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Weak amenability of weighted group algebras
on some discrete groups

by

VARVARA SHEPELSKA (Winnipeg)

Abstract. Weak amenability of £'(G,w) for commutative groups G' was completely
characterized by N. Gronbaek in 1989. In this paper, we study weak amenability of £* (G, w)
for two important non-commutative locally compact groups G: the free group Fsz, which
is non-amenable, and the amenable (ax + b)-group. We show that the condition that
characterizes weak amenability of £* (G, w) for commutative groups G remains necessary for
the non-commutative case, but it is sufficient neither for £!(Fz,w) nor for £*((ax + b),w)
to be weakly amenable. We prove that for several important classes of weights w the
algebra ¢! (F2,w) is weakly amenable if and only if the weight w is diagonally bounded. In
particular, the polynomial weight wa (x) = (1 + |z|)®, where |z| denotes the length of the
element x € F2 and a > 0, never makes A (F2,wa) weakly amenable.

We also study weak amenability of an Abelian algebra £*(Z?,w). We give an example
showing that weak amenability of ¢! (ZQ,w) does not necessarily imply weak amenability
of £'(Z,w;), where w; denotes the restriction of w to the ith coordinate (i = 1,2). We also
provide a simple procedure for verification whether ¢*(Z?,w) is weakly amenable.

1. Introduction. 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 it satisfies
D(ab) = a- D(b) + D(a) - b for all a,b € A. For every z € X the map
a +— a-x —x-ais a continuous derivation, called an inner derivation.
The Banach algebra A is called amenable if every continuous derivation
from A to any dual Banach A-bimodule X* is inner; and A is called weakly
amenable if every continuous derivation from A into its Banach space dual
A* is inner. For the background and history of these notions see the mono-
graph [3].

Since the group algebra L!(G) and the weighted group algebra L'(G,w)
are fundamental examples of Banach algebras, a number of studies were
conducted investigating amenability properties of these algebras (see [5]—[7]
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and [I4]). In particular, it was proved that every group algebra L'(G), and
hence every discrete group algebra ¢1(G), is weakly amenable. In this pa-
per, we investigate weak amenability of the weighted discrete group algebra
(G, w) for several important groups G.

Recall that a weight on a discrete group G is a function w : G — R™T
satisfying the weight inequality w(zy) < w(z)w(y) for z,y € G. Given a
weight w on G, consider

NG, w) = {f =3 f@)s: € CO 3 | f(@)lw(z) < oo}.

el ze€G

Equipped with the norm

Iflecw) =D 1f@)|w(

zeG

and the convolution product

(fxg)(@) = fly 'x)gly), =x€G,

yeG

?1(G,w) becomes a Banach algebra, called a discrete Beurling algebra.
N. Gronbaek has characterized the weights w making ¢!(G,w) weakly
amenable in the case when the group G is Abelian.

ProrosiTION 1.1 ([6l Corollary 4.8]). Let G be an Abelian discrete
group, and w be a weight function on G. The Beurling algebra (G, w)
1s weakly amenable if and only if

) el
(*) SIp (9)w(—9)

for every non-zero group homomorphism @ : G — C.

Note that in the above, C is considered as an additive group.

It was later proved that the condition that every non-zero homomor-
phism @ : G — C satisfies (%) remains necessary for weak amenability
of /}(G,w) for arbitrary group G (see the PhD thesis of A. Pourabbas
[9, Proposition 3.2.3] or the PhD thesis of C. R. Borwick [2], Theorem 2.8]).
C. R. Borwick also shows that this condition is no longer sufficient for non-
Abelian groups GG. He does this by constructing a family of polynomial type
weights w, on SLa(R) for which ¢}(SL2(R),ws) is not weakly amenable
[2, Theorem 2.24] and showing that there are no non-zero homomorphisms
& : SLy(R) — C [2, Theorem 2.16], so that the condition of Proposition
is satisfied for any weight w on SLy(R).

In this paper, we study weak amenability of ¢}(G,w) for two important
non-commutative discrete groups: the free group Fo on two generators and
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the (ax + b)-group. We focus on these groups because Fy is the simplest
non-commutative and non-amenable group, and (ax + b)-group is one of
the simplest non-commutative non-compact but yet amenable groups.

In Section 3 we study polynomial weights on Fy and (ax 4+ b). We show
that the corresponding discrete Beurling algebras are weakly amenable only
when the weight is constant. In particular, £!(Fz, w, ) is not weakly amenable
for any weight of the form wy(z) = (1 + |z])¥, o > 0, where |z| denotes the
length of the word x in F5. This contrasts with the following combination
of results proved in [I, [6], and [4] (see also [11] and [14]).

PROPOSITION 1.2. Let G be either Z or R, a be a non-negative number,
and we(z) = (1 +|z])® (v € G). Then LY(G,wy) is weakly amenable if and
only if 0 <a<1/2.

In particular, our results give rise to another family of examples show-
ing that the necessary and sufficient condition on w for weak amenability
of /*(G,w) given in Proposition for Abelian groups G is no longer suf-
ficient for non-commutative groups. Moreover, some of our examples will
even deal with the weights that factor through the abelianization map
q : G — Gyp, in which case the expression in (%) only depends on Gy,
and so the expectations for the criterion from Proposition to work are
even higher.

Section 4 is devoted to the study of weak amenability of ¢!(Fa,w) for
more general weights. The free group s is of special interest since it is the
source of many counterintuitive results. Some study concerning Beurling al-
gebras on [Fy was conducted by H. G. Dales and A. T.-M. Lau [4], but the
questions regarding weak amenability of ¢!(F3,w) remained open. We char-
acterize weak amenability of ¢!(Fy,w) for two important classes of weights.
For these weights w we show that £!(Fy,w) is weakly amenable if and only if
w is equivalent to a multiplicative weight, in which case ¢1(Fq,w) = ¢1(Fs).
The results obtained prompt us to conjecture that ¢!(Fy,w) is weakly ame-
nable if and only if w is diagonally bounded.

Finally, in Section 5 we study weak amenability of ¢}(Z?,w) on the
Abelian group ZZ2. It was proved in [I4] that if w is a weight on Z? and
w; denotes the restriction of w to the ith coordinate, i = 1,2, then weak
amenability of both ¢}(Z,w;) and ¢*(Z,ws) implies that of ¢(Z2 w).
We give an example showing that the converse is not true. We also
provide a simple procedure for verification whether ¢(Z?, w) is weakly ame-
nable.

Most of the results of this paper were obtained by the author during
her PhD program in the Department of Mathematics of the University of
Manitoba (see the thesis [12]).
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2. Preliminaries. We start with an easy technical observation.
LEMMA 2.1. Let G be a discrete group, and w be a weight on G. Suppose
a map D from {0z }zec to £°(G,1/w) has the following properties:
(2.1) D(0zy) = D(0z) - 6y + 05 - D(6y), x,y €@,
(2.2) 1D (62)lle (1 /w) < Cw(z), T € G,
where C' > 0 is a constant. Then D can be extended to a bounded derivation
from £Y(G,w) to £°(G,1/w).

The next result shows that the necessity part of Proposition still
holds for a general discrete group.

LEMMA 2.2 (A. Pourabbas [9, Proposition 3.2.3]; see also [2, Theo-
rem 2.8)). Let G be a discrete group, and w be a weight on G. If there
exists a non-zero group homomorphism @ : G — R such that

sup 2@
2eG wW(x)w(zh) ’
then (*(G,w) is not weakly amenable.

Proof. Tt suffices to construct a non-inner bounded derivation D : ¢}(G, w)
— (G, 1/w). We first define D on {0z }zeq:

D(d;) = P(x)d-1, x€G.
Since @ is a group homomorphism and
O(ay)—1(2) = 0y=15-1(2) = 0,-1(y2) = 6y-1(22),  w,y,2€G,
we have
D(8ay)(2) = P(xy)dy-15-1(2) = D(2)05-1(yz) + D(y)d,-1 (22)
= D(02)(yz) + D(dy)(22) = (D(0z) - 0y)(2) + (3= - D(0y))(2), 2,9,z € G,
and so holds. If we set

then for every x € G we have

|2()]

IDG (170 = oty = (@) ()

w(z)w(zT)
and (2.2)) also holds. Therefore, due to Lemma D can be extended to
a bounded derivation from ¢(G,w) to £*°(G,1/w). We now show that the

extended derivation is not inner. Assume, to the contrary, that there exists
¢ € £°°(G,1/w) such that D(h) = h-¢ — - h for all h € /}(G,w). Then

(23)  D(&)(z") = (6o-9) (@)~ (p-0z) (a7 ") = p(e)—p(e) =0, =z €G,

< Cuw(x),
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where e denotes the identity of G. On the other hand, according to the def-
inition of D, we have D(8;)(z~!) = &(z). Combined with , this yields
@ = 0, which contradicts the assumption that & is a non-zero group homo-
morphism. So, D is not inner, and hence ¢!(G, w) is not weakly amenable. m

The following is another necessary condition for weak amenability of
Y(G,w). It was first obtained by C. R. Borwick in his PhD thesis [2]. Since
this thesis is not easily accessible, we include a proof here for the sake of
completeness.

LEMMA 2.3. Let G be a discrete group, and w be a weight on G. If there
is a function ¥ : G = R, 9 € G, and a constant C > 0 such that w is
bounded away from zero on the conjugacy class {y:coy_l}yeg,

(2.4) [Y(zy) —p(yz)| < Cw(z)wly), =,y€G,

(25) sup |w(yaj0y71)| _

yee w(yroy™1)

9

then (1(G,w) is not weakly amenable.

Proof. As usual, to show that £!(G,w) is not weakly amenable we con-
struct a bounded derivation D : /1(G,w) — ¢*°(G,1/w) which is not inner.
We first define an operator D : {0, }zeq — ¢°°(G, 1/w) in the following way:

D(62)(y) = v(ay) — ¥(yz) (= (¥ - 6)(y) — (6 - ¥)(y)), .y €G.
It is easy to see that D really ranges in £>°(G,1/w) because of (2.4):

_ sup PEDWI _ (ay) — ¥(ye)]
[D(62) |l (a1/w) = yeg o) yeg )
o Culely)
G wy s

At the same time, we have just proved that the operator D satisfies condi-
tion of Lemma So, if we show that D also satisfies , we will
be able to apply Lemma [2.1] to extend D by linearity and continuity to a
bounded derivation from ¢}(G,w) to £>°(G,1/w). Indeed, we have

D(b2y)(t) = P(zyt) — Y(tey) = (Y(zyt) — P(ytz)) + (Y(ytz) — P(tzy))

= D(bz)(yt) + D(8y)(tx) = (D(0z) - 6)(t) + (0 - D(0y))(t), x,y,t € G,
and so D can be extended in the desired way. To finish the proof, we only
need to show that the extended derivation D is not inner. Suppose, to the

contrary, that D is inner. Then there exists a function ¢ € £*°(G, 1/w) such
that D(h) = ¢ -h — h - for all h € £}(G,w). In particular,

(2.6) D(0:)(y) = (¢-02)(y) — (062 - ©)(y) = (ay) — p(yz), =, y€C.
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On the other hand, by definition of D we have D(é;)(y) = ¥ (zy) — ¥ (yz)
(z,y € Q). Taking x = xoy~ ', we obtain
D(@o) = Y(yoy™") = D(8a0y-1)(y) = ¢(z0) — w(yzoy ™), y € G,
which implies
elyzoy™ ') = Y(yzoy ™) + pl(wo) — ¥(wo), y€G.
Then using (2.5) and the fact that inf,eqw(yzoy~t) > 0 we have
|p(2)] lp(yzoy )]
oo w) = sup > su
ellex@i = 30 wa) = 508 wlymoy )

¥ (yzoy ") + (¢(wo) — ¥(20))|

= Sup —
yeq w(yzoy 1)
1 1
> sup M — | (x0) — t(0)| - sup — 0,

vee w(yzoy™1) ye w(yzoy—1)

contradicting ¢ € £*°(G,1/w). This proves that D is not inner, and hence
(G, w) is not weakly amenable. m

3. Polynomial weights on [y and (ax 4+ b). In this section we con-
sider polynomial weights on two basic non-commutative groups: the free
group Fy and the (ax + b)-group. We show that contrary to the expecta-
tions based on the theory of weak amenability for Abelian discrete Beurling
algebras, the corresponding discrete weighted group algebras are not weakly
amenable.

We will make use of the following technical result.

LEMMA 3.1. Let 0 <y < 1. Then Hx|7— "] < lz—y|" for all z,y € R.
Proof. Tt is enough to show that

(3.1) flay)=a"+y" —(@+y) >0, x,y>0.
Fix y > 0. When = = 0, we have f(0,y) = 0, and (3.1)) holds. We also have
of

5, @Y =@ = 4y >0,

since 0 < v < 1 and y > 0. This immediately implies (3.1f) for arbitrary
T Z 0. m

3.1. Polynomial weights on Fy. First, let us define several notions.

DEFINITION 3.2. Let a and b denote the two generators of the free
group [Fo. Then every x € F9 can be written in a non-cancelable form
z = a"bh . akrbie e, ki l; € Z, and all kg, l; are non-zero except pos-
sibly k1 and I,, 1 < i < n, n € N. We denote |z| = > " ;(|ki| + |l;]) and
call it the length of x. The number """ | k; (resp. >, l;) will be called the
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total power of a (resp. the total power of b) in z, and we denote it by A(x)
(resp. B(x)). Note that both A and B are group homomorphisms from Fo
to Z.

PRrROPOSITION 3.3. Let a > 0 and wy be a function on Fo defined by
wa(x) = (1+|z))%, x € Fo. Then wy is a weight on Fa (called a polynomial
weight), and ¢*(F2,w,) is not weakly amenable.

Proof. Since the length function |-| on Fy obviously satisfies the triangle
inequality |zy| < |z| + |y| (z,y € F2), it follows that w, is a weight on Fa:
wa(zy) = (1 +[zy[)* < (14 [| + |y)*
< (A4 [2)*A+[y)* = walr)waly), =,y € Fo.

To prove that £!(Fa,w,) is not weakly amenable, we first consider the case
when o > 1/2. Since |A(t)| < |t| for every ¢ € Fy, we have

QL a0l
tefy Wa(Dwa(B71)  ter, (14 [¢)2™ ™ ter, (1 + [t])2>
and because A : Fy — Z is a group homomorphism, Lemma [2.2] implies that
01 (Fa,wq) is not weakly amenable.

Now let 0 < a < 1/2. In this case we will use Lemma Take an
arbitrary € («,2a), and consider the function ¢ : Fo — R defined by

< 00,

D(x) = { t|? if 2 = tat™!, t € Fy, and the word tat~! is non-cancelable,

0 otherwise.
We claim that 1 satisfies the conditions of Lemma[2.3|for z9p = a. The weight
wq is obviously bounded away from zero on the whole o, and in particular
on {yay'},er,. Now we prove that 1 satisfies for C =1, i.e.,

(3.2) [h(zy) — Y(yz)| < wa(T)waly), =,y € Fa.

By the definition of 1, it vanishes off the conjugacy class E = {tat™'};cr,.
Since yr = y(zy)y~!, the elements xy and yx always belong to the same
conjugacy class, and so we only need to prove in the case when both
xy and yz are in E. Let 2y = uwau™! and yz = vav~!, both representa-
tions being non-cancelable. Assume without loss of generality that |u| < |v|.

Because

-1 1

vav™! = yx = y(zy)y™ = yuau 'y,

we have (v "'y~ 'w)a = a(u~'y ). So, the elements a and u~'y~'v com-

mute, which can happen in a free group only if both are powers of a third
element (see, for example, [8, Proposition 2.17]). Since a is one of the gen-
erators of Fy, it is only a power of itself, which implies that = 'y~tv = a*
for some k € Z. In other words, yu = va~*. We consider two cases: k = 0

and k # 0.
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1

If k=0, then y = vu~! and = (zy)y~! = (wau™1)(uwv™!) = uav~!. In

this case, the inequality (3.2)) that we want to prove becomes
[ul? = o] < (1 + Jou™ )* (1 + [uav™"])*.
Since 0 < a < 1/2 and a < 8 < 2a, we see that 0 < 8 < 1, and so
Hu\ﬁ - |v|f3} < Ju| — |U|‘6 by Lemmam We also have |vu™t| > |[u] — [v]|
and |uav™!| > [|u| — |v|| — 1. Therefore,
_ _ 2
(1+ Jou N1+ Juav™ )* > (14 [Ju] = [o]|)*|lu| = [v]|* = [fu] = o]
B
> [lul = Jol|” > |[ul? — v]?

)

because 5 < 2a and ‘|u| - |v|‘ € NU{0}. Hence, is verified for the case
k=0.

Now let k # 0. Then yu = va~*. Recall that both expressions uau~" and
vav~! were non-cancelable. This means that both « and v end with a non-
zero power of the second generator b of Fy. Hence, the equality yu = va™F is
only possible for k # 0if y = tu™!, and the expression tu ™! is non-cancelable.
In this case, t = va™* and |t| = |v| + |k|, implying that |v| = |¢| — |k|. We
also have x = (zy)y~! = (uau=1)(ut™!) = uat~!. Thus, the inequality
that we want to prove becomes

[lal” = (It} = [KD7] < (1+ [t (1 + [uat ™)

Recall that we assumed from the very beginning that |u| < |v| = |t| — |k|,
and so, using the same arguments as in the previous case, we obtain

B B
[l = (1t = [K))°| = (1t} = [ED? = Jul® < [t} = [k] = |ul]” < [}t] = Jul|
< (1 [t )1+ fuat ™)),
and (3.2)) is verified for k # 0 as well.
Finally, we check that 1 satisfies (2.5 for zg = a:

[ (yay )| [p("ab™™)| n’
SUp ————— = > Sup —————= = SUp ———— = 00,
yeFy wW(yay™) 7 pen w(b®ab™)  en (20 +2)

since 8 > a. So the function ¢ satisfies all the conditions of Lemma[2.3] and
hence ¢! (F3,w,) is not weakly amenable. =

1

We will see later that Proposition can also be obtained as a corollary
of a more general Theorem but we believe that the direct proof given
above is of independent interest.

As was mentioned in the introduction, C. R. Borwick showed in [2], Chap-
ter 2] that the necessary and sufficient condition from Proposition for
weak amenability of the Abelian discrete Beurling algebra ¢!(G,w) is no
longer sufficient if the group G is not Abelian. Proposition [3.3] gives rise to
another family of examples illustrating this point.
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EXAMPLE 3.4. If 0 < a < 1/2, then the weight w, satisfies the condi-
tion from Proposition but, according to Proposition M (Fa,wy) is
not weakly amenable. Indeed, if @ : Fo — C is a non-trivial group homo-
morphism, then @(z) = c;A(x) + c2B(x) (z € Fa), where ¢1,c2 € C and
le1]? + |e2|? # 0. Assuming without loss of generality that ¢ # 0, we have

()] [Pa™)] lc1ln

sup ——~————~ = sup = L ——
2EF9 Wa(x)wa($_1) neN Wa(an)wa(a_n) neN (1 + n)2a

since o < 1/2.

Note that the group Fy is not amenable, which still leaves a possibility
for Proposition to hold at least for amenable groups G. However, in the
next subsection we give an example of a weight w on an amenable group G
that satisfies the conditions of Proposition but still makes ¢}(G,w) not
weakly amenable.

3.2. Polynomial weights on the (ax + b)-group. We consider the
non-commutative amenable group (ax 4 b) of all orientation-preserving
affine transformations z +— ax + b of R with ¢ > 0 and b € R, where
the map x — az + b is identified with the pair (a,b). Multiplication in this
group is given by the composition of the corresponding transformations of R,
which can be expressed as

(a,b)(¢c,d) = (ac,ad +b), a,c>0,b,decR.
The identity of (ax + b) is the pair (1,0) corresponding to the identity map
on R. Therefore,

1 —b
(a,b)"! = (a) a>0,beR.

a

Throughout the remainder of this subsection for the sake of notational
convenience we denote the group (ax + b) by G.

THEOREM 3.5. Let a be a positive number, and w,, be the function on G
defined by wa(a,b) = (1 + |logal)®, (a,b) € G. Then wy is a weight on G,
and 11 (G,wy) is not weakly amenable.

Proof. To verify the weight inequality for wy, let (a,b), (¢,d) € G. Then
wa((a,b)(c,d)) = wa(ac,ad +b) = (1 + [log(ac)|)* < (1 + [logal + [logc|)*
< (1 +[logal)*(1 + [logc|)* = wal(a, b)wa(c, d).

The proof of the fact that ¢}(G, w,) is not weakly amenable will be very
similar to the corresponding part of the proof of Proposition Again, we
consider two possibilities: & > 1/2 and 0 < « < 1/2. Suppose first that
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a > 1/2. Then
sup llog al — sup llog al
(ah)eG Wal(a; b)wa((a,0)7)  a>0 (1 + [logal)*(1 + [log(1/a)|)*
— sup |log al ’

a>0 (1 + [logal)?e
and since (a, b) — loga is a group homomorphism from G to C, we conclude
that ¢*(G,wy) is not weakly amenable by Lemma
Now suppose that 0 < a < 1/2. In this case we use Lemma We
define the function ¢ : G — R as follows:

logh|?>* ifa=1,b>0,
via) = { 108" |

0 otherwise.
We claim that 1 satisfies all conditions of Lemma for zg = (1,1).
Again, as in Proposition Wq is bounded away from zero on the whole G,
and in particular on {yzoy'},ec. Next we show that ¢ satisfies (2.4) for
C=1,ie.,
(3.3) [(uv) — P(vu)| < wa(uw)wa(v), v,u€G.
Let u = (a,b) and v = (¢, d), where a,c > 0, b,d € R. Then uv = (ac,ad+b)
and vu = (ac,be + d). If ac # 1, then ¢(uv) = ¥ (vu) = 0, and (3.3)) holds
automatically. Suppose now that ac = 1. Then

c=1/a, bc+d=b/a+d=(ad+Db)/a.

Since a > 0, either both ad + b and bc 4+ d are negative, in which case (3.3

again holds automatically, or both ad + b and bc 4 d are positive. In the
latter case, applying Lemma to v =2a € (0,1), we obtain

o) = vo0)| = w10 +8) - o1, “22)

ad +b|*®

llog(ad + b)|** — ‘log

= Hlog(ad + b)\QO‘ — |log(ad + b) — log a|2°‘| < (1+ |loga|)2°‘
= wa(a,b)wa(l/a,d) = wa(a,b)wa(c, d) = wo(u)wa(v),
and ({3.3)) is verified.
Finally, we check that ¢ satisfies (2.5 for zp = (1,1). For this we note

that {(a,b)(1,1)(a, b)_l}(a’b)eg = {(1,a)}a>0, implying
u W(y%y _1)’ = sup W}( ,CL)‘ = sup |loga
ye@ Wa(y-rOy ) a>0 Wa(la a) a>0

and (2.5)) is also verified. Hence, v satisfies all the conditions of Lemma
which means that ¢!(G, w,) is not weakly amenable. m

|2a = 00,
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ExamMpLE 3.6. It is natural to call the weight w, defined in Theo-
rem a polynomial weight on (ax + b). Note that, unlike Fy, the group
(ax + b) is amenable. Theorem demonstrates that even a “nice” weight
on an amenable group may still make the corresponding weighted group
algebra not weakly amenable. It also shows that Proposition does not
hold for general amenable non-commutative groups. Indeed, since it is easy
to see that a group homomorphism @ : (ax 4+ b) — C must have the
form ®(a,b) = cloga, ¢ € C, the algebra ¢! ((az + b),w;/3) is not weakly
amenable, although wy /3 satisfies the conditions of Proposition

REMARK 3.7. In fact, the proof of Theorem can be adopted to
produce an example of a finitely generated (and hence separable) non-
commutative amenable group G such that Proposition does not hold
for G. Indeed, all our arguments will work for the subgroup

G={@2"b):neZ beZ1/2]} = ((2,0),(1,1))

of the (ax + b)-group and the weight w; /3 restricted to G. This shows
that the pathology of the example is really the result of non-commutativity
rather than of non-separability of the group. The author would like to thank
N. Spronk for this observation.

4. Weak amenability of ¢! (Fs,w) for more general weights. The
only known sufficient condition for weak amenability of L!(G,w), and hence
for weak amenability of /!(G,w), when G is not necessarily Abelian is the
following direct extension of weak amenability of non-weighted group alge-
bras. Recall that a weight w on a group G is called diagonally bounded if
the function x — w(z)w(r~!) is bounded on G.

PROPOSITION 4.1 ([10, Theorem 3.14]). Let G be a locally compact group
and w be a diagonally bounded weight on G. Then the Beurling algebra
LY (G, w) is weakly amenable.

In fact, one only needs to slightly modify the proof by M. Despi¢ and
F. Ghahramani [5] for weak amenability of the group algebra L!(G) to obtain
Proposition

Using Proposition 4.1}, Lemma [2.3] and Lemma[2.2) we can show that for
two natural classes of weights w the algebra ¢!(Fy,w) is weakly amenable if
and only if w is diagonally bounded.

Again, the generators of o are denoted by a and b. We continue to use
the notation from Definition |z| stands for the length of z, and A(x)
and B(z) for the total powers of a and b in x respectively, = € Fa.

THEOREM 4.2. Let w be a weight on Fo such that there exists an in-
creasing function W from N U {0} to [1,00) and constants c1,ca > 0 such
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that
aW(lz|) <w(z) < caW(|z|), =z €Foq,

where |x| is the length of x € Fa. Then (*(Fa,w) is weakly amenable if and
only if w is bounded.

Before proving Theorem we establish the following auxiliary result.

LEMMA 4.3. Let W : NU{0} — [1,00) be an increasing function such
that

neN neN W(n) B
Then there ezists a function f: NU{0} — [1,00) with the following proper-
ties:

(4.1) f is increasing;

(4.2) fm+n)—f(m—n) <Wm)W(n), m,neN,m>n;
fln) _

(4.3) Wy

Proof. The idea of the proof is to define f inductively to be as large
as possible subject to , and then show that such a function will also
satisfy and .

For technical convenience, we extend W to an increasing function from
[0,00) to [1,00) using piecewise-linear interpolation. Then we inductively
define f : NU {0} — [1,00) and F : {(j,k) € (NU{0})?:0<j <k -1}
— [1,00) by the following formulas:

f0) =1,
o =w (5 w(50) s o<ishon
£ = min | PG,

We now verify (4.2)). Let m > n be natural numbers. Then 0 < m —n <
m+n — 1, and so

f(m+n) :0<j£I717;1,2n—1F(j, m+n) < F(m—n,m+n) =W (m)W (n)+f(m—n),

which immediately implies (4.2)).
Next we show that f is increasing. Obviously, it is enough to show that
f(k+1)> f(k) for every k € NU{0}. For k = 0 we have

7(1) = F(0,1) = (W@)) 4 1(0) = (0).
Now let k£ € N. Then

f(k+1)= Olgnjlng(J,/f +1),  f(k)= ogrjnglille(J’ k).
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Since W is a positive increasing function, for each j € [0,k — 1] we have

F(j,k+1) =W((k+1)+j)W<(k“) _j) + £(7)

2 2
> w(k”>w(’“2j> + () = P ).

2

Hence, in order to prove that f(k + 1) > f(k), it is enough to show that
F(k,k+1)> f(k). But
2k+1 1
F(k,k41) = W( 5 >W(2> + f(k) > f(k),
since W is positive, and so f is indeed an increasing function.

Finally, we prove (4.3)). Suppose, to the contrary, that there exists a
positive integer NV such that

f(n)
(4.4) ilelg Wn) < N.

Our goal is to show that in this case for sufficiently large m we will have
f(83m) > 3NW (m). Then, using and the fact that W is increasing, we
will conclude that sup,,cyyn/W(n) < oo, contradicting the growth constraint
on W.

By definition,

£(k) =, min W(k+j)W(k_j>+f(j), keN.

2 2
Hence, for each k € N there exists J(k) € [0,k — 1] such that

(45) o =w (5D (B0 g,

2 2

Since W is unbounded, there exists ng € N such that W(ng) > 3N. We are
going to prove that

(4.6) f(Bm) >3NW(m) for m > 6ngN.

Fix some m > 6ngN. Applying (4.5) to k& = 3m and using the monotonicity
of W, we obtain

@7 f3m)= W<?W+<W>W<?mef(3m)

: 5 4 1 m)

> W(m)W<W> + H(T(3m)).

If J(3m) < 3m — 2ny, then (3m — J(3m))/2 > ngp, and using the facts that
f is positive, W is increasing, and W (ng) > 3N, we deduce from (4.7)) that

f(Bm) > W(m)W(ng) > 3NW(m).
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Thus, (4.6) is verified in this case. Now assume that J(3m) > 3m —2ng and
set j1 = J(3m). Since W > 1, it follows from (4.7) that

(4.8) fBm) = W(m)+ f(jr)-

By our assumption m > 6ng/N, and so

m
. < —.
(4.9) 2ng < 3N

Then since j; = J(3m) > 3m — 2ng, we have
' Im — 3
sz zm
Applying to k = j1 and using the monotonicity of W we then obtain
s =w (2w (2270 4 gt
> wmw (270 ¢ ),
Combined with this yields

J1—J(j1)

(4.10) f(Bm) > W(m) + W(m)W< 5

>+fUUQ)

If J(j51) < j1 — 2ny, it follows that
f(Bm) > W(m)W(nyg) > NW(m),

and (4.6) is verified. If J(j1) > j1 — 2ng, we set jo = J(j1) and repeat for j,
the steps we performed for j;. Namely, from (4.10)) we obtain

fBm) = 2W(m) + f(j2);
then applying (4.9) we get

j£>j1—2n0>3m—2~2n0> 3N>m,
2~ 2 - 2 - 2 -
which combined with (4.5)) for & = j5 implies
(i
a1 m) = 2w )+ ww (2 )

And again, if J(j2) < jo —2ng then (4.6)) is verified, while if J(j2) > j2 —2ng
we set j3 = J(j2) and repeat the whole procedure. Continuing, we either
end up with some j, (¢ < 3N) such that J(j,;) < j; — 2ng and then (4.6)

will be verified since
Jg - 3m —q-2ng - 3m — &% .
2 - 2 - 2 =7
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or we get to jsny for which, analogously to (4.11f), we will have

f(3m) > 3NW(m) + W(m)W<j3N_2J(jBN)> + f(J(jsn)),

and (4.6)) will follow just from the positivity of W and f. So, (4.6|) is proved.
We will now use (|4.6]) to obtain a contradiction with sup,,cyy /W (n) = oco.

It follows from (4.4) and (4.6]) that
f(3m)
N

W(3m) > >3W(m) for m > 6ngN.

If we set my = 6ngNN, then it is easy to show by induction that W (3?my)
> 3PW(myg) for all p € N U {0}. For each integer n > mg there exists a
unique p € NU {0} such that 3Pmg < n < 37*1mg. Using the monotonicity
of W we obtain

n 3Pt mg 3rTmg 3myg

< =

W(n) = W(3Pmg) — 3PW(mg) W(mo)’
which immediately implies that sup,,cyn/W(n) < co and gives the desired
contradiction. Thus, supycy f(k)/W (k) = oo, and the proof is complete. m

Proof of Theorem . If w is a bounded weight, then ¢ (Fy, w) is isomor-
phic to £}(F3), and ¢!(Fa,w) is weakly amenable due to weak amenability
of £*(F3). So, the non-trivial part is to prove that if w is not bounded and sat-
isfies the conditions of Theorem then ¢!(F2,w) is not weakly amenable.

As noted above, the function A of total power of the generator a is a
continuous homomorphism from Fy to Z C C. By Lemma Y (Fy,w) is
not weakly amenable if

sup MA@
€y w(l’)(.(.)(l'_l)
Assume now that
AW
b

vet, w(@)w(@T) ~ 7

Since obviously |A(x)| < |z|, |7} = |z|, and w(z) > ;W (|z]), it follows
that

2]
ver, (W ([z]))?

= 00,

and hence
n Vn
sup > sup
neN W(n) = nen W(n)

Therefore, we can apply Lemma to the function W to get an increasing
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function f: NU{0} — R such that

(4.12) fm+n)—f(m—n) <Wm)W(n), m,neN, m>n,
fin) _

013 G -

We will show that 1(z) = f(|z|) satisfies the conditions of Lemma [2.3]either
for 29 = a, or for zg = a?, implying that ¢!(F3,w) is not weakly amenable.
Note that because w(z) > c;W(|z|) and W : NU{0} — R* is an increasing
function, the weight w is bounded away from zero on the whole group Fo,
and in particular on any conjugacy class {ymoyfl}y@b.

We now aim to find a constant C' > 0 such that

(4.14) [Y(xy) —¥(yr)| < Cw(r)w(y), =,y €T
Let z,y € 2 be given. According to the definition of v, we have
[W(zy) —v(yz)| = | f(lzyl) — F(lyz))]-

Let |x| = m, |y| = n, and assume without loss of generality that m > n. By
the triangle inequality,

m—n=|lz| = |yl| < |zyl, |yz| < |z|+ |yl =m+n.
Since f is an increasing function, it follows that
\f lzyl) = f(lyz))| < fF(m+n) = f(m —n).
Together with (4.12} and the inequality w(t ) > W (|t]) (t € Fg), this implies
the desired 1nequahty with C' = 1/c¥:
[P(zy) — (yz)| = If lzyl) = f(lyz))] < f(m +n) — f(m —n)
1
< W(m)W(n) = W(jz)W(ly)) < Zw(@)w(y).

1

Finally, we check condition ([2.5)) of Lemma for the function . We
take g to be either a or a2, and consider the conjugacy classes {zaz~'},er,
and {za?z7 '} ser,:

PO ) ek l) 1 fen D)
yeG w(yay ) neN w(bnab n) neN CQW(Qn + 1) C2 neN W(2n + 1)’
Ylyaly™h) o p@"athT") 1 f(2n+2)
su SUp ————~% > — sup —— .
et w(ya2y 1) = neh w(ima?h) o ek W (2n + 2)
Therefore, it is enough to show that either

su J@nt1) 0o or su J@n+2)
R W(2n+1) R W(2n +2)

But this is a direct consequence of (4.13)), and the proof is complete. m
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One can now obtain Proposition [3.3] as an easy corollary of Theorem [£.2]

REMARK 4.4. In fact, Theorem can be extended to a more general

class of groups including all finitely generated free groups (see [12, Proposi-
tion 4.11]).

Since weak amenability of £!(G,w) is completely characterized in the case
when the group G is Abelian, it is natural to look for some commutativity
when studying weak amenability of ¢! (Fa,w). This motivates the study of a
special class of weights w on o that depend only on the abelianization of Fs.
Because the abelianization of the free group Fs is a free Abelian group on
two generators, we consider the weights w of the form w(x) = W(A(z), B(x))
(x € Fy). We characterize the weights of this type that make ¢! (Fy, w) weakly
amenable.

THEOREM 4.5. Let w be aweight onFy of the form w(zx) = W (A(x), B(x)),
x € Fo, for some function W : Z2 — RT. Then the Beurling algebra ¢} (Fq,w)
is weakly amenable if and only if w is diagonally bounded.

Proof. The sufficiency part is a direct consequence of Proposition [4.1
So, we only need to show that if w is not diagonally bounded, then ¢!(F2,w)
is not weakly amenable. Let z = aba~'b~! € Fy. We show that the function

W(t) = {log(w(y)w(yl)) it gy,

0 otherwise,

satisfies the conditions of Lemma for the conjugacy class {yzy~'}, e,
First, we note that since w(z) = W (A(x), B(z)) and both A and B are group
homomorphisms, it follows that w is constant, and hence bounded away
from zero, on each conjugacy class, in particular on {yacyfl}yeﬂrz. Next we
check that i is well-defined, i.e., if ¢t € 2 has two different representations
t = ylxyfl = ygxygl, then w(ylxyfl) = w(yzxygl). To this end, it is
enough to show that A(y;) = A(y2) and B(y1) = B(y2). We only show that
A(y1) = A(y2), since the proof of the fact that B(y;) = B(y2) is completely
analogous. Note that

(4.15) (izyy D(yeyr D) = eyt = veays b = (voyr V) (vizyy ),

which means that the elements y;zy, Land Y2Yy ! commute. In a free group
two elements commute if and only if both of them are powers of a third
element (see, for example, [8, Proposition 2.17]). So, since Fy is a free group,
1| implies the existence of v € [Fo and integers £, [ such that yzy, b yk
and Yoy, 1 — 4!, Because A is a group homomorphism, we have

Alyz) — Alyr) = Alyay; 1) = LA(u).
Hence, to prove that A(y;) = A(ys), it suffices to show that A(u) = 0. Since
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x = aba~'b~!, we have A(z) = 0, and so

0= A(z) = A(yray; ) = Al(yrayy ) (yeyr ) = AWM = (k+ 1) A(u).
When k + [ # 0, it immediately follows that A(u) = 0, and our claim is
proved. If £ +1 = 0, then ylxyfl = uFt! = ¢, which implies that z = e,
contradicting the choice of x. This proves that the function 1 is well-defined.

Our next goal is to show that v satisfies the conditions of Lemma [2.3]
First, we prove that there exists a constant C' > 0 such that

|Y(uv) — Y(vu)| < Cw(u)w(v), u,v € Fa.

Since 9 is non-zero only on the conjugacy class {yxyfl}ye]pz, and the ele-
ments uv and vu always belong to the same conjugacy class (vu = v(uv)v™1),
we only need to consider the case when uwv,vu € {yxy_l}yGFQ. Let wv =
yry~t. Then vu = (vy)x(vy)~!, and we have

[ (uv) = (vu)| = [Y(yzy™") = Y((vy)z(vy) )]
= [log(w(y)w(y ™)) = log(w(vy)w((vy) )]
w(y)wy ")
w(vy)w(y—to= )|
Using the weight inequality for w, we obtain
w(y) Sw( Hwlvy),  wy™h) <wly v Hw(v),

which implies

= |log

w(y)w(y™)
w(vy)w(y=tvt)

(4.16) < w Hw().

We also have
wlvy) Sw@w(y), wy o) <wly HwE™),

yielding

1 1)

R s

From the inequalities (4.16)) and (4.17) it follows that

(4.17)

o YWy
0

w(vy)w(y=tv)
Since w(v)w(v~!) > w(e) = const > 0, by elementary calculus there exists a
constant C' > 0 such that

(4.18) log(w(v)w(v™h)) < Cw(v)w(v™t).
Combining all of the above, we get

[¥(uv) = P(vu)| < Cw(v)w(v™).

< log(w(v)w(v ™).
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Recalling that uv = yzy !, we obtain v=! = yz 'y lu,and so A(v™1) = A(u)
and B(v~!) = B(u), since A(z) = B(z) = 0 and both A and B are group

homomorphisms. Hence,
wv™) = W(A@™), B(v™)) = W(A(u), B(u)) = w(u),
which implies the desired inequality

¢ (uv) — ¥ (vu)| < Cw(u)w(v).
Finally, we show that sup,cp, Y(yry™t) Jw(yzy™!) = co. Since w factors
through the abelianization map from Fy to Z2, it is constant on conjugacy
classes. Therefore,

i g . O )1 o)

yeF, WTy™l)  yer, w()

1
= L og(sup wlyhets™) = oo
CL)(.%') yE]FQ
since w is not diagonally bounded. Applying Lemma [2.3] we conclude that

0} (Fa,w) is not weakly amenable, and the proposition is proved. m

REMARK 4.6. The diagonal boundedness of w is obviously equivalent to
the diagonal boundedness of W, which is a weight on an amenable group Z2.
As follows from [I3, Lemma 1], W is diagonally bounded if and only if it
is equivalent to a multiplicative weight. Hence, under conditions of Theo-

rem [4.5] ¢1(Fy,w) is weakly amenable if and only if £1(Fy,w) = £1(Fy).

REMARK 4.7. Theorems [3.5] and [4.5] give rise to examples of weights w
that factor through the abelianization map ¢ : G — Gap, but for which the
criterion from Proposition still fails.

The results of Proposition Theorem and Theorem [4.5| naturally
lead us to the following conjecture.

CONJECTURE 4.8. Let w be a weight on Fy. Then (1(Fo,w) is weakly
amenable if and only if w is diagonally bounded.

REMARK 4.9. Based on ideas of B. E. Johnson and M. C. White, it was
shown by several authors that a diagonally bounded weight on Fy does not
have to be equivalent to a multiplicative weight (see, for instance, [4, Ex-
ample 10.1] or [I0, Example 3.15]). At the same time we note that every
diagonally bounded weight on an amenable group is equivalent to a multi-
plicative weight. Indeed, if the group G is amenable and w is a weight on G,
then according to [I3] Lemma 1] there exists a continuous character function
¢: G — RT (ie., ¢(zy) = ¢(2)o(y), z,y € G) such that ¢ < w on G. So, if
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w is diagonally bounded, we have

w(T)w xil wlx)w 1’71
o) i) = 20T < SO gaputonnta)
-1

< ¢(z) zggw(y)w(@/ ) = cp(x), ¢ = const.

This precisely means that w is equivalent to a multiplicative weight ¢ on G.

5. Weak amenability of ¢!(Z2?,w). It was proved in [I4] that if w is a
weight on Z?2 such that both ¢}(Z,w;) and ¢}(Z,ws) are weakly amenable,
where w; denotes the restriction of w to the ith coordinate, i = 1,2, i.e.,
wi(k) = w(k,0), wa(k) = w(0,k), k € Z, then ((Z?,w) is also weakly
amenable. We present an example showing that the converse is not true.

Consider the function w on Z? defined by

(5.1) wlk,m) =1+ KDY+ |k +m)Y3,  k,meZ

It is easy to see that w is a weight on Z2. This follows from the fact that
both mappings (k,m) — k and (k,m) — k+m from Z? to Z are linear, and
from the obvious inequality

(1+la+0d) < @+]|a)@+]D), abeclZ

EXAMPLE 5.1. For the weight w defined by , the algebra ¢!(Z2,w)
is weakly amenable, but the algebra ¢!(Z,w;) is not weakly amenable.
Proof. The weight w; is precisely given by wi (k) = w(k,0) = (1+]k[)*/3,
k € Z, and so ¢*(Z,w) is not weakly amenable by Proposition We now
prove that ¢1(Z?, w) is weakly amenable. According to Proposition it is
enough to show that
PO _
tezz w(t)w(—t)
for every non-trivial group homomorphism @ : Z? — C. Since every such
homomorphism is of the form @(k, m) = ck+dm, k, m € Z, for some complex
numbers ¢, d with |c|> + |d|? # 0, we only need to show that

sup |ck 4 dm)| — sup |ck + dm)| .
kmez w(k, m)w(=k,—m) g mez (1+ k)23 + [k +m][)?/3
for all ¢,d € C with |¢|? + |d|? # 0. If d # 0, then
sup |ck + dm| > sup d| - fm| 0.
kmez (1+ [K))23(1+ [k +m[)2/3 sot k=0 mez (1 + |m|)*/?
Now, if d = 0, then ¢ # 0 since |¢|? + |d|? # 0, and we have
|ck 4 dm)| sup le| - |k -~

su >
o (Lt KDL+ [k + m)2 et raek nep (14 [K])2/3
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So, we conclude that
“u |ck 4 dm)| B
pmez, (1+ [K)2/3(1 + [k + m|)2/3

for all non-trivial pairs (c,d) € C2. Hence, £}(Z?,w) is indeed weakly amen-
able. m

REMARK 5.2. In fact, in the forthcoming paper of Y. Zhang and the
author, the idea of the construction of the weight w in Example has been
generalized to show that, for any Abelian locally compact groups G; and
(G2 admitting non-trivial continuous group homomorphisms into C, weak
amenability of L!(G1 x Ga,w) does not imply weak amenability of L(G;,w;)
(1 =1,2) (see also [12], Proposition 5.11]).

The rest of this section is devoted to developing an easy procedure for
verification whether ¢!(Z2,w) is weakly amenable.

First we note that the complex-valued homomorphisms & in the charac-
terization of weak amenability of /! (G, w) for Abelian groups G from Propo-
sition can be replaced with real-valued homomorphisms, see [14, Theo-
rem 3.5]. It follows that ¢!(Z?,w) is weakly amenable if and only if for every
non-trivial group homomorphism @ : Z? — R we have

oy PO _
tezz W(t)w(—t)
Because every such homomorphism has the form @(k, m) = ck+dm for some
¢,d € R with ¢? 4 d? # 0, the group algebra ¢!(Z?,w) is weakly amenable if
and only if

sup |ck + dm)| o
k,meZ W(k), m)w<_k) _m)

for every pair (c,d) € R? such that ¢? + d? # 0. We aim to find a procedure
that allows us to determine weak amenability of ¢!(Z? w) by checking the
supremums for only two pairs (¢, d), instead of all non-trivial pairs (c,d).
This will significantly simplify the verification process in most cases. We
start by proving the following simple technical lemma.

LEMMA 5.3. Suppose that w is a weight on Z*. Let ¢1,dq,c2,ds be real
numbers satisfying the relation c1dy — cody # 0 and such that
sup ’Cik + dzm\
k,m€eZ W(k‘, m)u)(—k, _m>

Then for all ¢,d € R we have

<oo, 1=1,2.

sup |ck 4+ dm| <o
k,m€eZ CU(]{?, m)w(_ka _m) '




210 V. Shepelska

Proof. Denote

M = su |Cil{7 + dlm|
‘ k,mIE)Z W(kam)w(_ka _m)7

i=1,2.

Then for every k,m € Z we have
lcik + dim| < Mjw(k, m)w(—=k,—m), i=1,2.

Since c1dy — cady # 0, the vectors (c1,d;) and (cg,dg) are linearly indepen-
dent in R2. Fix arbitrary (c,d) € R2. Then there exist real coefficients a, 3
such that

(c,d) = a(c1,dr) + B(cz, da),
and we obtain
lck + dm| = |a(c1k + dim) + B(cak + dam)|
< lal-[erk 4+ dim| + |B] - |e2k + dam|
< (la| My + |B|M2)w(k, m)w(—k,—m), k,m € Z.
This immediately implies that
|ck 4 dm)|

< |alM M, < oo.
]fi}zlgzw(hm)W(—k‘,—m) _|a| 1+|B| 2 o0. m

It follows from Lemma that for any weight w on Z? there are three
possible situations:

S1. For every non-trivial pair (¢, d) € R?,
ck + dm)|
sup
k,meZ CU(]C, m)w(—k, _m)

:oo’

and ¢(Z?,w) is weakly amenable. (For example, this is the case for
the weight w(k,m) = (1 + |k| + |m|)'/3.)
S2. For every pair (c,d) € R?

ck + dm)|
sup

< 00,
k,meZ O.)(k', m)w(_k7 _m)

and ¢'(Z?,w) is not weakly amenable. (For example, this holds for
the weight w(k, m) = (1 + |k| + |m|)?/3.)
S3. Thereis aunique, up to anon-zero multiple, non-trivial pair (¢, d) € R?

such that

sup |ck + dm)| o
k,meZ O.)(k', m)w(_k7 _m) ’

and (1(Z? w) is not weakly amenable. (For example, this is the sit-
uation with the weight w(k, m) = (1 + |k + m|)?/3.)

Employing this observation, we can prove the following result.
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PROPOSITION 5.4. Let w be a weight on Z* which is symmetric and
even, 1i.e.,

(5.2) w(k,m) =w(k,—m) =w(m,k), k,meZ.

Then (1(Z?,w) is weakly amenable if and only if there exist c¢,d € R such
that

|ck + dm)|
>3 o kK, —m)

REMARK 5.5. The conclusion of Propositionmeans that if holds
for one pair (¢, d), then it holds for all pairs (¢, d) of real numbers. So in prac-
tice, if w is symmetric and even, then one simply computes the supremum
from for any single non-trivial pair (c,d) € R? to determine whether
(1(7?,w) is weakly amenable. If the supremum is infinite, then ¢*(Z? w) is
weakly amenable; if the supremum is finite, then ¢!(Z2 w) is not weakly
amenable.

Proof of Proposition[5.f We only need to prove that S3 is not possible
for any weight w satisfying . According to Lemma it is enough to
show that if for some non-trivial pair (co, dy) € R? the corresponding supre-
mum is finite, then there exists another pair (c,d) € R2, not proportional
to (co,dp), for which the supremum is also finite.

First we consider the case when ¢y # 4 dp. Then the pair (dy, c¢p) is not
proportional to (cp,dp), and for this pair we still have

sup |d0k‘ + Com| _ sup |d0/€ + Com|
kmez Wk, m)w(=k, —m) w(km)=w(mk) g mez w(m,k)w(—m, —k)
_ sup ‘Cok‘ + dom‘ < 0.
k<m kmez w(k, m)w(—k, —m)
Now, if ¢g = dy or ¢y = —dg, then dy # 0 (since the pair (cp,dp) is non-

trivial), and so the pair (¢g, —dp) is not proportional to (cg, dy). For this pair
we still have

- lcok — dom| _ - lcok — dom)|
k,ng w(k7 m)w(—k‘, _m) w(k,m)=w(k,—m) k,mgl w(ka _m)w(_k7 m)
|Cok‘ + d0m|

= sup < 00.
m<>—m k,meZ w(kam)w(_ka _m)

The proof is complete.

REMARK 5.6. In particular, Proposition holds for any weight of the
form w(k,m) = W(||(k,m)||), i.e., any weight depending only on the norm

|k, m)ll = VEZ+ m?, kym € Z.
Now let us consider situation S3 in more detail. Let w be a weight for
which we have this situation. Without loss of generality, we can assume that
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the corresponding supremum is finite for a pair (¢,d) with ¢ = 1, i.e., that
there exists d € R such that

sup [k + dm| =M< o0
km€eZ W(k, m)w(_ka _m) .
This implies
1
(5.4) M|k +dm| < w(k,m)w(—k,—m), k,m € Z.

Since we are in situation S3, the supremum is infinite for every pair (¢, d’)
that is not proportional to (1,d), in particular for the pair (0,1). So, we
have
sup [m| = 00.
k,meZ w(ka m)w(_k> _m)

This means that there exists a sequence {(kn,m,)}52; C Z? such that

[ |

W(kn, mp)w(—kpn, —my) > ™

and hence
|mn|

> w(kp, mp)w(—kn, —my), n €N
Combining the last inequality with (5.4]), we obtain

|17 |

1
M|kn + dmy,| < w(kp, my)w(—kn, —my,) < — n & N.

Dividing by (non-zero) |m,,| and multiplying by M, we finally get
k M
‘n +d ‘ <—, meN.
My n

It follows that d = — lim,, o0 ki /M.
Now we are ready to formulate the aforementioned procedure involving
calculation of at most two supremums.

Procedure for verification of whether ¢!(Z? w) is weakly amen-
able:

STEP 1. We calculate
ud

sup .
km€eZ w(ka m)w(_k> _m)

If it is finite, then ¢}(Z2, w) is not weakly amenable. If it is infinite, then we

are either in situation S1 or in situation S3, and we proceed to the second

step.

STEP 2. We choose {(ky,m,)}>%,; C Z? such that

n=1

>n, neN,
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and consider lim,_,o ky/my,. If the limit does not exist or is infinite, then,
according to what we have discussed above, we cannot be in situation S3.
This means that we are in situation S1, and so ¢!(Z?,w) is weakly amenable.
Now, if lim,,_, 0 kn /m, exists and is finite, we denote it by —d and proceed
to the last step.

STEP 3. We calculate

|k + dm|
sup )
kemez W(k, m)w(—k, —m)
If it is finite, then ¢}(Z?,w) is not weakly amenable. On the other hand, if

it is infinite, we cannot be in situation S3, so we must be in situation S1,
which means that ¢}(Z?, w) is weakly amenable.

REMARK 5.7. The procedure above will also work if in the first step we
start from any other
|ck 4+ dm)|

su instead of  su ,
kmez @k, m)w(—k, —m) kmez @k, m)w(—k, —m)

m|

with minor adjustments in the subsequent steps.
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