6)
1— 6—-2,6—-1_ (;_ J\o—1
(1=5)" % =gt
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Proof. According to Lemma 3, we obtain

t
1
y(t) = F—/ 1 (s,u(s))ds + 1% ept® 24 4 at®TE (27)
0
By boundary conditions of (2.4) we getco =c3 = ... =c¢,—» =0 and

1
o = ;/ $)° 2 f(s,u(s))ds.
0

Thus, the unique solution of problem (2.4) is

/ (1—5)°2071 — (¢t —5)°! ; (1—s)°2c!
[ e e [ sty
0 t

zﬁﬁmﬁy@mmm.

The proof is complete. g

Lemma 5. If (H1) and (H2) hold and
m—2 m—2
K:=oy+ad—o ) b,+¥8+7Y, ap,
p=1 p=1

then for 'y € C|0, 1), the boundary value problem
—u"(t) =y(t), 1 €0,1],

m—2
ow(0) — Pu'(0) = Z, api (&), 28

Yu(1) +8u'(1 Zbu &p)

has a unique solution

1
(n:/amw@m, 2.9)
0
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where
m—2
(as+B)(¥(1—1)+8— ) by),0<s <&, 1>
p=1
m—2 m—2
(Y(1—5)+8— Y bp)(ou +PB)+7 ) ap(t—5),0<s<&,1<s
p=1 p=1
Jj—1 m—2 -1 m—2
(os+PB+ Zak)('Y(l —1)+06— Z b,)+ Zbk(oc(t—s)—i— Z ap),
k=1 p=j k=1 —j
i <ci, t> <j<m-—
G(t,s):% Ejm1<s<&j,t>5,2<j<m-2

m=2 j-l m—2 j—1

(V1 =5) 48— ¥ by)lew+B+ Yoa)+ Y ap(vt—s)+ Y by).
=i k=1 =i k=1

Ej1<s5<§E;,1<52<j<m—2

(s +B+ Y a1 —0)+8)+a Y bilt—s).En2<s <1135
k=1 k=1
(11— )+ 8) (ot +B+ T @) Ena <5< 11 <s.

k=1
(2.10)

Proof. A direct calculation gives that if y € C|0, 1], then the boundary value prob-
lem (2.8) has the unique solution

t 1 m—2 &
e o o1 =51+9p6185+ 3 1) | y(o)as

m—2 m—2 &
(11 = 5) + 8)y(5)As + (~(B+ L. @) Y. by [ ¥(s)as
p=1 p=l 5

_l_
N =
—N—

=

+
gk

’EQ
S

p=1
m—2
W+ a) s &
+ - - = Z ap/y(s)As}
o o | =
0

Hence, we obtain (2.9).
Lemma 6. The Green’s function G(t,s) in (2.10) satisfies
0 < Gl(t,s) < G(s,s)

for (t,5) €0,1] x [0, 1].
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Proof. From (H1), (H2) and (2.10), G(¢,s) > 0. Now, we will show that G(z,s) <
G(s,s).

(i) Let s € [0,&;] and ¢t > 5. Since G(¢,s) is decreasing in 7, we get G(z,s) <

G(s,s).

(i) Let s € [0,&;] and ¢ < 5. Since G(t,s) is increasing in 7, we have G(z,s) <
G(s,s).

(iii) Take s € (E_.j,l,&j], 2<j
int. So we obtain G(¢,s

(iv) Take s € (éj,l,ﬁj], <j
we get G(t,s5) < G(s,s).

(v) Lets € (§u—2, 1] and ¢ > 5. From (H1), G(z,s) is decreasing in ¢. So we have
G(t,s) < G(s,s).

(vi) Lets e (§,-2, 1] andz <s. Since G(z,s) is increasing in 7, we obtain G(z,s) <

m—2andt > s. From (H1), G(¢,s) is decreasing
G(s,s).
m—2 and r <. Since G(t,s) is increasing in ¢,

G(s,s).
U
Lemma 7. Green’s function G(t,s) in (2.10) satisfies
min G(1,5) > 2/|G(..5)]|
1€(0,1]
with
= min{ZI) 22,423,434, 25, ZG}) (211)
where
m—2 m—2 m—2 m—2
o— Y b, (- Y b=y Y ap) 85— Y b,
_ =1 o p=1 p=1 . p=j
i1 = m_2 2= m—2 y 43— 2
Y+8— X bp (Y+38— X by)(a+P) Y+d— X by
p=1 p=1 p=J
B B
S S S N AL
-1 v+ ° m—2
o+B+ Y ar o+B+ Y ar
k=1 k=1
and ||.|| is defined by ||x|| = max |x(z)].
t€[0,1]
Proof. (i) Take s € [0,§;] and r > 5. Since G(t,s) is decreasing in ¢ and
0 <z <1, we get min G(z,s5) = G(1,s) and min G(t,s) > z1G(s,s) =
t€(0,1] t€[0,1]

al|G(.,9)|-
(i) Take s € [0,&;] and 7 < 5. Since G(t,s) is increasing in f and 0 < 75 < 1, we
have n%rhG(t,s) = G(0,s) and nﬁgn]G(t,s) > 2G(s,s) = 22||G(.,9)]|.
relo, (0,1
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(iii) Lets € (§;-1,&;], 2 < j<m—2andt >s. From (H1), G(¢,s) is decreasing
in¢. Itis clear that 0 < zz3 < 1. So min G(¢,s) = G(1,s) and min G(¢t,s) >
t€[0,1] t€[0,1]
23G(s,5) = z3[|G(.,5) |-
(iv) Let s € (§;-1,&;], 2 < j<m—2and r <s. Since G(t,s) is increasing in ¢
and 0 < z4 < 1, we have min G(t,s) = G(0,s) and min G(t,s) > z4G(s,s) =

1€[0,1] t€[0,1]
2]|G(.,5)]|.
(v) Take s € (En—2, 1] and r > s. From (H1), G(t,s) is decreasing in 7. It is
clear that 0 < zs < 1. So we get min G(¢,s) = G(1,s) and min G(t,s) >

t€[0,1] t€[0,1]
z5G(s,5) = z5/|G(.,5)]-
(vi) Take s € (§,—2, 1] and # < s. Since G(z,s) is increasing in 7 and 0 < z¢ < 1,
we have rr[lin] G(t,s) = G(0,s) and rr[lin] G(t,5) > z6G(s,s) = z6/|G(.,5)]|-
t€0,1 refo,1

Thus nE(i)rhG(t,s) > z||G(.,s)]|, where z = min{z1, 22, 23, 24, Z5, Z6 }- O
r€l0,

Lemma 8. Fort,s € [0,1], we have 0 < H(t,s) < H(1,s).
Proof. From (2.6), we obtain 0 < H(t,s). Now we will show that H(t,s) < H(1,s).

(i) Lett <s. H(t,s) = (1_?((5;?071 = (IF&),TZ =H(l,s).

(ii) Lett > s. Since H(t,s) is increasing in #, we have H(t,s) < H(1,s).

O
Lemma9. min H(t,s) >k 'H(1,s) for0<t,s <1, wherek € (0,&, 1) isa
constant. el
Proof. (i) Taket <s. Since H(t,s) is an increasing function, we get
min H(t,s) = (=975 > (1=95)° (k)" = k°'H(1,s).
1€[En-2,1] I'(o) I'(o)
(i) For s <t, we have
min H(t.5) = (1-5)° %0 — (Em2—5)""!
1€ En2.1] (o)
(1-5)° 28075 — (B2 —Eu2s)""
] <c>
o ((1=5)72 = (1—5)°"")
(o)
=& 3H(1,5)
> kS H(1,s).
Thus min H(r,s) >k 'H(1,s). O

IE[E,-W 2y }
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From Lemma 4 and Lemma 5, we know that u(¢) is a solution of the problem (1.1)
if and only if

1 1
u(t) = / G(t,s) / H(s,7) £ (%, u(%))dds. 2.12)
0 0
Let E denote the Banach space C|0, 1] with the norm |[ju|| = m[ax] |u(2)|. Define the
t€[0,1
cone P C E by
P={ucE:u(t)>0, n%érhu(t) > zljul| } (2.13)
telo,
where z is given in (2.11).
We can define the operator A : P — E by
1 1
Au(t) = / G(t,s) / H(s,7) f(%,u(x) )duds, (2.14)
0 0

where u € P. Therefore solving (2.12) in P is equivalent to finding fixed points of the
operator A.

Lemma 10. [f the conditions (H1) and (H2) hold, then AP C P.

Proof. If u € P, then Au(t) > 0 on [0, 1] by using Lemma 6 and Lemma 8. On the
other hand, we have
1 1

min Au(r) = [ min G(t,s) / H(s,)f(t,u(%))dtds
1€[0,1] ; 1€[0,1] ,

1 1
> 2 [ max G(t,s) / H(s,0) f(t,u(x))dtds
; t€[0,1] .
= zf|Aul],
by Lemma 7. Thus Au € P and therefore AP C P. O

In order to follow the main results of this paper easily, now we state the fixed point
theorems which we applied to prove main theorems.

Theorem 1 (Krasnosel’skii Fixed Point Theorem, [12]). Let E be a Banach space,
and let K C E be a cone. Assume Q) and Qy are open bounded subsets of E with
0€Q, Q) CQ,and let

A:KN(Q\Q)) =K
be a completely continuous operator such that either
() ||Au|| < ||ul| for u € KNoQy, ||Aul| > ||u|| for u € KNI, or
(i) [|Aul| > ||ul| for u € KNy, ||Aul| < |jul| for u € KMo,

hold. Then A has a fixed point in K N (Q, \ Q).
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Theorem 2 (Leggett-Williams Fixed Point Theorem, [14]). Let P be a cone in the
real Banach space E. Set

Poi={xeP:|x| <r},

P(y,a,b):={x e P:a<wy(x),|x|| <b}.
Suppose A : P, — P, be a completely continuous operator and \y be a nonnegative

continuous concave functional on P with W(u) < |lu|| for all u € P,. If there exists
0 < p < g <1 <rsuch that the following conditions hold,

() {ueP(y,q,l):y(u)>q} # @ and Y(Au) > q for all u € P(y,q,l),
(i) [|Aul| < p for ||u| < p,
(iil) y(Au) > q foru € P(y,q,r) with ||Aul| > [,

then A has at least three fixed points ui,u» and uz in P, satisfying
Jurll < p, W(u2) > q, p < ||us|| with y(u3) < q.
3. MAIN RESULTS

For convenience, we introduce the following notations. Let
1

M= [ H(1,7)dr, G.1)
/
1

L= [ G(s,s)ds, (3.2)
/
1

= /G(s,s)ds. (3.3)
§m72

Now, we will give the sufficient conditions to have at least one positive solution for
the BVP (1.1). Krasnosel’skii fixed point theorem will be used to prove the next
theorem.

Theorem 3. Suppose (H1) and (H2) hold. In addition, let there exist numbers
0 < r < R < oo such that the function f satisfies the following conditions:

(i) f(1,u) < gggu(t) for (t,u) €[0,1] < [0,],
(i) f(1,4) > gmrapua(t) for (1,u) € [0,1] X [R, o0).
Then the BVP (1.1) has at least one positive solution.
Proof. Define the open bounded subsets of E by Q) = {u € P: |jul]| < r} and
Q= {u EP:|lull < I;} It is easy to check that A : PN (Q;\ Q) — P is completely

continuous operator.
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If u € PNOQy, then ||u|| = r. Therefore, by using the hypothesis (i), Lemma 6 and
Lemma 8,

1 1
Au(t) = / G(t,s) / H(s,7) f(%,u(%))dtds
0 0

1 1
1
< —
< LMHuHO/G(t,s)o/H(s,t)d‘cds

1

1
< L\|u||/G(s,s)/H(1,r)dms
0

- LM
0

= [lul;
for all # € [0, 1]. Thus ||Au|| < ||u|| for u € PNAL;. On the other hand, u € PN JQ,
implies

u(t) > zljul| = R,
forr € [0,1] and
1 1
Au(t) = / G(t,s) / H(s,7) f(t, u(t))dtds
0

0
1 1

1
- m/G(M)/H(S,r)u(r)drds
0 0
I / 1
> iyl [ Gles) [ H(st)dnds
0 0
1 1

! -1
2 mzl!ullzkc / G(s,s)/H(l,’E)d‘Cds
gm—Z 0
= [l

from (ii), Lemma 7 and Lemma 9. Consequently, [|Aul| > ||u|| for u € PN0Q;.
By the first part of Theorem 1, A has a fixed point in PN (€ \ Q1), such that
r<||lul| < g. Therefore BVP (1.1) has at least one positive solution. O
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Now we will use the Legget-Williams fixed point theorem to prove the next the-
orem.

Theorem 4. Assume that (H1) and (H2) hold. Suppose that there exist numbers
O<p<g< % < r such that the function f satisfies the following conditions:

() f(t,u) < 5z for (t,u) € [0,1] X [0,r],
(i) f(t,u) < 37 for (t,u) €[0,1] x [0, p],
(i) f(t,u) > mfor (t,u) €[0,1] x [q, %]
where 7, M, L and I are as in (2.11), (3.1), (3.2) and (3.3), respectively and k is
defined in Lemma 9. Then the BVP (1.1) has at least three positive solutions uj, u
and uz satisfying

max u(t) < p, min uy(t) >
r€[0,1] 1() p t€[0,1] 2(> 9

max u3(t) > p with min u3(t) < q.
t€[0,1] 3( ) b t€[0,1] 3( ) g
Proof. Define the nonnegative, continuous, concave functional y : P — [0,00) to
be y(y) = n}in] u(t) and the cone P as in (2.13). For all u € P, we have y(u) < ||u||.
r€f0,1

Now we show that A : P, — P, is completely continuous operator. If u € P,, then
0 <u(t) <rforallz € [0,1]. We get,

Au|| = Aul(t
A = ma Au(r)|

1 1

- max G(.s) O/ H(s,0)f(t,u(x))dtds

1 1

< / G(s,s) / H(1,7) f(t, u(t))drds

0 0

I I
< / G(s,s) / H(1,t)duds

ML

0 0
<r

by hypothesis (i), Lemma 6 and Lemma 8. Thus A : P, — P,. It easy to check that
A : P, — P, is completely continuous.

Since z < 1, u(t) = 2 € P(w,q, %) and y(%) > g. Then, we have

{ueP(y.q, %) y(u) > q} # 2.
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On the other hand, for all u € P(y,q, 1), we have g < u(r) < for t € [0,1]. Using
assumption (iii), Lemma 7 and Lemma 9, we find

y(Au) —mm/Gts/Hsr f(t,u(t))dds
t€0,1

0
1

> / G(s,s) / H(s,0) f(t,u(x) )dtds
s 0

1
> / G(s,s) / H(s,0) f(%,u(x))dTds
0
1

v
»
\_

H(1 u(t))dds
&m 2 0

1
/ (s, / (1,t)dtds = ¢
0

nm—2

> kG—l
= Zk@-lle
i

Thus condition (i) of Theorem 2 holds.
For |ju]| < p, we have 0 < u(r) < p for t € [0,1]. Then from assumption (ii),
Lemma 6 and Lemma 8, we obtain

I1Aul| = max / Gt / (%, u(x))dTds

t€[0,1]

< O/ G(s,s) 0/ (1,7)f (%, u(x))deds

1 1
I4 —
< ML/G(S,S)/H(I,T)drds—p
0 0

It follows that condition (ii) of Theorem 2 is satisfied.
Finally, we will check condition (iii) of Theorem 2. We suppose that u € P(y,q,r)
with [|Au[| > 9. Then we obtain

Y(Au) = H[lérhAu(t) > z||Aul| > q. (3.4)
relo,
Since all conditions of the Legget-Williams fixed point theorem are satisfied, the BVP
(1.1) has at least three positive solutions u;, u, and u3 such that

max u(t) < p, min up(t) >
1€[0,1] 1() p t€[0,1] 2() K



HIGHER-ORDER MULTI-POINT FRACTIONAL BOUNDARY VALUE PROBLEMS 1025

max uz(¢) > p with min u3(t) < g.
€[0,1] 3() P t€[0,1] 3() 4

0

Example 1. Takingn:S,m:3,§1:%,a:y:8:3,6:4,a1 :blzl,kzﬁ

and 6 = %, we consider the following boundary value problem:
(s 100000u>
" o
—Dg, (u'(1) = 21 1 €10,1],
u//(o) — M”I(O) — ()7 u///(l) — O,
/ 1 (3.5)
3u(0) — 4/ (0) = (5),
1

3u(1)+3y'(1) = u/(i).

Then we get K = 30, M = 451\6/%, L=%1=0,45z= 2 and k° ' = k? =0.125.

If we take p =7.10"7,¢ = 10 and r = 130000, then 0 < p < ¢ < % < rand all the
conditions in Theorem 4 are fulfilled. Hence, by Theorem 4, the BVP (3.5) has at
least three positive solutions uy, up and u3 satisfying

max u(t) < p, min up(t) >
t€l0,1] ]() p t€[0,1] 2() 4

max uz(¢t) > p with min u3(t) < g.
max 3(t) >p min, 3(t) <q
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