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UNIQUENESS AND EXISTENCE OF POSITIVE SOLUTIONS
FOR SINGULAR FRACTIONAL DIFFERENTIAL EQUATIONS

NEMAT NYAMORADI, TAHEREH BASHIRI,
S. MANSOUR VAEZPOUR, DUMITRU BALEANU

ABSTRACT. In this article, we study the existence of positive solutions for the
singular fractional boundary value problem
k
—Du(t) = Af(t,u(t)) + > Bil%g;(t,u(t)), te (0,1),

i=1

a—6—1
2

D%u(0) =0, Du(l)=aD (Du(®))],_¢

where 1 <a<2,0<¢<1/2,a€[0,00),1<a—-8§<2,0<8; <1, A B,
1 < i < k, are real constant, D¢ is the Riemann-Liouville fractional derivative
of order . By using the Banach’s fixed point theorem and Leray-Schauder’s
alternative, the existence of positive solutions is obtained. At last, an example
is given for illustration.

1. INTRODUCTION

Fractional calculus is the field of mathematical analysis which deals with the
investigation and applications of integrals and derivatives of arbitrary order, the
fractional calculus may be considered an old and yet novel topic.

Recently, fractional differential equations have been of great interest. This is
because of both the intensive development of the theory of fractional calculus itself
and its applications in various sciences, such as physics, mechanics, chemistry, en-
gineering, etc. For example, for fractional initial value problems, the existence and
multiplicity of solutions were discussed in [2] 4l [0 [TT], moreover, fractional deriv-
ative arises from many physical processes,such as a charge transport in amorphous
semiconductors [I8], electrochemistry and material science are also described by
differential equations of fractional order [5 [6] [7} T4, [I5]. Bai and Lii [3] considered
the boundary value problem of fractional order differential equation

DOaJru(t) + f(t7u(t)) =0, te(0,1),
u(0) =u(l) =0,
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where Df, is the standard Riemann-Liouville fractional derivative of order 1 < a <
2 and
f:10,1] x [0,00) — [0, 00) is continuous.

Hussein [9], considered the following nonlinear m-point boundary value problem
of fractional type

Dgva(t) +q(t)f(t,z(t)) =0, ae. onl[0,1],a€ (n—1,n],n>2,
2(0) = 2'(0) = 2"(0) =--- =272 (0) =0, (1) =) &a(n,),
i=1

where 0 < 71 < -+ < 2 < 1,& > 0 with er:f Emi~t < 1, ¢ is a real-valued
continuous function and f is a nonlinear Pettis integrable function.

Motivated by the above works, the purpose of this paper is to discuss the fol-
lowing singular fractional boundary value problem:

k

—Du(t) = Af(t,u(t)) + Y _ Bl g;(t,u(t), te(0,1), W

D*u(0) =0, D’u(l)=aD" = (Du(t))|,_,,

Wherel<a§2,0<£§%,a6(0,oo),1<a—(5<2,0<ﬁi<1,A,Bi,

1 < ¢ <k, are real constant, D® is the Riemann-Liouville fractional derivative of
order .

The rest of this paper is organized as follows. In Section 2, we give some pre-
liminaries. In Sections 3 and 4, we study the existence and uniqueness of solutions
for system by Banach’s fixed point theorem and Leray-Schauder’s alternative,
respectively. At last, in Section 5, an example is also given to illustrate our theory.

2. PRELIMINARIES

In this section, we present notation and some preliminary lemmas that will be
used in the proofs of the main results.

Definition 2.1 ([I6] [I7]). The Riemann-Liouville fractional integral operator of
order a > 0, of function f € L'(RT) is defined as

B0 = gy | (=9 s,

where I'(+) is the Euler gamma function.

Definition 2.2 ([16, [17]). The Riemann-Liouville fractional derivative of order
a > 0 of a continuous function f : (0,00) — R is defined as

D510 = s (31) (¢ — o) ),

where n = [a] + 1.

Lemma 2.3 ([12]). The equality Dy, I, f(t) = f(t) with v > 0 holds for f €
L(0,1).

Lemma 2.4 ([12]). Let o > 0. Then the differential equation

g+u:0
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has a unique solution u(t) = c1t* 1 + ot 2 4+ - f eyt ", €ER, i =1,...,n,
theren — 1 < a < n.

Lemma 2.5 ([12]). Let a > 0. Then the following equality holds for u € L*(0,1),
D¢ u e LY(0,1);

I8 Dgu(t) = ut) + cit® oot 2 4o 4 et
G ER,i=1,...,n, theren — 1< a<n.
Lemma 2.6 ([3]). For A > —1 and oo > 0,
Fiy+1)
F'y—a+1)
Lemma 2.7 ([13]). Suppose that g € L'(0,1) and o, 3 be two constant such that
0<3<1<a, then

DY = e

Dng /0 (t—s)*"g(s)ds = F(I;V(Oé)/é’)/o (t — )2 P 1g(s) ds.

Now, we consider (I.1)). By the substitution u(t) = I°y(t) = D~%y(t), problem
(1.1) is turned into

k
=Dy (t) = Af(t, Iy(t)) + > B gi(t, I°y(t)), te(0,1), o)
i=1 2.1
a—6—1
y(0)=0, y(1)=aD= y(1)],_,.
Lemma 2.8. For any h € C[0,1] N L(0, 1), the unique solution of the boundary
value problem

=D"%y(t) = h(t), te(0,1),

a—6—1

(2.2)
y(0)=0, y(1)=aD = y(t))],_,

8

a—38+1

a—§ —a 5 ]
P —ara g (M el )

taféflr a—0+1
() = ~1°h(t) + )

Proof. By applying Lemma equation (2.2)) is equivalent to the integral equation
y(t) = —I°7Oh(t) — e v 071 — et 072 (2.3)

for some arbitrary constants c1,co € R.
By the boundary condition y(0) = 0, we conclude that co = 0. Then, we have

y(1) = —I‘l*‘sh(l) —c1,
and it follows from lemma (2.6 that

D Fy(t) = =D T I Oh(t) — DT 0!
a—5+1 MNa—10) ams-1
=—1 = h(t t 2
() 1F(a—g+1)
Therefore,
azsms SE-9)E (@ —0) s
D 2 y(t) = / — h(s)ds — c1 —— t 2
t=¢ o T(*=5H) r(e=gH)
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So, by the boundary condition y(1) = aDafgfly(t))}tzg, we obtain that
T a—>90+1 1 1— a—6—1
c] = 5 =) — [—/ %h(s)ds
(e=gt) —al(a— 6)¢" = o T(a—=9)
CE-9T
+a/ > h(s)ds|.
o TD(e=gth) (#) }

Therefore, the unique solution of equation (2.2)) is

B tafziflr(a—é-l-l) 1 (1 _ S)a_é_l
t) = —I7Oh(t 2 h(s)d
v O+ D(2=84L) —al(a — 6)¢“ % {/0 Tla—g) %
G
,a/o Wh(s)ds].
The proof is complete. ([

Thus, the solution of the problem (L.1)) can be written as
u(t) = Iy()

ta—6—1r a—0+1
= I°[ = 17h(t) + (=)

T=ET = (127%n(1) = al*F n(e) )|

F(a—§+1) s ., %Hl
rw;ﬁw—ama—am“ilO M - arF400)

t 5-1
(t—s)"" a6
) /0 re) o

= —I*h(t) +

(=g
a—6—1

(2=t — al (o — 6)¢*2
a—1 1
X {?(6)/0 (1- V)‘S*ll/a*‘s*ldl/},

where we have used the substitution s = tv in the integral of the last term. Using
the relation for the Beta function B(-, ),

B@m»=éurﬂwwm“wu=

— _I°h(t) + (172 h(1) = al = 0(0))

I'(a)l'(8)
F(a+pB)’
one has

oI (o — &) (25 s a1
—(1°7Oh(1) — a7 R(€)).
() (F(Q—T“l) —al(a — §)e*5+ ) ( )

u(t) = —I°h(t) +

(2.4)
The solution of the original nonlinear problem can be obtained by replacing
h with the right hand side of the fractional equation of in .
The basic space used in this paper is the real Banach space C = C([0, 1], R) of all
continuous functions from [0, 1] — R endowed with the norm [|u| = sup;¢ 1) [u(?)]-
In relation to problem , we define an operator 7 : C — C as

t— s)a_1 — s)atBi—l

t k t
(Tu)(®) :—A/O (F@f(s,u(s))ds—ZBi/o wgi(s,u(s))ds
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1 _s a—6—1
+t”‘_1AO{A/O umy)_(s)f(s,u(s))ds

_ G\a—d+pi—1
+ZB/ Mgi(s,u(s))ds

aA/ = 5+1 f(s,u(s))ds

(£ —5)" =L+
—GZB / wg-(au(s))ds},
where
P(o— )T (=)
P(a) (254 — al'(a — 6)6 =)

It is clear that the existence of a positive solution for the system (1.1]) is equivalent
to the existence of a nontrivial fixed point of 7 on C.
For convenience of the reader, we set

Ag =

a—35+1
2

¢ a- S
8= eion) {“‘” [m [Aolt 1<r(a —15 T " “T(e= ¢ 1)”

o 1
+ZIBI[ WH)HAO# 1(%_5%“) (2.5)

el 18
Jrar(cfg”1 + i + 1))}}'

3. EXISTENCE RESULTS VIA BANACH’S FIXED POINT THEOREM

In this section, by using Banach’s fixed point theorem, we will establish find a
unique solution of problem (1.1)). Now, we state our results.

Theorem 3.1. Assume that f,g; : [0,1] x R — R,i = 1,...,k, are continuous
functions satisfying the condition
(A1) [f(t,u) = f(t,0)] < Lifu — v, |gi(t,u) — gi(t,v)| < Livilu — v, fori =
Lk, te[0,1], Ly >0,(i=1,...,k+1), u,v €R.
Then the boundary-value problem (L.1) has a unique solution if L < %, where
L=max{L;:i=1,...,k+ 1} and A is given by (2.5).

Proof. Assume that M = max{M; :i=1,...,k+ 1}, where M; are ﬁnite numbers
given by sup,co.1) |f(¢,0)] = M1, supyepo 1) |gz(t 0)] = Mit1. 2y,
we show that TB C B,, where B, = {u € C : |Ju|| < r}. Using that |f(s,u(s))] <
|f(s,u(s)) = f(5,0)[ +|f(5,0)] < Lar + M, |gi(s,u(s))| < |gi(s,u(s)) — gi(s,0)| +
lg:(5,0)| < Ljy1r + My1,i=1,...,k, for u € B,, and (2.5) we can show that

(Twl

a—46+1
to 1 f 2
< (Lr+ M) sup 4 |A]|=—— +|Aq[t""
< (Lr+ )t;ﬁﬁ]“ ‘{F(a—kl)—’—' o (r(a—5+1)+ar(a*§+1+1) }
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k

tat+Bi 1
+ > |B; [7+ A t“’l(
;‘ |F(a+ﬁi+1) ol Tla—d0+p6i+1)
a=tt+l 4 g,
+a § 2

re=tt + 5, + 1))”
< (Lr+ M)A <,
which implies that 7 B, C B,.. Now, for u,v € C we obtain

7w — Tl |

<t2%p1] 4] / t‘s £(s,u(s)) — £(s,v(s))|ds
+Z|B [ (o) - s v
+ 1ol / HQ;)llf(s,U(S))—f(s,v(S))lds
N G
+l4la [ 5 %ms,u(s» ~ f(s,0(5))lds

=2=148,—1

+aZ|B| [ ey 95 ) o (eI}

t* 1

EJDE-2014/77?

<L su Al ———— + |Ap|t> ! +a
te[opl]{| |{F(a—|—1) 4ol (F(a—

1

+Z|B|[ +6 +1) +‘A°|ta71<r(a—5+ﬁi+1)

¢ =2+ 1, i |
+a ﬂ} u—v
It + 5,4+ 1)

= LA|u—7|.

§+1) F(“‘T‘m—kl))}

By the assumption, L < 1/A. Therefore, 7 is a contraction. Thus, by the contrac-
tion mapping principle (Banach’s fixed point theorem) the proof is complete. O

Now we present another variant of existence uniqueness result based on the

Holder inequality.

Theorem 3.2. Suppose that the continuous functions f,g; satisfy the following

conditions:

(A2) [f(t,u(®))=f(t,v(t)] < m(t)lu—v], |g:(t, u(t)) —gs(t, v(t))] < ns(t)|u—v], for
te0,1], u,v € R, m,n; € L7 ([0,1],R"),i=1,...,k, andy € (0,a——2).

(A3) JA[lm)Zy + S0 1Billnil| Zisr < 1, where

2= ﬁ(;:z)w + r(tﬁ'a) Q:L)H
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alAo| ( 1—7v )1—75(17;5“77
F(a—g—i-l) a—g+1 —

1 l—y 177 | Aol 1—~v 1=
Zix1 = +
+ (I‘(aJrﬁi))(aJrﬂi—fy) (I‘(a—5+ﬂi))(a—5+ﬂif )
al Aol 11—~ I=Y amsti g o0
+ (oo (o= ) EEE =1,
r(e=gtl 4 g) \e=gtl 4 g, — oy
and ||l = (fy |u(s)|7 ds)7, o = m,n.

Then, the boundary value problem (1.1) has a unique solution

Proof. For u,v € R and t € [0, 1], by Holder inequality, we have
| 7u—To|

tﬂmsusf’uss
§t§(1)p1{A|/ Fa—ml)luts) ~v(s)d

(t —s)othi=l
+Z|B [ luts) s

a61
+ 140l \A|/

1 _ S a §+8i—1
+Z|B e —Mﬁ) mi(s)lu(s) = o(s)lds

vl [ I o) oo

+aZ|B & _5++; na(s)lu(s) — o)) lds] }

k),

m(s)|u(s) —v(s)|ds

Al (1= 317 oy Billlall 1= N
7t2‘[»(1)r,)1]{ I(a) (0‘—7> ! 7+Z I'(a+ 6) (OZ-F,B@‘_'}’) e

s ‘[IAIIImII ( 17

)1—v+§:( Bl 1=y y

Fla—=d0)\a—d—~ —D(a—6+p5) \a—0+p6—v
alAllm]| 1=y V17 empn

+ a— a— g 2 K
re=get) (o= )

-7
k
|Billlni ( 1-v )1—~ assbi g
+a 2 : V}} u—v
> ey gy a5 05) ¢ e~ o]

< {Allm] [ﬁ(1 —)T F('AO'

o — ozf(S)(ai;jfy)l_’y
alAo| ( -y

1=v a—s41
T a—0+1 a—0+1 ) g 2 ’Y:|
( D) ) ) Y

k 1 .
+ﬂz))<a+5iv—’y) '

+Z|B|||nzu[




8 N. NYAMORADI, T. BASHIRI, S. M. VAEZPOUR, D. BALEANU EJDE-2014/77?

+(F( | Aol ))( 11—y )1_7

a—0+06;) \a=d+08—~
a|A0| 1— Y 1—v a—65+1 48—
+ 2 T Hu—w
(Fra=sm +m)(a_gﬂ ) ¢ | =]
k
= [|Alllml|Zy + Y [Billnill Zisa ][l = o]]-
i=1

By the condition (A3), it follows that 7 is a contraction mapping. Hence, by
the Banach’s fixed point theorem 7 has a unique fixed point which is the unique
solution of the problem (1.1)). Then, the proof is complete. O

4. EXISTENCE RESULT VIA LERAY-SCHAUDER’S ALTERNATIVE

In this section, by using the Leray-schauder’s alternative, we will find at least one
solution to problem (1.1)). The proof of the main result in this section is based on the
Leray-schauder’s alternative [II, 8] that we recall here for the reader’s convenience.

Lemma 4.1. (Nonlinear alternative for single valued maps [I, 8]). Let E be a
Banach space, C' a closed, conver subset of E, U an open subset of C" and 0 € U.
Suppose that F:U — C is a completely continuous operator. Then, either

(i) F has a fized point in U, or
(ii) there is aw € QU (the boundary of U in C) and A € (0,1) with u = A\F(u).

We now state our main result in this section.
Theorem 4.2. Suppose that f,g; : [0,1] x R = R, i = 1,...,k, are continuous
functions. Assume that:
(H1) There exist functions p,p; € L*([0,1],RT), i = 1,...,k, and nondecreasing
functions ¥, ; : Rt — R, i =1,...,k, such that
£t o) <p@)YUlzl), 1g:(t, 2) < pa(t)va(llz]]),

for all (t,z) € [0,1] xR andi=1,... k.
(H2) There exists a constant M > 0 such that

M
> 1
|AJp (M) |Ipll 22 + S5 [ Bil Qs (M) |pil| 2

where
a—06+1
1 1 E =2
Q=——+1A
r(a+1)+‘ Ol(F(a—J—Fl)+a1’*(a—g+1+1))’
and
a—65+1
Q=——"-—-—-+|4 + ,
Matf+D) e raesT “r(a—TWwiﬂ))

it=1,...,k).
Then, the boundary-value problem (1.1)) has at least one solution on [0,1].

Proof. Consider the operator 7 : C — C with
(Tu)(t)
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I D E ™ s u(s))ds
—a [ ZB/ Ry gy % u(s)a

1 _ 5 6—1
+ 1t 4 [A/o (1F(O()_5)f(sau(s))d3

k

1 _s a—6+03;—1
3o / L8 (s u(s)ds

Lla—d+8)
£ — a%“ ”‘—5—14_5,
—aA/O (gl“(j)gﬂ) ds—aZB/ Mgi(s,u(s))ds.

We show that 7 maps bounded sets into bounded sets in C([0, 1], R). for a positive
number 7, let B, = {u € C([0,1],R) : ||u|| < 7} be a bounded set in C([0,1],R).
Then, we have

(Twe)
<1 [ s ds+Z|B [ spuias

—6—1

+ lAolt |4 / T

1_8(1 +6;—1

+ Z Bl [ G el

a—6—1

3 £—5)"2
+lla [ (F(a}l)pwwwnms

aal
> i—1

+aZ|B|/ iy P ]

t* a-1 1 £ =
< |A|w<r>||p||p[r(a+1) +Hadle ™ (5 + ot )

p(s)¢(|lul))ds

+Z|B|¢ )i [ﬂm e ( :
AW (R g 1) 10 T(a—0+ 06 +1)

670% ngl +08i )}
r(e=p+l 4+ 5+ 1)/0
Consequently,

[Tl

1 1 £
< 1RO [y + 40l )

+a

1 1
+Z|B |[9i (1) [|pill e [m + ‘A°|(r(a -0+ 0 +1)

E” §+1+ﬂz‘ >:|
D(e=5H + 6 + 1)

+a
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k
= AR Ipllr @+ > | Bildhi (r)llpal 222,

i=1

let K = |A|Y(r)|pllc© + Zle | B; |th; (7)||ps|| L1, therefore, we conclude that
|7ul| < K. Thus, 7 maps bounded sets into bounded sets in C([0, 1], R).

Next, we show that 7 maps bounded sets into equicontinuous sets of C'([0, 1], R).
Let t1,t5 € [0,1] with ¢; < t2 and u € B,; thus, we have

[(Tw)(t2) = (Tw)(t1)]

Al " a1 _ (¢ — )1 f(s.u(s))|ds
< @/ ((ts — s) (t1— )1 f (s, u(s))|d

i [t 0 el

I'(a)
k t
Agléﬁlgi ! s a+pB;—1 _ _s a+B;—1 (s uls <
+;F(a+ﬁi)/o ((t2 =) (1 =) Igi(s, u(s))ld
k t
| B;| 2 ot Bl
Y, s oo

a—6—1

1) = 0l ] [ U s atslas

k 1 (1— §)a—d+Ai-1

+Z|Bz'\/o mwz‘(sau(s)ﬂds

i=1

—l—a|A/f (€—s)

0 F(a—sz)

; € (e _ gyt 4a
rad 1B [ Sy ool

a—56—-1

| (s, u(s))lds

i=1
Al
< m/ﬂ [(t2 — 9) — (t1 — 5)* Yp(s)y(r)ds

! P|<Aa|) / (t2 = 5)" " pls)u(r)ds
k B, ty o o

+ ; F(O[ +|ﬁi) /O (£ — 8)°HBL — (11 — 5)2H By (s)abs(r)ds
k

| B

B; t2 s
+;r<a+ﬁ->/tl (12 = )" pi()ilr)ds
)aféfl

O e T e e L

1 —s a—06+083;—1
+ Z |Bi\/0 ONOZIMPi(S)lﬂi(T)dS
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a— 25 1 a—6— 1+/8L
—S )
+(Z|A‘/ (x 5+1 d8+aZ|B |/ W (8)1/)1(7")ds

Obviously, the right-hand side of the above inequality tends to zero independently
of u € B, as to —t; — 0. Therefore, 7 : C([0,1],R) — C([0,1],R) is completely
continuous by application of the Arzeld-Ascoli theorem.

Now, we can conclude the result by using the Leray-Schauder’s nonlinear alter-
native theorem. Consider the equations z = A7z for A € (0,1) and assume that
u be a solution. Then, using the computations in proving that 7 is bounded, we
have

lull = IA(Tw)
1 1 B
< Al reele [ + 1ol (g5 * ar(fgﬂ 7))

k 1 1
+ LBl [ Ml (Fa =537 D

ga%‘m-‘rﬁi

re 5 0))

+a

therefore,
[l

<
k —
(AP laDpllLr @ + 32y [BilQadi([[wl) il 1
In view of (H2), there exists M such that ||u|| # M. Let us set

U={xeC(0,1,R): ||z|| < M}.

It is obvious that the operator 7 : U — C([0,1],R) is continuous and completely
continuous. From the choice of U there is no v € 9U such that u = A7 (u) for
some X € (0,1). Therefore, by the Leray-Schauder’s nonlinear alternative theorem
(Lemma , we conclude that 7 has a fixed point « € U which is a solution of
the problem . Thus, the proof is completed. (Il

5. APPLICATION

Example 5.1. Consider the singular boundary value problem

3
~DPult) = Af(tu®) + B ), te O,
=1 .

DY*u(0) =0, DY*u(1) = aDY3(DY4u(t))

Here, A= B; =1, (i = 1,2,3), /31 =1/2, 5o =1/3, B3 =2/3, a =2, f(t,u) =
2=V/T—t(1+u), gi(t,u) = 2 tan™" u + cos(e’). With the given data, we obtain:
(o — 6)I(2=5+H
Ag = O ) g6,
r(a) (P(2=44) - al(a — 6)¢ =)

’t:1/2

a—6+1
te 1 £
A= s Al ———— A ta—l
t?[fﬁ]{l ‘[F(a—kl) + 4ol (I‘(a—5+1) +ar(afT5+1+1) }
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tat+Bi 1

k
Y —_— a—1
+;|BZ|[F(a+@-+1) + [ Aolt <F(a—6+ﬁi+1)

a—38+1 »
T ar(a_’sgﬂz ++ﬁi ; 1))}} — 8.9046,

and Ly =9/125, Ly = Ly = Ly = 3/29 as | f(t,u) — f(t,v)| < 1oz |u— v, |gi(t, u) —
gi(t,v)] < 35Ju —v|. Obviously, L = max{L; : i = 1,...,4} = 3/29 and L < .
Hence, all the assumptions of Theorem are satisfied. Thus, by the conclusion
of Theorem problem has a unique solution.
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