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We study the braiding statistics of particlelike and looplike excitations in two- (2D) and three-dimensional (3D)
gauge theories with finite, Abelian gauge group. The gauge theories that we consider are obtained by gauging the
symmetry of gapped, short-range entangled, lattice boson models. We define a set of quantities, called topological
invariants, that summarize some of the most important parts of the braiding statistics data for these systems.
Conveniently, these invariants are always Abelian phases, even if the gauge theory supports excitations with
non-Abelian statistics. We compute these invariants for gauge theories obtained from the exactly soluble group
cohomology models of Chen, Gu, Liu, and Wen, and we derive two results. First, we find that the invariants take
different values for every group cohomology model with finite, Abelian symmetry group. Second, we find that
these models exhaust all possible values for the invariants in the 2D case, and we give some evidence for this
in the 3D case. The first result implies that every one of these models belongs to a distinct symmetry-protected
topological (SPT) phase, while the second result suggests that these models may realize all SPT phases. These
results support the group cohomology classification conjecture for SPT phases in the case where the symmetry

group is finite, Abelian, and unitary.
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I. INTRODUCTION

Topological insulators [1,2] are a special case of symmetry-
protected topological (SPT) phases [3—10]. These phases can
occur in quantum many-body systems of arbitrary dimension
and arbitrary symmetry. By definition, a gapped quantum
many-body system belongs to a (nontrivial) SPT phase if it
satisfies three properties. First, the Hamiltonian is invariant
under some set of internal symmetries, none of which are
broken spontaneously. Second, the ground state is short-range
entangled: that is, it can be transformed into a product state or
atomic insulator using a local unitary transformation [11-13].
Third, the ground state cannot be continuously connected with
a product state, by varying some parameter in the Hamiltonian,
without breaking one of the symmetries or closing the energy
gap. In addition, nontrivial SPT phases typically have robust
boundary modes [1,2,14—17] analogous to that of topological
insulators, but this property is not part of the formal definition.

Chen, Gu, Liu, and Wen [10] have proposed a general classi-
fication scheme for SPT phases built out of bosons. Their clas-
sification scheme is based on their construction of a collection
of exactly soluble lattice boson models of arbitrary symmetry
and spatial dimension. The authors conjecture that these mod-
els, called group cohomology models, have two basic proper-
ties: (i) every group cohomology model belongs to a distinct
SPT phase and (ii) every SPT phase can be realized by a group
cohomology model. If both properties hold, then it follows
logically that there is a one-to-one correspondence between the
group cohomology models and SPT phases. In Ref. [10], the
authors assumed this to be the case, and thereby derived a clas-
sification scheme for SPT phases based on group cohomology.

While the results and arguments of Ref. [10] represent
a major advance in our understanding of SPT phases, they
leave several questions unanswered. First, it is not obvious
that properties (i) and (ii) hold in general [in fact, property (ii)
is known to fail for SPT phases with antiunitary symmetries
[17-19]. Second, even if these properties do hold at some level,
the resulting classification scheme is not completely satisfying
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since it does not tell us how to determine to which SPT phase
a microscopic Hamiltonian belongs.

Motivated by these problems, several proposals have been
made for how to physically characterize and distinguish
SPT phases [15-17,20-32]. Here, we will focus on the
suggestion of Refs. [15,24] which applies to two- (2D) and
three-dimensional (3D) SPT models with unitary symmetries.
Reference [15] showed, via a simple example, that one
can probe 2D SPT models by gauging their symmetries
and studying the braiding statistics of the excitations in the
resulting gauge theory. These braiding statistics data are
useful because they are invariant under arbitrary symmetry-
preserving deformations of the Hamiltonian, as long as the
energy gap remains open. Therefore, if two SPT models give
rise to different braiding statistics, then they must belong to
distinct SPT phases [33]. The braiding statistics approach
can also be applied to 3D SPT phases [24,25]. In that case,
after gauging the symmetry, one studies the braiding statistics
of the vortex loop excitations in the resulting gauge theory.
More specifically, different SPT phases can be distinguished
by examining their three-loop braiding statistics, the statistics
associated with braiding a loop « around another loop 8, while
they are both linked to a third loop y .

When considered together, the braiding statistics approach
and the group cohomology construction raise several ques-
tions:

(1) Does every group cohomology model lead to distinct
braiding statistics?'

(2) Do the group cohomology models exhaust all possible
types of braiding statistics that can occur in SPT systems?

(3) If two SPT models give rise to the same braiding
statistics, do they always belong to the same phase?

"Here, when we say braiding statistics, we mean the complete set
of algebraic data for anyon systems, including quantum dimensions
and fusion rules. For more details, see e.g. Appendix E of Ref. [34].
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The answers to these questions have powerful implications,
especially if we can answer them affirmatively. For example,
if we can answer the first question in the affirmative, we can
immediately conclude that every group cohomology model
belongs to a distinct phase. Likewise, if we can answer
the second and third questions in the affirmative, then we
can conclude that the group cohomology models realize all
possible SPT phases. If we can answer all three questions
affirmatively, then it follows that (1) the group cohomology
classification is correct and (2) the braiding statistics data
provide a universal probe for characterizing and distinguishing
different SPT phases with unitary symmetries.

In this work, we consider the first and second questions for
the case of 2D and 3D SPT phases with finite Abelian unitary
symmetry group G = ]_[lK: | Zn,. We answer the first question
in the affirmative and we find evidence that the same is true
for the second question, as we explain in the following.

We obtain our results by focusing on a subset of the
braiding statistics data that summarizes some of its most
important features (in fact, for systems with Abelian statistics,
this subset is equivalent to the full set of braiding data,
see Sec. VIII). In the 2D case, this subset consists of three
tensors {©;,0;;,0;;} that take values in [0,27], where
1 <i,j,k < K. In the 3D case, it consists of three tensors
{©,1,091,0;r} with1 <1, j,k,] < K. These tensors, which
we call topological invariants, are defined by considering
the Berry phase associated with certain composite braiding
processes of vortices or vortex loops. Conveniently, these
Berry phases are always Abelian phases regardless of whether
the full set of braiding statistics is Abelian or non-Abelian.

We report two main results. First, we show that the topolog-
ical invariants take different values in every group cohomology
model. Second, we show that the group cohomology models
exhaust all possible values for the topological invariants in the
2D case and we give some evidence for this in the 3D case.
Our first result implies that the group cohomology models all
belong to distinct phases. Our second result can be interpreted
as evidence that the group cohomology models realize all pos-
sible SPT phases with finite Abelian unitary symmetry group.

Some of our results have appeared previously in the
literature, although in a slightly different form. In particular,
in the 2D case, Ref. [32] introduced invariants similar to ours
and showed that the invariants can distinguish all the 2D group
cohomology models. Also, much of our analysis of 3D gauge
theories is similar to that of our previous work [24]. However,
this paper goes further than Ref. [24] in three key ways. First,
we study both Abelian and non-Abelian loop braiding statis-
tics, while Ref. [24] only studied Abelian statistics. Second, we
consider a general finite Abelian symmetry group ]_[lk= 1 Ly,
while Ref. [24] only considered groups of the form (Zy)X.
Finally, we make a systematic comparison between the topo-
logical invariants and the group cohomology classification,
while Ref. [24] only made this comparison in a few examples.

A note on our terminology: throughout the paper, we will
refer to gauged SPT models as simply gauge theories. Also,
we will refer to the gauged group cohomology models as
Dijkgraaf-Witten models [35]. The Dijkgraaf-Witten models
were studied long before the discovery of SPT phases,
however, it can be shown that they are equivalent to the gauged
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group cohomology models (the equivalence is discussed in
Appendix C).

The rest of the paper is organized as follows. In Sec. II,
we introduce the models that we will study, both the general
gauged SPT models and the more specific Dijkgraaf-Witten
models. In Sec. III, we discuss the general structure of braiding
statistics in gauged SPT models and we define the topological
invariants. Next, we compute the topological invariants in 2D
and 3D Dijkgraaf-Witten models in Sec. IV. In Sec. V, we
show that the topological invariants take different values in
every Dijkgraaf-Witten model. In Sec. VI, we derive general
constraints that the topological invariants must satisfy in any
gauged SPT model. In Sec. VII, we discuss whether the
Dijkgraaf-Witten models exhaust all possible values for the
invariants. The relation between the topological invariants and
the full set of braiding statistics in the case of Abelian statistics
is discussed in Sec. VIIIL. Finally, in Sec. IX, we conclude and
discuss the implications of our results for SPT phases. The
Appendices contain several technical details.

II. MODELS
A. Gauge theories

The main systems we will study in this paper are 2D and
3D lattice gauge theories with finite Abelian gauge group G =
]_[l.K=1 Z n, . More specifically, we will study a particular class of
gauge theories that are obtained from a two-step construction.
The first step of the construction is to pick a 2D or 3D lattice
boson or spin model with a global ]_[lK=1 Zy, symmetry. This
boson model can be quite general, with the only restrictions
being that (1) it has local interactions, (2) the symmetry is an
internal (onsite) symmetry rather than a spatial symmetry, and
(3) its ground state is gapped and short-range entangled, that
is, the ground state can be transformed into a product state
by a local unitary transformation. Here, by a local unitary
transformation, we mean a unitary tranformation U of the
form U = exp(i Hs), where H is a local Hermitian operator
and s is a finite constant that does not scale with the system size
[11-13]. (Note that the transformation U need not commute
with the symmetry.)

The second step of the construction is to gauge the global
symmetry of the lattice boson model and couple it to a
dynamical lattice gauge field with group G. In Appendix A,
we give a precise prescription for how to implement this
gauging procedure. This prescription mostly follows the
usual minimal coupling scheme [36]. However, there is one
nonstandard element that is worth mentioning: our procedure
is defined so that the gauge coupling constant is exactly zero.
More precisely, what we mean by this is that the Hamiltonian
for the gauged model commutes with the flux operators that
measure the gauge flux through each plaquette in the lattice.
This property is convenient because it makes the low-energy
physics of our models well controlled. In particular, using this
property it can be shown that the gauge theories constructed
via our gauging procedure are guaranteed to be gapped and
deconfined as long as the original boson models are gapped and
do not break the symmetry spontaneously (see Appendix A).

The above two-step construction defines the class of models
that we will study in this paper. From now on, when we use the
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term gauge theory we will be referring exclusively to models
of this type, unless we state otherwise.

Before concluding this section, we would like to mention
that although we find it convenient to use the particular gauging
prescription in Appendix A, we do not expect that our results
actually depend on the details of the gauging procedure, or
on the fact that the resulting gauge theories have zero gauge
coupling. Indeed, our results are guaranteed to hold for any
model that can be continuously connected to one of the above
gauge theories without closing the energy gap. We expect
that the latter category includes models obtained from generic
gauging procedures, as long as the gauge coupling constant is
sufficiently small.

B. Dijkgraaf-Witten models

In part of this work we will study a particular set of exactly
soluble gauge theories, known as Dijkgraaf-Witten models
[35] which are obtained by gauging the group cohomology
models of Ref. [10]. We now briefly review the properties of the
group cohomology models and the corresponding Dijkgraaf-
Witten models. For the explicit definition of these models, see
Appendix C.

The group cohomology models are exactly soluble lattice
boson models that can be defined in any spatial dimension d.
The basic input needed to construct a d-dimensional group
cohomology model is a (finite) group G and a (d + 1)-cocycle
w. Here, an n-cocycle w is a function w : G" — U(1) that
satisfies certain conditions. One may define an equivalence
relation on cocycles and the equivalence classes are labeled
by the elements of the cohomology group H"[G,U(1)] (a
brief introduction to group cohomology [37] is given in
Appendix B). It can be shown that the models constructed
from equivalent cocycles are identical so we will say that
the d-dimensional group cohomology models are labeled by
elements of H4'[G,U(1)].

Like the group cohomology models, the basic input needed
to construct a Dijkgraaf-Witten model in spatial dimension
d is a group G and a (d + 1)-cocycle w. Also, like the group
cohomology models, the Dijkgraaf-Witten models constructed
from equivalent cocycles are the same, so we will say that
they are labeled by different elements of HG,U).
Here, we will focus on the case G = ]_LK=1 Zy, and
d=2]3.

C. Braiding statistics and phases of SPT models
and gauge theories

Before proceeding further, we briefly review some results
on the relationship between SPT models, gauge theories,
and braiding statistics. We begin by defining phases of SPT
models and phases of gauge theories. The former definition is
relatively simple: we say that two lattice boson models with
the same symmetry group belong to the same SPT phase if
they can be continuously connected to one another by varying
some parameter in the (symmetry-preserving) Hamiltonian,
without closing the energy gap.

Defining phases of gauge theories is more subtle. In
fact, there are two inequivalent ways to define this concept,
both of which have their merits. In the first definition, two
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gauge theories belong to the same phase if they can be
continuously connected by varying some parameter in the
(gauge-invariant) Hamiltonian without closing the energy gap.
In the second definition, not only do we require the existence
of an interpolating Hamiltonian with an energy gap, but we
also demand that the interpolating Hamiltonian has vanishing
gauge coupling, that is, the Hamiltonian must commute with
the flux operators that measure the gauge flux through each
plaquette in the lattice. While the first definition is very natural
if one is interested in gauge theories for their own sake, the
second definition is more relevant to the study of SPT phases.
In this paper, our primary interest is in SPT phases, so we will
use the second definition.

In parallel to the two ways of defining phases of gauge
theories, there are also two ways to define what it means for two
gauge theories to have the “same” braiding statistics data. In
the first definition, two gauge theories have the same braiding
statistics data if one can map the excitations of one gauge
theory onto the excitations of the other gauge theory such that
the corresponding excitations have identical braiding statistics.
In the second definition, the corresponding excitations are
required both to have the same braiding statistics and the same
gauge flux. In this paper, we will use the second definition
since it fits more naturally with our definition of phases of
gauge theories.

With these definitions in mind, we can now discuss some
results. An important observation is that if two lattice boson
models belong to the same SPT phase, then the corresponding
gauged models must also belong to the same phase. To see
this, note that our gauging prescription (Appendix A) maps
gapped lattice boson models onto gapped zero-coupling gauge
theories; hence, any continuous interpolation between two SPT
models can be gauged to give an interpolation between the two
corresponding gauge theories.

Another important observation is that if two gauge theories
belong to the same phase, then they must have the same
braiding statistics. One way to see this is to note that
braiding statistics data can only take on discrete values and
cannot change continuously. (This discreteness property is
known as Ocneanu rigidity [34].) Combining the above two
observations, we derive a useful corollary: if two lattice boson
models belong to the same SPT phase, then they must give rise
to the same braiding statistics after gauging their symmetries.
The converse of this statement may also be true, but it is not
obvious.

III. DEFINING THE TOPOLOGICAL INVARIANTS

In this section, we construct a set of topological invariants
for gauge theories with gauge group G = ]_[lK= \ Zn,. (Here,
when we say “gauge theory,” we mean a gauge theory of the
type discussed in Sec. I1.) These invariants are defined in terms
of the braiding statistics [34,38] of the excitations of the gauge
theory. They are denoted by ®;,0;;,0;;; in the 2D case and
0;1,9;1,0;j, in the 3D case, where the indices i, j, k,I range
over 1,...,K. For pedagogical purposes, we first define the
invariants in the case where the braiding statistics are Abelian,
and then discuss the general case (where the statistics may be
Abelian or non-Abelian).
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A. 2D Abelian case

We start with the simplest case: we consider 2D gauge
theories with group G = [[X_, Z, and with Abelian braiding
statistics.

1. Excitations and braiding statistics

We first discuss the excitation spectrum of these gauge
theories. In general, every excitation « in a discrete gauge
theory [36] can be labeled by the amount of gauge flux ¢,, that
it carries. In our case, the gauge flux ¢, can be described by
a K-component vector ¢, = (d14,P245 - - - ,Pko) Where each
component ¢;, is a multiple of 2%, and is defined modulo 2.
Excitations can be divided into two groups: charge excitations
that carry vanishing gauge flux and vortex excitations that carry
nonzero gauge flux.

As far as their topological properties go, charge exci-
tations are uniquely characterized by their gauge charge
q = (91,92, - .- ,qx) where each component ¢; is defined
modulo N;. In contrast, vortex excitations are not uniquely
characterized by the amount of gauge flux that they carry:
in fact, there are |G| = ]_[lK: , N; different types of vortices
carrying the same flux ¢. All of these vortices can be obtained
by attaching charge excitations to a fixed reference vortex
with flux ¢. Throughout this paper, we will use Greek letters
o,B,y, ... to denote vortices as well as general excitations,
and we will use the letter ¢ to denote both a charge excitation
and its gauge charge.

Before proceeding further, we would like to point out a
possible source of confusion: Given what we have said about
the different types of vortices, it is tempting to try to label
vortex excitations by both their gauge flux and their gauge
charge. The problem with this approach is that we do not
know any physically meaningful way to define the absolute
charge carried by a vortex excitation in a discrete gauge theory.
Therefore, we will avoid using this notion in this paper. Instead,
we will only use the concept of relative charge: we will say
that two vortices «,a’ differ by charge ¢ if o’ can be obtained
by attaching a charge excitation g to «.

Let us now consider the braiding statistics of the different
excitations. There are three different braiding processes to
consider: braiding of two charges, braiding of a charge around a
vortex, and braiding of two vortices. The first process is easy to
analyze: indeed, it is clear that the charges correspond to local
excitations in the ungauged short-range-entangled bosonic
state. Therefore, the charges are all bosons and have trivial
(bosonic) mutual statistics. The braiding between a charge
and a vortex is also easy to understand, as it follows from the
Aharanov-Bohm law. More specifically, the statistical Berry
phase 6 associated with braiding a charge g around a vortex
with flux ¢ is given by

0=q-9, ey

where is the vector inner product. Note that attaching a
charge to the vortex does not change the Aharanov-Bohm law
since the charges have trivial mutual statistics with respect to
one another.

From the above arguments, we see that the charge-charge
and charge-vortex statistics are completely fixed by the gauge
group, leaving no room for variation. Therefore, the only

[T
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braiding process that has potential for distinguishing gauge
theories with the same gauge group is vortex-vortex braiding.
Motivated by this observation, we will define the topological
invariants ©;,0;; in terms of the vortex-vortex braiding
statistics.

2. Topological invariants

Let @ be a vortex carrying a unit flux %ei, where e¢; =
©,...,1,...,0) with a 1 the ith entry and O everywhere else.
Let B be a vortex carrying a unit flux fv—’:e ;- Here, i and j can
take any value in 1, ...,K. We define

©ij = NY0us,  ©i = Niba, ()
where 6,4 is the mutual statistics between o« and B, 6, is the
exchange statistics of o, and N* is the least common multiple
of N; and N; (More generally, throughout the paper, we use
Nk to denote the least common multiple of N;,N;, ... ,Ng
and use N;; j to denote the greatest common divisor of
Ni,Nj,...,N.)

For the quantities ®;; and ®; to be well defined, we need
to check that N*/6,4 and N;6, only depend on i and j, and
not on the choice of the vortices «, 8. To see that this is the
case, imagine that we replace «,8 with some other vortices
o, carrying flux 3¥¢; and %e ;. Then, clearly the vortices o
and o’ differ only by the attachment of charge, as do 8 and §'.
Therefore, according to the Aharonov-Bohm law, the change
in ©;; that occurs when we replace « — o', B — B’ is

@ — O + 27N (= 4 2 3)
ij ij Ni Nj )

where x,y are integers that describe the amount of type-i
and type-j charge that is attached to B and «, respectively.
But, N'/ is divisible by both N; and N; so we see that this
replacement does not change ®;; modulo 27. Similarly, the
Aharonov-Bohm law tells us that the change in ®; that occurs
when we replace ¢ — o' is

O; — O + 27N~ )
N;
where 7 is the type-i charge that is attached to «. Thus, ©; is
also unchanged modulo 2. We conclude that the quantities
0®;; and ©; are both well defined.

In addition to being well defined, it is possible to show that
®;; and ©; have another nice property: they contain the same
information as the full set of braiding statistics. We will derive
this result in Sec. VIII.

B. 2D general case

In this section, we move on to general 2D gauge theo-
ries with gauge group G = ]_[lK=1 Zy;. Unlike the previous
section, we do not assume that the braiding statistics of the
excitations is Abelian. This additional generality is important
because, contrary to naive expectations, gauge theories with
Abelian gauge groups can sometimes have excitations with
non-Abelian statistics. For example, this phenomenon occurs
in 2D []X, Zy, Dijkgraaf-Witten models when K > 3 (cf.
Ref. [39]).
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In the general case, we will define three topological
invariants ©;,0;;,0;;;. The first two ©;,0;; reduce to those
defined in Eq. (2) when restricted to Abelian statistics. The
third invariant ©;;; is new to the non-Abelian case, and
vanishes in the Abelian case.

1. General aspects: Excitations, fusion rules,
and braiding statistics

Many features of the Abelian case carry over to the general
case without change. First, we can still label every excitation
o by the amount of gauge flux ¢a = (d1a> - - -, ko) that it
carries, where ¢;, is a multiple of andis deﬁned modulo 27
Also, we can still divide excntatlons into two groups: charges,
that carry vanishing flux, and vorfices, that carry nonzero
flux. Charge excitations are still characterized uniquely by
their gauge charge g = (q, . ..,qx) with ¢; defined modulo
N;, while vortices are still characterized nonuniquely by
their gauge flux. Finally, charges are still Abelian particles
with trivial charge-charge statistics, and with charge-vortex
statistics given by the Aharonov-Bohm law: 6 = g - ¢ where
¢ is the gauge flux carried by the vortex. The main new element
in the general case is that vortices can be non-Abelian, i.e., they
can have non-Abelian fusion rules and non-Abelian braiding
statistics with one another [34,38].

While the possibility of non-Abelian vortices complicates
our analysis, we can still make some general statements about
the fusion rules and braiding statistics in these systems. In
what follows, we focus on the fusion rules, and we list some
properties which will be useful in our later arguments (see
Appendix D for proofs and details). To begin, imagine we fuse
together two excitations « and $. In general, there may be a
number of possible fusion outcomes corresponding to other
excitations y:

o x = Z vy, 5)

where N,y is the dimension of the fusion space Vi,. One
property of these fusion rules is that

¢y = b + ¢p ©6)

for any fusion product y. In particular, if ¢, + ¢g = 0, then
all the y’s that appear on the right-hand side of (5) are pure
charges.

A second property is that the fusion of a charge ¢ and an
excitation o always results in a single excitation

axqg=d, )

where o’ is not necessarily distinct from o and ¢ = ¢y. A
third property is that if two excitations o, have the same
flux, ¢ = ¢y, then there exists at least one charge g with
o =axgq.

To describe the final property, let @ and § be two excitations,
and let y be one of their fusion channels. Let «” and 8’ be two
other excitations with ¢ = ¢ and ¢ = ¢bg, and let y’ be
one of their fusion channels. The final property states that there
exist charges ¢g; and ¢, such that &' =« x q1, 8/ = B X q2,
and y' =y X q1 X q>.
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(a) (b)
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o B o B
FIG. 1. Space-time trajectories of the vortices in the braiding

processes associated with ©;; [(a); N¥ = 3] and O, [(b)]. The arrow
of time is upward.

~y

2. Topological invariants

Similarly to the Abelian case, we define the topological
invariants ©;,0;;,0;;; in terms of the braiding statistics
of vortices. Let «,B,y be three vortices carrying unit

2

fluxes zﬁei,N—e z—ek, respectively. The topological invari-

ants 0;,0;; ,@l,k are defined as follows.

Definitions:

(1) ®; = 27w N;s,, where s, is the topological spin of «.

(2) ©;; is the Berry phase associated with braiding o
around B for N/ times.

(3) ©;ji is the Berry phase associated with the following
braiding process: « is first braided around S, then around y,
then around B in the opposite direction, and finally around y
in the opposite direction.

Figure 1 shows the space-time trajectories of the vortices
in the braiding processes of ®;; and ©;;;. We note that the
definitions of ®; and ®;; reduce to our previous definitions (2)
in the Abelian case since 2 s, = 6, for Abelian quasiparticles.
We can also see that ®;; = 0 in the Abelian case.

Before we show that these quantities are well defined, we
comment on the definition of ®;. In defining ®;, we have
used the notion of topological spin. The topological spin s,
0 < sy, < 1, of an anyon « is defined [34] to be

; 1
e = - ) dyte(R,), ®)
* oy

where d,, and d, are the quantum dimensions of o and y,
respectively, R, is the braiding matrix associated with a half-
braiding (exchange) of two «’s, and the summation is over the
y’s appearing in the fusion product of o x «.

We see that ©; is rather abstract since s, does not have a
direct physical interpretation. In contrast, ®;;,®; ;; are defined
in terms of concrete physical braiding processes. One might
wonder if there is a more concrete definition of ®;. Indeed,
when N; is even, we find an alternative definition of ®;:

®; is the phase associated with exchanging two «’s for N;
times, where « is any vortex carrying unit flux %ei.

This alternative definition provides a direct way to “mea-
sure” ®; when N; is even. The equivalence between this alter-
native definition and the original topological spin definition of
©®; follows from two facts: First, exchanging two identical o
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vortices N times is equivalent to braiding one around the other
% times. Second, braiding two identical « vortices around one
another gives a pure phase e/**«. (The latter claim, which is
less obvious, is proved in Appendix E.)

One problem with the above definition is that it does not
make sense when J; is odd since in this case the unitary matrix
associated with the exchange process is not necessarily a pure
phase. Fortunately, we will see later that when N; is odd, ©;
is uniquely determined by ®;;, and the latter can be directly
“measured” using a concrete braiding process. This point can
be obtained from the constraints on the invariants, which we
will study in Sec. VIB.

3. Proving the invariants are well defined

For the invariants to be well defined, we need to prove two
points: (i) We need to show that the unitary transformations
associated with the above braiding processes are always
Abelian phases regardless of the fact that the vortices may be
non-Abelian. (ii)) We need to show that these Abelian phases
are functions of i, j,k only and do not depend on the choice of
vortices «, 8,y as long as they carry fluxes ?V—”e,-,lz\,—”ej,?v—’Zek,
respectively. Only point (ii) is needed for showing ©; is well
defined.

Let us start with proving point (ii) for ®;. We first review
some key properties of topological spin (a detailed discussion
of topological spin can be found in Ref. [34]). If « is an
Abelian anyon, 2ms, is just the exchange statistics of «. In
general, s, = sz, where & is the antiparticle of . An important
property of the topological spin is

R}, Ry, = ™5 Sf’)1dvy 9)

Here, Vgﬂ is the fusion space of «, 8 in the fusion channel y

and Rgﬁ is the braiding matrix associated with a half-braiding
of @ and B in the fusion channel y. The notation idvgﬂ denotes

the identity matrix in the fusion space VZﬂ
With these properties in mind, we now show that ©®; is well
defined, i.e., we show that

27 NiSq = 27t N; 8, (10)

for any two vortices o, carrying unit flux 2 —e, In the first
step, we note that we can assume without loss of generality
that o’ = g x o for some charge g since according to the
properties discussed in Sec. III B1, any vortex with unit flux
%\7,7 e; can be constructed from a fixed vortex by fusing charges
with it. To prove the result for this case, we substitute 8 = ¢
and y = o’ = ¢ X « into Eq. (9), obtaining

o po’ __
RqaRaq

lZTr(sa/—Su—Sq) — einr(sa/—su)’ (11)
where in the second equality we used the fact that g is a boson
so s, = 0. At the same time, we know
o xinteger

R Ry = (12)
since the braiding of a charge around a vortex can be computed
from the usual Aharonov-Bohm law. Combining these two
relations, we see that 27w N;(ss — o) vanishes modulo 27,

proving (10).
Next, we prove points (i) and (ii) in the case of ®;;. Let
o and B be two vortices carrying unit flux ?V—”e, and %e js
;€.
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respectively. Imagine we perform a full braiding of o around
B when they are in some fusion channel §. From the general
theory of non-Abelian anyons [34], we know that the unitary
matrix associated with a full braiding of « around 8 in a fixed
fusion channel § is a pure phase factor [this result is a corollary
of Eq. (9)]. Denoting this phase factor by eiegﬂ, the quantity
®;; can be computed as

©; = Ng2,. (13)

In order to establish properties (i) and (ii) above, it suffices to
show that

NUgS, = NS, (14)

e,,fv”e],and

for any other vortices o', 8’ carrying unit flux 2~
for any other fusion channel §’. Indeed, the 1ndependence of

N 6’2 with respect to the fusion channel § implies point (i),

while the independence of N"/62, with respect to «, 8 implies
point (ii).

In fact, it is enough to prove (14) for the case where o’ =
axqy, B =B xqand § =38 x g, X g; for some charges
q1,q> since according to the general properties discussed in
Sec. IIB1, any o/, 8,8’ can be obtained in this way. But, it
is easy to prove (14) in this case. Indeed, from the Aharonov-
Bohm law we can deduce the relation

ij (nd ij 492 | 41

N(024 — 625) = 2m N (FJer) (15)

where g;; and gy, are integers that describe the amount of

type-i and type-j charge carried by ¢, and ¢, respectively.

We then observe that the expression on the right-hand side

vanishes modulo 27 since N/ is divisible by both N; and N;.

This establishes (14) and proves properties (i) and (ii) for ®;;.

The proof of points (i) and (ii) for ®;;; is more technical
and is given in Appendix F.

C. 3D Abelian case

Having warmed up with the 2D gauge theories, we now
consider 3D gauge theories with gauge group G = []; Zy,
and with Abelian loop statistics. The discussion that follows is
a generalization of the case G = (Z »)K, studied in Ref. [24].

1. Excitations and three-loop braiding statistics

Discrete gauge theories in three dimensions support two
types of excitations: charges and vortices. Charge excitations
are particlelike and are characterized by the amount of gauge
charge ¢ that they carry, where g = (qi,...,qx) with g;
defined modulo N;. Vortex excitations are stringlike and
are characterized by the amount of gauge flux ¢ that they
carry where ¢ = (¢1, ...,¢x) with the component ¢; being
a multiple of 2”, and defined modulo 27. We will refer
to vortex excitations as vorfex loops or simply loops since
we will generally assume that the system is defined on a
closed manifold with no boundary so that vortex excitations
necessarily form closed loops [40]. We will use Greek letters
a,B,y to denote vortex loop excitations, and will use ¢, to
denote the gauge flux carried by the loop excitation «.

As in the 2D case, it is important to keep in mind that while
charge excitations are uniquely characterized by their gauge
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charge, vortex loop excitations are not uniquely characterized
by their gauge flux: in fact, there are |G| = ]_LK=1 N; different
types of vortex loop excitations carrying the same gauge flux
¢. All of these excitations can be obtained by attaching charges
to a fixed reference loop with flux ¢.

Also, just as in 2D, there is some subtlety in defining the
absolute charge carried by a vortex loop excitation. Therefore,
throughout this paper we will only use the concept of relative
charge: we will say that two vortex loops o and «’ differ by
charge ¢ if o’ can be obtained by attaching a charge excitation
q to . The only exception to this rule involves unlinked vortex
loops: when a vortex loop is not linked to any other loops, then
there is a natural way to define how much charge it carries: we
will say that such a vortex loop is neutral if it can be shrunk to
a point and annihilated by local operators. Similarly, we will
say that an unlinked vortex loop carries charge ¢ if it can be
obtained by attaching charge ¢ to a neutral loop.

Let us now consider the braiding statistics of these excita-
tions. There are several types of processes we can consider:
braiding of two charges, braiding of a charge around a vortex
loop, and braiding involving several vortex loops. As in the
2D case, it is easy to see that the charge-charge statistics are
all bosonic and the statistics between a charge g and a vortex
loop carrying a flux ¢ follow the Aharonov-Bohm law

0=gq-¢.

We note that the above Aharonov-Bohm law holds quite
generally: it does not depend on the amount of charge attached
to the loop, nor on whether the loop is unlinked or linked with
other loops.

What is left are braiding processes involving several vortex
loops. In general, there are many kinds of loop braiding
processes we can consider, including processes involving
two loops [41-43], three loops [24-26,44,45], or even more
complicated configurations. Here, we will follow Ref. [24] and
focus on the three-loop braiding process depicted in Fig. 2, in
which a loop « is braided around a loop B while both are
linked to a third “base” loop y . Reference [24] argued that this
three-loop braiding process is a useful probe for characterizing
and distinguishing 3D topological phases. As in Ref. [24],
we denote the statistical phase associated with this braiding
process by 8y, where ¢ is an integer vector that characterizes
the amount of flux carried by y. More specifically, c is defined
by ¢, = (?v—’fcl, - ,z—ick). We use the notation 6, . rather
than 6,4, because the statistical phase is insensitive to the
amount of charge attached to y and depends only on its flux ¢,
which is parametrized by c. We will also consider an exchange
or half-braiding process, in which two identical loops «, both

(a) (b) (c)
5 o

(\\ C _

“\U Js ® ® o

FIG. 2. Three-loop braiding process. (a) The gray curves show
the paths of two points on the moving loop «. (b) Cross section of the
braiding process in the plane that y lies in. (c) A torus €2, is swept out
by « during the braiding, which encloses the loop g (dashed circle).

(16)

S

\
\
y Q_>
1

\
‘B
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linked to the base loop y, exchange their positions. We denote
the associated three-loop exchange statistics by 6, ..

2. Topological invariants

We define our topological invariants ®; ; and ©;;; in terms

of the the three-loop braiding statistics of vortex loops. Let
. . 2 2.

and B be two vortex loops carrying unit flux $Fe; and N—’:e i»
where ¢; = (0, ...,1,...,0) with the ith entry being 1 and all
others being 0. Suppose both « and B are linked to a third
vortex loop y carrying unit flux %V—fe[. We define
a7

Oiji = N"64p0, ©i1 = Nifye.

Using arguments similar to those for ©;,0;; from Sec. [I1 A2,
one can show that the quantities ®; ;,®;; ; depend only on i, j,/
and not on the choice of vortices «,8,y. Thus, ®;;; and ©;;
are well-defined quantities.

In addition to being well defined, it is possible to show that
®;;,; and ©; ; contain all the information about the three-loop
braiding statistics in the gauge theory. We will derive this result
in Sec. VIII.

D. 3D general case

In this section, we move on to general 3D gauge theories
with gauge group G = ]_[IK=  Zy,. Unlike the last section,
we do not assume that the three-loop braiding statistics is
Abelian. We will define three topological invariants ©; ;, ©;; ;,
and ©;j; ;. The first two, ®;;, ®;;,;, reduce to those defined
in Eq. (17) when restricted to Abelian statistics. The third
invariant ©;;; is new to the non-Abelian case, and vanishes
in the Abelian case.

1. General aspects of non-Abelian loop braiding

In order to analyze the general case, it is important to
recognize the analogy between 3D loop braiding and 2D
particle braiding. This analogy can be seen most easily by
examining a 2D cross section of a loop braiding process,
as shown in Fig. 2(b). Here, we see that a braiding process
involving two loops «, 8 that are linked to a base loop y can
be mapped onto a braiding process involving two pointlike
particles in two dimensions. More generally, any braiding
process involving loops «y, ...,ay that are linked to a base
loop y can be mapped onto a braiding process involving N
pointlike particles in two dimensions. It can be shown that this
mapping between 3D loop braiding and 2D particle braiding is
one-to-one, so that the 3D braid group for loops (when linked
to a base loop) is identical to the 2D braid group for particles
[46]. In addition to braiding, there is also a close analogy
between fusion processes in two and three dimensions. Just as
two particles can be fused together to form another particle,
two loops «, 8 that are linked to the same loop y can be fused
to form a new loop that is also linked to y (Fig. 3).

This correspondence between the 2D and 3D cases implies
that the algebraic structure of fusion and braiding in 2D anyon
theories [34] can be carried over without change to the theory
of 3D loop excitations. In particular, for any loops « and B
that are both linked with y, we can define an associated fusion
space V? s,c» where 8 denotes their fusion channel. Also, we can

define an F symbol F(fﬂp,,c that describes a unitary mapping
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\ v o
_ / N S
B1 B2 B1 % B2

FIG. 3. Fusion of two loops 8; and f,, both linked to y. We
denote this type of fusion by 8; x B,. (This is different notation from
Ref. [24], where this type of fusion was denoted by 8; + ,.)

between two different ways of parametrizing the fusion of
three loops

n
zxﬂp,c @ af,c ® VE;L ¢ @ an,c ® Vﬂﬂ,c’ (18)

and that satisfies the pentagon equation [34]. Likewise, we can
define an R symbol Rgﬂ . which is a unitary transformation

Ry Ve Viue (19)

and that satisfies the hexagon equation [34]. As in the 2D
case, the R symbol describes a half-braiding of loops: a full
braiding of two loops «, B that are in a fusion channel § is given
by R, e aﬂ .- Finally, we can define quantum dimensions and
topological spins of loop excitations. The topological spin of
a loop « that is linked to y is given by

einrsw —

(RS, ) (20)

where d, . and d; . are quantum dimensions.

For all of the above quantities, V2

wp.co aﬂﬂ .» €tc., the depen-

dence on the base loop y enters through the index “c” where
c is an integer vector defined by ¢, = (N Cly... ,—cK) The
reason we use the notation V,, , etc., rather than Vi,s etc.,

is because it is clear that these quantities depend only on the
flux carried by y which is parametrized by c.

2. Topological invariants

Having established the analogy between 3D loop braiding
and 2D particle braiding, we now define the 3D topological
invariants using the same approach as in the 2D case. Let
o, B,y be three vortex loops that are linked with another loop
o. Suppose that o, 8,y 0 carry unit flux X e;, 3% e;, ¢, 2

iaN_ejamek’ N, er,

respectively. The topological 1nvar1ants ®, 1,0ij1,0;jr; are
defined as follows.

Definitions:

(1) ®;; =27 N;Sq,.,, Where s, , is the topological spin of
o when it is linked to 0.

(2) ©;j, is the Berry phase associated with braiding the
loop & around B for N/ times, while both are linked to o.

(3) O©jjx,; is the phase associated with the following
braiding process: « is first braided around g, then around y,
then around B in an opposite direction, and finally around y
in an opposite direction. Here, «, 8,y are all linked with o.

Similarly to the 2D case, there is an alternative and more
concrete definition of ®; ; when N; is even: ®;; can be defined
as the phase associated with exchanging two « loops for N;
times.
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We need to prove two points to show these quantities
are well defined: (i) We need to show that the unitary
transformations associated with the above braiding processes
are always Abelian phases regardless of the fact that the
vortex loops may be non-Abelian. (ii) We need to show that
these Abelian phases are functions of i, j,k,l only and do not
depend on the choice of vortex loops «,8,y,0 as long as they
carry fluxes zﬁei,fv—”e j,zﬁek,%\, e;. These two properties can
be established using similar arguments to those given in the
2D case in Sec. III B.

E. Examples

To see some examples of these invariants, we consider
the gauged group cohomology models of Ref. [10] or,
equivalently, the Dijkgraaf-Witten models of Ref. [35]. We
will compute the invariants for these models in the next
two sections. All the results listed below follow from two
formulas which we will derive later, namely, (42a)—(42c) and
(492)—(49c¢).

The simplest nontrivial example is given by the 2D
Dijkgraaf-Witten models with symmetry group G = Z.
In this case, H*[Z,,U(1)] = Z, so we can construct two
Dijkgraaf-Witten models [15]. The only independent invariant
in this case is ®, which describes the phase associated with
exchanging two identical m vortices fwice. The values of ®,
in the two Dijkgraaf-Witten models are

Trivial model:
Nontrivial model :

0,=0,
@127'[.

Importantly, we can see that ®; takes different values in the
two models, which proves that they belong to distinct phases.

More generally, for G = Zy, we have H3[Zy, U] =
Zy, so we can construct N Dijkgraaf-Witten models in
this case. Similarly to the Z, case, these models can be
distinguished from one another by the topological invariant
®,, which takes a different value in O, 1i/T e ,2—”(N — 1) for
each of the N models.

Another interesting example is given by the 2D Dijkgraaf-
Witten models with symmetry group G = Zy X Zy X Zn.
In this case, H[Zy X Zy X Zxn,U(1)] = ZZ\, SO we can
construct N7 models. Interestingly, there are also seven
independent topological invariants in this case:

01, ©,, O3, O3, O3, O3, O123.

The invariant ®; is the topological spin of a vortex that carries
%’(1,0,0) flux, multipled by N. The invariant ®, is the
2(1,0,0)
=£(0,1,0) flux for N times. The
<£(1,0,0)
flux around ZW”(O, 1,0) flux in the counterclockwise drrectlon,

phase associated with braiding a vortex carrying
flux around a vortex carrymg
invariant ® 3 is the phase assomated with bralding

then around 2W’T(O,O, 1) flux in the counterclockwise direction,
then around the same 2W’T(O,I,O) flux and 2W’T(O,O,l) flux in
the clockwise direction. The meanings of the other invariants
are similar. The invariant ®1,3 is an indicator of non-Abelian
statistics: if @3 = 0, the corresponding statistics is Abelian;
otherwise, the statistics is non-Abelian. We find that all seven
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invariants take values in

2m 4w 2n(N — 1)

N> N7 N ’

and that these values distinguish all of the N T2DZn X Zy X
7y models. Again, this result proves that the N7 models each
belong to a different phase according to the definition given in
Sec. IIC.

Finally, we consider 3D Dijkgraaf-Witten models with sym-
metry group G = Zy x Z,.Inthis case, H*[Z, x Z,,U(1)] =
Z% so we can construct four models [47]. We find there are two
independent topological invariants in this case, namely, © »
and ®; ;. While there exist other invariants suchas 15 1,012,2,
they are not independent, as we show in Sec. VI. The invariant
®, is the phase associated with exchanging two identical
loops that carry a (7,0) flux while both loops are linked to a
third loop that carries a (0,7) flux. The meaning of ®, is
similar. We find that

07

Oip=00rm, ©;;=0orm.

Each of the four combinations of the values occurs in a different
model. Hence, once again, the invariants distinguish all of
the 3D Z, x Z, Dijkgraaf-Witten models and prove that they
belong to distinct phases according to the definition given in
Sec. IIC.

IV. INVARIANTS IN DIJKGRAAF-WITTEN MODELS

In this section, we compute the topological invariants for
all 2D and 3D Dijkgraaf-Witten models with Abelian gauge
group G = ]_[lK:  Zn,. We obtain explicit expressions of the
invariants in terms of the cocycle w that is used to define the
Dijkgraaf-Witten model.

A. 2D topological invariants
1. Review of braiding statistics in 2D Dijkgraaf-Witten models

In this section, we summarize some previously known re-
sults on the braiding statistics in 2D Dijkgraaf-Witten models.
Although these results do not provide an explicit formula for
the braiding statistics in Dijkgraaf-Witten models, they do
the next best thing: they give a well-defined mathematical
procedure for how to compute these statistics in terms of the
3-cocycle w that defines the model. This procedure involves a
mathematical structure known as the twisted quantum double
algebra [48]. The twisted quantum double formalism is quite
general and can be applied to any finite group G, including
non-Abelian groups. However, in the following discussion,
we will specialize to the case of Abelian G, and we will only
give a minimal review of the ingredients that are necessary
for the computation of the invariants ©;,0;;,®;;;. For more
details, readers may consult Refs. [39,48].

The first component of the twisted quantum double for-
malism is a scheme for labeling quasiparticle excitations. Let
us consider a Dijkgraaf-Witten model corresponding to an
Abelian group G = ]_[lK: | Z n, and 3-cocycle w. According to
the formalism, each excitation in this model can be uniquely
labeled by a doublet

a = (a,p), 21
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wherea = (ay, ...,ag)is agroup element of G with 0 < a; <
N; — 1, and p is an irreducible projective representation of G
satisfying

pb)p(c) = xab,c0)p(d + ), (22)
for all b,c € G. Here, x, is a phase factor defined by
w(a,b,c)w(b,c,a)
Xalb,0) = ——————, (23)

w(b,a,c)

and is called the slant product of w. The two labels (a, p) have
a simple physical meaning: the first component a describes the
amount of flux ¢, = (i,—’fal, R 2—fak) carried by the excitation
o, while the second component p is related to the amount
of charge attached to «. For a more precise correspondence
between the mathematical labels (a, p) and the physical notions
of gauge flux and gauge charge, we refer the reader to
Appendix G.

The second component of the formalism is a formula for
the fusion rules of the excitations. Specifically,

(@.p) x (b.u) =Y _ N3, (a+b.o), (24)

where the fusion multiplicities N, are computed as follows.
First, we define a projective representation p * i by

(p*u)(g) = p(g) ® (g - xq(a,b) (25)

forany ¢ € G.The N7 are then defined in terms of the decom-
position of p * p into irreducible projective representations o':

0% U= @ N}, 0. (26)

In addition to fusion rules, this formalism provides a
convenient way to parametrize the degenerate ground states
associated with a collection of (non-Abelian) excitations.
Consider a system of n excitations «; = (a;,p;),i = 1,...,n,
and suppose that these excitations fuse to the vacuum. The
ground-state manifold associated with these excitations can
be obtained in two steps. First, we construct the tensor product
V=VI®: --®YV, where V; is the vector space on which
pi is defined. Then, we project onto the subspace of V that
corresponds to the vacuum fusion channel. This projection is
implemented by the operator

1
P=i5 > pi(g) -k palg). 27)
geG
The degenerate ground states associated with oy, ...,ay can

be parametrized by vectors that lie in the imageof P : V — V.

We are now ready to present a formula for the braiding
statistics of the excitations. Suppose that the above system of
n excitations are arranged in a line in the order «y, ...,q,.
Then, the unitary transformation associated with braiding «;
around its neighbor «; 1, is given by [39]

By, = P -idy, ® --- ®@idy,_, ® pi(ai+1) ® piy1(a;)
®idy,, ® - ®idy, - P, (28)
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where idy, denotes the identity matrix on the vector space
V; of p;. (The exchange statistics for the excitations can be
computed in a similar fashion, but we will not discuss them
here as they are not necessary for our purposes.)

The final result we will need is an expression for the
topological spin. According to the twisted quantum double
formalism, the topological spin of an excitation o = (a,p) is
given by [39]

278y

1
tr , 29
dim(p) pla) (29)
where dim(p) is the dimension of the representation p. This
formula can equivalently be written as

¢ idy = pla), (30)

where idy is the identity matrix in the vector space V of p. The
reason that (29) is equivalent to (30) is that p(a) is always a pure
phase. Indeed, this property follows from Schur’s lemma and
the observation that x,(a,b) = x.(b,a) so that p(a) commutes
with any other matrix p(b). [As an aside, we note that the
fact that p(a) is a pure phase is consistent with the results in
Appendix E.]

2. Explicit formulas for the invariants

We now compute the invariants ©;, ©;;, and ©;;; for a
2D Dijkgraaf-Witten model with group G = 1_LK=1 Zy, and
3-cocycle w. Let «,8,y be three vortices carrying unit flux
2me;/N;, 2me;/N;, and 2mwe; /Ny, respectively. Using the
notation from the previous section, we can label these vortices
asa = (e;,p), B = (ej,), and y = (e, v) for some projective
representations p,u,v. We will denote the vector spaces
associated with p,u,v by V,W,X. To compute ®;, ©,;, and
O;jx, we need to find the topological spin of these vortices and
to analyze various braiding processes involving them.

We begin with ®;. From (30) we derive

e idy = 7™V idy = p(e)™. @31
We then rewrite the right-hand side as

Ni—1

[ ] {oltn + Ded ™" plenpne)

n=0

ple)

Ni—1

[ xeteineidy. (32)

n=0

where the second line follows from Eq. (22). We conclude that
the invariant ®; is given by

Ni—1

exp(i®) = [ ] xe(eine). (33)
n=0

Similarly, we can obtain expressions for ®;;,®;;; using (28):
ei@,/ idv ® idW — ,O(ej)Nij ® H«(ei)Nij,

¢kidy = ple) ' ple;) " plen)ple;).,
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al '8

FIG. 4. (a) A thickened torus T? x [0,1] with a flux ¢ threading
the inner hole. (b) The thickened torus drawn as a cube with the top
and bottom faces as well as the front and back faces identified.

which can then be related to x using (22):

NiJ
exp(i®;) = [ | xe(ej nej)xe, (ei.ney),
n=1
XE,- (ekvej)

exp(i®;jr) = .
T Xeejer)

(34)

Equations (33) and (34) are the formulas we seek, where x is
defined by (23).

The properties of ©;,0;;,0;;; that were derived in
Sec. [II B from more general considerations are manifest in the
above expressions. We can see that ©;,0;;,0;;; only depend
on i,j,k and not on the choice of vortices «,S,y since the
representations p,u,v do not appear in the final expressions
(33) and (34). In addition, itis easy to verify that these formulas
are invariant under the change @ — w - v if v is a coboundary
(see Appendix B for the definition of a coboundary). This is
to be expected since two cocycles that differ by a coboundary
are known to define the same Dijkgraaf-Witten model, and
therefore must give the same values for the invariants.

B. 3D topological invariants
1. Dimensional reduction

Our approach for computing the 3D invariants is based
on dimensional reduction: we derive a relationship between
vortex loop statistics in 3D Dijkgraaf-Witten models and
vortex statistics in 2D Dijkgraaf-Witten models, and then
we analyze the latter using previously known 2D results. A
similar dimensional reduction approach was used in Ref. [24].
The derivation we discuss here is more general than that of
Ref. [24] in some ways and less general in other ways. It is
more general because it applies even if the vortex loop statistics
are non-Abelian, but it is also less general because it is only
valid for Dijkgraaf-Witten models, while Ref. [24] derived
a dimensional reduction formula without restricting to these
exactly soluble systems.

To begin, consider a Dijkgraaf-Witten model associated
with a group G = ]_[lK=1 Zy, and a 4-cocycle w. Let us
define this model on a thickened 2D torus, i.e., the manifold
T? x [0,1] (Fig. 4). Consider a state consisting of two loop
excitations ¢, 8 which wind around the inner hole of the torus,
and suppose that there is a flux

2 2
¢ = <—a1, e ,—ak) (35)
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threading the inner hole. This geometry is equivalent to
a standard three-loop setup in which o, are linked with
another loop carrying flux ¢. Our task is to find the unitary
transformation associated with braiding « around g in the
presence of the flux ¢.

To this end, we redraw the thickened torus T? x [0,1] as a
cube whose top and bottom faces are identified as well as its
front and back faces. In this representation, the shaded square
in Fig. 4(b) corresponds to the shaded annulus in Fig. 4(a) and
the left and right faces of the cube correspond to the inner and
outer surfaces of the thickened torus. The flux loops «, § can be
drawn as lines connecting the top and bottom faces of the cube.

To proceed further, we make use of a special property
of Dijkgraaf-Witten models: these models can be defined
for any triangulation of space-time, and their properties do
not depend on the choice of triangulation. Therefore, we are
free to triangulate our cube however we like and it will not
affect the braiding statistics between « and 8. Making use of
this freedom, we consider a triangulation with translational
symmetry in the x, y, and z directions. More specifically, we
consider triangulation in which there is only one unit cell in
the z direction, but many unit cells in the x and y directions.
With this choice of triangulation, the cube can be viewed as
a 2D system. Furthermore, the braiding process involving the
vortex loops o and B can be viewed as a process involving two
vortices in this effective 2D system.

By the same argument as in the Supplemental Material
of Ref. [24], one can show that this effective 2D system is
identical to a 2D Dijkgraaf-Witten model with group G and a
3-cocycle

w(b,a,c,d)w(b,c,d,a)

a bs 1d = s
Ka(b.c.d) w(a,b,c,d)w(b,c,a,d)

(36)

where a = (ay, . ..,ak) is defined in terms of ¢ as in Eq. (35).
Here, x, is known as the slant product of w. One can check
that y, is indeed a 3-cocycle for any choice of a.

Putting this all together, we conclude that the vortex loop
statistics for a 3D Dijkgraaf-Witten model with 4-cocycle w
and with a base loop with flux ¢, are identical to the vortex
statistics in a 2D Dijkgraaf-Witten model with 3-cocycle yx,.

2. Explicit formulas for the invariants

We are now ready to compute the invariants ®; ;,0;; ;,0;jx ;
for a 3D Dijkgraaf-Witten model with group G = ]_LK: \ Zn,
and 4-cocycle w.

Let o, 8,y be three vortex loops carrying unit flux 2we; /N;,
2me;/Nj, and 2me; /Ny, respectively, and suppose that all
three are linked with another loop o carrying unit flux 2mwe; / N;.
To compute ©;;,0;;;,0;jr;, we need to analyze various
braiding processes involving «, 8,y . We can accomplish this
task with the help of the dimensional reduction results of
the previous section: according to those results, the braiding
statistics of the vortex loops «, B,y in a 3D Dijkgraaf-Witten
model with cocycle w are identical to the braiding statistics
of vortices in a 2D Dijkgraaf-Witten model with 3-cocycle y,,
[Eq. (36)]. Therefore, the 3D invariants ®;;,0;;;,0;;; can
be obtained from the corresponding 2D invariants [Egs. (33)
and (34)] simply by substituting x,,(a,b,c) for w(a,b,c). In
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this way, we obtain

N;
exp(i9;1) = [ | xevei (e ,mer),

n=1

N
exp(i©;j.) = [ [ Xerer(€j 1) Xere, (e1ner),  (37)
n=1
exp(i Oy ) = Kee (ki)
Xé[,e,-(ej7ek)
where x,, ., is defined as
i,b,¢)xe,(b,c,e
Xel‘e’.(b,c) — Xe,(e C)X /( c,e ) (38)

XE] (ba ei s C)
and where ., is defined in Eq. (36).

V. SHOWING THE INVARIANTS DISTINGUISH ALL
DIJKGRAAF-WITTEN MODELS

In this section, we show that the invariants take different
values for each of the Dijkgraaf-Witten models with group
G. This result has two implications: (i) each of the Dijkgraaf-
Witten models belongs to a distinct phase and (ii) the invariants
can distinguish these phases.

A. 2D case

We now show that the invariants ©;,0;;,0;;; can dis-
tinguish all the 2D Dijkgraaf-Witten models corresponding
to the group G = ]_LK:  Zy,- (A similar result was obtained
previously in Ref. [32].) Our proof is based on a counting
argument: let A} be the number of 2D Dijkgraaf-Witten
models with group G, let N-ngase be the number of phases of
2D Dijkgraaf-Witten models with group G, and let 53 be the
number of distinct values that the invariants take over all 2D
Dijkgraaf-Witten models with group G. Clearly, we must have

0 h
b < Nip™ <A (39)

What we will prove is the opposite inequality:
Nap > Nop (40)

It will then follow that 2(1)) = ./\/flgase = 2%W, which shows
that each of the Dijkgraaf-Witten models belongs to a distinct
phase and the invariants can distinguish all the phases
(according to the definition of phases given in Sec. II C).

To prove (40) we consider the set of 3-cocycles of the form

1

P;;
w(a,b,c) =exp iZNZN]Qa,-(bj—i—cj —[bj+c¢;])
J

ij

. k
X exp 12712 aibjcy ¢,
ijk ik

Qij
N 41
where P;; is an integer matrix and Q;j; is an integer tensor
with Q;x = 0if i, j,k are not all distinct. (The latter restriction
on Q;jx is not essential, and we include it only to simplify
some of the formulas that follow.) Here, the symbol [b; + ¢;]
is defined as the residue of b; + ¢; modulo N; with values
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taken in the range O, ... ,N; — 1. [One can verify that w obeys
the 3-cocycle condition (B2) with straightforward algebra.]
Inserting the cocycle w into the expressions in Egs. (33) and
(34), one immediately obtains

2
O = — Py, (42a)
N;
2
O = —(Pij + Pji), (42b)
21
Ok = _m(Qijk + Qjki + Ouij — Qjik — Qikj — Okji)-
ij
(42¢)

From the above formulas, we see that the invariants ©;; can
take on N;; different values as P;; ranges over all integer
matrices. Similarly, ®; can take on N; different values while
O;j can take on N; j; different values. Furthermore, the values
of ®;, and ®;; withi < j, and ®;; withi < j < k, can be
varied independently from one another. Therefore, we have

the lower bound
HN TIN5 [T N (43)

i<j i<j<k

At the same time, we know that the Dijkgraaf-Witten models
are parametrized by elements of the group

H[G,U(1)] = ]"[ZN [12v, 11 Zwy: @4

i<j i<j<k

so that

= |H[G,U()]| = HN [INi T N 49

i<j i<j<k

Combining (43) and (45) gives the desired inequality (40) and
proves the result.

B. 3D case

We now show that the invariants ©;;,®;;;,0;; can
distinguish all the 3D Dijkgraaf—Witten models corresponding
to the group G = ]—L 1\ Zn,. The argument closely follows
the 2D case: let N be the number of 3D Dijkgraaf-Witten

models with group G, let NP3 be the number of phases
of 3D Dijkgraaf-Witten models with group G, and let /\/'3%
be the number of distinct values that the invariants take over
all 3D Dijkgraaf-Witten models with group G. Clearly, we
have

NS < NEse < NDW. (46)

What we will show is that
N o 47
It will then follow that 3D = N phase _ % , which shows

that each of the Dijkgraaf-Witten models belongs to a distinct
phase and the invariants distinguish all the phases (according
to the definition of phases given in Sec. II C).
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To prove (47), we consider the set of 4-cocycles of the form

w(a,b,c,d) =exp {i2m Z — I b (e + di — [cx + di])
ijk 1]Nk
. Lljkl
xexp{i2m > —aibjed (48)
ijki YUkl

where M;j; is an arbitrary integer tensor and L;jy; is an integer
tensor with L;;; = 0 if i, j,k are not all distinct. [As in the
2D case, it is simple to verify that w obeys the 4-cocycle
condition (B3).] Inserting the 4-cocycle w into the expressions
in Eq. (37), we obtain

21
O = — My — My;), (49a)
N
0= N ot — iy - TNt~ w. aob)
ijl — N,']Nj ilj lij Nj]Ni jli lji)s
2 .
Oijis = — Y seAIL i pihr iy (49¢)
Niju =
where p is a permutation of i, j,k,/ and sgn(p) = =1 is the par-

ity of p. From the above formulas, we see that different choices
of M and L give different values of ®;;, ©;;;, and ©;j; ;.
More precisely, it can be shown that as M and L range over
the set of allowed integer tensors, the invariants ©; ;, ©;;;, and
k.1 take onatleast [T, ., (Nit)* TT; < < (Nijt)* TTi < < <g Nijua
different values (this counting is done in Appendix I).
Therefore, we have the lower bound

D= v [T iny?

i<l i<j<l

[T N 0

i<j<k<l

On the other hand, we know that the Dijkgraaf-Witten
models are parametrized by elements of the group

HIG UMD =[] @w,) T] @n,)" T] Zww 6D
i<j i<j<k i<j<k<l
so that
w =TIV TTwa* T Niwe 52)
i<l i<j<l i<j<k<l

Combining (50) and (52) gives the desired inequality (47) and
proves the result.

VI. GENERAL CONSTRAINTS ON THE INVARIANTS

In this section, we derive general constraints on the invari-
ants that hold for any gauge theory with group G = ]_[IK=1 Zy, .
In the next section, we will discuss whether these constraints
are complete, i.e., whether any solution to these constraints
can be realized by an appropriate gauge theory.

A. 2D Abelian case

Let us start with the case of 2D gauge theories with
gauge group G = ]_[lK= | Zy, and Abelian braiding statistics.
According to Sec. IIT A, there are two invariants ®; and ©;; in
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this case. We will now argue that ®; and ®;; must satisfy the
following general constraints:

O =20y, (53a)
®; =0y, (53b)
N;;©;; =0, (53c)
N;®; =0, (53d)

where all equations are defined modulo 2z. To prove this
statement, we first recall the following general properties of
Abelian braiding statistics:

Oup = Opa (54a)

Ooa = 204, (54b)
ea(ﬂlxﬁz) = 9&;‘31 + eaﬂz, (54¢)
e(axﬂ) = Ga + 9/3 + 90,,3. (54d)

Here, 6,4 denotes the mutual statistics of «,8, while 6,
denotes the exchange statistics of o and o x 8 denotes the
excitation created by fusing together ¢ and B. Each of
these identities follows from simple physical arguments. The
symmetry relation (54a) comes from the fact that braiding «
around B is topologically equivalent to braiding 8 around «.
The relation (54b) follows immediately from the definition of
exchange statistics. The linearity relation (54c) comes from
the fact that fusing 8; and 8, must commute with braiding o
around them. The other linearity relation (54d) has a similar
flavor.

We can see that Egs. (53a) and (53b) follow immediately
from these general constraints. To prove (53c), consider
braiding a vortex o that carries a unit flux %ei around N;
identical vortices 8, with each B carrying a unit flux %e e
Clearly, the associated statistical phase is N;6,4. At the same
time, according to the linearity relation (54c¢), this statistical
phase is equal to the phase associated with braiding o around
the fusion product of all the g8 vortices. Since the total flux of
N B vortices is zero, they fuse to a charge. It then follows from
the Aharanov-Bohm law that the latter quantity is a multiple
of i,—” ‘We conclude that

2r .
N;Oyp = N X integer.
Equation (53c) follows immediately using N;; N/ = N;N;
together with the definition (2) of ©;;.

To prove (53d), imagine exchanging a set of N; «’s with
another set of N; a’s. According to the linearity relation (54d)
and the relation (54b), the associated exchange statistical phase
is N [290[ = N;0;. However, this phase must be a multiple of 27
since N; a’s fuse to a charge which is a boson. Thus, Eq. (53d)
must hold.

B. 2D general case

We now consider the case of general 2D gauge theories
with gauge group G = ]—LK: | Zn,. There are three invariants,
0;,0;;,0;ji in this case. We will now argue that ©;,0;; again
satisfy the constraints (53a)—(53d), as in the Abelian case. In
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%

FIG. 5. A Borromean ring obtained by closing up the trajectories
in Fig. 1(b).

addition, the third invariant ®;; satisfies

O;jk = sgn(P)O piyp(j)pck)» (55a)
0;; =0, (55b)
Niji®ijr =0, (55¢)

where p is a permutation of the indices i, j,k and sgn(p) = %1
is its parity and again all the equations are defined modulo 27 .
We note that the constraint (55a) tells us that ®;;; is fully
antisymmetric modulo 27, while (55b) is a stronger constraint
on ©;;; than its antisymmetry since the antisymmetry only
requires that 20;;; = 0 (mod 2).

We first prove the above constraints for ®;j;; afterwards
we will prove (53a)—(53d). To prove that ®,j; is fully anti-
symmetric, i.e., (55a), we consider the space-time trajectories
[Fig. 1(b)] of the vortices in the braiding process associated
with ®; ;. Since the unitary transformation associated with the
braiding process is Abelian, we can close up the space-time
trajectories in Fig. 1(b), so that they form the Borromean ring
in Fig. 5. The closed-up trajectories are associated with the fol-
lowing process: we first create three particle-antiparticle pairs
a,a, B,B, and y,y out of the vacuum, where «, 8,y carry unit
flux %ei , ?v—’:e s ?V—’Zek , respectively, then braid «, 8,y in the way
that leads to the phase ®;j;, and finally annihilate the three
pairs to return to the vacuum. The fact that we can annihilate
the particles at the end of the process is guaranteed by
the fact that the braiding results in a pure phase, otherwise the
particle-antiparticle need not be in the vacuum fusion channel
after the braiding.

With this picture in mind, we can see that ©;;; is equal
to the phase associated with the Borromean ring space-time
trajectories. Since the Borromean ring is cyclically symmetric,
we deduce that ©;j; = Oj; = Oy;;. It is also not hard to
see that reversing the braiding process associated with ©;
gives rise to the phase ®;;;. So, ©;;; = —©y;. Putting these
relations together, we see ®;j is fully antisymmetric.

To prove (55b), we make use of the result in Appendix E
which shows that braiding a vortex « around another o
gives only a pure phase. Consider three vortices «,o, with
G = i,—’fe,- and ¢pg = Izv—’:ej and imagine the braiding process
associated with ©;;;: « is braided around the other «, then
around g, then around the other « in the opposite direction,
and finally around 8 in the opposite directions. In this four-step
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(i) (i)

FIG. 6. Thought experiment to prove the constraint (55¢) (N, = 3
is taken for illustration). For clarity, we split the composite braiding
into two steps (i) and (ii). In the thought experiment, (ii) follows
immediately after (i).

process, we can switch the order of the second and third steps
since the third step gives only a pure phase. Thus, it is obvious
that this four-step process neither changes the state of the
system nor leads to any Abelian phase. Hence, Eq. (55b) holds.

To prove (55¢), we consider a collection of excitations

2 2
a.B.v1, .- VYN, Where ¢y = W’fei, o = V’;ej, and ¢, =
%ek foranyt =1, ..., N;. We consider a composite braiding

process shown in Fig. 6: first we braid o around 8 in the coun-
terclockwise direction, then sequentially round yy, ...y, in
the counterclockwise direction, then around 8 in the clockwise
direction, and sequentially around yy,, . ..,y in the clockwise
direction. This braiding process can be described by a product
of operators
— p-1 -1 p-1
B=B,, ...Bka Bg Bay,, - - - Bay, Bag.

where Byg,Byy,, - . - ,BayNk are the operators associated with
braiding « around B,y1, ..., yn, respectively. Now, according
to the definition of ©;ji, we have B} B By, Bup = €' I
forany r = 1, ..., Ng. It then follows that

B = &MOur [, (56)

where 1 is the identity operator. On the other hand, braiding
a around yj, ...,Yn, in sequence is equivalent to braiding o
around the fusion product of yi,...,yn,. Since yi, ..., YN,
fuse to some charge g, we derive

B = B, B, ByyBug. (57)

where B,, denotes the operator associated with the braiding
of « around g. Now, by the Aharonov-Bohm formula, we
know that B, is a pure phase, which implies that B is
just the identity operator B = I. Therefore, ¢'M®i = 1, i.e.,
Ni®;jx = 0. Similarly, we can show N;®;;; = N;0;;; = 0.
Putting this together, we derive the constraint (55c¢).

Next, we prove the constraints (53a)—(53d) in the non-
Abelian case. The constraint (53a) follows immediately from
Appendix E while (53b) is obvious. To prove (53c), we
consider a vortex « carrying a flux ?v—fe,-, together with N;
-»Bn; all carrying a flux ?V_Tiej. Imagine « is
braided around 8, for N/ times, then around B, for N/ times,
and so on. The result is a total phase N;©®;;. This sequence of
braiding processes can be described by a product of operators

vortices By, ..

' _ pNiY N N
B'= By, .. Bus, Bu,, (58)
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where Bg, represents the operator associated with braiding
« around B; once. Any two operators Byg, and B,g commute
because the commutator B(;ﬁl, B;ﬁlx Bug, Bop, = €9 and ©;; =
0 according to (55b). Therefore, the operator B’ can be
rewritten as

N
B' = (Bugy, --- Bup Bap))~ 59
which means B’ is equivalent to braiding o around i, . .., By,
as a whole for N/ times. However, the vortices fi, ...,By,

fuse to a pure charge, and when « is braided around any charge
for N/ times, the result is no phase at all. Therefore, we obtain
N;®;; = 0. Similarly, one can show that N;®;; = 0. Putting
this together, we derive the constraint (53c).

Finally, to prove the constraint (53d), we use the diagram-
matical representation of the topological spin [34]

(%

e}
b — pi2msa (60)
e}

[e%

Let us imagine N; identical «’s, which should fuse to some
charge g. Consider the following diagram:

(61)

o

where the case N; = 3 is shown for simplicity. The left-hand
side equals the topological spin ¢/>™% = 1, while the right-
hand side equals

. : N1, . ) —_—
ezZnN,sa+Zn:0 idmnsy eterN, Sa — ezN,@,’ (62)

where the result of Appendix E is used. We conclude that
N;®; = 0 modulo 27, which proves the constraint (53d).

C. 3D Abelian case

We now consider the case of 3D gauge theories with gauge
group G = ]_[lK:  Zx, and Abelian braiding statistics. In this
case, there are two invariants ©, ; and ©;; ;. We will argue that
these invariants must satisfy the following general constraints:

Oii1 =20, (63a)

©ij1 = Ojit, (63b)

Niji9ij =0, (63c)

Niy®i; =0, (63d)

Nl Niil Niil

W(“)ij,l + W@jl,i + W@u,,’ 0, (63e)

Nil

®i _— @i i = 0, 63
N/ N, + O, (63f)

®;; =0 (conjectured). (63g)
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71

B > 71
> V2

Y2

A\ 2

B1052
B2

FIG. 7. Fusion of two loops 8, and 3, that carry the same amount
of flux ¢p, = ¢, and that are linked to different base loops. We
denote this type of fusion by B, o B,. This is different notation from
Ref. [24], where this type of fusion was denoted by 8, @ B,.

We note that the above constraints are a generalization of
those derived in Ref. [24].

To prove these constraints, we make use of the following
general properties of Abelian three-loop statistics:

Oua,c = 204.c (64a)

Oup,c = Oa,cs (64b)

O xpr).c = Oupr.c T Oupycs (64c)

Oaxprc = Ouc +0pc +Oupe,  (64d)
Oaroa)Bropo).(citer) = Ouprier + Ouspr.cas (64e)
Ouop.ci+e, = Ouey + 0.y (641)

Note that these equations involve two types of fusions of
loops, i.e., the “x” and “o” fusions, shown in Figs. 3 and
7 respectlvely The “x” fusion involves two loops that are
linked to the same base loop, while the “o” fusion involves
two loops that carry the same amount of fluxes but are linked
to different base loops (note that these types of fusion were
denoted by “+” and “@®” in Ref. [24]). One can see that the
first four equations resemble Eqgs. (54a)—(54d) in 2D systems,
while the last two are new to 3D systems. We call (64b) the
symmetry relation and call (64¢)—(64f) the linearity relations.
Like the 2D relations, the linearity relations encode the fact
that braiding and exchanging of loops commute with fusion
of loops. The linearity relations (64c) and (64d) only involve
a single base loop and are similar to the 2D linearity relations
(54c¢) and (54d). The linearity relations (64e) and (64f) involve
the “o” fusion with different base loops, and have no analog
in 2D systems. A graphical proof of (64e) can be found in
Ref. [24] and the proof for (64f) is similar.

With the help of these general properties, we will now prove
the constraints (63a)—(63f). The constraints (63a) and (63b) are
the simplest to prove, as they follow immediately from (64a)
and (64b). To prove (63c), we first imagine braiding a vortex
loop o around N; identical vortex loops 8, where both oe and

B are linked to a base loop y and ¢, = el, Pp = ej,

¢, = —e/ Clearly, the total statistical phase iS NjBup.e,- On
the other hand, from the linearity property (64c), we know
that this phase is equal to that of braiding « around the fusion
product of the B’s. Since the N; B’s fuse to a pure charge, it
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follows that the latter quantity is a multiple of 27 /N;. Hence,
we derive

2
N;iOug.e, = X integer. (65)

Comparing with the definition of ®;;;, we deduce that
N;j®ij; =0, (66)

modulo 2. Next, we imagine a collection of N, identical
three-loop linked structures. In each structure, loops « and 8
are linked with y, and « is braided around 8. The total phase
in the N, braiding processes is N;0,p..,. We then fuse together
all the linked structures and make use of the linearity relation
(64e), and obtain

NiOug.e; = 0B N> (67)

where A,B denote the two loops A=c«oo---oa and B =
B o---o B.Now,since the Nye; = 0, the two loops A and B are
not linked to any base loop so the statistical phase on the right-
hand side can be computed using the conventional Aharonov-
Bohm law (see Ref. [24] for a more detailed argument):
2 n 2 68)
— . e . — . el .
N/' qa J Ni qB
where g4,qp denote the amount of charge carried by the
(unlinked) loops A, B. We conclude that

OAB,Ney =

N6, = int + int (69)
wB.e, — —— X 1nteger — X 1nteger,
1YaB,e N; g Nj g
which implies that

Nl®ij,1 = O (;0)

modulo 27r. Combining (66) and (70), we immediately derive
the constraint (63c). The proof of (63d) is similar, the only
difference being that one needs to consider exchange statistics
rather than mutual statistics, and the linearity relations (64d)
and (64f) rather than (64c) and (64e).

The proof of the “cyclic relations” (63e) and (63f) follows
the same philosophy as above, and involves considering certain
thought experiments. These thought experiments are described
in Ref. [24] in the case of G = (Zy)X. It is not hard to extend
these thought experiments to G = [ |, Zy,, so we do not repeat
them here and instead refer the reader to Ref. [24].

It is unfortunate that we are not able to prove the last
constraint (63g). Therefore, this relation is just a conjecture.
However, from (63d) and (63f), we can prove the weaker
constraint 30; ; = 0.

D. 3D general case

To complete our discussion, we now consider the case of
general 3D gauge theories with gauge group G = ]_[IK: \ L, .
In this case, there are three invariants ©;;, ®;;;, and ®;jy ;.
We will now argue that ©; ;,®;; ; satisfy the constraints (63a)—
(63d), as in the Abelian case. In addition, the third invariant
O, jk,1 satisfies

Ojjks = sgn(P)O pi)p(j)pk).i » (71a)
®iij; =0, (71b)
Nijk®ijk,l =0. (71C)
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Unlike the other cases that we have discussed, we expect
that the above list of constraints is incomplete: that is, there
are likely further constraints on the invariants beyond the
ones listed here. One reason for this belief is that in the
case of the Dijkgraaf-Witten models, the invariants obey the
cyclic constraints (63e)—-(63g), and ®;; ; satisfies the stricter
constraint

Oijrs = sgn(P)O iy p(j)pik). pil)s
®iiji =0,
Niju®ijrs =0,

where p is a permutation of the indices i, j,k,l and sgn(p) = &
is its parity. We find it plausible that these additional constraints
may apply more generally than to the Dijkgraaf-Witten
models, but we have not been able to prove this fact.

The easiest constraints to establish are (71a)—(71c). These
constraints follow identical arguments to the 2D results (55a)—
(55¢). Likewise, the two constraints (63a) and (63b) follow
from the same logic as the 2D results (53a) and (53b), which
were proved in the general case in Sec. VIB.

To prove (63c), we first notice that N;;®;;; =0 can be
established in the same way as its 2D analog (53c). Next, we
consider a thought experiment with N, identical three-loop
linked structures {«,8,y} with ¢, = %ei, Pp = %e,, ¢, =
%ek' We imagine braiding each « around the corresponding
B for N/ times. The result of each braiding process is an
Abelian phase ©;;;. Therefore, the result of braiding all the
a’s simultaneously is N;®;; ;. Now, since all the phases are
Abelian, a linearity relation such as (64e) applies in this case.
More specifically, one can argue that the phase associated with
this braiding process is equal to that of braiding the loop A =
ao---oaaround B= B o---of for N/ times, while both
A, B are linked to a base loop which carries a flux N;¢;. Now,
since N;¢; = 0 modulo 27, A,B are not linked to any base
loop so this phase can be computed from the Aharonov-Bohm

law, as in Eq. (68). In this way, we deduce that

(2 2T .
N;®;;; = NV | — x integer + — X integer | = 0. (72)
N; N;j
Combining this with N;;0;;; = 0, we derive the constraint
(63c). The proof of (63d) is similar and involves the use of a
linearity relation for ®;; analogous to (64f).

VII. DO THE DIJKGRAAF-WITTEN MODELS EXHAUST
ALL POSSIBLE VALUES FOR THE INVARIANTS?

In this section, we ask and partially answer the following
question:

Do there exist Abelian gauge theories for which the
invariants acquire values beyond those given by the Dijkgraaf-
Witten models?

If the answer to this question is “yes,” then it follows that
there exist gauge theories that do not belong to the same
phase as any of the Dijkgraaf-Witten models. On the other
hand, if the answer is “no,” we cannot make any rigorous
statements about the existence or nonexistence of gauge
theories beyond the Dijkgraaf-Witten models since we cannot
rule out the possibility that two gauge theories may share the
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same invariants but still belong to distinct phases. That being
said, a negative answer can be interpreted as circumstantial
evidence that the Dijkgraaf-Witten models exhaust all possible
Abelian gauge theories.

To address this question, we compare the general con-
straints derived in the previous section with our explicit
computation of the invariants in the Dijkgraaf-Witten models.
We first consider the 2D case. In that case, we know that
the invariants must obey constraints (53a)—(53d) as well as
(55a)—(55c). At the same time, we know that the Dijkgraaf-
Witten models can realize any (®;,0;;,®;;;) of the form given
in Egs. (42a)—(42c). Comparing these two results, one can
easily verify that the Dijkgraaf-Witten models can realize
all possible values of the invariants that are consistent with
the general constraints. We conclude that in the 2D case, the
Dijkgraaf-Witten models exhaust all possible values of the
invariants.

Next, we consider the 3D Abelian case: that is, 3D gauge
theories with gauge group G and Abelian three-loop statistics.
In this case, we know that the invariants must obey the
constraints (63). We also know that the Dijkgraaf-Witten
models with Abelian statistics [49] can realize any (®; ;,0;; ;)
of the form given in Egs. (49a) and (49b). From these two facts,
one can show that the Abelian Dijkgraaf-Witten models realize
all possible values of the invariants that are consistent with the
general constraints; this derivation is given in Appendix H. One
loophole is that the last constraint (63g) is simply a conjecture.
Therefore, all we can say is that the Dijkgraaf-Witten models
exhaust all possible values of the invariants, assuming this
conjecture is correct.

Finally, let us consider the general 3D case: that is, 3D
gauge theories with gauge group G and any type of three-loop
statistics (Abelian or non-Abelian). In this case, we have only
managed to prove very weak constraints on the invariants, as
discussed in the previous section. As a result, the Dijkgraaf-
Witten models only realize a small subset of the invariants that
are consistent with our constraints. Hence, we cannot make any
statements as to whether the Dijkgraaf-Witten models exhaust
all possible values of the invariants.

VIII. RELATION BETWEEN THE INVARIANTS AND
BRAIDING STATISTICS

In this section, we show that the topological invariants
contain the same information as the full set of braiding
statistics data, for 2D or 3D gauge theories with gauge group
G = ]_[IK=1 Z y, and Abelian statistics. We do not know whether
a similar result holds for gauge theories with gauge group G
and non-Abelian statistics.

A. 2D case

We begin with the 2D case. What we will show is that if two
2D gauge theories with Abelian statistics have the same values
for the invariants ®; and ®;;, then all their braiding statistics
must be identical. In this sense, the topological invariants
contain all the information about the braiding statistics in these
systems.

Before presenting our argument, let us recall our definition
for when two gauge theories have the “same” braiding
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statistics. As discussed in Sec. IIC, we say that two gauge
theories have the same braiding statistics if there exists a one-
to-one correspondence between the quasiparticle excitations
in the two theories that (1) preserves all the algebraic structure
associated with braiding statistics, e.g., R symbols, fusion
rules, F symbols, etc., and (2) preserves the gauge flux of
excitations. In other words, for each excitation in one gauge
theory, there should be a corresponding excitation in the other
gauge theory that has the same braiding statistics properties
and the same gauge flux.

Given the above definition, our task is as follows. Consider
two 2D gauge theories with group G = ]—LK Z y, and Abelian
statistics. Suppose that the gauge theories have the same values
for the invariants ®; and ©;;. We have to show that there exists
a one-to-one correspondence between the excitations in the
two theories that preserves their exchange statistics, mutual
statistics, and gauge flux.

We construct this correspondence as follows. In the first
gauge theory, foreachi = 1, ...,K, we choose one of the |G|
types of vortices that carry unit flux %ei, and denote it by 9;.
Similarly, in the second gauge theory,l foreachi =1,...,K,
we choose one of the |G| types of vortices carrying unit flux
%\,—”e, and denote it by ;. Given that the two gauge theories
have identical values of 0, and ®;;, we know that the exchange
statistics and mutual statistics of {0;} and {w;} are related by

2JT.X,'
N;

for some integers x;, y;;, with y;; = 2x;.
In the next step, we fuse some gauge charge ¢; =

2w ij
0 Jij

i

= 0117; +

s 50, = Oy +

(73)

(qi1, - - - ,qix) onto each vortex W;, to obtain another unit flux
vortex ;. We choose the g; so that the new vortices @, obey
Oy = 0a;,  On0, = Onyu- (74)

To see that we can always do this, note that

2mg;
Ou; = o, +
2rnq;;  2mq;i

Oorer = 0Qp o 4 2 4 ZTTI 75
Wi w;W; Nj Ni ( )

by the Aharonov-Bohm formula. Hence, we can arrange for
Eq. (74) to hold if we choose the gauge charges ¢; so that they
satisfy

gii = x; (mod N;),

1 .
F(Nicbj + Njqji) = yij (mod NV). (76)
ij

We are now ready to construct the desired one-to-one
correspondence between the excitations in the two gauge
theories. We note that every excitation in the first gauge theory
can be written uniquely as a fusion product

X (0g)™ x ¢, (77

where a; are integers with 0 < @; < N; — 1, and where g =
(g1, .-.,9k) is some gauge charge with 0 < ¢g; < N; — 1.
Similarly, every excitation in the second gauge theory can
be written uniquely as

= (@)" x

a = (0" x

Cx (W)™ % q. (78)
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We define a one-to-one correspondence between two sets of
excitations by mapping

o = (ﬁl)al X
= @) x

It is clear that this correspondence preserves gauge flux since

27‘[&] 2nak
o = [EEIRICIE) = Qqy’. 80
¢ < N, N, ) ¢ (80)

X (k)™ x ¢q

- x (D) x q. (79)

To see that this correspondence preserves the exchange
statistics and mutual statistics of the excitations, we need to
check that

90( = Uu/,

901/3 = 601//3’ (8D)

for any «, 8 in the first gauge theory and corresponding «’, 8’ in
the second gauge theory. These relations follow immediately
from (74) together with the linearity relations (54¢) and (54d).
This completes our argument: we have shown that if two gauge
theories have the same values of the invariants ®;,0;;, then
all their braiding statistics is identical.

B. 3D case

We now repeat the argument in the 3D case. Consider two
3D gauge theories with group G = ]_[lK Z y, and Abelian three-
loop statistics. Suppose that the gauge theories have the same
values for the invariants ©;; and ©;;;. We will show that the
two gauge theories have identical three-loop statistics. More
precisely, we will show that for each gauge flux ¢, there exists
a one-to-one correspondence between the looplike excitations
in the two theories that are linked with base loops with flux ¢,
such that the corresponding excitations have the same three-
loop statistics and the same gauge flux.

The derivation closely follows the 2D case. To begin, we
focus on the ﬁrst gauge theory, and we fix a base loop that
carries unit flux 2 —el Foreachi =1,...,K, we choose one

of the |G| types of vortex loops that carry flux 2 —e, and are
linked with the base loop and we denote it by 0;. We repeat
this process for the second gauge theory. That is, we fix a base
loop with flux 2—”61 and we choose vortex loops {;} that are

linked with the base loop and carry flux 2 —e, Using the fact
that the two gauge theories have 1dentlca1 values of ®;; and
®;;,1, we know that the three-loop statistics of the {9;} and {; }
loops are related by

27rxi 1 27Tyij 1
0.0y = Oye) + N, > 9171'9,;'61 = 911):-%61 Nij
for some integers x;;, y;j;, with y;;; = 2x;;. Note that the

integers x;; and y;;; may depend on /, that is, they may take
different values for different base loops.

We next fuse some gauge charge ¢; = (g;1, - - - ,qix) onto
each vortex loop @;, to obtain another vortex loop ;. We
choose the g; so that the new vortex loops W] obey

O5:.e0 = Ot )5 = Ouiw; 0 (82)

05:0;.e,

The fact that we can always find such a g; follows from the
same reasoning as in the 2D case.

We now construct a one-to-one correspondence between
the loop excitations in the two gauge theories, focusing on the
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excitations that are linked with a base loop with flux %e,.
The construction is identical to the 2D case. First, we note
that every loop excitation « in the first gauge theory can be
written uniquely as a fusion product of the 9; vortex loops
together with some gauge charge, as in Eq. (77). Similarly,
every loop excitation in the second gauge theory can be written
uniquely as a product of the o] vortex loops as in Eq. (78). We
can therefore define a one-to-one correspondence using the
mapping in Eq. (79). For the same reasons as in the 2D case, it
is clear that this correspondence preserves the statistics of the
loop excitations, as well as their gauge flux.

To finish the derivation, we need to generalize the above
one-to-one correspondence to the case where the base loop
carries arbitrary flux ¢. This generalization is easy to prove
since we can construct base loops with arbitrary flux by fusing
together base loops with unit flux using the “o” fusion process
(see Fig. 7). Furthermore, using the linearity relations (64e)
and (64f) we can see that the three-loop statistics associated
with these more general base loops is completely determined
by the three-loop statistics for the unit flux base loops. Putting
these pieces together, we can construct a similar one-to-one
correspondence between loop excitations that are linked with
base loops with arbitrary flux. This completes our argument
and proves that the two gauge theories have identical three-loop
statistics.

IX. CONCLUSION

In this paper, we have studied the braiding statistics of 2D
and 3D gauge theories with group G = ]_[lK=1 Zy,, and we
have defined topological invariants that summarize some of
the most important aspects of this braiding structure. In the 2D
case, these invariants consist of three tensors {©;,0;;,0;;},
while in the 3D case, they consist of three tensors
{©,1,9;1,0;jr}. These tensors are defined in terms of certain
composite braiding processes involving vortices and vortex
loops.

Using these invariants, we have obtained two results. First,
we have shown that the invariants distinguish all 2D and
3D Dijkgraaf-Witten models (= gauged group cohomology
models) with group G. Second, we have shown that the
Dijkgraaf-Witten models with group G exhaust all possible
values of the invariants in the 2D case and we have derived
similar, but weaker, results in the 3D case.

So far, our discussion has focused on gauge theories
or, more precisely, gauged SPT models. We now return to
the questions raised in the Introduction, and discuss the
implications of our findings for ungauged SPT models. We
begin with our result that the invariants take different values
for each of the 2D and 3D Dijkgraaf-Witten models (= gauged
group cohomology models) with group G. This result has an
immediate implication: the 2D and 3D group cohomology
models with group G all belong to distinct phases.

Next, we consider our finding that the 2D Dijkgraaf-Witten
models exhaust all possible values for the invariants. While we
cannot draw rigorous conclusions from this result, it is at least
consistent with the possibility that the 2D group cohomology
models realize all possible SPT phases with symmetry group
G. Our 3D results on this topic are also consistent with this
possibility, though they are somewhat weaker.
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In short, our results support the group cohomology clas-
sification conjecture of Chen, Gu, Liu, and Wen [10] for the
case of finite, Abelian symmetry group G. In addition, our
results allow us to go further: they provide a simple diagnostic
for determining whether a specific microscopic Hamiltonian
belongs to the same phase as a specific group cohomology
model. The diagnostic involves gauging the Hamiltonian and
then computing the topological invariants of the associated
gauge theory. If the invariants for the microscopic Hamiltonian
are different from that of the group cohomology model, then
we may conclude that the Hamiltonian belongs to a distinct
phase. If the invariants are the same, then it may belong to
the same phase, though we cannot be certain because we do
not know if the invariants are complete in the sense that they
distinguish all possible SPT phases.

We see this work as a first step towards answering the
three questions raised in the Introduction. We have managed to
make some progress on these questions for the special case of
Abelian symmetry groups, but many issues remain unresolved.
First, although we have partially answered questions 1 and
2 from the Introduction, we have said nothing at all about
question 3, which asks whether the braiding statistics data
can distinguish all possible SPT phases. Another important
direction for future work is to understand the braiding statistics
in gauge theories with non-Abelian gauge group and see
if similar topological invariants could be defined in that
context. Finally, it would be interesting to study gauge theories
associated with fermionic SPT models. Such systems may have
an even richer braiding statistics structure than the bosonic case
analyzed here.
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APPENDIX A: GAUGING PRESCRIPTION

In this Appendix, we give a general prescription for how
to gauge a lattice boson model with an Abelian symmetry
group G = ]—LK: | Zn,. The procedure we describe follows the
usual minimal coupling scheme for lattice gauge theories [36].
The only nonstandard element is that we will set the gauge
coupling constant to zero in order to maximize our control
over the models, as in Refs. [15,50]. More precisely, what we
mean by this is that the Hamiltonians for the gauged models
commute with the flux operators that measure the gauge flux
through each plaquette in the lattice. This property has a nice
consequence: the gauge theories we construct are guaranteed to
be gapped and deconfined as long as the original boson models
are gapped and do not break the symmetry spontaneously.

For concreteness, we will focus on a particular kind of boson
model with ]_[lK=1 Z n, symmetry. Specifically, we will focus on
lattice boson models built out of K species of bosons, where
the particle number of the ith species is conserved modulo N;
and where the different species of bosons live on the sites p of
some 2D or 3D lattice. We denote the boson creation operator
for the ith species on lattice site p by bl’ ;- We assume that the
boson model has local interactions, so that the Hamiltonian of
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the bosons can be written as

H =Y Hi(lbp}), (AD)
A

where the sum is taken over localized regions A, and where
H, is some operator composed out of boson creation and
annihilation operators acting on region A.

We now discuss our procedure for gauging such a Hamilto-
nian. The first step is to introduce a Hilbert space H,, of
dimension |G| = ]_LK:] N; for each link pg of the lattice.
This Hilbert space is spanned by basis states {|m)}, where
m = (my,...,mg) with 0 < m; < N; — 1. Along with the
Hilbert space, we introduce lattice gauge field operators i ;
for each species i = 1, ...,K. These operators are defined by

:ti%mi|m>

Hpq.ilm) =e (A2)

with a + or — sign depending on whether pq is parallel or
antiparallel to some fixed orientation that we assign to every
link of the lattice. Likewise, we define a set of unitary shift
operators S, , for each group element a € G:

Spq.alm) = |m x a) (A3)

with a + or — sign depending on whether pq is parallel
or antiparallel to the prescribed orientation. Here, we have
used a = (ay, ...,ar), 0 < a; < N; — 1, to denote the group
elements of G = [[X, Zy,.

In the second step, we replace each operator Hy({b, ;})
by a gauged operator H,({b p.i»Mpg,i}) following the minimal
coupling procedure:

HA({bp,i}) - gA({bp,i vﬂpq,i})~

For example, a nearest-neighbor hopping term undergoes the
following substitution under minimal coupling:

(A4)

T T
bP,ibq,i — bp,ibq,i/vl«pq,i-

(AS)

For more complicated terms involving multiple sites, the
substitution contains a product of  operators acting on a path
that connects the sites. One subtlety is that there is an ambiguity
for how to choose the path. This ambiguity is eliminated by the
third step in the gauging procedure. In this step, we multiply
H 4 by a projection operator P4 which projects onto the states
that have vanishing gauge flux through each plaquette that
belong to A. That is, the projector P4 can be written as a

product

PA = l_[ P(pqr)v (A6)
(

pqr)€eA

where P;,,, projects onto states with vanishing flux through
a particular plaquette (pgr), which we have assumed to
be triangular for concreteness. The projector P,, can be
explicitly written as

1
Pipgry = Gl 1_[

i=1

Ni—1
(Z(Mﬁq,iﬂq;‘,iﬂrp,i)k> . (AT)

k=0

After multiplying H4 by P4, one can show that all paths
enclosed by A lead to the same term so that the minimal
coupling procedure is unambiguous. It is not hard to see that
Pypqry is a Hermitian operator.
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In the last step of the gauging procedure, we add a term
of the form —A P, to the Hamiltonian for each plaquette,
so that it costs finite energy to create vortex excitations. After
applying these steps, the final gauged Hamiltonian is

H= Z I:IA({bp,isMpq,i})PA —A Z P(pq,-),
A (pqr)

(A8)

where we assume A is large and positive. This Hamiltonian is
defined on a Hilbert space consisting of gauge-invariant states,
i.e., states |W) satisfying

Tp,a|\y> = |\I') (A9)

for every p,a, where T, , is the gauge transformation associ-
ated with group element a € G and site p:

. 2ma; 51
L Zi T-’ bpjbﬁvf
T, ; Sypa-

pa =¢€
geneigh.(p)

(A10)

This constraint is the analog of the usual Gauss’s law of
electromagnetism V - E = p.

The gauging prescription we have just described has
a special property: the Hamiltonian H commutes with
the flux through each plaquette of the lattice. That is,
[H, tpq,ilbgrittrp,i] = O for every plaquette (pgr) and every
i=1,...,K. This property has an important consequence:
the gauge theory H is guaranteed to be gapped and deconfined
as long as H is gapped and does not break the symmetry
spontaneously. To see this, note that [I:I ,Pipgry] =0, so the
eigenstates of H are also eigenstates of Ppqry. As long as
A is large, then all the low-energy eigenstates |\W) will have
vanishing flux, thatis, P, | V) = |W). At the same time, it is
easy to see that, within the zero flux sector, the energy spectrum
of H is identical to the energy spectrum of the original
boson model H. We conclude that H and H have identical
low-energy spectra. Hence, H is guaranteed to be gapped if
H is gapped. Similar reasoning shows that H is deconfined as
long as H does not break the symmetry spontaneously.

APPENDIX B: GROUP COHOMOLOGY

In this Appendix, we review the basic ingredients of the
cohomology of finite groups [10,37,39]. We focus on the
cohomology group H"[G,U(1)].

Let G be a finite group. The basic objects that group
cohomology studies are n-cochains. An n-cochain is a U(1)

valued function c(gy, . ..,&n):
c:GxGx---xG—UQ).
—
n times

The collection of n-cochains form an Abelian group C", where
the group operation is defined by

(c1-c2)(g1, .. ,8n) =c1(g1,---,8n) - C2(&1, - - ., 8n)-

The coboundary operator § is amap 8 : C" — C"*!, defined
by

8c(gr, -+ -1 8nt1)

(_1)n+l

=c(g2, .- &n+1)C(81s -+ -, &n)

x [ lcter, .- gigiv, - ngas] V. (BD)
i=1
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It is easy to check that the coboundary operator satisfies
8(cy - ¢3) = 8¢y - 8¢p. More importantly, one can check that
8 is nilpotent: 8> = 1.

With the help of the coboundary operator, we can now
define n-cocycles and n-coboundaries. An n-cocycle is an
n-cochain w that satisfies dw = 1. For example, 3-cocycles
satisfy

(82,83,84)0(81,8283,84)0(81,82,83)
®(g182,83,84)0(g1,82,8384)

1, (B2)

and 4-cocycles satisfy

(82,83,84,85)(81,8283,84,85)0(81,82,83,8485) !
@(g182,83,84,85)(81,82,8384,85)0(&1,82,83,84)

(B3)

Likewise, an n-coboundary is an n-cochain v that can be
written as v = 8c where ¢ € C"~!. The nilpotence of § implies
that a coboundary must also be a cocycle. This allows us to
define an equivalence relation for the cocycles: two n-cocycles
w; and w; are said to be cohomologically equivalent if and
only if w; = w; - 8¢, for some ¢ € C"~!. The equivalence
classes of the n-cocycles form an Abelian group, called the
nth cohomology group, which is denoted by H"[G,U (1)].

In this paper, we will only need the cohomology group
H"[G,U(1)] for G = I—LK:I Zy. and for n = 3 and 4. These
cohomology groups can be computed explicitly using the
Kunneth formula [10,39]

G UM =]]zn ]2, [] Zw.  ®D

i<j i<j<k
HYG.UM)] = l_[ (ZN:i)z 1_[ (ZNijk)2 H LNy
i<j i<j<k i<j<k<l

(B5)

APPENDIX C: GROUP COHOMOLOGY MODELS AND
DIJKGRAAF-WITTEN MODELS

In this Appendix, we briefly review the group cohomology
models of Ref. [10], as well as the Dijkgraaf-Witten models
of Ref. [35]. In addition, we show that coupling the group
cohomology models to a lattice gauge field gives exactly the
Dijkgraaf-Witten models. For convenience, we describe these
models as well as the gauging procedure using a path-integral
formulation in Euclidean space-time. This is different from
the gauging procedure in Appendix A which is described in a
Hamiltonian formulation. We expect the similar results can be
derived in a Hamiltonian formulation (e.g., see Refs. [51,52]
for a Hamiltonian description of Dijkgraaf-Witten models).

1. Group cohomology models

The basic data needed to construct a d + 1-dimensional
group cohomology model with (finite) group G is (1) a
d + 1-cocycle w together with (2) a triangulation of d +
1-dimensional Euclidean space-time. To build the model,
we label the vertices of the triangulation by an ordered
sequenced, j, ..., thelinks by [ij],[jk], . .., and the triangular
plaquettes by [ijk], .. ., etc. We will refer to the vertices as “0-
simplices,” the links as “1-simplices,” the triangular plaquettes
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as ‘“2-simplices,” and so on. The basic degrees of freedom in
the model are group elements g; € G that live on the vertices
i of the triangulation. For every space-time configuration
{gi}, we assign a local weight [a)(gflgj, . ,g,:lg,)]"if---“ to
each d + l-simplex [ij...kl] (i < j <--- <k <) where
0ij..ki = =1 is the chirality of the simplex [ij...kl]. The
action corresponding to {g;} is given by the product of the
local weights

e Silla) — 1_[ [o(s; ") -

lij...k1]

&)@

Summing over all the configurations {g;}, we obtain the
partition function

1 v
7, = G ZefSl({gz})’ (C2)
{gi}

where ﬁ is a normalization factor, |G| is the size of the
group, and N, is the number of vertices. One can easily check
that the action (C1) is invariant under the global symmetry

g — 8&i (C3)

for all g € G. According to the arguments in Ref. [10], the
ground states of these models are gapped and short-range
entangled for any G and w. Moreover, two cocycles that
differ by a coboundary define the same group cohomology
model. Thus, the group cohomology models are labeled by
equivalence classes of cocycles, i.e., by elements of the
cohomology group H4*'[G,U(1)].

2. Dijkgraaf-Witten models

The basic data needed to construct a d + 1-dimensional
Dijkgraaf-Witten model with (finite) group G is the same
as that for a group cohomology model: (1) a d + 1-cocycle
w together with (2) a triangulation of d + 1-dimensional
Euclidean space-time. Unlike the group cohomology SPT
models, the basic degrees of freedom in a Dijkgraaf-Witten
model are group elements h;; € G that live on the links
[ij] of the triangulation. For every space-time configuration
{hi;}, the corresponding action e 52111} is defined as follows.
First, one needs to determine if the configuration is flat, i.e.,
hijhjihi; = 1 for every 2-simplex [ijk]. If it is flat, we assign
a local weight [w(h;j, ..., hk)]%* to each d + 1-simplex
[ij...kll (i <j<--<k<l) where o;; 1y = £1 is the
chirality of the simplex [ij ...kl]. The action is then given
by

e = TT [y, ... . k)14, (C4)
[ij...kl]

If the gauge configuration is not flat, then e~S:(h =0,
Summing over all the configurations {#;;}, we obtain the
partition function

Zy, =

LS T Wt i, (©3)
{hij}

N,
GI™ hij} Tij...kl]

where ﬁ is again a normalization factor, and }_" is a sum-
mation over flat gauge configurations. The partition function
Z, describes the Dijkgraaf-Witten models. One can check that
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if two cocycles w,w’ differ by a coboundary, then they define
the same Dijkgraaf-Witten models. Thus, the Dijkgraaf-Witten
models are labeled by elements of HG, U], just like the
group cohomology models.

3. Connection between the two classes of models

We now show that the Dijkgraaf-Witten model with group
G and cocycle w is equivalent to the group cohomology model
of the same group G and cocycle w after the global symmetry
of the latter is gauged.

To gauge the symmetry in the group cohomology model,
we introduce lattice gauge fields k;; € G that live on the
links [ij] of the triangulation. We then couple the matter
degrees of freedom {g;} and gauge degrees of freedom {4;;} by
replacing each gi_lgj in the action (C1) by g;° ! hi;jg;,following
the minimal coupling procedure. After this step, the action
becomes

o= Silehdhy)) — [1 [ g -
[ij..kI]

Oij..kl

,gk_lhklgl)]
(C6)

The next step is to choose a value for the gauge coupling con-
stant. Here, as in Appendix A, we choose the gauge coupling
constant to be 0. This means that we set e 51814 = () if the
gauge configuration is not flat. With this choice of coupling
constant, the gauged partition function acquires the form

2= D T T It

{gi} {hij} lij..kl]

0ij..kl

Yhijgj, -8 )],

(o))

where the summation ) " is taken only over flat gauge
configurations, and where we have included a normzilization
factor ﬁ By construction, the partition function Z; has a
local gauge symmetry
g — g, hij—> Olihijaj_l (C8)

forall @; € G and all i, j.

To see the connection between the gauged group cohomol-
ogy models Z; and the Dijkgraaf-Witten models Z, we fix
the gauge in Z;. The gauge that we choose is

gi=1 foralli. (C9)
In this gauge, the partition function 7, becomes
2y = |G|N” Z 1_[ [@(hij, -« h)]7H, (C10)

}oLij. k]

where the numerical factor |G| comes from performing the
sum over {g;}. We can see that 7, is identical to Z,, proving
that the gauged group cohomology model with group G and
cocycle w is equivalent to the Dijkgraaf-Witten model with the
same G and w.
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APPENDIX D: PROPERTIES OF FUSION RULES IN
ABELIAN DISCRETE GAUGE THEORIES

In this Appendix, we derive some properties of the fusion
rules of excitations in 2D gauge theories with group G =
l_[i Ly,

The first property is that any excitation y that appears in the
fusion product o x B = Zy N;’ﬁy must obey ¢, = ¢y + ¢p.
This property is clear from the following thought experiment.
Imagine braiding an arbitrary charge g around « and 8. One
can braid ¢ around « and B sequentially, which gives a phase
q - (¢o + ¢p). Or, one can first fuse o and B into some y,
then braid ¢ around y, leading to a phase g - ¢,,. Clearly, the
two processes should give the same phase, so g - (¢y + Pp) =
q - ¢, . Since q is arbitrary, we have ¢, + ¢g = ¢,.

Another property of the fusion rules is that when an
excitation « is fused with a charge g, there is exactly one
fusion outcome:

gxa=cao, (D1

where o’ might be the same as «. To prove this property,
we imagine four excitations «,& and ¢,g, where @ denotes
the antiparticle of o and we suppose that the overall fusion
channel for the four excitations is the vacuum. We now count
the degeneracy of this four-excitation space in two different
ways. First, we note that g, are Abelian particles, so they
must fuse to the vacuum, which in turn forces «,& to fuse to
the vacuum. So, the four-excitation space is nondegenerate.
On the other hand, we can also fuse the particles in a different
order: we first fuse g with @ and fuse g with &, then fuse the
resulting particles. If we fuse the particles in this way, we can
see that the degeneracy is given by the number of different
fusion outcomes in g x «. We conclude that there is a unique
fusion outcome in ¢ x «. Therefore, (D1) holds.

The third property is that an excitation « and its antiparticle
& can only fuse to charges, i.e.,

AxE=0+q+gt-, (D2)

where ¥ denotes the vacuum. Moreover, the coefficient of each
q; appearing in the fusion rule is 1. The first statement is easy to
prove: all particles on the right side must be charges since ¢, +
¢a = 0. To prove that the coefficient associated with each g; is

1, we use the fact that N, = Nﬂ
theory of anyons [34]. From this fact we derive NJ& = Ny, =
0,1, where the last equality follows from property (D). As a
corollary, we see that the charges g; appearing in Eq. (D2) are
exactly those that follow the fusion rule ¢ x g; = «.

With the above properties, we now prove two claims. The
first claim states that for any two excitations «,a’ with ¢, =
¢y, there exists at least one charge g with o' =« x g. The
second claim is more complicated. To explain it, consider two
excitations «, B in a fusion channel y, and two other excitations
a',B" in a fusion channel y’. The claim states if ¢ = ¢,
and ¢ = ¢y then there exist charges g; and g, such that
o« =axq, B =Bxgq,andy’ =y xq xq.

To prove the first claim, consider an arbitrary excitation o’
with ¢, = ¢,. Imagine fusing together «,&,’. We can do the
fusion in two different orders

from the general algebraic

a@xa)xad =@+qg +---)xad (D3)
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and

ax@xd)y=ax(q +g5+--), (D4)

where the “. . . ” means some charges. Since the order of fusion
cannot affect the final result, we conclude that o' = & x g,
where ¢/ is one of the charges in Eq. (D4). Hence, the claim
holds.

To prove the second claim, let «, 8,&’, 8" be any excitations
with ¢y = ¢, and ¢g = ¢pg. Let y be one of the fusion
channels of «,B and let ¢’ be one of the fusion channels of
a’,B’. Our task is to show that, given any state in Vgﬁ, we can

construct at least one state in VZ p by fusing charges onto «
and B. To show this, we note that ' = y x ¢ for some charge
q, by the first claim, proven above. Let us consider the fusion
product (o’ x B') x (@ x B) x G. The vacuum fusion channel
must appear at least once in this fusion product since

@xB)x@xB)xg=¢+--)xF+-)xg
(D5)

and ¥’ X ¥ x ¢ contains the vacuum. We can now reorder the
fusion product as

(@ x @) x (8 x B) x q.
This reordering should not change the result so the vacuum
must also appear in this product. We conclude g can be
written as a product g = ¢q; X g, where ¢; appears in the
fusion product of o' x & and ¢, belongs to the fusion
product of B’ x B. Clearly, q; and g, satisfy ¢; x « = o’ and
g x B=p'. Also,weknowthatq, X g X y =g x y = y’.
This proves the claim.

(D6)

APPENDIX E: A PROPERTY OF R?,

In this Appendix, we show that when an excitation is
braided around another identical excitation in a 2D gauge
theory with group G = H,K:1 Zy;,, the resulting unitary trans-
formation is a pure phase, i.e., proportional to the identity
matrix. Note that this result only holds for a full braiding:
the unitary transformation associated with an exchange of two
identical excitations need not be a pure phase.

Consider an arbitrary excitation « in a 2D gauge theory
with group G = ]_[lK= | Z ;. In the first step, we show that the
unitary transformation associated with braiding « around its
antiparticle & is a pure phase. To see this, note that according
to Appendix D, the only fusion outcomes for o and & are
charges: @« x @ =¥+ g + - - -. For any ¢ that appears in this
fusion rule, we can use the formula (9) to derive

RgaRg& — eizr[(sq—Su—S&) — e—i47T_S‘L,’ (El)

where we have used the facts dim(VZ&) =1,5, =0,and s, =
sz. Examining the above identity, we can see that the statistical
phase associated with braiding « around & is independent of
the fusion channel ¢g. Hence, braiding « around & gives a pure
phase.

Next, we show that all the charges g that appear in the
fusion product « x & have vanishing braiding statistics with
a, i.e., Oy = 0. To see this, imagine we have two excitations
« and & in the vacuum fusion channel. If we now fuse g to
&, the excitation & will remain unchanged (i.e., ¢ X & = &)
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but after this fusion process, the two excitations « and & will
be in the fusion channel g. Let us imagine braiding o around
a before and after fusing ¢ into @. Clearly, the two processes

will differ by a phase factor e'%. Hence,
RiaRia = Rou Ruge™. (E2)

oo roo
To complete the argument, we consider a process in which

« is braided around a pair of & and & excitations. Independent
of the fusion channel of the o and & excitations, the unitary
transformation associated with this process must be the identity
since 6y, = 0. At the same time, this braiding process can be
divided into two pieces: first « is braided around &, and then
around another «. Since the first piece is a pure phase e /4%
the second must also be a pure phase. This proves the claim.
In addition, we have derived the formula

R RE, =¥, (E3)

oo oo

Then, since R, R{; is independent of ¢, we derive 6,, = 0.

where B is any excitation in the fusion product ¢ x «.

APPENDIX F: PROVING 0O;;; IS WELL DEFINED

In this Appendix, we prove that ®;;; is a well-defined
quantity. More specifically, we show that (i) the unitary
transformation associated with the braiding process defining
©®;jr is always an Abelian phase even if the vortices are
non-Abelian; we also show that (ii) the Abelian phase is a
function of i, j,k only and does not depend on the choice of
vortices o, 8,y as long as they carry fluxes %Ei,%elj,?v_zek,
respectively.

To prove points (i) and (ii), we make use of a diagrammatic
technique to compute the unitary matrix associated with
the braiding process in the definition of ©®;; (for more
details about this diagrammatic technique, see Ref. [34].) The
technique uses space-time trajectories, where the arrow of
time is drawn upward. We will not use the technique to carry
out an actual calculation but only to show that the unitary
transformation associated with ®;; is a pure phase. We will
make use of two diagrammatic relations in our proof. The first
relation is

YN\ = ta (F1)

« (e}

This relation allows us to turn downward a trajectory of o
by introducing its antiparticle &, with a compensation of a
complex factor u,. The factor u, is related to the quantum

dimension d,, by d, = |ug|~". The second relation is
@ B a B
n
=2 (F2)
~,n n
a g a 3

which means that the propagation of two particles o, can
be decomposed into a sum over their possible fusion channels,
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= Cr)z.(:‘)giy(i‘).\‘

¥ « el ol « Iéi

FIG. 8. Diagrammatic proof that the unitary matrix associated with the braiding process in the definition of ®;; is an Abelian phase.

where y ranges over the fusion channelsinae x 8 = Z 5 y

and n ranges over 1, ... ,Na . The vertices

a f v
8l « 3

mean the nth way of splitting and fusing «,8 into vy,

respectively.
Now, let «,B,y be vortices carrying unit flux
2 2

M€ N € ?V—ek, respectively. Consider the space-time trajec-
tories of « ,B,y associated with the braiding process in the
definition of ®;;; (Fig. 8). Making using of the relation (F1),
we establish the first equation in Fig. 8. The second equation
is established by using the relation (F2) in the two shaded
regions in the second diagram in Fig. 8. The charges ¢,§
are those appearing in the fusion rule of o x &@. We have
used the fact that NI, =1 for any g, which is proven in
Appendix D. To establish the third equation, we notice that
q,G have Abelian statistics with the vortices 8,y. Winding
g around y in the counterclockwise direction gives rise to
a phase ¢9%, and winding § around g in the clockwise
direction gives rise to a phase e~7% . In the fourth diagram
in Fig. 8, we see that § and y are decoupled from «, while
«a still has some “self-interaction.” However complicated this
“self-interaction” is, it only depends on «,q,§, but not on g,y .
Therefore, we can denote everything as a complex number
Cu.p4.0,, after the summation over ¢, has been performed.
We see that C, ¢, ., only depends on the flux of B,y, but
not on the choice of 8,y, nor on their fusion channel. Since
the overall transformation must be unitary, Cy, ¢,.¢, iS @ pure
phase.

To complete the argument, we have to show that the factor
Cogp.p, = ¢'®u+ only depends on the flux of o but not on the
choice of «. This can be proven by fusing charges to «. Let
the outcome of the fusion be a vortex «’. According to the
Aharanov-Bohm law, one can easily see that

= Cu.p,.6 el tiady—iq-¢p—iq-¢y
2PBsPy

= Co4.0,- (F3)

Co'g.0,

With this, we have shown that ©;;; only depends on the flux
of @,B,y, i.e., it only depends on i, j,k. Hence, ©;; is well
defined.

APPENDIX G: CORRESPONDENCE BETWEEN LABELS
(a,p) AND PHYSICAL NOTIONS OF GAUGE FLUX AND
GAUGE CHARGE

In this Appendix, we show how to translate between the
mathematical labels o = (a,p), used to denote excitations in
2D Dijkgraaf-Witten models, and the physical notions of gauge
flux and gauge charge. As discussed in the main text, the basic
outline of correspondence is simple: the first component a
describes the amount of flux carried by the excitation «, while
the second component p is related to the amount of charge
attached to «. We now explain how this works in more detail.

For each group element a = (ay, ... ,ag), the correspond—
ing gauge flux is given by ¢ = (¢, .. ¢K) where ¢; = —. i
Likewise, for each representation p we should define a corre-
sponding gauge charge g = (g, . . . ,qx ). This correspondence
is easy to define for the case where « is a pure charge excitation:
a = (0,p). Indeed in this case, Eq. (22) implies that p is a
linear representation of G, provided that we choose a “gauge”
[53] such that w(a,b,c) =1 if any of a,b,c is 0. It follows
that p can be written in the form p(h) = exp(}_, %Qkhk)
for some integer vector (qy, . ..,qg). This defines the desired
correspondence p <> g = (qy, - - . ,gk)-

How does the correspondence work for vortex excitations
o = (a,p) where a # 0?7 In this case, p is a projective
representation, so there is no natural way to translate p into an
integer vector (qy, . ..,qk). This is related to the general point
made in Sec. IIl Al: we do not know a physically meaningful
way to define the absolute charge carried by a vortex excitation.
On the other hand, if we compare two vortex excitations with
the same flux, @ = (a,p) and o' = (a, p) and we find that
p,p  are related by p'(h) = p(h)exp(zk . L grhy) for some
(q1, ... ,qx), then we can say that «’ can be obtained from «
by attaching charge g = (q1, . .. ,qk)-

APPENDIX H: SHOWING THAT ALL SOLUTIONS TO THE
CONSTRAINTS (63) CAN BE WRITTEN IN THE FORMS
(49a) AND (49b)

In this section, we show that if ©®;; and ©;;; obey the
constraints (63a)—(63g), then they can be written in the forms
(49a) and (49b), i.e.,

011 = 2 (Mys — Musp)
il — Nil ili lii )
2x N 2n N
;1 = NN ——— (M;;; — Myij) + NN, ——(Mj; — M)  (HD)
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for some integer tensor M;;i. The first step is to rewrite the
second equation as

27 Nt 27 Nt

O = le—W(Mizj — M) + W(Mjli — My;). (H2)

This new form of the second equation can be derived from the
relations

Nij Nijl Nlj Nijl
= — , = — , H3
NyN;  N/'Nyj~ NjuN;i NNy )
which in turn follow from the identities
Nij ’ N;N;N,

We now construct the integer tensor M;;;. First, we set
M;;; = 0 for all i, and we set

N;
My =M;;; =0, M = _l®i,l (H5)
2
for all i # [. Next, foreachi < j < [, we define
Niji
M;; = _bi®ijlv
mm‘%mﬁmm
Nl il
M = a?&'ﬂ,
M;;j =0, M;; =0, M;; =0, (He6)
where a and b are integers such that
Nijl Nijl

(The existence of a,b will be established in the following.)
If one substitutes the tensor M into (H1) and (H2), it
is straightforward to check that the resulting expressions
exactly reproduce the invariants ®,; and ®;;; as long as these
invariants obey the constraints (63).

At this point, we have successfully constructed a tensor
M; i that satisfies equations (H1) and (H2). However, there
are two gaps in our derivation that need to be addressed. First,
we have to show that the components of M, are all integers.
Second, we have to show that we can always find integers a,b
satisfying (H7). The fact that the components of M;j; are all
integers is easy to prove, as it follows immediately from the
two constraints (63d) and (63c). As for the second statement,
this will follow if we can show that N/ /N and N%/!/N/J!
are relatively prime. The latter property can be derived from
a simple observation: we note that the only prime factors
appearing in N/ /N'! are those that divide into j more times
than either i or /. Similarly, the only prime factors appearing
in N'/'/NJ! are those that divide into i more times than j or [.
We conclude that these two numbers do not share any prime
factors so they are relatively prime.
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APPENDIX I: COUNTING THE NUMBER OF VALUES
OF ©,,,0;;,:,0;ji,

In this section, we consider the formulas (49a)-(49c),
reprinted below for convenience:

2
O = —Miy; — My;i), (Ia)
Nii
Ot = 2N 1y — i+ N ot~ g
ijl — N]lNl] ilj — Mlij NllNl]l jli — Miji)s
(I1b)
‘7T A
Oijk1 = D gL piiniyporpth- (1c)
Niju 5
What we will show is that invariants ©;;,0;;;,0;x, take
on at least
2
[T TT Wa)* T Niw (12)
i<j i<j<l i<j<k<l

different values when M, ;; ranges over all integer tensors, and
L;ju ranges over all integer tensors obeying L,y = 0if i, j,k
are not all distinct. [The reader may notice that the second
equation (I1b) differs slightly from Eq. (49b) in the main text.
The equivalence between these two equations follows from
simple identities and is explained in Appendix H.]

To perform our counting, we consider separately each of
the components of ©;;,0;; ;. First, we consider the invariant
®,; fori # . From Eq. (I1a) we can see that ®, ; can take on
N;; different values as we vary M;;;, M;;;. We can also see that
the different ®; ; invariants with i # [ are independent of one
another. Hence, all together the ®;; invariants can take on at

least
Ni =[] Nu=]]@Way (13)

i#l i<l

different values. Next, we fix i < j < [ and consider the three
invariants ©;;;,0 j;;,0;;;. We will show that these invariants
can take on at least (N; j1)2 different values. To see this, we set

M;; = —bx,
M;; =0, Mj; =0,

M;;; = —ax,

M;j; =0, (4

M =y,

where x,y are arbitrary integers and a and b are chosen so that

N[ jl Ni jl
a— —b—— = 1.
Nil Nl
(One can always find such a,b since ]jvv,/, and 22 o are relatively
prime, as explained at the end of Appendix H ) Substituting
these expressions for M into (I1b), it is straightforward to
derive the following two formulas:

©;j; = 2mwx/Nij1,
a®j;; +bOy; ; =21y /Njj. (15)

From these formulas it is clear that ©;;;,0;;;,0); ; take on
different values for each x,y with 0 < x,y < N;j;; — 1. Hence,
0;1,91i,0;; j can take on at least N,-Zﬂ different values, as
claimed above. It is also clear that the values for different i, j,/
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are independent of one another. Hence, all together the ©;;;
invariants can take on at least

N, = 1_[ (Nij1)?

i<j<l

a6)

different values. Finally, we consider the invariants ©;; for
i < j <k <l FromEq. (Ilc), it is clear that ©;;;; can take
on N;j; different values as we vary L;;i;. Hence, all together,
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the number of distinct values of {®;;i ;} is at least

N3 = 1_[ Niju-

i<j<k<l

an

Combining all the cases, we conclude that the total number
of values that the invariants can take on is at least N N>N3,
which is what we wanted to show. (In fact, with more careful
accounting, one can show that this inequality is actually an
equality, but we will not need this sharper result here.)
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