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THE DUAL OF THE SPACE OF REGULATED
FUNCTIONS IN SEVERAL VARIABLES

YUNYUN YANG AND RICARDO ESTRADA

ABSTRACT. We consider a class of regulated functions of several vari-
ables, namely, the class of functions ¢ defined in an open set U C R"
such that at each xg € U the “thick” limit

Pxo (W) = lim ¢ (x0 +ew) ,
e—0t

exists uniformly on w € S, the unit sphere of R", and such that ¢x, is
a continuous function of w at each x¢ € U.

We identify the elements of the dual spaces of several Banach space
of such regulated functions in several variables as signed measures with
absolutely convergent sums of “thick” delta functions concentrated at a
countable set.

1. INTRODUCTION

Regulated functions in one variable are those functions whose lateral lim-
its exist at every point [4]. In [5] a natural generalization to several variables
was introduced, namely, regulated functions ¢ in an open set U C R" are
those for which for each xg € U the limit

g (W) = T 6 (x0 +2w) | (L1)

exists uniformly for w € S, the unit sphere of R™. We call the function
¢x, (W) the “thick” limit of ¢ at the point xo, due to its relation to the
thick points introduced in [6].

We shall also ask that the thick limits of the regulated function ¢ to
be continuous functions of w € S. It was shown in [5] that if the thick
limits ¢x, (w) are continuous functions of w at each xg € U then the set
of singularities &, the set of points where the ordinary limit does not exist,
is countable: |G| < Nj. Actually |&| < Ny even if distributional regulated
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functions [15, 16] in several variables are considered as long as the thick
limits are continuous.

We must point out that this not the only possible definition of regulated
functions in several variables. There are other characterizations of regulated
functions in one variable, namely as the uniform limit of step functions [4],
or as functions whose average variation is zero [1]. Therefore other possible
generalizations of the notion of regulated function to several variables [3]
and actually to general topological spaces [9] have been considered. Gener-
alizations obtained through the theory of integration [2] seem also possible.

However, considering functions that have continuous thick limits allows
us to construct interesting Banach spaces of regulated functions, and, more
generally, topological vector spaces of regulated functions whose dual spaces
can be described in a natural way, similar to the description of Radon signed
measures. Indeed, the ordinary Dirac delta function is a Radon signed
measure, and each Radon signed measure is the sum of a continuous part
plus a discrete part, a sum of Dirac delta functions. We show that in spaces
of regulated functions there is the notion of thick delta function and that
each element of the dual space is the sum of a continuous part plus a discrete
part, a sum of thick Dirac delta functions.

The dual spaces of several Banach spaces of regulated functions in one
variable have been given by various authors, who have used different inte-
grals to represent the continuous linear functionals. Kaltenborn [8], in 1934,
found the duals of the spaces of normalized and the space of all regulated
functions defined in a compact interval [a, b] by using the Dushnik interior
integral. Hildebrandt [7] considered the dual of spaces of regulated functions
in R. In several articles, Tvrdy [12, 13, 14] gave an alternative description of
the space of left continuous regulated functions in a compact interval [a, b]
by using Perron—Stieltjes integrals. Talvila [10, 11] has employed his distri-
butional integrals and those descriptions to find the dual of other interesting
spaces. Our results also apply to the case of one variable, of course, and
thus a new, equivalent description of dual spaces in one variable is obtained.

In order to consider Banach spaces of regulated functions, we need to
discuss a simple but annoying situation. Indeed, shall we consider regu-
lated functions as functions defined at all points?, or, shall we consider their
equivalence class in the almost everywhere sense? The problem is that when
one uses the supremum norm then functions equal to zero a.e. do not have
null length, as is the case in the spaces LP for p < 0o. Let Bpeas [a, b] be the
space of bounded, Lebesgue measurable functions defined in [a, b] , with the
supremum norm, and let L [a, b] be the usual Lebesgue space of equivalence
classes of bounded measurable functions, equal a.e., with the essential supre-
mum norm. Then there is a natural projection 7 : Bmeas [@, ] — L [a, ],
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but the two spaces are not the same. The characteristic function of a set of
null measure, xz, has norm 1 in Bieas [a, b] , even though 7 (xz) = 0. What
this means is that we shall obtain two types of spaces of regulated functions
in one or several variables: one space, R, contains the totality of all regu-
lated functions, while another space, R, contains only functions normalized
in some fashion, and corresponds to the idea of working in a subspace of
L.

The plan of the article is as follows. In Section 2, for an open bounded set
U we introduce the Banach spaces R¢[U] and R[U] of all and of normalized
regulated functions in R™ that vanish outside of U. In Section 3 we define the
notion of thick delta functions and prove that if the support of an element
of R'[U] is a single point, then it must be a thick delta. We also prove that
the set of regulated functions with a finite number of discontinuities is dense
in R4[U] and, correspondingly, in R[U]. The elements of the dual spaces
R{[U] and R'[U] are then described as the sum of a continuous part plus a
discrete part, a sum of thick Dirac delta functions. In Section 4 we consider
spaces of regulated functions over a general open set, spaces that are no
longer Banach spaces, and describe their duals. Our results also apply in
one dimension, thus in Section 5 we describe the linear functionals in spaces
of regulated functions in one variable and compare these results with the
known description of such functionals available in the literature.

2. REGULATED FUNCTIONS IN SEVERAL VARIABLES

We first consider regulated functions in several variables [5].

Let X be a topological vector space of functions defined in the unit sphere
S of R™. For example, X could be C (S), the continuous functions on S, or
the Lebesgue spaces LP (S), or Bs (S), the space of bounded functions in S
with the topology of uniform convergence, or By, (S), the space of bounded
functions in S with the topology of pointwise convergence.

Definition 2.1. Let ¢ be a function defined in a region U of R™. We say
that ¢ is X' —regulated if for each xo € U there exists 7 (xg) > 0, such that
if 0 < e <r(xp), then the function ¢ (xg +ew), w € S, belongs to X', and
the limit

x (W) = lim+ o (x0 +ew) , (2.1)

e—0

exists in X.

If the function ¢, (W), w € S, is not a constant, then we call it the thick
limit of f at the point xg. Otherwise if ¢x, (W) = ¢x,, a constant, then we
call it an ordinary limit at the point Xo; if ¢ (x0) = ¢x, then ¢ would be
continuous, in some sense that depends on X, at the point xg and naturally,
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in many cases, one can redefine the function ¢ at xg to make it continuous
at xg if the ordinary limit exists.

Observe that when n =1 then S = {—1, 1}, so that the space of all func-
tions defined in S is basically RS ~ R2. Since all Haussdorf vector topologies
in R? are equivalent, there is just one space X in this case, and for this
space, X-regulated means regulated, namely, it means that the limits from
the right and left exist at each point.

We shall consider X' —regulated functions where X = B, (S), the space of
bounded functions in S with the supremum norm.

Definition 2.2. Let U be an open bounded set in R™. The space of regulated
functions R[U] is the space of all B (S)-regulated functions defined in all
R™, that vanish in R" \ U, and such that the thick limits ¢y, are continuous
functions in S for each xg € R™.

Observe that if ¢ € R¢[U] then for a given ¢ the function ¢ (xg+ ew)
may or may not be continuous, but the limit of such functions as ¢ — 0,
¢x, must be, that is, ¢x, € C(S). It is known that if the thick limits are
continuous, then the set of points where ¢, is not constant is countable at
the most [5].

Definition 2.3. A regulated function ¢ € R¢[U] is normalized if

5 (x0) = - /S b (W) dor (w) | (2.2)

for each xo € R", where ¢, = [(do (w) is the (n — 1)—measure of the unit
sphere S. The space R[U] is the subspace of R¢[U] formed by the normalized
regulated functions.

We shall now establish that R[U] and R[U] are Banach spaces with the
supremum norm.

Proposition 2.4. Any function ¢ € Ri[U] is bounded in R™.

Proof. If ¢ were not bounded, we would be able to find a sequence {x,},
of points where |¢ (x,,)| > n. Clearly all the points x,, belong to the compact
space U, and thus the sequence has a convergent subsequence, which for sim-
plicity we may assume is {x; },~; itself, x, — x*. Hence supg|x_x=|<; ¢ (X)|
= oo for all r > 0.

However, ¢ is Bs (S)-regulated at x*, and thus there exists ro > 0 such
that

max |pxx (W) — @ (x" +ew)| <1, (2.3)

for 0 < & < ro. But (2.3) implies that |¢ (x)] < M for 0 < |x — x*| < ro,
where M = ||« ||, + 1. O
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It is interesting that if X # Bs(S) then X' —regulated functions do not
have to be bounded. For example, if p < oo, there are functions which are
LP (S)-regulated at each point but unbounded.

It follows from the Proposition 2.4 that R[U] C Bs (R™). Therefore with
the supremum norm R¢[U] becomes a normed space.

Proposition 2.5. R[U] is closed in Bs (R™), and hence a Banach space.
Proof. Let {¢n},2 | be a sequence of Ry[U] that converges uniformly in R”™
to ¢ € Bs(R™); we need to show that ¢ € R¢[U]. Since it is clear that ¢
vanishes outside of U, what we need to show is that ¢ is By (S) —regulated
and that ¢x, € C (S) for each xg € R™.

Fix xg € R™. Let n > 0. There exists ng € N such that [[¢ — ¢nlls,, <
n/3 for n > ng. There exists ro > 0 such that if 0 < e1,e2 < 7o then
|Ono (X0 + E1W) — dpy (X0 + €2W)| < 17/3. Hence

s (max (6 (o+ew) — 6 o+ enwl ) S0 (24)
51,52~>0+ weS

and it follows that ¢x,, the limit of ¢ (xg +ew) as ¢ — 07, exists in B (S).
It is easy to see that (¢y,),, converges to ¢x, in Bs(S), and the continuity
of the (¢n),, vields that ¢x, € C(S). O

We can define a normalization operation in R¢[U] as follows.

Definition 2.6. Let ¢ € R¢[U]. The function ¢ = N (¢) is the normaliza-
tion of ¢, given as

W (x) = cln/s@ (w) do(w) , x€R™ (2.5)

The normalization of a regulated function of the space R[U] is also regu-
lated, and in fact the normalized function coincides with the original function
save on a countable set.

Proposition 2.7. If ¢ € RiU] then v = N (¢) is Bs(S)-regulated, and
actually 1y = ¢« at each x € R™. The operator N satisfies N> = N and is
a projection from R¢[U] to R[U]. Hence R[U] is a Banach space.

Proof. Fix xg € R™. Let n > 0. There exists § > 0 such that if wi,wy € S
satisfy |w; — wa| < 6, then |¢x, (W1) — ¢x, (W2)| < 1/2, and there exists ro
such that if 0 < ¢ < ro then |¢x, (W) — ¢ (x0 +ew)| < /2 for all w € S.
Hence

|px, (W) —d(x0+ev)|<n if [w—v|<d andO<e<ry. (2.6)
It follows that if p > 0 is small enough, then for any w € S,

b (W) — cln /S 6 (x0 + ew-+pv) do (v)| <7, 2.7)




202 YUNYUN YANG AND RICARDO ESTRADA

and since fs ¢ (x+pv) do (v) = ey (x) as p — 07 for any x,
[bxo (W) = (x0+ew)|[ < forO<e<rg.

We thus obtain that v is Bs (S) —regulated and ¢y, = ¢x,-
The fact that N is a projection from R¢[U] to R[U] that satisfies N2 = N
is now clear. ]

The Proposition 2.7 allows to write
RilU) = RIU) @& RalU], (2.8)

where R,[U] = Ker N. A function ¢ € R¢[U] belongs to Ry[U] if and only
if ox = 0 for all x € R™. It is not hard to see that ¢ € R, [U] if and only if
there exists a sequence of different points of U, {x;,}°o , such that ¢ (x) = 0
if x # x,, for all n, and lim,,_,~ ¢ (x,,) = 0.

If 7 : Bieas|U] — L°[U] is the projection, then we have that 7 (R,[U]) =
{0}, and thus

™ (Ri[U]) = 7 (R[U]) . (2.9)

Therefore, the two Banach spaces R[U] and the subspace 7 (R[U]) of L*>°[U]
are isometric. This means that in a sense R [a,b] “is” the space of regulated
functions in the context of L™ [a,b].

3. THE DUAL SPACES R;[U| AND R/[U]

We shall now describe the dual spaces R{[U] and R'[U]. If u belongs to
the dual space of R[U] or of R¢[U], we shall denote the evaluation of x on
a regulated function as (u,®), or as (u(x),® (x)) when we want to clearly
indicate the variable of evaluation. We will show that the elements of these

dual spaces, R{[U] and R'[U], are signed measures with a sum of “thick
delta functions”. In what follows we shall denote by M (X) = (C (X)) the
space of Radon measures on a compact space X.

We define Ry ([U]; F) to be the set of regulated functions that are contin-
uous in U\F, where F' C U is a finite set of points. Respectively, we denote
by R ([U]; F) the subset of normalized regulated functions of R ([U]; F) .

If F =0, then Ry ([U];0) is a closed subspace of C (U) . It is the space
of continuous functions in U that vanish on the boundary. Hence, if pg €
Ry ([U];0), then ug gives a Radon measure in U, which can be written as

Uy = Mcont + Mdiscr 5 (31)

where ficont 1S the continuous part and where pgiser is the discrete part,

Hdiscr (X) = Z Y0 (X - Xn) ) (32)
n=1
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a sum of Dirac delta functions at some points {x,} -, of U that satisfies
>0 Im| < oo, since actually

ol = | lon] + 3 (33)

n=1

Hete (o]l = sup { (0. ) : 6 € Re ([U150), 0]y = 1} is the norm of iy
in the space R} ([U];0) .

3.1. Thick delta functions. In order to consider the spaces R} ([U]; F)
when F' # () we need to introduce the idea of thick delta functions.

Definition 3.1. Let ¢ € U. Let £ € M (S). The formula
(€ (W)ow(x—c),¢ (X)>R2[U]xRt[U] = (£ (W), ¢c (W»M(S)Xc(s) ;o (34)

defines an element of R{[U] which we call a thick delta function at x = c,
and which we denote as & (W) dw (x — ¢) or as £d, (x — ¢).

If c € U and v € R, then 4§ (x —¢) is an ordinary delta function at
x = c. In the space R'[U] ordinary delta functions can be expressed as thick
deltas, because of (2.2), but in R{ [U] ordinary deltas and thick deltas are
linearly independent.

Remark 3.2. The projection of a thick delta function & (w) dyw (x — ¢) to
the usual space of Radon measures, (C (U)),, is given by a standard delta
at x = ¢, namely 7J (x — ¢), where v = (£ (w),1). This projection might
vanish even if the thick delta is not zero: The test functions of C' (U) do not
have the ability to detect thick deltas, while the test functions of R [U] do.

In order to obtain our first main results of this section, we need two short
lemmas.

Lemma 3.3. Let ¢ € Ri[U] and let g : R — R be continuous with g (0) = 0.
Then g o ¢ € R¢[U].

Proof. Indeed, it is easy to see that g o ¢ has thick values at each point
x € R" given by (g o ¢), = g o ¢x, which is continuous in S. ([

Lemma 3.4. Let ¢1 ¢2 € Ri[U], then max (¢1 ¢2) and min (¢1, p2) also
belong to R4|U].

Proof. It follows from the previous lemma, since max (¢1,¢2) = g2+ (1 — 2
+ |¢1 — ¢2])/2, a composition of addition, substraction, and the absolute
value function which is continuous. Similarly, we have that min (¢1,¢2) =

G2 + (1 — b2 — [P1 — P2]) /2. O
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We can now characterize the elements of R{[U] and of R'[U] with support
at a single point. The notion of support for an element v € R{ [U] is the
standard one, namely, suppr C K, where K is a closed subset of U if
(v,¢) =0 for ¢ € R; [U] with ¢ (x) =0 for all x € K.

Let us start with the space R'[U].

Proposition 3.5. Let € R'[U] with suppu = {c}. Then there exists
€€ M(S) such that

(%) = € (W) b (x — ) (3.5)
Proof. Let us define a functional
&:EF—R
be — (1, ) (3.6)

where E = {¢. : ¢ € Ry [U]}, a linear subspace of C (S).

Observe first that &y is well-defined. Namely, if ¢, = 1. for different ¢
and 1, then <£07¢C> = <,LL, ¢> = <,LL, ¢> = <€07¢c> since ¢ — ¢ vanishes at ¢
and thus (u, ¢ — ) = 0.

Next we shall show that there exists a & € M (S) such that &5 = &
This gives p(x) = & (W) 0w (x — ¢), as required. The existence of £ would
follow from the Hahn-Banach theorem if we show that &y is a continuous
linear functional. The linearity is clear, so we only need to prove continuity,
or equivalently, boundedness. Let ¢ € R [U], and let ¢ = a € E. For any
€ > 0, the function ( defined by

¢ (x) . if (6 (%)] < Jlap + 2,
Cx) = lollap 2 &0 > llafgy, +e, (3.7)
~ (Il +2) s 06 <= (ol +2)

belongs to R [U] because of the lemma 3.4. Let ¢p = N (), so that ¢ € R[U]

and v = Ge = e = o Hence, |(&, )] < ] [Vl < 1] (Jlallap +2)
Since ¢ is arbitrary,

‘(&],O&H S ”MH HaHsup : (38)
Therefore, there exists £ € M (S), with ||£|| = ||| , that extends &y to all of
C(S). O

The corresponding result for R{[U] is the following.

Proposition 3.6. Let v € R{[U| with suppv = {c}. Then there exists
e M(S) and v € R such that

v(x)=§(W)ow(x—c)+vyd(x—c). (3.9)
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Proof. Let v € R{[U] with suppr = {c}. Since R¢[U] = R[U] ® R.[U], v
can be decomposed as ju1 + g, where py € R'[U] and po € RL[U]. Clearly
both 1 and pg have support contained in {c} . But ¢ € R, [U] if and only if
there exists a sequence of different points of U, {x,} <, , such that ¢ (x) = 0
if x # x, for all n, and lim,,_,o ¢ (x,,) = 0. Therefore ps = 76 (x — ¢) for
some real number 7. Formula (3.9) now follows from Proposition 3.5 . O

In fact, if the support point ¢ is not on the boundary 90U, & could be
uniquely found in the following way.

Proposition 3.7. Let u € R'[U] with supp u = {c} C U. Then there exists
a unique § € M (S) such that

(%) = € (W) by (x— ) . (3.10)
Uniqueness of € and vy in (3.9) also holds if v € Ri[U] with suppv = {c} C
U.

Proof. Let p € R[U] be a continuous function in R™ that satisfies p (c) = 1
and 0 < p(x) <linall R". If a € C(S), let A(«) € R[U] be the function
given by

P(X)a(\i:a) ) x#c,
Aa) (x) = (3.11)
Cinfga(w) do(w), x=c.
Then A : C' (S) — R[U] is a continuous linear operator of norm 1. Hence the
linear functional ¢ defined by (£, a) = (u, A («)) is continuous, £ € M (S).
If ¢ € R[U] we can write ¢ = A (¢c) + ¢, where o = 0, and it follows
that
(1, @) = (1, A(De)) + (1, 9) = (1, A(De)) = (€ be)
so that p (x) =& (w)dw (x — ).
In the case of formula (3.9) in R{[U], it is clear that + is unique, whether
c belongs to the interior or the boundary of U, while the uniqueness of ¢
follows from the first part of the proof when c € U. O

Similarly, if v € R{ ([U]; F), where F' = G U {c}, is a finite set and the
restriction of v to Ry ([U]; G) vanishes, then v could be expressed as:

v(x) =+ p2
=¢{(W)ow(x—c)+v0(x—c), (3.12)

where 1 € R'[U] is a thick delta function and pe = 74 (x — ¢) € RL[U] is
an ordinary delta function.

If we now start from (3.1) and (3.2), and employ an inductive argument,
we obtain the ensuing formula.
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Proposition 3.8. Let v € R{ ([U]; F), where F is a finite set of points,
then

V = lcont + Z o (X — xp,) + Z €l (x—C) (3.13)
n=1

ceF
where & € M (S) so that .0, (x — ¢) is a thick delta at x = c.

A similar formula holds in R’ [U].

Proposition 3.9. Let p € R/ ([U]; F), where F is a finite set of points,
then

B = Heont + Z ’Yn6 (X - Xn) + Z I (X - C) ) (314)
nélF cel

where & € M (S) so that .0, (x — ¢) is a thick delta at x = c.

Notice that if ¢ € F but ¢ # x,, for all n, then (., 1) = 0, while if ¢ = x,
for some n, then ({c,1) = vp.

We are almost ready to give a characterization of the dual spaces R{[U]
and R'[U]. We need to use the fact that the family of restrictions {1r} p gpite
of an element p of R{[U] (or R'[U]) to the spaces R} ([U]; F) (or R’ ([U]; F))
determines p uniquely. This will follow from the density result of the next
section.

3.2. A density result. Our next aim is to show that the union of the sets
R ([U]; F) for F finite is dense in R¢[U], and a corresponding result in R[U].

If f is a function defined in a set ' and with real values we shall use the
notation

Var (f; E) = sup{|f (z) = f (y)| : z,y € E}, (3.15)

for the variation of f over the set E. If f is defined in an open set of R™ it
will also be convenient to introduce the variation functions

vy (x) = ;I_I}(l) Var (f; Bx (¢)) , (3.16)

vy (x) = lim Var (f; By (¢€)) (3.17)

where By () is the ball of center x and radius € and B (¢) is the corre-
sponding punctured ball, B (¢) = Bx (¢) \ {x}.
Notice that 0 < v} (x) < vy (x); also observe that if ¢ € R¢[U], then
vy, (x) = Var (¢x;S) . (3.18)

Interestingly, if ¢ € R¢[U] then the variation function vy actually belongs
to Ry[U].
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Proposition 3.10. If ¢ € Ri[U], then for all x € R™,
limwvg (z) = 0. (3.19)

Z—X

Proof. Let x be fixed. Let € > 0. Then there exists ro > 0 such that
€

s (W) = 6 (x + rw) < =

But ¢x is continuous, so there exists ¢ > 0 such that if |w; — wa| < d, then

[Px (W1) — ¢x (W2)| < e/3.
If z € B (ro), and n > 0 is small, then for any y1,y, € B, (1), we can
write

0<r<ry, VwesS. (3.20)

Y1 =X+rwi, Y2 =X+rawa,

with r; < rp, and |w; — wa| < §, so that we have

|6 (y1) — ¢ (v2)]
<P (y1) = &x (W)l + [0 (w1) — ¢o (W2)| + [& (W2) — ¢x (y2)| <&
Hence vy (z) < e. O

Employing (3.19) it follows that if ¢ € R¢[U] then for any £ > 0 the set
E. ={x:vy(x)>¢€}, (3.21)
is finite. This allows us to obtain the following decomposition of regulated

functions of R[U].

Proposition 3.11. Let ¢ € Ri[U] and let € > 0. Then there exist functions
¢e € R ([U); Ee) and ¢ € Ry[U] with vy (x) < € for all x such that

¢=¢:+ 1. (3.22)

Proof. We shall show that if ¢ € U then we can find a function ¢© €
Rt ([U]; {c}) such that ¢ = (¢°)., while if ¢ € OU and n > 0 then we
can find a function (¢ € R ([U]; {c}) such that vg_¢e (c) < 7. Then one can

take n < ¢ and
= Y s Y (523
ceE.NU ceE.NoU
First consider the simpler case when ¢ €U. Let § > 0 such that the closed
ball Be(6) C U and let p € C (R) be such that p(t) = 0 for ¢t > § and
p(t) =1 for t <§/2. Then the function ¢° defined as

p(t) ge (W), t>0,
¢ (c+tw) = (3.24)
o(c), t=0,

belongs to Rt ([U]; {c}) and ¢ = (¢°)

c:
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Suppose now that ¢ € OU and n > 0. There exists § > 0 such that
|pc (W) — @ (c+tw)| < n/2 for 0 < ¢t < 0 and for all w € S. Let us also
consider the following closed subsets of S, H = {w €S : |¢pc (W)| < n/2}
and K = {w €S :|¢c(W)| >n}. We can find a function x € C(S) with
0 < x <1 such that x (w) =0 for w € H and x(w) = 1 for w € K. Let
a = x¢c € C(S). Observe that ||pc — aly,, <7

Let p € C'(R) be such that p(t) =0 for t > § and p(t) =1 for t < /2.
Define the function

C¢ (cttw) = (3.25)
o (c), t=0.

Then (€ is a B (S) —regulated function, continuous in R™ \ {c}, and with
(€%, = a. If we show that (¢ € R¢[U] the proof would be complete, and
in order to show that (¢ € R¢[U] all we need to show is that (¢(x) = 0
if x € R*"\ U. But ¢¢(x) = 0 if |[x —¢| > 6, while if x € R*\ U and
|x — c| < 0, writing x = c+tw we have that w € H, since ¢ (x) = 0, and
|pe (W) — @ (c+tw)| < n/2; thus a (w)= 0 and, consequently, (¢ (x)=0. O

We shall also need the following approximation result.

Proposition 3.12. Let ¢ € R4[U] with vy (x) < € for all x € R". Then
there exists a continuous function f € Ri[U] such that |¢ (x) — f (x)] < 2¢
for all x € R™.

Proof. Since vy (x) < ¢ for all x € U, and U is compact, we have that
max, 7 Uy (Xx) < €. Furthermore, if max gz vg (x) < n < ¢ we can find
0 > 0 such that
Var (¢; Bx (6)) <1, (3.26)
for all x € R™.
Let p € C (R™), be a continuous function on R" such that p (x) = 0 when
|x| > 6, p(x) >0 when |x| <4, and

/n p(x)dx=1. (3.27)

Then we can approximate any ¥ € R¢[U] with the convolution g = ¥ * p,
which is a continuous function. Indeed, we have,

9() ()| = | [ 0= 2)p(2) dz— i ()

(x=2)p(z)dz— | ¥(x)p(z) dz

R

< /zg 1 (x — 2) - (%)| p (z) dz
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Sn/np(Z) dz =1.

While g has compact support, this support may or may not be contained
in U. Therefore we proceed as follows. Let 7 > 0 be such that n + v < «.
Let K = {x € R": |g(x)| > n+~}; we can find a continuous function h €
C(R™) with 0 < h < 1, such that h(x) = 1 if x € K and h(x) = 0 if
x € R"\ U, since g (x) < nif x € R"\ U. Put f = hg. Then f € Ry ([U];0)
andif x € K, |f (x) — ¢ (x)| =g (x) — ¢ (x)| <n < 2, while if x ¢ K,

fx) =X <|f(x)—gX)+]9(x) o) <2+ <2,
so that ||f — |, < 2e. O

sup

We can now prove the density of the union of the spaces Ry ([U]; F) in
R¢[U]. This means that if ¢ € R;[U], then we can find a sequence of finite
sets { Fin }oo_; and regulated functions ¢, € Ry ([U]; F) , such that ¢, — ¢
uniformly in R"™.

Theorem 3.13. If U is an open bounded set of R™ then

U Rl F) =Ri[U]. (3.28)

F finite
Proof. Indeed, if ¢ € R¢[U] and € > 0, Proposition 3.11 allows us to write
¢ = ¢+, where ¢ € Ry ([U]; F), F is finite, and ¢ € R[U] with vy (x) <
¢/2 for all x. On the other hand, Proposition 3.12 gives the existence of
f € Ry ([U];0) such that [ — fl,, < e Then ¢p = ( + f belongs to
R (U F) and [|¢ — ¢p|lg,, < € O

We also have a density result in R[U].
Theorem 3.14. If U is an open bounded set of R™ then

U RULF) =Rr[U]. (3.29)

F finite
Proof. If ¢ € R[U] and € > 0, we can find a finite set F' and ¢p €
R ([U]; F) such that ||¢ — ¢plls,, < e Then N (¢p) € R([U;F) and

16 = N (¢F)llsup = 1N (¢ = ¢F)llgup < |6 = dFllup <& =

3.3. Description of the dual spaces R{[U| and R'[U]. Each v € R{[U]
has associated a family of elements {ur}p goie Of the duals of the spaces
R ([U]; F), for F finite, obtained by restriction. Our density results guar-
antee that this family determines v uniquely. A similar situation holds in
R'[U]. Since we know the form of the elements of R{ ([U]; F) and R’ ([U]; F),
we immediately obtain the form of the elements of the spaces R{[U]| and
R'[U] as signed measures with a sum of thick deltas.
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Theorem 3.15. Let U be a bounded open set of R". Let yi € R'[U]. Then
there exists a countable set & C U, signed measures & € M (S) for c € G,
and a continuous Radon measure picons Of finite mass in U such that

p(X) = teont (X) + Z £l (x —C) . (3.30)

ce6
The norm of p in the space R'[U], is given as

HMHR’[U] = / d |Mcont’ + Z HéCHM(S . (3.31)

ce6

Similarly, we have the ensuing characterization.

Theorem 3.16. Let U be a bounded open set of R™. Let v € R{[U]. Then
there exists a countable set & C U, signed measures ¢ € M (S) and numbers

Ve for ¢ € 6, and a continuous Radon measure picony of finite mass in U
such that

v (X) = fcont (X) + Z (€cls (X —€) +7c0 (x—C)) . (3.32)
ces

The norm of v in the space Ri|U], is given as

gy = | aliconl + 3 (1€l +hel) - (339)

ce®
4. SPACES OVER GENERAL OPEN SETS

We shall now consider the dual spaces of several spaces of regulated func-
tions defined on a general open set (2 C R™.

The space Cp (R") consists of the continuous functions that vanish at
infinity, a Banach space with the supremum norm. Similarly we can define
the spaces Ro (R"), the space of normalized Bj (S)-regulated functions such
that the thick limits ¢y, are continuous functions in S for each x¢ € R" and
that have limit zero at infinity, and R (R"), the space of B (S)-regulated
functions such that the thick limits ¢4, are continuous functions in S for
each xg € R™ and that have limit zero at infinity; both are Banach spaces
with the supremum norm. The dual space (Cp (R"))" is the space of signed
measures of total finite variation in R™, and we obtain similar results for the
corresponding spaces of regulated functions.

Theorem 4.1. Let p € R{(R™). Then there exists a continuous Radon
measure in R™ peont, a countable subset & C R™, and signed measures

e € M(S) for c € S such that
1 (%) = freont (X) + Y &eba (x —C) . (4.1)

ces
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Furthermore, the norm of yu in the space R (R™) is

Il = [ dlicon + 3 el - (42)

Rn ceS

Let v € Ry (R"™). Then there exists a continuous Radon measure in R",
Leont, @ countable subset & C R", signed measures £ € M (S) and constants
Ye € R for c € G such that

V(%) = Heont (%) + Z (€eds (x — ¢) + 70 (x — ©)) (4.3)

ces

Moreover, the norm of v in the space Ri 5 (R™) is

I = [ dltcon] + 3= (Meclaags + el - (1.4)

R” ce6

The spaces R () and R () are the analogous of C' (). A function ¢
belongs to Rt () if it is a By (S)-regulated functions defined in all © such
that the thick limits ¢y, are continuous functions in S for each xg € €,
without any restriction on its behavior at the boundary; it belongs to R (2)
if it is a normalized function in Ry (£2). The spaces R (2) and Ry (f2) are,
like C (Q2), topological vector spaces, but not Banach spaces: Convergence
means uniform convergence over each compact subset of 2. The dual space
(C (9))" is the space of signed measures with compact support in 2, and
thus the dual spaces of R () and R (2) are formed by signed measures
with thick deltas and compact support.

Theorem 4.2. Let u € R'(Q). Then there exists a compact set K with
K C Q, a continuous Radon measure of finite mass in K, feont, & countable
subset & C K, and signed measures & € M (S) for ¢ € & such that (4.1)
holds.

Let v € R} (). Then there exists a compact set K with K C Q, a contin-
uous Radon measure of finite mass in K, ficont, @ countable subset G C K,
signed measures & € M (S) and constants v. € R for ¢ € & such that (4.4)
holds.

The spaces Rc (§2) and Ry (€2) are the subspaces of R (2) and Ry (€2),
respectively, formed by the functions with compact support in Q. As with
C. (), we give them the topology of the inductive limit of the spaces R [U]
(or correspondingly R [U]) for U a bounded open set with U C Q as U .
The elements of the dual spaces R, () and R;’C (€2) are measures with thick
delta functions over €} with finite variation over each bounded open set U
with U C €, but whose variation over the whole set {2 might be infinite.
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5. SPACES OF REGULATED FUNCTIONS IN ONE VARIABLE

Our analysis of the spaces of regulated functions in several variables yields,
of course, the corresponding analysis in one variable. In this section we
describe the dual spaces in one variable and compare our results to those of
other authors.

If ¢ is a regulated function of one variable, defined in R, then ¢ is a
normalized regulated function if

6(x) = 5 (6 +0)+6 (5 —0), (1)

for each « € R. In one variable one may normalize in other ways, by asking,
for instance, continuity from the right, or perhaps continuity from the left,
and one can find such normalizations in the work of several authors.

We introduced the spaces Ry [U] and R [U], if U is a bounded open set. If
U = (a,b), a bounded interval, we obtain the spaces Ry [(a, b)] of regulated
functions defined in R which vanish outside of [a, b] and its subspace R [(a, b)]
consisting of the normalized regulated functions of Ry [(a, b)] .

It will be also convenient to introduce another space, the space R [a,b].
A function ¢ € Ri|[(a,b)] belongs to Ra,b] if it is normalized at each
point of (a,b) but not necessarily at the endpoints. Similarly, we introduce
the space Ry [a,b], the subspace of Ry |[(a,b)] formed by those functions
that are left continuous at each point of R\ {a,b}. The spaces R [a,b] and
R, [a,b] are clearly isomorphic, and we denote by ¢ : Ry, [a,b] — R [a, b
the isomorphism. One may want to think of the elements of R [a,b], or of
Ry [a,b], as regulated functions defined on [a, b] .

In one variable, thick delta functions are linear combinations of the one
sided deltas, that is, expressions of the form £,04 (z —¢) + {_d_ (x —¢),
where the right sided Dirac delta function at = ¢ is the element 0 (z — ¢)
=0 (z—(c+0)) of R [a,b] given by

(G4 (2 =)0 (@) = 6 (c+0) = Tim 6(2), (5.2)

and the left sided Dirac delta function at x = ¢ is the element §_ (z —¢) =
§(x — (c—0)) of R'[a,b] given by

(- (5 =)0 (@) = dlc—0) = Tim $(x) . (5.3)

Observe that if a point ¢ is one of the endpoints, a or b, then the Dirac
delta functions § (x — a) and ¢ (x — b), are actually a multiple of the one
sided deltas in the space R’ [(a,b)],

5(x—a):%5+(x—a), 6(x—b):%5,(x—b), (5.4)
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but ¢ (x — a) and §; (x — a) are linearly independent in R’ [a,b], and so are
d(z—>)and d_ (z —b).
It will be convenient, and it will simplify the notation, to think of 6_ (x—a)
as 0 (z — a) and of d4 (x — b) as 0 (x — b) when working in the space R’ [a, b] .
If 4 € R’ [a,b] then there exists a continuous Radon measure with support
in [a,b], ficont, and two functions &4 and £_, defined in R, and that vanish
outside of a countable subset & of [a, ], such that

(@) = proont (@) + Y (64 ()04 (x =€) +E-()o_(x =) (5.5)

ce6
Furthermore, the norm of p in the space R’ [a, b] is

MF/dMM+ZK+IH£M) (5.6)

ceS

If v € R} ([a,b]) then there exists a continuous Radon measure with sup-
port in [a,b], ficont, and three functions &, , £, and -, defined in R, and
that vanish outside of a countable subset & of [a, b] , such that

v () = peont ()
+ Y (@0 (=) +E ()5 (z =)+ () S (&= ). (5.7)

ceG
Moreover, the norm of v in the space R} [a, ] is

M=/dmw+ZM+\H£UHW@
ceBS
The spaces R (a,b) and Ry (a,b) are the analogous of C (a,b) . Here (a, b)
is a general open interval, which may be bounded or not. A function ¢ be-
longs to Ry (a, b) if it is regulated over (a,b), without any restriction on its
behavior at the endpoints; it belongs to R (a, b) if it is a normalized regulated
function in (a,b). The spaces R (a,b) and Ry (a,b) are, like C (a,b), topo-
logical vector spaces, but not Banach spaces: Convergence means uniform
convergence over each compact subset of (a,b). The dual space (C (a,b))’
is the space of signed measures with compact support in (a,b), and thus
the dual spaces of R (a,b) and Ry (a,b) are formed by signed measures with
thick deltas and compact support. If u € R'[¢,d], and [c,d] C (a,b), then
w has a natural extension to R’ (a,b), which we shall denote with the same
notation, u; similarly the elements of R [c,d] have a natural extension to
R (a,b).
If w € R! (a,b), then there exists a closed interval [c,d] C (a,b) such that
€ R [e,d] . The form of p, a signed measure with thick delta functions, is
given in (5.5).

). (5.8)
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Let v € R (a,b). Then there exists a closed interval [¢,d] C (a,b) such
that v € R} [¢,d] . The form of v is given in (5.7).

5.1. Comparison with other results in one variable. The dual spaces
R: [(a,b)] and R’ [a,b] were described by Kaltenborn [8] in 1934, by using
the Dushnik interior integral. According to his results, any v € R} [(a,b)],
it can be expressed as the integral

b o0
0) = [ 0dw+ 3 [6() — o (e 0o (5.9)
a i=0

for ¢ € Ry [(a,b)], where ¢ and ¢ are two functions.
Let
c | 1, when z = ¢,
¢ (a:)_{ 0, when x # c.
We have that (v,() = ¢ (c). On the other hand, if v has the expansion
(5.7), we obtain (v, () = v (c), so that

p(c) =7(c) . (5.11)

(5.10)

Now let
0, a<z<ec,
X(x)=4¢ 1/2, =zxz=c, (5.12)
1, ec<ax<b,

so that A\° € R [a, b] . We have that

(1, X) = a ()~ a(e+0)+ 3 (a(c+0) —ale—0)), (5.13)
where
a(x)=2¢(z) =Y (z+0). (5.14)
Notice that 1 (z) is obtained by (v (t),x (t,z)), where k(t,x) = 1 or 0
according as @ < t < x or « < t < b. Since (5.7) yields that (v, \°) =
fcb dptcont + &+ (¢), we obtain
b
a(b) —a(c+0)= / dftcont 5 (5.15)
and .
5 @(c+0)—a(c—0)) =& (). (5.16)

2
Furthermore, Kaltenborn proved that any v € R’ [a, b] can be represented
as the Stieltjes mean integral,

b
(v,0) = (m)/ pda, (5.17)
where (5.15) and (5.16) hold.
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It was shown by Tvrdy [12, 13, 14] that the dual of Ry, [a,b], the space
of left continuous regulated functions in [a, ], can be described as follows.
Each linear bounded functional ® € R}, [a,b] can be uniquely expressed by
a pair n = (p,q) € BV [a,b] xR, where BV [a, b] are the functions of bounded
variation on [a,b], as

b
(®,6) = B, (9) = g6 (a) + / pds, (5.18)

for any ¢ € Ry, [a,b]. The mapping
®:neBVia,b x R—d, € R} [a,b] , (5.19)

is an isomorphism [12, 13, 14]. The integral in (5.18) is a Perron-Stieltjes
integral, sometimes also called Henstock-Stieltjes integral.

If i : Ry [a,b] — Rla,b] is the canonical isomorphism, and p € R’ [a,b]
then poi € Ry [a,b], and each element ® € R} [a,b] is of this form, namely,
with p = ®oi L. If & = ®,, n = (p,q) € BV[a,b] x R, and p is given by
(5.5) then if ¢ € Ry, [a,b],

b
(noi,¢) = / ¢ () dpteont + Y (€4 (€) $ (¢ +0) +&- () d (c = 0)). (5.20)

ceS
Therefore,
b
0= (o) = [ Gt @TE B, G2
while
p(t)=(uoi,xuy), tE€lab), (5.22)
so that
p0= [t ¥ € @O+E @), 1ES. (2
t cE€G,c<t
and

b
p(t) = / dicon + &+ D+ 3 (€ (Q+E (), te&.  (524)

cEB,c<t

When ¢t = b we obtain

p(b) = (poi,xp) =& (b) . (5.25)
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