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ABSTRACT. In this paper, we prove an existence result for a nonlinear qua-
dratic Volterra integral equation of fractional order. Our technique is based
on a fixed point theorem due to Dhage [12].

1. Introduction

Fractional calculus is a generalization of the ordinary differentiation and
integration to arbitrary non-integer order. The subject is as old as the dif-
ferential calculus and goes back to times when G.W. Leibniz and I. Newton
invented differential calculus. The theory of differential and integral equa-
tions of fractional order has recently received a lot of attention and now
constitutes a significant branch of nonlinear analysis. We can find numer-
ous applications of differential and integral equations of fractional order in
viscoelasticity, electrochemistry, control, porous media, electromagnetic, etc.
[13, 15, 16, 17, 20, 21]. There has been a significant development in ordinary
and partial fractional and integral differential equations in recent years; see
the monographs of Abbas et al. [7], Kilbas et al. [18], Lakshmikantham
et al. [19], Miller and Ross [22], Podlubny [23], Samko et al. [24], the pa-
pers of Abbas and Benchohra [3, 4], Abbas et al. [2, 5, 6], Benchohra et
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al. [9, 10, 11], Diethelm [13, 14], Mainardi [20], Vityuk and Golushkov [25],
Zhang [26] and the references therein.

In [8], Abbas et al. proved an existence result for partial discontinuous
hyperbolic differential equations of fractional order in Banach algebras under
Lipschitz and Carathéodory conditions by using some fixed point theorems of
Dhage for the product of two operators. Recently, in [1], Mohamed I. Abbas
studied the existence of solutions in the space of real functions defined,
continuous and bounded on an unbounded interval of the following nonlinear
quadratic Volterra integral equation of fractional order

o) = 2O (a0 + g [ GESERds)s e f0.00)
where a € (0, 1] and T'(.) is the (Euler’s) Gamma function defined by

L) = /Oootﬁ—le—tdt, £>0.

This paper deals with the existence of solutions to the following nonlinear
quadratic Volterra integral equation of Riemann-Liouville fractional order

1
u(z,y) = f( 0w ) [p( ) + oSS

z oy
<[ =y 0 g st )deds)
0o Jo
if (z,y) € J:=[0,a] x [0, 0], (1)
where a,b > 0, 71,7 € (0,00), f: JXR—>R, g: DxR—-Randpu:J —R
are given continuous functions, where
D={((z,y),(s,t)) € J xJ:s<zandt <y}

We employ a hybrid fixed point theorem of Dhage [12] for proving our ex-
istence result. Finally, an example illustrating the main existence result is
presented in the last Section.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts
which are used throughout this paper. Let L!(J) be denote the space of
Lebesgue-integrable functions w : J — R with the norm

a b
lull; = / / (. ) |dyd.
0 0

By C(J) we denote the Banach space of all continuous functions from J into
R with the norm

[ulloo = sup |u(z,y)|
(zy)ed

Define a multiplication “ - ” by

(u-v)(z,y) = u(z,y)o(z,y)
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for each (z,y) € J, then C(J) is a Banach algebra with above norm and
multiplication.

Definition 2.1 ([25]). Let 6 = (0,0), 71, ro > 0 and r = (r1,72). For
u € L'(J), the expression

1 Ty
Iyu)(x, :7/ / x— )"y — )2 (s, t)dtds,
( 6 )( y) F(rl)F(rg) 0 0 ( ) (y ) ( )
is called the left-sided mixed Riemann-Liouville integral of order r.

In particular,

z oy
(I§u)(z,y) = u(z,y), (Igu)(z,y) = / / u(s, t)dtds; for almost all (z,y) € J,
0o Jo

where o = (1,1).
For instance, Iju exists for all r1,ro > 0, when u € L'(J). Note also that
when v € C(J), then (fju) € C(J), moreover

(gu)(z,0) = (Lyu)(0,y) = 0; z € [0,a], y € [0,b].

Example 2.2. Let \,w € (—1,00) and r = (r1,7r2) € (0,00) x (0, 0),

then
oA, W F(1+/\)F(1+w)
Tgx?y* =
FI+A+r)(14+w+r2)

We use the following fixed point theorem of Dhage for proving the exis-
tence of solutions for our equation.

Theorem 2.3 (Dhage [12]). Let D be a closed-convex and bounded sub-
set of the Banach algebra X and let F,G : D — X be two operators satis-
fying:

(a) A is Lipschitz with the Lipschitz constant \,
(b) B is completely continuous,
c)
)

‘,E/\+r1yw+”, for almost all (x,y) € J.

(¢) AuBz € D for all u,z € D, and
(d) AM < 1 where M = ||B(D)|| = sup ||B(u)]|.
ucD

Then the operator equation AuBu = w has a solution and the set of all
solutions is compact in D.

3. Existence of Solutions

In this section, we are concerned with the existence of solutions for the
equation (1). The following hypotheses will be used in the sequel.

(A1) There exists a positive continuous function « : J — R such that

|f($7y7u) - f(l',y,'l))| < OZ(:L',y)|’LL - U|7 for all (Jﬂ,y) € J7 and U,V € R.

(A2) There exist a positive continuous function 5 : J — R and a positive
bounded continuous function A : [0, 00) — R with h(0) = 0 such that
for all ((z,y),(s,t)) € D, and u,v € R,

|g($7y73ata ’LL) _g(l'vyvsvta U)| < ﬁ(:ﬂ,y)h(|u— U|)
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Set I8 T *
oy 005" + 8]
>0 F(1+r1)F(1 —1—7"2) ’
where g* = sup{g(z,y,s,t,0): ((z,9), (s,t)) € D}.

Theorem 3.1. Assume that hypotheses (A1) and (A2) hold. If

[oefloo (K + [l o) < 1, (2)

then the equation (1) has at least one solution on J.

Proof. Consider the closed ball

D :={ueC(J): [lullx <p},

K =

where ‘(K
PRl

1 — [Jaffoo (K + [|ptl] o)
and

f7= sup |[f(z,y,0)].

(z,y)ed
Let us define two operators A and B on D by
Au(z,y) = f(z,y,u(z,y)); (z,y) € J, (3)

Bu(z,y) = p(z,y)
_ ' y:n—s”_1 — )2 gz, y, s, t, u(s s; (x
+F(r1)F(r2)/0 /0 (z =) (y =) g(z,y,s,t, uls, t))dtds; (2,y) € J.

(4)
Clearly A and B define the operators A, B : D — C(J). Now solving the
equation (1) is equivalent to solving the operator equation

Au(z,y) Bu(z,y) = u(z,y); (z,y) € J. (5)
We show that operators A and B satisfy all the assumptions of Theorem
2.3.

First we shall show that A is a Lipschitz. Let ui, us € D. Then by (A1), for
all (z,y) € J, we get

|A’LL1(:E, y) - Au2($7 y)| = |f($7 Y, ’LL1(!I7, y)) - f(:Ev Y, u2($7 y))|
< OZ(JE, y)|’LL1(£E, y) - u2($7 y)|
Taking the maximum over (x,y), in the above inequality yields

[Aur — Auglloo < [ler]loo|ltr — ual|oo,

and so A is a Lipschitz with a Lipschitz constant ||a|so-

Next, we show that B is a continuous and compact operator on D. The
proof will be given in several steps.

Step 1: B is continuous.
Let {u,} be a sequence such that u, — u in D. Then, for each (z,y) € J,
we have

|B(un)(z,y) — B(u)(z, y)]
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1 Ty
<7 _ 7‘1—1 _tfrz_l t t
= )T / / = sy = 472 g (2, .5, (s, 1)

—g(:n Y, S, t,u(s,t))|dtds

/ / o — 5[y — g2 S )l — )

z,y)€J
||ﬁ||oo (||un — ufl) / / 1 _1
< x —s|™ — t|"27 " dtds
B L(r1)[(re) o Jo | | by =4
a" 0" ||| Bllooh([un — ulloo)
- F(l +r1)F(1 —1—7"2)

Since h is a continuous function, we have

1B(un) — Bw)]la < Tt IBlloch(lun = ulloo)

F(l + rl)F(l + 7"2)
Step 2: B(D) is bounded.
Indeed, it is enough show that there exists a positive constant M™ such that,
for each u € D, we have ||B(u)|| < M*. Let u € D be arbitrary, then for
each (z,y) € J, we have

|Bu(z,y)| < |p(z, y

/ / (@ — )"y — )7 g(a, g, s, b, uls, 1))|deds
7"1 7"2

a" 0" [g" + [|Bllochr(p)]
F(l + rl)F(l + 7"2)
< K+ [|plloo := M.

— 0 asn — oo.

< lplloo +

Step 3: B(D) is equicontinuous.
Let (z1,11), (x2,y2) € J, 1 < 22, y1 < y2 and u € D. Then

| B(u )(332,1/2)—3( )($17y1)|
= |pu(z1, 1) — w(ze, y2)|

x1 y1
_ 7"1 1 —t ro—1 i1 —t ro—1
oo // (e =) — 1) — (a1 — )" A — 1))

xg(x, y,s t,u(s,t))dtds

T2 Y2
/ / (@2 — )Y ys — )2 Ly, y, 5, b, u(s, €))dds
Tl T2 1 Jyn

T r1—1 _ p\r2—1 T s uls 5
+W/o /yl (w2 =)™ (y2 =)™ g(x,y, 5,t, uls, 1)) dtd

1 2 Y1
U - / / (22— )" (o — 07> Vgl y, 5., uls, ) dtds
x1 0

F(rl)F(rg)
9" + 1Bllsoh(p)

< |p(z1,y1) — pl2, y2)| + ['(r1)T(r2)
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/ / 21— 8)" g — 1) = (w2 — 8)" T (g2 — 1) dtds
yz
+g +||ﬁ||oo (p/ / )" (yy — 1)V dtds
2) 1 Jy
x1
+g +||ﬁ||oo (p/ / (w3 — 8)" (g2 — )72 N dtds
['(r2) n
y1
+g +||ﬁ||oo )(p/ / ~(ya — )72 dtds
x1

< |,u(3317y1) M($2,y2)|
(9" + [|B]loch(p)]a"1b"
T(1+r)D(1+ro)

1,72 T1,,72

+r1' Yt — 2y ye? — 2(w2 — 1) (Y2 — 1))

[295° (w2 — 1)"™ + 225" (y2 — y1)"

As x1 — x9, y1 — yo the right-hand side of the above inequality tends to
Z€ero.
As a consequence of steps 1 to 3 together with the Arzeld-Ascoli theorem,
we can conclude that B is continuous and compact.

Next, we show that Au Bu € D for all w € D. Let v € D be arbitrary,
then for each (z,y) € J,

1
L(r)T(r2)

/ / Ny = 12 (g, s (s, )| dids]

a™b"[g" + ||ﬁ||ooh(P)]}
F(l + rl)F(l + 7"2)

[Au(z, y) Bu(z, y)| < (f + plleo) {IM(%Z/)I +

< (f* + pllallo) [nunm T

< (" + plladloo) (Il + K)
et D)
= alloe(® + [ull)

p.
Also, we have

M = [[B(D)|| < K + [[p]l oo
and therefore, by (2), we get,

Mlledloo < [lafloo (K + [l lloc) <1

Now we apply Theorem 2.3 to conclude that the equation (1) has a solution
on J and the set of all solutions is compact in D.
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4. An Example

As an application of our results we consider the following quadratic Volterra
integral equation of fractional order

u(z,y) = [vy° + zyu(z, y)] [:Uye‘(m%’yz)

) o~ (@Hy+s+t)
2 E / / x—38) 3(y—t)” (:Et—l—iz)dtds}; x,y € [0,1],
§ Z

b (5,0)

(6)
where r = (3,2), p: [0,1] x [0,1] = R, f:[0,1] x [0,1] x R — R and
g:D xR — R defin dby

pz,y) = zye @),
f(a,y,u) = zy® + zyu,
and

e~ (@ty+stt)
g(:Ev Y, S, t, ’LL) =xt + - 2, -
1+us(s,t)
Here the set D is defined by
D = {((,y), (s.8) € [0,1] x [0,1] x [0,1] x [0,1] : s < & and ¢ < y}.

Then we can easily check that the assumptions of Theorem 3.1 are satisfied.
In fact, we have that the function f is continuous and satisfies assump-
tion (Al), where a(z,y) = =y, then ||a|lc = 1 and f* = 1. Next, let
us notice that the function g satisfies assumption (A2), where ((z,y) =
e~ @) h(p) = and g* = 1. Also, condition (2) is satisfied. Indeed,

g
1+p3

il < €72,
and
TLpr2 [ o* ooh
K — oy 02"+ 1Boch()
p>0 L1 4+7r)T(1 +1rg)

Thus
1
oo (K + |tlloe) € —ger +€7°
> o rerd)
< 0.64+0.13
= 0.77
< 1.

Hence by Theorem 3.1, the equation (6) has a solution defined on [0, 1] %[0, 1].
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