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Abstract

In this paper, we show that if an R-integrable (or BV integrable
function) defined over a compact interval [a,b] x [c,d] C R? satisfies
certain conditions, then over any subinterval of [a, b] X [c, d], the iterated
integral exists and equals the double integral. We also present some
examples relevant to our theory.

1 Introduction.

The R-integral (also known as the BV integral), was introduced by Pfeffer in
[6] (the so called “v-integral” in that paper). It extends the Lebesgue integral
in R™, and integrates the divergence of a bounded vector field under very
general conditions (see [8], Theorem 5.1.12). However, Fubini’s Theorem is
false for the R-integral (see Example 5.1.14 in [8]). We present that example
at the end of Section 4 (Proposition 4.4). In [11], the following problems for
the R-integral over the unit interval [0, 1] x [0,1] C R? were posed:
1. Assuming that the double integral and the iterated integrals exist, do
they have the same value?
2. Assuming that the double integral exists and the iterated integrals are
equal, is their value equal to the double integral?
In Section 3, we show that if an R-integrable function on [a, b] X [c, d] satisfies
certain conditions, then an iterated integral exists, and equals the double
integral over any subinterval of [a,b] X [c,d]. All examples of R-integrable
functions on [a, b] X [¢, d], known to the authors, for which over any subinterval,
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one iterated integral exists and equals the double integral, satisfy some set of
conditions mentioned in Section 3.

We begin by giving some preliminary definitions and results in Section 2.
In Section 3, we prove some results leading up to Fubini-type theorems for
the R-integral. We also present some examples satisfying those conditions in
Section 4.

2 Preliminaries.

Throughout this paper, we shall follow the notations and terminologies used
in [8]. Also, all the results in this section, unless mentioned otherwise are from
8]
We give the following definition from [13], (Definition 5.6.4). See also
Sections 5.7 and 5.8 of [3].

Definition 2.1. Let £ C R™ be a measurable set. A unit vector n is called
the measure-theoretic normal to E at z if

lim +="|B(a,r) 0 {y: (y — ) -n < 0,y & B} =0
and

lir%r*m|B(x,r) N{y:(y—=z)-n>0,y € E}=0.
The measure-theoretic normal to E at x will be denoted by vg(x).
Note 2.1. Let E be a locally BV set. Then

(i) The measure-theoretic normal is defined H™ ‘-almost everywhere on
O0+E. (See Lemma 5.9.5 of [15]).

(i) The unit exterior normal, defined on page 34 of [8], equals the measure-
theoretic normal H™ '-almost everywhere on 0,E. For details, refer to

[18](chapter 5) or [3](chapter 5).

Theorem 2.1. (see corollary 9.1.2 of [6] or chapter 1 of [8]) Let E C R be a
BV set. Then E is equivalent to a unique figure | JY_, [a;, bi].

Theorem 2.2. (Proposition 2.1.2 of [8]) Let F be an additive function on BY.
Then the following are equivalent:

(i) F is a charge.

(ii) Given € > 0, there is an n > 0 such that |F(C)| < € for each BV set
C C B(1/e) with ||C]| < 1/e and |C| < n.
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(111) lim F(A;) = 0 for each sequence {A;} in BY with {A;} — 0.

Theorem 2.3. (Remark 2.1.5 of [8]) Let F : BV(R) — R, be an additive
function defined by
F(A) = F(Ule[aivbi})v

where A is equivalent to the unique figure UY_,[a;, b;]. Then,
(i) There exists a vector field v: R — R, such that,

p

F(A) = A AU VA dHO = Z[U(bl) — v(ai)].

i=1

(ii) F is a charge if and only if v is continuous.

Derivates. We use the definitions and notations D, F, D,F, DF, DF and
DF as given in Section 2.3 of [8].

Definition 2.2. Let n > 1 be an integer, and let E C R™. Amap ¢ : E — R"
is called Lipschitz at a point = € E if there are real numbers ¢, and §, > 0
such that |¢(z) — ¢(y)| < x|z — y| for each y € EN B(x,d;).

Theorem 2.4. (pages 62 and 63 of [8]) Let x € R™, and let F := [v-v dH™!
be the flux of a locally bounded Borel measurable vector field v : R™ — R™.

(i) If v is Lipschitz at z, then F is almost derivable at x.

(i) If v is differentiable at x, then F is derivable at x and

DF(z) = divv(x).

(#ii) In R, the sufficient conditions given above in (i) and (ii) are also neces-
sary.

Note 2.2. It follows easily from Theorem 2.3(i) and Theorem 2.4 (iii) that if
F is a charge in R, which is derivable at z, then given € > 0, there exists 6 > 0,
such that F(E)
—_— = DF(:C)‘ <€,
|E|

where E = [y, z] is such thatx € [y, 2], and 0 < z —y < 4.
Additive Function of an Interval. See [9] (page 61) for the definition.

Note 2.3. The additive function of an interval extends uniquely to an additive
function defined over figures (see page 212 of [7] or page 61 of [9]).
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Definition 2.3. (page 106 of [9]) A sequence of sets (E,) in R™ is said to
tend to a point z if © € E,, for every n and d(E,) — 0 as n — co.

Ordinary and Strong Derivates. See page 106 of [9] for the definitions of
ordinary and strong derivates. We shall denote the ordinary upper derivate,
ordinary lower derivate and the ordinary derivate (also referred to as ordinary
derivative in [9]) of a set function F at * € R™ by F(z), F(z) and F'(z)
respectively. Similarly, we shall denote the strong upper derivate, strong lower
derivate and strong derivate (also referred to as strong derivative in [9]) of F'
at x by F(x), F (r) and F!(x), respectively.
We state some theorems concerning these derivates.

Theorem 2.5. ([9], page 107) Let f be a Lebesque integrable function in R™
and F be its indefinite integral. Then the following hold:

(i) Fo(z) < f(z) at any point x at which the function f is upper semi-
continuous.

(ii)) F (x) > f(x) at any point x at which the function f is lower semi-
continuous.

(#i1) In particular therefore, F'(x) = F.(x) = f(x) at any point x at which f
18 continuous.

The following two theorems are known as Ward’s theorems, (see [9], The-
orems 11.15 and 11.21).

Theorem 2.6. Any additive function of an interval F' is derivable (in the
ordinary sense) at almost all points x at which either F(x) > —oo, or F(z) <
0.

Theorem 2.7. If F' is an additive function of an interval, then
(i) F'(z) = F,(x) # oo at almost all the points at which F (x) > —oo.
(ii) F'(x) = Fs(x) # —oo at almost all the points at which Fy(z) < oc.

(#ii) Thus, in particular, the function F is derivable in the strong sense at
almost all the points at which both the extreme strong derivates F ()
and F(x) are finite.

The following result is stated in [8](page 61).

Lemma 2.1. If F is derivable at a point x € R™, then it is also derivable in
the ordinary sense at that point, and the two derivates are equal.
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The HK-Integral. We briefly describe the Henstock-Kurzweil Integral over
the real line. For details, refer to [1], [4], [10] or [12].

Definition 2.4. Let I = [a,b] be a nondegenerate compact interval in R.

(i) A partition (or a division) of I is a finite family of intervals I; := [2;, ;1]
such that
a=2x9<x1<XTo- < T, =0>o

(if) If P ={I :i=1,...n} is a partition of an interval I such that for each
subinterval I; there is assigned a point ¢; € I;, then we call ¢; a tag of
I;. In this case we say that P is tagged and we write it as

Pi={(Iit;):i=1,...n} = {(I;,t;)}",.
(iii) A function ¢ : I — R is said to be a gauge on I if §(¢) > 0 for all ¢ € I.
(iv) Let f: I — R. For P = {(I;,t;)}",, any tagged partition of I, the sum

S(f;P) = Zf(ti)(xi — 1)

is called the Riemann sum of f corresponding to P.

(v) Let P := {(I;, t;):i=1,...,n} be a tagged partition. If J is a gauge on
I, we say that P is o-fine if I; C (t; — 6(t;),t; +0(t;)) foralli =1,...,n.

(vi) A subpartition of I is a collection {J;}$_; of nonoverlapping closed in-
tervals in I. A tagged subpartition of I is a collection Py := {(Jj, ti)}i-1
of ordered pairs, consisting of intervals {.J; }jzl that form a subpartition
of I, and tags t; € J; for j =1,...,s. If § is a gauge on I, we say that
Po is 0-fine if J; C (t; — 6(t;), t; + 6(t;)) for j =1,..., 5.

Lemma 2.2. (Cousin’s Lemma) If I = [a,b] is a nondegenerate compact
interval, and if 0 is a gauge on I, then there exists a tagged partition of I that
s -fine.

Remark 2.1. Only a tagged partition can be é-fine; hence it is not necessary
to employ the word “tagged” while referring to d-fine tagged partitions.

Definition 2.5. Let I be a nondegenerate compact interval in R. Then a func-
tion f: I — R is said to be Henstock-Kurzweil integrable (or HK-integrable)
on [ if there exists a real number C such that for every e > 0, there exists a
gauge d. on I such that for every tagged partition P := {(I;, t;) 17, of I that
is d.-fine, |S(f;P) — C| < e. The family of all HK-integrable functions over
[a,b] is denoted by HK(]a, b]).
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We now state and prove a lemma, which will be used in the next section.

Lemma 2.3. Let P = {([xj—1,i],t;) : ¢ = 1,...,p} be a d-fine tagged
partition of an interval [a,b]. Suppose Uf;ll{sci} ¢ Q. Then from P, we can
construct another 6-fine tagged partition, say @, such that each x;, except
possibly a or b is a rational number.

PROOF. We give the proof in steps.

Step 1. From the given J-fine partition, we first construct a J-fine partition
where no point is the tag of two distinct subintervals. For this, if t; = ¢;,; for
some i, then as t; € [z;_1,2;] and t; = t;11 € [25,%;11], we have t; = z; = t;41.
Thus,

[xi,l,xi] C (tz — (S(tl),tz + (5(t1)) and [l'i,ifi+1] C (tz — 6(t2),t7, + (5(tl))
Hence,
[zio1, ipa] C (8 = 0(t:), i 4 6(:))

So we can consolidate the two abutting intervals [z;_1,2;] and [z;,2;41] in
the partition to get one interval [x;_1, ;1] having ¢; as the tag. Applying
the same procedure to any two (consecutive) intervals having the same tag,
we get a d-fine tagged partition P’ where no point is the tag of two distinct
subintervals.

Step 2. Next, from the partition P’, obtained in Step 1, we construct another
d-fine partition where each tag, except possibly a or b lies in the interior of
each subinterval [z;_1,2;]. For this, suppose t;, the tag of [x;_1,z;], is the
endpoint x;. As no point is the tag of two distinct subintervals in P’, we must
have tivy1 >t = m;. And

(i, Tiv1] C (tiv1 — 0(tiv1), tivr +0(tit1))-

Choose a point
Y € (tisti +6(t:)) N (ti, tivr).

Then {([®i—1,9],t:), ([y, it1],ti+1)} is a o-fine subpartition. Relabel y as z;.
Similarly, if ¢;, the tag of [x;_1,x;], is the endpoint z;_1, then as t;_; < t;, we
can choose some

y € (ti —0(ts), ti) N (tim1,ti),

and relabel it as x;_1. Applying this procedure to any tag (except possibly a
and b), which is the endpoint of some subinterval, we construct a J-fine par-
tition P” where each tag, except possibly a or b lies in the interior of each
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subinterval [z;_1, 2;].

Step 3. Finally, from P”, (as constructed in Step 2), we construct the par-
tition @ with the required properties. Consider any x;, where x; ¢ {a,b}.
Then

x; € (ti7t7; + 5(t1)) N (t7;+1 — 5(ti+1)7ti+1) =1, say.

If z; is not a rational number, then we choose some rational number lying
in the open interval I; and replace x; with this. Thus, we construct another
d-fine partition ) from P” having the desired property. Note that the tags
remain unchanged throughout the above three steps. O

The R-Integral. The R-integral was introduced by Pfeffer in [6] (called “v-
integral” in that paper). It is also known as the BV-integral. The R-integral,
defined on BY(R™), extends the Lebesgue integral in R™, and also, there is a
very general Gauss-Green Theorem for this integral. Refer to [8] for details.
To make the distinction between the R-integral and Lebesgue integral more
apparent, we indicate the Lebesgue integral by employing the symbol (L) [ .

3 Fubini Type Theorems for the BV Integral.

In this section, we show that if an R-integrable function on [a, b] X [¢, d] satisfies
certain conditions, then an iterated integral exists over any subinterval of
[a,b] x [e,d], and equals the double integral. We also present some examples
satisfying those conditions in the next section.

Definition 3.1. Let F' be a charge in [a,b] X [c,d]. We say that F satisfies
condition of X-type over [a,b] x [e,d], if there exists a countable subset C' of
[e, d], such that, whenever (x,y) € [a,b] x {[c,d] \ C},

Fy(z,y) < oo, and F,(z,y) > —o0. (3.1)

Similarly, we say that F' satisfies condition of Y-type over [a,b] X [c, d], if there
exists a countable subset C of [a, b], such that, whenever (z,y) € {[a,b]\ C} X
[67 d:l’

Fy(z,y) < oo, and F (z,y) > —o0.

Note 3.1. If A:=[a1,01] X [c1,d1] C [a,b] X [¢,d], then it can be easily shown
that FLA also satisfies (3.1) over [a1,b1] X {[c1,d1]\ C}.

We now state one of the main theorems of this section.

Theorem 3.1. Let f : [a,b] X [¢,d] — R be R-integrable. Let F' be the charge
in [a,b] X [¢,d], which is the indefinite R-integral of f.
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(i) If the R-integral f; f(z,y) dx exists for almost all y € [c,d], and F sat-
isfies condition of X -type over [a,b] X [c,d], then the iterated R-integral
fcd f:fdx dy emists, and

d b
/ f= / / fda dy.
la,b] X [c,d] c Ja

(i) If the R-integral fcd f(z,y)dy exists for almost all x € [a,b], and F sat-
isfies condition of Y -type over [a,b] X [c,d], then the iterated R-integral
f; fcdfdy dx exists, and

b pd
/ f= / / fdydzx.
la,b] X [c,d] a Je

We first prove some results needed for the proof of the theorem.

Lemma 3.1. Let F be a charge in [a,b] x [¢,d]. Define a function of an interval
G in R by

G([er, du]) := F([a, ] x [e1, du]),
for any subinterval [c1,d1] C R. Then, G can be extended to a charge in [c,d].
PrOOF. By additivity of F, it follows that G is an additive function of an
interval in R. Hence, G extends uniquely to an additive function over figures,

which we again denote by G (see Note 2.3). By Theorem 2.1, any BV subset
of R is equivalent to a unique figure. Define G : BV(R) — R by

G(B) = G(Ul [ei, di)),

if B is equivalent to U_,[c;,d;]. Thus, G is an additive function on BV(R).
Now we prove that G is a charge in [c, d]. For this, choose € > 0, small enough
so that

[a,b] x [c,d] € B(1/e) C R?.

Then [c,d] C (—1,1). Choose ¢ > 0, such that

1 S max{1,b— a} oy (3.2)

€1 €

It is clear that, e; < €. As F'is a charge, by Theorem 2.2, given €; > 0, there
exists 1 € (0,b — a) such that

1
|F(E)| < e1 whenever |E|<mn, ||E||< o and E € B(1/e1).
1
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Let n = ;2. Then n € (0,1). Let B C (—%,%) be any BV set such that
|B| < n, and ||B|| < 1/e. Then B is equivalent to a unique figure, say By; i.e.,
|B1| = |B|. Also, ||B1]| = ||B]| < % Now, [c,d] N By is equivalent to a unique
figure, say By. Let B3 := cl (By \ Bz). Then, By and Bs are nonoverlapping

figures. Let By = U} [c;, d;]. Tt is easy to see that ||Bz|| < ||Bi]|- Thus,

1
[|B2]| = 2n < =.
€
Let E = [a,b] x By. Then
E cC B(1/e) Cc B(1/e1), and |E|=(b—a)|B2| < (b—a)n=mn.

Further,

n
|E|l = H'(0.E) = 2n(b—a) + 2> (di — ¢;) = 2n(b — a) + 2| By |
i=1
b—a
<2nb—a)+2n<2nb—a)+2< —+2
€
< max{1,b — a} Lo i7
€ €1
by (3.2). Thus, by Theorem 2.2, |F(E)| < €. Also, as F is a charge in
[a,b] X [¢,d], F([a,b] x Bs) =0; i.e., G(B3) = 0.Thus,
G(B1) = G(B2U B3) = G(B2) + G(B3) = G(By).
Hence,
|G(B)| = |G(B1)| = |G(By)| = |[F(E)| < &1 <e.
Thus, given € > 0, there exists n > 0 such that
1
|G(B)| < € whenever |B|<mn, ||B||< -, and B € (—=1/¢,1/e¢).
€
Hence, by Theorem 2.2, G is a charge. Also, it is clear that G is a charge in
[c, d]. O

Definition 3.2. For a given charge F in [a,b] X [¢,d], the charge G in [¢,d],
as given by Lemma 3.1, is called the y-charge associated to F'. Similarly, we
can also define a charge H in [a,b] and call it the z-charge associated to F.

Lemma 3.2. Let F be a charge in [a,b] X [c,d]. Suppose it satisfies condition
of X -type over [a,b] X [¢,d], and C is the set mentioned in Definition 3.1. Then
for yo € (¢,d) \ C, there exist positive real numbers k and § such that

|F([a,b] x [yo,y0 + y])| < ky
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and
[F'([a, b] % [yo — y,50])| < ky
for every y € (0, 6).
PROOF. Choose any yo € (c,d)\C. Then for any z € [a, b], we have Fs(x,y) <

oo, and F (z,yo) > —o0; i.e.,

F(B)
oo < F =5 Bl
oo < F (x,y0) Zli% {o<d1(1113)<a | B }

— F(B
Few-pg{ g T8 o

a>0 | o<d(B)<a

where B is any cell in R? containing the point (x, ). Thus, given € > 0, there
exists n, > 0, such that

F(B) F(B) =
in —= > F (=, —¢, and sup ——= < Fy(x, + €,
0<d(B)<a |B| (=, 0) 0<d(B)<a | B +(@30)

whenever 0 < a < n,. Hence, given € > 0, there exists 1, > 0, such that

F(B F(B —
|.(B|) > Es($7y0) — € and -(Bl) < Fs(xay()) + €, (33)

whenever 0 < d(B) < n, and (z,yo) € B. We may assume that 1, < min{d —
Yo, Yo — c}. Define a gauge ~ on [a, b], by

~y(x) = % (3.4)

By Lemma 2.2, there exists a y-fine partition {([z;—1,],t;) :i=1,...,p} of
[a,b]. Let 6 = min{~y(¢;) : ¢ =1,...,p}. Let

k1 = max{|F,(t;,yo)|, |[Fs(ti,y0) : i =1,...,p} +e. (3.5)
Let y € (0,9), and i € {1,...,p}. If

F(lzi—1, 2] x [yo,y0 +y])
[i—1, 23] X [yo, 50 + ¥

using (3.3) and (3.4), we get

|F([zi—1, 2] X [yo,wo+ 9Dl = ,, 6
i,z X 0w +ll Fs(ti yo) + e (3.6)
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And if
F([zi—1,7i] X [yo,y0 +Y])
<0,
i1, 23] % [Yo0. Y0 + y]|
using (3.3) and (3.4), we get
F 1—1y Lg )
| ([.’E 1 QL'] X [yO Yo +y])‘ < |E5(tz,y0)‘ +e (37)

[zi1, 2] % [Y0. Y0 + ¥l
Thus,

[F([a, 8] < [yo,y0 +yD) _ | 320 F[@i-1, 2] X [y0, 90 + y])|
|, b] X [yo,yo + | > i [zt @] X [yo, 90 + ]|
vy [F([zi1, i) X [yo, 90 + )|
i [mim1s i) X [yo, yo + v
|F([zim1, 2] X [yo,y0 +yD)| .
< max{ ey, 4 X o, 50 £ 4] 1= L...,p}
< kq, using (3.5), (3.6) and (3.7);

(F(la, bl [0, g0 + 9]
(b—a)y

< ky;

ie.,
|F([a,b] x [yo,y0 +y])| < (b —a)k1y.
Let k = (b — a)ky. Then the real numbers k and 6 > 0 are such that
|[F'([a, ] x [yo, 3o + y])| < ky

whenever y € (0, ). Similarly,

|F'([a,b] % [yo — v, y0])| < ky,
whenever y € (0,0). O

Lemma 3.3. Let F be as given in Lemma 3.2. Let G be the y-charge associated
to F. Let v: R — R be a vector field associated to G (as given by Theorem
2.8). Then,

(i) v is Lipschitz at yo for every yo € (¢,d) \ C.

(i) The charge G in [c,d] is derivable a.e. over [c,d], and DG is R-integrable
over [¢,d], and

(R) | DG =G(le,d)).
[e.d]
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PRrROOF. (i) Let yo € (¢,d) \ C. Let k and § be as in Lemma 3.2. We have

[v(yo +y) — v(yo)|l = [G([yo, yo + y])| = [F([a, b] X [yo, o +y])| < ky

whenever y € (0,9). Similarly, |v(yo) — v(yo — )| < ky whenever y € (0,0).
Thus, v is Lipschitz at yq.

(ii) By part (i) and Theorem 2.4(i), G is almost derivable at each y € (¢,d)\ C.
By Theorem 5.1.12 of [8], div v(y); i.e., DG(y) is defined a.e. over [c,d], and
is R-integrable over [c,d], and

d
(R) / DG = (L) / v Ve g dH.
c 0+ ([c,d])

Now, 0.([¢,d]) = {e¢,d}, and using Definition 2.1, we get
Vie,a)(c) = —1 and v, q/(d) = 1.

Hence,

d
(R)/ DG =v(d) —v(c) = G([e,d]). O

Lemma 3.4. Let F, G and v be as in Lemma 3.3. Let e € (a,b). Let Fy be
the reduction of F to [a,e] X [c,d], and F» be the reduction of F to [e,b] X [c, d].
Let G be the y-charge associated to the charge Fy, and let Gy be the y-charge
associated to Fy. Then there exists a null subset N of [c,d], such that if y €
(¢,d) \ N, then DG1(y), DG2(y) and DG(y) exist, and DG(y) = DG;(y) +
DGs(y).

PROOF. As F satisfies condition of X-type over [a,b] X [c,d], it follows that
Fy and Fy also satisfy condition of X-type over [a,e] X [¢,d] and [e, b] X [¢, d],
respectively (see Note 3.1). Hence by Lemma 3.3, there exist null sets N; and
N5 such that DG (y) exists over [¢,d] \ N1, and DG»(y) exists over [c,d] \ Na.
Let N := Nj U Nj. Choose any yo € (¢,d) \ N. Let v; and vy be continuous
functions associated to the charges G; and G5 respectively. Then by Theorem
2.4 (iii), v; and vo are differentiable at yo, and

v1(yo) = DG1(yo) and vi(yo) = DG2(yo)-
So given € > 0, there exists d; > 0 such that

v1 (Yo +y) — v1(yo)
y

€
— v (yo)| < 5 vy € (0,01),
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and there exists d, > 0 such that

v2(yo +y) — v2(yo)
Yy

Let § = min{dy,d2}. Then for all y € (0, 9),

€
—vé(yo)‘ < 3 vy € (0,02).

U(yo + y) — U(yo) _ {’Ui(

; o) + v (30)} |

B G([yozymw — {0} (00) + vh(w0)}]

| Pl Dot 8 g1 450
Yy

[ Fllanel X oo+ )+ Fent] X oeto ) g1 ) 11t

Y
_ Gl([yanO+y])ZG2([y07y0+y]) _ {’Ui(yo) +U/2(y0>}’
<fulo i) mnln) ) 4|2ty Zvaln) oy,
<E + L= €.

2 2

Thus, the right hand derivative of v exists at yo, and equals v} (yo) + v4(yo)-
Similarly, it can be shown that the left hand derivative of v also exists at yo,
and has the same value. Thus, v is differentiable at yq,

v'(yo) = v} (y0) + v5(%o)-

Hence by Theorem 2.4(ii), DG(yo) exists and equals v'(yo), i.e., DG1(yo) +
DGs(yo)- O

Theorem 3.2. Let f satisfy the conditions of part (i) of Theorem 3.1. Let G
be the y-charge associated to F. Then

(i) F.(x) exists a.e. over [a,b] X [c,d], and equals f(x) a.e. over [a,b] X [c,d].
(i)
b
/ f(z,y)dz = DG(y) for almost all y € [c,d].

PROOF. (i) As F is the indefinite R-integral of f, so almost everywhere over
[a,b] X [c,d], we have

DF(x) = f(z). (3.8)
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By Lemma 2.1, F is derivable in the ordinary sense whenever DF(z) exists,
and

F'(x) = DF(x). (3.9

Also, Fs(z,y) < oo, and F (x,y) > —oo whenever (z,y) € [a,b] x {[c,d]\ C},
where C' is a countable subset of [c,d]. Hence, by Ward’s Second Theorem
(Theorem 2.7), F' is derivable in the strong sense a.e. over [a,b] X [c,d]. Also,
whenever F!(x) exists, then F’(x) also exists, and F!(z) = F'(z) (see page
106 of [8]). Now, it follows from (3.8) and (3.9), that

Fl(z) = f(x) a.e. over [a,b] X [c,d].

(ii) First, we construct a null set N C [¢,d]. For any {e, f} C [a,b], e # f,
let Fye ry denote the reduction of F to [e, f] x [¢,d] or [f, e] X [c, d], depending
on whether e < f or e > f. Let G s} be the y-charge associated to Fi y}.
By Lemma 3.3(ii), DG, sy () exists almost everywhere over [c,d]. Let Ny, 5y
denote the null set such that DGy, ry(z) exists over [c,d] \ Nyie 5. If € = f,
we define Ny, sy := ). Let {ri,72,...} be an enumeration of all the rationals
contained in [a,b]. For allm =1,2,..., let

N, = N{aﬂ“m} U N{bﬂ“m} U {UZOZIN{T”,TM}}.

Let N’ be the null set {y € [c,d] : f; f(z,y) dx does not exist }. Giveny € [, d],
let

Ay = A{z € [0,0] : Fi(x,y) # f(z,9)}.
In view of part (i), there exists a null set, say N C [c,d], such that |A,| =0
whenever y € [c,d] \ N”. (See [5], Theorem 14.2). And C is the countable set
mentioned in part (i) above. Define

N := Ny UN'UN"UCU{U_ Np}.

We shall show that for every yo € (¢,d) \ N,

b
h(yo) = / f(90) diz = DG (yo).

Since N’ C N, and Ny, C N, both h(yo) and DG(yo) exist. If possible,
suppose DG (yo) > h(yo). Then there exists € > 0, such that

DG(yo) > h(yo) + €(1 + 2b — 2a). (3.10)

Since N C N,
{z € [a,b] : f(z,y0) # Fo(x,90)}| = 0.
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By definition, whenever it exists, F/(z,y0) = Fs(z,10). Also, as C C N, for
all z € [a,b], B
—00 < Es(x7y0) S Fs(xayo) < 00.

Wherever f(z,y0) # Fs(x,y0), we redefine f(z,v0) := Fs(x,90). Note that
redefining f over this subset of [a,b] X {yo} does not change F' (see page 186
of [8]), and hence the values of the various derivates remain unchanged over
[a,b] X [¢,d]. Similarly, the value of h(yp) remains unchanged. Choose any
(z,y0) € [a,b] X {yo}. Then as in the proof of Lemma 3.2, given € > 0, there
exists v, > 0, such that

P|’(A/|1) < Fs(z,y0) + €= f(z,y0) + € (3.11)
whenever A is a cell such that 0 < d(A) < 7, and (z,y0) € A.

In view of Proposition 6.8 of [6], f(z,y0), as a function of z, is HK-
integrable on [a,b]. Thus, given € > 0, there exists a gauge § over [a,b] such
that if P is any d-fine partition of [a, b], then |S(f; P) — h(yo)| < e. We may
assume that

5(z) < 2= v elab) (3.12)

NG
By Lemma 2.2, there exists a d-fine partition, say P := {([z;-1,2:],t;) : ¢ =
1,...,p}, of [a,b]. Hence,

ie.,

P

> F(tiyo) (@i — i) < h(yo) + €. (3.13)

i=1

Also, in view of Lemma 2.3, we may assume that each x;, except possibly a or
b is a rational number. Thus, for any i € {1,...,p}, DGy, , 4,1 (yo) exists,
as yo ¢ N. Hence, by Note 2.2, given € > 0, there exists r; € (0,d(¢;)) such
that

’ G{Ii—l’fbi}<[y07 Yo + Ti])
T

- DG{zi_l,xi}(yO)‘ <e(x; —xi-1);

ie.,

‘F([Cfifh ;] X [yo, yo + 1))
T

_ DG{Ii_l,:ﬂi}(yO)‘ < €e(x; —i-1),
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implying

F([zi—1, 2] X [yo,y0 + 73])
r;

DG{thxi}(yo) < +€(CU1 —I'ifl)Vi: 1,‘..,]9.

Thus,

ZDG{xifl,xi}(yO) < Z (F([le,xz] X [yo, Yo +m])> +e(b—a).

r
i=1 i=1 B

Since, by Lemma 3.4,

P
Z DG{wl,l,wL}(yO) = DG(yO);

i=1

the above inequality gives,

DG(yo) < i (F([x“’ il X yo, 4o + ”D> +e(b—a). (3.14)
i=1

T
Since 1; < §(t;), using (3.11) and (3.12) we get,

F([zi—1,25] X [yo,y0 + 7i])
I[zi—1, 4] X [yo,y0 + 7|

< f(ti, o) + €

ie.,
F(lzi- y L s T
([IE 1,Z ] :; [yO Yo + ]) < f(ti,yg)(xi —xi_l) +€(xi _ -771',—1)~
Thus,
P F i1, T , ’ p
;( ([xi—1, 4] :i[yo Yo+ ])) <;f(ti,yo)(x,; —zi1) 4 €(b—a)
<h(yo) + € + (b — a),

(3.15)
using (3.13). Finally, by (3.14) and (3.15), we get
DG(yo) < h(yo) + €(1 + 2b — 2a),

which contradicts (3.10). Hence it is not possible that DG (yo) > h(yo). Simi-
larly, it can be shown that it is not possible to have DG(yg) < h(yo). We give
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a brief sketch of the proof. Suppose, if possible, that DG(yo) < h(yo). Then
there exists € > 0, such that

DG(yo) < h(yo) — (1 + 2b — 2a).
Similarly as above, whenever f(x,yo) # F,(z,40), redefine f by
f(l', yO) = E3($7 yO)

Proceeding further, we can obtain the following inequalities in place of (3.11),
(3.13), (3.14), and (3.15).

F(A)
W >f(z,y0) — ¢,
Z J(tiyo)(xi — xi—1) >h(yo) — €,
DG(yO) > i (F([in,l’xi] ’>: [y07y0 + Ti])) _ E(b _ a),
i=1 v

Z F([zi—1,2:] X [yo,y0 + 73])

Ti

>h(yo) — e —e(b—a).

i=1
The last two inequalities imply that

DG(yo) > h(yo) — e(1 + 2b — 2a).
So we again get a contradiction. Hence, DG(yo) = h(yo). ]

PRrROOF OF THEOREM 3.1. We give the proof of part (i). The proof of part
(ii) is similar. By Lemma 3.3(ii), DG(y) exists a.e. over [c, d], is R-integrable
over [c,d], and

clied) = [ paway= [ [ s ey

by Theorem 3.2(ii); i.e., the iterated R-integral fcd f: f dx dy exists. And by
definition, G([c,d]) = F([a,b] X [c,d]). Hence,

d b
/ f= / / fdxdy. O
la,b]x[c,d] ¢ Ja

We give next an extension of Theorem 3.1(i).
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Theorem 3.3. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. Let
the charge F' be the indefinite R-integral of f. Suppose the conditions of part
(i) of Theorem 3.1 are satisfied. Then over any subinterval [a1,b1] X [c1,d4]

of [a,b] x [c,d], the iterated R-integral fcdll ffll fdxdy erists, and

dy by
/ f= / / fdzdy.
[al,bl]X[Cl,dl] Cc1 ai

PRrROOF. Let A = [ay,b1] X [¢1,d1]. By Proposition 5.1.6 of [8], the charge
FLA is the indefinite R-integral of f|4. Now, FLA satisfies condition of X-
type over [a1,b1] X [c1,d1] (see Note 3.1). Again, by Proposition 5.1.6 of [8], if a
function is R-integrable over the interval [a, b], then it is also R-integrable over
the subinterval [aj, b1]. Thus, conditions of part (i) of Theorem 3.1 are also
satisfied over [a, b1] X [c1,d1]. Hence, the result follows by Theorem 3.1(i). O

Note 3.2. Similarly, we also have the corresponding extension of Theorem

Next we give another condition under which the iterated integral equals
the double integral.

Theorem 3.4. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. Let
the charge F be the indefinite R-integral of f.

(i) Suppose the following conditions are satisfied:

(a) The R-integral f: f(z,y) dz exists for almost all y € [c,d].

(b) There exists a countable subset C of [c,d], such that, whenever
(z,y) € [a,b) x {[¢,d] \ C},

Fy(z,y) < o0, and F (x,y) > —o0.

(¢c) There exists a sequence ()2, in (a,b) such that a,, — b and
there exist functions k1, k2 € R([c,d]), such that

k1(y) < / flz,y)de < ka(y) Vn=1,2,..., for almost all y € [c,d].

Then the iterated R-integral fcd f; fdxdy exists, and

d b
[ a=[ [ rasay
la,b] x[c,d] ¢ Ja
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(i) Under analogous conditions, the iterated R-integral f: fcd fdydx exists,

and
b pd
/ f:/ / fdydx.
la,b] X [c,d] a Je

PRrROOF. We prove part (i). Define h, h, : [¢,d] — R by

hy) = {fab f(z,y)dx, whenever the integral exists,

0, otherwise.

and
[ f(@,y) dz, whenever f; f(x,y) dx exists,
hn(y) = .
0, otherwise.

It follows from Theorem 2.3 (ii) that for a fixed y € [¢, d] for which f; flz,y)dz
exists, [ f(z,y) dz is a continuous function of . Hence, as o, — b, we have

hn, — h over [c,d].
Let A, := [a,ay] X [¢,d], and A := [a,b] X [¢,d]. By Theorem 3.1(i), h, €
R([c,d]) for alln =1,2,..., and

d
F(A,) = / o () dy.

Since {A,} — A, and F is T-continuous,

lim F(A,) = F(A).

n—oo

Thus, it follows from Corollary 5.1.5(ii) of [8] that h € R([c,d]) and

d
ﬂm:/h@@. O

We now give an extension of Theorem 3.4(i).

Theorem 3.5. Suppose f and F satisfy the conditions of Theorem 3.4(i).
Then over any subinterval [a1,b1] X [c1,d1] of [a,b] X [c,d], the iterated R-
integral fil fabll fdxdy exists, and

dq b1
/ f= "] racay
[a17b1]X[C1,d1] (4] aq
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PRrOOF. Consider any nondegenerate subinterval [a1,b1] X [e1,dq]. If by < b,
the conditions of Theorem 3.1(i) are satisfied. If a; = a, and by = b, then the
conditions of Theorem 3.4(i) are satisfied. Thus in both the above cases, the
iterated integral exists and equals the double integral. Now suppose a; > a,
and by = b. Then over [a,a1] X [c1,d1], the iterated integral exists and equals
the double integral (by Theorem 3.1(1)), i.e.,

d1 al
/ f :/ / fdxdy.
[aval]x[cl’dl] c1 a

And by Theorem 3.4(i), fcdll ff f dz dy exists, and

di b
/ f :/ / fdzxdy.
[a,b]x[c1,d1] c1 a

It follows from the above two equations that f;l fdr = f; fdx— [ fdxis
integrable over [¢1,d;] (see Proposition 5.1.3 of [8]), and

di b
/ f=[" [ ravan
la1,b]x[c1,d1] c1 ay

in view of Proposition 5.1.8 of [8]. O

We now state another theorem which can obviously be proved in the same
way as Theorem 3.4(i) and Theorem 3.5.

Theorem 3.6. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. Let F
be the indefinite R-integral of f. Suppose the following conditions are satisfied:

(a) The R-integral f; f(z,y) dx exists for almost all y € [c,d].

(b) There exists a countable subset C of [c,d], such that, whenever
(x,y) € (a,b] x {[c,d] \ C},

Fy(z,y) < oo, and F (x,y) > —o0.

(c) There exists a sequence ()% in (a,b) such that o, — a and there
exist functions k1, k2 € R([c,d]), such that

b
k1(y) < / flzyy)de < ka(y) Yn=1,2,..., for almost all y € [c,d].
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Then over any subinterval [a1,b1] X [c1,d1] of [a,b] X [¢,d], the iterated R-
integral fcdll f:ll fdxdy exists, and

dy by
/ f= / fdzdy.
[a17b1]><[61,d1] Cc1 ai

Another condition under which the iterated integral equals the double in-
tegral is given in the next theorem. The proof is similar to that of Theorem
3.4(1).

Theorem 3.7. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. Let F
be the indefinite R-integral of f. Suppose the following conditions are satisfied:

(a) The R-integral f; f(z,y) dx exists for almost all y € [c,d].

(b) There exists a countable subset C of [c,d], such that, whenever
(z,y) € (a,0) x{[e,d] \ C},

Fy(z,y) < oo, and F (x,y) > —o0.

(c) There exist sequences (@)%, and ()22, in (a,b) such that o, — b
and B, — a and there exist functions k1, ko € R([c,d]), such that

Qn
k1(y) < flzyy)de < ka(y) Yn=1,2,..., for almost all y € [c,d].
Bn

Then the iterated R-integral fcd fab fdxdy erists, and

d b
[ a=[ [ rasay
la,b]x[c,d] ¢ Ja

Remark 3.1. We do not know whether the iterated integral fcd fabl fdx dy,
where a; € (a,b), exists for the function f given in the above Theorem 3.7.
However, by applying Theorem 3.1(i), we can see that for each = € (a1, b), the

iterated R-integral fcd ffl f dz dy exists, and

d T
/ f= / / fdxdy.
la1,z]x[c,d] c a1

Hence it follows that lim,_;_ fcd faml f dz dy exists, and equals f[al b)x[ed) -



186 V. SINHA AND INDER K. RANA

We now present the theorem on the existence of the iterated R-integral
and its equality with the double R-integral over any subinterval in the most
general form.

Theorem 3.8. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. Let
the charge F be the indefinite R-integral of f. Suppose

[a,b] X [¢,d] = Ul 4,

where A;’s are monoverlapping cells, such that over each A;, the conditions
of either Theorem 3.1(i) or Theorem 3.4(i) or Theorem 3.6 are satisfied.
Then over any subinterval [, 5] X [, 6] of [a,b] X [¢,d], the iterated R-integral

fj ff fdx dy exists, and

5 rp
/ f= / / £ dx dy.
(o8] x [.] v Ja

PROOF. Given any subinterval B := [a, 5] X [v, d] of [a,b] X [¢,d], we have
B=U;BNA; =U_ By,

where B; = [a;,b;] % [cj,d;] is a cell for all j =1,...p. The c}s and d}s form
a partition of [y, 4], say P = {y =eo,...,eq = 6}. Let

Cr = [Oé,ﬁ] X [eT—l?eT] V’I”:L...7q-

Clearly, C; = Up™ {[owry, Bri] X [er—1,€r]}, Where [0g,, Br,] X [er—1,€,] is a
subset of some A;, for each k =1,...,s,. Thus, over [a;,, Br.] X [er—1, €], the
iterated integral exists and equals the double integral in view of Theorems 3.3,
3.5 and 3.6. Hence, over each C,., the iterated integral exists (by Proposition
5.1.3 of [8]) and equals the double integral (by Proposition 5.1.8 of [8]). Again,
it follows from Proposition 5.1.8 of [8] that over [a, ] X [vy,d], the iterated
integral exists and equals the double integral. O

At this stage we would like to pose the following questions.

Question 1. Suppose a function f : [a,b] X [¢,d] — R is R-integrable. If over
any subinterval o, 5] X [7, 8] of [a, b] X [c, d], the iterated R-integral f5 ff fdzdy
exists, and equals the double integral over that subinterval, then czoes f neces-
sarily satisfy conditions of Theorem 3.87

Question 2. (Suggested by Pfeffer) Does the following hold true?
Let a real-valued function f defined on A := [a,b] X [c,d] satisfy the following
conditions:
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(i) The double R-integral [, f(z)dz exists;
(i) The R-integral fab f(x,y) dx exists for almost all y € [c,d];

(iii) F (2) > —o0o and F(z) < oo for each z € A\ E where E is a set of
o-finite measure H!.

Then the R-integral fcd[fab f(x,y) dx]dy exists and

/Af(z)dz = /cd [/abf(x,y) dx] dy.

4 Some Examples.

In this section, we present some examples relevant to the above theory. We
give an example of a function over the unit square, which is R-integrable, but
not Lebesgue integrable, and which also satisfies the conditions of Theorems
3.1 and 3.4. We also give an example of a function, where we apply Theorem

3.1 to show that the function is not R-integrable. Finally, we present an im-
portant example, for which only one iterated integral exists.

The following example is from [1](page 36).

Proposition 4.1. Let ¢, =1— 5=, n=0,1,2,... Define g:[0,1] = R by

ﬂ forz € [cp—1,c), k=1,2,...
g(z) =
0 forz = 1.

Then the following hold:
(i) g is not Lebesgue integrable over [0, 1].

(ii) g is R-integrable over [0, 1], and
1
/ g(z) dx = log 2.
0

(#ii) If the charge G is the indefinite R-integral of g, then

Gs(1) = ¢ and G,(1) = —c0.
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PRrOOF. (i) We have,

(ii) For each 8 € [0,1), g is clearly Lebesgue integrable and hence R-
integrable. Also,

. = (1)
lim z)dr = —— =log2.
Am_ | g(@) ; - g

Hence, by Corollary 6.3.3 of [8], ¢ is R-integrable over [0, 1], and

1
/ g(x) dz =log 2.
0

(iii) First we show that G(1) = co. We have,

G(len,1]) = G([0,1]) — G([0, cp]
S (CDMgn (D
k=1 k=1
& -1 k+1
= Z( li Vn=1,2, (4.1)
k=n-+1
oo —1)kt+1
Let d, = » ( ; Vn=1,2,... Then
k=n-+1
0 (_1)k+1
d2n - Z A
k=2n+1
- 1 1 N 1 1 N
T o 2n+1 2n+2 2n4+3 2n+4
_ 1 1 N 1 1 N
o o\2n4+1 2n+42 Mm+3 2n+4
> 0,Vn=1,2,... (4.2)

as the expression inside each bracket is positive. Similarly,

J B 11 N 11 N
nt2 = \opr3 2m+4 m+5 2m+6)

1 1
— 4.
<2n—|—3 2n—|—4>7 (43)
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as the expression inside each bracket is positive. Let

A, =ean,1]Vn=12...

Then (4,,) is a sequence tending to 1 according to Definition 2.
G(An)
= Vn=1,2
aTL |An‘ n » <

Then by (4.1),

Ay = 22nd2n and Ap+1 = 22n+2d2n+2.

Hence,

3. Let

1 1 1 1
an 22n (2n+1 - 2n+2> + <2n+3 - 2n+4) +..

22n+2

Anp+1 d2n+2

1 1
1 (2n+1 - 2n+2) + dan+2

4 don+2

1 1
1 (2n+1 - 2n+2>
4 dan+2

1 _ 1
2n+1 2n—+2 1

1

4 (2n1+3 - 2n1+4)
(2n +3)(2n +4)

((;nif)énig) “)

by (4.3)

Thus, for all n > 2,
an

1 3
<-2+1)=-.
Anp+1 4( + ) 4

4 A\t
an+1>§an>"'> g as,

Hence, for n > 2,

where az > 0 in view of (4.2). This implies that

ap — OO as N — OQ.

189
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Hence, G4(1) = co. Now we show that G,(1) = —oo. We have,

& k+1
-1
d2n—1 = § ( )
k=2n
1 1 1 1

"% Tont1 242 mts
= ! + ! + ! + ! +
- 2n  2n+1 2n+2 2n+3)
< 0,Vn=12,... (4.5)
as the expression inside each bracket is negative. Let
Bn = [an_l,l] Vn= 1,2,...
The sequence (B,,) also tends to 1. Let

G(Bn)
| Bul

b, = Vn=12,...

Then by (4.1),

by = 22"y, 1 and by 41 = 22" day .

Hence,
1 1 1 1
by 22! (*% + 2n+1> + (* iz 2n+3) +...
bn+1 N 22n+1 d2n+1
1 1
1 (*% + 2n+1> + dani1
4 dont1
1 1
1 <_% + 2n+1>
= S|+
4 dany1

Since dan11 < 0 by (4.5), we have

(—% +747) by 1

2n 2n+1 n

A 2 S0 implyin S S VYn=12...
doni1 yine b1 4

Thus,
b1 < 4by, < --- < 4™y,
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where b; < 0, in view of (4.5). This implies that
b, — —o0 as n — o0. (4.6)
Hence, G,(1) = —o0. O

We give next the example of a function over the unit square, which is
R-integrable, but not Lebesgue integrable, and satisfies the conditions of The-
orems 3.1 and 3.4.

Proposition 4.2. Let ¢, = 17%, n=0,1,2,... Define f :[0,1]x[0,1] = R
by
(71)k+12k

forx € [cp—1,¢k), k=1,2,...
T,y) = k
f@y) {O forx = 1.

Then
(i) fol folfdxdy = fol folfdydm =log?2.
(ii) There exists a charge F in [0,1] x [0,1], such that if [a,b] X [c,d] is any
subinterval of [0,1] x [0,1], then
d b
Fla.b)x led) = [ [ fazdy,

(i) f € R([0,1] x [0,1]), and F is the indefinite R-integral of f, i.e.,

1 1
/ / fdxdy = / f.
o Jo [0,1]x[0,1]

(v) f satisfies conditions of part (ii) of Theorem 3.1.

(v) f does not satisfy conditions of part (i) of Theorem 3.1.
(vi) f satisfies conditions of part (i) of Theorem 3.4.
(vit) f does not satisfy conditions of part (ii) of Theorem 3.4.

PROOF. Let g, G be as in the above Proposition 4.1.
(i) For a fixed y € [0,1],

f(z,y) =glx) ¥V x e€[0,1]. (4.7)

Hence, by result (ii) of Proposition 4.1,

1,1 1
/ / fdxdy = / log 2dy = log 2.
o Jo 0
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1 1 1
/ / fdydz = / g(z) dx = log 2.
0o Jo 0

(ii) By Theorem 2.3(ii), there exists a continuous function v : R — R, such that
for any [a,b] C R, G([a,b]) = v(b)—v(a). Define a vector field « : [0, 1] x[0,1] —
R? by u(z,y) = (v(),0). As v is a continuous function, u is also a continuous
vector field. Let E = [0,1] x [0, 1]. Define a function F : BV(R?) — R by

F(A):/ ’LL‘I/(AQE)dHl.
0+ (ANE)

Then by Example 2.1.4 of [8], F' is a charge in E. For any cell A = [a, b]x[c,d] C
[0,1] x [0, 1], we have,

0. (ANE)=0,A (as AC E) = 0A
={la, b] x {c}} U{{b} x [e,d]} U {[a,b] x {d}} U{{a} x [c,d]}.

Now, using Definition 2.1, we get

(0,-1) if (z,9) € (a,b) x {c},
gy =[O0 )€ (b} x (e,
(0,1)  if (z,y) € (a,b) x {d},
(—1,0) if (z,y) € {a} x (¢,d)
Hence
F(A) = u~l/(AmE)dH1—|—/ u-I/(AmE)dHl
[a,b]x{c} {b} x[e,d]

—I—/ u~V(AmE)dH1+ U~V(AQE)dH1
[a,b] x {d} {a}x[c,d]

:0+v(b)(d—c)+0+v( N(=1)(d - ¢) (4.8)

=(d = ¢)(v(b) = v(a)) = (d = ¢)G([a, b))

/Gab dy—//falavdy7

in view of (4.7).

(iii) Let E,, = [0,b,] x [0,1], where b, € (0,1), and b, — 1, n = 1,2,...
Then, for each n, as b, < 1, f|g, is Lebesgue integrable (and hence also
R-integrable). Thus, by Fubini’s Theorem,

/Enf:/ol/obnfdxdy. (4.9)
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By (4.8) and (4.9), we get F(E,) = [, f. Also, {E,} — E. Hence, by
Theorem 6.3.2 of [8], f € R(E), and F is the indefinite R-integral of f. Further,

by (4.8), o
F(E):/O/OfdxdyzlogQ.

Thus, the iterated integrals and the double integral have the same value.

(iv) Clearly, the R-integral fol [ dy exists for each x € [0,1]. We verify the
other condition. We denote by f the zero extension of the given function f;
ie.,

o [Ty for(ey) €0,1]x 0,1
few = {o for (z,y) € B2\ {[0,1) x [0, 1]}.

Clearly, f is R-integrable in R?, with F' as the indefinite integral. Now choose
any zo € (0,1) \ U2 o{cn}- Clearly, f is continuous at the point (zg,y), if

€ (0,1). Also, over a small interval around (z¢,y), f is Lebesgue integrable.
Hence by Theorem 2.5(iii),

FS/(CL'o,y) :Es(ﬂfm ) F (ZOa ) f(m()ay) 7é +oo.

Now, we show that F(z0,1) > —o0 and F(zo,1) < co. Now, either f(zo,1) >
0, or f(zo,1) < 0. If f(xp,1) > 0, then there exists a nondegenerate interval,
say A := [rg — a,r9+ a] x [1 —a,1 + o] such that f is Lebesgue integrable
over A, and

f(z,y) >0 over [vg—a,z9+a] x [1—a,1]. (4.10)

It is obvious that f is upper semicontinuous at the point (¢, 1). Hence, by The-
orem 2.5(i), Fy(z9,1) < f(z0,1) < 00. If B C A is any cell, then F(B) > 0, in
view of (4.10). Hence it follows that F(xg,1) > 0 > —oo. If f(x0,1) < 0, then
also, similarly as above, we can show that F (2o, 1) > —o0o and F(z,1) < cc.
Similarly, it can be easily seen that

{F(20,0), Fs(x0,0)} N {—00,00} = 0.

Let C := {0} U {1} U {U2y{cn}}. Then, over {[0,1] \ C} x [0,1], we have
F (z,y) > —oc0 and F4(z,y) < co. (In fact, we can show that the above holds
true over {[0,1] \ {1}} x [0,1]). Thus, f satisfies conditions of part (ii) of
Theorem 3.1.

(v) Choose any yo € (0,1). We will show that Fy(1,y9) = oo. Let A, =
[con, 1] X [y0, Yo + 53] Vn = 1,2,... Then A, tends to the point (1,yo). Thus,
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there exists a positive integer ng such that for all n > ng, A, C E. Hence,
for all such n, by part (ii) above, we have,

yoJrzg% 1 1
P = [T [ pdedy = G,
Yo 2n

C

P4 Glleom1)
[Anl - 227[e2n, 1] Yo, Yo + 527 ]]
_ G([C2m 1])

e 11 — oo (by (4.4)).

Thus, Fs(1,y0) = oo. Hence, f does not satisfy conditions of part (i) of The-
orem 3.1. In fact, if we take

1
Bn = [027171;1] X [yan0+ 22n7—1]’ Vn= 172a"'7

then using (4.6), we can show that

F(Bn)
| Bul

— —00; i.e., Es(layo) = -

(vi) Since, G([0,¢,]) = >y (_1]):“ — log2, given € > 0, there exists a
positive integer ng such that |G([0,¢,])| < log2 +€, ¥V n > ng. Hence, for
each y € [0,1],

<log2+e¢ Vp=12,...

A%ﬂﬂ%wﬂ

Thus the condition of part (¢) of Theorem 3.4(i) is clearly satisfied. It is easily
seen that the condition of part (b) of Theorem 3.4(i) is also satisfied. Also, the
R-integral fol f(z,y) dz exists for each y € [0, 1]. Hence, f satisfies conditions
of part (i) of Theorem 3.4.

(vii) If possible, suppose f satisfies conditions of part (ii) of Theorem 3.4.
Then there exists a sequence (ay,)?=%° in (0,1) such that o, — 1, and there
exist k1, k2 € R([0,1]), such that

Qn
ki(z) < / f(z,y)dy < ko(z) Vn=1,2,..., for almost all z € [0, 1].
0
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Now,
aq
/ flz,y)dy = arg(z) Yz €|0,1].
0
k
Thus, for all £ = 0,1,2,..., ki(z) < ag (%) a.e. on [ca,Cokt1), and
1
for all k = 1,2,..., ki(z) < _;;k a.e. on [cop—_1,Cor). As / ki(z)dx =
0
lim ’ k1(x)dz, we have,
n—oo 0
! 11 11
/0m(x)dx§a175+ga171+30¢1+..., (4.11)
where a7 € (0,1). As k; is integrable, fol k1(z)dx > —oo. But (4.11) implies
that fol k1(z)dx = —oo. Thus we get a contradiction. Hence, f does not
satisfy conditions of part (ii) of Theorem 3.4. O

Remark 4.1. From the above example, it is clear that there are situations
when Theorem 3.1 can be applied, but Theorem 3.4 cannot be applied, and
vice-versa.

We show in the next example (taken from [2], Exercise 16, page 185), that
Theorem 3.1 can be applied in certain situations to prove that a function is
not R-integrable.

Proposition 4.3. Define f:[0,1] x [0,1] — R by

A if (2,y) £ (0,0),
= @)
f@y) {0 ’ if (x,y) = (0,0).

Then f is not R-integrable over [0,1] x [0, 1].

PROOF. It can be verified that,

1 1 1 1
//fdydxzﬁ, and / / fdedy=—T. (4.12)
0 0 4 0 0 4

Suppose, if possible, that f is R-integrable over [0,1] x [0,1]. Let F be the
indefinite R-integral of f. Then it can be shown (as in the proof of the result
(iv) of Proposition 4.2) that over [0,1] x {[0,1] \ {0}}, Fs(z,y) < oo and
F.(z,y) > —oo. Thus, f satisfies conditions of part (i) of Theorem 3.1. Hence,

1
/ f:/ fdxdy (4.13)
(0,1]%[0,1] 0



196 V. SINHA AND INDER K. RANA

Similarly, over {[0,1]\ {0}} x [0,1], Fs(x,y) < oo and F(z,y) > —oc. Thus,
f satisfies conditions of part (ii) of Theorem 3.1. Hence,

1
/ f:/ fdydx (4.14)
[0,1]x[0,1] 0

Thus, by (4.13) and (4.14), we get, fol fdxdy = fol f dy dz, which contradicts
(4.12). Hence, f is not R-integrable over [0,1] x [0, 1]. O

For the example given in Proposition 4.2, both the iterated integrals exist.
The various sets of conditions given in the last section ensure the existence
and equality with double integral of only one iterated integral. We present
the following example, given in [8](Example 5.1.14) and [7](Section 11.1), in
which only one iterated integral exists, and conditions of Theorem 3.1(i) are
satisfied. This example also shows that Fubini’s Theorem does not hold for
the R-integral.

Proposition 4.4. Define a function ¢ € C*(R) by the formula

o(s) = {exp (ﬁ) if |s] <1,

0 if |s] > 1.
If K :=[a,b] is a one-dimensional cell, let
—1 ru(t) .
c s)ds if t > a,
TRUEE S
0 if t<a,
where

1

c::/ d(s)ds and u(t) :=(2t—b—a)/(b—a).
~1
Forn=20,1,2,..., let

Ay =[27"7127 and K, = Kg) 27 (g) Z_M} '

Denote gr, by gn, and define a function f onR? as follows. Given (z,y) € R?,
let

fl@,y) = gn(y)y?sin(8"z) + [1 — ga(y)]y” sin(8" '),
whenever y € A, n=0,1,..., and let
0 if y<o0,
y?sinz if y > 1.

f(x,y) = {

Let h be the divergence of the vector field v := (f,0). Then, over D := [0, 2] X
[0,1], the following hold:
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(i) The R-integral fol h(z,y)dy does not exist a.e. over [0,2m].
(ii) h is R-integrable over D.

1 27
(i) [ph=0= [y [, h(z,y)dzdy.

(iv) h satisfies conditions of part (i) of Theorem 3.1 over D.

PRrROOF. Parts (i) and (ii) are proved in [8].

(iii) As has been shown in [8], the R-integrability of h follows from the Gauss-
Green Theorem. Hence, [,h = [, Hv-vp dH™ . As in part (ii) of Propo-
sition 4.2, we can compute vp, and show that fa*D v-vp dH™ ! = 0. Over
D

)

0]
() = 9L = 87200 (y) cos(8"2) + 8" 1421 — gu(y)] cos(8™ ).

It can be easily verified that for each y € [0, 1], 0271' h(z,y) dz = 0. Hence, the
result follows.

(iv) It can be shown as in part (iv) of Proposition 4.2. O
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