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We generalize the twisted quantum double model of topological orders in two dimensions to the case with
boundaries by systematically constructing the boundary Hamiltonians. Given the bulk Hamiltonian defined by a
gauge group G and a 3-cocycle in the third cohomology group of G over U(1), a boundary Hamiltonian can be
defined by a subgroup K of G and a 2-cochain in the second cochain group of K over U(1). The consistency
between the bulk and boundary Hamiltonians is dictated by what we call the Frobenius condition that constrains
the 2-cochain given the 3-cocyle. We offer a closed-form formula computing the ground-state degeneracy of the
model on a cylinder in terms of the input data only, which can be naturally generalized to surfaces with more
boundaries. We also explicitly write down the ground-state wave function of the model on a disk also in terms of

the input data only.
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I. INTRODUCTION

Two-dimensional phases of matter with intrinsic topolog-
ical orders [1-15] have received significant and fast growing
attention because of their potential applications in supercon-
ductivity [16-18], quantum memory [19], and topological
quantum computation [5,20-22]. Promising candidates of
two-dimensional topological orders are, for example, chiral
spin liquids [2,23], Z, spin liquids [24-26], Abelian quantum
Hall states [27-29], and non-Abelian fractional quantum Hall
states [30-34].

Guided by symmetry considerations, a large class of two-
dimensional topological orders can be described and classified
by the twisted quantum double (TQD) model [12,13,35],
which are a Hamiltonian extension of the three-dimensional
Dijkgraaf-Witten topological gauge theory [36] with finite
gauge groups G and 3-cocyles « in the cohomology group
H3[G,U(1)]. In a topological order described by the TQD
model on a closed surface with a finite gauge group G, anyon
excitations carry representations of an emergent, generalized
hidden symmetry specified by a quantum group, namely, the
TQD DI[G]. The simplest example is the Kitaev model [7].
Later, the TQD model has also been generalized to three
dimensions [37].

Realistic materials that may realize topological orders
mostly, however, have boundaries and thus urge the study
of the TQD model on open surfaces. The untwisted version,
namely, the Kitaev model with boundaries, has been studied
in in Refs. [38—40]. The Hamiltonians constructed in Ref. [38]
would turn out to be a special case of our boundary Hamilto-
nian when the bulk 3-cocylce is set trivial. References [39,40]
focus on how to braid the boundary defects in the untwisted
case, whereas our work focuses on boundaries in the twisted
case without boundary defects. Two of us also systematically
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constructed the boundary Hamiltonians [41] of the Levin-Wen
model, which is dual to the construction in this paper in the
case with finite groups without cocycle twists. Kitaev and Kong
also has a formulation of the gapped boundaries of topological
orders in the language of categories [42], whose relation to the
construction in Ref. [41] is discussed in a parallel paper [43],
also by two of us. Fuchs et al. provides a geometric approach
to boundaries in Dijkgraaf-Witten theories [44]. The full TQD
model has been studied mostly on closed manifolds, e.g., a
torus. Very recently during the preparation of this paper, Wang
et al. studied the gapped interfaces of symmetric topological
orders based on the TQD model [45].

Focusing on two dimensions, when there are boundaries,
the Hamiltonian of the model would have to contain boundary
terms as well. Boundary terms in turn affect the spectrum
of the model in two aspects. First, a key feature of any
topological order—its topologically protected ground-state
degeneracy (GSD)—may be modified due to its boundary
conditions. Second, different boundary conditions correspond
to different sets of anyons condensing at the boundaries.
Computing the GSD of a topological order on an open surface
and identifying the anyon condensation responsible for a
gapped boundary had been an open problem of topological
orders in two dimensions for about two decades until only
recently when they were solved for Abelian topological orders
[46] and for general, non-Abelian topological orders [47,48].
Nevertheless, the solutions in Refs. [47,48] rely on prior
knowledge of the modular data of the topological orders being
studied and are purely algebraic rather than being based on a
certain microscopic Hamiltonian model of topological orders
with boundaries. It is then interesting but also challenging
to see if one can systematically construct a microscopic
Hamiltonian model of topological orders on open surfaces.
From solely the input microscopic degrees of freedom of this
model, the properties of any topological order with boundaries
describable by the model, such as the GSDs, ground-state wave
functions, modular data, and so on, can be derived as the output
data of the model. We tackle the challenge in this paper.
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In our work, we generalize the two-dimensional TQD
model to the case with boundaries. It is worth noting that
when there are no 3-cocyle twists, the TQD model reduces
to the usual Kitaev quantum double (KQD) model, whose
boundary terms have been studied by Shor and co-workers
[38]. In Ref. [38] the boundary conditions are classified
by the subgroups of the gauge group G that defines the
KQD model. Each subgroup K € G specifies a boundary
anyon condensation. The subgroup K = {1} with 15 G’s
identity specifies charge condensation, also known as the rough
boundary condition; K = G specifies the flux condensation,
also known as the smooth boundary condition; and a K C G
specifies certain dyon condensation. In the TQD model,
however, the defining data consists of both a gauge group G and
a 3-cocycle o € H3[G,U(1)], such that the model describes
more topological orders and more exotic anyon spectra than
the KQD model does; hence, specifying a subgroup K € G
would not be sufficient for fully characterizing the possible
boundary conditions of a topological order described by the
model. It is natural and reasonable to speculate that we also
need to specify a 2-cochain B € C2[K,U(1)] along with a
choice of K because the boundaries are one dimensional.

Our strategy is as follows. First, we restrict the boundary
degrees of freedom in the TQD model with boundaries to
take values in K C G. Second, we add to the original TQD
Hamiltonian certain boundary terms depending on K and a
2-cochain g € C 2[K,U(1)], such that the boundary terms do
not affect the exact-solvability of the model. Third, we then
study the properties of the model on open surfaces. Our main
results are as follows.

We extend a TQD bulk Hamiltonian by a local boundary
Hamiltonian, where the boundary degrees of freedom are
in a subgroup (not necessarily a proper one) of the gauge
group in the bulk, and the local operators in the boundary
Hamiltonian are constructed in terms of 2-cochains of the
boundary subgroup. The boundary local Hamiltonian needs to
be compatible with the bulk Hamiltonian, such that the ground
states are invariant under topology-preserving mutation of
triangulation both in the bulk and on the boundary. We find
that the compatibility condition forms a Frobenius algebra
structure on the input 2-cochain. This agrees with the result
in Ref. [41] for the Levin-Wen model with boundaries, which
constructs the boundary Hamiltonian in terms of Frobenius
algebra from a unitary fusion category.

Base on our boundary Hamiltonian, we write down a
formula of the ground-state wave function of our model on
a disk in terms of the input 2-cochain only. We also derive a
closed-form formula for the GSD on a cylinder in terms of the
input data only. We show a couple of examples.

II. BRIEF REVIEW OF THE TQD MODEL

In this section, we briefly review the TQD model on closed
surfaces. The TQD model is defined by an infrared fixed-point
Hamiltonian H ., with G a finite groupand a € H3[G,U(1)],
on alattice I that is a triangulation of a closed two-dimensional
(2D) Riemannian surface (Fig. 1). Each edge ab between two
vertices a and b in I' is graced with a group element [ab] €
G, such that the Hilbert space of the model consists of all
possible configurations of the group elements on the edges of
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FIG. 1. A portion of a graph that represents the basis vectors in
the Hilbert space. Each edge carries an arrow and is assigned a group
element denoted by [ab] with a < b.

I'. Namely,
Hr.c = {lij]l € Gli,j € V(I)}, (D

where V(I') is the set of vertices of I'. The states are
orthogonal in an obvious way. The group elements on the
edges can be considered as the discretized gauge field of
the underlying Dijkgraaf-Witten topological gauge theory.
The graph is oriented with an arbitrary choice of the order
of the vertices [49], such that each edge is arrowed from its
larger vertex to the smaller and that [ab] = [ba]~!, where the
exponent —1 denotes the inverse of a group element. Such an
ordering of the vertices is called an enumeration [11], which
does not affect the physics as long as the relative order of
the vertices remains unchanged when the graph mutates, i.e.,
expands or shrinks. The graph I mutates via the Pachner moves
[50,51] of 2D triangulations, seen in Eq. (2).

o <P o >
f’AHA @
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Certainly the mutation of I turns I" into a different graph I"” and
hence alters the total Hilbert space of the model. Butitis shown
in Ref. [11] that the topological properties of the topological
order described by the model Hg , remains unchanged because
a mutation cannot change the topology of the surface.

For simplicity, we neglect drawing the group elements on
the edges but keep only the vertex labels. We may also often
refer to ab as an edge or the group element on that edge
to avoid clutter. On any part of I' that resembles Fig. 2(a),
one can define a normalized 3-cocycle a(viva,vv3,V304) €
H3[G,U(1)]. The three variables in the « from left to right are
the three group elements, v, v,, v,v3, and v3vy, which are along
the path from the least vertex v; to the greatest vertex vy passing
v, and v3 in order. Necessary rudiments of such mathematical
objects are reviewed in the Appendix. Here one should keep
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FIG. 2. Given the enumeration v; < v, < v3 < vy, (a) is the
defining graph of the 3—cocycle a([v;vz],[v2v3],[v3v4]), and (b) for
a([viva],[vavs], [vsva]) "

in mind that an « is an equivalence class [«] of U(1)-valued
functions on G® = G x G x G. A normalized « is a particular
representative of [«] that satisfies the normalization condition

a(l,g.h) = a(g,1.h) = a(g,h,1) =1 (3)
and the 3-cocyle condition
(g1.82.83)0(g0 - 81.82.83) "

x a(80,8182,83)2(80,81,8283) ' (g0,81,82) =1 (4)

forall g; € G.

It is shown in Ref. [11] that each [«] defines a topological
order and the choice of the normalized « as the representative is
merely a convenience that does not affect the physics. A graph
like Fig. 2(a) has a natural signature and hence the associated
3-cocyle has a chirality determined as follows. One first reads
off a list of the three vertices counterclockwise from any of
the three triangles of the defining graph of the 3—cocycle,
e.g., (v2,v3,v4) from Fig. 2(a) and (v3,v;,v4) from Fig. 2(b).
One then appends the remaining vertex to the beginning of
the list, e.g., (v1,v2,v3,v4) from Fig. 2(a) and (vy,v3,v2,v4)
from Fig. 2(b). If the list can be turned into ascending order
by even permutations, such as (vy,v;,v3,v4) from Fig. 2(a),
one has an « but an o~! otherwise, as by (vy,v3,v2,v4) from
Fig. 2(b). In an alternative point of view, if one lifts the vertex
vy in Fig. 2(a) above the paper plane, the three triangles turn
out to be on the surface of a tetrahedron. In this sense, one
can think of the 3—cocycle as associated with a tetrahedron as
well, and the signature of the graph is the very orientation of
the corresponding tetrahedron. This is a useful picture when
we evolve the graph I by the Hamiltonian.

The « that defines the model Hg , comprises the matrix
elements of the Hamiltonian that reads

Hoo=—) Ay—Y By ()
v f

where B/ is the face operator defined at each triangular face
f,and A, is the vertex operator defined on each vertex v. The
operator By acts on a basis state vector as

U3 U3

A Y] A

(6)

The discrete delta function &y, v,jwvsl[vse,] 1S UnNity if
[viva][vavs][vsvr] = 1, where 1 is the identity element in
G, and O otherwise. Note again that here, the ordering

By
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of vy, vp, and vz does not matter because of the iden-
tities 5[U102][UZU3][U3U1] = 8[U301][U1U2][U203] and 8[v1v2][v2v3][v3v1] =
S{tvrvallvavslvsui 1 = Sfusvi 1 avsl - ival ™ = Spivslivsvalivavy]- In
other words, in any state on which By = 1 on a triangular face
f, the three group degrees of freedom around v is related by a
chain rule:

[vivs] = [viva][vavs] @)

for any enumeration v;,v;,v3 of the three vertices of the face f.
The chain rule (7) is physically known as the flatness condition
in the sense that the gauge connection along the edges of a
triangular face is flat. The operator A, acting on a vertex v is
an average

1
A= A%, ®)

[vv']=geCG

over the operators Aj specified by a group element g € G
acting on the same vertex. The action of Aj replaces v by a
new enumeration v’ that is less than v but greater than all the
vertices that are less than v in the original set of enumerations
before the action, such that v'v = g. In a dynamical language,
v’ is understood as on the next “time” slice, and there is an edge
[v'v] € Ginthe (2 4 1)-dimensional “space-time” picture. We
illustrate such an action in the example below.

N

g
AY

/ / / /
= 6’(11’5'1)3,5]04 (’Ul’UQ, V2Vg, ’U3’l}3) « (’U2’U3, V33, ’U3’U4)
vy

1o -1
X a (v1v3, V5U3, V304)

©)

where on the right-hand side, the new enumerations are in
the order v; < vy < v} < v3 < vy, together with the following
flatness conditions:

[viv3] = [viv3][vsvs],

[v2v5] = [Vav3][v3V5], (10)

[viv4] = [V3v3][v304].

The basis vector on the left-hand side of (9) is specified
by six group elements, [vivs], [vavs], [vsva], [Viv4], [V2v1],
and [v,v4].The phase factor consisting of three 3-cocycles on
the right-hand side of Eq. (9) encodes the nonvanishing matrix

elements of BZ,J;, namely,

( g )[UIUS][UZUS][USW]

, V1V2,0203,V1V
U3 lv|v3llvzvgllv§v4l( 102,V203,V103)

= a(v)v2, V205, V503)00(V2 V5, V503, V304)

A -1
x a(viv3,V303,0304) .

)

The 3-cocycles appearing on the right-hand side of Eq. (9) can
be easily understood from Fig. 3. This figure illustrates the
time evolution of the graph before being acted on by Aj, to
that after the action.
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FIG. 3. The topology of the action of A$,.

The vertex operator in Eq. (9) can naturally extend its
definition from a trivalent vertex to a vertex of any valence. The
number of 3-cocyles in the phase factor brought by the action
of AS on a vertex is equal to the valence of the vertex. It is
clear that Aﬁzl = [ by the normalization of «. It is shown
that all By and A, are projection operators and commute
with each other, which renders the Hamiltonian (5) exactly
solvable. The ground states and all elementary excitations
are thus common eigenvectors of these projectors; they carry
representations of the TQD D“[G]. On a torus, there is a
one-to-one correspondence between the ground-state basis
states and the types of anyon excitations. More precisely, on
a torus, a ground-state basis state or its corresponding anyon
excitation can be labeled by |A,u), where A is a conjugacy
class of G and p an irreducible representation of the centralizer
of Ain G. This representation u is of a special type, called 8,44
regular. This 8,4 is a twisted 2-cocycle derived from « via the
slant product (A2) introduced in the Appendix. Interestingly,
the topological orders described by the TQD model are not
classified by the 3-cocycles a € H*[G,U(1)] given G but
instead classified by the twisted 2-cocycle B,4 derived from o
[11]. On a torus, the GSD of the model Hg 4 is

GSD = Z#(ﬂgA representations of M, (12)
A

where the sum runs over all conjugacy classes of G and Z4 C
G is the centralizer of the conjugacy class A.

It is clear that the TQD model H - reduces to the usual
KQD model, where the action of the vertex operators AS
implements gauge transformations on the group elements on
the edges incident at the vertex v.

III. TQD MODEL WITH BOUNDARIES

We now extend the TQD model reviewed in the previous
section to one that works on open surfaces. To this end, we need
to add boundary terms to the Hamiltonian (5), preserving the
exact solvability of the model. In Ref. [38], for the KQD model
on an open square lattice, the boundary operators descend
directly from the bulk operators with, however, restricting
the boundary gauge fields to take value in a subgroup K C
G; different subgroups K characterize different boundary
conditions, or equivalently speaking, different boundary anyon
condensation. Inspired by this construction, for the TQD
model, we can likewise construct the boundary operators.

PHYSICAL REVIEW B 96, 165138 (2017)

FIG. 4. A torus with multiple holes. Only the lattices near the
boundaries are shown explicitly.

Moreover, the compatibility between the bulk and boundary
whose degrees of freedom are restricted to a subgroup K € G
of the TQD model still leaves room for another tweak. Namely,
we can associate a 2-cochain 8 € C?[K,U(1)] to the action of
a boundary vertex operator. Later, we will show that given a
K C G, all possible boundary conditions, each specified by
a f, are in one-to-one correspondence with the 2-cocycles
in H?*[K,U(1)], which generalizes the consideration of a
boundary 2-cocycle in H 2[K,U(1)] in Ref. [38] for the KQD
model.

Let us first write down the general Hamiltonian of the
TQD model with multiple disjoint boundaries, followed by
explanation.

M

Hil =Heo =Y | D A% BF ). (13)

i=1 UEZ’,‘F féa,'r

where Hg , is the bulk Hamiltonian (5), and the rest are the
boundary terms. In this general form, we assume the lattice
system I" has M boundaries, 9,I",0,T", ... ,d) T, as sketched in
Fig. 4. Each boundary certainly not necessarily bounds a hole
but can be infinitely long, such as a side of an infinite strip.
On the ith boundary, the degrees of freedom are restricted to
the subgroup K; € G. A boundary vertex v sits right on the
boundary, whereas a boundary triangular face f contains one
and only one edge on the boundary and two virtual edges, as
in Fig. 5. We now explain the boundary operators individually.
Boundary plaquette operators simply project the boundary

Ab"’”"
-——— M = = = boundary

1w f 2

FIG. 5. A boundary face f is made of a boundary edge, say, [12]
and two virtual edges, the two dotted lines below the boundary. Only
a segment of the boundary is shown.
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degrees of freedom to a subgroup K C G:

BE=Y 8

kekK
k A
Bjf|--- -1"‘___ 2
(14)
= 012k ____A____

1 2

The B,’f operator defined above thus clearly satis-
fies BYBY = BY and is a projector. The commutativity
[B 1’,( B I’f,] = (is also obvious. Hereafter, we shall not draw any
virtual boundary face. A boundary segment is always placed
horizontally unless stated otherwise, such that the bulk is above
the boundary.

The boundary vertex operator acts on the vertices right
on a boundary, defined in the example below without loss of
generality.

1
K k
= — YAk,
v |H| v
keK
(15)
0 0
. b bulk
A 4fi2?EXMk = A(01,12,13,k) zfiZ?Eiu ’
T 1 37 R

where in the second line, the vertex 1 is chosen for illustration
of the action, and 1’1 := k by definition. Here we only depict
two bulk plaquettes because the rest of the plaquettes are
irrelevant to the action of A’l‘ . The action of A’{ replaces the
boundary vertex 1 by a new boundary vertex 1’ with 1’ < 1
(this notation is explained in Sec. IT) together with an amplitude
A(01,12,13,k), a U(1) function of the group elements 01 € G,
and 12,13,k =1'l € K.

_ a(01,1'1,12)8(1'1,12)
- T a1, 1'1,13)B(1'1,13)°

A01,12,13,k) = _ 2

(16)

Similar to the action of a bulk vertex operator described
in the previous section, the action of an edge vertex operator,
such as the A’]‘ in Eq. (15), evolves the original spatial lattice
to a new spatial lattice. Such an evolution creates a space-
time 3-complex, e.g., the one in Eq. (16), which encodes the
amplitude of the action. Let us explain the amplitude (16).
The two 3-cocycles «(01/,1'1,12) and «(01’,1'1,13)~! are,
respectively, associated with the tetrahedra 01’12 and 01’13
in the 3-complex in Eq. (16). As in the case with bulk vertex
operators, the newly created three triangles along the time
direction due to the action of A’l‘, namely, 01’1, 1’12, and 1’13,
shaded in Eq. (16), must be flat as well, leading to the following
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chain rules of group elements:
01-11=01, 1'1-12=172, 1'1-13=13. (17

This is why the amplitude (16) .A(01,12,13,k) depends only on
the original group elements 01,12,13, and the group element
k = 1'l. A boundary vertex operator differs from a bulk vertex
operator by the boundary 2-cochains in its amplitudes, which
we now elaborate on.

Staring at the figure in the amplitude (16), one sees two
boundary triangles, 1’12 and 1’13, extending along the time
direction due to the action of A’f. This enables the freedom
of associating a U(1) factor with each of the two boundary
temporal triangles that contributes to the amplitude of AX. Such
a U(1) factor depends only on the group elements of K € G
on the sides of the corresponding temporal triangle. Since any
boundary temporal triangle must satisfy the flatness condition,
as it is created by a boundary vertex operator, it inhabits only
two independent group elements of K. Without any further
constraints, hence, such a U(1) factor is a 2-cochain 8 €
C?[K,U(1)]. Such a 2-cochain also depends on the orientation
of the boundary temporal triangle. The canonical orientation
of a triangle on the boundary of a tetrahedron is defined in
this way: One grabs using one hand such a triangle along the
ascending direction of the vertex labels of the triangle, while
keeping the thumb pointing outside of the tetrahedron; if this
can only be achieved by one’s right (left) hand, the triangle has
a positive (negative) orientation. For example, the boundary
temporal triangle 1’12 has positive orientation, whereas 1’13
has negative orientation; hence, respectively, they contribute
to the amplitude (16) 2-cochains B(1'1,12) and B(1'1,13)~".

One may wonder why the amplitude of a bulk vertex
operator, say Eq. (9) for example, does not contain any 2-
cochains associated with the relevant bulk temporal triangles.
The reason is, each bulk temporal triangle belongs to two
neighboring tetrahedra and would thus contribute a 2-cochain
twice to the amplitude but with opposite signs, hence canceling
each other. As such, it is only at a boundary that the freedom
of choosing a 2-cochain takes effect.

Having introduced the the action of the boundary operators
in the new Hamiltonian (13), it is straightforward to check
whether these operators are still commuting projectors and
their commutativity with the bulk operators. We show in below
the commutativity between any two boundary vertex operators
because this will lead to the Frobenius condition, which is of
paramount importance in this work.

Consider two boundary vertex operators AX and Aﬁ;. Ifv
and v are not directly connected by a boundary edge, then
obviously [A';,A{j/,] = 0. Otherwise, let us concretely compute
the scenario in Fig. 6.

We can extract from the space-time 3-complexes in Fig. 6
the following two amplitudes, respectively, of A%AX and
AX A

ASAY

a(01/,1'1,12) B(1'1,12)
X .
a(01,1'1,13)a(01/,1'2/,2/2) B(1'1,13)B(12/,2'2)
(18)
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FIG. 6. The amplitudes of AéA’{’ (first row) and A’f’A’z‘ (second
row). Note that 1’1l = k" and 2’2 = k. Shaded triangles are flat.

«(01,1'1,12)
X 2(01,12,22)a(01,1'1,13)
B(1'1,12))
* B12.22)p(0'1,13)°

(19
The task now is to demonstrate that the two amplitudes above
are equal. It suffices to show that

@(01',1'1,12)(1'1,12)  a(01',1'1,12)B(1'1,12))
a(01,1'2/,22)(1'2,22) — «(01,12/,272)8(12/,2'2) "

(20)
Using the 3-cocycle condition
a(1'1,12,2"2)a(01',1'2,2'2) (01',1'1,12") _q
a(01,12,272)(01/,1'1,12) ’
Eq. (20) boils down to the following condition:
a(1'1,12/,2'2) AU2,2DBWL1D) 1. 2n

BT, 12)8(12/,2'2)

In other words, if we demand that [Ak,A’f;] = 0, the above
condition must be hold. If not, the Hamiltonian (13) ceases
being exactly solvable. Since our purpose is to construct
an exactly solvable Hamiltonian with boundaries, we would
not consider the possibility of violating the above condition.
Condition (21) is mathematically known as the Frobenius
condition, which can also be presented graphically as

2 1

=1. (22)

2/ 1

In the equation above, the group elements on the edges all
lie in the subgroup K C G, and each triangle is flat. The
tetrahedron 1’122 in Eq. (22) corresponds to the 3-cocycle
a(1'1,12,2’2) in Eq. (21). The four flat boundary temporal
triangles 1'12/, 1’12, 1’2’2, and 12'2 correspond, respectively,
to the four 2-cochains in Eq. (21).
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Here is the essence of the Frobenius condition. The 3-
cocycle o € H3[G,U(1)] that defines the model must become
cohomologically trivial, i.e., a|x ~ 1, when all its three
arguments are restricted to the subgroup K € G because it
is equal to a coboundary made of the 2-cochains g in Eq. (21).
This strongly constrains what boundary conditions are feasible
in the TQD model with certain gauge group G. More precisely
speaking, the Frobenius condition restricts what subgroups of
G can live on a boundary of the model.

For better understanding of this point, let us consider the
simplest example, D*[Z,], the TQD of G = Z,. Because
H3[Z(2),U(1)] = Z,, there are only two such models. One is
the Z,-toric code defined by o = 1. The other is the doubled
semion model defined by w(g1,82,83) = —1if g1,82,83 # 1,
otherwise a = 1. Therefore, for the Z,-toric code, the only
two subgroups of Z,, namely, the trivial group {1} or the
entire Z,, can be legal boundary conditions, as o« = 1. That
is, the Z,-toric code has two possible boundary conditions.
Nevertheless, for the doubled semion model, in order to satisfy
the Frobenius condition, only K = {1} is allowed to exist in a
boundary. That is, the doubled semion has a unique boundary
condition. We will return to this example again later in the
paper.

Having shown that the boundary vertex operators commute
with each other, we also need to show that they are projectors,
namely, AX AX = AX Vv € 9T". For this to hold, it suffices to
show that AX’A¥ = AX*_This can be done using the 3-cocyle
condition (4) and the Frobenius condition (21).

As such, the Hamiltonian (13) is again exactly solvable
and composed of projectors. We can then place the model on
surfaces with boundaries to study its physical properties, as we
are going to do shortly. Before that, let us prove the following
theorem, as promised earlier.

Theorem 1. Given a K C G, the 2-cochain solutions 8 €
C?[K,U(1)] to the Frobenius condition (21) are in one-to-one
correspondence with the 2-cocycle in H2[K,U(1)].

Proof. Among all possible solutions 8 to Eq. (21), let
us take an arbitrary one and call it 8. Let H*[K,U(1)] =
{B1.B, ....B,), where B; and ,3j are in equivalent 2-
cocycles. Because df; =1, Vi and d(BB;) = dBdp;, for
any fo, the H ’[K , U] yields a set of solutions
{Bo,BoB1,BoPz2, - .-, BoBn} to Eq. (21).

Conversely, considering any other solution §,, to Eq. (21),
we have adf,, = adpfy = 1. Hence,

dBn = dpo = d(BuBy") =1 = Bu = BoBm.

where Bm e H’[K,U] is a 2-cocycle. The one-to-one cor-
respondence is thus established. And it does not mat-
ter which solution By we choose to generate the set

of solutions {Bo,Bof1,BoBa, .- BB} = {Bili =0, ....n =
|[H*[K,U(1)]| — 1}. For future convenience, we denote this
set of 2-cochains that specify all possible boundary conditions
for a given K € G by Ag. |

Now the question is whether two pairs («,8) and (¢/,8),
where a,a’ € H3[G,U(1)] and 8,8’ € Ak, define the same
TQD model with a boundary. It turns out that this question
is very interesting and involved, and thus deserves a separate

study. The answer to this question is reported elsewhere [52].
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2 9 4
k1 k2
1 g 3

FIG. 7. Lattice triangulation of a cylinder. The arrows indicate
the identified edges. The group elements are g € G, k; € K; C G,
and kz e K, CG.

IV. GSD ON A CYLINDER

We first consider the first nontrivial case, namely, a sphere
with two holes, which is homeomorphic to a cylinder. We
shall place our model on the cylinder (Fig. 7) and assume the
two ends of the cylinder may, respectively, possess boundary
conditions specified by subgroups K; and K, of the gauge
group G. The two subgroups K; and K, may or may not be
the same.

Since now we are interested in ground states only, we
can assume flatness on the two triangles in Fig. 7. That is,
we are working in the subspace H2/=! of the total Hilbert
space. Hence, the group element on the diagonal edge 14 in
Fig. 7 is determined by the group elements on the horizontal
and vertical edges in the figure. Note, however, that we have
both 14 = kg and 14 = gk;; hence, k| = gk»g,i.e., k; and k;
despite being in possibly different subgroups of G still belong
to the same conjugacy class of G in the ground-state space.

In the subspace HZ/=!, also because the vertices in
Fig. 7 are all boundary vertices, the ground-state projector
reduces to

0 1

P MyeorAy = ————
ST KKy

eyl =

Z Al Z Ay,

xekK; yEKz

(23)

where, in fact, vertices 1 and 2 are identified, and vertices 3
and 4 are identified. Note that when acting the above operator
on the cylinder, one still needs to act A* on vertices 1 and 2
individually, as if 1 and 2 are different vertices; however, the
identification of 1 and 2 will be automatically accounted for
by the periodic boundary condition and that there is only one
normalization factor 1/|K;|. The same procedure applies to
AY on vertices 3 and 4. The GSD of our model on the cylinder
in Fig. 7 thus can be obtained by

GSDyy = Trys,-1 PY,

2 9 4 2 9 4
_ 3 . 0 ‘.
= E Ok gkag{ * k2 Pcyl b k2
k1€Ky, 1 9 3 1 9 3
koEKo,
geG
(24)

To obtain a concrete answer, we first check how the

projector PCOyl acts on the cylinder. The order of acting the

vertex operators comprising PCOyl is irrelevant because they
commute. To simplify the calculation, however, we choose
to act on the vertices in descending order. The entire action
creates a space-time 3-complex shown in Fig. 8, from which

PHYSICAL REVIEW B 96, 165138 (2017)

%1 7 4
kq & =
ke |y
1 L9 3 :
o o>y ¢ 4
YL
g 4

FIG. 8. The space-time 3-complex created by acting PCOyl on the

cylinder in Fig. 7. The top and bottom layers are, respectively, the
original and the new lattices of the cylinder before and after the action.
Time direction is downward. All the triangles are flat.

we can extract the amplitude of Pc(;l as follows.

1
0 _ 18! 117! AT
Poul12.13,34) = s > >33

xeK; yek,
(13,34, 44)8(34',4'4)
x a(12,24',44)a(13/,3'3,34")8(3'3,34")
a(12,2'2,24)a(1'1,13/,3/4)8(1'1,12')
x a(1'1,12,24)8(12/,2/2) ’
(25)

where take a simpler notation for the state on the cylinder,
namely, |12,13,34) and |1'2',1'3’,3'4’) for the initial and final
states,and 1'l =22 =x € K|,33=44=y e K.

Using the flatness condition on all the triangles in Fig. 8, in
terms of the group elements explicitly, Eq. (25) becomes

PO, lk1.g.ka) = m ZK XKj |xki %, X85, yk29)
YEK] yEK2
o a(g,kay,y)Bk2y,y)
ok, gy, y)e(gy.y,k2y)B(y,k2y)
5 a(kix,x,gy)a(x,gy,ykay)B(x,k1X)
o(x,ki1x,xgy)p(kix,x)

(26)
The GSD on the cylinder can then be obtained as

GSDeyi = D D Suehg ki g.kal Py lk1g.k)

ki € K; g€G
szKz

_ Z Z5k|,gkz§5k|x,xkl‘Skzy,ykz‘sxg,gy
IK1 K|

x,ki € K| 8€G
y,kz € K,

» o(g.k2y,y)B(k2y,y)
alki, gy, y)a(gy,y.kay)B(y,k2y)
y Ol(kl)?,X,gy)“(X,g)_’aykz)_’)ﬁ(xaklf).
o(x,kix,xgy)pkix,x)

27

The above expression can be massaged into a more compact
and topologically meaningful form by the following proce-
dure. First, using the & functions above and the relations
X =gyg, xgy =g hi = gkg™', and x = gyg~" implied by
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the flatness conditions, GSD,; becomes

‘Sk] »gk2g8k1X7Xkl 8k2y>)’k2 5xg,gy
GSDoi= D 2, K1 [1Ko|

x,k; € K| 8€G
v.k2 € K>

y a(g.koy,y)Bk2y,y)
ok, gy, y)e(gy,y.kay)B(y,k2y)
y a(gkzig,gyé,gﬁ)a(gyg,gikz)ﬂ(gkzig,gyg)'
o(8y8.8k258.8)B(8yg.8k278)

Applying the 3-cocyle condition

a(8k2Y8.8Y8.87)(8Y8.8k28.85)0(8y8. 8k278,8Y8) _
a(gk28.88.8V)(8y8.8k278.8)

1

and the Frobenius condition

1 B(8y8.8k2y8)B(gk28.8Y8) 1

a(gyg.gkoyg.gyg)~ —— = — =
B(gk278,8v8)B(gy&.8k28)

we obtain
GSD = E E :Squgkzé‘sklxvxkl‘Skzy,ykz‘sxg,gy
v Ki||K
b ek a0 |K1]| K]
v.ky € Ky

y a(g,koy,y)Bk2y.y)
ok, gy, y)e(gy.y,kay)B(y,k2y)
" a(gkzg',gyg,gi)a(gyg,gy,kz)ﬁ(gyg,gkzg)‘
a(gyg.gkag,89)B(gk22.8y8)

Again, by the 3-cocycle condition

a(gy,y,k)a(g,ky,y) _
a(gy’kzy)a(gy’yﬂka)a(ykay’y)

and the Frobenius condition

Pkay. 1)B(Y.K2) _

a(y,k2y,y) - =
B(y.k2¥)B(k2,y)
we have
8kl~gk2g8klxxx]<l81(2%."](28)58"8')’
GSDor= 2, 2 K, [[Ko|
x,k € K, g€G
y,kz € K2

a(gy,ka,y)B(ka,y)
a(gk28,85,y)(gy,y.k2)B(y,k2)
" a(gkzg,gyg,gﬁ)a(gyg,gy,kz)ﬂ(gyg,gkzg).
(gy8.8k22,8)B(gk28,8y2)

Now in the expression above, we can apply the definition of
twisted 2-cocycles to the two groups of 3-cocycles, namely,

a(gy,ka,y) _
a(gkrg,gy,y)a(gy,y k)

ﬂgkzg(gy»y)71

and

a(gkr8,8y8.85)x(gyg.8y.k2)
a(gyg,gkog.8%)

= Bok,3(8Y8.87)-

PHYSICAL REVIEW B 96, 165138 (2017)

FIG. 9. Triangulation of the cube obtained from that in Fig. 8 by
the topological moves associated with the 3-cocycle and Frobenius
conditions used to obtain Eq. (28).

Finally, we obtain

1) 30k  x.xki Okoy. vi» Ox
GSDcyl _ Z Z ki,gk2g Ok x,xk Okay,yk2Oxg, gy

e | K] K2
v,k2 € Ky
B(gy8.8k28)Ber,5(8v8.85) Bk2,y)
B(gk28,8y8) Bor:z(€¥,Y)B(y.k2)

(28)

The 3-cocycles and Frobenius conditions applied in the
procedure above to obtain Eq. (28) are in fact topological
moves that turn the triangulation in Fig. 8 into the following
triangulation in Fig. 9 (see also Fig. 10).

V. GROUND STATES ON A DISK

Here, we present an explicit formula of the ground-state
wave function on a disk.

Since we are interested in boundary theories only, we
assume no quasiparticles exist in the bulk. Any triangulation
of a disk can be reduced to a pie-disk using Pachner moves in
the bulk, such that there is only one vertex left in the bulk (see
Fig. 11).

Boundary theories can be studied on the reduced triangu-
lation with N boundary vertices (and N triangles in the bulk).
We denote the basis of the Hilbert space by

-»an)} (29)

with a, = [On] in Fig. 11. The boundary edges are determined
by these a,,.

{|a11a21 ..

1/ 3/
gy
B(9vg,9k28)Bgr,5(9v7,97)

Blgkag,9vyg)

Al
Bgkoegl99,u)Bly k2)

FIG. 10. Splitting the cube in Fig. 9 along the plane 123’4’
into two halves. Each half is associated with a combination of
two 2-cochains and one twisted 2-cocycle, presented below the
corresponding figure.
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FIG. 11. Any triangulation of a disk (left) can be reduced to a
pie-disk using the Pachner moves in the bulk.

The ground state is expressed by

®({a,})) =a(kara ay)” Blar,ar ay) ™
N—1
X l—[ a(k,a,,,a;la,H_l),B(kan,aljla,1+l)71. 30)

n=1

Particularly, if G = K and « is trivial, the ground state is

N-—1
o({a,) = flar.ar'ay)” [ Blanay'an).  GD)

n=1

To verify that |®) is a ground state, we check that |P)
is A, = 1 eigenstate for all v. The action of A* in the local

basis is
ai a as >

v

Ak

V|- -

alay,ay tagk™ k) B(ay tazk™ 1 k)

alask=1 k, (12_1@3)/3(/@‘, (12_1@3)

v

(32)

As an example, acting Aﬁ on Eq. (31) in the local basis yields

)

v

A Blar, a7 taz) B(as, aytag)

=B(a1,a; task 1) B(azk ™!, kay tas)

(33)

from which one checks that |®) is a ground state.

The topological feature on a boundary can be described
in terms of unitary 1 4 1D boundary Pachner moves, which
expand or shrink the boundary by one boundary edge (see
Fig. 12). The unitary representation of these moves can be
constructed in terms of S, in a way similar to that in Ref. [41],
which defines generic transformations in the language of
Frobenius algebra. The ground-state Hilbert space is invariant
under these boundary Pachner moves.

FIG. 12. Boundary Pachner moves mutating between two bound-
ary edges and one boundary edges.

s
ai & as >

PHYSICAL REVIEW B 96, 165138 (2017)

TABLE 1. Number of 2-cochain solutions for Ds.

K af o o? o’ ot o’
{00} 1 1 1 1 1 1
{00,10} = Z, 1 X 1 X 1 X
{00,11} = Z, 1 X 1 X 1 X
{00,12} = Z, 1 X 1 X 1 X
{00,01,02} = Z; 1 X X 1 X X
D 1 X X X X X

VI. EXAMPLES: G = D; AND D,

For the D,, group, we denote the group elements by (A,a),
with A =0,1 and a = 0,1, ...,m — 1. The multiplication is
given by

(A,a)(B,b) = [A + BLI(=1)%a + b, (34)

where [x], := x mod y.
All 3-cocycles are given by

a’{(A,a),(B,b),(C,c)}

= exp { zl’ff [(—DB*%{(—D% +c =D+ clu)

m2
~|—7ABC]}, (35)

where p =0,1,...,2m — 1.

For the D3 (Dy) group, the number of 2-cochain solutions
to the Frobenius condition (21) for each 3-cocycle «” and each
subgroup K is listed in Table I (Table II). Since all subgroups
of Dj are cyclic, there is at most one solution for any «” and
K. A solution exists if and only if «” | is trivial. And all such
solutions are 8 = 1, using Eq. (35).
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APPENDIX: REVIEW OF H"(G,U(1))

We give a brief review of the cohomology groups
H"[G,U(1)] of finite groups G.

TABLE II. Number of 2-cochain solutions for Dj.

K a o o & ot @ a® o
{00} 1 1 1 1 1 1 1 1
{00,02} = Z, I x 1 x 1 x 1 x
{00,10} = Z, 1 x 1 X 1 X 1 X
{00,11} = Z, 1 x 1 X 1 X 1 X
{00,12} = Z, I x 1 x 1 x 1 x
{00,13} = Z, 1 x 1 X 1 X 1 X
{00,01,02,03} = Z4 1 X X X 1 X X X
{00,02,10,12} = Zz X Zz Zz X Zz X 22 X Zz X
{00,02,11,13} = Z2 X Zz Z2 X Zz X Zz X Zz X
D, Z, X X X X X X X
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We first define the nth cochain group C"[G,U(1)]
of G, which is an Abelian group of n-cochains. The
group elements of C"[G,U(1)] are functions c(gy, ...,8n) :
G*" — U(l), where g; € G. The group multiplication

reads c(gy, ...,gu)C' (g1, ...,&n) = (cc)(g1, ... ,&n). There is
a coboundary operator § that maps C” to C"*!, namely,

§:C" — C" (g, ... gn) > 8¢(80,81 - - 8n)s

where
n+1 )
5¢(80-81---.gn) = [ [ (... .gi—2.8i-181.8ix1. .. )TV
i=0

Ati = 0, the series of variables starts at gg, and ati = n + 1,
the series of variables ends at g,_;. The coboundary operator
8 is nilpotent: 82c = 1, which results in an exact sequence:

N oLt N G s Lo L B (Al)

The images of the coboundary operator, im(§ : C"~! — C"),
form the nth coboundary group, where the n-cochains are
called n-coboundaries. The kernel ker(8 : C" — C"*!) forms
the group of n-cocycles, which are the n-cochains meeting the

PHYSICAL REVIEW B 96, 165138 (2017)

n-cocycle condition ¢ = 1. The exact sequence (A1) leads to
the definition of the nth cohomology group:

ker(8 : C* — C"+1)

H"[G,U(1)] := im@: C! — Ccn)’

The group H"[G,U(1)] is clearly Abelian and consists of the
equivalence classes of the n-cocyles that differ from each other
by merely an n-coboundary. A trivial n-cocycle is one that can
be written as an n-coboundary. One can define a slant product
that maps an n-cocycle ¢ to an (n — 1)-cocycle c,:

—1 n—1
71)( )

Cg(glngv e 3gn71) =c(gvglvg27 e 1gn

n—1
X Hc[gl, o881 ‘8/’)71
j=1

(=114 .
(A2)

X g(gl "'gj)a -~-agn—l]

The twisted 2-cocycles defined above Eq. (28) are examples
of the slant product above.
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