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Abstract

In this paper, we study the existence and multiplicity of positive solutions for
the singular fractional boundary value problem

{DMU( ) =h)ftut),0<t<1,
u(0) = u(1) = +/(0) = /(1) =0,

where 3 < a < 4 is a real number, Dg, is the standard Riemann-Liouville
derivative, and h € C(0,1) N L(0,1) is nonnegative and may be singular at ¢t = 0
and/or t = 1. We use fixed point index theory to establish our main results
based on a priori estimates achieved by developing some spectral properties of
associated linear integral operators. Our main results essentially extend and
improve the corresponding ones in the literature.

1 Introduction

In this paper, we study the existence and multiplicity of positive solutions for the
singular fractional boundary value problem

{D(Hu() h(t)f(t,u(t)),t € (0,1), (1)
u(0) = u(l) = v/(0) = w'(1) =0,

where a € (3,4] is a real number, D, is the standard Riemann-Liouville derivative,
f € C([0,1] x [0,00),[0,00)), and h € C(0,1) N L(0,1) is nonnegative and may be
singular at t = 0 and/or ¢t = 1. We use fixed point index theory to establish our main
results based on a priori estimates achieved by developing some spectral properties of
associated linear integral operators.

Fractional differential equations can describe many phenomena in various fields of
science and engineering such as control, porous media, electrochemistry, viscoelasticity,
electromagnetics, etc. This explains why many authors have studied existence and mul-
tiplicity questions of solutions (or positive solutions) of nonlinear fractional differential
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260 Multiple Positive Solutions of a singular fractional BVP

equation, see, for example, [1, 2, 3, 4, 6, 7, 8, 10, 11, 12, 13] and references therein. It
is of interest to note that the Riemann-Liouville fractional derivative is not suitable for
nonzero boundary value conditions, see [11, 13].

By means of the Schauder fixed point theorem and fixed point index theory, Bai [1]
discussed the existence of positive solutions for the fractional boundary value problem

{Do+u<> F(t,u(t)) =0,
(0) = 0, Bu(n) = u(1),

where a € (1, 2], D§, is the Riemann-Liouville fractional derivative, € (0, 1), n®~! €
(0,1), and f € C(]0,1] x [0,00),[0,00)) is sublinear. It should be remarked that our
nonlinearity f here, unlike the f in [1], may be both sublinear and superlinear. Our
first theorem involves the existence of at least one positive solution for (1) with f
growing superlinearly, thereby complementing the results in [1]. We then establish two
existence results of twin positive solutions for (1), two results that essentially improve
and extend the corresponding ones in [12] (see REMARK 1).

t e (0,1), @)

2 Preliminaries

The Riemann-Liouville fractional derivative Dg, is defined by

Dngy(t) = F(n ) ( ) fO (t ys()s‘zdi*l’

where T is the gamma function and n = [a]+ 1. For more details of fractional calculus,
we refer the reader to the recent literature such as [1, 2, 3, 4, 6, 7, 8, 10, 11, 12, 13].
Let
E=C[0,1], |ull= m[(z)uf] lu(t)], P={ueFE:u(t)>0,Vvte]l0,1]}.
telo,

Then (E,| - ||) is a real Banach space and P a cone on E. We denote B, = {u € E :
lu|| < p} for p > 0 in the sequel.

LEMMA 1 ([12, Lemma 2.3]). Given ¢ € C(0,1) N L(0,1) and 3 < a < 4, the
unique solution of the fractional boundary value problem

DS, u(t) = ¢(t),t € (0,1),
u(0) = u(1 ) =u/(0) = /(1) =0,

is represented by u(t) = fol G(t, s)p(s)ds, where

(=) +(1=8) " (D=8 < 4 <y <]
G(t, s)

I'(a) ) >Ss>xUt x> 1,
7 2(1—5)*"?[(s—t)+(a—2) (1—t)s] 0<t<s<l. (3)

@) ! stsss

It is easy to verify that the Green’s function G € C([0, 1] x [0, 1], [0, 00)) satisfies
the following relations(see [12, Lemma 2.4])

(0= 2)t*72(1 = 1)*5(1 = 5)° 7% <T()G(t,5) < mos?(1 - 5)° 7 (4)
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and
(= 2)q(t)k(s) < T()G(t, s) < mok(s) (5)

for all 0 < t,s < 1, where q(t) = t*"2(1 — t)?, k(s) = s*(1 — s)*~2 and
mo = max{a — 1, (o — 2)?}. (6)

LEMMA 2 ([5, p.314]). Suppose A : P — P is a completely continuous operator
and has no fixed points on 0B, N P. Then the following are true:

1. If || Au|| < ||u|| for all w € 0B, N P, then i(A, B, N P, P) =1, where ¢ is the fixed
point index on P .

2. If ||Aul| > ||u| for all w € OB, N P, then i(A, B, N P,P) = 0.

LEMMA 3 ([5, p.144]). Suppose Q C E is a bounded open set and A: QNP — P
is a completely continuous operator. If there exists ug € P\ {0} such that

w— Au # Mg, YA > 0,u € 90N P,

then i(A,QNP,P)=0.

LEMMA 4. ([5, p.164]) Let 2 C E be a bounded open set with 0 € Q. Suppose
A: QNP — P is a completely continuous operator and has no fixed points on 9Q N P.
If u # AMu,Vu € 90N P,0 < A <1, then i(4, QN P, P)=1.

We assume the following conditions throughout this paper.

(H1) f € C([0,1] x [0, 00), [0, 00)).

(H2) h € L(0,1) N C(0,1) is nonnegative and does not vanish identically on any
subinterval of (0, 1).

Define two operators A and T by

(Au)(t) = /0 G(t,s)h(s)f(s,u(s))ds,u € P

and
(Tu)(t) = / G(t, s)h(s)u(s)ds,u € P.
0

Note that (H1) and (H2) imply A : P — P is a completely continuous operator and
T : P — P is a completely continuous, linear, positive operator. A consequence of
Lemma 1 is that w € P is a positive solution of (1) if and only if u € P\ {0} is a
fixed point of A. Moreover, it is easy to prove that the spectral radius of T', denoted
by r(T'), is positive. Now the well-known Krein-Rutman theorem [9] asserts that there
exist two functions ¢ € P\ {0} and ¢ € L(0,1)\{0} with ¢(z) > 0 for which

[ Gttsmtsetonts = rT)ete) [ Gt = (D), [ o=
0 0 0

(7)
P

ut

Po={ucP: / P(tyu(t)dt > wlull},
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where 1(t) is determined by (7) and w = 22 fo t)dt > 0. Clearly, Py is also a
cone on E. The following is a result obtained by observmg relations (5).

LEMMA 5. A(P) C P.

In addition to (H1) and (H2), we need the following hypotheses on f.
(H3) hmmfuﬁm M > A1 uniformly with respect to ¢ € [0,1], where \y =
1/r(T) >
(H4) hm SUDy 400 L) <\, uniformly with respect to ¢ € [0, 1].
(
(
(

f(tyu)

H6) lim sup,,_,+ (u “ < \; uniformly with respect to ¢ € [0, 1].

H7) There is p > 0 such that the inequality f(t,u) < "F(a)p holds whenever
€[0,p] and ¢t € [0,1] , mo > 0 being defined in (6).
(H8) There are p > 0 and o € (0,°=2) such that f(t,u) > % holds
whenever u € [0p, p] and t € [0,1—0], § and 7 being defined by 6 = O‘m—*f min{qa(a), q(1—

-1
o)} >0 and n = (fol k(s)h(s)ds) > 0.
REMARK 1. Some simple computations show the following estimates:

H5) liminf, 400 > A1 uniformly with respect to ¢ € [0, 1].

%‘z) (/Olk(s)ds>l <h=0T)7 < — (33’%/ Glt-2) ) R

from which we obtain M < A\ < N < ]\Nf, where M, N, N are defined in [12, Section
3]. Notice that (H3) and (H5) considerably weaken (Al), and that (H4) and (H6)
considerably (A2), where (A1) and (A2) are formulated in [12]. This means our main
results, even in the case of h being nonsingular, essentially extend and improve the
corresponding ones in the literature.

3 Main results

First we have the following.

THEOREM 1. Suppose that (H1), (H2), (H5) and (H6) are satisfied, then (1) has
at least one positive solution.

PROOF. By (H5), there exist € > 0 and b > 0 such that f(¢,u) > (A +¢€)u —b for
all v > 0 and ¢ € [0,1]. This implies

(Au)(t) > (M + 5)/0 G(t, s)h(s)u(s)ds — b/o G(t, s)h(s)ds (8)

forallu € P. Let My = {u € P :u= Au+ Ap,\ > 0}, where ¢ € P is determined by
(7). We shall prove that M; is bounded. Indeed, if u € M7, then we have u > Au by
definition. This together with (8) leads to

()Z)\l—i-s/Gts s—b/Gts
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Multiply by () on both sides of the above and integrate over [0, 1] and use (7) to
obtain

Jo v@u(t)dt > (A + AT [y v(e)ult)dt — bATY,

so that fo u(t)dt < b for all w € M;. Note we have M; C Py by Lemma 5. This
together w1th the precedmg inequality implies |u|| < (ew)~'b for all w € M;, which
establishes the boundedness of My, as required. Taking R > (ew)~'b, we obtain

u# Au+ Ap, Yu € 0BR NP, A>0.

Now Lemma 3 yields
(A, Bg NP, P)=0. (9)

By (H6), there exist r € (0,R) and € € (0, A1) such that f(t,u) < (A — e)u for all
u € [0,7] and ¢ € [0,1]. This implies

(Au)(t) < (A1 — 5)/0 G(t, s)h(s)u(s)ds (10)

for all uw € B, N P. Now we claim
u# pAu, Yu e 0B, NP, 0<pu<1. (11)
Indeed, if there exist ug € 0B, N P and pgy € [0, 1] for which uy = poAug, then this

together with (10) leads to ug(t) < (A1 —¢) fol G(t, s)h(s)uo(s)ds. Multiply by 9(t) on
both sides of the preceding inequality and integrate over [0, 1] and use (7) to obtain

/ B(tyuo(t)dt < 22—F / P(tyuo(t)dt
0 0

so that fol P(t)uo(t)dt = 0, whence ug(t) = 0, contradicting up € 0B, N P. As a result,
(11) is true and we have by Lemma 4

i(A, B, NP,P)=1. (12)
Now (9) and (12) combined imply
i(A, (Br \ B,) NP, P) =i(A, BR N P,P) —i(A, B, N P,P) = —1.

Hence the operator A has at least one fixed point on (Bg \ B,.) N P. Therefore (1) has
at least one positive solution, which completes the proof.

THEOREM 2. Suppose that (H1)-(H3), (H5) and (H7) are satisfied, then (1) has
at least two positive solutions.

PROOF. By (HT7), we have

| Aul| = tglg;f/ G(t, ) ,u(s))ds </0 FWZ;)k(s)h(s)nrj\(/z)pds = ||l
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for allu € 0B, N P. Now Lemma 2 yields
i(A,B,nP,P)=1. (13)

On the other hand, in view of (H5), we may take R > p so that (9) holds (see the proof
of Theorem 1). By (H3), there exist r € (0, p) and € > 0 such that f(t,u) > (A1 +¢)u,
for all w € [0,7] and ¢t € [0, 1]. This implies

(Au)(t) > (M1 + E)/O G(t, s)h(s)u(s)ds (14)

for all w € B, N P. Now we claim
u— Au # pp,Yu € 9B, N P, 1 > 0, (15)

where ¢ is determined by (7). Indeed, if the claim is false, then there exist u; € B, NP
and pp > 0 such that u; —Au; = g1 and thus u; > Auy. Combining the last inequality
with (14) (with u replaced by u1), we obtain

up(t) > (A + 5)/0 G(t, s)h(s)ui(s)ds.

Multiply by ¥(t) on both sides of the above and integrate over [0,1] and use (7) to
obtain

/1 ur () (t)dt > (M +e)Ar /1 uy (t)p(t)dt,
0 0

so that fol w1 (t)y(t)dt = 0, whence uq (t) = 0, contradicting uy € 0B, N P. As a result,
(15) is true, as claimed. Now Lemma 3 yields

i(A, B, N P,P)=0. (16)
Combining (9), (13) and (16), we arrive at
i(A,(BR\B,)NP,P)=0—1= -1

and
i(A,(B,\B,)NP,P)=1-0=1.

Consequently, A has at least two fixed points, with one on (B r\B,) NP and the other
on (B,\B,)NP. Therefore (1) has at least two positive solutions, which completes the
proof.

To prove Theorem 3 below, we need an extra cone P;, which is defined by
Py ={ueP:u(t) >0u|,vt € [o,1- 0]},

where 6§ = O‘m—? min{q(o), ¢(1 — o)}. We have the following
Claim 1. A(P) C P.
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PROOF. On the one hand, v € P implies || Au| < ﬁ fol mok(s)h(s)f(s,u(s))ds.
On the other hand, v € P and ¢ € [0, 1 — o] imply

(Auy() > =210
ol'(a) Jo
and thus (Au)(t) > 6
claimed.
THEOREM 3. Suppose that (H1), (H2), (H4), (H6) and (HS8) are satisfied, then
(1) has at least two positive solutions.

PROOF. Recall A(P) C P;. By (HS8), we have

9 1
mok(s)h(s)f(s,u(s))ds > m/o mok(s)h(s) f(s,u(s))ds

||[Au|| for all w € P and t € [o,1 — o]. This implies A(P) C Py, as

[Aul = guax (Au)(0) > | max_(4u)(0)
= tergzllxg/ G(t,s)h ,u(s))ds
(@=2)a@®k(S) 3 rs wlsNds
> max / D) s, ()

= S [k a

= lull,
for all w € 0B, N P, and by Lemma 2
i(A,B,nP,P)=0. (17)

On the other hand, in view of (H6) , we may take r € (0, p) so that (12) holds (see the
proof of Theorem 1). In addition, by (H4), there exist € € (0, A1) and m > 0 such that
flt,u) < (A —e)u+m forall uw >0 and ¢t € [0, 1]. Let

My={ueP: u=pAu, 0<pu <1} (18)

We shall prove that M is bounded. Indeed, if u € My, then, by definition, we have for
some p € [0, 1]

ult) = plAu)(t) < Jo G(t, 9)h(s)f(s,u(s))ds
< LGt (O - u(s) + m)ds (19)
= (A1 —)(Tu)(t) + uo(t),
ug € P\ {0} being defined by wug(t) = mfo s)ds. Notice r((A\y —e)T) < 1.

This implies the inverse operator of I (A — E)T ex1sts and equals
I-—M =)D P =T4+O =T+ N —)*T*+...+ (N —)"T" +...,

from which we obtain (I — (A\; — ¢)T)~1(P) C P. Applying this to (19) gives u <
(I — (M1 —&)T) tug for all u € M. This proves the boundedness of Ma, as required.
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Choosing R > sup{||u|| : v € Mz} and R > p, we have u # AAu for all u € 9Br N P
and A € [0,1]. Now Lemma 4 yields

i(A,BRNP,P)=1. (20)
Combining (12), (17) and (20), we arrive at
i(A,(BR\B,)NP,P)=1-0=1,i(A, (B)\B,)NP,P)=0—1=—1.

Hence A has at least two fixed points, with one on (Br\B,) N P and the other on
(B,\B;) N P. Therefore (1) has at least two positive solutions, which completes the
proof.
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