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Abstract. For (n — 1,n] order singular fractional differential equations,
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ple positive solutions and the nonexistence of a positive solution of a class
of boundary value problems.
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1. INTRODUCTION

The boundary value problem (BVP, for short), singular boundary value
problem, and fractional order boundary value problem arise in a variety of
differential applied mathematics and physics and hence, they have received
much attention (see [1,2,6-12] and references therein). For example, in [1],
Qiu and Bai considered the existence of positive solutions to BVP in the
nonlinear fractional differential equation

{CD&MO+f@u@):Q 0<t<l,
u(0) = /(1) = u”(0) =0,

where 2 < o < 3, and f : (0,1] %[0, +00) — [0, +00) with tli%1+ f(t,u) = +o0

is continuous, that is, f(¢,u) may be singular at ¢ = 0. They obtained the
existence of at least one positive solution by using Krasnoselskii’s fixed point
theorem and nonlinear alternative of Leray—Schauder type in a cone.

In [14], Kaufmann obtained the existence and nonexistence of positive
solutions to the nonlinear fractional boundary value problem

Dgiu(t) + f(t,u(t) =0,  te€(0,7),
Iu(0t) =0, IPu(t) =0,

where 7 € (0,7, 1 —a <y<2—-a,2—a < 3<0, D§, is the Riemann-
Liouville differential operator of order «, f € C([0,T] x R) is nonnegative.

In this paper, we consider the following singular fractional boundary
value problem of the form

“Dult) + Af(t,ult)) =0,
ud(0)=0, 0<j<n—1, j#2, (1.1)
u’(1) =0,

where n — 1 < a <n,n >4, CDS"+ are the Caputo’s fractional derivatives
and f : (0,1) x (0,+00) — [0,400) is continuous, that is, f(¢,«) may be
singular at t = 0,1 and uw = 0. When constructing a special cone and using
approximation method and fixed point index theory, we have obtain the
existence of multiple positive solutions and nonexistence for BVP (1.1).

The main features of the paper are as follows. Firstly, the degree of
singularity in [1] is lower than that of the present paper (for details, please
see our examples). Here, f(¢,u) may be singular not only at ¢ = 0,1,
but also at u = 0. Secondly, the results we obtained are the existence of
multiple positive solutions and nonexistence of positive solutions, while [1]
just obtained the existence of at least one positive solution. Finally, BVP
(1.1) is more general and extensive than that in [1].

The paper is organized as follows. Section 2 contains some definitions and
lemmas. Moreover, the Green’s function and its properties are derived. In
Section 3, by constructing a special cone and using approximation method
and fixed point index theory, the existence of multiple positive solutions and

0<t<1,
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nonexistence result are established. Finally, in Section 4, two examples are
worked out to demonstrate our main results.

2. PRELIMINARIES

For convenience of the reader, we present some necessary definitions from
fractional calculus theory (see [3,5]).

Definition 2.1. The fractional (arbitrary) order integral of the function
h € L*([a,b]) of order a € Ry is defined by

t

[oh(t) = / =" 9 as,

where I' is the gamma function. When a = 0, we write I%h(t) = [h* po](t),
where @ (t) = % for t > 0, and ¢4 (t) = 0 for t <0, and @, — 0(t) as
a — 0, where § is the delta function.

Definition 2.2. For a function h given on the interval [a,b], the ath
Caputo fractional-order derivative of h, is defined by

t
1

(CD3+h)(t) = T —a) /(t — s)rmam 1) (5) ds,

a

Here, n is the smallest integer greater than or equal to a.
Lemma 2.3. Let a > 0. Then the differential equation

has solutions u(t) = co + cit + cot? + -+ + cp_1t"" ! for some ¢; € R,
1=0,1,2,...,n — 1, where n is the smallest integer greater than or equal
to .

Lemma 2.4. Assume that u € C(0,1) N L'[0,1] with a derivative of
order n that belongs to C(0,1) N L[0,1]. Then

Ig‘+cD3+u(t) =u(t) +co+ et + et + - Fcpit" !

forsomec; e R, i =0,1,2,...,n—1, where n is the smallest integer greater
than or equal to .

Lemma 2.5. The relation
I8 o=1I5Pe
is valid in the following case:
ReB >0, Re(a+3)>0, p¢cL'a,b].

In the rest of this paper, we suppose « € (n — 1,n], n > 4.



Multiple Positive Solutions for a Class of Fractional Singular BVPs 119

Lemma 2.6. Given g € C[0, 1], the unique solution of

CDu(t) +g(t) =0, 0<t <1,

uD(0)=0, 0<j<n-—1, j#2, (2.1)
u’(1)=0
18 1
= /G(t,s)g(s) ds, (2.2)
0
where
@@= gy gas (p_get, s<t
1 2 o=
G(t,s) = = (2.3)
F(a) (01_1)2&752(1 _ 8)04—37 t<s.

Proof. Let u € C[0,1] be a solution of (2.1). By Lemma 2.3,
t

u(t) =co+cit + CQtQ 44 Cnfltn_l _ /
0

From u)(0) = 0,0 <j <n—1,j #2,u”(1) =0, we have co = ¢; = c3 =
- =¢p—1 =0 and

Then
[ (=)
u(t) = cot” — (s)ds =
2 0/ (@) g
— ﬁ (/ ((O‘_ 1)2(0‘_2) £2(1 — 5)*73 — (t — 5)° 1) (s) ds+
0

- /1G<t,s)g(s) ds.

The proof is completed. O
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Lemma 2.6 indicates that the solution of the BVP (1.1) coincides with
the fixed point of the operator T' defined as

Tu(t) = / Gt 5)f (s, u(s)) ds, Yu e C[0,1]. (2.4)
0

Lemma 2.7. The function G(t, s) defined by (2.3) has the following pro-
perties:

(i) G(t,s) >0, Yt,s€[0,1]. (2.5)
— s a—3
(i) G(ts) < H(s) < (2}((1)_2) (2.6)
where

) (o= 1)2(a ) s2(1—5)3 — (1 —5)*"!, s<t,

H(s) = — (2.7)
I'(a) (a — 1)2(a —2) (1 )03, [<s,

(iii) G(t,s) > t*G(r,s), Vt,s,7€0,1]. (2.8)

Proof. First, since a € (n — 1,n] and n > 4, it is easy to see
-1 -2
(0-1@-2) |
2
Furthermore, for s,t € [0, 1],

-1 -2
(Oé )2(a ) t2(1 o S)a—B > t2(1 _ S)a—?) >
>(t—s)(t—s)*3=(t—s)>"
Obviously, we can get (2.5).

Next, for the given s € (0,1), we can find that G(t,s) is increasing with
respect to t. For t < s,

1 (a=1)(a—2)

G(t, S) = F(a) 5 t2(1 _ S)a73 <
< F(1(1) (v — 1)2(a -2) $2(1 - )73
and for t > s,
Gt s) = F(la) - 1)2(a 2 A e S)a_l)a
Gi(t:9) = s (= Dla =201 =97 — (@ = - 5)° ) =
1
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Hence, we have

G(t,s) <G(1,s) = - ((a “ ) (1—5)*3—(1- s)a_l) —

T'(«@) 2
1—5)"° ((a—=1)(a—2)
= () (3 - (1-9?),
By the definition of H(s), we know
—_s a—3
H(s) < gy (0= Dla=2)(1 - 5 = G,

which means that (2.6) holds.
Finally, for t < s, we have

G(t, S) _1 W t2(]_ _ 8)a*3 t2

IN'a
H(s) F((la)) GDE 2 _ o3 - %
for t > s,
G(t,S) ﬁ (% tQ(l _ 8)04—3 _ (t _ S)a—l)
H(s) ﬁ (W(l — )3 — (1 —s)a-1)
_ 1 (o —1)(a—2) .2 (t—s)o !
= (a—l)Q(a—Q) —(1— ) ( 2 - S)a,g)-

Since s <t <1,s >tsand t—s < t—ts, we can get (t—5)*"3 < (1—5)273,
(t — )% < (t —ts)?. Thus,

(t—s)*t  (t—s)?(t—s)*? < (t—ts)%(1 —s)>3

= =1%(1 — 5)°.
(1—s)>—3 (1—s)>—3 - (1—s)>3 (1=s)
Therefore,
G(t,s) 1 ((O‘ “Da=2), 2 2
> 22— 2(1—s ) =42
H(s) % —(1—s)2 2 ( )
which implies that (iii) holds. The proof is completed. a

Lemma 2.8. Let P be a cone of the real Banach space E, 2 be a bounded
open set of E, 0 € Q, A: PNQ — P be completely continuous.

(i) If x # pAzx for x € PNIQ and p € [0,1], then i(A,PNQ, P) = 1.
(ii) If eilglrgaQHAxH > 0 and Az # px for x € PNOQ and p € (0,1],

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

Let J = [0,1]. The basic space used in this paper is E = C[J,R]. It is
well known that F is a Banach space with norm ||u| = max lu(t)| (Vu € E).
€

From Lemma 2.7, it is easy to see that

Q= {u € ClLR™] : u(t) > t2u(s), Vi, s € J} (2.9)
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is a cone of E. Moreover, by (2.9), we have for all u € Q,
u(t) > t?|ul|, VteJ (2.10)

A function u is said to be a solution of BVP (1.1) if u satisfies (1.1). In
addition, if u(t) > 0 for ¢t € (0,1), then u is said to be a positive solution
of BVP (1.1). Obviously, if u € @ \ {0} is a solution of BVP (1.1), then u
is a positive solution of BVP (1.1), where 6 denotes the zero element of the
Banach space E.

3. MAIN RESULTS

For convenience, we list the following assumptions.

(H1) f € C[(0,1) x (0,+00),RT] and for every pair of positive numbers
R and r with R > r > 0,

1
/l—sCY 3£, r(s)ds < 400,
0

where f, p(s) := max{f(s,u): u € [rs? R]} for all s € (0,1).

(H2) For every R > 0, there exists ¢g € C[J,RT] (¢ # 6) such that
f(t,u) > Yr(t) for t € (0,1) and u € (0, R).

(H3) There exists an interval [a,b] C (0,1) such that lirf fls,u)/u =
+0o uniformly with respect to s € [a, b].

We remark that (H2) allows f(¢,u) being singular at ¢ = 0,1, and « = 0.
Assumption (H3) shows that f is superlinear in u. The following theorem
is our main results of this paper.

Theorem 3.1. Assume (H1)-(H3) are satisfied. Then there exist pos-
itive numbers \* and N** with \* < X\** such that BVP (1.1) has at least
two positive solutions for A € (0, \*) and no solution for A > \**.

To overcome difficulties arising from singularity, we first consider the
approximate problem

D ut) + Afalt,u(t) =0, 0<t <1,

u(0)=0, 0<j<n-—1, j+#2, (3.1)
v’ (1) =0,
)

where f,(t,u) =: f(t,max{1,u}), n € N. Define an operator A} on @ by

(Au)(t) = A / G(t, 5) fu(s, u(s)) ds, (3.2)

where G(t, s) is defined by (2.3).
Obviously, u = A)u is the corresponding integral equation of (3.1).
Therefore, u € E is a solution of (3.1) if u € E is a fixed point of A).
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Furthermore, u is a positive solution of (3.1) if u € @ \ {6} is a fixed point
of A).

By (3.2), it is easy to see that A is well defined on @ for each n € N if
the condition (H1) holds. For the sake of proving our main results we first
prove some lemmas.

Lemma 3.2. Under the condition (H1), A} : Q — Q is completely
continuous.

Proof. First, we show that AXQ C Q for each n € N and A > 0. From
Lemma 2.7, it follows that

(Adu)(t) = )\/G(t, s)fn(s,u(s))ds >
0

> tZA/G(T,s)fn(&u(s)) ds = t*(Adu)(1), Vt, 7€ J, uecQqQ.

Therefore, ANQ C Q for each n € N and A > 0.
Next, by standard methods and Ascoli-Arzela theorem one can prove
that A2 : @ — Q is completely continuous. So it is omitted. (]

Lemma 3.3. Suppose the conditions (H1) and (H2) hold. Then for each
r > 0 there exists a positive number A(r) such that
i(45,Qr, Q) =1
for X € (0, A\(r)) and n sufficiently large, where Q, = {u € Q : ||u| < r}.
Proof. For each r > 0 and n > l let
1
. oz 3
A(r) = {2]?04—2 Ja-9 25 ds
0

We assert | A)u|| < ||u|| for each A € (0, \(r)) and u € 9Q,. In fact, using
(2.10) and

-1

1

G(t, s)fm(

1—5)"3 for t,s € J,

one can obtain
1

%) <2 [ gy (1= 9" s, u(s)) ds =

0

- a—2/
0

1
= |lu|]| for XA € (0,A(r)) and u € 0Q),.
Therefore, by Lemma 2.8, we have i(A},Q,,Q) = 1 for A € (0, \(r)). O

)4 3f”( Yds <r =
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Lemma 3.4. Suppose the conditions (H1) and (H2) hold. Then for any
given A € (0, A(r)) there exists ' € (0,7) such that
Z(A27 QT’7 Q) =0
for n sufficiently large, where r and A(r) are the same as in Lemma 3.3.

Proof. Choose a positive number 7’ with

1
/ .
r’ < min {r,)\r{lea}(/G(t, $)r(s) ds},
0

where 1,.(s) is defined as in (H2). Now, we claim that
Adu# pu, Yu € 0Q,, pe (0,1], (3.3)

for n > 1/r'. Suppose, on the contrary, that there exist uy € 9Q,» and
o € (0,1] such that A)ug = poug, namely,

wo(t) > (A ug)(t) = A / Gt 5)f(s,u0(s)) ds, Wt € J.
0

Notice that |ug(s)| < v < r and n > L imply fu(s,uo(s)) > ¥.(s) for
s € (0,1). Therefore,

up(t) > (Aug)(t) > A / G(t, 5)s(s) ds,
0

that is,
1
">
r > ATea}/G(t,s)wr(s) ds,
0
which is in contradiction with the selection of r’. This means that (3.3)
holds. Thus, by Lemma 2.8, we have i(A), Q,.,Q) = 0 for n > % . O

Lemma 3.5. Suppose the condition (H3) holds. Then for every A €
(0, (1)), there exists R > r such that

Z(Ai\w QR? Q) =0
for all n € N, where A(r) is the same as in Lemma 3.3.

Proof. By (H3) we know that there exists R’ > max{r, 1} such that

f(t,u) S [az ()\ min /bg(t73) d3>:|_1 for u> R’ (3.4)

U te(a,b]

Let R:=1+ %. Then for u € dQg, by (2.10) we have u(t) > a?|jul| > R’
as t € [a,b]. Now we show that

Adu # pu for u € 9Qpg and p € (0,1]. (3.5)
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Suppose, on the contrary, that there exist ug € Qg and po € (0,1] such
that Af‘Luo = loug, that is,

wo(t) > (Aug)(t) = A / G(t, 5) fu(s, u0(s)) ds, ¥t € J.

Furthermore,

uo(t) > (Adug)(t) > )\(/bG(t,s) - Lug(s) ds) >

b
> <)\ min /G(t,s)ds)LaQR =R

t€la,b]

fort € [a,b]. That is in contradiction with ||ug|| = R, which means that (3.5)
holds. Therefore, by Lemma 2.8, we have i(4},Qr,Q) =0 forn € N. O

Now we are in a position to prove Theorem 3.1.

Proof of Theorem 3.1. For each r > 0, by Lemmas 3.3-3.5, there exist three
positive numbers A(r),r’, and R with ' < r < R such that

i(A27QT’7Q) =0, Z(Ai\uQraQ) =1, Z(Ai\wQRaQ) =0 (36)

for n sufficiently large. Without loss of generality, suppose (3.6) holds for
n > ng. By virtue of the excision property of the fixed point index, we get

(A2, Q:N\Qm, Q) =1, i(A),Qr\QrQ) =1

for n > ng. Therefore, using the solution property of the fixed point index,
there exist u, € Q, \ @, and v, € Qr \ Q, satisfying ANu,, = u, and
AXv, = v, as n > ng. By the proof of Lemma 3.3, we know that there is
no positive fixed point on 9Q,.. Thus, w, # v,. Moreover, from (2.10) it
follows that

12 < up(t) <r and rt? <wv,(t) <R for t € J. (3.7)

Further, we show that {u,(t)}n>n, are equicontinuous on J. To see
this, we need to prove only that tlir&_ un (t) = 0 uniformly with respect to

n € {ng,no + 1,no + 2,...} and {u,(t)}n>n, are equicontinuous on any
subinterval of (0,1]. We first claim that tlironJr Un(t) = 0 uniformly with

respect to n € {ng,ng +1,n0 +2,... }. B
For arbitrary e > 0, by (H1), there exists 0 > 0 such that

3
/\/ m (1—8)273 fro(s)ds < % (3.8)
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Choose § € (0,) sufficiently small such that

1

)\52 / m (1 — S)a_gfr',r<s> ds < % ! (39)
0

Therefore, by (2.6), (3.8) and (3.9), we know for ¢ € (0,0) and Vn > ng that

() = A / G(t, 5) (5, n(s)) ds <
0
< )\/ 2F(a1_ 5 (1= )2 () dst
0

A / 20 (a — 2) (1—5)* 2 frp(s)ds <

2¢ ¢
<=4 g
3 t3=¢

This implies that 75lir&_ up(t) = 0 uniformly with respect to n € {ng,ng +

1,%0—1—2,...}.
Now we are in a position to show that {u,(¢)},>n, are equicontinuous
on any subinterval [a,b] of (0,1]. Notice that

1
un(t) = )\/G(t,s)fn(s,un(s))ds, vt e (0,1].
0

Thus, for t € [a,b], we have
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<

= A'/th(t,s)fn(s,un(s))ds
0

rl(/’ (a = 1)(a — 2)t(1 — 5)*3 = (@ — 1)(t — 5)*2

frrr(s) ds+

1
+/’ (= 1) (o — 2)t(1 — 5)*3 frzyr(s)ds> <
i

Ma-D@-2) | s
O O/t o (5) ds <

1

- ﬁ /(1 —8)* 3 1 (s) ds < 400,
0

which implies that {u,(¢)},>n, are equicontinuous on [a,b]. Similarly as
above, we can get that {v,(t)}n>n, are equicontinuous on [0, 1].
Then, the Ascoli-Arzela theorem guarantees the existence of u, v €
Q \ {0} and two subsequences {uy,} of {u,} and {v,,} of {v,} such that
lim w,,(t) = u(t) and 41i+1¥1(><> vn, (t) = v(t) both uniformly with respect
i

i— =400
to t € J. Moreover, by (H1), (3.7), and Lebesgue dominated convergence
theorem, we obtain

= /Gts (s,u(s))ds = /Gts (s,v(s))ds, VteJ

with ' < |lu|]| <r < |lv|| < R. On the other hand, similarly to the proof of
Lemma 3.3, it is easy to see |Ju]| < r < ||v]|.

Choose r = 1. From the above we know that there exists A(1) > 0 such
that for each A € (0, A(1)), BVP (1.1) has at least two positive solutions wu)
and vy with 0 < |lux|| <1 < [Jua||. Let

A*:=sup{\ > 0: (1.1) have at least two positive solutions as A € (0, \)}.

So, we get the existence of \* satisfying that BVP (1.1) has multiple positive
solutions as A € (0, \*).

Now we are in a position to prove the existence of \**. As above, we still
choose r = 1 and corresponding (1), R, r’. Here we show that BVP (1.1)
has no positive solution for A sufficiently large.

First suppose A > A*. If BVP (1.1) has a positive solution u for some
A > A", then by the corresponding integral equation

= )\/G(t,s)f(s,u(s)) ds (3.10)
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and a process similar to the proof of Lemmas 3.4 and 3.5 (replacing A in (3.4)
with A\(1)), we obtain 7’ < |lu|]| < R. This together with the condition (H2)
1

and (3.10) guarantees that u(t) > X [ G(¢, s)¢r(s)ds, that is, R > |lu| >
0

1 1
A -max [ G(t, s)Yr(s)ds, which implies A < (max [ G(t, s)Yr(s) ds)flR.
ted ted ;)

Therefore, we have obtained the existence of A**. The proof of Theorem 3.1
is complete. (Il

If f(t,u) is not singular at u = 0, we have the following result, under the
hypothesis

(H4) f € C[(0,1) x [0,+00), RT] is nondecreasing with respect to u and
for every positive number R,

1
/(1 — s)“_:‘fo’R(s) ds < 400,
0

where fo r(s) = max{f(s,u): v e [0,R]} for all s € (0,1).

Theorem 3.6. Assume that the conditions (H2)—(H4) hold. Then there
exist two positive numbers \* and N*** with \* < X*** such that

(i) BVP (1.1) has at least two positive solutions for A € (0, \*);
(i) BVP (1.1) has at least one positive solution for A € (0, \***];
(iii) BVP (1.1) has no solutions for A > X\***.

Proof. Notice that the condition (H4) implies (H1). Therefore, the existence
of A\* can be obtained just as in Theorem 3.1. Now we claim that

A = sup {)\ € RT : (1.1) has at least one positive solution} (3.11)

is required. First, from the proof of Theorem 3.1, we know that \*** < \**.
In the following we prove that (1.1) with A = A\*** has a positive solution
u* € Q.

By (3.11), there exist two sequences {\,} and {u,} C @\ {6} such that
{un} is a positive solution of BVP (1.1) with A = X, and \; < A2 < -+ <
An — A***. Without loss of generality, suppose A, > \*/2 for each n € N.
Similarly to the proof of Lemmas 3.4, 3.5 and Theorem 3.1, we can find
that there exist two positive numbers 7 and R satisfying r < [Ju,| < Ry
for each n € N, and {u,} has a subsequence {u,, } which convergences to a
function u* € Qp, \ Qr, uniformly as t € J. Notice that

1
Un,, () = An, /G(t,s)f(s,unk(s))ds, Vted

0



Multiple Positive Solutions for a Class of Fractional Singular BVPs 129

Letting k — o0, by the condition (H4) and Lebesgue dominated conver-
gence theorem, we get

t) = )\***/G(t,s)f(s,u*(s)) ds, VteJ

This implies that u*(¢) is a positive solution of BVP (1.1) with A = \***.
Now we are in a position to prove that BVP (1.1) has at least one positive
solution uy(t) for each A € (0, \***). Notice that for A € (0, \***),

CDgiut(t) = XL (L u(8) = Af (L ut(2)), e (0,1),
wD0)=0, 0<j<n—1, j#2, (3.12)
(u")"(1) =0.
This implies that u*(¢) is an upper solution of BVP (1.1). On the other
hand, u(t) = 0 is a lower solution for BVP (1.1). Applying [4, p. 244,

Theorem 2.1], one can obtain that BVP (1.1) has at least one positive
solution u(t) € [0,u*(¢)] (t € J) for each A € (0, A**). 0

4. EXAMPLES

Example 4.1. Consider the fractional singular boundary value problem

C NT/2 1 16, 2024 |
D ut—i—/\[(u + u* sin t)]—O, te(0,1),
o+ u(1) t(1—1t) ©.1) (4.1)
u(0) = u/(0) =« (1) = u"'(0) = 0.
Then there exist positive numbers A* and A** with \* < A\** such that BVP

(4.1) has at least two positive solutions for A € (0, A*) and no solution for
A > A

Proof. BVP (4.1) can be regarded as a BVP of the form (1.1), where o = 2,

and )
tu) = —— w6 2 sin?t).
Tt = =5 ( )
We prove that f(¢,u) satisfies the conditions (H1)-(H3). For each pair of
positive numbers R and r with R > r > 0, we know

1 r2)-1/6 2
Frnlt) < —mes ()0 4 ),

Then
1 1

/(1 —)2f, r(t)dt < /L ((rt*)™Y5 + R?) dt < +oc.

0 0 Vi

This means that the condition (H1) is satisfied. To see that (H2) holds, we
notice that for each R > 0, one can choose 9 r(t) 1/6/\/ 1 — t), which
satisfies g # 0 and f(t,u) > ¥g(t) for t € (0, 1) and u € (O R]. Flnally,
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it is easy to see that (H3) is satisfied since we can choose any subinterval
of [a,b] C (0,1) satisfying lirf f(s,u)/u = 400 uniformly with respect to
U—1+00

s € [a,b]. By Theorem 3.1, the conclusion follows. O

Analogously, using Theorem 3.6, we can prove that the following state-
ment holds.

Example 4.2. Consider the fractional singular boundary value problem
DS u(t) = MTY2(1 = t)> (1 + e +u?sint), t € (0,1),
uD(0)=0, 0<j<n—1, j#£2, (4.2)
u”’(1) = 0.

where a € (n — 1,n], n > 4. Then there exist two positive numbers A\* and
A with A* < A*** such that:

(i) BVP (4.2) has at least two positive solutions for A € (0, A*);
(ii) BVP (4.2) has at least one positive solution for A € (0, \***];
(iii) BVP (4.2) has no solution for A > \***.
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