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We study novel three-dimensional gapped quantum phases of matter which support quasiparticles with
restricted mobility, including immobile “fracton” excitations. So far, most existing fracton models may be
instructively viewed as generalized Abelian lattice gauge theories. Here, by analogy with Dijkgraaf-Witten
topological gauge theories, we discover a natural generalization of fracton models, obtained by twisting the gauge
symmetries. Introducing generalized gauge transformation operators carrying an extra phase factor depending
on local configurations, we construct a plethora of exactly solvable three-dimensional models, which we dub
“twisted fracton models.” A key result of our approach is to demonstrate the existence of rich non-Abelian
fracton phases of distinct varieties in a three-dimensional system with finite-range interactions. For an accurate
characterization of these novel phases, the notion of being inextricably non-Abelian is introduced for fractons and
quasiparticles with one-dimensional mobility, referring to their new behavior of displaying braiding statistics that
is, and remains, non-Abelian regardless of which quasiparticles with higher mobility are added to or removed
from them. We also analyze these models by embedding them on a 3-torus and computing their ground-state
degeneracies, which exhibit a surprising and novel dependence on the system size in the non-Abelian fracton
phases. Moreover, as an important advance in the study of fracton order, we develop a general mathematical
framework which systematically captures the fusion and braiding properties of fractons and other quasiparticles

with restricted mobility.
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I. INTRODUCTION

The study of topological quantum phases of matter has led
to remarkable new discoveries, both theoretically and experi-
mentally, and has profoundly influenced our understanding of
quantum many-body physics. Starting with the discovery of
the fractional quantum Hall effect [1,2], it was realized that
there exist quantum phases of matter which lie outside Lan-
dau’s symmetry breaking paradigm. One such class of phases
are those with intrinsic topological order, which are gapped
quantum phases of matter distinguished by patterns of long-
range entanglement in their ground states [3-5]. Nontrivial
topological orders, examples of which include quantum Hall
states and gapped spin liquids, may exhibit striking phenom-
ena such as excitations with fractionalized statistics, locally
indistinguishable degenerate ground states, and robust gapless
edge states [2,6—14]. The potential application of topological
states for fault-tolerant quantum computation [15-18] has
provided another main motivation for current intensive study
on topological orders.

The landscape of topological quantum phases becomes
much richer in the presence of global symmetries. Even in
the absence of intrinsic topological order, distinct phases
protected by some unbroken symmetry are possible, leading
to the modern notion of symmetry protected topological (SPT)
phases [19,20], of which the 1D Haldane phase for spin-1
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chain [21-25] and topological insulators [26—34] are paradig-
matic examples. Further considering the interplay between
nontrivial topological order and global symmetries leads to
the concept of symmetry enriched topological (SET) phases,
which have been of much recent interest [35-42].

The topological nature of these phases is reflected in the
fact that their low-energy behavior is governed by a topo-
logical quantum field theory (TQFT), which in turn allows
one to develop general mathematical frameworks for under-
standing their physics. In particular, the language of tensor
category theory has proven hugely successful in analyzing
intrinsic topological orders in d = 2 spatial dimensions. It is
now well-understood that the fusion and braiding properties
of quasiparticles—anyons—in a topologically ordered spin
system are described by a unitary modular tensor category
(UMTC) [14,43]. For instance, the UMTC describing the
anyons in Kitaev’s quantum double model (i.e., a lattice
realization of gauge theory for d = 2) based on a finite group
G is given by the representation theory of the quantum double
algebra D(G) [15,44-46]. Rich topological orders also exist
in d = 3 spatial dimensions [47-50] and they may provide
fault-tolerant quantum computing schemes with advantages
over their d = 2 cousins as exemplified by the color codes
[16,17,51]. Since challenges vary with dimensions as seen
in classifying manifolds [52-55], the theory of topological
orders for d = 3 is less developed compared to d = 2 and
remains an active research topic [56,57].

Recently, a new class of models have brought to light
novel gapped quantum phases of matter which lie beyond the
conventional framework of topological order. These phases,
which are said to possess “fracton order,” were originally

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.155118&domain=pdf&date_stamp=2019-04-09
https://doi.org/10.1103/PhysRevB.99.155118

SONG, PREM, HUANG, AND MARTIN-DELGADO

PHYSICAL REVIEW B 99, 155118 (2019)

discovered in exactly solvable d = 3 lattice models and ex-
hibit a rich phenomenology, including a locally stable ground-
state degeneracy on the 3-torus which depends subextensively
(hence nontopologically) on the system size and quasipar-
ticles with restricted mobility [58—61]. In particular, these
models strikingly host quasiparticles—fractons—which are
intrinsically immobile (i.e., cannot be moved by string oper-
ators). This peculiar and striking feature serves as a defining
characteristic of fracton phases and has recently led to a flurry
of theoretical interest in understanding these phases from a
variety of perspectives [58-93]. A recent review on current
progress in this field can be found in Ref. [94].

The gapped fracton models discovered and studied thus far
can be be broadly separated into type-I and type-II fracton
phases, in the taxonomy of Ref. [61]. In type-I (respectively,
type-II) phases, fractons appear at the corners of membrane-
like (fractal-like) operators. A further distinguishing feature
of type-I phases is the presence of topologically nontrivial
excitations which are mobile along sub-dimensional mani-
folds (lines or planes) of the three-dimensional system, while
all topologically nontrivial excitations in type-II phases are
strictly immobile. Well-known examples of type-I phases are
Chamon’s model [58,62], the X-cube model [61], and the
checkerboard model [61], while Haah’s code [59] remains the
paradigmatic model for type-II fracton phases. In this paper,
we will restrict our attention to type-I fracton phases.

A natural question to pose is whether existing models
exhaust the possible kinds of quasiparticles which a fracton
phase may harbor. In particular, is it possible for fractons or
excitations with restricted mobility to have a multichannel
fusion rule, i.e., be non-Abelian? In type-I fracton phases,
certain topological excitations can move only along subdi-
mensional manifolds and may thus braid nontrivially with
each other, allowing some notion of nontrivial statistics to
survive even though the system is three-dimensional. Thus,
while in principle there appears to be no obstruction to re-
alizing non-Abelian statistics in type-I fracton phases, a new
framework is clearly needed to capture this more general class
of systems, which is a primary motivation for this work.

Constructing and studying exactly solvable models has
proven a fruitful approach in exploring the landscape of
gapped quantum phases of matter [14-17,45-48,95-107].
For conventional topological orders, a key insight for con-
structing new exactly solvable models was provided by a
gauging procedure relating (short-range entangled) SPT states
to (long-range entangled) topological orders described by
twisted gauge theories [98]. Specifically, this gauging pro-
cedure relates lattice nonlinear o-models for SPT phases
[20] to (lattice realizations of) Dijkgraaf-Witten topological
gauge theories [108] describing topological orders which host
quasiparticle (respectively, loop) excitations in d = 2 (respec-
tively, d = 3) spatial dimensions with rich statistical prop-
erties [49,50,109-112]. Dijkgraaf-Witten topological gauge
theory (also referred to as twisted gauge theory) generalizes
standard lattice gauge theory by “twisting” its gauge transfor-
mations, i.e., by allowing them to carry an extra phase factor
specified by a (d + 1)-cocycle w € Z4+1(G, U(1)) and local
field configurations, where G is the gauge group.

Similarly to the duality between SPT states and topolog-
ical orders, it has been realized that certain (Abelian) type-I

fracton models, such as the X-cube, can be related through
a generalized gauging procedure to short-range entangled
states with subsystem symmetries [61,91,113]. Based on this
observation, most exactly solvable fracton models can be
naturally interpreted as generalized lattice gauge theories [61].
Motivated by this interpretation of fracton models, and by
the twisting procedure for obtaining Dijkgraaf-Witten theories
from standard gauge theories, here we consider twisting cer-
tain type-I fracton models along planes by 3-cocycles. This
allows us to systematically generate a rich family of type-I
fracton models—dubbed “twisted fracton models”—which
realize non-Abelian excitations with restricted mobility, such
as non-Abelian fractons. In this paper, we extensively explore
the properties of twisted fracton models, which form a natural
platform for realizing a wide variety of novel quasiparticles,
and elucidate the related notion of braiding excitations with
restricted mobility.

Given the length of this paper, we now highlight our
procedure and main results.

A. Summary of main results

In this paper, we develop a general procedure for system-
atically constructing exactly solvable models, which we dub
twisted fracton models, thereby greatly expanding the set of
type-I fracton phases and establishing a general mathematical
framework within which to study non-Abelian fracton orders.
We start by observing that the X-cube and checkerboard
models [61], as originally defined, can both be viewed as
generalized Abelian lattice gauge theories. Then, in analogy
with Dijkgraaf-Witten topological gauge theory, we observe
that the generalized gauge transformations can be twisted as
well. This leads us to a plethora of exactly solvable three-
dimensional models exhibiting a landscape of rich and hith-
erto undiscovered behaviors, of which we present the twisted
X-cube and twisted checkerboard models as paradigmatic
examples.

Importantly, these exactly solvable models establish the
existence of novel type-I fracton phases hosting inextricably
non-Abelian fractons, which we will define shortly in this
section before providing examples based on concrete models
in later sections. Moreover, in contrast to other approaches for
generalizing type-I fracton orders [74,92], which are based
on coupling stacks of d = 2 topological phases, our con-
struction here has a cleaner connection to TQFTs (explicitly,
Dijkgraaf-Witten topological gauge theories) realizing similar
braiding properties, which enables us to thoroughly analyze
the resulting fracton models. For instance, we compute their
ground-state degeneracy (GSD) on a 3-torus T° explicitly,
revealing the novel dependence of this GSD on system size
in non-Abelian fracton phases for the first time.

In our analysis of the spectrum of twisted fracton models,
there emerges a systematic route for describing the braiding
and fusion properties of quasiparticles, including those with
restricted mobility. Some key definitions, which intuitively
reveal the structure of these phases, are as follows. A 0d
(respectively, 1d, 2d) mobile quasiparticle is an excited finite
region which can move as a whole in O (respectively, 1, 2)
dimensions. We further call it intrinsically 0d (respectively,
1d, 2d) mobile if it is not a fusion result of quasiparticles
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with higher mobility. For instance, a quasiparticle mobile
only along the x axis can be obtained by fusing two anyons
from two decoupled 2d topologically ordered systems lying
along the xy and zx planes, respectively, but we do not call it
intrinsically 1d mobile. In our terminology, a fracton is then
simply defined as an intrinsically Od mobile (i.e., intrinsically
immobile) quasiparticle.

To classify particle types in type-I fracton phases, we
introduce the x (respectively, y, z) topological charges of
a quasiparticle, which are detected by braiding 2d mobile
quasiparticles around it in the yz (respectively, zx, xy) planes.
Assuming no nontrivial 3d mobile quasiparticles,' the particle
type of an excitation is then specified by its x, y, z topolog-
ical charges, which may be subject to some constraints. In
addition, the quantum dimension of a quasiparticle equals the
product of quantum dimensions associated with its topologi-
cal charges in the three directions.

We now define what it means for quasiparticles with
restricted mobility to be inextricably non-Abelian. A quasi-
particle is Abelian (respectively, non-Abelian) if its quantum
dimension is 1 (respectively, greater than 1). An inextricably
non-Abelian fracton is one which is not a fusion result of an
Abelian fracton with some mobile quasiparticles. Similarly, an
inextricably non-Abelian 1d mobile quasiparticle is one that
cannot be obtained by fusing an Abelian 1d mobile quasi-
particle with some 2d mobile quasiparticles. Significantly,
this implies that a fracton model hosting either an inextrica-
bly non-Abelian fracton or an inextricably non-Abelian 1d
mobile quasiparticle cannot be understood as some Abelian
fracton order weakly coupled to layers of conventional two-
dimensional topological states. This is one of the central
results of our work, as it demonstrates the existence of a
fundamentally new class of fracton orders.

Studying the excitations of twisted fracton models, we
show that both inextricably non-Abelian fractons and inex-
tricably non-Abelian 1d mobile quasiparticles may be real-
ized within twisted checkerboard models. On the other hand,
twisted X-cube models host only inextricably non-Abelian 1d
mobile quasiparticles. Thus we find two basic types of non-
Abelian fracton orders: one which allows fractons (and 1d mo-
bile quasiparticles simultaneously) inextricably non-Abelian
and one which only hosts inextricably non-Abelian 1d mo-
bile quasiparticles. Actually, in our twisted fracton models,
quasiparticles may have inextricably non-Abelian topological
charges in one, two or three directions, which reveals a further
distinction between varieties of fracton phases.

As a further technical contribution, we provide a detailed
derivation of the categorical description for anyons in twisted
discrete gauge theories directly from their lattice models in
two spatial dimensions, which is absent in the literature.
Necessary mathematical details are included in appendices
to make our derivation and discussion self-contained. This
treatment applies straightforwardly to studying twisted frac-
ton models as well.

This holds for all the fracton models in this paper. Otherwise,
if nontrivial 3d mobile quasiparticles (e.g., charges in 341D gauge
theory and fermions) exist, extra particle type characterizations like
particle-loop braiding and fermion parity may be needed.

B. Outline

We now outline the remainder of this paper. In Sec. II,
we treat lattice models of twisted gauge theories in two
spatial dimensions. While the results contained in the section
may be familiar to readers, we emphasize that our treatment
differs from previous approaches and is directly applicable to
the twisted fracton models introduced later. We characterize
conventional topological orders by deriving properties such
as their ground-state degeneracy on a torus and the braiding
and fusion properties of anyons. The braiding of anyons is
especially transparent in our treatment, wherein anyons are
represented as punctures on a disk.

In Sec. III, we introduce new families of exactly solvable
twisted fracton models. In particular, we introduce twisted
versions of two paradigmatic examples of three-dimensional
fracton order: twisted X-cube models and twisted checker-
board models. Rather than reviewing the untwisted Z, X-cube
and checkerboard models, for which the reader is referred to
Refs. [60,61], we first define these models based on arbitrary
finite Abelian groups G. We then twist the gauge symmetry by
nontrivial 3-cocycles [i.e., elements of Z3(G, U(1)) defined in
Appendix A 1]? to arrive at the twisted fracton models.

Sections IV and V are devoted to calculating the nontrivial
ground-state degeneracies (GSD) of twisted fracton models
with the system defined on a 3-torus. The explicit calculations
for both the twisted X-cube (Sec. IV) and checkerboard
(Sec. V) models serve three purposes. Firstly, the subextensive
system size dependence of the GSD in all cases demonstrates
clearly that the models under consideration are gapped phases.
In fact, it becomes clear from our later analysis of quasipar-
ticles that this GSD is stable against arbitrary local perturba-
tions and hence reveals that the system is nontrivially long-
range entangled. Secondly, the dependence of the GSD on the
system size in all models under consideration establishes the
geometric nature of fracton phases: they are sensitive not only
to the global topology but also to geometry. This provides a
clear distinction between conventional topological order and
fracton order. Thirdly, the new exotic dependence of GSD on
system size [e.g. Egs. (199), (209), (210), and (262)] strongly
hints at the existence of novel non-Abelian fracton phases.

In Secs. VI and VII, the quasiparticle spectra of the twisted
X-cube and checkerboard models are analyzed respectively;
here, we classify all particle types and study their braiding
and fusion properties. Importantly, our analysis uncovers a
systematic route for describing quasiparticles in type-I fracton
phases. First, we explain how the particle type of an excited
spot is labeled by its x, y, z topological charges, which can
be detected by braiding 2d mobile quasiparticles around it in
the yz, zx, xy planes, respectively. Further, we elucidate the
notions of mobility and quantum dimension for quasiparticles
and determine them through the topological charge data. We
also discuss certain fusion and braiding processes in general.

2Since all nontrivial quasiparticles in the fracton models under
study have mobility within 2 or lower spatial dimensions, we only
need 3-cocyles (instead of 4-cocycles) to modify their braiding
statistics by analogy to Dijkgraaf-Witten topological gauge theories
in (2+1)-dimensional space-time.
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In order to illustrate the variety of novel fracton phases which
may be accessed through our construction, we examine certain
examples explicitly. We find that semionic or inextricably
non-Abelian 1d mobile quasiparticles are allowed in some
twisted X-cube models (Sec. VI). On the other hand, the
twisted checkerboard models (Sec. VII) are shown to realize
a broader variety of excitations. Specifically, we show the
existence of inextricably non-Abelian fractons in a twisted
checkerboard model based on the group G = Z, X Zy X Z».

The paper concludes in Sec. VIII with a discussion of
avenues for future investigation and of open questions raised
by the present results. To keep this paper self-contained,
necessary mathematical materials are provided in the appen-
dices. Specifically, Appendix A contains the definitions of
group cohomology, triangulated manifolds, and the associated
Dijkgraaf-Witten weight and partition function. Appendix B
reviews the quasitriangular quasi-Hopf algebra structure of a
twisted quantum double D”(G) and the tensor category of its
representations.

II. 2D LATTICE MODELS OF TWISTED
GAUGE THEORIES

In this section, we will present a self-contained treatment
of exactly solvable lattice models motivated by the gauge
theory in two spatial dimensions based on a finite group G,
which are often called quantum double models, and their
twisted versions. Here G may be non-Abelian and its identity
element is denoted as e. Our treatment generalizes to fracton
models directly in later sections.

A. Description of lattice models
1. Untwisted models

As a warm-up, let us first recall the standard lattice model
of a gauge theory in two spatial dimensions [15], based on
a finite group G with identity element denoted by e. To be
concrete, we work on a square lattice (i.e., a two-dimensional
manifold composed of square plaquettes) X. The discussion
in this section actually applies to any other planar lattice.

Let E(X) be the set of its edges with a chosen orientation
each as shown by the black arrows in Fig. 1(a). In addition, the
sets of vertices and plaquettes of ¥ are denoted by V (X) and
F (%), respectively. Technically, all the edges and plaquettes
are thought to be closed, i.e., they include their boundaries. In
particular, each plaquette contains all its edges. Moreover, for
any region (i.e., subspace) I' of X, let V(I'), E(I"), and F(I")
denote the subsets of V(X), E(X), and F(X) that collect all
the vertices, edges and plaquettes inside I, respectively.

A local Hilbert space (also called a spin for short) with
an orthonormal basis {|¢, o)}, is assigned to each edge £ €
E(X). Thus the Hilbert space H(E ("), G) associated with any
region " of X is spanned by the vectors

12) == ) 16, £(0) ey

(eE(T)

labeled by ¢ € GE™, where GE(™ := Fun(E(I"), G) is the set
of functions from E(T") to G. Each element of GE(I specifies
a spin configuration on I". On the whole lattice X, the total
Hilbert space is H(E(X), G).

vy
e Vi
Ve Ve e
VAL

FIG. 1. Lattice model of gauge theory in 2+1 dimensions.
(a) The physical degrees of freedom are on the black oriented edges
of the square lattice. Auxiliary grey edges are added to give a com-
plete triangulation. (b) P# for v = 3 is presented by a triangulated
pyramid P$ with edges oriented according to the local ordering
of vertices 0 <1 <2 <3 <3 <4 <5 <6 and [33] colored by
g € G. For each tetrahedron, sgn([vov,v,v3]) equals the sign of the
triple product m . (vo—vZ X Wv3). For example, sgn([0133']) = +1
and sgn([233'5]) = —1.

Suppose that O is an operator acting on H(E(X), G). We
say that O is supported on a region I' C X if it can be
expressed as O = Or ® 1x\r, where Or is an operator acting
on H(E(I'), G) and 1z\r denotes the identity operator acting
on the rest of the spins. Usually, 1x\r is omitted in notations
and the operators acting on H(E(I'), G) are automatically
viewed as operators acting on H(E(X), G) as well.

On each vertex v, we have a gauge transformation operator

AS == Q) LEW) )
£3v

for each g € G, where £ > v means that ¢ connects to v. In
addition, for £ = [vpv],
ZUEG |£’ ga)(£7 U|a
2 oec b o)l ogl,
ZUEG |K’ go'gil)(gv G|a
1, vél.

v0=v,v1;£v,
Vo # v, V] =V,

Vo =V, V] =V,

L) := 3)
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The third line in this definition of L¢ takes care of the
possibility ¢ being a loop, which happens when the size of
the square lattice with periodic boundary condition reduces to
1 in one direction.

It is straightforward to check that

(49" =4y, AsAl = A9, )

[A%, AL ] =0, if vy # vy ®)

Vo’

Yv, vy, v; € V(X), Vg, h € G. Thus we have a set of mutually
commuting Hermitian local projectors, also known as stabi-
lizers in the quantum computation literature,
A, = 1 A8 (6)
v T o v

Gl =5

labeled by vertices.
On each plaquette p, we have a projector which requires

the triviality of flux

Byi= ) Scuonbeueushsuue £ (D)

reGEWP

where e is the identity element of G and vgv;v,v3 is a se-
quence of vertices around the boundary of p. If the orientation
of an edge ¢ = [vyv,] is inverse to what is picked in Fig. 1(a)
(i.e., [vivo] € E(X)), then £ () := (¢ ([vivo])) ™.

It can be checked that all the projectors A, and B, labeled
by vertices and plaquettes commute with each other. They
form a set of stabilizers that completely fix local degrees of
freedom. In other words,

H=->"A-)B, 8)
v r

is a gapped Hamiltonian. In particular, it has a finite ground-
state degeneracy when embedded in a torus (i.e., with periodic
boundary conditions), which is independent of system size
and robust to any local perturbations.

2. Twisted models

Motivated by Dijkgraaf-Witten topological gauge theories
[108], the above lattice model based on a finite group G can
be twisted by a 3-cocycle w € Z3(G, U(1)), i.e., a function
w: G x G x G— U() satistfying the so-called cocycle con-
dition

(82, 83, 84)@(81, 8283, 84)w (g1, 82, 83)

.
(8182, 83, 84)w (g1, 82, 8384)

The resulting twisted models are classified by the corre-
sponding group cohomology [w] € H*(G, U(1)). Details of
Dijkgraaf-Witten topological gauge theories and group co-
homology are summarized in Appendix A. Without loss of
generality, we will always require w to be normalized, i.e.,
(g1, &2, g3) = 1 whenever any one of g, g,, g3 equals the
identity e € G in this paper.

In the twisted model, we will keep B, unchanged. For any
region I' of X, let

Gg(r) ={Ce GE®) | Bylg) =12),Vp e F(D)}, (10)

whose element are called locally flat spin configurations on I'.
Let Hp(E(I"), G) denote the Hilbert subspace spanned by |¢)
with ¢ € G,

In order to define twisted versions of gauge transformation
operators, we pick a complete triangulation of ¥ by adding
the grey oriented edges shown in Fig. 1(a). The orientations
of edges are picked such that there is no triangle whose three
edges form a closed walk; such a choice is called a branching
structure [20]. Then every triangle 7 is ordered and should
be labeled as [tgT;T2] with vertices ordered such that the
orientations of the edges [tot(], [t172], and [7pT2] coincide
with the branching structure.

Technically, the branched triangulation makes ¥ into a A-
complex. The definition of a A-complex is given in Ref. [114].
For a general A-complex X, we denote the set of n-simplices
(i.e., vertices for n = 0, edges for n = 1, triangles for n = 2,
tetrahedrons for n = 3 and so on) in X by A"(X).

A function & € GA'® is called a G-coloring (or simply
coloring [36]) of X, if &([zo71])é([T172]) = §([7072]) on any
triangle [toTiT2] € A2%(X). The set of G-colorings of X is
denoted Col(X; G) or simply Col(X) when G does not need
to be specified explicitly.

For each v € V(X), let X[v] be the region inside ¥ made
of all plaquettes adjacent to v. Take the vertex v = 3 shown in
Fig. 1(a) for instance: X[v] contains four plaquettes (around
v) including their edges (twelve in total). Then X[v] is a
A-subcomplex of ¥ as well and each ¢ € Gg(x["]) determines
a coloring of X[v]. In particular, the group element assigned
to the edge [03] is £([011)¢ ([13]) = £ ([02D¢ ([23D).

Further, we construct a pyramid P, over v like the one in
Fig. 1(b), whose bottom is the union of all triangles adjacent
to v. Let v/ denote the apex of P,. With [vv'] = g (i.e., [vV]
colored by g € G), the pyramid is denoted P} and presents an
operator (supported on X[v])

PS:= Y [t)elr.PE(c1AL, (11)

E(Z[])
teGy

where w[¢,P$] is the Dijkgraaf-Witten weight, defined by
Eq. (A7), on P, with the coloring specified by [vv'] = gand ¢
on the bottom. Explicitly, for v = 3 in Fig. 1,
[§ g] [0133'][133'4][33'46]
wl|(, = .
v [0233/][233/5][33/56]
where each tetrahedron [vgv;v,v3] stands for the phase factor
o([vovi], [viv2], [vav3]) with edges short for their associated
group elements. With the bottom of P§ colored by ¢, its top has

to be colored by ¢AS € G5 "V specified by (¢AS| := (¢|AS
and we have

12)

[0133] = w(¢ ([01]), ¢ ([13]), g), 13)
[133'4] = w(£([13]), g &' £ ([34]), (14)
[33'46] = w(g, g~'¢ ([34]), ¢ ([46])), s)

[0233] = w(¢(102), £ ([23]), g), (16)
[233'5] = w(£(123]), & &' £ (I35])), a7
[33'56] = w(g, g~ ' ¢ ([35]), £ ([56])). (18)
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FIG. 2. Stacking two pyramids over a vertex as a graphic repre-
sentation of P¢P".

Since w is assumed to be normalized, g = e (the identity of
G) im%Iies w[¢, P§] = 1 for any locally flat spin configuration
¢ e GB(E[”D. Hence P{ just requires the local flatness near the
vertex v. In other words, P = I B, with p 5 v denoting
that plaquette p is adjacent to v.

With this graphic representation of P§ in Fig. 1(b), we
can demonstrate some crucial properties of these operators.
First, on a single vertex, w[¢, Pjlw[¢AS, P"] can be pre-
sented as a stack of pyramids colored by ¢ on the bottom
and [33'] =g, [3/3"] = h as shown in Fig. 2. Thus it is
the Dijkgraaf-Witten weight on this particular coloring of
the stack, which is a pyramid over v with a different bulk
triangulation. Topologically, the pyramid is just a ball with
a particular surface triangulation. The cocycle condition of w
implies that the Dijkgraaf-Witten weight assigned to a ball
only depends on its surface triangulation and coloring, which
is discussed in Appendix A 3 in a general setting. Therefore
ol¢, PYlolCAS, P = ol¢, P¥"] and hence

pov

PepPt = pet, (19)

Setting h = g~ !, we get w[¢, P§lw[¢AS, Pﬁfl] =1 and hence
—1
wl[¢AS, P§ 1= (w[¢, PED)". Thus

(P =rs. (20)
Together, Egs. (19) and (20) imply that
1
P, := Gl Z Pt 1)
geG

is a Hermitian projector.

Besides, P§0 and Pf] commute for two vertices vy # v.
This is clear if vy and v; are nonadjacent [i.e., not con-
nected by an edge in A!'(%)]. For adjacent vy and vy, still
P§ P! = P} P;; their nonzero matrix elements (J|P5 P! |¢')
and (g“|P1f'l P |¢’) equal the Dijkgraaf-Witten weight on the
topological balls (obtained by stacking pyramids in two orders
as in Fig. 3) with identical triangulation and G-coloring in
surface. In short,

[P¢,P!]=0if v # vy, (22)

Vo’ " vy

Vg,h € G. As a result, the set of Hermitian projectors
{P,},cv(x) labeled by vertices commute with each other.
When the 3-cocycle is completely trivial (i.e., w = 1),
the operator Py reduces to Af[],., B,. So P} is the twisted
version of A§ with the projector [ | o Bp included. The Hamil-

o

(b)

FIG. 3. Two orders of stacking two pyramids over two adjacent
vertices, with (a) and (b) presenting P$ P, and P! P$ , respectively.

tonian can be simply expressed as

H=-Y"P, (23)

whose ground states are specified by P, = 1. When w = 1, the
ground states are the same as those specified by A, = B, = 1.

In order to familiarize readers with our notations, let us
express P more concretely in the example based on the
twisted Z, gauge theory. For G = Z, = {0, 1}, there is only
one nontrivial normalized 3-cocycle

—1, f = g = h = 1’
o(f,gh) = . (24)
1, otherwise.
On each edge lies a qubit. In terms of Pauli operators,
_1 1 : 25
Bp - 5 + 1_[ G@ ’ ( )
CeE(p)
PEO =[]B, (26)
p3v
PEY =T]B, > I0)e[c.P]icI [ Jor. @D
pav ¢ {5v

where p > v (respectively, £ > v) means that p (respectively,
¢) connects to v. The phase factor w[¢,P!] = £1 is given
by Eq. (12) for v =3 in Fig. 1. The tetrahedron over each
triangle inside the hexagon O, centered at v contributes —1
to wl¢, Pll)], if ¢ colors the edges of the triangle in the same
way as ¢, in Fig. 4(a); otherwise, its contribution is +1. It is
straightforward to check that [¢, P!] = —1 if and only if ¢
colors two edges next nearest to each other, such as [25] and
[46] in Figs. 4(b) and 4(d), differently from the rest four edges
on 90, (i.e., the boundary of O,).

We will see soon that this model gives rise to anyons
with topological spins =i and hence describes the double
semion topological phase [95,115]. Yet it does not look like
the well-known double semion string-net model [95], even
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FIG. 4. Locally flat spin configurations ¢ = &,, &, ., ¢4 for
G = Z, = {0, 1} are presented by dashed strings (red online) without
termination on the dual lattice of the triangulation: a spin is in state
[1) if and only if its corresponding edge goes cross a string. Inside
the hexagon O, = [014652] centered at v = 3, each triangle marked
© (cyan online) is associated with a tetrahedron contributing —1 to
o[P!, ¢], while other triangles contribute trivially.

after the degrees of freedom are matched by the duality
shown in Fig. 4. The phase factor contained by the term
corresponding to P& in the double semion string-net model
is —(—=1)™/? = —i™ with N, the number of times that strings
intersect with 90, (equivalently, the number of edges colored
by 1 along 00,). However, o[¢,, P})] = —w(4, Pll)] =1 for
v = 3, although N, =2 in both Figs. 4(c) and 4(d). This
discrepancy can be cured by a basis transformation

U= @ “ie)l, (28)

LeAl(T)

which is a tensor product of local unitary quantum gates.
For it to be well-defined, ¢([03]) is set to ¢([01])¢([13])
for auxiliary diagonal edges like [03] in Fig. 4 even when
¢ is not locally flat. In particular, it adds an extra —1 to
pE=Y acting on ¢y, since pE=Y changes the number of edges
colored 1 in the triangulation by 2. By ¢/, the Hamiltonian in
Eq. (23) is transformed into the well-known form of double
semion string-net model [95]. Explicitly, UPEDUYT = —iN
Hpav BP : HZav Uéc with

L—opy  1—=00305 1 —0f
N, =
2 2 2
1 —of 1 — 05,08 1 -0t
+ [02] [23]7[35] [56] (29)
2 2 2

counting how many of the edges [01], [14], [46], [02],
[25] and [56] (i.e., those along 00,) for v =3 in Fig. 4
are colored by 1. Then UPU" = P +uP* = U’ and
[1,UP,UT acting on ), |0), gives a ground state of the
form )", (—1)"°°PX)|X), where loop(X) is the total number
of loops (i.e., strings without termination) on the dual lattice
of locally flat spin configuration X .

Another important example of twisted gauge theory is
based on G = Z;, x Z, x Z, with the 3-cocycle

a)(fvg» h) =

where  f = (fO, f@, 1O g = (g1, g®, ¢®) h = (hD,
h? h®) e G. It describes a non—Abehan topologlcal phase
[116], albeit G is Abelian. The corresponding lattice model
contains three qubits, manipulated by Pauli operators O’e(j it
with j = 1,2,3 and u = x, y, z, on each edge £. Thus Eq. (25)
defines a Bf,j) for each j. Their product B, = ]_[3 B(j)

requires the flux triviality and further defines P?%° = ]_[ v Bp-

Elements of G are also denoted 000, 100, ... for short A
generic P is generated by P!%, P10 and PI?OI, which can
be simply expressed in terms of Pauli operators as well.
For example, only the tetrahedrons in Egs. (15) and (18)
contribute a nontrivial factor to Pv100 at v=3 in Fig. 1.

Explicitly,

em(f(llg(l)hﬂ)) (30)

P10 — (1200 ) 2010

11— @3y 1| _g®:z 1
St T g, [Tof ™. G

pov {>v

Then P 8(POOO + PlOO)(POOO +P0]0)(P000 +P001) Be-
sides H = — ) P,, the model may be defined by alternate
Hamiltonians like H = — Y (P19 + P10 4 pOOl): they have
the same ground states. The general theory in Sec. I C tells us
that this model hosts anyons described by the representation
theory of the twisted quantum algebra D“(G) with details
in Appendix B. For the current situation, there are 14 two-
dimensional irreducible representations shown in Table I and
the corresponding anyons would present non-Abelian braid-
ing statistics.

To conclude this section, we would like to generalize the
above definition of P} to take care of singular triangulations,
where vertices of a triangle may coincide. This is done by
replacing w[¢, P§] in Eq. (11) with

[tor1 Tt [ToT.T T4\ 2
a)[E,v;é‘,g] = l_[ < 2 0“1%2 i

T T
TeA2(v,T) [ro717i7,]

(32)

where X is a surface whose triangulation may be singular and
A%(v, X) denotes the set of triangles adjacent to the vertex v
in X. For each triangle t = [ty7; 2], the sign sgn(7) is +1
(respectively, —1) if the branching structure orders its vertices
in the counterclockwise (respectively, clockwise) way. To de-
fine and compute [7yT; rzr2][roror1 1l/[ntitr] € U(l), we
present it graphically as a prism in Fig. 5 with bottom [ty 73]
colored by ¢. Moreover, for i =0, 1,2, we color [r;7/] by
g if T, = v and e otherwise. Then the coloring of the rest
of the edges is completely determined and each tetrahedron
stands for the phase factor assigned by w. For example,

155118-7



SONG, PREM, HUANG, AND MARTIN-DELGADO

PHYSICAL REVIEW B 99, 155118 (2019)

~

To
/
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N ; pZ
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~ ]
N ]
X<
¥
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FIG. 5. Default triangulation of a prism over T x I, where T =
[toTi72] and I = [0, 1]. The Dijkgraaf-Witten weight on this prism
is [toTi 2151 [To T T T3 1/ [T0 T1 T T3], Where each tetrahedron [vyv; v vs]
stands for w([vov;], [v1v2], [v,v3]) with edges short for the group
elements assigned by the coloring.

by [toT1T275] we mean w([to7], [T172], [T275]) with edges
[wt1], [tiT2], [T275] short for the group elements assigned
to them by this coloring. It is easy to see that w[X, v; ¢, gl
reduces back to w[¢, P$] if the triangulation is regular.

B. Ground-state degeneracy on torus

Suppose that the lattice model of a twisted gauge theory is
defined with periodic boundary conditions in both directions.
In other words, the lattice ¥ is embedded in a topological
torus T?.

Let us compute its ground-state degeneracy. Technically, it
equals trP, the trace of

P:= ]_[ P, (33)

veV (%)

over the physical Hilbert space H(E(X), G), or equivalently
over Hg(E(X), G). Hence,

o= L L [PV, 69

eGE® neGV® v

where V(X) is the set of vertices of ¥ and G¥® is the set of
functions from V(X) to G.

Pick a vertex u € V(X) and two noncontractible loops
qx, gy based at u along the two spatial directions. For any
¢ € Col(XZ, G), let h; and h; be the group elements assigned
by ¢ to g, and g, respectively. The choices of n such that
(¢ITT,A"™|¢) # 0 are labeled by h3 := n(u) € Zg(hi, ha),
where Zg(hy, hy) is the centralizer of {h, hy} in G. Actually,
(¢ITT,AT™]¢) can be thought of as the Dijkgraaf-Witten
weight w[T? x I;¢, ¢, h3] on a triangulated space T> x I with
its bottom T? x {0} and top T?> x {1} both colored by ¢ and an
edge [uu'] colored by h3. Here I = [0, 1] and u, " stand for
u x {0}, u x {1} respectively. Further, since the bottom and
top of T> x I are identically triangulated and colored, we can
simply glue them together and view (¢|[], A7™|[¢) as the
Dijkgraaf-Witten weight on the three dimensional torus T3,
which only depends on the group elements associated with
the three noncontractible loops based at a vertex. Thus

(¢l [ TAI1g) = ol T Ay, by, hs)., (35)

FIG. 6. A triangulation of a cube. The eight vertices are ordered
as0 <0 <1<l <2<2 <3 <3, their ordering assigns orien-
tations to edges, triangles and tetrahedrons. Gluing the three pairs
of opposite faces of the cube gives a triangulated three-dimensional
torus T>.

when it is nonzero. Further, Eq. (34) reduces to

trP = Z,(T°). (36)
In other words, the ground-state degeneracy on T? equals the
Dijkgraaf-Witten partition function on T°.

For the purpose of calculation, we can use the simplest
triangulation of T*> shown in Fig. 6 and get

[0133'][00'13'] [022'3']
T hy, hy, 3] = )
@[T Bz, b [011'3] [0233'][00'2/3]
— a)h3 (hl ’ hz) (37)
wpy (hy, hy)’

where [01] = Ay, [02] = hy, [00'] = h3 and for g, 5,7 € G,

w(g, s, (s, t, (st)’lgst)

w(s, s~ 1gs, 1) (38)

we(s, 1) :=

Thus we can compute the ground-state degeneracy trP on T?
explicitly by

1
P = Z,(T) = G D Shhoom

hi,hy,h3€G
oy (hy, ha)
.§ ) 2 T o N 39
hyhs.hshy * Ohahs, hshy wp, (ha, hy) &

In particular, if G is Abelian and = 1, then trP = |G|*.

1. Example: G = Z, twisted

As an example of a twisted model, we consider G = Z, =
{0, 1} with a nontrivial 3-cocyle given by Eq. (24). We will
see soon that this model gives rise to anyons with topological
spins £i and hence describes the double semion topological
phase [95,115]. Although [w] is nontrivial in H*(G, U(1)),

(11
@) 1 and hence trP = |G|?, the same
iy (a2, hy)

ground-state degeneracy on T? as in the untwisted model.

we still have
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'ZJf(l)g(Z}h(fi)

2. Example: G = Z3 with o(f,g, h) = ¢'n
Another interesting model can be constructed with G =
Ly X Loy X Ly = an with a 3-cocyle

2:

o(f, g h) =/, (40)

for f= (f(l), f(2)’ f(3)), g= (g(l), g(2)’ g(3)), h = (h(l),
h®, h®) e G, where the product g r® is well-defined
from the ring structure of Z,,. Now

M pm pm
hl h2 h3

o, ) 2 KD D D (1)
wpy, (hy, hy) 3 .3 .3
" hy" hy
2
— exp {l_m, . h2>.h3} “2)
m

is nontrivial, where we write

Fxg=(fOg® — g
FOLD _ g ()0 _ gDy (43

f-g:= f(l)g(l) +f(2)g(2) +f(3)g(3), (44)

forany g, h € G.
By noticing the identity
1 2
Gl h%exp {z;(hl x hy) hg} = Shxi0s  (45)

we get an explicit formula for the ground-state degeneracy
on T?

0P = Z,(T) = D Shxino- (46)
hl,hzeG

In particular, for m = 2, we have
trP = Z,(T%) = 22, 47)

which is quite different from the untwisted case whose
ground-state degeneracy on T2 is |G|* = 64.

C. Anyons and twisted quantum double algebra

It is well-known that the quasiparticles in these two-
dimensional models are anyons and that the total number of
particle types equals the ground-state degeneracy on a torus
T2. Explicitly, the particle types of anyons can be labeled by
irreducible representations (up to isomorphism) of the twisted
quantum double algebra D*(G). Actually, D”(G) can be
enhanced into a quasitriangular quasi-Hopf algebra equipped
with a coproduct A : D*(G) ® D”(G) — D”(G) and a uni-
versal R matrix R € D?(G) ® D“(G); the extra structures
encode the fusion and braiding properties of anyons. If w = 1,
then D“(G) reduces to the normal quantum double D(G),
which is a quasitriangular Hopf algebra and used in study-
ing the standard gauge theories in two spatial dimensions
[15,44-46]. The lattices models of (twisted) gauge theories in
two spatial dimensions are thus also called (twisted) quantum
double models. The mathematical details of D“(G) and its
representations are summarized in Appendix B. Below, we
will elucidate the notion of anyon and its connection to the
representation theory of D”(G) in the concrete lattice models.

(———=

aig lair | a5 |aia |ass \
11
Q19
bs bs by 10
20
bz bs ag
21
as
Q22 bo by b
az
@23
™ 451 (D) a3 ay as ag

0

(b)

FIG. 7. Hilbert space used for classifying excitations within a
finite region B. (a) There is no excitation in the grey region M =
A — B°, where A is a larger region containing B and B° is the interior
of B. (b) Extra P$ operators for v € V(M) and g € G can be defined
by embedding M into a topological annulus M. The boundary of M is
the disjoint union of two loops; M = (—w ') U 7, where the minus
sign means that the orientation of @ is opposite to the one induced
from M.

1. Topological charge and representation

First, let us classify the particle types of an excited finite
region (i.e., a localized quasiparticle), such as the small white
square region B at the center of Fig. 7(a). For topologically
ordered systems in two spatial dimensions, we also use the
terminology topological charge as an synonym of particle
type. To make it well-defined, we suppose that B is an iso-
lated excitation inside a much larger region A. Then there is
an excitation-free topological annulus M := A — B°, such as
the shaded region in Fig. 7(a), separating B from the other
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excitations in A°. Here, X¢ (respectively, X°) denotes the exte-
rior (respectively, interior) of any topological space X. Such
states lie in the Hilbert subspace H(E(A¢), G) @ Ho(M) ®
H(E(B°), G), where Hy(M) is the Hilbert subspace selected
out of the locally flat states Hg(E (M), G) by the projector

pa = [] P. (48)

veV (M°)

Since hopping between states of H(A®) [respectively, H(B°)]
can be made by operators supported on A¢ (respectively, B°),
they are irrelevant to the discussion of particle types. Below,
we only need to focus on Hy(M).

It is easy to see that the dimension of Hy(M) grows with
the number of spins along the boundary of M. To facilitate
the analysis of Ho(M), we embed M in a larger topological
annulus M which covers all shaded regions (grey and green
online) and add edges to finish a triangulation of M as shown
in Fig. 7(b). Obviously, each coloring of M extends to M
uniquely. We label the outer (respectively, inner) boundary of
M by @ (respectively, 7o), which is a loop with base point ag
(respectively, by). Let (apby) be the thick path (blue online)
from ag to by in Fig. 7(b). Let Ty, T}, and TS<“°bO> be the
Hermitian projectors requiring the group elements associated
with paths [apaia; - - - axzagl, [bob1by - - - b7bg] and (apby) to
be g, h, s € G respectively.

As shown in Fig. 7(b), the vertices along the outer and inner
boundaries of M (i.e., dA and dB) are labeled as ag, ay, .. ., a;

and by, by, ..., by, respectively. Pick any two functions
x Alaiaiyi1}iz01...22 > G, (49)
X Albibit1l}i=0.1...6 = G. (50)

Let T[x] (respectively, T[x]) be the Hermitian projec-
tor requiring ¢ ([a;ai+1]) = x ([a;aiv1]) for i =0,1,...,22
(respectively, ¢([a;ai+1]) = X ([bibi+1]) for i=0,1,...,6).
Obviously, T[x] (respectively, T[x]) is supported on the
thick edges (green online) along the outer (respectively, inner)
boundary of M.

The Hermitian projectors Ty, 7,4, T[x], and T[] com-
mute with each other. It is a straightforward computation to
show that, on H(E M), G),

tr (T,T,“" T [ 1T [x1P(M)) = 1. (51)

Therefore we can label a basis of Ho(M) by g, s, x,and .
To give a graphic representation of the basis vectors, let Dy
be an annulus with colored triangulation (i.e., triangulation
in which some edges carry fixed group elements) as shown
in Fig. 8(a). Gluing M with Dy along the outer and inner
boundaries (i.e., loops @ and @) respectively, we get a
triangulated torus, denoted (—M) Uy D. Let G*®(x, X) be
the set of spin configurations coinciding with x,x on the
corresponding edges [green online in Fig. 7(b)]. Further, let
Z,(¢;Dy) be the Dijkgraaf-Witten partition function on a solid
torus whose surface is (—M) Ugzr Dy, like the one in Fig. 8(b),
with E(M) fixed to ¢ € G*™(x, ). Explicitly, Z, (£;D}) is the
sum of Dijkgraaf-Witten weight over colorings of the solid
torus coinciding with g, s and ¢ on the corresponding edges.
Details of Dijkgraaf-Witten partition function are included in
Appendix A. Here, if ¢ is locally flat (ie., ¢ € Gg(M)) and

(b)

FIG. 8. Graphic representation of |, x; DZ,). (a) An annulus (i.e.,
one-hole disk) with colored triangulation D;. (b) A solid torus whose
surface is (—M) Upz D;. The minus sign emphasizes that the ori-
entation of M points towards the inside of the solid torus according
to the right-hand rule. The two annuli M and D; are drawn curved
and flat, respectively; their shared boundary is the disjoint union
of the two loops @ and w. The state |x,x;Dy) is specified by
(¢1x. T:D) = N'Z,(¢:D3) for £ € GE™(x, 7). where Z,(¢;D) is
the Dijkgraaf-Witten partition function on this solid torus and A is a
normalization factor.

assigns g, s to paths [apaias - - - axzapl, (apbo), respectively,
then Zw(g;Dg) € U(1); otherwise, there is no valid coloring
on the solid torus and hence Z,(¢; DZ,) = 0. Then, the vectors

Z,(¢;D8
Z (f—mof)k) (52)

:eG™ (1.3

%, %:Dy) =

labeled bby X, X»& s form an orthonormal basis of Hy(M),
where G5™ (x, %) := GE™(x, %) N G5™. For v € M, it is
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FIG. 9. An annulus (i.e., one-hole disk) with colored triangula-
tion D;D;. It determines a legitimate coloring and corresponds to a
nonzero state [D}Dj,) if and only if g = shs™".

obvious P, =1 (and hence P} = 1, Vg € G) on these states
by noticing
(€IP,)x. X:D}) = Z,(¢:D}) = (¢|x. 7:DY)  (53)
using the graphic representation of P§ given by Eq. (11) and
Fig. 1(b).
In general, we can consider states presented by other
triangulations of the annulus. Let DyDj, denote an triangulated

annulus carrying fixed group elements g, h, s, t € G on its
four edges as shown in Fig. 9; it is obtained by connecting D,

and Dj. Similarly, gluing M and ngD’h along loops @ and @
gives a torus (—M) Uz DZ,D%. Analogous to Eq. (52), we can
define
_ Z(¢303D)
X T = Y T@m (54)

teGy™ (. 7)

where Zw(g;DéD;l) is the Dijkgraaf-Witten partition function
on a solid torus whose surface is (—M) Uz D;D;l.
‘We notice

Z,(6:DD}) = 2, (£:DY) 2, (DY DD}, (55)
Z,(Dy s DyD) = 8 ns1g(s, 1), (56)

where wg(s, t) is defined as

w(g, s, w(s,t, (st)’lg(st))

a)(s, s 1gs, t) 57)

wge(s, 1) :=

Therefore Vg, h, s,t € G, we have
| X3 DED)) = 8 g1 @g(s, )] X, X3 DY), (58)

which motivates the definition of an algebra D“(G), called a
twisted quantum double of G. Formally, D“(G) is spanned by

i . S
{Dg}g,se G with multiplication rule

D;D;l 1= g ghs1 g8, t)DZt, Vg, h,s,t €G. (59)

More details about D (G) are included in Appendix B.

We have seen that H, (M) factors into
Ho(M) = H(dA) @ H(IB) ® H.(M), (60)
where H(9A), H(dB), and H.(M) are the Hilbert spaces
spanned by orthonormal bases {|x)}, {Ix)}, and {|Dg)} re-
spectively. Using M and Eq. (11) with w[¢, P$] replaced by
Eq. (32), we extend the definition of P} to include vertices on
oM as well. Explicitly,

PS:= Y [Q)olM v;z, gl{cAS

{'eGg(M[”D

; (61)

Vg e G,Vv € V(M), where M[v] = M[v] for v € M° while
M[v] = M[v] U A (respectively, M[v] = M[v] U 8B) for v € 9A
(respectively, v € dB) with M[v] the region made of all plaque-
ttes adjacent to v inside M. They still satisfy Eq. (22). Except
for v = ap and by, Egs. (19) and (20) also hold. Hence {P, :=
ﬁ 3 < P Jvao,py are mutual commuting Hermitian pro-
jectors. Let

Pw=[] P (62)
veV (9A)\{ao}
Py:= [] P (63)

veV (9B)\{bo}

Then |G|VOMI=IT[41P),T[x'] realizes a generic operator
[x){x'| on H(dA). Thus H(dA) describes only degrees of
freedom near dA (i.e., the outer boundary of M). Similarly,
H(0B) describes only degrees of freedom near 9B. Both
H(0A) and H(0B) are irrelevant to classification of particle
types.

Moreover, the operators

N(ng) = |G|VebI-1 ZT[X]TngnPaAT[X], (64)
X

7(D;) = |GV PN T X 1(Thpy,) PTIX1. (65)
X
labeled by DS, Dz € D“(G) and supported near 0A, 0B,
respectively, only act nontrivially on .. (M). Explicitly,
7 (D) x. X:D}) = | x. X: DD}, (66)
7(D})|x. %:D5) = | x. X: DiD},)- (67)
Thus 7 and 7 turn H,(M) into a regular D”(G)-D*(G)-
bimodule; i.e., the left and right actions of D”(G) on H, (M)
specified by m and 7, respectively, are the same as how D“(G)
acts on itself via algebra multiplication.

In addition, an *-algebra structure on D*(G) can be speci-
fied by

(DS)T = wy(s, sTHDY,

p g V&S EG, (68)

where a); (s, s~ 1) is the complex conjugate of w,(s, s~1). Then
it is straightforward to check that

(D)) = (x ()", (69)
(7)) = (7(0}))" (70)
by using the identity [117]

wg(s, )wg(st, u) = wy(s, tu)ws4(t, u), (71)
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Vg, s,t,u € G. We also notice that setting t = s~! and u =

s in Eq. (71) gives w,(s, s7') = ws-14,(s™", 5), which ensures
(DY) =Dy,

Since 7 is a left regular representation of a unital algebra,
it is faithful. So D*(G) can be viewed as a subalgebra, closed
under the Hermitian conjugate, of L(H.(M)). Here L(V)
denote the algebra of all linear operators on a vector space
V. Thus D®(G) is a finite dimensional C*-algebra and hence
semisimple. Therefore D“(G) is isomorphic to a direct sum
of matrix algebras

po(G) LS @cm (72)

«—algebra =

where £ labels the isomorphism classes of irreducible repre-
sentations of D*(G) and V, = (4, V4 ) is a finite dimensional
Hilbert space carrying an representation p, corresponding to
a € Q. Moreover, £()V,) is the algebra of linear operators on
Va; it is isomorphic to the algebra of n, x n, square matrices,
where n, := dim¢ V,. More explanations about this isomor-
phism p are included in Appendix B 5. Let {|a;i)},—;  ,, be
an orthonormal basis of V,. Via p in Eq. (72), we can view
{lasi)(a; j1}§SE 5., as abasis of D(G).

As a D?(G)-D?(G)-bimodule, H,.(M) can be identified
with D“(G) and further get decomposed

Jilinect

H.(M) —>D(G)

~:=®ue & Pa
% PrLow=Pr.ev. @3

ae aen

where V7 is the dual space (spanned by {(a;i|};—;
V4. The normalizations for p on each sector are pleCd
different from p such that inner product is also respected.
As a Hilbert space, it is convenient to write the basis vectors
of L(V,) (respectively, V) as |a;i, J) = |a;i){a; j| (respec-
tively, |a; j) := (a; j|). The default inner product on Viis
given by (a; j’|a; j) := (a; j|a; j'). The tensor product spec-
ifies the inner product on L£(V,); equivalently, (O;|0,) =
tr(0]0,), YO, 01 € L(V,).
By construction, |q; k') (q; k| € D*(G) acts as

m(lg; K (g kDlas i, j) = Squnapla k', j),  (74)

T(q: K'Y as kDlas i, J) = 8ajy.qinlas i, k). (75)

Clearly, each a € 9 labels a topological charge; it can be
detected but cannot be changed by operators supported near
either dA or dB. Moreover, i and j in |a;i, j), i.e., the two
factors of V, ® V¥ in Eq. (73), describe the remaining degrees
of freedom near dA and 9B respectively.

Applying the above analysis of topological charges to the
reduced situation with B=¢ and M= A — B° = A, we can
prove that the ground states on any closed manifold are locally
indistinguishable. Now 7{((M) has only the degrees of freedom
labeled by x along dA. Further, suppose that O is any local
operator inside A (away from 9dA). Then P(M)OP(M) (equal
to the action of O on the ground-state subspace) must be a
scalar, because it commutes with 7'[x] and hence cannot flip
x - Therefore no local operator can distinguish ground states.

FIG. 10. A two-hole disk with colored triangulation D; ® D

To facilitate later discussions, let us describe Ho(M) in more
detail when B = ). The A-complex M used for defining Pj for
v € dM now reduces to a disk whose boundary is a loop @.
With no hole in M, the group element assigned to z must be
trivial. Thus we may also view M as a sphere by identifying
all points of & without affecting the definition of P§. Then,
analogous to Eq. (52), a basis of Ho(M) can be specified by the
Dijkgraaf-Witten partition function on a ball with surface M.

2. Fusion and coproduct

The setup is similar to Fig. 7(a), but now A contains two
spatially separated excited spots B; and B,, and we are going
to analyze the Hilbert space on the region M := A — B} — B;.
We embed M into a slightly bigger triangulated two-hole disk
M with extra edges added along 3B;, 3B, and 04, as we did
for A — B°. The boundary of M is three disjoint loops, i.e.,
0M = (—w ) U @ U @, where the minus sign means that the
orientation of @ is opposite to the one induced from M as
shown in Fig. 10.

Let D, ® D, denote a two-hole disk with the colored
triangulation shown in Fig. 10. Analogous to the case of
one-hole disk (i.e., annulus), the Hilbert space H. (M) rele-
vant to topological charge analysis is spanned by spanned

by {ID; ® D! )}g hseG' It describes the states selected out of

H(EM), G) by P, =1,Vv € V(M°) up to some compatible
colorings x, x; and ¥, of dA, 0B, and 9B,, via the analog
of Eq. (52) on a three-dimensional manifold with surface
(—M) U, 77, Dg ®Dj, (i.e., the genus-two surface obtained
by gluing M with D, ® D}, along loops @, @ and @>). The
minus sign emphasizes that the orientation of M points towards
the inside of the three-dimensional manifold. In general,
other colored triangulations of a two-hole disk with boundary
(—w)Uw; U, can be used to present states in .. (M) as
well.
Using the isomorphism p in Eq. (73), we have

H. (M) D°(G)®?

|D3®D;, ) > Di®D;,
_—

® V‘(ll) ® V(l)* ® V(Z) ® Vg%)*, (76)

ap,aeN
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FIG. 11. Graphic representations of (a) n(D})|D;/ ®D’/,) and
(b) [D;Dy @ D;Df).

where VE.}) and Vé? are Hilbert spaces carrying irreducible
representations corresponding to ay, a; € . The degrees of
freedom Vﬁf)* and Vgé * (in particular, topological charges a;
and ay) can be pinned by operators supported near near 0B
and 0B, respectively. The operators n(D}) for f,r € G de-
fined by Eq. (64) specifies the total topological charge inside
A. The action of 7 (D) is presented in Fig. 11(a). Explicitly,

m(D})[py ® D) = > o' (g h)|D;DY @ D;D,).  (77)
gh=f

fOI'f, g/v ]’l/, r, S/s t/ € G, where

(g, h, ow(r, rgr,r'hr)

' (g h) = (78)

w(g, r,r~'hr)

and |D;D§ ® DZDZ,) is presented by the colored triangulation
in Fig. 11(b). A quick way to check Eq. (77) is to notice
that (D ®D’h|n(D})|D‘; ®D!) corresponds to a solid
torus whose surface is the gluing result of the two-hole
disks in Figs. 10 and 11(a) along @, @, and @,. The
solid torus can be partitioned into two solid tori relating
DZ;Y’ ~ D;DZ,’, DZ” ~ DZDZ' and a prism over the triangle with

FIG. 12. A retriangulation of a three-hole disk is made by replac-
ing loop @y, with loop @»;.

edges w, @y, w,. The prism gives the factor w’"(g, h). Thus
JT(D}) is specified by the coproduct

A :D”(G) — D”(G) ® D”(G);

Dy A(D}) = > o' (g WD, ®D;.  (19)
gh=f

On V((lll) ® V(g) [i.e., a sector of H,(M) with local degrees
of freedom at 0B; and 9B, pinned], the operator n(D}) acts

as (ng ® pfl?) o A, making Vg) ® Vui) a representation of

D®(G). In general, Vﬁl) ® Véé) is reducible

1

Vo' eve =Pt e, (80)

a

with spaces of intertwiners V4% := Hom(V,, V!’ ® V),

where V, is a Hilbert space carrying an irreducible represen-
tation of D”(G) corresponding to the total topological charge
a € Q. The dimension Ng . = dimc V"' counts the number
of ways to fuse a;, a, into a and is called a fusion rule.

To describe more than two quasiparticles, we need to
understand the associative property of any three topological
charges. As before, the topological degrees of freedom are
encoded in the Hilbert space H,(M) with a basis presented
by colorings of a triangulated three-hole disk. However, there
are two natural triangulations as shown in Fig. 12; we can
either group holes 1,2 together by loop @, or group holes 2,3
together by loop @»3. The two triangulations lead to two dif-
ferent bases {|(Dg,1] ®DZ)® Dg)} and {|D§11 ® (D ® Dy} N}
Noticing that changing from the triangulation with @, to
the one with @3 corresponds to a tetrahedron whose edges
are loops @y, @y, W3, W2, Wr3, and wiy3, we get the basis
transformation

| (D, @D;) ® D) = i @ (05 ®D5)
g & w(g1, &2, &3)
In other words, H.(M) can be identified with (D®(G))%? in
two ways

1)

Qa2 : He (M) = (D”(G)®?,

, (82)
|(Dy, ® D) @ D) = Dy @ Dy ® D,
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FIG. 13. Graphic representation of R|D} ® Dj,).

@123 : HaM) = (D?(G))®S,

[y, ® (0, ® D)) = Dy ® D2 @ D,

(83)

with the basis transformation encoded by the Drinfeld as-
sociator ¢ := ) ., o(f, g h)"'Dj ® D, @ Dj, [ie., ¢pA =
©123) © <P(_1é)3(A), YA € D*(G)®?].

Three copies of Eq. (73) give

(Dw(G))®3 _) @ ® V(n) ® V(n)* (84)

aj,ar,a3€ n=1

('l) (n)

where V" = (o{”, V{") is an irreducible representation of
D?(G) on a Hilbert space Va(f). Since ¢ does not act on
local degrees of freedom ng)*, we can safely fixed a state
of VI* and just consider ®>_, V" for describing fusion
and braiding processes. However, to interpret the states, we
need to specify whether we are using @23 or @23 by
writing @._, V" as either (V) @ V)@ VY or VIV @
(V(z) (3)) Under ¢(12)3 (respectively, ¢i(23)), the action of
D?(G) defined by Eq. (64) is given by (A ® id) o A [respec-
tively, (id ® A) o A]. Moreover, the basis transformation is
presented by the action of ¢ on ®” 1 ng).

The above discussion can be generalized to any finite
number of excitations. For example, the topological de-
grees of freedom associated with four topological charges
aj, ap, az and a4 can be expressed in any one of the
forms ((V(l) (2)) ® V(3)) ® Vé:), (V(l) (2)) ® (V(3)
V), and VY @ V2 @ (v @ Vi)).

3. Braiding and universal R matrix
Let us define an operator R to decribe the braiding of any
two anyons. Graphically, R|D; ® Dj,) is presented by Fig. 13.
Explicitly, in the original basis {|DZ‘, ® DZHg steG labeled

by the colorings of the triangulated two-hole disk shown in
Fig. 10, we have

R|D} ® D},) = | DD}, ® D}), (85)

— ! ! 4
where D¢ := 3" ; D} acts on Dj, as DD = =Dy

scribing the change of D, as it moves along loop ;.

\Df,, de-

— t —
o ass) L5
a a a a >a:
1 2 3 4
B Bos B
A 12 23 34

FIG. 14. Creating four quasiparticles of topological charges a, @,

a, @ at spots 1,2,3,4 (red online) respectively in two different ways

49837 and (aS?)" BT, The operator B (respectively, BIF, (oS¢,

,31”) supported within oval By, (respectively, oval Bs, oval Bps,

rectangle A) creates a pair of quasiparticles at spots 1,2 (respectively,

spots 3,4, spots 2,3, spots 1,4) carrying the labeled topological
charges.

The universal R matrix of D*(G) is

R= Z DS ® D*. (86)

geG
In terms of R, the braiding operator can be express as
R = pR, 87)

where g permutes the two factors of each basis vector
ID; ® D},) (i.e., 9Dy ® D},) = D}, ® D). Under the action of
local operators near | and @, the Hilbert space reduces
into sectors labeled by particles types of the two anyons.

To summarize, the quantum double algebra D*(G) is a
quasi-Hopf algebra and its representations form a unitary
modular tensor category—a special type of braided tensor
category—describing the behaviors of anyons that appear in
the lattice models of twisted gauge theories. Explicit examples
can be found in Appendix B 7.

D. Measuring invariants associated with topological charges

To conclude the discussion of the lattice models based on
twisted gauge theories, we now explain how to define and
detect some key properties of topological charges by simple
and universal measurements.

1. Quantum dimension

To define and measure the quantum dimension associated
with a topological charge a, we consider two different pro-
cesses creating four quasiparticles of topological charges a, @,
a, a at spots 1,2,3,4 as shown in Fig. 14. Let By, By3 and B34 be
the three oval regions containing spots 1,2, spots 2,3 and spots
3,4 respectively. Pick an operator B (respectively, B37, BEF)
supported in oval By, (respectively, oval By, rectangle A) that
creates a pair of quasiparticles with topological charges a, a at
spots 1,2 (respectively, spots 3.4, spots 1,4). Moreover, pick
an operator a3 supported in oval By3; to annihilate a pair of
anyons with topologlcal charges @, a at spots 2, 3. The choice
of these operators can be fixed up to some phase factors by the
normalization

— — -i— — —
aSf(edy) =B B=1, VB=BY BLBE (89
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on the vacuum |Q2). Then ${ 855 B3F1K2) and B{F|Q2) are the
same state and hence there is u, € C such that

s By B 12) = uaBiT1KQ). (39)
Letd, := I’ it is called the quantum dimension associated
with the topologlcal charge a.

In other words, the overlap between (aga) BEQ) and
BEBIEIQ) is uq. Let gy3 be the total topological charge
of quasiparticles at spots 2,3. Then in a basis labeled by
p3, the only component of B “,33“4“|Q) with q,3 trivial is

uu(ozfa) Bis %|Q). Therefore the quantum dimension d, can be
defined and measured by topological charge projectors. Since
topological charges can be detected by braiding, there exists
a projector Pg supported near dR and commuting with the
Hamiltonian requires that the total topological charge inside
a finite region R is q. If | W) is a state with four excited spots as

in Fig. 14 satisfying P* = PB = P& — pB — pP — po —
P(‘f34 = 1, then d, can also be defined and measured by

1 Y| PBs |

L P ©0)

dq (W[W)

where o denotes the trivial topological charge and B; is any
oval region containing only spot j, for j = 1,2, 3, 4.
Now let us compute d, for a € Q in a model of twisted
gauge theory. Pick a representation V, = (pq, V,) for a. Let
e Vi®V,— Cand B, : C— V, ®V; be the two inter-
twiners defined by Eqs. (B19) and (B20). Using the antipode
(S, &, B) given in Egs. (B31)—(B33), we have aqa] = BB =
dimV,. Thus up to a phase factor, eSS BT ALY acts on the
vacuum as

_Ba
C;“m S Ve ® V) ® (Vo ® V)

= (Va® V) ®Va) @V
29, Ve ® (VE® Vo)) @V

ida® - ®ida
e S v eV, ©1)
where the equality in the first line is obtained by noticing
that the state in V, ® V; created from vacuum has trivial total
topological charge. It gets simplified to

(dimVa) 3 pq
— 5

C Ve ® V, (92)

by the fact that the composmon in Eq. (B21) equals identity.
Therefore a§3“ ad D Bas = (dim V,)~ ,B +|€2) up to a phase
factor and hence

dy = dimV,. (93)

Roughly, the quantum dimension d, tells how strongly a and
a are entangled when they are restricted to a trivial total
topological charge.

The diagrammatic presentation used in tensor categories
provides a useful tool in describing the splitting, fusion, and
braiding processes of anyons [14,38]. Let

a/\ =, a\/ = af, (94)

a\/ = Bas a/\ = B4 ©5)

The pair of linear maps oy and B, are picked such that the
compositions in Eq. (B21) and (B22) equal identities, which
are graphically presented as

’ ' (96)

Here a vertical line with label a and an upward (respectively,
downward) arrow is interpreted as the identity operator on the
topological charge a (respectively, a). Convenient normaliza-
tions compatible with Eq. (96) can be picked as

@ = auaz =dg, @ = Blﬁa = dq. 97

Notice that ozg, Ba € VS and hence they just differ by a

phase factor (i.e., 8, = %aag), where o denotes the trivial
topological charge. Further, if @ = a, then og = o4 is already
fixed by the choice of B, via Eq. (96). In this case, s, is well-
defined. It takes values &1 and is called the Frobenius-Schur
indicator [14].

For @ = a, we can measure s, by

(835) B3 %

in the setting of Fig. 14, where (,32“) is supported in oval
Bys and annihilates a pair of anyons both of topologlcal
charge a at spots 2,3. The operators B{y', B35, B34 can be
compared with 8} by hopping operators. For i= l 2,3, let
Of be an operators supported on the oval B;;y that moves
a quasiparticle of t0p010g1ca1 charge a from spot i to spot
i+ 1. We can require Bis = (0508 Biy, B = OSOLBiY
and B5¢ = Of(O5)' B on |Q). Then it is easy to see that
the measurement of s, via Eq. (98) is well-defined, i.e.,
independent of the remaining freedom of adding phase factors
to Of, 03, OF, and B

|Q>— /3 ' 1), (98)

2. Braiding statistics

In Fig. 15, the hopping processes of a single quasiparticle
of topological charge g € 9 between the three spots (red,
blue, and grey online) can be made by operators U, OF, U]
supported near the corresponding arrows. To resolve the phase
factor ambiguity, we require U, 1! O3 = 1 in moving a single
quasiparticle starting at spot 2. Then

UosUP v @ Vv K vy g y@, (99)

USOSUSUE OSUY - VP @ V) 15 v @y
braid topological charges a, b € 9 initially at spots 2 and 3,
where Vflz) and V[(f) are the corresponding representations.
When a = b, the action of R, denoted R%, is precisely
captured by Eq. (99). When a # b, we cannot fixed the phase

(100)
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FIG. 15. Two anyons of topological charge a and b at spots 2 and
3 are braided by Uf OSU, where U, OF and U; are the hopping
operators (for topological charge ) indicated by and supported near
the three arrows, respectively.

factor of U OSUY . Only R?, called the monodromy operator,
is well-defined via Eq. (100).
Graphically, R®® : V, @ Wy, — W, ® V, is presented as

b\/\(a = Rba.

where V, and W, are irreducible representations for a, b € £,
respectively.

In general, R*® is a matrix even when restricted to a
definite total topological charge ¢, because N, may be greater
than 1. To get a simple scalar out of R®%, let us consider a
process beginning and ending with the vacuum as follows.
First, we create four anyons at the spots positioned as in
Fig. 14; a pair of anyons with topological charges a, a (respec-
tively, a, @) are created at spots 1,2 (respectively, 3,4) with
an operator ({3 (respectively, B&7) supported in oval By,
(respectively, B34). We normalize these operators by

aiy (i) = (B37) B =1
on the vacuum. Second, the anyons both with topological

charge a at spots 2,3 are braided by U§O5U} as in Fig. 15.

Finally, o8 (8%%)" annihilates the four anyons. Then the fopo-
logical spin 6, associated with a € £ is the phase factor of
9“. Ga(pad\yjamarja(, @a\T paa
7 = (Ll (B35') UFO3US (a]5) Bi192),
a
whose amplitude specifies the quantum dimension d,, as well.?
Graphically, this equation is presented as

(101)

(102)

(103)

(104)

3If d, > 1, the total topological charge of spots 1 and 2 becomes
unfixed after the braiding of the two a anyons (at spots 2 and 3).
Hence it is also clear that this braiding does not commute with any
braiding process of an additional anyon around spots 1 and 2 together
distinguishing their fusion channels. Thus d, > 1 is a criterion for a
to be non-Abelian; an anyon with quantum dimension greater than
one must be involved in some noncommutative braiding processes.

where d% on the right-hand side comes from the different
normalization conventions set by Egs. (97) and (102). For the
models of twisted gauge theories,
1
0y = d—tr(pR, Va ® Vq), (105)
a
where  ©: Ve ® Vi = Ve ® Va; vV @ 0P 15 0@ @ v,
and tr(pR, V, ® V,) is the trace of pR over V, @ V,.
For a # b, the monodromy operator R> = R%*R®® is

diagonalized in the basis with definite total topological charge.
Explicitly,

R? = RUOR = b idyas,
eaeb ¢

on the sector with definite total topological charge ¢ [14].
Analogously to the discussion of topological spin, we are
interested in the following process. First, four anyons with
topological charges a, a, b, b are created at spots 1,2,3,4
positioned as in Fig. 14 by operators B 857, where By, B27
are supported on ovals Bj,, B34, respectively, and normalized
in a similar way as in Eq. (102). Second, a monodromy
operator braiding a and b is realized as in Eq. (100). Finally,

the four anyons are annihilated by (85’ 3[’4E )¥. The expectation
value of the whole process on the vacuum |€2) is

1 0. d
Sap = = NE = d
ab dadb a@ g} ab Haeb dadb’

(107)
1

where the factor Tode is from the normalization difference
a —

between (B BH = (BY)TBY =1 on |Q) and Eq. (97).
In the literature [14,38], S, are often rescaled to Sy =
d%‘g" Sap and put into a matrix form S = (Sqp)4.pen, called
the fopological S matrix, which is closely related to a modular

transformation of torus [108,109]. Here

D= Z dz
ae

is called the total quantum dimension. For the models of
twisted gauge theories,

(106)

(108)

zb = Sﬁb = tr((pR)z, Va ® vb)a (109)

dady

wherep: VW - WRV; v Q@ w = w Q v is the permu-
tation operator acting on the tensor product of any two vectors
spaces and tr((pR)?, Vo ® Vp) is the trace of (pR)*> over
Vo @ Vp.

III. TWISTED FRACTON MODELS

We now introduce generalizations of two paradigmatic
three-dimensional gapped fracton phases: the X-cube model
[61] and the checkerboard model [60,61]. Instead of reviewing
the Z, variants of these models, which have been intensely
studied recently, we will introduce general versions of these
models based on a finite Abelian group G (with identity ele-
ment denoted 0) and get them generalized further by twisting.
We note that in contrast with the original formulation of the
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FIG. 16. The cubic lattice A for X-cube models. Spins labeled
by an Abelian group G lie on faces. The generalized gauge trans-
formation A flips spins by g (respectively, —g) on the faces marked

@ (respectively, ©). The cross section X is the intersection of A
with the plane z = % (cyan). The arrowed arc (cyan) indicates the

z flux of the associated cube.

X-cube model, where spins were defined to live on links of a
cubic lattice, here we formulate this model on the dual lattice,
where spins live on faces of the cubic lattice.

A. Twisted X-cube models

Given a simple cubic lattice A, we pick the coordinates
such that its vertices are in Z> as shown in Fig. 16. Each edge
(respectively, face, cube) is labeled by the coordinates of its
center. Let A” (respectively, A', A%, A%) be the label set for
vertices (respectively, edges, faces, cubes), whose elements
are usually denoted as v (respectively, ¢, p, ¢). Then

A'=A UAJUA]L (110)

where A} = A%+ (5,0,0), A} = A°+ (0, 3,0), and A! =
A% + (0,0, %) are the sets of x, y, and z edges (i.e., edges lying
in the x, y, and z directions) respectively. Similarly,

2

A*=ALUALUAZ, (111)

where A2 =A"+(}.3.0), AL =A"+(0.5.%) and
Aix =A%+ (%, 0, %) are the sets of xy, yz, and zx faces (i.e.,
faces perpendicular to the z, x, and y directions), respectively.

In addition,

3 0 1
A =A"+1a, 1. (112)

In the following, we would like to consider a cubic lattice
on a three-dimensional torus T°, obtained by identifying
(x,y,2) ~ (x+ Ly, y,2) ~ (x,y + Ly, 2) ~ (x, y, 2 + L;) with
L., Ly, L, € Z describing the system size. Such a lattice has
vertices A? = Zy, x Zg, x Zp, and the infinite case can be
viewed as its thermodynamic limit.

Given any region I of A, let A"(I') forn =0, 1, 2, 3be
the label sets of the vertices, edges, faces, cubes contained
in T, respectively. Similarly, we may define sets Al(T"),
AZ,(T') and etc. For instance, ¢ € A*(I") means ¢ C T with

¢ € A? viewed as the region occupied by the cube ¢ (bound-
ary included). In particular, ¢ € A*(I") implies A"(c) C

A'(T),Yn =0, 1, 2, 3. For any cube c, A’(c) = {c} and
A2(c) [respectively, A'(c), A%c)] is the set of the six faces
(respectively, 12 edges, 8 vertices) of c.

1. X-cube model based on a finite Abelian group

Let G be a finite Abelian group,* with O denoting its
identity element. A local Hilbert space (also called a spin for
short) spanned by an orthonoraml basis {|p, g)} ¢€G is assigned
to each face p € A%. Then the Hilbert space associated with
any region I' of A, denoted H(A%(T"), G), is spanned by

Q) 1p. 2.

peEAX(T)

[9) := (113)

with @ € GA®_ where GM T := Fun(A%(I"), G) is the set of
functions from A%(T") to G. Each element of GA*() specifies a
spin configuration on I'. On the whole lattice, the total Hilbert
space is H(A2, G).

For each vertex v, we define a function «, from A2 to Z,
which maps p = (p*, p’, p*) € A% to

k(p)i= Y (DT

seA%(p)

(114)

Graphically, «, is presented in Fig. 16; its value is +1 (respec-
tively, —1) on faces marked @ (respectively, ©) and zero on
all faces not adjacent to v.

In an untwisted X-cube model, Vg € G, a (generalized)
gauge transformation operator AS associated with each vertex
v can be defined as

AS = Y10+ k) (9.
BeGA?

(115)

Clearly, it is supported on the twelve faces adjacent to v.

If G=7,=/{0,1}, then All) is the product of the Pauli
operators o on the twelve faces. As v labels a cube of the
dual lattice and the twelve faces corresponds to the edges of
this cube, A is an X-cube operator in the dual lattice. Thus
the original X-cube model [61] is a special case of the family
of models we are constructing here.

In addition, supported on each cube ¢ € A, we have
(generalized) flux projectors

Bii= )" Sas-a0000) P, (116)
DeGA @

Bl:= ) Syow-ns@ol?) (. (117)
PeGA©

Bii= > Sypieraneol?) (@, (118)
PeGA©

B, := B'B)B’, (119)

“In order for generalized gauge transformation operators defined
by Eq. (115) to commute with each other on different vertices, G has
to be Abelian. This is quite different from conventional lattice gauge
theories and this is why realizing non-Abelian fracton phases is a
nontrivial problem.
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where 0,9 (c) :== ¥ (c +(3,0,0)) —9(c — (3,0,0)) and
0,0, 9,9 are defined analogously. As in Fig. 16, the zx and
vz faces of cube ¢ can be thought as edges of the square with
an arrowed arc; thus, B can be understood as a projector
requiring the z flux of cube ¢ to be trivial.

It is straightforward to check that Vv, vy, v; € A%(N),
Ve, co, ¢1 € A3(A), Vg, he G,Vu,v € {x,y, z},

ASAT = A8t (A8 = A7¢, (BY)' = B, (120)

[A8 . Al ] = [A8, B!] = [B".B!] =0. (121)

Thus we have mutually commuting Hermitian operators

1
Ay = — A,

122
Gl (122)

geG

associated with vertices, which also commute with flux pro-
jectors. Finally, we arrive at the Hamiltonian of the X-cube

model, which is
- Z Av - Z BCa

veAO ceN3

(123)

with ground states specified by A, = BX = B, = B = 1. As
we will compute, the ground-state degeneracy of the un-
twisted X-cube model on a lattice A with underlying manifold
T3 and vertices A = Z;, x Zy, x Zj_is

GSD(A) = |G Etbtla=3,

(124)

As log, GSD(A) is negligible compared to L,LyL, in the
thermodynamic limit, the model is gapped.

2. X-cube models twisted by 3-cocycles

The X-cube model based on an Abelian group G can be
twisted by 3-cocycles slice by slice. Let X7, Ey and X} denote
the intersection of A with the plane

x=i—1%, Vi€, (125)
y=j—13% Vjel, (126)
i=k—1%, VkelZ, (127)

respectively. For example, the cross section % is shown in
Fig. 16.

Each cross section is a square lattice, whose vertices (re-
spectively, edges, plaquettes) correspond to the edges (respec-
tively, faces, cubes) of A intersected by the plane. Let E (X)),
E (E?) and E(X;) be the set of edges with orientation chosen
as in Fig. 1. By restriction, each ® € G** gives 9 € GE™),
9 € GE®) and 97 € GF. We notice that BY, BY and B are
then the flux projectors for these square lattices. A complete
triangulation of each cross section is made as in Fig. 1.

Let @ be an assignment that assigns 3-cocycles w7, a)],
w; € Z3(G,U(1)) to the slices X7, Ey ¢ respectively. For
any region I' of A, let

Gy’ = {9 € GNT | B|9) = |9), Ve € A},

(128)

whose elements are called locally flat spin configurations on
I'. For each vertex v and g € G, we define an operator

PS = Z

AZ(A[v])
VeGy

[ wlA, v; 0, gl (P — kgl (129)

supported on A[v] (i.e., the region made of cubes adjacent to
v inside A), with

[El USRS g]
olh vt gli= . (130)
Mgz [E:f+1t U,l? — k8. 8]

where tiv =v=x (2, 0,0), v £ (0, 2,O), v+ (0,0, %) for
WU = x,y, z respectively. In addition, X!, is the cross section
perpendicular to the p direction and containing tfv as
a vertex. As an example, X_ = X7 (cyan online) for
v=(1,1,1) in Fig. 16. A local coloring of T!, near tjv
is made by both & =9 and & —k,g € G2 “V. Then
a)[Z,’fi, t,fv;&, gl denotes the phase factor specified by
Eg. (32) as in the quantum double model on X', twisted by
the 3-cocycle assigned to X!,

In a periodic lattice A with L, Ly, L; > 2, each vertex
is regular. Thus a)[Evi,t v; &, g] can be represented as a
pyramid P$ as in Fig. 1(b) with bottom colored by & and
computed by Eq. (12) with the replacement

v=23 [01] [13] [34] [46] [56] [35] [23] [02]
o+ 120 010 100 210 120 010 100 210°

-2 =2 72 7 7 2 -2 =2
(131)

i.e., replacing [01], [13], ... by the vertical faces (colored by
&) centered at tiv — é(l 2,0),1; v — é(O 1,0), ... respec-
tively. Here 1s short for 41 5 (@, j, k). For the vertex labeled v
in Fig. 16,1 v+{120, 010 .
(of the cubes ¢, ¢’) that mtersect withz = 3 (cyan online) and

v+ 120, 010 ..} their translation results by one unit in the
Z dlrectlon Permutmg the x, y, z coordinates in Eq. (131) gives
the expressions of w[ X/, , tffv; g, glforu=x,y.

..} denote the elght vertical faces

Let P® denote the same pyramid over v as P§ in
Fig. 1(b) but with the middle edge oriented as [v'v] (i.e.,
pointing downwards) and colored as [v'v] = g. We notice

that w[%,,, 15 v;0 — k8, g™ equals the Dijkgraaf-Witten
weight on Pt+v (over t+v on X!',) with top colored by ¥ —

kyg. By graphlc arguments similar to those given in Figs. 2
and 3, we see that Vv, v, v; € A°, Vg, h € G,

(P =pre, PEPR=pETh[PSPR]=0.  (132)
They actually hold with P§ well-defined by Egs. (129) and
(130) even if the periodic lattice A has L, =1 for some
M =x,Y2.

Therefore we have mutually commuting Hermitian local

projectors

(133)

:_Zg

geG

labeled by vertives. If all 3-cocycles are trivial, then P, re-

duces to A, [ [, Bc, Where ¢ > v means that ¢ connects to v.
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The Hamiltonian of the twisted X-cube model on a periodic

lattice A is
- P

veAl

(134)

with ground states specified by P, = 1 for all vertices.

To help the reader get acquainted with our notations, let us
use Pauli operators to express two simple examples. First, in
an X-cube model based on G = Z, = {0, 1}, there is a qubit
on each face and a projector

B = %(l—i_oj-s-%oaj—%(f;%(jj—%)’ (135)
on each cube ¢, where ¢ + % (respectively, ¢ — 100 ,Cc+ 0;0’
c— %) denotes the front (respectively, back, left and right)
face of the cube c. Physically, B: requires the z flux of ¢
to be trivial, as illustrated by the arrowed arc in Fig. 16.
Moreover, the projectors B and By are expressed analogously,
B. = B:BB, and P~ =[], B with ¢ 3 v denoting that
¢ connects to the vertex v.

Suppose that cross sections %} for all k are twisted by w
in Eq. (24) in the model based on G = Z,. Up to a basis
transformation U = [[, U; with U a finite-depth quantum
circuit defined analogously to Eq. (28) for X7, we can express

PE=D ag
) (%) T8 [T

v pav

P = (M- (136)

where the factor —i™+ comes from the twisting of X%, and

¢4 is given by Eq. (29) with [01], [13], . . . replaced by v —
%(1,2, 0), tiv— —(O 1,0), ... asin Eq. (131).

As another example an X- cube model based on G = Z; X

Zy x Z, (with elements shortly denoted as 000, 100, .. .) con-

tains three copies of Pauli operators {o\/"* Y2133 on each face

p, leading to BY , respectively. Then B, = ]_[ B(j ) requires

the flux triviality, P°®° =[], B, and the untw1sted PO =
P - TT,., oV Twrstlng each of =/, by w in Eq. (30) adds
to P! two more controlled-Z operators analogous to those
in Eq. (31). The other two generators P10, PYL of Pf are
expressed similarly.

By analogy to quantum double models, we expect that
quasiparticles violating B, = 1 would show some features of
semions or non-Abelian anyons in these two examples, which
will be further studied in Sec. VI.

B. Twisted checkerboard models

A three-dimensional checkerboard A, as shown in
Fig. 17(a), is obtained by coloring half of the cubes grey in
a cubic lattice. Let A2 (respectively, A?) be the set of grey
(respectively, blank) cubes. Let A? be the set of vertices. We
also divide A° into two groups A(.) and Ag, marked e and o,
respectively, in Fig. 17(a). In the chosen coordinates,

A ={(, j, k) e A® | i+ j + kiseven}, (137)

A ={(i, j, k) e A® | i+ j +kis odd). (138)

Notice that all the grey (respectively, uncolored) cubes are
centered at A(,) + %(1, 1, 1) ([respectively, Ag + %(1, 1, D].

i

(a) Three-dimensional checkerboard A

<2

yM

A
BNVAN
NN

(b) Triangulation of ¥} with k odd.

Vy U3

N

i

e
D
\\

e
il

(¢) Triangulation of ¥} with k even.

FIG. 17. (a) The three-dimensional checkerboard A with vertices
marked as either e or o. The cross section X} is the intersection
of A with the plane z =k — %, such as X} (cyan). [(b) and (c)] A
branched triangulation (red) of X7 with the positions of vertices of
A on the plane z = k included. Permuting x, y, z cyclically gives
triangulations of ¥} and %7. Some vertices on z = 1 and some cubes
intersecting with z = % [cyan in (a)] are labeled in (b).

For an infinite system, A° =73,
discussion, however, we prefer to identify (x,y,z) ~
(x+Le,y,2)~(x,y+Ly,2) ~(x,y,z+L;) and consider
the resulting checkerboard on T3, where L,, Ly, and L, need
to be even integers in order to be compatible with the checker
pattern. Such a lattice has vertices A° = Zy, x Zy, x Zp, and
the infinite case can be viewed as its thermodynamic limit.

In the following
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Since the checkerboard is just the cubic lattice with a
checker pattern, we can use notations introduced for the cubic
lattice with or without decoration. For instance, A3(T") stands
for the set of cubes inside region I' and its subset of grey
cubes is denoted by Af(F) = Af N A3(D). In addition, P2
still denotes the intersection of A with the planex =i — % but
now it is not only a square lattice but also a two-dimensional
checkerboard.

1. Checkerboard model based on a finite Abelian group

Let G be a finite Abelian group, with O denoting its identity
element. A local Hilbert space (also called a spin for short)
spanned by an orthonormal basis {|v, §)},cq is assigned to
each vertex v € A°. Thus the Hilbert space associated to any
region I of A, denoted H(AT), G), is spanned by

)= Q) v, ?w)

veAO(T)

(139)

with © € GA’D) | where GA’(™ := Fun(A%(T"), G) is the set
of functions from A%(I") (i.e., the vertices in I') to G. Each
% € G0 specifies a spin configuration on T'. On the whole
lattice, the total Hilbert space is H(A?, G).

For each grey cube c, let 1. : A° — {0, 1} be the indicator
function of A°(c), which has the value 1 on each vertex
of ¢ and 0 on any vertex not in c. For g € G, we define a
(generalized) gauge transformation operator

AS:= Y |9+ 1.g)(9]

DeGA?

(140)

to flip spins on all the vertices of c. Clearly, it is supported
on c. In addition, let (—1)” : A — {1, —1} be the function
which has the value 1 on each v € A and —1 on each v €
AY. For each grey cube ¢ € A2, we define a (generalized) flux
projector (supported on c) as

Boi= Y 8%, o ool @l (14D)
9eGA?
It is straightforward to check that
(A" =Az8, AsAh =A% B =B,  (142)
(A A ] = A8, B ] = [Bu B =0, (143

Ve, ¢y, c1 € Af, Vg, h € G. Thus we have mutually commut-
ing Hermitian operators

1

— 8

e “

geG

(144)

associated with grey cubes, which also commute with flux
projectors on grey cubes. The Hamiltonian of the checker-
board model is then given by

H=-)" (A+B.),

cEA]

(145)

whose ground states are specified by A, = B, = 1. As we will
compute later, the ground-state degeneracy of this model on
a checkerboard A with underlying manifold T> and vertices
AO = ZLX X ZL),- X ZL: is

GSD(A) = |G| Exthtlo=6, (146)

As log,; GSD(A) is negligible compared to L.L,L; in the
thermodynamic limit, the model is gapped.

For G = Z,, the model reduces to the original checker-
board model defined by Vijay, Haah, and Fu [61].

2. Checkerboard models twisted by 3-cocycles

To relate the checkerboard with a lattice model of gauge
theory, let us look at one cross section X first and triangulate
it as in Figs. 17(b) or 17(c). Let A"(X}) be the set of n-
simplices in this triangulation. In addition, we denote the set
of edges with e or o mark by E(X;), which gives a new square
lattice structure of the two-dimensional checkerboard. Let
Af[Ei] (respectively, Ag[Z,f]) be the set of grey (respectively,
blank) cubes intersecting with 32, which obviously labels the
plaquettes (respectively, vertices) of the new square lattice
structure of X. Similarly, let Al[Z{i] be the set of edges in A
that intersect with X7; each £ € A'[X]] is assumed oriented
toward the positive direction of z. Then there is a one-to-one
correspondence between E(X;) and Al [2{]; for example, the
edge [cjc7] in X] shown by Fig. 17(b) corresponds to [vyv;]
in Fig. 17(a). Hence we will simply write E(X) = Al (2]
and use them interchangeably.

Given ¥ € G, if we color £ = [vv'] € A'[Z] by

90 (L) ;== (') — *(v). (147)

Then, for X7, we notice that B, at ¢ € Af[Z,ﬁ] works as a
flux operator and that A‘f}c with ¢ € Ag[Ei] works as a gauge
transformation operator, where ;"¢ (respectively, . ¢) is the
grey cube above (respectively, below) ¢ € AS[Z;]. Based on
this observation, we construct a twisted version of A%, denoted
PS¢, below.

To prepare for the definition, for any region I' of A, let

Gy = (9 €GN | B.J9) = [9). Ve € AAD)), (148)

whose elements are called locally flat spin configurations on
I". Moreover, for each cube ¢ € A3, let A[c] be the region
made of the cubes whose intersection with ¢ is not empty.
Since dA =@ here, Alc] is a cuboid region of size 3 x
3 x 3 centered at c¢. Translating ¢ by a unit in the positive
(respectively, negative) u direction gives a cube denoted t; c
(respectively, 1, ¢) of color different from c, for u = x, y, z.

For grey cube ¢ centered at (¢*, ¢, ¢*) + %(1, 1, 1), let

PEi= > [D)wlA ;0. gl (¥ — 1l

0 .
l?EGg (AleD

(149)

Vg € G, supported on Alc], with

w[ZX, 17c; 89, (1) g]
o[ZF, . tFe a0 — 1eg), (—1)g]
w[Z)_ 1790, (1) g]
o[B80 — Lg. (—1)g]
oS 1790, (=1 g]
o[TZ, e 00 = 10g), (—1)7g]’
(150)

ol[A, c; 0, gl =
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where X!, (respectively, /") is the cross section of A pass-
ing the center of t+c (respectlvely, 1, ¢) and perpendicular to
the o direction. The phase factors w[Eéﬂ, 1,¢ 0, (—l)"vg]
and w[EHr, t+c; (v —1.9), (—l)cvg] are defined by Eq. (32);
they are the phase factors appearing in the gauge transforma-
tion (—1)¢" gon =L, twisted by the 3-cocycle assigned to X%,
Analogous to Eqs (132), these operators satisfy
(P$) = P75, PSP =PEh [PS.PI] =0,

€00 ¢y

(151)

Vg, h € G, ¥c, ¢, ¢c; € A2. Thus we have mutually commut-
ing Hermitian local projectors labeled by grey cubes

1
Po:=— > P¢

(152)
|G| poor
and the Hamiltonian of twisted checkerboard model
- P (153)

ceA3

with ground states specified by P. = 1 for all grey cubes.

In order to clarify our notations, let us express some
simple examples explicitly in terms of Pauli operators. First,
a checkerboard model based on G = Z; = {0, 1} contains
a qubit at each vertex. For each grey cube c €A, B, =

L1+ Tyee 09 and P& =T, ensienesn B If the model

is twisted by w in Eq. (24) along EZ , Vk but untw1sted along
any X7 and 27 then [up to a finite-depth quantum circuit
analogous to Eq. (28) for each 7]

— PE0 (=) (=) o,

vec

p=n (154)

where CZ :;Z; 2358(1_ 7z)+ ;(L—oj 05,

(oo pa )+ — 050520505 _2) and %, is expressed
similarly w1th v replaced by v+ 2z. We write z for short
(0,0,1) and the positions of vertices {v;} =1, g are shown in
Figs. 17(a) and 17(b).

In addition, a checkerboard model based on G = Z, x
Zy x Z, (with elements often shortly denoted as 000, 100,
--) contains three qubits on each vertex v, manipulated

by Pauli operators {o,\/" Y2153 We thus have BY for j =
1, 2, 3 on each grey cube c. Together, B, = Hj:l BY
requires the flux triviality, P2% = [.cpe.onenp Bers and P =
F(PY0 4 p100)(PX0 4 pOI0Y(PO00 4 PO Because ¢ and cf
are inequivalent in Fig. 17(b), the branching structure there is
inconvenient in defining P, although it gives a simple gauge
field interpretation of A, and B.. As change of branching
structure only alters the definition of P? by an unimportant
finite-depth quantum circuit, we can use an alternate one
that orders vertices of X} (respectively, X7, Ej) by their x
(respectively, y, z) coordinate to get P§ expressed uniformly.
Now, for instance, ¢] < ¢g < ¢ in Fig. 17(b). Suppose only
¥Z_ (cyan online) is twisted by w in Eq. (30) for the cube ¢ in
Fig. 17(a). Then

.....

plo0 — pooo 1)2(1 —o@i0P0)- 3 (1-0D%a %)
c

(1-0P%0 %) (1—o Do) (1x
(=1t JTeM

vec

(155)

Analogously, twisting each of X%, by this w adds two similar
(—1)" factors to P9, po10, and P%1. For simplicity, we
may use H = — ZceA (PlOO + P10 + P90y ingtead to get the
same ground states as H = — ZLGA,; P..

Unlike X-cube models, a violation of B, = 1 cannot always
be removed by string operators in checkerboard models [61],
which are thus expected to realize richer family of immobile
quasiparticles (i.e., fractons) by twisting. Details of their
quasiparticles will be studied in Sec. VII.

IV. GROUND-STATE DEGENERACY ON T3:
TWISTED X-CUBE MODELS

In this section, we consider a cubic lattice A embed-
ded on a 3-torus (i.e., three-dimensional torus) T3, whose
vertex set is A’ =7; x Z; x Z;, with L, L,, L. €
Z. A general method is developed here to compute the
ground-state degeneracy, denoted GSD(A), of a twisted X-
cube model on A. In other words, we are going to deter-
mine GSD(A) of a twisted X-cube model of system size
L, x L, x L, with the periodic boundary condition identify-
ing (x—i—Lx,y,Z) (x,y+Ly,z)~ (x,y,2+ L)~ (x,,2).
In particular, explicit computations will be given for examples
based on groups Z, and Z% =7 X Ly X L.

A. Generic setting

The ground states are selected by the projector

I1~-

veAl

P(A) = (156)

Hence the ground-state degeneracy GSD(A) equals the trace
of P(A). Explicitly,

- XX @[T,

z?eG“2 neGA®

(157)

where (| ], P/)|9) is nonzero if and only if 9 € G}” and
[T, A7) = [9). Let

G ={nec"|

[T 41w =19

veAl

(158)

We notice that GA” is independent of ¥ and that each n € G4
can be specified by the following data:

1o :=1(0,0,0), (159)
I =1, 0,0)—n(i—1,0,0), VieZ,, (160)
o’ == (0, j,0)—n(0,j —1,0), VjeZy,, (161
ani :=n(0,0,k) —n(0,0,k—1), VkeZ,, (162)

subject to Zn 877}, =0, VA=1x, y, z due to the periodic
boundary condition. Therefore

|GY'| = 1G It

(163)
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Any v € ng assigns group elements to the two noncontra-
ctible loops of X{ in the x and y directions, respectively, as

1 1
0 (x) = 'Z z?(z—z,o,k—§), (164)
IGZL,L
ﬁz()'—ZﬁO'—lk—l (165)
k y L ' £ ,] 27 2 £
J€ZLy,
Vk € Zy,. Similarly, for ¥ and E; , we have
OF ) = Y i Loty (166)
. = I — — - =, ,
F0)i= 573
]EZLV
ﬂx()'—Zﬁi—lOk—l (167)
l' Z o« 27 9 2 9
keZp,
9z =Y (0 SR (168)
] Z o 9,] 2’ 2 )
keZy,
D)=y 0 L1y (169)
j L ' 27 ,] 25 E)
IEZLA
Vie Zp,,Vj € ZL,. Clearly, they are subject to
Y= = Y 9, (170)
i€Zy, J€Zy,
=0 = Y ), (171)
J€Zy, keZp,
9= Y i) = Y 9 (), (172)
keZy, i€Zy,

where 0 (respectively, 9%, ) denotes the sum of ¥ (p)
over faces lying in the plane z =0 (respectively, x =0,
y=0).

Thus there are |G|*&ThbF)=3 choices of {97 (u)} (ie.,
the group elements assigned to noncontractible loops of %
for all possible A, n). With {9}(u)} fixed, we can pick:
M oG—3.j—3. k) for 1 <i<Li1<j<L,VkeZ;
(2 9(i—13,0,k—13) for 1<i<L,, 1<k<L; and (3)
90, j — 3,k —3)for1 < j <Ly, 1 <k < L. Intotal, there
are

|G|Br= D= DL (L= DT~ D+ (T, = DL~ 1)

_ |G|LXLszfo*Lv*Lz+2 (173)

different choices of ¥ € G,’g‘2 corresponding to the same
{9 (w)}. Therefore

2
|G£ | — |G|2(Lx+Ly+Lz)_3 X |G|L.tLyLz_Lx_Ly_Lz+2

— |G|l Lat Lyl =1 (174)

1. Untwisted X-cube models

If the model is untwisted (i.e., w = 1), then Eq. (157)
reduces to

GSD(A) = trP(A) =

— |GPLtLAL)=3 (175)

This ground-state degeneracy was already mentioned in
Eq. (124) as we introduced the model.

2. Twisted X-cube models

In a twisted X-cube model, each n € Gf\\o makes a gauge
transformation labeled by 91 uniformly to each vertex of %
for A = x, y, z. Therefore

IR = [T of[r% 07 0), 07 (@), om;]
v I'EZL)L

[T @105, 970 on]]

iGZLy

[T @il 98, 950, ang]. - (176)

i€Zy,

We notice that (¢ [], Pﬁ(”)lﬂ) is a one-dimensional represen-
tation of n € G4". So ZneGAAO (11, P™™|9) = 0 unless the
representation is trivial.

Let ® be the set of all possible choices of {##(v)} making
(|1, P"™|9) a trivial representation of G4’. Since there
are |G|l Ll =L42 choices of 9 € GA” for each selected
{9/ (v)}, explicit computation shows that the ground-state
degeneracy on A embedded in T is

GSD(A) = trP(A)

|G20 | |G|LXL,\‘L;—LA—L_\‘—L1+2 10|

=|O].
T 6]

(177)
So we can get GSD(A) by counting the cardinality of ®. By
definition, |@] < 2(Lx + L, + L;) — 3. So the ground-state
degeneracy of a twisted model is always less or equal to that
of its untwisted version.

Technically, the triviality of (][], P’"’|9) as a represen-
tation of G’ is equivalent to

[T @bl 00 m), 93 e —maa] =1, (178)
neZLk
VO, o v) = (6,5, 2), (.2, %), (2. X,¥), Y € G4 As
[T @h[T® 0] ). 9 (v). 1w — naci]
nGZLA
I W} [T 00 (1), 01 (v), 1]
= A[T3- 92 A
nGZL)\ w;, [T 5 ﬁn <M>a ﬁn <U), 77;171]
-0 k[T 00 (), O (v), 1] 79
nGZL)\ (1)2_,'_1 [Ts; 292\4-1 (I‘L)’ 292\4-1 (U), n"] ’
the condition is further equivalent to that Iyt e 5,
W [T 04 ), 02 v), =] =", VneZy,  (180)

for A = x, y, z separately, where G is the character group of G
and @![T3; 9} (n), 9} (v), —] is viewed as a one-dimensional
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representation of G with “—”" denoting a place holder for a
group element.

To take the constraints given by Egs. (170)—(172) into
consideration, let

Ofy 1= {(a,b) e GY x GL"”|Zan =g,2b,, =h,

n

a)ﬁ[Ta;ana bn’ _] = J/7 Vn € ZL)\ (181)

forg, he G,y € Gand A = X, y, z.In addition, we write

gh'_UOghy (182)
yeG
Then it is clear that
o= J o5,x0),x06;, (183)
f.8heG
Therefore the cardinalities of these sets satisfy
CREDMCHME (184)
yeG
o= > 105,116l (185)

f:8heG

Below, we will explain how to use Eq. (185) to count |®| in

the example based on G = Z% with w(f, g, h) = P A
B. Example: G = Z,
As discussed in Sec. I B 1, we always have
T g = 28 (186)
(g f)

Vf, g h € G. Therefore the ground-state degeneracy remains
unchanged from Eq. (175), i.e.,

92(LtLy+L:)=3
9

GSD(A) = (187)

no matter how we twist the model.

i/ Vg ®n®

C. Example: G = Z3 with o(f, g, h) =
Asseenin Sec. IB2,Vf, g, h € G =7y X Ly X ZL»,

[T f, g, h] = ™ >&h, (188)

We identify G G; in particular, o[T3; f,8—1le€ G is identi-
fied with f x g € G.

To express GSD(A) = |®| in the form of Eq. (185), let
us illustrate the calculation of |@ v Ve, h,y € G, YA =
x,y,z. To be concrete, we would hke to take A =z as an
example. There are many ways to twist the model with w. Let
us discuss case by case.

1. Some simple cases
Case 1. none of X} are twisted.
Clearly, @;h’y =@ unless y =0=(0,0,0). For y =

0, there are |G|~ ways to pick {ﬁ,f(x)}kezlv subject to

Y« Ui {x) = gand similarly |G|E=~! ways to pick {9 (y)}keZLZ
subject to Zk ¥ (x) = h. Thus in total
(189)

|0 | =1GP"78,0 =

h| = Z |@ghy| = g2,

Case 2. X} partially twisted by w.

Suppose that X is twisted by w for k € Z with Z some
proper subset of Z;_(i.e., Z C Z;_). For convenience of later
discussions, let [g, &, y]; be the cardinality of

2L,—2
ey 8225, .

(190)

[g.h vl = 1{(a,b) € G* xG" Y a, =g,

anzh,a,,xbnzy,‘v’n ,

n

(191)

for g, h, y € G and L a non-negative integer, where a, and b,
are the components of a and b respectively. Then [g, &, ¥ ]z
labels the choices of ¥/ (x) and ¥{(y) for k € Z, summed to
g and h respectively. Each cross section X} with k € Z; \Z
remains untwisted. Thus @é,h,y = @unless y =0 = (0, 0, 0).
In detail,

02,1 =8,0 D g1, m, 0] zIGP*"70,
g1, eG

(192)

where |G|*%=~121=1 i the number of ways to pick ¥ (x) and
¥i(y) for k € Z; \Z, summed to g — g and h — hy, respec-
tively. Further, we notice that

L
L
Z [[g’ h9 V]]L = Z Hsanthy = Z 5611><h|,y
&heG a,beGL n=1 a,b€G
22F, =(0,0,0),
=N ! (193)
6%, vy #(0,0,0).
Therefore Eq. (192) gives
|03, | =227 x 82705 (194)
|@§h| = Z |(~)§’h‘y| = 20121 o g2U—1ZI=1) (195)
y

We notice that Eq. (195) does not depend on g, & at all. We
thus have a simple expression for the ground-state degeneracy
if the model is twisted partially in all three directions. Explic-
itly, if XF (respectively, E; Xr) is twisted for i €e X C Z;,
(respectively, jeY CZ;, ke Z C Z; ), the ground-state
degeneracy for a system of size L, x L, x L, embedded on
T3, given by Eq. (185), gets simplified to

GSD(A) = |6

= 22XIHIYIHZI | QALAL AL ~IXI-IYI-IZD=3 - (196)

where |X|, |Y|, and |Z| are the numbers of cross sections Z,’}
twisted by w in the three directions respectively.
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Case 3. X} twisted by o for each k € Z, .
By comparing definitions, we have

|© [g. k. v]L..

Suppose that the model is partially twisted in the x and y
directions. Then |Ozf x| and |Oy | are given by the analogues
of Eq. (195). Together with Eqs (184), (185), and (193), we
get

ghy| (197)

GSD(A) = |©| = 2D XI+1Y Q2L +Ly—IX|=IY])=3
(225 4+ 7 x 65). (198)

If both X and Y are empty, then the model is translation-

invariant and its ground-state degeneracy is
GSD(A) = 82Lt)=3 . 20k 4 7 % 65<) (199)

on a system of size L, x L, x L, embedded in T*.

2. Computation of [g, h, y]L

If the model is fully twisted in more than one direction, its
ground-state degeneracy is much more complicated. To find
an efficient algorithm to compute [g, A, y];, we first notice
that

Hga hv J/]h = S(g X h’ V),

le. ¥l =D [Pa.v]le—p h—q. vl (20D
P.9€G

(200)

which follow from definitions.

To organize the data about [g, &, y];, let’s consider the
group ring ZG? := Z[G x G|, which admits a polynomial
representation

Z[sy, 52, 83,11, 12, 13]
<{s3 - L tj? - 1}j=1,2,3>

7.G* ~ (202)

J

216 (115 449 - 35 4 294 - (—1)" + 168),
17-3E+6- (=1)! —
10- (—D* +38),

[g. k)L = {2t (llL +

2L76 . (11L + 3L _

. @ 42 3 D _q@ 3
We write s :=s{ 55 s§ ,t?: =1t t7 t{ for short, Va =

@V, a?,a®) € G = 73, and construct a polynomial

py(st, 52,83, 01,0, 13) = Y [ hy]yss"  (203)

g,heG

for each y € G. Because of Eq. (201), ,076 as in ZG? (i.e., the

Lth power of pg modulo {s -1, t2 — 1} 12, 3) is
= Z Ig, h, y]]Lsgthmod{sf -1, tj2 — l}j:1,2,3'
g,heG
(204)

Thus [g, &, y]. can be expressed as a linear combination of
(o, (s, 1))" with s, t € Z3, where Z, = {1, —1}. Explicitly,

1
81 V1= 55 D s~ (oy(s. 1),

3
S, t€Z3

(205)

where p, (s, t) stands for the value of p, ats,t € Z;.
For example, po(1,1,1,1,1,1) = Zg,heG [g, h, 0], =22

and po(l, 1,1,1,1,-1) = Zg,heG [[g’ h, Oﬂl(—l)gm =6.
Then Eq. (205) gives
[0,0,0], = 257642 x (=)t + 21 x 3E + 115],  (206)

where each 0 is short for (0, 0,0) € G = Z%. For convenience
of later discussions, we write

[g. Al =) [g h.v]e. (207)
yeG
By direct computation using Eq. (205), we get
ifg=h=0,
24), if g x h =0but (g, h) # (0, 0), (208)
ifgx h#0,

where 0 is short for the identity element (0, 0, 0) of G = Zy X Z, X Z>.

3. Translation-invariant cases

The untwisted X-cube model has translation symmetries (x,y,z) = (x+1,y,2), (x,y,2) = (x,y+1,2) and (x,y,2) —
(x,y,z+ 1). To keep the translational symmetries of the X-cube model, for each direction A =x, y, z, we either twist

it fD o), (3)
:emf gh

all =t by w(f, g h)

or twist none of them. We have seen the ground-state degeneracy(199) if the model is

fully twisted by w in one direction. Now with Eqgs. (184), (185), and (208), it is straightforward to compute the ground-
state degeneracy GSD(A) if the X-cube model is twisted by w in two and three directions. Let us summarize the results

below.
If we twist X7, Vi € Z, and ij, Vj € Zy, but none of

GSD(A) = G172 3" [f. el g M.,

f.8heG

+84. (=1l .3b 484 (—1)b

3l 7 x 35 x 115 47 x 3 x 115,

, then the ground-state degeneracy is

— 2LX+L)»+6L379[252 . (_1)LX+L)» + 77 x 3L;+Lv + 11LX+L‘,

(209)

The result for twisting any other two directions, like y and z, can be obtained by permuting x, y, z
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If the model is twisted in all three directions, then the expression for its ground-state degeneracy becomes

GSD(A) =101 = > [f. gl [e hl, [h f1.,

f.8heG

=2 H LY 1Bt 1155 x 3B bt 49708 - (— 1B R 4 9156[35 - (— )BT
+ 30 (= )EtE g 3 ()] 4 2520[(— 1) - 3B o (— )P L 3L R (e . 3Lty
+ 2520115 - (=BT 4 11b (DB 411 B (= DB 4 841115 30 L (= DE 4 11 L35 (=B
N B P R G N B N S (S L | i L (R N B R S G D o)
AR i R B e e b e e I M | e R L N R L B i i)
+27552[(— )5t 4 (=1t 4 (DB 4 3360[3% - (—1)P + 38 (=1 435 (=1l
430 (D) 4 35 (— )B4 35 (= D)) 4 67235 3Bt 3Lt

+17472[(— D" + (=D 4 (=1)5] + 1344[35 + 35 4 35] + 13440},

Both Egs. (209) and (210) are much more complicated
than we originally expected. In order to double check the
validity of Egs. (199), (209), and (210), we can plug in L, =
L, =L, =1 and find that all of them give GSD(A) = IG|3.
This is what we would expect, as in this reduced case all
operators A,, B. and PS become the identity operator by
definition. Thus GSD(A) is just the dimension of the total
Hilbert space for Ly = L, = L, = 1, which is |G|® as there
are three faces in total. Despite the complexity of the GSD
in the twisted case, it could be calculated straightforwardly
within our framework. As in the second-to-last paragraph of
Sec. IIC 1, it can also be proved stable to local perturbations
with using the results in Sec. VI A. The key point here is that
the GSD for twisted fracton models depends explicitly on the
system size, thus revealing the dependence of these phases
on the geometry of the system. Moreover, we have noticed a
dramatic change of GSD from partially twisted fracton models
to fully twisted ones. As we will see in Sec. VIE2, the
qualitive difference are reflected on their excitations as well,
for which we introduce the notion of inextricably non-Abelian
1d mobile quasiparticles.

V. GROUND-STATE DEGENERACY ON T3: TWISTED
CHECKERBOARD MODELS

In this section, we consider a checkerboard A embedded
on a 3-torus (i.e., three-dimensional torus) T3, whose vertex
setis A® =Z;, x Z1, x Z;._ with L,, Ly, L, even integers.
A general method is developed here to compute the ground-
state degeneracy, denoted GSD(A), of a twisted checkerboard
model on A. In other words, we are going to determine
GSD(A) of a twisted checkerboard model of system size
L, x L, x L, with the periodic boundary condition identifying
(.X +LX7 s Z) ~ (.X,y +Ly7 Z) ~ (.x, y7Z+L2) ~ (-x1 Vs Z)' Be-
low, let us first describe our calculation method in a generic
setting and later illustrate it by explicit examples based on
groups Z and Z3 = Zn x Z x L.

A. Generic setting

As a reminder, spins labeled by group elements of G
are on vertices and the projectors P, are associated with

(210)

(

grey cubes ¢ € A3. In this section, we will use a triple of
integers (c*, ¢, ¢®) to label the cube centered at (¢*, ¢”, ¢*) +
31,1, 1).

The ground-state Hilbert subspace is the image of the
projector

P(A) := ]_[ P..

A3
ceA;]

@211)

So the ground-state degeneracy GSD(A) equals the trace of
P(A). Explicitly,

trP(A) = ﬁ Z Z (9] 1_[ PL7(C)|19),

9eGh® neGri cEA]

(212)

where (9| ], P"™|9) is nonzero if and only if ¥ € G}’ and
[Tecas AT€19) = [9). Let

A3

Gy = {neG™ | A =)

ceA?

(213)

We notice that Gf is independent of ¥ and that each € Gf
can be specified by

m =00, 1, 1), n:=n(1,0,1), n3:=n(1,1,0), (214)
an :=n(i,0,0) —n(i —2,0,0), Vieven, (215)

ani :==n(, 1,0) —n(i — 2, 1,0), Viodd, (216)

87)? :=1(0, j,0) — n(0, j — 2,0), Vj even, (217)

8173.' :=1(0, j,1) —n(0, j —2,1), Vjodd, (218)

an; :=n(0,0,k) —n(0,0,k —2), Yk even, (219)

ong :=n(1,0,k) —n(1,0,k —2), Vk odd, (220)

subject to the constraints

dlogkt=) k=0, Yu=xy-z (221)

n odd neven
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Therefore

A3 4L—
[GA*| = 161, (222)

Each o € G,’g‘o assigns group elements to the two non-
contractible loops of X; in the x and (—l)ky directions,
respectively, as

i) = (=D Y (=189, 0, k), (223)
iEZLX

90 = (=D Y (=1)/a.0(0. j. k), (224)
jEZLy

Vk € Z;,, where 9.0(, j,k):=90,j k)—90, j,k—1).
The branching structure is shown in Fig. 17. Similarly, the
group elements along the noncontractible loops of X7 in the y
and (—1)iz directions are

950 = (=D Y (1Y a9, ), 0), (225)
jEZ[_y

91 (z) = (=D Y (19,0, 0, k), (226)
kEZL:

VieZr,, where 0,0, j, k):=90, jk)—0(—1,}j k).
The group elements along the noncontractible loops of Z; in
the z and (—1)/x directions are

97(z) = (=1 Y (=1)9,0(0, j. k), (227)
kEZL:

97 (x) = (=1 Y (=109, 0, k), (228)
i€Zy,

Vj€Zy, where 0,0(, j k):=v0, jk)—0G j—1,k).
Clearly, they are subject to

PV =D 00 =D 9,

i even j even
=D LAVEDBEHCE (229)
i odd jodd
=0l =) ).
Jj even k even
=Y 9l =) D), (230)
Jj odd k odd
9= D0 = ) 9),
k even ieven
=Y Vi) =) (). (231)
k odd iodd

where 9 (respectively, 9%, %) denotes the sum of
(=1)"9(v) over vertices in the plane z = 0 (respectively, x =
0, y = 0). So there are |G[*&TL+L)=9 choices of {9/ (v)}
(i.e., the group elements assigned to noncontractible loops of
>/ for all possible u, n).

There are Ghlle—(imDL=DL=D=2LALALIH yavs (o
color vertices on the planes x = 0, y = 0 and z = 0 for each
chosen {#/(v)}. Further, the number of choices of 9,0 to
complete the coloring of E,ﬁ for each k=1,2,...,L,—2

equals |G|%(L-'_2)(L>'_2), where %(Lx — 2)(Ly — 2) is the num-
ber of cubes in A3 cut by % but not touching the planes x = 0

and y = 0. At this point, we have actually specified ¢ € Gé}o
already; in total,

0 Lep _ _ _
‘GIB} ‘ — |G|2(LX 2)(Ly—=2)(L,-2) | |G|2(Lx+L,\‘+L:) 9

_|G|LXL,VL:7(LX71)(L)‘71)(L271)72(Lr+1‘y+14:)+9’ (232)
which simplifies to

0 1 —
|G} | = |G|ttt bt b, (233)

1. Untwisted checkerboard models
If the model is untwisted (i.e., w = 1), then Eq. (212)
reduces to
A3 0
1G4+ |G3 |
[

_ |G|2(LX+LV+LZ)—6.

GSD(A) =uP(A) =

(234)

This ground-state degeneracy was already mentioned in
Eq. (146) as we introduced the model.

2. Twisted checkerboard models

In a twisted checkerboard model, each n € Gﬁz makes a
gauge transformation labeled by dn* uniformly to £} for A =
X, ¥, z. Therefore

@ [T POWw) = [ of[T%90). 97 ). on]
ceEA] i€Zy,
[T el 0j@. 00, o]
iEZL)

T @il 0 @), 980, anF]. (239)
i€Zy,
We can view ([ [,.cxs Pj(c)lﬁ) as a one-dimensional repre-
3
sentation of 7€ G4*. Therefore 2 e O eens P
A :
|¢r) = 0 unless the representation is trivial.
Let ©@ collect all possible choices of {¥*(u)} making
3
1T ]e A3 P"©|9) the trivial representation of Gf;'.
AS there are |G|LXL}'L17(L171)(Ly71)u‘z71)72(Lx+Ly+Lz)+9 .
3
|G|%(L*_2)(L-"_2)(L«”_2) choices of ¥ € Gﬁ' for each chosen
{#/4(v)}, explicit computation shows that the ground-state
degeneracy on A with underlying space T is

GSD(A) =trP(A)

= GleLysz(fol)(val)(L271)72(LX+L),+L:)+9

[E]

103 Le—2)(Ly=2)(L.-2) |
|G|2 | TS |

= |GP|O|.
(236)

Therefore we can get GSD(A) by counting the cardinality of
©. By definition, |®] < 2(L, + L, + L;) — 9. So the ground-
state degeneracy of a twisted model is always less or equal to
that of its untwisted version.
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Technically, the triviality of (¢ [] s P7“|) as a repre-
sentation of GQO is equivalent to requiring that

1_[ a)ﬁ[TB; ﬁ,);(l/w, 19:[(”)’ Nn — r’n—Z] - la

nelp,

(237)

Y(h, w, v) = (x,9,2), 0 2, %), (2, x, ), ¥n € G*. Since

[T @il

neZL}

OV, Ny — Mz

T W [T3 91 (), 97 (v), 0]
B A [T3 04 (), O} (v), nas]

nely,

I @[ T30 (), 05 (v), 1, ]

T 19,),\4,2( )a 19,?4,2(]))’ nn]

; (238)
nely, n+2[

the condition is further equivalent to that 3y}, y/* € G,

@y [ T2 0, (1), Oy (), =] = Vismoa 2y Y1 € Zr,,  (239)

for A = x,y, z separately, where w*[T3;9*(u), 9*(v), —] is
viewed as a one-dimensional representation of G with “—”
denoting a place holder for a group element and G stands for
the character group of G.

To take the constraints given by Egs. (229)—(231) into
consideration, let

@;;y = {(a,b) e G¥ x G%IZan :g,an = h,

w, *T3:a,, by, —] = y,Vne2Zp, +« (240)

forg, he G,y €G, . =x, v, z, and k = 0, 1. In addition,

we write
HA,K o Ak
Og,h T U Ogh v’

yeG

(241)

It is straightforward to see that

0 1 )1 ,0 z1
o= |J o5l xoplxor <ok xop) xop)

f.8.heG

(242)

Therefore the cardinalities of these sets satisfy

A, /( ALK
i Z [C (243)
yEG
o= [Terlle; (244)
f.8heGkeZ,

Below, we will explain how to use Eq. (244) to count |@] in

the example based on G = Z% with w(f, g, h) = P el
B. Example: G = Z,
As discussed in Sec. I B 1, we always have
oI g ) = 28 (245)
(g, f)

Vf, g h € G. Therefore ® includes all possible choices of
{9*(1)} and hence |®| = |G| L=+t~ Then

GSD(A) = |GP’|©| = 2*hthtl) =6, (246)

which remains unchanged, no matter how we twist the model.

i Vg Pn®

C. Example: G = Z3 with o(f, g, h) =
Asseenin Sec. IB2,Vf, g, he€e G =7, X Zy X Z,
[T’ f, g h] = T/*0, (247)

We identify G = G; in particular, o[T%; f, g, —] € G is identi-
fied with f x g € G.

First, let us illustrate the calculation of |@;’qu |,Vg, h,y €
G, Yk =0, 1 for some simple cases. The computation of
|@gh y| for A = x, y is similar.

1. Some simple cases

Case 1. none of X} are twisted.
Clearly, @;Z’y = unless y =0 = (0,0,0). For y =0,

there are |G|%LZ’1 ways to pick {9 (x) subject to

}k62ZL1+K
Y ierz, e Oix) = g and similarly |G|3! ways to pick
{ﬂlf(y”kezszH subject to ZkezZL:JrK i (x) = h. In total,
Vi € {0, 1}, Vg, h € G,

|@§:Z,y| =

Case 2. T} partially twisted by w.

Suppose that X} is twisted by w for k € Z, C 2Z;_ +«,
where ¥ =0, 1. We would like to express |@z < | in terms
of [g, h, y],. the cardinality of the set [g, A, y]L deﬁned by
Eq. (191). We notice that [g, Ay, 71z, labels the choices of
B¢ (x) and 9 (y) for k € Z, satisfying 97 (x) x 97 (y) = y and
summed to g; and h,, respectively. The remaining untwisted
%¢ with k € 221, + k)\Z, still requires y = 0= (0,0, 0).
Thus

’O;’ZV|_8V-O Z [[glvhlvo]]|ZK||G|Lz_2‘Z"|_2,
81, eG

|G|Lf25y,0 = 8L«-*23y,0, (248)

(249)

(250)

where |G|52%172 is the number of ways to pick ¥ (x) and

Bi(y) for k € 2Z, + k)\Z,, summed to g — g and h — hy,
respectively. With Eq. (193), it gets simplified to

(O | =221 x ghm2ad=2s o) (251)
@2k = Y |o | =22 x gh2Al2, (252)

We notice that Eq. (252) does not depend on g, & at all.
Thus if ZF (respectively, X7, ) is twisted for i € X, ¢
27y, +« (respectlvely, j € Y C ZZL +Kk, keZ. CZ; +

k), then GSD(A) for a system of size L, x L, x L, embedded
on T3, given by Eqs. (236) and (244), gets simplified to

GSD(A) = |GP|9)]

— P XIHIYI+IZ] 82(Lx+Ly+Lz_‘X|_|y‘_‘Z‘)_67 (253)
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where X :=Xo U X,,Y :=YoUY,,Z = Zy U Z;. In particular,
it reduces to Eq. (234) as expected, if X, Y, Z are all empty.
Case 3. X} twisted by o for each k € 27, .
By comparing definitions, we have

|O§I(1)y| = [[g’ hv VH%LZ'

In addition, X} (respectively, X ZV) may be twisted by w
forkeZ C ZZL +1 (respectlvely, ieX C27Z;,+«k,je€
Y. C2Z;, + « with « =0, 1) as well. Then |();h| (respec-
tively, |@;’,f | and |@;"Z|) is given by Eq. (252) (respectively,
its analog for the x and y direction). In total, Egs. (193) and
(244) give

10| = §2(LeALy=IXI=IY I=IZi)}+L=9 9 IXI+IYI+1Z]

(254)

(222 +7 x 62t ), (255)

where X := Xy UX| and Y = Y, UY,. Therefore the ground-
state degeneracy is

GSD(A) — |G|3|@| — SZ(LA+L}-7\X|7|Y\7\Z1\)+sz6

CQXHIIHALL (2238 47 x 636).
(256)

If [ X| = |Y| = |Zi| = 0, the model is translation-invariant and
its ground-state degeneracy reduces to

GSD(A) = 82(bth)1=6(203k £ 7 % 6315)  (257)

with system size L, x L, x L, embedded on T>.

2. Translation-invariant cases

The untwisted checkerboard model has the translation
symmetries (x,y,z) = (x +2,¥,2), (x,y,2) = (x,y+2,2)
and (x,y,z) = (x,y,z+2). To keep these translation sym-
metries, we either twist all 22 for n € 27Z;, + k together or
twist none of them, where k = 0, 1. With Egs. (205), (208),
(236), (243), and (244), we can compute the ground-state
degeneracies GSD(A) of each translation-invariant case. Let
us list the results for some examples below.

Case 1. half of X{’s are twisted by w (e.g., X is twisted
by w for k € 27, ).

The ground-state degeneracy is given by Eq. (257).

Case 2. half of T}’s are twisted by w in both the x and y
directions (e.g., both X¥ and 2}‘3 are twisted by w fori € 27,
and j € 2Z,).

The ground-state degeneracy is

GSD(A) = |GP|6)|

=16’ Y If &l Ig Ay IGIHTHH2ET
f.8,heG

_ 2ng+%;,,+6sz18[

INTE 33Ly 4 84 (—1)2h
2330 47 x 32 x 1128 47 x 370 x 1128,
(258)

The result for twisting by half any other two directions, like y
and z, can be obtained by permuting x, y, z

Case 3. half of X’s are twisted in all the three directions.
The ground-state degeneracy in this case is

GSD(A) =|GI*|0]
_ 3 Ly+Ly+L.—6
=IG* 3 [f glyls n [ 15 1G]

f.8heG

L AR S PRV P Y0 P O

f.g.heG
(259)

where 37, 6 [f. 8] [8 7] 1, [A, 1] 1, can either be cal-
culated with Eq (208) dlrectly or be expressed by Eq. (210)
with L., L,, and L, replaced by 3 L,, L and LZ, respec-
tively.

Case 4. each X} is twisted by w fork € Z, .

Here, the ground-state degeneracy is give by

GSD(A) =|GI*|0]
— 113 2 2L.+2L,—8
=16 Y [f. &l IGl

f.8heG
= 8226l (115 4 14 x 337 4 133 x 3%

+1344- (=) 4504 (=17 -37 42100),
(260)
where [f, g]]L is the square of [f, gﬂL specified by Eq. (208).

Case 5. both ¥} and X7 twisted by w fori € Zy, and j €
Zy,.
The ground-state degeneracy for this case is

GSD(A) = |G|9)|
=1GP Y If el Al G-

f:8heG

=870 Y [f sl ls il

f.8:heG

261)

where [f, g] r and [g, 1] y are given by Eq. (208). Explicitly,
GSD(A) can be expressed as a long polynomial in terms of
2L, (—1)25, 338 1135 with A = x, y and 2.

Case 6. all T}, ¥} and I} twisted by  fori € Zy, j €
ZLN and k € ZL:'

The ground-state degeneracy is

GSD(A) = |G|9)|
=16 3 If. el nli [h. /1.

f.8heG

where [f, g]]%, [e, h]]L7 and [, f]]L7 are given by Eq. (208).
Explicitly, GSD(A) can be expressed as a long polynomial in
terms of 21, (—1)%”, 3:L: and 11325 with A = x, Vv, Z

To conclude, we note that our formalism allows us to
explicitly calculate the GSD of each twisted checkerboard
model, which is also stable to local perturbations by the
argument in the second-to-last paragraph of Sec. IIC 1 using
the results in Sec. VII A. Once again, we emphasize that the
dependence of the GSD on the system size clearly reflect
the geometric nature of gapped three-dimensional fracton

(262)

155118-28



TWISTED FRACTON MODELS IN THREE DIMENSIONS

PHYSICAL REVIEW B 99, 155118 (2019)

FIG. 18. An excited cuboid C = [xg, x;] X [vo, y1] X [20, 21] is0-
lated from other excitations outside C' in an X-cube model.
The Hilbert space is spanned by the states |x, x;s,Dp) with
s and s = (S;0+1, ...,sil,s;OH, ""S;]’Siwl’ ...,sgl) specifying
the sums of group elements on the faces in the correspond-
ing membranes (colored orange, blue, green and red online),
g= (gj(OH,...,gjq,gﬁoﬂ,...,gi,l,g§0+],...,(grzl) describing fluxes
around 9C, and x (respectively, ¥) being a spin configuration on 9C’
(respectively, dC) compatible with g.

orders. Also, a dramatic change from partially twisted model
to fully twisted model is already observed in GSD. As we will
see in Sec. VIIE S, this qualitative difference is reflected on
excitations as well; in particular, fully twisted checkerboard
model may host inextricably non-Abelian fractons.

VI. QUASIPARTICLES IN TWISTED X-CUBE MODELS

We have seen that there is a lot of freedom in twisting
the X-cube model by 3-cocycles. Below, by an X-cube model
based on an Abelian group G, we refer to any of these twisted
versions, including the original untwisted one. We are going
to develop a universal method for analyzing the properties of
quasiparticles in these models. Technically, by a quasiparticle,
we mean a finite excited region. Without loss of generality, we
can simply study excited cuboids.

To study all possible excited states of a cuboid C, such as
the grey one of size 2 x 2 x 2 in the center of Fig. 18, we
remove all the requirements P, = 1 for v € C. In addition, we
would like that the other excitations are far away from C. So
we pick a much larger cuboid C’ containing C deep inside, as
shown in Fig. 18, and study the Hilbert subspace selected by
P, =1forv e C' — C°, where C° is the interior of C.

Such a Hilbert subspace describes an isolated excited
cuboid C and it may be decomposed into more than one
irreducible sector according to the actions of all local op-
erators near C, which leads to the notation of particle type.
An excited spot (i.e., quasiparticle) is called simple if it is
already projected into a definite particle type, which cannot
be changed locally. In the following, we will work out the
classification of particle types in the twisted fracton models.
It turns out that each particle type can be labeled by the x, y
and z topological charges subject to some constraints. Then

the fusion of topological charges can be described by the
coproduct of D“(G).

Further, we notice that a quasiparticle is mobile in the x
(respectively, y, z) direction if and only if its x (respectively,
y, z) topological charge is trivial. A quasiparticle is called a
fracton if it is not a fusion result of mobile quasiparticles.
Necessarily, a fracton has to be immobile; it has nontrivial
topological charges in all three directions. In addition, we
will also describe some novel braiding processes of mobile
quasiparticles with restricted mobilities in this section.

A. Particle type and topological charges

Let C = [x0, x1] X [yo, y1] X [z0, z1] be a generic cuboid
and C" = [x), x1] % [v5, ¥11 % [z, 2] a much larger cube con-
taining C, as shown in Fig. 18. Further, let M = C' — C°, where
X° denotes the interior of any topological space X. Then M is
a three-dimensional manifold with boundary. We denote the
set of cubes (respectively, faces, edges, vertices) inside M by
A3 (M) [respectively, A2(M), A'(M), A°(M)]. Let H(A%(M), G)
be the Hilbert space describing all the physical degrees of
freedom on M. To classify generic excitations within C, we
need to analyze the subspace of H(A%(M), G) selected by the
projector

pan:= [] A (263)
)

ve AO(M°

Let Ho(M) denote this subspace, i.e., the image of P(M).

Let M7 with i€ {xy;+1,x;+2,...,x]} (respectively,
M§ with  je{yy+1,y,+2,....¥{}, My with ke
{zo+1,25+2,...,2;}) be the intersection of M with the
planex =i — % (respectively, y = j — %, z=k— %), i.e., the
region of ) (respectively, Zj', ¥7) inside M. As in Fig. 7(b),
we embed M; (respectively, M?, M) into a triangulated annulus
M (respectively, M, Mp). If the plane does not cut C, then M;
(respectively, ﬁ?, M, ) reduces to a topological sphere. We pick
the base point of the outer/inner boundary of ﬁf (respectively,
ﬁ§ , M;) to be in the line (y, z) = (), z5)/ (Yo, 20) (respectively,
(z,x) = (29, %)/ (20, X0), (x, ¥) = (x5, ¥p)/ (X0, Y0))-

For convenience, we write C* := {xo + 1,x0 + 2, ..., x1},
Ci={y+Ly+2, ...,y and  C*:={z+ 1,20+
2,...,z1}. Let g (respectively, g, g;) be the group element
associated with the inner boundary of I‘_’[f (respectively, ﬁj:,
M,). For i ¢ C* (respectively, j ¢ C’, k ¢ C9), we write g} = 0
(respectively, g; =0, g, = 0) because 8Mf = () (respectively,
8@: = ¢, 3M, = ). Hence, to describe the fluxes, we need

g:=(g.g.g) e x G x G, (264)
g = (g1 &par---8) €G, (265)
g = (g;ﬁ-l’ g§o+2’ T 5%1) €G°, (266)
&= (&1 &par -2 &) €G. (267)
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Often, g (respectively, g°) is also written as (g)-5.”"* [respec-
tively, (g),.c.]- These data are subject to the constraint

2. 4=

p=x,y,z n€Ct

(268)

We denote the set of all allowed values of g by F(C). As a
group, F(C) is isomorphic to G¥1 —*+»1=o+a—2-1,

Using the triangulations of M;, M']V., and M, we define a set
of vectors forming an orthonormal basis of Hy(M) by

s )= Y

2 _
veGy (s, x.7)

MW) (269)
|G| 21A°0)]

withg € F(C), s € G, s € G x G x G, and x € GA'®®)
(respectively, X € G**%)) being a spin configuration on 9C’
(respectively, dC) compatible with g. In detail, s specifies the
sum of group elements on the faces in the lower left square

region (orange online) and ng(M)(s, X, x) denotes the set of

DS ng(M) compatible with s and coinciding with ¥, x on dC,
oC’. In addition,

X Vi
2(0:05) = [ zi(@:0p) - [] Z(053)
i=x(+1 J=yo+1
]_[ Z(9:D5). (270)
0+1

where Z(9;D,) is the Dijkgraaf-Witten partition function of
aball with surface —W for n ¢ C* or a solid torus with surface
(— M YUpw D [as in Fig. 8(b)] for n € C* in the coloring

specified by 19. The minus sign before Mn means that the
orientation of Mﬁf is pointing toward the inside of the solid
according to the right-hand rule.

To manipulate the states within Ho(M), we can define
a collection of operators P for v € A%(dC) [respectively,
v e A%HC)), commuting with P(M) and supported near dC
(respectively, 9C’), by Eq. (129) Wlth A replaced by M and
using the triangulations of MX Mk Clearly, ¥ and yx
can be manipulated by P§ for v € AO(E)C) and v € A%3C),
respectively. Thus they are local degrees of freedom and can
be neglected in the discussion of particle types. The reduced
Hilbert space, denoted by #., (M), is spanned by |s, DZ,) with
g€ F(C),seGands € G x G x G.

As in the twisted quantum double models, we can define
states |s, DgD},) by replacing Dy by DiDj, in Egs. (269) and
(270). Analogously, we have

5D} = Sg.n Ha) (s 1) |5, D). (271)
This motivates us to consider the algebra
DIC] := CG @ D,[C] ® Dy[C] ® D;[C] (272)
with each factor D, [C] and its basis given by
D,Cl:= @D (G). Dy :=@Q@QDy.  (73)

necCH neCH

Vi =x,y,z. For short, we write Dj:= D;,i R D5 ® Dzi,
where g = (g%, 8", g°), s = (5%, 8, 5%) € G x G x G°.
In addition, V¢ € G, we have operators

Pl = IT =~ (274)
veAO(dC k<z<z1)

—i T

Po.= ] (@), (275)

veAQ(dC,z=k)

with AO(E)C 22 k) :={(x,y,2) € A°%@C)lz >k} and
A@C k<z<z) ={(xv2) € ANk <z< a).
which do not change x, ¥. They act on H,(M) as
|t +s,Df), &<z,
Plyls.Df) = {|s.,Dp'DY), 20 <k <z, (276)
%) k >z,
|s+2,D3), k< z.
Pils.D}) =1 [s,D0g%), 20 <k <z (277)
. s>’ k > 21-
Similarly, replacing z > k by x > i and y > j, we have oper-
ators Pfgw P)'; ; supported near aC’ and F}z%, ﬁ; ; supported

near 9C. Moreover, there is clearly a projector 7, (respectively,
Ty) supported on dC’ (respectively, dC) that acts as

s, D;,) = Th|s, Dz,) = Sh,g|s, D;).

In terms of these operators, we can define a left action 7
and a right action 7 of D(C) on Hy(M) as

(278)

n(s®D}) ==TP%, [ | PL: HPDJ HP>k, (279)
iec* jecor kecCs
T(s®DS) :=T,P,., ]_[ Pm ]_[ Pm ]_[ Pz>k, (280)
ieC* Jjeor keC
Vs € G,Vs,g € G x G x G%. By construction,
(s ® D)|r,Dj) = |s 41, DED}), (281)
7(s ® D})|t, D) = |t + 5, D, D3). (282)

Thus H, (M) is equivalent to A[C] as a D(C)-D(C) bimodule
by the obvious map
H. (M) > A[C] : (283)

where A[C] is the subalgebra of D[C] spanned by s ® D; with
g constrained by Eq. (268), i.e., g € F(C).
Since both CG and D% (G) are semisimple,

) 58D}

p= P 03 ra (284)
(q.af g™ pan
gives an isomorphism of algebras
Dicl= P Loy QL(V, (285)
(@00, cgii e
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x

FIG. 19. A z topological charge a; of an excited cuboid C =
[x0, x1] X [Yo, Y11 X [z0, z1] can be detected by braiding a pair of
quasiparticles along dC’ with operator supported near the grey region
in C'. Quasiparticle 1 is kept above z = z; and quasiparticle 2 moves
near the plane z = k (cyan).

In detail, the character group G of a group G collects all
its one-dimensional representations and V, = (0,4, V,) is a
representation corresponding to g € G acting on Hilbert space
V,. Moreover, a/ labels equivalent classes of irreducible rep-
resentations of D (G) and Ve = (pgr, Vyr) is an explicit
representation on a Hilbert space V, corresponding to al.
Explicitly, a¥ is specified by a pair (g%, Q,’f) with gt € G
describing the flux and ¢¥ an irreducible a) representation
(up to isomorphism) of G. Refer to Appendlx B 5 for details
of these representations.

Denote the set of a = (g, a¥),cc.”* = (q. 8%, 0" )heai™™
with (g/)!=::>* € F(C) by Q[C]. Then the composition

neCH

H(M)Lmt[q %> P L‘(V)®®L‘

ae[C]
=P v.oV;
aeN(C]

(286)

is an isomorphism of Hilbert spaces respecting both left and
right actions of D[C], where

dimg¢ Vi
0= ————— D4t 287
10 @ mgq ® |G| )Oa,, ( )

aeN(C]
Va =V, ® Q) Vay-

,n

(288)

The normalization for each sector in p is picked such that
the inner product structure is respected. Clearly, Q[C] labels
particle types of the excited cuboid C and V, (respectively, V)
describes the degrees of freedom near dC’ (respectively, 9C).
Physically, af = (g}, o5) can be detected by braiding a pair of
quasiparticles in the x and y directions via operator supported
near grey region in 9C’ as in Fig. 19. Thus o is called a 7
topological charge. Actually, g can also be viewed as a z topo-
logical charge, since o} reduces to (0, ¢,) when quasiparticle
2 is lowered below z = zo. Similarly, a} (respectively, aif) can
be detected by braiding processes in the y, z (respectively, z, x)

directions and is called a x (respectively, y) topological charge.
Also, g can be viewed as an x and a y topological charge.

Distinct from conventional topological orders, the number
of allowed particle types of a finite excited region C in a frac-
ton model increases/decreases as the size of C grows/shrinks.
If a quasiparticle can be localized in a smaller cuboid C, =
[ay, a}] x [ay, a}] x [a§, a] C C, then its particle type a =
(g, a)hze”* € QIC] satisfies

0,04), n<ay,
at = Ce S0 (289)

n
0, n > al,

Yu = x,y, z, where o denotes the trivial representation (i.e.,
the counit) of any D% (G). In other words, [C,] can be
viewed as a subset of [C]; each V, for a € Q[C,] carries
an irreducible representation of D[C] for any cuboid C con-
taining C,.

B. Fusion of quasiparticles

Suppose that there are two spatially separated excited
cuboids C, and C,, containing deep inside a much larger cuboid
C'.LetM := C' — C; — Cj. The discussion in the above section
can be repeated here for the two-hole manifold M. With the
spin configuration on dC" and the local degrees of freedom
near C, and C, fixed, we are left with Hilbert spaces V[a, b]
labeled by a € Q[C,] and b € Q[Cp]. Using two copies of
Eq. (287), we have

Vla, b] =~ Va @ Vs,

where V, and V), are defined by Eq. (288).

All these states can be viewed as an excited cuboid C,
where C is cuboid containing both C, and C;, inside C'. With
operators supported on C, the Hilbert space V; ® Vp may be
further reduced. To determine the total charge of C, we study
the action of D[C] on via 7 defined in Eq. (279). Analogous
to Sec. II C2, it is specified by the coproduct

A=4,8 K X AL
=x,y,z neCt

where A, : CG - CG® CG, g+ g® g is the default co-
product of CG. The vector space of intertwiners between the
representations V. and V, ® V;, of D(C)

V= Hom(V,, V, ® Vp)

(290)

(291)

(292)

encodes the ways of fusing a and b into ¢ € Q[C]. In partic-
ular, N, := dimc V2% is the corresponding fusion rule. It is
possible to fuse a and b into ¢ if and only if N;, > 1. More-
over, N;, > 1 implies g. = g, + g5, where a = (q,, a, )nec“’
b = (qp, bﬁ);‘ecg and ¢ = (g¢, <)o

Similarly to the discussion in Sec. IIC2, in order to de-

scribe three or more excitations, we need to be careful with
their associations.

C. Mobility of quasiparticles

Now let us think about moving a quasiparticle from
one cuboid C, = [ag, a}] x [ay, a1] x [af, a}] to another C;, =
(b5, b} x [by, b1 x [b, bi]. The movement can be made by
a local operator if and only if the initial and final states have
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the same particle type (g, g%, 0%)\=e:”° € Q(C) as an excited

cuboid C, where C is a larger cuboid containing both C, and
Cp. Because C, N C, = @, we have [afy, a{']1 N [by, b1 = ¢ for
at least one of u =x,y,z, in which case we say that the
quasiparticle is mobile in the w direction.

For instance, suppose af > bj. Then the position of C,
implies that P’_ . acts as g,(¢), while the position of C,

7>aj
implies that P£> i acts trivially. Hence g € G has to be trivial.
Obviously, it follows that ¢ is trivial if the excited cuboid C
of type (g, g, 0)hcei” € QI[C] is a fusion result of mobile
quasiparticles. In fact, it is not hard to see that the converse
is true as well. Therefore an excitation is a fracton (i.e., a
finite excited region that is not a fusion result of mobile
quasiparticles) if and only if ¢ is not trivial.

In fact, the mobility of an excited cuboid C, in the z
direction implies that a; is trivial for all k € C* as well. To
see this, we notice that the operators 7 (D,[C,]) in Eq. (279)
are supported near 9C’' N {(x, y, z)|z0 < z < z1}, the excitation
can be moved away along the z direction without touching the
support region of 7 (D,[C,]) and hence z topological charges
ai are conserved. Thus if afj is nontrivial, then it is not
possible to move the excitation away along the z direction. In
general, all u topological charges must be trivial in order for a
quasiparticle to be mobile in the p direction. In addition, if a
quasiparticle is mobile in two directions, then only topological
charges in the third direction can be nontrivial. This is an
important result of our work, since it relates the mobility of
quasiparticles to their topological charges.

D. Braiding of mobile quasiparticles

If an excited spot is mobile in the u direction (respectively,
in both the p and v directions), we call it a pu-particle
(respectively, pv-particle).

1. Braiding of 2d mobile quasiparticles

For braiding of 2d mobile quasiparticles (i.e., excitations
mobile in two dimensions), the discussion in Sec. IID can
be repeated. For example, the result of the measurement
described by Eq. (103) involving an exchange of two identical
xy-particles with z topological charges {af }xec: is

l_[ Ba: tr(QR;, Va: ® Va:)

= , (293)
dimg¢ Ve p (dim(c Va;)z

kecC

where R; is the universal R matrix for D (G) and Qai is the
topological spin associated with the representation V,: defined
in Eq. (B64). The quantum dimension and topological spin of
the xy-particle are

dé = 1_[ dil’nc Va;(, (294)
keC
tr(R;, Va: ® Va:)
0: = Op: = = o 295
=]l =TI dme Vo (295)
keC? kec? k

The results for yz-particles and zx-particles are analogous.

In general, the topological charges of a quasiparticle can
be detected by braiding 2d particles around it. We may
measure the quantum dimension d,» associated with each p

FIG. 20. Arrows 1,3 (respectively, 2,4) indicate that the move-
ments of quasiparticle b (respectively, a) made by operators Oy‘_’,
(O)[,’ )" [respectively, O%, (O%)7] supported near the y (respectively,
x) axis. A full braiding of the z topological charges can be realized
by (O (O 020"

topological charge a/ through Eq. (89). Further, this leads
to a notion of quantum dimension of any particle type a =
(¢, a})) = (q. &), o)), defined by

do = [ [ da-
W.n

For twisted fracton models based on an Abelian group, the
quantum dimension of a¥ = (gly, /') equals the degree (i.e.,
the dimension) of the representation .

Crucially, the quantum dimension of fracton (g, 0) (i.e.,
with a¥ = 0,Vn € C*,Vu = x, y, z but g # 0) is one, where
o denote trivial topological charge and 0 the identity element
of the character group G =~ G. Thus every fracton (g, a/)!_..
is a fusion result of a fracton with quantum dimension 1
and some mobile particles; explicitly, (g, a/ ,’fecu = (gq,0) X
[1,,..(0, a}}). Therefore there is no inextricably non-Abelian
fracton in any twisted X-cube model.

(296)

2. Full braiding of 1d mobile quasiparticles

Given two quasiparticles of types a and b mobile along two
different directions (e.g., the x and y directions) respectively,
a full braiding of them can be easily made, as depicted in
Fig. 20. Let Of be an operator supported near the x axis that
moves the x-particle in the way indicated by arrow 1 pointing
towards the positive x direction. This operator is normalized
such that (O%)'O% = 1 on the x-particle. Similarly, we have
operators Oy" and ((9;’)T supported near the y axis that move
the y-particle forth and back as indicated by arrows 1,3 in
Fig. 20; they are normalized by (O%)'O? = 1 on the initial
state of the y-particle. Then (O¢ ) (Of? )TO;‘ O;’ describes a full
braiding of the z topological charges of a and b. If the two
quasiparticles carry z topological charges af, b separately and
a definite total z topological charge ¢ together, then the full
braiding acts as a scalar

a\ T o\t ya b Qc;
o1 (0 o0t = 1,15

(297)

where 6q:, 6p:, and 6 are the topological spins associated
with the representation Vui, Vb;, and Vc;, respectively, defined
in Eq. (B64).

Similarly, we can make the S-matrix measurements. For
example, S, is the expectation value (on the vacuum) of the
process shown in Fig. 21, in the normalization that OTO = 1
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FIG. 21. An S-matrix measurement S} is associated with the
process made of three steps: (1) creating a pair of x-particles a, a
and a pair of y-particles b, b from vacuum; (2) a full braiding of @
and b, i.e., moving them according to arrows 1,2,3,4 in order; (3)
annihilating the pairs a, a and b, b back to vacuum.

for any step O on its initial state. The result is
ub - l_[ Sakb )

where Su;b; can be computed by Eq. (109) on representations
Ve and Vy; of D (G). Analogously, we have S}, (respec-
tively, S ) for braidings in the yz directions (respectively, zx
directions).

(298)

3. Half braiding of 1d mobile quasiparticles

It is also possible to make a half braiding in order to ex-
change two 1d mobile particles. For example, two y-particles,
both of type a, can be braided by U{OSU as illustrated
in Fig. 22. Naturally, we require L[;‘U“ o =1 on a single
y-particle of type a on the left. All fracton models considered
in this paper allow splitting a 1d mobile quasiparticle into two
1d mobile quasiparticles in the other two directions (e.g., a
particle mobile along the x direction can split into one mobile
along y and another mobile along z). Thus we can make a
topological spin measurement described by the expression on
the right-hand side of Eq. (103). The result for the situation

shown in Fig. 22 is —tf . ZJ, where dZ, 0%, d}, and 6, are

computed by Egs. (294) and (295) and their analogues. In
particular, the quantum dimension of a y-particle is dﬁdé,
which can also be simply defined in the same way as in

Eqg. (89).

a Yy

FIG. 22. Two y-particles both of type a are braided by U5 OFUY,
where U} splits the y-particle of type a on the right into an x-particle
and a z-particle, U3 fuses the x-particle and the z-particle into the
y-particle of type a on the left and Of is hopping operator for the
y-particle of type a. In addition, U}, U3 and Of are supported near
the corresponding arrows, respectively.

E. Examples

For concreteness, we now consider examples of twisted
X-cube models which host quasiparticles exhibiting novel
and interesting behaviors. In particular, we will study
models wherein the one-dimensional particles carry either
semionic or non-Abelian statistics. But there is no inextricably
non-Abelian fracton in these models; each fracton can split
into a fracton of quantum dimension one and several mobile
particles.

1. G = Z,: 1d mobile semions

Let us start with the simplest nontrivial group G = Z, =
{0, 1}. It is well-known [20] that H3(Z,, U(1)) = Z, and its
nontrivial element is presented by the 3-cocyle

-1, =g=h=1,
w(f. 8. h) = /=8

. (299)
1, otherwise.
The group structure of H3(Z,,U(1)) is given by [w]+
[w] = [@?] = 0, where [w] and [w?] denotes the elements
of the cohomology group presented by w and w?(f, g, h) :=
(w(f, g, h))* respectively. Obviously, w> =1 presents the
identity element 0 of H3(Z,, U(1)).

Along each cross section X/* of the lattice A, the model
can be either untwisted or twisted. The pure charges (i.e.,
the flux is trivial everywhere) behave in the same way, no
matter whether the model is twisted or not. Thus we are more
interested in excitations that violate B, = 1 below.

To compare the untwisted case (i.e., the original X-cube
model [61]) with the fully twisted case, we may consider the
braiding of an x-particle of type a and a y-particle of type
b. In either case, we can identify their z topological charges
by requiring that they fuse into a z-particle. In other words,
a; X b; = o implies that ay = b%, where o denote the trivial
topological charge. Then we may braid them as in Fig. 21 and
use this as a diagnostic of the effect of twisting on S? ;. When
a; x by =o,

0o oy
Bty
a;Vb;

k

Sais; = (300)

In the untwisted case, 9;22
a; x by = o, Vk.

In the twisted case, 6, may be =i. Explicitly, in the
notation used in Appendlx B7b, 61,0y =i and 6 1) =
Further, we may imagine an x-particle of type a centered at
(x+ %, %, %) whose only nontrivial topological charges are
af = a"l' = (1,0) and a y-particle of type b at (%,y%— %, %)
whose only nontrivial topological charges are bj = b] =
(1,0). The braiding is made on the plane z = % Then we
have S{, = —1 even when a; x by = o, Yk. This behavior
demonstrates the effect of twisting along the plane z = %,
thereby revealing the existence of excitations with semionic
mutual statistics, which are restricted to move along one-
dimensional submanifolds.

We note that this twisted X-cube model, based on G = Z,,
can also be realized by coupling interpenetrating layers of
doubled semion string-net models [70].

is always 1 and hence S5, =1 if
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2. G =7, x Z, x Zy: non-Abelian 1d mobile quasiparticles

An example of a twisted X-cube model with non-Abelian
one-dimensional particles can be constructed based on the
group G = Z;, X Z, x Zy with the 3-cocycle

o(f, g h) = ™ (301)

where f= (f(l), f(2), f(3))7 g= (8(1)7 g(2), g(3)), h =
(WM, h®, i) € G. We also write the elements of G simply
as 000, 100, 110 and so on for short. As examples, we have
(100, 010,001) = —1 and (100, 001,010) =1 in these
notations.

Clearly, we may have an x-particle whose nontrivial fluxes
are g, = g = 100. It cannot be a 2d mobile particle or a
fusion result of 2d mobile particles, because the fluxes of any
2d mobile particle satisfy the constraint

dE=D 8= g=0
i j k

which easily follows from Eq. (268). Thus it is intrinsi-
cally 1d mobile in the terminology introduced in Sec. TA.
Further, if either ¥ or ¢ is twisted by the 3-cocycle in
Eq. (301), then either g} or ¢} has to be two-dimensional, as
shown in Table I. Thus this x-particle has quantum dimension
greater than 1, clearly reflecting its non-Abelian character.
The braiding properties of such non-Abelian 1d particles can
be computed following the methods described in Sec. VID.
Details of a similar calculation will be given later for the
twisted checkerboard based on the same group and the same
3-cocycle.

However, this x-particle is still not inextricably non-
Abelian if the model is only partially twisted. Suppose that
the non-Abelian behavior comes from the twisting of X}
and that there is a nearby parallel plane, say X3, which
remains untwisted. Then the x-particle can be split into an
Abelian x-particle with fluxes g, = g5 =100 and a non-
Abelian xy-particle with fluxes g = g5 = 100, implying that
it is not inextricably non-Abelian according to the definition
in Sec. I A. Contrarily, if the model is fully twisted in at least
one direction, then such a splitting is no longer possible and
hence the x-particle becomes inextricably non-Abelian. In this
case, we call the corresponding fracton phase non-Abelian;
it is clearly distinct from an Abelian fracton phase with
some layers of conventional non-Abelian topological states
inserted. This dramatic change between the fully and partially
twisted cases is also reflected in their GSD on T3, which is
explicitly given by Egs. (199), (209), and (210) for three fully
twisted cases and Eq. (196) for any partially twisted case.
In particular, Eq. (199) is larger than Eq. (196) with |X| =
Y| =0 and |Z| = L,; thus, fully twisted case looks more
entangled than partially twisted cases, wherein twisted layers
are less entangled due to the separation by untwisted layers.
Therefore both the presence of inextricably non-Abelian 1d
mobile quasiparticles and their exotic GSD establishes that
these non-Abelian fracton phases are a completely new type
of quantum states.

Moreover, we emphasize that no twisted X-cube model,
defined in Sec. III A, hosts inextricably non-Abelian fractons.
To see this, we notice that a quasiparticle (g, a/) is a fracton
if and only if ¢ # 0. However, such excitations can always

(302)

be viewed as a fusion result of a fracton (g, 0) of quantum
dimension 1—thus, an Abelian fracton—and some mobile
quasiparticles. In other words, there is no inextricably non-
Abelian fracton in twisted X-cube models. Thus in order to
find a model with inextricably non-Abelian fractons, we look
to the twisted checkerboard models next.

VII. QUASIPARTICLES IN TWISTED
CHECKERBOARD MODELS

We now study quasiparticles in the twisted checkerboard
models, proceeding analogously to the previous section. Here,
the particle types can also be labeled by their x, y, and
z topological charges, subject to certain constraints. After
systematically analyzing the mobility, fusion and braiding of
quasiparticles in terms of their topological charges, we will
then study specific examples to elucidate the plethora of novel
phenomena which may occur in the twisted checkerboard
models.

A. Particle type and topological charges

Any excited spot (i.e., quasiparticle) can be enclosed
in a finite cuboid C = [xg, x1] X [y, y1] X [20, 21]. Let C' =
[xg, x71 x [yg, ¥i1 x [z, zj] be a much larger cuboid con-
taining C. Without loss of generality, xo,x1, Yo, Y1, 20,
21, X, X1, Y0, Y- 20» 2; are picked to be even integers. In the
following, we use Fig. 23(a) for illustration, where C =
[4,6] x [4,6] x [4,6], C'=][0,10] x [0, 10] x [0, 10] and
the coordinates are chosen such that the grey unit cubes are
centered at (x, y, z) + %(1, 1, ) withx,y,z€ Zandx +y+z
even.

For convenience, we write C*:= {xo,x0+1,...,x1},
¢ = {yo,y() + 1, ...,yl} and C° := {Z(),Z()+ 1, ...,Z]}. Let
M = C — C°, where X° denotes the interior of any topolog-
ical space X. Then M is a three-dimensional manifold with
boundary. Let H(A'(M), G) be the Hilbert space describing

all the physical degrees of freedom on M and GQO(M) =
{9 € GYM|B.|9) = |9), Ve € A2(M)}. To classify excitations
inside C, we analyze the subspace Ho(M) selected out of
H(A°(M), G) by the projector

P(M) := ]_[ P,

cEAI()

(303)

where c labels grey cubes in the interior of M.

The Hilbert space H(A°(M), G) has an orthonormal basis
{I9)|0 € GA'™}, where A°(M) is the set of vertices in M and
G ™ is the set of functions from A°(M) to G. Let M, Mi and
M be the intersection of M with the plane

x=i—3, Vi=xy+1,x5+2,...,x}; (304)
y=J—3 Vi=yo+ Ly +2 ...y (305)
z=k—3, Vk=z5+1,70+2,....2; (306)

(i.e., the region of X}, Z'jv., and Ei inside M), respectively.
Each of them is either a disk or an annulus as a topological
space and a region of two-dimensional checkerboard. Respec-
tively, we can embed it into either a triangulated sphere or a
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(c) M} with k=6

FIG. 23. (a) An excited cuboid C = [4, 6] x [4, 6] x [4, 6] iso-
lated from other excitations outside C' in a checkerboard model.
The membranes (orange, blue, green and red) between dC and aC’
indicates the bulk degrees of freedom used for defining s?, s’/f, and
s; in the main text. [(b) and (c)] A triangulation of cross section ﬁi.
Some edges are thickened to highlight the outer and inner boundaries
(purple) of H}C and a path (red) in between.

triangulated annulus with two loops as boundary, denoted ﬁff
for u =x, y, z. Let A’”(ﬁﬁf) be the set of m-simplices in this
triangulation.

Examples of ﬁi are given in Figs. 23(b) and 23(c). Marks
e and o are added to show the positions of vertices of M on
the plane z = k and the value of (—1)" on these vertices. Let
E (M) be the subset of Al(ﬁi) containing the edges with a e
or o mark; it has a one-to-one correspondence with Al[Mi]
(i.e., the set of edges of M intersecting with the plane z = k —
%). Given ¥ € GSO(M), we color Al[Mi] and hence E (M) by
av as in Eq. (147), which extends uniquely to a coloring of
M;. The triangulation and coloring for M; and M are obtained
analogously. After picking M, (respectively, ﬁ?, M,) for each
cross section M; (respectively, M?, Mi), we can define P? for ¢
touching oM.

To give a basis of Hy(M), we pick paths (going inwards)
connecting base points of the outer and inner boundaries of
each annulus ;, ﬁ?, and M. Let s¥ for xg < i < xy, si foryy <
Jj <yrands; forzg < i < z; be the group elements associated
with these paths. Examples of such paths are shown by the
zigzag sequences of thick (red online) edges in Figs. 23(b)
and 23(c); correspondingly,

si= Y (=D y) 307)
(x,y)epath

= Y (=D, k) =9,y k— D], (308)
(x,y)€epath

where (x, y) € Z x Z labels vertices of M; .

In Fig. 23(a), a choice of such paths for all annuli ﬁf
(respectively, ﬁ?, ﬁi) is illustrated as a rectangular ribbon,
colored orange (respectively, blue, red) online, connecting dC
and dC’. The ribbon shows the positions of spins (inside M°) in
terms of which s} (respectively, s?, 57) can be expressed; for
cleanness, we do not draw the part of these paths on dM. In
addition, we need

Sw= 0 > EDEPRG o, k), (309)
xp<i<xg z5<k<zo

== 3 > DP9y k), (310)
Xy <i<xg zy<k<zp

D D DG Ve AN SN C 1)

Xg<i<xo z5<k<zo

in terms of spins on the square (green online) sheet in
Fig. 23(a). Collectively, we write

s :=(s*,8,5°) € G° x G° x G, (312)
s = (5, S5 s -0 5y) €GC (313)
= (s}, 8 4000 8) €GY, (314)
s% = (8885 e o0 85) €GO (315)

Moreover, we need to label fluxes as well. Let g} (respec-
tively, g’, g,) be the group element associated with either

the inner or the outer boundary of ﬁf (respectively, ﬁi, M,).
By assumption, B, = 1 for ¢ outside C = [xg, x1] X [yo, y1] X
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[z0,z1], so we write g = 0 (respectively, gyj =0, g =0
unless xyp < i < x; (respectively, yo < j < y1, 20 < k < z1).
The data needed for describing fluxes are collected as

g:=(g".¢.8) eG® xG” xG“, (316)
g =(0.8,.....8,)€GCG", (317)
g :=(0,8,---.8) G, (318)
g=000.g,.....8)€G". (319)

Not all of them are independent; they are subject to the
constraints

Ya-Y4-Ys 60
k even i odd Jj odd
2 &= 8- & G21)
ieven Jj odd k odd
2 6= 8= ) 8 (322)
Jj even k odd i odd

Let F[C] be the set of g in the form of Eqgs. (316)—(319)
satisfying Egs. (320)—(322). As a group, F(C) is isomorphic
to G¥1—Xotyi—Yotzi—20-3

Let GQO(M)(S, X, Xx) be the set of ¥ € GQO(M) compatible
with s and coinciding with x € GA"?%) and ¥ € GA"?%) on
dM = dC U dC". Now we have enough notations to give the
basis vectors of Ho(M); they are defined by

D= Y

0 —
veGy P (.. %)

Z(9;Dy)19) (323)

with s € G& x G% x G%, g€ F(C), x € GA"?%), and ¥ €
G209, To complete the definition, the phase factor Z(9; D3)
is given by

7

X1 »
203 = [ @) ] 20:m)
i=x(+1 J=yo+1
2
- 1 Z(:n). (324)
k=z5+1

where Z; (9; D) is the Dijkgraaf-Witten partition function of a
ball with surface colored by ;" if 1‘71); is a sphere or a solid torus
with surface colored by (97 ;D‘;‘X;) if ﬁf is a annulus. Clearly,
the vector |D%; x, %) # 0 if and only if x € GA"?%) and ¥ €
GA"(%) are compatible with g € F(C). Analogously, Z7(9;D3)
and Z(¥; D;,) are defined.

For the purposes of finding all local operators, let

GOy = Y

0
9eGy " (s+s', x. %)

Z(9:DDy)[9).  (325)

where Z(¥; D;,D?) is given by Eq. (324) with D, replaced by
D;D;. Clearly, |x,X; D;,D;/) =0 if g # g. Moreover, x (re-
spectively, ) can be changed by P on dC’ (respectively, 9C)

and hence describes degrees of freedom near 9C’ (respectively,
dC). To classify particles, we can keep x, x fixed and consider
the subspace ., (M) spanned by |DS; x, %) for g € F(C) and
s € G% x G® x G°. Since yx, X are fixed, we omit them in
notation and simply write |Dy).

Next, let us construct a set of operators supported near
either 9C or 3C’ to distinguish states in #,(M). For t € G, we
have gauge transformation operators given by

zi= ] POV (326)
e~(3C' z=k+1)
Zo= ] (), (327)

e~(0C,z=k+3)

where ¢~ (0C,z=k+ %) [respectively, ¢ ~ (dC,z =
k+ %)] means that the cube c is cut by plane z = k + % and
touches 9C’ (respectively, dC). They act as the identity on
H, (M) unless zp — 1 < k < z;. In addition, for & € G, let
T;,[M;] (respectively, T, [M;]) be the projector supported on dC’
(respectively, dC) requiring that the group element associated
with the outer (respectively, inner) boundary of ﬁi is h.
Then the two sets of operators

D, = T[] ]‘[ Z, (328)
lek+2N

Dy, =Ti¥] [] Z (329)
lek+2N

commute with P(M), keep x and ) fixed and hence act on
H. (M), where N denotes the set of non-negative integers. For
720 <k <z,

D03} = 81, |Dg "D}, (330)
D;,|D}) = 5. [DSDEY), (331)

where the component of 48{ € G© x G® x G% correspond-
ing to k € C* is h and the other components are zero. For
k > z; or k < zp, these operators act as

D, |0y = Do)
5h70|D§;>’ k> zp,
= (Sh,o|D;85° D), k < zo even, (332)
Sro[Dg DY),k < 2o 0dd,

Analogously, we can define operators " D D" and

in°’ in> j.n?
Ejz Their actions on (M) are obtained by permuting x, y, z
cyclically in Egs. (330)—(332). In particular, for i > x;,7 < xg
and j > y1, j < yo, we have

D} |03) =D}, [og)

5h,O|D§)» > X1
= Sh,o|D;8§°D§,), i < xp even, (333)

18) —18° .
(Sh,o|Dglo AOD;), i < xp odd,
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AR A

81.0[D}), Jj>n
= 8h,0|D;6”° D;,), Jj < yo even, (334)

85, -18; .
5h’0|D; o 4UD§>, J < yo odd.

To get these operators organized, we consider the algebra
DIC] := D[C] ® D,[C] ® D,[C] with each factor D,,[C] and
its basis given by

D;L[C] = ®Dw#(G)’ h“ = ®Dhuv

necH ieCH

(335)

Yu =x,y,z. We write Dj := D;;— D, ® D;l for short,
where  h = ", 1, h°),t = (¢, t°) € G¥ x G® x G°.
The left and right actions of D(C) on H., (M) are

21
Z,1;
gt

~ 1 l_[D) (336)
i=xp j Y0 k=zo

—D;,)=]_[5j‘,§: HDjh ]_[D;’,;, (337)
i =X0 j =Y0 k= 20

supported near dC’ and 9C respectively. More precisely, 77 (D)
can be realized by operators near the region on dC’ between
planes z = zo and z = z;, since Z] in Eq. (328) acts trivially
unless zo — 1 < I < z;. By construction,

" (0})[p;) =
(04 =

In particular, they are zero if h ¢ F(C).
Let A[C] be the subalgebra owa[C] spanned by D‘h with
heF(C)andt € G x G x G%. Then

|DhDs) (338)

DD (339)

. (M) > A[C] : |D}) > D (340)
is an isomorphism between H, (M) and .A[C] as a D[C]-D[C]-
bimodule (i.e., a vector space carrying both left and right
actions of DI[C]).

Let 9/ be the isomorphism classes of irreducible represen-
tations of D (G). We call each element of Q¥ a 1 topological
charge. Pick an irreducible representation Vg = (pqx, V)
on a Hilbert space with T respected for each a* e QF.

Then
- &P ® Pai (341)
Gy
gives an isomorphism of algebras
pIcl~ P ® LV (342)
(@ e

Explicitly, a u topological charge a/ € QF is labeled by a
pair (gl o4), where gl € G describes the flux and g is an
irreducible a)“ . representation (up to isomorphism) of G.

Refer to Appendlx B 5 for the details of the labels.

H=X,,Z

Let Q[C] be the set of a = (a/)\ 20" = (g, 0" )h =g

with (g4))25."° € F(C). Then the composition
. D;, DS
H.. (M) LN% Alc]
L P Reva)= P vaov: @43
aeQ(C] u.n aeQIC]

is an isomorphism of Hilbert spaces respecting both the left
and right actions of D[C], where V, := &) wn Vg and

@ ® dlmCV " P

aeQ[C] wu,n

(344)

The normalization for each sector in p is picked such that
the inner product structure is respected. Clearly, Q[C] labels
particle types of the excited cuboid C and V, (respectively,
V*) describes the degrees of freedom near 9C’ (respectively,
0C). Physically, af = (g, 0;) can be detected by braiding a
pair of quasiparticles in the x and y directions via operator
supported near grey region in 9C’ as in Fig. 19. Thus a
is called a z topological charge. Similarly, aj (respectively,
aﬁ) is called a x (respectively, y) topological charge. Since

g)xc0 = ngO =g = 0, we have
a, = 0.04), @, =(0,0p). 0 =(0.04)

where ¢*, ¢’, ¢° € G~ G with G identified with its character
group G and g4, @4, 04 denoting the corresponding repre-
sentations.

Distinct from conventional topological orders, the num-
ber of allowed particle types of a finite excited region C
in a fracton model increases/decreases as the size of C
grows/shrinks. If a quasiparticle can be localized in a smaller
cuboid C; = [ag, aj] x [ao, ] x [a§, aj] C C, then the ana-
logues of Egs. (332)-(334) for this smaller excitation imply
that its particle type a = (a*):=."* € Q[C] satisfies

neCH

(345)

0, k > a3,

k < a even,
Z

ag odd

@ =10, 04), (346)

(03 Qq*—q—")’ k <

and the counterparts obtained by permuting x, y, z cyclically,
where o denotes the trivial representation (i.e., the counit)
of any D (G). In other words, Q[C,] can be viewed as a
subset of Q[C]; each V, for a € Q[C,] carries an irreducible
representation of D[C] for any cuboid C containing C,.

B. Fusion of quasiparticles

Suppose that there are two spatially separated excited
cuboids C, and C;, contained deep inside a much larger cuboid
C'.LetM := C' — C; — Cj. The discussion in the above section
can be repeated here for the two-hole manifold M. With the
spin configuration on dC’ and local degrees of freedom near C,
and C, fixed separately, we are left with Hilbert spaces V|[a, b]
labeled by a € Q[C,] and b € Q[C;]. Using two copies of
Eq. (344), we have

Via, b] >V, ® Vg,
where V, := ®u,n Var and Vy, 1= ®/M V.

(347)
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The action of D[C] on V, ® V, via 7 defined in Eq. (279)
is specified by the coproduct

A=) QAL

Hn=x,y,z neCt

(348)

The linear space of intertwiners between the representations
V. and V, ® V} of D[C]

VA = Hom(Ve, Vo ® V) (349)

encodes the ways of fusing a and b into ¢ € Q[C]. In
particular, N, := dimc V2% is the corresponding fusion rule.
It is possible to fuse a and b into ¢ if and only if N, > 1.
Moreover, N > 1 implies ¢! =g/ +q,,Yu=x,y,z,
where g%, q,’; gt e G~ G are specified by al’jo, bzo, cﬁn as in
Eq. (345).

C. Mobility of quasiparticles

Given an excitation of type a € Q[C,] inside a cuboid
Co = lay, af] x [ap, a|] x [af, aj], it follows from the same
argument in Sec. VI C that a is mobile in the z direction if and
only if all its z topological charges a} = (g, 0}) are trivial.
With Egs. (320)-(322), g} = 0, Vk implies that

IUESIAD WAL

i odd jodd kodd
where 2G := {2g|g € G}.

The form of a; for k < aj is given by Eq. (346). Then a] =
0, Vk < af implies that ¢° = 0, ¢° = ¢’ and hence

(350)

7 +¢ +q €26, 351)
where ¢"* € G ~ Gis specified by af; as in Eq. (345). Clearly,
the conditions (350) and (351) hold as well if the excitation
is movable in the x or y direction. In fact, both hold if and
only if the excitation is a fusion result of movable quasiparti-
cles. Thus an excitation is a fracton (i.e., not a fusion result
of mobile quasiparticles) if and only if either ), ., & +

L

D ioad &t Xroaa & £ 2G or ¢* +¢” + ¢ ¢ 2G. Similarly
to the excitations in the twisted X-cube models, we thus
see that the mobility of quasiparticles is determined by their
topological charges, thereby allowing us to utilize familiar
concepts from the study of topological order to reveal the
intriguing phenomenology of fracton order.

D. Braiding of mobile quasiparticles

The general discussion of braidings in Sec. VID applies
here as well. What changes are the constraints on topological
charges a = (a/)"=..". Rather than analyzing the implica-
tions of these modified constraints abstractly, we study the

physical consequences directly through examples below.

E. Examples

We now illustrate through examples how fracton excita-
tions in the twisted checkerboard models can exhibit semionic
or non-Abelian braiding statistics. Importantly, distinct from
the twisted X-cube models, it is possible to construct a twisted
checkerboard model with inextricably non-Abelian fractons
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FIG. 24. Braidings of particles in twisted or untwisted checker-
board models with G = Z, = {0, 1}. (a) Each labeled cube (blue
online) in the illustrated checkerboard layers (cyan online) carries a
nontrivial flux, i.e., the sum of group elements on its vertices equals
1 # 0. In the untwisted model, A, = 1 can be kept on all cubes.
If a labeled cube is in a twisted layer X, it carries the projective
representation o;(s) =i’ and the trivial representation @; (s) =1
for k' # k, where s € G. (b) Each cube (red online) on top of the
drawn layers (cyan online) indicates a violation of A, =1 in the
untwisted model. (c¢) Quasiparticle 1 (respectively, 2) is movable in
the x direction (respectively, y direction).

that is not a fusion result of immobile excitations of quantum
dimension 1 and mobile quasiparticles.

1. G = Z; (untwisted)

For G = Z, = {0, 1}, it is known [20] that the third coho-
mology group H*(G, U(1)) = Z,, whose nontrivial element
is presented by the 3-cocycle in Eq. (299). Each layer of cubes
in the checkerboard model can be either untwisted or twisted.
The pure charges (i.e., quasiparticles without nontrivial flux)
behave in the same way, no matter whether the model is
twisted or not. Thus we are more interested in excitations that
violate B. = 1 below.

First, we explain the braiding process of two xy-particles in
the original (untwisted) checkerboard model in order to build
familiarity with our notations and procedure. We consider the
four fractons shown as the cubes (blue online) labeled as 1,
2, 3, and 4 in Fig. 24(a), where only B, = 1 is violated. In the
chosen coordinates, the four cubes are centered at %(1, 1,1+
{(6, 8, 0), (6, 8, 10), (6, 20, 0), (6, 20, 10)}, respectively.
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To study the braidings in the x and y directions, we group
them into two pairs Ci, (containing cubes 1,2) and C34 (con-
taining cubes 3,4). Both Cj, and C34 are xy-particles; they
have trivial fluxes in both the x and y directions. Explicitly,
the particle type of Cy; is specified by its fluxes in each cross
section M;

g 1, k=1lorll, 352)
ko 0, otherwise.

In fact, Eq. (352) also holds for C34 for the configuration
shown in Fig. 24(a); it is easy to see that we can move Cj,
to Cs4 and that they are of the same particle type. Also, Cj,
and Cz4 can fuse into a completely trivial particle. Without
violation of A, = 1, these are pure fluxes. Hence the braiding
operator R, exchanging Cj, and Csq4 illustrated by the arrows
in Fig. 24(a), acts trivially (i.e., R = 1).

If A, =1 is also violated on the extra cubes (red online)
shown in Fig. 24(b), then both Ci, and C34 have charges as
well. Explicitly, the relevant representation of G = Z,, carried
by both Cj, and Csy4, is specified by

—1, 1 <k<11andkodd,
Q’i(l) - { 1, otherwi\se. (353)
Therefore the braiding operator acts as
(354)

R=Qoi(g)=-1.

Hence, Cy, and C34 shown in Fig. 24(b) behave like fermions
as for braiding in the x and y directions.

2. G = 7, (%, twisted for k > zy)

Suppose 1 < zo < 11. In particular, the upper layer Xi,
(respectively, the lower layer X7) drawn in Fig. 24(a) is
twisted (untwisted). Still, we can pair fractons 1,2 (respec-
tively, 3,4) into an xy-particle Cj, (respectively, C34). We also
assume that Cj, and C34 are of the same particle type with their
flux configuration given by Eq. (352).

Since the relevant quantum double algebra is twisted on M
satisfying

Diy \Dj{ | = oi(s,)D}}, Vst €G, (355)
an allowed collection of representations carried by both Cj,

and C34 can be specified by

i, k=11,

e ()= {1, otherwise. (356)

The braiding operator that exchanges C, and Cs4 as illustrated
in Fig. 24(a) is

R = oi(g) = efi (D) =1, (357)
k

which shows a semionic behavior. However, the semionic
behavior cannot appear in an untwisted model, where o; (g}.)
is always +1. This clearly shows that there is no continuous
path of gapped local Hamiltonians connecting the untwisted
model and a partially twisted model, in which V; is twisted
for k > zo and untwisted for k < zp.

3. G = Z, (% twisted for k odd)

There are many different ways of twisting the checkerboard
model. Another simple case is to twist all M with k odd but to
leave all X; with k even untwisted, which we called the half
twisted model for short. In this case, there are no semionic
2d mobile particles. However, we could instead consider 1d
mobile particles, as shown in Fig. 24(c). The nontrivial fluxes
and representations carried by quasiparticle 1 are

si=&H=1 (358)
& =& =1 (359)
0i(s) =1, Vs € L, (360)
while quasiparticle 2 carries
h=h =1, (361)
Hy = My = 1, (362)
si(t) =1',Vt € Ly, (363)

with some m, n € Z. Together, they fuse into a z-particle.

Let Oy (respectively, O,) be the operator moving quasipar-
ticle 1 (respectively, 2) along the x (respectively, y) direction.
They (i.e., O, and Oy) are supported near the corresponding
arrows in Fig. 24(c). Then OO, and 0,0 differ by a full
braiding of the identical z-topological charges of the two
quasiparticles, which equals

R = Q) [0 (h) ® si(&)] = —1.

k

(364)

On the other hand, if the model is untwisted, R?> = 1 as
long as the two one-dimensional particles 1,2 fuse to a particle
mobile in the third direction. This is because the fusion con-
dition implies g; = h; € G and @ = ¢ as one-dimensional
representations of G, Vk. Thus o; (1;) ® ¢{(g}) = lo;} (gz)]2 =
1 in the untwisted model.

In summary, in the untwisted model, if an x-particle and
a y-particle fuse into a z-particle, then the corresponding
hopping operators always commute

0,0, = 0,0, (365)
while in the model with Mi twisted alternately, we can have
0,0, = -0,0,. (366)

This clearly distinguishes the half twisted model from the
untwisted model.

4. G = Z; (fully twisted)

Suppose that X is twisted for all k € Z. Here, we have not
found a characteristic braiding process which distinguishes
this model from the untwisted case.

However, we can still argue that there is no continuous
path of gapped local Hamiltonians connecting the untwisted
model and the fully twisted model. Let us give a proof
by contradiction. Suppose there exists a continuous change
of gapped local Hamiltonians H(t) parameterized by 1 €
[0, 1] such that H(0) and H(1) are the untwisted and the
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fully twisted checkerboard models respectively. Then there
exists a local unitary transformation U loc which can be de-
scribed as a finite-depth quantum circuit, such that H(1) =
(U ) HO)U™ [5]. Let UX be a local unitary operator
obtained by keeping only operators in U'* supported on the
region z > 0. Then (U%5)"H(0)U describes a model which
is untwisted for z < 0 and twisted for z > L, where L is a finite
positive number characterizing the correlation length.
Moreover, let us consider the braiding process shown in
Fig. 24(a) with fractons 1,3 located in z < 0 and fractons
2,4 in z > L. If the braiding is made on the ground state
of H(0) [respectively, (Uzlg%)fH(O)Uzlgco], then the exchange
of Cj; and Css cannot be semionic (respectively, can be
semionic). However, the local unitary transformation cannot
change the braiding statistics, which are a nonlocal property
of the topological charges. This leads to a contradiction, which
proves the nonexistence of a continuous path of gapped local
Hamiltonians connecting the untwisted model and the fully
twisted model. It remains to be seen whether there exists a

braiding process which clearly distinguishes these two cases.

5. G = Z; x Zy x Zj: Non-Abelian fractons

Finally, let us give an example of a model which provides
an explicit realization of non-Abelian fractons, one of the
central results of our work. It is constructed with the group
G = Zy X Zy X Z; and the 3-cocycle

o(f, g h) = ™V, (367)

where f = (f(l)’ f(2)’ f(3)), g= (g(l), g(2), g<3)), h = (h(l),
h®,h®) e G. We will also interchangeably write the
elements of G simply as 000, 100, 110 and so on for
short. As examples, we have (100, 010,001) = —1 and
(100, 001, 010) = 1 in such notations. Now, to work out an
explicit example, we twist X7 for all k.

Let us consider the eight fractons labeled as 1,2, ..., 8 in
Fig. 25(a), divided into two groups. Each group is created by
an operator supported near the corresponding grey sheet. In
the left (respectively, right) group, each fracton carries a flux
100 (respectively, 011) and a projective representation Qg
(respectively, 0o11) satisfying

2100(8)0100(t) = w100(s, 1)Q100(s1), (368)

0011(8)0o11(t) = wor1(s, t)oo11(st), (369)
Vs, t € G with wg(s, t) defined by Eq. (B26). A choice of 9109

and g is given by

0100(100) = 09, 0100(010) = o1, 0100(001) =03, (370)

0011(100) = 03, 0011(010) = o1, 0011(001) = o7,

where oy, 01, 03, 03 denote the 2 x 2 identity matrix and the
three Pauli matrices. Together with fluxes, they correspond to
pioo and pgy, in Table I of Appendix B 7.

In particular, each fracton with flux 100 (respectively, 011)
carries a two-dimensional Hilbert space Vi (respectively,
Vo11), whose basis is denoted as {|100; 1), |100; | )} (respec-
tively, {|011; 1), |011; })}). When the flux is clear from con-
text, we simply write |1), |{) for short. We pair fractons 1

(371)
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FIG. 25. (a) Two groups of fractons with nontrivial flux
1, 2, 5, 6and 3, 4, 7, 8 are created from vacuum separately by an
operator supported near the corresponding grey membrane. Fractons
2 and 6 are paired into a quasiparticle mobile in two dimensions
and move around fracton 3 along the path indicated by the arrow.
(b) After the braiding, fractons 1, 2, 5, and 6 cannot fuse back into
vacuum any more but left with a pair of pure charges (red online) just
above and below the checkerboard layer (cyan online) where fractons
1, 2, 3, and 4 violate B. = 1, if the checkerboard model based on the
group G =7, x Z x Z is twisted by o(f, g, h) = ™ "¢?H)
along this layer. Clearly, the braiding process in (a) does not com-
mute with any braiding that can distinguish the fusion channels of
fractons 1 and 2; this explicitly demonstrates the non-Abelianness of
fractons.

and 5 into an xy-particle, denoted C;s. Similarly, we have
xy-particles Cyg, C37, Cys.

Since fractons 1, 2, 5, 6 are created together from the
ground state, their total topological charge is trivial and hence
they are in the state [11 4+ | })1» ® |11 + | {)s6. For exam-
ple, in the chosen coordinates, the fractons 1,2 carry flux 100
each in X{,; direct computation shows

A(DF} I + e
= 8,000’ (100, 100)0100(s) ® Q100()[11 + L) 12
= 8g000/ 11 + )12 (372)

for s = 100, 010, 001 and hence the z topological charge of
[t + 4 1), is trivial, where o (h, /') is defined by Eq. (B27).
Similarly, the state of fractons 3, 4, 7, 8 with trivial topolog-
ical charge is |1} + 4 )3 ® [14 + I 1)7g.

Next, let us consider the monodromy operator braiding
Cy¢ around Cz; as shown in Fig. 25(a). It acts trivially on
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5, 6, 7, 8 and nontrivially on 1, 2, 3, 4 as

00 ® 0100(011) ® 0011(100) ® oot + 44 21 + 413
==t = It =1, (373)

where we have used

0100(011) = @100(010, 001)0100(010)0100(001) = —003
(374)
and the associator between (Vig0 ® Vioo) ® Vo1 ® Voi1) and
WVioo ® Vioo ® Voi1)) ® Vor1 equals the identity.
As in Eq. (372), direct computation shows that fo ¢ With
g, s € G acts as

A(Df’f,g)|T¢ =
= 8g.0000° (100, 100)0100(s) ® Q100()IT — I M) 12
= 80000 1" ML = U)o, (375)

AD I = 1)
= 8g.0000° (011, 011)0011(8) ® Q011 (HIT] — I P34
= 8g000(—= 1714 = L) (376)

This implies that the group of fractons 1, 2, 5, 6 cannot
fuse back into the vacuum any more after braiding. At best, we
can annihilate all fluxes, resulting in a pair of pure charges, as
depicted in Fig. 25(b). This analysis holds for the group of
fractons 3, 4, 7, 8 as well. Thus the braiding process de-
scribed here is a clear and unambiguous signature of fractons
with a quantum dimension greater than 1. A similar braiding
was discussed in the context of anyons in twisted gauge theory
[116].

Clearly, if the model is twisted fully by Eq. (367) in at
least one direction (e.g., Xy is twisted for all k), then the
above fractons are all inextricably non-Abelian, i.e., their
quantum dimension cannot be reduced to 1 by adding or
removing some mobile quasiparticles. To see this, we note
that fluxes have to be paired in order to be mobile; technically,
Egs. (320)—(322) implies that ), gf = ngi =>,8=0
for each mobile quasiparticle. Thus the flux of each fracton
shown in Fig. 25(a) cannot be canceled by adding or removing
a mobile quasiparticle. In a fully twisted model, a nontrivial
flux requires the fracton to remain non-Abelian.

However, if E,ﬁ is alternately twisted between even and odd
layers, then the above fractons can be made Abelian by adding
or removing 1d mobile quasiparticles [like those shown in
Fig. 24(c)] and these are hence not inextricably non-Abelian
fractons. But 1d mobile quasiparticles can be inextricably
non-Abelian. For instance, suppose that the model is alter-
nately twisted in the z direction. Then the fluxes of each 1d
mobile quasiparticle in Fig. 24(c), which satisfies ) , 44 gjg =
> i even & # 0 and implies non-Abelianness, cannot be can-
celed by adding or removing 2d mobile quasiparticles whose
fluxes must satisfy D, 84 =D ioen&h =0, VL =x,y,2
following from Eqs. (320)—(322). Thus such a model still
displays a novel non-Abelian fracton phase.

Finally, if 3} is only partially twisted for both even and odd
layers, then each fracton (respectively, 1d mobile quasiparti-
cle) can be viewed as a fusion result of an Abelian fracton

(respectively, 1d mobile quasiparticle) and non-Abelian (2d
mobile) anyons; thus, the fracton phase is not strictly non-
Abelian. This crucial distinction between these three cases
is also reflected in their GSD on T3, as given by Eqs. (260),
(257), and (253).

VIII. CONCLUSIONS AND OUTLOOK

In this work, we have constructed a large class of novel
three-dimensional quantum phases of matter exhibiting frac-
ton order. Here, we shall summarize our main results and
discuss some open questions which go beyond the scope of
this paper but deserve further investigation.

The key result of our work is the construction of “twisted
fracton models,” which represent a general class of type-I
fracton phases of matter, including those with inextricably
non-Abelian fractons. In particular, we have constructed and
studied the twisted versions of both the X-cube and checker-
board models, with spins—Iabeled by elements of a finite
Abelian group G—on the faces (respectively, vertices) of
a cubic (respectively, checkerboard) lattice for the X-cube
(respectively, checkerboard) model. For either case, the un-
twisted Hamiltonian consists of local (generalized) gauge
transformations and local flux projections. Their twisted ver-
sions are obtained by adding to the gauge transformations an
extra phase factor specified by 3-cocycles w € H*(G, U(1))
and locally flat spin configurations.

Both families of models are then carefully studied. We have
made an exact computation of their ground-state degeneracy
(GSD) on the 3-torus T, which depends subextensively on
the system size. In particular, our computation discovers for
the first time the exotic GSD [e.g., Egs. (199), (209), (210),
and (262)] of non-Abelian fracton phases (i.e., fracton phases
hosting either inextricably non-Abelian fractons or inextrica-
bly non-Abelian 1d mobile quasiparticles) on T°.

In addition, we have systematically analyzed the braiding
and fusion properties of quasiparticles in twisted fracton
phases and, in the process of doing so, defined necessary
notions such as topological charge, quantum dimension, and
inextricably non-Abelian fractons and 1d mobile quasiparti-
cles. Thus our work also provides the first systematic route for
describing the braiding and fusion of quasiparticles in type-I
fracton phases, including those which are non-Abelian. As
such, our work provides a general framework within which
future studies of fracton order may be conducted. As an
important intermediate step, we have also provided a detailed
derivation of anyon properties of lattice models of twisted
gauge theories in two spatial dimensions, which is then readily
applicable to the twisted fracton models.

Concurrently with the development of the twisted frac-
ton models, it has been realized that certain non-Abelian
type-1 fracton phases can also be constructed by coupling
together d = 2 topological orders, a procedure carried out
in Refs. [74,92]. In particular, Ref. [92] constructs so-called
“cage-net” fracton models, a distinct non-Abelian generali-
sation of the X-cube model, by coupling together layers of
string-net models through a process dubbed “flux-string” con-
densation. The resulting cage-net fracton model was shown
to exhibit inextricably non-Abelian 1d mobile quasiparticles
but not non-Abelian fractons; it remains an important open
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question whether a similar coupled layer construction can
lead to a phase with inextricable non-Abelian fractons (e.g.,
twisted checkerboard models). Indeed, even the correspon-
dence between the twisted X-cube models and the cage-net
fracton models remains unknown, as it is not thus far apparent
whether all twisted fracton models can be accessed through
some nontrivial coupling between d = 2 topological orders.
In general, a major future direction in the study of fracton
orders is to understand the generic possibilities which are al-
lowed for type-I fracton phases and to study the relationships
between their various existing constructions.

Further generalizing our results regarding the properties
of twisted fracton models to generic type-I fracton phases
constitutes another important open direction. A first step
towards this goal would be to apply our systematic approach
for describing quasiparticles to other fracton phases, which lie
beyond our construction here, such as the cage-net models, in
order to understand the generic features of excitations. In ad-
dition, it is desirable to understand the GSD of a non-Abelian
twisted fracton model on T3, which depends exotically on
the system size, in terms of its quasiparticle properties. This
will likely be crucial in determining the GSD of a generic
non-Abelian fracton phase on T°.

Moreover, generalizations of the X-cube model on more
generic lattices [89] and on general three-dimensional man-
ifolds [88] were proposed recently. Both these works found
that the X-cube Hamiltonian may be defined on a lattice or
manifold where the vertices locally resemble the vertex of a
cubic lattice. In the language of Ref. [88], this construction
involves the notion of a “singular compact total foliation” of
the spatial manifold, wherein the lattice may be understood
as being constructed with transversely intersecting stacks of
parallel surfaces. In principle, there appears to be no obstruc-
tion to generalizing the twisted variants of the X-cube and
checkerboard models to generic spatial manifolds; however, it
will be an interesting challenge to understand the dependence
of their GSD on both the global topology and the foliation.

With a rich landscape of type-I fracton systems uncovered
by our construction, a better classification scheme for fracton
phases is more needed than ever. While we have focused
on the braiding-related differences amongst twisted fracton
phases here, we can see, for instance, that twisted X-cube
models based on a given group G share certain similarities,
such as how the topological charges of a quasiparticle are
constrained. Roughly speaking, these similarities reflect the
3d information inherent in these states while the differences
treat the 2d features. Based on these ideas, we expect that
an improved classification scheme would explicitly inform
us how information at different levels is organized, which
would allow for a more systematic study of fracton phases.
Such investigations may lead to an instructive quantum field
theoretical description capturing the universal properties of
these phases.

As with most recent studies of fracton orders, we have
focused here on type-I fracton phases, i.e., those where frac-
tons are created at the corners of membrane operators and
whose full spectrum contains additional quasiparticles with
restricted mobility. It remains to be seen whether insights from
this work can be extended to type-II fracton models, such
as Haah’s code [59], which host type-II fractons, i.e., those

created by fractal operators. One possible route for realizing
twisted versions of type-II fracton phases may be to study
dual theories of the recently introduced “fractal SPT” states
[118,119]. It will be especially interesting to see whether a
multi-channel fusion rule is allowed for type-II fractons.

Besides searching for, and studying mechanisms of, new
fracton phases, it is also important to explore possible real-
izations and potential applications of twisted fracton models.
This line of investigation leads to several interesting questions
worthy of future studies, such as the possibility of making
quantum simulations of twisted fracton phases in cold atomic
systems and of using non-Abelian fracton phases for quantum
information storage or topological quantum computation to
achieve better resilience to noise and decoherence.

ACKNOWLEDGMENTS

We are grateful to Danny Bulmash, Fiona Burnell, Meng
Cheng, Guillaume Dauphinais, Trithep Devakul, Michael
Hermele, Yuting Hu, Rahul Nandkishore, Wilbur Shirley,
Kevin Slagle, Shivaji Sondhi, Oscar Viyuela, Juven Wang, and
Yizhi You for stimulating conversations and correspondence.
H.S. and M.A.M.-D. acknowledge financial support from
the Spanish MINECO Grant FIS2015-67411, and the CAM
research consortium Grants QUITEMAD+ S2013/ICE-2801
and S2018/TCS-4342 QUITEMAD-CM. The research of
M.A.M.-D. has been supported in part by the U.S. Army
Research Office through Grants No. W911N F-14-1-0103 and
No. WNI1NF-14-1-0103. A.P. acknowledges support from
the University of Colorado at Boulder. S.-J. H. is supported
by the U.S. Department of Energy, Office of Science, Basic
Energy Sciences (BES) under Award No. DE-SC0014415.

APPENDIX A: GROUP COHOMOLOGY AND
DIJKGRAAF-WITTEN WEIGHT
1. Definition of group cohomology

Let G be a finite group with its identity element denoted as
eand U(1) := {z € C| |z] = 1} be the Abelian group of phase
factors. For each nonnegative integer n, let C"(G, U(1)) be the
set of functions from G” (i.e., direct product of n copies of G)
to U(1). Also, for each n, there is a so-called coboundary map

§:C(G,U(1)) — C"TH(G, U1)),
> Sw (A1)
given by

8w(g17g2a ~--’gn+1)

n
= (8. 83 - Gnr1) - | [ (810 8jm1. 8i8)41-
j=1

8j+2> 8j+3 -+ > g™ (g, g2, g) Y
(A2)
In addition, let
Z"(G, U(1)) = {w € C"(G, U(1))|sw = 1}, (A3)

whose elements are called n-cocycles, and dw = 1 is called
the cocycle condition. We denote the image of C"~'(G, U(1))
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under § by

B"(G,U(1)) := 8C" (G, U(1)), (Ad)

whose elements are called n-coboundaries. Induced by
the Abelian group structure of U(1), all C"(G, U(1)),
Z"(G,U(1)), and B*(G,U(1)) can be viewed as Abelian
groups with coboundary maps viewed as homomorphisms of
Abelian groups.

It can be checked that applying § twice always gives a
trivial map 62 : C"~1(G, U(1)) — C"*(G, U(1)), i.e., 8%c =
1,Ve € C""1(G,U(1)). Hence B"(G,U(1)) C Z"(G, U(1)).
The quotient of them

Z"(G, U

is called nth cohomology group of G with coefficients in
U(1), whose elements can be labeled by the coset of w €
Z"(G,U(l)),i.e.,

[w] := w - B"(G, U(1)).

(AS5)

(A6)

Dijkgraaf-Witten topological quantum field theories con-
structed from w, o' € Z*(G, U(1)) with [w] = [«'] are equiv-
alent.

An n-cocycle w € Z"(G, U(1)) is called normalized if
w(g1, 82, - --,8n) = 1 whenever any of g, ..., g, is the iden-
tity element e of G. It is a standard result that any element of
an nth cohomology group can be presented by a normalized
n-cocycle. For simplicity, we always work with normalized
cocycles without loss of generality.

2. Triangulated manifold

Roughly, a triangulation of a topological space X is a
decomposition of X into simplices. Ak-simplex is the k-
dimensional analogue of triangle; for lower dimensions, a
0-simplex (respectively, 1-simplex, 2-simplex, 3-simplex) is
a point (respectively, segment, triangle, tetrahedron). In al-
gebraic topology, such a decomposition is called a simplical
structure. A topological space with a simplical structure is
called a simplicial complex. Keeping only k-simplices with
k < m in a simplicial complex X results in a subcomplex
called the m-skeleton of X and denoted X™. By definition,
there is a sequence of inclusions X ¢ X! € X2---. Since X' is
a graph, terminology from graph theory is used; O-simplices
(respectively, 1-simplices) are usually called vertices (respec-
tively, edges).

To work with topological quantum field theories of
Dijkgraaf-Witten type, we want to decompose manifolds into
ordered simplices, i.e., simplices whose vertices are ordered.
Such a decomposition is called an ordered simplicial struc-
ture. It is equivalent to a simplicial structure together with
a branching structure. A branching structure is a choice of
orientation of each edge in the simplicial complex so that there
is no triangle whose three edges form a closed walk [20]. A
topological space with ordered simplicial structure is called
an ordered simplicial complex.

Technically, the notion of a simplicial complex is too
restrictive; no vertices of a simplex can coincide. A slight
generalization of an ordered simplicial complex, dropping this
restriction, leads to the notion of a A-complex. The definition

of a A-complex structure can be found in Ref. [114]. To
ensure everything is well-defined, we always work with finite
A-complexes, i.e., those with finite number of simplices. To
summarize, in this paper, the precise meaning of a triangula-
tion of a topological space is a finite A-complex structure on
it; vertices of each simplex are assumed ordered and allowed
to coincide. In particular, triangles can be singular, whose
vertices may coincide.

3. Dijkgraaf-Witten weight

Let us now consider a gauge field labeled by a finite
group G on an n-dimensional triangulated oriented manifold X
(probably with boundaries X # @). Let A!(X) be the set of its
1-simplices (i.e., ordered edges). A gauge field configuration
is specified by an assignment £ : A'(X) — G. It will be called
a coloring of X, if it is locally flat, i.e., &£ ([vov1 )& ([viv2]) =
&([vovz]) for any 2-simplex (i.e., ordered triangle) [vovvs]
in X. The sets of all colorings of X and its boundary 09X
are denoted Col(X;G) and Col(dX;G) (or simply Col(X)
and Col(0X)) respectively. Let ¢ € Col(9X), then we write
Col(X, ¢) for the set of colorings of X, which coincide with
¢ on 0X.

Given w € Z"(G, U(1)), the Dijkgraaf-Witten weight

wlX, ] = (w, &X) = 1_[ (w, Eo)*e@)

a

(A7)

is assigned to each £ € Col(X), where the product is over all n-
simplices o in X. The sign sgn(o) = 1 (respectively, —1) if the
orientation of o = [0y0] - - - 0,] determined by the ordering
of its vertices is the same as (respectively, opposite to) the
orientation of X. In addition,

(w, &0) := w(&([ogo1]), E([0102]), ..., E([on—104])),
(A8)

which is often simply written as [ogo - - - 0,] to avoid heavy
notations in concrete calculations, when w and & are clear
from context.

Before proceeding further, let us further elucidate the de-
pendence of w[X, £] on & € Col(X, ¢). To borrow terms from
topology, & € Col(X) can be viewed as a continuous map
from X to the classifying space BG for the group and it maps
X° to a base point of BG. To be concrete, we always refer
to the standard A-complex realization of BG. In general, if
&, & € Col(X, ¢) are homotopic to each other relative to 9X,
then w(X, ] = w[X, &'].

We notice that such a homotopy can be presented as a
coloring on X x I, where I = [0, 1]. The A-complex structure
of X x I isinduced by that of X as follows: if [vgv; - - - v¢] is a
k-simplex of X, then [vov; - - - vrvp], [vovy - - - vk—vp_ 0], oo
[vov] - - - v _yv; ] are (k + 1)-simplices of X x I. Here X x {0}
is identified with X; we write v (respectively, v’) for vertices
in X x {0} (respectively, X x {1}). A homotopy ¢ from & to &’
relative to X can be presented as a coloring of X x I such that
X x {0} (respectively, X x {1}) is colored as & (respectively,
&) and such that each [vv'] in (3X) x I is colored by the
identity element of G. If such a homotopy exists for &, &’ €
Col(X), we say &, &’ are homotopic to each other relative
to oX.
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To see w[X, ] = w[X, &', let C,;1 (X x I) be the group of
(n 4 1)-chains of X x I, i.e., the free Abelian group generated
by A" (X x T). We also use X x I to denote the orientation-
dependent sum of all (n + 1)-simplices in X x I;we write X X
I=7),sgn(o)o € Cpp1(X x I). Using the Abelian group
homormophism ¥4 : G, (X X I) — C,4+1(BG) induced by
the homotopy @ : X x I — BG, we have

(w, 940(X X I)) = (bw, 934X x I)) = 1. (A9)
We notice that 3(X x I) = X x {1} — X x {0} + (dX) x I and
that 94 coincides with group homomorphism & (respectively,
&,) induced by & (respectively, £') on X x {0} (respectively,
X x {1}). In addition, w gives the trivial phase factor 1
on all n-simplices in (0X) x I. Hence (w, 940(X x I)) =
(w, &:X) /(w, £;X), so we get (w, &xX) = (w, £,X).

Suppose that X and X are the same manifold with probably
different A-complex structures that coincide on boundary.
Let us consider an (n + 1)-dimensional A-manifold X x I
whose boundary is triangulated as X (respectively, X') on
X x {0} (respectively, X x {1}) and the induced A-complex
structure of (9X) x I.°> Then a homotopy ¥ from & € Col(X)
to & € Col(X') relative to dX can be defined as a coloring
of this A-manifold X x I that coincides with & (respectively,
&) on X x {0} (respectively, X x {1}) and colors each [vv'] €
(0X) x I by the identity element of G. Again, repeating the
above argument using Eq. (A9), we get (w, &X) = (w, £X) if
& and &’ are homotopic to each other.

To determine when two colorings on X are homotopic,
we pick a vertex s € X as the base point and a path (s, v)
from s to every vertex v other than s, where X is as-
sumed to be connected. Let 71(X,s) be the fundamental
group of X based at s. For any subset W C X°\{s}, we
write (s, W) := {(s, v)|v € W}. Then Col(X; G) is in one-to-
one correspondence to Hom(m (X, 5), G) X G<S'X0\{S}>, where
Hom(m (X, 5), G) is the set of group homomorphisms from
(X, s) to G.

Further, suppose that X and X' are the same manifold
with probably different A-complex structures that coincide on
boundary. If 9X # (4, the base point s is picked in 9X. Then
& € Col(X;G) and &’ € Col(X’; G) are homotopic relative to
oX if and only if they assign the same group element to
each path in (X, s) and (s, 3X°\s), where 9X° is the set
of vertices in 9X. If 39X = 90X’ = @, then & € Col(X;G) and
&' € Col(X'; G) are homotopic if and only if there exists g € G
such that £'(¢) = g&(q)g~" for any g € m;(X, s).

The summation of (w, £&X) over £ € Col(X, ¢) gives the
Dijkgraaf-Witten partition function

Y (0, EX),

£€Col(X,¢)

Zy(X, ) = (A10)

|G|IX°\8X°|

where [X%\9X°| is the number of vertices of X not in dX. From
the discussion above, it is clear that Z, (X, ¢) does not depend
on how X\dX is triangulated.

STt is known that the A-complex structure on the boundary of
manifold can be extended to the whole of the manifold.

APPENDIX B: ALGEBRA PRELIMINARIES FOR D“(G)

1. Some definitions for quasibialgebras

A quasibialgebra (A, A, ¢, ¢) is an algebra A over C
equipped with algebra homomorphisms A: A — AR A, ¢ :
A — C and an invertible element ¢ € A ® A ® A such that

(id ® A)(A(@) = p(A®id)(A@)¢~', VYaec A (B)
(1d®id® A)¢)(A ®id ®id)(¢)
=(1®¢)i{d® A®id)(¢)¢ 1), (B2)
(e®id)oA=id=(id®e&)o A, (B3)
(d®e®id)(¢) =11, (B4)

where 1 denotes the identity element of .A. Respectively, A,
¢ and ¢ are called the copruduct, thecounit, and the Drinfeld
associator. A quasibialgebra is a generalization of bialgebra;
it relaxes the coassociativity condition.

An antipode on a quasibialgebra (A, A, ¢, ¢) is a triple
(S, «, B), where S : A — A s an algebra antihomomorphism
and «, 8 € A, satisfying

Y 8(d")ad? = e(a)a, (BS)
Xj: a}'ps(a?) = (@), (B6)
Xj: ¢} BS(¢)" ) = 1, (B7)

j (B3)

> S(@")ad?pS () = 1.
J

for any a € A, where Zj a;l) ® a_(]-z) = Aa), Zj ¢_§-1) ®
¢ @) =¢, and 3, ¢)" ®$” © ¢ = ¢ A quasi-
Hopf algebra (A, A, g, ¢, S, o, B) is a quasibialgebra with an
antipode (S, e, 8) such that S is bijective.

A quasitriangular quasibialgebra (A, A, €, ¢, R) is a qua-
sibialgebra equipped with an invertible element R € A ® A,
called theuniversal R matrix, satisfying

A%(a) = RA(@)R™!, (B9)
(A ®id)(R) = ¢312R13¢ 35 Ra36, (B10)
(id ® A)R) = ¢33 R13¢213R 129", (B11)

where A% :=po A with p(a; ®ay) :=a; ®a; and R;;
stands for R acting nontrivially in the ith and jth slots
of A® A® A. In addition, if o denotes a permutation of
(.23 and ¢ = 3,67 ® ¢ ® 8", then doiyo03) =

(e™'(1)) (c7'2) (@™'3)
Yo Ve P gl @),

2. Tensor product of quasibialgebras

Given two quasibialgebras (A, Ay, e1,¢1) and
(Az, Az, &2, ¢2), their tensor product A := A; ® A, is also a
quasibialgebra equipped with the coproduct A : A > A® A
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given by the composition of the following two maps:

A1®A4,

A=A40A — (A4 0A)Q (AR A)
- (AR U RA)=AR A,
where the second map swaps the middle two tensor factors

(/_11 QAR (A @ A) = A @ A, ® A; ® A;. The counit
g is

(B12)

Al ® Az £1Q¢8
where the second map is the multiplication of C. The Drinfeld
associator ¢ is also given by the tensor product of ¢; and ¢;;
more precisely, ¢ is the image of ¢; ® ¢, under the map

(A2) @ (AD°) > (A @ AP = AR A® A

swapping corresponding factors.

For notational compactness, we do not express the identi-
fication maps A®" ® A" = A®" and C ® C = C explicitly.
Thus we can simply write A = A} @ A;, ¢ = ¢ ® &;, and
¢ = ¢1 ® ¢,. This convention of notation simplification will
be used below.

If (A, Ay, e1,¢1) and (A, Ay, &2, ¢) have antipodes
(S1, a1, B1) and (S, an, B2), respectively, then their tensor
product (A, A, ¢, ¢) is also a quai-Hopf algebra with antipode
(1 ®82, 010, 1 ® ).

In addition, if (A, Ay, €1, ¢1) and (A,, Az, &2, ) are qu-
asitriangular with universal matrices Ry € A; ® A; and R, €
Ay ® As, respectively, then their tensor product (A, A, ¢, ¢)
is also quasitriangular with a universal matrix R = R} ® R;.
This discussion here generalizes to the tensor product of a
finite number of quasibialgebras.

C®C — C, (B13)

(B14)

3. Representation category of quasibialgebra

Below, all vector spaces are assumed to be finite-
dimensional for simplicity. A representation (p, V) of A is
a vector space V over C equipped with an algebra homo-
morphism p : A — End(V) = L(V), where End(V) = L(V)
is the algebra of all linear operators on V. A morphism f :
(p1, V1) = (p2, V») is a linear map that commutes with the
action of A, i.e.,

Sfopi(a)

Such a map is called an intertwiner in representation theory.
By the representation category of A, we mean the category
whose objects are the representations of A and whose mor-
phisms are the intertwiners between them. As it fits in a more
general setting on the categories of modules, the representa-
tion category of A is denoted by .A-Mod. In practice, we often
write V short for (o, V) and treat V as an .A-module; the action
ofa € Aonv €V isthen written as a - v := p(a)v.

For a quasibialgebra (A, A, ¢), a tensor category structure
can be defined for .A-Mod. Given any two representations
Vi = (p1, V1) and V, = (p2, V), their tensor product is V) ®
Vo = (p12, Vi ® V») with

=pa(a)o f,Va e A. (B15)

P12 = (p1 ® p2)o A, (B16)

which is also a representation of 4. The tensor product of
morphisms is the standard tensor product of linear maps.

The unit object is the trivial representation (g, C). The
following intertwiners

CeV=Vv=VeC,

B17)
1Qv i v<— vl

are isomorphisms and are called the left and right unitors of
A-Mod.

Given three representations V; = (p;, V;), j =1, 2,3, we
can construct two representations (V; ® V,) ® V3 and V) ®
(V> ® V3), which are the same vector space but not neces-
sarily identical as an .4-module. They are isomorphic by the
intertwiner

P1®Mmp3(d): (Vi®@V)V: =V ® (V,®V3),
(BI8)

which is called the associator of .A-Mod.

In case that (A, A, ¢) is a quasi-Hopf algebra with an
antipode (S, «, B8), given any representation V = (p, V) we
can construct a dual representation V* = (p*, V*), where
V* := Hom¢(V, C) and p*(a) = ,o(S(a))T is the transpose
of p(S(a)) for any a € A. Explicitly, the action of Va € A on
Vf e V*isgiven by (a- f)(v) := f(S(a) - v), Vv € V. Using
the properties of the antipode, delineated in Eqgs. (BS)—(B8),
we construct two intertwiners

ay: V'V —>C, fuvr f(pla)), (B19)

By:C—> VRV 1 p(B)eLl(V)=

such that the compositions

Ve V" (B20)

By ®idy idy®ay

V— (V®V*)®V—>V®(V*®V) V,

(B21)

idy+ ®By V* ® (V ® V*) _) (V* ® V) ® V* ay Qidy« V*

(B22)

V*

equal the identity maps idy and idy-, respectively. Thus V* is
a left dual of V in the tensor category .4-Mod. Another rep-

resentation can be constructed on V* with *p = /o(Sfl(a))T
and *V = (*p, V*) is a right dual of V. The notions of left
dual and right dual can be found in many references on tensor
categories, such as Ref. [120].

In case that (A, A,e) is quasitriangular with R =
Z r(l) ® r( ), for any two objects V; = (p1, V) and V, =

(02, Vz) in A Mod we can define a morphism RV : V| ®
Vo - Vo ® V) by

R @)= (1 v) ® (1 w).

J

(B23)

The above works as a braiding for .4-Mod. For a quasitrian-
gular quasi-Hopf algebra, it is guaranteed that *V is equivalent
to V* and that the double dual V** is equivalent to V' [121].

4. Algebra structures of D (G)

Given a finite group G, whose identity element is de-
noted by e, and a normalized 3-cocycle w € Z3(G,U(1)),
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0/
4 7 2
“a
P
1 t 2
(a) wg (s,1) (b) w® (h, k)

FIG. 26. Graphic representation of w,(s,?) and w’(h, k). The
order of verticesis0 <0 <1< 1" <2<?2.

we can construct a quasitriangular quasi-Hopf algebra
(D*(G), A, e, ¢, S, a, B,R). First of all, D*(G) is a |G|2-
dimensional vector space over C with a basis denoted as

{Dz,}g i~ The multiplication and comultiplication laws are
given by
D;Dﬁl = 8g sns—1 Wg((s, t)D;’, (B24)
A(DS) = '(h. k)D; ® D}. (B25)
hk=g
Here, w,(s, t) and w’(h, k) are phase factors defined as
—1
, 8,1 , 1, (st t
s, 1) = (g, s, 1)w(s, 1, (s1)” gs )’ (B26)
w(s, s 'gs, 1)
h,k, s hs, 57k
WO h k) = w( s)w(s, s~ hs, s™ ks) (B27)

w(h, s, s~1ks)

They correspond to the Dijkgraaf-Witten weights on the A-
complexes with coloring shown in Fig. 26.
For convenience, we write

D = ZD;.
8

It is evident that D¢ is the unit of the algebra, where e is the
identity element of G. In other words, C is included in D”(G)
as CD¢; we often write 1 instead of D¢ for the identity of
D*(G) for simplicity. Moreover, the counit is

(B28)

e:D“(G)— C
D; — 8(DZ;) = dge- (B29)
The Drinfeld associator is
o= Y w(gh k) 'D;®D;e D] (B30)

g.hkeG

Further, (D”(G), A, &, ¢) is a quasi-Hopf algebra with an
antipode (S, «, 8) given by

1 -
S(DY) = D, ., B31
( g) wg—l(S, S")a)s(g, g_l) 5 lg Ig ( )
a=1, (B32)

B=D) w(gg " oD (B33)

geG

It is also quasitriangular with

R:ZD§®Dg.

geG

(B34)

In addition, D”(G) is also a x-algebra. The Hermitian
conjugate of Dy is given by

(D) = wi(s.sHDL (B35)

g s7lgs
where a);(s, s71) is the complex conjugate of Wg(s, s—h.
Moreover, the Hermitian conjugate on D“(G) ® D*(G) is
given by

(D@ D) = (D) ® (D))" (B36)

It can be checked that VA € D“(G),
AT = (AQ)), (B37)
e(A") = (e(A))*. (B38)

In the main text, D”(G) is faithfully represented, with the
Hermitian conjugate respected, on a finite Hilbert space. So
D?(G) is in fact a C*-algebra and is hence semisimple.

5. Representations of D“(G)

It is known [117] that D®(G) is semisimple: all its
representations can be decomposed into irreducible ones.
Below, we construct all possible irreducible representa-
tions {Valaeqn of D®(G). The index set can be Q =
{(h,o)lheJ, o € (ZG(h))f;h}, where J is a subset of G select-
ing a representative for each conjugacy class and (Zg(h))"
selects a representative for each irreducible wy-representation
isomorphism class of Zg(h) := {g € G|gh = hg}. Here Zgs(h)
is called the centralizer of & in G.

In detail, a w;, representation of Zg(h) is a vector
space V, equipped with a map ¢ : Zg(h) — GL(V,) satisfy-
ing o(s)o(t) = wy(s,t)o(st), Vs, t € G, where GL(V,) is the
group of all invertible linear transformations of V,,. Then we
can define a representation g;, of D;’(G) on V, by

on(Dy) = 81 0(5), (B39)

where Dj’(G) is the subalgebra of D“(G) spanned by
{D§|g € G, s € Zg(h)}. Further, in short,

Vine) = D(G) ®ppc) Vo-

gives an explicit representation V), ,) corresponding to
(h, 0) € Q. Moreover, an inner product can be added to Vi, )
such that pg, 0)(AT) = (p.0)(A))', YA € D*(G).

Explicitly, we pick a representative qj? for each left coset
of G/z;(. Since the conjugacy class containing & can be
expressed as [h] = {q?h(qj?)fl}, the index j goes from 1 to
[[A]] (i.e., the cardinality of [A]). For convenience, we always
take q’f = e. To proceed, if {eig}i=1,2,...,degg is a basis for V,,

. h i=1,2,...,dego
then so is {|g], €) := AV @ Ie})} _, " ) for Ving)- Then

the representation p, o) on Vo) is given by

wg(t, qf)
a)g(q,i‘, S)

(B40)

i) (DY) |4} €F) = Sg1qhrgh)! |gis o(s)ef), (B41)
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where qZ and s are specified by tq? = q,i’s and s € Zg(h).
Two representations V; o) and Vi o) constructed this way are
equivalent if &, i’ are conjugate and g, @’ are equivalent.

In addition, an inner product can be added on V;, ,) such
that .0 (A7) = (pm.0)(A))T, VA € D(G). To see this, we
first apply Weyl’ s unitarian trick to (o, V,) € (ZG(h))ﬁh :
starting with any inner product (-, -) : V, x V, — C, we can
construct a new inner product by

deZG(h) (0(8)v, 0(g)w)
1Zg(h)|
Since wp(f, g) € U(1), it is straightforward to see that o

is unitary under the new inner product (-|-), i.e., Yv, w €
Vo, Vg € Zg(h),

(v|w) = Yv,weV,,  (B42)

(e(@vle(®w) = (v|w). (B43)

Further, if {eig Yicio dego is an orthonormal basis for V, with
respect to (-|-), then an inner product, also denoted (:|-),
i=1,2,...,dego .

on V) is given by requiring that {|qj, t)}j:1,2 _____ S

orthonormal as well. It can be checked that

Loy (AT = (P (AN,

where the two ’s denote the Hermitian conjugates for D“(G)
and operators on (), (-|-)) respectively.

Further, p = @acqps gives an
algebras

VA € D?(G), (B44)

isomorphism of

p:D?(G) ~ (B45)

P Lo,

aeQ

where L£(V,) is the algebra of all linear operators on V,
and is isomorphic to the algebra of all dim¢ V, % dimg Vg
matrices Mimc v, (C). According to the Artin-Wedderburn
theorem, a finite dimensional algebra over an algebraic closed
field is semisimple if and only if such an isomorphism ex-
ist. The inverse of p, denoted y, can be specified by its
value on each basis vector |¢?, €7)(¢, €]| € LVy.0))- To
keep notations compact, we may not write y explicitly as
long as the representation is clearly carried by a vector
space.

To work out the details step by step, we start with the
subalgebra C[Zs(h)],, spanned by {Dj}|s € Zg(h)}, which is
a twisted group algebra and hence semisimple [122]. So we
naturally write down

v(lai. )l €7])
_ Z dego

L 126

(€?|lo M e)Ds.  (B46)

It can be checked that & respects the action of Dj for any
s e Zgh) and that it sends ), ; lq", €2)(qh, €| to Bh Hence
T o ,o(DS) = D;, Vs € Zg(h). Also, p o w equals the identity
on |¢", € )(ql, Q| by dimension counting.

In addition, we notice that

()
(ql’ z|Dq

on((qh) " ah)

= a1 € |(0")" = (B47)

(4 <f

Therefore the inverse of p is given by
v (g < Naj ;1)
g |qw lats €] @

4 1 h
wh((q ) 9q )

 (ele@ 7€)

dego
R LR
, h
St 126 ()] wn((@3)7", q%)
q, s(qh)™!

Z _dego
1Zg(h)

s€Zg(h)

i (5)D, (B43)

where /1 1= Cljh(q/)_
TEHT (5)
- —1
_ (e8lo) ef)en,(aho o (s (@) )

-1
on((d)) - 4j)

In case that G is Abelian, the basis vectors of Vo) can
be written as |h; €7) := |¢", €). The representation Eq. (B41)

reduces to
Py (D) s €7) = 8- ()| 3 €7), (B50)
and the inverse of p = @, o) reduces to
deg
(el e]) = 32 S € le €Dy @51

seG

6. The braided tensor category D (G)-Mod

Since (D“(G), A,¢e,¢,S,a,8,R) is a quasitriangular
quasi-Hopf algebra, its representation category D*(G)-Mod
is a braided tensor category with duality. In addition,
D*(G)-Mod is semisimple with finitely many isomorphism
classes of simple objects. Let £ label all the isomorphism
classes of simple objects; irreducible representations are sim-
ple objects in a representation category. To be concrete, for
each a € Q, we pick an explicit representation V,, such as
the one constructed in Appendix B 5. In particular, the trivial
representation is denoted by V, and the corresponding ele-
ment of £ is denoted by o. It can be checked that the dual
representation V} is also irreducible and works as both a right
and left dual object of a. Let @ € Q label the isomorphism
class of V. By definition, V5 is isomorphic to V.

In the physics literature, a semisimple braided tensor cate-
gory is often specified by the following data (1) fusion rule

Ngy, (2) 6j symbols Fubc and (3) R symbols R , Where
a, b, ¢, 0, ¢, €. Below let us work out the deﬁmtlons of
these data for D (G)-Mod. This can be done via the notion of
a splitting space V2°, defined as

VP = Hom(V,, Vo ® V), (B52)

where V,, Vp, V. are irreducible representations labeled by
a, b, ¢ce Q. In other words, Vf" is the vector space of
intertwiners from V. to V, ® Vg.

The fusion rule N, is just the dimension of Vf‘b, ie.,

N, = dimc V,2°, (B53)
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for any a, b, ¢ € Q. It satisfies
ZNceleeac = ZNC?ngC’
¢ f

as a result of the isomorphism in Eq. (B60) below. The
fusion rule can be viewed as the multiplication rule of the
Grothendieck ring of D”(G)-Mod, and we write

axb= ZN;bc.

e

(B54)

(B55)

Because of the isomorphism R : Vy, @ Vy = V, ® Vp, we

have
N;, = Ng,. (B56)

In addition, for any semisimple braided tensor category with

duality, we notice that
Ngy = Sao, (B57)

which identifies a from the fusion rule.
To define FD“;‘, we observe the isomorphisms of vector
spaces

PV @ Vs© = Hom(Vy, (Vo @ Vo) ® Vo),

eeN

UV > (u®idy)ov, (B58)
PV @V = Hom(Vo, Va ® (Ve ® Vo)),
feQ

KQAH (idg ®A)ok. (B59)

Because of ¢ : (Ve @ V) @V =V, ® (Vs ® V,), we have
Hom(VDz (Va ® Vb) Q Vc) = HOH‘I(VD, Va (24 (Vh ® Vc))
Thus there is an isomorphism of vector spaces

b ~ b
P eve =P ev
eeN feQ

(B60)

Restricting the isomorphism to the summand on the left-hand
side corresponding to a given ¢ € 9 and projecting into the
summand on the right-hand side corresponding to a given
f € Q, we get the homomorphism
FRS Ve @V > Vi @ v, (B61)

which is called the 6 symbol for (a, b, ¢, d,¢,§) € 0°.

The R symbols R%® are an isomorphism between V¢ and
VC“[’; it is induced by the braiding R®® : Vy @ Vo — V., ® Vg
in the following way:

ab . ysba ab
R VP>V,

w R o pu, (B62)

forany a, b, ¢ € Q and any u € V,2°.
To give a matrix representation for the linear maps F25¢

Oef
and R2°, we need to pick a basis for each splitting space.
Thus one braided tensor category may have different matrix
representations of F;‘:’c and R2°; they are related by changes
of basis, which are also referred to as gauge transformations
sometimes in the physics literature. In order to distinguish

inequivalent braided tensor categories, we want to find some

useful quantities, invariant under changes of basis. The topo-
logical spin 6, associated with each a € £ is an important one
for this purpose; for D*(G)-Mod, it can be defined as

0 1= Z Mtr(?@?“)’

; (B63)
cen dim¢ (Vo)

which is a root of unity and satisfies 05 = 6,. More explicitly
in terms of representations,

_ (R @R,V ® V)
"Tdime (Vo) T dimc (V)

where g is the operator permuting the two factors V, ® V,
and R is the universal R matrix of D“(G). The topological
spins are often collected into a matrix form 7, = 04840, Va,
b € 9, which is called the topological T matrix. It is well-
known that the R symbols satisfy the “ribbon property”

0
RER =2 ;b
a

The topological S matrix S = (Sqp)a,pesn 18 another impor-
tant quantity. For D”(G)-Mod, its matrix element S, Va, b €
£ is defined as

(B64)

idyes. (B65)

1 o
Sap = 5 Z dime (Votr(REORYT)

ceN
= lZN‘ Oc dimc (Vo) (B66)
= ab c)s
D =0,
(B67)

D:= [} ldimc Vo = [Gl.
e

Given the topological S matrix, we can recover the fusion rule
by the Verlinde formula [14,38,123]

. SaqSpqSe
NS, = Z % (B68)
qeq q

The topological 7 matrix and S matrix are also called the
modular invariants, as they are closely related to the modular
transformations [108,109].

7. Examples of D (G) and D*(G)-Mod

Below, let us study several concrete examples of D“(G)
and its representation category D®(G)-Mod.

a. D(Z,)

Picking G = Z, = {0, 1} and w trivial, we get the quantum
double algebra D(Z,). Its four inequivalent irreducible repre-
sentations, given by Eq. (B50), are

Py (D}) = 8 - €7, (B69)

labeled by (g, A) € Z, x Zy =1, all of which are one-
dimensional. For example,

1(p]
po (Do)
In the notation widely used in the toric code model, the four

simple objects (0, 0), (0, 1), (1,0), (1, 1) in D(Z,)-Mod are
denoted by 1, ¢, m, e, respectively [15].

— ein(lxl) = —1.

(B70)
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The fusion rule is given by

(g1, A1) X (g2, A2) = (g1 + &2, A1 + A2). (B71)

In other words,
eXe=mMmXm=¢€Xe€=1, (B72)
eXm=g, eXe=mM MXE€E=2¢. (B73)

The unit objectis 1 = (0,0) and a = a, Va € Q.
All 6 symbols, allowed by fusion rules, equal 1. The R
symbols are given by

RE1ADE2. ) — eiﬂklgz7 (B74)

where we omit ¢ in Rg” since ¢ is uniquely determined by a
and b. Then Eq. (B63) gives the topological spins

(9179219111706‘):(191711_1)' (B75)
By Eq. (B66), the topological S matrix is given by
1 anb
S B76
ab = 2 9 9b ( )

In general, R°*R° is a scalar multiplication by 725t For
alb

D*(Z,)-Mod, we notice that R*® is a scalar multiplication
by 6,.

b. D°(Z,) with »(1,1,1) = -1

The nontrivial element of H3(G,U(1)) = Z, for G =
Z, = {0, 1} is represented by the normalized 3-cocycle

1, g=h=k=1,

w(g, h k)=
(8 ) 1, otherwise.

(B77)

Different from D(Z,), in D*(Z,), we have D%D% = _D(1)
because w;(1, 1) = —1 by the definition in Eq. (B26).
The irreducible representations of D (Z,) are

Py (D)) = 8- i€ - €™,
labeled by (g, A) € Zy X Z;
A 0}) = is1
The fusion rule is still
(81, A1) X (82, 22) = (81 + 82, A1 + 22).

The unit object is (0, 0) and (g, A) = (g, A).
Suppose that Vg, is spanned by e}. Then €}/ 13> > €} ®

81+82
A (g1.21)(82,42) . . .
e, spans V(glJrg2 hiiag)- Using such a basis for each splitting

space and noticing that

(B78)
= . For example, we have

(B79)

(B80)

-1, gi=g=g=
Al A2 A3
® ® BS81
Per @ Py ® 0 (9) = {1, otherwise, (B81
we have
F(glq)\l)(gz,)tz)(g,%)\'}) — -1, B1=8=8= (B82)
1, otherwise,

where e, 0, f are omitted in Fe‘z,?” as they are uniquely
determined by a, b, c.

By Eq. (B23), we directly read the R matrix
R(g1.21)(82,.%2) — Zpg»zz(Dg) ® p)»l (DE) 82 . iR (B83)
8

from the universal R matrix R = Zg D¢ ® Df with D* :=
Zg Dy, Then Eq. (B63) gives the topological spins
(00.0)» 00.1)» 01,0 O1.1y) = (1, 1,0, —i).

Hence, the simple objects (1,0) and (1, 1) are often called
semions. In addition, Eq. (B66) gives the topological S matrix

(B&4)

1 eaxb
=3 . B85
D Dabs (B8S)
In general, R°*R° is a scalar multiplication by 725t For

D®(Z,)-Mod, we notice that R is a scalar multlphcatlon
by 6.

e Vnk®

c. D°(Z3) with o(g, h, k) =

This gives an example in which not all irreducible
representations are one-dimensional, even though G itself
is Abelian. The three Z, components of g€ G =73 =
Zy x Ty x 7, are denoted by g, g® 3. To keep no-
tations compact, we will use 100 short for (1,0,0) €
G; thus, the eight group elements are also denoted
000, 100, 010, 001, 110, 011, 101, 111. Moreover, we write 0
short for 000 when it is clear from context. As G is Abelian,
Eqgs. (B26) and (B27) define a normalized 2-cocycle w, =
¥ € Z*(G, U(1)) for each fixed g € G. Explicitly,

em (gVAPk® —p D@ g3 4 (1) @ 30y

wglh, k) = (B86)

Whenever g # 0, we notice [w,] corresponds to a nontrivial
element of H2(G, U(1)).

In total, D“(G) has 22 inequivalent irreducible representa-
tions. Eight of them are one-dimensional, labeled as pé with
A=W, A2 23y e 73; explicitly,

o0 (Ds) — 50]16111)»3

where A -s:= AWM 4 1A@Ds@ 4 333 (mod 2). The
other fourteen irreducible representations are two-dimen-
sional, labeled as ,0;," and p, with ¢ # 0 in 73; they can be

specified by the action of D}loo, Dglo, ng as shown in Table 1.

(B87)

TABLE 1. Two-dimensional irreducible representations of
D(Z3) with (g, h, k) = ™8 " gpecified by the action of a
set of generators. The 2 x 2 identity matrix and the Pauli matrices
are denoted by oy, 01, 02, 03, respectively. The topological spin 0
of each irreducible representation is listed in the last column.

100 010 001
D, D;, Dj 6
+
P1oo :1:5100,/1 ) 5100,h Y 8100,1 * 03 +1
+
Po1o o101 * 03 +3010.1 * 00 o101 01 +1
p(fn 5001,h Y 5001,h + 03 ﬂ:5001,h + 0p =
+
Por1 5011,h + 03 5011,h Y ﬂ:5011,h + 0] +1
+
Plo1 +81014 - 01 S101, * 03 8101, - 01 +1
+
Piio 3110,h $ 0] Z|:5110,h 4! 5110,h + 03 +1
+ .
P11 8111, - 01 81110 - 02 E8111,0 - 03 T
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The corresponding representation isomorphism classes are
denoted by (0, A) for A € Z% and (g, £) = (g, £1) forg € Z3,
g#0.

The dual of each simple object is isomorphic to itself;
in particular, each two dimensional irreducible representation
fuses with itself as

(100, £)* = 0 + (0,010) + (0, 001) + (0,011),  (B88)
(010, +)* = 0 + (0, 001) + (0, 100) + (0, 101),  (B89)
(001, +£)* = 0 + (0, 100) + (0, 010) + (0, 110), ~ (B90)
(011, 4)* = 0+ (0, 100) + (0,011) 4 (0, 111), ~ (B91)
(101, +)*> = 0 4 (0,010) + (0, 101) 4 (0, 111), ~ (B92)
(110, +£)* = 0 4 (0,001) + (0, 110) 4 (0, 111), ~ (B93)
(111, +)* = 0 4 (0, 110) + (0, 101) 4 (0, 011),  (B94)

where o = (0,0) denotes the unit object. We notice that
Egs. (B88)—(B90) and Egs. (B91)—~(B93) are related by per-
muting components of g, A € Zg. In addition, (g, ) x (g, F)
equals the sum of one-dimensional representations that do not
appear in (g, £) x (g, *). For example,

(100, ) x (100, F)

= (0, 100) + (0, 110) + (0, 101) + (0, 111).  (B9S)
The rest of the fusion rules are
(0,4) x (0, ) = (0, & + ), (B96)
(0, 1) x (g +) = (g, £e™9), (B97)
(g 1) x (h,k)=(g+h +)+(g+h,—) (B98)

forg, h#0,g# hinG,and k, k' = +.

For 6 symbols, let us compute Fa“e‘}“ with a = (111, &)
as an example. In the current category, all allowed splitting
spaces are one-dimensional. We pick a basis for each splitting
space relevant here as follows:

1
o = E(O» 1,—1,0)" € Vi§%o0 (B99)
. 1 T aa
wy = E(I,O, 0,-1)" € Voo (B100)
. l T aa
Uy 1= ﬁ(l, 0,0, D" € Vgiions (B101)
. l T aa
U3 = E(O, 1, 1,0)" € Vg (B102)
oo — ((1) 0) € YO0y a0.000) (B103)
0 1 (0,011)a y,a(0,011)
o] = 1 0 S Va . Va s (B104)
1 0 (0,110)a y,a(0,110)
o= (1 0) evenon yaouo, (B106)

where the intertwiners are presented in matrix form.
From Eq. (B58), we get that {(u; ®id )aj} —0.1.2.3
forms a basis of Hom(V,, Vi ® Vy) Q@ Va). By the
Drinfeld associator (:01i11 ® /oli11 ® plill)(qﬁ) = —1, the
basis is converted into {y; = —(u; ® idﬂl)crj}jzo’l’l3
as a basis of Hom(V,, V,s ® (V4 ® V,)). On the other

hand, {g; := (ida ® uj)oj};_o,,5 forms another basis
of Hom(V,, Ve ® V4 ® V,)) from Eq. (B59). It is
straightforward to check
Yivy =85ida, Vj, j/ =0, 1,2, 3; (B107)
(p;(pj/ =§;;idq, Vj, j/=0, 1, 2, 3. (B108)
Then, the 4 x4 matrix (FJ) ;:=F.%, for ¢, f=
(0, 000), (0,011), (0, 101), (0, 110) describes the basis
transformation; thus,
(F), s = Uil
1 -1 —i 1
1 - ;=
— -t =t i = Bigo)

21— -1 -1 i
-1 -1 —-i -1

where ((pj|1/fj/) is defined by (p;wjr = {pj|¥;)id,. For exam-
ple, Fo 000)0.011) = = —1. All the other 6 symbols can be
computed in this way.

The universal R matrix R = ) ¢ Dg ® D¥ is elegant enough

to describe braidings; we will not list all Rgb , which can be
obtained by a well-defined but tedious computation from R.
To illustrate the computation, let us calculate R$¢ with a =
(0, 111) as an example. Given by Eq. (B23), the matrix form

of R : V. Q@ Vs = Vy ® Vg is
= (o1, (D) ®ida)p,
1 0 0 O
JO 0 1 0
=Filg 1 o ol (B110)
0O 0 0 1

where p: V, ® V, — V, ® V, is the exchange of the two
factors and
i (@) = pii (D) = pii (D111DV)
— o (~DINDDAE) = For0) = .
(B111)

Using Egs. (B99)-(B102) and (B62), we get
Rga == :tl . idvoaa, Rga - :Fl . idV(a"a (B112)

where ¢ = (0, 011), (0, 101), or (0, 110). Thus the topologi-
cal spin of a = (111, &), defined by Eq. (B63), is

Oait,+) = Fi. (B113)

The topological spins of all two-dimensional irreducible rep-
resentations are listed in Table I, while all the topological
spins of one-dimensional representations are 1. Given the
topological spins and the fusion rules, we can read off the
topological S matrix from Eq. (B66).
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