121 (1996) MATHEMATICA BOHEMICA No. 4, 425-447

ABSTRACT PERRON-STIELTJES INTEGRAL
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Abstract. Fundamental results concerning Stieltjes integrals for functions with values
in Banach spaces are presented. The background of the theory is the Kurzweil approach
to integration, based on Riemann type integral sums (see e.g. [4]). It is known that the
Kurzweil theory leads to the (non-absolutely convergent) Perron-Stieltjes integral in the
finite dimensional case. In [3] Ch.S. Honig presented a Stieltjes integral for Banach space
valued functions. For Honig’s integral the Dushnik interior integral presents the background.

It should be mentioned that abstract Stieltjes integration was recently used by O. Diek-
mann, M. Gyllenberg and H. R. Thieme in [1] and [2] for describing the behaviour of some
evolutionary systems originating in problems concerning structured population dynamics.
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BILINEAR TRIPLES

Assume that X, Y and Z are Banach spaces and that there is a bilinear mapping
B: X xY — Z. We use the short notation xy = B(x,y) for the value of the bilinear
form B for z € X, y € Y and assume that

lzyllz < [lzl x[lyllv-

By || - ||x the norm in the Banach space X is denoted (and similarly for the other
ones).

Triples of Banach spaces X, Y, Z with these properties are called bilinear triples
and they are denoted by B = (X,Y, Z) or shortly B.

This work was supported by the grant 201/94/1068 of the Grant Agency of the Czech
Republic.
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Examples. If X and Y are Banach spaces, let us denote by L(X,Y) the
Banach space of all bounded linear operators A: X — Y with the uniform operator
topology. Defining B(A4,z) = Az € Y for A € L(X,Y) and z € X, we obtain in a
natural way the bilinear triple B = (L(X,Y), X,Y).

Similarly if X, Y and Z are Banach spaces, then B = (L(X,Y), L(Y, Z), L(X, Z))
forms a bilinear triple with the natural bilinear form given by the composition AB €
L(X,Z) of operators A € L(X,Y) and B € L(Y, Z).

The usual operator norm is used in both examples given above.

If X’ is the dual to the Banach space X then (X, X', C) is a bilinear triple with
B(z,z') =2/(z) for x € X and 2’ € X".

Also (R, X, X) and (X, R, X) are bilinear triples with the bilinear map B(r,z) =
ra and B(x,r) = rz, respectively, where r € R and z € X.

VARIATION OF FUNCTIONS WITH VALUES IN A BANACH SPACE

Assume that [a,b] C R is a bounded interval and that X is a Banach space. Given
x: [a,b] — X, the function z is of bounded variation on [a,b] if

) = sup { 3l —slo Dl ) <o

j=1

where the supremum is taken over all finite partitions

Dia=app<a1 <...<ap_1<ap=2>
of the interval [a, b]. The set of all functions z: [a,b] — X with var®(z) < oo will be
denoted by BV ([a,b]; X) or shortly BV ([a,b]) if it is clear which Banach space X
we have in mind.

Assume now that B = (X,Y, Z) is a bilinear triple of Banach spaces.
For z: [a,b] — X and a partition D of the interval [a, b] define

S

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

k

> lz(ay) = z(a-1)ly;

=1

Vab(:r?D) = sup{

ly;ll €1 and set
(B)var(z) = sup V2 (x, D),
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where the supremum is taken over all finite partitions
Dia=p<ag <...<ap_1<ap=0>

of the interval [a, ].
A function z: [a,b] — X with (B)varb(z) < oo is called a function with bounded
B-variation on [a,b] (sometimes also a function of bounded semi-variation [2], [3]).
For a given bilinear triple B = (X,Y, Z) the set of all functions z: [a,b] — X with
(B) var® (z) < oo will be denoted by (B)BV ([a,b]; X) or shortly by (B)BV (|a,b]) if
it is clear which bilinear triple (X,Y, Z) we have in mind.

1. Proposition. If B=(X,Y, Z) is a bilinear triple then
BV ([a,b); X) C (B)BV ([a, b]; X)

and if ¢ € BV ([a,b]; X), then

(B) v(%r(a:) < v%r(a:)

Proof. For a given function z: [a,b] — X with z € BV ([a,b]; X), a partition
D of [a,b] and arbitrary y; € Y, j =1,...,k with |ly;|| < 1 we have

k k
> (@(ay) — z(a1) Z l#(e;) — @(aj—1)llx lyslly
=1
k

leaC a;) —z(aj-1)]x < Var( )-

Passing to the suprema corresponding to the definition of (B)var®(z) in this in-
equality we immediately obtain the inclusion as well as the inequality claimed in the
statement. O

Remark. It is easy to show that if z: [a,b)] — R and B = (R,R,R) then
€ (B)BV ([a, b)) if and only if z € BV ([a, b]).

Indeed, in this case we have

k
Vi(z,D) = sup{ Z z(oy;) — z(aj-1) } Z|:c a;) — z(og-1)]
j=1
because we can take y; = 1if x(o;) —x(o;—1) = 0and y; = —1if z(a;)—z(aj—1) < 0.
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The same is true also if z: [a,b] — X and B = (X, R, X), where the Banach space
X is finite-dimensional.

This shows that the concept of B-variation of a function z: [a,b] — X is relevant
only for infinite-dimensional Banach spaces X.

REGULATED FUNCTIONS AND STEP FUNCTIONS WITH VALUES IN A BANACH SPACE

Assume that [a,b] C R is a bounded interval and that X is a Banach space. Given
x: [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+)1x =0

and if for every s € (a, b] there is a value z(s—) € X such that
i () — (s x = 0.

The set of all regulated functions z: [a,b] — X will be denoted by G([a,b]; X) or
shortly G([a, b)) if it is clear which Banach space X we have in mind.

Assume now that B = (X,Y, Z) is a bilinear triple of Banach spaces.

A function z: [a,b] — X is called B-regulated on [a,b] if for every y € Y, ||y|ly
< 1 the function zy: [a,b] — Z given by t — x(t)y € Z for t € [a,b] is regulated,
ie. zy € G([a,b], Z) for every y € Y, |lylly < 1.

For a given bilinear triple B = (X,Y, Z) the set of all B-regulated functions x:
[a,b] — X will be denoted by (B)G([a,b]; X) or shortly by (B)G([a,b]) if it is clear
which bilinear triple (X,Y, Z) we have in mind.

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

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

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

2. Proposition. (see e.g. [3 Theorem 3.1, p. 16]) A function z: [a,b] — X is
regulated (z € G([a,b]; X)) if and only if x is the uniform limit of step functions.

3. Proposition. If B = (X,Y, Z) is a bilinear triple and x € G([a,b]; X) then
z € (B)G([a,b]; X), i.e.

G([a,b]; X) € (B)G([a, bl; X).
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Proof. Foranyy €Y with |ly|ly €1 and s,t € [a,b] we have
lz(t)y — z(s)yllz < llz(t) — z(s)llxlylly < llz(t) —x(s)llx
and this implies the statement (e.g. by the Bolzano-Cauchy condition for the exis-

tence of onesided limits of the function x). O

Remark. If the bilinear triple B = (X, R, X), with a Banach space X is given,
then it is easy to check that a function z: [a,b] — X is B-regulated if and only if it
is regulated, the bilinear form B(x,r) is given by the product xr.

STIELTJES INTEGRATION OF VECTOR VALUED FUNCTIONS

A finite system of points
{ao, 71,00, 7o,y oy Q1 They Ok}

such that

a=qp<og <...<ap1<ap=2>b
and

T; € [ogj—1,a;] for j=1,...,k

is called a P-partition of the interval [a, b].

Any positive function 4: [a,b] — (0, 0) is called a gauge on [a,b] .

For a given gauge § on [a, b] a P-partition {ao, 71,01, 72,...,0k_1,Tk, @k} of [a,b]
is called d-fine if

[vj—1,0;] C (15 = d(75), 75 +0(7;)) for j =1,..., k.

4. Cousin’s Lemma. Given an arbitrary gauge 0 on [a,b] there is a d-fine P-

partition of [a, b].
(See e.g. [4].)

5. Definition. Assume that B = (X,Y, 7) is a bilinear triple and that functions
z: [a,b] = X and y: [a,b] — Y are given.
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We say that the Stieltjes integral fab d[z(s)]y(s) exists if there is an element I € Z
such that to every € > 0 there is a gauge 6 on [a, b] such that for

k

S( daj?va) = Z [x(aj) - x(aj—l)}y(Tj)

j=1
we have
|S(dz,y, D) —I||Z <e

provided D is a ¢-fine P-partition of [a, b]. We denote I = fab d[z(s)]y(s). For the case
a = b it is convenient to set f: d[z(s)]y(s) = 0 and if b < a, then f: d[z(s)]y(s) =
= Jy dlz(s)]y(s)-

Similarly we can define the Stieltjes integral fab x(s) d[y(s)] using Stieltjes integral
sums of the form

S(a, dy. D) = 3" () [y(y) ~ v(as-1)].

j=1

Remark. Note that Cousin’s Lemma 4 is essential for this definition. The
Stieltjes integral introduced in this way is determined uniquely and has the following
elementary properties.

6. Proposition. Assume that B = (X,Y, Z) is a bilinear triple and that functions
x: [a,b] — X and y;: [a,b] — Y are such that the Stieltjes integrals f: d[z(s)]yi(s),
1 =1, 2 exist.

Then for every c1,cy € R the integral f: d[z(s)](c1y1(s) + caya(s)) exists and

b b b
/ dz(s)) (19 (5) + capa(s)) = e / da()ya (s) + ez / dla(s)]ya(s).

If functions z;: [a,b] — X and y: [a,b] — Y are such that the Stieltjes integrals
f: d[x;(s)]y(s), i = 1,2 exist then for every c;,co € R the integral f: dlerzy(s) +
cawa(s)|y(s) exists and

/a dlerza(s) + cama(3)]u(s) = ex / e ()]y(s) + 2 / dles(s)]u(s).

Proof. The statements are easy consequences of the equalities holding for the
corresponding integral sums, i.e.

S(dz,ciyr + cay2, D) = c1S(dx, y1, D) + c2S(dz, y2, D)

and
S(d(clxl + C2.’E2),y, D) = CIS( dxl»ya D) + C2S( deg,y, D)

430



7. Proposition. (Bolzano-Cauchy condition) Assume that B = (X,Y,Z) is a
bilinear triple and that functions x: [a,b] — X and y: [a,b] — Y are given.

Then the Stieltjes integral f: d[z(s)]y(s) exists if and only if for every € > 0 there
is a gauge d on [a,b] such that

(BC) ||S(dx7va1)7S(dxava2)HZ<5

provided D1, Dy are d-fine P-partitions of [a, b].

Proof. Clearly, if the integral in question exists, the Bolzano-Cauchy condition
is satisfied.

Assume on the contrary that the Bolzano-Cauchy condition (BC) holds. For a
certain € > 0 define

I(e) = {S(dz,y,D); D an arbitrary é-fine P-partition of [a,b]} C Z

where § = . is the corresponding gauge. By Cousin’s Lemma 4 the set I(¢) is
nonempty. By the condition (BC) we have

diam I(e) < ¢

and also
I(El) C I(EQ)
for e1 < £9. Hence the intersection

(I ={I};Iez

e>0

consists of a single point because the space Z is complete (I(¢) denotes the closure
of I(¢) in Z). Therefore for an arbitrary d-fine P-partition D of [a, b] we get

||S(d:c,y,D) fIH <Le.
O

8. Proposition. Assume that B = (X,Y, Z) is a bilinear triple and that functions
x: [a,b] — X and y: [a,b] — Y are given. If the Stieltjes integral f: d[z(s)]y(s)
exists, then for every interval [c,d] C [a,b] the integral fcd d[z(s)]y(s) exists.

Proof. Given ¢ > 0 assume that ¢ is the gauge on [a, b] such that
||S(dx7va1) - S(dxavaZ)HZ <eg
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provided Dy, D, are é-fine P-partitions of [a,b] (see the Bolzano-Cauchy condition
for the existence of the integral).

Assume that D, D} are arbitrary J-fine P-partitions of [¢,d]. Let D_ be a d-fine
P-partition of [a,c] and Dy a d-fine P-partition of [d,b]. The union of D_, D} and
D, forms a partition D; of [a,b] and similarly D_, D} and D, gives a partition Dy
of [a,b] and both partitions D; and D- are d-fine. It is easy to check that

S(d:r?yaDl) - S(dxavaZ) = S(dxavaT) - S(d:I:?yaD;)
Hence
||S(dx7va>1k) - S(dxava;)HZ <e

and by the Bolzano-Cauchy condition the integral fcd d[z(s)]y(s) exists. O

9. Proposition. Assume that B = (X,Y, Z) is a bilinear triple and that functions
x: [a,b] — X and y: [a,b] — Y are such that for ¢ € [a,b] the Stieltjes integrals
[ dlz(s)]y(s) and fcb d[z(s)]y(s) exist.

Then the integral f: d[z(s)]y(s) exists and

b c b
/ dla(s)]y(s) = / dla(s)]y(s) + / dla(s)]y(s):

Proof. If ¢ = a or ¢ = b then the statement is clear because we have
[ dlz(s)]y(s) = 0 by definition. Assume therefore that ¢ € (a,b).

For every € > 0 there exist gauges 0_ and d4 on [a,c] and [c, b] respectively such
that by the definition we have

HS(dm,y,D_>— [ distos)| <o
a zZ
provided D_ is a §_-fine P-partition of [a, | and
b
stz - [ datolnes)| <
c zZ

provided Dy is a d4-fine P-partition of [c, b].
Let us choose a gauge § on [a, b] such that

0 < 6(s) < min (6_(s),dist(s,c)) for s € [a,c),
0 < 6(s) < min (64 (s), dist(s, c)) for s € (c, b]
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and

0 < 6(c) < min (6_(c),d4(c)).

Let us assume that D = {ag, 71,01, 72, ...,Qk_1, Tk, @ } is a d-fine P-partition of the
interval [a, b]. Tt is easy to check that by the choice of the gauge § there is an index
le{l,...,k} such that 7, = ¢ and that D_ = {ag,71,01,72,...,04-1,71 = @ = ¢}
and Dy = {¢ = o4 = 7,141, Ti41,--+,Q—1,T, = i} are 0_- and d4-fine P-
partitions of [a, ] and [c, b], respectively. Then we have S(dz,y, D) = S(dz,y, D_)+
S(dz,y, Dy) and

Hs<dx,y,D> - [t - [ " Ay

zZ

_ HS(dx,y, D-)+S(dn,y, D) - [ " da(s)ly(s) - / " die(s)lys)

Z

<|stazpp) = [ aistonnes)| + st pi) - [ S delys)| <2

zZ 4

This inequality yields by definition the existence of the integral f: dlz(s)]y(s) as well
as the equality

Remark. In the opposite direction we evidently have:
If ¢ € [a,b] and the integral fab dlz(s)]y(s) exists, then the Stieltjes integrals
[ dlz(s)]y(s) and fcb d[z(s)]y(s) exist and

b c b
/ dla(s)]y(s) = / dla(s)]y(s) + / dla(s)]y(s):
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FURTHER PROPERTIES OF THE STIELTJES INTEGRAL
OF VECTOR VALUED FUNCTIONS

10. Proposition. Assume that B = (X,Y, Z) is a bilinear triple and that func-
tions x: [a,b] — X and y: [a,b] — Y are given. If the Stieltjes integral f: d[z(s)]y(s)
exists and (B) var® (z) < oo then

i

Proof. Assume that e > 0 is given. Since the integral fab d[z(s)]y(s) exists,
there is a gauge d on [a, b] such that we have

b
/ d[z(s)]y(s)

b
< sup [ly(s)ly.(B) var(z).
Z se[a,b] @

k

b
S [e(ay) — a(ag1)]y(r) — / diz(s)y(s)|| <e
=1 ¢ z
provided
D ={aop, 71,1, T2,y Q1 Ty Ok }
is a d-fine P-partition of [a, b]. Hence
b
dle(s)]y(s)
a VA
k k
= Yfate) —afoslytn)| + || Dlele) — o))
k

<t | Slelo)  sloslu(ey)
Further we have

k k

S leay) — 2(az-1)lu( H S laay) — 2oy )ly(ry)
=t y(T=);é0 o
_ . y(75)
—H > fo(es) = sl )| D)l

y(];'j)1¥0 z
i y(15) b

< s s - | > feten) ~eles eS| < s 1o () i)

y(7;)#0
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This yields the inequality

|/ " Ay

and the statement is proved because € > 0 can be arbitrarily small. O

<e+ sup [ly(s)||y-(B)var(x)
z se[a,b] a

11. Uniform convergence theorem. Assume that B = (X,Y, Z) is a bilinear
triple and that functions x: [a,b] — X and y, yn: [a,b] = Y, n=1,2,... are given.
If (B) var® (z) < oo, the Stieltjes integrals f: d[z(s)]yn(s) exist and the sequence y,
converges on [a, b] uniformly to y, i.e.

lim ||yn(s) — y(s)|ly = 0 uniformly on [a,b],

then the integral fab d[z(s)]y(s) exists and

b

/ dz(s)y(s) = lm [ da(s)lyn(s).

n—
[e.9] a

Proof. Let e > 0 be given arbitrarily.
Since the sequence y, converges on [a, b] uniformly to y, there is a positive integer
no such that for any n > ng and s € [a, b] we have

6((B)varb(z) +1)

lyn(s) —y(s)lly <
Hence for any m,n > ng and s € [a, b] we have

[y (8) = ym($)ly < llyn(s) = y(s)lly + ym(s) —y(s)lly
2e €

S 8(B)var () + 1) 3((B)var(z) + 1)’

By Proposition 10 we get

H / dle(olon(s) ~ [ " ()5 - | [ ate(e0m0) = o)

b
d
b (B) var? ()
< 5w llun(s) = ym($)lly (B) var(e) < 2 iy

4

AN

wlm

for m,n > ng. Since Z is a Banach space this inequality implies that the limit

b
lim dlz(s)lyn(s) =1 € Z

—
n—oo [,
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exists. Let ny € N be such that for m > ng we have

Let now m > ny = max(ng,n1) be fixed. Since the integral f: d[z(s)]ym (s) exists,
there is a gauge ¢ on [a, b] such that

<
Z

b
/ dla(s))gm(s) — T

£
3

k

S w(a3) — 2(a5-1)]ym () — / A[(8)]gm(s)

j=1

provided D = {ag, 71,1, T2, ..., Qk—1, Tk, Qk } is a d-fine P-partition of [a, b].
For such a partition we have

IS(de,y, D)~ Iz = g[uan ~ afas-)lu(r) - 1|
< gmaj) sl l00(r) = (5|
¥ é[a(a» ~alos-)lum(r) — [ " A5 lym (9 )
o A5 lym(s) — 1 )
<%+ ;maj)  afasl0u(r) = wm(r3)|
We have further
jé[uaj) ~ afo5-0))(5) ~ (1) |
| Z ol0) o030l ~ (15|

¥(rj ) #ym (7)

k
| X o) - st PG ) - vl

j=1,
y(7j)#ym (75)

4

< N ()l - (B) vhe(a) < B e
< max[ly(7) = ym (75)lly - (B) var(z) < grgyvam o4y < 6 < 5

m
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Therefore we get

k
[S(dz,y, D) —I||z = Z w(aj-1)ly(r;) =1

and this means that the integral f: d[z(s)]y(s) exists and

b

/ diz(s)y(s) =T = lim | dla(s)]ya(s).

n—
o0 a

12. Lemma. Assume that B = (X,Y,Z) is a bilinear triple and that x: [a,b] —
X is B-regulated on [a,b] (z € (B)G([a,b], X)). Let y* € Y be a given fixed element
inY.

For ¢ € [a,b] let us define a function y: [a,b] — Y such that y(c) = y* and y(t) =0
for t € [a,b], t # c. Then the integral fab d[z(s)]y(s) exists and

b
/ d[z(s)]y(s) = lim z(t)y* — z(a)y* ifc=a,

t—a+

t—b—

/ dlz(s)ly(s) = 2(B)y* — lim z(t)y* ifc=b
and

b
/ d[z(s)]y(s) = lim z(t)y* — lim z(t)y* ifce€ (a,b).

t—c+ t—c—

Proof. By the assumption we have x € (B)G([a,b], X) and therefore the

*

onesided limits 75limJr z(t)y* = zj’,tlim x(t)y* = z, of the function ¢ — z(t)y* € Z
exist if ¢ € [a,b) or ¢ € (a,b].
Note that if the assumption z € (B)G(][a, b], X) is replaced by the stronger require-

ment z € G([a,b], X) then the limit tlim+ z(t) = z(c+) € X exists and thm+ z(t)y* =
z(c+)y" and similarly also the limit lim z(t) = z(c—) € X exists and tlim_ z(t)y" =

t—c—
*

x(e—)y”".
We will show the result for the case ¢ € (a,b) only; the proof for the cases ¢ = a
and ¢ = b is similar.
Let € > 0 be given and let A > 0 be such that

lx(@®)y* — 2 ||z <e forte(c—Ac)
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and
lz(t)y* —z2F||lz <e forte (c,c+A).

Define a gauge § such that 0 < d(c) < A and 0 < 6(t) < |t — ¢| for t € [a,b], t # c.

Assume that D = {ag, 71, 21,72, ..., Qk—1, Tk, @k} i a d-fine P-partition of [a, b].
From the properties of the gauge given above it follows that there is an index [ €
{1,...,k} such that 7, = c and

c—A<oq_1<m=c<q<c+A.

For the integral sum S(dz,y, D) we have by the properties of the function y and of
the partition D the equality

S(dz,y, D) = [z(ar) — z(ar—1)|y(n) = [x(cn) — x(cu—1)]y"
and
[S(dz,y, D) — 2F + 27 ||z = lfx(aw) — 2(u)ly" = (zF — 20)lz
< lz(a)y* = 2Fllz + |2(u-1)y" — 27 |7 < 2e.

Hence the integral f: d[z(s)]y(s) exists and

b
/ dlz(s)]y(s) = 2zt — 2, = lim z(t)y* — lim z(t)y*.

t—c+ t—c—

O

13. Lemma. Assume that B = (X,Y,Z) is a bilinear triple and that z: [a,b] —
X is B-regulated on [a,b] (z € (B)G([a,b], X)). Let y* € Y be a given fixed element
inY.

For ¢,d € [a,b], ¢ < d let us define the function y: [a,b] — Y such that y(t) = y*
fort € (¢,d) and y(t) = 0 for t € [a,b]\ (¢,d). Then the integral f: d[z(s)]y(s) exists
and

b
[ din(eluts) = lim a(e)y” — Jim a(t)y"
Proof. Let e >0 be given and let A > 0 be such that
lz(®)y™ — thr,? z(t)y*llz <e forte (d—A,d)

and
lz(®)y* — tlim+x(t)y*||z <e forte (c,c+ A).
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Define a gauge ¢ such that 0 < §(c) < A, 0 < d(d) < A and 0 < §(¢) < min(|¢t — ¢|,
|t —d|) for t € [a,b], t # c,t # d.

Assume that D = {ag, 71, 1,72, ..., Qk—1, Tk, Qk } is a d-fine P-partition of [a, b].
From the properties of the gauge § it follows that there are indices I, m € {1,...,k}
such that , = ¢, 7,, = d and

T=c<o <c+A,
d— A< am_1 <Tm=d.

Since y(t) = 0 for t < c and t > d we have for the integral sum S(dz,y, D)

S(dz,y, D) = Z[w(aj) — (aj-1)]y(75)

3

= 3" falay) — wlay1)y(ry)
j=l+1

= [z(aj) — z(aj—1)]y" = [2(om—-1) — z()]y”
j=i+1

+

3

+

and therefore

[S(da,y, D) = (lim z(t)y” — lim z(t)y")],
= [llz(am—1) = z(a)]y” — (lim z(t)y" — lim =(t)y")],

< lolem-1)y™ = lim x@®)y’||, + [[o(c)y” = lim @ (t)y"|, < 2e.

Hence the integral f: d[z(s)]y(s) exists and

/ dlz(s)ly(s) = lim z()y" — lim (t)y".

t—d— t—c+

O

14. Proposition. Assume that B = (X,Y,Z) is a bilinear triple and that x:
[a,b] — X is B-regulated on [a,b] (z € (B)G(]a,b],X)). Let y: [a,b] — Y be a step
function, i.e. there is a finite partition

a:,@0<ﬂl<...<ﬂk71<ﬂk:b

of the interval [a,b] such that y has a constant value y; €Y on (Bj—1,0B;) for every
ji=1,...,k.
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Then the integral fab d[z(s)]y(s) exists and

/ dz(s)]y(s) = lim a(t)y(a) — z(a)y(a)

t—a+
k—1
£t 2(00(%) i 23] + 20(0) — T 200
k
+ j;[tilmi 2(ty; =, lim  a(t)yj]

Proof. Every step function y: [a,b] — Y is clearly a finite linear combination
of functions of the type given in Lemma 12 and 13.

Hence the existence of the integral f: d[z(s)]y(s) easily follows from the linearity of
the integral and from Lemmas 12 and 13. The value of the integral can be calculated
by the values of integrals given in those lemmas. O

15. Proposition. Assume that B = (X,Y,Z) is a bilinear triple and that x:
[a,b] — X is B-regulated on [a,b] (z € (B)G([a,b], X)) and (B) var’(z) < co. Let y:
[a,b] — Y be a regulated function.

Then the integral fab d[z(s)]y(s) exists.

Proof. Since y: [a,b] — Y is assumed to be a regulated function, it is the
uniform limit of a sequence y, of Y-valued step functions (see Proposition 2). By
Proposition 14 the integrals f; d[z(s)]yn(s) exist and the existence of the integral
f: d[z(s)]y(s) immediately follows from the Uniform Convergence Theorem 11. O

The following statement provides an operative tool in the theory of generalized
Perron integral. Its original version belongs to S. Saks and it was formulated for
generalized integrals using Riemann-like sums by R. Henstock.

16. Lemma (Saks-Henstock). Assume that B = (X,Y, Z) is a bilinear triple and
that functions z: [a,b] — X and y: [a,b] — Y are such that the Stieltjes integral

f: d[z(s)]y(s) exists.
Given € > 0 assume that the gauge § on [a,b] is such that

k b
> n(a) ~ z(asn)ly(m) ~ [ daolus)| <
j=1 @ 4
for every d-fine P-partition D = {ag, 71,1, ...,0k_1,Tk,ar} of [a,b].
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If{(&;,18;5.7]), 5 =1,...,m} is a 6-fine system, i.e.

e/ <LEEMNMELLEL<r < B <n <
and
fje[ﬁﬁ’)/j]c [Ej_é(gj)véj—i_(s(gj)}) .7:1’
then
m Vi
> et - aolntes) - [ dolncs)]
j=1 Bi V4

Ym < b

,m

N
™

Proof. Without any loss of generality it can be assumed that 3; < ; for every

j=1,...,m. Denote v = a and Bp41 = b. If v; < Bj41 for some j =0,1,...,m

then Proposition 8 yields the existence of the integral fﬁj“ d[z(s

)y(s) and therefore

for every n > 0 there exists a gauge d; on [y;,B8i+1] such that 6;(r) < d(r) for

7 € [vj,Bj+1] and for every d;-fine partition D7 of [v;, Bj1+1] we have

) Bi+1
Hsmx,y,m - / dla(9)ly(s)|| < 7y
i zZ
If 7 = Bj41 then we set S(dz,y, D7) = 0.
The expression
> la(y) = 2(B)ly(&) + Y S(dz,y, D)
=1 =1

represents an integral sum which corresponds to a certain d-fine P-partition of [a, b]

and consequently

S lel) — 2(B)ly(€) + Y Sy, D7) — / dafly(s)| <e
Hence
g [l (rs) — (8w Es) — /ﬂ " e
< || o) — Blules) + Y Sy, DY) - / Aa(a)ly(s)|

Bi+1

+ 3" |1S(dey, D7) - / diz(s)]y(s)||, < e+ (m+1)=2r = +7.

Since this inequality holds for every n > 0 we immediately obtain the inequality from

the statement.

O
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17. Theorem. Assume that B = (X,Y, Z) is a bilinear triple and that functions
z: [a,b] — X and y: [a,b] — Y are such that the Stieltjes integral [ d[z(s)]y(s)
exists for every c € [a,b) and let the limit

W lim { [ o)) + ) — ally(v)| = 1€ 2

c—b—

exist. Then the integral fab d[z(s)]y(s) exists and
b
[ delus) = 1.

Proof. Assume that ¢ > 0 is given. By (1) for every ¢ > 0 we can find a
B € [a,b) such that for every ¢ € [B,b) the inequality

<e€
z

@) |

/ " da(s)ly(s) + [2(6) — 2(@)]u(b) — T

is satisfied. Assume that a =cop < c¢; <...<bwith lim ¢, = b. By the assumption
p—o0

the integral

[7 d[z(s)]y(s) exists for every p = 1,2,... and therefore for every p = 1,2,...
there exists a gauge d,: [a, cp] — (0,+00) such that for any d,-fine P-partition D of
la, cp] we have

<—, p=1,2,....
5 20tl

3) Hsmx,y,m - [ datonts)

For any 7 € [a,b) there is exactly one p(7) = 1,2,... for which 7 € [cp(r)—1, Cp(r))-

Given 7 € [a,b) let us choose 0(7) > 0 such that 0(7) < J,(-)(7) and

~

[r —8(7), 7 +8(7)] N [a,b) C [a, cp(ry)-
Assume that ¢ € [a,b) is given and that

D ={ao, 1,01, .., 02, Th—1,0_1}

-~

is a 0-fine P-partition of la,c]. If p(7;) = p then o1, ;] C [7; 73(7']-), T +0(73)] C
[a, cp] and also [aj_1, 0] C [15 — 0p(75), 75 + 6p(75)]. Let

S [[93(%’)—x(aj—l)]y(Tj)—/aj d[a:(s)]y(s)]
pirgy2p it
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be the sum of those terms in the corresponding “total” sum

k—1

> ota) - atas-vlvtrs) - |

j=1 aj—1

]

Aals)()

for which the tags 7; satisfy the relation 7; € [cp—1,¢p). Since (3) holds we obtain
by the Saks-Henstock Lemma, 16 the inequality

"Sf ““%)—ﬂ%;qu)_/

aj

e

el )] | <

and finally o
E[xmj) ~ (s~ [ de@ly(s)
= | [ites) ~stes iy~ [ atetonmis]|
;:1 k—1 o o 00
| X |t - atosauim) - [ d[w(s)]y(s)”]<22pils.
P e o =l

Define now a gauge ¢ on the interval [a, b] as follows. For 7 € [a,b) set

-~

0 < 6(7) < min{b— 7,8(7)},

while
0< (b)) <b—B.
IfD={ag,71,01,...,Q_1,Tk,x} is an arbitrary J-fine P-partition of [a,d] then
by the choice of the gauge § we have 7, = a, = b and ax—; € (B,b). Using (2) we
get
k—1
15(dz,y, D) = I||z = || Y [z(ey) — 2(aj—1)]y(r) + [w(ew) — a(ox—1)]y(rs) — I
j=1 V4
k-1 P
< | Sletan) = atayoltm) - [ disto)lus)
=1 a z
ap—1
| [ delys) + o0 — alar-nly) ~ 1
a zZ
k-1 Qg —1
<ot || Snlay) - slasa)ly(m) - [ ds(o)lyGs)|
i=1 a z
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Since ap_; < b and D = {ag, 71,01, ..., Q—2,Tk—1,k—1} 1S & s-fine partition of
[a, ax_1], the second term on the right hand side of the last inequality can be esimated
by € as above. In this way we finally obtain

|S(dz,y, D) —1I|| < 2¢

and this yields the existence of the integral fab d[z(s)]y(s) as well as the equality

b
[ daoluts) = 1.

O

18. Remark. The “left endpoint” analog of Theorem 17 can be proved in a
completely similar manner:

Assume that B = (X,Y, Z) is a bilinear triple and that functions z: [a,b] — X
and y: [a,b] — Y are such that the Stieltjes integral [ d[z(s)]y(s) ezists for every
c € (a,b] and let the limit

lim [ [ dleouts) + [5(6) - alalyta)| =1 2

c—a+t+

exist. Then the integral f: dlz(s)]y(s) exists and

/ da(s)]y(s) = I.

19. Theorem. Assume that B = (X,Y, Z) is a bilinear triple and that functions
z: [a,b] - X and y: [a,b] — Y are such that the Stieltjes integral f: d[z(s)]y(s)
exists and c € [a,b]. Then

tiy | [ aleoly(s) + ole) ~ ol = [ dletelluts)

re[a,b]

Proof. Lete > 0 be given and let § be a gauge on [a,b] which corresponds to
¢ by the definition of the integral f(f d[z(s)]y(s), i.e. the inequality

<e€

[stam)- " dle()lys)
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holds for every d-fine P-partition D of [a,b]. If r € [c—(c), ¢+ (c)| N ][a, b] then the
Saks-Henstock lemma 16 yields

o)~ 2(@lyte) - [ dlalo)ly(s)| <=,
that is
| [ detolute) + o)~ atolte) = [ dlatelate
= [ de@lnts) - fetr) - stolyto)| <.
and this yields the relation given in the statement. O

20. Remark. Theorem 19 shows that the function given by

relab]— / " dlw(s)y(s) € Z,

i.e. the indefinite Stieltjes integral is not continuous in general. The indefinite integral
is continuous at a point ¢ € [a,b] if and only if lim[z(c) — z(r)]y(c) = 0.

21. Corollary. Assume that B = (X,Y,Z) is a bilinear triple and that functions
x: [a,b] — X and y: [a,b] — Y are such that the Stieltjes integral f: d[z(s)]y(s)
exists and ¢ € [a,b]. If x € (B)G([a,b], X), then

T

tim, [ de(ly(s) =t o) — a(ly(@) + [ dlas)uls)

r—c’ Ja r—»ci’

=t 2()y(e) ~ 2@yl + [ dlals)ly(s).

r—c’

Proof. Since z € (B)G([a,b], X) is assumed, the limits lim z(r)u exist for

’I‘Hct

every u € Y and therefore also the limits lim z(r)y(c) exist. The equality given in

r—c’

the statement is now a consequence of the equality given in Theorem 19. O

22. Proposition. Assume that X,Y are Banach spaces and consider the bi-
linear triple B = (L(X,Y),X,Y). If A: [a,b] — L(X,Y) is B-regulated (A €
(B)G([a,b], L(X,Y))) then for every c¢ € [a,b) there exists A(c+) € L(X,Y) such
that tl_i)rg_ A(t)x = A(c+)z for every x € X and for every ¢ € (a,b] there exists
A(c—) € L(X,Y) such that tlirél, A(t)x = A(c—)x for every x € X.
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Proof. If AisB-regulated then for every z € X the limit tlim+ At)z = yeyr(z) €

Y exists and by A(c+)z = yc+(z) a linear operator from X to Y is defined. By the
Banach-Steinhaus theorem (see e.g. [5]) the operator A(c+) is bounded, i.e. A(c+) €
L(X,Y). A similar argument holds for A(c—), too. O

23. Remark. In the special case considered in Proposition 22 the formulae
given in Lemma 12, 13 and Proposition 14 can be written in a more explicit form.

For example Proposition 14 assumes the following form.

Assume that X and Y are Banach spaces and consider the bilinear triple B =
(L(X,Y),X,Y).

If : [a,b] — L(X,Y) is B-regulated on [a,b] (z € (B)G([a,b],L(X,Y))) and y:
[a,b] — X is a step function, i.e. there is a finite partition

a=0 <1 <...<Br-1<Br=0b

of the interval [a, b] such that y has a constant value y; € X on (Bj-1,3;) for every
j=1,...,k, then the integral f: d[z(s)]y(s) exists and

/ dz(s)ly(s) = 2(a+)y(a) - 2(a)y(a)

+ i[w(ﬁﬁ)y(ﬁj) —z(8;—)y(B;)] + 2(b)y(b) — z(b—)y(b)
+ Z[Jf(ﬂj*)y;f — 2(Bj-1+)yj]

where for z(c+) € L(X,Y),c € [a,b), z(c—) € L(X,Y),c € (a,b] is given by

lim z(r)y = z(ct)y, lim z(r)y = z(c-)y,

r—c+ r—c—

respectively.

24. Corollary. Assume that X,Y are Banach spaces and consider the bilinear
triple B = (L(X,Y),X,Y). Suppose that functions z: [a,b] — L(X,Y) and y:
[a,b] — X are such that the Stieltjes integral fab d[z(s)]y(s) exists and let ¢ € [a, b)].
If x € (B)G([a,b], L(X,Y)) then

T

i, [ de(ly(s) = lole) —a((@) + [ daloluts)

r—c’ Ja
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where z(ct) € L(X,Y) is given by the relation

lirn+ z(r)y = z(ct)y.

rT—C

25. Remark. In the situation of Corollary 24, i.e. if z € (B)G([a,b], L(X,Y))
and y: [a,b] — X is such a function that the Stieltjes integral f: dlz(s)]y(s) exists,
the indefinite integral given by

Flr) = / " dle(s)y(s) forr € [a,b]

is a function F': [a,b] — Y which is regulated, i.e. F' € G([a,b],Y).
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