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Abstract

The aim of this paper is to consider operator-valued functions that
can be approximated in the strong and weak operator topology by
countably valued functions. We relate these notions with the classical
formulations of measurability and provide conditions for their coinci-
dence. A number of examples and counterexamples are exhibited.
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1 Introduction and preliminaries

The concept of "measurable” function when dealing with functions with val-
ues in Banach spaces, or more generally in locally convex topological vector
spaces, depends on the possible generalization from the scalar-valued notion
that is needed in each case. The notions of strongly measurable, weakly
measurable (sometimes called scalarly measurable), weak*-measurable (in
the case of dual spaces) and others (see for instance [7, 9, 12]) appear in
the literature. However each of them generalize the scalar-valued case in
a different way. When dealing with operator-valued functions the situation
becomes even more complicated (see [6, 9, 12, 13, 16]) due to the possi-
bilities of considering not only the norm and weak topologies but also the
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strong-operator and weak-operator topologies. While the abstract concept
of (31, 3)-measurability, meaning that f~'(A) € Xy for any A € X; does
not require the measurable space (£2,%;) to have an underlying measure p,
in general measurability is not studied in its own right but usually is tied to
integrability in one or another sense, that is why negligible sets are consid-
ered in most definitions (see [10, 11]). However we would like to develop a
theory where only the o-algebra plays a role. With this in mind we recall
that a function f : Q — K is said to be measurable if f~'(G) € 3 for any
open set G. This, can be easily seen to coincide with f~!(B(a,¢)) € 3 for
any o € K and € > 0 where B(a,e) = {¢/ € K;|a — o/| < €}. Also this
turns out to be equivalent for the function f to be a pointwise limit of simple
(meaning finitely valued) functions. For functions with values in spaces of
operators we would like to analyze the differences existing when considering
any of these three considerations. The main interest is to find weaker as-
sumptions to handle some problems on operator-valued functions that has
appeared recently (see [1, 2, 3, 4]) and in particular to establish the basis to
consider new problems concerning measurability with respect to the strong
operator topology (see [5, 14]).

We would like to call the attention of the differences existing between
these possible definitions, and try to find two approaches that cover most of
the possible formulations. One point of view (used in the Bochner measur-
ability and integrability) is to consider pointwise limits of countably valued
functions and another possible approach (used when dealing with weakly or
scalarly measurable functions) is to assume that pre-images of elements in a
basis of the topology are measurable sets. According to these two approaches
we shall say, for a topological vector space (Y, 7) with a basis § C 7, that
f: 2 — Y is B-measurable whenever f~}(A) € ¥ for any A € 3 and we shall
say that f : 2 — Y is r-approximable whenever f is a pointwise limit of
countably valued functions in the 7-topology. Of course, the first examples
of 7-measurable functions and 7-approximable functions are the countably
valued functions f = )7 yxXa, where y, € Y and A, € ¥ are pairwise
disjoint (we keep the name of simple function for those which are finitely
valued). Hence for Y = K we have that | - |-approximable is equivalent to
f-measurable where = {B(a,€);a € K ;e > 0}. However functions taking
values in a Banach space E are called (strongly) measurable whenever they
are || - ||-approximable, while weakly measurable (or weak* measurable in the
case of dual spaces) usually refers to the condition w — (f(w), z*) is measur-
able for any 2* € E* (respect. w — (f(w), z) is measurable for any = € X),
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which corresponds to Nyeqp-measurable (respect. Nyeqrs-measurable), for
the standard basis in the weak topology (respect. weak*-topology).

For the space of operators L(F1, Fy) endowed with different topologies
the notation is even more confusing (see [12, Chapter 3]). A function f : Q —
L(Ey, Ey) is said to be uniformly measurable if it is || - ||-approximable, while
f is said to be strongly measurable if f, are || - ||-approximable in F; for
any x € Ey where f,(w) = f(w)(z), and f is said to be weakly measurable
if (f.,y") are measurable functions for any z € E; and y* € Ej, which would
correspond to [S-measurability for the standard basis in the WOT topology
L(Ey, E). In [16, 13] the name of strong operator measurable and weak
operator measurable is used for the last two notions and (X, Bo(L(H, H))-
measurability is used for the Ngor-measurability in the case of a Hilbert
space F; = F5 and the standard basis of the strong operator topology.

To avoid misunderstandings we shall use the terms || - ||-, weak-, weak*-,
SOT- or WOT-approximable to mean that there exists a sequence of count-
ably valued functions such that s,(w) converges to f(w) for any w € €,
in the norm, weak, weak®, SOT or WOT topologies and we use the terms
W-measurable, W*-measurable, SOT-measurable and W OT-measurable for
the corresponding S-measurability with respect to the standard basis in each
of the corresponding topologies.

The basic results connecting all these concepts are the Pettis’s measurabil-
ity theorem (see [7, Chapter 2, Thm 2]) and its extension for operator-valued
functions due to Dunford (see [12, Thm 3.5.5]) which, in our notation, would
read as follows:

(a) f:Q — Eis || - ||-approximable if and only if f is W-measurable and
f(Q) is separable.

(b) f: Q — L(E, Ey) satisfies that f, is ||-||-approximable for any x € E;
if and only if f is WOT-measurable and f,(2) is separable for any z € Ej.

(c) f:Q — L(Ey, E,) is || - ||-approximable if and only if f is WOT-
measurable and f(£2) is separable in L(E}, Es).

Another basic result compares the strong operator measurability with the
(2, Bo(L(H, H))-measurability (see [13, Theorem 2]), which in our terminol-
ogy reads: If (Q, %, u) is a finite complete measure space, and Fy = Fy = H
is a separable Hilbert space over C then f: Q — L(H, H) satisfies that f, is
|| - [|[-approximable for any x € H if and only if f is SOT-measurable.

In this paper we differentiate the measurability defined by means of pre-
images of elements belonging to the basis in the SOT and WOT' topolo-
gies and the notion defined via approximation by countably valued func-
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tions in the mentioned topologies. We shall prove that separability and d-
approximability coincide for metric spaces and observe that ||-||-approximable
coincide with weak-approximable. We shall present a version of Pettis’ mea-
surability theorem for the class of SOT -approximable functions. We show
that some well known operator-valued functions actually get into this scope
and give several procedures to get examples satisfying our definitions.
Throughout the paper (€2, X) stands for a measurable space (i.e. ¥ is a o-
algebra over Q) and E, F; and F, are always Banach spaces over the field K
(R or C). We write Bg for the unit ball, E* for the dual of E and L(E}, Es)
for the space of bounded linear operators between them. As usual, given

a sequence of operators (T,,) € L(Ey, Ey) we write T,, — T (or T, LN T)
for the convergence in norm, 7, ST 7 for the convergence in the strong
operator topology, i.e. ||T,x — Tx|| — 0, Vz € Ej, and T, WO, T for the

convergence in weak operator topology, i.e. (T,x — Tz, y*) — 0, Vx € E;
and y* € E3.

2 Measurability of operator-valued functions

Let us introduce some notation to be used in the sequel. Given a metric space
(Y, d) we denote by N, the basis of the topology given by Ny = {B(x,¢) : x €
Y,e > 0} where B(z,¢) = {y € Y;d(z,y) < £}. In the case of normed spaces
we write AV . For a Banach space E, besides the norm topology, we shall
consider the weak topology and write N, the standard basis consisting in
neighborhoods

N(w;x"e) = {y € B+ max |{y —z,25)] <e}

where x* = (z},25,--- ,2}) € (E*)" and n € N. For a dual Banach space
E = F* we shall also consider the weak*-topology and write Nyeqr the
standard basis consisting of neighborhoods

N(z;z,¢) ={y € E': max [{y — z,z)| < ¢}
1<j<n

where z = (21,22, ,2,) € F" and n € N.
In this paper we deal with Banach spaces of bounded linear operators
X = L(E4, Ey,). Here we have two more topologies to be considered, namely



the strong operator topology (SOT') and the weak operator topology (WOT).
We denote by Ngor and Nyor the corresponding basis given by

N(T;x,e) ={5 € X : max [[(S - T)(z)|| <<}

and

N(T;x,y" ) ={S € X : max [{(T' = S)x;, ;)| < e}

1<j<n

where x = (x17$27 e 7xn) S (El)nu y* = (3/{;3/;; T 7y;kz) € (E;)n and n €
N. Finally in the case that Fs is a dual space, taking into account the
identification (E®,F)* = L(E, F*) (see [7, Page 230]), we can also consider
Nwor- the corresponding basis with respect to the weak*-topology which is
given by

N(Tix,y.8) = {8 € X : max [((S = T)ay ;)| < <}.

1<j<n
where x = (21, ,x,) € (E1)", y = (Y1, -+ ,Yn) € (E3)" and n € N.

Definition 2.1 Let (Y, 7) be a topological vector space and 5 C T be a ba-
sis of the topology. A function f : Q — Y is said f-measurable whenever
FHA) eX for any A € 3.

In particular if X is a Banach space and f : 2 — X we say that f is
| - [|-measurable or W-measurable whenever f~'(A) € ¥ for any A € N
or A € Nyear respectively, for dual spaces X = F* we say that f is W*-
measurable whenever f~1(A) € ¥ for any A € Nyears, for X = L(E}, Es)
we say that f is SOT- and WOT-measurable referring to f~1(A) € ¥ for
any A € Nsor and A € Nyor respectively. We keep the notations 7y
measurable, Tgor-measurable, Ty or-measurable for 7-measurable when 7 is
given for the family of open sets with respect to the corresponding topologies.

Let us first establish some equivalent formulations of the above definitions.

Proposition 2.2 Let X = L(Ey, Es), f: Q — X and denote f.(w) =
fw)(z) and fy (W) = (f(w)(x),y*) for x € Ey and y* € E5. Then

(i) f is || - ||-measurable <= || f(-) — T|| is measurable for any T € X.
(i1) [ is W-measurable <= (f(-),T*) is measurable for any T* € X*.
(i11) f is SOT-measurable <= f, is || - ||-measurable for any x € E;.

(iv) [ is WOT-measurable <= f, ,+ is measurable for any v € Ey and
y* € k5.



Proof. (i) It follows from the definitions.

(ii) Assume that f is W-measurable and let 7% € X*. We have to check
that {w € Q : [(f(w), T*) —a| < e} € ¥ for any ¢ > 0 and o € R. We
may assume that 7% # 0 and take any Ty € X such that (Ty, T%) = A\ # 0.

Define now 71" := /\—goz and observe that

{weQ: |(f(w),T") —a|<e}={weQ: f(w) e N(T;T",e)} € X.

The converse implication follows using that N(7;T* ) = N N(T;T},¢)
where T* = (17, --- , 1) and (f(-),T;) is measurable for i = 1,--- ,n.

(iii) Assume that f is SOT-measurable and let x € E;. We have to see
that {w € Q: ||fo(w) —y|| < e} € ¥ for any € > 0, y € E5. Select x* such

that (z,2*) = ||z|| and define T := £ ® y. With this choice

I
{we:|filw)—yll <e}={weQ: f(w) e N(T;z,¢e)} € X

As above, the converse is immediate.

(iv) Assume that f is WOT-measurable and let z € E; and y* € Ej.
We need to check that {w € Q : |f,yu(w)(z) —a| < e} € X for any € > 0
and o € R. We may assume that = # 0 and y* # 0. Then take x* such
that (z,2") = ||z, and yo with (yo,y*) = Ao # 0. Define y := £a and
T :=

lf?ll ® {ta. Again we use that
fwe Q:[(fW)(x),y") —al <} = fw € Q: f(w) € N(Tia,",2)} € £.

The converse as above is immediate.

There are some trivial implications among these concepts. Of course the
topologies Tiwor C Tsor C 7). and Tyeaks C Tweak C 7). Also, taking into
account that for each x € E; and y* € E} the map T' — (T'z,y*) belongs to
X* one gets Myyor C Nyear- These inclusions give the following remark.

Remark 2.1 Any 7 -measurable function is also W-measurable and SOT -
measurable and also any W-measurable f : Q — X = L(F1, Ey) is also
WOT-measurable.

The converse is false in general as the following example shows.

Example 2.1 Let Q = [0,1], ¥ = B the Borel o-algebra y let A be a non-
Borel set. Take By = (%([0,1]), By = K and f : [0,1] — L(¢*([0,1]),K) =
(%(10,1]) given by

t — erxalt)
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where (e;); stands for the canonical basis. Then f is W-measurable (and
SOT-measurable) but not || - ||-measurable (in particular is not 7). -measurable).

Proof. Due to Proposition 2.2 we first need to see that (f(-),7*) is mea-
surable Borel for any T* € X*. Use that £%([0,1]) = (¢*([0,1]))* and for
cach z* € (2([0,1]) there exists (t,) € [0, 1] such that 2* = )" a,e;, with
> lan|? < 0o. Therefore t — (f(t),2%) =3, <4 nler,, €) is measurable.

However, the set {t € [0,1] : || f(?)]] < 1/2} =[0,1]\ A is not measurable.
u

Recall that in the case Es = K the classical notions of weak and weak*-
measurability correspond to W and WOT-measurability respectively. Hence
we have the following example at our disposal (see [7, Page 43 ]).

Example 2.2 Let Q = [0,1], ¥ = B the Borel o-algebra, Ey = (*, Ey =
K and f : [0,1] — ¢ = LK) given by f(t) = (ra(t))nen where 1,
stand for the Rademacher functions. Then f is WOT -measurable but not
W -measurable.

Let us now see the role of separability in the coincidence of different
notions. We start by mentioning that for separable metric spaces we can use
the basis of the topology to define measurability.

Proposition 2.3 Let (Y,d) be a separable metric space. Then f:Q — Y is
Ng-measurable if and only if [ is T4-measurable.

In particular if f : Q — E is N.-measurable and E is a separable Banach
space then f is 7). -measurable.

Furthermore, if X = L(E4, Ey) where Ey is separable then if f is SOT-
measurable then it is also || - ||-measurable.

Proof. Of course if f is 7g-measurable then f is Nj-measurable. Assume
that f is Ng-measurable. Using that f is S-measurable if and only if f is
o(f)-measurable where o(f) stands for the smallest o-algebra containing [
we shall see that o(Ny) = o(74) in the case that Y is d-separable. It suffices
to see that any open set G belongs to o(Nj).

Let A = (y,)52, be a dense set in Y and G € 75. For each y € G,
there exist ¢ > 0 and y; such that y € B(y,e). Selecting e such that
y € B(yr,er) C G, we conclude that G = UiB(yk,ex). This shows that

f7HG) = U fH(B(yk, er)) € X



Assume now that f : Q — L(E}, E») and E; is separable and let (x,,)
be a dense set in the unit ball of F;. Due to Proposition 2.2 each map
| ., () = T'z,|| is measurable for each n € N and 7' € X. Since

1f(w) =T = Sup || fa, (w) = Tyl

we obtain that f is || - |[-measurable. m
We know introduce another related notion based on approximation by
countably valued functions.

Definition 2.4 Let (X,7) be a Haussdorff topological space. A function
f:+Q — X is said to be countably valued if there exist (x,), C X and
(A)n C X such that f =377 xyXa,. In the case that xx, =0 for k > ng it
will be called a simple function.

A function f : Q — X is said to be T-approzimable if there exists a
sequence of X -valued countably valued functions s, : Q — X such that

lim s, (w) = f(w) Yw e Q.

In the case that (X, 7) be a Haussdorff topological vector space and f : Q) —
X, we denote Xy = span(f(2)) and f is called T-approximable if f : Q@ — Xy
15 T-approximable, that is to say that we allow the countably valued functions
to take values in Xy and not only in f(€2).

In particular, a function f : Q — X = L(E, E») is said to be weak-,
SOT-, WOT- and weak*-approximable (in the case Fy = E*) if there exists
a sequence of operator-valued countably valued functions s, : 2 — X such
that

(Sn(w), T™) — (f(w), T"), VT e X", Vw e Q,

lirrln |sn(w)(x) — f(w)(z)|]| =0 Vae FE;, Ywefq,
(sp(w)(x),y") — (f(w)(x),y"), Ve E,Vy* € E;,YweQ

n—oo
and
(sn(w)(x),y) — (fw)(x),y), Vre E,yeEYwel)
respectively.
We shall see that for £y = K the notions of || - [|-, SOT- and WOT-

approximable coincide. However, for F; = K the notions SOT- and WOT-
approximable (which correspond to weak*-approximable) differ from || - |-
approximable as the following example shows.
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Example 2.3 Let Q = [0,1] with the Borel o-algebra, Ey = (' and Ey =
K. Let f(t) = (e")pen. Then f is weak*-approximable but not | - ||-
approximable.

Proposition 2.5 Let (X, 1) be a Haussdorff topological space. If f : Q0 — X
is T-approximable then f is T-measurable and f(Q)) is T-separable.

Proof. Assume f = lim, s, pointwise and s, = Z,jil Tn kX A,k fOI some
Tpr € X and A, € 7. If G € 7 then s, (G) € ¥ and

{w: f(w) € G} =limsup{w : s,(w) € G} € %.

Finally observe that f(Q2) € A where A = {s,(w) : n € Nyw € Q} is a
countable set in X. m
Let us show that actually the converse holds true for metric spaces.

Lemma 2.6 Let (Y,d) be a metric space and ¥ = B(Y') the Borel o-algebra.
The following are equivalent:

(i) Y is d-separable.

(i) There exists a sequence ¢, : Y — Y of simple functions such that
lim,, 0 d(Pp(w), w) =0 for any w €Y.

(#1i) id : Q@ — 'Y is d-approximable.

Proof. (i) = (ii) Choose {y, : n € N} a countable dense subset of Y. For
eachn € N, and 1 < k < n, we define

Bl,n - {y € Y : d(ya yl) S 1£nni1<ln d(ya ym)}a
and for each 1 < k£ < n, define By, as the set y € Y satisfying

Clearly By, are pairwise disjoint Borel sets.
Now, let us define ¢, : Y — Y by ¢,(y) = vy for the first y, attaining
mini <<y (¥, 41), that is to say

Gn =D Uk XBy.,- (1)
k=1

Hence the functions ¢, are B(Y)-simple, and we have lim, . ¢,(y) = y
VyeY.

(ii) = (iii) Obvious

(iii) = (i) It follows from Proposition 2.5. =
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Theorem 2.7 Let (Y, d) be a metric space. Then f : Q — Y is d-approximable
if and only if [ is Ny-measurable and f(Q) is d-separable.

Proof. The direct implication follows from Proposition 2.5. Assume now
that f is Ng-measurable and f(Q) is d-separable. We now use Lemma 2.6
to construct ¢, = >, Yr XB,,. With ¢,(y) — y for any y € f(Q2). Since
Bin € 0(Ny) and f is Ny-measurable we obtain that A, = f~'(B,x) € &
and we have that s,(w) — f(w) for each w € Q where s,(w) = ¢,(f(w)) =
> h_1YkXA,,- Hence fis d-approximable. m

For Banach spaces (X, || - ||) we can apply Theorem 2.7 for d(x,y) =
||z —y||, and since || - ||-approximable corresponds to the so-called (strongly)-
measurable (see [7, 9]) or uniformly measurable in the case X = L(E}, E»)
(see[12]) we recover Pettis (and Dunford generalization) measurability theo-
rem. From Theorem 2.7 and Proposition 2.2 we obtain the following corollary.

Corollary 2.8 A function f : Q — L(Ey, Es) satisfies that f, is || - |-
approzimable for any x € Ey if and only if f is SOT-measurable and f,(2)
is || - ||-separable for any x € E;.

Proposition 2.9 Let X be a Banach space and f : Q — X. Then f is
| - [|-approzimable if and only if [ is weak-approximable.

Proof. It suffices to use that if s,(w) — f(w) weakly then a convex com-
bination of s, say §,(w) converges to f(w) in norm (see [12, Page 36]). Of
course if s,, are countably valued, then also §, are, and the result follows. m

Proposition 2.10 Let E be a separable Banach space, X = E* and let
f:Q — X be a bounded function. Then f is weak*-approximable if and only
iof fis W*-measurable.

Proof. We may assume that f(2) C Bx. Since F is separable then the unit
ball of (Bx,weak*) is metrizable (see [9, Page 426]) and weak*-compact (see
[12, Page 37]). Hence By is a metrizable separable space with the weak*-
topology. Applying now Theorem 2.7 and Proposition 2.3 we have the desired
result. m

Let us mention that Proposition 2.10 does not hold without the assump-
tion of separability.
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Example 2.4 Let Q = [0,1], E = ¢*[0,1] and f : [0,1] — ¢*[0,1] = E*
given by f(t) = e; the corresponding element in the canonical basis. It is
W*-measurable, but not weak*-approximable.

Proof. For each x = (ay); € (*([0,1]) then ¢ — ay is measurable. Let us
see that f([0,1]) is not weak*-separable. Assume that A is weak*-dense in
f(]0,1]). For any two points from ¢,¢' € [0,1] and € > 0 there exists g € A
such that g € N(e; e, ep,¢). In other words

(g, 1) = {er, en)| < e and (g, en) = (er, er)| <e.

so, we have
lg(t) — 1] < e and |g(t')] < e.

This means that for each pair (¢,¢') € [0,1] x [0, 1] with ¢ # ¢/, we obtain
a function g,y € A which verifies g; 4 (t) ~ 1 and g4 (') ~ 0. As there is a
non-countable amount of pairs (¢,t') € [0,1] x [0, 1] with ¢ # ¢/, we get that
A would contain a non-countable amount of different functions. Therefore
f([0,1]) is not weak*-separable and then f cannot be weak*-approximable.
[

Of course || - ||-approximable implies SOT-approximable and for dual
spaces weak-approximable implies weak*-approximable. However the con-
verse is false as the following example shows.

Example 2.5 Let X be a separable Banach space such that X* is not sepa-
rable. Let Q) = Bx« with the weak™-topology and X the Borel o-algebra. Then
id : Q — L(X,K) is weak*-approzimable (SOT-approzimable) but it is not
weak-approximable (|| - ||-approzimable).

Proof. Since () is weak*-separable but it is not || - ||-separable then from
Lemma 2.6 we obtain id : 0 — X* is weak*-approximable. However it is
not || - [|-approximable, which by Proposition 2.9 gives that it is not weak-
approximable. m

Let us now investigate some conditions on E; and F5 for the WOT' and
SOT measurability to coincide.

Proposition 2.11 Let Ey is separable. Then f : Q — L(Ey, Ey) is WOT-
measurable if and only if f is SOT-measurable.
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Proof. Assume that f is WOT-measurable, Select (y,) C Es and y C Ej
such that (y,) is dense in Fy and ||y,| = (yn,y;) for each n € N. Therefore
for each x € Fy and T' € L(E4, Ey) we have

If(w)e = Taf = sup [(f(w)a, yo) = Tz, y)]

Therefore f is measurable due to the measurability of f, . for each n.

Assume that f is SOT-measurable. Applying Corollary 2.8 we conclude
that f, is || - ||-approximable and in particular f, is weak-approximable.
Hence f is WOT-measurable. m

Theorem 2.12 Let f : Q — X = L(E4, Es) and Xy is || - ||-separable. Then
fis| - ||-approzimable <= f is 7. -measurable <= f is ||-||-measurable <=
f s SOT-measurable <= f is WOT -measurable <= f is W-measurable.

Proof. Making use of Theorem 2.7, Proposition 2.3 and Remark 2.1, the only
implications that remain to be shown are that if f is either SOT-measurable
or WOT-measurable then it is || - [|-measurable. For such a purpose, let (73,)
be a dense set in X; and select x, € E; and y; € Ej such that ||T,] <
T ()| + 1/n and || T (z0)|| = [(Thzn, yi)|. 1t is elementary to see that for
each w € Q and T € L(E,, Es),

If (w) =T = sup |f (w)an — Tan|| = sup |{(f(w) = T)zn, o).

Hence either SOT- or WOT-measurability implies || - ||-measurability. m
As a consequence of Proposition 2.5 and Theorem 2.12 we can recover
the Pettis and Dunford measurability theorems at once.

Theorem 2.13 Let [ : Q — X = L(E4, Ey). The following statements are
equivalent:

(i) f is || - ||-approzimable.

(i) f is 7). -measurable and Xy is separable in X.

(111) f is WOT-measurable and Xy is separable in X.

Let us now analyze the version of Theorem 2.13 for the SOT topology.

Theorem 2.14 Let f : Q — X = L(E,, Ey) where Ey is separable. The
following statements are equivalent:

(i) [ is SOT-approzimable.

(i1) [ is Tsor-measurable and Xy is SOT-separable.

(i1i) f is WOT -measurable and Xy is SOT -separable.
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Proof. The implication (i) = (ii) was shown in Proposition 2.5 and the
implication (ii) == (iii) is immediate.

(ii) = (i) Note that f = lim,, fxmp, where X = L(E}, E;), and
due to the fact that pointwise limit of 7-approximable functions is also 7-
approximable we can assume that Ky = sup,cq || f(w)| < co. Assume f is
WOT-measurable and Xy is SOT-separable. Since Xy N KyBx is SOT-
separable we select first {7,,} a countable set in Xy N KyBx such that
f(Q) c {T,} and (x,,) dense set in Bp,. Consider the separable subspace of
E, given by Ey = span{T, (x;) : n,k € N}. Due to Proposition 2.11 we have
that f is SOT-measurable.

Denote Ny = N(0;xq,- -, zy, %) and define for each n, k € N the set

Akz,n = {w € Q: f(w) —Tn c Nk}

which belongs to ¥ since f is SOT-measurable. Now consider By ; = Ay
and

Bin = Apn \ (Ui<j<cnBr ;)

which are pairwise disjoint sets in ¥ and Q2 = U, A, = U,, By, for any k € N.
We now define the countably valued function

fk: = Z TnXBk’n-

It remains to show that f(w) = SOT — limy, fix(w), that is to say that for
ecach w € Q, z € E; and € > 0 there exists kg = k(x,¢) such that f(w) —
fi(w) € N(0;z,¢) for any k > ko. Select j € N such that |[x — 2| < 77,
k > max{j,2} and n € N such that w € By,. Therefore

e(lf ()l + [1.fi (w)D)

[f(w)(z) = fr(w)(@)] < 1f (w)(z;) = frlw) ()] + 15,
< [f(w)(w;) = Talzy)|| +¢/2
< %+5/2:5.

This completes the proof. m

Corollary 2.15 Let E; be separable and f : Q — L(FEy, Ey). Then f is
SOT-approximable if and only if f is WOT -approximable.

13



Proof. Assume that f is WOT-approximable. Since co(f(Q))WOT = co(f(Q))SOT

we can use Theorem 2.14 to obtain that f is SOT-approximable. The con-
verse is obvious. m

Let us finish this section with a couple of examples showing the impor-
tance of separability in the assumptions above.

Example 2.6 Let Q = [0,1] and ¥ = B the Borel o-algebra. Let By = Ey =
(. Define f(t) € L(E, Ey) given by

F®) (o)) = (€™an),  (an) € €.
Then f is not WOT -approximable.

Proof. It suffices to see that {f(¢) : t € [0,1]} is not WOT-separable.
Assume that this is the case, then selecting 1 = (a,) with a,, = 1 for all
n we would have that {f(¢)(1) : ¢t € [0,1]} is weakly separable, which is
equivalent to norm-separability. However it is clear that {(e™), : t € [0,1]}
is not norm separable. m

Example 2.7 Let us consider f :[0,1] — L(¢*(]0,1]),¢*([0,1])) given by

t)(z ases) = Z as€s. (2)

s<t
Then f is SOT-measurable but not SOT -approximable.
Proof. Let Y, ases € 2([0,1]). Hence A = {s : a, # 0} is countable.

Hence
t— f Z ases Z As€sXs,1] (t)
s€A
is countably valued, and then || - [[-approximable.

On the other hand f([0,1]) is not SOT-separable. Assume that there

exists a set A of elements in span(f([0,1]) such that f([0,1]) C c A7 W
shall see that A is non countable. For each t € [0, 1] there exists g € A Such
that f(t) —g € N(0;e;,1/2). We can choose g = >, a;f(t;) for a given
sequence of scalars (o) and t; € [0, 1]. Hence

1 (E)(er) — gled)ll = lle — Z ajey|| < 1/2.

This implies that ¢ = ¢; and a; = 1 for some j. This shows that {f(¢) : t €
[0,1]} belongs to A and therefore A is non countable.
u
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3 Examples of SOT-approximable functions

In this section we show that standard functions which appear in different
areas are actually SOT-approximable functions but not || - [|-approximable.
Also some procedures to construct them are provided.

Proposition 3.1 Let Q = [0,1], ¥ = B the Borel o-algebra, E; = L'([0,1])
and Ey = C([0,1]). For each K : [0,1] x [0,1] — R measurable and bounded
we define fr : [0,1] — L(Ey, E2) be given by

fmwwzfmwwwm¢umMn

Then fx is SOT-approzimable. .
Moreover, if K :[0,1] — L*([0,1]) where K(t)(u) = K(t,u) is assumed
to be || - ||-approzimable then fx is || - ||-approzimable.

Proof. Note first that fx(¢) is well defined.. Indeed, for each ¢ and ¢ €
L'([0,1]) we have that K(t,-)¢(-) € L'([0,1]) and then [5 K(t,u)¢(u)du
is continuous. Invoking Corollary 2.15 we shall show that fx is WOT-
approximable.

We know from the scalar-valued measurability of K that K (s,t) = lim,, K, (s,t)
where

o0
— E +
Kn - ak,nXAn,k XBnyk7 ak,n E R 7ATL,]C7 Bn,k e 2

k=1
Define -
fn(t) = Z ak,ncI)kaAn’k (t)
k=1
where @, 1(¢)(s) = f[O,s]ﬂBnk o(u)du € L(Ey, Ey). Therefore for each ¢ €

LY([0,1]) and p € M([0,1]) = E3 we have
t = (f()(0), ) = im(f(t)(0), 1)

and f, are countably-valued functions. )
Assume that K = lim,, K, in the ||-|| topology where K, = 72 | ¥ nXa,.,
for some 9, € L> and A, € 2. Denote

nwww{X[mmww@me¢aww>

15



The result follows using that

1/ (&) = fu(B)]] < sup / [ K (t,u) Kt  u)p(w)ldu < ||K(t) = Ka ()]

llgll=1
n

Corollary 3.2 Lett — f(t) € L(L'(]0,1]),C([0,1])) given by

min{t,s}
O = [ ouda
0
is SOT -approximable but not || - ||-approzimable.

Proof. Apply Proposition 3.1 for f((t) — Xpo.(u). Note that f([0,1]) is not
|| - ||-separable because for t < ¢/

1F(t) = F(E)] = sup /qs(u)duzl.
¢>0,]|¢]l1=1J¢t

This gives that f is not || - [|-approximable. m

Given z* € Ef and y € Fy we denote z* ® y the operator in L(E}, Es)
given by x — (2*,x)y. Let us now construct functions with values in the
space of operators between general Banach spaces using special sequences of
elementary operators.

Proposition 3.3 Let Ey and E} be Banach spaces. Let ¢, : [0,1] — C be a
sequence of measurable functions such that

M = sup |¢,(t)| < .
Let (y;,) € Bg; and (z},) € Bp: be such that
Z] Wyr,y)| < oo, xz€Ey, ye€E,.
If £ 110,1] = L(Ey, E5) given by
= _onl)z; @y, (3)

then f is weak*-approximable.
Furthermore, (i) f is SOT-approzimable whenever Y |(x},x)| < oo for
all x € Fy.

(11) f is || - ||-approximable whenever Y ||« ||||yi] < oco.

16



Proof. Using the assumption we have that f(¢) is well defined, because

Z On(t) ) {Ynsy)

defines an absolutely convergent series for each ¢ € [0, 1].

Consider fy(t) = SN ¢, ()27 @y’ which is a | -||-approximable function
with values in £(FE4, E). Hence can be approximated by simple functions
in the norm topology. Of course fy(t) — f(t) in the WOT™* topology be-
cause for each ¢ > 0 and z € E; and y € F, there exists N such that

ZZO:N |(x, )| [{yk, y)| < e/M. Hence

[{(fn(t) () = F(B)(2), y)| < M Z ) |[yny)| <e.

n=N+1

Under the assumptions in (i) and (ii) the convergence fn(t) — f(t) is in
the SOT and || - || topologies due to the estimates

v (@)(x) = FO) ()] < M Z z)[ly|

n=N+1
and .
£ () = FOI <M D> iyl
n=N+1
| |

Corollary 3.4 Let 1 < p < oo and (e,) the canonical basis of ¢*. Then
f(t) =3, (en ® ey)e™ is SOT-approzimable but not || - ||-approzimable.

Proof. Using Proposition 3.3, together with the fact that weak*-approximable
becomes W OT-approximable since 7 is reflexive we obtain that f is WOT-
approximable, and using that ¢? is separable we also get, invoking Corollary
2.15, that f is SOT-approximable.

However the range is not separable, what follows from the estimate || f(¢)—
f(s)]| = sup, |e™ — €| > 1 whenever t # s. This gives that is not || - ||-
approximable. m

Other natural examples of SOT-approximable functions which are not
|| - [[-approximable appear often in different areas.
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Example 3.1 Let 1 < p < oo. Denote the translation operator on R by
7 € L(LP(R), LP(R)), that is

Ti(¢)(s) = ¢(s + 1)
and the dilation operator on R* by Ds € L(LP(R), LP(R)), that is

Ds(¢)(s) = 6'/7¢(ds).

Then the functions f(t) = 7 and g(8) = Ds are SOT-approzimable but not
|| - [[-approxzimable for 1 < p < oco.

Proof. Using Theorem 2.14 and Proposition 2.5 it suffices to see that f
and g are WOT-measurable, f(R) and g(R") are SOT-separable but not
| - ||-separable. Note that for ¢ € LP(R) and ¢ € L” (R) we have

E s (r().0) = / ot + s)p(s)ds

and

5= (Do) ) =57 [ o(ds)u(s)as

are continuous and hence measurable. Indeed the first case follows using that
(@) = Ty (0) = Tity (T2 (0)) — T1o(¢) and [|7(¢) — ¢, = 0 as e — 0. For
the second one, use that Ds(¢) — Ds,(¢) = Ds;s5,(Dsy(¢)) — Ds,(¢) and the
fact | Ds(¢) — ¢[|, = 0 as § — 1.
Consider {f(q) : ¢ € Q} and {g(q) : ¢ € Q,q > 0}. The above arguments
show that are SOT-dense in f(R) and g(R™).
1

Of course, for each t > ¢/, select ¢(s) = Tag77 Xla) for which b—a < t—t'.

Hence
1/p
|7 — 7]] > (/ |p(s + 1) — d(s + t’)\pds) =2.
R

Similarly for &' < § < 2¢, select ¢ = xjo,1- Hence, since (1 —a)'/? > 1 —qal/?
for 0 < a < 1, we have

(817 — M7y gt (gt — gy

2(1 — (8'/8)M/P) > 2(1 — 271/P).

|Ds — Dy ||

(AVARVS
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Example 3.2 Let Q = [0,1] and ¥ = B the Borel o-algebra. Let Fy =
C([0,1] x [0,1]) and Ey = C([0,1]) the spaces of continuous functions. Let
f:00,1] — L(E4, E3) be given by

f(t)((b) = ¢t7 ¢t(5) = (b(t? 8)7 (b € C([07 1] X [07 1])
Then f is SOT-approximable but not || - ||-approzimable.

Proof. As above it suffices to see that f is WOT-measurable, f([0,1]) is
SOT-separable but not || - ||-separable.
Let ¢ € C([0,1] x [0,1]) and x € M([0,1]) = E; we have

E (F()(0), 1) = / o(t, 5)dp(s)

which is continuous (and hence Borel measurable).

On the other hand {f(¢) : ¢ € QN [0,1]} is SOT-dense in f([0,1]).
Indeed for any ¢ € C([0, 1] x [0,1]) = C([0, 1], C[0,1]) and 0 < ¢ < 1 we have
|t — g, || = 0 for any sequence (g,) C QN [0, 1] converging to t.

Finally note that for ¢ # t' select ¢ € C([0,1]) such that ||¢|« = 1,
¥(0) =0 and ¢(t —t') = 1. For ¢(t,s) = (t — s) we have

1F(&) = fF@ = g — dvl = 1

what shows that f([0, 1]) is not separable. m
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