A multidimensional analogue of the
Denjoy-Perron-Henstock-Kurzweil integral
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Introduction

Several new multidimensional integration theories that generalize or are analogous
to the Denjoy-Perron-Henstock-Kurzweil integral were developed in recent years by
several authors (e.g. [H], [L] (Generalized Riemann integral), [CD] (Generalized
Denjoy integral), [M1] (GP-integral), [KMP] (BV-integral)). The purpose in the
development of these theories has been to examine more general versions of the
classical theorems in Lebesgue integration theory, such as the Divergence theorem,
Fubini’s theorem, or convergence theorems.

In this paper, we propose a simple elementary multidimensional integration
that has a number of advantages also. First, as remarked in [L], unlike the one-
dimensional case, a drawback of the known multidimensional integrals is that one
cannot develop in the same system both Divergence and Fubini type theorems. This
can be done with the integral presented here. Second, one main goal of the above
theories has been to weaken the smoothness condition on the vector fields in the Di-
vergence theorem. The continuous differentiability of the vector fields was replaced
by their continuity and their pointwise, or asymptotic, or a.e. differentiability (with
some other supplementary conditions). Here, we can remove all hypotheses about
differentiability and prove a Divergence theorem for the class of all continuous vec-
tor fields (in fact, for a larger class of distributions). The third point concerns
convergence theorems. In some of the previous integration theories, the convergence
theorems are rather complicated (see e.g. Ch. 5, [L]), and in some others, they seem
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to be incomplete (for example, in [M1] or [CD], where there were forms of monotone
convergence theorems, but dominated convergence type theorems were missing). In
the present paper, we prove some simple general convergence theorems that admit
both monotone and dominated convergence theorems as direct consequences. Mo-
tivated by the earlier study of a one-dimensional integration ([ALV]), we construct
our space of integrable distributions as the completion of the space of continuous
functions with respect to a certain norm. This permits us to use the methods of
Functional Analysis to investigate the structure of this space and the integral on it.

As an illustration we present the solution of a simple initial value problem for a
hyperbolic equation, where very little smoothness is required of the initial data.

To simplify the presentation, we consider here integration in the plane. The
general case can be carried out in much the same way.

The paper consists of four parts. In Part 1, we define the class of G-integrable
distributions and the integral on it. Some basic properties such as ordering and
relationships with the Lebesgue integral are also considered in this part. In Part
2, we prove some Fubini type theorems for G-integrable distributions. A Green’s
theorem is derived in Part 3 and Part 4 is devoted to convergence theorems.

1 Integration in the class G(Q)

1.1 Construction of G-integral

Let a,b,c,d € R, a < b and ¢ < d. In the sequel, we denote by @ the (open)
rectangle (a,b) x (c,d) in R?, and put, for simplicity, & = O12 = Js1 in D'(Q) (the
space of distributions on @ with D(Q) the space of test functions). The class of
mappings we shall work with is given by G(Q), where

G(Q) = {0F € D'(Q): F € C@)}.
To define an integral on G(Q), we need the following:

Lemma 1 Let F € C(Q). Then OF = 0 (in D'(Q)) if and only if there exist
H e C([a,b]), K € C([e,d]) such that

F(z,y) = H(x)+ K(y), (z,y) € Q. (1)

Proof. 1t is clear that if F' is of the form (1) then 0F = 0. Conversely, suppose
0 = OF. From 0,(0:F) = 0, we have 0oF = 1,3 ® g for some g € D'(c,d)
(here ® denotes the tensor product between D'(a,b) and D'(c,d) and 1(,y) is the
constant function 1 on (a,b)). Letting K be a primitive of g, we have 0y(F' — 1) ®
K) = 0. Hence, there exists H € D'(a,b) such that F' — 1) ® K = H ® 1),
ie, F'= 1,y ®@ K+ H ® 1q4. We prove that H and K can be identified with

d
continuous functions. Indeed, choosing gy € D(c,d) such that / go = 1, we have

<F7f ® gO> = <1(a,b)7f><K7g0> + <H & 1(c,d)7 f ® gO> = <H7 f> —Ci_ <<KagO>1(a,b)7f>7
f € D(a,b). Putting

Fi= [ FCyay)dy € C(la, ),
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we have
<H7 f> = _<<Kago>1(a,b)7f> + <F17f>7vf € D(aab>7
ie.,
H= <K,g0>1(a7b) + P € C([a,b])

Similarly, K € C([c,d]). For f ® g € D(a,b) ® D(c,d), we have

(H(x) + K(y), f ® g) )

= [(H@ys@ar gty + [ s [ Ky
= (H® lca), f @9) + (lap) O K, f @ g)
= (F f®g)
Since D(a,b)®D(c, d) is dense in D(Q) (cf. [Ho], [K]), we have H (2)+ K (y) = F(x,y)

in D'(Q). Since the functions in both sides are continuous on @, we must have
For f € G(Q), we put
I(f) = {F € C(@) : 0F = f in D'(Q)}.
From Lemma 1, we immediately deduce:
Lemma 2 [f f € G(Q), then
Fl(x7y> + Fl(aac> - Fl(a7y> - Fl(l',C)
= FQ(x7y> + FQ(aa C) - FQ(a7y> - Fg(l', C)

for all Fy, Fy € I(f),(x,y) € Q. Moreover, there exists a unique F(f) € I(f) such
that

F(f)(a,y) = F(f)(z,c) =0,
Vo € [a,b],y € [c,d].

This leads to the following definition.

Definition 1 Let f € G(Q) (f is said to be G-integrable on Q) and let Q' =
(a',b') x (¢,d) C Q. We put

/= FO.d) + F(N(e,¢) = F(H( d) = (), €).
where F(f) is given by Lemma 2.
From Lemma 2, it is seen that Definition 1 is still valid if we replace F'(f) by any
F € I(f). In particular, / f=F(f)(b,d). For f € G(Q), we define
Q

i=swof|f  fswneal

Now, let

é(@) = {f € C(@) : f(a7y> = f(:L‘,C) =0, Vz e [aab]ay € [07 d]}

@(Q) is closed with respect to the usual sup-norm ||-||o. Since the mapping G(Q) —
C(Q), f — F(f) can be checked to be linear, bijective, and norm-preserving, we
have:
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~

Theorem 1 (G(Q), || ||) is a separable Banach space, isomorphic to (C(Q), || - ||oo)-

We next consider some basic properties of the integral just defined.
Since the mapping f +— F(f) is linear, we immediately deduce

/Q(Sertg) :S/Qf—l—t/Qg,Vf,gEG(Q),s,teR

More properties are given below.

1.2 On ordering G(Q)

The ordering in this case is much more complicated than that in the one-dimensional
case. As usual, for f,g € G(Q), we say that f > ¢ if and only if f — g is a positive
measure on Q. For f € D'(Q), we know, by the Riesz Representation Theorem,
that if f is a positive or bounded (Radon) measure on ) then it can be identified
with a Borel measure (in the set function sense) 1 = py, which is also positive or
bounded. We can define in these cases

F(z,y) = Fi(x,y) = ps((a,2) x (¢,9)), (z,y) € Q.
We need the following lemma for our study of ordering on G(Q).

Lemma 3 (i) If f is a bounded measure on Q then Fy € L>(Q) is the distributional
primitive of f, i.e., OFy = f in D'(Q).
(i) If in (i), we assume furthermore that f € G(Q), then

Fy(z,y) = F(f)(x,y), V(z,y) € Q. (2)
(i) If f € G(Q) is a positive measure then (2) holds.

Proof. We sketch here only the main features, and leave the details to the reader.
(i) We first define

Z((l‘,y), (Sat>> = X(a,m)x(c,y)(57t>7 (x,y), (Sat> € Q.

We have
Fla.y)= | Z((@.9).(s,0)du(s.1)

and F € L=(Q). For g € D(Q),
(Fog) = [ ([ 2(.v).(s.0)0(r.v)dn(s.) ) dudy
- / ( / Z((sc,y>,<s,t>>ag<x,y>dxdy)du<s,t>.

But
/Q Z((@.y). (s.1)0g(x.y)dedy = [ [ dragle,y)drdy

b
2 Factacra—oien
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hence
(F,0g) = /Q gls, t)du(s, )
= (f,9), Vg€ D(Q).

(ii) Let f € G(Q), and let J = F — F(f). Then J € L*(Q) and 0J = 0 in
D'(Q). We first prove that

lim+F(a:,y0) = linﬁr F(zo,y) =0, Yo € [a,b],Yyo € [c,d].
r—a y—c
In fact, we have the Hahn decomposition u = u*—p~, where p* are positive bounded
measures on (). Let {z,} be any sequence decreasing to a, since N,>1[(a,x,) X
(Ca yn>] = @7
lim:ui((aaxn> X (Ca yO)) = 0.

Hence

F(xn,y0) = 1" ((a, ) % (¢,90)) — ™ ((a,20) x (¢;90)) — 0.
On the other hand, we have, as in Lemma 1, H € D'(a,b), K € D'(¢c,d) such that

J =10y ® K+ H®1q. Since F, F(f) are bounded, we have H € L>(a,b), K €
L*>(c,d). As in the last part of the proof of Lemma 1, this implies that

J(x,y)=H(z)+ K(y), ae (z,y)€Q. (3)

By Fubini’s theorem, there exists B C [c,d], mi([c,d]\B) = 0 (m; is the one-
dimensional Lebesgue measure) such that (3) holds for all y € B, a.e. € [a,b].
Let (a/,V') C (a,b). Since limy,_.. J(z,y) = 0,Vx € [a,b] and |[J(z,y)| < |p[(G) +
|E(f)loo, (z,y) € Q, the dominated convergence theorem gives

b/
lim [ J(z,y)dx = 0.

y—c Jqr
This implies that
b/
(b — o) / H(z)dr = lim K(y)

/ y—c,yeB

for all subintervals (a/,0’) C (a,b). Applying Lebesgue’s theorem, one has

H(z)= lim K(y)
fora.e. © € (a,b), i.e., H=const a.e. on (a,b). Similarly, K'=const a.e. on (c,d).
Thus, J=const a.e. on ). This constant must be 0 since lim,_.. J(z,y) = 0. Hence
F(z,y) = F(f)(z,y) a.e. on Q). Using the continuity of F(f) and the Hahn decom-
position of p, we see that this equality actually holds for all (z,y) € Q.

(iii) Let f € G(Q) be a positive measure on ). We choose sequences {a,}, {b,},
{cn}, {dn} such that a, < b,, ¢, < dp,[an,by) X [cn,d,] C Q, Yn and a, \, a,
by /b, cn v, dy /S dasn — oco. Put Q, = (an,b,) X (cn,dy) and f,, = flo,.,
tn = f|g.- fn is a positive measure on @, and p, represents f,. Since @, is
compact, i, is bounded. Applying (ii), we have

F(fa)(@,y) = pm((an, 2) X (cn,y))
= il(an, ) X (cn, 9)),
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for all (z,y) € Q,. Let (z,y) € Q. Choosing m large enough such that for (x,y) €
Qm, we have

pl(an, ) X (en,y)) = F(F) (@, y) = F(f)(an, y) = F(f) (@, cn) + F(f)(an, ca), ¥ = m.

On the other hand, we have

lHm p((an, ) X (cnyy)) = W ( U (an, ) X (cn,y))

n>m

= ul(a,z) x (¢,y)).
Letting n — oo, we have
Flr,y) = plla,z) x(c,y))

= F()(x,y) = F()a,y) = F(f)(z,c) + F(f)(a,c)
F(f)(,y).

This show that F' = F(f) in Q. The extension of this equality to the boundary of
Q is straightforward. u

We immediately obtain from Lemma 3 the order preserving property of the G-

integral, i.e.,
/fz/m
Q Q

whenever f > ¢, f,g € G(Q). In fact, since f — g € G(Q) is a positive measure,
Lemma 3 (iii) gives / f— / g=F(f—9)bd) = pis—g(Q) = 0. We also have
Q Q

other usual relations between the G-integral and the ordering. For example, we have
the following result:

Corollary 1 If f,g,h € D'(Q), f < g < h and if f and h are G-integrable, then g
s also G-integrable.

Proof. Without loss of generality, we can assume that f = 0, i.e., g, h are positive
measures on () and g < h. Letting pug, 1, be the Borel measures corresponding
to g and h, we have 0 < p, < pp. Lemma 3 (iii) implies that sy, is a bounded
measure on Q and F(h)(z,y) = pn((a,z) x (¢,y)), (z,y) € Q. Then p, is also
bounded. Putting F(z,y) = p,((a,7) x (¢,y)), (z,y) € Q, one has from Lemma
3 (ii) that OF = g. We check that F € C(Q). Let (z,y) € Q. If F is not
continuous at (z,y) then we can find a sequence {(z,,y,)} converging to (z,y) such

that inf,, |F(z,, yn) — F(z,y)| > 0. Divide @ into four subrectangles:

{ Ql = (G"x] X (Cay]a Q2 = (l‘,b) X (Cay>7
Q3 = [:L',b) X [y7d>7 Q4= (a,x) X (yad)'

Passing to a subsequence if necessary, we can assume that (x,,y,) € Q; for some
i€{1,2,3,4}. Assume i = 1. Passing once more to a subsequence, we can assume
that x,, /" x, y, / y. Hence

pg((a, zn) X (¢, yn)) — Hy (LJ(a,xn)X &z%ﬁ) = pg((a, ) X (¢,y)),

n>1
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contradicting the choice of (x,,¥,). Assume now i = 2. As above we can also
assume that x,, \, z, y, /" y. Simple calculations show that

|F(z,y) — F(n, yn)| pg((@, ) X [yn, y)) + prg([Tn, T) X (¢, yn))
pn((a; ) X [Yn, y)) + pn([Tn, ) X (¢, yn))

By the continuity of F'(h), the right hand side of this inequality tends to 0. We
obtain again a contradiction. The cases i = 3,4 are treated in the same way. We

have proved that F' is continuous at (z,y) € . The continuity of F' on 0Q is
established similarly. [

[ IAIA

1.3 Some further properties

The usual restriction and extension properties of the G-integral is given in the
following theorem.

Theorem 2 (i) Let f € G(Q) and Q' = (a',V') x (¢,d') C Q. Then f|o € G(Q’)
and

F(flo) (@, y) = F(f)(w,y) = F(f)(d,y) = F(f)(x, ) + F(f)(d, ), V(x,y) € Q"

(ii) Fora <m <b and c <n <d, let
Q= (a7m> X (Ca n>7Q2 = (mab> X (Ca n)aQB = (a7m> X (na d>7Q4 = (m7b> X (n7 d)

4
Then for each (fi1, fao, f3, fa) € HG(Qi), there ezists a unique f € G(Q) such that

=1

flo, = fi, 1 <i <4. Moreover,
4
=
/Q Zzzl Qi

(iii) Let a < m < m' < b and f € D'(Q). Then f € G(Q) if and only if
flaam)yxea € G((a,m') x (¢,d)) and f|ump)x(ea) € G((m,b) x (c,d)).
If Q1 = (a,m1) x (¢,n1), Q2 = (M2, b) x (c, n2),4Q3 = (a,m3) X (n3,d), Q1 =

(ma,b) X (na,d) are subrectangles of Q such that () Qi # 0, then for every f €

D'(Q), f € G(Q) if and only if f|o, for all i € {1,21,:31, 4}.

We conclude this part with the important fact that the G-integral represents an
extension of the Lebesgue integral.

Theorem 3 If we identify f € L*(Q) with the distribution
f:gH(L)/Qfg, 9 € D@),

where (L)/ is the Lebesgue integral, then f € G(Q) and/ f= (L)/ f. Moreover,
_ Q Q
G(Q) is the completion of L*(Q) (or C(Q)) with respect to the norm

171 =swf|@) [ ['1]: @y e},
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Proof. Let f € L'(Q), and let
Fay) =@ [ ['f @yea

Then F € C(Q). For g € D(Q), by Fubini’s theorem and the integration by parts
formula, we have

L)/Qfg - —/ab /Cd (/Cyf(:vat)dt> 8zg(x,y)dy] dx

— _/ab /cd 81F(x,y)32g(:c,y)d$] dy
— /cd l/abF(x,y)ﬁmg(x,y)d:c] dy

L) /Q Fay.

We therefore conclude that f = F in D'(Q). Thus f € G(Q) and F = F(f). In
particular,

Dszﬂh@=ﬂﬁ&®=Lﬁ

and L'(Q) C G(Q). Now, let f € G(Q). Choose a sequence {F,} C C?*(Q) such
that F,, — F(f) uniformly on Q. Since F,(a, ) — 0 uniformly on [c,d], F,,(-,c) — 0
uniformly on [a, b], by replacing F,(z,y) by F(z,y) — Fu(a,y) — Fn(x, ¢) + Fu(a, ),
we can assume that F,(a,-) = 0, F,(-,¢) = 0. Thus f, = 0F, € C(Q) C G(Q) and
F(f,) = F,, ¥n. We have

an_fH:HF(f>_FnHoo_>Oa

proving the density of C'(Q) (and thus of L}(Q)) in G(Q). ]

2 Fubini theorems for G-integrable distributions
In this section, we consider some Fubini type theorems for the G-integral. We next

apply these results to some initial value problems for the two-dimensional wave
equation with nonsmooth initial data.

2.1 Fubini theorems

We first make some remarks on traces of integrals of G-integrable distributions. For
f € C(Q) and x € [a,b], the function

/f ds - cd]—>Ryl—>/fsy

clearly satisfies

[ #(s. s = [P @) on [e.d)
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Generalizing to the case f € G(Q), we define, for f € G(Q), = € [a,b], y € [¢,d]:

| #(sds = [P, )] in D'(ecd), [ F(aydt = [F(HCD] in D'(ab).

It is clear that
/f Yds € Gle, d), /f 1)dt € G(a,b),

where G(a,b) and G(c, d) are respectively the spaces of G-integrable distributions
n (a,b) and (¢, d), i.e

G(a,b) ={g € D'(a,b) : g € Cla,bl},

where ¢’ is the distributional derivative of g, etc.
The consistency of the above definition can also be seen by remarking that if

f € G@Q), {f.} € C@), fo — fin G(Q), then /mfn( Yds — / f(s,)ds in
G(c,d), and /y fn(e,t)dt —>/ f(-,t)dt in G(a,b),x € [a,b], y € [c,d]. This means
that the mapping G(Q) — G(c¢,d), f — / f(s,-)ds is the unique extension of the

mapping
C@) = Gle.d). fr /a Fls,-)ds

We are now in a position to prove a simple Fubini type theorem for G(Q).

Theorem 4 For f € G(Q),

[r= [ ([ renae) = [( [ rsas)

Proof. We first remark that the above repeated integrals exist in the sense of the
one-dimensional G-integral. Since F'(f)(-,d)(a) = F(f)(a,d) = 0, one has

F(f)(~,d):F</cdf(~,t)dt> and/ (/ £ ) )(b, d) /f

This proves the first equality. The second is proved in a similar way. [ |

We next derive another form of Fubini’s theorem for some subclasses of G(Q). A
fundamental property of those classes is that one can define traces of their elements
on segments parallel to the sides of ). We put

GQ) = {BiF : F e C@)}i= 1,2,

nd
G =0F Fel'Q), F.y)e Cla b)), ae v fed)
and 3¢ = g(F) € L*(c,d) such that |F(z,-)| < g, Vz € [a,b]},

nd
T GQ=(0F F e 1(Q), Flr.) € Ofled), acx € o)
and 3¢ = g(F) € L*(a,b) such that |F(-,y)| < g, Yy € [c,d]}.

Some elementary properties of these classes are given in the following proposition.
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Proposition 1 (i) G;(Q) C Gi(Q), i =1,2.
(i) L'(Q) € G1(Q) N G3(Q), and G1(Q) U G2(Q) C G(Q).
(wii) If | € Gi(Q) then 0f; € G(Q)(j € {1,2} and {i} ={1,2} \ {j})

For the definition of traces, we need the following lemma.

Lemma 4 If F € LYQ) and if 01F = 0 in D'(Q), then there exists g € L'(c,d)
such that F(z,y) = g(y) a.e. x € (a,b), y € (¢,d).

The proof of the lemma relies on arguments similar to those used in the proof
of Lemma 1, and is thus omitted. Now suppose f € G5(Q) and that F, F} € L*(Q)
are as in the definition of G7(Q), i.e. f = 01F = 0,F;. It follows from Lemma 4
that [F'(-,y)] = [Fi(-,y)]" in D’'(a,b), which proves the consistency of the following
definition.

Definition 2 Let f € G5(Q). We put, for almost all y € [c,d], f(-,y) = [F(-,y)]
in D'(a,b), where F € LY(Q), O1F = [ as in the definition of G5(Q).

We remark that this definition generalizes the one usually given for traces of

continuous functions. Indeed, suppose f € C(Q). Consider

F(l‘,y) = /{f f(87y>d87 (l‘,y) € @

dF(z,y)

Since f(z,y) = , (z,y) € Q, one has OiF = f in D'(Q), and f(y) =
x

[F(-,y)] in D'(a,b). We have a similar definition for f(z,-) if f € G5(Q). We

see that if f € G7(Q) then f(-,y) € G(a,b) for a.e. y € [c,d]. Hence the integral

b
/ f(+,y) exists as a one-dimensional G-integral. Summarizing we have the following

theorem.

Theorem 5 If f € G(Q) N GT(Q), then the function
b
) H/@ f(7y>7 y e [Cad]

b pd
is Lebesgue integrable on [c,d|, and / [ = / (/ f(-,y))dy. Hence, for all f €
Q a c
G(Q) N G1(Q) N G3(Q), we have

Li=[ (/abf(.,y)> ay=[ (/Cdf(x,.>> ”

Proof. Let F € L*(Q) be such that ,F = f and that F satisfies the conditions in
the definition of G7(Q). A direct proof shows that for a.e. y € [a, b],

[ £ = o)~ Flay)

Since |F(z,-)| < g,z € [a,b] with g € L'(c,d), the mapping G(x,y) = /y F(xz,t)dt

is defined for every (z,y) € Q. Let (zn,y,) — (z,y) in Q. We have x(cy,)(t) —
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X(ew)(t), t € [c,d]\{y}, and by the continuity of F'(-,¢) on [a,b], F (2, t) — F(z,1),
a.e. t € [c,d]. Hence
F(l‘n, t)X(C,yn)(t> - F(l‘, t)X(c,y)(t>

for a.e. t € [c,d]. Moreover, |F(Zn,t)X(cyn)(t)] < |F(xn,t)| < g(t), Vn € N, a.e.
te [c,d]. By the dominated convergence theorem

Glons) = [ Fons e (0 = [ Fw, (e, )0t = G, )

as (n — o0o). We have proved that G € C(Q). On the other hand, since F(x,-) €
L*(c,d), we have %
0,G = F in D'(Q). Hence 0G = 01F = f in D'(Q). Thus G € I(f). By definition,
/Qf = G(b,d) — G(a,d). Moreover,

/Cd

b
i.e. the function y — / f(-,y) isin L'(c,d). Furthermore,

= F(z,y) for a.e. y € [c, d]. Integrating by parts, we have

/abf("w‘ = /cd |[F(b,y) — Fla,y)ldy < Q/Cdg(y)dy <,

/cd (/abf("y)) dy = /ch(ba y)dy — /ch(a,wdy = G(b,d) — G(a,d).

We have thus proved the first equality of Theorem 5. The second inequality may be
proved similarly. n

Remark 1 From Proposition 1, we see that the first equality holds for all f € G1(Q)
and the second holds for f € G1(Q) NG2(Q). In view of Theorem 2 and Proposition
4, we see that Theorem 5 is valid for all F' € L'(Q). Tt is thus a generalization of
the classical Fubini theorem for Lebesgue integrable functions on Q).

2.2 An application to differential equations

We now apply G-integration to an elementary “initial value” problem for the wave

equation. Using the G-integral we may consider initial value problems with initial

data which must not necesarily be smooth , and we seek solutions in the class G(€2).
Consider the following simple problem in the unit square 2 = (0, 1)*:

Ugy = 812u = f in Q,
u(z,x) = h(z), (4)
uy(z,x) := dou(x,x) = g(x) forz € (0,1).

We assume that g and h are continuous on [0,1], f € G1(£2), and we are to find
solutions u of (4) in the class

A={ueCQ):duecC(Q))}.
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In view of Theorem 5 (Fubini’s Theorem for G-integrable distributions) and
Proposition 1, we have for all (z,y) € €,

Fle)=F(ey) = [

= [ ([ remic) dn

0

(5)

Moreover, as in Proposition 1, we have by the definition of G1(2) that

P (w.y) = [ F& 0, (6

and Oy F(x,7) is continuous on €. The integral in (6) is understood as a one dimen-
sional G-integral. Now, since

812u = 812F = f in D/(Q),
it follows from Lemma 1 that
u(z,y) = F(z,y) + H(z) + K(y),Vz,y € [0,1], (7)

where K and H are continuous on [0,1]. Now, we have in the distributional sense
that
Oyu(x,y) = O, F(x,y) + K'(y). (8)

Since 0xF and Oyu are continuous, we also have that K’ is also continuous on [0, 1].
From (4), (7), and (8), one obtains

F(z,z)+ H(x) + K(z) = h(z),

OoF (z,2) + K'(z) = g(x).

Without loss of generality, one can choose K such that K(0) = 0. The above
equation gives

K@) = [9©) - %F(& Ol
[1o@ - [ re.eparae

It follows that

H(z) = h(z)— F(z,z)— K(x)
= n@) = [ ([ [ [g(&)—/ff(wt,f)dt] de.

Therefore, there exists a unique solution u € A of (4); moreover, u is given by the
following integral

ula,y) = /m/yf+h(:v)—/m/mf—/mlg(i)—/gf(t,f)dt]df
0 J? - 0 JO 0 0 (9)
#[o= [ [ raae
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We note that (4) is now equivalent to the integral equation (9). This equivalence
permits us to investigate the existence of solutions of semilinear equations of the
form:

Uy = f(u) in Q,
w2 = hu)r,2) (10)
uy(z,z) = g(u)(z,x) for x € (0,1).

Here h, g are mappings from A to C(£2), and f maps A into G1(2). Using (9), we
can convert (10) into a nonlinear integral equation that may be treated by usual
fixed point methods.

We also note that wave equations with nonsmooth (distributional) data have
been studied extensively since the appearance of distributions (cf. [Ho] and the
references therein, see also [W] for a nice and elementary presentation). In those
approaches, the initial conditions are usually included in the source distribution;
hence, it is not clear what one means by the initial conditions, related to the classical
solutions. Our approach here is, in some sense, in between of the classical and the
distributional ones. We relax some smoothness assumptions on the source functions
and the initial conditions, but still keep the usual meaning of traces and initial
conditions. Moreover, the differential equations can be now written as integral
equations.

3 Green’s theorem for G-integrable distributions

3.1 Green’s theorem on rectangles

In this section, the boundary I' = 0Q = {a,b} x [¢,d] U [a,b] x {¢,d} is assumed
oriented in the usual (counter-clockwise) direction. Let pdx + gdy be a differential
form in @, where (p,q) € D'(Q) x D'(Q) is a (distributional) vector field. If the
traces of p and ¢ on the sides of ) can be defined and if the integrals

b b
/[a,blx{c}pha"’““} B /a Pl ), /[a,mx{d}p“a’b“{d} - /a Pl )
d d
axic = s ")y c = b’ .
/{Q}X[C,d] q| X[ ’d] /c q(a ) /{b}x[c,d] q|{b}><[ =d] /c q( )

exist in some sense, then we can define the integral of the form pdx + ¢dy on in the
usual way, by

v +ady= ["o.0 = [ o6+ [T~ [Cata

We have the following form of Green’s theorem for G(Q).

Theorem 6 Suppose the vector field (p,q) € G1(Q) x G2(Q). Then: (i) The traces
(-, ¢), p(-,d) (resp. q(a,-), q(b,-)) are (one-dimensional) G-integrable distributions
on [a,b] (resp. [c,d]).

(ii) O1q, Oap € G(Q) and we have Green’s formula

[ pda -+ qdy - /Q (D1q — Dap). (11)
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Proof. (i) and the first part of (ii) follow from Proposition 1. To prove the second
part of (ii), we remark that since p € G1(Q), there exist ' € C(Q) such that
p=01F in D'(Q). We have Oop = OF in D'(Q), i.e., F' € I(O2p). By Lemma 2, one
has

/Qa2p — F(b,d) — F(b,¢) — F(a,d) + F(a,c).

b
On the other hand, since p(+,y) = [F(-,y)] in D'(a,b)(y € [c, d]), we have/ p(-,c) =

b a
F(b,¢) — F(a,¢) and / p(-,d) = F(b,d) — F(a,d). Thus / Bop = p(-,d) — p(-, ).
a Q
Similarly, / 01q = q(b,-) — q(a,-). Combining these equalities, we obtain (ii). n
Q

As an immediate consequence of this theorem, we have the following Green’s
formula for continuous vector fields.

Corollary 2 Let (p,q) € C(Q) x C(Q) be a continuous vector field on Q. Then
01q — Oop € G(Q) and we have (11).

Proof. Let P € C(Q). Since % (/: P(¢, :c)d§> = P(z,y) in Q,
) (/jP(ﬁ,x)dﬁ) _ P in D'(Q).

The continuity of P implies that of the function (z,y) — (/ P(¢, :c)d£> on Q. Thus

P € G1(Q). Similarly P € Go(Q). A similar proof shows that Q € G1(Q) NG2(Q).
We also note that in this case, the integral in the left hand side of (11) is an usual
Riemann integral. n

3.2 Integration on elementary sets

As usual, we mean by an elementary set in @, a finite union of (closed) subrectangles
of Q. Using basic properties of G-integral, as presented in Section 1 and classical
processes, one can prove that G-integrals on elementary sets are in fact independent
of their partitions into subrectangles. Therefore, we can extend our integration on
rectangles to one on elementary sets. The results presented in Sections 1, 2, 3, 4
above and 5 below can thus be generalized in a natural way. For example, we have:

Theorem 7 Suppose (p,q) € G1(Q) X G2(Q) and that E is an elementary set in
Q. Then

/ pdx + qdy = / (01 — Oap).
oF FE

Remark 2 One of the principal aims of the integration theories presented in [M1],
[KMP], or [CD] has been to derive Green type theorems with weakened conditions
on the smoothness of the vector field (p,q). In these papers, the continuous dif-
ferentiability of (p,q) was replaced by its continuity and pointwise differentiability
or asymptotic differentiability. Here, as is shown by the corollary of Theorem 6,
differentiability assumptions on (p, ¢) may be removed if we deal with G-integrable
distributions.
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4 Convergence theorems

We examine conditions on sequences {f,} C G(Q) in order that the convergence

of f, to f (in some sense) with f € G(Q), implies that / fn — / f. We recall
Q Q

that a sequence {F,} on @ is said to be locally uniformly bounded in @ if for

each z € @, there exists a neighborhood U, C @ of x such that sup{|F,(y)|: y €

Uz,n € N} < co. It is clear that if {F,} is locally uniformly bounded in @, then

it is uniformly bounded on compact subsets of () as well. We have the following
convergence theorem.

Theorem 8 Let {f,} be a sequence in G(Q) such that
(i) The sequence of primitives {F(f,)} is locally uniformly bounded in Q.
(ii) {F(fn)} converges pointwise on Q to a continuous function on Q.
Then {f.} converges distributionally to a G-integrable distribution f and more-

over,/fn—> f asn — oco.
Q Q

This theorem admits the following variant.

Theorem 9 Let {f,} be a sequence in G(Q) such that (i) and (ii) above hold and
that f, — f in D'(Q). Then f € G(Q) and/ fn —>/ f asn — oo.
Q Q

Proof of Theorem 8. Let F = lim F,, on Q. By (ii), F is continuous. Also, F € C(Q)
since all F,, have this property. Let ¢ € D(Q). Since F(f,)¢ — F¢ everywhere on
@ and

sgp |F'(fn)d] < ||@]loo sup{|F(fn)(z)| : n € N,x € suppo} < oo,

by the local uniform boundedness of {F(f,)}. Hence /QF(fn)<;5 — /QFqﬁ. We have
checked that F(f,) — F in D'(Q). Consequently, f,, — f := 0F in D'(Q)). We have
feGQ) and F = F(f). Tt follows that /an — F(f)(b,d) — F(f)(b,d) = /Qf.

n

We now derive from these theorems some familiar consequences.

Corollary 3 Let {f,} be a sequence in G(Q) such that f, — f in D'(Q) and that
{F(f.)} is equicontinuous on Q. Then f, — f in G(Q) and / fn — / f as
Q Q

n — oQ.

Proof. The equicontinuity of {F(f,)} implies that {F(f,)} is uniformly bounded
on Q. According to Ascoli’s theorem, {F(f,)}, is relatively compact in C(Q); let
F to be one of its limit points. We have F' € C(Q) and for some subsequence
() © U -

F(fn,) — F uniformly on @,

fn, — OF in D'(Q).

Thus f = OF and F = F(f), i.e., F(f) is the unique limit point of {F(f,)}.
Consequently, F(f,) — F(f) uniformly on @ and our proof is complete. [
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Corollary 4 (Monotone convergence theorem for G-integral)
Let {fn} be a sequences in G(Q) such that fi < fo < ... < f, < ..., and that

/an—>a asn — o0o. Then f, — f € G(Q) in G(Q) and/Qf:a.
Proof. Let m,n € Nym <n. For (z,y) € Q, since f, — fn >0,
0 < (fum fu) = (FU) = PN ) < [ fum [ fo

(@) x(o9)
It follows that [|F(f,) — F(fn)ll. < / fn—/ fnl for all m,n € N. Since {/ fn}
Q Q q

m)lloe <
is a Cauchy sequence in R, {F(f,)} is a Cauchy sequence in C(Q), which completes
our proof. =

Corollary 5 (Dominated convergence theorem for G-integral)
Let { f.} be a sequence in G(Q) such that f, — f in D'(Q). Suppose there exist

g,h € G(Q) satisfying g < fr, < h, Vn € N. Then f € G(Q) and lz’mn_m/ fn =
Q

Jo?

Proof. We check that {F(f,)} is equicontinuous on Q. Let ¢ > 0 and choose § > 0

such that
{ |F(g)(l‘,y) - F(g)(l'/,y/)| < 6/4
|F(h)(l‘,y) - F(h)(],‘l, y/>| < 6/47
for all (x,y),(z',y') € Q such that |(x,y) — (z/,y)| < 6. For (x,y),(z',y’) sat-
isfying this condition, put z; = min(z,2’), zo = max(z,2’), y1 = min(y,y’),

y2 = max(y,y’). Simple calculations show that

|E(fn) (2, y) = F(fn) (2, 9)]
< [F(fa)(@,y2) = F(fa)(@,y1) — F(fa)(a, 42) + F(fn)(a, y1))
+|F<fn><x27y/> - F(fTL)(xlay/) - F(fTL)(x?aC) + F(fn><xlac>|

S/ -
‘/(aw) X (y1,y2) (z1,22)x ()

On the other hand, since/ g < / fn < / h for all subrectangles " C @, we have
/ / Q/

‘ ful < ‘ / g‘ + ‘ / h‘. The right hand side of the above inequality is therefore
Q/ / Q/
bounded by

/ 95 Lo ™| 1 g+ h
(a,) x (y1,92) (a,z) % (y1,92) (z1,m2) X (c,y (J»‘l z2)X(c,y")

)
= |F(g)(, yz) F(g)(x, yo)| + [F(h) (2, y2) = F(h)(z, y1)]
+E(9)(w2,) = F(g) (21, y)| + |F(h) (22, 9") — F(h) (21, 9)]
= |F(9)(x,y) — F(g)(x, y)| + [F(h)(z,y) = F(h)(z,y)]
9

7y
HE(Q),y') — F(g)(@ ) + [F(h)(a.y) — F(W)( )

€.

IN

We have proved the equicontinuity of { F'(f,)} over @, which together with Corol-
lary 3, completes the proof. [ |
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