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ABSTRACT. We axiomatize and study the matrices of type H € My (A) hav-
ing unitary entries H;; € U(A) and whose rows and columns are subject to
orthogonality-type conditions. Here A can be any C*-algebra, for instance
A = C, where we obtain the usual complex Hadamard matrices, or A = C(X),
where we obtain the continuous families of complex Hadamard matrices. Our
formalism allows the construction of a quantum permutation group G C S]f,,
whose structure and computation are discussed here.

Introduction

A complex Hadamard matrix is a square matrix H € My (C) whose entries are

on the unit circle |H;;| = 1 and whose rows are pairwise orthogonal. The basic
example of such a matrix is the Fourier one, Fy = (w¥) with w = e2™/:
1 1 1 . 1
1 w w? cowhTt
Fn =
1 wN-1 @2@W=1 (V1)

In general, the theory of the complex Hadamard matrices can be regarded as
a nonstandard branch of discrete Fourier analysis. (For a survey of the poten-
tial applications to quantum physics and quantum information theory questions,
see [19].) The Hadamard matrices are also known to parameterize the pairs of
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orthogonal maximal Abelian subalgebras in the simplest von Neumann algebra,
My (C). This discovery by Popa [18] has led to deep connections with subfactor
theory and some related areas (see [13], [15]).

One way of understanding the operator algebra significance of the Hadamard
matrices is via quantum permutation groups. The general theory here, which goes
back to [2], was developed in a number of recent papers, including [3], [5]-[8], [10],
and [22]. The idea is very simple. Given a Hadamard matrix H € My(C), with
rows denoted Hy,..., Hy € TV, the rank 1 projections P;; = Proj(H,/H;) form a
magic unitary in the sense of Wang [21], and so produce a representation C'(S;) —
Mpy(C). We can consider then the smallest quantum subgroup G' C S}, producing
a factorization of type C(S5) — C(G) — My(C) and call it the quantum group
associated to H.

As a basic example, for H = Fy we obtain G = Zy. Several other things
are known about the construction H — G, including the important fact that
the Jones planar algebra P = (Py) associated to H can be recovered from the
knowledge of G (see [2]).

In this paper we develop an extension of this theory. We consider square matri-
ces over a C*-algebra H € My(A), whose entries are unitaries, which commute on
all rows and columns, and which are such that the rows and columns are pairwise
orthogonal. In the case A = C, we obtain the usual Hadamard matrices. More
generally, in the commutative case A = C'(X), we obtain the continuous families
of Hadamard matrices.

In general now, the point with our axioms is that these allow the construction
of a magic unitary matrix P € My(My(A)), via the following formula:

(Pij)ab = %HiaH;aHjb -
Thus, associated to our Hadamard matrix H € My(A) is a certain quantum
permutation group G C S. We will show here how certain basic Hadamard
matrix results, mostly related to the correspondence H — G, can be extended
to the general case, and we will discuss as well some features brought by the
noncommutative setting.

This paper is organized as follows. Section 1 is a preliminary section, while in
Section 2 we present examples and classification results. In Section 3 we discuss
the general properties of the associated quantum permutation groups, and in
Section 4 we perform some explicit computations.

1. Definition and basic properties

Let A be a unital C*-algebra. For most of the applications, A will be a commu-
tative algebra, A = C'(X), with X being a compact space, or a matrix algebra,
A = Mg(C), with K € N. We will sometimes consider random matrix algebras,
A = Mg(C(X)), with X being a compact space and with K € N. Our guiding
example will be A = C.

Two row or column vectors over A, say a = (aj,...,ay) and b = (by,...,by),
will be called orthogonal when ) . a;bf = . aib; = 0. Observe that, by applying
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the involution, we have as well ). b;af = >, bfa; = 0. With this notion in hand,
we can formulate the following.

Definition 1.1. A Hadamard matrix over A is a square matrix H € My(A) such
that:

(1) all the entries of H are unitaries, H;; € U(A);
(2) these entries commute on all rows and all columns of H;
(3) the rows and columns of H are pairwise orthogonal.

As a first remark, in the simplest case A = C, the unitary group is the unit circle
in the complex plane, U(C) = T, and we obtain the usual complex Hadamard
matrices. In the general commutative case A = C(X) with X compact space,
our Hadamard matrix must be formed of “fibers,” one for each point x € X.
Therefore, we obtain the following.

Proposition 1.2. The Hadamard matrices H € My(A) over a commutative
algebra A = C(X) are exactly the families of complex Hadamard matrices of type
H={H" |z € X}

with H* depending continuously on the parameter x € X.
Proof. This follows indeed by combining the above two observations. Observe

that, when we wrote A = C(X) in the above statement, we used the Gelfand
theorem. H

Let us comment now on the above axioms. Since for U,V € U(A) the com-
mutation relation UV = VU implies as well the commutation relations UV* =
VU, UV = VU*, U*V* = U*V*, the axiom (2) tells us that the C*-algebras
Ry,...,Ry and C4,...,Cy generated by the rows and the columns of A must
be all commutative. We will be particulary interested in the following type of
matrices.

Definition 1.3. A Hadamard matrix H € My(A) is called nonclassical if the
C*-algebra generated by its coefficients is not commutative.

Let us comment now on the axiom (3). According to our definition of orthog-
onality there are four sets of relations to be satisfied, namely, for any ¢ # k we

must have
St = Sl = Y Hlty = Y =0
j j i 7

Now since by axiom (1) all the entries H;; are known to be unitaries, we can
replace this formula by the following more general equation, valid for any 4, k:

ZHin;j = ZH:ijj = ZHjiH;k = ZH;iij = Noi.
j j J 7

The point now is that, in terms of the matrices H = (Hy;), H* = (Hj},),
H'= (Hj;), and H = (H;), these equations simply read

HH*=H*H = H'H= HH"'= Nly.
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So, let us recall now that a square matrix H € My(A) is called biunitary if
both H and H! are unitaries. In the particular case where A is commutative,
A = C(X), we have H unitary = H' unitary, so in this case “biunitary”
means of course “unitary.”

In terms of this notion, we have the following reformulation of Definition 1.1.

Proposition 1.4. Assume that H € My(A) has unitary entries, which commute
on all rows and all columns of H. Then the following are equivalent:

(1) H is Hadamard,

(2) H/VN s biunitary,

(3) HH* = H'H = Nly.
Proof. We know that (1) happens if and only if the axiom (3) in Definition 1.1
is satisfied, and by the preceding discussion, this axiom (3) is equivalent to (2).

Regarding now the equivalence with (3), this follows from the commutation axiom
(2) in Definition 1.1. O

Observe that if H = (H;;) is Hadamard, so too are the matrices H = (H};),
H' = (Hj;), and H* = (H};). In addition, we have the following result.

Proposition 1.5. The class of Hadamard matrices H € My(A) is stable under
the following two operations:

(1) permuting the rows or columns,
(2) multiplying the rows or columns by central unitaries.

When successively combining these two operations, we obtain an equivalence rela-
tion on the class of Hadamard matrices H € My(A).

Proof. This is clear from definitions. Note that in the commutative case A =
C(X) any unitary is central, so we can multiply the rows or columns by any
unitary. In particular in this case we can always “dephase” the matrix (i.e., assume
that its first row and column consist of one entry; note that this operation is not
allowed in the general case). 0J

Let us discuss now the tensor product operation.

Proposition 1.6. Let H € My(A) and K € My(A) be Hadamard matrices,
and assume that (H;;) commutes with (K). Then the “tensor product” H®Q K €
My (A), given by (H @ K)iqjb = HijKuw, is a Hadamard matriz.

Proof. This follows from definitions, and is as well a consequence of the more
general Theorem 1.7 below, which will be proved with full details. 0

Following [12], the deformed tensor products are constructed as follows.

Theorem 1.7. Let H € My(A) and K € My (A) be Hadamard matrices, and
let Q@ € My (A) be a rectangular matriz of unitaries whose entries commute on
rows and columns. Assume in addition that the algebras (H;j), (Kau), and (Qup)
pairwise commute. Then the “deformed tensor product” H @q K € My (A),
given by

(H ®¢ K)iajb = QinHij Ko,

1s a Hadamard matriz as well.
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Proof. First, the entries of L = H®¢ K are unitaries, and its rows are orthogonal:

Z LiajoLiejo = > QusHijKay - Qi KL Hiy = Now Y QunBap - QK5
b

jb
= N6 > KaK3 = NM - 650,

J
The orthogonality of columns can be checked as follows:
D LiajsLipge = Y QuHijKap - QK Hyy = Moy Yy QuHij - Qi Hy,

= My Y HijHjj = NM - 6;1.0.

For the commutation on rows, we use in addition the commutation on rows for ():

Lig joLicjp = QinHijKap - QroHij Koy = QunQrp - HijHyj - Kop Koy
= kaszb HyiHij - Koo Kop = QuoHij Koy - QivnHij Koy = Lie jvLia,jb-

The commutation on columns is similar, using the commutation on columns for @):

Lia,ijia,kc = Qib 0] ab * Gic szac - sz@zc : KabKac
- chsz H K Kab = Qic ik:Kac : Qininab = Lia,kcLia,jb~

Thus all the axioms are satisfied, and L is indeed Hadamard. O

As a basic example, we have the following construction.

Proposition 1.8. The matrix

Ty x oy
| -y oz -y
M= z t -z —t
z —t —z
is Hadamard for any unitaries x,y, z,t satisfying [z,y| = [z, z] = [y, t] = [2,t] =

0.

Proof. This follows indeed from Theorem 1.7, because we have

r Yy x oy

1 1 I 1\ |z -y = -y
<1 —1)® z Yy (1 —1)_ 2t —z —t
z t z —t —z t

Observe that M is generically nonclassical, in the sense of Definition 1.3. O
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2. Classification results and examples

The usual complex Hadamard matrices were classified in [13] at N = 2,3,4,5.
In this section we investigate the case of the general Hadamard matrices. We use
the equivalence relation constructed in Proposition 1.5 above. We first have the
following.

Proposition 2.1. The 2 x 2 Hadamard matrices are all classical, and are all
equivalent to the Fourier matrix F,.

Proof. Consider indeed an arbitrary 2 x 2 Hadamard matrix:

A B
H = ( A D) .
We already know that A, D each commute with B, C. Now since we have AB* +
CD* =0, we deduce that A = —C'D*B commutes with D, and that C' = —AB*D
commutes with B. Thus our matrix is classical, and since all unitaries are now

central, we can dephase our matrix, which therefore holds to be the Fourier
matrix Fb. O

Let us discuss now the case N = 3. Here the classification in the classical case
uses the key fact that any formula of type a + b+ ¢ =0, with |a| = |b] = |¢| = 1,
must be, up to a permutation of terms, a trivial formula of type a + ja + j%a = 0,
with j = e™/3,

Here is the noncommutative analogue of this simple fact.

Proposition 2.2. Assume that a + b+ ¢ = 0 is a vanishing sum of unitaries.

Then this sum must be of type a + wa + w?a = 0, with w unitary satisfying
1+w+w?=0.

Proof. Since —c = a+b is unitary, we have (a+b)(a+b)* = 1, so ab* +ba* = —1.
Thus ab*ba* + (ba*)? = —ba*, and with w = ba* we obtain 1 + w? = —w, and we
are done. 0

With this result in hand, we can start the N = 3 classification. We first have
the following technical result, which we will improve later.

Proposition 2.3. Any 3 x 3 Hadamard matriz must be of the form

a b c
H = | ua ww*w?vb uv*wovc
va  wuvb w?ve

with w being subject to the equation 1 + w + w? = 0.

Proof. Consider a Hadamard matrix H € M3(A). We define a,b, ¢, u, v, w as for
that part of the matrix to be exactly as in the statement, as follows:
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Let us look first at the scalar product between the first and third row:
vaa™ + wvbb* + z¢* = 0.

By simplifying we obtain v + wv + z¢* = 0, and now by using Proposition 2.2 we
conclude that we have 1 +w + w? = 0, and that z¢* = w?v, and so z = w?ve, as
claimed.

The scalar products of the first column with the second and third ones are

a*b+ a*u'r + a*v*wvb =0,

2ve = 0.

a*c+ a*u'y + a*v*w

By multiplying to the left by va, and to the right by b*v* and c*v*, we obtain
1+ vu*zb™v* +w =0,
1 +vutycv* +w? = 0.

Now by using Proposition 2.2 again, we obtain vu*zb*v* = w? and vu*yc*v* = w,
and so = uv*w?vb and y = wv*wvc, and we are done. 0

We can already deduce now a first classification result, as follows.

Proposition 2.4. There is no Hadamard matric H € M;3(A) with self-adjoint
entries.

Proof. We use Proposition 2.3. Since the entries are idempotents, we have
CL2 = b2 = C2 = U2 = '1)2 = ('U/U))2 = (’U”w)Z =1.
It follows that our matrix is in fact of the following form:

a b c

H = |ua uwb uw?c

va wvb w?vc

The commutation between Hao, Ho3 reads

[uwb, wvb] = 0 = [uw,wv] =0 = vwWWY = WVuW

= ww = vuw® = w=1.
Thus we have reached a contradiction, and we are done. (]

Let us go back now to the general case. We have the following technical result,
which refines Proposition 2.3 above, and which will be in turn further refined
later.

Proposition 2.5. Any 3 x 3 Hadamard matriz must be of the form

a b c
H=|ua w?ub wuc |,
va wub w?ve

where (a,b,c) and (u,v,w) are triples of commuting unitaries, and 1+w+w?* = 0.
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Proof. We use Proposition 2.3. With e = uv*, the matrix there becomes

a b c
H=|eva ew?vb ewvc
va wvb w?ve

The commutation relation between Hao, H3s reads

2

[ew?vb, wvb] = 0 = [ew?v,wv] =0 = ewvwv = wvew?v

= ew’v = wvew = [ew,wv] = 0.
Similarly, the commutation between Hs3, H33 reads

[ewve, wve] =0 = [ewv,w?v] =0 = ewvw’v = w vewv

— ewv = wvew® = [ew? w?v] = 0.

We can rewrite this latter relation by using the formula w? = —1 — w, and then,
by further processing it by using the first relation, we obtain

[e(1+w),(1+w)p] =0 = [e,wv] + [ew,v] =0

— 2ewv — wve —vew =0

1
= ewv = i(wve + vew).

We use now the key fact that when an average of two unitaries is unitary, then
the three unitaries involved are in fact all equal. This gives

cwv = wve = vew.
Thus we obtain [w, e] = [w,v] = 0, so w, e, v commute. Our matrix becomes

a b c
H= | eva w?evb wevc
va wvb w?ve

Now by remembering that u = ev, this gives the formula in the statement. 0
We can now formulate our main classification result, as follows.

Theorem 2.6. The 3 x 3 Hadamard matrices are all classical, and are all equiv-
alent to the Fourier matriz F3.

Proof. We know from Proposition 2.5 that we can write our matrix in the follow-
ing way, where (a, b, ¢) and (u, v, w) pairwise commute, and where 1+w+w? = 0:

a b c
H=|au buw cuw
av bow* cow

*

We also know that (a,u,v), (b,uw,vw*), (c¢,uw*,vw), and (ab, ac,bc,w) have
entries which pairwise commute. We first show that wv is central. Indeed, we
have

buv = buvww* = b(uw)(vw*) = (vw)(vw*)b = uwvb.
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Similarly, cuv = uvc. It follows that we may in fact suppose that uv is a scalar.
But since our relations are homogeneous, we may assume in fact that u = v*.
Let us now show that [abc, vw*] = 0. Indeed, we have

abc = a(bc)ww* = aw(bc)w* = av(wv*)bcw™ = avb(wv™)cw* = v(ab)wv*cw*

= vw(ab)v*cw* = vw(ab)w(w*v*)ew* = vw?(ab)c(w*v*)w* = vw*abcv*w.

We know also that [b,vw*] = 0. Hence [ac,vw*] = 0. But [ac,w*] = 0. Hence
lac,v] = 0. But [a,v] = 0. Hence [c¢,v] = 0. But [c,ow] = 0. So [¢,w] = 0.
But [bc,w] = 0. So [b,w] = 0. But [b,v*w] = 0 and [ab,w] = 0, so respectively
[b,v] = 0 and [a, w] = 0. Thus all operators a, b, ¢, v, w pairwise commute, and we
are done. OJ

At N = 4, the classical theory uses the fact that an equation of type a+b+c+
d = 0 with |a] = |b] = |¢| = |d| = 1 must be, up to a permutation of the terms,
a trivial equation of the form a —a + b — b = 0. In our setting, however, we have,

for instance,
a 0 —a 0 b 0 —b 0
@26 5 5)-

It is probably possible to further complicate this kind of identity, and this makes
the N = 4 classification a quite difficult task. However, we have the following
statement.

Conjecture 2.7. The Hadamard matrices of small size are as follows:

(1) the matrices in Proposition 1.8 are the only ones at N = 4,
(2) there is no 5 x 5 Hadamard matriz with self-adjoint entries.

We have no computer-assisted evidence for this statement because all the prob-
lematics here are quite hard to implement on a computer; but we have instead
some encouraging computations at A = M,(C) that we will not detail here, along
with some supporting theoretical evidence, coming from [4] and [16]. Indeed, as
explained in Section 3 below, any Hadamard matrix H € My (A) produces a quan-
tum permutation group G C S5. The point now is that the quantum subgroups
G C S] were classified in [4], and the classification of the quantum subgroups
G C S5 is something that in principle can be deduced from [16]; looking at the
list of the possible candidates gives some evidence for Conjecture 2.7 above. Of
course, some serious work remains to be done here.

Summarizing, the situation in our generalized Hadamard setting is more com-
plicated than the one in the classical case, as fully discussed by Haagerup in [13],
up to N = 5. There are many interesting classes of special Hadamard matri-
ces, such as the circulant ones (see [11], [14]), the master ones (see [l]), and
the McNulty—Weigert ones (see [17]), whose theory waits to be extended to the
noncommutative setting. Equally interesting are the defect problematics in [20],
but an extension here would probably require some geometric conditions, such as
assuming that we have a random matrix algebra A = Mg (C(X)).
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3. Quantum permutation groups

We recall that a magic unitary matrix is a square matrix over a C*-algebra,
u € My(A), whose entries are projections (p*> = p* = p), summing up to 1 on
each row and each column. The following key definition is due to Wang [21].

Definition 3.1. Let C(S5;) be the universal C*-algebra generated by the entries
of a N x N magic unitary matrix u = (u;;), with the morphisms given by

Auiy) = Zuzk ® Ukj, e(uij) = 6ij, S(uig) = uji
2

as comultiplication, counit, and antipode.

This algebra satisfies Woronowicz’s axioms in [23] and [24], and the under-
lying noncommutative space S; is therefore a compact quantum group desig-
nated as the quantum permutation group. As a first observation, we have a
compact quantum group inclusion Sy C S3 coming from the representation
m: C(S¥%) — C(Sy) constructed as follows:

ui; = x(0 € Sy | o(j) =1).

It is known that this inclusion is an isomorphism at N = 2,3, but not at N > 4,
where S}, is nonclassical and infinite. Moreover, it is known that we have S} ~
SO; ', and that any Sj; with N > 4 has the same fusion semiring as SOj (see
[6], [21]).

The complex Hadamard matrices are known to produce magic matrices, which
in turn produce quantum permutation groups. In our generalized setting, we have
the following.

Theorem 3.2. If H € My(A) is Hadamard, then the matrices P;; € My(A)
defined by

1 * *
(Pij)ab = NHiaHjaHjb i

form altogether a magic matrix P = (P;;) over the algebra My(A).

Proof. The magic condition can be checked in the following three steps.

(1) Let us first check that each P;; is a projection (i.e., that we have P;; =
Pl = PZ) Regarding the first condition, namely P;; = P}, this simply follows
from

(Pij)ba = N(HinijjaHm) =  Hia o Hjp Hjy, = (P ab-
As for the second condition, P;; = PJ, this follows from the fact that all the
entries H;; are assumed to be unitaries; that is, this follows from axiom (1) in
Definition 1.1:

1 * * * *
(P2)ab =Y (Pij)ac(Pij)es = N2 > HiHj,H;H; Hi H Hy Hj,

1 * *
=y Hiallju HjpHy, = (Pij)ab-
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(2) Now let us check that fact that the entries of P sum up to 1 on each row.
For this purpose we use the equality H*H = N1y, coming from the axiom (3),
which gives

* * 1 * * *
(Z R-j> Z HigHj, HjpHyy = - Hia(H* ) Hy = 0o HiaHy = .
J
(3) Finally, let us check that the entries of P sum up to 1 on each column.
This is the trickiest check, because it involves, besides axiom (1) and the formula
H'H = Nly coming from axiom (3), the commutation on the columns of H,
coming from axiom (2):

(Z R-j) Z HioH, Hyp Hjy = Z H Hio Hyy H;,

1 * I] *
— NHja<HtH)abH]'b — 5aijaHjb — 6ab'
Thus P is indeed a magic matrix in the above sense, and we are done. 0

Now, by using the general theory of Hopf images from [5], we can formulate
the following.

Definition 3.3. The quantum permutation group G C S¥ associated to a
Hadamard matrix H € My(A) is constructed as follows:

(1) we construct a magic matrix P € My(My(A)) as above;
(2) we let 7 : C(S¥) — Mx(A) be the representation associated to P;
(3) we factorize 7 : C(S%) = C(G) — My(A), with G C S¥ chosen minimal.

As an illustration, consider a usual Hadamard matrix H € My(C). If we denote

its rows by Hy, ..., Hy and we consider the vectors §;; = H,;/H;, then we have
Hi Hin
flj:< ,...,—).
Hjl HjN

Thus the orthogonal projection on this vector §;; is given by

1
(gm) (5%]) HmH* Hjb ;Z = (Pij)ab-

(Péij>ab N

B 1
1€

We conclude that we have P;; = P, for any ¢, j, so our construction from Defi-
nition 3.3 is compatible with the construction for the usual complex Hadamard
matrices.

At the general level, there are many interesting questions, and notably that of
understanding how the idempotent state theory from [7] and [22] can be applied
in this setting, in order to obtain an explicit formula for the moments of the main
character of G.
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4. Free wreath products

We discuss now the computation of the quantum permutation groups associated
to the deformed tensor products of Hadamard matrices. In the classical case this
is a key problem, and several results on the subject were obtained in [3], [6], [10].
We begin with a study of the associated magic unitary. Regarding the deformed
tensor products of Hadamard matrices, we use here the general notation from
Theorem 1.7 above. Regarding the quantum algebra part, we use here the various
notions introduced in Section 3 above, and notably the magic unitary matrix
P = (P;) introduced in Theorem 3.2, which we will write now with double
indices, P = (Pi,j»). We have the following.

Proposition 4.1. The magic umtary assoctated to H ®¢g K is given by

Pia,jb Rzy K — (chQjcdede KachchdK )cdu

where R;; is the magic unitary matriz associated to H.

Proof. With the above-mentioned conventions for deformed tensor products and
for double indices, the entries of L = H ®q K are by definition the following
elements:

za ,jb — sz
Thus the projections P, j, constructed in Theorem 3.2 are given by
1 * *
(Pia,jb)ketd = WL“ ke L ke LogbiaLig 1a
MN (ch szac)(Qjc ijbc) (deHlebd)(QidHilKad)*

= Q0 Q3 Qua Qi) (H T L) (K K7, KB ).

In terms now of the standard matrix units ey, .4, we have

Pia b = Z et ® eca ® (QieQQjaQia) (Hin Hjj Hj Hjy) (Koo Ki Kpa K gg)

kcld

= N 2 ld(ekl ®1® Hy, ;kHjl )
X (1 & €eqg & QicQ;cdeQ;d ) KachchdK:d)'

Since the quantities on the right commute, this gives the formula in the statement.

OJ
In order to investigate the Dita deformations, we use the following.

Definition 4.2. Let C(S};) — A and C(S};) — B be Hopf algebra quotients, with
fundamental corepresentations denoted u,v. We let

Ax, B = A*N*B/<[ ab,vm =0)

with the Hopf algebra structure making wjq j» = u((;b)v,-j a corepresentation.
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The fact that we have indeed a Hopf algebra follows from the fact that w is
magic. In terms of quantum groups, if A = C(G), B = C(H), we write A%, B =
C(Gu H):

C(G) *, C(H) =C(G . H).
The !, operation is the free analogue of ¢, the usual wreath product (see [9]). With
this convention, we have the following result.

Theorem 4.3. The representation associated to L = H ®¢q K factorizes as

C(S¥u) " My (C)

C(Si b Gu)
and so the quantum group associated to L appears as a subgroup Gr, C Si; L Gy.

Proof. We use the formula in Proposition 4.1. For simplifying the writing, we agree
to use fractions of type #II?: instead of expressions of type H,,H}, Hj,Hp, by
keeping in mind that the variables are only subject to the commutation relations
in Definition 1.1. Our claim is that the factorization can be indeed constructed,

as follows: .
Uy = Pagr Viy=_ P
J a

Indeed, we have three verifications to be made:

(1) We must prove that the elements Vj; = > P, j» do not depend on b, and
generate a copy of C'(Gp). But if we denote by (R;;) the magic for H, then we
have indeed

V. — i(QiCQ‘jd HyHjy
Y N\QuQj. HyHjx

(2) We prove now that for any i, the elements U(EZ) = >_; Piajo form a magic

: 5cd> vetd ((Rij)kz(scd)kc’ld =R;®1L

matrix. Since P = (P, ) is magic, the elements U, CE;,) = >, Piajv are self-adjoint,
and we have ), Ué? = ij P, j» = 1. The fact that each Uéz) is an idempotent
follows from
(U)o
_ 1 Z Qic@je . sz:H]m . Kache . Qie@nd . H’LmHnl . KaeKbd
N2M? Qierc Hlmij KaeKbc QidQne Hlenm Kadee

_ 1 Z QicQje@nd Hianl(Sl KacKpa
NM? QjcQidQne HijHy " KipKug

_ 1 Z QicQjerd . Hik:Hjl . Kachd
- NM? ~

mejn

ejn

Qjchdee ijHil Kchad

1 ic\y j Hz H l KacK 7
= > iyt ML, = (U kesa:
NM r QjcQia  HjpHy KpKaa
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Finally, the condition ) U, ézb) = 1 can be checked, as follows:

ZU(i) _ i(z QicQja HyHj 5 ) _ l(z H Hj s > _
@ N - QiaQjc HyHjy “)iesa N HyHj, “A)resd

a J

(3) It remains to prove that we have Ué? Vij = V;jUéZ) = P,q j». First, we have
i 1 YN Hz Hnm KacK HzmH
(U ) kot = 2 Z QicQna  Hir . bd it

NM mn Qidan Hzman Kadec HilHjm

_ 1 Z QicQnd HikHjl5 - KacKyg
NM n Qidan anHzl " Kadec
. 1 Qicde HikHjl Kachd o
- : : : - (Pia,jb)kc,ld'
NM Qid@jc ijHil Kadec
The remaining computation is similar:
1 szHjm . Qic@nd . HlmHnl . Kachd
NZM mn Hzmij Qid@nc H’LlHnm Kadec

_ 1 ZQichd_Hianl - KacKya
NM QiaQne HjnHy " KoaKpe

_ QicQja HipHji Kockpa _
NM QuQjc HjrHy Koake

Thus we have checked all the relations, and we are done. O

(VisUS kesa =

(Pia,jb)kc,ld-

In general, the problem of further factorizing the above representation is a quite
difficult one, even in the classical case. For a number of results here, we refer to
[3], [6], and [10].

Acknowledgment. I would like to thank K. De Commer for useful discussions.
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