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Abstract

In this article, we study the existence of iterative positive solutions for a class of
singular nonlinear fractional differential equations with Riemann-Stieltjes integral
boundary conditions, where the nonlinear term may be singular both for time and
space variables. By using the properties of the Green function and the fixed point
theorem of mixed monotone operators in cones we obtain some results on the
existence and uniqueness of positive solutions. We also construct successively some
sequences for approximating the unique solution. Our results include the multipoint
boundary problems and integral boundary problems as special cases, and we also
extend and improve many known results including singular and non-singular cases.
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1 Introduction
Fractional differential equations have attracted more and more attention in recent
decades, which is partly due to their numerous applications in many branches of science
and engineering including fluid flow, rheology, diffusive transport akin to diffusion, elec-
trical networks, probability, etc. We refer the reader to [1-9] and the references therein. On
the other hand, boundary value problems with integral boundary conditions for ordinary
differential equations arise often in many fields of applied mathematics and physics such
as heat conduction, chemical engineering, underground water flow, thermo-elasticity, and
plasma physics. The existence and uniqueness of positive solutions for such problems have
become an important area of investigation in recent years.

In this article, we consider the existence and uniqueness of the iterative positive solu-

tions for the following class of singular fractional differential equations:

D§.x(t) + p()f (t,x(8), x(t)) + q(t)g(t, x(2)) =0, O0<t<l,
x(0) =x/(0) = - - - =x"2(0) = 0, (L1)
x(1) = [ k(s)x(s) dA(s),
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wheren-1<a<nm,n>2,neN, p,q:(0,1) = [0,00) are continuous, and p(¢), g(t) are
allowed to be singularat £ =0 or¢=1, f:(0,1) x (0,00) x (0,00) — [0,00) is continuous,
and f(t, u,v) may be singular at £ = 0,1 and u =v = 0; g: (0,1) x (0,00) — [0, 0) is con-
tinuous, and g(¢, v) may be singular at £ = 0,1 and v = 0; k : (0,1) — [0, 00) is continuous
with k € L1(0,1), and fol k(s)x(s) dA(s) denotes the Riemann-Stieltjes integral with a signed
measure, in which A : [0,1] — R is a function of bounded variation.

There are various results related to the positive solutions of a nonlinear fractional dif-
ferential equation with integral boundary value conditions. The number and variety of the
methods for dealing with the above solutions has been constantly increasing, such as cone
expansion and compression fixed point theorem [1, 10], the monotone iteration method
[11-14], the properties of the Green function, and the fixed point index theory [15]. For
example, by cone expansion and compression fixed point theorem Cabada and Hamdi [1]
studied the existence of positive solutions of the following nonlinear fractional differential
equation with integral boundary value conditions:

D§. x(t) + f(t,x(t)) =0, 0<t<],
x(0) =x'(0) =0, x(1) = kf()l x(s) ds,

where 2 < <3, 0 <A, A #, D, is the Riemann-Liouville fractional derivative, and f :
[0,1] x [0,00) — [0, 20) is a continuous function.

In [13], by means of the monotone iteration method, Sun and Zhao investigated the ex-
istence of positive solutions for the following fractional differential equation with integral

boundary conditions:

D x(t) + q(t)f (£,%() =0, 0<t<l,
X(O) = x’(O) =0, x(l) = folg(s)x(s) ds,

where 2 <o < 3, D§, is the standard Riemann-Liouville derivative of order «, f : [0,1] x
[0,00) — [0,00) is continuous, and g,¢ : (0,1) — [0,00) are also continuous with g,q €
LY(0,1).

Zhang et al. [15], by using the properties of the Green function and the fixed point index
theory, considered the existence of a positive solution of the following nonlinear fractional
differential equation with integral boundary conditions:

D x(t) + h(t)f (t,x(¢)) =0, 0<t<],
%x(0) = x'(0) = x"(0) = 0, x(1) = Afon x(s) ds,

where3 <o <4,0<n<1,0< % <1, D§. is the Riemann-Liouville fractional derivative,
h:(0,1) — [0,00) is continuous with /# € L1(0,1), and f : [0,1] x [0, 00) — [0, 00) is also
continuous.

Based on a method originally due to Zhai and Hao [16], Jleli and Samet [17] presented
the existence and uniqueness criteria for positive solutions to the following nonlinear ar-
bitrary order fractional differential equation:

D% x(t) +f(t,x(t), () + g(t,x(£)) =0, te(0,1),
x90)=0, i=0,1,2,...,n-2,
[Df.x(t)]z1=0, 2<B<n-2,



Liu et al. Advances in Difference Equations (2016) 2016:154 Page 3 of 13

wheren—-1<a <n,n>3,neN,and f:[0,1] x [0,00) x [0,00) — [0,00) and g : [0,1] x
[0,00) — [0, 00) are given continuous functions.

Recently, by cone expansion fixed point theorem, Li et al. [10], obtained the positive
solutions of the following class of singular fractional differential equations:

D.x(t) + p(t)f (&, x(t)) + q(H)g(t,x(£)) =0, 0<t<l,
#(0) =¥(0) = -+ =a"2)(0) =0,
x(1) = fol k(s)x(s) dA(s),

wheren—1<a<mn>2,neN,p,q:(0,1) — [0,00) are continuous with p,q € L1(0,1)
and are allowed to be singular at t =0 or £ =1, f,g: [0,1] x (0,00) — [0,00) are con-
tinuous, and f (¢, u), g(t, u) may be singular at u = 0; k: (0,1) — [0, 00) is continuous with
k € L1(0,1),and fol k(s)x(s) dA(s) denotes the Riemann-Stieltjes integral with a signed mea-
sure, in which A : [0,1] — R is a function of bounded variation. In that paper, they needed
the following two conditions to prove the operator to be completely continuous:

(a) p,g:(0,1) — [0, 00) are continuous, p(t) # 0, g(¢t) #£ 0, ¢t € [0,1], and

1 1
[ sopeas<oo [ o6awds<on
0 0
(b) f,g:10,1] x (0,00) — [0, 00) are continuous, and for any 0 < r < R < 00,

lim sup /H( )(p(s)f(s, u(s)) + q(s)g(s,u(s))) ds=0,

m—>00 wekp\K,

where
.1 m-1 ~ gals)
H(M)_[O,Z}U[T,l]’ ¢(S)_¢0(S)+1—M’
_T(s) sl —s)* ! ~ s
%(S)_W, T(s) = m,

1 1
M= / k() dA2) < 1, 2a(s) = f Go(t, 9)k(t) dA(t),
0 0

1
GO(trS) =5y

t1-s)*'-(t-s)*", 0<s<t<],
')

(¢ =)L, 0<t<s<l

Then, by using cone expansion fixed point theorem they obtain the existence of positive
solutions.

However, up to now, the singular fractional differential equations with Riemann-Stieltjes
integral conditions have seldom been considered by using fixed point theorem. In partic-
ular, we consider that f(¢, 4, v) has singularity at £ = 0 or 1 and v = 0, g(¢, v) has singularity
at t =0 or 1 and v = 0. In this article, we apply the fixed point theorem of mixed mono-
tone operators to get the existence and uniqueness of the iterative solutions for singular
fractional differential equations (1.1) without using the above condition (b).

Obviously, what we discuss is different from those in [1, 10, 13, 15, 17-20]. Comparing
with the results in [10], we are based on a new method dealing with problem (1.1). More-
over, f(t,u,v) not only has three variables, but also is singular both for time and space
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variables. Comparing with the results in [13, 15, 17], we do not need f(¢,u,v) to be con-
tinuous at £ = 0 or 1 and at # = v = 0. The main new features presented in this article are
as follows. Firstly, the boundary value problem has a more general form in which p(¢),
q(t) are allowed to be singular at ¢ = 0,1 and f may be singular for time and space vari-
ables, that is, f(¢,u,v) and g(t,v) may be singular at £ = 0 or 1 and v = 0. Secondly, by
using the fixed point theorem of mixed monotone operators, we obtain a unique positive
solution of the boundary value problem (1.1), and we also construct successively some se-
quences for approximating the unique positive solution. Thirdly, let fol x(s) dA(s) denote
the Riemann-Stieltjes integral, where A is a function of bounded variation, and dA may
be a signed measure. As applications, the multipoint problems and integral problems are
particular cases. In this paper, we also extend and improve many known results including
singular and nonsingular cases.

The rest of the paper is organized as follows. In Section 2, we present some preliminaries
and lemmas that are to be used to prove our main results. In Section 3, we discuss the
existence and uniqueness positive solution of the BVP (1.1) and also construct successively
some sequences for approximating the unique positive solution. In Section 4, we give an
example to demonstrate the application of our theoretical results.

2 Preliminaries and lemmas
In this section, we present some definitions, lemmas, and basic results that will be used in
the article. For convenience of readers, we refer to [6, 8, 21, 22] for details.

Let (E, || - ||) be a Banach space. We denote the zero element of E by 6. Recall that a
nonempty closed convex set P C E is a cone if it satisfies (1) x e P, A > 0= Ax € P; (2) x €
P, —x € P = x = 0. In this paper, suppose that (E, || - ||) is a Banach space partially ordered
by a cone P C E, thatis, x <yifand only if y —x € P.

For x1,x, € E, the set [x1,%,] = {x € E | x1 <x < x,} is called the order interval between
x1 and x,. For x,y € E, the notation x ~ y means that there exist A > 0 and © > 0 such
that Ax <y < ux. Clearly, ~ is an equivalence relation. Given % > 0, we denote by P, the
set P, = {x € P | x ~ h}. It is easy to see that P, C P is a component of P. A cone P is
called normal if there exists a constant N > 0 such that for all x,y € E, 6 <x <y implies
llx|l < N|ly|l; the smallest such N is called the normality constant of P.

Definition 2.1 ([6]) The Riemann-Liouville fractional integral of order « > 0 of a function
x:(0,00) = R is given by

I5x(t) = ﬁ /0 (¢t —s)*x(s) ds,

provided that the right-hand side is pointwise defined on (0, c0).

Definition 2.2 ([6]) The Riemann-Liouville fractional derivative of order « > 0 of a con-
tinuous function x : (0,00) — R is given by

" ~ 1 d ot x(s)
Derte) = F(n—oc)(dt) /0 g1 %

where # = [«] + 1, [¢] denotes the integer part of the number «, provided that the right-
hand side is pointwise defined on (0, c0).



Liu et al. Advances in Difference Equations (2016) 2016:154 Page 5 of 13

Definition 2.3 ([23]) Suppose that (E, | - ||) is a Banach space, P is a cone in E, and D C P.
An operator A : D — P is said to be a-concave if there exists « € (0,1) such that

A(tx) > t*Ax, Vte(0,1),x€D.

Definition 2.4 ([23]) Suppose that (E, || - ||) is a Banach space, Pis a cone in E, and D C P.
An operator B: D — P is said to be subhomogeneous if

B(tx) > tBx, Vte(0,1),x€D.

Definition 2.5 ([24]) Suppose that (E, | - ||) is a Banach space, P is a cone in E, and D C P.
An operator A : D x D — P is said to be a mixed monotone operator if A(x, y) is increasing
in x and decreasing in y, that is, for all x;, 5, € D (i = 1,2), x1 < %3, y1 > y2 imply A(x1,y1) <
A(x2,2)-

Lemma 2.1 ([6]) Leta > 0.Ifx € C(0,1)NLY(0,1), then the fractional differential equation
Dg.x(t)=0

has
2t)=Cit* 1+ Gt 2+ + Cut*™N, CieR,i=12,...,N,

as the unique solution, where N = [a] + 1.

From the definition of the Riemann-Liouville derivative we obtain the following result.

Lemma 2.2 ([6]) Assume that x € C(0,1) N LY(0,1) is a fractional derivative of order a > 0
that belongs to C(0,1) N L}(0,1). Then

I3 Dy x(t) = x(t) + Cit® 4 Cut* 2 4o 4 Ct*™N
forsome C;eR (i=1,2,...,N), where N = [a] + 1.

In the following, we present the Green function of the fractional differential equation
boundary value problem.

Lemma 2.3 ([10]) Let M #1 and y € C(0,1) N LY(0,1), n — 1 < a < n. Then the problem
Dg.x(t) +y(t)=0, 0<t<l,
%(0) ='(0) = --- =x"2(0) = 0, (2.1)

x(1) = [ k(s)x(s) dA(s)

is equivalent to

1
x(t):/ G(t,8)y(s)ds,
0
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where
tot—l
G(t: S) = GO(tr S) + MgA(S)r
in which
tA-s)*"=(t-5)"", 0<s<t<1,
@6t {(t(l )7, 0<t=s<l, 22

1 1
M:/ k() dA(¢), ga(s) :/ Go(t,8)k(t) dA(2).
0 0

Lemma 2.4 Let 0 < M <1 and ga(s) > 0 for s € [0,1]. Then the Green function G(t,s)
defined by (2.2) satisfies the following:
(1) G:[0,1] x [0,1] = [0,00) is continuous;

(2) Foranyt,se€[0,1], we have gA(S) <G@G(ts) < (1 syl

(1- M)F

Proof
(1) By Lemma 2.4 in [10] we have that G: [0,1] x [0,1] — [0, 00) is continuous.
(2) From (2.2) we have
1

0 < Golt,s) < m( (1-5)"", Vsel0,1]. (2.3)

So for all ¢,s € [0,1], we have

-1 a-1

t t
1 _MgA(S) < G(t,s) = Go(t,s) t o

% (s)

< <ﬁ( —9 e ). 4)
By (2.2) it is obvious that
1
) = / Golt, Ik(®) dA(?)
0
! 1 a-1 a-1
5/(; mt (1 —8)* k() dA(2)

1
_ L g f £ 1k(e) dA(t)
o 0

Thus, for all £,s € [0,1], we have

-1 o—1 ta—l

¢ a-1
MgA(S)EG(t:S) Golt, S)+ gA(S) m( ) (25D)

Taking A : Py x Py — Py, B: P, — Py, in Theorem 3.1 in [23] and Corollary 3.7 in [25],
and also taking A : Py, x Py — Py, B: Py, — Py, C =6 ¢(t) = t” in Corollary 3.4 in [26], it is
easy to get the following lemma.
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Lemma 2.5 Let (E,|| - ||) be a Banach space, and P be a normal cone in E. Suppose that
there exist h € P and h > 6 such that A : P, x Py, — Py, is a mixed monotone operator and
B: Py, — Py, is a decreasing operator satisfying the following conditions:

(1) There exists y € (0,1) such that A(tx,t™'y) > t" A(x,y), t € (0,1), x,y € Py.

(2) B(t™'y) > tBy,t €(0,1),y € Py.

(3) There exists a constant 8y > 0 such that A(x,y) > 8oBy, Vx,y € Py,
Then the operator equation A(x,x) + Bx = x has a unique solution x* € Py, and for any
initial values xo,yo € Py, constructing successively the sequences

Xn ZA(xn—lyyn—l) +Byn—1: Yn ZA(yn—l:xn—l) +an—1: n=12,...,
we have x, — x* and y, — x* as n — oo.

3 Main result
Theorem 3.1 Assume that the following conditions hold.

(H1) p,q:(0,1) — [0,00) are continuous, and p(t), q(t) are allowed to be singular at t = 0
ort=1.

(H2) f:(0,1) x (0,00) x (0,00) = [0,00), g:(0,1) x (0,00) — [0, 00) are continuous, and
f(t,u,v), g(t,v) may be singular at t =0 and v = 0.

(Hs) Forfixedt € (0,1),andv € (0,00),f(t,u,v) isincreasingin u € (0,00); for fixed t € (0,1)
and u € (0,00), f(t,u,v) is decreasing in v € (0,00); and for fixed t € (0,1), g(t,v) is
decreasing in v € (0, 00).

(Ha) There exists a constant y € (0,1) such that for all A, t € (0,1) and u,v € (0,00),

f(&2m,27) = Wt u,v), g6 A7) = ag(t,v). (3.1)

(Hs) fol(l — )% p(s)s” 1-9f (s,1,1) ds < 00 and fol(l —5)*1g(s)s'%g(s,1) ds < o0.
(He) There exists a constant § > O such that, for all t € (0,1) and u,v € (0,00), f(t,u,v) >
8g(t,v).

Then the singular fractional differential equation (1.1) has a unique positive solution x*,
which satisfies at®* ! <x*(t) < bt*1, t € [0, 1], for two constants a, b > 0. Moreover, for any

initial values xo,yo € Py, h = t*7L, the sequences {x,}, {y.} of successive approximations
defined by

1 1
x(8) = /0 G(t, )p(S)f (5, %n-1(5), yu1(5)) ds + /0 G(t,9)q()g(s, yu-1(s)) dis,

1 1
yult) = / G(t, )p(S)f (8, Yn-1(), %n-1(s)) ds + f G(t,9)q(s)g(s,xn-1(5)) ds,
0 0
n=12,...,
both convergence uniformly to x* on [0,1] as n — oo.

Proof Let E = C[0,1] and [u|| = sup,,; |u(t)|. Obviously, (E, || - ||) is a Banach space. Let
P={uecE:u(t)>0,tec[0,1]}, and k() = t*°L. Define

1
P, = {x e C[0,1] ‘ iD>1: Bt"“l <x(t) <Dt*Lte [0,1]}.
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Then P is a cone of E, and Py, is a component of P. From Lemma 2.3 we have that x(¢) is
the solution of the singular fractional differential equations (1.1) if and only if it satisfies

the following integral equation:

1
x(t) = /(; G(t,s)[p(s)f(s,x(s),x(s)) + q(s)g(s,x(s))] ds
1 1
= /0 G(, s)p(s)f (s, x(s),x(s)) ds + /0 G(£,5)q(s)g(s, x(s)) ds,

where G(t,s) is given in Lemma 2.3. Define two operators A : P, x P, — P and B: P;, — P
by
1

1
A0 = /0 Glt, ) (5,5(5),y(s) ds,  By(®) = fo Glt,5)a(s)g(5,7(5)) ds,

respectively. Then it is easy to prove that x is the solution of the singular fractional differ-
ential equations (1.1) if it satisfies x = A(x, x) + Bx.

(1) Firstly, we show that A, B are well defined. From (Hs4) we have that, for all A € (0,1),
t €(0,1),and u,v € (0, 00),

fEuwv) =f (6,07, A7) = A F (607w, M), (3.2)

g(t,v) = g(t, A 7'Av) > Ag(t, Av). (3.3)
So by (3.2), for all A € (0,1), t € (0,1), and u, v € (0, 00), we have

f(t,)\_lu,kv) <A7f(t,u,v), gt rv)< )L"lg(t, V). (3.4)
Taking # = v =11in(3.1), (3.3), and (3.4), we have

FEMAT) =0 f(6LY),  f(6A7THA) <ATTFEL1), YA€ (0,1),6€(0,1), (3.5)
gBA) = agt1),  gt,A) <A7'g(t,1), VYae(0,1),£€(0,1). (3.6)

For any x,y € Py, we can choose a constant D; > 1 such that Dilt‘)“1 <xy<Dit*lte
[0,1]. On the one hand, from (Hz), (Hy), (3.4), and (3.5) we have

F(&x0,y@) <f(t, Dit* ™, D't* ) < f(t, Dyt~ D' e*7)

<'WOf(,Dy, DY) < " DIf(t,1,1), t€(0,1), (3.7)
F(&x0,y@) = f (&, D¢, Dyt* ™) = f(¢, D't Dy )

> @ Vf (¢, D, Dy) > " UDf(1,1), e (0,1). (3.8)

On the other hand, from (Hs), (H4), (3.4), and (3.6), we get

g(ty(®) <g(t, D't ) < g (¢, D7)
<d"Dig(t,1) < £*Dig(t,1), t€(0,1), (3.9)
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g(6x(0)) = g(6, D1t* ") = g(¢, D1t*™*) = t*7'g(t, Dy)

> t"'D'g(t,1) = "' D%g(6,1),  te(0,1). (3.10)

By (Ha), (3.7), and (3.9) we get that

1
fo Glt, s)p(s) (5,%(),5(6)) ds
1
< / G(t,5)p(s)s” D] f(s,1,1) ds
0

m/ 1 -5)*p(s)s" "D} f(s,1,1) ds

< 00, (3.11)
1
/0 Glt,5)a(s)g(s,7(5)) ds

1
< / G(t, s)q(s)sl‘“ng(s, 1)ds
0

ta—l

1
= G ar J, 09 a9 Dits s

< 00. (3.12)

From Lemma 2.4 we have that G : [0,1] x [0,1] — [0, o0) is continuous. S0 A : P, x P, — P
and B: P, — P are well defined.
(2) Secondly, we prove that A : P, x P, — P, and B: P, — Py. Let D > 1 be such that

1
D> maX{ m ‘/(; (1 — S)a_lp(s)sy(l_a)D)ff(s, 1, 1) dS,
1 -1
(ﬁ / gA(s)p<s>sV<“—“D;Vf<s,Ll)ds) ,
- 0

1 1
A_MT@) /0 (1-5)*"q(s)s"*Dig(s, 1) ds,

1 -1
(ﬁ /(; gA(s)q(s)s"‘_lDl_zg(s,l)ds) }

Then from Lemma 2.4 and (3.11) and (3.12), for all £ € [0,1], x,y € Py, we have

1
A0 = [ Gle9p6) (556, (6) ds
1
< / G(t,5)p(s)s" VD! f(s,1,1) ds

_ Ot -1 (1-a)
(l M)F @ f $)* " p(s)s" "DV f(s5,1,1) ds

< D",
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1
AGe)(@) = fo Glt, I (s)f (5,%(6), (5)) ds

1
> / G(t,s)p(s)s"“ VD]  f(5,1,1) ds
0

a-1

IV
= A
<

1
fo 2a(8)p(s)s" VD" f(s,1,1) ds

A%

Sl

t“
1
B0 = [ Gt 900g(s.009) s
1
5/(; G(t,s)q(s)s"*Dig(s, 1) ds
a-1 1
< m /0 (1 - 5)*g(s)s*D2g(s, 1) ds
<Dt*,
1
By(0) = [ 6(69a0)g(5,909)

1
> / G(t, s)q(s)sa‘lszg(s, 1)ds
0
I |

>
__MO

ga(s)q(s)s* ' D%g(s, 1) ds

—_

ta—l

v
S~

SOA:Ph XPh—>Ph andB:Ph—>Ph.

Page 10 0f 13

(3) Next, by (Hs) it is easy to prove that A is a mixed monotone operator and B is an

decreasing operator.
(4) From (Hy), for any ¢ € [0,1] and x,y € Py, we have

1 1
A()\x,)»_ly)(t) = /0 G(t,s)f(s, kx(s),k‘ly(s)) ds >\ /0 G(t,s)f(s,x(s),y(s)) ds

=M A y) (),

1

1
B(A7'y)(0) = f G(t,8)g(s, A" y(s)) ds > A/ G(t,9)g(s,¥(s)) ds = ABy(2),
0 0

that is, A(Ax, A71y)(£) > XY A(x, y)(¢), BO"Ly)(£) > ABy(¢) for all £ € [0,1], x,y € Py.

(5) By (Hg), for all £ € [0,1], x, 5 € Py,
1
Al y)(t) = /0 Glt,5)f (5.x(5),y(s)) ds

1
> 8/0 G(t,5)g(s,y(s)) ds

= 3By(t).

Then by Lemma 2.5 the conclusions of Theorem 3.1 hold.
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Remark 3.1 The fractional differential equation with Riemann-Stieltjes integral condi-
tions considered in Theorem 3.1 is singular, that is, f(¢, 4, v) has singularity at t = 0 or
t =1and v =0, and g(¢, v) has singularity at £ = 0 or £ = 1 and v = 0, which generalizes and
improves the known results for continuous functions in [16, 27-29].

Remark 3.2 The function g(¢, v) we considered in Theorem 3.1 is decreasing and has sin-

gularity at £ = 0 or ¢ = 1 and v = 0, which generalizes and improves the results in [30].

Remark 3.3 Comparing with the main results in [31, 32], the nonlinear fractional differ-
ential equation we considered is also continuous. However, we get the iterative positive
solutions for boundary value problem (1.1) by using the fixed point theorem of the mixed
monotone operator, which generalizes and improves the results including singular and
nonsingular cases in [17, 31-33].

4 An example

1
Leta =7, p(6) =q(t) =%, f(t,01) = § + J g(6.) = 7y

(1) It is obvious that p(t), g(¢) are singular at ¢ = 0. The functions f : (0,1) x (0,00) x
(0,00) = [0,00) and g: (0,1) x (0,00) — [0, 00) are continuous. So the conditions (H;)
and (H,) hold.

(2) Itis obvious that, for fixed £ € (0,1) and v € (0, 00), f (¢, u, v) is increasing in u € (0, 00),

for fixed t € (0,1) and u € (0,00), f(t,u,v) is decreasing in v € (0,00), and, for fixed ¢ €
(0,1), g(¢,v) is decreasing in v € (0, 00).
(3) Taking y = % €(0,1), for all £ € (0,1) and u, v € (0, 00), we have

Sleaana ) = e bt ()
y AU, V)= + = — + —_— = — + —=
L N v Vv v v
=M f(t,u,v),
and, for all ¢ € (0,1) and v € (0, 00),
1 1

g(t, )Clv) = = Ag(t,v).

>A
Volvlv+1) T V(v +1)

(4) It is easy to prove that

)(s_% +s_%)ds< 0,

=

1 1
/ (1 -5)*"p(s)s" " f(s,1,1) ds = / (1—s5)6s3s3%C
0 0
! ! 1 1 1 1
f (1-s)*"q(s)s"g(s,1) ds = / (1-s)6s7556(2s)72 ds < 00.
0 0

(5) Take 8 =1 > 0 such that, for all £ € (0,1), , v € (0, 00),

f(t,u,v)=\6/2+LZL2;=g(t:V)-
tv Vv Vv T Jv(v+1)

Therefore, the assumptions of Theorem 3.1 are satisfied. Thus, the conclusions follow
from Theorem 3.1.
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