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A HELLY THEOREM FOR FUNCTIONS WITH
VALUES IN METRIC SPACES

MIiLoSLAV DUCHON — PETER MALICKY

ABSTRACT. We present a Helly type theorem for sequences of functions with
values in metric spaces and apply it to representations of some mappings on the
space of continuous functions. A generalization of the Riesz theorem is formulated
and proved. More concretely, a representation of certain majored linear operators
on the space of continuous functions into a complete metric space.

1. Introduction

It is well known that the following theorem is true [BDS|, [Na], [W].

RIESZ REPRESENTATION THEOREM. FEvery continuous linear functional L on
the set of continuous functions f defined on [0,1] has the form

1
Lf= / £(s) dg(s) (®)
0

with a function g of bounded variation on [0,1].

This theorem has many extensions and generalizations with various proofs.
One of the possible proofs is based on the Helly theorem [Na] and also on the
moment problem theorem. It can be shown that the problem of determining the
general continuous linear functionals on the set of continuous functions is equiv-
alent to that of determining the set of all moment sequences. It is our purpose
to extend this result for majored linear operators from continuous functions to
Banach spaces.

Helly’s theorem had been of some importance a long time above all in the
probability theory in connection with a problem of moments of distributions.
Recall that in this connection, real-valued nondecreasing functions f on the
interval [a, b] of the real line are considered and that the following facts are true.
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(1) (First Helly’s theorem) Given a uniformly bounded sequence (f,,) of real-
valued nondecreasing functions, there exists a subsequence (fy, ) of (fy)
converging to a real-valued nondecreasing function f on [a, b].

(2) (Second Helly’s theorem) Given a sequence (f,,) of real-valued nondecreas-
ing functions on [a, b], converging to a real-valued nondecreasing function f,
then, for every continuous function g on [a, b], we have

b b

lim [ g(t) dfu(t) = / o(t) df (1)

n—oo
a a

More generally there are true the following facts [BDS], [Dil, [Na], [W].

(1) (First Helly’s theorem ) Given the sequence (f,) of complex-valued func-
tions of uniformly bounded variation on [a, b] such that for some z¢ € [a, b]
the sequence (f, (o)) is bounded then there exists a subsequence (f,,) of
(fn) converging to a some function f of bounded variation on [a, b].

(2) (Second Helly’s theorem) Given a sequence (f,) of functions of uniformly
bounded variation on [a, b], converging to a some function f of bounded
variation, then, for every continuous function g on [a, b], we have

b

b
tim [ g(t) dfu(t) = / o(t) df (1)

n—oo
a

2. A Helly theorem in metric spaces

In this section we shall prove some facts concerning Helly’s theorem in the
context of metric spaces.

DEFINITION. Let D be a subset of the real line, (X, d) be metric space and
h: D — X be a function. If the set of all sums Y7 ; d(h(t;—1),h(t;)), where
(t;)"_, is an increasing sequence elements of D, is bounded then g is said to be
a function of bounded variation on D. The corresponding least upper bound is
a variation of function h on set D.

PROPOSITION. Let D be a dense subset of the interval [a,b], (X, d) be a complete
metric space and h : D — X be a function of bounded variation on D.
(i) For anyt € (a,b] (resp. t € [a,b)) there exists limit h(t—0) (resp. h(t+0))
(ii) Function f: (a,b] - X (resp. g: [a,b) — X ) defined by f(t) = h(t —0)
(resp. g(t) = h(t + 0)) are functions of bounded variation on (a,b]
(resp. [a,b)).

160



A HELLY THEOREM FOR FUNCTIONS WITH VALUES IN METRIC SPACES

(iii) f(t—0) = g(t—0) = h(t—0) for allt € (a,b] and f(t+0) = g(t4+0) = h(t+0)
for allt € [a,b).

(iv) PFunction f (resp. g) is continuous at the point t € (a,b) if and only if
h(t —0) = h(t +0).

(v) For allt € (a,b) except possibly countable set h(t —0) = h(t + 0).

Proof. Let (¢;)i2, be an increasing (resp. decreasing) sequence of elements
of D. Since (X,d) is a complete metric space, it is sufficient to show that
(h(ti))zo is a Cauchy sequence. To see this, note that series

(o]

> d(h(ti-1), h(t:))

i=1

is convergent and

d(h(tn), h(tm)) < Z d(h(ti—1), h(t:))

< Z d,(h(ti_l), h(ti)) for any n < m.

It proves (i). Let (¢;)I, be an increasing sequence of elements of (a, b]. Takee > 0
and a sequence (s; )Z 0 of D such that s <tg < s1 <t1 <...<tp_1<8, <ty
and d(f(t;), h(si)) < 5. Then

n

Zd(f(:si_l),f(ti)) <3 (Al timr), hsion)

i=1 i=1

D d(f(tia),hlsien) + D d(f (), (i)
<e+ Y d(h(si—1),h(s:))

It means that f is of bounded variation. Bounded variation of ¢ may be proved
analogously. It proves (ii). Now we prove

f(t—0)=h(t—0) for t e (a,b].

Let (¢;)$2, be an increasing sequence of elements of (a,b] with lim, o t, = t.
Take a sequence (s;)5°, of D such that so <ty < s1 <t1 <...<tp_1 <sp<
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t, < ...and d(f(ti),h(si)) < % Clearly
f(t—0)= nILH;O ftn) = nl;ngo h(sn) = h(t —0).
Equalities
g(t—0)=nh(t—-0) for t e (a,b],

and
g(t+0)=nh(t+0) for t € [a,b)

may be proved analogously. It proves (iii). Part (iv) follows from (iii). Let M
be a variation of g on D and n > 0 be a fixed. Assume that there are m points
t1,...tm, where m > nM, such that inequality
1
d(f(ti), h(tz + 0)) > E
is satisfied for all ¢ = 1,..., m. There is € > 0 such that
1
d(f(t:),h(t; +0)) > 2e 4+ — forall i=1,...,m.
n

We may assume that (¢;)7*, is an increasing sequence. There are sequences
(s;); and (u;)™; in D such that sq1 < 1 < wuy < s2 <ty <ug < ...,tpm-1 <
Um—1 < S, < Ty, < Upy,

d(f(tz), h(sz)) <e and d(h(tz + 0), h(ul)) <e€ forall ¢= 1,....,m.

Now
S d(h(si). b)) > Z(d(f(ti) h(t: +0)) — 25) SRS Vi
i=1 ’ i=1 7 "
what is a contradiction. Therefore inequality
d(h(t —0),h(t+0)) >0
may be satisfied only for countably many ¢ € (a,b). O

HELLY THEOREM. Let (X,d) be a complete metric space and (gn)nen a Sequence
of functions from [a,b] into X such that

a) the set g, (x) is relatively compact for any x € |[a, b],
b) the functions (gn)nen have uniformly bounded variations.
Then there exists a subsequence of the sequence (gn)nen converging pointwise

in X to a function g: [a,b] — X of bounded variation.

Proof. Let D be a countable set dense in [a,b] and b € D. By the diagonal
procedure we obtain a subsequence (hy)nen of (gn)nen converging for every
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t € D to a function h(t) which has bounded variation on D. Hence for every
t € [a,b) there exists the limit h(¢ + 0). Put

g(t) =h(t+0) for tea,b)
and

g(b) = h(b).
Let 6 > 0 be given. We prove that
limsup d(hy(t),g(t)) <0

n—oo

for every t € [a,b), except possible, finite number m < 2M/§, where M is the
upper bound of variations of all g,. So, assume that for some m > 2M /4 there
are points t1 <ty < ... < t,, < b such that

lim sup d(hn(ti),g(ti)) >0 forall i=1,2,...,m.
n—oo

There is a subsequence (h,, )72, such that
d(hn, (ti),g(t:)) >0 forall ¢=1,2,...,m and k=1,2,...
Since ¢(t;) = h(t; + 0), there is a sequence (u;){; in D such that
4

d(g(t:), h(us)) < 2 forall i=1,2,....,m

and t; <up <tg <ug < ...,t;m—1 < Um—1 < tm < Upm. Let k be so large that
d(ha, (ui), h(u;)) < 6/4, forall i=1,...,m.

Then

which is not possible. So,
lim sup d(h, (), g(t)) =0
n—oo

for every t € [a,b), except possible, countable set A C [a, b). The last application
of the diagonal procedure gives sequence convergent to g(t) on A. For some ¢t € A
it may be g(t) # g(t). Therefore g has to be redefined on A by g(t) =g(t). O
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COROLLARY OF HELLY THEOREM. Let X be a complete linear metric space and
(gn)ne N a sequence of functions from [a,b] into X such that

a) the set {gn(x)} is relatively compact for any x € [a,b],

b) the functions (gn)nen have uniformly bounded variations.

Then there ezists a subsequence of the sequence (gn)nen converging pointwise in
X to a function g: [a,b] — X of bounded variation.

3. Integral representation theorem for majored linear
operator

It is well known that every continuous linear form on the space of C(I),
I =10,1], is presentable in the form

o / £(t)dq(t), (1)
0

where ¢ is a function of bounded variation.

From the preceding generalization of Helly theorem we obtain the result giving
the representation of majored linear mapping [Di]. First we recall the definition
of majored linear operator.

For each subset A of [a, b], let C ([a, b], A) denote the space of continuous func-
tions on [a, b] vanishing outside A. Let X be a Banach space. If F: C([a,b]) — X
is a linear mapping, define for each A,

I Ealll = SupZ (I,

where the supremum is over all finite families {f;} in C([a, b], A) with >, | f;] <
xa(t) for all t in [a,b]. If F: C([a,b]) — X is a linear mapping, then (see
[Dil §19, pp. 380, 383]), the mapping F is called majored (also dominated, [Di]),
if

[||[Fall] < oo for all A in B([a,b]). (M)

4. Riesz type theorem in some linear metric spaces

Let on the interval [a,b] a function g of bounded variation with values in
Banach X be given. This function may it possible to every continuous function
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f(z) on [a,b] to associate the element of X of the form

b
FU)—/f@ﬁw@) "

The following properties are true. Let f1, fa, f € C[a,b]. Then

F(fi+ f2) = F(f1) + F(f2), (a)
IF(F) < VIM(f), M(f) = Jnax, |f ()], VP = Varl(g). (b)

THEOREM (F. RIESZ). Let on the set Cla,b] the majored and compact linear
mapping F(f) with values in a Banach space X be given. Then there exists

a function g(x) of bounded variation with values X such that for every function
f(z) € Cla, b] we have

b
FU)—/&@M@@» (2)

Proof. It is enough to consider the case a = 1,b = 1, because the general case
can be reduced to this case by means of a linear transformation of argument.

Put
n
Pn,k = <k>$k(1 - x)nik'

It is easy to see that for every x it is true

n
Z @n,k(x) =1
k=0
Moreover, for « € [0, 1] every member of this sum in nonnegative. Hence, if
ap =+1,k=0,1,...,n,
then

<1. (3)

n
E Ak Pn,k
k=0

Note that the considered linear operator F(f) is defined for continuous on [0, 1]
functions f(z). According to definition of compact linear operator there exists
a compact subset C' of X such that

E(f) e M(f)C,

or, equivalently, mapping the unit sphere in C0, 1] into C. From this and (3] we
obtain

Z akF(apn’k) e C.
k=0
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Further from the majority of operator F' we obtain

ZIIF sonk||<supZIIF (fll < [I[Fall] < oo, (4)

k=0

where the supremum is over all finite families f; € C([a,b], A) with Y |f;(¢)] <
xa(t) for all ¢ € [a,b], for all A € B([a,b]).

Let us define the step function g, (z) to put
In (0) =0,

n(z) = Flgnl (0<2<1)

1 2
on(@) = Flono+ pui] (5 <o< _),

n
Z Spn,k‘| .
k=0

By (@) the functions g, (z) and their total variations are bounded with the one
number. Moreover, because by assumption F(f) is compact operator on C0, 1]
into X, it takes unit sphere in C[0, 1] into a compact set C' into X. Hence the
set {gn(x)},n=1,2,... is contained in C for all z € [0, 1].

Hence on the base of Helly principle of choice from the sequence { gn(:z;)} it
is possible to choose the subsequence {g,,(z)} which converges in each point of
[0,1] to a function of the bounded variation.

If f(z) is a continuous function on [0, 1], then on the base of [Na, Th. 3] it
can be shown that

/1 ) dgn (x Zf() (n.k),

1

/ f(2) dgn(z) = F[Ba()],

0

from where

where
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By(z) = kiof (%) (Z):cku — g)nk

is the Bernstein polynom for the function f(x).
By the theorem of S. N. Bernstein [Naj, §5, Ch. IV]

M(B,, — f) — 0, n — oo,
and by the definition of continuous linear operator we have
|F(Bn) = F(N)Il = [F(Bn — )l < KM (By — f).

This means that
F(Byn) — F(f),

from where
1

Jim [ f(z) dgn(x) = F(f)-
0
But if n — oo, going through values ni,nas,. .., then by Helly theorem (cf. also
[Nal §7] and [DDI]), we obtain

1

lim [ f(x)dgn(z) —/f(x) dg(z).
0

Remark. We have derived here a representation theorem for majored operators
using Helly theorem in linear metric spaces. To prove it by means of the Helly
theorem from this paper we were able to do it for compact majored mappings.
On the other hand, our approach is more “constructive”. In [Di] this is done for
Banach spaces without such an assumption.

REFERENCES

[BDS] BARTLE, R. G.—DUNFORD, N..—SCHWARTZ, J.: Weak compactness and vector
measures, Canad. J. Math. 7 (1955), 289-305.

[DD1] DEBIEVE, C.—DUCHON, M.—DUHOUX, M.: A Helly theorem in the setting of Ba-
nach spaces, Tatra Mt. Math. Publ. 22 (2001), 105-114.

[DD2] DEBIEVE, C.—DUCHON, M.—DUHOUX, M.: A Helly’s theorem in some Banach
lattices, Math. J. Toyama Univ. 23 (2000), 163-174.

[Di] DINCULEANU, N.: Vector Measures. VEB, Berlin, 1966.

[H] HAUSDOREFF, F.: Momentprobleme fir ein endliches Interval, Math. Z. 16 (1923),
220-248.

167



MILOSLAV DUCHON — PETER MALICKY

[Na] NATANSON,I. P.: Theory of Functions of a Real Variable. Frederick Ungar Publishing

Co., New York, 1974.

[W]  WIDDER, D. V.: The Laplace Transform. Princeton University Press, Princeton, 1946.

Received October 16, 2009

168

Miloslav Duchorti
Mathematical Institute
Slovak Academy of Sciences
Stefdnikova 49

SK-814-78 Bratislava
SLOVAKIA

E-mail: duchon@mat.savba.sk

Peter Malicky

Faculty of Natural Sciences
University of Matej Bel
Tajovského 40

SK-974-01 Banskd Bystrica
SLOVAKIA

E-mazil: malicky@fpv.umb.sk



	1. Introduction
	2. A Helly theorem in metric spaces
	3. Integral representation theorem for majored linear operator
	4. Riesz type theorem in some linear metric spaces
	REFERENCES

