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ONE EXTENSION OF THE SPACE OF DISTRIBUTIONS
V. DERR * :

Abstract. In what follows, we introduce an extension of the classical space of
. distributions which allows us to define the correct operations of multiplication of distribu-
tions by discontinuous functions and differentiation of distributions, as well as to pose
correctly the Cauchy problem for the ordinary linear differential equation with distribu-
tions in coefficients, which was the subject of research of many authors. We define this
extension using a modification of the Perron-Stieltjes integral, whose properties are also
studied in the present paper.

Key Words. Regulated functions, distributions, multiplication of distributions, al-
pha-integral, principal solution.

AMS(MOS) subject classification. 46F10

1. Introduction. The subject of the ordinary differential equations
with distributions continues to attract the interest of many authors, e.g., see
[1-5]. Many authors (see [6-11]) consider the Cauchy problem for the linear
systems with distributions of the form

1) =MHz+ ) (tel), z(to)=2z0 (to€l,z0eRY,

where I is an open interval in R (in particular, I = R), M(-) (z(-), f(-)) are
matrix-valued and vector-valued functions on I, respectively, where ’ denotes
the differentiation in the sense of distribution theory.

If M(-) is locally absolutely-continuous on I (that is, M’() is locally
summable on 7}, then the right-hand side of system in (1) is an ordinary
function which satisfies Caratheodory conditions. In other cases M’ is a
distribution. Then it is natural to assume that the solution of the problem

* Faculty of Mathematics, Udmurtia State University, Universiteskaya Str., 1 (Bld. 4),
- Izhevsk, 426034, Russia.
159



160 V. DERR

(1) is a discontinuous function, so the product M’z is undefined, since it is
impossible to define correctly the operation of mulitiplication by discontinuous
functions in the classical theory of distributions. For this reason we need not
only to define what is called the solution of the Cauchy problem (1), but also
to specify in what sense understand the notation (1). Clearly, every definition
of solution produces implicitly the definition of the product of a distribution
M’ and a discontinuous function (in the general case this definition is specific
for every M"). The ambiguity in definition of the product of distribution by
discontinuous function leads to various definitions of solution of the problem
(1), so the same Cauchy problem may have different solutions.

In [12] we have introduced the space of distributions with discontinuous
test functions, whose elements admit continuous multiplication by regulated
functions (that is, the functions which may have discontinuities only of the
first kind). In [12] this space was used to provide existence of the Nash
equilibrium in some zero-sum games with discontinuous payoff functions,
which do not have equilibrium in any classical sense.

The extension of the classical space of distributions, which we introduce
in the present paper, is analogous to the one defined in[12] but it is oriented
for applications to study of the ordinary linear differential equations of the
form (1) such that the elements of M and f are the regulated functions. The
proposed extension is based on one modification of Perron-Stieltjes integral
introduced in [12] (we call it alpha-integral), so certain part of the present
paper is devoted to the study of this construction.

2. Functions Spaces. Let I = (a,b) be a fixed open interval (in
particular, a = —oo and (or) b = co0). In what follows, a bounded function
f I — R possessing one-sided limits f(t—), f(t+) (¢t € I) is called regulated
'13]; the set of regulated functions is denoted by R. As is well-known (e.g.,
see {14, p.17], [15]), any regulated function may possess at most countable
set of points of discontinuity. We denote the set of points of discontinuity of
feR by T(f). 3

We call two functions in R equivalent if they differ only by their values
at the points of discontinuity; further, if f(¢t+) = f(t—), then we put f to
be continuous at t. We denote the set of equivalence classes in R by R.
Clearly, R is an algebra with respect to the ordinary pointwise operations of
addition, multiplication on the elements of R and multiplication. We endow
algebra R with the norm

(2) If1l = Stg)max{lf(t*)h f ()13

so that R becomes a Banach algebra.
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So, we ignore the value of f(-) € R at a given point; f may possess a
value at the point if and only if f is continuous at this point. We use notation
f(t) in the following two cases: a) to underline the independent variable (e.g.,
under the sign of integral) b) ¢ is a point of continuity of f. If necessary, we
use the operator

(3) () :R= R, (C)() = alH)F () + (1 - a(t) £(1-),

where o € R is a continuous function. In what follows, we call the elements
of R (equivalence classes!) analogously as functions (let us note that in [15]
algebra R is denoted by DC', while in {12] and some other papers it is denoted
by G).

Given f € R and a partition of I generated by 7 = {t;x}7_;, a < tp <
t <...< t, < b, we define

v (f) = Zlf (=) = flteeat)].

We call the total variation of f the value

b

(4) V() = sup v,(f).

-
a

The set of functions f of finite total variation is denoted by BV. By
definition, BV C R, however it is more convenient to use in BV the classical
norm: if f € BV, then we define

(5) £l = If(a+)] + \/

Then BV is a Banach algebra with respect to this norm. The set of functions
having finite total variation on each closed subinterval [a’, '] C I is denoted
by BV{. We say that ©,, — z in BV/ (z,, z € BV{, n € N) if for every
closed subinterval [/, ] C I we have ||z, — z|lpv(wy) — 0 as n — oo.

Let us denote by C C R the algebra of continuous functions with the
ordinary sup-norm, which in this case coincides with (2). Also, we put
CBV :=CnBV. If f € CBV, then we define

(6) 11l = sup |£(2) +\/(f).
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The restriction of the norm (5) to CBV is equivalent to the norm (6).
Further, we denote by H the set of elements f € BV taking at most countable
set of values and such that f(a+) = 0, with the norm

(7) I1="3" ouh) (= \b/(f)),

teT(f)

where o,(f) = f(t+) — f(t—).

The algebras CBV and H are Banach with respect to their norms.

As is well-known (e.g., see [17]), every function f € BV admits repre-
sentation

(8) f=fe+fa

where f. € CBYV is the continuous part of f, and f; € H is the discrete part
of f (due to condition f(a+) = 0 this representation is unique). Thus, BV
can be represented as the direct sum: BV = CBV + H, so that (see [15])

\/(f) \/ \/(fd)

Also, let us define HC := H-+ C.

3. Riemann-Stieltjes integral for the elements of the algebra R.

1. In this section we introduce a modification of the definition of
the Riemann-Stiltjes intergral (RS-integral) which allows us to integrate the
elements of the algebra R over an open subinterval of /.

Let —>xx <a<b<+00,9,f:]—Rand 7= {t}}_, besuch that

(9) a<ty<t; < - <t,<b, TCI\(T(f)UT(g)).
Denote by d(7) the so-called diameter of 7,

d(t) = ogrl?gffﬂ(tk —tgmy) (toy=a, tha=0).

We define the Stieltjes sums by the formula

S-(g,f) = Zg &) (f(tk) — Flti-1)),
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where & € [tp_1,t] \ T(g) (k= 1,2,...,n). By definition, J is the value of
RS-integral of g by f over the open interval (a,b) if for every ¢ > 0 there
exists § > 0 such that, for any 7 of the form (9) with d(7) < ¢, the inequality
|6,(g, f) = J| < € holds. We denote

7= [y~ [ od

(a,b) (a,b)

and use the notation
J= lim &.(g,f)-

a(r)—0

2.  Below we list some properties of this integral:

1) The integrals [, g(t)df(t) and [, f(t)dg(t) either exist both, or

do not exist together; the proof of this statement is analogous to the proof
in [17, p.250]; furthermore (see [18, p.172]);

(10) / sty dfy+ [ F)det) = fe@)
(a,b) (a.b)

2) Let f be an increasing function. Then the integral f(a,b) g df exists if
and only if 4¢(T(g)) = 0, where py(B) is the Lebesgue-Stieltjes measure of
the set B generated by function g (see [20]).

3)IfgeR, f € CBV (or g € CBV, f € R), then the integral f(a,b) gdf
exists; the proof of this result is based on statement 2), see [15].

4)If g € R, f € CBV, then

(1) | /( RCECIE /( o012V < ol V7

5)Let ge R, f € CBV; let F(t) = f(at (s)df(s); then F € CBV;
6) The integral is additive in the following sense. Suppose that T'(g) N
T(f) = 0. Then the existence of the integral f(a,b) gdf implies that the

integrals f(a}c) gdf and |, (o) 9 0f exist, where (c € (a,b)), and

/ gdf = gdf+/ 9df + g(oelf)-
(a,b) {a,c) (e.b)

If a = ~cc and (or) b = +oo, then we put

[ sarey= im [ gtarc

f—too {,8)

In this case the properties 1)-6) remain valid.
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THEOREM 1. Suppose that g.g, € R (n € N), f € CBV. Then:
1) If g. — g in R, that is, |lg, — gllr — 0, then

(12) lim gndf = gdf.
0 ah) (a,b)
2) If gn(t+) — g(t+) (n — o0, t € [a,b)), gnlt—) — g(t—) (n — 00,1 €
(a,b]) and ||gullr < K for certain K, then we also have (12).
Proof. We may use the estimation (11) in order to get statement 1). The
proof of statement 2) is similar to the proof of analogous statement for the
ordinary Riemann-Stieltjes integral (e.g., see [19, ¢.119]). 0

THEOREM 2. If one of f, g, h is in R, while two others are in CBV, then

= d h .
1) [rodnio = [pogao - [rofede
The proofs of Theorems 2-6 are provided in Section 6.

4. Alpha-integral of Stieltjes type.
1. LetgeR, f€BV. We define

(14) (a) / o(t) df (1) = / s )+ 3 Cotads),

t€T(f)

where a € C is a fixed function (see (3)). The first summand in (14)
is the aforementioned modification of the Riemann-Stieltjes integral. The
convergence of the series in the second summand follows from boundedness
of ¢ and the finiteness of the total variation of f.

It follows immediately from the definition that the integral (14) exists
even in the case when g € BV, f & HC.

For an open interval (a/,b’) C I the alpha-integral is defined as follows:

@f o= [ snaws S Cowe)

(a,’b tET(a/’b/)(f)

Clearly, the continuous part of f on (o/,%") differs from the continuous part
of f on I by a constant. Since this does not affect the value of the integral,
we still use the notation df.(¢) under the sign of the integral for any open
subinterval of I. Let us note also that for f € BV, g(t) = x(v)(t), where
xa(+) is the characteristic function of A C I, we have

(15) (@) /( ICLCE FH=) — fld+).
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2.  As it follows immediately from the definition (14), alpha-integral
possesses the following properties.
a) If g € R, f € BV, then we have

(16) (@) [ a5 )] < Algln /(1)

where A depends only on « (see [16]).
b) Alpha-integral is additive in the following sense: let ¢’ € I; then

@ [adi=e)| gt gdf+ o)
(a,c’) (c',b)
Indeed, due to property 6) in Section 2 and definition (14) we have

@[o0d@= [ s0a0+ [ awain+aei

(¢,b)
Yo oo+ D Co)alf) + (o) (o f):
t€T g oy (F) teT (ot 1y (£)

since oy (f.) = 0; this gives us the required result.
c) Suppose that o’ > a; let us denote

P.(d,t) = () ( )9(8) df(s), Palt) = Qala,i).
a’t
Then for every tg > d',tg € I we have the following equalities

tgg1+@a(t0; t) =0, tggl_q)a (a/’ t) = @a(a’, t0)7

Jim @a(a',) = @a(d', 1) + (*9) (o) (£),
that is,
(17) oi(®a) = (*9)(t)oe(f)-
d)If g€ R, f € BV, then it is easy to see that &, € BV,
b

V(@) <1+ 4)gl= V()

a

and (see the representation (8))

Boolt) = flat) + / 95 df(s) Baalt) = S s,

et} $€T(ae) (f)

while @, is continuous at the points of continuity of f.
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3. Below we formulate the main results on the properties of alpha-
integral.

THEOREM 3. (see [21, c.48]). Suppose that either g or f is in BV, while
the other function is in HC. Then

(18) () / alt) dft) + (1= a) [ S0y dalt) = FO)g(e)

Let us note that the formula (18) has certain advantages in compari-
son with the analogous formula for Perron-Stieltjes integral given in [21,
p.48]. Namely, in contrast to [21, p.48] in (18) there are no the additional
summands, the sums of products of jumps of the functions at their points of
discontinuity. Also, we do not require that both functions have finite total
variation. ‘

We use formula (18) to define the value of the alpha-integral in the case'
when g € BV, f € R. Namely, let g € BV, f € R. We define

(19) () / o(t)df = g7 (BT — (1 - a) / £(t) do(@).

Thus, alpha-integral is defined and exists when one of integrated functions
is in R and the other is in BV. In both cases we have formula (18).

THEOREM 4. Suppose that o, 3 € C, f,g € BV, h(-,s), h(t,-) R (f, g €
R, h(-,8), h(t,") € BV) (tel,s € (cd)), and there exists M > 0 such that
|h(:, s)lr < M (s €(c,d)). Then

() / ®) [ nit.9)dals) | dre) = (5) / () / Bt s)df(2) | dg(s)

(a,b) {e,d) (c,d) {a,b)

THEOREM 5. (see/21, ¢.40]). Let « € C, h,g € R, f € BV (h,g €
BV, f €R). Then

(20) (o) / h(t) d((c) / o(s) df (s)) =

(a,t)
- (@) / BB d(t) — o1 —a) T auholg)or(f).
teT(f)

THEOREM 6. If g, = g m R, fu — f in BV (org, —» g in BV, fo — f
inR), an — a in C, then

tim (o) [ andfa = (a) [ 93
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5. Distributions.

1.  Let us denote by D the topological vector space of finite continuous
functions endowed with the standard topology (e.g., see [22]). By definition,
the elements of the “classical” space of distributions are the continuous linear
functionals defined on D. We denote this space by D'.

Let us remark that we do not require the differentiability of our test
functions (i.e., the elements of D) since in what follows we consider the
systems of differential equations of the first order only. The operation of
differentiation in D’ is defined only on the regular distributions in D’ which
are generated by the elements of BV/.

Let X denote either R or BV/, while the notation Y stands for the other
space. Let X be the topological vector space of finite elements in X (i.e.,
the test functions) endowed with the following definition of convergence: we
say that {¢n %2, C X converges to ¢ € X if there exists a closed interval
[, B] C I such that suppy, Clo, 8] (n=1,2,...) and @, — ¢ in X.

Further, let us consider the linear continuous functionals on A" (distribu-
tions); we denote the set of such functionals by X’, the value of f € X’ on
the test function ¢ € X is denoted by (f, ©).

ExXAMPLE 1 (REGULAR DISTRIBUTIONS). Suppose that f is a locally sum-
mable on I function, p € X; then f - ¢ is summable on I, so we may define

(21) (frg) = / F(t)e(t) dt

The functional (21) is an extension of the regular functional from D to X.
Since the elements of the space X are locally summable, each one of

them determines according to (21) a regular linear continuous functional on
X,soX C X'

EXAMPLE 2. Suppose that f € Y; given ¢ € X, we define

(22) (0,9) = (o) / () dF (1),

where a € C is fized. The linearity of the functional g is obvious; if 0, — @
in X, then according to Theorem 6 we have the convergence (g, n) — {g,¢),
so g 18 a continuous functional, g € X’.

The functional (22) is also an extension of certain linear functional from
D to X: if £ € D. then as it follows from the definition of alpha-integral we
have for anv a £ C

@ [ a0 = [aoa0,

JI
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As follows from (22), the extension g € A’ depends on « € C.
EXAMPLE 3. Given ¢ € X, s € I, we put (f,¢) = p(s+); clearly, f s
a linear continuous X, f € X'; let us call this distribution the right delta-
function concentrated at s € I; thus,

(23) (63, ¢0) = w(s+) (65 =4d7);
the left delta-function is defined analogously

(24) 65 0)=w(s—) (65 =07).

Generally, given @ € R and ¢ € X, we define

(@) (@2¢) = (o)) (=ap(st) + (1-a)p(s-) (65=0).

Then §} = ¢!, 67 = 62. If we take p € D in (23)—(25) then we obtain the
equality (8,,%) = @(s), that is, the definition of the classical delta-function.
Thus, 67,07, 02 are the extensions of the delta-function d; from D to &.

Let us show that the example 3 is a particular case of 2. Let 6,(¢t) = 0 if
t<s, 0,(t)=1ift >s (s €I). Then (a(t) = a)

200 (o) / (1) dB,(2) = arp(s+) + (1~ a)p(s—) = (62, 9).

In what follows, we sometimes consider « in (25) as the value of certain
function o € C:

(63,9) = afs)p(s+) + (1= afs)) p(s—).

2. The space X’ is endowed with the ordinary operations of sum-
mation and multiplication by elements of R, so that X’ becomes the vector
space. Further, we define the convergence in X’ in the standard way: we say
that f, = f n— oo (f,fae X, neN),if (fu,0) = (f,p) (n — ). The
convergence determines a topology in X’, so that &” is the topological vector
space.

The proof of the following statement for X and A" is similar to the proof
of analogous statement in [22].

LEmMA 1. If {f,}22, converges in X', and ¢, — 0in X, then (fn,¢n) — 0
(n — o).

This lemma allows us to prove the completeness of X’ in the following

sense.
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THEOREM 7. Suppose that the sequence {f,}o0, is such that, given any ¢ €
X, the sequence {(fn,¢)}2, converges when n — oo. Then the functional f
defined on X by the equality

(27)  (fe)=lin(fue)
is linear and continuous, i.e., f € X'.

Proof. The linearity of the limit functional (27) is obvious. It suffices to
prove its continuity at ¢ = 0. Let ¢, — 0in X’ (n — oc). Suppose
the contrary: (f,¢,) does not converge to 0 (n — o0). Then, taking a
subsequence if necessary, we may assume that for any n € N we have the
inequality |(f,@n)| > €0 for certain g5 > 0. According to (27) we have that
for each & € N there exists ng such that |(fn,, )| > 5. Without loss

of generality we may put n, = k, i.e., |(fr,¢x)] > 2 for all £ € N. But

the latter contradicts Lemma 1 which states that |(fr, v5)] = 0 (k — o).
Consequently, (f, ¢n) — 0 (n — o), so the limit functional is continuous. 0

3. Now we define in A” the operation of multiplication by the elements
of X (let us note that, generally speaking, these are the discontinuous func-
tions). Since, given any g € X and ¢ € X, we have gp € X', we put (f € &”)
(28) (9f.¢) = (fa.0) = (f.g9%).

THEOREM 8. Let f, — fin X, g, —» gin X (n — o0). Then gnfn — gf in
X' (n — ).

Proof. Lt us note first that gn — g@ in X (n — oo) for every ¢ € X. So,

(gnfnr ) = (91, 90)| = [(Fnr ) = (F,99)] <
< N(Fn 9n) = (Jn 90)| + (s 99) — (f, 9901 <
< |(frs g — 90)| +1(fn,99) = (f99) = 0 (n— o0)

according to Lemma 1 and due to convergence f, — f in A”. g

Thus, the operation of multiplication defined above is continuous.
EXAMPLE 4. Let us find the product 8,05. We have for the test function
peX

(0,02, 0) = (62, 87) =a(s)8, (s )p(s+) + (1 — a(s))0s(s—)ep(s=) =

= afs)p(s+) = (o], p);

in particular (0,67, ) = 2(s+), (867, ¢) = 0. Thus,
(29) 0:8% = a(s)df, 6,57 =6, 6,67 =0.

Let us note that on the test functions in D the equality (29) gives us the
“usual” equality (e.g.. see 67}, 8.0, = afs.
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4. The restriction of the functional f € &' from X to D is a
(“classical”) distribution. As a result, X’ can be viewed as a set of extensions
of the distributions from D to X. The extension of any distribution in D’ is
non-unique. For example, the family of extensions of the functional §; from
D to X contains the family of delta-functions {6%},er. Furthermore, given
any 8 € R, ¢ € I, the functional 53 + (6 — ;) is also an extension of J,
from D to X.

Let T : X' — D’ be the operator of restriction which associates to
each distribution f € X’ its restriction flp to D. Clearly, I' is a linear
continuous operator; according to the Hahn-Banach Theorem [23, p.49] every
distribution g € T’ possesses its extension f to X, ie., I'f = g, s0 ' is
surjective; its kernel ker I' # {0} is a linear (closed) subspace; X'; f =
B(6f — 67 ) € ker T, moreover, if 8(,5) € X (s € I), B(t,-) €Y (te ),

b
f(&) = [ B(¢,s)(0F(¢) — 67 (¢)) ds, where the “integral” is understood in the
followirfg sense: for every p € X

(fbﬁ(t, $)(6F(t) ~ 67(1)) ds, <,o> = Y. B(t s)os(p), then f € ker I

s€T(p)

Let us denote by P : D' — X" the (set-valued) operator of extension of
linear continuous functionals from D to X: for f € D' P(f) is the set of
all extensions of f from D to A.

THEOREM 9. For any f € D' P(f) € X'/kerT.

Proof. We have to demonstrate that the family of extensions of f € D’
from D to X forms a class of equivalence. Let us denote A = P(f); let
G1.92 € A. Then by the definition I' I'(g;) = f (i = 1,2); consequently,
T'(g1 — g2) = 0, i.e., g1 — g2 € kerI". This implies that A is the equivalence
class in X'/ ker T. O

We also use notation P to denote the single-valued operator of extension
of distributions in D’ in X’/ ker I which associated to each functional f € D’
whole class P(f). Thus, for every f € X' P(T(f)) = 7, where f is the
equivalence class containing f (PT is the natural homomorphism from X" to
X'/ kerT), forany f € D' T(P(f)) = f, so I'P can be viewed as an identity
operator on T,

5. Let us define in A" the operation of differentiation. We identify
f €Y with the corresponding element f € A”.
Suppose that f € Y; we put (p € X, a € C)

(30) (for0) = (@) / () dF (1)
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As it follows from Example 2 and Theorem 6, f/, is a linear and continuous
functional on X, f, € X’. Further, it follows straightforwardly from the
definition (30) that the operation of differentiation is not single-valued: it
depends on certain o € C. Also, I'f], € T, so all extensions of the derivative
in D/, defined by

(o) = / oD df(t) (v eD),

from D to X have form Pf' = f/ + kerT.

Note that according to (26) (6,),(f) = 0%(¢).

If f € CBYV, then f does not depend on the “extending” function
o € C, since in this case for every ¢ € X (o) @df = [, ¢(t)df(t); if f
is locally absolutely continuous on I, then (a) [ ¢ df = f(a,b) of'dt, so fis
identified with the regular distribution generated by the locally-summable
function f’, i.e., f' coincides with the ordinary derivative.

6. Systems of differential equations. Let Z denote one of spaces
considered above. In what follows, we denote by Z™ (Z™*") the spaces of
n-vectors (n X n-matrices) whose components are in Z (in the case Z = X’
we write X7 (X™")); the linear operations, the relation of identity, the
multiplication by a scalar function, the differentiation and integration are
defined component-wisely.

Let us consider the Cauchy problem

(31) z,=Maz+f, (tel, t>t),

(32) Z‘(t0+) = Iy (t() = I, Iy & Rn>,

where o € C is a fixed function, M € Y™ " f € Y™, The identities which
arise in (31) were correctly defined above.

By the solution of the problem (31), (32) we understand an n-vector
function z € BV{" that satisfies the equality (31) in the sense of operation
in X™ and such that the equality (32) is satisfied. In other words, given any
@ € X, we have the equality (2, ¢) = (Mlz, ¢)+ (f., ¥).

Now, taking the definitions of the operation of multiplication and diffe-
rentiation in X™ defined above (see (28) and (30)), as well as the equality
(15), we obtain that with precision up to the elements of (ker I')™ the Cauchy
problem (31), (32) is equivalent to the alpha-integral equation of the Volterra-
Stieltjes type

(33) 2(t-) = (a) / dM(s)-a(s)+ F(t=)  (F(t) = o+ J(1) + {(ts))
{tot)
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in the space BV/{".

Let us note that the “parameter of multiplicity” « is a priori introduced
in the statement of the Cauchy problem, so there is not any multiplicity in
Cauchy problem itself. Furthermore, instead of system (31) we could consider
the system zj = Moz + f) (t € I, t > t;), where «, §, v € C, which also
leads to the integral equation (33).

If # is the solution of the equation (33), then all solutions of the problem
(31), (32) have form z = & + Z, where Z € (ker I')*. We call & the principal
solution of the problem (31), (32).

If X =R, Y = BV/ then the question of existence and uniqueness
of solution of the equation (33) (i.e., the principal solution of the problem
(31), (32)) can be solved similarly to how it was done in [12]. Conversely, if
X =BV/, Y = R, then this question can be reduced to the investigation of
the properties of the alpha-integral equation of Volterra-Stieltjes type (33),
which is the subject of our next paper.

7. Proofs of Theorems 2—6.

Proof of 2. First, let us prove statement (13) under the following conditions:
(34) heR, g, f € CBV.

It suffices to prove (13) for the case when g and f are increasing. According

to property 3) all integrals in (13) exist. Let ¢ > 0 be arbitrarily fixed.

According to the necessary and sufficient condition of integrability (see [16])

there exists ¢ > 0 such that the inequalities

e € = £

(35) Zwk(f)(g(tk)“g(tk—l)) < AR Zwk(g>(f(tk)_f(tk—l)) < 2070
k=1 k=1

hold for any (9) 7 = {tx}3o with d(7) < & (wWi(f) = SUD; septy_ 4] |f(t) -

f(s)]). Let us consider the Stieltjes sum

S, (h,gf) = Z h(&k) (g(ti) f(te) = g(trmr) f(trmr)) =

Z h(&) f(te) (9(te) — 9(tee1)) + Z h(Ek)g(tr-1) (f (Be) = f(te-1)).-
k=1

k=1
Let us denote the first summand by S;, and the second summand by S,. For
the divisions given above, (35) implies that

lGT(hf, 9) — 51‘ < HhHszk(f>(9(tk) —g(te-1)) <
k=1

[SR N
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and
|6, (hg, f) — S2| < lAllr Zwk Fte) = f(ts—1)) <
Thus, if d(7) < §, then

|6,(h,gf) — (6,(hf,g) + &.(hg, f))]| <&

so since ¢ is arbitrary, we have that (13) is true under conditions (34).
Suppose that h,g € CBV, f € R. Let us note that all integrals in (13)
also exist. According to (10) we have the equalities

[ haos =m0 st~ [ ardn, [ hgar =i / f dhg.

(a.b) (a:b) (a,b) (a,b)

l\Dlm

Let us deduce the second equality from the first equality. Further, let us
extract from the both sides of the equality the value of integral [ (@) hf dg;
as a result, we will obtain the identity

/hdgf—/hgdf—/hfdg==/9fdh+/fdhg— [ nids

{a;b) (a,b) (a,b) (a,b) (a,b) {a,b)

whose the right-hand side is zero as it was shown above. This implies that
(13) is valid in this case also.
The case h, f € CBV, g € R can be considered analogously. 0

Proof of Theorem 3. Denote 8 =1—a, T =T(f)uT(g),

K =3 (C9)todf) + CHBonlo)).

teT

Then, using the definition (14), the representation (8), the formula of integra~
tion by parts (18), the formula for evaluation of RS-integral of a continuous
function by a step function, and the formula for representation of a step
function (see [16]), we have

5i<a')/9df+(ﬁ)/fdg=/(b)gdfc+ [ s

/ gcdfc+/ fcdgc+/ gddfc+ fddgc+K:
ig.b} {a.b) (a,b) (a,b)

(gc fr‘]b— + (gdfc)!a—L - (fdgc) Z; - fc dgd - / e dfd +K =
(a.b) (a.b)
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9e(b=) fe(b=) = gla+) [ (=) + ga(b=) fe(b—) + fa(b—=)gc(0—) + L
where L = K — 1Z‘_%fc(t)ot(g) - t;gc(t)at(f). Thus,

= (fo)l5s — falb=)g(b=) + L= (fo)lts = D 0u(f) D oelg) + L.

tel’ seT
Consequently,
L=>"o(gof)+ 3 ala) > o)+ D alf) > oula)
teT teT seT s<t teT seT,e<t

Now we may change the order of summation in the last summand (which is
possible since this series converges absolutely) to get the equality

L=Y oS oulo)
teT ST
this implies (18). g
Proof of Theorem 4. Let f,g € BV, h(:,s), h(t,-) € R. We denote

H(t) = /( L) dss), H(5) = /( 9 &0

Ha(t) = /( | HE9)dale) = HD)+ (AL ) s)olo)

se€T

Ha(s) = (@) - h(t, s)df(t) = H(s) + Y _(*(h(-,9))(B)ou(F)-
a teT
Then we may reformulate the statement of the theorem using these notations:
(36) (@) . Hy(t) df (t) = (B) - Ha(s) dg(s)

According to the theorem on change of integration order for RS-integral (see
[16]) we have that

(37) Ht) dft) = [ H(s)dauls)
(a,b) {¢,d)
Let us prove (36):
SOV ARCCLCE /( B0+ T () =

(ab teT(f)
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/( ) (H<t>+ S Cht,N()oxle) | dhlt) + 3 CHp)(oulf) =

s€T(g) teT(f)

/( ! (t) dfe(t) + Z PH)(s)as(g) | + Z (“H)(t)ou(f) +

s€T(g) teT(f)

Q=Y Y (“(°n(-9)) () tos(g)oe(f):

teT(f) s€T(g)

where

The above integration of elements of the series by t is possible due to its
absolute and uniform convergence with respect to this variable. Further, the
operators (%) (acting on the first argument) and () (acting on the second
argument) commute; the summation by ¢ and by s can be reversed due to
absolute convergence of the corresponding series, so

Q= > (-9 ®) ()oe(fosla).

s€T(g) teT(f)

According to (37) we now have

S = H(s) dge(s) + Z (“H)(t)ou(f)+

te.d) teT(f)

S CHY()ou(g)+ Q= (B) | Hals)dgls),

s€T{g) (e.d)

so (36) is proved.
The case f,g € R, h(-,s), h{t,-) € BV can be reduced to the one
considered above using the formula (18). O

Proof of Theorem 5. Suppose that h,g € R, f € BV. Then according to
properties d) and f) the integrals in both sides exist, and the convergence
of the series in the second line of this equality is provided by conditions
of the present statement. Then according to (17) and be the theorem on
substitution for RS-integral (see [16]), we have

@) [ HOa((@) [ gls)df() = (@) [ 1) dBalt) = [ Alt) a0l

(a,0)

- N i'_"h.)(\t)at(@a)z/( b)h(t)d/( t)g(s)dfc(s)—f-

i
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> CROCO) = [ hog® i+

teT(f) (@b)
3 (C(ha) o)+ Ra = (@) [ OGO F(0) + R,
teT(f)
where R, = }7;% )((ah)(t)(ag)(t) — (*(hg))(t))o¢(f). Finally, we obtain
te
=—-o(l—-a) te;(f o (h)o(g)o(f).
The case h,g € BV, f € R can be reduced to the previous one using
the result (18). 0

Proof of Theorem 6. Let g, — g R, f, — f BV. Let us show first that

(38) tim () [ 00 df = (@) [ g

There exists K > A such that ||g,]| < K (n € N). Then due to (16)

o) [ andr = (@) [ 9] < (@) [ g0 = (@) [ gl

b
(an) / gdf (o) / 9df| < Klga—glle\/(F)+an—alle 3 lo(@ox(f)l

teT(f)

Now since the sequence {|o:(g)|}ier(s) is bounded, the series in the second
summand converges. The estimation obtained gives us the required statement
(38).

Further, according to (16)

(@) [ ndtu~ (@) [ 9] < [(@u) [ 9ndt = () [ il

b

+l(@n) [ andf (@) [ 9] < K\ = )+ () [ gndl = (@) [ 9]

The convergence of the first summand to zero follows from the convergence

{fn}52; in BV, the convergence of the second summand follows from (38).
If g, = gin BV, f, — f in R, then we may use Theorem 3 and (19)

to reduce our consideration to the case considered above. O



