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FUBINI’S THEOREM FOR RADON POLYMEASURES

BRIAN JEFFERIES

A theorem is given on the interchange of integrals for the product of a Radon polymeasure
and a measure. Examples show that if the conditions of the theorem are not satisfied,
then the conclusions may not hold.

The basic content of Fubini’s theorem for the product of two o-finite measure
spaces, is that the integral of a function with respect to the product measure, when it
exists, is equal to each of the iterated integrals with respect to the component measures.
Standard examples show that the assumption of os-finiteness cannot be omitted, and
the iterated integrals of a function f may themselves exist, without being equal to each
other {1, p. 392].

The interchange of integrals with respect to the product of an operator-valued
measure and a finite measure has proved to be of importance to the solution of operator
equatjons arising from the perturbations of semigroups [5]. Extensions have also been
developed for the cases where the operator-valued set function associated with the
unperturbed semigroup is not o-additive [4, 8].

The motivation for the present note arises from these applications, which are neces-
sarily more involved than the cases considered here, because they deal with set functions
with infinitely many variables. Nevertheless, similar features arise in the present con-
text.

Given a separately o-additive set function m in finitely many variables, and a
finite measure 4, if a function f is m X p-integrable, then the iterated integral with the
p-integral taken first and then the m-integral is equal to the integral with respect to
m x p. However, in reversing this order of integration, the m-integral, taken first, may
not exist, and even if it does, the iterated integral may not be equal to the m x p-integral.

The last case may be viewed as truly ‘pathological’, as for example, when the
variation |m| of m fails to be o-finite, or curiously enough, when m has more than
two variables.

Integration with respect to separately o-additive set functions, or polymeasures,

as introduced in [2], is reviewed in Section 1. The main result, Theorem 4, on the
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interchange of integrals with respect to the product of a Radon polymeasure and a
finite measure is given in Section 2. Examples there show that even for the product of
two measures, considered as a bimeasure, one iterated integral may fail to exist although
the product integral does exist; it turns out that when both iterated integrals exist, they
must be equal.

An example is also given of a function integrable with respect to the product of a .
polymeasure m in three variables, and a finite measure for which both iterated integrals
exist, but differ. As required by Theorem 4, the variation of m is not o-finite, and m
is not compact in the sense described in Section 2.

1. RADON POLYMEASURES

The notion of a Radon polymeasure was introduced in [2], and the integral with re-
spect to such an additive set function was defined. A typical example arises in the follow-
ing manner. Let A be the self-adjoint Laplacian operator on L2 (Rd) ,and let U = &
be the unitary operator defined by the operational calculus for self-adjoint operators.
Then for a function ¢ € L2 (Rd) \ L! (Rd), the set function A x B — (U(¢xa), ¢xm),
for all Borel subsets A, B of R is separately o-additive, but it does not extend to
a o-additive measure on the product space R% x R%. The set function so defined is a
prototype of those arising from Feynman integrals.

Let X,, X2, ..., X,, be Hausdorff topological spaces. The family of products of
sets in the Borel g-algebras of the spaces is denoted by B(X;) x B(X;) x...x B(X,); it
is a semi-algebra of subsets of Xy x X, x...x X,,. An additive set function m: B(X;)x
B(X2)x...xB(X;) — C is called a Radon polymeasure if it is a (signed) Radon measure
in each component, and its variation is the restriction to B(X;) x B(Xz) x ... x B(X3)
of a (possibly infinite) Radon measure on X; x X3 x ... x X,,, (see [7]).

For a Hausdorff topological space T', denote by K the family of all compact sub-
sets of T'. The variation of m onsets Ky x Ky x...x K, K; € Kx,,1=1,2,...,n
is denoted by |m|y «r,x..xK, - The o-additive extension of |m|K; x K x ... x K,
to B(L; x K2 x...x K,,) is denoted by the same symbol. The restriction of m to
B(K,) x B(K;) x ... x B(K,) also has a o-additive extension mg, xk,x...xKk, to0
B(hy x Iy x ... x K,).

A function f: X3 x X3 x ... x X,;, — C is said to be m-integrable if for every
K; € Kx;,1 =1,2,...,n, its restriction fr, xk,x..xk, to Ki x Kp x ... x K,
is |m|leKzx___xKn~integrable, and there exists a Radon polymeasure fm: B(X,) x
B(Xz) x ... x B(X,) — C such that

fr(Ky x ... x Kn) = fi; x oxKnME <o xkn (K1 X .o X Ky), K €Ky i=1,...,n.

In a similar fashion, the integral with respect to the product
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m x pu: B(X;) x B(Xz) x ... x B(X,) xT — C of a measure p: T — [0, 00 and
a Radon polymeasure m: B(X;) x B(X;) x ... x B(X,} — C can be defined.

Let T be a o-algebra of subsets of a set 2, and suppose that u: T — [0, co| isa
finite measure on 7. Set 2 = X; X X3 x...x X . A function f: 2x ¥ — C is said to
be m x p—integrable if for every K; € Kx,,1=1, 2, ..., n, the restriction fx x. xx,
of fto Ky x...xK,xXis llelszxmen X p-integrable, and there exists a set
function fm x pu: B(X1) X B(X2) X ... X B(X,) x T — C such that for every T € T,

the set function
Ay XA x...x Ay = fmx pu(A; Xx A2 x ... x A xT), A; € B(X;),i=1,2,...,n

is a Radon polymeasure, T' — fm x u(4; X A2 X ... x A, xT), T € T is o-additive
for every 4; € B(X;),i=1,2,...,n, and

Fmx u(Ky X ... x Ky X T) = fi, xo.oxln Ty %o x B, © (K X ... x K, x T)

for every K; € Kx,,1=1,2,...,n, T € T. So defined, the indefinite integral of the

function f with respect to m x p is unique.

2. PRODUCT INTEGRATION

The first observation to make about integration with respect to the product of a
Radon polymeasure m and a finite measure 4, is that the product integral of a function
is equal to the iterated integral, as long as we integrate with respect to the measure
first.

PROPOSITION 1. Let m : B(X;) x B(X2) x ... x B(X,) — C be a Radon poly-
measure, and suppose that p: T — [0, co[ is a finite measure on the o-algebra T of
subsets of the set X, Let f: X3 x X; X ... x X,, x ¥ — C be an m X u-integrahle
function. Set 8= X; x Xp x...x X,.

Then there exists a set Qo C Q0 such that |m|(2\ Q) = 0, for every w €
o, the function ¢ — f(w,0),0 € X, is p-integrable, and the function w —
J flw,a)du(0), w € Qy is m-integrable. Furthermore,

T

fmx u(AxB) = /A /)_; f(w, o)du(o)dm(w), A € B(X1) x...xB(X,),BeT.

PROOF: Write f = f* — f7 for functions f*, f~ > 0. For every compact set
K C 9, the function fxg is |m|, ® p-integrable. Since |m| is a Radon measure, f
is |m| ® p-measurable, so there exist increasing sequences of [m| ® u-simple functions
sf,sp,k=1,2,... suchthat sf — f+, sy — f~ as k — 0.
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The complement 2\ Qo of the set €y of points w € O for which the se-
quences fsk w, a)du(s), fs,c w, o)du(o), k = 1,2, ... converge is |m|-null, because

im| (2 \ Qo) NK)=0 for every compact set K C (2.
The conclusion now follows, because for every K; € Kx,,i=1,2,...,n, B¢ T,
the equality

fmxu.(le...xKan)z/ .
Ky % xKn

/ f(w, o)dp(o)dm(w),
B

holds by virtue of the usual version of Fubini’s theorem, and fm x g is a Radon

polymeasure in the first n variables. 1

The following example shows that even for the product of two measures, a function
f may be integrable in the sense of bimeasures without one of the iterated integrals

existing.

Example 1. Let f: ]0,1] x [0,1] —» R be the function defined by f(z,t) =
28+ gin (kt)/k for t € [0, 1] and = € |27 2% ] k =1,2,..., and O elsewhere.
The sequence {sin(k-)/k}$2, is summable in L*([0, 1)), so it is easy to check that
m(A x B) = [ [ f(=, t)dtdz, A, B € B([0, 1]) is separately o-additive on ]0,1] x
AB .

[0, 1], and it is Radon bimeasure on the space ]0,1]x {0, 1].

Let XA be the Lebesgue measure on [0,1]. The function f is A x A-integrable
on |0,1] x [0, 1], in the sense of bimeasures, because the sequence {sin(k-)/k}2, is
summable in L1([0, 1]).

1 o0 .
Now for every t € [0, 1], [|f(z, t)|dz = Y -l%kﬂ , which diverges almost ev-
0 k=1
erywhere on [0, 1], so for almost every ¢ € [0, 1], the function =z — f(z,t),2 €]0,1]
is not A-integrable.

The next proposition ensures that when the iterated integrals do exist, they must
be equal for the case of the product of two measures.

Let ©Q be a Hausdorfl topological space, let A be finite Radon measures on 2, and
let p: T — [0, co| be a finite measure on the og-algebra T of subsets of ¥. Suppose
that the function f: 2 x ¥ — R is A X p-integrable in the sense of Radon bimeasures,

described in Section 1.
PropOSITION 2. If for p-almost all ¢ € ¥ the function f(-,0) is A-integrable,

then [|[ f(w, a)d/\(w)‘ du(o) < oo, and
T la

prxuaxB) = [ [ flo,0)aNw)du(e), 4 € B@), B € B(Z).

https://doi.org/10.1017/50004972700027490 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700027490

[5] Radon Polymeasures 225

PROOF: Let Iy be the set of all 0 € T for which the function f(-,¢) is A-
integrable. The function f may be assumed to be B(f?) ® T -measurable after modifi-
cation on a |A\| ® ¢ — null set, if necessary. By the assumption, p(X\ Xy) = 0.

Let A € B(?), B € T. Forevery k =1,2,..., the set K € T is defined
by Kx = {0 € Z: [|f(w, 0)|dAw) < k}. Then Kiy C Kry1,k = 1,2,..., and

Q

I = ¥y, and by Fubini’s Theorem,
k=1

f/\x;L(AxBﬂKk)z/
BnNK;y,

/ f(w, o)dM(w)dp(o).
A

The convergence as k& — oo is uniform for B € B(X) because fA x p is o-additive
in the second variable. For every compact set C C €, and every set B € B(I),
fAxu(C x BN(Z\ Zy)) =0 by Fubini’s theorem, so the result follows. ]

The same argument can be made to work for the case where the Radon measure
X is replaced by a Radon polymeasure m, provided some additional assumptions are
made. First it is necessary to consider the tensor product of spaces of measures.

Let E, F be two Banach spaces. The injective tensor product norm ||z ® y||, of
the tensor product z @ y of ¢ € E, y € F' is defined by

iz ® yll, — sup{l{z, &) [{y, () : £ € E', ( € F', )€l < 1, I¢l < 1}

The completion of E ® F in the norm |||, is denoted by E ®, F'.

A Radon polymeasure m: B(X;) x B(X;) X ... X B(X,) — C is said to be com-
pact if m belongs to the tensor product M(B(X;))®, ... ® M(B(X,)) of the spaces
M(B(X1)), ..., M(B(X,)) of measures.

The terminology is derived from the case where n = 2, when m is compact
precisely when the associated vector measure with values in a space of measures has
compact range. A Radon polymeasure m is compact when it can be approximated
uniformly on the semi-algebra B(X1)xB(Xz)x...xB(X,) by finite linear combinations
of product measures.

The compactness of a polymeasure has a bearing on the nature of its o-additivity;
the relationship is explored in [3] from which the following result is taken. Set €I =
XixXox...xX,.

PROPOSITION 3. Let m: B(X;) x B(X2) x...x B(X,) — C be a compact Radon
polymeasure.

The o-additivity of m in each variable is uniform with respect to the other vari-
ables: if Ay € B(X1), Ax | O then m(Ax N By X By X ... x B,) — 0 in C, uniformly
for all B; € B(X;},j=1,2,...,n.
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Furthermore, m is inner regular in each variable, uniformly with respect to the
other variables; for each A € B(X,), andeach ¢ > 0, there exists a compact set X C A
such that |m((A\ K)N By X B2 X ... xBy,)| <€ forall B; € B(X;),7=1,2,...,n.

THEOREM 4. Suppose that m is a Radon polymeasure on §, and that the function
f: 2 x X — R is m x pu-integrable in the sense of polymeasures, and for a set 3y C T,
such that w(X\ Iy) = 0, the function f(-,0) is m-integrable for every o € Ig.
Suppose that one of the following conditions hold:
(i) the variation |m| of m is o-finite.
(i1) m is a bimeasure;
(iii) m is compact, and for each o € ¥y, the Radon polymeasure f(-,o)m is

compact.

Then [ ‘f fw, O')dm(w)‘ du(o) < =, and
T la

fm x (A x B) = / / f(w, o)dm(w)du(s), A € B(R?), B € B(Z).
BJA
ProoF: If condition (i) holds, then there exists an increasing sequence of compact

subsets K;,7=1,2,... of  such that |m] <Q\ U K,') =0.Let II;: 2 = Q;,j =
ieN
1, ..., n be the natural projections of §} onto its components, and set

Cijy = IW(Kj), Coj, = Ma(Kjy), -y Crjp = Wn(Kj )y J1s ooy jn = 1,2,
Then

m ‘Yl\ Ucljl ﬂA1XA2X...XAn =0
71EN

m| Ay x Az x...x [Xa\ | Cnju |[4n] =0
Jn€N

for every A; € B(Xi1),..., An € B(X,), because the equalities hold whenever
Ay, ..., A, are compact subsets of X;,..., X,,. It follows that for each ¢ € Zy.

feaoym| [ X\ | Cujy | (VA1 x A2 x ... x 4n | =0
A EN

f- oym| Ay x Ay X oo x | Xa\ | Caju | [)4n ] =0.
In€EN
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Let A€ B(X;) x...x B(X,). Set

/ f(w, 0)dm(w)
ANCyj, ... xC

njn

K ={oc€X: sup < k}.

J1EN,...,jn €N

The sets Ki, k = 1,2, ... are p-measurable, and p()__)\ U Kk> = 0. Then by
keMN

Fubini’s theorem,
fmx w((A()Cry % - % Cujn ) x B[ Ki)

:/ / flw, o)dm(w)dp(a),
BN, Aﬂclj‘ X...Xann

fm ><,u(Ax BﬂKk)

-/ | #w,0)im(e)duto)

because we can take the limit as jy, ..., j, — 0o respectively, and appeal to dominated
convergence, and the assumption that for each o € Lo, f(-,0)m is a polymeasure.
The convergence as k — oo is uniform for B € B(X) because fm X p is o-additive
in the second variable, so the result follows.
If m is a bimeasure, or condition (iii) holds, then there exist increasing families
Cijir C2jps -1 Cnjpy J1s ooy Jn =1, 2, ... of compacts sets such that

]_lim sup{ m((Xl \Cljl)nAl X Ay X ... X% An)
10
H Al (S B(Xl)a"'aAn S B(Xn)} =0

L sup{ m(A, X Ay X ... x (X, \ cnjn)ﬂAn)
: Al € B(Xl)’”'aAn € B(‘Yn)} =0.

For each ¢ € Iy, the Radon polymeasure n, = f(-,0)m is compact, or it is a

bimeasure, so in either case, it lies in the closure of the set
{sm:35: Q@ = Ris B(X;) x...x B(X,) — simple }

in the topology of uniform convergence on the semi-algebra B(X;) x...x B(X,). This
follows by approximating n, by its restrictions to compact subsets of Q, by virtue of

Proposition 3.
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It follows that for each o € %y.

n,((Xl\c,h)ﬂA, x Ay X ...xAn)

: Ay € B(Xy),..., A, eB(X,,)} =0

lim sup{
J1—o0

n,,(Al X A2X oo X (Xn\c’ﬂjn)nA")
: A] EB(X]),...,An EB(XH)} = 0.

lim sup{

IJn—00

Let Ae B(X;)x...xB(X,). Foreach k=1,2, ..., set

Ky ={oc€=3,: sup / f(w, o)dm(w)| < k}.
F1EMN,...,in €N AﬂCljl X XCrjn
Now the same argument as in part (i) applies. n

The following example shows that the conclusion of the theorem may not hold if

one of the above conditions is not satisfied.

Example 2. Let (', S, 1) be a compact probability measure space, and let (f5)o¢[0,1]
be an orthonormal basis of L?(i) such that |f,| =1 for each ¢ € [0, 1]; the functions
fo, 0 € [0, 1] are complex valued. Let A be the Lebesgue measure on [0, 1].

For example I' may be the product of 2%0-copies of the torus, with u the normalised
Haar measure on I'. The basis (f5)seo,1) could then be chosen to be the collection of
finite products of characters on I', arranged suitably.

For every A C [0, 1],B,C € S set

n"(A x B x C) = Z (fo‘a XB)(fa) XC)'

ocEA

Clearly m is a trimeasure on [0, 1]xI'xT" where [0, 1] is endowed with the discrete
topology. Let v be the counting measure on [0, 1]. Considering fo(z)fs(y), ¢ €
[0, 1], z, y € T as a function f of three variables on [0, 1] x ' x I, for all compact sets
Kclo1),L,MCT,

m(KxLxM)=flv@p®u|(K xLxM).

Let D betheset {(o, 0, z,y): 0 €[0, 1], z,y € T'}. Define the function ¥: [0, 1]x
[0,1] xT'xT'— R by

\I’(a: T, Ty y) = XD(U, Ty :l:, y)/f(T) T, y)
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for every o,7 € [0, 1], z,y € T.

Then for every 7 € [0, 1], =,y € T, the function ¢ — ¥(o, 7, %, y), 0 € [0, 1] is
M-integrable and ¥(-,7, z, y)A = 0. Therefore, the function ¥ is m X A-integrable,
and ¥m x A = 0.

Moreover, for ever ¢ € [0, 1],

/ \I’(U7T’z7y)dm(‘r’z’y) = / XD(0-7T)x’y)dV®I‘l’®I‘L(T)$,y)
[0,1]xIxT [0,1]xI'xT
=1,

SO

1
/ [/ \Il(a,r,z,y)dm(r,:c,y)] di(e) = 1.
o LJ[o,]xrxr

Although the iterated integrals both exist, they are not equal.
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