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We study square lattice space-group symmetry fractionalization in a family of exactly solvable models with Z,
topological order in two dimensions. In particular, we have obtained a complete understanding of which distinct
types of symmetry fractionalization (symmetry classes) can be realized within this class of models, which are
generalizations of Kitaev’s Z, toric code to arbitrary lattices. This question is motivated by earlier work of Essin
and one of us (M. H.) [Phys. Rev. B 87, 104406 (2013)], where the idea of symmetry classification was laid out,
and which, for square lattice symmetry, produces 2080 symmetry classes consistent with the fusion rules of Z,
topological order. This approach does not produce a physical model for each symmetry class, and indeed there
are reasons to believe that some symmetry classes may not be realizable in strictly two-dimensional systems,
thus raising the question of which classes are in fact possible. While our understanding is limited to a restricted
class of models, it is complete in the sense that for each of the 2080 possible symmetry classes, we either prove
rigorously that the class cannot be realized in our family of models, or we give an explicit model realizing the
class. We thus find that exactly 487 symmetry classes are realized in the family of models considered. With a
more restrictive type of symmetry action, where space-group operations act trivially in the internal Hilbert space
of each spin degree of freedom, we find that exactly 82 symmetry classes are realized. In addition, we present a
single model that realizes all 26 = 64 types of symmetry fractionalization allowed for a single anyon species (Z,
charge excitation), as the parameters in the Hamiltonian are varied. The paper concludes with a summary and a
discussion of two results pertaining to more general bosonic models.
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I. INTRODUCTION
A. Background

Topological phases of matter are those with an energy gap
to all excitations, and host remarkable phenomena such as pro-
tected gapless edge states and anyon quasiparticle excitations
with nontrivial braiding statistics. Following the discovery
of time-reversal-invariant topological band insulators [1-3],
significant advances have been made in understanding the role
of symmetry in topological phases.

Two broad families of such phases are symmetry protected
topological (SPT) phases [4-8] and symmetry enriched topo-
logical (SET) phases. SPT phases, which include topological
band insulators, reduce to the trivial gapped phase if the
symmetries present are weakly broken. These phases lack
anyon excitations in the bulk, and many characteristic physical
properties are confined to edges and surfaces. SET phases,
on the other hand, are topologically ordered, with anyon
excitations in the bulk. Topological order is robust to arbitrary
perturbations provided the gap stays open, and SET phases
remain nontrivial even when all symmetries are broken. In the
presence of symmetry, there can be an interesting interplay
between symmetry and topological order. This interplay is
important because properties tied to symmetry are often easier
to observe experimentally. For example, in fractional quantum
Hall liquids [9,10], quantization of Hall conductance [9] and
fractional charge [11-13] have been directly observed, and
arise from the interplay between U(1) charge symmetry and
topological order. The example of fractional quantum Hall
liquids makes it clear that the study of SET phases has a long
history, which cannot be adequately reviewed here; instead,
we simply mention two areas of prior work that have close ties
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with the focus and results of this paper. First, topologically
ordered quantum spin liquids are another much-studied class
of SET phases [14-21]. Second, a systematic understanding
of the role of symmetry in SET phases has recently been
developing, including work on classification of such phases;
some representative studies are found in Refs. [22—45].

Most of the recent work on SPT and SET phases has
focused on onsite symmetries such as time reversal, U(1)
charge symmetry, and SO(3) spin symmetry. For SPT phases,
this restriction makes sense physically because a generic
edge or surface will not have any spatial symmetries, but
may have onsite symmetry. Of course, there can be clean
edges and surfaces, and some works have examined the role
of space-group symmetry in SPT phases [46-55]. For SET
phases, there is not a good physical justification to ignore
spatial symmetries; the presence of anyon quasiparticles means
that symmetries of the bulk can directly impact characteristic
physical properties. Indeed, a number of studies have focused
on the role of space-group symmetry in SET phases [22,25—
29,31,38,41,44]. However, many recent works on SET phases
have limited attention to onsite symmetry.

Recently, Essin and one of us (M. H.), building on earlier
work [22,23], introduced a symmetry classification approach
to bosonic SET phases in two dimensions, designed to
handle both onsite and spatial symmetries [31]. The basic
idea is to consider a fixed Abelian topological order and
fixed symmetry group G, and establish symmetry classes
corresponding to distinct possible actions of symmetry on
the anyon quasiparticles, so that two phases in different
symmetry classes must be distinct (as long as the symmetry is
preserved). Under the simplifying assumption that symmetry
does not permute the various anyon species, the approach of

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.87.104406
http://dx.doi.org/10.1103/PhysRevB.87.104406
http://dx.doi.org/10.1103/PhysRevB.87.104406
http://dx.doi.org/10.1103/PhysRevB.87.104406
http://dx.doi.org/10.1103/PhysRevB.91.014405

HAO SONG AND MICHAEL HERMELE

Ref. [31] amounts to classifying distinct types of symmetry
fractionalization, where this term reflects the fact that the
action of symmetry fractionalizes at the operator level when
acting on anyons.

Distinct types of symmetry fractionalization are referred
to as fractionalization classes, and characterize the projective
representations giving the action of the symmetry group on
individual anyons. Assigning a fractionalization class to each
type of anyon specifies the symmetry class of a SET phase.
Reference [31] focused primarily on the simple case of Z;
topological order, giving a symmetry classification for square
lattice space group plus time-reversal symmetry, that can
easily be generalized to any desired symmetry group. For
Z, topological order with symmetry group G, a symmetry
class is specified by fractionalization classes [w,] and [w),],
for e particle (Z, charge) and m particle (Z, flux) excitations,
respectively. Mathematically, distinct fractionalization classes
are elements of the cohomology group H?(G,Z5). In more
detail, a symmetry class is an unordered pair ([w,],[wy]) =~
([wm],[we]), where the lack of ordering comes from the fact
that the distinction between e and m particle excitations is
arbitrary, and we are always free to make the relabeling e <> m.

A crucial issue left open by the general considerations of
Ref. [31] is the realization of symmetry classes in microscopic
models (or physically reasonable low-energy effective the-
ories). In this paper, focusing on Z, topological order and
square lattice space-group symmetry, we address this issue
via a systematic study of a family of exactly solvable lattice
models, in which many symmetry classes are realized. This
is interesting for several reasons. First, to our knowledge, a
general framework to describe SET phases with space-group
symmetry has not yet emerged, and concrete models for such
phases are likely to be useful in developing such a framework.
This contrasts with SET phases with onsite symmetry, where
powerful tools are available, including approaches based
on Chern-Simons theory [30,34,35], on classification of
topological terms using group cohomology [32,33], and on
tensor category theory [56,57]. Second, it is likely that not
all symmetry classes are realizable in strictly two-dimensional
systems. For onsite symmetry, some symmetry classes can
only arise on the surface of a d = 3 SPT phase [37,39,58,59].
Understanding which space-group symmetry classes can be
realized in simple models is a step toward addressing the more
challenging general question of which classes can (and cannot)
occur strictly in two dimensions. Finally, the explicit models
we construct can be used as a testing ground for new ideas to
probe and detect the characteristic properties of SET phases,
in both experiments and numerical studies of more realistic
microscopic models.

The models we consider are generalizations of Kitaev’s
Z toric code [60] to arbitrary two-dimensional lattices with
square lattice space-group symmetry (a precise definition
appears in Sec. IV). By appropriately choosing the lattice
geometry, varying the signs of terms in the Hamiltonian,
and allowing symmetry to act nontrivially on spin operators,
many but not all symmetry classes can be realized. Varying
the signs of terms in the Hamiltonian modulates the pattern
of background Z, fluxes and charges in the ground state,
and this in turn affects the symmetry fractionalization of e
and m particles, respectively. In addition, nontrivial action
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of symmetry on the spin degrees of freedom also affects
symmetry fractionalization. We have obtained a complete
understanding for the specific family of models considered,
in the sense that for every symmetry class consistent with the
considerations of Ref. [31], we either give an explicit model
realizing this symmetry class, or we prove rigorously that it
cannot occur within our family of models.

The idea of choosing the lattice geometry and varying the
signs of terms in the Hamiltonian can be viewed as imple-
mentations of a “string flux” mechanism for fractionalization
in topologically ordered phases, recently introduced by one
of us (M. H.) [43]. In Ref. [43], exactly solvable Z, toric
code models were constructed with onsite, unitary symmetry
G, for G an arbitrary finite group. These models can realize
arbitrary symmetry fractionalization for anyons corresponding
to Z, gauge charges, and do so by encoding a pattern of fluxes
into the ground state, so that the wave function acquires phase
factors when the strings attached to anyons slide over these
fluxes. This work differs significantly from Ref. [43] in the
focus on space-group symmetry, and in the fact that we allow
for and find nontrivial symmetry fractionalization for both
Z, charge and flux anyons. A perhaps even more important
distinction is the emphasis here on obtaining a complete
understanding for a given family of models, as compared
to the emphasis in Ref. [43] of devising a simple means to
encode physically the underlying mathematical structure of
fractionalization classes.

B. Outline of the paper

Due to the length of the paper, we first point out that
readers can find the main results in Sec. VI. Readers familiar
with the necessary background should be able to understand
the statements of results in Sec. VI, after quickly consulting
Sec. VA, and especially Egs. (39)-(44), to become familiar
with notation and conventions used to present symmetry
classes.

Now, to overview the main results, the aim of this paper is to
explore the possible symmetry classes associated to the space
group G of the square lattice within a particular family of local
bosonic models with Z, topological order. We call this family
of models TC(G), and it consists of variations of Kitaev’s
Z, toric code [60] obtained by changing the lattice geometry,
varying the signs of terms in the Hamiltonian, and allowing
symmetry to act nontrivially on spin operators (referred
to as spin-orbit coupling). Section VI studies symmetry
fractionalization in these models, beginning with a specific
example and moving towards increasing generality. First, in
Sec. VI A we describe a single model realizing all e-particle
fractionalization classes while the m particle always has trivial
symmetry fractionalization. The constraints that arise when
both e and m particles have nontrivial symmetry fractionaliza-
tion are considered in the following subsections. In Sec. VI B,
we examine a subclass of models TCy(G) C TC(G), where
no spin-orbit coupling is allowed. The main result of Sec. VIB
is Theorem 1, which describes all symmetry classes that are
realized by models in TCy(G). Following the statement of
the theorem, example models realizing all possible symmetry
classes for TCy(G) are presented. Finally, in Sec. VIC, we
treat the general case of 7C(G), and state Theorem 2, which
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describes all symmetry classes that are realized by models
in TC(G); the discussion parallels that of Sec. VIB. The
detailed proofs of the theorems are left to the appendices,
together with the presentation of models realizing all possible
symmetry classes for 7 C(G). Our results establish that certain
symmetry classes are possible in two-dimensional models.
For symmetry classes that are not realized by models T C(G),
a more general understanding of which such symmetry classes
are possible strictly in two dimensions is still lacking.

Now, we describe how the rest of the paper is organized.
Section II reviews Z, topological order, and Sec. III gives a
review of the simplest Z, Kitaev toric code model, on the two-
dimensional square lattice. The crucial objects are the e (Z,
charge) and m (Z, flux) excitations of Z, topological order,
referred to as e and m particles. Readers already familiar with
these topics may wish to skim Secs. II and III, and proceed to
Sec. IV, where we introduce the family of toric code models on
general lattices with square lattice symmetry; some technical
details are presented in Appendices A and B. We actually
introduce two families of models; in one of these, square
lattice symmetry acts only by moving spin degrees of freedom
from one spatial location to another, but all symmetries act
trivially within the internal Hilbert space of each spin. This
situation is referred to in our paper as that of no spin-orbit
coupling, and the resulting family of models is called 7 Cy(G),
where G is the square lattice space group. We also consider a
larger family of models 7 C(G), that contains 7Cy(G). In
TC(G), symmetries are allowed to act nontrivially on the
spin degrees of freedom, and we refer to this as the presence
of spin-orbit coupling. It should be noted that our usage of
the term spin-orbit coupling is a generalization of the usual
usage; in particular, our spins do not necessarily transform as
electron spins do under a given rigid motion of space. Such
a generalization is physically reasonable because there are
many ways in which two-component pseudospin degrees of
freedom arise in real systems, and such degrees of freedom do
not always transform like electron spins under symmetry.

With the models of interest having been introduced,
Sec. VA follows Ref. [31] and reviews the notions of
fractionalization and symmetry classes. It should be noted that,
as in Ref. [31], we always make the simplifying assumption
that symmetry does not permute the anyon species. Indeed,
the family of models 7 C(G) is defined so that permutations of
anyons under symmetry never occur. Section V B proceeds to
give a detailed description of how symmetry fractionalization
is realized in the solvable toric code models for both e- and
m-particle excitations. The important notions of ¢ and m
localizations of the symmetry are introduced and discussed,
which provide the means to calculate the fractionalization
and symmetry classes for given models in 7TC(G). In our
solvable models, the e- and m-particle excitations have
different character, and it is convenient to distinguish them
by introducing the notion of toric code (TC) symmetry class,
which is an ordered pair ([w,],[w,,]). While we do not expect
TC symmetry classes to have any universal meaning, they
are useful in understanding the possibilities for toric code
models. Appendix C proves some general results about e
and m localizations, and gives a general expression for these
localizations that is useful in deriving constraints on which
symmetry classes are possible.
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The main results of the paper are presented in Sec. VI, in
order of increasing generality. First, in Sec. VI A we describe a
single model that realizes all 26 = 64 fractionalization classes
for e-particle excitations, as the parameters in the Hamiltonian
are varied. In this model, the m-particle fractionalization class
is trivial. In Sec. VIB, we discuss models in 7 Cy(G), the
family of toric code models with square lattice symmetry and
the restriction of no spin-orbit coupling. We state Theorem 1,
which gives conditions ruling out most of the 2080 symmetry
classes (4096 TC symmetry classes) permitted by the general
considerations of Ref. [31]. In particular, only 95 TC symmetry
classes, corresponding to 82 symmetry classes, are not ruled
out by the constraints of Theorem 1, which are proved in
Appendix D 1. In fact, all 95 of these TC symmetry classes
are realized by models in 7T Cy(G); these models are exhibited
in Sec. VI B. Moving on to the general case of T C(G) where
spin-orbit coupling is allowed, Sec. VIC states Theorem 2,
which gives constraints similar to but less restrictive than
those without spin-orbit coupling; these constraints are proved
in Appendix D2. In this case, 945 TC symmetry classes,
corresponding to 487 symmetry classes, are not ruled out by
the constraints, and again all these classes are realized by
explicit models in 7 C(G). Some examples of such models are

TABLE 1. Notation used in the paper.

Symbol Meaning
H Hamiltonian
G Symmetry group of H
(square lattice space group)
G=(V,E) Graph on which the model is defined
P.G—>T? Planar projection map into torus 72
veV Vertex v in set of vertices V
teE Edge ¢ in set of edges E
seW Path s in set of paths W
C Set of cycles (closed paths)
Co Set of contractible cycles
peP Plaquette p in set of plaquettes P
tew Cut ¢ in set of cuts W
Cc Set of closed cuts
Co Set of closed, contractible cuts
heH Hole 4 in set of holes H
o/,0; Pauli matrix spin operators on edge ¢
LS e string on path s € W
L m string oncutt € W
A,,a, Vertex operator and
corresponding eigenvalue
B,.b, Plaquette operator and
corresponding eigenvalue
o =(0,0) Special points in the plane
=(3.1) (Units of length are chosen such that
K= g(l)%g the size of the unit cell is 1 x 1)
5,0
2

| X Size of any finite set X

TC(G) Family of toric code models considered,
with spin-orbit coupling allowed
TCy(G) Family of toric code models considered,

no spin-orbit coupling allowed
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described in Sec. VIC, with the full catalog of models given
in Appendix E.

The paper concludes in Sec. VII with a summary and a
discussion of two results beyond the special case of solvable
toric code models. There, it is argued using a parton gauge
theory construction that symmetry classes not realizable in
T C(G) can be realized for more generic bosonic models. In
addition, we give a connection between symmetry classes of
certain onsite symmetry groups and space-group symmetry
classes.

Some of the notation used frequently in the paper is
collected in Table I.

II. REVIEW OF Z, TOPOLOGICAL ORDER

In this paper, we focus on Z, topological order in two
dimensions, which is in some sense the simplest type of
topological order. Z, topological order arises in the deconfined
phase of Z, lattice gauge theory with gapped bosonic matter
carrying the Z, gauge charge.! There is an energy gap to all
excitations, which can carry Z, gauge charge and/or Z, flux.
There is a statistical interaction between charges and fluxes;
the wave function acquires a statistical phase factor ¢/ when
a charge moves around a flux or vice versa. These properties
are associated with a fourfold ground-state degeneracy on a
torus (i.e., with periodic boundary conditions), although in
some circumstances special boundary conditions are present
that reduce the degeneracy.

Z, lattice gauge theory provides a particular concrete
realization of Z, topological order, and it is useful to distill
the essential features into a slightly more abstract description.
Every localized excitation above a ground state can be assigned
one of four particle types: 1,e,m, and €. In terms of lattice
gauge theory, e particles are bosonic gauge charges, m particles
are Z, fluxes, and € particles are e-m bound states. Excitations
carrying neither Z, charge nor flux are “trivial,” and are labeled
by 1.

e, m, and € excitations obey nontrivial braiding statistics
and are thus referred to as anyons. e and m are bosons, while
€ is a fermion. Any two distinct nontrivial particle types (for
example, e and m), have 6 = 7 mutual statistics, with the wave
function acquiring a phase ¢'” when one is brought around
the other. 1 excitations are bosonic and have trivial mutual
statistics with the other particle types.

When two excitations are brought nearby, the particle type
of the resulting composite object is well defined and is given
by the fusion rules

exe=mxm=exe=1x1=1,

exl=e, mxl=m, e€x1=k¢, €))]

exXm=«¢, exe=m, mXxEe=e.

It is a very important property that only 1 excitations can
be locally created; that is, action with local operators cannot
produce a single, isolated e, m, or € (at least away from edges
of the system, if there are open boundaries). The fusion rules

17, lattice gauge theory with fermionic matter also gives rise to Z,
topological order.
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then tell us that a pair of e, m, or € excitations can be created
locally. An anyon can be moved from one position to another
by acting with a nonlocal string operator connecting the initial
and final positions. There are distinct string operators for each
type of anyon.

We remark that the fusion and braiding properties are
invariant under the relabeling e <> m, which means we are free
to make such a relabeling: this is a kind of Z, electric-magnetic
duality. This feature is important for a proper counting of
symmetry classes.

III. REVIEW: TORIC CODE MODEL
ON THE SQUARE LATTICE

We now review Kitaev’s toric code model [60] on the square
lattice, which is the simplest model realizing Z, topological
order. We consider a L x L square lattice with periodic
boundary conditions (forming a torus), and we label vertices
by v, edges by ¢, and square plaquettes by p. The degrees
of freedom are spin-5 spins, residing on the edges. Local
operators are then built from Pauli matrices o, (1 = x,y,2)
acting on the spin at £.

We introduce operators associated with vertices and pla-
quettes

Av=[] o )
Lestar(v)
B, =[]0, 3)
Lep

where p contains the four edges in the perimeter of a square
plaquette, and star(v) is the set of four edges touching v (see
Fig. 1). The Hamiltonian is

H=-KY Ay—K") B, @)
v P

Sy

FIG. 1. (Color online) Illustration of some geometrical objects
important in the square lattice toric code model. The edges in
plaquette p are shown as thick dark bonds (blue online), while the
edges in star(v) are thick gray bonds (pink online). The two strings
s, and s, winding periodically around the system are also shown as
thick dark bonds (blue online).
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with K¢, K™ > 0. It is easy to see that
[Ay,Ay] = [prBp’] = [Avpr] =0, 5

rendering the Hamiltonian exactly solvable. The energy
eigenstates can be chosen to satisfy

AlY) = aul¥), (6)

Bply) = bpl¥), (N
where a,,b, € {£1}.

The Hilbert space has dimension 22-°, so we need 2L2
independent Hermitian operators with eigenvalues %1 to form
a complete set of commuting observables (CSCO), whose
eigenvalues uniquely label a basis of states. Due to the periodic
boundary conditions [ [, A, =[], B, = 1,and the A, and B,,
only give 2L — 2 independent operators. To obtain a CSCO,
we need two additional operators, and one choice is given by

Le=[]ei. Lo=T]o% ®)

LES, Les,

with eigenvalues [{ |, € {£1}, where sy, s are noncontractible

loops winding around the system in the x and y directions,
respectively, as shown in Fig. 1. The eigenvalues {a,,b p,lﬁ,l;}
uniquely label a basis of energy eigenstates. In particular,
there are four ground states with a, = b, =1, a sign of Z,
topological order.

Excitations above the ground state reside at vertices with
a, = —1, and plaquettes with b, = —1. These excitations have
no dynamics; this is tied to the exact solubility of the model,
and adding generic perturbations to the model causes the
excitations to become mobile. We identify a, = —1 vertices
as e particles, and b, = —1 plaquettes as m particles. €
excitations are e-m pairs. Acting on a ground state with o}
creates a pair of e particles, at the two vertices touching £.
Similarly, acting with o} creates two m particles in the two
plaquettes touching £. Since any operator can be built from
products of Pauli matrices, it follows that isolated e and m
excitations cannot be created locally.

We now introduce e- and m-string operators. To define an
e-string operator, let s be a set of edges ¢ forming a connected
path, which may be either closed or open (see Fig. 2). Then,
we define

ce=[]o: 9)
Les

Suppose s is an open path with endpoints vy and v,. If £¢
acts on a ground state, it creates e particles at v; and v;.
Alternatively, acting on a state with an e particle at v; and
none at v, £¢ moves the e particle from v; to v;. On the
other hand, if s is a closed path and is contractible (i.e., does
not wind around the torus), and if |y) is a ground state, then
LSYo) = [¥o).

m strings are defined on a cut ¢, which contains the set of
edges intersected by a path drawn on top of the lattice, running
from plaquette to plaquette, as shown in Fig. 2. Alternatively,
t can be viewed as a set of edges in the dual lattice forming a
connected path. The m-string operator is then

cr=T1]o: (10)

Let
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FIG. 2. (Color online) Depiction of e and m strings in the square
lattice toric code. s is an open e string joining vertices v and v/,
denoted with thick dark bonds (blue online). ¢ is an open cut joining
plaquettes p and p’, shown as a dotted line. The cut 7 contains the
thick gray bonds (pink online) intersected by the dotted line.

Just as with e strings, if ¢ is an open cut, with endpoints in
two plaquettes p;, p2, L' can be used to create a pair of m
particles or to move a single m particle from one plaquette to
another. If 7 is a closed, contractible cut, £]" gives unity acting
on a ground state.

If the path s and the cut ¢ cross n.(s,t) times, then

LL = (—1yeenLrce. (11)

This can be used to verify that the e, m, and € excitations
indeed obey the braiding statistics of Z, topological order.

IV. TORIC CODES ON GENERAL TWO-DIMENSIONAL
LATTICES WITH SPACE-GROUP SYMMETRY

‘We now introduce the family of models studied in this paper,
which are generalizations of the toric code to arbitrary lattices
with square lattice space-group symmetry. Sometimes it will
be convenient to refer to this family of models as TC(G),
where in this paper G is always the square lattice space group.
We will also introduce a smaller family of models T Cy(G) C
T C(G). These two families are distinguished in that “spin-
orbit coupling” (as defined below) is allowed for models in
TC(G), but is absent in T Cy(G).

We begin by defining a toric code model on an arbitrary
finite connected graph G with sets of vertices and edges
denoted by V and E, respectively. The number of edges
(vertices) is denoted |E| (]V[). We allow for the possibility
that two vertices may be joined by more than one edge. Spin—%
degrees of freedom reside on edges, and we again denote work
with Pauli matrices o (1 = x,y,z) acting on the spin at edge
tekFk.

To proceed, it is helpful to introduce some notation and
terminology. A path is a sequence of edges s = £1{,...¢,
joining successive vertices; that is, £; and ¢;;; are incident
on a common vertex. Paths are considered unoriented, so that
Li€y... L, =1,...L¢;. The set of all paths is denoted W. A
path may either be open with distinct endpoints v;,v, € V, or
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closed. Two open paths s and s’ sharing an endpoint can be
composed into the path ss’. Since an edge may appear in s
more than once, more precisely the definition (9) of e-string
operator should be understood as

L =]‘[o; =0i0f...0f (12)

n
Les

for s = €14, ...¢,. Since operators in the product commute,
there is no harm to interpret s as multiset of edges as well.
In this paper, we use the product notation [ [, for all three
cases: X is a set, a multiset, or a sequence of edges.

The set of open paths is denoted W, C W, while closed
paths are called cycles, and the set of cycles is C C W. e-
string operators are defined on paths s € W by £¢ =[], o/
An important part of the specification of a model will be the
selection of a subset P C C, where elements p € P are called
plaquettes. The choice of P is not entirely arbitrary, and is
required to satisfy certain properties discussed in the following.

Just as for the square lattice,

A= [T o (13)
Lestar(v)

B, = ]_[a;, (14)
Ltep

where p € P, and star(v) is again the set of edges touching v.
It is again easy to see that

[AvaAv/] = [Bp»Bp’] = [AU7B[7] =0. (15)
The Hamiltonian is
H=-> KA ,— Y KIB, (16)
veV peP

where now the coefficients K¢, K Zl are allowed to depend
on the vertex or plaquette. Only the signs of the coefficients
will be important, so for convenience of notation we take
K7, K} € {£1}. Energy eigenstates can again be labeled by
ay,b, € {£1}, the eigenvalues of A, and B, respectively.

Any ground state will satisfy a, = K{ and b, = K,
provided it is possible to find such a state. This is not
guaranteed, as the couplings in the Hamiltonian could be
frustrated. We will assume the Hamiltonian is “frustration
free,” meaning it is possible to find at least one ground state
witha, = K¢, b, = K’p".2

Our discussion so far is for a general graph, but we want
to specialize to two-dimensional lattices. Essentially, this just
means that we can draw the graph in two-dimensional space
(with periodic boundary conditions), so that the resulting
drawing has the symmetry of the square lattice. We do not
assume the graph is planar; for instance, edges are allowed to
cross or stack on top of each other when the graph is drawn in
two dimensions.

“This is the case provided K¢ and K , are compatible with
constraints obeyed by A, and B, operators. More precisely, we have
[1, A, = 1, which implies K¢ must satisfy [[, K¢ = 1. In addition,
suppose P’ is a subset of P for which ]_[pep, B, =1, then we must
have [ ., K} = 1.

peP’
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In order to make general statements about the family of
models considered, it will be useful to be more precise. First,
letting G be the square lattice space group, we introduce an
action of G on G. Group elements g € G act on vertices and
edges of the graph, and we write v~ gv, g = gf. G is
generated by translation x — x + 1 (7}), reflection x — —x
(Py), and reflection x <> y (Py,). Translationby y — y + lis
given in terms of the generators by 7, = Py, T, Py,. The group
G can be defined in terms of the generators by requiring them
to obey the relations

P:=1, 17)

2 __
Pl =1, (18)
(T, P, =1, (19)
(P Py)* =1, (20)
T.T,I'T " =1, 1)
T,P.T, ' P = 1. (22)

We wish to consider a L x L lattice with periodic boundary
conditions, with L the integer number of square primitive cells
in the x and y directions. More formally, for all v € V, we
assume v = (7,,)"*(T,)" v if and only if n,,ny, =0 mod L,
with the same statement holding for all £ € E.

We now introduce the planar projection & :G — T?,
where T2 is the 2-torus, viewed as a square with dimensions
L x L and periodic boundary conditions. & is a continuous
map that sends vertices to points and edges to curves. (See
Fig. 10 for an example.) Symmetry operations g € G act on
the graph G as described above, and also act naturally on T2
as rigid motions of space. We require

gy = Pg, (23)

which means the action of G on G is compatible with the action
of rigid motions on the planar projection Z?(G). The additional
structure thus introduced ensures that G is truly playing the
role of a space group.

The above discussion implies that the planar projection
P(G) is an L x L grid of 1 x 1 square primitive cells. We
note that edges in #(G) are allowed to cross at points other
than vertices. Vertices and edges are also allowed to stack on
top of one another; that is, it may happen that Z(v;) = Z(v,)
for vy # vp. It is always possible to choose £(£) to be a
straight line connecting its endpoints, although sometimes it
will be convenient not to do so.

Now we are in a position to discuss the requirements on the
set of plaquettes P. First, any plaquette p € P should be in
some sense local. This can be achieved by requiring there to
be a maximum size (by some measure that does not need to be
precisely defined) for all p € P, where the maximum size is
independent of L. Second, we require that any contractible
cycle can be decomposed into plaquettes. Noncontractible
cycles are those that, under the planar projection, wind
around either direction of 72 an odd number of times, and
all others are contractible. We let Cy C C be the set of
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contractible cycles. The assumption that contractible cycles
can be decomposed into plaquettes means that, given s € Cy,
there exists {pi,...,p,} C P so that £° =[]/, B,,. The
physical reason for this requirement is that it ensures there
are no local zero-energy excitations, as there would certainly
be if we chose P to be too small.

As in the square lattice, we introduce two large cycles s,
and s, that wind around the torus in the x and y directions,
respectively. The operators {A,}, {B,}, £{ , and Ee form
a complete set of commuting observables (Appendlx A).
Denoting eigenvalues of L{ = by [f, € {xl}, it is then
easy to see that H has a fourfold degenerate ground state,
corresponding to the four choices of [{ | with the other
eigenvalues fixed to a, = Ky and b, = K m

Just as for the square lattice toric code, e particles lie at
vertices where a, = —K7; that is, where a, differs from its
ground-state value. For s € W,, the e-string operator £¢ can
be used to create e particles at the two endpoints, or to move
an e particle from one endpoint to the other.

Identifying m particles is more tricky; the basic insight
required is that m particles should correspond to a threading
of Z, flux through “holes” in the planar projection Z(G). It
is easiest to proceed by defining m strings, which are defined
oncutst € W. A cut ¢ is defined as follows: (1) Draw a curve
in T? that has no intersection with vertices Z2(v), and whose
intersection with each edge Z7(£) contains at most a finite
number of points, at which the curve is not tangent to & (¢). If
the curve is open, we assume its endpoints do not lie in Z(G).
(2) The cut ¢ is then given by the sequence of edges intersected
by the curve. A cut is closed if the curve in Eq. (1) is closed,
and is simple if the curve has no self-intersections. It is clear
that a given curve produces a unique cut, but there are many
possible curves that produce the same cut.

We define an m-string operator on a cut t € W by L' =
[1sc; 0/ - If ¢ is an open cut, then £]" acting on a ground state
creates m particles at the two endpoints. The endpoints of the
m string, and thus the m particles it creates, naturally reside at
the holes in the planar projection; more precisely, these are the
connected components of T? — 2(G). We denote the set of all
holes by H with elements 7 € H. Not all m excitations can be
created as described above, but arbitrarily such excitations
can be created by first acting with £} on a ground state,
then acting subsequently with operators localized near the m
particles created by the string operator.

Finally, we need to specify the action of symmetry on the
spin degrees of freedom themselves. Letting U, be the unitary
operator representing g € G, we consider

U,o} Ug_1 =c;(g)o,, (24)

2> UO‘ZU_ = c;(8)o;

gt

assuming symmetries do not swap anyon species. Since

Ugo, Uy " are Hermitian and unitary simultaneously, we

must have ¢;“(g) € {£1}. This satisfies a general requirement
that space-group symmetry should be realized as a product
of an onsite operation, with another operation that merely

moves degrees of freedom (i.e., o, og",z).3 Subject to this

3The origin of these requirements is the fact that these properties
hold for all electrically neutral bosonic degrees of freedom (e.g.,

PHYSICAL REVIEW B 91, 014405 (2015)

requirement, this is the most general action of symmetry with
the property that e strings are taken to e strings and m strings
to m strings; for example, U, L¢ Ug’1 = (£DL,.

Actually, we need to impose a further requirement, which
is that symmetry must act linearly (as opposed to projectively)
on the spin operators.’ In particular,

X.zyr—lyr—1 X, Zy7—
Ug Ug,0,°U,, Uy " = Ugyg,0, U, (25)

ngz

This imposes the restriction

cligne; (82) = ¢, (8182): (26)

which holds for all £ € E and g1,g, € G. These conditions do
not fix the overall U(1) phase of U,, which can be adjusted (as
a function of g) as desired.

The phase factors ¢,“(g) can be modified by the unitary
“gauge” transformation o,* — y,"%0,"%, with y,"* € {£1},
which sends

C?Z(g) g Vz ng Cy Z(g) 27)

It is always possible to choose a gauge where ¢,*(T) = 1,
for all £ € E and all translations 7' € G; this is so because
¢; “(Ty) and c¢,"*(Ty) behave under gauge transformation like
the x and y components of a flux-free vector potential, residing
on the links of a square lattice generated by acting on £ with
translation. We shall make this gauge choice without further
comment throughout the paper.

If, in addition, it is possible to choose a gauge where
¢, “(g)=1for all £ € E and g € G, then by definition the
model is in TCy(G), and we say there is no “spin-orbit
coupling.” The reason for this terminology is that, in this
case, space-group operations have no action on spins beyond
moving them from one point in space to another. The case
of no spin-orbit coupling is simpler to analyze, and we will
discuss it first before handling the general case.

It is shown in Appendix B that for L even, it is possible to
find a ground state |1/(.) and make a choice of phase for U,
so that

Ugl¥oe) = [Yoe). (28)

LS Woe) = L5 [Yoe) = o), (29)

where s, and s, are closed paths chosen as described in
Appendix B to wind once around the system in the x and
y directions, respectively. For the same phase choice of U,,
combining Eq. (28) with Eq. (25) implies U, Uy, = Ug,g,.
From now on, when we study e-particle excitations, we always
focus on states that can be constructed by acting on |r.) with
e-string operators.

Appendix B also shows that, for L even, there is a ground

state |¥,,) and a phase choice for U,, satisfying

Uglom) = [Yom). (30)

L Vom) = L3 [Yom) = [Yom)- €1V}

electron spins, bosonic atoms) that can be microscopic constituents
of a condensed matter system.
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Here, the electric strings have been replaced with magnetic
strings, with ¢, and ¢, appropriately chosen closed cuts winding
once around the system in the x and y directions, respectively.
When studying m-particle excitations, we will always consider
states constructed by applying m-string operators to |V, ).

It should be noted that |yry,) and |v,,) cannot be the
same state because, for instance, £{ and L' anticommute.
Moreover, the phase choice required to make ]1/f0f3 ) symmetry
invariant may not be the same as the corresponding choice
for |o,). These points will not be problematic for us
because we always focus on excited states with either e
particles, or m particles, but not both. Using |1,) to construct
e-particle states, and similarly |v,) for m-particle states,
simply provides a convenient means to calculate the e and
m fractionalization classes.

V. FRACTIONALIZATION AND SYMMETRY CLASSES

A. Review of fractionalization and symmetry classes

We now consider in more depth the action of square lattice
space-group symmetry G in the general class of solvable
models introduced in Sec. IV, showing how to determine
the fractionalization classes of e and m particles, and the
corresponding symmetry class. We first review the general
notions of fractionalization and symmetry classes, before
exposing in detail the corresponding structure for the solvable
models (Sec. V B). Readers unfamiliar with this subject may
find the review rather abstract, so we would like to emphasize
that the objects involved appear in concrete and explicit fashion
in the discussion of the solvable models.

Each nontrivial anyon (e, m, and € in the toric code) has a
corresponding fractionalization class, that describes the action
of symmetry on single anyon excitations of the corresponding
type. (We assume that symmetry does not permute the anyon
species.) This structure follows from the fact that the action
of symmetry factorizes into an action on individual isolated
anyons. Since physical states must contain even numbers of
e particles, as an example we consider a state |1,,) with two
e particles, labeled 1 and 2. Following the arguments of Ref.
[31], we assume that

UglWee) = Ug(DU (D)), (32)

where Ug (i) gives the action of symmetry on anyon i = 1,2.

The physics is invariant under a redefinition
Ug(i) = MU, (),  A(g) € {£1}, (33)

which we refer to as a projective transformation. The reason
for this terminology is that the U operators form a projective
representation of G, expressed by writing

Ug Ug, = 0(81,82)Uy, (34

where we have suppressed the anyon label i, and w.(g1,82) €
{£1} is referred to as a Z, factor set. The factor set satisfies
the condition

0o(81,82)we(8182,83) = w.(22,83)0.(81,8283) (35)

which follows from the associative multiplication of Uy
operators. The factor set is not invariant under projective
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transformations, but instead transforms as

w,(81,82) = AMgDA(g2)A(g182)w.(g1,82). (36)

A projective transformation is analogous to a gauge transfor-
mation that does not affect the physics, so such transformations
should be used to group factor sets into equivalence classes. We
denote by [w,] the equivalence class containing the factor set
.. These equivalence classes are the possible fractionalization
classes for e particles. It will not be important for the discussion
of this paper, but we mention that the set of fractionalization
classes is the second group cohomology H?*(G,Z,). The
discussion proceeds identically for m particles, with w,, the
corresponding factor set, and [w,,] € H 2(G,Z,) the fraction-
alization class.

A complete specification of fractionalization classes defines
a symmetry class. Itis enough to specify [w,. ] and [w,,] because
these determine uniquely the € fractionalization class [31].
Therefore, a symmetry class is specified by the pair

6 = ([@e].[wn]). (37

Because all properties of Z, topological order are invariant
under e <> m (see Sec. II), symmetry classes related by this
relabeling are considered equivalent, that is,

([@e].[wn]) = ([wn],[@e]). (38)

Despite the lack of a fundamental distinction between e
and m particles, there is a distinction in the solvable toric code
models, as is clear from the discussion of these excitations
in Sec. IV. While this distinction is only well defined within
the context of the solvable models, it is not just a matter of
notation; in general, we do not restrict to planar lattices, so
there is not expected to be an exact duality exchanging e <> m.
Because it is relevant for the construction of solvable models,
it will be useful to define toric code symmetry classes, or TC
symmetry classes, that distinguish between e and m particles.
A TC symmetry class is simply an ordered pair ([w,],[wy])-

To determine fractionalization and symmetry classes, it is
convenient to work with the generators and their relations
[Egs. (17)—(22)]. Focusing on e particles for concreteness, the
U, operators obey the group relations up to possible minus
signs, that is,

(U5)" = ops (39)

(Us,) = 0% (40)
(Us.UR)" = 0fps (41)

(U, Us,)' = 0ty (42)

Ui, U?,\.(U%)‘ (Us) " =0ty 3)

U Us (U5) 7 (Us) ™" = 0.

(44)

where o, € {£1}, and similarly for the other o“ parameters.
The o¢’s are invariant under projective transformations, and
moreover uniquely specify the fractionalization class [w,]
[31]. In addition, it was shown that each of the 2° = 64
possible choices of the 0’s is mathematically possible; that
is, there exists a projective representation for all choices of
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0¢’s [31]. The same considerations lead to six o™ parameters
characterizing the m fractionalization class. We see that 2080
symmetry classes (4096 TC symmetry classes) are allowed by
the classification of Ref. [31]. The reader may recall that Ref.
[31] found a larger number of symmetry classes by the same
type of analysis; the difference arises because Ref. [31] also
considered time-reversal symmetry, while here we focus only
on space-group symmetry.

B. Fractionalization and symmetry classes
in the solvable models

The solvable models are well suited to the study of
fractionalization and symmetry classes because the U; and
U,' operators can be explicitly constructed. We focus first on
e particles. It is sufficient to consider states with only two
e-particle excitations, of the form

[Ve(s)) = L5|Voe), (45)

with s an open path, and e particles residing on the endpoints
v1(s) and v,(s). The action of symmetry on this state is given
by

Ugl¥re(s)) = c5()vre(gs)), (46)

where c2(g) = [[,e, ¢i(8).

The goal is to construct and study operators Uy that act
on single e particles, reproducing the action of U, on states
[ (s)). Consider the pair (g,v) € G x V, where v is the vertex
at which an e particle resides, and g € G is the group operation
of interest. To each such pair we associate a number f;'(v) €
{£1} and a path 5¢ (V). The path 5¢(v) has endpoints v and gv.
[Note that s, (v) is a cycle or a null path if gv = v.] From these
data we form the operator

Us) = fE)LS . @7)

By construction, this operator moves an e particle from v to
gv, and is thus a reasonable candidate to realize the action of
g € G onssingle e particles. In order to reproduce Eq. (46), we
require the Uy (v) operators to obey the relation

Ugle()) = Ug[vi($)]Ug[v2()]1¥e(s)), (48)

which has to hold for all open paths s € W, and all g € G. We
refer to a set of Uy (v) operators satisfying this relation as an e
localization of the symmetry G.

It should be noted that there is some redundancy in the data
used to define Ug(v). Keeping its endpoints fixed, the path
s¢(v) can be deformed arbitrarily, at the expense of a phase
factor. When acting on states |,.(s)) as we consider (or even
on states with many e particles, but no m particles), this phase
factor is independent of the state, and can be absorbed into a
redefinition of fge(v).

At this point, it is important to ask whether it is always
possible to find an e localization and, if it exists, whether the
e localization is in some sense unique. Indeed, in Appendix C
we prove that for toric code models as described in Sec. IV,
it is always possible to find an e localization of G. Moreover,
the e localization is unique up to projective transformations
Uz (v) —> MU (v), where A(g) € {£1}. This means that
the e localization is a legitimate tool to study the action of
symmetry on e particles in the solvable models.
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To determine the e fractionalization class from the e
localization, we consider the product

US (g20)U%,(0) = Flg1,82.0U¢ , (), (49)

where F(g1,82,v) € {£1}, and this equation holds acting
on all states containing no m-particle excitations [including
|¥.(w))]. This relation holds because both sides of the equation
are e-string operators joining v to g;g,v, and can differ only
by a phase factor depending on g, g», and v.

We now show that F(gy,g»,v) is independent of v, and
forms a Z, factor set, so that we can write F(g;,g2,v) =
w.(g1,82)- Suppose that for some gi,g>, and some vertices v;,
v;, we have F(g1,82,v;) # F(g1,82,v;). Then, consider the
state [.(s;;)), where s;; is a path joining v; to v;. We have

Ug, o, |¥e(sij))
= U, Ug, |¥(si))
= Uy, (820U, (v Uy (82v)Ug, ()| (i)
= F(81,82,0)F(81,82,v))Uy, ., (vi)Ug o, (V) 1¥re(si))
= —Ug o |Ve(sij)), (50)

a contradiction. This shows F = F(gy,g2), independent of
v. The associativity condition required for F(g;,g>) to be a
factor set follows from equating the two ways of associating
the product in

U (82830)U%, (830U, ()] (5)), (51)
where |1.(s)) has one e particle at v. Thus, we have shown
US (£20)U%,(0) = 0u(81,82)U¢, , (v), (52)

with w, a Z, factor set. This operator equation holds acting
on all states of the form |, (s)), and more generally on states
with any number of e-particle excitations created by acting on
[¥0) with e-string operators. The freedom to transform the e
localization via projective transformations induces the usual
projective transformation on the factor set, so that only the
fractionalization class [w,] is well defined.

In addition to making explicit the general structure of
fractionalization classes in the solvable models, this result also
makes it simple to calculate [w,]. In particular, we may focus
on a single e particle at any desired location, and determine [, ]
by calculating appropriate products of U (v). In particular, we
can calculate the products of generators in Eqgs. (39)-(44),
and determine the ¢ parameters. There is then no need to
check that the resulting o¢’s are the same for every possible
location of e particle because we have already established this
in general.

The above discussion proceeds in much the same way for m
particles, which reside at holes 4 € H in the planar projection
P(G). States with two m particles can be written

[V (D) = L5 [Yom), (33)

where ¢ is an open cut. To every pair (g,h) € G x H, where
the m particle resides at the hole &, we associate a number
fgf”(h) and a cut t;’(h), which joins & to gh. This allows us to
write

Ug'(h) = ff(h)[l’t}(h). (54)
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From this point, the discussion for e particles goes over to
the m-particle case, with only trivial modifications. We refer
to a set of U,'(h) operators satisfying the m-particle analog
of Eq. (48) as an m localization. Just as in the case of e
localizations, Appendix C establishes that it is always possible
to find an m localization, which is unique up to projective
transformations.

VI. SYMMETRY CLASSES REALIZED BY
TORIC CODE MODELS

Here, we present the main results of this work, on the
realization of symmetry classes in toric code models with
square lattice symmetry. These results consist of explicit
construction of models realizing various symmetry classes,
as well as the derivation of general constraints showing that
certain symmetry classes are impossible in the family of
models under consideration. We have obtained a complete
understanding, in the sense that we have found an explicit
realization of every symmetry class not ruled out by general
constraints.

Following, we present our results in three stages, in order
of increasing generality (and decreasing simplicity). First, we
exhibit a single model realizing all possible e-particle fraction-
alization classes [w,], as the parameters of the Hamiltonian
are varied. In this model, the m particles always have trivial
fractionalization class. Second, we consider the family of toric
code models with no spin-orbit coupling. Finally, we consider
toric code models allowing for spin-orbit coupling.

A. Model realizing all e-particle fractionalization classes

Here, we present a model that can realize all possible
e-fractionalization classes [w.], as the parameters of the
Hamiltonian are varied. In this model, the m-fractionalization
class is always trivial. The model is defined on the lattice shown
in Fig. 3, and symmetry is chosen to act on the spin degrees of
freedom without spin-orbit coupling. The lattice has six types
of plaquettes shown in Fig. 3, so that only plaquettes of the
same type are related by symmetry. Letting P; C P be the set
of all plaquettes of type i (i =1, ...,6), the Hamiltonian is

6
H=-KY A,—> K'Y B,. (55)
i=l1

veV PDi€P;

We choose K¢ =1, with arbitrary K" € {£1}, and note
that b; = K" is the ground-state eigenvalue of B, . Following
the calculation procedure described below, we find

o, =bi, o0,,=b, of, =Dbs, (56)
U;pry = b4, O'ti,y = b4b5, G;;,px = b1b3b4b6, (57)

from which it is clear that each possible [w.] € H*(G,Z,)
is realized in this model for appropriate choice of K!". In
addition, we find that all the corresponding o™ ’s are unity, and
thus [w,,] is the trivial fractionalization class.

We now illustrate how these results are obtained by working
through the determination of (U,‘i;,x)2 =o0,, as an example.

It follows from the discussion of Sec. VB that o5, can be
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FIG. 3. (Color online) (a) The lattice on which all 2° = 64 e-
particle fractionalization classes can be realized. There are six types of
plaquettes not related by symmetries, and the corresponding plaquette
terms are assigned independent coefficients K" (i =1,2,...,6).
Nearest-neighbor pairs of vertices are joined by two edges (dark
and light; blue and red online), drawn curved to avoid overlapping
and to be clear about their movement under space-group operations.
Plaquettes of type i = 1,2,3 are each formed by the two edges joining
a nearest-neighbor pair of vertices. Two vertices v;,v, and two edges
I1,1; are labeled to illustrate the calculation of o, discussed in the
main text. (b), (c) Subgraphs of the lattice in (a), each containing all
the vertices and half the edges. These subgraphs transform into one
another under any improper space-group operation (i.e., reflections).
We draw these subgraphs to illustrate the plaquettes of typei = 4,5,6.

obtained by considering an e particle at any desired vertex
vy, and then computing (Uj, )? acting on this e particle. We
consider an e particle at vertex v; as shown in Fig. 3(a), so
that v, = P, vy, and the vertices v; and v, are joined by edges
l1,l, forming a type i = 1 plaquette. [To be more precise,
we should also specify the position of a second e particle at
vertex v # vy, let so be a path joining v; to v, and consider the
state |Y(s0)) = L5, [¥o.). However, the result for o, will be
independent of v.]
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We are free to choose the e localization
U; (v) = o, (58)
U (1) = foi, (59)

where f = £1. To determine f, we consider the path s = [,
which has endpoints v; and v,. Then, we have

Up,1¥e(s)) = Up, 07 1.} = o [¥0) (60)

since P,l; = [,. But, we also have

Up, [Vre(s)) = Up, (v)Up, (02)[¥e(5)) 61)
= (07 ) (f L) o 1¥oe) (62)
= fop, o). (63)

Consistency of these two calculations of the action of Up_ then
requires f = 1.

Now that we have fixed the form of the e localization, we
can compute the action of P? on the e particle at v;. We have

ot = (Us ) (v) = Up (1)U (v) (64)
= oéafl = K{' =b,. (65)

This should be interpreted as an operator equation that holds
acting on any state obtained by acting successively with e-
string operators on |.). In particular, it holds acting on a
state of interest [1/.(s)), with one e particle located at v;.
The results for the other o¢ parameters can be obtained by
straightforward analogous calculations.

B. Toric code models without spin-orbit coupling

We now proceed to consider the family of models 7 Cy(G),
which includes all toric code models with square lattice space-
group symmetry as introduced in Sec. IV, with the restriction
of no spin-orbit coupling. We remind the reader that this means,
for any symmetry operation g € G, we have U0/ U, ' = o,.
In words, symmetry acts simply by moving edges and vertices
of the lattice, and acts trivially within the Hilbert space of each
spin.

In Appendix D1, we obtain a number of constraints on
which symmetry classes can occur for models in 7 Cy(G). The
main result is the following theorem:

Theorem 1. The TC symmetry classes in A, B, C, M, My,
M., and M3 are not realizable in T Cy(G), where

A= {G;xPXy = Glzrjcpx;' =—1 }7

B= {U;xpxyaze)czy = Uﬁpxy(f;'z,y = _1},

C= {U;;XPX}‘U;;PX = Ggi‘pxyatr;lpx = _1}’

M= {o,’ﬁc =-1 \/al’:;y =—1 \/al’;‘px = _1}’
My = {G;"xpxy =—1A (O’;X =-lvo, = -1},
Mz = {G;;Px,vatn;ty =-1n (U;X}' =-1v Gte)cpx = —1)},
Mz = {G;’;pxy o = — 1A (O’;x =-lvo/, = -1}
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Here A, Vv are the logical symbols for “and” and ‘“or,”
respectively. This leaves 95 TC symmetry classes not ruled
out by the above constraints, corresponding to 82 symmetry
classes under e <> m relabeling. In addition, all these 95 TC
symmetry classes are realized by models in 7T Cy(G).

This theorem is proved in Appendix D1, except for the last
statements regarding counting and realization of symmetry
classes, which are proved here. In fact, we exhibit a model
realizing each allowed TC symmetry class. Before proceeding
to do this, we would like to give a flavor for how the above
constraints are obtained, referring the reader to Appendix D1
for the full details.

As an illustration, we would like to show that ag} =1
for any model in 7 Cy(G). [This is part of the fact that TC
symmetry classes in M are not realizable in 7 Co(G).] Consider
an m particle located at a hole hy € H. If Pchg = hg, then we
can choose U,’Q"r (hg) = 1, and therefore a;ﬁ( = (Ul’ﬁi V(hg) = 1.

We then consider the case P, hg = hy # ho. We can always
draw a simple cut ¢ joining & to hy, so that P,r = t. We are
then free to choose the m localization

Uy (ho) = L', (66)

Up ) = FL, 67)

where f = %1 needs to be determined. To do this, consider
the state |v,,(¢)) = L[y ), for which we have

Up, 1¥m(0)) = Up L] [Yom) = |¥m(1)), (68)

where we used the fact that Up L)' U;{l =L}, = L}". (Note
that here we use the assumption of no spin-orbit coupling.)
But, we also have

Up |¥m (@) = Up (ho)Up, (h)[Ym (@) = fl1m(@)).  (69)

Consistency of these two calculations requires f = 1, and we
can then calculate sz acting on the m particle located at Ay, to
obtain

o = (Up) (ho) (70)
= Up (U (hy) = (L)’ = 1. (71)

We have thus shown that ¢, = 1 for any model in 7 Co(G).
Roughly similar reasoning is followed in Appendix DI to
establish the constraints stated in the theorem.

Now, we proceed to enumerate and count the TC symmetry
classes not ruled out by the constraints of Theorem 1. At the
same time, we present the explicit models realizing each class
(shown in Figs. 3 and 4). Here, and throughout the paper,
we will find it convenient to present TC symmetry classes
([we], [wm]) in the matrix form

e e e e e e e e
pr pry Utxpx prpxy (prpxy atxty) (O'pxpxyatypx)

m m m m m m m m ’
pr O—pxy Utxpx prpxy (prpxy O'txty) (Oplenylypx)

(72)
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FIG. 4. (Color online) 7' Cy (G) models. The shaded square is a unit cell and the origin of our coordinate system is at the center of the
square. Below each figure of the lattice is the corresponding TC symmetry class in the form (72). Here, a, is the ground-state eigenvalue of A,
for v at special points r = 0,0,k; and b, by, b, are the ground-state eigenvalues of B), for the plaquette p, which in these models is picked to be
the smallest cycle made with black edges where b, by, or b, is written, while b5 is for the plaquette made of a pair of black and gray edges (black
and pink online). These edges are drawn curved to avoid overlapping and to be clear about their movement under space-group operations. The
comparison between (a) and (b) gives an explicit example that moving the coordinate system origin by (%, %) results in a transformation (74):
P, — T, Py, 0pc <> Oppx> Opxpxy <> OpxpxyOixry- The symmetry class differs from (e) by such a transformation can be easily got by moving the
coordinate system, so we do not bother drawing a separate lattice for it.

or, equivalently, the entries of the matrix are simply permuted:

e e e e e e
o 0, 03 Oy 0'5 Og
m m m

m m m
o 0, (oF} Oy 05 Og

a[‘jx 0[’,’;
O 7 I T A A DR
O Olm . of of of of of of
o o ' . . .
pxpxy pxpxy This holds even beyond the setting of solvable toric code
o ;xpxyate)cty o gcpxyatrﬁ,y models, and can_be verified by replacing P, as a generator
ot g o gm of G by P, — P, = T, P,, which corresponds to the desired
pxpxy” typx pxpxy” typx .
change of origin. The o parameters for the new generators can
then be computed in terms of those for the old generators, by
noting that U% = ¢“Uzs Up , where a = e,m and ¢“ € {£1}.
This form allows for simple comparison to the constraints of The behavior of TC symmetry classes under a change
Theorem 1. In addition, under the change of origin o — (%,%), in origin is illustrated in Figs. 4(a) and 4(b). Apart from
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this example, we do not bother to draw the same lattice
twice when the only difference is a change in origin. So, for
example, the model shown in Fig. 4(e) is taken to realize both
TC symmetry classes

1 1.1 1 b 1
) (75)
1 1 1 a 1 a

1 1 1 b 1 1 76)
111 1 a a)
where the TC symmetry classes (75) are realized if we put
the origin at the center of the shaded square, and the TC
symmetry classes (76) are realized if we put the origin at the
corner of the shaded square.
Now, we divide the TC symmetry classes not ruled out by
Theorem 1 into four collections D;, i = 0,1,2,3. In D;, there
are { of o™ o ,and ¢/ equal to —1. In Dy, we have

pxpxy’ “txty> typx
TC symmetry classes in the form

and

ooogoo

where the symbol [ means that the corresponding o parameter
can be chosen to be £ 1 independently of any other parameters.
Therefore, |Dy| = 2°. These TC symmetry classes are realized
in the model discussed in Sec. VI A, and shown in Fig. 3.

In Dy, we have TC symmetry classes ([w,], [@w,,]) in the
form

1 1 O 1 1 1
1 1 1 1 ] 1
O 1 1 1 1 1
-1 lo o
O 1 1 -1 O 1
0 1 O 1 1 -1
s0 |Dy| = 3 x 23. These TC symmetry classes are realized in

the models shown in Figs. 4(a)—4(c).
In D,, we have TC symmetry classes in the form

11 11 11
11 11 11
11 11 11
1 —1llo 1" <)
1 -1 1 -1 O 1
O 1 1 -1 1 -1

s0 |Dy| = 3 x 2. These TC symmetry classes are realized in
Figs. 4(d) and 4(e).
In D3, we have only the single TC symmetry class

1 1
1 1
1 1
1 1| (77
1 -1
I -1

which is realized by the model of Fig. 4(f).
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In total, there are thus exactly Z?:o ID;| =95 TC sym-
metry classes realized by models in TCjy(G). Recalling
that the TC symmetry classes ([w,], [w.]) and ([w.], [wn])
correspond to the same symmetry class, it is a straightforward
but somewhat tedious exercise to show that 13 symmetry
classes are double counted among the 95 TC symmetry classes.
Therefore, the total number of symmetry classes realized by
models in TCy(G) is 95 — 13 = 82.

C. General toric code models

To consider the most general toric code models introduced
in Sec. IV, we must allow for spin-orbit coupling. As discussed
in Sec. IV, this means, for any symmetry operation g € G, we
have Ugang’l = cf(g)ag’:z, where ¢;'(g) € {1}, n =x,z.
The corresponding family of models is referred to as 7 C(G).
Our results on these models are summarized in the following
theorem:

Theorem 2. The TC symmetry classes in P1, P2, P3, A, B,
and C’ are not realizable in T C (G), where

Py = [of, =0l = —1),

P> = {O.;xy = O'Z;)’ — _l}’

P3 = {Utipx = O’t’,'rlpx 1}’

A= {o;xpx\' = U;;’;pxy = —1},

B= {G;x‘”x-"afe’"-" = Ulr:iwyatrgty = —1}’

= {J;;X - GtexP x = G;xPX}'G’e)’Px = G;;pxyatrgpx = _1}.

This leaves 945 TC symmetry classes not ruled out by the
above constraints, corresponding to 487 symmetry classes
under e <> m relabeling. In addition, all these 945 TC
symmetry classes are realized by models in T C(G).

This theorem is proved in Appendices D2 and E. The
constraints ruling out some TC symmetry classes are obtained
in Appendix D 2, while the counting of symmetry classes and
the presentation of explicit models is done in Appendix E.

Here, we simply give an illustration how spin-orbit coupling
increases the number of allowed symmetry classes. For the
model shown in Fig. 5(a), more TC symmetry classes are possi-
ble if spin-orbit coupling is included. For example, take the cal-
culation of G;’;. Suppose pral’l‘ Up, = alal’l‘, with o) € {£1}.
If we choose Up' (h1) = o}, then we must have Up (hy) =
ajo; to ensure Up (h) Up (h2) o7 [¥mo) = Up,0j) [Ymo)-
Therefore, we have o = (U;;i)z(hl) = Up (h2)Up (hy) =
oy. Therefore, we can have UZ’X = —1, which is impossible
without spin-orbit coupling.

Another particularly interesting example, shown in
Fig. 5(b), is a model realizing all 2% = 64 m-particle frac-
tionalization classes. This model is constructed starting with
the lattice of Fig. 4(f) and allowing for spin-orbit coupling.

VII. SUMMARY AND BEYOND TORIC CODE MODELS

To summarize, we considered the realization of distinct
square lattice space-group symmetry fractionalizations in
exactly solvable Z, toric code models. We obtained a com-
plete understanding, in the sense that every symmetry class
consistent with the fusion rules is either realized in an explicit
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L2}

o 12

a) 1 1 v 1 bm (b) 1 1 1 1 1 1
ar 1 1 a 1 a2 €1 C2 €3 Qo G5 C1C30xk

FIG. 5. (Color online) Two example models in 7C(G) that re-
alize TC symmetry classes not possible in 7Cy(G). The shaded
square is a unit cell and the origin of our coordinate system is
at the center of the square. Below each figure of lattice is the
corresponding TC symmetry class in the form (72). Here, a, is
the ground-state eigenvalue of A, for v at special points r = 0,8,k
and b is the ground-state eigenvalue of B, for the plaquette p,
defined here to be the smallest cycle enclosing the letter “b.”
We write o; = ¢ (Py), Bi = ¢, (Pyy), vi = Ch (P,), and §; = Cl, (Pyy).
(a) A model realizing some TC symmetry classes (and symmetry
classes) that cannot be realized without spin-orbit coupling. Here,
hy, hy label two positions of an m particle for the calculation of
0,, = o in the main text. (b) A model realizing all 2% = 64 possible
m-particle fractionalization classes [w,,]. Here, for simplicity, we
make the restriction y; = §; = ¢;.

model, or is proved rigorously to be unrealizable. In more
detail, first, we found a single model that realizes all 26 — 64
e-particle fractionalization classes as the parameters in its
Hamiltonian are varied. Second, we considered a restricted
family of models T Cy(G) without spin-orbit coupling, but
defined on general two-dimensional lattices. We showed that
exactly 95 TC symmetry classes ([w,], [w,]), corresponding
to 82 symmetry classes ([w.], [wn]), are realized by models
in TCy(G). This result was established by proving that the
other TC symmetry classes cannot be realized by any model in
T Cy(G), and giving explicit models for those classes not ruled
out by such general arguments. Finally, in the most general
family of models considered TC(G), we allowed spin-orbit
coupling in the action of symmetry. In this case, we found
that exactly 945 TC symmetry classes, corresponding to 487
symmetry classes, are realized in T C(G).

These main results are, of course, confined to a special
family of exactly solvable models. Because the symmetry
class is a robust characteristic of a SET phase, and thus stable
to small perturbations preserving the symmetry [31], all the
symmetry classes that we find clearly exist in more generic
models. However, there may well be symmetry classes not
realized in 7 C(G) that can occur in more generic models (this
is indeed the case, as we see in the following).

Ideally, we would like to make statements about arbitrary
local bosonic models (i.e., those with finite-range interactions).
For example, we can ask the challenging question of which
symmetry classes can be realized in the family of all local
bosonic models with square lattice space-group symmetry.
We do not have an answer to this question, but here we
provide some partial answers. First, we show using a parton
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gauge theory construction that there exist symmetry classes
not realizable in 7 C(G) that can be realized in local bosonic
models. Second, we establish a connection between symmetry
classes of certain onsite symmetry groups and symmetry
classes of the square lattice space group.

Our parton construction allows us to argue that if [wy,] is
an m fractionalization class realized for a model in T Cy(G),
then the symmetry class ([w,],[wn]), where [w.] € H*(G,Z,)
is arbitrary, can be realized in a local bosonic model. It is easy
to see that some symmetry classes obtained this way cannot
be realized in T C(G). For example, the symmetry classes in A
are unrealizable in 7 C(G) (Theorem 2), but they are possible
here.

The starting point for the construction is a Hamiltonian of

the form
H=-> KAy~ B, (78)

veV peP

where K; € {£1}. We take the symmetry to act without spin-
orbit coupling, so this is a model in 7 Cy(G). We have chosen
K} =1 for all p € P, which implies the ¢ fractionalization
class is trivial. However, Hamiltonians of this form can realize
any m fractionalization class allowed in T Cy(G) because
without spin-orbit coupling the m fractionalization class only
depends on the lattice and on the K coefficients.

We now build a Z, gauge theory based on the above toric
code model. On each vertex v we introduce a boson field
created by bl where @ = 1,...,n is an internal index. We

v

also introduce the gauge constraint
Ay = KS(=1)kbe, (79)

with sums over repeated internal indices implied. The gauge
theory Hamiltonian is taken to be

Houge =— »_ Bp+uy blb,—hY o),  (80)

peP veV leE

with u > 0. We choose symmetry to act on the boson field by

Ughl, U = Dag(9)b!, 5. (81)

where D(g) are unitary matrices giving an n-dimensional
projective representation of G. By choosing D(g), we are
choosing a projective symmetry group for the parton fields
[22]. In Ref. [31], it was shown that there exists a finite-
dimensional projective representation for any fractionalization
class [w,] € H*(G,Z,), so the bosons can be taken to
transform in any desired fractionalization class.

We now discuss two limits of Hgayge. First, we consider
the limit 2~ — +oo. In this limit, we have o =1, and the
only remaining degrees of freedom are the bosons. The gauge
constraint becomes

even, K/ =1

R N (82)

In this Hilbert space, all local operators transform linearly
under G, and so the model reduces to a legitimate local
bosonic model in this limit. Following the usual logic of
parton constructions [20,22,29], Hgayee can be viewed as a
low-energy effective theory for local bosonic models with the
same Hilbert space and symmetry action as in the &7 — +o00
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limit. The expectation is that any phase realized by Hguge can
be realized by some such local bosonic model, although this
approach does not tell us how to choose parameters of the local
bosonic model to realize the corresponding phase of Hgayge.

Now, we consider the exactly solvable limit of Hg,yge With
h = 0. This limit is deep in the deconfined phase of the Z,
gauge theory, and we have B, = 1, A, = K¢, and b} b,, = 0
acting on ground states. Because A, = K, the m particles feel
the same pattern of background Z, charge as in the original
T Cy(G) toric code model, and their fractionalization class is
unchanged. Now, however, the Z,-charged bosons become
the e-particle excitations, so the e-particle fractionalization
class [w,] is determined by the (arbitrarily chosen) projective
representation D(g). We have thus obtained a phase with Z,
topological order and symmetry class ([w,.],[wy]), as desired.

We now present the second result of this section, namely,
we establish a connection between space-group symmetry
classes and the symmetry classes of certain onsite symmetries.
Suppose that we have a local bosonic model with symmetry
G x G,, where G is the space group, and G, is a finite, unitary
onsite symmetry. We do not assume square lattice symmetry
here, but allow for a more general space group. We require G,
to be isomorphic to some finite quotient of the space group G.
For example, if G is square lattice space-group symmetry, we
could take G, >~ G/ T,, where T is the normal subgroup of G
generated by translations 72 and T2 In this case, G, can be
nicely described as what remains of the space group when the
system is put on a 2 x 2 periodic torus.

Next, we suppose our model has Z, topological order, and
the action of symmetry is described by e and m fractionaliza-
tion classes [w,] and [w,,]. Specifying these fractionalization
classes in terms of generators and relations, we further assume
that the only relations with nontrivial projective phase factors
(i.e., o parameters) are those involving only elements of G,.
That is, space-group symmetry G acts linearly on e and m
particles, and elements g € G commute with g, € G, when
acting on e and m particles. Basically, we are assuming that
we have some nontrivial action of onsite symmetry, where
the space-group symmetry “comes along for the ride.” As an
aside, there are some interesting open questions hidden in
our assumptions. For example, is every symmetry class of the
onsite G, that can be realized in local bosonic models also
compatible with an arbitrary space-group symmetry G? Or,
are there G, symmetry classes that are only compatible with a
given space group G if some elements of G, and G are chosen
not to commute acting on e and/or m particles?

With our assumptions specified, we proceed to break the
symmetry down to the subgroup G’ C G x G,, defined as
the set of all elements of the form (g,¢(g)) € G x G,, where
g € G is arbitrary, and ¢ : G — G, is the quotient map. It is
easy to see that G’ is a subgroup, and that it is isomorphic to
G. We thus still have G space-group symmetry, but now the
space-group operations are combined with onsite symmetry
operations. Under the new reduced symmetry, it is easy to
see that new [w,]’ and [w,,] fractionalization classes for G’
symmetry are induced by corresponding G, fractionalization
classes before breaking the symmetry. While these remarks
remain somewhat abstract at present, this discussion shows that
progress in understanding symmetry classes of finite, unitary
onsite symmetry [33,35,39,56] can potentially have direct
applications to similar problems for space-group symmetry.
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APPENDIX A: COMPLETE SET OF COMMUTING
OBSERVABLES

We show here that the operators {A,|v € V}, {B,|p € P},
LS, L, as defined in Sec. IV, form a complete set of
commuting observables for any model in the family 7 C(G).
The approach is to construct a basis that is completely labeled
by the simultaneous eigenvalues of these operators.

We recall that plaquettes P together with s,, s, form an
elementary set of cycles, so that for any ¢ € C, £¢ can be
decomposed into a product of £7’s, with the product possibly
also including £{ and/or L‘ﬁy. However, the plaquettes are
in general not independent, in the sense that there may be
nontrivial relations of the form B, ...B, =1, for some
pi,.-.,pn € P.For the present purpose, it will be convenient
to construct an elementary and independent set of cycles.

Let 7 be a spanning tree of the graph G. By definition, 7°
is a subgraph of G containing all vertices of G (7 spans G), so
that 7 is connected and has no cycles (7 is a tree). Any tree
with n vertices has n — 1 edges, so 7 has |V| — 1 edges. We
denote the edge set of 7 by E7, and let E' = E — Er. For
every £ € E’', there is a unique cycle ¢(£) € C containing only
¢ and edges in E7. We claim {c(£)|£ € E’} is an elementary,
independent set of cycles.

To show the c(£) cycles are elementary, suppose c is a cycle.
Without loss of generality, we assume ¢ has no repeated edges.

Viewing ¢ as a subset of E, let cN E' = {{y,...,£,}. Then,
we claim the desired result, namely,
L= Eﬁ(m ... ﬁi(z,,)- (A1)

To show this, consider the product L{LY, ... Lo, =
[lsee 0f- ¢’ lies entirely in E7, and must be empty or a union
of disjoint cycles. These two facts are only consistent if ¢’ is
empty, and so LoL7, ... L5, ) = 1, equivalent to Eq. (A1).

The c(€) cycles are also independent: we can choose the
eigenvalues of L{, independently for all £ € E ’. To see this,
consider a reference state |{®,}), defined as the eigenstate of
o/ satisfying

H{Pe}),
Dpl{Dy}),

KEET

A2
L eE (42)

o {Pe}) =

where ®, € {£1}. There are clearly 2/F1=VI*1 such reference
states, which form an orthonormal set, because E’ contains
|[E| — V| + 1 edges. Also, we clearly have

Lo l1D)) = Dol(De)).

From the above discussion, it is clear that for every set
of Lf, eigenvalues {®,} there is a corresponding distinct

(A3)
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consistent choice of {B,}, E; and Eﬁv eigenvalues, and vice
versa. For the purpose of constructing a complete set of
commuting observables, we can therefore replace {B)}, L5 ,
and L{ by {ﬁi(z)w € E'}.

We will complete the discussion by exhibiting an orthonor-
mal basis, where the basis states are simultaneous eigenvalues
of {A,} and {Ei(z)}- We construct the basis states starting
from the reference states |{®,}). Let a, € {1}, subject to
the constraint ]_[v a, = 1, then we consider the state

{au}{®¢}) = = I1 L(1 + ayAy)[{Pe}) (A4)
v ‘ - \/EUEV \/E o o
These states are normalized, and satisfy
Avl{an} {Pe}) = avl{an}.{Pe}), (AS)
Liplav} {®e}) = Oel{ay}.{Pe}), (A6)

thus forming an orthonormal set. Moreover, since there
are 2!VI=! possible choices of {a,}, the number of states
Hay}, {®,}) is 21VIZ12IEI=IVIFT — 2IEl This is the dimension of
the Hilbert space, so we exhibited a basis completely labeled
by the eigenvalues of {A,} and L.

APPENDIX B: SYMMETRY-INVARIANT GROUND STATES

For an even by even lattice (i.e., L even), it is always
possible to choose U, and find a ground state |1, ) satisfying

UghﬂOe) = |1ﬂ0e>, (Bl)
‘Ci“pOe) = ‘C;HbOe) = |Yoe)> (B2)

where s, and s, are closed paths that wind around the system
once in the x and y directions, respectively. From this it also
follows that Ug, U,, = U, ,,; this equation holds acting on
[¥0e), so the linear action of symmetry on local operators
[Eq. (25)] implies it holds on all states.

In fact, it is also possible to find a ground state |yr,)
satisfying similar properties but for m-string operators:

Ugl¥om) = Yom). (B3)

L;ﬂwOm) = E;t'WOm) = |VYom)- (B4)

Here, t, and #,, are closed cuts winding once around the system
in x and y directions, respectively. Because, for instance, £
and LZ’ must anticommute, |, ) and |,,) cannot be the same
state.

We now show the existence of |1, ); the argument for |, )
is essentially identical, apart from one subtlety that we address
at the end of this appendix. We define s, by first drawing a
path s? joining an arbitrary v € V to T,v. The path s, is then

formed by joining 5%, T,.s?, 725, and so on, to obtain

se = (s)(Tes)) - (TE71s7), (BS)

a closed path winding once around the system in the x
direction. We then choose s, = P,,s,. With these paths
specified, we specify a unique state in the four-dimensional
ground-state manifold by requiring

LS o) = L5 1¥o) = [Yo). (B6)
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By symmetry, Ug|v/o) must also lie in the ground-state
manifold for all g € G. We will show that

L5 Uglpo) = Ugl¥o)

for ju = x,y, which implies Ug|yo) = e'%|yy), for some
phase factors e¢'%. It is enough to show this for the generators
g =T, P, Py,. Once this is established, we can make trivial
phase redefinitions Uy, — e¢~'*= Uz, and similarly for the
other generators, thus setting ¢, = 0 to obtain the desired
result.

Before proceeding to show Eq. (B7) for each generator in
turn, we obtain an equivalent simpler condition. We have

L8 Uglro) = UgUg ' L5, Ug o) = 1 (5,)Us £, 1)
(BS)

(B7)

for © = x,y. Now, it is clear we can break s, into two paths,

Sy = Su18,2, S0 that s, = T,f/zs,”. Then, we have
k4 — 2 4 L/2
ci (50 = ¢ ()i (T Psy).- (B9)

Using Lemma 8 of Appendix D 2, cz,,l(TML/stl) = C;](Sul),
so that

cg,l(su) =1. (B10)
Therefore, we have shown
L Ugltho) = Uy LS, o). (B11)

This implies Eq. (B7) will hold if, for each generator g,
Loy, 10} = 1vo).

Now we consider g = T,. Since Tx’lsx =s,, Eq. (B12) is
satisifed for u© = x. For u = y, we have

L5, Wo) = LLLY o) = LYo) = [¥ho),

(B12)

(B13)

where ¢ = 5, U T, 's,, and the last equality follows from a
graphical argument in Fig. 6. Here and in the following, for
the union U operation to make sense, we can view paths as
multisets of edges. And the meaning of £¢ is obvious; it is a
product of o with multiplicities taken into account.

Next, we consider g = P, and Eq. (B12) becomes
‘Ci’x,\»su|w0> = [¥0).

This clearly holds because Py,sy, = Pfysx =Sy, and Pyys, =
Sy.
Finally, we consider g = P,. For u© = x, we have

L% o o) = LLLS Vo) = Lilvo) = [¥o),

where ¢ = s, U P;s,, and the last equality follows from an
argument we now provide. We first cut s, into two equal-length
pieces s, and TL/2g.,, which meet at a vertex v. We then have

P.sy = (szxl)(Px TxL/zsxl) = (szxl)(TxiL/szsxl)
= (Pysa)(T,? Pesit), (B16)

(B14)

(B15)

where the last equality holds since TF = 1. We have thus
decomposed ¢ = (sxl)(TxL/stl) U (szxl)(TxL/szsxl). Now
we draw a path s’ joining v to P,v, and we decompose
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FIG. 6. (Color online) Graphical argument that L£¢|y) = |¥o)
forc = 5, U T 's,. The dotted lines show the L x L grid of primitive
cells, and the paths s, and T, 's, are shown. ¢ encloses a region
of area L, which can be broken (dashed lines) into L smaller
subregions each of unit area. Let ¢’ be the cycle bounding one of
the subregions, then £ = f;(; Eer;’c" In addition, by translation
symmetry L |yo) = ’C;‘vc"w()) = +|yy). Since an even number of
subregions appear in the decomposition of £¢ given above, we have

L Wo) = o).

L; = L{ L, introducing the cycles

1 = (sx))N (T Peser ) (THS), (B17)

2 = (TF%sx1) (TE25 ) (Pesii)(s)). (B18)

Because ¢, = T/ 2c1, it follows from symmetry that

L: 1%o) = L, [Wo) = %), and LT|Yo) = [$o), as desired.
This argument is illustrated graphically in Fig. 7.
For g = P, and u = y, we have

s, [V0) = LLLS [Yo) = LE Vo) = [Yo),

where ¢ = s, U Pys,, and the last equality follows from an
argument given below, which is similar to that already given
in the case ;. = x. We first break s, into two equal-length paths

related by TyL/ 2 translation, that is,

S_\, = (Syl)(TyL/zSy]),

(B19)

(B20)

L2 .
and let v be a vertex where 5,1 and T, / sy1 meet. Since P,
and T, commute, we have

szy = (szyl)(TyL/ZPxSyl). (BZ])

We can then proceed following the discussion for g = Py,
L = x to obtain the desired result.

The argument for the existence of |v,) is essentially
identical. However, there is one subtlety that should be
addressed. In establishing symmetry invariance of |v.), we
had to choose the phase of U, appropriately. The same step
arises in the corresponding discussion for |y, ), and the two
phase choices may not be compatible. Fortunately, this is not
an issue for our purposes because we never need to work with
[¥0.) and |1, ) at the same time. We simply make (possibly)
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FIG. 7. (Color online) Graphical illustration of the argument that
Lo) = o) for ¢ = s, U Pys,. It is important to note that, in the
interest of clarity, this figure is schematic in the sense that it accurately
shows the connectivity of the paths involved, and their properties
under translation symmetry, but not their properties under P,. The
various symbols are defined in the main text. The vertical dashed line
is the P, reflection axis, and the vertex v has been chosen to lie near
this axis for convenience. c¢; and ¢, are the boundaries of the left and
right shaded regions, respectively. The most important point is that
these two regions are related by 7'2/? translation.

different phase choices for U, depending on the ground state
we are working with in a given calculation.

APPENDIX C: GENERAL CONSTRUCTION OF e AND m
LOCALIZATIONS IN TORIC CODE MODELS

Here, we show by explicit construction that an e localization
U ; (v) always exists for the toric code models, and also that
this e localization is unique up to projective transformations
U;(v) — A(g)U;(v), with A(g) € {£1}. The explicit form
for the e localization we obtain is useful for obtaining
general constraints on symmetry classes in Appendix D.
The corresponding results and explicit form also hold for m
localizations. We focus first on e particles and e localizations,
postponing discussion of m particles to the end of this
Appendix.

We fix g € G, and arbitrarily single out a vertex vy. vo may
depend on g, but we do not write this explicitly. We then choose
Ug(vo) = f;(vo)ﬁig(vo), where f; (vo) € {£1} is arbitrary, and
s:,(vo) is arbitrary so long as it joins vy to gvy. In addition, for
each v # vy, we choose a path s, joining vy to v. We will now
show that

(ChH

gives an e localization. Here, we have introduced the notation
g(0) = UgOUg’1 for any operator O. It is clear that Ug(v) can
be put into the form Ug(v) = fge(v)ﬁig(u).

To proceed, we need to show that

Ugl¥e()) = Uglvi()]U g [va()][¥e(s)) (e2))

for all open paths s. The endpoints of s are denoted v;(s),va(s).
We first show that Eq. (C2) holds for all pairs of e-particle

US(v) = £ U (uo)g (L2
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positions [i.e., all pairs of endpoints v;(s),v,(s)], using a
specific choice of paths. Then, we proceed to show Eq. (C2)
holds for any open path s.

If s =s,, the endpoints of s are vy and v, and an easy
calculation shows Eq. (C2) holds. Now, we consider vertices
v,v" # v and v # V', which are joined by the path s, = 5,5,
and we choose s = s,,,. We have

Wesuw)) = L5, o) = LS LS Wo). (C3)
Then, for the left-hand side of Eq. (C2),
Ugle(so)) = g(L5 ) 1W0) = g(£5)8(LE, ) 1wo).  (C4)

The right-hand side of Eq. (C2) can easily be verified after
observing that

Ug(s0)Ug(s17) = Ug(s,)Ug (v0)Ug (51)Ug (v0) (CS5)
since [U;(vo)]2 =1.

Now, consider |¢(s)), where s has endpoints v,v’, with
v,V # vy. We have

[WE(s)) = LS 1We(so)) = [Ve(sov)),

where we used the fact that |y,.(s,,)) is an eigenstate of any
closed e-string operator, and where ¢ = %1 is the eigenvalue of
LS, actingon |, (syy)). The corresponding result holds when
s has endpoints vg,v. Therefore, Eq. (C2) holds independent
of the choice of s.

To consider uniqueness of the symmetry localization, it is
convenient to use the form Ug (v) = f¢ (v)Ef;’g(v). The endpoints
of sg(v) are fixed, but the path is otherwise arbitrary. However,
we are always free to deform the paths s;(v) to some fixed
set of reference paths since this only affects the overall phase
factor I (). Therefore, it is enough to consider the redefinition
Uz (v) = A(g,v)Ug (v). We now show that Eq. (C2) requires
A(g,v) = A(g), independent of v, which is precisely the
general form of projective transformations. Suppose there exist
vertices vy,v, with A(g,v1) # A(g,v2). Such a transformation
changes the right-hand side of Eq. (C2) by a minus sign for
a state with e particles at v; and v,, and is not consistent.
Therefore, the most general redefinition of the e localization
is the projective transformation U, (V) > MU (v).

The obvious parallel discussion establishes the correspond-
ing results for m localizations. The corresponding explicit form
for the m localization is

Ul(h) = LIUT (ho)g (L))

(C6)

(C7)

This is obtained following the above discussion upon replac-
ing vertices by holes (v9 — hg,v — h), and paths by cuts
(sy = ).

APPENDIX D: GENERAL CONSTRAINTS ON SYMMETRY
CLASSES IN TORIC CODE MODELS

1. Toric codes without spin-orbital coupling

Here, we consider models in the family 7 Cy(G), and prove
Theorem 1 stated in Sec. VIB.

We first introduce some additional notation to be used
below. Recalling that a, is the ground-state eigenvalue of
Ay, we define axy = [[,.y a, for any finite subset X C V.
If ¢ is a simple closed cut (see Sec. IV for a definition),
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FIG. 8. The calculation of o}, .. Put an m particle at point
ho, let h; = R/(hy),j = 1,2,3, let t, € W connecting ho to &, and
tj = R/ty. Then, we have Up Up, (ho) = 6"5% with fi" € {£1}
and Up Up, (h;) = E;g___tH Up, U;’,Lr),(ho)R(l:;g__,,H) for j =1,2,3.
With some calculation, (Up Up. Y (ho) = L™ with t = tyt11213. Thus,
O‘;xpxy = ay,.If Z(v)is enclosed by r with R*v # v, thenv, Rv, R?v,
R3v are four different vertices enclosed by ¢ such as the gray vertices
shown here. Since ]_[?:0 agi, = lL,wehaveo, . =ay, =dag-1, =
arg2)- The above statements are also true in the cases with spin-orbital
coupling using the gauge choice described in Appendix D 2. In the
case without spin-orbital coupling, since a, = ap,, = ap,,,, We have

m —
prp.x}' = ar(p, Pyy)-

we define V, = {v € V|Z (v) is enclosed by t}. In addition,
we define I' (gq,...,8,) to be the set of vertices that are
fixed under each of gi,...,g,. That is, I'(gi,...,g:) =
{fveV]giv=v,i=1,...,n}. To shorten various expres-
sions, we write g (0) = U,OU_" for the transformation of
any local operator O under g € G, anddefine R = Py Py, (r/2
counterclockwise rotation) and P, = P,, P, P,, (reflection
y = =y

In calculations following, we will use the e and m symmetry
localizations given in Egs. (C1) and (C7), and discussed in
Appendix C. In addition, we will often write equations such
as 0, ., = L{". Such equations hold when acting on [,
or more generally on states created by acting on |Y,,) with
m-string operators, and should be interpreted in this way.

Lemma 1. For any model in T Co(G), we have oy, =
Ap-1(0) = Ar(p,.P,): where o = (0,0).

Proof. As shown in Fig. 8, consider an m particle located at
an arbitrary hole i and let h; = R/hgy,j =1,2,3. Then, draw
acutt € W connecting hg and h;. Let 1; = Rity,j = 1,2,3
and t = fyt1trt3. The cuts are chosen so that 7 is simple.
Then, we choose Uy (ho) = EZ)’, and using the results of
Appendix C,

UR () = Ly L3 R(LY), (D1)

UR (ho) = Ly LaR(L,), (D2)

UR (h3) = Lpy,  LoOR(LE ) (D3)
(UR)' (ho) = LR LER(ChLr) = L7 (D4)
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Therefore, o7 . = ay,. Forv € V,,if 2(v) # o or R*v # v,
then v, Rv, R?v, R3v are four different vertices in V;, with
a, = dag, = .... Then, ]_[‘_0 agi, = 1, and these vertices do
not contrlbute to ay,. We have thus shown o, =ay, =
ap-1(0) = Ar(g2), part of the desired result.

For v € I'(R?), we have Pov,Pyv,Ru € I (R?) since R?
commutes with Py, Py,. Let G, denote the subgroup generated
by P:, Py,, which is the same as the subgroup fixing the
origin o. Let G,v be the orbit of v under G, and G, = {g €
G|gv = v}. Then, G,v € I'(R?) and G, is a subgroup of G,.
Because |G,| = 8 and R*v = v, we have |G,v| = |G,/G,| =
1,2,4. Now with the assumption that there is no spin-orbital
coupling, then a, = ap, = ap ., = ag, and hence ag,, = 1
unless |G,v| = 1. Therefore, Uéxva = ar(g2) = ar(p,.p,,)- W

Lemma 2. Let P, = T, P, and 0 = (U U3, )fora =

e,m. Then, we have o, . = 07,07, fora =e,m.

Proof. Since Uf = +U7 Up, we have (UgUp, =
(U3 UG Up, )4 It is then straightforward to brrng the Uy,
operators to the left side of this product, using the relatlons
of Egs. (39)—(44), and the result follows. |

Remark. This lemma is valid even with spin-orbital cou-
pling allowed.

Lemma 3. For any model in T Cy(G), we have o

pxpx»

pxpxyatxty =

Ap-1@3) = Ar(p,.T,P,)> where 0 = (5,5).

Proof. Repeat the proof to Lemma 1, replacing P, — ﬁ; =
T.P., 0 — 0= (2 2) and prpxy — Up%pxy, obtaining the
result o5, = d»-1G) = ar(p, p,,)- The desired result then
follows immediately from Lemma 2. |

Lemma4. For any modelin T Co(G), wehaveo )’ . .0/7 =
G-1(0.5) = 9r(P.1, )

Proof. As shown in Fig. 9, pick a hole i near the y axis, let
hiy = Pyho,hy = Tyho,h3 = Tyhy. Draw a cut #p connecting

bt p, _m=(03

FIG. 9. Illustration of the calculation of 7, in Lemmas 4 and 13.
Solid squares denote the locations of holes 7 € H, which are chosen
so that h is arbitrary (but near the y axis), and hy = P.hg, hy = T,hy,
h3 = Tyhy, hy = Pyho, hs = Pyh,. hy and h5 are not used in Lemma
4. Cuts are represented by solid lines, and hoh denotes, for example,
a cut joining Ay to hy. The cuts t) = hohl, tHh = hohz, th = hih 1hs, and
= h?ﬁ; are labeled, and are chosen to have properties described in
the text. The points 0 = (0,0) and k¥ = (0, %) are shown.

PHYSICAL REVIEW B 91, 014405 (2015)

ho, hy and a cut #; joining kg and hy. Let t, = Py ty, t3 = Tyto,
and t = ot 13t,. The cuts, some of which may contain no
edges, are chosen so that ¢ is simple. We choose % and ¢ such
that all vertices enclosed by ¢ are located on the y axis and no
vertex located above (0, ;) is enclosed by ¢.

We choose Up' (ho) = Ly, Uy (ho) = L}, then following
Appendix C we can choose

Up (hy) = LIL
Up (hy) = LI L"

T,(£5).
P (L7)-

These results can be used to evaluate the product

Urug (U s ) (U m )‘ acting on an m particle initially located
at l’l’; We obtarn

= LILIT, (L) Pe(L])).

So far we have not assumed the absence of spin-orbit
coupling. Now making this assumption, we have P.(L])) =
L} and T,,(L}7) = L]} Thus, Olypx = L =ay, If v eV, and
P(v) # o,(O,%), then v, Pyv are two different vertices in
V; by construction. Since a, = ap, ,, their product does not
contribute to ay,. So oy, = angl((,‘)a‘@q«o!%)). Lemma 1 says
papry = AP~ = dg-1((0, 1) part of the
result to be shown.

Let x = (0,%), G, ={g € Glgk =k}, and G, v the orbit
of v under G,. Then, G,v C 2! (k) if & (v)=«, and
G, is generated by P,, T,P,. In addition, |G| =4 and
hence |G.v| = 1,2,4. Since a, = a, for v € G,v, we have

(D5)

fpr

o 1(0)- Thus, a7’ o/t

pxpxy~typx

ag. =1 unless |Gcv| = 1. Thus, o, .0/, =dgp-14) =

ar(p,,1,P,)" |

Lemma5 Forany modelin 7 Co(G), wehave o), = o, =
txpx =1

Proof. Given a hole hy, let hy = ghg, where g = P, Py, or
T, P,. We can always draw a simple cut joining % to /; so that
gt = t. We choose Uy" (ho) = L{", and by Appendix C we can
choose

Uy () =LrLyg (L) = L7

where we used the assumption of no spin-orbit coupling.
Then, U;” (hy) U;” (ho) = 1. We place an m particle at s, and
compute (U é”)z acting on this m particle, finding (U é’,")z(ho) =
Ug'(h)Uy'(ho) = 1. Thus, 0\ = o = o7y, = L. |

Lemma 6. Suppose g € G such that g2 = 1 and there is
v € V such that gv = v. Then (U¢)* = 1.

Proof. Because gv = v, we have Uy (v) = 1 or —1. So

e 2 e 2
(Ug) = (U )" =
Therefore, (U 2 =1. ]
Remark. This lemma is valid even with spin-orbital cou-

pling allowed.
Theorem 1. The TC symmetry classes in A, B, C, M, My,
M., and M3 are not realizable in T Cy(G), where

A= {U;xva = O'lexy = —1},
- {pr’”) txty Glr;;pwazlgzy = _1}7
B {ap“”‘y fypx = OpxpxyOtypx = —1},
= {0 =-1 Vapxy = lVatpr = _1}’
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= {0;';[, 1A (U;x =—-1lVo,, = —1)},
= {Unf\:px} txty — —1A ( Opxy = —1v ozxpx = _1)}’
M3 = {al’ﬁcpxyal";px =—1A (0 —1v O’txpx = —1)}.

Here, A, Vv are the logical symbols for “and” and “or
respectively.

This leaves 95 TC symmetry classes not ruled out by the
above constraints, corresponding to 82 symmetry classes under
e <> m relabeling. In addition, all these 95 TC symmetry
classes are realized by models in 7 Cy(G).

Proof. The unrealizability of M is a restatement of Lemma
5. To prove the unrealizability of A and M+, suppose o, .\, =
—1, then Lemma 1 implies that thereisv € V ﬁxed under P,,
Pyy and hence fixed under R. So, 07, ., = pr 0,y = 1 by
Lemma 6 and hence the TC symmetry classes in A and M are
unrealizable. The unrealizability of B and M, follows from an
almost identical argument, using Lemma 3 and Lemma 6.

To prove the unrealizability of C and Mgs, suppose
O pepxyOtypx = —1. Then, Lemma 4 implies there exists vg € V
fixed under Py, T,P,. It follows that P, vy is a vertex
fixed under 7 Py. Therefore, o), = o/, = 1 by Lemma 6.
So, the TC symmetry classes 1n M3 are not realizable in
T Co(G). Further, for the unrealizability of C, let v; = Riv
for j = 1,2,3, pick so € W joining vg to vy, and let s; = R'so
for j =1,2,3. We choose Uj, (vo) = 1, Ug (vo) = LS, and
Uf, (v2) = L5 . Using Appendix C, we have U, (v;) = L¢,

5081°
for] =123, and Uy (v2) =L Thus,

e

so51 Py (s150)"

O papry = (U ) (o) =
o = U, Up (UF) ™ (

Therefore,

50315253

U;{)i (Uz) =L

e
5081 Py(s150)

e e _ e e
Otypx GI’XPX y — L 5051 Px(~Y|X0)£-VoX|S2S3
=L, LS

SzP S S3P—S()

- E?zp S1 (‘C;zP S]) =1

where the last equality holds because s, P,s; (and hence also
s3Pys0) is a closed path. In short, /7, 0., = —1 implies
0 pxOpxpry = 1. So, the TC symmetry classes in C are not
realizable in T Cy(G).

The statements about counting and realization of symmetry

classes are proved in Sec. VIB. |

2. Toric codes with spin-orbit coupling

We now allow for spin-orbit coupling and consider models
in the family 7' C(G). We prove the following theorem, which
was also stated in Sec. VIC:

Theorem 2. The TC symmetry classes in Pq, P2, P3, A, B,
and C’ are not realizable in T C (G), where

Py = {ae =0l = —1},

px = Opx
={opy =0y =1}
= {ofpe = 0lfpe =1},

= {07ipey = Ty =~ 1}
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_ e e — M m J—
- XpXx txty — xXpxy - txty — ’
B {Gp pxyOrxty O pxpxyCixt) 1}
r e e _ m m _
C = {pr - Umvc - prmy typx = OpxpxyOrypx = 1}'

This leaves 945 TC symmetry classes not ruled out by the
above constraints, corresponding to 487 symmetry classes
under e <> m relabeling. In addition, all these 945 TC
symmetry classes are realized by models in T C(G).

The unrealizability in TC(G) of the above TC symmetry
classes is proved below in this appendix. Appendix E describes
the counting of TC symmetry classes not ruled out by the
theorem, and gives explicit examples of models for these
classes.

Lemma 7.1f g* = 1, thence (g)—c (g9),VLEeE.

Proof. By Eq. (26), if g% = 1, then for alll e E
cf (@) ch (@ =cl(g)=c/()=1

Hence, Cz (g) = c ¢ (&) |

As discussed in Sec IV, we can redefine the local axes for
each spin such that ¢ (T) = 1, for T € G any translation. We
always work in such a gauge.

Lemma 8. For any translations 7',77,7T, € G, and for all
teE, geG,wehave ch, (TigTh) = c;* (2).

Proof. We have

cre (Tigh) = ¢y (T) cpy (T18T2) = ¢ (T1gT2T)
=G [ (T'g) = C( (g)cge(T )= C[ 8).

Here, we have used the fact that there is a translation 7/ € G
such that T1gT,T = T'g, which follows from the fact that
translations are a normal subgroup of G (so, in particular,
g~ T g is a translation). [ ]

To proceed, we need to consider further gauge fixing of
¢y (g) by choosing the local frame of spins. By Lemma 8, it is
sufficient to restrict to g € G,,, where G, = {g € G|go = o}
with o = (0,0) the origin. Let £ be the orbit of some ¢ € E
under translations. By Lemma 8, we can write ¢, (g) = ¢ (g),
forall g € G,. Gauge transformations y; that are constant on
translation orbits £ do not affect the choice CZ (T) =1 for
translations 7. Therefore, it is natural to think of the allowed
gauge transformations as functions of £, and write ;" instead
of y,. The gauge transformation (27) then becomes

cp(8) = Vi Very (&) (D6)

Now, consider some fixed translation orbit £y. Let G,r be
the rotation subgroup of G,. Denote the orbit of £y under G,
by G,4, and the orbit of £, under rotations by G,g€y. Then,
|Gorlol = 4,2,1and |G,4y| = 8,4,2,1. We have the following
possibilities:

(1) |G,€y| = 8. In this case, elements £ € G €, are in one-
to-one correspondence with group elements g € G,. That is,
for each £ € G,£y, we can write uniquely £ = g, for some
g € G,. We make a gauge transformation by choosing
(D7)

Ve = Vet, = €1,(8)-

Then, in the transformed gauge, cZ) (g) > lforall g € G,, by
construction. We now consider cf (g) for arbitrary £ € G, 4,
g € G,, in the transformed gauge. We can write £ = g,{, for
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some unique g; € G,, and
cp (8) = Ch 4, (8) = Ch g, (8)cy, (81)
= cZ)(ggl) =1

Therefore, we are free to choose a gauge where c’[(g) =1.In
particular, we have shown ch,,(g) = c; (g).

2) |Gyl =4 and |G,r€o| = 4. In this case, elements
L e G4y = G,rly are in one-to-one correspondence with
gr € G,g. Therefore, the same argument given in the previous
case implies we can choose a gauge so that ¢j(gz) = 1 for all
L € G,y and all gg € G,g. Now, for arbitrary g € G,, we
consider

Chrog(8) = Choy(@)eg (R?) = ¢ (gR?)
= cp (R?g) = ¢ (8)chy(R*) = ¢} (2).

Therefore, we have also chosen a gauge in this case where
Croe(8) = ¢4 (8).

(3) |Gortol < 4. In this case, R*£=1¢ for all £ € L.
Therefore, it holds trivially that ¢/, ,(g) = ¢; ().

We have thus shown the following fact, which will be useful
in later calculations:

Lemma 9. It is possible to choose a local spin frame so that
Choy (&) = ¢} (g), forall £ € E and g € G, with pu = x,z.

To be more concrete, in the following, we always work in
a local spin frame such that vV u = x,z,

¢, (T) =1, for any translation T, (D8)
¢ (9)=1VgeG, if |Gl =8, (D9)
¢ () =1YgeGor, if |Gorll=4, (DI0)

and hence Lemma 9 can be applied.

Proposition 1. No TC symmetry classes in P1, P;, or P3
are realizable in T C(G).

Proof. We define

El" = {€ € E|P.£ = £ with ends of ¢ fixed},
EP" = {£ € E|P,¢ = £ with ends of ¢ interchanged} .

Then, E — (E{™ U E}") can be partitioned into pairs {£, P, £}.
Let E5” be a set formed by selecting one edge from each such
pair. Now, we put an m particle at ko and draw a cut t € W
joining ho with iy = Py hg such that Pt = ¢. Then, we choose
Up, (ho) = L', and by Appendix C we may further choose

Up, () = L]L] P(L]) = Po(L]).
Therefore,

(UR ) (ho) = U (h) U (ho) = Py (L)L
= [ leio]* ™" = o

leE
Since |P. L Nt| = |£ N P.t| = |£ Nt|, we have

om=T1 [e@]"™ T [ei@och ]

px px px
¢€EJ UE! teE}

= [T [erepa]™™,

teEl"
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where we used the fact that |[£ N¢| is even for £ € E”, and
also ¢ (Py)cp ((Py) = cg(PXz) =c()=1.

So, crl','; = —1 implies that there is £ € E such that P, = ¢
with its ends fixed, and therefore there is a vertex v with
P.v = v. Hence, a;x = 1 by Lemma 6. In short, a[’j'; =-—1
implies o, =1 and hence Py is not realizable in T C(G). The
same argument applies to P, and P3. ]

Lemma 10. In the chosen gauge, for any veV,
ayagyagryags, = 1 and ayapap,ag:, = 1.

Proof. First, we show that a,ag>, = ag,ags,. We have

R(AyAR,) = []‘[ cz‘(m} [ [1 c;f(R)] ArvAsy

30 {5R%v

= []‘[ cz‘(R)} []‘[ c’;wue)] ArvApsy
{5v {5v

= ARyARiy,

where the last equality follows from Lemma 9. Because R
is a symmetry, this implies a,ag:, = agyadgs,, and hence
AyARyAR2yAR3y = 1.

Similarly,

P (AyApey) = []‘[ c (Px)] [ [] < (P»} ApoApy

£>v VEY &

= []‘[ c (P»] []‘[ Choe (P»} ApwApy
{3v {>v

= ApoAp,y.

Therefore, ayag:, = apap,y, and hence ayap vap,pag:, = 1.

Lemma 11. For any model in 7C (G), we have cr;’;pxy =
ap-1(0) = dr(g?)» where 0o = (0,0).

Proof. We repeat the first paragraph of the proof to Lemma
1. The last equality in Eq. (D4) is no longer obvious; it still
holds because R(Lj L) = R(Lf L., ) = L L7, by Lemma
9. In addition, the argument given in the proof of Lemma 1
that []_y agi, = 1 for v € V; [with & (v) # 0 or R*v # v]
is no longer correct. Instead, this fact follows directly from
Lemma 10. |

Proposition 2. No TC symmetry classes in A are realizable
in TC(G).

Proof. Suppose that o7, ., = —1. Then, Lemma 11 tells us
that there exists v such that R2v = v. But, then we can choose
Uz, (v) = 1, implying O papry = (U;z)z(v) =1. |

Lemma 12. For any model in TC(G), we have
O—]l;;pxyaln;ly =agp-1j) = a[‘(nT)‘RZ), where 0 = (%, %)

__ Proof. We repeat the proof of Lemma 11, replacing P, —
P, and using Lemma 2. We also use the fact that (P, ny)z =
T, T),Rz. It should be noted that Lemma 9 still holds upon
replacing R> — T, Tsz, by Lemma 8. |

Proposition 3. No TC symmetry classes in B are realizable
in TC (G).

Proof. This follows by the same argument used to prove
Proposition 2, using Lemma 12 in place of Lemma 11. |
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Lemma 13. Forany modelin TC (G), if o, fxpx =—1,
then O—[prxyo’lny/lpx Ap-1() = ap(Tsz), Where K = (O, 2).

Proof. As shown in Fig. 9, choose 1y € H near the y axis,
leth; = P.hg, hy, = Tyho,/’l3 = Tyhl,h4 = Pyho,hS = Pyhl.
Draw a simple cut ¢ € W joining hg, hy, hs, h3, ha, ha, ho in
turn. We denote the part of 7 joining two successive holes by, for
example, hohy, and that j JOlIllIlg three successive holes by, for

example hoh1hs = ]’l()h h 1hs. Weletty = hohl, Hh = h()/’l4h2,
tzh hshs, and t; = h2h3 We choose kg and ¢ such that any

vertices enclosed by ¢ are located on the y axis, and no vertex
with y coordinate greater than l is enclosed by ¢. Moreover,

tis constructed so that Ttg = t3, P.ti =1, P yhfo\ﬁé; = h’o\ﬁ4,
T, P\,h2h4 = h2h4 Then, we have

T (£3) Pe(£7),

using the same argument leading to Eq. (D5) in the proof of
Lemma 4.
In our chosen gauge, T,(L}) = L]]. We now prove

= LULT, (D11)

l}px

P (L") = L]} by showing P, (Lihom) = E’" and P (L i
;75]13
First, to show P, (E ) = let

L
E{” = {¢ € E|Py¢ = £ with ends of ¢ fixed},
E{" = {¢ € E|Py¢ = ¢ with ends of ¢ interchanged}.

Then, E — (EY U EJ”) can be divided into pairs {¢, P,€}. Let
E!” be a set formed by picking one edge from each such pair.

Since | Py€ N hohs| = |[€ N Pyhohy| = [€ N hohy|, we have
o — 1—[ \mhohu 1—[ So \mh%\
h[)h4 - P .
zeEg«‘UE"‘ LeED

We notice o, = —1 implies there is no v such that Pyv =
v, by Lemma 6. Hence, there is no v such that P,v = v;
otherwise, Pyyv i is fixed under P,. Thus, E}” is empty. In
addition, € N fohy| is even for £ € E}”. Finally,

C?(Px)c);ﬂye(Px) = CZC(Px)C);gzpyg(Px)

= C;(PX)C);X[(PX) = CJE (sz)

—a =1, (D12)
so we have
Pl ) = cg%.
Similarly, to show P, (ﬁh 7, )= E’h” R
EJ" = { € E|T, Pyt = £ with ends of ¢ fixed},
EP"Y = (¢ € E|P,¢ = € with ends of ¢ interchanged}.
Then, E — (E{" UE™) can be divided into pairs

{€,T, P,¢}. Let E5’” be a set formed by choosing one edge
from each such pair, and let Ej)”” = Ej™ U E}’"”. Then,

L = l_[ (Ug)lmh?ﬁzl l_[ (J;aaﬂ[)\emhfhﬂ.

1ypy 1ypy
LeEg LeEy
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We notice oy, = —1 implies there is no v such that 7 Pyv =
v, by Lemma 6. Hence, there is no v such that 7, P,v = v;
otherwise Py, v is fixed under T, P,. Thus, E;"” is empty. In

addition, |l N high,| is even for [ € EP” . Finally,
ct(P)Ch, po(Po) = ¢} (P)ch, (P) = 1,

where the last equality was shown in Eq. (D12). Therefore, we
have

P, (ﬁ;fﬁz) L~

hshy®

Therefore, P (L]") = L]}, and hence Olpn = L} = ay,. For
veV,if @)+ O,K, then v, Pyv, Pyv, PyPyv are four
different vertices in V;. This holds because 0, = —lrequires
v# Povand Pyv # PXPyv. Since ayapapap, p,y =1 by
Lemma 10, we have crrypx = ay, = Ag1(,)a-1 (). Hence,
using Lemma 11, 0%, 017, = dg-1(4).

Further, ifv € 27! («) but T, R*v # v,thenv, Pov, T, Pyv,
and P, T,Pyv are distinct vertices in 27 (k); of, =—1
requires that v# Pyv and of,, = —1 requires that v #
T, Pyv. Using Lemma 10, and the fact that ar, = a, for any
translation 7', we have

AyapaT, AP, T, Py = Avdpwdp,udp Py = L.

This implies that only those vertices v € 2~ !(k) satisfying

_ 2 . .. . . m

v =Ty R"v give nontrivial contributions to o .0/, and
we have shown
m m —_ —

GpXPX}*Utypx =ap-ik) = aF(Tsz)'
n

— m _
Lemma 14. If 0%, atw = O ppxyOiypy = — 1, then there

exists v € V and s =hLl,.. € W connecting v, v' = P,v
such that 7, R%v = v and T, R%l = [ with ends fixed for each
edge/ in s.

Proof. By Lemma 13, prpxyat”y“px = —1 implies I'(7, R?)
is nonempty. In addition, o, = —1 implies that there is no

v € V such that P,v = v. Let J={ve F(Tsz)lavapw =
—1}. Then, J = {v,v],v2,0}, . ..,v,,v,} With v/ = P,v; for
i =1,2,...,n. Here n must be odd since —1 = apxpwa,’;?px =
ar(r gy =ay = (=1)". In addition, v; = T, P,v;, because
v, = Pyv; = P.TyR*v; = T, Pyv;.

We consider the graph Gy = (Y, Ey), where

Eo={te E|T,R*¢ = ¢ with ends fixed,c} (P,) = ~1},
Y = I(T,R?).

Let Ej = {¢ € Ey|€ > v}. Now, we show that in Gy, the degree
of each vertex v € J is odd, while the degree of v € Y — J
is even. That is, | Ej| is odd for v € J and |Ej]| is even for
v €Y — J. To show this, we consider v € Y and notice the
following partition:
star (v) = [U;{€;,TyR*¢;}] U starg, g2 (v) ,
where star(v) = {£ € E|¢ > v}, j labels all distinct pairs
{Ej,TyRZEj} for ¢; estar(v) with £; # Tszﬁj, and
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starr, g2(v) = {€ € star(v)|TyR2£ = ¢}. Then, we have
Pe(A)=P | ] o
Lestar(v)
= [T a®o]l(e,Poct gy, (PO)Ars
liestarry 2 () j
=| J] c@o]Ar.=D"54p,,
ZestarTy 2 ()

where we used the fact that c’}v r2e(Px) = Cpa (Pr) = ¢ (Py).

It follows that a,ap, = (—1)'%0l. So, |E}| is odd for v € J
and |Ej|isevenforv e Y — J.

Now, we claim that there exists v € J and a path s =
L4 ... 4, in Gy connecting v with P,v, which is a more
detailed version of the result to be shown. We prove this claim
by contradiction, and assume there is no v € J such that v
and P,v are in the same connected component of Gy. Then,
without loss of generality, we relabel pairs v; <> v, so that
each component has empty intersection with at least one of
the sets {vy, ...,v,} or {v], ...,v,}. Since n is odd, there must
then be at least one component of G, containing an odd number
of vertices in J. This is a contradiction since the number of
vertices of odd degree is even in any graph. |

Proposition 4. No TC symmetry classes in C’ are realizable
in TC(G).

Proof. Assume o7, =0/, = 0,,,.,0/, = —1. Lemma
14 tells us that there exists v € V and s, € W connecting v,
v/ = P,v such that Tszv = v and TszsK = 5., wWhere the
subscript « indicates that s, connects vertices with & (v) =
D) =« = (0, 1) Choose s € W joining P,v to Rv. Let

v; = Rlv, vj_RvaforJ_123

In order to compute oy, ,.,, we follow Appendix C to

choose
UR (v) = ; 50

Uy (n) = L LS

Sk S8 S

R(LS,).

U; (U2) = Ly sR(s,(s)‘C R(ESKSR(SKS))

e p— e e
Uk (03) = L pis, R0 Coes (‘CrKvR(m)R (w))
We have
e _ e\4 _ pe e
Opxpxy = (UR) () = Es SR2 (s, S)R(ESKSRz(SKS))'

Noticing R(Ee Ee (M)) = E;(S Y)E;;(S 9 by Lemma 9, we
then have

e __ pe
prpx}' - Es,(sR(sKs)R2(s,(s)R3(sKs)'
To calculate o, ., we choose
__ pe __ pe
UP) (v2) - T;ISK = ~Rs0
e __ e
[]T'v (Uz) - [’x,(sR(s,(x)'

Following Appendix C, we further choose

Ufe’x (U) = Sk SR(SKY)LRZ (ESKYR(YK Y))
/
U;y(vz) = Eivk(w)T ( % ) R2s, ‘Ci,(sR(sKS)E?K'
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Thus,
0 = U Us (U5) ' (U5,) ' @)
= U5, )V, ) [Us, )] [Up, 0]
= L srisu0 Lo, P (L5 crses)) L5

Finally, we have

J;xpxyateivpx = (;?2(S)R3(s,(v)’ce (’Ci(sR(s,(v ) (DIS)
This can be simplified, first noting that Ujp (v') =
L¢ Uj (v)P(LE), and therefore ’

—1=o0, =UpWUp, ) =L P ([Ze) (D14)

In addition, we have T P,v3 = v}, so we choose

U, (05) = L,
U p.(v3) = L, Up p (03) (T Po)(Ls,)
= L%, Ut p,(v3) Py (E'};SK).
Therefore,
—1 =0, = Ut p (03)U7, p (v3) = L%, Pe(L%, ). (D15)

Substituting Eqgs. (D14) and (D15) into Eq. (D13), we have

U;U’X,Vafeyl’x
= C{(Po)Chy (POL o Lo L Lo g
= CH(P)CR(PICh s (RTLS s R7HLS ps,)
= c§(PX>c§es(Px>c;Vngs(R—‘>,

where in the last line we used the fact that P,sR>s is a closed
path. Since cf  (8) = ¢ (g)ci,(8), we have

z -1
T pxpxyOiypr = € (P)CR (P (s (RT)

= cX(P)ch (R™)Ch, (Po)Cis (R,

To simplify this further, we make repeated use of Eq. (26).
First, we note that

(P (R = i(Pyy),

and so
O e payOrupx = Co(Pry)Chy(Pr)Con (R71). (D16)
Next, Ci)ws(Px)Cfes(Px) = cfpxys(sz) =1, and so
o (Py) = cfpxys(Px). D17)
Moreover, C;Zs(R)C;m(R’l) = c;3S(R’1R) =1,s0
e (R = b (R). (D18)

e e

Substituting Eqgs. (D17) and (D18) into Eq. (D16), we have
ol .0

ey Frypx = €5 (Pey)Cp ((Pe)Ca (R)
= {(R)cp (R) = 1,

where the last equality follows from Lemma 9.
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e _ e _ m m o _ _ : :
In  short, o7, =0/, =0,0,,0, = —1 1mphes/
e e _ :
pepxyPivpr = 1. Therefore, no TC symmetry classes in C
are realizable. [

APPENDIX E: MODELS IN TC (G)

To complete the proof of Theorem 2, we need to give
explicit models in 7 C (G) for the TC symmetry classes that are
not excluded by the theorem. These models are summarized
in Figs. 11-13. In some of the models, we use lattices with
stacking of vertices and/or edges; that is, there can be distinct
edges or vertices with the same image under 2. We use single
solid lines and points to present edges and vertices that do not
stack, while the meaning of other line and point types used is
illustrated in Fig. 10. We use different letters [, €, ¢, &, ¢ to
label edges with different direction, as illustrated in Fig. 10. In
particular, / labels vertical edges, and € horizontal edges, with
& and ¢ indicating diagonal edges. The symbol ¢ is reserved
for edges that project to a single point under &.

Following this discussion, it is easy but tedious to verify
that all TC symmetry classes not excluded by Theorem 2 are
realized by the models in Figs. 11-13.

Finally, let us compute the total number of realizable
symmetry classes. Let D = Py U P2 U P3 U A U B be a subset
of unrealizable TC symmetry classes, and let T be the set of
all TC symmetry classes. From the form Eq. (72) and the
definition of D, it is apparent that

IT—D| =3%x4=972.

PHYSICAL REVIEW B 91, 014405 (2015)

The TC symmetry classes in G’ — C’ N D are of the form

o;x ol’,'; -1 1
0 O
Ut(ivpx Utn):px e 1 1
O papry O ppxy ooy
Gfexty G;xmy O 1y Gzlxcpw . O
U;xmy Utey/vc Ul’xcxvcy Ut";px -1~

with classes in P,,A,B excluded, so |[C — C' N D| = 3% = 27.
Thus, the total number of TC symmetry classes realizable in
TC(G)is (T—D)—(C'—=C'ND)| =972 — 27 = 945.

To count realizable symmetry classes (as opposed to TC
symmetry classes), we first count the number of symmetry
classes obtained from T — D. Under e <> m relabeling, every
TC symmetry class in T — D either goes into itself, or goes
into another TC symmetry class in T — D. It is easy to see that
only two TC symmetry classes in T — D are invariant under
e <> m relabeling, so the number of distinct symmetry classes
obtained from T — D is (972 — 2) 4+ 2 = 487.

Now, consider a TC symmetry class in C — C’ N D. Under
e <> m, we obtain a TC symmetry class not contained in
C — C’' N D, but which is contained in T — D. Therefore, the
resulting TC symmetry class is realizable. This means that
removing C — C’ N D from T — D does not reduce the number
of symmetry classes, even though the number of TC symmetry
classes is reduced. The total number of realizable symmetry
classes is thus 487. This completes the proof of Theorem 2.

: > C2 €2
' \o L1 ‘01
Y -
& &
(b) (c)
®
l &3 €2
3
z ® (d) (e) (f)

FIG. 10. (Color online) Depiction of the graphical notation used to represent stacking of vertices and edges. The first row shows the
connectivity of vertices and edges, and the second row gives the corresponding two-dimensional presentation. It is convenient to imagine
the graph of the lattice as first being embedded in three-dimensional space, and then projected into the two-dimensional plane. When these
structures are present, we always assume top edges (blue online) are transformed to bottom edges (red online) under improper space-group
operations (i.e., reflections), while translations do not swap edges with different colors. Edges parallel to the x axis, y axis, z axis are labeled
by symbols €, [, ¢, respectively. We use ¢ and & to label diagonal edges. For a diagonal edge, we can associate a unit vector é running along the
direction of the edge, always choosing &, > 0. Then, ¢ (§) is used to label edges with &, > 0 (¢, < 0). (a), (d) This configuration is only used
in Fig. 11(c). The two stacking vertices (blue and red online) together with edge ¢; connecting them are projected into a point, presented as a
ring (blue and red online). Edges €,, /3 pass through the ring but do not end on it. The triple-stacking edges are presented as double lines. (b),
(e) A configuration with double-stacking vertices and no stacking edges. We use a darker point (blue online) to represent the upper vertex, and
a lighter ring (red online) to represent the lower vertex. The edges linked to the upper vertex are darker (blue online) and the edges linked to
the lower vertex are lighter (red online). (c), (f) A situation with double-stacking vertices and edges. The vertices are represented as in (b) and
(e). The lower edge is represented by a lighter double line (red online), and the upper edge is a single darker line (blue online) drawn in the

center of the double line.
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€ I € €
Ll b
e Q|5 G|h Il e
1 1 1 1 1 m Yo 1 1 1 1 = 1 6 1 1 1 iy
(a) () { ° (c) ’
a1 P2 a3 e, €5 qaas 1 a2 az e, ez a1 a1 1 as e, €5 auaseg
€7
/
7 4
I &|" /s
€4

(d) 1 1 1 Y1 1 Y2
(6%} ,83 [0%:3 1 €5 Q7

| )i )i
— —
€
b ¢
[ 4
4] 3 _d 3 -
€;s
— —
T T N
(@) Yo 1 7% 1 1 7 (h) v2 1 1 61 1 73 ) 1 1 vy 1 7
1 81 1 e €5 e 1 B as 1 e aq a1 Bz 1 1 es; as

FIG. 11. (Color online) T C (G) models (Part I). The shaded square is a unit cell and the TC symmetry classes are calculated with the origin
o at the center of the shaded square. Below each lattice is the corresponding TC symmetry class in the form (72). The edges are labeled by
different letters according to their directions as described in the text and in Fig. 10. Edges that map to a single point under & are labeled by ¢,
t5, L, Lz With the subscript indicating their position, and 6 = (%, %), k = (0, %), K= (%,0), in units such that the size of the unit cell is 1 x 1.
For short, we define «; = ¢, (Po), Bi = ¢, (Pyy), vi = ¢, (Py), and §; = ¢, (Pyy), where ¢ = [,€,£,¢,t stands for a generic edge. In addition,
e, = a -1y, and b is the eigenvalue of B, for the plaquette (here meaning smallest cycle) p within which b is written. The values of e, and b
are well defined with respect to any local spin frame system satisfying Eqs. (D8)—(D10).
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FIG. 12. (Color online) 7 C (G) models (Part II). The shaded square is a unit cell and the TC symmetry classes are calculated with the
origin o at the center of the shaded square. Below each lattice is the corresponding TC symmetry class in the form (72). The edges are labeled
by different letters according to their directions as described in the text and in Fig. 10. Edges that map to a single point under & are labeled by
Los L3 Lie» Lz With the subscript indicating their position, and 6 = ( %, %), k = (0, %), K= %,0), in units such that the size of the unit cell is 1 x 1.
For short, we define «; = ¢, (Po), Bi = ¢, (Pyy), vi = g, (Py), and §; = ¢, (Pry), where ¢ = [,€,£,¢,1 stands for a generic edge. In addition,
e, = a1y, and b is the eigenvalue of B, for the plaquette (here meaning smallest cycle) p within which b is written. In panel (1), b is the
eigenvalue of B), for the top plaquette. The values of e, and b are well defined with respect to any local spin frame system satisfying Eqs.

(D8)~(D10).
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€4

€

T v 1 m v 73
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(t) 1 v v m
(65} 1 (675 1 1 Q408

ar 1 1 1 1 aa

W) <’Yz 1 4 01 03 b’Yz’Y4>

(V)<1ﬁ1111 e,{>
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Yo 01 Y& b1 b2 Yeyi
(Y) < 1 1 1 1 1 oex

FIG. 13. (Color online) 7TC (G) models (Part III). The shaded square is a unit cell and the TC symmetry classes are calculated with the
origin o at the center of the shaded square. Below each lattice is the corresponding TC symmetry class in the form (72). The edges are
labeled by different letters according to their directions as described in the text and in Fig. 10. Edges that map to a single point under &
are labeled by ¢,, 5, t,, tz With the subscript indicating their position, and 6 = (%, %), k = (0, %), k= %,O), in units such that the size of the
unit cell is 1 x 1. For short, we define «; = c;,(Po), Bi = ¢, (Pyy), vi = ¢, (Py), and §; = i, (Pyy), where ¢ = [,€,£,¢,1 stands for a generic
edge. In addition, e, = ag-1(,), and b (or b;) is the eigenvalue of B, for the plaquette (here meaning smallest cycle) p within which b (or
b;) is written. In panels (w) and (x), b; and b are the eigenvalues of B), for the top plaquettes. The values of e, and b (or b;) are well defined
with respect to any local spin frame system satisfying Eqgs. (D8)—(D10) except in (w), where a further gauge fixing is needed and we require
Clzl(ny) = CZ (ny) = Cle(Px) =1
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