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Abstract. A fixed point theorem in ordered spaces and a recently proved monotone
convergence theorem are applied to derive existence and comparison results for solutions of
a functional integral equation of Volterra type and a functional impulsive Cauchy problem
in an ordered Banach space. A novel feature is that equations contain locally Henstock-
Kurzweil integrable functions.
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1. INTRODUCTION

The Henstock-Kurzweil integral provides a tool for integrating highly oscillatory
functions which occur in nonlinear analysis and in quantum theory. It is also easy to
understand because its definition requires no measure theory. Moreover, all Bochner
integrable (in real-valued case Lebesgue integrable) functions are Henstock-Kurzweil
(shortly HK) integrable, but not conversely. For instance, HK integrability encloses
improper integrals. The real-valued function f defined on [0,1] by f(0) = 0 and
f(t) = t2cos(1/t?) is differentiable on [0,1], and f’ is HK integrable. But f’ is
not Lebesgue integrable on [0, 1]. More generally, let ¢ be called a singular point of
the domain interval of a real-valued function being not Lebesgue integrable on any
interval that contains ¢. Then (cf. [10]) there exist HK “integrable functions on an
interval that admit a set of singular points with its measure as close as possible but
not equal to that of the whole interval.”

In this paper a fixed point theorem in the ordered normed space is applied to
prove existence and comparison results for solutions of functional Volterra integral
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equations and mild solutions of impulsive functional Cauchy problems in a Banach
space X ordered by a regular order cone. The X-valued functions in the equations
considered are locally Henstock-Kurzweil integrable with respect to the independent
variable, depend functionally on the unknown function, and may contain discontin-
uous nonlinearities.

2. PRELIMINARIES

A closed subset X of a normed space X is called an order cone if X, +X, C X4,
X4+ N(—=X4) ={0} and ¢X C X for each ¢ > 0. It is easy to see that the order
relation <, defined by

r<y ifandonlyif y—ze€ X,

is a partial ordering in X, and that Xy = {y € X: 0 < y}. The space X, equipped
with this partial ordering, is called an ordered normed space. The order interval
[y,2) = {r € X: y < x < z} is a closed subset of X. A subset C of X is said to
be a chain if ¢ < y or y < x for all z,y € X. A sequence (subset) of X is called
order bounded if it is contained in an order interval [y, z] of X. We say that an order
cone Xy of a normed space X is normal if there is such a constant v > 1 that

(2.1) 0<z<yin X implies |z|| < v|y]-

An order cone X is called regular if all increasing and order bounded sequences
of X converge. As for the proof of the following result, see, e.g., [5, Theorems 2.2.1
and 2.4.5].

Lemma 2.1. Let X, be an order cone of a Banach space X. If X is regular, it
is also normal. The converse holds if X is weakly sequentially complete.

A function from a real interval [a,b] to a Banach space X is Henstock-Kurzweil
(shortly HK) integrable if there is a function F': [a,b] — X, called a primitive of f,
which has the following property: For every € > 0, there is such a function §: [a,b] —
(0, 00) that

m

S HEN s — tin) — (F(t) — F(ti_1>>>H <e

i=1

for every partition {¢;}7, of [a, b] satisfying &; € [ti—1,t:] C (& — (&), & +(&)) for
every 1 =1,...,m.
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If f is HK integrable on [a,b], it is HK integrable on every closed subinterval
J = [¢,d] of [a,b], and F(d) — F(c) is the Henstock-Kurzweil integral of f over J,

ie.,

d
(2.2) F(d) — F(c) = K/J f(s)ds = K/ f(s)ds

The proofs for the results of the next lemma can be found, e.g., in [12].

Lemma 2.2.

(a) The a.e. equal functions are HK integrable and their integrals are equal if one
of these functions is HK integrable.

(b) A Bochner integrable function f: [a,b] — X is HK integrable, and [, f(s)ds =
K[, f(s)ds whenever I is a closed subinterval of [a, b].

The next result plays an important role in applications.

Lemma 2.3. Let X be an ordered Banach space, and let fi: [a,b] — X be
HEK integrable. If f_(s) < f4(s) for a.e. s € [a,b], and if J is a closed subinterval of
[a,b], then

(2.3) K /J fo(5)ds < K / fi(s)ds

Proof. By Lemma 2.2 (a) we may assume that f_(s) < f4(s) for all s € [a,b].
Set f = fy — f—. Then f(s) belongs to the order cone X of X for all s € [a,b].
Let J = [c,d] be a closed subinterval of [a, b]. The function f is HK integrable on J.
To prove that X[ f(s)ds € X, notice first that X[, f(s)ds = 0 € X4 if ¢ = d.
Assume next that ¢ < d. According to the definition of HK integrability, we can
choose for each n € N a function d,,: [¢,d] — (0, 00), partitions {¢I'}."" of [c,d] and
points £ so that £ € [t7 |, t7] C (& — 6(&1), & + 6(€)), and that

mn

/f )as =3 AEEE )| <

1
n’

Denoting ¥y, = E fFEM T =t 1), n € N, we obtain X[, f(s)ds = hm Yn. Since

X, is closed and since y, € X4 for every n € N, we have Kfj ds e X,.

K/Jf(S)ds = K/If+(5)d8— K/J J-(s)ds

This proves the assertion. Il

Consequently,
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The next result is proved in [9, Theorem 3.1].

Lemma 2.4. Let X be a Banach space ordered by the regular cone X . Assume
that functions f,: [a,b] — X, n € N, and fi: [a,b] — X are HK integrable, that
the sequence (fpn)nen Is monotone and that f_ < f, < fy for every n € N. Then
there exists such a HK integrable function f: [a,b] — X that f(s) = lirrln fn(s) for

a.e. s € [a,b], and

b b
(2.4) lim X[ f.(s)ds = K/ f(s)ds.
n—oo a a

Given a half-open real interval [a,b), —00 < a < b < 0o, we say that a func-
tion f: [a,b) — X is locally Bochner (HK) integrable if f is Bochner (respectively,
HK) integrable on every closed subinterval of [a,b). Denote by L] .((a,b),E) the
space of all strongly (Lebesgue) measurable and locally Bochner integrable functions
from [a,b) to X.

The following result is proved in [6, Lemma 2.4].

Proposition 2.1. Let X be a Banach space ordered by a regular order cone X .
Assume that uy € L} ([a,b), X), and that C is a nonempty chain in the order in-

terval [u_,uy] of LL ([a,b), X). Then C contains an increasing sequence which con-

loc
verges a.e. pointwise to sup C' and a decreasing sequence which converges a.e. point-

wise to inf C.

The following result is a consequence of [7, Theorem 1.2.1 and Proposition 1.2.1].

Theorem 2.1. Given a partially ordered set Y and its order interval [u_,uy] =
{fueY:u_ <u<uyl, uo < uy, assume that G: [u_,uq] — [u_,uy] is an
increasing mapping, and that sup G[C] and inf G[C] exist for every nonempty chain C
of [u_,uy]. Then G has the least fixed point u, and the greatest fixed point u*, and
they are increasing with respect to G.

3. APPLICATIONS TO VOLTERRA FUNCTIONAL INTEGRAL EQUATIONS
AND TO IMPULSIVE CAUCHY PROBLEMS

In this section we apply Theorem 2.1 to a functional integral equation of Volterra
type and to a functional impulsive Cauchy problem. Throughout this section we
assume that X is a Banach space ordered by a regular order cone.
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3.1. Volterra equation
Consider the functional integral equation

(3.1) u(t) = hit.w) + X [ gls.u(s)w)ds. ¢ € [a),

where h: [a,b) x Li

loc

([a,b), X) — X, g: [a,b) x X x L{

loc

([a,b), X) — X, and [a, b)
is a half-open real interval, —oco < a < b < oo.

Definition 3.1. We say that u € L. ([a,b), X) is a lower solution of (3.1) if

loc
(3.2) u(t) < h(t,u) + K/ g(s,u(s),u)ds for a.e. t € [a,b).

If the reversed inequality holds in (3.2) for a.e. t € [a,b), we say that u is an upper
solution of (3.1). If equality holds in (3.2) for a.e. t € [a,]), we say that u is a
solution of (3.1).

As an application of Theorem 2.1 we prove an existence and comparison result for
least and greatest solutions of the equation (3.1) when h and g satisfy the following

hypotheses.

(g0) g(-,u(-),u) is locally HK integrable whenever u: [a,b) — X is locally Bochner
integrable.

(gl) If u,v € Li ([a,b), X), and if u(t) < v(t) for a.e. t € [a,b), then g(t,u(t),u) <

g(t,v(t),v) for a.e. t € [a,b).

(h0) h(t,-) is increasing for a.e. t € [a,b), and h(-,u) is locally Bochner integrable for
every locally Bochner integrable function u: [a,b) — X.

(lu) The equation (3.1) has a lower solution u_ and an upper solution u,, and
U_ < Uy

Theorem 3.1. If the hypotheses (g0), (gl), (h0), and (lu) are satisfied, then
the equation (3.1) has least and greatest solutions in the order interval [u_,u.] of
Li ([a,b), X), and they are increasing with respect to h and g.

Proof. The hypothesis (g0) and [12, Theorem 7.4.1] imply that for every u €
u_,u4] the integral on the right-hand side of the equation
+

(3.3) Gu(t)zh(t,u>+K/ o(s,u(s),u)ds, t€ [a,b),

is a continuous function of ¢, whence Gu € Li ([a,b), X). The hypotheses (g1), (h0),

loc

and (lu), and Lemma 2.3 imply that if u,v € [u_,u4] and v < v, then
t t
u () < hitow)+ X glovul) ) ds <hto) + [ gl vle).0)ds < u(t)
a a
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for a.e. t € [a,b). It follows from this result and (3.3) that G is increasing, and
that G[[u—,uy]] C [u—,us]. According to Proposition 2.1 chains of [u_,uy] have
suprema and infima in the space L], ([a,b), X). Thus G satisfies the hypotheses of
Theorem 2.1, whence it has least and greatest fixed points u, and u*. They are
also the least and greatest solutions of (3.1) in [u_,u]. Moreover, u, and u* are
increasing with respect to GG. This result and Lemma 2.3 imply that w, and u* are
increasing with respect to the functions h and g, which proves the last conclusion.

O

Next we consider the cases when the extremal solutions of the integral equa-
tion (3.1) can be obtained by successive approximations.

Proposition 3.1. Assume that the hypotheses (g0), (gl), (h0), and (lu) hold.

(a) The successive approximations

(34)  wpia(t) = h(t,un) + K/ 9(s,un(s) un)ds, ¢ € [ab), uo=u_,

form an increasing sequence converging a.e. pointwise to a function u, €
Li (la,b), X). Moreover, u, is the least solution of (3.1) in [u_,uy] if
h(t,un) — h(t,us) for a.e. t € [a,b) and g(s,un(s),un) — g(s,u(s),us)
for a.e. s € [a,b).

(b) The successive approximations

t
(35)  vwia(t) = h(t,vm) + K/ (5, 0n(s), o) ds, £ € [a,b), vo = 1y,

form a decreasing sequence converging a.e. pointwise to a function u* €
L ([a,b),X). Moreover, u* is the greatest solution of (3.1) in [u_,uy] if
h(t,vn) — h(t,u*) for a.e. t € [a,b) and g(s, vn(S),vn) — g(s,u*(s),u*) for a.e.
s € [a,b).

Proof. It follows from (3.3) and (3.4) that u, = G™u_ for each n € N. Since
G is increasing and u_(s) < up(s) < u4(s) for a.e. s € [a,b], then (u,) is increas-
ing and a.e. pointwise order-bounded. Because the order cone of X is regular, the
a.e. pointwise limit w, of (u,) exists. The hypotheses of (a) and Lemma 2.4 imply
that

h(t,u,) — h(t,u,) and
¢ ¢
/ (8, un(s), up)ds — / g(s, us(s),us) ds for a.e. t € [a,b).
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It then follows from (3.4) as n — oo that u, is a solution of (3.1). By induction one
can show that if u is any solution of (3.1) in [u_, u4], then u, < u for every n. Thus
Uy = i%f U, < U, SO that u, is the least solution of (3.1) in [u_, u].

By similar reasoning one can show that the sequence (v,) defined in (3.5) is de-
creasing, equals to (G™u4 ), and converges a.e. pointwise to the greatest solution u*
of (3.1) in [u—_,uy]. O

The next result is an application of Theorem 3.1.

Corollary 3.1. Let the hypotheses (g0), (gl), (h0), and the following hypotheses
hold:

(g2) There exist g+ € L ([a,b),X), g— < g+ such that g_ < g(-,u(-),u) < gy for

loc

every u € Li ([a,b), X).

(h1) There exist h+ € L ([a,b),X), h— < hy such that h— < h(-,u) < hy for all

loc
we L ([a.b), X).

Then the integral equation (3.1) has the least and greatest solutions, and they are
increasing with respect to h and g.

Proof. Denoting

us(t) =hy(t) + K/t g+(s)ds, tela,b),

the hypotheses (g2) and (hl) imply that the hypothesis (lu) holds. Thus the equa-
tion (3.1) has by Theorem 3.1 the least and greatest solutions u, and v* in [u_, uy],
and they are increasing with respect to h and f. The hypotheses (gl), (g2), (h0),
and (h1), and Lemma 2.3 imply that if u € L ([a,b), X), then

loc
¢
u_(t) < h(t,u) + K/ g(s,u(s),u)ds <uy(t) fora.e. t€la,b).

Thus all the solutions of (3.1) belong to the order interval [u_,u.], whence u, and
u* are the least and greatest of all the solutions of (3.1). O

3.2. Cauchy problem
Consider now the functional impulsive Cauchy problem (ICP)

%u(t) = g(t,u(t),u) a.e. in [a,b),
u(a) = xo, Au(A) =DM\ u), A e W,

(3.6)
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where g: [a,b) x X x L ([a,b),X) — X, o € X, Au(\) = u(X + 0) — u(N),

D: W x L}, (la,b), X) — X, and W is a well-ordered (and hence countable) subset
of (a,b).
It follows from [1, Lemma 3.1] that if g(-, u(-), u) belongs to L{ _([a, ), X') whenever

wis in L{ ([a,b), X), then problem (3.6) can be converted to the Volterra integral
equation

ut) =m0+ D(A,u)+/ g(s,u(s),u)ds,

rew<t
where W=! ={\ e W: A< t}, t € [a,b).

Definition 3.2. We say that u: [a,b) — X is a mild solution of the ICP (3.6)
if g(-,u(-),u) is locally HK integrable and satisfies the integral equation

(3.7) u(t) =xo+ » D()\,u)+K/ g(s,u(s), u)ds

Aew<t

where W<t ={\ € W: A < t}, t € [a,b).

To justify Definition 3.2 notice that [a,b) is a disjoint union of C'= {a} UW and
open intervals (A, S(\)), A € C, where S(A\) = min{a € C: A\ < a}. It follows
from (3.7) by [12, Theorem 7.4.20] and by the proof of [1, Lemma 3.1], that if
u: [a,b) — X is a mild solution of (3.6), then for every z* € X* there is a null-set Z
in [a, b), which may depend on the choice of 2*, such that

(3.8)
u(a) = xg, Au(A) =D\ u), A € W.

{ (2" (u))'(t) = z*(g(t, u(t), u)) for all t € [a,b) \ Z,
As an application of Corollary 3.1 we prove an existence and comparison result
for the least and greatest mild solutions of problem (3.6).

Proposition 3.2. Given a well-ordered subset W of (a,b), assume that g: [a,b) x

Xx L ([a,b),X) — X and D: W x L{, ([a,b), X) — X satisfy the hypotheses (g0)—

(g2) and

(DO) D(\,-) is increasing for all A € W, and there exist cx: W — X such that
c—(N) < D(\u) < cy(N) for all X € W and u € Li _([a,b),X), and that

loc
2 llex (W] < oo
rew

Then the impulsive Cauchy problem (3.6) has for every xo € X the least and greatest
mild solutions in V', and they are increasing with respect to g, D and zy.
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Proof. The hypotheses given for D ensure that for each zy € X the relation

(3.9) h(t,u) = zo + Z D(\u), te€][a,b), ue L (la,b),X),
AEW <t

defines a mapping h: [a,b) x L{ ([a,b), X) — X which satisfies the hypotheses (h0),
and (hl) of Corollary 3.1. Then the integral equation (3.1), which by (3.9) can be

rewritten as a fixed point equation

(310)  w(t)=Gu(t) =m0+ 3 D(/\,u)—i—K/ o(s, u(s), u) ds,

Aew<t

has by Corollary 3.1 the least and greatest solutions u, and v*, and they are increas-
ing with respect to h and g. Because by Definition 3.2 the solutions of the integral
equation (3.7) are mild solutions of the ICP (3.6), hence u, and u* are the least and
greatest solutions of the (ICP) (3.6) in V, and they are increasing with respect to o,
D, and gq. ([

The next result is a consequence of Proposition 3.1.

Proposition 3.3. Assume that the hypotheses of Proposition 3.2 hold, and let
G be defined by (3.10).

(a) The sequence (un)S2y = (G™w_)32, is increasing and converges a.e. pointwise
to a function u, € L] ([a,b),X). Moreover, u, is the mild least solution of (3.6)
inV if D(A\,u,) — D(A, uy) for each A € W and g(s, un(s), un) — g(s, u(s), us)
for a.e. s € [a,b).

(b) The sequence (vy,)2, = (G"wy)%2, is decreasing and converges a.e. pointwise
to a function u* € Li ([a,b),X). Moreover, u* is the greatest mild solution

of (3.6) in V if D(A\,v,) — D(Au*) for each A € W and g(s,vn(s),vn) —

g(s,u*(s),u*) for a.e. s € [a,b).

Example 3.1. Let X be the Banach space ls of the sequences (z,,)22; of real

o0
numbers for which 3" |z,]?> < oo, ordered componentwise and normed by ||z| =
n=1

0 1/2
(Z |xn|2) . The mappings g+ : [0,00) — I, defined by g+(0) = (0,0,...),
n=1
2t 1 2 /1 1Y°
(3.11) g+ (t) = (5 COS(t—Q) + - Sm(t_Q) + E)n=1’ t € (0,00),

are locally HK integrable. Thus these mappings are possible upper and lower bound-
aries for g in Corollary 3.1 and in Proposition 3.3 when X = [5. Choosing x4+ =
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(:I:l/n) Zozl, and denoting
1if k=n,
oy =
0if k # n,
the solutions of the initial value problems
W (t) = g+ (1) for (a.e.) t € (0,00), u(0) = x4,

Awi(l - i) - (iag%):;, k=12,

(3.12)

are

(3.13) wa(t) = (% (t2 Cos(tiz) + (t+ H(t _ 2n2; 1)))>°°_

In particular, the infinite system of impulsive Cauchy problems

1

ul (t)) = %(275 cos(tlz) + %sin(%) + gn(u)> for (a.e.) t € [0, 00),
(3.14)
u,(0)) = %l, Aun<1 — %) = ch(lu)7 n=12,...,

where each ¢, gn: HKjoc((0,00),12) — R, are increasing, —1 < @y, ¢ (u), gn(u) < 1
for all u € HKjoc([0,00),l2) and n = 1,2,..., has the least and greatest solutions
Up = (Usn)S2; and v* = (u))S2,, and they belong to the order interval [w_,w.],

where w4 are given by (3.13).

Remarks 3.1. No component of the mappings g+ defined in (3.11) belongs
to L1([0,t),R) for any ¢ > 0. Consequently, the mappings g+ do not belong to
L([0,t),15) for any t > 0. Notice also that if g in Corollary 3.1 and in Proposition 3.3
is norm-bounded by a function of L'([a, ], R,) for every t € (a,b), then the mapping
g(-,u(+),u) belongs to L([a,t), X) for all t € (a,b).

It follows from [9, Corollary 4.1] that the functions of an order interval [u_, u]
of locally HK integrable functions are locally McShane integrable if one of the func-
tions w4 is locally McShane integrable. Thus the fixed points u, and u* in Theo-
rem 2.1 and the solutions u, and u* of equations (3.1) and (3.6) considered in this
section are locally McShane integrable if u_ or uy is locally McShane integrable. In
particular, all the results of this section and Section 3 remain valid if local HK inte-
grability is replaced by local McShane integrability.

The space of locally HK integrable functions contains also those functions wu:
[a,b] — X which are Bochner integrable on every closed subinterval [c, d] of (a,b),
and for which the limits of the Bochner integral fcd u(s) ds when ¢ — a+ and d — b—
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exist (cf. [12, Theorem 3.4.5] and Remark after it). In particular, the integral in (3.1)
can be replaced by the improper integral fat 4

The following spaces are examples of weakly sequentially complete Banach spaces
which have normal order cones (cf. [7]):

1. A reflexive (e.g., a uniformly convex) Banach space ordered by a normal order
cone.

2. A finite-dimensional normed space ordered by any closed cone.

3. A separable Hilbert space whose order cone is generated by an orthonormal
basis.

4. A Hilbert space H with such an order cone H that (x| y) > 0foralla,y € Hy.

5. A Hilbert space H whose order cone is Hy = {x € H: (z | €) > c|x||2}, where
€ is a unit vector of H and ¢ € (0,1).

6. A sequence space I[P, 1 < p < oo, normed by the p-norm and ordered compo-
nentwise.

7. A function space LP(2), 1 < p < oo, normed by the p-norm and ordered
a.e. pointwise, where () is a measure space.

8. A function space L?([a,b], X ), 1 < p < oo, ordered a.e. pointwise, where X is
any of the spaces listed above.

According to Lemma 2.1 the order cones of all the above mentioned spaces are
regular. In the sequence space (¢p), normed by the sup-norm the componentwise
ordering is induced by the cone of all nonnegative sequences. This cone is also
regular.

As for other results on non-absolute integral equations and impulsive differential
equations in Banach spaces, see, e.g., [2], [3], [4], [11], [13], [14], [15], [16], [17]. Com-
pared with these papers a novelty of the results of Section 4 is that the existence
results for suprema and infima of chains in the space of locally Henstock-Kurzweil
integrable functions derived in Section 3 allow us to apply fixed point results in or-
dered spaces. Similar methods are used in [8] in the case when Volterra integral
equations and impulsive differential equations contain locally Henstock-Lebesgue in-
tegrable functions.
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