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LINEAR STIELTJES INTEGRAL EQUATIONS IN BANACH
SPACES II; OPERATOR VALUED SOLUTIONS

STEFAN SCHWABIK, Praha

(Received September 30, 1998)

Abstract. This paper is a continuation of [9]. In [9] results concerning equations of the
form

t
z(t) = x(a) + / d[A(s)]z(s) + f(t) — f(a)

were presented. The Kurzweil type Stieltjes integration in the setting of [6] for Banach
space valued functions was used.
Here we consider operator valued solutions of the homogeneous problem

t

B(t) = 1+/d d[A(5)]®(s)

as well as the variation-of-constants formula for the former equation.
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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) (see [6])
because using the usual operator norm we have

I1B(A, 2)llx < [[Allzeollzllx-
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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) < 1AC Lx) < 1Al I Lex)-

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

var —sup{ZHA a;) aj_l)HL(X)} < 0,

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

of the interval [a, b]. The set of all functions A: [a,b] — L(X) with var(4) < oo will

[a,b]
be denoted by BV ([a, b]; L(X)).
For A: [a,b] — L(X) and a partition D of the interval [a, b] define

k

V. (A,D) —SUP{HZ Oéj—l)}yjHX}’
where the supremum is taken over all possible choices of y; € X,j =1,...,k with
lly;ll <1 and similarly

k
Vi(a.0) =su | ] 2
4.0 = s | late) - atos 06
where the supremum is taken over all possible choices of C; € L(X),j = 1,...,k
with [|CjlL(x) <1
Define
(B) var(4) = sup V. (A,D)

and

(B*) var(A) = sup ‘*/2(14, D)

[a,b]

where the supremum is taken over all finite partitions

Dia=opy<a1<...<ap1<ap=>
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of the interval [a, ].

The function A: [a,b L(X) with (B) ?/abr](A) < oo is called a function with

] —
bounded B-variation on [a,b] and similarly if (B*) [Vabli(A) < oo then A is of bounded
]

B*-variation on [a,b] ([3]).
We denote by (B)BV ([a,b]; L(X)) the set of all functions A: [a,b] — L(X) with
(B) [vain(A) < oo and by (B*)BV([a,b]; L(X)) the set of all functions A: [a,b] —

L(X)’ with (B*) [Vabr](A) < 0.

In [9, Prop.1.1 and 1.2 | it is shown that
BV ([a,b]; L(X)) € (B)BV ([a,b]; L(X)) = (B*) BV ([a, b]; L(X))

holds.

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 [la(t) - 2(s+)x =0

and if for every s € (a, b] there is a value z(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)
and similarly we denote the set of all regulated functions A: [a,b] — L(X) by

G ([, bl; L(X)).

If B=(L(X),X,X) is the bilinear triple of Banach spaces mentioned above then a
function A: [a,b] — L(X) is called B-regulated on [a, b] if for every y € X, |Jy||lx <1
the function Ay: [a,b] — X given by t € [a,b] — A(t)y € X for t € [a, ] is regulated,
ie. 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).

1. EQUATIONS WITH OPERATOR VALUED SOLUTIONS
For [a,b] = [0, 1] we denote shortly
BV(L(X)) = BV ([0,1]; L(X)), (B)BV(L(X)) = (B)BV ([0, 1]; L(X)),
G(L(X)) = G([0,1]; L(X)) and (B)G(L(X)) = (B)G([0, 1]; L(X)).
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Assume that A: [0,1] — L(X) satisfies
(1.1) A€ (B)BV(L(X))N (B)G(L(X))

and the following condition (E) (see [9]):
for every d € [0,1] there are 0 < p = o(d) < 1 and A = A(d) > 0 such that

(B+4) ®), o (<
and
(E-) (B) ar (A) < o.

A%
[d—A,d)N[0,1]

Taking the bilinear triple B* = (L(X), L(X), L(X)), by Proposition 1.1 in [9] we
have
(B)BV(L(X)) = (B") BV (L(X))
and
(B) [V(L%(A) = (B )mr](A)

for every [a,b] C [0,1]. Therefore condition (1.1) reads
(1.1) A€ (B")BV(L(X))N(B)G(L(X)),

and in condition (E) the symbol B can also be replaced by B*, i.e. condition (E) reads
for every d € [0, 1] there are 0 < ¢ = o(d) < 1 and A = A(d) > 0 such that

(E+) (B, vor () <o
and
(E-) (B%) (A4) <o

var
[d—A,d)N[0,1]

Hence the results presented in Section 2 from [9] can be used for equations of the
form

(1.2) Y(t)=Y + /d d[A(s)]Y (s) + F(t) — F(d)

for every t € [0,1] where F € G(L(X)), d € [0,1] and Y € L(X).
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The operator valued function Y: [a, 8] — L(X) is called a solution of (1.2) on an
interval [a, 8] C [0,1] if Y satisfies (1.2) for every ¢ € [, f]. If d € [, (] then of
course we have Y (d) = Y for this solution.

With regard to the above mentioned facts we obtain by a simple reformulation of
Proposition 2.4 and Theorem 2.10 from [9] the following

1.1. Theorem. Assume that A: [0,1] — L(X) satisfies (1.1) and condition (E).
Then for every d € [0,1], Y € X, F € G(L(X)) there is a A > 0 such that for the
interval Jg = [d — A,d+ A] N[0, 1] there is a unique function Y € G(Jg; L(X)) such
that

t
YO =T + [ dAEIY ) + Pl - F@. € Ja
d
ie. Y (t) is a local solution of the operator valued equation (1.2) on Jg = [d — A,d +
Al N1o,1].
If
(1.3) A€ (B)BV(L(X)) N G(L(X)),

condition (U):

(U+) [I+ATA®#)] ™ € L(X) exists for every t € [0,1)
and
(U-) [I — A™A(t)] ™ € L(X) exists for every t € (0,1]

and (E) hold, then for every choice of d € [0,1], Y € L(X), F € G([0,1]; L(X)) there
exists a unique Y € G([0,1]; X') which is a (global) solution of (1.2) on [0, 1].

Let us consider the special case of the equation (1.2) with F' a constant, i.e. the so
called homogeneous equation
t

(1.4) Y(t) = 37+/ d[A(s)]Y (s).

d

Theorem 1.1 applies to this equation and therefore there is a unique (global)
solution to this equation and this operator valued solution is regulated provided
A: [0,1] — L(X) satisfies (1.3), (E) and (U).

Together with (1.4) let us consider the equation

(1.5) B(t) =1+ /d d[A(s)]B(s)
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where I € L(X) is the identity operator.
Clearly every solution Y: [0,1] — L(X) of (1.4) can be written in the form

Y(t)=®@#)Y, telo1].

Let us now consider the properties of the solution ®: [0,1] — L(X) of (1.5).

1.2. Lemma. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U). Then
for the solution ®: [0,1] — L(X) of (1.5) we have

& € (B)BV(L(X)) N G(L(X))

and there is a constant K > 0 such that | ®(t)|| < K for every t € [0,1].

Proof. By Theorem 1.1 ® € G([0,1]; L(X)) and therefore there exists a
K > 0 such that ||®(t)]] < K for every t € [0,1]. It remains to show that
® € (B)BV([0,1]; L(X)).

Assume that

D:0=ag<<...<ap 1 <ap=1

is an arbitrary partition of the interval [0, 1].

For any y; € X,j=1,...,k with ||y;]| <1 we have

k ko
| i) — et =X [ atdeieem],
Define
@(s) = ®(s)y; for s € (aj—1, ;) and (s) =0 for s = ;.

Evidently [J¢(s)|| < K.
Then by 1.18 from [9] we get

/ Y dlA)o(s)y; — / 7 aAE)e(s)

j—1 i—1
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and

HXZ /aa_ d[A(S)é(s)yjHX = HZZ/:_ d[A(s)]¢(s)

+ [Aag-1+) = Alaj-1)](a;1)y; + [Alag) = Alog =)@ (ay)ys

:H/old +zk: Alaj-1+) — Alaj-1)]B(aj-1)y;

Jj=1

3 Go) - Aoyt < | [ ata

1

X

+ H Ek:[A(Oéj—lJr) - A(Oéj—l)]‘l)(ajfl)yjHX + H Z[A(Oéj) - A(ij—)]‘l)(aj)yjHX~
- =

j=1

For a given n > 0 let us choose a 6 > 0 such that

n
[A(cj—1 +0) — Alaj—14)||L(x) < )

and
Ui
|A(a; —0) — A(O‘j_)”L x) < Frl
forall j=1,..., k. Then

H i:l [A(aj_1+) — A(ajfl)]q)(ajfl)yjHX
_ H ;[A(aj_l+) — Aajo1 +0) + Alaj—1 +6) — A(O‘j—l)]q)(aj_l)yj”X
< im@,ﬁ) ~ Aoy + 00, |
+| Z (a1 +0) = Al-0)]@(aj-1)ys |

k+1+HZ (aj—1+0) — A(evj—1)]@(ayj— 1)yjHX
< Kﬂ + K(B) [\(f)?lr](A)

and similarly also

| S Ao - Afag N0l < K+ K(B) yar(4)
j=1 ,
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By 1.11 from [9] we have further

|/ A < KB yar(a)

and finally we obtain

| g@(o@) ~ ®(aj)y|, - Hg / AAEI () | < 2K+ 3K(B) var(4).

Passing to the corresponding suprema we arrive easily at

B) var(®) < 3K (B) var(A ,
( )ﬁﬁ( ) ( )[Yﬁﬁ( ) < o0

ie.® € (B)BV([0,1]; L(X)). O

1.3. Lemma. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U).
Then the solution ®: [0,1] — L(X) of (1.5) has an inverse [®(t)]"! € L(X) for
every t € [0,1].

Proof. Fort = d we have ®(t) = ®(d) = I and the inverse [®(¢)]~! evidently
exists for this value.

Assume that there is a point ¢* € [0, 1] such that the inverse [®(¢*)]~! does not
exist. Then there exists y € X such that the equation

Ot )z=y

has no solution in X. Assume that ¥: [0,1] — L(X) is a solution of the operator

valued equation
t

() =1+ [ d[A(s)]¥(s);

t*
this solution exists and is uniquely determined by the second part of Theorem 1.1.
Let us set z = ¥(d)y. The function z: [0,1] — X given by z(t) = ¥(¢)y is a solution
of the equation

() =y + / d[A(s)](s)

*

with z(t*) = y and z(d) = ¥(d)y. On the other hand, ¢(t) = ®(¢)z is a solution of

o) =2+ / d[A(s)](s)
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Hence by the uniqueness of a solution stated in Theorem 2.10 from [9] we have
x(t) = o(t) for all ¢t € [0, 1]. Therefore

ie.z = ¥(d)y € X is a solution of the equation ®(t*)z = y. This contradicts
the assumption and proves that the operator ®(t) € L(X) has an inverse for every
t €10,1]. O

1.4. Lemma. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U).
Then the inverse [®(t)]™! = ®1(t) to the solution ®: [0,1] — L(X) of (1.5)
belongs to G(L(X)) and there is a constant L > 0 such that

12~ )llrx) < L

for every t € [0,1].
Proof. By Theorem 1.1 we have ® € G(L(X)) and therefore the onesided
limits of this function exist at every point of [0,1]. E. g., the limit lirgr ®(r) exists

for every ¢t € [0,1) and by 1.18 from [9] we have

T t

lim ®(r) =1+ lim d[A(s)]®(s) = I+/ d[A(s)]®(s)

r—it+ r—=t+ J4 d
+ lim d[A(s)]®(s) = ®(¢) + lim d[A(s)]®(s)
r—t+ t r—t+ t

=®(t) + [A(t+) — AD)]®(t) = [I + AT A(t)]D(¢).
Hence ®(t+) = [I + AT A(t)]®(t) and because ®!(¢) exists by Lemma 1.3 and
the inverse [ + ATA(t)]7! exists by (U+) from the assumption (U) the inverse
[@(t+)] 7! = @~ 1(t+) also exists and we have the relation

@) =07 (tH) =07 Ht) - [[+ ATA®R), telo,1).

Similarly we have also
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where @~ 1(t—) = [®(¢t—)] L.
Using the continuity of the operation of taking an inverse (see [2], p. 624) we obtain

lim & *(r) = & *(t+) for t € [0,1)

r—t+

and
lim & *(r) = & *(t—) for t € (0,1]

r—t—
because lir{1+<I>(7") = ®(t+) for t € [0,1) and lir?i ®(r) = ®(t—) for t € (0,1].

Hence the operator valued function ®~1: [0,1] — L(X) belongs to the space
G(L(X)) and it is therefore bounded, i.e. there is an L > 0 such that

12~ )llrx) < L
for every t € [0, 1]. O

1.5. Lemma. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U).
Assume that d € [0, 1] is fixed and that ®: [0,1] — L(X) is the solution of (1.5).
Then for every to € [0,1] and ¥ € X, the unique solution x: [0,1] — X of the
homogeneous equation
t
o) =7+ [ dAE)as)
to

is given by the relation

z(t) = d()® L(to)z, t€]0,1].

Proof. The solution z exists and is unique by Theorem 2.11 in [9]. Using (1.1)
we have

t

z(t) = (1)@ (tg)T = [I+/d d[A(s)]@(s)}@)_l(to)%

_ [1 + / " d[A(s)]D(s) + d[A(s)}cb(s)] & 1(to)F
d to
= ®(to)® (t0)T + /t d[A(s)]®(s)® (to)T = T + /t d[A(s)]z(s)
and the lemma is proved. O
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2. VARIATION OF CONSTANTS

2.1. Lemma. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U). Let
®: [0,1] — L(X) be the solution of (1.5) and assume that its inverse ®~': [0,1] —
L(X) given by Lemma 1.3 is such that ®~! € (B)BV (L(X)).

Then for every g € G(X), t € [0,1] the equality

¢ r ¢ ¢
0 [ A6 [ de @) = o) [ de @l + [ aael)
holds.

Proof. Since g € G(X) and ®~! € (B)BV(L(X)), the integrals on both sides
of (2.1) exist by [6, Theorem 11] (see also [9, 1.12]).

To show that the equality (2.1) is valid for every regulated function g: [0,1] — X
it is sufficient to prove it for an arbitrary finite step function, because the finite step
functions are dense in the space G(X) (see [2]).

For a given a € [0,1], ¢ € X and for s € [0, 1] we define

P (s) =0if s < o, PI(s)=cifs>a

and
Y (s)=0if s < a, Yo (s)=cifs > a.

It is a matter of routine to verify that every finite step function can be expressed
in the form of a finite sum of functions of the the type I and ¢, . Hence by the
linearity of the integral it suffices to show that (2.1) holds for functions of this type.
Let us prove e.g. that (2.1) is satisfied for the function 9.
Assume that a < d. Then

[ ale o = @70 - e @l if r>a
and
(2.2) [ de el = 187 ) - e @ it 7 <a
Hence for t > a we have
es) L dAmIe) | aetenwie
= [ aawiamie-



If t < o then

/ LA () [ amtewie-- | " dAme() [ aeien:
o r d r
= —( /t d[A(r)]®(r) /d dg [ (s)]d (s) + /a d[A(r))®(r) /d d[@ ()] (s)

and

d r
| diaenee) [ e e
~ [A(0+) - Al@)@(@)[8 (a+) - & (D)
d
+dm [ aameERe) - o)

d

]
[
= [A(a+) — A(@)]@(a)[27 (a+) — 27 (d)]e
[
]

+61ir(r)1+ s d[A(r)]e — 521& s d[A(r)]®(r)@ " (d)c
= [A(a+) = A(@)]2(a)[@7 (a+) — D7 (d)]c + [A(d) — A(a+)]e

— [®(d) — ®(a+)]@ ! (d)e.

Further we have

(@ at) — @71 (d)]c+ [A(d) — Ala+)]c
— [@(d) — ®(a+)]®H(d)c + [®(er) — D(1)][@ " (at) — @71 (d)]c}-

Since [A(a+) — A(@)]®(a) = AT A(a)®(a) = P(a+) — P(a) we have

[ daenee) [ ale e
d d
= —{[®(a+) - @()][® (at+) — 271 (d)] + [A(d) — A(at)]
(2.4) — I+ ®(a+)@ Hd) + ()@ (at) — &(a)® 1 (d)
—3(1)" (o) + @)@ (d)}e
= —{[A(d) — A(a+)] = 2()[@ " (at) — @~ (d)]}e
= [A(a+) — A(d)]c + @) [@ " (at) — 7 1(d)]c
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fort < o
For the right hand side of (2.1) we use (2.2) for obtaining

o) [ a1 () = 2O (1) - 9 @e i 1> 0
and
@5) o [ A NI = 0 e - e @l if 1<a
Now it is a matter of routine to show that
/ " ALAG) (5) = [A() — A@]e £ > a
and
(2.6) / LA () = [Alh) — A@]e Tt <

Using (2.5) and (2.6) we obtain

B(1) /d A ()] (5) + /d A6 (3)
= —3(t)[@ 1 (t) — 2 H(d)]c+ [A(t) — A(d)]c if t>a
and

@(t)/dt d[o- / d[A

=@ (at) - @ + [A(a4) — A(d)]e if t<a

Looking at (2.3) and (2.4) we can see immediately that the equality (2.1) holds for

the function ¢} if o < d.

For a > d as well as for the case of the function ¢, the result can be proved

similarly. The computations are straightforward but slightly tedious.

Let us assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U).
Let us consider the equation

(2.7) () =7+ / d[A(s)]2(s) + £(t) — £(to).

O
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By [9, Theorem 2.10 | we obtain that
for every choice of tg € [0,1], ¥ € X, f € G(X) there exists © € G(X) such that

() =7+ / A[A(s)](s) + £(t) — f(to)

for every t € [0,1].
This solution of (2.7) is determined uniquely.

2.2. Theorem. Assume that A: [0,1] — L(X) satisfies (1.3), (E) and (U). Let
®: [0,1] — L(X) be the solution of (1.5) and assume that its inverse ®~1: [0,1] —
L(X) given by Lemma 1.3 is such that ®~1 € (B)BV (L(X)).

Then for every to € [0,1], T € X and f € G(X) the formula

(28)  a(t) = (D (to)T + f(t) — f(to) — ‘?(t)/t d[@~ (s)](f(s) = f(to)),

t € [0, 1], represents a solution of (2.7).

Proof. Using (2.8) we have for ¢ € [0,1]

| i
-/ A28 10)7 + £0) ~ o) ~20) [ @) (0) - 1)}
- [ s @i [ Al - o)
- ARG [ A @)1 (5) - 1)
For a solution @ of (1.5) we have
/ dAM)IE(r) = (1) - B(to)
and by Lemma 2.1 we have
/ o) [ 4@ (5))(/(5) — f(to))

— B(1) / AB Y (5))(F(5) - f(to)) + / ALA(S)](f(s) — f(to)).
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Therefore

() [ ABTEI6) — £t0) — [ AAGIE) — () = B8 (005 -
— () [ ABT ()~ S0

Hence
/t ALAW)(r) = 2(t) — F — (£(s) — f(to))

for every t € [0,1] and this means that the function z: [0,1] — X given by (2.8) is
a solution of the equation (2.7). O

Remark. From the point of view of the variation-of-constants formula (2.8)
presented in Theorem 2.2 the assumption that the inverse ®~1: [0,1] — L(X) to
®: [0,1] — L(X) given by Lemma 1.3 is such that =1 € (B)BV(L(X)) is very
unnatural. It would be nice if the property ®~* € (B)BV(L(X)) could be derived
from the general assumptions, i.e. from the fact that A: [0,1] — L(X) satisfies (1.3),
(E) and (U).

In the next section we will show that in the special situation of A € BV (L(X))
the variation-of-constants formula (2.8) holds without any further assumption.

3. THE VARIATION-OF-CONSTANTS FORMULA FOR THE CASE A € BV (L(X))

Assume throughout this section that A € BV (L(X)).

First of all it should be mentioned that by [9, 1.5] we have A € G(L(X)) and
therefore A: [0,1] — L(X) evidently satisfies (1.3) because, as was already men-
tioned in the introductory part of this note, we have BV (L(X)) C (B)BV(L(X)) by
[9, Prop. 1.1 and 1.2].

As was mentioned in the last Remark in [9], if A € BV(L(X)) then A satisfies
also condition (E).

Let us now prove the following proposition.

3.1. Proposition. Assume that A: [0,1] — L(X).
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Then A € BV (L(X)) if and only if

(3.1) sup{ sup HZD Ala-1)]C; HL(X)} < 00

where P: 0 =ap < a1 < ... < ap_1 < ay = 1 Is a partition of [0,1], C;,D; € L(X)
with ||Cjllox)y < L[| Djlloxy <1,5=1,...,k, and

g = g | 5 Pt = e

Proof. Assume that
P:0=agppy<o<...<ap1<ap=1

is an arbitrary partition of [0, 1].
IfCJ,DJEL(X) with ||C ||L(X) 1, ||D HL(X 1,7=1,...,k then

H Ef: D;[A(ay) = Alo-1)IG5 |,

k
<Y D5l A(eg) = Al )l Lo I8 L oix)
=1

k

< Z [A(y) — Aley—1)lln(x)-
=

Hence

x>

sup HiDj[A(aj) Alaj-1) HL(X ZHA% Alaj-1)llzx)

where the supremum on the left hand side is taken over all C;, D; € L(X) with
1C5llLexy < 1, [|DjllL(x) < 1. Consequently,

k
Sl}gp{ci}}ng;Dj[A(aj) Ala;-1)1C; HL(X)}
(3.2) )
< Sllljpz [ A(ey) — Aleyj—1)lln(x) = [‘(f)alf](A)
j=1
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Assume that ﬁj € L(X) with ||ﬁjHL(X) < 1and z; € X with |z/]|lx < 1, j =
1,...,k. Let us take w € X such that ||w||x = 1. Then for all j = 1,...,k there
exist C; € L(X) with [|Cj[|1(x) < 1 such that Cjw = z;. Hence

I35 el = 3140 -]
< sup H iﬁj[/‘(%‘) - A(O‘J’*l)]aijx
k

k
< D;[A(az) - Ala;-1)]C5 |
sup | 3 PalACes) = o5 iG]
where the supremum on the right hand side is taken over all C;, D; € L(X) with
1C5llLxy < 1,]|Djllnxy < 1. Passing to the supremum over all D; € L(X) with
Hﬁj”L(X) <land z; € X with [|z;][x <1,j=1,...,k we get

k
sup || 37 D;[A(ay) — Aoyl |
(3.3) A )
< : ) — A(a; ; .
< g | 3 DilAley) ~ Ales-2)]C; Lo,
Assume that € > 0 is given. Choose vectors z; € X with ||z;[|x <1,j=1,....k
such that
(3-4) IA(e) = Ale—1)]asllx > [[[Alay) = Ala-D)lllLx) — %
Let us set
[Aley) = Alay )]z .
v; = if [A(ay) — Alaj—1)]zj £ 0
T IITACey) — Alag—1)]a;lx ’ S
and

U = 0 if [A(Oéj) — A(Oéj_l)]l‘j =0.
For v; # 0 let Y; be the onedimensional subspace of X given by
Yj = {Avj; A € R}
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and assume that ]?J is a bounded linear functional on Yj such that ]?j(vj) =1 and
denote by f; € X* its extension onto X with || f;|| = 1.

Assume that w € X is fixed such that |jw||x = 1 and define the linear operator
D; € L(X) by the relation

Djz = fi(z)w, z€ X, j=1,...,k.

Then certainly
IDillLcxy = Ifillllwll =1

and

Dj[A(ay) — Alaj—1)]z; = [|A(a;) — Alaj-1)]zjllx Djv;
= [|A(ey) — Aaj—1)]z;l x fi(vj)w = [[A(ey) — Alaj—1)]z; || xw.

Hence by (3.4) we get

H zk:Dj[A(“j) — Al = | i |AGay) = Al 1)esllxwlx

k

k
=Y 1 A(ey) = Al )lzsllx > (1A(y) = Ala-DlllLx) — §)
j=1

j=1
k
= Z [A(cj) — Alay—1)lllL(x) — €.

Taking the supremum over all D; € L(X) with ||Dj||y(x) < 1 and z; € X with
lzllx <1,j=1,...,k we get

sup | 5" DylAes) - Alas-)lss | > D 1A(a) - Aol -

and using (3.3) we finally obtain

x>

k
s H > Dj[A(ay) - A(ozj_l)}CjHL(X) > [ Alay) — A1)l px) — &
D5 o j=1

Taking the supremum over all partitions P of [0, 1] we obtain together with (3.2)
for every € > 0 the inequality

k
[VO%(A) —e<suwp { Sup H ; Dj[A(a;) — A(a;-1)]C; HL(X)} < [VO%(A)
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and therefore

k
var(4) = sup { sup | ;Dj[Amj) Ao,

O

Remark. It has to be mentioned that the characterization of the space
BV(L(X)) given by Proposition 3.1 is interesting independently of the context
of the equations studied in this paper.

3.2. Lemma. Assume that A: [0,1] — L(X) satisfies A € BV (L(X)) and (U).
Then for the solution ®: [0,1] — L(X) of (1.5) we have ® € BV (L(X)).

Proof. Since BV(L(X)) C (B*)BV(L(X)) the conclusion of Lemma 1.2 holds
and there exists a K > 0 such that ||®(¢)|| < K for every t € [0,1]. It remains to
show that the relation ® € BV (L(X)) holds.

Assume that

P:0=apy<a<...<ap 1 <ap=1

is an arbitrary partition of the interval [0,1] and that C;,D; € L(X),j =1,...,k
with ||CjllLx) < 1, | DjllL(x) < 1 are given.

The fact that ® € G(L(X)) yields by [6, Prop.15] the existence of the integral
fol d[A(r)]®(r) and therefore by definition for every e > 0 there is a gauge 6: [0,1] —
(0, 00) such that

! 1
€

|30~ Aot - [ atamne], < iy

for every d-fine P-partition
{Bo,01, 81, -, Bi—1, 01, Bi}
of the interval [0, 1].
By the Saks-Henstock Lemma (see [6, Lemma 16]) we have
I o .
7Y — A(B? AN <

©5) | e - aee - [ daeier)], <5

for every d-fine P-partition
(8ot B, Byl 1}
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of the interval [a;—1,04], 7 =1,... k.
Further, we have

Bay) ~ 2ey) = [ dlAmIe0)

j—

for every j = 1,...,k by the definition of a solution of (1.5) and therefore

|3 pivtop w6006 = |0 [ o],

:Hg{pj[ / d[A(r)|2(r) - l_[ (8)) - AGBL 18] 5 )
+Zl_ DA ~ ABL IR ||

<| i (o] [ e - ;[sz) —a@eedlal,
+|\§;§DJ[A<@>—A< Lo,

provided

(3,01, 80,....8] 1,00 .8}
is a d-fine P-partition of the interval [a;_1,a;], 7 = 1,..., k. Hence using (3.5) we
obtain by the last inequalities

15 Djf(a) — a0 1|

iz L(X)
k kol ) ) )
< z = ;;&mm ~A@ELIREDG|,
<5+H§kj§jnjm<ﬁi>—A< LA
j=11i=1
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For the second term on the right hand side we have

k

L
| >3 pitas) - AL eeho||,
j=1i=1 X
k lj
<D IDileeollAB]) = ABL Dol @Dl Lo ICillex
j=1i=1
kol
< K;; IA(B]) = AB_ Dl < K- var(A).
Hence
HZD D(aj_1 CH <€+K'[‘(I),8113(A)

and since € > 0 can be taken arbitrarily small, we get

k
D;[®(a;) — CH <K - var(A
|32 Patotes) = atesics] ) < 5ot
for any partition
P:0=ap<a<...<ap 1 <ap=1

of the interval [0, 1] and any choice of C, D; € L(X),j = 1,...,k with [|C;[|1(x) <1
I1Djllrex) <1

Passing to the suprema over all Cj, D; € L(X),j = 1,...,k with ||C}||1(x) < 1,
|Djllcxy < 1 and all partitions P of [0, 1] we obtain

k
sup su D;[®(ej) — (e CH < K -var(A
w sup | Ezj 519(05) = Blog )]G <K vax(4)
and this together with Proposition 3.1 yields the result. (]

3.3. Lemma. Assume that A: [0,1] — L(X) satisfies A € BV (L(X)) and (U).
Then the inverse [®(t)] ! = ®~1(t) to the solution ®: [0,1] — L(X) of (1.5) exists
for every t € [0,1] and we have ®~! € BV (L(X)).

Proof. By the results given in Lemma 1.3 and 1.4 the inverse ® ! exists and
®~1 € G(L(X)). Hence there is a constant L > 0 such that

2~ )llex) < L
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for every ¢ € [0, 1].
It remains to show that @~ € BV (L(X)).

Assume that

P:0=agppy<o<...<ap1<ap=1

is an arbitrary partition of the interval [0,1] and that C;,D; € L(X),j =1,...,k
with ||CjllLx) < 1, | DjllL(x) < 1 are given.
We have

H Xk: Dj[@(ay) — (I)_l(o‘j—l)]ch = H zk:Dj@—l(aj)[I - @(aj)qu(aj_l)]ch
- H Ek: D;®~ (a)[®(ej1) — @(aj)]¢*1(aj71)cj)’
j=1

T ST RPN

< L?-var(®) < L? - K - var(A).
[0,1] [0,1]

Passing to the suprema over all C;,D; € L(X),j = 1,...,k with [|C}]/1x) < 1,
Dl (xy < 1 and all partitions P of [0, 1] we obtain

k
sup su D® Ya;) — Y CH < L? K -var(A).
Ppcj,Bjsz_:l i@ () (0-1)1C; L(X) [0,1}( )

and this together with Proposition 3.1 yields ®~! € BV (L(X)). O

3.4. Theorem. Assume that A: [0,1] — L(X) satisfies A € BV (L(X)) and
(U). Let ®: [0,1] — L(X) be the solution of (1.5).
Then for every to € [0,1], T € X and f € G(X) the formula

t

(28)  a(t) = (D' (to)T + f(t) — f(to) — ‘19(15)/ d[@~ (s)](f(s) = f(to)),

to
t € [0, 1], represents a solution of (2.7).

Proof. By Lemma 3.3 the inverse ®~1: [0,1] — L(X) given by Lemma 1.3
belongs to BV (L(X)) and therefore we have also ®~1 € (B)BV(L(X)). All the
assumptions of Theorem 2.2 being satisfied we obtain the result by this theorem. [
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3.5 Example. Let us consider the abstract linear differential equation

dz

(3.6) ==

a(t)z + ¢(t)

n [0,1] where a: [0,1] — L(X), ¢: [0,1] — X and both a and ¢ are Bochner
integrable. For equations of this kind see e.g. [1].

A solution of (3.6) is understood to be a solution of the integral equation

(3.7 x(t) = zo —|—/d a(s)x(s)ds—l—/ o(s)ds

where d € [0, 1] and z¢ = z(d).
More generally we can consider the integral equation of the form

t
(3.8) 2(t) = / a(s)z(s) ds + g(t)
d
with g € G(X).
Let us set
t t
A(t) = / a(s)ds and f(1) :/ o(s)ds, tel0,1].

d d

Assume that D: 0 = ag < a1 < ... < ag_1 < ai = 1 is an arbitrary partition of

[0,1]. Then using the properties of the Bochner integral we get

TRl ot
Z/a ||ds—/H )il ds < oo

and therefore A € BV(L(X)). Since the function ||a|| is Lebesgue integrable over

[0,1] we have
140~ 400 < | [ lalas

for t,r € [0, 1] and this yields the continuity of A on [0, 1]. Hence tli% A(t) = A(r) for
r €[0,1) and tlir?, A(t) = A(r) for r € (0,1] and consequently we have AT A(r) =0
for r € [0,1) and A~ A(r) = 0 for r € (0,1] and the function A: [0,1] — L(X)
satisfies the condition (U) given in Theorem 1.1. Similarly the function f: [0,1] — X
is also continuous and belongs trivially to G(X).
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It is a matter of routine to show that
if 2 € G(X) then the integrals fol d[A(s)]z(s) and fol a(s)x(s)ds both exist and

/01 d[A(s)]z(s) = /01 a(s)z(s)ds.

Since g is assumed to belong to G(X), every solution of (3.8) also belongs to G(X)
and therefore the equation (3.8) is equivalent to

o(t) = /d d[A(s)]2(s) + g(t) = g(d) + /d d[A(s)]x(s) + g(t) — g(d).

Hence by Theorem 2.10 in [9] there exists a unique solution z: [0,1] — X,z € G(X)
of (3.8) and by Theorem 3.4 we get after a straightforward calculation

t

a(t) = @)@ (to)g(d) + g(t) — 9(d) — ‘I>(t)/ d[@~(s)](g(s) — 9(d))

d

— gt — 3(t) / A (5)](s)

where the function ®: [0,1] — L(X) is a solution of (1.5) with A given by A(t) =
f; a(s)ds for t € [0,1].
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