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Abstract. We prove an existence theorems for the nonlinear integral equation
a
= f(t) +/k1 (t,8)x s)ds+/k2 (t,s)g(s,z(s))ds, te€l,=1[0,a], a€ Ry,
0

where f, g, x are functions with values in Banach spaces. Our fundamental tools are:
measures of noncompactness and properties of the Henstock-Kurzweil integral.
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1. Introduction. Let ( E,|| - | ) be a Banach space, I, = [0,a], a > 0 and
let g: I, x E — E be a function such that g(¢,z(t)) = t2x(t) + h(t), where [t| < 1,
d (42 gir 4—2
_ ) #(tPsint™), 1 #0
foll < 1, ) = { @ in0
Consider a problem

a a

x(t) = f(t) —l—/kl(t,s)w(s)ds —|—/k2(t, s)g(s,z(s))ds, tel,=10,a], a€ R4,

0 0

where x, f : I, — E, k1, ka : I, x I, — Ry be measurable functions such that &y (¢, -),
ko(t,-) are continuous.

Because functions kq (¢, s)z(s) and ka(t, s)g(s, z(s)) are not Bochner integrable ,
S0 it is necessary to introduce more general integral.
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The Henstock-Kurzweil integral encompasses the Newton, Riemann and Lebesgue
integrals [10,12,18]. A particular feature of this integral is that integrals of highly
oscillating functions such as F'(t), where F(t) = t*sint~2 on (0,1] and F(0) = 0,
can be defined.

This integral was introduced by Henstock and Kurzweil independently in 1957 -
58 and has since proved useful in the study of ordinary differential equations [8, 9,
15, 17, 25, 26].

It is well known that Henstock’s Lemma plays an important role in the theory
of the Henstock-Kurzweil integral in the real - valued case. On the other hand, in
connection with the Henstock-Kurzweil integral for Banach space valued functions,
S. S. Cao pointed out in [7] that Henstock’s Lemma holds for the case of finite
dimensions, but it does not always hold in infinite dimensions. So in this paper we
will use the HL integral which satisfies Henstock’s Lemma and which is more general
than the Bochner integral.

Let ( E,| - || ) be a Banach space, ( E1,|| - || ) a separable Banach space and let
I, = [0,a], a € Ry. We study an existence of a solution of the following functional
integral equation:

a a

z(t) = f(t) + /kl(ts)m(s)ds + /kg(t,s)g(s,x(s))ds, tel,=10,a], a€R4,

where f,g,x are functions with values in a Banach space E (or in a separable
Banach space E7) and integrals are taken in the sense of HL.

Note that the integral equation (1) can be considered as a nonlinear Fredholm
equation expressed as a perturbed linear equation.

We should mention that an extensive work has been done in the study of the
solutions of particular cases of (1) (see, e.g., [1, 2, 3, 13, 14, 20, 21, 23, 24]).

A Monch fixed point theorem [22] and the techniques of the theory of the measure
of noncompactness are used to prove the existence of solution of problem (1). By us-
ing some conditions expressed in terms of the measure of noncompactness which the
function g satisfies, we define a completely continuous operator F' over the Banach
space C([0,a]), whose fixed points are solutions of (1). The fixed point theorem of
Monch is used to prove the existence of a fixed point of the operator F.

Our fundamental tools are the Kuratowski and Hausdorff measures of noncom-
pactess [6, 16].

For any bounded subset A of E' we denote by «(A) the Kuratowski measure of
noncompactness of A, i.e. the infimum of all € > 0 such that there exists a finite
covering of A by sets of diameter smaller than .

For any bounded subset A of E we denote by «y(A) the Hausdorff measure of
noncompactness of A, i.e. the infimum of all € > 0 such that A can be covered by a
finite number of balls of radius smaller than ¢ .

The properties of the measure of noncompactness v = a, ay are:

(i) if A C B then v(A) < v(B);

(i) v(A) = v(A), where A denotes the closure of 4;
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(iii) v(A) = 0 if and only if A is relatively compact;

(iv) (AU B) = max {(4), 1(B)};

(v) 704) = P\h(4) (A € R);

(vi) 7(A + B) < 7(4) + ~(B);

(vii) y(convA) = y(A), where conv(A) denotes the convex extension of A,
(viii) a1(4) < a(A) < 2a;1(A).

We will need the following lemma:

LeMMA 1.1 (5) . Let H C C(I,, E) be a family of strongly equicontinuous func-

tions. Let, fort € I,,H(t) = {h(t) € E,h € H}.Then ac(H) = supa(H(t)) =
tel,

a(H(1,)), where ac(H) denotes the measure of noncompactness in C(I,, E) and

the function t — a(H(t)) is continuous.

We will apply the following fixed point theorem.

THEOREM 1.2 (22) . Let D be a closed convex subset of E , and let F' be a contin-
wous map from D into itself. If for some x € D the implication

V =conv({z} UF(V)) =V is relatively compact, holds for every countable
subset V of D , then F has a fized point.

Now we present the definition of ACG,, function.

DEFINITION 1.3 (10) . A family F of functions F' is said to be uniformly absolutely
continuous in the restricted sense on A, for short, uniformly AC.(A), if for every
€ > 0 there exists 7 > 0 such that for every F' in F' and for every finite or infinite
sequence of nonoverlapping intervals {[a;, b;]} with a;,b; € A and satisfying

Z |b; — a;| < n, we have Z (F,[a;,b;]) < e, where w(F, [a;,b;]) denotes the oscilla-

tlon of F over [a;, b;].

A family F of functions F' is said to be uniformly generalized absolutely contin-
uous in the restricted sense on [a,b], or uniformly ACG,, if [a,b] is the union of a
sequence of closed sets A; such that on each A; the function F is uniformly AC,(4;).

2. Henstock—Kurzweil integral. In this part we present the Henstock-
Kurzweil integral in a Banach space and we give some properties of this integral.

DEFINITION 2.1 (10) . Let ¢ be a positive function defined on the interval [a, b].
A tagged interval (z,[c,d]) consists of an interval [c,d] C [a, b] and a point z € [c, d].
The tagged interval (z, [c,d]) is subordinate to ¢ if [¢,d] C [x — 6(z), z + §(x)].

The letter P will be used to denote finite collections of nonoverlapping tagged
intervals. Let P = {(s;,[ci,d;]) : 1 < i < n, n € N}be such a collection in [a, b].
Then

(i) The points {s; : 1 < i < n} are called the tags of P.
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(ii) The intervals {[c;,d;] : 1 <4 < n} are called the intervals of P.

(iil) If {(s4,[ci,di]) : 1 <@ < n} is subordinate to d for each ¢, then we say that P
is sub 4.

(iv) If [a,b] = U [ci, d;] then P is called a tagged partition of [a, b].
i=1
(v) If P is a tagged partition of [a,b] and if P is sub ¢, then P is sub § on [a, b].
() TEfofa b — B then f(P) = 32 f(s:)(ds — o).
i=1

If F is a function defined on the subintervals of [a, b], then

F(P) = ;F([Cmdi]) = ; (F(ds) = F(ci))-

If F:[a,b] — E, then F can be treated as a function of intervals by defining

F([e,d]) = F(d)— F(c). For such a function, F'(P) = F(b) — F(a) if P is a tagged
partition of [a, b].

DEFINITION 2.2 (7) . The function f : [a,b] — FE is Henstock-Kurzweil inte-
grable on [a,b] (f € HK([a,b], F)) if there exists a vector z in E with the follow-
ing property: for each ¢ > 0 there exists a positive function 6 on [a,b] such that
[lf(P) — z|| < € whenever P is sub ¢ on [a,b]. The function f is Henstock-Kurzweil
integrable on a measurable set A C [a,b] if the function fxa is Henstock-Kurzweil
integrable on [a,b]. The vector z is the Henstock-Kurzweil integral of f.

We remark that this definition includes the generalized Riemann integral defined
by Gordon in [11]. In a special case, when § is a constant function, we get the
Riemann integral.

DEFINITION 2.3 (7) . A function f : [a,b] — E is HL integrable on [a,b](f €
HL([a,b], E)) if there exists a function F : [a,b] — E with the following property:
given € > 0 there exists a positive function ¢ on [a, b] such that if P = {(s;, [¢;, d;] :
1 <i<n}is a tagged partition of [a,b], sub J, then

_Z £ (s3)(d; — i) — Flles, di])|| < .

We note that by the triangle inequality f € HL([a, b], E) implies f € HK ([a,b], E).
In general, the converse is not true. For real - valued functions, the two integrals
are equivalent.
DEFINITION 2.4 (7) . Let f : I, — E be Henstock-Kurzweil integrable on [a, b].
¢
Then a function F(t) = [ f(s)ds, which is defined on subintervals of [a,b] and the

a
integral is in the sense of Henstock — Kurzweil, is called the primitive of f.
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‘We now mention Henstock’s Lemma for real - valued Henstock-Kurzweil inte-
grable functions. For the proof, see [17, Theorem 3.7].

THEOREM 2.5 (HENSTOCK’S LEMMA) . If f is Henstock-Kurzweil integrable on
[a,b] with primitive F, then for every e > 0 there exists § > 0 such that for any
tagged partition P = {(s;,[ci,d;]), 1<1i<mn} of[a,b] subd, we have:

Z f(s:)(ds = ) — F[es,di])| < e.

Theorem 2.5 says that in the definition of the Henstock — Kurzweil integral for real —
valued functions [10], we may put the absolute value sign | - | inside the summation
sign Y. We know [7] that this is no longer true if we replace | - | with || - ||, i.e.
Henstock’s Lemma is not satisfied by Henstock — Kurzweil integrable Banach —
valued functions. By the definition of HL integral, an HL integrable function with
primitive F' satisfies Henstock’s Lemma with | - | replaced || - ||.

For the Henstock - Kurzweil integral, in particular for the HL integral, we have
the following theorems.

THEOREM 2.6 (7) . Let f : [a,b] — E. If f =0 almost everywhere on [a,b], then f
b
is HL integrable on [a,b] and [ f(t)dt = 0.

THEOREM 2.7 (7) . Let f : [a,b] — E be HL integrable on [a,b] and let F(x) =
[ f(t)dt for each x € [a,b]. Then
(i) F is continuous on [a, b,

(i) Fis differentiable almost everywhere on [a,bland F' = f,
(iii) f is measurable.

THEOREM 2.8 (27, THEOREM 5) .Suppose that f, : [a,b] — E,n = 1,2,... is a
sequence of HL integrable functions satisfying the following conditions:

(i) fn(x) — f(x)almost everywhere in [a,b], as n — oo;

(ii) the set of primitives of fn,{F,(z)}, where F,(z) = [ fn(s)ds, is uniformly
ACG,in n; ’

(#ii) the primitives F,, are equicontinuous on [a,bl.
T xz

Then f is HL integrable on [a,b] and [ f, — [ f uniformly on [a,b], as n — oo.
a a

We remark that this theorem for Denjoy-Bochner integrals is mentioned in [27]

without proof. It is also true for HL integrals. The proof is similar to that of
Theorem 7.6 in [18] (see also [26, Theorem 1.8]).
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LEMMA 2.9 (25) . Let Ey be a separable Banach space. Suppose that V is a

t
countable set of HL integrable functions. Let F' = {fx(s)ds rxeV, te Ia} be an
0

t
equicontinuous, equibounded and uniformly ACG, on I,. Then o (f V(s)ds) <
0

¢
Jaa(V(s))ds, t € I,, whenever a1(V(s)) < ¢(s), for a.e. s € I, ¢ is a Lebesgue
0

integrable function and o denotes the Hausdorff measure of noncompactness.

THEOREM 2.10 If the function f : I, — E is HL integrable, then

/ f(tydt € | [commf (D).

where I is an arbitrary subinterval of I, and |I|is the lenght of I.

The proof is similar to that of Lemma 2.1.3 in [19]. See also [4, Theorem 10.4,
p. 268).

3. Main result. Werecall that a function f : [, xE —  FEisa Carathéodory
function if for each x € E, f(t,x) is measurable in t € I, and for almost all t € I,
f(t,x) is continuous with respect to x.

I. In this section we prove an existence theorem for functions with values in a
separable Banach space Fj.

For z € C(I4, E), we define the norm of = by: |z o = sup{[|z(t)||, t € I,}.

Let B(p) = {z € C(Io, E) : ||zllo < If()llc +p}, p > 0. Note that this set is
closed and convex.

We define the operator F' : C(I,, E) — C(I,, E) by

a

F(z)(t) = f(t) —l—/kl (t,s)z(s)ds +/k‘2(t, s)g(s,z(s))ds, tel,, =€ B(p),
0

0

where integrals are taken in the sense of HL.

Moreover, let I'(p) = {F(z) € E:x € B(p)}, p > 0.

A continuous function z : I, — F is said to be a solution of the problem (1) if it
satisfies:

z(t) = f(t) + fkl(t, s)x(s)ds + of ko(t,s)g(s, x(s))ds, for every t € I, = [0, a].

THEOREM 3.1 Assume that for each continuous function x : I, — Ei, g(-,z(-))
is HL integrable and g is a Carathéodory function. Let ki,ko : I, X I, — Ry be
measurable functions such that ki(t,-), ka(t,-) are continuous. Moreover, let there
exists po > 0 and a Carathéodory function w : I, x Ry — Ry with

(2) a(g(s, X)) <w(s,a(X)) for a.e. s€ I, and X C B(po),
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such that the zero function is the unique continuous solution of the inequality
C c

alt) <2 [ ka(t.9a(s)ds + [ halt, ) (s.a(s))ds)

0 0

Suppose that T'(pg) is equicontinuous, equibounded and uniformly ACG, on I,. Then
there exists at least one solution of the problem (1) on I. for some 0 < ¢ < a with
continuous iitial function f.

PROOF By equicontinuity and equiboundedness of I'(pg) there exists some number

¢ (0 < ¢ < a), such that Hf [k1(t, s)x(s) + ka(t, s)g(s, z(s)]ds|| < po, for ¢t € I, and
0

x € B(po).
By our assumptions, the operator F' is well defined and maps B(pg) into B(po).
We now show that the operator F is continuous. Let z,, — x in C'(I., E). Because
the function g is a Carathéodory function ( continuous with respect to the second
variable), so from equality

c

1 () — F(2)]| = / (k1 (t, 8)(wn(s) — 2(s)) + ka(t, 5)(g(s, 2n(s)) — g(s, 2(s))))ds

0

we have F(z,) — F(z) in C(I., E).

Observe that a fixed point of F' is the solution of the problem (1). Now we prove
that F' has a fixed point using Theorem 1.2.

Suppose that V' C B(pg) satisfies the condition V = conv({z} U F(V)), for
some z € B(pg). Let, for t € I, V(t) = {v(t) € E: v € V}. Since V C
B(po), F(V) C I'(py). Then V C V = conv({z} U F(V)) is equicontinuous. By

Lemma 1.1, t — v(t) = a(V (t)) is continuous on I.

Let [ Z(s)ds = {f z(s)ds: x € Z} for any Z C C(I., E) and let § denote the
0 0

mapping defined by g(z(s)) = g(s,x(s)), for each x € B(pg) and s € I.. Obviously,

G(V(5)) = g(s,V(s5)), F(V(1)) = f(t) + [q [kr(t, 5)V (s) + ka(t,5)g(V (5))] ds.
Using (2), Lemma 2.9 and the properties of the measure of noncompactness «
we have:

C

a(F(V)(t) = « f(t)Jr/[kl(t,S)V(S)+k2(t,8)§(V(S))]d5 <
0

c

2 | [ ItV (5) + batt )3V (9))ds | <
0

2/ [k1(t, 8)ar (V(8)) + ka(t, s)ar(g(s,V(s))]ds <
0
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2/[’61@»8)04(‘/(8)) + ka(t, s)a(g(s, V(s)))lds <

2/ [k1(t, 8)a(V (8)) + ka(t, s)w(s, a(V(s)))]ds.

Because V = conv({z} U F(V)), so

C

o(t) < 2[/ kl(t,s)v(s)ds—l—/kg(t,s)w(s,v(s))ds].
0

0

By our assumptions, because the zero function is the unique continuous solution of
the last inequality, so we get v(t) = a(V(t)) = 0. By Arzela-Ascoli‘s theorem, V is
relatively compact. So, by Theorem 1.2, F' has a fixed point which is a solution of
the problem (1). n

II. Now we present an existence theorem for the problem (1) for a real Banach
space FE.
Let r(K) be the spectral radius of the integral operator K defined by:

a

K(u)(t) = /(kzl(t,s) + ko(t, 8))u(s)ds, wu € B(py), t€ I,.
0

THEOREM 3.2 Assume that for each continuous function x : I, — E, g(-,z("))
is HL integrable, gis a Carathéodory function and ki,ke : I, x I, — Ry are
measurable functions such that ki(t,-), ka(t,-) are continuous. Moreover, let there
ezists pg > 0 and L > 0 such that

(3) a(g(I, X)) < La(X)for each X C B(po),I C I,

Suppose that T'(pg) is equicontinuous, equibounded and uniformly ACG, on I,
and (1+ L)r(K) < 1.

Then there exists at least one solution of the problem (1)on I.. for some0 < c<a
with continuous initial function f.

PROOF By equicontinuity and equiboundedness of T'(pg) there exists some number
J [k (t, s)a(s) + ka(t, s)g(s, x(s)]ds
0

¢ (0 < ¢ < a), such that < po for t € I. and

x € B(po).
By our assumptions, the operator F' is well defined and maps B(pg) into B(po).
We now show that the operator F is continuous. Let z, — z in C(I., E). Because
the function ¢ is a Carathéodory function ( continuous with respect to the second
variable), so from equality
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1F(zn) — F(z)] = /(kl(t s)(zn(s) — 2(s)) + k2(t, )(9(s, 2n(s)) — g(s, 2(s))))ds
0

we have F(z,) — F(z) in C(I., E).

Observe that a fixed point of F' is the solution of the problem (1). Now we prove
that I has a fixed point using Theorem 1.2.

Suppose that V' C B(pg) satisfies the condition V = conv({z} U F(V)) for some
HASS B(po)

Let, for t € I, V(t) = {v(t) € E, v € V}.

Since V' C B(po), F(V) CT(pg). Then V C V = eonv({z} U F(V)) is equicon-
tinuous. By Lemma 1.1, t — v(t) = a(V (¢)) is continuous on I..

We divide the interval I.: 0 = tg < t1 < ... < t,, = ¢, where t; = i—c, 1 =
0,1,...,m. Let V([ti,ti+1}> = {U(S) ceF:ueV t; <s< ti+1}, 1=0,1,....m— 1.
By Lemma 1.1 and the continuity of v there exists s; € T; = [t;, t;4+1] such that

(4) a(V([ti; tisa])) = sup{a(V(s)) : ti < s < tipa} =t v(si).

On the other hand, by the definition of the operator F' and Theorem 2.10 we
have
m—1 tit1

F(u) )+ Z / [k1(t, s)u(s) + ka(t, 5)g(s, u(s))]ds

zOtl

m—1
—|— Z i1 — t COTL'U[kl(t T )V(E) + kQ(t7T‘l)g(n7 V(ﬂ))L
1=0
for each u € V, where k,, (¢, T;) = {km(t,s) : t,s € T;}, m = 1,2 and ¢g(T;, V(T})) =
{g(t,z(t)): t € T;,x € V}.

Therefore
m—1

F(V) () + D (tiga — t;) convlks (t, Ti)V(Ty) + ka(t, T)g(Ti, V(T3))].
=0

Using (3), (4) and the properties of the measure of noncompactness o we obtain

m—1

<Y (tisr — t)[ka(t, T)o(si) + ka(t, Ty) Lo(s; )]
=0
m—1 m—1
=Y (tivr =tk (6, To)v(si) + LY (bisr — ti)ka(t, Ti)u(s:)
=0 =0
m—1 m—1
< D (b — 1) sup ki(tsi)o(si) + LY (fivr —t:) sup ka(t, si)v(s:)
i—0 s €T i—0 s €T}
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m—1 m—1
= (tisr — ti)ka(t, pi)v(si) + L Z (tiv1 — ti)ka(t, gi)v(si),
1=0 =0

where s;, p;, q; € T;, hence

a(F(V)(1) < n‘: (tig1 — to)ka(t, pi)v +m§1 i+1 — t3)[k1(t, pi) (v(si) — v(ps))]
+L§ (s — ksl ) + Lguiﬂ R0 (0(s:) ~ v(a.)]
=5 = ko) + 55 a2 0ls) — 09
" mz (e~ tkalt,aola) + 2 Tol[kz(ta W) (50) ~ v(a)]

By continuity of v we have v(s;) — v(p;) < €1 and 5 — 0 as m — oo and
v(s;) —v(g:) < €2 and €2 — 0 as m — o0.
So a(F(V)(@) < fkl (t,s)v(s)ds + csupkyi(t,p)er + Lfkg t,s)v(s)ds
p€El.

+ Lesup ka(t, q)ea. Therefore
q€l.

(5) a(F(V(t)) <(1+L) / [k1(t, 8) + ka(t, s)]u(s)ds, for t € I.
0

Since V' = conv({u} U F(V)), by the property of the measure of the noncom-
pactness a we have a(V(t)) < a(F(V)(t)) and so in view of (5) it follows that

v(t) < (1+L) [ [k1(t, s) + ka2(t, s)]v(s)ds,  for t € I.. Because this inequality holds

0
for every t€ I. and (1+ L)r(K) < 1, by applying Gronwall’s inequality, we conclude
that a(V(t)) = 0 for te I.. Hence Arzela-Ascoli‘s theorem proves that the set V' is
relatively compact. Consequently, by Theorem 1.2, F' has a fixed point which is a
solution of the problem (1). =
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