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Abstract

In this paper, we apply the method of Fourier transform and basis rewriting developed
in [1] for the two-dimensional quantum double model of topological orders to the three-
dimensional gauge theory model (with a gauge group G) of three-dimensional topolog-
ical orders. We find that the gapped boundary condition of the gauge theory model is
characterized by a Frobenius algebra in the representation category Rep(G) of G, which
also describes charge splitting and condensation on the boundary. We also show that
our Fourier transform maps the three-dimensional gauge theory model with input data
G to the Walker-Wang model with input data Rep(G) on a trivalent lattice with dangling
edges, after truncating the Hilbert space by projecting all dangling edges to the trivial
representation of G. This Fourier transform also provides a systematic construction of
the gapped boundary theory of the Walker-Wang model. This establishes a correspon-
dence between two types of topological field theories: the extended Dijkgraaf-Witten
and extended Crane-Yetter theories.
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1 Introduction

Exactly solvable lattice models are a useful tool for studying topologically ordered matter
phases (topological orders, for short). For instance, the Kitaev quantum double model (QD)
[2], the Levin-Wen model (IW) [3], and the twisted quantum double model (TQD) [4] de-
scribe two-dimensional topological orders, while the Walker-Wang model (WW) [5] and the
twisted gauge theory (TGT) model [6] describe three-dimensional topological orders. In two
dimensions, the QD model and the IW model are related by Fourier transform and basis rewrit-
ing [1, 7, 8], while the relationship between the TGT model and the WW model is still less
understood.

1.1 Key results

In this paper, we apply the method of Fourier transform and basis rewriting developed in [1]
for the two-dimensional QD model of topological orders to the three-dimensional untwisted
gauge theory (GT) model of three-dimensional topological orders. The following are the key
results.

* The Fourier-transfomed GT model with input data G and the WW model with input data
Rep(G) are exactly identical by comparing their Hilbert spaces and Hamiltonians. A full
set of gapped boundaries, including rough boundaries which has not been explored in
the existing literature, can thus be constructed for the WW model with input data Rep(G)
through the Fourier transform method.

* Similar with the two-dimensional cases, the gapped boundaries of the WW model and
the Fourier-transfomed GT model are specified by the Frobenius algebra A g, where
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finite groups G and K are the bulk and boundary input data of the original GT model
respectively. The Frobenius algebra Ag  explicitly indicates charge condensation and
splitting at the boundary.

1.2 Backgrounds and motivations

Two-dimensional topological orders have been well studied though the QD model, which is
the Hamiltonian extension of the untwisted Dijkgraaf-Witten theory [9], and the LW model.
Despite the apparent differences between the QD model and LW model, the two are intimately
related: They are dual to each other in the sense that the QD model with a finite gauge group
G as its input data can be mapped to the LW model with input data Rep(G) (the representation
category of G) via Fourier transform [1,7,8]. Both the QD and IW models have been extended
to the case with gapped boundaries, called the extended QD [10-13] and LW models [14-16].
While the gapped boundary of the extended QD model is specified by a subgroup K C G of
the bulk gauge group G, that of the extended LW model is specified by a Frobenius algebra
object of the input fusion category of the bulk. The extended QD and IW models can also
be mapped to each other via Fourier transform and basis rewriting [1]. The boundary input
data K C G of the extended QD model is mapped to the boundary input Frobenius algebra
Ag x € Obj(Rep(G)). The gapped boundaries of two-dimensional topological orders are well
understood through anyon condensation! [12, 14,22-28], where the charge condensation at
the boundary is observed from the input data of the boundary via the Fourier transform [1].
This Fourier transform and basis rewriting also manifest the full electromagnetic (EM) duality
in these models [1]. It is believed that the understanding of the relationship between the
QD model and the IW model is now complete. The EM duality in the TQD model is also
studied [28].

In contrast to two dimensions, the models of three-dimensional topological orders and their
exact relations are less understood. The TGT model is believed to describe all possible three-
dimensional topological orders with point-like bosonic excitations [29,30]. The TGT model is
specified by an input finite gauge group G and a 4-cocycle w € H*[G,U(1)], and the gapped
boundary of the TGT model is specified by a subgroup K and a 3-cocycle a € H3[G, U(1)][6].
We will explore charge condensation in the untwisted TGT model, i.e., the GT model, which
reveals the relationship between the bulk and the gapped boundary of the GT model. In two
dimensions, the bulk charges may split and partially or fully condense at the boundary, depend-
ing on the gapped boundary condition [1]. In three dimensions, however, the phenomenon
of boundary charge condensation has not been fully understood from the perspective of the
lattice model [31]. Although layer construction offers another approach to understanding
charge condensation at the boundary of certain three-dimensional topological orders [32,33],
most current understandings of this phenomenon are either categorical and abstract or lim-
ited to specific cases [31,34]. Therefore, investigating the splitting and partial condensation
phenomena in concrete lattice models of three-dimensional topological orders with general
input data would be worthwhile. In this paper, we generalize the method of Fourier trans-
form and basis rewriting developed in [1] from two to three dimensions to investigate the
gapped boundaries of a three-dimensional GT model. We prove that the boundary theory of
the Fourier-transformed model is also characterized by the Frobenius algebra. Then, similar
to the two-dimensional extended IW model with input data Rep(G), the charge of the con-
densates is described by the Frobenius algebra and the splitting process originates from the
multiplicity of the objects of Rep(G). Thus, we explain these phenomena using only the input
data of the three-dimensional model.

!The underlying mathematics of anyon condensation was firstly presented in RCFT [17]. Then, the concept of
anyon condensation was firstly introduced in the context of (2 + 1)-dimensional TQFT [18,19]. The first works
discussing anyon condensation in lattice models were [20,21].
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On the other hand, the three-dimensional WW model is specified by an input unitary
braided fusion category (UBFC) and describes a family of three-dimensional topological or-
ders [35,36]. In this paper, we show that our Fourier transform, extending the mapping pro-
cess from QD models to LW models into three dimensions, indeed maps a three-dimensional
GT model with input data G to a WW model with UBFC Rep(G) as its input data on the level of
Hilbert spaces and Hamiltonians.? Furthermore, the Fourier transform of the gapped bound-
aries of the three-dimensional GT model also gives a full systematic construction of the gapped
boundaries of the WW model with UBFC Rep(G) as input data. Here the phrase “UBFC Rep(G)”
means the representation category of finite group G equipped with a braiding structure. Prior
to our work, a canonical smooth boundary was described explicitly in three-dimensional toric
code and double-semion, with a detailed discussion of the resulting boundary excitations [38],
and a second class of gapped boundary conditions for WW models was discussed in detail and
in full generalty [39]. Nevertheless, no systematic construction of the rough boundary Hamil-
tonian of the WW model has been established. Our understanding of the relationship between
the TGT model and the WW model is also limited to some special cases, such as the example of
the Z, x Z,, twisted gauge theory model, which is shown to share the same modular matrices
with the corresponding WW model [36]

In this paper, we focus on three-dimensional GT models defined on cubic lattices with
boundaries, with input data being a finite group G in the bulk and a subgroup K € G within
the boundary. The more complicated cases, i.e., the twisted gauge theory models and twisted
boundaries, are our ongoing work and will be reported elsewhere. The Fourier-transformed
basis of the Hilbert space of the GT model leads us to rewrite the model on a slightly different
trivalent lattice I" with a tail (dangling edge) attached to each vertex. This lattice is precisely
where the WW model lives on with an enlarged Hilbert space. This enlargement is necessary
since the original WW model has a Hilbert space insufficient for accommodating the full spec-
trum of charge excitation, which is analogous to the extended LW model [40] where tails are
added to enlarge the orginal Hilbert space of the LW model. After the Fourier transform, the
bulk input data becomes a UBFC Rep(G), while the boundary degrees of freedom are projected
into Frobenius algebra Ag g, as in the case of Fourier-transformed QD model in two dimen-
sions. We also show that the Fourier-transformed GT model with input data G on the revised
lattice " can be mapped to a WW model with input data Rep(G) on the same lattice after trun-
cating the Hilbert space by projecting all dangling edges to trivial representation. Since both
GT and WW models with gapped boundaries serve as Hamiltonian extensions of the extended
untwisted Dijkgraaf-Witten and extended Crane-Yetter topological field theories, our results
also establish a correspondence between these two types of topological field theories.

Our paper is organized as follows. Section 2 reviews the three-dimensional GT model
with gapped boundaries. Section 3 Fourier transforms and rewrites the extended GT model.
Section 4 verifies the emergent Frobenius algebra structure on the boundary. Section 5 proves
that our Fourier transform indeed maps the three-dimensional GT model to the WW model.
Finally, the appendices collect a review of the WW model and certain details to avoid clutter
in the main text.

2 Three-dimensional GT model with gapped boundaries

The GT model with gapped boundaries is a Hamiltonian extension of the Dijkgraaf-Witten
topological gauge theory with a finite gauge group. Without taking twist into consideration,

2The Fourier transform discussed in this paper is similar to the transformation between the electric and magnetic
bases of the non-Abelian lattice gauge theory firstly introduced by Kogut [37]. For a concrete comparison, see
Section 3.2.
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Figure 1: A part of an oriented cubic lattice, on which the three-dimensional GT
model with gapped boundaries is defined. Each edge of the lattice is assigned with
a group element of a finite gauge group G. The thick lines comprise the boundary
while the dashed lines comprise the bulk.

the model can be defined on an arbitrary lattice with one or multiple boundaries. Topological
invariance enables us to define the model on a specific lattice for simplicity. In this paper, we
consider an oriented cubic lattice I with boundaries, part of which is shown in Figure 1.

The input data of the bulk theory is a finite gauge group G. The total Hilbert space is the
tensor product of the local Hilbert spaces of each edge of I', which is spanned by the basis
{lg)}gec- The total Hilbert space is thus given by

HS' =R H, = X)span, co{lg.)} 1)

eerl’ eel’

where e is an edge in I'. The local basis vector |g,) is invariant if we reverse the direction of
the edge e and take the inverse of g, as g, = ge_1 simultaneously. In this paper, we will work
with the fixed orientation shown in Figure 1. The inner product in the local Hilbert space is
simply (gél ge) =06 ¢'g- The Hamiltonian of the model is the sum of a bulk Hamiltonian and a
boundary Hamiltonian:

Hgy =Hg +H". (2)

Here and hereafter, an operator with an overline is a boundary operator. The bulk Hamiltonian
consists of the sum of vertex operators and that of plaquette operators:

HY'=— > AST— > BST, (3)

vel\aT per\or

where the sums run over all vertices and plaquettes in the bulk of T'. The vertex operator As’T
acts locally on the six-valent vertex v:

where A7 is a local discrete gauge transformation given by the group element x € G, and thus
A, is the gauge transformation averaged over G. Clearly, As’T is a projector which projects out
local states that are not invariant under the gauge transformation. The plaquette operator acts
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locally on the four edges bounding the plaquette p:

)

which is also a projector that projects out local states with non-vanishing flux through the
plaquette p. All plaquette operators and vertex operators commute.

The gapped boundary condition of the three-dimensional GT model is characterized by a
subgroup K C G and a 3-cocycle a € H3[G,U(1)]. In this paper, we will focus on boundaries
with the trivial a, i.e. @ = 1. The boundary Hamiltonian consists of respectively the sums of
boundary vertex, plaquette, and edge operators:

A - AT Y- Yo ©

vedl pedrl ecdTl

where the sums run over all the boundary vertices, plaquettes, and edges on the boundary dT
of T'. The definition of the boundary vertex operators and plaquette operators are similar to
the bulk operators: AST is again defined as a gauge transformation averaged instead in the

subgroup K, and the definition of 1@ is just the same as B;;T. The edge operator CST is a

projector:
[ l
e =01ex|” | e ; )
| |

GT
Ce

which projects the boundary degrees of freedom into the subgroup K. The boundary vertex,
plaquette, and edge operators all commute with each other and with the bulk vertex and
plaquette operators. Therefore, the total Hamiltonian (2) is exactly solvable. The ground
states are the common +1 eigenstates of all operators in the total Hamiltonian. The ground
state degeneracy (GSD) can be computed by

GSD=Tr( [T4 [] BST]_[,@]_[@]_[@), ®)

vel'\or per\ar vedrl peadr e€dT

where the trace is taken over the total Hilbert space (1). The elementary excitations in the
model without boundary are charges on the vertices and loop-like excitations. A charge at
vertex v arises when A, = 0; a loop-like excitation occurs when B, = 0 on a series of pla-
quettes which forms a loop [41, 42]. If the gapped boundary is included, there still exists
one more type of elementary excitations, that is, the bulk string-like excitations that terminate
at gapped boundaries (see Figure 2). In three dimensions, the braiding between point-like
charges is trivial, while the braiding between loop-like excitations or string-like excitations
is highly non-trivial. Thus, despite some recent progress [29, 42-45], our understanding of
loop-like excitations in three-dimensional topological orders is still incomplete.

3 Fourier transform the three-dimensional GT model with gapped
boundaries

In this section, we Fourier-transform the basis of the Hilbert space of the three-dimensional GT

model with gapped boundaries from the group space to the representation space, which allows
us to rewrite the three-dimensional GT model with gapped boundaries on a trivalent lattice.
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Figure 2: Charge excitation (red dot) and string-like excitation (deep blue dashed
line, consisting of a series of light blue plaquettes where the local flatness condition
is violated) that terminates on the boundary in the three-dimensional GT model with
gapped boundaries.

We then Fourier-transform the boundary Hamiltonian of the three-dimensional GT model. The
transformation given by (32), (33) and (39), is determined by the data {CWP,Rﬁ,,}, where
Cuyp 1s the 3j-symbol of the irreducible representions of the input finite group G, and RZV is
the R-matrix of the representation category Rep(G). Generally, given the input finite group G,
the data {pr,Rﬁv} cannot be uniquely determined, which gives a series of transformations.
In the following subsection, we will introduce a convention to uniquely determine the 3j-
symbol, while the discussion of the R-matrix will be left to subsection 3.2.

3.1 A graphical tool for group representation theory

To make derivations easier in this paper, especially the Fourier transform, we employ the sub-
sequent graphical tools for group representation theory as put forth in [46]. Denote by L
the collection of every unitary irreducible representation V,, (up to equivalence) of a finite
group denoted by G. We will use Greek indices u to label irreducible representations and
Latin indices m,, to label the basis of the representation space V.

Duality map The duality map w, is an intertwiner

, )

where u* € L; is the dual of the irreducible representation u € L. The dual representation u*
is equivalent (but not necessarily identical) to the complex conjugate representation of u. The
intertwining property of w,, implies that the complex matrix leu”u* maps U to u* by similarity
transformation

(@' DH()" = (D (8))", (10)

where D¥(g) is the representation matrix of group element g. We also require that Q’,fmn”*

satisfies the normalization condition QTQ = 1.

Within the normalization condition, the matrix Q" can only be determined up to a phase
factor. If u is self-dual, then the transpose of Q" is also a duality map, which implies that
Qb = ﬁH(Q“)T with 8, = £1. It can be proved that f, is completely determined by u and
thus can be viewed as an intrinsic property of u, called the Forbenius-Schur (FS) indicator.
Moreover, if u is not self-dual, we always set , = 1.
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Graphically, the duality map and its inverse have presentations

m“ Tlm
u u _

B A =P /\ =@ Dnn, - AD
mu* T’lu

Being an intertwiner, the duality map commutes with group actions, namely

m.u nl-ﬁ m‘u n‘u*
& (& = \\/ ’ (12)

where we have introduced the graphical presentation for group actions:

my

u
@ - D#lunu(g)’ (13)

ny,

and the contraction of Latin indices is presented by concatenating two lines. Note that the

direction of all lines in our graphical presentation are upward by default. A line with label u

directed downward should always be regarded as the line with label u* directed upward.
Since all irreducible representations u € L are unitary,

U
Df (@ =D, (@) = || =L (14)
m”nu numu e @
n, "
Then, (10) can be graphically presented as
m.
,U,*
= @ . (15)
-

3j-symbol Frequently in later derivations, we will need 3j-symbols to deal with the cou-
pling of three representations of G. A 3j-symbol is a tensor Cuvp;mumvmp that is defined as an
intertwiner:

Cuvp : Vy®V,®V, > C, |umy,,ym,,pm,)— Cuuvpmum,m, - (16)

A 3j-symbol is depicted as

0 wvpsmum,mg, > = (C/.wp;m”mvmp )* . (17)
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The normalization condition of 3j-symbols can then be presented as

Z Cuvp;mumvmp(cuvp;mumvmp )y =u p =1. (18)

m,m,m,

Being an intertwiner, a 3j-symbol is invariant under group actions, namely

=m m, - (19)

In this paper, we will also use a lot of Clebsch-Gordan (CG) coefficients Cﬁv VeV, -V,
and C g Vs V, =V, ®V,, which can be defined using 3j-symbols and duality maps:

pm*
o, 4\/ )p\ chmmm %, . Q)

m m
m, N Y
wvim,m m:u Vv p* lu’ v
PV — =
Cp*mp* u 0 = * (21)
e
M
The CG coefficients enable the following basis transformation:
wvsm,m,
um,) @ [vm,) = > Com ™ |pm,), (22)

psm,

which is the foundation of rewriting the basis of the Fourier-transformed Hilbert space on a
trivalent lattice.

For later convenience, we list a few properties of 3j-symbols as follows. For a generic group
G, we can always construct such 3j-symbols satisfying the following properties [46]:

1—‘closed Closed FCIOSGd
[T
| G| u y p = uLsvipPL o (23)
m“ mvmp m m, m m m, m

where T ..q Mmeans that the part of the graph does not have any open edges. Moreover, we
have the following orthogonality conditions:

’
Mo
o)
w v 1
_d,., 5pp5m/m 5 (24)
o P
mp
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where d, = ,d,, is the quantum dimension of the representation u.

Similarly to duality maps, a 3j-symbol C,,, is also determined up to a complex number.

In order to construct symmetrized 6j-symbols via 3j-symbols, we further require that

Cuvp;m“mvmp = ﬂp Cp,uv;mpmumy ’ (25)
and that
x _ P* P H*
(C'U‘Vp;mumvmp) - Z Cp*v)k:u'*;mp*mv*m,u* Qmp*mp va*vamu*mM : (26)
mu*mv*mp*

Combining the two requirements above and the definition of 3j-symbols, we can completely
determine all 3j-symbols for a given finite group G. Note that (25) yields ,6,8, =1if C,,,
does not vanish. Some examples are listed in [46].

Symmetrized 6j-symbol A 6j-symbol F : Lg — C is defined by

K* X
S N =
Ie}

where we have omitted Latin indices m,, m,, . ... The above expression relates the two equiv-
alent ways of decomposing the tensor product representation V,. ® V. ® V,... Composing both
sides of the above equation by the duality maps and the 3j-symbols in an appropriate way as:

(28)

Here we introduce the symmetrized 6j-symbols, given by Gf,;,fg = F#,Zg / &p. In terms of 3j-
symbols and duality maps, we have

UvA __ u % A n K o)
anp - Qmunu* MM ™ My annn* Qm,(n,\,* m,n s
all m’s and n’s (29

% CKl*n TI*V*P P*M*K* uvl
My MMMy~ My My My~ M Ty My~ ML ML, °
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Graphically, symmetrized 6j-symbols can be presented either by a planar graph or a tetrahe-
dron

n
P P P
GMYA = 1" p = . * = 7 (30)
nKp d n
K* K
M

The tetrahedral symmetry of G#,l)g then follows from (30).

Other conventions The great orthogonality theorem of finite group representations will be
often used in our paper; it can be presented graphically as

m, m,

u
|G| ZG: 9 @ - “vémunvgnumv’ (31)

which yields

‘U,A
IGI prer f

Here and hereafter, the horizontal lines should be understood through the following conven-
tion:
—_— = —_—— = T T,

)

3.2 Fourier transform on the Hilbert space

The Fourier transform of the operators in the Hamiltonian requires defining the Fourier trans-
form of the Hilbert space of a three-dimensional GT model with gapped boundaries with G as
input data. In this subsection, we will first discuss the Fourier transform on the local Hilbert
space of a vertex. Then, we will show that to define the Fourier transform on the total Hilbert
space, the braiding structure must be introduced.

A sketch of the Fourier transform on the Hilbert space In this subsection, we describe this
Fourier transform step by step. The explicit transformation will be dealt with a little later. Our
focus here lies in the logic and physics of the basis transformations.

Step 1: Fourier transform the local Hilbert space

The total Hilbert space H of the model is the tensor product of all local Hilbert spaces #, on
the edges. The basis vector |g) of H, Fourier-transforms as:

s My Z Dl . (8)lg), (32)

gEG

11
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Figure 3: The Fourier transform of a six-valent vertex in the bulk of the lattice I on
which the three-dimensional GT model is defined.

where v, = d:/ 2. The basis transformation (32) is exactly the finite group version of the
transformation between the electric and magnetic bases of non-Abelian lattice gauge theory:

|j,m,m/)=f dUv/2j+1 D] L(Olu),
SU(2)

where Dr]n (U) is the Wigner D-matrix, and dU is the Haar measure on the SU(2) group man-
ifold. We dub the Fourier-transformed basis {|u,m,,n,)} the local rep-basis. The local rep-
basis {|u, m,, nu>} and the group-basis {|g)} have the same dimension due to ZMGLG dﬁ =|G|.
Furthermore, using the great orthogonality theorem, we can prove that the rep-basis is also
orthonormal: (u',m’,n’|u,m,n) = &,/,6 S yy. We can Fourier transform H, on each indi-
vidual edge independently, resulting in a linear superposition of the rep-basis states, shown in
Figure 3. Here, the orientations of the rep-basis states inherit from those of the group-basis
states.

Step 2: Rewrite the rep-basis to get a trivalent lattice

Although the rep-basis is orthonormal and has the same dimension as the group basis {|g)}, it
cannot describe the states of a lattice model because it does not contain vertices. Therefore,
we need to rewrite the rep-basis state and identify it as a trivalent lattice.

Recall the definition of CG coefficients (22), which can be graphically presented as a basis
rewriting:

m, m, m, m, m
A
U Sl MY ‘ > . (33)
A,my A wov
n, 1y m, n, n,

The orthonormality of the rewritten basis still comes from the normalization condition of the
3j-symbol. The rewritten basis also has the same dimension as the rep-basis due to the defining
property of the 3j-symbol. By the equation above, we can fuse the six representations and six
Latin indices in a specific order at the vertex, as depicted in Figure 4.

Step 3: Add a dangling edge

As shown in Figure 4, we first fuse u and A by contracting there indices m,, and n,, resulting
in a linear combination of irreducible representations {a} with a free end labeled m,. Then,
we fuse a and o by contracting their indices m, and n,, which results in another linear com-
bination of irreducible representations {} with another free end. Repeating this procedure
and, in the end, we need to fuse v and 6. As v and 6 are not always the same, in order to

12
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Figure 4: Rewrite the rep-basis as defined on a trivalent lattice. In the first step,
we fuse u and A by contracting their indices m,, and n,, which results in a linear
combination of irreducible representations {a} with a free end and labeled by m,.
Repeating this procedure and in the end, we fuse 6 and v and obtain a tail attached
to the original vertex with an free end, labeled by (s, m;).

maintain the correct number of local degrees of freedom, we need to add an extra dangling
edge s with a free end labeled by m,, as shown in the final result in Figure 4. Such a dangling
edge will be labeled by {s, m,} and called a tail for short.

So far we have rewritten the basis of the total Hilbert space as defined on an actual trivalent
lattice T, with a tail attached to each of the original vertices. Note that these tails do not belong
to any plaquette in I'. If we restrict the total Hilbert space to a subspace in which the degrees of
freedom on the tails are all projected to the trivial representation, the newly obtained lattice
[' can serve as a suitable lattice for defining a WW model. We will discuss the relationship
between our Fourier-transformed GT model and the WW model in section 5 and revisit this
point therein.

The Fourier transform of a boundary 5-valent vertex To better understand the Fourier
transform and basis rewriting illustrated in Figure 3 and Figure 4, let us consider the local
Hilbert space of a boundary 5-valent vertex in detail. By doing so, we aim to obtain a precise
linear transformation of the basis with commensurate coefficients. In our graphical represen-
tation and by (32), the Fourier transform of the group-basis to the rep-basis of the local Hilbert
space reads

g (34)

VYV VyVa Z

vIGlP jikgheG | ny

Here, the edges i, j, g, and h are lying on the boundary, while the edge k lies in the bulk. We
denote the group-basis and rep-basis states in the above equation as |jikgh) and |uvpnA).
Then, we can rewrite the rep-basis by first fusing u and p, resulting in a set of representations
{a}, and then fuse a and A to get 3, and then fuse 8 and 7 to get v, and finally we fuse y and
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v, resulting in a dangling edge {s, m,}. Using (33), this procedure yields four 3j-symbols with
some indices contracted, yielding the expansion coefficients:

(o

luvpnA) = Z ZVaV/sVst P

aﬁyELG S,Mmyg mn

where the coefficients v,vgv, v, are introduced such that the rewritten basis is still orthonor-
mal. We denote the rewritten rep-basis state at the vertex by I\I/sms) and write down the inverse
transformation as:

ty
yf s
S )
|\Ilsm5) = VaVpVyVs .ﬁ n |MVP7)7L) . (36)
my,mpmy, a A A
naMy My
"o

The linear transformation (35) rewrites the subspace spanned by {mu, My, My, My, N 1} of the
local Hilbert space spanned by {uvpnA}. Under this transformation, the degrees of free-
dom my, My, My, N, and n,, which are all independent of each other, are transformed into
a,fB,v,s, and m,, which are not all independent, while other degrees of freedom remain un-
changed. In fact, as the 3j-symbol ensures an intertwiner space at each vertex, a, 3, and y are
determined by the choice of all the irreducible representations labeling those edges with an
open end in the local Hilbert space spanned by |\Ifsm5), ie., u,v,p,n,A, and s. Thus, we may
simplify by labeling the new transformed basis as [¥,,, ), while keeping all the other labels
in the graph unobvious, which causes no confusion because in the actual calculation, e.g., in
computing the inner product of two such local basis states, i.e., (¥/, ,[¥y, ), the prime in ¥’
indicates that the hidden labels in ¥ should all be primed as well. In the next subsection, we
will see another advantage of this simplified notation.

Equations (36) and (34) then lead to the following inner product:

VuVaVp Vi VaVaVpVy Vs

VIGP

(jikghWyy ) = : (37)

which directly defines a transformation between the rewritten rep-basis and the group-basis at
a boundary vertex. We prove in Appendix B that the local basis states |\I'sms) are orthonormal
and complete so that the inner product defined above is indeed a well-defined basis transfor-
mation of the local Hilbert space.
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Figure 5: A whole plaquette in the bulk, where the edges labeled by u and v are
crossing with each other, as are edges labeled by p and o.

The Fourier transform when edges cross with each other So far, our description of the
Fourier transform on the Hilbert space is still incomplete, because the total Hilbert space of
the Fourier-transformed three-dimensional GT model cannot be trivially viewed as the tensor
product of the Fourier-transformed local Hilbert spaces of single vertices defined above. In
fact, as will be explained in the following context, a braiding structure must be added.
Without loss of generality, let us consider the state in the Hilbert space with a whole pla-
quette in the bulk, as shown in Figure 5. One can observe that when a larger Hilbert space
is considered, edges unavoidably cross with each other in the rewritten rep-basis. Therefore,
defining the inner product between the states that include crossing edges in the rewritten
rep-basis and those in the group-basis becomes necessary. To achieve this, let us consider the
following inner product.
< +hg VuVy ? VuVy

mv
v
G G
ST @ lyn, 10
nv

Djn, (8D, (), (38)

mv

+'V
mmn“> =

nv

where the first equivalence comes from the Fourier-transformation of the basis vector of H,

(32), and the equality with a question mark «Z» is the evaluation of the graphical presentation
if edge crossing is treated trivially.

Clearly, the convention given by «Z» is insufficient because it cannot distinguish the over-
and under-crossing relation between the two edges. Nonetheless, we can indeed find a rea-
sonable convention to evaluate the graphical presentation in (38) that encodes the crossing
information of the edges in the inner product by introducing a braiding structure. Using the
F-move given by the first equation in (24), formally we have:

Z}g) :Z&p my ué

m,—(&) P ol n, (39)

v
v
n’V
- o
— 3 M v v LHvim,m, pm,
= 2: dpoMmL(g)Dmvm;(h)Rp Com,  Counyn, »
p,mpm;tm/v
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where we have introduced new equivalences in the second row above. Namely

m, m

U
wysmym, //1)

_ LA v v
=R%Y —R‘;”Cpmp , R, . (40)

o)
e}

P mp P

Therefore, during the Fourier transformation, we first fix a projection of the 3D lattice onto
2D, and that any edges that cross in this projection will pick up an R-matrix when evaluating
the inner product between the Fourier-transformed basis and the group basis.

Here, R : L?é — C is called an R-matrix, which cannot be expressed explicitly in terms of
the duality maps and 3j-symbols of the representations of a finite group G. To determine the
R-matrix, we impose the following symmetry constraint of the rewritten rep-basis (where Latin

indices m,,,m,, ... are omitted):

y > (1)

As a result, the R-matrix elements must be a complex phase and satisfy the Hexagon identity
[5]. Moreover, as the topological spins of simple objects in Rep(G) are always 1, the R-matrix
elements must satisfy Rng;“ = 1. Such an R-matrix can always be found for a gauge theory
[3]. We will see in section 5 and Appendix A that, with the R-matrix defined above, we can
properly evaluate the matrix elements of the plagette operator acting on the local Hilbert space
shown in Figure 5 in the Fourier-transformed three-dimensional GT model, just as what was
done in the WW model [5].

The data consisting a label set L, quantum dimension d: L; — C (where &” = Budy), 6J-
symbol F : Lg — C, and an R-matrix form a unitary braided fusion category (UBFC) Rep(G),
which is the input data of the Fourier-transformed three-dimensional GT model with input
data G. Therefore, as the UBFC Rep(G) is given, we can define the Fourier transform of the
total Hilbert space through (39) and the local Hilbert space Fourier transform (37). Note that
although the 6j-symbol F of the category Rep(G) can be uniquely determined through the con-
vention introduced in subsection 3.1, multiple solutions may still exist for the R-matrix. From
a single GT model with input data G, we can then construct a series of Fourier transformations
with different R matrix, resulting in a series of Fourier-transformed model, corresponding to
the different choices of the braiding structure for the representation category Rep(G). Never-
theless, these Fourier-transfomed models are all physically equivalent to the original model,
and hence are also equivalent to each other. (For a more detailed argument, see the end of
Section 5.2.) Therefore, we will not specify the braiding structure of Rep(G). We verify that
(39) preserves the orthonormality and completeness in Appendix B. Some examples for the
data {L;,d, F,R} corresponding to the finite group G are given in Appendix C.

3.3 Fourier transform of the boundary vertex operators

We are now ready to study how a boundary vertex operator AST acts on a local basis state | ¥y, ).

That is, we need to find the Fourier-transformed version AET of AST. Since the group-basis and
the rewritten rep-basis {|‘I’sms>} are both orthonormal and complete in the local Hilbert space,
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we can compute the action of AQT by inserting resolution of identity:

ASTIW,, ) = Z W N | > ASjikgh)(jikghl ™)

u'vp'n' A jikgheG
a ﬁ'y/s’m/

“‘ p n/m /ml/

= Z I\I/S’,ms,)(\llsl,msll Z T lZIx],lx xk,xg,hx)(jikgh|¥*™s)
u'vp'nA jikgheG x€K
a ﬁ’y/s’m /
p n/m /mk/

— Z Z K lZ( sm/|x1,1x xk,xg,hx)(jikgh|¥, )| Sm,-

WV p'n’A  jikgheG x€K
a /5’ y's'my
M p n/m /m)\/
We leave the simplification of the two inner products in the above expression in Appendix B

but present the result here:

e 1
Ang\Ilsms} - ; E Z Dfsnsmg(x)l\psmd = ;(Pls()msmg |\Ijsmg> . (42)

x€K

We observe that the Fourier-transformed vertex operator AET is automatically diagonalized in
the entire local Hilbert space of the considered vertex spanned by | ¥, ) but the small subspace
— the representation space V; of s, which is spanned by m,. Here, P;< = (1/IK1) X} pex D (x)
is a projector in V;. As the eigenvalues of a projector must be 0 or 1, a linear transformation
V, = V,,Img) = |fmy) can be applied to diagonalize the matrix P;. This transformation will
also transform the basis |¥;,, ) to [¥,y ). In such a basis, (42) can be simplified as

Ang"psﬁl) = P15<|\1’sn”15) = 5(S,ﬁ15)€LA|\IJSﬁ15> P (43)

where the set L, collects all the +1 eigenstates of @ or its representation Py. More precisely,
we can write
Ly:={(s, as)|P[s<|‘IJsas> = |\Psas>:5 € Lg}. (44)

The states I\IJS,;IS) with (s,m,) ¢ L, are zero eigenstates of AET, and are thus excited states.
These excitations emerging at the end of the dangling edges, labeled by a pair (s, ), are
point-like charge excitations at the boundary.

In bulk, the Fourier transform of the vertex operator is similar to the derivation above
when K = G. The bulk vertex operator projects all degrees of freedom on the tail to the trivial
representation, that is, A, |, ) = 8,—0|¥,y, ). Therefore, point-like charge excitations in the
bulk are on those non-trivial tails.

3.4 Fourier transform of the boundary edge operators

We then investigate how the Fourier-transformed boundary edge operator C ST acts on a lo-
cal basis state in the rewritten rep-basis of the Fourier-transformed GT model with gapped
boundaries. According to (7), CST acts on the edge between two vertices. Consequently, in
the rep-basis, a local basis state on which CST acts would involve the two end vertices of edge

e. In what follows, we denote the local basis states in the group-basis acted by a boundary
edge operator as:

;) =

A > (45)
XTg
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and denote the local basis states in the rewritten rep-basis as:

(46)

where we have omitted some Latin indices, and the indices 1, and i, diagonalize the bound-
ary vertex operators acting on the two vertices in (46). In the rewritten rep-basis, the bound-
ary edge operator is not diagonalized only on the subspace spanned by the degrees of freedom
ms,s, v, m,¢, A, r, and m,. Thus, the boundary edge operator can be viewed as an operator
acting on the open plaquette outlined by these edges.

Similar to the Fourier transform of vertex operators, we can compute the matrix elements

of @ in the local basis by inserting resolution of identity:

(W) b ESTIOTO% ) = (@ E e h DT CoTlw) (mlert )

s,/ sm LI, s'ml,r'm’, Stitg, I,
ghijlxyzweG
_ V'’ A YTHA
- Z 5161{( s/, r/m, |\Ill><qj |\Ijsm ,r, ) (47)
ghijlxyzweG

K VT VT
= 3 Dl O ) e ),

ghijlxyzweG (t, at)eLA

where use is made of that K|
Slex= . Gl DL, (D). (48)
(t,a,)ELy

The proof of the the above equation and the simplification of the two inner products in (47)
are left in Appendix B. Here, we just write down the result:

(\IIV/TE/(i)/), |CGT| 1)7'C¢A >

sy, r/m, St ;.

K
= Z | ldf/f/ EANAAR oRTo GSLMsa: oy

|G| ¢’ Ts'my tr'sa m,,

% G,u, Vs Gpm/* Ga*d)n*Gnltb th’*l (49)

ts™*y! St S e gl T A T ortr!
K] - *y—1 t*\—1
= > |G|d Py 9955, (7 IRETRE (oo o, ) (0 Vol QL
(t,a;)ELy
* * ok * * * "
x (Cs’*st,rﬁs/*rﬁsat)*(ﬂs, _rﬁznﬁs/* GE S GP™Y GO ok G’M(ﬁ Gt/l’ A

tsl* vl tv/*n/ tn/*¢/ ¢/*A/ 6r r/ 5

(t,a)EL,

where ¥, = 4/d, d,, and ¥ Uy 9, [V ] =79, 9,V -+ ¥, is introduced as a shorthand notation.

The local state |\IJsm ¢rm ) may be a +1 or zero eigenstate of the boundary vertex operators

acting on the relevant vertices. In general, we would like to study the matrix elements of
C T in the local basis states free of any charge excitations. This is accomplished by acting

the boundary vertex operators on the states |\11;;§¢r7:ﬁ ) to project out all the charge excitations.
Equivalently, we can simply replace the indices i, and m, in (49) by a, and a, in (44) and
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Figure 6: The local Hilbert space where the boundary plaquette operators E@ and

@ act on. (a) is the group basis, denoted as |wxyz), and (b) is the rewritten rep-

basis, denoted as I\Ilf r?lvf;lacp ). Here we have ignored all the group element labels

S
and irreducible representation labels which will not appear in the matrix elements
of the boundary plaquette operator.

obtain

(lev/TL'llﬁll/ |CveGT|lev7t¢l >

s'ag,r’a. s, ra,
= 4,572,755, [/ RE7RE? (C Q) @)
- |G| tVyVrVep VaVsVrlV ¢ Vo LN A WA Y 0y Tty a i
(t,a)ELy
xS )1 WSt ApmYt A0 PT AnAPT AEA*A
x (Cs’*st,rﬁsl*asat) (Q /g Gts’*v’ Gtv’*n’th’*¢’ th)’*}VGEr*r’ (50)

|K|~ ~ o~ o~ o~ ~ - * ok * * * A * 1%
= 2 Evt(vvvmm[v'Dusur[u’]RgURg’,UG‘;,:;,Gf;f;,c;fn,‘fg, Gl? GEl
(t,ap)ely

x fr’*ar/t*atrarfs’*aszsastat ’
where in the last equality we defineamap f : Ly x Ly x Ly — C as

Feaaagpay, = P Uty (Corapymeagay) (0 Vol » With  (a,a,),(b,ay).(c,a) €Ly,  (51)

ﬁ‘lc*
where u, = +/7,.
3.5 Fourier transform of the boundary plaquette operators

Finally, we discuss the Fourier transform of the boundary plaquette operators IF. The local
Hilbert space where 1? acts on is shown in Figure 6.
We can calculate the group elements of 1? through a similar procedure of the calculation

in the previous section, resulting in

< uwa'vs'ea' pVK lBGTllpuavﬁeU(pLK)
p

! /! - T
r'm/. s’/ rm,,smy

(W E 3 BV b N
_ wa've'e'a'l'pik uavéeolpik
= E 5xw2)7,e<qu/rﬁ;,s/m§ |xyzw) <xyzwl\ljrﬁ1r,sﬁ15 )

(52)
1 VW E N R B A N
= E E EdtD;rmt(xwi}_/x\P“ @V o CpK |x yzw) (xyzw|\IJ“aW$mgpLK) ,

'’ </m’! T T
rimy,s'm; 1, S
t€Lg,m,

where the first summation is over all the relevant group element labels in the group basis state
|x yzw), including those that we haven’t explicitly specified in Figure 6. Here, we shall focus
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on the boundary degrees of freedom (r,1,.) and (s, 11, ), which will be projected into the set L4
by boundary vertex operators. We want to find out whether the Fourier-transformed boundary
plaquette operators would introduce new structures on the set L4, like what we have found in
the Fourier transformation of the boundary edge operator where amap f : Ly x Ly X L, = R
emerges. The answer is however negative.

Since evaluating (52) is very tedious, and since a similar procedure will be shown in sec-
tion 5, we simply present the result of (52):

<\P/|$|\I]> = Z &tﬁ‘u\;a e vk[ﬂ/]RﬁngeR‘;lsRif/beK GQP*L e GSKM (53)

't T e prx tu'x’?
t€lg

_ i uavéeolpix no_ uwa'vVs'ea'l'p'VK o . .
where |¥) = I\I!rmr’sms ), (V'] = (\I/r,m,r,s,rﬁ; |, and the ellipsis between those 6j-
symbols represent other 6j-symbols corresponding to the vertices along the boundary of pla-

quette p.

While factors R’,fs and Rﬁ *in (53) depend on s, which labels the tail, these R-matrices do
not introduce any new structures on L, because s should be viewed as an element of L here.

In fact, each Fourier-transformed boundary plaquette operators ]? is an identity operator
within the subspace spanned by (s, ;) and (r, /#,). Hence, unlike 1@ and CEGT, the boundary

plaquette operators BST do not project out any degrees of freedom on the tails attached to the
relevant boundary vertices, and thus do not provide any new gapped boundary condition for
the Fourier-transformed three-dimensional GT model.

So far we have Fourier-transformed and rewritten the three-dimensional GT model with
gapped boundaries on a trivalent lattice I". In the sequel sections, we shall study the physics
revealed by the Fourier transform.

4 Emergence of Frobenius algebras and boundary charge conden-
sation

In this section, we first examine the gapped boundary condition of the Fourier-transformed GT
model, then characterize the gapped boundaries by charge condensation, and finally explain
why the Fourier transform makes the physics at the gapped boundaries of the GT model more
explicit than it was before the transformation.

4.1 The gapped boundary condition of the Fourier-transformed model

In the previous section, we have found that each Fourier-transformed boundary vertex op-

erator AS'T projects the degrees of freedom (s,71,) on the tail attached to the vertex v into
a set Ly. Along with the Fourier-transformed boundary edge operators, an emergent map
f 1Ly x Ly x Ly — R appears. Nevertheless, within the subspace spanned by (s, ), the rele-
vant boundary plaquette operators behave as identity operators. Hence, the gapped boundary
condition of the Fourier-transformed three-dimensional GT model can be specified by a pair
(L, ), which is determined by the input data G and the boundary condition K of the original
GT model.

As proved in the two-dimensional case [1], the gapped boundary condition (L, /) indeed
forms a Frobenius algebra A, which is an object in the UBFC Rep(G). Generally, an element
of L, is denoted as a pair (s, @) (or simply sa,), where s is a simple object of a UBFC §. The
multiplicity of s in A is denoted by |s| and refers to the number of different pairs (s, a,) with
the same s. The multiplication is a map f : Ly x Ly x L, — C that satisfies the following
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associativity and non-degeneracy:

E : abc*s & _ E
faaababc*acfcacra,s*as Grs*t VeVe = faaata[s*asfbabrart*a[ s
ca, a;

(54)
fbaybayo = ObbOayal Bo >

where 0 is the unit element of A and has multiplicity 1, i.e. 0=(0, 1), and ¥, = \/&—C with &C the
quantum dimension of element ¢. That the Frobenius algebra A defined above is an object of
the corresponding UBFC § is understood by writing Aas A = @S|SaSELA 5@kl which is generally a
non-simple object in §. For computational convenience, one may also write A= P 4 yer, Sa,»
explicitly treating different appearances of s as distinct elements of A.

Therefore, we conclude that the gapped boundaries of the Fourier-transformed three-
dimensional GT model are specified by the Frobenius algebra Ag x = (L, f )g x, which is de-
termined by the input data G and the boundary condition K of the original GT model through
(44) and (51).

4.2 Charge condensation at the gapped boundary

We will subsequently see that the boundary input data Ag g of the Fourier-transformed model
precisely mirrors the charge condensation at the boundary. Recalling (43), each pair (s, ;) la-

bels a local +1 eigenstate [¥,, ) at vertex v of the projector AET. All eigenstates with matching
hidden labels form a subspace within the d,-dimensional representation space V,. The dimen-
sion |s| of this subspace is determined by the count of (s, a,) pairs with the same s. Following
the emergence of the Frobenius algebra, this dimension |[s| is identified as the multiplicity of
s found in Ag . This identification has a strong connection with the charge condensation in
three-dimensional topological orders. We quickly summarize this relationship as follows.

In two-dimensional topological orders, there exist only point-like excitations called anyons,
including charges, fluxes, and dyons. The anyon condensation in two-dimensional topological
orders has been extensively studied recently [ 17-22,24-28,47,48]. On the other hand, point-
like excitations in three-dimensional topological orders are pure charges, with additional loop-
like and string-like excitations present. Nevertheless, the investigation of charge condensation
in three-dimensional topological orders remains limited to specific cases [34].

Generally, in an n-dimensional topological order C, certain types of elementary excitations
may condense and cause a phase transition that takes the topological order to a simpler child
topological order /. In an extreme case, { could be merely a vacuum (a symmetry-protected
topological phase precisely speaking) [28, 47, 49], rendering the original topological order
entirely broken. This process can also be viewed from the perspective of creating a gapped
domain wall that separates C and I/ [26]. When U/ is a vacuum, we say that certain types of
elementary excitations of C can move to and condense at the gapped boundary between C and
the vacuum.

Although a general classification of loop-like excitations in three-dimensional topological
orders is very complicated [50-52], except for those in three-dimensional GT models with
finite Abelian gauge groups, the charge excitations in the three-dimensional GT model are al-
ways classified by irreducible representation of the input data G. We can thus investigate the
charge condensation in three-dimensional topological orders through the three-dimensional
GT model with gapped boundaries with bulk input data G and boundary input data K C G.
Let us consider the situation where K = {e}, known as the rough boundary condition. Recall-
ing Egs.(43) and (44), all irreducible representations in L; must also be included in L,. This
means that L, = {(s,a,)|s € Lg,a, = 1,2,...,d,}. Since the charge excitations in the bulk are
labeled by s € Lg, and since each pair (s, a;) is an independent component of Ag g, we say
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that the pure charge s divides into d; parts, each of which condenses at the boundary. Conse-
quently, the multiplicity of the charge s in the boundary condensate is d; = |s|, which coincides
with the multiplicity of s in the Frobenius algebra A k. In situations where K is a nontrivial
subgroup, it could be that for some s, only a subset {(s, a,)|a =1,2,...,|s| < d,} C L, is found.
That is, even though the pure charge s splits into d; pieces, only |s| pieces contribute to the
boundary condensate. For example, letting G = S; and K = Z,, we have L, = {(0,1),(2,1)},
where 0 denotes the trivial representation and 2 denotes the two-dimensional irreducible rep-
resentation of S3. We thus have |2| = 1 < d, = 2, which means that the charge labeled by 2
splits into two pieces, only one of which labeled by (2, 1) condenses at the boundary.

From the above discussion, we can see that in three-dimensional topological orders, the
charge condensation at the boundary is completely described by the boundary condition. This
statement can also be understood through the layer construction. The layer construction of-
fers another interpretation for condensation of charge excitations at the boundary of a three-
dimensional topological order [32, 33,53]. Here, three-dimensional topological orders are
achieved by sequentially stacking two-dimensional topological orders. For instance, a three-
dimensional GT model with input data G can be built by stacking the QD model with input
data G as well. The layers are then glued together by condensing specific types of quasiparticle
pairs between them. Nevertheless, at the final layer of the two-dimensional topological order,
which is the boundary of the three-dimensional topological order, excitations at the bound-
ary are allowed to condense separately. Different boundary conditions correspond to different
condensates at the boundary.

5 Mapping the three-dimensional GT model to WW model

The two-dimensional QD model with group G as input data has already been proven to be iden-
tified with an LW model with UFC Rep(G) as input data, via the Fourier transform [1]. A natural
question arises: Will the Fourier transform map the GT model, i.e., the three-dimensional ver-
sion of the QD model, to the WW model, i.e., the three-dimensional version of the LW model?
The answer is yes. In this section, we will show that the Fourier transform defined in subsec-
tion 3.2 indeed maps the three-dimensional GT model with input data G to the WW model with
UBFC Rep(G) as input data. Since the original WW model does not have a boundary Hamilto-
nian, and since there has not been any fully systematic construction of the gapped boundary of
the WW model, we shall consider the bulk first and then the boundary. We also suppose that
all representations of G are self-dual for simplicity, as was done in [5]. It is straightforward
to generalize to the case where non-self-dual representations exist. Details of the definition of
the WW model can be found in Appendix A.

5.1 Mapping the bulk Hilbert space

By (33) and the basis rewriting in Figure 4, one can always rewrite a Fourier-transformed
six-valent vertex as a trivalent lattice, as shown in Figure 8, with an extra tail attached to
the vertex. The edges are labeled by irreducible representations u € L of group G. As the
representations of a finite group G form a UBFC Rep(G), the sub-Hilbert space of the Fourier-
transformed three-dimensional GT model where all degrees of freedom on the tails are re-
stricted to the trivial representation, denoted as 7—28”, is the same as the Hilbert space of the
WW model without charge excitations. Since (33) requires that each vertex in the rewritten
rep-basis of the Fourier-transformed three-dimensional GT model satisfies the fusion rules, all
the states in 7:[8” are already the +1 eigenstates of the vertex operators in the WW model.
Charge excitations can be studied in the larger Hilbert space that contains non-trivial tails.
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Nevertheless, in the following we focus on the plaquette operator and work in the Hilbert
7/GT
space H" .

5.2 Mapping the bulk Hamiltonian

In order to Fourier-transform the bulk plaquette operator of the GT model, we consider two
plaquette states, [¥ypcqpqruvw) defined in (A.4) and state |g18,8384) defined by

11828384) = (55)

As discussed earlier, state (A.4) can also be viewed as a state in the Hilbert space of the
Fourier-transformed GT model. Therefore, by (37), we can construct the inner product be-
tween the two states above as

(81228384 %g.ns) =N X Vg -+, P

where we have collected all unimportant coefficients into A/, and we also neglect all the Latin

indices my, ... Note that
1V VeV Var Vyr Vi Var

G2
will not be affected by the action of the plaquette operator.

Inserting resolution of identity, we can write the action of the plaquette operator BST of
the Fourier-transformed GT model as

Vp/ Vq

nGT
Bp |l1labcdpqruvw>

= > BS"181828384)(21828584 Yabcdpqrum)

81828384€G

= 2. Sunnse ) v ) (57)
€1828584,¢181828384/1818283841%abcdpgruvw

81828384€G

- Z Z 3 ;sms(g1g2g3g4)|glg2g3g4> <g1g2g3g4|qjabcdpqruvw> .

81828384€G s€Lg,m,
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In order to compare BST to BZVW, by means of our graphical tool, we re-express (57) as

BSTl\Ijabcdpqruvw> (58)
b/

= Z Z N |g1g2g3g4),
g1g2g3g4€G5€LG )
%

where use is made of
s
@ = ﬁstnsms(g1gzgsg4)~ (59)

It is the braiding structure (41) of the representation category Rep(G) that enables us to put
the loop s everywhere we want in the entire graph containing all edges. Note that here the
crossing between loop s and edges ¢’ and ¢’ are inevitable if we want to place loop s along this
plaquette correctly.
To evaluate the graph in the equation above, we introduce the convention
MO,TI v,n, __ 1
CM,m“MCOV,mV = Sn,m,On,m, > (60)
u’y

which can be expressed graphically as

where the dotted line is graced by the trivial representation. It is easy to prove that convention
(60) is consistent with the first equation in (24) and the F-move (27). We can then apply F-
moves in the graph in (58) and obtain

5GT _ ‘b oerpd b pe/r” pa'pa p'qp w'aw
Bp |\Ijabcdpqruvw> - Z Z Rq RC "R q” R " Fsa//p//Fsp//q// -+F sw'a”
g1g2g3g4€Gs€Lc

x dydpd.dzNvg -+ vy

u” C- C// b’
d// b//

@ 5
X d d ‘ gl 181828384) . (61)

v S b//
v ~—&~q" q’

u/
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Then, applying the second equation in (24) and using the intertwiner property of 3j-symbols,
we find that the graph in the above equation is equal to

(81828384 arpyr )
&a&b&c&d X Nva// cee VYV ’

The results above enable us to write the matrix elements of the Fourier-transformed plaquette
operators of the three-dimensional GT model explicitly as

5 s qb’ cr’ pa'pa np'qp waw
S Z Oy R RIR R L E S
s€Lg a Yw

~ (62)
d /7 ’
= "bperpd P a’pa ~p'qp
- G [ ]Rq RC "R q’ RENr G sa’’p” Gsp//q// : GV;,%ZIV// 5
sELG

where the second equality is due to that F#,f;} =d G#,fg (28) is used.
Taking into account that D* = 3 _, - d? = Yer, 47 = |G|, we find that BJ" is exactly

the same as BZVW. Therefore, as far as bulk is concerned, after the Fourier transform and
basis rewriting, and finally projecting all the degrees of freedom on the tails to the trivial
representation, the three-dimensional GT model with input data G has the same Hilbert space
and Hamiltonian term-by-term as the WW model with input data Rep(G).

We can then discuss the relationship between the ground states and excited states of the
three-dimensional GT model and the WW model. As the Hamiltonian and the Hilbert space
of the three-dimensional GT model are exactly mapped to the Hamiltonian and the Hilbert
space of the WW model, the ground states of the two models are also related by the Fourier-
transform. Hence, the ground-state degeneracies of the two models are also the same, which
indicates that the two models realize the same phases of matter. We then consider the exi-
tation states. One type of bulk excitations in three-dimensional GT model is loop-like excita-
tion, which occurs when BGT = 0 on a series of plaquettes forming a loop. As the Fourier-

transformed plaquette operator BS’T is exactly identified with BZVW, it follows that the excited
states associated with loop-like excitations in the three-dimensional GT model analogously
map to the excited states of the WW model, with loop-like excitations living at the same po-
sitions of the lattice. A similar argument also holds for charge excitations which occur when
AGT 0. Therefore, we conclude that the three-dimensional GT model with input data G and
the WW model with input data Rep(G) exactly describe the same topological order. Moreover,
different WW models with input data Rep(G) equipped with different braiding structures are
also equivalent. Starting with a GT model with input data G (denoted by GT), given the
UFC Rep(G) equipped with a set of R-symbols, we can define a Fourier transform, which maps
the Hamiltonian of the GT model to the Hamiltonian of a WW model term by term. This
transformation (denoted by FTy) is a unitary linear transformation that does not affect the
spectrum of the Hamiltonian and the ground state degeneracy. Therefore, the resulting WW
model (denoted by WWre,6) ) is physically equivalent to the original GT model GT. Never-
theless, if we choose another set of R-symbols denoted by R’, we will get another WW model
WWrgep(g),r Via the transformation FTg/, which is also physically equivalent to the original GT
model GTg. Therefore, the two WW models WWgep, ) r and WWee, gy p are related through
the transformation FTg o FT>', and hence must be physically equivalent.

5.3 Mapping the boundary

Recall that as aforementioned, the gapped boundary theory of the WW model has not been
fully systematically constructed before, except for smooth boundaries and some special cases.
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Figure 7: Upper: The original boundary lattice. Lower: The Fourier-transformed
boundary lattice. Red wiggly lines are tails attached to original vertices, with degrees
of freedom taking value in Frobenius algebra A . The degrees of freedom on the
black straight lines still take value in Rep(G).

Now that we have already mapped the bulk Hilbert space and Hamiltonian to the WW model
via Fourier transform, the Fourier-transformed boundary of the three-dimensional GT model
with input data G also offers a full systematic construction of the gapped boundary theory
of the WW model with input data Rep(G). The construction is understood as follows. The
boundary lattice is shown in Figure 7. The boundary Hilbert space is the tensor product of the
local Hilbert spaces on those edges and tails. The black edges are labeled by the objects of the
UBFC Rep(G), while the tails are labeled by elements in the Frobenius algebra A x € Rep(G).
The boundary Hilbert space can thus be expressed as

HWW = (® SpanjeERep(G){lje>}) ° ( ® SpanthAG’K{lth) . Y

ecal teboundary tails

The boundary Hamiltonian consists of respectively the sums of boundary vertex, plaquette,

and edge operators:
HWW=— " AWW_ " BWW _ " CWW, (64)
veol peol ecdl’

The boundary vertex operatorw is the identity operator if the labels of the three edges (or
tails) around v obey the fusion rules; otherwise it is 0. The boundary plaquette operator BPW
is given by (53). The boundary edge operator CeW acts on the local Hilbert space corresponds
to edge e of the original cubic lattice, as shown in (46), with its matrix elements given by
(50). Since these local operators are obtained from the boundary Hamiltonian of the three-
dimensional GT model via Fourier transform, they commute with each other. Therefore, the
total Hamiltonian of the WW model is still exactly solvable.
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A The Walker-Wang model

The Walker-Wang model is defined on a three-dimensional trivalent vertex I', which is de-
formed from a three-dimensional cubic lattice. At each six-valent vertex of the cubic lattice,
the deformation is depicted in Figure 8.

The input data of the model is a UBFC, in which the string types will be labeled by Latin
letters a, b,c,... € L, are assigned to the edges of I'. The Hilbert space HWW of the model is
spanned by all labels of the edges in the lattice I'. The definition of UBFC also includes a set
of symmetrized 6j-symbols G : L® — C and a set of R-symbols R : L> — C. The 6j-symbols
give the following basis transformation:

> (A.1)

d
and the R-symbols encode the braidings:

%
a b
=Rab . (A.2)
C C

In the WW model, we also assume multiplicity-free in the fusion rules and self-duality of all
labels, so edges in our lattices are not oriented. The Hamiltonian of the model is

H=—) AMW_>"p"W, (A3)

verl pel

where v ranges over all vertices in the trivalent lattice T', and p ranges over all plaquettes
in T which correspond to the original squares of the cubic lattice. For |¥) € H""W, we have

)

Figure 8: Deform a vertex in a three-dimensional cubic lattice to a trivalent lattice in
the WW model.
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Figure 9: (a) Fusing the simple loop labeled by s with the edge labeled by a. (b)
In order to fuse the string labeled by s with edge labeled by b, first we have to act
a R-symbol at the vertex and then apply the basis transformation (A.1); otherwise
the string s will fuse with edge labeled by q’, which is not in the boundary of the
plaquette.

A,|¥) = |¥) if the three labels around vertex v obey the fusion rules; otherwise A, |¥) = 0.
In order to derive the plaquette operator B}\)NW, we consider the following plaquette with the

relevant labels:
1 ,

u u 4 9 b’
r
d ¢! d
d q’ . (A.4)
v
w a o P p’

Then, analogous to the LW model, we define B;’VW =>.(d,/ DZ)B;, where D2 =" _, d2, and
the action of B; on the state (A.4) is to fuse a simple loop labeled by s with the edges around the
plaquette, through the basis transformation (A.1), as shown in Figure 9(a). However, things
get tricky when we encounter the vertex where q,q’, and b meet. As shown in Figure 9(b),
explicitly applying the basis transformation (A.1) results in a state where string s fuses with
q’, which is not what we want. Thus, we have to twist the vertex using (A.2) before applying
(A.1), and twist the vertex back finally to recover the original lattice. The same procedure is
also applied when dealing with the vertex where c,c’, and r meet. Therefore, compared to
the IW model, we get four extra R-symbols in the expression of the matrix elements of B;.

Denote the state (A.4) as [Wypcdpgruvw), then the explicit expression of the matrix elements
of B; is given by

~ ~ ~ 2 e /b// 7.1
(‘I/a”---w”|BIs)|\I/a---W> =Vg o VW[V”]RZ bRgergu Rzﬂr (A.5)
x Ga/Pa Gp’qp Gq/bq Gb’cb Gc’rc Gr’ur Gu'du Gd’vd Gv’wv Gw'aw '

Sa//p// sp//q// sq//b// sb//C// sc//r// Sr//u// su//d// sd//V// SV//W// SWNaN .

Note that in order to evaluate the above expression, here we use the following convention to

28


https://scipost.org
https://scipost.org/SciPostPhys.19.1.018

e SciPost Phys. 19, 018 (2025)

remove the bubble:

a + >, (A.6)

which is different from our graphical presentation (24).

B Some proofs

Here we prove that the rewritten rep-basis defined in (36) is orthonormal and complete.

(W [ Wi, ) = > W ik gh) ik ghl By ) (B.1)
jikgheG

:vuvvvvkvvﬁvv[v] Z

5
| G | jikgheG

_ VuVaVpVnVaVaVp v, vs[v'] Z
IG[®

jikgheG

~N L P ‘a
VyVaVeVp vy vs[v] D g
- G2 OppOnmOp P5 ,On nnn5n§>“p Z g mﬁ’ o

=)
QY

>

' (VY on
iheo m@$
e

\\p\
S
=
7

Sf Y M
m AR B
— / a
= ﬁaVﬁVYVS[V ]5M/H5V/V57)/7)5A/7L5P/P6G/G§"Lnu5m;mv5n%nn5m/lm15n;3np " 5 ‘nA@/lu )
mn S/$ Y/ AA
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where (24) is used, and the B, comes from v,v,8,,/d,. Although the ends labeled by m
and n in the graphical presentation in the last line of the above expression are summed, they

cannot be connected explicitly. In order to evaluate the above graphical presentation, we use
the following trick:

n A
LA 87 g0
s oyl My T

I oS 2N T B
\\n n n}:\‘.
\Q A* / Ljin’ ﬁ—q
= ifn =52, 4 =P an*, (B.2)

where the normalization condition of duality map and (25) are used. Noting that

o AQ Uy a ™ A0
— Ak = B"l (B.3)
YA Y B YA

we can simplify the graphical presentation in (B.1) as

ms mS
Si n S
A
gt et Lok BB, B,
L, gt = BB v T A = W5/3’ﬁ57”¥55’s5m;m5 . B4
s% YoM s/A e
n
m; m

Inserting the above expression into (B.1) yields

(lI/ sms) - ﬁvﬁkﬂa/jﬁﬁyﬂs5u’u5v’v5n’n51’l5p’p 5a’a5ﬁ’ﬁ 5)/’)/55’5
X 5n;tn“5m/vm 6 6 / 5

mml

(B.5)

o .
np m{my

Finally, using the fact that 88,8, = 1 when C,,,,, # 0, we have 3,8, 8,5 8,8; = 1, and thus
it is proved that the basis [, ) is orthonormal.

The proof of completeness is as follows:

>, Z (jikgh[ Wy ) (W, |71k g 1)

oS T,

vy d,d,d,d,d,dydsd,d
IGI°

Mee8 1MLy, e Mg
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d,d,d,d,d;dgdpd, d,

r8pty
P

) (B.6)

where (23) is used. Using the similar method, we can simplify (B.6) as

DD (ikghlg, ) (T, |7k g'H)

LS My
d,d,d,d,d;d,dsd, d 1
u“rHpUnHaAta gty Us Z
:Z Z A (B.8)
GI> l Zzl3l4eG| *

Heees M, My M
m, ml

HOOLIGO0

V

Let us consider the first term in the graphical representation above, which reads

> Dy (DDLU)D, () =TeD"(ily") = Tr,(I'Ly), (B.9)
m,,k,l

where i’ = 1'i. Recalling that

Z Gi d, TrDH(D), (B.10)
UELg

we find that the term (B.9) gives a factor of 55,14,8. Similarly, the second term of (B.8) gives

61, and the sixth term gives 65, , with h’ = h’h. The third term of (B.8) reads

2. iDL ), = 3 B (@7 )i DY (L)), D)y ) (B.11)
mnkl mnkl
= > B[ (L)TD} (15) = b, Tr, (Lals), (B.12)
kl

where (10), the unitarity of Q", and the definition of 3, QT = B, are used. Therefore,
the third term gives /3Y5 Lilse in (B.8). (B.8) thus can be further 51mphﬁed as
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DD ikghl, ) (U, |k g'H)

Uees mym
= Z ﬁaﬂﬁﬁyﬁuﬁpﬂn X 6{/14,6514,651_413,65Z3§,e5i312,e5;1/12,65Z211,65i1]~{,e6l_1]7,6 :
Lll,eG

Noting that 8,6,6, =1 and g, 8, = 1, we finally get

(B.13)

Z Z <jikgh|\psms><\psms|j/i/k/g/h/> = Sf’i,e gg’,e6fz’h,e5kl_<’,e5j]_'/,e = <jikgh|j/i/k/g/h/> , (B.14)

VRN N o

which implies that

Z Z |q}sms><\psm5| =1, (B.15)

JURKIRR ¢ BEEE 1

i.e., the basis [¥,, ) is complete.
We then prove that the rewritten rep-basis with braided edges defined by (38) and (39) is
orthonormal and complete. We define

i h
luv) = muiﬁn“>, |gh) := 'i? > (B.16)

Thus

(W)= > (u'v'|gh)(ghluy)
g,heG

B vV, [V'] -
- Z |G|2 dedp/
PP’

g,heG

Y
_ E : 35 pH v puvy
= dpdp/Rp, R, 5M/“5vlv6mﬂ,m“6mv,mv
p.p’

= > o808y Oumym, Omym,
PP’

=0 5u’u5v’v6mﬂlmu6mvlmv6n /nuanv/nv ) (B.17)

p'p "

which proves the orthonormality.
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To prove the completeness, we need to compute

> D0 (ghluv)(uvig'h)

u,v mymyn,n,

ZZ |G|2 D . (8D . (A)
w,v

5gg e5hh’ - 5gg’5hh’ = (ghlg/h/> .

DD =1, (B.18)

w,v mymyn,n,

Thus

i.e., the basis |uv) is complete.
Details of the action of the operators AﬁT are as follows.

AST s )

= Z Z Z( Sm/|XJ,lX xk,xg,hx) ]lkghllllsms )| sm/

s’ ]lkghEG xeK
/7
n;...ms

VYV Vi VaVeVp vy vs[v']
-5 5 s,

s’ jikgheG xeK
n !
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;.

)
s'mys

vnvlvavﬁvyvs[v’]
|G|>

N

)
s mys

\ # )
_ Z s oL VYoV p Vg VaVaVp vy vs[v']

M 5’ JlkgheGl |xeK
n

IGI>

<5
ME

In the third equality the fact that 3j-symbols are intertwiners is used. Applying the great
orthogonality theorem and the trick introduced in (B.2), we have

mS
N
4y ;
2t
L
YU PAE}U A*
= /
AeTl\IjsmS) = Z 6#'#4‘.“5”)“5"&"# ot m m, |K| Zﬁlﬁv :‘a’ |\Ils’m§>
Y x€K o] > E,
A
nl -wem] Y
@
m/
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Z ] D+ BaBuBaBp By BiDjy 1y (X))

x€K

Z T 20 D Oy (8.19)

x€K

Details of the action of the operators ﬁ are as follows. Recall that
Va'd' A wrd))t |K| vn:qb)t qub)t
<qjsm LT, |CGT| sms,rmr Z Z t a.a; (Z)( s/l '’ |qjl><q/l| Siig, T, ) (B.20)
g-weG (t,a )GLA

Similar to the calculation in section 5, we can firstly evaluate Dt (l)(\I/l|\IJ;;:¢fm ), which
reads

VoV Ve Va VsV V Vo VoV Vs M
(U(‘MN’WM )= vInV¢ YA s riuvp o n

smg,rm. ! T m

,  (B.21)

where some edges and Latin indices irrelevant to the calculation are omitted. Note that the
braiding between the lines t and o is unavoidable if we want to evaluate the expression cor-
rectly. Then we can use the convention (60) and apply F-moves to the graph in the equation
above and obtain

T3 st Lo hno U
DA FL S FT RE
s'v'm’

— Z ds/FH vs* FPT”" RNO'FO' ¢7T RTL’ O'F"llqb

tS'*V/ tv’*n’ ¢ tﬂfl*(i)/ ¢/ td)/*kl
S/V/ﬂ'/¢/)tl
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= > dFL2 T RIOFS STRTOFNY 4,

S/’V/ﬂ:/(blll

s/ V! ¢

n/*(pl ¢/ t¢/*k/

— T Ut LoV Hno 0T O /o pNAGT LA,
- Z dS/Fts/*v’ Ftv’*n/R(b Ftn’*qb’ qu’ Ft¢’*A’F6r*r’
S//V//’-Eld)/A/r/

_ T LUVt LTV Do pO T Sg p AP St A A ASE A AR, S E—1
= > A FLN T RIOF STRTORNY FIACS G @)l

s/*/vl v/*n/ ¢ tﬂ'—/*¢/ ¢/ t¢/*l/ 5r*r/ S/ﬁ'—ls/ r/ﬁ'—lr/
S/V/ﬂ'/(i)/)b/r/
V |G| V' g’ A
x CANMSE AT (B.22)
Vv/Vn/qu/VA/Vs/Vr/VMVpVUVT)VE Sl r

Substituting the result above back to (B.20) and using the completeness and orthonormality
of our basis, we get

(qlv’n’q)’?t’ lé_nglpwrd)A )

' '/ T T
s/l r/ !, s, rm,

K] LA
= Z Edfvvvnvd)vlvsvr[vl] 1ds’dv’dﬂ/d¢’d7"dr/

RO pu'o AU VS APV A0 P ANAPT ArAFA
X R¢ Rd)’ Gts’*v’ Gtv’*n’th’*zp’ th)’*l’Gﬁr*r’

'\—1 -1 N1
x (Csts’*;nﬁsatﬁlsx* )*(Qs )ffls,*fhs,(Ct*rr/*;ﬁ‘lt*ﬁ‘l,.rﬁr/* )*(Qt)ﬁlt*at(gr )ﬁlr,*ﬁ«lr,

(t,ar)ELy

K| ~ o e e e e
= Z udtv,,vnv(pvlvsvr[v’]_ldsfdv/dn/dd,/d”dr,
(t,a,)ELly |G|
x RTCURN’(TGN*VS* GP”V* GU*¢”*G"71¢* thl*l

¢ TP sy TevER St A T S
X (CS’*St;TﬁS/* ﬁlsat)*(ﬂs *);&/,ﬁs,* (Cr’*t*r;rﬁr/*rﬁ[* ﬁzr)*(nt* );tlrht* (Qr *);11/ﬁlr,* . (B~23)
Finally, let us check:
VyVrVe vlvsvr[v’]_laslciv/&n/&(p/&y&r/ = VeV VaVsVe [V 1By B By Bar Br By - (B.24)
Keeping mind mind that
ﬂu = BBy = By By = \% BsByBs By,
ﬁﬁ = ﬂlﬁr = ﬂl’ﬁr’ = ﬂlﬂrﬂl’/jr’ ) (B.25)

/50 = ﬂnﬂd) = ﬂﬁ’ﬂqb’ = YV ﬂnﬁd)ﬂn/ﬁdﬂ >

VyVrVe vlvsvr[V/]ﬁv’ﬁn’/jzﬁ’ﬁ}vﬁr’ﬂs’ = ‘7v‘7nf’¢ 17)L‘7s‘7r|:‘7/:| P (B.26)

we have
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which completes our proof of (49).
The proof of (48) is as follows: multiplying the both sides of (48) by D~ ~,(Z) and then

summing over | € G will give

|K|Z61€KD~ 2 (D= Z 167 22 P, DD, 5 D

leG (t,at)eLA leG
Z 5at’ﬁt5at’ﬁ/t = 6(t’ﬁ1t)€LA6ﬁTtﬁ7/t :
(t,a)eLy

Recalling the definition of L,, we find that the LHS of the equation above is

Z Srex Dy, m/(l) = o= 2D (D = S(emyer, Oy, = RHS.

|K| leG |K| leK

Thus (48) is proved. Requiring K = {e} in (48) gives (B.10).

C Examples

C.1 G is Abelian

When G is Abelian, L; has a group structure and is isomorphic to G itself. The fusion rule is
given by
u®v=u-+v, (C.1)

where + is the group multiplication of G. For all u € L, we have u* = —u and &u =1. The
3j-symbols and 6j-symbols are given by

C

wvo = Buvp, and GEVA=5,,38,,3:8 06 0x (C.2)

where 6,,, =1if u+ v+ p =0 (Here 0 denotes the identity element of the group G.) and
0;jx = 0 otherwise. Finally, R-symbols can always be trivial, i.e.,

uy _
RUV=1, (C.3)

forallu+v+p=0.
To study the boundary condition, we then set G = Z,, X Z,, x---. The group elements of G
can be writtenas g = (g1, g5,...) where g; =0, 1,...,n;—1, and the irreducible representations

of G can be written as u = (U, Uy, ...) where u; =0,1,...,n; — 1. The representation matrix
can be explicitly expressed as
D*(g) =exp [27‘:1(M1g1 % +.. )] . (C.9)
n; Ny

Then, for subgroup K, the boundary vertex operator is given by
1 siky  sok
5seLA=—Zexp[2n1(2+£+...):| . (C.5)
K| & n n
Moreover, if G = Z,, and K = Z,,, such that m|n, we have
m—1

1 ks 1 —exp(27is)
S == 2mi— | = C.6
s€ba™ kzz(:) € p( mm) m[1—exp(2mis/m)]’ (€.6)
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where the element k € Z,, is labeled as kn/m in Z,. Therefore, only when s = jm, j € N, we
have &6, = 1. Thus we have L, =0,m,2m,...,n—m and

AZn,Zm = (LA: 5abc) = Zn/m = Zm/Zn . (C.7)

In general, not all Frobenius algebras in Rep(Z,, x Z,, x ---) are given by (C.5). Those
Frobenius algebras beyond (C.5) correspond to gapped boundaries with non-trivial twist.

C.Z G == D3

The dihedral group D5 has six group elements {1,s, 1, r2,sr,sr?}, where s> = 1and r3 = 1. The

irreducible representations of Dy are the trivial representation, the sign representation, and
the two-dimensional definition representation, denoted by 0, 1, 2, respectively. More explicitly,
we have

D%g) =1, Vg €Ds,
D'(e)=D'(r)=1, D(s)=-1,
1[-1 —+/3 1/-1 0 C8)
D?(e) = , D3(r)== , D?(s) = —
0 1 2\v/3 -1 210 1

These representations are obviously real and self-dual (which means that those duality maps
defined by (10) are just identity matrices), and hence , =1 for all u € Lp,. The quantum

dimensions of these irreducible representations are given by dy = d; = 1, d, = 2. The non-
trivial fusion rules of Rep(D3) are

191=0, 1®2=2, 202=0010202, (C.9)
and hence 6¢g9 = 0911 = 0922 = 0122 = 0929 = 1. The non-vanishing 3j-symbols of D5 are

Cooo = Co11 =1,

c 1 1 0 c 1 0 i
02,2, — = > 12,2, = = 5
"ov2 o 1 V2 4o
mn mn (C.10)
1/{0 1 1({1 O
Czlzmzn = 5 10 > szzmzn = 5 0 —1
mn mn

Symmetrized 6j-symbols of Rep(D3) can then be calculated from (29). The nonzero 6j-

symbols are
000 _ ~000 _ ~011 _
Gooo = G111 = Gon1 = 1>

GY00 _ 5011 _ 1

222 222 — /2 > (C.11D)
1
022 _ 022 __ 022 _ ~122 _ 122 _
Gozz - G122 - Gzzz - G122 - _Gzzz - 5

All other non-zero 6j-symbols are obtained through the tetrahedral symmetry. Given the data
{d, 6,G}, the R-matrix R : L%B — C can be solved from the hexagon equations:

3 Aaput Arvadtne . Aav0* ps pd
D duGI GRe RE = Gl RS R
U

o . (C.12)
3 neBS ~€aUpe  _ ~€LEHE [

D duGE G RS s = 6o RS RY
U
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where all Greek indices belong to Lp,. The non-trivial R-matrix is

R), =—1. (C.13)

The data {d, §, G,R} describes the unitary braided fusion category Rep(Ds).
Using (51), we can obtain four emergent Frobenius algebras corresponding to the four
distinct subgroups of Ds:

* K=D3,Ly,={0},A=0, fooo = 1.

* K=273,L,={0,1},A=0@1, fo;: =1.

* K=25,L,={0,2,},A=082, f3 55 = 2714, foz,2, = 1.

* K={e}, L,=1{0,1,2,,2,}, A=0® 1 2 ® 2. Non-trivial multiplications are given by

=27 1/4, —27 /4,

f12122 =—i, f12221 =1, f222121 f222222 =

Note that f; 5 o, =0 because Cy 5 5, =0.

More explicitly, let us consider the case K = Z, = {e,s} which has been briefly discussed
in Section 4.2. We have
1({0 O

1
p2 == D3(x) == ) C.14
% ZXZe:s 0 210 1 €19

Hence, only half of the two-dimensional space V, or half of the charge-2 condenses at the
boundary.
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