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Abstract. We give sufficient conditions and necessary conditions for a Banach
algebra, which is ¢;—graded over a semi-lattice, to be biflat or biprojective. As an
application we characterise biflat and biprojective discrete convolution algebras for
commutative semi-groups.

1. Introduction. The concepts biprojective and biflat, to be defined in the next
section, are instances of homological triviality. One of the basic issues of (Banach-
algebraic) homology is to measure obstructions to lifting and extension problems. Let
2 be a Banach algebra. An injection, respectively surjection,

0—>X—>YorY—>Z—->0

of Banach 2A—bimodules X, Y,Z is admissible if it splits as Banach spaces.
Biprojectivity of 2l is the property that all lifting problems

s/
s/
s
Vg

Y—Z——0

can be solved when ¥ — Z — 0 is admissible. Biflatness is the property that all lifting
problems
/s
o
/s
2

Y —X*——>0

can be solved when 0 — X — Y is admissible. The most important instance of
homological triviality is that of amenability, the concept introduced in [11]. Recall
that 21 is amenable, if and only if 2 is biflat and has a bounded approximate identity
(see [9)).
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These notions of homological triviality have been explored in various classes of
Banach algebras. At focus in this paper is the class of discrete convolution algebras. Let
S be a semi-group. The discrete convolution algebra £!(.S) is the Banach algebra with
the universal property that for each Banach algebra 2 and each bounded multiplicative
map ¢: S — 2 there is a unique Banach algebra homomorphism ¢: £!(S) — A
completing the diagram

()

1%

S——

where ¢: S — £1(S) is the canonical embedding of S into the set of point masses in
£1(S). Inasmuch as the unit ball in a Banach algebra is a semi-group w.r.t the algebra
multiplication, discrete convolution algebras is perhaps the most basic class of Banach
algebras to be considered in the endeavour to understand general Banach algebra
properties. With this perspective it is also important that results about algebras £ (S) are
obtained with a minimal appeal to specific semi-group properties. In a recent treatise
([4]), a rather encompassing account of Banach algebraic properties of semi-group
algebras is given, in particular, the authors conclude the description of amenability in
terms of algebraic properties of the semi-group ([4, Theorem 10.12]).

Recently, the other notions of homological triviality, biprojectivity and biflatness,
have been investigated. In [1] Choi characterises biflatness of £(.S) when S is a Clifford
semi-group. In particular when S is a semi-lattice he shows that £,(S) is biflat if and only
if it is biprojective, if and only if sup{#(sS) | s € S} < +00 (uniform local finiteness),
where # denotes cardinality.

In this paper, we investigate biflatness and biprojectivity of Banach algebras which
are £;-graded over a semi-lattice. Such algebras, with a slightly more restrictive notion
than ours, were introduced in [2] as a Banach-algebraic version of strong semi-lattice
diagrams of semi-groups, cf. [10, Cpt.IV]. They form a framework incorporating
many examples of semi-group algebras, notably Clifford semi-group algebras. Finite
semi-lattice graded algebras have also been studied by Ghandehari et al. in their
work on amenability constants ([7]). Our main result characterises biflatness and
biprojectivity of certain semi-lattice ¢;-graded Banach algebras in terms of the
constituents (Theorems 4.4 and 4.6). Our techniques require a condition that facilitates
passing from the constituents to the full ¢;-graded algebra. With this condition
biflatness and biprojectivity can be viewed as local amenability respectively local
contractibility. The results of [7] on amenability constants for finite semi-lattices of
Banach algebras are instrumental in this.

As an application, we prove that if S is commutative, then £,(S) is biflat if and only
S is a Clifford semi-group on a uniformly locally finite semi-lattice, and biprojective if
and only if in addition each (maximal) subgroup of S is finite.

Note: After this work was completed the paper [13] has come to our knowledge.
In this Ramsden establishes the above mentioned uniform local finiteness as a general
necessary condition for biflatness of discrete convolution algebras and gives a complete
characterisation of biflatness in the case of inverse semi-groups.

2. Preliminaries. In this section, we establish notation and define basic concepts.
For Banach spaces X and a subset M C X the closed linear span of M is cl(M).
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For a Banach space Y, the Banach space of bounded operators X — Y is B(X, Y)
with the uniform norm. We use X* for B(X, C), the dual space, and use (x, x*), x €
X, x* € X* to denote the duality.

A (closed) subspace E C X is weakly complemented if E* = {x* € X* | (e, x*) =
0Ve € E} is complemented in X*. This is equivalent to the existence of r € B(E*, X*)
such that «* o r = idg+, where t: E — X is the inclusion.

The projective tensor product is denoted X®Y and there are isometric
identifications (X® Y)* = B(X, Y*) = B2(X, Y), the latter being the bounded bilinear
forms on X x Y. According to this identification, we write

xXx®y, @) =y, P(x)) =P(x,y), xeX,yeY

for ® € (XQY)*.

If (f, )r is a bounded net in a dual Banach space it has a w*-cluster point. To avoid
tedious repetitions of the phrase ‘by passing to a subnet, if necessary, we may assume
that (f,)r is w*-convergent’, we shall make the tacit assumption that all bounded
nets have been chosen to be w*-convergent, and thus without further comment write
w*-1im, f, . For example, for a bounded net ¢, € B(X, Y*) we have

(- lim by )(x) = wh-lim(@, (x),  x e X

where w*-1lim,, on the left refers to the X ® Y-topology on B(X, Y*) and on the right
to the Y-topology on Y*. Thus we may without ambiguity write w*-lim, ¢, (x). This
will also be used without further comment.

We shall use « for the canonical embedding X — X™** given by (x*, k(x)) =
(x, x*), x € X, x* € X* and, if necessary for emphasis, k.

For a Banach algebra 2 we denote the category of left Banach 2-modules and
bounded module homomorphisms by 2lmod. The Banach space of bounded left module
homomorphisms N — M, N, M € 2mod is oh(N, M). The corresponding right and
bi- module versions are mod2(, hy (N, M) and Amod®l, gohgy (N, M), respectively. If
X € 2mod the dual action of 2 gives X* € mod2 and similarly for right and bi-
modules.

The multiplication on a Banach algebra 2 is denoted IT: 2A®2 — 2 or, if needed
for emphasis, Tg.

We recall the basic homological concepts and facts needed for the paper. For
details we refer to [9].

DEFINITION 2.1. A Banach 2l algebra is biprojective if Ty is a retraction in Amod%2(,
i.e. if there is p € ghy (A, ARA) such that Iy o p = idg. Such a map will be termed a
splitting of the multiplication on 2.

A Banach 2l algebra is biflat if IT} is a coretraction in 2mod\, i.e. if there is
o € ahg (ARA)*, A*) such that p o [T}, = idy-. This is equivalent to the existence of
p € ahg (2, (ARA)**) such that [T} o p = k. In either version we shall refer to p asa
weak splitting of the multiplication on 2.

For X € 2Amod®( the closed subspace of B(2l, X) consisting of module derivations is
denoted Z1(2, X). The Hochschild coboundary map §: X — Z'(A, X)isx +— (8,: a
a.x — x.a). The image of § is precisely the subspace of inner derivations.

The Banach algebra 2 is amenable if §(X*) = Z'(2, X*) for all X e Amod2A. This
is equivalent to ‘A has a virtual diagonal’, i.e. an element A € (AQ2)** such that

aA—Aa=0, all"™(A)=«k(a), aec
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It is also equivalent to ‘% is biflat and has a bounded approximate identity’.

These concepts will in particular be studied in the context of semi-group algebras.
We recall the well-known definition.

DEFINITION 2.2. Let S be a semi-group. We consider elements of the Banach space
£'(S) as formal power series with exponents in S

AOE {ZaSXS 1Y lagl < oo},

seS ses

and define multiplication as power series multiplication

>ax Yy bX =) (Z aub,> X

seS seS seS \ut=s

Very often the semi-group structure gives rise to a grading of the semi-group
algebra. Such a grading is of some interest in itself and has been considered by several,
see for instance Y. Choi [2] and Ghandehari et al. [7]. Recall that a semi-lattice is an
abelian semi-group in which each element is idempotent.

DEFINITION 2.3. Let 2 be a Banach algebra and assume that 2l as a Banach space
is an ¢!-direct sum of Banach subalgebras A = @, 4. I

aeA

Vo, € ATv € A: AyAg + Agd, C A,

then obviously for given «, 8 € A the corresponding v is uniquely determined. It
follows that the mapping («, 8) — v defines a semi-lattice multiplication on A. In this
situation we say that 2 is £'-graded over the semi-lattice A.

The grading thus defined has a universal property.

PROPOSITION 2.4. Let A =P, , Ay be an t'-graded Banach algebra, and let
lo: Ay —> A, o € A be the natural inclusions of the subalgebras A,. Let B be a
Banach algebra. For each uniformly bounded family of Banach algebra homomorphisms
Qo : Ay — B such that

Pa(@)pp(b) = puplab), a € Ay.b e Ag, a,p € A M

there is a unique Banach algebra homomorphism ®: A — B such that ® o 1, = @, for
alla € A.

Proof. Existence and uniqueness as a bounded linear map satisfying ® o ¢, = @,
for alla € A follow from the universal property of £!- direct sums, and (1) ensures that
& is a homomorphism. g

As indicated, our main examples of £!-graded Banach algebras come from semi-
group algebras. Other examples are

EXAMPLE 2.5. Let 2 be a Banach algebra and let A be a family of closed 2-sided
ideals of 2. If A has the property I, J € A = INJ € A, then the ¢'-sum @,_, I is
naturally an ¢'-graded Banach algebra.
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If A has the property 1, J € A = cl(I +J) € A, then the ¢'-sum P, A/I is
an £'-graded Banach algebra, when the multiplication is given by (a + I)(b+ J) =
ab+clI+J), a,be, I,J € A.

3. Hereditary properties. In this section we examine hereditary properties of
biprojectivity and biflatness.

In order to synthesise biflatness of a given algebra from that of its parts it is
necessary to have control of norms of weak splittings of multiplication. For this we
make the following definitions.

DEFINITION 3.1. Let 2 be a Banach algebra. The amenability constant ac(2l) for 2
is

inf{||M]| | M is a virtual diagonal for 21}.
The biflatness constant bc(21) is
inf{|[p|l | p: (ARA)* — A* is a weak splitting of multiplication on 2}.
The generator constant gc(2l) is
sup inv(8(X™)),

where the supremum is with respect to all contractive X € 2Amod®2(. Here inv(5(X™*))
is the inversion constant of the Hochschild coboundary map §: X* — Z1(, X*). i.e.
the norm of the inverse of the the map X*/ker(S — Z1(U, X*) (or +o0 if § is not
surjective).

In other words, the generator constant is the infimum of numbers C > 0 so that for
all X € Amod2A with ||a.x||, || x.a|| < ||la|l|lx]l, @ € A, x € X and all derivations D:  —
X* there is x* € X* with ||x*|| < C||D|| and D(a) = a.x* — x*.a, a € 2.

We have adopted the usual convention that inf # = 400, so that ac(2) = +oo
means that 2( is not amenable etc.

We have the following relations between these numbers.

LEMMA 3.2. Let 2 be a Banach algebra with an approximate identity of bound
B €[l, +o0] (with B = 400 meaning that 2 does not have a bounded approximate
identity). Then

be(RA) < ac(A) < Bbe(A), ge(A) < ac(A) + (1 4+ 2ac(A))(B> + 28), and

be() < 1+ 2gc(A).

Proof Let p: A — (ARA)** be a weak splitting of multiplication and let ¢; be a
bounded approximate identity for 2. Any w*-cluster point of the net p(e;) will be a
virtual diagonal for 2, so ac(2() < B bc(2l). Conversely, if A is a virtual diagonal for
2A, then a — a.A is a weak splitting of multiplication, so that be(2() < ac(). If X is
neo-unital and D: 2 — X* is a derivation, then D is generated by the functional

x = {(a, b) — (x.a, D(b)), A)

(cf. [12]), so that we have a generator of norm not exceeding ac(2)||D||. In general,
by looking at successive restrictions of D(a) € X*, a € 2 to the modules AXA C
AX C X as in Proposition 1.8 of [11] we get gc(A) < ac(A) + (1 + 2ac(A))(B> + 28).
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Finally, consider the derivation D(a) =a® 1 — 1 ® a: 2 — ker IT and let A € ker I[T**
be a generator. Then p(a) =a.(1®1— A), a € A defines a w*-splitting of the
multiplication. Since || D|| = 2, we get be(A) < 1 + 2 ge(RD). O

We now consider a short exact sequence

0-I1>A5B >0, (E)

where [/ is a closed 2-sided ideal of the Banach algebra .

PROPOSITION 3.3. Assume that I = cl(Q + IA). If A is biflat (biprojective), then B
is biflat (biprojective). Precisely, bc(®8) < ||¢|| be().

Proof. The argument for the biprojective case is given in [14]. A similar argument
gives the biflat case as follows: Let p: (A®A)* — A* be a weak splitting of the
multiplication on 2. We want to complete the diagram

~ ( At)* ~
BB L @)

|
T ,
v -

B ———= A

sothat T o ITf; = 13-. Let ¢ € (BRB)* and put ¥ = ¢ o ¢®q. In order to define 7(¢)
we must show that p(y)(/) = {0}. Let i = o/’ + i"o” where 7,i" € [ and o/, " € 2.
Then

P = p(Y)(e'i' +i"e”
= p('Y)@) + p(¥.i")(").

But /.y(d,a") = y(d,d"i) = p(q(d), q(a"i)) =0, d',a” € A so i'.¢y = 0. Similarly
¥.i” = 0. Since cl(RUI + IA) = I we get p(¥)(I) = {0} as desired. Hence there is a
map 7: (BRB)* — B* making the diagram commutative. By injectivity of the maps
q*, (¢®q)* and the closed graph theorem t is a bounded B-bimodule homomorphism.

Finally
g ot olly = po(q®q)* o Iy
=pollyoqg*
= q*,
so, since ¢* is injective, we get T o [T = 1g-. O

Amenability is inherited by weakly complemented ideals. The situation is similar
for biflatness. In order to deal with this we first need

LEMMA 3.4. Let Y be a Banach space and let X be a closed subspace. If X is weakly
complemented in Y, then XQX is weakly complemented in Y®Y.

Proof. Let X be a right inverse to the dual of the inclusion X — Y, i.e. (x, A(X')) =
(x,x'), Vx € XVx' € X*. For F € (X®X)* define A(F) € (YRY)* by

AF)p,Y) = M = 0, MFCE)))), ».y el
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Then
A(F)(X, X/) = <xl’ )‘(“;: = (x9 )‘(F(’ E)))) = (X, )‘(F(’ X/))> = F(X, X/)
forall x, x' € X. O

PROPOSITION 3.5. Suppose in addition to (E) that I is weakly complemented in 2\, say
*or=1dp. If U is biflat, then cl(RUI) is a weak retract of . In particular it is biflat,
and we have the estimate be(cl(AI)) < |r||>(be(A))3.

Proof. Consider the inclusion ¢|qre: cl(/2) — 2. First we prove that cl(/) is
a weak retract of 2 as right modules, i.e. eran is a retraction in 2Amod. Define
R: cl(J2)* — (ARA)* by

(a ® b, R(m)) = {(a, r(b.m)), a,beA, mecl(IA)*.

where m € I'* is some Hahn-Banach extension of m € cl(I2()*. Since (§, b.m) = (§b, m),
for all £ € I, b €, this definition unambigously defines a bounded linear map.
Actually, R is a left-module homomorphism:

{a ® b, R(c.m)) = (a, r(b.c.m) = {a, r(bc.m)
= (a® bc, R(m)) = (a® b, c.R(m)), a,b,ce,

since we may choose ¢.m = c.7.

Put 7 = p o R, where p is a weak splitting of the multiplication on 2(. Then 7 €
ah(cl(Z20)*, 2*) since R and p both are left-module homomorphisms. Fora,a’ € 2, & €
I, m € cl(I2)* we have in turn

(a®d, R(m).u(§)) = (yagy(§a) @ ', R(m))
= (yagwy(Ea), r(d .m))

= (Ea, d .m)

= (a®d, IT*(M.u(§)))

and

(0, 0 gy (FM)) = (4 aum(Ea), p(R(m))

=

= (a, p(R(m).(£)))
= (a, p(IT*(.1(§))))
= (a, m.u(§))

=

Ea, m).

It follows that LT‘CI(M) o i = lggsty-

Either by repeating the construction with respect to the module multiplication
on the right with 7 replacing r, or by using that A®% is biflat when 2 is, we obtain
A € ghy (cl(CAIA)*, A*) so that (yjaeur))* o A = L@y Let A be as in the proof of
Lemma 3.4 with X = cl(/2) and Y = 2(. Then it is easy to check that A is a bimodule
homomorphism and that (¢)qra)* o p o A is a weak splitting of the multiplication
on cl(2(720). The estimate of be(cl(2720)) follows directly from the construction of the
weak splitting as a composition of linear maps. ]
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We have the following strengthening of hereditarity of amenability.

COROLLARY 3.6. If I is a closed ideal of a biflat Banach algebra 2, then I is amenable
if (and only if) I has a bounded approximate identity.

Proof. Let (e, )r be a bounded approximate identity for /. We must prove that / is
biflat. For each y € T" let r, € B(I*, A*) be defined as

ry(f)a) =fleya), [el”, ael

Thenr = w*-lim,, r, satisfies t* o r = id» as required for / to be weakly complemented.
Clearly cl(21/2() = I, so we may invoke 3.5. O

Under certain conditions biflatness is actually biprojectivity.

PROPOSITION 3.7. Suppose that multiplication on A is approximable, i.e. the linear
maps A — A

ar ab, aw ba
are approximable operators for all b € . If U is biflat, then it is in fact biprojective.

Proof. Let p: (ARA)* — A* be a weak splitting of the multiplication. Since
cl(A?) = 2 it follows from compactness that p* o k maps 2 into x(AR2). Specifically,
since the operators t +— a.t.b: AU — AR, a,b € A are all approximable and
hence compact, we have 2.(ARA)**.A € k(ARA) by Theorem VI.4.2 of [6]. Identifying
ARA with k(ARA) the co-restriction of p* ok is a splitting of the multiplication
on 2. O

REMARK 3.8. One may suspect that weak compactness of multiplication is sufficient
for the conclusion. However, it is not true that weak compactness or even compactness
is preserved with respect to the projective tensor product.

PROPOSITION 3.9. Let 0 — I — 2% 5 A/1 — 0 be an extension of Banach algebras
as in (E), and suppose that /1 is amenable. Let D: A — X* be a derivation. For each
m € X* such that D\ = 6, there is k € ann;(X*) such that D = §,, + 8. In particular

ge(A) < ge(l) + ge(A /1) + ge(1) ge(A /).

Proof. The decomposition D = §,, + §; follows from the proof of [11, Propo-
sition 5.1]. Since || Df|| < ||D|| and D — §,, drops to a derivation on QL/I, we obtain the
estimate on gc(2). O

4. Banach algebras graded over a semi-lattice. In order to study algebras graded
over a semi-lattice we shall use the result [1, Theorem 5.6]. Choi exploits the
Schiitzenberger representation in his proof. We give a proof without specific reference
to combinatorial results thus keeping a more Banach-algebraic approach. This is at
the cost of an estimate on the supremum in 4.1 below.

PROPOSITION 4.1 (Y. Choi). Let A be a semilatice. If £'(A) is biflat, then

sup{#(sA) | s € A} < oo.

Proof. Clearly A’> = A. For each s € A we may view £!(sA) as a complemented
ideal in £'(A) and since, with appropriate identifications, cl(¢' (A)¢'(sA)) = £'(sA?) =
2'(sA) it follows from 3.5 that be(€!(sA)) < be(£'(A)). As €'(sA) is unital with unit s,
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we further get ac(£!(sA)) < be(£'(A)). From the main result of [5] we first conclude
that sA is finite for each s € A and next that sup(#(sA)) < oo. In fact, by the details
of the proof in [5], for finite semi-lattices £ we have ac(¢!(E)) — oo as #E — oo.
Alternatively we may refer to Corollary 1.8 of [7] for a more precise estimate. ]

We recall some concepts and definitions for semi-lattices.

DEFINITION 4.2. Let A be a semi-lattice. The partial order on A is defined by s < ¢
if and only if st = 5. We write s < t when s < rand s # .

Following [1] A is locally C-finite if sup{#(sA)|s € A} = C and A is uniformly
locally finite if A is locally C-finite for some constant C > (. Note that sA = {r € A |
t < s}

The chain length of A is

ChlA =sup{neN|e < -+ <e, isachainin A}.
We adopt a terminology from [5]. For u, s € A
ucoverss <= {t|s<t<u}=/{s, u},
and we define the covering number

covu = #{s | u covers s}

For clarity we stipulate that Chl(A) = oo and covu = oo if for each n € N there
are chains of length n respectively there are n distinct elements covered by u.

In [7] the authors study how amenability of a Banach algebra graded over a finite
semi-lattice depends on the amenability of its summands and of the semi-lattice. It
seems necessary to require some compatibility conditions in order to obtain results.
We shall adapt the conditions of [7] to deal with infinite semi-lattices.

DEFINITION 4.3. Let % = @, , A« be a semi-lattice graded Banach algebra.

(LA1) There are C > 0 and for each « € A a bounded approximate identity
(€})yer for 2, of bound not exceeding C.

(LA2) For each o € A there is a character x,: A, — C, o € A such that

thﬂ(aaaﬂ) = Xa(aa)Xﬁ(aﬂ) a,B e, a, € Ay, ag € Aﬂa
and cl(2 ker x,) 2 ker xq.
First we introduce notation: For 8 € A
s = P Avand Apy= P Ao
acfA aeBA\{B}

We shall regard s and g as ideals of 2, complemented as Banach subspaces. We
shall also need the observation that if ¢: A — M is a semi-lattice homomorphism,
then B, = @ ()= A« is @ Banach subalgebra of 2 and there is a natural isometric
isomorphism of semi-lattice graded Banach algebras

P B =P Ao

meM aeA

We leave the details to the reader.
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THEOREM 4.4. Let A be as above and assume that cl(A,2A) = A, for alla € A. If
A is biflat (biprojective), then each A, is biflat (biprojective). If U further satisfies one
of (LA1) or (LA2), then A is uniformly locally finite.

Proof. By 3.5 2, is biflat (biprojective), and by 3.3 applied to
0= Ay = Ay = 44— 0

we obtain the first conclusion.

Assume that (LA1) holds. Then 2, is biflat and has a bounded approximate
identity, hence is amenable for each o € 2. We shall utilise the argument of [5, Lemma 9]
by exploiting the sub-semilattices E, = {ey,...,e,} and F, = {fo,f1,...,fu.f} of
{0, 1} with pointwise multiplication, where

e=(1,...,1,0,...) i=1,...,n,...
_f_/
fi=@1,0,...,0,1,0,...), i=0,...,n,...
——
i+1
[ =ewp.

First, assume that there is a chain a; < --- < «, in A. Then, as in [5], there is a
semi-lattice homomorphism of o, A onto E, (if o1 is minimal) or E, ;. To be explicit
let us assume onto E,. By the observation above we may write

Uy, = P B.

eckE,

From [7, Theorem 2.2 and Example 1.3] we conclude that ac(,,) > ac(¢!(E,)) =
4n+ 1. Then be(2A)* > be(Ay,) > 4"5 L where C is the constant in the definition of
(LA1). It follows that Chl A < +o0.

Let u € A and choose n < covu, say u covers sy, ..., s,. Since Chl A < 400 there
is a minimal element w of uA, namely the first element of a chain in uA of maximal

length. The map ¢: uA — F, given by

f ifs=u
o)=1 fi ifs=s;,i=1,...n, s€uA,
fo else

is a semi-lattice homomorphism. As above we get bc(A)® > w As
lim,,_, o ac(£'(F,)) = 400 we obtain that K = sup{covs|s e A} < co. Setting L =
Chl A an easy argument gives the estimate

K1 —1
A A< —— +1,
Sup{#sA | s € A} < 1 +
i.e. A is uniformly locally finite.

Assume that (LA2) holds. Since characters are bounded by 1, the universal
property 2.4 of semi-lattice graded Banach algebras gives a Banach algebra
epimorphism E: 2 — £'(A). By explicit assumption in (LA2) we have cl(2 ker E ) =
ker E, so an appeal to 3.3 establishes biflatness of £!(A), from which the claim follows
through 4.1. Il
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It may seem unsatisfactory that amenability enters the picture, since amenability
is biflatness plus bounded approximate identities. One might hope that biflatness of
semi-lattice graded Banach algebras could be described solely in terms of biflatness of
the constituents. The following simple example shows why this hope is too ambitious,
the problem being that the hereditary properties of biflatness are effectively weaker
than those of amenability.

EXAMPLE 4.5. Let 2 be a biflat, non-amenable Banach algebra and consider the
{0, 1} graded Banach algebra 2[, = 2( & C. Then obviously the constituents of 2, are
biflat. However, were 2, biflat, it would in fact be amenable, being unital. Then in turn
its complemented ideal 2{ would be amenable, contrary to the choice of 2. Note that
2. does not satisfy (LA1).

Our next result gives sufficient conditions for biflatness. We remind the reader
that for Banach algebras 8 C 2 a bounded approximate identity (e, )r for B is called
quasi-central for A if

lim|le,a — ae, || =0, ae
Y

THEOREM 4.6. Let A = P, Ao and assume
(1) A is locally C-finite for some C > 0;
(i) the Ay '’s are uniformly biflat;
(i) the Ay's have uniformly bounded approximate identities, say (€3),, bounded by
D> 0;
(iv) each (¢}), is quasi-central for 2.
Then 2 is biflat.

Proof. We start by proving that for each finite sub-semilattice F € A the Banach
subalgebra P, 4, has a bounded approximate identity which is quasi-central for 2.
In particular 2 satisfies (LA1). Let F = {84, ..., B¢} and put

By =1=(1=¢}) ... (1= ep).

Then order y = (yi, ..., yx) by the product order. It follows, using the quasi-central
property of the eff;‘ s, that (E,), is a quasi-central bounded approximate identity for
D, r A« In the special case F = a A \ {«} this bounded approximate identity will be
denoted by (E7),. We have uniform boundedness

IES) < 14 (1 + D)

of these approximate identities.

We shall prove our statement by induction on n = Chl(A). For n =1 there is
nothing to prove, since in this case A is a singleton. Assume that the result is true
for Chl(A) = n and let Chl(A) = n+ 1. Let Q be the set of maximal elements in A.
Then A\ € is an ideal of A with Chl(A \ ) = n, s0 Pgcp\o 4p is biflat, say with
weak splitting of multiplication py. To ease the notation in the remainder of the proof
we set B = Py p\q 4 For o € Q choose a weak splitting p, of the multiplication
on A, such that the family (o4 )qeq 1s uniformly bounded. Since B and each 4, are
(1-complemented) subspaces of 2l we may regard the maps py and p,, @ € € as maps
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into (AR2A)**. We shall do so in the following. Now define py : 4, — (ARA)™ by
ﬁa(aa) = w*-lim pO(E;laa)
Y

w*-lim(w*—lim 1— E%).pu(ay).(1 — ES, )
+ w- lir n (1= E3).palaq).(1 - E.)
for a, € A,, o € Q. By construction the p,’s are uniformly bounded and hence, by
the universal property of £'-sums, together with py define a bounded linear map
p: A — (ARA)** which extends py.

We next prove that

p(xy) = p(x)y and p(yx) = yp(x) )

for all x € Ag, y € Ag, B, B’ € A. It will then follow from linearity and continuity
that p is a bimodule map.
It will be convenient to single out some of the arguments in

LEMMA 4.7. Suppose that a € Q and that B # «. Then

W lim (w*-liyr/ny(l — E)pu(0)(1 — E;',)) —0 (1)
w-lim (w*-liyrp (1 - E2)pa(x)(1 — E;f/)y) —0 )
xp(u) = p(xu), pu)x = p(ux) (3)

forallx e Ay, y € Ag,u € *B.

Proof of lemma. First note that module multiplication is w*-continuous. We shall
use this without further mentioning.

Since A, has a bounded approximate identity we may write x = x'x” for
appropriate X', X’ € 4,. Then

w-lim (w- tim y(1 — E) pu(x")(1 E2))
= w*-li;n (w*— liyr,ny(l - E;f)x’,oa(x”)(l — E;f))

= w¥-lim (y(l — E)x w-lim p, () (1 - E;C)) —0,

since yx’ € AU) and (E}) is a quasi-central bounded approximate identity for ) so
that lim, [[y(1 — E)x'|| = 0. This proves (1). The statement (2) is proved likewise.

To prove (3) it suffices, since cl(B?) = B, to prove it for u = vw; but in this case
the result follows easily from the B-module property of pg, viz.

xpo(vw) = xvpo(w) = po(xvw),
po(vwx) = po(V)wx = po(vw)x.

We now proceed with the proof of (§). There are several cases.
Case B € A\ Q: This case follows directly from (3).
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Case B €2, B# p': Let x € Ag, y € Ag. To be consistent with nomenclature
above, set @ = 8. Then B8’ < @ and

p(yx) = po(yx)
(since yx € () = lim po(£7 yx)
¥

(by quasi-centrality) = li5n po(VE} X)
(by(3) =y li;n po(Eyx)
(by (1)) = y((w* lim po(EZx)
Y
*_1; %_1; _ o _ Fo
+ w¥-lim (w lim((1 — £5)pu (x)(1 Ey,)))

= yp(x)

The statement about module multiplication on the right is proved by using (2)
rather than (1).
Case B = B’ € Q: Let a be the common value of 8 and 8’. Then for all x, y € 4,

p(xy) =w*- liin po(Eyxy)

*_ 1y *_1q _ o _ o
wlim (W lim(1 = E)ou()(1 — ).

By quasi-centrality and (3) the first term equals x w*-1im,, po(E7 ).
For the second term:

*_ 1 *_ 1 _ o _ o
wi-lim (w tim(1 — E5)x0,()(1 Ey,))

— wE_1; *_1; _ o _ g

= w*-lim ( w-lim (1 — E)pu ()1 Ey,)>

_ *_1; *_1; _ _ ra

= xw-lim (w lim(1 — £)pu()(1 EV,)>,

by quasi-centrality. Adding the two terms we get
p(xy) =x w*- li;n po(EyY)
+ xw*-lim ( w*-Tim(1 — E7)pe(»)(1 — E]‘f))
Y Y’

=xp(»),

and, working similarly on the right, p(xy) = p(x)y.
Finally, let IT: A®A — A be the multiplication. For a € B we clearly have
IT**(p(a)) = «(a), since p extends py. Fora € 4,, a € Q we have

M (p(@) = 11w lim(po( E5 ) )

+ 1 (w-lim(w*- lim(1 — E)po(@)(1 = ).

By w*-continuity of IT™ the first term equals w*-lim, EJa, since py splits
multiplication weakly. Using w*-continuity and that p, splits multiplication weakly,
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we calculate the second term
w- lim ( w-lim(1 — E)IT* (0a(a))(1 — Eg,))
v y'
— w*-lim (w*- lim(1 — E)a(1 — E;,))
12 y'
= wh-lim ((w-lim(a — Eja - aEj, + EjaL)))
= a— w*-lim ESa — w*-lim aF% + w*-lim (w*-lim ESaE, ) )
Y v Y Y
=qa— w*-lim E;‘a — w*-lim aE]‘f, + w*-lim E;‘a
14 y' 14

=qa— w*-lim aE;f,,
"

where for the identity (4) we have used that E7a € 2, and that (E7) is a bounded
approximate identity for 2. Adding the two terms we obtain, using quasi-centrality

1" o p(a) = w*-lim Eja + a — w*-limaEy,
Y Y’
= «(a)

altogether proving that p splits multiplication weakly on L. ]

5. Applications. We shall now apply the previous section to discrete convolution
algebras. Our first application is to note that Choi’s result ([1, Theorem 6.1]) for discrete
convolution algebras on Clifford semi-groups is a special case of the general results in
Section 4. Recall that a Clifford semi-group is a semi-group S which is a disjoint union

S:\/Ga,

aeA

where A is a semi-lattice and the multiplication satisfies: each G, is a group with the
semi-group multiplication and G,Gg S Gup, o, B € A. For details see [3]. It is clear
that we may then view £!(S) as an ¢'-graded Banach algebra

¢'(8) =P e G,

aeA

and we get

COROLLARY 5.1 (Y. Choi). LetS =/, Go bea Clifford semi-group. Then 2Y(S)is
biflat (biprojective) if and only if A is uniformly locally finite and each group G, o € A,
is amenable (finite).

Proof. For each o € A the unit of G, is denoted ¢,. If 8 < «, then (eo[e}g)2 = eq€p
so that eyeg = eg. It further follows that the net of units (ey)4 is in the center of S and
that £'(S) satisfies (LA1).

Since a discrete convolution algebra on a group is unital, it is amenable if and only
if it is biflat. It is easy to show that ac(¢'(G)) = 1 for an amenable group and hence by
3.2 we have be(£'(G)) = 1.

It now follows by 4.4 that the condition is necessary for biflatness and by 4.6 that
it is sufficient.
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If ¢'(S) is biprojective, it is in particular biflat, so A is uniformly locally finite. For
each unite, € G,, o € A we have e,gs = gpew, g € Gp, B € A, 50 £'(e,S) is a unital
biprojective Banach algebra possesing Grothendieck’s approximation property, thus is
finite dimensional ([15]). Hence each group G, is finite.

Conversely, if A is uniformly locally finite and each group is finite, then £'(S) is
biflat by what we have already proved. The finiteness of the groups further implies that
multiplication is approximable, so that biprojectivity now follows from 3.7. O

In the remainder of this section we will consider discrete convolution algebras on
abelian semi-groups. As with the case of amenability ([8]), the structure theorem for
abelian semi-groups will be the door of attack on the problem. We cite it in a form
convenient to our purpose. First we recall that an abelian semi-group S is archimedean
if

Vs, t € SIn e N: s" € S.

THEOREM 5.2 (Structure theorem for abelian semi-groups). Let S be an abelian
semi-group. Then S is a disjoint union of archimedean semi-groups

S=\/S.

aeA

The index set A is equipped with a semi-lattice multiplication such that
SD,S,g - Smg o, B €A

If S =\ cn S is another such decomposition, then A and A" are isomorphic, say via
a semi-lattice isomorphism ¢: A — A’ and S, is isomorphic to Sy for all @ € A.

Proof. See [3, Theorem 4.13]. ]

We shall refer to this result as the archimedean decomposition of the semi-group
and S,’s as archimedean components. Note that if 7" is an archimedean sub-semigroup
of S then thereis o € A such that T C S,.

We will prove

THEOREM 5.3. Let S be an abelian semi-group with archimedean decomposition
S =\ yep Sa- Then 2Y(S) is biflat if and only if A is uniformly locally finite and each S,
is a group.

Proof. If S =\/,., S« and each S, a group, then S is an abelian Clifford semi-
group. Since abelian groups are amenable, we may appeal to 5.1 to establish sufficiency.

The proof of the converse consists of several steps. We start by doing away with
the case #A = 1:

LEMMA 5.4. If S is archimedean and £'(S) is biflat, then S is a group.

Proof. Using biflatness cl(¢!(S)?) = £'(S), so S> = S. Hence by 3.5 £!(sS) is
biflat for each s € S. So 5*S = 5°S? = (sS)> = sS for each s € S. Let 5,7 € S. By the
archimedean property there is # € N such that " € sS. So ¢S = 'S C sS. It follows
that sS = ¢S for all 5,7 € S. As §? = |, s5S we further conclude that S = sS for
all s € S. For a given s we may thus write s = se for appropriate e € S. Then, given
t € S = sS we may write ¢ = su for appropriate u € S, whence et = esu = su = t; thus
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e is a unit for S. One more application of sS = S for all s € S gives that e € sS for all
s, 1.e. each element has an inverse. O

The next lemma may be seen as doing away with the case #A = 2.
LEMMA 5.5. Suppose that A has a maximal element o. Then Sy, is a group.

Proof. Since oy is maximal the sub-semigroup 7" =/, So is an ideal of S. Since
S? = S we obtain ST = T and hence cl(¢!(S)¢!(T)) = ¢(T), so that £(S)/¢(T) =
21(S,,) is biflat by 3.3. By 5.4 S,,, is a group. O

We now proceed with the proof of the theorem. First we produce a family of
idempotents e, € S, so that eyeg = e4p for all o, 8 € A. Then we use this family to
show that A is uniformly locally finite, so in particular Chl(A) < oco. Finally we prove
inductively on n = Chl(A) that each archimedean component is a group.

Let @ € A be arbitrary and let T = S(\/ﬂia Sg). Then ¢'(T) is (isometrically
isomorphic to) a closed ideal in £'(S) with cl(¢!(S)¢'(T)) = £'(T), so £'(T) is biflat
by 3.5. As T is a sub-semigroup of S, its archimedean components are subsets of the
archimedean components of S. Let 7' = \/g,, T be the archimedean decomposition
of T. We prove below that 7' N S, is archimedean. It then follows that M has a maximal
element By and that 7N S, = Tg,. By 5.5 then Ty, = S(\/ﬂf(x Sp) N Sy is a group. In
particular S, contains an idempotent, ¢, and S(\/ p<a Sg) NS¢ = e4Sy. Note that,
being archimedean, S, contains at most one idempotent. Hence e,eg = ¢4 for all
o, B eA.

To argue that 7' N S, is archimedean, first observe that

TNSy ={sasg | S € Sy, 58 € Sp, B>}

Let squsg, ugtg, B, ' > a be arbitrary elements of 77N S,. By the archimedean
property of S, there is n € N such that (sesp)" € UgupSy. But then (sysp)"™! €
UgUp SeSpSy € Uugup (T NSy), thus establishing the defining property of being
archimedean.

To see that A is uniformly locally finite, let ¢, : £'(S,) — C be the augmentation
maps. Let ®&: £!(S) — £'(A) be the corresponding surjection. Then ker ® =
@D, ker ¢,. Now ker ¢, is generated by elements of the form s, — ¢,. Since S* = S
we may write s, = sg5,,. Using e, = ege,, we get

Se — €q = (55 — ep)s, +ep(s, —e,) € £'(S)ker ¢g + £'(S)ker p,,,

so that cl(¢(S) ker ®) = ker ®. It follows from 3.3 that £!(A) is biflat and hence A is
uniformly locally finite.

Finally, to see that each S,, o € A is a group, we use induction on n = Chl(A).
For n =1 this is just 5.4. Assume that the result is true for n, n > 1 and suppose that
Chl(A) =n+ 1. Let Q be the set of maximal elements in A. By 5.5 S,, is a group for
eacha € Q. Let T =\/,,q Sq. Then T is a sub-semigroup of S and has archimedean
components S,, o ¢ Q. Since Chl(A \ ) = n we finish the induction step by proving
that ¢'(7T) is biflat. Now T is an ideal in S, so we can conclude this from 3.5 provided
ST = T. Since S*> = S each element ¢ € T is a product ¢ = S« Sg. The only possibility
for t ¢ ST is if both «, B € Q. But in this case both S,, Sp are groups. In particular,
Sq = €qSy and sg = epsg, so that t (= eqept) € ST also in this case. The induction step
is hereby completed. O
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COROLLARY 5.6. £1(S) is biprojective if and only if A is uniformly locally finite and
each group Sy, o € A is finite.

Proof. If £'(S) is biprojective then it is biflat, so S is a Clifford semi-group. The
rest follows from 5.1. U
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