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OPERATOR-VALUED FUNCTIONS OF BOUNDED
SEMIVARIATION AND CONVOLUTIONS
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Abstract. The abstract Perron-Stieltjes integral in the Kurzweil-Henstock sense given via
integral sums is used for defining convolutions of Banach space valued functions. Basic facts
concerning integration are preseted, the properties of Stieltjes convolutions are studied and
applied to obtain resolvents for renewal type Stieltjes convolution equations.
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Assume that X is a Banach space and that L(X) is the Banach space of all
bounded linear operators A: X — X with the uniform operator topology. Defining
the bilinear form B: L(X) x X — X by B(A,z) = Az € X for A € L(X) and
x € X, we obtain in a natural way the bilinear triple B = (L(X), X, X) because
using the usual operator norm we have

I1B(A, 2)llx < [[Allzeoll2llx

Similarly, if we define the bilinear form B*: L(X) x L(X) — L(X) by the relation
B*(A,C) = AC € L(X) for A,C € L(X) where AC is the composition of the linear
operators A and C' we get the bilinear triple B* = (L(X), L(X), L(X)) because we
have

1B(A, O)lx) < AC] L) < Al [CllLix)-
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VARIATION AND SEMIVARIATION

Assume that [a,b] C R is a bounded interval.
Given A: [a,b] — L(X), the function A is of bounded variation on [a,b] if

(4 —sup{ZA o) aj-1>L<X>}<oo,

[a,b]
where the supremum is taken over all finite partitions
Dia=oy<a1<...<ap_1<ap=>

of the interval [a, b].

We denote the set of all functions A: [a,b] — L(X) with varp, ;(A4) < oo by
BV ([a, b]; L(X)).

For A: [a,b] — L(X) and a partition D of the interval [a, b] define

J

where the supremum is taken over all possible choices of z; € X,j = 1,...,k with

k
Z A(aj-1)]x;

VP(A, D) = sup {

|lzj||x <1 and similarly

k
Vb(A D)= sup{ Z Ala—1)]C; }’
— L(X)
where the supremum is taken over all possible choices of C; € L(X), j = 1,...,k
with [|CjlL(x) <1
Let us set
(B) var(4) = sup V. (A,D)
and

(B*) var(A) = sup V% (4, D)

[a,b]

where the suprema on the right hand sides are taken over all finite partitions D of
the interval [a, b].

An operator valued function A: [a,b] — L(X) with (B) vary, 4)(A) < oo is called a
function with bounded B-variation on [a,b] (or a function of bounded semi-variation,
cf.[4]), and similarly if (B*)var)(A) < oo then A is of bounded B*-variation on
[a, b].
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We denote by (B)BV ([a,b]; L(X)) the set of all functions A: [a,b] — L(X) with
(B) var, 3 (A) < oo and by (B*)BV ([a,b]; L(X)) the set of all functions A: [a,b] —
L(X) with (B*) var[g)(A4) < oo.

Concerning these concepts the following proposition holds.

1. Proposition. We have
(B)BV ([a,b]; L(X)) = (B*)BV ([a, b]; L(X))
and if A € (B)BV([a,b]; L(X)) then

(B) [V(L%(A) = (B7) [VG%(A)

(See [9, Proposition 1.1] or [1, Proposition 2.1]).

REGULATED FUNCTIONS

Given z: [a,b] — X, the function x is called regulated on [a,b] if it has one-sided
limits at every point of [a,b], i.e.if for every s € [a,b) there is a value z(s+) € X
such that

Jim#(t) = x(s+)][x =0

and for every s € (a, b] there is a value x(s—) € X such that

Jim [a(t) — a(s-)]|x =0,

The set of all regulated functions z: [a,b] — X will be denoted by G([a, b]; X).

Similarly in the case of an unbounded interval, e.g.[a,+0c0), we denote by
G([a,+o0); X) the set of all z: [a,+00) — X such that for every s € [a,+00)
there is a value z(s+) € X such that

Jim [lo(t) — (s+)]x =0
and for every s € (a,+00) there is a value z(s—) € X such that
lim [la(t) — (s x =0.
The space G([a,b]; X) endowed with the norm

[zl (anx) = sup [lz(®)]x, = € G([a, bl; X)

€la,
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is a Banach space (see [4, Theorem 3.6]). Hence the uniform limit of a sequence
Zn € G([a,b]; X) belongs to G([a, b]; X).
The space C([a,b]; X) of continuous functions z: [a,b] — X is a closed subspace
of G([a, b]; X), i.e.
C(la, b); X) € G([a, b]; X).

Assume now that B = (L(X), X, X) is the bilinear triple of Banach spaces men-
tioned above.

A function A: [a,b] — L(X) is called B-regulated on [a,b] if for every y €
X, lWllx < 1, the function Ay: [a,b] — X given by t € [a,b] — A(t)y € X for
t € [a,b] is regulated, i.e. Ay € G([a,b]; X) for every y € X, |ly|lx < 1.

We denote by (B)G([a,b]; L(X)) the set of all B-regulated functions A: [a,b] —
L(X).

A function z: [a,b] — X is called a (finite) step function on [a,b] if there exists a
finite partition

Dia=oy<a1<...<ap_1<ap=>

of the interval [a,b] such that z has a constant value in X on (o;_1, ;) for every
j=1,...,k; similarly for operator valued functions.
The following result is well known for regulated functions.

2. Proposition (see e.g.[2, Theorem 3.1, p.16]). A function x: [a,b] — X is
regulated (z € G([a,b]; X)) if and only if x is the uniform limit of step functions.

3. Proposition. We have
BV ([a,b]; L(X)) C (B)BV([a, b]; L(X))
and if A € BV ([a,b]; L(X)), then

B) var(A) < var(A
(8) yar(4) < yar(4)

and
BV ([a,b]; L(X)) € G([a,b]; L(X)) C (B)G([a, b]; L(X)).
(See [8, Proposition 1] and [9, Proposition 1.5]).

Remark. It is not difficult to see that if A: [a,b] — L(X) and the space X is
finite dimensional then A € (B)BV ([a,b]; L(X)) if and only if A € BV ([a, b]; L(X))
(cf.[8, Remark on p. 427]).
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Therefore the concept of B-variation of a function A: [a,b] — L(X) is relevant for
infinite-dimensional Banach spaces X only.

Similarly, if the Banach space X is finite dimensional, then it is easy to check that
a function A: [a,b] — L(X) is B-regulated if and only if it is regulated.

ON SOME SPACES OF OPERATORS

Assume that [a,b] C R is a bounded interval.
It A, B € (B)BV([a,b], L(X)) = (B)BV(L(X)) then

j=1 X
k
< | Do[A(y) = Aley-)lzy|| + || D [Blay) — Blay-1)la;

Jj=1 X j=1 X
for every partition D: a = ap < a1 < ... < ag—1 < a = b and any choice of
zj € X, ||zl <1,5=1,...,k Hence
1) (B) var(4+ B) < (B) var(4) + (B) var(B)
and A+ B € (B)BV(L(X)).

Similarly it can be shown that
(2) (B) var(\4) = AI(B) var(4)

for any A € R and therefore (B)BV (L(X)) is a linear space.
At the same time (1) and (2) show that
A. (B)vary(-): (B)BV(L(X)) — R defines a seminorm on (B)BV (L(X)).
Further we have
B. If Ac (B)BV(L(X)) and (B) var|,)(A) = 0 then A(t) = C € L(X) for every
t€la,b].
To show this take € X, x # 0. Then for every t1,t € [a,b] we have

JA()e = A(ta)z]x = llex||[Ah) - Alt2)]

< [lz]|x (B) [Va;i(A) =0

|z x Hx
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and this yields A(t1) = A(t2), i.e. A(t) = C € L(X) for every t € [a, b].
For A € (B)BV(L(X)) define

3) [4llsv =A@z + (B) var(A).

Using the result given above we can see that

C. | -||lsv defines a seminorm on (B)BV (L(X)).

Moreover, if A(t) = 0 for every t € [a,b], then ||A|lsv = 0 and if ||A]|sy = 0 then
|A(a)|| = 0 and (B) vary, 4 (A) = 0. Hence A(a) = 0 and by A. also A(t) = A(0) =0
for every t € [a, b].

This implies that

D. |- |lsv is a norm on the linear space (B)BV (L(X)).

If A: [a,b] — L(X) then for every z € X, ¢ € [a, b] we have

[4®)zllx < [Al@)z]lx +[14(#) = Ala)zllx < [A@) L llzllx + (B) var(A)l=]x,

)

and therefore
(4) [A@) | Lx) < [[Allsy for every ¢ € [a,b].
Looking at the inequality (4) we see that

(5) sup [[A(t)|Lx) < [|Allsv-
t€la,b]

If A e G(la,b]; L(X)) N (B)BV ([a,b]; L(X)) then (5) yields

(6) | AllG(fap);n(x)) = tSpr] A x) < [ Allsv-
€la,

4. Proposition. (B)BV(L(X)) is a Banach space when equipped with the norm
|- lsv given by (3).

Proof. According to D. it is sufficient to prove that (8) BV (L(X)) is complete.
Assume that A,, € (B)BV(L(X)), n € N is a Cauchy sequence with respect to the
norm || - ||sy.

Then for every € > 0 there is M € N such that for m,n > M we have

A — Amllsv < e.
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By (4) we get ||An(t) — Am(t)||L(x) < € for every t € [a,b] and for m,n > M.
Since L(X) is a Banach space, for every ¢ € [a, b] there exists A(t) € L(X) such that

(7) Tim A1) ~ A1) £x) = 0

uniformly on [a, b].
Let us consider A: [a,b] — L(X) given above.

If
Dia=op<a1<...<ap1<ap=>
is a partition and z; € X, |lz;|| <1, j =1,...,k, then
k k
> [Alay) — A1)z . < | Do[A(y) = A1) = An(ey) + Ao 1)) .
j=1 j=1

_|_

k
Z[An(aj) — An(aj-1)]z;

X

If we take into account that (7) holds and that the sequence of reals || A, | sv, n € N
is bounded (|| 4,||sv < K), we obtain for sufficiently large n € N

k
> [Alay) — A1) = An(ay) + Anay1)]ay

j=1

<1
X

and because

k
D An(ay) = Anlaj-1)]zy|| < (B) [Vaé(An) < Anllsv < K,
=1 X “

we get

<14+ K.
X

Z[A(Oéj) — A(aj—1)]z;

By definition this implies (B) varj,)(A4) < co and we get A € (B)BV(L(X)). This
result shows that (8)BV (L(X)) is complete. O

Corollary. G([a,b]; L(X)) N (B)BV ([a,b]; L(X)) is a closed subspace of the
Banach space (B)BV ([a,b]; L(X)) with the norm || - ||sy .

Proof. This follows immediately from (6) which holds for every

A€ G([a,b]; L(X)) N (B)BV ([a.b]; L(X)).
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INTEGRATION AND CONVOLUTIONS

We are using the concept of Perron-Stieltjes integral based on the Kurzweil-
Henstock definition presented via integral sums (for a more detailed exposition see
e.g. [5], [7], [8]). We recall this concept shortly.

A finite system of points

{ao, 71,00, T2y« o, Ql—1, They Ok }
such that
a=qp<a;<...<ap1<ap=0b

and
Tj € [aj,l,aj] for j=1,...,k

is called a P-partition of the interval [a, b].
Any positive function 0: [a,b] — (0, 00) is called a gauge on [a,b].
For a given gauge ¢ on [a, b] a P-partition

{ao, 71,00, T2y« oy, Ql—1, They Ok }
of [a, b] is called d-fine if
[Oéj_l,Oéj] - (Tj —(S(Tj),Tj +§(Tj)) for j=1,... k.

5. Definition.  Assume that functions A,C': [a,b] — L(X) and z: [a,b] — X
are given.

The Stieltjes integral f; d[A(s)]z(s) exists if there is an element J € X such that
for every e > 0 there is a gauge J on [a, b] such that we have

é;wﬂw)—A«waﬂﬂn)—wa<e

provided D is a ¢-fine P-partition of [a,b]. We denote J = f;d[A(s)]x(s) For
the case a = b it is convenient to set f;d[A(s)]x(s) = 0 and if b < a, then
b a
o dlA()]a(s) = = [, d[A(s)]z(s)-
Analogously we say that the Stieltjes integral f; d[A(s)]C(s) exists if there is an
element J € L(X) such that for every ¢ > 0 there is a gauge § on [a, b] such that we
have

k
S [A(ay) — Al )C(ry) — JH <e
j=1

X
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provided D is a é-fine P-partition of [a, b].
Similarly we can define the Stieltjes integral ff A(s)d[C(s)] using Stieltjes integral

sums of the form Xk: A(15)[Clay) = Claj-1)]-
j=1

6. Proposition. If functions A: [a,b] — L(X) and z: [a,b] — X are such that
the Stieltjes integral f: d[A(s)]z(s) exists then

< (B) var(A). sup [lz(s)|/x.
X [a,b] s€la,b]

|/ a9

(See [8, Proposition 10]).

7. Proposition. Assume that A: [a,b] — L(X) and z: [a,b] — X where
A € (B)G([a,b], L(X)) N (B)BV ([a, b, L(X)) and x € G([a,b], X).
Then the integral f:d[A(s)]x(s) exists.

(See [8, Proposition 15]).
8. Corollary. If
A € (B)G([a,b], L(X)) N (B)BV ([a, b], L(X)),

C € G([a,b], L(X)) then the integral ff d[A(s)]C(s) exists.

Assume that U, V: [0,00) — L(X) and z: [0,00) — X are given.
Let us define convolutions

(U % 2)(t) = / AU (s)]a(t - 5)

and

(U= V(1) = / AUVt - s)

for ¢t € [0, 00).

Denote by (B)BViec([0,00), L(X)) the set of all U: [0,00) — L(X) for which
U € (B)BV([0,b], L(X)) for every b > 0.

Assume that U € G([0,00), L(X)) N (B) BVioc([0, 0), L(X)).

If £ € G([0,00), X) and V € G([0,00), L(X)) then the convolutions (U * x)(t) and
(U x V)(t) are well defined for every ¢ € [0,00) because the corresponding integrals
exist by Proposition 7 and Corollary 8.
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Indeed, if for a fixed t € [0,00) we set Z(s) = z(t — s) for s € [0,¢] then Z €
G([0,1], X), llzllcqog,.x) = IZllao,q,x) and the integral fot d[U(s)]Z(s) exists by
Proposition 7. We have

t t
| awsete—s = [ awe = © -0
and (U * z)(t) makes sense for every ¢ € [0,00). Hence Proposition 6 yields

(8) (U * ) (1) x < (B) Egatf](U) Nzl a(o,,x) = (B) K%(U) Nzl eo,q,x)-

Similarly the convolution (U % V')(t) exists for every t € [0, 00) by Corollary 8 and

9) (U *V)()llLx) < (B) [voatr](U) MV lleo,0,2(x))-

IfU,V € G([0,00), L(X))N(B)BVioe([0,00), L(X)) and ¢ € [0, 00) then take b > t.
Using the definition of the norm || - ||sv given in (3) for (B)BV([0,b], L(X)) and (6)
we obtain from (9) also

(10) U+ V)O)llx) < NUllsv-IVIIsv
which holds for every t € [0, b].
9. Lemma. Assume U € G([0,00), L(X)) N (B)BWoc([0,00), L(X)) and
fn, [ €G([0,00), X), fn— f in G([0,0], X)
for every b > 0,
F,,F € G([0,00), L(X)), F,, = F in G([0,b], L(X))
for every b > 0. Then for every b > 0
(U * fn)(t) = (Ux* f)(t) uniformly in [0, D]

and
(U * Fp)(t) — (U % F)(t) uniformly in [0,]

and therefore also
(U fn) () — (U= f)(t) for all [0,00)
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and
(U * F,)(t) — (U = F)(¢t) for all [0,00).

Proof. Assume that b € [0,00) is given. By Proposition 7 the convolutions
U * fn, U f exist and for ¢ C [0,b] we get by (8)

1T (fn = H))B)]x < (B) ?(’)?tl]"(U) Nfn = Fllago.n.x)

< (B) ?(I)azﬂ(U) N fn = Fllao.m.x)-

Because f, — f in G([0,b], X) the first assertion of the Lemma holds. The second
can be proved similarly. O

10. Proposition.
I If
U € G([0,50), L(X)) N (B)BVioc([0, 50), L(X))

and V € G([0,00),L(X)), = € G([0,00),X) then the convolutions (U * V)(t),
(U xx)(t) exist for every t € [0,+00) and U x V € G([0,00),L(X)), U xz €
G(]0,00), X).
II. If
U € C([0,00), L(X)) N (B) BVioc([0, 0), L(X))

and V € G([0,00),L(X)), = € G([0,00),X) then the convolutions (U * V)(t),
(U *z)(t) exist for every t € [0,400) and U %V € C([0,00),L(X)), U xz €
([0, 00), X).

Proof. Let us first show part I of the statement. The existence of the convo-
lution (U * V) (¢) = fg d[U(s)]V (t — s) for t € [0, +00) follows from Corollary 8.
Assume now that 0 < ¢ < d < +00, V) € L(X) and define

W(r)=Vy for 7€ (c,d)
W(r) =0 for 7€ [0,400)\ (¢, d).

Evidently W € G([0, 00), L(X)) and

(U*W)(t):/o AU ()W (t—s) =0 if t<ec,

(U *W)(t) = —/0 7Cd[U(s)}Vo =[U((t =c)=) = U(0)]Vo if € (c,d),
U«W)t)=[U((t—c)—)=U((t—=d)+)|Vo if t>=d
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where we write U(o+) = lim+ U(p) and U(oc—) = lim U(p). Now it is easy to see
o—0o o—o—

that the convolution (U * W)(¢) has onesided limits at every point ¢ € [0, +00) and
this means that U * W € G([0, 00), L(X)).
Similarly it can be shown that if ¢ € [0, +00), V € L(X) and

W(r)=V for T=c
W(r)=0 for 7€0,4+00),T#c¢

then again U « W € G([0, ), L(X)).
Assume now that V € G([0,00), L(X)). Then for every b > 0 there exists a
sequence of finite step functions W,,: [0,b] — L(X), n € N such that

IV = Wallaqop,Lix)y — 0 for n — oo.

Since every finite step function is a finite combination of functions of the type W
considered above, we can conclude by the results stated above that for every n the
convolution U * W,, belongs to G([0, 5], L(X)).

Let us note that b > 0 can be taken arbitrarily large, e.g.larger than ¢ at which
we look for the existence of onesided limits of the convolution U * W,,.

By Lemma 9 we have for ¢ € [0, b]

U+ V = U * Wallg(po,b),L0x)) — 0

if n — oo and this means that on [0,b] the convolution U  V is the uniform limit
of regulated functions U % W,,. Hence U % V is regulated on the interval [0,b].
Since b > 0 can be taken arbitrarily large in this reasoning, we conclude easily that
UxV e G([0,00), L(X)) and the statement is proved.

Concerning the convolution (U * x)(t) we can proceed analogously.

Concernig part I of the proposition we can check that for the function W given
by

W(r)=Vy € L(X) for 7€ (¢,d)

W(r)=0 for 7€ [0,400)\ (¢,d)

we get
(U«W)(t) = /td[U(s)]W(t —s5)=0if t<g¢
0

(U« W)(t) = - / CAUEV = U -0~ UO)Vo if ¢ (c.d),
U«W)t)=[U(t—c)—Ut—d)Vp if t>d
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and since U € C([0,00), L(X)) we can see easily that U * V is continuous. Similarly
for the case when W is nonzero at a single point ¢ > 0.

Using Lemma 9 as above we can see that for the general case of a regulated V' we
obtain that on every bounded interval [0, b] the convolution UV is the uniform limit
of continuous functions U xW,, and therefore it is also continuous on this interval. O

11. Proposition. If U,V € G([0,00), L(X)) N (B)BWVioc([0,0), L(X)) and
V(0) = 0 then U + V € G([0, 00), L(X)) N (B) BVioe([0, 0), L(X)) and

(11) (B) mﬁ(U * V) < (B) ?(f)%(U)(B) ?6?25(‘/)

holds for every b > 0.
Proof. IfU,V € G(|0,00), L(X))N(B)BVioc([0,00), L(X)) then the convolution

(U xV)( /d V(t—s) € L(X)

is well defined for every ¢ € [0, 00).
By Proposition 9 we have U x V € G([0,00), L(X)) and it remains to show that
UV € (B)BVioc([0, 00), L(X)).
Define
V(e)=V(o) for 6 >0 and V(o) =0 for o <O0.

Assume that b > 0 and let 0 = ag < a1 < ... < ap = b be an arbitrary partition
of [0,].
Using the definition of V' we have for every a € [0,b] the equality

a b _
/’dwwnvm—w>=/‘ﬂvwm«a—@
0 0

(at this point the assumption V(0) = 0 is used) and therefore by Proposition 6 we
obtain for any choice of z; € X, ||z;||x <1, j=1,...,k the inequalities

k
Z (U V() = (U V)(j—1)]z;

X

[/’d oj=9 - [ AUEV s -9

—8) = V(aj_1 — 8)lz;

X

X

< (B)var(U) sup [V(ej —s) = V(ej—1 — 8)]a;

[0,0] s€[0,b]

™M=

j=1 X
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Since for every s € [0, b] the points
ap—s<ar—8s<...<ap—S§

form a partition of [—s,b — s] and if a; — s < 0 then V(aj —s) = 0, we can state
that the point 0 (at which V(0) = V(0) = 0) with the points for which a;j—s5>0
form a partition of [0,b — s] C [0, b].

Hence

[V(aj —s) = Vi(aj-1 = 9)lz LS (B) yar (V) < (B) yar(V)

-

~
Il
—

and by (12) we get

(13)

k
D MU V) (az) = (U = V)(aj-1)]z;
j=1

X [0,b] [0,b]
This inequality immediately yields

(B) [X{)E?ﬁ(U * V) < o0,

ie. UV € (B)BVioc([0,00), L(X)) because b > 0 can be taken arbitrary. Moreover,
from the inequality (13) we also obtain that (11) holds for every b € [0, 00). O

SOME SPECIAL CASES

Let us denote by BViec([0,00), L(X)) the space of U: [0,00) — L(X) for which
U € BV([0,b], L(X)) for every b > 0.
In this more special space the following result analogous to Proposition 10 holds.

12. Proposition. IfU,V € BVic([0,00),L(X)) and V(0) = 0 then U xV €
BVioe([0,0), L(X)) and

< .
. w = e

holds for every b > 0.

Proof. Since by Proposition 3 we have
BV ([0,8], L(X)) € G([0,b], L(X)) N (B)BV ([0, ], L(X))

758



for every b > 0, the convolution (U x V')(t) is well defined for every ¢ > 0.
Define V(o) = V(o) for o > 0 and V(5) = 0 for o < 0.
Let 0 = ap < a1 < ... < ap = b be an arbitrary partition of [0, b].
Then

k
2 W V(@) = U« Va1l

b ~ ~
/0 AU ()[V(a; - 5) — V(aj_1 — 5)]

j=1 L(X)
< var(U) - sup Via o — 8 var(U) - var(V
var SMZH V(o1 = 8) ) < yar(U) - var(V)

because for every s € [0, ],
ap—s<og—s<..<ap—Ss

is a partition of [—s,b — s] and for a; — s < 0 we have v(aj — ) = 0. The points
for which a; — s > 0 together with the point 0 (at which V(0) = V(0) = 0) form
a partition of [0,b — s] C [0,b] and this yields the result similarly as in the proof of
Proposition 10. (]

Another special case is the case of the space
C([0,00), L(X)) N (B) BVioc([0, 00), L(X)).
We have the following result.

13. Proposition. If U,V € C([0,00),L(X)) N (B)BWoc([0,00), L(X)) and
V(0) =0 then U xV € C([0,00), L(X)) N (B)BWoc([0,0), L(X)) and (11) holds for
every b > 0.

Proof. Since C([0,00),L(X)) C G([0,00), L(X)), Proposition 10 can be used
and it remains to show that U x V' € C([0, 00), L(X)).

Consider a compact interval [0,b], b > 0. Assume that t1,t2 € [0,0], t1 < t2.

Then

(U5 V)(ts) — (U V)(tr) = / AUV (s — ) — V(s — s)]
(15) 0

+ / : d[U(s)]V (t2 — s).

t1
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Since U and V are continuous on [0, b], they are uniformly continuous on this compact
interval and therefore for every € > 0 there is a > 0 such that if s1,s2 € [0,D],
|s1 — s2| < & then ||V (s2) = V(s1)|lL(x) <e.

Assume that [t; — t2] < . Then by (15) we have

[(U*V)(t2) — (U *V)(t1)ll(x)

< H /: d[U(s)][V (t2 = s) = V(t1 — 5)]

L(X)
ta

v [ awewen -

t1 L(X)

< (B) var (U) sup [[V(t2 —s) = V(t1 = s)llLx)
[0,21] s€[0,t1]

+ (B) var (U) sup ||V (t2 —s)|lrx) <2(B)var(U) -

[t1,t2] SE[t1,to] (0,0]

and this yields the continuity of the convolution U *x V. O

14. Lemma. IfU,V € C([0,00), L(X)) N (B)BWoc([0,00), L(X)) and V(0) =0
then for any f € G([0,00),X), F € G([0,00), L(X)) we have

(16) (U (V= f))(t) = (U V)= [)(t)
and
(17) (U*x(VxF)(t)=((Ux=V) = F)(t).

Proof. The relation (16) holds for every finite step function.
To show this assume that f(t) =z € X for t € (¢,d), 0 < ¢ < d and f(¢t) =0 for

t ¢ (c,d).
Assume e.g.that t > d. We have
(Vxf)(r)=0 for r<ec,
(Vxf)(r)=[V )=V (0)]z=V(r—cz for r € (¢d),

DGR
(Vs f)r)=[V )=V (r—d)]z for r>d.

(r—c
(r—c
Hence
(Vxf)t—s)=0 for s>t—ec,
(Vxfit—s)=V({t—s—c)x for s€(t—d,t—rc),
(Vefit—s)=[V(t—s—c)—V(t—s—d)z for s<t—d
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and

(U= (V / d[U « )t —s)

(=)

t—c

)t s)+ / AUV * )t - s)

t—d

Vit—s—c)=V(t—s—d)z
+/ Cd[U( NVt —s—co)x

t—d
t—s—c)x—/ dlU(s)|[V(t—s—d)x
0 0
=U«V)t—c)z—(U=xV)(t—d=x

since V(0) = 0.
On the other hand,

(U V) + /d (U V() f(E— s)
:/t . AU« V)(8)]z = U V)t —c)z— (U=*V)(t—d)x

and (16) holds for this choice of f and ¢ > d. Similarly we can show that (16) holds
also for 0 <t < d.

The relation (16) can be easily checked also for a function f given by f(c) =2 € X
and f(t) =0fort #cifc>0

Using these facts we see that (16) holds for every finite step function because these
functions are finite linear combinations of functions of type given above.

For the general case of f € G([0,00), X) we take a ¢t € [0,00), b > ¢ and use the
fact that f € G([0,b], X) can be uniformly approximated by a sequence of finite step
functions f, € G([0,b], X) for which we have

(U (Vo fu)) (&) = (U V) fn)(1).

Using Lemma 11 we pass to the limits for n — oo in this last equality and we get
(16) for f € G([0,00), X).
The case of F' € G(]0,00), L(X)) is analogous and therefore (17) holds, too. O

15 A. Theorem. For every b > 0 the set of all U: [0,b] — L(X) with U €
C(]0,b], L(X)) N (B)BV(]0,b], L(X)) and U(0) = 0 is a Banach algebra with the
Stieltjes convolution U * V' as multiplication and (B) var ) (U) as the norm.
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Proof. Thesetofall U: [0,b] — L(X) with
U e C([0,b], L(X)) N (B)BV([0,b], L(X))

and U(0) = 0 is a Banach space with the norm given by (B) varp (U).

It remains to show that this set is an algebra with respect to the multiplication
given by the convolution U * V.

It is evident by the linearity of the integral that for U, V, W belonging to our set

we have

(18) Ux(V+W)=UxV+Ux*W,

(19) U+V)«sW=UxV+UxW,

(20) a(U«V)=(aU)*V =Ux(aV) for a€R.

From Lemma 14 we obtain the associativity of the product, i.e.
(21) Usx (VW)= UxV)xW,

and these relations show that our set is an algebra. By Proposition 11 we have (11)
and this completes the proof of the theorem. O

15 B. Theorem. For every b > 0 the set of all U: [0,b] — L(X) with U €
C([0,b], L(X))NBV([0,b], L(X)) and U(0) = 0 is a Banach algebra with the Stieltjes
convolution U + V' as multiplication and varjy ;) (U) as norm.

Proof. ThesetofallU: [0,b] — L(X) with
U € C([0,8], L(X)) N BV ([0, 6], L(X))

and U(0) = 0 is a Banach space with the norm given by varjy 5 (U).

As in the proof of Theorem 15 A the relations (18)—(21) hold and our set is
therefore an algebra. By Proposition 12 we have (14) and this completes the proof
of the theorem. O

Remark. It is interesting to mention that the set of all U: [0,b] — L(X) with
U e G([0,b], L(X))N(B)BV([0,b], L(X)) and U(0) = 0 is not a Banach algebra with
the Stieltjes convolution U * V' as multiplication and (B) varjg;(U) as the norm even
if Proposition 10 and (18)—(20) hold. The problem is caused by the associativity
relation (21) which is not valid for regulated U, V, W which are not continuous.

762



INTEGRATION BY PARTS AND CONVOLUTIONS

In [11, Theorem 13] an integration by parts result was proved which in our situation
reads as follows.

16. Proposition. IfU,W € G([a,b], L(X)) N (B)BV([a,b], L(X)) then

b b
/ U ()d[W (s)] +/ AU ()W (s) = UB)W(b) — U(a) W (a)
- Y ATUMATW(r) + Y ATU(NAW(r),

a<T<b a<t<b

(22)

where ATU (1) =U(r+) = U(r) = lim U(s) —U(7), 7 € [a,b),

ATU(r)=U(r) = U(r—) =U(r) — lim U(s), 7 € (a,b]

and similarly for W.

Remark. Since BV ([a,b],L(X)) C G(la,b],L(X)) N (B)BV([a,b],L(X)) by
Proposition 3, the relation (16) holds also if U, W € BV([a,b], L(X)).

17. Proposition. IfU,V € G([0,00), L(X)) N (B)BViec([0,00), L(X)) then

(U = V)(t) = / Vit —s) /Ut—s )]+ UBV(0) — U0V ()
(23) + Z ATUMAV(E—7)— Y A UMATV(E-7).
o<t<t o<r<t

Proof. Letusfixat e [0,00).

Putting a = 0, b = ¢t and W(s) = V(t — s) for s € [0,t] we can see that U, W €
G([0,t], L(X)) N (B)BV ([0, 1], L(X)) holds.

The integration by parts formula (16) can be used to get

/ Vit —s)] / AU (s)V (¢ — s) /OtU(s)d[W(s)}

(24) +/ d[U(s)]W (s) = U)W (t) — U(0)W(0)
- > ATUMATW(r) + DY ATUT)A W (7).
o<t o<t
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Since W (s) = V(t — s) we have
W(r+) = lim W(r+0) = lim V(t—(r+20) = V((t—7)-)
for 7 € [0,¢) and
ATW(7) = W(r4) =W (7) = V((t = 7)=) = V(t —7) = —A"V(t — 7).
Similarly for 7 € (0, ] we get
AW (7) = W(r) = W(r—) = —ATV(t — 7)
and by (18) we obtain

/U Vit —s)] /0d[U(s)}V(t—s):U(t)V(O)—U(O)V(t)
+ Y ATUMATV(E-T1) - > ATU@ATV(E-7).

o<t<t o<r<t

Using the substitution ¢t — s = o we get

/U V(t—s)] /Ut—a a)]:—/otU(t—s)d[V( )]

and from (19) we easily obtain (17). O

Denote now
G~ ([a,b], X) = {z € G([a,b], X); z(t—) =z(t),t € (a,b]}
and similarly e.g.
G~ ([0,400), X) = {z € G([0, +00), X); x(t—) = x(t),t € (0,4+00)}
for infinite intervals.
18. Corollary. Assume that
U,V € G~ ([0,+00), L(X)) N (B) BVioc ([0, 00), L(X)).

Then
(26) (U +V)(t) = /0 AU (s)V (t - s) = /0 Ut — s)d[V (s)] + UV (0) — UO)V(?)
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for every t € [0, 4+00).
Moreover, if U(0) = V(0) = 0 then

(27) (U V() = /0 AU ()V (¢ — s) = /0 Ut — 8)d[V (s)]

for every t € [0, 4+00).
Proof. If

U,V € G~ ([0, +00), L(X)) N (B) BVoc ([0, 00), L(X))

then clearly A~U(7) = 0 and A~V (7) = 0 for every 7 > 0. Therefore the sums on
the right hand side of (23) vanish and (26) holds.
The additional assertion (27) is trivial. g

19. Corollary. Assume that
U,V € C([0,+00), L(X)) N (B)BVioe ([0, 00), L(X)).

Then (26) holds for every t € [0, +00). Moreover, if U(0) = V(0) = 0 then (27) is
satisfied for every t € [0, +00).

Proof. The statement follows easily from Corollary 18 and from the fact that

C([0,4+00), L(X)) € G ([0, +0), L(X)).

7)-VARIATIONS

Assume that [a,b] C R is a bounded interval and that 1 > 0 is given. Define

k
7 var(A) = sup { > llA(es) - A(a“)nme"@l@}
, 2

where the supremum is taken over all finite partitions D of the interval [a, b].

J

Similarly define

V2(n, A, D) = sup {

k
Z[A(aj) - A(ajfl )]xjefn(aj—lfa)
=1
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where the supremum is taken over all possible choices of z; € X, j = 1,...,k with
lz;|lx <1, and set
n(B) var(4) = sup V,/(n, 4, D)
a,
where the supremum is taken over all finite partitions D of the interval [a, b].
Since for every j = 1,..., k we have

e b—a) < emnlaj—1-a) 1

we get

28 e 10~ yar(A) < nvar(A) < var(A
(28) W)}( ) ﬂ[mb}( ) W)}( )
and also

e,n(bfa)vab(A7 D) < Vab(n7 A, D) < Vab(A, D).

The last inequalities lead immediately to

(20) @107 (B) var(4) < 1(B) var(4) < (B) yar(A).

Let us mention that evidently

Ovar(4) = var(A) and 0(B) var(4) = (B) var(4)

hold by the corresponding definitions.
It is well known that BV ([a,b]; L(X)) with the norm

[AllBv = [|A(a)[|Lx) + [\;azﬂ(A)

is a Banach space and by Proposition 4 we know that (B)BV ([a,b]; L(X)) with the
norm

[Allsv = |A(a)||z(x) + (B) [\gabr}(A)

is also a Banach space.
Taking into account the inequalities (28) and (29) we get the following statement.

20. Proposition. For every n > 0 the space BV ([a,b]; L(X)) with the norm
Al Bv.y = [ AllLix) + n[\(flalﬁ(A)
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is a Banach space and the space (B)BV (|a, b]; L(X)) with the norm

[Allsvn = [lA(a)l|L(x) + n(B) [Vaalﬁ(A)

is also a Banach space.
The norms || A| pv,, and || A| v are equivalent on BV ([a,b]; L(X)) and the norms
|Allsv,, and ||A| sv are equivalent on (B)BV ([a,b]; L(X)).

21. Lemma. Assume that
U € G([0,00), L(X)) N (B)BVioc([0,00), L(X)), f € G([0,0), X)

and that n > 0 is given.
Then the integral fob d[U(s)]e™ " f(s) € X exists for every b > 0 and

< n(B)var(U) - sup [|f(s)lx
X (0,5] s€[0,b]

(30) | / a5l £ (s)

holds.

Proof. The existence of the integral fob d[U(s)]e™ " f(s) is clear because the
function e~ f(s) is regulated on [0, c0) (cf. Proposition 7).

Assume that b > 0 is fixed. By the existence of the integral for any ¢ > 0 there is
a gauge ¢ on [0, b] such that for every d-fine P-partition

D ={0=ag,m,01,72,...,ak_1,Tk, 0} = b}

of [0, b] the inequality

<e¢

H /Obd[U(s)]e_nsf(s) — i[U(aj) — Ulaj—1)]e™ " f(75)

Jj=1

‘ X

holds. Hence

b
(31) ‘/Od[U(s)]e”Sf(s) <eqt

X X

k
> [U(ey) = Ulaj-1)le™ f(r5)
Jj=1
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Let us choose a fixed d-fine P-partition D of [0, b] for which o;_1 < 7; for every
j=1,...,k. Then

> [U(ay) = Ulaj-1)le " te =% f(7;)

‘ X

. e M(mi—-1) £ (1)

k
> [U(ey) = Ulaj-1)le”

- 56l |
= 7Gx x|
and we have ( :
Ty .
He f(TJ)H <1
Hf(Tj)HX X
forj=1,... k.
Hence
k . .
e £ (7))
Ulag-1)le L\ f(r; H
g J— 1)} ||f(Tj)HX H (J)”X .
k
» e—n(ff—aj—ﬂf(T.)‘
< —NQaj—1 J
j:s;}?7k||f i) x 2:: Uaj_1)le T .
< sup [[f(s)llx - n(B) %alﬁ(U)

s€[0,b]

and this together with (31) gives (30) because £ > 0 can be taken arbitrarily small.
O

In addition to Proposition 10 we will prove the following statement.
22. Proposition. Assume that
U,V € G([0,00), L(X)) N (B) BVioc([0, 00), L(X))

and that V(0) =0

Then the convolution (U % V')(t) € L(X) is well defined for every t € [0,00) and
for every b > 0, n > 0 the inequality

(32) n(B) ?gaé(U « V) < n(B) f{)?l}}(U)'”(B) mla(V)

holds.
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Proof.
Define
V(e)=V(o) for 0 >0

and
V(o)=0 for o <O0.

Assume that b > 0 and let 0 = g < a1 < ... < a; = b be an arbitrary partition
of [0, b].
Using the definition of V' we have for every « € [0,b] the equality

a b _
/ AUV (0 — s) = / AU ()7 (o - 5)
0 0

and therefore we obtain for any choice of z; € X, |z;||lx <1, j = 1,...,k the
equalities

k

DU = V() = (U« V(o)

=1 b's

Z [/0 jd[U(S)]V(O‘j —s) —/Oaj_ld[U(s)]V(aj_l —3)]xje—naj—1

Z —5) = V(ajo1 — 8)|zje

X

X

b k
) e S V(a1 = )aje 7
0

Jj=1

X

The function
k
Z (aJ 1— 8)]ze” nei-1=s) ¢ x

is regulated on [0,b] because V € G([0,b],L(X)) and therefore by Lemma 21 we
obtain

H/ d[U(s)]e nsz (a] 1 — 8)]zje —n(aj-1-s)

Jj=1

X

< n(B)var(U) - sup
77( )[Ob} ee[Ob

k
Z (aj 1 — 8)|zje” n(aj—1—s)

X
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On the other hand, for every s € [0,b] we have

. < n(B) [\(r)abﬁ(V)

k
2.V V(a1 = s)laje "2

and this gives

k
Z (U *V)(ay) = (U V)(aj-1)]aye

and by the definition we obtain (32). O

Analogously it can be proved that the following statement holds.

23. Proposition. Assume that U,V € BViy([0,00), L(X)) and that V(0) = 0.
Then the convolution

t
_ / AUVt =) € L(X)
0
is well defined for every t € [0,00), and for every b > 0 the inequality

(28) n[v()‘ftbﬁ(U # V) < n[y)abﬁ(U) n[voablg(V)

holds.

24. Lemma. Assume that A € (B)BV([0,b],L(X)) for some b > 0. Then for
every 1 = 0 and ¢ € (0,b] we have

(35) n(B) ?(f)ablg(A) < n(B) [\(f)acﬁ(A) + e "n(B) &15(14)-

Proof. Assume that D is a partition of [0, b] given by points
O=app<a1 <...<ap=25b

and that z; € X with ||z;||x <1forj=1,...,k Thenthereisanindex{=1,...,k
such that ¢ € (o_1, ] and

k -1
Z [Ala;) = Aloj1)]wje” 7t = Z[A(Oéj) — A(oyj1)]aje” "

+[A(a) — Alag-)]ze " + Y [Aay) — Aag_1)]aje "1
J=l+1
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Taking into account that

[A(cu) — Aag—1)]ze "
= [A(ar) — A(e)]zie™ 1=t + [A(e) — A(ag—1)]zie” 171

we obtain

k
Z Alaj-1)]zje” "9

-1
D _[Aag) = Ala-1)se™™ 1 + [A(e) = A1) ]are

j=1

X

+[A(ar) — A(e)Jae™ 1 + > [Aay) — A(aj)]aje "9

j=l+1 X
-1
<[ D_[A(ay) = Alag—1)]aje 1 + [A(e) = A(ag—1)]aze” 1
Jj=1 X
+ ‘[A(oq) A(c)]xe™ Mt + Z Alaj_q)]|zje 1%
X

Jj=l+1

For the first term on the right hand side of this inequality we evidently have

-1
D[A(ag) = Alag-)laze ™+ [Ae) — Alar-yae ™| < n(B) yar(4)
i=1 X “
and for the second
H[A(al) A(c)|xe™ M= 4 Z Aajq)]xje -1
j=l+1 X
k
[t — e e Y tagas) - Ao
j=1+1 X
<V, A, Dy) < e var(4)

(D4 is the partition of [c,b] given by the points ¢ < ay < ... < ay = b). Hence

< n(B) var(A) + e~ "“nvar(A)
X [0,c] [e,b]

k
Z Alaj—1)]aje” "1

and the lemma is proved. O
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Similarly it can be shown that the following statement is valid.

25. Lemma. Assume that A € BV ([0,b], L(X)) for some b > 0. Then for every
1> 0 and ¢ € (0,b] we have

36 var(A) < pvar(A) + e "“nvar(A).
(36) n[o,b]( ) 77[0’0]( ) n[c’b}( )

RESOLVENTS AND LINEAR CONVOLUTION EQUATIONS

Using Propositions 20, 22 and Theorem 15 A we can now formulate the following
result.

26. Theorem. For every b > 0 the set of all U: [0,b] — L(X) with U €
C([0,b], L(X)) N (B)BV(]0,b], L(X)) and U(0) = 0 is a Banach algebra with the
Stieltjes convolution U * V' as multiplication and n(B) vary ) (U) as the norm.

Similarly by Propositions 20, 23 and Theorem 15 B we get
27. Theorem. For every b > 0 the set of all U: [0,b] — L(X) with U €

C([0, 8], L(X))NBV([0,b], L(X)) and U(0) = 0 is a Banach algebra with the Stieltjes
convolution U + V' as multiplication and nvar ) (U) as the norm.

Using Banach algebra techniques we come to the following result.

28. Proposition. If A € C([0,b],L(X))N (B)BV([0,b], L(X)), A(0) = 0 and if
there is a ¢ € (0,b] such that

(37) (B) [V&lj(A) <1,

then there exists a unique R € C([0,b], L(X)) N (B)BV([0,b], L(X)) with R(0) =0
such that

(38) R(t) - /0 A[AGS)|R(E — 5) = At), t € [0,8]
and
(39) R(t) - /0 A[R()]A(t — ) = A(t), t € [0, b].



Proof. By Lemma 24, by (29) and (37) we have

n(B) var(A) < n(B) var(A) + e "n(B) var(A)

[0,b] [0,c] [e,b]
< (B)var(A) + e "(B)var(A) < 1+ e "(B) var(A
(B) var(4) + &~ (5) var(4) (8) var(4)

and this yields that taking n > 0 sufficiently large we get

(40) n(B) K)?ZH(A) <1

Let us now define Ag(t) = A(t) and A,,11(t) = (A * A,)(¢), t € [0,b] and put
(41) R =3 Anlt).
n=0

By (32) from Proposition 22 we get the inequalities

< n .
n(B) mﬁ(An) < (n(B) [V()‘?‘bﬁ(A)) , neN

Since (40) holds, this inequality implies the convergence of the series (41) in the
space (B)BV([0,b], L(X)) and by Proposition 13 also the continuity of its sum R(¢),
ie. R e C([0,b], L(X)) N (B)BV(]0,b], L(X)) and clearly R(0) = 0.

By the definitions we have

for every N € N, and passing to the limit for N — co we obtain (38) and (39).
Concerning the uniqueness let us assume that

Q € C([0,0], L(X)) N (B)BV ([0, 0], L(X))
satisfies also (38) and (39). Then
Q—AxQ=Aand R—RxA=A.
Using the associativity of convolution products we get

R=A4+R*xA=A+R+x(Q—-AxQ)=A+RxQ—-—RxAxQ
=A+(R—-R+xA)*xQ=A+AxQ=Q

and the uniqueness is proved. O
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29. Corollary. Assume that A: [0,00) — L(X), A(0) =0. If
A € C([0,00), L(X)) N (B)BVioc([0, 00), L(X))
and if there is a ¢ € (0,b] such that

B A) <1
()[Vof"f]()

then there exists a unique R: [0,00) — L(X),
R € C([0,00), L(X)) N BVioc([0, 00), L(X))

with R(0) = 0 such that (38) and (39) hold for every b > 0.

R € C([0,00), L(X)) N (B)BVioc([0,0), L(X)) given in Corollary 29 is called the
resolvent of A € C([0,00), L(X)) N (B)BVioc([0,0), L(X)).

30. Theorem. Assume that A: [0,00) — L(X),
A € C([0, 00), L(X)) N (B) BWoc((0, 00), L(X))
and that there is a ¢ € (0,b] such that

B A) < 1.
( )[Vof"f]( )

Then for every F' € G([0,00), L(X)) and f € G([0,00), X) there exist unique solu-
tions X : [0,00) — L(X) and x: [0,00) — X of the abstract renewal equations

(42) X(t) = F(t) + /0 CAAE) X 5)
and

(43) o) = )+ [ LA - 5),

respectively, and the relations

(44) X =P+ [ CARGIF( - 5),
(45) o) = 1)+ [ ARG - 9)

e



hold for t > 0 where R is the resolvent of A.

Proof. Whithout any loss of generality we may assume that A(0) = 0. Indeed,
if A(0) # 0 then B(t) = A(t) — A(0) can be used because clearly fot d[A(s)]z(t—s) =
fot d[B(s)]z(t — s) provided one of these integrals exists.

The expression on the right hand side of (44) is well defined and it reads X (¢) =
F(t) 4+ (R« F)(¢t).

Hence using (38) and the associativity established in Lemma 14 we obtain

AxX(t)=AxFt)+ (A% (R*F))(t) = (A+ Ax R) x F)(t)
= (R=F)(t) = X(t) — F()

and this shows that by (44) a solution of (42) is given.
Concerning the unicity assume that two solutions X and Y of (42) are given. For
Z(t) = X(t) — Y (t) we have

t
2() = / d[A(s)|Z(t — s), £ > 0.
0
Hence by Proposition 6 we get

< (B)var(A) - sup [|Z(s)]|r(x)-
L(X) 0,t] s€[0,t]

t
20l = | [ a1z
If Z(t) # 0 for t € [0, c] then by the assumption (B) varjy (A) < 1 we obtain

1Z()|lLx) < (B)var(A) - sup [|Z(s)l[Lx) < sup [[Z(s)llLx)
[0,c] s€0,c] s€[0,c]

and this implies that Z(t) =0 on t € [0, c].
For t € [¢, 2¢] we have

2(t) = /0 d[A(s)|Z(t — 5) = /0 LA Z (- 5)
and in the same way as above we get

1Z()]x) < (B) var (A)- sup [|Z(s)|Lx)
[0,t—c] s€[c,2c]

< (B)var(4) - sup [|Z(s)|x) < sup [[Z(s)]nx)

(0,c] s€[0,c] s€(c,2¢]

and this yields Z(t) = 0 on t € [c,2c]. In this way we can proceed step by step to
show that Z(t) = 0 for all ¢ € [0, 00).
An analogous result for (43) can be shown similarly. g
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Our approach to convolution equations of the type (42) or (43) has been based
on Theorem 26 and on the well known Banach algebra techniques. Let us turn our
attention to the special case of equations (42) and (43) when A € C([0,0), L(X)) N
BVioe([0,00), L(X)).

Using Theorem 27 all considerations from Proposition 28, Corollary 29 and The-
orem 30 can be repeated without changes provided the assumption (37) requiring
(B) varp,(A) < 1 for some ¢ > 0 is replaced by the assumption

var(A4) < 1
[O’C]( )

which has to be satisfied for some ¢ > 0.
Since in the case A € C([0,00), L(X)) N BWioe([0, 00), L(X)) the function

V(r)= [x(f)ala(A), r>0

is continuous and V' (0) = 0 we can see immediately that there is a ¢ > 0 such that
var(4) <1

0,c]

holds.
Using this we arrive immediately at the following result.

31. Theorem. Assume that A: [0,00) — L(X),
A € C([0,00), L(X)) N BV ([0, 00), L(X)).
Then for every F € G([0,00),L(X)) and f € G([0,00),X) there exist unique

solutions X : [0,00) — L(X) and x: [0,00) — X of the abstract renewal equations
(42) and (43) respectively, and the relations

X(t) = F(t) + / d[R(s)|F(t — s),
o(t) = £(t) + / d[R(s)]f(t— 5)

hold for t > 0 where R is the resolvent of A.
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