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A well-known theorem of Liapunov states that the range of a
bounded, non-atomic, finite-dimensional, vector-valued measure is
closed and convex. In this paper we study the range of an unbounded
finite-dimensional vector-valued measure that is at least partly atomic.
In the one-dimensional case we show that if the range is dense in an
interval [0, a] for some a > O then it contains [0, a]. In the gen-
eral case of arbitrary dimension d we shall use the following notation.
If e, ..., e; are linearly independent vectors in RY let C° denote
the interior of the convex cone C = {a1e;+---+ageg a1, ..., a4 >
0}. Then, if x = a1y + -+ + age; and y = byey + .-+ + bgey
arein C,x <y and x < y shall mean that g; < b, and that
a; < by, respectively, for k =1, ..., d. Finally, if a € C° define
0,a)={xeC°:0<x<a} and (0,a]={xeC’°:0<x<a}.
Now let 1 be a measure such that any bounded subset of its range is
in C, and such that the set of all u4(E) in C such that E contains
no atom is bounded. We show that if R, is dense in (0, a] for some
a € C° then it contains (0, a].

A well-known theorem of Liapunov [1] states that the range of a
bounded, non-atomic, finite-dimensional vector measure is closed and
convex. In the case of an unbounded measure the range remains con-
vex but need not be closed. Additional properties of the range in this
case have been studied by C. Olech [2]. When a measure is at least
partly atomic, one cannot hope to extend these results even in the one-
dimensional case. There is, however, an extension when the range of
the measure is dense, and this result appears to be non-trivial for an
unbounded measure. Our proof will include the easy case when the
measure is bounded.

Furthermore, a typical argument in showing that a linear operator
has an inverse is to show first that it has a dense range and then con-
clude, via a closed range theorem, that its range is closed. It is natural
to ask to what extent this type of argument holds for not necessarily
linear but simply additive mappings. A measure is one of the funda-
mental structures in mathematics. It is not linear but it is additive
on disjoint subsets. The results in this paper give conditions under
which we can conclude that if the range of a finite-dimensional vector
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measure is dense then it is closed.

We consider first the one-dimensional case. Let (S, .#, u) be a
positive measure, that is, a space S, a o-algebra .# of subsets of
S and a countably additive function u:.# — [0, oo], and let R,
denote its range. Notice that we allow R, to contain oo.

THEOREM 1. Let u be a positive measure. If R, is dense in [0, a]
for some a > 0 then it contains [0, a].

Proof. Tt is enough to prove it for a o-finite measure. Otherwise,
consider a countable collection of elements of .#Z whose measures are
dense in [0, a]. These elements generate a o-finite measure, and if
its range contains [0, a] so does R, .

Now, let R4 and Ry denote the ranges of the atomic and non-
atomic components of u, respectively, and for any x € (0, a] define

A ={A € M: Ais an atom and u(4) € (0, x)},

and let xy € (0, a]. We shall assume that xo ¢ R, and arrive at a
contradiction. Consider first the case in which Mxo is not u-summable,
which we define to mean that the measures of its elements do not have
a finite sum. Then there is a positive integer p; and disjoint atoms

A%,...,AIHEM with u( p+1)< -+ < u(Al) such that

p+l

wAah) <xo< > u(A})
i=1

Nl'—‘
“ M S

and

D,
def
0<x; S xo— Y u(A)) < $xq
i=1
Notice that x; < u(4}) for i=1,..., p,. If % isnot y-summable,
we can restart the process with x; in place of Xy, and this can be
done again if possible. At the nth stage, n > 1, we have a positive

integer p,, and disjoint atoms A?, ..., Al’,' +1 € .Qfxn_l , which are
automatically disjoint from those chosen at any previous stage, such
that u(43 ,)) < - < p(47),

p,+1

P,
Xno1 S D B(AD) < Xpoi < Y p(A]),
i=1 i= 1

Bop—

def
0 < Xpn = Xp— 1—§ uA")—xo—E E w(Al) < Ixpy,
Jj=1 i=1
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and x, <u(A{) fori=1,...,py, and j=1, ..., n. If this process
can be repeated indefinitely then the x, form an infinite sequence
that, by construction, converges to zero, and then

j oo P

o P .
xo=». > ua)=p|lJ U4 | €eRiCRy,

contradicting the original assumption.

Now, if ;a/xn 1s u-summable for some »n > 0, then the restriction
of R, to [0, x,] is a closed set and, since the restriction of Ry to
[0, xx] is also closed, it follows that the restriction of R, to [0, x,],
which is the sum of the two previous restrictions restricted to [0, x,],
is a closed set. Since it is also dense, there are sets 4 and E in ./
such that A is either empty or a union of atoms disjoint from the 4/,
E contains no atom, and x, = u(A4) + u(E). Therefore,

n P )
xo=pu(A)+pu(E)+> > u(4l)
j=1 i=1
n b )
=ulAVEU || U4 || €Ru,
j=1i=1

contradicting, again, the original assumption. O

It should be remarked that this theorem does not hold if the measure
is not positive. For if u is purely atomic and the measures of its atoms
are —1 and all the rational numbers in [1, co) then its range is dense
in [0, 1] but does not contain [0, 1].

To deal with the general case of arbitrary dimension d we develop
some additional notation and terminology. If e;, ..., e; are linearly
independent vectors in R? consider the convex cone

C={x=ae,+---+azez:ay,...,a; >0},

let C° denote the interior of C, and if x = g,e; +--- + aze; and
y =be +---+bse; are in C,x <y and x <y shall mean that
a; < by and that g, < by, respectively, for k=1,...,d. If a,be
C and a < b define

(a,b)={xeC’:a<x<b}

and
(@a,b]={xeC°:a<x<b}.
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Now, let (S, .#, u) be a vector-valued measure in C, that is, a
space S, a g-algebra .#Z of subsets of § and a countably additive
function u defined on .# and taking values in C or infinity. Infinity
is defined as any linear combination of the e; in which at least one
coefficient is +o00. Let R, denote the range of 4.

THEOREM 2. Let u be a vector-valued measure in C such that the
set of all u(E) € C such that E contains no atom is bounded. If R,
is dense in (0, a] for some a € C° then it contains (0, a].

Proof. As in the one-dimensional case, it is enough to prove it for a
o-finite measure, and again we denote by R, and Ry the ranges of
its atomic and non-atomic components. For simplicity we carry out
the proof in the two-dimensional case, and then indicate how it is to
be modified in the general case.

If x =a1e1+ae; isin C,let 0x denote the segment {tx: 0 <t <
1} and, for k =1, 2, let x*¥ and C, denote the vector aze; and
the closed triangle with vertices 0, x and x*, respectively. Finally,
define

Ky ={AEMH: Ais an atom and u(A4) € C;, N (0, x)}

and define y € C to be a u-cluster point for &, if for every open
disc D C R? centered at y there are infinitely many atoms in .%%,
whose measures are in DN C.

Now, let xo € (0, a] be arbitrary and assume first that for any
x € Oxp the sets &, and %, are not u-summable. Then there is a
positive integer p; and disjoint atoms A4, ..., A},l such that

P,
Ixg <> u(4}) < xo
i=1

and

P,
0<x Exy= w4} < ixo.

i=1
If for any x € Ox; the sets ./, and %, are not u-summable, we
can restart the process with x; in place of x;, and this can be done
again if possible. At the nth stage, » > 1, we have a positive integer
Pn and disjoint atoms A}, ..., AI',’”, which are disjoint from those
chosen at any previous stage, such that

D,
1Xno1 (A} < Xy
i=1
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and
n P

0<xn—xn1—2u(A”)—xo— > uA]) < Axaoy.
i=1 j=1 i=1

~

If this process can be repeated indefinitely then the x, form an infinite
sequence that, by construction, converges to the origin, and then

o0 p Jj . o0 p J .
xo=Y Y uAa)=pul{J U4l | eRsCR,.
Jj=1 i=1 j=1i=1

If, on the other hand, there isan n > 0, a point x € 0x, and a value
of k, which we assume to be k = 1, such that 4, is u-summable, let
X, denote either x, if X, is u-summable or, otherwise, the closest
point to the origin in Ox, with the property that the closed segment
from x. to x! contains a u-cluster point for 2/ x - In the second case
there is a positive integer ¢go and disjoint atoms B?, ..., Bgo € A X, >
which are disjoint from those chosen at any previous stage, such that

if
def i
M=M—me)

theny} € Ox} and, in addition, y§ < x; if %4, is not u-summable.
In the first case, when x, is u-summable, define Yo = X = X, and
take B? to be the empty set for each i so that the equation above
remains valid. Then choose x € 0x, such that &, is u-summable
and y} € Ox!, and notice that the set Z; of all sums of measures of
elements of .27, is closed and disjoint from Ox!.

Now, if &by, is not p-summable, then there is a positive integer ¢,
and disjoint atoms B!, ..., B,}1 € Sy » which are disjoint from those
chosen at any previous stage, such that

49,
0<y Eyo- uBh
i=1
and y% < yg /2. This process can now be repeated as many times as
possible. At the mth stage, m > 1, we have a positive integer g, and
disjoint atoms B!, ..., B‘;: € .%ym_] , which are disjoint from those
chosen at any previous stage, such that

def In
0<Ym = Ym- 1-2#(35”)
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and y2 < y2 /2. If this process can be repeated indefinitely then
the y,, form a sequence that, by construction, converges to some
point s; € {0} UOx!. Next we claim that the restriction of R, to
Ox! is dense in Ox!. In fact, every point s € Ox! is the limit of a
sequence {s;} in (0, a] where each s; is the sum of four elements:
Sk € {0} UZy, sk € Cox, Sk3 € Ry and sg4, which is either 0
or is in the restriction of R, to Ox!. But s;; — 0 and s3, — 0 as
k — oo, and, by considering a subsequence if necessary, s;3 converges
to some sy € Ry, since this last set is closed by Liapunov’s theorem.
Notice that sy € {0} UOx!, and then sy + s, is arbitrarily close to
s for k large enough. This proves the claim and then, by Theorem
1, the restriction of R, to Ox! contains Ox!. It follows that s, =
u(E,) where E; € # is disjoint from any of the atoms chosen above.
Therefore,

=u(E)+ D D uBM+Y > u4)
m=0 i=1 j=1 i=1
oo 4y n P;
= u E1u<U B{")U(U UA{) ER,
m=0 i=1 Jj=1i=1

If the process described above cannot be repeated indefinitely, then
thereis an m > 0 such that, %), is u-summable. Then the set X, of
all sums of elements of ,%ym is closed, and an argument like the one
above applied to y! and y2 shows that y,, = u(E;) + u(E,), where
E; and E, are disjoint from each other and from any previously
chosen atoms. In this case

= (1) + #(E2) + 37 3 w(BI) + 3 3 u4])

EiUEU (6 ) B;*l) u (O CJA{)} € Ry.

j=0 i=1

= U

This completes the proof in the two-dimensional case.
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The same proof is valid in the general case with the following
changes. Let H,, denote the hyperplane of codimension one con-
sisting of all points of the form x*+ 3., aje;, a; € R, and let Cp,
denote now the closed convex hull of {0} U (H;, N (0, x]). Then the
segment from x. to x! above is replaced with the set of all points in
H;, that are in the closure of Cjy . With these changes the previous
proof is valid until the definition of yy. The y, are also defined as
above, if “Q/kym_l is not u-summable for each k > 2, but the B are
chosen from U‘é:z Mkym-l and so that yf,, < y,’fn_l/2 for k > 2. If the
ym form an infinite sequence that converges to a point s; € {0}uUO0x!,
the previous proof is still valid. Otherwise, one or more of the kam
become u-summable along the way. It should be clear how the com-
ponents of y,, that do not become zero are in R, and how this can
be done using sets disjoint from all others. a

It is not possible to assert that R, contains [0, a], forif u is purely
atomic and the measures of its atoms are the points with positive
rational coordinates in (0, 1) then R, does not contain any point on
the coordinate axes except the origin.
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