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WEAK AMENABILITY OF MODULE EXTENSIONS
OF BANACH ALGEBRAS

YONG ZHANG

ABSTRACT. We start by discussing general necessary and sufficient condi-
tions for a module extension Banach algebra to be n-weakly amenable, for
n = 0,1,2,---. Then we investigate various special cases. All these case
studies finally provide us with a way to construct an example of a weakly
amenable Banach algebra which is not 3-weakly amenable. This answers an
open question raised by H. G. Dales, F. Ghahramani and N. Grgnbak.

INTRODUCTION

Suppose that 2 is a Banach algebra, and that X is a Banach 2/-bimodule. A
derivation from 2 into X is a linear operator D: A — X satisfying

D(ab) = D(a)b +aD(b) (a,beA).

A derivation D is inner if there is ¢ € X such that D(a) = ax¢ — zpa for a € 2.
The quotient space H! (2, X) of all continuous derivations from 2 into X modulo
the subspace of inner derivations is called the first cohomology group of 2 with
coefficients in X. A Banach algebra 2 is said to be amenable if H*(A, X*) = {0}
for every Banach 2A-bimodule X; here X* denotes the Banach dual module of X.
The algebra 2 is said to be weakly amenable if H*(2,2*) = {0}, and is called
n-weakly amenable, for an integer n > 0, if H' (A, A™) = {0}, where A™ is the
n-th dual module of 2 when n > 1, and is 2 itself when n = 0. The algebra 2 is
said to be permanently weakly amenable if it is n-weakly amenable for all n > 1.
The concept of weak amenability was first introduced by Bade, Curtis and Dales
in [1] for commutative Banach algebras, and was extended to the noncommutative
case by Johnson in [22] (see also [7], [9], [I1]-[16], [21] and [24]). Dales, Ghahramani
and Grgnbak initiated the study of n-weak amenability of Banach algebras in their
recent paper [10], where they revealed many important properties of this sort of
Banach algebra. An interesting problem concerning this class of Banach algebras
is the relation between n-weak amenability and m-weak amenability for different
integers n and m. For instance, if 21 is a commutative Banach algebra, then the
assertion that 2 is weakly amenable is equivalent to saying that it is permanently
weakly amenable ([I] Theorem 1.5]); but, for noncommutative Banach algebras,
things are different—we only know that (n + 2)-weak amenability implies n-weak
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amenability for n > 1 ([I0, Proposition 1.2]), and weak amenability does not imply
2-weak amenability ([I0, Theorems 5.1 and 5.2]). After investigating varieties of
classical Banach algebras, Dales, Ghahramani and Grgnbak raised and left open
the following question in [I0]: Does weak amenability imply 3-weak amenability?
This paper is designed to answer the preceding question. We will construct a
counterexample to the question. For this purpose, we study n-weak amenability of
the module extension Banach algebra A@® X, the [;-direct sum of a Banach algebra
2 and a nonzero Banach 2-module X with the algebra product defined as follows:

(a,z) - (b,y) = (ab, ay + xb) (a,b €A, z,y € X).

Some aspects of algebras of this form have been discussed in [2] and [10]. We choose
this class of Banach algebras to investigate for the preceding question because this
class is neither too small nor is it too large; it contains permanently weakly amenable
Banach algebras (see Section[l), and it contains no amenable Banach algebras due
to [8l Lemma 2.7], since X is a complemented nilpotent ideal in the algebra. If 2 has
both left and right approximate identities and they are also, respectively, left and
right approximate identities for X, then 2@ X cannot be pointwise approximately
biprojective (see [30]). The class of module extension Banach algebras also includes
the natural triangular Banach algebra whose amenability has been investigated in
[12]. We will give some comment on the latter algebra in Section [2

This paper is organized as follows: in Section [l we study the construction of
module actions of 2m-th dual algebras on 2m-th dual modules. This extends the
corresponding discussion in [I0]. In SectionZIwe give the main theorems which deal
with the necessary and sufficient conditions for 2 @ X to be n-weakly amenable.
Section B discusses various techniques for lifting derivations. These will be applied
in Section M to give the proofs of the main theorems. Sections[ and Bl deal with the
special cases of X = 2, A* and X, where Xy denotes an 2-bimodule with the right
module action trivial. In Section [[] we first discuss the condition for 2 & (X;+X>)
to be weakly amenable, where + denotes the [; direct sum (of modules). Then, we
give an example of a weakly amenable Banach algebra of this form and prove that
it is not 3-weakly amenable. This finally answers the preceding open question in
the negative.

Since (A @ X)* = (0@ X)L + (A @ 0)1, where + denotes the direct A-module
loo-sum, and (0 @ X)* (respectively, (% @ 0)1) is isometrically isomorphic to 2*
(respectively, X*) as 2-bimodules, for convenience, in this paper we simply identify
the corresponding terms and write:

(A D X)* =2+ X*.

Similarly, we will identify the underlying space of the n-th conjugate (2 @ X))
with 2™ £ X () The sum is an l;-sum when n is even and is an l..-sum when n
is odd.

1. BIMODULE ACTIONS OF 2A(2m) on X (2m)

Suppose that 21 is a Banach algebra, and X is a Banach 2(-bimodule. According
to [10, pp. 27 and 28], X** is a Banach A**-bimodule, where 20** is equipped with
the first Arens product. The module actions are successively defined as follows.
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First, forz € X, f € X*, ¢ € X** and u € A**, define ¢ f, fr € A* anduf € X*
by
(a, of) = (fa, ), (a, fz)=(za, f) (a€),
(z, uf) = {fz, u) (ve€X).
Then, for ¢ € X** and u € A**, define u¢p, pu € X** by

(f, ug) = (of, u), (f, ou) = (uf, ¢) (f€X).
These give the left and right 2**-module actions on X**. Also, the definition for
wf with u € A** and f € X* gives a left Banach 2**-module action on X*. When
u = a € 2, all the above 2A**-module actions agree with the 2-module actions on
the corresponding dual modules X * and X**. Moreover, it is readily seen that, with
these module actions, the first Arens product on (2@ X)** may be represented by

(u,¢) - (v,9) = (uv,uth + ¢v)  (u,v €A™, ¢,9p € X™).

Viewing A*™) as a new A and X(®™) as a new X, the preceding procedure will
successively define X 2™%2) as a Banach (2™ *2)_bimodule. Here, and throughout
the paper, the first Arens product is consistently assumed on each ™. Since
some relations arising from the procedure are important for later use, we now give
the definition in detail as follows.

Suppose that the bimodule action of A2™ on X (™) has been defined, where
m > 1. Then in a natural way, X ®™+%) L > 1 is a Banach 2A(*™)-bimodule with
the module multiplications uA and Au € X ™+F) for A € Xm+k) and u € AC™),
defined by

(v, ud) = (yu, A), (y, Adu) = (uy, A) (y € XCmH=1),

If u = a € 2, these module actions coincide with 2-module actions on X (27 +5)
Then, for F € X?m+1) and & € X?7"+2) define F®, ®F € AR+ by

(u, FO) = (F, ®u) (= (uF, ®))
and
(u, ®F) = (Fu, ®) (= (F, u®)) (uecAC™).

Throughout this paper, for a Banach space Y and an element y € Y, g always
denotes the image of y in Y** under the canonical mapping. When F € X (2m+1)
and ¢ € X we denote F¢ by F¢ and ¢F by ¢F. It is easy to check that
(1.1) (u, F$) = (pu, F), (u, F) = (up, F) for u e A*™.

By using the canonical image of F' or ® in the appropriate 2i-th dual space of the

space that it belongs to, we can then signify a meaning for F'® and ®F for every F €

X@m+) and & € X2W; they are elements of A*+1) | where k = max{m,n — 1}.
Now for € A®™+2) and F € X1 we define pF € X(?m+D by

(¢, uF) = (Fo, p) (¢ € X)),

This actually defines a left Banach 2A™*2)-module action on X ?m+1),
Finally, for p € A?m+2) and & € X2m+2) | define u®, dp € X 27 +2) by

(F, u®) = (BF, p), (F, ®p) = (uF, ®) (F e XCmD),

These finally define the 2A(2”*2)-module actions on X ?™*2) and, therefore, com-
plete our definition.
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If lim u, = g in o(ACH2) A+ and lim ¢ = & in o(X Zm+2) X Cmt+1))
where (uq) C AC™ and (¢5) € X@™) and o(Y*, V) denotes the weak* topology
on Y*, then

pud = hmliénua(bg, dp = hglhm%ua in o(X@m+2) x@mtl)y
« [e3

For 1 € AC™+2) and ¢ € X™) since g = ud;, ou = q@u, we have

(1.2) (F, ug) = (oF, p), (F, ¢pp) = (Fo, p)y (F € XEmt)y,
One can also easily check the relations
uf = af = (uf),

fo=(foy, of =(2f),
i = (ug)’, $i = (¢u),
where f € X@m=1 ¢ e X@m) and v e AC™ (m > 1). Therefore, each product

agrees with those previously defined.
Concerning dual module morphisms, we have the following.

Lemma 1.1. Suppose that X and Y are Banach 2A-bimodules. Then, for every
continuous A-bimodule morphism 7: X — Y and for each m > 1, 73m): x(@m) _,
Y ™) the 2m-th dual operator of T is an AP™ -bimodule morphism.

Proof. Tt suffices to prove the lemma in the case where m = 1. However, for
this simple case, the proof is straightforward if we note that 7** is weak*-weak*
continuous. |

In the following, to avoid involving unnecessarily complicated notation, for an
element y in a Banach space Y, we will use the same notation y to represent its
canonical image in any of the 2m-th dual spaces Y (27,

Take A + X as the underlying space of (% ® X)™. From induction, by
using the relations in (1) and (LZ), one can verify that the (2 @& X)-bimodule
actions on (A @ X)) are formulated as follows:

(aa®™ + zz™, az™), if n is odd;

(aa™, ax(™ + xa™), if n is even,

and
(1.4) (@™, z™) . (a,x) = {

where (a,z) € A® X and (a™,2() e AM + XM = (A X)),

(a™a+ Mz, 2Ma), if nis odd;

(a™a, ™z + x(Ma), if nis even,

2. MAIN THEOREMS

Suppose that 2 is a Banach algebra, and X is a Banach 2-bimodule. For n-weak
amenability of the Banach algebra 24® X, we have the following main results, whose
proofs will be given in Section [l

Theorem 2.1. Form >0, A® X is (2m + 1)-weakly amenable if and only if the
following conditions hold:

1. A is (2m + 1)-weakly amenable;

9. HI(Q[, X(2m+1)) _ {0};
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3. for every continuous A-bimodule morphism T: X — AC™HD  there is F
XCmA) sych that aF — Fa =0 for a € A and I'(z) = «F — Fx forz € X;
4. the only continuous A-bimodule morphism T: X — X ™+ for which T (y)
+T(x)y =0 (z,y € X) in AC™HD s T = 0.
Theorem 2.2. For m > 0, A® X is 2m-weakly amenable if and only if the fol-
lowing conditions hold:

1. the only continuous derivations D: A — A2™) for which there is a continuous
operator T: X — X©™) such that T(ax) = D(a)x + aT(z) and T(za) =
xD(a) +T(z)a (a € A, x € X) are the inner derivations;

2. HY(A, X)) = {0};

3. the only continuous A-bimodule morphism T: X — AC™) for which xzl(y)
+T(2)y =0 (z,y € X) in X®™) s zero;

4. for every continuous A-bimodule morphism T: X — X©@™)  there exists
u €A™ for which au = ua for a € A and T(x) = zu — ux for xr € X.

Remark 2.3. A simple calculation shows that, when m = 0, condition 3 in Theo-
rem 211 is equivalent to the following:
3%, there is no nonzero continuous A-bimodule morphism I': X — *.
For the general case, condition 3 in Theorem E1l is equivalent to the following:
3m. if i X — AC™+) s a continuous 2A-bimodule morphism, then T'(X) C A+
and there is G € X+ 0 X+ for which aG — Ga = 0 in X@™+D (a € A)
and I'(z) = 2G — Gz (z € X).

Proposition 2.4. Suppose that condition 4 of Theorem [2Z1l holds for an m > 0.
Then, span(AX + X2A) is dense in X.

Proof. Assume, towards a contradiction, that span(2AX + X2() is not dense in X.
Take a nonzero element F' € X* N (AX + X2A)L, and define T: X — X* by
T(x) = F(x)F.

Since Flaxtxa = 0, it is easy to see that T is a nonzero, continuous 2-bimodule
morphism and that A7T'(X) = T(X)2 = {0}. Also, for z,y € X, we have 2T (y) =
T(z)y = 0 in A* since T(X) C (AX) N (XA)L. This shows that condition 4 of
Theorem 211 does not hold for m = 0. So it does not hold for all m > 0. This is a
contradiction. O

Corollary 2.5. Form = 0, condition 4 in Theorem[Z1 is equivalent to the follow-
mng:
49, span(AX + XA) is dense in X and there is no nonzero A-bimodule morphism
T: X — X* satisfying (z,T(y)) + (y, T(x)) =0 for z,y € X.

Proof. Suppose that condition 4 in Theorem [2.1] holds. From the preceding propo-
sition, span(AX + XA) is dense in X. If the 2-bimodule morphism 7: X — X*
satisfies

(z,T(y) + (4, T(x)) =0 forz,y € X,
then, for every a € 2,
(a,2T(y) + T(x)y) = (az, T(y)) + (y, T(azx)) = 0.
This shows that 27 (y) + T(z)y = 0 for z,y € X. Therefore, T = 0 and so 4° holds.
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Conversely, if 4° holds, and T: X — X* is a continuous A-bimodule morphism
satisfying 2T (y) + T (x)y = 0 in 2A*, then, for every = azy + 220 € AX + XA and
y € X, we have

(@, T(y)) + (., T(x)) = (a,2:T(y) + T(x1)y) + (b, T(y) w2 + yT(22)) = 0.
Since span(AX + X2A) is dense in X, this implies that (z,T(y)) + (y, T(z)) = 0 for
all z,y € X. Hence T = 0, and so condition 4 of Theorem 2.1 holds for m = 0. O

Suppose that 2 and B are Banach algebras, and let M be a Banach 2, 98-module.
The algebra 7 with the triangular matrix structure

A M
(v %)
is called a triangular Banach algebra. The sum and product on 7 are given by the

usual 2 X 2 matrix operations and obvious internal module actions. The norm on
T is

a m
(5 )| = talls + e + 161

Denote by A+ the direct I;-sum Banach algebra of 2 and 98, and view M as an
(24+8B)-bimodule with the module actions given by

(a,b) -m=am, m-(a,b)=mb, a€, beB, me M.

Then 7T is isometrically isomorphic to the module extension Banach algebra (A-+9)
@ M. With this setting and some calculations, one sees that Theorems 2] and
imply some main results in [I2]. For instance, if A and 9B are unital and
M is a unital 2, B-module, then 7 is weakly amenable if and only if both 2
and B are weakly amenable. In fact, the condition can be weakened further to
the following: there exist a bounded approximate identity of 2l and a bounded
approximate identity of B that are also, respectively, left and right approximate
identities for M.

3. LIFTING DERIVATIONS

In this section we give several lemmas concerning the lifting of derivations (and
module morphisms) from 2 (or X) into A™ or X to derivations from A @ X
into (A @ X)™.

Lemma 3.1. Suppose that I': X — ACHY s a continuous A-bimodule mor-
phism. ThenT: A® X — (A X)) defined by

I'((a,2)) = (T(2),0),
is a continuous derivation. The derivation T is inner if and only if there exists
F e XCm+Y) sych that aF — Fa =0 and I'(x) = F — Fx fora € A and x € X.

Proof. Tt is straightforward to check that T is a continuous derivation. Noting that
(D(x), 0) = T((0,7)) and T'((a,0)) = (0,0), one can also see easily that the element
F € ACm+1) described in the lemma exists if T is inner.

Conversely, if such an element F' exists, then

I'((a,z)) = (I'(z),0) = (¢F — Fx, aF — Fa) = (a,z) - (0,F) — (0, F) - (a, z),

showing that T is inner. O
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A similar proof gives the following lemma.

Lemma 3.2. Suppose that T: X — X©@m) s a (continuous) A-bimodule mor-
phism. Then T: A® X — (A® X)) defined by

T((a,)) = (0, T(x)),

is a continuous derivation. The derivation T is inner if and only if there exists
u € AC™) such that ua = au for a € A, and T(x) = zu — uz for all z € X.

Concerning dual operators we have the following.

Lemma 3.3. Suppose that k > 0 is an integer, and that D: A — X¥) is a (contin-
uous) derivation. Then, for every integer m > 0, DGm+1); X (kt2mt1) _, o((2m41)
the (2m + 1)-th dual operator of D, satisfies

DE™D (aF) = aDE D (F) — (D(a)F)lyean
DB (Fa) = DP™Y(F)a — (FD(a))|gem,
fora € A and F e X F+2m+1)
Proof. The lemma is true for m = 0 because
(b, D*(aF)) = (D(b)a, F) = (D(ba) — bD(a), F) = (b, aD*(F) — D(a)F)
and
(b, D*(Fa)) = (aD(b), F) = (D(ab) — D(a)b, F) = (b, D*(F)a — FD(a)),

for a,b € A and F € X*+1),

For m > 0, from Proposition 1.7 of [10], D?™): (™) — X (k+2m) j5 a (contin-
uous) derivation; here we take the first Arens product in each (™). Then, the
above shows that DZm+1) = (DEm)y+ . x (k+2m+1) _ (9((2m))* gatisfies

D™D (uF) = uDPm D (F) — (D™ (u) F)|g2m)
and
DD (Fy) = D) (F)y — (FDP™ ()| gem),

for u € AP™ and F e X*+2m+1) 1n particular, when u = a € 2, these give the
formulae in the lemma. O

Lemma 3.4. Letm be an integer. Suppose that D: A — X 2m+1)

derivation. Then D: A® X — (A @ X)) defined by

is a (continuous)

D((a,2)) = (=D*"*V(z), D(a)) for (a,z) € AD X,

is also a (continuous) derivation. Moreover,

1. if D is inner, then so is D; N

2. if D is inner, then there exists a (continuous) derivation D: A d X —
(A @ X)) satisfying D((a,0)) = 0 (a € A) and for which D — D s
mner.
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Proof. For a,b €2 and z,y € X, we have, from Lemma B3]
D((a,2) - (b,9)) = D ((ab, ay +ab)) = (=D (ay + ab), D(ab))
= (~1aD®™ D (y) = (D(a)y) e
+ DET (@) — (D)) |aem], D(@)b+aD(b))

aD@™ D () — D(a)y + D™D (2)b — 2D (b)], D(a)b + aD(b))

= (-
(~aDE™N () +2D(B), aD)) + (=D (@)b + D(a)y, D(a)p)

= (a,2) - (~=D*™ (), D)) + (~D™V(a), D(a)) - (b.y)
= (a,2) - D((b,9)) + Dl(a,2)) - (b,).

Therefore, D is a (continuous) derivation.
If D is inner, then, for some u € A"+ and F € X@"+D  we have

D((a,z)) = (a,z) - (u, F) — (u, F) - (a,z).
Thus,
(0, D(a)) = D((a,0)) = (a,0) - (u, F) — (u, F) - (a,0) = (au — ua, aF — Fa).

This shows that D(a) = aF — Fa for all @ € 2, and hence D is inner.
Conversely, if D is inner, then there exists F € X @™+ guch that D(a) =
aF — Fa for a € A. Let T: X — A+ be defined by

T(z) = —DP™V(z) — (2F — Fz) (z € X),
and let T: A @ X — (A® X)) be defined by
T((a,z)) = (T(2),0) ((a,7) € AD X).
Then
(D -T)((a,z)) = (zF — Fz, aF — Fa) = (a,z) - (0, F) — (0, F) - (a,z)
for (a,z) € A® X. Therefore, D — T is an inner derivation. This in turn implies

that T is a (continuous) derivation. So D =T satisfies all the requirements. This
completes the proof. [l

If D is a (continuous) derivation from 2 into A1)y > 0, we define D:
A0 X — (A X)Em+D) by

D((a,x)) = (D(a), 0).

If D is a (continuous) derivation from 2 into X ®™ m > 0, we define D: A® X —
(A X)) by

D((a,z)) = (0, D(a)).
If T: X — A2™ is a (continuous) 2-bimodule morphism, satisfying 27'(y) +
T(x)y =0in XM for z,y € X, we define T: A® X — (AD X)?™) by

T((a,2)) = (T(x), 0).
Finally, if T: X — X@7m+1) js g (continuous) A-bimodule morphism, satisfying
2T (y) + T(x)y =0 for z,y € X, we define T: A® X — (A® X))+ by

T((a,x)) = (0, T(x)).



WEAK AMENABILITY 4139

Then, straightforward calculations yield the following result.

Lemma 3.5. The operators D and T defined above are (continuous) derivations.
Furthermore, the derivation D is inner if and only if D is inner, and T is inner if
and only if T = 0.

4. PROOFS OF THE MAIN THEOREMS

We first prove Theorem [ZT1

Proof. Denote by A; the projection from (2 @ X))@+ onto A™+Y) with kernel
X@m+1) | Let Ay be the projection id — Ap: (A@ X)) — X Cm+1) "and let 7:
2A — A ® X be the inclusion mapping (i.e., 71(a) = (a,0)). Then A; and Ay are
2A-bimodule morphisms, and 77 is an algebra homomorphism.

We now prove the sufficiency in Theorem 2.1l Suppose that conditions 1-4 hold.
Suppose also that D: A& X — (A @® X)2™+ is a continuous derivation. Then
Dot A — (AP X)P™+Y) is a continuous derivation. This implies that AjoDory:
A — A and Ay o Dor: A — XD are continuous derivations. By
conditions 1 and 2, they are inner. Therefore, D o 7; is inner. From Lemmas

and [3.4]

Domm=A1o0Dor+As0Dom: Q[@X_)(QL@X)(Qm+1)

is a continuous derivation, and there is a continuous derivation D: Ql o X —
(A® X))@+ satisfying D((a,0)) = 0 for a € 2 and such that D o 7, — D is inner.
On the other hand,

(D = Dom)((a,0) = D((a,0)) = Dori((a,0)
=Dor(a)—Dori(a) =0 (ac).

Let D =D —-Do 1 + ﬁ/.\ Then D is a continuous derivation from 2A @ X into
(A @ X))+ satisfying D((a,0)) = 0 for a € A. Moreover,

D((0,az)) = D((a,0) - (0,2)) = (a,0) - D((0,z)) = aD((0,z)) (a €AY,z € X),
and
D((0,za)) = D((0,) - (a,0)) = D((0,z))a (a €, € X).

Denote by 72: X — A @ X the inclusion mapping given by 72 (z) = (0,z) (z € X).
Then Do 7y: X — (A& X)2m™ ) s a continuous A-bimodule morphism. From
condition 3, there exists F' € X@™+D for which A; o Do To(z) = «F — Fz, and
aF — Fa =0 for x € X and a € 2. Since

(0,0) = ) = D((0,) - (0,))

) (0,9) + (0,2) - D((0,))

[As 0 ﬁ(( )y, 0) + (z[A2 0 D((0,9))], 0)
o D omy(@)ly + 2[Az 0 Do ma(y)], 0),

we have

(AzoDomy(a))y+a(Az0Dom(y) =0 (zy€X).
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From condition 4, As o Do 79 = 0. Thus,
D((a,)) = D((0,z)) = D o ma(x)

=(Ar0 Do T2(x), Ago Do T2(x))

= ((EF—F:L’, O) = (a,x) ’ (OvF) - (OaF) ’ (a,x).
We have that D is inner. Thus D = D + (Dot — l~)) is inner. This proves that
A® X is (2m + 1)-weakly amenable.

Necessity: Suppose that A® X is (2m+1)-weakly amenable. Then from Lemmas

B3 and B4, H'(A, AC™FY) = {0} and H (™A, X@™FD) = {0}. Therefore, con-

ditions 1 and 2 hold. Furthermore, Lemma [31] gives condition 3, and Lemma B3
shows that condition 4 holds. This completes the proof of Theorem [ZT1 [l

We now turn to the proof of Theorem 22

Proof. Denote by 7 and 7o the inclusion mappings described in the preceding
proof from, respectively, 2 and X into A @& X, and denote by A; and A, the
natural projections from (A & X )(Qm) onto AR™) and X @™ respectively. These
are 2-bimodule morphisms.

To prove the sufficiency we assume that conditions 1-4 in Theorem 2.2 hold.
Let D: (Ao X)— (™A@ X)(?m) be a continuous derivation. Then Aj o D o 7y:
A — AP and Ay o Doy A — X @™ are continuous derivations.

Claim 1: Ajo Do X — AC™) ig trivial.

Let ' = Aj o D o y. To prove claim 1, by condition 3 it suffices to show that IT" is
an YA-bimodule morphism satisfying 2T'(y) + I'(z)y = 0 in X?™) for z,y € X. In
fact,

0= D((0,0)) = D((0,z) - (0,y)) = D((0,2)) - (0,9) + (0,2) - D((0,))
= (0,T(z)y) + (0,2T'(y)).
Thus, 2T'(y) + I'(x)y = 0. On the other hand,
I'az) = A1 0o D((0,ax)) = Ay 0 D((a.0) - (0,2))
= Ay (D((a,0)) - (0,2) + (a,0) - D((0,2)))
= A1 ((a,0) - D((0,2))) = Ay(aD o 12(x)) = al'(x).
Similarly, I'(xa) = T'(z)a and so I" is an A-bimodule morphism. Therefore, claim 1

is true.
Now let T =As0oDor: X — X®™ andset Dy = AjoDor: A — AR,

Claim 2: T(az) = Di(a)x+ oT(z) and T'(za) = xD1(a) +T(x)a for a € A and
zcX.

In fact, from claim 1,
(0,7 (ax)) = D((0,ax)) = D((a,0) - (0,2)) = D((a,0)) - (0,2) + (a,0) - D((0, ))
= (0,D;(a)x) + a(0,T(z)) = (0, D1(a)x + aT'(z)).
Similarly, (0,7 (za)) = (0,2D1(a) + T(x)a), for a € A and « € X. Thus, claim 2 is
true.

Therefore, by condition 1, D; = AjoDor is inner. Suppose that u € A@m) gat-
isfies Dy (a) = au—wua for a € A. Let T: X — X ™) be defined by T} (z) = zu — ux
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forz € X. Then T —T1: X — X®™) is a continuous YU-bimodule morphism. In
fact, from claim 2, for a € 2 and z € X,

(T —T1)(azx) = T(ax) — Ty (ax) = (D1(a)z + aT(x)) — (azu — uazx)
= (au —ua)x + aT'(z) — (axu — vax)
=a(ux — zu) + a7 (z) = o(T — T1)(2).
Similarly, 7' — T} is a right 2-module morphism. From condition 4, there is a

v € AR™) such that av = va for a € A, and (T —Ty)(z) = zv—va for z € X. From
Lemma [3.2] we have that

T—T1: (a,0)— (0,(T - T)(), ASX — (A X))

is an inner derivation.
Since AgoDor: A — X 2™ i a continuous derivation, it is inner by condition 2.
From Lemma[3.5,

AyoDot: (a,2) — (0,Ay0Dor(a)), ABX — (QJ.EBX)(QM)
is also inner. Using claim 1, we now have
D((a,z)) = (D1(a), AgsoDor(a)+T(z))
=AzoDori((a,2)) + (T —T1)((a,z)) + (D1(a), T1(x)).
Since
(Dl (a)le(x)) = (a‘u —ua,ru — ux) = (avx) ! (uv 0) - (uv 0) : (a,x),

for a € A and = € X, it gives an inner derivation from A @ X into (A & X)),
Hence as a sum of three inner derivations, D is inner. This shows that under
conditions 1-4 of Theorem 221 A & X is 2m-weakly amenable.

Now we prove the necessity. Suppose that 2 @& X is 2m-weakly amenable. Let
D: 2 — AC™) be a continuous derivation with the property given in condition 1.
Then D: A @ X — (A @ X)) defined by

D((a,)) = (D(a),T(x)), (a,7) € A X,

is a continuous derivation and hence is inner. This implies that D is inner, and
so condition 1 holds. The other conditions are consequences of Lemma [3.5] and
Lemma [3.2

The proof is complete. O

5. THE ALGEBRAS A ® A AND 2 @ A*

In this and the following section we consider several concrete cases. This section
deals mainly with the two cases X =2 and X = * as Banach 2-bimodules.

We first note that, if 2 is not amenable, then there is a Banach 2l-bimodule X
such that H' (2, X*) # {0}. From Theorem 2] for this X, 2 & X is not weakly
amenable. In fact, the Banach algebra 2 @& X is never weakly amenable when
X =A*, as implied in the following proposition.

Proposition 5.1. Suppose that A is a Banach algebra. Then A & A* is not n-
weakly amenable for every n > 0.
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Proof. From Proposition 1.2 of [10], it suffices to prove the cases of n =0, n =1
and n = 2. Note that condition 3° does not hold, because the identity mapping
from X (= 2*) onto 2* is a nonzero, continuous 2A-bimodule morphism. So the
proposition is true for n = 1.

For n = 2m with m = 0 or m = 1, if condition 4 in Theorem 2.2] holds for
X = A% then the operator T described in this condition has the property that
T(f) € A+ for f € X. In fact, for a € 2, we have

{a, T(f)) ={a, f-u—wu-f)=(af = fa, u) = (f, ua —au) = 0.

But X = 2A* certainly does not annihilate 2. So, as 2A-bimodule morphisms, the
identity mapping (in the case m = 0) from X onto X and the inclusion mapping
(in the case m = 1) from X into X** do not satisfy condition 4. Consequently,
2A d 2A* is not 2m-weakly amenable for m = 0 and 1. [l

Now we consider the case that X = 2. To avoid any confusion, from now on,
when we regard 2 as an 2-bimodule, we will use the notation A instead of 2. If
X = A, condition 4 in Theorem never holds for any integer m (the canonical
embedding is a nonzero morphism). It turns out that 2@ A is never 2m-weakly
amenable for any m > 0. If 2 is commutative, for the same reason we can conclude
more as in the next proposition. Recall that an 2-bimodule X is symmetric if
ar = za for a € A and z € X.

Proposition 5.2. Suppose that 2 is a commutative Banach algebra. Then for
every nonzero, symmetric A-bimodule X, A P X is not 2m-weakly amenable.

Proof. Let X be symmetric. Then zu = uz for v € A*™ and z € X. Since
the canonical embedding from X into X (®™ is a nontrivial 2-bimodule morphism,
condition 4 in Theorem [Z2 does not hold for such a module X. O

But 2@ A can be weakly amenable. Before giving an example let us go through
some relation identities for corresponding elements of A and A™ . Suppose that
¢ € A . We denote the same element in A™ by ¢.

Lemma 5.3. Suppose that 2 is a Banach algebra, and let m > 0. Then, for
b, € AR and F e AP we have

(G0)” = = (¢4)™, ¢F = (6F)” =9F, Fo=(F¢)” =Fo.
Proof. 1t is straightforward to check the identities for the case m = 0. Then, an

induction on m completes the proof for the general case. [l

A special case of Lemma [5.3 is the following group of identities which will be
used in the proof of the next theorem:

(a¢)™ = ad, (¢a)™ = da,
¢F = (2F)~ =&F, Fz=(Fi)~ =Fi,

wherea € A, z € A, p € A®™ and F € A®™+1) | From these identities, we also see
that, for X = A and m > 0, condition 3 in Theorem [Z] holds if and only if there
is no nonzero Y-bimodule morphism 7" from A into A2™+1)  and that, if this is the
case, then condition 4 holds automatically. Moreover, with X = A, conditions 1
and 2 of Theorem [2ZT] are the same.



WEAK AMENABILITY 4143

Theorem 5.4. For a Banach algebra 2:

1. if span{ab—ba; a,b € A} is not dense in A, then AP A is not weakly amenable;
2. if span{ab — ba; a,b € A} is dense in A, then A D A is weakly amenable,
provided that A is weakly amenable and has a bounded approximate identity.

Proof. By condition 1 of Theorem 2] without loss of generality, we can assume
that 2( is weakly amenable for both cases. If span{ab — ba; a,b € 2} is not dense
in 2, then there exists f € 2A* such that f # 0 and (ab — ba, f) =0 for a,b € 2.
So af = fa for a € A. Then T: A — A*, defined by

T(x)=2f=fz,
is an 2A-bimodule morphism. According to Proposition 1.3 of [T0], 22, the linear
span of all product elements ab, a,b € 2, is dense in 2. So there are a,b € A such
that (ab, f) # 0. This implies that 7' # 0. Therefore, condition 3° does not hold.
As a consequence, 2 @ A is not weakly amenable.

If span{ab — ba; a,b € A} is dense in A, and A has a bounded approximate
identity (e;), then, for every given continuous 2-bimodule morphism 7: A — 2A*,
we have T'(a) = af = fa, where f is a weak* cluster point of (T'(e;)). Therefore,
(ab —ba, f) =0 for all a,b € ~A. This shows that f = 0 and hence T' = 0. Thus
conditions 3 and 4 in Theorem [ZI] hold for m = 0. The other two conditions
hold automatically for m = 0. So, from Theorem 2.1] the second statement of the
theorem is true. |

From case 1 of Theorem B4 we immediately have the following corollary.

Corollary 5.5. If 2l is a commutative Banach algebra, then A @® A is not weakly
amenable.

Let H be an infinite-dimensional Hilbert space. According to a classical result
due to Halmos (Theorem 8 of [18]), every element in B(H) can be written as a sum
of two commutators (see also [4] and [5]). Together with the fact that B(H) has an
identity and, as a C*-algebra, is weakly amenable [I7], from Theorem B4 we see
that B(H) & B(H) is weakly amenable. Later in this section we will see that it is
in fact (2m + 1)-weakly amenable.

Proposition 5.6. Suppose that V = span{au — ua; u € A**,a € A} is not dense
in AW + A**A (if A has an identity, this is equivalent to saying that V is not
dense in A**). Then A D A is not 3-weakly amenable.

Proof. In fact, in this case A**A ¢ cl(V), since otherwise it would follow that both
A0** and A**A were in cl(V), and then (V) D AA** + A**A, which contradicts
the assumption that V' is not dense in AA™* + A**A.

Hence, from the Hahn-Banach Theorem, there exists F' € 20*** such that F|y =
0, but F # 0 on A**2A. This implies that aF = Fa for all a € A and aF # 0
for some a € A. Define T: A — A*** by T'(z) = F(= FZ). Then, T is a non-
zero, continuous 2-bimodule morphism from A into 2A***. Therefore, condition 3
in Theorem [2.1] does not hold for m = 1. This shows that 2 @ A is not 3-weakly
amenable. |

Regarding the open question of whether weak amenability implies 3-weak amen-
ability, Theorem 5.4l and Proposition [5.6] suggest that one might find a counterex-
ample in the Banach algebras of the form 2@ A. Unfortunately, B(H) cannot be
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a candidate. We can see this from the next two lemmas. The following lemma is
basically Theorem 8 in [I8], but we have highlighted some of its features which will
be useful for our purposes.

Lemma 5.7. Suppose that ‘H is an infinite-dimensional Hilbert space. Then there
are two elements Qo and Sy in B(H) such that, for each B € B(H), there exist
Pp € B(H) and Rp € B(H) with |Pg| < ||B|| and ||Rg|| < ||B|| for which

B = (PpoQo— Qoo Pp)+ (RpoSy—SooRp).

Proof. For an infinite-dimensional Hilbert space H, there exists an isometry 7:
H — > .2, +H;, where Y ;2 + denotes an Iy direct sum and each H; is a copy of
H.

Let Q: H — Y oo +H; and St Y oo, +H; — > ooy +H; be the bounded opera-
tors given by the infinite matrices

1
0
Q=1o and S =

SO O ~NO
O NO O
o ~ o O O
o O oo

Let Qo =n"'oQ and Sy =1~ 1o Son. Then Qp, Sy € B(H). Given an element
B € B(H),let P: 3°0°, +H; — Hand R: Y50 +H; — > 5o, +H; be the bounded
operators given by the infinite matrices

P:(B 0 0 ) and R=

o oo

Take Pg = Ponand Rg =n~'o Ron. Then Pg, Rg € B(H) and | Pg| < | Bl
|IRg| < ||B||. We have that B = (Pgo Q¢ — Qoo Pg) + (RpoSy— SooRp). O

The following result on the 2n-th dual of B(H) seems not to be known.

Lemma 5.8. For every integer n > 0,
B(H)(Qn) = span{au — ua; a € B(H),u € B(H)(Qn)}.

Proof. By taking weak® limits and using induction, one can show the result imme-
diately from Lemma B O

Proposition 5.9. For each integer m > 0, B(H) & B(H) is (2m + 1)-weakly
amenable but is not 2m-weakly amenable.

Proof. First, as a C*-algebra, B(H) is permanently weakly amenable. So condi-
tions 1 and 2 of Theorem 2l hold for X = A = B(H) and m > 0. To show
that conditions 3 and 4 also hold, it suffices to prove that every continuous B(H)-
bimodule morphism 7" from B(H) into B(H)®™+1) is trivial.

In fact, letting e be the identity of B(H) and F' = T'(e), we have T'(a) = aF = Fa
for all @ € B(H). Therefore, for all u € B(H)?™), we have (au —ua, F) = 0. From
Lemma B8] this implies that F = 0. Hence T = 0. Therefore, B(H) @ B(H) is
(2m + 1)-weakly amenable for m > 0.
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On the other hand, we have indicated in the paragraph before Proposition
that 2 @ A is never 2m-weakly amenable. So B(H) @ B(H) is not 2m-weakly
amenable for m > 0. This completes the proof. O

Remark 5.10. Denote by K(H) the algebra of compact operators on H. Using
Theorem 1 of [29] one can also prove that K(H) @ K(H) and B(H) ® K(H) are
(2m 4+ 1)- (but not 2m-) weakly amenable. On the other hand, it is interesting to
recall Proposition 2:4] which implies that K(H) @ B(H) is not weakly amenable.

6. THE ALGEBRA A @ X

In this section we consider the case that the module action on one side of X
is trivial. We denote by Xj (respectively, oY) specifically the 2-bimodules with
right (respectively, left) module action trivial. We observe that, when X = Xj,
conditions 3 and 4 in Theorem 2] are reduced, respectively, to the following:

3. for each continuous 2A-bimodule morphism I': Xy — ACM+D) there is F €
XéQmH) such that Fa =0 for a € 2 and T'(z) = aF for z € Xy;
47. AX is dense in X.
Also, conditions 1, 3 and 4 in Theorem [2.2] are reduced, respectively, to the follow-
ing:
1§. every continuous derivation D: 2 — A(™) with the property that there is a
continuous operator T: Xy — X(()zm) such that T'(azx) = D(a)x + oT'(z) for
a € A and z € X is inner;
34. the only continuous A-bimodule morphism I': Xy — ACR™) satisfying I(z)y =
0 (z,y € Xo) in X(gzm) is zero;
4. for every continuous A-bimodule morphism 7: X, — X(()2m)7 there exists
u € AR™ such that au = ua for a € A and T'(x) = ux for r € X,.

Proposition 6.1. Suppose that A is a (2m + 1)-weakly amenable Banach algebra
with a bounded approzimate identity and satisfying that AAC™ = AC™)  Then,
A D Xy is (2m + 1)-weakly amenable if and only if AX, is dense in Xp.

Proof. Since 2 has a bounded approximate identity, from Proposition 1.5 of [23],
condition 2 in Theorem Bl always holds for X = X. If AAR™) = A™) then
there is no nonzero, continuous 2A-bimodule morphism 7: Xy — AC™+D  gince
such a morphism must satisfy (au, T(z)) = (u, T(za)) =0 (a € A, u € AZ™). So
condition 3{, holds automatically. O

For m = 0, the above proposition yields the following.

Corollary 6.2. Suppose that A is a weakly amenable Banach algebra with a
bounded approximate identity. Then A & Xg is weakly amenable if and only if
AXg is dense in Xg.

A dual result to Corollary is as follows.

Corollary 6.3. Suppose that A is a weakly amenable Banach algebra with a
bounded approximate identity. Let oY be a Banach A-bimodule with left module
action trivial. Then, A ® oY is weakly amenable if and only if oY is dense in oY .

View 2 as a left >-module and then impose a trivial right 2A-module action on it.
This results in a Banach 2-bimodule. We denote it by Ag. Suppose that ¢ € Aé").
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We denote the same element in 2™ by ¢. Similarly to Lemma 53, one can check
that the following equalities hold:

(ug)~ =ug, ¢u=0, ¢F=3¢F,
F¢=0, uF=0, (Fu)™=Fu,

where u € AC™) ¢ € A(()Qm), Fe Aézmﬂ) (m >0).

Proposition 6.4. Suppose that A is a (2m + 1)-weakly amenable Banach algebra
with a bounded approzimate identity. Then A @ Ao is (2m + 1)-weakly amenable.

Proof. As in the proof of Proposition [61] it suffices to verify conditions 3’ and 4.
Condition 4( holds since 2 has a left bounded approximate identity for Ay. Let
(o) C Ao be a net such that (Z,) is a bounded approximate identity for 2. If T':
Ag — A@m+D) g a continuous A-bimodule morphism, we let F be a weak* cluster
point of (I'(z,)). Let the element in Aézmﬂ) corresponding to F be F. Then F
satisfies the requirement in condition 3(. g

Concerning 2m-weak amenability, we have the following.

Proposition 6.5. Let m > 1, and suppose that 2 is a commutative 2m-weakly
amenable Banach algebra with a bounded approximate identity. Then A & Ag is
2m-weakly amenable.

Proof. Tt suffices to show that conditions 3§ and 4f hold. Suppose that an 2-
bimodule morphism T: Ay — 2A2™) satisfies T'(x)y = 0 in A(()2m) (x,y € Ao).
Then

0= ((x)y)” =T(x)y = gl'(z) =T(gz) (2,y € Ao).

This implies that I'(ax) = 0 for a € A and x € Ag. So I'(z) = 0 for all x € A,.
Therefore, condition 3f holds.

Assume that T: Ay — A(()Qm) is a continuous 2A-bimodule morphism. Let v be
a weak™® cluster point of (T'(z;)), where (Z;) is a bounded approximate identity for
A. Let w = 0. Then, T'(z) = im T'(Zx;) = Tv. However, (Tv)~ = 0 = fu = uf =
(ux)™. Hence T'(z) = ux. On the other hand, ua = au since A is commutative.
Condition 4§ holds. O

Although we have already had an example of a Banach algebra which is (2m+1)-
weakly amenable but not 2m-weakly amenable (see Proposition .9; another known
example is the nuclear algebra N (E) with E a reflexive Banach space having the
approximation property [10} Corollary 5.4]), we end this section by giving one more
example of a weakly amenable Banach algebra which is not 2-weakly amenable.

Suppose that 2 is a weakly amenable Banach algebra with a bounded approx-
imate identity and satisfying that A2* # A*2 (an example is 2 = L}(G) with G
a non-SIN locally compact group; see [28] and [25] for the reference of SIN groups,
and Theorem 32.44 of [20] as well as [26] for the property we need here). Without
loss of generality, we assume that AA* ¢ A*A.

Example 6.6. For the above Banach algebra 2, A & A, is weakly amenable but
is not 2-weakly amenable.
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Proof. From Proposition 6.4, 2 & Ag is weakly amenable. We show that condition
34 does not hold for m = 1. Take a ¢ € A** for which ¢|gg+ = 0 but ¢|y-9 # 0
(notice that by Cohen’s factorization theorem, 2AA* is closed in 2*). Then ¢a =
0 for all a € A and a¢ # 0 for some a € ™A. Let T: Ag — A** be defined by
T(x) = Z¢. Then T is a continuous A-bimodule morphism and T # 0. Since

(T(z)y)~ =T(z)y = (2¢)y = 2(¢y) =0,
we have T'(z)y = 0 for all z,y € Ay. Therefore, condition 3] is not satisfied. O

7. WEAK AMENABILITY DOES NOT IMPLY 3-WEAK AMENABILITY

Suppose that X; and X5 are two Banach 2-bimodules. We denote by X;+X5
the direct module sum of X; and Xo, i.e., the [ direct sum of X; and X5 with the
module actions given by a(z1,22) = (az1, axe), (x1,22)a = (z1a, z2a). For this
module we have the following equality:

(w1,22) - (1, f3) = o fi +2afs ((21,22) € Xa X, (1, f5) € (X14X2)7).

In this section we shall first study the weak amenability of the Banach algebra
2 & (X1+X2). Then we shall give an example of a weakly amenable Banach algebra
of this form which is not 3-weakly amenable.

Lemma 7.1. Suppose that A @& X1 and A D Xy are weakly amenable. Then the
following are equivalent:
(i) A (X1+X2) is weakly amenable;
(i) there is no nonzero, continuous A-bimodule morphism v: X1 — X3;
(iil) there is no nonzero, continuous A-bimodule morphism n: Xo — X7

Proof. Suppose that (i) holds. We show that (ii) also holds. Indeed, suppose that
v: X1 — X3 is a continuous 2A-bimodule morphism. Consider the continuous
2l-bimodule morphism T: X;+Xs — (X1+X2)* defined by

T((x1,2)) = (=7*(22),v(21)), (21,22) € X1+Xa.
For (z1,22), (y1,y2) € X1+Xa, and a € 2, we have

(a, (z1,22) - T((y1,92)) + T((w1,22)) - (y1,92) )
=(a, —217"(y2) + 227(y1) ) + (@, =" (z2)y1 +v(21)y2)
= (a, =v(z1)y2 + 227(y1) ) + (@, —z27(y1) +v(z1)y2) = 0.

So (x1,z2) - T((y1,92)) + T((x1,22)) - (y1,y2) = 0. Then, from condition 4 of
Theorem EZTI, T'= 0. Thus v = 0. As a consequence, (ii) holds.

To prove that (ii) implies (iii), we suppose that n: X — X is a continuous
A-bimodule morphism. Then v: X; — X3 defined by v = n*|x, is a continuous
2A-bimodule morphism. Therefore, v = 0. This implies that n* = 0 since n* is
weak*-weak* continuous and X; is weak™ dense in X;*. Thus, n = 0, showing that
(iil) holds. Similarly, one can prove that (iii) implies (ii).

Finally, we prove that (ii) 4+ (iii) implies (i). Because A @ X; and 2A & X,
are weakly amenable, conditions 1-3 of Theorem 1l hold automatically for X =
X1+X5 and m = 0. We show that condition 4 also holds. Suppose that T: X — X*
is a continuous 2-bimodule morphism satisfying

(x1,22) - T((y1,92)) + T((w1,72)) - (Y1,92) =0 ((w1,22), (y1,2) € X).
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Let P;: X* — X be the natural projections and let 7;: X; — X be the natural
embeddings, ¢ = 1,2. Then, by taking 2 = yo = 0 and x; = y; = 0 separately, we
have

x1-ProTorm(pn)+ProTor(x1) y1 =0,
Xo-PooT ora(y2) + PooT oma(xa) - y2 =0,

for all x;,y; € X;, i = 1,2. So we have P; o T o 1; = 0 by applying condition 4 of
Theorem 2.1] to the weakly amenable Banach algebras A®X;, i = 1,2. Furthermore,
(ii) and (iii) imply that PyoT o1e: Xo — X{ and PooT o1: X1 — X are trivial.
Therefore, we have T = 0. Condition 4 of Theorem [2.1] holds for X = X;+Xs.
From Theorem 211 2 (X +X>) is weakly amenable. This completes the proof. O

Proposition 7.2. The algebra A® (X1+X2) is weakly amenable if and only if both
AD X1 and A © Xy are weakly amenable and condition (i) or condition (iii) in
Lemma [71] holds.

Proof. If A @ (X;+X3) is weakly amenable, then conditions 1-4 of Theorem BTl
hold for this algebra. It follows that these conditions also hold for the algebras
A @ X1 and AP Xa. So the latter two are also weakly amenable. The rest has been
given in Lemma [[T] O

In the remainder of the paper we focus on constructing an example of a weakly
amenable Banach algebra which is not 3-weakly amenable. Recall that we always
equip A?™) with the first Arens product. The following lemma has been proved in
[31].

Lemma 7.3. Suppose that A is a left (right) ideal in A**. Then it is also a left
(respectively, right) ideal in AP™) for all m > 1.

Suppose that % is a Banach algebra and 2 = B**. If 9 is an ideal in B**,
then a natural way to make 9B an 2-bimodule is using (the first) Arens product to
give the module actions. In this way B** is an A**-bimodule. For b € B C B**
and v € A**, the module coupling u - b and b - u result in elements of B**. Since
B c BW (= A**), we can also consider the products ub and bu in the sense of
Arens in B®. But, from the above lemma, ub,bu € B C B**. It is routine to
check that, as elements in B**, w-b=wub and b-u = bu.

From this point on, H will denote an infinite-dimensional, separable Hilbert
space, B(H) will denote the Banach algebra of all bounded operators on H, and
K(H) the ideal of all compact operators on H. It is well known that, with any
Arens product, K (H)** = B(H) (see [27, p. 103] for details).

Lemma 7.4. There is an element ag € B(H) such that ag ¢ K(H), ag is not right
invertible in B(H) and agK(H) is dense in K(H).

Proof. Let (e;)$2, be an orthonormal basis of H. Let agp € B(H) be defined by
ao(es) = %ei if 7 is even;
R e; if 4 is odd.

Clearly, ag ¢ K(H). Also, ag is neither right nor left invertible because any one-
sided inverse of ap must satisfy

1 _Jie; ifiis even;
ag (e;) = .
e; if 7 is odd,
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which cannot be a bounded operator.

For each n > 1, denote by V,, the subspace of H generated by {e1,ea,... ,en},
and let P, be the orthogonal projection from H onto V,,. Then, from Corollary I1.4.5
of [6], for every k € K(H) and € > 0, there is n = n(k, ¢), such that | P,ok—k|| < e.
For this n = n(k,¢), let b, € B(H) be defined by

ie; if i < n and i is even;
bn(e;) =< e; ifi<nandiis odd;
0 for i > n.

Then ago b, = P, and agob, o P, = P> = P,. Let k, = b, o P, ok. Then
kn € K(H), and ag 0 ky, = P, ok. Also, |lagoky — k|| = ||P, ok — k|| < e. Since
k € K(H) and € > 0 are arbitrarily given, this shows that aoK(H) is dense in
K(H). O

For the element ag in the above lemma, agB(H) is a proper right ideal of B(H)
since the identity 1 ¢ agB(H). The closure of agB(H) is also a proper right ideal
of B(H) ([3] p. 46]). So there is F' € B(H)* such that F' # 0 but Flag = 0. Then,
FB(H) # {0} is a right B(H)-submodule of B(H)*. Take

Xo=(K(H))o, and oY = o(cl(FB(H)).
Then we have the following example.
Example 7.5. B(H) @ (Xo+ ¢Y) is weakly amenable but not 3-weakly amenable.

Proof. Clearly, we have B(H)Xo = Xy and Y B(H) = ¢Y. By Corollaries[6.2] and
B3, the Banach algebras B(H) @ Xo and B(H) @ ¢Y are weakly amenable.

Suppose that T: Y — X[ is a continuous B(H)-bimodule morphism. We prove
that T is trivial. Let f = T'(F). Then fag = T (Fao) =0, and so (aoK (H), f) =
{0}. We then have f = 0 since agK (H) is dense in K (H). This shows that T'(F) =0
and hence T(FB(H)) = {0}. Thus, T = 0. From Proposition 2, B(H)® (Xo+ oY)
is weakly amenable.

To prove that B(H) @ (Xo+ oY) is not 3-weakly amenable, we show that it fails
condition 4 of Theorem [ZI] for m = 1. Since

(X0)™" = o K(H)™) = o B(H)") D o,

there exists a nonzero B(H)-bimodule morphism from Y into (Xo)*** (e.g., the in-
clusion mapping). Let 7: oY — (X()*** be such a morphism, and let A: (X)*** —
(Xo)* be the projection with the kernel X5-. Take T = Ao 71: v — X. From the
preceding paragraph, we have that T'= 0. So

(x, 7(y)) =(z, T(y)) =0 (y€ o, z € Xo).

Now let I': Xo+ oY — (Xo+oY)*** be the continuous B(H)-bimodule morphism
defined by

3k sk

L((z,y)) = (v(y), 0).
Then, for (x1,y1), (v2,y2) € Xo+ oY, and u € B(H)**, we have
(u, (z1,91) - T((22,92)) + T((21,91)) - (22, 92))
= ((u-21,0), (7(y2),0)) + ((0,92 - ), (7(y1),0))
=(u-z1, 7(y2)) = (ua1, 7(y2)) = 0.
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Here we used the fact that w-z; = ux; € Xo (see the paragraph following
Lemma[7.3]). So

(@1,91) - T((z2,92)) + T((z1,91)) - (22,52) =0

for all (z1,y1), (z2,y2) € Xo+ Y. But I' # 0; so condition 4 of Theorem 2] does
not hold for m = 1 and X = Xo+ Y. As a consequence, B(H) ® (Xo+ oY) is not
3-weakly amenable. [l
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