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Abstract

In this paper we further analyze modular invariants for subfactors, in par-
ticular the structure of the chiral induced systems of M-M morphisms. The
relative braiding between the chiral systems restricts to a proper braiding on
their “ambichiral” intersection, and we show that the ambichiral braiding is
non-degenerate if the original braiding of the N-N morphisms is. Moreover,
in this case the dimensions of the irreducible representations of the chiral fu-
sion rule algebras are given by the chiral branching coefficients which describe
the ambichiral contribution in the irreducible decomposition of a-induced sec-
tors. We show that modular invariants come along naturally with several non-
negative integer valued matrix representations of the original N-N Verlinde
fusion rule algebra, and we completely determine their decomposition into its
characters. Finally the theory is illustrated by various examples, including the
treatment of all SU(2); modular invariants.
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1 Introduction

An important step towards complete classification of rational conformal field theory
would be an exhaustive list of all modular invariant partition functions of WZW
models based on simple Lie groups G. In such models one deals with a chiral algebra
which is given by a semi-direct sum of the affine Lie algebra of G and the associated
Virasoro algebra arising from the Sugawara construction. Fixing the level k = 1,2, ...,
which specifies the multiplier of the central extension, the chiral algebra possesses a
certain finite spectrum of representations acting on (pre-) Hilbert spaces H,, labelled
by “admissible weights” A. The characters

X)\(T, Zl, 22’ o Zﬁ, u) — elecu tr’)—{/\ (e27FiT(LO—C/24)e27Ti(ZlH1+Z2H2+---+Z{H@)) ,
with Im(7) > 0, Ly being the conformal Hamiltonian, ¢ the central charge and H,,

r =1,2,...,¢ = rank(G), Cartan subalgebra generators, transform unitarily under



the action of the (double cover of the) modular group, defined by re-substituting the
arguments as

L . ar +b 7 c(zi+23+...+27)
(r:Zu) — g(T’Z’u)_<CT+d’CT+d’u 2(er +d)

for g = (‘ZZ) € SL(2;7), see e.g. [21]. A modular invariant partition function is then
a sesqui-linear expression Z = 3, , Zx , XX}, which is is invariant under the SL(2;%)
action, Z(g(7;Z;u)) = Z(7; Z;u), and subject to

Zy,=0,1,2,.. ., Zoo=1. (1)

Here the label “0” refers to the “vacuum” representation, and the condition Zyo =1
reflects the physical concept of uniqueness of the vacuum state. For the canonical
generators § = ((1) _01) and 7 = ((1) 1) of SL(2;7) we obtain the unitary Kac-Peterson
matrices S = [S),] and T = [T} ,] transforming the characters, where 7" is diagonal
and S is symmetric as well as Sy > Spo > 0. Then the classification of modular
invariants can be rephrased like this: Find all the matrices Z subject to the conditions
in Eq. (1) and commuting with S and 7. This problem turns out to be a rather
difficult one; a complete list is known for all simple Lie groups at low levels, however,
a list covering all levels is known to be complete only for Lie groups SU(2) and SU(3).

Let us consider the SU(2) case. For SU(2) at level k, the admissible weights are

just spins A =0,1,2, ..., k. The Kac-Peterson matrices are given explicitly as

B 2 (m(A+D(p+1) B A+ 1)?  ni
s = k+zsm< k+ 2 e T

with A\, = 0,1,...,k. A list of SU(2) modular invariants was given in [5] and
proven to be complete in [6, 22], the celebrated A-D-E classification of SU(2) modular
invariants. The A-D-E pattern arises as follows. The eigenvalues of the (adjacency
matrices of the) A-D-E Dynkin diagrams are all of the form 2 cos(mn/h) with h =
3,4, ... being the (dual) Coxeter number and m running over a subset of {1, 2, ..., h—1},
the Coxeter exponents of the diagram. The bijection between the modular invariants
Z in the list of [5] and Dynkin diagrams is then such that the diagonal entries Zy \
are given exactly by the multiplicity of the eigenvalue 2cos(m(A + 1)/k + 2) of one
of the A-D-E Dynkin diagrams with Coxeter number h = k + 2. In particular, the
trivial modular invariants, Z , = d,,, correspond to the diagrams Aj;;. Note that
the adjacency matrix of the Ay, diagram is given by the level k fusion matrix Ny
of the spin A = 1 representation. Here N) = [Ny ], and the (non-negative integer
valued) fusion rules Ny , are generically (e.g. for all SU(n)) given by the Verlinde
formula

12 S 1)\ *
N)\,,U, = Z #Smﬂsp,u : (2)

o Pp0
As we have N\N,, = 3>, Ny ,N,, we may interpret the Ayy; matrix as the spin one
representation matrix in the regular representation of the fusion rules. The meaning
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of the D and E diagrams, however, remained obscure, and this has been regarded as
a “mystery of the A-D-E classification” [18]. In fact, the adjacency matrices of the
D-E diagrams turned out to be only the spin A = 1 matrices G; of a whole family
of non-negative integer valued matrices GG) providing a representation of the original
SU(2)y fusion rules: G,G, = >, Ny ,G,. By the Verlinde formula, Eq. (2), the
representations of the commutative fusion rule algebra are given by the characters
Xp(A) = S,2/S,0, and therefore the multiplicities of the Coxeter exponents just
reflect the multiplicity of the character x, in the representation given by the matrices
G. Di Francesco, Petkova and Zuber similarly observed [7, 8, 33| that there are non-
negative integer valued matrix representations (nimreps, for short) of the SU(n)y
fusion rules which decompose into the characters matching the diagonal part of some
non-trivial SU(n), modular invariants (mainly SU(3)). Graphs are then obtained
by reading the matrices G as adjacency matrices, with A now chosen among the
fundamental weights of SU(n) generalizing appropriately the spin 1 weight for SU(2).
The classification of SU(3) modular invariants [14] shows a similar pattern as the
SU(2) case, called A-D-E, A referring to the diagonal invariants, D to “simple current
invariants” and &€ to exceptionals. Again, it is the nimreps associated to the D and &
invariants which call for an explanation whereas the A invariants just correspond to
the original fusion rules: G, = N,. Why are there graphs and, even more, nimreps
of the Verlinde fusion rules associated to modular invariants? This question has not
been answered for a long time. Nahm found a relation between the diagonal part of
SU(2) modular invariants and Lie group exponents using quaternionic coset spaces
28], however, his construction does not explain the appearance of nimreps of fusion
rules and seems impossible to be extended to other Lie groups e.g. SU(3).

A first step in associating systematically nimreps of the Verlinde fusion rules was
done by F. Xu [41] using nets of subfactors [26] arising from conformal inclusions of
SU(n) theories. However, only a small number of modular invariants comes from
conformal inclusions, e.g. the Dy, Eg and Eg invariants for SU(2). Developing sys-
tematically the a-induction machinery [1, 3| for nets of subfactors, a notion originally
introduced by Longo and Rehren [26], such nimreps where shown in [2, 3] to arise
similarly from all (local) simple current extensions [38] of SU(n) theories, thus cov-
ering in particular the Deye, series for SU(2). Yet, type II invariants (cf. Dogq and
E; for SU(2)) were not treated in [2, 3].

In [4] we have constructed modular invariants from braided subfactors in a very
general approach which unifies and develops further the ideas of a-induction [26,
41, 1, 2, 3] and Ocneanu’s double triangle algebras [30]. We started with a von
Neumann factor N endowed with a system yAXx of braided endomorphisms (“N-N
morphisms”). Such a braiding defines “statistics” matrices S and T' [35, 12] which,
as shown by Rehren [35], provide a unitary representation of SL(2;Z) if it is non-
degenerate. The statistics matrices are analogous to the Kac-Peterson matrices: T'is
diagonal, S is symmetric and Sy > Spo > 0. (The label “0” now refers to the identity
morphism id € yXx which corresponds to the vacuum in applications.) Moreover,
the endomorphism fusion rules are diagonalized by the statistical S-matrix, i.e. obey



the Verlinde formula Eq. (2) in the non-degenerate case. We then studied embeddings
N C M in larger factors M which are in a certain sense compatible with the braided
system of endomorphisms; namely, such a subfactor N C M is essentially given by
specifying a canonical endomorphism within the system yXy. Then one can apply
a-induction which associates to an N-N morphism A two M-M morphisms, a) and
a, . Motivated by the analysis in [3], we defined a matrix Z with entries

Inp=A{ax, ), Apendy, (3)

where the brackets denote the dimension of the intertwiner space Hom(a, a;;). Then
Z automatically fulfills the conditions of Eq. (1) and we showed that it commutes
with S and 7' [4, Thm. 5.7]. The inclusion N C M associates to yXy a system p Xns
of M-M morphisms as well as “intermediate” systems yX); and Xy where the
latter are related by conjugation. In turn, one obtains a (graded) fusion rule algebra
from the sector products. Decomposing the induced morphisms af\E into irreducibles
yields “chiral” subsystems of M-M morphisms, and it was shown that the whole
system j; Xy is generated by the chiral systems whenever the original braiding is
non-degenerate [4, Thm. 5.10]. We showed that each non-zero entry Z , labels one of
the irreducible representations of the M-M fusion rules and its dimensions is exactly
given by Zy ,, [4, Thm. 6.8]. Moreover, we showed that the irreducible decomposition
of the representation obtained by multiplying M-M morphisms on M-N morphisms
corresponds exactly to the diagonal part of the modular invariant [4, Thm. 6.12].

In this paper we take the analysis further and investigate the chiral induced sys-
tems. The matrix entry of Eq. (3) can be written as

— + =
Z>\7P« - ZT br,)\bT,u ’

where the sum runs over morphisms 7 in the “ambichiral” intersection of the chiral
systems, and bf_f \ = (1,a3) are the chiral branching coefficients. Analogous to the sec-
ond interpretation of the entries of Z, we show that the chiral branching coefficients
are at the same time the dimensions of the irreducible representations of the chiral
fusion rules. We can evaluate the induced morphisms af\E in all these representations
of the chiral or full M-M fusion rule algebra. The representation which decomposes
according to the diagonal part of the modular invariant is the one obtained by mul-
tiplying M-M morphisms on the M-N system. By evaluating af (here a) yields
the same) we obtain a family of matrices G. Since a-induction preserves the fusion
rules, this provides a matrix representation of the original N-NN (Verlinde) fusion rule
algebra, G\G, = >, N} ,G,, which therefore must decompose into the characters
given in terms of the S-matrix. Moreover, as the G,’s are just fusion matrices (i.e.
each entry is the dimension of a finite-dimensional intertwiner space), we have in fact
obtained nimreps here. We are able to compute the eigenvalues of the matrices and
thus we determine the multiplicities of the characters, proving that y, appears in it
exactly with multiplicity Zy ».

The structure of the induced M-M system is quite different from the original
braided N-N system. In general, neither the full system ;; X, nor the chiral induced
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subsystems are braided, they can even have non-commutative fusion. In fact, our
results show that the entire M-M fusion algebra (respectively a chiral fusion alge-
bra) is non-commutative if and only if an entry of Z (respectively a chiral branching
coefficient) is strictly larger than one. However, as constructed in [3], there is a rela-
tive braiding between the chiral induced systems which restricts to a proper braiding
on the ambichiral system. We show that the ambichiral braiding is non-degenerate
provided that the original braiding on yXy is.

Contact with conformal field theory, in particular with SU(n) WZW models, is
made through Wassermann’s loop group construction [39]. The factor N can be
viewed as m(LrSU(n))”, a local loop group in the level k vacuum representation.
Wassermann’s bimodules corresponding to the positive energy representations yield
the system of N-NN morphisms, labelled by the the SU(n) level k admissible weights
and obeying the SU(n), fusion rules by [39]. The statistics matrices S and 7" are then
forced to coincide with the SU(n); Kac-Peterson matrices, so that Zy, = (o, a;,)
produced from subfactors N C M will in fact give modular invariants of the SU(n)
WZW models.

Can any modular invariant of, say, SU(n) models, be realized from some subfac-
tor? We tend to believe that this is true. A systematic construction of canonical
endomorphisms is available for all modular invariants arising form conformal inclu-
sions [41, 2, 3] or by simple currents [2, 3|; the canonical endomorphism for modular
invariants from non-local simple currents (with fractional conformal dimensions) can
be obtained in the same way as in the local case [2, 3] since the “chiral locality
condition” is no longer required to hold in our general framework. Maybe not too
surprising for experts in modular invariants, it is the few — in Gannon’s language
— &7 type invariants for which we do not (yet?) have a systematic construction.
Nevertheless we can realize the complete list of SU(2) modular invariants, including
E;. We can determine the structure of the induced systems completely and we can
draw the simultaneous fusion graphs of the left and right chiral generators. For Deyen,
Eg¢ and Eg this was already presented in [3], and here we present the remaining cases
Dodaa and E7. As in [3] we obtain Ocneanu’s pictures for the “quantum symmetries
of Coxeter graphs” [30], a coincidence which reflects the identification of a-induced
sectors with chiral generators in the double triangle algebra [4, Thm. 5.3].

This paper is organized as follows. In Sect. 2 we recall some basic facts and
notations from [4] and introduce more intertwining braiding fusion symmetry. In
Sect. 3 we introduce basic notions and we start to analyze the structure of the chiral
induced system. As a by-product, we show in our setting that Zy o = 0 implies that
Z is a permutation matrix corresponding to a fusion rule automorphism, even if the
braiding is degenerate. Sect. 4 contains the main results. We assume non-degeneracy
of the braiding on yXn and show that then the ambichiral braiding is non-degenerate.
We decompose the chiral parts of the center of the double triangle algebra into simple
matrix blocks, corresponding to a “diagonalization” of the chiral fusion rule algebras.
We evaluate the chiral generators in the simple matrix blocks, corresponding to the
evaluation of the induced morphisms in the irreducible representations of the chiral



fusion rule algebras. Sects. 5 and 6 are devoted to examples. In Sect. 5 we realize
the remaining SU(2) invariants Dygq and E7, and we give an overview over all A-D-E
cases. We also discuss the nimreps of the Verlinde fusion rules and the problems in
finding an underlying fusion rule structure for the type Il invariants, a problem which
was noticed by Di Francesco and Zuber [7, 8], based on an observation of Pasquier [32]
who noticed that for Dynkin diagrams A, Deyen, F¢ and Eg there exist positive fusion
rules, but not for Dygq and E;. In Sect. 6 we present more examples arising from
conformal inclusions of SU(3). Finally we discuss examples of non-trivial inclusions
producing the trivial modular invariants as well as degenerate examples.

2 Preliminaries

Let A, B be infinite factors. We denote by Mor(A, B) the set of unital *-homo-
morphisms from A to B. The statistical dimension of p € Mor(A, B) is defined as
d, = [B : p(A)]"/? where [B : p(A)] is the minimal index [20, 24]. A morphism p €
Mor(A, B) is called irreducible if p(A) C B is irreducible, i.e. p(A)’'N B = Clp. Two
morphisms p, p’ € Mor(A, B) are called equivalent if there is a unitary v € B such
that p’ = Ad(u) o p. The unitary equivalence class [p] of a morphism p € Mor(A, B)
is called a B-A sector. For sectors we have a notion of sums, products and conjugates
(cf. [4, Sect. 2] and the references therein for more details). For p, 7 € Mor(A, B) we
denote Hom(p, 7) = {t € B : tp(a) = 7(a)t, a € A} and (p,7) = dim Hom(p, 7). Let
N be a type III factor equipped with a system A C Mor(N, N) of endomorphisms
in the sense of [4, Def. 2.1]. This means essentially that the morphisms in A are
irreducible and have finite statistical dimension and, as sectors, they are different
and form a closed fusion rule algebra. Then 3(A) C Mor(N, N) denotes the set of
morphisms which decompose as sectors into finite sums of elements in A. We assume
the system A to be braided in the sense of [4, Def. 2.2] and we extend the braiding to
Y(A) (see [4, Subsect. 2.2]). We then consider a subfactor N C M, i.e. N embedded
into another type III factor M, of that kind that the dual canonical endomorphism
sector [f] decomposes in a finite sum of sectors of morphisms in A, i.e. 8 € X(A).
Here 0 = 2w with ¢ : N < M being the injection map and ¢ € Mor(M, N) being a
conjugate morphism. Note that this forces the statistical dimension of 6 and thus the
index of N C M to be finite, dy = [M : N] < co. Then we can define a-induction [1]
along the lines of [4] just by using the extension formula of Longo and Rehren [26],
i.e. by putting
ar =7t oAd(ef(\,0))oNoT

for A € ©(A), using braiding operators (), 0) € Hom(A\, ). Then af and aj are
morphisms in Mor(M, M) satisfying in particular ais = (.

In [3, Subect. 3.3], a relative braiding between representative endomorphisms of
subsectors of [af] and [a;,] was introduced. Namely, if 3., 3_ € Mor(M, M) are such
that [34] and [$_] are subsectors of [a}] and [a,] for some X, 1 € X(A), respectively,
then

E(By, =) = 570, (T7)e™ (A, p)ax (S)T € Hom(B 8-, B-f4)
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is unitary where 7' € Hom(0,,a¥) and S € Homy (6, ;) are isometries. It was
shown that &(34, 5-) does not depend on A, u € ¥(A) and not on the isometries S, T,
in the sense that, if there are isometries X € Hom(8, ;) and Y € Hom(5_, o)
with some v,p € %(A), then &(By,5-) = Y*a, (X*)e™ (v, p)af (Y)X. Moreover,
it was shown® in [3, Prop. 3.12] that the system of unitaries & (34, 3_) provides a
relative braiding between representative endomorphisms of subsectors of [a{] and [« ]
in the sense that, if 8;,5_, 0., 8. € Mor(M, M) are such that [3,], [5_], [B"], [B"]
are subsectors of [a], [, ], [a}f], [a, ], respectively, A, i, v, p € E(A), then we have
“Initial conditions” & (id, f-) = &(0+,1d) = 1, “composition rules”

8r(ﬂ+ﬁf|—a B—) = 8r(ﬁ+, B—) B—f—(gr(ﬂii—’ B‘)) )
gr(ﬂ-i—: B—BL) = B—(gr(ﬂ-i—: BL)) gr(ﬁ—l—: B—) )

and whenever Q4 € Hom(84, #,) and @_ € Hom(5_, ") then we have “naturality”

B—(Q-I—) 8r(ﬂ+:ﬁ—) :8r(ﬂi|—7ﬁ—>Q+a Q— 8r(ﬂ+:ﬁ—) :8r(ﬂ+:ﬁl—>ﬁ+(c2—> (5)

Now let also 8 € Mor(M, M) and Ty € Hom(p51, 3+0}) be an intertwiner. From
Egs. (4) and (5) we obtain the following braiding fusion relations:

BTy E(BY, B-) = &(By, B-)B+(&(B, 6-) T
1- 5(5+: pr) = B-(&(By, BL))E(By, B-) B (T-)
B-(Th)" &(Bs, B-)B+(&:(BY, B-)) = &(BY, B-) T
T B_(E(B+, BL))E(B+, B-) = &(B4,8L) B+(T-)".

We can include the relative braiding operators in the “graphical intertwiner calculus”
along the lines of [4] where isometric intertwiners (with certain prefactors) realizing
“fusion channels” and unitary braiding operators are diagrammatically represented by
trivalent vertices and crossings, respectively. Again, the symmetry relations fulfilled
by the relative braiding operators determine topological moves of the corresponding
wire diagrams, similar to Figs. 13,14,15 in [4].

If @ € Mor(M, N) is such that [a] is a subsector of uz for some p in 3(A) then
at € X(A). Hence the braiding operators (), ar) are well defined for A € X(A). We
showed in [4, Prop. 3.1] that e*(\, at) € Hom(\a, acy). If b € Mor(N, M) is such that
[b] is a subsector of [177] for some 7 € ¥(A) and T' € Hom(b, 177) is an isometry, then we
showed that £*(\,b) = T*e*(\, 7)o (T) (and E%(b, \) = ET()\,b)*) are independent
of the particular choice of 7 and T and are unitaries in Hom(a;b, bA) (respectively
Hom(bA, afb)). These operators obey certain symmetry relations [4, Prop. 3.3] which
we called “intertwining braiding fusion relations” (IBFE’s), and they can nicely be
represented graphically by “mixed crossings” which involve “thick wires” representing
N-M morphisms (see [4, Fig. 30]). We will now complete the picture by relating their
braiding symmetry to the relative braiding by means of additional IBFE’s.

(4)

(6)

IThe proof of [3, Prop. 3.12] is actually formulated in the context of nets of subfactors. However,
the proof is exactly the same in the setting of braided subfactors and it does not depend on the
chiral locality condition.



Lemma 2.1 Let A\, pu,v € X(A), B+ € Mor(M, M) a,b € Mor(M, N) such that [3+],
[a], [b] are subsectors of (o], [ut] and [vi] respectively. Let also a,b € Mor(N, M) be
conjugates of a, b, respectively. Then we have

et (ﬂ-I—B? p) = 8r(ﬂ+: Oé;)ﬂ+(8+(6, p)) ’ & (ﬂ—ga p) = 8r(04:7 B_)*B_(f;_ (b7 p)) ) (7)

and

e (p,bB-t) = b(E(a,, B))eT(pbe), e (p,bB41) = b(E(Br, o)) e (p,br) , (8)
for all p € ¥(A).

Proof. Let Si € Hom(f+,af) and T € Hom(b, t7) be isometries. Then we have

E(Brya,) =0, (S4) e (N p)Se,  &lag,B-)" =0, (S-)e (A p)S-,

and B
EX(b,p) = af (T)e*(v,p)T .

P
Since ai (T)S+ € Hom(Bxb, i 1) = Hom(f1b, tA) is an isometry we can compute

EX(B1b, p) = af (SLeX(T)")e* (A7, p)ay (T) S
(Se) afax (T)e* (A, p)A(e*(
(S1)"e* (A, p)ay af (1) A(e* (7
(S5)€ (A, p)Si B (af (T)e* (7, p)T),
which gives the desired Eq. (7). Here we have used that e*(\, p) € Hom(af\taj, 042[04?\[)
by [1, Lemma 3.24]. Since b(S.)* € Hom(bast,bft) = Hom(beh, bBit) we can
compute by virtue of naturality (cf. [4, Eq. (8)])
e(p,bBxt) = e (p, bBxe) pb(SESx) = b(Sx)*e™ (p, bd)pb(Sy)
= b(S2)"b(e*(p, A))e™ (p, bu) pb(5)
= 0(S+)"D(e (p, \))bor; (S) €5 (p, bu)

which gives the desired Eq. (8). O

|
=

:F

P

:F

P

— T
@,

:F

@y

From the naturality equations for the braiding operators [4, Lemma 3.2] and [1,
Lemma 3.25] we then obtain the following

Corollary 2.2 For X4 € Hom(d, B+b) and w1 € Hom(a, B+b) we have IBFE’s

p) = 5r(5+:04;)5+(5+(5a p) X+,
p) = Elag, B-)B-(E(b,p)X-,
and

e (pa) = bE(Br ap)) (o, bples)

(10)
ze(par) = b(&(ay,B-))e"(p,bu)p(z-).



These IBFE’s can again be visualized in diagrams. We leave this as an exercise to
the reader.

Next we recall our definition of Ocneanu’s double triangle algebra. For the above
considerations we did not need finiteness of the system A. For the definition of the
double triangle algebra we do need such a finiteness assumption but it does not rely
on the braiding. Therefore we start again and work for the rest of this paper with
the following

Assumption 2.3 Let N C M be a type III subfactor of finite index. We assume
that we have a finite system of endomorphisms yXy C Mor(N, N) in the sense of
[4, Def. 2.1] such that § = v € X(yXn) for the injection map ¢ : N — M and a
conjugate ¢ € Mor(M, N). We choose sets of morphisms y Xy C Mor(M, N), Xy C
Mor (N, M) and p Xy C Mor(M, M) consisting of representative endomorphisms of
irreducible subsectors of sectors of the form [Az], [tA] and [tAZ], A € v Xy, respectively.
We choose id € Mor(M, M) representing the trivial sector in ps X,

Then the the double triangle algebra € is given as a linear space by

&= (P Hom(ab,cd)

a,b,c,de N X g

and is equipped with two different multiplications; the horizontal product *; and the
vertical product *, (cf. [4, Sect. 4]). The center Z;, of (&, %) is closed under the
vertical product. In fact, the algebra (2, *,) is isomorphic to the fusion rule algebra
associated to the system p Xy (cf. [4, Thm. 4.4]). This fact provides a useful tool
since in examples the system y Xy is typically the known part of the theory whereas
the dual system »; X is the unknown part. To determine the structure of the fusion
rule algebra of 5, Xy, i.e. of (2, %,), completely is often a rather difficult problem.
However, a braiding on y Xy forces a lot of symmetry structure within the entire set
X which can in turn be enough to determine the whole M-M fusion table completely.
For the rest of this paper we therefore now impose the following

Assumption 2.4 In addition to Assumption 2.3 we now assume that the system
nAX is braided in the sense of [4, Def. 2.2].

In particular we then have the notion of a-induction. The relation af\% = (A implies

that for any A € yXy each irreducible subsector of [ai] is of the form [f] for some
B € uXy. By X C Xy we denote the subsets corresponding to subsectors of
[af\t] when A varies in yAXn. By virtue of the homomorphism property of a-induction,
the sets ,; X, must in fact be systems of endomorphism themselves. We call ,,X;;
and ,,X,,; the chiral systems. Clearly, another system is obtained by taking the
intersection ,, XY, = ;X7 M ,;X;; which we call the ambichiral system. In this paper,
we will make special use of the relative braiding between ,;X;; and ;,X;;. Note that
the relative braiding restricts to a proper braiding on ,,XY,. The relative braiding

10



symmetry also gives rise to new useful graphical identities. Let By, 5} € ;& £ and
Vi € Hom(fB+, a¥). From naturality Eq. (5) we obtain

B/—(V-F) 61"(6—}—, B/—> = 81"(043\’—7 B/—) V+ )
V_&E(BL, B-) = &(BY, ay) BL(V-).
We only display the first relation in Fig. 1.

(11)

Figure 1: Naturality move for relative braiding

Recall that we defined [4, Def. 5.5] a matrix Z by setting
Dy = <0‘j\LaOé,:>a A€ NAN,

and we showed in [4, Thm. 5.7] that it commutes with Rehren’s monodromy matrix
Y and statistics T-matrix which have matrix elements

WAWp -y —ime
Y)x,,u = Z dad N)\hudua T)x,,u, = 5>\,,u,e /12(4))\, )\a,u € NXNa (12)

v v

where ¢ = 4arg(}", w,d?)/m. As Z has by definition non-negative integer entries and
satisfies Zpp = 1 (the label “0” stands as usual for the identity morphism id € yXy),
it therefore constitutes a modular invariant in the sense of conformal field theory
whenever the braiding is non-degenerate because matrices S = w™"?Y and T obey
the modular Verlinde algebra in that case [35] (see also [12, 11] or our review in [4,
Subsect. 2.2]).

3 Chiral analysis

In this section we begin to analyze the structure of the chiral systems ,,Xi:. So
far the analysis will be carried out without an assumption of non-degeneracy of the
braiding, and in fact several structures appear independently of it.

3.1 Chiral horizontal projectors and chiral global indices

Let wy =3 Be, X d%. We call w; and w_ the chiral global indices. In the double tri-
angle algebra, we define P* = Y° Be, Xk €B- We call (slightly different from Ocneanu’s
definition) P* and P~ chiral horizontal projectors.

11



Proposition 3.1 In the M-M fusion rule algebra we have

> dlodl= - 3 dsld] (13)

AENXN + BE \ Xns

and consequently > c . xy pf\E = wwi'P* in the double triangle algebra. Moreover,

the chiral global indices coincide and are given by

w
ety AN

Wy =w_ = (14)

Proof. Put F’f;’ﬁi = (Bai, B for A € yXy and 3, 3" € ,,X3;. This defines square
matrices I'S and we have I'y = Ype, xt (B,a¥)Ns where the Ng's are the fusion
matrices of 3 within ,,X;;. With these, the matrices I'y therefore share the simulta-
neous eigenvector d}, defined by entries dg, 8 € ;X ]\jj, with respective eigenvalues d.
Note that the sum matrix Q* = 2, I'} is irreducible since each [8] with 8 € ,,X;;
is a subsector of some [af] by definition. Now define another vector #* with entries
vﬂi =Y\ dr (5, &f}, b e M/'\fj\jj. Note that all entries are positive. We now compute
(ngi)ﬁ = Z,@/e xt ZVENXN <6O‘faﬁl>dV<ﬁ/7 O‘:Vt> = ZVENXN dV<605f7 O‘:yt>

MM

= Yweniy Nisd (B, 05) = Xe vy adu(B,0) = dyof,

ie. Ffﬂ’i = d\vt. Hence ¢ is another eigenvector of ) with the same eigenvalue
>y dx. By uniqueness of the Perron-Frobenius eigenvector it follows vﬂi = (+dg
for all 3 € ,,Xi; with some number (. € C. We can determine this number in two
different ways. We first find that now 3, dx[ay] = Yge, xk vﬂi 18] = Ype, ak Cdp 15].
By computing the dimension we obtain w = (Lwy, establishing Eq. (13). On the
other hand we can compare the zero-components: We clearly have dy = 1 whereas

v =Y d(id, &f}, i.e. vy = Y ndryZyp and vy = 3, dyZo . But note that
S dZoo=2)o=(2ZY)oo= >, Zoxdx.

AENXN AENXN

We have found w
— =(= Y. dZo,

W4 AENXN

and this proves the proposition. O

Note that the Hom(aa, bb) part of the equality Y-y pi = wwi'P" gives us the
graphical identity of Fig. 2. (And we obtain a similar identity for “—".)
We next claim the following

Proposition 3.2 The following conditions are equivalent:

1. We have Zyx = 0xp.

12



*

a a a
+ w 8
o - —
M o ﬁ;
b

a
) | | X

Figure 2: Chiral generators sum up to chiral horizontal projectors

2. We have Zyo = dxo.
3. We have wy = w.

4. Z is a permutation matriz, Zy, = 0 x) where m is a permutation of nXn
satisfying w(0) = 0 and defining a fusion rule automorphism of the N-N fusion
rule algebra.

Proof. The implication 1. = 2. follows again from >, dxZxo = Y.y Zod) arising
from [Y, Z] = 0. The implication 2. = 3. follows from Proposition 3.1. We next show
the implication 3. = 4.: Because we have in general ;X C yXa, wy = w_ = w
means ;X3 = yXy. Consequently, Yy xy drley] = Yge,,x,, ds[0] in the M-M
fusion rule algebra. Assume for contradiction that some [ay] is reducible. Then
dg < dy if [3] is a subsector. But [3] appears on the left hand side with a coefficient
larger or equal dy whereas with coefficient ds on the right hand side which cannot
be true. Hence all [af]’s are irreducible and as w = w,, they must also be distinct.
Therefore #,,X ]\jj = #yAXn, and consequently Z must be a permutation matrix:
Zay = Ox () With m(0) = 0 as Zpo = 0. Moreover, by virtue of the homomorphism
property of a-induction we have two isomorphisms ¥4 : [A] — [aF] from the N-N
into the M-M fusion rule algebra and consequently 97! o d_([u]) = [ ()] defines an
automorphism of the N-N fusion rules. Finally, the implication 4. = 1. is trivial.

O

Note that the statement of Proposition 3.2 (except 3.) is well known for modular
invariants in conformal field theory [15, 13] (see also [27]). However, it is remark-
able that our statement does not rely on the non-degeneracy of the braiding, i.e. it
holds even if there is no representation of the modular group around. An analogous
statement has also been derived recently for the coupling matrix arising from the
embedding of left and right chiral observables into a “canonical tensor product sub-
factor”, not relying on modularity either [37]. Yet our result turns up by considering
chiral observables only.

3.2 Chiral branching coefficients

We will now introduce the chiral branching coefficients which play an important
(twofold) role for the chiral systems, analogous to the role of the entries of the matrix

13



Z for the entire system.

Lemma 3.3 We have w
(B,05) = =——¢n(py *n €g) (15)
drdg

for any A\ € NXn and any B € p Xy

Proof. By [4, Thm. 5.3] we have

1 1
d_pf = Z d_<6>&f>eﬂ7
A BemXn P
hence
- 7 {5,a)
——py *n €5 = = (B, ay)e
d)\d/g D\ *n €p d% »y N /68
Application of @), now yields the claim since g (eg) = d3/w by [4, Lemma 4.7] O

Hence the number (3, af) (and similarly (3, )) can be displayed graphically
as in Fig. 3 (cf. the argument to get the picture for 7, in [4, Thm. 5.6]). For

<

dbdc Oé;t—

D
p
RS

(8,0%) = ;

- wd,\dg

Figure 3: Graphical representation of (3, a))

T € XY we call the numbers bf_f/\ = (1,03) chiral branching coefficients. Note that
from Zy, = (a, ;) we obtain the formula

Zyu= > bib,. (16)
0

TE X

Introducing rectangular matrices b* with entries (b%),, = bf_f/\ we can thus write
Z = '"b~. The name “chiral branching coefficients” is motivated from the case where
chiral locality condition holds. The canonical sector restriction [26] of some morphism
B € Mor(M, M) is given by o3 = 15t € Mor(N, N) and was named “o-restriction” in
[1]. Now suppose 3 € yXy. Then og € X(yAXn). We put b,y = (A, 0p) for A € xXy.
The following proposition is just the version of ao-reciprocity [1, Thm. 3.21] in our
setting of braided subfactors.

14



Proposition 3.4 Whenever the chiral locality condition e(0,0)y(v) = ~(v) holds
then we have b;/\ =b , =bry forall T € XY, A€ Ny

Proof. Using chiral locality, it was proven in [3, Prop. 3.3] that (a3, 3) = (), 05)
whenever [(] is a subsector of some [o;]. Hence

<a3\'—77> = <>‘7UT> = <a;77->

for 7 € ;XY O

Note that, with chiral locality, the modular invariant matrix is written as
Iy = ZTGM X0, brb- ., and this is exactly the expression which characterizes “block-
diagonal” or “type I” invariants. In fact, in the net of subfactor setting, the numbers
(A, 05) describe the decomposition of restricted representations my o 3 as established
in [26]. For conformal inclusions or simple current extensions treated in [2], the b, )\’s
are exactly the branching coefficients because the ambichiral system corresponds to
the DHR morphisms of the extended theory by the results of [3, 4] Without chiral
locality we only have b7, < b, similar to the inequality (aj, af) < (A, ) which
replaces the “main formula” of [1, Thm. 3.9)].

3.3 Chiral vertical algebras

We define for each 7 € ,, XY, a vector space

A, = €& Hom(ara,brbd),

a,be N X

and we endow it, similar to the double triangle algebra, with a vertical product =,
defined graphically in Fig. 4. Then it is not hard to see that a complete set of matrix

I L O L T -~

D= bwade el fr e

J

[ ERE a1 T X
|

Figure 4: Vertical product for A,

a,c,t,j

units is given by elements [y}, as defined in Fig. 5. They obey

acyl / ///l/

a
Nbdiisk %o S ! /k/ = OAN0aOcd 05Otk fxpdik -

We define a functional ¢] as in Fig. 6. It fulfills ¢]( fj\l,fglik) = Ja,b0c,a0i jOk 1dx, and
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acjl L ]dy

A;b,d,ik dadb d’?’

Figure 6: Trace for A,

therefore it is a faithful (un-normalized) trace on A,. We next define vector spaces
HT,)\ by
H.n= & Hom(\ ara),

aENX

. A A — . . .
and special vectors wy ;' € Hrx and wyi;y € H-x as given in Fig. 7. Note that

YA

A+
w =
b,c,t,X
o =2 ),
X*
C
a T
A+

. A=
Figure 7: The vectors wy.i'y € Hrx and wyl; x € Hr

such vectors may be linearly dependent. Let H;f x» C Hrx respectively Hoy C Hz 5
be the subspaces spanned by vectors ng ;;S( respectively ng t.x Where b,c € Xy
and t € Hom(\,b¢) and X € Hom(r,cb) are isometries. Now take such vectors

T \E T\, % A+ 7\t :
Wy eix and wyo . We define an element |wy75 7 ) {wy e x| € Ar by the diagram

16



in Fig. 8. Analogously we define ]w;’(\ft/ X/><wbct «| € A:. Choosing orthonormal

Wi x whai] = > TA
a,d

: A b
Figure 8: The elements |wy 55 v ) {wpiix| € A

. . i _ ; _ . .
bases of isometries t,- € Hom(\, b¢) and X_; € Hom(7,cb) we sometimes abbreviate
T\, £ T\, £ T\, £ T\, £

Wheij = W, i ry and we also use the notation w,™™ = wbczj with some multi-
Coly e Ve b
index & = (b, ¢, i, 7). For vectors ¢, € Hf,/\ with expansions ¢, " = =Y iwg’\ *
¢ =1,2, we define elements ](,07’\ M| € Ay and ](,0;”\’_><90§’ “| € Az by
Ay (ot AE\ g TAE
[T 0r M = D () ) Wi (17)
$3
and scalars (3=, TV ) € € by
1
A A A, A,
(0™ @0 T) = 6 ler™ M e ™)
4 (18)

T, — T — 1 T T — T —
<802/\ 7801’/\’ ) = aiﬂv(’%’/\’ ><902’/\’ ).

Analogous to the proof of [4, Lemma 6.1] one checks that Eq. (17) extends to
positive definite sesqui-linear maps H, x HY, — A, and H_, x H_, — A-. Con-

sequently, Eq. (18) defines scalar products turning H i/\ into Hilbert spaces. Note

that the scalar product (wj é\ ;S(, wb/\c/t/ /) is given graphically as in Fig. 9. Here we

pulled out a closed wire a so that the summation over a produced together with

the prefactor d, just the global index w. We define subspaces A;L,/\ C A, respec-

tively A_, C A- given as the linear span of elements ]w;’(\:/t/ X/><w,;’é i | respectively

A — A —
|wp e x0) (W e x|

Lemma 3.5 We have the identity of Fig. 10 for intertwiners in Hom(N,\). An
analogous identity can be established using vectors ng ix € Ho ).
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A+ T+ . w
<wb,c,t,X7 wb/,c/,t/,X/> -

. A, A
Figure 9: The scalar product {wy'sy,wy vy x)

A+ T+
= O Wik Wi xr) 1A

Figure 10: An identity in Hom(\', \)

Proof. (Similar to the proof of [4, Lemma 6.2].) It is clear that we obtain a scalar
which is zero unless A = \. To compute the scalar, we put A = A\’ and then we can
close the wire A on the left hand side, what has to be compensated by a factor 1/d,.
We can now open the wire a on the right and close it on the left, and this way we
can pull out the wire a, yielding a closed loop. Hence the summation over a gives
the global index, and the resulting picture is regularly isotopic to Fig. 9. O

Corollary 3.6 The subspaces A;/\ C A; and A7, C Az are in fact subalgebras.
Moreover, in A, respectively A= we have multiplication rules

T\, T\, Ty T, % T\, £ T\, £ T\, £ T\, £
[ g i><902/\ i’ *y ’903ui><904u | = 0xu(p2 ™, 037 ) [ N (19)

gaZ”\’i € Hf/\, ¢ = 1,2,3,4. Consequently, we have subalgebras A7 C A, and

- ; - + _ +
A7 C As given as the direct sums AT = @, A7,. We can choose orthonormal
dimH*

TAEL L of HZ, to obtain systems of matriz units {]uf’\iﬂu;’\i]},\” in

i

bases {u
A*.
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We call the algebras A*, 7 € ,, XY, chiral vertical algebras. Next we define elements
IT € A; and I € A- by the diagrams in Fig. 11 and we call them chiral multiplicative
units (for reasons given below). We then claim the following

5 a TI 5 a
W+ ,Gez;(‘ % W+ ,Gez;ﬁ %

MM T T b MM b | b
Figure 11: Chiral multiplicative units 1=

Lemma 3.7 We have

7— _ w2\/_7—z\/>’w7')\:t T)\:t’ (20)

Proof. We compute the sum

> Wi Wi
A\b,c,i,j 2\/_ o o

graphically. The proof for “—” is analogous. This sum is given by the left hand side
of Fig. 12. Using the expansion of the identity (cf. [4, Lemma 4.3]) for the parallel

@)

|
]
“(Vbﬁt?j’m
A > 4
) C

A
>

N

o
Z

e
SaS

Figure 12: The sum Y, c w™?\/d\/d- ’wT/\i g/\’i’

wires a, b on the top and d, b on the bottom we obtain the right hand side of Fig. 12.
Using such an expansion now the other way round for the summation over A we arrive
at the left hand side of Fig. 13. The crucial point is now the observation that left
and right part of this wire diagram are only connected by wires a;, and «,. Let us
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AN

;

Z V dbdc \_/ _ Z dbdc
abed, w2\/$ () a.be.d.\.j. w2\/$ 16}

2 2] BE X1,
y (X;" *

Figure 13: The sum 3°, . w—Q\/m’wg/\,ing,\,i’

< i

ISH
&
4 &
ISH
ISH
9}

start again with the original picture, namely the left hand side of Fig. 12, and make
an expansion for the open ending wires a and d on the left side with a summation
over wires 3 € pyXy. Then it follows that only the wires with 3 € ,, X, contribute
because Hom(f3, a,a, ) is always zero unless § € ,,&};. This establishes equality
with the right hand side of Fig. 13. The wire 3 can now be pulled in and application
of the naturality move (cf. Fig. 1) for the relative braiding yields the left hand side
of Fig. 14. Then, using the graphical identity of Fig. 2 gives us the right hand side

a T a a a
1
Xy
b c
Z vV dyde o B Vdyd,
5 — _ V7
aviedng, WV dr ebod, WWN/dr
BE X0y b BE X0y C
(X7
c
al 8 17 |a al o d

Figure 14: The sum 3_ . w—Q\/m’wg/\,ing,\,i’

of Fig. 14, as only the wire 7 survives in the sum of the chiral horizontal projector.

The two “bulbs” yield just a scalar factor y/dyd./d,, but due to the summation over
the fusion channels j it appears with multiplicity N7,. Hence the total prefactor is
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calculated as

and this is the prefactor of IF. O

Now let us the consider the case 7 = id: Note that Aiq is a subspace of the
double triangle algebra © containing the horizontal center Z,. Then the sum
£ e \/_]wo’\iﬂ O’HE] gives graphically exactly the picture (4) for >, gro re-
spectively (— ) for 35 qox, where gy, € 25 are the vertical projectors of [4, Def. 6.7].
Hence we obtain the following

Corollary 3.8 In the double triangle algebra we have wyd yqno = P~ and
wi Yo\ qo = P

Next we establish some kind of trivial action of ;X35 on HT,

Lemma 3.9 For 3 € ,,&X,;; we have the identity of Fig. 15. An analogous identity
holds when we choose 3 € ,,X;; acting on ngt‘X

Y
t E
X
a C
d ‘

Figure 15: The trivial action of ,;X,; on H;f/\

T\, +
= d,@wbctX

Proof. Starting with Fig. 15 we can slide around the, say, left trivalent vertex of
the wire § to obtain the left hand side of Fig. 16. Using now naturality move for the
relative braiding and turning around the small arcs, giving a factor dg/d,, yields the
right hand side of Fig. 16. We now see that the summation over the wire a is just
an expansion of the identity which can be replaced by parallel wires § and d (cf. [4,
Lemma 4.3]). Hence we obtain a closed loop 8 which is just another factor dg, and
we are left with the original diagram for w;’é’t}, together with a prefactor d%. O

We now obtain immediately the following corollary which finally justifies the name
“chiral multiplicative units” for elements X € AE.
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Figure 16: Proof of the trivial action of ,,&;; on H:/\

Corollary 3.10 In A, we have

At At At At At At
I o |wp o xo) (Wheix | = lwid o (e Do I = oy el wioixe - (21)

Then we define elements I:A € Af_f/\ by

T)\:t T)\:t
Ij,: - Z’ ’7 (22)

so that IX =Y, IfA. We now claim

Lemma 3.11 We have the expansion in matrix units

dimHE,

La= > Jul™ ). (23)

=1

Proof. Using Lemma 3.7, Corollary 3.6 and Corollary 3.10 we compute

%Z TAE G TAEY (T ur,)\,:t>‘ Ty (A

3 ] i J
e i T B e e N b e T
On the other hand we obtain by expanding the vectors wg”\’i in basis vectors uT’\ +
Tﬂ? _ Z TAE T,\ ﬁ:>< gA,ﬁ:’u;)\,ﬁ:H ;,A,i><u;,,\,i’ ’
T &4
hence I, =3, Ol MY (M. O

Lemma 3.12 The dimensions of the Hilbert spaces Hi/\ are given by the chiral
branching coefficients: dimH i/\ = b

22



Proof. Weshow dimH ", = bf; the “~” case is analogous. The dimensions dimH ",
are counted as

dimH "

dirnH:A _ Z <uz,>\,+’ u;—,A,+> wr( w Z T\, + 7—>\ +>

=1

Using now the graphical representation of the scalar product in Fig. 9, then we obtain
with the normalization convention for the small semicircular wires exactly the wire
diagram for bf,, cf. Fig. 3. O

3.4 Chiral representations

Recall that the horizontal center Z;, of the double triangle algebra € is spanned by the
elements ey with 3 € Xy Denote ZiF = P* %, 2. Since the eg’s are projections
with respect to the horizontal product, ZhjE C Z; are the subspaces spanned by
elements eg, with 3y € ,,X;;. As (2, %,) is isomorphic to the M-M fusion rule
algebra (cf. [4, Thm. 4.4]) and since ,,X;; C y Xy are subsystems, ZiF C 2, are
in fact vertical subalgebras. We are now going to construct representations of these
chiral vertical algebras (Z;, %,).

Lemma 3.13 For 3. € ;X3 let W:A(6g+)w;’é;} € H. and W;/\(e/g_)w;’c’\”t;( € H: x,

respectively, denote the vectors defined graphically by the left respectively right hand
side of Fig. 17. Then in fact WiA(egi)ngtﬁ € HE,.

p

Figure 17: The vectors m. (€ﬁ+)wbctx € H,» and m_ (6/3_)&);’227_)( € H:x

Proof. We prove 7,(es, )wjoiy € Hi, for B € &) The proof of
moa(es )wbctX € H_, for p_ € )X} is analogous. First we can turn around the
small arcs at the trivalent vertices of the wire 3, which gives us a factor dg, /d,. The
we use the expansion of the identity (cf. [4, Lemma 4.3]) for the parallel wires a and
b. This we way we obtain the left hand side of Fig. 18. Now let us look at the part of
the picture above the dotted line. In a suitable Frobenius annulus, this part can be
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TI By Tl By

Figure 18: The vector W:A(6g+)w;’é;} € Hr\

read for fixed v and d as >, A\(t;)e (v, A\)tf, and the sum runs over a full orthonormal
basis of isometries ¢; € Hom(v, bﬂlcf). Next we look at the part above the dotted
line on the right hand side of Fig. 18. In the same Frobenius annulus, this can be
similarly read as 3; A(s;)e™ (v, A)s} where the sum runs over another orthonormal
basis of isometries s; € Hom(v, b3;d). Since such bases are related by a unitary ma-
trix (“unitarity of 6j-symbols”), we conclude that both diagrams represent the same
vector in H, . Now turning around the small arcs at the trivalent vertices of the wire
B+ and using the expansion the identity in the reverse way leads us to the left hand
side of Fig. 19. Then we look at the part of the picture inside the dotted box. In a

Figure 19: The vector W:A(6g+)w;’é;} € Hr\

suitable Frobenius annulus, this can be read as an intertwiner in Hom(a\, 7a). Since
any element in this space can be expanded in the basis basis given in the dotted box

on the right hand side of Fig. 19, we conclude that 7, (eg +)ng ;;S( is in fact a linear
combination of wg”\’+’s, hence it is in Hf,. O

Since it is just intertwiner multiplication in each Hom(\, ara) block, the prescrip-
tion ng o (s +)ng % clearly defines a linear map ', (eg,) : H\ — Hyx
for each B, € ,/X;;. From Lemma 3.13 we now learn that 77,(es,) is in fact a
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linear operator on H,. Similarly 7, ,(es_) is a linear operator on H_, for each

B- € pXy- We therefore obtain linear maps 7T7:_|f>\ L ZE - B(H:A) by linear exten-
sion of e, — Wri)\(eﬁi): B € .

Lemma 3.14 The maps ﬁ/\ L ZE - B(H:A) are in fact linear representations.

Proof. We prove the representation property of ﬂ: »; the proof for my is analogous.

For (4,8 € y X7, the vector W:A(€g+)(ﬂ7—_’:)\(€gg_>w;’é’t}) is given graphically by the

left hand side of Fig. 20. Next we use the expansion of the identity (cf. [4, Lemma

S dudy

a,a’,d

Figure 20: The vector W;f/\(em)ﬂ;f/\(e/g;)w;’é;} € H,

4.3]) for the parallel wires 3, and 3’ on, say, the left hand side of the crossings with
the wire 7. Note that only 87 € ,;X}; can contribute because Hom (340, 37) = 0
otherwise. Application of the braiding fusion relation for the relative braiding yields
the right hand side of Fig. 20. Using expansions of the identity also for the parallel
pieces of the wires a and d on the left and on the right, we obtain a picture where
the bottom part coincides with the wire diagram in [4, Fig. 42], up to the crossing
with the wire 7. In fact we can use the same argument (“unitarity of 6;-symbols”)
as in the proof of [4, Thm. 4.4] to obtain the desired result

d / "
A, B+9B8Y .8 At
W:A (€ﬂ+ ) (W;L,/\(e,@jr )w;—,c,t:;() = Z don - N,ai,ﬁjr 7T:—L,A (6,8; )w;—,c,t,X .
BlLE Xy Py

As the prefactors coincide with those in the decomposition of the vertical product
ep, *v e, into egr’s, the claim is proven. O

4 Chiral structure of the center Z,

In this section we will analyze the chiral systems ,,Xi: in the non-degenerate case,
i.e. from now on we impose the following

Assumption 4.1 In addition to Assumption 2.4, we now assume that the braiding
on yXn is non-degenerate in the sense of [4, Def. 2.3].
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4.1 Non-degeneracy of the ambichiral braiding
We define wy = Y ge, vo dj and call it the ambichiral global index.
Theorem 4.2 The braiding on the ambichiral system ;XY arising from the relative

braiding of the chiral systems is non-degenerate. Moreover, the ambichiral global
indez is given by wy = w3 /w.

Proof. From Lemma [4, Thm. 6.8] we obtain 3", ,qx,. *1 € = dr0e0. The left
hand side is displayed graphically by the left hand side of Fig. 21. We can “pull in”

el | [eamin]}

dyd. | ot | o'
A S — Z )\ I L

a,b,c,d, )\,
C

[ I

o

Figure 21: Non-degeneracy of the ambichiral braiding
the wire 7 since it admits relative braiding with both a3 and a,,, and this way we
obtain the right hand side of Fig. 21. We can use the expansion of the identity for
the parallel wires b, ¢ on the top and bottom (cf. [4, Lemma 4.3]) to obtain the left
hand side of Fig. 22. Here only ambichiral morphisms 7,7 € ,,X}, contribute in

a é c , & a a a

T
Z dbdc 043\" I o dbdc
2 - - 2
a,b,c,d, w T ‘ a,b,c,d, w
TR 2 X! 7!

7_/l

d 7 = d d d

Figure 22: Non-degeneracy of the ambichiral braiding

the corresponding sums over ', 3" € Xy since they appear between of and a,.
Application of the naturality moves for the relative braiding yields the right hand
side of Fig. 22. Now we see that intertwiners in Hom(7/, 7) appear so that we first
obtain a factor d,s». Then we take the scalar part of the loop separately to obtain
Fig. 23, where we need a compensating factor 1/d.,. By using the (4+ and — version
of the) graphical identity of Fig. 2 we obtain the left hand side of Fig. 24. Here we
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dbdc
w2d7/

>

ab,c,d, A p,m’

Figure 24: Non-degeneracy of the ambichiral braiding

used the fact that only the wire 7/ survives the summations over 3 € ,,X;; of the
chiral horizontal projectors. The “bulbs” give just inner products of basis isometries.
Due to the summation over internal fusion channels we obtain therefore a multiplicity
NZ ; with a closed wire 7/, evaluated as d,.. Thus we are left with the right hand side
of Fig. 24. Note that >, . dbchg; = Y, d?d. = wd,. Now the Hom(aa,dd) part
of the right hand side of Fig. 24 must be equal to the Hom(aa, dd) part of dgeo.
Sandwiching this with basis (co-) isometries yields the identity displayed in Fig. 25.
This is the orthogonality relation showing that the braiding on the ambichiral system

w
ZdT/ —  p— — 57_0 +
Tw

T/ T

Figure 25: Non-degeneracy of the ambichiral braiding

is non-degenerate (cf. [4, Fig. 20]). Consequently the number w? /w must be wy, the
ambichiral global index. O
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Let us define scalars w., Y% € C by
R:E(T,T)'R, = w, 1, drde ¢ (E(T, T)E(T, )" = YL,

for 7,7 € ,,;XY;. Note that these numbers can be displayed graphically as in Fig. 26.

) | @ T/
-
Figure 26: Statistics phase w; and Y-matrix element Y%, for the ambichiral system

Putting also co = 4arg(X,c o d?w,) /7 we obtain from Theorem 4.2 the following

Corollary 4.3 Matrices S™* and T with matriz elements S, = I/QYQX/ and

TS, = emmeo/l20 5 7,7 € XY, obey the full Verlinde modular algebm and
diagonalize the fusion rules of the ambichiral system.

4.2 Chiral matrix units

A A, _
For elements ’wl77—1,cj:t1,X1>< ;—2 C:_tg XQ’ € A T\ and ’wbg c3,t3, X3><wb4 c4,t4, X4’ € A We de_

T\+ T\,+ .
fine an element |wy " x Wi ot x| @ lwplor s xa) (Wnler 10 x, | in the double trlangle

algebra by the diagram in Fig. 27. Then, for elements

C

d bl tl C1 C3 tj;, 03

A+

Figure 27: The element ]wb o x W x| ® gt x W x| € ©

A, by by
[T Wop™ 1 =D () e ) (Wi | € AL
£¢
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and

5" Wi 1 =D () i W € AL,
575/

we define an element |p7™*) (03" ® 93" 7) (9} 7| € © by putting

T YF | © 5" eh | =
’ 7 " _ _ 24
S S S Y © gy . (Y
575/76//76///

Lemma 4.4 Eq. (24) extends to a bi-linear map A;/\ X A7, — Zp.

Proof. Let ®}, denote the Hom(ara, brb) part of TN (3™ | and similarly D,y
the Hom(a7a, b7b) part of |o3" ) (py*~|. Then the Hom(aa, bb) part @, of

® = MW EEM | @ |05 ) (i | € ©
can be written as
Dy = dr/dody b(RT)*bT(Rb)*CDIbaTc‘L(CD;b)aT(Ra)a(l_%T) )

Thus each component of ® is obviously linear in the components of the vectors in
A;/\ and A” , proving bi-linearity. It remains to be shown that ® it is in Z,. But
this is clear since any element of the form given in [4, Fig. 33] can be horizontally
“pulled through”. As such elements span the whole double triangle algebra, the claim
is proven. O

We need another graphical identity which refines [4, Lemma 6.2].

Lemma 4.5 We have the identity in Fig. 28 for intertwiners in Hom(N p/, A\ji).

* *
t c oS

'b X Y* b

T
w
= (5 /(5 P— 04+ o Y A
AN O d)\du A o
( ’ j

Figure 28: An identity in Hom(\ p/, Aj1)
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Figure 29: The identity in Hom (N 1/, \ji)

Proof. Using the expansion of the identity (cf. [4, Lemma 4.3]) for the parallel
wires a and b’ on the top yields the left hand side of Fig. 29. We then slide around
the trivalent vertices of the wire v along the wire a so that they almost meet at the
bottom of the picture. Turning around their small arcs yields a factor d,/d,, and
we can then see that the summation over a is just the expansion of the identity (cf.
[4, Lemma 4.3]) which gives us to parallel wires b' and v. This way we arrive at the
right hand side of Fig. 29. Then we apply the expansion of the identity four times:
First twice for the parallel wires b and " on the bottom, yielding expansions over p
and p’. Next we expand the parallel wires 7 and &’ in the middle lower part of the
picture, resulting in a summation over a wire a’. Finally we expand the parallel wires
¢ and a’ in the center of the picture, yielding a summation over a wire p”. This gives
us Fig. 30. Now we can pull the circle v around the middle expansion p”, just by

A

Figure 30: The identity in Hom (X i/, Aj1)

virtue of the IBFE moves as well as the Yang-Baxter relation for thin wires. Due to
the prefactor d,, the summation over v yields exactly the orthogonality relation for
a non-degenerate braiding (cf. [4, Fig. 20]), the “killing ring”. Therefore we obtain
zero unless p” = id, and our picture becomes disconnected yielding two intertwiners
in Hom(\, \) and Hom(y/, 1). Hence we obtain a factor dy 4, ., and the whole
diagram represents a scalar. To compute the scalar, we can proceed exactly as in the
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proof of [4, Lemma 6.2]: We go back to the original picture on the left hand side of
Fig. 28 and put now X = X and ¢/ = p. Then we close the wires A and p on the
right which has to be compensated by a factor d;ldljl. Next we open the wire a on
the left and close it also on the right. Then the a loop can be pulled out and the
summation over a gives the global index w; we are left with the right hand side of
Fig. 28. O

Recall from [4, Thm. 6.8] that >°, ,qr, = eo. The Hom(aa, dd) part of this
relation gives us the graphical identity of Fig. 31. Inserting this in the middle of the

dpd, a K@

1
AY Ap = dad 7

Figure 31: A graphical relation from ) , gx,. = €o

left hand side of Fig. 32, we find that this intertwiner is also a scalar which vanishes

/
¢y \ y

Figure 32: An identity in Hom(\ 1/, \ji)

unless A = X and p = /. It can be evaluated in the same way, therefore we find a
factor 0, , and thus we arrive at

Corollary 4.6 We have the identity in Fig. 32 for intertwiners in Hom (N u/, \ji).

Using now Fig. 9, we obtain from Corollary 4.6 and Lemma 4.4 the following
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Corollary 4.7 We have

L LY e T T e L TS

57’,7'/5>\7>\/5L7L/ T, T, T ,— T T, T [, — T, [y —
= DT B (P o YT, 0P T MY (e @ Jiost T ) g

wd;
(25)
Consequently, defining
T\, T\, Ty, — Ty, —

ijmk—@Ud ’U +><“j 1@ up™ ) (w | (26)

gives a system of matriz units {E’ /\w bkl 0 (Zh, %), i.e. we have
B2 i *0 B e = OrorOa Gy 0300 BLA i (27)

We now define chiral matrix units by
dimH k

7')\ 7 Z;L Zk 1 "B 7j')\ i,k (28)

dlmHT/\
Tuk: Z)xzz 1 T)\/J,’Lk

Recall that Zif C Zj, are the chiral vertical subalgebras spanned by elements eg,
with 81 € ,, X35

Proposition 4.8 We have Ef/\]Z € ZhjE

Proof. We show E: € Z;". The proof of ET %i € Z;, is analogous. It follows from

Lemma 3.11 that E;L/\JZ = dT]uiT’\ ) ;’\ *| ® I-. Therefore it suffices to show that

]w;’;\:};/’ x){wp é\ x| ®I7 € 2. Such an element is given graphically in Fig. 33. If we

Figure 33: The element ]w;’(\:/? X/>(ng eI
multiply horizontally with some ey either from the left or from the right, then the
resulting picture contains a part which corresponds to an intertwiner in Hom(3', (3)
or Hom(3, 3'), respectively. Hence this is zero unless 3’ € ,,X;;. But Zj, is spanned
by elements eg, 3 € X, and Z;" is the subspace spanned by those with 8 € ;X
As the eg’s are horizontal projections, the claim follows. O
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Next we define chiral vertical projectors qu € Zhi by
dimHE,

+ _ +5
Irx = Z ETJ\;Z’ )
=1

Hence

Vdrdy

G =wd IT, @1- = S Wit Wi @ I,
3

w
and similarly
de“ 0, Ty —
Gy =wd, If @I, = ” DI @ wi ) (wit T
3

Therefore q;f » and ¢, can be displayed graphically by the left and right hand side
of Fig. 34, respectively.

C
LD
dyd, ] T dyd, | T
AY
a%;,i ww+ ﬂ a%;,d ww+ ﬂ fﬂ
—_— BE, X,
b MM b
SN J D),

Figure 34: Chiral vertical projectors q: yand g,

Lemma 4.9 Whenever B+ € ,,X3; we have

T\, T\, Ty — Ty — T\, T\, Ty, — Ty —
ey *o [TV TR @ |05 (0" | = mia (e )T I OEM T @ 03 ) er ),
ea_ *o | PTNEIM| @ 0B ) (0t | = [T N eE M @ [, (es )5 ) (o],

(29)

Proof. We only show the first relation; the proof for the second one is analogous.

It suffices to show the relation for vectors ng tj} Then the vertical product

A, A, My — My —
6/@_,'_ *y ’wg1,cit1,X1><wl7)—2,(:::t2,X2’ ® ’wggi37t37X3><wl7)—4ﬁ,LC4,t4,X4’

is given graphically by the left hand side of Fig. 35. Since 3, € ,,X;; admits relative
braiding with a;;, we can slide around the right trivalent vertex of the wire 5, and
apply the naturality move for the relative braiding to obtain the right hand side of
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Figure 35: The action of eg, on AT, ® A7,

Fig. 35. In the lower left corner we now recognize the vector 7/, (eg +)wg1’f\c’;ft17 x, of
Fig. 17, hence the whole diagram represents the vector

A, A, S — S —
’ﬂ-’::)\ (6/6+ )w;—1 ,Cj:tl X1 > <w;—2 ,C::tQ,XQ ’ ® ’wggi37t37X3> <wg4fLC4,t4,X4 ’ ’

yielding the statement. o

From Lemma 4.9 we now obtain the following

Corollary 4.10 We have
EiA 4 Fo €81 *u Eﬁlx\/;k = 57,7/5/\7>\/<u;7>\’i7 Wi NE ,@i)UZA i>Er>\ g (30)

In the coefficient on the right hand side of Eq. (30) we recognize the matrix elements
of the chiral representations 7= A CZEF - B (H £). We are now ready to prove the
main result.

Theorem 4.11 We have completeness

dnnHT A dimH7,

> 2 X ZEMW (31)

7€ XY MpENAN =1

C’Onsequently the ch@ml vertical projectors qT \ sum up to the multiplicative unit ey of
(Zh, ) Moreover, qT/\ =0 zf and only if b= = 0, we have mutual orthogonality
qT/\*,,qT/ v = 0r 710y ,\/qT/\ and ¢ \ I8 a minimal central projection in (Zi, *,) whenever

\ 7 0. Thus the decomposztzon of the chiral centers into simple matriz algebras is
gwen as

Zj; =~ (D Mat( bma C). (32)
A
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Proof. All we have to show is the completeness relation Eq. (31); the rest is clear
since then each eg, 3 € ,,Xi; can be expanded in the chiral matrix units. We have

S B Y wd M @ it Y = Y wd I @ I

T 1,k T\ 1,k

and this is given graphically by the left hand side of Fig. 36. Looking at the middle

a a
) Z Lk =
B_;,_EA{X]'&Tab p- w B+ T, T ab
B—€p¥ng b T b

Ezk

TN 0,0k S\ ik T

Figure 36: Completeness > =€

part we observe that we obtain a factor dg, g_, and therefore we only have a sum-
mation over 7/ € ,;XY;. Then the middle bulb gives just the inner product of basis
isometries, so that only one summation over internal fusion channels remains and we
are left with the right hand side of Fig. 36. But now we obtain a factor d, and this
yields exactly ey by virtue of the non-degeneracy of the ambichiral braiding, Theorem
4.2. O

Corollary 4.12 The total numbers of morphisms in the chiral systems MXAjj are
given by tr(bEb) = tr(b*) = 3, ,(b5,)%

From Lemma 4.5 we conclude that gy , *, ET " win = 0 unless A =N and =

Since 3", , ¢r = €o by [4, Thm. 6.8] we therefore obtain Ej’/\ ik = Do E” /\ ik ON
the other hand the completeness relation Eq. (31) yields similarly gx, = Y., @ *

’L
E7\ ik Hence we arrive at

Corollary 4.13 The vertical projector gz, can be expanded as

dimHT \ dimH;,

Ap = Z Z Z E:']; stk (33)

TN Xy =1
for any A\, u € NXn.

Note that this expansion corresponds exactly to the expansion of the modular
invariant mass matrix in chiral branching coefficients in Eq. (16).
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4.3 Representations of fusion rules and exponents

Recall that xa(v) = Ya,/dx = Sy, /S\o are the evaluations of the statistics charac-
ters, \,v € yXy. Similarly we have statistics characters for the ambichiral system:
XFUT) = Y5 /d, = SP /S5, As derived in the general theory of a-induction
[1, 3], sectors [o;] commute with all subsectors of [af][a,], thus with all sectors
arising from j;AXy, and in particular from ;X ]\jj Consequently they must be scalar
multiples of the identity in the irreducible representations of the corresponding fusion
rules. In fact these scalars must be given by the evaluations of the chiral characters
of the system yXy by virtue of the homomorphism property of a-induction (cf. [2]).
We will now precisely determine the multiplicities of the occurring characters i.e. the

multiplicities of the eigenvalues of the representation matrices.

Lemma 4.14 For \,u,v,p € Xy and 7,7 € ;XY we have vertical multiplication
rules

Crr ko DS Ky P, *v Eﬁ:l/\’mvk = do XU dyxa(v) dpx u(p) Eﬁ:l/\’mm ) (34)

Proof. It suffices to show the relation using elements given in Fig. 27 instead of
matrix units Ef_l/\ ik Lhe product

A, A, My — Sy —
pj *o ’w; ,Cit1,X1 > <wl7)—2 ,c;tg,Xg ’ ® ’wggi37t37X3> <wl7)—4ﬁ,LC4,t4,X4 ’

is given graphically by the left hand side of Fig. 37. Here we have used the expansion

AY ,T !
Z Ay 2eraYi -
a,a’,d,
ﬂ,p/ a/ Xl T X3 a/

Figure 37: The action of p} on AT, ® A7,

of the identity to replace parallel wires a’,b; and o', b3 by summations over wires p
and p’. By virtue of the unitarity of braiding operators, the IBFE symmetries and the
Yang-Baxter relation for thin wires, the wire o can now be pulled over the trivalent
vertices and crossings to obtain the right hand side of Fig. 37. Here we have already
resolved the summations over p, p’ back to parallel wires a’, by and d, b3, respectively.
Then we slide the trivalent vertices of the wire v along the wire a’ so that we obtain
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a,a’,d

Figure 38: The action of p on AT, ® A7,

the left hand side of Fig. 38. Next we turn around the small arcs at the trivalent
vertices of the wire v, yielding a factor d,/d,/, so that the summation over o’ is just
identified as another expansion of the identity. Thus we arrive at the right hand side
of Fig. 38. The circle v around the wire A is evaluated as the statistics character
XA(v) (cf. [4, Fig. 18]). Therefore the resulting diagram represents

A, A, My — My —
dVX)\(l/> ’wg1,cit1,X1><wl7)—2,(:::t2,X2’ ® ’w537037t37X3><wl7)—4ﬁ,LC4,t4,X4’ .

The proof for p, is analogous. Finally we consider

A A = W
Err ¥y ’w;—1701—~:t1,X1 > <w;—276;t2,X2 ’ ® ’wggi37t37X3> <wg4fLC4,t4,X4 ’

for 7' € ,,X);. We proceed graphically as in the proof of Lemma 4.9, Fig. 35. But
now we can slide around the trivalent vertices of the wire 7/ and apply the naturality
moves for the relative braiding on both sides as 7’ is ambichiral. Therefore we obtain
Fig. 39. Then the small arcs of the trivalent vertices of the wire 7/ can again be
turned around so that we obtain a factor d,/d, and that the summation over o’
yields just the expansion of the identity leaving us with parallel wires d and 7/. We
conclude that the resulting diagram represents

e A+ A+ = s
dT/X’?’ t(T/> ’wgl,cl,t17X1><w;—2702,t2,X2’ ® ’wggi37t37X3><w;—4ﬁfc4,t4,X4’ ?
completing the proof. O
Recall from [4, Sect. 6] that the irreducible representations y ,, of the full center
(Zh, *,) are labelled by pairs A\, p € yXny with Z , # 0, and that they act on Z, ,-

dimensional representation spaces Hy ,. From Corollary 4.10 and Corollary 4.13 we
now obtain the following

37



(=]

dblt C3'ys U3

Figure 39: The action of e, on AT, ® A,

Corollary 4.15 For A\, p,v,p € yXn and 7,7’ € ,, X%, we have

Toaler w2 py) = dexTH(T) dyxa(v) 1= (35)
Wk,p(pj *v p;) = dVX)\(l/) delt(p) 1H/\,p, :

Let T, v,p € nX, denote the representation matrix of o]
representation, i.e. the matrix elements are given by

Ff/p,@ (Baja,, ), B,0" € m&Xum.

in the regular

We can consider I, , as the adjacency matrix of the simultaneous fusion graph of [a;]
and [04;] on the M-M sectors. Similarly, let GG,,, v € yX, denote the representation
matrix of [af] in the representation g o ® on the M-N sectors (cf. [4, Thm. 6.12]),
i.e. the matrix elements are given by

Gl;;a = (a&f,b) = (va,b), a,be yXuy,

where the second equality is due to [4, Prop. 3.1], and hence there is no distinction
between + and —. We can consider G, as the adjacency matrix of the fusion graph
of [af] on the M-N sectors via left multiplication. Finally, let Ffﬁvy, e XY,
v € nXy, denote the representation matrices of [7'a:f] in the chiral regular represen-
tations, i.e. the matrix elements are given by

F?—:/gﬁ_<67/0¢7 />7 B?ﬂleM‘Xj\j/:['

We now arrive at our classification result.

38



Theorem 4.16 The eigenvalues (“exponents”) of ', ,, G, and Ff_fy forv,p e nXn,
ext

€ yXy are given by x\(v)xu(p), xa(v), and x&'(7")xa(v), respectively, where
M\ € nXn and T € XY, They occur with the following multiplicities:

1o mult(xa(v)xu(p)) = Ziu Jor T,
2. mult(XA(l/)) = Zx\\ for G,
3. mult (Vo ()a(v) = ()2 for T,

Proof. From the decomposition of the chiral centers in Theorem 4.11 it follows
that the (left) regular representations mg, of (Zif, *,) decompose into irreducibles as

T, = @, b\, It follows similarly from [4, Thm. 6.8] that the (left) regular rep-
resentation g of (2, *,) decomposes into irreducibles as e = @), 2, Tru- Rep-
resentations of the corresponding fusion rule algebras of M-M sectors are obtained
by composition with the isomorphisms ® mapping the M-M fusion rule algebra to
(Z2h, *y). It was established in [4, Thm. 6.12] that the representation g o ® of the full
M-M fusion rule algebra obtained by left action multiplication on the M-N sectors
decomposes into irreducibles as oo ® = @, my » o . The claim follows now since ¢
fulfills ®([3]) = dj'es by definition (cf. [4, Def. 4.5]) and ®([e;f]) = d'pif by the
identification theorem [4, Thm. 5.3]. O

Recall that chiral locality implies for the branching coefficients b, ) = bf_f/\. The
third statement of Theorem 4.16 was actually conjectured in [2, Subsect. 4.2] for
conformal inclusions and (local) simple current extensions as a refinement of [2,
Thm. 4.10], and such a connection between branching coefficients and dimensions
of eigenspaces was first raised as a question in [42, Page 21] in the context of confor-
mal inclusions.

5 The A-D-E classification of SU(2) modular in-
variants

We now consider SU(2), braided subfactors, i.e. we are dealing with subfactors N C
M where the system yAXy is given by morphisms A;, 7 = 0,1,2,...,k, A\¢ = id, such
that we have fusion rules [A;][A\;] = @;» N jj;/ [Aj»] with

(36)

NI :{ ; j =71 <j" <min(j + 5,2k -5 -3, j+j+j" €2z,
J:J

0 otherwise,
and that the statistics phases are given by

. i(j+2
— e27’l’1h]' h. j(j + )

’ T 4k + 8

where k£ = 1,2, 3, ... is the level. Therefore we are constructing modular invariants
of the well-known representations of SL(2;Z) arising from the SU(2) level £ WZW
models.

Wi
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5.1 The local inclusions: A;,, Dy, Eg and Eg

We first recall the treatment of the local extensions, i.e. inclusions where the chiral
locality condition is met. Namely, we consider “quantum field theoretical nets of
subfactors” [26] N(I) C M(I) on the punctured circle along the lines of [1, 2, 3].
Here these algebras live on a Hilbert space H, and the restriction of the algebras
N(I) to the vacuum subspace Hy is of the form mo(L;SU(2))"” with my being the
level k vacuum representation of LSU(2). We choose some interval I, to obtain
a single subfactor N = N(I,) C M(I,) = M. Then the system yXy = {\;} is
given by the restrictions of DHR endomorphisms to the local algebras which arise
from Wassermann’s [39] bimodule construction (see [2] for more explanation). The
braiding is then given by the DHR statistics operators.

A rather trivial situation is clearly given by the trivial inclusion N(I) = M([) =
mo(LrSU(2))" corresponding to [#] = [id]. We then obviously have [aji] = [);] for all
J. (We denote [aji] = [ai].) Therefore we just produce the trivial modular invariant
Z; s = d; 1, and the simultaneous fusion graph of [af] and [a;] is nothing but one
and the same graph Aj;.

More interesting are the local simple current extensions (or “orbifold inclusions”)
considered in [2, 3]. They occur at levels k = 40—4, ¢ = 2,3, 4, ..., and are constructed
by means of the simple current \; which satisfies A2 = id and so that [0] = [id] & [Ag].
The structure of the full system ,; Xy, producing the Doy modular invariant, has been
determined in [3, Subsect. 6.2]. The fusion graphs of [a{] in the chiral systems were
already identified in [2] as Dyy. Note that these are also the graphs with adjacency
matrix (1, arising from the multiplication on M-N sectors. This is actually a general
fact rather than a coincidence: Whenever the chiral locality condition ¥ (6, 8)v(v) =
v(v) holds, then the set Xy consists of morphisms 3¢ where 3 varies in either ,, X}
or equivalently in ,,X); due to [3, Lemma 4.1].

The exceptional invariants labelled by Eg and Eg arise form conformal inclusions
SU(2)10 € SO(5); and SU(2)2s C (G2)1, respectively, and have been treated in the
nets of subfactors setting in [41, 2, 3]. The structure of the full systems has been
completely determined in [3, Subsect. 6.1]. Note that in all these SU(2) cases the
simultaneous fusion graphs of [a]] and [a7] turn out [3, Figs. 2,5,8,9] (and similarly
for the non-local examples Figs. 40 and 42 below) to coincide with Ocneanu’s diagrams
for his “quantum symmetry on Coxeter graphs” [30]. The reason for this coincidence
reflects the relation between a-induction and chiral generators for double triangle
algebras [4, Thm. 5.3]. (See also the appendix of this paper for relations between
our subfactors specified by canonical endomorphisms in a SU(2); sector system and
GHJ subfactors used in [30].)

5.2 The non-local simple current extensions: Dy,

We are now passing to the non-local examples which were not treated in [2, 3.
Without chiral locality we only have the inequality

(o, ) < (0A, ) (37)

o

40



rather then the “main formula” [1, Thm. 3.9] because the “>” part of the proof of the
main formula relies on the chiral locality condition. We remark that Eq. (37) is the
analogue of Ocneanu’s “gap” argument used in his A-D-E setup of [30] but Eq. (37)
is the suitable formulation for our more general setting which can in particular be
used for non-local simple current extensions and other non-local inclusions of LSU (n)
theories. Moreover, we know that for the local cases, e.g. conformal inclusions and
local simple current extensions of LSU(n) as treated in [2, 3], we have exact equality
and this makes concrete computations much easier.

As our first non-local example we consider the simple current extensions of LSU (2)
which, as we will see, produce the D,qq modular invariants. We start again with a net
of local algebras for the LSU(2) theories and construct nets of subfactors by simple
current extensions along the lines of [2, Sect. 3] and [3, Subsect. 6.2]. Using the simple
current [\;] at level k satisfying the fusion rule [A2] = [id], it was found in [2] that
a local extension is only possible for k € 4Z. However, to proceed with the crossed
product construction we only need the existence of a representative morphism A, of
the sector [\;] which satisfies A7 = id as an endomorphism. By [36, Lemma 4.4], such
a choice is possible if and only if the statistics phase wy of [Ag] fulfills wf = 1. As
wy, = e?™ by the conformal spin and statistics theorem [17] (see also [12, 11]) and
since this conformal dimension is given by hy = k/4, an extension can be constructed
whenever the level is even. Now k = 4¢ — 4 is the local case producing Dy, so here
we are looking at k = 4¢ — 2 where ¢ = 2,3,4,.... Because of Eq. (37) we find
with [0] = [id] @& [A] that (a5, &j?} < §;5 + 65—y and hence all [a7]’s are forced to
be irreducible except [od; ,] which may either be irreducible or decompose into two
irreducibles. Moreover, we conclude Zy; = (id, o) = (0, \;) = 0for j =1,2,..., k—1.
But we also obtain Zy; = 0 from wy = —1 and [T, Z] = 0. Thus we have Zy; = 6o,
and this forces a modular invariant mass matrix already to be a permutation matrix
by Proposition 3.2. Now let us look at the M-N sectors which are subsectors of the
[tA]’s. By Frobenius reciprocity, we have in general

(LA, ) = (0N, 1), A€ NN . (38)

Therefore we find here (¢A;, tAj) =0, + 0 ,—;. This is enough to conclude that we
have 2¢+1 irreducible M-N morphisms which can be given by ¢);, 7 = 0,1,2, ..., 20—2,
and b, b with [tAo_1] = [b] @ [b']. As a consequence, the matrix G (i.e. the matrix
G, for v = )\;) is determined to be the adjacency matrix of Dysi 1. The exponents of
Dyyi1 are known to be (see e.g. [16])

Exp(Daey1) = {0,2,4,...,40 — 2,20 — 1}
and all occur with multiplicity one. Theorem 4.16 forces the diagonal part of Z to be

1 J € Exp(Dat1)
0 J §E EXP(D2Z+1)

By virtue of the classification of SU(2) modular invariants [6, 22] we could now argue
that Z must be the mass matrix labelled by Dssi 1, however, this is not necessary

Z

33 =
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since simple and general arguments already allow to construct Z directly. Namely,
as Z is a permutation matrix we have Zj y = d; »(;;) with 7 a permutation such that
7(j) = j for j € Exp(Daet1) and w(j) # j for j ¢ Exp(Dasr1). But since 7 defines a
fusion rule automorphism we necessarily have d.;y = d;. The values of the statistical

dimensions for SU(2); then allow only 7(j) = j or w(j) = k — j. We therefore have

derived ( )
0 7 € Exp(Dags1 .
Ziy =< 2 . 7 =0,1,2,.... k.
M { Ojk—y  J & Exp(Dart1) b
This is the well-known mass matrix which was labelled by Dosy1 in [5]. Note that we
have ,, X3 = y Xy here. We can now easily draw the simultaneous fusion graph of

[af] and [a]] which we display in Fig. 40 for D5 and D7. As in [3], we draw straight

Figure 40: D5 and D7: Fusion graphs of [af] and [a]]

lines for the fusion with [af] and dotted lines for the fusion with [a;]. (Note that
[a7] = [aj_,] here.) We also encircle even vertices by small circles and ambichiral
(i.e. “marked”) vertices by large circles.

Note that we have (aif,7) = (aff1,1) = (th,t) = (M, 0) = 1 by Frobenius
reciprocity. Since d, = dy = 2 we conclude [y] = [id] @ [o;f]. This shows that [3,

Lemma 3.17] (and in turn [3, Cor. 3.18]) does not hold true without chiral locality.

5.3 E,

We put N = mo(L;SU(2))"” where mg here denotes the level 16 vacuum representation
of LSU(2). We will show in the appendix (Lemma A.1) that there is an endomorphism
6 € Mor(N, N) at level k = 16 such that [0] = [id] @ [As] @ [\s] and which is the
dual canonical endomorphism of some subfactor N C M. We will now show that this
dual canonical endomorphism produces the E; modular invariant. From Eq. (38) we
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obtain (LA;, tAjr) = ;s —|—N8‘/] +0; ;—; where the fusion rules come from Eq. (36) with

k = 16. With thls it is straightforward to check that [t);], j = 0, 1,2, 3, are irreducible
and distinct M-N sectors. As (t\g,t\q) = 2 but (A)\4,L)\> =0 for j =0,1,2,3
we conclude that [t\4] decomposes into two new different sectors, [tAs] = [b] ® [b'].
Similarly, [tA5] decomposes into two sectors but here we have [tA5] = [tA3] @ [¢] with
only one new M-N sector [¢] because (L5, tA3) = 1. We have (1)g, tA;) =1 for j =2
and j = 4, so [t\¢] has one subsector in common with [t\], say [b]: [tA] = [tA2] © [B].

We similarly find that the other [¢tA;]’s do not produce new M-N sectors. From
[1As][A1] = [tAd] @ [the) and [tAs][M1] = [tAe] D [tAd] we now obtain [¢][A;] = [b]. Thanks
to Frobenius reciprocity we find also that [¢] appears in the decomposition of [b][\y].
This forces [b][\1] = [tAs] @ [¢] and [b][\1] = [tA3]. We therefore have determined
the matrix GG; to be the adjacency matrix of E;, see Fig. 41. The exponents of E;

o]

l

(1] M) o] [eAs] [B] - [e]

Figure 41: (G, is the adjacency matrix of E;

are given by Exp(E;) = {0,4,6,8,10,12,16} and all occur with multiplicity one.
Theorem 4.16 forces the diagonal part of Z to be

Z‘ L 1 j c EXp(E7)
7 0 J ¢ Exp(Er)

By virtue of the classification of SU(2) modular invariants [6, 22] we could now argue
that Z must be the mass matrix labelled by E; but, as it is quite instructive, we
prefer again to construct Z directly. From Eq. (37) we conclude that among the zero-
column/row only Zy o, Zos, Zs0, Zoi6 and Zigo can at most be one. But [T, Z] = 0
and hg = 10/9 forces Zys = Zgo = 0. Now assume for contradiction that Z; 6 (and
hence Zy40) is zero. Then Z would be a permutation matrix by Proposition 3.2. As
Zy1 = 0 this would imply that Z; ; # 0 for some j # 0, but this contradicts [T', Z] = 0
because hy = 1/24 and there is no other j with h; = 1/24modz. Consequently
Zoi6 = Z160 = 1. But the zero-column determines (o, o) since

<CK;—,Oé;—> a o /,ld ZN Z//O j] +5j,16—j/7

and similarly the zero row determines (a;,a;) = ;5 + dj16-5. This forces the
fusion graphs of [af] in the chiral sector systems to be Djg, and then the whole
fusion tables for the systems ,,Xi: are determined completely [19]. Moreover, we
learn wy = w/2 from Proposition 3.1 and wy = w4 /2 from Theorem 4.2. This forces
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the subsystem ,, XY, C ;X to correspond to the even vertices of the Dyy graph so
that it can be given by ,,XY = {id, a3, af, af,d,'} with 6,8’ € Mor(M, M) such

that [ag] = [0] @ [0"]. The well-known Perron-Frobenius eigenvector of Dyg tells us
ds = dy = dg/2. Note that [ag] and [ag] have only one sector in common, say [4],
since Zgg = 1. On the other hand, [ag] decomposes into two sectors, [ag ]| = [6] B[],
which correspond to even vertices on the fusion graph Diy of [a7], hence they are
both ambichiral. The statistical dimensions then allow only [0”] = [a3] and similarly
[0'] = [a;]. Having now determined b7; = (,a;) for each j and 7 € ;X9 we can

now read off the mass matrix Z from Eq. (16) and find that it is the E; one of [5].
We can also easily draw the simultaneous fusion graph of [af] and [a;] in the entire
M-M fusion rule algebra and we present it in Fig. 42. Again, we encircled even

Figure 42: E;: Fusion graphs of [af] and [a]]

vertices by small and ambichiral (“marked”) vertices by large circles.
It is instructive to determine the canonical endomorphism sector [y]. From

(afar,afar) = (o af,a7ay) = Zoo + Zoo + Zog + Zap =1

we conclude that [n] = [afaj] is an irreducible sector which is a subsector of [v]
since (o ay,v) = (A A1, 0) = 1 by Frobenius reciprocity. Similarly we find (ag,~) =
(As,0) = 1 which implies that [§] is a subsector of [y]. As (vy,v) = (6,0) = 3 by [3,
Lemma 3.16], we conclude [y] = [id] & [n] & [4].

5.4 A-D-E and representations of the Verlinde fusion rules

We have realized all SU(2) modular invariants from subfactors. All canonical en-
domorphisms of these subfactors have only subsectors [A;] with j even. Therefore
Eq. (38) transfers the two-coloring of the SU(2) sectors to the M-N sectors: Set the
colour of an M-N sector [a] to be 0 (respectively 1) whenever it is a subsector of [t);]
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with 7 even (respectively odd). Consequently the matrix G is the adjacency matrix
of a bi-colourable graph. Moreover, G is irreducible (i.e. the graph is connected)
since A\; generates the whole N-N system. We also have ||G:|| = d; < 2. Hence G4
must be one of the A-D-E cases (see e.g. [16]). As Theorem 4.16 forces the diagonal
entries Z;; of the modular invariant mass matrix to be given as the multiplicities of
the eigenvalues x;(1) of Gy, our results explain why they happen to be the multi-
plicities of the Coxeter exponents of A-D-E Dynkin diagrams. We summarize several
data about the sector systems for the SU(2) modular invariants in Table 1. The

Invariant « G | Level k #MXM #MXN #M‘X]\j/:[ #MXJ(\)/[ F(jfl F7j':gen,o
A, £2>2 (-1 14 ¢ ¢ / A, A,
Doy, £>2 | 40—4 40 20 20 (+1 | Dy gen

Doppr, £>2 | 40—2 | 40—1 | 2041 | 40—1 | 40—1 | Agq | Ay
Eg 10 12 6 6 3 Eq As
Er 16 17 7 10 6 Dy | DSven
Eg 28 32 8 8 ) Fyg Agven

Table 1: The A-D-E classification of SU(2) modular invariants

last column has the following meaning. We chose an element Tgen, € ;X5 such that
[Tgen] is a subsector of [a]] for the smallest possible j > 1. This element turns out to
generate the whole ambichiral system. For example, in the E; case we take Tyen = f .
The (adjacency matrix of the) fusion graph of [7gen] in the ambichiral system is given
in the last column.

Let us finally explain how the representation o o ® which arises from left mul-
tiplication of M-M sectors on the M-N sectors is related to a fusion rule algebra
for (some) type I invariants. Let Vi be the adjacency matrix of one of the Dynkin
diagrams. Then there is a unitary matrix which diagonalizes Vi, i.e. ¥*Vj1 is the
diagonal matrix giving the eigenvalues corresponding to the Coxeter exponents. In
fact, Di Francesco and Zuber [7, 8] built up a whole family of matrices V) with
non-negative integer entries (A running over the spins for the time being), diagona-
lized simultaneously by ¢ and providing a representation of the Verlinde fusion rules,
VAV, = >, NX V.. Among the column vectors ¢, m labelling the eigenvalues in-
cluding multiplicities of the diagram at hand, there is necessarily a Perron-Frobenius
eigenvector vy of Vi with only strictly positive entries: 1,9 > 0 for all vertices a of
the diagram. It turned out, actually first noticed in [32], that for Deyen, E¢ and Esg,
which label the type I modular invariants, it was possible to choose? v such that also

2The matrix 1 is determined up to a rotation in each multiplicity space of the eigenvalues
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all Yo, > 0, here a = 0 refers to the extremal vertex, and that it has a remarkable
property: Plugged in a Verlinde type formula,

= T, (39)
m 0,m

it yields non-negative integers Ng, which could be interpreted as structure constants
of a fusion algebra, the “graph algebra”. This procedure worked analogously for
the graphs Di Francesco and Zuber [7, 8] associated to some SU(n) type I modular
invariants essentially by matching the spectra with the diagonal entries of the mass
matrices, whereas for type II invariants, in particular Dogq and E; for SU(2), it did

not work. For instance, for E; there appeared some negative structure constants.
These observations find a natural explanation in our setting. The graphs Di
Francesco and Zuber associated empirically to modular invariants are recognized
as the fusion graphs of [a] obtained by multiplication from the left on the M-N
sectors (or, equivalently, from the right on N-M sectors), i.e. V\ = G,. A priori,
there is no reason why a matrix @ which diagonalizes the adjacency matrix of the
graph(s) should produce non-negative integer structure constants because the N-M
morphisms alone do not form a fusion algebra on their own: You cannot multiply
two N-M morphisms, and there is no identity. However, whenever the chiral locality
condition holds, then there is a canonical bijection between the N-M system and
either chiral induced system [3, Lemma 4.1]: Any N-M sector [a], a € X, is of
the form [a] = [13], where either 3 € ,,X;; or 8 € ,,X;;. This implies that, in
the notation of Subsect. 4.3, we have equality of matrices V,, = G, = Faﬁ v = Lo,
Recall that chiral locality implies by Proposition 3.4 that b, = b7, = b, with
restriction coefficients b, = (7¢, A), and that then the modular invariant is of type I:
Zypu = Y7 brabr . In fact, we read off from Theorem 4.16 that the eigenvalue x(v) of
G, = F(jfy appears with multiplicity Zy y = >, bz,/\. Now let N3 be the fusion matrix
of B € ,;X;; in the chiral system, i.e. (Ng)g g = Ng//:ﬁ =(B'8,8"), B',68" € yXir.
Then we have Faﬁ » = 23(B,a;)Ng. Consequently, as long as the chiral system
is commutative®, there is always a unitary matrix ¢ which diagonalizes the fusion
matrices Ng simultaneously, and in turn their linear combinations F?i .. Evaluation
of the zero-component of Ngth,, = Y (8)m, with 4, (5) some eigenvalue, yields
Yg.m = Ym(B)®om, hence vanishing 1, would contradict unitarity of ¢, and thus
one can choose ¥y, > 0. (See e.g. [23] or [10, Sect. 8.7] for such computations.)
Consequently the eigenvalues are given as v, (3) = ¥g,m/%o,m, so that the structure

constants are in fact given by Eq. (39), using the bijection yXy > a < 8 € 5, X5}
Type II modular invariants necessarily violate the chiral locality condition, and
without chiral locality the bijection between N-M system and the chiral systems in

(exponents). So it is only Deyen where one needs to make a choice to produce non-negative integers.

3The “first” example of a non-commutative chiral system is the type I invariant coming from
the conformal inclusion SU(4)s € SO(15); [41, 2]. In fact, that there are difficulties to obtain
non-negativity of structure constants from a Verlinde type formula was noticed in [33]. A general
analysis taking care of non-commutative chiral systems as well as a discussion of “marked vertices”
can be found in [2].
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general breaks down. For SU(2) this can nicely be seen in Table 1: For the Dygq
invariants, G; = Doy 1, we see that G is in fact different from F(j)fl = Ayy_1. Similarly
we have F(:)El = D10 for G1 = E7.

6 More examples

6.1 Conformal inclusions of SU(3)

We discuss two more examples arising from conformal inclusions of SU(3). The
structure of the chiral systems has been determined in [41, 2]. Combining the methods
and results in [41, 1, 2, 3], and [4], we can compute the full systems 5 X, in examples
along the lines of [3, Sect. 6.
The first example is the conformal inclusion SU(3)s C SO(8);. The associated
modular invariant is
Zp® = [X00) + X30) T X@3)|* + 3xenl?

Y

and was labelled by the orbifold graph D® in [8]. In fact, this conformal inclusion can
also be treated as a local simple current extension, similar to the Dy case for SU(2).
We omit the straightforward calculations which determine the fusion structure of the
full system 57 Xys. We present the simultaneous fusion graph of [a; ;)] (straight lines)
and [a(; )] (dotted lines) in Fig. 43. We have encircled the marked vertices by big
circles and the colour zero vertices by small vertices. (Because the vacuum block
has only colour zero contributions, the full system inherits the three colouring of the
SU(3)3 system yXn here.) As the modular invariant contains an entry 3 we conclude
by [4, Cor. 6.9] that the entire M-M fusion rule algebra is non-commutative. The
colour zero part has 12 vertices which all correspond to simple sectors. Therefore
they form a closed subsystem corresponding to a group. This group must contain a
Zs X Zy subgroup corresponding to the SO(8); fusion rules of the marked vertices.
Note that any M-M sector of non-zero colour is a product [04?[170)][5] or [O‘(im)][m with
B € mXum a colour zero morphism. Since [a(im)] and [a(iu)] commute with each M-
M sector by [3, Lemma 3.20], they will be scalars in any irreducible representation
of the M-M fusion rules. Consequently, the representation m 1) (21) of dimension
Z(21),2,1) = 3 will remain irreducible upon restriction to the group of colour zero
sectors. Therefore its group dual is forced to consist of one 3-dimensional and three
scalar representations, and in turn we identify the group of colour zero sectors to be
the tetrahedral group Ay = (Za X Zs) x Z3.

The next example is a conformal inclusion SU(3)s C SU(6);. The associated
modular invariant, labelled as £®), is given by

Zew = Ix00 + X2+ Xeo) + X63)* + X2 + X2

+ 1X(3,0) T X(3,3)’2 + IX(@3,1) T+ X(5,5)’2 + IX(@3,2) T X(5,0)’2
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Figure 43: SU(3)3 C SO(8);, D®: Fusion graph of [0‘(+1,0)] and [a o)

Again, we omit the straightforward calculations which determine the structure of the
full system ;X and present the simultaneous fusion graph of [0‘(+1,0)] (thick lines)
and [a; o] (thin lines) in Fig. 44.

6.2 Trivial invariants from non-trivial inclusions and degen-
erate braidings

We will now give examples of non-trivial inclusions N C M which however produce
the trivial modular invariants Zy, = (o, ;) = 0x,- This is clearly only possible
if the chiral locality condition is violated because chiral locality implies the formula
(. ak) = (O, ), as derived in [1, Thm. 3.9]; hence, if [] is a non-trivial subsector
of [0], then Zy, = (id,a;) = (ajy,a,) must be non-zero. Consequently a “local
extension” can only exist if there exists a non-trivial mass matrix Z commuting with
the S- and T-matrices arising from the braiding.

Consider the situation that our subfactor N C M subject to Assumptions 2.3
and 2.4 is given as a Jones basic extension p(N) C N C M with p € 3(yXy). Note
that then § = pp. We also have t(M) = p(N), hence ¢ = p~! o7 is an isomorphism
from M onto N with inverse ¢! = 771 o p. Using e¥(\,0) = p(eE(\, p))et (), p)
one finds that the a-induction formula can be written as ay = Ad(ux) o' oo ¢
with unitaries us+ = ¢~ (e¥(\, p)) € M. Then the map Hom(\, y1) — Hom(ay, o),
t — ugd ' (t)u’ is an isomorphism, A, u € X(yAXy). Consequently, for \, u € yXy

48



%

X

AV

\\

R e e g

VAN

N

Sezms

B

=
\\\N‘

N
S

Figure 44: SU(3)5 C SU(6),, £®: Fusion graph of [af; ] and [a(; o]

all a3 are irreducible and pairwise inequivalent so that Zy , = dy ..

Examples related to conformal field theory are therefore Jones extensions of
p(N) C N with p an endomorphism of a SU(n); system as introduced before. Such
inclusions N C M are in fact (isomorphic to) Jones-Wassermann subfactors. Spe-
cializing to the case n = 2 and choosing p = Ay, the spin one endomorphism, this
is by [39] and [34, Cor. 6.4] a (type III;) Jones subfactor [20] with principal graph
Agy1. Note that then [0] = [A2] = [id] @ [A2] produces the trivial modular invariant.
Instead of the full system labelled by all spins j = 0,1,...,k we may also make the
“minimal choice” yXy = {\; : jeven}. The braiding of this system is no longer
non-degenerate so that there is no representation of the modular group arising from
the braiding. This example also shows that the generating property of a-induction
[4, Thm. 5.10] can even hold without non-degeneracy in particular cases, because
v Xii = m Xy thanks to Proposition 3.2. But note that the braiding is neither com-
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pletely degenerate. The complete degeneracy means that any monodromy operator
is trivial. However, for k > 2 the self-monodromy of the morphism A, has always
the non-trivial eigenvalue e *™/*+2 corresponding to the fusion rule N§, = 1 and due
to he = 2/k + 2, cf. [4, Eq. (11)]. As in turn also the monodromy of Ay and @ is
non-trivial, this shows, maybe not surprisingly, that [1, Prop. 3.23] does not hold
without the chiral locality assumption.

Finally we consider a completely degenerate example, arising from the classical
DHR theory [9]. The subfactor N C M is given by a local subfactor A(O) C F(O),
arising from a net of inclusions of observable algebras in field algebras over the
Minkowski space, arising from a compact gauge group G. Then A(Q) is given as
the fixed point algebra under the outer action of the gauge group, A(O) = F(O)°.
The canonical endomorphism sector [f] decomposes as [0] = @ dy[A], where the sum
runs over DHR endomorphisms A labelled by the irreducible representations of G.
(By abuse of notation we use the same symbol A for the morphisms as for the the
elements of the group dual G .) These DHR morphisms obey the fusion rules of G so
that the statistical dimension d), is in particular the dimension of the group represen-
tation. We assume that G is finite and choose the system yXn to be given by all the
A’s. Moreover, we assume that the field net is purely bosonic, i.e. local, so that we
have wy = 1 for all A. It is straightforward to check that then (see [4, Subsect. 2.2])
w=>Yd3 = #G, Sy, = (#G)"d\d, and T\, = ) ,. Note that the S-matrix is a
rank one projection here. Due to locality of the field net, the chiral locality condition*
holds here, and consequently (ay, aif) = (O, p1) = dxd,,, which forces [oy] = d,[id].
(This just reflects the fact that in the DHR case a-induction is just the obvious
extension of the implementation by a Hilbert space of isometries which is certainly
inner in M.) Hence we find Z), = did,, i.e. Z = wS. Note that tr(Z) = #G
and tr(Z*Z) = (#G)?. However, we have #nxXy = 1 as [1A] = [af] = dy[¢] and
# Xy = #G since similarly [tAz] = d)\[y], and since it is known [25] that v decom-
poses into automorphisms corresponding to the group elements. So we observe that,
due to the degeneracy, the generating property of a-induction [4, Thm. 5.10] does
not hold, neither the countings of [4, Cors. 6.10 and 6.13] are true here; we have an
over-counting by #G.

A The dual canonical endomorphism for E;

Lemma A.1 For SU(2) at level k = 16, there is an endomorphism 6 € Mor(N, N)
such that [0] = [id] & [As] @ [A16] and which is the dual canonical endomorphism of a
subfactor N C M.

Proof. First note that the subfactor A;(N) C N arising from the loop group con-
struction for SU(2)16 in [39] is isomorphic to P ® R C @ ® R, where @ is a hy-
perfinite II; factor, P C @ is the Jones subfactor [20] with principal graph A;7,

4We admit that the name “chiral locality condition” does not make much sense when using the
Minkowski space instead of a compactified light cone axis S*.
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and R is an injective III; factor, by [34, Cor. 6.4]. This shows that the subfactor
O(N) C N for [0] = [id] ® [As] ® [A16] is isomorphic to pP ® R C p(Q15)p ® R, where
PCQ@QC@Q CQyC---isthe Jones tower of P C Q and p is a sum of three minimal
projections in P’ N Q)15 corresponding to id, Ag, A\1g. It is thus enough to prove that
the subfactor pP C p(Q15)p is a basic construction of some subfactor.

We recall a construction in [16, Sect. 4.5]. Let I' be one of the Dynkin diagrams
of type A, D, E. Let Ay be an abelian von Neumann algebra C" and A; be a finite
dimensional von Neumann algebra containing Ay such that the Bratteli diagram
for Ag C A; is I'. Using the unique normalized Markov trace on A;, we repeat
basic constructions to get a tower Ag C Ay C Ay C --- with the Jones projections
e1,es,e3,---. Let C be the GNS-completion of Um0 A with respect to the trace
and B its von Neumann subalgebra generated by {e,,}m>1. We have B' N C = A,
by Skau’s lemma. For a projection q € Ay, we have a subfactor B = ¢B C ¢Cq = C,
which is called a Goodman-de la Harpe-Jones (GHJ) subfactor.

Let I' be E; and ¢ be the projection corresponding to the vertex of E; with
minimum Perron-Frobenius eigenvector entry. We study the subfactor B C C'in this
setting. Set B, = q{e1,€2,...,€m-1), C, = gAmg. The sequence {B,, C Cp,} is a
periodic sequence of commuting squares of period 2 in the sense of Wenzl [40]. For
a sufficiently large m, we can make a basic construction B,, C C,, C D,, so that
BcCcD=V,D,is also a basic construction. We can extend the definition of
Dy, to small m so that the sequences {B,, C C,, C Dy, }n is a periodic sequence of
commuting squares of period 2. For a sufficiently large m, the graph of the Bratteli
diagram for Bsy,, C Cs,, stays the same and the graph for Cy,, C Dy, is its reflection.
This graph can be computed as in Fig. 45 in an elementary way (see e.g. [31], [10,
Examples 11.25, 11.71}), so we also have the graph for Bs,, C D, and we see that
Dy is C @ C ¢ C and the three minimal projections in Dy correspond to the Oth,
8th, and 16th vertices of Ay7. (The graph in Fig. 45 is actually the principal graph

o 2 4 6 &8 10 12 14 16

Figure 45: The Bratteli diagram

of B C C by [31], but this is not important here.) Then we see that the Bratteli
diagram for the sequence {D,,}, starts with these three vertices and we have the
graph Aj7 or a part of it as the Bratteli diagram at each step, as in Fig. 46. Each
algebra B,, is generated by the Jones projections of the sequence {D,,} .
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Figure 46: The Bratteli diagram for {D,,}n

Similarly, if we choose Aj7 as I' and ¢ be the projection corresponding to the first
vertex of Aj7, we get a periodic sequence {E,, C Fy,}n, of commuting squares. (Note
that we start the numbering of the vertices of Aj7 with 0.) It is well-known that
the resulting subfactor £ =\, E,, C V,, [\, = F is the Jones subfactor [20] with
principal graph A;7;. We make basic constructions of E,, C F,, for 15 times in the
same way as above and get a periodic sequence {E,, C Gy, }., of commuting squares.
Let ¢ be a sum of three minimal projections corresponding to the Oth, 8th, and 16th
vertices of A7 in Gg. Setting E, = GE,, and Gy, = qGpngq, we get a periodic sequence
of commuting squares {Em C ém}m such that the resulting subfactor V/,, Em C
V,, Gm is isomorphic to pP C p(Q15)p defined in the first paragraph.

Now we see that the Bratteli diagram of the sequence {ém}m is the same as the
one for { D,,, }, as in Fig. 46 and each algebra E,, is generated by the Jones projections
for the sequence {ém}m This shows that the two periodic sequences of commuting
squares { B, C Dy, }m and {Em C ém}m are isomorphic. Thus the resulting subfac-
tors B C D and pP C p(Q15)p are also isomorphic. Since the subfactor B C D is a
basic construction of B C C, we conclude that the subfactor pP C p(Q15)p is also a
basic construction of some subfactor, as desired. O

Remark A.2 With a different choice of ¢ corresponding to another end vertex of
E7, we can also prove that [Ao] @ [X¢] B [Aio] @ [A16] for SU(2)14 gives a dual canonical
endomorphism in a similar way. This also produces the E; modular invariant.

We can also choose D5 as I and ¢ to be a minimal central projection corresponding
to one of the two tail vertices of D5, and then the same method as in the above proof
shows that [Ag] @ [A\4] for SU(2)s gives a dual canonical endomorphism. One can
check that this produces the D5 modular invariant.

In Lemma A.1 above, we have used the construction of the GHJ-subfactor for
E;. We can also apply the same construction to Eg, Es as in [16]. Note that the
principal graph [31] of the GHJ-subfactor with I' = Eg [resp. Eg] for the choice of ¢
corresponding to the vertex with the lowest Perron-Frobenius eigenvector entry is the
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same as the principal graph, Fig. 3 [resp. Fig. 6] in [3], of the subfactor arising from
the conformal inclusion SU(2)190 C SO(5);1 [resp. SU(2)as C (G2)1] studied in [3, Sect.
6.1]. It is then natural to expect that these subfactor are indeed isomorphic (after
tensoring a common injective factor of type III;). For the Eg case, a combinatorial
unpublished argument of Rehren shows that we have only two paragroups for the
principal graph in [3, Fig. 3] and these produce two mutually dual subfactors. This
implies the desired isomorphism of our two subfactors by [34, Cor. 6.4], but it seems
very hard to obtain a similar argument for the Eg case. Here we prove the desired
isomorphism for both cases of Eg and Es.

Proposition A.3 The subfactor arising from the conformal inclusion SU(2)19 C
SO(5)1 [resp. SU(2)as C (G2)1] is isomorphic to the GHJ subfactor constructed as
above for Eg [resp. Eg| tensored with a common injective factor of type I11.

Proof. By [34, Cor. 6.4], it is enough to prove that the two subfactors have the
same higher relative commutants.

Let N C M be the subfactor arising from the conformal inclusion and ¢ the
inclusion map N — M. We label N-N morphisms as \g = id, A1, ..., Az, where
k =10 or k = 28. We set the finite dimensional C*-algebras A,,;, m > 0,1 > —1, to
be as follows. (For [ = —1, m starts at 1.)

Hom (6™/2( A\ M)Y2,0m/2( A \)!?), (m : even,l : even),
Hom (0™/2( Ay M) U072\, 0m/2 (A ) ED72)0), (m : even, [ : odd),
Hom (0 =1D/2( X A)Y2, J9m- D2(MA)12), (m : odd, 1 : even),
Hom (0= D/2( X A1) E1D/2 0, 00m=D72(A X)) D72))) (m:odd, 1 : odd),
Hom(7y(m=2)/2 7(m=2)/2), (m :even,l = —1),
Hom (™~ 1)/2,7(’” /2y, (m:odd,l = —1).

We then naturally have inclusions A,,; C A, 41, and similarly embeddings ¢ :
Ao — Aomy1y as well as ¢ @ Agp—1y — Agpy. With these, we have a double
sequence of commuting squares. Note that the sequence {A;,;}mi>0 is a usual dou-
ble sequence of string algebras as in [29, Chapter I1] (cf. [10, Sect. 11.3]) and we now
have an extra sequence {A;, _1}m>1 here.

Set Ay, oo to be the GNS-completions of ;2 A, with respect to the trace. Then
we have the Jones tower as

AO,oo - Al,oo - A2,oo -

The Bratteli diagram of {Ag;}; is given by reflections of the Dynkin diagram of type
Aqq or Ay, so the algebra Ag  is generated by the Jones projections. The Bratteli
diagram of {A;;}; is given by reflections of the Dynkin diagram of type Eg or Eg since
we know the fusion graph of A\; on the M-N sectors, so the subfactor Aps C A1 oo
is isomorphic to the GHJ-subfactor. Then we next show that the higher relative
commutants of this subfactor are given as

Az)pomAm,oo = Am707
AL N A = Apy,
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which are also the higher relative commutants of N C M from the above definition,
so the proof will be complete.

The definition of {A,,;}m, shows that A, o and Ag; commute. Then Ocneanu’s
compactness argument [29, Sect. I1.6] (cf. [10, Thm. 11.15]) or Wenzl’s dimension
estimate [40, Thm. 1.6] gives Ao = Aj o N Ao We similarly have A, -, C

’1700 N Amco. In general, we have

dlm(A:Loo N A2m+1,oo) = dlm(A/LOO N A2m+2,oo):
so that we can compute

dim Hom(¢9m, Lem) = dim A2m+1,0 = dlm(A&oo N A2m+1,oo)
= dlm(A/LOO N A2m+2,oo) 2 dim A2m+2,—1 = dim Hom([*)/m, Z’)/m)
= dim Hom(:0™, 10™)

which shows equality Agp,1+2_1 = A/1,oo N Agmt2,00- We then have

/ /
Al o N A2m1,00 C (ALOO N Aomi2.00) N Asmiioo = Aomio—1 N Aot oo = Aomi1,—1,

which completes the proof. O

Proposition A.3 implies in particular that the graph in [3, Fig. 7] is also the dual
principal graph of the GHJ-subfactor arising from Eg.
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