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Abstract

This paper addresses the problem of how to directly read off the
‘fusion coefficients’ (for the tensor-products of bimodules arising
in the ‘tower of the basic construction’) for a subfactor, from the
data of the associated paragroup. The solution to this problem
is closely related to a reformulation, which is obtained here, of
the flatness condition to be satisfied by the connection on a
paragroup; our reformulation is best described by the phrase ‘1
x flatness’, in contrast with Ocneanu’s initial formulation as ‘4
x flatness’ and Kawahigashi’s subsequent reformulation as ‘2 %
flatness’.



1 Introduction

Ocneanu obtained - see [AO1], [AO2] - a combinatorial struc-
ture, which he called a paragroup, as a complete isomorphism-
invariant for the so-called ‘finite-depth subfactors of the hyper-
finite I1; factor’, which has been quite useful in various related
considerations. As stated in the abstract, in this paper, we ob-
tain formulae for the fusion coefficients for tensor-products of the
four kinds of bimodules associated to a finite-depth hyperfinite
subfactor. Most existing computations of such fusion rules use
only the principal and dual principal graphs of the subfactor, by
some ad hoc methods; but as Bisch found - see [DB] - there exist
five different fusion algebras that are consistent with the graphs
of the 3+ /3 subfactor. This is the reason we wished to find a
formula that derives the fusion coefficients using only the stan-
dard invariant (which must necessarily involve the underlying
flat connection).

It should probably be mentioned that the literature contains
various other treatments of the fusion rule algebra of a subfactor
- for instance, see [Iz], [FRS], [Lo], [Lol] (the endomorphism/
sector approach), [Bi], [Bil] (the bimodule-shift- projection ap-
proach), [GW] (the shift-projection approach int he special case
of Hecke algebra subfactors), [SV] (the bimodule approach), etc.
It should definitely be mentioned that the authors only became
aware of the work [Gne|, which has non-trivial overlap with this
paper, after these results had been obtained.!

The paper is organised as follows.

In §2, we recall the basic notions - connection on a suitable
pair of bipartite graphs, unitarity and ‘flip-invariance’ of the
connection, flatness, etc. - needed to describe paragroups. (It
should be remarked, however, that our description and notation

for a paragroup vary somewhat from the one most commonly
found in the literature (as in [EK] or [YK]).)

In §3, we first deduce our ‘1 x flatness’ condition from the
(4 *) flatness axiom on the paragroup, and then derive some

'We would like to thank Kawahigashi for pointing out this reference to
us. (In fact, he himself had initially acknowledged being unaware of any
work along these lines until Sato had brought this work to his notice.)



consequences of this condition, including the fact that the ‘4 x
flatness’ axiom may be deduced from the 1 x version.

In 84, we show that a certain function that comes up natu-
rally in the context of ‘1 * flatness’ is actually nothing but the
fusion coefficients of the associated subfactor. We recall various
facts concerning path models which are used in the proof of this
assertion.

In §5, we show how one can directly (without having to go
through the associated subfactor and relying on the bijectivity
of the pairing between paragroups and ‘finite-depth hyperfinite
subfactors’) show that the paragoup gives rise to a pair of fusion
algebras, as well as the known fact (see [EK]) that of the four
graphs appearing in the definition of the paragroup, there are
natural isomorphisms between two pairs.

2 Paragroups

We recall here what goes into Ocneanu’s paragroup. The basic
ingredient is a collection {Vj, Vi, Hy, H1} of graphs (where we
allow multiple bonds between the same pair of vertices, but do
NOT allow loops); we shall refer to the V;’s (resp., the H;’s) as
the vertical (resp., horizontal) graphs, and to edges in vertical
(resp., horizontal) graphs as vertical (resp., horizontal) edges.
The graphs are required to satisfy the following requirements:

Vertex requirements:

(i) (Vertex identifications):

Each of the four graphs is a finite, connected bipartite graph;
further, it is assumed that there are four sets {B;; : 0 <4,j <1}
such that the decomposition of the vertex sets of V; and Vj
(resp., HO and Hl) are given by BOO H Bl() and B01 H B11 (resp.,
Boo [ [ Bor and  Byo ][] Bi1) respectively. (Here and elsewhere,
the symbol ] denotes ‘disjoint union’.)

(i) (* vertices and o vertices):
There exist vertices xq € Bgg, *1 € Byp and ag; € By, aqg €
Bjg such that



(a) o has degree 1 in Vj as well as Hy; and ayg (resp., o)
is the only vertex which is adjacent to %o in Vg (resp., Hyp); and

(b) *; has degree 1 in Vj as well as Hy; and g (resp., aqp)
is the only vertex which is adjacent to %; in V; (resp., Hy).

Harmonicity:

There exists a function p : [[;;_o, Bij — (0,00), and a
scalar 3 > 0 which satisfy:

(i) p(*;) =1 for i =0, 1; and

(i) Let G denote any of the four graphs above. If As denotes
the adjacency matrix of G (defined by letting Ag(u,v) denote
the number of edges joining the vertices u and v), then

> Ag(m, ) p(N) = 8 p(r)

for all vertices 7 of the graph.

(Thus f is the Perron-Frobenius eigenvalue - see [FRG], for
instance - of (the adjacency matrix of) each of the four graphs,
and the corresponding Perron-Frobenius eigenvectors (uniquely
determined by the normalisation (i) above) are required to be
consistent with the vertex identifications, and they ‘patch up’
to give the function u.)

We shall henceforth use the ‘subscript convention’ whereby
a symbol such as ~,, will always denote a vertex in B,,; further,
subscripts such as ¢, 7, p, ¢ will always be assumed to range over

{0, 1}.
The connection:

By a cell is meant a configuration of the form

Yi,j Ti Yi1—j
g 01—j (21)
Yi—ij Ti—i Y1—il—j
where it is assumed that (a) 7, is an edge joining 7, ; and 7, 1—;

in H,, for p=1,1—4; and (b) o, is an edge joining ~,, and
V1—iq in ‘/:17 for q= j7 1 _]



The connection is a function, which assigns a complex num-
ber to each cell as above; the number associated by the connec-
tion to the cell illustrated in (2.1) will be denoted by either of
the following symbols:

Vi, - Vi, 1—j
Wg]o.?:j = 0j l . l O1-5 . (22)
V1i—ij = V1—i1—j

(We shall refer to o;7_; and 7;01_; as the south-west and
north-east paths, respectively, of the cell depicted in (2.1). The
W-notation for the connection is meant to indicate that this
value of the connection is to be regarded as the entry of a matrix
with rows indexed by appropriate south-west paths and columns

indexed by appropriate north-east paths.)

The connection is required to satisfy the following conditions:
Unitarity: For any pair -;;,v1—;1—; of vertices, the matrix
Vi,
W(%’j; 71—@,1—]') = \ | 5
I & B

with rows (resp., columns) indexed by south-west (resp., north-
east) paths from ~;; to v1_;1_;, is a unitary matrix.

Invariance under flips: With the notation of (2.2), we have:

i
Yi,j - Yi,1—j
;| Lo
T1—i
Yi—iy —  Yi—-il—j

Ti

i,1—j - i,
_ \/M('Yl—i,j):u(%,l—j) i T

o1 | Lo;
KA\ Yig )\ Y1—i,1—5 T1—i
Cidun—s1-3) V1-i1—j - V1-ij

T1—4
= \/u(vl_zvj)/i(fyl,l—j) 71717'] — 7171,1*]

! L o1
(i) (i
Gt (-11-) Vg T il

T1—i
Ti—il—j 7 V-iyj
= o1 loj

i
Yil-i T Vi



(The first two equations state ‘invariance’ of the connection un-
der ‘horizontal flips’ and ‘vertical flips’ respectively, while the
third equation (which is a consequence of the previous two)
states a ‘rotational symmetry’ of the connection.)

Before proceeding to the final - and most crucial - ‘latness’
requirement to be satisfied by a connection, we need to make
some comments about paths and larger rectangles.

Recall that a path of length & in a graph is a sequence

o= (v, 01,01, , U1, 0p, Uy, -+, U1, Ok, Uk)

where o, is an edge joining v,_; and v,, for 1 < r < k. We
shall say that o starts at vy and ends at v,. We shall also use
the notation ¢° to denote the opposite or reversed path (which
starts at vy and finishes at wvy).

The symbol 7 (resp., o) will be reserved for a horizontal
(resp., vertical) path.

We shall use the following notation: the symbol P (m,\)
(resp., PV (m, A)) will denote the collection of horizontal (resp.,
vertical) paths of length [ (resp., k) between the vertices 7 and
M. Also, we shall write |o| for the length of o, as well as
PY(m,—) for the set of vertical paths of length k starting at
7, and PV (m, ) for the set of vertical paths of arbitrary length
between 7 and )\, as well as corresponding ‘horizontal” versions.

We shall need to work with the following generalised cells,
which we follow Ocneanu in calling macro-cells:

Yor Tp Vps
o s (2.3)

Yar Tq TVas

where (a) 7; is a horizontal path from ~; to 7, and o; is a
vertical path from ~,; to 7, , for j € {r,s}, i € {p,q}, and
(b) |7 = Imql, and |oy| = |os].

When dealing with a macro-cell as above, we shall always
regard the horizontal paths as ‘going from left to right” and the
vertical paths as ‘going from top to bottom’.



Given such a macro-cell, we associate a connection-value,
denoted by

Ypr T ps

OrTqg __
wrle = o] los
Ygr  —  Vgs

as follows.

Rather than giving the general definition, we shall describe
it in a special case. Consider the case when the horizontal paths
have length 3 and the horizontal paths have length 2; then, we
define

T ’ 73
v — Vg — V3 — P
/
Ull lo—l
/
v Y
/
O'Ql l0-2
T1 T2 73
T - 7T1 — 7T2 — )\
T 5 5
v — v — Vo, — p
~1 ~92 /
o1l oy | oy | Loy
Sy y oy e et e
Y = M = Y2 — Y ’
2 T, T, G1<i i< 5l 52 5
VLY2 172,78 64:1<4,j<2 0-2~L 0‘2l O'Ql lJQ
1 ) 73
T =  m — T A

where:

(i) 71 is any vertex that is simultaneously a ‘horizontal neigh-
bour’ of v as well as a ‘vertical neighbour’ of both v, and 7y;

(ii) 9 is any vertex that is simultaneously a ‘horizontal
neighbour’ of both v; and 7/, as well as a ‘vertical neighbour’ of
both v and mo;

(iii) the 7;’s are edges of horizontal paths and the &}’s are
edges of vertical graphs, with end-points as indicated;

(iv) the value of the totally labelled ‘2 x 3’ rectangle in the
second line of the displayed equation above, is interpreted as the
product of the values assigned by the connection to each of the
six ‘1 x 1’ subrectangles.

It is true, and not very hard to verify, that for the configua-
tion described by the general macro-cell shown in (2.3), with



7| = |7y| = 1 (say), and |o,| = |os| = k (say), if we con-
sider the matrix Wi (vpr, v4s) = (Wried)), with rows indexed
by ‘south-west paths of type (k,1)” (through arbitrary -,,) and
columns indexed by ‘north-east paths of type (I, k)’ (through ar-
bitrary 7,s), from 7,. to 7,s, then this matrix is unitary; and
further, this extension of the connection to ‘macro-cells’ also sat-
isfies an appropriately amended version of the ‘invariance under
flips’ condition, as follows:

Yijg —  Yir
0; l l Oy

Yog —  Tpr

!

i T i3
_ et [T
_ . :

1(Yi ) (V) -

Tor 7 Vpj
a0 fp”;
" VGt \ 7 T

lu‘ 71,] l’L p,r 727] ﬂ) ’}/,L'j,r
s
Yoor 7 g
= o7 lof
Yi,r — Yij

We are now ready for the ‘flatness’ condition.

Flatness axiom:

Let * denote either %y or #; (in all occurrences of * below).
Then, for any (necessarily even) positive integers k, [, and verti-
cal paths 0,0’ € PY (x, ) and horizontal paths 7,7 € PH (x, x),
we have:

* l) *
O'l lU/ = 5070157’7./ . (24)
* L) *

DEFINITION 2.1 A coupled system is the data (Vy, Vi, Hy, Hi; W)
consisting of a collection of four finite, connected, bipartite graphs



and a connection W defined on them, which satisfy the six re-
quirements that we have termed vertex identification, x vertices
and vy wvertices, harmonicity, unitarity, invariance under flips,
and the flatness axiom.

It is possible to define an equivalence relation on the class of
coupled systems; this involves changing the graphs up to graph
isomorphisms (which ‘patch up’ well) and changing the connec-
tion up to a ‘coboundary’. We shall not make this any more
precise, since we will not need the exact definition. (The inter-
ested reader may consult [AO1], [EK] or [JS].)

A paragroup is an equivalence class of coupled systems.

REMARK 2.2 [t must be noted that we only discuss finite para-
groups here. Also, all other structure of the paragroup (such
as the ‘global contragredient axiom’) will be shown to be conse-
quences of our definition - at least in this finite case.

In fact, more general ‘unitarity statements’ (than in the para-
graph preceding the flatness axiom) hold for any connection
which satisfies the unitarity condition; we need to set up a little
notation in order to state this generalisation.

Fix a positive integer n; we shall use the phrase admissible
tuple of size n to mean an ordered pair (k,1), where

k:(kl,k’g,"',k’n) N lz(ll,lg,"',ln>

and the k; and [; are all non-negative integers, of which only k;
and [,, may be zero. An admissible tuple (k,1) of size n de-
termines a planar walk on the (planar) lattice by the following
prescription: start at the origin; take k; steps to the south; then
take [; steps east; then take ko steps south; then take [y steps
east; and so on, until a total of ) .(k;+1;) steps have been taken.
(The possibility, that such a walk may not have an initial south-
ward step or a final eastward step, is the reason for the peculiar
‘non-zero” assumptions in the definition of an admissible tuple.)

Given such an admissible tuple, we shall use the expression
‘path of type (k,1) from a vertex v to a vertex A’ to mean a
sequence

(O1,T1y 1 Oa Ty Oy )

8



where (i) each o; (resp., 7;) is a vertical (resp., horizontal) path
of length k; (resp., [;), (ii) oy starts at v and 7, finishes at A,
and (iii) for each i, o; finishes where 7; starts, and 7; finishes
where 0,1 starts.

Given two admissible tuples (k,1), (k/,1'), of possibly dif-
ferent sizes, we shall say that (k,1) > (k’,1') if the following
conditions are satisfied:

(1) Dok =32y ki and 3,0 =32,1;; and

(ii) for each 1 < j <> .(k; +1;), the number of southward
steps taken in the first j steps of the planar walk corresponding
to (k,1) is at least as large as the corresponding number for
(k',1").

(This just says that the walk for (k, 1) is always ‘below’ the walk
for (k',1').)

If (k,1) > (k/,I') are admissible tuples, and if v and X are ar-
bitrary vertices, consider the matrix Wy, aev) (v, A) = (WE))
with rows (resp., columns) indexed by paths £ (resp., n) of type
(k,1) (resp., (K,I)) from v to A, whose typical matrix en-
try is defined as follows: (i) if it so happens that there exists
1 <j <> .(ki+1;) such that the initial and final points (on the
lattice) of the j-th step in the planar walk for (k,1) agree with
the corresponding points for the walk for (k’,1’), then Wg =0
unless the j-th edge in the path £ is the same as the j-th edge
in the path n; and (ii) W,§ is defined as the sum of products of
values of the connection on 1 x 1 sub-rectangles, exactly as in
the case of macro-cells (which correspond to the specialisation

(k1) = (k1) , (K1) = ((0, ), (1,0)))-

We state the desired generalisation of unitarity as a lemma
below, for convenience of reference; we omit the proof of this
well-known fact. (See, for instance, [AO2] or [EK].)

LEMMA 2.3 Suppose (k,1) > (K1) > (k",1") are admissible
tuples; and suppose v € Bpy, A € B,s are such that ), k; — (r—
p) and Y .l; — (s —q) are even.

(a) Then Wiy, a1y (v, A) is a unitary matric; and

(b) W(k,l%(k’,l’)(yy A) W(k/yll)y(k/lJll)(V, )\) = W(k,l),(k”,l") (V7 >\) .



3 1 x flatness

We would like to use the phrase ‘4 x flatness’ to refer to what
we have termed the flatness axiom above. This is because it is
known - see [EK] - that this requirement can be shown to be
equivalent to another one of a pair of equivalent requirements,
that should analogously be termed ‘2 x flatness’.

We wish to talk about ‘1 * flatness’ - which, besides being
equivalent to the ‘4 x flatness’ condition, has the advantage of
being intimately connected with the ‘fusion coefficients’ between
the four kinds of bimodules associated with the subfactor corre-
sponding to the paragroup.

DEFINITION 3.1 Let x = %;, ¢« = 0,1. Fix positive integers k.,
a vertex \ € B,,, and paths o € P (x,—) and 7 € PH(x,—),
where it is assumed that p—i—1 and r—i—k are even. Suppose
o and T finish at w and p, respectively.

We shall write A(o,7,\) for the matriz, with rows and
columns indexed by 7 € PH(m,\) and o' € PY(p,\) respec-
tively, defined by

-
—

*
Alo, 7, N7 = o
T

> —
q\

T/
—

(It must be noted that in order for A(o,T,\) to be a non-zero
matriz, it is necessary that there exist (necessarily uniquely de-
fined) i,p,r € {0,1} such that % = *;, p € B;,, m € By; and
A€ By,.)

PROPOSITION 3.2 (1 x flatness) Suppose o; are vertical paths
starting at x and T; are horizontal paths starting at %, for 1 =
1,2, 3, which satisfy:

(i) T and Ty end at the same vertex, say pi;

(i) |ov] = |oal;
(iii) oo and o3 end at the same vertex, say mo; and
() |72| = |7s|.
Then,
A(Ula 1, )‘)A(U% T2, )‘)*A(U37 73, )‘) = 501,0257'2,7'3"4(037 1, >‘) .

(3.5)

10



(It should be noted that the assumptions (i)-(iv) are precisely
what are needed to ensure that the matrices above are ‘multipli-

able’.)

Proof: Suppose |o1| = |03 = ki, |o3| = ko, and |7| =
l1, || = |m3] = lz; and suppose o7 and 73 finish at m; and ps
respectively.

First, deduce from the invariance under flips, for the connec-
tion value on ‘macro-cells’, that

(Ao N)E = | ol 13
T2 ; A
5
_ plmdutey | 2T T
1(A)p() 7o
A = M
(3.6)
and that
x D p
Ao, m3,\), = 03] ~ Lo
o l> )\
A i—_O) T2
= 0°] log . (3.7)

Hence we see that

(A(O'l, 71, )\)A(O’Q, T2, )\>*A<O'3, 73, /\)):,
= Z Z A(O’l,Tl,)\)?(A(O’Q,Tg,)\)*)gA<0'3,T3,)\)§/

5’673';/1 (p1,N) 7:679{;(71'2})

T1

= Z Z O'll l(}

/
GePY (p1N) T€PH(m2 ) \ T — A

11



« ,[L(’]Tg),u(pl) & l, l oo O.lo l l O.é)
1(A) 70 5
A = m p3 — %
ES 2} pl T—2O> k
o1l ol l oo
- pi(m2) p(p1) o e
- A 1 2
57 ,u( ) o | lag
Py = %
M(WQ)M(p (o1,7",07°,79)

1
= — (W((k1,k2)7(ll7l2)) ; ((0,k1+k2),(l1+l2,0))(*7 *)>(Tl 78,09,08)
(3.8)

where we have used equations (3.6) and (3.7) in the second step
above, and we have used the notation of Lemma 2.3 in the last
step. In the same notation, let us write k = ki + ko, [ =11 + 15,
and

(k7 1) = ((k)a <l>) ) (klv 1/) = ((klv k2)7 (llv ZQ)) ) (klla 1//>

and

((0, %), (1,0))

Wy = W(kyl),(k’,l’)(*a *) , Wy = W(k’,l’),(k”,l")(*? *)
Then, we may deduce from Lemma 2.3(b) and the flatness
axiom (i.e., what we refer to as the 4 x flatness condition) that

(WaWa) (0 = griomog1ozs ;

(11,78,02,09) 71719 Yo2 Yoy )

and since the W, 7 = 1, 2 are unitary, it follows that

o1,7,0'°,19) o1 T (01,09,m1,75) \
(W2) 7‘11 7'2 g2, U;) 50;5’; <(W1)(01,T?,0’10,:§)> : (39)
We finally conclude - from yet another application of flip-
invariance - that
87167 A(o, 71, Ny

* — P1

= 6972 | o3 1o’

02" T3

.
Ty — A

12



= 6962 | o3 1o

02 " T3

s A
p(m)plps) | "0
= gqop [EEUEAL L e g
M(A) N I,

P3

] p(m) p(ps) o1 579 (01,08,m1,79) \
— 4/1/()\) 50—2 57’3 <(W1)(0'1 77—/70-/077_:?))
. N(Wl)ﬂ(piﬁ) (o1,7",0"°,78)

R RTION (W), rg.02,09)

= (A(017T1’)\)A(U%TQ?)\)*A(O_?MT&A))T

o

/

as desired. (We have used equations (3.9) and (3.8) in the last
two steps of the above array of equations.) O

We wish to show, among other things, that ‘4 % flatness’,
which was used in the above derivation of ‘1 % flatness’, can also
be deduced as a consequence of ‘1 x flatness’. So, in what follows,
we assume that we are working with the modified definition of
a paragroup, where we have replaced the flatness axiom by the
above proposition; and we will deduce various consequences of
the above ‘1 x flatness’ condition.

In the sequel, we shall assume, unless explicitly indicated
otherwise, that the symbols *,m, p, A\, 0,7, k,[ always satisfy
the following relationship:

there exist i,p,r € {0, 1} such that
=%, € By, p€ By, A\ € By, 0 € P (x,7), 7€ P (*,p) .

PROPOSITION 3.3 A(o, T, \) is a partial isometry (possibly equal
to 0), whose ‘inital and final projections’ have the following prop-
erties:
(i) the projection E(o,p,\) = A(o, 7, \)*A(o, T, \) is inde-
pendent of the path T (and, in particular, of its length); and
(i) the projection F(m,m,\) = A(o, 7, \)A(o,T,\)* is inde-
pendent of the path o (and, in particular, of its length).

13



Proof: Setting o; = o,7; = 7 for all i in equation (3.5), we
see that the matrix A(o, 7, \) satisfies the equation AA*A = A,
which is the defining characteristic of a partial isometry.

Let 01,03 € PV(x,7) and 71,72 € PH(x,p) be arbitrary
(with possibly different lengths); set oo = o7 and 73 = 7,
and deduce from equation (3.5) that

range A(os, 11, ) C range A(o1, 1, ), ker A(os, 11, \) D ker A(os, 73, \) ;

by symmetry, we see that ran A(o,7,\) (resp., ker A(o,T,)\))
is independent of o (resp., 7), as desired. O

PROPOSITION 3.4 (a) Suppose that o,0’ are vertical paths of
the same length starting at * (whose finishing points © and 7'
may be distinct), and that T,7" are paths of possibly different
lengths between x and p. Then

Ao, 7, VA(o", 7'\ \)" = o V(1,7 7", N\) , (3.10)
where V(1,7',m, A) is a partial isometry with initial projection
F(m, 7', \) and final projection F(mw, T, \).

(b) Dually, if 0,0’ € PV (x,m), if T € PH(x,p), 7" € PH(x,p)
and if || = |7'|, then

Ao, AT N) = 60 Uloya'up,N) . (311)

where Ul(o,o’,p'; ) is a partial isometry with initial projection
E(o’,p,\) and final projection E(o,p,\).

Proof: (a) Note that the matrix products make sense under
the hypotheses, and that the fact that A(o’, 7', \)* is a partial
isometry, coupled with equation (3.5), shows that

Ao, T, A", 7, \)* = Ao, 7, A", 7, \)*A(c’, 7/, N A(c’, 7/, \)*
= 0o A, T, \)A(d', 7', N)";

and the desired conclusion follows from the following observation
(which applies in this case): if V, V' are partial isometries with
the same initial space, then V(V')* is a partial isometry whose
initial (resp., final) projection is the same as the final projection
of V' (resp., V).

The proof of (b) is identical. O

14



PROPOSITION 3.5 (a) If 7 and 7' are distinct horizontal paths
of the same length starting at * (with possibly different end-
points), then, for any vertex 7, the projections F(mw,7,\) and
F(m, 7, X) are mutually orthogonal.

(b) If o and o’ are distinct vertical paths of the same length
starting at x (with possibly different end-points), then, for any
vertex p, the projections E(o,p,\) and E(o’,p,\) are mutually
orthogonal.

Proof: (a)
F(r, 7, \F(m,7,\) = A(o,7,\)A(o,7,\)*A(c, 7, \)A(c, 7', \)*

== 5TT’A(U7 T, )\)A(U’ T/’ /\)*

The proof of (b) is similar. O

PROPOSITION 3.6 (a)

Z F(']T,T, )\) = IPZH(WM\) s

TGPZH(*,—)

where we write Ix to denote the identity matrixz with rows and
columns indexed by the set X.

(b)
S B0p ) = Dy

Uep]};/(*»f)

Proof: (a) Arbitrarily choose and fix some o € PY (x,7).
Then, by the unitarity axiom in a paragroup, we have, for each

e PH(m,\),

*x — -
1=> |ol IR AN (3.12)
70 T A

Summing over 7 € P/ (m, \), we find that

x = .
PN = D> D el Lo P
T/EPlH (m,\) 70! T AN A
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= Z Z | Ao, 7, M)

T’G’PlH (mw,\) T,0’

= Z | A(o, 7, )‘)H%

TGPZH (*»7)

= Z Tr F(m,T,\) .

Tele (*»7)

(Above, and in the sequel, we use the symbols || - || and ‘Tr’
to denote the Hilbert-Schmidt norm and the usual trace on any
matrix algebra.)

Since, by Proposition 3.5, {F(m,7,A) : 7 € P//(x,—)} is a
collection of mutually orthogonal projections in M alpi (., »(C),
the desired conclusion follows.

The proof of (b) is similar. O

REMARK 3.7 On the one hand,
Ao, 7. M3 = Tr(A(o, 7, N Ao, 7,0)*) = Tr(F(m, 7, A))
1s independent of o; on the other,

HA(Oa T, A)Hg = TT(A(U’ T, )‘>*A(07 T, )‘)) = TT(E<0> P )‘))
is independent of 7. Hence we see that ||A(o,7,\)||* is inde-
pendent of o and T (and hence of k and 1), and depends only on

m, p, A. We define
fmp. ) = [|Ale, 7 M]3 -

LEMMA 3.8 Let i,p,r € {0,1} be arbitrary.

(a) For any m € By and p € By, there exists at least one
A € By, such that f(m,p,\) > 0.

(b) For any m € By, and A\ € B,,, there exists at least one
p € By, such that f(m,p,A) > 0.

Proof: (a) Choose some o € PV (x,7), 7 € PH(x,p). The
unitarity axiom implies the existence of a A and o’ € 73|‘;| (p,\), T €

P‘Ijl (7, A) such that

,7_/
—

O_/o 7§0

Q
Q
* — 3

D — >

16



Then, by flip-invariance, we see that

x — p
Ao, 7, N, = o Lo
T oA
_ e [T T
A
f(A) « 5
# 0.
The proof of (b) is similar. O
PROPOSITION 3.9 (a)
5 %
O-l lO” = 50,0’57',7" .
x %

(b) For any ™ € By, and p € By,

S fme N u(N) = pmulp) - (3.13)

AEByr

Proof: First of all, note that we must have
o] = lo'| =2m , |7| = |7'| = 2n

for some integers m,n. So we may write o = 0109,0’ = 00}
and 7 = 17, 7' = 7{75, where |o;| = |o}| = m, || = |7{| = n, for
i =1,2. (Here and elsewhere, we shall denote concatenation of
paths by merely juxtaposing the symbols; thus, the symbol o105
denotes the path obtained by first traversing the path o; and
then going on to traverse the path os; this naturally demands
that o finishes where oy starts.)

Suppose that o; and o} finish at 7 and 7" respectively, and
that 7, and 7] finish at p and p’ respectively. Now, compute

17



thus:

T1 T
x = op D %
op | Loy
T 7'
oa | Loy
o, T

*x — p — X
ol vyl Lol
DL E RS
N vivauss 02 ] vs | laé
* 2> pl g *
M(A) / S\
= A ANy ———— (A S A2
Z Z (0'1,7'1, )1/1 M(p)ﬂ(ﬂ/)( (0-177—27 )ul)

A v1,v2,v3,04

1o /o VS Iu )\ o / V4 -
X A(U2 )y T2 7>‘) 2 (4)7( (A(O-ZaTl:)‘) 3>

B (A
> Vi

S (m)p (") () (')
X TT(A(017 71, )‘>A(Uia 7—57 )‘>*A<O-é07 7—2,07 )‘>A(057 T{? )‘)*>
ey ) o\
501703 572775 Tr(A(oy, 11, \)A(og, 11, \))
EA: Vi(m) (@) u(p) (o’
-y p) G0yt 0my 10y o, T V (11,70, m,A) (%)
~ /(@) u(m) p(p) (o)
3 A Sos o Or 0y Ot Tr F(y,m, A) (%)

= 60’,0'/57',7" K(ﬂ'a P

where we have used : (a) Proposition 3.4 in step (*) (and used
the two Kronecker deltas to ensure that the hypotheses of that
proposition are indeed satisfied), (b) Proposition 3.5 (a) and the
fact that a partial isometry with mutually orthogonal initial and
final spaces must necessarily have 0 trace, in step (**) and (c)

18



the notation

in the last step.

It is clear that K(m,p) > 0; but, in fact, it follows from
Lemma 3.8 that K (7, p) > 0. It follows, therefore, that A(o, T, *)
is a partial isometry which has the positive entry K (m, p) in the
(1,0) entry and has all other entries equal to 0; hence we see
that

K(r,p) = || Ao, 7, 4]l = 1

(since the norm of a partial isometry is 0 or 1, and we know that
K(m,p) > 0).

The truth of both parts of the proposition is seen to follow.
O

4 Derivation of the formula

Suppose one starts with a ‘finite-depth hyperfinite subfactor’
Ry C Ry; then for the associated paragroup, the set B;; can
be identified with the collection of (isomorphism classes of) ir-
reducible R; — R; bimodules that ‘occur in the tower of the
basic construction’ - see [AO1] or [VJ]. In this case, we have
*; = g, L*(R;)r, and «;1_; = r,L*(R1)g,_, for i = 0,1. Further,
it is true that if Xj; is such a bimodule, then, we have

p(Xy) = \/dim(n,X) dim(Xp,) |

where dim(pX) (resp., dim(Xp)) denotes the P-dimension of
the left (resp., right) P-module X.

A vertical edge starting at p € B;, and finishing at v € B;_;,
corresponds to a member of a maximal family (chosen and fixed
once and for all) of R;_;— R, linear coisometries from «;_;;®g, p
to ~; while the same edge, when thought of as starting from ~
and finishing at p is identified with the image, under a suit-
able (‘left flip’) Frobenius reciprocity map (cf. [EK]), of the
intertwiner corresponding to the ‘unreversed edge’. Similar com-
ments apply to horizontal graphs, which correspond to tensoring
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on the right, just as the vertical graphs correspond to tensoring
on the left. (Making a different choice of the ‘maximal sets of
co-isometric intertwiners’ corresponds exactly to replacing the
connection by an equivalent one.)

The point we wish to make here is that f(m,p,A) is now
nothing but the fusion coefficient (7 ®g, p, A).

THEOREM 4.1 With the foregoing notation, if my € Bpi,po €
B, and Ao € By,, then f(mo, po, Ao) is nothing but the the fusion
coefficient (mg g, po, No), i-e., the ‘multiplicity with which the
bimodule )Xo features in Ty ®g, po’.

Proof: We shall ignore the ‘tensor-product’ symbol, and
simply write such symbols as (g a9)™ to denote appropriate
tensor-products; thus, for instance,

2
(ap1a0)” = apr ®pr, a10 @R, Q1 @R, Q10 -

Let us write

Xk . { (ai,l_ial_i,i)m if k=2m

B ar—ii(ogi—ion—i;)™ if k=2m+1

and

Y, { (Oéi,lfi()élfi,i)m if 1 =2m
l pr—

Oéi71_2‘(06i’1_2‘061_i72')m if {=2m +1

Fix a positive integer k (resp., 1) such that: (i) P} (x;,m0) #
0 (vesp., P (xi,p0)), and (ii) k (resp., 1) is at least as large
as the distance, in V; (resp., H;) from *; to any vertex in B,
(resp., Bjr). It then follows that PY (*;,7) # 0 Vr € B,; (resp.,
P (%i, p0) Vp € Biy).

Note that X}, is an R, — R; bimodule and Y; is an R; — R,
bimodule. For the sake of typographical convenience, let us
write

A = End g, (L*(R))r, = C,
Aw = End Rp(Xk)RZ )

Ay = End Ri(YE)RT )

Ay = End g, (Xi ®r, Yi)r,



We will be interested in the grid

C cC AOZ
U u (4.14)
Ay C Ay

where the inclusion map in the second row (resp., column) is
given by S+ S ®p, idy, (resp., T+ idx, @r, T).

It will be necessary to use the ‘path-model’ - see [JS] for
instance - for the above algebras; for this, we shall consider
the admissible tuples given by (k,1) = ((k), (l)) and (K',l') =
((0,k),(1,0)), and we will find it convenient to use the nota-
tion  PYH(x;, \) (resp., PHV(x;,\)) to denote the set of all
(south-west) paths of type (k,1) (resp., (north-east) paths of
type (k',1')) from %; to A. We shall also consistently use the
notation f(§) to denote the vertex where a path £ finishes.
When we want to consider paths with possibly differing finish-
ing points, we shall also use the (abbreviated) symbols

P =TT Pa N, PHY = T PRV (5, 0)

AEBpr AEBpr

It is then true - see [JS], for instance - that we can find two
subsets By, and By, of Ay, given by:

Bu = {(£7,¢7): & PV, and f(£F) = f(£7)}

and

By = {(n*n7):n* € PV and f(n*) = f(n7)},
which have the following properties:

(a) both By, and By, are systems of ‘generalised matrix units
for Aj’, meaning:
(i) they are both (vector space) bases for Ay;
(i) (65,6) = (6,6 and (65,66, 6) = 0 e (6.6
(iit) (™, ™) = (= ") and (9, 0y ) (3, m5) = 0, e (07,12 )3
(b) the basis By is well-behaved with respect to the tower
Ay C Apg C Ay in the following sense: if oF € PY(x;,—)
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satisty f(ot) = f(o7), then (077,07 7) € By, whenever 7 €
PH(f(oT),—); in fact, if we define

(ct,07) = Z (ctT,077),

Te€PH(f(o),-)
and
BkO = {(0+7J_) : O-:t S PX(*m _> and f<0-+) = f(O'_)} )

then By is a ‘system of generalised matrix units for Agg’;

(c) the basis By is well-behaved with respect to the tower
Agy C Ay C Ay in the following sense: if 75 € PH(x;, —)
satisty f(77) = f(77), then (7F0,770) € By, whenever o €
PY(f(rT),—); in fact, if we define

(rt,77) = Z (rFo,770),

ocePY (f(v1),-)
and
By ={(r",77) : 7" € Pl'(%;,—) and f(vF) = f(v7)},

then By is a ‘system of generalised matrix units for Agy’;

(d) the two bases are related via the connection, as follows:

(€r,67) = S WEWE (ta), (4.15)

nEEPLY (xi, f(€1))
for all (£1,&7) € By

It is seen from the above statements regarding ‘generalised
matrix units’ that a basis vector (£7,£7) € By, is a projection
if and only if &t = ¢7; and that, further, if we define pyo(7)
to be the sum of all the projections in By which ‘finish’ at ,
then {pwo(m) : ™ € By} is the set of (all the) minimal central
projections of Ao . In fact, pyo(7m) is nothing but the projection
onto the isotypical sub-bimodule of X of type m. It should be
clear that analogous statements, with (, k0) replaced by (p,0l)
and (\, kl), are valid.
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Now let us fix a g9 € P) (i, m) and a 19 € P (*;, po), and
let us write ply = (00,00) ( € Bro) and pY; = (70,70) ( € Ba).
The facts stated above, concerning ‘generalised matrix units’,
imply that pY, (resp., pY;) is a minimal projection in Agopko(mo)
(resp., Apoi(po)), and hence that ran p), (resp., ran pj) is
a model of the irreducible bimodule of type my (resp., po).

The definitions, and a moment’s thought reveal that the
fusion coefficient (my ®g, po, Ao) is exactly that number N
such that (pepd)pri(Ao) is a sum of N minimal projections
in Appri(No). Hence, it follows that if ¢ denotes any faithful
positive tracial functional on A, then

¢( pgo pgz Pri(Mo) )
¢(q) ’

for any minimal projection ¢ € Ag; pri(No)-

However, if ‘tr’ denotes the so-called Markov trace on Ay,
then there exists a constant C' > 0 such that if ¢ = C tr, then
¢ is a faithful positive tracial functional on Ay, and further,

o(("n7) ) = Oy (f(0")), Y(n*,n) € By . (4.17)

Now deduce from the definitions and from equation (4.15)
that

¢(PRo P Pri(Mo) )
— Z Z o ( (00T, 007) (100, T00) Pri(No) )

TG'PIH (ﬂ'o,)\o) O'G'PI‘C/ (p(),)\())

- X 3 oW ) (o)

T€PH (m0,X0) 0€PY (po,M0) nEEPEY (x4,M0)

= > > WRTWET ¢ (0t o)

TGPlH (m0,M0) o€Py (Po,Ao0) 77+€7DZIZV (*i,20)

=YY Y W by )

T€PH (m0,X0) o€P) (po, o) nt€PHY (xi,20)

= wo) D > WarwaRd

TGPlH (71'0,)\0) O'E’P,‘c/ (po,/\o)

= o) Y > WP

TGPlH (71'0,)\0) O'E'Pl}:/ (po,)\o)

<7T0 ®R¢ Lo, )\0> = (416)
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= n) Do Y Al AP

TGPlH (7!'0,)\0) O'E’P,‘C/ (po,)\o)

= u(Xo) |[A(o0, 70, 0)l[3 ;

and hence, by equations (4.16) and (4.17), we see that if 1 €
PHV (x;, \o), then

(o Py Pri(Xo) )
o( (n.m))
N(AO) f(ﬂ-ov P05, )‘0>
£(Xo)
= f(mo, po, Xo) ,

and the proof is complete. O

(o @R, Po, Ao)

5 The fusion algebras

We first proceed toward showing how the ‘contragredient’ (in
the sense of bimodules) can be read off from the paragroup.

PROPOSITION 5.1 Let m € By, p € By, A € By, and let k,l
be positive integers such that (p—1i)—k and (r—i)—1 are even;
then

Z f(ﬂ'aplv)‘) ‘,PlH(*lap/)’ = ’,PZH(W7)‘)|?
p'€Bir
Yo FE e N [P ) = [P (0N -
' €Bp;

Proof: Fix a ¢ € PY(x,m). Deduce from the unitarity
axiom that if 7/ € P (7, )), then

1 = Ao, 7, N7 |2,
> Y. ATy

TE'PH(* )UE’PV(f (7),\)

where we have used the notation f(7) to denote the vertex at
which 7 finishes.
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Now sum over 7’ € P (m, A) to find that

PN = ) Z\AUTMIQ

' ePH(m ) T

= wa,ff
:Zf’/rpa |Pl( )’7

The proof of the second identity is similar. O

The identities of the last proposition show that the function
contains the information of the four graphs.

COROLLARY 5.2 For any v,;; € B;j, we have:

AHj(fyjjnyj,lfj) = f(ijj705j,lfj77j,1fj) = f(’Yj,lfjaalfj,jaijj);
Avj(%‘j,%—j,j) = f(%—j,j,%‘j,%—j,j) = f(aj,l—ijl—j,ju'ij)

Proof: The first identity follows immediately from special-
ising the first identity of Proposition 5.1 to the case i = j, 7 =
Vijo A= Vil—j> (and to the case i =1— j, ™= "Yj1-j> A= ’ij>
and [ = 1, and noting that «;;_; is the unique horizontal
neighbour of *;, and that P{(u,v) = Ay (u,v) for an appropri-
ate horizontal graph H.

The second identity follow analogously from the second iden-

tity of Proposition 5.1.
O

PROPOSITION 5.3 (a) For each vertex m € B,;, there ezists a
unique vertex T € By, such that f(m, 7, *,) > 0; and, in fact,
fm, @, *,) = 1.

(b) Further, it is true that ™= m, and that for all 1, k,

@) 1P ) = 1P ()]
(i) 1P (ep, D) = [Py (i, m)] -

Proof: We see from Lemma 3.8 that there exists at least one
vertex ™ € By, such that f(m, 7, %,) > 0. Fix positive integers
k,l which are (i) both even (resp., odd) if i = p (resp., @ # p),
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and (ii) at least as large as the maximum distance between any
two vertices on any of the four graphs. Since the graphs are
connected, the assumptions (i) and (ii) show that P) (x;,7) # ()
and PH (x Z,p) # () for all p € By,

Since f(m, p, \) € Z, we deduce from Proposition 5.1 that

P kpem)| = [P (%))l
:wap, ) [P (x4, )
o PR (5.18)

On the other hand, for any 7 € P (x;,7), 0 € PV (*;,7),
note that by ‘rotational symmetry’ of the connection, we have
the identity

o

Ao, T, *p);// = A(c", 7% ;)"

o°

which implies that
|,Pl§:/(*17 7T)| |7DlH(*iv ﬁ)’ f(ﬂ’ T, *p)

= > > Y Al )l

o€PY (#5,m) TEPH (xi,7) \o'€PY (%xp) T/ €PH (0 %p)

- Y Y [T T uere

"’EPV (#p,T) "’EPH(*p ™) JOEP,X(W,*i)T"EPlH(ﬁ',*i)

= [P o, D) [P (2, )| f (7,7, 50) 5 (5.19)

it follows that f(7,m,*;) > 0. Hence, we deduce, exactly as in
the case of inequality (5.18) that we also have

[P (i) = [P (5, )] (5.20)
and hence that, in fact,

This equation, and the manner in which inequality (5.18)
was obtained, imply that

f(ﬂ-vpv *p) - 5p,7_r )
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and (a) is completely proved.

The uniqueness assertion of (a), coupled with equation (5.19),
equation (5.21) and its vertical counterpart (which is proved sim-
ilarly, shows that we must have 7 = 7, and that (b)(i) and (ii)
must hold at least when k, [ satisfy the additional hypotheses (i)
and (ii) stated in the first paragraph of the proof.

On the other hand, note that both sides of (b)(i) (resp., (ii))
are zero unless [ (resp., k) satisfies the condition stated in (i) of
the initial paragraph and is, in addition, at least as large as the
length of the shortest horizontal path joining #; and 7 (resp.,
vertical path joining *; and ). Conversely, if k and [ satisfy
the two conditions of the last sentence, then the left-side (and
hence the right side) of equation (5.19) is non-zero, and we may
deduce the validity of (b)(i) and (ii) (as in the special case earlier
considered). O

COROLLARY 5.4

Proof: Let m € B,;. We consider the cases i = p and i # p
separately.

Case 1: i = p.

Let A be the matrix, with rows and columns indexed by
By, defined by A(mw,v) = |P# (n,7)|. This may be viewed as
the adjacency matrix of a connected graph with vertex set Bj;.
The equation in Proposition 5.3(b)(i), when [ = 2n, may be
re-written as:

A"(x,m) = A" (%, ) V7 . (5.22)

On the other hand, it is seen that if v is the vector defined by
v(r) = p(m), then Av = (%v; and it now follows from the
Perron-Frobenius theorem that

where P, denotes the projection onto the one-dimensional sub-
space spanned by the Perron-Frobenius eigenvector v of A. It
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follows therefore that, if we write w =3 5 u(m)?, then

p(m)(*)

- Pv s
) (3.7

= lim LA”(>f<, )

n—oo 52n
. 1
= e
= P,(x,7)
() ()

9
w

A" (x, )

as desired.

Case 2: i #p .

In this case, let A; denote the matrix with rows and columns
indexed by B;;_; and defined by A;(m,v) = |P#(n,7)|. Note
that there is an obvious bijective correspondence between 7321{1(041-71_1-, v)
and Pl (%;,7), so that the equation in Proposition 5.3(b)(i),
when | = 2n + 1, may be re-written as:

Ap(ao1,7) = AT (010, 7) -

further, since the Perron-Frobenius eigenvectors of the A;’s are
given by the u function, and since they both have Perron-Frobenius
eigenvalue given by (32, we may argue exactly as in Case 1 to
obtain the desired conclusion. a

PROPOSITION 5.5 For any m € By, p € By, v € Bys, Vv €
B,s, we have

Yo fme N fA ) = Y fmkw) fpsk) - (5.23)

AeBp'r ReBis

Proof: To start with, fix paths o, € PV (*,,p), 0o €
PV (x;,m), 11 € PH(x4,p), 7o € PH(*,,7), and suppose |o;| = k;
and |r;| = l; for ¢ = 1,2. Consider the matrix B = ((B;};é/))

with rows and columns indexed by P/, (7, v) and PY . (v,v),
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respectively, defined by

¥, ==
/ o1l Lol
1,
B = ¥ p f(a)
oa | Loy

K
ol Lo}
ZZ ¥ p = f(o})
5 7 o9 | ol Loy
r Dopa) 2w

!
”,027'1 ”,UIT GTh
2 :2 : T20] Tol -

We shall compute the Hilbert-Schmidt norm of B in two
ways. First note that

T ooT] o7}
B2 = E E W, 1I/VU”VV~/2

01045 T20'1 TO,

= Z A(og, 11, f(1)))2 A(O’lU TQ,V) orol, (5.24)

and that also
T ooT o7 o1
BO‘}IUQIQ = Z Z VV‘HQCT1 W7'210' 7‘0’22
2 T
= Z A(O’l,TQ,f(O'/l))le A(og, 1T, v) 1;2 . (5.25)
7':

Deduce from equation (5.24) that

BT

ooy
!

/
= | Z Alo, 1, ()3 A(016,70,0) 3, |

= ZA o9, 71, f(11))5 A(crla 7'2,1/)?i é14(02,7'1,f(7'1)) ,A(O'lUl,Tg,l/)Té, ,

0192
7,01
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and hence,

IBIE = S5 1 BI% P

! ! ! !
T1T2 0192

= S 3N Alon i, F)Z Aloe, i, f(71)G

! ! ! <~ 7 A
T1Ty 0105 0,01

/

~ T4 ~ .
X A(O’lo',TQ,I/)UQiU/Z A(O'lUl,TQ,V)JQ/laé

= SN Alos,mu f(E)G Alos, i, f(7))Z

' ! F A
T1Ty 0,01

!

~ 7! ~ T.
g A(O’lO,TQ,V)O?iU,Q A(O’lO'l,TQ,I/)UQ/IUé

= SN Aoo. i, f))G Alow, 7, f(r1))G

X (A(alﬁ,Tg,V)A(01<~71772,V)*)Té

T2

= 23 Alam f)) Aloam ),

7] 0,01

X Tr( 0py5.0050 V (12,72, f(11),7) )

ZZ | Aloo, v, F(E)E P F(F() )
Z f(m,p,A) Y V) -

AEBy,

An entirely similar argument, starting with equation (5.25)
rather than (5.24), shows that

IBIE = Y f(mk,v) flp.7,5)

KEDB;s

and the proof of the proposition is complete. a

PROPOSITION 5.6 For any m € By, p € B;, A € By, we have

f(ﬂ-7p7 )‘) = f(ﬁ-v A’p) : (526)
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Proof: Much of the following notation will become clearer
if one keeps the following diagram in mind:

ol l o 1o’
T 75

T = A\ = %

Choose positive integers k, [y, I such that (a) k—(p—1), l; —
(r—i) and [y — (p—r) are all even, and (b) each of k,l; and Iy
are at least as large as the maximum of the diameters of the four
graphs. It then follows that all the following sets are non-empty:
PX(*i,W),PX(p, )‘)77);/(*17’7?)7 ,Pl?(*i?p)? ,Pl?(ﬂv >‘)’ Pllj(pv 77?)7 ,PZIQJ(A’ *p) .

Let us write | = [; + ;. We will need the admissible
tuples  (k,1) = ((k), (1)), (K,1) = ((0,k),(h,L2)), (K".1") =
((0,k),(1,0)), and the associated unitary matrices W = Wy a1y (%4, %),
W1 = W(k,l),(k’,l’)(*i; *p), and W2 = W(k’,l’),(k”,l”)(*i, *p>‘ Then,
it follows from Lemma 2.3 that W = W;W,.

Let us write P, (resp., R:) for the diagonal matrix with
rows and columns indexed by paths of type (k,1) (resp., (k”,1”))
from *; to *,, which represents the projection onto the subspace
spanned by P = {07’ € P} (%;,%,), f(o) =7} (resp., Pz =
{0’ € PV (%;,%,), f(r) = 7}). Then, thanks to Proposition
5.3, we see that U = P, W R is unitary when viewed as a matrix
with rows and columns indexed by P, and Pz respectively.
Then, U = AB, where A = P,W; (resp. B = W)Rz) is the
rectangular matrix obtained by suitably restricting the rows of
Wy (resp., columns of W5).

Since A is obtained by taking some collection of rows of a
unitary matrix, it is seen that A is a coisometry. Similarly, it is
seen that B is an isometry. Hence, U = AB is a factorisation of
a unitary matrix as a product of a coisometry and an isometry.
We can deduce from this that we must have A*A = BB* and
that hence

UB*"=ABB*=AA"A=A. (5.27)

Now let @,» be the diagonal matrix with rows and columns
indexed by paths of type (k/,l') from #; to *,, which represents
the projection onto the subspace spanned by the set P,y con-
sisting of all paths 775 of type (k/,1') which satisfy f(m) =p
and f(a) = A\
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Then, we have

AQp)\ = UB*Qp)\ = U(Qp)\B>* )

and hence

1AQull2 = IU(@nB) ll2 = [(@nB)*ll2 = [|@nBll2 -

(5.28)
Now, on the one hand, we have
W O o) ?
lAQal = X ||t te
0,71 ,T1,0,T4 T l by g *p )
=[Py (\xp)| [Py Gi )] P (50, 0)] f (0, 2) 5
(5.29)
while on the other hand,
*; SEN P = T 2
QnBl: = 3 5l L
T1,6,7%,72,07 A E) *p 5
= [P (ki o) [P (7 50)| [P (N %0)| (7N p) 5
(5.30)

and the desired conclusion follows from equations (5.28), (5.29)
and (5.30) (and from equation (5.21).
O

We may now deduce, from Propositions 5.5 and 5.6, that
each Bj; may be regarded as the basis of a fusion algebra with
the structure constants (i.e., fusion coefficients) being given by
(r®@p,\) = f(m, p,\) and the involution being given by m +— 7.
From general facts - see [VS], for instance - about such fusion
algebras, we see that we also have, in addition to equation (5.26),
the following identities:

f(m.pX) = f(\p,m) = f(p,7,A) - (5.31)
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(Strictly speaking, the general facts described in [VS] will only
yield equation (5.31) in the special case where all the three ver-
tices belong to the same B;;; but a minor extension of the argu-
ments there show that these equations are valid in total gener-
ality, i.e., whenever 7 € By, p € By, A € By,.)

In particular, if 7 € Bj; and X € Bj;_;, and if we set
p = aj1—;, we may deduce from equation (5.31) and Corollary
5.2 that

AHj (7T, )\)

= Ay (7, A) . (5.32)
The truth of the following corollary is immediate.

COROLLARY 5.7 The mapping -~ +— 7 establishes an isomor-
phism between the graphs V; and H;, for j =1,2.
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