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Abstract

We calculate (g-deformed) Clebsch—Gordan and 6 j-coefficients for rank 2
quantum groups. We explain in detail how such calculations are done,
which should allow the reader to perform similar calculations in other cases.
Moreover, we tabulate the g-Clebsch—Gordan and 6 j-coefficients explicitly, as
well as some other topological data associated with theories corresponding to
rank 2 quantum groups. Finally, we collect some useful properties of the fusion
rules of particular conformal field theories.

PACS numbers: 02.20.Uw, 11.25.Hf, 73.43.—f

1. Introduction

Clebsch—Gordan coefficients and 6j-symbols have long played an important role in
representation theory and also in quantum mechanics, where they traditionally appear in
the addition of angular momenta and of internal quantum numbers of particles, such as isospin
and color. Recently, models with the so-called fopological phases have come under intense
investigation in condensed matter physics and these provide another arena where explicit
knowledge of generalized Clebsch—Gordan and 6 j-coefficients is of great importance. Part
of the current excitement is generated by the prospect that the unusual properties of the
excitations of these phases can be harnessed and put to use in fault tolerant ‘topological
quantum computers’ [1, 2]. In view of this, we believe it is useful to provide the explicit data
needed to compute time evolutions in a number of topological phases, with a description of
the methods employed, so as to assist the reader in calculating similar data for other systems.

In the low energy limit, all physical information in a topological phase of matter can
be expressed in the framework of topological field theory. Practical expressions for any
physical amplitude in a topological field theory can be obtained in terms of generalized (often
g-deformed) 6 j-symbols, usually called F-symbols, and a further set of numbers called the
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R-symbols. These data can be obtained from the representation theory of quantum groups.
For an important class of topological models, namely those associated with su(2); Chern—
Simons theory, there exists an explicit expression for the F-symbols, which was derived from
the associated quantum group U, (s/(2)). However, for most other topological models, no
general formulas are available. Nevertheless, whenever the quantum group that describes a
topological model is known, the F-symbols can be calculated explicitly. We explain in detail
how such calculations can be done, focusing mostly on the quantum groups arising from
g-deformations of simple Lie algebras, which describe the Chern—Simons gauge theories
based on the corresponding simple Lie groups. We provide explicit tables of g-Clebsch—
Gordan coefficients and F-symbols, as well as R-symbols for rank 2 quantum groups.

Although we mainly focus on multiplicity-free cases (that is, cases in which there are no
fusion multiplicities greater than 1), we include one example of a theory which does contain a
nontrivial fusion multiplicity, namely the su(3)3/Z3 orbifold theory. We are aware of only one
other instance in which the F-symbols were calculated for a theory with a fusion multiplicity,
namely in [3], for a theory with three types of particles. In contrast to the example treated here,
that theory does not allow for a consistent braiding, and hence does not have an associated
R-matrix.

This paper is organized as follows. In section 2, we give an overview of the structure
of topological models in general. The ‘topological data’ specifying topological models are
introduced, and a quick introduction on how these can be used to calculate physical observables
is given. Section 3 introduces the basic representation theory of quantum groups which is
used throughout the paper to calculate topological data. In particular, the definition of the
g-Clebsch—Gordan coefficients and F-symbols is given. In section 4, we collect useful data on
anyon theories. In particular, we list those theories (based on affine Lie algebras), which do
not have fusion multiplicities. It turns out that many of the multiplicity-free theories at high
rank have the same fusion rules as other, ‘simpler’ or better known theories, such as theories at
lower rank or orbifolds of the chiral boson. We give such identifications with simpler theories
for all affine Lie algebras of types C, D, E, F and G.

A rather detailed description of the calculation of ¢g-Clebsch—Gordan coefficients is given
in section 5, which should enable the readers to carry out such calculations themselves. Using
these methods, we give a simple expression for the R-symbols in section 6. A summary of the
topological data considered in this paper is provided in section 7. Finally, in the last part of
the main text (section 8), we give some applications of these topological data.

About half of this paper consists of appendices, in which we tabulate, amongst other
things, the g-Clebsch—-Gordan coefficients and the F- and R-symbols for various theories.
These include su(3), (appendix A), su(3)3/Z3 (appendix B) and the non-simply laced cases
so(5); (appendix C) and g»; (appendix D). In particular, this covers all the rank 2 algebras
at the lowest non-trivial (i.e. non-Abelian) level. We also cover one of the simplest theories
containing a fusion multiplicity, namely su(3)3/Z3. For completeness, we give explicit
expressions for the case su(2); as well, in appendix E. The g-Clebsch—Gordan coefficients
and F-symbols have been collected in four mathematica notebooks, which are available via
http://arxiv.org/src/1004.5456/anc.

2. Topological models

Topological phases are phases of matter characterized by the property that their low energy
sectors may be described in the language of topological field theory [4-7]. In particular, these
phases have a finite number of types of gapped low energy excitations which may exhibit
nontrivial behavior under fusion and exchanges. In planar systems, the exchange behavior
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is governed by a nontrivial representation of the braid group and the excitations are called
anyons. The different types of anyons are said to have different topological charges. The
amplitude for low-energy processes involving anyons are calculated using diagrams that may
be interpreted as spacetime diagrams for the processes. The type, or topological charge, of
each anyonic particle is indicated as a label on its worldline in such a diagram. As particles
fuse or split, this gives rise to vertices where three worldlines meet. As the particles move
around and exchange positions, this induces braiding of their world lines. The amplitude
associated with a diagram is invariant under continuous deformations and may be calculated
by the application of certain moves, most notably the so-called F-moves. Using the F-moves
one may express a diagram as a linear combination of diagrams in which one four-particle
process in the history depicted by the diagram has been recoupled. The coefficients that appear
in these linear combinations are called the F-symbols and they essentially determine the value
of any observable quantity in the theory. Most of this paper is devoted to an explicit calculation
and tabulation of the F-symbols for a number of theories.

Before we get started with the definition of the F-symbols, we first quickly introduce the
concept of fusion rules. The fusion rules of a topological theory state how many times the
particle type c appears in the decomposition of the (fusion) product of two particles of types
aand b: X

axb= ngpc. (1)

C

Here, the fusion coefficients n, ;¢ are non-negative integers. When the TQFT is described
using a quantum group (see also section 3), the fusion coefficient n, ;“ is just the multiplicity
of the quantum group representation labeled ¢ in the decomposition of a suitably defined tensor
product of the representations labeled a and b.

The fusion rules are required to be associative. One also requires that n,;, = np .,
and that nlla"' = J84.0» Where 1 denotes the trivial particle. Each particle a has a unique
anti-particle @ for which n, ;! = 1 (note that a can be its own anti-particle, as is the case for
all representations of su(2)).

We now define our standard set of F-symbols as the coefficients appearing in the
diagrammatic equation

abec abec

= S (FEP)es
2

There are a number of remarks to be made before we continue. First of all, when the TQFT is
described using a quantum group, the three lines labeled a, b and c represent three irreducible
quantum group representations that are tensored together in two different orders, leading to
different intermediate representations with irreducible components e and f. The line labeled d
indicates that an irreducible component of type d is selected from the threefold tensor product
as the ‘overall topological charge’. The F-symbols then give a map between these components
of the threefold tensor product (again see section 3 for more detail).

Second, the F-symbols as defined here are strictly speaking not numbers, but matrices
which map between two topological vector spaces characterized by the fusion trees in the
diagrams. We mainly restrict our attention to multiplicity-free TQFTs, for which all such
fusion spaces are either one dimensional or zero dimensional. In the second case, the diagram
has amplitude zero (we say that it is not allowed by the fusion rules). In the first case, all the
vertices correspond to one-dimensional ‘fusion spaces’, and the F-symbols can be viewed as
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numbers (they are 1 x 1 matrices). We can then view F [7”" Das a matrix, whose rank is given
by the number of consistent choices of e (or f, which is equivalent), such that the fusion rules
are satisfied.

Since the F-symbols are the coefficients of a transformation between two topological
vector spaces determined by fusion trees, they are only fully determined after the bases for
these spaces are chosen. A change of basis transforms the F-symbols and since every choice
of basis is equally good this gives us a gauge freedom in the F-symbols. Since we (mostly)
deal with theories without fusion multiplicities and we use only orthonormal bases, this gauge
freedom reduces to a choice of a phase for every vertex in the two diagrams that appear in the
definition of the F-symbols.

It is not too difficult to see that repeated application of recoupling moves such as that
shown in equation (2) allows us to reduce any diagram that involves only fusions and splittings
to a standard form, in effect fixing the time evolution of the state of the system (see for
instance [5] for more details). More generally, diagrams may have crossings of the particle
lines, corresponding to exchanges of the particles. These may by removed by R-moves, such
as the one shown below.

b~ »a b a
(" -mnY
c c 3)

The R-symbol R% that appears in this equation is in principle a unitary matrix, but in a fusion
multiplicity-free theory, this reduces to a number (in fact, a phase, since Rf” isaunitary 1 x 1
matrix in this case). The R-symbols, like the F-symbols, depend on the choice of bases in the
topological vector spaces (an exception are the R-symbols R;* which are gauge invariant), but
often this gauge freedom is exhausted once the F-symbols are fixed—this is the case for the
theories examined in this paper.

Using both R-symbols and F-symbols, all diagrams that can occur may be reduced to a
standard form and hence a knowledge of these symbols completely fixes the gauge invariant
physical observables of the theory. Some important gauge invariant quantities characterizing
topological models are quantum dimensions, twist factors, Frobenius—Schur indicators and
the central charge. Formulas for these quantities in terms of the F- and R-symbols are given
in section 7.

3. Quantum groups, CG coefficients and 6;-symbols

Quantum groups are algebras which have a number of structures that make sure that it is
possible to define a tensor product on their representations and associated Clebsch—Gordan
coefficients and 6j-symbols. This makes them useful in physics especially in the theory
of integrable models and models of anyonic systems. In the quantum group description
of anyonic systems the irreducible representations of the quantum group correspond to the
topological superselection sectors of the anyon model. The decomposition of tensor products
of representations corresponds to fusion and 6 j-symbols correspond to the F-symbols. There
is also a structure called the universal R-matrix which provides for braiding and in particular
gives the values of the R-symbols. The structures of the quantum group are defined in such
a way that the F-symbols and R-symbols obtained from the quantum group’s representation
theory have all the required properties to fulfill their role in the corresponding anyon model.
In particular, fusion is associative and the F-symbols and R-symbols satisfy the pentagon and
hexagon equations (see appendix F for the most general form). For a detailed introduction
to quantum groups the reader may for instance consult [8]. Here we do not even review all
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of the structure of a quantum group. Instead, we discuss just enough of the structure to be
able to define Clebsch—Gordan coefficients, 6 j-symbols and R-symbols. We explicitly give
the relevant structures for the quantum groups we are interested in, the g-deformed universal
enveloping algebras U, (g) based on the semisimple Lie algebras.

Let gbe a semisimple Lie algebra and denote its simple roots by «;. To each simple root,
we associate three generators H;, LT and L; . These generate U, (qg) as an algebra, subject to
the relations

g .0 N o,  _O
[H;, H]1=0 H; LT =+A;L; Ly L7 =8;1H), (4)
and
I Ajj O O
X2 1—A.. 0O 4y O
-n L?Eq hpE L?EQ -0 (fori # j). 5)
s=0 qi

Here, A;; = 2%:%2 are the elements of the Cartan matrix of g and we have defined ¢; = ¢!/,
J (aj,a))

where t; = ﬁ are integers in the set {1, 2, 3} such that the matrix with the (7, j)-element
t;A;; is symmetric. In addition, these are the elements of the inverse of the quadratic form
matrix. When g = 1, these relations reduce to the relations for the Chevalley—Serre basis of

the universal enveloping algebra U (g). The g;-number [n |, is given by
n/2 —n /2 X

n+l

4q; m
Lani = 11/2 1_1/2 = qiz
4 —4 m=1
and the g;-binomials that appear are defined by
U
n _ [n]g!
m. Lqui!l_n—qui!’

where for n > 1 we introduced

Yl

nlg! =" lml,

m=1
and for n = 0 we take [0],,! = 1. When #; = 1, we often drop the subscript i from g;, and the
subscript g; from the g-numbers and factorials altogether, i.e. [n], = |nl; = [n].

Any quantum group A has a coproduct, usually denoted as A, which is a homomorphism

of algebras from A into A ® A, which is coassociative, that is,

(A ®id)A = (i[d® A)A. (6)

1

Given two representations 77!, 72 of A, one can define a tensor product representation 77! @ 7>

by the formula

'@ x > (' @ TH(AX)). (7)
Since A is a homomorphism, this will indeed be a representation and since A is coassociative,
this tensor product will be associative, that is, different orders of tensoring multiple

representations lead to the same overall representation of A.
For U, (g), the coproduct is given on the generators by the formulas

AH)=1QH; +H ®1

H; /4

0,0 _n, ®)
ALE =LF®q¢ " +q7" @ LE.

If g is not a root of unity, the representation theory of U, (g) is very similar to the representation
theory of g. The irreducible representations of U,(qg) are labeled by the dominant integral
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weights of g. The module of the representation labeled by the weight A has a basis of
eigenstates of the H;, so that each such state is itself labeled by a weight of g. The action of
the generators Lf[ on a vector of weight u sends this state either to zero or to a state with
weight p & ;. The weight of a state is in general not enough to fix the state up to a constant,
as there are cases where the common eigenspaces of the H; are higher dimensional. When we
describe representations in detail in subsequent sections, we make some arbitrary choices to
fix a basis for these higher dimensional eigenspaces (see section 5.2 for this). However, when
no such choices are required, the matrix elements of the generators Ll.i can be written in a
form which directly mirrors the undeformed case. For example, the action of L* for the states
in the irreducible representations of U, (s/(2)) is given by

p
LEjom)y =" [jFmlglj £m+1],1j.m+1). ©)

Here j € %Z and m € {—j,—j+1,...j — 1, j} label the allowed z-components of the
‘q-spin’ or, equivalently, the eigenvalues of H/2 in the representation. This formula easily
translates into the general multiplicity-free case. When ¢ is a root of unity, one finds that some
of the g-numbers in the formula above become equal to zero and this has some interesting
consequences. It turns out that the representations given above remain well defined, but many
are no longer irreducible and in particular there are indecomposable representations. In the
following, we focus on the irreducible representations.

Let us now introduce the g-Clebsch—Gordan coefficients for the tensor product of
irreducible representations. As usual, these Clebsch—Gordan coefficients relate the product
basis of the tensor product to a basis which is compatible with the decomposition of the tensor
product as a direct sum of irreducible representations. To write explicit CG coefficients, we
need to introduce the notation for the canonical basis states of an irreducible U, (g)-module. As
noted before, each irreducible module is labeled by a weight of gand has a basis of eigenstates
of the H;, which are themselves each labeled by a weight of g. If all weight spaces which
occur in the module have dimension equal to 1, we can denote the basis states for the module
simply as |j, m), where j is the weight labeling the module and m is the weight labeling the
weight space in the module. One may now define the Clebsch—Gordan coefficients by

X Y. . U

: J1 )2 . .
lj,m) = [j1, m1)| j2, m2). (10)
m; mp; m
my,my q .
h i
Ji J2 J

In other words, the CG coefficients are the coefficients of the decomposition

m my; m
of the state | j, m) in the irreducible j-component in the tensor product representation j; ® j,
into the standard product basis of this tensor product representation.

Of course, the basis states that appear above are only fixed up to a phase by the labels j
and m, so their phases may still be chosen to give ‘nicer’ CG coefficients. For tensor products
that are not multiplicity free, more labels are needed to distinguish the various irreducible
representations of the same weight that may occur in the tensor product. This is dealt with in
some detail in section 5.2, but it does not change the structure of what follows here (we can
imagine the extra labels to be implicit in the m-labels).

The g-Clebsch—Gordan coefficients are orthogonal for ¢ € R and we can use analytic
continuation to obtain an orthogonality relation for arbitrary g, which we checked to hold for

the ¢g-CG coefficients we calculated:
x o, oo, . .0
Ju J2 ] Ju J2 ] _
;=0 i Cmp- (11)
nm; mp; m mp; mp; m
mip,ny q q

We use the ‘inner product’ which is defined, like the usual inner product on R”, as the sum of
the products of the coefficients of the two vectors, without complex conjugation. This inner
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Table 1. Theories with fusion multiplicities

Ak = su(r+1); k>3Ar>2 E¢r k>3
By = soQ@r+1)y k>3 E;p k>3
Coszx = sp@r k> 2 Esy k>4
Disaxy = soQr) k>3 Fop k>3

G2.k k>3

product is positive definite for all real g > 0, but for other values of g this is not necessarily
true. With this inner product the formula above guarantees that states in different irreducible
subrepresentations of a tensor product are orthogonal for all q.

We calculate the F-symbols, or g — 6 coefficients, by making use of the g-Clebsch—
Gordan coefficients. The graphical representation of these symbols in our current notation
is

J1dzy As

- jiizi

- ijg(Fj‘ ’ 3)J'12J23
j j
Thus, at real positive g, each F-symbol can be obtained as the inner product between two states
obtained from the two different ways of fusing the three particles (or representations) ji, j»

and j;. These states themselves can be written in terms of the g-Clebsch—Gordan coefficients.
Hence, we obtain the formula

0, . . oo, .0
Qoaenl  _ X F IR SR (PR (PR (O
! fint my.mp,ms3,mi2,mo3 i 2 12 q iz s J q
o>t oo, . U
» J2o J3 J23 JuJ23 J ‘ (12)

mp mj3 m23q mp mpys Jq

The inner product (without complex conjugation) used to derive this formula is really only
well defined (positive definite) for ¢ > O real, but by analytic continuation, the formula
nevertheless remains true for arbitrary g.

It would be natural to continue with a description of the R-symbols in terms of quantum
group data. However, these are most easily expressed in terms of particular g-Clebsch—-Gordan
coefficients. Therefore, we will wait with the R-symbols until section 6, which immediately
follows the section in which we give a detailed explanation of the calculation of the g-Clebsch—
Gordan coefficients.

4. On fusion multiplicities

While working on this manuscript, we often wondered about properties of the fusion rules of
particular CFTs. Which theories have fusion multiplicities, and what is the structure of those
that do not? Although this is an issue which is slightly off topic, we do take this paper as
an opportunity to gather this undoubtedly known information here. We should note that in
gathering this information, we benefited much from the program Kac by Schellekens [9].

In table 1, we list the theories, based on affine Lie algebra’s, or WZW CFTs, which do
have fusion multiplicities.

In table 2, we give the list of WZW theories, without multiplicities, for which we can
identify the fusion rules as a ‘known’ fusion ring. Two of the entries are a tautology, namely
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Table 2. Identification of the fusion rules without fusion multiplicities, in terms of perhaps
‘better’-known fusion rings. The k = 2 entries for A,  and B, are a tautology.

k=1 k=2 k=3
Ao Ly su(r + 1),
B, su(2), so(2r + 1),
C, su(2),
D, ZZ42 x 2 ((rr ZV;;‘)) 7, orbifold R = 2r
Eg Z; s0(3)s X Z5
E; 7, s0(3)3 X su(2),
Eg A su(2), s0(3)9
Fy 50(3)3 50(3)9
G, 50(3)3 s0(3)7

A, and B,,. For completeness, we note that of course the theories A ; = su(2); do
not have fusion multiplicities for arbitrary k. Again, we used Kac to gather this information.
For example, the fusion rules of D, ;—, are the same as the fusion rules of the Z, orbifold
of the chiral boson at radius R = 2r, which we checked explicitly up to r = 20. We note
that with so(3)x, we denote the integer spin sector of the su(2); theory. In particular, so(3)3
corresponds to the Fibonacci theory (sometimes denoted as Fib), which consists of two anyon
types 1 and 7, with the non-trivial fusionrule t x 7 = 1 + 7.

5. Calculating the g-Clebsch—Gordan coefficients

In this section, we show how to calculate the g-Clebsch—Gordan coefficients in full detail.
While the calculational techniques presented in the rest of this paper are valid for all of the
quantum groups U,(g), we use the case g = su(3) in our explicit examples, because it is
probably the simplest case to display all of the relevant features. Hence, we will often be
dealing with the quantum group U, (su(3)). For details on the representation theory of the
corresponding finite-dimensional Lie algebra su(3), we refer to appendix A and, for instance,
to the books [11-13].

We start with some straightforward examples which explain the structure of the
calculation, without having to worry about additional complications. The complications
consist of two types of multiplicities, namely weight-space multiplicities and fusion
multiplicities, which will be dealt with after we have completed explaining the structure
of the calculations.

We first introduce some notation needed in this discussion. The representations of the
rank 2 algebra su(3) are labeled by the Dynkin labels of the highest weight, (A, Az).
In addition, we also denote the representations by their dimensions in boldface (and an
overline to denote the conjugate representations). The weights of the representations
are labeled by (1, A;). For example, the eight-dimensional adjoint representation 8
has the highest weight (A, Az) = (1,1). The other weights in this representation are
(-1,2),2,-1),(0,0), (0,0)_, (=2, 1), (1, =2) and (—1, —1), which we include here, in
order to show the notation of the two-dimensional weight space (0,0). We note that for
q = e¥™/3 (ork = 2), 8is the only representation with a weight-space multiplicity. In addition,
the following representations 1 = (0, 0),3 = (1,0),3 = (0,1),6 = (2,0),6 = (0,2) and
8 = (1, 1) are present at k = 2.

8



J. Phys. A: Math. Theor. 43 (2010) 395205 E Ardonne and J Slingerland

As stated in section 3, the g-Clebsch—Gordan coefficients express the tensor product
representations in terms of the direct sum of irreducible representations

X i kg

mi m mqul’ml>|h’m2>' (13)

lj, m) =

my,my

5.1. The structure of calculating q-Clebsch—Gordan coefficients

The calculation of g-Clebsch—Gordan coefficients closely follows the calculation of Clebsch—
Gordan coefficients in the ‘classical’ case, see for instance [10]; however, there are some
important differences.

The most obvious difference is that the explicit representation matrices for the elements of
U, (9) contain g-numbers instead of integers, as illustrated in formula (9), and these g-numbers
propagate into the Clebsch—Gordan and 6 j-coefficients for U,(g). We follow a policy of
expressing all explicitly given coefficients in terms of g-numbers, as much as possible, because
this allows one to immediately obtain the corresponding classical coefficients by replacing
g-numbers by the corresponding integers®.

When g is a root of unity, it turns out that a tensor product of two irreducible representations
often contains indecomposable representations. To deal with this problem, one has to introduce
a ‘truncated’ tensor product, in which the unwanted, indecomposable representations no
longer appear. This ‘truncated’ tensor product precisely corresponds to the fusion product (as
introduced in section 2) for physical systems described by the Chern—Simons theory based on
gat level k, where k is related to g through

2mi
q = eks,
Here g is the dual Coxeter number of g. This makes the case where ¢ is a primitive root of unity
the most interesting from the perspective of the physics of anyons. For the actual calculation
of Clebsch—Gordan coefficients which involve only irreducible representations, the truncation
of the tensor product makes little difference—the main change in our treatment compared to
the classical case is that we will not consider the other components of the tensor product when
q is a root of unity.

The third and perhaps the most important difference between the deformed and classical
calculation of CG coefficients occurs due to the deformation of the coproduct. As can be
seen from equation (8), the action of the raising and lowering operators of U, (qg) in a tensor
product representation involves factors of different powers of g, depending on wether the
raising/lowering operator acts on the left- or right-hand factor of the tensor product. These
factors of powers of ¢ also end up in the CG coefficients. As a result of the deformation of A,
the various components of a tensor product representation are no longer simply symmetric or
antisymmetric under exchange of the tensor factors, which gives an indication that there is no
longer a representation of the permutation group Sy on an N-fold tensor product, but instead
a representation of the braid group By. The R-symbols which describe the action of the braid
group are calculated in section 6.

Let us now explain the calculational algorithm from scratch (that is, without presuming
a knowledge of the classical algorithm), by taking a simple concrete example, based on the

4 Tt should be noted that the opposite process, obtaining the g-deformed coefficients from the classical ones by
replacing integers by g-integers, is not easily accomplished, because the various different ways in which integers
may be represented would lead to different g-deformed results. For example, if the integer 9 appears in a classical
coefficient, it is not clear whether this should be replaced by [9], or |_3J§ or 1+ |8],, to name just a few of the
possibilities.
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su(3) tensor product 3 ® 3 = 3 @ 6, which for k > 2 corresponds to the fusion product as
well: 3 x 3 = 3+ 6. We start with the Clebsch-Gordan coefficients for the representation 6
in the tensor product decomposition of 3 @ 3.

The highest weight of the representation 6 is (2, 0), which is the sum of the highest weights
of the two representations 3, namely (1, 0). Thus, the highest weight of the representation 6
uniquely decomposes, and we find the first (trivial) Clebsch—Gordan coefficient:

[(2,0)(2,0)) = [(1,0)(1, 0)) ® [(1, 0)(L, 0)), (14)

namely

O 0
(1,0) (1,00 (2,0)

=1. 1
(1,0) (1,0) (2,0) , (15)

This coefficient has norm 1, and we choose to set the phase to 0 by convention. By acting

with the lowering operator L on both sides of equation (14), we find other Clebsch—Gordan

coefficients. On the right-hand side, we actually need to use A(L;), which is given by

A(LT) =Ly ® ¢/* +¢q=H/* @ L. This leads to the following:

1(2,0)(0, I)) = =l 1(2,0)(2,0)) = ALY [(1,0)(1,0)) & |(1,0)(1, 0))
g —1/4

q
LO)(—1,D)®|(1,0,0
ml( )( )) ® [(1, 0)( )>+\/m

I(1,0)(L, 0)) ® |(1, 0) (=L, I)).

(16)

We put in the factor 1/4/[2] ‘by hand’ to make sure that the states are normalized throughout
the calculation. Of course, one could also ignore these factors at first and normalize the states
later on. To be able to discuss the normalization, we recall that we defined the inner product in
the usual way for ¢ € R, that is, by simple multiplication of the coefficients, and for arbitrary
g by analytic continuation of this definition. We note that this inner product does not involve
complex conjugation of the coefficients. Recalling in addition that we used the following
convention for the g-numbers:

q> —q~

[SIE I STE

n] = —F——. 7
q: —q
it easily follows that the right-hand side of equation (16) is indeed normalized.
So, we found the additional g-Clebsch—Gordan coefficients

O O s
Lo @0 20 _4q (18)
(1,00 (-1,1) (O, 1 . J12]

- 1,0) (1,00 (2 0)D 174
. ’ 4 (19)

-LD Lo O V2T

We can now continue this procedure by acting with additional lowering operators. In fact,
in this case, we can either act with L] to obtain the state |(2, 0)(—2, 2)), or with L} to find the
coefficients for |(2, 0)(1, —1)). To see with which lowering operators one can act, we refer to
appendix A containing the structure of the representations we consider in this paper. All the
q-Clebsch—Gordan coefficients for the 6 in 3 x 3 are collected in appendix A.3.1.

We now explain how to obtain the g-Clebsch—Gordan coefficients for the representation
3 in the tensor product decomposition of 3 ® 3. To start with, we need to express the
(highest weight) state [(0, 1)(0, 1)) in terms of the states [(1, 0)(1, 0)) ® |(1,0)(—1, 1)) and

10
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[(1,0)(—1, 1)) ®][(1, 0)(1, 0)). We do this by using that |(0, 1)(0, 1)) is a highest weight state,
i.e LT](0, 1)(0, 1)) =DL;“%0, 1)(0, 1)) = 0. In this case, we only need to consider

L7I(0, )(0, 1)) = A LT (al(1,0)(1,0)) ® [(1, 0)(—1, 1))
+b[(1,0) (=1, 1)) ® [(1,0)(1, 0)))

= (ag~ " +bg"h1(1,0)(1,0)) ® |(1,0)(1, 0)) =0, (20)
from which it follows that

q1/4 q—1/4
0, DO, 1))=——=|(1,0)(1,0) ® |(1,0)(=1, 1)) — 1,0)0(—1, 1)) ® [(1,0)(1, 0)),
10, 1)(0, 1)) mu )(1,0) @ |(1,0)(=1, 1)) m'( )(—1, 1)) ®|(1,0)(1, 0))

21

where the overall sign (or better, phase) is our convention. In general, we choose the overall
phase to be such that for ¢ = 1, the Clebsch—-Gordan coefficient with the highest possible
weight on the left-hand side of the tensor product is real and positive (we spell out all our
conventions in detail below). We should note that this state |(0, 1)(0, 1)) is orthogonal to the
state | (2, 0)(0, 1)) (equation (16)), as it should. Thus, we find the following g-Clebsch—Gordan
coefficients:

O O 1/4
(Lo (@,0 ©On _ ¢
(Lo (=L 1) O, 2]

O O s
(1,0) (1,00 (0, D q

-LD Lo O, " V2T =

(22)

We can find the other coefficients related to the states | (0, 1)(1, —1)) and | (0, 1)(—1, 0)) by
first acting with the lowering operator L; and subsequently with L on the state |(0, 1)(0, 1)).
Without spelling out all the details, this gives the following g-Clebsch—Gordan coefficients:

ﬂ(1,0) (1,00 (0,1 . _ g™ ﬂ(1,0) (1,00 (O, D . _ g 24)
1,0y 0,-1) d,=-1)  VI2] O, =D @0 d,-1) V12]
O O U O O s
Lo (@0 O _ ¢ Lo (@O O _ 4
LD O-D L0 2] O, -h LD L0 , V12T
(25)

With the information we have given so far, it is possible to obtain all the g-Clebsch—
Gordan coefficients which do not involve the representation 8. In the following subsection,
we explain the subtleties which arise when dealing with this representation.

5.2. Dealing with multiplicities

In this section, we explain how to deal with the two kinds of multiplicities, namely weight
space multiplicity and fusion multiplicity.

The eight-dimensional adjoint representation of su(3) has the property that the ‘weight’
(0, 0) corresponds to a two-dimensional weight space. In other words, the two states
Ly L7|(1,1)(1,1)) and L7 L;|(1,1)(1, 1)) are linearly independent. Thus, we choose a
basis for this weight space. We pick the following basis, which is orthonormal:

0 0
L7Ly + LyL7

1, 1)(0,0)4) =
[(1, 1)(0, 0)+) ATED

|(1, D(L, ). (26)

11
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We now have the following relations for the action of the lowering operators on the states
‘above’ the weight (0, 0) space

- r 2] +1 r 2] -1
Lyld, D@, =) = ——I[, D(0,0),) + 511, D(©,0)-) 27)
r r
2] +1 2] -1
Ly1(1, D(-1,2)) = L J2+ (1, 1)(0, 0),) — L JZ I(1, 1)(0,0)-), (28)

while the action of raising and lowering operators on |(1, 1)(0, 0)+) is given by

+ ' 2] =1
LTI(1, 1)(0,0)1) = 5 (1, D2, =1))
r TS 29)
L3|(1, 1)(0,0)+) = £ %I(l, (—1,2))
_ ' 2] £1
L71(1,1)(0,0)4) = > [(1, (=2, 1))
r (30)
2] £1

Ly 11, DO, 0)x) =+ ——I[(. D, =2)).

The fact that one has to choose a basis for the two-dimensional weight space | (1, 1)(0, 0))
is not the only subtlety which arises in conjunction with the representation 8. Consider the
su(3) tensor product 8 ® 8 = 1 H 8 ® 8@ 10 & 10 & 27. One finds that in the decomposition,
the eight-dimensional representation appears twice. At level k = 2, or in other words, for
g = e*™/5, only one of these two eight-dimensional representations is present in the fusion
product, which reads 8 x 8 = 1+8. One is thus led to the question, how can one decide which
eight-dimensional representation to pick?

In solving the highest weight conditions L][(1, 1)(1, 1)) = L}[(1, 1)(1, 1)) = 0, one
finds a two-dimensional space of solutions, as one should. A convenient way of writing the
two solutions is as follows:

[(1, D(L, D) = J&T%'U’ D(1, 1)) & [(1, 1)(0, 0),)
+L3/4I(l, 1)(0,0)+) ® |(1, 1)(1, 1))
[A]+1
- &(I(l, D(-1,2) |1, DEZ, -1)
2(14] + 1)
+1(1, D2, -1)) @ (1, D(—1,2))) (31)
g3
[(1, D(1, D)2 = wl(l, D, D) ® 1, 1)(0,0)-)
- ﬂI(L D(©0,0)-)® [, H(, D)
4] -1
ﬁ(l(l, D2, -D) ® |1, 1)(-1,2))
2(14] - 1)
=1, DH(=1,2)) & [(1, 1)(2, 1))). (32)

12
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We observe that for generic ¢, the states are orthonormal. However, for ¢ = e*™/>, we have

4] = 1, which means that the state |(1, 1)(1, 1)) is not normalizable’. Thus, we conclude
that at level k = 2, the state | (1, 1)(1, 1)), corresponds to the eight-dimensional representation
which is present in the fusion product 8 x 8 = 1+ 8, while the state |(1, 1)(1, 1)), corresponds
to the representation which is present in the tensor product, but not in the fusion product.

Atlevel k = 3, i.e. ¢ = e*™/%, both eight-dimensional representations are present in the
fusion product: su(3)3 is one of the simplest theories which exhibits a fusion multiplicity.
Therefore, we also give the g-Clebsch—Gordan coefficients for the su(3)3;/Z3 theory, which
contains four representations, 1, 8, 10 and 10, see appendix B for more details. In particular,
we have the following fusion product:

8x8=1+8+8+10+10, (33)

where the first 8 in the fusion product corresponds to the one present at level k = 2, while the
second 8’ corresponds to the one appearing for the first time at k = 3. So, in the case at hand,
there is a natural choice of a basis for the two-dimensional space corresponding to this fusion
multiplicity, namely in ‘order of appearance’ when the level k increases. In fact, for su(3), it
is always possible to make such a choice, because the so-called threshold levels for the fusion
coefficients of su(3) differ by 1. We note, however, that this property is special for su(3). For
more on this, we refer to section 16.4 of [11].

With this information, we dealt with all the subtleties arising from the adjoint
representation of su(3).

5.3. Gauge convention for the q-Clebsch—Gordan coefficients

In the calculation of the g-Clebsch—Gordan coefficients, one must choose conventions for the

overall phases of the cogfficients. Ip this section, we explicitly describe our choice. To fix the

Ji J2 J
m; m

gauge for the symbols for a particular choice of jj, j, and j, it suffices to fix

the phase of one of the symbols. It is convenient to fix the phase of the symbol with m = j,

and the highest possible weigRt nm; = mmax. We have chosen this phase in such a way that in

Ji J2 J
Mmax J = Mimax J

This gauge choice for the q-Clebsch—Gordqan coefficients also completely specifies the
gauge degrees of freedom for the ¢ — 6 symbols, because they are fixed by the g-Clebsch—
Gordan coefficients. Our gauge choice is such that the g — 6j symbols with a trivial particle
on any of the incoming lines is equal to 1, when no vertices with a fusion multiplicity are
present. When ¢ is the primitive root of unity corresponding to the associated Chern—Simons
theory, the ¢ — 6 symbols with a trivial particle on the outgoing line is also equal to 1 (again
assuming there are no vertex multiplicities) .

the limit ¢ — 1, this symbol is real and positive.

5.4. Symmetries of the q-Clebsch—Gordan coefficients

In this section, we give the symmetries of the g-Clebsch—Gordan coefficients. Due to these
symmetries, we do not have to calculate all the g-Clebsch—Gordan coefficients. We first state
these symmetry relations and explain them afterward:
o, . .4 o, . .0
J2onn = (—=1)" Ju.oJ2 34)
my mj m q ni m; m
q

3> One might be tempted to multiply the given expression for this state by +/[4] — 1 to obtain a state with a good
limit as ¢ — e*7/3, This indeed yields a state with finite coefficients, but it will have norm zero with respect to our
complex conjugation-free inner product.

13
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u . . .U U, . U
J1 J2 J _ (_1)32+#<0.0)_ JuoJ2 (35)
—m; —m; —m q my mp; m
q
Df e iy D D . . . D
J1 J2 J — (_1)‘Y3+#(0,0), J1 J2 J (36)
m; m; m my  my ’
q q

where, as before, we used the j’s and m’s to denote the highest weights and the weights
of the states in the representations, respectively. By the conjugate weights (denoted by the
overline), we mean the following. In the case of su(3) the weight conjugate to m = (Aq, X»)
is m = (A,A2) = (A, A1). However, for so(5) and G,, weights are self-conjugate
m = (A1, X2) = (A1, X2). In the equations above sy, s, and s3 are either O or 1, depending
on the case at hand (see the tables in appendix A.3.10 and appendix B.2). In addition, with
#(0, 0)_, we mean the number of m, m,, m which are equal to (0, 0)_ in the representation 8
of su(3), see below for an explanation.

The first relation (equation (34)) is related to the symmetry of the tensor products. When
Jj1 = Jjo, the value of s is gauge invariant and cannot be chosen. However, for j; # j,, the
value of s; is a gauge choice. As noted in section 5.3, we always choose the overall phase
of the states in such a way that the g-Clebsch—Gordan coefficient with m = j and with the
highest possible value of m, is positive in the limit ¢ — 1. Note that the highest possible
value of m; is not always equal to j;. This choice completely fixes the gauge and hence
also s;. In the tables in appendix A.3.10 and appendix B.2, we give the values of s in our
gauge.

The relation (equation (35)) relates the g-Clebsch—Gordan coefficients ‘within’ a certain
representation. This relation stems from the fact that one can equally well obtain the whole
representation by acting with raising operators on the lowest weights, instead of acting
with lowering operators on the highest weights, as we do here. The value of s, depends
on the representation at hand; this value is specified in the tables in appendix A.3.10 and
appendix B.2. Finally, the last symmetry relation (36) corresponds to the symmetry under
complete conjugation.

There is one important issue, which occurs for both equations (35) and (36), which is
related to the conjugation of the weight (0, 0)_ in the eight-dimensional representation of

su(3). Loosely speaking, we have the relation (0, 0)— = —(0, 0)_. This means that for every
time the (conjugated) weight (0, 0)_ appears in equations (35) and (36), we get an additional
sign.

Finally, we also note that the only case in this paper for which s3 = 11is the 8’ representation
which appears in the fusion product 8 x 8 =1+ 8 + 8 + 10 + 10 of su(3)3/Z;.

6. Obtaining the R-symbols

After having obtained the ¢g-Clebsch—Gordan coefficients, it is rather straightforward to obtain
the R-symbols as well. We make use of the explicit expression for the R-matrix. This
expression is rather cumbersome for arbitrary quantum groups, but we only need a very
limited amount of information contained in this expression to extract the R-symbols. In
particular, the expression contains a product over all positive roots. The ordering of these
positive roots is important, but we will not specify this ordering, because it is immaterial for
our purposes. In addition to this product, there is a pre-factor, which we need to obtain the
R-matrix elements.

14
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With these caveats in place, we give the structure of the R matrix:

won; Y 1l by _hg
R = q(qu),-.,, e E;Q_IZ q 2)(eaq * ®q 4 fa)’ 37)

a>0
P Tn-1)
X 0 4 n
where Ef = — 5 x"

h;®h; . . .
The overall factor, q(F aij T , contains the quadratic form matrix Fyr, whose components

in terms of the inverse Cartan matrix elements and the integers #; read (Fgf);; = (A™1);;/t;,
where there is no summation over j. Recall that f; = (a—za), with «; being the simple roots of
the algebra. For simply laced Lie algebras, such as su(r + 1), all the t; = 1. The short roots
of B,, C, and F4 have t = 2, while for the short root of G,, one has t = 3.

The product is over all positive roots of the algebra and the factors consist of exponentials
of raising operators e, acting on the left tensor factor, and lowering operators f, acting on
the right tensor factors. It is this structure which allows us to obtain the R-symbols from the
pre-factor alone, as we explain below, and give an explicit example for clarification.

In the calculation of the R-symbols one first acts with the R-matrix on a particular tensor
decomposition, followed by swapping the tensor factors. This combined operation is denoted
by o R. This gives rise to the tensor decomposition in which the representations are swapped,
up to an overall phase factor. The R-symbol is precisely this phase factor. We now explain the
calculation of the R-symbols R7""” in detail.

First of all, the R-symbols R;"” depend only on the representations ji, j, and j, and not
on the particular weights within these representations, as is the case for the the F-symbols.
We can thus pick a particular weight in the representation j to obtain Rf'j ?, which we take
to be m = j. We restrict ourselves further by only considering a suitably chosen term in the
decomposition.

Namely, we pick that component of the tensor decomposition which has a lowest possible
weight in the left factor of the tensor product. By this we mean that one cannot subtract a root
from this weight and obtain another term in the tensor decomposition.

Because all the raising operators in the R-matrix act on the left factor of the tensor product,
the only contribution to the component in the tensor product with this lowest possible weight
on the right (after performing the swap o!) comes from the component with the lowest
possible weight on the left. In addition, it is only the identity term in all exponents which
contributes, because all the other terms contain raising operators on the left tensor factor.
Thus, the knowledge of the two corresponding g-Clebsch—Gordan coefficients and the factor

hi®h

gFii 3" suffices to obtain the R-symbols. B
To show how this works, we give an explicit example. Let us consider the 3in 3 x 3, and
take the highest weight of 3:

I(O,l)(0,1)>=%I(I,O)(I,O)MI(I,O)(—I,1)>—%|(1,0)(—1,1)>®|(1,0)(1,O)>.
(38)
We let o R act on the term —%Kl, 0)(—1,1)) ®1(1,0)(1, 0)) and find
S RG S R
oR —ﬁ|(1,0)(—1,1)>®|(1,0)(1,0)> == I(1,0)(1, 0)) ® I(1,0)(—1, 1))
= (—q*“)j%m,om, 0) ® [(1,0)(=1, D). (39)

15



J. Phys. A: Math. Theor. 43 (2010) 395205 E Ardonne and J Slingerland

Comparing this result to the first term in equation (38), we find that R§’3 = —q~%3. In general
(including the non-simply laced case), we obtain the following expression for the R-matrix

elements .
h ] i
J1 J2 J

min  J — MminJ

i (40)

lel~]2 — q%mmin'qu'(}_mmin) h - - -
J J2 M J
J = Mmin  Mmin~J q

Where Mpin 1S the lowiest possible weight mentioned earlier, i.e. my;, is chosen so that

o ]._m”, w jz ; = 0 for all simple roots «, and nevertheless the CG-coefficients
in the formula above are nonzero. Note that we assume that the weights are given in terms of
their Dynkin labels (hence the appearance of the quadratic form matrix Fys). Finally, let us

note two symmetries of the R-symbols which exist in our gauge:

a,b
R = Rba R*b = R%”. 41)

7. TQFT data

In this section, we briefly describe some of the topological data associated with a topological
quantum field theory. We will not go into a lot of detail to explain the theory behind this data.
For this, we refer the reader to, for instance, [1] or [14]. We frequently use the data of su(3),
as an example and refer to the appendices for the corresponding data of the other models.
We note that the formulas for the various quantities hold in the case of unitary anyon models,
which corresponds here to the cases where ¢ is a primitive root of unity.

7.1. Quantum dimensions

The quantum dimension d, associated with a particle of type a is defined in the following way:
1

do = Fma ] 42)

a 1.1

Though this is not obvious from this definition, the Hilbert space of n particles of type a grows
as d}}. The quantum dimensions of the six representations of su(3), are given by

d=1 d3=d3=L3J—>¢ d6=d(5=1+|_5j—>1 d3=|_3J+|_5J—>¢,
(43)

where the numerical Valuepare obtained for g = e and ¢ = “Tﬁ In particular, the total
quantum dimension D? = d? =32+ ¢).

7.2. Frobenius—Schur indicator

g 0
The phase or, in our gauge choice, the sign of the F-symbol F&%¢ is called the

a 11’
Frobenius—Schur indicator fb, = d, F*%¢ 11+ In the case of a self-dual particle, @ = a,
this is a gauge invariant quantity, which takes the values 1. In the case of non-self
dual particles, the Frobenius—Schur indicator is often defined to be zero, but we will not
do this here and we simply keep the definition above. Concretely, this means we have
fb1=fb3=fb§=fb6=fbg=fb3=1.
In section 7.4, we give an expression for the Frobenius—Schur indicator of the self-dual
particles (of modular theories) in terms of the so-called twist factors.
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7.3. Theta symbols

In this section, we give the value of the ‘theta’ symbols. These depend on our choice of gauge.
By the ‘theta’ symbols, we mean the following diagrams:

b

We denote the value of the theta symbols by ©# (a, b, ¢). These symbols can easily be evaluated,
by applying the appropriate F-symbol, and by noting that tadpoles give zero contributions:

da.be)= F&"P didp. (44)
: T e
Our choice of gauge implies that F;*”” | ==+ Z%, so we find that
p_
l?((,l, b, e) == dadbdea (45)

0 -0
where the sign is just the sign of the F-symbol F&»? .
following symmetries: ’

O(a, b, e) =0(,b,e) Y(a,b,e) =0(b,a,e) V(a,b,e) =V (e, b,a). (46)

Thus, by specifying the following values, all the theta symbols for su(3), are determined:

The theta symbols have the

- 3 - p—
9@3.3,3) = —dy 9@3,3,6) =d; ds

p— _ p_— 47
93,3,8) =ds ds 93,6,8) = — dsdeds

96.6.6)=d; (8,88 =dj. (48)

Note that if any of the labels is the vacuum representation, the theta symbol is just the quantum
dimension of the remaining representation.

7.4. Twist factors

The twist factors or topological spin of a particle a is denoted by 6,. In general, the twist
factors are given by

6, = 0; = fb, R} ™. (49)

In those cases where the TQFTs are associated with conformal field theories, 6, is also
given by 8, = >« where h, is the scaling dimension of the corresponding primary field in
the CFT. Again, taking su(3); as an example,

6y = 1 0y = 03 = e2Tih — et = g*/3 (50)

. 20xi . 6xi
96 — 96 — e27‘[1h6 — i) — q10/3 98 — eZT[lhg — et — q3. (51)

In addition, one can express the Frobenius—Schur indicator for self-dual particles in terms of
the fusion coefficients and twist faﬁorsas follows:

1 X 0.
D2 Nap’ = dadp, (52)

fb, = ;
a,b b

where the summation variables a and b run over all particle types, and ny , denote the fusion
coefficient. In particular, we find that both fby = tbg = 1 for su(3),.
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7.5. Central charge

The central charge of the theory can be determined (modulo 8) by using the result

2ric 1 X 2
F =2 da, (53)

a

which leads to the expected result ¢ = % for su(3),.

7.6. The tetrahedral symbol

Finally, we mention a relation between the F-symbols and the so-called tetrahedral symbols.
The tetrahedral symbols are related to the F-symbols one-to-one, and are proportional the
the F-symbols. The advantage of the tetrahedral symbols is that they satisfy more symmetry
properties. In actual calculations, however, one always needs the F-symbols, so will tabulate
those instead in the appendices.

The tetrahedral symbol is represented as

0 .0
To calculate the value of the tetrahedral symbols, one applies the F-symbol F; bie o f The

only non-vanishing term in the sum (2) is the one with ' = f, and the resulting graph is

f 9
0 .z .0 m .,z .0
This graph is easily found to give Ff’f’f 119, d, /v (b, c, f). Using fF]{’f’f . 1H= é
and equation (45) for the theta symbols, we find that

O op——m—
Gla.b,c.d.e. f) = sgn(@(a.d. f))sgn(® (b, c. P)by Fy™* | " ddydedy, 54
¥ (a,b,c) Tl a,b }_JD .
where Sgn(ﬁ(a, b, C)) = \0(a:b:c)| = sgn Fa’ ' el

As we stated before, the tetrahedral symbols have more symmetry than the F-symbols.
This symmetry arises from the symmetry of the tetrahedron. Thus, the following relations
generate the full symmetry. Note that we have to take the conjugate representations in those
cases where the arrows are reversed before and after ‘rotation’ of the tetrahedron:

Gla,b,c.d,e, f)=Gd, f.b,e,a,¢) =Ce,c, f,a,d,b)
Ga,b,c,d,e, f)=G(c,d,a,b, f,&) (55)
Gla,b,c,d, e, f) = G(c, b,a,d, f, e).

8. Applications, discussion and outlook

The topological data calculated in this paper can be applied to calculate various properties of
physical systems. Particularly interesting examples of such systems occur in the context of the
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fractional quantum Hall effect. It has been proposed that (some of) the topological properties
of fractional quantum Hall states can be measured by means of interference experiments, see
[15] for the Moore—Read state [16] case, [17] for the Read—Rezayi states [18] and [19] for an
account of the general case. Recent and promising experiments in this area are described in
[20-22].

Of course, apart from what may be experimentally measurable in the immediate future,
it is also of interest to determine the full representation of the braid group which governs the
exchange properties of the non-Abelian anyons in these Hall states, not in the least because
a knowledge of these braid group representations or indeed of the full TQFTs describing
these states is needed in the design of gates and algorithms for future topological quantum
computers based on these states. In [23], the braiding of quasiparticles in the the Read-
Rezayi states was investigated using quantum groups and we hope the present paper makes
it obvious how similar calculations can be done for more complicated systems. Braiding
properties can also be deduced by considering the full CFT correlation functions describing
the non-Abelian excitations, as was done in [24] for the Moore—Read state. The U, (su(3))
coefficients calculated in this paper match up with CFT-correlator calculations in [25], where
the su(3),-based spin-singlet state of Ardonne and Schoutens [26] was considered, as well as
with the Read-Rezayi states.

An interesting recent development is the study of anyonic quantum spin chains [27, 28].
Non-Abelian anyons are the basic constituents of these chains, and the F-symbols are essential
in the construction of the Hamiltonian. For more details, we refer to [29].

On a more formal level, the coefficients calculated can be used to study relations between
different anyon models, such as those based on coset-theories. For instance, from the
explicit calculation of the F-symbols of the Z3-parafermion theory in [30], where the pentagon
equations were solved directly, we know that these symbols are equivalent to those calculated
here for su(3),.

A potentially interesting mathematical problem would be to calculate g-deformed
Clebsch—Gordan and 6 j-coefficients for the full set of irreducible representations of U, (s{(3))
at all levels. The multiplicities could be dealt with by the method of threshold levels discussed
in section 5.2. This should also yield a particularly interesting set of bases for the CG-
coefficients and 6 j-symbols of SU (3) itself in the limit where g approaches 1.
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Appendix A. The case su(3)

In this appendix, we give the topological data, g-Clebsch—Gordan coefficients and F-symbols
in the case of su(3),. However, we first summarize the data for the finite-dimensional Lie-
algebra su(3). For much more detail on the theory of finite (and infinite)-dimensional Lie
algebras, see for instance [11-13].
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Figure Al. The weights of the su(3) representations 3 and 3.
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Figure A2. The weights of the su(3) representations 6, 6 and 8.

The g-Clebsch—Gordan coefficients, i.e.
o, . , O

JuoJ2 3

mp mp; ms3 q
are tabulated in the following way. First, the various sections are labeled by the explicit fusion
rule j; x j,. In this section, one finds the coefficients of all the possible fusion outcomes j3.
The coefficients for a particular j; are given in a table, whose rows are labeled by m, and the
columns by m,. In the case that there are no weight space multiplicities, this uniquely specifies
ms = m + my. In the case of the eight-dimensional representation of su(3), 8, the weight
(0, 0) corresponds to a two-dimensional space, whose basis states we denote by (0, 0), and
(0, 0)_. Often we can compactly combine the symbols for m3 = (0, 0)1. In cases where this
is not easily possible, the g-CG coefficients with m3 = (0, 0), and m3 = (0, 0)_ are given in
separate tables, while the locations in the original table for which m; +m, = (0, 0) are marked
by X.

A.l. Generalities on su(3)

The Cartan matrix of the simply laced Lie algebra su(3) and its inverse read

U ) lﬂ 72 g
- —1
A = A = Iy = 1

1 2 (A.1)

1
2

W | =

The representations relevant for the su(3), theory are 1 = (0, 0),3 = (1, 0), 3=1(0,1),
6 =(2,0),6 = (0,2) and 8 = (1, 1). In figures Al and A2, we give the structure of these
representations for completeness. Here and below, arrows pointing ‘to the left’ correspond to
the subtraction of «;, while arrows pointing ‘to the right’ correspond to the subtraction of ;.
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Table Al. The fusion rules of su(3),.

x 3 3 6 6 8
3 3+6

3 1+8 3+6

6 8 3 6

6 3 8 1 6

8 3+6 3+6 3 3 1+8

A.2. The topological data of su(3),

In this section, we give the relevant topological data for su(3),. The fusion rules of the theory
are given in table Al. The numerical values of the data are obtained from the general ones in
terms of g by specifying ¢ = e*™/.

The quantum dimensions are given by

d =1 d3=d3=L3J—>¢ d6=d(;=1+|_5j—>1 d3=|_3J+|_5J—>¢,
(A2)
which gives D> = d?> = 3¢ + 6. The twist factors are given by
0 =1 03 = 03 = ¥™h — ety = g4/3 (A.3)
06 = O = e2mihe e% _ q10/3 Oy = e2mihs _ e% _ q3. (A.4)

The Frobenius—Schur indicators of the self-dual particles are fby = fbg = 1 and finally, the

central charge is ¢ = '—56

A.3. The q-CG coefficients relevant for su(3),

In this section, we give the g-CG coefficients in the case of su(3);.

A3.1.3x3=3+6.

| (1,0) LD ©.-D (1,0) (=11 0, —1)
I . I
(-1, 1)—% | jt% (-1, 1)‘ %” 1] %

The ¢-CG coefficients for the 3 in 3 x 3.

A32.3x3=1+8

0D d,-) (=10
1.0 | o
0. -1 2%

The g-CG coefficients for the 1in 3 x 3.

The g-CG coefficients for the 6 in 3 x 3.

| (.1 (1, —=1) (—1,]0)
(1,0) ‘ 1 | 1 | ;T“il)
(—1,1)‘ 11 qu“(i‘jiij) 1
(0,—1)‘i¢% 1 1

The ¢-CG coefficients for the 8 in 3 x 3.
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A33.3x6=8.
(2,0) 0, 1) (=2,2) (1,-1) (=1,0) 0,-2)
: 1 : T T
(1,0) & q" 3] Nl 47 G5 4F )
- 1 3 3 1 —
_ _ _1 ﬂ _q_f q3Fq * q2 1 LZJ
=L Dj=q7% 4 & q L22ED ) Kl gt 13
—_— —_— | 1
0, —1)|—g—i Bl _ - ki 2 a2 g2
’ 4 B 4 213] 4 3] NE) 6l
The ¢-CG coefficients for the 8§ in 3 x 6.
A34.3x6=3.
0, 2) 1,00 L, 2,-2) 0,-1) (=2,0)
% 43& l\i |_2J
(1.0 el q w9 T
(-1, 1) _ q% e ‘f%
’ q__ «@ , [4] V14]
_ -3 121 g3 q 4
O.-Dle™> & @ VA
The g-CG coefficients for the 3in 3 x 6.
A353x8=3+6.
L,y L2 2,-1 0,0)+ (-2, 1,-2) (=1,-1)
(1.0) g7 JIIF1 2 VB3I PENIE]
’ ] 2L21J [4] [2]14] V12]14]
(-1, 1) _ VB3] (Fq4—q H)V12]F!1 _ _/13]
’ 1 ] [2]14] 21\_2] [4] V12]14]
0, —1) g 2J/13] q 213 :l:qiiszJ:Fl
’ VI12]14] V12]14] V212]14]
The g-CG coefficients for the 3in 3 x 8.
(L) (=1,2) (@2,-1 0, 0)+ (=2,1) (1,-2) (=1,-1)
1 1 T
q* g4V/12]+1 1 g% 1
(1,0) NV + V2(2] 2] 2] 2]
(-1,1) _ff% _ﬁ (iq%—tf%)m é q%
’ [2] [2] V2(2] [2] NV
0, —1) -+ _ L 4t _ g ypE _gd
’ [2] 2] V2] V2|2] NV

The ¢-CG coefficients for the 6 in 3 x 8.
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A.3.6.6x6=6.
2,00 ©. 1 (=220 d,-1) (=1,00 (0,-2)
T | |
q2 q2 q2
.0 m T
_# _ q73 qi q7
©. 1) 1 13] [2]13] VI2]13] LI3J
— 9 2 . 42
(=2.2)| 7 1 Ve 1 o
1, -1 __q* 1 _ 1 __q*
’ , ZKJ 13] 3] L13J V12]13]
(—1,0) q 2 g __ 4% _ 1
’ @ V12 IL3J | V12]13] 13]
_7y| a2 a2 a2
O-2/m wmw V@
The ¢-CG coefficients for the 6 in 6 x 6.
A37.6x6=1.
0,2 1,00 (LD 2,-2) (0,-1) (=20
2.0) =
1
2
O, 1 - %15“1
1
1
(1, -1 | I
T2
(~1,0) —
0. -2)| 75
The ¢-CG coefficients for the 1in 6 x 6.
A3.8.6x8=3
3 3
kS 7
2.0 v e
©. 1) EPENV/FIES} 1 g
’ 1 V2[2]14] L2Jl 14] V12]14]
7 kS
(=2,2) vo) — U
(1. =1 gt (g HYPET g2
’ V12]14] V212]14] [2]14]
(—1,0)|— -2 | ¢4 JITET
’ v L2J3L4J , V12]14] Vv2[2]14]
4 4
02| -t -t

The ¢g-CG coefficients for the 3in 6 x 8.
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A39.8x8=1+8.

(1, 1) (=1,2) 2,-1 0,0)+ 0,0)- (._2’ 1) (]1,—2) (=1, -1
1,1 g1 0 q2 JI2J+ T g2 J2J+1 X
(—1.2) _ VBT =g i=giegt g VO] x 2 V2
’ 2+ 2/ 2141+ VA
@ —1 /I gt —gteqi gty X 4% JI2IF
’ V2(14]+1) 2J14]+1 2/14]+1 V2([4]+1)
©0.0) g i B B S i e | X x gt —ghagt —g i _ghagt PE
D | U 2T 2T FVE WERT VA
RN} IV ENE] PENIE]
©.0-1 0 “SEe S X X b B v e S
(—2. 1) |ciyem x VLI LRV B k| N i
’ V2(14]+1) 2J14]+1 2/14]+1 V2([4]+1)
(1.-2) g% Y x —ghogivi R yE Y
’ V2([4]+1) 2J14]+1 2J/14]+1 2([4]+1D)
—1.-n| x (CIVEET by g i 0
’ 2(14]+1) 2(14]+1) V04]+1
The ¢-CG coefficients for the 8 (when m # (0,0)+) in 8 x 8.
1, (=12 2, -1 0, 0), ©0,00- (=2,1) (1,-2) (=1,=-1
1
g%
(1, 1) AT
1 1 3
g Frqitgh
(-1,2) 2/[4]+1
1 1 3
7q71+q1+q3
2, -1 BV >
1 1 3 3
—2(¢ 4+q4)tgr+q 4
0,0)+ — a AT 0
3 3
qi+q 4
0,0)- 0 2T
1 1 3
g F—qi+g
(=21 2/[A]+1
1 1 3
_ ¢ i qiigd
(1, =2) U
1
P
(=1,=-1 U
The ¢-CG coefficients for the 8 (for m = (0,0),) in 8 x 8.
L1yH -,2) 2-1) 00, ©00- (2,1) (,-2) (=1,-D
(1,1 0
1
— q4/13]
=12 214+
1
_ _q*/13]
2. -D 241+
3 3
gi+q 4
0, 0). 0 EN/EIES
3 3
qi+q 4
©.0)- N
1
_ _q *J/13]
(=2, 1) 2JTA]+1
1
_ q_*/13]
(1,-2) 241+
(-1,—-1)| O
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Table A2. The parameters s, s, and s3 in the symmetry relations between the ¢g-CG coefficients
for su(3)2, as explained in section 5.4.

JioJ2 J os1oos2 os3 jv o j2 ] st s2 8
3 3 3 1 1 0 6 6 6 0 0 O
3 3 6 0 0 0 6 6 1 0 0 O
3 3 1 0 0 0 6 8 31 1 0
3 3 8 0 0 0 8 8 1 0 0 O
3 6 8 1 1 0 8 8 8 0 0 O
3 6 30 0 0
3 8 3 0 0 O
3 8 6 1 1 0

L,nH L2 2,-1) 00, 0,0- (=2,1) d,-2) (=1,=-1
(1, 1) | o
1.2 v
@2, -1 —ﬁ%
0.0). L21JL4J 0
(0,0)_ | 0 mﬁ
(-2, 1) l—ﬁ%
(1,-2) . — b
(=1, =1)| Zr

The g-CG coefficients for the 1in 8 x 8.

A.3.10. The relation between the q-CG coefficients. In table A2, we specify the coefficients
s1, $» and s3, which appear in the symmetry relations between the various ¢g-CG coefficients
as explained in section 5.4.

A.4. The F-symbols for su(3),

In total, there are 405 F-symbols. Out of these, there are 147 symbols which have a 1 on at
least one of the outer lines. In the gauge we chose, all these symbols are equal to 1. Moreover,
because the F-symbols are 'ﬁlvariaﬂt undeﬁth_e_o_[ﬁration of taking the conjugate representation
of all six indices, namely F ;’b’c of = Fg’b’c ;. p» We only list those symbols which either
havea =3,a =6o0ora =8.

All those symbols which have at least one 6 or 6 on the outer lines correspond to a
one-dimensional transformation and reduce to £1 for ¢ = e?*'/3, but we list these symbols
for general g. It turns out that there are only ten independent values:

333 336 _ 336 _ 333 _ 333 336 _ 336 _ -3.63 _ 363 _ 363

R R R D e o o N
366 _ 363 _ 633 _ 633 _ 633 _ 636 _ 633 _ 663 _
=R =Y = = = R =R =TT =R =1 (A5)
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3.3,6 3.3.8 3,6,6 3,6,8 3.8.6 3.8.6 6,33 6,3,8 6,6,3
Fgrt=F P = = F % = F% = F% = g7 = F)7° = Fy
— F;,G,S — F;’8’3 — F—6’8’3 — F8,3,3 — F68,3,6 Fg,3,3 — Fg,3,6 — F§,6,3 — F38,6,6
6 6.6 B
— F363 _ 866 _ (A.6)
3 } RPINEER |
F3 3,6 — F3,6 6 — F6 33 F6 6,6 F6,6,3 — F—6’6’6 A7
6 3 6 3 6 LSJ 1 ( )
3 36 1
F363 _ p363 _ p636 _ p636 _ _ A8
6 6 3 3 I_SJ +1 ( )
336 366 633 663 2]
R = BY = R = R = -5 > - (A.9)
F;68 F_388_F8638_F_688:F:36=F£,36=Fg63:Fg,6,3
s "
3 z 1 21+ 13
= F383 — p383 _ g6 _ ph8e _ = R (A.10)
V212 13]-1
F83.6,3 — Fg,6,8 — FS,S,S — F;,3,6 — F36,3,8 — F36,8.6 — F;,3,6 — F§,3,6 — F68,6,3
z 1
¢ 0% = ! (A.11)
; ; ; 1
6,6,8 6.8.8 8.6,6 8.6,6 8.8,6 8.8.6
RO =Y = R = RV = RPN = Y = - -1 (A.12)
3.8,6 6,8,3 6,8,6 8,3,8 838
F¥ = FgY = 3 = P8 = F
_ pB68 _ p8.68 _ p868 _ g,é,s _ [3] N (A.13)
(3] + (5]
Z 1
F66.6,6 _ N (A.14)
5] +1

The remaining 72 symbols correspond to 18 different labelings of the external lines. We
give these 18 matrices explicitly below. Again, the internal labels e and f have to be inferred
from the others, and the ordering in the matrices is always according to 1, 3, 3, 6, 6, 8:

0

1

—1 [3]—1 O 0
333 _ i _@ VBl VBhip L —UNVe 19 (A15)
3 =13 13]-1 1 '
T o /¢ 1/J
0 1 \_2]./\_3]—]1 0 0
F333 _ 6] Bl A /¢ 1/Jé (A.16)
3 RIVEIET -1 1/Jé —1/¢ '
13] 13]
1 =1 1 0 O
F338 _ ;883 _ F%3_ @ VIBI+13] 2] /o —1/¢ (A1)
8 T3 [4]+1 VI2J+[3] /¢ 1/J9 :
V212/VI5I+[4]+]1 V2(2]
e VERI, VB U
388 _ ;833 _ 833 _ @VBIrBl V22IVISIHAIT o
F38 = F? = Ry _@;1 e Ve 1B (A.18)
2] V212]
0 1 JLT1 U 0
333 _ ;338 _ 383 _ ;833 _ 1833 o oA U Ve
F* = F = F F33? = F, _@JE . UJB )¢ (A.19)
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0 q 1
G T e -l VG
3 3 [31+15] 212 5]+ - -
F383 _ p838 _ 838 _ = (A.20)
’ 3 } E‘?_ﬁq B 131 —1/V 1/
(21> 5]+ (22
0 1 ! U U
88 _ BREEL VBEL 1/ 1/V9 (A21)
LS S VNSV '
BI+51  2(12)+13D)
A.5. The R-symbols for su(3),
We give the R-symbols below. We use the following symmetries to shorten the list
REO= R RO = RE (a2
With our conventions, we have
RM =1 (A.23)
RP=q Rf=q " RP=g7 (A24)
= = 2 = _5 _3 € _35
Ry = —¢75 Ry®=q75 Ry =g R$¥=—g72 (A25)
RP=q'  RP=-q  RE=gq (A.26)
R =go RY® = —g¢ RS =43 (A.27)

Appendix B. The case su(3)3/Z3

In this appendix, we give the topological data for the theory su(3)3/Z3, namely the ¢g-CG
coefficients, as well as the ' and R symbols. This theory contains four particles, which we
denote by 1, 8, 10 and 10, where the last two correspond to the su(3) representations (3, 0)
and (0, 3), respectively; the weights of these representations are given in figure B1. We note
that this theory is a ‘sub-theory’ of the full, modular su(3)s theory. However, the theory under
consideration is not modular.

The fusion rules are given in table B1.

The quantum dimensions of the particles are givenby d; = 1,dg = [3]+[5] — 3,d1 =
dig = (13] — 1)[5] — 1, where the numerical value is for g = e?™1/5. The twist factors are
given by 8; = 1, 65 = ¢ and 019 = 655 = ¢°. The Frobenius—Schur indicator of the self-dual
particles 1 and 8 is the same as for su(3),, namely fb; = fbg = 1, while also fbyy = fbjz = 1.

B.1. q-CG coefficients for su(3)3/Z3

In this section, we give the g-CG coefficients in the case of su(3)3/Z3. The Clebsch—Gordan
coefficients for the 1 and 8 in the 8 x 8 are given in the section containing the Clebsch—Gordan
coefficients for su(3),.

27



J. Phys

. A: Math. Theor. 43 (2010) 395205

E Ardonne and J Slingerland

(03,3) (0,0 (0,0 (3,73)
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\(0‘,33) (Jé{

Figure B1. The weights of the su(3) representations 10 and 10.

Table B1. The fusion rules of su(3)3/Z53.

X 8 10 10
8 1+8+8+10+10
10 8 10
10 8 1 10
B11.8x8=1+8+8 +10+10.
(1, 1) (=12 2, -1 (0,0)+ 0,0)— (=2, 1) 1,-2) (=1,-1
3 T T
q% q2J2I-1  _q2 V211
a1 0 AT A s X
(=1,2) _YRIEL _giVB] =g iaqiegl X _ 2D
’ 2(14]-1) Z;/HJ—I 2\/[4J|—l R ]/2(L4J—l)
@, —1) VI2J-1 g4 VBl —q t+qi+qd X g2 Y211
’ «/m . 21411 21411 l 1 V2(3-1)
EV/EI} EVIEI} 1VB] LRVEI
0,0+ 0 g A-1 _ga/w—l X X z/w—l _2{]444]—1 0
©0.0_ | - P e DAVLE POT  J pos X x g Yegtegd —ghagiegd i
? {W 2141 21411 1 Lo 24T 2141 V4=
(=2, 1) |—£/e X _ g 3Bl —q 3—q i+gd _ YT
’ m 2@ 23\/@ 1 V2(A-D
a1, -2) q 21211 ¢ VB —q *-q *+q* VI2]-1
’ V2(14]-1) ] ] 2J/14]-1 2«/[4J;l 2(14]-1)
(-=1,-1 X g 221 _q 2J2]-1 0 __q*
’ 2(14]-1 2(14]-D V04-1
The ¢-CG coefficients for the 8 (when m # (0, 0)+) in 8 x 8.
1D (=12 2, -1 0,0) 0,0)— (=2,1) 1,-2) (=1,-1
T
__9*
(I, 1) N EIE
“d4g7—g1
(_1s 2) q 2«/%]
1 1 3
“T4gd g7
2,-1) %
3
e S
(0,0), 2" wj] 0
1 1 3 3
2—q T+q¥)—g T4q1
(0,0)_ 0 %
1 1 3
—q i —qi4+q 7
=21 : 2 LZj—lq
1 1
P B
a.-2 o LZJ—lq
1
(1, =D|
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) -1, s T tl + ] - T4y s -1, =
a€an 1,2 @2,-1) (0,0 0,00 (=2,1) 1,=-2) (—1,-1)
(1, 1) 0
1
_ _49%V/13]
(=1,2) 2T
1
2, -1 q3J/13]
’ 2J14]-1
3 3
—q 141
0,0), 0 S
3 3
—g 1+q7
0,0)- it 0
1
_ _ 9 *V13]
(=21 2J/14]-1
1
_ q 4J/13]
(1, -2 2J/14]-1
-1,-1| O
The ¢-CG coefficients for the 8 (for m = (0,0),) in 8 x 8.
a1 (=12 2, -1 0,0), (0,0)— (=2, 1) 1,-2) (L=
1.1 ¢ NEiE] oS ¢t IR >
’ o) AIT] /10 VBTG V12131 [FIV/E])
(-1,2) q7 q2JI2]+1 q2J/12]-1 9% 1 q_ 3
’ 1 . VI2I3] 212107 20103 Vel 2IVE] VI
Q-1 | - R =g D) JEFT  (1+g" ) /T | o
’ 2] VBT ] V225 202103 FIvE) . V2I3)
(0 0) _ MR+ g 2 VI2]+1 (=1+g2)JI2]+] (g2 —g 2)([2]+D) 1 q2/[2]+1 (1=¢~2)J/12]+1 V12]+1
el 22113) 220 2213] 2021V3] o2 22103] 2213] 212113)
0,0) |—~BET g JVEET (Clog )yt _1 @ 2-g)2)-) _ q2JII-T (-1=¢")VDI=T _ JI2I=T
= 22]3] 22]3] 21213 . 221 22103 2TI) GIRITE]
(—2,1) q* _a i 1 42 VI ¢ YT g3
’ 216 J21 2IVE] 212113) 202113) . V2I3)
(1 -2) |-t 1 CleghHVEET VBT i il
’ MEE] 2V . 212103 212113 NaE] . 0]
(=1, =1)| — =42 __4% 43 _ /I VI2J -1 gt
’ RIVB] V2131 V2131 V221131 V22I13) 2]
The ¢-CG coefficients for the 10 in 8 x 8.
B.1.2. 10 x 8 =8.
11 =12 @-1 0,0)+ 0,0)— (=2,) 1,-2) (=1,-D
3
ERYVI] ARV
(3.0 7B 1 V151
a1 _ V2I(2J+D _ Y2I2]=D VRl AVl
’ , | V2BIB] | V2BIL] VB3II5] BIsI
3 1 Bl
(-1,2) ¢ AVl 2 JRIRED _ a2 V2J@2]-D e a3/
’ \ VBIBG] V2D3]15] V203]15] VB3I
3 1 1 S
@, 1) q 3 V12 g DYRIQRIFD (1=¢” HYRIRI=D y ARV
’ BIG] 1 23115] 23115 ] BIG]
_ q 4 V2] _q* V2]
(=3.3) =] 15)
3 _1 _1 1 1 3
0,0) | ——22 g 2 g 2 X x T 03
’ «/LS3JL5J V13]15] V13]15] : 1 V13]15] V%L3JL5J V13]15]
(=2.1) |- 20l X ¢ 2RI _g¢ 2YRII=D _43y]
’ BIB] VIBIB] 2BIG] \ BI15]
(1, -2) |20l X (=g2)V2I2HD  (=l=¢)VII2I=D) _ g4 V]
’ VBBIIS] ; 1 213115] 23115] VIBII5]
(=1, -1 X _q AV ¢4V NPAI(PAES)) _JVRI2-D
’ \ VBIBT VBIB] 213115] V2131131
_ VR g V1]
3.0 15] V15]

The ¢-CG coefficients for the 8 (for m # (0,0)4) in 10 x 8.
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(1,1 (=1,2) 2,-1) 0,0), 0,00-  (=2,1 (1,-2)  (=1,-1)
(3,0)
(1, 1) ¢v/2I21+D
’ V2(3]15]
=12 _ VR
; . V231151
(2 _1) (—l+q2)J12]
, V23JI5]([2]+1)
(=3,3)
1 1
¢'tq 22— _ 2]
0,0 EN/EIIE] 2151
(=2, 1) J12](2]+D
’ s V2[3]15]
(1, -2) (-¢~2)J12]
’ V203]15](12]+1)
(=1, -1) _ ¢ "VIRI2I+D
; 0 V213]15]
(=3,0)
The ¢-CG coefficients for the 8 (for m = (0, 0),) in 10 x 8.
(LD (=1,2) 2,-1) (0,0), 0,0)— (=2,1) (1,-2) (=1,-1
(3,0)
11 q/I2II2I=1)
’ V23]15]
(=1,2) _ JII=D
) . V2831151
2,-1 (—1-¢2) V2]
(=3,3)
1 1
2] —q '+ 2-q%+q
©0.0) 2151 2V13]15]
—2.1) _ YEIED
’ R V213]15]
(1.-2) Clg HyE
’ V203]151(12]-D
(=1, —1)| V=D
’ V213]15]
(=3,0)
The ¢-CG coefficients for the 8 (for m = (0, 0)_) in 10 x 8.
B.1.3. 10 x 10 = 10.
3,00 (1,H) (=1,2) 2,-1) (=3,3) (0,0 (=2,1) (1,-2) (=1,=1) (=3,0)
3 3 3 3
g% g% g3 q3
3.0 1 vl o vl @
1,1 —q* —/12] q* —q! 9/12] q1
’ | [4] , v ll3J 14] V131141 VI3J14] v Lﬂi 4] l;‘J
(-1,2) q 4 q 3 —q2 V2] -J/12] q1 gt
’ V14T s V13]14] | v LI3J 14] V131 \I.4J V13] L|4J N
2. -1 ¢ = -2V =B =} —q 3
’ . VI13114] . 4] V13]14] V13]14] L4IJ V13]14] 1
(-3,3) —q % q 3 —q3 q3
? V141 : «I@ o | IL4J V141
(0, 0) 12] ¢ 2V12] ¢ 2VJ12] G 2=g)VI2] —q2J12] —q2J12] —I2]
’ Y 13] l:‘J J13I14]  VI3]14] v ll3J 14] 13J14l - V13J }L‘H 13] 1l4J
(=2, 1) -4 * —q* 2] g 2J12] —q* —q*
’ V4 Y l3J1 4] V131 ]L4J : v/ ll3J 14] s [3114] V141
1, -2) q? [2] q * q % q 22 q 3
’ , JI3I14l  V13] LS‘U «/LITJ 4] V13]14] V13] IHJ
(=1, —1)| =L = VBl —q* g1 2] s
’ L4J3 V13] l:‘J V131 L;U V13114] R 13]14] 14]
(_3 0) 7q73 7q7'3 7q73 7q73
’ Vi VA V4] V14

The ¢-CG coefficients for the 10 in 10 x 10.
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Table B2. The parameters si, s> and s3 in the symmetry relations between the g-CG coefficients

for su(3)3/Z3.

JioJ2 S1 82 83
8§ 8 1 0 0 O
8§ 8 8 0 0 0
8 8 8 1 0 1
8 8 10 1 1 0
8§ 10 8 1 1 O

10 10 10 1 1 O

10 10 1 0 0 0

B.1.4.10 x 10 = 1.

0,3 (1,1 (-1,2) 2,—-1) (0,0) 3,-3) (-2, (1,-2) (—1,—-1) (0,-3)

(3,0) g
(1, 1) —q

(=1,2) VE

@, -1 q

(-3,3) -1
(0, 0) -1

(=2,1) g

1,-2) g

(-1, -1 —q"!

(-3.0) | g2

. . In . 1
The ¢-CG coefficients for the 1 in 10 x 10. Each symbol has an additional factor WEEEDE

B.2. The relation between the q-CG coefficients

In table B2, we specify the coefficients sy, s, and 53, which appear in the symmetry relations
between the various g-CG coefficients as explained in section 5.4.

B.3. The F- and R-symbols for su(3)3/Z3

Because the expressions are rather involved, we will not give the F-symbols for su(3)3/Z3 as
a function of g, but only for the specialization ¢ = e**'/6. In principle, it is straightforward to
obtain them as a function of ¢ from the ¢g-Clebsch—Gordan coefficients.

All the one-dimensional F-symbols with a 1 on an outer line are 1. However, in the case
of the presence of a vertex with three 8’s, one has two-dimensional objects:

U 0
1 0
1838 8,18 8,81 8.8,8
Fg™ P =Fg " =F™ =177 = 0 1 B.1)
The following non-trivial symbols are 1:
8,10,8 8,10.8 8,10.8 8,10.8 10,8,10 10,8,10 10,8,10 10,8,10
Fio =Fﬁ = Fye ZFﬁ = Fy = Fy = Fy = Fy
_ Fll‘;),l{),lo _ Fl%),lo,lo -1 (B.2)
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The following symbols are —1:
8810 _ 8810 _ 8810 _ 8810 _ 81010 _ 81010 _ ,810.10 _ 810,10
Fo " =Fy  =Fy  =Fg =Fg =Fg =Fg = Fg

— F810,10,8 — F810.10,8 — F810,10.8 — F10.10,8 _ F10,8,8 _ F10,8,8 — Fll(;),S,S _ F10.8,8

8 =l =y =
10,1070 _ 101010 _ 10,1010 _ 10,1010 _
= Fyy = Fg = Fyy = Fg =—1. B.3)
In addition, we have
O !
8,8,8 8,8,10 8,10,8 10.8,8 -1 -
88 _ 18810 _ 18108 _ 88 _ 2 2
Fo  =F""=FK"=FFK""= g 1 (B.4)
2 T2 |
0 !
8,8,8 8,8,10 8,10,8 10,8.8 -1 B
88 _ 8810 __ 18108 _ 8.8 _ 2 2
Fm =Fg =Fg = Fg = A 1 (B.5)
2 2
Finally, the most interesting F-symbol reads
1 1 0 0 1 1 _11
3 /3 3 3 3
L _1 9 9 | I U
73 2 2 V2o V12
1 1 1 1
ws_Ho o 1 1 o A 1
L1 0 o -1 L _L
N 2 Vi Jiz
L | 1 L 1 1
3 U2 2 2 U 3 3
1+ 1 1 1 1
3 V2 2 V2 3 3

Here, we used the following basis. The first row corresponds to the case for which jj, = 1.
The next four rows correspond to ji, = 8. In this case, there are two vertices with three
external 8 lines, which each are two-dimensional. The second and fifth row correspond to the
cases in which we took the vertices to be ‘the same’, while the third and fourth row correspond
to the ‘off-diagonal’ cases. Finally, rows 6 and 7 correspond to the 10 and 10, respectively.
Note that this matrix is not symmetric, but F: 8.8 F: 887 _ 1, as it should. The R symbols
read

RUT = 1 (B.7)
Rf’s = q’3 — —1 Rg:? = q’% — —i Rg:g = —q’% — Rf“)s =—-1 (B.9)
Rg,lo = ¢35 (B.9)
R%“’ =—q3>1 (B.10)
RO — =6, q. (B.11)

We verified that the symbols above satisfy the pentagon and both hexagon equations.
Because of the relevance for the quantum dimension and Frobenius—Schur indicator, we
give the following F-symbols as a function of g:
U goll 1 U 1010 1
p88 A — (B.12)
N KT (KT ]
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(1,0
/

(0,1) (01,2
}n \(o*,m
e X

(01,1) (1,02)
\ /

(0,-1) (01+0)

Figure C1. The weights of the so(5); representations 4 and 5.

Appendix C. The case so(5);

The Cartan matrix, its inverse and the quadratic form matrix for so(5) read
O O 0 0 O O

2 =2 2 2 2

A= A7 |

1
-1 2 21 2 For =

X (C.1)

N =

2
(@i, 0) "
has that A = A. The weight spaces of the representations 4 = (0, 1) and 5 = (1, 0), relevant
for so(5), are given in figure C1.

The non-trivial fusion rules of so(5), are

The second root is short, and we have t; = 1 and t, = 2, where t; = For so(5), one

4x4=1+5 4x5=4 5x5=1, (C.2)

namely the fusion rules of su(2), or the Ising conformal field theory.

Continuing with the topological data, the quantum dimensions are given by dy = 1, dy =
15, —1—> V2 and ds = [4] + 1 — 1, where the numerical values are obtained by setting
g = ¥4 The twist factors are given by 65 = ¢+ and 65 = ¢* and the Frobenius—Schur
indicators by fb; = fbs = 1 and fby = —1. Finally, the central charge is %

C.1. The q-CG coefficients for so(5);

In this section, we give the g-CG coefficients for so(5);.

Cll 4x4=1+5.

.1 (.- (=L .- 0.0 4. Ly 0.
On|  fm o owm ©OD o
(1, =1 :/‘% | f[sz % 1 —1 | L_S(j;l
(—1D| F IZLT | PR | o
©-be T T 0. -D| =

The g-CG coefficients for the S in 4 x 4. The g-CG coefficients for the 1in 4 x 4.
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Cl2 4x5=4.
(1,0) (-1,2) (0,0 (1,2) (—1,0)
0, 1) LI% q%m 48 V121,
’ ] NVEIR V1512 ) (512
a1, -1 —q3/12]> -1 q8+/12]>
73 V512 N/EIR B 1512
(-1,1) g3 JI2]» -1 —q3 JI2])
0, —1) g% V2 ¢ V12, q?
’ V15)2 V1512 V1512

The g-CG coefficients for the 4 in 4 x 5.

We note that the coefficients for § x 4 = 4 are obtained by using the relation

0 0O O
4 5 4 5 4 4

mp mp m1+m2q_ mp; mp mp+mp
4

from section 5.4.

Cl135x5=1
1,00 (=L,2) (0,00 (d,-2) (=10
%
1,0) T
1
1.2 s
1
©0.0) | - vEE
—q" 1%
(1,-2) =
3
4
(—1,0)|
The g-CG coefficients for the 1in 5 x 5.
C.2. The F- and R-symbols for so(5),
The F-symbols which are not unity are give by
1
FA45 _ pdSSs _ pSdd _ ps5sd _ o Cc3
5 4 5 4 AT (C.3)
3
FPY =Y = _Bh (C.4)
1512
1
1'755’5’S = 1. (C.5)
4] +1
In addition, we have 1
0 !
—1 V15l
444 _ @ BhLI - LZJ%«/TZJHA —1/V2 —1/42
=@ "l B — RV RN (C.6)
[2)5V/T4]+] (1212)%
The values of the R-matrix are as follows:
RM = R4 =1 (C.7)
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(0,1)

S

(1,01)

tn
Ny

(0,0)

T

(1,02

o
S

(0,111)

Figure D1. The weights of the G, representation 7.

R¥M=—gt  RMf=—¢7 (C.8)
RP=R}*=¢q"" (C.9)
R =q72 (C.10)

Appendix D. The case Gy, k =1

The Cartan matrix, its inverse and the quadratic form matrix for G, read

. 2 3j D2 SD 1 D6 3D
_ - -1 _ _ .

A= 1 o AT=0 TT3 3 27 (D.1)
thus, the second root is short, and we have t{ = 1 and r, = 3, where t; = G For G,, one
has that A = A. The weight spaces of the representation 7 = (0, 1) is given in figure D1.

The only non-trivial fusion rule is 7 x 7 = 1 x 7, i.e. the Fibonacci fusion rule.

Furthermore, d7 = [11]3 — |7]3 + [3]3 = [7]3([5]3 — |3]3 — 1) — ¢, where we used
g = e*™/3_ The twist factor is 67 = ¢>. In addition, we find fb; = fb; = 1, while the central
charge is 14

D.1. The q-CG coefficients for G, k = 1

©, 1 (1, -1 (-1,2) 0, 0) (1, -2) (-1,1) ©, -1
©, 1) g quJ25 quiVI25  q°
(1, -1 —q¢iJ/I2I5  —q¢ q:  quJ12
(-1,2) g~ V/12]5 —qs ~1 q12]5
0,0 —q3 qs q e g s —qs  —qs —qs q
(1, -2)|—¢~ = 1213 1 q s —q7J/12]5
L D|—¢g V125 —q2 a7 g /2]
©.-D| —¢5  —q 2J25—¢ V25 —q:

The g-CG coefficients for the 7 in 7 x 7. Each coefficient is to be multiplied by ijﬁ
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o,1n d,-1 (1,2 0,00 (1,-2) (-1,1) (©O,—-1
0, 1) g
1, -1 —q5
(-1,2) g
0,0) —1
(1, -2) g7
(-1, 1) —q73
©,-1)| g%

. . . 1
The g-CG coefficients for the 1in 7 x 7. Factor: NINEENIETER

D.2. The F- and R-symbols

The only F-symbols which are not equal to 1 are the following (the numerical values are for

g = e¥i/5):
1 1 ! 0 O
7, = 3 T VOIL-11:+30 1 -1
oo TR CTWOmE o M CUNE g
[T13—=17]5+[3]3 [515—1313
In addition, we obtain the following R-symbols:
RbM = gol = | RZJ —g? R;’7 — g, (D.3)

Appendix E. The case su(2)

For completeness, we give an explicit expression for the g-Clebsch—Gordan coefficients, as

well as the F- and R-symbols in the case of su(2); (see, for instance, [31]), using the same

basis conventions as we used throughout this paper. In particular, this formula yields 1 for any

F-symbol with an identity on any of the outer lines. We use the Dynkin notation to denote

the particles; thus, the labels of the particles take the valuesa = 0, 1, 2, ..., k, in the case of

su(2)y.

The fusion rules can be written as
min(a+x2k—a—b)

axb= c, (E.1)

c=la—b|

where c increases in steps of two. The quantum dimensions simply read d, = |a + 1]; the
twist factors are 6, = ¢*“*?/*  while the Frobenius—Schur indicators are fb, = (—1)“.
To write the g-Clebsch—Gordan coefficients, we define |n]! = |n||n — 1]---|1] and

|0]! = 1. Furthermore, fora 6 b+c,b 6 a+c,c 6 a+banda+b+c =0 mod 2, we define
S

Aabo o Latb=0Rll@=bropl—arbra2)l Lo
l(a+b+c+2)/2]!

With these conventions, the g-Clebsch—Gordan coefficients can, for instance, be written in the
following way (see [32] for this particular form, and various others, as well as [33]):

a b c
k | m

p
x a—=k)/2]1(a+k) /211D = D/2J1LB +D /2] (¢ —m)/2|![(c +m)/2]![c +1]

_ q((a+b—c)(a+b+c+2)+2(al—bk))/16 Aa. b, ¢)
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X, (— 12 q —n(a+b+c+2)/8
., n/2]! (@ —k—n)/2]!(b+1—n)/2]!
1

x , (E.3)
la@+b—c—n)/2|l(c—b+k+n)/2|'|(c—a—1+n)/2]!
where the sum over n is over (non-negative) even integers, such that max(0, —(c —b+k), —(c—
a—1)) 6 n6 min(a+b—c,a—k,b+1),in order that the arguments of the g-factorials are
non-negative integers.
One way of writing the F-symbols is as follows [31]:

O O -
Fymejz(—UWMMWHAWJL@AQJL@AQJLﬂA@JLffLe+Upo+U

X, (=D"2[(n+2)/2]!
la+b+c+d—n)/2) [(a+c+e+ f—n)/2][(b+d+e+ f —n]!
1
Tn—a—b—ey2ln—c—d—e)/2\ln—b—c— N2 —a—d— f)/2]

(E.4)

where the sum over n is over (non-negative) even integers, such that max(a + b +e,c+d +
e,b+c+ fa+d+f)on6 mna@+b+c+d,a+c+e+ f,b+d+e+ f).
In addition, the R-symbols read as follows:

1
Rg,b _ (_1)(a+b—c)/2 qg(c(c+2)—a(a+2)—b(b+2))‘ (E.5)

Appendix F. The pentagon and hexagon equations

We note that in the presence of fusion multiplicities, the vertices carry an additional label. For
completeness, we give the appropriate form of the pentagon and hexagon equations here. The
greek index «, associated with a vertex with labels (a, b, ¢), runs over the values 1,2, ..., N, 5 b
where ng , is the number of times ¢ appears in the fusion product of a x b. With this
notation, we have the following condition, for all possible ji, j2, j3, ja, J, ji2, J123, J34, J234

anda, B, y, 1, t,K:
X

.7'1~j2,j3D H JisJ23Ja DF.insqut
Ji23 (2., B85 j23,8,€) "~ J (J123,€,; j234,C,m)  ~ J234 (J23,8,8; Jaa,t,K)
J23,8,€,¢
O. . .0 0. . .0
— F{lijz,JA ) ] F{th-/u ) ) . F.1
J (23 B yvsjaast.d) ©J (J12,0,25 joza k1) (F.D)
A

To write down the hexagon equations, we assume that twisting a vertex does not change

the internal label, or in other words, the fusion channel. With that restriction, the hexagon

equations read, for all ji, j», js, j, ji2, j13 and &, B, v, 6,

s jois 7 s
J G, B3 13,7,8) " J13 J

= JisJ23 Dsz»jz,jl O
J

le,jz j
(12,2, B3 j23.€,6) "7 (j23,€,¢3J13,:8)°

Jiz
J23,€,¢

(F.2)

and a similar equation for R~
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