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Existence of a unique positive solution for a singular
fractional boundary value problem

E. T. KARIMOV and K. SADARANGANI

ABSTRACT. In the present work, we discuss the existence of a unique positive solution of a boundary value
problem for a nonlinear fractional order equation with singularity. Precisely, order of equation Dg, u(t) =
f(t,u(t)) belongs to (3, 4] and f has a singularity at t = 0 and as a boundary conditions we use «(0) = u(1) =
u/(0) = w/(1) = 0. Using a fixed point theorem, we prove the existence of unique positive solution of the
considered problem.

1. INTRODUCTION

In this paper, we study the existence and uniqueness of positive solution for the follo-
wing singular fractional boundary value problem

Dy u(t) = f(t,u(t), 0<t<1
{u(O) =u(l) =4/'(0) =d'(1) =0,

where « € (3,4], and D§, denotes the Riemann-Liouville fractional derivative. Moreo-
ver, f: (0,1] x [0,00) — [0, 00) with tli%1+ f(t,—) = oo (i.e. fissingular att = 0).
—

(1.1)

Similar problem was investigated in [2], in case when a € (1,2] and with boundary
conditions u(0) = u(1) = 0. We note as well work [3], where the following problem

D*u+ f(t,u,u',D'u) =0, 0<t <1
u(0) = u'(0) = /(1) =0,

was under consideration. Here o € (2,3), 1 € (0, 1) and function f(¢, z,y, 2) is singular at
the value of 0 of its arguments z, y, z.

We would like notice some related recent works [1, 5, 7], which consider higher order
fractional nonlinear equations for the subject of the existence of positive solutions.

2. PRELIMINARIES
We need the following lemma, which appear in [6].
Lemma 2.1. (Lemma 2.3 of [6]) Given h € C[0,1] and 3 < « < 4, a unique solution of
Dg,u(t) =h(t), 0<t <1
{U(O) =u(1) =/(0) = /(1) =0,
is

u(t)/o G(t, s)h(s)ds,
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where
(t _ S)a—l + (1 _ s)a—2ta—2 [(S _ t) + (a — 2)(1 — t)S] 0<s<t<l
- I(a) ’ B
Gt s) = (1—38)272t2[(s —t) + (a — 2)(1 — t)8] 0<t<s<l1

I'(a) ’
Lemma 2.2. (Lemma 2.4 of [6]) The function G(t, s) appearing in Lemma 2.1 satisfies:
(@) G(t,s) > 0fort,s € (0,1);
(b) G(t,s) is continuous on [0, 1] x [0, 1].

For our study, we need a fixed point theorem. This theorem uses the following class of
functions §.

By § we denote the class of functions ¢ : (0,00) — R satisfying the following conditi-
ons:

(a) ¢ is strictly increasing;
(b) For each sequence (t,,) C (0, 00)

lim t, =0 & lim @(t,) = —o0;
n— 00

n—oo

(c) There exists k € (0, 1) such that h%l+ tFo(t) = 0.
t—

Examples of functions belonging to § are ¢(t) = —%, o(t) = Int, o(t) = Int + ¢,

o(t) =In(t? + ).
The result about fixed point which we use is the following and it appears in [4]:

Theorem 2.1. Let (X, d) be a complete metric space and T : X — X a mapping such that there
exist 7 > 0and ¢ € § satisfying for any x,y € X with d(Tx,Ty) > 0,

T+ ¢ (d(Tz, Ty)) < p(d(z,y))-

Then T has a unique fixed point.

3. MAIN RESULT

Our starting point of this section is the following lemma.

Lemma 3.3. Let 0 < 0 < 1,3 < a < 4and F : (0,1] — R is continuous function with

lim+ F(t) = oo. Suppose that t° F(t) is a continuous function on [0,1]. Then the function
t—0

defined by

1
H(t)= / G(t,s)F(s)ds
0
is continuous on [0, 1], where G(t, s) is the Green function appearing in Lemma 2.1.

Proof. We consider three cases:

e Casel:tg =0.
It is clear that H(0) = 0. Since t?F'(¢) is continuous on [0, 1], we can find a
constant M > 0 such that

[tF(t)] < M forany te [0,1].
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Moreover, we have

[H(t)—H(0)| = [H(t)| =

1 1

/ G(t,s)F(s)ds / G(t,s)s s F(s)ds
0 0

/t (= )" + (1= 5)* 1[5 — 1) + (a — 2)(1 — 1)s]
0

s7987F(s)ds

I'(«)
. /tl (1- s)a—Qt“—Q[(sF—(g)+ (@ =2 =08 o 0 p(g)as
I I ) Sl ) el C B [ R ) Py
_ / o) F(s)d

t _ a—1
—|—/ ws‘”s“F(s)ds
0 F

(a)
M2 ! a2 Y
Sf(a)/o (1= 9)*2(s — 1) + (@ — 2)(1 — t)s|s~"ds

M t —5)* ts7ds —M(a_l)ta_z 1 —5)* 257 %s
iy J, (-9 < FEE [T ot

M1t syl
2 (1= f) —9ds.
T T /O (1-7) s

Considering definition of Euler’s beta-function, we derive

M (o — 1)t=2 Mte—°

B(l—o,a—-1)+ WB(l —o,q).

From this we deduce that |H (t) — H(0)| — 0 when ¢t — 0.
This proves that H is continuous at ¢y = 0.
e Case2: ¢y € (0,1).
We take t,, — o and we have to prove that H(t,) — H(ty). Without loss of
generality, we consider ¢,, > ty. Then, we have

|H (tn) — H(to)| =
/ Tt = 9) T (L= 8) PR (s — t) + (@ — 2)(1— tn)s]
0

s 787 F(s)ds

')

N /t: (1— )2 24272[(s —Ft(:;))-i- (a—2)(1 —tn)s] =757 F(s)ds

- /Otf’ (to—s)* 1+ (1 — s)”‘2t8‘F(20E§8 —to) + (o — 2)(1 — to)s] 5757 F(s)ds
B / (1— )25 2((s - z(f;))+ (@ =2)(A = 10)s] o o 1o 5)45

/1 (1 o s)a72t%*2[(s _ tn) + (O[ — 2)(1 - tn)s] S—USUF(s)dS
0

I(a)
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tn _ a1
+/ 7@" ) s 787 F(s)ds
0

N
) /01 (1— s)*268=2[(s —PEZ))+ (@ =2) A =10)s] s o g4
_ /Oto (to 1:(2))&1 5757 F(s)ds
_ /01 (1— )2 (122 — tg‘Q)F[((Z) tn) + (@ —2)(1 —ty)s] 557 F(s)ds
. / (1—5)°"2572 [(s — ta) + (0 — 2)(;(; )ms —ls—to) +(@=DA—to)sl] o o p a4
. / [(tn — s)ﬂlr(a)@o = 9" oy Fs)s + / (tlj(a))F()d
< W(a ~1) /01(1 —5)* 257 ds + AI{E‘Z;Q /01(1 = 8)* 2 |tn —tol(r = 1)s™7ds
+ % /Oto |(tn — )71 = (to — 5)* 7] s*adsrj(‘i) /tt (tn — )" 1s™7ds
< % (te=2 157 (@ = 1)B(1 — 0,0 — 1) + W(a —DB(l-o,a—1)
+ %Lﬁ + %IZ,
where t
e A L A

In the sequel, we will prove that I} — 0 when n — cc. In fact, as
[(tn — 8)* 7 — (tg — s)"_l] 577 < [|tn — 8|7 — o — s|a_1] 577 <2577
and fol 257 7ds = 12 < oc. By Lebesque’s dominated convergence theorem I} —
0 when n — oo.
Now, we will prove that I ,QL — 0 when n — oo. In fact, since

t t
n n 1
12 — t — a—1 —94 </ —0ds = tl—a _tlfa
n /to ( n S) S s> t s S 1—0o ( n 0 )

and as t,, — tg, we obtain the desired result.
Finally, taking into account above obtained estimates, we infer that |H (¢,,) —
H(tp)| — 0 when n — occ.
o Case3:ty = 1.
It is clear that H(1) = 0 and following the same argument that in Case No 1,
we can prove that continuity of H at g = 1.
]

Lemma 3.4. Suppose that 0 < o < 1. Then there exists

0<t<1

1
N = max/ G(t,s)s™ %ds.
0
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Proof. Considering representation of the function G(t, s) and evaluations of Lemma 3.3,
we derive

1
/ G(t,s)s %ds =
0

Taking

[t* Bl —0,a) —t* "' (B(1—0,a — 1)

,1

( )
+(a@=2)B2-0,a—1)+ (a = 1)t* ?B2 - 0,0 —1)].

T Bl-0,a-1); B2-0a-1)= -2
o — 0 o — 0

B(l—o0,a) =

into account we infer
1
B(1 - -1 -1 —2)(1 —
/ G(t,S)S_UdS — ( g, ) {O& ta—o _ <1 + (a )( U)) ta—l
0

I'(«) a—o a—o
(=11 -09) 4 2}
a—o
Denoting L(t fo (t,s)s~?ds, from the last equality one can easily derive that L(0) =
0, L(1) = 0. Slnce G(t,s) > 0, then L(t) > 0 and as L(t) is continuous on [0, 1], it has a
maximum. g

Theorem 3.2. Let 0 < 0 < 1,3 < o < 4, f: (0,1] x [0,00) — [0,00) be continuous and
lim+ f(t,-) = oo, t7 f(t,y) be continuous function on [0, 1] x [0,00). Assume that there exist
t—0

constants 0 < X\ < <, and T > 0 such that for z,y € [0, 00) and t € [0, 1]
Alz —y|
5
(1 + 71/ |z — y\)
Then Problem (1.1) has a unique non-negative solution.

Proof. Consider the cone P = {u € C[0,1] : uw > 0}. Notice that P is a closed subset of
(0, 1] and therefore, (P, d) is a complete metric space where

d(z,y) =sup{|z(t) —y(t)|: t €[0,1]} for z,yeP.
Now, for u € P we define the operator T" by

t):/o G(t,s)f(s,u(s))ds:/o G(t,s)s™7s7 f(s,u(s))ds

In virtue of Lemma 3.3, for u € P, Tu € C[0,1] and, since G(¢,s) and t? f(¢t,y) are
non-negative functions, 7w > 0 for v € P. Therefore, T applies P into itself.

Next, we check that assumptions of Theorem 2.1 are satisfied. In fact, for u,v € P with
d(Tu,Tv) > 0, we have

t1f(tx) = f(ty)] <

Tu, Tv) = T Tv)(t)| =
d(Tw, Tv) félm”f'( u)(t) — (To)(t)| = Jnax

/ G(t, 5)5~°5° (f(s,u(s)) — F(s,0(s))) ds

< max / G(t,$)s77s% | f(s,u(s))—f(s,v(s))| ds

tel0,1] Jo

! _ 1
< max [ G(t,s)s™7 Auls)—v(s)] 5ds < maX/ G(t,s)s™° Ad(u, v) 5ds
t€f0,1] J (H—T |u(s)—v(s)|) t€[0.1] Jo (1+T\/m)

Ad(u,v) / G(t. 5) _ Ad(u,v) N < d(u,v)

- (1+m/d(u,v))2 B (1+T\/d(uw)>2

(1+T duv 2 tefo.1]

b
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where we have used that A < + and the non-decreasing character of the function 3(t) =

t
5. Therefore,

(1 + T\/f)
d(u,v)

(1 —|—T\/d(u,v))2.

d(Tu, Tv) <

This gives us

v d(Tu, Tv) < —r——F——— d(u, v) or T — ! < — 1
1 + 7/d(u,v) d(Tu,Tv) d(u,v)

and the contractivity condition of the Theorem 2.1 is satisfied with the function ¢(¢) =
- % which belongs to the class §.

Consequently, by Theorem 2.1, the operator 7' has a unique fixed point in P. This
means that Problem (1.1)) has a unique non-negative solution in C[0, 1]. This finishes the
proof. O

An interesting question from a practical point of view is that the solution of Problem (1.1)
is positive. A sufficient condition for that solution is positive, appears in the following re-
sult:

Theorem 3.3. Under assumptions of Theorem 3.2, if the function t° f(t,y) is non-decreasing
respect to the variable y, then the solution of Problem (1.1) given by Theorem 3.2 is positive.

Proof. In contrary case, we find t* € (0,1) such that u(¢*)=0. Since u(t) is a fixed point of
the operator 1" (see Theorem 3.2) this means that

1
:/ G(t,s)f(s,u(s))ds for 0<t<1.
0

Particularly,

1
0=u(t") = / G(t*, 8)f(s,u(s))ds.

0
Since that G and f are non-negative functions, we infer that

G(t",8)f(s,u(s)) =0 a.e.(s)
On the other hand, as tl_i}r(g f(t,0) = oo for given M > 0 there exists § > 0 such that for
€ (0,9) f(s,0) > M. Since t” f (¢, y) is increasing and u(t) > 0,
s7f(s,u(s)) > s7f(s,0) > s°M for se€(0,9)

and, therefore, f(s,u(s)) > M for s € (0,9) and f(s,u(s)) # 0 a.e. (s). But this is a con-
tradiction since G(t*, s) is a function of rational type in the variable s and, consequently,
G(t*,s) # 0 a.e. (s). Therefore, u(t) > 0 fort € (0, 1). O

In the sequel, we present an example illustrating our results.

Example 3.1. Consider the following singular fractional boundary value problem

u(t) = ——20

(3.2) VE(1+5/ult))

u(0) = u(1) = u'(0) = /(1) =0,

5, 0<t<1

where A > 0.
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Notice that Problem(3.2) is a particular case of Problem (1.1) with &« = 7/2, and f(¢,u) =
Au(t)

2
ViE(1+5/ult))
It is clear that f: (0,1] x [0,00) — [0,00) is continuous and for ¢ = 1/2, 7 f(t,u) =

Vif(t,u) = /\u—(t)2 is a continuous function on [0, 1] x [0, c0).
(145/u(D)
On the other hand, for ¢ € [0, 1] and without loss of generality, for z,y € [0, 00) withz >y,
we have

Y

Vi f(t @) = f(ty)l = X (1+5\F (1+5f)

/\< x >< y 2)
(1+5\/5) 1+5\f 1+5\F) (1+5\/5)

Az — < Mz —y)
(1+5f) 1+5yz—y)°
where we have used the nondecreasing character of the function ¢: [0, 00) — [0, c0) defi-

u
ned by p(u) = —— (since ¢’(u) > 0) and the fact that > y.
Y (1+5va)°

In our case,

1
N = max/ G(t,s)s Y%ds =
0<t<1 J,

_ B(1/2,5/2) {5 3 950, O 3/2} _ VT {5 3 952, 0 3/2}
B B N o) B F A LA L B i P L T X

1
= max f{ — 82 4 tS/Q} < max \f{ t3/2} < ? < 0.45.

0<t<1 4 12 0<t<1 12
Therefore,
~ 1 1
22=— < —
0.45 — N’

Now, by using Theorem 3.2, if A < 2.2 then Problem(3.2) has a unique nonnegative solu-

tion. Moreover, since vVt f(t,u) = is nondecreasing respect to the variable «,
(1 + 5\f )

Theorem 3.3 says us that the solution is positive.

Notice that Example 3.1 cannot be treated by the Banach’s contraction principle since,
in this case, the operator T is defined on the cone P as

t) = /0 AG(t, 5) u(s) _ds for te0,1]

V(L + 5 /u(9))
and, for \ < 2.2 we have
d(u,v)

(14 5+4/d(u,v)

d(Tu,Tv) < for u,v € P
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and consequently,
d(Tu, Tv) < 1
d(u,v) = (14 5y/d(u,v))*’
Therefore, when d(u,v) — 0 (for example, por u € P fixed and v = u + % € P, neN),
d(Tu, Tv)

d(u,v)
d(Tu, Tv)

d(u,v)
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for u,v € P with u # v.

— 1, and, this proves that the Banach’s contraction principle cannot be applied

since is not bounded by a constant less than one.

REFERENCES

[1] Bai, Z. and Sun, W. Existence and multiplicity of positive solutions for singular fractional boundary problems,
Comput. Math. Appl., 63 (2012), No. 9, 1369-1381

[2] Caballero, J., Harjani, J. and Sadarangani, K. Positive solutions for a class of singular fractional boundary value
problems, Comput. Math. Appl., 62 (2011), No. 3, 1325-1332

[3] Stanék, S., The existence of positive solutions of singular fractional boundary value problems, Comput. Math. Appl.,
62 (2011), No. 3, 1379-1388

[4] Wardowski, D., Fixed points of a new type of contractive mappings in complete metric spaces, Fixed Point Theory
Appl., (2012), 2012:94, 6 pp.

[5] Xu, J., Wei, Z. and Dong, W. Uniqueness of positive solutions for a class of fractional boundary value problems,
Appl. Math. Lett., 25 (2012), No. 3, 590-593

[6] Xu, X,, Jiang, D. and Yuan, C. Multiple positive solutions for the boundary value problem of a nonlinear fractional
differential equation, Nonl. Anal., 71 (2009), No. 10, 46764688

[7]1 Zhang, S., Positive solutions to singular boundary value problem for nonlinear fractional differential equation, Com-
put. Math. Appl., 59 (2010), No. 3, 1300-1309

DEPARTMENT OF DIFFERENTIAL EQUATIONS AND DEPARTMENT OF MATHEMATICS
INSTITUTE OF MATHEMATICS

UZBEKISTAN ACADEMY OF SCIENCES AND UNIVERSITY OF LAS PALMAS DE GRAN CANARIA
TASHKENT 100125, UZBEKISTAN AND CAMPUS DE TAFIRA BAJA

35017 LAS PALMAS DE GRAN CANARIA, SPAIN

E-mail address: erkinjon@gmail.com

E-mail address: ksadaran@dma.ulpgc.es



