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Topological phase transition on the edge of two-dimensional 7, topological order
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The unified mathematical theory of gapped and gapless edges of two-dimensional (2d) topological orders was
developed by two of the authors. According to this theory, the critical point of a purely edge topological phase
transition of a 2d topological order can be mathematically characterized by an enriched fusion category. In this
work, we provide a physical proof of this fact in a concrete example: the 2d Z, topological order. In particular,
we construct an enriched fusion category, which describes a gappable nonchiral gapless edge of the 2d Z,
topological order. Then, we use an explicit lattice model construction to realize a topological phase transition
between the two well-known gapped edges of the 2d Z, topological order, and show that all the ingredients of
the above enriched fusion category can be realized explicitly in this lattice model.
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I. INTRODUCTION

The subject of topological order has attracted a lot of
attention in recent years among physicists. The main reason
is that topological orders are new phases of matter that go
beyond Landau’s paradigm of phases and phase transitions
(see a recent review [1] and references therein). Landau’s
paradigm is based on a symmetry-broken theory. The mathe-
matical theory of symmetry is that of groups. The new phases
of matter challenge us to find radically new mathematical
language and tools to understand topological phases and phase
transitions. In this work, we show that the critical point of a
purely edge topological phase transition between two gapped
edges of the same two-dimensional (2d) topological order
can be precisely described by a mathematical structure called
an enriched fusion category [2,3]. Throughout this work, we
use “nd” to represent the spatial dimension and “(n+41)D” to
represent the space-time dimension.

A gapped edge of a 2d anomaly-free topological order can
be viewed as an anomalous one-dimensional (1d) topological
order. It contains no local observables (such as correlation
functions) in the long-wavelength limit except topological
excitations, which can be fused among themselves and form
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a unitary fusion category (UFC) [4,5]. A topological phase
transition restricted on the 1d edge (without altering the 2d
bulk) will be called a purely edge topological phase transition
(see, for example, [6]). Observe that the gap in a neighborhood
of the edge must be closed at the critical point. Therefore, the
critical point of a purely edge topological phase transition
should be nothing but a gappable nonchiral gapless edge of a
2d anomaly-free topological order. As a consequence, to ask
for a precise mathematical description of the critical points
of purely edge topological phase transitions is equivalent to
ask for that of the gappable nonchiral gapless edges of 2d
anomaly-free topological orders.

Based on a mixture of physical intuition and mathematical
arguments, two of the authors established in [7,8] a unified
mathematical theory of both gapped and gapless edges of
2d anomaly-free topological orders. This theory allows us to
treat gapped, chiral gapless, and (gappable) nonchiral gap-
less edges on an equal footing. More precisely, it says that
all physical observables on a gapped/gapless edge form an
enriched fusion category, whose Drinfeld center is precisely
the unitary modular tensor category (UMTC) of the 2d bulk.
Therefore, the critical point of a purely edge topological phase
transition, or a gappable nonchiral gapless edge, is precisely
described by an enriched fusion category. The complete math-
ematical theory of (gappable) nonchiral gapless edges is given
in [8].

The main goal of this work is to provide a physical and
lattice-model realization of all ingredients of the enriched
fusion category associated to the critical point of the purely
edge phase transition between the two gapped edges of the
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2d Z, topological order [9,10]. Possible experimental real-
izations of the two types of gapped edges are discussed in
[11]. Therefore, an understanding of the topological transition
between them has both theoretical and experimental interest.
The main result of this work is summarized below.

(1) In Sec. IIC, we give an explicit construction of a
gappable nonchiral gapless edge of the 2d Z, topological
order given by the following triple:

(V ®c V, Ising X Ising, (Ising X Ising),). (1)

(a) V is the Ising chiral algebra or vertex operator
algebra (VOA) of central charge % and V is the same
VOA but contains only antichiral fields ¢(z),V ¢ € V, and
V ® V is called a nonchiral symmetry [8].

(b) Ising is the UMTC of V-modules, i.e., Ising =
Mody. It contains three simple objects 1, ¥, o (with the
fusion rule 0 ® 0 =1@ ¥); Ising is the same tensor
category as Ising but with the braidings defined by the
antibraidings in Ising.

(c) Ising X Ising is nothing but the Drinfeld center of
Ising, i.c.,

Z(Ising) = Ising X Ising.

(d A=1X16¢ v Xy is a condensable algebra in
Z(Ising) (see Definition 3), and Z(Ising), denotes the
category of right A-modules in Z(Ising) (see Definition 2).
Moreover, Z(Ising), is a UFC.

The enriched fusion category is determined by the pair
(Z(Ising), Z(Ising),) via the standard construction [2]. More
precisely,

(a) the objects in the enriched fusion category are the
same as those in Z(Ising)4;

(b) the space of morphism hom(x, y) is defined by the
internal hom [x, y] = (y ®4 x*)* in Z(Ising); the internal
hom [x,y] can be interpreted either as the domain wall
between two boundary CFTs with boundary conditions x
and y, respectively, or as the partition function of a CFT
defined on a strip with two boundary conditions x and y
(see Fig. 4).

(2) In Sec. IIIE, we recall another construction of a
slightly different gappable gapless edge [8]. This edge has a
slightly larger nonchiral symmetry given by A, and all the rest
ingredients are already included in the edge [Eq. (1)].

(3) In Sec. IV, we construct a lattice model to realize the
critical point of the purely edge phase transition between two
gapped edges of the Z, topological order and, at the same
time, all ingredients [x, y] of the enriched fusion category in
[Eq. (D).

The significance of this work is twofold: (1) it provides the
first lattice model realization of all ingredients of the enriched
fusion category; (2) it shows that the theory developed in [7,8]
can indeed provide a mathematical theory of all purely edge
topological phase transitions. Since the (enriched) categorical
language is not so familiar to condensed matter physicists
and the lattice model construction might not be so familiar to
mathematical physicists, in order to invite readers from both
communities, we have tried to be self-contained.

Remark 1. We would like to remark on how to read this
paper. Since our main goal is to provide a lattice model
realization of ingredients of the enriched fusion category used

in the mathematical theory of gapless edges of 2d topological
orders, it is reasonable to explain the mathematical theory and
enriched fusion category first (in Secs. II and II) and discuss
the lattice model realization later (in Sec. IV). For physically
oriented readers, if you encounter difficulties in Secs. II and
III, we recommend you to read Sec. IV first and return to Secs.
II and IIT later. Section IV is completely written in the usual
language in physics.

II. CATEGORICAL PRELIMINARIES

In this section, we review some basic ingredients of a
unitary modular tensor category (UMTC), and give two ex-
amples, and set our notations along the way.

A. Unitary modular tensor categories

It is well known that an anomaly-free 2d topological order
without symmetry is described by a pair (C, ¢), where C is a
UMTC of topological excitations (or anyons in this case) and
c is the chiral central charge [12]. The category of topological
excitations is not enough to fully characterize a topological
order because there are nontrivial invertible topological orders
that have no topological excitations. A 2d invertible topolog-
ical order is given by a tensor product of the Eg states. The
chiral central charge of the Eg state is 8. Therefore, a 2d
invertible topological order can be uniquely determined by
its chiral central charge, and an anomaly-free 2d topological
order can be determined by a pair (C, ¢).

We review some important ingredients of a UMTC €. It has
finitely many simple objects (simple anyons). We denoted the
simple objects by i, j, k € Irr(€C), where Irr(C) is the finite set
of the equivalence classes of simple objects. A generic object
in € is a direct sum of simple ones, e.g., i ® j @ k, and is
called a composite anyon. For each pair (x, y) of objects, the
hom space home(x, y) is a finite-dimensional Hilbert space.
It has a tensor product functor ® : € x € — C, i.e., (x,y) —
x®y,Vx,y € C, such that it is associative, i.e., there exists

an isomorphism x ® (y ® 7) —5 (x® y) @ z for all x, y, z €
C satisfying necessary coherence conditions (i.e., pentagon
relation). These data can be reduced to the induced linear
isomorphisms home (i ® (j ® k), 1) ~ home (( ® j) ® k, 1)
for i, j, k,l € Irr(C) or, equivalently, to F matrices, which
satisfies pentagon identities. The dimension of hom(i ® j, k),
denoted by Ni’;, is called the fusion rule. The category C has
a tensor unit 1, which is simple, together with unit isomor-

phisms 1 ® x Lxlx ® 1 for all x € C satisfying necessary
coherence conditions (i.e., triangle relation). It has a unitary
structure. More precisely, for each morphism f : x — y, there
is an adjoint morphism f* : y — x such that

goh =g @, Vg:v>wh:x—y (2

o1 F_ -1 -1
o, =0y, D=0 ri=r 3)

For each x € C, there is a dual object x* (the antiparticle
of x), together with the duality morphisms (the creation and
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annihilation operators) expressed graphically as follows:

m:vz:m*(}@m‘ﬂl, m:’ul

* *
x x

rx®@at — 1,
T xr

T z* z* T
1 - e

W:umzlﬁx@)w*, w:’”i
“

which satisfy necessary coherence properties. The quantum
dimension of an object x is defined by dimx = v, o v} =
uj; o uy, both of which are elements of home(1,1) = C. The
quantum dimension of the category is defined by dim C :=
Y ictr(ey(dim )%, Tt is known that dim x > 0 for x € € [13,
Theorem 2.3; Corollary 2.10]. In particular, dim C > 1. We
denote the positive square root of dim € by +/dim C.

It has a braiding structure, which amounts to an isomor-

phism x ® y ﬂ) y®x for all x,y € C satisfying necessary
coherence conditions (i.e., hexagon relations), and we have
bi’y =b; ! The braiding satisfies a nondegenerate condition,
which says that the so-called S matrix

1
vdim C

Sij &)

is nondegenerate. Each simple object i € Irr(C) has a topolog-
ical spin 6; € C, which is also called a twist in mathematics.
In physics, the condition 6; = 1 for i € Irr(C) amounts to say
that the simple anyon i is a boson.

3
Let us fix an orthonormal basis {Af}“}g’;l inhome(i ® j, k)

.. k
and its dual basis {y;{ﬁ}g’il in home(k, i ® j), i.e.,

ij (3 kBT
Vig = (")
)Lf.{];-a @) yi{ﬂ = 50('5 idk,
Z ¥ 50 1l = idig;. (6)
k.p
We denote the basis vectors graphically as follows:
k i
k; o ij
N = /k b Yka = \T/ ()

If Ni’; = 1, we abbreviate Afj'!l by Affj and y;’l by yfc'" . We also

= =10 L (®

J

i P
My = Ti Yin =71

Remark 2. The simplest example of UMTC is the trivial
one H, which is the category of finite-dimensional Hilbert
spaces. It has a unique simple object (i.e., the tensor unit 1)
given by the one-dimensional Hilbert space C. The pair (H, 0)
describes the trivial 2d topological order.

B. Toric code and Ising UMTC’s

In this section, we give two examples of UMTC’s: toric
code UMTC and Ising UMTC, both of which are important to
this work.

Example 1. We denote the toric code UMTC by Toric. We
list some of its ingredients below:

(1) There are only four simple objects 1, e, m, f.

(2) The fusion rules are givenbye @ m = f,e@e=m ®
m= f® f =1. This implies that e* = e, m* =m, f* = f
and we have dim1 = dime = dimm = dim f = 1.

(3) Topological spins: 6y =1 for x =1,e,m and 6y =
—1.

(4) S matrix is given by

1 1 1 1
Ifr 1 -1 -1
SZE 1 -1 -
1 -1 -1 1

Remark 3. The name of Toric comes from the fact that the
pair (Toric, 0) describes the Z, 2d topological order, whose
first lattice model realization is given by the toric code model
[9]. For readers with a mathematical background, Toric is
nothing but the Drinfeld center Z(Rep(Z,)) of the category
Rep(Z,) of finite-dimensional representations of the group
7.

Example 2. We denote the Ising UMTC by Ising. We list
some of its ingredients below:

(1) There are three simple objects 1, ¢, o all isomor-
phic to their duals, i.e., 1 = 1*, ¢ = ¢*, and 0 = ¢*. Their
quantum dimensions are given by dim1 =dimy =1 and
dimo = /2.

(2) The fusion rules are definedby y Q ¥ =1, ¥y ® 0 =
og,0Q0 =1 Y.

(3) Associators: we choose a basis such that the associa-
tors can be expressed in terms of F matrices. In addition to
(8), we further require

L
V2

My=vy. W=uy M,=—4v. 3 =u.

€))

There exists a choice of remaining basis, which is unique up
to an arbitrary choice of A7, . (or, equivalently, a choice of A7,

or AY_), realizing the following F matrices:

YRRy =0—>0=9©CY)

Ag,®1 AL @AY,
O0RYV)®0c — 0 Qo

-1

ey’ 1®yL°

0c®0)®c> 180 W ®0)

_

1oy 210y c®0 c® (Y ®o0),
T
2 )

DB RY)> 0 (0 Qa), (10)
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where we have only spelled out those nontrivial ones.
(4) Braidings:

1®x:xﬂ>x:x®l forx=1,v,0;

bw,w:—l

YRy =1—>1=¢yQY;
bwo:e*%i

Y®o=0—"—>0=0QY;
bg.‘/,:(.’i%’

oY =0 ——>0=YQo0;

_ i 3mi
so=€ 8 Pe'8

c®c=1ay 2 1oy =o®o. (1)

(5) Spins: 6; = 1,6, = —1,6, = €.
(6) S matrix:

! 1 V2
SZE 1 1 V2.
V2 V20

Remark 4. The UMTC Ising can be realized as the category
of modules over the Ising vertex operator algebra V with
central charge ¢ = %, i.e., Ising = Mody. In particular, V
has three irreducible V-modules with the lowest conformal
weights given by 0, % %, corresponding to three simple ob-
jects 1, ¥, o, respectively.

Remark 5. We use Ising to denote the same UFC as Ising
but with the braidings defined by the antibraidings of Ising. It
is called the time reverse of Ising. Both Ising and Ising X
Ising are UMTC’s. The physical meaning of this Deligne
tensor product X is the stacking of the Ising topological order
with its time-reversal topological order. We have Ising X
Ising = Z(Ising), where Z(Ising) is the Drinfeld center of

Ising. We will call Z(Ising) the double Ising UMTC.

III. A GAPPABLE GAPLESS EDGE OF 2+1D 7,
TOPOLOGICAL ORDER

In this section, we construct a gappable nonchiral gapless
edge of the Z, topological order in three steps: in Sec. III A,
we construct a gappable nonchiral gapless edge of the double
Ising topological order after a brief review of the mathematical
theory of gapless edges established in [3]; in Sec. III B, we
construct a gapped domain wall between the double Ising
topological order and the Z, topological order; in Sec. III C,
we construct a gapless edge of the Z, topological order by
fusing the edge in Sec. III A and the wall in Sec. III B.

A. A mathematical theory of gapless edges

In this section, we briefly review the mathematical theory
gapless edges developed in [7,8]. Before we start, we briefly
summarize the idea. It is well known that a gapped edge of
a 2d topological order can be described by a UFC. Since
the spaces of morphisms in a UFC are the finite-dimensional
vector spaces of instantons, a UFC can be viewed as a
category enriched in the category H of finite-dimensional
Hilbert spaces. When the edge is gapless, the only change is
that a space of morphisms becomes an infinite-dimensional
space of boundary-condition changing operators in a rational
conformal field theory (CFT), and can be viewed as an object

Mz, / Ay
A L M,y

FIG. 1. The picture (a) depicts a 2d topological order (C, ¢) on a
2-disk, together with a 1d gapless edge, propagating in time. When
a topological bulk excitation a € C is moved to the edge at t = 0, it
creates a topological edge excitation x or a boundary condition M, for
the OSVOA A, living on the # > 0 part of the world line. At = ¢, >
0, the topological edge excitation x is changed to another topological
edge excitation y. This change creates a wall M, , between A, and
A,. The picture (b) depicts the quasi-(141)D world sheet obtained
by stretching the picture (a) along the dotted arrow from a to x.

in the UMTC Mody of modules over a rational VOA V. As
a consequence, a gapless edge can be described by a unitary
fusion category enriched in Mody .

In Fig. 1(a), we depict a spatial two-dimensional disk prop-
agating in time. This spatial two-dimensional disk represents
a 2d topological order (C, ¢), where C is a unitary modular
tensor category of anyons and c is the chiral central charge.
If (C, ¢) is a chiral topological order, there are topologically
protected gapless chiral edge modes propagating on the edge
of the disk, more precisely, on the (141)D world sheet. It is
well known that these modes are states in a chiral CFT. By
the state-field correspondence in a CFT, we can also say that
chiral fields propagate on the (141)D world sheet. In order
to be monodromy free, these chiral fields can not contain any
noninteger powers in the operator product expansion (OPE),
thus form a so-called chiral algebra U or, equivalently, a
vertex operator algebra (VOA) in the mathematical language.

The main idea of the mathematical theory of gapless edges
established in [3] comes from the observation that if a bulk
anyon is moved to the edge at t = 0, it creates a “topological
edge excitation” (labeled by x) such that chiral fields living
on the world line {r > 0} supported on x [the blue line
in Fig. 1(a)] are potentially different from those in U. We
denote the space of all chiral fields on this world line by
A,. These chiral field can have OPE along the line but no
commutativity is required. Moreover, chiral fields in A, can
have noninteger powers in their OPE. It turns out that chiral
fields in A, have to form a boundary CFT. This can be seen
from Fig. 1(b), which is obtained by squeezing the solid
cylinder in Fig. 1(a) to a (1+1)D world sheet. That A, is a
boundary CFT follows from the following “no-go theorem’:
A (141)D boundary-bulk conformal field theory realized by a
1d lattice Hamiltonian model with boundaries should satisfy
the mathematical axioms of a boundary-bulk (or open-closed)
CFT of all genera [14,15]. In other words, it should satisfy
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all the modular invariant conditions and Cardy condition, etc.
For this reason, the label x can also be called a boundary
condition." We denote the trivial boundary condition by 1. It is
clear that Ay = U. It is not hard to imagine that the boundary
condition x can be change to another one y at some other point,
say t = t; > 0, on the world line as depicted in Fig. 1(a). The
chiral fields living on the OD domain wall between A, and A,
are the so-called boundary-condition changing operators. We
denote the space of all such boundary-condition changing op-
erators by M, ,. Itis clear that M, , = A,. Boundary-condition
changing operators can also have OPE, which defines a linear
map

M, @c M.y — M, .. (12)

It was shown in [3] that U, A,, M, , should satisfy some
compatibility conditions called V-invariant boundary condi-
tion, where V is a sub-VOA of U and will be called the
chiral symmetry of the edge. We assume that V is unitary
and rational, by which we mean that the category Mody
of V-modules is a UMTC [16]. This V-invariant boundary
condition implies that M, , is a V-module, and the linear
map in (12) is an intertwining operator of V or, equivalently,
it defines a morphism M, ; ®y M, , — M, . in the category
Mody of V-modules, where ®y is the tensor product in Mody
[17]. Moreover, there is a canonical injective V-module map
ty : V. — A, for each x. Therefore, we obtain a categorical
structure X*:

(i) objects of X* are topological edge excitations:
X, Y02y ens

(i) for each pair (x,y) of objects, the hom space
hom,: (x, y) := M, , is an object in Mody ;

(iii) there is an identity morphism ¢, : V = 1poq, — Ay in
MOdv;

(iv) there is a composition morphism M, ®y M., —
M, , in Mody .

These satisfy some natural conditions such that X* is a
category enriched in Mody or an Mody -enriched category.
The notion of an enriched category generalizes that of a
category by replacing hom-sets by hom-objects, which lives
in a different category. For example, the usual notion of a
category becomes a special case of a category enriched in the
category of sets, and a UFC is a category enriched in H.

The last piece of structure is the horizontal fusion of topo-
logical edge excitations as depicted in Fig. 2, denoted by ®.
It automatically provides a horizontal fusion between chiral
fields in M, ,» and those in M, ,, on two parallel world lines.
More precisely, fusing a chiral field changing the boundary
condition from x’ to y’ horizontally with a chiral field changing
the boundary condition from x to y produces a chiral field
changing the boundary condition from X’ @ x to Y ® y. As a
consequence, this horizontal fusion provides

(a) a morphism My y ®y My, — Myg. ygy in Mody for
objects x, y, x’, y' in X,

!Actually, the category of topological edge excitations is closely
related to but slightly different from that of boundary conditions (for
boundary CFT’s) in general (see [7]). In the case studied in this work,
two categories coincide.

Ay Ay Ay,
|
Mz
M, 1 vl
t 0 ).
. =
- \Aw/o:’/
[ VT
" ;
U: U

FIG. 2. This picture depicts a horizontal fusion of two boundary
conditions, together with a horizontal fusion of M, , and M, /. For
convenience, we abbreviate x’ ® x to x'x in the picture.

satisfying some natural properties. It upgrades X* to an Mody -
enriched monoidal category [2]. We denote this gapless edge
by a pair (V, X¥).

Theorem 1 ([18]). There is a braided equivalence € ~
Z(X*), where Z(X*) is the monoidal center of X* introduced
in [18].

Remark 6. This theorem says that all boundaries, regardless
gapped or gapless, all share the same bulk as their mathemat-
ical centers. By [8], these boundaries are all spatially Morita
equivalent, and their center is precisely the only invariant of
this spatial Morita equivalence class. Ji and Wen proposed that
the UMTC C associated to the bulk should be viewed as a
“categorical symmetry” of all boundaries in [19]. This idea is
further developed in [20].

Example 3. The well-known Ising 2d topological order
can be described by a pair (Ising, %), where Ising denotes
the Ising UMTC and % is the chiral central charge. It has a
canonical chiral gapless edge described by a pair (V, Ising?),
where we note the following:

(a) V is the Ising VOA of the central charge ¢ = % and
Mody = Ising.

(b) Ising’ is the Ising-enriched fusion category (i.e., Ising
enriched in itself) defined as follows:

(1) objects in Ising” are the same as objects in Ising,

i.e., x =1, ¢, o and their direct sums;

(2) for x,y € Ising, we have the hom space defined by

homyg,.: (x, ) 1= My, =y ® x*;

(3) the identity morphism is defined by 1 S x@x =

M, »;

(4) the composition morphism M, . ® M, , > M, is

defined by z ® y* @ y ® x* et Z®x";

(5) a fusion product between two objects is the same
as the one in Ising; the fusion product on hom space is a
morphism My y @ M, , — Myg, ygy defined by

bk yex*

1®
Y@@y —— (V0N ® ¢ )"
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The enriched monoidal category Ising® is a special case
of the standard construction given by Morrison and Penneys
in [2]. We recall this construction only in a special setting.
Let B be a braided fusion category and B its time reversal.
Let M be a fusion category and Z(M) its Drinfeld center. Let
F:B—>Z (M) be a braided monoidal functor. Then, we have
a functor © : B x M — M defined by the composition of the
following functors:

F xidoy

B x M —25 Z(M) x M

forget xid )¢
—_

Mx M3 M,

where forget : Z(M) — M is the forgetful functor (by forget-
ting the half-braidings). There is a canonical construction of
a ‘B-enriched monoidal category M* from the pair (B, M),
where objects in M" are objects in M, and for x,y € M,
hom,:(x, y) is defined by the so-called internal hom [x, y]
in B (or in B). More precisely, [x, y] is uniquely determined
by the following adjunction relation:

homy(b ® x,y) >~ homg (b, [x,y]), Vbe B. (13)

For convenience, we simply denote M by the pair (B, M).
Such a B-enriched monoidal category will be called a B-
enriched fusion category.

Note that Ising” = (Ising, Ising) is an Ising-enriched fu-
sion category, and M, , = y ® x™ is the internal hom [x, y] be-
cause [x, y] =y ® x* is clearly a solution to the the adjunction
“equation” (13) when M = B = Ising. Therefore, we denote
(V, Ising®) by the triple (V, Ising, Ising).

The mathematical theory of nonchiral gapless edges is
similar. We do not give a review of this theory (see [8]
for more details). Instead, we give an example of gappable
nonchiral gapless edge.

Example 4. By folding an Ising topological order (Ising, %)
with the canonical chiral gapless edge, we obtain a double
Ising topological order (Ising X Ising, 0) equipped with both
chiral gapless edge modes described by (V, Ising, Ising) and
antichiral gapless edge modes described by (V, Ising, Ising),
where V is the same VOA as V but contains only antichi-
ral fields ¢(Z),V ¢ € V. Altogether, they form a nonchiral
gapless edge of the double Ising topological order (Ising X
Ising, 0) described by the triple

(V ®c V, Ising X1Ising, Ising X Ising)). (14)

In this nonchiral case, V ®¢ V is called the nonchiral sym-
metry of the edge. It is not a VOA. It contains both the chiral
part and the antichiral part, and is called a full field algebra
in mathematics [21]. This nonchiral gapless edge is clearly
gappable.

Remark 7. We briefly outline the mathematical theory
of gapless edges of 2d topological orders. Intrigued readers
can consult with [7,8] for more details, and for what types
of questions this theory is capable of answering, and for
applications in higher dimensions.

B. A gapped wall between double Ising and toric code

It was first shown by Bais and Slingerland in [22] on a
physical level of rigor that one can obtain the Z, topological
order from the double Ising via an anyon condensation. In
this section, we will give a complete and rigorous derivation

of this result based on the mathematical theory of anyon
condensation developed in [5]. As a by-product, we construct
a gapped domain wall between the double Ising and the Z,
topological orders.

An anyon condensation from an old topological order
(G, ¢) to a new phase (D, ¢) is controlled by a condensable
algebra A in €. We recall this notion below.

Definition 1. Let C be a UMTC. An algebra A in C is a
triple (A, w, t), where A is an objectin €, u : A ® A — A and
t: 1 — A are morphisms satisfying the following conditions:

po(u®idg)oasas = po (idg ® ),

no(t®idy) =idy = po (ida ® v).
The algebra A is called commutative if @ = w o bs 4, where

ARA ﬂ) A ® A is the braiding isomorphism.
Definition 2. A right A-module in C is a pair (M, uy),
where M is an object in C and py : M ® A — M is such that

py o (dy ® ) = py o (up ® ida) o apg a4,
py o (idy ® 1) = idy.

We denote the category of right A-modules in € by Cy4. A right
A-module is called a local A-module if [y o bap o bya =
- We denote the category of local A-modules in € by Gg,
which is a full subcategory of C4.

Definition 3. An algebra (A, u,t) is called separable
if w:A®A — A splits as a morphism of A-A-bimodule.
Namely, there is an A-A-bimodule map e : A — A ® A such
that © o e = 1id4. A separable algebra is called connected if
dim home(1,A) = 1. We will call a connected commutative
separable algebra as a condensable algebra. A condensable
algebra A is called Lagrangian if dim(A)?> = dim(C).

If A is condensable, the category C4 is a UFC. Its full
subcategory (32 is a UMTC with the braidings, rigidity, and
spins inherited from those in C. In particular, for a local A-
module M = (M, M), the spin (or twist) 9}3 in 62 is defined
by 6y, in C. Moreover, we have the following identities [23]:

dim(€
dim(Cy) = dEEA;’
. dim(€
dim(€?) = —dizln((A))z, (15)
. dim x
dimy (x) = —dimA’

where dim x is the quantum dimension of x in € and dimy4 (x)
is that of x in C4. If, in addition, A is Lagrangian, we have
€l =H.

Example 5. There are two condensable algebras in Toric:
A, =16& eand A,, =1 ® m. Both of them are Lagrangian.

Example 6. Since a condensable algebra A satisfies 64 =
idy4, the only condensable algebra A in Ising is 1.

Example 7. Let Z(Ising) = Ising X Ising = Ising be the
tensor product functor and let R : Ising — Z(Ising) be its
right adjoint functor.

(1) The following object

R(1) = Bicinasing)i Ri=1XK1@ ¢y Xy do Ko (16)
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has the structure of a Lagrangian algebra naturally induced
from the algebraic structure on 1 and, at the same time,
describes a modular invariant closed CFT ([24], Theorem 3.4).
More explicitly, the multiplication map (or the structure
constants of the closed CFT) m : R(1) ® R(1) — R(1) was
defined by (first appeared in [25,26], we take it from ([24],
Egs. (2.17) and (2.55))

m =
7, kEIrr(Isung o

(17)
where « labels both the basis of homyging (i ® j, k) and the dual
basis of homyging(k, i ® j) [recall Egs. (7) and (6)]. The unit
map is defined by the canonical embedding 17 (gsing) <> R(1).

(2) We denote the fusion subcategory of Ising consisting
of 1 and ¢ by A. Then, AKX A is a fusion subcategory of
Z(Ising). We have a subalgebra A of R(1) defined by

A=RDHNURA)=1K1dy Xy (18)

which is also a condensable algebra in A X .A. More ex-
plicitly, using the right unit isomorphisms 71 : 1@ 1 >~ 1, ry :
¥ ® 1 >~  and the duality map vy, [recall (4)], we can rewrite
the multiplication map m in (17) as follows:

m=1913>1HKA®131)
ARy S5 YIRAQY > ¥)
ea(mllw)&(w@l%w)

dWRY —>

Note that dim A = 2.

According to the anyon condensation theory [5], by
condensing the condensable algebra A in the initial phase
(Z(Ising), 0), we obtain

(1) a new 2d topological order (Z(Ising)g, 0), where
Z (Ising)g denotes the category of local A-modules in Z(Ising)
(recall Definition 2).

(2) and a 1d gapped domain wall described by the UFC
Z(Ising),, where Z(Ising), denotes the category of right A-
modules in Z(Ising) (recall Definition 2).

Our goal is to work out these two categories Z(Ising)
and Z(Ising)} explicitly and prove that Z(Ising)} =~ Toric as
UMTC'’s. Before we do that, we first collect a few relevant
results.

(1) Notice that we have

SRy —> 1.

. . Z(Ising)
d Z I = —— = ,
im Z(Ising)4 JimA
. . Z(Ising) 16
0 _ — —
dim Z(Ising), = (dimA)? =% =4, (19)

(2) A is clearly a simple right A-module and a local A-
module.

(3) Another obvious simple right A-module is (o X o)
because the following splitting

R1)=A® (cXo)

is a splitting of A-A-bimodules because A is separable. The
right A-module structure on (o X o) (recall Definition 2) can
be explicitly defined by [recall Eq. (7)]

UoRo ::(a®lﬁ>o)®(a®li>o)

Az AC
@(G@l/fﬂ)zj)@(a@l/fﬂ)U). (20)

Using Eq. (11), itis easy to see that o X ¢ is a local A-module.
(4) The condensable algebra A has a nontrivial algebraic
automorphism defined by

—ARDOWRY) 5 AR S (Y Ky) =A

And § is an involution, i.e., 82 = idy.

(5) We can use § to twist the A-action on a right A-module
M = (M, nup) and obtain a new right A-module structure,
denoted by M"Y, with a new action defined by

idy ®3

MRAZS MeA S M.

(@) f M=x®A for x € C with the right A-action
defined

TRARA L x @A, Q1)
then we have (x ® A) >~ (x ® A)™ as right A-modules with
the isomorphism givenby x A — 482 x®A.

(b) For M = (0 X o), we obtain a new local A-module
(0 X o)™ defined by [recall Eq. (7)]

HoRoyw = 0®15 )R 1> 0)

o

2, A2,
@(a@t/f——»a)&(U@l/f—)a).

It is clear that (o X o)™ is not isomorphic to (o K o) as

local A-modules.

We need to find all right A-modules. We use the fact that
all simple objects in Z(Ising), can be realized by a direct
summand of x ® A for x € Irr(Z(Ising)) with the right A-
action defined by (21) because x >~ x ®4 A and A is sepa-
rable. Therefore, we obtain a complete list of simple right
A-modules as follows:

1) AX1)®A=A.

2 WX1)®A=yX1p1Xy is clearly a simple lo-
cal A-module. It is useful to write the right A-action on
¥ X16& 1K ¢ explicitly as follows:

(ry W) @ (vy Wiy) @ (nWry) & (=ly Kvy).  (22)

B AXY)A=yX1Pd1X ¢ is a simple local A-
module. It is useful to write the right A-action on ¥ X1 &
1 X ¢ explicitly as follows:

(r¢®r1)69(—vw @lw)@(rlgrw)ea(l(png). 23)

Using the explicit right A-actions given in Egs. (22) and (23),
it is obvious to see that

AXYRA=(YyHDHRAY = (YR A

as right A-modules.
@) (v Xy)®A is a simple local A-module. By writing
out the right A-action on 1 X1 & ¢ X ¢ in basis explicitly
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and comparing it with Eq. (20), we see that (Y K¢ ) QA =
AW ~ A,

(5) (0 Xo)®A is a local A-module but not simple. By
checking the right A-action in basis, we obtain that

(cXRo)®A~(cXo)® (6 Ko)W

as local A-modules.

6) (X1 RA=(0X1)& (0 X)isasimpleright A-
module but not local.

(7 (cXY)RA=(cX1)® (c Xy) is a simple right
A-module but not local. By writing out the right A-action on
(0 X 1) & (0 X ) in basis explicitly for both cases 6 and 7,
oneseethat (0 M) @A =(c X1) Q@A) ~ (c K1) R A.

®) IXo)®A=(1AXo0)® (Y Xo)isasimple right A-
module but not local.

9 WHKo)A=(1AXKo)® (¢ Xo) is a simple right
A-module but not local. By writing out the right A-action
on (1Xo)® (¢ Xo) in basis explicitly for both cases 8
and 9, one can see that (Y Ko)Q@A=(1Xo)RQA)" ~
(K1) ®A).

To summarize, we have found all simple objects in
Z(Ising)4:

(i) Four simple local A-modules with new and shorter
notations

1:=A=1AXRDO W XY), e:=(No),
m:= (o Xo)"¥,
=W RDRA=yX101Xy (24)

with quantum dimensions in Z(Ising), all given by 1.
(ii) Two simple nonlocal right A-modules with new and
shorter notations

X+ =AXo)A=1Xo)® (v Ko),
X-=0XDHR®A=(X1)D(c Xy) (25)

with quantum dimensions in Z(Ising), both given by v/2.

Remark 8. One can also check directly from the sum of
quantum dimensions and Eq. (19) to see that we have found
all simple right A-modules and all simple local A-modules.

Now, we work out the fusion rules of Z (Ising)g. Note that
the fusion product in Z(Ising){ is given by the relative tensor
product ®4. In order to see how Z(Ising)§ can be identified
with the UMTC Toric as an abstract tensor category. We adopt
the new convention of notation as illustrated by the following
examples:

exm:= (0 Xo)®, (0 Xo)™,
x+*xf=[(1Ko)®AI®4 [(y K1) @ A]

where we have also replaced the tensor product ®4 in
Z(Ising)4 by *.

(1) The right A-module structure on (o X o) gives a left
A-module structure on (o X o)* = (0 X o). One can check
that it coincides with the left A-module structure on (o X o)
defined by

by sRo

AR (o XNo) —> (c Xo)RA — A.

As a consequence, the dual of (o X o) in Z(Ising)ﬁ is pre-
cisely (o0 M o). In other words, we must have (o X o) ®4
(o0 Ko) >~ A as right A-modules.

(2) Similarly, we have (6 o)V ®4 (0 Ko)¥ ~ A as
right A-modules.

(3) On the one hand, we have

[(cXo)RA]I®4 (0 Ko)
~[(ocXo)® (0 Mo)V]®4 (0 o).
On the other hand, we have
[(cKo)R®A] Ry (60 Ko)~(ocKo)® (6 Ko)
~~1ey)XASY)
~AS[(Yv K1) D AXy)].
Therefore, we obtain (0 Koo)'V Q4 (c Ko) >~ (y K1) QA
as right A-modules.

As a consequence, we obtain the following fusion rules of
Z(Ising)$:

Ixx=x, exe=mxm=fxf=1, exm=Ff, (26)

where x = 1,e,m, f.

Note that this fusion rule coincides with that of Toric.
According to [27], there are exactly two modular tensor
categories that share these fusion rules. They are Toric and
Spin(8);, the spins of which are given by (1, 1,1, —1) and
(1, —1, —1, —1), respectively. In our case, we have

0 =04 = 0,0, =1, 0 =0y =—1,
where 64 denotes the spins in Z (Ising)g. Therefore, we have
proved the following result.
Theorem 2. Z(Ising)$ =~ Toric as UMTC’s.

It is useful to work out the remaining fusion rules in
Z(Ising), as follows:

X+ * X+ =1Df,

X Yp = XL *e=M* Xt = Xt *xM = Xz (27)

X+ * Xz =edm,

We give a proof below:
M x4*xx+ =[AXo)RAIR [(IXNo)RA] =~ (1K
0)®(IXo)®A~AD(IXY)RA=16 f.

2) x—*x- = [(o X 1H)®Al®al(c X
DRAI~0XDQRO0XND)QA~AD (Y X
HRA=16 f.

B) x4 xx-=[1XK0o)®A]@a[(c 1) ®A] ~ (0 K
O)RA=e®m=x_* 4.
@A) exyy 2x+*xe=[1K0o)RA] Q4 (c Xo)~c X

A®Y) = x-.

O)exy_2x_xe=[(0X1)RKAIRQr(cXo)>1D
YI)Ro = x4

©6) mxx, ~xsxm=[1XKo)Q Al Q4 (0 Ko )W ~
X

N mrxx_=2x_«m=[(c X1 ® Al ®4 (6 Ko )W ~
X+-

Remark 9. From the above identities, one can see that x =
x* and x x y = y * x as objects for all x € Z(Ising),.

In summary, by condensing A in the double Ising topologi-
cal order (Z(Ising), 0), we obtain the 2d Z, topological order
and a gapped domain wall given by the UFC Z(Ising)4, which
consists of six simple wall excitations 1, e, m, f, x+.
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(V®c V, Z(Ising), Z(Ising)) (C,H, Z(Ising) a)

Z(Ising)
Toric

a gapless edge a gapped wall

FIG. 3. This picture depicts a gapped domain wall between the
double Ising and the Z, topological order, and a gapless edge of the
double Ising topological order.

C. First gappable nonchiral gapless edge

In this section, we combine results in Secs. III A and III B
to construct a gappable nonchiral gapless edge of the Z, topo-
logical order. In Example 4, we have constructed a gappable
nonchiral gapless edge of the double Ising topological order.

J

It can be expressed by a triple
(V®cV, Z(Ising), Z(Ising)). (28)

In Sec. III B, we have constructed a gapped domain wall
Z(Ising), between the double Ising and the Z, topological or-
ders. Using the notion of enriched fusion category introduced
in Sec. IIT A, the UFC Z(Ising)4 can also be viewed as an en-
riched fusion category determined by the pair (H, Z(Ising),).
Therefore, this gapped domain wall can also be expressed as
a triple

(C, H, Z(Ising),), (29)

where the complex numbers C should be viewed as the trivial
VOA of central charge 0.

By fusing the gapless edge (28) and the gapped domain
wall (29) as depicted in Fig. 3, we obtain a nonchiral gapless
edge of the Z, topological order. Using the fusion product
defined in ([3], Eq. (5.2)), this gapless edge is given by the
following triples:

(V ®c V. Z(Ising), Z(Ising)) Kzasing.0) (C, H, Z(sing),) = (V ®¢ V ¢ C, Z(Ising) X H, Z(Ising) Ky xing) Z(Ising)s)

The validity of this fusion formula is explained in details in
[7]. We can describe the observables on this gapless edge
(V ®c V, Z(Ising), Z(Ising),) explicitly as follows:

(i) V ®c V is the nonchiral symmetry.

(i) Topological edge excitations (or boundary conditions)
on this gapless edge are objects in Z(Ising),. In particular,
there are exactly six simple ones: 1, e, m, f, x+. They can be
fused horizontally according to the fusion rules in Z(Ising)
[see Egs. (26) and (27)].

(iii) Boundary CFT’s and walls between them M, , are
given by internal homs [x, y] = (x ®4 y*)* [28]. We want to
work out each [x, y] as objects in order to compare them with
the partition functions obtained in lattice model realizations in
Sec. IV. Recall that x* = x for x € Z(Ising),. Moreover, for
x,y=1,e,m, f, x+, we obtain

M., =[x,y] =[1,x®4y] =x®4y, asobjects. (31)
Each x is defined by objects in Z(Ising) by Egs. (24) and (25).

This nonchiral gapless edge is clearly gappable.

D. Partition functions of M, , in the first edge

Recall that the 2d Z, topological order has two gapped
edges. One is obtained by condensing m particles and the
other by condensing e particles [10]. Both gapped edges
can be described by the same UFC Rep(Z,) but equipped
with two different bulk-to-edge functors Toric — Rep(Z,),
corresponding to different condensations. The bulk-edge cor-
respondence says that the Drinfeld center of Rep(Z;) gives
the bulk, i.e., bulk = the center of the edge. A purely edge
topological phase transition between these two gapped edges
closes the gap and produces a gappable gapless edge at
the critical point. Since the bulk-edge correspondence holds

(V ®c V, Z(Ising), Z(Ising),). (30)

(

before and after the transition, we expect that it holds at the
critical point as well.

In Sec. Il C, we have constructed a gappable gapless edge
(V ®cV, Z(sing), Z(Ising),) of the 2d Z, topological or-
der. It shares the same bulk with the two gapped edges.
Mathematically, it is because the enriched fusion category
(Z(Ising), Z(Ising),) and the UFC Rep(Z,) share the same
Drinfeld center [18] or, equivalently, they are spatially Morita
equivalent as enriched fusion categories [8,29]. Physically, it
is because one can construct a gapless 0d domain walls be-
tween this gappable gapless edge and each of the two gapped
edges. The physical reason is equivalent to the mathematical
one. More details about this are given in [7,8].

Therefore, it is reasonable to ask if this gappable gapless
edge describes the critical point of a purely edge topological
phase transition between two gapped edges. The main goal
of this work is to prove that this is indeed true. We will
achieve this goal in Sec. IV by recovering the chiral symmetry
V and all the ingredients of the enriched fusion category
(Z(Ising), Z(Ising),), i.e., M, ,, from a lattice model con-
struction.

It is enough to just recover V and the partition function
of M, ,. In physics, the partition function of M., can be
computed by the path integral over an annulus obtained by
compactifying the time axis, and fixing the two boundary
conditions to be x and y as shown in Fig. 4. The pictures
in Fig. 4 also show that the partition function of M, , is the
same as that of M ,,,. This is also obvious by the fact that
M, = M1 ., as objects in Z(Ising). We denote the partition
function of My , = x by Z,(r) forx =1, e, m, f, x+, where t
is the moduli of torus.

Since all x = 1, e, m, f, x4 are obtained from double Ising
topological order via an anyon condensation, they can all be
viewed as objects in Mody X Mody as shown in Egs. (24) and
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Y Ty

(b)

FIG. 4. Calculation of the partition function of M., via path
integrals.

(25). Therefore, the partition function Z,(t) can be expressed
in terms of the characters of 1, ¥, o in the Ising CFT, which
are denoted by xo(7), X1 (1), XL (), respectively. Notice

that 0O, %, % are the lowest conformal weights of 1, i, o,
respectively. By Eqgs. (24) and (25), we obtain six partition

functions Z,(t) forx = 1, e, m, f, x+:

1) = 0P + [ O, xe=xm =[x @,
X = 1@ X0 + X)Xy (2, (32)
X (T) = X0(O)x 1 ()" + X1 (D)) (T),
Ko (D) = X (@Ox(@ + XL @@ (33

We will show in Sec. IV explicitly how to recover these six
partition functions Z,(t) (as summarized in Table I). The
partition functions of M., are automatically recovered for
exactly the same reason (as illustrated in Fig. 4), which is also
manifest in the lattice model construction.

E. Second gappable gapless edge

In this section, we recall another gappable gapless edge of
the 2d Z, topological order [8]. This edge is closely related
to the edge (30). Intrigued readers should consult [8] for more

TABLE 1. Relation between the excitations in the bulk and the
partition function of the CFT on the edge [recall Eqs. (32) and
(33)].

(-)® (=)F Partition function
1 +1 +1 Zy = I)(o(f)IZ—i—Ix%(f)l2
e -1+ Zo=Ixs (P
mo-1 - Zy = xy, (0P
f + -1 Zs = (0" x3 (T) + x3 ()" xo(T)
X+ +1 Zye = X3 (O x0(0) + x 1 (D) 1y (1)
_ __ * *
X- 1 Zy = x0(0 x L (O + x, (1) x 1 (1)

gappable gapless edges of the 2d Z, topological order. First,
note that V ®¢ V <> A, and A is a full field algebra extension
of V ®¢ V. Therefore, A can also be a nonchiral symmetry.
There is a natural notion of Mod, defined by the category
of local A-module in Mody X Mody . In other words, Mod,
is again a UMTC and is equivalent to Toric containing four
simple objects 1, e, m, f as defined in (24).

Second, we enhance the nonchiral symmetry of the edge
(30) from V ®c V to A. As a consequence, the simple edge
excitations that preserve this enhanced nonchiral symmetry
are reduced to 1, e, m, f (see (8], Sec. 5.2)). We obtain a new
gappable gapless edge defined by the following triple:

(A, Mody, Toric). (34)

The associated four partition functions are given in (32). If we
insert the remaining two x4 to the edge (34), it will break the
nonchiral symmetry from A to V Q¢ V. According to [8], this
triple defines a new gappable gapless edge different from the
one defined in (30). In this case, M, , is the same as those in
the edge (30) [recall (31)] except that x, y are restricted to only
1, e, m, f and their direct sums. Therefore, there are only four
relevant partition functions as listed in (32).

IV. A LATTICE MODEL REALIZATION

In this section, we give a lattice model realization of the
critical point of the purely edge phase transition between
two different gapped edges of the 2d Z, topological order,
and recover all the ingredients of the gappable gapless edge
constructed in Sec. III C. We choose the Wen plaquette model
to be the lattice realization of the 2d Z, topological order. For
the convenience of readers in mathematical background, we
review the Wen plaquette model in details.

A. Wen plaquette model

The Wen plaquette model is defined on a square lattice
with a two-dimensional local Hilbert space on each site, or
one qubit per site. The Hamiltonian of this model is given by

Hyy=—Y "0, (35)
p

where p labels the plaquettes on the square lattice, as shown
in Fig. 5(a). The operator O, associated to the plaquette
p acts on the four sites located at the four corners of the
plaquette as

4 3

0, = () = siotaior. (36)
1 2

where o7 and o} are the qubit operators (represented as Pauli
matrices) and the subscript i labels the site where these qubit
operators are acting on. Here, we have adopted the diagram-
matic representation introduced in [30], where each operator
acting on a site is represented by a string going through
that site, i.e., ¢ T =\ and of = 7 They anticommute
with each other on the same site 070" = —o0;, which can
be diagrammatically represented as A ==X (the operator
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Wen Plaquette Toric Code
-0 e

-+
O
L J

]
L»)? e

FIG. 5. Wen plaquette model on the square lattice (left) and its
connection to the toric code model (right). The plaquette operator O,
maps to either the vertex operator A, or the plaquette (face) operator
By via local basis transformations of o* <> o* on the hollow sites.

that acts later will be stacked above). In Fig. 5, the lattice is
partitioned into red and blue plaquettes, but the operators O,
are defined identically for both types of plaquettes. This model
H,,, is exactly solvable because for any pairs of plaquettes p
and p', the operators O, and O, commute with each other,
ie.,

[0,,0,] =0. 37

Every state |GS) in the ground-state Hilbert space of this
model should satisfy

0,/GS) = |GS), V p. (38)

So, O,, are also called the stabilizers that stabilize the ground
state. In fact, every eigenstate of Hy,, is a simultaneous eigen-
state of O, for all plaquettes p. By definition in Eq. (36), the
eigenvalues of O, are 1. Excited states of H,,, are labeled
by a set of O, eigenvalues containing —1. If an excited state
carries a —1 eigenvalue of O, for a given plaquette p, we say
the excited state contains an excitation at the plaquette p.

The Wen plaquette model is in fact equivalent to the
standard toric code model. To see this equivalence, we first
reidentify the sites in the original square lattice (spanned by
X, 9) as the centers of the links in a new square lattice (spanned
by ap, a;) which is 45° tilted from the original one as in
shown in Fig. 5. A red plaquette of the original lattice will
be associated to the sites in the new square lattice while a
blue plaquette of the original lattice will be associated to the
plaquette (face) of the new square lattice. We can transform
the Wen plaquette model on the original lattice to the standard
toric code model on the new tilted lattice. To do this, we
perform a change of the basis on all the hollow sites (shown in
Fig. 5) such that the role of o and o interchanges on those
sites, i.e., 0% <> o¢. After this change of basis, the plaquette
terms O, on the blue plaquettes become the standard plaquette
term By =[], ¢ 0; of the toric code model on the orange
lattice. In the new basis, the plaquette terms O, on the red
plaquettes become the standard vertex term A, =[], o}
of the toric code mode. The Hamiltonian in Eq. (35) then
pecomes.H =—) A - Zf B_f on the new lattice, which
is the toric code model Hamiltonian.

In the toric code model, the A, (or By) excitation is called
the e (or m) particle. Following this convention, in the Wen
plaquette model, the red (or blue) plaquette excitation should

be labeled as e (or m) correspondingly. The bound state of e
and m particles will be denoted as f, which is a fermion. These
excitations can be created in pairs by string operators. The dia-
grammatic representation allows us to define string operators
conveniently, simply by collecting the qubit operators along
the string [see Fig. 6(a) for example]. Together with the trivial
particle 1 (representing a local excitation), 1, e, m, f form the
set of simple objects in the toric code UMTC Toric.

Aside from these intrinsic excitations, the Wen plaquette
model also admits extrinsic excitations such as lattice disloca-
tions [4,31,32]. By an extrinsic excitation, we mean that the
lattice dislocation is not an excited state in the spectrum of
Hy,, but rather a defect introduced to the system by modifying
the Hamiltonian. The lattice dislocations are also created
in pairs by removing a string of lattice sites, leaving two
dislocation plaquettes at each end of the string, as shown in
Fig. 6(b). The sites can be effectively removed by applying
a strong external field to pin the qubits along the dislocation
string, which amounts to adding the Hyis = & D _;cying 07 term
to the Wen plaquette model H,,, [32]. The plaquette operator
around the dislocation will be extended to the following five-
qubit operator:

3
O, =i @ = —ojoioioicl, 39)
p)

such that the local degeneracy around the dislocation can be
lifted. The form of this dislocation plaquette operator can
be derived from the 1/g perturbative expansion in the limit
of strong pinning field g — oo [32]. The introduction of the
dislocation does not break the exact solvability of the model
as the extended plaquette operator O, (around the dislocation)
still commutes with all the rest of the plaquette operators.
So, all the eigenstates are still labeled by the eigenvalues of
O, operators. In particular, around a dislocation plaquette p,
O, = +1 stabilizes a trivial dislocation denoted as x., while
O, = —1 indicates an excited dislocation denoted as x_. Both
dislocation defects x4 implement the e-m duality in the Wen
plaquette model, as the lattice is distorted by the dislocation
in such a way that there is no longer a global definition for red
(e) and blue (m) plaquettes. If an e particle goes around one
dislocation y, it will transmute into an m particle, and vice
versa. Taking the dislocations x. into account, the six objects
1,e,m, f, x+ are the simple objects in the UFC Z(Ising)4
[recall Egs. (24) and (25)]. The following fusion rules are
evident by drawing diagrams of strings/dislocations:

exe=mrxm=fxf=1, exm=f,
X *xx£ =1 f,

EX Yt = Xr K€ =MK X+ = X+ XM = Y. (40)

X:* Xz =edm,

For example, Figs. 6(b) and 6(c) show how x. becomes x_ by
fusing with e or m (if we read the picture from left to right).
They also illustrate x4+ x x; = e ® m (if we read the picture
from top down or bottom up).
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FIG. 6. (a) Intrinsic excitations are created in pairs by applying string operators to the ground state. Here, the red string operator creates
a pair of e excitations, the blue string operator creates a pair of m excitations, and the intertwined red and blue strings create a pair of f
excitations. (b), (c) Extrinsic excitations involve modifying the lattice. Here, we show a pair of dislocations: one plain dislocation x., and
one excited dislocation x_. y_ can be obtained from y, adding an excitation of either ¢ or m (they are indistinguishable in the presence of

dislocation).

B. Majorana representation

The Wen plaquette model also admits an alternative so-
lution in terms of Majorana fermions. In this approach,
the two-dimensional local Hilbert space C?> of a qubit on
each site i is first lifted to a four-dimensional super vector
space C??, equipped with four Majorana fermion operators
v2, v, v2, v?. The Majorana operators are Hermitian y =
y# and satisfy the anticommutation relations {y/, y}’} =
25;;6%. We then use the onsite projections C*> — C? spec-
ified by ¥ y!'y?y? = 1 to restrict the fermion Hilbert space
to the physical (qubit) Hilbert space, which corresponds to
the even-fermion-parity sector on each site. This construc-
tion amounts to first fractionalize the qubit into Majorana
fermions and then impose the projective constraint to remove
the gauge redundancy introduced in the fractionalization
procedure.

Under the constraint y y,!'y?y? = 1, each qubit operator
of (a =x,y,z) can be represented as Majorana fermion bi-
linear operators in two seemingly different (but equivalent)
ways:

abcbc

YiVis (41)

— l)/lo yia

where a, b, ¢ are used to label x, y, z or 1,2,3 interchangeably.
It will be more intuitive to use the following diagrammatic
2
/ = —3 3%0’1 = yﬁg 1
o
0
Il Il Il

representations:
3 3%\1
o
0
1l
- 0.1 - 3.2
; 1YY Y57

2
\ = 3‘3;2 3
7y o;
42)

z

< 0.3
; Lalaets

The four Majorana operators on each site are represented by
small circles, and a string going through the site can pair up
the fermion operators along the string in two different ways.
The ordering of fermion operators is indicated by the arrow
according to the following rules:

vy vy
jil'}/L’YJ b.a I

= —ly;7; = — o0 (43)

Using the Majorana representation, the plaquette operator O,
can be written as

X
N 4

= (7)) (13 (i) (i)

= (i) () (i ) (ir)-

(44)
It will be convenient to introduce the link operators (as Majo-
rana fermion bilinear terms across each link)
v = 1V Vier  Tiiks = 10 Vi (45)
such that the plaquette operator O, = [ | (ij)eap Lij 18 simply a
product of link operators around the plaquette. By definition,
one can show that %fj = %;; and f,%- = 1, therefore, %;; only
have two possible eigenvalues 7;; = &1. Moreover, the link
operators %;; commute with each other, so their eigenvalues
7;; can be treated as independent Z, variables. In the common
eigenbasis of %;;, the Wen plaquette model is diagonalized
Hy, = — Zp H<ij>eap 7;;. If we identify the link variable ;;
as a Z, gauge connection along (ij), Hy, will describe a 7,
gauge theory, which is invariant under the gauge transforma-
tion 7;; — s;7;;5; (induced by any configuration of 5; = +1).
The plaquette operator O, = 1 measures the Z, gauge flux
through each plaquette p (O, = 1: no flux, O, = —1: with
flux). The Hamiltonian Hy, = — ) O, energetically favors
the Z, gauge flux to be trivial (O, = 1) everywhere for the
ground state.

Assuming periodic boundary conditions of the square lat-
tice along both ¥ and ¥ directions, there will be four gauge-
inequivalent configurations of t;; that solve the O, = 1 con-
straints (see Fig. 7), which correspond to the four degenerated
ground states of the Wen plaquette model on a torus. Each
configuration of 7;; specifies a unique fermion state |W[z;;]) in
the fermion Hilbert space, s.t. ;;|V[7;;]) = 7;;|W[7;;1), where
all Majorana fermions are dimerized in pairs and fully gapped.
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FIG. 7. Four gauge-inequivalent configurations of T;; that satisfy O, = 1 for all plaquettes on a square lattice with periodic boundary
condition in both directions. Link directions i — j to make t;; = +1 are indicated by arrows, which point toward (against) X or y directions
on the gray (red) links. These configurations are related to each other by applying string operators along noncontractible loops.

The physical ground state can be constructed by projection

L+ ' vy}
[1—5 1w = 3 19lsims D). 46)

i [si]

IGS) =

Imposing the constraint yy!y?y? =1 by projection is
equivalent to summing over all gauge-related |[W[s;T;;s;])
states (parametrized by [s;] that induces the gauge transform).
Therefore, the four gauge-inequivalent sectors of the O, =1
subspace eventually result in the four physical ground states.
The ground states are related to each other by string operators
as shown in Fig. 7. In the Majorana representation, the string
operator is proportional to the product of all Majorana oper-
ators covered by the string. Applying the string operator will
change all y# — —y along the string, and hence all 7;; —
—1;; if the link (ij) has an odd intersection with the string,
thereby changing the state from one gauge sector to another.

C. Edge theory and partition functions

Now, we consider placing the Wen plaquette model on a
square lattice with open boundaries. The Majorana fermions
in the bulk still pair up and remain gapped, however, the
dangling Majorana fermions along the edges of the system
can become gapless. In general, any term that commutes
with the plaquette terms O, in the bulk can appear on the
boundary, which will lift most of the edge degeneracy from
the dangling Majorana modes and stabilize the edge theory.
To the lowest order, the following edge terms will act on the
links along the edge:

o o o o
south edge: ofof = = ‘:4"1 “g‘; = ORI = i)Y,
Jou J v J 4
N
= J PP O
west edge: of0% = i> = = ]1 = lﬂj”rés“/]dy
i’fﬁg i o)
o o
o i J i J
i
north edge: 070 = =" 0 =% o = lTiﬂz‘Z"/]Qy
cyr 0% i
aq o 4L g% — i — _ Y- 1.1
east edge: oj0; = <j = = Ii = 1757 V-
oA/ o8 J
47

They describe the dangling Majorana fermions hopping on
the edge and coupling to the gauge connection %;; = —%;; on
the edge link. Moreover, the four corner sites of the square
lattice allows the following corner terms:

south-west corner:

o o 0.3
—‘5,3? —Co =%
of = 1(# —1"

P 1 ;%\7 on~21
i = = poA = Nod =177,
7
oy — i~041
oofl%m-

=1 -4p-
(48)

They describe how the Majorana fermion turns around at the
corners. Gathering all these terms together and relabeling the
dangling Majorana modes as &; (see Fig. 8), the boundary
of Wen plaquette model realizes a closed Majorana chain
coupled to a Z, gauge field (originated from the bulk), which

north-west corner:

north-east corner:

south-east corner:

FIG. 8. The Majorana representation of the Wen plaquette model
with open boundary. The dangling Majorana modes along the edge
are marked as green dots. They are connected by the edge terms to
form a Majorana chain coupled to the Z, gauge theory in the bulk.
The red plaquettes are even (e) plaquettes and the blue plaquettes are
odd (m) plaquettes.
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is described by the following edge Hamiltonian:
L-1
Hoay = — Y ity &iiy — itL 061, (49)
i=1
where the total number of Majorana modes is L = 2(L, + L,)
on a L, x L, lattice. The gauge connection f;; in Hyqy is tied

to the gauge connection 7;; along the edge link according to
Eq. (47) as

N L (ij) on the west and north edges, (50)
Y7 \tji=—t; (ij) on the east and south edges.
For the corners, ¢;; are fixed by Eq. (48) tobe #,; = —1 on the

southeast corner and #; ;1 = +1 on the rest of the corners (as
illustrated in Fig. 8).

First of all, the edge is gapless. For any configuration
of the gauge field #;;, we can show that there always exist
gauge-invariant excitations in the spectrum of H,qy whose
excitation energy AFE lies below 4 /L. Because along the
one-dimensional edge, we can always gauge away the nontriv-
ial gauge connection to the boundary condition, i.e., any con-
figuration of #;; can be related to ; ;11 =1 (G =1,2,...,L —
1) and t;; = 1 by gauge transformation. Then, Fourier
transforming to the momentum space & = L™"/2 Y% ge %,
the boundary Hamiltonian in Eq. (49) can be diagonalized
as Hygy = 20<k<rr €x&_r&, where €, = 2sink describes the
single-particle excitation energy €; as a function of the mo-
mentum k. Note that for Majorana fermions &_; = é,j , SO
& at k =0, w (if realizable) are Majorana operators (zero
modes) and & with 0 < k < 7 are annihilation operators of
fermion excitations. The excitation spectrum of Hyqy can be
labeled by fermion occupation numbers n; = §_;& = 0, 1
(for 0 < k < ) subject to the condition that the fermions
can only be excited in pairs to maintain gauge invariance.
Consider two-fermion excitations, the excitation energies are
given by AEq, 1,) = €, + €, and labeled by two momenta
ki and k,. The boundary condition #;; = +1 only affects
the momentum quantization between k = 2mn/L (for n =
0,...,L/2)york =2n(n+1/2)/L (forn=0,...,L/2 —1).
For #; =41 (or 1y = —1), we can explicitly construct
the gauge-invariant excitation of AE 2,1y = 2 sin2m /L (or
AE( )1 /1) = 4 sinm /L). In either case, the minimal excita-
tion energy is bounded by AE < 4m /L at least. So, the edge
excitations gap vanishes (as ~ /L) in the L — oo thermody-
namic limit.

Moreover, the edge is anomalous, in correspondence to the
Z, topological order in the bulk. This is manifest from the fact
that the edge Hamiltonian Hpgy in Eq. (49) is not a standalone
one-dimensional model but has to involve the Z, gauge field
from the bulk. To further expose the edge anomaly, we study
how the edge partition function responses to different bulk
excitations (including both intrinsic and extrinsic excitations).
This in turn establishes a bulk-edge correspondence between
the Z, topological order Toric in the bulk and its gapless edge.

The same conclusion can be obtained on the field-theory
level [11] by connecting the mutual Chern-Simons theory
description of the bulk Z, topological order to the Luttinger-
liquid description of the edge Ising criticality. The result is
also supported by the analysis of effective edge Hamiltonian
based on the tensor network representation of Z, topological

ordered state [33]. Here, we provide a lattice derivation of
the bulk-edge correspondence based on the Majorana repre-
sentation, which enables us to further discuss the effect of
bulk excitations (especially extrinsic excitations) on the edge
theory.

We start from intrinsic excitations 1, e, m, f. To facilitate
our discussion, we define the total Z, flux operator (—)® and
the edge fermion parity operator (—)7 as

L2

L—-1
(=) =—t [ [t O =[] 128018 5D
i=1

r=1

Both of them are invariant under gauge transformations & —
si& and t;; — s;t;;5; (for any s; = £1). To make their physical
meaning more explicit, we can use the gauge freedom to fix
tiip1 =1fori=1,2,...,L — 1 and push all the nontrivial
gauge connection to the boundary condition #,; = £1. Af-
ter gauge fixing, (—)® = —#;; measures the total Z, gauge
flux enclosed by the Majorana chain, such that (—)® =1
[or (—)® = —1] corresponds to the no-flux (or -flux) case,
which also corresponds to the Neveu-Schwarz (or Ramond)
boundary condition for the Majorana fermion &;. Also, with
this gauge choice, (—) = ]_[fi 21 i&>,_1&,, becomes the prod-
uct of all dangling Majorana fermions &;, which matches
the definition of fermion parity in a purely one-dimensional
Majorana chain. In conclusion, Eq. (51) provides a gauge-
independent definition of the Z, flux (—)® and edge fermion
parity (—) operators, which allows us to make connection to
the plaquette operators in the bulk. Using the relation between
t;; and 7;; in Eq. (50) and using the fact that the total fermion
parity of the system is even, it can be shown that

=[]0 " =T] 0 (52)
p

peodd

The even and odd plaquettes are assigned such that the pla-
quette on the southeast corner (the corner of & and &) is
always defined to be even, and the rest of the plaquettes can
be labeled odd or even following the checkerboard pattern (see
Fig. 8). We will follow the convention to call the excitation in
the even (odd) plaquette as the e (m) excitation, and treat f as
the bound state of e and m. Then, according to Eq. (52), (—)®
counts the parity of e and m particles and (=) counts the
parity of m and f particles in the bulk. Therefore, pushing the
bulk particle to the edge can change the Z, flux and fermion
parity of the Majorana chain, which is reflected in the change
of the partition function of the edge theory. The results are
summarized in Table I and will be explained later in details.
To calculate these partition functions, we work with
the ¢ ;11 = 1 gauge (fori =1,2,...,L — 1). The Majorana
chain can be described by a free-fermion CFT at low energy.
As we discussed, the edge fermion dispersion relation is given
by €, = 2 sin k. Hence, the low-energy fermions are described
by the fermion modes with momenta k = 0+ &k, and k =
7t + kg for small k; and kg. As we will see, the fermion modes
with small k;, and kg correspond to the left-moving and right-
moving fermion modes in terms of the (14+1)D free-fermion
CFT. By linearizing the dispersion for small k; and kg, we
can write the Hamiltonian H and the total momentum P in the
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momentum space:

H = Z UFkLl’lkL + Z _UFkRnkRa

kL kR
P = Zkl‘nk" —+ ZkRnkR,
ky kg

where the Fermi velocity happens to be vy = 2 for the lat-
tice model in Eq. (49). ny, =0, 1 and ng, = 0, 1 denote the
fermion occupation number of the momentum k = 0 + k; and
k = m + kr modes. We notice that both the Hamiltonian H
and the total momentum P receive contributions separately
from the left- and right-moving fermion modes.

Without a Z, flux in the bulk (—)® = —t;; = +1, the
fermion sees an antiperiodic boundary condition (as f7; =
—1) on the lattice and and its momentum is quantized to k =
2x(n+ 1/2)/L (for n € 7). Since L is even, the quantization
of k;, and kg is consequently given by k;, = 27 (n' 4+ 1/2)/L
and kg = 27 (n"” + 1/2)/L with v/, n" € Z. This quantization
of k; and kg implies that the left- and right-moving fermions
are both subject to the Neveu-Schwarz (NS) boundary condi-
tion, namely, the antiperiodic boundary condition in the CFT
sense, in the spatial direction. Here, the boundary conditions
for the left- and right-moving fermion modes are the same and
are identical to the boundary condition defined on the lattice.
However, one always needs to be cautious that these boundary
conditions are not necessarily equal. We will encounter such
cases in the presence of the dislocations x.

The partition function on a space-time torus with modular
parameter T = (« + iBvp)/L for both even and odd fermion
parity will be given by

(53)

1 —)F .
Zi(7) = TrNSL)e_ﬁH"'"’P,

. v (54)
where Tryg represents the trace over the left- and right-moving
fermion modes with the k; and ki quantization discussed
above. These partition functions can be calculated by cal-
culating the two terms Tryse A7+ and Tryg(—)F e PH+@P
separately. The form of the Hamiltonian H and the total
momentum P given in Eq. (53), together with the fact that
the total fermion parity operator (—)7 is a product of the left-
and right-fermion parities, ensures that each of Tryge ™ #H /%P
and Trys(—)F e PH+P factorizes into a product of the left-
moving-fermion contribution and the right-moving-fermion
contribution:

Trns e PP = |d__(7)]%,

_\F_—BH+iaP _ 2 ©5)
Trns (=) e = |d (),

where d_+(t) = g ® [152(1 £ ¢"*1/2) with g = €*™'" are
the contributions from the left-moving fermions. The contri-
butions from the right-moving fermions are given by d_-(7)*.
Details of d_+(t) can be found in Chapter 6.4 and Chap-
ter 10.3 in [34]. The two subscripts of d_.(r) represent
the spatial and temporal boundary conditions (in the CFT
sense) respectively: “—” represents the antiperiodic (Neveu-
Schwarz) boundary condition and “+” represents the peri-
odic (Ramond) boundary condition. Here, the trace Trngs has

already set the spatial boundary condition for both of the left-
and right-moving modes to be antiperiodic (Neveu-Schwarz).
The temporal boundary condition is periodic (Ramond) if
there is a fermion parity operator (—)* in the trace Trys. It
is antiperiodic (Neveu-Schwarz) if without. Putting the results
together, we have

1+ O i _ 1d--(@FP +1d_1 (D)
2 b

_)F e_ﬁH+iaP — |d——(T)|2 - |d—+(f)|2
5 :

Zy(t) = Trns

1 —
Zg(t) = Trns

(56)

With a Z, flux in the bulk (—)® = —#;; = —1, the fermion
sees a periodic boundary condition (as f,; = +1) on the lattice
and its momentum is quantized to k = 2xn/L (for n € 7).
Given that L is even, the momenta of left- and right-moving
fermion modes are then correspondingly quantized to k; =
27n'/L and kg = 2n” /L with n’, n” € Z. This quantization
of k; and kg implies that the left- and right-moving fermions
are both subject to the Ramond (R) boundary condition,
namely, the periodic boundary condition in the CFT sense, in
the spatial direction. Notice that this spatial periodic boundary
condition allows for fermion zero modes at k;, = 0 and at
kg = 0. In this case, the partition function in both fermion
parity sectors will be given by

1+ (=) o B +iaP _ |di— (D) + |dy1(T)?
2 9

F 5 )
Zn(T) = TrR#e—ﬁH+iaP _ ld—(7)| ; |dy (1) 7

(57)

Z(7) =Trg

where d () = ngi T132,(1 & ¢™) with g = ¥™*. Here,
Trr represents the trace over the left- and right-moving
fermion modes with the k; and ki quantization given above.
The Lz factor takes care of the state counting in the presence
of the zero mode. Here, the two subscripts of d +(7) again
labels the spatial and temporal boundary conditions, respec-
tively. These results are obtained in a similar fashion as Z; (1)
and Z; (7). Details of d,+(7) can also be found in Chap.s 6.4
and 10.3 in [34]. Interestingly, we notice that d,(t) = 0 due
to the n = O contributions. Hence,

Z(t) = Zn(7). (58)

The characters dyy(t) are in fact the partitions of the
(1+1)D free-fermion CFT on the torus with different bound-
ary conditions (or equivalently different spin structures). It is
a classic result that the free-fermion characters d+.(t) can
be directly related to the characters o, Xis X1 of the Ising
CFT (see, for instance, Chap. 10.3 of [34] for reference) in
the following way:

d__(t)+d_.(7)

xo(t) = 5
_dy(7)
xi(t)= 7
= 9
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Therefore, we can rewrite the partition functions Z;, Z.(7),
Zy(t),and Z;(7) as

2
)

Zy = |0 + |x1(0)
Zs = xo(T) x1(t) + X1 (1) x0(0),
Z(7) = Zn(1) = |3 (O, (60)

In this way, we have provided an explicit lattice model real-
ization of all partition functions [recall Eq. (32)] on the gap-
pable nonchiral gapless edges defined in (34). If we impose
the nonchiral symmetry A [recall (18)] at the critical point,
these are the only partition functions preserving the nonchiral
symmetry A (see ([8], Sec. 5.2)).

In fact, some more interpretation of the partition functions
is in order. In defining Zy, Z.(7), Z,(7), and Z¢(7), we only
consider the low-energy edge degrees of freedom in the traces
“Trns” and “Trg.” However, these partition functions can still
be interpreted as the partition functions for whole system
(including the edge and the bulk degrees of freedom) with
the bulk in the “infinite-gap limit.” The bulk energy gap is
set by the energy scale of the bulk Hamiltonian Hy, while

J

the edge energy scale is set independently by Hpgy. For a
finite-size system, if we take the bulk energy gap to be infinite
without changing the edge energy scale, the whole system
will be automatically in the sector with (—=)® = (=)F =1 at
low energy. The partition function of the whole system then
receives contributions only from the gapless edge states in
the corresponding sector and becomes Z; (7) in this limit. To
obtain Z,,(t) as the partition function of the whole system,
we need to change the bulk Hamiltonian Hy, on a single
odd plaquette p. By changing the sign of the coupling for
the operator O, on the given (odd) plaquette p, we obtain a
new Hamiltonian H\;,p whose infinite-gap limit automatically
favors the sector with (—)® = —1 and (=) = —1 at low
energy. In this limit, the partition function of the whole system
receives contributions only from the gapless edge states in the
corresponding sector and becomes Z,,(t). Z.(t) and Z¢(7)
can be obtained in a similar way as the partition functions of
the whole system.

In the following, we discuss the behavior of these partition
functions Zy(t), Z¢(t), Z.(7), and Z,(7) under modular
transformations. The characters dy 4 (t) have simple modular
transformation properties:

diy(=1/7)=di1 (1) =0,
di(=1/1) =d_4(7), ©1)
d_i(—1/t)=d; (1),
d-_(—1/1)=d__(7),
dit(t+1)=dy () =0,
dy (T +1)=e?dy (1),

S transformationt — —1/7 :

T transformationt — 7+ 1: d . (t+1)= 6_1:2”/48d,,(1'), (62)
d__(t+1)=e27/8d__ (7).
These transformations induce the modular transformations of Z; (t), Z¢(7), Z.(t), and Z,,(7):
Zy(—1/7) Zy(7) Zi(t +1) Zy(7)
Ze(_l/r) _ Ze(f) Ze(T + 1) _ Ze(T)
210 | T3 zu) | | zue + D) | T Zuo) || (63)
Zi(—1/7) Zi(1) Zi(t + 1) Zs(1)
[
where the matrices S and 7' are given by Another observation is that Zy + Z,, (or Z; + Z,) matches
exactly the Ising CFT partition function on a torus
1 1 1 1 1 0 O 0 N . . . .
which is modular invariant. This is not surprising because
1|1 1 -1 -1 0 1 0 0
2 1 -1 —1 : 00 0 -1 If we are allowed to break the nonchiral symmetry from A
(64) to IX 1=V ®cV C A [recall (18)] at the critical point by

In fact, Eq. (63) does NOT uniquely determine S and T.
However, the S and T matrices given above match exactly the
modular S and T matrices of the Z, topological order. This is
not surprising because of Eq. (24). That the partition functions
on the gapless edge transform covariantly according to the
S and T matrices associated to the bulk 2d phase is true for
all the so-called canonical chiral or nonchiral gapless edges
almost tautologically according to the general theory in ([7,8],
TheoremP® 5.16).2

2Ji and Wen amplified this fact in [35] and promoted it to a general
principle even in higher dimensions. For general chiral or nonchiral

adding the extrinsic excitations x4 (see ([8], Sec. 5.2)), we
can obtain a lattice realization of the gapless edge defined
by (V ®¢ Vv, Z(Ising), Z(Ising)4) [recall Eq. (30)]. The
extrinsic excitations x4 correspond to lattice dislocations in
the bulk. If we create a pair of lattice dislocations and push
one of them through the edge, the number of lattice sites
along the edge will be effectively reduced by one, resulting
in an odd number of dangling fermions on the edge, as shown

gapless edges, this statement is true in many cases. But, there are
counterexamples (see ([8], Example 5.17)). We believe that this
fact can be generalized even to higher dimensions but under certain
unknown conditions.
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FIG. 9. The Majorana representation of the Wen plaquette model
in the presence of a dislocation y . Green dots mark out the dangling
Majorana modes along the edge as well as the Majorana zero mode
trapped by the dislocation inside the bulk. The number of Majorana
modes on the edge becomes odd. The even(e)/odd(m) plaquette can
no longer be globally defined (the inconsistent plaquettes are colored
in purple).

in Fig. 9. To compensate the missing Majorana mode on the
edge, one Majorana zero mode will appear at the dislocation
inside the bulk. In this case, the edge fermion parity operator
can no longer be defined (as there are only an odd number of
fermion modes on the edge). This is also manifest from the
bulk that the plaquettes can not be consistently assigned as
even/odd in the presence of the dislocation. Therefore, (—)"
in Eq. (52) no longer makes sense. Nevertheless, the total Z,
flux (—)® is still well defined as (—)® = —tz; []2, tiip1 =
I1 » Op as long as the plaquette operator is extended around the
dislocation according to Eq. (39). Therefore, in the absence
of excitations in the regular (nondislocation) plaquettes, the
trivial x, and excited x_ dislocations in the bulk will lead
to different boundary conditions for the boundary Majorana
chain. Namely, (—)® = =+1 corresponds to x.

Interestingly, the presence of a single dislocation in the
bulk renders the length L of the edge Majorana chain odd.
In this case, the boundary condition defined on the lattice
for the edge Majorana chain is translated in the nontrivial
way into the boundary condition (in the CFT sense) for
the left- and right-moving fermion modes. Let us start with
the dislocation x, which leads to (—)® = +1. The edge
fermion modes experience an antiperiodic boundary condition
on the lattice. Hence, their momenta are quantized to k =
2w (n+ 1/2)/L with n € Z. At low energy, we focus on the
left- and right-moving fermion modes with momenta k =
0+ k; and kg = w + kg. When L is odd, the quantization
k =2m(n+ 1/2)/L leads to the quantization k; = 2w (n’ +
1/2)/L and kg = 27n”/L with n’',n” € Z for the left- and
right-moving fermions. We notice that k; and kg are now
quantized differently. These quantizations suggest that the
left-moving fermion modes are subject to an antiperiodic
(Neveu-Schwarz) boundary condition in a CFT sense, while

the right-moving fermions are subject to a periodic (Ramond)
boundary condition in a CFT sense. Therefore, the partition
function is given by

1
V2

where d__(7) and d,_(7)* are the contributions from the
left- and right-moving fermions. They are both subject to
an antiperiodic boundary condition in the temporal direction.
That is because there is no edge fermion parity projection
needed and, hence, no edge fermion parity operator involved
in obtaining Z,, (7). d__(t) and d,_(7)* have the opposite
spatial boundary conditions because the momentum quantiza-
tion of k;, and kg explained above. The reason that there is an
extra factor of \/% in Z,, () is a bit tricky. First of all, the edge

Majorana chain with an odd length does not, strictly speaking,
have a well-defined Hilbert space. One natural solution to
it is to consider the total Hilbert space defined by both the
edge fermion modes and the Majorana zero mode localized
on the dislocation (even though the latter is decoupled from
the former). This Majorana zero mode on the dislocation
should contribute a ﬁ factor based on its quantum dimen-
sion. However, we need to ensure that the global fermion
parity (including the edge and dislocation Majorana modes)
is even (so that the states involved in the partition sum can
be projected back to the “bosonic” Hilbert space with just
bosonic spin operators acting on it). The global fermion parity
projection eliminates half of the states in the fermionic Hilbert
space (associated to the Majorana modes) and hence leads to
an extra factor of % Therefore, the quantum dimension of the
dislocation Majorana zero mode and the global fermion parity

projection in total contribute to a factor of 4 to the partition
function. Including the Majorana zero mode on the dislocation
and implementing the global fermion parity projection are
also natural if we consider Z, (1) as the partition function
of the whole system (including the bulk and the edge) in
the infinite-gap limit. That is because the Majorana zero
mode localized on the dislocation has zero energy even when
the bulk is in the infinite-gap limit. Furthermore, the global
fermion parity projection is always needed to ensure the states
summed over in the partition function live in a bosonic Hilbert

Zy (1) = —(=di(1)d__(7), (65)

space.
We can analyze the case with a x_ dislocation in a similar
way. The dislocation y_ which leads to (—)® = —1. Hence,

the edge fermion modes experience a periodic boundary
condition on the lattice. Their momenta are therefore quan-
tized to k =2mn/L with n € Z. At low energy, we focus
on the left- and right-moving fermion modes with momenta
k=0+ky and kg = m + kg. When L is odd, the quantiza-
tion k = 2wn/L leads to the quantization k; = 27rn’/L and
kr =2 (n” 4+ 1/2)/L with n’, n” € Z for the left- and right-
moving fermions. Again, k; and kg are quantized differently.
In the CFT sense, the left-moving fermion modes are now
subject to a periodic (Ramond) boundary condition, while
the right-moving fermions are subject to an antiperiodic
(Neveu-Schwarz) boundary condition. Therefore, the partition
function is given by

1
Z, (t) = NG d__(t)ds_(7). (66)
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In terms of the Ising CFT characters, we can write

Zy (1) = x 1 (t)" xo(T) + X 1 (1) 1 (7),
Zy (1) = x0(0)* x 1. (T) + x1 (1) x 1 (7). (67)

We see immediately that we have achieved the lattice model
realization of the last two partition functions (33) in the
enriched fusion category of the gapless edge defined by the
triple (V ®¢ V, Z(Ising), Z(Ising),) [recall Eq. (30)]. All
the partition functions Zy, Z,, Z,, Zs, Z,,, and Z, are
summarized in Table I.

We have recovered the partition functions of Mj , for
x=1,e,m, f, x+ on the edge (30) directly from the lattice
model of the gapless edge. More general partition function
of M, , coincides with that of My xg,. This is obvious from
our lattice model construction. Therefore, the gapless edge
defined by Eq. (49), which is coupled to the bulk, realizes
physically the gapless edge defined by the triple (V ®¢
V, Z(Ising), Z(Ising) ).

The partition functions Zy, Z,, Z,, Zy, Z,, obtained using
a Hamiltonian formalism in this section are closely related to
the results of [36] where the Ising CFT partition functions
in the presence of topological line defects are studied using
a two-dimensional statistical mechanical model. The two-
dimensional statistical mechanical model proposed in [36]
can be viewed as the discretized Euclidean path integral of
the edge Hamiltonian studied in this section. The topological
defect lines of the statistical mechanical can be identified
as the world line of the objects x = 1,e,m, f, x+ in our
Hamiltonian formalism.

D. Purely edge phase transition

In this section, we provide an interpretation of this gapless
edge theory given by Eq. (49) as the critical point between
two types of topologically distinct gapped edges of the Z,
topological order. In the following, we only work with the
Wen plaquette model with an open boundary and without
any dislocations. The labeling of the edge Majorana modes
follows that of Fig. 8. We use the same convention as above
that the plaquette on the southeast corner is defined to be even.
We consider a generalized edge Hamiltonian

L—1
Hyy = =Y [+ (=) Miti i — [+ () Wit £,

i=1

(63)

where 1 is a tuning parameter. When A =0, Hy, reduces
back to the Hamiltonian Hygy in Eq. (49) which gives rise to
the gapless edge theory. A nonzero A results in an alternating
pattern of the hopping strength in the edge Majorana chain.
From now on, we define the links along the edge between the
edge Majorana modes &, and &, withr =1,2,...,L/2 as
the e links, and the links between the edge Majorana modes
&, and &, withr =1,2,...,L/2 — 1, as well as the link
between &; and &, as the m links. In the generalized edge
model Hl;dy, the hopping strength along the e links is given by
1 — A, while the hopping strength along the m links is given by
1 4 A. One should always remember that each of the fermion

hopping terms can be written in terms of the bosonic operators
in Eqgs. (47) and (48). Therefore, Hl;dy can be expressed using
the Pauli matrices on the sites on edge.

For the simplicity of discussion, we can focus on the
sector such that the edge Majorana chain has an antiperiodic
boundary condition, i.e., (—)® = 1. In this case, we can gauge
fix such that#; ;11 =1,y =1 foralli=1,2,...,L — 1. Hl;dy
then becomes the standard 1d Majorana chain. When A # 0,
the dispersion of the edge fermions is gapped and, hence, the
Hamiltonian Hgdy is gapped as well. It is well known that
the phases with A > 0 and A < 0 are two distinct symmetry-
protected-topological (SPT) phases of the 1d Majorana chain.
The states with A > 0 (or A < 0) are all adiabatically con-
nected. The two SPT phases each have a simple limit at A = 1
and —1, respectively. With A = 1, the hopping along the e
links is completely switched off and the edge Majorana modes
dimerize on the m links. With A = —1, the hopping along the
m links is completely switched off and the edge Majorana
modes dimerize on the e links instead. One can easily see
that the two SPT phases can be mapped into each other by
exchanging the roles of the e links and the m links. Therefore,
if we enforce a symmetry between e links and the m links in
the edge model (which consequently requires A = 0 in Hl;dy)’
the edge theory has to be at the critical point between the two
SPT phases.

The two SPT phases on the edge and the critical point
between them can be reinterpreted in connection to the Z,
topological order in the bulk. For the phase with A > 0, we
can take the case with A = 1 as a representative. When A = 1,
the only terms left in Hl;dy are the hopping terms on the m
links which are exactly the edge terms [shown in Eq. (47)]
that are adjacent to the odd plaquettes of the bulk.> Remember
that we have associated the m particle to the odd plaquette in
the bulk. Only turning on the edge terms adjacent to the odd
plaquettes in fact enforces the m-condensing (gapped) edge of
the toric topological order. Hence, the gapped edge phase with
A > 0 should be associated to the m-condensing edge of the
Z, topological order. Following a similar line of reasoning, we
can conclude that the gapped edge phase with A < O should
be associated to the e-condensing edge of the Z, topological
order. The gapless point at A = 0 is in fact the critical point
between the two types of gapped edges of the Z, topological
order. Generically, the edge of Z, topological order does not
need to be at the critical point. However, if we enforce the e-m
duality as a “symmetry” of the whole system, there will be a
“symmetry” between the e links and the m links on the edge.
It enforces a gapless edge that is the critical point between the
two types of gapped edges.
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