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We examine the interplay of symmetry and topological order in 2 + 1-dimensional topological quantum
phases of matter. We present a precise definition of the fopological symmetry group Aut(C), which characterizes
the symmetry of the emergent topological quantum numbers of a topological phase C, and we describe its
relation with the microscopic symmetry of the underlying physical system. This allows us to derive a general
framework to characterize and classify symmetry fractionalization in topological phases, including phases that
are non-Abelian and symmetries that permute the quasiparticle types and/or are antiunitary. We develop a theory
of extrinsic defects (fluxes) associated with elements of the symmetry group, extending previous results in the
literature. This provides a general classification of 2 4 1-dimensional symmetry-enriched topological (SET)
phases derived from a topological phase of matter C with on-site symmetry group G. We derive a set of data and
consistency conditions, the solutions of which define the algebraic theory of the defects, known as a G-crossed
braided tensor category C/. This allows us to systematically compute many properties of these theories, such
as the number of topologically distinct types of defects associated with each group element, their fusion rules,
quantum dimensions, zero modes, braiding exchange transformations, a generalized Verlinde formula for the
defects, and modular transformations of the G-crossed extensions of topological phases. We also examine
the promotion of the global on-site symmetry to a local gauge invariance (“gauging the symmetry”), wherein
the extrinsic G defects are turned into deconfined quasiparticle excitations, which results in a different topological
phase (C;;)°. We present systematic methods to compute the properties of (Cj)® when G is a finite group.
The quantum phase transition between the topological phases (C3)“ and C can be understood to be a “gauge
symmetry breaking” transition, thus shedding light on the universality class of a wide variety of topological
quantum phase transitions. A number of instructive and/or physically relevant examples are studied in detail.
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I. INTRODUCTION

The last two decades of research in condensed matter
physics have yielded remarkable progress in the understand-
ing of gapped quantum states of matter. In the absence of
any symmetry, gapped quantum systems at zero temperature
may still form distinct phases of matter that exhibit topo-
logical order, which is a new kind of order characterized
by patterns of long-range entanglements [1,2]. Topologically
ordered phases possess numerous remarkable properties, in-
cluding quasiparticle excitations with exotic, possibly non-
Abelian, exchange transformations (statistics), robust patterns
of long-range quantum entanglement, robust topology-
dependent ground-state degeneracies, and protected gapless
edge modes.

Recently, a number of exciting new directions have
emerged in the study of topological phases of matter, one of
which is the study of extrinsic defects [3-21]. This includes
the study of extrinsically imposed pointlike defects, which
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are not finite-energy quasiparticle excitations, but neverthe-
less have a nontrivial interplay with the topological order.
These pointlike defects can themselves give rise to topolog-
ically protected degeneracies, non-Abelian braiding exchange
transformations, and exotic localized zero modes. From a
practical standpoint, they might be useful in enhancing the
computational power of a topological phase used for topo-
logically protected quantum information processing [2,22—
27]. For example, one may engineer non-Abelian defects in
an Abelian topological phase, or even defects that realize a
computationally universal braiding gate set in a non-Abelian
phase that otherwise would not have computationally univer-
sal braiding [12]. Several microscopic realizations of such
defects have been proposed in the past few years, rang-
ing from lattice dislocations in certain microscopic models
[4,6,7,11,13,17,19,20] to unconventional methods of coupling
fractional quantum Hall (FQH) edge states [6,8-10,12,14,15].
In addition to pointlike extrinsic defects, topological phases
also support a rich variety of extrinsic linelike defects. These
may either be gapped or gapless, and in both cases there is
necessarily a nontrivial interplay with the topological order. In
particular, gapped linelike defects, such as gapped boundaries
[5,14,15,28-33], have recently been proposed to be used
for robust experimental signatures of certain topologically
ordered states, such as fractionalization in spin liquids and
topological degeneracy in FQH states [34-37].
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A second direction that has generated intense research
is the interplay of symmetry with topological order. In the
presence of symmetries, gapped quantum systems acquire
a finer classification [38-60]. Specifically, it is possible for
two phases of matter to be equivalent in the absence of the
symmetry, but distinct in the presence of symmetry. These
are referred to as symmetry-protected topological (SPT) states
if the gapped phase is trivial in the absence of symmetry,
and as symmetry-enriched topological (SET) states if the
gapped phase is topologically nontrivial, even when all sym-
metries are broken. One-dimensional Haldane phases in spin
chains [61,62], two-dimensional quantum spin Hall insula-
tors [63-65], and three-dimensional time-reversal-invariant
topological insulators [66—68] are all well-known examples
of SPT states. In contrast, FQH states and gapped quantum
spin liquids are examples of SET states, because they possess
symmetries (particle number conservation or spin rotational
invariance) together with topological order.

In the presence of symmetries, quasiparticles of a
topological phase of matter can acquire fractional quantum
numbers of the global symmetry. For example, in the
V= % Laughlin FQH state [69], the quasiparticles carry
charge in units of ¢/3; in gapped Z, quantum spin liquids
[70], the quasiparticles can carry unit charge and no spin
(chargeons/holons), or zero charge and spin % (spinons).
With symmetry, an even larger class of extrinsic defects is
possible, as one can always consider a deformation of the
Hamiltonian that forces a flux associated with the symmetry
into a region of the system, even if this flux is not associated
with any deconfined quasiparticle excitation.

When a Hamiltonian that realizes a topological phase of
matter possesses a global symmetry, it is natural to consider
the topological order that is obtained when this global sym-
metry is promoted to a local gauge invariance, i.e., “gaug-
ing the symmetry.” This is useful for a number of reasons.
(1) The properties of the resulting gauged theory can be used
as a diagnostic to understand the properties of the original,
ungauged system [71-74]. (2) Gauging the symmetry pro-
vides a relation between two different topological phases of
matter and can give insight into the nature of the quantum
phase transition between them [75-78]. (3) Understanding the
relation between such phases may aid in the development of
microscopic Hamiltonians for exotic topological phases (de-
scribed by the gauged theory), by starting with known models
of simpler topological phases (described by the ungauged
theory).

Although a remarkable amount of progress has been made
on these deeply interrelated topics, a completely general
understanding is lacking, and many questions remain. For
example, although there are many partial results, the current
understanding of fractionalization of quantum numbers,
along with the classification and characterization of SETs is
incomplete. Moreover, while there have been many results
towards understanding the properties of extrinsic defects in
topological phases, there has been no general systematic
understanding and, in particular, no concrete method of
computing all the rich topological properties of the defects
for an arbitrary topological phase. The study of topological
phase transitions between different topological phases is also
missing a general theory.

In this paper, we develop a general systematic framework
to understand these problems. We develop a way to char-
acterize the interplay of symmetry and topological order in
2 4+ 1 dimensions, thus leading us to a general understanding
of how symmetries can be consistently fractionalized in a
given topological phase. Subsequently, we develop a math-
ematical framework to describe and compute the properties
of extrinsic pointlike defects associated with symmetries of
the topological phase. Our construction utilizes results and
ideas from recent mathematical literature [79-82]. However,
since our focus is on concrete applications to physics, our
approach and formalism are quite different from the more
abstract categorical formalism that has been presented in the
mathematical literature. Our framework for understanding the
topological properties of extrinsic defects then provides us
with a way to systematically classify and characterize SETs
(including SPTs) in 2 4 1 dimensions. Finally, we again build
on results from the mathematics literature [80,83] to provide a
systematic prescription for gauging the symmetry of a system
in a topological phase of matter.

A. Summary of main results

Due to the length of this paper, we will briefly summarize
the main results of our work here. Before we proceed, we note
that our starting framework to describe a topological phase
without symmetry is in terms of an anyon model C, for which
we provide a detailed review of the general theory in Sec. II.
Mathematically, C is referred to as a unitary modular tensor
category (UMTC). Physically, it can be thought of as the set
of topological charges, which label the topologically distinct
types of quasiparticles (anyons), together with data that self-
consistently specifies their fusion, associativity, and braiding
exchange transformations. As this paper draws upon a number
of technical mathematical concepts, we have made an effort to
include precise definitions and explanations of most of these
concepts, in order to make it as self-contained as possible.

1. Symmetry and fractionalization

Symmetry fractionalization refers to the manner in which
topologically nontrivial quasiparticles carry quantum numbers
that are (in a sense) fractions of the quantum numbers of the
underlying local constituents of the system, such as electrons
or spins. We show that for a symmetry G (continuous or
discrete, unitary or antiunitary), symmetry fractionalization is
characterized by a pair of objects, p and n, which we briefly
describe here. There are nonphysical redundancies, i.e., a sort
of gauge freedom, associated with these objects that should
be factored out, and the resulting equivalence classes provide
a classification of symmetry fractionalization.

We first define the group of fopological symmetries, de-
noted Aut(C), of a topological phase of matter described by
C. Roughly speaking, this corresponds to all of the different
ways the theory C can be mapped back onto itself, including
permutations of topological charges, in such a way that the
topological properties are left invariant. A subset of such
autoequivalence maps called “natural isomorphisms,” which
do not permute topological charges and leave all the basic data
unchanged, provide the redundancy under which one equates
the autoequivalence maps to form the group Aut(C). Simple
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examples of autoequivalence maps include layer permutations
in multilayer systems that consist of multiple identical copies
of a topological phase, or electric-magnetic duality in phases
described by a Zy gauge theory.

We next consider a physical system in a topological phase
described by C, which also has a global symmetry described
by the group G acting on the physical degrees of freedom.
One must specify how G acts upon the topological degrees of
freedom and thus interplays with the topological symmetry.
This is characterized by a group action

[p]: G — Aut(C). €))]

The notation means that we assign an autoequivalence map
pg to each group element g € G and take the equivalence
classes of these maps under natural isomorphism. (It is useful
to work with a specific choice p € [p] when deriving results,
and then demonstrate invariance within the equivalence class
for certain quantities at the end.)

Once [p] is specified, we examine the symmetry action in
an underlying physical system described by a microscopic
Hamiltonian. We show that symmetry fractionalization is
possible only when a certain object [®] € H[%](G, A) van-
ishes. This object [@®] is uniquely defined by [p], and hence
called the fractionalization obstruction class of [p]. Here A
corresponds to the group whose elements are the Abelian
topological charges in C, where group multiplication is de-
fined by fusion. Hﬁpl(G, A) is the third cohomology group
of G with coefficients in the group A, where the subscript
[p] indicates the inclusion of the symmetry action in the
definition of the cohomology, which, in this context, is a
potential permutation of the topological charge values in A
(and, hence, is independent of the choice of p € [p]).

When the obstruction vanishes, it is possible to consistently
fractionalize the symmetry in the system, meaning one can
specify a local projective symmetry action that is compati-
ble with the symmetry action on the topological degrees of
freedom. This local projective symmetry action has associated
projective phases n,(g,h) for each topological charge a.
There is also nonphysical redundancy in how the localized
symmetry operators are defined, which transforms the cor-
responding projective phases. Factoring out this redundancy
yields symmetry fractionalization classes corresponding to the
equivalence classes [17]. The different ways (up to redundancy)
in which the symmetry can be fractionalized is shown to
be classified by the second cohomology group H[zp](G, A),
with there being a distinct fractionalization class for each

element [t] € Hl2pJ (G, A). More precisely, the set of symmetry

fractionalization classes form an Hﬁ)](G, A) torsor, which
means the classes are not themselves elements of H[zp](G, A),
but rather the distinct fractionalization classes are related to
each other by an action of distinct elements H[ZPJ(G, A). The
precise definitions of these mathematical objects will appear
in the main text and Appendices.

2. Extrinsic defects

When the physical system has a symmetry G, one can
consider the possibility of pointlike defects associated with
group elements g € G, which may be thought of as fluxes.

In many ways, a defect behaves like a quasiparticle. How-
ever, an important distinction is that when a quasiparticle
is transported around a g defect, it is acted upon by the
corresponding symmetry action pg, possibly permuting the
quasiparticle’s topological charge value. Another important
distinction is that, since G describes a global symmetry and
not a local gauge invariance in this context, these defects
do not correspond to finite-energy excitations of the system.
Thus they must be extrinsically imposed by modifying the
Hamiltonian in a manner that forces the g flux into the system.
If the position of the defects are allowed to fluctuate quantum
mechanically, the energy cost of separating such defects will
grow either logarithmically or linearly in their separation.
Therefore they may also be viewed as confined excitations of
the system.

The extrinsic defects of a topological phase have many
rich topological properties, and one purpose of this paper is
to develop a concrete algebraic formalism, analogous to the
algebraic theory of anyons, that can be used to characterize
and systematically compute the many topological proper-
ties of such defects. For this, we begin by generalizing the
notion of topological charge to apply to defects, with distinct
types of g defects carrying distinct values of topological
charge. We then extend the description of the original anyon
model C, describing the topological phase, to a G-graded
fusion theory

Cc =EPe,. 2

geG

where each sector C, describes the topologically distinct types
of g defects and the fusion and associativity relations respect
the group multiplication of G, i.e., a g defect and an h defect
fuse to a gh defect. In this way, the quasiparticles of the
original topological phase correspond to the 0 defects, i.e.,
Co=C.

Subsequently, we introduce a generalized notion of braid-
ing transformations that incorporates the symmetry action pg
on topological charges as a quasiparticle or defect passes
around a g defect. This is referred to as “G-crossed braiding”
and defines a G-crossed braided tensor category (BTC), which
we denote as Cj;. Additionally, the symmetry action on states
and fractionalization (p and n) are incorporated when consid-
ering fusion spaces. Similar to anyon models, we provide a
diagrammatic representation of the states and operators of the
theory and identify the basic data that fully characterizes the
theory. We introduce consistency conditions on the basic data,
which generalize the famous hexagon equations for braiding
consistency to “heptagon equations” for G-crossed braiding,
and impose consistency of the incorporation of the symmetry
action and its fractionalization within the theory.

Given the basic data of the G-crossed theory, we are
able to compute all properties of the defects, including their
fusion rules, quantum dimensions, localized zero modes, and
braiding statistics. We find that topological twists, which
characterize the braiding statistics of objects, is not a gauge
invariant quantity for defects, which meshes well with the
notion that the defects are associated with confined objects.
Another important property that we derive is that the total
quantum dimension Dy of the sector Cy is the same for all
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g € G, ie., Dy = Dy (this holds generally for a G-graded
fusion category). We also find that the number of topologically
distinct g defects, |Cg, is equal to the number of g-invariant
topological charges [i.e., those for which pg(a) = a] in the
original UMTC C,.

We describe the notion of G-crossed modular transforma-
tions when the system inhabits a torus or surfaces of arbitrary
genus. These extend the usual definition of modular transfor-
mations, generated by S and 7 matrices, to cases where there
are defect branch lines wrapping the cycles of the torus or
higher genus surface. We derive a G-crossed generalization of
the Verlinde formula, which relate the fusion rules of defects
(and quasiparticles) to the G-crossed S matrix.

For every 2 + 1-dimensional SET phase, one can construct
a corresponding G-crossed theory C/ describing the defects in
the topological phase, which also incorporates the symmetry
fractionalization. Therefore the G-crossed defect theories C;
provide both a classification and a characterization of SET
phases in 2 4 1 dimensions. In this way, one can classify SETs
by solving the G-crossed consistency relations. Topological
invariants that can distinguish different SET phases are asso-
ciated with gauge-invariant quantities of the G-crossed theory
C¢ . A partial list of such topological invariants is presented in
Table I of Sec. IX.

Importantly, not every fractionalization class corresponds
to a well-defined SET in 2 + 1 dimensions. In some cases,
there can be an additional obstruction that prevents the
existence of a solution of the G-crossed consistency relations
(such as the heptagon equations). The inability to solve these
consistency conditions and, thus, to construct a consistent
defect theory C/; indicates that the symmetry fractionalization
class is anomalous. Similar to the classification and possible
obstruction of symmetry fractionalization for a topological
phase when the symmetry action is specified, the classification
and possible obstruction of defectification (i.e., the existence
of a consistent defect theory) for a topological phase when
the symmetry action and fractionalization are specified can be
reduced to a simpler cohomological structure. In particular,
it has been proven [81] that, for a finite group G, which
describes unitary on-site symmetries, the defectification
obstruction takes values in H*(G, U(1)). Moreover, this
obstruction only depends on Cy, the symmetry action, and the
symmetry fractionalization class. Using the formalism of our
paper, we explicitly derive an expression in Eq. (485) for such
an obstruction to solving the G-crossed consistency conditions
for the case where the symmetry action [p] does not permute
quasiparticle types. A number of recent examples have shown
that anomalous realizations of symmetry fractionalization,
while they cannot exist in 2 + 1 dimensions, can instead exist
as a surface termination state of a 3 + I-dimensional SPT
state [84-94].

Furthermore, it has been proven [81] that, when there are
solutions of the G-crossed consistency relations (i.e., when
the defectification obstruction vanishes) for a specified C,
symmetry action, and symmetry fractionalization, the set of
gauge inequivalent solutions, i.e., the defectification classes,
form a H*(G, U(1)) torsor. More specifically, this means that
distinct G-crossed theories (with the same Cy, symmetry ac-
tion, and fractionalization class) are related to each other by an
action of the distinct elements of H*(G, U(1)). This action by

[a] € H3(G, U(1)) is essentially “gluing” a SPT state, whose
symmetry group is G and associativity is defined by [«], onto
the G-crossed theory such that the group labels of the defects
of both theories match up. Whether gluing on a SPT state in
this way actually produces a distinct G-crossed theory can be
determined in our framework by checking whether the old and
new G-crossed theories are equivalent under relabeling the
defect topological charge values. Thus these results imply that
the possible G-crossed extensions Cj, i.e., the possible sym-
metry enrichments of a 2 4+ 1-dimensional topological phase
described by C for finite on-site unitary G symmetry, are fully
classified (possibly up to relabeling topological charges) by
three properties: (1) the symmetry action [p] : G — Aut(C);
(2) the symmetry fractionalization class, which is an element

of an Hﬁo](G, A) torsor; and (3) the defectification class,

which is an element of an H3(G, U(1)) torsor.

3. Gauging the symmetry

Given a topological phase of matter C, together with its
symmetry-enriched class, i.e., its G-crossed defect theory Cg,
one can promote the symmetry G to a local gauge invariance
(“gauging the symmetry”). This results in a different topo-
logical order, which we denote (CGX )Y, in which the g defects
become deconfined quasiparticle excitations. Importantly, the
gauged theory (Cj )¢ depends on the particular G-crossed
extension C; of C, which thus forms the input data necessary
to construct the gauged theory. The topological properties of
the gauged theory (C} )G can alternatively be viewed from a
different perspective as topological invariants of the associ-
ated SET, which is described by C;.

We first examine the question of how one may obtain a
microscopic Hamiltonian that realizes the topological phase
(& )¢, given a Hamiltonian that realizes a topological phase
C. Along this line, we provide a concrete model demonstrating
how this may be done in the case where G is an Abelian finite
group.

Next, we provide a review of some known results from
the mathematics literature for obtaining the properties of
(C)C from those of Cj, in particular the topological charge
content, quantum dimensions, and fusion rules. It follows
from these results that the total quantum dimension of the
gauged theory (Cj)C is always related to the total quantum
dimension of the original theory C and its G-crossed extension
by D(Cg 6 = |G] %DCG = |G|D¢. We further provide a formula
for the topological twists of quasiparticles in (Cj )Y, which
were not previously given in the literature. We confirm the
validity of this expression based on physical considerations
and consistency. Using the expression for the topological
twists of the gauged theory, we show that the chiral central
charge (mod 8) is the same in these theories. We also derive
an expression for the topological S matrix of (Cj)¢ in terms
of the data of Cé. Finally, we discuss how to compute the
ground-state degeneracy of (Cj )Y on higher genus surfaces
in terms of the properties of Cj, without needing to derive
the full fusion rules of (C})®. This is useful for practical
computations of the number of topological charge types and
their quantum dimensions.

We close the discussion of gauging the symmetry by
observing that, since (Cg )¢ and C are related to each other by
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gauging G, the topological quantum phase transition between
them can be understood as a discrete G “gauge symmetry
breaking” transition. This point of view provides insight into
the universality class of the topological phase transitions
between a wide variety of distinct topological phases.

4. Examples

After developing the general theory, summarized above,
we study many concrete examples. We focus on examples
that are physically relevant and/or which illustrate different
technical aspects and subtleties of using the theory and meth-
ods developed in this paper to derive the various properties
of G-crossed extensions and gauged theories. One large class
of examples for which we have obtained all the basic data of
C; by solving the consistency conditions is the case where
Co is a MTC and the symmetry action [p] does not permute
quasiparticle types. Another particularly interesting example
that we examine is the “three-fermion theory,” also known as
SO(8), with the non-Abelian symmetry group G = S3 acting
nontrivially. Gauging the S3 symmetry of the three-fermion
theory results in a rank 12 (weakly integral) UMTC that has
not been previously described elsewhere.

B. Relation to prior work

The background context of our work is closely related to
a large number of works spanning many different fields. Here
we briefly comment on the relation to some of the most closely
related works.

A framework, called the projective symmetry group (PSG),
to address the problem of classifying SETs was originally
introduced in Ref. [38]. As we discuss in Sec. IXB, the
PSG framework only captures a subset of possible types of
symmetry fractionalization and, Thus misses a large class of
possible SETs for a given topological phase. Our results on the
general classification of symmetry fractionalization in terms
of H[zp](G, A) extends the previous result of Ref. [51], which
specifically applies to Abelian topological phases where the
symmetries do not permute the topological charge values. A
preliminary consideration of some of these ideas can also be
found at a more abstract level in the discussion in Appendix F
of Ref. [95].

The notion of a G-crossed braided tensor category (BTC)
was originally introduced in the mathematics literature in
Refs. [79,82]. Similarly, the classification and possible ob-
structions of G-crossed extensions, which we summarized in
the previous section, has previously appeared in the mathe-
matics literature [81] in the problem of extending a fusion
category or a braided fusion category by a finite group G.

With respect to these prior mathematical results, our results
can be viewed as both providing (1) a new and detailed
concrete formulation of the theory of G-crossed BTC, and
(2) providing the physical context and interpretations of the
abstract mathematical results by directly linking them to their
physical realizations. In particular, we provide a physical
interpretation of these mathematical objects in terms of the
fusion and braiding properties of extrinsic defects associated
with group elements g € G. Moreover, since the mathematical
constructions are highly abstract, they may obscure many of

the important details that are of interest for physical appli-
cations. For example, we provide concrete definitions of the
symmetry action [p], the fractionalization obstruction [®],
and local projective phases [n] that classify fractionalization
in terms of the symmetry action on the states of quasiparticles.
The mathematical treatment that we utilize in this paper,
working directly with the topologically distinct classes of
simple objects (quasiparticles and defects), their basic data (F
symbols, R symbols, etc.), and their consistency conditions,
is referred to in mathematical parlance as a “skeletonization”
of a category. Our work may, Thus also be viewed as a
new mathematical result that introduces the skeletonization of
G-crossed BTCs and provides a new definition of the theory
of G-crossed BTCs.

Extrinsic defects in topological phases of matter have been
increasingly studied in various examples in the condensed
matter physics literature [4-21]. One purpose of our work is
to provide a totally general treatment of extrinsic twist defects
that captures all of their topologically nontrivial properties,
provides a framework for computing them, and can be applied
to arbitrary topological phases of matter. In recent years, such
defects have also been studied in the mathematical physics
literature, both for conformal field theory (CFT) [96] and
for topological quantum field theory (TQFT) [97,98]. While
our work has some overlap with these, our approach is quite
different. Our emphasis is on developing concrete methods
that can be used to compute various topological properties of
the defects and direct physical interpretations that apply in the
condensed matter physics setting.

The idea of “gauging” a discrete symmetry of a topological
phase of matter is closely related to the concept of “orbifold-
ing” in rational CFT [99,100]. However, while there are often
close relations between CFTs and topological phases of mat-
ter, they are distinct physical systems, and so they each require
their own physical understanding. Many of our general results
and examples go beyond the analogous problem that has been
studied in the CFT literature, for which the general results are
limited. For example, much of the CFT work on orbifolding
is typically focused on holomorphic CFTs, which correspond
to only a small class of possible topological phases. The
important classifying objects (the symmetry action, fraction-
alization class, and defectification class) summarized above
also have not, to our knowledge, been generally discussed in
the CFT literature on orbifolding. On the other hand, a CFT
possesses a great deal of structure that does not exist in the
corresponding MTC. As such, the orbifold construction can
be applied to CFTs in ways that do not correspond to gauging
the corresponding MTC. This distinction is highlighted by the
fact that applying the orbifold construction multiple times to
a CFT can result in the original CFT, whereas applying the
gauging construction multiple times to a MTC cannot result
in the original MTC.

Our work on gauging topological phases of matter is
closely related to work of Refs. [80,101], which sets out to
find a mathematical formulation in terms of MTCs of the
concept of orbifolding in CFTs. For example, Ref. [80] also
contains results on the extended Verlinde algebra. Again, our
results extend some of these mathematical results and put
them into more concrete terms with direct physical context.
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In recent years, the notion of gauging symmetries of a
topological phase has been increasingly studied in the con-
densed matter literature. The resulting non-Abelian topolog-
ical phases that are obtained by gauging either the layer
exchange symmetry of bilayer Abelian FQH states, or the
electric-magnetic duality of Zy toric code models were stud-
ied in Refs. [77,102,103]. In studies of SPT phases, the notion
of gauging the symmetry of the system has been powerful
in developing an understanding of the distinction between
SPT states [71,74]. While those were isolated classes of
examples, our work provides a concrete prescription to derive
the properties obtained when any topological phase of matter
C is gauged by any finite group G.

While gauging a discrete global symmetry G of a topo-
logical phase C gives rise to a new topological phase (Cj ),
there is an inverse process, known as topological Bose
condensation [75], which takes (C; )¢ to C. The quantum
phase transition between (C3)® and C corresponds to a
confinement/deconfinement transition or, in other words, a
“gauge symmetry breaking” transition. The notion of con-
densation was discussed mathematically in Refs. [104,105].
This has been studied in the context of topological phases in
Refs. [28,75,106,107]. In the topological Bose condensation
picture, there is an intermediate stage between (Cj )¢ and C,
referred to as the 7 theory in Ref. [75], which includes the
objects that are confined by the condensate. These confined
objects are g defects and the G-crossed theory C; provides
a complete description of the topological properties of the T
theory, including their braiding transformations, which have
not been previously identified. Most of the prior work along
these lines has focused on the nature of the topological phase
that is obtained when topologically nontrivial bosons of a
topological phase are condensed. However, Refs. [76-78] fo-
cused on the nature of the universality class of quantum phase
transitions associated with topological Bose condensation by
studying some simple classes of examples when G = Z,. We
generalize these results to an understanding of the universality
class of topological Bose condensation transitions between
(C&)© to C for general finite G.

II. REVIEW OF ALGEBRAIC THEORY OF ANYONS

This section provides a summary review of anyon mod-
els, known in mathematical terminology as unitary braided
tensor categories (UBTC) [108,109]. We use a diagrammatic
representation of anyonic states and operators acting on them,
following Refs. [95,110-112]. (Many relations in this review
section are stated without proof. For additional details and
proofs, we refer the reader to the references listed here or,
in some cases, to Secs. VI and VII where one may find
the generalized versions.) This formalism encodes the purely
topological properties of anyons, i.e., quasiparticle excitations
of topological phases of matter, independent of any particular
physical realization.

A. Fusion

In this section, we describe the properties of fusion tensor
categories, and will introduce braiding in the next. We begin

with a set C of superselection sector labels called topological
or anyonic charges a, b, c... € C.' (We will often also use
the symbol C to refer the category itself.) These conserved
charges obey an associative fusion algebra

axb= ZNa"bc 3)

ceC

where the fusion multiplicities N;, are non-negative integers
which indicate the number of different ways the charges a and
b can be combined to produce the charge c. We require that
fusion is finite, meaning ) . N¢, is a finite integer for any fixed
a and b. Associativity requires these to satisfy

e ard d
Z NNE = Z Nalef;. )
e f

In the diagrammatic formalism, each line segment is ori-
ented (indicated with an arrow) and ascribed a value of
topological charge. Each fusion product has an associated
vector space V with dimV,; = N, and its dual (splitting)
space VC’”’. The states in these fusion and splitting spaces
are assigned to trivalent vertices with the appropriately cor-
responding anyonic charges, with basis states written as

C
(de/dady)* )\ — (@b €V5, O
a b
a b
(de/dady)** Yf = la,b;c,m) €V, (6)
&

where = 1,..., N{,. (Many anyon models of interest have
no fusion multiplicities, i.e., Nj, =0 or 1 only, in which
case the trivial vertex labels w will usually be left implicit.)
The bra/ket basis vectors are orthonormal. The normalization
factors (d, /dadb)'/ 4 are included so that diagrams will be in
the isotopy invariant convention, as will be explained in the
following. Isotopy invariance means that the value of a (la-
beled) diagram is not changed by continuous deformations, so
long as open endpoints are held fixed and lines are not passed
through each other or around open endpoints. Open endpoints
should be thought of as ending on some boundary (e.g., a
timeslice or an edge of the system) through which isotopy
is not permitted. We note that the diagrammatic expressions
of states and operators are, by design, reminiscent of particle
worldlines, but there is not a strict identification between the
two. The anyonic charge lines are only a diagrammatic expres-
sion of the algebraic encoding of the topological properties
of anyons, and interpreting them as worldlines is not always
correct.

'Tt is often assumed that the set of topological charges C is finite,
but we may allow it to be infinite in the definition of a fusion tensor
category or a braided tensor category, as long as fusion is finite.
However, for a modular tensor category, we will require C to be a
finite set.

115147-6



SYMMETRY FRACTIONALIZATION, DEFECTS, AND ...

PHYSICAL REVIEW B 100, 115147 (2019)

Diagrammatically, inner products are formed by stacking
vertices so the fusing/splitting lines connect

C ” C
[dad
a b = 50(‘,’ 6##’ d—b ) (7)
/A"

which can be applied inside more complicated diagrams. Note
that this diagrammatically encodes charge conservation. Since
we want to use this to describe the states associated with
anyonic quasiparticles (in a topological phase of matter), we
require the inner product to be positive definite, i.e., d, are
required to be real and positive.

With this inner product, the identity operator on a pair of
anyons with charges a and b is written (diagrammatically) as

the partition of unity
b a b
de JZ
= - c . 8
> Via X @®)
a b

a

Loy =

[

A similar decomposition applies for an arbitrary number of
anyons.

More complicated diagrams can be constructed by con-
necting lines of matching charge. The resulting vector
spaces obey a notion of associativity given by isomorphisms,
which can be reduced using the expression of three anyon
splitting/fusion spaces in terms of two anyon splitting/fusion

Vdubc ~ @ Veab ® Vjc ~ @Vf@c ® Vaf’ (9)
e f

to isomorphisms called F moves, which are written diagram-
matically as

Fgbe Y 10)

a ](e,(yﬁ)(f,l%l’) f

v

d

The F moves can be viewed as changes of bases for the states
associated with quasiparticles. To describe topological phases,
these are required to be unitary transformations, i.e.,

N—1 NG
(™) ]<f,u,v><e,a,ﬂ> = [(F"™) ](f,u,w(e,a,ﬂ)

_ abc7*
- [ d ](e,a,ﬂ)(f,u,v)‘ 1

In order for this notion of associativity to be self-consistent,
any two sequences of F moves applied within an arbitrary
diagram which start from the same state space and end in
the same state space must be equivalent. MacLane’s co-
herence theorem [113] establishes that this consistency can
be achieved by imposing the constraint called the Pentagon
equation:

Z [Fede](g,ﬂ,V)(l,v,S)[F;abl](f.w,ﬁ)(k,u.k)

s
= Z [Fgabc](f,a,ﬂ)(h,tlf,o)[Feahd](g,a,y)(k,p,k)
h,o,¢,p

x [F] (12)

(h. ¥ p)(L,v 1)

abcd

/1
abc‘d/V\abcd
f ¢ /
g k

FIG. 1. The Pentagon equation enforces the condition that dif-
ferent sequences of F' moves from the same starting fusion basis
decomposition to the same ending decomposition gives the same
result. Equation (12) is obtained by imposing the condition that the
above diagram commutes.

which equates the two sequences of F' moves shown in Fig. 1.
In other words, given a set of fusion rules, one can find all
consistent fusion categories by solving the Pentagon equations
for all consistent sets of F' symbols.

We require the existence of a unique “vacuum” charge
0 € C for which fusion (and braiding) is trivial. In particular,
the fusion coefficients must satisfy NS, = Nj, = 84, charge
lines can be added and removed from diagram at will (in other
words, there are canonical isomorphisms between Va“o, Vao“,
and C), and the associativity relations must obey [F d"””] =1
if any one of a, b, or ¢ equals 0 when the involved fusions
are allowed (this enforces the compatibility of F moves with
the previously mentioned canonical isomorphism and corre-
sponds to choosing the basis vectors of V% and V. such
that they map to 1 in the canonical isomorphisms mentioned
above). Note that it is not required that [Fd”b"] =1 when
d = 0, nor is this even generally possible. We often specially
denote vacuum lines as dotted lines.

For each a € C, we require the existence of a conjugate
charge, or “antiparticle,” a € C, for which [F**].40,) # 0.
It follows that N, = 85, i.e., @ is unique and dimVJ = 1.
Also, 0 = 0 and @ = a. Thus we can write
Ha

[Fi) = 5 (13)
where we have defined the quantum dimension d, of charge a
to be

d, = |[F*] (14)

-1
ool

and s, is a phase. It follows that dy = 1, and

dazdazaQ. (15)

Here we have introduced the convention of smoothing out the
charge a line at |a, a;0) vertices to form a “cup” when we
remove the vacuum charge O line, and similarly forming a
“cap” from (a, a; 0|.

We also define the total quantum dimension of C to be

D= Y a. (16)
aeC
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In the diagrammatic formalism, reversing the orientation of
a line is equivalent to conjugating the charge labeling it, i.e.,

_ (17)

Isotopy invariance is essentially the ability to introduce and
remove bends in a line. Bending a line horizontally (so that
the line always flows upward) is trivial (in that it utilizes the
canonical isomorphisms of adding/removing vacuum lines),
but a complication arises when a line is bent vertically. To
understand this, consider the F' move associated with this type
of bending

a- (18)

(Notice the vertex normalization comes into play here.) In
general, the phase s, = s is not equal to 1, but for a # a,
it is gauge dependent and can be fixed to 1 by a gauge choice.
For a = a, », = =£1 is a gauge invariant quantity, known as
the Frobenius-Schur indicator. Thus we see that one needs
more than just diagrammatic vertex normalization to produce
isotopy invariance for this kind of bending. This can be dealt
with using flags that keep track of nontrivial s, phases and
unitary transformations (which can be defined in terms of
the F' symbols) when the legs of a vertex are bent up or
down, which can be used, for example, to prove the pivotal
property. (We refer the reader to Refs. [95,111] for details.) It
follows that the dimension of fusion/splitting spaces related
by bending lines are equal, so

NS =Nb = N% = N& = N2, = Nt (19)

We can also define a diagrammatic trace of operators
(known as the “quantum trace”) by closing the diagram with
loops that match the outgoing lines with the respective incom-
ing lines at the same position

Connecting the endpoints of two lines labeled by different
topological charge values violates charge conservation, so
such diagrams evaluate to zero. One can equivalently take
the trace either by looping the lines around to the right (as
shown above) or to the left (with their equality following from
d, = dz).

By taking the trace of 1,;, and using isotopy, together with
Egs. (7) and (8), we obtain the important relation

d,d), = ZN;de. Q1)

Let us define fusion matrices N, using the fusion coef-
ficients to be [Nyl = N,,. We note that the bending re-
lations indicate that NZ = N;. From Eq. (21), we see that
the vector v with components v, = d./D is a normalized
eigenvector of each matrix N, with corresponding eigen-
value d,,. Moreover, the Perron-Frobenius theorem assures us
that v is the only eigenvector (up to overall multiplicative
factors) of N, with all positive components and that d, is
the largest (in absolute value) eigenvalue of N,. Thus the
dimension of the state space asymptotically grows as powers
of d, as one increases the number n of a quasiparticles, i.e.,
Yo dimVa-t=73%" [N!],.~d} as n— o0. If d, =1, we
call charge a Abelian, which is equivalent to saying it has
unique fusion with all other charges (3" N¢, =1 for all b).
Otherwise, d, > 1 and we call it non-Abelian.

Given fusion rules specified by Nj,, we can define the
corresponding Verlinde algebra spanned by elements v, which
satisfy v; = v/ and

VaVh = Y NVe. (22)
Notice that v, may be (faithfully) represented by N,.

B. Braiding

The theory described in the previous section defined a
unitary fusion tensor category with positive-definite inner
product. We now wish to introduce braiding. For this, we
require the fusion algebra to also be commutative, i.e.,

NS, = N;,, (23)

so that the dimension of the state space is unaltered when the
positions of anyons are interchanged.

We note that this, together with associativity, implies
N.N, = N;N,, i.e., all of the fusion matrices commute with
each other. Hence, the fusion matrices are also normal and
simultaneously diagonalizable by a unitary matrix P. Specifi-
cally, N, = PA@P~!, where [A@];, = 1”5} and the eigen-
values are )\2“) = P,;,/Po». The eigenvalues form the fusion
characters of the Verlinde algebra, i.e., for each b the map
Apiar> Af}”) is a fusion character satisfying the relations

ML =D NG, (24)
-
DA = Syl Pyl . (25)

a
Moreover, we have the relation
P, P, P*
NG =y e (26)
P Ox

X

The counterclockwise braiding exchange operator of two
anyons is represented diagrammatically by

a b
a\ b
. dc a v
R = /< = 2\, B X -
CopyV ) b a

where the R symbols are the maps R : V2 — V4P that result
from exchanging two anyons of charges b and a, respectively,
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a b c a

g\
\6 W/

Q
—

o

o

\

a

a b c a b c
) )
F
—_—
¢ &
b b d d
Foa b e a b ¢ F
)
-
R*l
d d

FIG. 2. The Hexagon equations enforce the condition that braiding is compatible with fusion, in the sense that different sequences of F'
and R moves from the same starting configuration to the same ending configuration give the same result. Equations (33) and (34) are obtained

by imposing the condition that the above diagram commutes.

which are in the charge ¢ fusion channel. This can be written

as
a b , a b
wo =D RN, - @8
C v C

Similarly, the clockwise braiding exchange operator is

Rab \/ (29)

In order for braiding to be compatible with fusion, we re-
quire that the two operations commute. Diagrammatically, this
means we can freely slide lines over or under fusion/splitting
vertices

(30)

3D

These relations imply the Yang-Baxter equations for braid-
illg operators, Rj,j+le—l,jRj,j+l = R_/'—l,jRj,_H-le—l,ja where
R; j41 is the operator that braids the strands in the jth and
(j + Dth positions in the counterclockwise sense, which are
equivalent to the property that lines can slide over braids, since
the ability to freely slide lines over/under vertices allows lines
to slide over/under braiding operators. Diagrammatically, this

is written as
J
\/ ) o
\

7\

Requiring consistency between fusion and braiding, we
find conditions that must be satisfied by the F' and R symbols,
which may be expressed as the Hexagon equations:

Z [RZC] [F;Cb](e,k,ﬂ)(g,%w[RZC])/M

Ay
= Z [Fdwb](eozﬂ)(fts )[R ] [F;bc](fﬁ-w/f)(gqu,\))’
f.o.8.9
(33)
ca\—1 ac C -1
}LZ[( e) ] [Fd b](e,)\,ﬁ)(g,y,v)[(Rgb) ]yu
Y

= Z [Ff;ab](e,a,ﬂ)(ﬁ&ff)[(R;’f)i] [Ffbt](f-,&l//)(g,uw'
f.o.8.y

(34)

These relations are represented diagrammatically in Fig. 2.
MacLane’s coherence theorem [113] establishes that if the
Pentagon equation and Hexagon equations are satisfied, then
any two sequences of F and R moves (braiding) applied within
an arbitrary diagram which start from the same state space
and end in the same state space are equivalent, which is to say
that fusion and braiding are consistent. The F and R symbols
completely specify a braided tensor category (BTC).

Given the trivial associativity of the vacuum charge 0
(F d“b” = 1 when a, b, or ¢ = 0), the Hexagon equations imply
that braiding with the vacuum is trivial, i.e., R = R% =
R = (R =1

If we further require unitarity of the theory, then (R®) ' =

(R"b)T, which can be expressed in terms of R symbols
as [(R“b)fl] uy = [R;‘b]::u (which are simply phases when
ab - )

An important quantity derived from braiding is the topo-
logical twist (or topological spin) of charge a

de (ua 1
eazedzza[Rc }uuja%a (35)
(N7 a
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which is a root of unity [114]. This can be used to show that
the R symbols satisfy the “ribbon property”

Y [R],, R, =

= 5 36
- 0,0, * (36)

Another important quantity is the topological S matrix

1
—1 _
Z ub 9(19 - 5 a@(\) . (37)

It is clear that S, = Sp, = S}, and So, = d,/D. A related
invariant quantity

(38)

is the monodromy scalar component, which plays an impor-
tant role in anyonic interferometry [112,115,116] and which
will show up later in the classification of symmetry fraction-
alizations and group extensions of categories. If M, = ¢/¢(@?)
is a phase, then the braiding of a with b is Abelian in the sense
that

a b

a b
¢X _ ciblad) . (39)

\

Moreover, when this is true, it follows that M, ,M,. = M,,
whenever Nj. # 0.

An important property that follows from the definition
of the § matrix is the ability to remove closed loops that
encircle other line, which is done by acquiring an amplitude
determined by the S matrix. In particular, we have

b
b
QTD _ Sab (40)

which can be verified by taking the trace of both sides, closing
the b charge line into a loop.

Using Eq. (40) for a diagram with two loops of topological
charge a and b, respectively, linked on a line of topological
charge x, together with Egs. (7) and (8) and isotopy, we obtain
the important relation

SaxSx -SCX
m= Y NG (41)

SOx SOx a SOx

This relation shows that )Lg(’]) = Sux/Sox 18 a character of the
Verlinde algebra. Here, we wrote [x] to indicate an equiv-
alence class of topological charges that correspond to the
same character, reflecting the fact that the S matrix may be
degenerate.

When the § matrix is nondegenerate, it is unitary, and this
is equivalent to the condition that braiding is nondegenerate,
which means that for each topological charge a # O there is
some charge b such that R,,Rp, # 1gp.

Indeed, when the S matrix is unitary, the equivalence
classes [x] of topological charges corresponding to the same
Verlinde algebra character are singletons and all the fusion
characters of the Verlinde algebra are specified by the S
matrix and given by A =S, /So.. In this case, we can

also write P,, = S,5, which is often phrased as “the S matrix
diagonalizes the fusion rules.” In this case, we can use the
inverse of the S matrix with Eq. (41) to determine the fusion
rules from the S matrix, as specified by the Verlinde formula
[117]

c SﬂbeXS:x
NG =) = te (42)

xeC SOx

When the S matrix is unitary, the braided tensor category
is called a modular tensor category (MTC). Such theories
can be consistently defined for 2D manifolds of arbitrary
genus and are related to (2 4+ 1)D TQFTs. In this case, the S
matrix together with the T’ matrix, T, = 6,8,5, and the charge
conjugation matrix C,, = §,; obey the modular relations

STy =0ec, $*=cC, C*=1, (43)
where
1 2
0= it =7 (#4)
aeC
is a root of unity and c_ = ¢ — ¢ is the chiral central charge.

These correspond to the TQFT’s projective representation of
the respective modular transformations on a torus.

Another useful property of a UMTC is that, if a given
topological charge a has Abelian braiding with all other
charges, i.e., if M, = ¢/*@?) is a phase for all charges b € C,
then a is Abelian in the sense that it has d, = 1 (and hence
Abelian fusion and associativity). This follows from unitarity
of the S matrix, which implies that

SoaSon :
1—§j|Sab|2 §j “00 M
d,dy .
—held’(a*b) =d>. (45)

In other words, non-Abelian topological charges (those with
d, > 1) necessarily have non-Abelian braiding in a UMTC.
Finally, we establish the following property for MTCs,
which will be very useful for establishing the classification
of symmetry fractionalization. If there are phase factors e/
(defined for all charge values) that satisfy the relation

e = ¢ (46)
whenever N, # 0, then it must be the case that
e =M, 47)

for some Abelian topological charge e. To verify this claim,
we write 1@ = d,e'® and notice that

L@ — Z NEA©, (48)
C

Hence, it is a fusion character and must be given by A@ =
Sae/Soe for some topological charge e. Thus we have
. L@ S,S
et = 2 = 200 _ e (49)
da SOeSOa

and since this makes M, a phase for all values of a, it follows
that ¢ must be an Abelian topological charge. In this case,
M;g = ae/ SOa-
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C. Gauge transformations

Distinct sets of F and R symbols describe equivalent
theories if they can be related by a gauge transformation given
by unitary transformations acting on the fusion/splitting state
spaces V% and V¢, which can be though of as a redefinition
of the basis states as

la, bie, wy =y [T2], la bie, ), (50)

w

where T'® is the unitary transformation. Such gauge transfor-
mations modify the F' symbols as

[Elabc](e,a,ﬁ)(f,ﬂ, v)

= Y [ [r5],

o B

abc e\ —1 af\—1
x [de ](e,a’,ﬂ’)(f,u’,v’)[(rjb‘ ) ];L’p,[(rdf) ]v’v (51)

and the R symbols as
pa a a ab\~1
[RCb]p,v = Z [Ftb ],uu’ [RCb];L’v’[(FCb) ]v’v' (52)

w v

One must be careful not to use the gauge freedom associated
with T% and I'” to ensure that fusion and braiding with
the vacuum O remain trivial. More specifically, one should
fix 1% =T% =T%. (One can think of this as respecting
the canonical isomorphisms that allow one to freely add
and remove vacuum lines. Alternatively, one could allow
the use of these gauge factors and compensate by similarly
modifying the canonical isomorphisms.) It is often useful to
consider quantities of the anyon model that are invariant under
such gauge transformation. The most relevant gauge invariant
quantities are the quantum dimensions d, and topological
twist factors 6,, since these, together with the fusion coeffi-
cients Nj,, usually uniquely specify the theory (there are no
known counterexamples).

III. SYMMETRY OF TOPOLOGICAL PHASES

We would like to consider a system that realizes a topo-
logical phase described by a UMTC C and which has a
global unitary or antiunitary symmetry of the microscopic
Hamiltonian described by a group G. In this section, we
do not require G to be discrete, nor do we assume that the
symmetry is on-site. In order to characterize the interplay of
symmetry and topological order, we first define the notion
of the “topological symmetry” of C, which is independent
of the group G. We then consider the action of the global
symmetry on the topological properties through its relation
to the topological symmetry (via a homomorphism from the
global symmetry group to the topological symmetry group).

A. Topological symmetry

The symmetries of a category C are described by invertible
maps ¢ : C — C from the category to itself. Each such map
¢ can be classified according to whether it is unitary or
antiunitary, and whether it preserves or reverses the spatial
parity. We will first consider unitary, parity-preserving sym-
metries. Such maps are called autoequivalences, or braided
autoequivalences for a BTC, and may permute the topological

charge labels

pla)=d, (53)
in such a way that all of the topological properties are left
invariant. In particular, the vacuum must always be left invari-
ant under symmetry, so 0’ = 0, and gauge invariant quantities
will be left invariant under these permutations of topological
charge, so that

Ngy = NG, (54)
d, =d,, (55)
8, = 0, (56)
Sar = Sap (57)

under autoequivalence maps.

Quantities in the theory that are not gauge invariant must
be left invariant by autoequivalence maps, up to some gauge
transformation. At a more detailed level, an autoequivalence
¢ maps basis state vectors of fusion/splitting spaces to
(possibly different) basis state vectors of the corresponding
fusion/splitting spaces

o(la, b;c, wu)) = la', b';c', 1)
_ a'b rogs. ’
_Z[uc/ ]W,|a,b,c,u), (58)
"

where [u‘;:b/] is a unitary transformation that is included so
that the map will leave the basic data exactly invariant, rather
than just gauge equivalent to their original values. Notice
that this mapping to new basis states is generally the same
as applying a permutation of labels together with a gauge
transformation, so we have used a similar notation to that of
the previous section describing fusion/splitting vertex basis
gauge transformations.

Under such mappings of the fusion/splitting basis states,
the basic data map to

<P(N;) = ch’/h’ = Nap» (59)
O(F Y e = " L aprisr s
= [F" T sy (60)

go([RZb]p,v) = [Eg:b/]uv = [R?b]uv' (61)

We see that this would generally result in gauge equivalent
values of the F and R symbols without the factors u%”, but
including these factors in the definition of symmetry maps
gives the stronger condition that the F* symbols and R symbols
are left exactly invariant.

The collection of all such maps ¢ that leave all properties
of C invariant form the set of braided autoequivalences of
C. However, there is redundancy in these maps given by the
“natural isomorphisms,” which, in this context, are the braided
autoequivalence maps of the form

Y(a) = a, (62)

Y(la. bic, p)) = L2

la, b;c, ), (63)
for some phases y,. It is straightforward to see that such maps
always leave all the basic data exactly invariant. Hence, one
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can think of these natural isomorphisms as vertex basis gauge
transformations of the form [Ffb],w = %8,“, which leave
the basic data unchanged.”

Consequently, we wish to consider braided autoequiva-
lence maps as equivalent if they are related by a natural
isomorphism, and doing so defines a group, which we denote
as Autg o(C). (The 0, O here indicates unitary and parity pre-
serving, as we will further explain.) In particular, if g = T o ¢
for a natural isomorphism Y, then the braided autoequiva-
lence maps ¢ and ¢ represent the same equivalence class
[@] = [¢]. In this way, group multiplication in Autg ¢(C) is de-
fined by composition up to natural isomorphism [¢;] - [¢2] =
[¢1 o @2]. In other words, [¢3] = [¢1] - [¢2] if for any repre-
sentatives ¢, ¢, and @3 of the corresponding equivalence
classes, there are natural isomorphisms Y, Y,, and Y3 such
that Y3 0 @3 = Y1 0 @1 0 T, 0 ¢, or, equivalently, if there is
a natural isomorphism « such that ¢3 = k o ¢; 0 ¢,. (These
definitions are related by k = T;' oYjopi oo q)l_l J)

There is yet another level of redundancy that arises in the
decomposition of the natural isomorphisms into topological
charge dependent phase factors, as in Eq. (63). Specifically,
there is freedom to equivalently choose

Y(a. bic. 1) = Y% a, bre, ), (64)
)70 = CaVa> (65)

2In fact, we believe that all vertex basis gauge transformations
of a BTC that leave the basic data unchanged must take this form
and thus they are actually natural isomorphisms, so that the two
concepts are synonymous for BTCs. This property is equivalent to
the statement that specifying the permutation of topological charges
¢(a) for an autoequivalence map uniquely determines the associated
unitary transformation #%’ up to natural isomorphism. We assume
that this property is true for all BTCs in this paper. If it were not true,
statements of equivalence up to natural isomorphism would need to
be modified to hold up to braided autoequivalences that leave the
basic data invariant. It is straightforward to verify that this property
is true for some simple non-Abelian BTCs, such as the Fibonacci
and Ising BTCs. We can also prove it is true for a general Abelian
BTC in the following way. Let us view the topological charges as
elements of an Abelian group .4 whose multiplication is defined by
the fusion rules and the vertex basis gauge transformation phase
factors ngb as 2-cochains with U(1) coefficients. The condition
that a gauge transformation leaves the F' symbols unchanged is
simply the cocycle condition [T (@xb)X = [abxOpbe The condition
that a gauge transformation is a natural isomorphism is simply the
coboundary condition that [ = % for some 1-cochain y,. It fol-
lows that taking the quotient of gauge transformations that leave the
F symbols unchanged by those that are natural isomorphisms results
in the second cohomology group H%(A, U(1)), which is known to
classify the projective representation of the group .A. The condition
that a gauge transformation leaves the R symbols unchanged, i.e.,
' =% implies that multiplication in the corresponding projec-
tive irrep 7 (for which I'* is the factor set) is strictly commuta-
tive, i.e., m(a)w (b) = Mw(a x b) = 7 (b x a) = n(b)m (a). By
Shur’s lemma, it follows that 7 (@) are scalars for all a € A, and we
can thus write ' = Z@*®) which shows that the vertex basis gauge

w(axb)
transformation is a natural isomorphism.

for phases ¢, that satisfy ¢{,¢, = ¢, whenever N;, # 0. In
other words, the phase factors ¢, that obey this condition
provide a way of decomposing the completely trivial natural
isomorphism Y = 1 into topological charge dependent phase
factors. As explained at the end of Sec. II B, phase factors that
obey this condition are related to some Abelian topological
charge z through the relation

la =M. (66)

As such, this redundancy of natural isomorphisms between
braided autoequivalence maps (the natural isomorphisms
themselves being a redundancy of the braided autoequiva-
lences) is classified by the subset A C C of Abelian topologi-
cal charges of the UMTC C, which can also be considered an
Abelian group where multiplication in this group is given by
the fusion rules.’

We may also consider antiunitary symmetries of the BTC
C, which we called braided antiautoequivalences. These were
previously examined in the context of time-reversal symme-
tries in Refs. [89,118]. For antiunitary symmetries, the map
@ is antiunitary, which means it is a bijective, antilinear map,
ie.,

9(Cola) + CplB)) = C p(lo)) + Cg 0(IB)), (67)

for any states |a) and |8) and complex numbers C,, Cg € C,
that also obeys the condition

(p(@)lp(B)) = (@|B)". (68)

Any antiunitary operator A can be written as A = UK, where
U is a unitary operator and K is the complex conjugation
operator. Its inverse is A™! = A" = KU™! = KU".

The vertex basis states transform as in Eq. (58) when ¢
is antiunitary, though any (complex-valued) coefficients in
front of such states would be complex conjugated. Under such
antiautoequivalence mappings of the fusion/splitting basis
states, the basic data map to

9(Ng,) = Ny = Nos (69)

P(F ) aprirom) = [Ea/,b’d](e',a,ﬁxf',u,v)
= dabc]:e,a,ﬁxf,u,u)’ (70)
o([R"),,) = [RE"],, = [R"T,,,. 7

Antiunitarity similarly introduces complex conjugation for the
gauge invariant quantities, so that

b = 6}, (72)
Saw =S5, (73)

As mentioned above, when including both unitary and an-
tiunitary topological symmetries (braided autoequivalences),

3In mathematical parlance, the braided autoequivalence maps ¢
are l-automorphism functors, the natural isomorphisms Y are 2-
isomorphisms between the autoequivalence functors, and the decom-
position freedom of natural isomorphisms (given by the phase factors
¢,) are the automorphisms of the identity functor.
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it is useful to define a function

0  if ¢ is unitary

) = { 1 if ¢ is antiunitary’ (74)

which specifies when a braided autoequivalence map is uni-
tary or antiunitary. When we form equivalence classes of maps
related by natural isomorphism, the combined set of unitary
and antiunitary topological symmetries is again a group. The
function g provides a homomorphism from this group to Z,,
i.e., g([¢1 o v2]) = q([@1]1)g([¢2]), since the composition of
a unitary transformation and an antiunitary transformation
is antiunitary and the composition between two antiunitary
transformations is unitary. This homomorphism defines a Z,
grading of the group of unitary and antiunitary autoequiva-
lences.

We can also include spatial parity symmetry, which is a
unitary symmetry, by introducing an additional Z, grading
structure. The action of spatial parity on the topological state
space and basic data is a somewhat complicated matter, be-
cause the quasiparticles may, in principle, exist in a 2D surface
of arbitrary topology, and the action of parity depends on both
how one chooses to linearly order the quasiparticles for the
purposes of writing a fusion tree decomposition of the states,
and what is the line across which one performs the parity
reflection. The full details of such parity transformations will
not be used in this paper, so we will not present them here.
However, it is simple to state the transformation of the gauge
invariant quantities

o(NG,) = Ny = N3, (75)
(0. =6, =6, (76)
©(Sap) = Sary = Sy, 77)

which holds for any parity reflection transformation, regard-
less of the details of quasiparticle ordering or reflection line.
With this in mind, we introduce the function

0 if ¢ is spatial parity even

ply) = {1 if ¢ is spatial parity odd ° (78)

Forming equivalence classes of symmetry transformations
under natural isomorphisms, this provides another Z, grading
of the resulting group, since the composition of two parity
reversing (odd) transformations is obviously parity preserving
(even), and thus p([¢1 o 2]) = p([e1 Dp([2D.

We write the full group of quantum symmetries of the
topological theory as

Au@) = || Aut,(©), (79)

4,p€{0.1}

where Aut, ,(C) is the set of equivalence classes (under
natural isomorphisms) of braided autoequivalence maps that
are unitary for ¢ = 0 or antiunitary for ¢ = 1, and parity
preserving for p = 0 or parity reversing for p = 1.

We consider Aut(C) to be the fopological symmetry group
of C, because it describes the symmetry of the emergent
topological quantum numbers of the topological phase, as
described by C. This is in contrast to and independent of
any global symmetry of the underlying physical system, as
described by the microscopic Hamiltonian.

B. Global symmetry action on the topological state space

We now consider the case where a physical system that
realizes a topological phase described by the UMTC C, has
a global symmetry group G of the microscopic Hamiltonian.
We restrict our attention to the case where the elements of
G correspond to symmetries that preserve the orientation of
space, i.e., those with p = 0. Since the elements of G act
as symmetries on C, their action must correspond to a group
homomorphism

[p]: G — Aut(C), (80)

to the topological symmetry group Aut(C), which is to say
that [og] - [on] = [pgn]. In other words, for each element
g € G, the action of g can be described by a (unitary or
antiunitary) braided autoequivalence map p,, which is a topo-
logical symmetry of C, that respects group multiplication by
satisfying

Kg.h © Pg © Ph = Pghs (81)

where kg p is the corresponding natural isomorphism nec-
essary to equate pg o pp With pgy. We denote the identity
element of G as 0 and let pp = 1 be the completely trivial
transformation. Clearly, this gives kg9 = kon = 1.

The group action on topological charge labels is sim-
ply permutation [with pgy(0) = 0], and so must satisfy g o
pn(a) = pgn(a). Consequently, kg, is trivial with respect to
the action on topological charge labels, i.e., kgn(a) = a. It
will be convenient to introduce the shorthand notations

8a = py(a), (82)
g=g ', (83)
q(g) = q(pg). (84)

We emphasize that the transformation factors u%? asso-

ciated with p, acting on vertices need not be the same for
different g, and, in general, may require nontrivial action of
the natural isomorphism kg p in order to respect the group

multiplication. We denote the transformation factors u%" for a
given pg that leaves the basic data invariant as Ug(8a, 8b; 8c).
Thus, with this symmetry action, we have

pe(la, bic, u)) = Y _[Ug(Ra, b;%c)], K9® [Ba, #b; %c, 1),

W

(85)
Pg(Ng) = Nege = N (86)
(L el P

= Y [Up(®a.Bb:e)law [Uy(®e, 5c;%d) gy

O[/,ﬂ/,;t/l)/
BathEc g7, g..8 1

X [F:éd ](ge’axﬂr)(gf,ur,V/)[Ug( ba c f) ]/L'/}.

x [Ug(®a, 8 f38d)™ 1o

— Kg4® b (8
=K1 [Fda C](e,a,ﬂ)(f,/t,v)Kq ’ (87)
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pg([R?b]/u)) = Z[Ug(gb’ ga; gc)]ﬂﬂ/ [R:lclgb]y,’v’

'u/,v/
X [Ug(gav gb;gc)_l]v’v
— g4@[pab q(g)
= K‘®[R¢ ]WK , (88)
which produce the corresponding

ren(la, bic, 1)) =Y lign(a, b c)lwla, bic, v), (89)

[Kg,h(av b; C)]u,u

=Y [y, b;0) ' 1uaK @ [Un(Pa, BbsBc) g
a.p

x K1®[Ug(a, b; c)]g, - (90)

We note that, to account for the possibility of antiunitary sym-
metries, we have inserted the complex conjugation operators
K in such a way that has the effect of complex conjugating
the F, R, or Uy symbol that is sandwiched between a pair of
K operators when g corresponds to an antiunitary symmetry,
which has g(g) = 1. It is often convenient to choose basis
states such that K |a, b; c, u) = |a, b; ¢, u), which can be done
with a vertex basis gauge transformation.

Since kg is a natural isomorphism, its action on vertices
takes the form

a\ls h s h
(kg n(a, b; )] = %

where B,(g, h) are phases that only depend on the topological
charge a and the group elements g and h.

As discussed in the previous section, there is redundancy
due to the freedom of choosing how one decomposes a natural
isomorphism into the topological charge dependent phase
factors. Specifically, it is always possible to transform the
B.(g, h) phases into

S O

Ba(g, h) = v,(g, h)B.(g, h), (92)

while leaving &g n(a, b;c) = kg n(a, b;c) unchanged, if the
phases v,(g, h) satisfy v,(g, h)v,(g, h) = v.(g, h) whenever
N¢, # 0. Moreover, it is clear that whenever two sets of phase
factors B,(g, h) and B.(g, h) give the same kg y(a, b; ¢), they
must be related by v,(g, h) of this form. Therefore the derived
properties of B,(g,h) and Ba(g, h) related in this manner
should be considered equivalent, and this redundancy should
be viewed as a sort of gauge freedom.

Requiring the symmetry action on vacuum to be trivial
imposes the conditions

Uyg(0,0;0) = Ug(a, 0;a) = Ug(0,a;a) = 1, (93)

which makes the symmetry action compatible with intro-
ducing and removing vacuum lines at will. Clearly, pp =1
requires Uy(a, b;c) = 1.

Equation (93) requires

kgn(0,0:0) = fo(g, h) = 1. (94)

Since kg9 = ko,n = 1, it follows that
Ba(g, 0)B(g, 0) = B.(g,0), (95)

Ba(0,1)B,(0,h) = B.(0, h) (96)

whenever N, # 0. Given the gauge freedom described in
Eq. (92), it is always possible to freely modify such terms to
be trivial, so we will always impose on them the simplifying
condition

Ba(0,0) = (g, 0) = (0, h) =1, o7)

as a choice of gauge.

We can use Eq. (81) to write the decomposition of pgpi in
the two equivalent ways related by associativity (leaving the o
symbols implicit from now on)

Pghk = Kg hk Og Phk
= Kg hkPgkn,k Oh Lk
= Kg,hkpgKh,kpg_lpgphpk
= Kgh,kQgh Pk
= KghkKg,hOgLhLk- (98)

This gives the consistency condition on kg i

-1
Kg hkPgKkh kPg = KghkKgh- 99)

We emphasize that the pg transformation here may be an-
tiunitary, so that it applies complex conjugation (as well
as the topological charge permutation) to the kpx which it
conjugates.

Since we consider braided autoequivalence maps to be
equivalent when they are related by natural isomorphisms,
we may equivalently choose to use the autoequivalence maps
pg = Yy o pg for the global symmetry action. With this choice
of action, we have the redefined quantities

. Ya(8)V5(8)
U,(a, b, = LS
Vel b5l ve(8)

These result in a correspondingly redefined &g , for which we
may choose the redefined vertex decomposition factors

Ya(gh)
Ka® Vea (h)Kq(g) Ya (g)

We emphasize that it is not always possible to set
[Ug(a, b; )] o = 8, by using gauge transformations, see,
e.g., Eq. (789). We also emphasize that the transformation of
the F' and R symbols are precisely the same for pg and pq,
since they are related by a natural isomorphism. In order to
preserve the trivial action on the vacuum charge and the trivi-
ality of the factor 8,(0, 0) =1, we must fix y,(g) = y,(0)=1.
We may think of the relation between autoequivalence maps
by natural isomorphisms as a sort of gauge transformation for
the symmetry action, which is a notion that will be made more
clear in Sec. VIC.

[Ug(a, b; 0], (100)

Bu(g. h) =

Ba(g. h). (101

C. H[3p] (G, A) invariance class of the symmetry action

Given the global symmetry action [p] described in
Sec. III B, we wish to find an invariant that would allow us to
determine whether or not it would be possible to fractionalize
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the symmetry action. In this section, we will define such
an invariant [@®] € Hﬁp](G, A), and in the following section,
we will demonstrate that the symmetry can be fractionalized
when [@] = [0], whereas [®] # [0] indicates that there is an
obstruction to fractionalizing the symmetry. (See Appendix A
for a review of group cohomology.)

We begin by defining (for a particular choice of p € [p])

the quantity
K1®B i, (h, K)K®B,(g, hk)
Ba(gh, K)B(g. h)

which is a phase from which we will obtain the desired
invariant. From this definition, it immediately follows that

Q.(g, h k)= ,  (102)

K1®Q 1, (h, K, DKI®Q, (g, hk, D2, (g, h, k) 1
Q. (gh, k, ), (g, h, k) B

(103)
By using Egs. (91) and (99), we see that

Q(g, h, k)$2,(g, h, k) = Q.(g, h, k) (104)

whenever N;, # 0. As explained in the end of Sec. 1I B, this
implies

Qa(ga ha k) = M:@(ghk)

for some (g, h, k) € A, where A C C is the subset of topo-
logical charges in C that are Abelian. (One can also think of
A C C as a subcategeory of C.) More precisely, &(g, h, k) €
C3(G, A) is a 3-cochain, since it is a function of three group
elements g, h,k € G to A, which we can now consider to
be the Abelian group whose elements are the Abelian topo-
logical charges of C with group multiplication given by their
corresponding fusion rules. Moreover, through this relation,
Eq. (103) maps to the condition

(105)

— r4® q(@) pr*
l=K Mpg'(<¢)®(h$k,1)K Ma(l)(gh,kﬁl)
X Mg hk, )M ey (g xtyMa®(e b k)

* *
= Map (0m.kD1M a0 gk, )y Mao .k HM 4o g k1Mo (g b k)

= Map,iom .k 0M g@gn knMaoe ik hM g nimMaoe h k)

:Ma,pg[(b(h,k,l)]x(D(gh,k,l)x@(g,hk,l)x(b(g,h,kl)x@(g,h,k)’ (106)

Here, we wused the symmetry property Sy (o) =
K9®S,,K1®  the relation S, =S,;, and the fact that if
M,y is a phase, then M,M,. = M,, whenever N, # 0. Since
this condition holds for all a, the nondegeneracy of braiding
implies that

dO(g, h, Kk, 1) = p[O(h, k, )] x O(gh, k, 1) x O(g, hk, 1)
xO(g hK) x O(g h, k) =0.  (107)

In other words, ®(g, h, k) satisfies the 3-cocycle condition,
when treated as a 3-cochain. Thus there is an invertible map
between the phase €2,(g, h, k) and the 3-cocycle ®(g, h, k) €
ZS(G, A).

As explained in the discussion around Eq. (92), there
is gauge freedom to modify the phases fB,(g,h) to
Ba(g, h) = v,(g, h)B.(g, h), for phase factors v,(g, h) that
satisfy v,(g, h)vy(g, h) = v.(g, h) whenever N{, # 0. The

correspondingly modified
K1®B 1, (h, K)K/® B, (g, hk)
Ba(gh, k)Ba(g, h)
K10 (h KK v, (g, hK)
va(gh, kK)v,(g, h)

Q. (g, h, k) =

(g, h, k)

(108)

is to be considered in the same equivalence class as
Q.(g, h,Kk) and obeys the same properties as €2,(g, h, k),
except 2,(g, h, k) = M;&) (@.h.k) TAPS to a potentially different

®(g, h, k), which should therefore be considered to be in
the same equivalence class as ®(g, h, k). To find the relation
between these, we note that we similarly have the condition
that

Va(8, h) = My s (109)

where v(g, h) € C*(G, A) is a 2-cochain taking values in the
set of Abelian topological charges. Using this in Eq. (108) and
employing the same properties utilized in Eq. (106), we obtain
the corresponding relation

®(g. h, k) = pg[o(h, k)] x v(gh, k)
xv(g, hk) x v(g, h) x O(g, h, k)
= dvo(g, h, k) x O(g, h, k), (110)

which shows that ®(g, h, k) and d)(g, h,k) in the same
equivalence class are related by fusion with a 3-coboundary
do(g,h, k) € ij (G, A). Thus the equivalence classes [®] are
elements of the third cohomology group given by taking the
quotient of 3-cocycles by 3-coboundaries

Z)(G, A)

BG A (111)

O] € H)(G, A) =
We emphasize that the equivalence class [®] is uniquely
defined entirely in terms of p (which defines «g ). We further
emphasize that [®] = [0] does not necessarily imply that
Ba(g, h)B(g, h) = B.(g, h) whenever N, # 0 nor, equiva-
lently, that kg, = 1.

We can also see from the definitions that the equivalence
class [®] is actually an invariant of the equivalence class [p]
of symmetry actions that are related by natural isomorphisms.
In particular, if we instead used the action pg = Yg0,, where
Yy is a natural isomorphism, and the corresponding modified
vertex decomposition factors ,Ba (g) as given in Eq. (101), then
we would find that the corresponding quantity €2,(g, h, k) =
Q,(g, h, k) is unchanged. Thus any such symmetry actions
related by natural isomorphisms define the same equivalence
class [@] = [®], so we actually have

(O] € H., (G, A).

We note that if the symmetry action is unitary and does
not permute topological charges, i.e., pg(a) = a for all a and
g, then it is always the case that [®] = [0]. To demonstrate
this property, we observe that p, are actually natural isomor-
phisms when this is the case. It follows that we can write
[Ug(a, b;0)] = Mc‘iw, where x,(g) are phases, and

xc(8)
that we can make a choice within the equivalence class for

(112)
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which B,(g, h) = Xaf;;gi‘:gg). Using this with the definition, we

find ,(g, h, k) =1 and hence [®] = [0]. Alternatively, we
could have used the gauge transformation of Egs. (100) and
(101) with ¥,(8) = x.(g)~! to set [Ug(a, b; c)]w = 8,0, and

Ba(g, h) = 1, which obviously gives Qa(g, h,k)=1.

Given C and G, there are many different possible choices
of p. These different choices correspond to different ways
that the global symmetry (of the microscopic Hamiltonian)
and the topological order can interplay with each other. From
the above discussion, we see that clearly the first important
choice is how p, permutes the various anyons. The next
important choice depends on more subtle properties of the
gauge transformations that are required when implementing
0g- In the next section, we examine how these properties lead
to a concept known as symmetry fractionalization, whereby
the quasiparticles have the ability to form a sort of projective
representation of the symmetry group. We will classify the
ways in which the symmetry can fractionalize and, in doing
s0, find that [@®] # [0] indicates that there is an obstruction to
fractionalizing the symmetry.

IV. SYMMETRY FRACTIONALIZATION

Before carrying out the detailed derivation, we will state
the result of this section and provide a summary overview
of the arguments (and direct the reader to Appendix A, if a
review of group cohomology is needed):

For a system that realizes a topological phase described by
the UMTC C and which has the global symmetry group G with
corresponding group action [p] : G — Aut(C). (1) There is an
obstruction to symmetry fractionalization if [®] # [0], where
[@] H[3p] (G, A) was the invariant of [p] defined in Sec. III C.
(2) When [@®] = [0], symmetry fractionalization may occur
and is classified by the cohomology group H[zp](G, A), where
A is defined to be the finite group whose elements are the
Abelian topological charges of C with group multiplication
given by their corresponding fusion rules. More precisely,
the set of distinct symmetry fractionalization classes is an
HE,\(G, A) torsor.*

We emphasize that H[3p](G, A) does not classify obstruc-
tions to fractionalization. In particular, the object [] is
uniquely defined by the symmetry action [p] : G — Aut(C),
and it indicates whether or not the symmetry can be fraction-
alized when C, G, and [p] are specified.

In this section, we assume that the global symmetry acts in
an on-site or “locality preserving” fashion on the underlying
physical system, where locality preserving action is a gener-
alization of the notion of on-site action that may include sym-
metries that act nonlocally, such as antiunitary, time-reversal,
translation, rotation, and other space-time symmetries. The
on-site and locality preserving properties of symmetry actions
are fundamental requirements for symmetry fractionalization,

4Given a group G, a G torsor is a nonempty set X upon which G acts
freely and transitively. In other words, it is what you get if the group
G had lost its identity. In the context of classification, this means that
distinct symmetry fractionalization classes are related to each other
by the action of distinct elements of H[zp](G, A).

so we will define precisely what we mean when we use these
terms. We do not restrict the symmetry group G to be discrete.

In order to explain the above mathematical statement of
symmetry fractionalization, we begin by examining the ac-
tion of a unitary on-site symmetry on the physical Hilbert
space of the underlying physical system and its microscopic
Hamiltonian. We argue that, for on-site symmetry, the action
of the global symmetry operator Ry on the physical states
|Wq,....a,)» corresponding to the system with n quasiparticles
carrying topological charges ay, ..., a,, respectively, (which
must collectively fuse to vacuum topological charge 0,) can
always be written as

Ry|Wo, . a) =[] U pg|Ya....q,)- (113)

Here, we have separated local unitary transformations Ug(j )
from the nonlocal unitary transformation p, that acts as the
symmetry action on the topological quantum numbers.

Since R, are the physical symmetry transformations,
RgRy = Rgp (at least projectively). Writing out the localized
forms explicitly leads to the relation

n n
[0 et 0" = [0 ke
j=1 j=1

(114)

We can also argue that the local operators Ug('i ) satisfy the
projective multiplication relation

when acting on quasiparticle states, for some phase factors
14;(g, h) that only depend on the topological charge a; and
group elements g and h. Then the condition RgRy, = Rgp
yields

kgn(ar, ... an) =[] Bo@m) =]]ne@h), (116)
j=1

j=1

where B,(g,h) are the phase factors that decompose the
natural isomorphism kgp, as in Sec. IIIB. This provides a
strong constraint relating the phases 1,(g, h) and 8,(g, h) for
different values of topological charges a.

The associativity of the local operators leads to the cocy-
clelike relation

npg-‘(a)(hv k)n.(g, hk) _
na(gh, K)na(g, h)

This imposes a required condition on 8,(g, h) factors, which
defines an obstruction given by the previously described in-
variance class [®] € H},((G, A).

When the obstruction class is trivial, one is guaranteed
to have at least one set of 7,(g, h) which can satisfy both
Egs. (116) and (117). It follows that there are actually
many solutions, since, given one solution with phase factors
n4(g, h), another solution 1/, (g, h) = 7,(g, h)~'5,(g, h)is ob-
tained from it by dividing by phases 7,(g, h) that satisfy the
conditions

(117)

7,1 (h, K)7,(g, hK)
c =1, (118)
T,(gh, K)7.(g, h)

74(g, h)7p(g, h) = 7.(g, h),

if NS #£0. (119)
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However, there is some redundancy in these solutions that
is due to the freedom to redefine the operators Ug(j ) by local
operators Zéj ) that do not affect Ry, which means [ | ] Zg(j ) =1.
This property requires that the action on quasiparticle state
Zéj )|\Il{aj}) = £4,(8)|W4;)), where £,(g) are phases that satisfy
Ca(8)sp(8) = ¢c(g) whenever N, # 0. This redefinition of
local operators changes the phases 1,(g, h) in the following
way:

Na(g, h).

a h
fla(g, h) = 3 La(gh) (120)

pg—l(a)(h)fa (8)

Thus, if two sets of solutions are related by such a transforma-
tion, they should be considered physically indistinguishable,
so they belong to a single equivalence class of solutions.
Since C is modular, the factors t,(g, h) uniquely define
a 2-cocycle t € Zf,(G, A) and the factors ¢,(g) uniquely de-

fine a 1-cochain 3 € C'(G, A), which makes the equivalence
classes related by 2-coboundaries ds € Bf,(G, A). Taking the
quotient (and noting the invariance of the results under the
choice of p € [p]) results in the classification of solutions by
HE (G, A).

After these arguments, we will generalize the results to
the case where the global symmetry action is a projective
representation. Finally, we will introduce the notion of locality
preserving symmetry and explain how the on-site symmetry
arguments and results are generalized to apply to such sym-
metries.

A. Physical manifestation of on-site global symmetry

We wish to examine the quantum states of the underlying
physical system in which there are quasiparticles present.
Initially, let us consider the case when there are two quasi-
particles, and we will subsequently generalize to an arbitrary
number. We assume the two quasiparticles possess topological
charges a and a, respectively, and that they are respectively
localized within the well-separated, simply-connected regions
R1 and R,. Well-separated means that the minimum distance
ri2 = min, eg, |11 — r2| between any two points of the distinct
regions is much larger than the correlation length & of the
system, i.e., r2 > &. (We typically think of R; as a disk
centered at the quasiparticle coordinate r; with a radius that
is a few correlations lengths.)

For concreteness, we consider the system to be defined
on a sphere (or any genus zero surface) and assume that
there are no other quasiparticles nor boundaries that carry
topological charge, so this pair must fuse to vacuum. (The
analysis can be generalized to surfaces of arbitrary genus with
any number of boundaries, but we will not do so in this paper.)
In general, since N, = 1, there is a single topological sector
in such a setup, which is described by |a, a;0) in the topo-
logical state space. However, this topological state represents
a universality class of many microscopic states that share its
topological properties and which differ by the application of
local operators. Such a state in this universality class can be
obtained by starting from the uniform Hamiltonian Hj of the
system in the topological phase, adiabatically creating a pair
of quasiparticles with charges a and & from vacuum by tuning
the Hamiltonian to locally favor the existence of such quasi-

particles that are not well-separated, and then subsequently
moving the quasiparticles individually to regions R; and R,
respectively, through a sequence of similar modifications of
the Hamiltonian (which return the Hamiltonian to its original
form in the regions away from the quasiparticles positions).
The corresponding Hamiltonian resulting after this process
is of the form
He o = Ho+ 1) + 1)

a,a’

(121)
where hffg, is a modification of the Hamiltonian whose non-
trivial action is localized within R; and which favors the
localization of a quasiparticle of charge a in this region. The
label « is a parameter which simply identifies these terms as
one of many that favors localization of a quasiparticle of this
type. We write the ground state of this Hamiltonian Hj',
as W7 ;) (which is in the |a, a;0) universality class). We
emphasize that |7 ;) with different values of the parameter
a are not necessarily orthogonal; in fact, we expect that they
may have very high overlaps for some different values of
«. However, such states with different values of topological
charge will be orthogonal, up to exponentially suppressed
corrections, i.e., (\I!Z‘ﬁ;ohllﬁ&o) ~ 0 whenever a # b.

Let us now assume that the symmetry acts on the system
in an on-site manner, with Ry being the unitary operator
representing the action of g. By on-site, we mean that if
we decompose the space manifold M =, M into a
collection of simply connected disjoint regions M, (a subset
of which can be taken to be the regions R ;) with index set /,
the symmetry operators take the form

Ry =[[RY.

kel

(122)

where R(gk) is a unitary operator that has nontrivial action
localized in region M. Since g is a symmetry of the system
that acts on C by pg, the Hamiltonians should transform as

RgHoR,' = Ho, (123)
ReHY 1 oRy' = HES) . (124)

where
)y = RehIRY! (125)

of the new Hamiltonian remains an operator that is localized
in the region R;, but now favors the localization of a quasi-
particle of charge 8a = pg(a). Indeed, since the symmetry is
on-site, any operator O whose nontrivial action is localized
in a region R; remains localized in this region when acted
upon by the symmetry transformation, i.e.,

g = RgO(j)Rg*I — ngj)@(j)R((gj)fl (126)

is localized in R;. We stress that the label g(a) of the
Hamiltonian defined with hé’a?g(a) obtained from the symmetry
transformation indicates that this Hamiltonian need not equal
the Hamiltonian defined with the modification héja)a for local-
izing a charge #a quasiparticle, to which we already ascribed
the label «. In other words, while the universality class of
states transforms as

la,a;0) = pgla, a;0) = Ug(®a, #a; 0)|a, ®a; 0)  (127)
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under the action of g, the ground state of the Hamiltonian
transforms as

|\Ija a; O) — R iqla a; 0) |"I'[g(a) (128)

2a,8q; 0)

where |\I/§§ LL o) 1s not necessarily equal (nor proportional) to
W i)

In fact, we have not yet made clear what it even means
to have states |V, ) and |Wy ..) in different topological
charge sectors with the same label . For this, we make a
choice of complete orthonormal basis states |¢;, ;) for each

topological charge sector. Then, given a state

uaO ZA wauO

we identify the corresponding state in the different topological
charge sector to be
Z A |(pga 2a; 0

We can now define the unitary operator Uy via the basis
states of each subspace (with respect to which the operator is
block diagonal)

(129)

(130)

ga gaO

(0% 00| Us |08 s0) = (ki sao|Re| @l ao) (131)
This gives the relation
R |\Ijau0> U, |\Ijgaga0> (132)

for any state |‘~Ilaa0> in the |a, a;0) universality class. We
emphasize that Uy is independent of o, but it does depend on
the choice of basis, and simply provides the relation between
the orthonormal basis given by the states |¢;, .;.,) and the
orthonormal basis given by the states Rg|@; ;.0)- o

Since the quasiparticles are localized at well-separated
positions, the system has exponentially decaying correlations,
and the system is locally uniform and symmetric away from
the quasiparticles, the states in the |a, a; 0) universality class
will be locally indistinguishable from the ground state |Wy)
of Hy in (simply-connected) regions well-separated from the
quasiparticles” R; and R,. More speciﬁcally, we expect that
any two such states |7, ) and |‘IIMO) in this universality
class can be related by unitary operators acting independently
in regions R and R,, i.e., there exist unitary operators V)
whose nontrivial action is localized within R ; such that

iqu,ﬁ;0>

The approximation in this expression is up to O(e™"2/%)
corrections, which we will leave implicit in the following.’
Thus it follows that we can write the symmetry action as

Ryg|Woa0) = USVUP Ug(®a, 2a; 0)|Wegzao).  (134)

~ VOV g ). (133)

for any state |W,z0) in the |a, a;0) universality class (we
now drop the inconsequential label «). In this expression,

We note that, given HZ,., and its ground state | W2 ), it is always
possible to construct a Hamiltonian for which another state |‘~I/f_ 20)
in this universality class is the ground state. In particular, one can use
hy = VO, + Hi VO~ — Hi?, where Hy” is the sum of the
terms in Hy that act nontrivially in R ;.

Us" and U are unitary operators whose nontrivial action
is localized within R; and R,, respectively. The quantity
Ug(Ba, 2a; 0) is precisely the transformation on the topological
state space from Eqgs. (85)—(90) that leaves the basic data
invariant. In particular, Ugy(®a, 8a;0) is an overall phase that
depends only on the universality class of the state. Normally,
one would safely ignore such an overall phase, but we include
it here to match with the symmetry action on the topological
degrees of freedom, as this will play an essential role in the
subsequent generalization to n quasiparticles. In this way, we
have decomposed Uy = Ug(l)Ug(z)Ug(ga, 2a;0) into terms that
act locally around the quasiparticles and the term that acts on
the topological state space. Clearly, U{" and U» commute
with each other, since their respective nontrivial actions are in
two well-separated regions.
Given Eq. (134), we can define the operator

g =U"'UPT'R, (135)

acting on the physical Hilbert space that has the same action
on states |W,z0) in the |a, a;0) universality class as does
the previously defined symmetry operator pg(see Sec. III B)
acting on |a, a; 0) in the topological state space, i.e.,

gl Wa.z0) = Ug(®a, 2a; 0)|Wey sa0). (136)

We note that, similar to Rg, this operator also has the form
= [Teer o0
We now generalize to consider the system in a configu-
ration with n quasiparticles with corresponding topological
charges a; localized in well-separated regions R ; (for j =
1, ..., n), with corresponding Hamiltonians

n

(137)

~~~~~~~

The same steps can be followed as above, though one must
be more careful to properly account for fusion degeneracies.
In particular, there will be N7, distinct ways to create two
quasiparticles with respective charges a and b from a single
quasiparticle of topological charge ¢, and this will be reflected
in the corresponding states and Hamiltonians. For a system
with n quasiparticles, the topological state space may be
degenerate, with the dimensionality given by

0 _ c12 pAJCI123 0
Nm an T Z Nalachlzax "'Nq...n_]au’

€12,€1235+++,Cln—1

(138)

where here we use the standard basis decomposition of the
topological state space where topological charges are fused
together successively in increasing order of j, and c;_ is the
collective topological charge of quasiparticles 1, ..., k. The
states will correspondingly carry the labels cja, ..., C1. -1,
as well as the fusion space basis labels w1z, ..., 1. ,—1. (We
can, of course, write the states in a different basis related
by F moves.) We write all these topological charges and

%From this, we can see that | W is the ground state of the

Pg(a) ﬂ;,(a) 0)
Hamiltonian H¢ pa(@.pp@0 = PellazoPy !, for which the corresponding
Higtara = Pelhile + H"'lo ! -

where H_”) is the sum of the terms in Hj that act nontrivially in R;.

H{” is again localized within R;,
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FIG. 3. The global on-site symmetry action on states containing
quasiparticles takes the form given in Eq. (139), where the global
action Ry factorizes into the global symmetry action operator oy,
which acts only on the topological quantum numbers, and local
transformations U7, each of which only acts nontrivially within
a region R; well-localized around the jth quasiparticle carrying
topological charge a;.

fusion basis labels of the state collectively as {a;c, u}, with
the understanding that the overall fusion channel of the n
quasiparticles is vacuum (i.e., ¢;._, = 0), so we can more
compactly write a state in this universality class as [V ,.))-
Following the same arguments given above, we find that the
symmetry action on such states will take the form

Rg|Wige ) = UV . UL pg | Wiaie ) (139)
where the unitary operator Ug(j ) has its nontrivial action local-
ized within R ;. This is shown schematically in Fig. 3. (Again,
the operators Ug(’ ) depend on a choice of basis within the
universality class, but not on the particular state it is acting
upon.) Here, we use the generalized definition of the operator
(in the physical Hilbert space)

n

- (H-1
Pg = l_[ Upg”" Re.
j=1

(140)

which acts on physical states |V, ;) in the universality class
[{a; c, u}) precisely as the operator pg acts on states |{a; c, u})
in the topological state space. Explicitly, this is given by

Pg | qj{a;c,p.})

- ¥

, )
Higses b pt

[Ug (a1, Baz; Bc12)) o,

x [Ug(Bciz, Basz; 8c123) sy X - -
X [Ug(®ci_ -2, Ban—138c1 n—1))ur i,

X Ug(gcl...n—lv gan;o)‘\p{ga;gc,u’}>~ (141)

Given the physical states containing quasiparticles and the
symmetry transformations Ry acting upon them, one may
use these expressions as a means of determining the global
symmetry action pg on the topological state space.

We can consider symmetry transformations taking the form
in Eq. (139) when acting on states in the physical Hilbert
space containing quasiparticles in a topological phase to be
the fundamental condition from which the symmetry fraction-
alization arguments follow, regardless of the particular form
of the Hamiltonian.

B. Obstruction to fractionalization

We will allow the global symmetry action to form either
linear or projective representations of the symmetry group
when acting on the physical Hilbert space, but first consider
the case of linear representations of the global symmetry,
and then return to the case of projective representations in
Sec. IV E. For linear representations, the symmetry operators
will satisfy Rgn = RgRpn. However, the local operators Ug('j ) can
nonetheless take a projective form, and we wish to classify the
types of projective forms that they can realize. We compare
the action of gh, which is given by

n
Ren | Wiae, 1)) = 1_[ Ug(lj,)pghmj{a;c,uﬂ
j=1

n
= [ [ Vs kenpgonWiae ), (142)
j=1

where kg h = Pgnop, ! Py ! (as in Sec. III B), and the successive
actions of g and h, which is given by

n
RgRu|Wiac 1)) = Rg l_[ Ulgj)ph“y{a;c,u})
=1

=Ry [ [ Uy Ry Repon|Wiac. )
j=1

n n
=Ry l_[ UIEJ)R; 1_[ Ug(k)pgphm"{a;c,u})
j=1 k=1

n
= 1_[ gU]ij)Ug(j)pgph | lIJ{a;c,u} ) s
j=1

(143)

where gUl,i" ) = RgUlE] )Rg I = Ré’ )Ulij )Ré" )~ has its nontrivial
action localized within the region R;, and we used the fact
that operators whose nontrivial actions are localized in dif-
ferent regions commute with each other. Comparing these
expressions, we see that

n . .

[ U0 U kgn =1 (144)

j=1
when acting in the subspace of states of the form [V, .))
corresponding to the system with n quasiparticles. We note
that

go(j)Ug(j) — Ug(j)ng(j)pgl’ (145)

for any operator OY) localized in R, so we could rewrite
these expressions using Ug('j )ngli" ),og’ ! instead of gUIEj )Ug(] ),
if desired.

Since the action of pg on the physical states of the form
|Wiac,uy) is precisely the same as the action of pg on the states
{a;c, u}) in the topological state space, we know that the
action of kg on physical states of the form |Wi,. ) also
matches the action of kg p, in the topological state space, and
thus takes the form

n
Kg,h|\p{a;c,u,}> = l_[ ﬂa,- (g’ h)"'p{u;c',u})v
=1

(146)
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where fB,(g,h) are the phases defined in Sec. IIIB that
depends only on the topological charge value a, and group
elements g and h. Let us define a unitary operator B(’)
localized in region R; whose action on a quasiparticle state
produces the phase ,Baj (g, h) of the topological charge con-
tained in the region R ;, that is’

BO Wiae.) = Boy (@ W) Wiaien)- (147)
We can now define the unitary operators
(N—=1grrD=1770) p()
Wg = U, Uy Uy Bgy

= peUy) " pg U UP B (148)

Since the Uéj ) and Bg :. are all unitary operators with nontrivial

action localized within the region R j, this is also true for Wg(jh) .
From the above relations, we see that

[[we =1
j:

when acting in the subspace of n quasiparticles states of the
form [W{4c, ), for any values of {a; ¢, u}.

Since the respective regions R ; where W(’h) act nontrivially
are well-separated from each other each one of these opera-
tors can, at most, change a state of the form |W,. ;) by an
overall phase factor. Hence, we have

Wiae) Wk | Winient) = @a; (& WS (aie. e

where the phase w,, (g, h) only depends on the topological
charge a; contained in the region R ;.

In order to see that the phases w,;(g, h) do not depend on
anything else, we first note that the phase factor can obviously
depend, at most, on the group elements g and h, and the
properties of the state |W,. ,) that are local to the region
R ;. In order to see that the only property of the state that
the phase depends on is the topological charge contained
in the region R;, we must show that the phase is actually
independent of the specific state W, ;) taken from the
|{a;c, u}) universality class. For this, assume that the phase
may depend on the specific state, which we indicate by writing
it as (g, h; W4 y). Then consider any two orthonormal

states |y, ) and |‘~Ilac u) from this universality class,

and their normalized superposition | W Cq |\IJ°; et} ) +
Cp |‘~Il

(149)

(150)

{aic H}>
{aze.))- The above expression yields the relation

(g’h q”;c;t):|c |2 (g’h v

)

+|Cs (g, h; W (151)

acu)

which can only be true for arbitrary C, and Cyg if

(g’hqjacu) (g’hq}ac,u)_w(g’hqﬂicu)(152)

"Such an operator localized in R; can be defined, for example,
by taking By = 3", , Bu(8 h)S0aSusWs(9R,), where W,(dR;) is a
Wilson loop of topological charge b whose path follows the loop
delineated by the boundary 0R; (or just inside the boundary) of the
region in a counterclockwise fashion.

which shows that the phase is the same for all states in
the universality class. Since the only universal property of
the state that is local to the region R; is the topological
charge a; contained in that region, this establishes the claimed
dependence of the phase.

It follows that, within the subspace of states of the form
[W{ac,u)), the operators W(] LW, B(’ »- and B} all commute
with each other. It also follows that

N, (8 WUG Wiae ) = U peU” g 1Wiace )

= gUlEj)UgU)NJ{a;c,u})a (153)
where the projective phases are given by
Ba(g, h)

na(g, h) = ————. (154)
a)a(g5 h)

Equation (153) exhibits a characteristic property of symmetry
fractionalization, which is that the action of the symmetry
can be broken up into topological and local actions, where
the local actions are locally consistent in a projective fashion.
Of course, the topological action is topologically consistent,
and the local and topological actions must also be consistent
with each other. For this, we have already decomposed the
consistency of the topological action into terms B, (g, h)
that only depend on the localized topological charge values,
and must now examine the phases w,,(g, h) to analyze the
consistency of the interplay between the local and topological
actions of the symmetry.
It is clear that we should have

no(g. h) =1,

since the symmetry action on the ground state is trivial (and
any region R ; containing total topological charge a; = 0 can
be locally transformed into the ground state). Additionally, we
will always fix

na(07 0) = na(gf 0) = 77a(0» h) = 11

since we can always freely set U(f’ )=1Tasa gauge choice,
which we will describe in more detail in Sec. IV C. It follows
that we also have w,(0, 0) = w,(g, 0) = w,(0,h) = 1.

Given Eq. (149), the phases w,;(g, h) must obey the con-
straint ‘

(155)

(156)

Hwaj(g, h)=1. (157)
j=1

We emphasize that this does not mean that the product of
the phases ]_[;le 14;(g, h) is equal to 1, nor that the product
of the phases ]_[;=1 Ba, (g, h) is equal to 1. These products
would only individually equal 1 when kg = 1, which is not
generally true (though, this condition is often satisfied by
examples of physical interest).

Considering the case of n = 2 quasiparticles with respec-
tive topological charges a and a, we find the relation

wa(g h) = w,(g, h)~". (158)

Considering the case of n = 3 quasiparticles, with respective
topological charges a, b, and ¢, for which N}, # 0, and using
the result from the n = 2 case, we find the relation

a)a(g, h)wb(gv h) = a)c(gv h) (159)
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for any charges a, b, and ¢ with N, # 0. Thus, as explained
at the end of Sec. II B, the phase factors are given by

w,(g, h) = M:w(g’h)v (160)

for some Abelian topological charge value w(g, h) € A C C.
Through this relation, the object w(g, h) provides a consistent
specification of the phases w, (g, h) for all values of topologi-
cal charges a simultaneously.

It also follows from Egs. (154) and (159) that

«(g, h ,h (g, h h
: (gn (;nblf)g ) - g (gﬂ ()gﬂiil()g ) = kgn(a, b;c) (161)

whenever N, # 0.

Next, we consider the product of three symmetry opera-
tions and apply the relation Ug(ﬁ) = gUlf’ )Qg(/ )Wg(’jh) B(g{ 1)171 in the
two distinct, but equivalent orders to obtain

) _ ghyrDyrrDyy () pli—1
Ughk - Uk Ugh Wgh,kB gh .k
_ ghyrDegrrWDrr(Hy D pl)—1y () pli—1
- Uk Uh Ug Wg,th,h Wgh,kth,k

_gr7(\) () pG)-1
= "Upk UgWg,thg,hk

_ghyrDegrrDgpw Dep—1r7(hHyy () pU—1
= B0 BUL EWL BBy Uy W bk By nk
_ehyrWerrWDrr() ) -1 (=1 _—1y,() pl)—1
= U Uy Ugj PeWkPg PeBrx Py WenkBgnk -
(162)
This gives the relation
) -1 D=1 =1y () pl)—1 _yw () pli)—1y () pGi-1
PeWhkPg PeBrik Py WonkBenk =WenBeh WenkBenk -
(163)

which, when applied to a state |Wy,, ,}), yields the crucial
relation

Qu(g, 0, K) = B,1,) (0, K)Ba(gh, k)~ Bu(g, hK)B.(g, )~
= 0,1 (0, K)o (gh, k)™ w.(g, hk)w,(g, )™,
(164)

where we use the definition of 2,(g, h, k) from Sec. IIIC.
This relation is equivalent to the condition

Mg oy (0, KOa(gh, K) ™ 14 (g, hk)a(g, )™ =1

on the projective phases of the local terms, which is a sort
of twisted 2-cocycle condition. From Eq. (165), one might
naively expect a classification of fractionalization by some-
thing like a separate H2(G, U(1)) for each topological charge
value a, particularly when the symmetry action does not
permute topological charge types. However, the relation be-
tween 1,(g, h), B,(g, h), and w,(g, h), as well as a potentially
nontrivial group action, introduce additional structure. Specif-
ically, the relation between the phases with different values of
topological charge given by Eq. (157) requires consistency of
the fractionalization phases for different values of topological
charge in a way that leads to classification through the objects
w(g, h) € C*(G, A), as we will now describe.

Using 2,(g,h, k) = M;k@(g!h!k) and w,(g,h) = Mjm(g’h),
where (g, h,k) € ZS(G, A) and w(g, h) € C*(G, A) are
Abelian topological charges, together with the relation

(165)

Sy =S, and the symmetry property S, ()p,b) = Sabs
Eq. (164) becomes

Moo k) = Mapy (o501 M geo(gn iy Mawignk) M g g 1)
= Map,[won,501M gisign 1 Maw(g hoOM g 1y

= Ma.pg[m(h,k)]xw(gh,k)xw(g,hk)xw(g,h) .

(166)

In the last line, we used the fact that if M, is a phase
and N;. # 0, then it follows that M,,M,. = M,.. Finally, the
nondegeneracy of braiding in a MTC makes this equivalent to
the condition

®(g. h, k) = pglwo(h, k)] x w(gh, K) x w(g, hk) x w(g, h)
= dw(g, h, k). (167)

Thus we have found that consistency between the local and
topological portions of the symmetry action requires that
®(g, h, k) is necessarily a 3-coboundary, which is to say
that O € Bz(G, A) and its equivalence class is [®] = [0].
This establishes the first statement regarding symmetry frac-
tionalization, which was that [®] # [0] indicates that there
is an obstruction to fractionalizing the symmetry, since this
would contradict the result in Eq. (167). In particular, such
an obstruction implies that it is not actually possible for the
symmetry of the system to take the assumed on-site form
of Eq. (122) with the corresponding action on quasiparticle
states given in Eq. (139), as the symmetry action cannot be
consistently split into local and topological components.

When the symmetry action does not permute topological
charge values, one can interpret Eq. (153) as indicating that
the local operators Ug(j ) provide projective representations of
the group G. In particular, the equivalence class [1,(g, h)] €
H?*(G,U(1)) defined by the phases 7,(g, h) identified un-
der multiplication by B>(G, U(1)) coboundaries specifies the
projective representation. However, the allowed projective
representations for a given topological charge value must be
consistent with those of the other topological charge values,
so, even in this case, the classification is more complicated
than simply taking the product of |C| independent projective
representations.

C. Gauge transformations

There is gauge freedom to redefine the local operators Ug(j )
by the local transformations
() — Wy (H—1
Up” = U,"Y, (168)
where Yg(’ ) are unitary operators whose nontrivial action is
localized in region R ;. In order to leave the global operator
Rg unchanged, there must be a corresponding transformation
of the symmetry action operator
n
Pe=[1%"re.
j=1

(169)

In order for this operator to again act on the physical states
with quasiparticles as does a symmetry action on the topolog-
ical state space, we require it to only depend on the topological
quantum numbers (and the group element g). Since Yg(j )
acts locally in region in the region R;, the only topological
quantum number it can depend upon is the topological charge
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aj in that region. Thus we must have

(Wiaesn) Ve [Wipen) = Va, (@)S(ae.upibre.v) (170)

where y,,(g) is some phase factor that depends only on the
topological charge a; and the group element g. Of course, the
notation we used here anticipated the fact that these gauge
transformations have precisely the form of natural isomor-
phisms, as described in Sec. III by

Ibg = lgpPg; (171)

with corresponding decomposition into the phase factors
¥.(g) when acting on fusion vertex states.

We notice that, under these transformations, the projective
phases transform as

y Ya(gh)
(g, h) = —————n,(g, h). 172
74(g, h) )y (g)n (g, h) (172)
For the choice of
% ya(gh)
a ’ h = a B h ) 173
Ba(g, h) )y (g)ﬂ (g, h) (173)

as in Eq. (101), this exactly cancels to leave ®,(g, h) =
w,(g, h) unchanged. As previously mentioned, it also leaves
$2.(g, h, k) = Q,(g, h, k) and hence &(g, h, k) = ®(g, h, k)
unchanged.

In this way, the nontrivial transformations of these quanti-
ties are relegated to the transformations

Ba(g, h) = v,(g, h)B.(g, h),

where v,(g, h)vy(g, h) = v.(g,h) whenever N, # 0, cor-
responding to the freedom of decomposing the action of
kgn on vertices into factors fB,(g,h). These transforma-
tions give @,(g, h) = v,(g, h)w,(g, h), while Q.(g, h, k) and
@)(g, h, k) are given in Egs. (108) and (110). We emphasize
that the projective phases are left unchanged by these trans-
formations, i.e., 7,(g, h) = n,(g, h), so they do not change
the symmetry fractionalization.

(174)

D. Classification of symmetry fractionalization

We now wish to classify the different ways in which the
symmetry can fractionalize, when there is no obstruction. For
this, we must analyze the solutions of Eq. (167) for a given p
and ©.

Since [®] = [0], there must exist some v(g, h) € C%(G, A)
such that ® = db. This is just the equivalence class statement
that one can use the gauge transformation in Eq. (174) for
some v,(g, h) = M* which results in Qu(g, h,k) =1and

ao(g,h)
& = 0. Thus we are guaranteed to have at least one solution
of Eq. (167) given by w = ».
Given a solution w(g, h) of Eq. (167), it is straightforward
to see that another solution

w'(g, h) =t(g, h) x w(g, h)

can be obtained from it by multiplying by a 2-cocycle
t(g,h) Zg(G, A). In fact, it should be clear that all solutions
of Eq. (167) ma y be obtained from any given solution in this
way.

Assuming B,(g, h) is fixed, this way of obtaining different
solutions of Eq. (167) yields different solutions of Eq. (165)

(175)

for the local projective phases, that is

n,(g, h) = 7.(g, h)"'na(g, h),

where 7,(g, h) = M;‘t(g,h) are phases that satisfy the condition
that 7,(g, h)7,(g, h) = 7.(g, h) whenever N}, # 0, but which
are also required to satisfy the additional condition

'L’ga(h, k)fa(gv hk) = fa(g’ h)fa(gha k)

(176)

(177)

There is, however, a sense in which naively different
solutions should be considered equivalent. In particular, if we
locally redefine the operators Ug(’ ) by a transformation

W) — yWHz0H—1

U, = U, 2", (178)
where Zg(j ) are unitary operators whose nontrivial action is
localized within R;, this redefinition will not change the
global action R, on states as long as these operators satisfy

n
14" -
j=1

when acting in the subspace of quasiparticle states of the
form |W4c, ). These are gauge transformations, and so they
should be treated as trivial modifications of the operators
Ug(j ) ie., all operators related by such a transformation are in
the same equivalence class.

By similar arguments as used for Wg(”h), it follows from
Eq. (179) that

(“Il{a;c,u} |Zg(j) | qj{b;e,v}) = ga,- (g)S{a;c,u}{b;e,v} ,

where ¢,,(g) is a phase that only depends on the topological
charge a; contained in the region R; and that these phases
obey the constraint

179)

(180)

[Je@=1 (181)
j=1

This similarly leads to the property that £,(g)¢,(g) = £.(g)
whenever N;, # 0, which, in turn, gives the relation

Ca(g) = M;:(g)a

for some Abelian topological charge 3(g) € C'(G, A). These
are precisely the same redundancies that arose due to the
freedom to decompose the trivial natural isomorphism into
topological charge dependent phase factors, as described in
Sec. 111 A

Under such transformations, the operators Wg(fh) transform
nto

(182)

(D _ 7N =1g7WerrD=177() (=1 p0)
Wi = zPuD- ez ey Pz BY)

=702y pg ' WZI . (183)

Acting on states of the form [V ,}), this produces the

equivalent relations

£yt o Ea(®)
La(gh)

Massig by = Mapy s M gy ghyMasigyMaw(e by

Wa(g, h) = w,(g, h), (184)

(185)

a, pg[3(h)]x3(gh) x3(g) xw(g,h)
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from which we obtain
w(g, h) = pg[3(h)] x 3(gh) x 3(g) x w(g, h)
= ds(g, h) x w(g, h),

showing that w(g, h) and (g, h) that are related by fusion
with a 2-coboundary d3(g,h) e 32 (G, A) correspond pre-

(186)

cisely to operators W(’l)1 and Wg(’) that are related by gauge
transformations, and so should be considered equivalent, i.e.,
one should take the quotient by B%(G A).

In terms of the local projective phases (for fixed S,(g, h)),
this translates into the equivalence of between symmetry
fractionalization described by 1,(g, h) and

a(gh)
8ot (@ (M)Ca(8)

We emphasize that, despite the similar appearance to
Eq. (172), this transformation and corresponding equivalence
is distinct from the symmetry action gauge transformation,
because of how the two transformations act on w(g, h) and
Ba(g, h), as well as the additional condition that ¢,(g) must
respect the fusion rules.

7a(g, h) = Na(g, h). (187)

Thus the solutions of Eq. (167) for the [®] = [0] equiva-
lence class are classified by
Z2(G, A)
H*(G,A) = 2 —"—. 188
$C A= Fe (188)

One should not, however, think of the set of solutions it-
self as being equal to Hg(G, A); rather, the set of solutions
is an sz(G, A) torsor. In particular, the distinct cohomol-
ogy classes [t] € Hg(G, A) relate distinct equivalence classes
of solutions [w], with different solutions being related by
w'(g, h) = t(g, h) x w(g, h). In terms of the local projective
phases, the H/%(G, A) action relates distinct symmetry frac-
tionalization classes by 7/(g, h) = 7,(g, h)~'5,(g, h). The
number of inequivalent symmetry fractionalization classes is
thus equal to |H§(G, A)|. In this sense, there is no notion of
an “identity” or “zero” element of the set of fractionalization
classes. (Had one chosen to use the representative ® = 0 of
the [®] = [0] equivalence class, Eq. (167) becomes a cocycle
condition on w(g, h), so, in this case, [w] € HZ(G, A), though
this is not an invariant statement.)

Once again, symmetry actions in the same equivalence
class related by natural isomorphisms lead to the same results
here, so this classification of solutions is actually independent
of the choice p € [p]. Thus the symmetry fractionalization is
classified by H[ZP](G, A).

We reemphasize the contrast between H; p](G A), which

classifies the symmetry fractionalization, and H[ p](G, A),
which contains [®], the fractionalization obstruction class of
[p]. Since [@] is uniquely defined by [p], it is only possible to
realize exactly one element of H[3p](G, A) for specified C, G,
and [p].

1. Charge conjugation symmetry fractionalization

It is worth considering fractionalization in more detail for
the case of a unitary Z, symmetry whose nontrivial element
C acts as charge conjugation on the topological charges, i.e.,

C? =0 and pc(a) = a. When there are topological charges
that are not self-dual (a # a), if topological charge conju-
gation is a braided autoequivalence of the MTC C, then it
corresponds represents a subgroup Z, of Aut(C). When all
topological charges are self-dual (a = a), then topological
charge conjugation is clearly the trivial autoequivalence.

The symmetry action on the topological state space of a
global Z, symmetry that conjugates all topological charges is
specified by the action on fusion vertex states

Y [Uc(@, b;&)lla, bie, v).

v

pcla, bsc, p) = (189)

It follows that

[kc,c(a, b; )l =

> [Uca, by o)}, [Uc@, b; o),
A

_ BulC, OB(C, €)

80 190
fC.O) (150
and the obstruction class is defined by
Ba(C, C)
Q.(C,C,C)= —nrF——. (191)
Ba(C, C)

We now assume the obstruction vanishes and that global

symmetry Rc acts in an on-site fashion, for which we have
RelWige ) = U U pclWiaew).  (192)

The localized symmetry action operators Ué‘j ) have the pro-
jective consistency relation

Ua, (Cv C)l\y{a;c,u}> =
~ R R0 Wi

CUéJ)U((:]) | qj{a;C,/L})
=Uc 146 C Pc | {u;c:,/t}) ( )

where the projective phases 1,(C, C) satisfy Eq. (165), which,
in this case, is simply the condition that

1na(C, €) = n4(C, ©), (194)
and Eq. (161), which requires
(C,C -
1Y)y petabove@ B, (199)

na(C, C)nb(cv C)

when N7, # 0.
We can define an invariant of topological charge conjuga-
tion symmetry fractionalization for all a € C by

nS = s,Uc(a, @;0)n4(C, C), (196)
where we recall that
¥, =d, [Fa“a”] 0 = QL,RS“. (197)

It is straightforward to check that nf is invariant under
both vertex basis gauge transformations and symmetry action
gauge transformations, i.e., nac = ﬁac = rv;g We also notice,
using Eq. (195), that

ny = (n5)". (198)
When a = a, this condition implies
nC = +1. (199)
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The classification of the symmetry fractionalization is
given by H, p](Zz, A). In order to compute this cohomology
group, we first considering the 2-cocycle condition, which
for this symmetry is simply w(C, C) = w(C, C). The 2-
coboundaries are trivial, since d3(C, C) = 3(C) x 3(C) =
Thus we find that symmetry fractionalization is classified
(torsorially) by

HE (25, A) = A = 75, (200)
where A€ = {a € Ala = a} is the group defined by the set of
self-dual Abelian topological charges, with group multiplica-
tion given by the fusion rules. Since every self-dual Abelian
topological charge obeys a x a = 0, each of them defines a Z,
group element, and, hence A€ = Zk for some non-negative
integer k. Specifying n¢ for all a € C distinguishes between
all the fractionalization classes.

E. Projective representations of the global symmetry

In the above discussion, we assumed that the local Hilbert
space on each site transforms in a linear representation of
the global symmetry G. However this is not fully general,
and it is possible that instead the local Hilbert space on each
site transforms according to a projective representation of G.
The canonical example is a spin-% system. While the global
symmetry of spin rotation is G = SO(3), each site contains
a spin-% which transforms in a projective representation of
SO(3). Describing symmetry fractionalization when the local
Hilbert space already forms a projective representation of G
requires some minor modifications of the previous arguments.
In particular, the action of a projective symmetry representa-
tion on the ground state will take the form

Rgn|Wo) = ¢ %" Ry Ry | o), (201)

where e/®sh are the projective representation phase factors.

The projective representations are classified by H 2(G, U(1)).
In particular, the phases e¢/®s" must satisfy the 2-cocycle
condition

eiq)h,ke_icbghk eid)g.hke_icbg.h =1 (202)
in order for the two different, but equivalent ways of relating
Rgnk and RgRy Ry to be consistent. Additionally, different pro-
jective phase factors e/®zh and e/®st are considered equivalent
if they are related by a 2-coboundary

e/ Pen = ol o=l pile ol Pen (203)
for some phase function e'/z of the group elements of G, since
their difference could simply be absorbed into the operator
Rg by the trivial redefinition Ry = ¢sRy. The equivalence
class [e'®ev] € H?(G, U(1)) of the projective representation
is a global property of the system that does not change
under application of local operations, such as those that create
quasiparticles. Thus we also have

Rgh|qj{a;c,p_}) =P R Rh|q" {a;e, ) ) (204)

with the same /=t for any state of the form W4 ,,)) ob-
tainable from the ground state | V) through adiabatic creation
and rnampulatlon of quas1partlcles We now define W(’h) as
before for j = 2, ..., n, while for j = 1, we slightly modify

the definition to be

Wy = e ey ey VU OB (205)

With this definition, we retain the properties that Wg(jh) is

localized in region R j, and that the Wg(,jh) satisfy Eqs. (149) and
(150). This allows the argument relating the eigenvalues of
W(] ) to Abelian topological charges to go through unaltered.
To see that the cocycle relations are unchanged, we only
need to check that Eq. (163) remains the same for Wg . This
follows from the previous argument, together with the fact that

e'®en jtself satisfies the 2-cocycle condition of Eq. (202). Thus
the same cohomological relations hold and all the arguments
go through as before to give the same results for obstruction
and classification of symmetry fractionalization.

F. Locality preserving symmetry

There are a number of symmetries, such as time-reversal
symmetry and translation symmetry, that do not act in a
strictly on-site fashion, but which may nonetheless be frac-
tionalized. In order to understand fractionalization of such
symmetries, we must generalize the notion of symmetries
acting in an on-site fashion so as to include the possibility
of antiunitary symmetries and other nonlocal symmetries.

We call a (unitary or antiunitary) symmetry operator Ry
“locality preserving” if it acts in the following manner. For
any operators O/ localized in the simply connected regions
‘R ;, the operators

gmel) = Rg@(])Rg—l (206)
are localized in the (possibly distinct) simply connected re-
gions that we denote as 8% ;, and whenever two such simply
connected regions R; and Ry are disjoint, i.e., R; N Ry =
@, the corresponding regions R ; and 8R; are disjoint, i.e.,
ER;NERy =0.

Specific examples that we have in mind for such symmetry
operators include the complex conjugation operator K, in
which case 8RR ; = R, or a translation operator 7% (in a trans-
lationally invariant system), in which case #R; is the region
R; translated by the vector X. Clearly, on-site symmetries
satisfy the above locality preserving condition.

We can now repeat the entire analysis of this section with
a few small, but important modifications to account for the
generalization to locality preserving symmetries. We note that
our treatment here requires that the symmetries also leave
the spatial orientation of the fusion/splitting spaces invariant.
Consequently, we omit spatial symmetries involving rotations
or parity reversal.

The first modification is to the conjugation of local opera-
tors by Rg. In particular, given the above locality preserving
property of Ry, we generalize the definition in Eq. (126) to

gOV) = RgOg(”Rg*‘, (207)
which is thus an operator whose nontrivial action is localized
in the region R ;.

The next modification is that when the jth quasiparticle
of the state |W ) is localized in region R;, it follows
that the jth quasiparticle of the state Rg|W,. ,,}) is localized
in the region #R ;. Consequently, the action of Ry on states
in the physical Hilbert space containing quasiparticles, as in
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FIG. 4. The action of a global “locality preserving” symmetry
operator Ry on a state with quasiparticles may move the locations
where the quasiparticles are localized, from the regions R; to the
regions #R ;. The locality preserving property ensures that the regions
&R ; are mutually disjoint for distinct j whenever the regions R ; are
mutually disjoint for distinct j. Additionally, the locality preserving
symmetry action induces unitary transformations Ugg(f) that are,
respectively, localized in the regions #R;, together with a global
transformation p, which strictly acts on the topological quantum
numbers.

Eq. (139), is modified to

Rg|Wiae) = USD . UE™ pg|Wiaie ). (208)
where Ugg(j )is a unitary operator whose nontrivial action is
localized in the region R ;, and we have defined pg exactly as
before, i.e.,

pg = [UEV 'Ry, (209)
j=1

which now makes it a locality preserving operator, in accord
with Rg. Now, pg acts on the physical Hilbert space as does
the symmetry action on the topological state space, so it
may potentially move the regions where quasiparticles are
localized or complex conjugate coefficients in front of the
state, depending on g. This is shown schematically in Fig. 4.
We can leave Eq. (141) unmodified, with the understanding
that if the jth quasiparticle of the state |Wy,.. ) is localized
is region R, then the jth quasiparticle of the state |Weq.ec, 1))
(and the state pg| W ,})) is localized in the region 8RR ;.

With these modifications, one must be careful to modify
the localization regions of the operators appropriately in all
steps of the arguments of the previous sections, but, in the
end, this dependence drops out entirely. In particular, we note
that we should modify Eq. (145) to

g@(j)Ug(j) — Ug(j>pg0g(j),0g_l, (210)

the definition of the operator Wg(vj ) which has its nontrivial
action localized in the region R ;, to

D) pr(H-1grrM=177() p()
W = U U Uy BYY

= pgUS ™ p U UGB, 211)
and the relation of Eq. (153) to
Na, (8 WUG Wiace ) = 20U U [ Wiaee )
= U pgUE o3 Wigie ). (212)

The final relation in terms of operators, given in Eq. (163),
is modified to

g2(j) —1 g(H)—1 —1y, () pi)—1
Wik Py PeBry Py WonkBg nk

—_wWDpUW-Ty () pU-1
—Wg,th,h W\ B .

gh, k™ gh k (213)

Applying this relation to a state |Wy,. ), we find that the
dependence on localization regions drops out of the resulting
relation in terms of (eigenvalue) phases, and the only modifi-
cation that we must now account for is the potential complex
conjugation due to g being an antiunitary symmetry (which
was encoded in the operator pg). Specifically, this yields the
modification of Eq. (164) to the relation

Qu(g, h, k) = K1®'B 1, (h, KK ® B, (gh, k)™

x Ba(g, hk)B.(g, h)™"
— Kq(g)wpgl(a)(h’ k)Kq(g)

x wa(gh, k)™ w,(g, hk)w, (g, h)™' (214)
and the modification of Eq. (165) to
K9®n 1 (KK, (gh, k)™ na(g, hk)na(g, )™ = 1.
(215)

Using ©2,(g,h, k) = M;Q)(g,h,k) and w,(g,h) = M;‘w(g’h) ex-
actly as before, though with the relation S, )p,0) =
K%®S§,,K9® that applies for unitary and antiunitary symme-
tries, we obtain precisely the same consistency condition

®(g, h, k) = dw(g, h, k) (216)

of Eq. (167). We emphasize that the complex conjugations due
to symmetries being antiunitary dropped out in the process of
mapping the relation of phases into the relation of C"(G, A)
cochains.

The remaining arguments that lead to the classification
results are similarly modified. Similar to the steps described
above, the localization region dependence drops out when
the operator relations are converted into phase relations by
applying them to states of the form |Wy,. ), and the com-
plex conjugations that occur for antiunitary symmetries drop
out when these phase relations are converted into cochain
relations. Thus the obstruction of fractionalization by non-
trivial [®] € H[3pJ(G, A) and the classification of symmetry
fractionalization (when the obstruction vanishes) in terms of
the cohomology class H[Zp](G, A) is precisely the same for
unitary and antiunitary locality preserving symmetries as it
was for unitary on-site symmetries.

We note that the projective representation analysis of
Sec. IV E must include the complex conjugation of antiunitary
symmetries, so they are classified by qu(G, U(1)), which
includes complex conjugation from antiunitary symmetry ac-
tion. In particular, the boundary operator includes the complex
conjugation through the p, action, so the 2-cocycle condition
on the projective phases becomes

- DIP M K) ,—id(gh k) ,id(g.hk) ,—i®(g.h) _ (217)
and the projective phase is a 2-coboundary when
AP@N) _ i1 f(h) ,—if (gh) ,if (&) 218)
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for some phase ¢/® e C(G, U(1)). These modifications do
not affect the symmetry fractionalization results.

When we specify a fusion basis decomposition of the
topological state space of n quasiparticles, we first specify an
order in which to place the quasiparticles from left to right
at the top of a fusion tree. Specifying an order in which one
lists the quasiparticles is equivalent to specifying a line in
the 2D manifold that passes through the quasiparticles in that
order. The inclusion of rotational and spatial parity symmetry
is complicated by the fact that these symmetry operations gen-
erally change the positions of the quasiparticles with respect
to their ordering line. For spatial parity symmetries, we note
that one can repeat the analysis above, with the modification
that when phases in the analysis are mapped to C*(G, A)
cochains, the action of p, on the group elements A is modified
to include topological charge conjugation whenever p(pg) =
1. This modification follows from the relation Spg(a)pg(b) =
Ki1®+r@®g  K9@+r@)  which modifies the p action in the
cohomology structure, i.e., in the coboundary operator and
the groups H{};(G, A), whenever pg corresponds to a spatial
orientation reversing symmetry.

Before concluding this section, we note that the above
considerations provide a framework to classify the different
possible types of symmetry fractionalization. However, not all
elements of the H[zp](G, A) classes will be allowed in general.
When G corresponds to a spatial symmetry, there can be
additional constraints that rule out certain types of fraction-
alization [119-123]. Even for on-site symmetries, as we will
see, some of the fractionalization classes are anomalous and
cannot be realized in a purely 2 + 1-dimensional system.

1. Time-reversal symmetry fractionalization
and local Kramers degeneracy

It is worth considering fractionalization in more detail for
the case of time-reversal symmetry, or, rather, a group element
T € G such that T> = 0 and ¢(T) = 1, i.e., it is an antiunitary
7, symmetry.?

We first note that the state of the system can either
form a linear representation with R%|\I!) = |W) or a projec-
tive representation with R3|W) = —|W). This follows from
the H(IZ(ZT, U(1)) = Z, classification of projective represen-
tations. In particular, the modified 2-cocycle condition of
Eq. (217) is simply the condition ”®*T = 1, and the modified
2-coboundary condition of Eq. (218) is ¢/®*T = 1. The pro-
jective representation e'®*T = —1 gives the usual degeneracy
from Kramers theorem, where |W) and Ry|W) are necessarily
orthogonal and degenerate in energy for any state |¥) when
Ry commutes with the Hamiltonian. Physically, this corre-

8 A more general definition of time reversal is possible, wherein
a Z, grading specifies whether elements of the symmetry group G
reverse time. When there is a single time reversing group element,
it must be a Z, element, as considered in this section. Moreover, if
the spectrum of the Hamiltonian is symmetric about 0, it is possi-
ble for time-reversing symmetry group elements to be represented
by unitary operators, in which case one must specify separate Z,
gradings for antiunitarity and time reversal. We do not consider such
Hamiltonians in this paper.

sponds to the case where the system has half-integer angular
momentum, i.e., an odd number of electrons in the system.

The symmetry action on the topological state space is
specified by the action on fusion vertex states

prla, bic, ) = Y [Ur("a,"b; ")) K| "a, "b; Te, v).

(219)
Since this is an antiunitary symmetry, it follows that

lerr(a, by )y = Y _[Ur(a, b; )5, [Ur("a, "b; o)l
A

_ BT DT, T)

B.(T, T) -
— —”“(T}; f;””rg T)a,w. (220)

The obstruction class is defined by
1
Bra(T, T)Bu(T, T)

The condition that the obstruction vanishes is equivalent to
there being some w,(T, T) such that

Q,(T, T.T) = (221)

Bra(T, T)Ba(T, T) = wry(T, T (T, T),  (222)

0o(T, T)ap(T, T) = (T, T), if NS #0. (223)

We now assume that the obstruction vanishes and that this
antiunitary symmetry Ry acts in a locality preserving fashion,

for which we have
RelWie ) = UL o U 01| Wiae ). (224)

The localized symmetry action operators U;j ) have the pro-
jective consistency relation

10, (T, D Wie ) = TUL UL Wie )
= ReUy Ry U Wi )
= Uy prUs” o1 W ae )

where the projective phases 1, (T, T) satisfy Eq. (215), which,
in this case, is simply the condition that

(225)

11y (T, T) = (T, T)". (226)
When Ta = g, this condition implies
n4(T, T) = £1, (227)

and we interpret 7,(T, T) as the “local T?” value ascribed
to the topological charge a. We notice that, for Ta = a, this
quantity is an invariant under both vertex basis and symme-
try action gauge transformations, i.e., ,(T, T) = 7,(T, T) =
14(T, T) for such a. When n,(T, T) = —1, there is also a
local Kramers degeneracy [48] associated with the topological
charge a. In other words, quasiparticles that carry topological
charge a also carry a local degenerate state space in physical
systems that possess this symmetry. We also emphasize that
Or, = 67, so, when Ta = a, we also have 6, = 1. However,
we stress that it is not necessarily the case that 6, equals
n4(T, T), as one might have naively expected from the usual
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understanding of Kramers degeneracy in terms of spin and
fermionic parity.
When Ta = a, b = b, Tc = ¢, and N, # 0, we have
1Na(T, T)n,(T, T)
ne(T,T) "

Y [Ur(a, b;)lUn(a, by o)y, (228)
A

+8,, =

We note that, if UU* = %1 for a unitary m x m matrix U,
then det[U] = det[2UT] = (£1)" det[U], which must also
be nonzero. Thus, when N, is odd, the second line of
Eq. (228) is simply equal to 1, which implies the relation

(T, T)np(T, T) = n.(T, T), (229)

when Ta = a, Th = b, Tc = ¢, and N¢, is odd. When N¢, is
even, this relation may include a relative sign, which would
be a gauge invariant quantity.

When Tc = ¢ and Nt # 0, the ribbon property gives

D RE IR, = 0cbn,

A

(230)

and the transformation of the R symbols under T gives

pr([RE],) = [RE“T,

=Y [Ur@ "a; )[R, [Ur("a, a;c) M. (231)
W'
Combining these with
_
ne(T,T) "

> 1r("a, a; )3, [Un(a, "a; ).,
A

lerr(Ta, a; 0)lu =

(232)
it follows that

Y Wr(a, "a; )ua[R] 4 [Ur(a, "as )T, [R];

o,BA
_ (1T

O,

The right-hand side of this expression is equal to &3,,,. Thus,
using the same argument leading to Eq. (229), when N7, is
odd, the left-hand side (which is a unitary operator times it
complex conjugate) must equal §,,,, which implies the relation

(T, T) =6, = %1, (234)

8- (233)

when Te = ¢ and N;Ta is odd. When N;Ta is even, there may
be a relative sign relating n.(T, T) and 6., which would be a
gauge invariant quantity.

The properties given in Egs. (229) and (234) are useful for
determining the local T? values of quasiparticle excitations
in typical time-reversal invariant topological phases, see, e.g.,
Refs. [89,90,118].

The analysis of fractionalization of time-reversal symmetry
presented in this section precisely matches that of Ref. [89].
In contrast with Ref. [48], our definition of local T? for the
Jjth quasiparticle of a state |W(,.. ;) (Which carries topological

charge a;) is the corresponding eigenvalue 7,, (T, T) of the
operator RTUT(’ )R; IU;’ ) whose nontrivial action is localized
in the region R ; containing the jth quasiparticle. In particular,
this definition applies to the general case where there are an
arbitrary number of regions/quasiparticles that transform non-
trivially under T and where the entire system may transform
projectively with R2 = —1. In considering the case where
there are only two regions that transform nontrivially under
T and where and the entire system transforms as R%- =1,
Ref. [48] interprets the operator RTUT(I) as the “local T”
operator for region R, and RTU%Z) as the “local T” operator
for region R|. We avoid interpreting the operator RTU;’ ) as
a “local T” operator (of some complementary region), as it is
not a local operator and even its action on a quasiparticle state,
which is given by

ReUY Wi ) = 11, (T D) [ [ U o1l W), (235)
k#j

is generally not localized in one region (even when all the
topological charges involved are T-invariant).

V. EXTRINSIC DEFECTS

Given the existence of a global symmetry G, we can
introduce pointlike defects that carry flux associated with the
group elements g € G. In this section, we will describe a way
to create such defects and some of their basic properties.
We first give a prescription for creating g defects in some
simple lattice model systems, and subsequently generalize this
construction to an arbitrary system in a topological phase.
At the end of this discussion, we will briefly discuss the
case where there is no global symmetry, which still allows
nontrivial pointlike defects as long as Aut(C) is nontrivial.
In the following section (Sec. VI), we will build upon the
physical motivation of this section and provide a detailed
presentation of the algebraic theory of extrinsic defects, which
is known in the mathematical literature as G-crossed braided
tensor category theory [79,82].

A. Physical realization of g defects
1. Simple lattice model

We begin by considering a concrete model system, in
which we can precisely describe the general idea we wish
to abstract. In particular, we consider a system with a local
Hilbert space defined on the sites of a square lattice, whose
Hamiltonian Hj has a local on-site unitary symmetry G. For
simplicity, we restrict to the case where the interactions in Hy
are just nearest neighbor or plaquette interactions, so that the
Hamiltonian takes the form

Hy = Zhi + Zhij + Z Rij,s
i (ij)

[ijkl]

(236)

where h; consists of local operators that act on site i, h;;
consists of local operators that act on a pair of neighboring
sites i and j connected by the link (ij), and A;j; consists of
local operators that act on a plaquette [ijkl] defined by the
sites Z, j, k, and [.
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FIG. 5. (a) When the system is cut along a line C, quasiparticles
cannot propagate across the cut. (b) The system can be reglued to-
gether along C in a manner that conjugates bond/plaquette operators
straddling the cut by a local g-symmetry action on one side of the
cut, as indicated by red dots. The result is a g and g~! pair of defects
at the endpoints of a defect branch line (replacing the cut). (c) Such a
construction effectively implements a g-symmetry transformation on
quasiparticles that propagate across the defect branch line, around
the defects. For example, a quasiparticle a will be transformed
into pg(a) when it encircles the g defect in a counterclockwise
fashion. For symmetries that are not on-site, such as translational or
rotational symmetries, g defects correspond to lattice dislocations or
disclinations, respectively. (d) For more general systems, the defect
construction can be generalized by defining regions C; and C, on
either side of the cut line, such that terms in the Hamiltonian that
straddle the cut line are localized within C; U C,. These regions will
typically have width w that is a few correlation lengths &.

A pair of defects carrying fluxes g and g~', respectively,
can be created and localized at a well-separated pair of
plaquettes by modifying the Hamiltonian as follows. Imagine
a line C emanating from the center of one of the defect’s corre-
sponding plaquette, cutting across a set of links of the lattice,
and terminating at the center of the other defect’s plaquette,
as shown in Fig. 5. We modify the original Hamiltonian by
replacing each term in Hy that straddles the line C with the
corresponding operator obtained from that term by acting with
the symmetry locally on the sites only on one side of the
line C.

In order to make this procedure well-defined, we first
ascribe an orientation of the line C, indicated by an arrow
pointing from the g~!-defect endpoint towards the g-defect
endpoint. (If g = g~!, it will not matter which orientation
we choose.) This provides a well-defined notion of sites
being immediately to the left or to the right of the line C.
Specifically, the site i is immediately to the left of C and the
site j is immediately to the right of the line C, if C crosses the
link (ij) of the lattice connecting sites i and j with i to the left
and j to the right, with respect to the orientation of the line C.
We denote the set of all sites immediately to the left of C as
C; and the set of all sites immediately to the right as C,. We
can now define a term in the Hamiltonian to be straddling the
line C if it only acts nontrivially on sites in the union C; U C,
and it has nontrivial action on sites in both C; and C,.° Finally,

We could modify this definition slightly to include also the pla-
quettes that contain the endpoints of the line C. Such a modification

R(j)
. g ’
where Ré’ ) represents the local action of g € G acting on site j.
(Recall that the global on-site symmetry action can be written
as the product of local operators Ry = [],; R%), where I in
this example is simply the set of all sites.)
Thus the modified Hamiltonian is given by

Hg’g—l = H() + Z [Réj)hinéj)_l — ]’l,‘j]
(i)

we conjugate such terms by the operator RE =[],

ieC;jeC,
i) p(k )—1 p(k)—1
+ 3 [RORE RO RO — i (237)
[ijkI] :
i,leCyj,keC,

Here, we have assumed that the line C is straight for simplic-
ity. If C was not a straight line, the last line in this Hamiltonian
would include plaquette terms with one site on one side of
C and three sites on the other side of C, corresponding to
the plaquettes where C makes turns. This Hamiltonian Hy 41
defines a line defect associated with the line C. The two end
points of C are codimension-2 point defects which carry flux
g and g, respectively. We refer to the line C as a g-defect
branch line.

2. g-conjugation of quasiparticles across defect line

When a quasiparticle is adiabatically transported around a
g defect, it will be transformed by the symmetry action of the
group element g, as a consequence of crossing the g-defect
branch line. When the action pg on topological charges is
nontrivial, as a quasiparticle with topological charge a encir-
cles the pointlike g defect at the end of the defect line C, the
quasiparticle is transformed into one that carries topological
charge pg(a). Defects that permute the topological charge
values of quasiparticles are sometimes referred to as “twist
defects.”

In order to understand this property, it is useful to first
consider starting from the uniform system with Hamiltonian
Hj, and introducing some quasiparticles using local poten-
tials of the form h%), as described in Sec. IV A, with the
corresponding Hamiltonian H, ... We now consider an
operator T, (k, k') that moves the quasiparticle of charge ay
from site k on one side of the line C (which at this point is
simply an imaginary line drawn on the system) to the site
k" on the other side of C in a manner that crosses the line
C. Such an operator annihilates a quasiparticle of topological
charge a; at site k, creates a quasiparticle of charge a; at
site k', and commutes with the Hamiltonian away from the
sites k and k’. (One may think of this as a “string operator.”)
Thus, if W, ,)) were the ground states of the Hamilto-
nian H,, 4.0 With hf,i.) localizing the quasiparticle at site

Jj, then |\IJ{’a;C’M}) = T, (k, k') W4 y) are the ground states

localizing the quasiparﬁéle at site k’ (perhaps up to some
additional unitary transformations localized around the sites
k and k’). Consequently, it is possible to adiabatically change

corresponds to a local change in the Hamiltonian and would also
describe a g and g~! pair of defects.
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the Hamiltonian between these configurations and, in doing
so, adiabatically move the quasiparticle of charge a; from site
k to site k'

We next imagine cutting all bonds of the system along the
line C, as indicated in Fig. 5(a). The corresponding Hamilto-

nian is
E hijki,

Hewiey=Ho— Y _ hij —
(ij) Lijkl] :

ieC;jeC i,leC;jkeC,

(238)

where we have again assumed C is a straight line for sim-
plicity. In this system, it is no longer possible to adiabatically
move a quasiparticle across the line C (without reintroducing
the excised terms in the Hamiltonian), because there are no
terms in the Hamiltonian that connect the system across C. If
we introduce quasiparticles away from the line C using local
potentials to similarly produce a Hamiltonian H,, 4, :cut(c)s
we would find that the operator T, (k, k') does not com-
mute with the Hamiltonian Hcyc) in the vicinity of C (nor
in the vicinity of the sites k and k'), hence it will create
quasiparticles there. Consequently, this operator would now
correspond to moving the quasiparticle from site k to its nearer
side the cut line C, pair creating quasiparticles of charge a;
and a; on the other side of the cut line C, and moving the
charge a; of that pair to site £/, while leaving the charge
a, quasiparticle next to the cut line C on the opposite side
from the original quasiparticle. Such a process involves more
than just adiabatically transporting the quasiparticle, since one
must either introduce additional local potentials for the extra
quasiparticles, or cost energy above the gap for creating the
additional quasiparticles.

We now imagine reintroducing the bond/plaquette oper-
ators that connect the system across the cut line C with a
conjugation of these operators by the symmetry action of g
acting locally only on the sites on one side of the cut, to obtain
the Hamiltonian H,,-1. Then we introduce quasiparticles
away from C using local potentials to similarly produce a
Hamiltonian H,, . .. .. We similarly find that the operator
T, (k, k") will, in general, not commute with the Hamiltonian
Hcyi(c) in the vicinity of C (nor in the vicinity of the sites k
and k'), and, therefore, must create extra quasiparticles there.

However, in this case, the line C is not an untraversable
cut line, and one can actually construct an operator that cor-
responds to adiabatically transporting a quasiparticle across
C (without creating extra quasiparticles). For this, we start
from the operator T, (k, k'), which can be written as a prod-
uct of local operators, and modify it in the following way.
The local terms in the product whose nontrivial action is
entirely on the left side of C are left unaltered, the local
terms in the product whose nontrivial action is entirely on
the right side of C are conjugated by R, and the local terms
in the product that straddle C are conjugated by RC"). The
resulting operator, which we denote T, ., (k, k'), annihilates
a quasiparticle of topological charge a; at site k, creates a
quasiparticle of charge 8q; at site k', and commutes with
the Hamiltonian H, ,1 away from the sites k and k'. (Note
that if the unmodified operator 7, (k, k') commutes with Hy
away from the sites k and &', then so does R, T, (k, k/)Rg‘ D)
Thus, if |W, ,).0.4-1) Were the ground states of the Hamil-

tonian H,, 1 with hf{]) localizing the quasiparticle at

seesAn3 8,8

. . /
site j, then |\Il{a’;c’.//-’}:gvg’l

ground states of the Hamiltonian Ha’1

) = Tg(k, K Wise uyg.g-1) are the
, with the

..... 8ay,...,an;8.8~
kth term changed to hé’;;) localizing a quasiparticle of charge
84y, at site k' (perhaps up to some additional unitary transfor-
mations localized around the sites k and k). Consequently, it
is possible to adiabatically change the Hamiltonian between
these configurations (without creating extra quasiparticles),
and, in doing so, adiabatically move the quasiparticle from
site k to site k', while also transforming its topological charge
from ay to pg(ay) as it crosses the g-defect branch line.

3. General construction of g defects

We can generalize the above discussion and prescription
for creating defects to a general topologically ordered system
with a local Hamiltonian Hy. Again, we first draw an oriented
line C in the system. We then define regions C; and C,,
which are “immediately” to the left and right of the line C,
respectively. These regions should have width w such that
any term in the Hamiltonian that straddles the line C has
nontrivial action that is localized (perhaps up to exponentially
damped tails) in the union C; U C,.. Typically, this will require
the width w to be a few correlation lengths &£. The precise
details of how these regions, C; and C,, terminate near the
endpoints of the line C is unimportant for establishing that
there is a g defect (though it may play a role in determining
which type of g defect is preferred, as we will explain below).
We next identify the terms in H, whose nontrivial action is
localized entirely within C; U C,, and denote the sum of these
terms as Hy(C). We define the operator ngc,) = ]_[J.: M;cC, Ré’ ),
where we decompose the space manifold M = U, M into
a collection of simply connected disjoint regions M, none
of which straddle the line C, i.e., C Nint(M;) = @ for all j.
Finally, we define the defect Hamiltonian

Hy gt = Hy + [RSHy(CORSY ™ — Hy(C))]. (239)

It should be clear that these constructions can also be
generalized to describe the system with an arbitrary number
n of defects which carry group elements g, ..., g, whose
product is identity []}_, g; = 0.

4. Pointlike nature and confinement of g defects

When G is continuous or is physically obtained by sponta-
neously breaking a larger continuous symmetry, the g defects
can be created gradually. This property is familiar in the
case of superfluid vortices, where the phase of the order
parameter rotates continuously by 2. For symmetries that are
not on-site, such as translational or rotational symmetries, the
defects correspond to lattice dislocations or disclinations. In
all of these cases, the g defects are well-defined even though
there is no specific g-branch line across which the g action
takes place. In other words, the g defects are truly pointlike
objects.

In fact, from the perspective of the topological order and
quantum numbers, the defect branch lines are completely
invisible in general. There are no local measurements one
can perform using topological properties and operations, such
as quasiparticle braiding, that can identify the location of a
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defect branch line. Only the endpoints of the branch lines,
where the g defects are localized, are locally detectable by
topological objects or operations. We stress that this does
not necessarily mean that the branch lines are invisible to
all forms of local measurements. Depending on the physical
realization, the branch lines may or may not be a phys-
ically well-localized and measurable object. For example,
in superconductor-semiconductor heterostructure-based real-
izations of Majorana and parafendleyon wires [8-10,124—
127], the defect branch lines are the segments of nanowires
in the topological phase, and are clearly locally measurable
and identifiable. On the other hand, for multilayer systems
with genons [6,12], which are defects whose group action
transfers quasiparticles from one layer to another, abstractly
there may be no precise, well-defined location of the branch
lines, whereas there may be in some experimental realizations
[34].

The g defects defined above are extrinsic defects in the
system, in the sense that they are imposed by deforming the
uniform Hamiltonian to the defect Hamiltonian Hy g-1. The
locations of the g defects are classical parameters in Hg g-1
and thus do not fluctuate quantum mechanically. However,
if we allow the defects to become dynamical objects, whose
positions do fluctuate quantum mechanically, then there is
a question of whether they are confined or deconfined. If
they are confined, then the energy cost to separating the
dynamical g defects will grow with their separation. If they
are deconfined, then the energy cost for separating the g
defects will be finite and independent of their separation,
up to exponentially small corrections. Given the Hamiltonian
of the system, diagnosing whether the g defects correspond
to confined or deconfined excitations may be a nontrivial
task. We expect that one possible way to do this would be
to obtain the ground state |Wg41) of Hy,1, and then to
compute the average energy of this ground state with respect
to the original Hamiltonian: Egg_l = (Vg g-1|Ho|Wg g-1). The
confinement/deconfinement of the defects would then corre-
spond to whether Egg,l diverges with the separation between
the defects or is bounded by a finite value, respectively, in the
limit of large separations.

If the g defects are deconfined, as described above, then
they correspond to quasiparticle excitations of the phase C. In
such a case, the global G symmetry effectively becomes an
emergent local gauge invariance with gauge group G at long
wavelengths. In what follows, we focus on the case where the
g defects correspond to confined objects, and in fact we will
reserve the term g defect for this case. The case where G is
promoted to a local gauge invariance is described in Sec. VIII.

5. Aut(C) defects without global symmetry

It is important to note that even when the underlying phys-
ical system has no exact global symmetry of its microscopic
Hamiltonian (i.e., G is trivial), the existence of nontrivial
topological symmetry Aut(C) of the emergent topological
phase C implies the possibility of nonetheless being able to
support defects that effect Aut(C) action on quasiparticles.
In particular, one can potentially have pointlike defects as-
sociated with nontrivial group elements in Aut(C). However,
without any global symmetries, the microscopic Hamiltonian

constructions of defects previously described in this section
cannot be applied. As such, creating Aut(C) defects with a
generic microscopic Hamiltonian without global symmetry is
a more complicated issue, which we do not address here.'”
As a simple example of the realization of Aut(C) defects,
without a global symmetry, consider the defects associated
with layer exchange in a double-layer topological phase [6].
These defects are well-defined even in the absence of an exact
layer-exchange symmetry. Therefore the concept of an Aut(C)
defect is not logically dependent on the global symmetry of
the microscopic Hamiltonian. In what follows, we focus on
extrinsic pointlike defects that are associated with elements of
a global symmetry G. This is because we wish to develop a
complete characterization of symmetry-enriched topological
phases associated with a global symmetry G, and we also
wish to study the mechanism of gauging the global symmetry
G, which requires us to start with a system where G is an
exact microscopic global symmetry. We will still be able to
consider Aut(C) defects in the absence of global symmetries
using the same formalism that we will subsequently develop
by taking a fictitious symmetry group G = Aut(C) with cor-
responding symmetry action that is the trivial isomorphism
[p] : Aut(C) — Aut(C), specified by pj,) = ¢. However, do-
ing this may also require a modified understanding of which
properties of the resulting defect theory are well-defined and
which are not physical, when there is no global symmetry.

B. Topologically distinct types of g defects

In the previous section, we provided an example of how
to modify the Hamiltonian to realize g defects. However, it is
not necessarily the case that there is a unique type of g defect
that may be physically realized in a given topological phase.
In principle, a topological phase may support multiple types
of g defects that cannot be transformed into one another by
the application of a local operator. In these cases, there would
be topologically distinct types of g defects.

As a simple example, we may consider a Hamiltonian
which makes it locally preferable for a quasiparticle with
topological charge b to be bound to the g defect. Under certain
circumstances, this composite object might correspond to a
topologically distinct type of g defect as compared to the
original one. Indeed, as we will explain in the next section,
two topologically distinct types of g defects can always be
obtained from each other by fusion with a quasiparticle car-
rying an appropriate value of topological charge. This can
be understood intuitively, since topologically distinct types
of g defects can only differ by topological properties of the
topological phase that can be pointlike localized at the defect
(endpoint of a g-branch line). While there is no preference be-
tween topologically distinct g defects when considered in the
topological context, it will generically be the case that there
will be an energetic preference between distinct g defects,
as they will have different energy costs for a given physical
realization.

10This requires a detailed understanding of gapped line defects; see,
e.g., Refs. [5,15].
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FIG. 6. A g defect can possibly be altered into a topologically
distinct type of g defect by fusing it with a quasiparticle carrying
nontrivial topological charge b € C. Whether the original g defect
and the b-g composite object are topologically distinct depends on
whether there is some topological charge e € C, whose Wilson loop
around the defects can distinguish them. Such a topological charge
e must be g-invariant, pg(e) = e, otherwise its Wilson loop could
not close upon itself after crossing the g defect branch line. Trying
to close the loop would necessarily result in a quasiparticle when

pgle) # e.

If two g defects are topologically distinct, then there must
be a topological process that can distinguish them. This pro-
cess corresponds to the Wilson loop operator W, associated
with a pg-invariant topological charge e encircling the g
defect, as shown schematically in Fig. 6. Different possible
eigenvalues of W, can be used to distinguish topologically
distinct types of defects. In fact, we will later show that
this statement can be made more precise. In particular, for
a modular theory C, we will show that one can write a
linear combinations of such Wilson loop operators which
acts as orthogonal projectors on the enclosed area onto each
topologically distinct type of g defect. (We will also show
that the number of topologically distinct types of g defects
is equal to the number of pg invariant topological charges in
the original topological phase C.)

In order to refer to topologically distinct types of g defects,
we must use a more refined labeling system than simply as-
signing them the group element g. We give each topologically
distinct type of defect its own label a, which, in accord with
prior terminology, we call topological charge. We write the
set of topological charges corresponding to distinct types of g
defects as Cg. We will often use the notation ag as a shorthand
to indicate that a € C;. We emphasize that this does not mean
ag is a composite object formed by a g defect and a topological
charge a € C from the original topological phase. In this
notation, the topological charge set labeled by the identity
group element 0 is equal to the original set of topological
charges of the topological phase, i.e., Co = C. We write the
set of all topological charges as Cg.

VI. ALGEBRAIC THEORY OF DEFECTS

We now wish to develop a mathematical description of
the topological properties, such as fusion and braiding, of
g defects in a topological phase C with global on-site sym-
metry G, that generalizes (and includes) the UBTC theory
used to describe (deconfined) quasiparticle excitations of the
topological phase. The proper mathematical description of
such defects is known as a G-crossed braided tensor category
[79,82]. In this section, we present the G-crossed theory,
starting with G-graded fusion and then introducing G-crossed
braiding. We derive the consistency conditions and a number
of important properties for such theories. In Appendix D, we

provide a concise presentation of G-crossed categories more
properly using the abstract formalism of category theory.

A. G-graded fusion

It is clear that combining a g defect with an h defect should
yield a gh defect. Hence, the fusion of defects must respect
the group multiplication structure of G, leading to the notion
of G-graded fusion.

A fusion category Cg is G-graded if it can be written as

Co =P

geG

(240)

In particular, this means each topological charge a € Cg is
assigned a unique group element g € G and corresponding
charge subset Cq to which it belongs, such that fusion respects
the group multiplication of G, i.e., if a € Cg and b € Cy, then
N, can only be nonzero if ¢ € Cgp.

We recall the shorthand notation ag used to indicate that
a € Cq. With this, we can write the fusion rules [of Eq. (3)] as

ag x by =Y Noe= Y Noye=Y Nicen.

ceCq c€Cqn c

(241)

All the properties and constraints of fusion categories from
Sec. IT A carry over directly to G-graded fusion categories.
Clearly, the vacuum charge 0 € Cy, where we write the iden-
tity element of the group G as 0. It should be clear that Cy
is itself a fusion category, since it is closed under fusion.
As such, we consider a G-graded category Cg to be a “G
extension” of its subcategory Cy.

The unique charge conjugate of a topological charge ag is
denoted @g € Cy-1. Since @y is the unique topological charge
with which ag can fuse into vacuum, i.e., Naogbh = Sazby it fol-
lows that for any two distinct topological charges ag, cg € Cq,
there must exist some nontrivial topological charges by, by €
Cy such that ¢, is one of the fusion outcomes obtained from

fusing ag with by or fusing by with dg, i.e., N5, =N, #0
and lefag = Ncbg"@ # 0. Physically, this means that different
types of g defects in (a G extension of) a topological phase
described by Cy can indeed be obtained from each other by
fusing quasiparticles, which carry topological charges in Cy,
with the g defects.!!

As before, the quantum dimensions (which are defined in
the same way) obey the relation

daydp, =Y " Ny, (242)

We define the (total) quantum dimension of C, to be
Dy= [Y d2.
aeCy

! After introducing G-crossed braiding in the next section, we will
see that the same charge by can always be used for either left or right
fusion with a, to obtain ¢, i.e., there exists some by such that N;:bo =

(243)

by by

— — NCE
N@Cg - Nfg@ - Nboag # 0.
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Using Eq. (242) and the fact that N;, = N7, we see, by
picking some arbitrary b € Cy, that
2 2 —1p7¢
D} = Z 42 = Z daydy, ' Niyde,
aeCy aeCy
ceCy
—1 2 2
= Y d'd Nidoy =) d> =D;  (244)
aeCy ceCq
ceCy

for any g € G with nonempty Cy # . In particular, the quan-
tum dimension of every nonempty Cj is

D, =Dy = |H| "2 Dy, (245)

where D¢, is the total quantum dimension of C and we define
the subgroup

H={heG |G #0}<G. (246)

That H forms a subgroup of G follows from the fact that
Cq, Cn # ¥ implies that Cg # ¥, together with the existence
of a vacuum charge and charge conjugates.

In this paper, we will focus our attention to faithfully G-
graded categories, i.e., those with H = G, so that there is no
g € G with Cg = ¢. In other words, we study the full defect
theory associated with all group elements g € G. We note that
one could instead choose to study the defect theory associated
with a subgroup H < G. In this case, one can leave C, for g ¢
H empty and then study the resulting nonfaithfully G-graded
category. Such a nonfaithfully G-graded category would just
be a faithfully H-graded category, with the empty sets Cq for
g ¢ H included formally. This is only nontrivial once we also
include the symmetry action of such g ¢ H.

B. G-crossed braiding

We can consider a continuous family of Hamiltonians H (1)
of the physical system containing defects (possibly including
quasiparticles, which we consider to be 0 defects), where the
locations of the defects and their corresponding branch lines
are changed adiabatically as a function of the parameter A.
This allows us to implement physical operations that exchange
the positions of defects.

With this in mind, we wish to define a notion of braiding
of defects, called “G-crossed braiding,” that includes group
action and which is compatible with a G-graded fusion cate-
gory Cg. We denote such a G-crossed braided tensor category
as C . This requires some modification of the usual definition
of braiding. In fact, when G is a non-Abelian group, fusion in
a G-graded fusion category is not commutative, so the usual
notion of braiding cannot even be applied. In particular, there
must be a group action when the positions of objects (carrying
nontrivial group elements) are exchanged. (Of course, the
usual definition of braiding still applies within the subcategory
Co, which is a BTC.)

As the mathematical formalism is developed, it will be-
come clear that one can also physically implement braiding
transformations for non-Abelian defects by using topological
charge measurements and/or tunable interactions, follow-
ing the “measurement-only” methods of Refs. [128-130].
As these methods remove the need to physically move the

(® , (b) | . (c) .
P A
8! ih i ',’;:::::::‘ ‘:,::::::::‘
Y Y 2 gh! ‘g
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FIG. 7. (a) Each symmetry defect is labeled by a topological
charge and has a corresponding defect branch line emanating from it
characterized by a symmetry group element. Here we show a g defect
with charge a and an h defect with charge b, and their corresponding
branch lines in a 2D system. (b) As a g defect is braided with an
h defect in the counterclockwise sense, one can imagine deforming
the corresponding branch lines, so that no objects cross them. (c) In
order to return to the original configuration of branch lines, one must
pass the g branch line across the h defect and its branch line. As the
h defect of topological charge b passes through the g branch line, the
topological charge b is transformed to pg(b) and the h branch line is
transformed into a #h = ghg™! branch line. This corresponds to the
G-crossed braiding operator R*”, as defined in Eq. (247).

defects, they may provide a more preferable physical im-
plementation of braiding transformations, depending on the
details of the physical system.

When the objects carry nontrivial group elements, they
are considered symmetry defects, which one can think of
as having a branch cut line emanating from the otherwise
pointlike object. These branch cuts are oriented and are
labeled by the group element of the object at which they
terminate, so that taking an object through a g branch in the
counterclockwise sense around the branch point at the corre-
sponding g defect gives g action on that object, as shown in
Fig. 7. This process can be depicted in the three-dimensional
space-time as shown in Fig. 8. In order to describe this using
diagrammatics, we choose the convention where the branch
lines, which form worldsheets that end on the worldlines of
the defects, go into the page, and then we leave the branch
line worldsheets implicit in the diagrammatics. This does not
impose any restriction on how the defect branch lines must be
physically configured in the actual system. Rather, it is merely
a bookkeeping tool that allows us to consistently keep track

8hy,

Ug bh

FIG. 8. Defect branch lines form worldsheets in space-time. A
local portion of the worldsheet diagram is shown for the G-crossed
braiding of defects described in Fig. 7.

115147-32



SYMMETRY FRACTIONALIZATION, DEFECTS, AND ...

PHYSICAL REVIEW B 100, 115147 (2019)

of the effects of the branch lines in the diagrammatics, while
only drawing the worldlines of the defects and not the branch
line worldsheets. With this convention, a g-defect worldline
applies group action on objects when it crosses over their
worldlines. In particular, we define G-crossed braiding by

ag bn

R(Lgbh

ag bn

§ agbh Cgh v
dadp db Cgh I3 - ’

L,V
&l bn Qg

(247)

where the R symbols for a G-crossed theory are the maps
by" b L

Rf}’ : ch'; % Vc‘g " that result from exchanging (in a coun-

terclockwise manner) two objects of charges by and "ay,

respectively, which are in the charge cgn fusion channel. We
recall that

&bn = pg(bn), (248)
g=g (249)
®h = ghg™! (250)

in the shorthand notation introduced in Sec. IIIB for the
symmetry group action on topological charges.'?

The symmetry action [p] : G — Aut(Cy) on the original
theory must now be self-consistently extended to an action of
the symmetry group

[p]: G — Aut(C%) 251)

that is incorporated within the structure of the extended theory.
Notice, for example, that compatibility with the G-graded
fusion rules required that 8by € Cgpe-1, i.€.,

Pg 1 Ch —> Capg1. (252)

More generally, compatibility with the fusion algebra requires

NG = N — N (253)

aghh gbhag bhhag :

'2Had we allowed the G-crossed braiding action to depend on
the topological charge value, rather than only depending on the
corresponding group element, i.e., if we replaced p, with a more
general map p,,, compatibility with fusion would require that p,, o
Pb, = Pey, Whenever Ny, 7 0. Combining this property with an
axiom that py, act trivially on all topological charges for all by € C,,
i.e., oy, (e) = e for any e € C;, would lead back to p,, = py being
independent of the particular topological charge a within C,. In
particular, for any two distinct charges ay # ¢, in Cg, there is always
some by € Cy with N, # 0, and hence pu, = pa, © P1y = pc,- This
axiom is physically natural, because the topological charges in Cyp
correspond to quasiparticles, which are truly pointlike localized (they
do not have defect branch cut lines) and hence should be unable to
alter operators or topological charges localized in a distant region,
unless it enters that region.

From this, together with the properties of charge conjugates, it
follows that Nl? by = Ngobh ag = 8p,a,> and hence any topological
charge in Cq will be invariant under the action of the corre-

sponding g, i.e.,

Bag = gnag = ag, (254)

foralln € Z.

For some theories (this may occur also in FTCs or BTCs),
it may be possible for a topological charge ag to remain
unchanged after fusion/splitting with another nontrivial topo—
logical charge by. In particular, this occurs when N a”bo =
Nba:a # 0. In this case, by quasiparticles can be absorbed
or emitted at the ag defect without changing the localized
topological charge or localization energy of the defect. As
such, we say that defects (or quasiparticles) that carry charge
ag localize a “by zero mode.” It is clear from

N% — N% — N — by __ a7 — N%
agby aghy boag agdyg aghy 8byag

(255)

that if a4 localizes a by zero mode, then: (1) ag also localizes
a by zero mode, (2) ag and ag localize bo zero modes and also
zero modes associated with the entire g-orbit of charges & b,
and (3) by is one of the fusion channels of ag with its conjugate
@y, as is by and £'by.

The G-crossed R symbols can equivalently be written in
terms of the relation

ag bn

so=2lm], Y

Cgh

(256)

Similarly, the clockwise G-crossed braiding exchange op-
erator is

bh hag
(Roen) " = x
ag bn
bn P g
_ agbh Cgh v
- z : Cgh m
c,pu,v 214
ag bh

(257)

In order for G-crossed braiding to be compatible with
fusion, we again wish to have the ability to slide lines over
or under fusion vertices. However, we may no longer assume
that such operations are completely trivial, since one must at
least account for the group action on a vertex. The appropriate
relations are given by the unitary transformations

ag bn ag bn

(258)
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e
"Bl

We have used the same notation [Ux(a, b; c)],,, and n,(g, h)
that we previously introduced for the global symmetry action
on the topological degrees of freedom in Sec. III B and the
fractionalized (projective) local symmetry action in Sec. IV B,
because, as we will see, these are precisely the same quantities
extended to the entire G-crossed theory. Intuitively, it should
be clear why this is the case, since an ag line in the G-
crossed braided diagrammatics has an implicit g branch sheet
extending from behind it, which applies a g action to any
object passing through it, i.e., everything that the a4 line
passes over. Hence, sliding an xx line over a vertex, as in
Eq. (258), passes the vertex through the k branch sheet, and
should result in the k action on that vertex. Similarly, passing
a|ag, by; cgn, ) vertex over an xi line, as in Eq. (259), should
capture the local projective relation of equating gh action on
charge x with successively applied g and h actions on charge
x, as the vertex indicates where the gh-branch sheet splits into
a g-branch sheet and an h-branch sheet. The validity of this
claim will be established through the following consistency
arguments and conditions. The quantity [Uk(a, b; ¢)],,, here
corresponds to a specific choice of p € [p], and we will see
that the relation between choices within a symmetry action
equivalence class (related by natural isomorphisms) will take
the form of a gauge transformation in this theory.

We begin by arguing that the factors in these expressions
must have the given dependence on the various topological
and group quantities. In particular, in Eq. (258), we see that
the nontrivial interaction is between the k-branch line and
the vertex, hence there may be dependence on k, but not the
specific topological charge x € Cx, and the transformation on
the fusion state space may be nontrivial, so it may depend on
all the vertex labels. For Eq. (259), we see that the nontrivial
interaction is between the g, h, and gh branch lines and the
topological charge x, so this expression may depend on g and
h, but should not depend on the specific topological charge
values a, b, or ¢, nor should it have any effect within the fusion
state space of the fusion vertex.

Sliding a line over a vertex, as in Eq. (258) is a unitary
transformation between V;C“kb and V4, as specified by the
unitary operators Ux(a, b; c¢). This requires the dimensionality
of the fusion spaces to be preserved under the corresponding
symmetry action, giving

k
N.& =N
kagkbh agbh

(260)

for any k acting on a vertex. It follows that the quantum
dimensions are also invariant

dg, = dxq,- (261)
Clearly, if the sliding line has vacuum charge xx = 0, the

sliding transformations should be trivial, so

[Uﬂ(a7 b, C)]p,v = 81“1, (262)

no(g, h) = 1. (263)

We require that the sliding rules are compatible with the
property that vacuum lines can be freely added or removed
from a diagram, i.e., sliding over/under a vertex |a, b; ¢) with
a=0 or b =0 should be trivial, since it is equivalent to
simply sliding over a line. This imposes the conditions

Uk(0, 0;0) = Uk(a, 0;a) = Uk(0,b;0) = 1,  (264)

1x(0,0) = (g, 0) = 7,(0,h) = 1. (265)

Combining Eqgs. (258) and (259) with trivial braidings,

al |6 a\ )b
<>,
(

we see that sliding lines over or under vertices with the
opposite braiding are given by

such as

(266)

Compatibility of the sliding moves with the inner product
Eq. (7) is obtained by sliding a line over a bubble diagram, as
in Eq. (7). In this way, we obtain the corresponding relations
for sliding over fusion (rather than splitting) vertices

% = 3 Uk (a b)),
’ig Kb, ’

k

ag  *by
(270)

A similar calculation gives the relations for sliding lines under
fusion vertices
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Tx W

Cgh Gg by Tk N
g Tx W “kl ngh
\\K %

R

FIG. 9. The G-crossed symmetry action consistency equation provides consistency between the sliding moves, which implement the U
and 7 transformations associated with the global and fractionalized (local projective) symmetry action. Equation (274) is obtained by imposing

the condition that the above diagram commutes.

ag bn ag

Consistency of the sliding moves with each other can be
achieved by equating the two different sequences of sliding
moving shown in Fig. 9, which yields the relation

(k. Dna(k, 1) Y [UFa, *b: %) [Uk(a, bi o)
A

= [Ukl(a, b; C)]/J.vr’c(ks l) (273)

If we define ki1 = pp; oy and ki ldg, bn; Can, 1) =
ZU [kk.1(a, b; c)]lw|ag, bn; cgn, V), we see that this condition
can be rewritten as the symmetry action consistency equation

[kwa(@, b; )y = Y _[Uk(@, b;.0) e
a.p

< [Ui(%a, %b; ¥ ) NupU(a, b; ¢)lpy

= > [k (%a, " ¥e)]

al B fout v

aa’

= Z [ngc](e,aﬁ)(f’uﬂ,) [Ux (kb> kC% kf)] ! [Ux (ka’ ka kd)] o

Fov,p v

[Us (¥, e; *d)]

1, Dk, 1)
ne(k, 1)
Using this condition to decompose Ugm(a, b;c) in the

two equivalent ways related by associativity, one obtains the
following consistency condition on the ky

Suv- (274)

Kl,m(l_(a7 Kp, RC)Kk.lm(a, b;c) = kx1(a, b; ¢)kiam(a, b;c).
(275)

Thus we see that sliding an xx line over a vertex or operator
can indeed be thought of as implementing the G-crossed ex-
tension of the symmetry action px, with Ux(a, b; ¢) playing the
same role as in Sec. III B. Similarly, sliding an xy line under a
|ag, bn; Cgn, 4} vertex can be thought of as implementing the
G-crossed extension of the projective phases 7,(g, h) relating
the local symmetry action of g and h to gh.

We continue expounding the relation of the sliding moves
to the symmetry action by next requiring consistency between
the sliding moves and the ' moves. Sliding a line over a fusion
tree before or after application of an F move gives

k_ ki k
) F.a b*c
L R PO

(276)
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which yields the consistency condition

kak kC — —
Y [UEa, b ) aa Uk (e, s *d)pp [Fef ™ e gy e [0 B K K U, K3 5d) ™
a’,ﬂ’,u’u/
_ abc
- [Fd ](e,a,ﬂ)(f,ltw)' 277)
This condition is the statement of invariance of the F' symbols (of the G-crossed theory) under the symmetry action.
Similarly, sliding a line under a fusion tree before or after application of an F' move gives
ag bn ek
— abc
= Nz (g, h) n. (gh, k) Z [Fd ](e,a,ﬁ)(f,u,u)
Iy
_ abc _
= D [FY a1 gy o (0192 (g1
fouv (278)
which yields the consistency condition
1ex (h, K)n, (g, hK) = 7.(g, h)n.(gh, k). (279)

This is the statement of fractionalization being consistent in the G-crossed theory. Recall from Sec. IV that this relation translates
into the condition that the obstruction to fractionalization vanishes, so here we see a direct way in which a nontrivial obstruction
would make it impossible to consistently extend the original theory Cy to a G-crossed theory C.

Sliding a line under a G-crossed braiding operation gives the G-crossed Yang-Baxter equation

k k

k . k .
ag bh Tk g bh Tk

/
\\ Ny (Khk, k) \

}\ / \_\

Tk bn  Pag rx bn  Pag

Here, we slid the a line under the R braiding operator and obtained the 7, factors by expanding the R”* braiding operator in
terms of fusion and splitting vertices.

Alternatively, we can obtain a similar relation by sliding the x line over the R* braiding operator. In this case, there will be
symmetry action applied to the braiding operation, so we must explicitly expand it, giving

k k

ag kbh Tk Qg kbh Tk
\ |
/ dC ab
\\ = Z dadb [RC };,w
C, [,V

Tk bn Pag

Z dd; [Uk (kb7 k]ﬂa; kc)—l] [R
atb

'
[SYTRNTUN 7 o
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h hgc

a b\ c a b\ c a b bEe a b
/ /
F F
b ¢ b ¢ hg hg,.
a\ \ ‘ d d ! ‘ ¢ /b/g(" d d a b e
p 9 p (i
D YA (1\[( c a b c a b ¢ s Y
v \/
kf f
d d d

9
Y r a b;gc a b bEe a b bec B D
\ k n / Rfl /
f f
d d d

FIG. 10. The G-crossed Heptagon equations provide consistency conditions between G-crossed braiding, fusion, and sliding moves.
Equations (286) and (287) are obtained by imposing the conditions that the above diagrams commute.

Comparing this relation with the G-crossed Yang-Baxter equation by expanding the R® braiding operator in Eq. (280),
we obtain the consistency condition between braiding and sliding moves

1k, (khk, k)

> [U*b, P az k)], [RE] L WUk Fa, *b ey = [R] . (282)
Mk, h) 2 o w
This is the G-crossed generalization of the statement that the R symbols are invariant under the symmetry action. Notice the
presence of the n factors, as compared to Eq. (88), to which this expression reduces when a, b, ¢ € Cy.

We reemphasize the fact that imposing consistency on the sliding moves has resulted in consistency conditions that precisely
replicate the symmetry action constraints and properties described in Secs. III and IV, and extend them from acting on the Cy
theory to its G-crossed extensions. This justifies our use of the same symbols [Uk(a, b; )], and 1,(g, h) for the transformations
associated with the sliding moves.

We note, for future use, that sliding a line under and another line over a vertex gives the relation

nec(k, khk) n.(gh, k) n.(k, kgk)
nex(h, k) nc(k, kghk) n.(g, k)

mo (Mg, *h) = nx(g, h) (283)

for how 1,(g, h) transforms under k action. This can be obtained from
Kag b Kag b

a b < k k. k \—1 ke
A pX = (g h) [Ur (Ra, ¥b; Ke B 284
Y 7z (8.h) [Ug ( ) ],w n. (k, kghk) N (284)
Kag “bn
Ney (hk) 1 (g k) P g /
- = = = = Uk ) ba T « 7kh “can
e Gl 7 (org (RC® AT e (e ) > (28

where the two lines in this expression correspond to the two orders in which one can slide the x and y lines.

Finally, we require consistency between G-crossed braiding and fusion, as well as the sliding moves, so that any two sequences
of moves that start from the same configuration and end in the same configuration must be equivalent. This is achieved by
imposing the following G-crossed Heptagon equations, which are analogous to the Hexagon equations of BTCs, a diagrammatic
representation of which is shown in Fig. 10. The Heptagon equation for counterclockwise braiding exchanges is

AZ [RZC]‘“ [F;Ckb](f»k,ﬁ)(g%w[RZC]W - f ; 4 [F;kukb](eﬂa,ﬁ)('_‘f,&a)[Uk(a’ b: f)lsn [leicc]aw[F;bc](f,n,w(gqu,v}’ (286)
8% f.o.8.m,
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in which we left the group labels for ag, by, Ck, dghk, €gk, fgn, and gpi implicit. Similarly, the Heptagon equation for clockwise

braiding exchanges is

-1 8 3 -1
Z [(RZ“) ]ak [FjLCh](e,A,ﬁ)(g,y,v)[(RZCb) ]]//L =

Ay f.o.8.¢

in which we left the group labels for ag, by, ck, dign, €kgs
fen, and gaken implicit (the differences being due to how the
group action enters braiding in the counterclockwise versus
clockwise braiding operators).

Given the trivial associativity of the vacuum charge 0
(F ;‘bc = 1 when a, b, or ¢ = 0), the Heptagon equations imply
that braiding with the vacuum is trivial, i.e., RZO = RS“ =
(R‘a‘o)_1 = (Rg“)_l = 1 for any value of a € Cg. If we further
require unitarity of the theory, then (R )_1 = (R )T, which
can be expressed in terms of R symbols as [(be)_l]lw =

*
R,

C. Gauge transformations

The basic data given by N¢, Fi*, R%, p [which in-
cludes Uk(a, b; c)], and n,(g, h) that satisfy the consistency
conditions described in the previous sections define a G-
crossed braided tensor category, which we can consider to
be a generalized anyon and defect model. There is, however,
some redundancy between different collections of basic data
due to gauge freedom, similar to the case of BTCs. Thus we
again wish to characterize theories as equivalent when they
are related by gauge transformations. For G-crossed BTCs, it
is useful to separate gauge transformations into two classes.

The first type of gauge transformation is familiar from
BTCs. In particular, these gauge transformations derive from
the redundancy of redefining the fusion/splitting vertex basis
states

abiep) =Y [Te],las bye, 1),

w

(288)

where I'®? is a unitary transformation. Such gauge transfor-
mations modify the F symbols in precisely the same way
we have previously seen in Eq. (51). The transformation of
G-crossed R symbols is slightly modified from that of BTCs
to accommodate the symmetry actions that are incorporated
in braiding, and is given by

[ﬁg::}h]p_v = Z [Ffﬂa]mﬂ [Rgggfh]u’v’[(rgb)_l]v/v'

W'

(289)

The symmetry action transformation become

[Dita, b5 = 3 [T6],, Uk, b5 ) [(T) '],

W'

(290)

These gauge transformations leave 7,(g, h) = n.(g, h) un-
changed, and consequently Ky n = kg h is also unchanged.
The second type of gauge transformation is derived from
the equivalence of symmetry actions by natural isomorphisms,
i.e., pg = Ygpg, which we discussed in Secs. III and IV. In

1 hg
Z [de}]](e,a,ﬁ)(fﬁ,d)n"(g’ h)[(RZf) ]m// [F;bhgc](f,&l//)(gsﬂ,V)’

(287)

(

particular, these gauge transformations enact the following
modifications of the basic data

r=abc _ abe
[Fd ](e,a,ﬂ)(f,u.u) - [Fd ](G,Cl,ﬂ)(f,p,,u)’ (291)
[Re] = vam[RE] . (292)

. Ya(K)Yp(K)
biOy = ———~— b0, 293
[Uk(a, b; )] o k@ b, 293)

. vx(gh)
X( 1h) _— X( 7h)’ (294)

T I Rk

which leave the F' symbols unchanged, since the symmetry
action is incorporated through braiding. [The symmetry action
on topological charge labels is unchanged pg(a) = pg(a).]
Thus theories with different choices of p € [p] are equivalent
under this type of gauge transformation.

We refer to these two types of gauge transformations
as vertex basis gauge transformations and symmetry action
gauge transformations, respectively. It is straightforward to
check that all the consistency conditions are left invariant
under both types of gauge transformations.

As before, one must be careful not to use the gauge free-
dom associated with the canonical gauge choices associated
with making fusion, braiding, and sliding with the vacuum
trivial, and respecting the canonical isomorphisms that allow
one to freely add and remove vacuum lines. In particular, one
must fix FZO = ng = Fgo, as in the case of BTCs, and also

fix yo(h) = y.(0) = 1.

D. G-crossed invariants, twists, and S matrix

It is useful to consider quantities of a G-crossed theory
that are invariant under gauge transformations, as we did for
BTCs. (In this section, we will discuss invariants that are
straightforward to obtain in the G-crossed theory, e.g., using
diagrammatics, but we will later see that another class of
invariants can be constructed by gauging the symmetry of the
theory.) Clearly, invariants derived from fusion and F' symbols
alone are the same in both BTCs and G-crossed BTCs, since
the new symmetry action gauge transformations do not affect
the F symbols. In particular, the quantum dimensions d, =
d; = dx, are invariants.

Equation (277) with e = f = 0 yields the relation

k k-k
g Bl ) Uk(a,*a;0)

% [Fe]y, o Uk(akas0)’

(295)

When a = a, the Frobenius-Shur indicator ¢, = +1 is a
gauge invariant quantity and it follows from Eq. (295) that
2, = »,. (We recall that, more generally, s, = s 1.) When
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ka = a is k-invariant, it follows from Eq. (295) that

Uk(a, a;0) = Uk(a, a;0). (296)

On the other hand, we must be more careful when trying
to carry over gauge invariant quantities that are derived from
braiding operations, such as the twist factors and S matrix, as
these may no longer be gauge invariant in a G-crossed theory.
Consequently, we will examine these in more detail.

The topological twists are defined the same way as before
by taking the quantum trace of a counterclockwise braid of a
topological charge with itself

d'l aa
=> o B @
cp

a

We immediately see that 6,, is always invariant under the
vertex basis gauge transformations, but is only invariant under
the symmetry action gauge transformations if g = 0, since

v

Bag = Vay (8)0a,.- (298)

This corroborates the interpretation of topological charges
ag with g # 0 as describing extrinsic defects, for which one
should not expect invariant braiding or exchange statistics
in the usual sense, since they are not true quasiparticles
(deconfined topological excitations) of the system. We will
examine this matter in more detail.

We can immediately notice that

2 [RE )
ZM' [R?’a]u’p,’
is gauge invariant under both types of gauge transformations.

Using Eq. (280) with the definition of the twist, we find the
general relation between 6, and 6k, is

(299)

o nkag (kgl_(, k)

ag—

g, (K, kgk)

e, = o, . (300)
r)kag (k’ g) ’ Nay (gv k) ¢

When ¥a = 4, it follows that
N4, (8, K) = 14, (K, g). (301)

We also note that Eq. (279) gives n«, (k, k) = 1, (k, k) for any
x and Kk, so we also have

Nay (K, K) = 14, (k, k) (302)

when ¥a = a.

Cgh
Cgh

ag by

Y

The definition of topological twists can also be written in
the form

Qg Qg ag

Og Og ag
as is the case with BTCs. It is clear that the inverse topological
twists are similarly obtained from clockwise braidings

(303)

Qg Qg Qg

b

ag Qg ag

(304)

For unitary theories, it is straightforward to see that 6 = o,
and hence the topological twist factors must be phases.

Unlike a BTG, it is not necessarily the case that 6,, and
0z are equal in a G-crossed BTC. In particular, we find the
relations

u, = Un(@g. g 0) iy (8. £)0s5. (305)
and
— gl —1
Ou, = Ug(ag, ag; 0)s2,, (R ™) (306)
——1 - dglg\ —1
= Tla, (8, B) ' 5, (RGF™) (307)
from the following diagrammatic manipulations:
= Ug(ag,ag;0) Yag (308)
ag
= Ug(ag, ag; 0)naz (8, 8)
ag
(309)

We can now derive the G-crossed generalization of the
ribbon property by using the following diagrammatic relations

ag bn

=0c Y [Ugn(a,b50)], \Yj

v
Cgh

(310)
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= Buna(e, W)m(h Bgh) 3 [Rin o] [Reg] Y

v,

Notice that the first and second lines are related using the
pivotal property and we used the Yang-Baxter relation and the
fact that lines can slide freely under a twist. This yields
the G-crossed ribbon property

hg a 96 [U h(a’ b;C)] v
RI] [REM], = e DD
ZA:[ o R 6a0b 114(g, )15 (h, Bg)

(312)

Clearly, the operator Rabn RI"ax g not gauge invariant,
unless g = h = 0. However, when hag = ag and by, = by, the
quantities

4 b
ZM,V [RC::g]uv[Rz:hh]vu _ 90 Z/l, [Ugh(a’ b; C)]p.;/.
bna, agbi - .
Z/L’,v’ [Rczh g]u’v’ [Rczhh]v’u’ O ZM’[Ugh (a, b; C/)]“/W
(313)

are invariant under both types of gauge transformations.
More generally, when ¥ag = ag and ¥by, = by for k =
(gh)", the quantities

2n\dgbn
E:“’(EZ %:;]”“ (314)
X [®E ],

are invariant under both types of gauge transformations
(where the notation R?" indicates the operator for 2n succes-
sive counter-clockwise exchanges).

Once again, we define the topological S matrix by

1
o 1 ba ab
_D_O ‘I:RC :I;u/[ C}uu

1 5 0. [Ugn(a,b;c)],,
Do “020 na (g, )y (h, g)°

[

(315)

We emphasize that, when a € Cg and b € Cp, the S matrix
is only well-defined if "a = a and #b = b, and consequently
gh = hg. Otherwise, the topological charge values would
change in the braiding and one would not be able to close
the lines back upon themselves. We note that we have used
Dy = Dy, the total quantum dimension of each subsector Cy,

ag by
|~
\ 0
= 14(g, h)ns(h, hgh)

Cgh

ag bn

Con 311)

(

rather than the total quantum dimension D¢, = |G| %Do of the
entire G-crossed theory C for reasons that will be made clear
later.

The elements of the S matrix do not obey all the same
relations as that of a BTC, nor are they gauge invariant, unless
g =h =0, or unless either a =0 or » =0 (in which case
Sap = dadp/Dy), since

Saghy = Ya(M)yp(8)Sayp, - (316)
Nonetheless, the S matrix will be an important quantity that
again plays an important role in defining the system and
modular transformations on higher genus surfaces, so we will
examine its properties in detail.

We first note that

(K, h)neg, (K, g)
ez (khk, K)n, (kgk, k)

Seagkin = Sughs (317)

which follows from the definition and Eq. (280). It follows
that, when ¥a, = "ay = ag and ¥by, = 8by, = by, we have

na(k, n,(k, g) 1

— = (318)
na(h, K)n,(8, K)
It is straightforward to see that
. 1
Sastn = Dy ak b (319)

for a unitary theory. It also follows immediately from the
definition (and the cyclic property of the trace) that

Sagbh =S5

I (320)
While these S matrix relations are the same as for UBTCs, we
must be more careful with properties obtained by deforming
lines, because of the nontrivial sliding rules of a G-crossed
theory.

When hag = ag and 8by, = by, (and hence gh = hg), so that
the corresponding S matrix element is well-defined, we have

115147-40



SYMMETRY FRACTIONALIZATION, DEFECTS, AND ...

PHYSICAL REVIEW B 100, 115147 (2019)

the loop-removal relation

(321)

bh bh
Sob ’

which can be verified by closing the b line upon itself in
this expression. In fact, if either "ag # ag or by # by, then
left-hand side of the equation evaluates to zero, so, for these
purposes, we can consider S, = 0 when it is not well-defined.

In writing this relation, we must be more careful than in
a BTC to indicate clearly where the lines are drawn with
respect to vertices, including local minima and maxima (cups
and caps). Recall that the minima/maxima of the cups/caps
correspond to splitting/fusion vertices, respectively, between
a topological charge, its conjugate, and the vacuum. Therefore

J

bn

|

in which we used Egs. (280) and (301).

bn
Qg
(CD-
u —

we see that
bh bh
Q _ Un(e.3:0) Q (322)
(g §)

g | |ag

Since one can equivalently take the trace of Eq. (322) by
closing the b line on itself into a loop to the left or right, it
leads to the relation

Un(a, a;0) _,
ny(g, 8) e

Combining Egs. (320) and (323) yields a relation between the
S matrix and its transpose

Un(a, @;0)n,(h, h)
Uy (b, b;0)n,(g, 8)

Another useful relation allows us to flip the tilt of a loop
encircling another line, as follows
g

P
g

(323)

agbh -

Shucg- (324)

agbh -

(325)

An important diagrammatic relation, which is the precursor of the G-crossed Verlinde formula, is obtained by putting two
loops on a line and using a partition of identity to relate it to a single loop on the line

[NTRZ

Combining Egs. (326) and (321), we find that when kag =
ag, ¥bp = by, and &xx ="xx = x, we have the important
relation

Sagxk Sbhxk _ Z [Uk(l;s a, E)]uu SCghxk (327)
SOxk SOxk k nx(h, g) SOXk
CghECgh,/L
We can similarly obtain
Sxkag Sxkbh _ Z [Uf((a, b; C)]p,u SXkCgh (328)
SxkO SxkO Tlx(g, h) SxkO
Ceh ngh m
If we take x € Cy, these expressions become
Sa Xi Sb X = _ c
0 (0, 8) = > NG Sepn- (329)
S()xo Ch
Sroa. Sy,
ST (g ) = Y NS (330)

Sxo() Ceh

Z / Uk b a C uv
dadb 77x h g

(

which show that one may think of S,,,/Sox, (01, equivalently,
Sxaq/Sx0) @s projective characters of the extended (noncom-
mutative) Verlinde algebra.

We will now establish several interesting relations that we
will find particularly useful for the discussion of modularity.
We first define

=—Zd€

CECO

(331

to be the normalized Gauss sum of the Cy BTC. Then, we have
the relation

Do@o

(g, 8)0s
bg bg

(332)

ZU aaO)

Qg

CT)
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In order to obtain this relation, we use the fact that when a, b € Cg, the S matrix takes the form
1 1 0,
N d.— 333
> NGde o (333)

Sa by = T = N N
a8, ), 8) Do
ceCy

and therefore obeys the property
dy0, 1 1 . dp®
3 Sy = > Ndudife = — (334)
o Us(@ a;0) (8. 8)0 Do ;~ (8, )0
which is established using Eqs. (242) and (305).
The next relation (which holds even when "a, # ag or 8by, # by) is
4,0, (g, P& - d,0, d, - 5
> nle i) C Ih o oy e [ g ey ) (oD
+ECan gh(:L, x; ) Zgn + * m’i,esgh gh(% Z; ) adb jng Zan hu
ag bn ag bn
Eag ngh
[ de h  hg DoBOo
- U_— h 5 hgb; _—— C, v
. hz; dody [ hg( a c)} uv Ne(gh, hg)o. & Iz
Cah I,V
ag bn
hag }Egbh
DoOo
= r= F = 5 : (335)
0a0sna(gh, hg)n,(gh, hg)n. (g, h)m (b, Pg) (
ag bh
which is obtained by using Eq. (332), the relation
kKK 7(K, k) 1
(Ui a, *b: )] = = —[Ux(a, ;)" 1, (336)
* T kKo (k, K) '
[which is the sliding move consistency Eq. (274) with 1 = k,] and the (inverse of the) the ribbon property given in Eq. (312).
Finally, when "ag = ag (which requires gh = hg), we have the relation
A gbh A gbh
Qg Qg
ds0:12 (g, h) Q _ dr0:12(g, ) Ug(,7;0) n:(8,8) ( b
2ECgn Ugh(iz'v €L O) Tgh 2€Cen Ugh(‘,zlv €5 O) Na (gh7 hg) Ugh(a’a a; O) Tgh
A A
bn

bn
Ebh
DoOons(8, &) Q
oo X (337)

 0.0,Un(a,a; 0)nq(gh, hg)m (gh, hg)n. (g, h)ny(h, g)

bn

To obtain these relations, we used Egs. (322) and (332) in both lines, though, in the second line, we first applied Eq. (335).
We emphasize that the individual diagrams in this equation evaluate to zero, unless "ag = ag, 8bp = by, and 8xgn = "xgh = Xgn.
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In particular, the sum here can be taken to be over xg, €
Cgl’jh = Cgy, N Cay,» the topological charges in Cgn that are both
g-invariant and h-invariant, where we define the invariant
topological charge subsets

= {a € Cy|"a = a}. (338)

Taking the trace of Eq. (337), i.e., closing the b line back
on itself (which requires by, = by), we finally obtain the
important relation

S, _
> na(g.h) agﬁmh, g0,

XECg].

nghhh = Sa hh
—==pu(h, hg)d, = Og————.
X T 50y I = 00 o)
In order to manipulate the trace of Eq. (337) into this form,
we have used Eqgs. (296), (301), and (324), together with the

relations

(339)

Un(a, a;0)
a k’l a k9l = = = y 340
na(K, Dna(k, 1) Un(a.2:0)Us(ka. 2:0) (340)
nec(g, )N, (8, gh) = 1,8, 8). (341)
nep(h, h@)n,(g, 8) = n,p(gh, hg)n,(g, h),  (342)

the first of which is the sliding move consistency Eq. (274)
with ¢ = 0, while the second and third are special cases of
Eq. (279).

We conclude this section by noting that a number of
additional G-crossed gauge invariant quantities will naturally
arise in the context of modular transformations of the G-
crossed theory and gauging the symmetry of theory. As these
quantities would be somewhat out of context and mysterious
here, we leave their discussion for the subsequent Secs. VII
and VIIL

VII. G-CROSSED MODULARITY

An important property of a topological phase of matter
is the ground-state degeneracy when the system inhabits
manifolds with different topologies. For a 2 4 1-dimensional
topological phase, the ground-state degeneracy will depend
on the genus g of the surface inhabited by the system and the
topological charge values of the quasiparticles (and bound-
aries) of the system. More generally, it is important that the
theory describing a topological phase is well-defined and
consistent for the system on arbitrary topologies. In other
words, the topological properties of the system are described
by a TQFT. In terms of the BTC theory, this is achieved by
requiring the theory to be a modular tensor category (MTC),
i.e., to have unitary S matrix. In this case, the S matrix and
T matrix provide a projective representation of the modular
transformations for the system on the torus. (More general
modular transformations for the system on a manifold of
arbitrary topology and quasiparticle content can similarly be
defined in terms of the MTC properties.)

We wish to establish a similar notion of modularity for
G-crossed BTCs, which allows one to relate the theory to a
G-crossed TQFT that describes the topological phase with
defects on arbitrary 2D surfaces. The G-crossed extended

defect theory Cj; admits a richer set of possibilities, as defect
branch lines can wrap the nontrivial cycles of surfaces with
genus g > 0, thus giving rise to “defect sectors.” For G-
crossed modularity, we will require that the set of g defect
topological charges Cq is finite for each g € G (though not
necessarily that G is finite or even discrete). Some special
cases of G-crossed modular transformations have been studied
recently in Refs. [131,132].

In this section, we will develop an understanding of the
defect sectors and their associated topological ground-state
degeneracies. We also establish the notion of G-crossed mod-
ularity and the corresponding modular transformations for
the system when it includes defect sectors. The topological
ground-state degeneracies of the defect sectors, together with
the G-crossed modular transformations, can provide valuable
information about the symmetry-enriched topological order.

A. G-crossed Verlinde formula and o, loops

Before considering the G-crossed theory and modular
transformations for a system on surfaces with genus g > 0,
we first investigate some properties that are closely related to
modularity, namely the Verlinde formula and w, loops. For
this, we begin with the minimal assumption that the original
theory Cy is a MTC, which is to say that its S matrix is unitary.
From this assumption and Egs. (329) and (330), we obtain the

formula
SauaSboxsSE
Nty = D Ry g ) (343)
XoECg 0)(0
S Sx .
=) T SwasSnSues, (o 5 (344)
.)CoECL

where the sums in these expressions are over the subset C§ of
g-invariant topological charges in Cy. (Actually, we could let
the sums go over the entire Cy if we consider the S matrices to
be equal to zero when 8x # x.)

Setting ¢ = 0 in these expressions and using Eqs. (320) and
(323), we obtain

aga Sagx() Sa X0 Sxoag SX()a
RY] EC X0 EC

Now, we can use Eq. (345) with Egs. (329) and (330) to
obtain the G-crossed Verlinde formula

Sagxo Sth() S*

(345)

Nih= D~ (346)
Oxo
)CoECg'h
Sxa be ch
= > S ngh), (347
h Sxo()
)(()EC‘%'

where CE" = C8 N Cl is the subset of topological charges in
Cy that are both g-invariant and h-invariant.

Moreover, we may use these properties to define w,, loops,
which are linear combinations of loops of topological charge
lines that act as topological charge projectors on the collection
of topological charge lines passing through them. [These
should not to be confused with the w,(g, h) phase factors
associated with symmetry fractionalization in Sec. IV, nor
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should w,, be confused with an element of Cg.] Similar to the
definition in a MTC, we can define the w,, loop enclosing a
single defect line for a G-crossed theory by

bg be be
d = Z SOH'gS:Ung :5<Lgbg ,

Wa z
g | To €C§ o |

(348)
where the first equality is a definition, and the last step used
Egs. (321) and (345) to show that act on g defects as projectors
that distinguish between the different topological charge val-
ues of g defects. Equation (348) establishes our previous claim
in Sec. V B that, when the original theory Cy is modular, there
are physical processes involving the g-invariant topological
charges in Cp which are able to distinguish between the
distinct types of g defects.

When an w,, loop (as previously defined) encloses multiple
defect lines, it is not quite equal to the desired projection

J

operator of the collective charge of the enclosed defect charge
lines. In particular, for n defects with topological charges
bj € Cg, for j =1,..., n, respectively, with []}_, g; = g, the
collective charge projection is

(349)

In order to be equal this n defect line projection, we define the
n defect line w,, loop to be

b b2 ... bn b b2 .. b

P — \ * — \
e = w, 1 = D o8- 81) S0 Sa0ag w0 1 , (350)

‘ ‘ zo€CE | ’

[
where we have defined B. Torus degeneracy and G-crossed modular transformations

n When a topological phase of matter characterized by a
nx(81, -, 8n) = l_[ Ne(g1 - 8j—1, 8))- (351) UMTC C inhabits a torus, it possesses a topologically pro-

j=2

We note that the quantity 7,(gi, ..., g,) does not depend on
the particular values of topological charge b; carried by the
defects, only their group element labels g;. The fact that the
group element labels g; of the defects enter the definition of
the n defect line w,, loop is not problematic, since the defects
are extrinsic objects with definite values of g; (superposi-
tions of different values of g; are not possible). Additionally,
Eq. (279) guarantees that this quantity is independent of the
order of fusion used in the fusion tree of the defect charge
lines, i.e., it commutes with the /' moves. Thus the n defect
line w,, loop defined here applies for all configurations of
g, ..., g, defects, including when there are superpositions of
topological charge values b; € Cy;.

It is worth re-emphasizing that, so far, we have only
assumed that Cy is modular (i.e., has unitary S matrix), and
made no further assumption about the S matrix of the extended
G-crossed theory. The results here seem to suggest that it
may be the case that requiring Cp to be modular would be
sufficient to obtain a notion of modularity of the G-crossed
theory. Indeed, by combining theorems from Refs. [80,133]
that relate Co and C}; to the theory (Cj; ) obtained by gauging
the symmetry, one has the property that Cy is a MTC if and
only if Cj is G-crossed modular (both of which are true if
and only if (C; )¢ is a MTC). We now define the notion of
a G-crossed BTC being G-crossed modular in the following
section.

tected ground-state degeneracy equal to the number of distinct
topological charges in C. More specifically, an orthonormal
basis for this degenerate ground-state subspace on the torus is
given by the states |a) ), for a € C, where (I, m) specifies an
ordered pair of generating cycles of the torus with intersection
number +1. We can think of the cycles / and m as representing
the longitudinal and meridional cycles of the torus for a
particular embedding in 3D space, as shown in Fig. 11. These
states are defined such that a topological charge measure-
ment performed around the cycle m yields the measurement
outcome a, and the state |a) ) is obtained from [0)( . by
pair-creating quasiparticles carrying topological charge a and

FIG. 11. The generating cycles [ and m of a torus representing
the longitudinal and meridional cycles for a particular embedding in
3D space.

115147-44



SYMMETRY FRACTIONALIZATION, DEFECTS, AND ...

PHYSICAL REVIEW B 100, 115147 (2019)

FIG. 12. A topological phase described by the MTC C on a
torus has ground-state degeneracy equal to the number of distinct
topological charge types |C|. A basis for the degenerate ground-state
subspace is provided by the states |a)q ) for a € C, which have
topological flux a threading the interior of the torus along the [/
direction, with no twisting around the m direction. For the state
|a).m), a topological charge measurement around a meridional loop
(cycle m) yields the measurement result a.

a, transporting the quasiparticle of charge a around the cycle /,
and then pair-annihilating the quasiparticles. The state |a) )
for the torus can be thought of as having a topological flux a
threading the interior of the torus along the / direction, with no
twisting around the m direction, as shown in Fig. 12. Here, the
flux line should be thought of as a ribbon with no twisting, i.e.,
with both edges running parallel to the / cycle. The statement
regarding topological charge measurement along the cycle m
can be interpreted as saying that if the torus were cut open
along the cycle m, the resulting boundaries would be found to
carry topological charges a and a for the basis state |a); ), as
shown in Fig. 13.

Alternatively, one may interchange the roles of the longi-
tudinal and meridional cycles of the torus, while maintaining
the relative orientation (intersection number + 1), which intro-
duces a relative minus sign between the cycles. In this way, we
can equivalently define a basis for the ground-state subspace
by |b)(m,—1), as indicated in Fig. 14. These basis states are
defined as having the definite topological charge value b €
C when measured around the cycle —/ of the torus, and
can be obtained from |0),,—;) by pair-creating quasiparticles
carrying topological charge b and b, transporting b around the
meridional cycle m, and then pair-annihilating.

N

a a
FIG. 13. When the system on the torus is in the state |a)g,m),

cutting open the torus along the meridian cycle yields two boundaries
with charges a and a, respectively.

FIG. 14. The basis states |b),, —; for the torus have topological
flux b threading the interior of a different embedding of the torus,
along the m direction, with no twisting around the / direction. A
topological charge measurement around the cycle —/ yields the
measurement result b.

These two bases are related by the modular S transfor-
mation, which interchanges the cycles of the torus (and flips
the direction of one of them). As mentioned in Sec. II B,
the topological § matrix of a MTC provides a (projective)
representation of the modular S transformation, where the
bases are related by

a)a.m) = Z Sap|b) . ~1)-

beC

(352)

This relation is motivated by the observation in Fig. 15 that,
for the inner product (,,—;(bla)q.m), the a and b topological
flux lines passing around the complementary cycles of the
torus forming linked loops, as in the topological S matrix (the
arrow of the b flux line is reversed when a state is conjugated).

In order to generate all modular transformations on the
torus, we additionally consider the modular T transforma-
tions, known as Dehn twists. This transformation replaces

b

FIG. 15. The two bases are related by the modular S transfor-
mation, which is represented in a MTC by the topological S matrix,
giving |a)qm = D pec Sab!b)(m,—n- This can be seen by computing
the inner product (, _;(bla)q . using TQFT cutting and gluing
operations. For this, the |b)(, _; torus is embedded such that its
interior is the exterior of the |a) ) torus. Viewing these as solid torii,
gluing them together along their boundary surfaces would yield a 3-
sphere 3 containing the linked topological flux loops. The conjugate
state (,, ;) (b| is obtained from |b),, ;) by reflecting the cycle —/ and
orientation of the flux line ». Evaluating the inner product this way
amounts to evaluating the resulting diagram of flux lines, which is
the topological S matrix.
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FIG. 16. The modular T transformation, known as a Dehn twist,
replaces the longitudinal cycle [ with the cycle / —m that wraps
once around the longitude and once (negatively) around the meridian.
Such transformations are represented in a MTC by the topological
twists, i.e., Ty, = 0,84, and relate the basis states |a) ) to the basis
states |@)—m,m) through the relation |a)ymy = Y yce TubD) t—mm)-

the longitudinal cycle around the torus with one that wraps
once around the longitude and once negatively around the
meridian, as shown in Fig. 16. Providing the topological flux
line @ with a framing, which is equivalent to drawing a line on
the surface of the torus running parallel to the a line around
the longitudinal cycle, we see that this transformation puts a
twist in the framing ribbon of the flux line. This ribbon twist,
which one can equate to the topological twist, motivates the
definition T;, = 6,8, in the transformation

@)@y =Y TaplbYt-mmy-
beC

(353)

since a 2 twist around m must be introduced to go from
the basis states |a)—m,m) to the basis states |a) ), and such
a twist does not change the topological charge as measured
around the meridional cycle m.

As mentioned in Sec. II B, when the S matrix of a UBTC
is unitary, the theory is considered modular, as the § and T
matrices provide a projective representation of SL(2, Z), the
modular transformations on a torus, i.e.,

STY =0c, $?=c, =1, (354)

where C,, = §,; is the topological charge conjugation op-
erator. In this case, one may also define the corresponding
modular transformations for punctured tori, and consequently,
the theory can be consistently defined on arbitrary surfaces.

In the defect theory described by a G-crossed BTC C;, the
situation becomes more complicated. Clearly, the Cy subcate-
gory, which describes the original topological phase without
defects, must behave exactly the same as described above. In
other words, when S, is a unitary matrix (when restricted to
topological charge labels a, b € Cy), so that Cy is a UMTC, the
ground states on a torus without defect branches are described
exactly as above and the operators Syp, and Typ, = Oy Sugbe
provide a projective representation of the modular transforma-
tions in the subtheory without defects. We call this restriction
to the defect-free theory on the torus the (0, 0) sector and
denote the corresponding modular transformations defined in
this way as S©®® and 70,

When we allow for the inclusion of defects in the theory,
we can produce defect sectors on the torus, each of which is
labeled by two group elements g, h € G, which correspond to

FIG. 17. The (g, h) sector on a torus, where a closed g-defect
branch line wraps around the longitudinal cycle of the torus and a
h-defect branch line wraps around the meridional cycle of the torus.
A basis for the degenerate ground-state subspace of the (g, h) sector
is given by the states |a®™)  ,, corresponding to definite topological
charge value a4 € C;' ascribed to a charge line passing through the
interior of the torus around the longitudinal cycle.

the accumulated defect branch lines that, respectively, wind
around the [ and m cycles of the torus, as shown in Fig. 17.
The original UMTC Cy is described by the trivial defect sector
(g, h) = (0, 0). One can obtain a state in the (g, h) sector from
the (0, 0) sector by adiabatically creating a h, h~! defect pair
from vacuum, transporting the h defect around the cycle m (in
the positive sense), pair annihilating the defect pair, and then
doing the same process with an g, g~! defect pair winding
around the cycle /. This is only possible when

gh = hg, (355)

since otherwise the group element ascribed to the defects
would necessarily change type as they crossed the other
defect branch line wrapping around the complementary cycle,
making it impossible to pair-annihilate the defects or close the
branch line on itself.

In this way, we see that the topological (defect) flux line
that runs through the interior of the torus around the cycle
[ can only take values in Cq, since it must be created by
a g defect encircling the cycle. Moreover, this topological
charge must be h-invariant, since the flux lines cross the
h-branch. Similarly, the topological flux line that runs through
the exterior of the torus around the cycle m can only take g-
invariant topological charge values in Cy. It is clear that states
from different (g, h) sectors cannot be superposed, since the
defects are extrinsic, confined objects, which can be thought
of as defining distinct superselection sectors.

We label the ground-state subspace associated with the
(g, h) sector of the system on a torus as Vg p). Similar to
UMTCs, a basis for Vgn is given by orthonormal states
|aég’h))(1,m) for ag € Cé‘, as shown in Fig. 17. In general, the
notation used here means that: (1) as the cycle / is traversed in
the positive sense, a h branch is crossed in the positive sense
and as the cycle m is traversed in the positive direction, a g
branch is crossed in the positive sense;'? (2) a topological

30ur notion of crossing a g-branch line “in the positive sense”
means crossing it in the direction that enacts g action on the object
crossing it. Crossing a g-branch line in the negative sense enacts g
action.
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FIG. 18. The (g, h) sector on a torus may be considered to
be a (h, g) sector on a torus by interchanging the roles of the
longitudinal and meridional cycles. In this case, a basis for the
ground-state subspace is given by the states |b§lh’g) )(m,1y corresponding
to definite topological charge by € C§ ascribed to the charge line
passing through the exterior of the torus around the meridional
cycle. These two bases are related by the modular S transformation

hy ), (02)
1aEN) 1) = Lopect Saghy 1Ph" Dm0

charge measurement performed around the cycle m yields
the value ag; (3) one can obtain different basis states from
one another by pair-creating quasiparticles, transporting one
around the cycle [/, and pair-annihilating; and (4) one can
switch between states in different defect sectors by pair-
creating defects, transporting one around a nontrivial cycle,
and pair-annihilating.

For a G-crossed theory, if we interchange the roles of the
longitudinal and meridional cycles (and flip one of their direc-
tions), corresponding to a modular S transformation, then the
system belongs to the (h, g) sector on a torus with associated
state space V g). In this case, a basis for the ground-state
subspace is given by the states |b§1h’g) )(m,—1) corresponding to
definite topological charge by, € Clg; ascribed to the topological
flux line passing through the exterior of the torus around the
cycle m. We emphasize that we have not changed the system,
so the configuration of defect branch lines is the same as
before. In particular, the notation means that as the cycle m
is traversed, a g branch is crossed and as the cycle —/ is
traversed, a h branch is crossed, which is just a different way
of describing the torus with a g branch wrapping around the
cycle [ and a h-branch wrapping around the cycle m. Thus
there must be a unitary operator relating these two bases
which represents the modular S transformation between the
(g, h) and (h, g) sectors, as shown in Fig. 18. In particular,
this takes the form

(g.h) _ (g.h) |7 (h,g)
|ag >(l,m) = ZSagbh by >(m,71)'
beCE

(356)

Similarly, the modular 7 transformation (Dehn twist) takes
the system between the (g, h) and (g, gh) sectors, as indicated
in Fig. 19, with basis states related by

|aég’h)>(z,m) = Z aigl;:) b(gg!gh)>(l—m,m)'
heCé1

(357)

In this case, the notation for the basis states means that as the
cycle I —m is traversed, a hg branch is crossed and as the
cycle m is traversed, a g branch is crossed. We emphasize
that these states still describes the system with a g-branch

FIG. 19. The modular 7 transformation (Dehn twist) maps be-
tween the (g, h) sector on a torus to the (g, gh) sector shown
here. This transformation acts diagonally (i.e., with relative phases)
between bases for the (g, h) and (g, gh) sectors, both of which are
labeled by topological charge values a, ascribed to the topological
flux line passing through the interior of the torus, though this
topological flux is interpreted as winding around the cycle / in the
former basis and around the cycle / —m in the latter basis. These

.h)
two bases are related by |aég*h))(1,m) = Zbecg 7;igbg Ibég‘gh)hz—m,my

line winding around the cycle / and a h-branch line winding
around m. We can, however, continuously deform the branch
line configuration (without introducing new defects or branch
lines) so that the system has a g-branch line winding around
the cycle I — m and a gh-branch line winding around the cycle
m, as shown in Fig. 19.

Thus we can write the modular S and T transformations
for a G-crossed theory in the form

S= Pp sV, (358)
{(g.h) | gh=hg}

T= & 7. (359)
{(g,h) | gh=hg}

where these transformations map from one defect sector to
another (without mixing sectors)

S(g’h) . V(h,g) — V(g,h)s (360)

TED Vg ahy = Vign)- (361)

For example, the G-crossed modular transformations for
G = 7, = {0, 1} take the block form

s®O 0 0 0
0 0o S® 0
S = O 8(1’0) 0 0 N (362)
0 0 0o S*b
TOO 0 0 0
o T 0 0
T=1 o 0 o TP (363)
0 o T4b 0

where the rows and columns are separated into (0, 0), (0, 1),
(1,0), and (1, 1) sectors, in that order.

Thus imposing unitarity on the representations of the mod-
ular S and 7 transformations amounts to imposing unitarity
on their restricted actions S®" and 7®W for each (g, h)
sector individually. Since the system in the (g, h) sector has
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a ground-state degeneracy
: h
N = dimVign = [Cy|

equal to the number of h-invariant topological charges in Cq,
it follows that requiring the modular transformations to be
unitary gives the condition that

Gl = Il

whenever gh = hg. In particular, for h = 0, this gives us the
important property

(364)

(365)

Cel = ‘C(%

) (366)

which says the number of topologically distinct types of g
defects (i.e., the topological charge types in Cg) is equal to
the number of g-invariant topological charges in Cy.

We now wish to provide a projective representation of the
modular transformations that are defined by the G-crossed
UBTC data. Let us take the representation of the modular
transformations defined by

Sa b
B e (367)
Un(a, a;0)
T8N = 048, )04, Bagt, (368)

Recall that S, is the topological S matrix defined in
Eq. (315). It is convenient for us to also define the G-crossed
“charge conjugation” transformation

C = @ C(g,h)’ (369)
{(g,h): gh=hg}
CEY Vg = Ve, (370)
(g,h) — (g.h)] 1 (8.h)
|agg )(l,m) - ZCagbg |bg >(,1!,m)» (371
beCp
= 1 (372)

agbg r - (Su b *
2% Un(D, b;0)np(h, ) 7%
Given the properties derived for a general G-crossed UBTC
in Sec. VI, we can obtain the relation
Z T(@h) gEeh) T (ehe) gleh ) -hhe) _ o SEM (373
AagDn

agwg “Wexgh ' XghYen Venzn ' znbn
w,X,y,2

from Eq. (339), where ®¢ = Dio » d?6,, the relation

ceCy Ye
S = D [SET gy (374)

from Eq. (323), and the relation
> CENCED =5, (375)

from Eq. (274). Thus, without imposing unitarity of the topo-
logical S matrix nor any other extra conditions on a G-crossed
UBTC, the transformations defined by Egs. (367), (368), and
(372) obey the relations

(ST) = 0,82, (376)
S =S'c, (377)
C?=1. (378)

We can also show that

CcS=8C (379)
using Egs. (320) and (324), and that
CT=T7C (380)

using Egs. (305), (296), (301), and (340)—(342).

It is clear from these relations that all that is needed for
these operators to provide a projective representation of the
modular transformations is to impose a condition on the topo-
logical S matrix that makes the modular operator S defined by
Eq. (367) unitary, in which case Eq. (377) would become

S*=C. (381)

We can see that requiring S to be unitary is equivalent to
the condition that the topological S matrix of the G-crossed
UBTC gives unitary matrices when it is G-graded, by which
we mean that for any fixed pair of group elements g and h,
the matrix defined by S5, with indices a € Cg and b € Cﬁ
is a unitary matrix. Thus, when the topological S matrix of
a G-crossed UBTC C( is G-graded unitary (in the fashion
described here), we say that Cj; is G-crossed modular or that
it is a G-crossed modular tensor category.
We note that, for a modular theory, the quantity

1 2 i
®0=D—02d006=e s

CECo

(382)

is a phase related to c_ which is the chiral central charge of
the topological phase described by the UMTC Cy. Thus we
can ascribe the same chiral central charge to the G-crossed
extensions of a topological phase.

It follows from the definition of G-crossed modularity that
the Cy subcategory of a G-crossed MTC is a MTC. As previ-
ously mentioned, the converse is also true, as can be shown
by combining highly nontrivial theorems from Refs. [80,133].
Thus the conditions of modularity of a UBTC and its G-
crossed extensions are equivalent, i.e., Cé is a G-crossed
UMTC if and only if Cy is a UMTC.

We note that, as was the case for a UMTC, the same
arguments used in Eq. (45) apply to a G-crossed UMTC,
implying that a defect topological charge agz with d,, > 1
necessarily has non-Abelian braiding.

We also note that, just as in the case of a MTC, we could
actually obtain a linear (rather than projective) representation
of the modular transformations on the torus if we instead
defined the Dehn twist transformation to be given by

(g.h)

Toghy = e HE (8. ),y (383)

as this would give the relation (S7)> = S2. This convention
may be more useful when performing concrete calculations or
physical simulations on the torus. However, it is not generally
possible to trivialize the projective phases for the representa-
tions of modular transformations for higher genus surfaces,
so we will not generally include the central charge dependent
phase.

An important distinction from MTCs is that the quantities
representing the G-crossed modular S and 7 transformations
defined here are not gauge invariant, except in the (0, 0) sector
(which was also the case with the topological twists and
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S matrix in the G-crossed theory). In particular, while they
are invariant under vertex basis gauge transformations, they
transform under symmetry action gauge transformations as

seh _ V(@) S
St = TS, (384)
gh) _ vp(gh) 78 e (385)

g Va(h) "o

This is not unexpected, since these two modular transfor-
mations map the (h, g) sector and the (g, gh) sector to the
(g, h) sector, respectively, and there is no well-defined gauge
invariant notion of comparing distinct superselection sectors,
i.e., there is no canonical map between different sectors. (This
is related to the fact that the defects are extrinsic objects which
define different superselection sectors for different group ele-
ments and for which one should not expect overall phases to
be well-defined.) As such, it is important to be careful with the
details of how one sets up configurations and analyzes their
modular transformations when working on a torus or higher
genus system.

On the other hand, we may expect some modular transfor-
mations to be gauge invariant [in addition to those of the (0, 0)
sectors]. From Egs. (384) and (385), and the fact that S and T
generate the modular transformations on the torus, it follows
that a general modular transformation Q that maps the (g, h)
sector to the (g’, h') sector, i.e.,

Qe (386)
transforms under symmetry action gauge transformations as

yp(h')
Ya(h)

From this expression, it is easy to see that (a) if a modular
transformation Q maps a (g, h) sector to itself, then szgga];) is
a gauge invariant quantity and (b) if Q maps a (g, 0) sector to
itself, then Qggg’b? is a gauge invariant quantity.

For example, if g" = 0, then 7" will map a (g, h) sector to
itself, and the coefficients

Vg w) = Vighs

( h) (g.h)
Oy = Q5. (387)

[mﬂﬁmﬂ%@wpmﬂ%@9<M)
Jj=0 j=1
provide gauge invariant quantities of the G-crossed theory. We
note that these quantities are independent of h.
If g = 0, we see that

@) _ o (389)
% Uy(a,a;0)
Sa X gx Sx b,

S S(gO) g X0 X0 ()g’ 390
ST S, 20: Ug(x, X5 0) (390)
Oy Saghy O, 16(8, 8)

(g,0) __ “ag-aghyg Dy
[TSTIE,) = U@ 0) (391)

are also gauge invariant quantities [the last two are, of course,
not independent of each other, given Eq. (376)].

C. Higher genus surfaces

When the system is on a genus g surface, the topological
ground-state degeneracy is more complicated. In general, it

Cl..g—1

FIG. 20. The defect sectors on a genus g surface can be labeled
by 2g group elements {g;, h;} for j =1, ..., g, which are ascribed
to the defect branch lines around two independent noncontractible
cycles associated with the jth handle. In this case, one does not
require that g; and h; commute, so one of the branch lines at a given
handle may change as it crosses the complementary branch line at
that handle. We pick the h;-branch lines to close around their cycles
unchanged, while the g; branch lines transform into h_l g;h; branch
lines when they cross the h;-branch. This requires a k -branch line,
where k; = g jhjflgj’ h;, to enter the handle to cancel the leftover
branch. Similarly, the a; € C,; charge lines used to define basis state
may also transform nontrivially as /a; when it crosses the h;-branch
loop. This requires a line of charge z; € Cx; with Na’ . # 0 to enter
the handle to cancel the leftover topological chargle 'fhe z; charge
lines from different handles form a fusion tree. These charge line
configurations, together with the fusion vertex state labels, provide a

basis of states for the genus g surface in the {g;, h;} sector.

can be obtained by summing over the possible states associ-
ated with a fusion tree of topological charge lines that pass
through either the interior or exterior of the surface, and
which encircle independent noncontractible cycles, as shown
in Fig. 20. For a UMTC (without defects), this leads to the
ground-state degeneracy

8
E Nz NC123 | | |
N 21227 €223 Cl g—1%¢ a,a]

{b,z,c}eC
— P22 —(2¢-2)
- DO Z dx s

xeC

(392)

where the evaluation may be carried out using the Verlinde
formula.

For a topological phase with defects, described by a G-
crossed UMTC C[;, the system on a genus g surface may have
defect branch lines around any noncontractible loop, similar
to the case of the torus. In this case, we can label the distinct
defect sectors of a genus g surface by 2g group elements,
{g;,h;}, j=1,..., g, each of which corresponds to a defect
branch line wrapping around an independent generating cycle.
We write the corresponding ground-state subspace as Vig; n)}-
The group elements {g;, h;} must satisfy relations to ensure
that the corresponding defect branch lines can close consis-
tently upon themselves. In this case, we do not require that
g; and h; necessarily commute. When they do not, one of the
branch lines at a given handle may have its group element

115147-49



BARKESHLI, BONDERSON, CHENG, AND WANG

PHYSICAL REVIEW B 100, 115147 (2019)

label change as it crosses the other branch line. If we pick the
h;-branch lines to close around their cycles unchanged, then
the g; branch lines transform into h;lgjh_,- -branch lines when
they cross the h; branch. When this branch line loops back on
itself, we are left with a nontrivial branch line, which requires
a k;-branch line, where

k; =g/h;'g;'h), (393)

to enter the handle and cancel this off, as shown in Fig. 20.

Thus, while we do not require g; and h; to commute, we
do, however, require that the product of their commutators k;
equals the identity group element, that is

]_[k —]_[g,h 'g;'h; =0,

as this condition is necessary for a consistent configuration of
branch lines that do not contain any free endpoints, as can be
seen from Fig. 20.

A basis for the ground-state subspace Vig; ;) of the {g;, h;}
sector can be given in terms of fusion trees of topological
charge lines passing through the interior of the surface, as
shown in Fig. 20. Using the choice where the h;-branch lines
loop around their cycles unchanged, we may have a charge
line a; € Cq; that winds around the complementary cycle of

(394)

the jth handle and transforms into oy ; when it crosses the
h;-branch loop. In closing back on itself, this topological
charge loop must fuse with a possibly nontrivial line of charge

zj € Cx, such that Ny 7 0. The charge z; lines from the

different handles then form a fusion tree that must terminate
in the trivial topological charge.

In particular, the basis states described in this way can be
written as

Q) la;. Mgz wpler i zien v, (399)

for all possible values (allowed by fusion) of topological
charges a; € Cy,, zj € C,, and ¢;_; € G, for I; =[], ki,

and fusion vertex basis labels u; =1, ... ,szﬁji, and vy _; =
aj/a;
Cl...j . .

1,.. .,Ncl'“_/.’flz/. We set ¢y = ¢y, = 0 (which gives ¢; = z;)

andl, = 0,inordertolet j =1, ..., g for all these quantities.
We note that the states in Eq. (395) may transform nontriv-
ially under the symmetry action of q € G. In particular,

Pq - V{g,»,h,»} - V{qg.fQ",th‘I"} (396)

V) = pq(1¥)).

This symmetry action will play a crucial role when G is
promoted to a local gauge invariance.

In order to obtain the number of ground states in the
{g;, h;} sector

(397)

J\/{g/ =dim Vg, n; (398)
we can sum over the fusion channels
g
0
Ny = D Nooy o [N (399)
aj € Cg/. j:1
Zj € Ckf

where
C12 C123 0
zuz Z; - Z N2172NL1213' .Ncl...g—lZg (400)
Cl.. j€cl
is the number of ways the topological charges zi,...,z,

can fuse to 0. We can evaluate these expressions using the
G-crossed Verlinde formula (347), together with G-graded
modularity and other properties that we derived for the §
matrix in Sec. VID, which yields

Mg/ h;} 282 Z d(28 2
e C(g,h,;
ne(hy, )n.(g;, hjg hy)
1_[ ! nx(lj—lakj)5
j=1 m(g/, gj)nx(h/gj j)
(401)

where C; 820 is the set of all topological charges in Cy that

are g; 1nvar1ant and hj-invariant for all j =1,..., g. When
h; = 0 for all j, this expression simplifies to
Nigin=oy = D2 Y d %72, (402)

xEC(g/

which clearly satisfies Dggd < Ng,h=0) < D(z,g . From
Eq. (401), we see that, in general, the genus g degeneracy
Nigi ) < Njo,.0,), and generally scales as Nig,n,) ~ Dyf in
the large g limit, regardless of the defect sector. This provides
a physical interpretation of the total quantum dimension Dy =
D, of each Cy subsector.

We note that another physical interpretation of the total
quantum dimension Dj is given by the topological entangle-
ment entropy [134,135]. One can use the properties of G-
crossed modularity to compute the topological entanglement
entropy of a region, following the arguments of Ref. [134].
Unsurprisingly, this yields the same result as for MTCs that
Siopo = —nlog, Dy, where n is the number of connected com-
ponents of the boundary of the region in question, regardless
of the number of branch lines passing through the region.
There are also anyonic contributions S, = log, d, to the en-
tanglement entropy when there are quasiparticles or g defects
within the region whose collective topological charge is a (see
also Ref. [13]).

1. Dehn twists on high genus surfaces

Another powerful method of computing Vg, n;) on a genus
g surface is to make use of modular transformations. Similar
to the case of the torus, we can define operators using the
data of a G-crossed UMTC Cj, that provide a projective
representation of the modular transformations of the genus g
surface. We will not go into these details here, but, instead,
will simply utilize the property that the modular transfor-
mations can be used to interchange, combine, and twist the
various noncontractible cycles of the surface, as we saw for
the torus. Unitarity of the modular transformations implies
that when two different defect sectors {g;, h;} and {g], h’;} can
be related by such modular transformations, they must have
the same ground-state degeneracy.
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FIG. 21. When G = Z, for p prime, any defect sector can be
mapped via Dehn twists to the sector with a single defect branch
line corresponding to a element h € Z,, which generates the group.
Thus all {g;, h;} sectors that are not completely trivial must have the
same ground-state degeneracy.

As a simple example, let us consider G = Z,, and take g to
be a generator of this group. When p is prime, any element
h € 7, generates the group. In this case, every nontrivial
{g;, h;} sector can be related by Dehn twists to the sector with
only a single h defect branch line wrapped around a single
cycle (see Fig. 21). The proof of this statement, and some
generalizations, is given below.

Specifically, in the following we show that for a genus g
surface, when G = Zy, the (N?¢ — 1) nontrivial defect sectors
can all be obtained by Dehn twists from a small “generating”
set of generating sectors (the case N =2 was proven in
Ref. [102]). We start by examining a torus (g = 1). Since
we are considering a cyclic group, group multiplication will
be denoted additively. We label the defect sector by (g, h) =
(m,n) where m,n=0,1,...,N — 1. There are N> — 1 non-
trivial sectors in total.

An arbitrary modular transformation acts on a defect sector
(m, n) by a SL(2, Z) matrix

e = (),

Here, ad — bc = 1,a, b, c,d € Z. Letting r = gcd(m, n), we
now show that (m,n) can be obtained from (r,0) by a
modular transformation. To see this, we set a = ",c =2
in the SL(2, Z) matrix. We then need to find b, d such that
=d — ~b = 1. Since gcd(*, 7) = 1, this equation has integral
solutions.

Next, we show that for arbitrary m, (m, 0) can be obtained
from (s, 0) where s = ged(m, N). From Eq. (403), we see that
we need to find an SL(2, 7Z) matrix with @ = % and ¢ = %V
We need to find integers b, d such thatad — bc = %'d — %b =
1, which is solvable since gcd(m, N) = s. Therefore we have
established that the defect sectors (r, 0), where r is a divisor of
N, is a generating set. That is, the number of generating defect
sectors is equal to the number of divisors of N.

We now consider a genus g surface. A similar reduction of
a general defect sector to a small number of generating defect
sectors is also possible. The inequivalent cycles associated
with each handle are labeled by A;, B; wherei =1, ..., g (see
Fig. 22). The defect sectors are now labeled by 2g integers
(mod N) {(my,ny), ..., (mg, ng)}. We note that applying a
Dehn twist along C has the following effect:

(403)

A[ —>A|,
B, - B +C, =B — A + A,
A2—>A2,

B, — B, — A + A». (404)

Bl B

2 B3
"o*‘-n Q‘l “"‘YC." '—'\.s\
- 2 *‘, o

FIG. 22. Noncontractible cocycles on a g = 3 surface.

The configuration then  becomes
ma), (my, ny — my +my), ...}

The arguments from the genus g =1 case above im-
ply that by applying Dehn twists along A; or B;, we
can always map any general defect sector to the form
{(m1,0), (m2,0), ..., (mg, 0)}. If at least one of the m;’s
is coprime with N, we can further perform Dehn twists
to reduce the configuration to a defect branch line along
a single cycle. To see this, let us assume gcd(m;, N) =
1. We can do an S transformation to map to the configu-
ration {(my,0), (0,my),...}. After applying £k Dehn twists
along —Cj, we get {(my, kmy), (0, my + kmy),...}. Since
ged(my, N) = 1, there exists a k such that m, + km; =
0 (mod N), resulting in the sector {(m,, km;), (0,0),...}.
This can be further reduced to {(m, 0), (0, 0), ...} by Dehn
twists. A similar argument can be applied in the case
when m; =my =--- =m,, without the need to assume
ged(m;, N) = 1.

In particular, the above arguments imply that when N is
prime, then the general defect sector can always be mapped
to a sector with a single elementary defect branch line along
only one cycle of the genus g surface.

{(m, ny —my +

VIII. GAUGING THE SYMMETRY

We have, so far, studied the properties of the defects,
which correspond to extrinsically imposed (confined) fluxes
of the symmetry group G, as described by a G-crossed theory
C(X;. In this section, we consider the nature of the phase
that results when the global symmetry G is promoted to
a local gauge invariance—"“gauging the symmetry.” This is
also referred to as “equivariantization” in the mathematical
literature. A physical consequence of gauging the symmetry
is that the confined g defects become deconfined quasiparticle
excitations of the gauged phase. As such, the resulting phase
is described by a topological phase described by a UMTC,
which we denote as (Cj )6, conveying G equivariantization
of the G-crossed theory. We would like to understand how
to obtain the properties and basic data of the gauged theory
(C5)¢ from the G-crossed extension Cj of the UMTC C
describing the original topological phase.

Given the complete data of the G-crossed UMTC Cj,
we will demonstrate how to obtain the quasiparticle content,
fusion rules, quantum dimensions, and topological twists of
the corresponding UMTC (C)©. We also use these results to
provide an expression for the topological S matrix of (Cj )¢ in
terms of that of Cj;. The gauging procedure that we describe
in this section does not require modularity and can, thus,
be applied to a nonmodular G-crossed UBTC C, in which
case the original UBTC C and the resulting UBTC (Cj )¢
will also be nonmodular. For modular theories, we further
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use our results to show that the chiral central charges of C,
Cg.and (C})C are all equal and we explain how to obtain the
ground-state degeneracies of (C})“ on higher genus surfaces
from the C; theory.

We can also consider the inverse of the gauging construc-
tion. Starting from the gauged theory (C )¢, we can tune the
interactions so that the “charged” matter, which transforms
under irreducible representations of G, condenses, and the
system undergoes a continuous confinement-deconfinement
transition into the Higgs phase. The resulting topological
order can be analyzed using the theory of topological Bose
condensation [75], where the subcategory, known as Rep(G),
consisting of gauge charges of G condenses. In short, con-
densing Rep(G) results in C5; all defects with g # 0 in (C})°
become confined, while the deconfined remnants give rise to
C = Cy. The algebraic theory of topological defects that we
have developed in this paper provides a complete topological
description of the system after topological Bose condensation
of Rep(G), in particular providing the previously unknown
braiding and modular transformations of the confined sectors,
which is called the 7 theory in Ref. [75].

We summarize the relation between C, Cj;, and (C; )¢ by
the following diagram:

Defectification % N
C < > Co < > (Co)

-«
Confinement Condensation

Gauging

In general, distinct (gauge-inequivalent) G-crossed exten-
sions C always lead to distinct (Cj; )¢ as topological gauge
theories. However, when viewed as UMTCs in which we
neglect the origin of the charge and flux labels of the quasipar-
ticles in (C )Y, different G-crossed extensions can potentially
result in the same (C; )G, Examples of such phenomena have
been noticed for gauging bosonic SPT phases in Refs. [53,74].

Another notation for the gauged theory that is sometimes
used in the literature is C/G, which comes from applying
category theory to the study of CFT orbifold models [80]. It is
worth stressing that there are important distinctions between
gauging a symmetry in a topological phase or MTC and the
closely related concept of orbifolding a rational CFT [99,100]
(which may be viewed as gauging a symmetry in the CFT).
While there is MTC structure in a rational CFT, there is addi-
tional structure in a CFT that does not exist in its correspond-
ing MTC. Because of this property, certain applications of
orbifolding in a CFT have an analogous realization as gauging
a symmetry in the corresponding MTC, but others do not.
For example, repeatedly applying the orbifold construction
may return the original CFT, in which case orbifolding is
analogous, in some sense, to both symmetry gauging and
topological Bose condensing in topological phases.

In this section, we consider only finite symmetry groups
G. We will first examine the problem of how to modify a
microscopic Hamiltonian that realizes a topological phase C
and has an on-site symmetry G in a manner that gauges the
symmetry and realizes the topological phase (Cé)G. Then
we will study how to derive the mathematical properties of
the gauged phase’s UBTC (C; )¢ from the corresponding
G-crossed UBTC Cj;.

A. Microscopic models

Gauging a symmetry of a microscopic Hamiltonian is a
well-known notion in physics. However, a gauge theory does
not, in general, have a local Hilbert space. Suppose we are
given a G-symmetric microscopic Hamiltonian H that (1)
is defined on a Hilbert space that decomposes into a tensor
product of local Hilbert spaces on each site, (2) has local
interactions, and (3) realizes a topological phase C at long-
wavelengths. Here, we address the question of whether or not
we can produce a new Hamiltonian Hg that also satisfies (1)
and (2) above, but realizes (C; )¢ at long wavelengths.

We will briefly describe the case where G = Z,. Suppose
that the Hamiltonian consists of nearest neighbor interactions
on a two-dimensional lattice. We assume that there is a finite-
dimensional bosonic Hilbert space at each site of the lattice,
and there is a global on-site Z, symmetry with Ry = [ | j R(g] ),
Such a Z, symmetric Hamiltonian can generically be written
as

H :Zﬁ‘f‘ oot + 5% 070 0;f

+,ij

+ Z mfO* + He., (405)

where {(’)f""} are a complete set of Z, even/odd local
operators at site j. In particular, these operators satisfy
RYOTRY ™ = 207,

Now, let us introduce a two-dimensional Hilbert space
on each bond (ij) of the lattice. The gauged Hamiltonian is
defined as

- S0 01 + Kool

+ ZJ“ﬂj(’)i”“Oj_’ﬁaé +He—KY ] o

(ij) O (ijyed

—-TY o} — UZR(’) I1 o}

(ij) (ijye+

(406)

We always assume that U is the largest energy scale, which
effectively imposes a Z, analog of Gauss’s law in the low-
energy Hilbert space: [, o7; = R{. It is straightforward
to extend the construction to Hamlltomans involving longer-
range interactions.

We notice that the full gauged Hamiltonian (not just the
low-energy subspace) still preserves the Z, symmetry R,. In
the low-energy subspace U — oo where the dynamics can
be described by a Z, gauge theory with matter, the global
symmetry is enhanced to a local gauge symmetry generated
by precisely the local conserved quantity Ry [T, o7 The
gauged Hamiltonian has the feature that when I' =0 and
K, U are both much larger than any energy scale in H, the
low-energy spectrum without any Z, fluxes is identical to that
of H. However, the states must be projected to the gauge-
invariant Hilbert space.

We now review the phase diagram of the gauge theory
[136], focusing on the three parameters J_, K and I'. Three
limiting cases can be easily identified. When J_, I < K, the
gauge field is in the deconfined phase. When J_ > K, I, the
gauge theory is in the Higgs phase and the Z, fluxes (i.e.,
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visons) are linearly confined. If T" is dominant, Z, charges are
linearly confined. It is however well-known that the Higgs and
the confinement phases are smoothly connected. Hence there
are only two phases which are separated by a second-order
phase transition belonging to the 3D Ising universality class
[136].

The above construction can straightforwardly be general-
ized to the case G = Zy. The generalization to a general finite
group G is technically more involved and will be left for future
work.

B. Topological properties of the gauged theory

We now derive the topological properties of the gauged
theory (C)C, described by a new UBTC, which are spec-
ified in terms of properties of the corresponding G-crossed
extension C;. We will not specify the F symbols and R
symbols, but simply focus on the gauge invariant data given
by the topological charges and their fusion rules, quantum
dimensions, and topological twists. It is a conjecture that
this gauge invariant topological data, which is equivalent to
specifying the modular S and 7 transformations, uniquely
characterizes a MTC, i.e., that it uniquely specifies the F
symbols and R symbols, up to gauge equivalence. We also
examine the relation between the topological S matrix of the
gauged theory and that of the G-crossed theory, as well as
the ground-state degeneracy on higher genus surfaces (when
the theory is modular).

1. Topological charges

The simplest information about the gauged theory (Cj)°
that we can read off from C is the topological charge con-
tent. The mathematical description of this was provided in
Ref. [83].

For each topological charge (simple object) a € Cj of the
G-crossed theory, including those of defects, we define its
orbit under G to be the set of charges

[a] = {®a, Vg € G}. (407)

(We will often leave the corresponding group element labels
of topological charges in Cj implicit in this section, except
when it is necessary or useful.) Heuristically, the reason for
considering G orbits is that, under the G action, all topological
charges within an orbit must combine into a single object
by “quantum superposition” once the global symmetry is
promoted to a local gauge invariance. In this way, the original
topological charges in Cj; become internal degrees of free-
dom. In particular, if we ignore the topological charge labels
within each Cq and only focus on the group elements, the orbit
would simply be a conjugacy class of G, which is what labels
gauge fluxes in a discrete gauge theory. Keeping track of the
topological charge labels, it is clear that there can be multiple
orbits associated with a given conjugacy class of G.
Additionally, we need to take into account the different
representations of the symmetry, which thus allows us to
include the gauge charges and flux-charge composites. For
this, we do not consider the full symmetry group G, but rather
the subgroups that keep the relevant topological charge labels
invariant. More precisely, for a given [a], we choose a repre-
sentative element a € [a], and define its stabilizer subgroup

G, ={g € Gl®,a = a}. (408)

The topological charges of (Cj )¢ are then defined to be the
pairs

(la], ),

where 7, is an irreducible projective representation of G,
with the factor set given by 7, i.e.,

7a(g)7a(h) = 14(g, M), (gh),

We will refer to such an irreducible projective 7, representa-
tion as an 7, irrep. The phases n,(g, h) here are precisely the
projective symmetry fractionalization phases of the G-crossed
theory, defined in Sec. VI. Thus we see that the data n, are
essential in defining the quasiparticles of the gauged theory.

In this way, the topological charges of (Cj; )¢ are essentially
dyonic excitations, very much like “flux-charge” composites
in discrete gauge theories, but generalized to account for
distinct types of g-flux defects a € Cy.'* The G orbits [a] here
play the same role as the conjugacy classes [g], describing
fluxes in discrete gauge theories; the projective 7, irreps m,
of the stabilizer subgroup G, for some a € [a] here play the
same role as the irreps g of the centralizer Cs(g) for some
g < [g], describing charges in discrete gauge theories.

In order for this definition of topological charge to be well-
defined, the specific choice of a within the conjugacy class [a]
should not lead to essential differences in the corresponding
projective representations. To make this notion more precise,
we first notice that conjugation by k € G provides a canonical
isomorphism between G, and Gk,

k:G, — G,
g~ kg

Next, from Eq. (279), we see that, for group elements g, h
G,, we have the cocycle condition

na(h, K)n, (g, hk)
Na(g, M)na(gh, k)
S0 g € Z*(G,, U(1)). From Eq. (283), we see that, for g, h €
G,, we have the relation
na(k,*h) n,(gh, k) 1.k, *g) (. h)
na(0.K) na(K.*ghh) nog. k)
= deqx(8, )n.(g, h), (413)
where we have _dkeﬁned the 1-cochain ¢, € C 1(G,, U(1)) to
na(k.*g

be g, k(g) = Wk)) Thus, when viewed in terms of cohomol-

ogy, we see that the k action does not change the cohomology
class of n,, i.e.,

(409)

g.heG,. (410)

(411)

1, (412)

nka(kgtkh) =

[, *gXh)] = [n.(g, h)] € H*(G,, U(1)). (414)
Moreover, it is clear that we then also have
[, (“gX)] = [n.(g, h)] € H*(Gx,, U(D)). (415)

As discussed in Appendix B, this implies that there is a
canonical one-to-one correspondence between the set of 7,

“Discrete gauge theories DI¥)(G) are obtained by gauging the G
symmetry in a trivial topological phase Cy = {0}, as described in
Sec. XTA.
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irreps of G, and the set of 7, irreps of Gk,. We will write

K1.(%€) = £4x(8) 74 (g) (416)

to denote the 7k, irrep of Gk, which is canonically isomorphic
to the n, irrep 7, of G, under this mapping.

2. Quantum dimensions

With the definition of the topological charges of (Cj)°
specified in Eq. (409), it is straightforward to determine the
corresponding quantum dimensions. In particular, we just sum
over the quantum dimensions of all the charges in the orbit
and multiply by the dimension of the attached n, irrep, so that
([a], m,) has quantum dimension given by

d((a).x,) = da - |[a]] - dim(7,), (417)

where d, is the quantum dimension of a (which is the same
for all a € [a]), |[a]| the number of elements in the orbit [a],
and dim(rr,) the dimension of the 5, irrep m,.

Having specified the topological charges of (C;; )" and their
quantum dimensions, it is straightforward to prove that the
total quantum dimension is

)G

Dz = |G|2 D¢, = |G|Dy = |G| De. (418)

For this, we first consider the different 7, irreps of the sta-
bilizer subgroup G, of a in a given orbit [a]. It is known
that Z% |dim(r,)|> = |G,| for such n, irreps, as shown in
Appendix B. With this, and the fact that |[a]||G,| = |G|, we
obtain the result

D?Cg)G = Z

([a),m0)€(Ci )0

= Y &llalPldim@r)P =Y d2|[a]]’|Gal

2
d([al,ﬂa)

([al,7a) [a]
2 2
=G| Y _d:llall =G| Y_ d;
[a] aeCy

= |G|D;, = |GI*D,. (419)

3. Fusion rules

The fusion rules for the topological charges of (C; )¢ have
also been recently described in the mathematical literature
[83]. To obtain these, we need to understand both how to fuse
two G-orbits and how to fuse two 7, irreps. For pedagogical
reasons, we will give a heuristic discussion to justify the
fusion rules of (C )¢ before presenting the actual expression.

We first consider a very coarse version of the problem. In
particular, we suppress the topological charge label associated
with an orbit and multiply two conjugacy classes C; and C;, of
G. For this, we first form the product set

{g1g2181 € C1, 2 € G},

which can be equivalently expressed using representative
elements g; € C; and g, € G, as

{hgih 'kgok ™' |h € G/Ng,, k € G/Ng,},
where

N, = {h € G| gh = hg}, (420)

denotes the centralizer of g in G. Now the problem is
to decompose the product set into conjugacy classes. To
this end, we observe that if h' =1lh and Kk’ =1k, then
Wg b 'K'glk'™" = 1(hg;h 'kg,k )I7!, ie., the two ele-
ments are in the same coset. Hence, we are naturally led to
conclude that the conjugacy classes contained in the product
set are given by the coset of diagonal left multiplication on
G/Ng, x G/Ny,, which is the double coset Ny, \G/Ng,.

We now return to the problem of the fusion of two orbits
[a] and [b], neglecting for the moment the 7, irreps attached to
them. Selecting representative elements a € [a] and b € [b],
the fusion of the two orbits give a direct sum of all the
elements in the set

{pg(a) x pn(b) | g € G/Gyu, h € G/Gy,

where we take the coset over G, and G, here, since these
subgroups do not modify the corresponding labels. We now
need to decompose this set further into G-orbits. For this, we
have the similar property that if g’ = kg and h’ = kg, then

pe(@) % pw(b) = pr(pe(@) X Pic(pn(D))
= pi(pg(@) X pu(b)).

This essentially says that the fusion channels of pg(a) x
ow (b) are exactly the image of those of pg(a) x on(b) under
the action of k. Therefore fusion of orbits correspond to the
equivalence classes of G/G, x G/G}, under diagonal left (or
right) multiplication, which is known to be isomorphic to the
double coset G,\G/Gj.

Next, we consider how the 7, irreps attached to the defects
should be combined. Naively, one would expect that we just
take the tensor product of the representations and decompose
it as a direct sum of irreps. However, an important subtlety
in this case is that the fusion/splitting spaces of the defects
can transform nontrivially under the symmetry group action,
and this should also be taken into account in the fusion. More
explicitly, we consider the fusion/splitting vertex state spaces
Vacgg;]‘h and VCZ ﬁhh, and we define the stabilizer subgroup for
this space as H, p:c) = G4 N G, N G.. The symmetry action
(sliding moves) consistency (273) tells us that

> [Uh(a, b; )] [Uk(a, b; )l

A8

421)

D N A
na(k, Dnp(k, 1)

fork,1 € H, p,). We notice that the U transformations can be
thought of as being associated with the action on the splitting
spaces V., while the transpose UT corresponds to the action
on the fusion spaces Vy;, as seen in Egs. (269) and (270).
The symmetry action consistency implies that UT form a
projective representation of H, »,), with a factor set given by

ne(k, 1)
na(kv l)nb(ks l)

restricted to Kk,1 € H, 4. We will denote this projective
representation of H p.c) by U T as T(a.bic) and its character is
given by

(422)

kei(a, bye) !t = (423)

Xy K) = D _[Uk(@, b3 ©))yup. (424)
"
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With the above discussion as justification, we present the
formula for the fusion coefficients of the (Cj; Y6 MTC [83]

([el,me) _
N([a],na)([b],rrb) - Z
(t,5)€G,\G/Gp

t
m (770 |H(¢“vs,,;u.) > Ta |H(ta.sb;L)

®S7Tb|H ® T[(‘a,sh;c))a (425)

(taShic)
where H,sp.cy = Gty N Gsp, N G, and the notation 7| Hivspe
means the restriction of the irrep 7 to the subgroup H, sp.c)-

As we discussed above, the tensor product tJ'ra|Ht .
(*aSbic)

bl ® T (tashe) has the factor set given by

(taSbic)

na(, Dy (K, Dici(a, b e) ™' = ne(k, 1)

for kK, 1 € Htg ), which is precisely the same factor set as
.| Hevsne' We note that the restriction of an irrep to a subgroup

(426)

is not necessarily an irrep of the subgroup. Finally, m(-, -)
is a sort of integer-valued inner product that, in some sense,
measures the multiplicity of the entries with respect to each
other. If one of the entries is an irrep, then this multiplicity
function simply counts the number of times this irrep occurs
in the other entry’s irrep decomposition. However, the general
description of the multiplicity function is more complicated
than the statement that it counts the number of times one entry
occurs in the other. The precise definition of this multiplicity
function m is given in Appendix B. For practical purposes, it
may be computed in terms of the projective characters of the
projective representations, as in Eq. (BS).

The formula in Eq. (425) may appear obtuse without some
experience in using it for concrete computations. For this, we
refer the reader to Sec. XI, where this formula is utilized
to derive the fusion rules of the gauged theory for several
examples.

As the first application of this formula, we determine
the topological charge conjugate (antiparticle) of ([a], 7,).
It should be clear that if ([b], m,) is the charge conjugate
([a], m,), then [b] = [a], since, for each a € [a], there must be
an element b € [b] such that N(?b # 0. Regarding the nj; irrep
of the conjugate charge, a natural guess would be the conju-
gate irrep 7), since 7, ® w; =1 @ - - -. However, the factor
set of 7 is n, which is in general only gauge-equivalent to
ng. In fact, from the symmetry action consistency Eq. (273),
we have the relation

na(k, Dk, 1) = M@ B
Ux(a, a;0)Ui(a, a;0)

for k,1 € G,. It follows that we should define the charge
conjugate’s irrep to be

7u(k) = Ux(a, @;0) "' (k).

(427)

(428)

This is, indeed, an n; irrep of G, i.e., it has the factor set ;.
Thus the topological charge conjugate of ([a], ,) € (C; )9 is

([al, ma) = ([a], 7o) (429)

with @ the charge conjugate of a € Cj and 7, the 7 irrep
of G; defined in Eq. (428). We can verify this by plugging
([a], 7,) and ([a], 7,) into Eq. (425), where we would find
that the tensor product in the second entry of m simply
becomes m, ® 7 which contains the trivial representation 1

precisely once.

4. Topological twists

As we have discussed above, a topological charge in (Cj )G
has the form of a generalized dyon, the “flux” being a G-orbit
of defects and the “charge” being a projective 5 irrep. Thus we
expect that the topological twist of such objects will receive
a contribution from the defect’s twist (carrying over from the
C¢ theory), as well as an Aharonov-Bohm type phase from the
(internal) braiding of the object’s flux and charge around each
other. The latter contribution is roughly given by the character
of the projective irreps, as it is in discrete gauge theories.
Therefore we have the following formula for the topological
twists of topological charges in (C})°

X, (8)
a1, 7,) = O, X” 0

In this expression, 6,, is the topological twist of ag € C; and

(431)

(430)

X, (8) = Tr[ma(8)]

is the projective character of the n, irrep 7, (see Appendix B).
Xx=,(0) = dim(m,) is equal to the dimension of .

It is straightforward to see that this expression for 0 x,)
is indeed equal to a phase. Specifically, since 7,,(g,h) =
N4,(h,g) for all heG,, it follows that m,(g)m,(h)=
7,(h)m,(g). Using Schur’s lemma, we deduce that ,(g) o< 1.

Since the representations are unitary, it follows that 2u® g g

Xxa (0)
U(1) phase.

We stress that the projective character depends on the
particular factor set 71,, not just the equivalence class to
which it belongs. While neither 6,, nor x,,(g) is individu-
ally invariant under the symmetry action gauge transforma-
tions, their product actually is invariant under such gauge
transformations. More explicitly, under a symmetry action
gauge transformation, as in Eq. (294), the projective character
transforms as

X, (8) = v, (@) Xx,(8) (432)
and éag = Y4(8)04,- Thus
X (8)0ag = X, (800, (433)

We also notice that vertex basis transformations leave both 6,
and x,, and hence 64 ) invariant.

We must also check that 6((4,) 7,) does not depend upon the
choice of ag € [a]. Consider a different representative element
Kay with k € G/G,. In Eq. (300), we saw that

74(8, k)
kag = Tk ag

na(k, g)
As shown in the previous section, there is a canonical corre-
spondence between the projective representations of Gk, and

G,. Thus we choose the projective representation for Xa to be
k1r,. According to Eq. (416), we have

(434)

na(k, ¥g)
seon, (Kg) = 1 By gy, (435)
na(g, K)
This results in the relation
O X, (*8) = Oy Xz, (8), (436)

which demonstrates that the expression for the topological
twist is indeed independent of the choice of a € [a].
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As a special case, we notice that if [a] € Cy, then 6, = dimensions can be obtained from the fusion rules and the S
6,, which is expected from the theory of topological Bose = matrix is defined in terms of these quantities by Eq. (37).
condensation. However, it is illuminating to obtain an expression for the S

matrix of (C )Y in terms of the G-crossed S matrix of Cs. We

begin the derivation with the expression for Si7~s).x,) 10
terms of the gauged theory’s data (where we use the topolog-

Given the topological twists and fusion rules, we can ical charge conjugate of ([a], 7,) to simplify the subsequent
compute the modular data of a UMTC, since the quantum expressions):

J

5. Topological S matrix

1 . 0
S _ GES! (GED)
Stamablm) = Do Z Nia) 7)1l Alclxe

€7 (1))

ects t
:|G|1D0 ) szcucn& e Xn(Cgh)

¢ O Xz, (18) Xom, )

Y
O ta1, 7 Oc1b), )

(t,9)€G\G/Gp [c] 7 4
Nt Ns
x TN () X, (K)o, (K) D [Uk (g, b cogon ) (437)
|H(ta,5b;c)| KeH o P
(taShic

Here, n, = x,(0) = dim , and we used Egs. (417), (424), (425), (430), and (B8). We may chose to use any representatives of
the topological charge orbits in this expression, but we have specifically chosen to use ¢ € [c] such that ¢ € Cigsy, (corresponding
to the choices ag € [a] and by, € [b]) in order to make the evaluation more direct. The sum breaks into three parts: (1) a sum over
(t,s) € G,\G/Gp, (2) a sum over G orbits [c], and (3) a sum over irreducible 7. representations .. We first carry out the sum
over 7... In order to apply the orthogonality relation Eq. (B14), we notice that, in G., 'g*h by itself forms an n.-regular conjugacy
class and its centralizer is G.. Thus we can apply Eq. (B14) to evaluate the sum

Z X (g1 (K) = |Geldigon k- (438)

T

Since k € Hpy spyy, we conclude that in order to have k = ‘g*h (so that the sum is nonvanishing), we must have 'g € Gs, and
*h € Gt,. Using these properties to evaluate the sums over 7, and k, we obtain

1 Nty Ny, ec Xtx, (tgsh)Xsn (tgsh)

S =5 2 ) e - 2 > [Ugn(‘a.*b; )] (439)

(lal,7rq)([B),7p) ¢ ] ) t ) g » O, JLLs
b D t.5)€G\G/Gy  [c] |H(‘a,5b;c)| e‘ag‘b X‘nl,( g)X T (sh) m

c e C‘gsh

where we indicate the choice ¢ € Cigsy, On the [c] sum in order to reduce clutter. We further notice that

1 X7, ('8)

t”a

Xtin, (tgsh) = Tr[ﬂ‘a(tgsh)] = Tr[n‘a(tgv sh)_lﬂ'a(tg)ﬂ'a(sh)] = n'u(tg’ Sh)_ Xtr, (sh)’ (440)

where we have used the fact that ., ('g) oc 1. There is a similar relation for s, (*g*h). From these relations, we obtain

s _ 1 Z dc 90 Z# [U'gsh(tav Sb, C)]Mpl.
(lal,wa)([B17t) — tg s tg S

D (t.9€G\G/Gy  [c] |H('u,5b;c)| e'agsb n‘a( g, h)nsb( 2, h)

ce Ctgsh

— Y Y SRR, e, R (), (@41)

0 (es1eGnG/Gy 1 Peasbol 45

Xtr, (Sh)Xsm, (tg)

where we used the G-crossed ribbon identity Eq. (312) in the last step. (We can now drop the ¢ € Cigsy, since this condition is
implicitly enforced by the R symbols.)
Thus we have found

1 dc CSh bt .
Sm,([h],ﬂb) = D_ Z m Tr [Rca Rc a]thH (Sh)Xsm)( o). w)
(t,s) € G,\G/G, Ic] (ta,5b;c)

By sliding a line over a double braid and applying Eq. (280), we can show (when "a = a and #b = b) that

a a , l-( «(h, l-( Ay a,
k gkthkbhk g] _ ﬂb(g )77 ( ) Tr [R gthhh E’.]_ (443)

Tr | R, = = = c c
[ sk, ¥g)na(k, kh)

ke ke
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Using Eq. (416), we also have

na(k, *h) K (k, *g)
Xir, () = —Xna(h) X, 8) = ——=— ¥, (&) (444)
na(h, k) " (g, k)
Putting these together, we find the relation
Kagk by Kbyka agbp ybna
Tr [R® " Re,™ ] xir, (D) xir, (K8) = Tr [RE R xr, (D) o, () (445)

which shows that this quantity is invariant under G action.
Finally, we carry out the sum over the orbits [c], replacing it with a sum over the actual topological charges ¢ € C to obtain

1
STtz m) = Do Z Z Z |H(,a > ¢>I

(t,s) € G,\G/G, ]

Tr [Re™ PR s, (1) s, (K1)

1

=Gm X 2 2

(t,s) € G\G/G, [c] KeG/Hy, s,

We write k € G/H(‘a,sb;c) as k =1k; where k; € G, N Gs, N G/H(la!sb;c) = M(ta,sb;c) and 1 € [G/H(ta,sb;C)]/M(la’sb;c) = L(la’sb).
We purposefully drop the index c in the definition of L, since L contains cosets of elements that at least change one of 'a and b,
without referencing to c. In other words, k; are all elements in G/H,sp, . that keep both ‘a and b invariant and by definition
necessarily transforms ¢ nontrivially within the same orbit. Once we sum over those k; and [c], we actually have a sum over all

i Tr Ry PR ] s, () o, (M),

(446)

cin'ta x b

STtz m) = 1GIDy

= ﬁ Z Z Sltalsb Xitg, (lsh))@snb(ltg).

(t,s) € G,\G/Gp I€Lty s,

Now recall that the double coset G,\G/Gy, is defined as the
equivalence classes of elements in G/G, x G/Gp, under the
diagonal left multiplication. Therefore carrying out the sum
over 1 is equivalent to lift the double coset back to G/G, x
G/Gy. Finally we arrive at the following expression:

D Sisp Xm, D) xom, (‘2.

teG/G,
seG/Gy

St =—
Talm(nlm) = |G| (448)

We can now use Eqs. (323), (428), and (B5) to rewrite this
final expression as

D7 Sy XimCh) xom, (1), (449)
te G/G,
s € G/Gy

Slagl wa)(bul,m) = Gl

Thus we have found that the S matrix of the gauged UBTC
(CZ)Y can be obtained from the S matrix of the corresponding
G-crossed UBTC Cj by taking a linear combination of §
matrix elements that is weighted by the projective characters
of the corresponding projective irreps.

6. Chiral central charge

Given our formula in Eq. (430) for the topological twists
of (C )G, we can prove that the chiral central charge c_ (mod
8) of the gauged theory is the same as that of Cy, when these
theories are modular. To see this, we first evaluate the Gauss

YY Y Y a T [RERY e, (s, (M)

(t,8) € GA\G/Gp 1Lt sy, c] Ki€M e, s,

(447)
(
sum for a specific G orbit [a], summing over 1, irreps
X, (8)
Y i ftann = Y A2l xr, ()P0, ==
o o X, (0)
= d; 1@y Y X, (&)X, (0)
T
= d;|al[*64,|Galbg.0. (450)

Using this result in the full Gauss sum and noting that
|G| = |[al| - |G|, we obtain

1
Ocr=p.— 2
€7 (lagl.mnrecy)

d([a],na)e([a]aﬂa)

> " d2IG| - |[a]lfu,8g.0

D(CX [a ]
=—Zd2|[a1|9 —Zcﬂ
[ao] llECo
= Oy = Op. (451)

Thus (Cg )¢ has the same chiral central charge mod 8 as C and

cx.

7. Genus g ground-state degeneracy

An alternative way of computing a number of properties
of (Cg )Y, when it is a MTC, is by computing the ground-
state degeneracy N, of the theory on a genus g surface. It
is well-known that this is related to the quantum dimensions
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of (Cg )¢ via the formula (which can be derived using the
Verlinde formula)

Ny =52 3 g e,

Ae(CE)°

(452)

Therefore knowledge of \V; for enough values of g can be used
to extract the quantum dimensions d; for every topological
charge A € (C; )G.

The ground-state degeneracy N, of (Cj )¢ can also be
obtained from the genus g ground-state degeneracy of Cj,
which was discussed in Sec. VII B, by projecting onto the G-
invariant subspace of states. In other words, we consider every
state |{) € Vig, n,) for every {g;, h;} sector. As discussed in
Sec. VIIC, these states transform under the G action. The
projection keeps only the subspace of states that are invariant
under this G action. That is, one takes

W) = pell¥)),

geG

(453)

for each state |y), belonging to any {g;, h;} sector of the
G-crossed theory. The ground-state degeneracy N is then the
dimension of the space spanned by such G-invariant states

).

C. Universality classes of topological phase transitions

A wide class of quantum phase transitions between topo-
logically distinct phases of matter can be understood in terms
of the condensation of some set of “bosonic” quasiparticles
[75,106], i.e., those whose topological charge a has trivial
topological twist 6, = 1. In these cases, the topological prop-
erties of the resulting phase can be derived from those of the
parent phase. Some of the topological charge values (quasi-
particle types) become confined due to the new condensate,
some are equated with other topological charges, related to
each other by fusion with the condensed bosons, but otherwise
go through the transition essentially unmodified, and others
may split into multiple distinct types of topological charge
when going through the transition. We note that the mathe-
matics underlying these transitions was initially developed in
Refs. [104,105].

Most of the current understanding of such topological
phase transitions focuses on the formal mathematical struc-
ture, such as the nature of the topological order on the
two sides of the transition. However, another very important
property of a phase transition is its universality class. For
the simplest cases, where only one boson a with fusion
a x a =0 condenses, it has been shown that the resulting
phase transitions can be understood as Z, gauge-symmetry
breaking transitions [76,78]. Here, we will extend these results
to a more general understanding of the universality classes of
topological bose condensation transitions.

Let us consider a topological phase of matter described by a
UMTC M that contains a subtheory B, which is itself a UBTC
(i.e., it contains topological charges that are closed under
fusion) in which all the topological twists are trivial, i.e., 6, =
1, Va € B. It follows that the subcategory B is symmetric, i.e.,
RRb = 1 and DS, = dydp forall a, b € B.

When these conditions are satisfied, a theorem due to
Deligne [137] guarantees that 53 is gauge-equivalent to the

category Rep(G) for some finite group G. This category
Rep(G) has its topological charges given by all irreducible
linear representations of G, with the fusion rules being pre-
cisely given by the tensor product of the irreducible repre-
sentations and the F' symbols being given by the correspond-
ing Wigner 6 symbols. The topological charges of Rep(G)
are all bosons and their braiding is symmetric, i.e., 6, = 1
and RR" =1 for all topological charges a, b € Rep(G).
We notice, however, that one generally does need the full
knowledge of F symbols and R symbols of B to unambigu-
ously recover the group G from the representation category
[138].

In such a case, one can always condense the quasipar-
ticles belonging to 5 following the formal rules given in
Refs. [75,106,107]. Let C denote the phase obtained by con-
densing the B quasiparticles in M. It was proven in Ref. [139]
that M can always be obtained by starting from C and then
gauging a symmetry group G. This implies the following
property of the topological phase transition:

When the topological quantum phase transition corre-
sponding to the condensation of a Rep(G) subset of a UMTC
is continuous, its universality class can be understood in terms
of the discrete gauge symmetry breaking transition associated
with the finite group G.

This property follows from the fact that the universality
class of the phase transition depends only on the objects that
are Bose condensing, since these are the only degrees of
freedom that are becoming gapless and contributing to the
low-energy physics at the phase transition. Whether or not
the phase transition is continuous generally depends on the
microscopic details of its physical realization.

Since discrete gauge symmetry breaking transitions are
well-understood and can be simulated easily using numerical
methods or, in simple cases, through analytical methods [136].
This means that we can immediately understand the critical
exponents for local correlations of this much wider class of
topological quantum phase transitions.'>

IX. CLASSIFICATION OF SYMMETRY ENRICHED
TOPOLOGICAL PHASES

We have developed a general framework to understand
the interplay of symmetry and topological order in 2+ 1
dimensions. Our work leads to a systematic classification
and characterization of SET phases in 2 4+ 1 dimensions, for
unitary symmetry groups G, which describe on-site and/or
translation symmetries, based on inequivalent solutions of
the defect theory Cj. Our formalism for Cj; encapsulates in
detail the properties of the extrinsic g defects and the way
in which symmetries relate to the topological order. Below
we will describe the classification of Cj and discuss the
relation to the PSG framework for classifying SET phases.

5We note that while critical exponents for local correlation func-
tions can be captured in this way, nonlocal correlations and the topo-
logical structure of the critical points may have subtle differences
depending on the rest of the structure of the topological phases in
question.
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The extension to continuous, other spatial (non-on-site), or
antiunitary symmetries will also be be briefly discussed below.

A. Classification of G-crossed extensions

One can, in principle, obtain all G-crossed BTCs by solv-
ing the consistency equations. In practice, this can quickly
become computationally intractable. Fortunately, addressing
this problem is aided by the theorems of Ref. [81], which
classify the G-crossed extensions of a BTC Cy for finite groups
G (and also extensions of fusion categories). In our paper, we
restrict our attention to the case where Cy is a UMTC.

We have already examined part of this classification in
detail in our paper. The most basic part of the classification,
discussed in Sec. III, is the choice of the symmetry action
[o] : G — Aut(Cy), which is incorporated as a fundamental
property of the defects of the extended theory.

The next part of the classification was discussed in Sec. IV,
where we showed that, given a specific symmetry action [p],
the symmetry fractionalization is classified by H[zp](G, A).

This required that the obstruction class [®] € HSO](G, A) be
trivial [®] = [0], since, otherwise, there would be no solu-
tions. More precisely, the symmetry fractionalization classes
were specified by the equivalence classes of the local pro-
jective phases 1,,(g, h), and these classes are elements of
an Hﬁ)](G, A) torsor. This means distinct classes of solu-
tions are obtained from each other by action of distinct
elements of H[ZP](G, A). In particular, the Ug(a, b;c) and
nx(g, h) transformations of a G-crossed MTC C;; (or, rather,
their restriction to the Cy sector) are precisely the symmetry
action transformations of fusion vertex states and symmetry
fractionalization projective phases, respectively, that encoded
symmetry fractionalization. Similarly, the G-crossed consis-
tency relations of the Ug(a, b; ¢) and 7,(g, h) transformations
are precisely the corresponding consistency relations that
arose in the fractionalization analysis. Thus the H[zp](G, A)
classification of symmetry fractionalization carries over to the
G-crossed extensions of Cy, where the defects in the extended
theory incorporate the symmetry action through the braiding
operations.

In this sense, the set of gauge inequivalent G-crossed
MTCs that are extensions of a MTC Cy with specified [p] is

an H[Zp](G, A) torsor. By this, we mean that, given a G-crossed

MTC C[, each element [t] € H[Zp](G, A) specifies a potential

way of modifying Cj to obtain a distinct, gauge inequivalent
G-crossed MTC éGX, with a different fractionalization class.
From the above discussion, it is clear that an important
property of a G-crossed extension that is modified by [t] in
this way is the symmetry action and fractionalization that is
encoded in the defects, particularly their action with respect
to the Cy sector.

We can also see that, for a choice of t € [t], the G-graded
fusion rules of the defects in Cj are modified to become

ag x by = t(g, h) X Y N con,

Cgh

(454)

so that the fusion coefficients of the modified theory (f'g are
given by

\7Ceh t(g,h)xcgn
Nagbh - agbh °

(455)

It follows from the 2-cocycle condition on t that these mod-
ified fusion coefficients automatically provide an associative
fusion algebra. We note that such a modification may or may
not actually give a distinct fusion algebra. Clearly, the rest
of the basic data of C;; will also be modified by [t], but we
will not go into these details here. (The dependence of the
basic data of C; on the fractionalization class can be seen very
explicitly for the relatively simple class of examples given in
Sec. X.)

Importantly, while there is a different symmetry fraction-
alization class for each element [t] € H[zp](G, A), it is not
guaranteed that each class can be consistently extended to
define a full G-crossed defect theory CX, ie., that each pair
of p and 5 acting on Cy can consistently be incorporated in
a G-crossed theory. In fact, the symmetry fractionalization
class defines a new obstruction class [Q] € H*(G, U(1)) [81],
which we refer to as the “defectification obstruction.” Only
when this obstruction class is trivial can a G-crossed BTC Cj;
be constructed, as there would otherwise be no solutions to the
G-crossed consistency conditions. For the case where Cy is a
MTC and the symmetry action does not permute quasiparticle
types, we have derived an expression for this obstruction
in Eq. (485) by directly solving the G-crossed consistency
equations.

When the defectification obstruction [(] vanishes, the
classification theorem established in Ref. [81] says that the
remaining multiplicity of G-crossed extensions (after speci-
fiying [p] and [n]) is classified by H3(G,U(1)). The set of
G-crossed extensions (with specified symmetry action and
symmetry fractionalization class) is an H*(G, U(1)) torsor in
a similar sense as above. In particular, given a G-crossed MTC
Cg . each element [o] € H3(G,U(1)) specifies a way of mod-
ifying Cj to obtain a distinct, gauge inequivalent G-crossed
MTC ég with the same symmetry action and fractionalization
class.

We now describe how one may modify a particular G-
crossed theory C; to obtain another G-crossed theory Cx, for
agiven [x] € H3(G, U(1)). We first note that the bosonic SPT
states for symmetry group G are completely classified by the
elements [a] € H3(G, U(1)), as discussed in Sec. XI A. We
will denote these states as SPT[C";"]. Then it is easy to see that,
for each [«], we can produce another G-crossed theory by
factoring in SPT states in such a way that the group element
labels match up with those of Cj, i.e., we take the restricted
product

Cx = SPTE K CZl(g.ap)» (456)
where topological charges in Cq from the G-crossed theory are
paired up with g defects from the SPT. To be more explicit, for
a choice of « € [a], that is, a 3-cocycle & € Z3(G, U(1)), and
the choice of gauge, given in Sec. XI A, that makes all the
braiding phases trivial for SPT[gl, the basic data of C}; can be
modified as

N;:};h = ;;:h, 457)
Adgbycx _ agbnck
[Fan™™ e = @@ W ROLEE ] oy
(458)
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TABLE I. Topological invariants of G-crossed modular tensor categories. (This is not an exhaustive list of invariants.)

Invariant Expression
Fusion coefficients, Egs. (3) and (241) N::Zh

Quantum dimensions, Eq. (14)
Frobenius-Schur indicator, Eq. (13)
Action on topological charge, Eqgs. (82) and (248)

Projective exchange, Eq. (299)

Projective braiding, Eq. (314)

G-crossed modular transformations, Eq. (386)

Modular twisting, Eq. (388)
Fusion rules of the gauged theory, Eq. (425)

Topological twists of the gauged theory, Eq. (430)

o —1
agaga.
dag = |[Fagg ¢ g]00|

_ agagag o
oy = dag [Fag loo, when a, = ag

pg(a)
2 RE )y
=R
0 [R2ER
———5 - when *¥a, = a, and ¥b, = by, for k = (gh)".
¥, [(R2)7Eh) BT
“gh W

Q(g,h)’ when Q(g.h) . V(g,h) N V(g.h)

agdg
0
szib;’ when Q@Y : V0 — Vo)
9:1; Hl;zl N4, (g’, ), when g" = 0
N([C]JT:-)
([al7wa)([b],7p)

Xra (8)
eag Xra (0)

(R, = (R, (459)
[k (ag, bn; cgn)l i
L ek el (460)
ag 1, Ka(k, g, ).
gy = —— &R ey e

a(g, h, BK)a(k, g, h)

to give the basic data of ¢ %, which automatically satis-
fies G-crossed consistency conditions. We note that, since
a(g,h, k) =1if g, h, or k = 0, the line sliding transforma-
tions with respect to the Cy sector are unchanged by the above
modification, that is [Uk(aq, bo: ¢0)luw = [Uk(ag, bo; co)l,
and f)y,(g, h) = ny,(g, h). Thus such modifications of a G-
crossed theory leaves the symmetry action [p] : G — Aut(Cy)
and symmetry fractionalization class fixed.

We believe modifications of this type precisely give the
H3(G, U(1)) classification, or, in other words, they generate
all gauge inequivalent G-crossed MTCs for a specified sym-
metry action and symmetry fractionalization class. We refer
to such distinct G-crossed theories with the same symmetry
action and fractionalization class as having different defectifi-
cation classes.

It is straightforward to check that when o € B*(G, U(1)) is
a 3-coboundary, i.e., when

e(h, k)e(g, hk)
¢(gh, k)e(g, h)
for some ¢ € C2(G, U(1)), that theAabove modification of the
G-crossed theory by « produces a C; that is gauge equivalent

to C; through the vertex basis and symmetry action gauge
transformations

a(g, h, k) =de(g,h, k) = (462)

[ngghbh]w = &(g, h)S,.,, (463)
(g, k)

k)= ———. 464

Yag (K) ok gk (464)

This establishes the fact that one should take a quotient by
B3(G, U(1)), since such modifications are just gauge trans-
formations. What remains to be shown is that every pair of
G-crossed extensions of Cy with the same symmetry action [p]
and fractionalization class [7] is related by such a modification
for some 3-cocycle « € Z3(G,U(1)) and that distinct coho-
mology classes [«] give gauge inequivalent solutions (up to
identification under relabeling of topological charges). We do
not establish this here, but note that it may be partially verified
(or wholly verified for simple enough examples) using invari-
ants of the G-crossed theory and/or the corresponding gauged
theory, and it is true for all the examples we study in Sec. XI.
We present the more prominent invariants of G-crossed the-
ories in Table I. The classification is established in Ref. [81]
by working at a higher category level, with the subsectors Cq
(which are Cy bimodules) playing the role of objects.

In summary, the G-crossed extensions of a MTC Cy for
finite group G are classified by the symmetry action, the
symmetry fractionalization class, which is an element of an
Hﬁo](G, A) torsor, and the defectification class, which is an
element of an H3(G,U(1)) torsor. This yields the classifi-
cation of 2 + 1-dimensional SET phases for a system in a
topological phase described by a UMTC (Cyp and an on-site
global unitary symmetry described by a finite group G. Based
on the classification theorem of Ref. [81], we believe that all
of the inequivalent G-crossed extensions can be parameterized
in this way.

1. Equivalent SET phases by relabeling objects in C;

While the G-crossed extensions C; of Cy with a given
action [p] are classified by "H[zp](G, A) and H3(G,U(1))
as described above, the corresponding classification of SET
phases is generally not in one-to-one correspondence with
elements of H[zp](G, A) and H3(G, U(1)). Rather, distinct
elements of the H[zp](G, A) and H3(G,U(1)) torsors may
represent the same SET. In particular, it is possible that two

G-crossed extensions that are related by a nontrivial element

of H[zp](G, A) or H3(G,U(1)) may be equivalent to each
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other by relabeling the topological charges of anyons and/or
defects. Moreover, the choice of labels of anyons and defects
in C; is only physical up to relabelings that preserve the fusion
and braiding data (up to gauge transformations). It follows that
SET phases are classified by different G-crossed extensions
only up to such relabelings. Accordingly, the number of
elements in #{,,(G, A) and #°(G, U(1)) is an upper bound
on the number of distinct SET phases whose quasiparticles
are described by Cy, with the symmetry action given by [p].

It is useful to consider a concrete example that exhibits
this sort of equivalence of theories corresponding to different
classes in H},(G, A) and #*(G,U(1)). We consider the
Z, toric code model, for which the topological charges are
{1, e,m, ¥}, and let G = Z, with the symmetry action p act-
ing trivially on the topological charges (i.e., no permutations).
This example is examined in Sec. XII 1. In this case, the sym-
metry fractionalization is classified by H 2(Zy, 75 x Z,) =
Z, x Z,, where physically the first Z, corresponds to whether
e quasiparticles carry fractional Z, charge and the second
Z, corresponds to whether m quasiparticles carry fractional
Z, charge. The fractionalization class where e carries half-
integer Z, charge and m carries integer Z, charge is seen to
be equivalent to the one where e carries integer Z, charge
and m carries half-integer Z, charge under the relabeling
e <> m. Furthermore, for the fractionalization class where
both e and m carry half-integer Z, charge, we obtain two
C; theories, which are related to each other by the action
of the nontrivial element [a] € H3(Z,, U(1)) = Z,, i.e., by
gluing on an SPT[ZO‘J state. However, these two C; theories are
seen to be equivalent under a relabeling of the g defects. In
other words, allowing the relabeling of defect types within the
same Cg sector (with g 7 0) can relate solutions associated
with distinct classes in H*(G, U(1)). This particular example
was discussed previously from a different perspective, using
Chern-Simons field theory, in Refs. [53,140]. Another exam-
ple of this kind is discussed in Sec. XIH.

B. Relation to PSG framework

At this stage, it is worth understanding how the framework
that we have developed for classifying and characterizing
SETs relates to the projective symmetry group (PSG) classi-
fication proposed in Ref. [38]. A complementary discussion
can also be found in Ref. [51]. In the PSG formulation, a
topological phase is considered with a low-energy descrip-
tion in terms of a gauge theory with gauge group H and a
global symmetry G. Different PSGs are classified by different
mean-field solutions within a slave-particle framework [1].
A crucial role is played by group extensions, labeled PSG,
of H by G, which mathematically means PSG/H = G. It is
not clear whether the classification of different slave-particle
mean-field solutions, as originally formulated in Ref. [38],
is equivalent to classifying the group extensions PSG such
that PSG/H = G. Nevertheless, each such mean-field solu-
tion must be described by such a group extension, even if
the correspondence is not one-to-one. Here, we will briefly
discuss the problem of classification of such group extensions,
and compare the results to our approach.

When G and H are both finite, the mathematical problem of
classifying group extensions has the following solution [141].

One first picks a homomorphism o : G — Out(H), where
Out(H) is the group of outer automorphisms of H: Out(H) =
Aut(H)/Inn(H). Here Aut(H) is the automorphism group of
H and Inn(H) is the subgroup generated by conjugation. Dif-
ferent group extensions are then classified by H(Z(G, Z(H)),
where Z(H) denotes the center of H. There can also be an
obstruction to the group extension, which is characterized by
an element of H(G, Z(H)).

In order to demonstrate some shortcomings of the PSG
classification, we consider the case when H is finite and the
topological phase is fully described by a discrete H gauge
theory, i.e., Co = D(H) is the (untwisted) quantum double
of H. For this discussion, we further develop the details of
the PSG formalism in order to compare to the G-crossed
theory. We first consider how an outer automorphism ¢ €
Out(H) extends to an action on the topological charges of
D(H). Recall that the topological charges are dyons ([h], 7ry,),
where the “magnetic flux” is a conjugacy class [h] of H,
and the “electric charge” is an irrep 7, of the centralizer
Ch, of some element h € [h]. The effect of ¢ on a flux is
simply ¢ : [h] — [¢@(h)]. For the effect of ¢ on a charge, we
make use of the fact that an irrep 7y, is uniquely determined
by its corresponding character xg, ([k]), which allows us to
define () by Xy(m) (K1) = xm, ([9()]). In this way, we
can define the extension of the outer automorphism group
action o : G — Out(H) to a topological symmetry group
action p : G — Aut(D(H)) for which

pg([h], mn) = ([og(h)], og(n)).

We emphasize that symmetry actions obtained from outer
automorphisms of H in this way never interchange magnetic
fluxes with electric charges.

Next, we notice that the subset of Abelian anyons of D(H )
are given by the dyons ([h], 7ry,) for which the conjugacy class
[h] = {h} is a singleton (whose corresponding centralizer is
H) and the irrep my, of H is one-dimensional. [This follows
from Eq. (417) and the fact that a topological charge a is
Abelian iff d, = 1.] We define A (in our usual fashion) to be
the Abelian group whose elements are the Abelian topological
charges of D(H), with group multiplication given by the
corresponding fusion rules. It is clear that this group takes the
form of a direct product A = Apux X Acharge, Where Agqux is
the subgroup defined by the singleton conjugacy classes and
Acharge s the subgroup defined by the one-dimensional irreps
of H. Moreover, the center of H is isomorphic to the group
defined by the Abelian flux sector, i.e., Z(H) = Agu, since a
conjugacy class is a singleton iff it is an element of the center.

Thus, for a symmetry action p on D(H ) obtained from the
outer automorphism action o on H, we find that

H[zp](Gv A) = H[zp](Gv Afux) X H[zp](Ga -Acharge)
=H}(G.Z(H)) x H},|(G, Achurge)- (466)

It follows for D(H) that (1) PSG can describe at most a
proper subset of the fractionalization classes described by
HZ\(G, A) when H[, (G, Acharge) is nontrivial. (2) PSG can
describe at most all of the fractionalization classes described
by H7 (G, A) when Hi\ (G, Acharge) is trivial. (3) PSG is not
applicable for symmetries that interchange magnetic fluxes
with electric charges.

(465)
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Furthermore, even when one specifies the symmetry frac-
tionalization class of an SET according to H[zp](G, A), there
are still additional possibilities for distinct SETs, as indicated
by the H3(G, U(1)) part of the classification of G-crossed
extensions C. Through the simple example of a topological
phase described by pure discrete H gauge theory, we see that
these are also not captured by classifying the different group
extensions PSG.

Another important distinction between the PSG approach
and our approach is that the former requires knowledge of H,
which is, in general, not unique for a given topological phase.
This makes it unclear how to reconcile different manifesta-
tions of the same SET order using the PSG formalism.

Reference [52] has proposed an alternative framework,
besides PSG, to classify the SET phases of quantum doubles
of a discrete group (i.e., discrete gauge field theories). This
classification is also incomplete for those classes of states,
as it misses the full set of symmetry fractionalization classes
H(, (G, A) described in this paper.

C. Continuous, spatial, and antiunitary symmetries

The theory that we have developed in this paper is most
complete when C is a UMTC, and the symmetry G is a finite,
on-site unitary symmetry. However, much of the framework
we have developed applies more generally as well.

Our general discussion of the symmetry of topological
phases in Sec. III and symmetry fractionalization in Sec. IV is
valid for any general symmetry G. However, when space-time
symmetries are considered, the theory becomes more complex
as a result of the symmetry transformations no longer being
on-site, but rather being locality-preserving. For example,
for spatial reflection and/or time-reversal symmetries, defects
have a nonlocal structure in space-time and the formalism
for the defect theory described in this paper is not directly
applicable. For other crystalline symmetries, there may be
additional constraints on what types of symmetry fractional-
ization are allowed [119-123]. We leave a systematic study of
this for future work [142,143].

When G is continuous, one also requires additional con-
ditions that the maps p : G — Aut(C) respect the continuity
of G by mapping all group elements in a single connected
component of G to the same element of Aut(C). The cochains
valued in A, such as the ® and w described in Secs. IIT and
1V, should similarly respect the continuity of G.

Similarly, the definition of g defects and the notion of
topologically distinct types of g defects is valid (or can be
straightforwardly generalized) for any unobstructed unitary
symmetry G, even if it is not discrete and on-site. It is
unclear how to generalize the constructions and formalism
of defects to include antiunitary symmetries, as the complex
conjugation operation is inherently nonlocal (except when
acting on product states and operators).

When G is not a finite group, our formalism for G-crossed
UBTC:s described in Sec. VI may still be applied as long as
fusion is finite, meaning there are only a finite number of
fusion outcomes when fusing two topological charges. The
discussion of G-crossed modularity for general G requires the
further restriction that |Cq| be finite for all g, but again does
not require G to be finite.

When G is a continuous group, the consistency conditions
that we have described in Sec. VI are not complete. In
particular, the basic data of CJ;, such as the F, R, U, and 7
symbols, must somehow reflect the topology and continuity of
the group G. For SPT states, which consist of the case where
the original category C is trivial, it was argued in Ref. [47]
that when G is continuous the classification is given in terms
of Borel cohomology Hj(G,U(1)). In our language, this
amounts to the condition that the F symbols of C;; be Borel
measurable functions on the group manifold. Therefore a
natural assumption is that SETs with continuous symmetry G
are classified by distinct Cj;, with the additional condition that
F, R, U, and n be Borel measurable functions on the group
manifold. However, a detailed study of G-crossed extensions
for continuous G, in addition to the framework for gauging
continuous G, will be left for future work.

In the case where G contains spatial symmetries, such as
translations, rotations, and reflections, it is an open question
how the basic data and consistency conditions for C; should
be modified. A systematic study of these will also be left for
future work.

Finally, we note that the classification theorems of
Ref. [81] for C(X; and, in particular, the statement that distinct
C; are fully classified by the symmetry action, fractionaliza-
tion class, and defectification class require that G is a finite,
on-site unitary symmetry.

X. COMPLETE SOLUTION OF G-CROSSED EXTENSIONS
FOR TOPOLOGICAL PHASES (MTCS) WITH TRIVIAL
SYMMETRY ACTION

In this section, we consider a general topological phase
described by a MTC Cy, with G symmetry, for which the
symmetry action does not permute the topological charges
in Cy. In this case, we can solve the G-crossed consistency
equations explicitly to obtain the basic data for all G-crossed
extensions.

We begin by noting that the symmetry fractionalization
obstruction [®] automatically vanishes. We will choose a
gauge in which

Uk(ao, bo; co) = 1, (467)
Bey(g, ) =1, (468)

O =0, (469)

Neo (8 ) = Meynog ) (470)

where the symmetry fractionalization class is specified by
[w] € H?(G, A).

We know that |Cq| = [Cyl, since the theory is modular
and all topological charges in Cy are fixed under symmetry
action. However, to determine the properties of the topological
charges, we must establish their fusion rules. For this, we first
prove that Cy contains at least one Abelian topological charge
(which has quantum dimension equal to 1) foreachg € Gina
G-crossed MTC when the action of the symmetry G does not
permute the topological charge values of quasiparticles.

Using the gauge choice Ug(ay, by; co) = 1, Eq. (327) yields

the relation
aoxk Sboxk § : C()Xk
- aobo
co SO

(471)
S ()Xk S()xk
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which tells us that “{;"" is a character of the Verlinde algebra
of Cy. Since Cy is a MTC the characters of its Verlinde algebra

are given by A% = “““’ for yo € Cy. It follows that, for each

Xk, there must be some yy € Cy such that % = % In other
"k

0y
Sagf )

i Sagx
words, there is a map f : Cx — Cp such that 2% = .
Sox Sofca)

G-crossed modularity implies that |Cx| = |Cy| and

3
Xk}k E : Saoxk Sao»k

ay

dydy,

= ———— ) SarxoSa
df(xmdfomz ofEROT w00

dy dy,

O 472)
df(Xk)df(Vk)

8 ro o

Hence, the function f is a bijection. Moreover, this expression
tells us that d,, = dj(y,). Inverting f, we can now define the k
defect O, = f~'(0g), which thus has do, = do, = 1.

Having established that there is at least one Abelian g
defect for each g € G, we now choose one such Abelian
defect from each sector to label Og. With this convention, we
can label all the other defects as ag = ag x Og. Since O is
Abelian, this labeling is well-defined (i.e., each ag is distinct
and uniquely defined). This represents all defect types in Cy,
since |Cq| = |Col, and, moreover, produces the correct total
quantum dimension Dy = D.

Since Og are Abelian, their fusion must take the form

0g x Op = 10(g, h)y x Ogp, (473)

for some Abelian topological charge w(g, h) € A. (We use
the notation w(g, h) for this Abelian topological charge in
anticipation of this quantity being identified as the 2-cocycle
characterizing symmetry fractionalization.) Associativity of
fusion requires w(g, h) € Z*(G, A), i.e., it must satisfy the
cocycle condition

w(g, h)w(gh, k) = w(g, hk)w(h, k). (474)

Consistently extending this to all defect topological charges,
we find that the fusion rules must take the form

ag X by = ZNHC:boCO x (g, h)g X Ogn

CECo

=) N, [ew(g, h)lgn,

CECo

(475)

where we introduce the shorthand [ab]; = [a x bl fora, b €
Co when at least one of a and b is an Abelian topological
charge, so there is no ambiguity in their fusion product. In
other words, the fusion coefficients are given by

cgn (g h) h)oXC()
Nagbh - Naobo

(476)
|

[ =[
[dw(g. h)w(gh,k)lgnk J[ew(g,h)lgn [ froth K)In — L [dw(g,hw(gh.k)ly

[fw(g.Ww(gh,k)]y

ag[bwo(g,h)Jp[cw(gh, K)o

Of course, when A is nontrivial, the choice of 0, is not
unique and could instead have been any other Abelian g
defect. InAother words, we are free to choose a different
definition Og, which is necessarily related to the other choice
as 6g = 3(g) x Og, where 3(g) € A. This choice results in a
redefinition (g, h) = w(g, h) x ds(g, h). Thus the consis-
tent fusion rules for G-crossed extensions are classified by
[w] € H*(G, A). Furthermore, we will see that solving the
consistency conditions for U and 7 reveals that this quantity is
precisely the symmetry fractionalization class, justifying our
use of the same symbol. We also note that when we restrict
to the Abelian topological charges of the defect theory, i.e.,
the quasiparticles and defects with d, = 1, the possible fusion
rules correspond precisely to the possible central extensions
of the group G by the group .4, which are also known to be
classified by H*(G, A).

Given the fusion rules, we see that consistency of the fusion
rules with G-crossed braiding determines the symmetry action
on the defect charges to be

pr(ag) = [aw(k, g)w(kgk, k)i

= [aw(g, k)w(k, kgk)],i.

Solving the G-crossed consistency equations by iteratively
increasing the number of defects involved (i.e., the number
of topological charge values at the top of the corresponding
diagrams that are labeled by nontrivial elements of G), we
find expressions for the basic data of the C; theories in terms
of the Cy basic data and the fractionalization class specified
by w. Moreover, we find an expression for the defectification
obstruction, which indicates whether a consistent G-crossed
theory exists for a given fractionalization class.

We note that there is always at least one fractionalization
class that is not obstructed, since one can always take the prod-
uct of a MTC with an SPT state to produce a G-crossed theory,
ie., CX = Co X SPTY!. These G-crossed theories correspond
to the trivial fractionalization class [w] = 0.

We now restrict our attention to theories with no fusion
multiplicities, i.e., NS, < 1, though the general case may be
similarly addressed. In order to solve the consistency equa-
tions explicitly, we use the vertex basis gauge freedom to fix

477)

aobook _ aoohbo _ Ogbﬂok
[F;‘k ]cobk - [Eh ]ahbh - [ [hm(g,k)]gk]bgbk
agOn by Ogbo __

[F[cw(h k)]hk]ah[bw(h Kl by 1 (478)
when NaC::bo # 0, and the symmetry action gauge freedom to
fix

agOn —
R[aw(g,h)]gh =1. (479)

With these gauge choices, the resulting basic data for the
terms allowed by fusion are found to be (for presentability,
we leave charge labels implicit for fusion channels that are
uniquely determined by the remaining labels)

] [ero(g,h)]o[fro(g,h)w(gh,K)]o
[ oolwo(g mlolew(gh. k)ly

Fcolw(gmlolw(gh, k)l 1

FO00 - (480)

Fooleothk)lo[wo(g.hk)lo £ [w(g.locolw(gh.K)lo feo[wo(h.k)lo[w(g.hk)lo Rlwo(g.h)loco ’

[fw(g.hw(gh. k)l
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agbo[w(g,h)lo
_ [cro(g,h)]o Ranb()
- Fbollo[w(g,h)]o o
[cvo(g,h)]o

Ragbh

[ero(g,h)]gn (481)

Ux(ag, by; [cwo(g, h)]gn) =

FagOk[bm(h,k)w(k,l_(hk)]khk
[cvo(g, h)w(gh, k) ]gnk

Fagbl.Ok

(482)

O [aro(g. k)w(k, kgk) g, [bro(h, K)ok, Khk )Ty, ’

[ew(g,h)ro(gh, K)Jghk ~ [cro(g,h)w(gh,k)]gnk

F Oglew(k, g)ro(g, gke)lgkg On

Rexlw(gh)]gn

Mo (8 h) =

where the F%%% are solutions to the consistency condition

F Ogh 0k 0 F Og On Ok

FCkOgOhFOgOh[Cw(kvgh)w(gh’ﬁgkgh)]nggh

F 05000k 70500k Oy 010k 0y

(483)

= O(g, h,k, D, (484)

such that F%%% = 1 when any of g, h, or k are equal to 0, and where we have defined the quantity
F (g )o[w(k,D]o[ro(gh, kD]o £ [vo(k,Dlo[w(h, kD)]o[to(g, hkD]p g~ [to(h, k)] [ro(g, hk)]o[vo(ghk,D]o

O(g,h k1) =

[w(g,h)lo[vo(k,Dlo

The left-hand side of Eq. (484) is clearly a 4-coboundary in
B*(G, U(1)), so in order for it to be possible to satisfy this
equation, O(g, h, k,1) must also be a 4-coboundary. Thus
we see that O will be an obstruction to having a G-crossed
extension, i.e., to satisfying the G-crossed consistency condi-
tions, when O ¢ B*(G, U(1)). Moreover, it can be shown that
O(g, h,k, 1) € Z*(G, U(1)), so it defines a cohomology class
[O] € HY(G, U(1)).

We emphasize that the defectification obstruction class [O]
is defined entirely in terms of the MTC Cy and the fractional-
ization class [w], and that it is independent of gauge choices.
Indeed, if we modify the basic data of Cy by a vertex basis
gauge transformation, so that it represents the same MTC, we
see that the corresponding obstruction becomes

O(g. h, k, 1) = O(g, h, k, Ddpu(g, h, k. 1), (486)
where
Flw(h,k)lolw(g,hk)lo
(g h. k) = o (487)

so this only modifies O by a 4-coboundary. On the other hand,
if we modify w by a coboundary, so that it represents the
same fractionalization class, i.e., (g, h) = w(g, h)ds(g, h),
we find that the obstruction becomes

6(g, h, k., 1) = O(g, h,k,Ddo(g, h, Kk, 1), (488)

where
R )o[3(K)]o

F B3(@]o[3(h)w(g,)]o[3(k)w(gh, k)]

F Bl [s(k)vo(h,k)lo[w(g, hk)lo

F ]o[w(g.)]o[5(K)wo(gh, k)]0

F Lo )]o[3(k)lo[w(gh,K)lo pr[3(k)lo[w(h,k)]o[to(g, hk)lo

F BT [w(g,h)]o[wo(gh, K)o ’
(489)

o(g. h k)=

X

X

so this also only modifies O by a 4-coboundary. We obtain
Eq. (489) by noticing that changing w by a coboundary can
be viewed as choosing a different choice dy = [a3(g)]g of the
defect charge labels.

Fw(g.)]o[w(gh.K)]o[w(ghk.D]o £ [w(k.D]o[w(g.h)]o[w(gh.kD]o [w(h.K)]o[w(hk,D]o[wo(g, hkD]o

(485)

(

The expressions for the basic data in Egs. (480)—(483) are
uniquely obtained (up to gauge freedom) in terms of F %00k
given Cy and [w], by solving the G-crossed consistency con-
ditions (pentagon and heptagon equations) involving less than
four defects. The remaining condition in Eq. (484) is then
obtained by inserting the F symbols from Eq. (480) into the
pentagon equation involving four defects. This demonstrates
that a nontrivial obstruction does not simply indicate an inabil-
ity for the defect theory to satisfy the pentagon equation, but
rather an inability to satisfy the entire G-crossed consistency
conditions, including the heptagon equations. Indeed, it is
sometimes possible to satisfy the pentagon equations, but not
the full G-crossed consistency conditions when a theory is
obstructed, as we will see in subsequent examples.

When the defectification obstruction vanishes, i.e., when
O € B*(G, U(1)), the complete G-crossed consistency equa-
tions can be satisfied and solved. In this case, we can
write

A(g. h, k)A(g, hk, Di(h, k, 1)
A(gh, k, DA(g, h, kI)

for some A(g, h, k) € C3(G, U(1)), and then the solutions of
Eq. (484) take the form

O(g,h, k1) = (490)

F()g()h()k _ O5(gs h, k)
A(g, h, k)

where o(g, h, k) are 3-cocycles in Z3(G,U(1)). As explained
in Sec. IX A, the different solutions that are related to each
other by 3-coboundaries correspond to gauge equivalent G-
crossed theories. Consequently, the gauge inequivalent so-
lutions of Eq. (484) are classified by [«] € H3(G,U(1)).
Thus the G-crossed MTCs extending a MTC Cy with sym-
metry group G that does not permute topological charges
in Cy are fully specified by the symmetry fractionalization
class [w] € H*(G, A) and the defectification class [«] €
H3(G, U(1)). This is consistent with the classification discus-
sion of Sec. IX A.

The expression in Eq. (485) for the defectification ob-
struction when the symmetry action does not permute anyons
was also obtained in Ref. [92] using a heuristic physical

(491)
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interpretation of Ref. [81]. A very different looking expression
for the defectification obstruction was obtained in Ref. [81] by
working at a higher category level, where the C, sectors (bi-
module categories) are treated as objects of a fusion category.

XI. EXAMPLES

In this section, we consider a number of examples, which
we label by the initial anyon model (UBTC) Cy and the
symmetry group G. In our examples, we only consider unitary,
on-site symmetries with finite symmetry group G. (As such,
we restrict our attention to Auty o(C).) We obtain the data of
the corresponding G-crossed UBTCs C by solving the con-
sistency equations of Sec. VI, using various derived properties
and classification theorems when useful, and present as much
of the basic data as is reasonable. We also present explicit
derivations of the fusion rules and the modular data of the
corresponding gauged theories (Cj; )C.

The purpose of these examples is twofold: (1) to provide
the basic data of Cj5 and (Cj)¢ for some of the more in-
teresting and perhaps more physically relevant models, and
(2) to illustrate the different types of nontrivial issues and
structures that may arise when concrete calculations are per-
formed. Most of the examples examined here have symmetry
group G = Z,. In Sec. XIM, we thoroughly consider an
example with a non-Abelian symmetry G = S3. We note
that, H*(Zy, U(1)) = Z,, so there is never an obstruction to
defectification when G = Zy (though there may be a fraction-
alization obstruction). In Sec. XID, we examine an example
with G = Z, x Z, which exhibits nontrivial defectification
obstruction for certain fractionalization classes. In Sec. XIN,
we present an example with G = Z, that exhibits nontrivial
fractionalization obstruction. Partial results from some of the
examples that we examine have also been obtained in previ-
ous works [6,8-10,12,20,47,53,77,92,99,102,103,144-146],
though mostly using different methods.

In the following, we adopt the convention that the vacuum
topological charge is always referred to as either O or / and the
identity element of G is referred to as either 0 or 1. We also
will frequently use the notation [a]y = a mod N for the least
residue modulo N of a.

Gauge choices

In the following, we will need to make some gauge choices
in order to specify the basic data. There are some relatively
natural gauge choices that we describe here is some detail.

When the obstruction to fractionalization vanishes (which
is the case for all but one of our examples), we will set
® = 0, which can be done for a particular choice of 8,(g, h).
With this choice, w(g, h) is a 2-cocycle, so we have [w] €
HE (G, A).

As noted at the end of Sec. III C, when the unitary symme-
try action pg does not permute any topological charge values,
its action on Cy is a natural isomorphism and the symmetry
fractionalization obstruction automatically vanishes. In this
case, we can set [Ug(a, b;c)]uy = 8, for a,b,c € Cy as a
gauge choice, and consequently may also choose B,(g, h) =
1,® =0, and 1,(g, h) = Mg n) for a € Cy.

In the simple case when G = Z, (which we will encounter
in many of our examples), we can use the symmetry action

gauge freedom to pick a gauge in which 7n,(g,h) =1 for
all a € C;. In particular, if these phases were nontrivial in
such cases, we could apply a symmetry action gauge trans-
formation that satisfies the condition y,(1)y1,(1) = n,(1,1)
to obtain 7,(g,h) = 1. This gauge fixing leaves us with
the freedom to apply an additional symmetry action gauge
transformation with y/(1) = £1 when 'a = a and y/(1) =
[y{a(l)]_1 when la # a, without further changing the values
of n,(g, h). The gauge choice with n,(g, h) = 1 is particularly
convenient for determining the (C; )¢ theory, as only linear
(not projective) irreps need be considered in constructing the
dyons.

More generally, when the stabilizer subgroup G, of ag has
trivial H*(G,, U(1)) = Z,, we can choose a gauge in which
N4, (h, k) =1 for all h,k € G,. This is because 1n,,(h, k)
represents an element of H>(G,, U(1)), i.e., it satisfies the
2-cocycle condition for Z*(G,, U(1)) and a symmetry ac-
tion gauge transformation modifies it by a 2-coboundary in

2 : o _ _Ya(hk)
B-(G,, U(1)), since nag(h, k) = ya}(/h)y,,(k) nag(h, k) for h,k €

G,. We note that H*(Zy, U(1)) = Z,.

A. Trivial bosonic state with G symmetry

In this section, we consider the case where the starting
topological phase C is trivial in the sense that it only contains
topologically trivial bosonic excitations, i.e., Cy = {0}, but
possesses a symmetry group G. This describes a bosonic
symmetry-protected topological (SPT) phase with symmetry
group G. In this case, the construction of the extended cate-
gory C( is straightforward. Each Cq contains a single defect
type, which will be denoted by g. Fusion of defects is given
by group multiplication, that is

(492)

Since the fusion category Cg will appear elsewhere, we will
refer to it as Vecg. Mathematically, this is the category of G-
graded vector spaces. It is a well-known result that the equiv-
alence classes of F' symbols under vertex basis gauge trans-
formations are determined by the third group cohomology
H3(G,U(1)) [95,145]. Given a 3-cocycle o € Z3(G, U(1)),
we define the F' symbols as

[Fggh’ll(l’k]gh,hk = Ol(g, h, k)

As usual, we require F&#"K = 1 whenever any of g, h, k is 0,
so we always impose this condition on the 3-cocycle «.

We can also always apply the symmetry action gauge
transformation to set Rgilh =1 for all values of g and h. (If

g x h =gh.

(493)

we started with nontrivial values of Rgilh in this example, then
we would apply the symmetry action gauge transformation
ve(h) = [Rgi,h]" to remove any nontrivial braiding phases.)
The corresponding braiding operators simply involve the G
action of group elements acting by conjugation. For this gauge
choice, the corresponding Uy and ny are uniquely determined
by the G-crossed consistency equations to be

(g, k., *h)
Us(g. high) = 85V (494
a(g, h,K)ak, kg, kh)
a(g, ®k, h)
(g, h) = 5 (495)

a(g, h, Bk)a(k, g h)

115147-65



BARKESHLI, BONDERSON, CHENG, AND WANG

PHYSICAL REVIEW B 100, 115147 (2019)

We denote the G-crossed
as SPTE.

As discussed in Sec. IX A, the H3(G, U(1)) classification
of the F symbols of the G-crossed extensions C/; for general C
is in one-to-one correspondence with the classification of 2D
bosonic SPT states with symmetry group G, described here
and developed in Ref. [47]. Therefore we see that classifying
C¢ reproduces the classification of bosonic SPT states.

The G action on C; (for Cy trivial) is obviously given
simply by conjugation. Therefore we immediately obtain the
quasiparticle labels in the gauged theory as a pair ([g], 77g)
where [g] = {hgh™', Vh € G} is a conjugacy class of G (i.e.,
an orbit under G action) and 7y is an irreducible projective
representation of the stabilizer group, i.e., the centralizer of
a representative element g € [g]. If we consider trivial F
symbols on Vecg, we see that all U and n can be set to 1 and
the anyon content of the gauged theory agrees exactly with the
well-known quantum double construction D(G), describing
discrete G gauge theory. In general, gauging the symmetry
of C; = SPT[g] results in a twisted quantum double (C; ) =
DY(G) [146-1438].

corresponding theory

Zy symmetry

For additional illustration, let us consider the G-crossed
braiding for G = Zy. Since G is Abelian, the fusion rules (i.e.,
group multiplication) is written as addition, that is a x b =
[a + bly. The G-extension is simply Vec¢; equipped with a
3-cocycle

a(a, b, ¢) = ¢ ¥ bretirev), (496)
where p € {0, 1,..., N — 1}. In this case, we find it more

illustrative to choose a gauge in which 7,(b, ¢) = 1, for all
a, b, c € Zy. Solving the G-crossed heptagon equations yields

2y i
Ridip, = ¢~ et (497)
and
U.(a, b;[a + bly) = e_i%(a+b_[a+b]N)CeiZWN(mz1+m[7_m[a+bJN)C
(498)

where m, € Z. Clearly, all the terms depending on m, rep-
resent a symmetry action gauge redundancy, so we could
set m, = 0 as a gauge choice (specifically, by using y,(b) =
e~ ¥ mab) while leaving n.(b, ¢) = 1 fixed. The topological
twists and pure braid (double exchange) operations are given
by

;2

2 .27
—l—da 1= mga
j— 2 a
0, =e N7 e N4

(499)

.4
_jdmp

ba Pab i 2% (mpa+mab)
R =e M7¢ bt a
[a+bly .

Rah N

[a+bly (500)

It is evident from these expressions that m, can be understood
as the number of Zy charges attached to the defect a, due
to nonuniversal local energetics. This explains why these
solutions should be considered as being gauge equivalent,
since in the extended theory Zy charges are still part of the
vacuum sector.

We know consider the gauged theory. Since G = Zy
is Abelian, each a € Cj is also a G-orbit. They can also
carry gauge charges labeled again by m € Zy. We therefore
obtain |G|?> quasiparticles labeled by (a, m). Their fusion

rules are
(a, m) x (b, n)
2p
= ([a+b]1v, [ern— —(a+b— [a+b]N)} )
N N
(501)

where the additional gauge charges come from the nontrivial
symmetry action on the fusion state of the defects. The
topological twist of (a, m) is then

Lo _:27p 2
iy am,—igya

Oum =€ (502)
These results agree exactly with the twisted quantum double

D(Zy) [71,146-149].

B. Trivial fermionic state Z(zl) with G symmetry

In this section, we consider a trivial fermionic topological
phase, which is an example for which Cy is not a modular
theory. Even though the fermion is a local excitation in such
a case, it is useful to view it as a nontrivial element of the
category and, therefore, to treat it as a topological charge.
To describe such a situation, we use the UBTC with Cy =
{I, ¥} where I is the vacuum charge, v is the fermion, and
¥ x ¢ = 1. Cy should be viewed therefore as a topological
abstraction of gapped fermionic systems with only short-range

entanglement.
The F symbols and R symbols are
vyl _ vy _
[Fw l,=1 R/W=-L (503)
Notice that the theory is not modular, since
S L (504)
V2l

is singular. Using the notation of Sec. XIF, we will denote this
BTC as Cy = Zzl). We note that our results on classification
of symmetry fractionalization do not directly apply, since
modularity was an essential part of the argument.

However, we may still apply the general theory developed
for G-crossed BTCs and gauging the symmetry. For fermionic
SPT phases with an arbitrary finite symmetry group G, the re-
sulting classification is given by the three cohomology groups
HY(G, Z»), H*(G, Z,) and H3(G, U(1)), as demonstrated in
Ref. [150]. Here, we will only examine the case of G = Z; in
explicit detail.

The Z,-crossed extensions of Cy will reproduce the known
Z3 classification of interacting fermionic SPT states with
a unitary on-site Z, symmetry [151-154]. Physically, these
fermionic SPT phases can be realized in noninteracting spin—%
superconductors, where the spin up and spin down fermions
form class D topological superconductors with the Chern
numbers v and —v, respectively, where the collapse to the
Zg classification is given by v mod 8. In this case, the Cyp =
Zg) BTC describes both spin up and down fermions and the
G = Z, symmetry is viewed as the fermion parity symmetry
of the spin up fermions. We will refer to such a fermionic SPT
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phase as (p, + ip,)" x (px — ipy)’, as it represents |v| copies
of py £ ip, superconductors. '

We now examine the algebraic structures of these G-
crossed extension and gauging for G = Z,. The G-crossed
theories are Z,-graded: Cg = Cy € C1, where 1 is the nontriv-
ial element of Z,. In this simple case (G = Z, with an action
that does not permute any topological charges), we can use
a symmetry action gauge transformation to pick a gauge in
which n,(g, h) = 1 forall a € Cg, so we will use such a gauge
choice in the following.

As explained in Sec. VI A, we must have Dy = Dy = 2.
This allows for two distinct ways of constructing Cj;: (1) there
is a single defect type in the C; sector, which is non-Abelian
with quantum dimension d = V/2; or (2) there are two defect
types in Cq, which are Abelian with quantum dimension d =
1. We study these two cases in turn. We will find that each
case admits four distinct Z, extensions C Xz, for a total of eight
possible Z, extensions of Cy.

1. Non-Abelian extensions

We first consider case (1), where there is a single non-
Abelian defect, which we write as C; = {o}. Since we
must have & = ¢ and the quantum dimensions must satisfy
Eq. (242), the fusion rules for o mustbe: o x 0 =1 + . We
conclude that the G-graded fusion category Cz, (underlying
the G-crossed BTC extension) must be identical to one of
the unitary fusion categories that have the Ising fusion rules.
The F symbols of such fusion categories are completely
classified [155]; there are two possible fusion categories (up
to gauge transformations) with these fusion rules, and they
are distinguished by the Frobenius-Schur indicator », = +£1.
The nontrivial F symbols of these fusion categories are given
in Eq. (536).

Solving the consistency equations for G-crossed braiding,
in a choice of gauge for which 1y (g, h) = n,(g, h) =1, we
obtain the braiding R symbols

RO = i, (505)
RV =B, (506)
RS% = p /7 e'5%, (507)
R = —iahy/,e'3, (508)
and symmetry action Uy symbols
U, 1) =Ui(o,051) =1, (509)
Ui(o,0:9) = Uiy, 050) =Ur(o, ¥;0) = af, (510)

16The Z,-crossed extensions and gauging discussed here should
not be confused with a different concept, which is referred to as
a modular extension of fermions. Physically, a modular extension
of fermions corresponds to gauging the Z, symmetry of fermion
parity conservation, for which the ¥ fermions play the role of the Z,
charges and there are no other independent (bosonic) Z, charges. The
extended category in such a modular extension will, by definition, be
a modular one and will be braided in the usual sense, not G-crossed
braided. In contrast, the Z,-crossed extensions considered in this
section allow bosonic Z, charges and the braiding is G-crossed.

where o? = B2 = A? = 1. Notice that 8 = +1 and —1 give
equivalent solutions under symmetry action gauge transfor-
mations (related by yy (1) = —1), as do A =41 and —1
(related by y,(1) = —1). It is convenient to choose a gauge
for which g = «, so that Ux(a, b;c) = 1 for all a, b, ¢ and
R%Y = RY? = i, and we may as well also gauge fix A = +1.
Thus we find four distinct Z extensions C5 , distinguished by
« and s,, which may independently take the values £1.

Next, we gauge the Z, symmetry. The topological charges
in (Cé)G may be written as (a,s) where a =1, V¥, or o,
while s = + or — denotes the trivial or alternating irrep of
Z,, respectively. Since the mutual braiding between ¥ and o
is RZVRY? = —1 (assuming the gauge in which o = f), and
the mutual braiding of an alternating irrep and o generates a
—1 phase, it follows that the topological charge (v, —) has
trivial braiding with all topological charges in the gauged
theory, including (o, ). As such, the gauged theory (Cé)G
comprises the direct product of a Zg” subcategory, formed by
(I, +), (¥, —)}, with an Ising® MTC (using the notation in
Appendix XIE).

Thus gauging the Z, symmetry of the four distinct Cj
yields four distinct (Cj5 )¢, which we can identify with Z;l) X
Ising(”) where v = 1, 3, 5, 7. More explicitly, we have

o = 1, My = 1 — Z;l) IZ'ISing(]),

a=1x=-1— Z;l) &Ising(s),
oa=—1,%,=1— Z;l) &Isingm,
a=—1,% =—-1— Z"RIsing®.  (511)

This exhibits the correspondence between the Chern number v
fermionic SPT phases (p, + ip,)” x (px — ip,)” phases with
v=1, 3, 5, and 7 and the non-Abelian G-crossed UBTCs
described above, which characterizes these phases.

2. Abelian extensions

We now consider case (2), where there are two Abelian
defect types, i.e., |C1] = 2. In this case, a defect’s topological
charge must change to the other type when it is fused with .
However, this allows for two possible sets of fusion rules: (a)
Z, x 7, fusion, in which case we write the defects as C; =
{e,m},sowehavee x e =m x m =1 and e x m = 1, or (b)
Z4 fusion, in which case we write the defects as C; = {v, 7},
sowehavev x v=0vxv=v¢%andv x v = 1.

In case (2a), the G-crossed extensions can be written as
the direct products Z(zl) X SPT'“ZI, where the bosonic SPT
theories were described in Sec. XI A. This gives two distinct
extensions for this case, corresponding to «(1,1,1) = +1
and —1, respectively. These are, respectively, identified as the
Chern number v = 0 and four fermionic SPT theories.

Gauging the Z, symmetry of these theories yields Zgl) X
D*l(Z,). We note that D¥(Z,) = D(Z,) is the Z, discrete
gauge theory (toric code), confirming the identification with

1 _1

v=0. On the other hand, D~(Z,) = 7\’ R 7 >’ is the

double semion theory, which confirms the identification with
1 _1 1 1

v =4, noting that 7" M 7' R 7y =7V R 7 )7,

In case (2b), we have C; = Vecz,, and we will again find

two distinct Z, extensions. More explicitly, the topological
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charges of these G-crossed extensions are written in Z4 no-
tation as: I =0, v=1, ¥ =2, and v = 3. The F symbols
and the G-crossed braiding of Vecz, have been completely
solved in Sec. XI A, so we will use the same notation for
that section, where the gauge is chosen to set 1,(g, h) =1,
the different 3-cocycles « are labeled by p, as in Eq. (496),
and m, enters the expression for the G-crossed R symbols in
Eq. (497). However, there are now additional constraints on p
and m, imposed by requiring the even subsector of Z4 to be
the BTC Cp = Zgl). In particular, F‘;,/’ W= requires p to be

an even integer, R}W = —1 requires that (—i)?(—1)" = —1,
and U,(a, by [a + bly) = 1 (since 2 € Cy) requires m, + m; —
mg+p to be an even integer. An immediate consequence is
that m, is even, m; + mjs is even, and p = 2. Hence, we can
parametrize m, fora € Z4 as

mg = 2na + f][a]z, (512)

where g = 0 or 1, while n, € Z. The R symbols are, thus

R® (513)

—iZab ngb :qlalyb
[a+bl4 ()T

=e
and the U symbols are given by

Uk (a, b;[a + bly)= (_1)(’11:+nb_’1[u+h]4 )L‘iq([u]2+[b]2—[u+b]2)c"
(514)

where we use the notation K. to indicate the group element
k € G associated with the label c. (In this particular case, we
can write k. = [c], for our choice of labels.) One can easily
see that a symmetry action gauge transformation [specifically,
v,(b) = (—1)""] can be used to set n, = 0, so that

Rilyy, = e, (515)
Ux.(a, b;[a+bly) = ja(al2+bl2~la+bl)e (516)

This shows that the dependence on n, is merely a gauge
freedom that can be removed and, hence, there are only two
distinct G-crossed extensions of this form, specified by ¢ = 0
and 1. In this choice of gauge (with n, = 0), we find the
topological twists and braiding statistics to be

0, =Ry =e 31
0y = R = e '3 (i)
RYRYY = RVRY® = —1

RVRY = —i(—1)4 (517)

Next, we gauge the Z, symmetry of these theories. We
label the topological charges in (Cj Y6 by (a, s) where a € Zg,
while s = 4+ or — denotes the trivial or alternating irrep of
Z,, respectively. We work in the gauge where n, = 0. First
we consider the case g = 0, for which all U symbols equal 1.
The fusion rules of the gauged theory are then simply given
by: (a,s) x (b,r) = ([a + bl4, sr). We observe that (2, —)
has trivial full braiding with all topological charge types
and that we can write the topological charges with s = —
irreps as (a, —) = ([a + 214, +) X (2, —). In this manner, we
can write the gauged theory as the product (C; )¢ = Z(zl) X

1
Zi 2), where the Z;l) corresponds to the topological charges

1
{(0, +), (2, —)} and the Zi 2) corresponds to the topological

charges {(a,+)|a =0, 1,2, 3}. For ¢ = 1, we similarly ob-

1
tain the gauged theory (C)° = Zg) X fo). Thus we have
two distinct gauged theories for case 2(b), one for each distinct
G-crossed extension. Moreover, we identify the G-crossed
theories here with ¢ = 0 and 1 as the ones characterizing the
v = 6 and 2 fermionic SPT theories, respectively.

In summary, we have found four Abelian Z,-crossed ex-
tensions of Z(zl), which correspond to the Chern number v
fermionic SPT phases (p, +ip,)” x (px — ip,)" phases with
v=0,2,4,6. This completes the Zg classification of the
interacting fermionic SPTs. We notice that v = 0 is the trivial
extension, v = 4 corresponds to taking the product of a trivial
fermion theory with a nontrivial bosonic Z, SPT [156], and
v = 2 and 6 are nontrivial fermionic SPT phases [74,151].

1
C. Semions Z(Ziz) with Z, symmetry

. . . . +1
In this section, we consider the semion MTC Cy = Z(z 2)

1
with symmetry G = Z,. The semion theory Z;iz) consists of
two topological charge types Cy = {I, s}, where s denotes a
semion, which has Z, fusion s x s = I and topological twist
0, = =£i. Such a theory describes the topological properties
of the bosonic v = % Laughlin FQH state. The nontrivial F
symbols and R symbols are F* = —1 and R}® = =£i. We will

1
focus on the Z;E) theory (R}® = i) in this section.

Since there is only one nontrivial topological charge type,
the topological symmetry group is trivial, i.e., Aut(Zé”)) =
Z,. Clearly, the symmetry action does not permute topological
charge values. It follows that the fractionalization obstruction
automatically vanishes, so we set ® = I. The symmetry frac-
tionalization is classified by H*(Z,,7,) = Z,, which gives
two equivalence classes corresponding to w(1,1) =/ and s,
respectively. Physically, these two cohomology classes corre-
spond to the semion carrying a Z, charge of 0 or %

Since the symmetry does not permute the anyon types,
we could simply apply the results of Sec. X. However, for
additional illustration, we will solve for the G-crossed ex-
tension in a gauge where n,(g, h) = 1. There will be two
types of Z, defects, so we can write Cg = {Ig, sg}. The two
fractionalization classes correspond to distinct fusion rules for
the Z, defects, which are, respectively, given by: a; x a; =
Iy or a1 x a3 = s¢. In the following, we focus more on the
latter case and systematically work out the gauging procedure
(although there are other simpler ways to get the gauged
theory).

For the trivial fractionalization class w(1,1) =1, it is
straightforward to see that the resulting G-crossed theories
take the form

1 1
(257'];, = 2, = sPTl),

, (518)

where [a] € H3(Z,, U(1)) = Z, distinguishes the two defec-
tification classes. The corresponding gauged theories will be

1
757 ) (Z,).

For the nontrivial symmetry fractionalization class
w(1, 1) = s, we will construct the Cz, theory in more detail.
Since a1 x a1 = s, the extended category has the same fusion
rules as Vecz,, similar to one of the Z, extension of fermions
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discussed in Sec. XI B. In fact, the derivation of the Z,-crossed
extensions is very similar to that of the Z,-crossed extensions
of Z(zl) , with minor differences accounting for the differences
in the Cy sector. As such, we again identify Iy =0, sy =
2,11 = 1,51 = 3. The F symbols are given in terms of the Z4
labels by Eq. (496), that is

Fubc — ei%a(b+c‘—[b+c‘]4) (519)
for p =0, 1, 2, 3. In order to match the Cy sector, we must
have F>>? = F** = —1, and, hence, p = 1 or 3.

The G-crossed braiding of Vecz, was found to be

i%abei%mab

RY =€ (520)

U.(a, b;[a + bly) = ¢ & @Hb=latbloe i (nactmy—miassn,)e |
(521)

Here, m, are integers (mod 4). In order to match the require-
ments that R® = R = Us(a, b) = 1 and R*® = i, we find that
we must have my = 0, p = 3, and

mu = 2”(1 + Q[a]% a = 17 25 37 (522)

where ¢ =0 or 1, and n, € Z,. By applying the symmetry
action gauge transformation y,(b) = (—1)"" [which leaves
n4(g, h) fixed], we see that the dependence on n, is a gauge
freedom, so we set it to n, = 0 to obtain

+ 37
—i %abiq[a]zh,

R . =e (523)

Uk, (@, b; [a + bly) = i % @tb-latblocjglab bl —latbl)e
(524)

where k. is the group element in G = Z, corresponding to
the label c, i.e., k. = [c],. This shows that there are only
two gauge independent Z,-crossed theories for the choice of
symmetry fractionalization class w(1, 1) = s, corresponding
to ¢ =0 and 1, which represent the two distinct classes
in H3(Z»,U(1)) = Z,. In other words, ¢ labels the distinct
defectification classes. For the choice of gauge with n, = 0,
we find the topological twists and braiding statistics

6, = RN = 1% 4, (525)
6, = RO = —e ¥ (=i, (526)
ROSORN — j(—1Y1, (527)
R;:S“Rf:”' — —i(=1), (528)
RURI = o7 (529)

Next, we gauge the Z, symmetry of these theories with
w(1,1) = 5. The topological charges in the gauged theory
are parameterized by (a, x), where a € Z4 and the trivial and
alternating Z, irreps are respectively labeled by x = £1. The
fusion rules are given by

(a,x) x (b, y) = ([a + bls, xyUi(a, b)).

We can verify that the fusion algebra Eq. (530) is isomorphic
to that of a Zg theory. For the Z,-crossed theory with g = 0,

(530)

1
the gauged theory is Z;z), which is equivalent to a U(1)g

5
Chern-Simons theory. For ¢ = 1, the gauged theory is ng) .
The original semion theory can then be obtained from these
gauged theories by condensing the bosonic quasiparticle la-
beled 4 in the Zg theories.

Physically, the nontrivial Z,-crossed extension of the
semion model with fractionalization class w(1, 1) = s and de-
fectification class corresponding to ¢ = 0 can be constructed
by starting from a bosonic v = % Laughlin FQH state with
U(1) boson number conservation [157], where the semions
carry half U(1) charges, and then breaking the U(1) down to
a Z, subgroup (e.g., adding perturbations that pair condense
the bosons) to obtain a Z, symmetry-enriched semion theory.

&hH

D. Semions Z, * with Z, x 7, symmetry

In this section, we consider the semion theory Cy = {I, s}
with the symmetry group G = 7, x Z, = {1, X, Y, Z}. Since
the symmetry does not permute the anyon types, we can use
the results of Sec. X to write the full details of the G-crossed
extensions. In this case, we will only explicitly consider the
details of interest. The symmetry fractionalization obstruction
class is trivial, so we set ® = I.

The symmetry fractionalization classes are given by
H?*(G, Zy) = 73, where the different fractionalization classes
are distinguished by their values of the invariants w(g, g) =
I or s for g=X, Y, and Z. Among the seven nontrivial
H?(G, Z,) classes, three are described by the nontrivial class
in H*(Z,, Z,) for the three Z, subgroups of G, generated by
g=X,Y, and Z, respectively (and are otherwise trivial). In
particular, these have w(g, g) = I for exactly one of g = X,
Y, and Z. As these correspond to the example examined in
Sec. XIC, with additional trivial structure from the extra Z,,
we will not consider them in detail here. We focus only on the
other four nontrivial symmetry fractionalization classes.

We find that the defectification obstruction class is non-
trivial for the symmetry fractionalization classes which have
w(g, g) = s for exactly one of g =X, Y, and Z. The other
fractionalization classes permit consistent G-crossed exten-
sions, which are, thus, classified by H*(G, U(1)) = Z3. For
all the defect theories, each g defect sector has two types of
defects, which can be written as Cg = {Ig, Sg}.

1. Symmetry fractionalization class with
wX,X)=w(Y,Y)=w(Z,Z)=s

We first consider the case where w(g, g) = s forall g # 1.
The remaining nontrivial terms in the cohomology class can
be taken to be w(Y,X) =w(Z,Y) =w(X,Z) =5 (and the
rest equal to 7). The fusion rules of the extended theory are
given by

(531)

In particular, this gives Ix x Iy = s1,Ix x Iy = I, Iy x Ix =
sz, and similar relations obtained by cyclic permutation of the
group labels. We note that the fusion rules match exactly with
the multiplication table of the quaternion group Qg.

In order to for fusion and G-crossed braiding to be consis-
tent, the symmetry action must act nontrivially on defects. For
example, we must have

dg X by = [abw(g, h)]gh-

px . ax < ay, Iy < sy, I < sy (532)
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Similarly, the action of Y and Z are obtained by cyclic
permutations.

We note that the 7, (g, h) = My, [w@n), = £1 (depend-
ing on whether w(g,h) =1 or s), so it represents a non-
trivial cohomology class in H 2(G, U()). Additionally, the
quantities 1., (g, g) = My, ., /F'*'s for g # 1 can be set to
1 using the symmetry action gauge transformation y, (g)."
As such, n.,(g, g) represents the trivial cohomology class in
H 2(Gcg, U(1)), where G, is the Z, subgroup of G generated
by g (which leaves cq invariant).

We now consider the theory obtained by gauging the G
symmetry. With the symmetry action given in Eq. (532),
for g # 1, each C; forms an orbit under G, i.e., [cg] = C,.
The stabilizer group of the orbit C, is Ge, the Z, subgroup
generated by g. As mentioned, 7., (g, g) represents the trivial
class in H 2(Gcg, U(1)), so these orbits will pair with trivially
projective irreps of G, corresponding to the linear irreps of
Z,, i.e., trivial and alternating. Thus, for the gauged theory,
each Cy sector yields two topological charge types: (Cg, +)
and (Cq, —), each of which has quantum dimension d(cg,i) =
2. The topological twists of these anyons can be computed
from the G-crossed data and are found to be ¢/ i"Ce:®) where
n(Cq, =) is an integer that depends on the charge and the
particular defectification class of the theory.

For the C; sector, the stabilizer group is the entire G =
Zy x Z,. The vacuum I simply splits according to the linear
irreducible representations of G, which results in four Abelian
anyon types (I, £, £) (which have quantum dimension d =
1). However, the semion sy carries a nontrivial projective
representation of Z, x Z,, since the factor set 1, belongs to
the nontrivial cohomology class in H*(Z, x Z,, U(1)) = Z,
as previously mentioned. It is well-known that there is a
unique two-dimensional irreducible representation with this
factor set ng,, up to similarity, essentially given by Pauli
matrices. We ascribe the label o to this projective irrep here.
According to Sec. VIIIB, this implies that, in the gauged
theory, the semion becomes a non-Abelian anyon (sg, o) with
quantum dimension d(s, ) = 2. The topological twist for this
anyon is the same as the semion, i.e., 6, ) = i. Thus we find
there are four Abelian anyons and seven non-Abelian anyons,
for a total of 11 topological charge types.

Another way to obtain the total number of anyons is to
compute the ground-state degeneracy of the gauged theory
on the torus, as described in Sec. VIIIB7. For this, we
enumerate the G-invariant states in each of the defect sectors
on the torus. There are potentially 16 such sectors, labeled
by the pair of group G elements (g, h) winding around the
longitudinal and meridional cycles, respectively. The trivial
sector has two invariant states |Ifl’ﬂ))(1,m) and |s§fl’ﬂ))(l,m).
There are three defect sectors, labeled by (g, 1), where there
is a defect branch around the longitudinal cycle and no branch
around the meridional cycle. In each such defect sector of
the torus, there are two states. However, from the 7, x 7,
action, it is easy to see that there is only one state, that

"In these theories, Fss’s = ¢/T (—1)P®, where p is an element of
the Z3 subgroup of H*(G, U(1)) representing “type I’ cocycles, i.e.,
it partially distinguishes the defectification classes.

is |Ig(g’1))(lym) + |s§g’1))(1,m), which is G-invariant and, thus,
survives the gauging. Similarly, we expect sectors labeled
(1, h), which have a defect branch around the meridional
cycle and no branch around the longitudinal cycle to have
only one G-invariant state per sector, since they are related
to the (h, 1) sector by the modular S transformation. Indeed,
the G-invariant state can be seen to be |Ij(lﬂ’h) )(m,—1), since the
modular transformation is found to be

A

For sectors labeled by (g, g), which have the same non-
trivial branch lines around both cycles, there are two states
in each sector, and we similarly find that there is only
one G-invariant state per sector. In this case, the (g, g)
sector is related to the (g,1) sector by a modular 7T
transformation. We find that 7;;g”bﬂg) =8, and ’7;?,}? =
(—i)“8a,;,/F010101, so the states in the (g,g) sector ac-
quire a phase under G-transformations, i.e., h|Ig(g’g))(1,1_m) =
i158®) 01—my and PIsEE) 1o = —ilg5) ¢1_myWhen h
g, so the G-invariant state is |1g(g’g))(,’l,m) +i|s(gg‘g))(,,,,m).
The defect sectors of the torus labeled by (g, h) with g #h
are actually empty in the G-crossed theory, because there
are no h-invariant g defects, i.e., Cg = (, so these have no
contribution to the gauged theory either. Thus we find 11 G-
invariant topological ground states on the torus for the gauged
theory, which implies that there are 11 distinct topological
charges in the gauged theory.

One can obtain the fusion rules of the gauged theory
using the solutions of the G-crossed consistency equations,
but we choose to use a different method, namely gauging the
symmetry sequentially. Without loss of generality, we first
gauge one of the Z, subgroups, say the one generated by X.
Since w(X, X) = s, from the previous section, we know that
gauging this subgroup results in a U(1)g theory. The remain-
ing Z, symmetry that was not yet gauged then has a nontrivial
action in the U(1)g theory. In particular, it acts as a charge
conjugation symmetry. We will discuss the charge conjugation
symmetry for Zl(\f) theories, which includes U(1)g, in more
detail in Sec. XI H. Here, we note that the gauged theory can
be understood in terms of the Z, orbifold of a U(1)g CFT,
which was analyzed in Ref. [99]. Interestingly, it can also be
understood as the Z, x Z, orbifold of the SU(2); CFT, which
fits naturally within our approach. The gauged theory can be
identified with SO(8),.

A physical realization of the semion theory with this Z, x
Z, symmetry can be obtained by starting from a chiral spin
liquid in spin-% systems, which has SO(3) spin rotational
symmetry. The semion carries spin-1/2, i.e., a projective
representation of the SO(3) symmetry. One can then break
the SO(3) symmetry down to the Z, x Z, subgroup, i.e., &
rotations around three orthogonal axes. For this model, we can
explicitly write the localized symmetry operators on a semion
as

Sl _ g@h _ (533)

Uy =io., Uy =io,, U =io,.  (534)

Clearly, these satisfy (US")* = —1, which is consistent with
ns(g, g) = —1. In the context of the SO(3) symmetry, this
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property is the familiar fact that spin-1/2 objects acquire a
phase of —1 phase when they are rotated by 27 around any
axis.

2. Symmetry fractionalization class with v(g, g) = s
Jor one nontrivial g and defectification obstruction

We now turn to the remaining three symmetry fraction-
alization classes, which have w(g, g) =1 for exactly one
of g # 1. Without loss of generality, we consider the case
with w(X,X) =w(,Y) =1 and w(Z, Z) = s. The remain-
ing nontrivial terms of this cohomology class are w(Y, X) =
w(Z, X) = w(Y, Z) = s (and the rest are equal to 7).

If we proceeded naively in an attempt to construct the
G-crossed extension, we could define the fusion rules by
ag x by = [abw(g, h)]gn. The corresponding G-graded fusion
category is Cg = Vecp,, where Dg = Z4 < Z; is the dihedral
group of order 8. Solving the pentagon equation, we could
obtain F symbols, which are classified by H3(Dg, U(1)) =
Z% x Z4. Among the 16 associativity classes, eight of them
can match the F symbols of the Cy sector. Therefore the
extended category as a usual fusion category does exist.

However, if we try to proceed further, we find that the full
set of G-crossed consistency equations admit no solutions,
so there is no consistent G-crossed extension. Consequently,
these theories also cannot be gauged. In other words, there is
an obstruction to defectification and gauging the symmetry. A
more efficient way to see this is to compute the defectification
obstruction class [O] using Eq. (485), which only requires
knowledge of w(g, h) and the F symbols and R symbols of
the semion theory. Doing so, one obtains a nontrivial class in
H*G,U(1)) = Z%, which signals that a consistent G-crossed
extension cannot exist. This is in full agreement with the
result obtained in Ref. [92]. The physical interpretation of
this nontrivial obstruction is that the semion theory with such
a symmetry and fractionalization class cannot exist in 2 + 1
dimensions, but could possibly exist at the surface of a 3 + 1-
dimensional system, as discussed in Ref. [92].

E. Ising” anyons with G symmetry

The anyon model Ising®’ where v is an odd integer has
three topological charges {/, o, ¥}, where the vacuum charge
here is denoted /, and the nontrivial fusion rules are given by

Yxy=I1, oxy=0, oxo=I1+1y. (535)
The nontrivial F' symbols are
Yoy _ povoe _ _
FJoV =F;77 = —1,
ooo _ ﬁ 1 1

Here the column and row values (z)f1 the matrix take value 7
and ¥ (in this order). 7, = (—1)"5 is the Frobenius-Schur
indicator of o.

The R symbols are

Ry =Ry = (=),

RI” = e 3", R = 5,87 (537)

The twist factor 6, = ¢/ uniquely distinguishes the eight
distinct Ising" anyon models, as does the chiral central
charge c_mod 8 = %, with v ~ v + 16, so we can restrict to
0 < v < 16. The Ising TQFT corresponds to v = 1, SU(2),
corresponds to v = 3, and v > 5 can be realized by SO(v),;
Chern-Simons field theory.

Clearly, the topological symmetry group of these anyon
models are trivial, i.e., Aut(Ising(")) = 7, since none of the
topological charges may be permuted. Consequently, the sym-
metry action must be trivial, the symmetry fractionalization
obstruction vanishes ([@®] = 0), and symmetry fractionaliza-
tion is classified by H*(G, Z,). For a given symmetry frac-
tionalization class, when the defectification obstruction class
[which may be computed using Eq. (485)] is trivial, the corre-
sponding G-crossed extensions are classified by H3(G, U(1))
and the full G-crossed data are given in Sec. X.

In the case of G =Z,, symmetry fractionalization is
classified by H*(Z,,Z,) = Z». The two fractionalization
classes are represented by the cocycles w(1,1) =17 and
Y, respectively. The defectification obstruction vanishes for
both fractionalization classes: for w(1,1) =1, Eq. (485)
gives O(1,1,1,1) = 1; for w(1,1) = ¢, Eq. (485) gives
01,1,1,1) = —1, which is a coboundary di(1,1,1,1),
e.g., AM(1,1,1) = i. The two fractionalization classes extend
to defect theories with differing fusion rules. In particular, the
Abelian subcategory of the corresponding defect theories have
Z, x 7, fusion rules and Z4 fusion rules, for w(1,1) = I and
Y, respectively. These correspond to the two possible Z, cen-
tral extensions of Z,. The defect theories (for either fractional-
ization class) are then classified by H3(Z,, U(1)) = Z,, which
may be distinguished by the oy defect’s Frobenius-Schur in-
dicator, which we write as s, = as,,, where o = £1. Thus
there are four possible Z,-crossed extensions of an Ising”
theory. Gauging the Z, symmetry, the w(1, 1) = [ fractional-
ization class results in the gauged theories Ising"”) X DI*/(Z,),
and the w(1,1) = ¢ fractionalization class results in the

q b
gauged theories Ising" 2% X Ziz), where ¢ = a(—1)'7 .

F. ZI(\’,’) anyons with G symmetry

In this section, we consider the Zf\f) anyon models. As
UBTCs, we can have pe Z for all N and pe ”Z +% for

N even. The Z%’) anyon models have N topological charges
labeled by a =0, 1,...,N — 1 which obey the fusion rules
a X b=[a+ bly. The F symbols (in a particular choice of
gauge) are

[Febe, . ] — ol Walbte=lbtely)

[a+b+cln Ja+bly [b+cly — (538)

Notice that the F' symbols are all equal to 1 when p € Z. For
pel+ %, some of the F' symbols are equal to —1, and they
cannot all be set to 1 using gauge freedom.

The R symbols (in our choice of gauge) are

.2
i<l ab

RY =€ (539)

. 2mp 2
The twist factors are 6, = ' '~ ¢

Notice that p is periodic in N, so we restrict to
the range 0 < p < N. For odd N, Z;j’) is a UMTC iff
p # 0 and gcd(p, N) = 1. For even N, Z;j’) is a UMTC iff
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pel+ % and gcd(2p, N) = 1. The modularity condition for
all cases can be written simply as gcd(2p, N) = 1. The case
p = 1/2 represents the topological order of the well-known
U(1)y Chern-Simons theory, which, for example, describes
the bosonic v = 1lv Laughlin FQH states. The quasiparticles

of the fermionic v = l Laughlin FQH states with m odd are

described by the UBTC 7§} = 7{" x 7,

It is useful to write ZE\’,’) in terms of the prime decomposi-
tion

(m+1)

Zj(\f) _ Z/(\Zo) X Zg’ll) X..-X ZI(\Z"), (540)

where N; = P;f for P; prime integers satisfying Py = 2 and
Pjy1 > Pj, and integers o > 0 and r; > O for j > 0. In order
to determine the coefficients p;, we must specify a choice of

isomorphism between Z](\‘,U) and l—[/;:() Z](\Z_" ). We will use a >
(ag, ay, ..., ay), where

a; = [aly,. (541)

N
N;
[xJN iy, =1 for x; € ZNJ. (notice this implies that xj is odd).
Then we have

To invert this isomorphism, we define N = and solve

(542)

k
E a;jx;jNj
j=0

Expressed in terms of the unit generators, this isomor-
phism can be expressed as 1 — (1,1, ..., 1) and [x;N;]y >

N

©,...,0,1,0,...,0),where the 1 in the last expression is the
Jjth entry. With this isomorphism, the coefficients are given by
Po = %[2px31%]2%, (543)
pj = [psz»l\?j]N/_, for j > 0. (544)
The inverse of this relation is
k
D> piNj| . forppeZorrg=0, (545)
= N
a 1
2 Ni| ., forpoeZ+=. (546
;pj Jj Po + 5 ( )

2N

The autoequivalence maps of Z(p ) are given by permuta-
tions of the topological charge labels that preserve fusion and
the basic data up to gauge transformations. These are given
by the maps ¢(a) = [galy, where g is an integer that satisfies
the conditions 0 < g < N, gcd(g, N) =1, and % e”.
For our choice of gauge, the unitary gauge transformations
that leave the basic data exactly invariant can be taken to be

ﬁ?-u;] =1 for pe Z and u[a+b] = (=1)™ for pe Z + %,

where we define 1, = 2 1{,‘1"]” )

We now restrict our attention to modular theories, for
which we can solve the conditions for autoequivalence maps
more explicitly. Clearly, g = 1 is the identity autoequivalence.
The conditions imply that [¢*]y = 1, so every nontrivial
autoequivalence has order 2. Moreover, all autoequivalence
maps commute with each other, since gq’ = ¢'q. Finally, we

see by solving the congruence equation [¢?]y = 1 that there
are 2F distinct autoequivalence maps when ry = 0 or 1, and
there are 2¢*! distinct autoequivalence maps when ry > 2. It
follows that the topological symmetry group of a modular ZI(\{’)
theory is

Z’g for rp =0, 1

i (547)

Aut(Z(”)) for ro > 1

In terms of the decomposition of Eq. (540), the autoe-
quivalence maps and topological symmetry group takes a
simple form. In particular, ¢ maps to ¢;(a;) = [g;a;]n,, where
the autoequivalence conditions imply that g; = 1 or N; — 1,
so that ¢;(a;) = a; or [(N; — Daly; = a;. Thus an autoe-
quivalence map either acts triVially or as topological charge
conjugation within each Z(p " sector, and this contributes a
Z, factor for each sector, except if rp = 1, in which case the
Oth sector can only be acted on trivially. In other words, the
topological symmetry group can also be factored in terms of
the prime decomposition as

Aut Z(p)

HA t Z(P/

We emphasize that the autoequivalence maps do not permute
topological charges between different sectors, since this can-
not preserve the fusion rules.

The action of the global symmetry on the topological
degrees of freedom is specified by a homomorphism

(548)

(o] : G — Aut(Z). (549)

Since the topological symmetry group factorizes, the ac-
tion can similarly always be factorized into sectors as p =
(@, pM . p®), where
N . )
(0] : G — Aut(zy”). (550)
Factoring the theory in terms of its prime decomposi-
tion, we can choose Uy to be trivial unless g acts nontriv-
ially (as charge conjugation) on the j = 0 sector, i.e., the
Np = 2° sector when ry > 1, in which case we can choose
Uq(a, by [a + bly) = (— 1)@= for by # 0. Since [p @] is a
homomorphism, it gives a Z, grading on G, which, for our
choice of Ug(a, b; [a + b]y) implies that kg, = 1. It follows
that we can choose 8,(g, h) = 1 and ® = 0, so the symmetry
fractionalization obstruction always vanishes for modular Z%’)
theories. It also follows that the cohomological classification
structure of symmetry fractionalization factorizes, since [p]
does not mix sectors, that is

k
[ [#0,(G. Zx). (551)

j=0

Hip (G, A) =

We now see that we can obtain all G-crossed extensions
of modular Z,(\f’) by solving for the G-crossed extensions of
each Zx’/ ) factor and then using the gluing construction of
Appendix C to produce all the theories of the form

20 = (26 BT B B

: (552)
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Given the symmetry action and fractionalization class, the
existence of G-crossed extensions requires the vanishing of
the defectification obstruction [(@], which can also be writ-
ten as the product of obstruction classes of the different
sectors. Furthermore, this gluing construction reproduces the
H3(G, U(1)) classification of defectification.

We do not attempt to produce the full data of all G-crossed
extensions of ZI(\Z_" ) in this paper. When the symmetry acts
trivially on (i.e., does not permute) the topological charges,

the full data are given in Sec. X. In the following sections, we
obtain the full data for N odd when G = 7, and [TBD] for N.

G. Z,(é” anyons with N odd and Z, symmetry

In this section, we consider Z, symmetry in the Zl(\f) anyon
models where N is an odd integer and p is an integer such that
0 < p < N and ged(p, N) = 1, so that the theory is modular.
The Z](\f') theory has N distinct topological charges, labeled by
a=0,1,...,N — 1. The fusion rules are given by addition
modulo N: a x b = [a + b]y. The F symbols are all trivial
and the R symbols are given by

Rab 2P b

latbly =€ " (553)

As shown in Sec. XIF, the topological symmetry group is
Aut(ZP) = 7%, where k is the number of distinct primes in
the prime factorization of N, where the 2¢ different classes
of autoequivalence maps are specified by whether or not the
map acts as topological charge conjugation on each factor.
There is always a subgroup Z, < Aut(Z,(\f) ) that is associated
with topological charge conjugation a + a = [—a]y. Fur-
thermore, it was shown that the symmetry fractionalization
obstruction always vanishes [®] = 0, the symmetry fraction-
alization factorizes, and the G-crossed extensions can be
expressed in terms of gluing the G-crossed extensions of the
factors. In light of this, for G = Z,, we only need to obtain
the data for the cases where the symmetry acts trivially and as
topological charge conjugation, and then we can generate the
general cases from these. We will find that H[Zp](Zz, Iyn) =12,
and H3(Z,, U(1)) = Z,, so there is one symmetry fractional-
ization class and two defectification classes for Z, symmetry
when N is odd. We now examine these in detail.

1. Trivial symmetry action

In the case where the symmetry acts trivially on the anyons,
we see that every a € Zy defines both a 2-cocycle w(1,1) =
a and a 2-coboundary d3(1,1) = a, by taking 3(1) = § for
a even and 3(1) = “¥ for a odd. Thus H*(Z,, Zy) = Z,,
and there is one fractionalization class. The data of the two
G-crossed theories, corresponding to the two defectification
classes, are given by the results of Sec. X, where it is most
convenient to use the gauge choice with w(1,1) =0. It is
straightforward to see that the resulting G-crossed theories
have the form

(Zy));, = 7y R SPTY, (554)
where [a] € H*(Z,, U(1)) = Z», i.e., it is represented by the
3-cocycle with element «(1, 1,1) = £1. The corresponding
gauged theories are 7 X DI)(Z,).

2. Charge conjugation symmetry

A symmetry defect associated with the topological charge
conjugation symmetry subgroup can be engineered in the
Laughlin state, wherein quasielectrons and quasiholes are
permuted, by creating a superconducting trench in the bulk,
or as a superconducting/magnetic domain wall on the edge of
a fractional topological insulator [8—10,12]. Such defects are
known as Zy-Parafendleyons or Zy parafermion zero modes
[127]. In the rest of this section, we will focus on the global
G = 7, symmetry action associated with topological charge
conjugation. (For the case of trivial global symmetry action,
see Sec. X.)

We now show that there is only one symmetry fraction-
alization class for p corresponding to charge conjugation.
We use the choice of gauge with Ug(a, b;[a+ bly) =1
and B,(g,h) =1, so we have 1,(g, h) = Mg n) and [w] €
H[Zp](Zz, Zy). The cocycle condition simplifies to w(1, 1) =
w(1, 1). Since N is odd, only the vacuum O is a fixed point
under charge conjugation and, hence, w(g, h) = 0, n,(g, h) =
1, and H[Zp](Zz, Zy) = Z,. In other words, the Z, charge
conjugation symmetry has only one fractionalization class.

As discussed in Sec. VII B, since there are no nontrivial
g-invariant topological charges in Cy, we have |C;| = 1. In
other words, there is exactly one type of defect, which we
denote as o. This statement can also be proven directly from
properties of the fusion rules, without appealing to modularity,
as follows. If there is another defect o, it must be related to
o by fusing with some a € Cy = Z;\;l)~ Assume ¢’ =0 X a.
When a is taken around the defect it becomes a@, which implies
that 0 x a = 0 x @ = o’. Fusing with a again, we determine
thato' xa=0'xa=o0 ando x a®> = ¢ x [2a]ly = 0. Us-
ing this relation, we find

o' =0 x[(N—Daly =0 x ([2aly)'= =0, (555)
which proves 6’ = o.
The fusion rules of o can be easily obtained to be
oxXxa=axo=oao, (556)
oxo=) a. (557)

aECo

The fusion category Cg = Cy @ C; is known as the Tambara-
Yamagami category [155]. The fusion rules indicate that the
quantum dimension of the defect is d, = ~/N. The F symbols
of C¢ are completely classified in Ref. [155] and are given by
the F' symbols of the original category Cy (which are all trivial
in this example), together with

[Fe"),, = [F7“],, = x(a, b), (558)
o000 %G' —
(7], = N L (559)

and all other allowed F symbols equal 1. Here x is a U(1)-
valued function on Zy x Zy, satisfying

x(a,b) = x(b,a), (560)
x(ab, c) = x(a,c)x(b,c), (561)
x(a, bc) = x(a,b)x(a,c), (562)
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together with normalization condition x (0, a) = x(a,0) = 1.
Such a yx is called a symmetric bicharacter. s, = £1 is
the Frobenius-Schur indicator of the Z, symmetry defect.
The two solutions of F' symbols, distinguished by s, di-
rectly reflect the two defectification classes associated with
H3(Z,,U(1)) = Z,. Interestingly, this fusion category Cg
does not admit braiding in the usual sense.

We now consider G-crossed braiding. First we use the
symmetry action gauge transformations to set n,(1,1) =1,
so that all n,(g, h) = 1. With this gauge fixing, we find the
following solutions to the G-crossed braiding consistency
equations:

x(a,b) = e, (563)
RI® = (—1ye™ 5, (564)
RY = ri(—1)Me Ve, (565)
R7 = T(—1)"e ¥, (566)
Ui(a,0;0) = Ui(o,a;0) =1, (567)
Ui(o,05a) =r™", (568)
2 N—1
T2 = \/UN D (=1 (569)
a=0

Here, r = ¢/ " for some integer n. These Nth roots of unity
can be removed using the remaining symmetry action gauge
freedom of the anyons. Specifically, y,(1) =r~¢ = e~inna
allows us to set s = 1 in the above expressions and it does
not spoil our previous gauge choices, since one can always
choose z € Cy such that M, = e ¥'% = ¢~%"_The remain-
ing symmetry action gauge freedom that does not spoil our
gauge choices is y,(1) = 1, which can be used to change
the (arbitrary) sign of the phase Y. We notice that none of the
U are intrinsic in the sense that they are all essentially maps
between different splitting spaces, except Uy (o, 0;0) = 1.

Having obtained the G-crossed data, we can calculate the
topological twist

d,
0, = 2RO = 5, Y} 570
and the S-matrix elements
SOO' = SO'O = 17 (571)
1 2
Soo =—= Y (R") = T?09 = 00,7, (572)
W aEC(]

1 Lo .
where ©¢ = N Za., 0, = €'+°~, as usual. These give the G-
crossed modular transformations

SO0 0 0 0
o 01 0

S=l9o 10 o | (573)
0 0 0 ©f2

©o 0 0 o0
0 1 0 O
T= 0 0o 0 6, (574)

0O 0 6 O

where S and 79 are the topological S and T matrices
for the Zﬁj’) theory. The basis states of the defect sectors are
chosen to be [0}, |o 1.0y |g LDy,

We now proceed to derive the properties of the gauged the-
ories. Under the group action the extended category is divided
into % orbits: {0}, {a, a}, {o}. The stabilizer subgroup for
both 0 and o is Z,. For the % orbits {a, a}, the stabilizer
subgroups are trivial.

The vacuum 0 gives rise to a Z, even charge (0, +) =1
(the vacuum in (Cj )) and a Z, odd charge (0, —) = z (the
Z, charge) which satisfies z x z = I. These correspond to the
trivial and alternating irreps of Z,. The quantum dimensions
ared; =d, = 1.

The orbits {a,a} become non-Abelian anyons in the
gauged theory, which we label by ¢,. Their quantum dimen-
sions are dg, = 2 and their fusion rules with each other are
given by

fora # b
fora=b"

Dmin(a-+b,N—a—b) T Pla—b|
I+z+ ¢min(2a.N—2a)

The defect o gives rise to two quasiparticles (o, &) in
the gauged theory, which are related to each other through
fusion with z, i.e., (o, £) = (0, F) x z. (The % label here
is an arbitrary choice, but their difference corresponds to the
nontrivial irrep of Z,.) Their quantum dimensions are d(y,+) =
V/N and their fusion rules with each other are given by

$a X Pp = { (575)

N-1

(0, 4)x (0, +)=(0, =) x (6, =) =1+ ) o (576)

a=1

0, +)x (0, =) =2+ da.

a=1

(577)

Thus (C; )¢ has 2 + % +2= % topological charges.

To further identify the gauged theory, we calculate the
topological twists of the anyons in (C})°. The twist factors
of I and 7 are clearly

(578)

The twist factors of ¢, are identical to those of @ and a, so we

have
9¢ — ei%az_

a

(579)
The twists factors of (o, &) are

Oo. 4y = +0, = £35, T\ (580)

N2 -1

When p =21, ie., Cp = SUW);, and », = (=1)"5 ,
we find that (Cj )¢ is equivalent to the MTC of SO(N),, by
matching fusion and twist factors. In particular, the Gauss

sum in Eq. (569) evaluates to /N for [N]y =1 and i~/N
2_ _
for [N]; = 3. This gives 62 = Y2 = 5¢,(—1)"¥ i 'z , which

2_
matches SO(N), when s, = (—1)%. The gauged theo-
ries for other values of p and s, are metaplectic modular
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categories, which are close relatives of SO(N),, i.e., they are
in the same Grothendieck class.

We note that the relation between the Z; theory and the
gauged theory SO(3), = SU(2), was previously observed in
Refs. [75,102,158].

3. General symmetry action

In the case of a general Z, symmetry action on the anyons,
we can factor the MTC into its subcategories upon which
the symmetry acts trivially and as topological charge con-
jugation. In particular, using the prime decomposition from
Eq. (540), we write f; = 0 or 1 to represent whether p; acts

trivially or as charge conjugation on the ZI(\‘,’],’ ) sector. Then
we can write Zf\’,’) = Z,(\‘Z‘) X Z,(\Z”, where N, = ]_[];=O N ]1 ~ }',
Ne=TT5 Nf’, and a = (aV, a'®), such that py(a¥, a'®) =
(a®, [—a(c)]NC). In this way, the corresponding G-crossed
theories are obtained by applying the gluing construction
of Appendix C to the corresponding G-crossed theories for
trivial and charge conjugation sectors obtained earlier in this
section. From this, it is clear that there is one symmetry
fractionalization class (H[Zp](Zz, Zy) = Z4) and two defecti-
fication classes (H>(Z,, U(1)) = Z,), and the resulting G-
crossed theories can be written as the product
M1* _ 7P (pe)
[2¥]2, = 23 ¥ 2]

X

. (581)

where [Z](\f,m];c
¢ 2

extensions obtained in Sec. XI G 2.

are given by the two possible G-crossed

H. Z(A’,’) anyons with N even and 7, symmetry

In this section, we consider Z, symmetry in the Z%’) anyon
model where N is even and p is a half-integer such that
0 < p < N and ged(2p, N) = 1, so that the theory is modular.
The Z%’) theory has N distinct topological charges, labeled by
a=0,1,...,N — 1. The fusion rules are given by addition
modulo N: a X b = [a + b]y. The F and R symbols are given
by

iz

Fiifpra, = evOTramw, (582)
21 p
N (583)

As shown in Sec. XIF, the topological symmetry group is
Aut(Z;\f)) = Z’; or Zg“, depending whetherro = lorry > 1,
respectively, where k is the number of distinct odd primes in
the prime factorization of N. There is always a subgroup Z, <
Aut(Zl(\i’)) that is associated with topological charge conjuga-
tiona — a = [—a]y. Furthermore, it was shown that the sym-
metry fractionalization obstruction always vanishes [O] = 0,
the symmetry fractionalization factorizes, and the G-crossed
extensions can be expressed in terms of gluing the G-crossed
extensions of the factors. In light of this, for G = Z,, we only
need to obtain the data for the cases where the symmetry acts
trivially and as topological charge conjugation, and then we
can generate the general cases from these. (In fact, given the
results obtained in Secs. X and XI G, it only remains to obtain
for the Z,-crossed extensions of Zf\’,’) for N = 2", where the
integer r > 1, with charge conjugation symmetry. However,
we will continue to consider more general N.) We will find

that H[Zp](Zz, Zy) = 75 and H3(Z,, U(1)) = Z», so there are
two symmetry fractionalization class and two defectification
classes for Z, symmetry when N is even. We now examine

these in detail.

1. Trivial symmetry action

In the case where the symmetry acts trivially on the anyons,
we see that every a € Zy defines a 2-cocycle w(1,1) = a,
while only the even-valued a € Zy can be 2-coboundaries,
since d3(1,1) =3(1) x 35(1) = [2b]y, for 3(1) =b. Thus
H*(Z,,7Zy) = Z,, and there are two fractionalization classes.
These two fractionalization classes can be represented by the
cocycles w(1, 1) = 0 and 1, respectively. The defectification
obstruction vanishes for both fractionalization classes: for
w(l,1) =0, Eq. (485) gives O(1,1,1,1) = 1; forw(1,1) =
1, Eq. (485) gives O(1,1,1,1) = e"%p, which is a cobound-
ary di(1,1,1,1) fore.g., A(1,1,1) = ¢~ . For a given frac-
tionalization class, the data of the two G-crossed extensions,
corresponding to the two defectification classes, are given by
the results of Sec. X.

It is straightforward to see that the resulting G-crossed
theories for (1, 1) = 0 have the form

(Zy));, = 7y ®SPTY, (584)
where [a] € H3(Z,, U(1)) = Z,, i.e., it is represented by the
3-cocycle with element «(1, 1,1) = £1. The corresponding
gauged theories are Z\" X DI(Z,).

For the fractionalization class represented by w(1, 1) = 1,
the Z,-crossed extensions have Z,y fusion rules, in which
the odd integers are the Z, defects and the even integers are
the quasiparticles. The corresponding gauged theories are Zf(]’\;

(p+2N)
and 7.

2. Charge conjugation symmetry

In the case where the symmetry acts as topological charge
conjugation, i.e., p1(a) = a, we can choose a gauge such
that Ug(a, b;[a + bly) = (=)@ D and B,(g,h)=1. We
now show that there is only one symmetry fractionaliza-
tion class for p corresponding to charge conjugation. It fol-
lows that the symmetry fractionalization obstruction vanishes
[®] =0, and n.(g, h) = Mavo(g,h) and [w] € H[%](Zg, Zy).
The cocycle condition simplifies to w(1,1) = w(1,1), and
the coboundaries are trivial, since ds(1,1) = 3(1) x 3(1) =
0. Thus H&](Zz, Zy) = Z,, where the two fractionalization
classes are specified by the two self-dual topological charges,
ie., w(l,1)=0or %’, respectively. Evaluating the invariant
from Eq. (196), the two fractionalization classes correspond
to n;¢ = 1 and n;° = (—1)“, respectively.

Since there are two topological charges in Z,(\f) that are
invariant under charge conjugation for N even, there are two
types of symmetry defects, which we label as C; = {0, 0~ }.
There are two possible sets of defect fusion rules, given either

by
o’ xo' = Z c,
ceveneZy
ot xo = Z c, (585)
coddeZy
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or by
o’ x o' = Z c,
coddeZy
ot xoT= Y (586)
ceveneZy
In both cases, we have
. o’ foraeven
axo'=c'xa= (587)

o~ foraodd

The fusion rules indicate that the quantum dimension of the

defects are dys = 4/N/2.

Considering Eq. (454), we see that both sets of defect
fusion rules can occur for rg = 1 (when % is odd), where
the different fusion rules correspond to the two different
fractionalization classes. On the other hand, for ry > 1 (when
% is even), the two fractionalization classes actually have the
same defect fusion rules, so only one of the possibilities will
occur. Since the full data of the defect theories for rp = 1 can
be produced via the gluing construction from results we have
already obtained, we focus on ry > 1 for the remainder of this

example.

3. Charge conjugation symmetry when 4 divides N

When N is a multiple of 4 (i.e., ro > 1), the defect fusion
rules are given by Eqgs. (585) and (587). We can begin by
considering the restriction to the even-valued quasiparticle
charges and one of the two defects, i.e., Z,(\?/pz) @ {o°}, where

Zﬁ/pz) < Z;j’) is the subcategory of even-valued topological
charges; such a restriction forms a closed Z,-crossed sub-
category of the full defect theory. Similar to Sec. XIG2,
solving the G-crossed consistency conditions (with certain
gauge choices) gives the data for even-valued a,b € Zy

2

[ e = [ T =€ (588)
(] = S e
R3 = gi (~1yre ¥, (590)

RY = (=PI % (591)

RS = Tqi(~1)Me ¥, (592)

Ops = 22,: Y71, (593)

(1, 1) = n:(1,1) = 1, (594)

Ur(a, 0%;0%) = Up(o*, a;0°) = Uy(0°, 0"1a) = qi, (595)

a p
> ginreEe

aeven €Zy

) | g

- JN/2

and all other allowed F symbols are equal to 1. Here, g, = +1
is a sign that is presumably fixed when considering the full
defect theory. The quantity T is a phase whose sign can be
fixed by using gauge freedom.

(596)

Since o™ and o~ are both self-dual, their Frobenius-Schur
indicators sz,s = £1 are invariants. Thus the four different
combinations of s+ and »,- correspond to the four possible
Z,-crossed defect theories, as classified by H[ZP](ZQ, In) =12,

and H3(Z», U(1)) = Z,. Moreover, we can identify the two
theories with s¢,+ = s, as having the same fractionalization
class, while the two theories with s¢,+ = —¢,- have the other
fractionalization class. This is because the defectification
classes that are related by gluing in a Z, SPT state have the
opposite signs for both defects’ Frobenius-Schur indicators.
The two defectification classes with s¢,+ = —¢,- are actu-
ally the same under relabeling of the defects as % = o,
(corresponding to 0¥ = 3(1) x o*, where 3(1) = a odd,) so
the naive classification count is reduced from four to three
distinct Z,-crossed defect theories.

We now proceed to derive the properties of the gauged
theories. Under the group action the extended category is
divided into the orbits: {0}, {%’}, {o7}, {o7}, and {a, a} for
a=1,..., %’ — 1. The stabilizer subgroup for the singletons

is Z,. For the %’ — 1 orbits {a, a}, the stabilizer subgroups are
trivial.

Each of the singletons gives rise to two quasiparticle types
in the gauged theory, corresponding to whether a trivial or
alternating irrep of Z, is attached to it. We write these as
0,4), (X, 4), (¢F,4), and (6, £). Their quantum di-
mensions are d(o +) = dy 1) = 1 and d(os +) = +/N/2. Their

topological twists are given by 6 +) = 1, 9(%,1[) = (—1)%,
and O +) = £0,s. The orbits {a,a} become non-Abelian
anyons in the gauged theory, which we label by ¢,. Their
quantum dimensions are dy, = 2 and their topological twists

are 0y, = ¢« Thus the gauged theories have %’ + 7 topo-
logical charge types.

Gauging the Z, charge conjugation symmetry of the ZE\’,’)
theories results in the so-called metaplectic modular cate-
gories, such as SO(N), and its close relatives in the same
Grothendieck class. In the case of N = 4, these gauged theo-
ries take the form Ising”) X Ising” "), where [ lg =2p
and the Frobenius-Schur indicators match those of the defects,

ie., 2.+ = (—1)(#3;7I and s, = (—1)" &' We notice that
the equivalence between theories (v, v™) ~ (v +8, v~ +
8) and v* ~ v* 4 16 yields four theories for each p. Moreover,
we see that interchanging the Ising factors, i.e., relabeling
(Y, v™") = (v, v"), equate the two theories (for each p)
with s¢,+ = —¢,-, yielding three distinct gauged theories for
each p. For example, when p = % we have the gauged theo-
ries with (v*, v™) = (1, 1), (5, 13), (7, 11), and (3, 15) corre-
sponding to the defect theories with (s¢,+, 3,-) = (+1, +1),
(-1, —1), (+1, —1), and (—1, +1), respectively, with the last
two being equated by interchanging the two sectors.

4. General symmetry action

In the case of a general Z, symmetry action on the anyons,
we can factor the MTC into its subcategories upon which
the symmetry acts trivially and as topological charge con-
jugation. In particular, using the prime decomposition from
Eq. (540), we write f; = 0 or 1 to represent whether p; acts
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trivially or as charge conjugation on the ZE\Z" ) sector. Then

: ®) _ 7 (Pe) _ Tk 1-f;
we can write Zy' = Zy" X Zy*', where Ny = szon ’
N, = ]_[l;zo Nf*, and a = (aV, a©), such that p;(aV, a®) =
(@Y, [—a®]y,). In this way, the corresponding G-crossed
theories are obtained by applying the gluing construction
of Appendix C to the corresponding G-crossed theories for
trivial and charge conjugation sectors obtained earlier in this

section and Sec. XIG. From this, it is clear that there are

two symmetry fractionalization classes (H[ZP](ZZ, Zy) = 175)

and two defectification classes (H>(Z», U(1)) = Z,) for each
fractionalization class, though naively different defectification
classes may potentially be equivalent under relabeling of the
defects. The resulting G-crossed theories are given by

(202, = (2302, B [20];

_ A= Jpaiad e (597)

When w(1, 1) = 0, these can be written as the product
(12)% (p0) (pe)
(ZV)),, =z ¥ [Zy"]

X

zs (598)

I. Z,-toric code D(Z,) with Z, symmetry

In this section, we consider a G = Z, symmetry for a
system with the “toric code” topological order D(Z,), which
corresponds to a discrete gauge theory or quantum double
[22]. The topological charges are gauge charges e, gauge
fluxes m, and their bound state 1. The theory has Z, x Z, fu-
sion rules, where we write I = (0,0), e = (1,0), m = (0, 1),
and ¥ = (1, 1). That is, the fusion rules are given by e x ¢ =
mxm=1y Xy =1and e x m=1. The F symbols of the
theory are all trivial (i.e., they equal 1 when allowed by fusion)
and the R symbols are given by

R® = (—1)%", (599)

where the notation corresponds to writing the topological
charges as a = (de, an). From this, it is clear that I, e, and
m are bosons with topological twist 6, =1, and ¢ is a
fermion with 6, = —1. The Abelian anyons form a group
A= Zz X Zz.

The topological symmetry group is Aut(D(Z,)) = Z,,
where the nontrivial element interchanges e and m. This is
known as the electric-magnetic (e-m) duality, and can be
realized in a slightly different formulation of the toric code
model by Wen [159] as lattice translations [4,7]. Alternatively,
one can also realize this type of symmetry in an on-site fashion
[160].

We consider the two cases where the symmetry action on
the anyons is trivial and where the symmetry action inter-
changes e and m.

1. Trivial symmetry action

When the symmetry action is trivial, the symmetry frac-
tionalization obstruction [®] is trivial and fractionalization
is classified by H*(Z,,7, x 7)) = Z%. These classes can be
labeled as w(1,1) =1, e, m, and . Since H3(Z,, U(1)) =
7,, each fractionalization class has two defectification classes,
which we will label with p =0 and 1. Since the symmetry
does not permute anyons, we can obtain all the explicit data
of the G-crossed extensions using the results of Sec. X. The

fusion rules of the extended theories are given by
ag X by = [abw(g, h)]gn. (600)

The G-crossed data are greatly simplified for this example to

Fésbnek _ Flglhlk(Rm(g,h)gco)—], (601)
RAsbn = Robo, (602)

Uk(ag, by) = (Fhi)~, (603)

Mo (8 1) = Mguo(g iy, (F ¥ 71, (604)

where the defectification class enters these expressions
through

F111111_ (=17
=i

forw(1,1)=1,e,m
) (605)
forw(1,1) =y

which follows from O(1,1,1,1) = 1 for w(1,1) = I, e, and
m,and O(1,1,1,1) = —1 for w(1, 1) = ¥. We also find the
G-crossed modular invariants

(T2 = (=1)PM 1,1y
dgag i(_l)pMa()w(l,l)

When w(1, 1) = I, e, or m, the two defectification classes
describe distinct G-crossed MTCs for each fractionalization
class. However, for the symmetry fractionalization class with
w(1, 1) = ¢, the two defectification classes actually describe
the same G-crossed MTC. This can be seen by relabeling the
defects and applying a gauge transformation in the following
manner:

forw(1,1)=1,e,m
. (606)
forw(1,1) =y

dy = [eals, (607)
[ab = pabi = (— 1), (608)
Yao(1) = v (1) = (1), (609)

This transformation leaves the fractionalization class
w(1, 1) = ¢ unchanged, and results in the same data, except
with p replaced by p’ = p+ 1. Thus the two G-crossed
extensions p = 0 and 1 with this symmetry fractionalization
class are actually equivalent under relabeling of the defect
topological charges, and therefore represent the same SET
order. This phenomena was observed in Refs. [53,140] using
a Chern-Simons field theory approach.

2. Electric-magnetic duality symmetry

When the symmetry action interchanges the e and m quasi-
particle types, we can show that the symmetry fractionaliza-
tion obstruction O can be set to I identically. In particular, we
can choose

VOO
VOaxb

where we let /8, =1 for a=1, e, and m, and /0, = i.
(While this is, perhaps, not a natural choice for Uy, it is
what we find for the gauge choices we make in solving for
the data of the G-crossed theory.) With this Uy, we have
kgn(a, b) =1, and so can choose B,(g, h) =1, from which

Ui(a,b;a x b) = (—1)dmbe

(610)
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it follows that ® =I. The cocycle condition simplifies to
lw(1,1) = w(1,1). Thus w(1,1) = I or . However, these
are also coboundaries under the symmetry action, since ¥ =
e x m = p1(m) x m. It follows that H[Zp](Zz, 7y, x 7)) =17,
so there is exactly one symmetry fractionalization class. Since
H3(Z,,U(1)) = Z,, we expect to find two defectification
classes of G-crossed extensions.

The quasiparticle charges that are fixed under e-m duality
are C(} = {I, ¥}, so there are two species of twist defects,
which we label as C; = {o", o~ }. These defect charges differ
by fusion with an e or m charge, and have the fusion rules:

ocF=exotf=mxo®, (611)
o =y xo¥, (612)

o xot =1+, (613)
o xoT =e+m. (614)

The Z,-symmetry action on the defects is necessarily trivial,
i.e., pg(ar) = ay. The fusion rules indicate that the quantum

dimensions of the defects are d,s = V2.

The fusion rules are that of an Z, x Ising FTC, where
the Z, fusion category here can be generated by either the
e or the m topological charge. As such, we know [111]
the F symbols must be gauge equivalent to those of the
product of the Z, FTC with trivial F symbols and one of
the two Ising-type FTCs, which are distinguished by the
Frobenius-Schur indicator of the o charge s, = £1. Whether
the Z, FTC in this product is generated by e or m can be
changed by a vertex basis gauge transformation. However,
such a gauge transformation also changes the R symbols of
the quasiparticles.'® This means that the defect F symbols are
not simply obtained by solving the pentagon equations and
using the vertex gauge freedom, but are also constrained by
the quasiparticle braiding through the heptagon equations. For
our choice of quasiparticle data, the consistent choice of F
symbols corresponds to choosing the Z, FTC to be generated
by e. In this way, the nontrivial F symbols of the extended
category are given by

chigblco — (_l)amﬂm’ (615)
F[Z)lbocl = (—1)bmdm (616)
b Ko em fm

il = G0

where ¢ and fj take values in either {/, ¥} or {e, m}, depend-
ing on the values of ay, b1, and cq. The remaining F' symbols
allowed by fusion are equal to 1.

13n order to see this, we notice that we need the vertex basis gauge
transformation to leave F(r”:"'” = F7 " =1 fixed, while changing
+ . .. .
FZ ¥ from 41 to —1, or vice versa. Combining these conditions
requires ' /"™ = —1, which changes R“" = —R™ from —1 to
+1, or vice versa.

We next solve the heptagon conditions, with appropriate
symmetry action gauge choices, to obtain the R symbols

RO = Rt — 1, (618)
RV =i (619)

RO =, (620)

RO = is,s,, (621)

ROV — +isy, (622)

R =k = () e
Rf”i _ SgR,(;;i61 _ (\/%—aei%w)qﬂ” (624)

where s, sy € {1, —1}, and we let /3¢, = 1 and i, for s¢; =1
and —1, respectively, the  symbols

r/ak (ga h) - 17 (625)
and the Uy symbols [in addition to Eq. (610)]
Ur(o™, e;0%) = Ur(0™, m;0™) = 555,75, (626)

Ui(e, 0%;0%) = Uy(m, 0 F;0F) = s,5,655%, (627)

U(c ™, y;07) = U (Y, 0%0%) = £sy,  (628)
Ui(o™®, 0%;1) = 1, (629)

Ur(6®, 0% 9) = +sy, (630)

Ui, 0F;e) = sys,e7% (631)
Ui(o®, oF;m) = s,5,eT 5% (632)

The G-crossed modular S and 7 matrices are given (for
this gauge choice) by

S0 ¢ 0 0 0 0 0]
1 1
0 0 0 7 ? 0 0
0 (1) (1¢ -% 5 00
0 5 = 0 0 0 0
0 0 0 0 0 0 1
|0 0 0 0 0 1 0]
r7TOD 0 0 0 0 0 07
0 1 0 0 0 0 0
0 0 -1 0 0 0 0
T=1 0 0 0 0 0 6, O (634)
0 0 0 0 0 0 6,
0 0 0 6,+ 0 0 0
) 0 0 0 6, 0 0

where the basis states of the defect sectors are chosen to be
|](0,1)>, |1//(0,1)>’ |a+(1,0))’ |G—(1,0)>’ |U+(1,1)>’ and |a_(1’1)), in
that order, and the topological twists of the defects are

O = (Jrzge ' ¥) " (635)
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We notice that the choices of s, and s, are actually redun-
dant, though they could not be removed simply by applying
a symmetry action gauge transformation. For s, = —1, if we
apply a vertex basis gauge transformation with nontrivial
elements

—1=T%Y =T% =19 =T19,"
=T =T5° =177 =I5,  (636)

the basic data become that of the theory with s, = 1. For s, =
—1, if we relabel the defect charges 0% = 07 = e x o¥ and
apply a symmetry action gauge transformation with nontrivial
element y,=(1) = »,, we obtain the theory with sy, = 1.

Thus there are two distinct G-crossed extensions for the
e-m duality Z, symmetry, which are distinguished by the
defects’ Frobenius-Schur indicator s, = £1 (and the asso-
ciated changes in the basic data). This matches the expected
(torsorial) classification by H3(Z,, U(1)) = Z,. For the gauge
choice used here, the torsorial Z, action relating these distinct
G-crossed theories is given by gluing in a Z, SPT state with
a1,1,1)= -1, R¥ = —i, ny(1,1) =1, and U;(1,1) =1
(as in Sec. XI A1) and applying a symmetry action gauge
transformation whose nontrivial element is y,=(1) = F,
(here, s, is that of the theory before gluing in the Z, SPT
state).

We now consider the gauged theory, setting s, = sy = 1to
remove the redundancy. All Z, orbits of topological charges
in the defect theory are singletons, except [e] = {e, m}. The
stabilizer subgroup of the singletons is Z, and that of [e] is Z;.
Since the 1 symbols were chosen to be trivial, each singleton
can carry an irrep of Z,, which we label ¢ = £. Thus the
gauged theory has nine topological charges, labeled by (Z, q),
W, q), (6T,q), (07, q), le]l. The quantum dimensions are
g = diy.q) = 1, dio=.g = V2, and doy = 2.

A straightforward application of Eq. (425) yields the fusion
rules

(I, q) x (b, q') = (b, qq), (637)

(1. q) x [e] = [e]. (638)

W, q) x (¥, q) =, qq), (639)

(. q) x (6%, 4) = (0%, +qq"), (640)

V. q) x [e] = [e]. (641)

0%, q)x (0%,¢) = U, q¢) + (¥, £qq).  (642)
(6%, 9) x (07F,q) = lel, (643)

(6*.q) x [e]l = (6T, +)+ (o7, ), (644)

[e] x [e]l = (I, +) + (I, =)+ (¥, ) + (¥, =), (645)

for any singleton b. We notice that these fusion rules are
identical to that of a direct product of two Ising”) MTCs,
labeled L and R, once we identify the topological charges as

(L, IR)=U,+), (I,or)=(c",+),
(I, Yyr) = (¥, +), (o1, IR) = (067, +), (oL,0r)=]e],
(oL, Yr) = (07, —),

WL lr) = (¥, —),
(W, 00) = (07, =), (Y, yr)=U, —).

The topological twists are straightforward to compute us-
ing Eq. (430), which yields

(646)

Oi.q) = by = 1, (647)
Ow.p = —1, (648)
b= = a(/7e E) " (649)
The S matrix is found to be
Stav.a) 00 = Sar b Sanpe (650)

where S™"¢ is the S matrix of the Ising theory. This allows
us to uniquely identify the gauged theory as Ising X Ising
for s, = 1 and SU(2), X SU(2), for s, = —1. [Recall that
Ising = Ising" and SU(2), = Ising™ ]

As previously mentioned, the electric-magnetic duality in
the Z,-toric code can be realized as an on-site symmetry.
We now briefly describe a concrete model for doing so.
We start from a spin-1/2 fermionic superconductor with the
pairing (px + ipy)} X (px — ipy)] where v is an odd integer.
This is a model of the Z, fermionic SPT phase discussed
in Sec. XIB. Next, we gauge the Z, fermion parity of the
whole system, i.e., coupling all fermions to a Z, gauge field,
and we obtain a Z,-toric code, where m is the 7 flux in the
original superconductor and e is the bound state of the &
flux and a fermion. The Z, symmetry that protects the SPT
phase, namely the fermion parity of the spin 1 fermions,
now becomes the e-m duality symmetry of the toric code.
To see this, we first notice that before the Z, total fermion
parity is gauged, a w flux localizes two Majorana zero modes
y4 and y,, since it penetrates two p, =& ip, superconductors.
Under the Z, symmetry yy — —y4, ¥, — V), so the local
fermion parity iy,y, on the m flux changes sign under the
on-site Z, symmetry, which interchanges e and m after the
total fermion parity is fully gauged. This provides the desired
on-site realization. We can turn this model of a fermionic
superconductor coupled to a Z, gauge field into a Kitaev-type
spin model.

In this model, gauging the Z, symmetry becomes par-
ticularly easy: we simply gauge the fermion parities of the
spin 1 and | fermions separately, and the result is precisely

Ising(”) X Ising(”). However, v and v + 8, as well as v and
—v, lead to exactly the same topological gauge theories, so
we only obtain two distinct gauge theories corresponding to
v = 1 and 3, in agreement with our previous analysis.

We note in passing that all of the Abelian MTCs in
Kitaev’s 16-fold way [95], which correspond to even-valued
v in his notation, similarly have a Z, topological symmetry
that interchanges the “vortex” type quasiparticles, which have
topological twists 6, = ¢'5". The corresponding Z,-crossed
extensions and gauged theories of these MTCs with such
a symmetry are very similar to those of D(Z,) (which is
v = 0) with electric-magnetic duality symmetry. The ones
with Z, x Z, fusion rules, i.e., v =0, 4, 8, and 12, will
have two distinct Z,-crossed extensions, since they all have
H[Zp](Zz, Z> x 7y) =7, and H*(Z,,U(1)) = Z,. The ones
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with Z,4 fusion rules, i.e., v = 2, 6, 10, and 14, will have three
distinct Z,-crossed extensions; there are two fractionalization
classes, since H(,(Z2, Z4) = 7, and while H*(Z», U(1)) =
Z, would naively indicate each of these should have two
corresponding defectification classes, two of them are iden-
tified for one of the fractionalization classes (see discussion in
Sec. XIH 3). The corresponding gauged theories are all given
by Ising™" X Ising"?, where v, and v, are odd and satisfy
Vi + v, = v mod 16. In the case of the three-fermion model
SO(8);, which is v = 8§, the topological symmetry group is
S3, containing three such Z, symmetries. We examine this
example in detail in Sec. XI M.

J. Zy-toric code D(Zy) with N > 2 and Z, symmetry

In this section, we consider the D(Zy) UMTC, which
corresponds to a Zy discrete gauge theory or quantum double.
Physically it can be realized by the Zy generalization of
Kitaev’s toric code model [22], or as Zy lattice gauge theory.
The anyons are gauge charges (the unit of which is denoted
by e), gauge fluxes (the unit of which is denoted by m) and
their bound states, the dyons. We write the N2 anyon labels as
a = (ae, ay) = e“*m*™ where ae, ay, € {0,1,...,N — 1}. The
fusion rules are given by

(ae» am) X (bea bm) = ([ae + be]Ny [am + bm]N)a (651)

that is, they form a Zy x Zy fusion algebra. In a choice of
gauge, the F' symbols of the theory are all trivial and the R
symbols are given by

R — ol ¥ b (652)

The topological symmetry group Aut(D(Zy)) is compli-
cated to determine for general N > 2, but it always contains
at least a Z, x Z, subgroup that is generated by electric-
magnetic duality symmetry and topological charge conju-
gation symmetry. Electric-magnetic duality symmetry cor-
responds to the autoequivalence map for which (ae, an) —
(am, ae). Topological charge conjugation symmetry corre-
sponds to the autoequivalence map for whicha — a = (N —
am, N — a.). Electric-magnetic duality symmetry can be real-
ized as lattice translations [4,7] in Wen’s plaquette model for-
mulation of the toric code [159]. Alternatively, one can realize
this symmetry of a Zy-toric code in an on-site fashion [160].
Topological charge conjugation symmetry is straightforward
to realize in the Zy-toric code model in an on-site fashion.

For the first few N, we have Aut(D(Z3))= 73,
Aut(D(Z4)) = Z%, and Aut(D(Zs)) = Dg (the dihedral group
containing eight elements).

We consider the case of global symmetry group G = Z,.
When the global symmetry acts either trivially or as topo-
logical charge conjugation, we can choose Uj(a, b;a x b) =
1, so it is clear that [@®] =0 and symmetry fractionaliza-
tion is not obstructed. For both of these symmetry actions,
the corresponding symmetry fractionalization is classified
by H[%o](Zz, Iy x Zy)= 7, for N odd and H[%o](Zz, Iy X
Zyn) = Zy x Z, for N even, which follows from computations
similar to those of Sec. XIF.

When the global G = Z, symmetry acts as electric-
magnetic duality, we can choose Uj(a, b;a x b) = ¢! % Gebm
and B,(1,1) = 6,, from which it follows that [®] = 0 and

symmetry fractionalization is not obstructed. In this case, we
have Hﬁ)](Zz, Iy x Zy) = Z; for any N, since the cocycle
condition reduces to 'ro(1, 1) = w(1, 1), which is satisfied iff
w(1,1) = (w, w) and coboundaries can take the same form
ds(1,1) = (w, w) by taking 3(1) = (w, 0).

Since H3(Z,, U(1)) = Z,, we expect to find two defec-
tification classes of G-crossed extensions for a given frac-
tionalization class. It is significantly easier to solve for the
G-crossed extensions when N is odd, than when N even, so
we will only do so for N odd here.

N odd
In the case of N odd, the problem simplifies because
the Cyp MTC can be written as D(Zy) = ZE\}) X Z;{l) . More
precisely, writing the topological charges as

a= (G, an) = (a . a_), (653)

where a4 € Z](vi]), respectively, we have the relation between
charge-flux representation and the =+ chiralities representation

given by
N+1
ar = [ i (e iam)} , (654)
2 N
a. = [ay +a_ly, (655)
am = lay —a_ly. (656)

The basic data can be transformed into the product form by
the vertex basis gauge transformation ' = ¢/ ¥ %>+ which
leaves the F symbols trivial and gives R% = ¢i ¥ (@+b+=a-b-),
In this form, it is easy to see that Aut(Z](vl)) X Aut(Z,(v_l)) =
Z%k is a subgroup of Aut(D(Zy)) for N odd with prime fac-
torization N = P ... P* (see Sec. XIF). In the & chiralities

representation, electric-magnetic duality acts as (a4, a_)

—_—~—

(ay,a-), i.e., it acts trivially on the Zl(\}) sector and acts as

topological charge conjugation on the Z;{l) sector. Topologi-
cal charge conjugation acts as topological charge conjugation

on both sectors, i.e., (a+, a-) — (ar,a-).

When the global G symmetry action factorizes into
+ sectors, i.e., when p: G — Aut(Zl(\})) X Aut(Zl(V_l)), we
write p = (p4, p—). In this case, the symmetry fractionaliza-
tion also factorizes, i.e., lep](G’ In X Zy) = H[2p+](G, ZIy) x
H[%o,](G’ Zy) and the G-crossed extensions can be obtained

by gluing G-crossed extensions of the Z}Vﬂ) theories (see
Appendix C), that is,

X

DZwi = [24]g B2y "o (65T)

For the case of G = Z; electric-magnetic duality symme-
try, there is exactly one symmetry fractionalization class, i.e.,
lep](G, Zy x Zy) = 71, and the G-crossed extensions can be
written as

X (1) (=D7*
D(ZN)Z;.m =7y’ [ZN ]ZEC’ (658)
where [Z}V_l)];cc is one of the two possible G-crossed theories

obtained in Sec. XIG2. The corresponding gauged theories
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are, thus

[D@n)sea]™ = 200 8 (25" ]5) ™

- (659)

K. Double-layer systems B X B with 7, symmetry

In this section, we consider a system composed of two
identical, noninteracting layers of a topological phase de-
scribed by the UMTC B, with global Z, layer-interchange
symmetry. The topological order of the double-layer system is
described by C = B X 3. We write the quasiparticle topolog-
ical charges as @ = (ai, a2), for a; € B. The topological sym-
metry group Aut(C) can generally be complicated, depending
on B, but it always contain a Z, subgroup corresponding to
layer interchange, i.e., (aj, a;) — (az, a). If we assume that
the basic data (F symbols and R symbols) are in the product
form, with each layer’s data identical to the other’s, then
we can choose [Uy(d, b: &)l = 6,y and Bz(g, h) = 1. This
yields ® = 0, so the symmetry obstruction always vanishes.

We can also generally prove that symmetry fractionaliza-
tion is trivial, since H[zp](Zg, A x A) = 7Z,, where A denotes
the subcategory of Abelian anyons in B, as follows. The 2-
cocycle condition 'w(1, 1) = w(1, 1) constrains the cocycles
to take the form w(1, 1) = (a, a), where a € A. However,
these are all 2-coboundaries, since (a, a) = 1(a, 0) x (a, 0).
Thus there is only one symmetry fractionalization class. Since
H3(Z,,U(1)) = Z,, there are two defectification classes.

Quasiparticles are invariant under layer interchange iff they
have the form (a, a) for a € B, so the number of defects is
equal to C; = |B|. There is a “bare” defect X, which has the
following fusion rule:

Xo x Xo =) (a,a),

aeBB

(660)

and quantum dimension

dy,= [ d2=Dg.
aeB

The other defects X, € C; are labeled by a € B, and related to
the bare defect by

Xy =Xo x (a,0) =Xo x (0, a),

(661)

(662)

and, therefore, have dy, = d,Dp. Given this, the fusion rules
of X, can be easily deduced to be

X, x (b,c) =Xy x (a,0) x (b,0) x (c,0)
=Y Ni X,
e

Xy x X =Y (¢, €)% (a,0) x (b,0)

(663)

=Y N(e.0), (664)

where we introduced N, = dimVy; =3 N: N¢.

We now consider the gauged theory of a given defectifica-
tion class. For each a € B, the singleton {(a, a)} is an orbit that
yields two distinct topological charges in the gauged theory,
corresponding to the two irreps of Z, (trivial and alternating),
each with quantum dimensions dg. For each pair a, b € B,

such that a # b, the doublet {(a, b), (b, @)} is an orbit which
yields one topological charge in the gauged theory (since its
stabilizer subgroup is trivial) with quantum dimension 2d,dp,.
Each defect X, is a singleton orbit that yields two topological
charges, corresponding to the two irreps of Z,, with quantum
dimensions d,Dg. Altogether, the gauged theory has w
topological charges.

We can also determine the gauged theory’s ground-state
degeneracy on a genus g surface from the defect theory. The
defect theory has 22¢ different defect sectors, corresponding
to whether there is a Z, defect branch line along any of
the 2g independent noncontractible cycles of the surface.
The ground-state degeneracy of the gauged theory is ob-
tained by symmetrizing under the Z, action for each defect
sector and adding the resulting degeneracies together. Since
[Ux (@, b: ©)] v = 8, for the quasiparticle types, we only need
to consider symmetrization of the charge labels, and do not
need to worry about states acquiring additional phases due to
the symmetry action. Let us denote the ground-state degen-
eracy for the defect sector s by N,(s). Picking a basis for
the sector s, we denote the number of basis states that are
invariant under the Z, global symmetry action by Z,(s). Then
the contribution to the gauged theory’s ground-state degener-
acy from the sector s is N (s) = Zy(s) + TING () — Z(s)]-
The trivial defect sector s = 0 has basis states labeled by
charges in Cy = B X B and, thus, has ground-state degeneracy
Ne(0) = (WF)?, where N7 is the ground-state degeneracy
of B on a genus g surface and invariant basis state degen-
eracy Z,(0) = ./\/'gB (given by the diagonally labeled states).
As discussed in Section VIIB, when G = 75, all nontrivial
defect sectors can be mapped onto each other using Dehn
twists and, thus, have the same number of ground states and
contribution to the gauge theory’s ground-state degeneracy.
As such, it is sufficient to consider the contribution of one
nontrivial sector s # 0, e.g., that with a single defect branch
line around a single cycle. This sector has N(s) = ./\/26(3,71
ground-state degeneracy, which can be easily seen in the basis
with topological flux lines label by charges in Cy, with one
cycle’s flux line crossing the (layer interchange) Z, branch
line. The number of invariant basis state is given by Z,(s) =
/\/gB (given by the diagonally labeled states). It follows that

the gauged theory’s ground-state degeneracy ./\/gG on a genus
g surface is given by

NY =2 NP @

= %[(22”’ — DNE_| + (NVE)? 22N F]. (665)

This matches the ground-state degeneracy obtained from
Eq. (392), using the gauged theory’s quantum dimensions.
An interesting example of a layer interchange symmetric
double layer system is given by letting B = Fib, the MTC
of Fibonnaci anyons. The quantum dimensions of the gauged
theory agree exactly with the SU(2)g theory. One can also
check that, starting from SU(2)g and condensing the highest
spin boson (j = 4) results in Fib X Fib [75], so this is, indeed,
one of the two gauged theories. The other gauged theory
(corresponding to the other defectification class) is the closely
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related Jones-Kauffman theory at level 8 (JKg), see, e.g.,
Ref. [161] for the basic data.

As another example, consider the case where B = D(H),
where B is the quantum double of a discrete group H. In this
case, the gauged theory is (BX B)/Z, = D((H x H) % Z5).
For example, when H = Z,, BB is the Z; toric code phase, and
gauging the Z, symmetry of two layers of toric code gives
the quantum double of (Z, x Z,) % Z,, which is the dihedral
group of order 8, Dg. This theory has, for example, 22 states
on a torus.

L. S3-gauge theory D(S3) with Z, symmetry

In this section, we consider the D(S3) UMTC, which corre-
sponds to a S3 discrete gauge theory or quantum double. Phys-
ically, it can be realized by the S; generalization of Kitaev’s
toric code model [22], or as S3 lattice gauge theory. First,
we briefly review the anyon model of D(S3). The topological
charges are labeled by a pair ([a], 7,) where [a] is the conju-
gacy class of a € S5 and 7, is an irreducible representation of
the centralizer of a in S3. There are three conjugacy classes
in 83: [e] = {e}, [(12)] = {(12), (23), (13)}, and [(123)] =
{(123), (132)}. For [e], the centralizer of the identity element
e is simply S3, which has three irreducible representations:
trivial, alternating, and two-dimensional. The corresponding
anyon labels are denoted by 7, B, C, where [ is the vacuum.
For [(12)], we pick the representative (12), whose centralizer
is Z,, so we have two anyon labels D and E corresponding
to the trivial and alternating irreps of Z,, respectively. For
[(123)], we pick the representative (123), whose centralizer is
Z3, so we have three anyon labels F, G, and H, corresponding
to the trivial and two nontrivial (corresponding to third roots
of unity) irreps of Z3, respectively. Altogether, we have eight
topological charges. For a complete list of the fusion rules,
F symbols, R symbols, and the modular data, we refer the
readers to Ref. [162] (we note that the basic data in Ref. [162]
actually correspond to the topological charges D and E carry-
ing the alternating and trivial irreps of Z,, respectively).

The topological symmetry group is Aut(D(S3)) = Za,
where the nontrivial topological symmetry permutes the topo-
logical charges C and F. (All other topological charges have
distinct fusion, quantum dimensions, and/or twists, and so
cannot be permuted.) One can think of this nontrivial symme-
try as a kind of “electric-magnetic duality,” since C = ([e], 2)
is a pure charge (irrep) and F = ([(123)], 1) is a pure flux
(conjugacy class). Since I and B are the only two Abelian
anyons, A = 7,.

We consider a G = Z, global symmetry. The symmetry
action can either act trivially or as electric-magnetic duality.
Since the symmetry action cannot permute / or B, both pos-
sible symmetry actions yield H[zp](Zz, Z,) = Z,. Thus there
are two symmetry fractionalization classes, corresponding
to w(1, 1) = I or B, respectively. Since H>(Z,, U(1)) = Z>,
there are two defectification classes (for each fractionalization
class). The G-crossed extensions for trivial symmetry action
can be obtained from the results of Sec. X, so we only focus
on the case of Z, electric-magnetic duality symmetry action.
In this case, there will be 6 distinct types of defects, since

1l = Icd] = 6.

We start by considering the fusion rules of the symmetry
defects. Naively, one might guess the following fusion rules
for one of the symmetry defects 0 € C1: 0 xo =1+ G+
H. However, this is incorrect. To see the inconsistency, let
us consider the fusion C x C x o x . Consistency between
associativity and the G-crossed action requires that

CxCxoxo=CxF xoxoa0, (666)

since C x 0 =0 x!C =0 x F. Using the naive guess, the
left-hand side would equal

(I+B+C)x(U+G+H)=I+B+C+2F +3G+3H,
(667)

while the right-hand side would equal

(G+H)x(U+G+H)=2(I+B+C+F+G+H).
(668)

This proves that the naive guess does not yield a consistent
fusion theory. Indeed, we can check that 0 x & =1 + G and
o x o =1+ H both satisty Eq. (666), so we postulate that
both of these fusion rules are realized by different types of
defects in Cy.

Rather than continuing to derive all the data from consis-
tency, we use a short-cut by noticing that D(S3) is obtained
from either JK; X JK, and SU(2)4 X SU(2); by condensing
the (4, 4) boson in these theories [here, we use the integer
label convention; see, e.g., Ref. [161] for the basic data of
JK4 and SU(2)4]. Indeed, these are two of the four possible
gauged theories for this example. We notice that these two
gauged theories correspond to different defectification classes
of G-crossed theories, as the Frobenius-Schur indicators of
JK4 X JK, are (4 .ap) = 1, while those of SU(2)4 X SU(2)4
are (g ay) = (—1)“1 These gauged theories correspond to
one of the fractionalization classes, which may be associated
with w(1, 1) = I, and there will be two more corresponding to
the other fractionalization class, associated with w(1, 1) = B.

Condensing the (4,4) anyon in JK4; X JK4 or SU(2)4 X
SU(2)4, we recognize the mapping of topological charges to
the G-crossed theory as giving the eight quasiparticle charges

0,0)~#4,4)—~1,
1,1)~@3,3)— D,
2,00~2,4)~ G,

4,0)~(0,4) — B,
3, 1H)~{1,3)—E,
0,2) ~4,2)— H,

2,2)~ Cand F, (669)
and six defect charges
1,O)~@B, o, B0~ (,4) o,
O, )~ @3)>or, (0,3)~@1)—og  (670)

(lﬂz)N(352)'_> L, (271)N(2a 3)'_> TR-

It is then straightforward to determine various properties, such
as fusion rules, quantum dimensions, and twist factors, for
the G-crossed theories from the data of gauged theories. For
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example, we find the fusion rules

oLxoL=o0] xo{ =1+G, (671)
Or X Or =0y X o =1+ H, (672)
uxtn=1+B+C+F+2G+H, (673)
wXwR=[+B+C+F+G+2H, (674)

where the first two lines were previously discussed. The
quantum dimensions of the defects are dy, = do; = dy, =
doy = /3 and d;, = dy, = 2/3.

The fractionalization class associated with w(1,1) =B
will yield G-crossed extensions with the same number of
defects and quantum dimensions, but whose defects have
different fusion rules. For example, we instead find

oL xoL=o0{ X0 =B+G, (675)
OR X OR = 0y X 0y =B+ H, (676)
wxt=I+B+C+F+2G+H, (677)
wxw=I+B+C+F+G+2H, (678

and
oLxo, =1+G, (679)
or x o =1+ H. (680)

We emphasize that, since o = of and or = o} for these
two G-crossed extensions, they are necessarily distinct (even
when allowing for relabeling of topological charges) from
the previous two extensions, whose topological charges are
all self-dual. These G-crossed extensions will similarly yield
gauged theories that have the same number of quasiparticles
and quantum dimensions as the other two, but with different
fusion rules. To the best of our knowledge, these rank 25
MTCs were not previously known.

In order to further verify the relation to the gauged theories
while providing an example exhibiting nontrivial features of
the ground-state degeneracy calculations, we determine the
gauged theories’ ground-state degeneracy from the defect the-
ory, for surfaces of genus g = 1 and 2. We use similar methods
as in Sec. XIK, but must also allow for nontrivial phase
factors due to the symmetry action. Again, we label the defect
sectors by s, with s = 0 corresponding to the sector with no
defect branch lines, and we denote the ground-state degen-
eracy for each defect sector by N,(s) and its contribution to
the gauged theory’s ground-state degeneracy by ./\/gG(s). The
s # 0 sectors for G = Z, all contribute the same ground-state
degeneracy, since they can all be mapped to each other by
Dehn twists, so it suffices to compute the contribution from
one nontrivial sector, e.g., one with a single defect branch line
around a single nontrivial cycle.

For the torus (genus g = 1), D(S3) has ground-state de-
generacy N (0) = 8, but the subspace that is invariant under
the Z, symmetry transformation is reduced to N(0) =7,
by the symmetrization of the basis states labeled by C and
F. There are three nontrivial defect sectors. Considering a

sector s # 0 with a branch line around the m cycle and
quasiparticle flux lines around the / cycle, we see that the
ground-state degeneracy is equal to the number of Z, invariant
anyons, and they are all invariant under the Z, action, so
NP(s) = Ni(s) = |Ch| = 6. Thus we obtain the ground-state
degeneracy for the gauged theories on the torus

NE=Y NP(s)=7+3x6=25. (681)

This agrees with the torus ground-state degeneracy of JK; X
JK4 and SU(2)4 X SU(2)4, as expected.

For the genus g = 2 surface, there are 16 defect sectors,
corresponding to the possible configurations of nontrivial Z,
branch lines around nontrivial cycles of the surface. Let us
choose a basis for the trivial defect sector (s = 0) that is
specified diagrammatically (as in Sec. VII C) by

(682)

LS

ay,az;z

where ay, a,, z € Cy. This state space has ground-state degen-
eracy

N>(0) = Z N° _N?_=116.

ajay” "aa;

(683)

ap,a,z

The number of basis states that are mapped to themselves by
the Z, action (i.e., the states with no labels equal to C or F) is

given by
LO)= Y.
ay,ay,z#C,F

N _N° =158

aja; "axa;

(684)
However, the Z, symmetry acts on these states (with
ap,az,z#C,F) as R1|<I>(a(])?a2;z) = :i:|d>§1??az;z), so not all of
them are necessarily invariant under the symmetry. We denote
the number of such basis states that transform with a —1
factor by A,(0). It turns out that 4,(0) = 2, where the two
corresponding basis states are |<I>g)H,B) and |<I>§?)G.B). To see
this, we first notice that the Z, symmetry action is given in
terms of the topological symmetry action by

Ry | cbg(])?az ;z)
Ui(ay, ar; 2)Ur(az, a2; 2D)UL(Z, 1) |
= |CDK(11?02§Z>' (685)

Ui(ar, ar; DU (ap, az; 1)

In order to compute the U; symbols, we use the F' sym-
bols and R symbols given in Ref. [162], and the constraints
imposed by their invariance, as in Eqgs. (87) and (88). Invari-
ance of the R symbols indicates that U; (a, b; ¢) = Uy (b, a; c).
Invariance of the F' symbols further constrains the U; symbols
to yield the claimed properties for the basis states. Let us
consider the transformation of |®g g.p) in more detail; the
relevant F' symbols are

FGGH:L1 1
A=A -

where the rows of the matrix are indexed by I, B and the
columns are indexed by C, F, and

(686)

FVIBHH — FBBHH — 1' (687)
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Invariance of these F' symbol under the Z, symmetry action
gives

U1(G, Gy
1 ) =1, (688)
U1(G, H;C)Uh (G, C;H)
Ui1(G, G;1
1 ) =1, (689)
U(G,H;F)U(G,F;H)
Ui(G, G;B)Uy(B,H;H
(G GBUB HH) (90)
U1(G, H; O)Ur (G, C H)
Ui1(G, G;B)Uy(B,H;H
1( Wi( ) _ , ©91)
Ui(G,H; F)Uy (G, F; H)
Ui(B,H;H)Uy(H,H;1
1( Wil( ) _ 1, (692)
Ui(H, H; B)Uy(B, B; 1)
Uy(B,H;H)Uy(H,H;B
(B H I HB) 3)
Ur(H, H;T)
from which we conclude that
Ui(G, G;B)Uy(H, H; B)Uy(B, B; 1
1( YT Ui ( ):_1, (694)
Ui1(G, G;DHUL(H, H; 1)
and R1|<I>(GO,)H;B) = —|<I>g)}1;3). A similar calculation yields
R1|q)1(3,)c;3> = _|<D1(3,)G;B>~

The basis states that include labels equal to C or F are
mapped to each other in pairs and can be symmetrized with
respect to the Z, symmetry action. Putting this all together,
we find the contribution from the s = 0 sector to the gauged
theories’ ground-state degeneracy to be

N3 (0) = 3IN2(0) — T5(0)] + T2(0) — A2(0) = 85. (695)

There are 15 nontrivial defect sectors (s # 0) for the genus
g = 2 surface. We consider the sector (s = 1) with a single
defect branch line around a single cycle, for which we can
write the basis states as

(696)

fOSU

ap,a2;z

where a1, ay, z € Cy. Each nontrivial defect sector has ground-
state degeneracy

Na(s)= Y NNz,

a,az,z

—98. (697)

ax

Similar to the trivial sector, the number of the s = 1 basis
states that are mapped to themselves by the Z, action (i.e.,
the states with no labels equal to C or F) is given by

L= Y,

ay,ay,z#C,F

Ni NZ =58 (698)

and the number of these states that transform as Ry|®D) ) =

ap,azz
—| @, ) is Ay(1) = 2, where the two corresponding basis

states are |<I>8‘)H;B) and |<D1(L11,)G; 5)- The basis states that include
labels equal to C or F are mapped to each other in pairs and
can be symmetrized with respect to the Z, symmetry action.
Thus we find the contribution from each s £ 0 sector to the

gauged theories’ ground-state degeneracy to be
N (9) = 3IN2 (1) — T(D] + (1) — Ay (1) =76, (699)
Finally, summing the contributions from all defect sectors,

we find the ground-state degeneracy of the gauged theories on
genus g = 2 surfaces to be

NY = N5 (s)=85+15x 76 = 1225. (700)

This agrees with the genus g = 2 ground-state degeneracy of
JK4 X JK4 and SU(2), X SU(2)4, as expected.

M. Three-fermion model SO(8); with S3 symmetry

In this section, we consider the three-fermion model
SO(8), with global symmetry G = §3 that is non-Abelian.
The MTC describing the three-fermion model is Abelian,
with three fermions that have nontrivial braiding with each
other, and chiral central charge c. =4 mod 8. Recently,
this topological phase has been proposed to exist at the
surface of a bosonic 3D time-reversal-invariant topological
superconductor [86,163]. We also notice that this theory can
arise in the following physical way: consider three identical

1
layers of semion theories (with the same chiralities) Z(zz) X

1 1
Z(zz) &Z;Z), e.g., three layers of v :% bosonic Laughlin

states. Writing the semion charge of the jth layer as s;, we
identify a subtheory of the three-layer theory that contains
the charges {I, 5152, s253, 5153} as the SO(8); theory with
c_ = 4. In this way, the three-layer theory can be written

1 1 1

as [Z;E)P =S0(8) X Z([f), where the Z(z_i) semion theory
(which has c¢_ = —1) is associated with {I, s1s,53}. The S3
symmetry in this system is just the permutation symmetry of
the three layers, which clearly only acts nontrivially on the
three-fermion sector. In fact, this type of layer permutation
symmetry and the associated defects have been considered in
Ref. [12].

We denote the three fermions by v; for j = 1,2, 3. This
MTC is closely related to that of the Z, toric code in that they
both have a Z, x Z, fusion algebra and all F symbols are
trivial. The nontrivial R symbols of the three-fermion model
(for a certain choice of gauge) are given by

R;//]‘//I — R;//2‘//2 — R}/B% =1, (701)

R)W =R}V =R}V = -1, (702)
and all other allowed R symbols equal 1.

Arbitrary permutations of the three fermion labels leaves
the MTC invariant (up to gauge transformations), so the topo-
logical symmetry group is Aut(SO(8);) = S3. We represent S3
as the permutation group of three objects, whose six elements
are denoted by {1, (12), (23), (13), (123), (132)}.

We let the global symmetry be described by G = S5 with
the action on topological charge labels corresponding to the
matching permutation of the three fermions. For the pairwise
permutations, the Ug symbols for the symmetry action on the
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Cy sector can be chosen to be given by

Uiy (Y1, Y23 ¥3) = Uy (W, Y13 93) ' =,
Uiy (Y2, Y33 ¥1) = Uy (Y3, Y3 ¥r1) ' = —i,

Uazy(3. Y15 ¥2) = Unpy (W1, Y33 ¥2) ™' = —i, - (703)
Uay(W1, vi3 1) = Uaoy (Yo, Yo 1) = —1,
Uaoy(¥s, v331) = 1,

Uas) (Y1, ¥2: ¥73) = Unsy(o, Y3 ¥3) ™ = —i,

Uas) (W2, ¥3:91) = Unsy (Y3, Yoz 1)~ = —i,

Uasy(W3, Vi3 ¥2) = Unsy (Y1, Y33 ¥2) ™' =, (704)
Uas(Y1, i3 1) = Uasy (Y, Y33 1) = —1,
Uuwzy(Y2, Y23 1) = 1,

Uas)(Y1, ¥2: ¥3) = Uy (Yo, Y13 ¥3) ™' = —i,

Ups) (W2, Y33 91) = Ups) (Y3, ¥ )™ =i,

Us) (W3, Y13 ¥2) = Uasy (Y1, Y33 ¥2) ' = —i,  (705)

Uesy (Y2, Y23 1) = U (Y3, ¥331) = —1,
Uas)(Y, Y3 1) = 1.

For the cyclic permutations of all three objects, the symme-
try action leaves the R symbols unchanged, so we can choose
Uasy(a, bya x b) = Uz (a, bya x b) = 1 foralla, b € Cy.

One can calculate H[zp](S3, Zy x Zy) =17, using
Ref. [164], so there is exactly one fractionalization
class. Since H*(S;, U(1)) = Z,, there is no obstruction
to defectification. H3(S3, U(1)) = Zg, so we expect six
defectification classes.

Since S3 = Z3 x Z,, we begin our preparatory analysis by
considering the two subgroups.

1. 7, symmetry

We consider a Z, subgroup of the symmetry. Without loss
of generality, we consider the Z, action p(j2), which inter-
changes V| and v,. The analysis of the G-crossed extensions
is very similar to that of the toric code with electric-magnetic
duality symmetry. There is exactly one symmetry fractional-
ization class, since Hﬁ)](Zz, 7, x Z5) = Z;, and two defecti-
fication classes, since H>(Z,, U(1)) = Z,.

There are two (12) defect types, since there are two quasi-
particle types that are invariant under (12). We label these as
Caz = {z", z7}. The defect fusion rules are given by

F =y xt =Yy x 7, (706)
=y x 7%, (707)

X F =14 s, (708)

7 x T =Y+ P (709)

The (12)-symmetry action on the (12) defects is necessarily
trivial, i.e., p(12)(z¥) = z*. The fusion rules indicate that the

quantum dimensions of the defects are d., = v/2.

While considering the C(j) sector, we write the quasiparti-
cle topological charges as a; = (@h, a®), so that I = (0, 0),
Y1 = (1,0), ¥, = (0, 1), and 3 = (1, 1). The nontrivial F
symbols of the extended category are given (in a choice of
gauge) by

arbaycn aDe
quz) = (=1 ) (710)
agybic 101
Fpt? e = (=1, (711)
baxe x FOF
[ [Zii? (12) <1z>]e]lf]l - 7%(_1) o (712)

where e; and f; take values in either {I, ¥3} or {1, ¥}, de-
pending on the values of a(12), b(12), and c(j2). The remaining
F symbols allowed by fusion are equal to 1.

For a convenient choice of gauge (and after removing
charge relabeling redundancy), the R symbols are given by

RV =4 RTV =, (713)
RV _ +i, RV — +1, (714)
RV =i, RV =4, (715)
KT = x(me) e
Ry = 4Ry =£(e)T 1)

where we let /3¢, = 1 and i, for 5, = 1 and —1, respectively.
The topological twist factors of the defects are

b = +(rme 5 (718)
The 1 symbols are all trivial, i.e.,
Na (8, h) =1, (719)
and the Uy symbols are given by
VOB o0
Uaz(a, b;a x b) = =", (720
2 \/anb

Uiy (z5, ¥1:27) = Unay (Y2, 275 275)
= Unny (2%, 2%5¥0) = isge™™,  (721)

Uz, ¥2;27) = Unny (Y1, 275 25)

= Uz, 273 9) = —isee™5,  (722)

Uy (zE, ¥332%) = Unny (Y3, 275:2%)
= Uuy(z*, 755 93) = £1,  (723)
Uay(z5, 75 =1, (724)

where /0y, = i.

Gauging the Z, symmetry, we obtain the gauged theories
Ising'" X Ising!” and Ising® X Ising® for . = =+1, respec-
tively.

The structure of the other two Z, symmetry subgroup
sectors, whose charges we label as Cq3) = {x*,x~} and
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TABLE II. F symbols that involve fusion multiplicities for the Z; symmetry defects of the three-fermion model. The indices u and v label
the (twofold degenerate) fusion vertex basis states. The u, v matrix element of each entry gives the value of the corresponding F' symbol,
where o; for j = 1, 2, 3 are the two-dimensional Pauli matrices. The phase o = ¢’ Fk s a third root of unity that differentiates the three distinct
defectification classes.

a I Y 1) UVZ]
[quwu’](w,o,u),(w,u,()) 1 —io —ioy —io,

7" Jw,0.0.G.0,0) i) 0] 03
[Frev] 1 io: io io
LF2 ) 10,0, (w,0,0) 1 io3 oy ioy
[FE™ ] .0,1),(,,0) 1 —ioy —io) —io3
(F2™ ) @,0,10),(,0,) 1 —ioy —ios o

WA 000 03 i0) 1og)
[F, ) w, 1 io i0 lo

) P S 1,1,1)- T 1,—1,1)- i _ —1,1,1)- i _ 1,1,—1)-

[F,,wwu](w,u,O),(W.v.O) —ae zgﬁ( )0 04613*5( )-o otelf‘ﬁ( )0 otelf‘ﬁ( )-o
(FP), oo S BRI g e g e g e

a (w,,0),(w,v,0)

- | iZ(~1.-Ll)o | i (=11,—-D)o | i (1.1.D)e | it (l-1,~1)o

LS 1. 1.0).(0.0.0) 5 —5e —5e 7

— | iZo(=1.1.1)0 | iZe (11, ~1)e | =i (L1 | iZe(—1.1)0
[F%‘ww](u'uv) (a,0,0) —e 33 —e 33 ———e 33 ——e 33

0. .0), (a0, 2 V2 V2

Wi io* a* io* io*

7 Y050 500 ~ 51 o o
)W W ia* io* io* a*

[FE™ " 114,000, @,v.0) 502 — 503 e ﬁ]l

Caz = {y",y7}, are similar and may be obtained from the
data given above by cyclically permuting all j = 1,2, 3 la-
bels.

The F symbols are obtained by solving the pentagon equa-
tions (and making gauge choices) [17,165]. The F symbols
that do not involve fusion multiplicities are given by

Fabw — o p (132) 730
2. 73 symmetry w x (b, a), (730)
We consider the Z3 subgroup of the symmetry group, Fr = y(a, "*b), (731)
which acts as cyclic permutation of the three fermions. That
is sy (W) = "W =Yy, and pasy () =Ty, = Ft" = x (b, a)x(a, *Ib), (732)
Yrj—1,- There is exactly one symmetry fractionalization
class, since H[Zp](Z3, Z, x 7Z5) = Z,, and three defectification F™ = x(a, 132)p), (733)
classes, since H*(Z3, U(1)) = Z3. The corresponding defect B
sectors each have one defect type (since I is the only fixed F™" = x(a x b, "?a), (734)
charge under these symmetries) and they are each others’ _
charge conjugates, so we write them as C(23) = {w} and FP™ = x (b, "a)x(a, "[a x b)), (735)
Ca32y = {w}. Their fusion rules are given by B
[F™" ] = 32 0. "®la x bhx(a, *Pb),  (736)
w XY =w, (725) . . .
where x is a bicharacter on the Z, x Z, fusion algebra.
TxY, =T (726) From the above equations, we can obtain the corresponding
! ’ F symbols with w and w interchanged by interchanging the
T=1 ’ 797 group elements (123) and (132) on the right-hand sides.
wxw Tyt Yt (727 The bicharacter x is fixed by the G-crossed heptagon
WX w = 20 (728) equations to be
x(a,b) = R™. (737)
w X w=2w. (729)

We note that the first two lines follow from the fact that there
is only one defect types in each sector, and they imply the
defects’ quantum dimensions are d,, = di = 2. This further
implies the third line, i.e., that the fusion rules necessarily
include fusion multiplicities. Physically, the fusion multiplic-
ities can be understood from the existence of three mutually
anticommuting Wilson net operators around two w defects.
Alternatively, the need for degeneracy can be understood in
terms of operators that transfer topological charge 1/; between
the two w defects.

We list the rest of the nontrivial F' symbols, which involve
fusion multiplicities, in Table II. The phase

a=e Tk (738)

for k=0,1,2 is a third root of unity that distinguishes
the three defectification classes, and which is determined
by a choice in H*(Z3, U(1)) = Z3. We note that the third-
order Frobenius-Schur indicators [166] of w, which are
gauge invariant quantities associated with the fusion space
| Z S A VOW“’, are found to be v3(w)= —« and

via(w) = —a?
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We choose a gauge in which

nak(gv h) =1

for all ax and g, h, k € Z3. Solving the G-crossed heptagon
equations then yields the R symbols:

(739)

R = R"i = —1, (740)
RYY = @,e D (741)
RU” = G307 (742)

Ry =RyY =06, (743)

R/ =621, (744)
Ry” = -0, (745)

where 6,, and 6y are the topological twist factors of the w
and w defects, respectively. These twist factors satisfy 63 =
63 = o*, but are only determined up to third roots of unity,
as expected. Physically, this uncertainty can be attributed to
possible Z; charges attached to the defects.

Notice that the G-crossed heptagon equations cannot com-
pletely fix Rﬁj * and R;’ *, but subjects them to the following
conditions:

RIVRY =1, (746)
Rﬁl U)Rﬁszz}w = 1. (747)
We also find the Uy symbols
_ 05 iz (111)0
Uiny(w, w;w) = ———e 337777, (748)
a0y
_ O
Unosy(w, w; 1) = —. (749)

O
In other words, the Z3 symmetry action on the V" space is
nontrivial.

We now consider the gauged theory (for the Z3 symme-
try). We take a gauge choice for the Z3-crossed theory in
which 6,, = 0. The Z3 orbits of Z3-crossed theory are all
singletons, except for [{;] = {1, ¥, ¥3}. The singletons /I,
w, and w each yield three topological charges in the gauged
theory, corresponding to pairing them with an irrep of Z3,
their stabilizer subgroup. We label these as I, = (I, n), W,, =
(w, n),and W, = (w, [—n]3), wheren = 0, 1, 2. The quantum
dimensions of these topological charges are d;, = 1 and dy, =
2. The orbit [;] has stabilizer subgroup Z;, so it becomes a
single topological charge W, which has quantum dimension
dy = 3. Thus the gauged theory has a total of ten topological
charge types. The fusion rules between non-Abelian topolog-
ical charges can be determined using Eq. (425) to be

L, < Ly = Ijpsmys» (750)
Ly X Wi = Wiy, » (751)
Ly X W = Wiy » (752)

I, x ¥ =, (753)

W x Wy = Wi—p—m—115 + Wik—n—m+11» (754)
W, X Wy = Iy, + WV, (755)

W, x ¥ =W+ W, +W,, (756)

Wiy X Wit = Wik—nem—13s + Wik—n—m+13:» (757)
W, x ¥ =Wy + W, + W, (758)

WX W =1+ +b+20. (759)

Notice that the fusion of W, and W,, has two channels,
which corresponds to the defect fusion space VX" carrying
a nontrivial reducible two-dimensional representation of Z3,
as specified by Eq. (748).

The fusion category obtained here is identified as that
of SUQ3); for k = +£1, e.g., for k =1 via the mapping of
topological charges: Iy +— 1, I — 10, Wy — 3, W; > 15,
W, > 6,V — 8.

3. S; symmetry

We now consider the full G = S5 extension, which has
six defect sectors Cy, where g € S3. From the analysis in the
previous sections, we can write down all fusion rules between
charges within a sector, so we only need to determine the
fusion between different sectors.

The fusion rules between the (12), (23), and (13) sectors
are easily determined to be

X' xy=w, yYxx=w, (760)
vV xzZi=w, ZFxy =w, (761)
Ixx*=w, ¥Xxz=w, (762)

where r, s = =*.
The fusion rules between the (jk) sectors and the (jkl)
sectors is straightforward to determine to be

X xw=wxx =yt +y7, (763)
xw=wxx"=z"4+z7, (764)
YVxw=wxy =z"+7", (765)
Y xw=wxy =x"4+x7, (766)
Ixw=wxz =x"+x, (767)
Ixw=wxz =y"+y7, (768)

for r = . We note that naive guesses for fusion rules such
as xT x w = 2y* can be ruled out by fusing both sides of the
equation with the fermions, e.g., ¥} x x™ x w = x* x w and
Y1 x y© = y~, which would lead to an inconsistency.
Additionally, we need to understand the symmetry actions
on the defect sectors. In general, g-action takes Cp t0 Copg-1.
Since C(123y and C(132) each contain one defect, the nontrivial
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Z; action is obviously given by

pio(w) =w, pgnw) =w. (769)

The Z3 symmetry has nontrivial actions on the Cj) sectors.
Since each of these sectors contains two defects, we need to
determine the specific action of (123). Let us consider the
action on C(12). The two defects z* are distinguished by the
eigenvalue of a y;-Wilson loop around the defect. The action
of (123) maps C(12) to C(23) and 3 is mapped to ;. As such,
it is natural to associate defects with the same eigenvalues of
the corresponding invariant Wilson loops, that is,

pay@H) =xT,  paxyET) =x". (770)

The action of (123) on the other two sectors can be obtained
similarly, as can the action of (132) on these sectors.

4. Sequentially gauging the S3 symmetry

We are now ready to gauge the full S5 symmetry. Our
strategy is to break the S3 symmetry into the Z3 normal sub-
group and the Z, subgroup, and then gauge them sequentially
[167]. In Sec. XIM 2, we found that gauging the Z; symmetry
gives SU(3)3-type theories, and we just need to gauge the
remaining Z, symmetry of these theories. The action of the Z,
symmetry on the quasiparticles of these Z3-gauged theories
can be identified as topological charge conjugation, that is

L=l Wo=W, 'v=w. (771)

Let us consider the Z, symmetry defects of the Z3-gauged
theory. Since there are two topological charges, I and W, that
are fixed under the symmetry action, there are two defect
types, which we denote as X*. We first state the conjectured
fusion rules:

I, x ¥* = 5%, (772)
W,x2f=3xt+3%", (773)
UxIr=3xt42%", (774)
Ux 2 =23 4+3%, (775)

TEXEE=04 Y LA W+ W), (776)
n=0,1,2
Tt x =F =20 4 Z (W, + W,). (777)
n=0,1,2

From these fusion rules, the quantum dimensions of the
defects are determined to be dx+ = 3V2.

In order to justify these fusion rules, it is useful to revert to
the S3-crossed extended category. The Z,-crossed extensions
of Z3-gauged theories should be equivalent to the S3-crossed
theories with its Z3 subgroup gauged. Armed with this per-
spective, we immediately see that the Z, defects of the Z3-
gauged theories are the equivariantized orbits of the Z, defects
in C(jk). Schematically, we can write

>~ xE —i—yi + 7t (778)
To actually use the general formula Eq. (425), we will have to
solve the entire extended category to obtain the Uy symbols.

TABLE III. Topological charges, quantum dimensions, and twist
factors of the gauged theory (Cg )53, where C = SO(8); is the three-

. o .
. ,o=e7%,a=0" ¥y = .
fermion model. Here '3, k and lori

topological charge a d, 6,

Iy, +) 1 1

o, =) 1 1

(1] 2 1

(¥, +) 3 -1
(¥, -) 3 -1
Wol 4 a '
[Wi] 4 wa”3
[Wa] 4 a3
(=, +) 3V2 spe s
=+, -) 32 — Jrse i
(=7, 4) 32 —(J37z ) e's
(7.5 3V2 (Jrz)e’d

However, we will just use this expression for a heuristic
derivation of the fusion rules. For example,

EJrXE+:(x++y++z+)x(x++y++z+)
=U+y)+UT+yY2)+UT+Y3)

+w+w)+w+w)+(w+w). (779
The three occurrences of the vacuum [ should be interpreted
as Iy + I} + I, (where the subscript indicates the value of Z3
charge). Similarly, the three occurrences of w and w should be
interpreted as Wy + W + W, and Wo + Wy +Ws, respectively.
Clearly, ¥ + ¥» + 3 should be identified with W. This
yields Eq. (776), and the other fusion rules can be obtained
in a similar fashion. We have checked that the fusion rules are
associative and satisfy all the symmetry properties.

In addition, without solving the G-crossed consistency
equations for the complicated Z;-gauged theories, we can
directly read off the topological twists of the defects ¥, since
their twists are the same as the Z, defects in the SO(8), theory,
as suggested by Eq. (430).

We are now ready to attack our final goal of describing the
S3-gauged theory. First, we determine the topological charges
of the gauged theory. The Z, orbits of the Z3-gauged theories
form singletons and doublets. The singletons I, ¥, ¥,
and X~ each yield two topological charges, corresponding
to pairing them with a trivial (+) or nontrivial (—) irrep
of Z,, their st_abilizer subgroup. The doublets [/;] = {i , b},
[Wol = (Wo, Wol, [W1] = (W1, Wi}, and [W1] = {W, Wa} all
have stabilizer subgroup Z, so each one becomes a topologi-
cal charge in the gauged theory. Thus there are 12 topological
charges in the gauged theory. The quantum dimensions of the
anyons derived from singletons are unchanged by gauging,
while those of the anyons derived from doublets are multiplied
by 2. The twist factors are unchanged for the anyons derived
from the 0 sector, while the 1 defects ©* are Z,-fluxes that
braid nontrivially with the nontrivial Z, irrep, yielding twists
that differ by a sign. The anyons of the gauged theory, along
with their quantum dimensions and twist factors are listed in
Table I11.
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In order to get the fusion rules of the gauged theory,
in principle one needs the full data of the G-crossed the-
ories, especially the Ux symbols. Fortunately, in this case,
we find that merely requiring associativity is enough to con-
strain the fusion rules obtained by equivariantization. With

1 1 2
1 1 2 4
2 2 4 —4
3 3 6 -3 -3 0
3 3 6 -3 -3 0
DS — 4 4 —4 0 0 b
4 4 —4 0 0 c
4 4 —4 0 0 a
3W/2 =3V2 0 -3V2 32 0
32 =3V2 0 =3v2 32 0
3W/2 =3J2 0 3/2 =342 0
3v2 -3V2 0 3V/2 -3v2 0
where a = —8cos %”, b = —8sin %, and ¢ = 8cos % The

columns and rows of the S matrix are ordered as in Table III.
We will not write the fusion rules explicitly, since they can be
obtained easily from the S matrix using the Verlinde formula.
To the best of our knowledge, this 12-particle MTC was not
previously known.

5. Ground-state degeneracy of the gauged theory

In order to further verify the relation to the gauged theories
and exhibit nontrivial features of the ground-state degener-
acy calculations, we determine the full S; gauged theories’
ground-state degeneracy from the Z,-crossed defect theory of
the Z3-gauged theories, for surfaces of genus g=1 and 2.
We use similar methods as in Secs. XI K and XI L, but must
also allow for nontrivial unitary transformations due to the
symmetry action. We label the Z, defect sectors by s, with
s = 0 corresponding to the sector with no defect branch lines,
and we denote the ground-state degeneracy for each defect
sector by N (s) and its contribution to the gauged theory’s
ground-state degeneracy by J\/'gG(s). The s # 0 sectors for G =
Z, all contribute the same ground-state degeneracy, since they
can all be mapped to each other by Dehn twists, so it suffices
to compute the contribution from one nontrivial sector, e.g.,
one with a single defect branch line around a single nontrivial
cycle.

For the torus (genus g = 1), the Z3-gauged theories have
ground-state degeneracy N (0) = 10, but the subspace that is
invariant under the Z, symmetry transformation is reduced to
NE(0) = 6, by the symmetrization of the basis states labeled
by the charges in the Z, doublets. There are three nontrivial
defect sectors. Considering a sector s # 0 with a branch line
around the m-cycle and quasiparticle flux lines around the
I cycle, we see that the ground-state degeneracy is equal to

the fusion rules and the topological twist factors, we can
compute the S matrix. There are six possibilities for the
topological twists, in accordance with the H3(S3, U(1)) = Zs
classification. y

Choosing @ = ¢'5 and v = 1, the resulting S matrix is
[167]

4 4 32 3J2  3V2 32 ]
4 4 =32 —3J2 32 32
—4 —4 0 0 0 0

0 0 =3J2 =32 3J2 32
0 0 3V2 32 -=3/2 -3J2
c a 0 0 0 0 7 (780)
a b 0 0 0 0

b ¢ 0 0 0 0

0 0 0 0 6 -6

0 0 0 0 -6

0 0 6 -6 0

0 0 -6 6 0 0 |

(

the number of Z, invariant anyons, and they are all invariant
under the Z, action, so N(s) = Ni(s) = [[(C; )" ]j] = 2.
Thus we obtain the ground-state degeneracy for the gauged
theories on the torus

NE=Y N(s)=6+3x2=12.

N

(781)

This matches the expected ground-state degeneracy on a torus,
i.e., the number of topological charge types in the MTC.

For the genus g = 2 surface, there are 16 defect sectors,
corresponding to the possible configurations of nontrivial Z,
defect branch lines around nontrivial cycles of the surface. Let
us choose a basis for the trivial defect sector (s = 0) that is
specified diagrammatically (as in Sec. VII C) by

0
|(I)al71121,Z;M17N2>

where a1, a>,z € (CZ)Z% and we include the vertex labels

wj€{l,...,N:__} because the V' fusion space has mul-
J5T

tiplicity. This state space has ground-state degeneracy

NQ(O) = Z leasz@ =

ap,a,z

166. (783)

The number of basis states that are mapped to themselves by
the Z, action (i.e., the states with labels only from the set
[(623)23]}) = {ly, ¥}) is given by

Z Ni_N:_=S8.

ay,az,z€{lp, ¥}

1,(0) = (784)

However, the Z, symmetry action on these states is not neces-
sarily trivial, so not all of them are necessarily invariant under
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the symmetry. We will see that some of these state transform
trivially under the symmetry action, while others transform
with a —1 factor. We denote the number of basis states that
acquire a —1 factor by A,(0). It turns out that A,(0) = 2,
where the two corresponding basis states are |<I>£I(,)!)q,;w‘2) and

|<I>$)q,.\p » 1)- To see this, we first notice that the Z, symmetry
action is given in terms of the topological symmetry action by

Ry \ q)g?,)az;z.m ./42)

_ Z [Ur(ar, a1; )] [Ui(az, @25 2) 14,0, Ur(z, Z: 1)
Uiay, ai; DU (a2, a3 1)

Vi, V2

x[0® ),

ap,aziz,vy, vy

(785)

The action on the basis states with z = I is trivial, so we only
need to consider those with ¢y = a, = z = ¥ in more detail.
In this case, the action reduces to

_ (U1 (¥, W )]0, [UL (P, 5 W) 0, ‘q>(0) )
- 2 : . LR RURVY
U (Y, ¥; 1)

Vi, V2

(786)

In order to compute the necessary U; symbols, we use
the F symbols and R symbols given in Ref. [168], and the
constraints imposed by their invariance, as in Eqs. (87) and

(88). Invariance of
—i 0
RV _
v ]

implies that Uy (W, ¥; W)o3Uy (W, ; )l =05, e,
Up(V, ¥; W) is diagonal. Invariance of the F symbols

_1 _\B _1 V3
AV 2 2 LAV 2 2
A LR = , (788)

v3 o _1 1
2 2 2

(787)

implies that Uy (¥, ¥; ¥)o, Uy (¥, ¥; W)~! = —0,. Combin-
ing these gives Uy (¥, W; W) = ¢/®o3. We note that this shows
the symmetry action

Pl W W, ) = D U (W, W5 W), |0, W5 W, ), (789)

on the two-dimensional fusion space V¥ is nontrivial.
Finally, invariance of

[Fy™Y , (790)

](“IJs/J“IsMZ)IO -

S o otk

(1, m2)

where rows are labeled by (i1, u2) in the order (1,1),
(1,2), ‘(2, 1), (2,2), combined with Uj(¥, ¥; W) = €03,
gives ¢’2? = Uy (¥, W; I). Thus we obtain

Rl | cbsl(l),)\ll;\ll.,ltl,le) = (_1)M]+M2 |CDEI(/),)\II;\P,MI ,Mz)'

(791)

In other words, the action on these basis states is symmetric
for i = w, and antisymmetric for p; # w;.

The basis states that include labels other than Iy and W are
mapped to each other in pairs and can be symmetrized with
respect to the Z, symmetry action. Putting this all together,
we find the contribution from the s = 0 sector to the gauged
theories’ ground-state degeneracy to be

NF(0) = 1[N2(0) — To(0)] + Z(0) — A2(0) = 85. (792)

There are 15 nontrivial defect sectors (s # 0) for the genus
g = 2 surface. We consider the sector (s = 1) with a single
defect branch line around a single cycle, for which we can
write the basis states as

aj
1 _ (793)
| (117(12'«,2-,IL17/‘2> =
where a1, a3, z € (ng)z% and uj e {1, ... ’ijr,}~ Each non-
trivial defect sector has ground-state degeneracy
Nas) = > NE N2 = 40. (794)

ap,az,z

Similar to the trivial sector, the number of the s = 1 basis
states that are mapped to themselves by the Z; action (i.e., the
states with labels only from the set {Iy, V'}) is given by

Z lelejz@ =8

ay,ay,z€{ly, ¥V}

(1) = (795)

and the number of these states that transform as
Ri|®Y, ) =—1®0, L) is Ax(1) =2, where
the two corresponding basis states are |q)$19,)q/;\1z,1,2) and
|<D$)w-\p.z 1). The basis states that include labels not equal
to Iy or W are mapped to each other in pairs and can be
symmetrized with respect to the Z, symmetry action. Thus
we find the contribution from each s # 0 sector to the gauged
theories’ ground-state degeneracy to be

NS (s) = 2N (1) = (D] + To(1) — Ax(1) =22, (796)

Finally, summing the contributions from all defect sectors,
we find the ground-state degeneracy of the gauged theories on
genus g = 2 surfaces to be

NP =Y NF(s) =85+ 15 x 22 = 415.

s

(797)

This matches the genus g = 2 ground-state degeneracy ob-
tained from Eq. (392), using the (final) gauged theory’s quan-
tum dimensions.

N. Rep(Dyp) with Z, symmetry: An H&](G, A) obstruction

We provide an example of the H[3p] (G, A) obstruction (i.e.,
obstruction to symmetry fractionalization) in a premodular
category [169]. Consider the dihedral group Dy = Z19 X Z»
generated from two elements r, s with group relations 0 =
s> = 1 and srs = r~!. It has eight irreducible representations,
four of which are one-dimensional and four of which are
two-dimensional. We will consider the BTC C = Rep(Dj).
The fusion rules of C can be easily deduced from the character
table of Dy, which we spell out explicitly here: there are
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four Abelian topological charges, I, A, B, and C = A X B,
which form a Z, x Z, fusion subalgebra. There are four non-
Abelian topological charges X;, where j = 1,2, 3,4, which
have quantum dimension 2, such that

AXXj:Xj,

BxX;=CxX;=Xs_j,

. (798)
Xjtk + X)j—k Jtk<s
Xio—jk +Xjjx) Jj+k>5

where we define Xy =1+ A and X5 = B + C, to make the
expressions more compact. The F symbols (or Wigner 6;
symbols) of this category can be computed from the Clebsch-
Gordon coefficients.

In addition, this category also admits braiding. In fact, the
representation category of any finite group can be endowed
with symmetric braiding, i.e., all topological charges have
twist factors 6, = 1 and S, = % for all topological charges
a, b, which shows that the BTC is clearly not modular. For
a modular theory that contains this as a subcategory, one can
embed it in the quantum double D(D () as the charge sector, as
can always be done for any representation category Rep(G) of
a finite group G. (It is further known that the quantum double
D(G) is the minimal modular extension of Rep(G) [170].)

We now define an obstructed Z, symmetry on Rep(Djy).
We first define an automorphism p on the group Do by:
o(r) =71, p(s) = r’s. We can easily check that p o p(r) =
r~! =srsand p o p(s) = s = sss, and thus p o p is conjuga-
tion by s. Therefore, although p is not an exact Z, automor-
phism on the group (only a Z, outer automorphism), it still
induces a Z, action on the representations, since representa-
tions are defined up to similarity transformations. The explicit
action on the label set is found to be

pgB) =C, pg(X1) =Xz, pg(X2)=Xy.

One can check that the fusion rules and modular data are all
invariant under this symmetry.

However, by directly checking the definition of the sym-
metry action, we find that this Z, symmetry is not fraction-
alizable. In other words, it is impossible to fractionalize the
symmetry in a manner as described in Sec. IV. Therefore
the symmetry is obstructed. Notice that because the Rep(Dg)
category is not modular, we can not directly relate the ob-
struction to an obstruction class in H[i)](Zz, A). However, as
described in Sec. IX B, the group outer automorphism can
actually be turned into a topological Z, symmetry of the quan-
tum double D(D,g). Restricting this topological symmetry to
the charge sector of D(Dyy), i.e., the Rep(D;g) category, is
precise the obstructed symmetry action described, and thus the
topological symmetry action on D(Dyg) is also obstructed.

Note added. During the preparation of this manuscript, we
learned of related unpublished works [171,172].

XjXXkZ{

(799)
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APPENDIX A: REVIEW OF GROUP COHOMOLOGY

In this Appendix, we provide a brief review of group
cohomology. (See Ref. [141] for more details.)

Given a finite group G, let M be an Abelian group equipped
with a G action p : G x M — M, which is compatible with
group multiplication. In particular, forany g, h € Ganda, b €
M, we have

pg(pn(a)) = pgn(a), (AD)

pe(ab) = pg(a)pg(b). (A2)

(We leave the group multiplication symbols implicit.) Such an
Abelian group M with G action p is called a G module.

Let w(g, ..., g,) € M be a function of n group elements
g, € Gfor j=1,...,n. Suchafunction is called a n-cochain
and the set of all n-cochains is denoted as C"(G, M). They
naturally form a group under multiplication,

(- &)1, s 8) = g1y, 8O (G, -, &), (A3)
and the identity element 1is the trivial cochain
(g, ..., 8)=1.

We now define the “coboundary” map d : C"(G, M) —
C"t'(G, M) acting on cochains to be

dw(gh sy gil+l)

= pg] [a)(g21 ceey gn+1)]

X l_[[w(gl, e 81 88 1s B2 - B )] T
=1

g

One can directly verify that ddw = 1 for any w € C"(G, M),
where 1 is the trivial cochain in C"*?(G, M). This is why d is
considered a “boundary operator.”

With the coboundary map, we next define w € C*(G, M) to
be an n-cocycle if it satisfies the condition dw = 1. We denote
the set of all n-cocycles by

X [w(g1, .. (A4)

Z)(G, M) = ker[d : C"(G, M) — C""'(G, M)]

={welC'(G,M)|dow=1}. (AS)

We also define w € C"(G, M) to be an n-coboundary if it
satisfies the condition w = du for some (n — 1)-cochain u €
C""'(G, M). We denote the set of all n-coboundaries by

B)(G,M) = im[d : C""'(G, M) — C"(G,M)]
={weC"(G,M)|IneC (G,M):w=du).
(A6)

Clearly, B),(G,M) C Z}(G,M) C C"(G, M). In fact, C",
Z", and B" are all groups and the co-boundary maps are
homomorphisms. It is easy to see that B) (G, M) is a normal
subgroup of Z7(G, M). Since d is a boundary map, we think of
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the n-coboundaries as being trivial n-cocycles, and it is natural
to consider the quotient group
Z(G, M)

H'(G,M)==2"""
o (G M) B'(G, M)

(AT)

which is called the nth cohomology group. In other words,
H} (G, M) collects the equivalence classes of n-cocycles that
only differ by n-coboundaries.

It is instructive to look at the lowest several cohomology
groups. Let us first consider H; (G, M):

Z)(G. M) = {w|w(g))pglo(g:)] = w(g1g2)},
B(G.M) = {w|o(g) = py(n)p"}.

If the G action on M is trivial, then B,IO(G,M )= {1} and
V4 ’} (G, M) is the group homomorphisms from G to M. In gen-

(A8)

eral, H pl (G, M) classifies “crossed group homomorphisms”
from G to M.
For the second cohomology, we have
ZE(G, M) = {w|pg, [w(g2, g3)]w(g1, 8283)
= (g, g2)o(g182, 83)},
{w|w(g] ) g2)

B(G. M)

= pg le@)lle(@g)] 'e@D).  (A9)

If M = U(1), it is well-known that Z>(G, U(1)) is exactly the
factor sets (also known as the Schur multipliers) of projective
representations of G, with the cocycle condition coming from
the requirement of associativity. H 2(G,U(1)) classifies all
inequivalent projective representations of G.

For the third cohomology, we have

Z)(G, M) = {0|w(g 2. 8. 8)(81. 8. 8384)
= pg, [w(g2, g3, 84)w(g1, 8283, E4)w(g1, &2, €3)}.
(A10)

For M = U(1) and trivial G action, Z*(G, U(1)) is the set of
F symbols for the fusion category Vecg, with the 3-cocycle
condition being the Pentagon identity. B3(G, U(1)) is identi-
fied with all the F' symbols that are gauge-equivalent to the
trivial one. H3(G, U(1)) then classifies the gauge-equivalent
classes of F symbols on Vecg.

APPENDIX B: PROJECTIVE REPRESENTATIONS
OF FINITE GROUPS

In this Appendix, we briefly summarize some basic results
of the theory of projective representations of finite groups
over the complex numbers C and discuss the unitary case
without loss of generality. For proofs, we refer the readers to
Ref. [173].

Consider a finite group G and a normalized 2-cocycle w €
Z%(G, U(1)). Suppose V is a nonzero vector space over C. A
w-representation of G over the vector space V is a map 7 :
G — GL(V) such that

m(g)w(h) = w(g h)m(gh), Vg, heG, =(0)=1

(B1)

We denote the w-projective representative by a triple
(w, ,V), or for brevity (w,V) or simply = below. Also
ny =dimV.

Two w representations (my,V;) and (m, Vo) are w-
isomorphic, denoted as m; ~,, 73, if and only if there exits
an isomorphism S between V| and V, such that Sm;(g)S - =
nZ(g)v Vg €G.

Given two w representations (71, V;) and (7, V»), we can
form their direct sum, which is a w representation of G over
Vi @ V,. In matrix form, we have

mi(g8) 0 (B2)
0 m(g|

(1 & m2)(8) = [

Clearly mr; @ m, also has the same factor set w. However,
there is no natural way of defining a direct sum of a w
representation and a ' representation when @ # '.

One can also define a tensor product of two projective rep-
resentations. Given two projective representations (w1, 1, V1)
and (wy, 7y, V»), their tensor product m; ® m; is defined as
(1 @ m2)(g) = m1(g) ® ma(g) over the vector space V| @ V.
The factor set of the tensor product 7| ® w7 is W w;.

Similar to linear representations, one can define reducible
and irreducible projective representations. A projective repre-
sentation (w, 7, V) is called irreducible if the vector space V
has no invariant subspace under the map 7 other than O or V.
A projective representation is reducible if it is not irreducible.
A reducible projective representation always decomposes into
a direct sum of irreducible projective representations with the
same factor set.

Given a projective representation 7 of G, its character x :
G — C is defined to be

X=(8) = Tr[m (g)]. (B3)
It follows that

Xx(0) = ng, (B4)
x=(g8) = o(g g i), (B5)

where we use the identity (g, g7') = w(g™!, g).

Another more nontrivial relation is
_ w(h™! hgh™)
Xx(hgh™') = ——22—x (2), (B6)
(g, h~1)

which reveals an important difference between projective and
regular characters, because regular characters depend only on
the conjugacy classes.

Given two w representations ; and 7,, obviously, one has
Xmem, = Xm T Xm and Xm®@x, = Xm Xma-

As in the theory of linear representations, characters are
important because they distinguish the isomorphism classes of
irreducible projective representations: two w representations
are w-isomorphic if and only if they have the same character.

Analogous to the familiar character theory of linear repre-
sentations, one can show that the projective characters satisfy
some orthogonality relations. We give the first orthogonal-
ity relation here and discuss the second one later. For two
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irreducible w representations mr; and m,, we have

1 if]T] ~o T2
0 otherwise

1

Gl D xm @5, (8) =

geG

B7)

One can use the characters to decompose projective repre-
sentations. Namely, fix a factor set w, let & be a projective
representation (not necessarily irreducible) of G and 7’ an
irreducible projective representation. The multiplicity of 7" in
7 can be computed by

1
m' )= — Y xx (@)X () (B8)
Gl £

In general, given two w representations 7w and 7’ (neither
of which is necessarily irreducible), we define the multiplicity
m(r’, ) as

m(r’, w) = dim Homg(Vy/, Vy). (B9)

Here, Homg(V,/, V) is the space of intertwining operators,
i.e., linear maps between V- and V;; which commute with the
G actions. Note that the G action on V,; is given exactly by the
representation . Schur’s lemma implies that if 7 is an irrep,
then Homg(V,, V) = Cly_, i.e., all intertwiners are scalar
multiplications. If # and 7’ are irreducible representations
that are not isomorphic, then Homg(V;, V/) = 0. Therefore,
given two w-representations 7 and 7', we can decompose
them into the direct sum of w irreps: @ = @;N;m;, n' =
@jN;nj, where 7; is the complete set of w irreps, and N;, N;
are multiplicities, respectively. Then a general intertwiner ® €
Homg(Vy/, V) is of the form

® =DM ®1y,).
j

(B10)

Here, M is a linear map between CNi and (EN//', ie.,anN; x Nj/-
complex matrix, which can be thought as a vector in an N;N jf-
dimensional complex vector space. It follows that

dim Homg(Vyr, V) = Y " NN,

J

(B11)

For applications, we can show that Eq. (B8) applies to the
general case, too.

A special projective representation, the w-regular represen-
tation, is defined as R(g)en = w(g, h)egn, where {e4|g € G}
is a basis for a |G|-dimensional vector space. Its character
xr(g) = |G|dg0. Using Eq. (B8), we see that the w-regular
representation is reducible and each irreducible projective rep-
resentation 7t appears exactly n, times in its decomposition.
Consequently, we have the following two relations:

D nk=1Gl. D naxx(8) = |Glog. (B12)
T T

The sum is over all irreducible w-projective representations 7.

An element g € G is called an w-regular element if and
only if w(g,h) = w(h, g) for all h € Ny, where Ny is the
centralizer of g in G. Moreover, g is w-regular if and only
if all elements in its conjugacy class [g] are w-regular. This
property follows from the 2-cocycle condition.

Now consider h € Ng, so

w(h, g)
(g, h)

Therefore, if g is not w-regular, then x,(g) = 0. In fact, one
can show that an element g is w-regular if and only if x,(g) #
0 for some irreducible representation w. We thus have the
following important result: for a given factor set w, the number
of nonisomorphic irreducible projective w representations of
G is equal to the number of w-regular conjugacy classes of G.
We can now state the second orthogonality relation: Let
g1, g, ... be a complete set of representatives for w-regular
classes of G. For any two w-regular elements g; and gy,

Xx(8) = x(h~'gh) = X (8)- (B13)

3 e (@)1 (@) = [Ny |85 (B14)

The sum is over all irreducible w-projective representations 7.
If two factor sets w and o’ belong to the same equivalence
class in H*(G, U(1)), then we have

_ w@puh)
wu(gh)

for some w(g) : G — U(1) with u(0) = 1.

Given a pu as above and an irreducible w-projective rep-
resentation 7, we can then construct another «’-projective
representation 7'(g) = u(g)m (g). Clearly, the two procedures
above define a one-to-one correspondence. Their characters
also differ by w, that is y, (g) = u(g)x.(g)-

'(g, h) w(g, h) (B15)

APPENDIX C: GLUING G-CROSSED THEORIES

In this Appendix, we describe a construction that we
call “gluing” G-crossed theories, which takes two G-crossed
theories (with the same symmetry group G) and forms a new
G-crossed theory by combing objects from the two theories
that have the same group label g € G. Mathematically, this
construction is the diagonally G-graded product of the two
theories. We begin by considering the product CJ* & ™
of two G-crossed BTCs (labeled 1 and 2). This yields a
(G x G)-crossed BTC, whose 0 sector is Cél) X C((,z). Itis clear
that the basic data of the product may be expressed simply
as the product of the basic data of the two theories. Next we
take the restriction of the product to the subcategory in which
the group labels of topological charges are in the diagonal of
G x G, that is (g, g?) = (g, g) for g € G. The result is the
glued theory

Cs=Ce" MCg™ =Cq" WG| (€D

g=g®"
Since the diagonal of G x G is a subgroup that is isomorphic
to G, it is clear that the glued theory is a (closed) subcategory
of the product theory and that it forms a G-crossed BTC.
Similarly, C% is modular if and only if both CJ’* and
are modular. Since the glued theory C/ can be written as the
restriction of the product theory, the basic data of the glued
theory can be expressed as the product of the basic data of
CP* and € (while respecting the restriction); for example

(a(gl),a(gZ))(b;I]),hLZ)) . ag)h:]“ al(ZZ)hLZ)

— .(2)
Cah Cah

C2
).c2) (€2)
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The 0 sector of the glued theory is Cp = Cél) X C(gz) , SO
the gluing construction provides a method of generating G-
crossed extensions of Col) D C(()Z) from G-crossed extensions

of C(()l) and C(()Z). Moreover, when C(()” and C(()z) are MTCs,
the gluing construction produces all possible G-crossed ex-
tensions of C((,l) @C((,z) in which the symmetry action does
not interchange topological charge labels between the two
theories, i.e., we can write p = (p'V, p@?), where p/) : G —
Aut(C‘g" )). In order to see this, we note that, for such symmetry
actions, HZ,(G, A) = HZ ., (G, A") x H, (G, A®) and
the associated classification of symmetry fractionalization
respects the product structure. Furthermore, the H 3(G,U(1)
defectification classification is recovered from the glued theo-
ries by observing that the torsorial action of gluing an SPT[G"]
state to Cj; is the same as gluing it to either Cg)x or C(Gz)X prior
to gluing them together.

APPENDIX D: CATEGORICAL FORMULATION
OF SYMMETRY FRACTIONALIZATION, DEFECTS,
AND GAUGING

In this Appendix, G will always denote a finite group and C
a unitary modular tensor category (UMTC) unless otherwise
stated explicitly. Also Aut(C) below is Auty ¢(C) in the main
text. For a category C, x € C means that x is an object of C, and
C is the complex conjugate category of C. The materials in this
Appendix are distilled from Refs. [80-82,101,139,167].

1. Categorical topological and global symmetry

A categorical-group G is a monoidal category G whose ob-
jects and morphisms are all invertible. The complete invariant
of a categorical-group G is the triple (71(G), m2(G), ¢(G)),
where ,(G) is the group of the isomorphism classes of
objects of G, m,(G) the abelian group of the automorphisms
of the tensor unit 1 of G, and ¢(G) € H>(1(G); m2(G)) the
group 3-cocyle that represents the associativity of the tensor
product ® of G (7r;(G) acts on 7»(G) and they form a cross
module as the notation suggests) [174].

A group G can be promoted to a categorical-group G as
follows: the objects of G are the group elements of G, and
the morphism set Hom(g, h) of two objects g, h is empty
if g # h and contains only the identity if g =h. We will
use Aut(C) to denote the categorical-group of braided tensor
autoequivalences of C. The tensor product of two braided
tensor autoequivalences is their composition. The morphism
between two braided tensor autoequivalences are the natural
isomorphisms between the two functors. We will call Aut(C)
the categorical topological symmetry group of C.

Given a UMTC C, m,(0), i.e., m2(G) for G = Aut(C), is
isomorphic to the group of the invertible object classes of C
as an abstract finite abelian group, which we denote by A in
the main text, but the finite group 7;(C), i.e., m1(G) for G =
Aut(C), is difficult to determine in general except for abelian
modular categories.

We will also use Aut(C) to denote m;(C): the group of
equivalence classes of braided tensor autoequivalences of C.
This ordinary group is the demotion (or decategorification)

of the categorical-group Aut(C) and is called the topological
symmetry of C.

Definition 1. Given a group G, a monoidal functor p :
G — Aut(C) is called a categorical global symmetry of C.

We will denote the categorical global symmetry as (p, G)
or simply p and say that G acts categorically on C. B

A categorical global symmetry can be demoted to a group
homomorphism p : G — Aut(C), which is called a global
symmetry of C.

To understand a categorical-group action G on a UMTC C,
we will start with a global symmetry p : G — Aut(C). Itis not
true that we can always lift such a group homomorphism to a
categorical-group functor p. The obstruction for the existence
of such a lifting is the pull-back group cohomology class
p*(#(C)) € H*(G;m5(C)) of ¢(C) € H(y(C), m2(C)) by p.
If this obstruction class does not vanish, then G cannot act
categorically on C so that the decategorified homomorphism is
p. If this obstruction does vanish, then there are liftings of p to
categorical-group actions, but such liftings are not necessarily
unique. The equivalence classes of all liftings form a torsor
over HpZ(G, m,(C)). We will denote the categorical global
symmetry p also by a pair (p, t), where p : G — Aut(C) and
te Hé(G, m2(C)).

2. Symmetry defects

A module category M over a UMTC C is a categorical
representation of C. A left module category M over C is
a semisimple category with a bifunctor apq : C x M — M
that satisfies the analogues of pentagons and the unit axiom.
Similarly for a right module category. A bimodule category is
a simultaneously left and right module category such that the
left and right actions are compatible. Bimodule categories can
be tensored together just like bimodules over algebras. When
C is braided, a left module category naturally becomes a bi-
module category by using the braiding. A bimodule category
M over C is invertible if there is another bimodule category
N such that M XN and N X M are both equivalent to
C—the trivial bimodule category over C. The invertible (left)
module categories over a modular category C form the Picard
categorical-group Pic(C) of C. The Picard categorical-group
Pic(C) of a modular category C is monoidally equivalent
to the categorical-group Aut(C) [81]. This one-one corre-
spondence between braided autoequivalences and invertible
module categories is an important relation between symmetry
and extrinsic topological defects.

Given a categorical global symmetry (o, G) of a UMTC C
and an isomorphism of categorical groups Pic(C) with Aut(C),
then each pg € Aut(C) corresponds to an invertible bimodule
category Cg_e Pic(C).

Definition 2. An extrinsic topological defect of flux g € G
is a simple object in the invertible module category C, €
Pic(C) over C corresponding to the braided tensor autoequiv-
alence pg € Aut(C).

The analog of the Picard categorical-group of a modu-
lar category for a fusion category C is the Brauer-Picard
categorical-group of invertible bimodule categories over C.
However, invertible bimodule categories over a fusion cat-
egory C is in one-one correspondence with braided autoe-
quivalences of the Drinfeld center D(C) of C (also known
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as the quantum double of C in physics literature) [81], not
tensor autoequivalences of C itself. When C is modular, then
D(C) = C ® C. Note that Pic(C) is naturally included in the
Brauer-Picard group of C and Aut(C) included naturally in the
categorical-group of braided tensor autoequivalences of D(C).
The images of the two inclusions intersect trivially.

The topological defects in the g-flux sector form an invert-
ible bimodule category Cg over the UMTC C. Defects can be
fused and their fusion corresponds to the tensor product of
bimodule categories. Since all defects arise from the same
physics, fusions of defects for all flux sectors should be
consistent. Such a consistency is encoded as the collection
{Cq}, g € G of flux sectors gives rise to an extension of C to
a unitary G-crossed modular category. Given a categorical
global symmetry (p, t), it is not always possible to define
defect fusions so that we could obtain such an extension.
Given fluxes g, h, we need to choose an identification Mgy, :
Cy X Cp = Cgp. For four fluxes g, h, k, 1 € G, the two paths
of the pentagon using the {Mg}’s to identify ((Cg X Cp) X
Cx) X G with Cg X (Cy X (Ci X Gy)) could differ by a phase.
The collection of those phases forms a cohomology class
in H*(G;U(1)), which is the obstruction class to consistent
pentagons for the flux sectors. If this obstruction class van-
ishes, then we need to choose a group cohomology class « €
H3(G;U(1)) to specify the associativity of the flux sectors.
A subtle point here is that the consistency requirement via
pentagons for flux sectors Cy is strictly stronger than that for
all defects separately.

Given a triple (p, t, o) as above when the obstruction class
in H*(G, U(1)) vanishes, where (p, t) is a categorical global
symmetry and o« € H 3G, u) specifies associtivity of the
flux sectors, we can construct a G-crossed modular extension
of C, which describes the extrinsic topological defects of C. In
the following, we will call such a triple (p, t, o) the gauging
data. The extension C; = C(pta) = PgeCe of C=Cy is
a unitary G-crossed modular category—a unitary G-crossed
fusion category with a compatible nondegenerate G braiding.

A G-grading of a fusion category C is a decomposition of
C into @gec Cy. We will consider only faithful G-gradings
so that none of the components Cg = 0. The tensor product
respects the grading in the sense Cy X Cyy C Cgp. Since Cy-
is the inverse of Cq, Cq is naturally an invertible bimodule
category over Cy, where 0 € G is the identity element. A
categorical action p of G on C is compatible with the grading
if p(g)Ch C Cgpg-1- A G-graded fusion category C with a
compatible G action is called a G-crossed fusion category.

Suppose C; = EBgeG Cq is an extension of a unitary fusion
category Cy, i.e., C} is a unitary G-crossed fusion category.
Let Iy, g € G be the set of isomorphism classes of simple
objects in Cg and Irr(Cg) = {X;}ics, be a set of representatives
of simple objects of Cgq. The cardinality of I, is called the

rank of the component Cq, and Dy = /3. I d? is the total

quantum dimension of component C,, where d; is the quantum
dimension of X; € Irr(Cy).

Theorem D.1 ([80,82]). Let C = &P
of a unitary fusion category Cy. Then

(1) The rank of Cq is the number of fixed points of the
action of g on Iy.

2) Dé = D3 forallg,h € G.

gcc Cg be an extension

The extension C; = Py Cg of a UMTC Cy for the sym-
metry (p, t), while not braided in general, has a G-crossed
braiding. Given a G-crossed fusion category C with categori-
cal G action p, we will denote pg(Y') for an object Y of C by
£Y. A G braiding is a collection of natural isomorphisms cy y :
X®Y -8y ®X for all X € Cy,Y €C, which satisfies a
generalization of the Hexagon equations.

A UMTC is a unitary fusion category with a nondegenerate
braiding. A unitary G-crossed modular category is a unitary
G-crossed fusion category with a nondegenerate G braiding.
An easy way to define nondegeneracy of braiding is through
the nondegeneracy of the modular S matrix. To define the
nondegeneracy of the G-crossed braiding, we will introduce
the extended G-crossed S and 7 operators on an extended
Verlinde algebra. Likewise, the extended S and 7 operators
will give rise to a projective representation of SL(2, Z). We
believe that the S and 7 operators will determine the unitary
G-crossed modular category C.

Theorem D.2 ([81]). The unitary G-crossed fusion cate-
gory extension C; of a UMTC C has a canonical G braiding
and categorical G action that make Cj into a unitary G-
crossed modular category.

Given a categorical global symmetry p : G — Aut(C) of a
UMTC C, an extension of C to a nondegenerate braided fusion
category corresponds to a lifting of p to a categorical 2-group
functor p : G — Aut(C). The existence of such liftings has an

obstruction in H*(G; U(1)), which is the same as the obstruc-
tion for solving pentagons of flux sectors. When the obstruc-
tion class vanishes, the choices correspond to cohomology
classes in H3(G; U(1)). If we choose a cohomology class o €
H3(G;U(1)), then we have a lifting to a categorical 2-group
morphism. Since all other higher obstruction classes vanish,
the categorical global symmetry can be lifted to a morphism
of any higher categorical number. As extended G action and
G braiding are higher categorical-number morphisms, so they
can always be lifted. Furthermore, since all higher obstruction
classes vanish, the liftings are unique.

To see the G action and G-crossed braiding concretely,
consider the functor category Fun(Cg, Cgn). On one hand, this
category can be identified as Cp by Cy W Ch = Cgp, and on
the other hand, as Cypg-1 by Cygpg-1 B Cg = Cgn. Therefore we
have an isomorphism Cg = Cype-1. This defines an extended
action of G on Cj. By the same consideration, we have
Cg X Cp = Cgpg-1 X Cy. This defines the G-crossed braiding
of Cj.

To define the extended S, T operators, we first define an
extended Verlinde algebra. For each pair g, h of commuting
elements of G, we define the following extended Verlinde
algebra component: Vy 1(C) = @ie]h Hom(X;, 8X;).

Then the extended Verline algebra is

Vo =

{(g,h)|gh=hg}

Note that Vyo is the Verlinde algebra of C, which
has a canonical basis given by the identity morphisms of
Hom(X;, X;), i € Iy. Unlike the usual Verlinde algebra of C,
the extended Verlinde algebra does not have such canonical
basis. One choice of basis is pg : X; — 8X;, and they will
give rise to extended G-crossed S and 7 transformations.

Ven(C).
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However, this depends on the choice of cocycle representative
of «. Therefore the extended S and T operators are not
canonically matrices. We call a G-crossed braided spherical
fusion category G-crossed modular if the extended S operator
is invertible.

3. Gauging categorical global symmetry

Let G be the promotion of a group G to a categorical 2-
group, and Aut(C) be the categorical 2-group of braided tensor

autoequivalences.

Definition 3. A categorical global symmetry p : G —
Aut(C) can be gauged if p can be lifted to a categorical
2-group functor p : G — Aut(C).

Given a categorical global symmetry (p, G) of a UMTC
C, gauging G is possible only when the obstruction as above
in H*(G;U(1)) vanishes. Then the gauging result in general
depends on a gauging data (p, t, o). Given a gauging data
(p, t, @), gauging is defined as the following two-step process:
first extend C to a unitary G-crossed modular category Cj
with a categorical G action; Then perform the equivarianti-
zation of the categorical G action on Cg, which results in a

UMTC (C; )G, also simply denoted as C/G. The “bosonic”
symmetric category Rep(G) is always contained in C/G as a
Tannakian subcategory. Therefore gauging actually leads to a
pair Rep(G) C C/G.

Suppose C is a fusion category with a G action. The
equivariantization of C, denoted as CY, is also called orb-
ifolding. The result of equivariantization of a G action on
a fusion category C is a fusion category whose objects are
(X, {¢g}gec), where X is an object of C and ¢4 : 8X — X an
isomorphism such that ¢g = id and ¢g - Pg(¢n) = Gen - kg n,
where kg identifies pp - pg With pgp. Morphisms between
two objects (X, {¢g}gec) and (Y, {w@e(;) are morphisms f :
X — Y such that f - ¢g = ¢y - pg(f).

The simple objects of CY are parameterized by pairs
([X1, mx ), where [X] is an orbit of the G action on simple
objects of C, and 7y is an irreducible projective representation
of Gx—the stabilizer group of X. The quantum dimension
of ([X], mx) is dim(my) - Nix] - dx, where Nxj is the size of
the orbit [X]. Fusion rules can be similarly described using
algebraic data [83].

In general, gauging is difficult to perform explicitly. The
first extension step is very difficult. The second equivarianti-
zation step is easier if the 6j symbols of the gauged UMTC
C/G are not required explicitly. Different triples of gauging
data might lead to the same gauged UMTC.

Gauging has an inverse process, which is the condensation
of anyons in the Tannakian subcategory Rep(G). This conden-
sation process is mathematically called taking the core of the
pair Rep(G) C C/G [139]. Taking a core is a powerful method
to verify a guess for gauging because anyon condensation is
sometimes easier to carry out than gauging.

When C is a G-crossed modular category with faith-
ful grading, then its equivariantization is also modular
and vise versa [80]. There is the forgetful functor F':
C% - C by F(X,{¢gleec) =X and its adjoint G(X) =
@geG(gX, {(1tx)g}), where (1Lx )g = kg n. They intertwine the
extended S and 7 operators.

Our equivariantization in gauging is applied to a G-crossed
extension C; of a modular category C. When C; has a
faithful grading, then the nondegeneracy of the braiding of C
is equivalent to the nondegeneracy of the braiding of C [139].

4. General properties of gauging

Gauging and its inverse—condensation of anyons—are
interesting constructions of new modular categories from
old ones. The resulted new modular categories have many
interesting relations with the old ones.

Theorem D.3 ([139]). Let C be a UMTC with a categorical
global symmetry (p, G). Then C ® C/G = D(C{).

It follows that

(1) Chiral topological central charge is invariant under
gauging (mod 8);

(2) The total quantum dimension D¢, = |G|De.

The following theorem says that gauging a quantum double
results in a quantum double.

Theorem D.4. Suppose G acts categorically on D(C). Then
D(C)/G =D(C}).

When the symmetry group G has a normal subgroup N,
then we can first gauge N, and then gauge their quotient
H = G/N. This sequentially gauging is useful for gauging
non-Abelian groups G such as S3.

Theorem D.5. Let p : G —> Pic(C), then there exist p; :
N — Pic(C), pp : H —> Pic(C/N), such that (C/N)/H is
braided equivalent to C/G.

Proofs of theorems D.4 and D.5 will appear in Ref. [167].

The construction from a modular category C with a G-
action to a modular category C/G with a Tannakian subcat-
egory Rep(G) by gauging can be regarded as a new way
to construct interesting modular categories in the same Witt
class. When C is weakly integral, then the gauged category
C/G is also weakly integral. The inverse process of condensa-
tion implies that pairs (C, p) and (C, Rep(G)) are in one-one
correspondence. N

5. New mathematical results

In higher category theory, it is common practice to strictify
categories as much as possible by turning natural isomor-
phisms into identities. This is desirable because strictification
simplifies many computations and does not lose any gen-
erality when we are interested in gauge invariant quantities
in classification problems. The drawback is that we have to
work with many objects. In this paper, our preference is the
opposite, in the sense that we would like to work with as
few objects as possible. Hence, our goal is to have a skeletal
formulation with full computational power, so that we can
calculate numerical quantities, such as amplitudes of quantum
processes, which are not necessarily gauge invariant. A cate-
gory is skeletal if there is only one object in each isomorphism
class, and in general strictness and skeletalness cannot be ob-
tained simultaneously, as may be demonstrated, for example,
by the semion theory Z(zl/ %) Therefore we need to skeletonize
the existing mathematical theories. The situation is analogous
to the one of a connection or gauge field: mathematically it
is good to define a connection as a horizontal distribution,
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while, in practice, it is better to work with Christoffel symbols,
especially in physics.

Our first mathematical result is a skeletonization of
G-crossed braided fusion category in Sec. VI. We pro-
vide a definition of a G-crossed braided category using
a collection of quantities organized into a basic data set:
N¢,, Fb R Ux(a, b;c), and n,(g, h) that satisfy certain
consistency polynomial equations. The fusion coefficients
N, and associativity F symbols Fd“b” are as usual, but the
R symbols R% are extended to incorporate the G-crossed
structure. The new data Uk (a, b; ¢) and 1,(g, h), respectively,
encode the categorical symmetry: monoidal functors and nat-
ural identifications pgy with pgon. A good example of new
consistency equations are our G-crossed Heptagon Eqgs. (286)
and (287), which generalize the usual Hexagon equations.

Our numericalization of a G-crossed braided fusion cat-
egory provides the full computational power for any theory
using diagrammatical recouplings, though care has to be
taken when strands pass over/under local extremals. This
computational tool is especially useful for dealing with gauge-

dependent quantities, which, in the G-crossed theory, include
the important extended G-crossed modular S and 7 trans-
formations. As an application, we generalize the Verlinde
formulas to the G-crossed Verlinde formulas Egs. (346) and
(347). The diagrammatical recouplings also allow us to prove
the theorems mentioned above in an elementary way. In
particular, we prove that the extended G-crossed modular S
and T transformations indeed give rise to projective represen-
tations of SL(2, Z). We also conjecture the topological twists
for the gauged (equivariantized) theory and derive the modular
S matrix of the gauged theory.

In Sec. XI, we catalog many examples. Those examples
illustrate our theory and also potentially lead to new modular
categories. An interesting example is the gauging of the S3
symmetry of the three-fermion theory SO(8);. The resulting
rank 12 weakly integral modular tensor category has not
previously appeared in the literature. It would be interesting
to see if the triality of the Dynkin diagram D4 would provide
insight into the construction of this new modular category
from SO(8) x S3.
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