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Abstract. In this paper we consider a nonlinear fractional differential equation with weighted initial and nonlocal
condition and prove the existence and approximation of the solution. We also extend to prove the existence of
Maximal and Minimal solutions for a nonlinear fractional differential equation with weighted initial and nonlocal

conditions, and these maximal and minimal solution will serve as bounds for the nonlinear fractional differential

equation with weighted initial and nonlocal conditions.
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1. Introduction

In many engineering and scientific disciplines such as physics, chemistry, aerodynamics, elec-

trodynamics of complex medium, polymer rheology, economics, control theory, signal and im-

age processing, biophysics, blood flow phenomena, etc the fractional differential and integral

equations represents the processes in a more effective manner than by integer order. Because
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of this the subject of fractional order differential and integral equations became the interest of
mathematicians and researchers.
Nonlinear fractional differential equation with weighted initial data has been studied by several

authors. The weighted Cauchy-type problem

D*(u(r)) = f(t,u(r))

U =0 = b

(1.1)

Studied by Khaled et al [5].
The solution of the periodic boundary value problem for a fractional differential equation in-

volving a RiemannLiouville fractional derivative

D%(u()) = f(t,u(r))

Ut im0 = ' *u(t) =1

(1.2)

Studied by Weia et al [6], Also the existence of solutions of fractional equations of Volterra type
with the RiemannlLiouville derivative,

D*(u(t)) = f(t,u(t k(t,s)u
(1.3) /

Studied by Jankowski [7]. The weighted nonlocal fractional differential equation

‘D*(u(r)) = f(t,u(t))
(1.4)

m
: -« _ ) .
tlir(%t u(t) = ;a,u(’c,)

studied by Holambe et al[3, 4] etc. , and the references therein. Problems in nonlinear fractional
differential equation were studied by various researchers.

The immportance of non-local problems appears to have been first noted in the literature by
Bitsadze-Samarski[15]. By Byszewski[8, 9], the nonlocal condition can be more useful than

the standard initial contion to describe some physical phenomena.
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Now here we consider the weighted nonlocal fractional differential equation

D%(u(t)) +au(t) = f(t,u(t))
(1.5)

lim '~ %u(t) = u
t—0t ( ) 0

where D% is Riemann-Liouville fractional derivatives of order 0 < ¢ < land 0 <t < T < oo.

2. Auxiliary Results

let E denote a partially ordered real normed linear space with an order relation < and the norm
|| - ||. Tt is known that E is regular if {x, },cn is a nondecreasing (resp. nonincreasing) sequence
in E such that x,, — x* as n — oo, then x,, < x™ (resp. x, = x*) for all n € N. Clearly, the partially
ordered Banach space C(J,R) is regular and the conditions guaranteeing the regularity of any
partially ordered normed linear space E may be found in Heikkild and Lakshmikantham [?] and

the references therein.

We need the following definitions.

Definition 2.1. A mapping 7 : E — E is called isotone or nondecreasing if it preserves the

order relation =<, that is, if x < y implies 7 x < 7y forall x,y € E.

Definition 2.2 ([13]). A mapping 7 : E — E is called partially continuous at a point a € E if
for € > 0 there exists a § > 0 such that || Tx— T a|| < € whenever x is comparable to a and
|x—al| < 8. T called partially continuous on E if it is partially continuous at every point
of it. It is clear that if 7 is partially continuous on E, then it is continuous on every chain C

contained in E.

Definition 2.3. A mapping 7 : E — E is called partially bounded if 7 (C) is bounded for every
chain Cin E. 7 is called uniformly partially bounded if all chains 7 (C) in E are bounded by
a unique constant. 7 is called bounded if 7 (E) is a bounded subset of E.

Definition 2.4. A mapping 7 : E — E is called partially compact if 7 (C) is a relatively
compact subset of E for all totally ordered sets or chains C in E. 7 is called uniformly

partially compact if 7 (C) is a uniformly partially bounded and partially compact on E. 7 is
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called partially totally bounded if for any totally ordered and bounded subset C of E, 7 (C)
is a relatively compact subset of E. If 7 is partially continuous and partially totally bounded,

then it is called partially completely continuous on E.

Definition 2.5 ([13]). The order relation < and the metric d on a non-empty set E are said to
be compatible if {x,},cn is a monotone, that is, monotone nondecreasing or monotone nonin-
creasing sequence in E and if a subsequence {x,, }nen of {Xn}nen converges to x* implies that
the original sequence {x,},en converges to x*. Similarly, given a partially ordered normed

linear space (E,=,|| -

), the order relation < and the norm || - || are said to be compatible if <

and the metric d defined through the norm || - || are compatible.

Definition 2.6 ( [10]). An upper semi-continuous and monotone nondecreasing function Y :
Ry — Ry is called a P-function provided y(r) =0 iff r=0. Let (E,=,||-||) be a partially
ordered normed linear space. A mapping 7 : E — E is called partially nonlinear 9-Lipschitz

if there exists a D-function ¥ : Ry — R such that
2.1) |7 x =Tyl < w(llx—yl)

for all comparable elements x,y € E. If w(r) =kr, k > 0, then T is called a partially Lipschitz

with a Lipschitz constant k.
Let (E,=,]|-||) be a partially ordered normed linear algebra. Denote
Et = {x € E | x = 0, where 0 is the zero element ofE}
and
(2.2) H ={E*CE|uv€E" forall u,yvc E*}.

The elements of %" are called the positive vectors of the normed linear algebra E. The
following lemma follows immediately from the definition of the set .#  and which is often

times used in the applications of hybrid fixed point theory in Banach algebras.

Lemma 2.7 ([11]). If uj,u,vi,vy € & are such that uy < vy and uy = vy, then ujup < vivs.
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Definition 2.8. An operator  : E — E is said to be positive if the range R(J) of 7 is such
that R(T) C X .

The method may be stated as “the monotonic convergence of the sequence of successive
approximations to the solutions of a nonlinear equation beginning with a lower or an upper
solution of the equation as its initial or first approximation” which is a powerful tool in the
existence theory of nonlinear analysis. A few other hybrid fixed point theorems involving the

method may be found in [13, 14].

Theorem 2.9 ( [14]). Let (E,=,||-||) be a regular partially ordered complete normed linear
algebra such that the order relation < and the norm || - || in E are compatible in every compact
chain of E. Let o/ , % : E — ¥ be nondecreasing operators such that

(a) o is partially bounded and partially nonlinear 9-Lipschitz with 9 -function .

(b) & is partially continuous and uniformly partially compact, and

(€) My, (r) <r, r>0, where M = sup{||Z(C)|| : Cisachainin E}, and

(d) there exists an element xo € X such that xy = </ xy + Bxg or xo = A xo + PBxy.

Then the operator equation
(2.3) A x +Bx =x

has a solution x* in E and the sequence {x,} of successive iterations defined by x, .1 = </ x, +

PBxy, n=0,1,..., converges monotonically to x*.

Remark 2.10. The compatibility of the order relation < and the norm || - || in every compact
chain of E holds if every partially compact subset of E possesses the compatibility property
with respect to < and || - ||. Note that a subset S of the partially ordered Banach space C(J,R)
is called partially compact if every chain C in § is compact. This simple fact has been utilized

to prove the main results of this paper.

3. Main Results

The equaivalent integral form of the problem 1.5 is considered in the function space C(J,R) of

continuous real-valued functions defined on J. We define a norm || - || and the order relation <
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in C(J,R) by

(3.1) ||x]| = sup|x(7)|
=

and

(3.2) x<y <= x(1) <))

for all ¢ € J respectively. Clearly, C(J,R) is a Banach algebra with respect to above supremum
norm and is also partially ordered w. r. t. the above partially order relation <. It is known that
the partially ordered Banach algebra C(J,R) has some nice properties concerning the compati-
bility property with respect to the norm || - || and the order relation < in certain subsets of of it.

The following lemma in this connection follows by an application of Arzel4d-Ascoli theorem.

Lemma 3.1. Let (C(J,R),<,||-||) be a partially ordered Banach space with the norm || -|| and
the order relation < defined by (3.1) and (3.2) respectively. Then || - || and < are compatible in

every partially compact subset of C(J,R).

Proof. The lemma mentioned in Dhage [14], but the proof appears in Dhage [?]. 0

We need the following definition in what follows.

Definition 3.2. A function u; € C(J,R) is said to be a lower solution of the problem (1.5) if it
satisfies

D% (uy(1)) + auy (1) < f(t,u(1))

lim ' =% (1) < u
t—0+ l( ) = M0

for all t € J. Similarly, a function u, € C(J,R) is said to be an upper solution of the problem

(1.5) if it satisfies the above inequalities with reverse sign.

Definition 3.3. A function f(t,u) is called Carathéodory if

(i) the map t — f(t,u) is measurable for each u € R and

(i) the map u v f(t,u) is continuous for eacht € J.

A Caratheédory function f is called L>-Carathéodory if
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(iii) there exists a function h € L*(J,R) such that

|f(t,u)| <h(t)a. e t€J

We consider the following set of assumptions in what follows:

(A1) The functions f:J xR — R, :J — R, where a is continuous function.
(A2) There exist constants M,M; > 0 such that 0 < 11 <Mand 0 < f(t,x) < M for all
teJandx e R.

(A3) There exists a Z-function Y such that

0 < f(t,x) — f(t,y) < wr(x—y)

forallt € Jand x,y € R, x < y.
(A4) f(t,x) is nondecreasing in x for all 7 € J.

(As) The problem (1.5) has a lower solution u; € C(J,R).
The following lemma is useful in what follows.

Lemma 3.4. For any f € C(J x R,R)), if u is a solution of the problem

D*(u(1)) +au(r) = f(t,u(r))
lim 1~ %u(r) = ug

t—07t

O<uo<l, 0<t<T<o

then

33)  ult) = uot® " Eqa(—ar®)T(a) + /O (1 — )% Eq a(—a(t — )®) £ (5, u(s))ds

where Eq o(t) = Y50 Wkﬂ)) is the classical Mittag-Leffler function

and vice-versa.
Proof. The solution followed by [1, 2] 0

Theorem 3.5. Assume that hypotheses (A1)-(As) hold. Furthermore, assume that

(3.4) (MT {1 = Eqala(t)®)}) we(r) <r, r>0,
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then the FDE(1.5) has a solution x* defined on J and the sequence {xn}neNu{O} of successive

approximations defined by

3.5) t
X1 (t) = x0t* ' Eq o (—at®)T(a) —l—/o (t =) Eqa(—alt —s)%) f(s,x,(s))ds

forall t € J, where xy = ¢, converges monotonically to x*.

Proof. Set E = C(J,R). Then, from Lemma 3.1 it follows that every compact chain in E pos-

sesses the compatibility property with respect to the norm || - || and the order relation < in E.

Define three operators </ and % on E by

(3.6) A x(t) = xot* Ego(—at®)T(a) t € J,
and
(3.7 PBx(t) = /Ol(t —5)*  Eq q(—a(t —5)%) f(s,x(s))ds, t € J.

From the continuity of the integral and the hypotheses (A1)-(As), it follows that .o/ and #
define the maps o7, % : E — % . Now by definitions of the operators .« and %, the FDE (1.5)

is equivalent to the operator equation
(3.8) Ax(t)+ Bx(t) =x(t), t €J.

We shall show that the operators <7 and Z satisfy all the conditions of Theorem 2.9. This is
achieved in the series of following steps.

Step I: & and A are nondecreasing on E.
Let x,y € E be such that x > y. Then by hypothesis (A3), (A3) and (A4), we obtain
Ax(t) = xot* Eqq(—at®)T(), t €J,

> YOfa_lEa,a(_ata)r(a)a tel,

= Ay(t)
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for all + € J. This shows that .o/ is nondecreasing operators on E into E. Similarly, using

hypothesis (Ay),

Bx(t) = /Ot(z—s>“-1Ea,a(—a(t—s)“)f(s,x(s))ds
> [ =9 Eaa(-al—5))/(s.5(5))ds
= Byt

for all € J. Hence, it is follows that the operator 4 is also a nondecreasing operator on E into

itself. Thus, <7 and Z# are nondecreasing positive operators on E into itself.
Step II: .o is partially bounded and partially &-Lipschitz on E.

Let x € E be arbitrary. Then by (Aj),

| Zx(t)] = |xot* 'Eqa(—at®)[(at)]
< |t [xoEq,a(—at*)T ()|
< i |Ega(—at®)| xol(@)]
< M|Eqq(—at®)| Ko
taking supremum over ¢, we get || x| < M|Eq o(—at®)|Ko and consequently .27 is partially
bounded on E.

Next, let x,y € E be such that x < y. Then, by hypothesis (A3z),

| x(t) —/y(t)] = |xot* 'Eqa(—at®)(at) — yot* 'Eq o(—at®)T(a)]
< 1% Eqa(—at®)T ()] %0 — yol
< ylx(t) —y(1)|

< w(lx—y)),

for all t € J. Taking supremum over ¢, we obtain

| x =yl < w(llx—yl)
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for all x,y € E with x <y. Hence &/ is partially nonlinear &-Lipschitz operators on E which

further implies it is also a partially continuous on E into itself.

Step IIl: A is a partially continuous operator on E.

Let {x,}n,en be a sequence in a chain C of E such that x, — x for all n € N. Then, by

dominated convergence theorem, we have

t

lim Bx, (1) = lm [ (t—5)* "Eqa(—a(t —s)%)f(s,x4(s))ds

n—oo n—e J(

— /Ot(t—s)a_lEa’a(—a(t—s)a) [limf(s,xn(s)) ds

n—soo

= [ =95 Eaa(=alt— ) f(5.1(5))ds
= (1),

for all ¢ € J. This shows that %x,, converges monotonically to %x pointwise on J.

Next, we will show that {%x, },cn is an equicontinuous sequence of functions in E. Let

t1,tp € J witht; < t,. Then

)an(tz) ~Bu,(1) ‘

/Otz (ty — S)a_lEma(_a(tZ _ S)a)f(s,xn(S))ds

— [0 =9% Eaa(—atn =% (s 0s))ds

<

/Otz (tp — S)aflEa,a(—a(tz _ S)a)f(s,xn(s))ds

— /OfZ(tz _S)a_lEa,a(_a(fl _s)a)f(s,xn(s))ds

+ /sz(tz _S)a_lEa,a(—Cl(h — )V £ (5,20(5))ds
— /011 (t _S)a_lEoc,oc(—Cl(h _S)a)f(s,xn(s))ds
+ /Ofl (t _S)aflEa,a(_a(l‘l —$)%) £(5,x(s))ds

(3.9)
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_ /Ofl (1 _s)aflEma(_a(tl _S)a)f(s,xn(s))ds

T
+ A (2 —5)* = (11 — )| Eq,a(—alty — 5)*)Mds

+ OT (2 —5)* = (11— 8)* | Eq.a(—a(ty — 5)*)Myds

1/2

<M, </OT (12 —s)“1|2ds) " (/OT Eq.a(—altz —5)%) — Eq.a(—a(t —s)“)\zds)

1/2

42 (/OT (22— )" — (1 —s)“l\zds> " (/OT Eq.a(—aln —s)“)\zds) M;

Since the functions Eq o and o are continuous on compact interval J so uniformly continuous

there. Therefore, from the above inequality (3.9) it follows that
| Bxu(ty) — Bxn(t1)] >0 as n— oo

uniformly for all n € N. This shows that the convergence %x,, — %x is uniform and hence %

is partially continuous on E.
Step IV: A is uniformly partially compact operator on E.

Let C be an arbitrary chain in E. We show that Z(C) is a uniformly bounded and equicon-

tinuous set in E. First we show that Z(C) is uniformly bounded. Let y € Z(C) be any element.
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Then there is an element x € C be such that y = #x. Now, by hypothesis ,

MOL = [ =5 Eaalalt—5))fs,x(5))ds
< MfTafl{l_Ea,a(a(t)a)}

= r

for all t € J. Taking the supremum over ¢, we obtain ||y|| < || Zx|| < rfor all y € #(C). Hence,
2(C) is a uniformly bounded subset of E. Moreover, || Z(C)|| < r for all chains C in E. Hence,
2 is a uniformly partially bounded operator on E.

Next, we will show that Z(C) is an equicontinuous set in E. Let t1,t; € J with t; < t,. Then,

for any y € #(C), one has

‘Bx(tz) ~Bx(n )‘

/Ozz(tz _S)a’IEa,a(_a(l‘z _S)a)f(S,X(S))ds

N /ot1 (1 —9)* " Eq,a(—a(ty —)*)f(s,x(s))ds

<

/Otz (2 — S)a_lEa,a(—a(tz — )" f(s,x(s))ds

_ /0 % (=) B a(—alt —5)%) f(5,x(s))ds

4 [ =9 Eaa(—aln =) /(5,5(6))ds

[ 9 Bt =) (5

+ /0 (12— )% Eqa(—a(ts — 5)%) f(5,x(5))ds

— /Otl (tl —S)a_lEoc,oc(_a(tl _S)a)f(svx(s))ds
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< [" (0 =97 Eaa(-a(2—5)) ~ Eaa(—alt =) |(5.5(5))| s

| (=9 Baa(—aln =) £(5,5(5))ds

+/0t1 ‘(tz —s)o‘_1 —(n —s)a_1|Ea7a(—a(t1 —8)%) | f(s,x(s))|ds
T

< [ =9 Bua(a(ts—5)") ~ Ea(—a(n —)*)|Myds

uniformly for all y € #(C). Hence #(C) is an equicontinuous subset of E. Now, Z(C) is a

uniformly bounded and equicontinuous set of functions in E, so it is compact. Consequently,

2 is a uniformly partially compact operator on E into itself.

Step V: u; satisfies the operator inequality u; < </'u; + PBu.
By hypothesis (As), the FDE 1.5 has a lower solution ; defined on J. Then, we have
t
(3.10)  w(t) <w(0)t* 'Eg o(—at®)T(a) + / (t =) Eqa(—alt —s)%) f(s,u(s))ds
0
for all ¢ € J. From the definitions of the operators .7 and % it follows that u;(t) < </u;(t) +
Pu(t) for all r € J. Hence u; < o/ u; + ABu.

Step VI: The 9-functions W, satisfy the growth condition My, (r) < r, for r > 0.

Finally, the Z-function v, of the operator .o satisfy the inequality given in hypothesis of

Theorem 2.9, viz. ,

My (r)<r
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for all » > 0.

Thus o/ and £ satisfy all the conditions of Theorem 2.9 and we conclude that the operator
equation &7 x + %x = x has a solution. Consequently the FDE (1.5) has a solution x* defined on
J. Furthermore, the sequence {x, },cn of successive approximations defined by (3.5) converges

monotonically to x*. This completes the proof. 0

The conclusion of Theorems 3.5 also remains true if we replace the hypothesis (As) with the

following one:
(A%) The FDE (1.5) has an upper solution u, € C(J,R).

The proof of Theorem 3.5 under this new hypothesis is similar and can be obtained by closely
observing the same arguments with appropriate modifications. We need the following definition

in what follows.

Definition 3.6. A function r € C(J,R) is said be a maximal solution of the FDE (1.5)if for any
other solution x of the FDE (1.5), one has x(t) < r(t) for all t € J. Similarly, a minimal solution

p of the FDE (1.5) can be defined in a similar way by reversing the above inequality.

The following lemma is fundamental in the proof of maximal and minimal solutions for the

FDE (1.5) on J.
Lemma 3.7. Suppose that there exist two functions y,z € C(J,R) satisfying
t
B.11)  y(t) <y(0)* Eg o(—at*)T () +/0 (t —5)* 'Eqq(—a(t —)*)f(s,y(s))ds
and
!
(3.12)  z(t) > z2(0)* ' Eq o (—ar®)[ () +/O (t =) Eq o(—a(t —5)%) f(s,2(s))ds
forallt € J. If one of the inequalities (3.11) and (3.12) is strict, then
(3.13) y(t) < z(t)

forallt e J.
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Proof. Suppose that the inequality (3.12) is strict and let the conclusion (3.13) be false. Then

there exists #; € J such that
y(tl) = Z(t1),t1 >0,
and

y(t) <z(1),0 <t <.
From the monotonicity of f(z,x) in x , we get
(1) < 3O Eua(~at?)T(0) + [ (01 =5)% Bl altr =) 1 (5:3(5))ds
— 2(0)1% Eg o (—at?)T(at) + / ! (01— )% g a(—alt —5)%) f(s,2(s))ds
(3.14) < Z(l‘l)

which contradicts the fact that y(¢;) = z(¢;). Hence, y(¢) < z(¢) for all t € J. O

Theorem 3.8. Suppose that all the hypotheses of Theorem 3.5 hold. Then the FDE (1.5) has a

maximal and a minimal solution on J.

Proof. Let € > 0 be given. Now consider the fractional integral equation

(3.15) xe(t) = xe(0)1* ' Eq(— +/ V2 Eg a(—alt — 5)%) fo (s, xe (s))ds

for all t € J, where
fs(taxe(t)) :f(t7x£(t))+8

Clearly the function f¢(f,x¢(t)), satisfy all the hypotheses (A})-(As)and therefore, by Theorem
3.5, FDE (1.5) has at least a solution x¢(f) € C(J,R).

Let € and &, be two real numbers such that 0 < & < € < €. Then, we have

oo 1) = 3, O B (—ar ™) (@) + [ (1 9)% s a(—alt =5)%) o536, (5)ds

(3.16) = x,(0)t* ' Eqq(—ar®)[(ax) + /Ot(t —8)*  Ey q(—a(t —)®)[f(5,Xe,(s5)) + &2]ds
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and

o 0) = 2 (O B —ar)T0) [ —)" Eaa=alt )1 o (55, (5)ds
- xg(O)tO‘_lEma(—at“)F(al) + /Ot (t =) Eqa(—alt —s))[f(s,x¢ (5)) + €]ds

t
(B17) > xg, (0)t* ' Eg o (—at*)T(a) + /0 (t =) Eqa(—alt —s)%)[f(s,%e, (5)) + &)ds
for all # € J. Now, applying the Lemma 3.7 to the inequalities (3.16) and (3.17), we obtain

(3.18) Xe, (1) < xg, (1)

forallr € J.

Let &y = € and define a decreasing sequence {&,},_, of positive real numbers such that
lim,,_, €, = 0. Then in view of the above facts {x¢, } is a decreasing sequence of functions in

C(J,R). We show that is is uniformly bounded and equicontinuous. Now, by hypotheses,

e, (1)] < |xe, (0)1 ' Eq o (—at*)T(at) + /O l(t—s)““Ew(—a(t —5)%) fe, (5,%¢,(5))ds]
< (KMEgq(—aT*)T(@)) + e+ (MT* (1 - Eqq(aT%))) + &

<r

for all r € J. Taking the supremum over ¢, we obtain ||xg, || < r for all n € N. This shows that

the sequence {xg, } is uniformly bounded.

Next we show that {x, } is an equicontinuous sequence of functions in C(J,R). Let#,t, € J

be arbitrary. Then,
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[xe, (11) = xe, (12)] < |xe, (0)1 ' Eq r(—ar{")[(et) ‘i‘/oZl (1 =5)% ' Eq,a(—al(ty —$)%) fe, (s, %z, (5))ds
e (O Bt )T(@) = [ 12— 5)% Eaal—alt = )%)f, (.5, (5))ds

(3.19)
= xe, (OT() |t} ' Eq o (—at{') — 8 Eq o(—at$')|

131
1 [ 0= 9 Bl =altr =) fe, (5,55, (9))ds
15}
— [ =) Bt = 5)°) fo, (552, (5)) ]
< xg, (O)T ()|} Eqo(—atf) =1 Eq,a(—ats') + 1 Eq.a(—at') = 15 Eq a(—ar))|

_|_

/otz (2= 5)*'Eq.a(—a(ty—5)%) fe, (s, xe, (5))ds

B /Otz (t2 = 5)* 'Eqa(—a(t; —5)%) fe, (s, xe, (5))ds

| [ (=9 Bl =) f, (550, ()
0

B /Otl (12— )% ' Eqa(—alt; — 5)*) fe, (5,%¢,(s))ds

+ /tl (t2 = 5)* ' Eqa(—a(t; —5)®) fe, (s, xe, (5))ds
0

B /Otl (t1 —5)* ' Eq.a(—a(t; —5)%) fe, (s, xe, (5))ds

< xe, (O)() {17 Eqa(—at) — Eq.a(—atd)| + Eq.o(—at$) [t =871}

+/0t2(t2 —s5)*! |Ea,a(—a(ta —$)*) = Eq.a(—a(ti — 5)%)| | fe, (5, X¢,(s))| ds

_|_

/t:z (12— 5)*'Ega(—a(t; —5)%) fe, (s, xe, (5))ds

[ =9 — 0 =9 Eaa(—alt = 5)%) o, (576, (5)) s
0

(3.20)
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< xg, (OT() {{ " |Eg.a(—at{) — Eq.a(—at$")| + Ega(—ats) |t~ =157}
+/ )% 1|Eoc al— (tz_s)a)_Ea,a(_a(tl—S)a)|[Mf+gn]ds

+/ { h—8)%"" = (1 —s5)% 1|Eaa a(ty —s)%)[My+ €,)ds

+/ { th—8)%""—(t1—s) _1|Ea7a(—a(t1—s)a)[Mf—}—gn]ds

< xe, (O)() {17 Eq,a(—at]') — Eq.a(—aty)| + Eq.o(—atd)|tF 1 =371}

1/2

+ Mg+ &) (/OT (2 — )% ‘zds) " </OT |Eq.a(—a(ty —5)%) — Eq.a(—a(f —s)“)|2ds>

+2 (/OT (=)' = (1 —s)“_1|2ds) " (/ |Eq.a(—a(t; —s)* )|2ds> v M+ €,

Since the functions f and Eg ¢ are continuous on compact [0, 7] x [—r,7] x [—r,7], (t —s)!7¢
is continuous on compact [0, 7] x [0, 7], so uniformly continuous there. Hence, from (3.19) it

follows that
|Xgn<t1)—.x8n(t2)| —0 ast;—n
uniformly for all n € N. As aresult {xg, } is an equicontinuous sequence of functions in C(J,R).
Now the sequence {xg, } is uniformly bounded and equicontinuous, so it is compact in view of
Arzela-Ascoli theorem. By Lemma 3.1, {x¢, } converges uniformly to a function say r € C(J,R),
i. e. lim, 00 Xg, () = r(¢) uniformly on J.
We show that the function r is a solution of the FDE (1.5) on J. Now, {xg, } is a solution of

the FDE

o 1) = 2, (O1% Exa (T (@) + [ (1=9)% s a(—alt —5)) fo, (5.5, (5))ds

(3.21)
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(322) =g (0)% ' Ega(—at®)T(at) + / Y E g a(—alt — )% f (s, 5, () + €a)ds

for all # € J. Now, taking the limit as by hypotheses n — oo in the above inequality (3.21), we

obtain
A(0) = O BT (@) + [ (19" Eaa(—alt —5))f(5,r(s))ds
for all ¢+ € J. This shows that r is a solution of the FDE (1.5) defined on J.

Finally, we shall show that r(¢) is the maximal solution of the FDE (1.5) defined on J. To do
this, let x(¢) be any solution of the FDE (1.5) defined on J. Then, we have

(323)  x(t) =x(0)* " Eqa(—at®)T(a) + / )5 Eqa(—alt — $)%) £ (5,x(5))ds
for all # € J. Similarly, if x, is any solution of the FDE
(3.24)

xe(t) = xe ()% Eqya(~at®)T(at) + /(f(r—s)“lEa,a<—a<r—s)“)[f<s,x£<s>>+e]ds
then,
(325)  xe(t) > xe (0)* " Eqya(—ar®)T(e0) + / )% Eq.a(—alt —5)*)f(s,xe(5))ds

for all r € J. From the inequalities (3.23) and (3.25) it follows that x(¢) < x¢(¢), ¢ J. Taking the
limit as € — 0, we obtain x(¢) < r(z) for all # € J. Hence r is a maximal solution of the FDE

(1.5) defined on J. In the same way Minimal solution of the FDE can be obtained ]

Further we prove now that the maximal and minimal solutions serve as the bounds for the

solutions of the related differential inequality to FDE (1.5) on J = [0, T].

Theorem 3.9. Suppose that all the hypotheses of Theorem 3.5 hold. Further, if there exists a
function u € C(J,R) such that

(326) () < u(0)1% ' Eq o a) + / ) Eg o(—alt — $)%) £ (s,u(s))ds
forallt € J, then,

(3.27) u(t) <r(t)
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forallt € J, where r is a maximal solution of the FDE (1.5) on J.

Proof. Let € > 0 be arbitrary small. Then, by Theorem 3.5, r¢(¢) is a solution of the FDE and

that the limit

(3.28) r(t) = lim re (1)

£e—0

is uniform on J and is a maximal solution of the FDE (1.5) on J. Hence, we obtain

(3.29)
re(t) = re(0)1% ' Eg.o ) + / VN E g a(—alt — )% (s, re(s)) + €]ds

for all + € J. From the above inequality it follows that

(330)  re(t) > re(0)% 'Eq o )+ / ) Eg a(—alt — $)) (s, re(s))ds
Now we apply Lemma 3.7 to the inequalities (3.26) and (3.30) and conclude that

(3.31) u(t) <re(t)

for all ¢ € J. This further in view of limit (3.28) implies that the inequality (3.27) holds on J.

This completes the proof. [

Similarly, we have the following result for the FDE (1.5) on J.

Theorem 3.10. Suppose that all the hypotheses of Theorem 3.5 hold. Further, if there exists a
function v € C(J,R) such that

(3.32)  v(t) > v(0)t% ' Eq ) + / )1 Eg o (—alt —5)%) £(s,v(s))ds
forallt € J, then,

(3.33) v(t) > p(1)

forallt € J, where p is a minimal solution of the FDE (1.5) on J.
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