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ABSTRACT. In this article we present a generalization of the concept of func-
tion of bounded variation, in the sense of Riesz, for functions defined on a
rectangle in R2, which take values in a Banach space. As applications, we
obtain generalizations of some results due to Chistyakov and a counterpart of
the classical Riesz’s Lemma.

1. INTRODUCTION

Let us recall that a function u : [a,b] — R is of bounded variation if

V(u,[a,b]) := sup{ Z lu(t;) —u(tiz1)| - {t:}on € 7la, b]} < 00

where 7[a,b] : a =ty <t; <---<t,=Dh.

The class of all real valued functions of bounded variation was introduced by
Jordan in 1881 ([10]), who established the relation between these and the class
of all monotone functions; namely,

A function f : [a,b] — R is of bounded variation if and only it is the difference
of two monotone functions.

This fact has important implications: in the first place, every function of
bounded variation, defined on an closed interval [a,b], has one-sided limits at

every point of (a,b) and, moreover, the limits lim f (x) and hril f(z) exist; on
T—ra T—0

the other hand, by a celebrated theorem of Lebesgue (see e.g., [15, page 112]) a
function of bounded variation is differentiable almost everywhere on [a, b].
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Historically one of the most important implications of Jordan’s characterization
is that it permits to extend the Dirichlet’s criterium (for the convergence of
the Fourier series of piecewise monotone functions) to the class of functions of
bounded variation.

The interest generated by this notion has lead to some generalizations of the
concept (see, e.g., [2, 7, 17]). Many of these generalizations are mainly intended to
the search of a bigger class of functions whose elements have pointwise convergent
Fourier series. As in the classical case, this generalizations have found also many
applications in the study of certain differential and integral equations (see, e.g.,

[3])-

In 1910, Riesz ([!1]) introduces the class of functions of bounded p-variation
n [a,b] (1 <p < o0);it consists of those functions u : [a, b] — R such that

V(s [a, b)) —Sup{z|u|t_tz = 3' At € nla, ]}<oo,

where 7[a, b] denotes the set of all partitions {tx}}_, of [a,b]; that is, a =ty <
th<---<t,=0b.

He proved that in the case 1 < p < 0o, this class coincides with the class of those
functions w that are absolutely continuous and whose derivative u' € L,|a,b].
In fact, the renowned Riesz’s Lemma establishes that

V, (ui[a,0]) < oo <= V'(uia,b]) = [[/]f

LP[a,b]

In this paper we will use the following standard notation (see [5]): N will
denote the set of all continuous convex functions @ : [0, +00) — [0, 400) such
that ®(p) = 0 if and only if p = 0, and N, the set of all functions ® € N, for

)
which the Orlicz condition (also called ooy ) holds: lim () = +o00. Any function
p—co P
® ¢ N is strictly increasing, and so, its inverse ®~! is continuous and concave;

besides, the functions p —

®(p)
p

1
and p — pd~! (—) are nondecreasing for
p

p > 0.
One says that a function ® € N satisfies a condition Ay, and writes ® € Ay,
if there are constants K > 2 and ¢y € R such that

O(2t) < KP(t) forall t > t. (1.1)

For instance, if ®(z) := ¢, p > 1, one may chooses the optimal constant
K =2P

In 1953, Medvedev ([18]), gives a generalization of the notion of Riesz bounded
p-variation: given an ® € N, a function u : [a,b] — R is said to be of bounded
d-variation on [a,b], in the sense of Riesz if:

VE(u: [o,b]) —sup{zcb('“ o ”)|tz-—tz»_1|:{ti}ieNew[mb]}<oo

i1
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The class of all such functions is denoted by RVsla,b]. Cybertowicz and Ma-
tuszewska ([3]) also gets the following generalization of the Riesz’s lemma:

P(p)

Proposition 1.1. Let ® € N such that hm+— = 0. A function u €
p—0F P

RVgla,b] if and only if, u is absolutely continuous on [CL bl and fa O(|u/(t)])dt <

0. In this case we have, V{(u f O (|u/(t

In 1998, Chistyakov ([7]), assuming that (X,d) is a metric space, introduced
the notion of ®-variation in the sense of Jordan, Riesz and Orlicz:

A function u : [a,b] — X is said to be of (total) bounded ®-variation, in the
sense of Jordan, Riesz and Orlicz if

Va,a(u {ZCD ( US 1))) (te — th1) : {te},en € 7la, b]} < .

tk —lp—1
The set of all such functions is denoted by BVs 4([a, b]; X).

The following result is due to Chystiakov ([, Theorem 3.3]).

Theorem 1.2. Let (X,|| - ||) be a reflexive Banach space, ® € N, and suppose
that f : [a,b] — X is a mapping of bounded ®-variation, then f is strongly
differentiable a.e. on [a,b], its derivative f' is strongly measurable and Bochner
integrable on [a,b], f is represented as f(t) = f(a) + f f(r)dr for all t € [a, D]
and the following integral formula for the @—vamatwn holds

Voalf, [a.b]) = / &(|| ()t

A multidimensional extension of this notion requires an appropriate general-
ization of total variation for functions of several variables.

Given two points a = (a1, az) and b = (by, by) in R? we will denote a rectangle
(a1, b1] X [ag, by] by IP. The notation 7 ([x,y]) will stand for the set of all partitions
of a closed interval [z,y] C R. Accordingly, the set of all partitions of the form
€ x i of I? will be denoted as 7(IP).

Recently, Aziz [1] (see also [2]) introduces the notion of functions of bounded
bidimensional ®-variation (in the sense of Riesz), for real valued functions defined
on a rectangle I C R?. In this article, and inspired in [1] and [2], we present a
generalization of this last notion introducing the class RBVg (1P, X), of X-valued
functions of bounded ®-variation, where X is a Banach space. In particular, we
get the following generalizations of Chistyakov’s result:

Theorem 5.1 Let (X, || -]|) be a reflexive Banach space and suppose that
® € Ny and f € RBVg(IP). Then, for all 0 # z* € X*

TVEE (" o f,IP:R) = /b1¢("W)d +LZQ¢(‘WD@

Ox
ot (|92 o (e y)
/ / ( 920y D dydzx.
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Corollary 5.3 Let ® € N, and suppose that f : I> — X, where X is a
reflexive Banach space. If f € C?(I?) and f € RBV 4(I?) then
af(xv a2)

B by b2 of(a1,y)
B A o

b1 pbe 2
WAARE

(z,9)
92y dydz.

2. BIDIMENSIONAL ®-VARIATION IN THE SENSE OF RIESZ

In the sequel X will denote a normed linear space and, as usual, N will denote
the set of all natural numbers (positive integers).

Given IP and a function f: I°P — X we introduce the following notations:

(1) If & == {t:;}]2 € mlas, bi]

S 3 e ()

(2) 15 = {5} € 7lan, o]

VR(F. [az, bo]. 1 Zq) [Hf ai, S;) (al,sj_l)ll] (5 — 55.1).

S5 — Sj-1

(3) The Vitali leference of a rectangle [tq,ts] X [s1, 2] is defined as:

A(f, [tr, t2] X [s1,82]) := f(t1,51) — f(t1,82) — f(t2,51) + f(t2, s2). (2.1)
Finally,
If § = {ti}ioy € mlar, 1] and 7= {s;}72, € 7[ag, by], define
, IAS, [tz ti] % [sj-1,8;])l .
V' (f I2,6m) ;;@ [ Gty —ay) | i tens = sim).

Remark 2.1. Given multi-indexes o = (a1,a2), 8 = (81,62) € (NU{0})? and x =
(71, 79) € R? define:

la] :==a1 +a, aL£f:=(a1xp1,asEP2) and ax:= (w121, axs).

Then, lf Xij = (tifl,ijl), Yij = (ti,S]’) and [XijaYij] = [tifl,ti] X [ijl,Sj] the
expression A(f, [xi;,yi;j]) can be written as
Z (=Dl f(axi; + (1 — a)yiy), (2.2)
o] <2

where, the symbol 1 stands for the multi-index (1,1).

Definition 2.2. Let X be a Banach space, ® € N/, I? be a rectangle in R? and
f: 1P — X. Define

(a) the Rd-variation of the function f(-,as) as
‘/1}(?,‘?(.]07 [alu bl]) ‘= sup vq?(f, [ala bl]a g)

§€7r[<11751]
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(b) Similarly, the R®-variation of the function f(ay,-) is defined as
‘/011%,<I><f7 [aQ? bQ]) = Sup qu%(f, [a2a b2]7 77)

17€7r[a2,b2]
Finally,
(c) the R®-bidimensional variation of f is defined by

‘G?,@(f)lz:)) = sup Vfb (f7 aug 77)
¢emfay,by]
nenlag,bs]

We will say that f has (total) bounded bi-dimensional ®-variation, in the
sense of Riesz, on [P, if

Tvg(ﬁ 127 X) = ‘/fggb(fa [047 bl]) + V(]]i@(fa [an bQ]) + Vlliz;b(fa [:) < 0.
The class of such functions will be denoted by RBV (IP).

When the role of the space X is clear and unambiguous we simply use the

notation TVE(f, IP) (instead of TVE(f, 1P, X)).
Example 2.3. Let f:[0,1] x [0,1] — Cy be defined as

o= (5)..

Vine(f,10,1]) = Vot (. [0,1]) = @(1).
On the other hand (see 2.2)

> (=D flaxy + (1 —a)yy) = (O

la|<2

Then

Consequently,
Va'(£,10,1] x [0,1])

> (=Dl faxy + (1 - a)yy)

\a|<2

= supzsz SR T PR (ti —ti-1)(s; — sj-1) =0,

(Em)i=1j=1

which implies that TV{(f,[0,1]x[0,1],Co) = 2®(1) < oo; thatis, f € RBV ([0, 1]x
[0,1]).

Next, we present some properties that are satisfied by the functions in the class
RBV (IP). These are counterparts of several results given in [2] in the real case.

b
Proposition 2.4. RBVg(IP) as a subset of the linear space X" is a conver set,
and TVEE(, 1P, X) : RBVg(IP) — [0,00) is a convex function.

yTa?

Proof. The results are consequence of the fact that both ® and the norm || - || x
are convex functions. 0J
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Proposition 2.5. Let & = {t;}_, and n = {s;}7L, partitions of [a1,b:] and
[ag, by] respectively, and suppose that (t,s) € IP\ {€ x n}. Then

Vq?(f, [a’h bl]’g) < Vtij)%(fv [ala b1]7£U {t})v (23)
V(Iﬁ(f? [a27 b2]7 7]) < Vg(f? [a27 b2]7 n U {S})7 (24)
V<I>(f7 a7£77)<v<1>(fa a,fU{t} 77) (25)
Vo' (fi 12, 6m) < Vo' (f. 12,6, U {s}), (2.6)
and
Vol (f 12 &m) < V' (f, 12,6 U {th,nU {s}). (2.7)

Proof. Fix k € {1,2,...,n} and r € {1,2,...,m} such that ¢, 1 <t < t; and
Spo1 < 8 < Sy

It is readily seen that (2.3) and (2.4) follow from the fact that both, ® and the
norm || - ||x, are convex functions. On the other hand, for all 1 < j <m, if
Xpj = (tk—1,5j-1) and yy; := (tg,s;) then we have

> (=Dl f(axy; + (1 — a)y)

|| <2
(te — te—1)(s5 — 85-1)

)

(tr —tr1)(s5 — 8j-1)

(D(Hf(tsj)—f(t ;8j-1) = f(te—1,85) + f(tr—1,55-1)ll
(t —th-1)(sj — 8j-1)

f (s 85) — fte, s5-1) = [(t,85) + f(E,85-1)]
”’( (s — O)(s5 — 551

) (€=t 5500

) (6= 0 = 510

(2.8)
Now, define £ U {t} := {z;}%), where
t; 0<i<k-1
T; = t 1=k

Then,

V<I> (fa a7€ 77)

k—1 m

[f (s 85) — f(ti, sj—1) = f(ti-1,85) + f(tihsjl)lq

= P t; —ti— — S

;; [ (ti = ti-1)(sj — sj-1) ( 0l = 55-1)

I (b s5) = fteysj—1) = fte—1,85) + f(tr—1, sj-1)||
e [ (tk — tk—1) (85 — s5-1)

](tk—tk (85 = 55-1)

J=1

Y [Hf(tusg‘) — f(ti5j-1) = f(ti-1, 55) +f(ti—178j—1)\|] (b — ti1)(5; — 551)

=kt 1j=1 (t; —ti—1)(sj — 8j-1)
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which, by (2.8) is

k m
| f(xi,s5) = f(@iysi—1) — f(xio1,85) + f(zim1,55-1)]] R .
: ;;q) [ (i — xi—1) (S5 — 5j-1) ] ( i—1)(8j — 8j-1)
g [ @it ) = F (@it si1) = F@isp) + F@nsi O] o
‘l‘iz;;q) |: (.qurl — xi)(sj — ijl) :| ( i+1 1)( J ]—1)
ntl m ( Dl f(axi; + (1 = a)yij)
N ;]21 - iUi_l)(Sj — Sj—l) (xl o ‘/Eifl)(sj - ijl)

= V<I> (fa a7€U{t} 77)

This proves (2.5).
Proceeding in a similar fashion when ay < s < by one gets (2.6). Finally, by
combining (2.5) and (2.6) we obtain (2.7). O]

Lemma 2.6. Let ® € N, and suppose a1 < o1 < up < Uy < Tg < by, as <1y <
v < vy < Yp < by, and f:I:—>X. Then

(a) Vllg,cb(f: [u1, ug]) < V1}§<I><f7 1, T2]);

(b) ‘/E)}lz,@(ﬁ [v1, v9]) < Voff@( [y1,y2])

(c) Vﬂz,cb(f; [u1, ug] X [v1,v9]) < V (f (21, 2] X [y1,92])-
o~

(@) 1l az) — Flur,az)]] < Bz — ) (““v‘l’(f’[“l’b”));

Uo — U1
R
(e) |f(ar,v2) — flar,v1)]| < CI)_l(vQ — ;) V(n,@(f, [az, b))
Vo — U1

Proof. Let & := {t;}_, be a partition of [uy,us| C [x1,25]. Then

| f(u1,a2) — f(x1,a2)||
(ur — 1) } (w1 =)

+Z(I) |:||f thaQ f(tl 17a2)H:| (ti _ ti—l)

Vg('ﬂ [ulaUZ]vg) < P |:

(t; —ti—1)
| f(z2,a2) — f(uz2,a)]
—{—Q) |: ($2 — u2) :| (ZEQ — UQ)

< VEolf, o1, ).

Consequently ‘Glqu,(f, [ug, ug]) < Vfg@(f, [1, 22]). Similarly one proves (b).
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Now we will show part (c). Let  be as above and let n = {s;}7, be a partition
Of [UI,UQ] and Xij = (ti—la Sj—l)u Yij = (tj, Sj). Then

Vi (f, [ua, ug] x [v1,v2],€,n)

Zq) |:||f(u1)8]) B f(ulasjfl) B f(xlvsj) + f(‘rlﬁsjl)’] (ul o 561)(5]' o ijl)
j=1

(w1 —21)(sj — sj-1)

IN

> (=Dl flaxi; + (1 = a)ysy)

n m
la|<2

+i§;: Zcb (ti —tiz1)(sj — sj—1) (ti —ti1) o (55— sj-1)

j=1 J

+i¢, [Hf(ﬂf% sj) — f(x2,85-1) — f(ua,s5) + f(ua,85-1)||
j=1

(2 — UQ)(Sj — 5]’—1) :| (wg — UQ)(Sj — 3j—1>

= VE(f, [x1, 2] X [v1,v2], {z1} UEU {z2}, 7).

xy, 1=20
Put (= {t'}"2 = {m,}UfU{a} =< tiy, 1<i<n+1
To, 1=n+2;
) Y1, j:O
and Q{SJ}TT)Zi{?Jl}UUU{m}{th 1<j<m+1
Ya, j:m+2
Then

ng%(f’ [Ul,’UQ] S [Ulavﬂagan)

n+2 m ; i - j—
1t s5) = FWs5-1) = FE L s) + FE s D] i i .

= ;;‘b [ (t — 1) (s; — s5_1) ] (" =t )(s; i-1)

nt2 A ) . .

It y2) = F(#,09) = FE " y2) + FE )] i i o
< ; {(I) [ (t — 1) (yg — v2) } (" =17 (y2 — v2)
m i 6N f(# 5. 1) — F(H1 s, i—1 g A A
+j§q) |:”f(t ) J) f(t (’tij_lt)i_l)féii — ;Zi)l)"i' f(t )] 1)|:| (tz . tz—l)(si N Sifl)
o) — f(E, — f(t1 0 L i e

n+2m-+2 P C - . i i
_ Hf(tl>3])_f(tlvsj 1)_f(tl 173j)+f(tz 178J 1)” i 4i—1 Sj—Sj_l
S22t | (=) =) Je =t =0
= ngz(f, [$1,$2] X [ylyy2]7C7Q)
< Vlllagb(fa [1‘1,1'2] X [ylvyZ])>

which completes the proof of (c).
To prove (d), notice that
|1/ (uz, az) — f(u1, az)]|

Uy — U

Vito(f,lar,b1]) > @ (ug — uy);
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and hence

Vit o(f, [a1,01])
Uy — U1

@—1

](U2—U1) > |1 f(ug, a2) — f(ur, az)l.

Similarly, we can obtain (e).

Finally, if £ = {t;}2_, := {ai,us,us, 0} and n = {s;}3_, := {as,v1,v2, b},
then

S (=Dl flaxi; + (1 - a)yyy)

oo <2

Vvl?,@(fv Iatl))

1]
(]

(ti —ti—1)(sj — sj-1) (ti = tim1)(sj — 55-1)

I[f (2, v2) — f(ug,v1) — f(u1,v2) + f(ur,v1)|
= ¢ [ (ug —u1)(v2 — v1) ] (ug = ){v2 =),
where Xij = (Zfl',l, ijl) and Yi; = (tz, 8j>.
Therefore

Vi o(f, 12
o (a2 _115;5{02 Jvl)] (ug—ur)(va—v1) = || f (2, v2) = f(uz, v1) = f(u1, v2)+f (u1, v1)]],
which proves (f). O]
Theorem 2.7. If ay <t <by and as < s < by, then
TVE(fI2) = TVE(f.[ar,t] x laz, ba]) + TVE(f, [t, b1] x [a2,bs]), (2.9)
TVE(f, a1, b1]  [az,ba]) = TVE(f, [a1,b1] x [as, s]) + TVE(f, [a1, b1] x [s,b2])(2.10)
and
Tvdgz(fv Izla)) = TVg(fa [alvt] X [0“278]) +TV<§(fa [alvt] X [vaQ])
+ TVE(f, [t,b1] X [az, s]) + TVE(S, [t,b1] x [s, ba]). (2.11)

Proof. Suppose & = {t;}, € mlay,t] and (= {7}, € 7[t,b1]. Then

vq?(f, [al,t],f) + Vg(f? [t7b1]7C) = V(I?(fa [a’hbl]?gu C)a

and therefore

‘/1}(?@(‘]2 [a’17 t]) + ‘/113,<I><f7 [tv bl]) = ‘/1}(?,'1)(.]‘.7 [a’h bl])
Similarly, we obtain
%?,@(f’ [a2> S]) + VO11%7<I>(f> [3’ bQ]) = %11%7<I><f> [aZa bZ])'
Assume now that &, (,n are partitions of [ay,t],[t,b1] and [ag,by] respec-
tively. Then
Vqﬁ%(fa [alvﬂ X [02,b2]7§a77)+vq§(f, [tabl] X [a23b2}7437]) = Vg(faI:fUCaﬁ)a
which implies (2.9).
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Furthermore, for & € m[ay, by], 0 € wlag,s] and x € 7[s, by]:

Val(f. lag, bi] X [a, ], €, 0) + V' (f. a1, bi] X [s,b2], &, )

= qu%(fa [ab bl] X [(12, b2]7€> ou X)?
which yields (2.10).
Finally, applying (2.10) to (2.9) we get (2.11).

O

Theorem 2.8. Let {®,},>1 be a sequence in N and {f,}n>1 C X1z Suppose

that
lim || fo(t, ) = f(t,s)| =0, V (t,5) € I?,
n—oo
and
Tim @, (p) = ®(p), ¥ p € [0, +00).
Then

‘/1](?,<I>(fa [CLl, bl]) < hTIngOlf Vvlj(:)i,{)n (.fnv [alv bl])>
‘/()Ii'l)(fa [a’27 62]) < h??ig.}f ‘/E)Il%ﬁbn (fTH [a27 bQ])u and

Vllicb(f’ [:) § hTIngOlf Vllién (fna I:)

Proof. Define

Y(t) = f(t,a2)
and, for n=1,2,---, put

Un(t) = fult, az).
Then, for each ¢ € [aq, b1]

T [6,(8) = ¢(Ol] = lim || fult.02) = f(t,02)]) = 0.

Thus, by Lemma 3.1(d) of [7]
vqf%(wu [a’h bl]) < h??i)g.}f Vq)n (wnv [ah bl])v

which, in turn, implies that

Vlfg,d)(fa [ala bl]) < hr?_l}golf Vllg,@n<fm [ah bl])'

Inequality (2.12) can be shown similarly.

(2.12)

(2.13)

To prove the last part, we proceed as in [0, Lemma 2.1, (¢)]: consider partitions

§={ti}i_o € mlay,b1] and n = {s;}", € 7lag, by]. Fix i,7 and put

_ A i, 1] X [s5-1, 5]
(ti —tic1)(sj — sj-1)

_ AW, i, 8] X [sj-1, 85])
' (ti—ti)(sj—sj-1)

Pn

and
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Then ®,(p,) — ®(p) as n — +o0.
Indeed, let p > 0 and € > 0. By continuity of ® there is 0 < § = d(€) < p such
that .

|D(r) — D(p)| < 5 Dara todo >0 con |r—p| <.

Since p, — p and ®,, — ® pointwise as n — 400, there exists an N(e) € N such
that n > N(e) implies p—3d <p, <p+46 and

[®u(p—6) = R(p =D <5 [@ulp+6) ~B(p+ )| < 3.
Thus,
Dulpn) < Pulp+0) < Dp+6) + 5 < Do) +¢
D (pn) > Pu(p—0) > P(p—6) — g > d(p) — €

or equivalently |®,(p,) — ®(p)| < e. The case p = 0 can be treated similarly.
Now, by definition of Vi 4 (fn, I?) we have

k- m
Zz@n(pn):‘/ﬁ(fm[:,é,n) < 11¢>n<fna 2),

i=1j=1

thus, by taking liminf in both sides of this inequality we get

ZZ(I) v@ f? a,f 77) < lim inf ‘/1]1?49 (fna]:)
n—00 e

i=1 j=1

Wthh 1mphes
i11<I)(J7]a) <— lim inf i11<I> (Jn’]a)'
’ n—o00 yEn

3. LINEARITY

A natural question that remains to be answered is: Under what conditions is
RBVs(IP) a linear space?.

The answer is: ® must satisfy a A, condition. Actually, this condition is also
necessary. Indeed:

Suppose that ® € Ay, Xis a real (complex) Banach space, ¢ € R (resp. C)
and f,g € RBV(IP).

If |c| < 1, the convexity of RBV (IP) ensures that c¢f € RBV &(IP). If, on
the contrary, |c¢| > 1, then the fact that ® satisfies a A, condition ensures that
we can find positive constants K(c) and py such that

O(|clp) < K(c)®(p) forall  p > po.

Next, observe that the relation W(p) := ®(|c|p) defines a function ¥ € N
such that
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It readily follows that

RBV4(Iy) € RBV 4(I7)
and
TVE(cf, IP) = TVE(f, IP) < .
On the other hand,
1 1
TV (f +9.12) < STVE2F, 1) + 5TV (29, 1) < oo

Thus, RBV $(IP) is a linear space whenever ® € A,.

To prove the reciprocal implication, notice that if RBV g(IP) is a linear space
then: f € RBV&(I?) implies 2f € RBVg(IP), which, in turn, implies that
RBV&(IP) € RBVy(IP), where W(p) := ®(2p), p > 0. Therefore, there are
constants C' > 0 and py > 0 such that ®(2p) = ¥(p) < CP(p) for all p > py.
This means that ® € A,.

The following proposition summarizes the facts we have just discussed.

Proposition 3.1. RBVg(IP) is a linear space if and only if ® € A,.

4. ABSOLUTELY CONTINUOUS FUNCTIONS

Now we define the concept of absolute continuity for vectorial functions defined

on a rectangle I C R% To this end, as in [2], we base ourselves in the definition
given by Carathéodory [1], in 1918, and in its recent reinterpretation due to Jifi
Sremr [16].

If T C I? then, we denote by |I| its area. We say that the rectangles I; and I,
are adjacent if they do not overlap and I, U, € w(IP).

Definition 4.1. A map F : n(I?) — X is said to be rectangle-additive if,
given any pair of adjacent rectangles I; and I, € 7(IP), the identity

holds.

It readily follow from the definition that if f : I[P — X is any map and we
define

Fy([t1,ta] X [s1,80]) := f(t1,51) — f(t1,82) — f(t2,51) + f(t2, 52), (4.1)

for any [t1,t2] X [s1,82] € w(I?), then F} is a rectangle-additive function. We
will refer to the map F as the f-induced rectangle map.

Definition 4.2. A rectangle-additive map F : 7(I?) — X is said to be ab-
solutely continuous, in the sense of Carathéodory, if, given any € > 0 there
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exists a § > 0 such that: for any finite collection of non-overlapping rectangles
I, I € m(IP),
k
<o = ZHF )| < e.
Jj=1 Jj=1
Definition 4.3. A function F': [P — X is said to be absolutely continuous,
in the sense of Carathéodory, if it satisfies the following conditions:

(a) The f—induced rectangle map FY is absolutely continuous;
(b) The functions f(aq,-) : [ag,by] — X and f(-,as) : [a1,b] — X are abso-
lutely continuous.

We denote the set of all absolutely continuous functions, on I?, as AC(IP; X)

Example 4.4. Let f: I? — Cy be defined as
t+s
e = (

n
It is readily seen that the functions f(-,0) and f(0,-) are absolutely continuous
on [0,1]. On the other hand, if I; := [t;,t}] X [s;,s}], i =1,2,...,m, then

()
n neN Il oo

Consequently, f is absolutely continuous on IP. Notice that this example also
shows that the The f—induced rectangle map F is a rectangle-additive absolutely
continuous map.

) , where IP =:[0,1] x [0, 1].

neN

m

D NF () = f(tiss) = F(E 0] + S sDlloo =

=1

=0<e.

Now, we are going to show that every function of bounded bi-dimensional ®-
variation, in the sense of Riesz, is an absolutely continuous function in the sense
of Carathéodory. We will need the following property of an N, —function @,
which we have already mentioned at the beginning of section 2.

lim 7® !(¢/r) = c lim v/®(v) =0 V ¢ € [0, +00). (4.2)
r—0+ V—00
Lemma 4.5. Suppose that ® € R(>®) s a convex function, and that {p;}},
and  {p;}7_y, n € N, are any two finite sequences of real numbers such that
pi >0, and p; >0, V 1<i<n. Then

¢<Zz 12) ZZZ L Pi ( )

Proof. Indeed, if we put k := Z p; then

=1

() -e) o578 )

=1

that was to be proved. O
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As a consequence of the last lemma we have the following useful estimates.
If {(t;, )}, and {(z;,y;)}", are mutually disjoint open intervals contained in
[a1, b1] and [ag, bs], respectively, then

S 1lgq> s la1, by =
Z\If(si,ag)—f(ti,az)u < ot V;n<f[ ) Z(si—ti). (4.3)

n V}f y CLQ,bQ m
ZHf(ahyz‘) — flay, =) < @7 qu | ) Z(yz‘ —x;).

and

S N @iyi) = F@isi) = F(tyi) + f(ti i)l
=1

b m
< o] Vi o (f,IR) S (s — ) (s — @1). (4.4)
Yo(si —ti)(ys — ;) | i=1

=1

Proposition 4.6. If ® € N, and f € RBV&(IP), then f(-,a2), f(as,-) are
absolutely continuous (in the one dimensional classical sense), and the induced
rectangle map Fy is absolutely continuous in the sense of Carathéodory.

Proof. 1t is readily seen that both f(-,as) and f(ay,-) are absolutely continuous
(see, e. g., [0, Corollary 3.4(a)]. Here, we limit ourselves to show that F} is
absolutely continuous.

Let € > 0. Taking ¢ = V{¥(f, I?) in (4.2) we have that there exists § > 0 such

that
VR ,]b
0<r<¢ implies |[rd? (Lfﬁ) < e.
r
Now, consider a finite family of rectangles
L == [t;, ] X [s5,y;]) €12, i=1,--- .n, j=1,2,--- m, such that

<z <tp << - <1, <y, S1<SY1<S2<Y<- < Sy < Y,

and
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Then, by (4.4) we obtain

SO W @iys) = Flwinsg) = Ftiyy) + f(ti )]

i=1 j=1
. Vit e (f.12) " &
< & ! o : = Z j) < €.
>0 > (i —ti)(y; — s5) | i=15=1
i=1j=1
The proof is complete. O

5. RIESZ’S TYPE LEMMA

Notice that if f € RBVs(IP) and X is a reflexive Banach space, the functions
f(-;a2) and f(aq,-), are absolutely continuous and they admit strong derivatives
a. e. on [ay,bi], and [ag, bs], respectively. As usual, denote these derivatives by
6f($, a?) and af(ala y)

ox dy

b1
‘Gﬁ@(f»[@l,bl]) = / d

ai

, respectively. Then, by Theorem 3.3 in [5]:

(52

ox
b2 a ay,
Vo (f. las b)) = / Q(‘%Ddy.

In our next result, we establish a dual (weak) counterpart, for maps of bounded
bi-dimensional ®-variation, of the classical Riesz Lemma ([11], see also [1]).

In the sequel X* will denote the dual space of X. The integrals to be considered
are understood in the Lebesgue sense in the real valued case and Bochner integrals
in the vector valued case.

Theorem 5.1. Let (X, || -||) be a reflexive Banach space and suppose that ® €
Ny and f € RBV&(IP). Then, for all 0 # z* € X*

(19 o f)(,an) b (19" o f)(a1,y)
Ry % o b. _ ) )
TV (z* o f, I);R) / @(‘ o )d —|—/a2 @(‘ ay D dy
ot (|92 o ) (ay)
/ / ( 92y D dydx.
Proof. Let z* € X*. From Proposition 4.6 and the continuity of z*, it is readily
seen that the function

o f: I =R
is a real-valued absolutely continuous function in the sense of Carathéodory.
Consequently, by [16, Theorem 2.1 (3)], every such function z* o f satisfies the
conditions:

(a) (2" o f)(x

z,-) € AC([ag,bo];R) for every x € [ay,b1], (z*o f)(-,y) €
AC([Cthl],R)

for every y € [ag, byl;
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(b) W c AC([QQ, bﬂ;R) for almost every x € [al,bﬂ;

0*(2* o f)
()
0y
Thus, by [5, Theorem. 3.3] we have

VE (@ o f), [an b)) = /1@

ai

Vi a((a" 0 ) as,ba]) = /a:’z@(]a@*of)(al’y)\)dy. (52)

€ Ly(IP).

(‘8@* ogx)(x,ag)

) dx (5.1)

dy

In particular, property (a), above, implies that 2* o f is a measurable function
on I? (c.f., [13]) and therefore if 0 < h; <by —a; and 0 < hy < by —ay the
functions

(7, y) = [A(z" o f,[2,y] X [z + h1,y + ha])|
and
V(x,y) == Vi o((z* o f), [a1, 2] X [az,y])

are both Lebesgue integrable functions on each [a1, by — hq] X [ag, by — ho.

In the first place, suppose that § = {x;}7_, and n = {y;}L, are partitions
of [a1,b1] and [ag,bs] respectively. If I;; := [z;_q, 2] X [y]_l,yj] and || ==
(x; —xi—1)(y; — y;j—1), then by the integral representation of (z* o f) given by |
Theorem 2.1 (2)] and using Jensen integral inequality, we obtain

2 * o
Vg((x* Of)7 [a1>b1] X [a27b2]a€7n) < ZZ(I) <|I]| / W‘d}/dl‘) |Iz]|
i=175=1 k

o [ (") e

i=1j=1
Gt SIL P

-/I;)(I)( dxdy
V(b b)) /l’1 /l” (02 a Of)(:my)') dydz

0xdy
Observe that (5.3) implies, in particular, that
lim Tim V(z,y) =0. (5.4)

+
Tz—a] y—>a2

)

IN

thus

(5.3)

To prove the other inequality notice by the definition and Theorem 2.7
(|A(m of,[z,y] x [+ h1,y+ h2])|)

o (5.5)

IN

Tihy h —— [V o((z* o f), a1,z + M) X [az,y + ha]) — Vi o (" 0 f), [a1, 7] x [az, y])
- ‘Gl,@(m Of)a [alvx} X [yay+h2]) - Vllfﬁb(x* Of)’ [.’E,$+h1] X [aQ,a? +h2])}
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Integrating over [aq, by — hq] X [ag, by — he] and changing variables appropriately
we get, for hy, ho small enough

bi—hi pba—hs
Ep) / / {V(z+ h1,y+ ha) — V(z,y)} dydx = . / , V(z,y) dydx
a az ai+hy Jaz+ha

b1—h1 bo—ho
/ / V(z,y) dyds
bi—hy ba—ha bi—hy az+hsa
/ / V(z,y+ ha) — V(z,y)dyde = / (/ / )V(m,y) dydz
a1 as ba—ha az
bi—hy ba—ha ai1+hy ba—ha
E3) / / V(z+hi,y) —V(z,y dydx—(/ / )/ V(z,y) dydz
a1 as bi—h1 ay asz

Integrating now both sides of inequality (5.5), over [ay,b1 — hy] X [ag, by — hs],
and taking into account Ei, Fy and FEj3, the additivity properties of the integral
and the fact that V' is non negative and monotone, we obtain, for hq, hy small
enough

bi—h ba—h
1 1 2— N2 A

ai1+hy a2+h2 bi—hy ba—ha
/ / V(z,y) dydx+/ / V(z,y) dydx
a bl b2
a1+hy az+ha
/ / Viz,y dydx—/ / V(z,y) dydx
ba—ho b1—h1
ai+hi  paztho bi—h1  pba—ho
/ / V(z,y) dydx+/ / V(z,y) dydx
ay az b1 b2

<  hihg [V(a1 + hi,as +h2) —|—V(b1,b2)].

IN

IN

datof), | Btof) 2
ox (l’, )7 8y ( 73/) and axay
(5.5), Fatou’s lemma and property (5.4) it follows that

IR

Since (x* o f) exist a.e., from inequality

Pl ac;g; () D dydz (5.6)

bi—hy  pba— h2
< liminfliminf A" o f [, y] X Lo + huyy + ha]) dydx
h1—0 h2—0 h1h2
< V11,<1>(($ Of)7[a17b1] [a2,b2])-

From (5.6) and (5.3) we get

*(z* o f)(z,y)
0xdy

VR (@ 0 1), [ar, b X [an,bo]) = /If’ (

D dydz (5.7)
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Finally, combining (5.1), (5.2) and (5.7), we obtain
b1 o b2 * 4
TVE((z* o f),I°R) = / q><’5<xf)(x’a2)>dm+/ ‘b(‘WDdy

Or
b1 b2 2 °
o[ [ e () e
Lemma 5.2. Let ® € N, and suppose that f : I? — X, where X is a

0xdy
reflexive Banach space. If f € C*(I?) (strongly) and f € RBVg(I?) then f

admits integral representation

flz,y) = e+/:u(t)dt+/ayv(s)ds+/j /ayh(t, s)dsdt

where e € X, u € L([a1,b1], X), v € L([ag, bs], X) y h € L([ay, b1] X [az, bs], X)

OJ

Proof. Again, since f € RBV g(IP), from Proposition 4.6 it follows that for all
0 # z* € X*, the functions

o f: I =R
are real-valued absolutely continuous functions in the sense of Carathéodory.
Thus, by [16, Theorem 2.1], every z* o f admits the integral representation

("o f)z,y) = r+/;u$()dt+/ ds+/ / «(t,s)dsdt

where 1 € R? Ug € L([al)blLR)v Ugx € L([a27b2]7R) y h’m* S L([alvbl] X
[CLQ,bQ],]R).

Now, since f € C?(IP), it must be

d(x* o f)(z,as . [(Of(x, a9
o) . (U] _
a(l'*of)(alvy) -z (af(alay)) v ( )
(o f(xy) . (Pf(x,y)

dxdy - ( Dz dy ) ha(2,9)

2 (f(z,y) = flai,az) +/ ( UGIE )dt+/ay:v* (%) ds
// ( P )dsdt
= ( ap,as) / dt—i—/j%ds
[ [T )
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By the Hahn-Banach theorem, we conclude that

flz,y) = fla,a2)+ /{: u(t)dt + /ajv(s)ds + /: /: h(t, s)dsdt

where u € L([ay,b1], X), v € L([ag, bs], X) and h € L([a1,b1] X [az, ba], X).
0

As an consequence of the last theorem, and of its proof, we obtain the following
corollary

Corollary 5.3. Let ® € N, and suppose that f : IP — X, where X is a
reflexive Banach space. If f € C*(I?) and f € RBVg(IP) then
8f(1:,a2)

by b2
TVE(f IR X) = / fI’(‘ ou Dd * ‘I’(HW‘D@

(2

Proof. By [5, Theorem 3.3])

Vials s = [ o (|2 Yar
and
Vota(f: a2, ba]) (Hafab H)
To show that
R 82
it bl <o) = [ 8 (|72 gy

we proceed as in the proof of theorem 5.1 by integrating both sides of a strongly
version of inequality (5.5) (replacing z*o f by f). Likewise, the reverse inequality
follows from Lemma 5.2 after applying Jensen inequality, just as we did in the
proof of Theorem 5.1. O

The authors would like to express their sincere gratitude to the referee of the
previous versions of this paper for a very careful reading of it and for all the
insightful comments and valuable suggestions, which really helped us to improve
the paper.
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