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Abstract
Full Text
MATHEMATICS
ROMULUS CRISTESCU

THE STIELTJES INTEGRAL IN 𝐾-SPACES
(Presented by Academician V. I. Smirnov on 31 III 1960)

In a previous paper (1) I established the general form of an additive bounded
operator in the space of continuous functions with values in a semi-ordered
normed space. In the present communication I establish an analogous theorem
for the case of functions whose values belong to a semi-ordered space in which
the existence of a real norm is not postulated. Whereas in the paper mentioned
continuity was understood with respect to the norm, below we shall consider
functions continuous with respect to order.

1. Stieltjes integrals. Let 𝑋 be a 𝐾-space∗ and let 𝑇 = [𝑎, 𝑏] be a segment
of the real axis. We shall consider functions defined on 𝑇 whose values belong
to 𝑋. If such a function is bounded, then we denote

𝑣(𝛿) = sup
|𝑡1−𝑡2|<𝛿

|𝑓(𝑡1) − 𝑓(𝑡2)|.

The function 𝑓 is uniformly continuous (see also (3,4)) if

(𝑜)- lim
𝛿→0

𝑣(𝛿) = 0.

A function 𝑔, defined on 𝑇 with values in a 𝐾-space 𝑍, is of bounded variation
on 𝑇 if the set of all elements of the form ∑𝑖 |𝑔(𝑡𝑖+1) − 𝑔(𝑡𝑖)|, corresponding to
all partitions of the segment 𝑇 , is bounded. We denote by

var𝑡∈𝑇 𝑔(𝑡)

or by 𝑊𝑔 the least upper bound of this set.

Let 𝑌 also be a 𝐾-space and let (𝑋, 𝑌 )𝑟
𝑜 be the space of regular and (𝑜)-

continuous operators defined on 𝑋 and with values in 𝑌 . In what follows we
suppose that 𝑍 = (𝑋, 𝑌 )𝑟

𝑜.

Now let 𝑓 be a uniformly (𝑜)-continuous function on 𝑇 with values in 𝑋, and let
𝑔 be a function of bounded variation on 𝑇 with values in 𝑍. For any partition
Δ of the segment 𝑇 ,
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𝑎 = 𝑡0 < 𝑡1 < ⋯ < 𝑡𝜆−1 < 𝑡𝜆 = 𝑏,

we form the “Stieltjes–Riemann sum”

𝑠 =
𝜆−1
∑
𝑖=0

[𝑔(𝑡𝑖+1) − 𝑔(𝑡𝑖)](𝑓(𝜃𝑖)), (1)

where the “intermediate points”𝜃𝑖 ∈ [𝑡𝑖, 𝑡𝑖+1] are arbitrary.

We denote by 𝛿 the number equal to the greatest of the lengths of the partial
segments in the partition Δ.

Let {Δ𝜈} be a sequence of partitions of the segment 𝑇 such that 𝛿𝜈 → 0. For
each 𝜈 denote by 𝑠𝜈 the sum of the form (1) constructed for the partition Δ𝜈.
If for all 𝜈 the partition Δ𝜈+1 is a refinement

∗ With some exceptions we shall use the notation of (2).
of the partition Δ𝜈, one may verify that

∣𝑠𝜈 − 𝑠𝜈+𝜇∣ ≤ 𝑊𝑔(𝑣(𝛿𝜈)) (𝜈, 𝜇 = 1, 2, …). (2)

Since 𝑊𝑔 ∈ (𝑋, 𝑌 )𝑟
𝑜, and 𝑣(𝛿𝜈) → 0, it follows from (2) that there exists 𝑠 =

(𝑜)- lim
𝜈

𝑠𝜈.

Then, as in the case of real functions, one may verify that for any sequence of
partitions {Δ′

𝜈} such that 𝛿′
𝜈 → 0, and for any intermediate points used in the

sums 𝑠′
𝜈, there exists (𝑜)- lim

𝜈
𝑠′

𝜈, and it is equal to 𝑠. We call the element 𝑠 the
integral of the function 𝑓 with respect to the function 𝑔 and denote it
by ∫

𝑇
𝑑𝑔(𝑡) 𝑓(𝑡).

It is easy to verify the usual properties:

∫
𝑇

𝑑𝑔(𝑡) [𝑓1(𝑡) + 𝑓2(𝑡)] = ∫
𝑇

𝑑𝑔(𝑡) (𝑓1(𝑡)) + ∫
𝑇

𝑑𝑔(𝑡) (𝑓2(𝑡)), (3)

∫
𝑇

𝑑𝑔(𝑡) [𝜆𝑓(𝑡)] = 𝜆 ∫
𝑇

𝑑𝑔(𝑡) 𝑓(𝑡), (4)

and also the relation

∣∫
𝑇

𝑑𝑔(𝑡) (𝑓(𝑡))∣ ≤ 𝑊𝑔 (sup
𝑡∈𝑇

|𝑓(𝑡)|) . (5)

sovietrxiv.org/items/ru-196001.11462 Machine Translation

https://sovietrxiv.org/items/ru-196001.11462


2. Additive bounded operators. Denote by 𝑀(𝑇 , 𝑋) the set of all bounded
functions defined on the segment 𝑇 , whose values belong to 𝑋. In this set
we define, as usual, addition of elements and multiplication by numbers, and
introduce the norm

|𝑓| = sup
𝑡∈𝑇

|𝑓(𝑡)|

with values in 𝑋. It is not difficult to verify that 𝑀(𝑇 , 𝑋) is a 𝐵𝐾-space (2).
The subspace 𝐶(𝑇 , 𝑋) of all uniformly continuous functions is also a 𝐵𝐾-space.

If 𝑓1, 𝑓2 ∈ 𝑀(𝑇 , 𝑋), then we put 𝑓1 ≤ 𝑓2 if 𝑓1(𝑡) ≤ 𝑓2(𝑡) for all 𝑡 ∈ 𝑇 . Then
𝑀(𝑇 , 𝑋) and 𝐶(𝑇 , 𝑋) are 𝐾-linear (2), and the modulus of an element 𝑓 ∈
𝐶(𝑇 , 𝑋) coincides with the modulus of the same element computed in 𝑀(𝑇 , 𝑋).
It is clear that

|𝑓1| ≤ |𝑓2| ⇒ |𝑓1| ≤ |𝑓2|.

If 𝒱 is a space of type (𝐵𝐾), normed by means of 𝑋, and 𝑈 is an additive
operator mapping 𝒱 into a 𝐾-space 𝑌 , then we say that 𝑈 is a bounded
operator if there exists a positive operator 𝑉 ∈ (𝑋, 𝑌 )𝑟

𝑜 such that

|𝑈(𝑓)| ≤ 𝑉 |𝑓| (6)

for all 𝑓 ∈ 𝒱.

In this case there exists a least operator 𝑉—the norm* of the operator 𝑈 , denoted
by |𝑈|.
If 𝒱 = 𝐶(𝑇 , 𝑋), then one may verify that** an additive operator 𝑈 is bounded if
and only if 𝑈 is regular, and |𝑈| is (𝑜𝑜)-continuous on 𝑋. In this case |𝑈| = |𝑈|
on 𝑋.

* See (2), Ch. XII, 1.34. From 0 ≤ |𝑈| ≤ 𝑉 and 𝑉 ∈ (𝑋, 𝑌 )𝑟
𝑜 it follows that

|𝑈| ∈ (𝑋, 𝑌 )𝑟
𝑜.

** We identify the set of constant functions in 𝐶(𝑇 , 𝑋) with the set 𝑋.

For each 𝑓 ∈ 𝐶(𝑇 , 𝑋) denote

𝐼(𝑓) = ∫
𝑇

𝑑𝑔(𝑡) (𝑓(𝑡)),

where 𝑔 is some function of bounded variation on 𝑇 with values in (𝑋, 𝑌 )𝑟
𝑜.

From (3), (5) it follows that the operator 𝐼 is additive and bounded, and
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|𝐼| ≤ var
𝑡∈𝑇

𝑔(𝑡). (7)

Let us now consider an arbitrary additive and bounded operator 𝑈 on 𝐶(𝑇 , 𝑋)
with values in 𝑌 . We have

|𝑈(𝑓)| ≤ |𝑈|(|𝑓|),

where |𝑈| ∈ (𝑋, 𝑌 )𝑟
𝑜. The operator 𝑈 can be extended to 𝑀(𝑇 , 𝑋) with preser-

vation of additivity and norm (see (2), Ch. IX, 1.11). We shall denote the
extended operator by the same letter.

For each 𝑡 ∈ 𝑇 denote by 𝑔(𝑡) the operator from 𝑋 into 𝑌 defined by the equality

𝑔(𝑡)(𝑥) = 𝑈(𝛾𝑡𝑥),

where, for 𝑡 ≠ 𝑎, 𝛾𝑡 is the characteristic function of the segment [𝑎, 𝑡], and
𝛾𝑎 = 0; 𝛾𝑡𝑥 is the function (𝛾𝑡𝑥)(𝜏) = 𝛾𝑡(𝜏)(𝑥). It is easy to see that for every
𝑡 ∈ 𝑇 the operator 𝑔(𝑡) is regular and (𝑜𝑜)-continuous.
Since for all 𝑥 ≥ 0 (𝑥 ∈ 𝑋) and for any partition Δ of the segment 𝑇

{∑
𝑖

|𝑔(𝑡𝑖+1) − 𝑔(𝑡𝑖)|} (𝑥) ≤ |𝑈|(𝑥),

it follows that 𝑔, as a function on 𝑇 with values in (𝑋, 𝑌 )𝑟
𝑜, is of bounded

variation and

var
𝑡∈𝑇

𝑔(𝑡) ≤ |𝑈|. (8)

Let now 𝑓 ∈ 𝐶(𝑇 , 𝑋), and let Δ be an arbitrary partition of the interval 𝑇 . In
the notation of Section 1 we have

sup
𝑡′,𝑡″∈[𝑡𝑖,𝑡𝑖+1]

|𝑓(𝑡′) − 𝑓(𝑡″)| ≤ 𝑣(𝛿).

Put

ℎ(𝑡) = {𝑓(𝑡0), for 𝑎 ≤ 𝑡 ≤ 𝑡1,
𝑓(𝑡𝑖), for 𝑡𝑖 < 𝑡 ≤ 𝑡𝑖+1 (𝑖 ≥ 1).

It is clear that ℎ ∈ 𝑀(𝑇 , 𝑋) and
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|𝑓 − ℎ| ≤ 𝑣(𝛿),

whence it follows that

|𝑈(𝑓) − 𝑈(ℎ)| ≤ |𝑈|(𝑣(𝛿)).

On the other hand,

ℎ = ∑
𝑖

(𝛾𝑡𝑖+1
− 𝛾𝑡𝑖

)𝑓(𝑡𝑖),

and, consequently,

𝑈(ℎ) = ∑
𝑖

[𝑔(𝑡𝑖+1) − 𝑔(𝑡𝑖)](𝑓(𝑡𝑖)).

Hence we conclude that

𝑈(𝑓) = ∫
𝑇

𝑑𝑔(𝑡) (𝑓(𝑡)). (9)

From (7) and (8) it also follows that

|𝑈| = var
𝑡∈𝑇

𝑔(𝑡). (10)

We have obtained the following result:

Theorem. The general form of an additive bounded operator transforming
𝐶(𝑇 ; 𝑋) into 𝑌 is given by formula (9), where 𝑔 is a function of bounded
variation with values in (𝑋, 𝑌 )𝑟

𝑜. In this case the function 𝑔 can be chosen so
that the equality (10) is satisfied.

Remarks. 1∘. If 𝑋 is a regular 𝐾-space, and 𝑈 is a regular operator on
𝐶(𝑇 , 𝑋), then 𝑈 is bounded. This assertion is obvious.

2∘. Let 𝑌 = 𝑋, and let 𝑋 be a 𝐾+-space with unit (2). For 𝑥 ∈ 𝑋 and
𝑓 ∈ 𝐶(𝑇 , 𝑋), denote by 𝑥 ⋅ 𝑓 the function (𝑥 ⋅ 𝑓)(𝑡) = 𝑥 ⋅ 𝑓(𝑡), if for every 𝑡 ∈ 𝑇
the Boolean product 𝑥 ⋅ 𝑓(𝑡) exists and sup𝑡∈𝑇 |𝑥 ⋅ 𝑓(𝑡)| < ∞.

Let 𝑈 be an additive operator from 𝐶(𝑇 , 𝑋) into 𝑋 such that, if 𝑥 ⋅ 𝑓 exists,
then

𝑈(𝑥 ⋅ 𝑓) = 𝑥 ⋅ 𝑈(𝑓) (𝑥 ∈ 𝑋; 𝑓 ∈ 𝐶(𝑇 , 𝑋));
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we also assume that 𝑈(𝑓𝜈) 𝑜−→ 0 if |𝑓𝜈| 𝑜−→ 0. In this case 𝑈 is bounded (see (4),
theorem 2), and we obtain Vulik’s result (see (4), theorem 3).

3∘. In the case when 𝑋 is the real axis, and 𝑌 is a 𝐾+-space of countable type,
we obtain Kantorovich’s theorem (see (2), Ch. VIII, 4.11).

State University named after K. I. Parhon
Bucharest, Romania
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