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DENUMERABLY MANY POSITIVE SOLUTIONS FOR
RL-FRACTIONAL ORDER BVP HAVING DENUMERABLY MANY
SINGULARITIES

K. RAJENDRA PRASAD!, MAHAMMAD KHUDDUSH!, M. RASHMITHA', §

ABSTRACT. In this paper, we consider Riemann-Liouville two-point fractional order
boundary value problem having denumerably many singularities and determined suf-
ficient conditions for the existence of denumerably many positive solutions by an appli-
cation of Krasnoselskii’s cone fixed point theorem in a Banach space.
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1. INTRODUCTION

Recently, boundary value problems associated with fractional order differential equa-
tions received a significant popularity due to its attractive applications in various fields
of chemistry, physics, polymer rheology, aerodynamics, etc. Further, fractional order dif-
ferential equations have been used for mathematical modeling in potential fields, signal
processing, viscoelastic materials, diffusion problems, heat propagation, control theory
and many others. In recent years, there are certain research articles on the existence and
uniqueness solutions of fractional order nonlinear boundary value problems. Among them
we refer few articles, Benchohra et al.[2] studied the class of fractional order boundary
value problem using the technique associated with measures of noncompactness. Agha-
jani et al. [1] studied the solvability of fractional order integro-differential equations by
alternative Leray-Schauder fixed point theorem. Li et al. [8] studied on the existence of
mild solutions for fractional differential equations with nonlocal conditions. Wang et al.
[12] investigated some fractional differential equations by new variant fixed point theorem
in Banach spaces. Liang et al. [9] studied the coupled system of nonlinear fractional difier-
ential equations by applying Monch type fixed point theorem in a Banach space. Borisut
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et al. [3] studied fractional order boundary value problem based on Kransnoselskii’s fixed
point theorem and Darbo’s fixed point theorem.
In 1983, Leibenson [7] is the first to introduced the p-Laplacian equation,

(dp(a' (1)) = f(t,2(1),2' (1)),

where ¢,(&) = |E|P72E, p > 1. The operator ¢, is invertible and ¢,(q > 1) is its inverse
operator such that ¢ = p/(p — 1).

The p-Laplacian operator and fractional calculus arises from many applied fields such
as turbulant filtration in porous media, blood flow problems, rheology, modelling of vis-
coplasticity, material science, it is worth studying the fractional p-Laplacian differential
equations. Moreover, the Increasing Homeomorphism and Positive Homomorphism Opera-
tors(IHPHO) generalizes and improves the p-Laplacian operator. So research on fractional
order boundary value problem with IHPHO has gained momentum.

In [13], Zhao and Liu studied the following fractional differential equation,

(@D u(t)) + h(t)e(t, u(@(t) =0, t € (0,1),
u(0) = au(1), u'(1) = bu'(0) + N[u], u'(0) =0, i =2,--- ,n— 1,

where 2 <n—1< v <n and C’}38+is the Caputo fractional derivative. In the sense of
a monotone homomorphism, they established some sufficient criteria for the existence of
at least two monotone positive solutions by employing the fixed point theorem on cone
expansion and compression.

In [4], Ege and Topal considered the fractional boundary value problem with IHPHO,

COUPED"2(1)) + f(t,2(1) =0, 0<g<1<r<2 0<t<l,
a12(0) — B12/(0) = —m2(&1), a2z(1) + B2/ (1) = —y22(&), “D"2(0) = 0.

and established existence of positive solutions by utilizing Krasnoselskii’s and Legget—
Williams cone fixed point theorems on a Banach space.

Recently, Wang and Zhai [11] studied the fractional order infinite-point boundary value
problem,

Dy [0 [D512(0) — 9(0)] | + St (1) =0, 0 <t < 1,

o0
2(0) =2(0) = =2""2(0) =0, D5, 2(0) =0, 29(1) = Y " 2(&), § =1,2,---,n -2,
k=1
where n — 1 <a<n,n>3,0< <1 and studied existence and uniqueness of solutions
by fixed point theorem for ¢ — (h, e)— concave operators.
In this paper, we focus on the existence of denumerably many positive solutions for
Riemann-Liouville fractional order boundary value problem with IHPHO,

D, [cp [@gtz(t)ﬂ Tl f(=(0) =0, 0<t<1,

(1)
2(0) = Df:2(0) = 0, DE, 2(1) + 2(1) = I§, 2(1),

where ®g+, 33’09+ denote fractional derivatives of Riemann-Liouville type with 0 < o < 1,
1 <9 <2, I§ (a > 0) denotes Riemann-Liouville fractional integral, ¢ : R — R is a
ITHPHO with ¢(0) = 0 and w(t) € LP[0,1](1 < p < co0) has denumerably many singularities
in the interval (0,1/2).

We assume that the following conditions are hold throughout the paper:

(H1) f:]0,400) — [0,400) is continuous,
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(H>2) H{tk}zozl St < 1/2, tgyr < tg, lim ¢t =1 >0, lim w(t) = +oo and w(t) # 0
k—o0 t—)tk
for all t € [0, 1]. Further, for 0 <7 <1, 0 < ¢(P(7)) < oo, where

W(r) = ! (/0 (T;(Z);_lw(x)dx> L0<o<1.

2. KERNEL AND IT’S BOUNDS

In this section, we introduce some basic definitions and lemmas which are useful for our
later discussions, and construct kernel for the boundary value problem (1). Also, we
establish certain lemmas to estimate bounds for the kernel.

Definition 2.1. [6] The Riemann-Liouville(RL) fractional integral of order § of a function
f:(0,00) = R is defined by

5 (g—r d—1
0. f(s) :/0 (m))f(x)dx, §>0.

Lemma 2.1. [6, 10] The general solution to ®], f(t) = 0 with v € (m — 1,m] and m > 1
18 the function

0=
k=1

where ¢, is a real number.

Lemma 2.2. [6, 10] Let v > 0. Then for any function f:(0,00) — R, we have
m
333+f(t) = f(t) + Z e’
k=1

where ci, is a real number and m € Z is the smallest integer greater that or equal to ~.

Lemma 2.3. Suppose (Hy), (Hz) and 9—o0—1 > 0 hold and let k € C?[0,1]. The boundary
value problem

D, 2(t) + w(t) =0, t € (0,1), (2)

2(0) =0, Dg. 2(1) + 2(1) = 5. z(1), 3)

has a unique solution,

A(t) = /0 Nt () /0 ) /0 N (r. 1)) e,

U}h@r@ kt§71(1—7)1971 kt§71(1—7)197971 (t_T)’&*l <
N(t,7) = T Twe  tw o TSh
RO (Y 7 € o AT L At € S M + <
T(0) T'(9—0) ’ =T
B ~ kD(a+0) I'(Y— o)
ta == Atﬂ ! 1—- “ 17 A = ’ d k= '
X(t:7) (1=7) T(a+0) — k(W) T(@) “" (9 — o) + ()

Proof. The equivalent fractional integral equation to (2) is given by

A(t) = — / Uk L PRCNTS S
0o T 1 |
where C and C9 are constants. Using boundary conditions (3), we get Co = 0 and

B LTE(Q = 7)1 k(1 —r)v—e! a
Cy = /0 [ ) + (0 — o) k(T)dT + k1§, 2(1).
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Therefore,
/ N (t, 7)k(T)dT + Kkt 18, 2(1). (4)

Integrating above identity (4), we get

I§ 2(t) = / ! (/ N (1, z) >d7+kfg+z(1) /Ot (t}(a;))alxﬁ_ldx.

Substituting ¢ = 1, one can obtained

18, 2(1) :/01 (1;(2)1 (/1N(T,m)ﬁ(x)dx> dr + Ffa) (?((‘;)i(g))) I8, 2(1)

o 1) - La+d) )~
IO+2(1)_(a+19)—kF(19)/ Ta) / N (1, 2)k(z)dzdT.

Hence from (4), we get
/NtT dT—l—/ tT/NTa: z)dxdr.

Lemma 2.4. The kernel N'(t,7) have the following properties:
(i) N(t,7) > 0 and continuous on [0, 1] x [0, 1],
(il) N(t,7) < N(7,7) fort,T €0,1],
(iii) there exists & € (0, 3) such that E'N(1,7) < N(t, 1) fort € [E,1—E],7 € [0,1].

Proof. (i) For 0 < 7 <t < 1, we have —(t — 7)?~1 > t?=1(1 — )?~1. So,

(1=t k(1 —7)"  k(1-— 7)19—9—1}
r'(9) ING)) L' — o)

N(t,7)>t"! [—

910 _ -1 |1 k k(1—1)"°
=t =) [rwﬁrwﬁrw@)]

200400 |+ (i 7 =) =

Other case is obvious. Moreover, from the definition of N (¢,7), it is clear that N (¢, 7) is
continuous on [0, 1] x [0, 1].
(ii) For 0 < 7 <t < 1, we have

8/\/(;, T) < (1;(—79)1) [ktﬁ—2 (1 n FW)) . 7)19_2]

Other case is clear.
(iii) For0 < 7 <t <1landte[{1—¢], wehave

_ -1 _ (1- (T/t))ﬁfl k(1 — 7)1 k(1 — T)ﬁfgfl
Mem = [ rw) T | TW-o }
09— (1 — 7)1971 ]{3(1 _ 7.)1971 k(l o T)ﬁfgfl
— 401 [_ ) + () + R

] > 77N (L, 7) > 0TIV (L 7).
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ForO<t<7<1landtel[{1—¢], we have

k(1 — 7')19—1 k(1 — 7)19—9_1]
I'(9) 'Y — o)

N(t,7)=t""1 [

_ 1- 7')‘9_1 k(1 — 7')19_1 k(1 — 7')19—9—1 _ _
< -1 ( S 49-1 S g1 '
e R B v er e EL U CL RSt
O
Lemma 2.5. Suppose I'(a + ) > kI'(¥) and & € (0, 3]. Then
9-1
tef{“ln E]x(t T) 2 & m[gxlx(t )T
Proof. From Lemma 2.3,
_ kI'(a +9) 9-1/1 _ _ya—1
X7 = ma g e’ LT
Then,
mingepea-g X(67) M1 -1) po-1
maxeo,1] X(t, 7) (1 —7)et
U

Lemma 2.6. Suppose (Hy), (Hs) hold, then the unique solution of the problem (1) is given
by

/Nm 28 (w(n)f(2(r))) ) ds
/ (t,7) / N(r,z)d Ig+( (m)f(z(x))))da:dr

Proof. Let ©0+z( ) = u(t) and v = ¢(u). Then by the condition Dy, 2(0) = 0, we have
the following problem
D5 v(t) + w(t) f(2(t)) = 0, v(0) = 0.

From Lemma 2.2, we see that v(t) = ct¢~! — 73 (w(t)f(2(t))). Since v(0) = 0, we obtain
v(t) = —I%, (w(t) f(2(t))). Hence, from the Lemma 2.4, the problem

o, +(1) = —¢-1(Ig+<w<t>f<z<t>>>),} 5
D2 2(1) 4 2(1) = I§y 2(1), 2(0) =0
has a unique solution
/ N(t,7) zg+( (s)f(z(T))))dT
/ (t,7 / N (1, z) Ig+( (z)f(z(x))))dwdT
([l

Let X be the Banach space C([0,1],R) equipped with the norm |z|| = m[ax] |z(t)].
tef0,1
Define the cone P C X by

P = {z € X : z(t) is nonnegative on [0, 1}},
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For any z € P, define an operator F : P — X by
/ N )b (T3 (w (S)f(Z(T))))dr
/ 6,7 / N 2)o™ (Z5, (@) f(:(2))) ) dadr.

Lemma 2.7. Assume that (Hy),(H2) hold. Then for each & € (0,1/2), F(P) C P and
F P —= P is completely continuous.

Proof. Since w(7)f(z(7)) is nonnegative for 7 € [0,1], z € P and N (¢,7) > 0 for all
t,7 € [0,1], it follows that F(z(¢t)) > 0 for all t € [0,1], z € P. Thus F(P) C P. By
standard methods and application of Arzela-Ascoli theorem, one can prove the operator
F is completely continuous. O

3. DENUMERABLY INFINITELY MANY POSITIVE SOLUTIONS

In this section, we establish the existence of denumerably many positive solutions for
(1) by utilizing the following theorems.

Theorem 3.1. [5] Let £ be a cone in a Banach space X and Q1, Q2 are open sets with
0€ Q1,0 C Qo Let A: EN(Q2\Q1) = & be a completely continuous operator such that

(a) || Az]| < ||z]|, z € EN N, and ||Az|| > |||, 2 € ENONg, or
(b) Azl = |Izll, z € EN O, and || Az|| < ||z]], 2 € € N INs.

Then A has a fized point in € N (Q2\Qy).
Theorem 3.2. (Holder’s) Let h € LP[0,1] and g € L%0, 1], where p > 1, ¢ > 1, with

%—l—% = 1. Then hg € L'[0,1] and |hglli < ||hllpllglly- Purther, if h € L'0,1] and

g € L>[0,1], then hg € L'[0,1] and ||hglly < [|All1]lgllc-

Consider the following three possible cases for w € LP[0,1]: 0<p < 1,p=1, p = 0.
Firstly, we seek denumerably many positive solutions for the case p > 1.

Theorem 3.3. Suppose (Hy) — (Ha) hold, let {E;}32, be a sequence with ty1 < &k < t.
Let {Ep}2, and {O}32, be such that

Epi1 <O < a0 < Eg, k€N,

where

= e (zg ot 0) 5 N ) =i

Assume that f satisfies
1

1+ ADNG (T, )11l

(A1) f(z) < G(MyEy) for allt €[0,1],0 < z < Ej, My <

(A2) f(2) = ¢(aO) for allt € [Ex,1 — &, 0 < 2 < O,
Then the bup (1) has denumerably many positive solutions {21 }72, such that O < ||z <
Ey fork=1,2,3---.

Proof. Let Q1 = {2z € X : ||z|| < Ex}, Qo) = {2z € X : ||z|| < Ok} be open subsets of X.
One can observe from (Hs) that I* < tp11 < & <ty < %, for all k € N. Let z € PNOQy .
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Then, z(s) < Ej, = ||z|| for all s € [0,1]. By (A1), we have

||fz||—tgl[g>1<]{ [ N9 (38 @) )i
/ (t,7) / N(r,x) Ig+ w(x )f(z(a:))))dxdT}

< max {MlEk/ N(T,T)¢_1<Ig+ (w(T))>dT

t€[0,1]

+M1Ek/ (t,7) / N(z, ) I§+ w(w )))dde}

<M1Ektren[g>1<]{1+/0 (t, 7 dT}/ N(r, 7)™ 1(I§+(w(7))>d7
1
<(1+ A)M1Ek/0 N(r,m)(r)dr < (14 A)MER||N (7, 7)|l¢l[W¥]l, < Ej.

Since Ej, = ||z|| for z € P N OQy 1, we get
[Fzll < =]- (6)
Let t € [Ek, 1 — &x]. Then by (A2), we have

| Fz| = max {/ N(t,7) Ig+ w(T )f(Z(T))))dT

/ (t,7) / N )0~ (22, (w ()f(z(x))))dxdT}

> s { [ W (18wt 16007

t€[0,1]

1-& 1-&
+ /E X(t,7) N(r,z)$p~! (Igg (w(z) f(z(a:))))da;dv'}

k &k

> me { [ Wt (18, G

te(0,1]

1 &1

1-&; 1-&;
+ /E X(t,7) N(r,z)$p~! (zg+ (w(z) f(z(:z))))d:sz}

> 00LEI-1 max {1+/H1 (t T)dT} v )0~ (72, (w(E)) ) do
el 1 ‘ X\t ) 0+ 1

t€(0,1] 1 i
1-&1
> a0 o(E)e ™ (78, (w(z)) ) N(1,)de
&1
2O = |2

Thus, if z € P N0y, then
[F=] = [|=]- (7)
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It is evident that 0 € Qo) C Qax C Q) 5. From (_6) and (7), it follows from Theorem 3.1
that the operator F has a fixed point z; € PN (Ql7k\Q27k) 3 O < ||zx|| £ Ek. The proof
is completed. O

For p = 1, we have the following theorem.

Theorem 3.4. Suppose (Hi) — (Hs) hold, let {&,}72, be a sequence with ty11 < & < tj.
Let {EL}32, and {Of}32 be such that

Epr1 <O < a0 < Eg, k€N,

Assume that f satisfies
(B1) f(2) < $(M2Ey) forall t €]0,1], 0 < z < Ej, where

1
o
2= m‘“{u AN W] ‘“}

and (A2). Then the bup (1) has denumerably many positive solutions {z;}7° . Further-
more, Ok < ||zx|| < Ex for each k € N.

Proof. Let |N(1,7)|lq/[W]l, be replaced by |N(7,7)|lsolW|l1 and repeat the argument
above. 0

Lastly, the case p = oc.
Theorem 3.5. Assume that (H1) — (H2) hold. Let {E}32, and {Or}72, be such that
Ek+1 <O <aOp < Ey, keN,

Assume that [ satisfies
(E1) f(2) < $(M3Ey) forall t €]0,1], 0 < z < Ej, where

. 1
Ms < mm{u T AN Dbl a}

and (A2). Then the bup (1) has denumerably many positive solutions {z1}72, such that
Ok S szH S Ek fO?“ k = 1,2,3, LN

Proof. Let |IN(7,7)|l4/[W]l, be replaced by |N(7,7)|i[|¥]lc and repeat the argument

above. O

4. EXAMPLES

In this section, we present an example to check validity of our main results.
Example 4.1. Consider the following fractional order boundary value problem,

Do (D@51 2(1)) + w(®) f(2()) =0, £ € (0,1),

(8)
2(0) = D712(0) = 0, 2(1) + DY 2(1) = 12, 2(1),
where
25
1. 20 z S 05
b(z)=¢ LH=2
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(U x107, 2 € (104, 4o0),
2 x10~Bk+4) L 10-8k _ _
Ty (z—10 4k) + % x 1078,
= |:102(2k+1)7 104k::| ’
f(z)= g x 10~ (Bk+1) e (# x 10~ (4k+2) 10(4k+2)>’
I %10~ Bk+4) _ 4T 10— (8k+8) —(4k 1 _(8k
X101 (2 — 107 (H+D) 4 2 5 107449,
S (1()—(4’?4-4), 53% % 10—(4k+2)}7
07 Z = 0,
and let
oo
w(t) = Zwk(t),
k=1
in which
2%0 tet1 + 1
0<r< ——m
k- DRE+ 12— 2t —t)9) 2
1 te1tte
n(te—7)/2(1—T)e=1" Ty ST <y,
wk(T) - 1 te+te—
n(r—tg)/2(1—7)e=1" th<T< T
07 tk+;k71 <7< tl,
ST T (T=i)e th<T<1,
and
N 31 1
= — 47" =27, txy = — — — k=1,2,3,---.
7 6<7T > ST FICESVE
Let
31 1 1
pP=4q » Uk 64 ]22314(].4‘1)4’ or )45 9, » &k 2(kz+ k+1)s
then
15 1 15 1
=55 " e < 35 > =1 < < Tk.
&1 35 548 < 32 &k 5 bk &k <tk
Therefore,

It is easy to see

g0l > 5734 K =1,2,3,.-.

15 1
t — for k=1,2,3,--- ,tx —t = —.
1 < or ) 4y 9y y Uk k+1 4(k+2)4

B 1
32 2
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o
1
Since Z 2 = — and Z i = —, it follows that
k=1

3 47 ot 1
TS [ L N N AL
hoo F T 64 ,214(j+1)4 64 360 5’

and
1 0 1
f§+w(1>=F(19)/0 (1—7)“w(7)d7=F(1@)Z/0 (1 — 7). (r)dr
& 3 V2 =
" T(o) ; [Q(Zk: —1)(2k+1) + ﬁkﬂm n(te — )1/2d T " 1 — )i _tk)l/QdT}
1 (3 1 & 1 1 [#2 9
i v ) e vl i)
1
)
It follows that )
¢~ (15 w(1) = X0}
1 1/2
and [[¥(1)]2 = [/0 [¢_1(I§+w(1))]2ds] = 1}(@) ~ 0.9033542711.
_ L o0 le(s)ds — 1 o AV <
E) =g [ @9 s = s [ =9 ()
I S (SR _ £,
- T(o) /0 M-(1-£09" " 3@ - (- &)’

o .02
¢ I(I(’*(w(al))) VI — (1 - &1)7]

calculations, we obtained

~ 0.6390712607. It follows from a simple

1-&1 1-15/32 (k: . 1)(1 . 7_)19—1 (1 _ 7_)19—@—1
N1, 7)dr > / [ 4 ] dr
£1 L7 15/32 ['(9) (Y — o)
~~ 1.171656594,
1-&;
£ o(&y) ! (Ié’+ (w(&l))) N(1, 5)ds > 2.11819593108,
&1
70— 1(1 )0—9—1 k,7_19—1(1 _ 7_)19—9—1 2
N(r,7)|7dr = - dr = 0.44187,
/ alkely I() (-0

1 1/2
N (7, 7)|l2 = U IV (r, T)|2d7'} ~ 0.46842,
0

so that
1 1

My = 1.491599442 = A+ AINE LWL~ O+ AINED RO
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and
1
a :max{ =) — , 1}
&/ o) (T8 (w(E1) ) [ N (1L, 2)da
= max{2.11819593108, 1} = 2.11819593108.
Now, taking
O = 10725+ and B, = 1074,

then

1
Ek:+1 — 107(4k+4) < W X 107(4k+2) < E,Z_lOk‘

<O = 10~ (#k+2) E, = 10_4k,

a0y, = 2.11819593108 x 10~2(2k+1) < 1.491599442 x 10~* = M, E}.
Also, f satisfies conditions:

2) <O(MLEy) = M?E? = 2.224868895 x 107%, 2 € |0,107%F
f( ) 1~k ) )

f(2) > d(a0y) = a?03

1
= 4.48675400244 x 10~ k1) 5 ¢ [53/4 x 107241 10—2(%“)}.

Hence, by Theorem 3.2, the bvp (8) has denumerably infinitely many positive solutions
()20 | with 10726+ < ||2[K)| < 1074 for k € N.

5. CONCLUSION

We derived sufficient conditions for the existence of denumerably many positive solutions
for Riemann-Liouville fractional order boundary value problem with denumerably many
singularities by using Krasnoselskii’s cone fixed point theorem on a Banach space.
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