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We study the condensation of Abelian bosons in string-net models by constructing a family of Hamiltonians
that can be tuned through any such transition. We show that these Hamiltonians admit two exactly solvable,
string-net limits: one deep in the uncondensed phase, described by an initial, uncondensed string-net Hamil-
tonian, and one deep in the condensed phase, described by a final, condensed string-net model. We give a
systematic description of the condensed string-net model in terms of the uncondensed string-net and the data
associated with the condensing Abelian bosons. Specifically, if the uncondensed string-net is described by
a fusion category C, we show how the string labels and fusion data of the fusion category C describing the
condensed string-net can be obtained from that of C and the data describing the string operators that create the
condensing boson. This construction generalizes previous approaches to anyon condensation in string-nets by
allowing the condensation of arbitrary Abelian bosons, including chiral bosons in string-nets constructed from,
for example, Chern-Simons theories, which describe time-reversal invariant bilayer states. This gives a method
for obtaining the full data for string-nets without explicit time-reversal symmetry from such bilayer models. We

illustrate our approach with several examples.
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I. INTRODUCTION

The universal, low-energy properties of gapped phases of
quantum matter are described using two principles: symme-
try and topological order. Considerable effort in recent years
has gone into expanding our understanding of the resulting
genealogy of quantum phases that cannot be described by
the Landau paradigm of spontaneously broken symmetries,
unveiling many new intriguing possibilities for strongly in-
teracting systems. Among the earliest notable exceptions to
Landau’s framework are topologically ordered phasesin2 + 1
dimensions [1-4], which harbor emergent point-like particles
(known as anyons) with fractional statistics.

The long-ranged properties of topologically ordered phases
are captured by a mathematical structure known as a unitary
modular tensor category (UMTC) [4-9], which describes the
rules governing fusion and braiding of point-like excitations.
Thus our knowledge of the possible topologically ordered
phases—much like our knowledge of the possible symmetry
groups—is quite complete. Given this, it is natural to ask
which phases can, in principle, be related by second-order
phase transitions?

In the case of topological order, this question is closely
related to the question of which topological orders are related
by so-called anyon condensation transitions (see Ref. [10]
for a brief review). Such transitions were first studied in
the context of conformal field theory [11-19], and they
have been discussed for general UMTC’s in the mathemat-
ical literature [20-27]. References [28-32] describe how,
in the context of (2 4 1)-dimensional topologically ordered
phases, these transitions physically correspond to processes
in which emergent bosons condense; the topological order
obtained is then a direct consequence of the new, condensed,
vacuum.
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Anyon condensation has proven useful in understanding
not only the structure of topological phases [33-38] but also
when they admit gappable boundaries [26,39-51], and how to
create non-Abelian topological orders [52-61] or topological
defects [62—72] from Abelian ones. Moreover, the possibility
of condensing anyons to change a topological order also opens
up the door for novel second-order critical points which may
not have analogs in conventional symmetry-breaking tran-
sitions [73-83]. Recently, it has been observed that anyon
condensation can also be used to study certain dynamical pro-
cesses in open quantum systems and quantum codes [84,85].

In studying anyon condensation, it is useful to have a lattice
Hamiltonian that can be tuned between the two phases in
question. This establishes beyond doubt that a direct transition
between the two topological orders can occur and enables a
variety of analytical and numerical approaches to be used to
study both the corresponding phase transitions and verify the
above description of the condensed phase [36,37,73,74,77,86—
88]. Lattice models of anyon condensation are also useful
for constructing Hamiltonians realizing symmetry-enriched
topological orders [54,58,59].

The present work focuses on a family of two-dimensional
(2D) topological orders known as Drinfeld centers, which are
believed to be the most general class of (bosonic) topologi-
cal orders compatible with gapped boundaries [26,40,89,90].
These can be realized by commuting projector lattice models
known as string-nets [40,89,91-96]. The string-net construc-
tion begins not from the UMTC describing the anyon model
but from a pivotal fusion category C which describes the
Hamiltonian and ground states. The full topological or-
der (i.e., UMTC) is exhibited by studying so-called string
operators, which realize point-like anyonic excitations at
their endpoints. A number of works have previously studied
anyon condensation in these models [73,74,76,77,86—88,97].

©2024 American Physical Society


https://ror.org/017zqws13
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.115127&domain=pdf&date_stamp=2024-09-13
https://doi.org/10.1103/PhysRevB.110.115127

CHIEN-HUNG LIN AND FIONA J. BURNELL

PHYSICAL REVIEW B 110, 115127 (2024)

However, the literature so far has focused either on conden-
sation in string-nets that realize (possibly twisted) discrete
gauge theories, or on transitions which condense excitations
of only the plaquette term in the string-net Hamiltonian.

Here, we describe a formalism that describes condensation
of arbitrary Abelian bosons in string-net models,' without the
need for restricting either the topological order or the type of
excitation considered. Our approach is as follows: First, we
describe an extended version of the string-net construction
obtained by extending the Hilbert space using an approach
similar to that of Ref. [98], albeit tailored to simplify the de-
scription of the condensed phase. Within this extended Hilbert
space, we construct a family of model Hamiltonians that can
be tuned through a transition involving the condensation of
any Abelian boson. Our modified model has the advantage
that, deep in the condensed phase, a general prescription can
be given to identify both the low-energy effective Hilbert
space and the ground state. We show how the Hilbert space of
the condensed phase can be described by a new, effective, set
of string labels (i.e., a new effective fusion category C), whose
relationship to the original label set can be calculated explic-
itly. We further show that the ground state of the condensed
phase is also a string-net ground state, described by the data
of the new fusion category C, which we describe explicitly
in terms of C and the condensing bosons. In this regime, our
Hamiltonian acts like the regular string-net Hamiltonian on
the new label set.

For condensation processes involving only plaquette de-
fects, C is a subcategory of the original fusion category C,
and the data for the string-net model describing the condensed
phase follows straightforwardly from that of the uncondensed
phase, as described by Ref. [73]. (The relation between the
string operators of the condensed and uncondensed phases,
however, is not so straightforward). For more general conden-
sation processes, however, the relationship between C and ¢
is subtle and requires the more general framework that we
describe here.

The main insights that our construction has to offer are
as follows: First, we give an explicit description of how
to construct an effective low-energy string-net Hamiltonian
deep in the condensed phase by explicitly projecting both
states and operators onto the condensed vacuum; this gives
a computationally tractable method for constructing the full
data of the fusion category C.> Second, our lattice Hamilto-
nians can realize transitions in which chiral Abelian bosons
condense; previous Hamiltonian treatments of anyon conden-
sation in string-nets have been restricted to condensation of
achiral excitations. These transitions are particularly interest-
ing because, when the uncondensed phases is time-reversal
invariant, the resulting condensed phase is not (though it
remains achiral, and in particular has a vanishing central
charge). Notably, using this approach one can obtain the full

'An Abelian boson is simply a boson that has a unique fusion
outcome with any other anyon in the theory.

2Expert readers should note that here we discuss only the case
where the category C is multiplicity free, although in principle our
approach could be extended to include categories with fusion multi-
plicity.

data of certain generalized string-nets [40,93,96] (i.e., string-
nets for which the input fusion category data have a reduced
symmetry) from the more familiar and more highly symmetric
input data used in the original construction of Levin and
Wen [91]; we illustrate this with an example in Sec. II. The
resulting string-nets can be used, for example, to construct
minimal three-dimensional (3D) models with a given chiral
topological order at their boundary, as described in detail
by Ref. [99]. Finally, our models could in principle be used
for numerical study of anyon condensation throughout the
phase diagram, including at and near the critical point. (In
Appendix , we outline how some of our Hamiltonians can be
simplified to render such a numerical implementation more
feasible).

The paper is organized as follows: We begin by highlight-
ing the key applications of our approach, as well as their
relation to previous literature, in Sec. II. In Sec. III, we review
some basics of general string-net ground states and introduce
the extended string-net Hilbert space that we use to study
anyon condensation. In Sec. IV, we introduce a family of
modified string-net Hamiltonians, which can be tuned across a
transition condensing an arbitrary Abelian boson. We describe
the effective Hilbert space deep in the condensed phase in
Sec. V, where we discuss how the string types in C are related
to those in C. In Sec. VI, we study the condensed ground
state, and show that it is indeed a string-net. In particular,
we show how the new ground state allows one to describe
the fusion data of C, verify that these fusion data are indeed
consistent, and argue that the full Hamiltonian projected into
the condensed Hilbert space is indeed the associated string-
net Hamiltonian. We illustrate our construction with concrete
examples in Secs. VII and VIII. A number of technical details
are elaborated on in the Appendixes.

II. APPLICATIONS AND RELATION
TO PREVIOUS LITERATURE

Before giving a complete description of our construction,
we discuss in more detail one interesting application of our
approach and summarize the relationship of our work to pre-
vious constructions, particularly those in the mathematical
literature.

A. Background on anyon condensation
and relation to previous work

Physically, anyon condensation can be characterized by
describing the fate of anyons of the original topological order
in the new, condensed, vacuum [28-32]. First, anyons that
braid nontrivially with any of the condensing anyons become
confined and are absent from the topological order of the
condensed theory. Second, two anyons that are related by
fusion with one of the condensing anyons must be identified
in the condensed phase, meaning that, topologically speaking,
they correspond to the same excitation. Finally, certain non-
Abelian anyons can split into multiple distinct anyon types
after condensation.

The relationship between the topological order of the
uncondensed and condensed anyon models is well under-
stood mathematically [20-27]. Mathematically, the set of
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condensing anyons is described by an algebra object A, and
the anyons of the condensed phase are associated with A mod-
ules (which essentially describe the result of identification and
splitting) that are local (which physically means that they are
not confined by the new, condensed, vacuum).

The present work focuses on condensing Abelian bosons,
for which in addition to these general approaches, powerful
techniques for computing the topological data of the con-
densed phase exist in conformal field theory, where they go by
the name of central extensions [11]. The S and T matrices of
the final topological orders can be computed explicitly. These
methods allow the topological order of a large selection of
anyon models after condensing a set of Abelian bosons to be
deduced with relative ease, though, as noted by Ref. [32],
the task of computing the full topological data, namely,
F and R matrices, in these instances is significantly more
challenging.

1. Technical contributions of this work

While the bulk of the approaches described above aim to
describe the topological order of the condensed phase, our
approach focuses instead on obtaining the data for a string-net
model of the condensed phase. Specifically, we begin with
a string-net described by a pivotal fusion category C; the
point-like excitations of this model are the anyons described
by the Drinfeld center Z(C). We then show how to construct a
projector onto the effective low-energy Hilbert space deep in
the condensed phase. Using this projector, we can identify the
topological data for a new pivotal fusion category C: specifi-
cally, we construct the new string -net labels {a} (the simple
objects of C) and derive from this projection their branching
rules. We also show that the condensed phase is described by a
string-net Hamiltonian constructed from C and show explicitly
how to derive the relevant Hamiltonian coefficients (i.e., the F
symbols of C). Although the confinement, identification, and
splitting of anyons in the final topological order is apparent
from the form of our Hamiltonian, in our approach the asso-
ciated topological data for the condensed anyon model can
be inferred only by deriving the string operators that create
anyons in the condensed phase.

Anyon condensation in Drinfeld centers was discussed in
detail by Ref. [24]. Mathematically, the situation can be sum-
marized as follows: Given a set of anyons to condense [i.e.,
given the algebra object A of the Drinfeld center Z(C)], one
can construct a corresponding algebra object A¢c of C. It is
shown there that the category of Ac modules of C is exactly the
category that we identify as C—i.e., it is the fusion category
for which Z(C) is the anyon model for the condensed phase.

However, while this framework gives a general descrip-
tion of C, the existing mathematical literature does not, to
the best of our knowledge, contain any explicit methods for
extracting the full data (specifically, the F' symbols) needed
to use this category to construct a string-net Hamiltonian. In
this context, the main technical contribution of our work is to
provide a framework that allows these data to be computed
systematically from the data of C, in the specific case that the
condensing anyons are Abelian, and the fusion category C is
multiplicity-free—i.e., the resulting string-net does not have
any vector spaces of dimension greater than one associated

C=5U(2) = SU(2)4 x SU(2)

SU@)s

Condense spin 2 Condense spin 2

SU(2), anyon in bottom layer
SU(3)1’
SU(2)s
C=TYs - Z(C) = SU(3)1 x SU(2),

FIG. 1. An example of a condensation process that requires our
generalized anyon condensation procedure. (top) The Levin-Wen
string-net constructed from the fusion category SU(2), (left) and
the resulting topological order (right), which can be visualized as a
bilayer system with a chiral SU(2), Chern-Simons theory in the top
layer and an antichiral SU(2), Chern-Simons theory in the bottom
layer. (bottom) The generalized string-net constructed from the fu-
sion category T'Y; _ (left) obtained by condensing a Z, boson in the
SU(2), layer yields a topological order with SU(2), in the top layer
and SU(3), in the bottom layer.

with its vertices.> We demonstrate how this can be done ex-
plicitly in a number of examples in Secs. VII and VIII.

B. Application: Constructing string-nets with
no time-reversal symmetry

Readers might wonder which types of anyon condensation
transitions that have not been discussed elsewhere in the liter-
ature can be described with the formalism we introduce here.
One class of these, illustrated in Fig, 1, are transitions in which
a chiral Abelian boson condenses. The top panel of Fig. 1
depicts a Levin-Wen type string-net model constructed from
the fusion category SU(2)4 (left), and the resulting topologi-
cal order (right), which is that of the doubled Chern-Simons
theory SU(2)4 x SU(2),. In Fig. 1, we have portrayed this as
a bilayer system in which the top layer hosts the topological
order SU(2)4 (with right-chiral boundary modes), and the
bottom layer hosts SU(2), (with left-chiral boundary modes).
Both layers have a condensable Abelian boson, associated
with the spin-2 representation of SU(2). In the bottom panel,
we show the string-net and topological order obtained after
condensing a spin-2 Abelian boson in the SU(2)4 layer. On

3While most string-net constructions in the physics literature focus
almost exclusively on this multiplicity-free case, these constructions
should be viewed as special cases of a more general class of mod-
els in which the vertices carry multidimensional vector spaces, as
described, e.g., in Ref. [40]. In principle, our model could also be ex-
tended to this more general setting. However, we have not attempted
to compute the data of C in any such examples and will not discuss
them further in this work.
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the right-hand side we depict the resulting topological order,
which is now SU(2)4 x SU(3); [31]. The lower-left panel
shows the corresponding string-net, which we construct using
our Hamiltonian-based approach in Sec. VIIIB below. This
string-net is constructed from a Tambara-Yamagami fusion
category TY; _.

An interesting feature of this transition that has not been ac-
cessible in previous studies of lattice Hamiltonians for anyon
condensation is the fact that the condensation breaks time-
reversal symmetry. Specifically, the uncondensed topological
order has a time-reversal symmetry that acts by exchanging
the two layers. Condensing a boson in only one layer, how-
ever, spontaneously breaks this symmetry. The topological
order after condensation is achiral in the sense that it has a
gappable boundary (and, in particular, a vanishing chiral cen-
tral charge). However, it is not time-reversal invariant, since
the anyons no longer appear in pairs with opposite conformal
spins and hence cannot admit a time-reversal symmetry [57].

At the level of the string-net Hamiltonians, time-reversal
symmetry is associated with a reflection symmetry of cer-
tain data (known as F symbols) of the underlying fusion
category [96]. Prior to condensation, the string-net is of the
original Levin-Wen type, with this reflection symmetry. The
TY; _ category describing the string-net after condensation,
on the other hand, does not have reflection symmetry; the
condensed Hamiltonian realizes a generalized string-net of the
type described by Refs. [40,89,93]. Thus anyon condensation
allows us to obtain the string-net data for certain generalized
string-net models of reduced symmetry from the more famil-
iar and more highly symmetric input data used in the original
construction of Levin and Wen [91].

The above picture applies more generally to string-net
models constructed from any Chern-Simons theory contain-
ing an Abelian boson. In particular, it applies to string-nets
constructed from SU(2)4 Chern Simons theories for any k,
for which there is always a chiral Z, Abelian boson that can
be condensed.* The relevant fusion data for the SU(2 )4 fusion
categories can be found, e.g., in Ref. [7]; our approach allows
in principle for a systematic construction of the string-net
models for these condensed phases as well. (We caution the
reader, however, that extracting the data for the anyon string
operators themselves from that of the string-net is not in
general a straightforward task.)

III. EXTENDED STRING-NET MODELS

In this section, we introduce the extended string-net models
that we use for our models of anyon condensation.

A. Review: Generalized string-net models

We begin by reviewing the string-net construction. Here
we use the generalized string-net construction of Ref. [96]
(see also Refs. [40,89,93]), since the symmetries assumed in
the original construction [91] are not always present in the
condensed phase.

4As noted above, however, here we consider only those theories
that are multiplicity-free.

We defer a discussion of string-net Hamiltonians to
Sec. IV A and here focus on the string-net Hilbert space to-
gether with its ground states and certain excited states.

1. The string-net ground state

The string-net model consists of a Hamiltonian whose
ground state(s) obey certain special properties, which we now
describe. These string-net ground states live in a Hilbert space
of string-net configurations, each of which is defined on an
oriented, trivalent graph. (Although the string-net Hamiltoni-
ans are defined on the honeycomb lattice, this lattice structure
is not necessary to describe the string-net ground states.)
Throughout this work, we use the convention that all strings
are oriented upward, i.e., the orientation vector has positive
projection onto the y direction. We therefore require this
projection to be nonzero, such that our strings cannot have
horizontal tangent vectors.

The string-net configuration is obtained by assigning to
each edge i a label (or string type) a;. The combinations of
string types {(a, b; c)} that are allowed to meet at a vertex is
dictated by a set of branching rules—i.e., if (a, b; ¢) is among
the branching rules, then the vertices

a b c

ey

are allowed. The set of all string-net configurations which
satisfy the above branching rules form an orthonormal basis
for the string-net Hilbert space 1. We call those states in this
string-net Hilbert space string-net states.

To be able to define a string-net ground state, our label
set and branching rules must satisfy certain conditions. First,
defining

if {a, b; c} is allowed
otherwise,

ab — 1’
80 = {0’ @)

the branching rules must satisfy

D sdsy =" slsyl. 3)
f

e

It follows that if (a, b;c) is allowed, then so are (G, a;b),
(b, ¢;a), and (b, a, T).

Second, our label set must contain a null label, which we
denote 0 and depict diagrammatically with a dashed line. This
label is trivial in the sense that edges carrying this null label
can be added to or deleted without changing the physical state
(i.e., a null labeled edge is physically equivalent to having no
edge at all). Note that we use O to denote the trivial string
label, and 1 to denote a trivial anyon. Finally, for each string
type a, we require that our label set contains a dual string
type a, such that the branching rules must contain (a, a;0)
and (a, a; 0) [but not (a, b;0) for any b # a]. The null string 0
is self-dual, 0 = 0.

The string-net ground state |®) is described by two sets
of parameters: a set of complex numbers F d“;}? , known as the
F symbols, depending on six string types a, b, ..., f, and
a positive number d, for each string type a, often called its
quantum dimension. These determine the relative coefficients
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of different string-net configurations in the ground state, via
the relations:

a b

an_ ba_C

o e - Z Fg‘?}:(p \\ f ’ (43)
d I \\d
d. a b
o = b | = —P c 4b
ZC: Via L | D
a ded
o) =beay/ = ) (40)
d (&
< bey—1 s
® ae\\b ¢ :Z( d )fEQ) a/ p, c
~ f /
(4d)
Here a, b, c, ... are arbitrary string types (including the

null string) and the shaded regions represent arbitrary string-
net configurations which are not changed from on side of
the equation to the other. The symbol 6., =1 if c =d and
8¢.4 = 0 otherwise.

The relative amplitudes in Egs. (4) are unchanged by hor-
izontal bendings of the strings, but are not invariant under
vertical bending. Indeed, we do not allow smooth vertical
bends in our string-net graphs at all; only kinks, which are
equivalent to vertices (a, a; 0) or (a, a; 0). These can be added
or removed using the appropriate F' symbols.

The F symbols and quantum dimensions are not free pa-
rameters. Rather, to have a well-defined wave function ®, the
parameters {F ¢, F¢ d,} need to satisfy

cde " cde
d 1-abl be ahd 1-bed
FLUESG = P Fa B (5a)
h
F(;’ff =lifaorborc=0, (5b)
d,=d;=1ifa=0. (5¢)

These constraints are in fact quite limiting; solutions are
described mathematically by a pivotal fusion category.

In addition, to ensure that the string-net Hamiltonian is
Hermitian, we require

1bc\ ~ 1 1bc\ *
(Fi™)er = (Fiz) (62)
- d
Fabb — C Sab, 6b
ac0 dadb c ( )
d, = dj, (6¢)

where (F*)~! is the matrix inverse of (F*°), whose matrix
elements are (F*),; = Fjke.

The conditions (6) also imply that the quantum dimensions
obey

dody = d., ™

where the sum runs over all values of ¢ that satisfy the branch-
ing rules.

Local unitary transformations of the string-net wave func-
tion result in new coefficients {F, d}, which are related to the
original coefficients {F, d} via the gauge transformation

b
fate = pae e Id
e e . ’
it ®)
d, =d,.

Here f parametrize the local unitary transformation; they
are complex functions defined on upward vertices, with the
downward vertices transformed by 1/ ff”. To preserve the
constraints listed above, we require

£ =1, f®=1lifaorb=0. )

It is convenient to note that the local rules (4) imply the
following identities:

@ e |P a
@ :Ef:[ der® I . (10a)

a

cl ¢ d ~ 0 C d
o | =D E e I , (10b)
a f
with
ab ceb\ 1 dedf
[FCd ]ef = (Ff )da ddda’ (113)
- d.dys
ab ceb %elf
[ch]ef = faddadd’ (11b)

2. Abelian string operators

Next, we review the string operators that create point-like
anyon excitations when acting on the ground state. Here we
focus on the case where these anyons are Abelian bosons,
since these are the excitations we wish to condense. (For a
discussion of more general string operators, see Ref. [96].)
Recall that an Abelian anyon is defined by the fact that it has
a unique fusion product with any other anyon in the theory; it
is a boson if it has trivial statistics with itself.

To create a particle-antiparticle pair (a, a) at two points in
our lattice, we act on the string-net ground state with a string
operator W,(P) along an oriented path P. This creates a at
the final endpoint of P, and its antiparticle a at the initial
endpoint. On a given string-net state (X |, we depict this action
by drawing an a-labeled string along the path P under the
string-net graph. The string label a specifies both a choice
of one or more string types and some extra data required to
resolve crossings between the path P and the string-net graph.

If a = ¢ is an Abelian anyon, the label ¢ corresponds to
a single string type s, meaning that in regions where P does
not cross any edges of the string-net, we replace the label ¢
with s on upward-oriented segments of P, and 5 on downward-
oriented segments of P. Furthermore, s (and 5) must have a
unique fusion product with all other string types, meaning
that, for each a, the branching rules contain (a, s;a’) [and
also (s, a;a’)] for only one a’, which we sometimes denote
as @’ = a x s. It follows that

dy=ds =1, 12)
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and thus d, =d, by Eq. (7). In this case the coefficients
associated with the moves (4b) and (4c) are unity.

For Abelian anyons, the crossings are resolved using the
rules

(13)

Here wg(a), Wy (a) are complex-valued functions of the string
type a, with wg(0) = w4(0) = 1. These rules, together with
the local string-net rules (4), dictate how to fuse the ¢ string
into the string-net graph, giving a new string-net states (X'|
multiplied by a product of wg, Wg. This defines the action of
Wy (P) in terms of the parameters (s, w, ). For every Abelian
anyon ¢, there is an inverse anyon ¢, obeying ¢ x ¢ =1,
where 1 denotes the identity anyon.

To ensure that Wy (P) creates point-like excitations in the
string-net ground state, we choose the parameters (s, w, W)
such that, when acting on the string-net ground state | ), the
path independence condition

Wy (P)| @) = Wy (P))|P) (14)

is satisfied for any two upward paths P, P’ with the same
endpoints. Equation (14) will be satisfied if the corresponding
parameters (s, w, W) obey

we(@)wy(b) = Cy(a, b, c)wy(c), (15a)
wg(a) = wyla)™, (15b)
wy(@wg(a) = Co(s,5,0)7", (15¢)
with
Fab pabs
CY(aa bv C) = ?;7”7 (16)
cab

where x’ = x x s forx = a, b, ¢, and (a, b; ¢) is allowed by the
branching rules. Given a set of F' symbols satisfying (5) and
(6) and a choice of the string s, in general we find multiple
solutions to Eqgs. (15) for wg. We label these by m, and the
corresponding anyon by ¢ = (s, m), where s is the string type
created by the corresponding string operator Wy, and m labels
distinct solutions for a given s.

For example, the Zy string-net model has N string types
ae{0,1,..., N — 1} with Zy branching rules (a, b;c = a +
b(mod N)). There are N distinct solution to (5) [100,101],

F(a,b,c)= EZHi%(h+C_[h+C]N)’ (17)

labeled by p =0, ..., N — 1. The arguments a, b, c take val-
uesinO, ..., N — 1, and [b + c]y denotes b 4+ ¢ (mod N) with
values also taken in 0, ..., N — 1. Each Zy string-net model
has N? topologically distinct quasiparticle excitations labeled
by ¢ = (s, m)wheres,m =0, 1, ..., N — 1. The correspond-
ing string operators W, are defined by the string parameters

j(Psay ma
wy(a) = TN, (18)

The braiding statistics of quasiparticles can be extracted
from the commutation algebra of the corresponding string

operators (see Refs. [89,91,96] for details). Specifically, the
exchange statistics of ¢ = (s, m) is

€% = wy(s). (19)
Thus self-bosons satisfy
wy(s) = 1. (20)

If ¢ = (s,m) and x = (r, n) are two Abelian bosons that we
wish to condense simultaneously, then they must have trivial
braiding. This requires that [96]

wy(Mw, (s) = 1. 21

B. Extended string-net model

In the usual string-net construction, if s # 0, Wy (P) creates
states outside of the string-net Hilbert space, since near the
endpoints of P there is no way to fuse an s-labeled string
into the string-net graph without creating vertices that vio-
late the branching rules. When we are only interested in the
topological nature of the excitations, the resulting ambiguity
in the action of Wy (P) near the endpoints is unimportant, since
it affects only the immediate vicinity of the excitation and
hence cannot impact its topological properties. To condense
¢, however, we require a more careful treatment of these
endpoints. We achieve this by extending the string-net Hilbert
space.

1. Extended string-net Hilbert space

The extended string-net Hilbert space Hg4) is defined with
respect to a set {¢} of Abelian bosons that we wish to con-
dense. Since every finite Abelian group is isomorphic to a
direct product of cyclic groups, we can assume without loss of
generality that the group is G = Zy, X - -+ X Zy,. To under-
stand how to condense all bosons in G, it is therefore sufficient
to understand how to condense bosons in a single Z N; factor;
thus in what follows, for simplicity, we often restrict ourselves
to the case that the set of bosons to be condensed comprise a
cyclic group.

The string-nets in H4) are oriented trivalent graphs with
two types of edges, as shown in Fig. 2. The first type, which
we simply call edges, are edges connecting two trivalent
vertices. Each such edge carries a string label as defined
in H. The second type of edge, which we call sticks, has
one endpoint at a trivalent vertex, and one open endpoint. A
stick carries a |G|-spin label, which takes values in the set of
Abelian bosons {¢}. This spin label ¢ = (s, m) also dictates a
string label s associated with the stick; we require the labels
at each trivalent vertex to satisfy the branching rules, and the
total G-spin label (i.e., the sum of spin labels of all sticks)
must be trivial. An orthonormal basis for the extended Hilbert
space H, is thus given by the set of all oriented trivalent
graphs with sticks which (1) satisfy the branching rules at each
trivalent vertex, and (2) have a net trivial G spin.

To describe these extended string-nets on the lattice, we
work on a decorated honeycomb lattice: at the center of each
edge of the honeycomb lattice, we add an upward-pointing
stick [see Fig. 2(b)]. We introduce two types of spins on the
decorated lattice: link spins, which live on its edges, and end
spins, which live at the endpoints of each stick. The link spins
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(a)

FIG. 2. A typical string-net configuration in H, (a) in contin-
uum and (b) on the decorated honeycomb lattice. Regular edges
connecting two trivalent vertices can host any string label a € C.
Edges connecting to only one trivalent vertex, which we call sticks,
may only host edge labels {s} associated with the string operators
that generate the set of condensing bosons {¢}. These edge labels
necessarily have Abelian fusion rules, a x s = s x a = a’ for any
a € C. Sticks also carry a label from the set {¢} at their endpoints.

take values in the string types {0, a, b, c, ...} of the standard
string-net model, and end spins take values in excitation labels
{¢}. We require a stick carrying a label ¢ = (s, m) to have
the string label s, and that all trivalent vertices satisfy the
branching rules.

2. W4(P) in the extended string-net Hilbert space

In the following, we use the extended string-net Hilbert
space in two ways. First, we may use it to describe a system
whose ground state is the original string-net ground state but
which can also describe certain excited states that are not
allowed in the original string-net Hilbert space. In this case,
sticks with nontrivial labels appear only in excited states,
and the string-net ground state is exactly as described in
Sec. IIT A 1. Second, in order to describe the condensed phase,
we can view all sticks as part of the ground-state Hilbert
space. This allows us to describe a modified set of local rules
capturing the condensed phase, as we discuss in Sec. VI.

Here, we take the first perspective and describe the action
of the string operator W, (P) in the extended Hilbert space.

The action of W;(P) on the string-net ground state |P) is
exactly as specified in Sec. IIl A2 away from the endpoints
of P. However, we now require P to begin and end on two
sticks. In addition to its action on the edge labels, W, (P) acts
by raising the end spin at the final and initial endpoint of the
path P by ¢ and ¢, respectively.

When {¢} is a set of Abelian bosons with trivial mutual
statistics, we can describe any string operator Wy (P) as a
product of “basic string operators” Wé, each of which con-
nects a pair of sticks on adjacent edges. The four basic string
operators on the decorated honeycomb lattice act along the
four paths py, p2, p3, ps shown in Fig. 3(a). The operators W/,
W¢2 act on paths p; and p, centered at upward vertices, while

W', W, act on paths p; and py centered at the downward
vertices. Their action is defined as follows: Let a, b, ¢, d and
e, f, g denote the initial link spin states along p; and on the
external legs of p;, respectively, and let ¢,, ¢ be the initial
end spin states at stick a, b, respectively (see Fig. 3). The
matrix elements of W(; between an initial state a, b, c, d, e,
f» & da, ¢p and a final state ', b', ¢/, d', e, f, g, o, Gy are
then given by

1,ab ‘d§¢a¢ — 1 T
W, ety €f8) = o ()8p,xp.6,8p,x.4,

< EE sl () B R38)
W, pitett o (€f8) = 80,x0.0, 89,5y

< R )
Woancdiges, @) = ws()0,6.6, 80,60,

x FEi (FE ) Fl Py (Fat)
Wy avedira, €1 = 0,100, 50,x5.0,

x Eft(Flew) Finp(F)". @2)
Here x' = x x s (or x X §, if x = b), where we use multiplica-
tive notation for the Abelian group operation on both edge and
end spins.

Notice that the matrix elements of open string operators are
not invariant under local unitary transformations of the form

(b)

FIG. 3. (a) Four building blocks of any string operator defined on the decorated honeycomb lattice. W), W¢2, Wdf’, W; act along four different
paths (the red line) connecting two nearest neighboring sticks. Here a, b, ¢, d and e, f, g denote the initial link spin states along the path and
on the external legs of the path, respectively, and ¢,, ¢, are end spin states at two ends of the path. Their matrix elements are given in (22).
(b) A typical open string operator W (P) along the path P can be decomposed into product of basic string blocks acting on each vertex along P.
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(a) (b)

(c)

FIG. 4. (a) An example of a product of the basic string operators
creating a (¢, ¢) pair on two neighboring plaquettes. (b) The action
of these products is equivalent to the action of a string W,,(P) starting
on a stick in one plaquette and ending on a stick in the other plaque-
tte, which visits no other sticks in between. (c) By path independence
[see Eq. (14)], such a string can be deformed to cross only the edge
separating the plaquette pair.

(9), and thus are gauge dependent. When ¢ are cyclic Abelian
bosons with trivial mutual statistics, there exists a convenient

gauge

i Ky — psisls
F(s', s/, s") = F;(i+j+k|5(i+/’)slj+k) =1, (23)

where s', s/, s* are any string types associated with condensing

bosons (see Appendix A). We work in the gauge (23) in the
rest of the paper.

In the gauge (23), the basic string operators have the fol-
lowing important properties, which we derive in Appendix A.
First, all basic string operators commute with each other:

Wy, w)]=0. (24)
Second, one can show that
W, =wi (25)

fori=1,2,3,4.

Finally, a general string operator can be expressed as a
product of simple string operators. First, Wil, quz along the
same path p; can be combined as

W0;1 ’ W<Z;2 = th;1 X¢? (26)
where the - operation is defined by

i,abcd;padp
3= xX$2,a3b33d3:0 X P3¢ X b3 (efg)

__ yyhabed;:adp Laybicidy,gaXdr,dpx Py
- W¢1.a|b161d1 Pa X P1.Pp X b1 (efg)wtbzﬂzb?%ds;tﬁa><¢3,¢h><¢33 (efg)
(27)

fori =1, ..., 4. Thus if the set of condensing bosons is cyclic
and generated by ¢, we can express all basic string operators
as products of the basic string operator qu. Second, let P be a
path obtained from a union of two basic paths p;(r|, r;), which
begins on a stick at positions 7; and ends on a stick at position
12, and p;(ry, r3), which begins on the stick at r, and ends on
a stick at r3 (see Fig. 4). [Note that it is because wy(s) =1
that we can combine string endpoints into a single string that

crosses the sticks.] Then we have
Wy (P) = Wy PPW 3, (28)

and similarly for paths composed of more than two concate-
nated segments, as shown in Fig. 4. Here we define W(;’(]z) =
Wdf if p;i(ry, rp) is oriented upwards, and (W/)" otherwise. By
joining string operators along multiple basic paths in this way,
we can thus express Wy (P) as a product of basic string opera-
tors for any path P. (Note that since the basic string operators
commute, the order in which we apply them is unimportant.)
It follows that any product of ¢-string operators for ¢ in our
chosen set of Abelian bosons can be expressed as a product of
basic string operators.

IV. LATTICE HAMILTONIANS
FOR CONDENSING ABELIAN BOSONS

Next, we identify a lattice Hamiltonian H(J) within the
extended string-net Hilbert space that, by tuning a parameter
J, can bring a system through a transition in which a set of
Abelian bosons is condensed. Our lattice Hamiltonian has the
general form

H(J)=H; —JH,. (29)

Here Hc is a Hamiltonian in the extended string-net Hilbert
space whose ground state is exactly the original string-net
ground state; it can be viewed as a modification of the original
string-net Hamiltonian (see Refs. [91,96]) appropriate to the
extended string-net Hilbert space. H; is a term which creates
particle-antiparticle pairs of anyons in the set {¢} of condens-
ing bosons. Here, for simplicity, we take this set to be a cyclic
group of order p, which we denote (¢) = {¢/,i =1,..., p}.
with ¢ = 1. The Hamiltonian H that we use is very similar
to that introduced by Ref. [98], and Ref. [97] employed a sim-
ilar Hamiltonian to study a particular condensation transition
(which, however, does not require the full formalism that we
introduce here [86]).

We show that H(J) has the following properties: First,
H(J = 0) is identical to the original string-net Hamiltonian
when acting on states where all stick labels are trivial, and
states with sticks carrying nontrivial labels ¢’ have a finite-
energy cost. Thus in this limit string-net eigenstates with
sticks carrying nontrivial labels ¢’ correspond to gapped ex-
cited states, and the ground state is the original string-net
ground state |®). Second, H(J = o0) is a commuting projec-
tor model with a frustration-free ground state |W), in which
excitations in the set (¢) have condensed in the sense that they
are present in arbitrary number in the ground state. Third, |¥)
can be obtained by applying a certain projector to the J = 0
ground state |®). Thus we can describe the J = oo ground
state explicitly in terms of the string types and local rules
associated with |®), and use this description to investigate the
topological data of the condensed phase.

It is worth noting that, as we show below, the ground state
of H(J) for any J contains only excitations on the sticks,
and no plaquette defects. Thus for ¢” = 1, the critical point
separating condensed and uncondensed phases is always of
the Potts or clock variety, depending on the specific choice
of H,. Here we have chosen a Potts- like version, resulting in
first-order transitions for p > 3.
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A. The Hamiltonian H.

We first define the Hamiltonian H¢ in the extended string-
net Hilbert space H 4 of the honeycomb lattice (see Fig. 2). He

is of the form
He=-Y"Q.— Y B (30)
e p

The two sums run over end spins e and plaquettes p of the
decorated honeycomb lattice. The operator Q, acts on the end
spins

Qe = 86,17 (31)
where 6,1 =1 if e =1 (no excitation) and §,1 = 0 other-
wise (¢ excitations). The operator O, penalizes the states
with ¢ excitations at ends of sticks. Note that, unlike in the
usual string-net Hamiltonian, we have not included a term
imposing the branching rules at each vertex; instead, we work
exclusively in the string-net Hilbert space, where these are
necessarily satisfied.

The operator B? on the decorated honeycomb lattice is
more complicated, but the main idea is as follows: First,
[B?, B?,] = [Bﬁ, 0.] = 0, ensuring that H¢ is a sum of com-
muting projectors. Second, analogous to the plaquette term
in the usual string-net models [91,96], B;’,’ maps between
different string-net configurations in the extended string-net
Hilbert space, ensuring that the ground states (for which all
stick labels are trivial) obey the local rules (4). Indeed, when
acting on states where all stick labels are trivial, our plaquette
term is identical to that of the generalized string-net models
[96]. Third, unlike the plaquette term of the usual string-net
models, B® commutes with the string operators Wy (P) even
for paths P ending or beginning on the plaquette p.

We note that here we use a prescription that ensures that
ij commutes with Wy (P) for any choice ¢ = (s, m); this
allows us to discuss all Abelian anyon condensation tran-
sitions on the same footing. For some classes of models,
however (those for which the fusion category describing the
string types is braided), an alternative and potentially com-
putationally simpler formulation of the Hamiltonian resulting
in the same condensed phase exists; this is discussed in
Appendix B.

We now describe the operator B in detail. BY has the form

N-1
B =Y B, (32)
s=0
where D = YV 42 and B?* describes a 27-spin interaction
involving the 24 link spins around p and three end spins inside
p (see Fig. 5). Its action can be understood as a sequence of
three operations:

D,s il S
Bi’ - Z W¢10.¢11,¢1zBpW¢1o,¢n,¢1z’ (33)
10,¢11,912

where the sums run over the possible spin labels of the three
sticks inside p, with

W¢710,¢|1,¢12 = (W¢IIO)TP¢|0 : W¢IHP¢]I 'quzpdnz' (34)
Here Py, = |¢4){(¢| projects the end spin label of stick a
onto ¢, and (Wllo)T, Wlll , W(/f]2 are basic string operators [see
Eq. (22)] that lower the spin label on sticks 10, 11, and 12 by

@10, @11, and ¢y, respectively. The operator Wy, 4., 4,, there-
fore moves any excitations on the sticks inside the plaquette p

-
=
I |

FIG. 5. Decorated honeycomb lattice with an upward stick on
each link of the honeycomb lattice. The Q, operator acts on the end
spin. The B, operator acts on 27 spins adjacent to the plaquette p.

to sticks outside of p:

=C -

Where @1y = ¢10 X 13, ¢, = 11 X s, and ¢y, = 12 X
¢15. This action is nontrivial only if {¢10, @11, P12} contains
nontrivial end spin labels. In particular, it is trivial when acting
on ground states of He.

The second operation Bj, is the same as the plaquette oper-
ator defined in the Ref. [91] which adds a loop of type-s string
around the boundary of p:

(36)
Finally, the operation W(ZI obi.b, MoOVves the excitations

{910, ¢!, ¢!} back to the appropriate sticks in p:

:Cg.

(37)
Here C;, C,, Cs are the corresponding matrix elements of
the three operations. The product C; - C, - C5 gives the matrix
elements of Bﬁ’s.
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More precisely, the matrix elements of ij" are defined by

where

(38)

j :::;Z (e1...e12; P10, P11, 12)

Sy01yeensi6 15000 J6
ARV
JR A /4 (B

., e12; P10, P11, Pr2) = d

€4 J6S 1 j65S [ prisss
x F5° F’ O(F.

i4l;0

Jsisis" Jeig

Y Leweresisipradn . 1,€},0eg 5367141
x (14]3f4)W¢11,9'1406/6]5:‘15;41 (foJojs)W;

3,¢150¢1 Jg3i51

d12,e15e12e1ig:P15¢12

Here e7,es,...,epp take values in Abelian string types
and thus j, =i, X e 46 for p=1...6 while ¢] = ¢e; x ey,
e, =e4 x ey, and e; = e X e1;. The matrix elements of
W, w3, W, W are defined in (22) and (25).

From this explicit form, one can check that the plaquette
operator Bﬁ's commutes with any basic string operator Wq{
[and hence any string operator Wy (P)]:

[BS*, W] =0. (40)
We leave the derivation to Appendix D.

We can now show that He (30) has the following prop-
erties: First, it is a sum of commuting projectors: clearly
[0., 0.1 =[0.. ij] = 0, since B;f does not alter the value of
the spin-label on any stick and hence preserves the eigenvalue
of Q.. Moreover, in Appendix C we show that [B?, B¢,] =0.
Essentially, this results from the fact that the two pfaquette
operators commute in the absence of excitations on the sticks,
and also that the string operator used to move a stick exci-
tation off the shared edge between two adjacent plaquettes
commutes with Bﬁ, where p is the plaquette that the stick
points outward from.

It follows that, like the conventional string-net Hamilto-
nians, H¢ is exactly solvable. Second, there exists at least
one state that satisfies Q, = B;’; =1 for all e, p; this state is
therefore a ground state. Clearly, states with only trivial stick
labels satisfy O, = 1 at every vertex; when restricted to these
states, He reduces to the original string-net model, whose
ground state |®) is an eigenstate of the plaquette term of the
corresponding Hamiltonian with eigenvalue 1 on every pla-
quette [96]. When Q, = 1, |®) is therefore also an eigenstate
satisfying Bﬁ = 1. In other words, H¢ is exactly solvable, and
its ground state(s) is (are) exactly the string-net ground states
defined by the local rules (4).

Although they have the same ground state(s), the excited
states of our extended string-net model differ from those of

d;, djédisdmdj;dja ( Sijeq )*(
dydj,dydydjedj,

)*(Fiéfil )*Flgglg W

F§i3€3 (Fs,l}e() )* (F85i45 ) *

VAN A AN J5Jsiy

Ffjlez)* (Fiizeg )*
iy jiia

Jsis 2

Leioersjaesidprods o - 1,0¢3i)€}: 13
$10.0¢)5is€,: 14,5 (l4]3f4)W¢10,€10€13j£€4;¢10¢13

ot 3.e1senneiioipisPin T
(f6]6]5)W¢12’e/1508f1j6;¢;51 (fll1]6)

(39)

P e
€1Jely €4l4]3

d11.e14e11€6i5:P14011

(fii1Jg)-

(

conventional string-net Hamiltonians. In conventional string-
nets, where sticks are not included, excited eigenstates are
either string-net states with Bﬁ = 0 on some plaquettes, or
states that violate the branching rules and hence are outside
of the string-net Hilbert space (for which necessarily we also
have ng = 0 on some plaquettes). In our models, however,
there are ¢/-type excitations of H. satisfying Bﬁ = 1 every-
where, with Q, = 0 on some sticks.’ As a consequence, the
ground state of H (/) satisfies Bﬁ = 1 for every positive J.

B. The Hamiltonian H,

To define H,, we begin by defining the projector along the
pathp;,i=1,2,3,4:

, 1<
Py(r) ==Y W,(r), (41)
pk:l

where the sum runs over basic open string operators W!, with
¢* € (¢), and r indexes a unit cell of the honeycomb lattice.
The set of operators {Py} form commuting projectors. The
operator H, is defined as a sum of commuting projectors over
all neighboring sticks

H = ZP;;(r). 42)

By (40), we have [H|, Bq;] = 0. Thus, H; creates excitations

only of Q. in He, while leaving the operator Bﬁ in its ground
state on every plaquette.

SWe note that if we allow states outside of the string-net Hilbert
space, this leads to a redundancy, since in our extended Hilbert space
¢ can also be realized by an eigenstate with Q, = 1, with either some
Bﬁ = 0 or a violation of the branching rules
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C. Condensed phase and the J — oo limit

For J sufficiently large, the string-net describes a new
topological phase, in which the anyons {¢/, 1 < j < g} have
condensed. That this is so can be most easily understood by
considering the limit J — oco.

Since H; is a sum of commuting projectors, in the J — oo
limit, the low-energy Hilbert space 7 consists of states in the
image of the projector:

Py =[]Pix). (43)

These states have eigenvalue 1 under all terms in H;.
To leading order in 1/J, the effective Elamiltonian, which
acts within the low-energy Hilbert space H, is

Hg = PyHcPy = — ) PyBY + const. (44)
P

In the second equality, we use (40) and the fact that Hy =
> . PsQ.Py is simply the number of ways to combine oper-
ators in P, to obtain a trivial label on every vertex, which is
a system size independent constant. Note that, since Py and
Bﬁ are projectors, and [Py, Bﬁ] = [B?, Bﬁ,] =0, P¢Bﬁ are also
commuting projectors. Moreover, if |®) is the ground state of
H¢, we have P¢B$ (P3| ®)) = Py|®) for every p. Hence the
ground state | W) of Hp is given by®

|W) = Ps|®). (45)

To show that | W) is indeed a state in which the bosons (¢)
have condensed, we expand the projector Py according to

1
Py = S > Wigymy)- (46)
{ }

@j.rij

Here Ny is the number of vertices on our honeycomb lattice;
for each such vertex there are two simple string operators.
(Note that, throughout this paper, we assume boundary con-
ditions where this is the case.) Wiy, ..y is the composite string
operator which creates excitations {¢;} using string operators
along the paths {7;;} on the lattice, and the sum runs over all
possible configurations {¢;, r;;} on the lattice, subject to the
constraint that [ | ¥ ¢; = 1. We can use (46) to expand the new
ground state (45) as

1
V) = 2w D Wigr | ®). (47)
{ }

@j.rij

In other words, the ground state |\W) is a superposition of all
possible configurations of ¢ excitations—a ¢ condensed state.

We can also make some educated guesses about the topo-
logical order in the condensed phase by studying the effect
of Py on low-lying excited states of Hc. These are created
by generalized versions of the string operators W, (P), which
we denote W, (P), where P describes a path on the lattice,
and « is the anyon type. The data associated with W, (P) are

®In fact, projecting any state |®,,) satisfying B"p’|d>ex) =|®,,) in
this way gives the ground state |¥) of Hp. This is because such states
have the form |®,,) = W, (P)|®), and as PyW,(P) = P,, we have
Py @ex) = PyWy (P)| D) = Py| D).

essentially the same as that for W, (P), except that resolving
string crossings requires a matrix €2,(a), rather than a scalar
wgy (a); a detailed description can be found in Ref. [96]. Unless
o = ¢/, here we require that P starts and ends at vertices of
the lattice, rather than on sticks.

Consider how the operators P¢i> (r) act on the string opera-
tors W, (P). The latter can suffer one of three possible fates.
First, if

Wo (P)Weo (P) = Wo (P), (48)

then the operators W, (P), W, (P) have identical actions on
states in the image of Py. This suggests that, in the limit J —
0o, the two anyons o and o’ have been identified, meaning
that they comprise a single anyon type in the condensed phase.
For example, all of the condensing bosons {¢X} are identified
with the vacuum in the condensed phase. This conclusion
agrees with the expectations of other approaches to anyon
condensation [31,32].
Note that if

Wer (PYWo(P) = Wo (P) (49)

for r|p, then in the condensed phase W, (P) becomes iden-
tified with r — 1 distinct anyon string operators, rather than
with ¢ — 1. For example, if r = 1, W,(P) does not become
identified with any other anyon string operators. Although this
statement seems rather innocuous here, in fact in such cases
« splits into multiple anyon types after condensation [31,32].
We will not discuss the splitting at the level of anyons in detail
here; however it is closely related to the splitting of string-net
labels which, as we show in Sec. V B, arises in the ground
states of our condensed string-net model.

Second, if « braids nontrivially with one of the condensing
bosons ¢, then when the path P; crosses P>, and ¢ is an
Abelian boson [96],

S
W (P Wa(P)Wy(Py) = S—fwa(Pz>w¢<P1>. (50)

In this case, the string operator W,,(P) maps states in the image
of Py [for which Wy (Py)|W) = |W) for every choice of P;] to
states outside of this image. This suggests that « anyons are
no longer a point-like excitations in the condensed phase and
become confined, again agreeing with expectations based on
other approaches to anyon condensation.

In the following sections, rather than pursue the analysis
of anyon string operators, we instead focus on the fate of the
string-net ground state in the condensed phase. We show how
to describe the ground state of He(J — 00) as a conventional
string-net of the type described in Ref. [96]. Such string-net
ground states can always be associated with a commuting pro-
jector string-net Hamiltonian [96], whose topological order
can be inferred directly from the string-net data. (Specifically,
it is the Drinfeld center of the fusion category comprising
the string-net). Thus this approach allows us to identify the
topological order of the condensed phase without requiring an
explicit discussion of anyon string operators in the condensed
phase.
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V. THE CONDENSED HILBERT SPACE

To understand the condensed phase, we begin by studying
the effective Hilbert space,

H = span{(X| : (X|P, = (X[}, (51)

which describes states of finite energy in the limit J — oo,
and which we refer to as the condensed Hilbert space.

Our goal is to show that 7 can be thought of as a new
(nonextended) string-net Hilbert space, whose basis states are
string-net states with new string labels and new branching
rules. To accomplish this, we proceed as follows: First, we
argue that the states (X| can be viewed as string-net states
described by a new set of condensed labels {a}, with the
allowed trivalent vertices determined by an appropriate set of
branching rules. In the present section, we discuss in detail
how the condensed labels are related to the labels of the
original string-net, as well as how the trivalent vertices of the a
labels are related to linear combinations of trivalent vertices of
the original label set. In Sec. VI we show how this information
leads to a new string-net model for the condensed phase, and
in particular, the F symbols of the resulting fusion category
C.

To construct a basis state (X| in the effective Hilbert space
defined by Eq. (51), we begin with a reference state (X | in the
uncondensed string-net Hilbert space H. The corresponding
basis state in H is

(X| = (X|Py. (52)
Since Wq;k (r)Pj(r) = Pj(r) for every i and r, we have
Wig,nnPo = PsWig;nj) = Py (53)

Consequently, if (X'| = (X|Wy, ), then (X|Py = (X'|Py.
Thus, to construct a basis of 7{, we must find a suitable basis
{(Xol} of H such that (X[|Wy,|XJ) = 8. Since we are
interested in identifying a set of string-net labels appropriate
to the condensed phase, we take {(Xy|} to be states in the

string-label basis—i.e., (Xoj | has a fixed string label a;, for
every edge e in the string-net diagram. In the following, we
show how inﬁ this case, we can describe the effect of the

projection (X |Ps in terms of a new set of edge labels, a;,.

To find this new string-label basis {@}, we consider two
classes of condensing bosons. The first class is ¢ = (0, m)—
i.e., the string operator Wy (P) does not change the string labels
of edges that it acts on. This type of condensation, which does
not require the extended Hilbert space, has been discussed in
detail in Ref. [73]. The second class, with ¢ = (s, m), con-
denses bosons whose string operators do change the string-net
labels. These condensation transitions do require the extended
Hilbert space that we introduce here.

We start with the first case, ¢ = (0, m). For any edge in
the lattice, P, contains an equal contribution from ¢/-labeled
strings that cross that edge, for every j (see Fig. 4). Thus,

< . p¢:< | %Zw¢i(a)=<

a 6w¢(a),13

(54)

where p is the order of (¢). Thus, only string types a with
wy(a) =1 (55)

remain after condensation of ¢ = (0, m) bosons. Hence, the
new string-label basis {(X|} is simply the subset of states in
(Xo| containing only string types a satisfying Eq. (55). We say
that the remaining string labels, which do not appear in the
low-energy Hilbert space after condensation, are confined.

Now, we consider the second case, ¢ = (s, m). If (¢) con-
tains a subgroup (¢,,;) C (¢) which is generated by ¢,,; =
(0, m7), then by the same reasoning as above, the string types
a that appear in the condensed Hilbert space must satisfy

Wy ; (a) =1, (56)

with other string types being confined. We find it useful to
reorganize the deconfined string types into new string labels
as follows: First, we define the new null string label via

0=, (57)

where we have assumed the condensing bosons form a cyclic
group generated by ¢ = (s, m), with s7 = 1 and ¢g|p. Here the
symbol & means that, in the original string-net basis, an edge
carrying the label O carries a superposition of labels in the
set {s/}. Similarly, other condensed string types are given by
superpositions of the form

a=a"(axs). (58)

It is convenient to pick a particular representative for a in the
original label set, which we denote a. We denote the remaining
terms on the right-hand side of Eq. (58) as

d=axs, d=a 59)

Then all @’ project to the same condensed string type, while
if b# a x s/, then a and b project to different string types.
As we discuss in detail below, if one or more of the labels
obey a” = a for some r|q, in the condensed phase the single
string type a splits into multiple string types dj, ..., dq/,
Finally, the branching rules for the new string labels can be
deduced from the branching rules of the original string labels.
In the absence of splitting, given the branching rules (a, b; ¢),
the new branching rules are (a, b; ¢). We discuss the new
branching rules in the presence of splitting in Sec. V B 2.

The condensed string labels, together with the associated
branching rules, define the string-label basis in the condensed
Hilbert space. Specifically, a string-net state (X| € H has
edges labeled with the condensed string types {0, @, b, ...}
and satisfies the new branching rules (&, b; ¢) at each vertex.
Note that 7 should be viewed as a conventional string-net
Hilbert space, since after condensation all sticks are effec-
tively in the trivial vacuum state.

A. Mapping between new and old string-net labels

Since (X| = (X |Ps, any state in H can also be expressed
as a superposition of string-net states in our original Hilbert
space H,4. This superposition contains states in which each
edge label is replaced by an appropriate superposition of orig-
inal string-net labels, with the branching rules obeyed at every
trivalent vertex and arbitrary allowed labels on the sticks.
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Notationally, we represent the resulting string-net configura-
tions in the original label set by X € X, where X represents
a labeling of edges in the original string-net basis, and X
represents the corresponding labels in the condensed basis.
Explicitly, we may write

- 1
Xl = S 2l (60)

XeX

where C(X) are numerical coefficients.

The coefficients C(X) are highly constrained. For any
X1, X, € X, (Xi] is related to (X,| by the action of some
composite string operator W ({¢;, 7;;}):

X W{ej, rij}) = W{e;, rij})§; (X2 (61)

where W({¢;, r; j}))}g is the relevant matrix element of
W({¢;, ri;}), and for a fixed configuration ¢;, r;; the state
X, is unique because the condensing anyons are Abelian.
Since the composite string operator is unitary, we equivalently
have W({¢;, r;j})IX2) =W({¢j,rij})§;|X1). Therefore, the
coefficients satisfy

C(X2) = (X[X2) = (XIW ({9, rij)IX2)
= W{a;. ri Dy (X|X1)
=Wa;. rijHx. C(Xp), (62)

where in the first line we have used Eq. (53). Equa-
tion (62) allows us to determine the coefficients C(X), up
to an overall coefficient C(X,) for each distinct reference
configurations {Xp}.

B. Vertex coefficients

Solutions {C(X)} to Eq. (62) can be expressed C(X) =
[T, Co(X), where the product runs over all trivalent vertices
in the extended string-net configuration X, and C,(X) is a
coefficient that depends only on the three string labels sur-
rounding the vertex v. This is because the action of any string
operator can be broken up into a product of actions of simple
string operators, with each simple string operator acting at
a single honeycomb vertex and the vertices associated with
nearby sticks. Thus, for each simple string operator, Eq. (62)
can be reduced to a set of equations relating products of at
most three of the vertex coefficients C,(X) to at most three
of the vertex coefficients C,(X’). We show that the resulting
equations are self-consistent and sufficient to fully determine
the coefficients of any configuration X € X from that of a
reference configuration Xj.

To parametrize the vertex coefficients C,(X ), we define a
set of root vertices, which contain one representative vertex
(a, b;c) in the original string label set for each condensed
vertex (&, b; ¢). Then any condensed string-net state (X | can
be obtained by projecting a reference string-net state (Xp|
for which all vertices are root vertices. Conversely, any two
states that differ by at least one root vertex project to two
distinct states in 7. We then define two types of vertex co-
efficients: {Af.b} associated with the root vertices (a, b; c¢), and

j 1,k . . o . . : 2
{B“"}, associated with the remaining vertices (a’, b*; ¢/*),
clt
where a’/ = a x s/. The coefficients {B;‘_;f: } can be expressed

in terms of {A‘jb } using Eq. (62). On the other hand, {A?b 1,
which are associated with the vertex coefficients of our ref-
erence configuration, are not fully determined, and in some
cases admit multiple, physically distinct solutions.

We begin by defining the root vertices. Again, we have two
cases to consider. The first case is the ¢ = (0, m) condensed
phases. In this case, we define the root vertices by

a b c

) ) (63)

where a, b, ¢ are the deconfined string types which satisfy
(55), and (a, b; c) satisfies the branching rules. In this case
all vertices are root vertices.

The second case is the ¢ = (s, m) condensed phase. In this
case, for each new string label &, we choose a representative
label a € a. We define two classes of root vertices. First, we
have the root vertices

(64)

where s’ denotes the string type associated with the boson
¢/7+ and 0 < i < g. [Here, as above, we take ¢ = (s, m),
with ¢” = 1 and s? = 0, where ¢g|p.] In this case, for reasons
that will become apparent shortly, it is convenient to consider
all different powers i to be root vertices, in spite of the fact that
all of these correspond to the same projected label 0. Second,
we have root vertices with two non-null string types in the two
upper (lower) legs of upward (downward) vertices:

a b c ~
, ,with a,b € 0 , (65)
C a b

where (a, b; c) satisfies the original branching rules.
The vertex coefficients associated with root vertices for
general ¢ = (s, m) are defined by

i axs'
~ A% , C

axs' a s'

1
T (66)

1 ~
C ~ArC L, Nﬁwitha,bgz()

(67)

for root vertices (64) and (65), respectively. Here ~ means
equality up to factors associated with other vertices in the gray
area. The vertex coefficients AZ”, A®' are complex numbers
which satisfy that

A% =A% =1 ifaorb=0. (68)

In the absence of splitting, these are not constrained and can
be any complex number of unit modulus; in particular, we may
choose them all to be one.
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The ¢ = (0, m) condensed phases can be thought of spe-
cial cases of the ¢ = (s, m) condensed phases where s = 0
and thus 0 = {0}. In this case, the vertex coefficients (67) as-
sociated with root vertices (63) correspond to a gauge choice
for our string-net model [96].

When s # 0, to find the coefficients C(X) in Eq. (60),
we define a set of vertex coefficients associated with nonroot
vertices via:

i 1
o a ~ Bs'a ‘ ~ i
C \K s C % Bsia’ (69)

and

a b ajbk c 1
C \{ ~ B%Y;, C A ~ —Baibk‘ . (70)
citi

where Bfi/ﬁ-k are complex numbers, and at least one of (k, j) are
nonzero, such that at least one of a/, b* are not in our chosen
set of reference labels.

The division into A-type and B-type vertex coefficients is
useful since the latter are fully determined by the root vertex
coefficients A%, A" using Eq. (62). The coefficients A% and
A%, on the other hand, are not fixed by Eq. (62) provided that
a x s" # a for any r < g. In this case, coefficients C(X) in
(60) can be parametrized as

C(X)=CXo) [ ] B, (71)

veX

where the product runs over all vertices v in X and B, is the
corresponding vertex coefficient.

The coefficient C(Xy) associated with the given refer-
ence configuration X, is determined by the root vertex
coefficients via

CXo) =[] A (72)

veXy

where v runs over all root vertices in Xy and A, is the cor-
responding root vertex coefficient. When a x s # a for any
r < g we find that all choices of root vertex coefficients are
equivalent, and the freedom to choose C(Xy) amounts to a
gauge choice.

If a" = a for some r|q, the parametrization of C(X) is
similar. However, in this case Eq. (62) imposes additional
constraints on the root vertex coefficients A . In this case
we find that only A% for k < r are free parameters, and that
there are g/r distinct solutions for each of these coefficients.
These distinct solutions correspond to the fact [31] that, after
condensation, the label a splits into ¢/r distinct labels; cor-
respondingly we also obtain multiple vertex coefficients A%.
We now discuss each of these cases in turn.

1. Case1:a* #a

First, let us verify that a solution to Eq. (62) can be
expressed as a product of vertex coefficients—i.e., that any
mapping between two configurations with the same sets of

initial and final vertices has the same numerical coefficient. If
a* # a for any a or k, then it suffices to consider sequences of
simple string operators connecting the same initial and final
vertex configurations. The properties of basic string operators
outlined in Egs. (24)-(26), as well as the consistency condi-
tions (5) and (15), ensure that all combinations of basic string
operators relating a given initial and final set of vertices will
have the same numerical coefficient.

Second, we use Eq. (62) to solve for the B-type vertex
coefficients in terms of {A%, Af” }. First, consider vertices
where both a and b legs are powers of the condensing label
s. In this case, in the gauge (23), and using wy(s/) = 1, all
nonvanishing string operator matrix elements are simply +1,
and we have

AOX"AOS’J'BS/'X’/ — AOO — 1’

sitigmi=i

B A% A% B =A% — 1, (73)

It follows that, given the condition (68),
B =1 (74)

for any i, j. ~ 4 '
Next suppose a ¢ 0, with b = s* and a’ # a. In this case,
we have
AaskBak.sl’kle,s’k — Aas’( ¢;sks”k)*’ (75)

aaks!
where the coefficient is obtained by acting on the vertex
(a, s'; d") with the product Wq;quf,k. Given Eq. (74), this fixes

B in terms of A% and A%",
Ifa,b# sk, we have

§/tk

AS' AP B Y BT — W (abe)A® (76)

The matrix element is given by acting with the product
W(ZkW(;j on the vertex (a, b; c) (see Fig. 3):

Wik (abe) = wyi (DYFES (Fah ) Ll (Fes FORE™)".

clebi \* ' clalbi ¢/ ccl0 *ect

(77)

Given Eq. (75), this fixes ij;}k’k in terms of A% and {A%}.

Finally, using string paths of the form
; (78)
we have

BYWii(s) al,a ) = B, (79)
BYWi (5T, a, o) = A, (79b)

which shows that both B*“ and B can be expressed in
terms of A%’ -type vertex coefficients. These relations have a
particularly simple form: From Eq. (77), we can show that

Wii(s', a,a) = wyi(a), (80)

115127-14



ANYON CONDENSATION IN STRING-NET MODELS

PHYSICAL REVIEW B 110, 115127 (2024)

where we have used Eqgs. (15b) and (15c), as well as the
identity
Fs B () =1 Q)
which follows from Eq. (5). ‘
This leaves us with the vertex coefficients A% and A%’
(where a, b # s¥). The former are clearly free parameters,
since by definition there is no ¢ string operator that takes such
a root vertex to another root vertex. Indeed, they represent a
choice of gauge for the F' matrices describing the condensed
phase [see Eq. (9)] and can be set to one. To see that A%’ are
also free parameters, we note that there is a residual gauge
freedom when solving (62). Specifically, given a set of vertex
coefficients that satisfy Eq. (62) we can construct an infinite
class of other solutions A%, B, M via

_ yor8@s®) g(a)g(b)
g(c)

Here a, b, and c are any string labels (including s/), and g(a)
is any function with

g(s"g(s") = g(s), g0)=1.

It is straightforward to verify that the transformations (82) do
not alter the equalities dictated by the action of any of the
basic string operators at a vertex.

When a' # a/ for i # j (mod g), the gauge transformation
(82) fully fixes the coefficients A%": we can always choose the
ratio g(a)/g(a’) to set

wiy 8(a))g(bh)

~ jbk .
- BN =BINE T (82)

A% = 1. (83)
Accordingly, we have
B = wyi(a), B =(Fus) (84)
by Egs. (75) and (79b).

2. Case2:a" =a

If " = a for some r|q, there are additional constraints
relating the coefficients A%*", and we cannot set these to one
using transformations of the form (82).

We begin by considering configurations involving only
vertices of the form (a, s/; a), j=1,...,q/rand their cyclic
permutations. We first show that, for such configurations,
there exists a solution to Eq. (62) that can be expressed as a
product of vertex coefficients. To show this, we must establish
that the coefficients relating configurations with the same sets
of initial and final vertices do not depend on the relative
positions of these vertices—an issue that did not crop up in
case 1. For example, using a W l-type simple string acting on
a Vertex (a, s/, a) with sticks on the two a legs carrying labels
s’ and s*, we can derive

Aas Aas Faaf'sl' as'" s/ V¥
aasCU+tDr \* qast+Dr

(i+Dr (k=D

Allb Aél.&

as'" sl sirstrgkr (

XA stivdr L gk ge—npr

as”‘ﬂ’f—l)r)*’ (85)

aask”

where we have removed a common factor of A%’ (which is
nonzero) from both sides and used wy, (s =1 for all J, k.
This can be true only if the coefficient does not depend on ;.

Similar consistency requirements arise from acting with qu,,

on a vertex (s/", a; a) and with W;,,Wq;,, on a vertex (a, @; s'").
In Appendix E, using the conditions (5a) and (15a), we show
that in all three cases, in the gauge (23), the coefficients are
indeed independent of j. [A similar result holds for vertices
of the form (a, s'*/";a’) with i < r, for which the coefficient
is also independent of j]. Thus we see that, for configurations
with only vertices involving a/, @ (j, k < r), and powers of
s', the simple string operators at each vertex yield a consistent
set of equations for the A%,

Having established that a consistent solution exists, let us
solve for the coefficients A%" . (As above, the coefficients A%
for i < r can be consistently set to one by a gauge transforma-
tion). Taking k = [ = 1 in Eq. (85), we find

ir or

_ pas" pas” pas’s s"s" as’"s" as"s’’ \*
=A" A aashr s"’OO aaa(.f“)’(Faas(f*”") . (86)

As shown in Eq. (E19), in fact,

i+ Dr
A%

F&, = Feisl,. (87)
It follows that in our gauge of choice,
n—1
A= = () TT(Ft). (88)
1

o~
Il

Thus of the g/r vertex coefficients A%"
only one, which we take to be A4S,

Moreover, the coefficient A% is not unconstrained: taking
n = q/r in Eq. (88), and noting that s/ = 0, we see that

( asr)CI/’ —

Thus, we see that A% must be a g/rth root of the product
on the right-hand side, and we have exactly g/r possi-
ble choices for this coefficient, which we label (A%");, i =
1,...,q/r. We note that the product on the right-hand side
[and hence also (A%");] has modulus one, since by unitarity

(F;Z;Sk(gl I )*F;s;('lf{l)r =1L

Physically, the fact that we obtain multiple, physically
inequivalent choices of A%" implies that, in the condensed
phase, the string label a “splits” into ¢/r distinct label types,

which we denote

we can freely choose

q/r—1 .
l—[ ( Lzzsv(ki”' )* . (89)

k=1

mu=1,..

., q/r. 90)

Here (a, 1) indicates that any vertex associated with the label
a,, is assigned a vertex coefficient consistent with the choice

Aas l_[q/r 1 Fa[j;;’ki’”/) ]/Lr/q.

Armed with this knowledge of splitting, we may return
to scrutinize other types of vertices. Vertex coefficients for
vertices (a, b;c) where none of the three string labels split
can be solved for as above; this includes all vertices of the
form (b, s/; /) for0 < j < g where b x s/ # bforany j < gq.
Thus consider a vertex of the form (a, b;c) (or one of its
cyclic permutations), where a” = a, but b and ¢ do not split.
Attaching a stick carrying the label 5"’ to the a edge, the analog
of Eq. (76) is

( aS(.H—’)I) Abs Bubk Bcjr+k§.ir+k

cirtk

= (A") s Wi (abo)AL. 1)

ap, = (a, M)v
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. . . .. k
This set of equations allows for a consistent definition of BZ}ka

in terms of A% only if the / dependence of the two sides
cancels. Indeed [see Eq. (E23)],

(AaS(H”r)/‘ as'" s’ \* as’”
gy ) = (4, 92)

i
so the / dependence is indeed trivial, and a consistent defini-
. . . k
tion is possible. Note that the coefficient B“Y on the left-hand

jrt+k
side of Eq. (91) will depend on the choicg of w; correspond-
ingly, we define the ¢/r vertex coefficients (BZJ’.’,k ) Similar
considerations apply for the cyclic permutations (¢, a;b),
(b, ¢;a).

Finally, consider a vertex of the form (a, b; ¢) where at least
two of the labels split. For example, suppose thata” = a, ¢" =
¢, and consider applying a W), string operator to the vertex
(a, b; ¢), with sticks on the a and ¢ edges initially labeled by
s and s*", respectively. This gives the relation

Aas”*”"Acs“"”’Azb
= ALAY A Dy (D)F (Fi!)'
dr Jlr

x as'’’s cstrgk=Dry*x  glrglr kr (93)
aas+Dr ceskr skrQsk=Dr+

Note that, in this case, A‘L‘.b appears on both sides of the equa-
tion. If the coefficient on the right-hand side does not depend
on b, then we can simply cancel these factors and we recover
an equation that is satisfied by solutions to (88) [see Eq. (92)].
However, in general the coefficient is invariant only under
replacing b — b/" for some integer j, and may be different
for distinct choices of b (see Appendix E). The resolution to
this is that we must replace Eq. (93) with the equation

(A“J’r)# ab\M* ab\H*
(Acslr) (AL )U :(A‘ )le(a’ b’ C), (94)

where we have used Egs. (87) and (92) to simplify the factors
associated with vertices A%", A% and

Mi(a, b, ¢) = Dy (D)F (F&)" (95)

ccb'” \" cabl

encodes the dependence on the label b. Thus either (A%)* =
0, or

(A, = (A““)MM, (a, b, c). (96)

In general, this gives us a condition that fixes the values of
(u, v) for which (A‘C‘b){j # 0, and hence specifies the fusion
rules of the new, split anyon labels. Note that the conditions
for (A%)H, (As)l, and (AY)* to be nonvanishing involve
different coefficients in general.

In Appendix E, we show that, when (a, b; ¢) is allowed by
the branching rules, there is necessarily at least one choice of
(u, v) such that (A‘C’b )i # 0, and hence at least one choice of
(n, v) for which (a,, b;&,) is allowed by the new branching
rules. [We also show that the same is true for the cyclic per-
mutations (Ag“ )i, and (AZE){,‘ of this vertex]. Indeed, provided
that b does not split, generically there are ¢/r such solutions.
This allows us to partially characterize the fusion rules of
the new theory. For example, suppose that only vertices of
the form (¢, a; b) are allowed by the branching rules, where

b x s¥ # bforany 0 < v < g. In the condensed Hilbert space,
we have

q/r q/r

Yo | x[Ya, =‘;’ZE, 97)
v=1 n=1 Z

where the sum on the right-hand side runs over all distinct
choices of b that are compatible with the original branching
rules. Since a X s" =a,c x s" = ¢, we have s X (¢ x a) =
¢ x a; hence if (¢, a; b) is allowed by the fusion rules, then so
is (¢, a;b'") for any j. Consequently, provided that (¢, a; b*)
is not allowed by the branching rules of the original theory for
any 0 < k < r, in the condensed phase there are g/r copies of
b in the fusion product ¢ x &. This corresponds exactly to the
number of distinct choices of (u, v) that solve Eg. (96)—i.e.,

the number of choices of (i, v) for which (¢, ay; b) is allowed

by the new branching rules. In this case, each copy of b
can be associated with a distinct solution, such that typically
the Hilbert space at the vertex (c, a; b) is one dimensional
(i.e., the new theory does not have fusion multiplicity). In
particular, there is no fusion multiplicity associated with the
vacuum 0, since the cyclic property of the fusion rules ensures
that only vertices of the form (a, a; s77) are allowed.

The possible fusion rules for other types of vertices, such as
vertices (d,,, b;; ¢,) where all three labels split, are discussed
in Appendix E.

In summary, the new Hilbert space 7{ consists of string-net
states with both unsplit string types of the form (57), (58),
whose branching rules are fixed by those of the original labels,
and split string types given by (90), whose branching rules are
fixed by a combination of those of the original theory and the
solutions to Eq. (96).

VI. STRING-NET MODEL OF THE CONDENSED PHASE

We now show that the ground state |¥) of our extended
string-net model as J — oo can be expressed as an ordinary
string-net ground state using the new label set {@;, b, ¢, .. .}.
In particular, we show how to use the vertex coefficients
{A, BZ;fk’k} described in the previous section to obtain the
fusion data describing the string-net in the condensed phase.
If there is no splitting, we find that the vertex coefficients,
together with the fusion data of the original category, fully fix
the fusion data for the condensed string-net. With splitting,
these do not fully fix the fusion data, the remaining freedom
can be eliminated by imposing the consistency conditions (5).

A. The topological data for the condensed phases

Deep in the condensed phase, the basis states in H allow us
to express the condensed ground state |W) = P;|®) as a new
string-net condensed state with amplitudes

U(X) = (X|W)

1
= ZCX(X)(XNJ)

XeX

1
= % Z Cy (X)W (X). (98)

XeX
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Here the sum over X € X is over all configurations of un-
condensed string labels compatible with the configuration X .
Note that, when one or more labels split, there are multiple
distinct solutions for the vertex coefficients associated with
the multiple distinct split string labels; in this case the co-
efficients C(X) depend not only on X but on the choice of
which label in each set {a@,} is in the configuration X; to
indicate this dependence, we have added a subscript, denoting
the coefficient C(X) as Cg(X).

1. Topological data in theories without splitting

We first describe how to use Eq. (98) to obtain the topolog-
ical data associated with the condensed string-net in theories
where none of the original labels split. We begin by simplify-
ing Eq. (98), using the relation

Cy X)W (X)) = Cg(X2)W(X,) forany Xi, X; € X. (99)

To see that these are equal, observe that on the one hand, we
have

Cx (X2) = Cx (X)W (P, (100)

for any X;, X, € X by (61) and (62). On the other hand, the
new ground state |\V) satisfies
X wp)|v)  w(X)

V(X)) = (Xa|V) = =
(X2) = (X2|¥) W W

(101)

Here we use (61) in the second equality and (45) in the third
equality. Putting (100) and (101) together, we establish (99).
By using (99), we can rewrite (98) as

V(&) = C(Xp)¥(Xp), (102)

were X denotes a reference configuration of our choice from
the set X € X; in the following it will be convenient to choose
Xo to have only trivial labels on all sticks. Observe that, in
the absence of splitting, each vertex in X corresponds to ¢°
configurations X, obtained by acting with W¢ W;k for 0 <
J» k < g at each vertex. Each such configuration appears p/q
times when we act with P, on Xj. Thus summing over X € X
and expressing all terms in terms of W(X,) gives a factor of
p2 for each vertex, which exactly cancels the normalization
prefactor.

We can use the amplitudes of this new ground state to
define the new F symbols Ff’bﬁ. and quantum dimensions

d@ by

ERVAA _ abé A\ b /¢
VAN RO AN
i
(103a)
o € dad;
U =gy | e (103b)
a (&)

Here the gray regions denote the part of the configuration
that is identical on both sides of the equation.

To relate the new coefficients to the old ones, consider
a pair of reference configurations Xy, X related by one of
the local moves in Eq. (4). For convenience, we choose all

reference configurations to be closed configurations in which
all sticks carry the trivial label. These closed configurations
are generated by those terms in P, containing only closed
loops of simple string operators, all of which act as the identity
on the ground state |®) of the original string-net. (Recall that
W) = P,|®).) Thus when Xj, X are closed configurations,
W(Xp) < ®(Xp), and similarly for X;. Note that the constant
of proportionality here depends only on the number of closed-
loop string operators in Py and is the same for all reference
configurations.

Using the fact that ®(Xp), $(X]) are related by the original
local rules, and applying (102) to both sides of (103), we
conclude that, when none of the labels 4, .. ., f split, the old
data and the new data are related by

B ZbB ZC ab abé
¢ — pabe (104a)
Bbc Baf def def
fd
d, = d; (104b)

[The local moves (4b) and (4c¢) lead to the same definition
(104b) of d;]. Here Bﬁ” (which can also be root vertex coeffi-
cients Agb) are the vertex coefficients defined in (66)—(70) and
{F{% d,} are the original F symbols and quantum dimensions
for the ground state ®. The labels a, b, ¢, d in Fd‘g’;” are chosen
such that they are compatible with the branching rules of
the old theory, and such thata € a, b € E, ced,de d. This
expression thus fully fixes the new F symbols in terms of
the old F symbols and the vertex coefficients. Furthermore,
comparing this to the expression (8) for gauge transformations
of the F' symbols, we can see that the root vertex coefficients
A% with a,b # s are simply gauge transformations of the
new F's. (The remaining vertex coefficients, which are fully
fixed by the choice of A%, ensure that the left-hand side of the
equation is independent of the specific choice a, b, c,d, e, f
used in the calculation.)

2. Topological data in theories with splitting
In theories with splitting, instead of expressing ampli-
tudes in terms of a single reference configuration, we replace
Eq. (102) with

YE)= —— Z Cx (X0) ¥ (Xo), (105)

where Xj denotes the set of reference configurations that are
compatible with the choice of condensed labels X and contain
only trivial labels on the sticks. The reason for this replace-
ment is that, in theories with splitting, a single reference
configuration Xy may not be sufficient to uniquely fix X via
the choice of vertex coefficients entering Cy (X,). We therefore
instead keep the minimum number of configurations in our
sum necessary to ensure that the right-hand side describes
coefficients associated with a specific condensed label set,
which is a sum over all configurations compatible with X for
which all sticks carry the trivial label.

Unlike in the unsplit case, the number of configurations
associated with each reference configuration X; in the sum
does not, in general, fully cancel the prefactor of 1/p*™ in
Eq. (98). Here N(Xp) counts the number of distinct products
of simple string operators that leave X, unchanged—meaning
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that they change neither the labels on the sticks, nor any of the
edge labels. This number depends on the number of closed
loops in Xy along which all labels split. Relative to the unsplit
case, the number of distinct configurations X in the sum (98)
is reduced by N(Xp).

To find F f;f‘:, we note that

S
an
ol
o
Il

S BEW B |
eceé

= BBy

ece
\\
abc A\b e
def f
\\d

(106)

In the last equahty, the labels u, v, p, o identify the external
split legs as a,, b,, C,, and d,, respectively. However, it can
happen that there is more than one solution f, compatible
with both the old label f and the new fusion rules. In other
words, there may be more than one choice of « for which
(Bi’f),‘;” (Bzf )4 # 0. We conclude that the old data and the
new data are related by

Bah mv Bec Ap e
IR S
e:ecé (B )K (Bd )a fifef

To find d;;, we observe that we also have
vl X N(X P Z Cx(X)W(Xo),  (108)

XeXy
where in this case, we can choose a single reference config-
uration. Letting X be a configuration with single closed loop
carrying the label @, and X, to have a single loop carrying
the label a, we find that the number of terms in the sum
is precisely N(Xp), and that all terms in the sum contribute
equally. From this, we conclude that

d, = Zd;,.

a:aca

(109)

Thus, we see that in theories with splitting, the original
fusion data and vertex coefficients do not fully fix all of the
new F's. In this case, the remaining freedom must be used to
ensure that the new F's satisfy the consistency conditions (5)
as well as the unitarity conditions (6).

B. Consistency conditions for Fg’;

We now show that the new data {F ”bfc } satisfy the consis-
tency conditions (5). We begin with the condition (5b), which
requires F j;; = lifaorbor&= 0. We wish to show that the
right-hand side is equal to one if a, b, or ¢ are powers of s.
Indeed, using Eq. (62), one can show

ab’ pbs' a'bps'a
Bc'i B abs' BB

csi pab © cich’ T
B~ B

as' pa'b
_ B Bc’ as'b __

abi psip . clalbl T
BB

A‘ub = 1.

—F 110
Btcles’c claic ( )

If a, b, or ¢ are powers of s, then there are no sums in
Eq. (107); thus Eq. (110) ensures that the new F's satisfy
Eq. (5b).

To see that the first term in Eq. (110) is equal to unity,
apply a qui -type string to the vertex (a, b; c¢), with the stick on

the ¢ edge carrying the label s'. From Eq. (22), in the gauge
(23), the matrix element associated with this string operator
is F “hg,, and Eq. (62) implies that B”'B‘”’ B‘”’/B’” F, “fg,
The second equality is obtained by applylng a product of
the form WW,, to a configuration with the two vertices
(a,s';a') and (@', b;c'), and using Egs. (5), (15), and (79).
The third equality can be obtained by acting with a W)
string on the vertex (a, b; c), with an s' labeled stick on the
c edge. In our gauge of choice, the corresponding matrix
element is Wy (b)FC"f; (Fas bb/)* which by Eq. (15) is equal

0 Wy (a)ﬂ};(c)(F‘ “”)* This gives

cla'c

AabAcs ~ (C) Fsabwqbl(a) a'YiBZib.

cla'c

(111)

Using Eq. (79), we obtain the stated result.

Next, we turn to the pentagon identity (5a). Multiplying
both sides of (5a) by BchﬁdBjrb , and summing over f € f and
g € 8, gives

fed pabl d pab
LTI
fef.gcd fef.gcgh

Pl PR BB B
(112)

We first consider the right-hand side of (112). Using Eq. (104),
we have

S (S rapng | rasr

h.geg \ fef
_ abc ahd pah pgd bed pbe
- Z :F‘fh ZFeng B Fkhl Bh
h,hoh 8€8

be rahd bed phd pbe | pak
- 3 e - gttt |
hksk heh
abe rahd prbed ped pbl pak
Z Fi R Fh B By BY. (113)
ksk. Il
(In the third line, we exploit the fact that ), ;_, = > 7. )

A similar treatment of the right-hand side of (112) gives
D isisk F Jed p “f’fBb’ B“kBCd Thus the new F symbols satisfy

egl ~efk
f‘d abl __ § § abc ahd y-béd
Z egl efk afh egk Fkhl : (114)
IEYRE)S Islksk h

If a” # a for any r < g, then the sums over [ and k can be
dropped, and the new F symbols automatically satisfy the
pentagon identity (5a). Otherwise, Eq. (104) only constrains
certain sums of the new F's, and we must use the remaining
freedom to choose the new F's to satisfy Eq. (5a).
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C. Effective Hamiltonian

We have seen that the ground state | W) of the condensed
phase is a string-net state, described in terms of the new labels
{a}, with new F' symbols and quantum dimensions given by
Egs. (107) and (109), together with the consistency condi-
tions (5). Since |W) is also a ground state of the effective
Hamiltonian in the condensed phase, this suggests that our
effective Hamiltonian acts on the labels in the new basis as a
(conventional) string-net Hamiltonian.

In the absence of splitting, it is relatively straightforward
to see that this is indeed the case. Consider the action of P¢Bﬁ
on a state (X| in our new string-net basis. As above, we can
use the fact that (X |PyB) = (X |BY = C(Xo)(Xo|BY, where X,
is a configuration compatible with X, and for which all stick
labels are trivial. We thus have

(XIBY =) Co)X|B, T (en, . e L LD,
X5
(115)
where jk = ik, ]]/( = l;( for k = 4, 5, 6, and elp =¢€11 =e1p =

0. Here (X;| is identical to (X| except on the boundary of the
plaquette p, where edges labeled iy, ..., i, ji, ..., je in (Xo|
now carry labels i,..., %, ji, ..., j;. Applying Eq. (104a)
repeatedly, we find that the matrix element can be expressed
as a product of new F symbols:

Y CCo)X'|By "0 e, ey L L, T
= > CONXIB Yt @, eD, L BT
= Dby seeslighyseees Ig
= ®B @1, ), (116)

where the matrix elements of B;, are defined in (39), with
the old F symbols in the first line replaced by the new F
symbols in the second and third lines. Matrix elements of the
plaquette string operator B; acting on states with all sticks
carrying the trivial label are exactly the matrix elements of
the conventional string-net plaquette operator (see Ref. [96])
., &¢) in the third line. Thus

our effective Hamlltoman in the string-net phase is exactly the
new string-net Hamiltonian.

The situation in theories with splitting is similar although
more subtle due to the fact that a single label 7 in the original
theory can represent multiple labels 7, in the new theory.

which we denote B’ il (el, .

VII. ABELIAN EXAMPLES

In this section, we work out some illustrative exam-
ples of condensation in the Abelian Zj, Zg4, Ze¢, Z4 X Z4
string-net models. We note that these Abelian string-nets are,
topologically, twisted Djikgraaf-Witten theories, for which
condensation has been separately discussed by Ref. [38].
However, we include these examples because they give a
simple illustration of how our construction works. In these
Abelian models there is no splitting, and the new fusion data
follow directly from the coefficients Bﬁiﬁj~

One interesting feature of these examples is that they
demonstrate how twisted Abelian gauge theories (for which

the gauge fluxes exhibit nontrivial mutual statistics [102]) can
be obtained by condensing appropriate bosonic charge-flux
bound states in untwisted theories. We see several specific
examples of this below.

Throughout our discussion of Abelian string-net models,
we use

F(a,b,c) =F (117)

for brevity, since other indices can be deduced from the
Abelian branching rules. Moreover, for string-nets based on
the group G = Zy, there are N distinct solutions to (4), with
the explicit form [100,101]

2711 P2 (b+c— [b+c])

F(a,b,c) = (118)

The integer parameter p = 0, ..., N — 1 labels the N distinct
solutions. The arguments a, b, ¢ take values in 0, ..., N — 1
and [b + c] denotes b+ ¢ (mod N) with values also taken
in 0,...,N — 1. For each of the N distinct solutions, we
can construct a corresponding string-net model. Each such
string-net model has N? topologically distinct quasiparticle

excitations labeled by ¢ = (s, m) where s, m =0,1,...,N —
1. The string operator Wy(P) which creates ¢ = (s, m) is
defined by (13) with the string parameters

wy(a) = &TITR), (119)

A. Z, string-net model

To set the stage, we begin with the Z, string-net model,
whose condensation transitions and phase diagram have been
studied extensively in the literature [73,87,88,103—107]. Here,
we briefly review how our construction replicates these re-
sults.

The Z, string-net model has two types of strings {0, 1}
with dual strings 0 =0, 1= 1. The branching rules are
{(a, b; c) with a + b = ¢ mod 2}. There are two distinct solu-
tions F(1,1,1) = =£1 to (5). The corresponding models are
the Toric code [3] and the double semion model, respectively.
The Toric code has two Z, bosons ¢ = (1, 0) and ¢ = (0, 1),
while the double semion model has one Z, boson ¢ = (0, 1).

We first consider the condensation of ¢ = (0, 1) in the two
models, as the two condensed phases are identical. After con-
densation, only string type a which satisfies wg(a) = (—1)* =
1 remains, namely, the remaining string type is 0 = {0} and
thus the Hilbert space 7 is the vacuum state which is the
same as the vacuum state in H,. Hence, there is no string-net
topological order after ¢ condensation.

Next, we consider the ¢ = (1, 0) condensation in the Toric
code. After condensation, the new string type is 0 = {0, 1} and
thus 7 is the vacuum state which is the equal superposition of
all states in H,. Thus there is no string-net topological order
after ¢ condensation.

With the Hamiltonian described here, all of these phase
transitions are in the (2 + 1)-dimensional Ising universality
class.

B. Z4 string-net model

We next show how our construction allows us to construct
certain condensed phases of the Z4 string-net model. The
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full phase diagram of this model was studied in detail in
Ref. [108].

The Z,4 string-net model has four types of strings
{0,1,2,3} with dual strings 0=0, 1=3, 2=2, 3=1.
The branching rules are {(a, b; c) with a + b = ¢ mod 4}. The
Hilbert space consists of all possible string-nets with the
above string types and branching rules.

There are four distinct solutions to the self-consistency
conditions (5),

.27 pa(b+c—[btcly)

F(a,b,c)=¢ e , (120)

labeled by p =0, 1, 2, 3. Here [x], = x mod n. The corre-
sponding Z, string-net models realize the topological order
described by the Chern-Simons theory with the K matrix [89]

0 4
K= (4 —2p>'

All four models have a Z4 boson ¢ = (0, 1) and a Z, boson
¢ = (0, 2). In addition, the p = 0 model has two other Z,
bosons ¢ = (2,0) and ¢ = (2, 2). We consider the topolog-
ical order after condensation of each of these bosons.

As in the Z, case, condensing ¢ = (0, 1) leads to a trivial
topological order. Thus, we begin with the condensation of
¢ = (0, 2). In the condensed phase, the remaining string types
a are those which satisfy wg(a) = &2 = 1, namely, the
remaining string types are a € {0, 2}. Thus the Hilbert space
# after ¢ condensation contains string-nets with the new
string labels {0 = {0}, T = {2}} and the Z, branching rules.
As discussed in Eq. (68), in this case all nonvanishing vertex
coefficients can be set to one. Solving Eq. (104), we then find
that the F' symbols of the condensed phase are simply a subset
of those of the uncondensed phase. Specifically,

alA=1, FA,1,1)=1, dj=1 (121)
for the p = 0, 2 models, and
alA=1, F(A,1,)=-1, dj=1 (122)

for the p = 1,3 models. Thus, the ¢ = (0,2) condensed
phase in the p = 0, 2 models is described by the Toric code
while the ¢ = (0, 2) condensed phase in the p = 1, 3 models
is described by the double semion model.

Condensing ¢ = (1, 0) also leads to a trivial topological
phase; thus we next turn to the condensation of the ¢ = (2, 0)
and ¢ = (2, 2) bosons in p = 0 model. The Hilbert space H
for both cases contains string-nets with the new string types
{0 =1{0,2},1={1,3}} and the Z, branching rules. To find
the topological order for after condensation, we solve for the
vertex coefficients and use Eq. (104) to deduce the topological
data of the condensed phase. When the condensing boson is
¢ = (2,0), we find that

alA=1, FA,1,)=1, d;=1. (123)

In this case, the condensed F' symbols are simply a subset
of the uncondensed ones; this is always the case when con-
densing (g, 0)-type bosons in untwisted Abelian lattice gauge
theories. Thus, the ¢ = (2, 0) condensed phase is described
by the Toric code.

When the condensing boson is ¢ = (2, 2), in contrast, not
all vertex coefficients can be chosen to be unity. In this case,

we can choose

A? = (=1), otherA=1, F1,1,)=-1, d;=1,

(124)

with t =0, 1, 2, 3. Thus, the ¢ = (2, 2) condensed phase is
also described by the double semion model.

C. Zg string-net models

The Zg string-net model has six types of strings
{0,1,2,...,5}. The dual string type is defined by a = 6 —
a mod 6 while the branching rules are the triplets (a, b; ¢) that
satisfy @ + b = ¢ (mod 6). By using the general solution

.27 pa(b+c—[b+clg)

F(a,b,c)=¢ & (125)

we can construct six distinct string-net models labeled by
p=0,1,...,5. The corresponding topological order can be
described by the Chern-Simons theory with the K matrix

0 6
K= <6 —Zp)'

Analogously to the previous examples, condensing a Zg
boson results in a trivial topological phase. Thus we focus on
condensing the Z; and Z3; Abelian bosons, which are summa-
rized for the six distinct Zg string-net models in Table I.

We first consider condensing Z3 bosons. Condensing ¢ =
(0, 2), which is a boson for any p, leaves the string types
{0 = {0}, T = {3}} with Z, branching rules. In this case, the
condensed phase is described by

alA=1, Fd,1,1)=1, di =1 (126)
for the p = 0, 2, 4 models and
ala=1, Frd,1,1)=-1, di =1 (127)

for the p = 1, 3, 5 models. Thus, the ¢ = (0, 2) condensed
phase in the p =0, 2,4 models is described by the Toric
code while the ¢ = (0, 2) condensed phase inthe p =1,3,5
models is described by the doubled semion model.

Second, we condense the Z3 boson ¢ = (2,0)inthe p =0
model and the Z3 boson ¢ = (2, 2) in the p = 3 model. The
new string labels are {() = {0, 2, 4}, 1= {1, 3,5}} with Z,
branching rules after condensation. Analogous to the Z, case,
we find

alA=1, FA,1,)=d;=1 (128)
for condensation of ¢ = (2, 0) in the p = 0 model and
A =A% =A% = —1, otherA = 1,
FA,1,)y=-1, dj=1 (129)

for condensation of ¢ = (2, 2) in the p = 3 model. Thus the
two condensed phases are described by the Toric code and the
doubled semion model, respectively.

Next, we consider condensing Z, bosons. When the con-
densing boson is ¢ = (0, 3), the remaining string types are
{0 =1{0},1={2},2 = {4}} with Z3 branching rules. After
solving (104), we find

qa(b+e—[b+ely)

alA=1, F@b & =735, dy=1, (130)
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TABLE 1. Six Zg string-net models labeled by p =0, 1, ..

., 5. Columns 2 and 4 show the Z, and Z3 bosons labeled by (s, m) in the

models. Column 3 and 5 show the K matrix for the condensed phases after condensing ¢ bosons in Column 2 and 4, respectively. Here

cc0 a

Ka,h - ( a _2b)

Z¢ models p Zy @ Condensed phase Zs ¢ Condensed phase

0,...,5 0,3) Kso, p=0,3, 0,2) K>o, p=0,2,4
Ky, p=14 0.2) K, p=13,5
Ksn, p=12,5 0,2)

0 (3,0) K0 (2,0) K0

2 3.1) K

3 (2,2) K>,

4 (3,2) K3,

with g = 0 for the p = 0, 3 models and ¢ = 1 forthe p = 1,4
models and g =2 for the p = 2,5 models. Thus, the ¢ =
(0, 3) condensed phase in the p = 0, 3 models is described by
the Z5 string-net model with ¢ = 0 while the ¢ = (0, 3) con-
densed phase in the p = 1,4 and p = 2, 5 models is described
by the Z3 string-net model with ¢ = 1 and g = 2, respectively.

Finally, we condense the ¢ = (3, 0), (3, 1), (3, 2) bosons
in the Zg string-net models with p = 0, 2, 4, respectively.
The new string types after condensation are {0 = {0, 3}, 1 =
{1,4},2 = {2, 5}} with Z3 branching rules. Condensing ¢ =
(3, 0) in the p = 0 model, all vertex coefficients can be taken
to be one, and we obtain

alA=1, F@b& =1, d;=1. (131)

To condense ¢ = (3, 1) in the p = 2 model, we may take

o

2 227
AB =AB =7, AP =A% =715, otherA =1,

FA,1,)=F1,3,1)=F1,3,3) =%,
=27
3

F3,2,1D)=F32,1,2)=F3,2,2)=¢7,

other F =1, d;=1. (132)

Finally, to condense ¢ = (3, 2) in the p = 4 model, we obtain

27

.27 22
AB =AB =75, AP = AP =¢'7, otherA =1,

i27r

FA1.2) =F1,2,1)=F1,2,3) =%,
FG31)=F212)=FG332)=c"%,

other F =1, dy=1. (133)

Thus the three condensed phases are described by the Zj
string-net models labeled by p = 0, 2, 1, respectively.

We summarize the condensed phases after condensing
Abelian bosons in the Zg models in Table 1.

D. Z4 x Z4 string-net model

The Z4 x Z4 string-net model has 16 types of strings
labeled by a € {(aj,a),a1,a; € {0,1,2,3}} with dual
strings a = (a;, a,) = (4 — a;, 4 — a). The branching rules
are {(a;, b;;c;) witha; + b; = ¢; mod 4} with i =1,2. The
Hilbert space consists of all possible string-nets with the
above string types and branching rules.

The general form of solutions to the self-consistency condi-
tions (5) for Zy x Zy string-net models is known [100,101].

Here, we consider one such solution, for which

F(a b C) — ei2naTN"PN’1(b+cf[b+cJ)

(Y )

Here the square bracket [b 4 c] denotes a two-component vec-
tor whose ith component is b; 4 ¢; (mod 4). From the solution
(134), we can construct the Z4 x Z4 string-net Hamiltonian.

We focus on the four Z, bosons in the model and we denote
them by

(134)

with

(135)

¢ =1(2,0,0,3),
¢3=1(2,0,2,1),

¢ =(2,0,0,1),
¢4 =(2,0,2,3).
Here the bosons are labeled by (sy, 5o, my, mp) with 51, 57
being the flux and m;, m, being the charge carried by the par-
ticle. Now, we consider the condensation of the four bosons
¢; in the Z4 x Z4 model in order. In the ¢; condensed phase,
we define the two-component new string labels by
a=(a, a) = {(a1, a2), 2 + a1, ax)},
with a; € {0, 1}, a, € {0, 1,2, 3}.

To find the topological order for the ¢; condensed phase, we
have to solve for the vertex coefficients. First, we find that

all A = 1 for ¢; condensed phase,

A2 — (—1)*, other A = 1 for ¢, condensed phase.
(136)

For the ¢, condense phase, we then solve Eq. (104) to find

F(a,b,¢) = o 2nd" NT'PN"! (b2 —[b+2])

(0 =)

For the ¢, condensed phase, the new F symbol is gauge
equivalent to (138). Thus the topological order in ¢, or ¢,
condense phase is described by the Chern-Simons theory with

(137)

with

(138)
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K matrix [89],

00 2 0
00 0 4

K=12 0 o =1 (139)
0 4 -1 0

Second, we find that

A20) — (1)@t other A = 1 for ¢3 condensed phase,

AGZ0) — = (—1)", other A = 1 for ¢, condensed phase.

(140)

For the ¢4 condensed phase, we find that F (4, b, ¢) is given
by (137) with

(Y ()

The new F symbol for the ¢3 condensed phase is gauge
equivalent to (141). Thus the topological order in the ¢3 or
¢4 condensed phase is described by the K matrix

(141)

00 2 0
00 0 4

K=1, 0 -2 (142)
0 4 -1 0

VIII. NON-ABELIAN EXAMPLES

We now turn to condensation of Abelian bosons in two
non-Abelian string-net models, based on the fusion categories
Rep(S3) and SU(2)4. In both cases, the condensation tran-
sition involves splitting. The new element present in these
examples is that both concern condensation transitions in-
volving splitting. In these models, we also fully construct the
new Hilbert space 7 after condensation and compute new F
symbols and quantum dimensions for the condensed phases.

A. S; string-net model

The simplest example of a transition involving splitting
occurs in the S3 string-net model [constructed from the fusion
category Rep(S3)], which has three types of strings {0, 1, 2}
with dual strings 0 =0, 1 = 1, 2 = 2. The branching rules
are

{(0,0;0), (1,05 1), (2,0;2),
(L 1O)(L, 13 1), (1, 1;2), (1,23 1), 2. 2,00} (143)

Here the triplets (a, b; ¢) are understood as the fusiona x b =
c and are symmetric in the first two labels a, b. The nontrivial
F symbols and d to self-consistency conditions (5) are

LR A
oy
Fy =F\ =F = Fi =1, (144)
dy=dr,=1, d, =2,

where the matrix indices e, f can be 0,1,2.

The model has eight quasiparticles. Among them, there is
a Z, Abelian boson, which we denote ¢ = (2, 0). The cor-
responding string operator is defined by the string parameter

wy(a) = (—1)°.

Since 2 x 1 =1 x 2 = 1, condensing ¢ will cause the orig-
inal string label 1 to split into two distinct labels, which we
denote 14, 1,.

To describe the Hilbert space H after condensation, we first
solve (89) for A*“. The two distinct solutions are

(145)

A =A@ =1, @ =@y =-1. (146)
Thus, the new string labels for 7 are
0=1{0,2}, T,={1}, T,={1h. (147)

The branching rules can be deduced from the branching rules
for the old string labels and are given by’

{0, 11;T1), (0, 1p; Tp), (11, 15;0), (11, 115 1n), (1o, To3 1))
(148)

Thus the condensed phase has Z3 (Abelian) branching rules.
Next, we want to find the topological order in the ¢ con-

densed phase. A solution for the full vertex coefficients is
given by Eq. (146), together with

(437 = (i)™ = (1) =
(i), (A" = V2

where (A(I)l)l*2 is the coefficient that is relevant to the
(11, 12;0) vertex in the condensed phase, (A]")}" is relevant
to the (1, 1:;1,) vertex, and so on. Using these data, it is
possible to solve (104) for the fusion data in the condensed
phase:

) =1,

olo — phlde _ (149)

for a, b € {1, 2}. With the data, we can construct ground states
and lattice Hamiltonian for the condensed phase. It turns out
the topological order in the condensed phase is described by
the Z3 string-net model characterized by the K matrix

(03

In other words, this is an untwisted (p = 0) Z3 string-net
model.

B. SU(2), string-net model

Finally, we turn to condensation in the SU(2)4 string-net
model—which, as discussed in Sec. II, is one of a family

"Before condensation, we have 1 x 1 = 0+ 1 4+ 2. After conden-
sation, the fusion becomes (I; + 1) x (I, +1,)=0+1,+1, +
0. Thus, 1,, 1, can be either self-dual or not self-dual. However, from
the assomatlvuy of the fusion 1, x (I, x 1;) = (I, x 1) x 1,, we
conclude 1; x I, =0, 1y x 1; = 1», I, x 1, = 1,. This can also be
deduced directly from Eq. (94).
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of examples that have not been described with previous ap-
proaches. SU(2)4 has five string types {0, 1, 2, 3, 4} with all
strings being self dual. The branching rules are

{(a,0;a) fora=0,1,2,3,4,
(a,a;0), (a,a;2),(a,2;1),(a,2;3) fora=1,3,
(1,3;2),(1,3;4),(1,4;3),(3,4; 1)

(2,2;0),(2,2;2),(2,2;4), (2,4;2), (4,4;0)}. (150)

If we only keep the even labels, the above branching rules
(150) are the same as the branch rules for the S3 model (143).
The data {F,d} satisfying (5) are known and we refer the
readers to Ref. [7] for details.

The model has 25 particles. Among these, there is an
antichiral Z, Abelian boson, which we denote ¢ = (4, 0).
The corresponding string operator is defined by the string
parameter

wy(a) = (—i)". (151)

We consider the string-net obtained by condensing ¢ = (4, 0).

Since the string labels obey 2 x 4 =4 x 2 = 2, the label
2 will split into two distinct string types after condensation,
which we denote 2, and 2,. We first define # after condensa-
tion. Specifically, solving for the vertex coefficients A*“, we
obtain

A41 — 1 A43 — _1 A14 :A34 — —l
AP =@ =1, A =@A"n=-1. (152
Thus, the new string labels for H are
0=1{0,4}, 1={1,3}, 2,={2), 2,={2). (153)

The new branching rules can be deduced from the old branch-
ing rules, together with Eq. (94), and are given by

(1, 1;0), (4, 1:2)), (1, 1;2,),
(1,21;1), (1,2 1),
(21,21522), (21,22;0), 22, 22;21)}.

(154)

Thus, # is the string-net Hilbert space with new string labels
(153) and branching rules (154).

Next, we want to find {F, d} in the ¢ condensed phase. A
valid choice of the full vertex coefficients is given by (152),
together with

(), = 2. (a]) = 1

(), = >

=
(155)

ﬁ?
Al = A122_1 A2222__2
(4), =1 (A7) =1 (A9) =-2

where (A}%)> = 1 pertains to the vertex (1,2,;1) and so on.
Using these, and Eq. (107), we find the nontrivial new F
symbols are

1T 1T 1 T 1 sab
T _ i i i %
pRl_pll _plil ___— gl __
100 102, 12,0 ’ 12,2 ’
3 ach ﬁ
B0 _ 2,00, _ i 135, _ i
sit =Hn = s Byt =Fyg =1
(156)

Here a # b =1, 2. Note that, although the F symbols of
SU(2)4 have the full tetrahedral symmetry required by Levin

and Wen [91], the new F's do not have reflection symmetry
(see Ref. [96] for a careful discussion of this point). This
reflects the fact that, after condensation, the string-net is no
longer time-reversal symmetric.

Interestingly, the data (156) are exactly the Z; Tambara-
Yamagami category [109] (TY; _).% The TY; _ category has
four labels [0] = 0, [1] = 2, [2] = 25, 0 = 1. The first three
labels have Z; fusion rules. The last label o represents the
symmetry defect:

[a] x 0 =0,

o x o =[0]+[1]+[2]. (157)

With the data (156), we can construct the ground state and
effective string-net model for the ¢ condensed phase.

The braiding data (i.e., the S and 7" matrices) of the re-
sulting anyons can be calculated explicitly from the string-net
itself, as in Ref. [110]. However, in our construction, we can
also easily deduce the resulting topological order from the
fact that this transition simply condenses the antichiral Z,
boson in the SU(2), string-net, which realizes an SU(2)4 X
SU(2), Chern-Simons theory. It is known that condensing the
Z, boson in SU(2), Chern-Simons theory yields an SU(3),
Chern-Simons theory. Thus the topological order of the 7Y3 _
string-net obtained here by condensation is SU(2)4 x SU(3),.

IX. DISCUSSION

In this paper, we have systematically studied condensation
of arbitrary Abelian bosons in string-net models. We have
introduced a Hamiltonian that tunes the system through a
condensation transition and given a detailed description of the
string-net in the condensed phase. We have shown how, in the
low-energy Hilbert space of the condensed phase, the input
fusion category C of the uncondensed string-net becomes a
new fusion category C, with both the effective Hamiltonian
and the ground state in the condensed phase being C string-
nets. Finally, we have shown how both the labels and the
fusion data for C can be calculated directly from the data of
the string operators of the condensing bosons, together with
the fusion data of C.

Because the transitions discussed here involve condensa-
tion of Abelian bosons, the degrees of freedom that become
gapless at the critical point can all be mapped onto variables
in a Potts model, using a method similar to that described
in Ref. [73]. By modifying H,, one could also achieve phase
transitions in the clock universality class.

One useful result of our construction is the possibility of
systematically extracting not only the label set, but also the
fusion data of C, by solving for the vertex coefficients implied
by the string operators W(;,. We note that Ref. [32] similarly
introduced vertex coefficients when studying the effect of
anyon condensation on the fusion and braiding data of the
UMTC describing the topological order and used these to

8TY; _ is one of four T'Y3 -type fusion categories. For example, had
we condensed the right-chiral Z, boson, we would have obtained
an analogous fusion category, with all F's complex conjugated. This
would produce the topological order SU(2), x SU(3);.
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determine the F' and R symbols for the condensed theory. The
vertex coefficients that we introduce here can be viewed as
analogs of the vertex coefficients of Ref. [32], albeit for the
fusion category underpinning the string-net, rather than for the
UMTC associated with the anyon model itself.

One potential application of our construction, illustrated
in the last example, is to obtain the fusion data for string-
nets of lower symmetry by condensing anyons in string-nets
with higher symmetry. For example, we can begin with a
string-net that has explicit time-reversal symmetry, such as
SU(2)4 x SU(2),4, and condense a chiral Abelian boson in one
of the two copies to obtain a string-net that does not have
time-reversal symmetry. This is useful because the data for
many high-symmetry string-nets, such as those constructed
from rational conformal field theories, is known.

A second potential application is to string-nets realizing
symmetry enriched topological phases, where the enriching
symmetry is Abelian. Specifically, condensing Z, Abelian
anyons can be viewed as “un-gauging” a Z, symmetry, and
a modification of the construction here can lead to condensed
phases in which the models exhibit a global Z, symmetry,
similar to the constructions of Refs. [58,59]. Such a construc-
tion may enable a simpler string-net realization of many of
these symmetries than in the existing literature. It also gives
a framework that could be used to construct similar models
with anyon-permuting symmetry at the boundary of a three-
dimensional Walker-Wang string-net.

Note added. Recently, we became aware of Ref. [111],
which also discusses anyon condensation in string-net models,
including some non-Abelian examples.
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APPENDIX A: PROPERTIES OF ABELIAN
STRING OPERATORS

In this Appendix, we prove the basic properties of our
Abelian string operators that we use in the main text.

1. Finding a gauge where F symbols are trivial

Many of the properties of Abelian string operators that
we use are valid only in the gauge where F (s', s/, 5 =1,
where we use the notation F(a, b, ¢) = F4 . . = appropriate
to F symbols involving only Abelian string labels. To see that
such a gauge exists, we use the fact that, if ¢ = (s, m) is a
boson, then wy(s) = 1. [While wy(a) is not gauge invariant
for general a, wgy(s), which represents the self-twist of the
particle, is a gauge-invariant quantity.] From Eq. (15), we see
that

w¢(s)w¢(sj) = F(s, s, s)w¢(sj+] ). (A1)
If s2=0 and j=1, F(s,s,5) is gauge invariant, and this
tells us that only if F(s,s/,s)=1 can (s, m) be a boson.

Otherwise, under gauge transformations, we have

s/ fxft's
A ; ; j+1 j+2
F(s, s, s)=F(s, s, s)= =

sis fsxf“ ?
Al sit+2

(A2)

where our string-net construction requires f*0 = f% = 1.
. . J San!
For 1 <j<p—1, we can use the ratio f5.1'/(fs,

to fix F(s,s/,s)=1, where s” =0. Furthermore, we
have wy(s)wg(sP~1) = F(s, 571, s)wy(0), and hence also
F(s,5,s) = 1, where 5§ = sP~!. It follows that, in this gauge,
for all i, j, we have

F(s,s',8) =1, F(s,s, s)F(s', s/, s)=F(s', s, 5). (A3)

In this gauge, we see that wy (s/) = 1forall j.
Next, consider F (s, s/, s*) with k > 1. Under gauge trans-
formations, we have

ss/ i+ gk

F(s, s/, s =F(s, s, 55 CARES s

(A4)

s5d Tk sisk *
gkt J gk

For k > 1, and a fixed choice of fs‘ii[l for each i, we can set all
of these to one by fixing the ratio f;/fklf,k ;/ff . (In this case,
this also works for j = p — 1.)

Thus, if wy(s) =1, we have enough gauge freedom to
simultaneously set F (s, s/, s*) = 1 for all j, k. Using the pen-
tagon relation, we also have

F(s,s', s))F (s, s, sk)F (s, s, sk)
= F(s™!, ¢, sk YF (s, s', sj+k). (AS)

In the gauge where F (s, s/, s5) =1 for all J, k, we find that
F(s', s/, ) = F(s™, 7,5, (A6)

from which it follows that F (s', s/, s*) = 1 for all i, j, k.

2. Basic string operators in a general gauge

The gauge choice F (s, s/, s) = 1 is convenient, because
the action of the operator Wy (P) is identical to acting with
a string operator with a fixed endpoint that is located away
from the stick, and fusing it into the lattice appropriately. With
a different gauge choice, the difference between the operator
Wy (P) and such open string operators can be described by a
gluing operator O;, whose action is defined by

< O; = F(s3,81,a)"" <
57 a s,/ 2
—s e
1 O — / 1

s\ @ S, a

< %1 Ol:F(SQ,CL,Sl)< 51.

(A7)
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Here a denotes the string label of the stick, and the gray region
denotes the configuration which does not change. '
In addition, in this gauge, when taking the product W}, -

Wi, we may ignore the vertical bendings of the jointed path

p U p/. For example, consider two basic string operators
W(;l, q;2 along the same path p;. When acting the composite
operator W, - W(;z on the vacuum state, we have

S, S
(vac|Wi, - Wi, = J
P! #* T\ sy 5,

= <UGC‘W;1X¢2 . 931’527 (A8)
with

F(s2,52,51) (A9)

60 =
R F(s1, 82,51 X §2)
Here we use (4) to remove the loop in the second line at the
expense of the factor 6, ,.

Thus, in a general gauge, we do not have W; - W!, =

) ¢
W(;l g Instead, we find
i,abed ;¢ ¢b
P3=¢! x¢2,a3b303d3;¢“x¢3,¢”x$3 (efg)
: e A AD
— Wl,abcd,q) ¢ (e
¢‘,a1b1c1d1:¢ﬂx¢h¢hx¢'( /8
i.arbreid ¢ x¢! p x§' _1
W¢>2,a3bac3d3:¢“xa>%¢hx$3(ef &by 0 (ALD)
with
p F(s2,5,51)F (52,51,b) (All)
s1,s0,a.b = ——
YT F (51, 82,51 X 52)F (a, 51, 52)
fori=1,...,4.

In addition, one can show that

itabddp? ¥ _ yhabcd g Y -1
W¢,abcd;¢"¢” (efg) - Wq;,abcd;d)%)” (efg) : exj,a,b (A]Z)

fori=1,2,3,4.

3. Properties of basic string operators
in the gauge F (s', s/, s") =1
Next, we establish the properties of basic string operators
in the gauge

F(s',s/,s) = 1. (A13)

First, from equations (A10) and (A12), we see that, in this
gauge,

¢£1 'quz = W(;1+¢27 (A14)

and

Wf = de. (A15)

Second, all basic string operators commute:

(W, W, ] =0. (A16)
This follows from Eq. (A10) if i = j (i.e., if the two paths
are the same). If the two paths intersect only on one stick (for
example, i = 1, j = 3), this follows from the fact that, using
Eq. (5), one can show that the two operator products differ by
a factor of F(s', b x s, s/), which is unity if b labels a stick. If
i =1, j =2, we can use the identity

wy(Nwe(s) =yl ws(f % 5) (A17)

to show that @y (f)F v,f vff = Wy (f x 5), which shows that
W), W¢2] = 0. We can use this, together with Eq. (A14),
to show that [Wq},, W;j] = 0. A similar argument shows
[qu,-, W(;‘_,-] =0.

Moreover, in this gauge we have F5 = w,(b) = 1 when
b is a string label associated with the condensing boson. It
follows that W¢1 W¢3 = Wy (p1 U p3), where the path p; U p;
crosses straight under the b-labeled stick. Similar results hold
for other products of simple string operators with paths that
overlap only on a single stick. Using the identity [derived
from Eq. ()] F/,; oF (558) = F/)7G, the product W, W2
can similarly be shown to be equal to an operator running
along the path (p; U py), which directly connects the two
sticks. (The consistency relations ensure that any deformation
of this path which does not change the endpoints yields the
same operator).

Thus, in this gauge, we may express a general string opera-
tor by concatenating string operators along a series of adjacent
basic paths.

APPENDIX B: DIAGRAMMATICAL REPRESENTATION
OF THE B;”s OPERATOR

In this section, we present the graphical representation of
Bﬁ’s in He (30) which leads to the matrix elements in Eq. (39),
as well as an alternative (simpler) formulation.

The action of B* in H is defined by

D5 _ sl
Bp - Z W¢|0~¢”*¢IZBPW¢10,¢11,¢12' (BD)
$10.¢11.912
with
1 1 3
W¢105¢]l:¢12 = P¢710W¢|0 : P¢711W¢7“ . P¢12W¢12‘ (B2)

Here the sums run over three end spins states ¢, ¢11, @12 in
p- The Py, = |¢;){(¢:] is the projector to the end spin state |¢;)
and W¢lm, W(;H, quu are three basic string operators defined
in (22). The B, is defined to add a loop s to the boundary of
p after Wy, 4,,.4,, moves the excitations {¢0, @11, P12} to the
exterior of p. Finally, after fusing the loop s to the boundary

of p, Wy 611,01, TIOVES back the excitations to p.
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Diagrammatically, the matrix elements of Bﬁ’s can be obtained by

eg s T
BPW¢107¢11»¢12

T
W¢10,¢11,¢12

(€1...e12; 010, P11, P12)

(B3)
where
S,i] ,,,,, i(,j] ..... j(, . _
B,y (e s enido, i, o) = G0, G, G, G, (B4)
with
_ w L-eweisjsessdiodiz - - Leiseriesis;pradin c o 3,e1senneiicipisPin 2
Cl - W(Igloq0€]3i4eﬁ;;1¢i3 (14]3f4)W¢”’611406271'5;4,141 (f6‘]6‘]5)W¢|276/150€’1j6;¢151 (flll.]6)7
C G Cr — l di;djzdigdjsdij‘djsdjé, [Fi/]e7] [Fj{ez] [Fi’ze;;] [F,i;q] [Fi_%eg]
2,422, — sio diyji s A5 L5 dip i L5 dinji L7 575 disjh
dS de,l djédlgdegdjé 1J] Jit 2] 3J2 3J3
JsS [ Jss £ J6S Joli Fi4J3
= [F, esi;]i4 A [Fegjg] Jol, [Fj60 ]sj6 [F; ]m [Fjéi’] ]w, [Fig 7, ]Ee;’
1,0¢,i,e,;1¢] o 1,¢,,0e; ji:p1,1 N 3,¢,50¢] ji:p1s1 N
C, = wllesesldn ; W C1e6 5314 W 241501601 ; B5
3 ¢10s91091314e49¢10¢13(4‘]3f4) ¢11,€14€11€615:¢14¢11(f6]6‘]5) ¢12q€15€12e11'6§¢15¢12(f1 1]6)’ (BS)

where ¢(; = ¢13 X ¢yo, and similarly for ¢;, and ¢|5. Each
product is unique because all stick labels have Abelian fusion
rules. Here e7, es, . . ., €1 take values in Abelian string types
and thus j, =i, X ey for p=1,...,6 while ¢} = ¢ x
en, fi=fi xen, e, =es x &0, fj =f1 X80, €=-ecX

. 1abed:g ¢
e, and f{ = fo x e;1. The functions W¢,5b?c'$;$u’¢b’ (efg)
< hapb
and W3.abcd,¢ @

aberdr g (efg) are defined in (22), and we have
used the fact that (W, ) = W(;;] . By using (5) to simplify
(B4), we obtain By sl (ey, ..., s dro, dirs di2) in
Eq. (39).

1. Simplified condensation Hamiltonian for string-nets
constructed from braided fusion categories

When the fusion category used to construct the string-net is
itself an anyon model, a somewhat simpler formulation can be
used to describe certain condensation transitions. We include
it here as it may be of interest, e.g., for numerical studies

(

[77,87,88]. The existence of a braiding means that, in addition
to the rules (5), the string labels also obey rules to determine
what happens when an a-labeled string crosses over or under
a b-labeled one:

(B6)

In these models, if the string-net labels correspond to anyons
described by a unitary modular tensor category C, then the
particle-like excitations of the string-net are anyons in the
category C x C—i.e., the string-net realizes two copies of
the anyon model, with opposite chiralities. The bosons a x @
are plaquette defects [112] and can be condensed as de-
scribed in Ref. [73]. Using the original string-net construction,
however, a boson a (a), corresponding to an anyon in the
category C (C), violates both vertex and plaquette terms. How-
ever, using a modification of the Walker-Wang construction
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of 3D string-nets [113], it is relatively straightforward to
construct a modified plaquette term for which open string
operators creating these anyons commute with all plaquette
terms.

When the condensing anyons are all from C, we can do
this in the generalized string-net Hilbert space depicted in
Fig. 2 and impose the constraint that at each trivalent vertex
in the new lattice, the combination of edge labels is allowed
by fusion. As in the construction outlined in the main text, we
energetically penalize any sticks carrying a label other than
the identity. Finally, we modify the plaquette operator’s action
on configurations where the sticks carry nontrivial labels, to
ensure that B, commutes with open string operators ending
on the sticks. This can be done by threading the loop carrying
the plaquette label under all sticks, and using the fusion and
braiding rules (4) and (B6) to resolve the diagram and obtain
the matrix elements, using exactly the same procedure as in
the 3D Walker-Wang string-net models (see Refs. [113,114]).
Intuitively, this construction can be viewed as starting from a
single layer of the Walker-Wang Hamiltonian, with a smooth
lower boundary (see Ref. [114]) and open vertical edges ex-
tending upwards out of the plane. In the full 3D construction,
our sticks thus correspond to edges of vertical plaquettes, and
anyon condensation is achieved by adding “half-plaquette”
operators along these vertical plaquettes. Commutativity of
adjacent plaquette operators, as well as of plaquette operators
with the anyon string operators corresponding to adding such
vertical plaquettes, follows from commutativity of the full
Walker-Wang Hamiltonian.

Similarly, to condense a set of bosons that are all from
C, we reverse the procedure above, drawing a Walker-Wang
model with a smooth upper boundary and keeping half-
plaquettes extending downwards from this plane. In this case,
plaquette operator matrix elements are obtained by drawing
the plaquette loop over the sticks and then using appropri-
ate fusion and braiding rules. Condensing some anyons in
C, and some in C, can similarly be achieved by adding two
sticks on each edge, one extending above the plane, and one
below it.

The procedure for identifying string-net data in the con-
densed phase using this construction is exactly analogous to
that of the more general construction outlined in the main
text.

APPENDIX C: SHOWING THAT B#1, B#2 COMMUTE

In this section, we show that the operators Bﬁ;" and
ijz*’z commute with one another. We only need to consider
two cases. One case is when two plaquettes are the same
p1 = p». The other case is when p; and p, are adjacent
since two operators will commute if p; and p, are further
apart.

The first case is when two Bﬁ” operators act on the same
plaquette p; = p, = p. We show BS" and B%" commute
if the branching rules §/''> are symmetric in 7, f,. We note

b, RO 1 Rty T
that BP ]BP t= Z¢10,¢11,¢12 W‘f’m'd’“v¢IZBPIBI§W¢1o,¢11,¢12' Thus,

to show that Bﬁ”‘, Bﬁ”z commute, it is sufficient to show that
B;;, B;f commute.

FIG. 6. Two plaquette operators B! and B% act on two adja-
cent plaquettes and add two loops.

To this end, we compute

Vdydy

w! \t\%/// = dtldtz
F uls di, dy,
= < / Fe a0 P @ o, |2 2
u t2
gt (Ch)

Here we use

nhq 2 _ 4 uf> 2 _
I a0l = 7% and  IE/ 1, =

7y 1o diyd
|Fe" |2"d—“'2 = 8" from (5). Thus, we have

BiB: = " su"B". (C2)

u

If §1™ is symmetric in ¢y, t,, then B; B;; = BZ B;‘ and thus B;’,”" ,
Bﬁ”z commute. In general, 8/ is not symmetric in #,, f, and
thus Bﬁ"‘ , Bﬁh do not commute.

The second case is when the two B;’j” operators act on two
adjacent plaquettes p;, p». We want to show that Bﬁ;" Bﬁ;’? =
Bﬁz”zB;’f;t‘. To show this, we write down the matrix elements
of the operators on each side by (39) and then show they are
equal. In fact, it is sufficient to compare the factors for the
two operations which are different. These factors depend on
the spin states on the shared boundary between p;, p, (see
Fig. 6).

Specifically, we write down the factors which are different.
First, the action of B%""B%" on the shared boundary con-
tributes the factors

w¢(a//) frsa’ a’s
W[ biy ]ab”[ "o ]a,,b/,. (C3)

a'b'a"b"
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Second, the action of BZ’Z”ZB;’,’;" on the shared boundary con-
tributes the factors

w¢,(a’”) [Fsa’”] [ a’s] Fhan fnbn
2wy Eon Lo (B ) B F i ()
alh/a// h//al/lb/// ¢

Here X' =xxt, X' =xxt, X" =xxt; xt, forx=a,b
and a + s = b. All we need is to show that (C3) = (C4).

To this end, we use (15a) and (5) to simplify (C3) and
(C4) as

Fastz (Ft] a’s )*

b!/btzf b///a/// b//
> walt) (C5)
a// b//a///h/// b//a//tz/
and
a'sty ptat tas ptibt, \*
s v (Ban o)
> wyt) s . (C6)
a/b/a//b//awb/// bmawté

respectively. Here t, =1, x s.
The next step is to simplify (C6) further. By using the two
pentagon identities

d'sty phaty, _ ptas bt astr
Fi Fyit, = FOG FO Fe

a’a Wty a b buhtzfa

tiat} dtys taty ptihs atys
Bty Fng = 3 Fs Foit, By (C7)
h

and the unitary conditions

t bty 1 bty * _
Y Ep (Fa)” =1,
b

nat tiaty \*
D Ep (FE)" = San, (C8)

a

we can show (C6) = (C5). This completes the proof that the

Bﬁ;", Bﬁ;’z terms commute with one another.

APPENDIX D: SHOWING THAT [B;”s, Wyl=10

In this Appendix, we show that Bﬁ*‘ and Wy commute with
one another. For our purpose, it is sufficient to show they
commute in the gauge (23). In fact, we check that quﬁ,s and
W, commute in any gauge.

It suffices to show that the basic string operators W(/f,- com-

mute with Bﬁ’s since any Wy can be constructed by gluing
the basic string operators along the path. Thus, we only have
to consider the case when the basic string operators qu[ are
around the vertices surrounding the plaquette p since it is clear
that two operators commute if they are further apart.

There are two independent basic string operators which act
around each vertex surrounding the plaquette p [see Fig. 7(a)].
We need to show all 12 basic string operators commute with
BZ’*S. Among 12 string operators, there are six string opera-
tors like qu,, whose ends lie outside p, four string operators
like W,; which intersect p and two string operators like W

whose ends lie inside p. We show that W(;‘,-, W¢‘,-,
with Bﬁ's. In a similar way, one can show other basic string
operators also commute with de"“‘.

First, we want to show that W;,-Bﬁ*s = B;‘;"‘W(;‘, [see

Fig. 7(b)]. To show this, we write out their matrix elements

W¢2, commute

FIG. 7. (a) Four basic string operators which act around the two
upper left vertices of the plaquette p. (b) Labeling of edges and sticks
on which Bp and at least one of the operators W, W,, and W, act.

and compare the factors which are different. Specifically, we
need to show that the product from the left of the equation

(qrif)x

« W3T»mi+100i+lf/(qri’f’)(FE"ip?Fflgri )

" .
¢! ,mino;p’ t'rit "~ o, fr]

4,mlor 3,mino;
W¢',r:1;;);;frf(qpt)w fs

@' miy100i41p;

DD
and the product from the right

4,mlor’ ./ 3,mnop
W¢‘,mi110il‘f(qpt )W¢1J711001P1

(grf)
> WST,m/()O/f/ (qr/f/)(F;ir,l Ff’Er )*

¢! ,mnop’ 't o) fr (D2)
are equal. Here x, = x x @”, where a is the string type associ-
ated with ¢, and the matrix elements of qu are defined in (22).
We denote by x’ € x x s (or x x 5) the edge labels after fusion
with the s-labeled plaquette loop. By using (25) to write Wdf '
in terms of Wé‘ and (15) and (16) to write w in terms of F
symbols, we can then show they are equal by (4).

Second, we want to show that W(;,ij’s = BZ,”W(I)‘,- [see
Fig. 7(b)]. Again, we write down the matrix elements of both
sides of the equation and compare the difference between the
two. Specifically, from the left is the product

,aibicid; 17,a,0c,d), ’
(e QW (W5 (ef'g) (D3)
while from the right is the product
(ef & Wy (ef'8).
Writing everything in terms of F' symbols by (25), (16), (15),
one can show they are equal by (4).
Third, we want to show that W¢2,-B‘$’s = Bﬁ’SW;,- [see

Fig. 7(b)]. We write down the their matrix elements and com-
pare the difference. Specifically, from the left we have

1,abcd
W¢iqalb[{3idi

w 1,abcd 1t,a,0c,d;,

op,ap0cpdp (efg)th,abcd’ (D4)

2,nbfd 1,ab;cd; .
. (ng)Wfﬁ'”r‘l_’i»az7+706b+fdh (efig)

&' ,nib; fid;
Wy AT FOW e (e )
W iy @G FoEL ey ©9)
and from the right we have
WL (ef W (qrf)
X Wl e g YWl (qr' )
x W;"”,f}’d (P FELFLVET Y. (D6)
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Similarly, by a straightforward but tedious computation, one
can show they are equal by (4).

APPENDIX E: CONSISTENCY OF SOLUTIONS
FOR VERTEX COEFFICIENTS
IN THE PRESENCE OF SPLITTING

If @ =a and ¢" =c, then a Wq}j,. operator at a vertex
(a, b; c) does not change the labels about this vertex; its only
effect is to change the labels of the two adjacent sticks. Thus,
we obtain

G os®k=Dr ab it st ab - bsi” iy *
as' cs ab __ pas” pest pa ) abs as
A AT pab . pas” g pdbyy L (p)FAbST (RS D)
as’"si" el sk=iry *
X L gty (Irccsk’ ) ’ (E 1)

where we have used the gauge (23). If A% is nonzero, this can
be true only if the coefficient does not depend on b.

Similarly, applying a W(Z,, operator at a vertex (b, a; c¢), we
obtain

ST osk=ir

a c ba __ pas” pcsk pba pbas’”
A A Al =A% A" AMF

ccbi”

asi"sir csITsk=ry *
x (FeS 7). (B

aas D \" ccs

Finally, applying W, , W}, to a vertex (a, ¢; b) with as” =
a and cs” = c gives
(i+))r

k=jr *

( ir kr _ jir o—jr
Aas Acs AZC =Aas Acs Azcwq)jr(c)(};wcccsof s 7)

% (Fax/"c)* as' s/ c.vk’x’f" (E3)

bac aas D+ cesk=pr

Similar equations appear about downward-oriented ver-
tices, involving the string operators W‘;,,., W;,,.; however these
do not impose any new conditions required for consistency.

We now show that the coefficients identified above are
independent of b for different choices of b that are related by fu-
sion with s'7. Iterating this, we see that the coefficients are the
same for any b in the fusion orbit of s/. In particular, for j = 1
we see that the coefficient is the same for any b in the fusion
orbit of 5. Moreover, the string operator W(; » = (Wi)/;hence
we conclude that, or any j, the coefficients in Eqs. (E1)—(E3)
are the same for all b in the fusion orbit of s, and for any ;.

We begin with Eq. (E1). Using Eq. (5a), we find

I A
Next, we multiply both sides of the equation by wg(bY"),
and use Eq. (15) to see that

Weir (DYwgir (s77) = wyir B NESE . (ES)
Since wyr (/) = 1, we thus find
jr jry * ; ir pir jroJiry *
wair (0)F gy, (Figyss' )™ = wopr (b7 Fgyar?” (Ficyerr” )" (E6)

Iterating this result, we see that the coefficient is the same for
all choices of b in the same fusion orbit of s”.
Next, consider Eq. (E2). Equation (5a) stipulates
s ba psiTesk pbaskT b ast psiTba
Fcbf’c Fccc Fcca - Fcca Fcb!"c . (E7)
Furthermore, since s/"¢ = ¢, we have
Sfrcskr Cskrsjr
cce cesk+ir )
W wgir(€) (E8)

cesk+ir

Wpir (c)w¢,-r(sk’) =

and hence F2. " = 1. It follows that F*%" = F2"as" "and the
coefficient is the same for any b in the fusion orbit of s/".

Finally, consider Eq. (E3). We have simplified the coeffi-
cient on the right-hand side as follows: Similar to Eq. (77),
the product of w2 ,-,.Wq},,. on the vertex (a,c;b) can be
expressed as

— acs’” (gas’ c\* (gpbs/Ts' I (b s \* acsTI"
Weir (¢)Fyjrpe (F bf'ac) (F Bbirst ) (F b bst=ir ) Fypire

as’s/" peskrsTIr (E9)

X s U e oge=jor 5
where the stick on the a edge initially carries the label s,
that on the ¢ edge carries a label s*", and that on the b edge
carries .

However, we can use Eq. (5) to show that, when as” = a
and cs” = c,

birs™Irst pbsits'=ir bsTs™IT it s gt
Fh”bs”f’ Fb”bj"s’ = bej"() Eyrosr—jr (E10)
and
acs’ pacs™I" pesTsTIT _ pbsiTsTIT
Fbj’bc th/’c Fcc() - bejr'() . (E1D)

Thus, in the gauge (23), Eq. (E9) can be simplified to give

o (L) (R )"

irac cc0

(E12)

We can show that the coefficient is the same for any b in the
fusion orbit of s/":

Fasj"cFacs/"st"cs/" _ Fucxf"Fasj’c
b =

bac irbe * ccc bi"be * birac * (E13)
Cancelling the redundant factors on both sides, and noting that
by Eq. (E8), F5.“" = 1, we see that F%'¢ = F%" ¢, and again
by iterating we find our result.

Now, if b is an Abelian particle, and a X s" = a, ¢ X s =
¢, then a x ¢ = Z].b-f’ + ..., where --- cannot contain '
for [ # jr. This follows from the cyclic property of the
branching rules. Suppose (a, c;b) and (a, c; b/) are allowed
by the branching rules. Then so are (c, b~7:a)and (b7, a; ).
However, if b/ = b x s/ = s/ x b, then we must also have
(b,a;&). If j =1r then & = ¢, and the outcome of fusing
b with a is unique. Otherwise, however, we see that fusing
b with a can have at least two different outcomes; hence
b is not an Abelian string label. In particular, if b = s/, it
follows that all equations associated with acting with string
operators s/” on the vertices (a, s/; a), (s/, a;a), and (a, a@; s/)
are consistent. This allows us to solve for the coefficients A%’ .

In general, however, vertices of the form (for example)
(b, a;c) and (g, a;c), where g # bs/, can lead to multiple

equations of the form (E2), which relate the same pairs of co-
efficients A", AS*™" to AW AS” If FPo £ F547 | these
equations are mutually inconsistent unless we choose either
Ab® = or A%" = 0. The resolution to this is to recognize that,
since both a and ¢ split, there are multiple nonzero choices

for the coefficient: A?“ = (Aﬁ“ )ij» denoting a choice of &; and

¢;. For a given b, we find that the coefficient FC’Z’Z‘E:" takes on

at most p/r distinct values (and similarly for other vertices);
hence we expect to find at least one nonzero (A’C"‘ )ij for each i.
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1. Relations between coefficients A“” when a" = a
Suppose a” = a. Equation (5a) gives

Ir gir Fas(1+_j)rxkr Fas,r K sl sUHOr
aast+r L gastivor L garjior s ipr gG+ior = L g sG+ior L g ga+jior +

(E14)

sirgirgkr

In our gauge of choice, taking j — j — 1 and k = 1 in the
above expression gives

asl” st l)rFaA(l+/ Dr gr
as'sir _ TaasUti-Drt qqs+ir (EIS)
aasU+hr — asG—Drgr
aas’”

Using this expression repeatedly, we can show that
J 1 as{+kor gr
as''sit <1_[k =0 Fam(’*"*”’

(+pr =
aas+r l—[ askrsr
Fr o

I+j-1 Fas ks ,
(k+1)r
AL ey a“:;f?, . (E16)
1_[ am(ul)r
From this, we see that
Ir ojr I+j—1 kr or 1—1 kr or
Faﬁv“i/)’ _ k=l Fu[j;zsv(“i])' k lFaaasYU‘iW (E17)
FaS/"SI" l+j 1 m"'v’ tlb’”rél °
aas+r H aas”‘“)’ l_[ aas<k+l)r
Without loss of generality, assume that / > j. Then,
I+j—1 pasrst
( k= Jl Fa‘:;‘v(/\il)f) 1
I+] 1 kr gr krgr 0
l_[ aljjé(kil)r 1_[ aaasg(kil)r
-1
= Fav(kil)r kr gr
(— = [1Faan. (E18)
l_[ aav(lﬁ»l)r ]
so that
Slr gir Jrglr
a‘i;ui.m = Fa(i;uwr (E19)
Furthermore, from the expression (88),
n—1
g r kr o
@A) = A T [ (Fean). (E20)
k=1
we see that
asthr as"\J 1 j+l 1 Fast's
( )ll« _ ( ) 1_[ ( uas(kﬂ)r) (E21)
as' r - 1 askrs’
(A )v (Aas )v k=1 (Faas(kﬂ)r)
( as").i+1 jH -1
I kr or
= T (Feid). €22
as”
(A7),
Hence,
as\+hr as”\JH JjH—1 askrs”
( )ll _ ( " k= l ( aas“‘*”’)
as' as’r - . o askrsr
(A )v(A )p (A‘”) ( A% )p (Faas(kmr)
( as )]+I
Ir ojr
= Faczfy(lirj)r ) (E23)

@y,

where in the last line we have used Eq. (E19). Evidently, if all
factors come from the same solution (i.e., & = v = p), then
the right-hand side is simply F%(",.

2. Vertices where multiple labels split

For vertices where multiple labels split (and none of the
labels are a power of s), we must address two questions. First,
is it the case that for every choice of b, there exists at least
one pair (i, v) for which Eq. (96) can be satisfied? If not, we
must conclude that at least one of the particles a, b, or ¢ must
be confined.

Recall that if s¢ = 1, then if wg(b) # 1, then b does not
correspond to any label in our effective Hilbert space; hence in
this case we must set (A%?)* = 0 for all i, v. When wg, (b) =
1, W¢1q acts as the identity operator at the vertex (a, b; ¢), since
it is an excitation of the form (0, m) which does not involve
any fusion. Applying the operator Wd},.q /r times, in the gauge
(23) we obtain the matrix element

q/r—1 q/r—1
’ rekr
Mi(a, b,y | [T Feiso || [T (B
k=1 k=1
(E24)
Since W¢1q = (W14, it follows that
q/r—1 q/r—1
kr rskr
(Ml(a, b, c))q/r = l_[ ( aaaZ(kil),)* l_[ ( ffs(ﬁ ])r) s

k=1 k=1
(E25)

so Mi(a, b, c) is a g/rth root of the product on the right-hand
side. Now, A" is a g /rth root of ]_[‘I/' YFasYS | y*, while A%

aas®+Dr
is a g/rth root of TT{\"(Fe)" = (AT Fadi) ™,
where we have used Eq. (E19). Thus A%" /A is also a ¢/rth
root of the product on the right-hand side. It follows that, for
every b, there exists at least one choice of w, v for which
Eq. (94) is satisfied—in which case it is also satisfied for
P, 0<k < q/r. This suggests that, for a fixed M,(a, b, ¢)

of modulus 1, we expect ¢/r distinct solutions A% /AS" =

Mi(a, b, c)e¥™™11 0 < n < q/r.
At this point, it is worth commenting on the fusion rules of
the new theory. In the most general case, we have

Z Cbg—i- Z ch’xd}.

blbxs"#b dldxs'=d *

q/r q/r
Y|l Xa =7
n=1 v=1

(E26)

The first sum contains any terms that do not split, and the
second contains terms that do. As discussed in the main
text, if (a, ¢; b¥) is not an allowed vertex for any 0 < k < r,
then ¢, = 1; otherwise, ¢, counts the number of distinct k,
0 < k < r, for which (a, c; b¥) is allowed. The second sum
runs over labels d for whichd x s* =d, with0 <v < ¢q.In
this case, in the condensed theory a fusion channel d; appears
with a coefficient ¢, ;, whose value depends on v, r, and the
number of values of A for which the new fusion rules admit
solutions.

As discussed in the main text, when ¢, = 1, the number
of distinct values of (u, v) for which (a,, 6,,;15) is allowed
by the branching rules is equal to the number of copies of

b on the right, and the new theory need not have fusion
multiplicity. If ¢, > 1, the label b = Zf;} b/ at the vertex
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(G, Ey; l;) may be associated with multiple different values
of the coefficient M;(a, b/, ¢). Each distinct coefficient then
corresponds to a distinct set of solutions (u, v) to Eq. (94).
Thus, if {M;(a, b/, ¢), 0 < J < r} are all distinct, then we can
find up to cpq/r distinct solutions to Eq. (94), and again
the new theory need not have fusion multiplicities. On the
other hand, if these coefficients are not all distinct, then in

general fusion multiplicities are expected, meaning that the
coefficients (A%?)* are matrices.

The situation for vertices (a,, C,; J,\) is similar, except that
in this case if v and r are not mutually prime, additional con-
straints are imposed which fix which coefficients (Azb ){j’x are
nonzero. Again, we cannot rule out the possibility of fusion
multiplicities and the need to make these coefficients matrices.
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