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Abstract This article is devoted to the study of existence and multiplicity of positive solutions
to a class of nonlinear fractional order multi-point boundary value problems of the
type

—Dg u(t) = f(t,u(t), 1<¢<2, 0<t<l,

m—2
u(©0) =0, wu(l)= Y diu(m),
i=1
where Dg 4 Tepresents standard Riemann-Liouville fractional derivative, d;,m; €

m—2
(0,1) with > 51-77;-1_1 < 1,and f:[0,1] x [0,00) — [0, 00) is a continuous function.
i=1

i
We use some classical results of fixed point theory to obtain sufficient conditions
for the existence and multiplicity results of positive solutions to the problem under
consideration. In order to show the applicability of our results, we provide some
examples.
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1. INTRODUCTION
This article is concerned with the existence triple positive solutions to multi-point

boundary value problems with nonlinear fractional order differential equations of the
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form
m2 (1.1)

where D{ 4 is the standard Riemann-Liouville fractional derivative of order ¢ and
m—2

Si,mi € (0,1) with 32 62" < 1, and f : [0,1] x [0, 00) — [0, 00) is continuous. Dif-
i=1

ferential equations of fractional order is one of the fast growing area of research in the
field of mathematics and have recently been proved to be valuable tools in the model-
ing of many phenomena in various fields of science and engineering. Indeed, one can
find numerous applications of fractional order differential equations in viscoelasticity,
electro-chemistry, control theory, movement through porous media, electromagnetics,
etc (see [2, 6, 10, 11, 18, 19, 21, 22]).

The theory of existence of solutions to boundary value problems associated with
fractional differential equations have recently been attracted the attention of many
researchers, see for example [1, 3, 4, 5, 8, 12, 13, 16, 23] and the references therein.
In these cited references, existence of at least one solution is studied with the tools of
classical fixed point theory.

In [23], Rehman and Khan investigated multi-point boundary value problem for
fractional order differential equation

Dyy(t) = f(ty(t), Diy(1);  t € (0,1),
m—2

y(0) =0, DJy(1) = ¢Dly(&) = v,
=1

m—2
where 1 < <2,0<B8<1,0<& <1, ¢ €[0,400) with 3 £ P~1 < 1 and
i=1
obtained sufficient conditions for existence and uniqueness of nlontrivial solutions via
Schauder fixed point theorem, and contraction mapping principle.

As for the existence of multiple positive solutions are concerned, few papers can be
found in the literature dealing with the existence and multiplicity of positive solutions
to multi-point boundary value problems for fractional differential equations [7, 24, 29].
Zhang et. al [29] studied existence of positive solutions for the eigenvalue problem
corresponding to a class of fractional differential equation

—Dpa(t) = Mf(t,2(t), Di=(t); t € (0,1),

p—2
D}x(0) =0, Djw(1)=Y_a;D]x(§),
j=1

where A\ is a parameter, 1 < a < 2, a—f>1,0< < v <1,0< & <& <
p—2
< &2 <1, a; €[0,400) with ¢ = > ajf?_7_1 < 1, and Dy is the standard
j=1
Riemann-Liouville derivative.
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Recently existence of positive solutions for single and system of boundary value prob-
lems of nonlinear fractional order differential equations corresponding to different
boundary conditions are also studied by many authors for which we refer some recent
works in [9, 17, 20, 26, 27, 28].

Inspired from the above works, in this paper, we study a different problem and
obtain sufficient conditions for existence, uniqueness as well as conditions for existence
of triple positive solutions to the BVP (1.1). For the applicability of our results, we
include some examples.

2. PRELIMINARIES

This section contains some necessary definitions and lemmas taken from fractional
calculus [18, 21] and functional analysis books . These definitions and lemmas will be
used frequently in the forthcoming section.

Definition 2.1. The fractional integral of order ¢ > 0 of a function y : (0,00) — R
is given by

12 y(t) = %q) /0 (t — )7y (s) ds,

provided that the integral converges.

Definition 2.2. The fractional derivative of order ¢ > 0 of a continuous function
y: (0,00) — R is given by

Do) = s () [y as

where n = [g] + 1, provided that the right side is pointwise defined on (0, co).

Definition 2.3. A map 6 is said to be a nonnegative continuous concave functional
on a cone P of a real Banach space E provided that 6 : P — [0, c0) is continuous and

Otz + (1 —t)y) > t0(z) + (1 —)0(y),
forall z,y € Pand 0 <t < 1.

The next two lemmas provide an important rule for obtaining the equivalent inte-
gral equation of BVP (1.1).

Lemma 2.4. [25] If we assume u € C(0,1) N L(0, 1), then the fractional differential
equation of order ¢ > 0

D{_ u(t) =0,
has a unique solution of the form
u(t) = Crt9 4+ Ot 2+ .+ Cnt9N, CieR, i=1,2,..,N.
The following law of composition can be easily deduced from Lemma 2.4.

Lemma 2.5. Assume that u € C(0,1) N L(0,1), with a fractional derivative of order
q that belongs to C(0,1) N L(0,1), then

I§,DE u(t) =u(t)+ Crt" '+ Cot" >+ .+ Cnt" N, CieR, i=1,2,..,N.
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Lemma 2.6. [14] Let E be a Banach space, P C E a cone, and 1, Qo be the
two bounded open balls of E centered at the origin with Qp C Qi. Suppose that
T:PN(Q2\ Q) — P is a completely continuous operator such that either

(1) || Tul| < |ull,u € PNIQ and ||Tu| > ||u|l,u € P NN, or

(@) |Tu| > ||u|l,u € PN and ||[Tul] < ||ull,u € P NI
holds. Then T has a fized point in PN (Q2\ Q1).

Lemma 2.7. [15] Let P be a cone in a real Banach space E, P. = {u € P : ||u|]| < ¢},
0 a nonnegative continuous concave function on P such that 6(u) < [lu|| for all u €

P., and P(0,b,d) ={u € P :b < 60(u),||u| <d}. Suppose T : P. — P. is completely
continuous and there exist constants 0 < a < b < d < ¢ such that
(i) {ue P(0,b,d) | 0(u) > b} #0, and 6(Tu) > b for u € P(0,b,d)
(i7) || Tull< a foru<a
(#33) O(Tw) > b for u € P(0,b,c) with | Tu|| > d.
Then T has at least three fized points uq,us,uz with ||ui|| < a, b < 0(uz), a < |lus]|
with O(ug) < b.

3. MAIN RESULTS

In this section we develop sufficient conditions on the nonlinear function f, under
which the BVP (1.1) has at least one solution and also we study sufficient conditions
leading to multiplicity of positive solutions. Denote by E = C[0, 1] the Banach space
of all continuous real-valued functions on [0,1] with norm |lu|| = sup |u(t)| and a

0<t<1
cone by P such that
P={ueFE:ut)>0,tel01]}.
Define nonnegative continuous concave functional 6 on the cone P as follow
O(u) = min |u(t)| (3.1)

Ni—2<t<m;
Lemma 3.1. For y(t) € C[0,1], the linear BVP
Di u(t)+y(t)=0; 0<t<1,1<q<2,
m—2
(3.2)
uw(0) =0, u(l) =) duln),
i=1

has a unique solution of the form u(t) = fol G(t,s)y(s) ds, where the Green function
G(t,s) is given by

_ m—2
= [(1 =)' = X 0(m - 8)‘”] —(t=9)"" s<t, mia<s<m,
j=i
t=1,2,....m—1,
G(t,s) ORI 1 -
T |[(L=9)" = 30 di(m =) | t<s, nio1 <s<m,
j=1i

i=1,2,..,m—1.
(3.3)
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Proof. In view of Lemma (2.5), we obtain

u(t) = —Ig y(t) + C1t? ! + Cat?72, (3.4)
for some C7,Cy € R. The boundary condition w(0) = 0 implies Co = 0 and the
condition u(1l) = T%;Qéiu(ni), yields ¢ = L {Ingy(l) —ilz_:lzéiIngy(m)} where

m—2
A= 3 0P ! < 1. Hence, (3.4) takes the form
i=1

q Tt
u(t) = =TI y(t) + 7 [ 15su(D) Z SiIg y(mi)| - (3.5)
We discuss several cases: for 0 <t <y, we write (3.5) as
t —1 -1 m—2
(t—s)! t? a-1 g—1
) = - + 1- — S5 — d
w0 = [ - a0 2 Oslni = =)' )Jy(e) ds
a1 1 a1 m=—2 a1
e rceyl ARG 3 bl =" Yoo d
m s m—2 1
E3 [ = s - s+ [ (=9 () ds
i=2 Y Mi—1 Jj=1 NMm—2
For 1 <t <m,2<1<m-—2, we write (3.5) as
1 —g)a1t -1 _ m=2 _
u(t) = On [_ = ps()q) + r(qt)q(17>\) ((1 —s)t Z d;(n; — 5)1 1)}3/(8) ds
j:
m=2 ) _g)a—1 q—1 — 2 — -
2 o [ 50+ ey (=97 = 3 65— )71 + (1= ) Ju(s) ds
1= Jj=1
L[ i (= 9T =S 6y — 9] y(s) d
Mo T(q) () (1-2) 5 2 O\l yis)as
j:

+F(;)q(11 gL (A =s)1 m;; §i(mj — )11 y(s) ds
+ Z m ) ((1 — )1t —

i= l+1 j=i
+f )9ty (s) ds.

For n,—2 <t <1, we write (3.5) as

9

3j(mj = 5)7"1)y(s) ds

ut) = /0"1 [_ (t }(Sq))q_ + F(q;Z;— 5 ((1 _ S)q—l _ Z: 8;(n; — S)q_l)]y(s) ds
" Z /, - ‘ }fq))qi + F(q)tz;— N (=) - 2 8i(n; — ) ") ]y(s)ds
+F(Q)tt(11_— A) [/ L=NE =9+ (1 -5) "y(s)ds +/t (1—5)7 " y(s) ds]
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Therefore, the unique solution of the BVP (1.1) is given by u(t) = fol G(t, s)y(s) ds,
where

>

_ m—2
th—l [(1 =)™t = 32 85(n; — 3)4_1] — (=8 s<t m <s<m

Glt,s) = 1 i=1,2,...,m—1,
’ o F _ m—2
0 = [(1 =) = 30 65(n; — S)‘H] ; t<s, mim1 <s<m,
Jj=i

i=1,2,...,m— 1.
O
Lemma 3.2. The Green’s function defined by (3.3) satisfies the following conditions:

(i) G(t,s) >0, fort,s € (0,1);
(#4) There exists a positive function v € C(0,1) such that

min  G(t,s) > y(s) Jnax G(t,s) = v(s)G(s, s), for0<s < 1. (3.6)

Ni—1<t<m;
Proof. (i): If nj_1 <s <wmj,

B = S8y — )Y - (1 N 5!
Gt = T |

£ (1= s) 7 = 3T 6y — 9)7 Y
(g1 =A)

G(t,S) > > Oa

and for t > n;
ta71(1 —s)?7t — (t —s)17t

Gl 5) 2 O ICESY

> 0.

Forn; <s <t <1,

1 =)= (1= N)(t =)t (1 —s)07 L — (¢ —s)at
['(g)(1 —A) - ['(g)(1—A)

Therefore for each n; < s <t <1and 0 <t < s,s > n;. Hence the expression for

G(t,s) in (3.3) shows that G(¢,s) > 0, for s,t € (0,1).
(ii) Let us denote

G(t,s) = > 0.

. - tq_l ) ot m726 1 (t _ S)q—l
91(,3)—m(( —s) _; i(n; —s) )—77

q—1
92(t, s) = m((l —8)17 ‘ 8i(n; —s)771),

then, % < 0 and % > 0 for s < t, which implies that g (t, s) is decreasing

and g2(t,s) is an increasing function for s < t. It follows that G(t,s) is decreasing

(el
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with respect to t for s < ¢ and increasing with respect to ¢ for ¢t < s. Consequently,

91(i, 5), 5 € (0,m-1],
min_ G(t,s) = ¢ min{gi(n;,s), g2(ni—-1,5)}, 5 € [Mi—1,mi)s
Ni—1<t<n;
g2(ni—1,5), s € [m,1),

which implies that
: 91(771'75)7 S (077”}7
min  G(t,s) =
Ni—1<t<n; ( ) { 92(77i—178)a s € [Tv 1)a

where 7,1 < r < n;. Further, we note that

5971 e
e LD PR
for s € (0,1). As a result
()" - (el L se(or,
v(s) = =y {(1_8)%1_; @(m—s)rl]
(ms;l)q_lv s€r1).

In view of Lemma (3.1), the BVP (1.1) is equivalent to the integral equation

_ /0 G(t, ) f(s, u(s))ds, (3.7)

and by a solution of the BVP (1.1), we mean a solution of the integral equation (3.7),
that is a fixed point of the operator T : P — P defined by

P = /0 G(t, 5)f(s,u(s))ds. (3.8)

Lemma 3.3. For nonnegative real-valued functions m, n € L[0,1] such that
ft,u) <m(t) +n(t)u, for almost everyt € [0,1], and all u € [0,00), (3.9)
the operator T defined by (3.8) is completely continuous.

Proof. Due to nonnegativity and continuity of G(¢,s) and f(¢,s), the operator T is
continuous. For each u € Q ={u € P : ||ju|| < M, M > 0}, we have

/ G(t,s)f(s,u(s))ds / G(t, s) + n(s)u(s))ds

/Gss ds—i—]\l/Gss()cls:l7
which implies that T(€) is bounded.

|Tu(t)

For equicontinuity of T': P — P, take #1,ts € [0, 1] such that ¢; < to with t3 —¢; < 4.
Then for u € 2, we have

Tu(tz) — Tu(tr)] = /0[G(t278)f(8,u(8))—G(tl,S)f(&U(S))]ds

(<)
EE
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/ G (ta, 5) — Glt1, 5)|(m(s) + n(s)M)ds,

which in view of the continuity of G(¢,s) and K = max{m(s) + n(s)M : s € [0,1]}
implies that

1 m—2
1 _ _ 1
[Tu(tz) — Tu(ty)] < mt% gt 0/1_)\{1—3 ;6, ; Kds
1 _ _ K
S 1 M [
“T(g)|? q(1 =)
Using mean value theorem on [t~ — 77!| and the choice |t — t1| < & , we have
K - K(g—1)
Tu(ty) — Tu(ty)| < =—————(¢— 1)CI 2|t t 75q1<
[Tu(ts) = Tu(t)| < g0 = DO 2t =] < st <
_1
where C172 < §972, § = (Aiq) " and A = W. Hence T : P — P is

equicontinuous. By Arzela-Ascoli theorem, we conclude that the operator T': P —
is completely continuous.

O~

Now, we show existence of at least one solution of the BVP (1.1). Fix M =
(fo (s, ds) and N = (f;’;l'y(s)G(s, s)ds)

Theorem 3.4. Assume that the condition (3.9) of Lemma (3.3) holds and there exist
two positive constants ro > r1 > 0 such that

ft,u) < Mrg, for (t,u) € [0,1]x[0,72] and f(t,u) > Nry, for (t,u) € [0,1]x[0,r].
(3.10)
Then BVP (1.1) has at least one positive solution u such that r1 < ||ul| < rs.

Proof. In view of (3.8) and Lemma (3.9), T is completely continuous. By Schauder
fixed point theorem, T has a fixed point, Tu = u.

Define Qy = {u € P : |lu|]| < r2}. For u € 9Q2, we have 0 < u(t) < rq for all
t € [0,1] and using (3.10) and Lemma (3.2), it follows that

1 1
|Tul| = max/ G(t, 5)f (s, uls))ds < Mrg/ (s, 5)ds = 2 — |ul.
0<t<1 Jo 0

Similarly, define Q; = {u € P : ||lu|]| < r1}. For u € 94, we have 0 < u(t) < ry for
all t € [0,1] and for ¢ € [n;—;, n;], we have

MW=AGWWWMW@ZAv@ﬂwV@Mm%

i
zm%’ﬂﬂmwwznﬂw.

Mi—1
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Example 1. For the BVP

3 t 1
D§+u(t)+u2+%+5=0, 0<t<l,
m—2 . (3.11)
w(©0) =0, u(l)=">" Gu(n) = 5
i=1
-1 2 -1
( ) ~ 1.088 and N = (ff v(8)G(s, s) ds) = 4.914. Choosing
4
ry = ZL ro = i, we have
t 1
ft,u) =u® + CO: + = z < 1.151 < Mo, for (t,u) € [0, 1] x [0, Z],
t 1 1 1
F(tu) = +%+5> = = N7y, for (t,w) € [0,1] [0,275].

By Theorem 3.2, the BVP (3.11) has at least one solution u such that 5= < [Jul| < 3.

Theorem 3.5. Let there exists h(t) € L[0,1] such that fG(s, s)h(s)ds <1 and
0

[f(tu) = f(t0)] < h(E)|u —vl,

for almost t € L[0,1], and u,v € [0,00), then the BVP (1.1) has a unique positive
solution.

Proof. For u, v € P, we have

Tu(t) — To(t)] = ‘/G u(s) — (s, 0(s))ds
0
< [G( su(s)) — f(s,v(s))lds,
o
< /G s)|u(s) —v(s \ds</Gss h(s)ds|lu — v||
= a||u—v||,

1

where a = [ G(s,s)h(s)ds < 1. Therefore, by Banach contraction principle, The
0

BVP has a unique solution. O

Example 2. Consider the BVP

2t

D 2t+1=0,0<t<1,
0+u()+4(1+62t)(1+u)+cos + )

w(0) =0, w()= Y duln) = ;

(3.12)

(<)
EE
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Here, f(t,u) = m +cos?t + 1 and taking h(t) = 4(%;&), then

Jo Gls,s)h(s)ds < [y L 4 2L e

r A(ireryds

1 /s 24/5(1—s) -

and
[f(t,u) = f(t,0)] < h(t)u—v|,  for (tu),(t v) €[0,1] x [0,00).
By Theorem (3.5), the BVP has a unique positive solution.
Theorem 3.6. Assume that the condition (3.9) of Lemma (3.3) holds and there exist
positive constants 0 < a < b < ¢ such that
(1) f(t,u) < Ma, for (t,u) € [0,1] x [0,q]
(1) f(t,u) > Nb, for (t,u) € [ni—1,m] % [b,c]
(#i1) f(t,u) < Mec, for (t,u) € [0,1] x [0, ],
then the BVP (1.1) has at least three positive solutions uy, usz, and ug such that
max |ui(t)] <a, b< min |ua(t)| <c,a < max |ug(t)] <e, min |ug(t)| <b.
0<t<1 mio1<t<n; 0<t<1 mi1<t<n;

(3.13)

Proof. For u € P,, the relation

1
/0 G(t, 5)f (s, u(s))ds

follows from item (i7i) and the completely continuity of T : P, — P, follows from
Lemma (3.3). Choose u(t) = %£¢,0 < ¢ < 1. Then using (3.1), we have u(t) = £ €
P(0,b,¢),0(u) = 0("E) > b implies that {u € P(0,b,¢) [§(u) > b} # 0. Hence, if
u € P(0,b,¢), then b < u(t) < ¢ for n;—; <t < ;. Also, from assumption (ii), we
have f(t,u(t)) > Nb, for n,_1 <t <mn; and

S/o G(s,s)f(s,u)s))dsﬁ/() G(s,8)Mecds < ¢

|ITu|| = max
0<t<1

0(Tu) = min |[(T(u))] 2/0 v(s)G(s,s)f(s,u(s))ds>/m v(s)G(s, s)Nbds = b,

Ni—1<t<; M1
which implies that
0(Tu) > b, for all u € P(0,b,c).
Hence by Lemma (2.7), the BVP (1.1) has at least three positive solutions w, ug,and

ug satisfying (3.13). O
Example 3. For the problem
3 m—2 1
Dé,u(t)+ f(t,u) =0,0<t <1, u0) =0, u(l)=Y dun)= = (314)
i=1

where
cost + ’U/Z; U S 1 ,

— 100
f(tvu) { 3+c10050t+u; u>1 ,
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we find that M =~ 1.088 and N = 4.914. Choosing a = 1—10, b= % and ¢ = 44, we
have

cost 9 1
= — < 0. ~ U. T
ft,w) 100 +u® <0.02 < Ma=~0.1088, for (t,u) € [0,1] x [0, 10],
¢ 13, -3
Ftu) =3+ % +u < 47.01 > Nb~ 3.6855, for (tw) € [1. 5] x [7.44],
t
Fltu) =3+ % +u <4701 < Me ~ 47.872, for (t,u) € [0,1] x [0, 44].

Hence, by Theorem (3.6), the BVP (3.14) has at least three positive solutions wuy,us,
and w3 with

0 < maxo<i<i|u1 ()] < 15, 1 < min <<z up(t)] < 44,

Al

] 0o

15 < maxo<i<i |ug(t)] < 44, mins ;< s fus(t)| <
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