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EXISTENCE OF AT LEAST ONE CONTINUOUS SOLUTION OF
A COUPLED SYSTEM OF URYSOHN INTEGRAL EQUATIONS

A. M. A. EL-SAYED, M. R. KENAWY

ABSTRACT. In this work, we are concerning with a coupled system of nonlinear
Urysohn functional integral equations. We study the existence of at least one
continuous solution. The nonlinear Urysohn functional integral equation will
be given as an special case. A coupled system of Hammerstein functional
integral equations will be considered as an application.

1. INTRODUCTION

It is known that integral equations have many useful applications in describing
numerous events and problems of real world and the theory of integral equation
is rapidly developing with the help of several tools of functional analysis, topology
and fixed point theory.

Consider the coupled system of nonlinear Urysohn functional integral equations

t
ot) = arlt) + [ Altsyles)ds, te 0.7] 0
0
t
W) = a(®) + [ faltsolea(s))ds, te 0.7) )
0
The existence of at least one solution (x,y) of the coupled system (1)-(2) will be
proved.
The special case, the nonlinear Urysohn functional integral equation
t
o) =a(®)+ [ filtsater()ds, ¢ < 0.7) 3)
0

will be considered. Also the existence of the maximal and the minimal solution of
(3) will be proved.
The coupled system of Hammerstein functional integral equations

£(t) = ar(t) + / Fi(t,5) 915, 91 ()))ds, ¢ € [0,7] (4)
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y(t) = as(t) + / Falt, 5) ga(s, 2(p2(5)))ds, & € [0, 7] (5)

will be considered as applications.

2. MAIN RESULTS
Let a; : I =1[0,T] = R be continuous and sup,c; |a;(t)] = a;.

Let ¢; : I — I, i =1,2 be continuous functions.

Consider the following assumptions

(i) fi : I xIx — R are continuous in ¢t € I for all (s,z) € I x R, measurable in
s eI forall (t,z) € I x R and continuous in x € R for all (¢,s) € I x [,i=1,2.
(ii) There exist two integrable functions m; : I x I — R and two positive constants
b;, i — 1,2 such that

[filts s, 2)] < [mi(t, )| + bilz].

and

¢
/ m;(t,s)ds < M;, t e 1.
0

Let X be the Banach space of all order pairs (x,y) with the norm

(@ 9)llx = llzll + 1yl = suprer|z(t)] + suprer|y(t)].

Define the operator F' by
F(xvy) = (leaTZx)
where
t
Ty =ar(t) + [ ltsplo(s)ds
0
and
t
Tox = as(t) +/ fa(t, s, 2(p2(s)))ds
0
Define the set of functions
Qr={(z,y) € X : |zl <o, llyll <ri,r1+r2 =71},
where
(a1 + M)

ry = 7(1—b1T) and rq =

(ag + M)
(1—=0bT)

Definition 1. By a solution of the coupled system (1)-(2) we mean the ordered
pair (z,y) such that x,y are continuous, z,y € C[0,T). This ordered pair satisfies
the coupled system (1)-(2).

Now we prove some lemmas which will be used in proving the main Theorem.

Lemma 1. Let the assumptions (i)-(ii) be satisfied, then the set of function
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F:Q, — @, and the se of function FQ@Q, is uniformly bounded.
Proof. From our assumptions we have

Tyl < laa(t)] + | / f1(t, 5, y(1(5)))ds]

¢ ¢
S a1—|—/ ml(t,s)ds+bl||y||/ ds
0 0
< oy + M4+ bimT <y,
then
1Tyl < 1.
Also
¢
ool < Jaa(0)] 4| [ falt,s.alpa(s))ds
0
¢ ¢
< a2—|—/ mg(t,s)ds—i—bngH/ ds
0 0
< ag + My + baroT < g,
then

T2z < ro.

Now for (z,y) € Q,, we have

1F(zy)ll = [(Tw, T22)| = [[Tayll + || T2z
< a1+ M +bmT + ag+ My + barsT
< ri+rp=r.
This proves that
F o Qr—Qr,

and the set of function F@Q, is uniformly bounded.

Lemma 2. Let the assumptions (i)-(ii) be satisfied, then the set of function FQ,
is equaicontinuous.
Proof. Let t1,t3 € [0,7] such that |ta — 1| < 0, then

tg tl

Tyy(t) = Tay(t)] = aa(tz) —ax(t) + ; filta, s,y(p1(s)))ds — | filtr, s,y(p1(s)))ds|

la(t2) — a (1) + / " fultan 5,y (5)))ds

tz tl

) fi(t2,s,y(p1(s)))ds — ; fi(t1,s,y(p1(s)))ds|.

+

and

Thy(t2) — Thy(t1)| < lai(t2) — ar(t1)] +/ 2 | f1(t2, 8, y(p1(s)))lds

t1

" / (a5, 9(01(5)) — Fa(t1, 5, 901 (5))))1ds. (6)
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Also

Tor(ts) - Toa(tr)] = |as(ta) — as(ts) + / " faltan 5, 2(pa(s)))ds — / ' alty, s, 2(i02(s)))ds]

= as(ta) — as(ta) + / ' alta s 2(i0a(s)))ds

- " faltar s, 202(s)))ds — 0 " alta, s 2(pa(s))ds
and .
(Tox(ta) — To(h)] < |as(ta) — az(t)] + / falta, 5, y(pa(s))|ds
+/01|(f2(t278>33(902(8)))—f2(t178,w(w2(8))))|ds. (7)
Now
IF(e(ta), y(t2)) — Fla(tr) y(t))| = [(Tuy(t), Toa(t2)) — (Tuy(h), Toa ()]

[(Thy(t2) — Tay(tr), Tz (te) — Tox(t1))|
= |[(Twy(t2) — Try(t) + [[Tox(t2) — Toz(t1))]].

Then from (6) and (7) the set of functions F@Q, is equicontinuous.

Lemma 3. Let the assumptions (i)-(ii) be satisfied, then the operator F is contin-
uous in Q.
Proof. Let (z,,yn) € @, such that (x,,y,) = (0,y0) € Q, then

F($n<t)ayn(t)) = (al(t) +/0 fl(taS7yn(901(8)))d57a2(t) +/0/f2(t757xn((p2(8)))d5)

and
t

lim Tyy,(t) = ai(t) + lim fl(t 8, Yn(p1(s)))ds.

n—oo

Then from our assumptions we have

fi(t, s, yn(1(s))) = f1(ts s,50(#1(5)))
and
1f1(t, s, yn(0r(s)))] < malt,s) + balyn(pa(s))]
< ml(t, S) + byry.
Applying Lebesgue dominated convergence theorem, we obtain

t

i [ A5 na(s))ds = / f1(t 5, 90( 01 (5)))ds.

n— oo

and

hm Tiyn(t) = ay(t / fi(t, s, 90(@(s)))ds = Thyo(t).
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By the same way we have

n— oo

lim Than (£) = as(t) + /O Falt, 5,0 (0(5)))ds = Toao(L).

Now we can deduced that
F(xn<t)7 yn(t)) - F(xO(t)vyO(t))
which implies that the operator F' is continuous.
Now for the existence of at least one solution of the coupled system of integral
equations (1)-(2) we have the following theorem.
Theorem 1. Let the assumptions (i)-(ii) be satisfied. If
bT <1,i=1,2,

then the coupled system of the integral equations (1)-(2) has at least one solution.
Proof. From lemmas (1)-(3) we deduced that F satisfied the axioms of Schauder
fixed point theorem, then the operator F has a fixed point (x,y) € X, then the
coupled system of integral equations (1)-(2) has at least one continuous solution.

3. URYSOHN FUNCTIONAL INTEGRAL EQUATIONS

Let
=1y, fi = f2, o1 = p2 and a; = ay,

then the coupled system (1)-(2) will be the Urysohn functional integral equation
(3) and we have the following corollary.

Corollary 1. Let =z =1y, fi = f2, o1 = 2 and a; = as in Theorem 1.
Let the assumptions of Theorem 1. be satisfied , then the integral equation (3) has
at least one continuous solution = € C[0,T].

4. COUPLED SYSTEM OF HAMMERSTEIN FUNCTIONAL INTEGRAL EQUATIONS

Let

fl(tv S, Z—/) = kl(ta 3) 91(3, y(@l(s))a and fQ(ta S, .’ﬂ) = kz(t, S) 92(87 l’(QDQ(S))
Then the coupled system (1)-(2) will be the coupled system of Hammerstein func-

tional integral equations (5)-(6)

x@zmw+1ékmm9ww@wmwﬁeMH

mw=@w+A ot 5) g2(s, 2(pa(s)))ds, t € [0.T]

Consider the following assumptions (iii) ¢; : I x R~ R are measurable in s € |
for all z € R and continuous in z € R for all s € I and there exist two functions
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m} € L1]0,T] and two positive constants b > 0,7 = 1,2 such that

gt )l < mi(t) + byl
lg2(t, )| < ms(t) + byl

(iv) k; : I x R — R are continuous in ¢ € I for every s € I and measurable in

s € I for all t € I such that

t
sup / |ki(t, s)| |mi(s)lds < K;, tel.
tel Jo

Now we have the following corollary.
Corollary 2. Let the assumptions (iii)-(iv) be satisfied.

bT <1, i=1,2,
then the coupled system of integral equations (5)-(6) has at least one continuous
solution.

Let

T=Y, g1 =02, P1 =2, a1 =az and k1 = ko,
then the coupled system (5)-(6) transformed to the Hammerstein functional integral
equation

a(t) = al(t)+/0 k(t,s) 91(s,y(p1(s)))ds, t €1 (8)

and we have the following corollary

Corollary 3. Let z = y, g1 = g2, 91 = w2, a1 = az and ky = ko. If the
assumption of Corollary 2 are satisfied then the functional integral equation (8)
has at least one continuous solution.

5. MAXIMAL AND MINIMAL SOLUTIONS

Definition 2. Let ¢ be a solution of (3), then ¢ is said to be a maximal solution
of (3) if for every solution of (3) satisfies the inequality z(t) < ¢(t), ¢ € I.
A minimal solution s can be defined by similar way by reversing the above inequal-
ity i.e. z(t) > s(t), tel.

The following lemma will be used later.

Lemma 4. Let fi; € Ly and z, y be continuous functions on I satisfying
t
2O <a®)+ [ Altsalpls)ds, el
0

y(t) > a1 (t) +/0 fi(t, s, y(p1(s))ds, tel,

and one of them is strict. If fi(¢, s, z) is monotonic nondecreasing in x, then

z(t) <y(t), tel. 9)
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proof. Let the conclusion (12) be false, then there exists ¢; such that

$(t1):y(t1)7 tl >0
and

xz(t) <y(t), 0<t<ty.

From the monotonicity of fi in x, we get

i1

{E(t1) < al(tl)"" o fl(tlvsvx((pl(s))ds

< al(t1)+/0lfl(tl,&y(%(s))ds
< y(tl)v

which contradicts the fact z(t1) = y(¢1), then z(t) < y(t), tel.

For the existence of the maximal and minimal solutions we have the following
theorem.

Theorem 2. Let the assumption of Theorem 1 be satisfied. If f is nondecreasing
in z on I, then there exist maximal and minimal solutions of the integral equation

(3)-
proof. Firstly we shall prove the existence of the maximal solution of (3).
Let € > 0 be given and consider the integral equation

z(t) = a1(t) +/O f1e(t, s,z (p1(8))ds, te€l. (10)

where
fret, s, ze(p(s)) = f1(t, s, ze(p(s)) + €

Clearly the function fie(t, s, zc(p(s)) satisfy assumptions (i) (or(i*)) of Theorem
1. and therefore equation (13) has at least one positive continuous solution z.(t) €
C0,7).
Let €1 and €5 such that 0 < e5 < €1 < €, then
t
2alt) = a®)+ [ healts o (ea(s)ds
0
t
= a1(t) —|—/ J1(t, 8, 2, (01(s) + €2)ds (11)
0

and

ot = )+ / frer(t,5, 7, (1(5))ds
= al(t)—|—/0 fi(t, s, xe, (p1(8) + €1)ds

> aq(t) —|—/O fi(t, s, xe, (p1(8) + €2)ds (12)
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Applying Lemma 4. on (14) and (15), we have
Te,(t) < ey (), tel

As shown before the family of functions z.(t) is equi-continuous and uniformly
bounded. Hence by Arzela- Ascoli Theorem, there exists a decreasing sequence €,
such that e — 0 as n — oo, and

35, en )

exist uniformly in 1.
Denote this limit by ¢, then from the continuity of the function fi.(¢, s, zc(p(s)) in
the third argument, we get

n—oo

o) = Tim @ () = ar(t) + /0 Fult 5, 2(01())ds

which implies that ¢ is a solution of (3).
Finally, we shall show that ¢ is the maximal solution of (3). To do this, let  be
any solution of (3). Then

w(t) = )+ / Fre(t,s, 2o (5))ds

a (t) +/O (f1(t, 8,z (p1(8) + €)ds

> a()+ / Fi(t, 5,21 (5))ds

Also applying Lemma 4. we have

z(t) = a1(t) —1—/0 fi(t, s, x(p1(s))ds = z(t) < z(t) for tel,

from the uniqueness of the maximal solution, it is clear that xz.(¢) tends to ¢(t)
uniformly in ¢ € I as e = 0.
By similar way as done above we set

Sre(t,s,ze(pr(s)) = fi(t, s, 2(01(s)) — €

and prove the existence of the minimal solution.
For the maximal and minimal solutions of the fractional integral equation (11) we
have the following theorem.

Theorem 3. If the assumption (ii*) is satisfied. If g is nondecreasing in x on
I, then there exist maximal and minimal solutions of the integral equation of frac-
tional orders (11).

proof. The proof follows from the results of Theorem 2.
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