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EXISTENCE AND APPROXIMATE SOLUTIONS FOR NONLINEAR HYBRID
FRACTIONAL INTEGRODIFFERENTIAL EQUATIONS

B.C. DHAGE"*, G.T. KHURPE!, A.Y. SHETE? AND J.N. SALUNKE?

ABSTRACT. In this paper we prove existence and approximation of the solutions for initial value
problems of nonlinear hybrid fractional differential equations with maxima and with a linear as well
as quadratic perturbation of second type. The main results rely on Dhage iteration method embodied
in the recent hybrid fixed point theorem of Dhage (2014) in a partially ordered normed linear space.
The approximation of the solutions of the considered nonlinear fractional differential equations are
obtained under weaker mixed partial continuity and Lipschitz conditions. Our hypotheses and the
main results are also illustrated by a numerical example.

1. INTRODUCTION

In this paper we prove existence and approximations of the solutions for initial value problems
of nonlinear hybrid fractional differential equations. Consider the following initial value problem of
fractional differential equations,

oo () = IPh(t,2(t))
b ( 7t 2(t) )

p (t,x(t),/otk(s,x(s))ds) cteJi=[0,7),

z(0) = x0€ Ry,

(1.1)

where ©D® denotes the Caputo fractional derivative of order o, 0 < a < 1, I? is the Riemann-Liouville
fractional integral of order 8, and f: JJ xR = R\ {0}, h,k: JXxR—>Rand g: J xR xR — R are

given continuous functions.

By a solution of the problem (1.1) we mean a function z € C1(J,R) if
x(t) — IPh(t, z(t))
ft,x(t))

(ii) z satisfies the relations in ((1.1) on J,

(i) the function ¢ —

is Caputo differentiable, and

where C'!(J,R) is the space of continuously differentiable real-valued functions defined on J.

Fractional differential equations have aroused great interest, which is caused by both the intensive
development of the theory of fractional calculus and the applications to rheology, physics, mechanics
and chemistry engineering [16, 17]. For some recent development on the topic see [1] and the references
cited therein. For some recent results on hybrid fractional differential equations we refer to [1], [2],
[14], [18], [19] and the references cited therein.

The origin of the problem (1.1) lies in the initial value problems of first order quadratic differential
equations with ordinary derivative wherein only existence of the solutions is proved using classical
hybrid fixed point theorem of Dhage [3]. The problem (1.1) considered here is general in the sense
that it includes the following three well-known classes of initial value problems of fractional differential
equations.
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Case I: Let f(t,2) =1 and h(t,z) =0 for all t € J and « € R. Then the problem (1.1) reduces to
standard initial value problem of fractional differential equation

Dox(t) = g <t,x(t),/0tk(s,x(s))ds> teJi=[0,T],

zz(0) = xo€R.

(1.2)

Case II: If h(t,z) =0 for all t € J and € R in (1.1), we obtain the following quadratic fractional
differential equation,

(1.3) o (jf(ﬁf?t))) 9 <t7$(t)v/0 k(sw(s))ds) , teJ:=1[0,T],
$<0) = zx9€R.

Case IIL: If f(t,z) = 1 forallt € Jand x € Rin (1.1), we obtain the following interesting fractional
differential equation,

cDY[x(t) — IPh(t, x = x t s,z(s)) ds =
» D*[a(t) - Phie.o@)] = o (ta(0). [ Ks.o(9)ds), 1€ 7= 07
£L’(0) = zp€R.

Therefore, the main result of this paper also includes the existence as well as approximation results
for the solutions of above mentioned initial value problems of fractional differential equations as special
cases. Again our approach here in this paper is different than that employed in the related paper of
Dhage [3].

In the present paper we prove the existence and approximations of the solutions of problem (1.1)
under weaker partial compactness and partial Lipschitz type conditions via Dhage iteration method
[7]. Very recently, Dhage iteration method has been applied in [7, 8, 9, 11, 12, 13] to nonlinear ordinary
differential equations for proving the existence and algorithms of the solutions.

We recall the basic definitions of fractional calculus [16, 17] which are useful in what follows.

Definition 1.1. The Riemann-Liouville fractional integral of order q with the lower limit zero for a
function f is defined as

If(t) = I‘(lq) /0 i f(ss))lq ds, t>0, ¢>0,

provided the right hand-side is point-wise defined on [0,00), where I'(+) is the gamma function, which

is defined by T'(q) z/ ti= et at.
0

Definition 1.2. The Riemann-Liouville fractional derivative of order ¢ >0, n—1<qg<n, n € N,
s defined as

DY S0 = o (jt) / (1= sy (s,

where the function f(t) has absolutely continuous derivative up to order (n — 1).

Definition 1.3. The Caputo derivative of order q for a function f € C™(J,R) can be written as
n—1 tk
DIf(t) = D (f(t) -> klf“”@)) L >0, n—1<g<n.
k=0

Remark 1.4. If f € C"(J,R), then

C 1 i f(n)(s) n— n
DIf(t) = F(ﬂ_q)/o (t_s)q+l_nds:f M), >0, n—1<q<n.
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Lemma 1.5. For q > 0, the general solution of the fractional differential equation <D%x(t) = 0 is
given by

z(t)=co+ct+...+ Cp1t" L,
wherec; €R, i=1,2,....n—1 (n=1[¢] +1).

Remark 1.6. In view of Lemma 1.5, it follows that
(1.5) I9°D%(t) = 2(t) +co +eit + ...+ cp1t" L,
for some ¢; R, i=1,2,....,n—1 (n=1[g] +1).

The rest of the paper will be organized as follows. In Section 2 we give some preliminaries and key
fixed point theorems that will be used in subsequent part of the paper. In Section 3 we discuss the
main existence and approximation result for initial value problems of fractional differential equations
(1.1). An illustrative example is also discussed.

2. AUXILIARY RESULTS

Unless otherwise mentioned, throughout this paper we let E denote a partially ordered real normed
linear space with the order relation < and the norm || - || in which addition and scalar multiplication
by positive real numbers are preserved by <. A few details on such partially ordered normed linear
spaces appear in Dhage [5] and the references therein.

Two elements x and y in F are said to be comparable if either the relation x < y or y < x holds.
A non-empty subset C of FE is called a chain or totally ordered if all elements of C' are comparable.
We say that E is regular if for any nondecreasing (resp. nonincreasing) sequence {x,} in E such that
Zn, — ¥ as n — 0o, we have that x, < a* (resp. z, = z*) for all n € N. Conditions guaranteeing the
regularity of E may be found in Heikkild and Lakshmikantham [15] and the references therein.

We need the following definitions (see Dhage [5, 6, 6] and the references therein) in what follows.

Definition 2.1. A mapping B : E — F is called isotone or nondecreasing if it preserves the order
relation X, that is, if v Xy implies Bx <X By for all z,y € E.

Definition 2.2. A mapping B : E — E is called partially continuous at a point a € E if for e >0
there exists a § > 0 such that ||Bx — Ba|| < € whenever x is comparable to a and ||x —al| < 0. B called
a partially continuous on E if it is partially continuous at every point of it. It is clear that if B is a
partially continuous on E, then it is continuous on every chain C' contained in E.

Definition 2.3. A non-empty subset S of the partially ordered Banach space E is called partially
bounded if every chain C in S is bounded. A nondecreasing mapping B : E — FE is called partially
bounded if B(C) is bounded for every chain C in E. B is called uniformly partially bounded if
all chains B(C) in E are bounded by a unique constant. B is called bounded if B(E) is a bounded
subset of E.

Definition 2.4. A non-empty subset S of the partially ordered Banach space E is called partially
compact if every chain C in S is compact. A nondecreasing mapping B : E — E is called partially
compact if B(C) is a relatively compact subset of E for all totally ordered sets or chains C in E. B is
called uniformly partially compact if B(C) is a uniformly partially bounded and partially compact
on E. B is called partially totally bounded if for any totally ordered and bounded subset C of E,
B(C) is a relatively compact subset of E. If B is partially continuous and partially totally bounded,
then it is called partially completely continuous on F.

Definition 2.5. The order relation = and the metric d on a non-empty set E are said to be compatible
if {xn}tnen is a monotone, that is, monotone nondecreasing or monotone nonincreasing sequence in E
and if a subsequence {xn, tnen Of {Tn}nen converges to x* implies that the whole sequence {xy }nen
converges to x*. Similarly, given a partially ordered normed linear space (E, =<, ||-|), the order relation
= and the norm || - || are said to be compatible if <X and the metric d defined through the norm | -|| are
compatible. A subset S of E is called Janhavi if the order relation < and the metric d or the norm
Il - || are compatible in it. In particular, if S = E, then E is called o Janhavi metric or Janhavi
Banach space.
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Clearly, the set R of real numbers with usual order relation < and the norm defined by the absolute
value function | - | has this property. Similarly, the finite dimensional Euclidean space R™ with usual
componentwise order relation and the standard norm possesses the compatibility property.

Definition 2.6. An upper semi-continuous and nondecreasing function ¢ : Ry — Ry is called a D-
function provided ¥(0) = 0. Let (E,=,]| - ||) be a partially ordered normed linear space. A mapping
T : E — E is called partially nonlinear D-Lipschitz if there exists a D-function ¢ : Ry — Ry
such that

(2.1) 1Tz = Tyll < (llx —yl)

for all comparable elements x,y € E. If ¥(r) =kr, k> 0, then T is called a partially Lipschitz with a
Lipschitz constant k. Furthermore, if ¥(r) <r, r >0, T is called a partially nonlinear D-contraction
on E.

Let (E, =<, | - ||) be a partially ordered normed linear algebra. Denote
ET = {ac € E |z = 0, where 6 is the zero element of E}
and
(2.2) K={E" CE|uveE" forall u,veE"}.
The elements of the set I are called the positive vectors in E. Then following lemma is immediate.
Lemma 2.7 (Dhage [3]). If u1,us,v1,v2 € K are such that uy < vy and ug < ve, then ujug < v1vs.

Definition 2.8. An operator B : E — FE is said to be positive if the range R(B) of B is such that
R(B) C K.

The Dhage iteration method is embodied in the following hybrid fixed point theorem proved in
Dhage [6] which are useful tools in what follows. A few other such hybrid fixed point theorems appear
in Dhage [5, 6].

Theorem 2.9 (Dhage [7]). Let (E,=,|-]) be a regular partially ordered complete normed linear
algebra such that every compact chain C in E is Janhavi. Let A,B: E — K and C : E — E be three
nondecreasing operators such that

(a) A and C are partially bounded and partially nonlinear D-Lipschitz with D-functions ¥4 and
Pe respectively.
(b) B is partially continuous and uniformly partially compact,
(¢) 0 < Mpa(r)+te(r) <r, r>0, where M = sup{||B(C)|| : C is a chain in E}, and
(d) there exists an element xo € E such that xy < AzxoBxg + Cxo or
To > .AZ'O Biﬂo + Cl’o.
Then the operator equation AxBx+Cx =  has a solution x* in E and the sequence {x,} of successive
iterations defined by xp+1 = Az, Bz, + Cx,, 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 is held if every partially compact subset S of E possesses the compatibility property with respect
to < and || - ||. This simple fact is used to prove the desired characterization of the mild solution of
the problem (1.1) on J.

3. MaAIN EXISTENCE RESULT

The equivalent integral form of the problem (1.1) 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 < in
C(J,R) by
(3.1) [[]| = sup |z()]
tes
and

(3.2) r<y = alt) < y(t)
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for all t € J. Clearly, C(J,R) is a Banach space with respect to above supremum norm and also
partially ordered w.r.t. the above partially order relation <. It is known that the partially ordered
Banach space C'(J,R) is regular and a lattice so that every pair of elements of F has a lower and
an upper bound in it. It is known that the partially ordered Banach space C(J,R) has some nice
properties w.r.t. the above order relation in it. The following lemma follows by an application of
Arzella-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 every partially compact subset S of
C(J,R) is Janhawi.

Proof. The proof of the lemma is given in Dhage and Dhage [11]. Since the proof is well-known, we
omit the details of proof. O

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 (1.1) if the
u(t) — IPh(t,u(t))

£t ult))
cpo (u(t) - fﬁh(t’“@”) <g (t,um, / ks, u(s) ds) Ll
0

function t —

s continuously differentiable and satisfies

f(tu(t)) (%)

u(0) < xg.

Similarly, an upper solution v € C*(J,R) to the problem (1.1) is defined on J, by the above inequalities
with reverse sign.

We consider the following set of assumptions in what follows:

_r
f(t, @)
(A1) There exists a constant My > 0 such that 0 < f(t,z) < My for allt € J and = € R.
(A2) There exists a D-function ¢ such that

0< f(t,z) = f(t,y) < plz—y)

forallte Jand z,y € R, x > y.
(B1) There exists a constant M, > 0 such that 0 < g(t,z,y) < M, for allt € J and z,y € R.
(B2) The function g(¢,x,y) is monotone nondecreasing in = and y for each ¢t € J.
(B3) The function k(¢,z) is monotone nondecreasing in z for each ¢ € J.
(C1)
(Ca)

(Ap) The map z — is injective for each ¢t € J.

There exists a constant M} > 0 such that 0 < h(t,z) < My for all t € J and = € R.
There exists a D-function w such that

1
2

0 < h(t,z) = h(t,y) < w(z—y)
forallte Jand z,y € R, x > y.
(D7) The problem (1.1) has a lower solution u € C1(J,R).
(D2) The problem (1.1) has an upper solution v € C(J,R).
Remark 3.3. Notice that Hypothesis (Ag) holds in particular if the function x —

in R for each t € J.

18 1ncreasing

f(t,x)

The following lemma is useful in what follows and may be found in Kilbas et.al. [16] and Podlubny
[17].

Lemma 3.4. For a given continuous function h: J — R, a function u € C1(J,R) is a solution of the
QFDE

(3.3)

‘Dixg(t)=h(t), teJ 0<qg<l,
z(0) = ap,
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if and only if it is a solution of the nonlinear integral equation,

1

(3.4) z(t) = ap + @/o (t—s)1" ' h(s)ds, t € J.

As an application of Lemma 3.4, we obtain

Lemma 3.5. Assume that the hypothesis (Ag) holds. If a function x € C1(J,R) is a solution of the
OFDE

o [0 19h(t, 2(1))

F(t, (1) } =9 <3733(3),/08 k‘(ﬂx(T))dT) ,teld 0<qg<1,

x(to) = o,

(3.5)

then it satisfies the nonlinear integral equation,

o) = [1(20)] | s + 10 | (t— s (2660, [ ratrar) as)

+ IPh(t, x(t)), t € J.

(3.6)

Proof. Assume first that x € C1(J,R) is a solution to the QFDE (1.1) defined on J. By Lemma 1.5,
we have

(3.7) z(®) ;(fﬂj(it),)x(t)) = /t (t }(so):;lg (s,m(s),/s k(r,z(T)) dT) ds + co,
) 0 0
where ¢g € R. Since z(0) = g, f(0, ap) # 0, it follows ¢y = f(oa(; 7 Thus (3.6) holds. O
» X0

Definition 3.6. A function x € C*(J,R) which satisfies the QFIE (8.7) is called a mild solution of
the QFDE (1.1) defined on J.
Theorem 3.7. Assume that the hypotheses (Ao )-(Az), (B1)-(Bz2), (C1)-(C7) and (Dy) hold. Further-
more, if
ap ‘ M,T* } T8
+ )+ ————w(r) <,
sl * F ] #0*

then the problem (1.1) has a mild solution x* defined on J and the sequence {x,}>, of successive
approrimations defined by

t(_ g)B-1
xn+1(t):/0 %h(s,xn(s))ds

(3.8)

(B)
(3.9)
) [f(tioao) +/Ot (t_r(‘zj_lg (s,x(s),/osk(T,x(T))dT> ds]

for allt € J, where 1 = u, converges monotonically to z*.

Proof. By Lemma 3.5, the mild solution x of the problem (1.1) satisfies the nonlinear integral equation

[T s
o) = [ Eg—hls.alo)d

) [ [T (o), [hratryar ) o

(3.10)

for all t € J.
Set E = C(J,R). Then, from Lemma 3.1 it follows that every compact chain in E possesses the
compatibility property with respect to the norm || - || and the order relation < in E.

Define the operators A, B, and C on E by
(3.11) Ax(t) = f(t,z(t)), t € J,
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= a0 1 t —35)* g (s, 2(s ) T,2(7))dr | ds
(3.12) Bm(t)_f(to,ao)+F(a)/o(t ) g(, (),/0 k(r,z(7))d ) ds, t € J,
and
—i t — )% h(s, x(s S
(3.13) Cx(t)_F(ﬁ)/o(t )T h(s,z(s))ds, t € J.

From the continuity of the integrals, it follows that 4, B and C define the maps A,B: E — K and
C: E — E. Then, the problem (1.1) is equivalent to the operator equation

(3.14) Ax(t)Bx(t) + Cx(t) = x(t), t € J.

We shall show that the operators A, B and C satisfy all the conditions of Theorem 2.9. This is
achieved in the series of following steps.

Step I: A, B and C are nondecreasing operators on E.
Let z,y € E be such that z > y. Then by hypothesis (As), we obtain

Az(t) = f(t,2(t)) > f(t,y(t) = Ay(t),
for all t € J. This shows that A is nondecreasing operator on F into E. Similarly, we have by (Asj),

Ba(t) — f(t‘;"oao) 4 F(la) /Ot(t—s)a_lg (s,w(s),/osk(r,x(T))dT) ds
> f(tioao) + F(la) /Ot(t—s)“_lg (s,x(s),/osk(T,x(T))dT) ds
= By(t),

for all ¢t € J. This shows that B is nondecreasing operator on FE into itself. The proof that C is
nondecreasing operator on E into itself is similar.

Step II: A and C are partially bounded and partially D-contraction on E.
Let x € E be arbitrary. Then by (A1),

[Az(t)] < |f(t,2(8)] < My,

for all t € J. Taking supremum over ¢, we obtain | Az| < M; and so, A is bounded. This further
implies that A is partially bounded on E.

Next, let x,y € E be such that z > y. Then,

|Az(t) — Ay(t)| = [£(t, 2(t) = f{t, ()] < () —y®)]) < ez = yl]).

Then, ||[Az — Ay|| < ¢(||z — y||) for all z,y € F with > y and hence A is a partially D-Lipschitz on
E with D-functions ¢(r), which further implies that A is also a partially continuous on E.

Again, we have

(-5t
cal < [ g Intsas)lds
t(t_s),@—l
<, [ S
M, t?
- I(B+1)
- M, T8
- r(p+1)

which means that C is bounded and consequently partially bounded on E.



164 DHAGE, KHURPE, SHETE AND SALUNKE

Next, let x,y € E be such that > y. Then,

i _ g)B-1
ot - et = | “F(,g)|h<s,x<s>>—h<s,y<s>>|ds
B
< %mnx—yw
T8

Hence C is a partially D-Lipschitz on E with D-functions w(r), which further implies that C

L(B+1)

is a partially continuous on F.

Step III: B is a partially continuous operator on E.

Let {z,} be a sequence of points of a chain C in F such that z,, — z for all n € N. Then, by
dominated convergence theorem, we have

Tim B, (t) = lim [ f(tioao) + F(la) /0 t(tfs)aflg <5,xn(s), /0 Tk, a;n(T))dT) ds]

S

= f(t:,oao) + F(la) /Ot(t—s)al Lli&g <S,xn(s), i k(T,xn(T))dT)] ds

_ f(t?,oozo) + F(la) /Ot(t—s)o‘_lg (s,x(s),/os k(r,x(r))ch) ds
= Ba(t),

for all ¢ € J. This shows that {Bx, } converges to Bx pointwise on J.

Next, we will show that {Bz,} is an equicontinuous sequence of functions in E. Let t1,t5 € J be
arbitrary with ¢; < t3. Then

|B$n(t2) - B-rn(tl>|

< s | [ =9 = =g (ssat6), [ eratryar) | as
+ %a) /tt (t )9 <s,x(s),/08 k(T,x(T))dT> |ds
M,
< ey )

Consequently, we obtain
|Bxy, (t2) — Bxy(t1)] = 0 as ¢ —t

uniformly for all n € N. This shows that the convergence Bx,, — Bz is uniformly and hence B is a
partially continuous on FE.
Step IV: B is a partially compact operator on E.

Let C be an arbitrary chain in E. We show that B(C) is a uniformly bounded and equicontinuous
set in E. First we show that B(C) is uniformly bounded. Let « € C be arbitrary. Then,

[l * 110 f o (st [ st
ag M, T

f(to,a0)+’ ERCES)

= T,

|Ba(t))|

IN

for all ¢ € J. Taking the supremum over ¢, we obtain ||[Bz| < r for all x € C. Hence B(C) is a
uniformly bounded subset of E. Next, we will show that B(C) is an equicontinuous set in E. Let
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t1,to € J be arbitrary with ¢; < t5. Then,
|Bx(ta) — Bx(ty)]

< i [ 1= = =97 o (5560, [ bty ar)

ds

+ %a) /:2 (t; — s)afllg (s,x(s),/o d’T) ‘ ds
Ia - 0 (t3 —t7)

Thus, we have that
|B£E(t2) — BI(t1)| — 0 as to — t1
uniformly for all © € C. This shows that B(C') is an equicontinuous set in . Hence B(C) is compact
subset of E and consequently B is a partially compact operator on E into itself.
Step V: D-functions ¢ and w satisfy the inequality 0 < M 4(r) + ve(r) <r, r > 0.
We have
M,T*

Mpa(r) + e (r Ufto,ozo)‘jLF(Oé+1)

] o(r) + eI Y

by assumption.

Step VI: u satisfies the operator inequality u < AuBu + Cu.
Since the hypothesis (Ag) holds, u is a lower solution of (1.1) defined on J. Then,

u — I8 u
(3.15) cm( o “))) < glt.ult).

satisfying,
(3.16) u(0) < ap,

for all t € J.

Taking the Riemann-Livoulle Integration of fractional order « from 0 to ¢ on both sides of the above
inequality (3.15), we obtain

t(_ g)B-1
u(t)§/0 (tr(‘?)h(s,u(s))d‘s

)] |7t [ (o, [ bty ar ) as].

for all ¢t € J. This show that u is a solution of the operator inequality v < AuBu + Cu.

(3.17)

Thus, the operators A, B and C satisfy all the conditions of Theorem 2.9 in view of Remark 2.9
and we apply it to conclude that the operator equation AxzBx + Cx = x has a solution defined on
J. Consequently the integral equation has a solution x* defined on J which is also a mild solution
of the QFDE (1.1) and the sequence {z,} of successive approximations defined by (3.9) converges
monotonically to z*. This completes the proof. O

Remark 3.8. The conclusion of Theorem 3.7 alsi ramains true if we replace the hypothesis (Dy) with
(D3). The oroof under this new hypothesis is similar with obvious modifications.
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Example 3.9. Given a closed and bounded interval J = [0, 1] in R, consider the initial value problem
of quadratic fractional nonlinear integro-differential equation,

] 2 tanh z(t) + tanh (/Ot k(s,2(s)) ds)

cpl/2 x(t) — I*/?(arctan x

(3.18) ft,2(t)) 16 ’

z(0) =0,

for all t € J := [0, 1], where “D'/? denotes the Caputo fractional derivative of order 1/2, k : J xR — R
and f:J xR — R\ {0} are two continuous functions defined by

and

1, if =<0,
t,x) =
f(t) 1+-2 i z>o0.
142
0 if 2 <0,

k(t, ) =
(t.) log(1 + x) if ©>0

fort € J and 2z € R.

If we take h(t,z) = arctanz, g(t,z,y) =

conditions of Theorem 3.7 are satisfied with the lower solution u defined by u

2 + tanh x 4+ tanh y
16

and then it is easy to check that the
443/2 41/2

) =-37+ 5~
3J/m 6T

t € J. Therefore, the problem (3.17) has a mild solution defined on [0, 1].
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