CHAPTER V

M-ideals in Banach algebras

V.1 Preliminary results

This chapter deals with M-ideals in Banach algebras. Quite surprisingly, their purely
geometric definition forces M-ideals to get into contact with the underlying algebraic
structure. To motivate the main idea behind the following, let us briefly come back to
one of the very first examples in this book:

Take % = C(K), the Banach algebra of continuous functions on the compact space K,
and recall (Example I.1.4(a)) that here the M-ideals correspond precisely to the (closed)
ideals, i.e. J C C(K) is an M-ideal if and only if for some closed set D C K,

J=Jp:={f €C(K)| |, = 0}

Let us follow Jp’s way through the higher duals of C(K) just a little bit further: We
have C(K)** = C(K") for some suitable compact K and

C(K") = Jp" ®oo Jo,
where the latter can only happen if for some clopen set Dc K"
bt =J5=xpC(K").
Hence, for each M-ideal J in C(K) there is an idempotent element p € C(K") such that
T = p oK),

It is surely rather tempting to try to prove that — at least in some special cases — the
algebraic and the geometric structure of a Banach algebra are linked in a similar way.
And, as a matter of fact, there is such a connection: M-ideals are always subalgebras, in
the case of the more “classical” Banach algebras, they are mostly generated by idempo-
tents in the bidual or, at least, they are (algebraic) ideals.
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216 V. M-ideals in Banach algebras

Before we actually start to formulate and prove the central results of this chapter, we
have to recall some definitions and a little more: To be able to pursue the above idea
in the context of an arbitrary Banach algebra we need a product on the bidual 2** of a
Banach algebra. Fortunately, there is such a thing. What will make things a little bit
more uncomfortable is the fact that one can define two products, both in quite a natural
way, which are in general different from each other. For mnemonic reasons, we take the
freedom of sometimes writing mappings on the right, when we now define these products.

Definition 1.1 Let 2 be a Banach algebra. Let a,b € A, f,g € A* and F,G € A**. We

then put
fa(b) = f(ab) (b)af (ba) f
Ff(a) = F(fa) (@)fF = (af)F
FG(f) = F(Gf) (HFEG = (fFG

The product FG is called the first, F.G the second Arens multiplication.

When both products coincide, 2 is called Arens reqular. Examples of Arens regular Ba-
nach algebras are C*-algebras as well as function algebras, whereas mere commutativity
of A generally does not suffice (see e.g. [134]). We also refer to the survey [176] for more
information along these lines.

Let us agree upon some further notation:

Those operators on 2 that multiply with a given element a from the left resp. right are
denoted by L, and R,, respectively. When this distinction is not necessary, i.e. if a
commutes with all elements in 2(, then we will also write M,. To emphasize which Arens
product in 2** is under consideration we shall use the notation L% resp. R% to denote
left or right multiplication with respect to the i-th Arens multiplication.

In the following theorem we collect some results in connection with the Banach algebra
2A**. In the proofs of all of them nothing but Definition 1.1 is involved. Nevertheless,
some of them are somewhat cumbersome to show.

Theorem 1.2 Let A be a Banach algebra.

(a) Whenever J is a left (right) ideal in 2, the same is true for J*+ in A, inde-
pendent of the Arens multiplication under consideration.

(b) If H : A — B is a homomorphism, then so is H** : A** — B** if A** and
B** are furnished with the same Arens product. Similarly, if H : A — B is an
antihomomorphism (i.e. H(ab) = H(b)H (a) for all a,b € A), then H** has the
same property whenever A** and B** are provided with different Arens products.

(c) For every subalgebra B, both Arens products on B** = B+ agree with the ones
inherited from A**. In particular, B is a subalgebra of A**.

(d) For alla € A and F € A** we have

in(a)F = ia(a).F = L (F)

and
Fig(a) = Fiy(a) = R (F).

(e) For fized F € A**, the mappings R}, and L% are weak® continuous.
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Note that according to (d), the mappings R}, R2, L. and L? are weak* continuous for

each a € 2.
We will call a Banach algebra unital if it contains a two-sided unit which we usually
denote by e. A left A-approximate unit for 2 is a net (p,) such that ||ps| < A and

limpaa =a
[e3

for all a € A. Right approximate units are defined in a similar manner. The connection
between the concepts of unit and approximate unit is given by the next theorem.

Theorem 1.3 Let A be a Banach algebra.
(a) Suppose that A has a bounded right approzimate unit (qo). Then each weak*
cluster point of (qa) is a right unit for A** with respect to the first Arens product.
The analogous result is valid for left approximate units, when we substitute the
first by the second Arens product.
(b) If 2** has a right unit q with respect to either of the Arens multiplications then
there exists a right approximate unit (qq) in A with

lim [ ga | = gl

Using Theorem 1.2(e) the proof of (a) is straightforward. It can also be found in [85],
where a proof of (b) is given as well.

For reasons which will become clear later on, we would like to indicate an indepen-
dent proof, which makes use of the following variant of the principle of local reflexivity.
Compared to the more classical variants, it admits the additional degree of freedom (d).

Theorem 1.4 Let X be a Banach space, F C X**, G C X*, H C L(X) finite dimen-
sional subspaces and put

Fy :=lin {h**z** | h € H,2** € F} + F.

Then for each € > 0 there is an operator T : Fyg — X with
(@) T|prx =1d
(b) Forallg € G and f € F we have g(Tf) = f(g).
(¢) Forallx e Fy,
[zl < |1 Tx]] < (1 +e)fz].

(d) Forallh e H,

[(RT = Th™)|pll < el|A]-

|
PROOF: [58] O

Let us show how this result can be used to prove Theorem 1.3(b): To this end order the
set

A={(F,G,H,e) |qge FCA™,GCA*", HC2Ae>0}

where F', G and H are finite dimensional subspaces, by

(F,G,H,e) < (F,G, H,?) — FCF, GCG HCH,e>¢
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and identify a space H C 2 with the operator space {Lj, | h € H}. We next choose for
every a € A an operator T, that satisfies the conditions (a) — (d) listed in Theorem 1.4
for the subspaces and the number ¢ determined by «a. Let

o ‘= Ta(Q)'

We have by condition (d) and since L}* = L;, () for either of the Arens multiplications
(Theorem 1.2(d)) that for every a € 2

lim [[ago — Ta(ag)]| = lim | LaTa(a) ~ Tuli* (@) = 0

By property (a) of Theorem 1.4 and the above,
lim laga — afl = lim ags — T (ag)] = 0

for all @ € A, and accordingly, g, is a right approximate unit. Finally, property (c) of
Theorem 1.4 gives

lim {|ga | = [lqll
«

Note that by the above, a right (left) unit with respect to the second (first) Arens product
is a right (left) unit for the first (second) one as well. (0)

We will use Theorem 1.4 in much the same way in Section V.3.

Indispensable for our purposes is the theory of hermitian elements in an arbitrary Banach
algebra as developed in [84] and [86]. Let us recall, for the sake of easy reference, some
definitions and fundamental results.

The first concept we will use several times is the state space of a unital Banach algebra
2. Tt is defined by

Sa={peA | p(e)=1=]¢l}
We denote by
v(a,A) = {p(a) | ¢ € Su}

the numerical range of an element a € A. An element a is called hermitian if and only if
v(a,A) C R

This is of course an interesting definition only when 2( is a complex vector space. In
general, we will omit the reference to the algebra in question and write v(a) instead of
v(a, ). Finally, we denote by H(2) the (real) subspace of hermitian elements of .

We close this introductory section with a small sample of the beautiful results which exist
in connection with numerical ranges. They will turn out to be important cornerstones
for our reasoning in the following section.

Theorem 1.5 Let A be a unital Banach algebra. Then, for each element 1p € A*, there
are M, ..., g >0 and 1, ..., 1bs € Sy with A\ + Ao + Az + Ay < V/2el[)|| such that

4
="\t
n=1
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PROOF: [86, p. 100] O

Theorem 1.6 Let h € By be hermitian and suppose that ¢ € Sq satisfies
L= (h) = Al

Then ¢ is multiplicative on the algebra generated by the unit e and h.

PROOF: [86, p. 77] O
Proposition 1.7 An element h of a C*-algebra is self-adjoint if and only if it is hermi-
tian.

PROOF: [84, p. 47] O

The following result, known as the Vidav-Palmer theorem, is an important means to
distinguish C*-algebras from general Banach algebras.

Theorem 1.8 A unital Banach algebra A is a C*-algebra if and only if it is generated
by its hermitian elements, that is if A = H(A) + iH(A). In this case the involution is
given by (h1, he € H(L))

(hl + Zhg)* = hy — ihs.

PRrROOF: [84, §6] O

As an application of the Vidav-Palmer theorem we would like to prove that the bidual
of a C*-algebra is a C*-algebra. This fact will be used in Section V.4. We first need a
lemma.

Lemma 1.9 If 2 is a unital Banach algebra, then for each F € A** we have
o(F,27) = {F(¢)| ¢ € Sa}.

PROOF: Theorem 12.2 in [84]. For a different approach see Theorem 3.4 and Corollary 5.8
of [23]. m|

Theorem 1.10 Let A be a C*-algebra.
(a) Then A is Arens regular.
(b) The bidual algebra is a C*-algebra as well.
(¢) On A** multiplication from the left and the right and the involution are weak*
continuous.

PrOOF: We put f*(z) := f(z*) and F*(f) := F(f*) for f € A*, F' € A**. This defines
an isometric linear involution in the sense of [85, p. 63] on 2A**. Also, by definition of the
Arens products we have

(FG)* = G*.F* (%)

for F,G € A**.
Let us now suppose in addition that 2(, and hence 2**, is unital. We first claim:

F=F* — F hermitian.
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To show this, let ¢ € Sg so that ¢ = ¢* (here Proposition 1.7 enters). It follows that
F(p) = F*(¢) = F¢*) = F(p),
whence F'(¢) € R. An appeal to Lemma 1.8 finishes the proof of our claim.
Now we can deduce that each F' € A** has a representation
F+F F-—F*
T T T

F

€ H(A™) + i H(A™).

Consequently, 2A** is a C*-algebra for the above involution by the Vidav-Palmer theorem,
no matter which Arens product on 2** is chosen. But with this information at hand we
derive from (%) and the identity

(FG)* = G*F™,

which is of course valid in any C*-algebra, that in fact the two Arens products coincide.
Thus we have shown both (a) and (b) for unital C*-algebras.

In the nonunital case it is a simple matter to adjoin an identity to 2 (cf. [85, p. 67])
so that 24 embeds isometrically as a self-adjoint subalgebra into a unital C*-algebra B
(= A® C with a suitable norm). By what we already know, 20** embeds isometrically as
a self-adjoint subalgebra into the unital C*-algebra B**, hence (a) and (b) in the general
case, too.

(c) follows now from Theorem 1.2 and the definition of the involution. O

Using representation theory for C*-algebras, one may identify the bidual with an algebra
of operators on some Hilbert space, the so-called universally enveloping von Neumann
algebra. We refer to [592, p. 122] for this view of Theorem 1.10(b).

V.2 The general case of unital algebras

In this section we will follow the lane that we indicated at the beginning of the last
section. As it should be expected, results won’t be as strong in general as in the case of
the algebra C'(K).

Let us retain for the moment the idea from the introduction to the previous section
and suppose that a given M-ideal J in a unital Banach algebra has the property that
the associated M-projection P in the bidual operates by multiplication with a certain
idempotent element p. Then, of course, we could gain information on p by looking at
the element P(e). In general, we would then have to decide whether multiplication with
this element from an appropriate side and with the help of one of the Arens products
gives rise to an M-projection. In this situation, Proposition 1.1.2 will be helpful. We will
hence start our investigation of M-ideals in Banach algebras with an examination of the
properties of the mapping

Ay : Z(A) - A, T T(e).

(Here Z () denotes the centralizer of 2 which was introduced in Section I1.3.) We will oc-
casionally omit the index and simply write A, when this is unlikely to cause any confusion.
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Although there are Banach algebras with a trivial centralizer, yet containing a nontrivial
M-ideal (L(H) is an example of this, see Corollary VI.1.13 and Example 1.1.4(d)), we
may, in view of a general M-ideal structure theory of Banach algebras 2, restrict our
attention to studying the centralizer. This is due to the fact that M-ideals in 2 corre-
spond to certain M-projections in Z(20**). In fact, a satisfactory characterisation of this
correspondence is the subject of part (c) in the following result. (For part (a) recall the
definition of Zg(2A) from 1.3.7.)

Theorem 2.1 Let A be a unital Banach algebra and denote by Ay : Z(A) — A the
mapping T — T (e). Then the following assertions hold.
(a) For all T € Z(A) the inclusion v(A(T)) C v(T) holds. It follows in particular
that the range of Zr(2A) under A is contained in the set of hermitian elements
of A.
(b) A(P) is a projection for each M -projection P € Z(2).
(¢) An M-projection P on A** is associated with an M-ideal § in A (i.e. P(A**) =
I if and only if Am**(P”SQ, is lower semicontinuous.
(d) A is multiplicative.
(e) A is an isometry.
(f) A preserves spectral radii and spectra, relative to Z(2A) and A(Z(2L)).

For the proof we need the following lemma. To understand what is going on, recall the
definition of a split face from Example I1.1.4(c).

Lemma 2.2 Suppose J is an M-ideal in A, A* = J+ &1 1. Then
Fy:=Syq N3+ and Fr =Sy N3
are complementary split faces of Sqo. Furthermore,
linFy =3 and linF =3

PROOF: Let ¢ € Sg and denote by @ the L-projection onto J-. Suppose that both
IQp|| and ||(Id — Q)| are strictly positive and write ¢ = [|Q¢ll¢o + ||(Id — Q)vll¢1
where o = [|Qy|| 71Qy € It and o1 = ||(Id — Q)p||"*(Id — Q)¢ € J1. Evaluation at e
then gives

1= [|Q¢lleo(e) + [[(1d — Q)¢llp1(e)

which is only possible when 1 = ¢g(e) = ¢1(e). Hence, ¢g, @1 are elements of Sy and
thus
Sg = co (Fo @] Fl)

Uniqueness of the above representation is clear since A* = J*+ @1 J;. It remains to show
that Fy and F} are faces. By symmetry, we may restrict ourselves to Fj. Suppose that
¥ € Fy is a convex combination in Sg(, ¥ = M1 + (1 — A)wy2. Then

Y = AQY1 + (1 — N\)Q1ba,
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and we find [|Qu1 || = [ Quall = 1. This gives [|(Id — Q)| = | (Id — Q)a| = 0 and
consequently, ¥, € Fy, i.e. Fy is a face. The last part of the lemma follows directly
from Theorem 1.5 and the fact that Sg = co (Fy U Fy). O

PROOF OF THEOREM 2.1:

(a) This follows from the fact that for each ¢ € Sg the functional T +— (T (e)) belongs
to Sray- The statement about 7" € Zg () is a consequence of this observation and the
fact that all operators in Zr(2l) are hermitian (Lemma 1.3.8).

(b) We retain the notation of Lemma 2.2 and put furthermore z = P(e). By Lemma 2.2, z
has norm one and is hermitian as a consequence of (a) (note that an M-projection belongs
to Zr(2)). Consequently, Theorem 1.6 applies, and each ¢ € F; must be multiplicative
on the algebra generated by e and z so that

In a similar way, we find for ¢ € Fy

b ((e=2)?%) =vle—2)°"=1,

which implies 1(22) = ¥(2) = 0. Now the above lemma applies and shows that z and 22
coincide on Sg(, a property that extends to all of 2* by Theorem 1.5, and we are done.

(c) Observe first that by part (a)
z(Sa) = v(z) Cv(P) =[0,1].

Hence, the use of the expression “lower semicontinuous” makes sense. To prove the
result, suppose that P is associated with some M-ideal J in %A, and let (s,) be a net
contained in the set (r > 0)

E,.:={s€Sqy|2(s) <7}

which we must prove to be closed. Suppose (s4) has the weak* limit s € Sg. We let Fj
and F] as in Lemma 2.2 and write

Sa = (1 - ta)féo) + ta.f(gl)v
where féi) € F; and t,, € [0,1]. Making the assumptions that
O ML O e Ry sy Y seSa, ta —te[0,1]
and that, furthermore,
FO 2t = 7pg + (1= 1)y,
where ¢; € F; (note that everything is compact here), we obtain

s=1—=1)fO +t(rpo+ (1 —71)p1).

This gives
2(s) =t(1 —7) <t =limt, = lim2(s,) <1,
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and the first half of the proof is done. Now for the other one: Let P be an M-projection
on A** such that z := Ay (P) is lower semicontinuous on S. By Theorem 1.1.9 there
is an L-projection P, on 2A* such that (P.)* = P. We denote Fy = Sy Nker(P,), and
we have to show that ker(P,) is weak™* closed. To do so, we employ the Krein-Smulyan
theorem and suppose that (t),) is any bounded net in ker(P,) with limit ¢ € 2A*. Use
Theorem 1.5 to write

4
Yo = (Id = P)a = Y "l e, (*)
v=1

with 1/)1(,a) €Sy and 0 < uffy) < C for some constant C; v = 1,...,4. Note that we can
choose the ') in Fy. Now observe that the set 27H0) NSy = {s € Sy | 2(s) < 0} is
weak™ closed by lower semicontinuity. The next thing to note is that

271(0) N Sy = Fy,

which easily results from S 0 and Zran(py) = 1. Hence, Fp is weak™ compact.
Consequently, we may again suppose convergence of the nets involved in (x):

Ngza) — € 0,07, w&a) — ¢y € Fy.
Hence,

4
P = Zuuwu € lin Fy C ker(Py),

v=1
and the proof of (c) is finished.

(d) Since by bitransposition Z(2) is a subalgebra of Z(A**) (Corollary 1.3.15) and
since the map Ay is nothing else but Agx it is sufficient to prove the claim for

Z()
dual Banach algebras. In this case, however(, )Z () is generated by elements of the
form Z?:l a; P; where the P; denote M-projections with P,P; = P;P; = 0 (see Theo-
rem 1.3.14). Put A(P;) = z;. Now, it is clearly enough to show that PPy = P,P, =0
implies 2129 = 2227 = 0. But by assumption, P, + P, is an M-projection and so, according
to (b), we have (21 + 22)? = 21 + 22. This leads to 2122 + 2221 = 0 and

2
(—2122)° = 21292120 = —21212222 = —2122.
In the same way it follows that —z5z; is idempotent. But —z129 = 2921 and hence,
2 2
—Z1%22 = (—2’12’2) = (2’22’1) = —2Z92Z21.

This implies z120 = 2021 = 0, as desired.

(e) Using the same reduction procedure as above, it is clearly enough to show that

n
g o2 %4
i=1

= max |,
1<i<n
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where z; = A(P;) for some orthogonal projections P; € Z(20**). But one inequality is
clear since ||A|| =1 and the other follows, since for fixed z;

n n
E (6797 24 E [0 7¥43
i=1 i=1

(f) With the help of the spectral radius formula p(a) = lim,, {/||a™| this follows from (d)
and (e). O

> = |yl

We now come to the most far-reaching result on M-ideals in arbitrary unital Banach
algebras. The reader should compare part (b) below to what we said at the beginning of
this section. We will use this part of the result in Section V.4.

Theorem 2.3 Suppose that 2 is a unital Banach algebra.
(a) Every M-ideal 3 of 2 is a subalgebra, but in general not an ideal.
(b) LetJ be an M-summand of a unital Banach algebra 2, P the M -projection with
range J, and put z = P(e). Then 2z C J.

PrOOF: (a) Suppose first that J; and J2 are complementary M-summands, that the
M-projection P maps 2 onto Ji, and put z = P(e). Let my,my € J2 have unit norm
and suppose that

mimse = ji1 + j2

with j; € J; and j3 # 0. For any |k| = 1 we have
(z4+m1)(z + kma) = z + m1z + kKzma + Kj1 + Kja.

By Lemma 2.2 we may select ¢ € SqNJ5 and fix kg, |ko| = 1, such that kop(j1) > 0. M-
summands are invariant under hermitian operators (Corollary 1.1.25), and, whenever h €
H(A), the operators Lj, and Ry, are hermitian [84, p. 47]. Hence, mqz+kozma+kojo € Jo,
since z is hermitian by Theorem 2.1(a), and we find

¢ ((z+m1)(z + komz)) = ¢(2) + Kow(j1) > 1.

But this is impossible, because ||(z + m1)(z + komz)|| < 1. Consequently, mimg € Ja2
whenever mi, ms € Jo which means that M-summands are subalgebras. Suppose now
that J is an M-ideal. By what we have just shown, 3+ must be a subalgebra of A** (for
any Arens product), a property that passes to J due to the fact that 2 is a subalgebra
of A**. The fact that J need not be an ideal will be shown on page 231.

(b) Denote by J2 the M-summand complementary to J; := J. By the above, 23,2 C J;
for i = 1,2, and the proof will be complete once it is shown that zJ2z = 0. Suppose that
there is m € Jo with ||zmz| = 1. Since z is in Jy,

I|(£zmz + 2)?|| < || & 2mz+ 2| = 1.
This leads to ||(zm2)? & 2zmz + z|| < 1 and
4 = |2zmz+ (2+ (zm2)?) + 2z2mz — (2 + (2mz2)?) I

IN

1z + zm2)?|| + |I(2 = zm2)?|| < 1+1,

which is absurd. O
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V.3 Inner M-ideals

In almost all the known cases, there is only one practicable way to obtain more infor-
mation on the structure of an M-ideal in a given unital Banach algebra than the one
delivered by Theorem 2.3: It consists in showing that the evaluation of the correspond-
ing M-projection on the bidual at the unit element e yields an element which, to some
extent, is responsible for the M-projection itself.

The concept which underlies this idea has been alluded to at the beginning of the previous
section and will be made precise right now. We will study this type of M-ideal here in a
rather abstract setting. The more concrete examples will be provided in future sections
of the present and the following chapter.

Let 20 be a Banach algebra and recall that Mult(2() denotes the multiplier algebra of
2 (Definition 1.3.1). An element T' € Mult(2) is called left (right) inner if there is an
element ¢ € 2 such that, for all a € 2,

T(a) = Li(a) = ta

or, respectively,
T(a) = Ri(a) = at

for all a € 2. The subalgebra of 2 consisting of all those elements of 2 that give rise to
a left (right) inner element in Mult(2) is denoted by

Mult,,,, (%) (Multf,, ().

Analogously we define
Zinn(A)  (Z]n(W))-
Note that Mult!, () and Mult} . (2) are subalgebras of 2, whereas Mult(2) is a sub-

inn
algebra of L(2). The fact that there are two different reasonable multiplications on 2A**
makes the corresponding definition for 2** somewhat unpleasant: We denote by
Mult?

B ML) ZHL @) (25 )

mn mn mn
the respective subalgebra of 2A** furnished with the i-th Arens product.

Definition 3.1 Let A be a Banach algebra.
(a) An M-ideal 3 C 2 is called left (right) inner, if the M -projection P : A** — J++
is right (left) inner with respect to the first (second) Arens multiplication on 20**.
(b) A subspace J is called a two-sided inner M-ideal if and only if there is p € A**
such that LIQJ as well as RIlJ define M -projections A** — J++.
(¢c) We call an M -ideal inner if it is either left or right inner.

We think that some remarks are in order:

(a) The necessity for using different multiplications in the definition of an inner M-ideal
is due to the fact that M-projections in dual spaces are always weak* continuous (Theo-
rem 1.1.9), a property that is shared only by one of the respective Arens multiplications
(Theorem 1.2). In fact, when e.g. also a** +— a**.p defines an M-projection on A**,
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then by its weak* continuity, Theorem 1.2(d) and Theorem 1.2(e) we must have for all
a** € Bg«~, being approximated in the weak* topology by (z.) in By,

a*.p=w'-limz,.p =w"-limz.p = a**p.
« (03

Also, the reader might find it strange that we defined left inner M-ideals in terms of
right inner M-projections. However, we decided to accept this asymmetry in favour of a
symmetric characterisation of left inner M-ideals in terms of left ideals (Theorem 3.2).

(b) With the same reasoning as above, we find using Theorem 1.3.14(c) that
Z?,2 (Ql**) 5 Z%,l (Ql**)

wmn wmn

as well as
Z0 (A D Z02

mn mn (Q[**)

It is, for the time being, not clear whether a similar relation holds for the algebras
Mult)?’ (2*) and Mult]’ (2*).

Nevertheless, a glimpse at the proof of Lemma 3.4 below should convince the reader that
Mult:? (%) and Mult”! (%) are the more pleasant objects to work with.

(c) Let J be a two-sided inner M-ideal of 2 and p be the element in A** that gives rise
to the M-projections R}J and Lz% onto J++. It follows by Proposition 1.1.2 that

p.a** _ a**p

for all a** € A** which is an “almost central” behaviour.

(d) Note further that, at least when 2** is unital, every M-ideal J, which is a left as
well as a right inner M-ideal is a two-sided inner M-ideal. This follows, since according
to Proposition 1.1.2, for every pair of M-projections Lf, and R117 with J*+ as a common

range we have
p=L3e) = RMe) =7

(e) Let us mention some examples which show that (algebraic) ideals of A, which are
M-ideals at the same time, are not necessarily inner:

For the first one we make a Banach algebra out of any Banach space X containing an
M-ideal J by defining zy = 0 for any x,y € X. A more serious example is this: Let J
be an M-ideal of a Banach space X, the former of which does not enjoy the MAP. (To
see that this is possible, fix e.g. a space Y without the MAP and note that J := Y ® o
is an M-ideal in the space X := Y @ £*°.) Then A(X,J), the space of approximable
operators from X to J, is a right ideal as well as, by Proposition VI.3.1, an M-ideal of
A(X) = X*®.X. However, were A(X,J) inner, there would be an approximate identity
for this ideal by Theorem 3.2 below, which is impossible by the assumptions made on Y.

We will see in Sections V.4 and V.6 that this type of M-ideal is present in C*-algebras,
commutative Banach algebras and in the algebra L(X) for a number of Banach spaces.
In fact, in each of these cases, all M-ideals will turn out to be inner. We will prove in
Proposition VI.4.10 that K (X) is automatically an inner M-ideal once it is an M-ideal
in L(X).

The next theorem gives a characterisation of inner M-ideals which will be used in what
follows.
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Theorem 3.2 Let 2 be a unital Banach algebra and J C U a closed subspace. Then the
following are equivalent:
(i) J is a left inner M-ideal.
(ii) J is a left ideal as well as an M-ideal and contains a right 1-approximate unit
for 3.
(i) J is a left ideal and contains a right approzimate unit (po) that satisfies

limsup ||spa + t(e — pa)| <1 Vs,t € By.
(63

This equivalence remains true after exchanging “left” and “right” accordingly.
If, in addition, J is a two-sided inner M-ideal, then the net (p,) in (iii) can be chosen
as a two-sided approximate unit and to satisfy

lim sup ||spa + tle — pa)| <1 Vs, t € By
«

and
limsup [|[pas + (e — pa)t]| <1 Vs,t € By
[e3

simultaneously.

ProOF: (iii) = (ii): The condition imposed on (p,) implies limsup,, ||po|| < 1 and so,
by Theorem 1.3, we may suppose ||p|| < 1 for all . We have to check that J is indeed
an M-ideal.
We will apply Theorem 1.2.2. With this goal in mind, suppose that ji,j2,j3 € By,
r € Bx and € > 0 are arbitrarily given. Select an index a such that ||j;pa — ji|| < § for
i =1,2,3 as well as ||jipa + x(e — pa)|| < 1+ § for i = 1,2,3 and put j = 2p,. Then
Jed,

17i + 2 = jll < lldipa = Jill + lJipa + x(e = pa)ll < 1+4¢,
and J must be an M-ideal.

(ii) = (i): By Theorem 1.3, J** contains a right unit with respect to the first Arens
multiplication which we denote by p. Since J** is a left ideal (Theorem 1.2(a)), the
mapping Rll) is a projection onto this space. But M-projections are unique among norm
one projections with the same range (Proposition I.1.2), and so J is a left inner M-ideal.
(i) = (iii): Suppose that Rll) A — J++ is an M-projection for some p € A**. Then
J++ is a left ideal, and hence so is J. Let now F' C 2**, G C 2* and H C 2 run through
the respective sets of finite dimensional subspaces and order the set

B={(F,G,H,e) |FCUA™, GC A", HCA, ¢ >0}

by
(F,G,H,e) < (F,G,H,¢) — FCF,GCG, HCH, ¢>¢.
Identify the space H C 2 with the operator space {Lj | h € H} and choose for every

B € B an operator Ty that satisfies the conditions (a) — (d) listed in Theorem 1.4 for
the subspaces and the number ¢ determined by 3. Let p% :=T3(p). (Note that Tz(a**)
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is eventually defined for all a** € 2**.) Then, as in the proof of Theorem 1.3, we may
conclude that (p%) is a right approximate unit. As was also shown there,

il ~ Ta(ap)| = lin | LaTs(p) = ToLs* ()] = 0
for all a € A, and so, for s,t € By, we have by property (c) of Theorem 1.4
1imﬁSUP lspf +t(e —p3) = 1imﬁSUP I T5(sp) + Ts(t) — Ta(tp)|
= 1imﬁsup [T (sp + t(e —p)) ||
< 1.

To finish the proof, we have to force the p% into J. To this end, we take a net (gz) from By
with o (20, 4*)-limg gs = p. Note that we may use the same index set. Since by (b) of
Theorem 1.4, w*-limg p% = p, and since p% —gp € 2, we must have w—limg(p% —qg) = 0.
In passing to an appropriate || . |[-convergent net of convex combinations we obtain

Na
it >t (65, — a5, ) =0,
i=1

and
. 0 _ _
hén Imax lzpg, ., — x| =0.
We now put
Na
Pa =Y tiads,.
i=1
Hence we obtain
No Na
1i£n |2pa — || < licl;n < TP — Zti,axp%i)a + Zti,amp%m —x )
i=1 i=1
<

. 0 _
lim max [lzpg, , — =
= 0.
In a similar fashion, for all s,t € By,
1i(£n llspa + tle — pa)| < 1,

and (iii) follows.
We are thus left with the case of a two-sided inner M-ideal J. Recall (Remark (d) after
Definition 3.1) that there is p € Mult?? (2**) N Mult]"! (2**) with

mn mn

20 k* 1ok _ ~L 1
LA™ = RA™ =J~ .
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To refine the properties of (p,) in this situation, we use the index set
B*={(F,G,H,Hp,e) | pe FCA™, GCA*, H,,Hr C ¥, € >0}

ordered in the now obvious way, and identify the spaces Hy, C 2 and Hr C 2 with the
operator spaces {Lj, | h € Hp} and {Ry, | h € Hgr}. Keeping these minor changes in
mind, we may proceed as above. O

We continue our investigation of inner M-ideals with a proposition that deals with the
behaviour of such M-ideals with respect to subalgebras.

As the case of the disk algebra A(ID), which we will now regard as a subalgebra of C(D),
already shows, it is not to be expected that for subalgebras B and inner M-ideals J the
space § N B again is an M-ideal, much less an inner one. (To be more concrete, let
J={f € AD) | f(0) = 0}. This cannot be an M-ideal in A(D) by Example 1.1.4(b),
though it is of the above form.)

Proposition 3.3 Suppose that 2 is a unital Banach algebra and let B be a subalgebra
of A withe € B. Ifpe BN Mult;’lln(Ql**) is idempotent, it gives rise to a right inner
M-ideal J in A by virtue of

Ql**p _ SJ_J_
if and only if
Bp =35

for some M-ideal Jo in B. If one of these conditions is satisfied then Jo = J N B, and
J 1s montrivial if and only if 3N B is. In this case, one can find a left approrimate unit
(po) for J in Bynss with the property that, for all s,t € By,

limsup ||pas + (e — pa)t|| < 1.
«

A similar statement holds for left and two-sided inner M -ideals.

PROOF: Plainly, since p € B+, we have for all 1) € Sg and any p € R

pW)<p = plYy)<p

which leads to
{Y eSulp) <p}=r""{reSs | p(v) <p})

where r : Sgp — Sg denotes the restriction map. An examination of this equation quickly
reveals that {1 € So | p(¢) < p} is weak* closed if and only if the set {¢ € Sy | p(p) <
p} has the same property. This in turn implies that p as a function on Sg is lower
semicontinuous if and only if p shows the same behaviour when considered as a function
on Sg. Hence, according to Theorem 2.1(c), A**p = J++ for some M-ideal J of A is
equivalent to B++p = SéL for some M-ideal Jg of B. But then J and Jg are connected
by
Jo={beB|bp=>b} =JNB.

Next, since e € 9B, we conclude that J # 2 (for an ideal J of ) is equivalent to JNB # B.
Since § = {0} if and only if p = 0 we have JNB = {0} if and only if J = {0}. This
proves that J is not trivial if and only if Jg is not either.
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Let us finally construct the required net (p,): To this aim, start with (p2) in B; as
delivered by Theorem 3.2, and select furthermore g, € Bwny converging also to p in
the o(A**,2*)-topology. The claim then follows by an application of the same blocking
technique as used in the proof of Theorem 3.2. O

As mentioned before, part of what follows will be devoted to the study of particular
examples of inner M-ideals. We start this enterprise in this section with the description
of a rather general situation in which these M-ideals appear quite naturally. We first
need a lemma.

Lemma 3.4 For every Banach algebra A,

Mult},,,, () ¢ Mult}?

inn

(2™)
This statement persists when “left” is changed to “right” and “27 to “1”.

ProoF: We will apply Theorem 1.3.6. To this end, choose f** € Multé,m (20)++ and let
a™, b** € A** with
[[a™* + A0 <7
for all A with |A| < ||f**||. Use the principle of local reflexivity (Theorem 1.4) to find
nets (aq) and (by) with
laa + Aba|l <7+ eq

for all |A| < ||f**|, (ea) tending to zero, w*-lim, a, = a™* and w*-lim, by = b**. If (f3)
denotes a net in Mult!,, () with the property that || fs|| < || /**| and w*-limg f5 = f**,

then, by the weak* continuity of the mapping Rp, (Theorem 1.2), we have that

laa + f*7ba| < limﬁsup laa + faball <7+ eq

for all a. By the weak* continuity of the map L2.. (Theorem 1.2),

la** 4+ £*.0**| < limsup |laq + f**.ba|| <7,
«

and we are done. The proof of the “r,1”-case is similar. |

Proposition 3.5 Let 2 be a unital Banach algebra and B be a subalgebra of Multinn(%)
such that e € B. Suppose further that J is an M-ideal in B.

(a) The space Ay :=lin{jag | j € J, a0 € A} is a right inner M-ideal, and there is a
left approzimate unit (po) in By for Ay with limsup,, [|[pas + (€ — pa)t|| < 1 for
all s,t € By.

(b) We have 23 = {a € A | lim, poa = a} as well as J =B NAz. Moreover, Uy is
trivial if and only if J has this property.

Also here we are in a position where the cases for “left” and, respectively, “right” can be
treated in a completely analogous way.

PROOF: (a) Since B is a function algebra, Theorem 4.1 below shows that

il = pptt
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for some p € B+, We have p € Multﬁnn(%)J—L and so, by the above lemma, p €

Mult:? (**). Since B is unital and J4+ A3+ we have p € A3+, Furthermore,
pjag = jap for all j € J and each ap € A and hence, pa = a for all a € 205. By
weak* continuity of the second Arens multiplication, we have for each F' € 2[%4 with

F = w*-lim, f, for some net f, € A3

p.F =w*-limpf, = F.
«

This shows that p is a left unit for QIC%L with respect to the second Arens product. Since
2[%4 is a right ideal, it follows that 2y must be a right inner M-ideal. The net (p,) is
obtained just as in the proof of Theorem 3.2 with the aid of a net (g, ) in By converging
to p in the o(A**,A*)-topology.

(b) The first equation is immediate from (a), and the second is clear by virtue of
3=1{beB|limpad=b} = Ay NB.
«

Finally, J = B if and only if p = e which in turn is equivalent to 23 = 2. Similarly,
J = {0} is the same as p = 0 and 23 = {0}. ad

Corollary 3.6 Let X be a Banach space and J an M -ideal of a subalgebra B of Mult(X)
with Id € B. Then o
Xy:=lin{j(x)|j€J, z€ X}

is an M-ideal in X.

Proor: Put 2 = L(X) in the above proposition. Then, by Lemma VI.1.1 below,
B C Mult!,,, (), and, by the above, we find a net (P,) in By with

inn

limsup || PaTh + (Id — Po)T5| < 1

for all T1,T> € B, (x). This easily implies that

limsup || Paz1 4+ (Id — Py)xo| < 1
(03

for all x1, 29 € Bx. Moreover, for all € X, (P,x) converges to  in norm, and since
the range of each P, is contained in X3, one can proceed exactly as in the proof of
Theorem 3.2 to settle our claim. O

It remains an open problem whether a nontrivial M-ideal in Mult(X) generates a non-
trivial M-ideal in X in Corollary 3.6. What can be shown is that X** always contains a
nontrivial M-ideal as soon as Mult(X) is known to be nontrivial [638, Korollar 4.15].
Let us conclude this section with an example which shows that there are M-ideals in
Banach algebras which are neither inner nor ideals: Let 2; and 23 be unital Banach
algebras such that both

Mult!,,, () \ centre(2;)

and
Mult], . (/U2) \ centre(z)

inn



232 V. M-ideals in Banach algebras

contain idempotent elements [ and r, respectively. Put 2 := 2 $ Az. Under pointwise
multiplication, 21 becomes a Banach algebra. By uniqueness of M-projections with a
prescribed range (Proposition 1.1.2) and by the assumptions made on [ and r,

Loy # Ra- 0 and  Ro,r) # Lo

for all idempotent elements [* and r* of 2y resp. 2s. Then (a,b) — (la,br) defines
an M-projection on 21 which belongs neither to Multém(%) nor to Mult}, (2l), and,

inn
consequently, the M-summand
{(la,br) | a € A1,b € Az}

is not inner, since it is not an ideal.
To be more specific, let 2A; = L(£>°(2)), A2 = L(¢*(2)), and consider

(00 _
“\o1/)7"

Then T — [T is an M-projection on 2y, and T — T'r is an M-projection on s so that [
and r meet the above requirements. This choice even yields a semisimple Banach algebra
so that there is no hope to extend the results on M-ideals in commutative or C*-algebras
to be proved in the next section to the class of semisimple Banach algebras.

V.4 Commutative and C*-algebras

We investigate in this section the structure of the M-ideals in two rather common types
of Banach algebras.

Whereas in the case of a C*-algebra there is a neat correspondence between M-ideals
and closed two-sided ideals, the situation for commutative Banach algebras is, due to the
fact that commutativity generally doesn’t have too deep an influence on the geometry of
these spaces, less clear. The following result contains what can be said for this class of
Banach algebras.

Theorem 4.1 In a unital commutative Banach algebra 2 all M-ideals of 2 are inner.
In particular, § C A is an M-ideal if and only if it is a closed ideal and there is an
approzimate unit (pq) in By with

limsup ||pas + (e — pa)t]] <1 Vs,t € By.
[e3

PrROOF: We demonstrate that all M-ideals of 2 are inner. The rest of the conclusion
then follows from Theorem 3.2.

Now, by Theorem 2.3(b) we have (e — 2)J+1(e — 2) = 0 — recall that 2 denotes the
image of the unit under the associated M-projection in the bidual of 2 — which implies
that zj = jz = j for all j € J. Consequently, z is a unit for J**, whenever an Arens
product is chosen that fits the direction from which z multiplies (remember that even for

commutative Banach algebras, 2 need not be Arens regular). Since z € J*, we must
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have that ng) = Rgl) is a projection onto 3§11+ whose norm does not exceed one. But
there is only one such thing (Proposition I1.1.2), and the result follows. m|

The example of an ideal in the convolution algebra L'(G), where G' denotes a locally
compact abelian group, shows in light of Theorem I.1.8 that no substantially better result
is to be expected here. However in the special case that 2 is a function algebra, more
can be done.

Theorem 4.2 Let A be a function algebra on a compact space K and J a subspace of
A. Then the following conditions are equivalent:
(i) J is the annihilator of a p-set of .
(ii) J is an ideal of A containing a bounded approximate unit.
(iii) J is an M-ideal of 2.

We recall that a p-set of a function algebra 2 is an intersection of a family of peak sets
where this last expression means a set of the form D = {a = 1} = a~!({1}) for some
a € A with |ja]| = 1. What we need to know about these sets is contained in the following
result.

Lemma 4.3 Let 2 be a function algebra on a compact space K. Then a closed subset
D of K is a p-set for A if and only if for all € > 0 and for every open set U containing
D there exists a € A with

le—al <1+e,  ap=0 and ‘(e—a)|K\U‘<E.

PrRoOF: The sufficiency follows from Bishop’s “%—%—condition” [585, p. 47], and the
necessity is a consequence of [239, Lemma I1.12.2]. i

PROOF OF THEOREM 4.2:

(i) = (ii): This conclusion follows easily from the above result.

(ii) = (iii): Since A embeds isometrically as well as algebraically into a C(K)-space,
it follows that 2A** furnished with one of the Arens products (in fact, in this case both
products coincide) again is a function algebra.

For this reason, the unit, which J+* must contain by assumption, is necessarily a char-
acteristic function. It follows that J is an M-ideal.

(iii) = (i): Let J be an M-ideal of 2. The equation Mult,,, (C(K)) = C(K) permits us
to apply Proposition 3.5, and there must be a closed set D in K with Jp = C(K); and
J = Jp N2 By the same result, we obtain an approximate unit (p,) for the M-ideal Jp
of C(K) contained in By = By, N2 such that ||e — po|| — 1. It is easy to check that

(pa) can be characterised by the condition
Ve > 0VU D D, Uopen Jag Va > oy |(e —p(y)|K\U <e,

which is in light of Lemma 4.3 all we have to know in order to show that D is a p-set for
2. m|

Let us remark that the implication (i) = (iii) can also be deduced from Proposition I.1.20;
see the remarks preceding that result. Also, we note that one even gets a 1-approximative
unit in (ii).
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Another close relative of the class of Banach algebras of type C(K) is the class of C*-
algebras, which will be treated next.

Theorem 4.4 Fvery M -ideal in a C*-algebra A is inner. There is, in addition, a one-
to-one correspondence between the M-ideals and the closed two-sided ideals of 2.

PROOF: Let J be an M-ideal of 2. Since in this case an element is hermitian if and
only if it is self-adjoint (Proposition 1.7), we find with the aid of Corollary 1.3.15 that
hy C J and Jh C J for all h € H(A). Since A = H(A) + ¢H(A), the space J must be
a two-sided ideal. Since a two-sided closed ideal J of a C*-algebra is supported by a
central idempotent z (which has to be of norm one) in 2**, i.e. J*+ = 22** = A**2 (see
Proposition 4.5(b) below), J is inner. For the converse, suppose that J is a two-sided
ideal, and again, denote by z the supporting idempotent. We have (20** always has a

unit, see below)

lal®

l(az + ale — 2))*(az + a(e - 2))]|
= |la*az + a*a(e — 2)||

max{|[a”azl], |[a*a(e — 2)|},

since the last equation takes place in the commutative C*-algebra generated by z and
a*a. Because z is self-adjoint, central and idempotent, the last expression becomes

max{|az|?, [la(e — 2)I|*},

and hence, multiplication with z yields an M-projection on 2**. It follows that J*+ and
2**(e — z) are complementary M-summands in 20** and so, 3+ is an L-summand (see
Theorem 1.1.9) in 2*: J must be an inner M-ideal. m|

We still owe the following proposition. A C*-algebra 2 is called a W*-algebra if, as
a Banach space, it is a dual space. Equivalently (e.g. [592, p. 133]), a W*-algebra is a
unital C*-subalgebra of L(H) which is closed for the weak operator topology; usually the
latter type of algebra is called a von Neumann algebra. It is known (e.g. [592, p. 135])
that a W*-algebra has a uniquely determined predual so that we can unambiguously
make reference to its weak®™ topology. In the next proposition we call a W*-algebra a
D*-algebra if multiplication from the left and the right and the x-operation are weak*
continuous. As a matter of fact, every W*-algebra is a D*-algebra [554, p. 18]. However,
in order to keep the proof of Proposition 4.5 self-contained we did not want to rely on
that result. Instead, what we will use here is the fact that, for a C*-algebra 2, the
algebra 2A** is a D*-algebra, which we proved in Theorem 1.10.

Proposition 4.5
(a) A D*-algebra has a unit. In particular, the bidual of any C*-algebra is unital.
(b) For every weak™ closed two-sided ideal J of a D*-algebra 2 there is a central
idempotent p in A such that
J=p
It follows in particular that for any two-sided ideal J in an arbitrary C*-algebra
A there is a central idempotent p in A** such that I+ = pA**.
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PrOOF: Since (b) is an easy consequence of (a) (let p = the unit of J), we content
ourselves with a proof of (a).

Fix a maximal abelian C*-subalgebra 9 of 2, which is necessarily weak™ closed by the
D*-condition. It follows that 997 is a dual space, and, consequently, Bgy must contain an
extreme point. Therefore, M = C'(K) for some compact (not only locally compact) K,
so 9 has a unit, e. Let a € A and put h = (a — ae)*(a — ae). Since e is a unit for MM,
we clearly have h9 = 0, and likewise Mth = 0. Hence, because 9 is maximal abelian,

h € 9. It follows that i = 0 and thus ae = a. Similarly ea = a, so we have found a unit
for 2. O

Theorem 4.4 above enables us to give an example which was promised in Section 1.1, see
Remark (c) following Theorem I.1.9.

Proposition 4.6 There is a Banach space X without nontrivial M -ideals such that X*
contains a nontrivial L-summand. In fact, there is a Banach space X without nontrivial
M -ideals such that X* contains uncountably many nontrivial pairwise not isometrically
isomorphic L-summands.

PROOF: The first-mentioned example has already been produced in Example IV.1.8.
For the harder example we rely on the deep results of R. T. Powers [508]. Let X be the
UHF-algebra of type (2"), that is the norm closure of all operators on ¢? which have, for
some n € N, a block diagonal matrix representation

A 0 O
0 A
0

with some 2" x 2"-matrix A. It is known that X is a C*-algebra without nontrivial
two-sided ideals [361, Prop. 10.4.18], yet X** has uncountably many weak* closed two-
sided ideals. This is an easy corollary of the work of Powers who proved in [508, Th. 4.8]
(see also Theorem 12.3.14 in [361]) that there is a family {px| 0 < A < 1} of states
on X with corresponding representations 7y : X — L(H,) such that the von Neumann
algebra M) := the bicommutant of m(X) in L(H)), i.e. M) = mx(X) w*, is *-isomorphic
to M, if and only if A = p. Now 7\ has a unique weak® continuous extension to a
s-homomorphism 7y from X** onto M (see e.g. [592, p. 121]) so that J := ker(7y) is
a weak™ closed two-sided ideal in X**. Powers’s result entails Jx # J, if A # p since

"
otherwise (2 meaning “s-isomorphic to”)

[12 %
[10 %

M

M X**/gk :X**/3u e
Hence X** contains uncountably many weak* closed M-ideals which have to be M-
summands by Corollary I1.3.6(b). Theorem I.1.9 now shows that there are uncountably

many L-summands in X*. No two of these L-summands are isometrically isomorphic,
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since otherwise two of the M) would be isometrically isomorphic and hence by a result
due to Kadison [356] even s#-isomorphic. O

Our next aim is to show that also the centralizer admits a purely algebraic interpretation
in the case of C*-algebras. To this end recall that the centroid of an (arbitrary) algebra
2l is defined as the set of all those linear mappings defined on 2l which satisfy the relation

T(ab) = aT'(b) = T(a)b

for all a,b € 2A. Whenever 2 is a C*-algebra or more generally a Banach algebra where
the multiplication separates points (meaning Ya # 0 3b # 0 : ab # 0), such a mapping is
continuous, as a standard application of the closed graph theorem shows. Note further
that the centroid can be identified with the centre of 2 whenever 2 has a unit.

Theorem 4.7 Let A be a C*-algebra and T € L(A). Then the following are equivalent:
(i) T isin Z(A).
(ii) T belongs to the centroid of 2.
(iii) There is an element a** in the centre of A** such that a**A C A and T = Mgw.

Proor: (i) = (ii): Since the operators in Z(2) commute with Lj for any hermitian
element h (Corollary 1.3.15) we have T'(hb) = hT'(b) for all h € H(A) and every b € 2.
Since 2 = H(2() + iH(A) we must have T'(ab) = aT'(b) for all a € 2. Similarly, T'(ab) =
T(a)b for all a,b € A, and this gives (ii).

(ii) = (iii): Let T be an element in the centroid. Since 2 is Arens regular (Theo-

rem 1.10(a)), we have
T (FG) =T"(F)G = FT™(G)

for all F,G € A**, and because A** always has a unit (Proposition 4.5(a)), it follows
T(F)=T"(e)FF = FT*(e).

Hence, putting o™ = T**(e), we clearly have a**2 C 2, and so, a** is what we were
searching for.

(iii) = (i): Since the centre of A** is weak™ closed (this follows e.g. from the fact that 2
is Arens regular (Theorem 1.10(a))), it is algebraically isomorphic to a dual C'(K)-space.
As a consequence, the elements of the form Y | A;p;, where the ); are complex numbers
and the p; are idempotent, are dense. We are thus left with showing that each central
idempotent p € A** gives rise to an M-projection. But this has been done in the proof
of Theorem 4.4. a

We next wish to give an application to the homological theory of Banach algebras. To this
end, we have to recall some definitions. Unfortunately, to keep things within reasonable
bounds, we must refer the reader to the literature for almost all details.

A cochain complex C'is a sequence of vector spaces C™, n > 0, together with linear maps
a",n>—1,

81 82

02500 2o 202 2
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such that 970"~ = 0 for all n € N. We put

Z"(C) = kero"
B"(C) = rano" !
H*(C) = 2*(C)/B"(C)

so that H™(C) measures failure of exactness of the cochain complex at stage n. In
particular, H"(C) = 0 if and only if C is exact at C", i.e. ker ™ = rand"~'. A cochain
homomorphism 1 between cochain complexes Cq and Cs is a sequence (¢™),>¢ of linear
mappings ¢" : C} — C% such that 95 *¢"~! = ¢n97~! for all n € N. A diagram of
cochain complexes

Y ¥

is said to be exact at C' if rany™ = ker " for all n. Let
0—>Cli>02i>03—>0

be an exact sequence of cochain complexes. (Typically, Cy is a complex of subspaces of
the members of Cs, whereas Cs is a complex of quotients of the C%. Knowledge of H(C1)
and H(C3) together with the procedure described below then facilitates the computation
of H(C2).) Then there is always a long exact cohomology sequence

0 — HO(C) "W HO(0y) D HO(Cy) L HY () W)

The maps H"™(v) and H"(p) are (well-) defined by

H'W)([=1) = WD 2 e 270,
H'(p)([z2]) = [¢"(=)] 23 € Z%(Cy),

where we used brackets to indicate cohomology classes. For the definition of d"™ note that,
by exactness, each ¢" is surjective, and this, together with a bit of chasing diagrams yields
that

d"([25]) = (") T ") TR 25 € Z27(Cs)

is in fact well-defined. For more details, see [310, IV.2].

We now come to a more specific example. Let 2 be a Banach algebra and denote by X a
two-sided Banach 20-module. (By this we mean that 2 operates uniformly continuously
from the left and the right on the Banach space X such that, for all a,b € 2 and any
x € X, the associative laws (ab)x = a(bzx) and z(ab) = (za)b hold.) We write C" (2, X)
for the space of n-linear maps from 2" into X whenever n > 0. We furthermore put
C,X) = X. Define mappings 6" : C" (A, X) — C™(,X) for every n € N as
follows: Whenever T' € C"~1(2(, X) then

0"T(ar,...,an) = a1T(ag,...,a,) —T(araz,...,a,)
+T(a1,a2a3,...,a,) — ...+ (=1)" " 'T(ay,...,an_1a,)
+ (—1)”T(a1, ceey an_l)an.
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Note that 616" = 0, and so C(2, X) := (C™(,X)),>0 becomes a cochain complex.
Note also that each map 6™ is bounded. The resulting spaces

H™ (1, %) = H"(C(2, %))

are usually called n-th (Hochschild) cohomology groups. For a nice explanation of the
ideas underlying this construction, see for example [348] or [522]. Of course, in each of
these groups some information on the 2-bimodule X and hence on 2 itself is encoded. To
illustrate this point by means of an example, we recall that, by a result of B. E. Johnson,
a locally compact group G is amenable if and only if H(L!(G),X*) = 0 for every dual
Banach L!(G)-bimodule. (The latter means that the operation of 2 on X* is in addition
weak™® continuous.) For more on this topic the reader should consult e.g. [347] or, for
some more recent developments, [301] and [369].

Suppose that ) is an A-submodule of X. Then there is an exact sequence

0— C(2,9) -5 C@, %) -L O, X/9) —

where " : C"(2,2)) — C™(, X) simply enlarges the range of a multilinear mapping
from A to ), and ¢" : C*(A,X) — C™(™A,X/Y) compresses a map T € C"(2A, X) with
the aid of the quotient map my : X — X/ to myT. There are, in general, two points
which deserve some additional attention in constructing connecting homomorphisms d"
as above: surjectivity of the mappings H™ () and continuity of the resulting homomor-
phisms. That these conditions can be satisfied is, in general, by no means clear. One
situation in which these problems can be remedied is that in which M-ideals enter the
scene.

Proposition 4.8 Suppose that U is a separable Banach algebra, that X is a Banach -
bimodule and that ) is a submodule which is an M -ideal in X at the same time. Assume
further that either

(a) 2A has the A-approzimation property or

(b) D* is an L'-space.
Then one has a long exact sequence

0 — mo@,9) "9 goe, 1) 9 go,x/) L mh@,p) T8
such that all the connecting homomorphisms d°,d", ... are bounded.

PROOF: Let T' = 6% 00Tt € Z™(A,%/9) be given. We shall tacitly make use of the iden-

tification C™(A, X) = L(AD, ... A, X). By hypothesis and the fact that separability
as well as the bounded approximation property — with a different constant, though —
pass to finite projective tensor products, we find, with the aid of Theorem II.2.1, a lift-
ing T € C™(A, %) for T with |T|| < A"||T|| when (a) is satisfied and with ||T|| = |||
whenever (b) holds. It follows that

¢RI T = 0310 q" T = 0 0% 9 To = 0,
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S0 6;2“1: takes its values in 9), and, formally, there is Ty € C*1(2,9)) with i"H1T) =
" TIT. Put d™(T) = [T1], the equivalence class of Ty, and convince yourself (if you didn’t
before) that d™ is well-defined. Since

la™ (D) = T3]l = " Tl = 1T < A™(|T°|

if (a) is valid and a similar estimate holds in case (b), d" is bounded, and we are done.
O

Using Theorem 4.4 and the above proposition one obtains:

Corollary 4.9 Suppose that 2l is a separable C* -subalgebra of the C*-algebra B and that
J is a two-sided closed ideal of B. If either 2 has the bounded approzimation property
or else, if J is commutative, then one has a long exact sequence

HO (4)

0— HO@,3) T moe ) T mo@ B /3) L g T

with bounded connecting homomorphisms d".

We end our short digression to the homological theory of C*-algebras with an illustration
of how long exact sequences help one with calculations. (The proof below is, however, far
from being self-contained.) Recall that a von Neumann algebra is called approximately
finite dimensional if it is the (von Neumann) inductive limit of finite dimensional von
Neumann algebras.

Corollary 4.10 Suppose A C L(H) is a separable C*-algebra enjoying the bounded ap-
proximation property such that the closure of AU in the weak operator topology is an
approzimately finite dimensional von Neumann algebra. Then

H™, L(H)/K(H)) = H" (Y, K (H))
for all n € N.

PrOOF: Write A~ for the closure of 2 in the weak operator topology. One of the main
results in [350] (Theorem 6.1) shows that we have in the present situation

H" (A, L(H)) = H" (A, L(H)).

By a result of Kadison and Ringrose (see e.g. [522, Theorem 7.4]), H™ (20—, L(H)) = 0.
By Corollary 4.9 we then have an exact sequence

0=H"(A,L(H)) — H"(A,L(H)/K(H)) — H"™ (A, K(H)) — H"" (A, L(H)) = 0.

But this clearly implies that H™(A, L(H)/K(H)) = H"*1(2, K(H)), which is what we
had to show. |

It should be remarked that there is one important class of C*-algebras which satisfies
the hypothesis of the above result: It is known that a nuclear C*-algebra 2 always has
the metric approximation property (see [123] or [375] for these matters) and that 20** is
approximately finite dimensional in this case ([122] and [200]). For more on this topic
see the Notes and Remarks section.
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V.5 Some further approximation theorems

The chief concern of this section is to present some results similar to Theorem 3.2. We
preferred to collect them at this place, mainly because they all exhibit more or less the
same idea: Whenever P : 2** — J++ is the M-projection corresponding to an M-ideal
J, then all of these results aim at finding a net (z,) converging to z = P(e) in the weak*
sense subject to some constraints that have shown to be useful in special situations.
Our first result in this chain will find its application in the following section, when it
will be shown that the M-ideals of L(X) are inner whenever X is uniformly smooth or
uniformly convex.

Proposition 5.1 Suppose A is a unital Banach algebra, and let J be an M -ideal in 2.
Denote by P be the associated M -projection on A** and put z = P(e). Then J is left
inner if and only if there is a net (t,) C J approzimating z in the weak™ topology such
that for all a € A

lta +Xale —ta)|| =1

lim lhlllS 1p 0
)\1—>0 ! o A

. . at +e— t(y —

lim 1 msup =0.
)\1~>0 ! « )\

An analogous result holds in the case of right inner M -ideals.

PRrROOF: That left inner M-ideals always admit nets of the above type is an immediate
consequence of Theorem 3.2: If (¢,) is a net the existence of which was shown by this
result, then

— -1
im lim sup e + Aafe — to)|

1 max{Allaf, 1} —1
A—0 a A B

A

< lim 0,
A—0

and one similarly obtains the other equation. For the converse, suppose 2* = J+ @1 J*,
and let us first prove that
A (e —2) C (I

By weak* continuity of the first Arens product, and since (J*)* is weak* closed, we may
reduce our efforts and show only that

Ale — 2) C (3°)L

This holds, in light of Lemma 2.2, once it has been demonstrated that ¢ (a(e — z)) = 0
for all a € A and ¢ € Fy. (Here, F; stands for the set Sy N J*.) Let us suppose to the
contrary that for some a € 21 and an appropriate ¢ € F}

p(ale = 2)) = Ao,

with 0 < A\g < 1. Put
an =z + Aja(e — z).
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Then, by assumption on z,

plan) — 1
N = —F—
0 )\8
ol + Ajale — £)) 1
« )\8
< oy o+ Mole — )] =1
= N /\8

and hence

n
) -1
Ao < lim limsup It + Agale — to)l] -

n—oo g AL

0,

which contradicts our assumption on A\g. Repeating the same argument with the expres-
sion
Aoaty + e —ty

will give A**z C J++. But this permits us to infer that Rgl) is actually onto, and the
result once again follows by an application of Proposition I.1.2. O

We wish to present a second approximation theorem of this type (Theorem 5.4 below).
This will be prepared by a result deserving independent interest (Theorem 5.3), which
in turn requires the following lemma.

Lemma 5.2 Let X be a Banach space and suppose S C X* is convex and weak™ compact.
If Q is a compact convex subset of the complex plane, then

@ s =c'""Qs.
PRrROOF: Fix 6 > 0 and pick z1,..., 2, € C with
QCQs:=co{z1,...,2n} C(14+)Q.
Since co Q55 = co (U

" . z:5) 1s weak® compact and thus norm closed, we have
j=1"J ’

""" AS CcosS 1+ Qs.

Letting 6 — 0 gives @ " QS c @' " QS, which is the less trivial inclusion. a

Theorem 5.3 Let 2 be a unital Banach algebra and suppose F € A**. Then, for some
net (eq) of positive numbers tending to zero, there is a net (fo) C A converging to F in
the weak* topology with limsup, ||fol < |F|| and

v(fa) Co(F) + B(0, ).

PROOF: Let M and M™* be subsets of a Banach space X and its dual, respectively. In
the following, we denote the real polar of M by

M™:={2* € X*|Rez"(z) <1Vx € M}
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and write M} for the set
M::={zeX|Rez"(z) <1Vz" e M"}.
In addition, v, (F') denotes the lower numerical range of F' € 2A**, which is defined by
v (F) = {F(¥) [ ¢ € Sa}.

Suppose that € is a compact convex subset of the plane containing an interior point.
Our claim is then — except for the additional norm condition — equivalent to showing
that, for any such set,

[acAvl@) C Q) ={Feu™ |v(F)cQ),

where the first set is identified with its canonical image in 2**. Since v(Ae+a) = A+ v(a)
for all A € C and every a € 2, we may suppose that 0 € int 2 without spoiling the
argument. Then 0 € {a € A | v(a) C Q} and hence, by the bipolar theorem, the above
reduces to
{aeA|v(a) Q™™ ={F e U™ |v(F)CQ}.
Now, {a € 2| v(a) C 0} = (Q"Sg)~ and similarly
(QTSq)" ={F e A™ | v (F) CQ}={F e A |v(F) C Q},

where the last equation holds by virtue of v, (F') = v(F) (Lemma 1.9). By assumption,
0 € int 2, so Q7™ is compact and convex, which together with Lemma 5.2 gives

" Sy =o' | 7Sy
Putting all the pieces together, we obtain
{aeU|v(@) CcQ}™ = (6" Q"Sy)"
(Q27Se)"
{Fed™ |v(F) C Q},

which gives the claim. We now adjust the net thus obtained by a convex combinations
argument so as to satisfy the condition limsup,, || fo|l < || F||. To do so pick any net (gq)
in 2 such that ||go|| < || F|| and go —> F. (One may employ the same index set.) Then
fo — ga — 0 so that there are f, € co{fs | 3> a} and g, € co{gs | B > a} such that
I fo = Gull — 0. Hence (f,,) still has the numerical range property, but also inherits the
desired norm property from the net (g, ). O

Since the f, are “convex blocks” of the f,, we shall refer to the above convex combina-
tions argument (which we shall use several times later and have first encountered in the
proof of Theorem 3.2) also as the “blocking technique”.

Theorem 5.4 Let A be a unital Banach algebra, and suppose that J is an M -summand
in A**. Denote by P the corresponding M -projection. Then there is a net (z,) C 2 with
weak® limit z = P(e) such that for a suitable net of positive numbers (eo) tending to zero

v(zq) C [0,1] + B(0,e4,)
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and furthermore
lim (e = za) + Aza|l = max{|X|, |ul}

for all complex numbers A\, . If J is the bipolar of an M-ideal Jo C U, then we may
suppose that z, € Jo for all .

PROOF: We first show how to produce a net for which the second relation holds. To do
this, one has to observe that for an M-projection P the equation

lu(Id = P) + AP|| = max{]ul, [A[}
holds. Since A is isometric on 2** (Theorem 2.1(e)), it follows that
max{|ul, [Al} = [lp(Id = P) + AP[| = [|u(Id = P)(e) + AP(e)]-

Let (T,) be a net of operators gained with the aid of the local reflexivity principle
similarly to the proof of Theorem 3.2. Then it follows for 20 := T,(P(e))

lim [|p(e — 2q) + Azall = lim||u(e — Ta(P(e))) + ATa(P(e))]
lim [| T, (p(e = P(e)) + AP(e))|
max{|ul, |Al}-

A blocking technique similar to the one used in the proof of Theorem 3.2 allows us to
pass to the required net (z,) in Bj.

A net which fulfills the requirements concerning the numerical range is provided by
Theorem 5.3 (note v(P) = [0,1]); and by again using our blocking technique we obtain
a net sharing both properties simultaneously. O

V.6 Inner M-ideals in L(X)

In this last section of the present chapter we will investigate the M-ideal structure of
the Banach algebra of operators L(X). Spaces of bounded linear operators will also be
the subject of the next chapter. Whereas in the final chapter we will put emphasis on
Banach space methods and also consider spaces of operators which act between different
Banach spaces, we will employ here Banach algebra techniques and apply the methods
developed so far. Our knowledge on the M-ideal structure of L(X) is rather incomplete.
All that is known at this moment is contained in the following theorem.

Theorem 6.1 Let J be an M-ideal of L(X). Then

(a) J is left (right) inner if K= C and X is uniformly convexr (uniformly smooth),

(b) J is left (right) inner if K = C and X = L' (i) or a predual of a function algebra
(X is an L*-predual or a function algebra on some compact Hausdorff space K),

(c) J is left (right) inner for arbitrary scalar fields if J is an M-summand and the
centralizer Z(X) (the Cunningham algebra Cun(X)) is trivial,

(d) if K(X), the space of compact operators on X, is an M-ideal in L(X), then it
is an inner M-ideal. Here, again, no restriction is imposed on the scalar field.
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The proof of part (d) will be presented in the next chapter (Proposition VI1.4.10). Also,
the proof of (c¢) will be postponed; (c) is a special case of Theorem VI.1.2. Finally, (a)
and (b) can be attacked with tools that were provided in the foregoing sections. We
mention in addition that one can read the following result between the lines of the proof
of Theorem VI.2.3:

An M -ideal in L(X) is right inner for the real space X = C(K).

We now start preparing the proof of part (a). First, let us recall the definition of the
modulus of convexity of a Banach space X: For ¢ € (0, 2] this function is defined by

Ix(e) == inf{l— Hivi-zf-yﬂ ‘x,yé Sx, |z =yl _6}.
A Banach space is called uniformly convez if and only if dx () > 0 for all € € (0,2]. The
proof of (a) in the following lemma can be found in [422, Section 1.e], whereas (c) is an
immediate consequence of (a) and the definition involved. For part (b) we refer to [274,
Lemma 5.1].

Lemma 6.2 Let X be a Banach space.
(a) The modulus of convexity of X can equivalently be defined by

6X(5):inf{1—L;y” ‘x,yEBX7|$—y|ZE}.

Furthermore, the function € — dx(g)/e is nondecreasing on (0, 2].
(b) The function éx is continuous on (0,2).
(¢) If X is uniformly convex, then dx is strictly increasing as is its inverse function
(5;(1, and
lim dx (¢) = lim 55 (e) = 0.

The modulus of smoothness is defined for 7 > 0 by

. z+y| + |z —yll
pr) = inf { I o g =

and X is said to be uniformly smooth if and only if lim, ¢ px (7)7~! = 0. We will make
use of the following theorem. Again, the reader should consult [422] for proofs, examples
and further literature.

Theorem 6.3
(a) A Banach space X is uniformly convex if and only if X* is uniformly smooth.
(b) Every uniformly convex (and thus also every uniformly smooth) Banach space is
reflexive.

Our first step towards the proof of Theorem 6.1(a) is the following lemma.

Lemma 6.4 Let X be uniformly conver and suppose that there are operators A, T €
L(X) with |A| <1, |IT|| < 1+¢, and ||Id — XT'|| < 1+ ¢ whenever 0 < X\ <2. Then

|T4+XNAId —T)|| < 14+ A1 +)dx (e + N).
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PROOF: Suppose that T'is as above and fix A > Oas wellasy € Sx. If | Ty|| < 1—-A(1+¢)
then, by the triangle inequality,

(T +AAId = T)) y| < 1,
which permits us to assume that ||[Ty|| > 1 — A(1+¢). Set

Ty _y—Ty
u = and V= .
1+¢ 1+e

It follows by assumption that |lu & v < 1, and since u = $[(u + v) + (u — v)], we have

ox (||2v]]) < 1—||ul, hence |Ju|| < 1—¥dx(||2v]]). By assumption on y and definition of w,
[1—=X1+¢e)](1+¢e)t <|ul and so

1-X1+¢)

I <1-6x(2 .

209 < sxealel)

Regrouping terms and using the fact that (5;(1 is increasing, we arrive at

1
ol < 200l <851 (1= s +3) < 87E + 0.

This gives
| (T + AU = T)yl| <1+ +A|(Jd = T)yl| < 142 + A1 +)d5 (e + ),

and we are done. a
‘We now come to the

PROOF OF THEOREM 6.1(a):

We first consider a uniformly convex Banach space X. Let J C L(X) be an M-ideal
and, as before, denote by z € J*+ the hermitian idempotent that corresponds to J. By
Theorem 5.4, there is a net (Ty,) C J of operators converging with respect to the weak*
topology of L(X)** to z such that

[Hd = ATo|| = |[(Id = To) + (1 = ATl
< (14e4)max{1,|1— A}
= l+eq

for 0 < A <2 and ¢, — 0. Using Lemma 6.2(b) and (c¢) and Lemma 6.4 we find for all
A€ BL(X)

| Tw + MNA(Id — T,,)|| — 1 Ea + M1 +60)0% (Ea +N)

)lgr%) lim Olsup 3 < )lgr%) lim O[sup i\
= lim d3"
P ox (A)

= 0.



246 V. M-ideals in Banach algebras

Repeating the above argument with z replaced by Id — z we get that for any A € By (x

IMAT, + Id — To| -1

)l\iirb lim (ysup 3 0,
and the theorem follows by an appeal to Proposition 5.1.
The case of uniformly smooth spaces follows from this by duality (Theorem 6.3). a

Corollary 6.5 Let X be a complex Banach space and J an M-ideal of L(X). If X is
uniformly convex then J is a left ideal. Is X uniformly smooth, then J must be a right
ideal, and if X is both uniformly smooth and uniformly convex, then J is a two-sided
ideal.

PRrROOF: Use the fact that, by reflexivity of X, the mapping T +— T* is an algebraic
anti-isomorphism, and Theorem 3.2. O

Corollary 6.6 Let 1 < p < oo. Then K(¢P) is the only nontrivial M -ideal of L(¢P).

PRrROOF: That K (¢P) is an M-ideal in L(¢?) was mentioned already several times (Ex-
ample 1.1.4(d)) and will eventually be proved in Example VI.4.1. To prove uniqueness
note that by a result from [276] (see also [307]), K (¢?) is the only two-sided closed ideal
in L(¢P). Since (P is a well-known example of a uniformly smooth and uniformly convex
Banach space we may now invoke Corollary 6.5. m|

Whereas in the above the norm condition on the approximating net of Theorem 5.4 was
used, the proof of Theorem 6.1(b) requires the restrictions put on the numerical range
of the elements of the involved net.

Before we go into the details let us make some remarks on how the theory of numerical
ranges for elements in Banach algebras transfers to the special case of the Banach algebra
L(X).

In the case of the algebra L(X), the set S;,(x) as a whole is, of course, highly nonaccessible
in general. However, concerning v(T, L(X)) one may restrict one’s attention to the subset
I(X) of Sp(x) which is defined by

II(X) :={(z*,x2) € Sx~ x Sx | z*(z) = 1}
and define the spatial numerical range of an operator T' to be
V(T) := {a"(T) | (2", x) € T(X)}.
In this way, one has access to the set v(T, L(X)) by virtue of
o(T, L(X)) =co V(T).

(See [84, Chapter 3] for further details.) In particular, the notion of a hermitian operator
may also be defined by
T hermitian < V(T) C R.
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Note that the above notion has already been used in Section I.1; with the previous
remarks it will be possible to combine the results obtained in that section with those that
were presented in the last one. More precisely, we will profit from the fact that sometimes
operators with the property that V(T') is distributed along a small strip around the real
axis are perturbations of elements in Mult(X) or Cun(X):

Lemma 6.7 Let 2 be a function algebra on a compact space K and put R(e) = {z € C|
Im z| <e}. If T € L(A) has the property that, for some € > 0, V(T') C R(¢), then there
is an a € A such that | T — M,|| < 2e. Similarly, if X = L'(u) and an operator T on X
has the above property, then there is an operator S € Cun(X) such that |T — S| < 2e.

For the proof we have to recall some details from the theory of function algebras. Those
points k € K with 0 € ex By~ are said to belong to the Choquet boundary of A, denoted
by ch 2. Tt is known [585, Theorem 7.18] that & is in the Choquet boundary of  if and
only if {k} is a p-set, and, consequently, for each such point, Jx := ker dx is an M-ideal
by Theorem 4.2.

PROOF: Put a :=T'(e) and let k € ch 2. Since Ji is an M-ideal, and since for any = € 2
& :=0p(x)e — x is in J, we have by Proposition 1.1.24

elléll = d(T€, 3x) = [0k(TE)| = [0k (ax — Tz)|.
Since ||&]| < 2||x]|, this yields

lax — Tz|| = sup |dk(ax — Tz)| < 2el|z|.
kech A

Let us look at the case where X = L'(u): By the above, we can find an operator S which
is contained in Mult(X*) = Z(X*) such that

T — S| < 2.

But S is a multiplication operator on (L'(u))* (Example 1.3.4(a)) and thus weak* con-
tinuous, hence the result. O

The way is now paved for the proof of Theorem 6.1(b). However, it turns out that more
can be shown. We split this extended version of Theorem 6.1(b) into two pieces and
begin with function algebras.

Theorem 6.8 Let A be a function algebra on some compact Hausdorff space K. Then
every M-ideal in L() is right inner. Furthermore, the M-ideals of L(2L) are precisely
the subspaces of the form

L), =T {M,T | T € L®@),a € J} = {T € L) | limsup | T*6;|| = 0 Vko € D},
k—ko

where J is an M-ideal of 2 and D is the p-set corresponding to J according to Theo-
rem 4.2.
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PRrROOF: That all subspaces of the above form are in fact M-ideals was shown in Propo-
sition 3.5. We are thus left with showing that all M-ideals look like this.

So, let J be an M-ideal in L(2) and denote by P its defining M-projection P : L()** —
Jt+. Start with a net (T,,) in J converging in the weak* topology to P(e) and with the
property that V(T,) C R(eq) for some net (¢,) of positive numbers tending to zero; see
Theorem 5.4. By Lemma 6.7, we may suppose without loss of generality that for some
aq € 2 the operators T, are of the form M, _ . But then it follows that

innL(m))LL

P(e) = w*-lim M, € (Mult!

whence by Lemma 3.4,
P(e) € Multh? L(2™).

It follows that P(e) is an M-projection. By injectivity of the map A (Theorem 2.1), we
must have P = L%(e), and so, J is inner. Since P(e) € AL, when 2 is identified with

a subalgebra of Mult!  L(2), we may apply Proposition 3.3 to see that P(e) gives rise
to an inner M-ideal J in 2 as well. Next, observe that we are in a situation treated in
Proposition 3.5. Consequently,

J=L&);=ln{M,T|T<cL),acJ}
since the inner projection pertaining to L(2l) s is also P(e). It thus remains to verify that

L), = {T € L) | limsup | T*8,]| = 0 Vko € D).
k—ko

To this end, we observe that we have for an operator of the form M;T with j € J and
for kg € D,
lim sup [|(M;T) "6k || = limsup ||5(k)T" 6, < ||| im sup |j (k)| = 0.
k—ko k—ko k—ko

Now, recall that we saw in the proof of Theorem 4.2 that there is an approximate unit
(Pa)a in J with

Ve > 0VU D D, U open dag Va > «g (e—pa)|K\U <e

which, of course, may be chosen such that M, convergesto P(e) in the o (L(2)**, L(2)*)-
topology. Hence, by Theorem 1.2(d),

J={TeL®@)|limM,T =T},

and so, each T in L(); may be approximated uniformly by operators of the form M;T,
with j € J. This yields

L), € {T € L) | limsup | T*64|| = 0 Vko € D}.
k}ﬂko
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On the other hand, for each 7' € L(2) with limsup,_,; || 76| = 0 whenever kg € D
we may, for all & > 0, select an open neighbourhood U of D such that ||T*0x|| < e for all
k € U. Now, for sufficiently large «,

(e = Po)|\y| <€
and consequently we have, regarding elements of L(2) as vector valued functions on K,
[Mp, T = T = max{[|(Me—p, T) |yl |(Me—p. T) | g s I} <
whence lim, M, T =T and T € L(2),. |

We next treat M-ideals in the space L(X) in the case where X is a predual of a function
algebra.

Theorem 6.9 Suppose that X is a predual of a function algebra 2 on some compact
space K.
(a) IfJ is an M-ideal in L(X) then it is left inner and, furthermore, there is a p-set
D C K for 2 such that

3=3P) = {T e L(X) | limsup || T**6,|| = 0 Vko € D}.
k}ﬂko

(b) In the special case that X = L'(p), for each closed subset D of K, where C(K) =
L' (p)*, 3P) is an M-ideal.

PrOOF: Denote by Adj the antihomomorphism that maps an operator T' € L(X) to
T* € L(2). Since Adj*™ is an antihomomorphism from L(X)** equipped with the first
Arens product to L()** when the latter is furnished with the second Arens product (see
Theorem 1.2), we may identify L(X)** with a subalgebra of L(2)**.

Let P: L(X)** — J* be the M-projection given by J. As in the proof of Theorem 6.8,
we start with a net (7,,) in By (x) converging to P(e) in the weak* topology and satisfying

V(Ta) C R(ea)

for some net (g4) of real numbers converging to zero. Clearly, (T,) converges also in
the o(L(2A)**, L(A)*)-topology to P(e). Moreover, by Lemma 6.7, we may disturb T
slightly in norm to obtain a net (M, ) € L(2) still converging to P(e). Following the
lines of Theorem 6.8’s proof, we see that

P(e) € Multh2

inn

(L=0)™)

which amounts to
P(e) € Mult?! (L(X)*).

Hence, J must be left inner. Applying Proposition 3.3, we get an M-ideal J; in L(2L)
with
J1INLX)=3.
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An application of Theorem 6.8 now yields (a).
To prove (b), let X = L'(11) and choose a closed subset D of K. We must show that

3P = {T € L(L () | limsup | 76| = 0 Vo € D}
k}ﬂko

is an M-ideal. For this purpose, let S1,S2,53 € Byw) and T' € Bpr1(,)) be given. Pick
an open neighbourhood U of D such that ||S;*0.|| < € for all ¢ € U and a continuous
function ¥ with 0 < ¢ < 1, Y)p =0 and w|K\U = 1. Putting S = T M, we have

S e 3(P). Since, in addition,

15i+T =5l = max{[|(Si+ (1 = )T)|; I [1(Si + (1 = ) T) | g o 1}
< 1l+4¢,
the claim follows from Theorem 1.2.2. O

It is unknown how the sets appearing in part (a) of the above theorem may be charac-
terised, nor is it clear whether all p-sets D of 2 arise in this way.

Let us come to our last theorem. Also here, the nature of the closed sets D involved is
somewhat obscure.

Theorem 6.10 If X is a (complex) L*-predual then all M -ideals of L(X) are right inner
and possess the form
I=LX)NIP,

where D denotes a closed subset in the compact space K with X** = C(K) and I s
the M-ideal in L(L'(11)) described in Theorem 6.9.

The proof of this theorem can be given in analogy to the first part of the proof of
Theorem 6.9.

V.7 Notes and remarks

GENERAL REMARKS. Although the notion of an M-ideal was originally designed for real
Banach spaces, it soon became clear that the case of complex scalars should be covered as
well. This was first formulated in [311] for the explicit purpose of investigating M-ideals
in function algebras. Some time afterwards the fundamental articles [574], [577] and [578]
by R. Smith and J. D. Ward appeared, where a detailed analysis of M-ideals in Banach
algebras and some applications are presented. In these papers the idea of associating the
hermitian projection P(e) € A** with an M-ideal J C 2 was developed, which later led
to the notion of an inner M-ideal in [630].

The background material on numerical ranges in Section V.1 can be found for example
in the books [84], [85], and [86] by Bomnsall and Duncan; for the Arens products we
mention the useful survey [176]. Clearly, Theorem 1.10 is a standard result in the theory
of C*-algebras, but we decided to include a proof in order to be able to present a rather
self-contained exposition of the M-structure of C*-algebras. Actually, much more than
the Arens regularity of a C*-algebra is true. It is proved in [260] and [524] that every
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bilinear operator from X x X to X is Arens regular provided X* has property (V*); note
that this applies in particular to Banach spaces with L-embedded duals (Theorem IV.2.7)
and thus to C*-algebras (Example IV.1.1(b)).

As we said, the fact (Theorem 2.1) that, for an M-projection P associated with an M-
ideal J C 2, Ag»«(P) is a hermitian projection is a basic result from [577]; the sources
of the remaining parts of Theorem 2.1 are [235] and [578] (part (c)), [630] (parts (d)
and (f)) and [638] (part (e)). The rest of Section V.2 and the example at the end of
Section V.3 are taken from [577]. Section V.3 is based on [630] where the phrase “inner
M-ideal” is coined and this notion is investigated in detail. One aspect of the present
chapter is to show that nearly everything that can be proved about M-ideals in Banach
algebras has actually to do with inner M-ideals.

Theorem 4.1 is in essence a result of Smith [574] as is the equivalence (ii) <= (iii) of
Theorem 4.2. The equivalence (i) <= (iii) of this theorem is due to Hirsberg [311]
who found it as a special case of a much more general result characterising M-ideals
in subspaces of C(K) containing the constants in terms of so-called M-sets; see also
[35, Chap. 4] for a presentation of this approach and [399, Th. 7.6] for another proof of
the implication in question. Here we have tried to reconcile the two equivalences in a
perspicuous manner; for the special case of the disk algebra cf. [130]. We shall discuss
the noncommutative version of Theorem 4.1 in the next subsection.

As already mentioned in the Notes and Remarks to Chapter I, the coincidence of M-
ideals and closed two-sided ideals in C*-algebras can be traced back to work by Effros
[186] and Prosser [509]. For the real Banach space of self-adjoint elements of a C*-algebra
it was noted explicitly by Alfsen and Effros [11, Prop. 6.18]. Their proof used only the
by then well known correspondence between weak™ closed ideals and central projections
in von Neumann algebras, and so applied equally well in the complex case. Indeed, the
complex case was attributed to them without further comment in [8, p. 237]. Another
proof of the complex case (applicable to general Banach algebras) was later given by
Smith and Ward [577]; yet another proof appeared in [589]. Our proof that M-ideals are
ideals is taken from [477], for other arguments see [577], [579] or the following subsection.
The proof of Proposition 4.6 was shown to us by R. Smith, and that of Theorem 4.7 by
A. Rodriguez-Palacios; the latter theorem has its origin in [11, Cor. 6.17]. Proposition 4.8
and its corollaries are taken from [121].

The results in Section V.5 aim at approximating elements a** € 2** by those of 2
respecting norm and numerical range conditions. Clearly the simplest result of this type
is Goldstine’s theorem. A far more elaborate result is the principle of local reflexivity.
The version we employ, Theorem 1.4, is proved in [58]; for a proof of the classical version
see [152] and for various refinements [62]. Proposition 5.1 is a new result building on
ideas from [119] and [578]. Theorem 5.3 is due to Smith [576], but our proof is taken from
[434] where this result is proved in the abstract framework of numerical range spaces.
In fact, its assertion holds with €, = 0 if v(F) has nonempty interior. A related result
is discussed in [129]: If 2 is a unital Banach algebra and J C 2 is a two-sided ideal
which is an M-ideal, then each £ € A/J whose “essential” numerical range v(&,/J)
has nonempty interior has a representative a € A with v(a) = v(§,2/J) and |la] = ||£]-
The norm approximation in Theorem 5.4 is due to Smith and Ward [578] who offer an
entirely different proof. Here are some applications proved in that paper. Suppose J is
a two-sided inner M-ideal in the unital Banach algebra 2; for instance any M-ideal in a
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commutative Banach algebra (Theorem 4.1), any closed two-sided ideal in a C*-algebra
(Theorem 4.4) or the ideal K (¢7) in L(¢?), 1 < p < oo (Theorem 6.1 and Example VI1.4.1).
Then, for the natural quotient homomorphism 7 : 2 — 2/J, the formula

[m(a")|| = inf [[(a +y)"[ VaeA neN
yey

holds, as does the spectral radius formula

r(m(a)) = inf r(a + y) Va € 2.
yeT

The same formula holds for an ideal in a commutative Banach algebra possessing a
bounded approximative unit. In the context of C*-algebras, these results are due to
Pedersen [482].

Theorem 6.1(a) is the core of the proof from [119] that M-ideals in L(X) are left ideals
for uniformly convex X (Corollary 6.5). This result extends work in [578] on L(¢”) (or
L(LP(p))) drawing on Clarkson’s inequalities instead of Lemma 6.4. Corollary 6.6 comes
from [578]; there is another argument in [234], completing a preliminary attack in [579].
It is still an open question whether L(L?|[0, 1]) contains any nontrivial M-ideals; in [119]
a uniformly convex Banach space X of the form X = ¢"(¢P(n;)) is constructed such
that K(X) is an M-ideal in L(X), but L(X) contains a closed ideal which is not an M-
ideal. In fact, the closure of the ideal of operators on X which factor through a subspace
of some L"(u)-space works; though this is quite concrete an example, its verification
remains involved. Theorem 6.1(b) is proved for X = ¢! in [575] and for X = C(K) in
[235]. This paper also covers the case of operators on Cy(f2) for certain locally compact
Q. The remaining cases of Theorem 6.1(b), presented in detail in Theorems 6.8-6.10, are
considered in [630] as is part (d). For part (c) see [628].

SUBALGEBRAS OF C*-ALGEBRAS; NEST ALGEBRAS. Suppose 2 is a unital (nonselfad-
joint) subalgebra of a C*-algebra and thus of L(H). Such an algebra can be regarded
as the noncommutative analogue of a function algebra. Adopting this point of view it
seems natural to inquire whether a characterisation of the M-ideals of 2 which parallels
the corresponding result on function algebras (Theorem 4.2) can be obtained. This is
indeed possible.

THEOREM. Let A C L(H) be a unital subalgebra. Then a closed subspace
J C A is an M-ideal if and only if it is a two-sided ideal containing a two-
sided 1-approzimative unit.

This is proved in [195], and in [504] it is observed that the result extends easily to
nonunital algebras. Let us sketch an argument, suggested by D. Yost, to show that
the M-ideals of 2 are actually ideals: We assume, without loss of generality, that J is
an M-summand. Denote by P the M-projection from 2l onto J, and let Q = Id — P
and p = P(Id). Since P* is an L-projection, one observes that P*f > 0 and Q*f > 0
whenever f € 2%, f >0 (i.e., | f|| = f(Id)). Then one deduces that p must be a positive
element of L(H), and we know from Theorem 2.1 that p is a projection. Now the crucial
step consists in proving that ap € J for all a € A. To show this let f € 2A*, f > 0, and
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let g € L(H)* be a positive norm-preserving extension of @* f. It follows that

|f(Q(ap))] Q" f)(ap)| = lg(ap)|
lg(a*a)'?1g(p*)|*/? = 0,

where we used the Cauchy-Schwarz inequality for C*-algebras (note that a* exists in
L(H), but not necessarily in 2() and observed that

9®*) =g(p) = (Q"f)(p) = f(Qp) =0

since @p = 0. An application of Theorem 1.5 yields that f(Q(ap)) =0 for all f € A* so
that Q(ap) = 0 and ap € J. Likewise, pa € J, and J is a two-sided ideal.

A special class of subalgebras of L(H) which has attracted some interest is the class of
nest algebras. In the following, H denotes “a” separable infinite dimensional complex
Hilbert space, and for convenience we put K = K(H) and £ = L(H). A nest N is
a strongly closed totally ordered set of orthogonal projections on H containing 0 and
Id. The corresponding nest algebra A = A(N') consists of all those operators on H
that leave ran(P) invariant for each P € N. Examples include the nest of coordinate
projections z — > ;_, (z, ex)e), with respect to a fixed orthonormal basis, in which case
the corresponding nest algebra consists of those operators which have an upper triangular
representation for that basis, and the Volterra nest, consisting of the projections P;(f) =
Xjo,q1.f on L?[0,1]. Such algebras consist of operators which have, in some sense, a
triangular representation, and are generally considered as noncommutative variants of
the Hardy space H°°. For information on the theory of nest algebras we recommend the
survey [507] and the monograph [147].

A crucial fact about nest algebras is that the unit ball of AN K is dense in that of A for
the weak operator topology ([507, Th. 2.1] or [147, p. 36]). A variety of corollaries can
be deduced from this result. First of all, one can show that A + K is closed; operators
in A+ K, being compact perturbations of operators in A, are called quasi-triangular.
Clearly, this is the formal analogue of Sarason’s theorem that H* + C(T) is a closed
subalgebra of L°°(T). Then, A is canonically isometric to the bidual of ANK, and thus,
by Theorem I11.1.6, ANK is an M-ideal in A. Note that the corresponding commutative
result about H>* N C (= A, the disk algebra) is false.

However, the result that C/A is isometric to (H*> + C)/H* which is an M-ideal in
L>/H* (Example I11.1.4(h)) extends: KC/(ANK) is isometric to (A+ K)/A which is an
M-ideal in £/ A [225]. The latter fact is most effectively proved using Proposition 1.1.16,
cf. [148]. One just has to observe that assumption (b;) of that proposition, with J = K,
X =L and Y = A, is fulfilled by the above-quoted density theorem. Since £/.A happens
to be the bidual of (A+K)/ A = K/(ANK), the above result also follows from the stability
of the class of M-embedded spaces with respect to quotients. It is noteworthy that the
proof of this noncommutative M-ideal result is far easier than in the commutative case,
since K is an M-ideal in £; in the commutative case we had to deal with an L-projection
in (L*°)* that did not derive from an M-ideal.

We just suggested using Proposition 1.1.16 in the analysis of the quotient space L£/A.
The fact that one has (by) and thus (a) of this proposition might be considered as a
version of the F. and M. Riesz theorem. For a deeper theorem of this type we refer to
[209].

IN
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We wish to discuss one more aspect of the formal resemblance between C, H*, L*> and
K, A, L. In these strings of spaces the space L' is considered to be the counterpart of
N(H), the nuclear operators, and the Hardy space H! corresponds to A! :== AN N(H).
The space Hi teams up with the subspace A C A! of “strictly” triangular operators,
meaning

Ay={Te A" |(Id— P )TP=0 VYPecN}

where P~ = sup{E € N | E < P}. Then one has indeed that (K/(ANK))* = A} and
N(H)/A} = (AN K)*, see [507]. A lot of similarities between H} and A} have been
pointed out in [33], among them the noncommutative Havin theorem that N(H)/A} is
weakly sequentially complete; this holds true because A N I, being a subspace of K, is
M-embedded, see Corollary II1.3.7(b).

For M-ideals and more general “analytic” subalgebras of L(H) see [504].

JB*-ALGEBRAS AND JB*-TRIPLES. In an attempt to give an algebraic formalisation of
the axioms of quantum mechanics Jordan, von Neumann and Wigner introduced the
notion of a Jordan algebra in the thirties. Infinite-dimensional versions of their results
were, however, first proved as late as 1978 when the landmark paper [13] by Alfsen, Shultz
and Stgrmer appeared. This paper deals with a class of real algebras called JB-algebras;
subsequently Kaplansky introduced their complex counterparts, the JB*-algebras (see
[644]). Here is the definition: A complex Banach space X, equipped with a bilinear map
(z,y) — x oy (the “Jordan product”) and an isometric algebra involution z — x*, is
called a JB*-algebra if

roy = you (1)
(e oy)ow = a’o(yox) (2)
lzoyll < lzlllyll 3)
{zza}l] = [l (4)
for all z, y € X, where
{oyz} =zo(y 02) —y" o (z0) + 20 (zoy"). (5)

Note that the product is not supposed associative — (2) being a weak substitute — so
that (X, o) is not a Banach algebra proper. The main examples of JB*-algebras are the
norm-closed subspaces of C*-algebras which are closed under the product

zoy = (zy+yz)/2.

(Here xy denotes the original product in the C*-algebra.) But apart from these so-called
special JB*-algebras there are others, notably the properly complexified 27-dimensional
algebra of self-adjoint 3 x 3-matrices over the Cayley numbers. This object is often de-
noted by Cs. Because any classification of JB*-algebras has to take care of Cg, one cannot
expect that the theory of irreducible representations of C*-algebras extends literally to
JB*-algebras. All the same, many of the ideas figuring so prominently in C*-algebra
theory can be adapted to the nonassociative setting. In this regard factor representa-
tions, corresponding to the irreducible representations in C*-algebra theory, ideal theory
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and JBW *-algebras (these are JB*-algebras which are dual Banach spaces) have been
studied; basic references are [184] and [644].

Payd, Pérez and Rodriguez [477] used M-ideals in a decisive manner to prove that every
JB*-algebra admits a faithful family of factor representations. For instance they prove
that the weak® closed ideals in a JBW *-algebra are in one-to-one correspondence with
its M-summands, and that they are determined by central projections (cf. our Proposi-
tion 4.5). As a result, the closed ideals in a JB*-algebra are in one-to-one correspondence
with its M-ideals, and consequently the closed two-sided ideals in a C*-algebra coincide
with its closed Jordan ideals; this is a well-known result due to Civin and Yood. (We
also mention the paper [284] for a geometric description of the ideals of a JB-algebra
in terms of split faces.) To construct a factor representation the authors of [477] look
at the largest M-ideal M, C kerp for an extreme functional p € ex Bx~ (a device in-
troduced by Alfsen and Effros under the name primitive M-ideal) and prove that the
M-summand orthogonal to Mle is a factor, i.e. has no weak™ closed ideals, equivalently:
no M-summands. They also classified the factors arising in their approach [478].
Another result relevant to M-structure theory in [477] is the L-embeddedness of preduals
of JBW *-algebras, which extends our Example IV.1.1(b). A complete list of those JB*-
algebras which are M-embedded, due to A. Rodriguez, can be found in [394, Th. 14],
cf. Proposition II1.2.9 for the C*-algebra case. Actually, all the results given above were
derived for noncommutative JB*-algebras, here (1) is replaced by the requirement that

(xoy)ox==xzo(youx). (1

Also, Rodriguez has proved [523] that the unital noncommutative JB*-algebras are the
largest class of (nonassociative) algebras for which the Vidav-Palmer theorem is valid,
i.e. which are spanned by their hermitian elements.

A more general structure than a JB*-algebra is that of a JB*-triple which arises naturally
in finite and infinite dimensional holomorphy. JB*-triples were first used by Koecher
and his school in order to give an alternative approach to the classification of symmetric
domains in the finite dimensional case; their importance for infinite dimensions was
realized by W. Kaup. Omitting all details — we refer to [25] and [614] for a more extended
presentation and more on the relevant literature — we would like to briefly sketch the basic
idea.

Denote by D a bounded symmetric domain in a (complex) Banach space X, which means
that for all x € D there is an involutory and biholomorphic map ¢ which has z as an
isolated fixed point. Extending a classical result of Cartan to this more general setting,
Upmeier and Vigué independently proved that the group Aut D of all biholomorphic
automorphisms naturally bears the structure of a real Banach Lie group, whose Lie
algebra aut D can concretely be realized as the space of all complete holomorphic vector
fields F': D — X by the mapping

feautD»—><:c€X»—>tlirr(1)

‘I’f(t);t - x>

where ®¢(t) is the one-parameter subgroup of Aut D associated with £ € aut D via the
exponential mapping. (We should add that a holomorphic vector field F' : D — X is
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called complete if for each ug € D the initial value problem

y(0) = uo
y'(t) = F(y)

has a global solution y : R — D.) The point now is that there is no loss in generality to
assume that D is actually balanced, and that for these domains all complete holomorphic
vector fields are polynomials of degree at most 2. Moreover, if F' = pg + p1 + p2 is the
Taylor expansion of such a polynomial, then pg + p2 and p; both belong to aut D, and
po + p2 is uniquely determined by the constant term pg € X. Also, the symmetry of D
implies that Aut D acts transitively on D and that consequently each pg € X gives rise
to a (unique) vector field pg + p2. Hence, with each y € X one can associate a unique
symmetric bilinear map P, : X x X — X leading to the triple product

{CL‘,y,Z} = Py(xaz)

which is bilinear and symmetric in « and z and conjugate linear in y. It furthermore
satisfies the Jordan triple identity

{uvwlyr} + {{uwvatyw} — {uv{wyr}} = {wivuy}z},

and it can be shown that the operators x Oz : z +— {zxz} are bounded, linear and
hermitian. In addition, these operators have positive spectrum and satisfy the “C*-
condition”
2
|z O x| = [,

which in turn is equivalent to the “JB*-condition”
{zza}(| = [l

Stated in a short and more notational way: A Banach space containing a bounded
symmetric balanced domain can be given the structure of a JB*-triple — the defining
conditions for the triple product are listed above. Also the converse holds, and both
statements together yield part of an important result of Kaup ([370], [371]) stating that,
up to biholomorphic equivalence, bounded symmetric domains in complex Banach spaces
are the open unit balls of JB*-triples and that two such domains are equivalent iff the
corresponding JB*-triples are isometrically isomorphic (in which case they are isomorphic
with respect to their JB*-structure — this latter statement involves a result due to Kaup
and Upmeier [373]).

There are prominent examples of JB*-triples whose triple product does not refer explicitly
to the analytic structure of the underlying space. Under the triple product (5) a JB*-
algebra becomes a JB*-triple, in particular, {zyz} = (zy*z + zy*z)/2 introduces the
structure of a JB*-triple on a C*-algebra. Further examples are the spaces L(H, K) of
bounded linear operators between (different) Hilbert spaces H and K, with the triple
product {RST} = (RS*T+TS*R)/2. An important feature of JB*-triples is the stability
of this class under contractive projections ([236], [372]). This provides more examples,
since in particular the range of a norm-one projection on a C*-algebra, though generally
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not a C*-algebra, is a JB*-triple. (It is a C*-algebra if the projection is completely
positive.)

Similar to the case of a JB*-algebra, the underlying geometrical structure often helps in
understanding the rather puzzling algebraic behaviour of a given JB*-triple. Of interest
in this respect are results concerning the M-structure of JB*-triples which again provides
a coupling of algebraic and geometrical concepts. A subspace J of a JB*-triple is called
an ideal if {zyz} € J whenever z, y or z is in J. Horn [323] proves that the weak™ closed
ideals in a JBW*-triple (a JB*-triple which is a dual Banach space) coincide with its
M-summands, and Barton and Timoney [43] deduce that the closed ideals of a JB*-triple
coincide with its M-ideals. These papers also contain proofs of the strong uniqueness of
the predual of a JBW*-triple and its L-embeddedness. Moreover, the bidual of a JB*-
triple X is a JBW *-triple with separately weak* continuous triple product extending the
one of X; it is this crucial result due to Dineen [160] that links the ideals of X to the
weak™® closed ideals of X** and makes the approach to ideals via the bidual possible.
With these theorems in hand the theory of factor representations of [477] lends itself
to generalisation. This is carried out in [43], too; and a Gelfand-Naimark theorem for
JB*-triples is achieved in [237] and [324]. For an M-ideal approach to the latter see
[161, Example 38]. Dineen and Timoney characterise in [162] the centralizer of a JB*-
triple as its centroid, consisting of those bounded linear operators for which T{z,y,z} =
{Tz,y,z}.

Several authors ([42], [101], [102], [128]) investigate the RNP for preduals of JBW*-
triples. Also here M-ideal methods turn out to be helpful; moreover one can read from
the above papers that a JB*-triple is M-embedded if and only if it is the cg-sum of
so-called elementary triples.

Finally, we mention the monographs [285] and [605] and the expository lectures [526] and
[606] as general references on the subject. Also the recent paper [227] contains a survey
of the general theory of JB*-algebras.

COMPLETELY BOUNDED MAPS AND M-IDEALS. In recent years the study of “complete”
notions has become a major subject in C*-algebra theory. Here is the basic principle.
Every (concrete) C*-algebra 2 of operators on a Hilbert space H gives rise to a sequence
of matrix algebras as follows. Denote by M, the space of complex n X n-matrices and
by M,,(2() the space of n X n-matrices with entries from 2. These spaces are endowed
with C*-algebra structures in a canonical (and unique) fashion, in that M,, & L(¢*(n))
and M, (2) embeds into M, (L(H)) =2 L(H @ ... ®2 H). Now, given two C*-algebras
A and B and a bounded linear map T : /) — B, T gives rise to a string of bounded
linear operators T, : My () — M,(B), defined by T,((xi;)) = (T'z:;). The operator
T is called completely bounded if sup,, ||T,.]] < oo, and the completely bounded norm
IT||cp is defined to be this supremum. In general, given a property (P) such an operator
might or might not have, T is said to have “complete (P)” whenever all the T, fulfill
(P); thus completely contractive, completely isometric, completely positive operators
etc. are defined. For a detailed account and precise bibliographical references we refer to
Paulsen’s monograph [475].

In his address to the 1986 International Congress of Mathematicians [191] E. G. Effros
suggested a research program entitled “Quantized Functional Analysis” to investigate
matricially normed spaces and completely bounded maps from an abstract point of view.
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Many steps in this program have been carried out so far (e.g. [80], [194], [196], [197]);
here we would like to comment on M-ideal techniques employed in this setting. We first
have to give some definitions.

Not only a C*-algebra 2 is equipped with a sequence of matrix norms, but also each of
its closed subspaces. In addition, it is easily checked that for X = (z;;) € M, () and
Y = (yi;) € M () the block diagonal matrix X @Y := diag(X,Y) € M, 1., () satisfies

X @Y [lntm = max{[|X]]n, [|Y][m}-

This leads to the definition of an abstract operator space: An abstract operator space is
a vector space V', together with a sequence of distinguished norms || . ||,, on each of the
matrix spaces M, (V') such that

[AXBlln < [[A[[ | X[l Bl VA, B € My, X € Mp(V),
X ®Y[nsm = max{||[X][n, [Y]m} VX €My (V), Y €My (V).

Every normed space (V, || .||) can be turned into an abstract operator space; but there
are various ways to do this. One way is to equip M, (V), which can algebraically be
identified with M,, ® V', with the injective tensor norm; another, different, method is to
let

[[(oig) Il = sup || (o (vig)) (1)

where the supremum ranges over all Hilbert spaces H and all contractive ¢ : V —
L(H), the norm on the right hand side of (1) referring to the canonical C*-norm of
M, (L(H)). The above considerations show that a subspace of a C*-algebra is an abstract
operator space. A fundamental result due to Ruan [537] states that, conversely, every
abstract operator space is completely isometric to a subspace of L(H), endowed with
its C*-matricial norms; see [199] for a simpler proof. This result can be regarded as a
“quantized” version of the result from ordinary “commutative” functional analysis that
every normed space is isometric to a subspace of some C(K)-space.

For a map T between abstract operator spaces (V,{||.|,,}) and (W, {|.|,,}) complete
boundedness is defined as above; we denote by CB(V,W) the space of completely
bounded maps and by || . ||, the completely bounded norm. One of the most impor-
tant results on completely bounded maps is the Arveson-Wittstock Hahn-Banach the-
orem [475, p. 100] which can be rephrased as follows: For an abstract operator space
(V.{Il-Il,.,}), a subspace S C V and a completely bounded map ¢ : S — L(H) there is
an extension ¢ : V' — L(H) such that [|9||cp = ||¢||lcp- A simple proof of this theorem,
building on factorisation techniques, was given by Pisier [502].

The dual of an abstract operator space (V,{|.|,}) can be given the structure of an
operator space as well. For this one identifies M, (V*) with CB(V, M,,) and gives it the
corresponding completely bounded norm. We shall always tacitly assume that this dual
structure is imposed on V*. Then it turns out that the canonical embedding from V into
V** is completely isometric; for details see [80] or [198].

Effros and Ruan [197] define and study complete L- and M-projections on abstract
operator spaces, the definition being of course that all the P, are L- (resp. M-) projections
on the M, (V). A complete L- (resp. M-) summand is the range of a complete L- (resp.
M-) projection. A closed subspace J C V is called a complete M-ideal if J* is a complete
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L-summand in V*. This can be shown to be equivalent with the requirement that all the
M, (J) be M-ideals in M,, (V). Effros and Ruan also give an example of an M-ideal which
fails to be a complete M-ideal. In fact, if £°°(3) is given an operator space structure by
means of (1), then the M-summand ¢°°(2) is not a complete M-ideal. (On the other
hand, every M-ideal is complete for the operator space structure derived from M,, ®. V;
this is a special case of Proposition VI.3.1 below. This is also the case in the C*-algebra
setting since the M, (J) are closed two-sided ideals if J is.)

The motivation to consider complete M-ideals lies in the first place in their use in the
proof of lifting theorems, see Theorem I1.2.1. The corresponding result for abstract
operator spaces can, however, only be proved for those operator spaces for which a
certain approximation condition is fulfilled. Since this condition corresponds to the
equation L(E, X**) = L(E,X)** for finite dimensional FE in the Banach space setting
and thus to the validity of the principle of local reflexivity, such operator spaces are
termed locally reflexive; in the C*-algebra case such a condition is investigated in [192]
under the name property (C”). So, the lifting theorem of [197], which can be regarded
as a general form of the ones in [120] and [192], states:

THEOREM. If V and W are abstract operator spaces with V separable and
W locally reflexive, if J C W is a complete M-ideal, ¢ : W — W/J the
(complete) quotient map and ¢ : V. — W/J a complete contraction, and
finally if V' enjoys the completely metric approzimation property, then there
exists a complete contraction ¢ : V — W such that qip = p:

w

1% w/J

Y

We also mention the paper [538] which studies uniqueness of preduals of abstract operator
spaces from the M-structure point of view.

MORE ON COHOMOLOGY OF OPERATOR ALGEBRAS. The origins of homology theory are
usually attributed to the paper “Analysis situs” by H. Poincaré [503]. Originally designed
as a tool to distinguish between different topological spaces, this theory developed a
purely algebraic branch on the basis of work by E. Noether, H. Hopf, L. Vietoris and
W. Mayer. The diversity of algebraic (co)homology theories that emerged in the 40s and
50s found a unified and axiomatic foundation in the book of H. Cartan and Eilenberg
[112]. For a somewhat more detailed exposition of this story we recommend Dieudonné’s
monograph [159].

The cohomology theory which is presented in Section V.4 was initiated in 1945 by Hoch-
schild in [314]. (Hochschild himself attributes his construction to unpublished work
of Eilenberg and MacLane, who had used similar constructions for groups.) One of his
primary interests was an extension of Wedderburn’s third structure theorem — an algebra
A splits as A = R B Ay, where R denotes the radical and 2; is a subalgebra — in terms of
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H?(2,R). He in fact proved that all singular extensions (i.e. extensions where R? = 0)
of 2 by R are essentially parametrized by H?(2, R), and that a Wedderburn-type result
holds for all extensions of 2 iff H?(2A, &) = 0 for every two-sided 2-module K.

It is possible to relate low dimensional Hochschild groups to other known invariants.
So H(2,X) measures how many derivations from 2l to X exist which are not inner,
and H?(2A, X) is connected to extensions of 2 by X and to liftings of derivations. For
n = 3, however, an appropriate interpretation is quite involved (see [315]) and a concrete
meaning of H™ (2, X) for n > 3 seems to be unknown. (It is, however, possible to “reduce
dimensions” via the canonical isomorphism C™ (2, X) =2 C"(A, C*(A, X)) which yields
H™ LX) = H(A,CH(A, X)).) We should also mention that there is a corresponding
sequence of homology groups H (2, X), which are defined in terms of n-fold tensor-
products Cr (A, X) = X Qg X ... ®y X in such a way that the adjoint of the boundary
mapping 8 : Ok (2, X) — Cr_1(A, X) equals 6* as defined in Section V.4.

One of the first important results on Hochschild cohomology within the category of Ba-
nach algebras is due to Kadison [357] and, independently, Sakai [553], who showed that
any derivation on a von Neumann algebra 901 is inner or, equivalently, that H*(97,901) =
0. The whole theory was set to work within this frame mainly by Kadison, Ringrose and
B. E. Johnson in a number of papers [346], [350], [358], [359]. (See also [347] or [522]
for a survey of these results.) In the case of Banach algebras the idea to pass to mul-
tilinear operators which are continuous with respect to some natural topology suggests
itself. (That it might be appropriate to use e.g. the weak™ topology for dual modules
is illustrated by the Johnson-Kadison-Ringrose theorem that was used in the proof of
Corollary 4.10. It is taken from [350] where the authors apply this result in order to show
that H*(R,9M) = 0 whenever R is a C*-algebra acting on a Hilbert space H and 901 is
a type I or hyperfinite von Neumann algebra which is a dual Y3-module.) Nevertheless,
there is a dilemma: If one proceeds in this way, the cohomology theory thus obtained will
suffer from the fact that continuous complementability of submodules is in general not to
be expected and, consequently, that difficulties arise in connection with the existence of
long exact sequences. On the other hand, the purely algebraic construction is difficult to
handle in infinite dimensions. (This is also inherent in Helemskii’s alternative approach
to Hochschild groups in terms of admissible projective resolutions — see Chapter III,
especially Theorem 4.9 therein, of the monograph [301], which is the most exhaustive
source on the topic we are aware of.)

Applications of continuous Hochschild cohomology cover — besides the already mentioned
characterisation of amenability of topological groups — Wedderburn decompositions of
Banach algebras with finite dimensional radicals [346] as well as deformations of Banach
algebras [349], [513]. It is furthermore connected to cyclic cohomology, see below.

More recent progress on the calculation of cohomology groups for operator algebras was
made by Christensen, Effros and Sinclair [124] by use of the completely bounded version
of this theory. They show that HE (A, 90), the cohomology group based on completely
bounded multilinear maps, vanishes whenever 2 is a C*-subalgebra of an injective von
Neumann algebra 9. The point here is that in some cases these groups coincide with
the (norm-) continuous Hochschild groups. This permits one to show that in the above
situation, with 2 C 9 C L(H) and under the additional assumption that the weak
closure of 2 is either properly infinite or else isomorphic to a von Neumann tensor
product Ro@MN, where N is the (Murray-von Neumann) hyperfinite factor of type II;, it
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is also true that H*(A,9) = 0.

In another direction, Christensen and Sinclair proved that H* (2, 0*) vanishes for all k
whenever the C*-algebra 2 is nuclear or has no bounded traces [125].

We would finally like to remark that the groups HF(A,*) are of particular interest,
since they are related to Connes’ cyclic cohomology (cf. [136, pp. 100-102, I1.4] and [113]
for a general survey), as follows. A (k + 1)-form w with entries in 2 is called cyclic if

w(as, ..., ax,a0) = (=1 w(ag, a1, ..., a),
and the space of cyclic (k + 1)-forms is denoted by C%¥(2). By

k
5§w(ao,a1,...,ak+1) = Z(—l)”w(ao,...,aﬁa,.i_;_l,...,ak_,_l) +
k=0

+ (—1)k+1w(ak+1ao, ai,...,ax)

one defines linear mappings C¥ () — C];H(Q[) which satisfy 5’;6’;_1 = 0. The resulting
cohomology groups are denoted by H /’\“ (). Since there is an obvious one-to-one corre-
spondence between (k + 1)-forms on 2 and elements of C* (21, %), it can easily be shown
that under this identification the C§(2) are a subcomplex of the Hochschild complex.
Furthermore, there is a long exact sequence

0 — HY(A) — HO(A,A") — HH(A) — HY(A) — H' (A, A*) — HUA) — HI(A) — -+
S HY(A) — H™ (A7) — HY7HA) — HYWH(A) — H (L, A7) — -
connecting Hochschild groups with cyclic cohomology groups [136, p. 119]. The latter is
very important for the calculation of H f(?l) in general. It permits, for instance, using
the Christensen-Sinclair result to prove that H¥ () = 0 for all £ when 2 has no bounded

traces, and that HY() = 0 (k odd), respectively HY () = HY(2) for even k, whenever
2l is nuclear.






