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Geometry of spaces of compact operators

Asvald Lima and Vegard Lima

Abstract. We introduce the notion of compactly locally reflexive Banach spaces and show
that a Banach space X is compactly locally reflexive if and only if (Y, X**)CK(Y, X )** for all
reflexive Banach spaces Y. We show that X™* has the approximation property if and only if X has
the approximation property and is compactly locally reflexive. The weak metric approximation
property was recently introduced by Lima and Oja. We study two natural weak compact versions
of this property. If X is compactly locally reflexive then these two properties coincide. We also
show how these properties are related to the compact approximation property and the compact
approximation property with conjugate operators for dual spaces.

1. Introduction

Let X and Y be Banach spaces. We denote by £(Y, X) the Banach space of all
bounded linear operators from Y to X, and F(Y, X), K(Y, X), and W(Y, X) denote
the subspaces of finite-rank, compact, and weakly compact operators respectively.

Recall that a Banach space X is said to have the approzimation property (AP)
if there exists a net (S,)CF (X, X) such that S,—Ix uniformly on compact sets
in X. If (S,) can be chosen with sup,, ||S,||<1, then X is said to have the metric
AP (MAP). The weaker properties compact AP (CAP) and metric CAP (MCAP)
are defined similarly but with the net (S,)CK(X, X). The dual space X* has the
CAP with conjugate operators (CAPconj) if there is a net (S,) CK(X, X) such that
S} — Ix« uniformly on compact sets in X*.

Let us also recall that a linear subspace F of a Banach space F' is an ideal in
F if E+ is the kernel of a norm-one projection on F*. The notion of an ideal was
introduced and studied by Godefroy, Kalton, and Saphar in [6].

A linear operator ¢: E*— ™ is called a Hahn—Banach extension operator if
(pe*)(e)=e*(e) and ||pe*||=|le*|| for all eeFE and e*€E*. Let us denote the set
of all Hahn—Banach extension operators ¢: E*— F* by IB(E, F'). It is well known
(and straightforward to verify) that BB(F, F')#@ if and only if E is an ideal in F.
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There is also a local characterization of ideals which predates the term ideal (see
Fakhoury [4], or e.g. Kalton [13] or Lima [14]).

If Y is a separable subspace of a Banach space X, then by a result of Sims and
Yost [31] there exists a separable subspace Z of X such that Y CZ and BB(Z, X )#@.
Such a subspace Z will be called a separable ideal in X.

Approximation properties involving compact operators behave differently in
certain respects from those involving only finite-rank operators. A Banach space X
has the AP if and only if F(Y, X) is an ideal in W(Y, X)) for every Banach space Y,
see [16] and [15]. In [15] there is also an example of a Banach space X without the
CAP such that (Y, X) is trivially an ideal in W(Y, X) for every Y. Something
can be done for the CAP however. X has the CAP if and only if for every Banach
space Y and TeW(Y, X) there is a net (S,) CK(X, X) with sup,, ||SoT||<||T|| such
that S,—1Ix in the strong operator topology [25, Theorem 2.3]. In this paper we
will study these “local”, the sense that the operators are factorized, and “global”,
non-factorized, aspects of compact operators.

Related to the “local” characterization of the CAP is the weak version of the
MAP introduced by Lima and Oja in [20]. A Banach space X has the weak metric
approzimation property (weak MAP) if for every Banach space Y and every operator
TeW(X,Y) there exists a net (S,)CF(X,X) with sup, ||TSa||<||T|| such that
Sq— Ix uniformly on compact sets in X. Just like the AP the weak MAP can be
characterized “globally”; Lima [23] showed that X has the weak MAP if and only
if (Y, X) is an ideal in W(Y, X**) for every Banach space Y.

In [20, Theorem 3.2] Lima and Oja showed that a Banach space X has the
weak MAP if and only if the trace mapping V': Y*@WX—U:(X,Y)* is isometric
for every reflexive Banach space Y. Recall also Grothendieck’s result that X has
the MAP if and only if the trace mapping V: Y&, X —F(X,Y™*)* is isometric for
every Banach space Y [8, Chapter 1, § 5, p. 179] (see also [30, Theorem 4.14]
and [21, Corollary 2.10]). We study the related properties for compact operators in
Sections 2 and 3. In Section 2 we consider the space of compact operators with range
X or its bidual X**, and in Section 3 we let X be the domain space of the compact
operators. The main types of questions we consider are the following: When is the
trace mapping into the dual of the space of compact operators isometric? When can
compact or weakly compact operators into X ** be “well” approximated by compact
operators into X? When is the space of compact operators an ideal in a larger space
of compact or weakly compact operators?

In Section 2 we introduce the notion of compactly locally reflexive Banach
spaces. In Proposition 2.2 we give a list of equivalent formulations of this property.
We give examples of spaces which are not compactly locally reflexive. In Prop-
osition 2.5 we prove that a dual space X* has the AP if and only if X has the AP
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and X is compactly locally reflexive, so we have a plentiful supply of spaces which
are compactly locally reflexive.

In Sections 4 and 5 we introduce and study the weak MCAP and its (not
just formally, see Remark 5.1) weaker cousin the very weak MCAP. Characteriza-
tions of these properties similar to what can be found for the weak MAP in [20]
and [23] are proved. In particular, we show how these properties are related to the
existence of certain approximable Hahn—Banach extension operators in HB(X, X**)
(see Theorems 4.3 and 5.3). These characterizations are similar to the one given by
Grothendieck for the AP.

We also relate our new approximation properties to the classical ones. In
Theorem 4.9 we prove that X* has the CAPconj property if and only if X has
the weak MCAP in every equivalent renorming and in Theorem 5.6 we show that
X* has the CAP if and only if X has the very weak MCAP in every equivalent
renorming.

We conclude the paper with a section on open problems where we also try to
give an overview over the connection between the results in the previous sections.

One of our main tools will be the isometric version of the famous Davis—Figiel-
Johnson—Pelczynski factorization lemma [2] due to Lima, Nygaard, and Oja [15].
In this paper, it will be called the factorization lemma. If K is a closed absolutely
convex subset of the unit ball Bx of a Banach space X, we shall write

[Z,J]=DFJP(K),

where Z is the Banach space constructed from K in the factorization lemma and
J: Z—X is the norm-one identity embedding of Z into X (see [15, Lemma 1.1]).

We will also repeatedly be using the following results (FS) by Feder and
Saphar [5, Theorem 1] and (GS) by Godefroy and Saphar [7, Proposition 1.1] which
we cite for easy reference.

Theorem 1.1. Let X and Y be Banach spaces and assume that Y** or X*
has the Radon—Nikodgm property.

(FS) The trace mapping V: X*®,Y**—=K(Y,X)*, defined by (V(u),T)=
tr(T**u) where u€ X*®,Y** and TeK(Y,X), is a quotient map. Moreover, for
all pEK(Y, X)*, there exists u€ X*®,Y** such that =V (u) and ||¢||=|ul|~.

(GS) K(Y, X)** is isometrically isomorphic to the weak™-closure of the space
Z={T**:TeK(Y,X)} in (X*@,Y**)*=L(Y**, X**).

Let us fix some notation. In a normed linear space X, we denote the closed
unit ball by Bx. If A is a subset of X, A denotes the closure of A, span(A) denotes
the linear span of A, and conv(A) is the convex hull of A. The identity operator on
X is denoted Ix and the natural embedding of X into its bidual X** is denoted kx.

We only consider Banach spaces over the real scalar field.
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2. K(Y, X) as a subspace of I(Y, X**) and W(Y, X**)
In [21, Proposition 2.9], Lima and Oja proved the following result.

Proposition 2.1. Let X and Y be Banach spaces. Then there exists a Hahn—
Banach extension operator ®: F(Y, X)*—=F (Y, X**)* such that W=V, where
V: X*@,Y* = F(Y,X)* and W: X*@,Y* = F(Y,X**)* are the trace mappings.
In particular, |Wul|=||Vu| for all u€ X*®,Y**.

This result, or more precisely a version of its corollary [21, Corollary 2.11], was
used as a starting point by Oja and Poldvere for a new proof of the “principle of local
reflexivity” (see [29, Lemma 1.1]). Considering compact operators instead of finite-
rank operators in Proposition 2.1 the statement we get is not true in general. In the
next proposition we characterize this property. We shall say that a Banach space X
is compactly locally reflexive (CLR) if it satisfies the statements in Proposition 2.2.

Proposition 2.2. Let X be a Banach space. The following statements are
equivalent:

(a) For every Banach space Y, there is a Hahn—-Banach extension operator
®: KLY, X) =K, X*)* such that W=V, where V: X*®,Y** = K(Y, X)* and
W: X*®,Y** = K(Y, X**)* are the trace mappings. In particular, ||Wul|=|Vul|
for all ue X*@,Y **.

(b) For every reflexive Banach space Y, |Wul||=||Vu|| for allue X*®,Y, where
V:X*®, Y 5K, X)* and W: X*®@,Y =K(Y, X**)* are the trace mappings.

(c) For every reflerive Banach space Y, ker V=ker W, where V : X*@,Y —
K(Y,X)* and W: X*®,Y =K(Y, X**)* are the trace mappings.

(d) For every Banach space Y and every TeK(Y, X**), there is a net (S,)C
K(Y, X) with sup,, ||Sall <||T'|| such that S —T*|x~ in the strong operator topology.

(e) For every reflexive Banach space Y and every T€K(Y, X**), there is a net
(Sa) CK(Y, X) with sup,, |Sal|<||T|| such that St—T*|x~ in the strong operator
topology.

(f) K(Y, X**)CK(Y, X)** for every reflexive Banach space Y .

(g) K(Y, X) is an ideal in K(Y,X**) for every Banach space Y and every
equivalent renorming X of X.

Proof. We will need the following additional statement:

(a") For every reflexive Banach space Y, there is a Hahn-Banach extension
operator ®: (Y, X)* =K (Y, X**)* such that W=®-V, where V: X*®,Y**—
K(Y,X)* and W: X*®,Y** = (Y, X**)* are the trace mappings.

(a)=(b)=(c) and (d)=(e) are trivial.

(¢)=(b) follows by applying the theorem of Feder and Saphar cited in (FS) in
Theorem 1.1.
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(b)=>(a’). From (FS) in Theorem 1.1 it follows that ®=WoV~1: K(Y, X )*—
K(Y, X**)* is a Hahn-Banach extension operator.

(a)=(d) and (a’)=(e) follow by using Goldstine’s theorem.

(e)=(f) follows from the result by Godefroy and Saphar cited in (GS) in The-
orem 1.1.

(f)=(g). Note that a Banach space is always an ideal in its bidual space. Since
(f) is true for all equivalent renormings of X, (g) follows from (f) for Y reflexive. To
show that this implies (g) for all Banach spaces Y, we use the local characterization
of ideals and the factorization lemma. (See Theorem 3.1 in [15] for details.)

(g)=(a). This follows from [22, Theorem 4.4]. O

Remark 2.1. From Proposition 2.2 (g) it is immediate that if X is CLR then
every equivalent renorming of X is CLR.

We do not know whether or not all ideals in X are CLR whenever X is, but

let us prove the converse.

Corollary 2.3. Let X be a Banach space. If every separable ideal in X is
CLR, then X is CLR.

Proof. Let Y be a reflexive Banach space. Let u:fozl xZ@yneX*@)WY such
that u€ker V and Te(Y, X**). By Proposition 2.2 (c) it is enough to show that
(u, T)=0.

By [9, Lemma II1.4.3] there is a separable ideal ZC X with ¢ €B(Z, X) such
that {z}}°°, Cy¥(Z*). Find z}e€Z* such that x}=1(z}) for all n and define v=

n-

> 25 @Y. Then u=(yp@Iy)(v). Let iz: Z— X be the natural embedding. We

n=1n

have i%,1(z*)=2z"* for all z*€Z*. Assume that S€X(Y,Z). Then izSeK(Y, X) and
0=(u,izS) =((Vv®@1Iy)(v),izS) = (v,S)
and thus, by assumption,
0= (v,y"T) = (u,T)
as desired. [

Corollary 2.4. Let X be a Banach space. Assume that X has the AP and is
CLR. Then every ideal in X is CLR.

Proof. Let ZC X be an ideal with € B(Z, X) and let Y be a reflexive Banach
space.

Assume that v€Z*®,Y is such that (v,S)=0 for all SEL(Y,Z). Let u=
(Y@Iy)(v)EX*®,Y and T€K(Y,X). Since X has the AP we may assume that
T=y*®x. We get (u,T)=(v,¢¥*T), where v*T€F(Y,Z**). Proposition 2.1 tells
us that (v,9*T)=0 and so, by assumption, (u,S)=0 for all SeL(Y, X**). Let
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TeK(Y,Z**). Then
0= {(u,iz'T)=(v,T),
so that Z is CLR by Proposition 2.2 (¢). O

Remark 2.2. Assume that a Banach space X is CLR and that Z is an ideal
in X. Using trace duality and the local characterization of ideals we can show that
Z is CLR if and only if K(Y,Z) is an ideal in K(Y, X) for every reflexive Banach
space Y.

By using [26, Theorem 1.e.4 (v)], [22, Theorem 4.5], Corollary 2.4 and the fact
that a Banach space X has the AP if and only if every separable ideal in X has the
AP we get the following result.

Proposition 2.5. Let X be a Banach space. The following statements are
equivalent:

(a) X* has the AP.

(b) X has the AP and is CLR.

(¢c) Every separable ideal in X has the AP and is CLR.

From [18, Theorem 4.6] it follows that if X* has the CAPconj, then X is CLR.
This was used in the proof of the following result which is from [25, Theorem 3.8].
The MCAP part of the proposition is similar to Corollary 3.6 in [21].

Proposition 2.6. Let X be a Banach space. The following statements are
equivalent:

(a) X* has the CAPconj (resp. MCAPconj).

(b) X* has the CAP (resp. MCAP) and X is CLR.

(¢) X* has the CAP (resp. MCAP) and K(X, X) is an ideal in (X, X**) for
every equivalent renorming X of X.

Remark 2.3. There are a number of spaces which are not CLR. These include
the Casazza—Jarchow space [1, Theorem 1] (cf. Example 1.2 in [18]), the Johnson—
Schechtman space [12, Corollary JS], and the space 03®505. In fact, any Banach
space with the AP such that the dual does not have the AP is not CLR by Prop-
osition 2.5.

Consider X =/3®,ls. If X was CLR then, by Proposition 2.5, X*=L({s, ()
would have the AP contradicting Szankowski [32]. From Example 3.9 in [22] we see
that there exists a o € IB(X, X**), with p#kx~, such that for every reflexive Banach
space Y and every T e (Y, X**) there is a net (S,) CK(Y, X) with sup, ||Sall <||T|
such that S, —T*y in the strong operator topology.



Geometry of spaces of compact operators 119

In the two following propositions we consider Proposition 2.2 in light of these
Hahn-Banach extension operators. In the first, which is a continuation of Prop-
osition 2.2, we allow renorming of the space but in the second proposition we do
not.

Proposition 2.7. Let X be a Banach space. The following statements are
equivalent:

(a) X is CLR.

(b) For every o€ B(X, X**) and every reflexive Banach space Y, we have

(o T:TeK(Y, X™)} CK(Y, X)™.

(c) For every o€B(X, X**) and every Banach space Y, there exists an iso-
metric embedding U: K(Y, X**)=K(Y, X)** such that (u,U(T))={(u,o*T) for all
TeK(Y,X*) and ue X*@,Y**.

(d) For every Banach space Y, there exists an isometric embedding

U: K(Y, X)) — K(Y, X)*™
such that (u, U(T))=(u,T) for all TEKX(Y, X**) and u€ X*@,Y™**.

Proof. (c)=-(d) is trivial with p=Fkx~.

(a)=(b) and (d)=(a) are straightforward using Proposition 2.2 (f).

(b)=(c). Let o B(X, X**) and let Y be a Banach space. Let HC (Y, X**)
be a finite-dimensional subspace. Using the factorization lemma, see [15], we
find a reflexive Banach space Z “sitting inside” X** and a compact operator
JeK(Z, X**) with ||J||<1 such that every T'€ H has a factorization

y 5Lzl x,

with T=.J-T and ||T||:||j\“|| By assumption ¢*Je€K(Z, X)**. Thus we can find
a net (J,)CK(Z,X) such that sup, ||Jo||<1 and J,—*J weak* in K(Z, X)**.
Define linear operators Uy : H—K(Y, X) by Uy (T)=JaT. Then we get a net
(Ua)CL(H,K(Y, X)) with sup,, ||[Us||<1. Going to a subnet, we may assume that
Ug =w"lim, U, exists in L(H,K(Y, X)) =L(H,K(Y,X)**).
Let T€H and u=Y"" z:®y*€X*®,Y**. Then u@TeK(Y,X) @ H=
L(H,K(Y,X))*. We get

(u, Ug(T)) =(u®T,Un) = li£n<u®T, Ua)= li£n<u, Ua(T))
—lim > () ([ 05) = ().

Now we use the Lindenstrauss compactness argument to complete the proof. [J
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When we do not include renorming we get the following result, which can be
seen as an extension of Theorem 2.3 in [19].

Proposition 2.8. Let X be a Banach space. The following statements are
equivalent:

(a) K(Y,X) is an ideal in K(Y, X**) for every reflexive Banach space Y .

(b) There exists peB(X, X**) such that

{*T:TekK(Y,X™)} CK(Y,X)*

for every reflexive Banach space Y .

(c) There exists o€ B(X, X**) such that for every Banach space Y, there exists
an isometric embedding U: K(Y, X**)=K(Y, X)** such that (u,U(T))=(u,p*T)
for all TEK(Y, X**) and u€ X*@,Y**.

Remark 2.4. Proposition 2.8 remains true if we replace K(Y, X**) by W(Y, X**)
everywhere. But note that (a) in Proposition 2.8 does not imply that (Y, X) is
an ideal in W(Y, X**) for every Banach space Y. To see this just take X reflexive
without the CAP and confer Theorem 1.1 in [24].

Proof. (a)=-(b). Let Y be reflexive. From [17] it follows that there exists
peB(X, X**) such that for every reflexive Banach space Y, there exists a Hahn—
Banach extension operator

O K(Y, X)" — K(Y, X*)*

with ®(2* ®y)=(pz*)@y for all yeY and z* € X*. Assume that u=> " | =} Qy, €
X*®,Y and that u=0 on (Y, X). Then ®(u)=0 on K(Y, X**). Thus for every
Telk(Y, X™),

0=(2(w)(T) = (¢ Tyn) = (u, 0" T).

n=1

From this it follows that {o*T:Tek(Y, X**)}CK(Y, X)  =K(Y,X)™.

(b)=>(c) is contained in the proof of (b)=-(c) in Proposition 2.7.

(¢)=(b). This follows from the characterization of (Y, X )** given by Godefroy
and Saphar (see Theorem 1.1). O

Now we want to look at K(Y,X) as a subspace of W(Y, X**). (d) in the
next proposition should be compared with (g) in Proposition 2.2. Also note that
when replacing K(Y, X) with F(Y, )A() in Proposition 2.9 (d) and Proposition 2.2
(g) we get two statements which both are equivalent to the AP for X* (see [22,
Theorem 4.5]).
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Proposition 2.9. Let X be a Banach space. The following statements are
equivalent:

(a) The trace mapping V: X*®,Y —K(Y, X)* is isometric for every reflexive
Banach space Y .

(b) The trace mapping V: X*@,Y —=K(Y, X)* is one-to-one for every reflexive
Banach space Y .

(c) For every reflexzive Banach space Y, we have K(Y, X )** =W(Y, X**).

(d) K(Y,X) is an ideal in W(Y,X**) for every Banach space Y and every
equivalent renorming X of X.

(e) For every Banach space Y and every TeW(Y, X**), there is a net (Sq)C
K(Y, X) with sup, ||Sal|<||T|| such that S%—T*|x~ in the strong operator topology.

(f) For every Banach spaceY , there is an isometric embedding U: W(Y, X**)—
K(Y, X)** with V*(U(T))=T for TEW(Y, X**), where V: X*&,Y** = K(Y, X)*.

Proof. (a)=(c) and (b)=(a). These implications follow from (GS) and (FS)
in Theorem 1.1, respectively.

(d)=-(b) and (d)=(e) follow from [22, Theorem 4.4].

(¢)=(d). Equality in (c) is preserved when renorming X. To pass from reflex-
ive to general Y we use the local characterization of ideals and the factorization
lemma.

(e)=(f). Let Fz denote the set of finite-dimensional subspaces of a Banach
space Z. Let Y be a Banach space. Define an index set I=7Fyy(y,x++) X Fxng ynr X
(0,00). I becomes a directed set with the order (H, G, s)g(ﬁ, @, é) if Hcﬁ, GCCA?,
and £é<e. Let U be an ultrafilter on I refining the order filter on I.

Let i=(H, G,e)€l. By the factorization lemma (cf. Theorem 2.3 in [15]) there
exist a reflexive Banach space Z, a JEW(Z, X**) with norm one, and an isometric
embedding ®: H—W!(Y, Z) such that we have a factorization

y 2 7 o x* = Jod(T) for all T € H.

Choose an e-net {u;}¥_ ; for the unit sphere of G. Choose representations u;=
Yooy T, @y fori=1, ..., k. We may assume that ||y} [|=1 for all i and n. There
is an N such that ) _ v |lz7,l|<e/3 for i=1, ... k.

By (e), we can find Jy€K(Z, X) with ||Jg| <1 such that

157 =T x| <e/3N

for i=1,...,k and n=1,..., N. Define operators Ugy: H—K(Y,X) by Uny(T)=
Jgo®(T). Clearly, ||Un|| <1 and {V(u;),Un(T))—{(V(u;), T)|<e||T| for i=1,..., k.
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Thus we get
|(V(w), Un (T)) = (V (), T)| < 3e]|ul |

for all Te H and ueG.

We obtain an isometric embedding U: W(Y, X**)—=K(Y, X)** by letting
U=Un)u>Jw(y,x==), where Jyyy,x=+) is an isometric embedding of W(Y, X**)
into the ultraproduct (J]; H),, of finite-dimensional subspaces of W(Y, X**) (cf.
e.g. [10] or [3, Theorem 8.10]).

(f)=(a). Let Y be reflexive and let u€ X*®,Y. Choose TEW(Y, X**) with
IT||=1 such that ||u||r=(u,T). Then U(T)eK(Y,X)*, |UT)|<1 and |ul|-=
(Vu,U(T)). This shows that the trace mapping is isometric. [

3. K(X,Y) as a subspace of W(X,Y)

In this section we shall look at the space K(X,Y) as a subspace of W(X,Y),
in particular when Y is reflexive. Note that when Y is reflexive, then W(X,Y )=
(YV*®,X)*. We will also use Godefroy and Saphar’s identification of (X, Y )**
cited in (GS) in Theorem 1.1.

In Theorem 3.2 in [20] Lima and Oja showed that Proposition 3.1 (a) is equiva-
lent to the weak MAP if we replace K(X,Y)* with F(X,Y)*. This should be com-
pared to Proposition 5.8 below where we relate Proposition 3.1 to the compact ap-
proximation properties we will introduce in Sections 4 and 5. See also Theorem 5.3
and Corollary 5.4 for “local” versions of the next proposition.

Proposition 3.1. Let X be a Banach space. The following statements are
equivalent:

(a) The trace mapping V: Y*@, X =K(X,Y)* is isometric for every reflexive
Banach space Y .

(b) The trace mapping V: Y*®.Z—K(Z,Y)* is isometric for every separable
ideal Z in X and every reflexive Banach space Y .

(c) For every Banach space Y, there exists an isometric embedding

U:WX,)Y)— KX, V)"
such that V*U=1Iy(x y), where V is the trace mapping.
(d) There exists p€B(X, X**) such that for every reflexive Banach space Y,
{T*o*|x : TeEWX,Y)}CK(X, YY) CW(X"™Y).
(e) There exists p€B(X, X**) such that for every Banach space Y and every
TeW(X,Y), there exists SEI(X,Y )™ with ||S||<||T|| and (T**@*|x*, u)=(S, u)
for every u€Y* @, X **.
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(f) For every Banach space Y and every TeW(X,Y), there exists a net (Sq)C
K(X,Y) with sup,, ||Sa||<||T|| such that S —T in the strong operator topology.

Proof. (a)=(b). Let Z be a separable ideal in X. For every reflexive Banach
space Y we have that Y*®,Z is a subspace of Y*®, X (cf. e.g. [27, Theorem 3.1]).
Let u€Y*®,Z and £>0. Choose S€K(X,Y) with ||S||=1 and tr(Su)>1—¢. Then
SlzeK(Z,Y) and tr(S|zu)>1—e and we have (b).

(b)=(a). Let u€Y*®,X. There is a separable ideal Z in X so that u€Y*®, 7,
a subspace of Y*®, X. Let p€B(Z, X) and £>0. Choose SEK(Z,Y) with || S||=1
and tr(Su)>1—e. Letting T=S5"op*|x€X(X,Y) we see that tr(Tu)>1—e and
(a) follows.

(a)=(f). Let Y be a Banach space and let TeW(X,Y). By factorizing T
through a reflexive Banach space (using the factorization lemma), we may assume
that Y is reflexive. Since V' is isometric, there exists SeK(X,Y)** with ||S||=||T|
such that V*(S)=T. Let (S,) be a net in (X,Y) with sup,, [|Sa||<||S|| such that
Sq—S weak*. Then S,—T in the weak operator topology. By taking a new net
from conv(S, ), we may assume that S,—7T in the strong operator topology.

(f)=(c) is similar to the proof of (e)=-(f) in Proposition 2.9 but we use Corol-
lary 2.4 from [15] instead of Theorem 2.3 from [15].

(c)=(a). We have V*: K(X,Y)* - W(X,Y). Hence, if ucY*®,X, we find
TeW(X,Y) with |T||=1 such that |lu|lr=tr(Tw). Then U(T)ek(X,Y)** and
lu|l==(U(T),V(u)). From this we get (a).

(¢)=(d). Consider the collection of weakly compact subsets of the dual unit
ball. Let

RK={K C Bx~: K is absolutely convex and weakly compact}

and let Fx« denote the set of finite-dimensional subspaces of X*. Define an index
set I=Fx+xR. I becomes a directed set with the order (F,K)g(ﬁ,f{) if FCF
and K CK. Let U be an ultrafilter on I which refines the order filter on I.

For KeR we let [Z,J]=DFJP(K). Then Z is reflexive and JeW(Z, X*)
has norm one. Since J*|x eW(X,Z*) we use (¢) to find an isometric embed-
ding U: W(X, Z*)—K(X,Z*)™ such that V*U=Iyyx z-), where V: Z@,X—
K(X, Z*)* is the trace mapping.

If *=Jz for some z€Z, then

(3.1) (U(J7|x), 20m) = (J*|x (2), 2) = J (2)(x) = 2" (x)

for all x€X. Note that ||U(J*|x)||<1 and, by (GS) in Theorem 1.1, U(J*|x)€
K(X,Z*)*CW(X**, Z*). Thus U(J*|x)*eW(Z, X***). Note that if FCX™* is
a finite-dimensional subspace such that Br C K, then for every x*=Jz€F we have
Izl=1l==[l-
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X* is isometrically isomorphic to a subspace of the ultraproduct ([]; F)y of
its finite-dimensional subspaces (cf. e.g. [3, Theorem 8.8]). For i=(F, K)€l, let
U;=U(J*|x)* if BrCK and U;=0 otherwise. We get a linear map from the ultra-
product into X***. Combine this with the isometric embedding and we get a map
p: X*—=X** (cf. e.g. [3, Theorem 8.10]). We see that ¢ is linear with norm less
than one. By (3.1), ¢ is a Hahn—Banach extension operator.

Let Y be a reflexive Banach space and let TeW(X,Y). We may assume
that || T||=1. We need to show that T**¢*|x« €(X,Y)*CW(X**,Y). Let ue
Y*®,X** be such that u=0 on K(X,Y).

Choose a representation u=>y - | y*®z}:*. We may assume that |y} =1 for
all n. Factorize T*=JoT* through Z and for n=1,2, ... let zn:f’\*y; Let e>0 and
choose N such that Y 3>° . [|z}*|| <e/3. Choose K € f such that T*(By+)CK and

|p(2n) (27") =U (T x )" 2n (27) | <€/3N,

where 2, =T"y;=Jz,€K for n=1,..., N and [Z, J]=DFJP(K).
Let v=T*u. Then v=0 on K(X, Z*). Since U(J*|x)e(X, Z*)** we have

0o
=, U |x)) =D _(UT*]|x)" z0)(5)
n=1
and so
e 00 e
n=1 = n=1

N,
Z (AT Y = U [x)"20) (23,7)]

+ Z T yn=U(J"[x) " znll |27l
n=N+1

<e/3+2¢/3

=E&.

Since e was arbitrary this shows that (u,T**¢*|x+)=0 so that T**p*|x«€
K(X,Y)*.

(d)=(e). Let Y be a Banach space and let Te W(X,Y) with ||T||=1. Let
K=T*(By-)CBx-, and let [Z, J]J=DFJP(K). We have J*|x€W(X, Z*). By (d),
there exists p € IB(X, X**) such that J*¢*|x« €K(X, Z*)**,

XF* @ | xwx X**LZ* (T*) Y.
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Let (So)CK(X, Z*) be such that So— J*p*|x=+ weak® and sup,, ||Sa] <1, and de-
fine Ta:(ﬁ)*oSaeiC(X,Y). Then sup, ||To||<||T||. Going to a subnet, we may
assume that T, - S€(X,Y)* weak™. From this (e) follows.

(e)=(f). This follows from Goldstine’s theorem and by using that p*x=x for
all zeX. O

The next result shows what we get if we allow renorming of X in Prop-
osition 3.1.

Proposition 3.2. Let X be a Banach space. The following statements are
equivalent:

(a) The trace mapping V : Y*@W)?%IC()?, Y)* is isometric for every reflexive
Banach space Y and every equivalent renorming X of X.

(b) W(X,Y)CK(X,Y)* for every reflexive Banach space Y.

(¢) K(X,Y) is an ideal in W(X,Y) for every Banach space Y .

(d) For every Banach space Y, there exists an isometric embedding U :
W(X,Y)—=K(X,Y)* such that (u,T)=(u,U(T)) for all u€Y*&,X**.

(e) For every Banach space Y and every operator TEW(X,Y), there exists
a net (S4) CK(X,Y) with sup, || Sall <||T'|| such that Sk —T™* in the strong operator
topology.

Proof. (a)=-(b). From (a)=-(d) in Proposition 3.1 we get that for all equivalent
renormings Xp of X there exists or€B(Xp, X5*) such that

(T 05| x : TEW(X,Y)} = {T¢h|xs : T EW(Xp,Y)}
CK(Xp,Y)™* =K(X,Y)™.

For a finite-dimensional subspace F'C X* let X be an equivalent renorming of X
which is 14+1/dim F' close to the original norm and such that the norm on X}, is
locally uniformly rotund on F' (cf. [24, Lemma 2.4]). For the above corresponding
ereB(Xp, X5) we have pp(z*)=z* for all z*€F.

By going to a subnet we may assume that p=w"lim ¢ for some operator &
L(X*, X***). Clearly we must have p=kx~. If TeW(X,Y) and u€Y*®, X ** then
(T*@1)(u) € X*&r X **, hence T** k| x+- —T"** in the weak* topology in W(X**,Y")
which is enough by the above set inclusion.

(b)=>(a) is contained in (d)=(a) in Proposition 3.1, with the natural embedding
as the extension operator, since (b) remains true when we renorm X.

(b)=-(c) is trivial when Y is reflexive. The general case follows by using the
factorization lemma and local characterization of ideals (see Theorem 3.1 in [15] for
details).
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(c)=>(e) is contained in [15, Corollary 4.3].

(e)=(b). Let Y be reflexive and let TeW(X,Y). Let (So)CK(X,Y) be
anet as in (e). For every u=) oo | yX @2 €Y @, X**, we get (u, T)=limq (u, Sa).
Hence TEK(Y, X) =K(X,Y)* CW(X**Y).

(d)=(b). Let Y be reflexive and let the embedding U be as in (d). Assume
that u=3 o0 | yi@a*€Y*®, X** is 0 on K(X,Y). Then u=0 on K(X,Y)**. For
every TeW(X,Y), we have U(T)eK(X,Y)** and

(u,T) = (u, U(T)) =

This shows that W(X,Y)CK(X,Y) v)" —IC(X Y)**.

(a)=(d). As in (a)=(b), by renorming X, we can assume that the extension
operator in Proposition 3.1 (e) satisfies p=kx~. Thus (a) implies the following
statement:

(d’) For every Banach space Y and every operator TeW(X,Y), there exists
SeK(X,Y)* with ||S||<||T|| such that (u, T)=(u, S) for all u€Y*®,X**.

We cannot be sure that the map T+ S in (d’) is linear, so let us prove that we
may assume it is.

Let HCW(X,Y) be a finite-dimensional subspace. We now use the factor-
ization lemma to produce a reflexive Banach space Z and a norm-one operator
JeW(X,Z) such that for every T€H there is an operator TgeW(Z,Y) with
IT||=||Tx| such that T=TgJ,

x Loz Iy

By (d’) there exists Jy €K(X, Z)** such that ||Jg||<1 and (u, J)=(u, Jg) for all
UEZ R X .

Let (Jo) CK(X, Z) be a net such that sup,, ||Jo|| <1 and J, — Jg weak*. Since
H has finite dimension, we may assume that w™=lim, Ty J, exists in K(X,Y)** for
every T€H. Let us define a map Ug: H—K(X,Y )™ by UH(T):w*—lima TeJa.
Clearly Up is a linear operator and ||[Ug|| <1.

If u=Y"" Y@ eY*®, X**, and T€H, we define v=> 00 (Thy!) @z €
Z*@,X**. Then we get

(u, T)=(v,J) = li(£n<v, Jo) = li£n<u, Trdo) = (u,Un(T)).

Now it only remains to use Lindenstrauss’ compactness argument to prove the
existence of the operator U: W(X,Y)—K(X,Y)*. O
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For comparison with what happens when dealing with finite-rank operators
instead of compact operators we state the following result where only (c) seems to
be new. The other parts can be found in [15, Theorem 3.4], [20, Theorems 3.2, 3.6
and 4.2] and [22, Theorem 4.5] (see also [23, Section 3]). In particular, we see that
for finite-rank operators Propositions 2.9 and 3.2 are equivalent.

Theorem 3.3. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the weak MAP for every equivalent renorming X of X.

(b) X* has the AP.

(c) WX, Y)CF(X,Y)** for every reflexive Banach space Y .

(d) F(X, Y) is an ideal in W(X, Y) for every Banach space Y .

(e) F(Y,X) is an ideal in W(Y, X**) for every Banach space Y and every
equivalent renorming X of X.

(f) The trace mapping V : Y*@W)?—L}"()?,Y)* is 1sometric for every reflexive
Banach space Y and every equivalent renorming X of X.

(2) The trace mapping V: X*®,Y = F (Y, X)* is isometric for every reflexive
Banach space Y .

4. Weak MCAP

In this section we will study a natural compact companion to the weak MAP
introduced and studied by Lima and Oja in [20].

Definition 4.1. A Banach space X has the weak metric compact approzimation
property (weak MCAP) if for every Banach space Y and every operator Te W(X,Y)
there exists a net (So)CK(X, X) with sup, || TSa|| <||T|| such that S,—Ix uni-
formly on compact sets in X.

Theorem 2.4 in [20] translates into the following theorem for the weak MCAP.

Theorem 4.1. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the weak MCAP.

(b) For every separable reflexive Banach space Y and operator TEK(X,Y)
there exists a net (Sq) CK(X, X) with sup, || TSal| <||T|| such that Sqa—Ix in the
strong operator topology.

(c) For every separable reflexive Banach space Y and operator TeK(X,Y)
there exists a net (Sq) CK(X, X) with sup,, [|T S| <||T|| such that TSo—T in the
strong operator topology.



128 Asvald Lima and Vegard Lima

(d) For every Banach space Y, every operator TeW(X,Y) with ||T||=1, and
all sequences {x, 1521 CX and {y;}22, CY* with Y o ||| |yh||<oo we have

Zy:(TCEn) < sup Yn(T'San)|.
n=1 ITsi<1 1,1
SeK(X,X)

Proof. The proof is similar to the proof of Theorem 2.4 in [20]. O

Recall from the introduction that a separable subspace Y of a Banach space
X such that BB(Y, X )#9 is called a separable ideal.

It is well-known, and not difficult to show, that a Banach space X has the
(M)AP if and only if every separable ideal in X has the (M)AP (cf. [13, The-
orem 5.1], [14, Corollary 2] and [27, Proposition 2.1]). The corresponding result for
the weak MAP is also true. In fact, one can show this by arguing as in Theorem 5.3
below. For the weak MCAP we have the following result.

Proposition 4.2. Let X be a Banach space such that every separable ideal in
X has the weak MCAP. Then X itself has the weak MCAP.

Proof. Let Y be a Banach space, let TeW(X,Y), and let {z,}52;CX and
{yr}o2, CY™ be sequences with Y7 [Jan || [lys || < oc.

Let ZCX be a separable ideal such that {z,}52,CZ and let p€B(Z, X).
Then Tz=T|zeW(Z,Y ). Moreover it S€EKX(Z, Z) with || TzS|| <||T|| then izoS**
P |lxe(X,X) and ||[TizS**o*|x||<|ITzS|| <||T||. Since Z has the weak MCAP
we use (d) from Theorem 4.1 and get

o0 o0 o0
Zyr*z(Txn) = Zyr*z(Tan) < sup ZyZ(Tszn)
n=1 n=1 ngefcll(ﬁzligz)ll n—1
o0
< sup yn(T'Sxy)|.
ITsI<ITl =y
SeK(X,X)

Using (d) in Theorem 4.1 again we see that X has the weak MCAP. [

Similarly it is not difficult to show that X has the CAP (resp. MCAP) if every
separable ideal in X has the CAP (resp. MCAP). If X is CLR the converse is true
for the CAP, MCAP, and weak MCAP. The converse is open in general.

Next we have several equivalent formulations of the weak MCAP similar to
the characterizations of the weak MAP in Theorem 2.6 and Proposition 3.1 in [23].
Characterizing the weak MCAP in terms of ideals of operators is not as simple
as for the weak MAP. A similar contrast can be found between characterizing the
AP [15] and the CAP [25].
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Theorem 4.3. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the weak MCAP.

(b) There exists p€B(X, X**) such that

*

" |x-- €KX, X)"

(c ) For every Banach space Y and every operator TeW(Y, X**),

¢={S"T:SeK(X,X)}

is an ideal in F=span(€,{T}).
(d) For every separable reflexive Banach space Y and operator TeK(Y, X**),

¢={S"T:Sek(X,X)}

is an ideal in F=span(&, {T}).

(e) There exists o€ B(X, X**) such that for every reflexive Banach space Y
and every TeW(Y, X**) we have p*T €&, where E={S**T:5e(X,X)}.

(f) There exists p€B(X, X**) such that for every separable reflexive Banach
space Y and every TeK(Y, X**) we have o*T € €**, where E={S**T:Se (X, X)}.

(g) There exists o€ B(X, X**) such that for all sequences {x}}52, CX* and
{arr}oe, CX* with Y7 1||xn|| lzi*]|<oo and Y00 xi*(S*xk)=0, for all Se
K(X,X), we have Y.~ z*(pxk)=0.

Proof. (c)=(d), (e)=(f), and (g)=(b) are trivial.
(a)=(b) is similar to the proof of Proposition 2.5 in [23].
(b)=>(a) is similar to the proof of Proposition 2.3 in [23].

(b)=-(c). Assume first that Y is reflexive and that TeW(Y, X**). By assump-
tion there exists a ¢ €IB(X, X**) in the weak® closure of (X, X) in £(X**, X**).
Choose a net (S,)CK(X, X) such that w-lim, So=¢*|x+. In particular S, —Ix
uniformly on compact sets in X.

Define €={S**T:5eK(X, X)}. Let ve€* and ¢>0. As ECK(Y, X), by (FS)
in Theorem 1.1, v has a representation v=>»° ¥ ®y, with > >, ||xn|| llyn | <
|lv]]+e. Define a Hahn—Banach extension operator ®: €*—span(€&, {T})* by ®(v)=
oo prh Qyy. Since

o0

1B (v)(T) —tr(S** )|

nv 90 |X**_S**)Tyn> 07

® is well defined.
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For general Y we use the factorization lemma and the local characterization of
ideals. (See the proof of Theorem 2.2 in [25] for details.)

(c)=(e). Let Y be reflexive and Te W(Y, X**) with ||T||=1. Put €={S**T"
Sek(X,X)}. We will use Godefroy and Saphar’s identification of (Y, X )** as the
weak* closure of (Y, X) in W(Y, X**) cited in Theorem 1.1. In particular we have

e** :@w* g’C(K X)** g (X*®71—Y)* :W(Y,X**)

Let K=T(By)CBx=«+. Next we use the factorization lemma on the weakly
compact set K, [Z, J]J=DFJP(K). Z is reflexive and we get a factorization T=JoT.

By (¢), €z={S*""J:Sek(X,X)} is an ideal in Fz=span(&€z,{J}). Let de
B(€z,5z) be the extension operator. By Theorem 2.3 in [17] there is a p€
B(X, X**) such that

(#7@2,@7(J)) = 0(z"@2)(J) = (pz" @2)(J) = (" ®2,¢"J)

for all z*€ X™* and z€Z. (Note that F(Z, X)C€z.)
Let u€ X*®,Y and choose a representation u=» oo, 25 ®y,. If u=0 on €
then

0= a3 (S"Tyn) = (S ITy,) = (Tu, S™J)

n=1 n=1

for all SEK(X,X), so that Tu=0 on €z, where TueX*®,Z is given by Tu=
Sy 2t ®@Tyy,. Since ®*(J)€E} we get

Oz(fu,@*(J)) Tu,go Zm *nyn Zx ©*Tyn)

so that u=0 on ¢*T. Thus p*T € E**.

(d)=(f). This is similar to the proof of (c)=-(e).

(F)=>(g). Let {3}, © X* and {o3 32, © X=* with 50, i | 237 <o and
S i (S*ar)=0for all SEX(X, X). We may assume that 1> ||z5*||—0. Let K=
conv{tz}*}°>°; and [Z, J|=DFJP(K). Then JeK(Z, X**) and Z is separable and
reflexive. Choose z,, € Bz such that J(z,)=x}" for alln. Thenv=>"° | x} ®z,E€E*,

where € is defined as in (f), and

v)= i (S Jzy) = i xr (S™ ) =0
n=1 n=1
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for all SEX(X, X) so that by (f) there exists a € B(X, X**) with

0=tr(¢p"Jo) =Y an(¢"Tzn) =Y ;" (pa})
n=1

n=1

as desired. O

From Theorem 4.3 (b) and [25] the following corollary is immediate.

Corollary 4.4. Let X be a Banach space. If X has the weak MCAP then X
has the CAP.

Corollary 4.5. Let X be a Banach space. If X* has the CAPconj then X has
the weak MCAP.

Proof. The CAPconj for X* implies (d) in Theorem 4.3 by using Lemma 3.5
in [25]. O

Recall that a Banach space X is said to have the unique extension property if
the only operator T'e L(X**, X**) such that ||T||<1and T|x=1Ix is T=1Ix«~. This
is equivalent to HB(X, X**) consisting of a single element: the canonical embedding
kxw: X*— X

Corollary 4.6. Let X be a Banach space with the unique extension property.
If X has the weak MCAP then X* has the CAPconj.

Proof. The extension operator in Theorem 4.3 (g) is the natural inclusion. O

Remark 4.1. Godefroy and Saphar proved in [7, Theorem 2.2] that X* has
the MCAPconj whenever X has the MCAP and the unique extension property.
See [23, Theorem 2.9] for a similar result for the weak MAP and also Corollary 5.5
below.

In the presence of the Radon—Nikodym property for the first or second dual
the weak MCAP is no longer weak. The same is also true for the weak MAP as
proved by Oja in [28].

Theorem 4.7. Let X be a Banach space such that either X* or X** has the
Radon—Nikodym property. If X has the weak MCAP then X has the MCAP.

Proof. Let o€ B(X, X**) be as in Theorem 4.3 (b). From (GS) in Theorem 1.1
we have ¢*|x-€(X, X )™ and thus by Goldstine’s theorem and (FS) in The-
orem 1.1 there is a net (S,) CK(X, X) with sup,, ||Sa|| <1 such that So—¢*|x+ in
the weak* topology in £(X**, X**), and in particular S, — I x uniformly on compact
sets in X. [
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As the CAP comes in two flavors for dual spaces we could expect the same to
be the case for the weak MCAP. We are tempted to state the following definition.

“Definition”. The dual X* of a Banach space X has the weak metric compact
approximation property with conjugate operators (weak MCAPconj) if for every
Banach space Y and every operator Te W(X*,Y') there exists a net (S,) CK(X, X)
with sup,, ||T°S%||<||T|| such that S%* — Ix« uniformly on compact sets in X*.

However, arguing as in Theorem 4.1 we see that the “weak MCAPconj” is
equivalent to the following statement:

For every Banach space Y and every TeW(Y, X**) there exists a net
(Sa) CK(X, X) such that sup,, ||S2*T|| <||T|| and S}, — Ix~ in the strong
operator topology.

This statement is equivalent to the CAPconj as shown in [25, Theorem 3.6].

We saw in Section 2 that compact local reflexivity provided a link between CAP
and CAPconj for dual spaces. The same proposition also gives us a link between
the weak MCAP and “weak MCAPconj” (CAPconj) for dual spaces. Indeed, if the
dual of a Banach space has the weak MCAP then in particular it has the CAP.
Proposition 2.6 gives us the following result.

Proposition 4.8. Let X be a Banach space. If X* has the weak MCAP and
X is CLR then X* has the CAPconj.

We conclude this section with a theorem similar to Theorem 4.2 in [20].

Theorem 4.9. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the weak MCAP in every equivalent norm.

(b) X* has the CAPconj.

Proof. (a)=-(b). This is essentially proved in Remark 3.1 in [25], but we include
a short proof here for completeness. Let {z}}°2, CX™* and {x}*}22, CX** with
S sl zr | <oo and D07 | ai* (S*ak)=0 for all SEL(X, X). We may assume
that ||z%]|=1 for all n.

Let F,,=span{z}} ;. There exists a renorming X,, of X such that X}
is locally uniformly rotund on F), and is arbitrarily close to the original norm
(cf. [24, Lemma 2.4]). By Theorem 4.3 (g) there exists ¢, €B(X,,, X,5) such that
Yoo i (pmah)=0. But pp,ai=x for n=1, ..., m, since the norm on F,, is locally

uniformly rotund, and thus > 2 | zx*(z})=0.

(b)=(a). If X* has the CAPconj then X * has the CAPconj for every equivalent
renorming X of X.
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Let Y be a separable reflexive space and let TelC()?, Y'). We use Theorem 3.4
in [25] to find a net (S,)CK(X,X) with sup, || TS| <||T|| such that S7T*—T*
in the strong operator topology. Theorem 4.1 (c) shows that X has the weak
MCAP. O

Remark 4.2. The CAP does not imply the weak MCAP. Indeed, let X be
the Casazza—Jarchow space [1, Theorem 1]. Then X has the AP and the dual is
separable, but X does not have the MCAP. Hence X has the CAP but cannot have
the weak MCAP, by Theorem 4.7.

Remark 4.3. In [11, Theorem 4] Johnson proved that if a Banach space has
the MAP in every equivalent norm then X* has the MAP. From [24, Theorems 1.1
and 1.2] we see that if X has the MCAP in every equivalent norm then X* has
the MCAPconj, and in [20, Theorem 4.2] Lima and Oja proved that if X has the
weak MAP in every equivalent norm then X* has the AP (AP and weak MAP are
equivalent for dual spaces). Theorem 4.9 above is the corresponding result for the
weak MCAP. See also Theorem 5.6 below.

5. Very weak MCAP

We saw in Section 4 how the weak MCAP was connected to the CAPconj for
the dual. When the dual X* of a Banach space X has the CAP but not the CAPconj
then we cannot replace the approximating operators in (X *, X*) with conjugates
of operators in (X, X). The space IC(X*, X*) is isometrically isomorphic to the
space K(X, X**). It is the latter viewpoint we take when introducing the following
approximation property which we will later connect to the CAP for the dual.

Definition 5.1. A Banach space X has the very weak metric compact approxi-
mation property (very weak MCAP) if for every Banach space Y and every operator
TeW(X,Y) there exists a net (S,) CK(X, X**) with sup,, ||7**S.| <||T|| such that
lim,, tr(Squ)=tr(Ixu) for every u€ X*®, X.

In the above definition we do not use uniform convergence on compact sets simply
because (X, X**) is not a subspace of £(X, X). In this case it is more natural to
regard KC(X, X**) as a subspace of (X*®,X)*=L(X, X**).

First we prove a theorem similar to Theorem 4.1 which shows that it is enough
to consider reflexive spaces and compact operators only in the definition of the very

weak MCAP.

Theorem 5.1. Let X be a Banach space. The following statements are equiva-
lent:
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(a) X has the very weak MCAP.

(b) For every reflexzive Banach space Y and every operator TeW(X,Y) there
exists a net (Sq) CI(X, X**) with sup,, | T**Sa||<||T|| such that T**S,—T in the
strong operator topology.

(c) For every reflexive Banach space Y and every operator TEK(X,Y) there
exists a net (Sq) CIK(X, X**) with sup, |T**Sal| <||T|| such that T**So—T in the
strong operator topology.

(d) For every Banach space Y, every operator TEW(X,Y) with ||T||=1, and
all sequences {x, 22, CX and {y}}o2 CY™* with > 07 | ||z || ||y || <oo we have

o0 oo
Z yr(Tzn)| < sup Z yr(T**Sxy)|.
ot ITesi<t |5

SEK(X, X =)

Proof. (a)=(b)=(c) is trivial.
(¢c)=(a). Let Y be a reflexive space and let TeW(X,Y). Let ay,...,am€X
and let £>0. Define

C={T"S:Sek(X,X™) and | T**Sa;—Ta;||<e for i=1,...,m}

and argue as in the proof of (a’)=-(a) in Theorem 2.4 in [20].

(a)=(d). Let Y be a Banach space and let Te W(X,Y) with ||T||=1. Choose
(Sa)CK(X, X**) with sup, |[T7**S||<||T|| and limg tr(Squ)=tr(Ixu) for all ue
X*®.X. For veY*®,X we have T*v€ X*®, X and thus

(0, T**8,) = (T*v, So) —= (T*v,Ix) = (v, T)

and (d) follows.
(d)=-(b). Let Y be a Banach space and let TeW(X,Y). (d) says that

Te{TS:Sck(X,X*) and TS| <|T|} ,

where 7 is the topology of uniform convergence on compact sets in X (see [26]
for the representation of the dual of (£(X,Y),7)). Thus we can find a net (S,)C
K(X, X**) with sup, ||T**Sa|| <||T|| such that T%*S,—T in the 7-topology. But
then T"*S, —T in the weak operator topology and by taking convex combinations,
if necessary, we may assume that we have convergence in the strong operator top-
ology. O

From [25, Theorem 3.2], the factorization lemma and Feder and Saphar’s char-
acterization of K(X,Y)*, see the (FS) part of Theorem 1.1, we get the following
theorem.
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Theorem 5.2. Let X be a Banach space. Then X* has the CAP if and only if
for every Banach spaceY and every T€K(X,Y) there exists a net (So) CK(X, X**)
such that T**S,—T in norm.

From Theorems 5.2 and 5.1 we see that X has the very weak MCAP whenever
X* has the CAP. With X =Y, the approximating net in the above theorem can be
thought of as a “right approximate identity”. But note that we have to go out of the
Banach algebra KC(X, X) to find this net. (See e.g. [1] for references on approximate
identities.)

The next theorem is similar to Theorem 4.3 and give characterizations of the
very weak MCAP involving Hahn—-Banach extension operators. Note that in the
case of the very weak MCAP we are in fact able to show that a Banach space has
this property if and only if every separable ideal in the space has this property. In
the case of the weak MCAP we have only been able to prove one implication (see
Proposition 4.2). As we will see in the proof below, the problem is that we end up
with operators into the bidual instead of into the space itself.

Theorem 5.3. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the very weak MCAP.

(b) There exists p€B(X, X**) such that

*

¢ |xe €KX, X))

in (X*®7TX**)*:£(X**, X**).
(¢c) There exists peB(X, X**) such that for every reflexive Banach space Y
and every TEW(X,Y) we have T** p*| x«« €E**, where

¢={T*S:Sek(X,X*)}

and €+ =C" CK(X,Y)*=K(X,Y)" CW(X*,Y).

(d) There exists o B(X, X**) such that for every reflexive Banach space Y
and every T€K(X,Y) there exists a net (Sq) CK(X, X**) with sup, || T**Sa || <||T|
such that w™limy SrT*y*=@T™*y* in X*** for all y*€Y™.

(e) There exists peB(X, X**) such that for every reflexive Banach space Y
and operator TeK(X,Y) there exists a net (Sq) CI(X, X**) with sup,, || T**Sq|l <
IT|| such that T**S%*—T**p* in the strong operator topology.

(f) Every separable ideal in X has the very weak MCAP.

(g) There exists peB(X, X**) such that for all sequences {x}}>2 ,CX* and
(o B, X with Y0, sl ol <oo and S50, ot (S°a3)=0, for il Se
K(X, X**), we have > 02 | xt*(px})=0.

n=1*"n
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Proof. (d)=(e) and (g)=-(b) are trivial.
(a)=(b) is similar to the proof of Proposition 2.5 in [23].
(b)=(a) is similar to the proof of Proposition 2.3 in [23].

(b)=-(c). Let Y be a reflexive Banach space and let TeW(X,Y). There is
a eB(X, X**) and a net (S,) CK(X, X**) such that So— a¢*|x= in the weak*
topology. Let veY*®,X** and consider T*ve X*®, X**. Then we have

<T**Saa 2)> = <Sa7 T*U> - <§0*|X** ’ T*U> = <T**90*|X** ’ 2)>

as desired.

(¢)=(d) follows from Goldstine’s theorem.

(e)=(a) follows from Theorem 5.1 (c) and the fact that p*x=x for all z€ X.

(e)=(f). Let ZC X be a separable ideal and let € B(Z, X ). Let Y be a reflex-
ive Banach space and let T€X(Z,Y). Then T**¢*|x € K(X,Y) and by assumption
there is a net (So) CK(X, X**) with sup,, [|T**9*Sa || <||T***|x || <||T|| such that
lim,, T op* SEra** =T***p*x** for all x** € X**.

Let To=2v*Sa|z€K(Z, Z**). From the above we get sup,, ||7**T,| <||T|| and
limg, T T3> 2" =T***p* z** for all z**€Z**. Since also *¢*| 7+ €B(Z, Z**) we
see that Z satisfies (e) itself and by what we have already proved Z has the very
weak MCAP.

(f)=(g). Consider the collection of all separable ideals in X,

3={Z:Z is a separable subspace of X and there exists ¢ € B(Z, X)}.

Let U be an ultrafilter refining the order filter on 3. Let Z€3. Let iz: Z—X
be the natural inclusion and let pz€M(Z,X). By assumption there exists

a Pz eM(Z, Z**) such that (Yz)*|z«€X(Z, Z**)w in L(Z**, Z**).
Using weak™ compactness we can define ¢: X*— X*** by taking limits along U,

p(e") = (Y o 97015 ("),

and get a well-defined linear operator with ||p||<1. This ¢ is a Hahn-Banach
extension operator. Indeed, let z*€ X* and x€ X, then

(o 2) =lin(03 6 7i5)(2°), ) = lin (i @) = lim{ 75" 1) = (@)

since we have x€Z when Z is large enough.
Let {z}22, CX* and {3 }72, CX** with Y 7 |2k ||a}*||<oo such that
Yoo (St ar)=0 for all SEL(X, X**).

Let TeK(Z, Z**). Then i3 oT**op%|x € L(X, X**) and so

o0

0= i (rT i) = (3 (i) (50 T ).

n=1
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2z €K(Z, Z**)w we have

Since Y07 (i5275)® (237 ) €2° 822" and (1z)*

0= <Z(i*z$;)®(%0*zx;*)a wz> = (07 bziza;) (@),

n=1 n=1

This holds for all Z€3 and thus > 7, z*(¢z})=0 as desired. O

n=1"n

We will need the following corollary to relate the weak MCAP and the very
weak MCAP in Proposition 5.7.

Corollary 5.4. Let X be a Banach space. The following statements are
equivalent:

(a) X has the weak MCAP.

(b) There exists p€B(X, X**) such that for every reflexive Banach space Y
and every TEW(X,Y) we have T** p*|x« €E**, where

¢={T5:5cK(X,X)}

* *

and € =€" CK(X,Y)*=K(X,Y) CW(X*Y).

Proof. The proof of (a)=(b) is similar to the proof of (b)=-(c) in Theorem 5.3.

(b)=-(a). Proceed as in Theorem 5.3 to show a statement similar to The-
orem 5.3 (e) but with the net (So)CK(X,X). From this and Theorem 4.1 (c) it
follows that X has the weak MCAP. [

Remark 5.1. Using trace duality and the factorization lemma we can show that
a Banach space X has the CAP if and only if for every reflexive Banach space Y
and every TeK(X,Y) we have

*

(5.1) Te{TS:Sek(X, X)}"

in (Y*&:X)*=W(X,Y).

Let X be the Casazza—Jarchow space [1, Theorem 1]. X has the CAP but
not the MCAP although X* has the MCAP. From Theorem 5.3 (b) it is clear
that X has the very weak MCAP (consider the weak* limit of a bounded approxi-
mating net on X*) so, by Theorem 5.1 (d), for every reflexive Banach space Y and
operator TeX(X,Y) there is a net (S,) CK(X, X**) with sup,, || T**S, || <||T|| such
that w™-lim, T**S,=T. By (5.1) there is also a net (73)CK(X,X) such that
w™limg TT3=T.

But there is a renorming X7 of X such that X; does not have the weak MCAP.
Thus we cannot obtain the norm bound on the net (T'7Tjp).
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We are now ready to relate the very weak MCAP to the CAP for the dual as
promised in the introduction of this section.

Corollary 5.5. Let X be a Banach space with the unique extension property.
If X has the very weak MCAP then X* has the CAP.

Proof. The extension operator in Theorem 5.3 is the identity. O

Theorem 5.6. Let X be a Banach space. The following statements are equiva-
lent:

(a) X has the very weak MCAP in every equivalent norm.

(b) X* has the CAP.

Proof. To prove (a)=(b) we argue as in the proof of (a)=-(b) from Theorem 4.9.
(b)=-(a). See the remarks following Theorem 5.2 and note that X* has the
CAP for every equivalent renorming X of X. 0O

From Theorem 5.3 (b) we see why there is no “very weak MAP”. Using the
principle of local reflexivity we can show that the weak* closures of F (X, X) and
F(X, X*) in L(X**, X**) are the same.

The following proposition is the best we can do connecting the weak MCAP
and the very weak MCAP.

Theorem 5.7. Let X be a Banach space and let V: X*@, X**=K(X, X)*
and W: X*@WX**—HC(X,X**)* be the trace mappings. The following statements
are equivalent:

(a) X has the weak MCAP.

(b) X has the very weak MCAP and there exists p€IB(X, X**) such that
(Ix-®@*|xx)(ker V)Cker W.

In particular, if X has the very weak MCAP and X is CLR then X has the
weak MCAP.

Proof. (a)=(b). If X has the weak MCAP then it has the very weak MCAP.

Let Se (X, X**) with ||S]|=1. Let further K=5*|x~ (Bx~)CBx~ and [Z, J]=
DFJP(K). Factorize S*=J0S; through Z. Now we have a reflexive space Z and an
operator J*|x€K(X,Z*). By Corollary 5.4 there exists p€B(X, X**) such that
J*o* | xe € €* where E={J*|x S:S€(X, X)}. Assume that uckerV. Use S to
map u to Sju€Z&, X**,

0= (S1u, J*¢" [ x) = ((Ix- @¢"[x+-) (u), 5).

(b)=-(a). Let ¢€IB(X,X**) be as given in (b). If u=) ", a} @z ckerV
then >~ 77 | 2k @p* (x*) €ker W. By Theorem 5.3 (g) there exists a ¢ e IB(X, X**)
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such that Y07 | o* (2% )ih(z})=0. Now 9)*¢* has norm one and acts as the iden-
tity when restricted to X so it is a Hahn—Banach extension operator for which
Theorem 4.3 (g) holds. O

Proposition 5.8. Let X be a Banach space. The statements below are related
as follows: (a)=(b)=(c).

(a) X has the weak MCAP.

(b) X has the very weak MCAP.

(¢) The trace mapping V: Y*®,X —IK(X,Y)* is isometric for every reflexive
Banach space Y .

Proof. (a)=-(b) is trivial and (b)=-(c) follows from the identity (Y*®,X)*=
W(X,Y) and (b) in Theorem 5.1. O

Remark 5.2. Using Theorem 5.6 we see that the Banach space in Remark 4.2
is also an example of a space without weak MCAP which has the very weak MCAP
(since the dual has the MCAP).

We do not know whether or not the implication (b)=-(c) in Proposition 5.8 can
be reversed.

As was the case for the weak MCAP there is no conjugate version of the very
weak MCAP for dual spaces. The natural definition of a conjugate version of the
very weak MCAP for the dual of a Banach space X is obviously just the definition
of weak MCAP for X*.

6. Questions and comments

Throughout this section we will assume that X and Y are Banach spaces.
Summarizing the previous sections we have the following implications.

X* CAPconj == X weak MCAP
\ !
X* CAP = X very weak MCAP
) I

ideal ~
K(X,Y) é WX,)Y)foralV = V:Y*®,X—-K(X,Y)* is isometric
for all reflexive Y.
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Also considering equivalent renormings X of X we have

X* CAPconj — X weak MCAP for all X
Y R 4 R
X* CAP <= X very weak MCAP for all X
Y !

ideal o~ ~
K(X,Y) C W(X,Y) for all Y <= Y*®, X 5K(X,Y)* is isometric
for all X and all reflexive Y.

We close this paper by collecting some open problems concerning compact
approximation properties.

In Section 4 we observed that the “weak MCAPconj” is equivalent to the
CAPconj for dual spaces.

Question 6.1. Is the weak MCAP for X* equivalent to the CAP for X*?

We saw in Section 5 that if X is CLR then X has the weak MCAP, and in
particular the CAP, whenever it has the very weak MCAP.

Question 6.2. If X has the very weak MCAP does it have the CAP?

Finally a question related to Proposition 4.2. We know that e.g. ¢y contains
a subspace without the CAP, but can we choose this subspace to be an ideal in ¢¢?
More generally we ask the following question.

Question 6.3. Does there exist X with CAP (or weak MCAP or MCAP) and
a separable ideal Z in X which does not share this property?
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