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Abstract

The modular data from twisted [k] € H*(G, T) quantum double of finite groups
G are studied, with G = Z, cyclic groups. It is proved that the [k] and [—k]
modular data are the same up to relabelling of the primary fields and complex
conjugation of the underlying representation of the modular group SL(2, Z).
Then we produce some lower bounds for the number of modular invariants of
these models, and complete the study for the cases G = Z;, Z3 and Z4 at all
twists, proving in particular that all their modular invariants are produced by
braided subfactors.

PACS numbers: 02.30.Sa, 11.25.Hf, 02.40.Gh, 02.20.Uw
Mathematics Subject Classification: 46L60, 81T40, 461.37, 81T05

1. Motivation and introduction

We use the braided subfactor framework developed in [2-5, 13] to further the study of the
modular data arising from the quantum double of finite groups G, possibly with twists or levels
[k] € H*(G, T). These models first appeared in [7-9] as holomorfic orbifolds models and
more recently in [6, 13, 28]. Perhaps the most physical incarnation of this modular data is in
the (2+1)-dimensional quantum field theories [1], where a continuous gauge group has been
spontaneously broken to a finite group.

We borrow techniques from the noncommutative setting of subfactor theory and begin a
more exhaustive study of the modular invariants associated with these twisted models, starting
with cyclic groups G = Z,.

More generally, a prominent problem in rational conformal field theory (RCFT) is the
classification of modular invariant partition functions Z(v) = ) Z; ,x:(v) X (1), where
1.(t) = Try, (e¥17(o—¢/29)) g the trace in the irreducible representation A (primary field) of
the chiral algebra, with conformal Hamiltonian Lg, Im(t) > 0 and c is the central charge.
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This problem has been solved for a few models, although its mathematical formulation is very
simple in terms of the following modular data. For a given finite-dimensional representation of
the modular group SL(2,Z), let S =[S, ] and T = [T;_,] denote the matrices representing

0 7)) and () ;). respectively. We further suppose that T is

diagonal, S is symmetric, S a permutation matrix and S5 o > Spo > O where ‘0’ is a
distinguished primary field (the vacuum). Then a coupling matrix Z = [Z,;] that commutes
with S and T subject to the constraints

Z)MMZO,LZ, 3, and Z()():l

the images of the generators (

is called a modular invariant. These constraints reflect the physical background of the problem.
The condition Zyy, = 1 reflects the uniqueness of the vacuum. In the partition Z (7 ) formulation,
the modular invariance can be rephrased as follows:

z (“T hl b) — Z(0) with (Z Z) € SL(2. 7).

ct+d

Note that the identity Z = id and the charge conjugation C := S are always modular
invariants, possibly the same.

In our framework, each primary field has a concrete meaning of an endomorphism
A € End(N) in a fixed type III von Neumann factor N and thus the set of primary fields
will be represented by a (finite) set of endomorphisms y Xy on N which we call a system of
endomorphisms and are moreover assumed to be nondegenerately braided [4, 5]. The vacuum
‘0’ is represented by the identity endomorphism of N. Hence, we can yield such modular
matrices S and T [4, 5], a representation of the modular group SL(2, Z) satisfying the above
constraints. Therefore, we can produce a list of modular invariants, which a priori we do not
know whether they are physically meaningful. Given a braided subfactor N C M (i.e. the
inclusion morphism ¢ : N — M is such that the endomorphism 6 := &t of N decomposes as
a sum of endomorphisms from yXy) we can apply the Longo—Rehren induction [23, 32] to
extend each A € y Xy to two morphisms af € End(M) since we always have two choices for
the braiding. The morphism 7 : M — N is the conjugate morphism of (. Now if we consider
the intertwiner space

Hom(ozj{, of) = {x €M :xaf(y) = a, (y)x, forally € M}, (1)

12

and its dimension Z;, = dimHom (a;', a;), then the matrix Zycy = [Z;,] is indeed a
modular invariant [4]. (In general for morphisms o, p from A to B we set Hom(o, p) = {b €
B : bo(a) = p(a)b, foralla € A} and (o, p) = dim Hom(o, p).) Given the list of modular
invariants, one of the main interesting tasks is to decide which ones can be realized through
braided subfactors (the so-called sufferable modular invariants). There is a considerable
evidence that the sufferable modular invariants are precisely those of physical interest, see,
e.g., [13, p 312]. See [13, 14] for modular invariants that cannot appear from subfactors and
thus physically unhealthy. Of course, we may have different subfactors producing the same
modular invariant.

Let :: N C M be a subfactor. Since it, (t contain the identity idyy, idy, respectively,
there are intertwining isometries, v and w;, in Hom(idy, ©t), Hom(idy,, (7), respectively
[20, 22]. Then w = 7(w,) is an isometry in Hom(#, #%) where 6 = 1 is the dual canonical
endomorphism which satisfy [22]

w o (w) = ww*, w? =06(w)w, viw = w*d(v) = 1/d (2)

withd = dim(:), thus d> = [M: N]is the Jones index [21]. The system ® = (6, v, w) is called
a Q-system by Longo [22], and conditions in (2) precisely characterize which endomorphisms
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can arise as dual canonical endomorphisms for N C M. Conversely, given a Q-system we can
always produce an inclusion N C M, see [22]. However, a dual endomorphism 6 does not
determine the subfactor uniquely up to conjugacy. This is an H?-cohomological obstruction
that has been studied in [18] and [13, proposition 3.2 and remark 3.3].

In modular tensor category setting, the notion of Q-system is named Frobenius algebra,
see, e.g., [14, 16]. Namely, the above relations (2) mean that a Q-system is a Frobenius algebra
A = (08,m,e, A, €), see [25], where 0 is an object of C (an integral sum of simple objects
in a modular tensor category C), e € Hom(1,0), m € Hom(f ® 0,0),€ € Hom(0, 1), A €
Hom(6, 0 ® 0) such that (6, m, e) is an algebra, (6, A, €) is a co-algebra with the algebraic
and co-algebraic structures related by

(m®idy) o (idy @ A) = A om = (idy @ m) o (A @ idy). 3)

The intertwiners w and w* are translated into A and m, respectively, and the isometry v and
v* are replaced by e and €, respectively. See [14] for full details.

The set of modular invariants that can be realized by subfactors enjoys a very rich structure:
for example, if Z, and Z,, are produced by dual endomorphisms 6, and 6, respectively, then
the matrix product Z,Z, is produced by the composition 6,6, with inclusion N C M,,. Of
course, Z,Zy, is a modular invariant except that its (0, 0)-entry may no longer be normalized
to be 1, see [13]. In fact, [Z,Z;]o0 = dim(M,, N M],), where M/, denotes the comutant of
M,y, see [13]. Moreover, we obtain a (possibly noncommutative) fusion structure [13]:

Z.,7Z, = ngbzc, with m, € Ng, Z, sufferable and normalized. 4)
c
This fusion structure is quite useful specially when we deal with a large number of modular
invariants, as we see in this paper.

Of course, in general when we have a subfactor and therefore a dual endomorphism 6 it is
difficult to use (1) to pin down the associated modular invariant Zy ;. Nevertheless, we may
start by computing its trace Tr(Zycys). This can be done by counting the irreducible N — M
morphisms from the decompositions (A with A € y X}y, see [5]. This is the y X system and
to help find the common part of the irreducible decompositions of tA and ¢ we appeal to
Frobenius reciprocity [4, 20] and get

(L ) = (Wh, ) = (Oh, 1) = (0, Ap), ®)

and [Au] = >N X”ﬂ[v] where N}lj € Ny are the famous Verlinde fusion numbers which are
derived from the S matrix as follows [31]:

(6)

In the subfactor framework, we further have N, u = (Ap,v). If Z is the modular invariant
yielded by N C M then the following ‘curious’ identity holds

P laal= P z..ral (7)

aenXy A UEN XN

which will be useful in the following.

We can find modular data in a wide variety of contexts, including the Weiss—Zumino—
Witten (WZW) models [33] (notably the Ising model see, e.g., [14, section 4.2]), the Drinfeld
quantum double (or the operator algebras Ocneanu’s quantum double analogue [26, 19]),
notably the quantum double of finite groups where the primary fields A are labelled by pair
(a, ) with a running in a set of conjugacy class representatives of the group G and 7 are the
irreducible representations of the centralizer C(a) = {g € G : ga = ag}. For example, for
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the cyclic group Z, we have n conjugacy classes and the centralizer of every class coincides
with Z,,, thus altogether we have Z,, x Z, primary fields.

One way to generalize the (quantum double) finite group data is by introducing twistings.
This twisting has a cohomological origin, as in the theory of WZW G models for compact Lie
groups G, where infinitely many possible twists are labelled by the levels &, which are integers
since H3(G, T) = Z. The level 0 WZW model is trivial.

In contrast with the WZW models, the twisting (the elements of the finite Abelian group
H?*(G, T)) of finite groups offers a finite number of levels. These twistings first appeared in
its most generality in [8, 9], but only in [6] that explicit expressions for the modular matrices
S and T appeared. For each cohomology class [k] € H?(G, T), they produce a modular data
such that the (untwist) k = 0 model coincides with previously known model from the group
G, i.e. the quantum double of G. The twisting was incorporated in the quantum-group picture
in [9] and in the subfactor setting in [19], see also [11]. For all these reasons [6] the modular
data that arise from the twist [k] of a finite group is called the level k quantum G double
modular data. The twisted primary fields are labelled by pairs (a, 7) with @ running in a set
of conjugacy class representatives and 7 are certain projective irreducible representations of
the centralizer Cs (a), see [6, (5.17)].

We work in particular models whose primary fields are simple currents, i.e. the quantum
dimension dim(X) = g—gg of every primary field A is 1, so due to the Verlinde formula the
system y Xy has a finite Abelian group G = {A,} structure. For simple current modular data,
the dual endomorphism of a braided subfactor N C M is of the form 6y = @,,_,; A, for some
subgroup H of G. The same 0y may arise different (inner conjugate) subfactors and this is
detected by the cohomology elements of H?(H, T), see [18]. Then we can compute the y Xj;
system and thus its trace [15]:

Tr(Zyem) = E ()
|H|

For a given subgroup H the problem of when a 8y gives rise to a Q-system, thus to
a braided subfactor in the level & quantum G double data, has been addressed in [13, 17],
however let us point out that its origin is Rehren’s net setting [30]. In the level £ quantum G
double modular data, with G Abelian group, and T its modular matrix, 6y can be endowed
with a structure of a Q-system if and only if T(Z‘l“;"’(ay H = 1 for all (a,l) € H where N,
denotes the order of (a, /). Note that the simple currents are G x G as a set, see e.g. [6], and
thus H < G x G.

The plan of the rest of the paper is as follows. In section 2, we rewrite the quantum
Z,, double modular data from any twist or level [k], thus proving in proposition 2.1 that the
modular data for the levels [k] and [—k] are the same up to a concrete permutation of the simple
currents and complex conjugation of the modular S, 7T-matrices. Then in proposition 2.3
we produce some lower bounds for the total number of modular invariants of the level k
quantum Z, double modular data (implying that in the untwist k = 0 case, this number
increases with the cardinal of the group, in contrast with level k % 0 where the number of
modular invariants are few as the n prime cases show). Finally, in section 3 we complete the
study for the quantum Z,, Z3 and Z4 models at all levels.

2. Twisted modular invariants from cyclic groups

Here, we are interested in analysing the twisted modular data that arise from the quantum
double of cyclic groups G = Z,. First note that H*(G, T) = Z,, thus we have n twists or
levels. Take [k] € H?*(G, T). In the following we also denote [k] simply by k and the inverse
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of [k], as an element of H*(G, T), will be denoted by —k or n — k. The primary fields of
the quantum G double at level k equals Z,, x Z, as a set, whose elements we will denote by
La.1 or simply by (a, ) for all a,l € G. The modular data S®, T® are derived explicitly in
[6, equations (6.2) and (6.3)]:

1 2kab + n(ar + bl)
(k)
Sai ..y = 7 P <_27“ o )

ka? + nal
(k) _ .
T(a,l),(a,l) = exp <2n1—n2 ) .

Whenever no confusion arises, we will just write S and T instead of S® and T®. The vacuum
is (0, 0) and for any level £ it is obvious that every primary field (a, /) has quantum dimension
% = 1, thus they are all simple currents and hence they form an Abelian group. The
multiplication law of this Abelian group is, by the Verlinde formula [31],

(a,ly-(b,r)=(a+b,l+r+2k(a+b— (a+b))/n) mod nZ’ (10)

)

where (a + b) denotes a + b mod n, see [6]. Clearly that for any a # 0 and /,

0,7 = (0, -0, (a,)™" = (n—a,—1—2k). (11)
If we set f = GCD(2k, n) with s, s’ so that fs = n and fs" = 2k and GCD stands for the
greatest common divisor, then the Abelian group structure of the primary fields is

XGk) =Ly X Lyg (12)

with (s, s) a generator of Z and (1, 0) a generator of Z,2,;. Note that in both the untwisted
k = 0 case and k = n/2 if n is even (i.e. when [k] = [—k]), we obtain f = n and therefore
X(G.k) = Ly X Zy as groups.

Of course [0] = [—0], hence in the following we concentrate at the other levels.

Proposition 2.1. Up to permutations of simple currents and complex conjugation, the modular
data for [k] and its inverse twist [—k] coincide, namely,

(n—k) _ o (n—k) _ 7
S, (br) = Sta—a1y,b,—b—r) and Tan .oy = Ta—a—ty,t—b—r)-

Proof. By (9), we have

R .—2(n — k)ab — n(ar + bl)
(n—k) _
S(u,l),(b_r) = exp <—27r1 g )
1 < .2kab+l’l(a(—b—r)+b(_a —l))>
= —exp | —2xi .
n n
—g®

(a,—a—1),(b,—b—r)"
Using again (9) we similarly obtain the identity for the 7" matrices:

—na® + ka® — nal)

n2

(n—k) _ .
T(a’,)’(a’l) = exp (2711
_7®

ka*+na(—a —1)
(a,—a—l),(a,—a—1)"

= exp <2m 3
n O
For k # 0, the map o : x(,—k) = X(G.k sending (a, ) to (a, —a — 1) is easily seen to be

an isomorphism of groups such that o2 = id.
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Table 1. Number of modular invariants of quantum Z,, Z3, Z4 at all levels.

Level 0 Level 1 Level 2 Level 3

Zy 6 2 - -
Z3 9 3 3 -
Zy 22 4 10 4

Corollary 2.2. The fusion rules and moreover the number of modular invariants for modular
for the levels k and n — k coincide. Moreover, if Z =Y Z(4.1y.r) Xai X}, 1S @ modular invariant
for the modular data at level k, then Z, := )" Z(a,,a,l)(;,,,b,,)Xa,,a,l)(;_b_r is a modular
invariant for the level n — k.

Proof. The result follows from proposition 2.1 and the fact that such a matrix Z commutes
with S and T iff Z commutes with the complex conjugation of S and 7. ]

We similarly yield a modular invariant Z, at level k& from a given modular invariant Z at
level n — k, and moreover (Z,), = Z since o> = id.

2.1. Some modular invariants

It has been proved in [6] that there are at least five modular invariants in the quantum double
of any finite group at level zero. Next result is an improvement of that result with some partial
results for any level.

Proposition 2.3. Let us consider the quantum Z, double level k modular data. Then,

(i) the number of level 0 (sufferable) modular invariants is greater than n + 3.
If n > 6 is even then the number of modular invariants is greater than n + 10;

(ii) if GCD(2k, n) = 1 for a level k # 0, the nhumber of modular invariants is precisely the
number of divisors of n*>. Moreover if n is an odd prime, then Z; = id, Z, = C and
Z3 =) xoiXg; are all the (sufferable) quantum Z,, double modular invariants at level k.

Proof. For level 0, the system y Xy is isomorphic to the Abelian group Z, x Z,. Since
TI”O,10 = TO”L01 = 1 we conclude that 87, ¢ and 6z, are dual endomorphisms and therefore
07, x7,, = 07, x0 - Qoxz, 18 also adual endomorphism by [13]. Hence 0 is a dual endomorphism,
for any subgroup H < Z, X Z,.

Next let us consider the following list of subgroups of Z,, x Z,:

HS‘:<(19S)), 520,1,...,71—1.

Clearly, H = {(h, h):h € Z,} and Hy = Z, x 0. Together with 0 x Z, we get in this way
n+ 1 different copies of Z,, inside Z,, x Z,,. Of course, we have the extra two trivial subgroups.
By [15, lemma 3.2] or [29, section 3], two different subgroups in this list of n + 3 subgroups
are attached to different modular invariants (even if they are isomorphic as abstract groups).
If n is even then we have a subgroup Z, = {0, n/2}. For n # 2, 4 we get new subgroups

Zn x 0,0 X Zo, Zo X L, Ly X L, Lin X L, {(0,0), (n/2,n/2)},  He :={(Q2a,2r)}.

Note that |Hc| = n?/4. So we get seven new subgroups in the even case and therefore n + 10
modular invariants.

We proceed now with the proof of (ii). If GCD(2k, n) = 1, then the system y Xy =~ Z,2
as groups, see (12), with (1, 0) its generator. Since Tl”(i 1o = 1 we conclude that 67 , is a dual
endomorphism and so are all their subgroups. Every divisor of n> gives rise to a subgroup
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Table 2. Quantum Z; modular invariants: levels 0 and 1.

Modular invariant  Trace Oy

Level 0
Zy =3 Xij X 4 0x0
Zy = ZXinf,- 2 A(Z)
Z3 =3 X0i Xg; 2 0xZy
Z4 =3 XioXjo 2 Zy x 0
Zs=Y xoixjp 1 Ly x Iy
Z6 = 3 XioXg; 1 Ly x 7

Level 1
ZIZZXin;; 4 0x0
Zy =3 X0i Xg; 2 0x Z

Table 3. Quantum Z3 modular invariants.

Modular invariants Trace Oy
Level 0
74 :ZX,'_,-X;} 9 0x0
Zy =3 Xij X} 3 {(0,0), (1,2), (2, D}
Z3 =3 xijxZ; 3 A(Z3)
Zy =3 XioXjo 3 Z3 % 0
Zs =3 X0i Xg; 3 0x Zs
Ze=C=3 Xxijx*i_; 1 Z3 x L3
Z7 =3 XioXy; 1 Z3 x I3
Zg = )" X0j Xio 1 Zs x Zs3
Levels 1 and 2
Zy =3 XK 9 0x0
Zy =3 X0i X 3 0x Zs3

—_

Z3=C=} xoj Xak,fj + Z#o Xij XS*—J‘,—j—Z Ly

of Z,2, so there the number of modular invariants is at least the number of divisors of n2,
[15, lemma 3.2]. On the other hand, every such subgroup K of Z,: is itself cyclic and therefore
the second cohomology H?(K, T) is trivial. Hence, every subgroup has only one Q-system
structure, see [13, 18]. Therefore, every subgroup of Z,: is attached to exactly one modular
invariant.

If n is prime then we get exactly the three obvious divisors and so three sufferable modular
invariants. ]

In particular, in the untwist k = 0 case, the number of modular invariants increases as
the cardinal of the group increases. For n prime, the quantum Z,, double level O (sufferable)
modular invariants are fully treated in [15].

3. Examples: quantum 7,,73,Z4 at all levels

Here, we work out all the twisted models arising from the quantum G double where
G = 7,,75 and Z4 at all levels [k] € H>(G, T). The quantum Z, level 0 was done in
[3, 13], the quantum Zj3 all levels were done in [13, section 5], while the quantum Z,4 level
0 was done in [29, section 3]. Thus in this section we study the remaining cases: first
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Table 4. Quantum Z4 level 0 modular invariants.

Modular invariants Trace Canonical 0y
Zl:ZXin;;' 16 0x0

Zy=C=3 xijx%i_; 4 Zo X 7o

Z3 =3 XijXj: 4 {(0,0), (1,3), 3, 1), (2, 2)}
Zy =2 XijxZ i 4 A(Zy)

Zs =3 X0i X¢; 4 0% Zy

Ze =3 XioX}o 4 Z4 x 0

Z7 = Ixo00 + x02 + x20 + x22I 4 Zo x Zs

Zs = Ix00 + x021* + | x21 + x231% + (x01 + X03) (X20 + Xx22)* 4 {(0,0),(0,2), (2, 1), (2, 3)}

+ (X20 + x22) (X01 + X03)*

Zo = |x00 + x021* + | x01 + x03/* 8 0xZ
+|x20 + x221* + Ix21 + x231*
Z11 = Ix00 + x221* + | x02 + x20/° 8 A(Zy)
+ 1 + X33l + 1xas + xa1?
Z2 = Ixo00 + x20* + [x12 + x321* + (x02 + x22) (x10 + X30)* 4 {(0,0), (2,0), (1,2), (3,2)}
+ (x10 + x30) (X02 + x22)*
Z33 = | x00 + x201* + | x02 + %221 8 Zp x 0
+ 110 + X301 + 1x12 + x331°
Zse = 3 x0i Xjo 1 T4 X Ly
Zes = 3 XioXo; 1 La X Ls
Zs7 = xo0i (oo + x02 + x20 + x22)* 2 Lo X 7y
Z75 = Y _(X00 + X02 + X20 + X22) X3 2 Lo X ZLa
Ze7 =) xio(X00 + X02 + X20 + X22)* 2 Ly X 7o
Z76 = D_(X00 + X02 + X20 + X22) X} 2 Za x 7o
Z2y7 = (00 + x20) (X00 + x02)* + (x02 + x22) (X01 + X03)* 1 Ly X 7y
+ (x10 + x30) (X20 + x22)™ + (x12 + x32) (X21 + x23)*
Z2y7 = (X00 + x02)(X00 + x20)* + (X01 + X03) (X02 + X22)* 1 Ly X Ly
+ (x20 + x22) (x10 + x30)™ + (x21 + x23) (X12 + X32)*
Zys = (X00 + x20) (x00 + x02)* + (x10 + Xx30) (X01 + X03)* 2 {(0,0), (0,2), (1, 1), (1, 3),
+ (x02 + x22) (X20 + x22)™ + (x12 + x32) (X21 + X23)* (2,0),(2,2),(3,1),(3,3)}
Z32) = (x00 + x02) (X00 + x20)* + (xo1 + x03) (X10 + X30)* 2 {(0,0), (0,2), (1, 1), (1, 3),
+ (x20 + x22) (x02 + x22)™ + (x21 + x23) (X12 + x32)* (2,0),(2,2), 3. 1), (3,3)}

we numerically compute the modular invariants for which we use a computer program and
[3, (1.6)] which says that in any modular data Z;,, < dim(A) dim(z) thus in our simple currents
cases Z, € {0, 1}. The number of modular invariants are as in table 1. For completeness,
we write all the modular invariants together with their traces and the canonical endomorphism
Oy that produces every modular invariant (see tables 2—5). In order to save space, instead
of using the matrix Z = [Z;; ,»] we use the partition function notation Z = Y Z;; a» Xij X.\»»
where x’s here are regarded as symbols. For K < G we denote by A(K) = {(k, k) : k € K}
the diagonal copy of Kin G x G.

For the level 1 model, we have two modular invariants, see the RHS of table 2. Note that
in this case H = {(0, 0), (0, 2)} gives rise to a canonical endomorphism 6y by [13, lemma
3.8] since T022,02 = 1. This 6y produces the modular invariant Z, as the trace of the modular
invariant associated with 6 has to be 2 by (7). Also remark that the system y X}y is isomorphic
to Zy X Zy, as a group. Nevertheless, the subgroup K = {(0, 0), (2, 0))} does not give rise to
a canonical endomorphism g, again by [13, lemma 3.8] since in this case Tozz’02 # 1 (neither
is the full group Z, x Zy).
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Table 5. Quantum Z4 modular invariants: levels 1, 2 and 3.

Modular invariant Trace Oy

Levels 1 and 3

Zy =3 Xij X 16 0x0
Zy = Z XOng,,- + Zi#O X"!'in,—j—z 4 Zo X 7
Z3 =3 X0i Xy 4 0% Zs
Z4 = |x00 + x021* + | x01 + x03/? 8 0 x Zo

+1x20 + x22* + 121 + X231

Level 2
ZI=Z)(,'/'X;; 16 0x0
Zy =3 XijxZi_; 4 Zy x 7o
Z3 = ZH] even Xij X;; + 22i+_j odd Xinziz._/ 8 Zn x 0
Z4 =3 even Xij Xii + Doain ) odd Xij Xisa, 2 8 A(Z>)
Zs =3 x0i Xg; 4 0 x Z4
Ze = |x00 + x02I* + 120 + x221? 4 Zo X 7
(%01 + x03) (11 + x13)* + (11 + x12) (xor + x03)*
Z7 = [x00 + x02|* + |x21 + %231 4 {(0,0), (0,2), 2, 1), (2, 3)}
(%00 + x02) (x21 + x22)* + (x21 + x22) (x00 + X02)*
Zs = |x00 + x021* + | x01 + x03/* 8 0 x Zy
+ | x20 + x221* + [x21 + x231?
Zs7 =Y xoi (00 + x02 + X20 + x22)* 2 Zy x 7y
Z75 = Y _(X00 + X02 + X20 + X22) X3 2 Zy X Ly

The levels 0, 1 and 2 of the quantum Z3 double were studied in [13, section 5.1] where
it was also noted that the level 1 data coincide with the WZW SU(9) level 1 data. Thanks
to proposition 2.1 we now know that the modular data for the level 2 have to be the complex
conjugation to the modular data of the level 1 (with relabelling of the simple currents). Note
that for the levels k = 1 and k = 2 we have GCD(2k, n) = 1, thus in both cases the fusion
rules of the system y Xy is Zog, see (12).

Theorem 3.1. All the modular invariants of the quantum Z4 double models at every level are
realized by subfactors.

Proof. By [29] we know that all the 22 level O quantum Z4 modular invariants are realized by
subfactors, see table 4.

Now we study the level 1 data. There are precisely four modular invariants, see table 5.
The system y Xy has the structure of the group Z, x Zg, as GCD(4, 2) = 2, see (12). Let us
consider the following list of subgroups of Z, x Zj:

H; ={(0,0), (0,2), (2,0, (2,2)}, H3 =0 xZ4, Hy={(0,0),(0,2)}.

Note that by the fusion rules, see (12) with k = 1 and n = 4, the group H, is isomorphic
to Z4 with (2, 0) being a generator and Hy a copy of Z,. Since Ty, = 1 = Ty} (. in [17]
it is implied that 6y, and 0y, are canonical endomorphisms. Hence 6y, is also a canonical
endomorphism since Hy is a subgroup of H,.

On the other hand, the RHS of (7) for the modular invariants Z,, Z3 and Z4 is4[6y, 1, 4[0,]
and 8[6py, ], respectively. Therefore, H,, H; and H4 produce the modular invariants Z;, Z3
and Z4, respectively. Thanks to proposition 2.1, level 3 model reduces to that of level 1.

Finally, we study the level 2 model. There are ten modular invariants as written in table 5.
The system y Xy has the structure of the group Z4 x Z4, as GCD(4, 4) = 4. Let us consider
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the following list of subgroups of Zy X Zy:

H3 = {(0, O)v (27 0)}’ H4 = {(Os 0)1 (2a 2)}! HS =0x Z41
H; ={(0,0),(0,2), (2, 1), (2,2)}, Hg = {(0,0), (0, 2)}.

Since (21) is a generator of H7, a copy of Z4, and T241,21 = 1 we conclude that 6, is a canonical
endomorphism (similarly with Hs). The others are subgroups of Hs or Hy, hence 0y, 6y, and
Ou, are canonical endomorphisms. By computing the RHS of (7) for all the modular invariants
we conclude that every canonical endomorphism 6g,, 0,, O5,, O, and 6y, appears only for
Z3,Z4, Zs, Z7 and Zg. Therefore, Oy, produces Z;, with i = 3,4,5,7,8. Since we have
7374 = 7o, 7373 = Zg and Z3Zs = Z75 we conclude that the other modular invariants are
also sufferable (using [13, theorem 3.6]). U
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