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Existence Results for Multiple Positive Solutions of
Riemann—Liouville Fractional Order Three-Point Boundary
Value Problems

K. R. Prasad!, B. M. B. Krushna? and L. T. Wesen'?

ABSTRACT. In this paper, we investigate sufficient conditions for the existence
of at least three positive solutions to the Riemann—Liouville fractional order
three-point boundary value problems by means of fixed point theorem. We also
establish the existence of at least 2m — 1 positive solutions to the boundary
value problems for an arbitrary positive integer m.

1. Introduction

Fractional order differential equations have attracted considerable interest be-
cause of their ability to model complex phenomena. Fractional calculus is the field
of mathematical analysis which unifies the theories of integration and differentiation
of any arbitrary real order [4, 6, 8, 9]. In describing the properties of various real
materials, the derivatives and integrals of non-integer order are very much suitable.
They arise in many engineering and scientific disciplines like mathematical model-
ing of systems and processes in various fields such as physics, mechanics, control
systems, flow in porous media, electromagnetics and viscoelasticity.

Boundary value problems associated with linear as well as nonlinear ordinary
or fractional order differential equations have achieved a great deal of interest and
play a pivotal role in many areas of applied mathematics like engineering design
and manufacturing. Major established industries such as automobile, chemical,
electronics and communications, biotechnology and nanotechnology rely on bound-
ary value problems to simulate complex phenomena at various scales for designing
and manufacturing of high technological products and in these applied settings,
positive solutions are meaningful. The existence of positive solutions to fractional
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boundary value problems have been studied by many researchers using different
techniques [2, 5, 3, 1, 10, 11, 13, 12].

This paper is concerned with the existence of multiple positive solutions to the
fractional order differential equations

(1.1) D§y(t) + f(ty(t)) =0, t € (0,1),
satisfying three-point boundary conditions

y®0)=0, k=0,1,2,--,n—2,
{ (DY, y(1) — 9D, y(n) =0,

where a € (n —1,n|,n > 2, n € (0,1), 5 € (1,a), ¢,V are positive constants and
D(O)‘+7D + are the standard Riemann—Liouville fractional order derivatives.

The rest of the paper is organized as follows. In Section 2, we construct the
Green’s function for the associated linear fractional order boundary value problem
and estimate the bounds for the Green’s function. In Section 3, we investigate
sufficient conditions for the existence of at least three positive solutions to the
fractional order boundary value problem (1.1)-(1.2) by using Leggett—Williams fixed
point theorem. We also establish the existence of at least 2m — 1 positive solutions
to the fractional order boundary value problem (1.1)-(1.2) for an arbitrary positive
integer m. In Section 4, as an application, we demonstrate our results with an
example.

(1.2)

2. Green’s Function and Bounds

In this section, we construct the Green’s function for the associated linear
fractional order boundary value problem and estimate the bounds for the Green’s
function, which are needed to establish the main results.

LEMMA 2.1. Let A = T'(a)N # 0. If h(t) € C[0,1], then the fractional order
differential equations

(2.1) Dgiy(t)+ h(t) =0, t € (0,1),

satisfying the boundary conditions (1.2), has a unique solution

/Gts

where G(t, s) is the Green’s function for the problem (2.1), (1.2) and is given by

ats) _ J Gults), 0<t<s<n<l,

te0m] — { Gia(t,s), 0<s<min{t,n} <1,
(2.2) G(t,s) =

ats) | Gas(t,s), 0<max{t,n} <s<1,

te[n,1] { Gu(t,s), 0<n<s<t<l,
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Galtss) =5 (7 (1= ) 2 =Nt = 9)2 1 = G2 L — )01,
Gis(t, s) :% [1%“—1(1 _ges1],
Gt s) :%[1%&_1(1 o1~ (- 5)°1],

PRrROOF. Let y(t) € C™[0,1] be the solution of fractional order boundary value
problem given by (2.1) and (1.2). An equivalent integral equation for (2.1) is given
by

t (t _ S)a—l 1 9
y(t) = _/ o h(s)ds + it Aot T - et
0

I'(a)
Utilizing the conditions (1.2), we obtain ¢, = ¢,—1 =--- =2 =0 and
1 1 n
1= — 19/ (1 —s5)* P~ 1h(s)ds — C/ (n—s)* P 1h(s)ds|.
A 0 0

Hence the unique solution of the problem given by (2.1) and (1.2) is

a—1

u(t) = [ / (1= 5o B h(s)ds — ¢ / (- )0 h(s)ds]
N /Ot(t —5)* 1h(s)ds

O

LEMMA 2.2. Let N' > 0. Then the Green’s function G(t,s) given in (2.2) is
nonnegative, for all (t,s) € [0,1] x [0, 1].

PRrROOF. Consider the Green’s function G(¢,s) given by (2.2).
Let 0 <t <s<n<1. Then

1
Gll(ta 5) = Z {ﬂta71(1 - s)afﬂfl _ Ctafl(n o s)afﬂfl}
L gp1(1 = gyap=1 _ cpai(y _ pgjap-t
> A [1% (1-s) ¢t (n —ns) ]
a—1

~ V(14 85+ 0(2)] (1= 9)* ! > 0.
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Let 0 < s < min{¢,n} < 1. Then

ot = Loyt ety s

> %[1%“‘1(1 — )P Nt =) = (T (- 778)“_6_1}
o - oo
— tzl [53N+ 0(32)] (1—s)*"1>0.

Let 0 < max{t,n} < s < 1. Then
1 a—1 a—p—1
G13(t, S) = 7A {’l% (1 - 8) } = 0.

Let 0 <€ <s<t< 1. Then

Gralt,s) = 5 [P (1= )07~ N (1 )0
> %[ﬂta_l(l —5)* P N(t — ts)a—l]
= tzl {1%5 + P 0(52)} (1—-s)*t>o0.

O

LEMMA 2.3. Let N > 0 and 7 € (0,1). Then the Green’s function G(t,s) given
in (2.2) satisfies the inequalities

(P1) G(t,s) < G(1,s), for all (t,s) € [0,1] x [0, 1],
(P2) G(t,s) > 17'G(1,s), for all (t,s) € [r,1] x [0,1].

PRrROOF. Consider the Green’s function G(t,s) given by (2.2).
Let 0 <t < s <n<1 Then, we have

8Glél)ita 5) — (0&; 1) |:’l9ta_2(1 _ s)(x—ﬁ—l _ Cta—2(77 _ S)a—,ﬁ—l}
_ (=D
A

_ % [N(1 + s+ 0(52))} (1—5)""1>0.

|:1%a—2(1 o s)a—,@—l o Cta_2(77 o ns)a—,@—l]
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Therefore G11(t, s) is increasing in ¢, which implies G11(¢, s) < G11(1, s).
Let 0 < s < min{¢,n} < 1. Then, we have

9G12(t, 5)

ot
- (O‘; D) [z%a*r“u R I VA () L N (= S)‘HH]
> (O‘; ) {1915@—2(1 —5) AT Nt — )2 — 2 () — 778)“"3_1}
_ % [,/\/'((1 —5)= (8D _ 1)} (1—s)"2
_ % (8- DN+ 0] (1 - )72 > 0.

Therefore G12(t, s) is increasing in ¢, which implies G12(t, s) < Gi2(1, s).
Let 0 < max{t,n} < s < 1. Then, we have
8G13(t,8) o (Oé — 1)
o A
Therefore G13(t, s) is increasing in ¢, which implies Gy3(t, s) < Gi3(1, s).
Let 0 < n <s<t<1 Then, we have

8G14(ta5) — (a — 1) [1915&72(1 _ S)afﬂfl —N(t _ S)afﬂ

[1%0—2(1 - s)‘*—ﬁ—l} > 0.

ot A
> L; D) [ﬁt“—Q(l — §)eB=1 _ Af(t— ts)a—ﬂ
= O s 1s + 0(s7) + o (- 97 2 0

Therefore G14(t, s) is increasing in ¢, which implies G14(¢, s) < G14(1, s).
Let 0<t<s<n<1landté€]r1]. Then
1
Guiltys) = 5 [0 (1 = 5)* P = o (- )]

= =l ]

= tailGll(l, S) = TailGll(l, S).

Let 0 < s < min{¢,n} < 1 and ¢ € [1,1]. Then

Gralt, ) = x [P (1= )07 = N (1 = 5)° 7 = 1o = )0
z %[W_l(l — )T N k) = G (g — )2
- ’“‘Zl (901 =) A = N (L= )t = ¢y = )01

= taile(l, S) Z 7'017167112(17 S)
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Let 0 < max{t,n} < s <1andt € [r,1]. Then
1
Gua(t.s) = 1 [ﬁta_l(l - s)a—ﬁ-l}

= ta_lGlg(L S) 2 Ta_lGlg(]., S)

Let 0 <n<s<t<1landte]r1]. Then

= i a—1c1 _ gya—pB—-1 _ _ a1
Gults) = X [ﬁt (1-s) N(t—s) }
> e [19(1 —5) Pl N1 - 8)0‘71]
A
= ta71G14(1, S) 2 Ta71G14(1, S),
1
where 7 € (0,1) satisfies / G(1,s)ds > 0. O

3. Existence of Multiple Positive Solutions in a Cone

In this section, we establish the existence of at least three positive solutions to
the fractional order boundary value problems (1.1)-(1.2) by using Leggett—Williams
fixed point theorem. We also establish the existence of at least 2m — 1 positive so-
lutions to the fractional order boundary value problem (1.1)-(1.2) for an arbitrary
positive integer m.

Let a’ and b be be two real numbers such that 0 < &’ < b and S be a
nonnegative continuous concave functional on a cone P. We define the following
convex sets

P, = {y eP:|yl < a/} and P(S,d’,V') = {y eP:d <Sy), vl < b’}.
For y € P, we have

(3.1) S(y(1)) = min {y(t)}.

te[‘r,l

To establish the existence of multiple positive solutions to the fractional order
boundary value problem (1.1)-(1.2) by employing the following Leggett—Williams
fixed point theorem.

THEOREM 3.1. [7] Let T : P. — P, be completely continuous and S be a
nonnegative continuous concave functional on P such that S(y) < [ly|| for all y €
P.. Suppose that there exist a,b,c, and d with 0 < d < a < b < ¢ such that

(i) {y € P(S,a,b): S(y) > a} #0 and S(Ty) > a for y € P(S,a,b),
(12) | Tyll <d for |lyll < d,
(13i) S(Ty) > a for y € P(S,a,c) with | Ty| > b.
Then T has at least three fized points y1, y2, ys in P. satisfying
lyall <dsa < S(y2), llysll > d, S(ys) <a.
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Consider the Banach space E = {y : y € C[0,1]} equipped with the norm

Iyl = Jnax ly(t)].

Define a cone P C E by
P= {y €E:y(t) >0, te[0,1] and H[liri]y(t) > <I>Hy||}7
telr,

where ® = 7271,

Let T : P — E be the operator defined by

(3.2) Ty(t) :/0 G(t,s)f(s,y(s))ds, t €[0,1].

LEMMA 3.1. The operator T defined by (3.2) is a self map on P.
PRrROOF. Let y € P. Clearly, T'y(t) > 0 for ¢t € [0, 1]. Also for y € P,

1Tyl < / G(1,5)f (s, y(s))ds
and

min Ty t—mln/Gts (s,y(s))ds

te[r,1] te(r,1]

> To‘_l/ G(l,s)f(s,y(s))ds
0
> 77Tyl = @||Tyl|.

Hence, Ty € P and so T : P — P. Standard arguments involving the Arzela—
Ascoli theorem shows that T is completely continuous. O

—max{/Gts s}andS—mln{/GtS }
te0,1] telr,1

THEOREM 3.2. Assume that there exist real numbers do,d; and ¢ with 0 <
d
dy < dj < ;} < ¢ such that such that the following hold, such that f satisfies the

following conditions:

Let

(A1) f(t,y(t)) < %, for t €[0,1] and y € [0,do] ,
(A2) f(t,y(t)) %, fortelr,1] and y€ [dl, C(lI)},
(A3) f(t,yt)) < é, for t €[0,1] and y € [0, (].

Then the fractional order boundary value problem (1.1)-(1.2) has at least three
positive solutions.
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PROOF. We seek three fixed points y1,y2,y3s € P of T defined by (3.2). It
is easy to check that S is a nonnegative continuous concave functional on P with
S(y) < |ly|| for y € P and from Lemma 3.1, the operator T is completely con-
tinuous and fixed points of T' are solutions of the fractional order boundary value
problem (1.1)-(1.2). First we prove that if there exist a positive number r such

that f(t,y(t)) < %, for t € [0,1] and y € [0, 7], then T : P, — P,.. For y € P, and
t € [0,1], we have

1Tyl = max {‘ /01 G(t,S)f(S,y(s))dS‘}

1
<§tg[lir}]/ G(t,s)ds =r.

Thus ||Ty|| < . Hence Ty € P,. Hence, we have shown that if (A1) and (A3) hold
then T maps Py, into P, and P, into P.. Next, we show that {y € P(S, dy, %1) :

S(y) > dl} # 0 and S(Ty) > dy for all y € P(S, dl,%) In fact, the constant
function

d
Cl1+*1

P diy
5 {yéP(S,dl, q)) .S(y)>d1}.

d
Moreover, for y € P(S, dy, @1)7 we have

| S~

> |lyll = y(t) > mi )t = > d,
Iyl > v(0) > min {y(0)} = 5() > d

for all ¢ € [r,1]. Thus, in view of (A2) we see that

stoo) = g { [ e “/“)d}
> i [ ot}
- ] [ o}

—dla
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: : . di
as required. Finally, we show that S(Ty) > d; if y € P(S,dy,¢) and || Ty| > e
d
For this, we suppose that y € P(S,dy,c) and ||[Ty| > é Then

S(Ty(t) —mm{/Gts sy())d}

te(r,1]

Thus, all the conditions of Theorem 3.2 are satisfied. Therefore, the fractional order
boundary value problem (1.1)-(1.2) has at least three positive solutions y1,y2, ys
such that

< dp,d; < min , > dp, min < dj.
lly1]] 0, a1 te[i’l] {y2} llysl 0 te[i)” {yz} 1
O

Now we establish the existence of at least 2m — 1 positive solutions to the
fractional order boundary value problem (1.1)-(1.2), by using induction on m.

THEOREM 3.3. Let m be an arbitrary positive integer. Assume that there exist
numbers d,.(r = 1,2,3,-- - m) and bs(s = 1,2,3,---,m — 1) with 0 < dy < b1 <

2 < do < by < % < v < dppe1 < bpyp—a m such that f satisfies the

following conditions:

m—1
P
<A4) f(tay(t)) < %7 te [07 1] and Yy e [07dr]a r= 17273a' U

bs bs
(A5) f(t,y(t)) > = terl]andy € {bs’fb]’ s=1,2,3,---,m—1.

Then the fractional order boundary value problem (1.1)-(1.2) has at least 2m — 1
positive solutions in Py

m*

PRrROOF. We use induction on m. First, for m = 1, we know from the condition
(A4) that T': P4, — Py, , then it follows from the Schauder fixed point theorem that
the fractional order boundary value problem (1.1)-(1.2) has at least one positive
solution in Pgy,. Next, we assume that this conclusion holds for m = I. In order to
prove that this conclusion holds for m = [+ 1, we suppose that there exist numbers

b
do(r=1,2,3,---,1+1) and by(s = 1,2,3,---,1) with 0 < dy < by < é <dy<by <
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b b
é <--eZdp << é < djy1 such that f satisfies the following conditions:
fty@) < dr t €[0,1] and y € [0, d,]
(3.3) b S b) b b) b)
r= 172537" '7l+17
Fty®) > 2 tein1)andy e [bg %}
(3.4) ) R? ) S (P b

s=1,2,3,1.

By assumption m = I, the fractional order boundary value problem (1.1)-(1.2) has
at least 2/ — 1 positive solutions y}, i = 1,2,3,---,2l — 1 in Pg,. At the same time,
it follows from Theorem 3.2, (3.3) and (3.4) that the fractional order boundary
value problem (1.1)-(1.2) has at least three positive solutions y1, y2 and y3 in Pg,,,
such that || < di, b < trel[l(i)ri] y2(t), [lys| > dl%gﬁgr}]yg(t) < d;. Obviously, y2

and ys are distinct from y}, i = 1,2,3,---,2l — 1 in Pg,. Therefore the fractional
order boundary value problem (1.1)-(1.2) has at least 2] 4+ 1 positive solutions in
Pg,,, which shows that this conclusion also holds for m = [ + 1. This completes
the proof. O

4. Example

In this section, as an application, we demonstrate our results with an example.

Consider the fractional order three-point boundary value problem

(4.1) D28y(t) + f(t,y) =0, t € (0,1),
/ 1.6 5 1.6 1

(4.2) y(0) =0, 3'(0) =0, TDg¥y(1) — §D0+ Z/(§) =0
where

1—1¢2 1

ﬁH?[yz*ny, 0<y <2,
flt,y) = JﬁL 196
L8 Sliogay + 4] + > 2

Then, the Green’s function G(, s) for the associated linear fractional order bound-
ary value problem is given by

ot =g [ Les(L )",

8{)5 St \5 1 1 5
Gint,5) =5 [150 - 9 asate— s Lo (1))
Gsl(t, s) =$ [7t1'8(1 - 8)0‘2},
Gra(t, s) :ﬁ (751 = )02 — 4.82(t - 5)'5].
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Clearly, the Green’s function G(t, s) is positive and f is continuous and increasing
on [0, 00). By direct calculations, we get ® = 0.02368, R = 0.085341, S = 0.068697.

d
If we choose dyp = 1.5,d; = 2.05 and ¢ = 1500, then 0 < dy < dy < ;} < cand f
satisfies

(i) f(t.y) < 21.83501 = %,
%, t €10.65,1] and y € [2.05,86.57095],

t€[0,1] and y € [0,1.5],

(i1) f(t,y) > 24.02128 =

(iii) f(t,y) < 21835.01463 = % t €[0,1] and y € [0,1500] .

Then, all the conditions of Theorem 3.2 are satisfied. Therefore, by Theorem 3.2,
the fractional order boundary value problem (4.1)-(4.2) has at least three positive
solutions.

(1]
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