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Rapid decay and polynomial growth for bicrossed
products

PIERRE FiMA AND Hua WANG

Abstract

We study the rapid decay property and polynomial growth for duals of bicrossed products coming from a
matched pair of a discrete group and a compact group.

1 Introduction

In the breakthrough paper paper [Ha78|, Haagerup showed that the norm of the reduced C*-algebra C;(Fy)
of the free group on N-generators Fy, can be controlled by the Sobolev [?>-norms associated to the word
length function on Fy. This is a striking phenomenon which actually occurs in many more cases. Jolissaint
recognized this phenomenon, called Rapid Decay (or property (RD)), and studied it in a systematic way
in [Jo89]. Property (RD) has now many applications. Let us mention the remarkable one concerning K-
theory. Property (RD) allowed Jolissaint [Jo89] to show that the K-theory and C(T") equals the K-theory of
subalgebras of rapidly decreasing functions on I'. This result was then used by V. Lafforgue in his approach
to the Baum-Connes conjecture via Banach KK-theory [La00, [La02].

In this paper, we view discrete quantum groups as duals of compact quantum groups. The theory of com-
pact quantum groups has been developed by Woronowicz [Wo8T], [Wo88|, Wo98]. Property (RD) for discrete
quantum groups has been introduced and studied by Vergnioux [Ve(7]. Property (RD) has been refined later
[BVZ14] in order to fit in the context of non-unimodular discrete quantum groups.

In this paper, we study the permanence of property (RD) under the bicrossed product construction. This
construction was initiated by Kac [Ka6§| in the context of finite quantum groups and was extensively studied
later by many authors in different settings. The general construction, for locally compact quantum groups,
was developed by Vaes-Vainerman [VV03]. In the context of compact quantum groups given by matched pairs
of classical groups, an easier approach, that we will follow, was given by Fima-Mukherjee-Patri [FMP17].

Following [FMP17], the bicrossed product construction associates to a matched pair (I', G) of a discrete group
I'" and a compact group G (see Section[Z2]) a compact quantum group G, called the bicrossed product. Given
a length function [ on the set of equivalence classes Irr(G) of irreducible unitary representations of G one can
associate in a canonical way, as explained in Propositiond.2] a pair of length functions (Ir,l¢) on I' and Irr(G)
respectively. Such a pair satisfies some compatibility relations and every pair of length functions (Ir,lg) on
(T, Irr(GQ)) satisfying those compatibility relations will be called matched (see Definition [4.1]). Any matched
pair (Ir,lg) on (T, Irr(G)) allows one to reconstruct a canonical length function on Irr(G). The main result
of the present paper is the following.

Theorem A. Let (I',G) be a matched pair of a discrete group T' and a compact group G. Denote by G the
bicrossed product. The following are equivalent.

1. G has property (RD).

2. There exists a matched pair of length function (Ir,lg) on (I',Irr(G)) such that both (T',Ir) and (G,l¢)
have (RD).

For amenable discrete groups, property (RD) is equivalent to polynomial growth [Jo89] and the same occurs
for discrete quantum groups [Ve07]. Hence, for the compact classical group G one has that (G, lg) has (RD)
if and only if it has polynomial growth. Note that a bicrossed product of a matched pair (I, G) is co-amenable
if and only if I is amenable [FMP17]. The following theorem shows the permanence of polynomial growth
under the bicrossed product construction.

Theorem B. Let (I, G) be a matched pair of a discrete group T' and a compact group G. Denote by G the
bicrossed product. The following are equivalent.
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1. G has polynomial growth.

2. There exists a matched pair of length function (Ip,lg) on (T,Irr(G)) such that both (T',Ir) and (G,l¢)
have polynomial growth.

The main ingredient to prove Theorem A and B is the classification of the irreducible unitary representation
of a bicrossed product and the fusion rules.

The paper is organized as follows. Section 2 is a preliminary section in which we introduce our notations. In
section 3 we classify the irreducible unitary representation of a bicrossed product and describe their fusion
rules. Finally, in section 4, we prove Theorem A and Theorem B.

2 Preliminaries

2.1 Notations

For a Hilbert space H, we denote by U(H) its unitary group and by B(H) the C*-algebra of bounded
linear operators on H. When H is finite dimensional, we denote by Tr the unique trace on B(H) such that
Tr(1) = dim(H). We use the same symbol ® for the tensor product of Hilbert spaces, unitary representations
of compact quantum groups, minimal tensor product of C*-algebras. For a compact quantum group G, we
denote by Irr(G) the set of equivalence classes of irreducible unitary representations and Rep(G) the collection
of finite dimensional unitary representations. We will often denote by [u] the equivalence class of an irreducible
unitary representation u. For u € Rep(G), we denote by x(u) its character, i.e., viewing v € B(H) ® C(G) for
some finite dimensional Hilbert space H, one has x(u) := (Tr®id)(u) € C(G). We denote by Pol(G) the unital
C*-algebra obtained by taking the Span of the coefficients of irreducible unitary representation, by C,(G)
the enveloping C*-algebra of Pol(G) and by C(G) the C*-algebra generated by the GNS construction of the
Haar state on Cy,(G). We also denote by € : Cp,(G) — C the counit and we use the same symbol € € Irr(G)
to denote the trivial representation and its class in Irr(G). In the entire paper, the word representation means
a unitary and finite dimensional representation.

2.2 Compact bicrossed products

In this section, we follow the approach and the notations of [FMP17].

Let (T, G) be a pair of a countable discrete group I" and a second countable compact group G with a left action
a : I' = Homeo(G) of T' on the compact space G by homeomorphisms and a right action 8 : G — S(I)
of G on the discrete space I', where S(T") is the Polish group of bijections of I', the topology being the
one of pointwise convergence i.e., the smallest one for which the evaluation maps S(I') — T', o — o(y) are
continuous, for all v € I', where I" has the discrete topology. Here, « is a group homomorphism and 3 is an
antihomomorphism. The pair (T', G) is called a matched pair if ' N G = {e} with e being the common unit
for both G and I, and if the actions « and 3 satisfy the following matched pair relations:

Vg,h € G, v,p €T, ay(gh) = ay(g)ag, ) (h), By(vit) = Ba.(g)(7)Bg(1) and ay(e) = By(e) =e. (2.1)

We also write v - g := B4(7). From now on, we assume (I', G) is matched. It is shown in [FEMP17] that § is
automatically continuous. By continuity of § and compactness of G, every g orbit is finite. Moreover, the
sets Grs == {g € G : r-g = s} are clopen. Let v,s = 1g, , € C(G) be the characteristic function of G, 5. It is
shown in [FMP17] that, for all S-orbits v-G € I'/G, the unitary vy.c == 3, .o .q €rs®@Vrs € B(I*(v-G))2C(G)
is a unitary representation of G as well as a magic unitary, where e,s € B(I*(y - G)) are the canonical matrix
units and the Haar probability measure v on G is a-invariant.

It is shown in [FMP17] that there exists a unique compact quantum group G, called the bicrossed product of
the matched pair (I", G), such that C(G) =T',, x C(G) is the reduced C*-algebraic crossed product, generated
by a copy of C(G) and the unitaries u,, v € I' and A : C(G) — C(G) ® C(G) is the unique unital *-
homomorphism satisfying Alc(q) = Ag (the comultiplication on C(G)) and A(uy) = Y, ¢ g UyVyr ® u, for
all v € I'. It is also shown that the Haar state on G is a trace and is given by the formula h(uyF') = 641 fG Fdy
for all y e ' and F € C(G).



3 Representation theory of bicrossed products

3.1 Classification of irreducible representations

In this section we classify the irreducible representations of a bicrossed product. Let (T, G) be a matched pair
of a discrete countable group I' and a second countable compact group G with actions «, 3.

For v € I' we denote by G, := G, 4 the stabilizer of v for the action 5 : I' ~ G. Note that G, is an open
(hence closed) subgroup of G, hence of finite index: its index is |y-G|. We view C(G,) = v,,C(G) C C(G) asa
non-unital C*-subalgebra. Let us denote by v the Haar probability measure on G and note that v(G,) = WLG\

so that the Haar probability measure v, on G, is given by v.,(A4) = |v- G| v(A) for all Borel subset A of G,.

For v € T" we fix a section, still denoted ~, v : v-G — G of the canonical surjection G = ~v-G : g+ v -g.
This means that v : v-G — G is an injective map such that vy-y(r) = r for all € y-G. We choose the section
7 such that y(y) = 1, for all v € T'. For r,s € v- G, we denote by v ; the v-preserving homeomorphism
of G defined by ¥ ((g9) = v(r)gy(s)~t. Tt follows from our choices that ¢7 ., =id for all v € I'. Moreover,
for all g € G, one has ] (g9) € G, if and only if g € G, 5. It follows that ¢} is an isomorphism and an
homeomorphism from G, to G, intertwining the Haar probability measures.

Let w : Gy — U(H) be a unitary representation of G, and view u as a continuous function G — B(H)
which is zero outside G i.e. a partial isometry in B(H) ® C(G) such that uu* = u*u = idg ® v,,. Define,
for r,s € v - G, the partial isometry u, s 1= uwo ) = (g — u(¥](g))) € B(H)® C(G) and note that

7,8

uy U s = Up suy o =idg @ 1g, . In the sequel we view u, s € B(H) ® C(G) C B(H) ® C(G) and we define:
v(u) := Z ers @ (1@ upvps)urs € BI2(y-G)) @ B(H) @ C(G),
r,s€y-G

where we recall that e,s, for r,s € v - G, are the matrix units associated to the canonical orthonormal basis
of I2(y - G).

The irreducible unitary representations of G are described as follows.

Theorem 3.1. The following holds.

1. For ally €T and u € Rep(G) one has y(u) € Rep(G).

2. The character of y(u) is x(vy(u)) = ET€7~G UpUppx (1) © L
8. For all v € T and u,w € Rep(G) one has dim(Morg (y(u), p(w))) = 6,.¢ p.cdim(Morg., (u, w o Pk ).

4. Forally € T and u € Rep(G) one has y(u) ~ vy~ (Wo ay-1) (which makes sense since o—1 : Go-1 —
G, is a group isomorphism and an homeomorphism,).

5. y(u) is irreducible if and only if u is irreducible. Moreover, for any irreducible unitary representation u
of G there exists v € T’ and v an irreducible representation of G-, such that u ~ v(v).

Proof. (1). Writing y(u) = >, ; ers ® Vs, where V; 5 := (1 ® upvrs)u,, s € B(H) @ C(G), it suffices to check

that, for all r, s € -G one has y(id®A)(VT,S) = Zt@_c(\/},t)lg(‘/},s)lg. We first claim that, for all r,s € v- G,

(id @ A)(ups) = Zte'y~G(uT7t)12(utaS)13' To check our claim, first recall that, for all r,s € - G one has
7s(g) € Gy ifand only if r-g=s. Let r,s €v-G and g,h € G. Fort =r-g €7 G one has :

tralgh) = w020 (5)™) = ),y = { prr ) T

Since we also have u; s(h) = 0 whenever r - gh # s we find, in both cases, that u, s(gh) = ur+(g)us s(h). Now,
for t # r - g we have u,+(g) = 0 so the following formulae holds for any r,s € v -G and any g, h € G:

Ur,t (g)ur,s(gh) = Upt (g)ut,é(h)



Hence, for all r,s,t € v- G, (1 @ vy; @ 1)(id @ A)(ur,s) = (wrt)12(us,s)13. Using this we find:

Z (Ve)i2(Veshis = Z(l ® UrVrt @ 1)(Ur)12(1 @ 1 @ wpves)(us,s)13
tev-G t

> (1@ upvr @ upvrs) (e s)12(r,s)13 = (1 ® () uv ® UtUts)> (id ® A)(ur,s).

t t

Since v, is a unitary representation of G and a magic unitary we also have:

Alurvrs) = (v @ ) (Vyer @ vprs) Z UpUry @ Ugys.

tt

This shows that y(u) is a representation of G. We now check that v(u) is unitary. As before, since for all
7,5 € v+ G one has ¢ (g) € G, if and only if r - g = s and because u is a unitary representation of G, we
have, for all 7t € v- G, (1 ® vp)uru;, = 1 ® vy, Hence,

Z VedViy = Z(l ® r ) (1 @ vrgJurpug (1@ vse) (1 © uy)
tey-G t
= §(1®u) (Za ® vrt)umu;t) (1®u) =6,,(1®u) <Z(1 ® w) (1®ul)
t t
= b

)

A similar computations shows that >, oV, Vis = 0rs.

(2). The character of y(u) is given by

x(y(u)) = Z (Tr ®1id) (V. Zuww (Tr @ id) (uyr ) ZUT’UTTX

rey-G

(3). Let v,p € T and u,w be representations of G, and G, respectively. Since the Haar measure on G is
invariant under the action o and the homeomorphisms ¢, and ¢/ ., we find, by 1,

T,

dim(Mor(y(u), p(w))) = h(x(y)x(pw)) = Y huperas(vmvgx(u) o 7, (x(w) o vk )*))
revy-G,sepn-G

'yGuG Z /a’!‘ UTT rr)(mowﬁ,r))dy

rey-G

bropa 3 / D) 0t )dv

rey-G

= Sapa Y / £ @) 0k, 0 (1,) ™ o (4w

rey-G

Now, note that ¢, o (¢7,)" o (4 )~' = Ad(h), where h = p(r)y(r)~'u(y)~*. Moreover it is clear that
p-h =p,soh € G,. Since the characters of finite dimensional unitary representation of a group A are central
functions i.e. invariant under Ad()) for all A € A, we have x (W) o ¥, o (¢),) Lo (v* )71 = x(w) o Ad(h) =

@), 1 T, T, e
x(w). Hence:

dim(Mor(y(u), u(w))) = dy.guc Z / )_1x(w)du = (570,”‘@/ x(u) o ( fy‘ﬁ)_lx(m)duu

rey-G Gu

= dyapadimMorg, (uwo (YE )" w)) = 5V»G,M»G/ x(u)x(w o . )dv,

= 4y pcdim(Morg, (v, wo ).



(4). Note that, by the bicrossed product relations, we have, for all y € I and g € G, (y-g) "' =~ - a,(g).

Hence vy-1,-100y = vy, and (y-G)~t =~7!-G. In particular, ay : G, = G,-1 is an homeomorphism and,
by the bicrossed product relations, one has, for all g € G, and h € G, o, (gh) = o (g9)y.4(h) = ay(g)a,(h)
so that oy : Gy — G-1 is also a group homomorphism.

For r € - G one has v~ ' - a (y(r)) = (y-y(r)) ! =r~t =471 . 471 (r~1). This implies that, for all v € T,
there exists a map 7, : -G — G- such that, for all 7 € v - G, one has a, (y(r)) = n,(r)y~1(r~1).

Let now r € -G and g € G,. One has, using the bicrossed product relations, that e = o, (y(r)y(r) ") =
oy (7(r))ar (v(r) "), hence

—1

(ay 0 97,)(9) = 0y (¥(r)) e (9)ar (1(1) 1) = ey (Y1) (9) (ay (1)) = 0y (M) (W) -1 © ) (9) (1 (1)

Hence, for all v € I, if w € Rep(G.,-1), since x(w) € C(G,-1) is central we have
x(w) 00 097, (9) = X(w) 0], oan(g) forallr €v-G, g€ G

Using the discussion above we find,
—1
X(’}/il(ﬂ [¢] 04771)) = Z ’U,T71’UT71T71X(ﬂ) [¢] Oé,y—1 o 1/}:71,7“71
rey-G

—1
= Z (x(@) o Qy-10 wlqu 0 0 )(Vp—1p-1 0 Q) UUp 1

rey-G

= > x@ o) vmul =Y (x(u) o), vm) ul

revy-G rey-G
= x(v(w)”

(5). By the general theory it suffices to show that the linear span X of coeflicients of representations of the
form «y(u), for v € I' and v an irreducible unitary representation of G, is a dense subset of C'(G). Note
that, for all v € ', the relation 1 = Zrew»G Uy implies that any function in C(G) is a sum of continuous

functions with support in G4, :={g € G : v-g =r}, for r € v- G. Moreover, since G, = ( ZYYVT)’l(G,Y),

any continuous function on G' with support in G, , is of the form F o7 ., where F' € C(G,). Since the
linear span of coefficients of irreducible unitary representation of G is dense in C(G,), it suffices to show
that, for any v € T, for any irreducible unitary representation of G-, u : Gy — U(H), any coefficient

u;; € C(G,) = vy,C(G) C C(G) satisfies u,u;; € X. But this is obvious since one has
Uy Ui = UyVynUij = Uy Uyy Wi j O VT = V(U)q,q,,5 € X. 0

Finally, the fusion rules are described as follows.

Let v,p €T, u : Gy - U(H,), v : G, — U(H,) by unitary representations of G, and G, respectively.
For any r € (v - G)(p - G), we define the r-twisted tensor product of u and v, denoted u ® v as a unitary

T

representation of G, on K, ® H, ® H,, where
K, :=Span({es®e; : s €y-Gand t € pu- G such that st =7}) C I*(y-G) @ (- G).
For g € G, we define:
(u Q? v)(9) = Z €ss' @ e @ Vs (i (g))vn (g)U(l/J;S, (ae(g))) ® U(l/’éft' (9)) EU(K, ® Hy ® H,).
s,5'€v-G
t,t'eu-G
st=r=st’

Theorem 3.2. The following holds.

1. Forallv,p €T, allr € (v-G)(p-G) and all u,v finite dimensional unitary representations of G, G,
respectively the element u ® v is a unitary representation of G,.
T



2. The character of u®@w is x(u @ v) = Zsery-G,te#-G, st—r (Vss © ap)vee (X (u) 07 ;0 o) (x(v) 0 Yfy).

3. For all v1,7v2,7v3 € I and all u,v,w unitary representations of G, , G, and G, respectively, the number
dim(Morg (71 (u), v2(v) ® v3(w))) is equal to:

|’y1—1-C7" ZTE’Y1~Gﬁ(v2~G)(ry3~G) dim(MOI'GT (u © ’l/);y,lrv v (§> w)) Zf T Gn (72 ' G)(73 : G) 7é mv
0 otherwise.

Let us observe that, by the bicrossed product relations, we have, for all v1,v2,v3 € T,
TGN (2 G)v3 G)#0 71 -GC(r2-G)(ys-G).

Proof. (1). Put w =u® v and let g,h € G,.. Then, w(gh) is equal to:

Ess @ e @ Vs (ar(gh))v (gh)u(¥] o (e (gh))) @ vy, (gh).

s,s'€v-G,t,t'ep-G,st=s't'=r

Since vty (g) # 0 precisely when ¢ - g = y, the factor vss (i (gh))vee (gh)u(] . (ar(gh))) @ v(), (gh)) is equal
to:

Yo vsa(@i(9))ves (@ng ())vry (9)vyer (R)u(W] o (e (9))ulw] (g (h)) @ V(W (9))0(ey. o ()

zey-Gyeu-G

= Y salar(9))vas (ay (h))vey (9)vye (Mu(¥ o (ee(9))u(vy o (ay () @ v(¥1, (9)0 (W) ().

zey-Gyen-G

Moreover, since for all g € G, and all s,t such that st = r, one has, whenever ¢t - g = y and s - a:(g9) = =,
that zy = (s - au(g))(t - g) = (st) - g =r - g = r, it follows that the only non-zero terms in the last sum are
for x € v- G and y € p - G such that zy = r. By the properties of the matrix units we see immediately
that w(gh) = w(g)w(h). To end the proof of (1), it suffices to check that w(1) = 1, which is clear, and that
w(g)* = w(g™?!) for all g € G,. So let g € G,.. One has:

w(g)* = Z ess' @ et ® Vg5 (s (9))%%(9)“((1#3/,8(%/ (9)))71) ® v((wﬁ,t(g))fl)-

s,s’ev-G,t,t'en-G, st=r=s't’

Note that for all t,# € T" and all g € G, one has vys(g9) = vss(g7t). Also, using the bicrossed product

relations one finds that a,(9)™' = ay.4(¢7!) for all » € T and g € G. In particular, vy s(ap (g))vee(g) =
vssr (ar(g™"))vw (971) and, when t' - g = t, one has 9], (aw(9)))™" = 9] (au(g™")). Tt follows immediately
that w(g)* = w(g™1).

(2). Is a direct computation.

(3). One has dim(Morg (71 (w), v2(v) ® y3(w))) = h(x (71 (w))*x(y2(v))x(7v3(w))) which is equal to:

S B o U vt st (8) o W) 0 U7)
rév1-G,s€v2-G,t€ys-G

= 3 Ay 100101 (@) 0 U0 )1 (v x (v) © 22 v x () 0 1)

r,8,t

3 3 / X(T) 0 Y01 (vaa X (v) 0 22 Yorex(w) © 3w
G

rev1-G s€vy2-G,te€vs-G,st=r

1 _
Z W/G x(w) o lfrx(v@}w)dvr
) i

r€v1-GN(v2-G)(vs-G

1
= ol Z dim(Morg, (v o ¥}, v ® w)).
n rev1-GN(72:G)(v3-G) "

Note that, whenever 71 - G N ((72 - G) (73 - G)) = 0, there is no non-zero terms in the sum above. O



3.2 The induced representation

In this section, we explain how the induced representation maybe viewed as a particular twisted tensor
product.

For v €' and u : Gy — U(H) is a unitary representation of G, we define the induced representation:

IndS (u) = ¢, ©u: G SUPH-G)RH); g Y ere @ ralg)u(i](9))-

r,s€y-G

It follows from Theorem [B.2] that Indf (u) is indeed a unitary representation of G. We collect some elementary
and well known facts about this representation in the following Proposition. Note that, in property 3, we use
the symbol Resg7 (u) for u € Rep(G) to denote the restriction of u to a representation of G.,. Hence, property

3 motivates the name induced representation for the representation Indf(u).

Proposition 3.3. The following holds.

1. For ally €T and all u € Rep(G4) one has X(Indf(u))(g) = rer.c Urr(9)X(w) (47, (g)) for all g € G.
2. For ally €T and all u,v € Rep(G,) one has u~v = Indf(u) ~ Indf(v).

3. Forally €T, u € Rep(G) and v € Rep(G-) one has dim(Morg (u, Ind?(v))) = dim(Morg, (Resgw (u),v).

Proof. (1). Tt is obvious, by definition of IndS (u).
(2). If w ~ v then x(u) = x(v). Hence, X(Indg(u)) = x(Ind?(v)) by (1). So Indg(u) o~ Indﬁ(v).
(3). Let v € T, u € Rep(G) and v € Rep(G). One has,

dim(Morg (u, Ind Z / W) vrr X (V) 0 ) dv = Z / Y.dusy.

rey-G ’l“€ -G

Since 97, : G, — G, is a Haar probability preserving homeomorphism we obtain

dim(Morg (u, IndS( Z / O x(v)dy,.

TE'y G

Finally, since, for all g € G, x(u) o (¢,)"1(g) = x(%)(g) (because x(u) is a central function on G) it follows
that:

dim(Morg(u,IndS(v))) = ﬁ Z /G x(@)x (v)dv, = dim(Morg,, (Resg7 (u),v). O
rey-G el

4 Length functions

Recall that given a compact quantum group H, a function [ : Irr(H) — [0, 00) is called a length function on
Irr(H) if I([¢]) = 0, I(T) = I(z) and that [(x) < (y)+1(z) whenever x C y® z. A length function on a discrete
group A is a function [ : A — [0, 00) such that [(1) =0, I(r) = I(r~1) and I(rs) < I(r) + I(s) for all ;s € A.

Let (T', G) be a matched pair with bicrossed product G. In view of the description of the irreducible represen-
tations of G, the fusion rules and the contragredient representation, it is clear that to get a length function on
Irr(G), we need a family of maps [, : Irr(G,) — [0, +oo[, for v € T, satisfying the hypothesis of the following
definition.

Definition 4.1. Let (I',G) be a matched pair, I : Irr(G) — [0,4+00[ and Ip : T' — [0, +o0[ be length
functions. The pair (I,lr) is matched if, for all v € T', there exists a function I, : Irr(G,) — [0, 4+o0[ such
that



(i) b =l and ly(eq,) = Ir(v).
(i

(iii

For any v € I', 7 € v - G, and x € Trr(G), we have I (x) = [.([u” o ¥ .]).

For any v € T, x € Irr(G, ), we have I, (z) = 1,1 ([u® o ay-1]).

)
)
)
(iv) For any v1,72,v3 € I, € Irr(G,, ), y € Irr (G, ), 2 € Irr(G,), if v3 € (1 - G) (72 - G), and
dim Morg, (u* 0 3., u® @, u?) # 0 (4.1)
for some r € 73 - G, then
lys (2) < by, () + 1yy (9)- (4.2)
The next Proposition shows that our notion of matched pair for length functions is the good one, as expected.
Proposition 4.2. Let (T',G) be a matched pair with bicrossed product G.
1. If 1 is a length function on Irr(G) then the maps lg : Irr(G) = Irr(Gy) — [0, +oo[, = — I([1(z)]) and
Ir : T'— [0, 400, v = l([v(eq,)]) are length functions and the pair (Ir,lg) is matched.

2. If Ip is any B-invariant length function on T then the map I’ : Irr(G) — [0, 4o00[, [y(u®)] — Ir(7y) is a
well defined length function on Irr(G).

3. If (Ir,1lg) is a matched pair of length functions on (T,Irr(G)) then lp is S-invariant and the maps

Ll Irr(G) — [0,400], I([y(u™)]) = ly(z) and I([y(u")]) = L, (z) + lr(y) are well-defined length

functions.

Proof. (1). Since 1(eq) is the trivial representation of G one has Ip(1) = 0. Let 7,u € T" and note that
yp € (v-G)(p - G). Moreover,

dim(Mor(eq,,, €, ® €g,)) = / x(ea, ® €q,)dva,, = |y - G| Z / (vss © ap)vgedy
TH Gau H sev-G,tep-G,st=yp Gau
= |yu-G| > V(a1 (Gs) NG N Gyy)

s€v-G,tep-G,st=yp
v(oy,-1(Gy) NG N Gyp).

Y]

Hence, since -1 (G~) NG, NG, is open and non empty (it contains 1) we deduce that

dim(Mor(eg.,,, €6, ® g, )) > 0.
Th

So €@, C €a, ® £g, which implies, by the fusion rules of G, that (yu)(ec, ,) C v(eg,) ® p(eg, ). Hence,
T

Yy

since [ is a length function, Ir(yu) = I([yu(ea,,)]) < U(v(ea,)]) + U([u(eg,)]) = Ir(v) + Ir(p). Finally, note
that, for all v € T, ’}/71(6‘@771) ~ v(eg). Hence,

r(y™) = U ea, oy = Ulv(ea))) = Uv(ee)]) = (7).

So Ir is a length function on I'. It is obvious that lg = [ is a length function on Irr(G). It is also clear that
the pair (Ir,lg) is matched. Indeed, define I, : Irr(G5) — [0, +oo] by Iy (x) = I([y(u")]). Since ! is a length
function on Irr(G) and by assertion 4 of Theorem [B.J] and Theorem B.2] it is clear that the family {l, : v € '}
satisfies the conditions of Definition E.11

(2). Since Ir is B-invariant, the map !’ is well defined by point 3 of Theorem Bl It is clear that I'(g) = 0
and, by point 4 (and 5) of Theorem Bl and since I’ is a length function we also have that I'(z) = I'(2)
for all z € Irr(G). Let now vi,72,7v3 € I', ¢ € Irr(G,,), y € Irr(G4,) and z € Irr(G,,) be such that
7 (u*) C y2(u¥) ® y3(u*) then, by point 3 in Theorem B2 there exists r € 1 - G, s € v2-G and t € v3 - G
such that r = st (and u” o 9L C u¥ @ u®). Then,

V(@) =Ir(n) = Ie(r) < lp(s) +In(t) = Ir(y2) + Io(vs) = U([v2(u”)]) + (s (w?)]).



(3). Let (Ir,lg) be a matched pair of length functions. By points 1 and 2 of Definition [£1] we have, for
ally e I'and all 7 € v - G, Ir(y) = ly(ec,) = l-([ec, o ¥),]) = l-(ec,) = Ir(r). Hence, Ip is -invariant.
By point 2, we get a length function I’ on Irr(G). Now, it is clear from Definition 1] the fusion rules and
the adjoint representation of a bicrossed product (point 3 of Theorem and point 4 of Theorem B.J]) that
I [y(u®)] = L,(z) is a length function on Irr(G). Since I=1+1,1is also a length function on Irr(G). O

5 Rapid decay and polynomial growth

In this section we study property (RD) and polynomial growth for bicrossed-products.

5.1 Generalities

We use the notion of property (RD) developed in [BVZ14] and recall the definition below. Since we are only
dealing with Kac algebras, we recall the definition of the Fourier transform and rapid decay only for Kac
algebras.

Let H be a compact quantum group. We use the notation l"o(ﬁ) = @zem(H) B(H,) to denote the [*°

~ ~

direct sum. The ¢ direct sum is denoted by co(H) C [°°(H) and the algebraic direct sum is denoted by
co(H) C co(H). An element a € c.(H) is said to have finite support and its finite support is denoted by
Supp(a) := {z € Ir(H) : ap, # 0}, where p,, for & € Irr(H) denotes the central minimal projection of 1> (H)
corresponding to the bloc B(H,).

For a compact quantum group H which is always supposed to be of Kac type, and a € Cc(ﬁ) we define its
Fourier transform as:

Fa(a)= Y dim(z)(Tr, ®id)(u”(ap: ® 1)) € Pol(H),
x€Irr(H)
and its “Sobolev 0-norm” by [|a||% o = > verer(my dm(2) Tra((a"a)ps ).
Given a length function [ : Irr(H) — [0, 00), consider the element L = 3° 1, 4 {(z)p, which is affilated to

~

co(H). Let g, denote the spectral projections of L associated to the interval [n,n + 1).
The pair (H, ) is said to have:
e Polynomial growth if there exists a polynomial P € R[X] such that for every k € N one has

> dim(z)? < P(k)
zelrr(H), k<l(z)<k+1

~

e Property (RD) if there exists a polynomial P € R[X] such that for every k € N and a € gxc.(H), we
have [|F(a)c@m < P(k)|allmo-

Finally, H s said to have polynomial growth (resp. property (RD) if there exists a length function ! on Irr(H)
such that (ﬁ, 1) has polynomial growth (resp. property (RD)).

It is known from [Ve(Q7] that if (ﬁ, [) has polynomial growth then (ﬁ, [) has rapid decay and the converse
also holds when we assume H to be co-amenable. Moreover, it is shown also shown in [VeQ7] that duals of
compact connected real Lie groups have polynomial growth. The fact that polynomial growth implies (RD)
can easily be deduced from the following lemma.

Lemma 5.1. Let H be a CQG, F C Irr(H) a finite subset and a € 1°°(H) with ap, = 0 for all z ¢ F. Then,

1Fu(@)] <2, [ dim(z)?||al|zo.

Proof. One can copy the proof of Proposition 4.2, assertion (a), in [BVZ14] or the proof of Proposition 4.4,
assertion (i), in [VeQ7]. O



5.2 Technicalities

Let (T, G) be a matched pair with actions («, ) and denote by G the bicrossed product.

Recall that Irr(G) = UyerIrr(G5), where I C I' is a complete set of representatives for I'/G. For v € I and
x € Irr(G,), we denote by 7(x) the corresponding element in Irr(G). If a complete set of representatives of
Irr(G,), z € Irr(G,) is given by u” € B(H;) ® C(G,) then a representative for v(x) is given by

W@ = Z ers @ (1 @ upvps)u oy € B(P(y-G)) @ C(G).
r,s€y-G

—

The lemma below gives a way of obtaining an element a € cC(CAv') from an a € ¢.(G4) in a suitable way so that
they are compatible with the Fourier transforms.

Lemma 5.2. Let v € I and a € ¢.(G,). Define @ € c.(G) by:

dim(Morg (y,IndS ()))

apy = Z d%m(x) Z (S7)"(exy ® aps) S,

d
z€supp(a) and yCIndg(I) Hn(y) =1

where SY € Mor(y, Indﬁ(m)) s a basis of isometries with pairwise orthogonal images. The following holds.
1. If (Ir,1) is a matched pair of length functions on (U, Irr(G)) then, for all y € supp(a) one has
I(y) < max({ly(z) : = € supp(a)}) + ir (),
where (1y)yer is any family of maps realizing the compatibility relations of Definition [[.1}
2. Fa,(a) = vy Fala).
3. Nlallg.o < llalle,.0-

Proof. (1). Since any y € supp(a) is such that y C Indf(x) = e¢__, @z for some x € supp(a), it follows
LT

that any y € supp(a) satisfies I(y) = l1(y) < l,-1(eq _,) +1y(z) = Ir(v™Y) + 1y (z) = Ir(y) + Iy (z) for some
x € supp(a).

(2). One has:
Uy Fa(@) = vy Zdnn (Tr, ®id)(uYap, ® 1)
dim(Mor(y,IndS (z)))
= vy D > dm@)(Tr, @id) ()" (ery © ap:)SY) © 1)
z€supp(a), yCInd (x) =1
= Uy > dim(2)(Tr, ®1id)(((SY)" @ DIndS (u”)(e4y @ ap: ® 1)(SY @ 1))
z,y,i
= Uy Z dim(z)(Trp2 (y.c)zH, @ 1d)(Ind (u”)(eyy ® apy @ 1)(SY(SY)" @ 1))
Ty,
= vy Y dim(@)(Tre.cen, ®id)(IndS (u”)(eyy @ ap, ® 1))
xz€supp(a)
= Uy Z dim(z)(Tr, ® id)(u“ap, ® 1)) = Fa. (a).
z€supp(a)
(3). One has:
@2, = 3 dim(y)Tr, (@ap,)
y

10



dim(Mor(y,IndS (z)))

mESupp(a),yCIndG(z) i,7=1 y
=Z““(MEDM“%@MWMW@Mw®mw%

Since, for all y,4, SY(SY)* is a projection, one has SY(SY)* <1 hence,
Try ((57)"(e4y ® a*pz) S} (SY)" (€4 ® apy)SY) < Try((S)"(e4y ® a”apy)SY).

Moreover, note that y C Indf(x) if and only if dim(Morg, (Resg7 (y),z)) = dim(Morg(y,IndS(x))) # 0.
Since z is irreducible, we find that y C Indﬁ(m) sz C Resgw (y). In particular, for any y C Indﬁ(m) one has
dim(x) < dim(y). Hence,

820 < 3 dim(@)Try (S1)* ey ® a*ape)S2) = 3 dim(e) Trpr.crm, (4 ® a*ap,(S7)*SY)
z,y,1 T,Y,%
= Z dim(z)Tri2 vy 1, (644 ® a*aps) = Z dim(z)Tr,(a*ap,) = ||a||2G7,0' O
z€supp(a) z€supp(a)

Lemma 5.3. Let (Ip,l) be a matched pair of length functions on (I, Irr(Q)). If (é, 1) has polynomial growth
then, there exists C' > 0 and N € N such that:

o [|[Fa(a)|| < C(k+1)N|allao for all a € co(G) with supp(a) C {z € Ire(G) : I(z) < k+1}.
e |v-Gldim(z) < C(r(y) + Iy (z) + V)N for all vy € T, x € Trr(G,).
o Forally €T, 3, cria,), 1, @) <hrr dim(z)? < C?(k +Ir(y) + 1)V,
Proof. Let P € R[X] be such that >, 1,.(q), k<i()<kt1 dim(z)? < P(k) for all k € N and et C; > 0 and
Ny € N be such that P(k) < Cy(k+ 1)™ for all k € N. By Lemma [5.0] one has, for all a € c,(G), with
Ny
supp(a) C {z € Irr(G) : k < l(z) < k+ 1}, | Fe(a)| < 2/Pk)|allco < VCi(k + 1)z |la|lg,o. Now,

suppose that supp(a) C {z € Irr(G) : l(z) < k+ 1} so that a € grc.(G), where ¢ = Z?:opj and
p; = ZIGIrr(G),kgl(z)<k+1' One has,

(5.1)

k k
IFa(a)ll = Y 1Falap)l < D VCi(G+1) 7 [lallco < VCi(k+1) 2+
§=0 §=0

Now, let v € " and « € Irr(G5). By Proposition 3.3 one has:

[y-Gldim(z) = dim(Ind{(z)) = »_ dim(Morg(y,Ind{(x)))dim(y)
y€elrr(G)
= > dim(Morg, (Resg_ (), )) dim(y).

yelrr(G), yCIndg (z)

Note that dim(Morg,, (Resg7 (y),z)) < dim(y) for all z,y. Moreover, since Ind,cf () ~eq 619 2 and the pair
(Ir,1) is matched, one has {y € Irr(G), y C Indf(m)} C{y e Irr(G) : Uy) <lr(y) +1y(z)}. Hence,

I (7)+ly(z)
v Gldim(x) < > dim(y)® = > > dim(y)*
y€lrr(G), Uy)<Ir (v)+iy(z)+1 J=0  yelr(G), j<Uy)<j+1

11



Ir (7)+y () I (7)+1y ()
< PG <Cr >, G+ <Cillr(r) + 1y (z) + DM (5.2)

Jj=0 Jj=0

It follows from Equations (&) and (52) that C' := Max(C4,+/C1) and N := Ny + 1 do the job.

Let us show the last point. Fix v € T" and let F' C Irr(G,) a finite subset. Define pr € ¢.(G4) by pr =
> wer Do and note that Fo (pr) = 3, p dim(z)x(2) and [[al[g o = 3=, dim(2)?. Suppose that F' C {z €
Irr(G,) : l,(z) < k+ 1}. Using Lemma and the first part of the proof we find, since pp € c.(G) with
supp(pr) C {z € Irr(GQ) : l(z) <Ip(y) +k+ 1},

2

" dim(a)x(x)

= | Fe,®r)ll = vy, Fe@r)lI* < [Fa@r)l* < C?(k +ir(v) + 1> IpF (2 o

< C(k+1lr(1) +1)NprlE, 0 = CP(k+Ip(y) + 1)*N Y dim(x).
zeF

It follows that:

<Z dim(ac)2> = (Z dim(ac)x(m)(l)) <

zeF zeF

2

Z dim(z)x(x)

zeF

< CP(k+1Ip(y) +1)*N ) dim(x)*.
C(G) zeF

Hence, for all non empty finite subset F C {z € Irr(G,) : l,(z) < k+ 1} one has ) _pdim(z)? <
C?(k +Ir(vy) + 1)*V. The last assertion follows. O

5.3 Polynomial growth for bicrossed product

We start with the following result.

Theorem 5.4. Suppose that that (Ig,Ir) is a matched pair of length functions on (I',G). If both (T,lr) and
(G,lg) has polynomial growth then (G,1) have polynomial growth.

Proof. Let I C T be a complete set of representatives for I'/G so that Irr(G) = U,erlrr(G,). Let k > 1 and
define

Fi:={z€Irr(G) : I(2) <k} CUyer, Ty .k,
where I, := {y €T : Ir(v) < k+1} NI and T, := {z € Irr(G,) : l,(z) < k+ 1}. Since (T,Ir) has
polynomial growth, there exists a polynomial P; such that, for all & € N, |I| < P;(k). Moreover, since
(G,lg) has polynomial growth, we can apply Lemma to get C > 0 and N € N such that, for all k € N
and all v € Ij, one has > dim(z)? < C?(2k +2)*N and, |y- G| = |v- G|dim(eg) < C(2k + 3)V. Hence,

€Ty k
for all k£ > 1,

> dim(2)? =Y |y-GP? Y dim(2)? < C?(2k+2)*V D |y G < CH(2k +2)*N (2k + 3)2V| I

z€Fy yeli €Ty k yEI
< C*(2k 4 2)?N (2k + 3)2V Py (k). O
To complete the proof of Theorem B, we need the following Proposition.

Proposition 5.5. Assume that there exists a length function I on Irr(G) such that (@,l) has polynomial
growth and consider the matched pair of length functions (Ir,lg) associated to | given in Proposition [1.2
Then (T, Ir) and (G,lg) both have polynomial growth.

Proof. Assume that (G,[) has polynomial growth. Since the map Irr(G) — Irr(G),  — 1(z) is injective,
dimension preserving and length preserving (by definition of lg), it is clear that (G,lg) has polynomial
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growth. Let us show that (T',Ir) also has polynomial growth. Let P be a polynomial witnessing (RD) for
(G,1) and k € N. Define Fj, :={y €T : k <lIr(y) < k+ 1}. One has, for all k£ € N,

|Fx| = > 1< > - GI* = > dim([y(e)])?
E<i([y(eg)])<k+1 E<i([v(eq)])<k+1 k<l([y(ea)])<k+1
< > dim(z)? < P(k). O
z€lrr(G), k<l(z)<k+1

5.4 Rapid decay for bicrossed product

Recall that [*(G) = @D, .cer/c Pocinic,) B(I*(y-G)® H,). Let us denote by p. () the central projection of

~

[°°(G) corresponding to the block B(I*(y - G) ® H,) and define, for v -G € I'/G, the central projection :

Py = Z Dy () (S loo(@)

z€Ilrr(Gy)

~

Note that p,I*°(G) = G}Iehr(Gw) B(*(v-G)® H,) ~ B(I*(y-G))® L(G.,,), where L(G,) = @Iehr(Gw) B(H,) is

the group von-Neumann algebra of G, (which is also the multiplier C*-algebra of C (G,) = ®;0€ITT(G7) B(Hy)).

Using this identification, we define ., : 0(G) = B(2(v- Q) @ Cx(G,) C ¢o(G) to be the *-homomorphism
given by my(a) = ap,, for all a € co(G). We also write, for a € co(G), my(a) = >, (o g ers @ T (a),
where we recall that (e,s) are the matrix units associated to the canonical orthonormal basis (e,)rey.¢ of

?(v-G) and 7} : ¢o(G) = C;(G,) is the completely bounded map defined by 7, := (we, e, ®id) o 7, and
We,er € BI2(7-G)), we, e, (T) = (Tes, er).

We start with the following result.

Theorem 5.6. Let (Ir,lc) be a matched pair of length functions on (U, Irr(G)). Suppose that (G,lg) has
polynomial growth and (T,1lr) has (RD). Then (G,1) has (RD).

~

Proof. Let a € c.(G) and write a =3 ¢ ZIETW ap~(z), where S C I and T, C Irr(G) are finite subsets.
Claim. The following holds.

1. Fola) = Xoes 17 Gl (Zrerq trtesFa, (12,(a) 0 ¥, )

2. allzo = Sres 1 Gl (Zerc M@ o).

Proof of the Claim.(1). A direct computation gives:

Fela) = Z |v - G| dim(z)(Tre2 (y.cyou, (Y(u")apy ) @ 1)
yE€S,xzeT,
= Z |v - G| dim(z) Z urvrs(Try @ id)(u” o Y ;7] . (a)ps @ 1)
yES,x€T, r,s€vy-G
= Z [v- G Z urvpsFa, (7] . (a)) o 4] .
vES r,s€Y-G

(2). Since m, is a *-homomorphism, we have 7} (a*a) = 3, o7/, (a)*7/ (a) hence,

Y hGldim@@) Y (Tre @id)(n], (@) ] ()

YyES,xeTy r,s€y-G

Yohv-al Y Im@lE, o

vES r,s€Y-G

lall% o
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Let us now prove the theorem. Let b= 3" o, >, o ¢ Ve Fy o], € C(G), where F, € C(G4) and 8" C I
is a finite subset. For all » € T, we denote by -, the unique element in I such that v, -G = r - G. We may
re-order the sums and write:

a)=> lga(r)r-G ( > wnFa,, (7h(a)) 0 3;) and b= uls.c(t) ( > wwF, owgft,> .

rel ser-G tel t'et-G

Also, [lal2. = Yrer Ls.a(r)lr - G (Zser‘a ||7T;st(a)||2G%’0). Then, | Fg(a)b|2,. is equal to :

2
> ulsa(r)is.a(t)r- G| > vsoaiFa, (71h(a) 0 4l 0 avvw By, 0 07,
rtel s€r-G,t'et-G 2he
2
= Z Z ls.¢(r)ls .q(t)r- G| Z vps 0 v Fa., (1)5.(a)) 0 Yy o agvp By, o ],
zel ||r,tel ser-G,t’'et-G
rt=x 2
2
= S| X tsctsctir 6 X oo, pia oo ) ( 3 awrouti)
zel ||r,tel ser-G t'et-G
rt=x 2
2
< Z Z ls.a(r)ls.q(®)|r - G| Z vrs 0o Fa, (mlh(a)) ol o ay Z vt F. 1/;t ”
T rtel ser-G t'et-G 2
rt=x
2
= > | > <15.G(T)|T-G| > vnFa, (7)) 0 U ) <1S’~G(t) > v Fy, 0], )
z \rter ser-G o tet-G 9
rt=x
= ||7/1*¢||122(F),

where | - ||2 and || - || denote respectively the L2-norm and the supremum norm on C(G) and ¢, ¢ : I' — R,
are finitely supported functions defined by :

Y(r) = 1s.c(nlr-Gl | Y vesFa, (105(a) o4,

ser-G

and 6(t) := Lsr.c(t)

oo

Z v I "/)t t

t'et-G

Y

2

Note that ||¢||l22(r) = |63 1,.- Moreover, one has, since 7 ; : G s — G is an homeomorphism,

2

[lle = Z ls.(r)|r- GI?

rel’

Z UTS‘FG'\/T (WZ,TT(@)) ° 77:5

ser-G

< Y lser-GP Y fonFe, (125(a) 002,
rel ser-G

= Y lsalr-GP Y | Fa, (U@)llpe -
rel ser-G

o0 ~ G'Y — oo ~
For k € N let Pr = Z'yel,melrr(Gv):kSl('y(z))<k+1 Dy (=) €l (G)’ by = Z:cEIH(G,Y):kglc;,Y (z)<k+1 Dz € l (G’Y)
and suppose from now on that a € prc.(G). Hence, we must have S C {y € T : Ip(vy) < k + 1} and, for all
vye€S, T, C{rehr(G,) : lg,(r) < k+1}. Hence, for ally € Sand all r, s € y-G one has 7 ((a) € q)c.(G,),

yo_ k G
where g =375 _p; "
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Since (é, l¢) has polynomial growth, there exists C' > 0 and N € N satisfying the properties of Lemma [5.3]
In particular, one has, for all v € T, |y - G| < C(2lr(y) + 1)V. Moreover, since S C {g € T : Ir(g9) < k+ 1}
and Ir is S-invariant, it follows that S- G C {g € T : Ir(g9) < k + 1}. By Lemma (2 (and Lemma E3) we
deduce that:

Wl < Ytsa@ir 6P Y o Fotrna)| <Y tsallr- 6P ¥ [[Fo(riile |
rel’ ser-G ser-G
2
< leG |T (;’|3 Z 02 k+lF('Yr)+1 2N ‘ 7Tsr H
rel ser-G G,0
< 2k + 2P Y 1selr-GP Y |n @)%
rel’ ser-G B
< 4N Y L) G Y [ @I = Otk +3) Y Jal
rel ser-G

Since (T',Ir) has (RD), let C5 > 0 and N2 € N such that for all k¥ € N, for all function £ on T' supported on
{geT : Ir(g) < k+1}, we have ||Exnli2r) < Ca(k+1)N2||€]li2(ryIn]li2(ry- Note that 1 is supported on S - G
and S-G C{g el :lipr(g9) <k+ 1}. Hence, it follows from the preceding computations that:
[Fe(@)bllsrn, < v * ol < Csk+ 122 ¢llem)ldllem < CH 2k +3)N O3 (k +1)*M(|al| ol1b]13,4,
= (PH)] )%
where P(X) = C2C3(2X + 3)?N(X + 1)M2. It concludes the proof. O

To complete the proof of Theorem A, we need the following Proposition.

Proposition 5.7. Assume that there exists a length function | on Irr(G) such that (@,l) has (RD) and
consider the matched pair of length functions (Ir,lg) associated to | given in Proposition [[.2, Then (T,lr)
has (RD) and (G,lg) has polynomial growth.

Proof. Suppose that (G, 1) has (RD). The fact that (G, lg) has (RD) follows from the general theory (since
C(G) C C(G) intertwines the comultiplication and the associated injection Irr(G) — Irr(G), actually given
by (z — 1(z)), preserves the length functions). Let us show that (T',Ir) has (RD). Let k e Nand ¢ : T = C
be a finitely supported function with support in {y € T : k < Ip(y) < k + 1}. Define £ € cC(G) by
€= doer WLG\ (ZTETGg(r)eM) Py(1), where we recall e, € B(I*(y - G)) for r, s € v - G are the matrix units
associated to the canonical orthonormal basis. Then,

:Z Z §(T>(Trl2(y»c)®id)(u7( (err ® 1)) Z Z &(r)upvp.  also,

yeIl rey-G yel rey-G

€20 = S 1+ Gy 3 |'f(.’"2;'|2ew>zh,—1G| ST EERP <SS )P = el

vel rey-G revy-G yelrey-G

Since ¢ is supported in {y € T' : k <lp(vy) < k+ 1} and Ip is S-invariant, it follows that supp(¢ ) c{z e
Irr(G) : k <lI(z) < k+ 1}. Hence, denoting by P a polynomial witnessing (RD) for (G, 1), we have:

S erurvn|| < PR

yelrey-G

Denote by ¥ the unital *-morphism ¥ : C(G) =TI' x C(G) — C;(I') such that ¥(u,F) = A, F(1) for all
v €T and F € C(G). Since ¥ has norm one, denoting by A(§) € C*(T') the convolution operator by £, we
have

H)‘ Z Z ,E = ||¥ Z Z f(?‘)uTUTT < Z Z f(?‘)uﬂ)w SP(k)||€||2

yeIl rey-G yeI rey-G yel rey-G

This concludes the proof. O
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