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Abstract. We present an existence result for positive monotonic solutions for a certain nonlinear
functional hybrid integral equation of quadratic type via fixed point theoretic technique of Dhage
[10, 11] in Banach algebras. Our result generalizes the existence result proved in Darwish and
Ntouyas [7] and thereby several results as special cases with a different method.
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1. INTRODUCTION

Given a closed and bounded interval J = [0,7T] in R, the set of real numbers and
given a real number ¢ > 0, consider the following functional hybrid fractional integral
equation of quadratic type (in short HFIE),

(t) = b{t. (). 2(a()
120,260 (57 [ ot a(s) (o) ds)

(q t—s)l-a

for all t € J, where the functions k,f,g : J X R xR = R, a,8,7 : J — J and
v:J x J — R are continuous and I" is the Gamma function.

By a solution of HFIE (1.1) we mean a function « € C(J,R) that satisfies (1.1) on
J, where C(J,R) is the space of continuous real-valued functions defined on J.

The integral equations of quadratic type has been discussed in the literature for
a long time. In this connection we refer the readers to the work of Chandrasekhar
[5] who established his famous quadratic equation in the theory of radiative trans-
fer. The study of fractional integral equation of quadratic type gained momentum
because of their occurrence in some natural problems of kinetic theory of gases, neu-
tron transport, traffic theory and some biological phenomenon (cf. [6, 7]). The study

(1.1)
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of quadratic integral equations using the measure of noncompactness is initiated by
Dhage in [9] and since then several authors have studied quadratic integral equations
via a measure theoretic technique established by Darbo [8, 12]. See for example [1],
[2], [3], [4], [6] and the references given therein. Recently Dhage established some
fixed point theorems in Banach algebras and they are employed for proving the exis-
tence theorems for quadratic differential and integral equations. In this connection,
the readers are referred to the work of Dhage [10]. It is known that fixed point theo-
retic technique is more powerful than the measure theoretic technique established by
Darbo [12] which is further generalized by Dhage [11]. The main difference between
these two techniques is that the former needs the nonlinear function under integral
sign to be Carathéodory whereas the later needs the same function to be continuous
on the domain of it’s definition.

It can be shown as in Darwish and Ntouyas [7] that the functional HFIE (1.1)
is more general and new to the theory of fractional integral equations and includes
several well-known fractional integral equations as special cases. In this article, we
prove the existence as well as positivity and monotonic results for the functional HFIE
(1.1) with a different method than [7].

2. AUXILIARY RESULTS

We place the problems in the function space E = C(J,R) of continuous real-valued

functions defined on J. Define a norm || - || and a multiplication in E by
||lz|| = sup [ (t)] (2.1)
ted
and
(zy)(t) = z(t) y(t), Yt € J. (2.2)

Clearly E is a Banach algebra with respect to above supremum norm and the
multiplication in it. Let L'(S) we denote the Banach space of all Lebesgue integrable
functions defined on J equipped with the norm || - |1 defined by

T
el = / j2(s)) ds.

We need the following definitions in what follows.

Definition 2.1. A mapping A : E — FE is said to be D-Lipschitz if there exists an
upper semi-continuous nondecreasing functions ¥4 : Ry — Ry such that

[Az — Ay| < Ya(llz - yl) (2.3)

for all x,y € E. The function ¢4 is called a D-function of A on E. In particular if
Ya(r) = Ar, then A is called a Lipschitz mapping on E with a Lipschitz constant A.
If A <1 then A is called a contraction on A. Further if ¢4(r) < r for r > 0 then ¢4
is called a nonlinear D-contraction on A with a D-function 4.

Definition 2.2. An operator B : E — E is called compact if B(E) is a relatively
compact subset of E. B is said to be totally bounded if B(S) is a totally bounded
subset of F for any bounded subset S(FE). B is said to be completely continuous if it
is totally bounded and continuous on F.
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Remark 2.3. It is known that every compact operator is totally bounded, but the
converse may not be true. However, both the concepts coincide for an operator A
on a bounded subset S of E. Thus complete continuity is a weaker concept than the
compactness of continuous operator B on the Banach space FE.

The following hybrid fixed point theorem in a Banach algebra E is well-known in
the literature on fixed point theory. See Dhage [10] and the references therein.

Theorem 2.4 (Hybrid Fixed Point Theorem). Let S be a nonempty closed convex
and bounded subset of a Banach algebra E and let A,C : E — E and B: S — E be
three operators satisfying:

(a) A and C are D-Lipschitz with D-functions ¥4 and ¢ respectively,

(b) B is completely continuous,

(c) AzBy+Cx=a2VyeS= xz €S and

(d) Mya(r)+vc(r) <r forr >0, where M = ||B(S)| = sup{|jz| : = € S}.
Then the operator equation

Az Bx +Cz ==z (2.4)
has a solution.
Remark 2.5. If we take ¢¥4(r) = Iffr and Yo (r) = Lor, then hypothesis (d) of
the above hybrid fixed point theorem takes the form Llﬁ + Lo < 1 for each real
number 7 > 0. Similarly, if ¥4(r) = L1 7, and ¥c(r) = ;j_rr, then hypothesis (d)
of the above hybrid fixed point theorem takes the form M L; + [?2_’_ - < 1 for each

real number r > 0.

We close this section with the following special case of Theorem 2.4 which is fre-
quently used in the existence theory for quadratic differential and integral equations.

Corollary 2.6. Let S be a nonempty closed convex and bounded subset of a Banach
algebra E and let A,C : E — E and B : S — E be three operators satisfying

(a) A and C are Lipschitz with Lipschitz constants « and 8 respectively,
(b) B is compact and continuous,

(¢c) AxBy+Cx € S forallz € E andy € S, and

(d) aM + B < 1, where M = ||B(5)].

Then the operator equation (2.4) has a solution.

3. MAIN RESULTS

Before going to the main results we give some useful definitions. First we recall a
basic definition of fractional calculus [13, 14, 15].

Definition 3.1. Let h € L' (I), I = [a,b], and let ¢ > 0 be a real number. Then the
Riemann-Liouville fractional integral of order ¢ of the function h(t) is defined as

I9h(t) = r(lq) / q f(j))l_q ds, a<t<b. (3.1)
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An equation containing the fractional integral of unknown function is called a frac-
tional integral equation. If the unknown function in a fractional integral equation
occurs nonlinearly, then it is called nonlinear fractional integral equation. A
fractional integral equation involving two or more nonlinearities which satisfy differ-
ent characteristics from different branches of mathematics is called hybrid fractional
integral equation.

Definition 3.2. A function g(¢,x,y) is called Carathéodory if:

(i) The map t — g(t, z,y) is measurable for each =,y € R and
(ii) the map (z,y) — g(t,z,y) is continuous for each ¢ € J.

A Caratheédory function g is called L2-Carathéodory if:
(iii) There exists a function h € L?(J,R) such that

|9(ta37,y)| S h(t) ae. teJ
for all z,y € R.

We need the following hypotheses in what follows.

(Ho) The functions «, 8,n : J — J are continuous.
(Hy) The function f : J x R x R — R is continuous and there exist constants
Ly >0, K7 > 0 such that

Ly max{|z1 — y1], |x2 — 2|}
K 4+ max{|z1 — y1|, |x2 — y2|}

‘f(t“'l,']_,ZCQ) - f(tay17y2)‘ S

forall t € J and x1,z2,y1,y2 € R.
(Hz) The function k : J x R x R — R is continuous and there exist constants
Ly >0, Ky > 0 such that

Lo max{|z1 — y1|, |2 — y2}
Ky + max{|z1 — y1|, |z2 — 2|}

‘k‘(t.’l}l,,@g) - k(t7 y17y2)‘ S

forall t € J and x1,z2,y1,y2 € R.
(Hz) The function v is continuous on J x J. Moreover, V = sup, ¢ ; |v(t, 5)|.
(H4) The function g is L?-Carathéodory on J x R x R.

Remark 3.3. The conditions given on functions f and g in hypothesis (H;) and (Hs)
are more general than Lipschitz condition. In particular, if L; < K7 and Ly < Ko,
then we obtain the Lipschitz conditions of the functions f and g respectively.

Theorem 3.4. Assume that the hypothesis (Hy)— (Hy4) hold. Furthermore, if ¢ > 1/2

and
(V || 2 TO1/2 ) L Ly

<1, r>0, 3.2
T2 -7 ) Ki+r  Kagkr o0 7 (3.2)

then the functional HFIE (1.1) has a solution defined on J.
Proof. Denote by E = C(J,R). Define a subset S of E
S={zcEllz|<p} (3.3)
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where
VI[Ly + Fy]|[p] g2 T~/
I(q)(2¢ —1)4/2
and Ko = sup,¢; |k(t,0,0)|, Fo = sup,e s |f(t,0,0)|.
Define three operators A: E - FE, B: S — Fand C: E — E by

p:L2+K()+

Ax(t) = f(t, z(t), z(a(t))), t € J, (3.4)
Bax(t) = F(lq) /0 (tqi(t;)sl)_q g(s,z(s),z(n(s)))ds, t € J (3.5)
and
Cx(t) = k(t, z(t), z(a(t))), t € J. (3.6)
Then the HFIE (1.1) is transformed into an operator equation as
Cuz(t) + Az(t) Bx(t) = z(t), t € J. (3.7

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

Step I. A, B and C define the mappings A,C : E — E and B:S — E.

Since the function f is continuous, the map t — f(t, 21, x2) is continuous for each
r1,22 € R. As a result Az : J — R is a continuous function and that Az € FE.
Similarly, Cx € E. Hence, A and C define the mappings A,C : £ — E. We will
show, in step V, that the function Bz is continuous on J for each x € S. As g is
L2-Carathéodory, the function s — g(s, z(s), z(n(s))) is integrable and therefore, the
integral

oot s
Z;@félﬁ@w@%ﬂM@Dﬁ

exists for each x € E. Again the map

t|—>/ t—s 1 -9 (s,z(s),z(n(s)))ds

is continuous, so the function (Bz) is continuous on J, whence Bz € C(J,R) for each
x € C(J,R). Hence B defines a mapping B : S — E.

Step II. A and C are D-Lipschitz on E.

Let z,y € E be arbitrary. Then, by (Hy), for all z,y € E, we have

[Az(t) — Ay(t)| [f(t2(8), z(B(1)) — f(t,y(1), y(B()))]
< _Lamax{lat) —y@)], |2(5() — y(BO)]}
T Ky max{fz(t) —y()], l2(8(2) — y(B()I}
Laflz -yl

= ¢A T —Yl),
CeEn P R
L
where 14 is a D-function defined by ¥4 (r) = I :_TT < r, 7 > 0. This shows that A
1

is a D-Lipschitz operator on F into itself. Similarly C is also a D-Lipschitz operator

L
on E into itself with ¢¢(r) = i, 2:

Step III. B(S) is a uniformly bounded set in E.

<r, r>0.



278 BAPURAO C. DHAGE AND SOTIRIS K. NTOUYAS

Let z € S be any point. Then, we have, for all ¢ € J, that

1 bt s)

‘F(Q) /0 (t —s)l-q g(s,z(s),z(n(s))) ds
1 t U(f,S) 1 T U(t, 8)

I'(q) /0 (t—s)t—d ils) ds < I'(q) /0 (t— s)l—qh(s) ds.

1 T u(t, s)
| Bz| < F(q)/o (t_s)l_qh(s)ds,

Step IV. B(S) is an equicontinuous set in E.
Let © € S be arbitrary. Given t1,t2 € J with t2 > t1, we obtain,

1 ta v(ta, )
F(q)/o ( )1—q9(5793(8)v$(77(8)))ds

to — s

| Bz(t)]

IN

Thus

‘Bx(tz) - Bx(tl)‘ =

L o)
 I(q) / t — 5)l—d g(s,x(s), x(n(s))) ds

F(1(1) /ot

1 f2 U(tlvs)
- TG / g(s,x(s), z(n(s))) ds

(q (ty — s)1—4
1 2 w(ty, s)
i ‘F(q) /0 (ty — s)1—4 9(s,x(s), z(n(s))) ds

_ 111 ) /0 1( v(t1,)81)_q g(s,2(s), z(n(s))) ds

1 t1 v(ty, s) o 2(s). oln(s .
et [t (e d

1 t u(ts, s)
/ (t — s>1—q 9(s,2(s), 2(n(s))) ds

|U tQa tl; |
tQ — S 1 q

2 Jo(t, )|
+F(¢I) /f (ta — s)1—a l9(s, z(s),z(n(s)))| ds

L1

I N

lg(s, z(s), 2(n(s)))| ds

L/ ot ) [(t2 — )7 = (12 — )77 g5, 2(s), x(n(s)))] ds

|v(t2, 5) — v(ty, )] 1 /t2 [u(t, s)|
h(s)d his)d
< F / (ta — s)t—4 (s)ds + T(g) . (ts —5)1-a (s)ds

/ ‘ t15‘| tg*S tlfsq 1]|h dS—)O as tlg)tg,

unlformly for all t1,t2 € J and x € S. As a result B(S) is an equicontinuous set in
E. Since B(S) is uniformly bounded and equicontinuous set, by an application of
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Arzela-Ascoli theorem, B(S) is a compact set in E. Hence B is a compact operator
on S into F.

Step V. B is continuous on S.

Let {z,,} be a sequence in S converging to a point z in S. Then, by the dominated
convergence theorem, we have, for all ¢ € J that

i = lim ! " _ults) s,z (8), xn(n(s))) ds
Jm Boy =t o [T (e m(0), 2 () d
. 1 ¢ v(t, s) .
< g [ g o) () ds

lim 1) / (”(t’s) o(s.2(s), 2(n(s))) ds = Ba(t),

n—o0 I'(q t—s)tma

This shows that Bz, (t) — Bx(t) pointwise on J. Since, {Bz,} C B(S), {Bx,} is
an equicontinuous sequence in F. Hence Bx,(t) — Bz uniformly, whence B is a
continuous operator on S.

Step VI. = Az By + Cx, YVye S= x € 8.

Let x € FE be a fixed element such that x = Az By + Cz for all y € S. Then,

[o()] < [Az()]|By(t)] + |Ca(t)] < [k(t 2(t), 2(a(1))]
+|f(t,z(t),x(ﬂ(t)))|r(1q)/0 (Jzi(tgil)lq|g(s,x(s),x(n(5)))|ds
< [k(t, 2(6), 2(a(1))) = k(2. 0,0)| + |(2,0,0)]

At ate)alale) ~ 10,0+ 100,00 75 [ G2 onGs) ds
)

t—s)l—q
Ly mac{ja(t)], |z (a ()]
< T + max{z(0)], Ja(a ()]}
1T Ly max{ja(t)], Ja(a@)]) sl
@) | K+ mas{z ()], [0} *FU (- sia

Lz L[ Llel ] [,

Ko+ ——
1 bolo(t
SLQ—FKo—I—i[Ll—f—Fo]/ (|v(78)|h(3)d8
0

+

T Ko A+ = L(q) [ K1+ |z

0 i— )
§L2+Ko+%[L1+F0]/O (t_h(j))l_qu

1/2 : 1/2
(/ (t — 5)272 ds)
0

Vv t2q_1 1/2
=Ly + Ko+ —[L1 + Fyl||h
2+ O+F(q)[ 1+ Folllhl 22 (2q—1)

T
< Ly + Ko+ F‘(/q)[L1 + Fy (/0 h%(s) ds)
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14 Ihllz2 T9~/2
< Lo+ Ko+ =—I[L1 + Fol———75 =
< Lo+ 0+I‘(q)[ 1+ Fol 2q — 1)1/ P

which implies that = € S and so, hypothesis (¢) of Theorem (2.4) is satisfied.

Step VIL. Mva(r) + vc(r) <r for r > 0.
Here, by hypothesis (Hy), we obtain

M = B(S)II—Supllell—Sup{suple(t)}
z€S zes \teJ

= sup su 1 t |U(t78)| S, Tr\S), T S S
= swpsup{ i [y ate)atu(s)lds v e g

€S ted (q t—s)t-a

L[ Jo(ts)] VN i ney as < Y Iz T2
< r<q>/o <t—s>1—qh(5>d5§r<q>/o“ ST ds S TS g

Therefore,

M) 2a— 172 | Ki+r  Koir

for r > 0, and so, hypothesis (d) of Theorem (2.4) is satisfied.

Thus all the conditions of Theorem 2.4 are satisfied. Hence we apply it to the
operator equation (3.7) and conclude that the HFIE (1.1) has a solution defined on
J. This completes the proof. O

o T9=1/2 L L
M¢A(T)+¢c(7“)§(v|h”L ) v 2 o

Next we prove the positivity and monotonic character of the solutions of the func-
tional HFIE (1.1) defined on J. To prove the positivity we need the following hy-
potheses.

(Hs) f,g,k define the functions f,g,k: J x Rx R — R,.
(Hg) v defines a function v : J x J — R.

Theorem 3.5. Assume that all the conditions of Theorem 3.4 hold. Furthermore if
hypotheses (Hs) and (Hg) hold, then the functional HFIE (1.1) has a positive solution
defined on J.

Proof. By Theorem 3.4, the functional HFIE (1.1) has a solution x defined on J. We
show that x is positive on J. To achieve this, it is enough to prove that

|x(t)] = z(t), for all ¢t € J. (3.8)
Now by (H4) and (Hs),
[2(8)] — x(t) = |k(t, 2(t), x(a(t))| = k(t, (1), 2(a(t)))

|1 o), 2080))] (Fl) / t( UL g(S,fE(S)w(n(s)))dsN

(q t—s)la

= [F(ea.a6ON) (i | ot (o) an(s))ds ) =0

(¢ t—s)l-q
for all t € J. Hence |x(t)| = x(¢) for all t € J. Consequently x is a positive solution
of the functional HFIE (1.1) defined on J. This completes the proof. O
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Finally we prove the monotonic character of the solutions of the functional HFIE
(1.1) on J. We consider the following hypotheses in the sequel.
(H7) The maps ¢t — f(t,z,y),t — g(t,z,y),t — k(t,z,y) are monotonic increasing
for each z,y € R.
(Hg) The map t — v(t,s) is nondecreasing for each s € J with t > s.

Theorem 3.6. Assume that all the conditions of Theorem 3.5 hold. Further if the
hypotheses (Hy) and (Hg) hold, then the functional HFIE (1.1) has a monotonic
increasing positive solution defined on J.

Proof. By Theorem 3.5, the functional HFIE (1.1) has a positive solution defined on
J. We show that x is monotonic increasing on J. To finish, it is enough to prove that

|z(t) — x(s)| = 2(t) — x(s) (3.9)
for all t,s € J with t > s.

In what follows, fix an arbitrary = € X and t;, to € J with t3 > ¢;. Then, taking
into account our hypotheses, we have

|2 (ta) — w(tr)] — [z(t2) — 2(t)] = |k(ta, 2(t2), z(a(t2)))

Hfnalta) oG] (5 [ Gt a(s) an()ds )

“(tr, (1), a(a(t)))
Uttt e (5 | ot e ntnte))is

—[k(tzaf(t2)7x(a(t2)))
o) oG] (s [ g o(e.a(s) alu(s)ds )

(q R

_k(tl,x(ttl),x(a(tl)))
—[f (1, z(t1), 2(B(t1)))] <r1 ot )

B) Jo (t1 —s)1- qg(s,x(s),x(n(s)))ds>}
< {Ik(t2, 2(t2), m((t2))) = k(tr, 2(t), z(a(tr)))]

—[k(t2, x(t2), x(a(ta))) — k(ty, x(t1), z(B(t1)))]}
+‘[f(t2, o)l (1 | O ol () )
= ftenaten) w1 [ g als) o)
+[f<t1, N (057 | (e, alate))ds
- et sG] (s [ alsals)ons)as )|

<{|k ta, z(t2), z(a(t2))) — k(t1, z(t1), (a(tr)))]
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—[k(t2, 2(t2), 2(a(tz))) — k(tr, 2(tr), z(e(tr)))]}

+{f(tz,x(t2),w(ﬂ(t2))) = J(tr,(tr), 2(B(t1)))]x

(i | gt atats) s )

(q to — s

(o i)
1 b w(ty, s)

- (F(Q) /0 (t1 — s)lqg(s’x(s)vx(n(s)))d8> }

+{[f(t2,x(t2),a:(5(t2))) — f(t1, 2(tr), 2(B(t1)))]

(g | gt ats)atats) s )

(q ty —s)t=a

+|f(tr, z(t), 2(B(t1)))]

(¢

- (F(lq) /otl (tlv (—tl;)sl)—qg(svﬂf(S)vx(n(s)))ds> ] }

Now, we will prove that

[ rates o) atuois = [ GrE S gto,a(6) atuton)s 20
0 0

(t2 —s)t~4

In fact, we have

2 y(ty, s) "oty s)
/ oo a(e)atne))ds — [ gt (9. alu(9)ds

HF (bt o(8(0) [ (50 | o ote.ato)atate))as

(tz — s)1—¢ t— s
_ [P _v(tas) 2yt )
= /o = 8)1_qg(8,x(s),x(n(s)))ds - /0 (s —5)i-a g(s,2(s),x(n(s)))ds
+/0 2 (t:)(tls,)sl)qg(S,l‘(S)ax(n(S)))ds _ /0 ! (ts)(tlsa)sl)qg(S,Qj(S),Qj(n(s)))ds
[ttt mas - [ (o). ala(s))is
_ [P oltas) —v(t,s) 2 y(t, 5)
B /0 ztg — 5)172 9(s,z(s), 2(1(s)))ds + /t1 (t2 —13)17q9(87$(8),x(ﬁ(s)))ds

+/ 1 v(ty,s) [(t2 = 8)T7" = (t1 — 5)7]g(s, z(s), 2(n(s)))ds.
0
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Since v(t, s) is nondecreasing with respect to ¢, we have that v(t2,s) > v(t1,s) and
therefore

[ ()t s > 0. (3.10)

On the other hand, since the term (ta —s)?~1 — (t; — 5)?7! is negative for 0 < s < t1,
we have

[ et = 517 = 01 = 51 g a(o) (o)) s
A _ol8) g a(s), a(n(s)))ds

(tQ — 8)17q

= / Cu(tn, ) [t — 97 — (11— 8)T gt 2(tr), 2(n(t1)))
0
+ [ G gt el an(n))ds (3.11)

t2 ds t ds
= u(t1,t1)g(t1, z(t1), z(n(t1))) {/0 W_/o (tl—S)l_q:|
= ot )t at), 5(n(t))) 2 ;“ >0,
Hence
| st tataonds - [ S g0, a(a(e)ds > o

This together with (3.10) yields
|z(ta) — 2(t1)] = [2(t2) — 2(t1)] <0,
which proves that |z(t2) — x(t1)| = [x(t2) — x(¢1)], and so x is monotonic increasing
on J. This completes the proof. O
4. EXAMPLES

In this section we illustrate the abstract theory developed in the previous section
by giving some examples of nonlinear fractional integral equations.

Example 4.1. Given a closed and bounded interval J = [0, 1] of the real line R,
consider the fractional integral equation

ot 2 |2 (t)] 1t 1 log(1 + |z(s)])
x(t) = f\m(t)|+1+t2-1+|x(t)‘ (F(g)/o(t—s) 1+|x(s)|ds) (e J (4.1)

3
Let ¢ = 3 and define the functions f,g,k:J xR = R by

12 T log(1 + |x
AT (Rl
1+t2) 1+ || 14 |z

flt,x) = ( Jk(t, ) = <z
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It is easy to verify that the functions f, g and k satisfy all the hypotheses (H;) through

1
(Hg) of Theorem 3.6 with the values v =1,Ly = =, L1 = =, K1 =land M = —,
3 2 LS
so that in view of Remark 2.5, we obtain, for every r > 0, that
V ||h|| 2 T91/? L, 2 1 1 1 1
Ly = -<1
T(q)(2q — )2 ) Ky +r @ 72 T3

VT V2 2147
Hence the fractional integral equation (4.1) has a positive and monotone nondecreas-
ing solution defined on J.

Example 4.2. Given a closed and bounded interval J = [0,1] in R, consider the
nonlinear fractional integral equation

2 |z(8)]

_ t L[t sl la(s))
0= 1 g+ 0] (g [ 00 e ) 62

2
for all t € J. Now following the arguments similar to those given in Example 4.1 it is
proved that the nonlinear fractional hybrid integral equation (4.2) has a positive and
monotonic nondecreasing solution defined on J.
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