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1 Introduction

The fractional calculus represents a powerful tool in applied mathematics to study many
problems from different fields of science and engineering, with many break-through
results found in mathematical physics, finance, hydrology, biophysics, thermodynam-
ics, control theory, statistical mechanics, astrophysics, cosmology and bioengineer-
ing [11, 17]. There has been a significant development in ordinary and partial frac-
tional differential and integral equations in recent years; see the monographs of Abbas et
al. [3,4], Kilbas et al. [12], Miller and Ross [13], and the papers of Abbas et al. [1,2,5],
Benchohra et al. [6], Vityuk et al. [18, 19], and the references therein.

In [7], Butzer et al. investigated properties of the Hadamard fractional integral and
derivative. In [8], they obtained the Mellin transform of the Hadamard fractional inte-
gral and differential operators, and in [15], Pooseh et al. obtained expansion formulas
of the Hadamard operators in terms of integer order derivatives. Many other interest-
ing properties of those operators and others are summarized in [16] and the references
therein.

This article deals with the existence and uniqueness of solutions to the following
Hadamard partial fractional integral equation of the form

u(z,y) = p(z,y)

1 z ry x\T1—1 Y ro—1 f(S,t,u(s,t)) .
s (oet)" T (e ) S s it 2. < 0,

(1.1)
where J := [1,a] x [1,b], a,b > 1, 11,70 >0, p: JJ >R, f:J xR — R are given
continuous functions.

We present two results for the integral equation (1.1). The first one is based on
Banach’s contraction principle and the second one on the nonlinear alternative of Leray—
Schauder type. This paper initiates the study of Hadamard integral equations of two
independent variables.

2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts that are used
throughout this paper. We let C' := C'(J, R) be the Banach space of continuous functions
u : J — R with the norm

ullc = sup |u(z,y),
(z,y)ed

and L'(J,R) be the Banach space of functions u : J — R that are Lebesgue integrable

with norm \
lullz: = / / fu(z, y)|dyde.
1 1
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Definition 2.1 (See [10, 12]). The Hadamard fractional integral of order ¢ > 0 for a
function g € L'([1,a], R), is defined as

L)) = [ (eet) s

where I'(+) is the Euler gamma function.

Definition 2.2. Let r, 7, > 0, 0 = (1,1) and 7 = (r1,73). Forw € L'(J,R), define
the Hadamard partial fractional integral of order r by the expression

. 1 oY AN y\"2~1Lw(s,t
A Irw)(z,y) = m/ / (log —) (log —) Mdtds.

Theorem 2.3 (See [9]; Nonlinear alternative of Leray—Schauder type). Let X be a Ba-
nach space and C' a nonempty convex subset of X. Let U a nonempty open subset of C'
with0 € U and T : U — C be a continuous and compact operator.

Then, either

(a) T has fixed points, or

(b) There exist u € OU and X € (0,1) with u = \T'(u).
Set Jo :={(z,y,s): 0<s<az<a,yecl0b}, i :={(r,y,st):0<s<z<
2
2, DQ zgandD D2

ox dy 0xdy’
In the sequel we will make use of the following variant of the inequality for two

independent variables due to Pachpatte.

Lemma 2.4 (See [14]). Letw € C(J,R.), p, Dip € C(Jo,Ry), ¢, D1q, Dag, D1 Dag €
C(J1,Ry) and ¢ > 0 be a constant. If

w(x>y)§0+/p($ Y, syds+/ / (x,y, s, t)w(s,t)dtds,
0
for (z,y) € [0,a] x [0, b], then

w(z,y) < cA(z,y) exp (/Ox /0y3(8>t)dtd5> :

a, 0 <t<y<b}, D=

where
Az, y) = exp(Q(z,y)),
in which .
= D d¢| d
Q(z,y) /O{Sy / 1psy§)§}s
and

B(z,y) ZQ(w,y,x,y)A(:v,yH/ Drq(z,y, s,y)A(s,y)ds
0

Yy x Y
+/ ng(m,y,$,t)A(x,t)dt+/ / D1 Dsyq(x,y,s,t)A(s, t)dtds.
0 o Jo
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From the above lemma and when p = 0, we get the following lemma.

Lemma 2.5. Let w € C(J,R,), q,D1q, D2q, D1D2g € C(J1,Ry) and ¢ > 0 be a
constant. If

T Yy
w(z,y) < C+/ / q(z,y, s, t)w(s,t)dtds,
1 1

w(z,y) < cexp (/lw /ly B(s,t)dtds) :

B(z,y) ZQ(:v,y,x,y)Jr/ Diq(z,y, s,y)ds
1

for (z,y) € J, then

where

Yy x Yy
+/ D2Q(5U>Z/a$7t)dt+/ / D1Doq(x,y, s, t)dtds.
1 1 1

3 Main Results

Let us start by defining what we mean by a solution of the integral equation (1.1).

Definition 3.1. A function v € C' is said to be a solution of (1.1) if u satisfies equation
(I.1) on J.

Further, we present conditions for the existence and uniqueness of a solution of the
equation (1.1).

Theorem 3.2. Assume

(Hy) For any u,v € C and (x,y) € J, there exists k > 0 such that
|f(:13,y,u) - f(xvyvv)| < ICHU - U“C'

If
k(loga)™ (logb)"™ <1
I'(1+7r)D(1 +7r9) ’

then there exists a unique solution for the equation (1.1) on J.

L:= (3.1

Proof. Transform the integral equation (1.1) into a fixed point equation. Consider the
operator N : C' — (' defined by:

(Nu)(z,y) = p(z,y)

1 S 11 y\"2~ L f(s,t,u(s, b))
rrari ), ) (oe3)" (s) i
(3.2)
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Let v,w € C. Then, for (z,y) € J, we have

r1—1 -1
(Vo)e.s) = Vo)) < poo [ / \1og
[(ry)L(r2)
" |f(s,t,u(s,t)) (stv( dtds
1 /x /y r|ri—1 | ro—1
< - ‘O ¥
- Tr)l(r) i S g
i Hlu=vle g
st
k(loga)™ (log b)"
< — .
S TUenTrrmt vl

Consequently,
IN(v) = N(w)lle < Lijv=wle-

By (3.1), N is a contraction, and hence /N has a unique fixed point by Banach’s contrac-
tion principle. ]

Theorem 3.3. Assume that the following hypothesis holds:
(Hy) There exist functions py, py € C(J,R.) such that

|f (@, y,u)| < pi(@,y) + pa(, y)lu(z, y)l,
forany u € Rand (z,y) € J.
Then the integral equation (1.1) has at least one solution defined on J.

Proof. Consider the operator N defined in (3.2). We shall show that the operator N is
continuous and completely continuous.

Step 1. N is continuous.
Let {u,} be a sequence such that u,, — u in C. Let > 0 be such that ||u,|c < 7.
Then

1 rory
(Nun)(w.9) — (V@) <€ s / 1
|f(s,t,un(s,t)) — f(s,t,u(s,t

€T ri—1

st
< 1 /m /y x|ri—1 ) ro—1
e (0]
= D(r)l(r2) Ji Sy &
% SUP(s t)es ‘f(S,t,Un(S,t)) - f(s’t’U(S’t)”dtdS
st
o log a)" (logb)"

(1 +r)T(1+79)
||f(’ '7un('> )) - f(7 K u('? ))HC
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From Lebesgue’s dominated convergence theorem and the continuity of the function f,
we get

|(Nup)(z,y) — (Nu)(x,y)| — 0asn — oo.

Step 2. N maps bounded sets into bounded sets in C.
Indeed, it is enough show that, for any " > 0, there exists a positive constant ¢ such
that, foreach u € B, = {u € C : |Ju|c < n"}, we have | N (u)||c < £. Set

p; = sup pi(x,y); i=1,2
(z,y)ed

From (Hs), for each (z,y) € J, we have

[(Nu)(z,y)] < |u(z,y)| + m/lm/ly

t t
% p1<87 )+p§(57 )HUHCdtdS
S

(log a)™ (log b)"
F(l + rl)F(l + TQ)

x|r—1 ro—1

1 Z
Ogt

< el + (P +p3n")

— .
Hence
[N (u)lle < €.

Step 3: N maps bounded sets into equicontinuous sets in C.
Let (z1,11), (z2,y2) € (1,a] x (1,b], z1 < @, ¥1 < y2, B,» be a bounded set of C' as
in Step 2, and let u € B,-. Then,

|(NU>(9C273/2> NU xl hn | < W(fﬁ Z/l) M(fcz,y2)|

/ / U Y2
log—
7"1 7“2

Og—
tou(s,t
LG ;1;(5, D s
S

t
1 T2 Y2 ri—1 ro—1 t t
+_/ / log 22" 1og 22| (st uls, )], 0
(rg) o1 Ju S t st
/y

/Il zp ity g | [f (st u(s, 1)
1 t st

ri—1 ro—1 t t
// log 22| 1og 22" [f (s, uls, ) o

1 S t st

ri—1 ro—1 r1—1

ro—1
—‘logﬂ lgE g 1
s t

dtds
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Thus,

|(Nu)(z2,y2) — (Nu)(z1,91)| < |pe(z1, p1) — e, ya)|

cwgorea ) e

> wdms

1 N To | ye |2l py + pan”
+ == log —= log == ———=—dtds
L(r)[(rs) /11 /y1 &5 &% st

1 r1 Y2 ri—1 ro—1 p* * ok
+—// log 22| log 22| PLELT g
S
Y

ri— 1‘1 ri— 1‘ Y1

ro—1
_@%ﬂ
s

og = log =

ro— 1:|

L(r)[(rs) t st
1 o Ty ML yp |2l pl A+ pon”
S log == log 22 L2270 gt
i F(T1)F(T2)/ / % % st
pi +p5n”

IN

D1+ 7)1 +79)

x [2(log y2)" (log w2 — log x1)"™ + 2(log z2)™ (log y2 — logy1)"™
+ (logz1)" (logy1)"™ — (log z2)" (log y2)"

— 2(log 22 — log 1) (log y» — log yl)m]‘

As 1 — x5 and y; — Yo, the right-hand side of the above inequality tends to zero.

As a consequence of Steps 1 to 3 together with the Arzela—Ascoli theorem, we can
conclude that V is continuous and completely continuous.

Step 4. (A priori bounds)
We now show that there exists an open set U C C' with u # AN (u), for A € (0, 1) and
u € oU.

Let u € C be such that u = AN (u) for some 0 < A < 1. Thus, for each (z,y) € J,

u(z,y) = Au@wﬂm[ /1y (log f)”_l (log %)m_l ftws:0) 4y

st

This implies that, for each (z,y) € J, we have

ri—1
uey) < JuE o)l + / / log |
7“1 7’2
p1(s,t) + pa(s, t)|u(s,t)| dtds
st
pi(loga)™ (log b)™
<yl + BB {0BD)
L1+ 7)1+ 79)
B[ b el )
+ log = —— 2 dtds.
F(n)F(rz)/l /1 51 st
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Thus, for each (z,y) € J, we get

pi(loga)™ (log )™
<
u(z,y)l <l + T(1+r)D(L +12)

<ot f /1yq<x,y,s,t>|u<s7t>r,

€T ri—1

r2=1 Ju(s, t)|
st

y
t

+

———dtds

log

where ( ) ( )
p;(loga)™ (logb)"
¢ = |pllos + = ;
D1+ 7)1+ 79)
and ) ,
t) = ——=——|log — log

From Lemma 2.5, we obtain

u(z, )| < cexp ( | yB(s,wdtds) |

B(z,y) = q(:r,y7:r,y)+/ Diq(z,y, s,y)ds
1

Yy T Yy
+ /qu(x,y,x,t)dwr/ / D1 Dsq(z,y, s, t)dtds
1 1 1

2
S ST 8

where

Tl—l( 7"2—1'

log y)
Hence

< ri—1 ro—1
lu(z,y)| < cexp (/ / ST (logs) (logt) dtds)

o (pz 10ga”(10gb)’"2)
X
= PA\Ta )01 + 1)
= R.

Set
U={ueC:|ulle<R+1}

By our choice of U, there is no u € OU such that u = AN (u), for A € (0,1). As a
consequence of the nonlinear alternative of Leray—Schauder type [9], we deduce that N
has a fixed point u in U which is a solution to our equation (1.1). [
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4 An Example

As an application of our results we consider the following partial Hadamard integral
equation of the form

u(z,y) = p(z,y)
" /1 /1y <1°g f)l (k’g %)1 T L0 1) gy g (z,y) € [Le] x [1,¢], (4.1)

stl'(r)T(r9)
where
ri,m0 > 0, p(z,y) =+ % (z,y) € [1,¢] x [1,¢€],
and
f(z,y,u(z,y) = C:x&xyﬁ); (z,9) € [1,¢] x [1,€],
with

4
ci= %m )DL + 7).

For each u, u € R and (x,y) € [1,¢e] x [1, e] we have
_ c _

Hence condition (H) is satisfied with k = %. We shall show that condition (3.1) holds
e
with a = b = e. Indeed,
k(loga)™ (logb)™ c 1

= =~ <1
D(1+r)D(1+7ry) eAT(L+r)0(L+7r) 2

Consequently, Theorem 3.2 implies that the integral equation (4.1) has a unique solution
defined on [1, €] x [1,¢].
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