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Vyacheslav V. CHISTYAKOV!

A Selection Principle for Functions of a Real Variable?

Dedicated to Professor Mikhail Vasil’evich Dolov
on the occasion of His 70th Birthday

Abstract. — We present a new sufficient condition (which turns out to be almost nec-
essary) in terms of the modulus of variation in order for a given sequence of real
valued functions, defined on a closed interval, to contain a pointwise convergent
subsequence whose limit is a bounded function with simple discontinuities. We
show that many Helly type selection theorems, having to do with uniform bound-
edness of generalized variations, are consequences of our result.

1. — Introduction and preliminaries
In 1912 E. Helly ([11]) proved the following celebrated selection theorem:

THEOREM A. A uniformly bounded sequence of nondecreasing functions on
a closed interval contains a pointwise convergent subsequence.

There are several consequences and variants of this theorem for functions
of bounded generalized variation. In order to present them (see Theorem B
below), let us recall some of the notions of bounded generalized variation.

Let ¢ : RT = [0,00) — RT be a convex function such that ¢(u) = 0 if and

only if u = 0; it follows that ¢ is continuous and increasing on R™ and admits

the continuous inverse ¢~ 1.
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A function f : [a,b] — R is said to be of bounded p-variation on the closed
interval [a, b] in the sense of N. Wiener ([19]) and L. C. Young ([20]) (see also
[14]) provided its total p-variation defined by

Vq,(f):sup{z@(f(mi)—f(xi_l)D cmeN, a<lrg<ri<...<Tym_1 <xm§b}

=1

is finite; in this case we write f € BV,[a, b].

If in this definition ¢(u) = u, the value V,,(f) is the usual C. Jordan varia-
tion ([13]), which will be written as V(f); in this case we also write BV[a, b] in
place of BV, |a, b].

It is well known ([14]) that if lim, 4+ ¢(u)/u = 0, then BV][a, b] is a proper
subset of BV, a, b].

Let A = {X\;}$2, be a nondecreasing sequence of positive numbers such that
the series Y .o, 1/, diverges.

A function f : [a,b] — R is said to be of A-bounded variation on [a,b] in
the sense of D. Waterman ([17]), and we write f € BVjJ[a,b], if the following
quantity, called the total A-variation of f, is finite:

where the supremum is taken over all m € N and all non-ordered collections of
non-overlapping intervals [ag, bx] C [a,b], kK =1,...,m.

It is well known ([18]) that if A is an unbounded sequence, then BV][a, b] is
a proper subset of BVj[a, b].

Now, let BV,[a, b] denote one of the spaces BV|a, b], BV, |a, b] or BV, |a, b],
where the corresponding total variation is denoted by V.(:). The following
theorem is originally due to E. Helly ([11]) if V,, = V, and it is due to J. Musielak
and W. Orlicz ([14]) if * = ¢ and D. Waterman ([18]) if x = A:

THEOREM B. A uniformly bounded sequence {f;} of real valued functions
on [a,b], satisfying the condition sup,cy Vi(fj) < oo, contains a pointwise con-
vergent subsequence whose pointwise limit is a function belonging to BV,|a, b].

It is the aim of this work to remove the condition sup;cy Vi(fj) < oo of
the uniform boundedness of variations of any kind from Theorems A and B (see
Theorem 1 in Section 2). In order to do it, we need a definition.

Givenn €N, f:[a,b] = R and @ # E C [a, b], we set

v(n, f, E) = supZ |f(bi) — flas)l,

where the supremum is taken over all points a1,...,an,b1,...,b, € E such that
a1 <by <ag<by<...<a, <b, If E=]lab] (ie., E is the domain of f),
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v(n, f,la,b]) will be written as v(n, f). The sequence {v(n, f, E)}>2 is called
the modulus of variation of f on the set E in the sense of Z. Chanturiya ([3]).
Note at once (cf. Lemma 1(d), (a) in Section 3) that the modulus of variation is
a nondecreasing sequence, for which the limit lim, .o v(n, f, E)/n € RT always
exists (provided the function f is bounded on the set E).

In order to get a better feeling of the notion of modulus of variation, let
us take a look at how it behaves on some well known classes of functions: the
following relations are valid for all n € N (for their proofs and appropriate
references see the Appendix in Section 7):

if f : [a,b] — R is monotone, then v(n, ) = |f(b) — f(a)l: (1)
i € BVla.b), then v(n f) < V() = supv(n. f); (2)

if f € BV, [a,b, then v(n, f) < np~" (%) max{L, V,,(f)}; (3)

if f € BVa[a,b], then v(n, f) < n(i i)lvA(f); (4)

if £ : [a,b] — R is continuous, then v(n, f) < an(b_Ta, N.®

where C' > 0 is an absolute constant (independent of f) and w(u, f) is the
modulus of continuity of f on [a,b], i.e., if 0 < u <b— a, then

w(uaf) = w(uvfa [aab]) = sup{|f(x) - f(y)| ‘T, Y€ [avb}a ‘x 7y| § u}a

and w(0, f) = limy,_yow(u, f) =0.

From the right hand sides of (1)—(5) one can clearly see that the condition
lim,, . v(n, f)/n = 0 enters into the picture. As an illustration, we note that
this condition characterizes functions with simple discontinuities (i.e., those that
have finite limits from the left and from the right at each point of [a, b]) as the
following Chanturiya’s result shows ([3, Theorem 5]):

THEOREM C. A function f : [a,b] — R has left and right finite limits at all
points of [a,b] if and only if lim, . v(n, f)/n=0.

As a consequence of (1)—(4) and Theorem C, we get the well known property
that functions from classes (1)—(4) have only simple discontinuities ([3, 5, 6, 13,
14, 18, 19, 20)).

Our paper is organized as follows. In Section 2 we present our main results:
Theorems 1 and 2. The properties of the modulus of variation needed for our
purposes are considered in Section 3. In Section 4 a generalization of Theorem C
is given and in Section 5 the main results of the paper are proved. Finally, in
Section 6 we show that Helly type selection theorems due to M. Schramm ([16])
and P. C. Bhakta ([2]) are consequences of our Theorem 1.
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2. — Main results
Our first main result is the following pointwise selection principle:

THEOREM 1. Let {f;} be a uniformly bounded sequence of real valued func-
tions on [a,b] such that

lim (l lim sup v(n, f])) =0. (6)

Then it contains a subsequence which converges pointwise on [a,b] to a bounded
function f : [a,b] — R satisfying lim,, o v(n, f)/n = 0.

This theorem will be proved in Section 5. Now two remarks are in order.

REMARK 1. In Theorem 1 conditions of Theorem C may not be satisfied
for all functions f;, but they always hold for the pointwise limit function f (see
Remark 5(c) in Section 5).

REMARK 2. Selection theorems A and B (and some others — see Section 6)
follow from our Theorem 1: one should take into account (1)—(5) and the follow-
ing well known property of generalized variations V, (-) considered above: if a se-
quence f; : [a,b] — R converges pointwise to f, then V. (f) < liminf;_. o Vi(f;).

Condition (6) is the best possible for the extraction of a regular pointwise
convergent subsequence (that is, convergent to a function f satisfying conditions
of Theorem C) in the following sense: although it is not necessary for the
pointwise convergence (see Remark 5 in Section 5), it is necessary for the uniform
convergence and it is “almost” mecessary for the pointwise convergence. This
can be seen from the following Theorem 2, our second main result, which will
be proved in Section 5:

THEOREM 2. (a) If a sequence {f;} of real valued functions on [a,b] con-
verges uniformly to a function [ such that lim,_ ., v(n, f)/n =0, then

lim (l lim V(n,fj)> =0.
n—oo\ 1N j—oo
(b) If {f;} is a sequence of measurable real valued functions on [a,b] which
converges pointwise (or almost everywhere) to a function f : [a,b] — R satis-
fying the condition lim, . v(n, f)/n = 0, then for each ¢ > 0 there exists a
measurable set E = E(g) C [a,b] with (Lebesgue) measure < e such that

nllrréo(l lim v(n, f;, [a, b] \E)) —0.

n j—oo
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3. — Auxiliary lemma

In order to prove Theorems 1 and 2 and Theorem 3 from Section 4, we need
a lemma expressing the main properties of the modulus of variation.

LEMMA 1. Given f: [a,b] = R, @ # E C [a,b] and n € N, we have:

(a) v(n+1,f,E)/(n+1) <vn, f, E)/n;

(b) if a sequence of functions f; : E — R converges pointwise on E to f as
Jj — oo, then v(n, f, E) <liminf; . v(n, f;, E);

(c) v(n, g9, E) <v(n, f, E) + 2nsupep [f(2) — g(2)] if g: E — R;

(d) [f(y) = f(@)+v(n, f,EN[a,2]) Sv(n+1, f,EN[a,y]) if v,y € E, x < y;

(e) v(n, f,E') <v(n, f,E) whenever & # E' C E C [a,b].

PROOF. (a) is equivalent to the inequality

vin+1, f, E)

vin+1,f,E) Sv(n, f, B) + ———=

, (7)
and so, following [4, Lemmal, we prove (7). By the definition of v(n + 1, f, E),
given € > 0 there exist a;,b; € E (depending on ¢ in general), i = 1,...,n+ 1,
such that aq Sbl SCLQ Sbg S §an Sbn San+1 Sbn+1 and

n+1 n+1
Zlf fla) <vin+1,£,E) <e+ Y [f(b) - flai)l.
i=1

Let dop denote the minimal term in the sum on the left hand side. We have
do <v(n+1,f,E)/(n+1). On the other hand, the right hand side of these
inequalities implies v(n + 1, f, E) < e + v(n, f, E) 4+ dy, which gives (7) due to
the arbitrariness of £ > 0.

(b) Given points a1 < b; < ... <a, <b, from E and j € N, the definition
of v(n, f;, E) implies

Z £ (b:) = fi(ai)| < v(n, f;, E).

Passing to the limit inferior as j — oo in this inequality and taking into account
the pointwise convergence of f; to f, we get:

D 1f(bi) = fla)| < liminf v (n, £, B).

It remains to take the supremum over all a;,b;, i = 1,...,n, as above.
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(¢) For points a1 < b <as <by <...<a, <b, from E, we have:

n

Z lg(bi) — g(ai)]

i=1

IA

D o 1g(oi) = FO+ D1 (b:) = flas)|+D | (ai) = g(ar)]
i=1 i=1 i=1

< nsup [g(z) — f(z)| +v(n, [, E) + nsup |f(z) - g(z)],
zeE z€E
and it suffices to take the supremum over all ay,...,a,,b1,...,b,.
(d) and (e) are straightforward consequences of the definition of the modulus
of variation. =

4. — Functions with simple discontinuities

Let S be a fixed dense subset of [a,b]. We denote by U(S) the set of
all functions f : [a,b] — R such that for every point z € (a,b] the left limit
fis(x—=) = limgsy ..o f(y) and for every = € [a,b) the right limit fis(z+) =
limssy .10 f(y) exist and are finite, where as usual the symbol f|s denotes the
restriction of f to the set S. The set U(S) is called Jeffery’s class ([12]).

We have the following characterization of the class U(S) in terms of the
modulus of variation and at the same time a generalization of Theorem C:

THEOREM 3. U(S) = {f :a,b] = R | nlLrI;OV(n,f,S)/n = O}.

PROOF. Inclusion “D7. Let f : [a,b] — R be such that v(n, f,S)/n — 0
asn — oco. Forn € Nand s € S we set v,(s) = v(n, f,5 N [a,s]). By
Lemma 1(e), the function v, : S — RT is nondecreasing; it is also bounded:
in fact, there exists ng € N such that v(n, f,5) < n for all n > ng, and so,
by virtue of Lemma 1(e), (d), vn(s) < v(n, f,S) < max{ng,n} for all n € N
and s € S. It follows that the limit v, g(z—) exists at each a < z < b. We
will show that f|g(z—) exists as well (the existence of fig(z+) for a <2 < b is
treated similarly). Given a < s <t < x with s, ¢ € S, by Lemma 1(d), (7) and
Lemma 1(e), we have:

|f(t) = f(s)] <v(n+1,f,SN][a,t]) —v(n, f,5N]a,s])
vin+1,f,5N]a,t])

< vin, £, o) + ELLEORD i p 500, )
< on(®) = stz + L ) o)l

Let € > 0 be arbitrary. Choose n = n(e) € N such that

v(in+1,f,5) <.
n+1 -
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Let § = d(e) € (0,2 — a) satisfy the property:
[Vn(y) — vnig(z—)| <e for all yeSNlr—d,xz).

Then for all s, t € SN[z—§, x) we have from the above calculation: |f(t)—f(s)| <
3¢, and so, the Cauchy criterion of the existence of the limit fig(z—) is satisfied.

Inclusion “C”. Given f € U(S), by virtue of the existence of one-sided
limits fig(z—) at each x € (a,b] and fis(z+) at each x € [a,b), there exists
a sequence {f;} of step functions on [a,b] such that fi|s converges uniformly
on S to flg as j — oo. The construction of {f;} is similar (with obvious
suitable changes) to the one given in the necessity part in [9, (7.6.1)]. We
recall only that f; is said to be a step function on [a,b] if for some partition
a=cy<c<...<cpo1 <y =0bof [a,b] the function f; takes a constant
value on each open interval (¢;—1,¢;),i=1,...,m.

Clearly, each step function f; is in BV(a,b], and so, lim,_.. v(n, f;)/n =
0 according to (2). By Lemma 1(e), v(n, f;,S) < v(n,f;), which implies
lim,, o0 (1, f,5)/n = 0. Applying Lemma 1(c), we get:

I/(n,f,S) < V(nvfj7s)
B n

n

+ 25w |fi(@) = fl@)l, . jeN

kS
Given ¢ > 0, choose j = j(¢) € N such that sup,cg |fj(z) — f(z)| < e and then
choose ng = ng(e) € N such that v(n, f;,5)/n < e for all n > ny. It follows
that v(n, f,S)/n < 3cforalln >nyg. Q. E.D. =

5. — Proofs of Theorems 1 and 2

Proor oF THEOREM 1. We set u(n) = limsup;_, ., v(n, f;), n € N. Con-
dition (6) implies that p(n) is finite for all n € N: in fact, there exists ng € N
such that limsup;_, . v(n, f;) < n whenever n > ng, and Lemma 1(d) with
E =[a,b] and © = y = b yields

limsup v(n, f;) < limsupu(no, fi) <ng if 1< n<mny.

Jj—o0 j—o00
Step 1. There is a subsequence { 17 } of our original sequence f; such that

y(n) = lim v(n, f) exists and 7(n) < p(n) for all neN. (8)

J—00
In fact, from the definition of u(1) we find a subsequence {fj} of {f;}
such that v(1,f}) — p(l) as j — oo. We set y(1) = p(1) and ~(2) =
limsup; . v(2, ;). Since 7(2) < u(2), we choose a subsequence {f7} of
{f}} such that v(2,f?) — ~(2) as j — oco. Given n € N, n > 3, and
the subsequence {ffﬁl} of {f;}, we set y(n) = limsup,_, V(n,f;“l) and,
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noting that y(n) < p(n), we pick a subsequence {f}'} of {f;l_l} such that

v(n, fj') = v(n) as j — oo. Then the diagonal sequence {fjj 721, which we de-

note by {f7}, satisfies conditions (8) (note that f7 with j > n is a subsequence
of f2, f3y ooy ).

Step 2. There exists a subsequence {f} of the sequence {f7} from (8) and
for each n € N there exists a nondecreasing function v, : [a,b] — R such that

. *
lim v(n, f7,
j—o0

[a,z]) = vp(x) for all n €N and z € [a,b]. (9)

First, we note that, given n € N, for each j € N the function z —
v(n, f7,]a,z]) is nondecreasing on [a,b] by Lemma 1(e), and according to (8)
sup,en v(n, ff) < C(n) for some constant C(n) > 0.

The sequence of nondecreasing functions = — v(1, f7,[a,z]), j € N, is
uniformly bounded on [a, b] by C(1) (see Lemma 1(e)), and so, by Helly’s Theo-
rem A, the sequence {f;} contains a subsequence {f;’l} such that v(1, f;’l, [a, x])
tends to v1(x) as j — oo for all z € [a, b], where v : [a,b] — [0,C(1)] is a nonde-
creasing function. Applying Helly’s Theorem A one more time to the sequence of
functions x — v/(2, f£',[a,z]), j € N, we find a subsequence {f5*} of {f5'} and
a nondecreasing function v, : [a,b] — [0, C(2)] such that v(2, f7?, [a, z]) — va(x)
as j — oo for all z € [a,b]. Inductively, if n > 3 and the subsequence {f°" '}

J
of { f;} is already constructed, we apply Helly’s Theorem A to the sequence

of nondecreasing functions x +— V(n,fjo”*l, [a,z]), j € N, which is uniformly
bounded on [a,b] by C(n): there exist a subsequence {f;"} of {f;”fl} and a
nondecreasing function v, : [a,b] — [0, C(n)] such that v(n, 5 [a,z]) = vu(x)
as j — oo for all x € [a,b]. Tt follows that the diagonal sequence { f;j }32as
which we denote by {f;}, satisfies conditions (9) and (8).

Step 3. For each n € N the function v, from step 2 is monotone, and so,
the set @, C [a,b] of its points of discontinuity is at most countable. Setting
S = ([la,b] NQ)U,~; @y, where Q is the set of all rationals, we have: S is a
countable dense subset of [a, b] such that

v, is continuous on [a,b]\ S for all neN. (10)

Since the sequence {f;} is uniformly bounded on [a,b] and S C [a,b] is count-
able, we may assume with no loss of generality (by again applying the standard
diagonal process and passing to a subsequence of { fj*} if necessary) that, for all
s € 5, f7(s) converges to a point f(s) as j — oo.

We are going to show that for any ¢ € [a,b] \ S the sequence {f}(t)} also
converges. Let € > 0 be arbitrary. Since, by (6), u(n)/n — 0 as n — oo, there
is a number n = n(e) € N, depending on ¢, such that

pnt+1)

n+1 (1)
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The first condition in (8) implies the existence of a number Jy; = Jy(e) € N,
depending on ¢, such that

vin+1,f7) <v(n+1)+¢e for all j>Jo. (12)

By the density of S in [a, b] and (10), there is a point s = s(e,t) € S, depending
on ¢ and t, such that
a(t) = va(s)| < = (13)

From (9) we find a number J; = Ji(e,t) € N, depending on € and ¢, with the
property that if 7 > Jy, then
v(n, £, la,t]) —w(t) <& and  |v(n, f],[a,s]) —va(s)| <. (14)

Suppose s < t (the case when t < s is treated similarly). Applying successively
inequalities of Lemma 1(d), (7), (13) and (14), and then Lemma 1(e), (12), (8)
and (11), we have for all j > max{Jy, J1 }:
|fj>‘k(t) - f]*(s)| < V(n + 1’fg>‘ka [a7t]) - V(?’L, ffv [CL?S])

> I/(TL + 17.](?5 [aat]) - I/(TL, f;7 [a7t])

+ |V(1’L, ;7 [avt]) - Vn(t)|

+ [vn(t) = vn(s)]

+ |Vn(s) - I/(TL7 ;7 [av S])|
_ v+ LS )

A

+ 3¢
n+1
vin+1, f*
< M-&-?)ESE)E. (15)
n+1

Being convergent, the sequence {f;(s)} is Cauchy, and so, there is a number
Jo = Ja(e) € N, depending on ¢, such that

|f¥(s) = fi(s)| <e for all j>Jy and k> Jo. (16)

The number J = max{Jy, J1, Jo} depends only on € and, by virtue of (15) and
(16), for all j > J and k > J we have:

1F5 (&) = fr @ < 1f5 @) = f7 () + [f7 (s) = fe ()] + [fi (s) = fe ()] < 1le.

Thus, {f;(t)} is a Cauchy sequence, and so, it is convergent as j — oo to a
point denoted by f(t). Since the point ¢ € [a,b] \ S is arbitrary, taking into
account the arguments at the beginning of step 3, we have:

lim f(z) = f(x) for all =z € [a,b].

j—oo”d
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Applying Lemma 1(b) we conclude that, given n € N,

v(n, f) <liminfv(n, f;) < limsupv(n, f;) = p(n).

J—0o0 Jj—00

In particular, (6) implies lim,,—,o v(n, f)/n = 0, and condition v(1, f) < p(1)
means that the function f : [a,b] — R defined above is bounded. =

A number of remarks / comments on Theorem 1 are in order.

REMARK 3. (a) The condition of the uniform boundedness of the sequence
{f;} in Theorem 1 cannot be significantly lightened: we may suppose only that
|fi(z0)] < Cop at some point zo € [a,b] for some constant Cy > 0 and all j € N,
but, in view of (6), this will imply the uniform boundedness of the sequence
{f;}. In fact, since p(1) is finite, we have v(1, f;) < C; for some number C; > 0
and all j € N, and so, for all z € [a,b] and j € N we find

(@) < [f5(@o)| + 1£5(2) = f3(wo)| < Co +v(L, f;) < Co + Ch.

Moreover, we cannot do without the condition of the uniform boundedness of
{f;} in Theorem 1: if f; : [0,1] — R is defined by f;(z) = j for all z € [0, 1] and
j €N, then v(n, f;) =0 for all n, j € N, and so, lim;_,, v(n, f;) = 0, implying
condition (6), but no subsequence of {f;} is convergent.

(b) Since the sequence { f; } in Theorem 1 is uniformly bounded, say, | f;(x)| <
C for all z € [a,b], j € N, and some C > 0, it is straightforward that
sup;ey ¥(n, fj) < 2Cn, and so, p(n) is finite for all n € N. In the proof of
Theorem 1 we have chosen to deduce the finiteness of p(n) via the condition
(6) in order to include condition |f;(zo)| < Cp from Remark 3(a) as a virtual
generalization.

(¢) The outer limit lim,,_,+, in condition (6) is quite natural, since, by virtue
of Lemma 1(a), the sequences {+v(n, f;)}22, and {tlimsup, . v(n, f;)}52,
are nonincreasing (and bounded from below).

REMARK 4. (a) Theorem 1 is false without condition (6). Let o : N — R
be a bounded sequence with liminf;_ . |a(j)| > 0 and f; : [0,27] — R be given
by f;(x) = a(j)|sin(jz)|, = € [0,2n], j € N. The modulus of variation v(n, f;)
is equal to

j if  1<n<4j, ,
V(n,fj)={ nlaG)l i ey n, j €N, (17)

4jla@)l if n >4,

(where we note that V(f;) = 4j|a(j)]), and so,

1
lim <flimsup V(n,fj)) = limsup [a(j)| > 0.

n—00\N 00 j—00

At the same time no subsequence of f; is convergent everywhere on [0, 27].
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(b) On the other hand, if a(j) — 0 and j|a(j)| — oo as j — oo, the classical
Helly Theorem B (with V., = V) is inapplicable whereas Theorem 1 successfully
applies. This shows that Helly’s principles having to do with uniform bounded-
ness of variations rely on the second line in (17) expressing the total variation
of f;, which is too rough. In Theorem 1 we make use of the first line in (17),
which is more precise (see also Remark 5(c) below).

(c) Let f; : [0,1] — R be given by f;(z) =01 0 <z < 1 and f;(1) = j.
We have: v(n, f;) = j, condition (6) is not satisfied, and no subsequence of
{fi(1)}32, converges.

REMARK 5. (a) Condition (6) in Theorem 1 is not necessary. Define the
sequence f; : [0,1] = R by f;j(z) = gj(z) if 0 <2 <1/jand fj(z)=1if1/j <
x <1, where g; : [0,1] — R is given by g;(x) = 1 if jlz is integer and g;(z) =0
otherwise. Clearly, g; converges pointwise on [0, 1] to the characteristic function
1g of the rationals QQ, while f; converges pointwise to the constant function
f(z) = 1. Since for given n, j € N we have v(n, f;) =nifn <2-(j —1)! and
vin, f;)=V(f;) =2-(G—1lif n>2-(j — 1)}, then lim; . v(n, f;) =n, and
so, condition (6) is not satisfied.

(b) Another example of this type can be given as follows. Define f; :
[0,27] — R by f;j(z) = |sin(j%z)] if 0 < 2 < 27/j and f;(z) = 0 if 2n/j <
x < 2m. Then f; converges pointwise to f(z) = 0, while v(n, f;) is expressed
by (17) with a(j) = 1, and so, (6) does not hold.

(c) Let f; : [0,1] — R be defined by f; = 1g/j, where 1q is the restriction to
[0,1] of the characteristic function of the rationals. Clearly, Vi(f;) = oo for all
j € N with any interpretation of the generalized variation V, as exposed above,
so Theorem B cannot be applied. On the other hand, v(n, f;) = n/j, and so,
condition (6) is satisfied.

PROOF OF THEOREM 2. (a) By Lemma 1(c), given n, j € N, we get:

V(nafj) < V(naf) +2n sup ‘f(x) - fj(x)|a

z€la,b]
which, by virtue of the uniform convergence of f; to f, implies

limsupv(n, f;) <wv(n,f) for all neN.
J—0o0
By Lemma 1(b), v(n, f) < liminf; .. v(n, f;), and so, the limit lim;_,., v(n, f;)
exists and is equal to v(n, f). It remains to take into account that v(n, f)/n — 0
as n — oo.

(b) By Egorov’s Theorem and our assumptions, given € > 0 there exists a
measurable set E C [a, b] (depending on ¢ in general) with measure not exceed-
ing e such that f; converges to f uniformly on [a,b] \ E as j — oco. By the
(analogous) arguments as in (a), we have:

Jlgrolo v(n, fj,la, )\ E) =v(n, f,[a, b)) \ E), mneN. (18)
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Since v(n, f,[a,b] \ E) < v(n, f) by Lemma 1(e) and v(n, f)/n — 0 as n — oo
by the assumption, our assertion follows now from (18). =

REMARK 6. Theorem 2(a) is false if we replace the uniform convergence of
fj to f by the pointwise convergence — see Remark 5(a), (b) above.

6. — Helly’s principle for more general generalized variations

Here we treat Helly type selection principles of more general nature than
exposed above and show that they are consequences of our Theorem 1.

6.1. Let us recall the notion of ®-bounded variation introduced by Schramm
in [16]. Let ® = {(;}$2; be a sequence of @-functions, i.e., each p; : RT — RT
is continuous, nondecreasing, unbounded, and ¢;(u) = 0 if and only if w = 0. In
what follows we will do without the convexity of each ¢;, assumed in [16], which
will also give some generalization of Schramm’s result. The sequence ® is said
to be a ®-sequence if the following two conditions hold:

vit1(u) < @;(u) for all i€N and uweR" (19)
and
oo
Zg&l(u) =400 for all u>0. (20)
i=1

A function f : [a,b] — R is said to be of ®-bounded variation on [a,b] in the
sense of M. Schramm, in symbols f € BVg[a,b], if its total ®-variation defined
by

Va(r) = s (160) — f1a))

is finite, the supremum being taken over all m € N and all non-ordered collec-
tions of non-overlapping intervals [ag, bx] C [a,b], k =1,...,m.

Note that the spaces BVJa,b], BV,[a,b] and BVa[a,b] alluded to above
correspond to ®-sequences ® = {p;}52, with ¢;(u) = u, ¢;(u) = p(u) and
@i(u) = u/N\;, respectively, where ¢ € N and u € R*.

An analogue of the Helly selection theorem presented in [16, Theorem 2.8]
is exactly Theorem B from Section 1, where x = ® is a given ®-sequence. Let us
show that for the sequence {f;} from Theorem B, for which C' = sup,cy Va(f;)
is finite, condition (6) is fulfilled.

Givenn €N, let a < a1 <b; <ay <by <...<a, <b, <b be arbitrary.
By the definition of Vg, for j € N and any permutation o : {1,...,n} —
{1,...,n} we have:

> ¢ (13ow) = Hlasw)]) < Valfi) < €,
i=1



A SELECTION PRINCIPLE 13

and so, the definition of v(n, f;) implies:

n
supv(n, f;) < sup Z Ui (21)
jEN =

where the supremum is taken over all {u;}" ; C R* such that

n

Z%’ (ug(i)) < C for all permutations o of the set {1,...,n}. (22)
i=1
Let £(n) designate the right hand side in (21). We claim that £(n)/n — 0 as
n — oo, and so, (6) is satisfied. In fact, given ¢ > 0, by virtue of (20), set

é*‘”@ a

Let n € N, n > Np, and {u;}"_; C R" be arbitrary numbers satisfying condition
(22). We set I1(n) = {1 <i<n|wu <¢e/2} and Iz(n) = {1 <i < n |
u; > €/2}, and let |I1(n)| and |I2(n)| denote the number of elements in I (n)
and Iz(n), respectively. Conditions (19) and (22) imply ¢;(u;) < C, and so,
u; < 7 H(C) = sup{u € R | p1(u) < O} foralli € {1,...,n}. Also, (22) yields
|I2(n)| < No; indeed, if [Io(n)| > No, say, Io(n) = {ix}12, with Nog < Ko < n
and ip € {1,...,n} for k = 1,..., Ky, then we define the permutation o :
{1,...,n} = {1,...,n} as follows: o(k) =i if k € {1,..., Ko} and arbitrarily
for Ko < k < n, so that

No = No(e) = min{N eN

n No No
£
Z%‘(ua(i)) 2 Z P (Uo(k) = Z%(uik) = Zwk (5) > G,
i=1 kelz(n) k=1 =1

which contradicts (22). Thus, |Iz(n)| < Ny. Now, we have:

Sui= Y wit Y w< L)+ L) e (C)

i=1 i€l1(n) i€la(n)

§n~§+N0-cpf1(C’) for all n > No.

Thanks to the arbitrariness of {u;}? ; having property (22), the last esti-
mate means that £(n)/n < (g/2) + Now  (C)/n for all n > Ny, and so,
lim, o &(n)/n = 0.

Thus, according to Theorem 1 a subsequence of { f;}, again denoted by {f;},
converges pointwise on [a, b] to a function f : [a,b] — R. We have to show that
f € BVg[a,b]. Let [ag,bx] C [a,b], Kk = 1,...,m, be an arbitrary collection of
non-overlapping intervals. Since

> ei(1£0:) = fa)l) < Va(fy) for all jeN,
=1
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then passing to the limit inferior as j — oo and taking into account the pointwise
convergence of f; to f, we get:

m

> i (146 = F@)]) < limint Va(fy).

Thus, Vq;(f) < lim infj_wo Vcb(fj) < C, and S0, f € BVs [a, b]

REMARK 7. The assumption “p;(u) = 0 if and only if u = 07 is significant
for the validity of Musielak-Orlicz’s and Schramm’s selection principles. In fact,
let p; = ¢ for all i € N, where p(u) =0if 0 <u <2 and p(u) =u—2if u > 2.
For the sequence f;(x) = sin(jz), 0 <z < 27, j € N, we have sup,cy Va(f;) = 0,
but {f;} does not contain a subsequence convergent everywhere on [0, 27].

REMARK 8. The main results of this work (Lemma 1, Theorems 1-3 and
Section 6.1) are also valid for functions defined on an arbitrary nonempty subset
of R and taking values from a metric space; see [8] for the appropriate setting.

6.2. Let S be a dense subset of [a,b] and U(S) be Jeffery’s class from
Section 4. Given f € U(S), weset S(f) ={z € S| fis(z—) = f(z) = fls(z+)}.
The set S\ S(f) is at most countable (cf. [2, Lemma 2.1]).

Let @ # FE C [a,b], « = inf E and 8 =sup E. A function f € U(S) is said
to be of bounded variation on E relative to S in the sense of R. Jeffery [12] (see
also P. Bhakta [2]), which is written as f € BVg(FE), if the total variation of f
on E relative to S given by

Vat5:8) = supf fis(o0-) = F@)l + 3 fis(aio) ~ fis(osrh)

LA - fs(17m+>|}

is finite, where the supremum is taken over all m € N and all {z;}7*, C E such
that o < zg < @1 < ... < Tpmo1 < Ty, < B. It is known ([2]) that BVia,b] is a
proper subset of BVg([a, b]).

The following variant of Helly’s selection principle is due to P. C. Bhakta
([2, Theorem 3.4]):

THEOREM D. Let S be a dense, measurable subset of [a,b] of full measure.
Suppose a sequence of functions {f;} C U(S) is such that there is a posi-
tive constant C, for which Vs(f;;[a,b]) < C, |fj(a)] < C, |f;(b)] < C and
|fj|S(x:I:)| < C foralljeNanda <z <b. Then {f;} contains a subsequence
which converges almost everywhere on [a,b] to a function from BV]a,b].
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We show that Theorem D is a consequence of Theorem 1. The set Sy =
ﬂ;’;l S(f;) is of full measure on [a, b] because S\ Sy is at most countable. Given
J € N, the Jordan variation of f; on Sy, denoted by V(f;, So), is estimated by

V(fj,50) < Vs(f5380) < Vs(fj;]a,b]) <C,

and so,

supv(n, fj, So) <sup V(f;,S0) < C;

JEN JEN
also, |fj(@)| = |fjg(a£)] < C for all z € S and j € N. By Theorem 1
and Remark 8, a subsequence of {f;} converges pointwise on Sy to a function
f : So — R of bounded Jordan variation: V(f,Sy) < oo. Following [7, p. 10,
below (2.4)] we extend f to a function f : [a,b] — R such that V(f) = V(f, So).
Then the extracted subsequence converges almost everywhere on [a,b] to the
extension f € BV]a, b)].

REMARK 9. Recall that a sequence {f;} of real valued functions on [a, b]
is said to be equicontinuous if for each ¢ > 0 there exists ug(e) > 0 such that
|fi(z) — fi(y)| <eforal z,yelab], |t —y| <uple), and all j € N; in other
words, lim,, 4o sup,cyw(u, f;) = 0, where w(-, f;) is the modulus of continuity
of f;. This definition, estimate (5) and Theorem 1 give the well known Ascoli’s
Theorem: A uniformly bounded equicontinuous sequence of real valued functions
{f;} on [a,b] contains a pointwise convergent subsequence.

REMARK 10. Pointwise selection principles of different kind, also not having
to do with uniform boundedness of variations and basing on the notion of the
oscillation, are contained in the works of K. Schrader [15] and L. Di Piazza and
C. Maniscalco [10]. These principles are valid only for real valued functions
(cf. Remark 8) and the pointwise limit function of the extracted subsequence
may be highly irregular, e.g., may have no simple discontinuities. At present a
complete relationship between these principles and Theorem 1 (or its extensions
[8]) is not known to the author, and further investigation is needed to clarify
this relationship.

7. — Appendix: proofs of estimates (1)—(5)

PROOF OF (1) AND (2). Let f € BV]a,b]. Clearly, v(n, f) < V(f) for all
n € N, and so, sup,,cyv(n, f) < V(f). On the other hand, if a = 29 < 21 <
co. < Tp_1 < T, = b for any given n € N, we have:

n

S @) = fwimn)| < v(n, f) < supv(n, f),

i=1 neN
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which gives V(f) < sup, ey v(n, f), and so, (2) follows. Now, if f is monotone,
then for all n € N we have:

1£(b) = fla)] = v(L, f) <vin, f) <V(f) = [f(b) = fla)],
which proves (1). =

PrOOF OF (3) (cf. [3, Theorem 3]). Given f € BV,a,b], we set M =
max{1,V,(f)}. fneNanda <a; <b <ay <by<...<a,<b, <b, then
by virtue of the convexity of (p, we have:

so(Mlng 00 1@l < 579( g 0 F(a0)] )

n

1 1
< — )
*Mni n

o(170) ~ Flal) < 17=Velf) <

I
-

and so, Y., |f(b;) — f(a;)] < Mnep~*(1/n), which implies (3). m

PROOF OF (4) (cf. [1]). If f € BVp[a,b], n € N, a < a1 < by < ag <
by <...<ap, <b, <band o:{l,...,n} — {1,...,n} is a permutation, we
have 7" | [f(bi) — f(ai)|/Asi) < Va(f). Substituting into this inequality the
n permutations o = o, k = 0,1,...,n — 1, defined by ox(i) = n — k + i if
l1<i<kand op(i) =i—kif k+1 <i < n, and summing the n resulting
inequalities, we get

n 1 n
(Z )\_) : (Z |f(bi) — f(ai)|> <nVa(f),
i=1"" i=1

from which the inequality (4) follows. =

PrOOF OF (5) (cf. [4, Theorem 1]). Let ¢ : [0,27] — R be a continuous
function defined by

b—a
= < < .
g(7) f(a—!—r 5 ), 0<7<2m

By inequality (3) from [4], there exists an absolute constant C' > 0 such that
the following estimate holds:

1
v(n,9,00,27]) < Cneo(=,9,[0,27])), neN.
n
Since v(n, g, [0,27]) = v(n, f) for all n € N and
b—a
= —_— <u<
w(u, g, [0, 27)) w( 5 u,f), 0<wu<2m,

we have:

b—a

V(n,f)San(bQ_—Wa~ 7]")ﬁC’?”Lu;( ,f). [

S|
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