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SOLVABILITY OF URYSOHN-STIELTJES INTEGRAL
EQUATION IN REFLEXIVE BANACH SPACE

A. M. A. EL-SAYED AND M. M. A. AL-FADEL

ABSTRACT. In this paper we study the existence of weak solutions of the
Urysohn-Stieltjes integral equation

1
z(t) = a(t) +/0 ft,s,x(s)) dsg(t,s), t € I=10,1]

in a reflexive Banach space E.

1. INTRODUCTION AND PRELIMINARIES

Volterra-Stieltjes integral operators and Volterra-Stieltjes integral equations have
been studied (see [1]-[8]). The main tool utilized in our considerations is the tech-
nique associated with the Schauder fixed point theorem. This type of equations
have been studied by Banas (see [1]-[4]) and also by some other authors, for exam-
ple (see [7], [8] and [14]-[16]).

Consider the nonlinear Urysohn-Stieltjes integral equation

£(t) = alt) + / F(t5,2(s)) dag(t,s), t € T =[0,1]. (1)

This equation have been studied by Banas (see [3]), where proved the existence at
least one solution « € C(I) to the equation (1).

In this paper, we generalize this results to study the existence of weak solutions
x € C[I, E] of the Urysohn-Stieltjes integral equation (1). As an application, we
study the existence of weak solutions = € C[I, E] of the Hammerstien-Stieltjes
integral equation

2(t) = a(t) +/O k(t, $)h(s, 2(s)) dsg(t,s), t € I = [0,1]. @)
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In [10], the authors proved the existence of weak solutions = € C[I, E] of Volterra-
Stieltjes integral equation

£(t) = p(t) + / f(s,2(s)) dug(t.s), t € T=[0,T)

Let E be a reflexive Banach space with norm || . || and dual E*. Denote by C[I, E|] the
Banach space of strongly continuous functions x : I — E with sup-norm.
Now, we shall present some auxiliary results that will be need in this work. Let E be
a Banach space (need not be reflexive) and let z : [a,b] — F, then
(1-) x(.) is said to be weakly continuous (measurable) at ¢ty € [a, b] if for ev-
ery ¢ € E*, ¢(xz(.)) is continuous (measurable) at t.
(2-) A function h : E — E is said to be weakly sequentially continuous if h
maps weakly convergent sequences in E to weakly convergent sequences
in E.

If x is weakly continuous on I, then z is strongly measurable and hence weakly
measurable (see [13] and [9]). It is evident that in reflexive Banach spaces, if = is
weakly continuous function on [a, b], then z is weakly Riemann integrable (see [13]).
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 equation (1) in
the space C[I, E|.

Definition 1. Let f : I x E — E. Then f(¢t,u) is said to be weakly-weakly
continuous at (o, ug) if given € > 0, ¢ € E* there exists 6 > 0 and a weakly open
set U containing ug such that

l ¢(f(t7u) - f(t07u0)> |< €

whenever |t —tg|<dand u e U.

Now, we have the following fixed point theorem, due to O’Regan, in the reflexive

Banach space (see [17]) and some propositions which will be used in the sequel (see
11)).
Theorem 1. Let E be a Banach space and let (Q be a nonempty, bounded, closed
and convex subset of C[I,E] and let F : Q@ — @ be a weakly sequentially con-
tinuous and assume that FQ(¢) is relatively weakly compact in E for each t € I.
Then, F' has a fixed point in the set Q.

Proposition 1. 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.

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

Proposition 3. A convex subset of a normed space E is closed if and only if it
is weakly closed.
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2. MAIN RESULTS

In this section, we present our main result by proving the existence of weak
solutions for equation (1) in the reflexive Banach space. Let us first state the
following assumptions:

(i) a€ClI,E]
(i) f:IxIxD C E — E satisfies the following conditions:
(1) f(.,s,z(s)) is continuous function, Vs € I,z € D C E.
(2) f(t,.,.) is weakly-weakly continuous function, V¢ € I.
(3) The weak closure of the range of f(I x I x D) is weakly compact in E
(or equivalently: there exists a constant M such that || f(¢,s,z) [|[< M
fort,s €l and x € D.
(iii) The functions ¢t — ¢(¢,1) and ¢ — g(¢,0) are continuous on I, such that

p= max{sgp | g(t,1) | + sup | g(t,0) [}

(iv) For all t1,t2 € I such that ¢; < to the function s — g(t2,s) — g(t1,s) is
nondecreasing on I.
(v) ¢(0,8) =0 for any s € I.

Remark 1. Observe that assumptions (iv) and (v) imply that the function s —
g(t, s) is nondecreasing on the interval I, for any fixed ¢t € I (Remark 1 in [4]). In-
deed, putting ¢t = ¢, t; = 0 in (iv) and keeping in mind (v), we obtain the desired
conclusion. From this observation, it follows immediately that, for every t € I, the
function s — g(t, s) is of bounded variation on I.

Theorem 2. Under the assumptions (i)-(v), the Urysohn-Stieltjes integral equa-
tion (1) has at least one weak solution z € C|[I, E].

Proof. Define the operator A by

Az(t) = a(t) +/0 f(t,s,x(s)) dsg(t,s), t € I.

For every x € C[I, E], f(.,s,2(s)) is continuous on I, and f(t, .,.) is weakly-weakly
continuous on I, then ¢(f (¢, s, z(s))) is continuous for every ¢ € E*, g is of bounded
variation. Hence f(¢,s,z(s)) is weakly Riemann-Stieltjes integrable on I with re-
spect to s — ¢(t,s). Thus A makes sense.

Now, define the set Q) by
Q={z € ClLLE]:|| x |lo< Mo}
where
| z@) || < |l allo +Mp= M
and
| @ llo=sup || Az(t) [|< M.
tel

The remainder of the proof will be given in four steps.

Step 1 : The operator A maps C[I, E] into C[I, E].
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Let t1, to € I, t5 > t; and t; — ta < €, without loss of generality, assume that
Az(t2) — Az(ty) # 0. Then

| Az(ts) — Ax(t) || < | ¢lalta) —a(tr)) [ + | / ¢(f (b2, 8,2(s5))) dsg(ta; s)

— /¢ (t1,8,2(8))) dsg(t1,s) |

IN

| alt) — a(t) || + | / O(F(t2,5,2(5))) duglta,s)
- /qs (t1,5,2(5))) dyglt,s) |
" \/qs (t1,5,2(5))) dsglts, 5)
- /¢ (t1,5,2(5)) dag(t1,5)

< Jalts) - a(t) | |
+ /|¢ (t2,5,2(5)) — Flt1,5,2(5)) | da(\/ gt 2))
2=0

+ / | O(F (5 2() | da(\/ lg(t22) — g(t1, )

0 z=0
< Jalts) - a(t) |
T fltas,2(s)) — F(tn,,2(5)) | / dug(ts,5)

0

1
+ / | £t 5,2()) || dalo(tar s) — a(tr, 9))]
< Jalts) —aty) |
Tl s,2(8)) — Fltr,5,2(5)) || [9(t2, 1) — g(t,0)]
© M{(gltn1) — glt1,1)) — (9(t2,0) — g(t1,0))
< Jlalt) —a(t) |
Tl fltas,a(s)) - f(t1 5,2(5)) || [g(t2, 1) — g(t,0)]
+ M| g(t2,1) — g(t1,1) | + | g(t2,0) — g(t1,0) []

Hence

| Az(ts) — Az(ta) || < | alt2) —a(tr) ||
+ I F(t2s,2(5) = fta,s,2(9) | [9(t2, 1) — g(t2,0)]
+

M[| g(t2,1) — g(t1,1) [ + | g(t2,0) — g(t1,0) |,

then from the continuity of the function g assumption (iii) we deduce that A maps
C[I, E] into C[I, E].

Step 2 : The operator A maps @ into Q.
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Take z € @, we have

| Az(t) | = é(Ax(t)
< | dlal |+\¢/ftsw (5)) dag(t, ) |
< ||a||o+/0 o7 tsa(oD) |V att:2)
< Jall+ / I a5, | de( a(t:2)
< lalo+M / dagl(t, )
< lalo+M[g(t.1) - g(t,0)]
< lalo+M[sup|g(t,1) | +sup | g(t,0)]]

tel tel

< lallo+Mp

Hence Az € @, which prove that A: Q@ — @ and AQ is bounded in C[I, E].

Step 3 : AQ(¢) is relatively weakly compact in E.

Note that @ is nonempty, uniformly bounded and strongly equi-continuous subset
of C[I, E], Also it can be shown that @ is convex and closed. According to Propo-
sitions 1 and 3, AQ is relatively weakly compact.

Step 4 : The operator A is weakly sequentially continuous.

Let {z,(t)} be sequence in @ weakly convergent to x(¢) in F, since @ is closed we
have z € Q. Fix t,s € I, since f satisfies (1)-(2), then we have f(¢,s,z,(s)) con-
verges weakly to f(¢,s,z(s)). Furthermore, (V ¢ € E*) ¢(f(¢,s,2,(s))) conver-

gence strongly to o(f(t,s,x(s))).
Applying assumption (ii)-(3 )and Lebesgue dominated convergence theorem

/ftswn dag(t, ) /qstsxn $))) deg(t,5)

—>/ O(f(t,s,2(s))) dsg(t,s), Vo € E*, t € I.
0

ie. p(Axp(t)) — ¢(Ax(t)), Vit € I, Ax,(t) converging weakly to Az(t) in E.
Thus, A is weakly sequentially continuous on Q.

Since all conditions of Theorem 1 are satisfied, then the operator A has at least one
fixed point z € @ and the Urysohn-Stieltjes integral equation (1) has at least one
weak solution.m

3. HAMMERSTIEN-STIELTJES INTEGRAL EQUATION

Consider the following assumption:
(6) Let h: I xE — F and k : I x I — R, assume that h,k satisfy the
following assumptions:
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(1)* h(s,z(s)) is weakly-weakly continuous function.

(2)* There exists a constant M such that || h(s,z) [|[< M for s € I and
z e E.

(3)* k(t,s) is continuous function on I and such that K = sup,{| k(¢, s) |:
t,s € I} is positive constant.

New for the existence of a weak solution of (2), we have the following theorem.
Theorem 3. Let the assumptions (i),(iii)-(v) and (i¢)* be satisfied. Then the
Hammerstien-Stieltjes integral equation (2) has at least one weak solution = €
C[I,E.

Proof. Let
ft,s,2(s)) = k(t, s)h(s, z(s)).

Then from the assumption (i7)*, we find that the assumptions of Theorem 2 are
satisfied and result follows.

In what follows, we provide some examples illustrating the above obtained results.
Example 1: Consider the function g : I x I — R defined by the formula

glt,s) =t>+ts, tel,

It can be easily seen that the function g(¢, s) satisfy assumptions (iii)-(v) given in
Theorem 1. In this case, the Urysohn-Stieltjes integral equation (1) has the form

2(t) = a(t) +/O Lf(t s, 2(s))) ds, t €T 3)

Therefore, the equation (3) has at least one solution = € C[I, E], if the functions a
and f satisfy the assumptions (i) and (ii).

Example 2: Consider the function g : I x I — R defined by the formula
g(t,s) =t(t+s—1), tel.

It can be easily seen that the function g(¢, s) satisfy assumptions (iii)-(v) given in
Theorem 1. In this case, the Urysohn-Stieltjes integral equation (1) has the form
(3).

Therefore, the equation (3) has at least one solution z € C[I, E], if the functions a
and f satisfy the assumptions (i) and (ii).

Example 3: Consider the function g : I x I — R defined by the formula
tlntts forte (0,1, sel
_ t s 4]y )

g(t’s)_{o, fort=0, sel.

Also, the function g(t, s) satisfy assumptions (iii)-(v) given in Theorem 1. In this
case, the Urysohn-Stieltjes integral equation (1) has the form

z(t) = a(t) +/0 t—i—%f(t’ s,x(s))) ds, t €l (4)

Therefore, the equation (4) has at least one solution x € C[I, E], if the functions a
and f satisfy the assumptions (i) and (ii).
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