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BY
A. R. SOUROUR!

ABSTRACT. Let (X, @, m) be a standard finite measure space. A bounded
operator T on L%(X) is called a pseudo-integral operator if (Tf)x) =
S f(y) u(x, dv), where, for every x, p(x, - ) is a bounded Borel measure on
X. Main results: 1. A bounded operator T on L? is a pseudo-integral
operator with a positive kernel if and only if T maps positive functions to
positive functions. 2. On nonatomic measure spaces every operator unitarily
equivalent to T is a pseudo-integral operator if and only if T is the sum of a
scalar and a Hilbert-Schmidt operator. 3. The class of pseudo-integral
operators with absolutely bounded kernels form a selfadjoint (nonclosed)
algebra, and the class of integral operators with absolutely bounded kernels
is a two-sided ideal. 4. An operator T satisfies (Tf)(x) = f f(») p(x, dy) for
f € L* if and only if there exists a positive measurable (almost-everywhere
finite) function @ such that |[(Tf)(x)| < || f]lR(x) for f € L*.

1. Introduction. The present work is inspired by a paper of W. B. Arveson
([2], especially §1.5 on pseudo-integral operators) and by the lectures on
integral operators given by P. R. Halmos at the Conference on Concrete
Representations of Operators, Long Beach, June 1977.

Let (X, @ m) be a positive finite measure space. An operator 7 on
L*(X, m) is called an integral operator if there is a measurable function & on
X X X (called the kernel of T') such that

(TF)(x) = [ k(x2)()m(ab),

for almost every x € X (it is more convenient to use the notation m(dy)
instead of dm(y)). In [2], Arveson introduced a broader class of operators
associated with measures, rather than functions, defined on X X X. He
considered certain measures u on X X X which induce bounded operators T,
on L*(X, m) by the equation

(T,f,8) = xf xfy fO)E(x)nldx, dy), (1

for f, g € L¥X, m), where { -, -) denotes the usual inner product in L2. He
also showed that such operators can be given explicity, in the case of a
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standard measure space, by the equation

(Tf)(x) = fx F)w*(d) @)

for almost every x € X, where { p*} is a certain family of measures on X
related to p via the theorem on “disintegration of measures”.

Our definition of pseudo-integral operators is somewhat more general than
Arveson’s. We take the equation (2) as our definition, where { p*} is any
family of measures which induces a bounded operator via the equation (2),
and we use the notation u(x, -) instead of p*(-). The family of measures
{ u(x, -)} or the map x — u(x, -) will be called the kernel of the operator.
The operators given by the equation (1) for some measure p on X X X will
be shown to coincide with a proper subclass of the class of pseudo-integral
operators, namely the subclass of operators with absolutely bounded kernels.

The class of pseudo-integral operators is quite large, and substantially
larger than the class of integral operators. It includes the identity (take u(x, )
to be the point mass at x, or take p on X X X to be the measure which lives
on the diagonal {(x, x): x € X} and whose “projection” on X is m). It
contains all multiplication operators (u lives on the diagonal) and all com-
position operators (u lives on the graph of a function), in particular it
contains all shifts on L2(0, 1), L*0, oo) or L?(— 0, o).

The purpose of this paper is to study certain aspects of pseudo-integral
operators (on standard measure spaces) related to the following questions:
Which operators are pseudo-integral operators? Which operators have posi-
tive kernels? (Answer: a “lot”, all operators which map positive functions to
positive functions, see §3). Which operators T are “always pseudo-integral>?
(This means that every operator in the unitary orbit of T is pseudo-integral.)
Answer: very few, on a non-purely-atomic measure space, only scalars +
Hilbert-Schmidt are always pseudo-integral (§5). When is the product of Two
pseudo-integral operators, or the adjoint of a pseudo-integral operator,
pseudo-integral? (§4). An obvious necessary condition for an operator T to be
pseudo-integral is the existence of a measurable function £ which dominates
the image under T of the unit ball of L* (if u(x, dy) is the kernel, take
Q(x) = | p|(x, X)). Is this condition sufficient? (§6).

2. Preliminaries. In what follows (X, &) will be a standard Borel space, that
is, a set X and a sigma-algebra @ of subsets of X (called the Borel sets) such
that (X, &) is Borel-isomorphic to a Borel subset of some complete separable
metric space in its relative Borel structure (see [17], or Chapter 3 of [3]). Let m
be a finite positive Borel measure on X. The measure space (X, &, m) is then
called a standard measure space. Let (Y, B, n) be another finite positive
standard measure space. We will consider bounded linear operators from
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L%Y, n) into L*(X, m). (Although we are mainly interested in the case
Y = X, it is notationally more convenient to use different symbols for the
domain and the target space.)

Unless otherwise indicated, the term “almost everywhere” or “a.e.” will be
with respect to the measure m (for objects defined on X) or to n (for objects
defined on Y). The total variation of a measure p on a set E will be denoted
by | p|(E).

DEFINITION 2.1. A bounded linear operator T from LX(Y, n) into L3(X, m)
is called a pseudo-integral operator if T is given by the equation

(T)(x) = [ fn(x, &), m-ae., )

for every f in L%(Y, n), where, for almost every x, u(x, -) is a complex-valued
Borel measure on Y, and, for every Borel subset B of Y, the map x — u(x, B)
is assumed to be a Borel function.

The map x — p(x, -) of X into the set of measures on Y will be called the
kernel of T.

REMARKS 2.2. (i) It is implicit in Definition 2.1, that [|f(y)| | u| (x, &) < o
a.e., for every f € L}(Y). Taking f = 1, we see that | g|(x, ¥) < o a.e.

(ii) If B € ¥ and n(B) = 0, then | u|(x, B) = 0 for almost every x. This is
just a restatement of the condition that 7f = 0 a.e. whenever f = 0 a.e.

(iii) The kernel is uniquely determined by the operator in the sense that if
v(x, dy) satisfies (*) then p(x, -) = »(x, -) for m-almost every x. To prove
this let { B,} be a countable generating and separating family of ® (see [17]).
If x, is the characteristic function of B,, then

p(x, B,) = (Tx,)(x) = v(x, B,)
for almost every x. Let X, be a Borel subset of X of m-measure 0 such that
w(x, B,) = v(x, B,) for x & X, and every n. It follows easily that u(x, B) =
v(x, B) for every B € % and x & X,,.

(iv) If the equation (*) gives an everywhere defined linear transformation T’
from L*(Y) into L3(X), then T is automatically bounded. The proof of the
analogous statement for integral operators is part of the folklore. The same
argument works here too, and goes as follows: Let f, — 0 in L%(Y). Choose a
subsequence f, which converges almost everywhere and which is dominated
by a positive function u in L% Y). (For example take f, such that 2,-l|f,,i||2 <
o, and u*(y) = =,|£,(»)I*) By the dominated convergence theorem, 7, — 0
a.e., and the closed graph theorem implies that T is bounded.

(v) The conclusion of the preceding remark is also valid for operators from
LP(Y)into L'(X),1 <K p< 00,1 <r < c0.

(vi) When Y is a compact metric space, the Borel measurability condition
of x — uw(x, B) in the definition is equivalent to the condition that x —
p(x, -) be weak*-measurable, i.e., that the map
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x = [ h(y)u(x, &) )

is Borel measurable for every » € C(Y). To prove this, first assume that
x — p(x, B) is Borel measurable for every B € ®. Let C be the class of all
Borel functions 4 for which (1) is Borel measurable, then C contains all
simple functions, and is closed under bounded pointwise sequential conver-
gence, hence it contains C(Y). Conversely if x — u(x, -) is weak*-measur-
able, then @ contains C(Y) and hence contains all bounded Borel functions
h, in particular, if 2 = xg, we have x — u(x, B) Borel measurable.

(vii) In Definition 2.1 we assumed that u(x, B) is a Borel function of x for
every B € ®. This condition is “almost automatically” satisfied. More pre-
cisely, if { u(x, -)} is a family of measures satisfying equation (*) of Defini-
tion 2.1, then by modifying the measures pu(x, -) on a subset of X of
m-measure zero we obtain a kernel with the required measurability condition.
To prove this, assume that (Tf)(x) = [ f(y)u(x, dy) a.e., hence p(x, B) =
(Txg)Xx) a.e., and for every B € B, the map x — pu(x, B) is measurable with
respect to the completion (X, @, m) of (X, &, m), and hence agrees with a
Borel function outside a Borel set of m-measure zero. Let { B, } be a countable
generating set for 9B, therefore there is a Borel subset X, of X of m-measure
zero such that x — p(x, B,) is a Borel function on X \ X, for every n. Let C
be the class of Borel sets for which this property holds. It is easy to see that C
is a o-algebra of sets, and since it contains {B,}, it must equal %. Now,
redefine u(x, -) to be the zero measure for x € X,

ExampLEs 2.3. (i) Let Y = X and ¢ € L*(X). The equation M f = ¢f
defines a bounded operator M,. This is a pseudo-integral operator induced
by the kernel: u(x, dv) = ¢(x)d,(dy), where §, is the point mass at x. In
particular, the identity I is a pseudo-integral operator. On a nonatomic
measure space none of these operators is an integral operator. This follows
from the uniqueness of the kernel (see also [10, problem 123]).

(ii) Let ¢ be a measurable map from X into Y and assume that the equation
C,f = f ° ¢ defines a bounded operator C, of L*%(Y) into L*(X). Then Cisa
pseudo-integral operator with kernel p(x, dy) = §;.,(d).

(iii) The product M, C, is a pseudo-integral operator.

These examples show that the class of pseudo-integral operators is quite
large. This suggests the question whether every operator is a pseudo-integral
operator. We give three counterexamples.

ExaMPLE 2.4. Let T be the unit circle (with normalized Lebesgue measure),
L? = L*T), and H? the usual Hardy space. We will show that the projection
P of L? onto (H??* is not a pseudo-integral operator. Suppose, to the
contrary, that (Pf)(w) = [f(z)u(w, dz) almost everywhere. Let e,(z) = 2",
and remove a set Iy of measure zero such that
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_[ew) ifn<0,
[ e@mim, @y = { SO0 n <0
for every w € T \ T,. Choose one w & Ty and let 0(dz) = u(w, dz). Therefore,
the Fourier transform 6 of o is given by
o _fw" ifn>0,
6(n) = {o if n < 0.

The theorem of F. and M. Riesz (see [12, p. 47]) implies that ¢ is absolutely
continuous, and by the Riemann-Lebesgue lemma (see [13, p. 13]), 6(n) = O,
ie. 1 = |w”| - 0, a contradiction.

The next example was given by P. R. Halmos, as an example of an operator
which is not integral, in the aforementioned lectures at Long Beach.

ExAMPLE 2.5. Let {e,: n =0, 1, ...} be an orthonormal basis of L*0, 1)
which consists of uniformly bounded functions, e.g. take {e,(#)} to be {e™™:
m € Z} arranged in a sequence. Let {k,} be another orthonormal basis with
the property that sup,|A,(f)] = + oo for almost every ¢, e.g., take {h,} to be
the Haar basis. (This is defined as follows: in the nth step divide (0, 1) into
2"*1 equal subintervals 7, = (0, 27"°"), , =277, 2-27"7h), ... etc,
and take the following functions: f, is 2"/2 on I,, —2"/2 on I,, and zero
everywhere else; f, is 2"/? on I;, —2"/% on I,, and zero everywhere else, etc.
This defines 2" members of the basis.) Let T be the unitary operator
determined by Te, = h,. If T is a pseudo-integral operator, with kernel
u(x, -), then

1. (%) = |(Te,)(x)| < f le.(»)] | ul(x, &) < |pl(x, Y),

for x outside some null set. But this contradicts the fact that sup|h,(x)| = o
a.e.

ExXAMPLE 2.6. Let {¢,} and {h,} be as in the previous example, and let
Te, = n~'/*h,. Therefore T extends to a compact operator. The same argu-
ment as before shows that T is not a pseudo-integral operator (observe that
il = O(n"/2).

In Example 2.5 a necessary condition for an operator to be a pseudo-in-
tegral operator has been established. We isolate this fact:

THEOREM 2.7. If T is a pseudo-integral operator, then there exists a positive
Borel function Q on X such that
(TF)(x)| < Ux) ae.
whenever || f||, < 1.
Question. Is this condition sufficient? This will be discussed in §6.

It has been observed by P. R. Halmos that the condition of Theorem 2.7 is
a necessary condition for an operator to be an integral operator.
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3. Characterization of operators with positive kernels. An obvious necessary
condition for an operator T to be pseudo-integral with a positive kernel is
that T maps positive functions to positive functions. It is somewhat surprising
that this condition turns out to be also sufficient. This section is devoted to
proving this fact, and its simple extension to absolutely bounded kernels. The
result is another indication that there are “lots” of pseudo-integral operators.

THEOREM 3.1. Let T be a bounded operator from LXY, n) to L*(X, m). In
order for T to be a pseudo-integral operator with a positive kernel, it is necessary
and sufficient that T be a positive operator in the sense that T maps positive
Jfunctions to positive functions.

We will give two different proofs. First, we note that we may assume that Y
is a compact metric space and the Borel structure on Y is generated by its
topology since every standard Borel space is Borel isomorphic to a compact
metric space (see [16, p. 451] or [17]). In the first proof we use techniques
similar to those used by Abrahamse and Kriete in [1].

FIrsT PROOF. The necessity is obvious. To prove the sufficiency, let C(Y)
be the space of real-valued continuous functions on Y. Let {¢,: n =0, 1,
2,...} be a countable linearly independent subset of positive functions in
C,(Y) such that ¢, = 1, and the linear span %) of {e,} is dense in C,(Y). Let
%), be the linear manifold over the rationals spanned by {e,}. For every
f € 9D, choose a function 7(T¥) in the equivalence class Tf in such a way that
for every x, the map ¢, defined by

¢, (f) = 7(Tf)(x)
is a linear map of 9 into the real numbers. This can be done by first
choosing #(Te,) in any manner, and then extending linearly to . Remove
one m-null set X, of X, so that #(Tf)(x) > O for every x & X, and every
nonnegative f in ).

We now show that ¢, is bounded on 9 for x & X, First consider f € %,
with —1 < f(y) < 1, then by the positivity of ¢, we have — hy(x) < ¢.(f) <
ho(x) where hy = «(T'1). Thus ¢, is bounded on %, with “norm” Ay(x). Now
if f€ %, then for some positive integer n, f € 9R,, the span of {e,,
€,...,¢,}. The map ¢,|9N, is linear, hence bounded, and its norm is
determined by the dense set Dy N IM,,, s0 [P ()] < hy(x)|| fllo- This proves
the boundedness of ¢, on %. Therefore ¢, extends to a bounded linear
functional on C,(Y), with norm hy(x).

Furthermore, every ¢, (for x & X)) is positive, since ||¢,|| = ¢,(1). By the
Riesz Representation Theorem, there exists a positive measure u(x, -) on Y
such that

2(Tf)(x) = [ f(y)u(x, &) forf € D,x € X \ X,
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If x € X,, let u(x, -) =0, and let C be the class of all f € LX(Y, n) for
which

(T )(x) = f J(»)p(x, dy) for m-almost every x. (*)

We know that % c C. Next, we show that C contains C(Y), the space of
complex-valued continuous functions on Y. Let f € C,(Y) and choose f, €
% so that f, —f uniformly. By the dominated convergence theorem
[, (R(x, ) = [fP)u(x, &) for every x. Also || f, — fll, — O, hence || T, —
Tf|l; >0, and there is a subsequence f,4, so that Tf,,,— Tf ae. This
establishes (#) for f € C,(Y) and hence for every f € C(Y).

Next, observe that C is a monotone class, i.e., if f, € C, f, > 0, f,1f ae,
and f € L%(Y, n), then f € C. To prove this use the monotone convergence
theorem once to show that [f(y)u(x, dv) = lim [f,(y)u(x, dy), then a second
time to show that || f — f,|l, = O, hence ||Tf — T, || — 0 and therefore

(Tf)(x) = im(Tf, )(x) ae.
for a subsequence {n, }. This establishes equation () for f.

The class C contains C(Y) and is a monotone class, therefore it contains
L?(Y, n). Thus equation (+) is satisfied for every fin LX(Y, n).

The measures p(x, -) can be modified on a subset of X of m-measure zero
(if necessary) so that u(x, B) becomes a Borel function of x for every B € %
(see Remark 2.2 (vii)).

SECOND PROOF. Let h, be a nonnegative function in the equivalence class
T1 and let A(dx) = hyo(x)m(dx). First observe that if A, vanishes on the set S,
then Tf vanishes (a.e.) on S for every f € L? (first use the positivity of T to
prove this for 0 < f < 1, then use the linearity and continuity of T'). So we
may replace X by X \ S and hence we may assume that hy(x) > O for every
x.

Define a map ® of L!(\) into M(Y), the space of bounded Borel measures
on Y by the equation

(& ®f) = [ f(x)(Tg)(x)m(dx) forg € C(Y),f € L'(N).
Observe that fTg belongs to L'(m) since |T(Re g)| < || glloho (a-€) and
|T(m g)] < ||glloho (ae.), s0

[ 1) Te(x)m(dx) < 2liglle [ 17(x)A(@x).

Thus ®(f) € M(Y), and ||®(f)| < 2 f|A(x)]A(dx), so ® is a bounded opera-
tor (it can be shown that ® is an isometry, but this fact is not needed).

By the Dunford-Pettis theorem [7, p. 503], there exists a bounded weak*-
measurable function x — », from X into M(Y) such that |j».|| < ||®| for
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every x, and

B(f)() = [ fxw(INdx),

where the integral exists in the weak* sense. So

(& ¥ = [ fx) [ g(r)r(dr)Nax),

and hence

f(Tg)(x)f(x)m(dx) = [ [ f(x)8(»)v.(@)ho(x)m(dx),
forallg € C(Y) and f € L'(A). Therefore

(Te)(x) = [ 2(»)ho(x)r()

for A-almost every x, and hence for m-almost every x since hy(x) > 0 for
every x. Now let u(x, dy) = hy(x)r.(dy), so () holds for f € C(Y). The
extension to L2-functions follows as before.

REMARK. The preceding theorem is valid (with the same proof) for bounded
operators from L?(Y) into L'(X)for 1 < p < o0, 1 <r < o0.

A kernel u(x, -) is called absolutely bounded if |p|(x, -) is the kernel of a
bounded operator. It is obvious that p is absolutely bounded if and only if
p = p — py + i(py — py) where each y; is positive and is the kernel of a
bounded operator. Recall that an operator of L?(Y, n) into L"(X, m) is called
order-bounded if for every positive function u € L?(Y), there exists a positive
function v € L’(X) such that |(Tf)(x)| < v(x) for m-almost every x whenever
| f(»)| < u(y) for n-almost every y.

COROLLARY 3.2. Let 1< p< oo, 1 <r< oo and let T be a bounded
operator from L?(Y, n) into L"(X, m). The following conditions are equivalent.

(i) T is a pseudo-integral operator with absolutely bounded kernel.

(i) T=T,— T, + i(Ty — T,) for some order-preserving bounded operators
T, T, T, T,

(iii) T is order-bounded.

ProoF. The equivalence of (i) and (ii) follows from Theorem 3.1 and the
preceding remark, and the equivalence of (ii) and (iii) follows from some
general facts about Banach lattices (see, e.g., [19, pp. 229, 233]).

4. Operators with absolutely bounded kernels. Most of the results in this
section were proved by Arveson [2] in a slightly less general setting. (The class
of operators considered in [2] corresponds to kernels with the property that
the total variations |u|(x, Y) are uniformly bounded. These kernels are
automatically absolutely bounded.) Most of his proofs are still valid in our
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more general setting after slight modifications, and so we will omit details
whenever a reference to [2] suffices.

Let u(x, dy) be an absolutely bounded kernel (that is, |u|(x, dy) is the
kernel of some bounded operator). Let T be the operator whose kernel is
u(x, dy). First we show that T is induced by a measure g on the product space
X X Y by the equation

(75,8 = [ f(»)E(x)n(dx, &), (+*)

where (-, -> denotes the inner product in L*(X, m). The measure p is
defined by the equation

p(E) = [ [ xe(x,»)n(x, d)m(ax),

for every Borel set E in X X Y. To show that this defines a bounded
measure, observe that the function x — | u|(x, Y) belongs to L%*(m) and hence
to L'(m). An argument similar to the proof of Theorem 2.6.2 of [4] shows that
1 is a bounded measure (that argument is stated for the case x — | p|(x, Y) is
a bounded function, but extends to our case with no difficulty). A slight
modification of the proof of Theorem 2.6.4 of (4] establishes equation (*#) for
every f € L¥(n) and g € L¥(m).

Now we consider operators given by the equation (*+) for some Borel
measure p on X X Y. First, observe that a necessary condition for () to be
meaningful is that the integral on the right side must vanish whenever f = 0
a.e. or g =0 a.e. This condition is easily seen to be equivalent to the
condition that p vanishes on marginally null sets, i.e., Borel sets which are
included in rectangles of the form 4 X Y or X X B with m(4) =0 or
n(B) = 0. The condition above can be rephrased in a different way. First
define the marginal measures | p|, and | p|, of | u| by | u|\(E) = | p|(E X Y) for
every Borel set E C X and | p|,(F) = | /(X X F) for every Borel set F C Y.
The condition that u vanishes on marginally null sets can now be seen to be
equivalent to the condition that | u|, < m and ||, < n.

If p is absolutely continuous with respect to m X n, then p satisfies the
condition given in the preceding paragraph, but it should be noted that there
are measures satisfying that condition but are not absolutely continuous. For
example, let X = Y, m = n (assumed to be not purely atomic), and define o
on the Borel sets of X X X by o(F) = m{x: (x,x) € E}, then o is con-
centrated on the diagonal, but o, = 0, = m.

LEMMA 4.1. Let p. be a Borel measure on X X X which vanishes on margi-
nally null sets and has the property that the function h(x, y) = f(y)g(x) belongs
to L'(| u|) whenever f € L¥(n) and g € L*(m). Then the equation

(T, 8> = [ f(»)Ex)pldx, &) (++)
defines a bounded linear operator T, of LX(Y, n) into L¥(X, m).
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PROOF. Let f € LYY, n). The map ¢: L% X, m) — C defined by
9(8) = [ f()E(In(dx, &)

is a conjugate-linear map. To prove that it is bounded, let g, — 0 and choose
a subsequence g, which converges almost everywhere and which is
dominated by a positive function u in L*X, m) (see 2.2(iii)). By the
dominated convergence theorem ¢( g,) — 0. Furthermore, this can be applied
to any subsequence of g,, to extract a subsequence whose image under ¢
converges to zero. Thus ¢(g,) — 0 and ¢ is bounded. So ¢(g) = <h, g) for
some & € L¥(X, n). Let T,f = h, therefore T, is a linear map. It remains only
to show that it is bounded. Toward this end, let f, — 0, and take a sub-
sequence f, which is dominated by a function u € L%(Y, n) and such that
f,, = 0 almost everywhere. By the dominated convergence theorem

[ £,()E(x)u(dx, d9) >0 for every g € LH(X, m).
Therefore 7,f, — 0 weakly. By the closed graph theorem 7, is bounded.

REMARKS. (i) It is obvious that the conditions of Lemma 4.1 are also
necessary for p to induce a bounded everywhere-defined operator by the
equation (*s).

(ii) If u satisfies the conditions of Lemma 4.1, then so does | p|.

ExampLes. (1) If X =Y, m=n and o(E) = m{x: (x,x) € E}, then
T, = I. Here o is concentrated on the diagonal {(x, x): x € X}.

Q) If X =Y, m=nand p(dx, dy) = ¢(x)o(dx, dy) where o is the measure
in the preceding example, and ¢ € L*(X), then T, = M,, the operator of
multiplication by ¢. Again p is concentrated on the diagonal.

(3) Let C, be a bounded composition operator of LX(Y, n) into L¥(X, m),
so C,f = f oy where y is a Borel map of X into Y. Then C, = T, where
w(E) = m{x: (x, Y(x)) € E}. Here p is concentrated on the graph of .

(4) By specialization of example 3 we see that all translation operators on
L*0, 1) are pseudo-integral operators. These include operators of the form
(T.f)(x) = f(x + a) where + is addition modulo 1 and operators of the form
(Tf)(x) = f(x + a)if 0 < x + a < 1 and (T f)}(x) = 0 otherwise.

(5) Products M,C, or C,M, of a multiplication operator and a composi-
tion operator are pseudo-integral operators. The kernel u of M,C, is con-
centrated on the graph of ¢ and is given by u(E) = [¢(x)m(dx) where the
integral is taken over the set {x: (x, Y(x)) € E}. The kernel » of C, M, is also
concentrated on the graph of y but is given by »(E) = [¢(y(x))m(dx) where
the integral is taken over the set {x: (x, {(x)) € E}.

Next we show that the class of operator 7, defined as in Lemma 4.1 is
precisely the class of pseudo-integral operators with absolutely bounded
kernels. We have already shown that the latter class is included in the former.
For the converse we need a result about disintegration of measures.
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LEMMA [2, p. 461). Let X and Y be standard Borel spaces, and let p. be a finite
positive measure on X X Y, and let p,(A) = u(A X Y) be the first marginal
measure of p. Then there exists a map x — pg from X into the space of all
probability measures on Y such that

(i) The map x — pg(B) is a Borel function, for every Borel set B in Y.

1) p(S) = [xfyxs(x, YIug(dy)p(dx) for every Borel set S C X X Y.

For a proof, see either [1, Theorem 2] or [6, pp. 59-63] together with the
remarks on p. 461 of [2].

For measures p under consideration (those inducing bounded operators)
we give a related disintegration with m in place of p,.

PROPOSITION 4.2 (SEE [2, PROPOSITION 1.5.3]). Let p be a bounded complex
Borel measure on X X Y such that p vanishes on marginally null sets (equiv-
alently | u|, < m, | p|, < n, where ||, and ||, are the marginal measures of
| ). Then there exists a map x — p* of X into the set of all bounded Borel
measures on Y, and a map y — y, of Y into the set of all bounded Borel
measures on X, such that

(i) For every Borel sets A C X and B C Y, the maps x — p*(B) and
¥ = w,(B) are Borel functions. A

(i) p(dx, dy) = p*(dy)m(dx), that is p(S) = [x[yXxs(x, y)n*(dy)m(dx), for
every Borelset Sin X X Y.

(i) p(dx, dy) = p,(dx)n(dy).

(iii) | pl(dx, @) = | p*|(dy)m(dx) = | p|(dx)n(dy).

Moreover ™ and p, are essentially unique, i.e. if v* and v, satisfy (i), (i), (i)',
and (iii), then v™ = p* a.e.and v, = p, a.e.

For a proof we refer the reader to the proof of Proposition 1.5.3 of [2]
which is done under the assumption that d,/dm and dp,/dn are bounded,
but the argument there is valid in the general case. We give a very brief
indication of the proof. Let | u| = o and apply the Lemma to o to obtain a
disintegration o(dx, dy) = o§(dy)e,(dx). Note that o,(dx) = w(x)m(dx).
Absorb w in e6f to get o(dx, dy) = o*(dy)m(dx). Write p(dx, dy) =
#(x, y)o(dx, dy) and let p*(dy) = ¢(x, y)o*(dy).

Next observe that equations (ii) and (ii)’ imply that

[ Homtax )y = [ [ hGx,y)n(d)m(dn)

= [, [ #xp)m (@)n(@), (i)

for every h € L'(Ju|). To see this, observe that the function ¢(x) = | p[*(¥)
belongs to L'(m) and apply a slight modification of the argument in [4, p.
101].
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If u induces a bounded operator T, then

TS, 8> = [ [ F»)z(x)p*(d)mldx),

and hence

(TS)x) = [ fy)n=(a)

for almost every x € X, that is T, is a pseudo-integral operator with kernel
p*(dy). The same argument applies to | u|, and since | p[* = | u*|, we have

(T, f)(x) = f )l p*|(dy) ae.,

and so p*(dy) is an absolutely bounded kernel.

In view of the discussion above, a measure p(dx, dy) will be called an
absolutely bounded kernel whenever p induces a bounded operator. It will be
obvious from the context whether u(dx, dv) or p*(dy) is referred to by the
word “kernel”.

We now restrict ourselves to the case X = Y, m = n, so the operators
considered are operators of L2(X, m) into itself.

THEOREM 4.3. If T is a pseudo-integral operator on L*(X, m) with an
absolutely bounded kernel, then so is T*.

ProoF. If u(dx, dy) is the kernel of T, so (Tf)(x) = [f(y)n*(dy) a.e., then

(T*)(») = [ f()B(dx) ae,

where ji(dx, dy) = ji,(dx)m(dy) is the disintegration of jr, and the bar denotes
complex conjugation.

Next we consider the product of two operators with absolutely bounded
kernels. First we describe the product of two measures p and » which are
assumed to be absolutely bounded kernels. This is the same as Arveson’s
definition [2, p. 463] for the class of measures he describes. Disintegrate p and
v:

p(dx, &) = p,(dx)m(dy) and »(dx,dy) = v*(dy)m(adx).

We claim that the functions y — | u|(X) and x — |»*|(Y) belong to L¥(X, m).
For that, observe that |pu| is the kernel of a bounded operator S, and
(S*N(»y) = [f(x)|w|(dx) a.e.. Therefore | |(X) = (S*I1X») a.e., and hence
belongs to L%(X, m). A similar argument proves the same for |»*|(Y). For
each z € X, u, X »* defines a bounded measure on X X X. If w(z) =
| |(X)|»*|(Y), then w € L'(X, m), and |(p, X »*XS)| < w(z) for every
Borel set S in X X X. In particular the function z — (g, X »*)(S) belongs to
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LY(X, m). Define p. + v by
(n20)(S) = [ (i X »*)(S Im(dz)

for every Borel set S C X X X. The countable additivity of p = » follows
from the dominated convergence theorem.

THEOREM 4.4 (SEE [2, PROPOSITION 1.5.5]). If u and v are absolutely bounded
kernels, then so isp *» vand T, ,, = T,T,.

L R4

PrROOF. First, we show that p * » vanishes on marginally null sets. Let
m(E) = 0, then | w,|(E) = 0 for almost every z since [|p,|(E)m(dz) = |p|(E
X X) = 0. It follows that | u * »|(E X X) < f| w|(E)|v*|(X)m(dz) = 0. Simi-
larly [p * #|(X X E) =0.

Next, let 4 be a Borel function on X X Y, then

J RGN pl » [#D)(ex, ) = [ [ [ 1hGx2)] | bl (d0)f () m(dz),

in the sense that if one side is finite, the other side is also finite and the two
are equal. When A is a characteristic function, this is just the definition of
| u| * |7], and the extension to arbitrary functions is done be a standard
argument. Therefore if f, g € L%(X, m), then

[ 1F)1 1801l = D) (dx, dy) = (TRl S, Tyl &,

thus f(y)g(x) belongs to L'(|p| * |»|). But the measure |p| * |»| dominates
| * »|, so f(y)g(x) belongs to L'(|p * »]). By Lemma 4.1, p * » is an ab-
solutely bounded kernel. Furthermore, by Fubini’s theorem, we have

Tyt 8> = [ fD)E)(R * v)(dx, &)

= [[] f(»)E(x)n.(ax)v*(dy)m(dz) = <F, G,

where F(z) = [f(y)»*(dy) and G(z) = [g(x)i,(dx), thatis F = T.f and G =
T}g. Therefore <7, ., f,g> =<T,f, Trg> =<T,T.f,g),and T,,, = T,T,.

THEOREM 4.5. The class & of pseudo-integral operators with absolutely
bounded kernels is a selfadjoint algebra containing the identity. The class § of
integral operators with absolutely bounded kernels is a selfadjoint two-sided ideal
in®.

PRrROOF. The first part of the theorem has already been proved. The fact that
§ is selfadjoint is proved by an application of Fubini’s theorem. It remains
only to show that § is an ideal. Let p and » be absolutely bounded kernels
and assume that » is absolutely continuous with respect to m X m. Write
v(dx, dy) = k(x, y)m(dx)m(dy), so v*(dy) = k(x, y)m(dy). Let S be a Borel
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subset of X X X such that (m X m)(S) =0, and let S* = {y: (x,y) € S},
so S* is a Borel set for every x, and m(S*) = 0 for almost every x. Let
E = {x: m(§*) > 0}, so m(E) = 0. From the definition of u * », we have

i xAl(S) < [ [ [ xs(x )t ()] ] (dx)m(dz)
= [ | | 1k(z,)m(d)| pl.(dx)m(dz).
XX 78>

The innermost integral vanishes for x &€ E, so

wer(S)< [ [ [ 1k »lim(@)|ul.(dx)m(dz)
< [ [ J kG K. (ax)m(dz)m(@),

by Fubini’s theorem, and hence

| *2|(S) < fx fx k(z, )| | ul,(E Ym(dz)m(a),

but | u|,(E) = O for almost every z, since f|p|,(E)m(dz) = |pl|(E X X) = 0.
Therefore |k(z, y)| n|,(E) vanishes almost everywhere (m X m) on X X X,
and | p * »|(S) = 0. Therefore u + » < m X m, and hence 7,7, is an integral
operator. A similar argument (or by taking adjoints) shows that 7,7, is also
an integral operator.

REMARK. Neither the algebra ¥ nor the ideal § is closed in the norm
topology since every finite rank operator belongs to § but there are compact
operators that do not belong to ¥ (see Example 2.6).

Question. If T is a compact pseudo-integral operator, must 7 be an integral
operator?

We close this section by giving examples of bounded kernels which are not
absolutely bounded.

ExaMpLEs. (1) Consider the Hilbert matrix {a,,,}, where a,,, = (m — n)~!
if m # n and aq,, = 0. This matrix defines a bounded operator on / 2 but the
matrix {|a,,|} does not give an operator of /? into itself (see [11, pp.
212-214]). This example can be transplanted into L0, 1) as follows: Let
I, = (27", 2'""] and define a function k on (0, 1) X (0, 1) by

204m/2(m — )" ifx€l,yE I, m#*n,
0 ifx,yel,.

Therefore k defines a bounded integral operator T by the equation (Tf)}(x) =

Jok(x, ¥)f(y)ay, but |k| does not.

(2) The Fourier transform F: L%*0, 1) - [? given by (Ff)n) =
fée~2™mf(x) dx is an integral operator with kernel k(n,y) = e~2*™, but
|k(n, )| = 1 and does not give an operator of L? into /2. Also F* is not a

k(x’y) = {
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pseudo-integral operator. Again, we can modify this example to get an
operator of L%(0, 1) into itself by taking I, = (27", 2'™"] and k(x,y) =
2"/%e~2in if x € I. Therefore k is a bounded kernel, the corresponding
operator T, is given by (T,f)(x) = 2*/3f(n) when x € I,. But k(x, y) is not an
absolutely bounded kernel since if f(x) = 1 and if g(x) = [|k(x, y)| A») dy,
then g(x) =2"2 if x € I, and [}|g(x)?dx = [.,2"- 27" = 0. We note
that T2 is not an integral (or even pseudo-integral) operator.
(3) For f € L¥(0, 1), let

k(x,y) = (1 = x)™exp(=2aixy/ (1 = x)),
(1)) = [ (1 = %) exp(~2miny/ (1 = X)f(¥) b,
thus

(1)) = (1 - 0 1=5)

1—x
where f, is the function defined on the real line by fy(x) = f(x) if 0 <x < 1
and fy(x) = 0 otherwise, and f;, is its Fourier transform. Thus

[ e = 1 a -7 (25| @ = [ 0P a

1—x

<f7 Vopde= [ sl ds = 11

On the other hand the function g(x) = [}(1 — x)~'f(») dy does not belong to
L*(0, 1) unless 3 f(y) &y = 0, so the given kernel is not absolutely bounded.
The operator T* is not an integral (or even pseudo-integral operator), since if
(T*f)(x) = [o f(¥)u(x, dv), then by taking functions f which vanish on (a, 1)
for some a < 1, we get

STy = [ [ (1= 0 HOEDep@riny/ (1 = %) b d,
0 0
and by Fubini’s theorem,
(Tf)x) = [ “ (1= y) f()expQriny / (1 — y)) -

Thus p(x, &) = (1 — )~ 'expQmixy /(1 — y)) dv on (0, a), and since a is
arbitrary, p(x, dy) is absolutely continuous, and p(x, &) = k(y, x)dy. But
k(y, x) is not a bounded kernel, for example if f(y) = 1, then k(y, x)f(») is
not integrable on (0, 1).

REMARK. The results of this section are valid (with essentially the same
proofs) for operators on LP(X), 1 <p < oo. In this case, the adjoint in
Theorem 4.3 should refer to the Banach space adjoint acting on LX) where
p~ '+ g~ ' =1, and the selfadjointness conclusion of Theorem 4.5 becomes
meaningless and should be omitted.
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5. Operators which are always pseudo-integral. Which operators T on
Hilbert space JC have the property that every operator unitarily equivalent to
T is a pseudo-integral operator? More precisely, given a standard measure
space (X, m) that is not purely atomic, we ask when UTU* is a pseudo-in-
tegral operator for every unitary operator U from IC onto L*(X, m). Every
Hilbert-Schmidt operator is an integral operator (see [18, p. 35]), and so every
operator of the form: scalar + Hilbert-Schmidt is always pseudo-integral. We
show that these are the only operators with this property. This is a generaliza-
tion of a theorem of Korotkov [15] which asserts that the unitary orbit of T
consists of integral operators if and only if 7 is Hilbert-Schmidt (see [21] for a
proof which lends itself easily to the present situation). The idea is to reduce
the problem to the case of a diagonal operator and then use techniques
similar to Korotkov’s which become very simple in the case of a diagonal
operator. Recall that the compression of an operator T to a subspace 9N is the
operator PTP|9N, where P is the orthogonal projection onto 9. The
essential numerical range [7] of an operator T is defined by N W(T + K)~,
where the intersection is taken over the set of all compact operators K, and
W(T)~ denotes the closure of the numerical range of 7. We need the
following facts from [7]:

(a) If = is the canonical quotient map of % (J() onto the Calkin algebra,
then W,(T) = V(w(T)), where V() denotes the Banach-algebra numerical
range of 7 (see [5, §10]). In particular if #(T) is unitarily equivalent to 7(T,),
then W (T,) = W(T).

(b) W.(T) = {A} if and only if T — Al is compact.

(©) A € W,(T) if and only if there exists an orthonormal sequence {e,}
such that (Te,, e,) > A.

The next four lemmas are due to Anderson and Stampfli [24] and to J. P.
Williams [25].

LeEMMA 5.1. If P is a projection with finite dimensional null space, then
W.(T) = W, (PTP|P ).

ProoF. The operator PTP is a compact perturbation of T, so W (T) =
W,(PTP). Let A = PTP|PJ(, and S the unilateral shift, and » the dimension
of the null space of P, then S"4(S*)" is unitarily equivalent to PTP. But S is
essentially unitary, so W,(4) = W_(PTP) = W T).

LemMMA 5.2. Every operator has an infinite-dimensional diagonal compression.

PrOOF. Let T € B (IC). We will construct an orthonormal sequence {e,}
in JC so that the compression of T to the closed linear span of {e,} is

diagonal. Choose e, arbitrarily and proceed by induction. Take e, ., to be a
unit vector orthogonal to the finite-dimensional space
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M, = V {e, Te, T*e¢;: 1 <i < n}.
It is easy to see that Te, is orthogonal to e,,, whenever n # m, and hence the
compression of T to \/{e,: n = 1,2, ... }is diagonal.

LEMMA 5.3. Every operator T has a diagonal compression with the same
essential numerical range as T.

PRrOOF. Let {A,} be a sequence of complex numbers contained in W (T)
such that the limit points of {A,} is W_(T). Modify the proof of the preceding
lemma as follows. Choose e,,, so that |[(Te,,, €,,;) — A1 < 1/(n + 1).
This is possible since the compression of T to 9N; has the same essential
numerical range as that of T, therefore we may choose e, in 9M; so that
(QTQe, ., €,41) — Aiy]l < 1/(n + 1) where Q is the projection on ;.
But (QTQe, ., €,41) = (TQ¢, 41, Q€n 1) = (Teyyy; €n41)-

Let D be the compression of T to \/{e,: n=1, 2,...}, then D =
diag(a,, ay, . . . ) where a, = (Te,, e,). By the construction of e,, we see that
the limit points of {a,} are the same as the limit points of {A,}. Therefore
W_(T) C W, (D). The reverse inclusion is always true, so W, (T) = W, (D).

COROLLARY 54. If T is not of the form: scalar + compact, then T has a
compression of the form

al + K, 0
0 BI + K,

where o and B are complex numbers, o # 3, and K, and K, are Hilbert-
Schmidt operators.

PrOOF. Take a, 8 € W,(T) such that a # 8. If D = diag(a;, a,,...) is
the operator constructed in Lemma 5.3, choose subsequences {n,} and {m,}
of the positive integers such that ]\, — a| < 1/k and |A,, — B| < 1/k. Let
I, and M, be the closed linear spans of {e, } and {e,, } respectively, then
the compression of T to 9N, @ 9N, has the required form.

Recall that the s-numbers of a compact operator T is the nonincreasing
sequence {s,} of nonzero eigenvalues of ( T*T)'/?, counting multiplicities.
Recall also that every nontrivial two-sided ideal in % (9() is contained in the
ideal K (IC) of all compact operators. Corresponding to every ideal § there is
a set S (9) of sequences {A;} of nonnegative numbers which are nonincreasing
and converge to 0, such that T € ¢ iff the sequence of s-numbers of T
belongs to S (9). Furthermore S () satisfies the following properties:

@) If (A} € $(9), then {A,, A}, Ay, Ay, ... } € S$(9). This is also true if
each A, is repeated m times (a fixed m for all A)).

(i) S(9) is closed under addition and multiplication by nonnegative
numbers.
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(i) If {a,} € $(9) and if { B,} is a nonincreasing sequence of nonnegative
numbers with 8, < a,, then { 8,} € §(9). For an exposition of these results
we refer the reader to p. 26 of [20].

LEMMA 5.5. Let T € B (9C), then T has a diagonal compression D with the
property that D belongs to an ideal § if and only if T € $. In particular D is
not a Hilbert-Schmidt operator if T is not.

PrOOF. If T is not compact, then the result follows from Corollary 54. If T
is compact, let {s,} be the sequence of s-numbers of T, s, > 5, > .... We
now modify the construction of {e,} in the proof of Lemma 5.2. Choose e,
such that |(Te,, e,)| > 3||T|| =1s,. This is possible since the numerical radius
w(T) > 3||T||. After e,,...,e, have been constructed, let P, to be the
projection on 9N where M, = \/ {e;, Te, T*¢, 1 < i < n}. The operator
T — P,TP, has rank at most 6n. Therefore ||P,TP,|| > s¢,., (see pp. 48—49
of [9]). Choose e, , so that |(Te,,, €,. )| > 35,.,- Let D be the compres-
sion of T to the closed linear span of {e,}, then D = diag(a,, ay, . . . ), where
a, = (Te,, e,).

If T belongs to an ideal ¢, then obviously D € 9. Conversely if D € §,
then D® =D @ --- ®D (6 copies) also belongs to §, and hence also
3D®. But the diagonal elements of the latter dominate the sequence {s,}, so
Tes.

COROLLARY 5.6. If T is not of the form: scalar + Hilbert-Schmidt, then T
has a diagonal compression which is not a scalar + Hilbert-Schmidt.

ProoF. Immediate from Lemmas 5.3 and 5.5.

LEMMA 5.7. Let (X, m) be a separable measure space, Y a measurable subset
of X such that L*(Y) and L*(X \ Y) are both infinite dimensional, and let 3C be
a separable Hilbert space, OV a subspace of IC with dim M = dim M+ = oo,
A an operator on I3 and B the compression of A to ON. If UAU* is a
pseudo-integral operator on L*(X) for every unitary operator U from I onto
L¥(X), then VAV* is a pseudo-integral operator on L*(Y) for every unitary
operator V from I onto LX(Y).

PROOF. Let ¥ be a unitary operator of 9 onto L% Y) and let U be any
unitary operator of M+ onto L3 X \ Y), and W = V & U. By hypothesis
WAW™ is a pseudo-integral operator, so

(WAW*f)(x) = fx f()u(x, df)  ae.
If »(x, ) is the restriction of u(x, -) to Y, then

(VaV*1)(») = [ S, do)
for almost every y in Y.
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THEOREM 5.8. Let (X, m) be a standard measure space which is not purely
atomic, and let T be an operator on Hilbert space IC. Then UTU* is a
pseudo-integral operator on L*(X, m) for every unitary operator U from I onto
L*(X, m) if and only if A is of the form: scalar + Hilbert-Schmidt.

ProoF. The “if” part is trivial. To prove the “only if”” part assume that
UAU* is always pseudo-integral for every unitary U. By Corollary 5.6 and
Lemma 5.7 we need only consider diagonal operators and measure spaces
(Y, m) with no atoms. Without loss of generality we may take m(Y) = 1.
Since every standard Borel space is Borel isomorphic to a complete separable
metric space [17], we may assume that Y is a complete separable metric space,
and by a result in [18, p. 327], there is a Borel subset Y, of ¥ with m(Y,) = 0,
a Borel subset E, of [0, 1] of Lebesgue measure zero and a Borel equivalence
Y of Y\ Y, onto [0, 1]\ E, such that m(y ~'(S)) = A(S) where A is Lebesgue
measure on [0, 1]. Therefore we may take Y = [0, 1] with Lebesgue measure.
(Note that we may add or delete a set of m-measure zero, since if pu(x, dy) is a
kernel of an operator and E a set of m-measure zero, then {x: | g|(x, E) > 0}
is a set of m-measure zero, cf. Remark 2.2(ii).)

First we show that T must be a scalar + compact. By Corollary 5.4 we
need only show that an operator of the form: (§ g,) + Hilbert-Schmidt
(a # B) is not always pseudo-integral. Since every scalar and every Hilbert-
Schmidt operator is always pseudo-integral, we need only consider (3 J). But
this is unitarily equivalent to the projection of L? onto H? which is not
pseudo-integral (see Example 2.4).

So T = Al + K where K is compact. We will show now that K is Hilbert-
Schmidt. The operator X also has the property that UKU* is pseudo-integral
for every unitary U: 3 — L?*(X). By adding a Hilbert-Schmidt operator we
may assume that K = (§ J) where D = diag(A,, A,,...). Now choose a
lacunary sequence {n,} of positive integers, that is (n,,,/n) > a > 1, and
let ¢,(¢) = exp(—2mint), and define an operator K, on L*(0, 1) by

Ko, = Ak¢,,* fork=12,...,
Kof=0 iff L ¢, forallk.

This extends to a bounded operator on L%(0, 1) which is unitarily equivalent
to K. Therefore K|, is a pseudo-integral operator, i.e.,

(Kof)O) = [ f)n(s, &5) ae.
Let E, be a set of measure zero such that
[el(z, ©) < o fort & E,

(Kod,)(2) = f &, (s)u(t, ds) fort & Eg,andn € Z.
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Fix ¢t € [0, 1]\ E, and let »(ds) = u(¢, ds), thus » is a bounded Borel measure,
and

5(n) = [ $.(s)v(ds) = (Ko,)(s)

_ {)\kcpnk(t) if n = n,
0 otherwise.

Since fi(n) = O for all negative n, the F. and M. Riesz theorem [12, p. 47]
implies that p is absolutely continuous, and hence I A exp(—2win, t)exp(2
min, x) is the Fourier series of a function g(x) in L'(0, 1). By [13, p. 109}, we
must have |\, |> < oo, i.e. K is Hilbert-Schmidt.

REMARKS. 1. A different proof of Theorem 5.8 can be obtained by slightly
modifying the argument used in [21] for integral operators. That proof is
more elementary (no results from Fourier series are used), and is valid on any
separable sigma-finite measure space (not necessarily standard).

2. Another interesting question is this: which operators T have the property
that some operator unitarily equivalent to T is pseudo-integral? The answer
is: all operators. This follows from a result of Weidmann [23, Satz 7.3] which
implies that if 0 belongs to the right essential spectrum of T, then T is
unitarily equivalent to an integral operator.

6. Operators whose restriction to L* is pseudo-integral. Theorem 2.7 gives a
necessary condition for an operator from L%(Y, n) into L% X, m) to be a
pseudo-integral operator. We ask if this condition is also sufficient. The
answer is no. It turns out, however, that the condition of Theorem 2.7
characterizes a related class of operators, namely the operators T where

(T)(x) = [ fIulx &) ae. *)

for every fin L=(Y, n). It should be noted that it is possible for the operator
T to be bounded and for (*) to be valid for f in a dense subset but not for
every fin L? (see Examples 6.2). A simple example (on a sigma-finite measure
space) is the Fourier transform f— f, from L?(— o0, o0) onto itself, which is
defined by the equation

fx) = @m 7 e @,

for f€ L'n L? and then extended to a unitary operator on all of
L*(— 0, 0). If fE L? but f & L', the infegral on the right side is not
defined.
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THEOREM 6.1. Let T be a bounded operator from LX(Y, n) into LY X, m). The
Sfollowing conditions are equivalent:

(i) The restriction of T to L*(Y) is a pseudo-integral operator.

(ii) There exists a positive Borel function Q on X such that

ITA(x)] < || flloR(x) ae.
for f € L*™.

Proor. If T|L* is a pseudo-integral operator with kernel u(x, dy), then
| pl(x, Y) must be finite for almost every x, since the constant function 1
belongs to L*(Y, n) and hence must be | p|(x, -)-integrable for almost every
x. So condition (ii) is satisfied if we take Q(x) = | p|(x, Y). (If | p|(x, ¥) = oo,
take Q(x) = 0.)

To prove the converse, we may assume that Y is a compact metric space
(see [17]). Assume that T satisfies (ii) and let E, = {x: n — 1 < Q(x) < n}.
For every g € L'(E,, m), define a linear functional ¢, on C(Y) by

0(f) = [ (T)(x)g(x)m(dx).
This is a bounded functional since
6 (I < 11flleo fE Q(x)| g(x)|m(dx) < nllflloll gl

Therefore, there is a bounded Borel measure A, on Y such that ||A,|| < n|| gl|;,
and

S = [ (TF))g(x)m(ax) (1)

for every f € C(Y).

The map g — A, is a bounded linear operator of LY(E,) into M(Y), the
space of bounded Borel measures on Y. By the Dunford-Pettis Theorem,
there is an essentially-bounded weak*-measurable map x — p,(x, -) of E,
into M(Y) such that

esssup| wl(x, ¥) <m, A() = [ g(x)m(x, Im(dx),
where the integral exists in the weak*-topology, i.e.,
S = [ &) [ F3Iin(x, dy)ym(ax), 6)
for every f € C(Y) and every g € L'(E,, m). From (1) and (2), we have

[ (@) x)gxmidx) = [ g(x) [ fPImlx dImdx). )
E, E, Y
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Since this is valid for every g € L'(E,, m), we must have

(T)x) = [ J)pn(x, )

for almost every x in E,. Now let

w(x, -) = m(x, -) ifx €E,
thus x — p(x, -) is a weak*-measurable function from X into M(Y), and for
f € ay),

(TF)(x) = [ fOIulx, &) ae. (*)

For f € L™, there is a sequence of continuous functions { f,} converging to f
almost everywhere and dominatedly, that is, |f,| < g € L*. The validity of
(#) for f € L™ follows from the dominated convergence theorem.

The Borel measurability of u(x, B) for every Borel subset B of Y follows
from the weak*-measurability of the map x — u(x, -) as in Remark 2.2 (vi).

REMARK. As can be seen from the proof, the theorem is valid under the
assumption that 7 is merely a linear transformation from L*(Y) into the
linear space of (equivalence classes of) measurable functions on X such that
for every sequence { f,} converging to f almost everywhere and dominatedly,
the sequence { Tf,} converges to Tf is some sense (e.g., in measure, or almost
everywhere, or in the weak*-topology). See Examples below.

EXAMPLES 6.2. We give two pseudo-integral operators from L® into L2
One of the operators is unbounded in the L2-norm, the other is bounded, but
the integration formula defining 7f on L is not valid for all f € L2

(a) Let X = Y = (0, 1) with Lebesgue measure and let k(x, y) = y ~'/2. For
every f € L®, and every x, the function k(x, -)f(-) is integrable and the
equation

1
(Tf)(x) = fo k(x, )f(y) d

defines a linear transformation of L® into L2 Here |(Tf)(x)| < 2|| fllo. It is
easy to see that T is not bounded in the L?-norm.
(b) Let X = Y = (0, 1) with Lebesgue measure and
k(x,y) = x~1/% ~2exp(—i log x log y).
If f € L=, then [3|k(x, »)f(»)| & < 2| f]|x ~'/2 so the equation

1
g(x) = fo k(x, »)f(y) &

defines a measurable function g(x). We will show that g € L? and that
|l gllz < M|| f|l, for some constant M, so the map f — g extends to a bounded
linear operator from L? into itself. By a change of variable we see that
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gle™) = Lw e/%e= /(e " )e ™ dt

=V 27 e/?F(s), s>0,
where

F(1) = { e™"/Yf(e™*) fort>0,
0 fort <0

and F is the Fourier transform of F. But

1 2 _ © _ —x — 0
f, foFdi= [ eI fte™)P dx = [~ |F(s)P s

and
1 © - TN
[P ax = [~ e~*|gle™ )P ds = 20 [ |F(1)} at
0 0 ()
<2 [T |F@)Pdt =207 |F(s)P as,
-] — 0

by Plancherel’s formula. Thus || g|l, < V27 || f|l,. Finally we show that there
is a function f in L?, for which the function k(x, -)f(-) is not integrable for
any x in (0, 1). Take f(y) = y ~1/2/(1 — log y).

REMARK. Theorem 6.1 is similar to the characterization of Carleman
integral operators given by Korotkov [14] and Weidmann [23, Satz 2.9]. They
show that T is a Carleman integral operator (i.e., the kernel k(x, y) is an
L*function of y for almost every x) if and only if there exists a positive Borel
function € on X such that |(Zf)(x)| < || f]l,2(x), a.e. for every f in L%
Furthermore T is a Hilbert-Schmidt operator if and only if £ can be chosen
in L%(X) (see [23, Korollar 2.10]).

7. Sigma-finite measure spaces. Until now, we have dealt only with finite
measure spaces (X, m) and (Y, n). In this section we make some remarks
about extensions to sigma-finite measure spaces. When m and n have total
finite variations, the kernel u(x, -) must also have finite total variation for
almost every x since the function 1 belongs to L*(Y, n) and hence must be
integrable with respect to almost all of the measures | u|(x, -). In the case m
or n have infinite total variation we need “measures” pu(x, -) which are
allowed to have finite total variations and are complex-valued. Since there is
no such a thing, we define the kernel p(x, -) to be the “product”
w(x, y)| g|(x, dv) where w(x, y) is a complex-valued function with modulus 1
which is a Borel function of y for almost every x, and where |p|(x, -) is a
sigma-finite positive measure on the Borel subsets of Y. The integral
Jf(y)u(x, dy) will be understood to mean [f(y)w(x, y)| ¢|(x, 4). The measur-
ability condition of the map x — p(x, B) in Definition 2.1 would have to be
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modified into the following: For every Borel subset B of Y of finite n-
measure, the map x — p(x, B) is a Borel function. We note that for such a set
B, the total variation |u|(x, B) must be finite for almost every x since
Xz € L¥(Y). With this as our definition of a “kernel” and with the corre-
sponding definition of a pseudo-integral operator, most of the results of the
preceding sections remain valid in the new setting with slight modifications of
the proofs. We make a few remarks about the exceptions.
For operators with absolutely bounded kernels, we have

(15,8 = [ f(»)z(x)n(dx, &), (++)

where now p(dx, dy) is the product ¢(x,y)|pl(dx, dy) of a unimodular
jointly-measurable function ¢ and a positive sigma-finite measure | g|. It is
easy to see that u must be sigma-finite in a very special way: there are disjoint
Borel sets X, (respectively Y,) in X (respectively Y) such that X = U X,
Y= U Y, and |p|(X, X Y,,) < o« for every n and m. We call a measure
with this property bi-sigma-finite. All of the results of §4 now extend to the
new setting.

Theorems 2.7 and 6.1 must be modified. The appropriate extension of
Theorem 6.1 should be as follows:

THEOREM. Let ¥ = U Y,, where U Y, is an increasing sequence of Borel
subsets of Y of finite measure and let T be a bounded operator from L¥(Y) into
L*(X). The following conditions are equivalent.

(i) The restriction of T to L*(Y,,) is a pseudo-integral operator for every n.

(ii) There is a sequence Q,, of positive Borel functions on X such that for every
[ which vanishes outside Y, we have

()] < 11 fllooS2a()-
The proof is omitted.
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