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1 Introduction

Fractional differential equations have been of great interest recently. It is caused both by
the intensive development of the theory of fractional calculus itself and by the applications;
see [1-14]. Although the tools of fractional calculus have been available and applicable to
various fields of study, there are few papers on the investigation of the theory of fractional
differential equations; see [15—19]. The differential equations involving Riemann-Liouville
differential operators of fractional order 0 < g < 1 are very important in modeling several
physical phenomena [20-22] and therefore seem to deserve an independent study of their
theory parallel to the well-known theory of ordinary differential equations.

In recent years, quadratic perturbations of nonlinear differential equations have at-
tracted much attention. The importance of the investigations of hybrid differential equa-
tions lies in the fact that they include several dynamic systems as special cases. This class of
hybrid differential equations includes the perturbations of original differential equations
in different ways. There have been many works on the theory of hybrid differential equa-
tions, and we refer the readers to the articles [23—-29]. Dhage and Lakshmikantham [24]
discussed the following first-order hybrid differential equation with linear perturbations

of first type:

% [f(zgc[()t))] =g(t,x(2)), aete],

x(t()) =x9 € R,
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where f € C(J x R,R \ {0}) and g € C(J x R,R). Dhage and Jadhav [25] discussed the
following first-order hybrid differential equation with linear perturbations of second type:

Lx(e) - f (& x(0)] = g(t,x()), te],

x(ty) = x0 €R,

where f € C(J x R,R\ {0}) and g € C(J x R, R). They established the existence and unique-
ness results and some fundamental differential inequalities for hybrid differential equa-
tions initiating the study of theory of such systems and proved utilizing the theory of in-
equalities, its existence of extremal solutions and a comparison result.

From the above works, we develop the theory of fractional hybrid differential equations
involving Riemann-Liouville differential operators of order 0 < g < 1. In this paper, we
initiate the basic theory of fractional hybrid differential equations of mixed perturbations
of second type involving three nonlinearities and prove the basic result such as the strict
and nonstrict fractional differential inequalities, an existence theorem and maximal and
minimal solutions efc. We claim that the results of this paper are a basic and important

contribution to the theory of nonlinear fractional differential equations.

2 Fractional hybrid differential equation
Let R be a real line and J = [£y, £y + a) be a bounded interval in R for some £y, a € R with
a > 0. Let C(J x R,R) denote the class of continuous functions f : ] x R — R.

Definition 2.1 [19] The Riemann-Liouville fractional derivative of order @ > 0 of a con-

tinuous function f : (fy, +00) — R is given by

(n)  pt
o= () [ L

n-a)\dt) J, t=spr1™"

where n =[] + 1, [«] denotes the integer part of number «, provided that the right-hand

side is pointwise defined on (¢, +00).

Definition 2.2 [19] The Riemann-Liouville fractional integral of order « > 0 of a function
f:(0,+00) — R is given by

F() = ﬁ / (6 -5 (s) ds

provided that the right-hand side is pointwise defined on (¢, +00).

We consider fractional hybrid differential equations (in short FHDE) involving Riemann-
Liouville differential operators of order 0 < g <1,

DA[x(e) - f(£,x(2)] = g(t,x(2)),  te],

x(to) = xo,

(2.1)

where f,g € C(J x R,R).
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By a solution of FHDE (2.1), we mean a function x € C(J, R) such that

(i) the function ¢+ x — f(¢, %) is continuous for each x € R, and

(ii) x satisfies the equations in (2.1).

The theory of strict and nonstrict differential inequalities related to ODEs and hybrid
differential equations is available in the literature (see [24, 25, 28, 29]). It is known that
differential inequalities are useful for proving the existence of extremal solutions of ODEs
and hybrid differential equations defined on J.

3 Existence result

In this section, we prove the existence results for FHDE (2.1) on the closed and bounded
interval J = [ty, tp + a] under mixed Lipschitz and compactness conditions on the nonlin-
earities involved in it.

We place FHDE (2.1) in the space C(J,R) of continuous real-valued functions defined
on J. Define a supremum norm || - || in C(J,IR) by |||l = sup,; |x(£)|. Clearly, C(/,R) is a
Banach algebra with respect to the above norm.

We prove the existence of a solution for FHDE (2.1) by a fixed point theorem in the
Banach algebra due to Dhage [30].

Definition 3.1 Let X be a Banach space. A mapping 7 : X — X is called ¢-Lipschitzian if
there exists a continuous and nondecreasing function ¢ : R* — R* such that

I1Tx - Tyll < ¢(llx—yl)

for all x,y € X, where ¢(0) = 0.
Further, if ¢ satisfies the condition ¢(r) < r, ¥ > 0, then T is called a nonlinear contraction
with a control function ¢.

Lemma 3.1 [30] Let S be a nonempty, closed convex and bounded subset of the Banach
algebra X and let A : X — X and B : S — X be two operators such that

(a) A is nonlinear contraction,

(b) B is completely continuous,

(c) Ax+BxeSforallxeS.
Then the operator equation Ax + Bx = x has a solution in S.

We consider the following hypotheses in what follows.

(Ao) The function x — x — f(¢t,x) is increasing in R for all £ € J.
(A1) There exist constants M > L > 0 such that

Lix -yl

lf(t,x) —f(t;J/)| = m

forallteJand x,y € R.
(A3) There exists a continuous function # € C(J, R) such that

lg(t,x)| <h(2), te],

forall x e R.
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Lemma 3.2 [19] Let 0 <q<1and u € L}(0,T).
(Hi1) The equality D117u(t) = u(t) holds.
(H2) The equality

_ Il_qu(to)
I'(q)

I1D%y(t) = u(t) (¢ —t0)™!

holds almost everywhere on J.
The following lemma is useful in what follows.

Lemma 3.3 Assume that hypothesis (Ao) holds. Then, for any h € C(J,R) and 0 < q < 1,
the function x € C(J,R) is a solution of the FHDE

D[x(t) - f(6,2(2))] = h(e), te], (3.1)
and
x(to) = X0 (32)

if and only if x satisfies the hybrid integral equation (HIE)
1 t
x(t) = xo — f (£0,%0) +f(t,x(t)) + = f (t-s) 1 h(s)ds, te]. (3.3)
F(Q) Lo

Proof Let x be a solution of the Cauchy problem (3.1) and (3.2). Since the Riemann-
Liouville fractional integral I is a monotone operator, thus we apply the fractional integral
17 on both sides of (3.1). By Lemma 3.2, we have

I 1x(8) — f (& 2(8))] |1t

) (t - to)" = Ih(t),

11D x(t) — f (£, %(2)) | = %(2) - f (£,%(2)) -
then by (3.2), we get

Il_q [x(t) _f(t) x(t))] |t=t()
I'(q)

x(t) —f (6,2(2)) = 17h(t) + (t—to)"™" = xo — f(to, x0) + Ih(t),

x(t) = xo —f (to, %0) +f (£,x(t)) + I17h(¢)

1 t
= o — f (£0,%0) +f(t,x(t)) + — / (t-s) 1 h(s)ds, te].
F(@) to
Thus, (3.3) holds.
Conversely, assume that x satisfies HIE (3.3). Then applying D? on both sides of (3.3),

(3.1) is satisfied. Again, substituting ¢ = ¢, in (3.3) yields

x(to) — f (o, x(t0)) = %o — f (to, %0)-

Page 4 of 16
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The map x > x — f(¢t,x) is increasing in R for all ¢ € J, the map x > x — f(£y, %) is injective

in R, hence x(ty) = xo. The proof is completed. d
Now, we are in a position to prove the following existence theorem for FHDE (2.1).

Theorem 3.1 Assume that hypotheses (Ag)-(A;) hold. Then FHDE (2.1) has a solution
defined on J.

Proof Set X = C(J,R) and define a subset S of X defined by
S={xeX||x| <N}, (3.4)

where N = |x¢ — f(to,%0)| + L + Fo + #‘il) 4]l ;2 and Fo = sup,; |[f(£,0)].

Clearly, S is a closed, convex and bounded subset of the Banach algebra X. Now, using
the hypotheses (Ag)-(A,), it can be shown by an application of Lemma 3.3, FHDE (2.1) is

equivalent to the nonlinear HIE

1 t
x(t) = %o — f(to,%0) +f (£6:%(2)) + ) / (t-9)""g(s,x(s))ds, te]. (3.5)
to
Define two operators A: X — X and B: S — X by

Ax(t) =f(t,x(t)), te], (3.6)

and
1 t
Bx(t) = xo — f (o, x0) + —— / (t —s)q_lg(s,x(s)) ds, te]j. (3.7)
F(Q) to
Then HIE (3.5) is transformed into the operator equation as
Ax(t) + Bx(t) =x(t), te]. (3.8)
We will show that the operators A and B satisfy all the conditions of Lemma 3.1.
First, we show that A is a Lipschitz operator on X with the Lipschitz constant L. Let
%,y € X. Then by hypothesis (A;),

Lx®-y®] _ Lix-yl

[Axtt) = Ay(0)] = f (&.20) =10V = 300 50 = M e

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

JAx - Ayl < ==L
YR P

for all x,y € X. This shows that A is a nonlinear contraction on X with a control function

Lr
M+r®

¢ defined by ¢ =
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Next, we show that B is a compact and continuous operator on S into X. First, we show
that B is continuous on S. Let {x,} be a sequence in S converging to a point x € S. Then,
by the Lebesgue dominated convergence theorem,

lim Bx,(t) = xo — f (to, %0) + hm —/ (t —9)7"g(s,%u(s)) ds
n—0oQ

=x0 —f(to, x0) + %q) /;0 (t—s)T! nliglog(s,xn(s)) ds

t

0 ~flto,10) + 5 [ (=" g(s009) s

0

= Bx(¢)

for all ¢ € J. This shows that B is a continuous operator on S.

Now, we show that B is a compact operator on S. It is enough to show that B(S) is a
uniformly bounded and equicontinuous set in X. On the one hand, let x € S be arbitrary.
Then by hypothesis (Aj),

|Bx(t)] = |0 —f (£0,%0)| +

% /t(t - s)q_lg(s,x(s)) ds

),
<|wo —f(to, %0)| + %q)/ (t -9 g(s,x(s))| ds
< o = fltor0)| + % / (- )" (s) ds

< |x0 = f(to,%0)| + Al

T(g+1)

for all ¢ € J. Taking supremum over ¢,

aq
1Bx|| < |0 — f (£0,%0)| + m”hﬂp

for all x € S. This shows that B is uniformly bounded on S.
On the other hand, let t;, t; € J with ; < t,. Then, for any x € S, one has

|Bx(t1)—Bx(t2)| ’F( )/ (H —s)7t (s x(s)) %/Z(tz—s)q‘lg(s,x(s)) ds

< rq )f (tp—s)?™" (s, x(s))ds—r( )/ (ty — )7 g(s,%(s)) ds

12}

+ ‘%q) /; (o~ s)1g(s,x(s)) ds - %q) /t (82 = )" g(5,x(s)) s

0 0

7l 12
“T(g+1) [|(

2 —t0)T—(t1 —t0)? — (t2 - tl)q’ +(ta— tl)q]'
Hence, for ¢ > 0, there exists a § > 0 such that

|-t <8 = |Bx(t1) - Bx(t2)| <e,

Page 6 of 16
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for all £, ¢, €] and for all x € S. This shows that B(S) is an equicontinuous set in X. Now,
the set B(S) is a uniformly bounded and equicontinuous set in X, so it is compact by the
Arzela-Ascoli theorem. As a result, B is a complete continuous operator on S.

Next, we show that hypothesis (c) of Lemma 3.1 is satisfied. Let x € S. Then, by assump-
tion (A7), we have

|Ax(t) +Bx(t)| < \Ax(t)| + |Bx(t)|

< |x0 —f(to,x0)| + [f(t,x(t))| +

IR
i | (-9 el t0) @
< |xo = f(t0,%0)| + [|f (£,4(2)) = f(£,0)| + |f(£,0)|]

+ (%q) /;(t_s)ql |g(s,x(s))|ds)
1 4 1
< ‘xo —f(to,x0)| +L+Fy+ (Tq)/ (t-s) h(s)ds)

T
< — f(to, L+Fy+———|h|.
_\xo f(0x0)|+ 0 F(q+1)" ()51
Taking supremum over ¢,
T i
< —f(to, L+Fy+——— =N.
||x||_|x0 f(0x0)|+ 0 F(q+1)” [Fa!

Thus, all the conditions of Lemma 3.1 are satisfied and hence the operator equation
Ax + Bx = x has a solution in S. As a result, FHDE (2.1) has a solution defined on J. This
completes the proof. O

4 Fractional hybrid differential inequalities
We discuss a fundamental result relative to strict inequalities for FHDE (2.1).

Lemma 4.1 [17] Let m : R, — R be locally Holder continuous such that for any t; €
(0, +00), we have

m(t))=0 and m(t) <0 forty <t<t. (4.1)
Then it follows that
Dim(ty) > 0. (4.2)

Theorem 4.1 Assume that hypothesis (Ag) holds. Suppose that there exist functions y,z :
J — R that are locally Hélder continuous such that

DI[y(t) -f(ty(0)] <g(t.y®), te], (4.3)

and

Dz(0) - f(t,2()) ] = g(t:2(2)), te], (4.4)
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one of the inequalities being strict. Then

¥(to) < z(to) (4.5)
implies

y(8) < 2(¢) (4.6)
forallte].

Proof Suppose that inequality (4.4) is strict. Assume that the claim is false. Then there
existsa ) € /, t > 0, such that y(¢;) = z(¢;) and y(¢) < z(¢) for ty <t < t.
Define

Y(t)=y(t)—f(t,y(t)) and Z(t) = z(t) - f (£, 2(2)).
Then we have Y (1) = Z(t;) and by virtue of hypothesis (Ay), we get Y(¢) < Z(t) for all

to <t < t. Setting m(t) = Y(t) — Z(t), to <t < t;, we find that m(t) <0, tp <t <t and
m(t;) = 0. Then by Lemma 4.1, we have D7m(t;) > 0. By (4.3) and (4.4), we obtain

g(ty(t) = DY (1) = D Z(th) > g (11, 2(1r)).

This is a contradiction to y(¢;) = z(¢). Hence, the conclusion (4.6) is valid and the proof is

complete. d

The next result is concerned with nonstrict fractional differential inequalities which re-

quire a kind of one-sided ¢-Lipshitz condition.

Theorem 4.2 Assume that the conditions of Theorem 4.1 hold. Suppose that there exists a
real number M > 0 such that

M~ fltm) - (2 —f (b)), £e), (47)

gt %) —g(t,x0) < o

for all x1,x, € R with x) > x,. Then y(0) < z(0) implies, provided Ma? < ﬁ,

y(t) < z(t) (4.8)
forallte].
Proof We set

ze(t) = f (t,2:(1)) = 2(t) - f (£:2(0)) + (1 + £9)

for small ¢ > 0, so that we have

ze(0) —f(ze(0)) > 2(0) - f(t,2(2)) = z:(t) > 2(2). (4.9)
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Define Z,(t) = z.(¢) — f (¢, z.(¢)) and Z(¢) = z(t) — f (¢, z(¢)) for ¢ € ]. Since

2(tb2:(0) - g(t2(0) < %((a(t) (b 2(0)) - (20 £ (6,20))))

forallt € J and Ma4 < r(+—q) one has

D1Z,(t)=DZ(t) + eD(1 + 1)

zg(t, z(t)) + 8< +I(A+ q))

tir'(1-¢q)

> g(t,z.(t)) - Me + & +el(1+q)

1
tT(1-q)

> g(62:(2)).

Also, we have z.(0) > z(0) > y(0). Hence, by an application of Theorem 4.1 with z = z,
yields that y(t) < z(¢) for all £ € J. By the arbitrariness of ¢ > 0, taking the limits as ¢ — 0,
we have y(t) < z(¢) for all £ € . This completes the proof. O

Remark 4.1 Let f(¢,%) = 0 and g(¢,x) = x. We can easily verify that f and g satisfy the
condition (4.7).

5 Existence of maximal and minimal solutions
In this section, we prove the existence of maximal and minimal solutions for FHDE (2.1)

on J = [£y, to + a]. We need the following definition in what follows.

Definition 5.1 A solution r of FHDE (2.1) is said to be maximal if for any other solution x
to FHDE (2.1), one has x(¢) < r(¢) for all ¢ € J. Similarly, a solution p of FHDE (2.1) is said
to be minimal if p(¢) < x(t) for all £ € J, where x is any solution of FHDE (2.1) on /.

We discuss the case of a maximal solution only, as the case of a minimal solution is
similar and can be obtained with the same arguments with appropriate modifications.
Given an arbitrary small real number ¢ > 0, consider the following initial value problem
of FHDE of order 0 < g < 1,

Di[x(t) - f(t,x())] =gt,x(2)) +&, ae.te],

x(to) = xo + &,

(5.1)
where f,g € C(J x R,R).
An existence theorem for FHDE (5.1) can be stated as follows.

Theorem 5.1 Assume that hypotheses (Ao)-(Ay) hold. Then, for every small number ¢ > 0,
FHDE (5.1) has a solution defined on J.

Proof The proof is similar to Theorem 3.1 and we omit the details. O

Our main existence theorem for a maximal solution for FHDE (2.1) is as follows.
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Theorem 5.2 Assume that hypotheses (Ag)-(Az) hold. Then FHDE (2.1) has a maximal
solution defined on J.

Proof Let {&,}3° be a decreasing sequence of positive real numbers such that lim,_, o &, =
0. By Theorem 5.1, then there exists a solution r(¢, ¢,,) of the FHDE defined on J

Dix(t) - f (£, x(2)] = g(t, x(£)) + €n, L E],

x(ty) = X0 + &5.

(5.2)

Then, for any solution u of FHDE (2.1), any solution of auxiliary problem (5.2) satisfies
Dq[r(t, en) —f (6,12, e,,))] =g(t,r(t,60)) + &0 > g(tr(t, €0)),

where u(ty) = x0 < xo + &, = r(to, €4). By Theorem 4.2, we infer that
u(t) <r(t,e,) (5.3)

forall £t e Jand n € NU {0}.
Since xq + &3 = r(to, &2) < r(to, €1) = %o + €1, then by Theorem 4.2, we infer that (¢, &3) <
r(¢, €1). Therefore, r(t, ;) is a decreasing sequence of positive real numbers, the limit

r(t) = nlin;o r(t, &,) (5.4)

exists. We show that the convergence in (5.4) is uniform on J. To finish, it is enough to
prove that the sequence r(¢, &,) is equicontinuous in C(J,R). Let t1,¢, € J with f; < ¢, be
arbitrary. Then

|r(t1, en) — r(ty, sn)| = ‘ (f(tl, r(ti,en)) + %q) /tol(tl —g)i! (g(s,7(s,8)) + &) ds)

- <f(t2,r(t2,8n)) + %q) ./tOZ(tZ — )1 (g(s,7(s,8n)) + &) ds)

= Lf(tl, r(t, 8n)) —f(tz, r(ta, 8n))| + %q) /tlz g ds

/tl (=) = (2 = 5)7)g(s,7(s, €0)) ds

+ Tq) .
+ %q) /tz (ta =) "g(s,7(s, &) ds
< Lf(tb’”(fl,&“n)) —f(tz,r(f2,8n))| + %(tz -t)
F”(Z”-fll) [(tz i to)q] + (6 —0).

Since f is continuous on a compact set / x [-N,N], it is uniformly continuous there.
Hence,

If (b r(ti,e0) —f (2o r(t2,60)) | > 0 asti — &

uniformly for all # € N.
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Therefore, from the above inequality, it follows that
’r(tl,s,,) - r(tz,s,,)| —0 ast— b
uniformly for all # € N. Therefore,
r(t,e,) — r(t) asm— o0

forallz e].
Next, we show that the function r(t) is a solution of FHDE (2.1) defined on /. Now, since
r(t, &,) is a solution of FHDE (5.2), we have

r(t, &,) = %o + &, +f(t r(t, sy,) + ) / (t—s)q -1 (s, (s, sy,)) + an) (5.5)

for all ¢ € J. Taking the limit as n — oo in above Eq. (5.5) yields

t

r(t) f(t r(t)) (t — s)q’lg(s, r(s)) ds

F()

for all ¢ € J. Thus, the function r is a solution of FHDE (2.1) on J. Finally, from inequality
(5.3), it follows that u(¢) < r(¢) for all £ € J. Hence, FHDE (2.1) has a maximal solution on J.
This completes the proof. O

6 Comparison theorems

The main problem of differential inequalities is to estimate a bound for the solution set for
the differential inequality related to FHDE (2.1). In this section, we prove that the maximal
and minimal solutions serve as bounds for the solutions of the related differential inequal-
ity to FHDE (2.1) on J = [to, to + al.

Theorem 6.1 Assume that hypotheses (Ag)-(Ay) hold. Suppose that there exists a real
number M > 0 such that

- lMtq [(x1 _f(t’xl)) - (x2 —f(t>xz))], te],

gt %) —g(t,x0) <

for all x1,x, € R with x; > x, where Ma? <
u € C(J,R) such that

r( Furthermore, if there exists a function

DUu(t) —f (¢, u(t)] < g(t, u(t)), ae.te],

u(to) < xo.

(6.1)

Then

u(t) <r(t) (6.2)

forallt €], where r is a maximal solution of FHDE (2.1) on J.
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Proof Let ¢ > 0 be arbitrary small. By Theorem 5.2, (¢, ¢) is a maximal solution of FHDE
(5.1) and the limit

r(t) = lin(l) r(t, &) (6.3)

is uniform on J and the function r is a maximal solution of FHDE (2.1) on J. Hence, we
obtain

Difr(t,e) - f(t,r(t,e)] =g(t,r(t,e)) +e, te],

r(to, &) = xg + €.

From the above inequality, it follows that

Dq[l"(t,e) —f(t,l"(t,S))] >g(trr(t¢8))r a'e-tej; (6 4)

r(to, &) > xo. '
Now, we apply Theorem 4.2 to inequalities (6.1) and (6.4) and conclude that u(z) < r(¢, )
for all £ € J. This further, in view of limit (6.3), implies that inequality (6.2) holds on J. This
completes the proof. d

Theorem 6.2 Assume that hypotheses (Ao)-(Ay) hold. Suppose that there exists a real
number M > 0 such that

lfltq [ ~f(&,20) = (2~ f(t.22)) ], t e,

gt x1) —g(t,x0) <

for all x1,x, € R with x; > x5, where MT1 < L Furthermore, if there exists a function

rd-q)°
u € C(J,R) such that

Dw(e) - f(£,v(2)] = g(t,v(0), a.e.t€],

v(to) > xo.

Then

p(t) < v(t)
forallt €], where p is a minimal solution of FHDE (2.1) on ].

Note that Theorem 6.1 is useful to prove the boundedness and uniqueness of the solu-
tions for FHDE (2.1) on J. A result in this direction is as follows.

Theorem 6.3 Assume that hypotheses (Ao)-(Az) hold. Suppose that there exists a function
G:J] xR, = R, such that

g(t,21) — g(6,2)| < G2, | (%1(5) = f (£,%1(5))) — (%2(8) = (£, %2(5)))

), aete],
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for all x1,x, € R. If an identically zero function is the only solution of the differential equa-
tion

Dim(t) = G(t,m(t)) a.e. t € J,m(ty) = xo, (6.5)
then FHDE (2.1) has a unique solution on J.

Proof By Theorem 3.1, FHDE (2.1) has a solution defined on /. Suppose that there are two
solutions #; and u, of FHDE (2.1) existing on J. Define a function m : ] — R by

m(t) = | () —f (& m(2))) = (u2(t) = £ (£, u2(0)) ) |-

As D*(Jx(¢)|) < |D*x(t)| for t € J, we have

Dm(t) = | DA (mn(t) - £ (£, w1 (2))) = D (o) = f (£, 2(0)) ) |
= |g(t:m(®) —g(t, ua(2))|
< G(t, (m —f(t,m)) - (2 —f(t, w)))
= G(t,m(0))

for almost everywhere ¢ € J, and m(zy) = 0.
Now, we apply Theorem 6.1 with f(£,x) = 0 to get that m(¢) = 0 for all ¢ € J. This gives

ur —f (& u) = (g —f (¢, u2)

for all £ € J. Then we can get u; = uy in view of hypothesis (Ao). This completes the proof.
O

7 Existence of extremal solutions in a vector segment
Sometimes it is desirable to have knowledge of the existence of extremal positive solutions
for FHDE (2.1) on /. In this section, we prove the existence of maximal and minimal posi-
tive solutions for FHDE (2.1) between the given upper and lower solutions on J = [£, to +a].
We use a hybrid fixed point theorem of Dhage [26] in ordered Banach spaces for estab-
lishing our results. We need the following preliminaries in what follows.
A nonempty closed set K in a Banach algebra X is called a cone with vertex 0 if
() K+KCK,
(i) MK CK for L €R, >0,
(iii) (=K) N K =0, where 0 is the zero element of X,
(iv) A cone K is called positive if K o K C K, where o is a multiplication composition
in X.
We introduce an order relation ‘<’ in X as follows. Let x,y € X. Then x <y if and only if
y—x € K. A cone K is called normal if the norm || - || is semi-monotone increasing on K,
thatis, thereis a constant N > 0 such that || x|| < N||y|| forallx,y € K withx < y.Itis known
that if the cone K is normal in X, then every order-bounded set in X is norm-bounded.

The details of cones and their properties appear in Heikkild and Lakshmikantham [31].
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Lemma7.1[26] Let K be a positive cone in a real Banach algebra X and let uy, uy, v1, vo €
K be such that uy; < vy and uy < vy. Then ujuy < viv,.

For any a, b € X, the order interval [a, b] is a set in X given by
[a,b)={xe X: a<x<b}.

Definition 7.1 A mapping T : [a,b] — X is said to be nondecreasing or monotone in-
creasing if x < y implies Tx < Ty for all x,y € [a, b].

We use the following fixed point theorems of Dhage [27] for proving the existence of
extremal solutions for IVP (2.1) under certain monotonicity conditions.

Lemma 7.2 [27] Let K be a cone in a Banach algebra X and let a,b € X be such that a < b.
Suppose that A, B: [a,b] — K are two nondecreasing operators such that

() A is a nonlinear contraction,

(b) B is completely continuous,

(c) Ax + Bx € [a, b] for each x € [a, D).
Further, if the cone K is positive and normal, then the operator equation Ax + Bx = x has a
least and a greatest positive solution in [a, b].

We equip the space C(/,R) with the order relation < with the help of a cone K defined
by

K={xeC(,R):x(t)>0,Vre]} (7.1)

It is well known that the cone K is positive and normal in C(J, R). We need the following
definitions in what follows.

Definition 7.2 A function a € C(J,R) is called a lower solution of FHDE (2.1) defined on
J if it satisfies (4.3). Similarly, a function a € C(J,R) is called an upper solution of FHDE
(2.1) defined on J if it satisfies (4.4). A solution to FHDE (2.1) is a lower as well as an upper
solution for FHDE (2.1) defined on J and vice versa.

We consider the following set of assumptions:

(Bo) f: JxR—>R"—-{0}, g: ] x R— R"*.

(B;) FHDE (2.1) has a lower solution a and an upper solution b defined on J with a < b.

(B2) The function x — x — f(¢£,x) is increasing in the interval [min;c; a(t), max,c; b(¢)] al-
most everywhere for £ € /.

(B3) The functions f(¢,x) and g(t, x) are nondecreasing in x almost everywhere for ¢ € J.

(B4) There exists a function k € L(J,R) such that g(¢, b(£)) < k(2).

We remark that hypothesis (B4) holds in particular if f is continuous and g is L!-
Carathéodory onJ x R.

Theorem 7.1 Suppose that assumptions (A1) and (By)-(B4) hold. Then FHDE (2.1) has a
minimal and a maximal positive solution defined on J.
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Proof Now, FHDE (2.1) is equivalent to integral equation (3.5) defined on J. Let X =
C(J,R). Define two operators A and B on X by (3.6) and (3.7) respectively. Then the in-
tegral equation (3.5) is transformed into an operator equation Ax(¢) + Bx(f) = x(¢) in the
Banach algebra X. Notice that hypothesis (Bg) implies A, B : [a,b] — K. Since the cone
K in X is normal, [a, b] is a norm bounded set in X. Now it is shown, as in the proof of
Theorem 3.1, that A is a Lipschitzian with the Lipschitz constant L and B is a completely
continuous operator on [a, b]. Again, hypothesis (Bs) implies that A and B are nondecreas-
ing on [a, b]. To see this, let x,y € [a, b] be such that x < y. Then, by hypothesis (B3),

Ax(t) = f (£,2(0)) <f(£,(0)) = Ay(2)

for all ¢ € J. Similarly, we have
1 t
Bx(t) = xo — f(to, %0) + m / (¢ —S)q_lg(s,x(s)) ds

<x —f(to,xo)+m / (-5 (5,5(5) ds
=By(t)

forall £ € J. So, A and B are nondecreasing operators on [a, b]. Lemma 7.1 and hypothesis
(Bs3) together imply that

alt) < xo — f(to,%0) +f (a,a(0)) = ()t)) /0 (= 91 g(s,x(s)) ds

Y
F() /(t 9g (s, %(s)) ds

Lo

<X f(to,?C()) +f(t x(t)

b
< 0 — flto,%0) + (6, b(1)) + 1 (tr (;)t ) /t (g9

<b(?)

forall t € J and x € [a, b]. As a result, a(t) < Ax(t) + Bx(t) < b(t) for all t € J and x € [a, b].
Hence, Ax + Bx € [a, b] for all x € [a, b].

Now, we apply Lemma 7.2 to the operator equation AxBx = x to yield that FHDE (2.1)
has a minimal and a maximal positive solution in [a, b] defined on /. This completes the

proof. d
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