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We study the existence of weak solutions for the coupled system of functional integral equations of Urysohn-Stieltjes type in
the reflexive Banach space E. As an application, the coupled system of Hammerstien-Stieltjes functional integral equations is

also studied.

1. Introduction and Preliminaries

Consider the Urysohn-Stieltjes integral equation:
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where g : I x I — Ris nondecreasing in the second argument
(see [1]) and the symbol d; indicates the integration with
respect to s. Equations of type (1) and some of their general-
izations were considered in the paper (see [2]). We remark
here that when E =R, these types of equations have been
studied by Banas$ (see [1-5]) and also by some other authors,
for example (see [6-10] and for coupled systems [11]). For
the solutions in a reflexive Banach space (see [12, 13]).

In this paper, let y,(t) <t be continuous functions on
[0, 1].We generalize these results to study the existence of weak
solutions (x, y) € C[I, E] x C[L, E] for the coupled system of
Urysohn-Stieltjes functional (delayed) integral equations:

M0=m@+Jﬂ@&ﬂ%@m¢%@$’tek
’ (2)
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in the reflexive Banach space E under the weak-weak conti-
nuity assumption imposed on f; : IXIXE — E,i=1,2.

As an application, we study the existence of weak solu-
tions x, y € C[I, E] for the coupled system of Hammerstien-
Stieltjes functional integral equations:
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For the definition, background, and properties of the
Stieltjes integral, we refer to Banas [1]. However, the coupled
system of integral equations has been studied, recently, by
some authors (see [14, 15]).

Throughout this paper, otherwise stated, E denotes a
reflexive Banach space with norm || - || and dual E*. Denote
by Cl[I, E] the Banach space of strongly continuous functions
x : I — E with sup-norm.

Let X = C[I, E| x C[I, E] = {u(t) = (x(t), y(t)): x € C[L, E],
y € C[L, E], t € I} be a Banach space with the norm defined as

G ) x = Ixllcp g + Wlopes  V(xy) €X. (4)
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Now, we shall present some auxiliary results that will be
needed in this work. Let E be a Banach space (need not be
reflexive) and let x : [a, b] — E; then

(1) x(.) is said to be weakly continuous (measurable) on
[a,b] if for every ¢€E*, ¢(x(.)) is continuous
(measurable) on [a, b].

(2) A function h : E — E is said to be weakly sequentially
continuous if # maps weakly convergent sequences in
E to weakly convergent sequences in E.

If x is weakly continuous on I, then x is strongly
measurable and hence weakly measurable (see [16, 17]). It
is evident that in reflexive Banach spaces, if x is weakly
continuous function on [a, b], then x is weakly Riemann inte-
grable (see [17]). Since the space of all weakly Riemann-
Stieltjes integrable functions is not complete, we will restrict
our attention to the existence of weak solutions of the
coupled system (2) in the space C[I, E] x C[I, E].

Definition 1. Let f : IXE— E. Then f(t,u) is said to be
weakly-weakly continuous at (t,, u,); if given € >0, ¢ € E*;
there exists § >0 and a weakly open set U containing u,
such that

(f (&) = f(to o)) <& ()

whenever
|t —to] <6,

(6)
ueU.

Now, we have the following fixed point theorem, due
to O’Regan, in the Banach space (see [18]).

Theorem 1. Let E be a Banach space, let Q be a nonempty,
bounded, closed, and convex subset of C[I,E|], and let F :
Q — Q be weakly sequentially continuous and assume that
FQ(t) is relatively weakly compact in E for each t € I. Then
F has a fixed point in set Q.

Recall [19] that a subset of a reflexive Banach space is
weakly compact if and only if it is closed in the weak topology
and bounded in the norm topology. Thus, putting in mind
that TQ(t) is a bounded subset of E, then the condition TQ
(t) is weakly relatively compact and is automatically satisfied.
Accordingly, we immediately have the following theorem.

Theorem 2. Let E be a reflexive Banach space with Q a non-
empty, closed, convex, and equicontinuous subset of C[L, E].
Assume that T : Q — Q is weakly sequentially continuous.
Then T has a fixed point in Q.

Proposition 1. In the reflexive Banach space, the subset is
weakly relatively compact if and only if it is bounded in the
norm topology.

Proposition 2. Let E be a normed space with y € E and y # 0.
Then there exists a @ € E* with ||| =1 and ||y|| = ¢(y).
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2. Main Results

In this section, we present our main result by proving the
existence of weak solutions for the coupled system of
Urysohn-Stieltjes integral equation (2) in the reflexive
Banach space. Let us first state the following assumptions:

Assumption 1. a; € C[I,E],i=1,2.

Assumption 2. v, : I — I is a continuous function such that

y(t) <t

Assumption 3. f; : I xI x E— E, i =1, 2 satisfy the following
conditions:

(1) f;(....sx(y,(s))) are continuous functions on I for
every x € E.

(2) fi(t,...) are weakly-weakly continuous functions,
Vtel.

(3) There exist two continuous functions m(t), m;
IxI—1 and two positive constants b;, such that

1, (65 0)]| < mi(t,5) + byl i = 1,2.

Assumption 4. The functions t — g,(t, 1) and t — g,(t,0) are
continuous on I.

Assumption 5. For all t,, t, € I such that ¢, < t,, the functions
s — g,(t,,s) — g;(t;, s) are nondecreasing on I.

Assumption 6. g,(0,s) =0, for any s € I.

Remark 1. Observe that Assumptions 5 and 6 imply that the
function s — g(t,s) is nondecreasing on the interval I, for
any fixed t €I (Remark 1 in [5]). Indeed, putting t, =t,
t; =0 in Assumption 5 and keeping in mind Assumption
6, we obtain the desired conclusion. From this observation,
it follows immediately that, for every t eI, the function
s—g(t,s) is of bounded variation on I.

Definition 2. By a weak solution for the coupled system (2),
we mean the pair of functions (x,y) € Cl[I, E] x C[L, E]
such that

1

p(x(t) = p(ar(t)) + Joq)(fl(t’ sY(Y(s)digi(t5), el

1
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for all p e E".
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Now, let

¢ = max {sup|gi(t, 1)| +sup|g,(t,0)|, te I}, i=12,
t t
M =max {m;(t,s): t, sel}.
(®)
Then we have the following theorem.
Theorem 3. Under the Assumptions 1-6, the coupled system
of Urysohn-Stieltjes integral equation (2) has at least one weak

solution (x, y) € C[I, E] x C[L, E].

Proof 1. Define an operator A by

A(x%,y) = (A Apy)s ©)

where

1

A(t) = ay () + Lﬂ(r, SYW () da (69), tel

1

Ayx(t) = ay() + jofza, SxX(Y5(5))dg(t5), el

(10)

For every x; € C[I,E|, f,(...,sx(y,(s))) is continuous
on I, and f;(t,...,x(y,(.))) are weakly continuous on I;
then o(f,(¢, ..., ( :(.)))) are continuous for every ¢ €

E*. Hence, in view of bounded variational of g; it follows,
fi(t,s,x(y,(s))) is weakly Riemann-Stieltjes integrable on I
with respect to s — g,(,s). Thus, A; make sense.

Now, we can prove that A, : C[I, E] — C|[I, E] and for
€>0, t,t,el, t;<t,, and t,—t <e (without loss of
generality, assume that A,y(t,) — A;y(t;) #0), and there
exists ¢ € E*, such that

[Ay(t) = Ayt

< Ip(ay () — ay (£,)) + Lq)(fl(tz,s,y(wl ()it (12:9)

—j0<p<f1<r1,s,ywl(s))))dsgl(tps)
j0<p<f1<tz,s,y<w1 ()))dg (£ 5)

<lay(ty) —ay(t)] +

j Oy (115 Y (¥1(5)))) gy (£9)

0

+

josom<t1,s,y<w1<s>>>>dsg1<t2,s)

—joq)(fl(tps,ywl(s))))dsgl(tps)

A(xy)(t)

<llay(t2) =01+ [ [ 05,500, ))
it sy @)V 01(69))
+ [ ot st (Vo629 - 0,621

<llay(tz) = @y (1)) + 1y (t205.7) —f1<t1,s,y>||j0dsg1(rm

+jouflm,s,y>||ds[g1<t2,s> — 9,(t1,9)]
<llay(ty) = @y ()| + 1y (5. 7) — (15|

1

“[9:(t 1) = 91 (12, 0)] + J my(t, $)di[g,(t2,5) = g, (1, 9)]

0

+J0b1||y||ds[gl<tz,s> - gy(t9)]

<llay () —ay (t) || + |1 (22 5 9) = fi(t5 5 9) 19, (12, 1)

1

— gy (6 0)] + Mjods[gaz, 9 - g(t1,9)

+ bj 4,19, (1) = 9y (11,9)]

<|lay () —a (t)N + 11 (2o 5 9) = f1(E 8 9)][91 (25 1)
= 91(t2,0)] + (M + byry)
[(9(t21) = g(t1, 1)) = (9(t5, 0) = g(£1, 0))]
<llay(ty) —ay (t)) + 11t 59) = fi(t 5 0)]]
[91(t2,1) = 91 (£2, 0)] + (M + byry)[| g, (£, 1) — gy (815 1)]
+191(t,,0) = g, (11, 0)]].
(11)

Hence,

Ay (ty) = Ay ()] < lla(ty) —a (8)[| + [|fi (£ 5 9)
- filtsy)l[g,(t 1) = g, (22, 0)]
+(M+byry)[|g,(t2,1) = g, (£, 1)]
+19,(t2,0) = g,(t1, 0) ).

(12)

Similarly, we can show that

[Ayx(t;) = Apx(ty) || < [lax(t2) = ap ()| + (| f2(f2: 5 )
— it 9)[92(8 1) = 9,(1, 0)]
+ (M +by1))[|9,(12, 1) = g, (F1, 1)
+19,(t2,0) = g, (1, 0)]].
(13)

Now,

—A(xy)(t) = (Ap(h), Ayx(ty)) — (A (t), Ayx(ty))
=((Ap() —Ap(t)), (Ax(ty) - Azx( 1))
(14)



and

[AG62)(t2) = Alxy) (1)l

S [|Ap(ty) A (t)|| + [|Axx(ty) — Axx(ty) ||

< lay(f) —ay(t)|| + (If1 (b 5 9) = f1 (B 5 9) |
19:(t2,1) = g, (£, 0)] + (M + by ry) (15)
[191(t> 1) = g1 (£, 1) + 19, (55 0) = g1 (11, 0)]]
+lay(ty) —ay (t)|| + (| f2 (s 5 9) = fo(ts 5 9)l
192(t2,1) = 95(£5, 0)] + (M + byry)
[192(t2, 1) = g5 (81, 1) | + |9, (82, 0) = 9, (11, 0)].

Then from the continuity of the functions, g, is required
in Assumption 4; we deduce that A maps X into X.
Define the sets Q, and Q, by

lla, l+M
Q={yeClLE: [yl sn} n="""E (1)
14
and
lla, ll+M
Q= {xeCILE x| <n) n="5 R (7)
2

Now, define the closed, convex, bounded, equicontinuous
set Q by

Q={u=(xy) eX:[lul| <r +ry [lu(ty) —u(t)| < l|la(t)
—a ()| + ||f1(t25y) = fi(t: 5 9)][9: (12 1)
= 9,(t5, 0)] + (M +byry)[|g,(£5, 1) — g, (£, 1)
+191(£2,0) = g, (11, 0)[] + [|ay(t5) = a (1) |
+|f2(t2 5 7) = [ (115 9)[1[9:(82, 1) — 9,8, 0)]
+ (M +b,y15)[|9,(t5, 1) = 9,(£1, 1)| +[95(225 0) — g, (21, 0)[] }-

(18)
Now, let y € Q; and x € Q,; without loss of generality,

we may assume Ay # 0, A,x(t) #0,t € I. By Proposition 2,
we have

A = e(Ay(1) < |e(a(1))]

(Lfl (65709, (69) )

ot 5001V a,:2))

z=0

< la]l +J

<llail +
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1
< ] +MJ dg,(t,9) + bj d,g,(t,5)
0 0
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<|la,|| + M[g,(t: 1) = g, (£, 0)]
+byr[g,(t:1) - g,(£,0)]

<llal+(M + byry) |sup|g, (¢, 1)| + sup|g, (£, 0)|
tel tel

<llay|| + (M +byry)p.

(19)
Then
[Ay O] < llay|| + (M + byry)p=r,. (20)
Similarly, we can prove that
[A2x(B)[] < [|az]| + (M + byry)u =1, (21)

Therefore, for any u € Q,

[Au(t)]| = [[ACey) ()] =[(Ay
<[lAp@] + [[Ax(®)]
<llay]l + (M +byryp+ [|az|| + (M + byry )

=1 +71,,

(1), Apx(t)) |

(22)

that is, Vi € Q=Au € Q=AQ c Q. Thus, A: Q — Q.

Note that Q is a nonempty, uniformly bounded, and
strongly equicontinuous subset of X, by the uniform bound-
edness of AQ; according to Proposition 1, AQ is relatively
weakly compact.

It remains to prove that A is weakly sequentially
continuous.

Let {y,(t)} and {x,(t)} be sequences in C[I,E]
weakly convergent to y(t) and x(t), respectively (Vt€I),
since f,(t,s,...) and f,(ts,...) are weakly continuous.
Then f,(3,(¥,(s))) and f,(t,5,%,(y;(s))) converge
weakly to f, (t, s, y(v,(s))) and £, (t, s, x(y,(s))), respectively.
Furthermore, (Vg € E*)g(f, (£, (v (5)))) and ¢(f,(t.s
%,(¥,(5)))) converge strongly to (f, (t.5 y(y,(5)))) and

o(f,(t, s, x(y,(s)))), respectively. Applying the Lebesgue-
dominated convergence theorem, then we get

go(jofl(n S (5)))deg (6 s))
=L<p(f1<r, 521 (5)))deg (6 s)—>j0so(f1<a 5 (1)) gy (5,

Vo eE" tel,
(23)

j 9(f (b5, %,(¥5(5)) sgza,s)—»J'Oso(fz(a S 2(15(9))))digs (1 5)
VoeE" tel.
(24)

Thus, A is weakly sequentially continuous on Q.
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Since all conditions of Theorem 1 are satisfied, then
the operator A has at least one fixed point (x,y)=u€cQ
and the coupled system of Urysohn-Stieltjes integral equa-
tion (2) has at least one weak solution.

3. Hammerstein-Stieltjes Coupled System

This section, as an application, deals with the existence
of weak continuous solution for the coupled system of
Hammerstein-Stieltjes functional integral equation (3).
Consider the following assumption:

Assumption 7. Let h; : IXE — E and k; : I xI — R, assume
that h;, k; satisfy the following assumptions:

(1) hi(s,x(y,(s))) are

functions.

weakly-weakly  continuous

(2) There exist continuous functions m; (t) and con-
stants b; > 0 such that

(1Bt %) || < i (£) + il x|, (25)

for t,s eI, x € E. Moreover, we put M* = max {mf
(t): tel}, M*>0.

(3) k;(t,s) is a continuous function such that K = sup,
|k;(¢,s)|, where K is a positive constant.

Definition 3. By a weak solution for the coupled system
(3), we mean the pair of functions (x, y) € C[L, E] x C|[I, E]
such that

1

e(x(1)) =¢(ar(1)) + Jokl(t’ )e(hi(sy(y¥,()))dsg (5), tel,

1

P((1)) = p(ay(t)) +J ky (£ 5)p(hy (s, X(y5(5))))dsgy (15), - teL,

0
(26)
for all ¢ € E*.

Being new for the existence of weak solutions of (3), we
have the following theorem.

Theorem 4: Let Assumptions 1, 2, 4, 5, and 7 be satisfied.
Then the coupled system of Hammerstien-Stieltjes func-
tional integral equation (3) has at least one weak solution
(x,y) € X.

Proof 2. Let
fi(tss,x(s)) =k;(t, s)hy(s, x(y,(s5)))- (27)

Then from Assumption 7, we find that the assumptions
of Theorem 3 are satisfied and the result follows.

For example, consider the functions g,:IxI—R
defined by the formula

t+
tln—s, fort € (0,1],s€1,
g1(ts) = t 28
0, fort=0,s€l, (28)

g,(t,s)=t(t+s—-1), tel.

It can be easily seen that the functions g, (t, s) and g,(t, s)
satisfy assumptions (iv)-(vi) given in Theorem given in The-
orem 3. In this case, the coupled system of Urysohn-Stieltjes
integral equation (2) has the following form:

X(f)=a1(t)+Jl L hsyw(s)ds, tel, (29

oft+s

1

s0=a(0)+ | thiesxty@)ds el (30)

Therefore, the coupled system (29) has at least one weak
solution u = (x, y) € X, if the functions a;, y;, and f; satisfy
Assumptions 1-3.
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