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Abstract

It has been realized that the definition of amenability given by B. E. Johnson in
his Classical Memoir of American Mathematical Society in 1972 is too restrictive
and does not allow for the development of a rich general theory. For this reason,
by relaxing some of the constraints in the definition of amenability via restricting
the class of bimodules in question or by relaxing the structure of the derivations,
various notions of amenability have been introduced after the pioneering work
of Johnson on amenability in Banach algebras. This dissertation is focused on
six of these notions of amenability in Banach algebras, namely: contractibility,
amenability, weak amenability, generalized amenability, character amenability and
character contractibility. The first five of these notions are studied on arbitrary
Banach algebras and the last two are studied on some classes of Segal algebras.
In particular, results on hereditary properties and several characterizations of
these notions are reviewed and discussed. Indeed, we discussed the equivalent
of these notions with the existence of a bounded approximate diagonal, virtual
diagonal, splitting of exact sequences of Banach bimodules and the existence of a
certain Hahn-Banach extension property. Also, some relations that exist between
these notions of amenability are also established. We show that approximate con-
tractibility and approximate amenability are equivalent. Some conditions under
which the amenability of the underlying group of a Segal algebra implies the char-
acter amenability of the Segal algebras are also given. Finally, some new results
are obtained which serves as our contribution to knowledge.
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Chapter 1

Introduction

1.1 Background

The theory of Banach algebras is an active area of mathematical research which
blends mathematical analysis and abstract algebra. Banach algebras are Banach
spaces on which a binary operation of multiplication can be defined. These al-
gebras were named after Stefan Banach (1892 - 1945) since the underlying topo-
logical structure of such algebras is a Banach space even though much of the
foundation of Banach algebras was laid since 1940 by I. M. Gelfand (1913 - 2009).
The name ”Banach algebra” was first used by Warren Ambrose (1914 - 1995) in
1945 even though Mitio Nagumo seem to have first considered such algebras in
1936 in a paper where he considered the analytic aspect and ignored the algebraic
part. Since then, the theory of Banach algebras has attracted much attention
from several researchers for obvious reasons: Banach algebras are known to pro-
vide many examples and answers to questions of interest in abstract Harmonic
analysis, approximation theory, topology and other related areas. For example,
the Banach algebra of continuous linear operators generalizes the concept of a
matrix which acts on a Fuclidean space. There are many areas of research in
Banach algebras. One of such is the notion of amenability, which is main focus
and at the center of this dissertation.

Amenability can be traced to 1904 when Lebesgue considered the monotone
convergence theorem for his integral. Lebesgue posed the following question: Does
monotone convergence theorem follow from existing integral axioms? Also, in [23],
Hausdorff considered a similar question: Does there exist a finitely additive set
function which is invariant under certain group actions? The answer to these two



questions led to the Banach-Tarski paradox in 1924. There are many versions of
this paradox but the strongest form is: For any two bounded sets A and B in
three-dimensional space with non-empty interior, there is a partition of A into
finitely many sets which can be reassembled to obtain B. This paradox seem to
raise many questions and so in an attempt to explain the paradox, the class of
amenable groups was introduced by von Neumann in [418]. A locally compact
group is said to be amenable if it has a left invariant mean. Since 1940, attention
was then shifted from finitely additive measures to means. Let p be an Haar
measure and m be a mean on a set X, then the connection between p and m is
given by u(X) = m(xx) and p induces a left translation invariant linear functional
on the space of u integrable functions. Most of spaces of bounded functions
on locally compact group G lack this translation invariant linear functional in
L>(@G). Thus, the groups possessing such positive invariant mean were first termed
amenable by Day in [13]. Consequently, a locally compact group G for which
there exists a linear functional p : L*(G) — C satisfying pu(1) = ||| = 1 and
p(ozer) = p(f), (z € G, f € L®(Q)) is called amenable. Since then, the study
of amenability shifted to locally compact groups (see [39], [10] and [14] for further
details).

We remark that there is a distinction between group amenability and Banach
algebras amenability. Amenability was first studied for Banach algebras by John-
son in his Classical Memoir of American Mathematical Society in 1972, see [21].
Johnson show that the Banach algebra L'(G) is amenable if and only if the locally
compact group G is amenable as a group. This is equivalent to the statement that
the first Hochschild cohomology group with coefficient in the dual group algebra
vanishes. This then motivated his definition for the amenability of Banach alge-
bras. According to him, Banach algebras satisfying this cohomological triviality
conditions are amenable. It has been realized that the definition of amenability
given by Johnson [21] is too restrictive and so does not allow for the development
of a rich general theory and also too weak enough to include a variety of interest-
ing examples. For this reason, by relaxing some of the constraints in the definition
of amenability via

(i) restricting the class of bimodules in question,
(i) relaxing the structure of the derivations,
(iii) the combination of (i) and (ii) above,

various notions of amenability have been recently introduced after the pioneering
work of Johnson in 1972. In this dissertation, we consider six of these notions of



amenability, namely: contractibility, amenability, weak amenability, generalized
amenability, character amenability and character contractibility. The first five are
studied for general Banach algebras while the last two are studied for a class of
Banach algebra, called Segal algebras.

1.2 Research Motivation

Many notions of amenability on Banach algebras have been introduced in the lit-
erature by different authors and studied over different classes of Banach algebras.
Johnson in [21], Dales in [9] and Runde in [1/] proved many of the hereditary prop-
erties and characterizations of amenable Banach algebras and since then, other
authors have shown that similar hereditary properties and characterizations hold
for weaker notions of amenability. Thus it will be of interest to critically review
and survey most of these results and see how they can be extended to other classes
of Banach algebras where the philosophy have not been fully explored.

In [19], Ghahramani and Loy introduced the generalized notion of amenability
with the aim of getting a Banach algebra without bounded approximate identity
which still have this generalized notion. Samea [15] studied essential amenability
and approximate essential amenability for Segal algebras. Also, in [38], Nasr-
Isfahani and Nemati introduced and studied the essential character amenability
of Banach algebras. Motivated by these works, we relate the amenability of a
symmetric abstract Segal algebra with the amenability of the underlying Banach
algebra and also study some notions of amenability on the Segal algebra S*(G) in
relation to some properties of the locally compact group G.

1.3 Objectives

The main objectives of this research work are to:

1. review some known and relevant results on some notions of amenability in
Banach algebras in literature,

2. investigate these notions of amenability for general Banach algebras,
3. characterize some of these notions of amenability for Segal algebras,

4. investigate some of these notions for a class of Banach algebra, called the
Segal algebras in relation to the structure of the underlying groups.



Chapter 2

Preliminaries on Banach Algebras

In this chapter, we introduce and define some terms and concepts that are relevant
to this work. Some basic and general results are also presented. Our standard
references are [0], [9] and [12].

2.1 Basic Definitions

The following definitions are well known concepts in the theory of Banach spaces.

Definition 2.1.1. Let A be a vector space over the scalar field F = C or R. A is
called an algebra if there is a map

AxA— A, (a,b)+— ab
called the product or multiplication such that for a,b,c € A and o € F :
(ab)c = a(bc), a(b+c)=ab+ac, (a+b)c=ac+bc, (aa)b= alab)= a(ab).

A has the structure of both a vector space and a ring and is called a complex
(real) algebra if F = C (F = R). Unless otherwise stated, all algebras in this
dissertation are over the complex field.

Definition 2.1.2. Let A be an algebra.

(i) An element e € A is called a left (right) identity in A if ea = a (ae = a) for
all a € A.

(ii) An element a=' € A is said to be the left (right) inverse of a € A if a™la =
e (aa '=ce).



(iii) A has an identity if a = ea = ae, that is, the left and right identities coincide.
An element in A is said to be invertible if it has an inverse.

Definition 2.1.3. An algebra norm is a map ||.|| : A — C satisfying
(1) llall = 0

(i1) |la|]| =0 <= a=0

(i) |laal| = |af||all

(iv) lla -+ bl] < lJal] + |1l
(v) |lab]| < ||all]|b]|, for all a,b € A and a € C.

A normed algebra is the pair (A, ||.]]).

Remark 2.1.4. A Banach algebra is a complete normed algebra. We shall sim-
ply write A for (A,||.||) whenever there would be no confusion. If a-b =10-a
for all a,b € A, then A is called a commutative Banach algebra. Observe that
if e is the identity for A, then by Property (v), |le|| = |le-e| < || |le]]. That
is, |le|| > 1. A is said to be a unital Banach algebra if it has the identity e such
that ||e|| = 1. Although, some Banach algebras possess identity and as such the
definition of a spectrum in terms of inverses of elements of the Banach algebra
comes more naturally leading to elegant concepts in spectral analysis. Yet, certain
Banach algebras A which lack an identity can be isometrically embedded into an-
other Banach algebra of the direct sum A& C in a process often referred to as the
unitization of A.

Remark 2.1.5. 1. It is easy to see that multiplication is jointly continuous in
a Banach algebra A. Let (x,), (y,) C A with z,y € A, such that z,, — =,
Yn — Y, aS N — 00 then

||xnyn - asy|| = ||xnyn —TpyY + Ty — :vy|| = ||$n(yn - y) + ($n - l’)y“
< (e — )+ 1@ — 2)yll < lzallllyn — yll + llzn — 2|yl
— 0.

2. Let (A, ||.|l1) be a Banach algebra. Then there exists a norm ||.|2 which is
equivalent to ||.||1 for which (A, ||.|l2) is also a Banach algebra. Moreover,
if (A1) is unital with the identity e, then (A,].|l2) is also unital and
lefla = 1.



2.2 Constructing New Banach Algebras from
Old Ones

2.2.1 Direct sum of algebras

Let A and B be Banach algebras, the sum A + B of A and B, is the set {a + b :
a € A, be B}. Suppose that ANB = {0}, then A+ B is denoted by A @ B and
called the internal direct sum of A and B. The algebra A @ B is defined as the
Cartesian product A x B with the algebra multiplication (a,b) - (a’,V) = (ad’, bV)
where a,a’ € A, b,b' € B and norm |[|(a,b)||e := ||a||a + ||b||5- It is easy to see
that A @ B is a Banach algebra since

I(a, b)(d’, V)lle = I|(aa’, bb') ||
= llad’[l.a+[1bV']5
lalllla’ll.4 + (16l 5116']|5
lallallalla + llall4llt'lls + N0llslla’ll.4 + (1ol 51165
(all o + 116l5)(la’ll 4 + 1611 5)
1@, 0)llg; 1l (@, &), -

The algebra A @ B is unital if and only if A and B are unital. Suppose that e and
¢’ are the identities of A4 and B respectively, then (e, ¢) is the identity for A @ B.

<
<

2.2.2 Unitization

Consider the direct sum A# = A @ C where A is a non-unital Banach algebra.
For (a, ), (b, 3) € A¥, define the product by (a,a) - (b, 3) = (ab+ Ba + ab,af3)
and the norm ||.||4 by [|(a,a)||4 = ||a]|4 + |/, then A¥ is a Banach algebra with
identity (0, 1). The sub-multiplicative property is satisfied as follows:

I(a, @) (b, B)|l4# = ll(ab + aB + ab, aB)|ly = [[(ab+ af + ab)|| + |as]
< llalllioll + {lal[|8] + lel[oll + fe]|A]
= llallllol] + lefloll + lalll5] + [l15]
= ([lall + la Dol + (lall + laIA]
= (llall + [e)lIoll + BI) = [I(a, a)[I[I(b, )1

A# is called the unitization of A and is commutative if and only if A is commu-
tative. If A has an identity then A% ~ A.



2.2.3 Quotient and opposite algebras

Let A be a Banach algebra. We recall that a subset I of A is a two sided ideal of
A if I is a subspace of A and
al,lIa C I,

for all a € A. For an ideal I in A,
A/l ={a+1:a€ A}
is the quotient algebra. A/I has a natural algebraic structure well defined by
(a+Db+1)=ab+ 1, (a,be A).

If A is a Banach algebra and I is a closed ideal in A, then A/I is a Baanch
algebrawith the quotient norm. The map ¢ : A — A/I defined by p(a) =a+ [
is a surjective homomorphism with ker(yp) = I.

Theorem 2.2.1. Let I be a proper closed two sided ideal of a Banach algebra A.
Let [z] in A/l denote the equivalence class of x. Define product by [x]ly] = [zy]
and the quotient norm by ||[z]|| = inf,es ||z + r||. Then

(i) A/I is a Banach algebra.
(i1) A/I is unital if A is unital.
(111) The identity [e] in A/ is such that ||[e]|| = 1.

Proof. 1t is well known that A/I is a Banach space.
(i) Let s,t € I and =,y € A, then zs,ty,ts € I and so there exists r € I such
that r = xs + ty + ts. Now, it follows that

lz]ly]ll = lllzylll = inf{loy + 7]
= Si7£16fl|]:cy+a:s+ty+ts|]
= Inf flz(y +5) + ¢y + s)ll
= il @+ 0+ 9
< inf (e + el ly + s])
= inf o + ] inf ly + s|

= [l=IINw]Il

7



(ii) Let e be the identity for A then for all a € A, it follows that

[a] = [ae] = [allé]
and

[a] = [ea] = [e][a].
Thus [e] is the identity for A/1.
(iii) Let ||e|| = 1, then

llelll = it fle +r{} < flef] =1

But [|e][| £ 1. So [[e][| = 1. =

Let A be a Banach algebra. The Banach algebra A°P formed by reversing the
product in A is called the opposite algebra of A. Both A and A°P have the same
algebraic structure and in the case that A is commutative, then A = A°. Also,
if A is unital then A°P is unital.

2.3 Examples in Different Classes

2.3.1 Algebras over locally compact groups

A topological group G is a group which also has the Hausdorff topological space
structure for which the maps

(x,y) »ay: GxG—G

and
vt GG (r,y€Q)

relating the two structures are continuous. A locally compact group G is a topo-
logical group for which the topology on G is locally compact.

We recall that every locally compact group G has a left Haar measure. A left Haar
measure on (G is a positive Borel measure p on G such that for every measurable

subset U of G
H1 p(zU) = p(U) for each x € G.

H2 w(U) = inf{u(V) : V. C U,V is open} and p(V) > 0 for every non empty
open set V.



H3 w(U) = sup{u(W) : W C U, W is compact }.

Property H1 implies that u is left translation invariant while Properties H2 and
H3 imply that p is a regular Borel measure.

Example 2.3.1 (Group algebra). Let G be a locally compact group and p be a left
Haar measure on G. The space L*(G) of all measurable functions on G satisfying

[ fldu <0
G
1l = ( / If\du>

is a Banach space and with the product defined by the convolution

equipped with the norm

(f*g)(z /f gly~ " )du(y),

where f,g € L'(G), x € G, it becomes a Banach algebra.

Indeed, let v,y € G, then y=' € G. Set y™'x = 2 € G, so that

Hf*glhz/GKf*g)(x)ldu

G(f (W)g(y~'z)| du(y)du

< /G / (@) a(y™"2)| duly)di
/! v)ldu(y /!gyw\dﬂ
< [ 17wldut | lolauc:)

= (£l llgll-

Thus [|f *gllh < [[fll:llgllx-

It was shown in [17] that L'(G) is commutative as a Banach algebra if and
only if GG is an abelian group.



Example 2.3.2 (Measure algebra). Let G be a locally compact group. The space
M(G), of all bounded reqular complex Borel measures on G equipped with the total
variation norm ||p|| = |p|(G) for all w € M(G) is a Banach space. By defining
the convolution product

(15 ) //f:rydu Jv(y) (f € Co(G), v € M(G), 7,y € G),

(M(G), ||.]]) becomes a Banach algebra. M(G) can be identified with the dual space
of Co(G) which is the set of all continuous functions from G to C vanishing at
infinity with duality given by pu(f) = [, f(x)du(z) (f € Co(G), p € M(Q)).

Recall that a function f vanishes at infinity if for any € > 0, there is a compact
subset W of a locally compact Hausdorff space X such that |f(x)| < e for each
r e X\W.

Example 2.3.3 (Fourier algebra). Let G be a locally compact group and let 1 <
p,q < oo such that %+% = 1. The space A,(G) of all functions f € Cy(G) defined

by
Y (gaxha(z™)  G—C

such that Y " 1gnllpllhnlly < 00, where (gn)nen € LP(G), (hn)nen € LY(G) and
equipped with the norm

1flla = inf { S gl il £ =3 (g hn>}
n=1 n=1

is a Banach space. The Banach space (Ay(G),|.]|a) with pointwise product is a
Banach algebra commonly referred to as the Figa-Talamanca Herz algebra. The
Fourier algebra 1s a Figa-Talamanca Herz algebra when p = 2 and it is denoted

by A(G).

2.3.2 Semigroup algebras

A semigroup is a non empty set with an associative binary operation given by

(81,82) 5189 S xS — S

10



Let S be a semigroup. The space ¢1(S) of all functions from S to C defined
by

CS)={f:5—=C: ) |f(x)] < oo},

x€S
with the norm ||.||; given by

Iflh =D 1f @) (fel)
zeS

is a Banach space. (£*(S), ||.||1) becomes a Banach algebra under the convolution
product defined by

(f*xg)(x Z{f y,zESyz—x} (x €9).

The sub-multiplicative property can easily be verified as follows: Let f,g € ¢*(S)
then

1f 5 gll =D 1(f * g)(x)

zes

=>" 1D fwalz)
€S |yz=z

<D > 1FWllaz)
€S yz=x

< S 1f)le2)
(y,2)eSxS

=3 > 1fWllg(2)
yeS zeS

=D 1fWID_lg(z)
yes z€S

= [[flllgll

Every f € ¢*(S) can be represented as

F=>_fws

yes

where 0, is the characteristic function of S by

1, ifr=y
dy(z) = :
0, if x £ y.

11



(S ) is a commutative Banach algebra if and only if S is commutative. Also,
(Y(S#) = (*(S)#. Suppose that S has an identity eg, then ., is the identity of
0Y(S) and ||0c4|| = 1. Tt is still possible for £!(S) to possess an identity in the case
where S is non-unital.

2.3.3 Operator algebras

Let X be a Banach space, the space B(X) denotes the set of all bounded linear
operators on X. Then B(X) is a Banach space with the operator norm

1T = sup{|T ()| - fl=]] < 1}.

It becomes a Banach algebra with the product specified by the following compo-
sition
(ST)(x) = (SoT)(x)=S(Tx), (reX,ST¢cBX)).

Indeed,

TS ()| < TS @) < TS =]
which implies ||T°S|| < |[|T||||S||. Thus, the Banach space B(X) is a non-
commutative, unital Banach algebra with identity operator as the unit.

Closed ideals of B(X) such as ideals A(X) of approximable operators, ideal
K (X) of compact operator and ideal N(X) of nuclear operators are also Banach
algebras.

2.3.4 Function algebras

There are several examples of Banach algebra whose element are functions on
some specified set.

1. Let W be a compact Hausdorff space. The space €(1W) of all continuous
functions on W, equipped with the norm

[flloc == sup |f(z)]
zeW

is a Banach space. (€(W)]|.]|«) becomes a commutative Banach algebra
with pointwise product.

12



2. (Disc algebra). Let D := {z € C : |z| < 1} be an open unit disk and let

D = &(D). Then the space
A(D) :={f € D: fis analytic onD}

is a closed subalgebra of D consisting of all continuous functions on the clo-
sure D. A(D) is a commutative unital Banach algebra under the supremum
norm and pointwise product.

3. Let D be an open unit disk. The space H>*(D) of all bounded and ana-
lytic functions from D to C is a commutative unital Banach algebra under
pointwise product and supremum norm.

4. Let (X, 7) be a topological space. The space €(X) of all continuous complex
valued functions on X equipped with the norm

I/l =suplf(z)l, feeX)weX
s
is a Banach space and a Banach algebra with the pointwise product. Indeed,

Ifgll = Sup |fg(r)] = sup |f(x)g(x)] = sup |f(@)]lg(x)]

< sup[f(x)[sup |g(x)| = [ flllgl-
zeX zeX

(€(X),]|.]]) is a unital commutative Banach algebra, where the constant
function is the identity.

2.4 Some Basic Concepts and General Results

2.4.1 Approximate identity

Definition 2.4.1. Let A be a unital Banach algebra with identity e. An element
a € A is said to be invertible if there exists a=* € A such that aa™' = a™la = e.
The element a™" is referred to as the inverse of a and is unique for every invertible
element in A.

Remark 2.4.2. The set of all invertible elements of A is denoted by InvA. It
can easily be shown that InvA forms a group with multiplication defined by the
group operation. Indeed, let a,b € InvA. Since (ab)™' =b"la™! and (a™')™' =a

then it follows that ab € InvA and a™* € InvA.
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Theorem 2.4.3. Let A be a unital Banach algebra with identity e. If a € A and
|la]] < 1 then (e — a) € Inv(A). Moreover,

(e —a) ia” (2.1)
n=0

Proof. Since A is a Banach algebra, then by the sub-multiplicative property of
A, it follows that [|a"|| < [la||”. Since [ja|| < 1, then Y 7 |la||” converges and
consequently, > ||a"|| converges. Now,

N

(e—a)ni;oa”:(e—a ]\}EnooZa":]\}gréo(e—a)ga”
:]\}I_I)I;o (Zea _ZanJrl)

= lim (e a+a—a*+a® 3+~~-+aN_1—aN+aN—aN+1)
N—o0
_ N+ —
= i, (e = e =
Similarly,
(Z a") e—a)=e.
n=0
Whence Y7 ja" = (e —a)™".
0
Corollary 2.4.4. Let a € InvA and b € A such that |la™ || = = with ||b]| = 8 < o
Then a — b € Inv.A. Moreover,
1 -1 1 -1 8
a—>b)" T ta e € .
a0 [

Proof. Let ||a='b|| < [la= ||| < & £ < 1. By Theorem 2.4.3, (e—a~'b) € Inv.A and
sincea—b=a(e—a"'b), then a—b € InvA. Also, (a—b)"! = (e —a”'b) ta!
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Thus,
[(a=b)"—at+a ba | =|(e—a'b) at—at+a b

(

((e — oflb)_1 —e+ ailb) a?
(e=a®)”"|) la™!]
a8+ llell + [} (e = a™"0) | ) [la™"]

§<é+1+;>1:ﬁ_2

a 1-2)a a*f-a)

< (ot —e] +|

VAN
N TN —

Corollary 2.4.5. InvA is an open subset of A.

Many natural examples of Banach algebras are non-unital, but rather possess
what is called an approximate identity which is a net that behaves like a multi-
plicative identity in the limit. Banach algbras which are known to have bounded
approximate identity posses the factorization property. This is a theorem proved
by Cohen in 1959 and was later extended to module form in 1970 by Hewitt and
Ross (see [11] for a more detailed historical account). A unital algebra A factors
trivially since for all a € A, a = ae = ea. The existence of bounded approximate
identity in a Banach algebra A also accounts for the identity of the second dual
A" with respect to the Arens product.

Definition 2.4.6. Let A be a partially ordered set. The set A is called a directed
set if for ay, 9 € A there exists a € A such that ay, < o for k =1,2. Let X be
a set. Then the map

r:a— o), r:A—X

1s called a net in X.

Lemma 2.4.7 (Zorn’s Lemma). Let X be a partially ordered non empty set such
that every totally ordered subset of X has an upper bound, then X has a mazimal
element.

Definition 2.4.8. Let (A, ||.||) be a normed algebra. Then

(1) a left approzimate identity for A is a net (eo) C A such that e,a converges
in the norm to a € A, that is

lime,a=a or |e,a—al —0 (a € A);
[e%
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(ii) a right approzimate identity for A is a net (e,) C A such that ae, converges
in the norm to a € A, that is

limae, =a or |ae,—al =0 (a € A);
(0%

(11i) an approximate identity for A is a net (e,) C A which is both left and right
approximate identity for A,

(iv) K > 0 is called a bound for a left or right approzimate identity (e,) C A if
sup,, [leq| < K;

(v) A left or right approximate identity (e,) C A is bounded if there exists some
K > 0 satisfying the condition in (iv) above;

(vi) A is said to have a bounded approximate identity if it has a left and a right
bounded approximate identity;

(vii) A is approxzimately unital if it has a bounded approximate identity;

(viii) A has a left approzimate unit if for all a € A and € > 0 there exists u € A
(depending on a and €) such that |jua — a| < €

(iz) A has a right approzimate unit if for all a € A and € > 0 there exists u € A
(depending on a and €) such that |au — a| < €

(z) A has a left or right approrimate unit bounded by K > 0, if the element
u € A is such that ||u]] < K.

Remark 2.4.9. If the net is a sequence, the approximate identity is said to be
sequential.

Proposition 2.4.10. Let A be a Banach algebra.

(1) Let (ea)aca be a left approximate identity for A and suppose that (fz)gen is
a bounded net in A, then (f o e)wpeaxa is a left approzimate identity for
A and is bounded if (en) is bounded.

(ii) Suppose that A has a left approzimate identity of bound m and right approz-
imate identity of bound n. Then A has an approximate identity of bound
m+n + mn.

(111) Let (€)acan and (f)sen be bounded left and right approzimate identity for
A respectively. Then (f o €)(a,peaxa 5 a bounded two-sided approzimate
identity for A.
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2.4.2 Spectrum of a Banach algebra

Definition 2.4.11. Let A be a unital Banach algebra with identity e. The spec-
trum of an element a € A is defined as

oqla) ={A€C: ) e—a¢ Inv A}

We denote the spectrum of a € A by o(a), and we shall write X for Ae € C when
no confusion can arise.

Example 2.4.12. (i) Consider the Banach algebra C. The spectrum of A € C
is given by o(\) = {\}.

(i1) Let X be a finite dimensional Banach space and T' € B(X). It was shown in

Section 2.3.3 that B(X) is a Banach algebra. Now the spectrum of B(X) is
precisely the set of all eigenvalues of T.

Proof. Recall that a linear map is bijective if and only if it is invertible. Let
I be the identity map, then it follows that

InvB (X
o(T

) ={T € B(X) : kerT = {0}}
(T)={MeC:AN—T ¢ InvB(X)}
o(T)={NeC:ker(\M -T) #{0}}
o(T)={\AeC: (M —-T)(xz)=0} for some x#0
(T)={ e C: e —Tx =0}
(T)={\e C: \x =Tux}.

g

g

Definition 2.4.13. Let A be a unital Banach algebra.
(i) The resolvent set p4(a) of a € A is defined by
pala) ={A € C:\—ae€ InvA}.
That is pa(a) = C\oa(a).

(ii) The resolvent function of a € A is the map o : pala) — A defined by
o(A) = (A —a)™h.

We recall that a division algebra is an algebra A such that every non-zero
element a € A is invertible. That is, InuvA = A\{0}.
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Theorem 2.4.14. Let A be a unital Banach algebra. If a € A, then the spectrum
o(a) is non-empty and compact.

Proof. Suppose for contradiction that o4(a) = (), then p(a) = C and so for \ € C,

the resolvent function o : C — A is given by o(A\) = (A —a)™".

For Ay € p(a), let f € A, X € p(a)\{\o} and set g = f o p. Then
1 1 _)\O—a—)\—i—a )\0—)\

oM =) = S T T T s o= = a0y —a)
= Qo= NA=a) (o —a)" = (A = Ne(N)e().

Now,

i 1) = fle(h))  _ hmf(Q(A)_Q(’\O)>

A= Ao )\ — >\O A— Ao >\ — )\0
_ N - —1 o -1
— )\lg{)}o f(A=a)o—a)™)

= —f((o—a)7*) = —fla(N)™.

Thus g is analytic. But

1
lim o(A) = lim (A —a)™' = lim

[A| =00 [A|—oo Al—oo A — a

=0.

Thus o(A) converges and hence bounded. It then follows by Louville’s theorem
that gf oo = 0. In particular, f(o(0)) = 0 for each f € A’. Thus by Hahn-Banach
Theorem o(0) = 0 implying that o(\) is not invertible. This contradicts the fact
that o(\) is invertible and so we conclude that o 4(a) is non-empty.

Next we show that o(a) is compact. It suffices to show that o(a) is closed
and bounded. That o(a) is bounded is clear since o(a) C {\ € C: |\ < ||al|}.
It remains to show that o(a) is closed or equivalently that the resolvent set p(a)
is open. This follows from the fact that the map ¢ : A — de —a, C — Ais
continuous and Inv.A is open. Whence the set p(a) = ¢ (Inv.A) is open in C. [

Theorem 2.4.15 (Gelfand - Mazur). Let A be a division unital Banach algebra
with an identity e, then there exists a unique isometric isomorphism of A onto C.
That is, A = Ce.

Proof. Let a € A. Then by Theorem 2.4.14, o4(a) # (. This implies that there
exists A € o4(a) such that \e —a ¢ Inv.A. Since A is a division algebra, then
de —a ¢ Aand so Ae —a =0. Thus Ae = a.
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We now define a map
v : A— Ce, a— Ae.

That ¢ is bijective is clear. Also, for a,b € A, p(ab) = ¢(a)p(b) and so ¢ is an
isomorphism. Finally, we show that ||¢(a)|| = ||a||. This follows clearly from

lall = el = l[o(a)l]
O

Theorem 2.4.16 (Spectral Mapping Property for Polynomials). Let A be a com-
plex algebra with an identity and let a € A. If p is a complex polynomial. Then

o(p(a)) ={p(A) : A € o(a)}.

Definition 2.4.17 (Spectral radius). Let A be a unital Banach algebra and let
a € A. The spectral radius r4(a) of a is defined by the set
ra(a) = sup{[A[ : A € ou(a)},
Theorem 2.4.18. Let A be a unital Banach algebra and let a € A. Then
(i) p(a) is an open subset of C.
(i) a(a) = lim oo [l [V = infere a7
(11i) For each n € N and ro > r4(a),

= [ (ce—a)t dc

270 Jicl=ro

Remark 2.4.19. Theorem 2./.18(ii) is known as the Spectral radius formula.

Proposition 2.4.20. Let A be a commutative unital Banach algebra and let a,b €
A. Then

(1) ra(Aa) = |A|ra(a).
(7). ra(ab) < ra(a)ra(b).
Proof.  (i). It follows easily that

raa) = inf )| = inf W[5 = inf |\ ol

. 1
= inf Jlal|t = [\lra(a).
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(ii). It is known that (ab)” = a™b™ and |[a™|| < ||a||* for all n € N.
Now,

— n||l/n _ ; nin||l/n
ralab) = i [|(ab)"| " = i [[a"V"

< i n||l/n ; nil/n _ )
< inf [la™ [V mf J0"[[/" = r.4(a)ra(b)

2.4.3 Ideals, quotient and homomorphism

Definition 2.4.21. Let A be a Banach algebra.
1. A left ideal of A is a subset I of A such that

(a) A is a vector subspace of A,
(b) abe I forallae A, bel.

2. A right ideal of A is a subset I of A such that

(a) A is a vector subspace of A,
(b) ba el forallac A, be l.

3. A two-sided ideal I of A is a subset of A which is both a left and right ideal
of A. That is,

(a) Iis a vector subspace of A,
(b) both AI C I and IAC 1.

Example 2.4.22. (i) Let A be a Banach algebra and A* be the unitization of
A. Then A is a closed ideal of A7 .

(ii) Let A be a closed subset of a compact space Q). The sets I(A) and K(A)
defined by

I(A) ={f € €(Q) : fla=0}
K(A) ={fe€(Q) : f=0 on aneighbourhood of A}

are ideals in €(Q). In fact, I(A) is closed and K(A) is dense in I(A).

Definition 2.4.23. Let A be a Banach algebra.
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1. Anideal I in A is called a proper ideal if I is not equal to A. That is I C A.

2. An ideal I is called a mazimal ideal of A if I is a proper ideal such that

there 1s no proper ideal that contains I. That is, there is no proper ideal K
of A such that I C K C A.

Lemma 2.4.24. Let A be a unital Banach algebra and let I be an ideal of A.
Then I is a proper ideal if and only if I N InvA = ().

Theorem 2.4.25. Let A be a unital Banach algebra.
(i). The closure I of I is also a proper ideal of A if I is a proper ideal of A.
(7). Any mazimal ideal of A is closed.

Definition 2.4.26. Let A be a Banach algebra and I be a closed ideal in A. The

set A/ = {a+1 : a € A} is called the quotient Banach algebra. The natural
algebraic structure of A is defined by the product

(a+ )b+ 1)=(ab+ 1), (a,be A).

Proposition 2.4.27. Let A be a Banach algebra and I be a closed ideal in A.
Then A/I is a Banach algebra with the quotient norm.

Definition 2.4.28. Let A and B be Banach algebras.
(i) A linear map ¢ : A — B is an algebra homomorphism if
plab) = p(a)pb)  (a,b € A).
(i1) The kernel of ¢ is the set ker p = {a € A: p(a) = 0}.

(iii) Let ¢ : A — B be a homomorphism. If ¢ is injective then ¢ is called a
monomorphism.

(iv) An epimorphism of A onto B is a surjective homomorphism.

(v) An algebra isomorphism of A onto B is a bijective homomorphism of A into

B.

Remark 2.4.29. (i) Suppose that A and B are both unital Banach algebras
with identity eq and eg respectively. Then the homomorphism ¢ maps the
identity e to eg, that is, p(ey) = ep. This easily follows from the fact that

for any a € A,
p(a) = placa) = pleaa) = p(a)plen) = plea) = p(a) (p(a)) ™" = es.
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(ii) For a € A and for all b € InvA, p(a) # 0.
(iii) ker p is a proper ideal of A provided it is non-zero.

(iv) The quotient map ¢ : a— a+1, A — A/l is a surjective homomorphism
with ker p = 1.

Example 2.4.30. (i) Let A be a Banach algebra. Then the map ¢ : A — A
defined by
p()=b  (beA)

is an homomorphism of A into A.

(i) Let ¢ : A — B and ¢ : B — C be algebra homomorphisms. Then ¢ o ¢ :
A — C is also an algebra homomorphism.

2.4.4 Gelfand theory

Definition 2.4.31. Let A be an algebra over the scalar field C. Then a character
on A is a homomorphism ¢ : A — C; that is, a non-zero linear functional o :
A — C which satisfies p(ab) = p(a)p(b) for all a,b € A. We denote by o(A) the

set of all characters on A.

Example 2.4.32. Let X be a compact topological space. Suppose that A = €(X).
For some x € X, define the map

o A= C, wo(f) = flx) (feA).
Then ¢, is a character on A.

Lemma 2.4.33. Let A be a commutative unital Banach algebra and let I be a
mazimal ideal of A.

(i) If o € o(A), then kerp = 1.
(i) The map ¢ : X+ 1+~ X, A/I — C is an isometric isomorphism.

Proof. (i) Since ¢ € o(.A), then ¢ is a non-zero homomorphism. We know that
ker ¢ is a proper ideal of A (since for any a € A, b € ker ¢ it follows that
e(ab) = p(a)p(b) = ¢(a) -0 = 0 so that ab € ker ). Suppose that J is
another ideal of A such that ker ¢ C J. Let a € J\ ker ¢ such that p(a) # 0,
then b = ¢(a)~ta € J and ¢(b) = 1. Since ¢(e) = 1, then it follows that
e—béekerpandsoe=b+e—be J By Lemma 2.4.24 J = A. Thus, it
must be that ker ¢ is a maximal ideal and so ker ¢ = 1.
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(ii) Since [ is a maximal ideal of A then [ is closed by Theorem 2.4.25. We know
that A/I is a commutative unital Banach algebra. To prove the result, it
suffices to show that every non-zero element of A/I is invertible and this
easily follows from Theorem 2.4.15. For a € A, define the set J = {ab+ x :
x €I, be A}. Since [ is a maximal ideal of A and A\I is a commutative
Banach algebra, then J is an ideal and I C J. It follows that J = A. Thus,
it holds that e € J and ab+ x = e, for some b € A, x € I. Now observe that
for some = € I,

(a+D)b+I)=ab+I=ab+x+1=e+1.

Hence (a+1) is invertible. Since every non-zero elements of A/1 is invertible,
then by applying Theorem 2.4.15, the result follows.
O

Theorem 2.4.34. Let A be a unital Banach algebra. Then every maximal ideal
of A is closed.

Proof. Let I be a maximal ideal of A and I be the closure of I. Since I # A then
I does not contain invertible elements and so I C A\ (Inv.A4). By Corollary 2.4.5,
InvA is open and so the complement (InvA)¢ = A\(Inv.A) is closed. Since [ is
contained in I, then the inclusion I C I C A\Inv.A holds. Since I is maximal,
then either I = I or I = A\Inv.A. But the latter is not the case and so [ is
closed. []

Theorem 2.4.35. Let A be a Banach algebra, then the homomorphism ¢ : A — C
15 continuous.

Corollary 2.4.36. Let A be a Banach algebra and let ¢ € o(A). Then ¢ is
continuous.

It should be noted that not all Banach algebra have characters on them but many
examples of Banach algebra satisfying commutative property are known to have
characters defined on them. The following theorem therefore guarantees that the
character space of commutative Banach algebra is non empty.

Theorem 2.4.37. Let A be a commutative Banach algebra then there exists some
character for A.

Proof. Suppose that every element a € A is invertible, then A and C are isomor-
phic and the isomorphism ¢ : A — C is a character. Suppose that there are some
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elements of A which are not invertible. Let I be a maximal ideal of A and let
a € A be such that a € A\InvA. Then by Zorn’s Lemma a.A is a proper ideal
of A and aA C I. But by Lemma 2.4.33(i), it holds that I = ker ¢ for some
o € 0(A). Thus o(A) # () and so A has at least one character. O

Example 2.4.38. Forn > 1, let A= M, (C) and let (e;;) be the n x n identity
matriz, that is, every (i,7) entry is 1 for i = j and 0 otherwise. It is clear that A
is non-commutative. Moreover, M, (C) possesses no character.

Theorem 2.4.39. Let A be a commutative unital Banach. Then the mapping
© — kery is a bijection from o(A) onto the set of maximal ideals of A.

Corollary 2.4.40. Let A be a commutative unital Banach algebra. Then for
a€ A,

(1) a € InvA if and only if p(a) # 0 for all ¢ € o(A),
(ii) oala) = {p(a) : ¢ € (A},
(iii) ra(a) = sup,eqa lp(a)l.

Definition 2.4.41. Let A be a commutative unital Banach algebra. Let a € A
and ¢ € o(A). Define the map

a: @ pa), o(A) = C.
The map G : a—a, A — €(o(A)) is an homomorphism and
lallec < flall (o € A).

The map G is called the Gelfand transform of A and a is called the Gelfand
transform of a.

Theorem 2.4.42 (Gelfand representation theorem). Let A be a commutative
unital Banach algebra. Then

(i) oala) = a(a(A)).
(ii) ra(a) = |a|a.

(11i) a € InvA if and only if a € Inv€(a(A)).
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2.4.5 Tensor product

There are different ways of defining the product on Banach algebras some of which
was considered in Section 2.2. One of such ways is the tensor product which we
now consider in this section. For more details on this section see [20].

Definition 2.4.43. Let Ay, Ay and Az be vector spaces. An algebraic tensor
product of Ay and Asy is a pair (0, A3), where 0 is a bilinear map from A; x Az
into As, called the tensor map such that if Ay is any vector space and if f :
A x Ay — Ay is any bilinear map, then there exists a unique g : A3 — Ay

satisfying f = g o 0.

For a; € A; and ay € Ay, we write a; ® ay for 0(ay,as). Also the tensor
product of A; and A, is written as A; ® A,. A tensor is an element t € A; ® A,
which is given by

n

t:ZaZ@)bz nEN,aieAl, biEAg.

=1

Although there are different kinds of norm that can be defined on the tensor
product of Banach algebras, but we shall consider what is called the projective
tensor product norm.

Definition 2.4.44. Let A; and Ay be Banach algebras and let t € A; @ A, the
projective tensor norm is defined as

[t]|lx = inf {Z lail[[bi]] < 00t =" a;®@b;a; € Ay b; € Az} .
i=1 i=1
Proposition 2.4.45. Let A; and As be Banach algebras. Then the vector space

A1®A2:{a®b:a€A1,b€A2}

with the projective tensor norm and multiplication defined by (a ® b)(a' @ V') =
ad' @b (a,a’ € Ay, b,b € As) is a Banach algebra.

Remark 2.4.46. (i) A®A, is called the completion of Ay ® Ay under the
projective tensor norm.

(ii) The product (a @ b)(a’ @ b') = aa’ @ bb' is uniquely determined.

(iii) A\®Asy is commutative if and only if both A and B are commutative.
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(iv) A1®Ay is unital if and only if both A, and Ay are unital. Suppose that e
and ey are identities for A; and As respectively, then e; ® es is the identity

for A1®A,.

Theorem 2.4.47. Let A; and As be Banach algebras. Let ¢ : Ay x Ay — B be
a bilinear map, then there exists a unique linear map ¢ : Ay ® Ay — B such that

P(a®@b) = d(a,b) (a € Ay,be As).

Definition 2.4.48. Let A be a Banach algebra. The linear map m : a @ b —
ab, A®A — A is called the projective map. The dual projective map ' : A’ —
(ARA) is defined by (a @b, 7' (f)) = (ab, f) (f € A, a,b € A). Moreso, we can
identify ((A1®@A2), ||.]|x) with B(Ay, Ay) for the Banach algebras Ay and As.
2.4.6 Modules

In this section, we give a brief introduction to the concept of bimodule (see [3] for
details). The following definitions are taken from [32].

Definition 2.4.49. Let A be an algebra. A right A-module X is an additive group
X together with a map - : X x A — X which satisfies the following conditions:

(i) (x+y)-a=z-aty-a,
(ii)) x-(a+b)=x-a+x-b,
(iti) x - (ab) = (x-a)-b, (re X, abeA).

Definition 2.4.50. Let A be an algebra, a left A-module X is an additive group
X together with a map - : A x X — X which satisfies the following conditions:

(1) a-(z4+y)=a-z+a-y,
(ii) (a+b)-z=a-x+b-x,
(i) a-(b-z)=(ab) -z, (x€ X, abeA).

Definition 2.4.51. Let A be an algebra and let X be an additive commuta-
tive group, X is called an A-bimodule, if X is both a left A-module and a right
A-module, and also satisfies (a-z)-b=a-(x-b) (a,be Az e X).

Definition 2.4.52. Let A be a Banach algebra. A Banach space which is also
a right A-module is called a right Banach A-module if there is a constant k > 0
such that ||x - a|| < kllall||z]] (z € X,a € A).

26



Definition 2.4.53. Let A be a Banach algebra. A Banach space X which is also
a left A-module is called a left Banach A-module if there exists a constant k > 0
such that ||a - x| < klla||||lz]] (z € X,a € A).

Definition 2.4.54. Let A be a Banach algebra and let X be an additive com-
mutative group. If X is both left and right Banach A-module, then X is called a
Banach A-bimodule.

Remark 2.4.55. By renorming X, we may take k = 1.

Definition 2.4.56. Let A be a unital Banach algebra with identity e.
(i) The left A-module X is called unital ife-x =2z (x € X).
(i) The right A-module X is called unital if v-e =z (x € X).

(i1i) A unital Banach A bimodule is a left and right Banach A-bimodule if e-x =
r=x-e (veX).

Definition 2.4.57. (i) Let A be a Banach algebra. The Banach A-bimodule X
is called commutative or symmetric ifa-x =xz-a, (a€ Az e X).

(ii) For a commutative Banach algebra A, a Banach A-bimodule is a commuta-
tive A-bimodule.

Example 2.4.58. (i) Let A be a Banach algebra, then we can consider A as a
Banach A-bimodule. The left and right module actions are specified by

a-r=av, T-a=za (a,z € A).
Thus the product in A defines the module operation.

(ii) Let A and B be Banach algebras. Suppose that X and Y are Banach A-
bimodule and Banach B-bimodule respectively. Then the projective tensor
product X®Y of X and Y is an A-bimodule with module operation specified

by
a-(zQy)=a-rQy, (r®y)-a=2Qy-a (ae A,xe X,yeY).
(i1i) Let A be a Banach algebra.

(i) Suppose that X is a right Banach A-bimodule, then X' is a left Banach
A-bimodule. The module action is specified by

(x,a-f)=(x-a,f) (ae A,z e X, feX).
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(ii) Suppose that X is a left Banach A-bimodule, then X' is a right Banach
A-bimodule. The module action is specified by

(x,f-a)={a-z,f) (ae A,z e X, feX).

(111) The dual space X' of the Banach A-bimodule X is also a Banach A-
bimodule with module action specified in (i) and (i) above. X' is called
the dual Banach A-bimodule.

(iv) Let A and B be Banach algebras, and let ¢ : A — B be a continuous homo-
morphism. Then B is a Banach A-bimodule with operation specified by

a-b=(a)b, b-a=byp(a) (a e A be B).

2.4.7 Second dual of a Banach algebra and Arens products

Let A be a Banach algebra, the second dual space of A denoted by A” is a Banach
space. Recall that for & € A” and ¢ € A’, the canonical image of a € A in A"
is given by (¢, ®) = (a, ¢) (a € A). The dual Banach space A” can be made
into a Banach algebra by defining certain products on it. These products were
defined by Arens in [3] and are denoted by O and ¢. They are called the first and
second Arens product on the second dual of Banach algebras respectively. We
now define Arens products on the second dual A” of A and establish that A" is
a Banach algebra with respect to both first and second Arens products (see also

2], [5], [12], [15] and [16] for more details).
Definition 2.4.59. (Arens products). Let A be a Banach algebra. Then
1. for ¢ € A,
(ba,p) = (b,a- @), (b,¢-a)={(ab,¢) (a,b€ A),
2. for® e A", and ¢ € A’ define - ® and - ¢ in A’ by
(P,a-¢) =(a,¢-P), (a,D-¢)=(P,¢-a) (a€A)
3. for ®, ¥ e A",

(POV, ¢) = (2, V- ¢), (PoV,¢)=(V,0-P) (o€ A).
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Equivalently, Arens products can also be defined in terms of some convergent
nets in A as follows:
Let (a,) and (bg) be convergent nets in A such that ® = lim, a, and ¥ = limg bg.
Then
OLV = ligl lién aqbg, DoV = lién ligl aqbs

where all the limits are taken in the o(A”, A")-topology on A”.
In the case that the first and second Arens products are equal, then A is said
to be Arens regular.

Theorem 2.4.60. Let A be a Banach algebra, then both (A”,0) and (A”,©) are
Banach algebras containing A as a closed subalgebra.

Remark 2.4.61. 1. For a commutative Banach algebra A, it is easy to see
that p - & =0 -9 (pec A, PecA”) and POV =V o d (O, ¥ e A") and
so (A" o) = (A", 0)°P.

2. The map Re : V — YOO is continuous on (A", 0( A", A)) for each ® € A”.
Also, the map L, : ¥V — aO¥ is continuous on (A”,o(A", A)) for each
a € A. Thus the first Arens product is continuous.

3. Suppose that A has no identity element, then it is possible to identify
(A#" 0 with (A”,0)%.

4. The first and second Arens product 1 and < respectively are both associative

on A”.

2.4.8 Topological centers

. Recall that the center of Banach algebra A is the collection of all element of
A that commutes with every other elements in A. For the second dual A” of A,
we talk about the left and right topological center which we now define as follows
(for more details on this section, see [11] and [17]).

Definition 2.4.62. The left and right topological center of A" denoted by 3;(A")
and 3,(A") respectively are

31(./4”) - {<I> c A" - o000 =D o U (\I/ c A//)}

3 (A) ={Pc A VOP=Vod (VeA)}.
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Remark 2.4.63. 1. It can be shown that 3(A”,00) C 3,(A"). Let & €
3A”.0) then - =d -9 (¢ € A'). Thus, for V. € A" and ¢ € A,
it follows that

which gives WO = W o &. Thus ¢ € 3,.(A"). Similarly, by interchanging
the position of ® and ¥, we can show that 3(A”,0) C 3,(A").

2. The left and right topological centers are both norm-closed subalgebra of A”
endowed with the Arens products.

3. The following inclusions easily hold
AcCc3(AYc A, AcC3.(A")c A"

4. The Banach algebra A is Arens regular if 3,(A”) = A" = 3,(A”), whence it

follows that the two Arens product coincide.

5. If the Banach algebra A is commutative then the centers of both (A”,0) and
(A" ) coincide. Indeed,

3l(¢4//> _ -31"(-/4//) _ E(A//,D).

Theorem 2.4.64. Let A be a Banach algebra and let ® € A”. Then the following
statements are equivalent.

1. ® € 3,(A").
2. Ly : ® — OOV is continuous on (A", a(A”, A)).
3. ®-a, — OOV whenever (a,) is a net in A such that lim, a, = V.

Remark 2.4.65. Statement 2 in Theorem 2.4.0/ holds if and only if A is Arens
reqular.

We conclude this chapter by introducing some important definitions and re-
sults on Banach spaces which are relevant to this work.

Definition 2.4.66. Let X be a Banach space. The weak topology on X is the
smallest topology that makes every map f € X' continuous. Similarly, the weak*
topology is the smallest topology on X that makes every map

A f= Az, f), A, X' —C

to be continuous.
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The following important properties of weak* topology are useful in this work.

Lemma 2.4.67 (Goldstine). Let X be a Banach space andi : (X, |.]]) = (X", ].]|)
be a linear isometry. Then for each A in X", there is a bounded net (z,,) in X such
that ||zo|| < [|A|| and i(zs) — A in o( X", X") with the limit taken in o(X", X’)
on X". That is, o, — N\ in the weak* topology on X"

Theorem 2.4.68 (Mazur). Let (X, |.||) be a Banach space, then for every convex
set U C X, the closures of U in (X, |.||) and (X,0(X,X")) are the same.

Theorem 2.4.69. Let X be a Banach space, then the set Bx, = {f € X' : ||f] <
1} is compact in the weak* topology.

Theorem 2.4.70 (Open Mapping Theorem). Let X andY be Banach spaces and
let T : X =Y be a continuous linear homomorphism. Then,

(i) T is open if T is a surjection.

(i) T is a linear homeomorphism if T is an injection.
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Chapter 3

Notions of Amenability in
Banach Algebras

In this chapter, four notions of amenability on an arbitrary Banach algebra are
studied. Some nice hereditary properties and characterizations of these amenabil-
ity notions are discussed and reviewed.

3.1 Definitions with Examples

Definition 3.1.1. Let A be a Banach algebra and let X be a Banach A-bimodule.
A linear map D : A — X is called a derivation if for a,b € A,

D(ab) = D(a) - b+ a- D(b).

Example 3.1.2. Let A be a Banach algebra and X be a Banach A-bimodule. For
x € X, define the linear map

0p:a—a-rv—x-a, A—X.
Then for a,b € A and z € X,

dz(ab) = (ab)-x—x-(ab)=(ab) -z —a-(x-b)+a-(x-b)—x- (ab)
= a-(b-z—a-b)+(a-x—x-a)-b=0d.(a) b+ a-d.(b).

Thus the linear map 6, : A — X 1is a derivation. Derivations of this form are
called inner derivations.
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Definition 3.1.3. Let A be a Banach algebra and let X be a Banach A-bimodule.
Then

(i) A is contractible if every continuous derivation D : A — X is inner for
every Banach A-bimodule X .

(ii) A is amenable if every continuous derivation D : A — X' is inner for every
Banach A-bimodule X .

(11i) A is weakly amenable if every continuous derivation D : A — A’ is inner.

The above notions of amenability can also be defined in terms of the triviality
of the first Hochschild cohomology group. Let A be a Banach algebra and let
X be a Banach A-bimodule. Denote by Z'(A, X) the space of all continuous
derivations from A into X and N'(A, X) the space of all inner derivations from
A into X. The first Hochschild cohomology group of A with coefficients in X is
the quotient space H'(A, X) given by

HY (A, X) = Z' (A, X)/N'(A X).
Clearly, Z'(A, X') = N' (A, X') < H'(A,X') ={0}.

Definition 3.1.4. (i) A is contractible if H' (A, X) = {0} for every Banach
A-bimodule X.

(ii) A is amenable if H'(A, X') = {0} for every Banach A-bimodule X.
(iii) A is weakly amenable if H*(A, A’) = {0}.

Example 3.1.5. (i) The group algebra L'(G) is amenable if and only if the
locally compact group G is amenable.

(ii) LY(G) is weakly amenable for any group G.
(i1i) A C*-algebra is amenable if and only if it is nuclear.
(iv) Every C*-algebra is weakly amenable.

(v) The measure algebra M(G) on a locally compact group G is amenable if and
only if G 1s discrete.

(vi) For a locally compact group G, the Fourier algebra A(G) is amenable if and
only if G admits an abelian subgroup of finite indez.
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(vit) The Banach algebra B(IP) of bounded linear operators on the Banach space
P is not amenable for 1 < p < oo.

For details on the above examples, see [30].

3.2 Contractible Banach Algebras

3.2.1 Characterizations

We shall need the following in the proof of the next theorem.

Proposition 3.2.1. Let A be a Banach algebra, then the following are equivalent:
(i) H'(A, X) = {0} for each Banach A-bimodule X .
(ii) H'(A, X) = {0} for each neo-unital Banach A-bimodule X .

Theorem 3.2.2. Let A be a Banach algebra. Then the following statements are
equivalent:

(i) A is contractible.
(ii) A is unital and has a projective diagonal.

Proof. Assume that A is contractible. We first show that A is unital. Let X =
A x A be a Banach A-bimodule with left and right operations defined by a -
(b,c) = (ab,0) and (b,c) - a = (0, ca) respectively for a,b,c € A. The linear map
D : A — X defined by D(b) = (b,b) is a derivation. Since for any a,b € A,

D(ab) = (ab, ab) = (0,ab) + (ab,0) = (a,a)b + a(b,b) = D(a)b+ aD(D).

By assumption, A is contractible and so D must be inner, that is, there exists
(x,—x) € X such that for all b € A,

(b,b) =D()=b-(z,—x) — (x,—x) - b= (bx,0) — (0, —xb) = (bx, xb).

Thus (b,b) = (bx,xb) which implies that bx = b = xb and so z is both left and
right identity for A. Hence A is unital.

We now show that A possess a projective diagonal. Let X = kerm, since
A itself is a Banach A-bimodule and ker 7 is a closed subalgebra of A, then
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ker 7 is also a Banach A-bimodule. Define a linear map D : A — kerw by
D(a) =a®e—e®a. It is easy to see that

aRQe—a-r=eR@a—x-a
a-(e®e—c-x)=(e®e—1x-¢€)-a.
Now set u = e®e—ux, since x € ker m and 7 is linear, then a-7w(u) = a-m(e®Re—2x) =
a-(rle®@e)—m(r))=a-(e-e—0)=a-e=a. Thatis, a-7(u) =a. Hence u is
a projective diagonal for A.

Conversely, we assume a unit and a projective diagonal for A and then show
that every derivation D : A — X is inner for every Banach A-bimodule X. Let
w=>" a;®b; be a projective diagonal for A. Let e be an identity for A, since
a-m(u) =a = m(u)-a, then w(u) = e. By Proposition 3.2.1, we shall show that
the derivation D : A — X is inner for every neo-unital Banach A-bimodule X.
We recall from [9] that for a projective diagonal u = >  a; ®b;, there is a linear
map A®A — X given by a ® b+ a - T'(b) (where T € €(A, X)) which satisfies

D aa;-T(hi) =) aT(ba) (a€A).
i=1 i=1
Now, set T'= D and let x = " | a; - D(b;), then

a-r—r-a = Zaai-D(bi)—Zai~D(bi)-a

= > a;-D(b)-a—a;- D(b;) - a+a;-b;- D(a)

= Db D) = #(u) - Dla) = ¢ Dla) = Dla).

The last equality holds since X is neo-unital. Thus D(a) =a-x — z-a and A is
contractible. ]
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Corollary 3.2.3. Let A be Banach algebra and I be a closed ideal of A. Then
the following are equivalent.

(i) 1 is contractible.
(i) I has an identity.

(iii) I is complemented in A.

3.2.2 Hereditary properties

We give the following nice hereditary properties whose proofs are much similar
to those of amenable Banach algebra to be considered in Section 3.3. However,
we give a proof for Proposition 3.2.4(iv) via the existence of a projective diago-
nal which is different from the proof given for its analogue on amenable Banach
algebra.

Proposition 3.2.4. Let A be a Banach algebra,

(i) If A is contractible, B is another Banach algebra and ¢ : A — B is contin-
wous homomorphism with dense range, then B is contractible.

(ii) If I is a closed ideal of A such that both I and A/I are contractible, then A
is contractible.

(iii) A is contractible if and only if A% is contractible.

(iv) If A is contractible and B is also a contractible Banach algebra, then AQB
is contractible.

Proof. The proofs of (i), (i) and (ii7) are similar to the proofs of their corre-
sponding amenability analogues in Section 3.3. We prove (iv). By Theorem 3.2.2,
A and B both possess projective diagonal since they are contractible. It suffices
by Theorem 3.2.2 to show that A®B has a projective diagonal and is unital. Let
=" ,1r®s and v = Y ' ¥, @y, be projective diagonals for A and B
respectively. Also, let m4 and 75 be the projective maps on A and B respectively,
then it is clear that for all a € A, b € B, a-ma(u) = a, b-7mg(v) = b and
a-u=u-a, b-v=uv-b. Itis well known that (A®A)®(BXB) = (AXB)D(AXB).
Now u ® v € (ARA)®(BRB) and for a € A, b € B,

(a®b)  (u®v)=au®bv =ua®@vb=(u®v)-(a®b)
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and

(@a®b) myepu@v) = (a®D) 7TA®B< Tz®8i®zxk®yk>

1=1 k=1

SH

Ms

=1

= (a®b) 7TA®B< 7"1®£L’k)®(8i®yk:)>

>
Il

1

= (a®Vb) <zn:§:ri®$k '(Sz‘@yk))

i=1 k=1

= (CL ® b) <ZZT’¢S¢ ® xk:gk)

i=1 k=1

= (Z ar;s; @ Z bxk%)

=1 k=1

= amy (Z’M’@S@') ®b7TB (Zwk@)yk)

=1 k=1
= ama(u) @brg(v) =a®b

Thus u ® v is a projective diagonal for A®B.

It is clear that A and B are unital since they are both contractible. Let e4 and
ep be identities for A and B respectively, then e4 ® ep is the identity for A®B.
Clearly, for a @ b € ARB,

(a®b)-(ea®ep)=a-e4®@b-eg=a®b.

3.3 Amenable Banach Algebras

3.3.1 Characterizations

There are several characterizations of amenability in the literature. We gave some
of these characterizations in this subsection.

We recall that a virtual diagonal for a Banach algebra A is an element M €
(A®.A)" such that

a-M=M-a, a-7 (M)=a, (acA).
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Also, a net (m,) € A®A is called an approximate diadonal for if
a-Mme—mg-a—0, a-m(m,) —>a (a€A),

where 7 : A®A — A is the diagonal operator. The approximate diagonal (m,) €
A®A is called a bounded approximate diadonal if it is bounded.

Theorem 3.3.1. Let A be a Banach algebra. The following are equivalent:
(i) A is amenable.

(ii) A has an approzimate diagonal.

(iii) A has a virtual diagonal.

Proof. (ii) = (iii). Let (m,) be an approximate diagonal for A and (7,) be a
bounded net in (A®.A)”. Then by Alaoglu theorem (1h1,) has a weak* limit point.
Let M € (A®A)" be a weak* limit point for (1,), that is, M = weak*-lim,, M,
then for all a € A,

M-a—a-M=weak*™-limr, -a—a-1m, = weak-limm, -a —a-my, =0
(e} o

and

w4 (M) - a = weak™- lién 7 (Mg) - a = weak- li(gn 7(my) - a = a.

Thus M € (A®.A)" is a virtual diagonal for A.

Conversely, let M be a virtual diagonal for A. Let (m,) € A®.A be a bounded
net. By Goldstine’s theorem, the image of (m,) under the canonical map con-
verges to M in the weak* topology on (A®.A)”. That is, M = weak*-lim, 77,
Then it holds that for all a € A,

weak-lim(mg - a — a - mgy) = weak™ lim(m, -a—a-my) =M -a—a-M =0

and
weak- lim 7(mg,) - a = weak™ lim " (my) -a = 7" (M) - a = a.
We now construct an approximate diagonal for A. For each K =

{ai,as, -+ ,a,} C A and € > 0, the bounded net

((ma cayp —ap - maaﬂ-(ma)al - al) )T (ma *Qp — Qp - Mg, W(ma) *Ap — an))
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in the space ((A®A) x A)n converges to 0 in the weak topology. Let H be the
convex hull of {m,, : & € A}, then

0e (ﬂweak ca; — a; -ﬁweak> ﬂ (W(ﬂweak) ca; — ai> (i € N).

By Magzur’s theorem, H"™ — 7{ and there exists Uk € H such that ||vk.-a—a-
Vel < €and ||[ma(vke) - a—al < efor a € K. Finally, K x RT is a directed set
for which the partial order is given by (Ki,€1) = (Kb, €) if and only if K; C Kj
and €; > €. Thus the net (vg,) is an approximate diagonal for A.

(iii) == (i). Suppose that M is a virtual diagonal for A. Then it is clear
that A has an approximate diagonal. Let (m,) be an approximate diagonal for
A and X be a neo-unital Banach A-bimodule and let D € Z'(A, X’). By Propo-
sition 3.3.9, it suffices to show that H'(A, X') = {0}. For z € X, let u, be the
continuous linear functional on A®.A given by

pe(a®0b) = (a- Db)(z) (a,b € A)

which we shall write as p,(a ® b) = (x,a - Db). Now, set f(z) = M(u,), then
fe X' Letae A x € X then for b, c € A, it follows that

Uoa—ae(b®c) = (x-a—a-x,b-Dc)=(x-a,b-Dc)—{a-x,b- Dc)
= (x,a-b-Dc)— (x,b-Dc-a) =(x,a-b-Dc—b-Dc-a)
= (x,a-b-Dc)—{(x,b-Dc-a)

and

(o a—a-pz)(b®c) (b piz-a—a-pg) =0Rc pg-a) = (bR c,a-py)
(@ (6@ ), ) — (b ) - a, 1)
(ab® ¢, po) — (b ® ca, i)

= (x,ab- Dc) — (x,b- Dca)
(r,a-b-Dc)—{(x,b-Dc-a+b-c-da)
(x,a-b-Dc)y —(x,b- Dc-a) — (x,b-c- Da)

and so

Mz-a—a-:c(b ® C) = (Mr a—a- MI)(b ® C) + (bCDCL) (ZL’)
(Ha - a = a - piz)(b @ c) + (w(b @ c) Da)(x).
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Thus, for m € ARA,

foaaa(m) = (e - @ — a - ) (m) + ((m) Da) (x).

Thus, for (m,) converging weak* to M such that M (u,) = limg, p,(m,),

(a-f=f-a)(z) = (v,a-f—f-a)y=(v,a f)—(2,f a)
= (x-a,f)—(a-x,f):<x-a—a-x,f>
= flxra—a-7)=Mraaz) :hén(,uw-afa-z)(m)

= ligén(ux ca—a-fig)(me) + (licryn 7(me)Da)(z)
= M0 - ) + (imr(ma) D)o
= (a- M —=M-a)(ps) + (x"(M)Da)(z).

Observe that

=@ @ )| < llpallla @ bl = [zl l|all|o] (3.1)
11z (a @ D) < [[(aDb) () || = l[all[| D] [o][]]]- (3.2)
It follows from (3.1) and (3.2) that ||u.|| < ||D]|||z||. Now,
la-f — [f-a)—(Da)(z)|

= @ M —=M-a)(pe) + (x"(M)Da)(x) — (Da) ()]

< [(a- M =M -a)(po) || + (=" (M) Da)(z) — (Da)(z)|

= (- M =M -a)|l||(u)l| + [|(="(M) Da)(x) — (Da)(x)]|

= la- M —=M-a)|[|D[[|z]| + (=" (M) Da — Da)(x)|
l(a- M = M- a)[[ | D[] + [[[(x"(M) =€) - (Da)|(x)]

< [(a- M —=M-a)[[|D[l|z]| + (=" (M) = e) || [| Dalll| ()]
— 0

Whence (Da)(z) = (a- f — f-a)(x) and D = 6; or H'(A, X') = {0}. Hence A is

amenable.

Conversely, let A be amenable then by Proposition 3.3.10, A has a bounded
approximate identity. Suppose that (e,) is a bounded approximate identity for
A, and let (e, ®e,)” be a bounded net in (A®.A)”. Let N be a weak* limit point
of (eq ® €,)", then without loss of generality, we may suppose that N = weak"-
lim, (€, ® €4)”. The map oy : A — (ARA)" given by dx(a) = N-a—a- N is a
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derivation into (A®.A)". To see this, let a,b € A, then

dn(ab) = N-(ab)—(ab)- N =N-(ab)—a-(N-b)+a-(N-b)— (ab)-N
= (N-a—a-N)-b+a-(N-b—b-N)=0dn(a) -b+a-on(D).

Then,
' (0n(a)) = weak™- licrynﬂ”((ea Rey) a—a-(eq ®ey)")
= weak- liCIYn T((ea ®eq) - a—a-(en®ey))
= weak- hclin T(eq ® €qa — aey ® €,)
= weak- lign T(eq ® eqa) — (ae, @ ey)

= weak-lim(e2a — ae?) = 0.

The last equality is due to the fact that e2a — a and ae? — a, that is,

lea—al| = lleka—eqa+eqa—al = [[(ea+1)(eaa—a)|| < |lea+1]|leaa—all = 0
and
a2 —al| = |lae? +aeq —aeq —al| = ||(ea+1)(aeq —a)|| < [lea+1[|[|aeq —al| — 0.

Since A has a bounded approximate identity then by Cohen’s factorization the-
orem, A factors, that is, A = A - .A. This implies that 7(A®A) = A- A = A

I~

and so 7 is surjective. Hence ker 7”7 2 (ker 7)”. Furthermore, since 7 is a bounded
bimodule homomorphism then ker 7 is a closed submodule of A®.A and so ker
is a closed submodule of (A®.A4)". In fact, ker 7 is a Banach A-bimodule. Thus
A is amenable implies that there exists M € ker 7" such that dy(a) = dp(a). Set
K =N — M, then

a-K—-K-a = a-(N-M)—(N—M)-a=a-N—N-a—a-M+M-a
— (M-a—a-M)~ (N-a—a-N)=du(a) - dn(@) = 0

and for a € A,

7 (K)-a = 7#"(N—M)-a=(7"(N)—a"(M))-a=7"(N)-a
= weak™lim 7" (e, ® €,)" - a = weak-lim (e, ® e,) - a

= weak-lime,e, - a = a.
Thus K is a virtual diagonal for A. O
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We next give the characterization of amenability in terms of the splitting of
short exact sequences.

Let A be a Banach algebra and let X, X, X3,--- be a left, right or two sided
A-module. Suppose that f; : X7 — Xo, fo : Xo — X3, f3: X3 = Xy,--- are
Banach A-module homomorphisms. The sequence of Banach A-module given by

Xi—=Xo =2 Xg- =X, = X — -

is called exact at X, if Imf, ; = ker f,,. In particular, the following short se-
quence of Banach A-module

Z:O—>X2—>X3—>X4—>O

is called short exact sequence at X3 if Imfo = ker f3. The short sequence
(i) is exact if fo is one-to-one, Imf; = f4 and Imf, = ker f3
(ii) is admissible if it is exact and f3 : X3 — X4 has a bounded right inverse

(iii) splits if it is admissible and the bounded right inverse in (ii) is a Banach
A-module homomorphism.

The next result is a characterization of amenability in terms of the splitting
of admissible short exact sequences of Banach A-modules (see [¥]).

Theorem 3.3.2. Let A be a Banach algebra. Consider the following short exact
sequences of A-bimodules

M:0-K5 A4S A0

and its dual , §
m:0—-A5 (ARA) = K —0

where 7 is given by m(a @ b) = ab and i is the natural injection of its kernel K.
Then the following are equivalent:

1. A is amenable

2. A has a bounded approzimate identity and for each essential A-bimodule X,
any admissble short exact sequence I1' of A-bimodules splits.
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Proof. Let A be amenable, then by Propositions 3.3.1 and 3.3.10, A has a virtual
diagonal and bounded approximate identity respectively. Let M be a virtual
diagonal for A. For a € A, f € (A®A), we define (a,0f) = (f -a, M). Let I be
the identity map on A’. We claim that 7' = I. Let A € A’, then
(a,07'\) = {((7'\)-a, M) = (x'(A-a), M)
N-a, 7" M) = (N a-7"M)=(\a).

Next is to show that 6 is an A-bimodule homomorphism, let b € A then

= ({fra,b- M) =(f-(ab), M)
= (ab,0f) = (a,b-0f)

and therefore 6(b- f) = b- 6(f). Similarly 6(f -b) = 0(f) - b, since
(a,0(f-b)) = ((f-b)-a,M)=(f-(ba), M)
- <ba79f> - <CL79f ’ b>
Conversely, suppose that A has a bounded approximate identity (e,) and 6 is an
A-bimodule homomorphism with 7' = I. By passing to a subnet, let u € (A®.A)"
be the weak* limit point of (e,®e,). Set M = @'7"u. Then M is a virtual diagonal
for A. To see this, let a € A, f € (ARA)’, then
(fia-M) = (f,ab'7"u)

= (70(f-a),u) =1m(7'0(f - a),eq ® €q)

= lim(0f, aez) = (0f, a)

= lim(Af,e2a) = im(7'0(a - f), ea @ €4)

= (7'0(a- f),u) = {a- f,0'7"u) = (f, M - a).
Also, we have

7'(M)a = 7"0'7"ua = 7"ua = a.
Thus A has a virtual diagonal and by Proposition 3.3.1, A is amenable. H
Another interesting way of characterizing amenable Banach algebras is to show
that they have certain Hahn-Banach extension property. It was observed by Lau

in [28] that a Banach algebra A is amenable if and only if any of the following
holds:
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(i) Whenever X is a Banach A-bimodule and Y is an A-submodule of X, then
for each f € Y’ such that a- f = f-a a € A, there exists f € X' which
extends fand a- f = f-a for all a € A.

(ii) Whenever X is a Banach A-bimodule, there exists a bounded projection P
from X" onto {f € X' :a-f=f-aV aec A} such that T-P = P-T for any
weak™*-continuous bounded linear operator 7' from X’ into X’ commuting
with the action of A on X'.

Let X be a Banach A-bimodule and denote by

ZAX)=({feX 1a-f=f-a},

acA

the closed linear subspace of X', which is invariant under each bounded linear
operator from X’ into X’ commuting with the action of A. The next result is
another nice characterization of the amenability of A.

Theorem 3.3.3. Let A be a Banach algebra. The following are equivalent:
1. A is amenable.

2. For any Banach A-bimodule X and any Banach A-submodule Y of X, each
linear functional in Z(A,Y') has an extension to a linear functional in
Z(A, X").

3. For any Banach A — bimodule, there exists a bounded projection from X'
onto Z(A, X') which commutes with any weak*-continuous bounded linear
operator from X' into X' commuting with the action of A on X'.

Proof. See [28]. O

3.3.2 Hereditary properties

Proposition 3.3.4. Let A and B be Banach algebras and ¢ : A — B be a
continuous homomorphism with dense range in B. If A is amenable, then B is
amenable.

Proof. Tt suffices to show that every continuous derivation D : B — X' for every
Banach B-bimodule X is inner. We make X into a Banach A-bimodule by the
multiplication

ar = ¢(a)r, za=uzp(a), acAzelX.
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Consider the map (Dogy) : A — X'. We claim that this is a continuous derivation
since the composition of continuous maps is continuous and for any a,b € A,

(Dogp)(ab) = D(gp(ab))
= D(p(a)p(b)
= D(p(a))p(b) + ¢(a) D(p(b))
= (Dop)(a)b+a(D o)D)

Since A is amenable then the continuous derivation (D o ¢) : A — X' is inner.
That is, there exist f € X' satisfying

D(p(a)) = (Do )(a) = af — fa = p(a)f — fp(a), ac A

Also since ¢ has a dense range in B. That is, ¢(A) = B, then for (s4)aca C ©(A)
such that s, — s € B, it follows that

b
b

D¢(s) = Df(lims,) = lm Dy(s,)
= lig1<3af — fsa) = lién(saf) — lién(fsa)
= sf— fs.

Thus, D : B — X' is inner and B is amenable.
O

Let A be an amenable Banach algebra and I a closed ideal of A. Let X be
a Banach A-bimodule and a Banach A/I-bimodule. Define D € H'(A, X') by
D(a) = (dop)(a), where d : A/I — X’ and ¢ is the natural canonical map from
A onto the quotient space A/I, this map is a surjective homomorphism. Then by
following the proof of Proposition 3.3.4, it becomes clear that d € H'(A/I, X").
Indeed, the following Corollary holds.

Corollary 3.3.5. Let I be a closed two sided ideal of an amenable Banach algebra
A. Then the quotient Banach algebra A/I is amenable.

Proposition 3.3.6. Let A be a Banach algebra and I an amenable closed ideal
of A. If A/I is amenable, then A is amenable.

Proof. Let X be a Banach A-bimodule then X is also a Banach I-bimodule.
For D € Z'(A, X'), the restriction map D|; is a derivation into X', that is,
D|; € ZY(I,X'). Let ¢y € X', define a continuous derivation D : A — X' by
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E = D — d4,. Since [ is amenable, there exist ¢y € X' such that D|r = dy,. Thus
D =0 and in particular D|; = 0. Let

Y=c{a-x+y-blabel, z,yec X}
and

Y'={peX |a-p=p-a=0Vacl}

Then Y is a closed submodule of X and X/Y is a Banach A/I-bimodule. Y is
a dual Banach A/I-bimodule, that is, Y° = (X/Y)". Let a € A, b € I then

0 = D(ab) = D(a)b+ aD(b) = D(a)b+ 0= D(a)b.
Thus for every z € X,
(b, D(a)) = (xb, (D — by, )(a)) = (z,b- (D — d4,)(a)) =0
(bz, D(a)) = (bx, (D — 64, )(a)) = (z,(D — d4,)(a) - b) = 0.
That is, (xb, D(a)) = (bz, D(a)) = 0 and so there exist ¢ € X’ such that
0 = D(a)(xb) = ¢(b)

and

0= D(a)(bz) = p(bz).

Thus D : A — Y, that is, D(A) C Y°.

Now, define Dy : A/ — Y° by Dy : a+ 1+ D(a), that is, Di(a + I) =
(D — d4,)(a). Since A/I is amenable then there exist ¢ € Y such that Dy = §,.
Thus 0, = D — dy, or D = §,44,. Hence A is amenable. O

Lemma 3.3.7. Let A be an amenable Banach algebra. A closed ideal I of A is
amenable if I has a finite codimension.

Proposition 3.3.8. A Banach algebra A is amenable if and only if A" is
amenable.

Proof. Let A* be amenable and X be a Banach A%-bimodule. Then X is also a
Banach A-bimodule. The right and left module action of A% on X is specified by

z(a,a) =z-a (a,a)r =a-x, r € X, (a,a)c A7
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Let D € Z'(A#, X"). Define the map D : (a,a) — D(a), then for (a,a), (b, B) €
A#

D(ab) = D(ab,af) = D((a,a)(b,8)) = D(a,a)(b, B) + (a,a)D(b, B)
= D(a,a)-b+a-D(b,38) = D(a) b+ a- D(b).

Thus the restriction D : A — X’ of D € Z'(A#, X') is a derivation. Next is to
show that D € Z'(A, X’) is inner. Since A* is amenable then there exists A € X’
such that for (a,a) € A#,

D(a,a) = (a,a) A= Aa,a) = (a\, al) — (Aa, A\a) = (a\ — Aa, aX — \a)
= (a\ — Aq,0).

Thus D(a) = a\ — Aa, that is, D is inner and A is amenable.

Alternatively, by identifying A with the ideal {(a,0) | a € A} in A% via the
isometric isomorphism a — (a,0), it becomes clear that A is a (maximal) closed
ideal of A7 with codimension of one. By applying Lemma, 3.3.7, the result follows.

Conversely, let A be amenable, it suffices to show that H'(A# X') = {0}
for a neo-unital Banach A#-bimodule which is also a neo-unital Banach
A-bimodule. Let D : A#* — X’ be a derivation then D(e) = D(e-e) =
e-D(e) + D(e) - e = D(e) + D(e) = 2D(e). This implies that D(e) = 0. Thus
we can consider D as a derivation from A into X’ and since A is amenable, then
D is inner on A. This coincides with D being inner on A# since D(e) is trivial.
Thus A# is amenable.

]

Proposition 3.3.9. Let A be a Banach algebra with a bounded approximate iden-
tity, the following are equivalent:

(i). H'(A, X") = {0} for each Banach A-bimodule X .

(ii). H' (A, X") = {0} for each neo-unital Banach A-bimodule X .

Proposition 3.3.10. Let A be a Banach algebra. If A is amenable then it has a
bounded approximate identity.

Theorem 3.3.11. Let A be a Banach algebra with a bounded approximate identity
which is contained as closed ideal in a Banach algebra B. Let X be a neo-unital
Banach A-bimodule and let D € Z'(A, X"). Then X is a Banach B-bimodule in
a canonical fashion and there exist a unique extension D € Z'(B, X') such that
(i) Dla=D.

(i1) D is continuous with respect to the strict topology on B.
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Proof. See [11]. O

Proposition 3.3.12. Let A be an amenable Banach algebra and let I be a closed
ideal of A. I is amenable if and only if it has a bounded approximate identity.

Proof. Assume that I is amenable, then by Proposition 3.3.10, I has a bounded
approximate identity. Conversely, suppose that I has a bounded approximate
identity, then it suffices to show by Proposition 3.3.9 that every derivation from
I into a neo-unital Banach I-bimodule is inner. Let X be a neo-unital Banach
I-bimodule and D € Z'(I, X"), then by Theorem 3.3.11, X is Banach .A-bimodule
in a canonical fashion and there is an extension D € Z'(A, X') such that D|; = D.
Since A is amenable, then there exists ¢ € X’ such that D = D|;(a) = a¢ — ¢a,
a € I. Thus I is amenable. O]

Proposition 3.3.13. Let A and B be amenable Banach algebras. Then AXB is
amenable.

Proof. By Theorem 3.3.1, it suffices to show that the Banach algebra A®B has
a bounded approximate diagonal. Since A and B are amenable, then they both
possess bounded approximate diagonal. Let u, := 2" 7\ @ 5! and vg :=
Py :E,(f)®y,iﬁ) such that (u,) C A®A and (vs) C B&B are bounded approximate
diagonal for A and B respectively with

lim(ug - @ —a - uy) =0, lm 74 (uq)a = a

and

lign(vg -b—"b-vg) =0, lién m5(vg)b=">

respectively. It is known that (A®A)®(B&B) = (A2B)®(A®B) and so, (u, ®
v) C (A®B)®(ARB) is a bounded approximate diagonal for A®B. To see this,
let a € A and b € B, then
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limg, limg 7 45 5(1a ® v3) - (a @ b)

= limlim s (Zra)®sa)®2x ® )) (a®b)

=1 k=1

- llmllmZZWA®B< ®x,(f)>®<()®y,(f)> (a ®b)

- hcrynliénZZ( s\ @ 2}’ )y(ﬁ)> (a®b)

k=1 i=1

= Zthhmr(a) Ea)a ® x(ﬁ)y(ﬁ)b
k=1 i=1

= Zthhm <7TA< sz(»a)) a4 ®Tp (m,(gﬁ)(@y,(f)) -b)

k=1 i=1

= limmy (nga) ® 85‘”) -a®lién7r3 (Zx,(f) ®y,(f)) b
i=1 k=1

= limmy (uy) - a®lién7rlg (vg) - b=a®b.

Also,

limlig)n (ua ®vg) - (a®b) — (a®D) - (uq ®vg)) = lim lién(uaa ® vgb — au, ® bug)

= lim lim u,a ® vgb — lim lim au, ® bvg = lim lim au, ® bvg — lim lim au, ® bvg = 0.
a B a B a B a B

Finally, the boundedness of (u, ® vg) follows from the boundedness of (u,) and
(va)- O
Corollary 3.3.14. Let A and B be unital Banach algebras. If A and B are
amenable, then A*QB¥* is amenable.

Proof. Since A and B are amenable, then by Proposition 3.3.13 A&B is amenable.
This implies by Proposition 3.3.8 that (A®B)* = A¥©B# is amenable. O

We conclude this section by showing that the first Hochschild cohomology group
of A is trivial for Banach A-bimodules with trivial left module action. First,
we note the following for the dual Banach A-bimodule X. Let A be a Banach
algebra.
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(i) If X is a left Banach A-module, then X’ becomes a right Banach A-module
through
(r,¢-a)=(a-x,¢0) a€AreX pecX.

(ii) If X is a right Banach A-module, then X’ becomes a left Banach .A-module
through
(r,a-¢)=(r-a,¢) acAreX ¢ecX.

(iii) If X is a Banach A-bimodule, then X’ equipped with the left and right
modules actions from (ii) and (i) respectively is a Banach A-bimodule.

Proposition 3.3.15. Let A be a Banach algebra with a bounded right approximate
identity and X be a Banach A-bimodule such that A-X = {0}. Then H'(A, X') =

{0}.

Proof. 1t is clear that X’ is a right Banach A-module. Since the left action A on
X is trivial, then the right action X’ - A is also trivial. That is, ¢ - a = 0 for all
¢ € X" and a € A. Thus for a continuous derivation D : A — X', it follows that

D(ab) = D(a)b+ aD(b) = aD(b) +0 = aD(b).

Let (eq)aca be a bounded approximate identity for A and let ¢ € X’ be a weak*-
accumulation point of (De,)aea. Without loss of generality, we may suppose that
¢ = weak™-lim,, D(e,). Then,

D(a) = weak*- lién D(ae,) = weak*- h;n(D(a)ea +aD(e,))
= weak*-a lién D(eq) + weak™- lién D(a)e,
= a weak*lim D(e,) + 0
= a-o. i
That is,
Da)=a-¢p=a-¢—0=a-¢p—¢-a
Thus D = ady.
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3.4 Weak Amenability of Banach Algebras

3.4.1 Definition and some general results

The notion of weak amenability was introduced by Bade et al. in [1] for commu-
tative Banach algebras with the aim of studying classes of Banach algebra which
satisfy H'(A, A’) = {0} but not amenable. Such Banach algebras are referred to
as weakly amenable. For example, L'(G) is amenable if and only if G is amenable
as a locally compact group but L!(G) is weakly amenable irrespective of whether
GG is amenable or not. Thus the class of weakly amenable Banach algebras is
larger then the class of amenable Banach algebras. Clearly, all amenable Banach
algebra are weakly amenable but the converse is not true. A counter example
is the Banach algebra [, (1 < p < oco) with pointwise multiplication which lacks
a bounded approximate identity. A commutative Banach algebra A is weakly
amenable if the first Hochschild cohomology H'(A, X) with coefficients in sym-
metric modules vanishes. That is every bounded inner derivation D : A — X is
zero for every commutative Banach A-bimodule X. Since this definition makes no
sense for non-commutative Banach algebra, Johnson in [25] gave a definition for
general Banach algebra. We recall from [25] that a Banach algebra A is weakly
amenable if every continuous derivation D : A — A’ is inner.

Let X be a Banach A-bimodule. Then we can make X into a Banach A%-
bimodule by defining e-z =z-e =2 forall z € X. Now, consider the following
short exact sequence of linear maps

II: 0=+ X = B(A*, X) - B(A", X)/Im D, — 0,

where B(A# X) is the set of all bounded linear operators from A% into
X, Dy : X — B(A* X) is defined by Di(x) : a — z-a, a € A¥ and
Dy : B(A#, X) — B(A*, X)/Im D;.

For all a € A and D € B(A*, X), if we define the left action by
a-D:b—a-D(b), A*¥ =X

and the right action by

D-a:b— D(ab), A* — X,

then
(i) B(A*, X) is a Banach A-bimodule,
(ii) Dy and Dy are Banach A-bimodule homomorphisms.
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This follows from the fact that D;(x) € B(A#, X) and hence satisfies D;(xy) =
Dy (x)D;(y) for all x,y € X. Also, from the definition of D, it follows that

= (Di(z) +Im Dy)(D1(y) + Im Dy)

= Dy(Di(x))D2(D1(y)).
Let D € B(A, X) and e be the identity element in A%, then the bounded linear
map D : A# — X is an extension of D : A — X whenever D(e) = 0. With this

in mind, we recapture the definition of continuous derivations from A into X in
the following proposition.

Proposition 3.4.1. Let A be a Banach algebra, D : A — X be a bounded
linear map and let I1 be the short exact sequence defined above. Suppose Dy and
D5 are Banach A-bimodule homomorphisms defined above . Then the following
statements are equivalent:

(i) D is a derivation,
(ii) Dy o D = op;
(iii) Dy o5 = 0.
Proof. We shall first show that (ii) <= (i) and then (ii) <= (iii).
Assume that (ii) holds. Since D;(z) : a — z - a for a € A* and z € X, then
(Dro D) -a(b) = Di((D-a)(b)) = (D - a)(b).

Also,

65 =D -a(b) —a- D(b) = D(ab) — a- D(b).
Thus statement (ii) implies that (D - a)(b) = D(ab) —a- D(b). That is D(ab) =
(D-a)(b) +a-D().
Case 1. Suppose that b = e € A#, then by using the right module operation

D(a) = D(ab) = D(a-e)=(D- a&e) +a -_ﬁ(e) =(D-a)e)+a-0
D -a)(e) +0= D(ae) = D(a).

(
Whence D = D and so (i) holds. o
Case 2. If b # e € A#, then D is necessarily the restriction of D on A. Thus
(7) holds.
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Conversely, assume that D : A — X is a derivation. Since D(a) =
D(a) for a € A, and D(e) =0 for e € A%, then D is also a derivation from_A#
to X. Thus for all a € A,b € A#, it then follows that D(ab) = D(a)b+ aD(b).
By using the left and right action of A on the Banach A-bimodule B(.A, X), then
for a,b € A%,

D-a(b)—a-D(b) = D(ab) —a-D(b) = D(a) -b+a-D(b) —a- D(b)
= D(a) b= Di(D(a))(b) = (D1 o D)(a)(b).
Whence D -a —a- D = (D o D)(a) which gives 65 = D; o D and so (ii) holds.
_(ZZ) — (ZZZ) Let DioD = 55 Then for Dg(Dl o D) = Dz(éﬁ) = Dg(ﬁ b—
b-D), (be A*). Since the sequence II is exact, then
(E1) D, is onto and D; is one-to-one,

(E2) ImD; = ker Ds.

By the definition of D, we can assume that D -b— b- D is in the image of Dy and
then show that it is also in the kernel of Ds. Let D -b—0b- D € ImDy, then by
(E2),

D-b—b-D=Dy(D-b—b-D)=0.

Thus DQ 9] (55 =0.

Conversely, assume that (ii¢) holds. Then by exactness of II, it follows that
for each a € A, there is a unique x, € X such that z, - b = D(ab) — a - D(b) for
all b € A#. Applying this to b = e, we obtain x, = D(a), so that (ii) holds. [

3.4.2 Hereditary properties

The following important propositions are from [9].

Proposition 3.4.2. Let A be a weakly amenable Banach algebra. Then
(i) A is essential,
(ii) there are no non-zero continuous point derivations on A,

(iii) suppose that A is commutative, then Z'(A, X) = {0} for every symmetric
Banach A -bimodule X.

Proposition 3.4.3. Let A be a weakly amenable, commutative Banach algebra,
let I be a closed ideal in A, and let X be a Banach I-module. Then D|js =0 for
each D € Z1 (I, X).
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The following characterization of weakly amenable commutative Banach alge-
bra from [1] is important for the remaining part of this section:
Let A be a commutative Banach algebra. Let D € Z'(A, A’). Then A is weakly
amenable if and only if D = 0.

Proposition 3.4.4. Let A be a Banach algebra.

(i) Suppose that A is commutative and B is another commutative Banach alge-
bra such that ¢ : A — B is a continuous homomorphism with dense range.
Then B is weakly amenable if A is weakly amenable.

(i1) Let I be a closed ideal of A. If I and A/I are both weakly amenable, then

A is weakly amenable.

(i1i) The closed ideal I of a commutative weakly amenable Banach algebra A is
weakly amenable if and only if =1

(iv) A is weakly amenable if and only if A% is weakly amenable.

(v) Let A and B be weakly amenable commutative Banach algebras. Then AXB
15 weakly amenable.

Proof. (i) We make B into a Banach .A-bimodule with module operation spec-
ified by
a-b=g(a)b, b-a=0b-pla), (a€AbecB).

We shall show that every continuous derivation D : B — B’ is inner. The
linear map Do ¢ : A — B’ is a derivation, since for a,a’ € A,

(D op)(aa’) = D(p(aa’)) = D(p(a)p(a’)) = D(p(a))p(a’) + ¢(a)D(p(a’))
= (Doy)(a)d +a(Do)(d).
Since A is commutative and weakly amenable, then by Proposition 3.4.2(iii),
D oy = 0. Now, B is commutative also implies that b- f = f - b for b € B,
f € B'. Since p(A) = B, then for (b,)aca C ¢(A) such that b, — b € B, it
follows that
0=b-f—f-b = lm(bof)— Um(fby) = lim(bof — fba)
= hméf(ba) = 5f(hmba) = 5f(b)

So necessarily D =b- f — f-b = 0. Whence H'(B,B') = {0}. Thus, B is
weakly amenable.
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(ii) We run the standard argument of the proof of Proposition 3.3.6 with modi-

(iii)

fications where necessary. Let D € Z'(A, A’), then the restriction map D|;
is a derivation into A’ that is, D|; € Z*(I, A'). Let \; € A, define a con-
tinuous derivation D : A — .A’ by D = D — §y,. Indeed, D is a derivation
since the sum or difference of any two derivation is a derivation. Since [ is
weakly amenable, there exists \; € A’ such that D|; = §y,. Thus D = 0
when restricted to I. Next, we define

F:=c{a-d +b-b abeld b eA}

and

FO.={\e Al a-A=X-a=0Wacl}
Clearly, F' is closed ideal of the Banach algebra A and also a closed sub-
module of the Banach A-bimodule A (that is, A is considered a Banach

bimodule over itself) and so A/F is a Banach A/I bimodule. F° is a dual
Banach A/I bimodule and so F° = (A/I). Let a € A, b € I then

0 = D|;(ab) = D(ab) = D(a)b+ aD(b) = D(a)b+ 0 = D(a)b.

Thus for every o’ in the Banach A-bimodule A, a in the Banach algebra A
and b € I, we have

(a’-b,D(a)) = (a’ - b, (D = b,)(a)) = (d',b- (D = by,)(a)) =0,
(b-d',D(a) = (b-d', (D — b)) = (@, (D = d)(a) - b) = 0.

That is (a’ - b,D(a)) = (b-a’,D(a)) = 0 and so there exists A € A’ such
that 0 = D(a)(a’ - b) = A(a - b) and 0 = D(a)(b-a’) = \(b- a'), that is,
D(a)(d'-b) = D(a)(b-da’) = 0. Thus D : A — F°, that is D(A) C F°. Now,
define Dy : A/I — F by Dy : a+1 — D(a), that is, Dy(a+1) = (D—36,)(a).
Since A/I is weakly amenable, then there exists A € F° such that D; = 4.
Thus §, = D — 0, which implies D = §\ + 05, = dxyn, Where A+ A\; € A'.
Thus A is weakly amenable

Assume that [ is weakly amenable, then by Proposition 3.4.2(i), I is essen-
tial, that is, 2 = I.

Conversely, assume that 12 = I, then I4 = I2 = I. Let D € Z'(I,I'), then
D|;a = 0 by Proposition 3.4.3. Thus D|; = 0, that is D is the zero derivation
when restricted to I. Since A is commutative, then I is also commutative.
Now, I is commutative also implies that a - A = A-a fora € [ and \ € I'.
So, D(a) =a-A—X-a=0 (a€ ) Thus D is inner and [ is weakly
amenable.
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(iv)

The proof is much similar to that of Proposition 3.3.8. Let A% be weakly
amenable and A be a Banach A#-bimodule. Clearly, A is also a Banach
A-bimodule. The right and left module action of A% on A is specified by

z-(a,a) = za (a,a) - x = azx, r €A, (a,a) € A%,

Let D € Z'(A# A'). Define the map D : (a,a) — D(a), then for
(a,a),(b,B) € A¥ it follows that

D(ab) = D(ab,af) = D((a,)(b, §)) = D(a, ) (b, B) + (a,) D(b, )
= D(a)(b,B) + (a,a)D(b) = D(a)b+ aD(b).
Thus the restriction D : A — A’ of D € Z'(A#, A') is a derivation. Next

is to show that D € Z'(A, A') is inner. Since A¥ is weakly amenable then
there exists A € A’ such that (a, ) € A¥,

D(a,a) = (a,a) - A= Aa,a) = (a\, aX) — (Aa, A\a) = (a\ — Aa, aX — \a)
= (aX — Xa,0).

Thus D(a) = aX — Aa, that is, D is inner and A is weakly amenable.

Conversely, let A be weakly amenable and let D € Z'(A# A’). Since A is
unital, then for A € A, A\-e =e- A= \. Now, for D € Z'(A# A'),

D(e) = D(e.e) = D(e)e + eD(e) = D(e) + D(e) = 2D(e).

Thus D(e) = 0 and so D can be considered as a derivation from A into A’
and since A is weakly amenable, then D is inner on A. This coincides with
D being inner on A# since D(e) is trivial and so A# is weakly amenable.

We adopt the proof in [10]. Let X be a Banach (A#®B#)-bimodule. Let
D € ZYA*®@B¥, X), then we can make X into a Banach A-bimodule. The
module operation is specified by

a-z=(a®eg)r, x-a=2zx(a®eg).

Define D(a ® eg) = D(a), then for (a ® eg), (a/ ® eg) € A¥@B#, it holds
that

D(ad") = D((a®ep)(d @ep)) =D(a®eg)(d @ep)+ (a®eg)D(d @ ep)
= D(a)(d ®ep) + (a®eg)D(a’) = D(a)a’ + aD(ad').
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Thus D € Z'(A#, X) and so the restriction D|g#g., is in Z'(A#, X). By
(iv) above, A# is weakly amenable and commutative, and so D| 444, = 0.
Similarly, D|. ,gg# = 0. Thus D = 0 and A#&@B# is weakly amenable. Since
A and B are weakly amenable, then by Proposition 3.4.2(i), A2 = A and
B2 = B. Set I = A®B. Then I is closed ideal in A#®@B#, and I?2 = I and
so I is weakly amenable by (uii) above.

O

Corollary 3.4.5. Let A be a commutative Banach algebra. If A is weakly
amenable then ARA is weakly amenable.

Proof. The result follows easily by setting B = A in Proposition 3.4.4(v). ]
Corollary 3.4.6. Let A and B be commutative Banach algebras.
(i) If A* and B¥ are wealy amenable, then A*QB¥ is weakly amenable.
(ii) If A* and B* are weakly amenable, then AXB is weakly amenble.
(iii) If A and B are weakly amenable, then A*QB* is weakly amenable.
Proof. (i) Follows directly from the proof of Proposition 3.4.4(v).

(i) Since A% and B* are weakly amenable, then A and B are weakly amenable
by Proposition 3.4.4(iv), and so the result holds by 3.4.4(v).

(iii) Since A and B are weakly amenable, then A# and B# are weakly amenable
by 3.4.4(iv), and so the result holds by Corollary 3.4.6(i).
0

Corollary 3.4.7. Let A and B be commutative Banach algebras. Suppose that 1
and K are closed two sided ideals of A and B respectively. If A and B are both
weakly amenable. Then

(i) The Banach algebra A/l is commutative and weakly amenable.
(i) The Banach algebra B/K is commutative and weakly amenable.

(iii) The Banach algebra A/I @ B/K is weakly amenable.
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Proof. (i) There is a natural canonical map ¢ from A onto A/I given by
pra—a+Il: A— A/l

This map is surjective, has a dense range in A/I, continuous and an homo-
morphism. Indeed, for a € A,

plab) =ab+1 = (a+1)(b+ 1) = p(a)p(d).

Now, since A is weakly amenable, then A/I is also weakly amenable by
Proposition 3.4.4(i).

That A/ is commutative follows easily from the assumption that A is com-
mutative. To see this, let a;,a0 € A then a; - a = as - as implies that
(a1 +I)(a2 —|—I) = a10a9 —f-] = Q201 +] = ((12 +I)(CL1 + ])

(ii) Proof is similar to the argument of the proof of Corollary 3.4.7(i). Set B = A
and K = I in (i) above and then the result follows.

(iii) By (i) and (ii) above, A/I and B/K are both weakly amenable and com-
mutative. The remaining part of the proof then follows from Proposition
3.4.4(iv).

m

3.5 Character Amenability of Banach Algebras

3.5.1 Definitions

As earlier discussed, several modifications of the original notion of amenability
in Banach algebras are introduced after the pioneering work of Johnson [24].
One of such modification was initiated by Lau for a class of F-algebras in [29]
and was later generalized by Kaniuth, Lau and Pym in [27]. Monfared in [37]
extended these notions and initiated the notion of character amenability. This
is stronger than left amenability and also relaxes the constraint in the definition
of amenability given by Johnson in [24]. This is because the class of Banach A-
bimodules that are required in the definition of character amenability are those
in which either the left or right module actions are defined by the characters on
A. Thus character amenability is weaker than amenability introduced in [24].
For a Banach algebra A, we recall that a character on A is an algebra homomor-
phism ¢ : A — C. The space of all characters on A, called the character space of
A is denoted by o(A)).
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Denote by M:;} the collection of all Banach A-bimodule X whose right module
action is defined by z - a = p(a)r (a € A,z € X, p € 0(A)) and let M2 be the
collection of all Banach A-bimodule X for which the left module action is given
by a-xz=p(a)r (a€ A ze X ¢calA)).

Let A be a Banach algebra and let the right module action of A on X be as given
above. Then for f € X', a € A, p € 0(A),

(z,a-f) = (x-a,[) = (pla)z, [) = (z, p(a) ).

The last equality follows from the linearity of f. Thus a - f = ¢(a)f which gives
the left module action of A on X’. Similarly, from the left module action of A on
X, we can obtain the right module action of A on X’ to be f-a = p(a)z. The
following definition are taken from [36] and [37].

Definition 3.5.1. Let A be a Banach algebra and ¢ € o(A).
(i) A is left p-amenable if every continuous derivtion D : A — X' is inner for

every X € M;f;.

(ii) A is right p-amenable if every continuous derivation D : A — X' is inner
for every X € M;j}.

(11i) A is left character amenable if it is left p-amenable for every ¢ € o(A).
(iv) A is right character amenable if it is right @-amenable for every ¢ € o(A).

(v) A is character amenable if it is both left and right character amenable.

3.5.2 Some general results

We now give explicit proofs of some important general results on character
amenability in [34], [33], [35] and [37]. We begin with the following much needed
characterization whose proof will be appropriate for the next section.

Proposition 3.5.2. Let I be a closed two sided ideal of a character amenable
Banach algebra A . Then I is character amenable if and only if I has a bounded
approximate identity.

An immediate implication of Proposition 3.5.2 is that if A is character
amenable then it has a bounded approximate identity and hence factors. Thus,
the much desired factorization property is extended from the class of amenable
Banach algebra to the class of character amenable ones. The following lemma is
an analogue of Poposition 3.3.9 for character amenable Banach algebras.
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Lemma 3.5.3. Let A be a Banach algebra with a bounded approximate identity
and ¢ be a character on A, then the following statements are equivalent:

(i) H'(A, X') = {0} for each Banach A-bimodule X € M.
(i) H'(A,X") = {0} for each left neo-unital Banach A-bimodule X € M.

Proposition 3.5.4. Let A be a character amenable Banach algebra and I a closed
two sided ideal of codimension one in A.

1. Then

(i) A has a bounded approzimate identity and hence factors;
(ii) the unitization algebra A* is character amenable;
(i5i) I has a bounded approximate identity;

() I is character amenable.

2. Suppose B is another Banach algebra and ¢ : A — B is a continuous ho-
morphism with dense range, then

(i) then B is character amenable;
(ii) if I is a closed ideal of A, then A/I is character amenable;

(73) if both I and A/I are character amenable then A is also character
amenable ;

(iv) A X B is character amenable if and only if both A and B are character
amenable.

Proof. (i) Without loss of generality, let ¢ € o(A) and X be a Banach A-
bimodule with the left and right actions given by a -z = ¢(a)z and z-a = 0
respectively for all x € X. Since A is character amenable, then in particular,
A is p-amenable and by (Theorem 1.1 of [27]), H*(A, X') = {0} for every X.
Moreover, by (Propositions 1.5 and 1.6 of [24]), the statement that H'(A, X') =
{0} for every X for which the right module action is trivial is equivalent to the
existence of a bounded left approximate identity for A. Similar argument also
holds for the existence of a right bounded approximate identity for A. That A
factors is clear.

(ii) Let A be character amenable, then by Lemma 3.5.3, it suffices to show that
H'(A#*, X") = {0} for X € MA"  where X is neo-unital. Let D € Z'(A# X)

er
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then D(e) = D(e-e) = f)( )-e+e-D(e) = D(e)+D(e) = 2D(e). This implies that

D(e) = 0. For X € M;ﬁ“ , it is clear that X € M. and so we can consider D asa

derivation from A into X’ and since A is chflracter amenable, then D is inner. This
coincides with D being inner on A# since D(e) is trivial. Thus, H'(A#, X') = {0}
for each neo-unital X € M;}n# and by Lemma 3.5.3, H'(A#, X") = {0} for each

X € Mgﬁ"#' Thus A7* is left character amenable. Similar argument holds for
the right character amenability of A% and so the character amenability of A
immediately follows.

Conversely, assume that A% is right character amenable. For ¢ € o(A), let
X € M. We shall show that H'(A, X') = {0} for every X € M. Define
@ A* — C by

@la,z) = pla)+2 (2 €C, g€ o(A")).
Indeed ¢ € o(A#) and is linear. Since for any (a, 2), (a/, 2') € A*,
o((a,2)(d,2")) = @lad +az' + zd, 22") = p(ad + a2’ + zd') + 22/
= ¢(ad’) + p(az’) + p(zd') + 22/
= pla)p(d) + p(a)z' + zp(d) + 22/
(o(a) + 2)(¢(a’) + 2') = B(a, 2)$(a’, 2).
Also,

/

@((a,z)—l—(a,z/)) = ¢(&+a/,2+2/) (a—i—a/)—l-z—l—z’
= ola)+z+ @)+ 2 =@la,z)+ @(d, )

and for any a € C,

p(afa, 2)) = ¢laa, az) = p(aa) + az = a(p(a) + 2) = ad(a, 2).
Moreover, X is also a Banach A*-bimodule, in fact X € M g}#. The left and right
module action of A% on X are given by
(a,2)x = a-xtze = §la, 2)x, x-(a,2) = z-atzr = P(a,2)z ((a,2) € A, 2 € X).

Let D € Z'(A#,X'). Define the map D : (a,z) — D(a). Then we show that D
is an inner derivation from A into X'. For a,b € A, 2,2’ € C,

D(ab) = D(ab,22') = D((a,2)(b,%")) = D(a,2) - (b,2') + (a,2) - D(b, ")
= D(a,z)-b+a-D(b,2)=D(a)-b+a-D(b).
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Hence the restriction D : A — X’ of D is a derivation. Now, since A# is character
amenable by assumption, then there exists A € X' € Mé‘} such that D(a,z) =
(a,2)-A=X-(a,2z) = a-A=X\-a (a,2) € A#. Whence D(a) = D(a,2) = a-A—\-a
and D is inner.

Thus A is right character amenable. Similar argument holds for the left char-
acter amenability of A. Hence A is character amenable.

(7i1) From (i) above, A has a bounded approximate identity, say (e,). Also,
since [ is a closed ideal of codimension one in A, then we can write I = ker ¢
for some ¢ € o(A). By adjoining a unit e to A, we can write the unitization
A#* = A® Ce. Now, for p € o(A), we define the extension ¢ € o(A) by

p(a) = pla+ze) =pla)+2 (a€ A¥,ae€ A,z € C).

Thus, J = {a € A" : 2 = —p(a)} = ker $ has codimension one as a subspace of
A% so that A* = A® Ce = J @ Ce = J#. Since A" is character amenable by
(ii) above, then it follows that J# is character amenable. Thus J is also character
amenable and so has a bounded approximate identity (s,) by (i). For each 3, set

Sg = ag +cﬁe

for some ag € A and ¢z € C such that cg = —p(ag), that is, sg € ker p. We now
construct a bounded approximate identity for I. Observe that f, = p(es) ey is
a bounded approximate identity for A4 and ¢(e,) — 1. Indeed,

pla) = plea - a) = pla-en) = p(ea)p(a).

Thus p(eq) — 1. Also, fo-a = p(ea) tea-a = ¢les) ™ -a — aanda- f, =
a-pleq)teq = a-p(eq) ™t — a. Moreover, ¢(f,) — 1 since (f,) is also a bounded
approximate identity for A. Set

iga = ag+ Csfa,

then (iga) C kerg = I since (iga) = p(ag) + ¢(csfa) = @lag) + csp(fa) =
wlag) +c5-1 = plag) — p(ag) = 0. So (igq) is a bounded net in 1. Also, since
(sp) is a bounded approximate identity for J, then for all b € I C J, sgb — b and
bsz — b. Finally,

Z'/B,oéb = agb + Cﬁfab = Sﬁb — Cge.b + C@fab = Sﬁb + Cﬁ(fab — b) — b+ Cﬁ(b — b) =b
and

b'i/@a = ba/g —{-bC/Bfoé = bSﬁ — b656—|- bCﬁfa = bSB —I-Cg(bfa — b) — b—{-Cg(b— b) =b.
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Thus (i) is a bounded approximate identity for I.

(iv) Since I has a bounded approximate identity by (i), then it is charac-
ter amenable by Proposition 3.5.2. O]

3.5.3 Characterizations

In this subsection, we characterize character amenability in terms of ¢-
approximate diagonal and @-virtual diagonal. The following definitions would
be useful in the sequel. For more details, see [27], [36] and [37]. Definition 3.5.6
is due to Hu et al. in [30].

Definition 3.5.5. Let ¢ be a character on a Banach algebra A and m : ARQA — A
be the diagonal operator. An element M in the projective tensor product A®A
satisfying the following conditions

o(r(M))=1 and a-M=ypla)M =M -a
is called a @-diagonal for A.

Definition 3.5.6. Let A be a Banach algebra and let ¢ be in the character space
of A. Let m: ARA — A be the diagonal operator and let " : (ARA)" — A" be
the second dual of . Then

(i) a net (my,) C ARA is called a p-approzimate diagonal for A if
(i) [Ima - a—e(a)mal| = 0, la-mo —p(a)ma| =0, (a €A
(ii) {ma,p ® @) = (7 (ma)) = 1.
(ii) an element M € (A®.A)" satisfying
(i) M-a=p(a)M, a-M=pla)M, (acA)
(ii) (p @@, M) =7"(M)p =1
is called a @-virtual diagonal for A.

The next result characterizes g-amenability in terms of p-approximate di-
agonal and @-virtual diagonal and so it is an analogue of characterization of
amenability in terms of bounded approximate diagonal and virtual diagonal.

Theorem 3.5.7. Let A be a Banach algebra and ¢ € o(A). The following state-
ments are equivalent:
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(1) A is p-amenable.
(i) A has a bounded @-approzimate diagonal.
(i1i) A has a p-virtual diagonal.
(iv) There exists f € A" such that f(¢) =1 anda- f=(a)f (a€A).

(v) There exists a bounded net (a,) in A such that ¢(a,) =1 for all « and

|laas — p(a)as]| — 0 (a € A).

Remark 3.5.8. We remark that p-amenability can also be characterized in terms
of the existence a of certain Hahn-Banach extension property as shown in [27].
The proof is a variant of the proof given in [25].

Theorem 3.5.9. Let ¢ be in the character space of the Banach algebra A, then
the following statements are equivalent:

(i) A is p-amenable.

(ii) For any Banach A-bimodule X € M;‘,‘l and any Banach submodule Y of X,
each linear function in Z(A,Y") extends to some element of Z(A, X).

i) For any Banach A-bimodule X € M there exists a continuous projection
Yy ol proj
from X' onto Z(A, X') which commutes with every other weak*continuous

bounded linear operator from X' into X' commuting with the action of A on
X'
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Chapter 4

Generalized Notions of
Amenability

In this chapter, the approximate versions of the notions of amenability studied in
the previous chapter are considered. These approximate versions have been found
to contain larger classes of Banach algebras than their corresponding original
notions. For instance, amenable Banach algebra are approximately amenable but
the converse is not generally true. A counter example is found in ([19], Example
8.2). The generalized notions of amenability was initiated in [19] with the hope of
finding a Banach algebra without bounded approximate identity but satisfy any
of these generalized notions. The reason for this is that bounded approximate
identity is a necessary condition for amenability and so Banach algebras without
bounded approximate identity can not be amenable. In this chapter, we studied
some of these generalized notions of amenability, discussed some important general
results, hereditary properties and characterization on them.

4.1 Definitions with Examples

Definition 4.1.1. Let A be a Banach algebra and let X be a Banach A-bimodule.

(i) A derivation D : A — X is said to be approximately inner if there exists a
net (z,) in X such that

D(a) =lim(a -z, — x4 - a), (a e A).

«

(i) A is said to be approximately amenable if every continuous derivation D :
A — X' is approzimately inner for every Banach A-bimodule X .
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(iii) A is said to be approrimately contractible if every continuous derivation
D : A — X is approximately inner for every Banach A-bimodule X .

(iv) A is said to be approximately weakly amenable if every continuous derivation
D : A— A is approximately inner.

Example 4.1.2. (i) The group algebra L*(G) is approzimately amenable if and
only if the locally compact group G is amenable.

(i1) The measure algebra M(G) on a locally compact group G is approzimately
amenable if and only if G is amenable.

(iii) If the group G has an open abelian subgroup, then the Fourier algebra A(G)
1s approximately amenable if G is amenable.

(iv) The Fourier algebra A(G) is not approximately amenable for G = Fy, where
F5 is the free group on two generators.

(v) The second dual algebra L'(G)" is approzimately amenable if and only if G
s a finite group.

For details on the above example see [30].

4.1.1 Some general results

Proposition 4.1.3. Let A and B be Banach algebras. Suppose that ¢ : A — B
is a continuous epimorphism. If A is approximately amenable, then so is B.

Proof. We shall show that every continuous derivation D : B — Y is approxi-
mately inner for every Banach B-bimodule Y with the module action given by

a-y=epla)y, y-a=ypa), acA yev.

The map Doy : A— Y is a continuous derivation since for a,b € A,

(Dogp)(ab) = D(p(ab)) = D(p(a)p(b))
= D(p(a))p(b) + ¢(a) D(p(b))
= D(p(a))b+aD(p(b))

= (Dogp)(a)b+a(D o)D)

Since D and ¢ are both continuous, then their composition D o ¢ is a continuous.
Next is to show that this derivation is approximately inner. In fact, this follows
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easily from the hypothesis that A is approximately amenable. Thus, there exist
a net (s,) C X’ satisfying

D(p(a)) = (Do p)(a) = lim(p(a) - s, = 5, - p(a), ac A

v

Thus D is approximately inner and so B is approximately amenable. O]

Remark 4.1.4. If I is a closed ideal of the Banach algebra A, we know that
there is a natural epimorphism between A and A/I. Thus, by Proposition /.1.3,
we expect that the approximate amenability of A can be transferred to A/I. The
following Corollary immediately follows.

Corollary 4.1.5. Let I be a closed two-sided ideal of a Banach algebra A. Then
(i) A/l is approzimately amenable if A is approzimately amenable

(i) A is approximately amenable if I is amenable and A/l is approximately
amenable.

We omit the proof of the following Proposition which is a slight variation of
standard argument which hold for amenable Banach algebras considered in Section
3.3.

Proposition 4.1.6. Let A be an approximately amenable Banach algebra with a
bounded approzimate identity and B an amenable Banach algebra. Then A®B is
approzimately amenable.

Lemma 4.1.7. Let A be a unital Banach algebra with identity e, X an A-
bimodule, D : A — X' a derivation. Then

1. there is a derivation Dy : A —e- X' -e andn € X' such that
(i) |l <2Cx|D],
(it) D= Dy+ 0y,

2. there is a net (s,) Ce-X'-e andn € X' such that
(i) Il < 2Cx| D]
(it) D =0, +limd,,.

Proof. See Lemmas 2.3 and 2.4 of [19]. O

Proposition 4.1.8. A is approzimately amenable if and only if A* is approxi-
mately amenable.
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Proof. Let A# be approximately amenable and D : A* — X’ be a derivation
where X is an A-bimodule. By Lemma 4.1.7, D = Dy +6,. Now, for the identity
e € A*, it follows that D;(e) = 0. Indeed, since D; : A#* — e X' - e, then
there exists ¢ € X’ such that Di(a) = e- ¢ - e for all a € A#. In particular,
Di(e) =e-¢-e and

Di(e) = Dy(e-e) = Di(e)-e+e-Dy(e) = (e-p-e)-e+e-(e-p-e) = e-p-ete-¢p-e = 2D (e)

which gives 2D;(e) — Di(e) = 0. That is, Dy(e) = 0. Thus, the restriction of D,
on A is approximately inner and so A is approximately amenable.

Conversely, assume that A is approximately amenable. Let D : A — X'
be a derivation which we extend to A% by setting D(e) = 0. This extension is
approximately inner on A* and so A* is approximately amenable. H

Let A and B be approximately amenable Banach algebras. We ask if the direct
sum A @ B will also be approximately amenable and if so, under what condition?
A few results have been obtained about this in the literature. In fact, it was shown
in [19] that if A and B each has a bounded approximate identity then .A® B would
also be approximately amenable. The result was then extended to a more general
case of A" @ B* from where the approximate amenablility of the closed ideal
A @ B can be obtained from Corollary 4.1.14 which we shall prove in the next
section. An improvement on this result was given in [20]. Indeed the authors
in [20] proved the sufficiency of the existence of bounded approximate identity
for only one of A or B. By observing a close relationship between the existence
of a two sided approximate identity in approximately amenable Banach algebras
and the approximate amenability of the direct sum of approximately amenable
Banach algebras, they obtained the following result in [20)].

Proposition 4.1.9. Let A and B be approximately amenable Banach algebras.
Suppose that one of A or B has a bounded approximate identity, then A ® B is
approximately amenable.

The result proved by Ghahramani and Read in [21] shows that the condition
of the existence of bounded approximate identity for either A or B cannot be
removed. The authors in [21] constructed a Banach algebra A that has no bounded
approximate identity and then showed that the direct sum A @ A% (where A is
the opposite algebra) is not approximately amenable.

Let A be an approximately amenable Banach algebra, a problem of interest is
to determine whether or not a closed ideal of A can inherit the approximate
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amenability property of A. A major result proved in the following section would
be needed to establish this. Hence, we deal with this interesting problem in the
later part of the next section.

4.1.2 Characterizations
The following propositions are important for this section.

Proposition 4.1.10. The Banach algebra A has a bounded approzimate identity
if and only if A" has a right identity.

Proof. See Proposition 28.7 of [0]. O

Proposition 4.1.11. Let A be a Banach algebra with a bounded approxrimate
identity. A is approximately amenable if and only if every derivation into the
dual of any neo-unital bimodule is approximately inner.

Proof. See Proposition 2.5 of [19]. O

Let 7 : A®A — A be the diagonal operator, we recall that an approximate
diagonal for A is a net (m,) in A®A such that for a € A, a-my — mg-a — 0
and  am(mg,) — a. In the same way, (A®A)" =2 A’@A" and so 7" : (ARA)" —
A", Thus (M,) C (A®A)" can be considered an approximate diagonal for A"
ifa-M, — M, -a — 0 and 7”(M,) — e. We now characterize approximately
amenable Banach algebras in terms of the existence of this net (M,) behaving
like an approximate diagonal for A”.

Theorem 4.1.12. Let A be a Banach algebra. The following statements are
equivalent:

(i) A is approximately amenable.

(ii) There exists a net (M,) in (A¥QA#)" such that a- M, — M, -a — 0 and
7" (M,) — e for each a € A*.

(iii) There exists a net (M) in (A*QA#)" such that a- M, — M, -a — 0 and
7"(M,) — e for each a € A* and every v.

Proof. (i) = (iii).  Let A be approximately amenable, then A# is approxi-
mately amenable by Proposition 4.1.8. First is to note that (A*®A%) is a Banach
A#-bimodule with the module operation defined by

a-b@c)=ab®c, (b®c)-a=b®ca (a,b,cec A¥).
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Also, the second dual (A#®.A#)” is a Banach A-bimodule and in particular
ker 7" C (A¥®.A%) is a Banach A% bimodule. The linear map D, : A# — ker 7"
defined by D,(a) = a-u —u - a is a derivation since for a,b € A#,

D,(ab) = (ab)-u—u-(ab)=a-(b-u)—a-(u-b)+(a-u)-b—(u-a)-b
= a-(b-u—u-b)+(a-u—u-a)-b=a-D,0b)+ Dy(a)-b (a,bec A¥).

Since A* is approximately amenable, then there exists (e,) C ker 7 satisfying

Dy(a) =lim(a-eq —eq-a) (a € A¥).
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Now, write M! = u — e, so that for a € A%,

a-M —M -a = a-(u—e€y) —(Uu—€y-a)=a-u—a-e,—u-a+ey-a

= (aru—u-a)—(a-ey—e€q-a)=Dy(a) = (a-ey—en-a)— 0.
Also, since e, is in ker 7", then for every «,
7' (M) =7"(u—e,) =7"(u) —7"(ea) =7"(u) —0=7"(e®e) =€-e=e.
Thus a- M, — M, -a— 0 and 7"(M,) — e for every v which gives (iii).

(ii) = (i). Assume that (ii) holds. Let D : A#* — X’  then by Proposition
4.1.11, we may suppose that X is neo-unital. For x € X, let p, be the continuous
linear function on A#®.A% defined by

pz(a®b) = (a-Db)(z) (a,be AF)
which we shall write in the form
te(a ®b) = (x,a- Db).

Now, set f,(x)

= M, (u,) for all v. To show approximate amenability, it suffices
to prove that D(a) =1

im, (a- f,— f,-a). Given a € A%, x € X, then for b, c € A%,

Pra—az(b®c) = (z-a—a-x, b-Dc)={(x-a, b-Dc)— (a-xz, b- Dc)
= (x,a-b-Dc)—(x, b-Dc-a)y={(x, a-b-Dc—b-Dc-a)
= (z,a-b-Dc)y—{(x, b-Dc-a)
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and

(ha - —a- pa)(b®c)

b@c, pz-a—a-p)=0®c, ps-a) —(b®c, a-py)
(a-(0@c), pa) = ((b®¢)-a, pa)

(ab® ¢, pg) — (b®ca, pg) = (x,ab- Dc) — (x,b- Dca)
{

{

z,a-b-Dc)y—(x, b-Dc-a+b-c-Da)
x, a-b-Dcy—{(x, b-Dc-a)— (x, b-c- Da).

And so,
Poa-az(D®c)= (g -a—a-u,)(b® c)+ (bcDa)(x).

Thus for (m?) C A#¥®@A# converging weak* to M, and for m € A* @ A# we can
write

fea—az(Mm) = (fe - a —a- pg)(m) + (m(m)Da)(z).
We recall that for a € A, f € A’, the mapping a € A” is given by a(f) = f(a)
and so M, (p,) = lim, (,)(m,). Thus,

(a-f,— f,-a)(z) (w,a-f,— fv-a)=(z,a- f,) —(x. f,-a)
(x-a,f)—(a -z, f,)={(r-a—a-x,f)
fl/(x a4 —a- I) - MV(,U/ma—am) - ligén(,uma—wz)(mu)

lim(yt; -0 — a- p,)(mg) + lim(m(mg) Da) (x)
= My(ts-a—a- pi;) + lim(m(mg) Da)(x)
— (a- M, — M, - a)(u,) + ("(M,)Da) ().

Observe that
|11z (a @ D)[| = [|pzlllla @ bl| = ||l al|[[0]] (4.1)

and
[1z(a @ )| = |[(aDb)(2)[| = llall[| D |b]}]]]- (4.2)

From (4.1) and (4.2), we obtain that ||| = ||D||||z|. Now,
la- fo = fv-a—(Da)(z)] I(a- M, = M, - a)(pa) + (7"(My) Da)(z) — (Da)(z)|

< |l(a- My, — M, -a)(p)ll + (7" (M) Da)(z) — (Da)(z)|

= |l(a- M, =M, - a)|l ()| + [(7" (M) Da)(z) — (Da)(z)|

= |(a- M, = M, - a)|[[|D|[||z|| + |("(My) Da — Da)(z)]

= |l(a- M, = M, - a)|l | Dll[|z]| + [[[(x"(M,) — €) - (Da)](z)]

< (a- My =M, -a)[[ | Dl[||=]| + [|(x" (M) = e)[[ [ Dalll| ()]
— 0.
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Thus D = lim,(a - f, — f, - a). Thus A¥ is approximately amenable and by
Proposition 4.1.8, A is approximately amenable.

It is clear that (iii) implies (ii). O

We now show that direct consequences of Theorem 4.1.12 can be obtained to
avoid the use of an adjoined identity e € A# or by introducing two nets from A"
which behave like a one-sided approximate identity for A. Indeed, the following
Corollary holds.

Corollary 4.1.13. The Banach algebra A is approzimately amenable if and only
if there exists nets (M) C (A®A)", (F,),(G,) C A" which satisfy the condition
that for each a € A

(1) a- M) —M)-a+F,®a—a®G, =0,
(it) a-F, »a, G,-a—a and
(iii) 7" (M))-a—F,-a—G,-a—0.
Proof. Let (M!) C (A®A)", (F,), (G,) C A” and (c¢,) C C be nets such that
M,=M—-F,®e—e®G,+ce®e (4.3)
where (M,) is the same net in Theorem 4.1.12. Since 7”(M,) — e by Theorem
4.1.12, then applying 7" to Equation (4.3), it follows that
™' (M,) = 7"(M!-F,®e—e®G,+ce®e)
= 7'(M!)—7"(F,®e)—1"(e®G,) +n"(cLe®e)
' (M))—F,-e—e-G,+ce-e=7"(M))—F,—G,+c,.
Thus 7" (M) — F, — G, + ¢,e — e from where ¢, — 1 and
' (M))-a—F,-a—G,-a— 0.
Also, from Theorem 4.1.12, it follows that for a € A,
a-M,—M,-a = a- (M —F,®e—e®G,+ce®e)
- M]-F,®@e—e®G,+ce®e)-a
= a-M —a-F,e—a®G,+a-ce®e
- M} a+F,®a+e®G,-a—ce®a
= a- M —-M-a+F,®a—a®G,
a-F,@e+e®G,-at+a-ce®ke—ceRa
—0
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whence ¢, — 1,
a-M'-M"-a+F,®a—a®G, —0,

and
a-F,—a G, -a—a.

Conversely, assume that (i), (i¢) and (iii) hold, then we prove that A is ap-
proximately amenable. Define M, = M — F, ® e — e ® G, + ¢,e ® e where
(M) C (A®A)", (F,), (G,) ¢ A" and (c,) C C with ¢, — 1. Tt suffices by
Theorem 4.1.12 to show that there exists a net (M,) C (A®.A)" such that for
eachae A, a-M,— M, -a— 0and 7"(M,) — e. Now, by using (i) and (i7)
and the fact that ¢, — 1, it follows that

a-M,—M,-a = a-M'—a F,Qe—a-e®G,+a-ce®e
—(Ma—F,®ec-a—e®G,-a+ceRe-a)
= a- M —-a-F,e—a®G,+a-c, Qe
~M" - a+F,®@a+exG,-a—ce®a
= a- M —M! a+F,®a—a®G,
—a-F,Qe+exG,ra—ce®@Ra+a-c, Qe
—-0-—a®e+eRka—eRa+a®e=0.

Moreso, applying «#” on M, and ¢, — 1 gives

(M, = 7'M/ -F,®e—e®G,+ce®e)

14

M —7"(F,®e)—n"(e®G,) +7"(cLe®e)

That is, #"(M,) — e = n"(M]) — F,, — G,. Multiplying by a from the right and
using (7i1), it follows that

' (M,)-a—e-a=7"(M))-a—F,-a—G, a—0.
Thus, 7"(M,)-a —e-a=aor " (M,) — e. O

Observe that we have shown 7 (M,) — e and not that a = 7”(M,)-a for alla € A
which would have implied by the continuity of the first Arens product that it holds
for all a € A”, so that A” would then have a right identity and necessarily by
Proposition 4.1.10, A would have a bounded left approximate identity. Analogous
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argument would have been made for a bounded right approximate identity for A
and then we would have concluded that every approximately amenable Banach
algebra has a bounded approximate identity. But this may not be true. In fact
many authors have given this as open problems and conjectures, for example see
[19] and [21]. We now turn to our question of interest: Can a closed ideal of
an approximately amenable Banach algebra be approximately amenable? The
following Corollary gives an affirmative answer for closed ideals with bounded
approximate identity.

Corollary 4.1.14. Let A be an approzimately amenable Banach algebra and let
I be a closed two-sided ideal with a bounded approximate identity. Then I is
approzimately amenable.

Proof. By our hypothesis, there is a bounded approximate identity for /. So by
Proposition 4.1.10, I” has a right identity F such that a - £ = F -a = a for
all @ € I. We only need to show that there exists nets (M), (F)), (G) which
satisfies the conditions (i) to (ii7) in Corollary 4.1.13. Define M| = E-M, - E €
(I&I)", F.=E-F,el", G, =G, E € I" where the nets (M,), (F,) and (G,)
are as given in Corollary 4.1.13 for A. That is for all a € A,

i)a-M,—M,-a+F,®a—a®G, =0,
(i) a-F, —a, G, -a—a and

(iii) #"(M,)-a—F,-a—G,-a— 0.
Indeed, for a € I,

a-M,—M,-a+a-F,®a—a®G, = a-E-M,-E—E-M,-E-a
+FE - F,®a—a®G, - FE
= F-(a-M,—M,-a+F,®a—a®G,) FE
— 0.

Also,

a-Fl=a-E-F,=a-F, —a, G =G, -E-a=G,-a—a
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and

M)-a—FE-F,-a—G,-F-a = 7' (F-M,-E)-a—FE-F,-a—G,-FE-a
= FE-7"(M,))-E-a—FE-F,-a—G,-E-a
= E-7#"(M,)-a—E-F,-a—G,-FE-a
= E-7#"(M,)-a—E-F,-a—E-G,-a
+E-G,-a—G,-E-a

= E-(n"(M,)-a—F,-a—G,-a)
+HE-1)G,-a
— 0

4.2 Relationship between some Notions of
Amenability

The following theorem due to Gourdeau [22] shows that every amenable Banach
algebra is approximately contractible and conversely.

Theorem 4.2.1. Let A be a Banach algebra and let X be a Banach A-bimodule.
Then the following statements are equivalent:

(i) A is amenable.
(ii) H'(A, X") = {0} for every X.

(i1i) Every derivation from A into X is the limit of a net of inner derivation such
that the implementing nets are bounded. That is, there exists a bounded net
(xq) C X such that

D(a) =lim(a - x4 — x4 - a), (a e A).

[0

Proof. See [9]. O

Theorem 4.2.2. Let A be a commutative Banach algebra. If A is approzimately
amenable then A is weakly amenable.
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Proof. Let D be a continuous derivation on A and let X be a Banach A-bimodule.
Since A is approximately amenable then there exists a net (s,) C X’ such that
D(a) = limy(a - sq — Sq - a). Since A is commutative, then by Proposition 3.4.2,
it follows that D = 0. This happens for every Banach A-bimodule and so by
setting X = A, we obtain that A is approximately weakly amenable. But an
approximately weakly Banach algebra is weakly amenable. Hence, A is weakly
amenable. O

The following theorem and proof are due to [20].
Theorem 4.2.3. Let A be a Banach algebra, then the following are equivalent:
(i) A is approximately contractible.
(i1) A is approximately amenable.
(i1i) A approzimately weakly amenable.
(iv) A is weak*-approzrimately amenable.

Proof. 1t suffices to show that (iv) = (4).

Suppose that (iv) holds, that is, A% is weak*-approximately amenable. By fol-
lowing the classical argument of Theorem 4.1.12, there is anet (M,) C (A¥QA%)"
such that for each a € A, a-M, — M, -a — 0 and 7"(M,) — e in the weak*-
toplogy of (A#®.A%)" and A" respectively.

Now take € > 0, and finite sets FF C A#, & C (A#), and N C (A¥QA*).
Then there is v such that

a-f—=Ff-a, M) =|{f,a- M, =M, a)<e

and
(o, 7"(M,) —e)| <€

forallae F,¢p € ®and f € N.
By Goldstine’s theorem, and the weak*-continuity of 7”, there is m € A% ®.A4%
such that

[(fra-m—m-a)|=[{a-f—f-am) <e and [(¢,7(m)—e€)| <e

foralla e F,p € ® and f € N.
Thus there is a net (m,) C A¥®A* such that for every a € A, a-my—my.a —
0 and 7(my) — e, weakly in A#¥@A# and A# respectively.
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Finally, for each finite set F' C A%, say F = {a1, -+ ,a,},
(ay-my—my-ay, Q- my —my - ay,m(my)) — (0,---,0,¢)
weakly in (A#@A#). Thus
(0,---,0,e) €™ {(ay - my —my -y, - ,ap - My — My - Gy, T(My))}.

The Hahn-Banach theorem now gives that for each € > 0, there is u. r € co{m,},
such that

|la-tuer —ucp-all <e and |[m(ucr)—el <e

for a € F. Thus, (i) holds. O
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Chapter 5

Some Notions of Amenability on
Segal Algebras

The notions of amenability discussed in the previous two chapters are for gen-
eral Banach algebras. Several authors have studied these notions of amenability
for different classes of Banach algebras. For examples, group algebra, measure
algebra, Fourier algebra, semigroup algebra, Banach algebra of bounded linear
operators on Banach space and some of its closed ideals which are also Banach
algebras and Segal algebras. There are relationship between the structures of
these algebras and these notions of amenability. In this chapter, we consider a
class of Banach algebra called the Segal algebras and study some of these notions
of amenability on them and also give some relationship that exist between these
notions of amenability and the structures of this class of Banach algebras.

5.1 Segal Algebras

Segal algebras which are subalgebras of the group algebra L'(G) were first intro-
duced and extensively studied by Reiter in [11], [12] and [13]. Although notable
examples of what is now called Segal algebras were first introduced by Wierner in
1932 but it was in 1947 that Segal observed their intrinsic abstract structure.

Definition 5.1.1. Let A be a Banach algebra and B a subalgebra of A such that
(S1) B is a left dense ideal in A;

(S2) (B,||.Ilg) is a Banach algebra;
(S3) there exists K > 0 such that ||b||4 < K||b||s for each b € B;
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(S4) there exists C > 0 such that ||ab||g < C||a||4]|bl|s for each a € A, b€ B.

Then B is called an abstract segal algebra on A or with respect to A. Let G be a
locally compact group. Suppose that A = L'(G) then the subspace S(G) of L'(G)
15 called a Segal algebra if the following conditions are satisfied:

(s1) S(G) is dense in L'(G);

(s2) (S(G),||-llsw)) is a Banach space and there exists K > 0 such that
1A ller@y < Kll flls@) for all f & S(G);

(s3) S(Q) is left translation invariant (f € S(G) = L, x f € S(G) Yz € G)
and the map x — L, * [ from G into S(G) is continuous for all f € S(G)
where Ly x f(y) = f(x7'y),y € G;

(s4) the Segal algebra norm is left invariant, that is, ||Ly * f|ls@) = || fllsw) for
all f € S(G) and x € G.

Remark 5.1.2. The following can be deduced from the above definition.

(i) Every Segal algebra is an abstract Segal algebra with respect to L*(G) but the
converse is not true. Thus the class of abstract Segal algebras generalizes the
class of classical Segal algebras. Consequently, most results which are proved
for abstract Segal algebras can be applied to the classical class. We give an
example of an abstract Segal algebra which is not a classical Segal algebra in
Ezample 5.1.4(v).

(i1) S(G) is called a proper Segal algebra on G if it is a proper subalgebra of

LYG).

(iii) In the case that G is discrete, then the only Segal algebra S(G) is L'(G)
itself.

() S(G) has an essentially unique norm, that is, if ||.|| is any other norm on

S(Q) satisfying (s2) and (s4) above, then there exists a constant M > 0 such
that M~ flls) < IfIl < M| flls@)Vf € S(G).

(v) Suppose that Si(G) and S2(G) are Segal algebras such that S1(G) C So(G),
then by using (s2), there exists k > 0 such that || f||s,c) < k|| f|si@)- In
general, let S;(G), (i = 1,2,---,n) be Segal algebras on a locally compact
group G such that

S1(G) € S5(G) € S5(G) € -+ € S,(G) € LY(G)
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then there exists, by induction, k; > 0, (i = 1,2,--- ,n) such that
i) < kallfllsne) < kol fllsaiie) < - < kall fllsue-

(vi) A symmetric Segal algebra is a Segal algebra which satisfies the following
additional properties:

(s3") S(G) s right translation invariant, that is, for all x € G and each
feS@), feSG) = R.xfeS(G) and the map x — R, x [ of

G into S(G) is continuous

(s4") the Segal algebra norm is right translation invariant, that is, ||R, *

s = I flls) for all f € S(G) andy € G.

By changing L, to R, and the order of convolution in the proof of a result which

holds for a symmetric Segal algebra, we can obtain corresponding results for a
(not necessarily symmetric) Segal algebra as the following proposition from [11]
shows.

Proposition 5.1.3. (i) Segal algebras S(G) are left ideals of L'(G) and
lg = flls) < gl I flls@, (9 € LNG), fe€S(G)).

(i) (S(G),|-lls(e)) is a Banach algebra.

(ii1) A symmetric segal algebra is both left and right ideal of L'(G) and

I1f *glls@) < gl fllsw), (g€ LNG), feS(G)).
Example 5.1.4. Let G be a locally compact group.
(i) LY(G) is a trivial Segal algebra.

(44) For 1 <p < oo, the Banach space (L'(G) N LP(G), ||.|lr1q) + |-l zee) is a
Segal algebra.

(i17) Let f € L'(R). Denote by [~ (for 1 < p < o0) the Fourier transform of
f. Then, the space A, consisting of all f € L*(R) such that f~€ LP(R)
equipped with the norm || f|| o) + || f 71| zew) is a Segal algebra.
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(iv)

Suppose that G is an abelian group and H is a discrete subgroup of G such
that the quotient G/H 1is compact, that is, G = KH for some compact set
K C G. Then the space Sy of all continuous functions on G defined by

So={feL}G): f(u) = Zmea%]f(uxyﬂ,u € G and f is bounded}

heH

and equipped with the norm
Iflls0 = ilég};rggglf(wyﬂ

is a Segal algebra.

Let A be the algebra of all completely continuous operators on L*(R) with
the usual operator norm and let B be the algebra of all operators of Hilbert-
Schmidt type. That is, T € B if there exists K(x,y) € L*(R x R) such that
K(z,y) = K(y,x) and

Tf(z) :/K(x,y)f(y) dy, almost everywhere.
R

ForT € B let |T|3 = [ [z |K(x,y)|?dedy. Then B is an abstract Segal
algebra but not a (classical) segal algebra. For details, see [7]([10],p. 34).

It is important to note that Segal algebras are not amenable except for the trivial
case when the S(G) = L*(G) where G is amenable (see [30]).

5.2 Some Results on Segal Algebras

In this section, we discuss the character amenability and character contractibility
on some Segal algebras.

We have defined abstract Segal algebras in Section 5.1. We give detailed proofs
of the following results from [1].

Theorem 5.2.1. Let A be a Banach algebra and let B be an abstract Segal algebra
with respect to A. Then the following statements are equivalent:

(i) B is character amenable.

(11) A= B and A is character amenable.
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(1ii) A is Banach algebra isomorphic to B and A is character amenable.

Proof. (i) = (i1). Since B is character amenable, then by Proposition 3.5.41(i),
B has a bounded approximate identity (e, ). Since B is an abstract Segal algebra
then by definition 5.1.1, then for each b € B, there exists K > 0 such that

1]l < KI|b]ls (5.1)
and for each a € A, b € B, there exists C' > 0 such that

lablls < Cllallallbs-

Thus, for each a € B,
lalls = lim [lacq |5 < Clla] aTim inf [leq s < C (Sup ||6a||z3) lalla- (5.2)

It then follows from (5.1) and (5.2) that the two norms ||.|| 4 and ||.||z are equivalent
on B. And since B is dense in A, then A = B. Since B is character amenable,
then A is also character amenable.

(11) == (i4i). Since B is an abstract Segal algebra with respect to A implies
that there exists K > 0 such that ||a||4 < Kla||s for each a € A. Then by the
open mapping theorem, the map @ : A — B is an isomorphism.

(7i1) = (i). The isomorphism ¢ : A — B is a continuous homomorphism
with dense range and since A is character amenable then by Proposition 3.5.42(i),
B is also character amenable. O

Let A be a Banach algebra and B be an abstract Segal algebra on A. Since B is
a left ideal of A by definition, then the set o(B) of all non-zero characters on B is
a subset of o(A). In fact, the characters on B are precisely the restriction of the
characters on A to B. Indeed, the following holds.

Lemma 5.2.2. [I] Let A be a Banach algebra and let B be an abstract Segal
algebra with respect to A. Then o(B) = {¢|s: ¢ € 0(A)}.

Proof. B is dense in A implies B = A, that is ¢(B) = p(A) # 0. Consequently,
©lg # 0, that is, ¢|g € o(B). It remains to show that for any ¢ € o(B), there is a
unique extension ¢ € A. Let ¢ € o(B), then for each b € B there is a i/ € B such
that ¢(b') = 1 and ¢(b) = ¢(bb'). Since B is a Segal algebra, there exists C' > 0
such that ||bb'||s < C||b]| 4]|V|| 5 for each b € B and consequently

|6(b)] = [6(0)p(B)] = p(bb)] < [|@[[[[6b']] < C|b]].al|6']]5-
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Thus ¢ is continuous on (B, .|| 4). Since B is a dense subspace of A, then the
extension of ¢ to ¢ € o(A) is unique.
[l

Remark 5.2.3. Lemma 5.2.2 shows that every character on B is also a character
on A, that is o(B) C o(A). Thus, for each ¢ € B, if A is p-amenable, then
necessarily B is p-amenable. The following Proposition 5.2.5 gives a characteri-
zation of the character amenability of B in terms of the character amenability of
A. We shall need the following Lemma.

Lemma 5.2.4. [27] Let A be a Banach algebra and ¢ € o(A). Then A is p-
amenable if and only if there exists a bounded net (u,) C A such that ||au, —
p(a)uy|| — 0 for all a € A and o(uy) =1 for all a.

Proposition 5.2.5. Let A be a Banach algebra and let B be an abstract Segal
algebra with respect to A. Then A is p-amenable if and only if B is ¢|s-amenable
for each ¢ € o(A).

Proof. Let A be p-amenable. Then by Lemma 5.2.4 there exists a bounded net
(ay) in A such that for all @ € A and «,

|laas, — p(a)ay]| — 0, olay) = 1. (5.3)
Fix by € B such that ¢(by) = 1 and set
bo = asby € B

for all . Since B is an abstract Segal algebra with respect to A, then (b—p(b))a, €
A and there exists C' > 0 and K > 0 such that for each b € B,
1bobol[s < Clbo].allbolls (5.4)

and
boll.a < K||bo|5- (5.5)

Consequently, using (5.4), (5.5) and Lemma 5.2.4, we have

160 — (B)balls = llbasby — ¢(b)aabills = [I(b — @(b))aabylls
< |[(b=@(b)aall allbobolls < Cll(b = ¢ (b))aal.allbollallbolls
< CKJ(b—p(b)aallallbollsllbolls — 0.
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and

@(ba) = p(aaby) = ¢(aq)p(bobo) = (aa)e(bo)p(bo) = ¢laq) — 1

Since (ay) is ||.|| 4-bounded, it follows that (b, ) is ||.||z-bounded. Thus, there exists
a bounded net (b,) such that for all a € A, ||bb, — ¢(b)ba||z — 0 and ¢(b,) — 1
and by Lemma 5.2.4, it follows that B is ¢z-amenable.

Conversely, similarly we assume that B is ¢p|g-amenable and then show that
there exists a bounded net satisfying the conditions in Lemma 5.2.4. Let B be ¢|3-
amenable, then there is a bounded net (b,) in B. Fix by € B such that ¢(by) = 1
and set

Qo = bgby,

for all . Since B is a Segal algebra, there exists K > 0 such that for each a € A,

laae — @(a)aql| = |laboba — ¢(a)boba|

= [labobe — ¢(a)p|5(bo)ba + ¢(a)p|s(bo)ba — ¢(a)bobal.4

< laboba — @(a)@]5(bo)balla + lle(a)pls(bo)ba — w(a)boball 4
l[aboba — w(a)@ls(bo)balla + |¢(a)lll¢]5(bo)ba — boballa
[aboba — ¢[5(abo)balla + |¢(a)llle]s(bo)ba — boball.a

< K(|laboba — ¢ls(abo)balls) + |¢(a)|l[l5(bo)ba — boball 4

< K*([laboba — ls(abo)balls) + lp(a)lllboba — ©l5(bo)balls

— 0.

Also,
p(aa) = p(boba) = ¢l5(bo)¢l5(ba) = ¢|5(ba) — 1.

Since B is a Segal algebra over A, then ||.||4 < K]||.||5 so that (a,) € A is bounded
net in the norm ||.||4. The result then follows from Lemma 5.2.4. O

Corollary 5.2.6. Let A be a character amenable Banach algebra and B a Segal
algebra with respect to A. Then

(i) B is character amenable if and only if A = B.
(i1) for every v € o(B), B is p-amenable.

(i) |l < ¢l for all p € o(B) and ¢ € o(A).

We now establish an analogue of Proposition 5.2.5 for the character con-
tractible Banach algebras with a different method of proof. We begin with the
following basic definition.
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Definition 5.2.7. Let A be a Banach algebra and ¢ be in the character space of
A. We say that A is p-contractible if A has a @-diagonal.

Proposition 5.2.8. Let A be a Banach algebra and B be a Segal algebra with
respect to A. For each ¢ € o(A), A is p-contractible if and only if B is |-
contractible.

Proof. Let A be a p-contractible Banach algebra. Then A has a ¢-diagonal. Let
M € A®A be a ¢-diagonal for A, then for all a € A,

o(r(M)) =1 and an(M) = p(a)m(M) (5.6)

where 7 : A®A — A is the diagonal operator. B is a Segal algebra implies that
B is a left dense ideal in A. Thus there exists by in B C A satisfying ¢(by) = 1.
Define

by :=bom (M) € B. (5.7)

Then, by using (5.6) and (5.7), we can write

Also,
@(b1) = @(bom(M)) = p(bo)p(m(M)) = (m(M)) = 1.

Clearly, gD(’ﬂ'(bl X bl)) = gO(blb1> = gD(bl)QO(bl)A: 1and b- (bl & bl> =b- b1 & b1 =
©(b)by @ by = p(by @ by). Thus, (by ® by) € BB is a p|g-diagonal for B and so B
is |p contractible.

Conversely, we assume that B is o|s-contractible. Let m € B®B be a ¢|s-
diagonal for B, then m(m) - m = m and ¢(7(m)) = 1. Since B is a left ideal of A
then am(m) € B for all a € A. Now,

a-m=a-(m(m)-m)=ar(m) -m=pla)m

for all a € A. Thus m is a p-diagonal for A.
[

Proposition 5.2.9. Let G be an amenable locally comapct group and S(G) be an
(abstract) Segal algebra with respect to L'(G). Then

1. S(G) is character amenable if and only if S(G) = L'(G).
2. S(G) is p-amenable for all p € o(S(Q)).
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Proof. G is amenable implies that L'(G) is amenable ([24] Theorem 2-5, p. 32).
Since every amenable Banach algebra is character amenable, then L!(G) is char-
acter amenable. The result then follows from Corollary 5.2.6 since every Segal
algebra is an abstract Segal algebra. O]

Theorem 5.2.10. Let G’ the dual of a locally compact group G. Then the fol-
lowing are equivalent statements:

(i) G is compact.
(11) Every abstract Segal algebra on G is ¢,-contractible, p € G'.
(1it) There exists an abstract Segal algebra on G which is ,-contractible, p € G'.

Let GG be a locally compact group and let G’ be the dual of G. For 1 < p < oo,
the space S,(G) of all functions f € L'(G) defined by

Sp(G) = {f € L'(G): f € I"(G")}
and equipped with the norm

1l = 1+ 1l (f € Sp(@))

where f denotes the Fourier transform of f on G’ is a Segal algebra.

Proposition 5.2.11. Let G and H be locally compact abelian groups, and let
1 < p < oo. Assume that the Segal algebras S,(G) and S,(H) are both character
amenable. Then S,(G x H) is character amenable.
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Chapter 6

Collection of Results

In this chapter, we give a collection of results on some of the notions of amenabil-
ity discussed in third and fourth chapters of this dissertation for general Banach
algebras and for Segal algebras. These results serve as our contribution to knowl-
edge.

6.1 Results on General Banach Algebras

The following lemma and theorems which are due to Curtis and Loy [8] are im-
portant in the sequel.

Lemma 6.1.1. Let A be a unital Banach algebra. Then the short exact sequence
H 10> kerm 5 ARA D A — 0

is admissible. Suppose A has a bounded left or right approximate identity, then
[T is admissible.

Theorem 6.1.2. Let A be an amenable Banach algebra, and let
S:0-XLySH 7250

be an admissible short exact sequence of left or right A-modules with X' a dual
A-module. Then X splits.

Proposition 6.1.3. Let A be a Banach algebra with bounded approximate iden-
tity, X a left (or right) Banach A-module, f a left (or right) A-module homomor-
phism of A onto X with kernel J. Then the exact sequence

S0 x DAl o
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splits as a sequence of left (or right) A-modules if and only if the left (or right)
ideal J has a bounded right (or left) approzimate identity.

Theorem 6.1.4. Let A be a Banach algebra and 7 : AQA? — A be the diagonal
operator. Then A is amenable if and only if

(i) A posseses a bounded approzimate identity and
(i) the closed left ideal ker m posseses a bounded right approximate identity.
We now establish the main theorems of this section.

Theorem 6.1.5. The Banach algebras A and B are amenable if their direct sum
A & B is amenable.

Proof. Fix b € B and define a canonical projection mapping ¢ : A& B — A by
¢(a,b) = a. Then ¢ is a continuous homomorphism with dense range. To see
this, let (aq), @ € A be a net in A such that there exists an a € A for which
|ao — al| = 0. Then

[¢(aa,b) — d(a,b)| = |laa —al = 0.

Thus ¢p(aa,b) — a and so ¢, is continuous. By the definition of ¢y, ¢(A S B) =
A. Also, for (a,b),(c,d) € A® B,

(ZS((a’v b) (Cv d)) = ¢(acv bd) =ac= ¢(a7 b)‘b(cu d)

so that ¢ is an homomorphism. It then follows that 4 is amenable by Proposition
3.2.4. The proof of the amenability of B is similar if one considers an homomor-
phism ¢ : (a,b) — b. O

Remark 6.1.6. Let ®A | be the direct sum of the Banach algebras A; (i =
1,2,---,n). If A, is amenable, then for eachi=1,2,--- n, A; is amenable.
This follows easily by induction.

Theorem 6.1.7. Let I be an amenable closed subalgebra of a Banach algebra A.
Then for any Banach A-bimodule X, there exists a derivation D : A — X' such
that D(I) = {0}.

Proof. Let D : A — X’ be a derivation. Since [ is amenable, then there exists
¢ € X' such that the restriction D|; = ¢/. Define D = D — 524, where 5&4 La
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a-(—(-a. Then 524 is a derivation and so for a,b € A, it holds that

D(ab) = (D — 6)(ab) = D(ab) — 67 (ab)
(D(a)b+ aD( ) = (68 (a)b + adf (b))
(D(a) = 62(a))b+ a(D(b) — 67(b))
(D — ¢ )( )b+ a(D — 5)(b)
= D(a)b+ aD(b).

Thus D is a derivation on A. Finally, we show that D(I) = 0. Since [ is amenable,
it follows that

D(I) = (D = d/)(I) = D(I) =)
— §1(I) = oK(I) = {o}.

6.2 Results on Segal Algebras

The following results from [15] are useful in establishing our main result in this
section. We shall denote by All4 a Banach algebra A with respect to norm ||.|| ,
and write A? for A - A, where A- A= {bb:be A}.

Lemma 6.2.1. Let A be a Banach algebra such that A- A = A and B be an

abstract Segal algebra with respect to A. Then the closure @ll'lls 15 an abstract
Segal algebra with respect to A.

Theorem 6.2.2. Let A be a Banach algebra with a bounded approximate identity

and let B be a symmetric abstract Segal algebra with respect to A . Then @”'HB I8
a symmetric Segal algebra with respect to A such that there exists an approzimate

identity for ?H'”B which is also a bounded approximate identity for A.

Theorem 6.2.3. Let A be an amenable Banach algebra and B a symmetric ab-

stract Segal algebra on A. Then ?H'”B is a symmetric abstract Segal algebra on A
and is amenable.
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Proof. By Theorem 6.2.2, @H'”B has a bounded approximate identity and hence
factors by Cohen factorization theorem. Also since A is amenable, it has a

bounded approximate identity, and so A = A - A. Then by Lemma 6.2.1, @”'HB
is an abstract Segal algebra which is symmetric since B is symmetric. Now, B? is
dense in A since A = A- A = BB — B4 s B2 s 4 dense ideal in
A. The result then follows from Proposition 3.3.12. O

We recall that a Banach algebra A is pseudo-amenable if has an approximate
diagonal.

Theorem 6.2.4. Every amenable SIN group is compact.

Proof. 1t suffices to show that every amenable SIN group is compact. Let G be an
amenable SIN group, then from standard results in [30], the Segal algebra S'(G)
is pseudo-amenable if and only if G is compact. Also, S'(G) is pseudo-amenable
if G is a SIN group. Hence the result. m

6.3 Concluding Remarks

Generally, this dissertation presents a comprehensive study on the following ma-
jor areas: the general theory of Banach algebras, some notions of amenability in
Banach algebras, some characterizations and hereditary properties of these no-
tions for arbitrary Banach algebras and for Segal algebras. Chapter 2 contains
adequate background material on Banach algebra theory. Chapter 3 contains a
discussion on some notions of amenability for an arbitrary Banach algebra. In
particular, various characterizations and hereditary properties of amenable Ba-
nach algebras, contractible Banach algebras, weakly amenable Banach algebras,
character amenable Banach algebras and character contractible Banach algebras
are studied. Theorems 3.3.1 and 3.3.2 characterize the notion of amenability in
terms of the existence of bounded approximate diagonal, virtual diagonal and
splitting of a short exact sequence. In Chapter 4, important characterizations of
generalized notions of amenability for general Banach algebras via the existence
of certain nets satisfying some special conditions are considered. Some relation-
ships between the following notions: approximate weak amenability, approximate
contractibility, approximate amenability and weak amenability are also estab-
lished. The conditions under which some weaker notions of amenability imply the
stronger ones are also presented in this chapter. Chapter 5 contains an elegant
discussion on Segal algebras. We studied some notions of amenability for a class of
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Banach algebras called Segal algebras. In Chapter 6, some new results for general
Banach algebras and Segal algebras are obtained and discussed. The results in
this chapter serve as our contribution to knowledge.
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