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We propose an exactly solvable lattice Hamiltonian model of topological phases in 3 + 1 dimensions, based
on a generic finite group G and a 4-cocycle w over G. We show that our model has topologically protected
degenerate ground states and obtain the formula of its ground state degeneracy on the 3-torus. In particular, the
ground state spectrum implies the existence of purely three-dimensional looplike quasiexcitations specified by
two nontrivial flux indices and one charge index. We also construct other nontrivial topological observables of the
model, namely the SL(3,Z) generators as the modular S and 7" matrices of the ground states, which yield a set
of topological quantum numbers classified by w and quantities derived from w. Our model fulfills a Hamiltonian
extension of the (3 + 1)-dimensional Dijkgraaf-Witten topological gauge theory with a gauge group G. This
work is presented to be accessible for a wide range of physicists and mathematicians.
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I. INTRODUCTION

Because of their potential applications—in particular to
topological quantum computation—phases of matter with
intrinsic topological order [1-15] that are realizable in two
dimensions have received substantial attention. Celebrated
candidates of two-dimensional topological phases include
chiral spin liquids [2,16], Z, spin liquids [17-19], Abelian
quantum Hall states [20-22], and non-Abelian fractional
quantum Hall states [23-27].

Symmetry plays a central role in two-dimensional topologi-
cal phases: a large class of two-dimensional topological phases
have an underlying (2 + 1)-dimensional effective gauge theory
description. On top of the gauge symmetry, the degenerate
ground states, and hence the quasiexcitations—the anyons—
respect a much larger hidden symmetry, usually described by
a quantum group or modular tensor category based on the
gauge group [28,29]. That is, the anyons carry representations
of the quantum group. This is evident, for example, in the
Kitaev toric code model [7] and the twisted quantum double
(TQD) model [12,13,30], where the induced quantum group
symmetry is the (twisted) quantum double of the finite gauge
group of the underlying Dijkgraaf-Witten (DW) topological
gauge theory [31]. It is then natural to ask if the same physics
applies to three dimensions—the physical spatial dimension.
Can one build a model of three-dimensional topological phases
based on a (3 4 1)-dimensional topological gauge theory?
Would there still be topologically protected ground states
that respect a larger hidden symmetry based on the gauge
symmetry? What mathematical structure describes the larger
symmetry? Would there be new types of quasiexcitations,
and would they remain in one-to-one relationship with the
ground states? What quantum numbers would characterize the
ground states and the excitations? How would such excitations
connect to the two-dimensional ones? These are some crucial
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questions to deepen our understanding of topological phases
in all dimensions and the role of symmetry.

As an attempt to answer some of the questions above,
in this paper, we propose an exactly solvable Hamiltonian
extension of the (3 4 1)-dimensional DW gauge theory with
general finite gauge groups on a lattice. We shall name our
model the twisted gauge theory (TGT) model, in the sense that
the usual gauge transformations in the underlying gauge theory
with a gauge group G is twisted by a U(1) 4-cocycle w in the
fourth cohomology group of G, H*[G,U(1)]. We rigorously
derive the ground state degeneracy (GSD) on the 3-torus, the
topological quantum numbers of the ground states, e.g., their
topological spins as the modular 7 matrix, and their modular §
matrix, which are expected to be shared by the quasiexcitations
corresponding to the ground states. This model also naturally
extends the TQD model based on the DW gauge theory
in 2 4 1 dimensions twisted by a 3-cocycle over the gauge
group. Indeed, the (3 + 1)-dimensional TGT model, when
dimensionally reduced to two dimensions, reproduces the
(2 4+ 1)-dimensional TQD model [32].

The meaning of Hamiltonian extension can be understood
in this way: as a topological field theory, the DW theory does
not have a nonvanishing Hamiltonian from Legendre trans-
form; when the DW theory is placed on a (3 + 1)-dimensional
space-time with boundaries, the boundary terms ensuring
the gauge invariance of the theory induce gauge invariant
boundary degrees of freedom, which are in one-to-one cor-
respondence with the ground states of the corresponding TGT
model. Consequently, the partition function of the DW theory
coincides with the GSD of the corresponding TGT model.

We note that recently there are also studies [15,32-39] of
certain aspects of three-dimensional topological phases. But
these studies either are based only on untwisted gauge theories,
or restrict to Abelian gauge groups, or focus merely on the
braiding or fusion properties of quasiexcitation but do not
examine the detailed properties of the lattice Hamiltonian that
yields the excitations being studied. In this work, however, we
tackle this challenge.

We derive our results in this order. Section II proposes
our TGT model. Section III lays down the general setting
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for the topological observables. Section IV deduces our first
topological observable, the ground-state degeneracy (GSD) on
a 3-torus and the topological degrees of freedom. Section V
fabricates two more topological observables, the modular S
and 7 matrices on a 3-torus. Section VI derives the explicit
formulas of the topological (fractional) quantum numbers
associated with the topological observables and classifies them
generally. Section VII exemplifies our model concretely with
a number of finite groups and different types of the 4-cocycles
of these groups. Section VIII explains why our model is a
Hamiltonian extension of the DW theory in 3 + 1 dimensions.
Section IX concludes and outlines some future directions. The
Appendixes collect the definitions, derivations, and proofs that
are too detailed to appear in the main text.

II. MODEL CONSTRUCTION

We establish the generic Hamiltonian of our model on
graphs consisting of tetrahedra embedded in 3-spatial dimen-
sions. A Hilbert space of our model is comprised of all possible
assignments of a group element of a finite group to each edge
of the graph. Our model is exactly solvable on such Hilbert
spaces.

A. Defining data

We define our model on a graph embedded in a closed,
orientable, three-dimensional manifold, e.g., a 3-sphere or a
3-torus. Such a graph I' consists of solely tetrahedra (e.g.,
Fig. 1) and is free of any open edges. It may be taken as the
simplical triangulation of the closed 3-manifold it is embedded
in. In this regard, a tetrahedron is also known as a 3-simplex.
We assign ordered labels to the vertices of I' and call such
labels enumerations. The model is independent of the vertex
enumerations as long as we keep their relative order consistent
in the calculation.

We denote our model by Hg ,, as indicating its character-
izing data—a triple (H,G,w). The element H in the triple is
the Hamiltonian to be defined later. And G is a finite group,
Abelian or non-Abelian. The third element w is a normalized
4-cocycle to be explained below. We assign to each edge of T,
on which Hg , is defined, a group element of G and orient it
from the vertex with a larger enumeration to the one smaller

FIG. 1. Crop of a graph that represents the basis vectors in the
Hilbert space. Each edge ab, with a < b, is oriented from the larger
enumeration to the smaller and is assigned a group element, ab € G.
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(see Fig. 1). All possible configurations of the group elements
on the edges of I' comprise the Hilbert space of the model
onI":

,8e}ge € G}, (D

where E counts the number of edges in I'. A generic
tetrahedron abcd with ordered vertices a < b < ¢ < d has
the following natural orientation by handedness.

Convention 1. One can grab the triangle of abcd that does
not contain the largest vertex, i.e., the triangle abc, along the
boundary of the triangle, such that the three vertices are in
ascending order, while the thumb points to the rest vertex d
of the tetrahedron. If one must use one’s right hand to achieve
this, abcd’s orientation is +, or €(abcd) = 1; otherwise —, or
€(abcd) = —1.

Conveniently, we denote by ab for both an edge from b to
a with a < b and the group element on the edge. We let ab
be the inverse element of ab, and ba = ab is understood. The
‘Hr has a natural inner product:

Hr = span{{g1,g2, - - -

d d

@ > - Sah,a’b’Shc,h’c’aac,a/c’
a c

v b

2)

where the “. . .” neglects the § functions on all the rest triangles
that are not depicted but should be understood likewise.
Generically, on the three sides of any triangle, e.g., the ab, bc,
and ac on the LHS of Eq. (2), the three corresponding group
elements are independent of each other, i.e., ab - bc # ac. Our
notations and convention make it unnecessary to draw the
group elements explicitly in a basis graph.

The aforementioned third ingredient, a normalized 4-
cocycle w € H*[G,U(1)], is a function w : G* — U(1) that
satisfies the 4-cocycle condition

[81.82,83.841(80,81 - 82,83,841(80,81.83.83 - 841
(80 - 81.82,83.841[80.81,82 - 83,841[80.81.82,83]
for all g; € G, where we simplify the notation by

1 (3

@(g1,82,83,84) = [81,82,43,84],

and satisfies the normalization condition
[1,g.h,k] = [g.1,h.k] = [g.,h,1,k] = [g.h .k, 1] =1, (4

forany g,h,k € G. Abasicintroduction to cohomology groups
H"[G,U(1)] of finite groups is organized in Appendix A.
We stress that this normalization condition is not an ad hoc
extra condition imposed on the 4-cocycles; instead, any group
4-cocycle naturally satisfies this condition. The reason is that
any 4-cocycle w is an equivalence class of the 4-cocycles that
differ by merely a 3-coboundary S«, where « is a 3-cochain,
a function from G? to U(1), and § is the coboundary operator
defined in Appendix A. Any 4-cocycle equivalence class can
be shown to possess a representative always satisfying the
normalization condition (4).

Notice that every group has a trivial 4-cocycle wy = 1 for
the whole G. A 4-cocycle can be defined on any subgraph—a
3-complex—composed of four tetrahedra, which share a vertex
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(b)

FIG. 2. (a) Defining graph of the 4-cocycle [viv,,v2v3,03
v4,V40s5]. (b) For [U]Uz,U2U3,U3v4,U4U5]71.

and any two of which share a triangle. Consider Fig. 2(a),
for instance. There are four tetrahedra vivyv3vs, viv2V4Vs,
v1V2V3V4, and vyV3V40s, and five vertices all are arranged in
the order v; < vy < v3 < V4 < vs; we define the 4-cocycle
for this subgraph by taking the four variables from left to
right to be the four group elements, v,v,, vv3, v3v4, and
v4vs, which are along the path from the least vertex v; to the
greatest vertex vs passing vp, v3, and v4 in order; thus the
4-cocycle reads [viv2,v2v3,V304,0405]. Note that the apparent
tetrahedron vjv3v4vs in Fig. 2(a) does not exist because the
figure is purely three dimensional. Had one insisted upon the
existence of vjv3vavs, one would have to place it in a fourth
dimension, such that the complex in Fig. 2(a) comprises the
boundary of a 4-simplex v;v,v3v4vs. In this sense, we can
also associate the 4-cocycle [viv;,v2v3,V304,0405] With a 4-
simplex. We will come back to this viewpoint later.

Such a 3-complex is the simplest triangulation of a closed,
oriented 3-manifold. Physically, a 4-cocycle defined on such
a 3-complex can be regarded as a probabilistic weight, or
just a wave function, assigned to the state of the system
on the 3-complex. This is a physical reason why the 4-
cocycles considered here are U(1) numbers. Same 4-cocycles
also appear in the (3 + 1)-dimensional DW theory, as the
fundamental building blocks of the partition function of the
theory. We shall get to this point in Sec. VIII.

As opposed to Fig. 2(a), if we consider Fig. 2(b), which
differs from Fig. 2(a) by only the positions of the vertices v,
and vs, the corresponding 4-cocycle should be an inverse one,
[V1V2, V203,304, 0405] .

One hence notices that a complex v v,v3v4v5 like those in
Fig. 2 defines a 4-cocycle w¢1v23%45) where €(vv,0304V5) =
=£1 is the orientation of the 3-complex that is determined by
the following convention.

Convention 2. One first chooses any of the four tetrahedra in
the defining graph of the complex and determines its orienta-
tion using handedness as described earlier, e.g., € (vivav3V4) =
1 from Fig. 2(a) and €(vjvpv3vs) = 1 from Fig. 2(b). One
then appends the remaining vertex to the beginning of the
ordered list of four vertices of the chosen tetrahedron, e.g.,
(vs,v1,v2,v3,v4) from Fig. 2(a) and (vg,v1,v2,v3,v5) from
Fig. 2(b). If the list can be turned into ascending order by
even permutations, such as (vs,vy,v2,v3,v4) from Fig. 2(a),
one has e(vjvv3v405) = €(vivav3v4) = 1 and, otherwise,
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6(1)11)21)31)41}5) = —6(U1U2U3U5) = —1 from Flg Z(b) The
result is independent of the choice of the tetrahedron.

The reader may notice some abuse of language in the sequel.
For instance, “a 4-cocycle” @ may stand for a class [w], a
representative w, or the evaluation of w on a 3-complex. Also,
although Eq. (3) is the only 4-cocycle condition in an abstract
sense, from time to time, we may refer 4-cocycle conditions to
the evaluations of the condition (3) on different 4-simplices or
3-complexes. These however should not mislead contextually.

B. Lattice Hamiltonian

The Hamiltonian of our model takes the form
HZ_ZAU—ZBf. 5)
v f

Here A, is the vertex operator defined on each vertex v, and
By is the face operator defined at each triangular face f. As to
be seen, the 4-cocycles introduced in the previous subsection
will constitute the matrix elements of the operators A, and By.
As in the TQD model in (2 + 1)D, an operator A, facilitates
a gauge transformation of the group element on each edge
incident at v, and a B, imposes the zero flux condition on
the face f. Thus the ground states of such a Hamiltonian are
gauge invariant and flux-free on all faces. We now elucidate
these operators.
The operator B acts on a basis vector as

Ug Uy
Bf A > = 6u1v2-v2v3~v3v1 A > (6)
v, Uy v, vy

and yield a phase factor, a delta function 8y, y,.v,v;-v;v,» Which is
unity if vjv; - Va3 - v3v; = 1, the identity element of G, and
zero otherwise. Again, the ordering of vy,v;, and vs is irrele-
vant because 8y,v,.vy05v30; = Ovsvr-vivavavs ANA Syyvyvavsvs =
SW = ‘SWWW = 5v1v3<v3vz~v2v1 . Namely? on the
three sides of any triangle f with By = 1, the three group
elements obey the chain rule:

VU3 = V1V - V203 )

for any enumerations vy,v;,v3 of f’s vertices.
The operator A, is is more involved. It is an averaged sum
over the group G,

1
sz_ Aﬁa (8)

[vv']=geCG

where |G| is the order of G. The finer operator A% acts on a
vertex v by a group element g € G; it replaces v by another
enumeration v’ such that v'v = g. In our convention, the new
enumeration v’ must be “slightly” less than v but greater than
all the enumerations that are less than v in the original set
of enumerations before A$ acts. In a dynamical picture of
Hamiltonian evolution, A¢ evolves v from one “time” to v’
at a later time, which results in an timelike edge v'v € G
in the (3 + 1)-dimensional “space-time.”. Let us consider the
following simplest subgraph—a single tetrahedron—of some
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large T to illustrate how an A, actson I":

vy Uy

A9 -

vyt

where vjvs = g. Now put together the two tetrahedra before
and after the action in the above equation as two spatial slices
and the edge vjv4, which is not shown, as along the “time”
(the fourth) dimension, we obtain a 4-simplex. This is a path
integral picture, which motivates us to attribute the amplitude
of A$, to an evaluation of the 4-simplex, which is naturally
given by the 4-cocycle associated with the 4-simplex (recall
our earlier discussion). That is,

ro e(v1v2V3V,V.
= 8upu0,¢[V1V2, V203, U30], V€T

—1
= 8y g [V1V2, 0203, 030, 0404] 7, (10)

where the big bracket in the second row means an evaluation of
the 4-simplex in the bracket, which gives rise to the 4-cocycle
in the third row. The orientation appearing is understood this
way:

Convention 3. Since the new vertex v is set to be slightly
off the 3D slice made of the tetrahedron v,v,v;3v4, and since
every newly created vertex bears a label slightly less than that
of the original vertex acted on by the vertex operator, one
can always choose the convention such that €(viv,v3v)vs) =
€(v1V2V3V4)8g0(V}, V1, V2,V3,V4). And sgn(vy,vi,vs,v3,0s) 1S
the sign of the permutation that takes the list of vertices in the
argument to purely ascending as (vi,vs,v3,V},vs,V5), Which
embraces the 4-simplex vjvyv3 v£v4.

By Convention 1 of tetrahedral orientation, we have
€(v1vov3v4) = 1 and clearly sgn(v),v;,v2,v3,v4) = —, leading
to the last equality in Eq. (10).

Note that the result above does not depend on how one
actually projects the 4-simplex on the plane. For example, one
may place the vertex v, completely outside of the tetrahedron
and should obtain the same orientation. It is however crucial
that any singular projection, e.g., placing v} right on a face or
edge, is forbidden. Moreover, if the ordering of the vertices
in the above example is changed, one may obtain a different
orientation accordingly.

There is a coordinate-based method of determining the
orientation of a 4-simplex or the 3-complex bounding a
4-simplex. Take the 3-complex on the RHS of Eq. (10) for
an example. One places the 3-complex in an Euclidean frame.
Then the sign of the determinant det[v; vz, v2v3,v3v),v,v4] is
the orientation of the complex. Here we also use v;v; for the
vector from v; to v; in the Euclidean frame. In the action
by the vertex operator A$ . however, the newly created vertex
v’ is assumed to be slightly smaller the v. That is, v’ is just
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slightly off the three-dimensional manifold of the complex,
with a infinitesimal coordinate in the fourth dimension. Back
to the current example, the det[v; v2,v,v3,v3v),v,04] is simply
proportional to det[v;v,,v,v3,v4]. And the proportionality
factor the permutation sign of v, in the ordered list of the five
vertices, if we take the assumption that the fourth coordinate of
v, is positive. This is precisely the meaning of our Convention
3. The virtue of our method is that we no longer need to refer to
concrete coordinates of the vertices to compute the orientation
of a 3-complex or 4-simplex. In fact, our method naturally
generalizes to higher dimensions.

Because we consider closed graphs only, there are not any
boundary vertices; hence, unlike demonstrated in the simplest
example above, each A, actually acts on a vertex v that is
shared by more than one tetrahedra, and it should create more
than one 4-simplices, each of which contributes a 4-cocycle
to the amplitude. Bearing the convention introduced via the
simplest example above, we are now ready to show a typical
example in Eq. (11). We assume, without losing generality,
that the the five vertices are enumerated as v| < v, < V3 <
vy < vs. The basis vector on the LHS of (11) is specified by
ten group elements, V1V2, V1V3, VU4, V1V5, VU3, VU4, UaVs5,
V304, 13U, and v4vs. On this basis vector, Aj, acts as

1)

v3

/ I ’
13,0302, 0203, V305 ][5 V2, V203, V3 V4, V4 Vs |
- o o

[V1V5,0502,0203,0304][V1 V5, V502, V2 V4, V4 V5]

X Suune]. > (11

vy

where the new enumerations are v; < vj < v < V3 < V4 <
vs. The action of Af, also imposes on the newly created
triangles the following chain rules:

[viv2] = [v1v3] - [Vy02],
[v3v3] = [Vyva] - [w203],
[v3v4] = [V3v2] - [V204],
[v3vs] = [vyv2] - [V20s5]. (12)

The amplitude of this Aj, can be read off from the space-
time complex composed of tetrahedra before and after the
action and the tetrahedra sharing the “timelike” edge vjv,, as
depicted in Fig. 3. In this figure, there are four 4-simplices,
namely vjVjv20304, V105020305, V1 V520405, and vv,v3040s5,
whose orientations are respectively —1, +1, +1, and —1, as
determined by Convention 3. This explains the amplitude of
the A, in Eq. (11). We emphasize again that Fig. 3 is merely
one possible projection of the 4-complex on the plane but our
result of the amplitude is independent of the projection.
Figure 3 also has a precise topological meaning. Had one
imagined the original 3-complex v;vov3v4v5 as a 4-simplex
(although it is not one because v;v3v4vs is not a tetrahedron
is the original setting), then Fig. 3 would be an illustration of
a four-dimensional Pachner move [40,41], the 1 — 5 move,
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FIG. 3. Topology of the action of A$ . The arrows are omitted for
simplicity because the vertex ordering is explicit.

which splits vjvv3v4v5 into five 4-simplices, viv,v2V304,
VI V5 V2U3V5, V1 V5U2U4Vs, VyU2U3040s, and vjv5v3v4vs, that do
not exist either because again v;v3v4vs is not a tetrahedron.
The actual 1 — 5 move should take place in five dimensions.
We will come back to this point in the next section.

If vévz = g = 1, the unit element of G, is true in Eq. (11),
then the amplitude becomes

[v1V5,1,v203,030s][1, V203, V304, V4 V5]

1
—_

= = (13)
[v1v5, 1,203, v304][V1 05, 1, V204, V4V5]

by the normalization condition (4). That is, Aﬁzl = [, identity
operator. In this case, the A! simply imposes the usual
gauge transformations in lattice gauge theories via the chain
rules (12).

In Appendix B, we show that all By and A, are mutually
commuting projection operators. Consequently, the ground
states of the Hamiltonian (5) are common +1 eigenvectors of
all these local projection operators. It is clear that the ground
states of the Hamiltonian (5) have exactly the same energy
and thus are degenerate, typically when the Hamiltonian is
defined in some nontrivial spatial topology, e.g., a 3-torus.
As we will show later, the degeneracy of these ground
states is a topological invariant that partially characterizes
our model. Moreover, the Hamiltonian (5) also indicates that
any excitation of the model has a finite gap of energy above
the degenerate ground states; hence each such Hamiltonian
describes a gapped phase. Such gapped phases exhibiting
topologically protected degenerate ground states are phases
with intrinsic topological order, or simply put, topological
phases. In two dimensions, a celebrated example would be
the Z, spin liquid [7], whose GSD = 4 on a 2-torus. Another
significant two-dimensional example is the Fibonacci phase
[42], whose GSD is 2 on a 2-torus. The latter is known
to be the best candidate of realizing topological quantum
computation in two dimensions. Therefore, we are justified
to claim that our model describes topological phases in three
spatial dimensions. It deserves future effort to look for the
potential applications of the three-dimensional topological
phases yielded by our model.

PHYSICAL REVIEW B 92, 045101 (2015)

Because A, imposes gauge transformations twisted by a 4-
cocycle, and because of another physical reason to be revealed
in Sec. IV B, we shall tentatively name our model the twisted
gauge theory (TGT) model.

C. Equivalent models due to equivalent 4-cocycles

Since we now have a TGT model defined by a 4-cocycle,
and since a 4-cocycle lies in an equivalence class of 4-
cocycles, one may ask whether two equivalent 4-cocycles
in an equivalence class define two equivalent models. To
answer this question, we begin with two TGT models Hg
and Hg ,, respectively, defined by two equivalent 4-cocycles
w and '. We assume that w and «’ defer by merely a
4-coboundary 8o of 3-cochain & : G* > U(1) normalized by
a(l,y,2) = a(x,1,2) = a(x,y,1) = 1forall x,y,z € G:

a)/(go,g1,gz,g3)
= 80(80,81,82,83)(80,81,82-83)

a(g1,82,83)(80,8182,83)
= 60(80,81782783)1
@(8081,82,83)%(80,81,8283)%(80,81,82)
(14)

where g; € G. Since each 4-cocycle is defined on a 3-
complex made of four tetrahedra, such as those in Fig. 2,
each 3-cochain «(g;,22,83) := [g1,82,83] can be defined on a
tetrahedron. Therefore, one can view Eq. (14) as a local gauge
transformation of the 4-cocycle w. The two models are indeed
equivalent as we now demonstrate in below.

Because the amplitudes of the operators B, are just §
functions immune to the transformation (14), to see how Hg .
and Hg,, are related, one needs only to study the operators
AS(w') and Aj(w). There is no loss of generality to revisit
the vertex operators on the common vertex of four tetrahedra,
similar to that in Eq. (11). Equation (14) makes the following
derivation straightforward:

0

_ [01,12,2"2,23]'[02',2'2,23,34]
©[01,12/,2/2,24][12/,2/2,23,34] |! !

3

_[01,12,23][12,23,34]
"~ [02,23,34][01,12,24]

[01,12/,2'2,23][02,2'2,23,34]
X
[01,12/,2'2,24][12,2/2,23,34]

0

[027,2'3,34][01,12/,2'4]
X , (15)
[01,12/,2'3][127,2/3,34] | !

3

where for simplicity the §-function ;)  is implicit. In the
second equality above, the second term containing four w’s
is exactly the amplitude of AS(w). Moving the first fraction
of o’s in the second equality above to the LHS indicates the
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action of Ag (w") on the rescaled state

[02,23,34][01,12,24]

[01,12,23][12,23,34] >

3

which agrees with the that of A5(w) on the original state. Being
just a local U(1) phase, such rescaling can factorize into the
local U(1) transformations on the basis tetrahedral states:

d
' @ > > [ab, be, ed]™ <l@bed)
b

where €(abcd) is the orientation of the tetrahedron abcd. The
amplitude of the A$(«w’) in the new basis coincides with that
of the A$(w) in the original basis; hence the two Hamiltonians
Hg , and Hg » would have the same spectrum.

Any two 4-cocycles related by o' = wSa can be con-
tinuously deformed into each other. To this end, let us
define a 3-cochain o(x,y,z) = a(x,y,z)’, with 0 < < 1
a continuous parameter. Then, forall 0 < ¢ < 1, 0 = wéa'”
is equivalent to w, with ®® = w and @ = '. As aresult, in
Eq. (16), with o = [ab,bc,cd] replaced by a®, the local U (1)
transformation becomes continuous, such that the Hamiltonian
remains gapped for any ¢; hence no phase transition occurs
in the one-parameter passage with the Hamiltonian Hg 0
from 0 < 7 < 1. Therefore, the gapped Hamiltonians Hg .
and Hg , defined by two equivalent 4-cocycles o’ and w do
describe the same topological order.

d

@> (16)

b

III. FROM SYMMETRIES TO TOPOLOGICAL
OBSERVABLES

To understand the observables and symmetries of topo-
logical phases, we start by drawing an analogy between
hydrodynamics and topological phases. The diffeomorphism
group acting on the fluid offers a systematic way to examine
the topological properties of hydrodynamical fluid, such as
the stability and interactions of currents and fluxes [43]. On
the other hand, the topological properties of a discrete model
of topological phases can be systematically examined by the
discrete diffeomorphisms. These properties include the GSD
and the braiding and fusion of the quasiexcitations.

The discrete diffeomorphisms we shall consider are the
mutations transformations of the graph. These transformations
alter the local graph structure but preserve the topology of the
3-manifold in which the graph is embedded. A topological
observable is then a Hermitian operator invariant under the
these mutation transformations.

Although many condensed-matter and other physical sys-
tems may not possess the mutation (or diffeomorphism)
symmetry, certain discrete models of topological phases,
such as the Kitaev model [5,7], the Levin-Wen model [6],
and the Walker-Wang model [33], do respect this kind of
symmetry, in the sense that their ground state Hilbert spaces
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are invariant under the mutation transformations pertinent to
their constructions. Therefore, we can adopt any topological
observable, e.g., the GSD, of these models to characterize
them, at least partially.

That said, we now devise the mutation transformations in
our model. They form a unitary symmetry of the ground states
of our model. As such, the GSD to be derived is indeed a
topological observable of our model.

As proven in Appendix B, A, and B are projectors and
commute with each other. Thus each ground state is a +1
eigenvector shared by all the operators A, and By. We begin
with the ground-state projector:

Pl =|]] 5/ (HAU>, (17)

fer vell

which projects an arbitrary state to a ground state. Thus the
Hilbert subspace of the ground states is

HY = {|®)| Pr|®) = |D))}. (18)

Symmetry transformations in a lattice model are normally
defined for a fixed lattice and thus should not change the lattice
structure. On the contrary, the mutation moves in our model
can send one graph to another. Accordingly, our Hamiltonian
(5) and hence the the Hilbert space are seemingly uninvariant
under the mutation moves. This is however not an issue, as
we shall show later in this section, the physical content of
the model, namely the ground states and the spectra of the
topological observables, is indeed invariant under the mutation
transformations.

We first lay down the mutation moves on the graphs and
then define the corresponding mutation transformations. The
mutation moves at our disposal are those generated by the
Pachner moves that relate any two triangulations I" and I'” of
a 3-manifold [40,41]:

i H- (19)
fr: @ . ’ @
fa: . @ 22)

Associated with each mutation move generator f;: I —
I'" is a linear transformation, the mutation transformation
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Ti ZHF—>H[”I

i)

E [Vov1,V1V2, V203, U304] <1002 ' >

U2U4€G

Z [vov1,v1v2,v203,v304] ! > (23)

v2v4eG

Before moving on to the other three mutation transformations,
let us explain the principles that determine the linear properties
Ty because they will determine that of 7, through 7, as well.

In Eq. (23) for 7), and in the subsequent equations for
the other three transformation, we assume, without losing
generality, vp < V] < V2 < V3 < V4. T} turns the original two
tetrahedra on the LHS of Eq. (23) to the three tetrahedra
on the RHS of the equation. Topologically, this cannot be
directly realized in 3D but only in 4D, in the sense that the
five tetrahedra in total before and after the transformation
form the boundary of a 4-simplex that is usually also drawn
on the plane as the picture on the RHS of Eq. (23). This
motivates the 4-cocycle as the amplitude of 7} in Eq. (23).
The 4-cocycle comes with a sign exponent. To determine this
sign, one can think of the original two tetrahedra and the
three new tetrahedra are on different 3D hypersurfaces in 4D.
And following our convention taken in defining the vertex
operators, we always assume the new hypersurface is “lower”
than the original one, such that the orientation of the 4-simplex
bounded by the two hypersurfaces share the orientation of
the original hypersurface, namely the 3-complex made of the
original tetrahedra. In Eq. (23), to be precise, the original
3-complex is made of the tetrahedra vov;v,v3 and vov v3vy,
and its orientation reconciles Convention 3. That is, one can
choose either of the two tetrahedra in this case and determine
its orientation by Convention 1, then use the relative order
of the fifth vertex with respect to the vertices of the chosen
tetrahedron to decide the orientation of the 3-complex, which is
independent of the choice of the tetrahedron in the complex. As
such, in Eq. (23), we take vyv;v,v3 and denote the orientation
of the original 3-complex on the LHS by € (v4|vov;v2v3), which
is obviously —1 by our conventions.

Besides, since T creates a new edge v, vy, the correspond-
ing group element v,v4 € G must be summed over to remove
the arbitrariness. Note that 77 and the other three mutation
transformations to be defined do not alter the existing edges
of the original graph, neither the group elements on these
edges.

Bearing the above explanation in mind, one is ready to
understand the construction of 7, through 7, as follows:

T, > = [Vov1,v1v2, V203, v304] 100120 >

)

= [vov1,v1v2,V203,V304] > (24)
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1)

€(Viv2V3V.
> " [vov1,v102,02,03,034]° 1
VoV1,VpV2,
Vo3, U0V €G

vy

1)
Z [Vov1,v1V2,V2,V3,V304] >, (25)
VoV1,VoV2,

voV3,00V4EG "

vy

v

€(V4|VpV1 V2V
= [Vov1, V12,2, 3, v304] 4P| $>

v

m

-1
= [vov1,v1V2,V2,V3,V304] @> (26)

A generic mutation transformation 7 is a composition of
the transformations 77 through 7, defined above. A crucial step
now is to prove that the mutation transformations generated by
T, T, Ts, and T, form a unitary symmetry on the ground-state
Hilbert space. We denote by HIQ the ground-state subspace of
the Hilbert space Hr on a graph I'. We divide the proof into
two logical steps.

(i) Mutation transformations keep Hg invariant. Namely,
for any mutation transformation T : Hp — Hp, if |®) € HY,
then 7|®) € HY,.

Equivalently, we can show that T P2 = PL,T holds for any
mutation transformation T over the entire subspace H2/=!,
where Pr and P, project respectively onto HP and HY,.
We detail the proof in Appendix C. As a remark, in general,
however, H'T # TH.

(ii) Mutation transformations are unitary on H?. In other
words, for any mutation transformation 7 : Hr — Hr,

(TO|TY) = (D|¥), VD), |¥) e H. 27

We need only to verify Eq. (27) for T; through T, but save the
proof in Appendix C.

The above implies a bijection between the ground-state
Hilbert spaces on any two graphs connected by the mutation
moves. Because two such graphs triangulate the same 3-
manifold, the dimension of the ground-state Hilbert space—
the GSD—is a topological observable, whose expectation
value is a topological invariant. The GSD of our model on
some 3-manifold is thus justified to be the trace of the ground
state projector (17) over the By = 1 subspace of the Hilbert
space on any graph I' triangulating the manifold, namely,

GSD = tr(PP), (28)

which is Hermitian and invariant under the mutations.
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IV. DEGENERATE GROUND STATES

As pointed out in the end of Sec. II B, our model describes
topological phases with topologically protected degenerate
ground states. And as shown in the previous section, the GSD
of a topological phase described by our model is a topological
invariant. We thus may partially characterize a topological
phase described by our model by its GSD in certain spatial
topology. In the same spatial topology, two topological phases
with different GSDs must be distinct.

Another key property of a topological phase is the topolog-
ical quantum numbers of the quasiexcitations in the phase,
such as the fractional self- and mutual statistics of these
excitations. Here is an important remark on the difference
between two dimensions and three dimensions, regarding the
relation between ground states and excitations. In the TQD
model of two-dimensional topological phases and in fact in all
two-dimensional phases to date, the GSD on a 2-torus counts
quasiexcitation types [11]. In our TGT model, however, the
GSD on a 3-torus is not equal to the number of types of loop
and particle excitations. Typically, the 3D GSD overcounts
the excitation types [32]. We will come back to this issue in
Sec. IVC.

The topology-dependent GSD roots in the long-range
entanglement and the global degrees of freedom in the ground
states. But how to characterize these global degrees of free-
dom? The answer of the question will help to (1) distinguish
between different topological phases with identical topology-
dependent GSD, and (2) comprehend the relationship between
the global degrees of freedom in the degenerate ground states
and the topological properties of the quasiexcitations.

Below we place our model on a 3-torus and derive the
corresponding GSD formula. We also study the global degrees
of freedom in the ground states.

A. GSD on a 3-torus

Thanks to the topological invariance of the GSD of our
model, we can derive the GSD on the simplest graph that
triangulates the manifold on which the model is defined.

On a 3-sphere, whose topology is trivial, namely its
fundamental group is trivial, the GSD of our model is identical
toone. This feature is in fact shared by all models of topological
phases to date.

In three dimension, the simplest closed, orientable manifold
is a 3-torus, whose simple triangulation is shown in Fig. 4.

We first focus on Fig. 4(a), which apparently contains six
tetrahedra but in fact has a single vertex, i.e., all the eight
vertices must be identified. To make it easy to construct the
amplitude of the operators Aj in terms of the 4-cocycles,
however, we first treat the eight vertices differently as in
Fig. 4. This is justified by the periodic boundary condition
that identifies all the differently labeled vertices. Note that the
orientations of the boundary edges in Fig. 4 are consistent with
the periodic boundary condition.

The graph in Fig. 4(a) actually supports a natural basis of
the subspace H2/=!, spanned by the basis vectors

{lg.h,k)|g,hk € G,gh = hg,gk = kg,hk = kh}, (29)
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h n'

(@) (b)

FIG. 4. Simplest triangulation of a 3-torus. Vertices are in
the order of enumerations 1 <2 <3 <4 <5<6 <7 <38, so the
arrows are omitted for simplicity. Any two squares opposite to each
other are identified along the edges with the same arrow. Restricted
to the subspace HE/=!, there are only three independent group
degrees of freedom. (a) A natural presentation of the (zxy) basis:
k=15, g=12,and h = 13 € G. (b) A physical presentation of the
(zxy') basis: k, g, and b’ = 23 = gh.

where the constraints of commutativity are due to the diagonals
respectively on the six boundary squares of the cube in
Fig. 4(a). As seen in the figure, the basis vectors (29) can
be collectively written as |15,12,13), without referring to the
explicit group elements. This natural presentation of the basis
later will turn out physically unclear and urge us to switch to
the physical presentation in Fig. 4(b). But let us stick to the
natural one first within this subsection because it is intuitive to
do so.

That the graph in Fig. 4(a) has a single vertex enables us
to take a simplified notation A* of the vertex operator by
omitting the vertex subscript. Applying definition (10), the A*
with x € G acts on the basis vector as

A¥[15,12,13)
= [23,34,48',8'8][23,37,78',8'8]7'[26,67,78',8'8]
[23,37,7'7,78'1[12,26,67',7'7]
" 126,67,77,781(12,23,37,771(15,56,67'.7"7]
x [15,56/,6'6,67'1[12,26,6'6,67'17'[26/,6'6,67',7'8']
x [15',5'5,56/,6'7']"
x [23,34,4'4,48'17!
[12,23/,3'3,37'][23/,3'3,34',4'8']
[23/,3'3,37',7'8']
[2'2,23,3'7,7'8'1[12/,2'2,26/,6'7']
X 22,23 34, 481[22,26 67,78 [12,22,23 ,37]
[(1'1,12/,2'3 .3'7'[1'1,15,5'6/,6'7]
X (11,12/,26.6'7]
x [1'5,1'2/,1'3), (30)

where v'v=x for all v=1,...,8, and the A* acts on the
eight virtually different vertices in descending order. One may
obtain a differently looking amplitude by acting the A* on
the vertices in alternative, say, ascending, order. Nevertheless,
the topological invariance and commutativity (B1b) enforce
the new amplitude to be the same as that in Eq. (30). This can
be straightforwardly shown by using 4-cocycle conditions.
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Now we can substitute the group elements g,h,k, and x
into the above equation and get

A*|k,g,h)

= [gh,g.kx,x1[gh,k,g%,x]"'[k,gh,g%,x]
[8h.kx,x,gx][g,k,ghkx,x]

X — - =~ - ——[k,gx,x,8hx]
[k,ghx,x,gx][g,gh,kx,x][k,g,ghX,x]

X [g,kf,x,ghi]fl[k)?,x,ghf,xgi][kf,x,gi,xghx]fl
[g,8hx,x,kx][ghx,x,gX,xkx]

_h’ _1 7k__
x [8h. g%, x.kx] [2h%,% k%, %g%]

[x,ghx,xkx,xgx][gx,x kX ,xghx]

X
[x,ghx,xgx,xkx][x,kx,xghkx,xgx][gx,x,ghx,xkx]
[x,gx,xghx,xkx][x,kx,xgX,xghx]

X

S E—— |xkX,xgX,xhx).
[x,kX,xgx,xghx]

€29

At this stage, one can verify the product rule A*AY = A™Y
using 4-cocycle conditions, which we do not show here. This
reconciles Eq. (B1c). The ground-state projector is the average
of A over G:

0 1

= YA (32)
G| &

As aforementioned, the trace of the ground-state projector (32)
is the topological observable GSD:

1
GSD =tr{ — A"
()

1

:@ Z 8gh.hgOgk kgOnk.knlk, g, h| Ak, g,h)

g.h.k,x

1
=— E Bgi.ngOgk kgOnk khOhx xhOxg, ox Oxk kx

G|

g.h.k,x
X [gh,g,ki,x][gh,k,gi,x]’l[k,gh,gf,x]
[gh.kx,x,gx]g.k.ghx,x]

x [k,ghx,x,gx][g,gh,kx,x][k,g,ghx,x]

x [k,g%,x,ghx)[g,k%,x,ghx] " [kx,x,gh%,xgx]

x [k%,x,g%,xgh%] ' [gh,gx,x kx]™!
[g,8hx,x,kx][ghkx,x,gx,xkxX]

[ghx,x,kx,xgx][x,ghx,xgx,xkx]
[x,ghx,xkx,xgx][gx,x,kx,xghx]

X
[x,kx,xghx,xgx][gx,x,ghx,xkx]

[x,gx,xghx,xkx][x,kx,xgx,xghx]
X — , (33)
[x,kx,xgx,xghx]

where this trace is over the subspace H5/=!.

Amazingly, the complexity in Eq. (33) can be greatly
reduced in many cases because of an implicit simple math-
ematical structure. To this end, in the next subsection we first
reveal the algebraic structure hidden in Eq. (31), equipped with
which we will be ready to simplify the GSD expression (33).
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B. Topological degrees of freedom

The algebraic structure in the expression (31) will pave an
even path for studying the topological degrees of freedom in
the ground states and exploring the significance of the GSD
not yet fully uncovered. We enclose the lengthy, distractive
derivation in Appendix D but present only the result here.
Equation (31) can be reexpressed as follows:

[¥,xghX]y ¢

Atlk,g,h) =
k8-h) = e e

|xkx,xgX,xhx). (34)
On the RHS, the fraction consists of two normalized doubly
twisted 2-cocycles defined in Eq. (D7). A doubly twisted 2-
cocycle [d,el, » satisfies not the usual but a twisted 2-cocycle
condition, namely,

[d,e]Eac,Ebc[C’de‘]a,b
[cd,elaple,dlas

for a,b,c,d € G and ab = ba. The normalization reads
[L,elsr =[d,1], = 1. Because k and g do commute, the
numerator and denominator on the RHS of Eq. (34) indeed
satisfy the twisted 2-cocycle condition (35).

Equation (34) also suggests that the basis presentation
|k,g,h) does not reflect the physics precisely because g, h, and
k do not all appear in the amplitude of A* individually; rather, it
isk, g, and gh each play an important role individually. Staring
at Fig. 4(a), one sees that 23 = gh. Hence, by redefining
h' = gh, it would be better to present the basis vector by
|k,g,h’), as seen in Fig. 4(b). Note that such a replacement
of basis presentation is not any sort of basis transformation
because the actual basis state is the 3-torus in Fig. 4 that can
be presented symbolically by any three independent group
degrees of freedom on the edges of the torus. Clearly, k, g,
and A’ are also three such group elements. Note that (g,4") and
(g,h) span the same plane perpendicular to k. Furthermore,
it is conventional and more convenient notationwise in the
subsequent study to change our notation of [d,e], ; as

Sle,d,elay = =1, (35

ab=ba

def
Bas(d.e) = [d.elus. (36)
Therefore, hereafter we rewrite Eq. (34) as

o
Alk g iy = PLaXND
ﬂk/,g’(h ,x)

= n"8(h' x) "' [xkX,xgX.xh'%),  (37)

|xkx,xgx,xh'x)

where we define the ratio

h,x
pos oy = Prs 0
Br. (%, xh'X)

for any given ge G and W' € Z;, ={y € Glyg = gy,
vk = ky}, the centralizer subgroup for g,k € G. It is straight-
forward to show by the defining Eqs. (D4) and (D7) that

(38)

nt8(g,x) =1, (39)
for all g,k,x € G, and that
8 (k,x) = 1, (40)

for all x € G and kg = gk. This is precisely our case. Impor-
tantly,if x € Zy o o = {x € Glxk = kx,xg = gx,xh’ = h'x},
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the U(1) numbers

PEEW x) Z s )| (41)

XEZyp o w
furnish a one-dimensional representation of the central-
izer subgroup Z;,;, € G. This is due to the fact that
P58 (0 x)p*8(h',y) = p*8(h',xy), owing to the product rule
A*AY = A* on the ground states.

Equation (37) implies that the ground-state Hilbert space is
spanned by the set of vectors:

Gl ang(h X)|xk®,xgx,xh'%)|k,g,h’ commute }. (42)
xeG

This result may easily lead one to the false statement that
the GSD value is equal to the size of Hom(m(T3),G)/conj,
where the conj in the quotient is the conjugacy equivalence:
(k,g,h’) ~ (xkx,xgx,xh’'x) for any x. The fallacy is ascribed
to the fact that the set (42) generally overcounts the ground
states because the terms therein that are summed for some k,
g, and A’ may vanish and render the homologous states absent.
To capture and classify the nonvanishing ground states and
hence nail down the correct GSD formula, let us take a closer
look at the algebraic structure hidden among the functions B,
defined in Eq. (36).

Although the details are examined in the end of Appendix D,
it is worthwhile noting here that if 8, ; has all its variables re-
stricted to Z, p,, it would satisfy the usual 2-cocycle condition.
Namely,

Basle, f1Baplde, f17' Bupld,ef1Basld,el™ =1,  (43)

foralld,e,f € Z, .

Each function B, ; in fact specifies a class of projective
representations of Z, ;. Such representations are dubbed B, ,
representations 0 : Z, ,—GL(Z, ), defined by

PP () = Bap(x, )P (xy). (44)

The consequence that B,, is normalized is p(e)p(x) =
0(x)p(e) = p(x). Beside, the 2-cocycle condition (43) implies
the associativity p(x)(0(y)0(z)) = (o(x)p(y))0(z). These two
facts make p truly a well-defined representation. In the special
case where B, = 1, 5" reduces to a linear representation of
Zap-

We shall be interested only in the classification of the 8, ;
representations of Z, , for fixed a,b € G. Some important and
relevant properties of these representations are discovered and
elucidated in Appendix E, and we simply catalog the results
as follows for convenience.

A key concept is B, regularity. An element c € Z,
is ﬂa,b regu]ar if ﬁa,b(c’d) = ﬁa,b(dvc)s vd € Za,b,c - Za,b-
Furthermore, c is f, ; regular if and only if the entire conjugacy
class [c] of c is. This reiterates the Theorem 8 established in
Appendix E. Similarly, [c] is called a S, ,-regular conjugacy
class if c is B, regular. Specifically, for a given B, 5, a and b
are readily B, , regular.

Let r(G) be the number of conjugacy classes in G,
and C# with A =1,...,7(G) denote the classes. Because
Z, = Z;, Ya,b € C*, one needs not to distinguish between
these isomorphic centralizers in many cases but simply can
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work with a generic one of them, denoted by Z*, as the one
associated with any representative g of C4. To cope with this
fact, we write any set of representatives of all classes C# as
Re={gteCHA=1...r(G)}.

Likewise, we let r(Z“4) be the number of conjugacy
classes in the centralizer subgroup Z*, and C §A with B =
1,. r(ZA) the conjugacy classes in Z4. For any a € C*
and b eCt 74> we denote the number of B, ,-regular conjugacy
classes in Z, , by r(Z45,Ba.»)- Then, the following inequality
is obvious:

r(Za,bv/ga,b) <

For finite groups, there are precisely r(Z, »,8,.») inequivalent
irreducible B, , representations of Z, ;. Typically, in the case
where B, = 1, we recover the familiar equality between the
number of irreducible linear representations and that of the
conjugacy classes of a finite group. Eq. (45) indicates that the
irreducible B, ,-regular representations of Z, ; are fewer than
the irreducible liner representations.

To relate this classification of projective representations of
Z4-B with the global degrees of freedom in the ground states,
let us rewrite the GSD expression (33) as

1

k, / -1
GSD = Gl E Sk wkS gk kgSnk kw6 (')
g hk' €eG
XEZy i

=—ZZ > P, (46)

keG 8€Zk heZy g x€Zy o 1

r(Za,b)- (45)

To further simply the above, we acknowledge the identity:

Z pk g(h/ X) { 5

XEZp o w

s
h'is By , regular.
otherwise.

47
|Zkgh’ “7)

Clearly, | Zy g | is the order of Z , , for given k,g,h’ € G.
We prove Eq. (47) as follows. The phase p*¢(h’,x) above is
defined in Eq. (41), which is a one-dimensional representation
of Zy ¢ - This representation is trivial, namely p©¢ = p% = 1
if 1/ is Bk, regular; otherwise, it is a nontrivial irreducible
representation. Equation (47) is then an immediate result of
the orthogonality condition

D PG x) =38y, (48)

Z
| kgh’ XEZyp o w

where j = 0 and j # 0 respectively label the trivial represen-
tation and the nontrivial irreducible representations.
Plugging Eq. (47) into (46) yields

|Ziow| [1, his By, regular,
2 8 .8
|G| |0, otherwise,
ke G,
g€ Zih € Ziy

|Zk] | Z, | Zi, .|
Z Z | Z| 2 | Z%:5)

keG geZ h€Zygy

X 1,
()5

GSD =

h'is B, regular,
otherwise,
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S S L e

keG geZk heZi, Zi,g

o 1, h'is By, regular,
0, otherwise,

P NTDNE DU

A keCA ge ZA hEZA <B ZA oB
o 1, h'is Bya g» regular,
0, otherwise,
r(G) r(Z%)
=D 1 (Zpagn B b, (49)
A=1 B=1

where the final line is independent of the choice of the
representatives of C#4 and C 129 4

The aforementioned equality between the number of
Bia gr-regular conjugacy classes of Z; , and the number of
Bia gr-regular representations of Za o also sets the GSD
formula (49) in an alternative but equivalent form,

r(G)r(Z*")

GSD = Z Z no. of (B gs-regular irreps of ZAB),
A=1 B=1

(50)

C. Bases of the ground states

As preluded in the earlier subsection, we have a simple GSD
formula from the sophisticated expression (33). The GSD of
our model on a 3-torus thus amounts to summing the number
of irreducible projective Bis gs-regular representations of the
centralizer subgroup Z;4 4 for each pair of conjugacy classes
C4 and CgA in G.

This encourages us to label the ground states of our
model on a 3-torus by triples (k*,g%,h’), where the three
elements gA, gB , and h' respectively run over Rc,, RczA,
and the set of By ,s-regular conjugacy class representatives
of Zya o5. A Fourier transform (defined below) can turn the
triples (k*,g%,h’) into the equivalent triples (A, B,u) with
A=1...r(G), B=1,...,r(Z*), and y labeling 5 ¢, the
irreducible By os representations of Zs .. We claim and
prove later that the basis vectors |A, B,u) can be defined via
the Fourier transform:

|A,B,p) = XEh') lk.g.h'),  (51)

1 Z
VG
| |k€C",geCzk
h' e Zk_g

where the projective characters X Mg are defined by the trace
of the representations p*' PR

X8 (h) = wph s (h). (52)

It might appear somewhat awkward that the index B can be
fixed while the conjugacy class C4 has an internal space, as
for two k,k' = xkx € C* with x € G, g € Z; is in general
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different from g’ = xgx € Z;. Nevertheless, according to
Proposition 4, the isomorphism Z; = Z;, induces a bijection
between the conjugacy class C2 of g and CZ of g'. Hence,
as far as topologically and physically invariant properties are
concerned, we need not to distinguish the index B and B’.
Likewise, since the centralizers Z; , are isomorphic for all
k€ C*and g € C7, s0 are the set of irreducible fy ,-regular
representations of Z; . for all k € C4 and g € C ‘ng. This
statement is proven in Appendix E. Therefore, the same label
w works for all B , representations. We save the construction
of the isomorphism among the irreducible By ,-representations
for g € C# for Appendix E.

The projective characters Xk *8(h’) transform under simul-
taneous conjugation of k, g, and h' as

Yikx,ng(xh/i) — nk,g(h/’x)—lfiﬁ,g(h/)’ (53)

for all x € G. For each conjugacy class C* with its represen-
tative element kA and each conjugacy class C% Zia with some
representative g2, if we find a Bi4,g# TEpresentation ) " 8" of
Zia gn, in prmmple we can construct the By, representations
for any other elements k € C* and g € C gkA . Throughout this
work, the representations being considered all meet the relation
(53).

In general, the projective characters cannot be functions
of conjugacy classes because of the relation Hg(xh X)=

[Bi.g (W' X.x)/ B (x.Hx)]X ;% (h'), which is a result of def-

inition (44). Nonetheless, the following completeness and

orthogonality relations of these projective characters still
hold:

1
~ TS WTE () = 8y,
1Zke WeZy,
|CA| ~k.g ~k,g ae[b],
1 Zs | Z (@) x,°(b) = otherwise, 4
o

for all B¢ ,-regular elements I ,a,b € G.Equation (54) makes
the basis (51) orthonormal. Importantly, for any A’ not Sy ,
regular, ¥*¢(h’) = 0. This is just Proposition 7 proven in
Appendix E.

Now, to prove that |A,B,u) is a ground state, we simply
need to corroborate its invariance under the action of the
ground-state projector (32):

P°|A,B, )

AY|A,B, 1)

|G| xeG

X5k x)”

1
= - Z Z "\xkx,xgx,xh'%)
Vv |G| x€G ke CA,
g GCZ
h EZ]()g

\/@ Z Z N"k" 28X (xh'%)|xkX,xgX,xh'%)
x€G ke CA,

geCy

h' e Zk,g
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1
— E : ~k.g / § :
keCh, xeG
geCy
h/EZkAg

1 >k, 81,/ ’
- C(h)k,g,h') = |A,B, ). 55
MZAX“()'g>' n) (55)
kecC?,
geCy
h’eZk_g

In the derivation above, the second and third equalities
follows respectively Eqgs. (37) and (53), whereas the fourth
equality relies on Proposition 6 in Appendix E. The inverse
transformation of Eq. (51) reads

1 r(Z*  Brg)
lk,g.h') = N > XEEh)1ABY),  (56)
v=1

which is defined in H° only, with k € C4 and g€ C Z
assumed.

We therefore conclude that the set of |A, B, ) does span an
orthonormal basis of the ground states, i.e.,

H® =span{|A,B,u) : A=1...r(G),B=1,....r(Z"),
mu=1.. 'r(Zk/‘,ngﬂkA,gB)}' (57)

The mathematical structure that classifies the topological
degrees of freedom in the ground states via representation
theory is now uncovered. Starting with our model specified
by a 4-cocycle w over G, we obtain the result that the
topological degrees of freedom are dictated by the doubly
twisted 2-cocycles By g Over Zia gs.

Recall the ground-state basis |A,u) in the 2+ 1)-
dimensional TQD model [12], where A labels fluxes while
u labels the charges as irreducible representations of Z4.
So we may, in the current case of 3 + 1 dimensions, also
associate the labels A and B in |A, B, ) with fluxes, whereas
u with charges. The obvious and major difference here
is that (3 + 1)-dimensional ground states and hence the
quasiexcitations carry two flux labels. Recall that a flux
ground state in 2 4+ 1 dimensions physically is an untraced
Wilson loop. In 3 + 1 dimensions, a ground state with two
nontrivial flux labels would be an untraced Wilson membrane,
indicating that the corresponding quasiexcitation would be a
loop in general instead of just a pointlike particle. Pointlike
excitations would still be those bearing a single nontrivial
flux label. Besides, in 3 + 1 dimensions, the two flux la-
bels are not independent of each other except for Abelian
groups.

According to Fig. 4, the three group elements k, g, and
h are on an equal footing, the basis |A,B,u) cannot be
the sole eigenbasis of the ground-state projector P°. Indeed,
the expression (D1) that rewrites the amplitude (31) implies
that there are six possible eigenbases, depending on which
two of k, g, and A’ and in which order they are Fourier
transformed into flux labels. All these bases are related by
linear transformations. To be more specific, according to
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Eq. (D12), the other five bases should read

‘ .

|B,A.p) = o X kg,
geClke cgg
h' e Zgyk

|G

~k,h’
> T @lkgh),
keChh eCy,
8E€Zyy

|[Av,C) =

IC.v,A) = Yo @Ik gk, (58)
heCCk ecCy,

8 €Zyy
p,B,C) = Do XK kg ),
geClhe ng/

k' € Zg i

3- 3 &

|p.C.B) = > TR kg ).
heCCyq e ny[
kK €Zy !

d-

Equation (D10) shows that B, ,(c,d) = ﬂb,a(c,d)_l, Yab =
ba,c,d € Z,j, which implies that

=) (59)

We then infer that among the six bases, any basis and the one
with the two flux labels exchanged are dual to each other. For
an explicit example,

(B',A",v|A,B, 1)
1

=G X 2

g1€Cl ke CQ; keChge Cgk
hy € Zgy h € Zgx

x X8R M)A 810 Lk, g, h)

X @

kechgecCl

=08pa84 B0y

heZM
| Z| | Z ¢l 1
=Swadundu 2, Gl 27T X7,
kec4 geC Wezy, 'THE
= 8p'abaBOuy, (60)

where the second equality acknowledges Eq. (59). The linear
relations between the six bases can be worked out similarly.
Physically, these bases correspond to a kind of dimensional
reduction of the (3 4 1)D topological phase into certain
(2+ 1)D ones along different 3D axes. Such dimensional
reduction for Abelian G has been studied [32,36].

Back to 2 4+ 1 dimensions again, the ground-state basis
|A,u) labels the set of all inequivalent irreducible repre-
sentation spaces of the TQD model defined by a 3-cocycle
a. The TQD also plays a central role in the orbifolds by a
symmetry group G of a holomorphic conformal field theory.
The term quantum double reflects the charge-flux duality of
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the ground states in the (2 4+ 1)D model. Topologically, this
duality is implied by the vertex-face duality between the graph
I' considered and the dual graph, as charge excitations live
on the vertices of I, while the fluxes live on the faces. We
may understand the term “twisted” as twisting the gauge
transformation in the underlying topological gauge theory or as
twisting the linear representations to projective representations
of ZA48 C G.

In 3 + 1 dimensions, however, there is a much richer variety
of ground states and the excitations on top of them. A ground
state |A,B,u) now has three indices. When either A or B
is trivial, the corresponding excitation reduces to a dyon in
2 4+ 1 dimensions. When both A and B are nontrivial, the
excitation is loop instead of point like because A and B are
bases of fluxes in two direction, such that the ground state is a
membrane with fluxes integrated over the membrane surface.
When the membrane is cut open to create a pair of excitations,
the excitations are indeed loops bounding the open surfaces.
There then lacks the familiar duality between charges and
fluxes in (3 + 1)D. Thus the ground states |A,B,u) would
cease to form a quantum-double-like algebra. Although the
precise mathematical structure of the ground states is impor-
tant, it is not necessary for our understanding of the topological
and certain physical properties of the states; hence we shall
not dwell on this problem but will report our study on it
elsewhere.

It is time to answer another important question raised in
the introduction section. That is, do the ground states and
quasiexcitations still remain in one-to-one correspondence?
They do not, in general. Typically, for any TGT with a finite
Abelian group, the ground-state basis |A,B,u) overcounts
the excitation types for the following reason. The ground-state
basis |A,B,u) on 3-torus has two flux indices A, B and one
charge index p. Nevertheless, in a DW theory with an Abelian
gauge group, the number of pure string or loop excitations
is determined by the flux type—only one flux index, and
the number of pure particles is determined by the charge
type—also one charge index. For example, it is known and
clear that the usual Zy gauge theory has N types of pure
fluxes (loops) and N types of pure charges (particles), so the
theory has N2 distinct excitations in total. Distinct flux-loop
excitations are created by topologically inequivalent brane
operators, whereas distinct charge excitations are created
by topologically inequivalent string operators. The precise
definition of such operators are beyond the scope of the current
paper but deserve future studies. But the GSD of our model on
3-torus with G = Zy, by counting the independent labels in
the basis, has GSD = N3. For non-Abelian gauge groups, the
situation is more subtle, in which we suspect the ground states
are still more than the excitation species. But we shall seek for
an affirmative answer in future work.

V. TOPOLOGICAL QUANTUM NUMBERS

We have studied the GSD—the simplest topological
observable—of our model; however, GSD alone is not able
to uniquely specifies a topological phase. Two models defined
by two inequivalent 4-cocycles may happen to own the same
GSD but still describe two distinct topological phases.
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An immediate challenge is how to distinguish two distinct
topological phases with the same GSD. We thus should
study other emergent topological quantum numbers that
together with the GSD, can facilitate a finer classification such
topological phases.

To realize the goal above, we shall first dwell on the sub-
space H27=! to discover the topological observables pertinent
to this space. Then we shall tackle the eigenvalue problems of
these observables to obtain the expected topological quantum
numbers. In 3D TGT model, these quantum numbers are also
related to the braiding statistics of quasiexcitations, loops,
and/or particles.

A. SL(3,7Z) generators as topological observables

As a reminder, we have formulated the mutation trans-
formations, which are local unitary transformations that can
modify the local structure of the graph while preserving
the global topology the graph triangulates. The mutation
transformations thus leave the global degrees of freedom in
the ground states intact.

In contrast, our purpose here is to search for the large
transformations that globally vary the graph, without, however,
affecting the topology. These transformations will provide us
a richer class of topological observables. To seek for these
large, global transformations, it suffices to work on the simplest
triangulations of a 3-torus, like those in Fig. 4.

In three dimensions, the transformations we shall focus
on are known to be the modular transformations forming the
modular group SL(3,Z). This group is generated by

05}
Il
oo

0 1 1 1 0
o o], =10 1 of. (D
1 0 0 0 1

Note that our generator 7 preserves the third dimension,
or z direction by our convention. Any pure 2D modular
transformation can also be generated by the two matrices
above. For example,

Sy =

O = O

0
0] =T 'S*ST)Y’ST .
1

S O =

To evaluate the modular transformations in our ground
states, such that their matrix elements are functions of the
4-cocycle that defines the model, we redraw the 3-torus in
Fig. 4 in the coordinate frame in Fig. 5. Clearly, the coordinate
system is accordant with the vertex enumerations in the graph.
Figure 5 illustrates the S and 7 transformations on the 3-torus
on the upper left portion of the figure.

We remark that Fig. 5 can be thought as the S and 7
transformations of the wave function of the model; hence the
S and 7 transformations on the corresponding basis vectors
would appear to be opposite to those in the figure.

We establish the S and 7 transformations on the subspace
HE7=1in the following (the details of the construction are
saved to Appendix F). Similar to the vertex operators, the
action of S or 7 should be an average over its actions by
different group elements of G, as in Eq. (66). We claim that
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FIG. 5. S and 7 transformations of a 3-torus.

S* acts as

6

BN >

4

= [8'2,23,34,48]7'[8'2,23,37,78]1[8'2,26,67,78] "

[6'1,12,23,37][6'8,8'2,26/,671[6'1,15,56,67]
[6'8,8'2,23,37][6'1,12,26,67]

[4'6",6'1,12,26]
[46',6'8,8'2,26][46',6'1,15,56]

x [2'4,46',6'1,15][7'8',8'2,23,34]

X

[5'6/,6'8,8'2,23]
[57,7'8/,8'2,23][5'6',6'1,12,23]
| [35.57.78 82]34 46/.6'8.82]
[3'5,5'6/,6'8',8'2][3'4',4'6/,6'1,12]
[3'5,56/,6'1,12][1'3,3'4,46/,6'1]
[1'3,35,56,6'11[1'2/,24,46,6'1]

X

X

[1/2/,2/3/,3/4/,4/6/]2[1/2/,2/3/,3/6/,6/7/]
X
(23,34 ,4'6/,6'8'2[2'3,3'6/,6/7',7'8]

y

x |17 > (62)

| —/L &

Here we set the order of the enumerations by 1’ <2’ < 3’ <
4 <5 <6 <7 <8<1<2<3<4<5<6<7<8,
in order that the boundary edges are oriented consistently
with the periodic boundary condition. Clearly, the vector
in Eq. (62) transforms in a way opposite to that in Fig. 5.
We remark that the triangulation on the LHS of the above
equation is merely a sheared view of Fig. 4(a), simply for a
better visualization of the S transformation.
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Substituting 88 =67=46=25=74=53=32=
'l = x and the other relevant group elements in the above
equations, and after a lengthy calculation, the action of S* on
the physical basis can be expressed as
ﬁxh’gi,xki(ng-vak-f)

ﬂxk}?,xg)?(x}l/ivxgi)

x |xh' g%, xkx,xkgx), (63)

S*lk,g,h') =™ (xh %, W gkx)

which simply recasts Eq. (F5) in the physical basis.
Likewise, we find that 7~ acts as

5
T}C ‘ \\’/‘ >
2 - 1
4 " ¢

=[7'2,23,34,48]71[7'2,23,37,781(7'2,26,67,78]
[8"7,7'2,26,671[8"1,12,23,371[8"1,15,56,67]
(8"7,72,23,371[8"1,12,26,67]
[6'8”,8"1,12,26]
[6'8”,8"1,15,56][6/8",8"7,7'2,26]
x [5'6/,6'8",8"1,15][3'7',7'2,23,34]
[478",8"7',7'2,23]
[473/,3/7',7'2,23][4"8",8"1,12,23]
[2'4”,4"3 37 ,72][2'6,6'8",8"7,72]
X 244787 877212668 .8"1,12]
[2'47,4"8" 8"1,12][1'2,2'6/,6'8",8"1]
(112,247 478" 8" 11[1'5/,5'6/,6/8",8"1]
[1'2,2'4",4"8" 8"7']
“ 12,2668 .87

X

X

X

x [15',5'6,6'8",8"7 2| N\ > (64)

where we order the enumerationsas 1’ <2’ <4” <3 <5 <
60 <8 <7 <1<2<3<4<5<6<7<38, also con-
sistent with the boundary condition. With x = 1'l =22 =
4’3 =34=55=66=28"7T="78, Eq. (64) takes the fol-
lowing form in terms of the group elements:

T |k.g.h') = ™85 (xh'% b’ gk )
X Bukr xgx (Xh'%,xgX)|xkx, xgX xgh'%), (65)

which rewrites the very Eq. (F10) in the physical basis.
The S and 7 transformations are then defined as

1 1
S=— S, T =— T, (66)
G| Z Gl &

The two operators above represent the modular S and 7
matrices in Eq. (61) on the subspace H5/=! of our model. To
show that the S and 7 defined above are indeed topological
observables and symmetry transformations on the ground
states, one need to first sum the expressions (63) and (65)
over x € G and then study their actions on the ground states.
Fortunately, two properties of the ground states save our labor.
First, Eq. (42) indicates that a ground-state basis vector is
an average over all possible simultaneous conjugation of all
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the group elements involved. Second, the Fourier transformed
basis |A, B, ) is also invariant under simultaneous conjugation
of all the group elements in the Fourier transform, which is
a consequence of Proposition 6. Now that S or 7 not only
introduce simultaneous conjugation of all the group elements
in a ground-state basis vector but also average over all such
conjugation, this average can be absorbed into a redefinition
of the basis vector. Therefore, as far as the ground states on
a 3-torus are concerned, the action of S or 7 should be the
same as the action of S* or 7* for an arbitrary x € G. It is
then legal and sufficient to choose simply x = 1 € G to serve
our purposes. Precisely, this means

S|A,B,n) = S'|A,B,u),
TIA,B,u) = T'|A,B,1). (67)

On the ground-state basis comprised of the eigenvectors {®P g}
of 7, we have

T|®k) =0k|Pk), K=12,...,GSD, (68)

where 6 will be shown to be a U(1) phase. Later, we will
be able to identify the eigenvectors ®; with the ground-state
basis vectors |A, B, ) we discovered earlier.

It turns out that other eigenvectors of 7 also have vanishing
eigenvalue. These eigenvectors in fact correspond to the
excited states in our model. We shall report our study of them
elsewhere.

The eigenvalues 0k of 7 thus serve as a set of topological
numbers of our model. Staring at Fig. 5, one can see that 7
performs a global twisting of the graph, so it is reasonable
to regard the eigenvalues Ok as the topological spins of the
topological states | D).

Similarly, the modular & operator also offers a set of
topological quantum numbers, which are its matrix elements
evaluated on the topological states, namely,

Siy = (®/|S|®y), 1,J=12,...,GSD. (69)
The matrix above is orthonormal:

Z S11Sik = 8ik- (70)
7

Remarkably, we have derived a representation of the three-
dimensional modular S and 7 matrices, purely based on our
model and in terms of 4-cocycles of G, without, however,
relying on any group representation theory.

Putting the pieces together, we now have at our disposal a
rich set of topological quantum numbers, {GSD,0k,S;,}, to
classify the topological phases described by our model more
accurately. Yet, we do not have the explicit expressions of the
quantum numbers 0x and S;,. This is our next task.

B. 3-torus modular S and 7 matrices

We now explicitly solve for the topological quantum
numbers {fk,S;;}. We stress that although the topological
observables S and 7 are defined on the subspace H2/=!, we
shall solve their eigenvalue problems within H° C H2/=!. The
reason is that the eigenvectors on 7 with finite eigenvalues all
lie in the ground-state space.

First, we diagonalize the 7 matrix in Eq. (66) on the
ground states. In Sec. IV C, we have learned that the ground
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states are superpositions of the orthonormal basis vectors
|A,B,u) defined in Eq. (51). It turns out that, fortunately,
the basis vectors |A,B,u) are the sought-after eigenvectors
of 7. Appendix G offers a step-by-step proof of this claim.
Below, we simply present the result. Namely, the modular 7°
acts on the |A, B, ) basis as

T|A,B,u) = T'|A,B,p)

~kA

5. B
X ¥ (87)
dim,,
where dim,, is the dimension of the representation u, and g? is
an arbitrary representative of C Z. Each basis vector |A, B, i)
is thus an eigenvector of 7, with eigenvalue

~kA oB
o = —Xf‘ g (gB). (72)
dim,,
This hints a physical meaning of the projective characters as the
ground-state wave functions of our model that are collapsed in
T’s eigenstates. The formula (72) also leads to interpreting
9;"3 mathematically as an invariant that characterizes the

representation ’,52’8 . This precisely reconciles Eq. (E13) and

our proof of it. We thus name 6,}-* topological spins.
The formula (72) of the topological spins may appear to be
abstract still. Interestingly, they topological spins Qj’B can be

expressed directly in terms of the twisted 3-cocycles 45 as

(9,/3'8)” = 4B (73)
defined by
qor B
arp = [[1%.8%) 8" (74)
n=0

for conjugacy classes C* of G, C5, of Z*. The number
pg is the degree of gB. It is the least integer such that the
psth power of g8, (%) = 1. The twisted 3-cocycle a,p is
independent of the the representative ¢ € C2, and is thus a
function of conjugacy classes. The formulas (73) and (74) are
a result of repeated applications of Eq. (44) to (Z)’ﬁ’B (gB)Pr =
(0;-%)P»1. The topological spins 6% therefore take value
in the ppth roots of «4p. Furthermore, each of the pp
distinct pgth roots appears exactly r(ZA~B~,3kA’gB)/pB times
in {67} for all representations s. To verify that the ratio
r(ZA’B’ﬁkA’gB)/pB is indeed an integer, we first observe that
each element of Z; , can be uniquely written as g"h with
integer n between 0 and pp for some h € Z; ,. Second, Z ,
has pp one-dimensional representations, namely, p/(g"h) =
exp(2wijn/pg). Hence, for each representation u, there exists
arepresentation y/, such that ',5'3 Bgnh) = p/ (g”h)'ﬁﬁ’B(g”h).
Therefore, the relation 9;3,’3 = exp(2rin/pp)d;;* holds.
Appendix G evaluates the matrix elements of the modular &
operator in the eigenvectors of the 7 matrix and expresses them
in terms of the projective characters as well. While leaving the
details to the Appendixes, here we show the final formula of

045101-15



YIDUN WAN, JUVEN C. WANG, AND HUAN HE

the S matrix elements:

S(ABu)(A'B'Y)
= (A,B,u|S|A",B",v)

OA,B*QA’,B’
_ »T DR G (3 e N CR)
keCANZ,y,
gechnct

W€ ZigN cgg’

Similar to the 7" matrix eigenvalues, the S matrix elements
are also invariants carried by the projective representations of
Z4B for any A and B. Since these invariants are functions of
the projective characters, which are specified by the doubly
twisted 2-cocycles B, the role of these 2-cocycles cannot be
overestimated. Unfortunately, as aforementioned, we still lack
the knowledge whether the projective Bia o5 representations
of all Z4% in G and any given 4-cocycle of G can be
lifted to certain irreducible linear representations of certain
algebraic structure. In other words, do the ground states of our
model carry irreducible linear representations of the algebraic
structure? But we conjecture that they do, and the algebraic
structure may be a 2-category.'

We expect that these irreducible representations would still
classify the particle and loop quasiexcitations. The invariants
of each irreducible representation identifies the topological
quantum numbers of the corresponding quasi-excitation. In
two dimensions, the S matrix has the origin as a braiding
operation that exchanges any two of these quasiexcitations,
while the 7 matrix contains the statistical spins of the
corresponding quasiparticles which are determined by the
braiding operation. We expect this to hold for three dimensions
as well. This is partially verified via a dimensional-reduced
approach [32,36]. In the sense that for those three-dimensional
quasiexcitations that can be viewed as closed loops of two-
dimensional quasiexcitations, their S and 7 matrices can
be block-diagonalized into the S and 7 matrices of the
reduced two-dimensional quasiexcitations. Nevertheless, there
exist purely three-dimensional quasiexcitations in our model
that admits no canonical dimensional reduction into two-
dimensional anyons. The topological and physical meanings of
the S and 7 matrices of such quasiexcitations are an important
problem to solve, and we shall report our results elsewhere.

VI. CLASSIFY THE TOPOLOGICAL PHASES

We believe that the topological phases are classified by the
set of topological quantum numbers {GSD,Q;L"B JS(AB),(A'B'v))-
In all examples to be discussed in Sec. VII, naively one may
think those TGT models are classified by the group G and the
fourth cohomology classes of w. This is wrong, however. Even
if w and ' are inequivalent, the two models Hg ,, and Hg .y
may still yield the same topological observables and hence the
same topological phase and [32]. On the other hand, as seen
in Sec. IIC, if w and &’ are equivalent, so must be the two
models Hg , and Hg 4.

'Private communications with Liang Kong and Yuting Hu.
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In this section, we offer to some extent the general
classifications of the topological quantum numbers.

A. When the 4-cocycle is cohomologically trivial

We have demonstrated in Sec. II C that two TGT models
defined by two equivalent 4-cocycles describe the same
topological phase. We now examine such topological phases
closely.

The simplest case arises when the 4-cocycle w defining our
model is cohomologically trivial. That is, the w is equivalent
to the trivial 4-cocycle w” = 1. This enables us to write the @
as a 4-coboundary:

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

. a(b,c,d)a(a,bc,d)a(a,b,c) (76)
~ a(ab,c,d)a(a,b,cd)

where «(x,y,z) is any normalized 3-cochain, a function
o:G x G xG— U()that satisfies x(1,y,z) = a(x,1,2) =
a(x,y,1) = 1forall x,y,z € G. In this case, as we will show,
the TGT model is untwisted, or in other words, it reduces to a
usual gauge theory model.

Induced by the w in Eq. (76), the twisted 3-cocycle «,,
defined in Eq. (D4), is automatically trivial because it turns
out to be a twisted 3-coboundary:

aa(b,c,d) =3B (b,c,d), (77)
where
fulx.y) = LRy Tan] 78)
[x,Xax,y]

is a twisted 2-cochain, as the slant product of certain 3-cocycle
of G. The twisted 3-coboundary 68, of §, reads

— ﬁBab(x»)’)ﬁa(b’XY)
Ba(bx,y)Ba(b,x)

foralla,b,x,y € G.This confirms thata, (b,c,d) ~ 1. Clearly,
the B, defined in Eq. (78) is normalized.

As far as ground states are concerned, we need only to
focus on the doubly twisted 2-cocycle B, , defined in Eq. (D7)
that plays the key role in the topological quantum numbers of
the ground states. Restricted to HO, since we have ab = ba
for B,.4, the triviality of «,(b,c,d) implies that 8, is also
automatically trivial because it takes the form of a doubly
twisted 2-coboundary:

E’ﬁa(bvxvy)

(79)

Bap(c,d) =€ p(c,d), (80)
where
_ Bax,xbx)
Casln) = =" (81)

is the doubly twisted 1-cochain derived from the twisted
2-cochain in Eq. (78). The corresponding doubly twisted
2-coboundary reads

GJ?ax,Xbx (y)ea.b(x)

82
eu,b(xy) ( )

Seqp(x,y) =
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Since B, is normalized, so is €, ;. Equations (78) and (81) also
imply the following identities:

€ap(a) = €,5(b) =1, Vab = ba,

€a.6(C)eqc(b) =1, Veb = be,

€ap(C)ecp(a) =1, Yce Z,,
cap(Qep (@)™ =1, Ve € Zyy. (83)

Note that the above identities are clearly independent of which
w is chosen in its equivalent class, and thus are constantly true
for a given model in this case.

Substituting the B, in Eq. (80) into definition (44), we
immediately see that the irreducible projective S, ; representa-
tions 5 of Z, , become proportional to linear representations
p“’b, namely

DAY = e (W)l (h'), V' € Zy . (84)

The ground-state basis (51) then becomes

1
A B, u) = —
|A, B, 1) el >

A B
keC%geCy
h/EZkvg

e (W)X 8 (h)k.g.h),  (85)

where ¢ = trpp® is the usual linear character.

Equations (80) and (82) indicate that B8, ,(x,y) = Bp.a(y,x)
for all x,y € Z,, satisfying xy = yx. Consequently, all
elements in Z; , are By, regular, and n*8(h,x) = 1 holds
forall x € Zy g ;. The GSD formula (46) therefore reduces to

1 H T,G
GSD:Z Z E:‘M’ (86)

conj
keG he Zk.g

8EZkx € Z gy

where we quotient by the equivalence relation (k,g,h") ~
(xkx,xgx,xhx), forany x € G.

Using (84) and the identities (83) of the €, ;,, we can rewrite
the topological numbers 0;‘ and the S matrix as

NA,B kA’B
G5 PR I T ()

= 87
" dim,, dim,, (87)
and
QA,B*QA’,B’ z
v ’ s /
S(ABu)(A'B'v) = HT Z ng’h (k)X}L g(h ). (88)
keCANZ,y,
geCt n c

W€ Zi, N CE

If the 4-cocycle w is precisely the trivial »® = 1, the ground
states happen to carry the irreducible linear representations
of all the centralizers Z48 C G. If w € [0°] but w # °,
since B, # 1, the ground states carry irreducible projective
representations of all the centralizers Z A.B C G. But because
these projective representations are proportional to the linear
representations up to a phase, all topological quantum numbers
are the same as those in the case of @°. This complies with the
fact that equivalent 4-cocycles define equivalent TGT models.
So effectively in this case, only linear representations appear,
and the TGT models are equivalent to the model without being
twisted by any 4-cocycle.

PHYSICAL REVIEW B 92, 045101 (2015)

B. When the doubly twisted 2-cocycle is cohomologically trivial

A 4-cocycle o ¢ [w"] could still be regarded “trivial” at a
deeper level. This is understood in the case where the doubly
twisted 2-cocycle B, induced by the w is cohomologically
trivial by accident. That is, the induced S, ; is merely a twisted
2—coboundary:

Bap(c,d) = e, p(c,d), (89)

for all a,b,c,d € G. Beware that, however, the doubly twisted
1-cochain €, j here ceases to have the closed form in Eq. (81) in
general because w is not cohomologically trivial. The identities
(83) thus do not hold in general either. By Egs. (80) and (82),
it is then easy to show that in the current case, the n*¢ defined
in Eq. (38) turns out to be

exk)?,xg)? (Xh/x)
€,g(h)

forallh’ € Z; ,andx € G. We obviously have nos(h x) =1,
Vx e Zk,g,h’-

The ground-state subspace in the current case are also
spanned by the basis vectors |A, B, u) of the form in Eq. (85),
where p labels the B , representations ﬁﬁ’g of Zj .. These
projective representations are yet proportional to the linear

. k.g .
representations p,/’°, as in Eq. (84).
Because Eq. (90) makes all the elements of Zj , B regular,
the GSD formula here simply copies Eq. (86).
By Eq. (84), the topological spins 6,-# and the S matrix
elements are related to €, 4,(h') by

8 (h' x) = (90)

KA b
Xu 8 (gB)

AB _ B
08 = € on(8%) = 1)
dim,,
and
oA R
9/.:\,8 9;& ,B
S(ABu)(A'B'v) = T E
keCANZyy,
geCy nct

/
W€ Zig N ng

XS R () egw (e (W) (92)

As opposed to the GSD formula that coincides with that of
the [@°] model, the topological spinss 93’3 and the S matrix
differentiate the current model from the [»°] model. Equation
(91) implies the physical significance of the phases €: they
endow each ground-state basis vector |A, B,u) with an extra
spin factor € g5 (g?), other than that in Eq. (87).

C. Classifying the topological numbers

Because our model is defined by a 4-cocycles w, all the
topological quantum numbers of the model should depend
on w in one way or another. Indeed, seen in the special
cases discussed in the previous subsection, some topological
quantum numbers may not depend on w directly or explicitly
but via the quantities derived from w, such as the equivalence
class of w and the induced doubly twisted 2-cocycles. Below,
we remark on three general characteristics of the topological
quantum numbers {GSD,6,% 544 81} of our model on a
3-torus.
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(1) The set {GSDveﬁ’BaS(ABM)(A’B’v)} of a TGT model
defined by an » depends on the equivalence class [w] €
HYG,U(1)).

(2) The GSD of a TGT model depends only on the
equivalence classes [By4 g2] € H*(Z%48 U(1)), independent
of the representatives k4 of C#4 and g? of C gkA.

(3) The topological spins {0/"%} are classified by
{r(Z*8,Ba g8),aap}, Where asp is defined in Eq. (74).

As follows, we elucidate these characteristics in order.

To show characteristic (1), one can verify that any two
equivalent 4-cocycles " and w related by by Eq. (76) induce
two equivalent doubly twisted 2-cocycles 8, , and B, 5, which
differ by a doubly twisted 2-coboundary: ’

B, p(c.d) = Pap(c.d)deq(c.d), 93)

where the doubly twisted 2-coboundary Se appears to be
either that in Eq. (81) or the one in Eq. (82). Equations (82)
and (83) lead to the equalities GSD' = GSD, 9/2’3 = 9;"3,
and S(4 g,y arprv) = SABR(A'B'Y)-

Characteristic (2) is a result of Eq. (49), where the GSD
sums the numbers r(Z4#, B4 5) over all C* of G and C*
of ZA. This can also be corroborated in an alternative way.
We first observe that in Eq. (46), the GSD sums the phases
p*+#, one-dimensional representations of Zy , j withh' € Z .
Each p*¢ is a function of the By , defined in Eq. (41). Assuming
there exists two 4-cocycles w and o’ that may be inequivalent
but still induce B, and B, ,, which are equivalent for all
a,b € G in the following sense. There exists a normalized
doubly twisted 1-cochain €, : G — U(1) indexed by a,b €
G, which obeys €, ,(1) = 1, such that ,; and 8, , differ by
just the doubly twisted 2—coboundary of €, 3, i.e.,

ea,b (x)e)?ctx,fbx (y)

Poslo ) = = ey

Bap(x,¥), (94)
foralla,b,x,y € G.Restricting the above equationtox € Z, ,
and y € Z,px, B, and B, become equivalent up to a usual
2-coboundary over Z, ;. By Eq. (94) and Eq. (46), we have

pEh ) = s ),

which confirms that GSD’ = GSD. Moreover, according to
Eq. (47), the sum of p*¢(h’,x) over Zy o1 18 either one or zero,
regardless of the representatives k € C* and g € CZ. Hence,
as expected from the analysis in Sec. II C, characteristic (2) is
true.

Based on Sec. V, the topological spins 95‘*3 for given A and
B are the distinct roots of the 3-cocycle a4 in Eq. (74) that
is a function of only the classes C* and C7, . Besides, each of

the pp-distinct pgth roots occurs exactly r(ZA4-8, 85" ¢")/ pp
times in the set {Glf’B} for all representations p. Therefore,
characteristic (3) holds.

VII. 3+ 1)-DIMENSIONAL EXAMPLES

This section provides various examples of our model
with finite Abelian groups, in particular a systematic study
of 4-cocycle for a product of cyclic groups, G = Zy, X
Zn, x Ly, X Zy, X .... Here the 4-cocycle is denoted by
w = w(a,b,c,d) with a,b,c,d € G. Since any finite Abelian
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group is isomorphic to a product of cyclic groups, this example
is generic for finite Abelian groups.

In Sec. VII A, we consider the Abelian TGT model with
a finite Abelian G that still exhibits Abelian statistics. This
happens when there are two or three (less than four) cyclic
groups Zy,, Zy,, Zy, each contributing one or two group
elements to the 4-cocycle. Such Abelian statistics are examined
recently [32,35,36]. In Sec. VII B, we study the lattice TGT
model, when the Abelian TGT model of a finite Abelian G
produces non-Abelian statistics. This occurs when there are
four cyclic groups Zy,, Zn,, Zn,, Zn, each contributing
a group element to the 4-cocycle. Such phenomena are
first examined in Ref. [32]. In Sec. VIIC, we discuss the
cohomology group and cocycles from G = Z!, or more
generally G = []; Zy,.

We would remind the reader that the irreducible projective
Ba.p» representations are dictated by the doubly twisted 2-
cocycle defined in Eq. (36). Its dependence on the 4-cocycle
w is detailed in Appendix D. The irreducible projective
B, ,-representation means Eq. (44):

L (©pL(d) = B, ,(c,d)pL" (cd), (95)

where we reiterate p%’(c), the irreducible projective B
representation.

As studied in Sec. VI, when ,Ba’b(c,d) is a 2-coboundary,
each corresponding projective representation ﬁZ*b (c) is pro-
portional to a linear-representation p%-?(c). According to the
proportionality (84), we can divide the projective representa-
tion ',53”’ (c) into two parts:

projective Rep : €, ,(c)e, ,(d) = B, ,(c,d)e, ,(cd),
linear Rep : p’(c)p%"(d) = p®*(cd). (96)

We repeat here that €, ;(c) is a doubly twisted 1-cochain. The
€4.5(c) has a closed form (81) when the 4-cocycle w is trivial;
otherwise, it does not. As we find, types II and III 4-cocycles
are cohomologically nontrivial; however, the induced B, ,(c,d)
is yet a 2-coboundary, i.e., cohomologically trivial. On the
other hand, type IV 4-cocycles are also cohomologically
nontrivial but the induced B, ;(c,d) is nontrivial and thus not
a 2-coboundary. As such, Eq. (96) works for type II and type
IIT 4-cocycle to be introduced in Sec. VII A. But it does not
work for type IV 4-cocycle to be introduced in Sec. VII B.

A. G=ZN1 XZN2 XZN3

Let us consider G = Zy, X Zy, x Zy,, with which the
TGT model of a finite Abelian G has only Abelian
statistics and one-dimensional projective representation. The
cohomology group can be derived as H*[Zy, x Zy, x
Zy, U =23, x L3, x L3 x 1Ly, . Here we define
Nia..j = ged(Ny,Na, ... ,N;), with gcd as their greatest com-
mon divisor.

The generators of the 4-cocycle w for the (Z N;/-)2 elements
are [here (i,j) = (1,2),(2,3) or (1,3)]

o 27i bi)ci+d—[ci+d;
a);lbt’l'])(a,b,c,d)=€((N’/'N/)(a ) cjt+dj—le; ./])), 97

e((,\,‘fj%(a/h/)(ci +di—[ci +dz]))'

o7 (a,b,c,d) = (98)
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TABLEL In the first column, we list the group elements in the cohomology group H*[G,U(1)] with G = Zy, x Zy, X Zy,. In the second
and the third columns, we record the name and the form of corresponding 4-cocycles. In the fourth column, we provide the induced doubly

twisted 2-cocycle B, ,(c,d) by the 4-cocycle w in the same row.

H*[G,U)] w type 4-cocycle w as w(a,b,c,d) B.,(c.d)

Zy, 0 st o = exp(?;ip;i(}}}(a-b~)(c~ +d; —[c; +d;]) exp(fN"I;;";( by —aib))(c; +d; —[c; +d,])
Zy, 11 2nd W = exp A @ by) s+ ds — [ei + 1) xp o (0, — ajbi)es + ds — [ei + ;1)
Zn, I st o' = exp( Z(N”‘%g’) (@:bj)e; + dy — e + di])) exp ( (N‘”";sf;' (a;bi — aiby)(er + dy — [e) + di))
Zy,, 11 2nd oI = exp(z(N”%‘;V“f)”( b (e +d; —[cj +d;]) exp(z(N”"“N”)”( iby — aib;)(c; +d; — [c; +d;1)

The generators of 4-cocycle w for the Zy,, elements are
[here (i,j,1) = (1,2,3)]

2 (a;b; ) (e +di—[c1+d,
%Illcz l]l)(a,b,c,d)=€((Nif'N1)(a ) ei+di—le 1]))7 (99)

((Njf?;vj)(a,bi)(c,,+d,—|c,f+df )

oI (. b,c.d) = e (100)

The 4-cocycle w can be written correspondingly from the
generators, for example,

1—[ WHiD  Qndiip) (stijh)  (ndijl)

w = I I 1 LI

(i,)=(1,2),(2,3),(1,3)
(i,j.1)=(1,2.3)

(101)

i P P

— 1_[ (wgllélwl]))Pn(m (whz"dql./))Pn(u)
(i,7)=(1,2),(2,3),(1,3)

(i, j,)=(1,2,3)

v (2nd)
X( (Lst, lJl))Pm(u[)( (2”dql]l))171n(ij1>
@y .

wyy (102)

Here P;II(Z;)) SAS pilz(?;i)) € Ly, p;llls(ﬁ;l) € Ly p;lzlr(lzi)l) €
Zy,, are the group elements in H*(Zy, x Zy, x Zy,,U(1)).
We organize the following data in Table I: (1) the group
elements in a cohomology group H*[G,U(1)], (2) the no-
tations of different types of w, (3) explicit forms of the
4-cocycles w, and (4) the induced doubly twisted 2-cocycle
B, ,(c,d) by a 4-cocycle w. Table II presents other data:
(55 a projective scalar representation €, ,(c), but without the

irreducible linear scalar representation pg”’ (c); (6) the full pro-

jective scalar representation p% phb(ce) = ,og'b (c)e, ;(c) endorsed
with a charge-flux irreducible linear scalar representation
pEP(e) = exp (3, 2 axcy).

For types II and 11 4- -cocycles, the induced B, ,(c,d) are
cohomologically trivial as 2-coboundary. Thus we can apply
Eq. (96) to obtain Table II.

B. G=ZN1 XZN2 XZN3 X ZN4

Here we discuss an example when the TGT model of a
finite Abelian G has non-Abelian statistics and N-dimensional
projective representation. This is the case when the finite
Abelian G contains four cyclic group, G = Zy, X Zy, X
Zn, X Zn,, and when gcd(Ny,N2,N3,N4) > 1. Its cohomol-
ogy group is H*[[]; Zx,, U()] = [Ti<icjci<a Z%v[,- x Z?vu, x
Z N,y The previous type II and type III 4-cocycles can
generate all group elements in Sec. VIIB except the Zyy,,,,
subgroup. The generator for Zy,,,, subgroup for the full
cohomology group H*[[]; Zy,,U(1))] is

o
o (a.b,c.d) = exp (Nm a1b26‘3d4). (103)

1234

And the corresponding “type IV 4-cocycle” is with an exponent
Prvansay € Linpy:

(1234)((1 b, ,d) — ( (1234)( b, ’d))PlV(IZM)

exp 271 Py (1234)
Niozs

(104)

a1b203d4>. (105)

TABLE II. This table continues from Table I; here mb(c) for a (3+1)D TGT model with G = Zy, x Zy, x

Zy, of H*[G,U(1)]. We derive EZ'h(c) from the equation I)Z’h(c)f)z‘b(d) =

Baw(c,d )7)'2‘}’ (cd), which presents the

projective representation, because the induced 2-cocycle belongs to the second cohomology group H2[G,U(1)].
The '[;Z’b(c): (Z4,Zp) — GL(Z,,Z;) can be written as a general linear matrix. For G = Zy, x Zy, X Zy;, it is

only a one-dimensional projective representation.

el(c) = pit(c) - €,,(c)

a,b(c)

€liny(©) = exp ((N”h‘”’( i — asby)c;) Hsnas
210 = exp Cabih (0 b, — ay e P
GI(Illjzr)h_ (<NPH;:,'/;>( ibi —aib;)c) Hlisnab
i = exp i —abe) e

(1st
() = exp (X, Zaycr) - exp ( (N”"x,g”( i —

(Ls
(c)=-exp(), 2”‘cxkck) exp((Np""”( b —

a,-bj)c/-)
(2nd
(0) = exp (X, Frawci) - eXp((Np""”( ib; —a;bi)c;)

—a;bj)c;)

(7
(o) = eXP(Zk 2,\7,“01k6k) exp( NN m(”l)( b — albi)cj)
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TABLE III. GSD on a 3-torus T with G = Z#.

GSD Prvazg =0 Prvazs = 1 Pvazsg =2 Pivazg =3 Pz = 4
m=2 212 = 4096 1576

m=3 312 = 531441 82161 82161

m = 412 = 16777216 1939456 6455296 1939456

m=>5 512 = 244140625 12012625 12012625 12012625 12012625

The induced 2-cocycle B, ,(c,d) by a type IV 4-cocycle
(1234) .
o is

270p 1y 1234y

B, p(c,d) = exp ( ((asbs — azbs)c1dy
1234

+ (a2by — asbo)c1ds + (asby — arby)cads
+ (a3by — axbs)c1dy + (a1bs — azby)cady

+(a2by — alb2)63d4)>, (106)
not a 2-coboundary, thus cohomologically nontrivial.

Indeed, such a type IV 4-cocycle has a higher-dimensional
irreducible projective representation ’,3’;;” (c).

The higher dimensional representations and non-Abelian
statistics from a type IV 4-cocycle imply that the GSD is
different from those in the Abelian cases. In particular, on a
3-torus, the GSD for the Abelian case is simply GSD = |G|?
for an Abelian G. The cocycle twist of type IV 4-cocycles
promotes a twisted Abelian model G = (Z,,)* model to
be an intrinsic non-Abelian one, and we compute its GSD
numerically in Table III (see also Table IV).

Indeed, when m is a prime number, for G = an TGT model
with type IV 4-cocycle, such as m = 2,3,5, ..., we obtain an
analytic formula of its GSD:

GSDT3,IV (mprime)

3

=m®—m> —m® —m" +m®+m® +m'°, 107)

which is consistent with Table III. We can derive this GSD
in two alternative ways, either by the conservation of total
quantum dimensions or by the dimensional reduction of a
three-dimensional topological phase to degenerate states of
several sectors of two-dimensional topological phases [32]. To
arepresentation theory point of view, part of the GSD is due to
Abelian excitations carrying scalar representations and part of
GSDis due to non-Abelian excitations carrying m-dimensional
representations (especially for prime m’s). This way, we can
decompose the GSD to its Abelian and non-Abelian sectors
with their representations’ dimensions (|G| = m*),

GSDT3,IV(mprime)
— Abel nAbel
= GSD{4, + GSDj%!

=m+m® —m)+m'" —m’ —m®+m?). (108)

The conservation of total quantum dimensions are constrained
by a cubic equality:

IGI® = GSD42%, - dim} + GSD4A%! - dim?,

= GSD{4, + GSDiA% - m? = m'?, (109)

where we use dim,, = m to denote the dimension of the m-
dimensional representation. If the corresponding ground state
has an excited counterpart, dim,, would also be the quantum
dimension of that excitation.

When m is not a prime (such as m = 4), the dimensions
of the representations have more choice: dim,,/, where m’ is a
divisor of m. Namely, m/m’ € Z. For example, when m = 4,
we have dimensions of representations as dim;, dim; and dimy.
Because the conservation of quantum dimensions still holds in
the form of a cubic equality:

|Gl = GSDf%¢, - dim? + ) " GSDyabel - dim2,. (110)

m
To satisfy this equality, we learn that the factorization of
nonprime m to smaller m’ makes the overall sum of GSD
become larger. Indeed, we see it is the case that for m = 4,
namely,

3
|G|” > GSDT3,IV(mnonprime)|gcd(p1v(1234),m);él
> GSDT3,IV(mnonprime)|gcd(p1v(1234),m):1
>m® —m® —m® —m” +m® +m® +m'. (111)

The relation should work for any positive integer m. The
general formula of the GSD on T? for any m is expected
to relate to the factorization of m.

C.G=Zn)"orG=1I]; Zy,

We end this section by considering the finite Abelian group
Z}, and [ [; Z, for some integer m and n. A special case with
n < 3 was investigated in previous subsections in Sec. VII A.
Forn > 3, things are similar to the G = Zj; case in Sec. VII B.
The second, the third, and the fourth cohomology groups
are

H(Zn)" U] = (Z),
H[(Z)' U] = (Z,) D), (112)

H*(Z)" . U(D)] 2 (Z,, )OO+,

TABLE IV. GSD on a 3-torus T* with G = Z} . If ¢ # 0 and if ged(g,m) = 1, it is truncated to GSDs 1y (Mprime)-

GSD Divazssy =0

P1v(1234) # 0 [if ng(P1v<1234),m) =1]

m = prime (m*)?

GSDT3,IV(mprime) =m*—m’ —m® —m’ + m8 + m° + m'0
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More generally G = [[; Zy,, we have

H2|:HZN,.,U(1):| = [ zw,. (113)
i 1<i<j<k
H3|:1_[ZN‘,U(1):| = 1_[ ZN[ X ZN[/ X ZNI/I’
i 1<i<j<I<k
(114)

2 2
ZNI/ X ZN;// X LN,

H* []‘[ ZN,.,U(I)i| = J]

1<i<j<l<m<k

(115)

The 4-cocycles for finite Abelian groups are limited to types
IL, I, and IV 4-cocycles discussed in Secs. VII A and VIIB.
The data above is sufficient to exemplify our general studies
of the TGT model in previous sections.

VIII. CORRESPONDENCE WITH THE
DIJKGRAAF-WITTEN THEORY

In this section, we briefly demonstrate the relation between
our TGT model and the Dijkgraaf-Witten (DW) topological
gauge theory [31]. The (d 4+ 1)-dimensional discrete DW
gauge theory with a finite gauge group G is defined on a
triangulation T of a (d + 1)-manifold M. The triangulation T
consists of (d + 1)-simplices. Each edge, or 1-simplex, of T
is oriented and graced with a group element of G [see Fig. 2
for a (3 4+ 1)D example]. The topological partition function of
this gauge theory reads

Z = Zeis[y] _ ZeiZn(wdH,y(T)) (mod 27)
14

Y
[ [ @as1lvavsIh)©

[vavpl} i

(116)

1
e et
Here we sum over all embedding maps y : M — BG, from
the spacetime manifold M to BG, the classifying space
of G. In the second equality, we triangulate M to T,
where each edge v,v, connects the two vertices v, and
vp. The action (wy+1,y(T)) evaluates the cocycles wy4; on
the space-time (d + 1)-complex T. Based on the relation
between the topological cohomology class of BG and the
cohomology group of G: H**?[BG,Z] = H'[G,R/Z] =
HYG,U(D)] [31,44], we can view wg+1 as the (d + 1)-
cocycles in the cohomology group HY*'[G,U(1)]. Each edge
v,y carries a group element [v,vp] € G. The 1/|G|"" is the
normalization factor, where V¢ counts the number of vertices
in T. The cocycle wy4 is evaluated on all the (d + 1)-simplices
T; of T.

In 3 4 1 dimensions, the w, is in fact the 4-cocycle w we
have been dealing with in the entire paper. Restricted to this
case, the partition function (116) is invariant under the Pachner
moves that connect two simplicial triangulations of M. It is
also gauge invariant under the lattice gauge transformation,
whose definition is the same as that of our vertex operator A§
[see Eq. (11) for an example].

If the manifold M is open, one has to add boundary
terms to Eq. (116) but the bulk gauge transformation ceases
to work on the boundary. Here is the reason. The partition
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function (116) sums over the embedding maps of M into
the classifying space BG. When M is open, the boundary
condition on M nevertheless fixes the boundary values of all
the embedding maps. As such, the Pachner moves involving
the boundary simplices would be disallowed because they can
vary the boundary value of an embedding. Consequently, on
the three-dimensional boundary d M, degrees of freedom that
cannot be gauged away by the bulk gauge transformation
emerge, forming the boundary states. In this scenario, the
four-dimensional partition function can be regarded as the
transition amplitude between the boundary states, or simply a
wave function of the boundary degrees of freedom. Being a
topological gauge theory, however, the DW theory does not
have a finite Hamiltonian via Legendre transform; hence,
on the boundary, the notion of ground and excited states
is missing. Nonetheless, the notion of gauge-invariant and
uninvariant states still exists. In fact, if 9M is closed, only
gauge-invariant states survive the boundary. The size of the
Hilbert space of the boundary gauge-invariant states can be
obtained by the standard technique of “gluing” and “sewing”
in topological field theories. Particularly, in our case, the
DW partition function turns out to count the dimension of
the Hilbert space of the gauge-invariant states on the closed
boundary dM.

A natural but challenging question arises: can one construct
a Hamiltonian on the closed boundary dM, such that the
ground states of the Hamiltonian are in one-to-one correspon-
dence with the gauge-invariant boundary states of a DW theory
on M? In this work, we have actually tackled this challenge.
One of the authors of the current paper has shown in Ref.
[12] the correspondence between the TQD model and the
(2 4+ 1)-dimensional DW theory. The entire analysis in the
2 + 1 case straightforwardly applies to our 3 4 1 case by just
going one dimension higher, so we will not repeat it. To be
precise, let us place the DW theory on the triangulation of a
(3 + 1)-dimensional manifold X x S!, where S! is the circle,
and 0X, the boundary of X, is a torus, such that X x St is
a 3-torus. Then we place our TGT model on the triangulation
of X x S!. Knowing that the gauge transformation on the
boundary of the DW theory is the same as the vertex operator
in the TGT model, and using the result in Ref. [12], we can
infer the following identity:

ZMOS)(Gw) = GSDELXS) (G w). (117)
The correspondence deduced above justifies the claim that our
TGT model may indeed be a Hamiltonian extension of the DW
discrete gauge theory. And this can be generalized to higher
dimensions without a problem.

Another remark is that the DW theory in 3 + 1 dimensions
is also a twisted version of the BF topological field theory
[45,46] with only the B A F term and the gauge transformation
twisted by a 4-cocycle. In this B F theory, apart from a usual
1-form field A whose curvature is F', there is also a 2-form
field B. As opposed to that of the field A, the flux of the
field B is obtained by integrating of B over a two-dimensional
surface. Recall that in the ground-state spectrum of our TGT
model, there are membranes that carry two flux indices.
These observations imply that the TGT model can also be
a Hamiltonian extension of the BF theory that is twisted
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by 4-cocycles. Nevertheless, we shall leave more detailed
discussion of this and the subtleties to future work.

IX. DISCUSSIONS AND OUTLOOK

Here, we shall remark on our main results and raise a few
questions tied to these results, the answers to which deserve
future exploration.

First, we constructed the TGT model, which is a lattice
Hamiltonian model of three-dimensional topological phases.
The model is defined by a 4-cocycle [w] € H G, U ()] of
a finite group G on a simplicial triangulation of a closed,
oriented 3-manifold. Each edge of the triangulation is endowed
with an element of G. This model describes a large class of
topological phases in three spatial dimensions. The TGT model
possess a set of topological observables, namely, GSD, the
modular 7 and S matrices. The latter two observables give rise
to fractional topological quantum numbers, e.g., topological
spins, which together with GSD, characterize the topological
properties of the TGT model.

Second, we found that these topological quantum numbers
depend either directly on the defining 4-cocycle of the model
or indirectly via a doubly twisted 2-cocycle derived from
the 4-cocycle, which in turn classify the topological quantum
numbers. Typically, two equivalent 4-cocycles always define
two equivalent TGT models that yield the same topological
phase.

Third, we also demonstrated that our TGT model is
a Hamiltonian extension of the (3 + 1)-dimensional DW
topological gauge theory. In fact, we have shown that the GSD
of a TGT model defined by some 4-cocycle on the boundary
of a 4-manifold coincides with the partition function of the
DW theory in the 4-manifold, whose topological action is
determined by the same 4-cocycle. This correspondence also
implies a relation between our TGT model and certain type of
B F theory. The relation between B F theories and topological
phases is discussed has been discussed recently [47-50]. Since
more general B F theories, especially those witha B A B term,
may relate to gravity [51], it would be very interesting to
extend our model for such theories, which may shed light on
the connection between gravity and condensed matter physics.

We remark that, via the plausible duality mapping between
symmetry-protected topological states (SPTs) and intrin-
sic topological orders [9,10,13,44], one may associate the
symmetry-protected topological terms of SPTs field theory to
the topological terms of topological field theory for topological
orders [52]. At least for (3+1)D TGT described by Dijkgraaf-
Witten theory and group cohomology, we shall be able to
comprehend the topological terms via its dual SPTs. It is
known in Ref. [52] that for generic twisted Abelian gauge
group G = []; Zy;, their topological terms have the forms,
A; A Aj ANdAj or A; A Aj A Ar A A;. These are the type II,
type III, and type IV 4-cocycles examined in our Sec. VII
and Ref. [32]. Thus the B A B term which is not among the
topological terms of DW theory and group cohomology, would
be beyond group cohomology.

In 2 4+ 1 dimensions, the TQD model on the torus is also
related to the rational conformal field theories (RCFT) that
are the toric orbifolds by a finite group of a holomorphic
CFT and are twisted by a nontrivial 3-cocycle [12]. This
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correspondence identifies the ground states, the GSD, and
the modular matrices of a TQD model, respectively, with the
holomorphic characters, the number of primary fields, and also
the modular matrices of the corresponding RCFT. Provided
with the description of fractional quantum Hall effect by CFT,
it is expected that the statistical and topological properties of
the quasi-excitations and hence the topological phase of a TQD
model can be investigated in terms of the modular matrices
of the model. It is therefore important to examine whether
and how the TGT model may be related to three-dimensional
conformal field theory.

In a two-dimensional topological phase, the quasi-
excitations are in one-to-one correspondence with the ground
states; hence they share the same topological properties. In a
three-dimensional topological phase, it is a question whether
such a bijection still holds. As argued in Ref. [32], the
bijection may cease to exist. Although it is clear that the
three-dimensional excitations would share a few properties
with the ground states, at this moment, we lack a systematic un-
derstanding of the excitations which cannot be dimensionally
reduced from three to two dimensions. Hence we shall refrain
from concluding affirmatively here and leave the answer for
future work.
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APPENDIX A: BRIEF INTRODUCTION TO
COHOMOLOGY GROUPS H"[G,U(1)]

In both Secs. II A and VIII, we gave a physical account
for the 4-cocycles that define our models. Here, to make
the mathematical content self-contained, we organize a few
elementary but relevant definitions about the cohomology
groups H"[G,U(1)] of finite groups G.

To define the nth cohomology group of a finite group
G, we need to learn a similar group structure, the n-th
cochain group C"[G,U(1)] of G. It is an Abelian group
of n-cochains, i.e., functions c(gi,...,g,): G*" — U(1),
where g; € G. The group structure is fabricated by the

product rule: c(g1,...,8.)c'(81, - - ,8n) = (c')g1, - - - . &n)-
The coboundary operator § maps C” to C"*!, namely,

§:C" — !

ce(grs .- 08n) > 8c(g0.81 - - -1 8n)s
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where

6C(g07g1 st 7gn)
n+1 )
= HC( -3 8i-2:8i—-18i>8i+15 - - ')(_l) .
i=0

At i = 0, the series of variables starts at gg, and ati = n + 1,
the series of variables ends at g,_;. Equation (3) offers the
example for n = 4. One can easily check the nilpotency of §,
i.e., 82c = 1, which leads to the following exact sequence:

N oL A s LI s B (Al)

The images of the coboundary operator, namely, im($ :
Cc*! — C"), form the nth coboundary group, in which the
n-cochains are dubbed n-coboundaries. On the other hand, The
kernel ker(§ : C" — C"*!) is the group of n-cocycles, which
are the n-cochains satisfying the cocycle condition éc = 1.
Equation (3) is again the example for n = 4. The definition
of the nth cohomology group then naturally follows from the
exact sequence (Al):

ker(s : C* — C"*1)
im@ : C"! - C")’
The group H"[G,U(1)] is Abelian; it consists of the equiva-
lence classes of the n-cocyles that differ from one another by
only an n-coboundary. A trivial n-cocycle is equivalent to the
unity and thus can be written as a n-coboundary.

There also exists a slant product that maps an n-cocycle ¢
to an (n — 1)-cocycle cg:

H"'[G,U(1)] :=

Co(81,825 -+ ,8n—1)

n—1
—1)y! —
=c(g.81,82, - &)V []eter g (g1
j=1

Y1+

X g(g1- 8- rgn-1)" (A2)

The twisted 3-cocycles and the doubly twisted 2-cocycles we
have encountered in the main part of the paper are examples
of this slant product.

APPENDIX B: ALGEBRA OF THE VERTEX
AND FACE OPERATORS

We prove that the vertex and face operators constituting the
Hamiltonian (5) form a closed algebra as follows:

(i) [By.B;1=0, [BsA%]=0, (Bla)
(i) [A%,AL]=0 if v#w, (B1b)
(i) A% A" =A%" W <vv=h (Blc)

The product rule (Blc) ensures that A, = Y ¢ A%/|G|is a
projector. Note that, for simplicity, because the vertex ordering
are explicit in terms of the enumerations, we may drop the
arrows on the edges in a graph without a prior notice.

(i) The first commutator [By,B ] = 0 is a direct result of
the definition of B in Eq. (6), whereas the second commutator
should be proven in two cases. Consider an A§ and a B/ for
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v ¢ f.Because A, varies only the group elements on the edges
meeting at the vertex v, in this case, the zero-flux condition
imposed by the By on the f cannot be affected by A,, and
vice versa. Thus [Bf,Aﬁ] = 0 is obviously true when v ¢ f.
On the other hand, if v lies on the boundary of f, it suffices to
consider for example the two actions, A$, By, .y, and B, ,, v, A3,
with vjvs = g, on the basis vector

&)

These two actions are equal:

8
A Busvaug |, @>
51)21)3 + V304 - V4U2
= ! / v vy
[v1v2,v203,V30,,V,04] élg
> (B2)

Svav3 - V3V - VU2

/ ’ v
[Viv2,v203,030),V,04]

ng V3V

' / ’ v
[V1v2,v203,V30),V,04]

vy
— g
= /
BU2U3U4AU4 v w [?
v

where the dots --- omit all other irrelevant factors. The
second equality above follows from the chain rule vv) -
VjV4 = VaV4 = V4V = U4V} - Uyv,. Therefore, we conclude
that [B;,A5] = O is true for all f,v € I

(ii) The definition of A, makes [A‘g,AfL] = 0 hold trivially
if v; and v, do not bound any edge. The nontrivial case arises
when v and w are the two ends of an edge. Since we consider
closed graphs only, we focus on the basis graphs in which vw
is explicitly an interior edge. It is sufficient to check the action
of AiAg on the simplest relevant basis graph, where the edge
24 is shared by three tetrahedra, 0124, 0234, and 1234. We
find

_ 102,22,03,341[01,12/,22.23] |,
T [127,22,23,341[01,12/,22,24] 4| \ <]

[02/,2'2,23,34][01,12/,22,23]

- 01,13,34',4'4
(12,2223 341[01,12/,22,24] | ]

[01,12/,2'4 44][02',2'3,34' 441 | T\,
« . (B4)
[12/,2/3,34,4/4] <,

with [vjv,] = h,[v,v4] = g. Only those 4-cocycles relevant to
the two vertices 2 and 4 are displayed.

(B3)
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Conversely, we apply AgAf on the same basis graph and
obtain

AL AS @>

_[01,12,24',4'4][01,13,34',4'4]
- [127,2/3,34',4'4]

x [02,23,34',4'4]A" @>

_[01,12,24',4'4][01,13,34',4'4]
B [12/,2'3,34',4/4]
[01,127,2'2,23][02',22,23,34] |, N,
x (B5)
[01,127,22,24'][12/,2/2,23,34'] | \ <4
with [vjv2] = h,[vjvs] = g as well.
Nevertheless, it is straightforward to show that the two
amplitudes in Eqgs. (B4) and (BS5) are precisely the same by
applying the chain rules (7) induced by each action of A,

and the 4-cocycle condition (3) three times, respectively with
different group variables, as follows:

[02,23,34,4'4][02',2'2,24',4'4][02',2'2,23,34']
[2/2,23,34,4'4][02,2/3,34',4'4][02,2'2,23,34]
[22,23,34", 4'4][12,2'3,34', 4'4][12,2'2,23,34] q
[12,23,34/,44][12/,2'2,24', 44][12/,2'2,23,34]
[127,2'2,24',4'4][01,12,24,4'4][01,12/,2'2,24]
[02/,2/2,24' . 4'4][01,12, 24 ,44][01,12/,2/2,24']
Notice that the chain rules (7) guarantee that each group
element indexed by the same pair of enumerations is the
same in the above evaluations. Therefore, we arrive at
A5 AL = AL AS. And clearly we can conclude that in general
[AS,A"] =0,Vv # w.
It would be illustrative to depict in Fig. 6 the 4-complex
that encodes the two amplitudes in Egs. (B4) and (BS5) and

also the three 4-cocycle conditions above. Here we remark
that the 4-cocycle conditions one can use must not rely on any

[02,23,34",4'4]

FIG. 6. (Color online) 4-complex encoding the actions A$A”
(absence of the edge 24') and A% A¢ (absence of the edge 2'4) in
Egs. (B4) and (B5).
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chain rule that does not exist for the three group elements along
the boundary of a triangle. One can see that indeed our proof
above does not assume the chain rule on any of the triangles
in the basis graph in the first line of Eq. (B4).

Another subtlety in the proof above lies in determining the
orientations of certain 4-simplices and hence the signs of the
associated 4-cocycles. For instance, consider the 4-cocycle
[01,127,2'2,23], which is associated with the 4-simplex
012/23; however, since the combination 0123 does not exist as
a tetrahedron in the original basis graph, one cannot use Con-
vention 3 and determine the orientation of 01223 by the orien-
tation of 0123 but has to resort to Convention 2 as if 012'23 is
merely a 3-complex consisting of four tetrahedra except 0123.

(iii) In the product rule A%, A" = A%", we assumed that A"
acts first and turns the vertex v to v’ < v, suchthatv’'v = h, and
then A% turns v’ to v” < v/, such that v"v’ = h, whereas AT
replaces v by v” with v”v = g - h. We consider the following
generic basis graph consisting of three tetrahedra, 0124, 0234,
and 1234, and begin with the action of A% A" on the vertex 2
therein:

A§ Al @>

_[01,12/,2'2,23][02',2'2,23,34]
T [01,12/,2/2,24][12/,2'2,23,34]

_[01,12',22,23][02',2"2,23,34]

e
©[01,12/,2/2,24][12/,2/2,23,34]

y [01,127,2"2/,2/3][02",2"2',2'3,34] 5@1>' (B6)
[01,127,272,2'4][127,2"2,2'3,34] | \ <Y,
Now applying to the above amplitude made of eight 4-
cocycles the following four 4-cocycles conditions in order:
[027,2'2,23,34][02”,2"2',2'3,34][02",2"2,2'2,23]
[272,2/2,23,34][02",22,23,34][02",2""2",2'2,24] -
[272/,22,23,34][12",272,23,34][12",2"2/,2/2,24]
[127,2'2,23,34][127,2"2/,2'3,34][12",2"2/,2/2,23] -
[027,22/,2'2,24][01,12"7,272,24][01,12",2"2/,22]
[127,272/,2'2,24][01,12/,2'2,24][01,127,2"2/,2'4] -
[127,272',2'2,23][01,12",2'2,23][01,12",2"2,2'3]

[02,22/,2'2,23][01,12",2"2,23][01,12",2"2/,2'2] —

15

we obtain

A5 Al @>
[01,127,272,231[027,272,23,34] |1\,
"~ [01,127,272,24][12,272,23,34] | \ </

= Ay @> (B)

where the last equality is immediate by acknowledg-
ing the chain rule vjv, = vjv} - Vv, = g - h. It would be
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FIG. 7. (Color online) 4-complex encoding the amplitudes in
Egs. (B6) and (B7) and the 4-cocycle conditions applied.

straightforward but just tedious to repeat the proof for vertices
shared by any number of tetrahedra. And there is no need to
do so. Therefore, we conclude that

h -h
A8 AL = A8,

Once again, for completeness and clarity, the ampltitudes in
Egs. (B6) and (B7), and the four 4-cocycle conditions used
above are implied in the 4-complex in Fig. 7.

APPENDIX C: UNITARITY OF MUTATIONS
TRANSFORMATIONS

In this Appendix, we prove that the mutation transforma-
tions defined in Eqgs. (23) through (26) are a unitary symmetry
on the ground-state Hilbert space of our model. Our proof
consists of the following two two steps.

1. Symmetry

In the ground-state space H® C Hf-;f =! any triangle v;v Uk
in I" must obey the following chain rule:

[viv;] = [viv;]- [vjud, (C1)

where we assume the three vertices are in the order
v; < vj < v. Hence we can forget about the operators B in
this subspace. The ground-state projector (17) then reduces
to P? =[], A, Since we are only concerned with whether
the mutation transformations are a unitary symmetry of
the ground states, we can restrict ourselves to the subspace
HE=" for all T. As such, to show that T; P? = PYT;, where
I'" = T;(I'), it suffices to show that

n ][4 =[]AT (€2)
vell vel”

holds for all mutation transformation generators 7T;, i =

. By=1
1,2,3,4, and any state in the Hr’ onany . Note thata 7; acts
on at most four tetrahedra but preserves any other tetrahedron
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in the same graph, so 7; certainly commutes with any A, at
any vertex v that does not lie in the tetrahedra the 7; acts on.
Thus, to show Eq. (C2), we need only to focus on the part of I"
within the scope of the action of 7;. Now we shall proceed to
prove Eq. (C2) for T;. The proofs for T;, T3, and T are similar
and even simpler, and thus would not be detailed here.

It suffices to consider solely a basis 3-complex that bounds

a 4-simplex in Hfff = namely |"1), where the vertex

enumerations are in the obvious order. The 7, operator will
remove the edge [24] by Definition 24. For the sake of
clearance, we will split the proof to two steps. First, prove
T, commutes with AyAy4; second, prove 7, commutes with
Ao, A1, and Aj, respectively:

A, AsT» ‘{I>
= A,A4[01,12,23,34] >

1
=P

[22'],[44'1eG

[01,12,23,34]

x [01,13,34,44'17'[01,12,22/,2/3] ‘> (C3)
Note that we have two 4-cocycle conditions respectively
for the two 5-simplices [012344'] and [0122'34'],
1 = [12,23,34,44'1[02,23,34,44'171[01,13,34,44']
x [01,12,24,44'171[01,12,23,34'1[01,12,23,34]"!  (C4)
and
1 =[12,22/,2'3,34'1[02,22/,2/3,34'17'[01,12/,2'3,34']

x [01,12,23,34'17'[01,12,22',2'4'1[01,12,22',2'3] "
(C5)

Applying the above 4-cocycle conditions to the 4-
cocycles [01,12,23,34], [01,13,34,44'], [01,12,23,34'], and
[01,12,22/,2'3] leads to

ArALTy >

1
=GE 2

[22/],[44'1eG
[12,22/2'3,34'1[01,12,22'2'4'] |, \
X
[01,12,24,44/1[02,22/,2/3,34] ”

= ThAr A4 >

This concludes the first step: Ay A4T, = ThbAyAy. Sec-
ond, we show that Ayg7, = T>Ay. The other two relations

[01,12/,2/3,34'][12,23,34,44']
[02,23,34,44']

(Co)
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A1T2 = T2A1, A3 T2 = T2A3 follow likewise:

= Ao[01,12,23.34] @>

1
=—— > 101,12,23,34]

2
|G| [00'1eG
x [00/,0'1,12,23][00.0'1,13,34] >

Using the 4-cocycle condition for the 5-simplex [00'1234]

1 =[0'1,12,23,34][01,12,23,34] !
x [00/,0'2,23,34][00/,0'1,13,34] !
x [00/,0'1,12,24][00/,0'1,12,23]7",

we obtain
Ao >
1
= — 0'1,12,23,34

[00']eG

x [00',0'2,23,34][00",0'1,12,24] KJ >

=T A, >

which completes the second step, and therefore proves AgT, =
T, Ay. The proofs for A;T, = T A; and A3T, = T Aj are the
same. Combining them together, we arrive at the commutation
relation 7 [T, Ai = [Tio Ai To.

2. Unitarity

Now we demonstrate that all mutation transformations
satisfy Eq. (27) and thus are unitary on the ground-state
Hilbert space H". We need only to show this for the mutation
transformation generators 71, T, T3, and Ty.

We first show that 7,7, = 1 and 7,7} = 1 hold not only
on the ground states but also over the entire subspace H2/=!.
Let us consider the action of 777, on a generic basis state
as follows, where only the relevant part of the basis graph is
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displayed:

il
[01,12,23.34], >
Z [01,12,23,34][01,12,23,34] " >

[24]eG

>

This is worthy of more explanation. The first two equalities
follow from the definitions of 7, and 77, respectively. The third
equality is simple algebra because the group element [01], [12],
[23], [34] and therefore [01,12,23,34] do not change. The last
equality owes to the fact that [24] is the only group element
that satisfies the chain rule, as given in the initial state. That
T, T, = 1 follows likewise.

As aresult, T, = Tfl (T, = T[l), such that we can define
that TIT =1 (T; = T)) and unitarity is proved for 7} and 75.

Next, we prove that 7,73 = 1 on the entire subspace HZ/=".
We consider the action of 7,73 on a generic basis state
as follows, in which only the relevant part of the graph is
displayed:

1

)

2

-5

[01],[02],[03],[04]eG

4

[01,12,23,34]T4 >

A

[01,12,23,34]

[01],[02],[03],[04]eG [01,12,23,34] > R>

f)

At this point, one may think that 7, is the inverse of T;
on H57=!. But this is not true because 73T, # 1 in general.
Nevertheless, fortunately, as we now show, 7574 = 1 on the
ground states H°.

Since T3T4 P° = T3 P°Ty = P°T5T, on 'H°, we have

4

T3T4P0(051727314) ]x>
= T3P%0,1,2,3,4)T, >
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=[01,12,23,34] ' 73 P°(1,2,3,4) $>
= [01,12,23,34]"' P°(1,2,3,4)T; @>

= P°(1,2,3,4) Z

[071],[0'2],[0'3],[0'4]eG

[01,12,23,34]7!

% [0'1,12,23,34] >

2

1
= P0(1,2,3,4)F Z [00/,0'2,23,34] "
| |[00’]EG
x [00/,0'1,13,34][00/,0'1,12,24] "
x [00/,0'1,12,23] >

4

= P0(1,2,3,4)A0 ]_5>

= P%0.,1,2,3.4) >

where P%(1,2,3,4) and P°(0,1,2,3,4) are projectors acting on
the vertices of the corresponding basis graph. The fifth equality
in the equation above is obtained by applying to the following
4-cocycle condition for [00'1234] in the fourth equality:

1 =[01,12,23,34][01,12,23,34] "
x [00/,0'2,23,34][00/,0'1,13,34]""
x [00,0'1,12,24][00',0'1,12,23]7".

The derivation above shows that 7374 = 1 on the ground
states, which together with 7,75 = 1 on HB7=1, results in that
5 = T4T and T, = T; on H°. That is, Ty and T are unitary on
the ground states.

An amusing by-product of our proof above is that in the
subspace HB/=!,

3T, = Ay, (C7)

where v is the vertex annihilated by the action of 7.

APPENDIX D: DETAILS OF THE GROUND-STATE
PROJECTOR

Here we prove Eq. (34). We start with the amplitude in Eq.
(31) and rewrite it compactly as
I*(a,b,c)I*(b,c,a)I*(c,a,b)
I*(a,c,b)I*(c,b,a)I*(b,a,c)’

DD
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where we define

Ix(a,b,c) — [b,C)E,X,le][x,a)f,xb)f,xc)_c]

[a,b,c%,x][cX,x,ax,xbx] ’

a=k b=g, c=gh. (D2)

So, clearly in the above, a, b, and ¢ commute with each other
because g, &, and k do. Using the normalization condition (4)
and the following 4-cocycle conditions

dla,b,c,x,x] =1,
Sle,x,x,ax,xbx] =1,
8[b,c,x,x,ax] =1,
S[x,x,xax,xbx,xcx] =1,
the four 4-cocycles in Eq. (D2) respectively become

[b,c,%,x]la,bc,k,x]

[a,b,cx,x] = — —,
[ab,c,x,x][a,b,c,x]

[X,x,ax,xbx][c,x,x,abx]

[ck,x,ax,xbx] = — —,
[e,X,xax,xbx][c,X,x,aX]

1 [c,x,x,ax][b,c,X,xax]

by _7 E) x|~ - 9
[b,cx,x.ax] [bc,x,x,ax][b,c,X,x]

[x.a% xbi xcirl _ [X,xax,xbx,xcx][x,x,xax,xbcx]
’ ’ b -

[x,%,xabx,xcx][x,X,xa%,xbx]
And substituting in the above

[ex,x,x,xabx]

[X,x,ax,xbx] = —
[e,X,xax,xbx][cX,x,X,xaX]

which is a result of the normalization condition (4) and the
4-cocycle condition §[ck,x,X,xaX,xbx] = 1. Note that the
above identities apply to the other five factors in Eq. (D2)
under suitable permutations of @, b, and c. After some algebra,
the expression (D1) again consists of twenty-four 4-cocycles
and can be written as

[X,xcx,xbx], [b,x,xcx), [c,b,X], ’ D3)
[b,c,x], [c,%,xbx], [X¥,xbX,xck],
where
Loy, def [x,iux,y,z][x,y,z,mu(xyz)]’ (D4)

[u,x,y,z][x,y,xyu(xy),z]
which is in fact the slant product (A2) at n = 4. Let us call
[x,y,z], a normalized twisted 3-cocycle by u because it does
not satisfy the usual 3-cocycle condition but a twisted one,
namely,
_ [X,y,Z]wuw[wa,Z]u[w,x,)’]u _

FS/ 9 9 9 u — i 17
w.x.y.2] [wx,y,z],[w,x,yz],

[lay’z]u = [X,I,Z] = [xvyrl]u = 1’ (DS)

Yw,x,y,z,u € G, which can be verified by the definition (D4)
and the following usual 4-cocycle conditions:

S[w,x,y,z,wxyzu(wxyz)] = 1,
S[w,x,y, wxyu(wxy),z] = 1,
Slw,x, wxu(wx),y,z] =1,
Slw,wuw,x,y,z] =1,

dla,w,x,y,z] = 1.
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Equation (D3) is yet not the end of the story; indeed, it can
be cast in an even more compact form as follows:

([b,c,f]a[c,f,xbi]a )‘1 [b,X,xcx],[%,xcX,xbX],

[e,b,X], [X,xbx,xcx],
- -1
= (Lot ) (D6)
[X,xcX]ap
where use is made of
w,y,zlc [y, 2, yzw(yz)lx
2l def [w,y,2]:[y,2,yzw(y2)] ‘ D7)

[y,ywy,z]x

Note, because a, b, and ¢ commute in G, the LHS of Eq. (D6)
appear somewhat simpler than the definition (D7). We dub
[v,z]y.w a normalized doubly twisted 2-cochain by the pair
(x,w), where x then w induce the twisting. If xw = wx,
[v,z]x.w turns out to be a doubly twisted 2-cocycle meeting
the doubly twisted 2-cocycle condition:

= [y, z)zwx,zux [X, Y2 w,u
5[X,y,2]w,u = = 1’
[xva]w,u[xay]w,u

(D8)

wu=uw

by definition (D7) and appropriate applications of the twisted
3-cocycle condition (D5), namely,

8[x,y,z,xyzu(xyz)]y =1,
3[x,y, xyu(xy),zly = 1,
S[MaX,)’,Z]w‘ = 17

uw=wu
where the first two identities hold for all u,w € G. In fact,
as far as the ground states are concerned, xw = wx is always
true [recall Eq. (D6) in which ab = ba is understood]. Besides,
[1,z]xw = [y,2]x.w = 1. Clearly, if we restrict the arguments
of adoubly twisted 2-cocycle [y,z]y.w t0 Z, , = {0 € Glux =
xu,uw = wu}, it would satisfy the usual 2-cocycle condition.
Furthermore, we have
[y.2elew = [23],) ¥,z € Zow, (D9)
which can be easily verified by expanding the LHS in terms
of the relevant 4-cocycles and rearrange the 4-cocycles to the
form that gives rise to the RHS. Two more identities worth
noting are

[c.dlas = [c.dl, ), Yab=ba, (D10)

[b,clapy = [¢,blap, Va,b,c €G, (D11
which can be easily established by expansion in terms of
twisted 3-cocycles or 4-cocycles.

One may wonder if Eq. (D6) is the only simplification
of the expression (D1). The answer is no. In fact, it is not
hard to see that the expression (D6) is invariant under all
cyclic permutations of a, b, and ¢ but is sent to its inverse
by any exchange of any two of a, b, and c. Therefore, if we
follow our definition (38), we can immediately pin down the

following identities, indicating the equivalent simplifications
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of the expression (D1):

[ng]u,b

b pab(e,x) = n”(a,x) = 1%(b,x)
[X,xcx]as

=1"(c.x)” = n""a.x) = 0" bx)"
(D12)
where a, b, and ¢ commute with each other.

APPENDIX E: PROJECTIVE CHARACTERS
OF THE CENTRALIZER

We put forward and prove the following propositions.

Proposition 4. Consider any conjugacy class C# of a finite
group G. For any a,a’ € C#, the isomorphism between Z,
and Z, is a bijection between the conjugacy classes of Z, and
those of Z,.

Proof. Since a,a’ € C4, we assume a’ = xaX for some
x € G.This conjugation by x is in fact an isomorphism: Z, =
xZ,x. Now consider b,b’ € CZ, a conjugacy class of Z,,
they are respectively mapped by the conjugaction to xbx and
xb'x. Let b’ = yby for some y € Z,, we can see that xb'x =
(xyX)xbx(xyx). Note that xyx € Z,. Hence, xbx and xb'x
belong to the same conjugacy class in Z,, and this class must
be isomorphic to C% .

Proposition 5. For any b,b’ € CZ, some conjugacy class
of Zy, Zupy = Zy .

Proof. This is actually a trivial consequence of the fact that
Zy = Zy forany b,b' € Cé, with however, now G is restricted
to Z,.

Proposition 6. For any a,a’ € C{, where a' = xax for
some x € G, any b € CBa, and b € CZ, with b’ = xbx,
Za,b = Za’,b"

Proof. For any ¢ € Z, ;, clearly xcx commute with both a’
and b’ and is thus in Z, 5, which establishes the proposition.
Note that we have C5 = C%' by Proposition 4.

Bearing Proposition 6 in’ mind, given the representation
'/34;’8 of Z; , for a fixed k € C4 and g€ CZ, we construct
',5’:“2*"5”5 as follows. For all x € G, the elements x#’% run
over all elements in x Z; ,x, while & runs over all elements in

Zi,s. We can then define a projective representation 'B-ka,xgx

of xZ; ,x from a given representation ”,54;5’ of Zy ¢, by

BT el 7y = g )T (. (ED
We now verify that ,T)iikf'xg Tistruly a B £,xgx FEpresentation

by checking the multiplication rule for all 4,h) € Z; ,

"p‘iki,ng (xhlli)ﬁﬂlikf,xgi (.xh/zi)

= 0" E (0,0~ 0 S ()T P () )

= 0 % (hy.x) " 0 B (R, x) ! Brog (Y hY) D2 (R hh)
D)

~ kgl ks (hh,x)

= Bk xgx (Xh| X, x5 %) 0 8 (x ' %), (E2)

Beo (h) Wy P55 (e )

where the last equality holds because of the following relation:
nk’g(h/lhlzvx) _ ﬂxk.i,xgi(XhllfaXh,zf)
nks (b}, x)nk-s(hh,x) Bro(hyhy)

(E3)
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which can be checked by applying the following doubly
twisted 2-cocycle conditions (D8) to the LHS of Eq. (E3)

BBro (W h, %) = 1,
’S’ﬁk,g(h/l,f,xhzf) =1,
Fg’ﬂk,g(faxhai,xhéf) =1.

Note that the second and third identities in the above are the
usual 2-cocycle condition because 1,k € Z 4.

An immediate consequence of the above isomorphism is
the relation between the projective characters,

X eh'®) = S ()T R,
TS (eh'®) = ) TE ), (E4)

for all x € G, which is the very Eq. (53). We remark that,

in general, x ug (h") # 'ka &(h’) for such projective representa-
tions. Rather, we have

TEE W) = T8 (W)B5S (1), (ES)

where B5¢(h,h') = pX8(h',h'), V' € Zi , due to the the 2-
cocycle condition (43). Equation (E5) is a direct consequence
of the definition (44) of the 8 representation.
Equation (E4) leads to the following proposition.
Proposition 7. 1f h' € Z; , is not By , regular, Xk 8y =
Proof. The proof is straightforward. If k' € Zk FEY not
Bk regular, there must exist ! € Zy o u, such that g ,(h',1) #
Br.o(L,h'). Let x = [ in Eq. (E4); we have

By (L. )~k
Bs(H'.D) Ko

In view of Proposition 5, we can consider simultaneous
conjugation of the g and %’ in certain x" 8(1). Since g € Zy
for any fixed k must hold under such a con]ugatlon we simply
can restrict Eq. (E4) to this case and obtain

X (yh'y) = S )T X,

TS (h'5) = e AR, (E6)

forall y € Z;.

We now establish the following theorem.

Theorem 8. A group element ¢ € Z, j is B, regular if and
only if the entire conjugacy class [c] C Z,; is B, regular.

Proof. Let us prove this for an arbitrary ¢’ € [c]; then the
statement for the entire conjugacy class follows immediately.
Assume ¢’ = ycy for some y € Z, . Since ¢ is B, regular,
we have

X () = E(h) = X< ()= 0.

Bap(c,d)

a,b 7
_— ’ ’d = 1, Vd Za Cce E7
Bon(d.c) n“7(c.d) € Za, (E7)
Our goal is to show that
ﬂa,b(yc.)_)’d) _

n“t(ycy,d)=1, Vd € Z,p..  (ES)

Bas(d,ycy)

To this end, let us plug in Eq. (E3) the relations h; =y,
hy = cy, and x = d; then we obtain

n"(yey.d) _ Pas(y.cy)

NP (y.dn“(cy,d)  Bap(y.cy)

= 1. (E9)
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In the above and in the subsequent derivation, keep in mind
that d commutes with a, b, ¢, and y, also that y commutes
witha, b, and c. Let us again plug in Eq. (E3) but with 4} = c,
h, = y,and x = d, and get

na’b(c)_’,d_) — ﬂa,b(cﬂ.)_})
n*(c,dn®(3,d)  Ba(c,y)
In view of Egs. (E10) and (E7), Eq. (E9) becomes
n"(yey.d)
n*(y,d)n>(3,d)

As such, proving Eq. (E8) amounts to proving that the
denominator on the LHS of the equation above is unity. We
observe that

=1. (E10)

(E11)

1
N (y,dn®?(3,d)

simply by the definition of n in Eq. (38) and that yd = dy. Now
as pointed out below Eq. (41), n%*(d,-) is a 1D representation
of Z, .4, where the “” is a wild card for any element in
Yy € Z4p.q4. Hence we must have

n“t(d,5)n""(d,y) = n**(d,y7) = n“*d,1) = 1,

where the last equality holds because B, is normalized.
Therefore, by Eq. (E11), we finally have n“’(ycy,d) = 1,
which is the very Eq. (E8). Since ¢’ is arbitrary, our steps
above apply to the entire class [c]. The necessary side of the
theorem is obvious, concluding the theorem.

The following property of the representations 'ﬁﬁ’g n') is
also key to deriving the topological quantum numbers of the
model,

= n"P(d,5)n""(d,y),

(E12)

~kAg ( B)
pos(g) =2 80y

E13
dim,, ( )

where g2 is any representative of C Z. The proof contains two
steps. First, we have Vi’ € Z; ,,

D8RP} (h) = Brg (81Dl (gh')
Brs(h . Q)P 5 (h' g)
= P (WD} ().

Then by Schur’s Lemma, we infer that

Eq. (D11)

py8(g) o 1.
Second, Egs. (39) and (E6) indicate that

D8 (xgX) = D)%(8).¥x € G.

Therefore, for g € C2 20 P Mg(g) is a constant of the conjugacy

class pair (C4,C?) and is a multiple of the identity matrix,
leading to Eq. (E13).

APPENDIX F: MODULAR TRANSFORMATIONS

In this Appendix, we detail our construction of the SL(3,7Z)
generators as the modular matrix operators S* and 7*. To
better visualize the S transformation, we shear Fig. 4(a) to the

045101-29



YIDUN WAN, JUVEN C. WANG, AND HUAN HE

left a bit, which does not change the triangulation at all, as
follows:

R
S*:j/ >

— [8'2,23,34,48]71(8'2,23,37,781(8'2,26,67,78] !
[6'1,12,23,37][6'8',8'2,26,671[6'1,15,56,67]
[6/8',82,23,37](61,12,26,67]
(46,6'1,12,26]
" [46.6'8,82,26][46,6'1,15,56]
x [2'4'.4'6',6'1,15][7'8,8'2,23,34]
[56/,6'8',8'2,23]

* 57,78 .82,231[56,6'1,12,23]

5 [3'5,5'7,7'8,8'2][3'4,4'6/,6'8',8'2]
[3'5,5'6/,6'8',8'2][3/4,4'6/,6'1,12]
[3'5,5'6/,6'1,12][1'3/,3/4',4'6/,6'1]

“13.35,56 6 1][12,24.46,61]

v 2

=

— [8'2,23,34,48]71(8'2,23,37,78][8'2,26,67,78] !
[6'1,12,23,37][6'8',8'2,26,67][6'1,15,56,67]
[6'8',82,23,371[61,12,26,67]
[46,6'1,12,26]

" [46,68.8'2,26][46.6'1,15,56]

x [2/4',4'6/,6'1,15](7'8',8'2,23,34]

5 [56/,6'8',8'2,23]
[5'7,7'8,8/2,23][5'6/,6'1,12,23]
[3'5,5'7,7'8,8'2][3'4,46/,6'8',8'2]

“ 35,5668 .82][34.46.61,12]

5 [3'5,5'6/,6'1,12][1'3/,3/4',4'6/,6'1]
(1'3,3/5,56/,6'1][1'2,2/4' 46/ ,6'1]
(12,2334 46'12[1'2/,2'3,3'6/,6'T']

“ 23,34 .46 68 2[23.36,67 78]

v

x |7 > (F1)

34

where x =1'1 =25=32=46=53=6'7T="74 =288,
and 1"<2 <3 <4 <5 <6 <7 <8<1<2<3<
4 <5<6<7<8. The factors after the first “=" is
obtained by making the transformations 8 — 8, 7 — 6/,
64 552, 47, 3—>5,2—->3, and 1 > 1
in order, giving rise to the rows of factors, respectively.
Each such transformation can be thought as realized by a
vertex operator A* acting on the vertex being transformed,
yielding the corresponding 4-cocycles. Nevertheless, the
state after the vertex transformations is yet not the right state
after the transformation, to obtain which a few mutation
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7V 5' 7V 5!

FIG. 8. (Color online) Mutation moves used in the final step of
the S transformation. Certain edges are bent to emphasize that these
moves should be viewed in 4D. Panel (a) already encodes a 7) move by
the blue (dashed) lines 2’3’ and 6'7'. The two 3-complexes 1'2'3'4'6’
and 3/5'6’7'8' are in fact identified, so the two parallel lines 2’3" and
6’7" refer to the same mutation move. The situation is similar in
(b). The other five moves are clear. Panel (d) fits in the final state
in Eq. (F1).

transformations [defined in Egs. (23) and (24)] are required.
Figure 8 illustrates the procedure of applying the necessary
mutation transformations.

Six mutation moves in order, namely, T;(1'2'3'4'6’),
T,(1'2'34'6"), T\(2'346'8"), Tr(2'346'8), T;(2'3'6'7'%),
and T,(1'2'3'6'7’), contribute the factor of four 4-cocycles in
the last row of Eq. (F1). Worthy of note is that the two blue
(dash-dot) lines in Fig. 8(a) seem to indicate two different
T, moves; however, since the two 3-complexes 1'2'3’4’6’ and
3’5'6'7'8" are in fact identified, the T; move about 1'2'3'4'6¢
and that about 3'5'6’7'8’ are done simultaneously and must
be thought as a single 77 move. Hence one can choose either
1'2/3'4'6' or 3'5'6'7'8' as the one being acted on by the T;. And
we choose the former in Eq. (F1). Similarly, for the 7> move
taking Figs. 8(a) to 8(b), we choose the 3-complex 2'3'4'6'8’.
Moreover, since T1(1'2'3’4'6') and T,(1'2'3'4'6) yield the
same amplitude, so do T1(2'3'46'8') and T,(2'3'4'6'8’), and
we obtain the square in the last row of Eq. (F1).

Plugged in with the group elements, Eq. (F1) becomes

S'lk.g.h) (F2)

=[xhk,gh,g,k1 ' [xhk,gh,k,gl[xhk.k,gh,g]™"
y [xﬁ,g,gh,k][igf,xﬁ,kfh][xﬁ,k,g,gh]
[xgx,xhk,gh,k][xhk,g,k,gh]
[xghi,xm,g,k]
% [xgh)?,xgi,xm,k][xghi,xﬁ,k,g]
x [xg#®,xghx,xhk k|[xkX,xhk,gh,g]
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[xkf,xgi,xﬁ,gh]
X — —
[xgx,xkx,xhk,gh][xkx,xhk,g,gh]

y [xghx,xgx,xkx ,xﬁ] [xkx,xghx,xgx ,xﬁ]

[xghi,xki,xgi,xﬁ][xkf,xghi,xﬁ,g]
[xghi,xki,xﬁ,g][xgi,xki,xghi,xﬁ]

[ng,xghf,xki,xm] [xkf,xgi,xghi,xm]
[xkx ,xlzgi,xki,xghi]z [xkx ,xlEg)E ,xghki,xlzgf]

[xkgx,xkx,xgh% xgx|*[xkgx,xghkx xkgx,xkx]

X |xhx,xkx,xgx), (F3)
where we used the natural basis in Fig. 4(a) for notational
simplicity, and we can freely switch to the physical basis
in Fig. 4(b) at anytime. The S* transforms the basis vector
lk,g,h) to |xhx,xkX,xgX) because g = 12+ 1’2" = xkx,
h=13— 1'3 =xgx, and k = 15— 1’5 = xhx. As to the
physical basis, we readily see that

S|k, g, by — |xgh'x xkx xkgx). (F4)

After some manipulations of the 4-cocycles in Eq. (F3), one
can turn the equation into a compact form:

S*|k.g.h) =" (xgh%, hkx)

ﬂxhi,xki()dggxaxkx)
ﬂxki,ng(Xghx»ng)

|xhx,xkx,xgx). (F5)

For completeness and the sake of the interested reader, the two
doubly twisted 2-cocycles in the expression above are obtained
by applying to the 4-cocycle factors

[xkx ,ng)E,xk)E ,xgh)E]2 [xkx ,ngi,xgth ,xlEgJE]

[xkgx,xkx ,xghx xgx|*[xkgx xghkx xkgx,xkx]
in Eq. (F3) these three 4-cocycle conditions:
8[xgx,xghx xkx,xkgx,xkx] =1,
8[xki,xl€gi,xki,xghf,xgi] =1,
S[xkf,ngX,xghkf,xlzgi,xki] =1.

Likewise, we can work out the 7* as follows:

5
N4
TX . N\ A
2 - 1
h 7 4

— [7'2,23,34,48]71(7'2,23,37,78][7'2,26,67,78]
(8"7,7'2,26,671[8"1,12,23,37][8"1,15,56,67]
[8”7',72,23,371[8"1,12,26,67]
5 [6'8”,8"1,12,26]
[6'8”,8"1,15,56][6/8",8"7",7'2,26]
x [5'6/,6'8",8"1,15]
x [37',7'2,23,34]
[478",8"7,7'2,23]
(473/,3/7",7'2,23][4"8",8"1,12,23]
(24”473 37 721(2'6,6'8",8"7,72]
“ 24478 877 72126 .6'8".8"1,12]

X
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[2/4”,4”8”,8”1, 12][1,2/,2/6,,6/8”,8”1]
X
[1/2/72/4//74//8//’8//l][l/S/’5/6/76/8//78//l]

[%

7 S &
N
X
2! — 1
3 a

> [72,23,34,48]7[7'2,23,37,781(7'2.26,67,78] "
[8"7',7'2,26,67](8"1,12,23,37][8"1,15,56,67]
[8"7',7'2,23,371[8'1,12,26,67]
[6/87,8"1,12,26]
* [687.871,15,56]6'8",8"7,72,26]
x [5'6/,6'8,8"1,15]
x [37',7'2,23,34]
[478".8"7,7'2,23]
[473,37',72,23][4"8",8"1,12,23]
(24" 473 37, 72][2'6,6'8",8"7',7'2]
* 2@ 48 87121[26,68".8'1,12]
(247 478" 8"1,12][1'2',26/,6/8",8"1]
* 224 48 8 1[15,56,.687.871]
[1'2,2'4" 4"8" 87
*12.26.68" .87

X

x [1/5,,5/6,,6/8”,8”7,]2 Y ’>’ (Fé)

where x = 1'1 =22 =4"3=34=55=66=8"7=778,
and 1'<2 <4" <3 <5 <6 <8 <7<1<2<3<
4 <5 < 6 <7 < 8. The factors after the first “—"" is obtained
by making the transformations 8 — 7', 7 — 8", 6 — 6/,
5—55,4—-3,3—-4" 2— 2 and 1 — 1’ in order. This
produces the rows of factors, respectively. The state after the
vertex transformations is not yet the right state after the 7°
transformation; to obtain this a few mutation transformations
[Egs. (23) and (24)] are needed. Figure 9 illustrates the
procedure of applying the necessary mutation transformations.
Four mutation moves 7y, T», T, and 7> in order contribute
the last four 4-cocycles in Eq. (F6). Like the case of the S
transformation, the two blue (dash-dot) lines in Fig. 9(c) also
seem indicating two different 77 moves; however, since the
two 3-complexes 1'5'6'8”7 and 1'2'4”3'7" are identified in
the triangulation, the 7} move about 1'5'6’8”7 and that about
1'2'4”3'7 are done simultaneously and must be thought as a
single 71 move. Hence one can choose either 1'2'4”3'5" or
3/5'6’8"7 as the one being acted on by the T;. We choose
the former in Eq. (F6). The same logic applies to the T,
taking Fig. 9(c) to (d). Note also that, here, the 77 and 7> on
1’5'6'8"7" produce the same 4-cocycle [1'5,5'6/,6'8",8"7'].
Had we chosen the 4-simplex 12/4”3"7', we would obtain
[1'2/,2'4” 473/ ,3'7']~! for the T} and the same for the 7>, which
should not change the result of 7*. Thus

[1,5/,5/6,,6/8”,8”7/] — [1/2/’2/4//’4//3/’3/7/]71. (F7)
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FIG. 9. (Color online) Mutation moves used in the final step of
the 7 transformation. Certain edges are bent to emphasize that these
moves should be viewed in 4D. Panel (a) encodes a 7} move already,
about the 4-simplex 1'2'4”8"7'. There is only one 7; move from (b)
to (c) because the two four simplices 1'5'6’8"7" and 1'2'4”3'7 are the
same simplex.

In terms of the group elements explicitly, the action of 7+
on the natural basis reads

T k,g,h)
= [xhk,gh,g.k1”'[xhk,gh.k,gl[xhk k,gh,g]™"

[xgX,xhk,k,ghl[xhk,g,gh,kl[xhk,k,g.gh]
x (xgX,xhk,gh k|[xhk,g.k,gh]
o Eghi,xﬂ,g,k] _
[xghx,xhk,k,gl[xghx,xgx,xhk, k]
X [xg)?,xghi,xm,k][xki,xm,gh,g]

[xki,xgi,x%,gh]
X — —
[xgx,xkx,xhk,ghl[xkx,xhk,g,gh]

» [xghf,xgi,xkf,xﬁ][xki,xghf,ng,xm]

[xghx,xkx,xgx ,xﬁ] [xkx,xghx ,xﬁ,g]
[xghx,xkx ,xm,g] [xgx,xkx,xghx ,xhk]

X = —
[xgx,xghkx,xkx,xhk][xkX,xgX,xghx,xhk]

[xgx,xghx ,xkx,xgx] [xkX,xgx,xghx,xgx]
X
[xgx,xkX,xghx,xgxX] [xgXx,xghx,xgx,xkx]

X |xkx,xgx,xghx), (F8)

where Eq. (F7) is used to obtain the last fraction of two
4-cocycles. The 7+ transforms the basis vector |k,g,h) to
|xkXx,xgx,xghx)becauseh = 13 > 1’3 = xhhx,g = 12
12" = xhgx, and k = 15+ 1’5 = xkx. As to the physical
basis, we readily see that

T : |k,g,h') — |xkx,xgx,xgh'%). (F9)
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The RHS of Eq. (F8) is already in such a form that by
rearranging the 4-cocycles, one reduces its complexity:
T"|k.g.h)
_ [Xghxvxm]xkf,xgi
B [Xﬁsgh]xki,xgi
X [xghx,xgx]

x_kli,xg)?|thanxaxghf>
— nxk}?,xgi(xghx’hkx)
X Brkragr(xgh%,xgX) " xhx,xg¥,xgh%), (F10)

where definitions (36) and (38) are assumed.

APPENDIX G: SOLUTIONS FOR
THE S AND 7 MATRICES

We derive Eq. (71) as follows. We first write down the
action of 7|A, B, 1) explicitly:

TIA,B,n) = T'|A,B, )

1 /1.7 !/ -
= e 2 A e
kECA,gecgk

h/EZk_g

X T8k, g.8h")

r(ZA8 B op)

_ 1 > n*s (W' ' gk)
Gl kechrgech =l Brg(h'.8)
h,EZkvg

X XS (X4 (gh)| A, B.v),
where use is made of the inverse transformation (56). Since
k and g each must belong to only one conjugacy class,
in the second equality above, we can just keep the sum
over C* and C . Owing to Proposition 7, xWE(R) =0 if
h’ is not Bk, regular. Thus, in the sum above, one should
keep only the terms with 4’ being B, regular, for which
Br.o(W,a) = Prgla,h),Ya € Zy o . Clearly, h'gk € Zj g1
hence n*8(h’,h'gk) = 1 holds. We then have

r(ZA8 Bia o)

1 PN
TIAB. = & > Y B!
kechgech v=1
h,EZk_g

X X)X (gh") A, B,v).

Now by definition (44) of By , representation and Eq. (E13),
we have

Xt (h)Brs (W 8)™"

te[48 (W) Brg (W' 8)7"]
48 (W )Pl (9) ']

~kA’gB B
. X &")
—ofotig )

~kA

X5 @h)

""k,g h/
dim,, Xt (hg).
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Hence, by the orthogonality condition in Eq. (54), and
noting that } ,, = > ,,, we finally obtain

T|A,B, )

ABY T
1 r(Z%%) kAg(gB)

-5 X -

kectgecy v=l
h/EZk‘g

dlmu

x T8 (0 )X (gh') A, B,v)

~A
_ k 8 (gB) Z | Z| Z |Zk,g|
dlmu | Z|

keCh geCl

X1 |ij%h@%%mmABw
k.g WeZy,

""kA,gB B

X% (87)
== A B,

Gl
dim,, G

confirming Eq. (71).
Next, we derive the S matrix elements in Eq. (69). We act

the S operator on a generic eigenvector |A’,B’,v) of the 7
operator. By Eq. (63) with x set to 1, we have
S|A',B',v)
=SY4A',B"v)
1 ! w,u / /
= \/ﬁ Z xXotHn™ (v v uw)
weC ueck
V'€ Zyu
Buu,w(Wu,w) _
———|V'u,w,wu)
Buw,u(v',u)
1 vu,w ou, ’ —
=— > Tv"‘”(v/)Lw,uw)lv w,w, W),
G| Buwu(V',u)

/ ,
weC* ueCh
V' € Zyu

where the fact that n"*(v',v'uw) = 1 for B, ,-regular char-
acters X*(v’) that is otherwise zero is taken into account to
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obtain the third quality. We then have
(A,B,u|S|A",B',v)

-5 X X

A B ’ ’
keClgelyweC* ueCh
h e Zk,g v e Zur,u

X W)
ﬂw,u(v/’u)

X ﬂv/u,w(ﬁ)u,w)%ﬁ’g(h/)(k,g,h’|v/u,w,lDu)

SHD DR SR U
TG v'u
G keClgeCl wec uech P 1)

vV € Zyy

XIBk g(h/’g)xk g(h )Sk v'u g wah’,u')uv (G2)

where the second equality relies on the orthogonality condition
(k,g,h'|v'u,w,wu) = 8 vubg wbi wu. Aided by Eq. (E13) and
the following relations:

h e Zk,g

Bro (W, 0B, () = B (') B (o)
& Bugh QL) = ToE(h'g )d—g
1m,,

and
Buu ') DU (') = B (0B ()

~wA MB( B/)

& B )T = T ) X

k]

dim,
which are a result of Definition (44), Eq (G2) becomes

(A,B,u|S|A",B',v)
I RTOET ¢y
G dim dim
| | " v keCA,gECZ wecA’,ungﬂ,
h' € Zy, v e Zyu

X XV u(v M)Xk g(h g)Sk v’uag w8h’ wu -

Finally, by absorbing the § functions in the above equation and
noticing that 3 ,, = 3, we obtain

(A,B,u|S|A",B',v)

T (X,

LR PR 3y
- |G| dim,, dim,

keC*NZ,y,
geCl ncA
’ B’
h e Zig OCZg

which is precisely Eq. (69).

[1] X.-G. Wen, Phys. Rev. B 40, 7387 (1989).

[2] X.-G. Wen, F. Wilczek, and A. Zee, Phys. Rev. B 39, 11413
(1989).

[3] X.-G. Wen, Int. J. Mod. Phys. B 04, 239 (1990).

[4] X.-G. Wen and Q. Niu, Phys. Rev. B 41, 9377 (1990).

[5] A. Kitaev, Ann. Phys. (NY). 303, 2 (2003).

[6] M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110 (2005).

[71 A. Kitaev, Ann. Phys. (NY). 321, 2 (2006).
[8] X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Science 338,
1604 (2012).
[9] M. Levin and Z.-C. Gu, Phys. Rev. B 86, 115109 (2012).
[10] L.-Y. Hung and Y. Wan, Phys. Rev. B 86, 235132 (2012).
[11] Y. Hu, S. D. Stirling, and Y.-S. Wu, Phys. Rev. B 85, 075107
(2012).

045101-33


http://dx.doi.org/10.1103/PhysRevB.40.7387
http://dx.doi.org/10.1103/PhysRevB.40.7387
http://dx.doi.org/10.1103/PhysRevB.40.7387
http://dx.doi.org/10.1103/PhysRevB.40.7387
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1103/PhysRevB.41.9377
http://dx.doi.org/10.1103/PhysRevB.41.9377
http://dx.doi.org/10.1103/PhysRevB.41.9377
http://dx.doi.org/10.1103/PhysRevB.41.9377
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1103/PhysRevB.86.115109
http://dx.doi.org/10.1103/PhysRevB.86.115109
http://dx.doi.org/10.1103/PhysRevB.86.115109
http://dx.doi.org/10.1103/PhysRevB.86.115109
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.85.075107
http://dx.doi.org/10.1103/PhysRevB.85.075107
http://dx.doi.org/10.1103/PhysRevB.85.075107
http://dx.doi.org/10.1103/PhysRevB.85.075107

YIDUN WAN, JUVEN C. WANG, AND HUAN HE

[12] Y. Hu, Y. Wan, and Y.-S. Wu, Phys. Rev. B 87, 125114 (2013).

[13] A. Mesaros and Y. Ran, Phys. Rev. B 87, 155115 (2013).

[14] C.-H. Lin and M. Levin, Phys. Rev. B 89, 195130 (2014).

[15] L. Kong and X.-G. Wen, arXiv:1405.5858.

[16] V. Kalmeyer and R. B. Laughlin, Phys. Rev. Lett. 59, 2095
(1987).

[17] N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991).

[18] X.-G. Wen, Int. J. Mod. Phys. B 5, 1641 (1991).

[19] R. Moessner and S. L. Sondhi, Phys. Rev. Lett. 86, 1881 (2001).

[20] K. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45, 494
(1980).

[21] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett.
48, 1559 (1982).

[22] R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).

[23] R. Tao and Y.-S. Wu, Phys. Rev. B 30, 1097 (1984).

[24] G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).

[25] X.-G. Wen, Phys. Rev. Lett. 66, 802 (1991).

[26] R. Willett, J. P. Eisenstein, H. L. Stormer, D. C. Tsui,
A. C. Gossard, and J. H. English, Phys. Rev. Lett. 59, 1776
(1987).

[27] 1. P. Radu, J. B. Miller, C. M. Marcus, M.-A. Kastner, L. N.
Pfeiffer, and K. W. West, Science 320, 899 (2008).

[28] F. A. Bais, B. J. Schroers, and J. K. Slingerland, Phys. Rev. Lett.
89, 181601 (2002).

[29] E. Rowell, R. Stong, and Z. Wang, Commun. Math. Phys. 292,
343 (2009).

[30] M. de Wild Propitius, Ph.D. thesis, University of Amsterdam,
1995, arXiv:hep-th/9511195v1.

PHYSICAL REVIEW B 92, 045101 (2015)

[31] R. Dijkgraaf and E. Witten, Commun. Math. Phys. 129, 393
(1990).

[32] J. C. Wang and X.-G. Wen, Phys. Rev. B 91, 035134 (2015).

[33] K. Walker and Z. Wang, arXiv:1104.2632.

[34] C. W. von Keyserlingk, F. J. Burnell, and S. H. Simon,
Phys. Rev. B 87, 045107 (2013).

[35] C. Wang and M. Levin, Phys. Rev. Lett. 113, 080403 (2014).

[36] S.Jiang, A. Mesaros, and Y. Ran, Phys. Rev. X 4,031048 (2014).

[37] H. Moradi and X.-G. Wen, Phys. Rev. B 91, 075114 (2015).

[38] C.-M. Jian and X.-L. Qi, Phys. Rev. X 4, 041043 (2014).

[39] Z. Bi, Y.-Z. You, and C. Xu, Phys. Rev. B 90, 081110 (2014).

[40] U. Pachner, Arch. Math. 30, 89 (1978).

[41] U. Pachner, Ahb. Math. Sem. Univ. Hambg. 57, 69 (1987).

[42] C. Nayak, A. Stern, M. Freedman, and S. Das Sarma, Rev. Mod.
Phys. 80, 1083 (2008).

[43] V. 1. Arnold and B. A. Khesin, Topological Methods in
Hydrodynamics (Springer, New York, 1998).

[44] L.-Y. Hung and X.-G. Wen, arXiv:1211.2767.

[45] G. Horowitz, Commun. Math. Phys. 125, 417 (1989).

[46] H. Ooguri, Mod. Phys. Lett. A 07,2799 (1992).

[47] A. Kapustin, Phys. Rev. B 89, 125307 (2014).

[48] S. Gukov and A. Kapustin, arXiv:1307.4793.

[49] A. Kapustin and R. Thorngren, arXiv:1308.2926.

[50] A. Kapustin and N. Seiberg, J. High Energy Phys. 04 (2014)
001.

[51] L. Freidel and S. Speziale, Symmetry, Integr. Geom. Methods
Appl. 8,032 (2012).

[52] J. C. Wang, Z.-C. Gu, and X.-G. Wen, Phys. Rev. Lett. 114,
031601 (2015).

045101-34


http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.155115
http://dx.doi.org/10.1103/PhysRevB.87.155115
http://dx.doi.org/10.1103/PhysRevB.87.155115
http://dx.doi.org/10.1103/PhysRevB.87.155115
http://dx.doi.org/10.1103/PhysRevB.89.195130
http://dx.doi.org/10.1103/PhysRevB.89.195130
http://dx.doi.org/10.1103/PhysRevB.89.195130
http://dx.doi.org/10.1103/PhysRevB.89.195130
http://arxiv.org/abs/arXiv:1405.5858
http://dx.doi.org/10.1103/PhysRevLett.59.2095
http://dx.doi.org/10.1103/PhysRevLett.59.2095
http://dx.doi.org/10.1103/PhysRevLett.59.2095
http://dx.doi.org/10.1103/PhysRevLett.59.2095
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1142/S0217979291001541
http://dx.doi.org/10.1142/S0217979291001541
http://dx.doi.org/10.1142/S0217979291001541
http://dx.doi.org/10.1142/S0217979291001541
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.50.1395
http://dx.doi.org/10.1103/PhysRevLett.50.1395
http://dx.doi.org/10.1103/PhysRevLett.50.1395
http://dx.doi.org/10.1103/PhysRevLett.50.1395
http://dx.doi.org/10.1103/PhysRevB.30.1097
http://dx.doi.org/10.1103/PhysRevB.30.1097
http://dx.doi.org/10.1103/PhysRevB.30.1097
http://dx.doi.org/10.1103/PhysRevB.30.1097
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1126/science.1157560
http://dx.doi.org/10.1126/science.1157560
http://dx.doi.org/10.1126/science.1157560
http://dx.doi.org/10.1126/science.1157560
http://dx.doi.org/10.1103/PhysRevLett.89.181601
http://dx.doi.org/10.1103/PhysRevLett.89.181601
http://dx.doi.org/10.1103/PhysRevLett.89.181601
http://dx.doi.org/10.1103/PhysRevLett.89.181601
http://dx.doi.org/10.1007/s00220-009-0908-z
http://dx.doi.org/10.1007/s00220-009-0908-z
http://dx.doi.org/10.1007/s00220-009-0908-z
http://dx.doi.org/10.1007/s00220-009-0908-z
http://arxiv.org/abs/arXiv:hep-th/9511195v1
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1103/PhysRevB.91.035134
http://dx.doi.org/10.1103/PhysRevB.91.035134
http://dx.doi.org/10.1103/PhysRevB.91.035134
http://dx.doi.org/10.1103/PhysRevB.91.035134
http://arxiv.org/abs/arXiv:1104.2632
http://dx.doi.org/10.1103/PhysRevB.87.045107
http://dx.doi.org/10.1103/PhysRevB.87.045107
http://dx.doi.org/10.1103/PhysRevB.87.045107
http://dx.doi.org/10.1103/PhysRevB.87.045107
http://dx.doi.org/10.1103/PhysRevLett.113.080403
http://dx.doi.org/10.1103/PhysRevLett.113.080403
http://dx.doi.org/10.1103/PhysRevLett.113.080403
http://dx.doi.org/10.1103/PhysRevLett.113.080403
http://dx.doi.org/10.1103/PhysRevX.4.031048
http://dx.doi.org/10.1103/PhysRevX.4.031048
http://dx.doi.org/10.1103/PhysRevX.4.031048
http://dx.doi.org/10.1103/PhysRevX.4.031048
http://dx.doi.org/10.1103/PhysRevB.91.075114
http://dx.doi.org/10.1103/PhysRevB.91.075114
http://dx.doi.org/10.1103/PhysRevB.91.075114
http://dx.doi.org/10.1103/PhysRevB.91.075114
http://dx.doi.org/10.1103/PhysRevX.4.041043
http://dx.doi.org/10.1103/PhysRevX.4.041043
http://dx.doi.org/10.1103/PhysRevX.4.041043
http://dx.doi.org/10.1103/PhysRevX.4.041043
http://dx.doi.org/10.1103/PhysRevB.90.081110
http://dx.doi.org/10.1103/PhysRevB.90.081110
http://dx.doi.org/10.1103/PhysRevB.90.081110
http://dx.doi.org/10.1103/PhysRevB.90.081110
http://dx.doi.org/10.1007/BF01226024
http://dx.doi.org/10.1007/BF01226024
http://dx.doi.org/10.1007/BF01226024
http://dx.doi.org/10.1007/BF01226024
http://dx.doi.org/10.1007/BF02941601
http://dx.doi.org/10.1007/BF02941601
http://dx.doi.org/10.1007/BF02941601
http://dx.doi.org/10.1007/BF02941601
http://dx.doi.org/10.1103/RevModPhys.80.1083
http://dx.doi.org/10.1103/RevModPhys.80.1083
http://dx.doi.org/10.1103/RevModPhys.80.1083
http://dx.doi.org/10.1103/RevModPhys.80.1083
http://arxiv.org/abs/arXiv:1211.2767
http://dx.doi.org/10.1007/BF01218410
http://dx.doi.org/10.1007/BF01218410
http://dx.doi.org/10.1007/BF01218410
http://dx.doi.org/10.1007/BF01218410
http://dx.doi.org/10.1142/S0217732392004171
http://dx.doi.org/10.1142/S0217732392004171
http://dx.doi.org/10.1142/S0217732392004171
http://dx.doi.org/10.1142/S0217732392004171
http://dx.doi.org/10.1103/PhysRevB.89.125307
http://dx.doi.org/10.1103/PhysRevB.89.125307
http://dx.doi.org/10.1103/PhysRevB.89.125307
http://dx.doi.org/10.1103/PhysRevB.89.125307
http://arxiv.org/abs/arXiv:1307.4793
http://arxiv.org/abs/arXiv:1308.2926
http://dx.doi.org/10.1007/JHEP04(2014)001
http://dx.doi.org/10.1007/JHEP04(2014)001
http://dx.doi.org/10.1007/JHEP04(2014)001
http://dx.doi.org/10.1007/JHEP04(2014)001
http://dx.doi.org/10.3842/SIGMA.2012.032
http://dx.doi.org/10.3842/SIGMA.2012.032
http://dx.doi.org/10.3842/SIGMA.2012.032
http://dx.doi.org/10.3842/SIGMA.2012.032
http://dx.doi.org/10.1103/PhysRevLett.114.031601
http://dx.doi.org/10.1103/PhysRevLett.114.031601
http://dx.doi.org/10.1103/PhysRevLett.114.031601
http://dx.doi.org/10.1103/PhysRevLett.114.031601



