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On the structure of the set of solutions of
a Volterra integral equation in a Banach space

by KrzYSzZTOF CZARNOWSKI (Gdansk)

Abstract. The set of solutions of a Volterra equation in a Banach space with a
Carathéodory kernel is proved to be an Rg, in particular compact and connected. The
kernel is not assumed to be uniformly continuous with respect to the unknown function
and the characterization is given in terms of a Bg-space of continuous functions on a
noncompact domain.

1. Preliminaries and main theorem. Given a metric space M, we
call a subset A C M an Rs-set if there is a decreasing sequence of compact
absolute retracts A,, C M such that A =", A,. It was proved by Aron-
szajn [2] that instead of monotonicity of the sequence A, it is equivalent
to assume that A C A, for all n and A, converges to A in the sense of
the Hausdorff metric. Using the theorem of Aronszajn it is possible to give
sufficient conditions for the zero set of a map to be an Rs. For the Banach
space case see [7]; here we shall recall the By-space version [3]. A theorem
of Vidossich (][9], Theorem 2.4) could also be used to prove Theorem (2) of
this paper (1).

Let E be a Bg-space with topology induced by a sequence of seminorms

n E— Ry, n €N Recall that E, metrized by

an_y)
b $7 eE?
Z2nl+qn:c—y)> Y

is a complete metric space. We assume that the sequence ¢, is nondecreas-
ing, which does not restrict generality. Let h : 2 — E, 2 C E open, be
a continuous map and &, a sequence of positive reals tending to zero. A
sequence of continuous maps h,, : 2 — E is an {e, }-approzimation of h iff

qn(h(z) — hy(z)) <&, foralln and z € 2. Let U, = {x € E : q,,(z) < 1}.
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(1) LEMMA [3]. Let h: 2 — E be a continuous map such that

(1.1) if h(x,) — 0O then the sequence x,, contains a convergent subse-
quence, _

(1.2) there exists an {en}-approximation h, : 2 — E of h such that
hn’hgl(snﬁn) chi Y (e, Up) — e,U,, is a homeomorphism for each n.

Then the set h=1(0) is an Rs.

In what follows X will denote a Banach space, || - || the norm in X and
v a measure of noncompactness in X—either that of Kuratowski or the
ball (Hausdorff) measure of noncompactness (see [4, 5] for definitions and
properties).

Let f: Ry xRy x X — X satisfy the following assumptions:

(i) f is a Carathéodory map, i.e. the map
(t,z) — f(s,t,2) Ry x X — X
is continuous for each s € Ry and
s f(s,t,z) : Ry — X

is strongly measurable, in the Lebesgue sense, for each (¢,z) € Ry x X
(see [1] for the definition of strong measurability and its basic properties),

(ii) [|f(s,t,z)|| < b(s)||z| + c(s) for all (s,t,z) € Ry x Ry x X, where
b,c: Ry — Ry are locally integrable functions,

(iii) the uniform continuity on bounded sets of each section t — f(s,t,x)
is uniform with respect to x, i.e. for any s € Ry, T € Ry and £ > 0 there is a
positive d such that || f(s,t,x)— f(s,t/,z)|| < e forallz € X and ¢,t' € [0,T]
provided |t — /| < 4,

(iv) there is a Carathéodory function w : Ry x Ry x X — Ry such that
©(t) = 0 is the only nonnegative continuous solution of the inequality

0
and v(f(s,t,A)) < w(s,t,v(A)) for any bounded countable A C X and
S,t S R+.

Consider the Bg-space E = C(R4, X) of continuous functions Ry — X
with seminorms ¢,, defined by

qn(z) = sup{||z(t)|| : t € [0,n]}, neN.

The convergence in E is then the uniform convergence on bounded subsets
of R;. We are interested in the set of solutions of a Volterra equation

) z(t) =g(t)+ [ f(s,t,a(s))ds, x()€E, t>0.
0



Set of solutions of a Volterra equation 35

(2) THEOREM. If the kernel f satisfies the assumptions (i)—(iv) and
g € E, then the set of solutions of equation (I) is an Rs.

Before proceeding to the proof we shall make a few comments on our
assumptions and on links to some previous results. First notice that the
assumption (ii) may be replaced, with no loss of generality, by

(ii") I f(s,t,z)|| < a(s) forall (s,t,x) € Ry xRy x X, wherea: Ry — R,
is locally integrable.

This is achieved in a standard way by first applying the Gronwall in-
equality to find a bound for the set of solutions of (I) and then appropri-
ately modifying f to make its support bounded in = (by some continuous
function) without changing the set of solutions of (I) and affecting the other
assumptions (i), (iii) and (iv). In the following we shall be assuming (ii’)
rather than (ii).

Further, note that in (iii) we do not assume uniform continuity of f
with respect to z. The assumption (iii) is automatically satisfied when f
does not depend on ¢, or when the space X is finite-dimensional (after the
modification of f leading to (ii’)).

Our theorem is closely linked to a theorem of Szufla ([8], Theorem 4)
where the characterization of the set of solutions of the Volterra equation
is given in a Banach space of continuous functions. The assumptions given
there agree with our (i)—(iii) (in fact, in [8] they are given in a more general,
though complicated setting), but the key assumption is that the measure of
noncompactness of the {1/n}-approximate solutions of (I) calculated in the
space of continuous functions tends to zero as n — oo. This may be difficult
to verify here, when we assume (iv) and do not assume uniform continuity
of f with respect to x.

2. Proof of Theorem (2). The proof proceeds through a sequence of
lemmas. First define a family of maps

0, 0<t<d,
t—d

FdIEHE, (Fdﬂ})(t) = f f(S,t,.’,U(S))dS, tZd, dZO
0

Then (I) may be rewritten in the form
z =g+ Fox.
(3) LEMMA. For any d > 0,

(3.1) if A CE is countable, then FyA is a reqular subset of E (i.e. it is
bounded and the restrictions of its elements to any bounded subset of Ry
are equicontinuous functions),

(3.2) F;: E — E is a continuous map.
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Proof. We prove (3.1). Since boundedness follows directly from (ii") we
concentrate on equicontinuity. Fix T' > d and € > 0. Define a family of sets

Ss ={s€[0,T —d]:VepeprVa(rea [t —t'| <6 =
1f(s,t,2(s)) — f(s,t",2(s))| < e}, 0>0.
Since

Ss= ) N () {s€l0,T—d:

te[0,7INQ t'€[0,TIN(t—6,t+0)NQ z(-)€A
1f(s,t,2(5)) = f(s,t", x(s))]| < €}
(where Q is the set of rational numbers) and A is countable, S5 is measurable
for any 6 > 0. Obviously, by (iii), Ss " [0,7 — d] as 6 \, 0; hence if
Zs =10,T —d]\ S5 then the Lebesgue measure | Zs| \, 0 as ¢ N\, 0. Then for
any z(-) € Aand d <t <t' <T such that t’ —t < § we get

t—d
I(Fa)(t') = (Faz)O] < [ 1f (.t ,a(5) = f(s,8,2(s))] ds
0

t'—d
+ [ If(s.t,2(s))ll ds
t—d
t'—d
<e(T—d)+2 [a(s)ds+ [ a(s)ds,
Zs t—d

where the right-hand side may be made arbitrarily small by taking € and ¢
sufficiently small. This completes the proof of (3.1).

To prove (3.2) notice that FyE C E by (3.1). To prove continuity assume
that x,, — = in F (i.e. uniformly on each bounded subset of R ), take any
€ >0, T > d and this time define

S5 ={s€[0,T —d] : Vicpo,r)Vnen [[Tn(s) —z(s)]| <6 =
1 f(s,t,xn(s)) — f(s,t,x(s))|| < e}, 6>0.

Again, S5, § > 0, is a family of measurable subsets of [0,7 — d] and S5
[0,7 —d] as § \, 0, since the continuity of f(s,t,-) at z(s) is uniform with
respect to ¢t € [0,T]. Thus |Zs| \, 0 as 6 \, 0, where Zs5 = [0, T —d]\ Ss. For
a fixed 6 > 0 we get

t—d
|(Fawn)(t) = (Fax) (@)l < [ 1f(s,8,n(s)) = f(s,t,2(s))|| ds
0

<eT—-d)+2 f a(s)ds
Zs
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for any d <t < T and n € N sufficiently large (so that ||z, (s) —z(s)|| < d
for all s € [0,7 — d]). Since the right-hand side may be made arbitrar-
ily small provided € and § are taken sufficiently small, this proves that
(Faxyn)(-) — (Fyz)(-) uniformly on [0,77], hence Fyx,, — Fqx in E, since T
is arbitrary. m

In the proof of the next lemma we use the following theorem of Heinz [6].

(4) THEOREM. If V is a countable set of strongly measurable functions
0, 7] — X, T > 0, such that ||v(s)|| < u(s) for allv € V and s € [0,T],
where u : [0,T] — Ry is a fixed integrable function, then the function s —
~(V(s)):[0,T] — Ry is integrable and

W [ Vis)yds) <2 [ A(V(s)ds.
0 0

(5) LEMMA. For anyd > 0 the map [ —Fyq: E — E, I being the identity,
is proper and hence also closed.

Proof. It suffices to prove that for every compact C C F any closed
and countable A C (I — F,;)~1(C) is compact. Since A C C'+ F;A it follows
from Lemma (3) that A is a regular subset of £, and hence the function

© - R-i— - R-i—v QD(t) = V(A(t)) )
is continuous. Since A(t) C C(t) + (FqA)(t), we get
p(t) < v((Fad)(#)) -
Ift > d, then

ot) <o [ fs.t. 46 ) <2 [ it A ds
0 0

Q

w(s,t,p(s))ds <2 fw(s,t,go(s)) ds.
0
Thus
p(t) <2 [ wist,p(s))ds, t>0,
0

since (FgA)(t) = {0} for 0 < ¢ < d. In the above calculations we have ap-
plied Theorem (4) to the set of strongly measurable functions V=f(-,t, A(-))
bounded by the function a from assumption (ii’).

Assumption (iv) implies that the section A(t) is compact for any t € R..
Thus the compactness of A follows from the Arzela—Ascoli theorem. m

(6) LEMMA. For any d > 0 the map I—F, : E — E is a homeomorphism.
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Proof. We prove that I —Fy : E— F is a one-to-one map; the continuity
of (I — F;)~! then follows from (5). Let z1 — Fyz1 = x9 — Fyxo for some
r1,T9 € E. Then 1 — x9 = Fyx1 — Fyxo, which means that

0, 0<t<d,
) ted
x1(t) — xa2(t) = f (f(s,t,21(8)) — f(s,t,22(8)))ds, t>d.
0

It easily follows that x;(¢) = x2(t) for all t € Ry, that is, 1 = x2. Now,
given y € E, define x € F by

y(t), 0<t<d,
t—d

MW=y + [ fls,tials)ds, t>d
0

Obviously (I — Fy)z = y, which completes the proof. m
(7) LEMMA. For any fized n € N,

lim sup g, (Fax — Fox) = 0.

Proof. Since

ft f(s,t,z(s))ds, 0<t<d,
(Fox)(t) — (Faz)(t) =< °,

f f(s,t,x(s))ds, t=>d,
t—d

we have [|(Fozx)(t) — (Fyx)(t)]| < fR+ﬁ[t—d 1 a(s) ds and the assertion follows
from integrability of a(-) over [0,n] for all n. m

To finish the proof of the theorem take any sequence d,, \, 0, define
h:E—FE, h(z)=z-Fyx—g,
hy:E—FE, hy(z)=x—F4x—g,
and notice that all the assumptions of Lemma (1) are satisfied. Hence the

set h=1(0), which coincides with the set of solutions of equation (I), is an
Rs. m
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