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0. Let E be a Banach space, and let N(E) be the Banach algebra of all nuclear
operators on E. In this work, we shall study the homological properties of this algebra.
Some of these properties turn out to be equivalent to the (Grothendieck) approximation
property for E. These include:

(i) biprojectivity of N(E);

(ii) biflatness of N(E);

(iii)) homological finite-dimensionality of N(E);

(iv) vanishing of the three-dimensional cohomology group, H*(N(E), N(E)).

This adds another property to the wide range of concepts in functional analysis and
topology that can be characterized in terms of topological homology (see [1, Preface,
§6]): the approximation property for Banach spaces. This property is discussed in [1], [2],
[3], and [4].

Let A be a Banach algebra, not necessarily with an identity, and let A, be its
unitization. All homological concepts to be used below (the cohomology groups of A, the
groups “Ext”, the homological dimension dh, X of a (left Banach) A-module X, the
(left) global dimension, dg A, and the cohomological dimension (otherwise called
bidimension), db A, of A, (bi)projectivity, (bi)flatness and others) are assumed to be
known; they are set out in detail in A. Ya. Helemskii’s book [1] (see also [5]).

Let B(E) (respectively K(E)) be the Banach algebra of all continuous (respectively
all compact) linear operators on E. We recall that the algebra N(E) of all nuclear
operators on E consists of those elements T € B(E) which can be represented as an

absolutely convergent series Y. S, of one-dimensional operators, and that
n=1

Tl =inf{ 3 1,117 = 3 531
n= n=1

As usual, any subalgebra of B(E) that is a Banach algebra with respect to a certain
norm ||.}| = ||.|lls Will be called an operator Banach algebra on E. We recall (see (6,
Corollary 3.2)) that, if an operator Banach algebra A contains all finite-rank operators on
E, then it contains N(E) as a continuously embedded bi-ideal of A and is itself a Banach
N(E)-bimodule in the natural sense. In particular, we can speak about the N(E)-
bimodules B(E), K(E), and N(E). .

Let E* be the dual space of £, and let A(E)=FE @ E* be the tensor algebra
generated by the duality (x,f) =f(x) (x € E,f € E*) (see [6]), with multiplication given
by

1 ®fi)(x.®f) = (%2, )%, ®f,.

Here ® denotes the projective tensor product of Banach spaces (see [2]). We recall
that there exists a homomorphism of Banach algebras 7:A(E)— B(E) defined by
(x @ f)(y) = (y,f )x. The image of this homormorphism is the set of operators that can
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be represented in the form

Ty = g} (y’f'l>x'l’

where x, e E, f,e E*, and X ||f.ll l|lx.ll <o, i.e., it coincides with N(E). The co-
n=1
restriction of 7 to N(E) is denoted by 8: A(E)— N(E). It is clear that

16(@)llne) = llall a) (a € A(E)).
Let Lg =ker 6. Then L is a closed bi-ideal of A(E), and the operator
0:A(E)/Lg— N(E)

generated by 6 is an isometric isomorphism of Banach algebras. It is known (see [2, I, §5,
Proposition 35]) that Ly =0 if and only if E has the approximation property (AP for
short); in this case the Banach algebras A(E) and N(F) are isometrically isomorphic.

By Lemma 2.2 of [6], the algebra A(E) is always biprojective, and therefore (see [1,
Theorem V.2.28]) for A = A(E) (and also for A = N(E) in the case where E has AP) we
have H"(A, X) =0 for all A-bimodules X and for all n=3. In particular, dg A <2 and
dh, C=1, where C=A,/A is the one-dimensional annihilator A-module.

The content of the paper is as follows. The key result of Section 1 (Theorem 1) is
that, if E does not have AP, then, for A= N(E), we have dh, A=, It follows
(Corollaries 1 and 2) and dg A =dh, C=, and A is neither biprojective nor biflat. In
Corollaries 3 and 4, Theorem 1 is used to study the cohomology groups H"(A, X) and
singular extensions of the algebra A= N(E) by X, where X is a right-annihilator
A-bimodule. In Section 2, the global and cohomological dimensions (and other
characteristics) of the algebras A(E) and N(E) are calculated for each infinite-
dimensional Banach space E. We show (Theorem 2 and Corollary 5) that dg A(E) =
db A(E)=2, and the condition that dg N(E)=2 (db N(E)=2) is equivalent to the
approximation property for E. Section 3 studies the cohomology groups of the algebra
N(E) with coefficients in annihilator and some other bimodules. In particular, Theorem 6
shows that H(N(E), N(E)) = 0 for each Banach space E, and that H*(N(E), N(E)) = 0 if
and only if E has AP.

1. Homological finite-dimensionality for the algebra of nuclear operators. We shall
prove the following theorem.

THEOREM 1. Let E be a Banach space, and let A= N(E). Then

if E has AP,

0
dhy, A= {
4 ©  if E does not have AP.

We preface to the proof of Theorem 1 a number of simple lemmas.

LEMMA 1. Let E be a Banach space. Then, for each a,b e A(E)=E ® E* and each
L € B(E), the following equalities hold:

(i) ab = (1(a) ® 1g-)(b) = (1 ® (1(b))")(a);

(1) (@)L =1((1 ® L*)(a) and Lt(a) = t((L ® 1z.)(a)).
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If , in addition, x, ® f,, x, ® f, € A(E), then we have:
(iil) a(x, ® f;) = 1(a)(x,) @ f; and (x, ® fi)a = x, ® (t(a))*(f);
(iv) (x, ®fa(x, @ f) = ((a)(x2), fi)x:1 ® f;
(v) a(x, @ fi)b = t(a)(x,) ® (z(b))*(f))-

Proof. Formulae (ii) were established in [6] (see the proof of Theorem 3.2). The
equalities (i) and (iii) are easy to check on elementary tensors. The formulae (iv) and (v)
follows from (iii)). =

For an algebra A, we set

Lan(A) ={aeA:ab=0for all be A},
Ann(A)={ae€eA:ab=ba=0forallbeA}.

LemMA 2. Let E be a Banach space, and let A = A(E). Then L; = Ann(A) = Lan(A).

Proof. We recall that L, = Ker 8 =Ker 1. Let a € L. Then t(a) =0 and, by Lemma
1(i), ab=ba=0 for beA. Hence ae Ann(A). Thus Lp < Ann(A). Since always
Ann(A) c Lan(A), it remains to prove that Lan(A) c L.

Let a € Lan(A). Then for b = x ® f € A(E) we have ab =0, where ab = 1(a)(x) ®f,
by Lemma 1(iii)). Since x € E and f e E* are arbitrary, we find that t(a)=0 i.e.,
acKert=Lg. =

It is clear that every Banach space E is a left Banach N(E)-module provided that the
outer multiplication is defined as the action of the operator on the vector. The space E* is
now regarded as the right Banach N(E)-module dual to E. Let £ ® E* be the
N(E)-bimodule obtained from E and E* by the tensor_product bifunctor (see (1, II,
§5.3]). It is obvious that the outer multiplications of £ & £* by elements of N(E) are
given by the formulae

Lou=L®1)Ww), u.L=1z® L),
where LeN(E) and ue E ® E*. By Lemma 1(ii), the operator 6: E ® E*—>N(E)is a
morphism of N(E)-bimodules.
We now recall (see [1, II, §5.3]) that there is the so-called reduced module
=A ® X associated with any left A-module X. Let x: X— X be the morphism of
-modules defined by k(a @ x)=ax. If X =A, then it is easy to turn Xp=A ® A into

A-bimodule (see [1, Proposition II.5.15]). In this case, k:A ®A—>A becomes a
morphism of A-bimodules.

LemMa 3 (see [7, 4.6(i)]). Let E be a Banach space, and let A= N(E). Then, up to an
isometric isomorphism of A-bimodules, the reduced module An=A & A coincides with
E®E*, and the morphism k:Ap— A coincides with the epimorpﬁ‘ism 0:EQE*—
N(E).

We give a direct proof of this result.

Proof. Choose x, € E and fy € E* such that (xo, ) = llxolle =follz-=1. For x € E,
feE™, let

Mx ®f) = 0(x 8f) ® 0(x, ®).
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Then A is a continuous linear operator from E ® E* into A ® A; it is clear that A is a
morphism of A-bimodules, and that ||A|| =1.

On the other hand, let R:AXA—E @ E* be the bilinear operator given by
R(6u, 6v) = uv, where u,v e A(E). We shall prove that R is properly defined and
continuous. Indeed, if Gu’'=6u and Ov’'= Gv, then, by Lemma 2, u'—u, v'—ve
Ker 8 = Lz = Ann(A(E)); hence u'v’' = uv and

lluvll = |lu + Lel| llv + Lgll = {|6ull {|6v]].

It is easily verified that R is balanced (i.e., R(ab,c)=R(a,bc) for any a = 6u,
b=0v, c=0w, where u,v,we A(E)). The operator from A @A into E® E* as-
sociated with R is denoted by wu. It is obvious that y is a morphism of A-bimodules, _that
gl =1, and that peA =14 z.. We shall prove now that Acu is the identity on A ® A,
in which case A=u~"! and u:4 ® A—E®E* is an isometric isomorphism of A-
bimodules.

Indeed, since 8:A(E)— N(E) is a homomorphism of algebras, we have

(Aou)(6u ? Ov) = A(uv)
= (%2, f1)A(x; ®f)
= (£2,/)0(: ®f) ® 6(x0 ®f)

=002, @) ® 6((x0 B fi)v)
= 6(x: ®) ® 6(xo ® ;)6
= 001, ® /)0 ® f;) ® 6
= 0u ® bv

for arbitrary elementary tensors u =x, ® f; and v =x, ® f;.
It remains only to note that k = 6o pu, and the assertion is proved. ®

Lemma 4. Let E be a Banach space, and set A = N(E). Then the left A-module Ay, is
projective and the following statements are equivalent:
(i) the left A-module A is projective;
(ii) the left A-module A is flat;
(iii) E has AP.

Proof. Let xg€ E and fye E* be such that (xo,f;) =1. It is easy to see that the
formula

px®f)=0(xBf)®(x0®f) (x€E,feE")
defines a morphism of left Banach A-modules

p:EQE*>AR(ERE")cA, ®(ER®E*
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such that mwep is the identity on E®E*, where n:A @(E@E*)—»E QE* (the
so-called canonical morphism) is defined by n(a®@u)=a.u (acA,ue EQE*). It
follows that the A-module E ® E* is projective. Since, by Lemma 3, the A-module
A is isomorphic to E ® E*, Ay is also projective.

The implication (i) = (ii) follows from [5, Proposition 7.1.44].

Now suppose that (ii) holds. Let i be the natural embedding of A in A,. By
[S, Theorem 7.1.42], the operator k=i @ 1.AQA—A, ® A=A is topologncally
injective. In particular, ker x =0. By Lemma 3, ker 8=0 and, consequently, (iii) holds.

The implication (iii) = (i) follows from the facts that, for E having AP, 6:E R E*—
A is an isomorphism of left A-modules, and E ® E* is always projective. ®

Proof of Theorem 1. The case “E has AP” is contained in Lemma 4.

We now assume that E does not have AP. Set n =dh, A, and suppose that n <. By
Lemma 4, n=1. By Theorem [1, V.2.1], for some A-module W there exist short
admissible complexes of A-modules

AU W 0
and .
0—We—VEAQ A0, (1)
where U=(A, ® A)®@ A, V=(A, ®A,) D4 ® A),
Ala®x)=(i(a) ®x,a ® k(x)) (aeA,xeAp),

i is the natural embedding of A in A,, and Kk =i ® 1,:Aq— A. By Lemma 4, dh, U=0
and, by [1, Proposition I11.5.5],

dh, W =max{dh, U,dhyA—1}=n-1.

The short admissible complex (1) defines, for any A-module Y, an exact sequence of
groups

.. > ExtyW, V)= Exti(V, Y) > Exti(A ® Ap, V) Exti*{(W, V) >... (2

(see [1, Theorem II1.4.4]). Since dh, W =n — 1, we have Ext4(W,Y) =Ext}"'(W,Y) =

0. Since the A-module A, ® Ay s projective, it follows that Ext3(V,Y)=
Exti(A ® A, Y), recalling that n = 1. Consequently, the segment (2) of the long exact
sequence for the groups Ext takes the form

0— Ext(A ® A, Y) 5 Exti(A ® Ay, Y)—0.

Thus the morphism of groups & =Ext}(1, ® k, Y) is an isomorphism for any
A-module Y.
Let

0(_A(—EP0 e Pn—l P"(—O

be a projective resolution of length n for A-module A. (Such a resolution exists because
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dh, A = n.) Consider the commutative diagram
0 — A®Ap <&L «— P,_,®4, P,®Ay «— 0
ll@l{ ll@x ll@k (3)
0 — AQA <21 «— P_ ®A <222 p @A — 0.
It is obvious that the upper and lower lines of this diagram are projective resolutions
of the A-modules A ® A;; and A ® A, respectively.
Let Y be an arbitrary A-module. Applying the functor 4A(?, Y) to the diagram (3),
we obtain the commutative diagram R
= AP ® AR, Y) =5 k(P ®An, Y) — 0

I I
— Lh(P,_,®A,Y) > Lh(P,®AY) — 0.
It is obvious that

d,,-]é]_
—

Exti(A ® Ap, Y) = Ah(P, ® Aq, Y)/Im g
and

Exti(A® A, Y)=,h(P, ® A, Y)/Imy,

and that the operator A = 4h(1 Rk, Y) generates the morphism & considered above. As
was shown, & is an isomorphism.

Now set Y =P, ® Ay, and consider the element of the group Ext}(A ® An, Y)=
4h(Y, Y)/Im yp defined by 1y € ,h(Y, Y). This element belongs to Im é. It follows that
there exist morphisms of A-modules §: P, _, ® Ang— Y and n:P, ® A— Y such that

ly = yn(§) + An).
But yn(§) = Eo(d,_, ® 1) and A(n) = n°(1 ® k), and hence
x®y=8(d,-,(x)®y)+ n(x®k(y)) (xeP,yeAp). “4)

Since E does not have AP, by Lemma 3, ker k #0. Let y, € ker k\{0} and f, € (Ap)*
be such that fy(y,) = 1. Set

L) =(1®f)EE®y)  (z€P).
Then clearly {:P,_,— P, is a morphism of A-modules. From (4) for y = y,, we see that

x =18 f)(x ®yp) = £(d_1(x))

for all xeP,, and hence {od,_, is the identity on P,. Consequently the morphism
d,_:P,—P,_, is a coretraction. But then obviously dh, A <n. Since n=dh, A, we
obtain a contradiction. Thus dh, A =, and the theorem is proved. ®

The following corollary is a consequence of Theorem 1, [1, Theorem V.2.28] and [6,
Lemma 2.2].

CoroLLARY 1. Let E be a Banach space, and let A= N(E). Then the following
statements are equivalent:
(1) A is biprojective;
(ii) H*(A, X) =0 for all A-bimodules X ;
(iii) dg A <o;
(iv) dh, C <o
(v) E has AP.
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We recall (see [1, Proposition VII.2.2]) that, if A is a biflat Banach algebra, then the
left A-module A is flat. On the other hand, every biprojective Banach algebra is biflat.
From Lemma 4 and Corollary 1 we obtain the following corollary.

CoRrOLLARY 2. Let E be a Banach space. The Banach algebra N(E) is biflat if and
only if E has AP.

We recall that an A-bimodule X is called right-annihilator if x.a =0 for all xe X,
a € A. Each right-annihilator A-bimodule X can be regarded as the A-bimodule B(C, X)
(see [1, Proposition 0.4.5]). Theorem 1 and the formula

H"(A, B(C, X)) = Ext}(C, X)
(see [1, Theorem 1I1.4.12]) yield the following corollary.

CoroLLARY 3. Let E be a Banach space, and let A = N(E).

(i) If E has AP, then H"(A, X) =0 for all right-annihilator A-bimodules X and for
alln=2.

(ii) If E does not have AP, then, for each n, there exists a right-annihilator A
bimodule X such that H"(A, X)#0.

As is well known (see [1, I, §1.2]), the question of the triviality of two-dimensional
cohomology groups of a Banach algebra A with coefficients in A-bimodules is closely
connected with the question of the splitting of singular extensions of this algebra. In
particular, we obtain the next corollary from Corollary 3 and (1, Corollary I.1.11].

CoRrOLLARY 4. Let E be a Banach space, and let A= N(E).

(i) If E has AP, then any singular extension of the algebra A by a right-annihilator
A-bimodule splits.

(i) If E does not have AP, then there exists an unsplittable singular extension of the
algebra A by a right-annihilator A-bimodule.

2. The global dimension of the algebra of nuclear operators. The first theorem is
related to [8, Theorem 5], which was stated without proof.

THEOREM 2. Let E be an infinite-dimensional Banach space, and let A = A(E). Then
dh, K(E)=dh, B(E)=2,and dgA=dbA=2.

To prove Theorem 2, we need a lemma.

LemMA 5. Let E be a Banach space, and set A = A(E). Suppose also that X = K(E)
or B(E). Then, up to an isometric isomorphism of A-bimodules, the reduced modules
A ? Xand X ?A coincide with E ® E*.

The proof of this lemma is analogous to the proof of Lemma 3; the isomorphism
u:A @X—>E ® E* is defined by

u((x®f)§L)=x®L*f (xeE,LeX,fe€E").
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Proof of Theorem 2. Let X = K(E) or B(E). By [1, Theorem V.2.1], there exists a
resolution for the A-module X of the form

0X—UVAEAR X0, (5)
where U= (A, ® X)® Xy, V=(4, ® X)) ® (4 ® X),
Ala®x)=(i(a) ®x,a ® k(x)) (aeA,xeXy),

i is the natural embedding of A in A, and x =i ® 1y: Xp=A ® X—X. By Lemma 5,

Xn=A up to an isomorphism. Since the algebra A is pro;ectwe it is clear that the
complex (5) is a projective resolution. Its length is equal to 2. To obtain a contradiction,
suppose that dh, X <2. Then obviously the morphism A is a coretraction, i.e., there
exists a morphism of A-modules V:V—A ® Xp; such that VoA is the ldentlty on
A® Xy Set A,—1X®A and V1—1X®V Then, by Lemma 5,

AARA-(X®A)D (AR X)
and

A@®b)=(t(a)®b,a®1(b)) (a,beA).
Since obviously V, ¢ A, is the identity on A ® A, we have for eachae A,

lla]l* = lla @all = [IV:(Ai(a ® a))|
=C(llr(a) ®al| + lla ® t(a)|l)
=2C|lall Iz(a)lx

, llall=2C ||r(a)||X, where C=||V,||. It follows that Ly =ker t=0 and that the
norms of the spaces E ®E*=Aand EQ EcX are equivalent. (Here, ® is the symbol
for the weak tensor product of Banach spaces (see [2], [5]).) In other words, E ® E* and
E®E* are canonically isomorphic. As Grothendieck showed (see (2, I, §4, Corollary 2
on p. 153]), the latter implies that E is finite-dimensional. But we have assumed that
dim E =, and so we have a contradiction.

Consequently, dh, X =2 and db A =dg A =2. Since the algebra A is biprojective
([6, Lemma 2.2]), {1, Theorem V.2.28] implies that dbA=2. Hence dgA=dbA=2.
The proof is complete. ®

Corollary 1 and Theorem 2 yield the following corollary.

CoroLLARY 5. Let E be an infinite-dimensional Banach space, and let A= N(E).
Then

2 if E has AP
dgA=dbA= { ’
& w  if E does not have AP.

The following corollary is a consequence of Lemmas 3 and 5, [1, Proposition 11.3.13]
and Grothendieck’s results which was used in the proof of Theorem 2.

CoROLLARY 6. Let E be a Banach space, and let A = A(E) or N(E). Then A has a left
bounded approximate identity if and only if dim E <o,
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THeOREM 3. Let E be a Banach space, and let A = A(E) and N = N(E). Then

0 if E has AP,

dh, N = {
4 2 if E does not have AP.

The proof of this theorem is analogous to the proof of Theorem 2.

3. The cohomologies of the algebra of nuclear operators with special coefficients. We
recall that an A-bimodule X is called annihilator if a. x =x.a=0forallae A, x e X.

THEOREM 4. Let E be a Banach space, and set N = N(E). Let X #0 be an annihilator
A-bimodule. Then:

(i) HXN,X)=0  ifand only if E has AP;

(ii) H3(N, X)=0.

Proof. The assertion (i) follows at once from [1, Theorem I1.3.23] and Lemma 3.

Now let f € Z*(N, X), i.e., let f be a continuous trilinear operator from N X N X N to
X such that the identity

fla,bc,d)=f(ab,c,d)+f(a,b,cd) (a,b,c,deN)
holds. Set A = A(E) and set
fila,b,c)=f(6Ba, 6b, 6c) {a,b,c e A).

Then f, is a continuous trilinear operator from A X A XA to X. Since 8:A— N is a
homomorphism of Banach algebras, it is obvious that f; € Z*(A, X). It follows from the
biprojectivity of the algebra A that H*(A, X)=0. Hence f, = 6°g, for some g,:A X A—
X which is a continuous bilinear operator, i.e., we have

fi(a,b,c)=—g(ab,c)+g\(a, bc) (a,b,ceA).

If a e Lg =ker 6, then for any b,c € A we have fi(a,b,c)=0, and, by Lemma 2,
g(ab,c)=0. Hence g,(a, bc)=fi(a,b,c)+g(ab,c)=0. Consequently, g,(L;, A)=0.
It is similarly shown that g (A, Lg) =0.

It is obvious that the formula

g(Ba, 6b) =g,(a,b) (a,beA)

defines a continuous bilinear operator g: N X N— X such that f = 8%¢. This completes the
proof of (ii). =

It follows from Theorem 4 that, if a Banach space E does not have AP, then, for any
annihilator N(E)-bimodule X # 0, there exists an unsplittable singular extension of N(E)
by X. On the other hand, if E has AP, then one can show the following: any extension of
N(E) by an annihilator N(E)-bimodule splits, even if it is not a priori singular.

Now let E be a Banach space, and let j be the natural embedding of Lz =ker 6 in
A(E). Since

0— Lg4> A(E) S N(E)—0

is an exact sequence of Banach algebras and L = Ann(A(E)), the triple (A(E), 6,j) is
an extension of the algebra N(E) by the annihilator N(E)-bimodule L. It is not clear to
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the author whether this extension is singular (i.e., whether Lg has, as a subspace, a
Banach complement in A(E) for any E). But one can show that whether or not it splits is
equivalent to the approximation property for E.

We continue to study the cohomology groups of the algebra N(E). The proof of the
first lemma is analogous to the proof of [9, Theorem 1].

Lemma 6. Let E be a Banach space, and let A be N(E) or A(E). Then
H"(A,B(E))=0foralln=1.

THEOREM 5. Let E be a Banach space, and let A be N(E) or A(E). Let B be an
operator Banach algebra on E containing all finite-rank operators on E. Then B is a
Banach A-bimodule and H*(A, B) = 0.

Proof. According to [6, Corollary 3.2], N(E) = B and the embedding of N(E) in B is
continuous. Using Lemma 1(ii), we deduce that

a.L,L.aeN(E)cB
for all a € A and L € B(E), and that
lla. Lllz=Clla. Lling=Cllalla IILIIB(E),}
IL.allp=CI||L.allneg = C llalla lIL|l|5&)-

It follows easily that B is a Banach A-bimodule.
Now let f:A X A— B < B(E) be a continuous bilinear operator with 8*f =0. By
Lemma 6, f = 8'g for some g:A— B(E). Hence

glab)=a.g(b)—f(a,b)+g(a). b  (a,beA). (M
It follows from (6) and (7) that g(ab) e B for all a, b € A, and that

lig(ad)lls = (Il +2C ligl) llalla lIb]la-
Consequently the formula

(6)

h<a§b>=g(ab) (a,beA)

defines a continuous linear operator 4 : A @ A—B.

It is clear that

hw)=g(x@)  (uca&a),

where k:A @ A—A is the operator given by x(a ®b)=ab (a,beA). Hence
A

h(ker k) =0. By Lemma 3, k is an epimorphism. It follows that there exists a continuous
linear operator g,:A— B such that h =g, o k. It is obvious that g,(a) =g(a) forallae A
and that f = 8'g,. Consequently, H*(A, B) =0. The theorem is proved. m

THEOREM 6. Let E be a Banach space, and set N = N(E). Then
(i) HX(N,N)=0;
(i) H*(N, N)=0if and only if E has AP.
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Proof. The equality (i) follows from Theorem 5. To prove (ii), consider the short
complex of N-bimodules

0—> N5>N,SC—0, (8)

where C=N_/N, i is the natural embedding of N in N,, and o is the natural projection.
According to [1, Corollary II1.4.1], the complex (8) defines the exact sequence of
cohomology groups

...—>HXN,N,)>HXN,C) 5 H*(N,N)> . ... )

Suppose that E does not have AP. By Theorem 5, H*(N, N.) =0. But then B is an
embedding, while the group being mapped is nontrivial, as shown in Theorem 4(i). Hence
H*(N,N)#0.

On the other hand, if E has AP, the H*(N, N) =0, by Corollary 1. This completes
the proof of (ii). m

Finally, we note that, in the case where E is a Hilbert space, the triviality of the
groups H*(N(E), N(E)) and H>(N(E), N(E)) was proved earlier in [10] by B. E.
Johnson.
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