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We introduce a family of commuting-projector Hamiltonians whose degrees of freedom involve Zs
parafermion zero modes residing in a parent fractional-quantum-Hall fluid. The two simplest models in this
family emerge from dressing Ising-paramagnet and toric-code spin models with parafermions; we study their
edge properties, anyonic excitations, and ground-state degeneracy. We show that the first model realizes a
symmetry-enriched topological phase (SET) for which Zs spin-flip symmetry from the Ising paramagnet per-
mutes the anyons. Interestingly, the interface between this SET and the parent quantum-Hall phase realizes
symmetry-enforced Zs parafermion criticality with no fine-tuning required. The second model exhibits a non-
Abelian phase that is consistent with SU(2)4 topological order, and can be accessed by gauging the Z, symmetry
in the SET. Employing Levin-Wen string-net models with Zo-graded structure, we generalize this picture to con-
struct a large class of commuting-projector models for Zo SETs and non-Abelian topological orders exhibiting
the same relation. Our construction provides the first commuting-projector-Hamiltonian realization of chiral

bosonic non-Abelian topological order.

I. INTRODUCTION

Historically, exactly solvable models played an important
role in understanding topological phases of matter (see, e.g.,
Refs. 1-3). Such models typically sacrifice microscopic real-
ism in favor of analytical tractability that facilitates extraction
of topological information, including anyon content and en-
tanglement characterizations of ground states. Furthermore,
many exactly solvable models describe renormalization-group
fixed points with zero correlation length. Studying their phys-
ical properties can thus reveal useful insights into more real-
istic systems that flow to the same fixed point.

Commuting-projector Hamiltonians comprise a widely
studied class of exactly solvable models. As the name sug-
gests, these Hamiltonians consist of sums of projectors that
commute with each other, so that all energy eigenstates are
simultaneous eigenstates of each projector. Classic exam-
ples include Kitaev’s quantum-double models [1] and Levin-
Wen string-net models [3], which capture a wide variety of
non-chiral topologically ordered phases (i.e., with chiral cen-
tral charge ¢ = 0). More recent works have introduced
commuting-projector Hamiltonians for symmetry-protected
topological phases (SPT’s) obtained by dressing domain walls
with lower-dimensional SPT’s [4], and for symmetry-enriched
topological phases from string-net models [5, 6].

In all of the above commuting-projector Hamiltonians,
bosons form the microscopic constituents. Recently, novel
commuting-projector Hamiltonians for topological phases of
fermions have been developed [7—13]. These models realize
topologically ordered states and SPT’s that are intrinsically
fermionic, i.e., they display properties that cannot be emu-
lated in any known bosonic systems. In this paper we go a
step further and construct commuting-projector models built
from fractionalized degrees of freedom that bind to defects
in a topologically ordered host system. Searching for ex-
actly solvable models for “topological phases inside topolog-
ical phases” using such defects represents largely uncharted
territory. (For some related works see Refs. 14-20.) Notably,

this strategy can be expected to circumvent constraints faced
by Hamiltonians describing non-fractionalized constituents,
paving the way to a richer class of exactly solvable models.
We will indeed show that our models capture chiral topo-
logical orders that would be impossible to obtain from either
bosonic or fermionic commuting-projector Hamiltonians.

Our work specifically generalizes the constructions of
Refs. 9 and 10. In Ref. 9 Tarantino and Fidkowski de-
veloped commuting-projector models—obtained by decorat-
ing domain walls of an Ising paramagnet with Kitaev chains
[21]—for the fermionic SPT’s considered by Gu and Levin
[22]. We henceforth refer to their Hamiltonians and our gen-
eralization as decorated-domain-wall models. In Ref. 10 Ware
et al. introduced a commuting-projector model for a fermionic
cousin of Ising topological order with a fully gapped edge.
This result is surprising given that Ising topological order in
a bosonic system necessarily carries a gapless edge and non-
trivial thermal Hall conductance; conventional wisdom thus
dictates that a parent commuting-projector Hamiltonian does
not exist. For fermionic systems, however, it turns out that the
¢ = 1/2 chiral edge state of bosonic Ising topological order
can be gapped out by adding a ¢ = —1/2 p — ip superconduc-
tor with suitable interactions [23]. A commuting-projector de-
scription is then possible, which can be understood as arising
from the toric code dressed with Kitaev chains. We thus refer
to the latter Hamiltonian and its generalization as decorated-
toric-code models.

Both the decorated-domain-wall and decorated-toric-code
models from Refs. 9 and 10 couple spins to a two-dimensional
array of Majorana fermions, which famously appear at
defects—e.g., domain walls or vortices—in topological su-
perconductors [21, 24]. Our generalizations essentially pro-
mote the Majorana fermions in these models to more ex-
otic cousins known as ‘Zs parafermions’ [25-27]. Impor-
tantly, the latter can also arise at defects, but only (to the
best of our knowledge) in a fractionalized medium. Pos-
sible host platforms include quantum-Hall bilayers [28-31],
quantum-Hall/superconductor hybrids [18, 32-35], and cold



atoms [36]. For concreteness, we will focus throughout on Z3
parafermions realized at defects in a bosonic (221) fractional
quantum Hall fluid. The (221) state is similar to a v = %
Laughlin state in the sense that there are three anyon charges,
and the anyons obey Zs fusion rules. We choose (221)
over fermionic quantum Hall platforms—which can also host
Z3 parafermions—to sidestep subtleties arising when dealing
with fermionic topological orders.

Before delving into the detailed construction and analysis,
let us outline rough guesses for the topological phases that
emerge from our parafermion models. The Majorana con-
structions from Refs. 9 and 10 exhibit the following proper-

ties:

1. The SPT of the decorated-domain-wall model is pro-
tected by an on-site Z spin-flip symmetry; the bound-
ary with vacuum hosts a gapless Zy-protected edge
state. Upon breaking Z, this phase becomes adiabati-
cally connected to a trivial state.

2. In the decorated-toric-code model, fermionic Ising
topological order admits a gapped boundary with vac-
uum.

3. Gauging the on-site Z, symmetry in the decorated-
domain-wall model yields the same fermionic Ising
topological order as the decorated-toric-code model.

Figure 1(a) summarizes these relations.

What are the Zs-parafermion analogues of these proper-
ties? Since our parafermions require a fractionalized host
system, it is essential that ‘vacuum’ in properties 1 and 2
instead becomes the bosonic (221) state. Furthermore, the
SPT from the decorated-domain-wall model should be ele-
vated to a symmetry enriched topological phase (SET), again
reflecting the background quantum Hall fluid. That SET nat-
urally inherits the topological order from the parent (221)
state, with the on-site Zo spin-flip symmetry acting nontriv-
ially on the anyons. In analogy with the Majorana case, the
parafermionic decorated-toric-code model ought to yield a
non-Abelian topological order that, crucially, can exhibit a
gapped boundary with the parent (221) state. The simplest
guess for such a non-Abelian state corresponds to SU(2)4
topological order. Certain anyons in this theory are known
to be closely related to Z3 parafermions [37]. Intriguingly,
it is also known that condensing a boson in SU(2)4 produces
the same topological order exhibited by the (221) state; thus,
there is indeed no need for a gapless interface between these
two topological phases [14]. As another sanity check, G-
crossed category formalism [38—40] indicates that gauging the
Zo symmetry in the proposed SET yields SU(2), topologi-
cal order—consistent with a straightforward generalization of
property 3 from the Majorana constructions.

Summarizing, we expect the following characteristics from
our parafermion models:

1. The parafermion decorated-domain-wall model yields
an SET protected by an on-site Zo spin-flip symmetry;
the boundary with the bosonic (221) state hosts a gap-
less Zgy-protected edge state. Upon breaking Z,, the
SET becomes adiabatically connected to the (221) state.
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Figure 1. Overview of the phases in the (a) Majorana [9, 10] and
(b) Zs parafermionic versions of the decorated-domain-wall and
decorated-toric-code models. The decorated-domain-wall construc-
tion gives the SPT and SET on the left side, while the decorated-toric-
code construction gives topologically ordered states on the right.

2. The parafermion decorated-toric-code model yields
SU(2)4 topological order that admits a gapped bound-
ary with the bosonic (221) state.

3. Gauging the on-site Zs symmetry in the parafermion
decorated-domain-wall model yields the same SU(2),4
topological order as the decorated-toric-code model.

See Fig. 1(b) for an illustration. In the following sections
we will confirm the properties anticipated above by explicitly
constructing and analyzing commuting-projector parafermion
Hamiltonians. For the SET, we explicitly show that Zy spin-
flip symmetry interchanges the two nontrivial anyons from the
parent (221) state, and that the minimal gapless interface with
the ‘undecorated’ parent quantum-Hall fluid is described by
a non-chiral Zs parafermion conformal field theory. Remark-
ably, no fine-tuning is required to access this critical theory:
Zo spin-flip symmetry acts as a duality for the boundary de-
grees of freedom, enforcing criticality by default. For the
decorated-toric-code model, we uncover an intuitive physical
picture for all of the nontrivial particles in SU(2), in terms of
hybrids of toric-code and (221) anyons, thus providing useful
insight into the structure of this exotic non-Abelian topologi-
cal order. We further construct parafermion-decorated string-
net models with Zs-graded structure to obtain commuting-
projector Hamiltonians for other topological orders and SETs.
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Figure 2. Counterpropagating edge states residing at opposite ends
of a trench in a bosonic (221) quantum Hall state. Sequentially gap-
ping the edge states via boson tunneling (green) and Cooper pairing
(purple) yields an array of Zs parafermion zero modes localized at
each domain wall.

The remainder of the paper is organized as follows. Sec-
tion II briefly reviews Zg parafermions in bosonic (221) quan-
tum Hall states, establishing formalism necessary for our sub-
sequent analysis. Section III defines our commuting-projector
Hamiltonians, while Sec. IV analyzes their physical prop-
erties. In Sec. V, we show that the decorated-domain-wall
and decorated-toric-code models yield the ground-state de-
generacy on the torus expected from the respective topolog-
ical phases hypothesized above. In Sec. VI, we briefly discuss
generalizations to parafermion-decorated string-net models.
Concluding remarks appear in Sec. VII.

II. OVERVIEW OF Z3; PARAFERMIONS

We start by reviewing formalism of Z3 parafermions that
will be employed extensively throughout this paper. To
streamline the presentation we follow a largely phenomeno-
logical treatment; for a more detailed bosonization analysis of
a very similar setup see Ref. 18. Along the way we also il-
lustrate how to properly treat parafermions residing in a host
system defined on a torus, which will be essential in later sec-
tions.

A. Review

Consider a (221) fractional quantum Hall state formed by
charge-e bosons. The (221) state is purely chiral with central
charge ¢ = 2. Cutting a ‘trench’ through the quantum-Hall
fluid as in Fig. 2 thus generates two left-moving edge states at
the upper side of the trench and two right-moving edge states
at the lower end. These counterpropagating edge states can ac-
quire a gap via (¢) ordinary boson tunneling across the trench
and (47) condensing charge-2e ‘Cooper pairs’ assembled from
bosons residing at opposite ends of the trench. Domain walls
separating regions gapped by these competing mechanisms re-
alize non-Abelian defects with quantum dimension V3.

Next consider a one-dimensional domain-wall array as

sketched in Fig. 2. The topological degeneracy associated
with these non-Abelian defects can be understood as follows.
In a pairing-gapped domain labeled by j, the total charge Q;‘
for the edge modes fluctuates wildly due to the Cooper-pair

. . irot
condensation. The quantity ¢™ @5, however, locks to one of
three possible values,

z27r/37 or @

Lwu=c¢e = 2m/3, (1)

each of which yields the same energy. In other words, the
pairing-gapped domain can absorb fractional charge 2¢/3
without energy penalty. Similarly, in a tunneling-gapped do-
main the charge difference () between the left- and right-

moving edge modes fluctuates wildly, though e pins to
1,w, or . These regions can thus absorb e/3 dipoles with-

out energy cost. The set of ™25 and €™ operators do not
commute with each other, which is ultimately a consequence
of fractional statistics exhibited by the host (221) system. To
capture their commutation relations it is convenient to write

¥
J :T])

e €™ = oloj, )
where o, 7; are unitary Z3 clock operators that satisfy 05? =

TJ:»)’ = 1l and 0;7; = wTjo;. One can thus label ground states

by either ei’TQ; or ™% eigenvalues, but not both simultane-
ously.

Z5 parafermion operators cycle the system through the de-
generate manifold by adding fractional charge to the domain-
wall defects, thereby incrementing ™™ for the adjacent do-
mains. Since fractional charge can not directly pass across the
trench, parafermions come in two ‘flavors’ that we denote by
ay, and ag. Specifically, ar, adds charge 2e/3 to the upper
side of a domain wall, cycling the adjacent ¢™@" and ¢™Q~
operators by w, while cvg adds charge 2¢/3 to the lower end,
cycling the adjacent ¢™@" by w but €@ by @ (see Fig. 2).
In terms of clock operators, we explicitly have

aR2j = 0, HTk

QR2j-1 = 0j H Tk

k<j k<j 3)
ap,2j—1 = 0 H mh, apa=o; H T,
k<j k<j
which imply the hallmark Z3-parafermion relations
O‘i/R,j =1, O‘TL/R,j = a%/R,j
QR jOR ' = ei%rSgn(jl_j)OéR,ijéRJ (4)

om g
—155-8gn —
apjopy =e 300 Day ;.

One can readily verify using Egs. (2) and (3) that o,/ g indeed
cycle ground states as outlined above.

While the zero modes can absorb fractional charges without
energy cost, creating fractionally charged quasiparticles in the
bulk of the (221) host system costs energy. The ground state
manifold must therefore satisfy

¢ =T =1. 5)
j
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Figure 3. Two-dimensional parafermion arrays as stacked trenches.
In (a) we view the right part of trench n as stitched to the left part of
trench n 4+ 1—hence the ‘typewriter-style’ labeling of domain walls.
In (b) we instead stitch the right end of trench 2n — 1 to the right
end of trench 2n, and the left end of trench 2n to the left end of
trench 2n + 1, yielding a ‘snake-like’ domain-wall labeling. Either
convention allows us to maximally bootstrap off of single-chain for-
malism to describe the two-dimensional array. Examples of physical
and unphysical inter-trench parafermion couplings are also shown.
Note that allowed inter-trench couplings necessarily hybridize ar,
with a g in (a), but hybridize either two a.z.’s or two ag’s in (b).

(By contrast, ' 29 can vary if it is possible for charges to
redistribute between the upper and lower sides of the trench;
see Sec. [I B.) Equation (5) is fruitfully viewed as a constraint
on the system’s global ‘triality’—the generalization of global
fermion parity. We will strictly enforce such constraints
throughout this paper, even when we incorporate parafermion
interactions. This assumption is justified provided the scale
for parafermion interactions is small compared to the bulk
quasiparticle gap for the host quantum-Hall fluid.

We now make the leap to two-dimensional parafermion ar-
rays, which one can of course view simply as stacks of 1D
trenches. For theoretical convenience we will additionally
stitch together the ends of neighboring trenches, thereby join-
ing them into a single long chain. This can be done, for ex-
ample, by stitching the right end of trench n with the left end
of trench n + 1 as in Fig. 3(a). Alternatively, one can stitch
the right end of trench 2n — 1 with the right end of trench
2n and the left end of trench 2n with the left end of trench
2n 4+ 1 as in in Fig. 3(b). Either scheme allows us to directly
import the commutation relations specified in Eq. (4) to the
two-dimensional array; moreover, the global triality constraint
from Eq. (5) continues to apply without modification. Differ-
ent stitching procedures do give rise to different parafermion
orderings, however, as is clear from Fig. 3. Since there is
no canonical choice of which pairs of ends must be sewed,
parafermion models should be defined consistently for any
choice of stitching scheme, or equivalently, parafermion or-
dering.

It is useful to envision interactions among parafermions in
the array as arising from dynamical processes that shuttle frac-
tional charges from one domain wall to another. As an impor-

tant example,

WQ _ T 1
I =Tj = 0QRoji 1OR2] = Of 5;0L,2j—1 (6)

describes migration of fractional charge across a single
Cooper-paired domain in a given trench. Parafermion cou-
plings arising from all other physical processes will be de-
noted by

F; = Oéc,;,iOéTCj,j, @)

where i, j are site indices and C;,C; are R and L labels
specified below. Clearly Eq. (6) could also be described in

terms of F;; operators. However, separating out ™) as we
have done clarifies the necessity of introducing a generalized
Kasteleyn orientation in our models later on.

Several comments are in order. First, for intra-trench
couplings, processes whereby fractional charge moves along
the upper versus lower end of the trench are not inde-
pendent. Equation (6) provides one illustration; another

o — mQy AT
follows from Fpjoj41 = €77 = QAR2j0R 9511

a L72ja2,2 i1 Second, inter-trench parafermion couplings
are highly constrained. Couplings between parafermions on
nearest-neighbor trenches can arise from the transfer of frac-
tional charge between adjacent trenches via the intervening
quantum-Hall fluid. Interactions that couple parafermions
on further-neighbor trenches are disallowed since fractional
charge can not pass through the trenches. Third, obtaining
physical nearest-neighbor inter-trench couplings requires an
appropriate choice for C; ; in Eq. (7), again to avoid fractional
charge from illegally crossing a trench. For concreteness let us
assume that site ¢ resides on the trench just below that of site j.
The conventions in Fig. 3(a) then require C; = Land C; = R,
while the conventions in Fig. 3(b) yield either C; = C; = L
or C; = C; = R depending on which pair of trenches cou-
ple. Figure 3 illustrates examples of physical and unphysi-
cal processes in both schemes. Fourth, when the quantum-
Hall state is defined on a torus, certain inter- and intra-trench
parafermion couplings must be supplemented by additional
phase factors and operators related to global properties of the
system. Details appear in the next subsection. Finally, one
can explicitly show that two inter-trench parafermion cou-
plings that describe non-intersecting hopping processes com-
mute with each other. We refer to Appendix A for the proof.
This commutation is the key property that enables us to define
commuting-projector parafermion Hamiltonians later on.

B. Torus formalism

So far we have neglected boundary conditions entirely—
burying subtleties that we now wish to exhume. Imagine that
the (221) state is defined on a torus, with a linear domain-wall
array wrapping along a nontrivial cycle as in Fig. 4(a). (We re-
turn to two-dimensional arrays shortly.) If the system hosts N
tunneling-gapped domains, then according to Eq. (2) we have

introduced a chain of N 4 1 0;’s to describe N e opera-
tors. Clearly we must fix boundary conditions on the o; chain
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Figure 4. (a) Linear parafermion array wrapped around a cycle of a
torus. (b) Moving charge 2e/3 along the vertical path shown changes
the global charge difference across the trench [Eq. (9)]. The dashed
line on the right side illustrates a 7T}, branch cut that is useful for prop-
erly keeping track of parafermion couplings on the torus. (c) Exam-
ples of fractional-charge hopping processes that form a contractible
triangle and thus should satisfy Eq. (10).

to maintain a faithful bookkeeping of states. To this end, de-

fine an operator O = ¢'™ 2595 that counts the charge differ-
ence across the entire trench. Assigning naive periodic bound-
ary conditions with o1 = o3 turns out to be inadequate.
This boundary condition would force O = 1, whereas in our
torus setup we can also access configurations with O = w or
i by shuttling fractional charge between the top and bottom
sides of the trench via the vertical path illustrated in Fig. 4(b).

Accounting for these physical processes requires introduc-
ing an additional pair of global Zs clock operators T, and T,
that satisfy 77 | = 1 and T}, T}, = wT,T,.. We impose bound-
ary conditions such that

ony1 = Tyoq, (8)

yielding
™29 =T, 9)

Thus T, specifies the global charge difference across the
trench, and any operator that changes this quantity should be
accompanied by an appropriate power of 7, to correspond-
ingly cycle Ty. In practice it is useful to introduce a branch
cut, as in Fig. 4(b), to keep track of T’, [41]

In addition to tracking powers of T}, and T, with branch
cuts, we must introduce one additional physical constraint to
make the problem well-defined on a torus. Specifically, three
fractional-charge hopping processes I}, Iy, Iy; that form a
contractible triangle without crossing a trench must satisfy

FijFjpFyi = 1. (10)

Equation (10) simply asserts that moving an anyon around
a loop that does not enclose any nontrivial charge is equiv-
alent to the identity. To satisfy this constraint one must fix
the ordering of T, and T, (when both are present in a par-
ticular fractional-charge hopping process) and also add addi-
tional phase factors to the definition of F;;. Only then can one
appropriately extend these operators to the torus, and in turn
define commuting-projector Hamiltonians consistently.

Fractional charge hoppings can be divided into three cases,
depending on which parafermion representations (R or L) are
involved in the process. The following rules describe one con-
sistent choice for the assignment of T, ,, operators and phase
factors that yield F; operators conforming to the above crite-
ria:

1. Parafermion couplings arising from the transfer of 2¢/3
charge from the lower end of the trench (R) to the upper
end of the trench (L) are accompanied by 7. In addi-
tion, if the fractional-charge hopping path crosses the
T, branch cut n times from left to right, and m times
from right to left, then one attaches T;_m behind T,

Fij = apof 1,107 an

Parafermion couplings corresponding to fractional-
charge transfer from the upper to the lower end of the
trench are obtained by Hermitian conjugation.

2. Parafermion couplings between two R parafermions
arising from the transfer of 2e/3 charge along a path
that crosses the T, branch cut n times from left to
right, and m times from right to left are accompanied
by T, ~™:

Fi; = aRzaRJT" m, (12)

3. Parafermion couplings between two L parafermions
arising from the transfer of 2e/3 charge along a path
that crosses the T, branch cut n times from left to
right, and m times from right to left are accompanied

by (W)™
Fi; = aLJaLj(wTy)"_m. (13)

Let us illustrate the construction of parafermion couplings
with two examples sketched in Fig. 4(c). For ease of vi-
sualization the figure depicts the torus in a ‘repeated-zone
scheme’, with the branch cut arbitrarily re-positioned relative
to Fig. 4(b). According to the above rules, the three fractional-
charge hoppings on the left side of Fig. 4(c) are written as

Fooj 1 = arsal 2j—1(WTy)
F1,2 = aR’laL:QTI (14)

Fo; 11 = aL,Qj—laTR,leTJ-

One can explicitly check that Fy;_; 1F12F52;-1 = 1 in
agreement with Eq. (10). Similarly, fractional-charge hop-
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Figure 5. Two-dimensional parafermion array obtained from a single
long trench snaked around the torus. (The torus arises from gluing
the upper and lower parts of each figure.) Dashed line indicates the
T, branch cut.

pings rom the right side of Fig. 4(c) become

_ i
Iy 10= 0é1~2,2g>101R,gTyT
Fyj051 = aL,QjO[TR72j_1T.’I: (15)

_ T t
Fr05 = aR,2aL,2jTyTza

yleldmg FQ’QjFQj’ijlFijLQ =1 as desired.

Two-dimensional parafermion arrays can be understood as
a trench wrapped around the torus in a snake-like manner, as
illustrated in Fig. 5. Here, too, one can introduce a T}, branch
cut (dashed line in the figure) around a non-contractible cy-
cle of the torus and attach proper T, and 7T, operators to
parafermion couplings according to the same rules above. We
stress that these rules, with no modifications, can be applied
for different parafermion orderings as well.

III. COMMUTING PROJECTOR HAMILTONIANS

This section introduces our commuting-projector models.
To motivate the constructions, we will first describe the wave-
functions that our models will exhibit as exact ground states.
Writing down the wavefunctions precisely requires specifying
two important sets of data: parafermion ordering and a gener-
alized Kasteleyn orientation. Given these data, we will show
that it is indeed possible to define parent commuting-projector
Hamiltonians. In an effort to keep this section intuitive for
readers, most technical proofs are relegated to appendices.

A. Ground-state wavefunctions

We will primarily work with the honeycomb lattice. We
stress, however, that most of statements made in this pa-
per can be straightforwardly extended to any trivalent lattice.
Each edge of the trivalent lattice contains two parafermions
connected by a superconducting domain. For the decorated-
domain-wall model, we additionally include an Ising spin on
each plaquette; for the decorated-toric-code model we instead

?

Figure 6. Degrees of freedom in (a) the decorated-domain-wall
model and (b) the decorated-toric code model. Ising spins, delin-
eated by blue arrows, live on plaquettes in the former and edges in
the latter. In (a) the yellow line indicates a domain wall separating
regions where Ising spins point up and down; in (b) the yellow line
indicates a section of a ‘toric-code loop’ corresponding to a line of
up spins in a sea of down spins.

incorporate an Ising spin on each edge of the trivalent lattice.
Figure 6 illustrates the degrees of freedom for both models.
We focus on planar and torus manifolds, to which the formal-
ism described in Sec. II applies. The next subsection briefly
comments on potential extensions to arbitrary manifolds.

To sketch ground-state wavefunctions, it is useful to start
from the spin sector and temporarily ignore the parafermions.
In the context of the decorated-domain-wall model we take
the spins to form an Ising paramagnet (IP) described by the
spin wavefunction |W1p) = > _|s) consisting of a superposi-
tion of all possible Ising spin configurations s. (Throughout
this paper, spin wavefunctions |s) explicitly refer to product
states with definite 0% eigenvalues for each spin; we some-
times use the qualifier ‘Ising’ to emphasize this property.)
In the decorated-toric-code setting we take the spins to form
a toric-code (TC) ground state corresponding to |Wr¢) =
2_se{s,} |5)- Here the sum runs over the restricted set of Ising
spin configurations {s, } that satisfy the rule that an even num-
ber of spins adjacent to each vertex point up. One can prof-
itably view the wavefunction as describing a sea of down spins
dressed with fluctuating closed loops of up spins, which we
refer to as ‘toric-code loops’ below.

Next, we restore the full Hilbert space and envision assign-
ing parafermion ‘pairings’ to each spin configuration. Con-
sider first toric-code loops in |¥r¢c) and domain walls be-
tween spin-up and spin-down regions in |¥yp); for an illus-
tration of each see yellow lines in Fig. 6. Along these toric-
code loops/domain walls, we pair up parafermions residing
on neighboring edges of the lattice. Elsewhere we pair up
parafermions with their partner on the same edge of the lattice.
These parafermion pairings follow from local vertex rules il-
lustrated in Fig. 7. More quantitatively, inter-edge pairing
of parafermions at sites a and b means that states |¢)) in the
parafermionic Hilbert space satisfy

Wt Fop|) = ). (16)
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Figure 7. Local rules that determine parafermion pairing from spins
for (a) the decorated-domain-wall construction and (b) the decorated-
toric-code construction. Ovals indicate parafermions that pair up—
as defined by Eqs. (16) and (17)—in a given spin configuration.
(We only encircle pairs that involve sites completely within the re-
gions displayed.) Along a domain wall or toric-code loop (yel-
low lines), two neighboring parafermions from different edges are
paired. Otherwise, two parafermions from the same edge are paired.
Parafermion pairings thus have one-to-one correspondence with do-
main walls in (a) and toric-code loops in (b).

Here Fj; is a parafermion bilinear arising from fractional-
charge hopping as defined in Sec. II, while n,, = 0,+1 is
a fixed number assigned to each possible inter-edge pairing
with directionality, i.e., ngy = —npg. (We specify the ngp’s
below.) Similarly, intra-edge pairing means that these states
satisfy

U ) = |9), (17)

where ¢™@ characterizes the superconducting region link-
ing the parafermions that are paired. One can view Egs. (16)
and (17) as fixing the fusion channel for pairs of non-Abelian
defects in a way that depends on the spin configuration.
Schematically, we can then write down the target ground-state
wavefunctions for the decorated-domain-wall and decorated-

toric-code models as
)= [s)|PF(s)) (18)

> [s)PE(s)), (19)

SE{SU}

|Ypow

|[Yprc) =

respectively. Here, |PF(s)) denotes a parafermionic state that
satisfies Eqgs. (16) and (17) as appropriate given the corre-
sponding spin configuration |s).

To define these states precisely rather than schematically,
we must (z) specify a parafermion ordering to unambiguously

define parafermion pairings through Eqgs. (16) and (17) and
(43) choose the integers n, for each possible inter-edge pair-
ing according to a generalized Kasteleyn orientation. In the
next subsection we tackle issue (7). We will observe that the
two data above constitute a gauge choice in the sense that
there exists a massive number of allowed parafermion order-
ings and generalized Kasteleyn orientations that lead to the
same physics.

B. Ordering of parafermions

To specify parafermion ordering, we will view the 2D
lattice of parafermions as arising from a single trench cut
through the parent quantum-Hall state—allowing us to di-
rectly import formalism developed in Sec. II. We already
asserted that each edge of the lattice contains a supercon-
ducting domain; thus we need only specify how these do-
mains are connected via tunneling-gapped regions. Recall that
inter-edge pairings employ fractional-charge-hopping opera-
tors Fy;, through Eq. (16), and that fractional charge cannot
hop across the trench. It is therefore essential that the order-
ing path is defined in a way that does not preclude inter-edge
parafermion pairings that arise in the wavefunctions |¥ppw)
and |Uprc). That is, the trench should not cross any possible
nearest-neighbor inter-edge pairing bonds. This is the only
criterion that filters out some parafermion orderings; our mod-
els should be and actually are consistently defined under any
ordering that satisfies this property. All valid orderings lead
to the same physics—thus, parafermion ordering is merely a
gauge choice.

To cast the assignment of parafermion ordering into a
more formal language, let us define a new graph dubbed
the pairing lattice. Vertices of the pairing lattice correspond
to parafermion sites, while edges correspond to all nearest-
neighbor inter-edge and intra-edge pairings on the plane or
torus. The pairing lattice can be obtained from the original
trivalent lattice by cutting out the neighborhood of each orig-
inal vertex and inserting a triangle in its place. For exam-
ple, this procedure turns the honeycomb lattice into the Fisher
lattice, as shown in Fig. 8(a). Specifying parafermion order-
ing is tantamount to finding a path that connects all intra-edge
pairings in a single line without intersecting triangles. Fig-
ures 8(b) and (c) illustrate examples of valid and invalid order-
ings. For the plane, drawing this path alone suffices to specify
parafermion orderings that enable all inter-edge pairings; for
the torus, one needs to additionally draw a T}, branch cut to
mark the start and the end of the ordering (see Sec. II B).

Given such a parafermion ordering, we can now specify five
important properties satisfied by the fractional-charge hop-
ping operators F;, associated with inter-edge pairings:

Property 1. F3, =1, F!, = F,, = F2,
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(b) Valid Ordering

(c) Invalid Ordering

Figure 8. (a) Substituting the neighborhood of vertices of the origi-
nal honeycomb lattice (circled in red) with triangles gives the pairing
lattice. (b,c) Examples of valid and invalid ordering of parafermions
on the pairing lattice. Green lines indicate tunneling-gapped regions
while purple regions indicate pairing-gapped regions. The valid or-
dering shown in (b) allows all possible parafermion pairings aris-
ing from the local rules sketched in Fig. 7; in (c) the trenches that
cut through the triangles preclude certain pairings within the blue
circles—rendering the ordering invalid.

Property 2. F; and ¢'™Q/\ exhibit the commutation relation

T Fap neither a nor b on Cooper-
inQt _ pairing region p
Fape™ ™ = wei ™ Fyp a on the region p (20)
cDe”Q;rFab b on the region u

Property 3. [F,p, Fopy] =0ifa # a/,b and b # o',V

Property 4. For an elementary triangle of the pairing lattice

(a) (b) (c)
aila
as
a
ae as

Figure 9. (a) Labeling of parafermion sites invoked in Egs. (23)
through (25). The worldline of a 2e/3 charge described by
Fo,a3Fa,a¢ 1s sketched in blue. (b) Worldlines corresponding to
Faiaz Fasag (blue) and Fiu,a; Fo,as(green) touch the same Cooper-
pairing region but can be deformed in a way that they do not cross;
these operators thus commute. (c) Worldlines corresponding to
Fasaz Fasag (blue) and Fy, a5 Fa, a5 (green) necessarily cross in a
topologically nontrivial way. Their commutation relation must there-
fore encode the anyonic braiding statistics of 2e/3 fractional charges.

with sites a, b, ¢ labeled in a clockwise order, one has

Fabec = UJFchab
Fpeleg = wFeqFye
FcaFab = WFacha
Fabecha =1

2L

Property 5. Let a1, as, ---, as,, label clockwise-oriented
parafermion sites on a non-triangular plaquette of the pairing
lattice, with ag;—1 and ag; connected by a Cooper-paired re-
gion for any /. (In the Fisher-lattice context, the non-triangular
plaquette corresponds to the 12-gon in Fig. 8.) Denote the
edge connecting ag;—1 and ag; by p;. The following then
holds:

m m—1

[1e™ =w*Fusar [ Fasiasie (22)
=1 =1

Section II already provided the physical origins for proper-
ties 1, 2, 3, and the last line in Eq. (21) for property 4. The re-
maining identities also follow from our ordering criterion and
parafermion algebra specified earlier, though it will be helpful
to now provide some more physical motivation.

The first three lines of Eq. (21) directly relate to properties
of anyon worldlines in the parent quantum-Hall fluid. To see
this, consider parafermion sites a1, ao, - - - , ag around neigh-
boring triangles as labeled in Fig. 9(a). We will be concerned
with the commutation relations

— M
Fa1a3Fa2a3 =w Fa2a3Fa1a3

. (23)

Fa4a5 Fa4a6 = me Fa4a6 Fa4a5

We can use one of the first three lines of property 4, together
. . _ 2 _ 2

with the relations Fy, 4, = Fg,,, and Fy ., = Fj; ,, from

property 1, to deduce that m; = mgy = 1. Moreover, enforc-

ing m; = mgy = 1 for neighboring triangles that are rotated

by 27/3 compared to those in Fig. 9(a) naturally yields the



remainder of the first three lines from property 4, since they
follow from cyclic permutations of a, b, c. In this sense, prop-
erty 4 and satisfying m; = mo = 1in Eq. (23) are equivalent.

Interpreting Fy;’s as fractional-charge hopping operators
in fact requires this choice for m; » as we now argue. The
combination Fy, 4, F,,q, [blue line in Fig. 9(a)] shuttles 2e/3
charge from ag to a4, and then from a3 to a;. Fractional
charge added to the Cooper-pairing region between sites
as, ay is readily soaked up by the condensate, so that one
can interpret the net process as a 2e/3 worldline from ag to
a; along our trivalent lattice. The combinations Fy, 4, Fo, a5,
FoyasFajas. and Fo,q,Fy,q, admit similar worldline inter-
pretations. As seen in Fig. 9(b), worldlines corresponding to
ForasFa,as and Fo,q, Fy,q, can be deformed such that they
do not touch—hence these combinations should commute.
Upon rearrangement using property 3, we obtain

(Falas Fa2a3)(Fa4aGFa4u5) - (FazasFal us)(FlfMas Fa4as)’
(24)
which yields m; = mes. In contrast, Fig. 9(c) shows that
worldlines corresponding to Fy, 4, Fo,aq and Fy,qy Fayas NEC-
essarily cross, implying a nontrivial commutator that encodes
the anyonic braiding statistics for 2e/3 fractional charges.
One can similarly rearrange this commutator as

(Faza?,Fal (13)<Fa4a6 Faz;%) = w(Fal G3Fa203)(Fa4a5 Fa4!z62)57)
which further constrains ma+m; = 2 (mod 3) sothatmy =
mgy = 1 as claimed. The anyon worldline interpretation of
F,’s indeed requires property 4.

To motivate property 5, consider a special parafermion or-
dering in which sites a1, aqg, - - - , asy, in Eq. (22) are ordered
consecutively along the trench. For this special case, we can
explicitly write the operators in Eq. (22) as

irO+
RO ak)amil QR as 26)
_ T
Fa21a21+1 - aR;“QlaR7(l/zl+1
Inserting this decomposition into Eq. (22) yields
m m—1
ol « = wla ol « al
R,ag_1 Y R,a2 — R,a2m *R a4 R,a21®R ag 41"

=1 =1

(27

The above ‘special-case equation’ can be easily proven by
starting from the left-hand side and using parafermion com-
mutation relations to push ag 4,, from front to back. We
stress, however, that property 5 holds also for general valid
orderings in our two-dimensional parafermion arrays.
Regarding actual proofs, properties 1 and 2 trivially follow
from the definition of parafermion operators, though the oth-
ers involve technical details that we provide in Appendix A.
These five properties, combined with the generalized Kaste-
leyn orientation that we turn to next, are sufficient for estab-
lishing the characteristics of our models given later in this sec-
tion and in Sec. I'V. Thus, an interesting alternative viewpoint
is possible: One can use the five properties as a definition of
{F,b}, the set of operators associated with inter-edge pairings.
When our system is defined on the plane or torus, parafermion

Figure 10. Examples of parafermion labelings used in Eq. (29),
which applies to plaquettes formed by the central 12-gon combined
with an even number of neighboring triangles.

operators introduced in Sec. II provide one physically moti-
vated family of solutions that underlie these properties. We
expect that one can find such {F,;,} for any trivalent lattice on
arbitrary orientable manifolds; however, we do not yet have a
clear physical picture for how these operators arise in the gen-
eral case, contrary to the situation described in Sec. II for the
plane and torus.

C. Generalized Kasteleyn orientation

We now tackle the second issue needed to define our mod-
els precisely: specifying ng,, = 0,=£1 that determine inter-
edge parafermion pairings via Eq. (16). An appropriate choice
for nyy is needed to ensure that the target wavefunctions in
Egs. (18) and (19) are actually physical. In particular, the
wavefunctions must arise from superpositions of states that

all respect the global triality constraint '™ ;97 = 1 from
Eq. (5). We can illustrate the basic issue by starting from a
reference spin configuration |s,ef) with no domain walls or
toric-code loops. According to the rules in Sec. III A, the cor-
responding parafermion part |PF(s.¢)) contains only intra-
edge pairings, thereby satisfying Eq. (17) for all bonds and
thus trivially conforming to Eq. (5). Next imagine a second
spin configuration |s’) with a single domain wall or toric-code
loop that yields inter-edge parafermion pairing around a 12-
gon plaquette of the Fisher lattice but preserves the intra-edge
pairing elsewhere. Along the inter-edge pairing bonds, the
parafermionic part |PF(s")) satisfies Eq. (16). Using Eq. (22)
one readily finds that the global triality for this configuration
is then €™ 2-; QF = w2—2 nab  where the sum runs over the
inter-edge pairing bonds with n,;’s directed clockwise. Pre-
serving global triality therefore constrains n,;’s such that the
sum ‘cancels out’ the w? factor.

More generally, all possible domain-wall/ toric-code-loop
configurations that are connected by local moves yield anal-
ogous constraints. For attacking the general case it will be
convenient to shift to a Hamiltonian-based viewpoint rather
than explicitly tracking the global triality. We will seek local,
triality-preserving ‘flip operators’ whose action cycles the sys-



tem among all configurations in our target ground-state wave-
functions. By default the resulting wavefunctions must then
satisfy the global triality constraint. Below we simply deduce
general properties of the flip operators that suffice for deter-
mining the n4;’s; the next subsection constructs the flip oper-
ators explicitly.

As a first step we define

e*i‘ﬂ'Q;‘;
-Fab = {

waeb Fyy else

for a, b on a Cooper-paired region p

(23)
Note that F,;, = JFp, if a and b reside on a Cooper-paired
region; otherwise F,, = }“ga. This notation therefore treats

; + . . .
F,;, and e "% differently—which is the reason for our ear-

lier choice in Sec. II to not incorporate ¢~ Q. into the def-
inition of F;;. Consider clockwise-ordered parafermion sites
ai,asg, - , a9 located around a combination of a polygonal
face and an even number of adjacent triangular faces of the
pairing lattice; see Fig. 10 for two examples. (The reason for
choosing these particular plaquettes will be given shortly.) Us-
ing properties 4 and 5 from the previous subsection, we prove
in Appendix B that

k

— n
H‘Fl—ﬂflaaﬂ =w ‘Fa%,al H }—am,aQH]v (29)
=1 =1

where n = 0,+£1 follows from the specific choice of n4’s.
Similar to Eq. (22), the above identity relates parafermion
pairings that are shifted with respect to each other. [In fact,
in the special case where the sites enclose no triangular faces,
Egs. (22) and (29) are completely equivalent.]

Next, take spin configurations |s.) and |s,) that impose
identical parafermion pairings except along the plaquette
formed by aq,as, - - ,az. In the case of |s.), parafermions
along this plaquette pair up between sites as;—1 and ag;, while
for |s,) the pairings are shifted to ag; and ag;+1. To obtain a
local Hamiltonian whose ground state superposes these two
configurations, we would like to construct a flip operator that
sends |s.) — |s,) and simultaneously cycles the parafermion
pairings along the plaquette yet leaves all other pairings in-
tact. In general, the flip operator implementing this process
can be built from operators acting on the spins together with
Faiaig, s the latter indeed preserve all other pairings by
virtue of properties 2 and 3. (Other terms such as F,, 4, with
|[n — m| > 1 fall into two cases: they are either disallowed in
a given parafermion ordering because they cross the trench, or
they can be decomposed into products of ‘neighbor-hopping’
Fai,ais, Operators, due to property 4.)

Finally, let us define

R = H‘Fa2l—1»a2l’ (30)

=1

which is just the Hermitian conjugate of the left side of
Eq. (29). One can view R as the ‘local triality’ for the pla-
quette formed by sites a1, az, - -+ , agx. All Fy, 4, , Operators
commute with 2. [Commutation is obvious for F,,, | a,,.
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For the shifted operators Fg,; 4,,,, commutation can be seen
by re-expressing R using the right side of Eq. (29).] It follows
that the associated flip operator built from F, ,,,, commutes
with R as well. Given the pairings specified above, |PF(s.))
by definition has R = 1. Moreover, because the flip operator
takes |PF(s.)) — |PF(s,)) and commutes with R, |PF(sg))
must also have R = 1. Using the right side of Eq. (29), how-
ever, one obtains R|PF(s,)) = w™"|PF(s,)). Consistency
thus dictates that we choose n,;’s so that n = 0 for all such
plaquettes.

As we will see explicitly in the next subsection, the spin
configurations |s,) and |s.) are related by flipping spins lo-
cally at a single plaquette. In the decorated-domain-wall
model, such local spin flips in fact generate all possible spin
configurations that appear in our target ground-state wave-
function. Thus, the condition on n,; deduced above is nec-
essary and sufficient for ensuring global triality conservation.
The case for the decorated-toric-code model is more subtle.
Local spin flips do not quite generate all permissible spin
configurations; instead, starting from a given spin configura-
tion, local spin flips generate all spin configurations within the
same topological sector of the toric code. (Topological sectors
of the toric code are characterized by Zo winding numbers of
non-contractible toric code loops—see Sec. V or Ref. 1 for
more details). Thus, the condition on n,;, describes a nec-
essary and sufficient condition in a slightly different sense:
the condition guarantees global triality conservation within
the same topological sector. At this point, we have not es-
tablished yet whether different topological sectors share the
same global triality in general. We will observe that ensuring
global triality conservation across all topological sectors takes
an important role in determining the ground-state degeneracy
of the decorated-toric-code model in Sec. V.

Assignment of n,; can be conveniently represented by
drawing arrows on edges of the pairing lattice that represent
inter-edge pairing bonds, e.g., triangles in Fig. 8. An arrow
from a to b corresponds to n,, = 1, an arrow from b to a
corresponds to n,, = —1, and the absence of an arrow sig-
nifies ny, = 0. Appendix B shows that the following rule
yields n = 0 in Eq. (29) as desired: Traverse each elementary
plaquette of the pairing lattice clockwise, and add +1 when
encountering an arrow parallel to the travel direction and add
—1 when encountering an antiparallel arrow. Then assign ar-
rows so that the total number is —1 (mod 3) when traversing
any elementary plaquette (triangular or non-triangular).

Arrow assignments satisfying this rule define a generaliza-
tion of the Kasteleyn orientation that was required for the anal-
ogous Majorana models studied in Refs. 9 and 10 (see also
Ref. 12). In the latter context, the Kasteleyn orientation simi-
larly preserved the local fermion parity | | ; ¥72j—172;5 around
domain-wall/toric-code-loop configurations connected by lo-
cal moves, which in turn guaranteed that the Majorana ana-
logues of Egs. (18) and (19) involved a superposition of states
with common global fermion parity. Note, however, that the
Majorana case is substantially simpler because subtleties with
ordering do not exist.

Figure 11 illustrates one valid generalized Kasteleyn ori-
entation for our parafermion system. Arrow configurations



Figure 11. Example of arrow assignments that satisfy our two condi-
tions for a generalized Kasteleyn orientation.

that satisfy the two conditions above are certainly not unique,
though all such configurations yield models with identical
physics. Many—and we conjecture all—valid arrow config-
urations are in fact connected by gauge transformations. For
the Majorana case, one can generate all Kasteleyn orientations
with a series of local modifications associated with the gauge
transformation vy, — Sq74 (S = £1) and global boundary-
condition changes [42]. In the parafermion case, one can simi-
larly generate a large class of (and potentially all) allowed ori-
entations using local transformations for the plane and a com-
bination of global and local transformations for the torus. Lo-
cal modifications are associated with the parafermion gauge
transformation

D,
QL/R,a, —* W"QL/Ra, 31)
P b
QL/Rb, — whn QL/R,b,

where a,, and b,, are sites belonging to edge p of the original
trivalent lattice and p, = 0,41. This transformation alters
neither the defining properties of parafermion operators nor
the five properties of Fy;, given in Sec. IIIB. The F,; op-
erators do, however, change form; their modified form can
equivalently be recovered by leaving the parafermion opera-
tors intact and instead transforming

(mod 3)
(mod 3)

Na,,c — Na,,c T Pu 32)

Np,,,d — Nb,,d + Pp

o
for all ¢, d adjacent to a,,b,. One can explicitly show that
the new resulting arrow configuration still satisfies the con-
sistency conditions given above. Gauge transformations in
Eq. (31) therefore generate local arrow reconfigurations that
yield equally valid generalized Kasteleyn orientations.

On the torus, we can also gauge transform 77, and T}, oper-
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ators as

T, — wP=T,
(33)
T, = wT,
with p,,p, = 0,£1. Similarly to the gauge transformation
of parafermions, the phase factors can be absorbed into the
definition of n,,. Due to the nature of T}, and T}, however,
all arrows that intersect with global, non-contractible cycles
are transformed. These transformations are the analogue of
global boundary-condition changes in the related Majorana
models, with one important difference: In the Majorana mod-
els, such changes cannot be associated with gauge transfor-
mations due to the absence of global operators such as T
and T);; global changes of arrow configurations may there-
fore change the physical properties of the Majorana system.
Indeed, Ref. 10 observed that tweaking boundary conditions
changes the fermion parity of the ground states. On the other
hand, global transformations in our parafermion models are
associated with gauge transformation and preserve all physi-
cal properties of the system.

D. Definition of commuting-projector Hamiltonians

Now we are ready to define our commuting-projector
Hamiltonians. Below we will frequently employ projectors

_1+fab+f3:b

Pab 3

(34
associated with the bond between parafermions at sites a and
b. From the definition of F,; in Eq. (28) along with Egs. (16)
and (17), we see that P,; projects onto intra-edge and inter-
edge parafermion pairings for appropriate ab’s. These pro-
jectors thus naturally comprise basic building blocks of our
Hamiltonians, as well as many other operators that will be
constructed throughout this paper.

Both the decorated-domain-wall and decorated-toric-code
models take the form

H:—ZAU—ZB,,, (35)
v p

where v and p respectively label vertices and hexagonal pla-
quettes of the original honeycomb lattice. The first piece
represents a vertex term that energetically imposes the spin-
dependent parafermion pairings sketched in Fig. 7. Explicitly,
we have

Ay = Z H Py

allowed s \ ab given s,v

s, v) (s, v]. (36)

Here s runs over all permissible configurations for the three
spins adjacent to a given vertex v, with |s,v) the correspond-
ing state those three spins. In the decorated-domain-wall
model, the sum includes all eight possible spin configurations.
The decorated-toric-code model, however, includes only half
of the configurations since each vertex is constrained to have



an even number of adjacent up spins. Finally, the term in
parenthesis contains a product of projectors P, that enforce
the desired parafermion fusion channels given a spin config-
uration s. For spin configurations with no domain walls or
toric-code loops, a product of three intra-edge-pairing projec-
tors is required; otherwise the product involves one intra-edge
and one inter-edge projector, as seen from Fig. 7.

The second piece in Eq. (35) is a plaquette-flip term.
Specifically, B,, toggles the spins—thus modifying the struc-
ture of domain walls or toric-code loops—and also appro-
priately reconfigures the parafermion pairings. We write this
term as

By=5, Y  Bils.p)(spl. 37)

allowed s

In the decorated-domain-wall model .S}, merely flips the spin
in the center of plaquette p, while in the decorated-toric-code
case S, instead flips all six spins along the edges of the hexag-
onal plaquette. The |s, p)(s, p| projector projects onto some
allowed configuration s for the spins at plaquette p and ad-
jacent plaquettes/edges; B, shifts the parafermion pairings to
match the new resulting spin configuration. For the decorated-
domain-wall model the s sum runs over all possible spin con-
figurations for the spin at plaquette p and the six surrounding
spins on the adjacent plaquettes. For the toric-code system we
instead sum over allowed configurations for the six spins on
the boundary of plaquette p, as well as the six spins on the
edges emanating from that plaquette (see Fig. 12). Similar
to the A, term, in the latter model the allowed configurations
contain an even number of up spins adjacent to each vertex.
We can explicitly write B in Eq. (37) as

k—1 k
B;Z = Pazkﬂl H \/§Pa2i,a2i+1 H Pa2j—17a2]" (38)
i=1 j=1
Here, aq,a9,---,a9; form a clockwise-ordered loop of
parafermions sites around the plaquette. More precisely,
the sites forming the loop implicitly depend on s and must
be chosen such that the initial spin state |s,p) pairs up
parafermions at sites ag;_1 and ag;. The first string of
projectors Hle Py, 1,0, ensures the correct parafermion
pairings given the initial spin configuration. The second
string Py, a, Hf;ll V3Pa,, an: 41 projects onto the state with
parafermion pairings consistent with the new spin configura-
tion arising from the application of the spin-flip operator S,.
(The factor of v/3 simply ensures unitarity of B,, on the sub-
space in which it acts nontrivially.)

Figure 12 illustrates the action of B, for the decorated-
toric-code model. Notice that parafermions within yellow
ovals in the figure must pair up to satisfy the A, term for the
adjacent vertices. Projectors for these ‘branch parafermion
pairings’ are nevertheless absent in 3}, since the correspond-
ing sites do not reside in the loop formed by aj,as, - - - , as.
Consequently, B,, does not filter out the ‘wrong’ parafermion
pairings on the ‘branches’ of the plaquette loop. This conven-
tion differs from string-net-type constructions in which B,
annihilates any state with an A, violation. We deliberately
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Figure 12. Illustration of B,, for the decorated-toric-code construc-
tion. For clarity, we separate out the spin and parafermion degrees
of freedom into the left and right panels, respectively. The starting
configuration at the top transforms into the final configuration on the
bottom under the action of B,,. In the upper right, green ovals indi-
cate initial parafermion pairings enforced by the first set of projec-
tors in Eq. (38). In the lower right, blue ovals indicate parafermion
pairings enforced by the second set of projectors in Eq. (38), as ap-
propriate for the new spin configuration. Yellow ovals denote special
‘branch parafermions pairings’; B, does not enforce proper pairing
eigenvalues for those bonds, which are instead imposed by the vertex
term A, .

choose this unorthodox convention to simplify construction
of wavefunctions corresponding to deconfined fractionalized
excitations, which we undertake in Sec. IV.

The Hamiltonians defined above exhibit the following prop-
erties:

e A, has eigenvalues 0 or 1.
e B3, has eigenvalues 0 or £1.

e The Hamiltonians are commuting-projector models in
the sense that

[Ay, Ay] = [Bp, Byl = [4y, Bp] = 0. (39)

Technically, B, is not quite a projector since it can also have
eigenvalue —1. While it can be made into a projector with mi-
nor modification, we choose B,, in the current form for sim-
plicity.

Using these properties we can re-express the ground-state
wavefunctions in Egs. (18) and (19) in a more explicit form.
Let |1;) denote a ‘root state’ containing only down spins,



and with parafermions exhibiting intra-edge pairing such that

™ = 1 for all edges p of the honeycomb lattice. In ei-
ther model, this wavefunction trivially satisfies every A, ver-
tex term. Applying B, operators to |¢;) allows the spins
and parafermion pairings to fluctuate, but by construction pre-
serves the norm of the state (i.e., |1/ ) is orthogonal to the ker-
nel of B,,). The ground states can then be written

[@pow or pre) = [ [(1+ By)ly). (40)
p

Because A, and B, commute, Eq. (40) continues to satisfy all
vertex terms; moreover, the (1 + B,) factors project away any
elements with B, = —1 eigenvalue, ensuring that the wave-
function maximally satisfies all B, terms as well. Ground
states for the decorated-domain-wall and decorated-toric-code
models differ only in the Hilbert space for the spins in |¢})
and the precise action of By, in the spin sector. Note, however,
that for the decorated-domain-wall case we can instead use a
root state [¢)4+) with only up spins to equivalently write

[Tpow) = [[(1+ Bp)ler), (41)

p

reflecting the (unbroken) Z, spin-flip symmetry present in
that model. The same is not true in the decorated-toric-code
model—|Uprc) # [[,(1+ By)[¢+) since [1+) does not rep-
resent a valid toric-code spin configuration. Wavefunctions of
a similar form to Egs. (40) and (41) will often be employed to
construct anyonic excitations in the next section.

We will now sketch proofs of the above properties except
for [B,, B,y] = 0, which involves some technicalities and
is postponed to Appendix C. First, according to Eq. (36) A,
arises from a product of parafermion projectors and spin pro-
jectors. Since each projector has eigenvalues O or 1, and the
products of projectors commute for different s in the sum, it
naturally follows that A, admits eigenvalues 0 or 1 as well.

To prove the second property, we will show that B,, acts
as a unitary operator on the subspace of B), orthogonal to its
kernel. Hermiticity of B, then guarantees that its eigenvalues
can only be £1 (from the aforementioned subspace) and 0
(from the kernel). Expanding the second string of projectors
in Eq. (38) yields

\/:,;k?*l k—1
B; = T Z (‘Fa2ka1)lk H Z (]:aziaziﬂ)ll
1,=0,1,2 i=11;=0,1,2
k
< | Pasys.a0- (42)
j=1

We can eliminate F,,, ,, using Eq. (29) with n = 0, as ap-
propriate given our generalized Kasteleyn orientation; some
algebra gives

k—1 k-1
B; = % H Z (‘Fazia2i+1)li H Pa2j—1,az_7‘

i=11;=0,1,2 j=1

k—1 k
= H \/§Pa2i7a2i+1 Pa2j—17a2j' (43)
i=1 =

1

J
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Note that if we deviated from our generalized Kasteleyn ori-
entation and used Eq. (29) with n = =41, then passing from
Eq. (42) to (43) would actually yield zero. Next, observe that
Pusas = FazasPagas = (Fagas)? Pasa, [see Eq. (34)]. This
identity allows us to rewrite B3, as

BIS) = (\/§Pa2k—2a2k—1)(\/§Pa2k—4a2k—3) T (\/§Pa4a5)

k
X Unsazas | | Pasras,» (44)
j=1

where

1 azaz: asa. a2as: 2 aza 2
Ua2a3a4 — + ‘FQ /3‘F 304 + (‘F 2 d) (‘F 3 4) . (45)
V3

[Because of the projectors on the far right in Eq. (44), we
can simply drop the F,,,, pieces above, which replaces
Udssazay, — \/§Pa2a3 and recovers Eq. (43).] Using the fact
that Fo,as Fazas = WP FazasFasas fOr p = £1, one can prove
that Ug, 44, 18 unitary. We can similarly replace all projec-
tors from the first line of Eq. (44) with unitary operators. We
thereby obtain

k—1 k
L
Bp - H Ua21a2i+1azl+2 H Pa2j—1a2j' (46)
i=1

Jj=1

From this form it is clear that the action of the full B, operator
is indeed unitary on the subspace orthogonal to its kernel, as
claimed above.

Turning next to Eq. (39), [4,, A,/] = 0 follows readily
from the fact that P, and P.; commute when a # ¢, d and
b # c¢,d, a direct consequence of properties 2 and 3 from
Sec IIIB. Furthermore, [A,,B,] = 0 can be proven by ob-
serving that if A, annihilates some state |1}, it also annihi-
lates the state B,|v), whereas if A, acts as identity on [¢),
it also acts as identity on B, |t). That is, B, never ‘corrects’
a vertex violation, or produces a vertex violation that wasn’t
there to begin with.

IV. PHYSICAL PROPERTIES

Our goal now is to validate the properties of our
commuting-projector Hamiltonians quoted in the introduc-
tion. For the decorated-domain-wall model, we will show
that adding a perturbation that explicitly breaks Zy spin-flip
symmetry allows one to connect the ground state to a “triv-
ial parafermionic product state”—implying that the model re-
alizes an SET with the same topological order as the parent
quantum-Hall fluid. To further back up this assertion we will
explicitly construct anyon wavefunctions and a symmetry-
action operator that explicitly permutes anyons. In the case of
the decorated-toric-code model, we will construct wavefunc-
tions corresponding to each anyon in the SU(2),4 topological
field theory. Finally, we will show that gauging Zs symmetry
in the decorated-domain-wall model leads to the decorated-
toric-code model.



A. Anyons in the decorated-domain-wall model

1. The decorated-domain-wall model adiabatically connects to the
parent quantum-Hall state

Below we follow similar logic to that introduced by several
recent works [4—6]. The decorated-domain-wall model admits
a Zo spin-flip symmetry that is not spontaneously broken in
the ground state. Imagine now modifying the Hamiltonian by
adding Zeeman field that explicitly breaks this Z, yielding a
deformed model

H(r)==Y A, =) [rB,+ (1 -1)0}]. 47)

Note that o, which is the spin operator for the spin at plaque-
tte p, also commutes with A,,. Thus, the Hamiltonian remains
a commuting-projector model at any 7. At 7 = 1 we obtain
the original decorated-domain-wall model, while at 7 = 0 the
Hamiltonian reduces to

HO)=-> A, =Y 0. (48)
v P

Let us discuss the ground state of Eq. (48). All spins clearly
point up to minimize the energy from the o plaquette term.
Given this spin configuration, minimizing the A, vertex term
requires that all parafermions pair up with their neighbors on
the same edge of the honeycomb lattice. In this sense the
ground state at 7 = 0 forms a “trivial parafermionic prod-
uct state”. Because the parafermions live in a fractionalized
medium, however, the system still realizes a nontrivial topo-
logical order given by that of the parent quantum-Hall fluid.

To prove the statement in the section heading, one only
needs to demonstrate that the gap remains finite upon tuning
7 from 0 to 1. We will show that this is indeed the case by
(i) explicitly constructing the subspace A that satisfies the A,
vertex term, (i¢) obtaining an effective Hamiltonian projected
into that subspace, and (4i7) using the effective Hamiltonian
to bound the excitation gap as a function of .

First, label the orthonormal ground states of H(0) as |¢§1)>,

|¢$2)>, 1/)%")). These states exhibit a spin configura-
tion |s4+) with all spins pointing up and accordingly contain
only intra-edge parafermion pairing; the superscripts account
for ground-state degeneracy in multi-genus manifolds arising
from the parent quantum-Hall fluid. (In our framework, the
degeneracy can be understood from analogues of the global
T, operators discussed in Sec. I B for the torus.) From these
root states we can construct wavefunctions satisfying the A,
term for general Ising spin configurations |s) as follows:

1f s) = [ J(o})""|s1). then

P

W) = T (B ).

P

(49)

In the first line n, ;, are binary numbers for each plaquette p
that determine the final spin state |s); in the second the B,
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operators yield the same spin state and also reconfigure the

parafermion pairings accordingly. The set {|1/J§k)>} in fact
spans the full subspace A of the Hilbert space orthogonal to
the kernel of A,. Since [B,, A,] = 0, it is easy to see that A,
acts as identity on all |w£k)> states; hence |1/)§k)> € A. Next,
take an arbitrary state |¢),) € A with an associated spin con-
figuration |s) (which is always possible because A, commutes
with o). By acting with B, operators we can revert to a state

|1§T> for which all spins again point up and only intra-edge
parafermion pairings appear: 1) = [],(Bp)™**[¢)s). Cru-

cially, [)1) can be expressed as a linear combination of |w$k)>
states defined above. If this was not true, then we would ob-
tain a contradiction with the assertion that {|1/)$k)>} spans the
full ground-state subspace of H(0). We can therefore write

) = [[(Bo)" = 1d2) = T[(Bp)™» > anlwi™)
k=1

p p
= alp) (50)
k=1

for some complex numbers ay, implying that any element of
A with spin configuration s can be expressed as a linear com-

bination of \¢£’“>>’s. The states \¢§’“>> are also orthonormal,

so that the set {|w£k)>} forms an orthonormal basis for .A.

All states belonging to A automatically exhibit the ‘correct’
parafermion pairings dictated by a given spin configuration.
The effective Hamiltonian projected into this subspace thus
simplifies dramatically. The A, vertex term projects to a con-
stant by definition and will be discarded, while the Zeeman
field o remains unmodified. More importantly, we can re-
place the B, term simply by o7 within this subspace, yielding
an effective Hamiltonian

Heg(7) = = [ros + (1 - 1)o7]. (51)

p

We can maximally satisfy both remaining terms above by
aligning all spins along a 7-dependent direction in the (z, 2)
plane. Since the A, term is also maximally satisfied, we
have thus established that H () admits frustration-free ground
states for any 7, and that the ground state degeneracy is 7-
independent.

Finally, let us put a bound on the spectral gap. Violation
of a single A, term yields an energy penalty of 1. A single
plaquette-term violation, as seen from (51), costs an energy
24/72 + (1 — 7)2. The energy gap A therefore remains finite
for any 7, precluding a phase transition. We conclude that the
decorated-domain wall model can be adiabatically deformed
to the trivial parafermion product state on breaking Zo spin-
flip symmetry. Thus, its topological order should be identical
to that of the parent quantum-Hall state.

2. Anyonic excitations

Next we explicitly construct Hamiltonian eigenstates that
correspond to anyonic excitations of the decorated-domain-



Figure 13. Tllustration of the wavefunction |¢)4;w) that describes a
trivial parafermion insulator with a pair of anyon excitations at bonds
p1,2. All spins point up, and parafermions correspondingly exhibit
only intra-edge pairing. Anyons are created by assigning the ‘wrong’
eigenvalue ¢ = o to the green bond and s = G to the
blue bond. This state is annihilated by the four A, vertex terms
denoted by orange circles, as well as the four B, plaquette terms
marked as yellow.

wall model. As a primer, we will discuss anyons in the ‘triv-
ial parafermion insulator’ described by Eq. (48)—which again
adiabatically connects to the decorated-domain-wall Hamilto-
nian. Recall that the ground state of the trivial parafermion
insulator has all spins up, with parafermions paired in a way
that "™ @ = 1 for all edges. To create a pair of anyons, sim-
ply change the i eigenvalue for edge i1 to w, and the
eigenvalue for a sufficiently far away edge us to . Figure 13
illustrates the resulting state, which we denote |1)4; w). This
wavefunction violates the four A, terms that involve edges
11,2—see blue circles in Fig. 13—yielding an excitation en-
ergy of +4. Increasing the separation between 11 and 2 does
not change the energy cost; hence the excitations are decon-
fined.

Due to global triality conservation, |¢4;w) cannot be ob-
tained from the ground state by applying local operators act-
ing in the vicinity of p4 o; that is, one cannot create charge
w or w locally from the vacuum. Instead one must locally
create a pair of charges w and w, and then pull them apart

via a string operator. Different local charges of ™.l should
thus be viewed as different superselection sectors of the triv-
ial parafermion insulator. Indeed, the three superselection
sectors associated with €™ = 1,w, @ correspond to the
three anyon charges of the parent (221) fractional-quantum-
Hall state (discussed further below).

To construct an eigenstate that contains a pair of anyons in
the full decorated-domain-wall model, we start from |t¢)4; w)
and allow spins to fluctuate by applying B, operators. Denote
this decorated-domain-wall excited state by |¥ppw; w 1); ex-
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plicitly, we have

[¥ppw;w 1) = H(l + Byl w). (52)

p

(The reason for appending an 71 label next to w on the left-
hand side will become clear shortly.) Clearly |¥ppw;w 1) is
an eigenstate of all B, terms. Also, since I3, commutes with
A, and [¢4;w) is an eigenstate of each A,, |Yppw;w 1) is
an eigenstate of every A, term as well. So |Uppw;w 1) is in-
deed an eigenstate of the decorated-domain-wall Hamiltonian.
This state violates the four A, terms involving edges (i1 2, ex-
actly as for |14;w). Additionally, at the four plaquettes touch-
ing edges ji1 o—colored yellow in Fig. 13—DB,, actually an-
nihilates |1)4;w) and thus |[¥ppw;w T). (Note that B, an-
nihilates states with the ‘wrong’ parafermion pairings around
plaquette p—in |14;w) such pairings appear at edges £1; and
2.) The total excitation energy for [¥ppw;w T) is then +8.
This energy cost again does not change upon increasing the
separation between the anyons, implying that they remain de-
confined here.

The fact that there are B, terms that annihilate |)4;w)
yields an interesting consequence: each anyon has an as-
sociated Ising spin. For the decorated-domain-wall state
|¥ppw;w 1), this property implies that the two plaquette
spins neighboring edges (i1 » are frozen to spin up, hence the 1
label added in the ket. We can similarly define a state | ; w)
that is identical to |1)4; w) except that all spins point down in-
stead of up. The state [¥ppw;w |) = [[,(1 + Bp)|¢h);w)
obtained from a trivial generalization of Eq. (52) corresponds
to anyons carrying down spins. Wavefunctions |¥ppw;w 1)
and |¥ppw;w J), together with their cousins |[¥ppw;@ 1)
and |¥ppw;w ), describe states with a pair of deconfined
anyons in the decorated-domain-wall model that fuse to iden-
tity.

3. Symmetry action on anyons

As noted above the parent (221) state supports three anyon
types: a trivial particle I and two nontrivial particles a and
a’. The underlying topological field theory is invariant un-
der interchanging a <> a’, which will be essential in what
follows. At this point we have established that the decorated-
domain-wall model realizes the same topological order, and
that excited states |¥ppw; w, 0*) and |Yppw; @, %) contain
a nontrivial anyon carrying Ising spin ¢* at edge (1. We have
not, however, identified these four wavefunctions with a par-
ticular anyon type a versus a’. Our goal now is to determine
this correspondence and also to infer how the global Z5 spin-
flip symmetry enjoyed by the decorated-domain-wall model
acts on the anyons.

These two objectives in fact closely relate to each other.
The Z; spin-flip symmetry acts very simply on the wavefunc-
tions,

Zs : [¥ppw;w,T) < [Yppw;w, ),
|Uppw; @, T) < |Yppw; @, ). (53)



We must distinguish between the following two scenarios.
(A) The states |Yppw;w,T) and |¥ppw;w, ) both corre-
spond to anyon type a while |Uppw; @, 1) and |Uppw; @, )
correspond to a’. In this scenario the Zs symmetry would
act trivially on the anyons. As a corollary, it would then be
possible to flip the Ising spin carried by the anyons via a lo-
cal operator (without changing w or @). (B) Alternatively,
the a <> o’ symmetry of the topological field theory allows
for the possibility that | ¥ppw;w, 1) and |¥ppw; @, ) corre-
spond to anyon type a while |Uppw; @, 1) and |Uppw;w, )
correspond to a’. Here the Z, symmetry action from Eq. (53)
would permute the anyons, implying that the decorated-
domain-wall model realizes a nontrivial SET. In this case flip-
ping the anyon Ising spins via a local operator would require
additionally sending w <> @.

We will show that scenario B prevails. We do so by first at-
tempting to transform between |¥ppw;w 1) and [Yppw;w |
) via operators acting solely in the vicinity of edges (12
where the anyons reside. Doing so would require not only
flipping the two spins around each anyon, but also modifying
parafermions around the adjacent plaquettes to ensure pair-
ings consistent with the flipped anyon Ising spins. As we will
see, however, reconfiguring the parafermion pairings faces
a fundamental obstruction—ruling out scenario A. We will
then show explicitly that it is possible to transform between
[¥ppw;w 1) and [¥ppw;@ ) via local operators, consis-
tent with scenario B.

Take two spin configurations s and 5 whose only differ-
ence is that the two spins neighboring edges i1 » orient up in
s and down in 5. Parafermion states |PF'(s)) and |PF’(5))
exhibit pairings consistent with these spin states, except for

edges p1 and po which have eigenvalues ¢ = and
™ = ©. We will now focus on the anyon at p; for
concreteness. Let by, bo, - - -, by, denote clockwise-ordered
parafermion sites around the double plaquette adjacent to i1
(yellow regions in Fig. 13) and an even number of triangles;
in |PF’(s)) parafermions pair up between sites bo; 1 and by,
while in |PF’(3)) pairs occur between by; and by 1. One can
prove the following modified version of Eq. (29) relevant for
this parafermion loop:

k—1

k
H]:l:rmqbzz = eMQL Fbarbs H Foorborg- (54)
=1 =1
On the right side we have "™ = w when acting on ei-
ther |PF’(s)) or |PF’(5)) due to the anyon present at ;.
Also, Hle Fooy_1bs, ANA Fpy, by H;:ll Fbaibg,, are local tri-
ality operators; following similar logic from Sec. III C, they
should act as the identity on both |[PF’(s)) and |PF’(5)), pro-
vided that one can generate |PF'(3)) from |PF’(s)) by a local
transformation. According to Eq. (54) this scenario is impos-
sible. We conclude that there is no local operator that trans-
forms |PF’(s)) to |PF’(5)), and hence no local operator that
toggles between |Uppw;w 1) and |Pppw; w ).
It turns out that one can bypass the above obstruction by

allowing the iR eigenvalue to transform along with the
Ising spins. Let us illustrate how this loophole arises. De-
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(a)

Figure 14. (a) Definition of the edges w1, p, A, and associated
parafermion sites a,, , a,, ax used in the main text. (b) Cartoon pic-
ture of the local operation L, ., that flips the anyon Ising spins at
edge w1 and also sends ei”Q/Tl from w to @. The initial 2e/3 charge
at p1 changes to —2e/3; the deficit charge transfers to an adjacent
parafermion loop and delocalizes across the system as the domain
walls fluctuate.

fine parafermion sites a,,,,a,,ay as in Fig. 14(a), where in
particular a,,, belongs to the edge 1; hosting the anyon. Sup-
pose that |PFy,04(s)) exhibits parafermion pairing consistent
with s, save for the following amendments: (¢) If s enforces
. . irO+ -
intra-edge pairing on edge p, then the state has ¢"% = @
instead of 1. (i¢) If s enforces pairing between a, and ay,
then the state has F,,,, = w instead of 1. (iii) Importantly,
"™ = @ instead of w. These locally redefined parafermion
pairings underlie two key observations:

e One can generate |PF,,,q(s)) from |[PF’(s)) by apply-
ing Fq,a,, - the operator moving fractional charge from
ay, 0 ap.

e There is no triality obstruction imposed by Eq. (54) on
transforming |PFp04(s)) to [PF”(5)), a parafermion

. .. . S imQ+
state with pairings consistent with s, except e =
QT -
e’ Ve = (.

The points above suggest that there exists a local unitary trans-
formation L, ., that flips the two Ising spins adjacent to 1

and alters the eigenvalue of "™ from w to @. The charge
at bond p4 then changes by 2¢/3 (mod 2e), with the ex-
cess charge transferred to an adjacent parafermion loop as
sketched in Fig. 14(b). Only the frozen charge at 1 is locally



Table I. Anyon contents, quantum dimension d, and topological spin
0 of SU(2)4 theory and its cousins.

Anyon Charge | T X Y X' Z
d 1 V3 2 V3 1
SU2).| 1 s '3 ¢t 1

) K4 1 ei eiT: —efi 1
SU(2)4 1 et es —e'i 1

TK, 1 e dF T 1

conserved, however, so as domain walls fluctuate this excess
charge spreads out across the system and becomes ‘invisible’.

One can in fact define L, , such that it commutes with all
Hamiltonian terms, implying that L,,, ., transforms an eigen-
state of the Hamiltonian into another eigenstate. We carry out
this exercise in Appendices D and E. It follows that acting
Ly wand L, 5 = LLWJ implements a local unitary trans-
Sormation from |Uppw;w, ) to |¥ppw;w, ). These states
must then realize the same anyon types as claimed above,
proving that the decorated-domain-wall model realizes a non-
trivial SET.

B. Anyons in the decorated-toric-code model

We now wish to similarly analyze the decorated-toric-code
model and show that the anyonic excitations can be identi-
fied as deconfined quasiparticles of SU(2)4. Table I summa-
rizes the properties of anyons in SU(2)4 (as well as its cousins,
which we briefly discuss in Sec. IV B 4). The theory contains
a trivial particle I, an Abelian self-boson Z, a non-Abelian
particle Y with quantum dimension d = 2, and two other
non-Abelian particles X and X’ ~ X x Z with quantum di-
mension d = /3. In the following our strategy will be to as-
sume SU(2), topological order and then identify microscopic
incarnations of these particles—beginning with Z.

1. Z particle = toric-code m particle

The original toric-code model (without parafermion dress-
ing) supports topological m-particle excitations characterized
by violation of plaquette terms. A pair of m particles can be
created by

W, = (_1)string length H 0,];7 (55)
J

where j runs over all spin sites intersected by an open string
living on the dual lattice and the prefactor is inserted to sim-
plify signs later on. The specific path of the string is arbi-
trary so long as the endpoints remain fixed. Plaquette-term
violations—and hence m particles—reside at the string ends.
In the decorated-toric-code model, precisely the same string
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operator creates a pair of topological excitations characterized
by B,, violation.

In the original toric code, the m particle is a self-boson with
quantum dimension d = 1. It is natural to assume that these
characteristics are inherited by the analogous topological ex-
citations of the decorated-toric-code model, since Eq. (55) in-
volves only the spin sector. The Z particle of SU(2)4 exhibits
identical self-statistics and quantum dimension as the toric-
code m particle. Thus, we identify Z with the anyon created
by W,, in the decorated-toric-code model. We can construct
an explicit wavefunction with Z particles at plaquettes p; and
p2 as

[¥pre; Z) = Wi |¥pre)
= II a-8) II 0+ Byl G6)
p=P1,P2 PFP1,2

In the second line we expressed the ground state |¥prc¢) us-
ing Eq. (40); recall that |+ ) has only down spins and maxi-
mally satisfies all A, vertex terms. We also used the fact that
W, anticommutes with B, operators residing at the string
endpoints but commutes otherwise. The (1 — B,) factors
enforce B, = —1 eigenvalues at the two excited plaquettes,
yielding the desired anyonic excitations.

2. Y particle = fractional charge of the parent quantum Hall state
promoted to non-Abelian anyons

In Sec. IV A, we constructed anyonic excitations of the
decorated-domain-wall model, which essentially correspond

to intra-edge parafermion bonds with €™ = W or @.
We can similarly construct analogous excitations for the
decorated-toric-code model. Start from the root state |, )
with all spins pointing downward and parafermion pairings
satisfying ™ = 1 for all edges of the honeycomb lattice.
We again stress that, unlike the decorated-domain-wall model,
the flipped spin configuration with all spins up is not even a
valid toric-code configuration. Next, create a state |1 ; w) by
changing ¢ = w and €™ = & for some particular
bonds 1,2, and finally define

[¥prc;w,0) = H(l + By)lihy;w). 57

p

As in the decorated-domain-wall model, the four A, terms
that contain edges (11 2 and the four plaquette terms neighbor-
ing p41 2 annihilate |4 ; w) and hence |¥prc;w, 0); moreover,
on the latter state all other A,’s and B,,’s act as identity. It fol-
lows that |¥prc;w, 0) is an eigenstate of the decorated-toric-
code Hamiltonian such that edges 1 and ps carry ‘frozen’
down spins and fixed Zs charges w and w, respectively.

The frozen down spin at p; allows us to define a topologi-
cal Z, index that counts the total number of toric code loops
around this bond mod 2 (and similarly for p2). For the state in
Eq. (57), this number is even for both 11 and po—hence the
‘0’ label appended to the ket. By replacing |1} ; w) with a dif-
ferent root configuration we can similarly construct an eigen-
state |¥prc;w, 1) where the invariants are both odd. States



Figure 15. Illustration of the local transformation around a Y parti-
cle that flips the bound Zs charge from w to w. The accompanying
modification to the spin configuration also necessarily changes the
Z» index that counts the number of toric code loops surrounding the
Y particle mod 2. In the example above the Z> number changes due
to the additional toric-code loop highlighted in orange.

|¥pre;@,0) and |¥pre;w,1) with flipped Z;3 charges can
also of course be constructed. Essentially, the locally distin-
guishable Ising spins carried by the anyons in the decorated-
domain-wall model have been replaced by locally indistin-
guishable Zy numbers.

We can again construct a local operator that swaps w <> @,
but only at the expense of changing the Zo winding number
of toric-code loops around the corresponding edge. Consider,
for example, Eq. (57) and focus on edge p;. The local pro-
cess (7) switches the charge at y; from 2e/3 to —2e/3 while
preserving the down spin at that edge, (i¢) moves the deficit
charge to a surrounding parafermion loop, where it can then
delocalize into the bulk, and (4i%) flips the spins along the dou-
ble plaquette enclosing p;. See Fig. 15 for an illustration.
Step (7) flips the Z3 charge while (ii¢) flips the Zo invariant
for that edge. As for the detailed construction of the local
operators, one just needs to modify the spin parts of the anal-
ogous operators L, ., constructed for the decorated-domain-
wall model; see Appendix D. Attempting to swap w <> @
while preserving the winding numbers, by contrast, faces a
fundamental triality obstruction similar to what we encoun-
tered in Sec. IV A 3.

We thus obtain the correspondences

|¥preo;w,0) ~ [¥prc;w, 1),
|¥pre;@,0) ~ [¥pro;w, 1), (58)

where the tildes indicate states related by local operators. The
parent (221) quantum-Hall state contains anyons a and a’ that
carry well-defined fractional charges 2e/3 and —2e/3, respec-
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tively, but this charge distinction is evidently obliterated by the
Zs-charge-swapping operators. Note also that the Y particle
exhibits the same topological spin as a and a’. Consequently,
we conclude that a,a’ lose their identities as two separate
topological excitations and merge into Y in the decorated-
toric-code model. The quantum dimension d = 2 for the
Y particle naturally arises from the topological Zs winding
number associated with these excitations.

The equivalence classes defined by the Zy winding num-
ber can be more systematically captured using the homology
group Hy(M,Zs). Here M denotes the original manifold for
our model supplemented by n holes, representing n Y parti-
cles. To see how the quantum dimension of d = 2 arises from
this perspective, let us restrict to the case in which M is the
sphere or finite plane with n holes so that there is no extra
information coming from non-contractible cycles that appear
without the holes. For the sphere, we have H;(M,Zs) =
75", whereas for the plane H,(M,Z,) = Z3. Thus, there
are O(2™) equivalent classes of toric-code loop configurations
at asymptotically large n, in agreement with the quantum di-
mension d = 2 for each Y-particle. Strictly speaking, some
of the states counted here might violate global triality conser-
vation and should be excluded. Such constraints may reduce
the actual degeneracy by an O(1) factor, but do not affect the
asymptotic Hilbert-space dimension per Y particle.

Using our construction, we can also gain microscopic in-
sight into fusion involving Y particles. Consider first the fu-
sionrule Y X Z ~ Y from the SU(2)4 theory. In the decorated-
toric-code model, bringing Z next to Y clearly preserves the
topological winding number for the latter, thus again yield-
ing an anyon with quantum dimension d = 2. This anyon is
most naturally associated with another Y particle, consistent
with SU(2)4. As a second, more nontrivial example, SU(2)4
dictates that a pair of Y particles fuse according to

YxY~IT+Z+Y. (59)

Above we explicitly constructed eigenstates |Yprc;w,0),
|¥pre;w, 1), ete. that contain two Y particles but no other
anyons. In these wavefunctions the pair of Y’s exhibit oppo-
site Z3 charges but the same Z, winding numbers modulo the
local equivalence relations summarized in Eq. (58). Clearly
such excitations must be able to fuse into the vacuum, cor-
responding to the identity fusion channel I in Eq. (5§9). By
fusing one of the Y particles with Z we can also clearly ac-
cess the Z fusion channel in Eq. (59). To recover the Y fu-
sion channel it is useful to return to the root state |1, ; w) that

contains bonds with ¢ = w and €@ = @, By shut-
tling fractional charge from po to another bond i3, we can
create a new configuration with emQ‘tﬁ' = w for all three ex-
cited bonds 11,2 3. (Note the preservation of global triality.)
Allowing spins and parafermions to fluctuate using B,, opera-
tors then yields a Hamiltonian eigenstate in which one of the
Y particles in |¥prc;w, 0) has splintered into a pair of Y’s.
Upon running this process in reverse we see that two Y parti-
cles must be able to fuse into another Y. We thereby recover
the full SU(2)4 fusion rule in Eq. (59).



Unpaired parafermions

Figure 16. (a) Action of the string operator W, on the root state
|1, ) that contains only down spins and has ¢i™@ = 1 for all bonds.
Along the string (orange line), W, flips spins and applies projec-
tors that pair up parafermions within each oval—leaving an unpaired
parafermion at each end. Importantly, operators B, acting on any
of the six plaquettes marked as yellow annihilate the resulting state.
(b,c) Given an m string created by W,, (blue line), one can define
two topologically inequivalent strings W, and W/. In particular, W,
in (b) and W/ in (c) cross the W, string an even and odd number of
times, respectively. The parity of this crossing is topologically pro-
tected due to the constrained action of B), at the endpoints of W, and
W..

3. X and X' particle = deconfined parafermion excitations, or
decorated e, ) particles

The X and X' particles from SU(2), intuitively arise as de-
confined decorated-toric-code excitations that carry unpaired
7 parafermions, thus encoding the necessary d = /3 quan-
tum dimension. To construct Hamiltonian eigenstates that
host a pair of such ‘deconfined parafermion excitations’, we
will once again start from the root state [¢»;) with all spins

down and €™ = 1 everywhere, then deform the spins and
parafermions appropriately, and finally superpose states with
different spin configurations by applying a series of B), oper-
ators.

We will specifically deform |¢; ) with the operator

n—1
We =[] 0% [ ] Pasi.asicrs (60)

pel  i=1

where [ is an open string that lives on the original hon-
eycomb lattice and aq, as, - - - , as, denote consecutively or-
dered parafermion sites along [. The first product above flips
all spins on the open string; in the undecorated toric code
the exact same process generates e particles at the string end-
points. The second product reconfigures the parafermion pair-
ings in accordance with the modified spins, leaving unpaired
parafermions at both ends in the sense that neither a, nor as,
appear in any of the projectors. Figure 16(a) illustrates the
action of W, on the root state |1, ). Applying plaquette oper-
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ators on W, |¢,) via

0, 1) = [](1+ Bp)Welehy) 61)

p

yields an eigenstate of the decorated-toric-code model with a
pair of particles that we will soon identify as superpositions of
X and X’. Equation (61) violates the A, vertex term at each
edge of the string. Additionally, the three B, plaquette terms
adjacent to each string end [yellow regions in Fig. 16(a)] anni-
hilate |¥, 1). The total excitation energy is then +8 and does
not change upon increasing the separation between endpoints,
indicating deconfinement.

As a consequence of the unpaired parafermions seen above,
we can tweak the root state |1, ) to construct two closely re-
lated wavefunctions that are exactly degenerate with |¥, 1).
First observe that W, trivially commutes with any operator
Fasiasi,, acting within the string [. Applying Fa,;a,,,’S tO
|1 ) shuttles fractional charge between adjacent edges in [,
generating all possible states with the same local string trial-
ity [17_) Fas; 1a»; = 1 and e"™@i = 1 for all other edges.
Using any such state as our root configuration yields a wave-
function identical to Eq. (61) since the projectors in W, in-
variably enforce a fixed parafermion pairing. Now consider
alternate root states |7,/)J(/w)> and Wiw)) that are the same as
|1 ) except with the local string trialities respectively modi-
fied to H?:I Fasj_1a,; = w and w. Strictly speaking, these
states have the wrong global triality, but this problem can eas-
ily be removed by adding an extra compensating Zs charge
at infinity. With this fix in mind, for now we will simply re-
lax the global triality constraint and define new Hamiltonian
eigenstates

0,w) = [J(1+ By Welp{),

p
0,@) = [T(1+ B)Welp). (62)
p

These wavefunctions violate precisely the same terms as
|¥, 1), and hence the trio of states in Egs. (61) through (62)
are exactly degenerate. One can not, however, transform these
states into one another by local operators since their respec-
tive root states carry different local string trialities. Thus, they
represent three different fusion channels for the pair of decon-
fined parafermion excitations that we have created, implying
that each particle has /3 quantum dimension. The meaning
of the fusion channels is clear: When a pair of initially dis-
tant deconfined parafermions are brought together, the string
triality localizes onto a single edge, which can support three
different fractional charges.

The last piece of the puzzle to be established is the pre-
cise relation between our deconfined parafermion excitations
and X, X’ particles from SU(2)4. The X’ particle actually
arises from fusion of X with Z, which is reminiscent of the
formation of a fermionic v particle by binding e and m in the
undecorated toric code. It is therefore illuminating to examine
how Egs. (61) through (62) evolve upon adding a Z particle,
via W,,, from Eq. (55), to each end of the e string created by



We. To be precise suppose that the original W, string crosses
the m string an even number of times—see Fig. 16(b) for an
example—so that [W,,, W] = 0. Importantly, this cross-
ing number defines a topological invariant: The open string
of up spins created by W, fluctuates under the action of B,
terms, but the parity of the e and m string crossings can not
change since B), acts as zero on the plaquettes surrounding
the W, endpoints; recall Fig. 16(a). Furthermore, since W,
also commutes with all B, operators that act nontrivially in
Egs. (61) through (62) we immediately obtain

Wi ¥, w?) = |¥, w?) (63)

for ¢ = 0,1,2. To be consistent with SU(2)4 fusion rules,
the states we have constructed must therefore involve equal
superpositions of X and X’ particles so that introducing Z
particles returns the same state as found above.

We can isolate X and X' particles by now introducing a
new set of excited states |¥’, w?) that are identical to Egs. (61)
through (62) but with W replaced by a string operator W that
crosses the m string an odd number of times. See Fig. 16(c).
In this case W,,, and W/ anticommute, yielding

Wi, w) = — [0, w). (64)

These states must involve a different superposition of X and
X' particles such that fusion with Z’s produces the original
state with an extra overall minus sign. The specific linear
combinations

|\IJDTC;X7wq> = |\I’awq> + |\Ill7wq>
[Upre; X', w?) = [¥,w) — ¥, wi) (65)

transform into one another under W,,, and thus are identified
with decorated-toric-code excited states hosting a pair of X
and X' particles, respectively.

4.  Cousins of SU(2)4

Kitaev’s famous 16-fold way tells us that there are 8 ‘fla-
vors’ of non-Abelian Ising topological order distinguished by
the topological spins of Ising anyons and their chiral central
charges [2]. Similarly, SU(2)4 topological order has cousins
JK4, SU(2),, and JK, that feature the same anyonic content
but with different topological spins for the non-Abelian parti-
cles (see Table I). In the next subsection we will show that the
interface between the decorated-toric-code phase and the par-
ent (221) state can be fully gapped, implying that the two re-
gions must exhibit identical chiral central charge ¢ = 2. Based
on this observation the topological order for the decorated-
toric-code model can only be SU(2)4 or JK4. These two pos-
sibilities differ in the topological spins for X and X'—which
we will not attempt to compute in this paper. Strictly speak-
ing, we thus can not rule out JK, even though we have referred
to the topological order as SU(2), for convenience.

Assuming that the decorated-toric-code model indeed dis-
plays SU(2), topological order, one can access JK4 by deco-
rating parafermions on the double-semion model [10] instead
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Figure 17. (a) Setup used to study the interface between a (221)
quantum Hall phase and either the decorated-domain-wall (DDW)
or decorated-toric-code (DTC) model. Arrows at the outer bound-
ary indicate chiral edge states that occur between (221) and the vac-
uum. (b) Termination for the decorated-toric-code model that yields
a fully gapped interface with the (221) state. The ‘dangling’ edge
spins are polarized downward by a Zeeman field. (c) Possible edge
terminations for the decorated-domain-wall model. As in (b) a Zee-
man field polarizes the dangling edge spins down (top panels) or up
(bottom panels). Either case yields a gapped interface with the (221)
state, but at the expense of explicitly breaking Z2 spin-flip symme-
try. When Zs symmetry is restored by allowing the boundary spins
to fluctuate, a gapless interface is required on general grounds. (d)
Microscopically, one sees that domain walls in the boundary spins
harbor unpaired parafermion modes. The minimal gapless interface
then naturally corresponds to a Zs parafermion conformal field the-
ory as we show explicitly in the main text.

of the toric code. In the double-semion model, the analogue
of m particles (i.e., plaquette violations) again carry topolog-
ical spin 1, while the analogues of e and 1) are semions and
anti-semions with topological spin £i. Said differently, the
topological spins for e and 1) both shift by +¢ upon passing
from the toric code to double-semion model. The topologi-
cal spins for X and X’—which can be viewed as decorated
e and v particles—should thus also shift by ¢ in agreement
with the JK theory. If we instead assume that the decorated-
toric-code-model realizes JK, topological order, then deco-
rating the double-semion model yields SU(2), by similar rea-
soning. Thus, dressing two different Zy gauge theories with
parafermions allows us to access both variants of topological
order associated with SU(2).



C. Edge structure in the decorated-domain-wall and
decorated-toric-code models

Consider the geometry from Fig. 17(a) in which a region
described by either the decorated-domain-wall or decorated-
toric-code model is engulfed by a (221) fractional-quantum-
Hall phase. Our aim here is to understand universal properties
of the interface between these two nontrivial regions. Based
on these interfaces, one can easily infer the edge structure be-
tween our models and the vacuum by shrinking the outer (221)
phase; this procedure merely adds an additional set of chiral
(221) edge states.

First we treat the boundary between the decorated-toric-
code model and (221) state. As Fig. 17(b) illustrates, we
model their interface by terminating the decorated toric code
with ‘dangling’ edges. Additionally, we add a perturba-
tion 6H = . cqangling edges O that polarizes the bound-
ary spins downward. This setup allows vertex terms to en-
force parafermion pairings for each spin configuration without
generating unpaired parafermions, and the plaquette terms to
fluctuate toric-code loops accordingly. Thus, this edge ter-
mination still yields a commuting-projector description with-
out spurious edge zero modes. Evidently there can be a fully
gapped interface between the decorated-toric-code model and
(221) state, which is consistent with the fact that condensing
the Z particle in SU(2), gives (221) topological order. The
boundary between the decorated toric code and vacuum then
hosts exactly the same chiral edge modes as the (221) state.

For the anyon-permuting SET realized by the decorated-
domain-wall model, general arguments forbid a Z,-symmetric
gapped boundary with the parent (221) state even though
both sides realize the same topological order. One can study
this interface using the usual trick that folds the (221) state
underneath the decorated-domain-wall region, yielding an
SET x (221) bilayer state (the overline indicates the conju-
gate phase with opposite chirality). A gapped interface be-
tween the decorated-domain-wall model and the (221) state
translates into a gapped edge between SET x (221) and vac-
uum.

Levin observed that a set of quasiparticles that can be con-
densed to fully gap an edge form a ‘Lagrangian subgroup’ of
the full set of quasiparticle types [43]. Let a,a’ denote non-
trivial anyons in the SET, and recall that in Sec. IVA3 we
showed that Z, spin-flip symmetry swaps a <+ a’. The cor-
responding particles from (221) will be denoted @, @’. For the
SET x (221) bilayer there are two possible Lagrangian sub-
groups: L1 = {1,aa,d’a'} and Lo = {1, ad’, aa}, but neither
are closed under Zo symmetry. In fact Zs sends £, <> Lo.
Consequently, the SET-(221) interface must remain gapless
so long as Z, symmetry is preserved.

A possible theory for the Z, symmetric interface would
contain a counterpropagating set of (221) edge states. These
edge states can be described with standard K-matrix formal-
ism, though for brevity we will pursue a more phenomenolog-
ical treatment that recovers the same physics. Right-movers
encode gapless avatars of the SET anyons a ~ e** and
a ~ €' where @, ¢’ are chiral edge fields; under the anyon-
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permuting Zy symmetry we have ¢ <> ¢’. Left-movers sim-
ilarly correspond to anyons @ ~ €® and @ ~ ¢° from
the adjacent (221) region. Although Z, symmetry precludes
fully gapping the interface, half of the gapless modes can
be eliminated without symmetry breaking. Note that since
a and a’ fuse to a trivial particle, aa’ ~ el¥+¢") = pp and
aa’ ~ e'(®t?) = b respectively form right- and left-moving
local bosons. The tunneling term H = —t [ (bEbL +H.c)is
even under Zo; when relevant, this coupling pins

(p+¢)—(g+¢)=0, (66)

thus opening a gap for creating isolated local bosons at the
interface. The remaining gapless degrees of freedom are de-
scribed by a single right-moving chiral field g = ¢ — ©'—
which is odd under Z,—together with a left-mover ¢; =
@ — @. Interestingly, this theory srill does not provide the
minimal description for the gapless Zs-symmetric interface.
It is useful to now repackage ¢r, 1, into a non-chiral boson
field ® = (pr — ¢r)/2 and its dual © = (pr + 1 )/2 that
commute with themselves but obey the nontrivial commutator

[®(z),0(z')] = igsgn(az — ). 67)

Equation (67) reflects the anyonic exchange statistics for (221)
quasiparticles, and can be straightforwardly derived from the
corresponding K-matrix. Crucially, since ¢z — —@g under
Z.5, the non-chiral boson fields transform as

Zo:®— -0, ©— 0, (68)

i.e. the local spin-flip symmetry implements a duality trans-
formation for the edge modes. Let us write the self-dual Z,-
invariant Hamiltonian as H = Hy + H1. Here

Ho = / %[(amcp)u(az@)z} (69)

describes a fixed point with central charge ¢ = 1, while H;
contains cosine terms that favor instabilities of this fixed point.
For the latter, note that ¢/(2¢=%") creates two a-type edge ex-
citations and removes one a’-type edge excitation; since two
a particles fuse to a’, this operator forms another local right-
moving boson. By the same reasoning ¢'(22=2") forms a local
left-moving boson. The perturbation

—ucos(2p — ¢ —2¢p + @)
1

= —ucos {2 (e+¢ —p—¢')+32 (70)
is therefore obviously physical. Using Eq. (66) this term re-
duces simply to —u cos(3®P), which is the lowest allowed har-
monic. Applying Z, symmetry yields a second physical term
—u cos(30). The leading perturbations to H, are therefore
given by

Hi = —u/[cos(?)(I)) + cos(30)], (71)

which are known to drive a flow to a new critical point de-
scribed by a Z3 parafermion conformal field theory with ¢ =



4/5 [44]. This is the minimal possible Z»-preserving theory
for the gapless interface. Reference 18 employed a similar
approach to access a ¢ = 4/5 parafermion theory from (112)
fermionic quantum Hall systems. There, however, fine-tuning
was required to preserve self-duality. Remarkably, in our case
self-duality is symmetry-enforced.

We can gain microscopic insight into the SET-(221) inter-
face by considering the edge termination shown in Fig. 17(c).
Suppose first that we uniformly polarize the boundary spins
with a Zeeman field. In this case we retain a commuting-
projector description that manifestly realizes a fully gapped
edge, similar to what we found for the decorated toric code,
but at the expense of explicitly breaking Zo spin-flip symme-
try. Figure 17(c), for example, shows that the parafermion
pairings at the edge depend on whether we polarize the bound-
ary spins up versus down. Next imagine inserting a domain
wall at which the boundary spin polarization flips. From
Fig. 17(d) we see that the domain wall binds an unpaired Zs
parafermion. (References 4 and 9 pointed out that related
decorated-domain-wall models can also host boundary zero
modes for certain spin configurations when symmetries are
enforced.) Restoring Z, symmetry by allowing the spins to
fluctuate then naturally yields gapless parafermion excitations
as found above in our continuum treatment.

Inspired by Grover et al. [45], we can write down a phe-
nomenological, yet microscopic, boundary Hamiltonian that
captures the above properties:

Hboundary = _tZ[l + (—1)j05+1/2](a;aj+1 + H.C.)
J

- Z[JUJZ'—I/2GJZ‘+1/2 + h0f+1/2]- (72)
J

Here t,J,h denote non-negative couplings, «; are Zg
parafermions that live on integer sites j, and U]Z.fl /2 denote
boundary spin operators that live on half-integer sites. This
Hamiltonian preserves Zs spin-flip symmetry implemented as
O5i1ja = —0jp190 @ — 1. Ath/J = 0 the spins or-
der ferromagnetically in the ground state, which in turn causes
the parafermions to dimerize and fully gap out via the ¢ term.
Magnetic domain walls produce a kink in the dimerization
pattern yielding an unpaired parafermion—precisely as in the
decorated-domain-wall model. And finally, in the opposite
limit h/.J — oo the transverse field disorders the spins so that
(6%) = 0, leaving a translation-invariant parafermion chain
that indeed realizes a ¢ = 4/5 parafermion conformal field
theory. In future work it would be interesting to study proper-
ties of the phase transition(s) that arise upon passing between
the extreme limits of 4 /.J described above.

D. Gauging equivalence

Here we follow Ref. 43 and 5 to explicitly show that
the decorated-toric-code phase emerges upon gauging the Zo
symmetry of the decorated-domain-wall model. We do so
by defining a variant of the decorated-domain-wall model on
which gauging can be more conveniently implemented. This
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new model’s ground state is, up to a local unitary transforma-
tion and tensor product of a trivial state, exactly the same as
that of the original decorated-domain-wall model. Gauging
this cousin model gives a variant of the decorated-toric-code
Hamiltonian whose ground state is that same as in the original
decorated toric code, again up to a local unitary transforma-
tion and stacking of a trivial state.

The Hilbert space for the modified decorated-domain-wall
model consists of the usual plaquette spins and parafermions
supplemented by an extra spin-1/2 degree of freedom on each
edge of the original honeycomb lattice. We will refer to
Ising spin configurations for the supplemental edge spins as
w, while we continue to denote configurations for the plaque-
tte spins as s. The ground state of the modified decorated-
domain-wall model will take the form

[Uvppw) = Y [s)|ws)[PF(s)). (73)

Here, the edge-spin configuration w, is determined by s as
follows: Supplemental edge spins point up along domain
walls in s but point down elsewhere.

To see how |¥,ppw) relates to the original decorated-
domain-wall ground state |Uppw), consider the following
unitary transformation defined on each edge u:

1-— cr;“ U;, 1+ 0;“ 0;,
U, = 5 =+ 5 =

(74)

where p,, and p;L label the two plaquettes neighboring edge 1
while v* denote Pauli matrices that act on supplemental edge
spins. The unitary U, flips the edge spin when there is no
domain wall between piL and p,, but otherwise leaves the edge
spin intact. Consequently, acting U,, on |¥,ppw) transforms
|ws) to the state |w =1) with all edge spins up, i.e.,

[1Uu%wpow) = [w =1)|[Tppw). (75)
m

In this sense |V,ppw) describes the same phase as the origi-
nal decorated-domain-wall model. ~

Next we introduce operators APTY and BPT that are
identical to the vertex and plaquette terms of the decorated-
toric-code model, except that the spin parts act now on the w
sector. They can then be regarded as valid operators within our
modified decorated-domain-wall model. Additionally, define
an edge term C, as

1+,yz1—020'z, 1_751+0'sz/

C — 1 Pu” Py Pu Py
" 2 2 2 2
=1- ’}/ZO';M O';L, (76)

which acts as identity when w is consistent with the domain-
wall configuration dictated by s, and zero otherwise. One can
explicitly show that

HvDDW = — ZAETC - Z BII))TCO'; - Z Cﬂ (77)
v 4 ©

forms a commuting-projector Hamiltonian with |¥,ppw) as
a ground state.



Gauging Z, symmetry can be performed easily and explic-
itly on the above Hamiltonian. Gauging introduces another
spin-1/2 degree of freedom on each edge; let us denote Pauli
matrices acting on these new spins by n*. To ensure gauge
invariance, the gauged model is only defined on the restricted
Hilbert space that satisfies the following local constraint for
each plaquette p:

o T, =1 )
{up}

where {u,} denotes the set of honeycomb-lattice edges
around p. Note that Eq. (78) is invariant under changing the
sign of the three n* operators adjacent to any vertex. The
gauged Hamiltonian reads

y _ iDTC SDTC A
HgDDw—_ZGv_ZAv _ZBP ;_Zcﬂ‘
v v P I
(79)
In the first term we introduced a new vertex operator

Go =M, Mp, 15, (80)

with f,, py, A, the three edges meeting at vertex v. This
piece—which clearly commutes with the gauge constraint in
Eq. (78)—energetically favors vanishing gauge flux around
vertices of the honeycomb lattice. In the the final term we
promoted C}, from Egs. (76) and (77) to

G, = 1=, 1503, 1)

which also commutes with Eq. (78). One can readily check
that the full Hamiltonian HY,,, defines a gauge-invariant
commuting-projector model for which the global Z, spin-flip
symmetry has been promoted to a gauge symmetry associated
with local signs changes in adjacent o* and n* operators.

The ground state of HY,y, can be conveniently investi-
gated by noticing that the plaquette and edge spins bound by
the gauge constraint (78) can be represented by the combina-
tion U;ﬂfﬂf,/#, which we view as a pseudospin for edge u.
Since all Hamiltonian terms can be maximally satisfied, let us
consider each piece individually. The first vertex term, G, fa-
vors configurations for which an even number of pseudospins
around each vertex point downward; that is, pseudospins form
‘anti-toric-code’ configurations consisting of closed loops of
down spins in a background of up spins. Our second vertex
term, APTC, enforces the supplemental v* edge spins and
parafermions to satisfy the decorated-toric-code local rules
summarized in Fig. 7(b). The plaquette term BPT o flips
pseudospins (via the o) and v* edge spins and also recon-
figures parafermion pairings accordingly. Finally, C,, forces
pseudospins and v* edge spins to anti-align. Putting every-
thing together, the ground-state wavefunction of HYj,, can
be written as

[Wwpre)= Y |w)|@)|PF(s)), (82)

we{sy,}

where w denotes the ‘anti-toric-code’ pseudospin configura-
tion opposite that of the v* toric-code spin configuration w.
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We can expose a simple relation between |¥,prc) and
the original decorated-toric-code ground state |¥pc) using
a unitary transformation V, that acts according to

Vi I = DD
DI = 19D
[ DD =D
[OITD = 1D,

where the first and second kets respectively indicate v* spins

and o 10, pseudospins for edge . When acting V), on

K p,
|, pTc), the first two lines above remove all ‘anti-toric-code’
down-spin loops for the pseudospins, so that

H Vu.|¥pTc) = |pseudospin 1)|¥Uprc). (84)
m

(83)

(Only the first two lines in the definition for V), are used
here; the last two lines are arbitrary provided V), remains uni-
tary.) Thus, the ground state of Hj .y, is connected to the
ground state of the decorated-toric-code model by a local uni-
tary transformation and stacking of a trivial product state. This
shows that the topological phase of the decorated toric code
can be accessed by gauging the Zo symmetry of the decorated-
domain-wall model.

V. GROUND-STATE DEGENERACY ON A TORUS

In this section, we will investigate the ground-state degen-
eracy of the decorated-domain-wall and decorated-toric-code
models defined on a torus. We will observe that our formal-
ism developed in Sec. II yields the expected degeneracy for
both models given the topological orders identified in the pre-
vious section. Additionally, we will see that the decorated-
domain-wall ground states exhibit a unique feature related to
the nontrivial symmetry action that signals an SET phase.

A. Degenerate ground states in the decorated-domain-wall
model

Section IV A1 briefly discussed ground states for the
decorated-domain-wall model on a torus. There we estab-
lished that, by adiabatic continuity, the topological degeneracy
is identical to that in the trivial parafermion insulator Hamil-
tonian from Eq. (48). In the latter Hamiltonian, each term

is maximally satisfied by fixing ¢i™@L = 1 for each bond
and taking all spins up. The Hamiltonian does not, however,
impose any constraint on the global degrees of freedom con-
trolled by T}, or T’;. Thus, we conclude that there should be

three ground states, |w§1)>, |1/J$2)>, and |1/)$3)), associated with
the three inequivalent eigenvalues of either T}, or T’;. Ground
states |\I/](31Dz\,3)> of the original decorated-domain-wall model
are recovered by letting the spins and parafermion pairings

fluctuate using B, operators, i.e.,

5w = [T+ Bp)wi”). (85)

p



There is an interesting Zo symmetry property on ground
states of the decorated-domain-wall model. In the ground-
state subspace, the action of Zs is captured by the 3 x 3 matrix
M defined by

My; = (W5hwl [T o2 1w hw). (86)
P

Equation (85) allows us to reduce the above expression to
M;; = (07| T] Boozlwi”). (87)
p

We do not know how to calculate M with a general
parafermion ordering. However, given a particular ordering
in a minimal 2 x 2 system, M can be obtained numerically.
We checked that in three different orderings M is given by

0
0

OJQ

1
M=|0 (88)
0

o &€ o©

Since M is related to topological properties of the system (see
below), it is natural to expect that this result applies for any
valid parafermion ordering and any system size.

The form of M above implies that global Zo symmetry ac-

tion permutes two ground states |\P§1))W) and |\I/gl))w). This
result is consistent with the observation in Ref. 46 that an
SET characterized by an anyon-permuting symmetry action
should have minimally entangled ground states that are also
permuted by the symmetry action. There is one caveat: We
do not have access to entanglement entropy in this work and
thus, strictly speaking, do not know whether the basis for the
ground state subspace that gives off-diagonal symmetry ac-
tion corresponds to minimally entangled states. Indeed, upon
diagonalizing Eq. (88), one obtains a different linear combina-
tion of ground states in which the symmetry action is simply
+1. Still, we argue that exhibiting anyon-permuting symme-
try action in any basis is a highly nontrivial consistency check
on both our torus formalism in Sec. II B and our identification
of the decorated-domain-wall model as an anyon-permuting
SET.

B. Degenerate ground states in the decorated-toric-code model

Recall that on a torus, toric-code spin configurations can
be classified into four topological sectors labeled by two Zo
numbers (a,b). Here a and b are the crossing numbers of
toric-code loops across the two non-contractible cycles of the
torus, which can not change under any local operator. Starting
from one spin configuration in a given topological sector, all
other spin configurations in the same sector can be obtained by
applying toric-code plaquette terms appropriately. The four
degenerate toric-code ground states arise from superpositions
of spin configurations within each of the four topological sec-
tors.

In the decorated-toric-code model, we expect five-fold de-
generacy on a torus, reflecting the five anyon types in SU(2)4
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topological order. Recovering this counting poses an inter-
esting puzzle. Since we have only four topological (a,b)
sectors coming from the spin degrees of freedom, consis-
tency requires that at least one of these sectors must support
multiple ground states. Previously we observed that in the
decorated-domain-wall model, there are actually three ground
states with identical superpositions of spin configurations, but
different global properties arising from T}, , operators. For
the decorated toric code, one might similarly expect a triplet
of states within each topological (a, b) sector—but this extrap-
olation predicts an excessive twelve-fold ground-state degen-
eracy. We will resolve this conundrum by showing that some
consistency conditions intimately related to topological prop-
erties of the (221) state and the decorated-domain-wall model
eliminate many of these twelve putative ground states, leaving
only five as required for SU(2),.

1. (0,0) sector

The (0, 0) sector is simplest to examine. Recall that there
are three states with all spins down and all A, terms acting
as identity (the trio reflects global T, , operators, exactly as

in the decorated-domain-wall model). Call these states \¢i1)>,

|¢)J((2)>, and \d)is)). One can attempt to construct three ground
states from each of these root configurations. As we will see,
however, there is a fundamental obstruction that allows only
two ground states in the (0, 0) sector.

Let |¢)) be any frustration-free ground state, i.e., B,|¢) =
|¢) and A,|¢) = [¢) for all B, and A,. Then for any
state |x) that satisfies [[, B,|x) = —[x), one necessary has
(¥|x) = 0. This statement follows from the matrix element
(|11, Bplx)s 1, Bp acts an identity on (3| but yields —1 on
|x), hence |10} and |x) must be orthogonal. Crucially, such a
|x) can then not serve as a root configuration for a decorated-
toric-code ground state.

Now let us deduce the action of [[, B, on \d)in)). Note
that Hp B,, keeps the Ising spin configurations intact (be-
cause every spin-flip operator appears twice in the product).
Thus, Hp B, maps the three-dimensional subspace spanned

by |¢i1)>, \¢i2)> and |qbi3)> into itself. One can conveniently
represent its action as a 3 X 3 matrix

Ni; = (@1 T Bylo{)- (89)
p

It turns out that the N matrix is identical to the M matrix
presented in Eq. (88). [The equivalence can be seen from
Eq. (87). There Hp By, also leaves the spins intact because
the o cancels the spin flip operators from each B,,. The prod-

P
uct then acts only on the parafermions in exactly the same way

as in the N,; matrix above.] Let |q~5(ll)>, |gz~Si2)>, |(;~Si3)) form a
basis that diagonalizes N, such that Hp B, acts as identity

on |g5i1)> and |¢~)J((2)> and —1 on |q~553)> We can now readily



construct two ground states for the (0, 0) sector,

(w5 0,0)) = [Ja+B,)8?), o)

p

whereas |gz~553)> can not serve as a root state following the dis-
cussion above.
For further insight into the obstruction encountered with

7(3 . (3
|¢i )>, consider Hp(l + Bp)|¢i )).
product, one finds two terms with only down spins: |q~5f’)>

(with prefactor +1) and [], Bp\gb(g)} \gb(g)}, which ex-
actly cancel. Similarly, every other Ising conﬁguration ap-
pears twice with opposite sign and also cancels. The state

[+ Bp)\$i3)> therefore vanishes identically. This is an
intuitive way to see why one cannot obtain a ground state from
root configurations with [ [, B, acting as —1.

One can take a more formal approach to show that the two
ground states we constructed above exhaust the ground states
in the (0,0) sector. In particular, it is possible to explicitly
construct the subspace on which all A, and ], B, terms act
as identity and then map the decorated-toric-code Hamilto-
nian to the ordinary toric-code Hamiltonian on this subspace,
similar to the approach adopted in Sec. IV A 1. We simply re-
mark that this more rigorous, subspace-based ‘proof’ can be
readily constructed from our formalism, but will be eschewed
in favor of the more intuitive picture developed above.

Upon expanding the

2. Other sectors

In the (0,1), (1,0), and (1,1) topological sectors, we
proceed similarly. We start by constructing wavefunctions
|ps,; (a,b)) = |s.)|PF(s,)) for some root spin configura-
tion s, belonging to topological sector (a, b) [different from
(0,0)]. Letting the spins and parafermions fluctuate by ap-
plying [],(1+ By) will naturally generate ground states, pro-
vided that [ |, B, acts as identity on [¢;, ). In the (0, 0) sector,
this exercise was relatively painless because we were able to
exploit a simple spin configuration, i.e., all down spins, for
which the corresponding parafermion state is trivial to write
down. For non-(0, 0) sectors, constructing |¢,_ ) is more chal-
lenging, as the choice of a simple reference state is no longer
obvious. We will nonetheless show that the construction can
still be achieved in an analytically tractable way.

As a first step, for each non-(0, 0) sector let us pick a root
spin state s, whose toric-code loop configuration contains
exactly one non-contractible loop around the torus. In this
case, ™ = 1 for any Cooper-paired region not residing
on the toric-code loop. However, "™ fluctuates wildly for
bonds on the loop. To construct |¢s, ; (a,b)), we bootstrap
off of |q§il)>, \¢>i2)>, and |gz$i3)>—the same trio considered in
Sec. VB 1, which have e™Qu = 1 for all 1 but different
global degrees of freedom controlled by 77, and T),. Starting
from these states, we aim to generate |¢s, ; (a, b)) by flipping
spins on the toric-code loop in s, and applying projectors that
enforce parafermion pairings consistent with s,..
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To be more specific, label parafermions on the toric-code
loop as a1, aso, - - -, asg, With as;—1 and as; belonging to the
same Cooper-paired region ;. Then we define

ﬂzkﬂl H Pa27027+1 <HU ) |X¢ (91)

where |y) is some linear combination of |¢i1’2’3)>. There
are three linearly independent choices for |x ), which naively
should give three possible candidates for |@s, ; (a,b)). How-
ever, we will see that in some choices of |x,), Eq. (91) van-
ishes. There is actually only one possible |¢; ; (a,b)) in each
non-(0, 0) sector, in sharp contrast to the three root states with
the same spin configuration that one obtains in the (0, 0) sec-
tor.
We would like to now deduce how the operator

|¢97‘7 (a b =

k—1

VVI = ]:agkal H fa2ia2i+l (92)

i=1

acts on |x;). The commutation relation between ™ and
Fap given in Sec. III B (property 2) indicates that W; com-

mutes with all ¢ _ Tt immediately follows that (7) W; maps

(123)>

the three-dimensional subspace A, spanned by |¢ 1 to it-

. irOF
self because W cannot change the eigenvalues of ¢ | and
(#4) W, must take the form

Wy = wn Tty T ek (93)
n

with n’s denoting integers.
i pieces since they act as identity within the subspace
A,. The branch cuts that determine n; , and n;, are non-
contractible loops without self-intersection—which, crucially,
enforces n; , and 1, to be mutually prime as detailed in Ap-
pendix F. In particular, n; ; and n; , cannot both be multi-
ples of 3, so that W, always acts nontrivially on the global
degrees of freedom T, ,. The above properties are actually
quite natural: When following the anyon-worldline interpre-
tation we employed to motivate property 4 in Sec. III B, W;
can be interpreted as a Wilson-loop operator around a non-
contractible cycle of the trivial parafermion insulator, which
cycles the system among the degenerate ground states for that
phase.

Let us choose a basis for A given by states | Xi”)> that are
eigenvectors of W; with eigenvalues w”, where n = 0,1, or
2. (Because of the constrained form deduced above, W, nec-
essarily has eigenvalues 1, w, w?.) The key observation is that
the product of pl‘O]eCtOI‘S Pisyan H P,,,a,,,, appearing in

Eq. (91) annihilates | X > and | X ) but acts as a unitary op-

Hereafter we will discard any

erator (modulo factors of \/3) on | Xi”). To see why, notice
the similarity between the string of projectors above and the
projectors in the plaquette term B, [Egs. (37) and (38)] that
reconfigure parafermion pairings. Additionally, W, resembles
to the local triality operator R defined in Eq. (30); i.e., com-
pare Eq. (92) to R rewritten using Eq. (29). In Sec. IIID we



showed that triality conservation guarantees that B), acts as a
unitary operator on the subspace orthogonal to its kernel, and
that, conversely, B, acts as zero upon violating triality con-
servation. The condition W; = 1 is analogous to the triality-
conservation condition. Repeating the logic from Sec. III D,
one thus finds that in this sector P,,, o, Hf;ll Pa,ia0,., acts as
a unitary operator but acts as zero in the W; = w, w? sectors—
leading to the result quoted above.

Within each non-(0,0) sector, one can therefore construct
a single root state from the reference configuration with all
spins down, corresponding to Eq. (91) with |x;) = |Xi1)>.
The remaining question is how Hp B, acts on this root state.
We checked through small-system numerics on three different
orderings that [[, B, acts as identity on [¢s,; (a, b)) for all
three sectors. Thus,

[Wpres (a,0)) = [[(1+ Bp)lés,: (@, b)) (94)

P

are ground states of the decorated-toric-code model on the
torus in sectors (a,b) = (0,1),(1,0), and (1,1). Combined
with the two previously obtained ground states in the (0,0)
sector, Eq. (90), we find total of five ground states, consistent
with number of anyon types in SU(2)..

More formally oriented readers may ask (one may skip this
paragraph if you are not so formally oriented): We constructed
|¢s,.; (a,b)) by applying projectors to states in the rather spe-
cial subspace 4. Is it possible to obtain different root states
with the same spin configuration s,., but which are neverthe-
less orthogonal to what we constructed in Eq. (91)? If such
exotic root states exist, one must be able to access them by
applying projectors on states whose parafermionic part is or-
thogonal to those in 4. It turns out that no new root states
can be constructed by this method. Let us consider some basic
requirements for a generic parafermionic state on which pro-
jectors Py, 4, Hf;ll Piysas:,, act nontrivially: (7) e = 1
for edges p that are not on the loop in s,., and (i) triality
should be strictly conserved. It turns out that states that sat-
isfy (¢) and (4¢) can be generated from some state in .A| by ap-
plying some sequence of operators Fg,,q,,,, along the loop.
That is, any such state |7) can be generically written as

k—1
I7) = (Fazkar)™" H(faaiazul)ni’T‘XO 95)

i=1

for some integers n; . Then we have

k—1 k—1
Payrar H Pasiasiii IT) = Pasras H PasiaziiaIx1)- (96)
=1 1=1

To obtain the right-hand side, we used PypFap = P,p. Thus,
projecting from an arbitrary state |7) is equivalent to project-
ing from some state in the subspace 4. It follows that the
root states |¢s, ; (a, b)) that we constructed are indeed unique
within a given topological sector, so that no additional degen-
eracies appear.
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VI. EXTENSION TO Z>-GRADED STRING-NET MODELS

A. Review of string-net models and their symmetry-enriched
versions

Levin-Wen string-net models [3] define a wide class of
commuting-projector Hamiltonians. This approach system-
atically constructs models out of an algebraic input called a
unitary fusion category. Roughly speaking, a unitary fusion
category contains the following data:

1. String types. The number of different possible strings
(oriented or unoriented) determine the degrees of free-
dom for each edge in the model. The full Hilbert space
is spanned by all possible string types for the edges.

2. Fusion rules. These rules specify which three string
types are allowed to meet at a trivalent vertex, and enter
as a vertex term in the Hamiltonian.

3. d; and F-symbols. Here d; is a number assigned to
all string types ¢, while F'-symbols encode informa-
tion about associativity relations. Roughly speaking, d;
corresponds to the quantum dimension of anyons as-
sociated with a given string. Both d; and F-symbols
are necessary to define fixed-point wavefunctions and
plaquette-exchange terms. They satisfy a number of
consistency conditions, which we will not review here.

Schematically, the Hamiltonian for string-net models takes
the form

d
Hstring—net = - Z Av - Z ,DitQB;tn (97)
v p,t

where D = /)", d? and for concreteness we assume that the
strings live on a honeycomb lattice. In Eq. (97) A, assigns
eigenvalue 1 to string configurations consistent with fusion
rules at a given vertex, while B; is a plaquette term that al-
lows strings to fluctuate. Note that there are plaquette terms
for all string types ¢, weighted by d;. Their precise defini-
tion involves F'-symbols, but they can be roughly interpreted
as adding a loop of ¢-string on the plaquette. Superpositions
of all string configurations consistent with fusion rules yield
ground states of string-net models.

A string-net model has a ‘G-graded structure’ if one can
assign a group element g to each string type such that fusion
rules are consistent with group multiplication. Recent works
[5, 6] revealed that one can ‘ungauge’ any string-net model C
with G-graded structure. These works further established that
the model Cg obtained by ungauging C gives a commuting-
projector Hamiltonian for topological order enriched by on-
site unitary symmetry G. Conversely, gauging the symmetry
G of C¢ recovers the original string-net model C.

For simplicity and relevance to this paper, we will describe
how to construct C when G = Z,. First, assign labels £+1
to each string type (in a manner consistent with fusion rules)
and introduce two degrees of freedom for each plaquette, cor-
responding to the two group elements of Z,. For the latter we



will specifically introduce spin-1/2’s with spin-up and spin-
down associated with group elements —1 and +1, respec-
tively. Next, define a modified Hamiltonian

di -
Hsptne = — Y Ay — D—QB; NP, ©8)
v 1

p,t

The vertex term A, is the same as in Eq. (97), while Blﬁ is
given by

~ B
B2
PYp

The last term in Hggrnet acts on the pair of spins residing at
plaquettes p; » separated by edge [ via

if ¢ is a string type assigned +1

. (99
if ¢ is a string type assigned —1 ©9)

5 (100)

14 (=1)"0Z oZ
Pl:z P11~ P2 |tl><tl|~
t
Here, the ¢ sum runs over all string types, |¢;)(t;| projects onto
string-type ¢ at edge [, and n; is an integer defined as

n—{o
T

In the ground state, P; enforces that strings assigned —1 bind
to domain walls between up and down spin configurations,
whereas strings assigned +1 do not carry domain walls. Equa-
tion (98) defines a commuting-projector Hamiltonian whose
ground state superposes all configurations with valid string
and spin assignments. Moreover, Hggrpee commutes with
Hp o, and thus describes a topologically ordered phase with
a global Zs spin-flip symmetry.

To understand the topological order in the Cz, model de-
scribed above, consider an alternative plain-vanilla string-net
model Cregricteq- In particular, the data used to define Ciegyicted
are directly inherited from the gauged string-net model C with
Zo-grading, except that only strings labeled +1 in C enter
as valid string types in Crestricreq- We emphasize that Ciesyricted
contains neither plaquette spins nor Zo symmetry—hence the
qualifier ‘plain-vanilla string-net model’. By turning on a Zee-
man field in Hgpr.qe¢ to polarize the plaquette spins either up
or down, one can adiabatically connect the ground states of
Crestricted and Cgz, [5, 6]. Thus, Cregrictea and Cz, possess ex-
actly the same topological order. Note the similarity to the
scenario described in Sec. IV A 1; there we showed that break-
ing Zo symmetry via a Zeeman field adiabatically connects the
decorated-domain-wall model to the trivial parafermion insu-
lator.

The topological order of Cz, can be more intuitively viewed
by recalling that strings assigned —1 in Cz, carry domain
walls separating up and down plaquette spins. Thus the un-
gauging process in a sense ‘demotes’ strings with —1 label,
which are associated with deconfined anyons in C, to symme-
try defects in Cz,. Only strings with +1 label correspond to
deconfined anyons in Cz,, and the data for those anyons can be
equivalently bootstrapped from Ciegyictea- In addition, explic-
itly breaking Z, symmetry washes away data associated with

if ¢ is a string type assigned +1 (101)
if t is a string type assigned —1
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spin-flip symmetries—including, crucially, symmetry-defect
data given by —1 strings.

The nontrivial interplay between Z, symmetry and topo-
logical order can be observed by gauging Hggr.pe to recover
the gauged string-net model C. If symmetry acts trivially on
the anyons, then Hggrner must be equivalent to the string-net
model Ciesrictea tensored with a Zy-symmetric product state
for spins. In this case gauging Z,-symmetry simply yields
topological order for Ciegyictea cOmbined with toric code (or
double semion) topological order. However, in many cases
the topological order of C takes a richer form, signaling that
Zo symmetry in Hggrpe nontrivially enriches the topological
order for the ungauged model Cz, .

B. Binding Zs parafermion chains to Z2-graded string-net
models

As noted in the previous subsection, string-net models with
G-graded structure must exhibit fusion rules that are consis-
tent with group multiplication. When G = Z, this condition
can be rephrased as follows: Among three strings that meet at
a trivalent vertex, an even number of them should be graded
as —1. This vertex rule dictates that strings with —1 grade
necessarily form closed loops. Such loops are natural objects
for integrating with parafermion chains, as done for toric-code
loops in the decorated toric-code model. We will specifically
add two parafermions to each honeycomb-lattice edge and
pair up the parafermions according to the vertex rule illus-
trated in Fig 7(b), with loops of —1 strings now playing the
role of spin-up loops. In other words, +1 and —1 strings re-
spectively impose intra-edge and inter-edge parafermion pair-
ings.

The following Hamiltonian describes a string-net model so
decorated with parafermions:

PF
HPF—slring»nel = - § Av

Udt t Lo ao
=" 55 BL (B lstp)se,pl)™
p,t

The vertex term ALY gives eigenvalue 1 when three strings
that meet at a given vertex are consistent with fusion rules
and the associated parafermion pairings are consistent with
Zs string labels; otherwise AEF acts as zero. The second line
allows strings to fluctuate and reconfigures parafermion pair-
ings accordingly. There B; is identical to the flip operator

that appears in Eq. (97), while (B;t|5t,p><st,p|)nt acts on
the parafermions. The latter operator contains several pieces.
First, the exponent n; is again given by Eq. (101); this choice
ensures that the parafermions are modified only when ¢ car-
ries a —1 string label. Second, B, is identical to the product
of parafermion projectors defined in Eq. (38). The superscript
s¢ is a spin label assigned to each string configuration purely
for bookkeeping purposes, and does not represent additional
degrees of freedom in the model’s Hilbert space. For a given
string configuration, we take s; to be spin up if string type ¢



carries a —1 label and spin up if the string carries a +1 la-
bel. Finally, |st,p)(s:, p| projects onto string configurations
around plaquette p consistent with spin label s;. The rather
elaborate form of (B¢ s, p) (st p|)nt belies the simple inter-
pretation of this operator: again, it merely adjusts parafermion
pairings so that they are always consistent with the string con-
figurations.

Commutation between the parafermion parts, which we
prove in Sec. III D and Appendix C, together with commuta-
tion between parts that act on strings inherited from the string-
net model, naturally establishes Hpr._sying-net @S @ commuting-
projector Hamiltonian. Additionally, the graded structure
built into the model allows one to ungauge Zo symmetry. As
outlined previously the ungauged model contains supplemen-
tal physical spins at the plaquettes, and is described by the
modified Hamiltonian

PF
Hpp-sETnet = — E A,

72 Bt Bst|8t, ZPZ

(103)

St,P|

The definitions of Bfo and P; are identical to those given in
Eq. (99) and (100), while AT and (B3t |s¢,p)(s¢,p|)"" are
directly inherited from Eq. (102). Polarizing the plaquette
spins with a Zeeman field adiabatically connects Hpp.SET-net
to a trivial parafermion insulator tensored with a string-net
model built out of strings labeled +1—thus we effectively
lose the parafermion decoration. (Note again the similarity to
the decorated-domain-wall scenario described in Sec. IVA 1.)
Equation (103) thus clearly realizes the same topological or-
der as the latter string-net model, possibly with nontrivial en-
richment from the global Z, spin-flip symmetry.

C. Topological properties

It is a difficult task to identify the precise topological phases
exhibited by the parafermion-decorated string-net models in
Egs. (102) and (103). We will proceed below by positing rea-
sonable ansatzes.

Let us establish some notation as a preliminary step. As
in Sec. VIA, C denotes some string-net model with Zo-
graded structure, Cz, denotes the model realized by ungaug-
ing Zo symmetry, and Ciegyicted 1S the plain-vanilla string-net
model that retains only +1-graded strings from C. Similarly,
CPY is the string-net model described by the Hamiltonian in
Eq. (102) while C}T" and CLY; .4 are the associated ungauged
and restricted plain-vanilla string-net models, respectively. In
a slight abuse of notation, we will use the same symbols to in-
dicate the topological order realized by the respective models.
Our goal is to understand the nature of C** and C;¥.

Reference 38 proposed that the ‘inverse’ process of gaug-
ing a Zo-symmetry-enriched topological phase corresponds to
condensing a single boson in the gauged topological phase.
In the context of our string-net models, gauging symmetry
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in Cz,—which has the same topological order as Cregtricted—
gives C; hence there should exist a boson b whose condensa-
tion takes C t0 Cregtricted [47]. Analogously, there should exist a
boson in CFF that drives a transition into CEE. .. The previ-
ous subsection established that topological order for the latter
is equivalent to that of the trivial parafermion insulator stacked
with Crestncted’ 1.e. Creqmcted Crestricted X (221)

We will illustrate an intuitive way to understand and
ngF by considering a ‘parent topological phase’ C x SU(2)4.
Note that SU(2)4 contains a self-boson Z that, when con-
densed, drives a transition to the (221) state. Condensing the
product bZ from the parent topological phase yields topolog-
ical order that we denote as Cinermediate- IN Cintermediate, the bo-
son b becomes equivalent to Z and remains deconfined since
b and Z have trivial mutual statistics. Further condensing
b ~ Z drives a transition into Cyegyictea X (221)—which again
is equivalent to CEE. .. Following the logic in the previous
paragraph, we thus propose that Cipermediae and CTF share the
same topological order; cgj is naturally understood as the
SET obtained by ungauging C*'¥".

As a consistency check, by assuming C to be Z5 topological
order or double-semion topological order, Ciyermediate 1S given
either by SU(2)4 and JK,. This result agrees with what we
observed in Sec. IV. We leave verifying our conjecture more
explicitly and completely to future work.

CPF

VII. CONCLUSIONS

We introduced commuting-projector Hamiltonians built
from bosonic spins decorated with Zs parafermions. Our
work generalizes recent studies that obtained exactly solvable
models for fermionic topological phases by dressing spins
with Kitaev chains [9, 10]. The extension to parafermions
entails two essential modifications: First, the models must
be viewed as living within a parent topological liquid since
(contrary to Kitaev chains) parafermions can only appear in
a fractionalized medium. Second, we needed to establish
basic algebraic properties of 2D parafermion arrays and in-
troduce a generalized Kasteleyn orientation to define our ex-
actly solvable models. We provided concrete evidence that the
decorated-toric-code model exhibits SU(2), topological order
(or a close cousin thereof) and that the decorated-domain-wall
model realizes an SET with the same topological order as the
parent topological liquid, but enriched by an anyon-permuting
global spin-flip symmetry. We also demonstrated that an inter-
face involving the SET harbors an exotic edge state in which
spin-flip symmetry acts as a duality transformation and pro-
tects Zs parafermion criticality—which in strictly 1D systems
requires fine-tuning. We extended our parafermion-decoration
scheme to string-net models with Z,-graded structure to pro-
duce a broader class of commuting-projector Hamiltonians for
chiral SETs and their gauged topological phases.

It may appear surprising that we have constructed
commuting-projector Hamiltonians for chiral topological or-
ders like SU(2)4. We conclude by providing some additional
viewpoints to stress that our work actually fits well into the
conventional wisdom and to motivate some possible future di-



rections.

There are two very crude categories to which most explicit
models for topological phases belong—continuum field theo-
ries like Chern-Simons and explicit lattice models like Levin-
Wen string-net models. Our approach actually reflects a ‘hy-
brid’ of these two approaches in the following sense: We
assumed the existence of a fractionalized medium [e.g., the
(221) state] together with line defects that host parafermion
zero modes to build our lattice models, but the existence of
such topological liquids and line defects are justified in con-
tinuum field theory. It is known that almost all symmetry-
protected topological phases and topological orders without
protected edge state are realizable as exactly-solvable lattice
models. Thus, it is natural to similarly expect that given some
chiral topological liquid and its defects, one should be able to
construct all associated SET and topologically ordered phases
that transform to the original ‘background topological liquid’
upon condensing a set of bosons. Our work establishes this
line of thought as a promising route to explicit, exactly solv-
able models for chiral topological phases.

There are a number of tools available in explicit lattice
models to extract topological information, most notably en-
tanglement entropies [48, 49] and modular S and 7" matrices
[50-52]. However, it is not clear how such conventional tools
can be applied to our models. The subtleties are especially ap-
parent on the torus, where we introduced non-local degrees of
freedom to account for the parent topological liquid. It is not
entirely clear how these global degrees of freedoms should be
‘partitioned’ for entanglement entropy calculations. It would
be useful to demonstrate how such tools can be applied in
models with parafermions or other exotic line defects intro-
duced in the background of topological phases.

Tensor-network constructions provide another powerful
method for describing ground-state wavefunction. It is
known that Levin-Wen string-net models and various non-
chiral topological phases admit tensor-network descriptions
[53, 54]. Fermionic tensor-network constructions for Kitaev-
chain-decorated models appeared recently as well [13, 55].
Might our models also be amenable to tensor networks? Re-
cently, 1D matrix-product states for Zs parafermionic topo-
logical phases appeared [56]; extending this construction to
2D tensor-network states poses an interesting and nontrivial
challenge.

The models that we have constructed are clearly quite far
from experiment at this stage. It is worth noting, however,
that assuming the existence of parafermion zero modes, ex-
otic SU(2)4 non-Abelian topological order is a rather natural
phase that ‘only’ requires a Zo gauge theory associated with
parafermions. Alternatively, viewing our models as an effec-
tive description, one can try to search for alternative setups
that trade exact solvability for experimental realism. Perhaps
a system of strongly interacting anyons can form a Zo gauge
theory of their own.

Finally, it is a challenging but interesting task to investi-
gate explicit constructions of more exotic SETs and chiral
topological orders using defects in a parent topological lig-
uid. Parafermion-decorated string-net models pose one con-
crete direction that we explored only very briefly. Recently,
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Aasen et al. [13] formalized a fermion-condensation method
that systematically constructs fermionic topological orders;
developing an ‘anyon-condensation’ picture of a similar spirit
may prove to be a fruitful complementary approach to con-
structing chiral topological phases.
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Appendix A: Proof of parafermion properties

In this appendix, we will provide proofs for properties 3, 4,
and 5 of parafermion operators listed in Sec. III C, assuming
that the system is defined on a torus. Proofs of these proper-
ties for the planar setup can be understood as special cases in
which fractional-charge hopping never crosses the T} branch
cut; T3, and T}, operators can then be safely discarded without
affecting properties 1 through 5.

1. Justification for the repeated-zone scheme

Before detailing the proofs, let us justify the repeated-zone
scheme employed in Fig. 4(c) as a general method of repre-
senting fractional-charge hopping processes on a torus with
any parafermion ordering we consider. As a starting step, we
represent the torus as a unit square, as in Fig. 18(a); upon
gluing the top-bottom edges and the left-right edges, one re-
covers the torus. We respectively indicate the T}, branch cut
and trench by the blue dashed line and green line. By con-
struction, the green line and the blue dashed line are non-self-
intersecting, non-contractible cycles on the torus, and they
only cross at a single point that we denote in this section as
a.

Suppose that we now ‘tile up’ unit squares on the infinite
plane, as in Fig. 18(b). One thereby obtains an infinite stack of
green lines and blue dashed lines. In the language of algebraic
topology, this ‘tiling up’ process amounts to constructing a
universal cover of the torus. Infinite stacks of green lines and
blue dashed lines can be understood as all possible lifts of the
original trench line and T}, branch cut on the universal cover
R2. Let us pick a point ao,0) on the infinite plane where a
green and blue line meet. This point represents the unique
position a on the torus at which the 7} branch cut and the
trench line meets. On the infinite plane, however, there are
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Figure 18. (a) Illustration of the trench (thick green line) and T}
branch cut (blue dashed line) on which parafermions reside. Gluing
the upper and lower edges, and the left and right edges of the square
yields the torus. (b) Gluing copies of the square from (a) give an
infinite array of green lines and branch cuts on R?. Generators for
Deck transformations are illustrated as blue arrows; an example of a
zone is shaded in red. (c) Taking a strip in the plane bounded by two
neighboring lines gives the repeated-zone geometry. Black arrows
represent possible fractional-charge hopping processes.

infinite numbers of points representing a that are generated
by translation by primitive vectors e, and e,. We will denote
the point obtained by translation by the vector ne; +me,, from
a(0,0) as A(n,m)-

Consider the following two translation vectors: The first
shifts a(g,0) to the closest point a(,, .n,) on the same green
line. The second shifts a(g,gy to the closest point a(y, m.,) On
the same blue line; alternatively, a(,,,m,) can be understood
as being placed on the green line ‘one pitch below’ the origi-
nal green line where a0y is placed. Blue arrows in Fig. 18(b)
illustrate an example of these two translation vectors, which
in algebraic topology language are generators of Deck trans-
formations. Importantly, the set of points generated by these
translations is precisely { @, ) }. One can straightforwardly
extend the statement about these two translation vectors to any
point b on the torus and the set of points {b(,, ,,)} on the infi-
nite plane that represents b.

Next, think of a region in the infinite plane bounded by two
neighboring green lines and two neighboring blue lines—e.g.,
the red area in Fig. 18—which we will refer as a ‘zone’. As
seen in the figure, starting from a point in one zone, each Deck
transformation brings you to another point in a different zone.
This means a set of points {b(, )} that represent the same
point b on the torus belong to different zones—there is no pair
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of points in the same zone that represents the same point on
the torus. Also, think of any point c on the torus and any point
C(0,0) in the infinite plane that represents c. One can move
C(0,0) to any zone with an appropriate Deck transformation.
Thus, every zone necessarily contains a point ¢, ) that rep-
resents c. In this sense, there is one-to-one correspondence
between points in a single zone and points on the torus.

The repeated-zone scheme can be understood as taking a
single strip bounded by two green lines from Fig. 18(b). Al-
ternatively, it can be understood as ‘tiling up zones’ only in
one dimension, effectively forming an infinite strip instead of
the infinite plane. Upon some deformation, this strip geometry
can be illustrated as in Fig. 18(c). Since fractional-charge hop-
ping processes—indicated by arrows in Fig. 18(c)—cannot
cross the trench, any physical process can be represented on
this strip. The strip in the repeated-zone scheme contains
many points that represent the same point on the torus, giving
an ‘overcomplete’ picture. Nevertheless, we will see through-
out the proofs that this scheme actually strongly constraints
the forms of parafermion operators in a way that is not obvi-
ous in a single-zone representation.

We note that if one allows the trench to be self-intersecting,
when represented in the infinite plane as in Fig. 18(b), the
green lines on the infinite plane will generically cross each
other. In such settings, it is impossible to define a strip, and the
repeated-zone scheme breaks down. Fortunately, our physical
setup rules out such cases.

2. More preliminary remarks

We set up some notations and properties of parafermion
operators as the final preliminary step for the proofs. First,
it is convenient to classify fractional-charge hopping pro-
cesses according to which sides of the trench (L or R) frac-
tional charge hops from/to. We will denote A B-type hopping
(A,B = L, R) as a fractional-charge hopping process from
side B to side A of the trench. Below we will frequently need
to consider commutation relations between parafermions in
different representations (that is, oz, versus ar). Fortunately
they obey the simple commutation relation

(i # 3),

which can be straightforwardly proved by expressing
parafermion operators in terms of clock variables as in Eq. (3).
Finally, we emphasize that fractional-charge hopping pro-
cesses in our consideration do not self-intersect.

QL QR j = WAR jOL (A1)

3. Proof of property 3

Property 3—([Fop, Feg) = 0if @ # ¢,d and b # ¢,d—
comes from a more general property: Any two operators
that describe fractional-charge hopping without crossing com-
mute. We prove this statement by separately considering dif-
ferent classes of hopping operators.
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Figure 19. (a) Illustration of Fyy (black lines) and F.4 (blue lines)
that correspond to case (i) in our proof of Property 3. The two
black lines represent identical fractional-charge hopping processes,
and any Fi4 that does not cross Fy;, must reside within the yellow
region bounded by the black lines, as shown. (b) [llustration of Fy;,
and F,q in case (i7). Again, F.q must reside within the yellow re-
gion bounded by Fjy, lines. (¢) When the region finerior €ncapsulated
by a hopping process exceeds the size of a single zone, the non-self-
intersection assumption is violated. One such ‘illegal’ process is il-
lustrated by the black lines, which are two equivalent representations
that cross in the red circled region. (d) Examples of Fgp and Fiq
in case (iv). Blue lines representing Fr4 start and end within either
Tingerior OT its complement exerior-

(7) Both hopping processes are L R-type: We take the first
fractional-charge hopping process to be

Fup = apaal, T.T)" (A2)

(For the assignments of T, T}, recall Sec. II B.) To constrain
the L R-type operator F; that does not cross Fy, it is useful
to draw two lines that represent the same fractional charge
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hopping process Fy; in the repeated zone—see, e.g., black
arrows in Fig. 19(a). Crucially, F.q should describe a hopping
process within the area bounded by those two lines so that F g
and F gy, do not intersect. In Fig. 19(a), this region is colored
yellow. Let us define regions I, I5, I3, and I as in Fig. 19(a).
The operators Fi4 of interest should describe hopping from
either (1) I3 to I, (2) I5 to Iy or Iy to Io, or (3) I, to I4.
These possibilities can be summarized as

1
a L,ca}%, ST

ozL7004;[%}[1TWT;I

(I)e<aandb < d

(2)a<candb<d
orc<aandd <b
(3)a<candd < b
(A3)
and are illustrated by blue arrows in Fig. 19(a). One can ex-
plicitly check that F,.; commutes with F}; in all three cases.
(#4) One hopping process is LR-type and the other is RR-
type: A similar constraint applies here as well. When the L R-
type operator F,; and the R R-type operator F; describe non-
crossing fractional-charge hopping, F.4 should be represented
within a region between two lines corresponding to F,;; see
Fig 19(b). Using Eq. (A2) for F,;, one can deduce that F.4
should describe hopping (1) from I3 to I, (2) within I3 or I,
or (3) from I, to I3. These possibilities are summarized by

ch:

-1
aLycaE,deT;”

(l)c<bandd > b
(2)e,d<bore,d>b
(3)c>bandd < b

i
O‘R,CO‘R,dTy

Feq = QAR,cOR 4 (A4)

QR,CQE’dTJ

One can again explicitly check that such F.; commutes with
F,p in all cases.

(#i7) One hopping process is L R-type and the other is LL-
type: This case is a trivial generalization of (ii) above.

(iv) Both hopping processes are LL-type: We establish
some general constraints that apply to any L L-type operators
without self-intersection (the same constraints apply for RR-
type operators). Previously we observed that the repeated-
zone scheme gives a highly degenerate representation—there
are infinite number of lines on the strip that represent the same
fractional-charge hopping process. The condition of non-self-
intersection restricts the shape of this infinite array of lines.
In addition to the obvious condition that each line should not
self-intersect, two different lines should not cross each other
as well.

An LL-type hopping, when represented in the repeated-
zone scheme as a line, encloses some part of the trench on
the repeated-zone scheme that we denote as linerior- If linterior
encapsulates more parafermions than there are on a single
zone, then one can draw a second line that represents the same
L L-type process but necessarily crosses the first line—clearly
contradicting the non-self-intersecting condition as sketched
in Fig. 19(c). This constraint on the size of [jprior allows us to
categorize parafermions in a single zone into two species—
Tinterior for parafermions enclosed inside some line that de-
scribes an LL-type hopping, and Iexerior fOr those outside.
Note that a single zone faithfully represents the torus, hence
parafermions in a single zone represent all parafermions on
the torus. In this sense, given an LL-type process, we can



generically classify parafermions into those in Iiperior and
those in Iexeerior-

Now consider Iiperior and Iexterior defined by F,p,; addition-
ally we assume a < b without loss of generality. (If F,; com-
mutes with F,q4, then Fp, = Ffb commutes with F4 as well.)
Parafermions in Iexeerior aNd Lingerior CatTy site indices in the in-
tervals (a, b) and (0,a) U (b,2N + 1), where 2N denotes the
last parafermion index in the system. The precise identifica-
tion of Iinerior as (a,b) or (0,a) U (b,2N + 1) depends on
details of F,;, and is unimportant for the proof.

As seen in Fig. 19(d), if F.4 describes hopping process
that does not intersect with Fyp, both ¢,d € Ijyerior Or both
¢,d € Ieyerior- This information is sufficient to establish that
F.4 and F,;, commutes when they do not intersect with each
other through case-by-case analysis.

(v) Both hopping processes are RR-type: This is also a
trivial generalization of case (iv).

(vi) One process is LL-type and the other is RR-type: In
this case neither F,; nor F4 contains T),. Equation (A1) alone
then suffices to establish that any L L-type fractional charge
hopping operator commutes with any R R-type operator.

4. Proof of property 4

Next we will prove that any three inter-edge fractional-
charge hopping processes that form a contractible triangle sat-
isfy Property 4 defined by Eqgs. (21). Crucially, contractible
triangles on the torus are represented as contractible loops in
the repeated-zone scheme as well. Below we divide triangles
into four categories, depending on the types of hopping pro-
cesses involved.

(7) All hopping processes are LL-type: Denote a, b, ¢ as
three parafermions that form the triangle vertices; they are ar-
ranged as ¢ — b — a in the repeated-zone-scheme represen-
tation of the triangle to reflect their clockwise order on the
torus. In other words, hopping is directed rightward from c
to b to a in the repeated-zone scheme. [One can instead use
b — a — cora — ¢ — b ordering in the repeated-zone
scheme, but Eq. (21) is insensitive to relabeling them to our
chosen ¢ — b — a ordering. Thus, this choice can be made
without loss of generality.] Figure 20(a) shows examples of
triangles represented in the repeated-zone scheme according
to our conventions. Notice that the site indices a, b, ¢ within
a given zone do not need to satisfy the relation ¢ < b < a in
order to conform to our rightward-hopping assumption.

Let us assume canonical forms of the fractional-charge-
hopping operators Fp, Fpc, and F, as:

Fup = apa0] ,(wT,)™

Fye = ap ol (wT,)™ (A5)

Fea = 0,0, ,(wT,)"

We will first investigate constraints on Fy,;, that arise from the
non-self-intersecting criterion. In case (iv) of the previous
subsection, we observed that for any single-line representation
of an L L-type operator in the repeated-zone scheme, the as-
sociated interval Iiyerior Should enclose less than total number
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Figure 20. (a) Three subtypes of triangles used in case (i) of our
Property 4 proof. (b) Two triangle subtypes used in case (77).

of parafermions on the torus. It follows that a and b should
appear either in the same zone or in two neighboring zones.
In the former case the exponent in the definition of Fj is
ny = 0; in the latter ny = 1 when b < a while n; = —1
when a < b. Our rightward-hopping assumption further con-
strains Fyp: This criterion precludes n; = —1. Moreover,
when n; = 0 we must have b < a. These constraints are
summarized as

0 b<a
" {1 a<b (46)
One can analogously restrict Fy. and F,, yielding
b
- 0 c< ’ - 0 c<a (A7)
1 b<c -1 a<c



Thus the values of nq 2 3 fix the ordering of parafermion sites
involved in the hopping processes.

Finally, contractibility of the triangle requires ny + ng +
ns = 0. Equations (A6) and Eq. (A7) together with ny +mno +
ng = 0 leave only three choices of (ny,ns,n3) or, equiva-
lently, relative ordering of parafermion sites a, b, c. The three
possible options are given by

(0517_1) b<a<ec
(n1,m2,n3) =< (1,0,—-1)  a<e<b. (A8)
(0,0,0) c<b<a

Figure 20(a) illustrates all three triangle subtypes in the
repeated-zone scheme. The information about possible order-
ing between parafermion indices and values of (n1,n2,n3) in
each subtype suffices to establish Eq. (21) through a case-by-
case analysis.

(74) All hopping processes are RR-type: This case trivially
generalizes (7) above.

(#4i) Two hopping processes are RL/LR-type and one is
LL-type: Such triangles fall into two subtypes based on how
many times the LL-type hopping crosses the T}, branch cut.
As seen in Fig. 20(b), L L-type hopping (chosen arbitrarily to
connect b and c) corresponds to

Fye = appof (W)™ (A9)

with b < ¢ when ny = 1 and ¢ < b when ny; = 0. No other
cases are possible. The other hoppings take the form

F, b = QR, aT Tn2TT
¢ ¢ TL’Z’ v (A10)
Foo= O‘L,caRﬂTmT;S

Since Fyp, Fpe, and F, form a closed loop, we must have
ns = —nj1 — ng. This information, along with relative order-
ing between b and c and the value of n;, suffices to establish
property 4 for this type of triangle.

(iv) Two hopping processes are RL/LR-type and one is
RR-type: This case trivially generalizes (iii) above.

5. Proof of property 5

Finally, we prove Property 5, summarized in Eq. (22). Con-
sider a non-triangular elementary plaquette of the pairing lat-
tice such as the 12-gon shown in Fig. 21(a). Let us triangu-
late the plaquette such that the vertices of each triangle are
parafermion sites and triangles never cross the parafermion
ordering path. This triangulation is always possible: Imag-
ine slicing the plaquette along the parafermion ordering path,
which decomposes the plaquette into polygons whose sides
coincide with the parafermion ordering paths or edges of the
original non-triangular plaquette. By construction, triangula-
tion within these polygons never crosses the parafermion or-
dering path. Figure 21(a) illustrates an example of a valid and
invalid triangulation.

Triangles produced from the triangulation procedure fall
into two major categories: an ‘R;’ triangle contains no
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Valid Invalid

(b) (©)

(d)

a ay
as
as aj

Figure 21. (a) Examples of valid (left panel) and invalid (right panel)
plaquette triangulations. In the invalid triangulation, two triangle
colored red cross the green line that denotes tunneling-gapped re-
gions of a trench. (b) Gluing two edges of the red triangle to the rest
of the polygon poses a contradiction in that a parafermion site (cir-
cled red) resides within the enlarged polygon. (c) Similarly, gluing
a Cooper-pairing region of an R, triangle to a polygon encounters
a contradiction that a Cooper-pairing region is encompassed by the
new polygon. (d) Labeling of parafermions used in our induction
steps.

Cooper pairing region on its edges, while an ‘R’ triangle fea-
tures a Cooper-pairing region on one of its edges. (Triangles
can not contain more than one Cooper-pairing segment.) De-
note a, b, and c as clockwise-directed parafermion sites that
form a triangle. R; triangles satisfy Eq. (21), as established
in the previous subsection through a case-by-case analysis.
One can run a similar case-by-case analysis for Ry triangles
to show that when c and a are linked by a Cooper-paired bond
Leas Fap and Fp, satisfy
W2 FFhy = €™ @hea (A11)
Now we turn our attention to polygons formed by multiple
triangles. In particular, consider a polygon that (¢) consists of
a subset of triangles obtained from triangulation of a plaque-
tte, (4¢) contains at least one Ry triangle, and (¢44) is simply
connected. Label vertices (alternatively, parafermion sites) of
this polygon as a1, as, - ,a, in clockwise order, taking a;
and a,, to form a Cooper-paired bond i, ,,. We will prove
by an induction-like technique that any polygon conforming



to (i) — (4i7) obeys

Hunal I |e

On the left side j satisfies 1 < j < n and runs over Cooper-
paired bonds Haja; - On the right, k likewise satisfies 1 <
k < n but runs over bonds that are not Cooper paired. Note
that possible values of j and k exhaust all integer from 1 to
n — 1, and that the full non-triangular plaquette of the pairing
lattice is a special case of a polygon that satisfies (i) — (4i7).
Moreover, Eq. (A12) applied to the full plaquette corresponds
to Eq. (22). Showing Eq. (A12) for any polygon thus auto-
matically proves Eq. (22).

The starting case of the induction procedure is a polygon
with a single R, triangle. Here, Eqs. (A12) and (All) are

Qi jas 1 —WQHFakaHl. (A12)

k

equivalent.
Now assume a polygon with parafermion sites
ai,as,--- ,a, satisfying Eq. (A12). We will investigate

whether Eq. (A12) holds upon attaching more triangles. Note
that any polygon we consider cannot contain any parafermion
inside; all parafermions should reside on the polygon edges
by assumption. Thus, all polygons we consider are obtained
by attaching only one side of a triangle. Figure 21(b)
exemplifies the contradiction encountered when one tries
attaching two sides of a triangle to the polygon. Thus,
without loss of generality, one may label vertices of an
attached triangle as a™, ag~41, and ag~ in clockwise order; k*
satisfies 1 < k* < m, and a* corresponds to the new polygon
vertex introduced by attaching the triangle. See Fig. 21(d) for
an illustration.

Suppose first that one attaches an R; triangle to the poly-
gon. From Eq. (21), the following is satisfied:

FopearFarap o Fape prape = 1. (A13)
Insert the above identity to the right side of Eq. (A12) as fol-

lows:
( H Fakak+1)

2 2
w HFaka}H»l = w
k k<k*

(Fakxa* Fa*akx+1Fak*+1ak* )Fak*ak*_H( H FakakJrl)

k*<k
2( H Fakak+1)Fak*a*Fa*ak*+1( H Fakak+1)'
k<k* k* <k

(Al4)

When going from the second to the third line, we used
F, F, = 1. Thus, we have a modified identity

Ak 1 Qpx L Qg Qpx 41

imQT i
@ZﬂQ”anM H e Q

J

+
Hajaj+i

2( H Fakak+1)Fak*a*Fa*ak*+1( H Fakak+1)'

k<k* E*<k
(A15)
Upon  relabeling  aj,--- ,ag+,a*, ag+1, - ,an to
a1, ,Qk*, 0K 41,0k +2,"** ,an+1, the above equa-

tion simply reduces to Eq. (Al12) for the new polygon
obtained by attaching an R; triangle to the old polygon.
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Imagine next attaching an R triangle. This scenario can be
further divided into cases in which (ag+,a*) or (a*, ap+41)
forms the Cooper-paired edge. Note that the plaquette and
polygons we are considering do not contain Cooper-pairing
regions inside them. If (ay,ag+1) forms a Cooper-pairing
region, then this Cooper-pairing region will be contained in-
side the new polygon after gluing the triangle, posing a con-
tradiction [see Fig. 21(c)]. Thus, one can safely rule out the
case in which (ag«, ag«41) is Cooper-paired.

Assume that (a*,ap+41) forms the Cooper-paired edge.
Equation (A11) then yields the relation

+
“a*ak*+1

W Fapeyyap Fapea =€ (A16)
We will insert this identity into Eq. (A12) for the old polygon

to obtain Eq. (A12) for the new polygon. To proceed, multi-
O+

Qe . . .
ply e”r "e"ex*41 to both sides of the equation. The left side
becomes

O+

iTQ O+ +

e Ha*apx g e”TQ“anal I | Q““J“J+1
J

. + i —+
— elﬂ—Quanal ( H e WQMaja.7+l)

j<k=

Qi axe g ( ” e

j>k*

“‘17QJ+1 ,

(A17)

where we reorganized the exponents using the fact that

irO+ . .
¢'™ @i ’s commute with each other. One can similarly move

QL.
em "a"ax++1 to the middle of the product on the right side of

Eq. (A12):
z‘n’QJr

Ha*a
k*+1
w? * | I Forari

iTrQ:Lr .
— a” apx
—( | I Fakak+1)Fak*ak*+16 k +1( | I Fakak+1)

k<k* k*<k
— 2
- ( H Fakak+1)Fak*ak*+1w Fak*Jrlak*Fak*a*( H Fakak+1)
k<k* k*<k
_ 2
=w ( H Fflkak+1)Fak*(l*( H Fakak+1)'
k<k* k*<k

(A18)

In going from the first to the second line, one should be careful

about the commutation relation between Fy, 4, ,, (for k < k*)

¥
Ha*apeyy

and e This commutation relauon follows from

Eq. (20), which tells us that F;, 4, , and e Ba*aps 11 com-
mute for all £ < k*. The one nontrivial commutation relation,
’LTI'QLT
e atageyr
(A19)
cancels the factor w? that was present in the first line. In pass-
ing from the second to the third line, we used Eq. (A16).
Note that the correct factor of w? is restored upon us-
ing this relation. Upon taking the last lines of Eq. (A17)
and (A18) and relabeling aq,--- ,ax+,a*, agx41, -+ ,ap to

inQT

Ha*ap x
k 1
€ + Fak*ak*_H

=wkF,

A Qp* 41



A1, 5 Qk*, Gf*41,0k*+2," - ,an41, ONE obtains respec-
tively the left and right side of Eq. (A12) for the new polygon
supplemented by the R» triangle.

One may proceed very similarly for the case in which the at-
tached Ry triangle has (ag«, a*) as the Cooper-paired edge to
prove that Eq. (A12) still holds upon gluing triangles. As ad-
vertised, starting from a single 12, triangle on which Eq. (A12)
holds, one can glue triangles one by one to form the origi-
nal plaquette of interest. Equation (A12) continues to hold
throughout the procedure—thus proving Property 5.

6. Comments on global triality

In Sec. II, we used an explicit physical picture to argue that
the correct Hilbert space spanned by the parafermion opera-

tors should have fixed global triality [] u ¢i™Qw = 1. Mean-
while, we proposed in Sec. III that Properties 1 through 5 fur-
nish the more fundamental definition of F;; operators. One

can then ask: Are the two sectors with [ ™ = w and w?
fundamentally inconsistent with Properties 1 through 5? The
answer is ‘yes’. The goal of this section is to explain why
sectors with [ | u eIl # 1 necessarily violate Property 4 or
5.

Imagine triangulating all non-triangular elementary plaque-
ttes of the pairing lattice on a torus such that no triangle
crosses parafermion ordering path. Following the same logic
from Appendix A5, this triangulation of the torus is always
possible. One can generically classify triangles in such tri-
angulation into three categories: R /Ry triangles already de-
fined in Appendix A5 and ‘R’ triangles that coincide with
triangular plaquettes of the pairing lattice. Recall that for
clockwise-directed triangular vertices a, b, c,

FopFyeFoo =1  (for Ry/R; triangles)

) (A20)
W2Fabec = e“TQjC“

(for R, triangles)

are the key ingredients for proving Property 4 [more specifi-
cally, only the last line of Eq. (21)] and Property 5. We will see
that there is a subtlety we glanced over in proving these iden-
tities previously. This subtlety is benign for the sector with

. g ; +
the correct triality [ [ u e = 1. However, for the sectors
with [] " e’™@u +£ 1, there is a unique triangle in a given tri-
angulation in which the ‘phase-twisted version’ of the above
identities holds:

Fabecha = Wk

itO+
wzFabec = wkemQ“ca

(for Ry/R; triangles)
(A21)
(for Ry triangles),

where k = 1,2. This ‘phase-twisted triangle’ also twists the
right-hand side of the fourth line of Eq. (21) and Eq. (22) for
the plaquette that includes the twisted triangle. This means
that Property 4 or 5 is always violated for a single plaquette in
the sectors with the wrong triality.

We will now see how this loophole arises. Consider a seg-
ment of the parafermion ordering path between two neigh-
boring parafermions that do not form Cooper-pairing regions.
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(a) (b)

Figure 22. (a) Two light-blue triangles share a tunneling-gapped re-
gion (green line) as their common edge. (b) As a possible ‘regular-
ization’, one may bend the tunneling-gapped region slightly upward,
in which case the parafermion ordering path crosses the upper trian-
gle. Whether Eq. (A20) generally holds for the upper triangle in this
regularization depends on the global triality sector.

This segment corresponds to a tunneling-gapped region in
bosonized language. The key observation is that since the
parafermion ordering path cannot cross triangles, for each
tunneling gapped region, there is a pair of neighboring tri-
angles that share the tunneling gapped region as their edges;
see Fig. 22(a).

In writing down Eq. (A20) and Eq. (A21), we implicitly
assumed that there is a unique fractional-charge hopping op-
erator F;, associated with each edge of the triangulated torus.
For the tunneling-gapped region, however, it is ambiguous
whether F,;, should be an L L-type operator FLL or an RR-
type operator R, One may ‘regularize’ this ambiguity
by sliding up/down the parafermion ordering path slightly so
that the problematic tunneling-gapped region does not overlap
with the triangle edges. Doing so fixes F,, = FLE or FER
depending on the sliding direction. However, choosing ei-
ther regularization makes the parafermion ordering path cross
one of the two neighboring triangles that share the tunneling-
gapped region, as illustrated in Fig 22(b). This situation is
inherently dangerous since Eq. (A20) is only proved for trian-
gles that do not cross the parafermion ordering path.

Fortunately, when (a,b) = (24,2j + 1), we already ob-
served in Sec. II that FLL' = FEE Thus, Eq. (A20) is
valid for triangles that share the tunneling-gapped region with
(a,b) = (24,24 + 1). For F} on we instead have

RR _ irQf LL
Fion = <He Q") Fion,
I

i.e., the LL- and RR-type hoppings across this bond may be
nontrivially related depending on the global triality sector. For
the physical sector with [] u QL = 1, there is no issue
involving the regularization, guaranteeing that Eq. (A20) is
valid for all triangles. However, this is no longer true for the

(A22)

sectors with Hu €™ = Wk where k = 1,2. For exam-
ple, consider a triangle whose vertices include parafermions
with index 1 and 2N. Assume that choosing the regulariza-
tion corresponding to Fy o = F{%% makes the parafermion
ordering path go through that trian’gle. This also means that if



we choose Fy o = F3, the parafermion ordering path will
not cross that triangle. Since we proved Eq. (A20) for trian-
gles that do not cross the parafermion ordering path, choosing
Fiony = F1L2LN will allow Eq. (A20) to be satisfied on the
triangle we consider. If we choose F} oy = F&RN, the right-
hand side of Eq. (A20) has to be ‘twisted” by w*—i.e., modi-

fying the relation to be Eq. (A21)—to account for the identity
in Eq. (A22).

Appendix B: Generalized Kasteleyn orientation and triality
conservation equation

1. Triality conservation equation for a single plaquette

The goal of this section is to prove Eq. (29). Before jump-
ing into the proof, we note that for clockwise-oriented sites
a, b, ¢ defining a triangular plaquette,

]:ab]:bc = wg]:ac
-Fbcfab:wsrac .

These relations straightforwardly follow from Eq. (21) after
considering phase factors from our generalized Kasteleyn ori-
entation. Also, we observed in Sec. III C that for parafermions
around a non-triangular plaquette ai,as, - - , ag,, in clock-
wise order, Eq. (22) holds. Considering the generalized Kaste-
leyn orientation, Eq. (22) can be rewritten as

(B1)

m m—1
H}—gm—ulm = ]:ammal H fa21a21+1' (BZ)
=1 =1

Note that the above equation is identical to the special case

of Eq. (29) applied to an elementary non-triangular plaque-

tte of the pairing lattice. We still need to prove that Eq. (29)

holds for the polygon obtained by attaching an even number

of triangles to such a non-triangular plaquette.

Consider attaching 2r triangles whose
vertices correspond to (agk,, aT, 2Ky +1)s
( 3 ), ( 5 ) Without

QA2ky 5 A2y A2ky+1 ), y \A2ks, 5 Q2ps A2ko,+1)-
loss of generality, we assume k; < ko < -+ < kg, < 2m.
Note that when ko, = 2m, agg,, 41 refers to a;.
Using Eq. (B1), we are free to write
F _ WFasy,ar Fazase, 1 tisodd B3)
2k @2kt w2 Fyx Fapr ar tiseven’
Ay A2ky+1Y A2k Ay

treating ¢ even and odd separately in this fashion is done for
later convenience. Now let us use the relation above to rewrite
Eq. (B2) as

m
f
H ]:azz —102]
=1
I

= F o Fox )(]—'* F *)
H( A2kgp_1%2¢—1Y Q24 1%2koy_1+1 A4 A2ko+1Y A2koy Aoy

t=1

H (‘Fa2la2l+1 )'

1¢{k:}
(B4)
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Figure 23. (a) An example of the relabeling used in our proof of
Eq. (29). (b) Relabeling used in our proof of the ‘base case’ of
Eq. (54).

Notice that phase factors of w and w? appear al-

ternatingly in applying the substitution in Eq. (B3)
and thus cancel. Utility of the above expression be-
comes apparent when we relabel parafermion indices
ai,ag, - - 7a2k‘17a>{7 A2k +15" " 7a2k‘”a’ra A2k, +1, " 5 A2m
to by,ba, -+ ,bomyar. Here, by, -+, bapto, correspond to
parafermions arranged clockwise around the new polygon
built from the original non-triangular plaquette and 2r
triangles. This relabeling can be expressed more compactly
as follows:

be k< 2k
ar — Qb 2k < k <2k
k k4t t = t+1 (BS)
bk+2r k> 2k2r

a: — bgerg

Figure 23(a) illustrates such relabeling.
Equation (B4) can in fact be rearranged to recover Eq. (29).



Two important observations underlie the proof. The first is
that all terms on the left side of Eq. (B4) commute with each
other—thus we are free to rearrange terms in the product to
our convenience. For the right side of Eq. (B4), any two terms
in different parentheses commute with each other as well.
However, terms within the same parenthesis do not commute,
so their relative order should be retained upon rearrangement
to avoid factors of w.

To make the second observation, let us denote Fip,,p,,,, as
an ‘odd F’ operator, and F3,, ,p, as an ‘even F~ operator.
We count Fy,, . .,.5, as odd by treating by = baynq2-41, as
usual. The first product on the right side of Eq. (B4) contains
two F’s in each parenthesis. It turns out that, after relabeling,
each parenthesis is organized as (odd F x even F).

These two observations allow one to conclude that,
schematically, both sides of Eq. (B4) can be rearranged as

H(odd Fh H(even Fhy = H(odd F) H(even F).
(B6)
By sending [J(odd FT) to the right side and [](even F) to
the left, one arrives at

m+r m—+r—1

H Fooi_1by = fb2m+27‘bl H fb21b21,+17
=1 =1

(B7)

which is precisely Eq. (29). Thus, Eq. (29) holds generally for
any polygon consisting of one non-triangular plaquette and an
even number of adjoining triangular plaquettes.

2. Triality conservation equation for a double plaquette

Next we prove Eq. (54), which is essentially a counterpart
of Eq. (29) for a double plaquette dressed with an even number
of triangles. In proving Eq. (29), we knew that the ‘base case’
consisting of a single plaquette without any additional trian-
gles naturally follows from Eq. (22). For the double-plaquette
problem of interest here, however, it is not even clear that
Eq. (54) holds in the analogous ‘base case’—corresponding to
the shaded polygon in Fig. 23(b). Once we establish Eq. (54)
for this case, one can show through almost identical steps pre-
sented in the previous subsection that Eq. (54) remains satis-
fied after attaching an even number of triangles to the base-
case polygon.

To prove Eq. (54) for the base-case polygon, we first la-
bel parafermions around the first non-triangular plaquette as
ai,asg,--- a2, and the second non-triangular plaquette as
b1,b2, -, bay, both labelings oriented clockwise as shown
in the upper panel of Fig. 23(b). These plaquettes share a
Cooper-paired edge, and parafermions on that common edge
do not have unique labels; in our convention we take a; = bs
and b, = a1. Equation (22) holds separately for each non-
triangular plaquette, i.e.,

m m—1

t _
H]:azszzz - ‘Fazmal ]:azzazud
=1

=1

B8

m’ m'—1 ( )
i —

H‘FbZl—labl - fb?m/bl H ‘Fbmbzz“

=1 =1
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Suppose that we multiply the above equations. After multi-
plication, all terms on the left side commute with each other.
Meanwhile, on the right side, F,, o, and F,p, do not com-
mute because they have an overlapping index, and similarly
for Fp, b, and Fg,q,. All other pairs of F’s commute with
each other. Bearing this in mind, we can rearrange the multi-
plied equations into the form

m WI/
4
]:ala2 (H ‘7:;21711121 )(H ‘Fbm—lbzz)
=2 =2

m—1 m’—1

= (‘F(lzmal‘FbeS)(f@aS‘sz,n/bl)( H ‘7:(121&2l+1)( H ‘szzbzl+1)

=2 =2
m—1 m’—1
= Fanbs‘szm/as( H ‘Fa21021+1)( H fb21b2l+1)'
1= =2
(B9)

In passing from the second to the third line, we used the Her-
mitian conjugate of Eq. (B1), which is applicable because
(ag2m, a1 = ba, bs) and (bay, b1 = as, as) form triangles.

Consider the following relabeling illustrated in the lower
panel of Fig. 23(b):

Fioo QU

al1a

az, a4, A2m —7 C1,C2," " Cam—2 (B10)

b3, b4, b2 — Com—1,C2m;, " Comt2m/—4

After relabeling, Eq. (B9) becomes
N m+m’—2 m+m’—3
—imQ 1 _

€ " H fC2l—1021 - f627n+27n’—4cl H ‘FC21,621,+1

=1 =1
(B11)

Upon further minor rearrangement, we obtain precisely
Eq. (54) for the base-case polygon. It remains to prove that
Eq. (54) generically holds after attaching an even number of
triangles. As we noted at the beginning, one can proceed iden-
tically as in the previous subsection to establish this result, so
we omit the remaining part of the proof here.

Appendix C: Proof for [B,, B,/] =0
1. Three projector identities

Before stating the actual proof, we will introduce three use-
ful projector identities. First, we observed in Sec. III D that
the triality-conservation Eq. (29) guarantees that removing
Payya, from Eq. (38) does not change the form of B;. Since
there is no special meaning to F,,, ,, compared to any pro-
jector Py, q,,,, in Eq. (38), one may equivalently remove any
Pyyaz., to obtain the same expression. This logic gives our



first identity:

k—1
B; = <Pa2k>a1 H \/§Pa2iya2i+1> H Pa2j—17a2j
i=1 j

j=1

k—1 k
(H \/§Pa2i7a2i+1> H Pa2j—17a2j
i=1 j=1
-1 k—1
= <\/§Pa2k’al H \/§Pa2i7a2i+1> < H \/§Pa2i;a2i+l>
=1

i=l+1

k
H Pl v,a25 | 5
j=1
(ChH

where on the right side [ indicates the projector that has been
removed.
Second, for clockwise-oriented parafermion sites a, b, ¢, we
have
1
PabecPca = _7Pacha

V3

Pcapbcpab = %Pcapa}r

The first line can be proved using the following manipulations:

(C2)

1 c c
PabecPca: abwpca
1+ FopFoeFea + FoaFebFac
= P PRI Py (C3)
14+ w? + w? )
= abipca = 77Pabpca-

3 V3

In going from the first to the second line, we used P,;, =
PaopFap = PapFoa and Poy = FeoPea = FacPea; in paSSing
from the second to the third, we used Eq. (B1). The second
line of Eq. (C2) follows easily by Hermitian conjugating the
first line.

Finally, for any three sites a, b, ¢ in which there can be
parafermion pairing between a and b and between b and c,
one has

1
PabeCPab = gPab' (C4)
This identity stems from the relation
Pab]:bcPab = Pab]:bchab =0. (CS)
We can write the left side as
1+ Fap + F)
PabfbcPab = #—Fbcpab
k k=t (C6)
_ ]__bcl +w .7-"a§ + @ ]:abPab,

where in the second line we used the commutation relation
ForFoe = W FpeFap (k = 1,2) that arises from Property 2
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or 4 in Sec. III B. Note that P,; projects onto states with F
eigenvalue 1, while (1 + w*F,p + (Dk]-";rb)/?) projects onto
states with F;, eigenvalue @* # 1. Equation (C6) thus van-
ishes. Almost identical logic shows that Pab]-',?cPab = 0 as
well. Expanding P, on the left side of Eq. (C4) and using
Eq. (C5) then gives our third identity as claimed,

1+ Foe + F, 1

PabecPab :Pab 3 c]Dab = gpalr (C7)

2. Strategy to prove [B,, B,/] =0

Equation (37) shows that plaquette terms can be divided
into two parts: S, flips the spins, and B, reconfigures the
parafermion pairings. It is trivial to prove that the spin-flip
parts S, and S,y commute in both the decorated-domain-wall
and decorated-toric-code models. Also, the parafermion pro-
jectors in B, and those in B;: trivially commute when p and
p’ are non-neighboring plaquettes. The nontrivial part is to
prove that, for neighboring p and p’, B, B, and B, B, act
identically on the parafermionic part of the Hilbert space.

To sharpen the goal, think of the following: Fix a starting
state with Ising spin configuration s; around two neighboring
plaquettes p and p’; in the decorated-toric-code model, we en-
force sy, to satisfy the toric-code vertex rule around p and p’ so
that B, B,y and B,/ B), do not act as zero (in which case the
commutation relation again arises trivially). Denote s;, and
si, as spin configurations obtained from s; by applying S
and Sp, respectively. When acting on the prescribed starting
state, the parafermion parts of B, B, and B,/ B, correspond
to B, By and B,,*Bi». One can prove [B,, B,/] = 0 by
showing that
S

BB} =B

pf2 By = eén Cor (C8)
for all permissible spin configurations s, around p and p’.
Here €' is an s,-dependent phase factor, while C;f’p, de-
notes a product of parafermion projectors that directly im-
plement parafermion-pairing flips around the double pla-
quette consisting of p and p’ (rather than the step-by-step,
plaquette-by-plaquette parafermion-pairing flips implemented
by B, By} and B2 ByY).

The nontrivial part of the proof comes from the fact that
B, B} and 5’;? B, contain some projectors that do not ap-
pear in C°* ,. We will observe that they can nevertheless be
removed with the help of the projector identities listed in the
previous subsection. Moreover, such ‘problematic projectors’
only involve parafermions around the edge where p and p’
meet. Thus, different Ising spin configurations s; that en-
force the same parafermion pairings within the restricted area
shown in Fig. 24 can be treated on equal footings. A similar
observation was made in establishing commutation of plaque-
tte terms in previous Majorana-decorated models [10].

There are eight possible parafermion pairing configurations
within the geometry of Fig. 24, which are illustrated in Ta-
ble II. We denote the set of spin configurations consistent with
pairing patterns in the left and right columns as & and Sy, re-
spectively (hence the labeling in the table; here and below b



Figure 24. [Illustration of parafermions in the neighborhood of
the edge where plaquettes p and p’ meet. Only pairings on these
parafermions are relevant for proving Eq. (C8) case-by-case. We
also show parafermion labelings used in the proof.

stands for base and f stands for final). Note that spin con-
figurations in S, are obtained by acting S, S,/ on spin con-

figurations in Sy, and vice versa. Consequently, Bf,“ B;i’ and

B;? Byv with s, € Sy are exactly the Hermitian conjugate of
the same operators for some s, € Sy,. It then suffices to prove
that Eq. (C8) holds for four species of Ising spin configura-
tions in Sp; Eq. (C8) for the remaining spin configurations in
Sy naturally follows by Hermitian conjugation.

The last column of Table II summarizes the phases e!®<»
obtained below for starting configurations s, € Sp; note espe-
cially the nontrivial value in the third row.

3. The projector algebra

Here we work out the projector algebra explicitly for a num-
ber of cases to give readers a sense of the techniques employed
to show Eq. (C8). The general strategy proceeds as follows:

1. Write down the explicit form of B, B} given the def-

inition in Eq. (38). Then, Bf,”B;f’ can be written as
products of projectors that we separate into four groups.

2. Remove projectors in the second group that also appear
in the third group using P2 = P for any projector P.

3. Use Eq. (Cl) to remove one projector from the third
group.

4. Thereafter, one may remove more ‘problematic projec-
tors’ using Eqgs. (C2) and (C4) to obtain e'%= C;f’p/.

One can repeat the same exercise for B;? Bb. The partic-
ularly nontrivial part is to check that ¢, obtained from both
expressions match, since using Eq. (C2) introduces a factor of
i.
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Table II. Parafermion pairings within the area shown in Fig. 24 that
are consistent with spin configurations s, in Sy, (first column) and Sy
(second column). The third column shows the phase e'Psy [defined
in Eq. (C8)] obtained for each starting configuration in Sp.

]

a. Casel

First, let us show the relation for starting spin configura-
tions consistent with the first row, first column of Table II. In
this case, B, B;? can be generically written as

Siy 128b D
BP Bp’ - Nl(Pa2a3Pa5a6Pasa9Ra1a7)

(Pasa5pa6a9Pa1a2Pa7a8Rp)(Pa3a5Pa609Rp )

a4,a10 (C9)
(Pa3a4Pa5a5Pa9a10 Rp )
Here, V7 is a normalization factor given by some integer
. . Sq
power of /3. Unitarity of B," B;i’ on the subspace orthog-
onal to its kernel completely fixes the normalization factor



throughout the steps of our projector manipulation—thus, we
need not carefully track normalization. We abbreviated a
string of projectors that involve parafermions away from the
ten sites shown in Fig. 24 as RP and R”,; subscripts indicate
parafermions from the latter ten sites that are additionally in-
volved in these strings. The fact that this abbreviation is possi-
ble is why s;’s consistent with the same parafermion pairings
within the area of Fig. 24 can be treated on equal footing.

S

We will explicitly show that B, B,! = C,", with

€%, = N3(Payay Payag Pasag BY 0 R 2)

DD aqaio” a1,a7

/ (C10)
(Pal az PaS a4 PaS ae Pa7a8 Pa9a10 Rp Rp) *

Note that B;”B;? contains projectors P,,,, and P, that
are not in C;f’p,. We will see how one can remove these two
projectors and reorganize terms to establish the relation above.
To proceed, we first note that any two terms with non-
overlapping subscripts commute. We can thus move P, g,
in the second parenthesis of Eq. (C9) to the front of the third
parenthesis. By using Pa23a5 = P,,45, One can absorb the pro-
jector Py, that was originally in the second parenthesis to
the third parenthesis. Additionally, we observed in Eq. (C1)
that erasing one parafermion projector from the plaquette ex-
change term keeps the expression identical. Thus, one can
also remove P, in the third parenthesis. After removing
all P,,,;’s from Eq. (C9) and rearranging we get
B;” B;:? =M (Pazaapasaepasang Ry )

asaio” "ai,ar

(Paaag)(Pala2pa3a4Pa5a6Pa708PagaloRp/Rp)'

Finally, Eq. (C2) implies P, ¢ Pagao Pasas = %Pasaﬁ, which
allows us to write

(C11)

Si1 128 Nl /
BP 18;0? = ?(Pa'zflsPasaspasﬂ9R24a10R517a7) (C12)
(PalazPasa4Pasa6Pa7a8Pa9a10Rp R;D)

The above expression is identical to the double-plaquette ex-
change term C;* , defined above.
One may similarly write

B;S)? B;b = NQ(PG2G3Pa5a6Pa8a9Rg4am)
(PazaspacaspaslmpagamRp,)(Pa2aspasangl,a7) (C13)
(Pa1a2Pa5a6Pa7(lst)'

Minor modification of the preceding projector manipulations
enables removal of P,.,, and P,,,, from B;? Bj» to show

Sio s, _ Sb
BBy =t .

b. Case?2

For s;’s consistent with parafermion pairings in the second
row, first column of Table II, we have

B;il B;? = Né(PmazPa3a5Pa6a9Pa7a8Rp)
(Pa2a3Pa5aG Pasag RP )(Pa2a3 PasaGPasang/

ai,ar asgaio

(Pa:3a4 Pa2a5 Pa(iaS Pagalﬁ) Rp )

) (Cl4)
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and
/

B2 By = No(Payay Pagao B a,,)

a4a10
(Pa3a4 Pa5a6 PagaloRp/ ) (Pa1a2 P{lg,ag Pa7a8 Rp)
(PU«2G5P0«60«8Rp )

ay,ar

(C15)

. Si1 18y __ 1R%i2 135, __ (Sb :
We aim to show that B, B,y = B,,*B;* = C,’,, with
C;f]p’ = N3(Pa1a2Pa7a8Pa3a5Pa6a9R£4ame)

(PazasPaGGSPaaazLPagaloRp/Rp )

ay,ar

(C16)

For B;,”B;i’, note that P,,q,, Posas, and Pogq, appear in
both the second and third parenthesis. Thus, one may drop
these projectors from the second parenthesis. We further re-
move P, ,, from the third parenthesis using the procedure
justified by Eq. (C1). After rearranging, one obtains

B;il BZS]? - Né(Pa1a2Pa3a5Pa6a9Pa7a8RpRpl )

a4a10

, (C17)
(Pazaspasag)(Pa3a4pa2aspasaspaga10Rp Rgl,(n .
Equation (C2) implies
—1
Pa3a5Pa2a3Pa2a5 = 7Pa3a5Pa2a5
3
\[Z. (C18)
Paaagpasagpas(ls = 7Pa6agpa6asa

V3

which allows us to remove F,,,, and P,,., as well, without
any additional phase factors introduced. We then obtain an
expression identical to the right side of Eq. (C16).

Showing B,,2 B3> = C, is much simpler. Both the sec-
ond and the third parenthesis of Eq. (C15) contain P,_,, SO
P2 = P and Eq. (C1) enable us to simply remove P ag
from both parentheses. By rearranging projectors that com-
mute with each other, one can show that the final expression
is identical to C;* .

c. Case3

Moving on to the third row, first column of Table II, here
we get

Bls)il B;S;? =M (Pa2a5Pa6a9Pa7a8Rgl)

(Pa1¢l2PasasPasagR27)(PasazlpasaepasagRglo) (C19)
(Pa9(110 Pa3a5 Paﬁas R£4)

and
B;fZ B;b = NQ(Pazaspasaz;PasagRgm)
(Pa2¢l3Pa5¢l6PagaloRg4)(PazaSPasaGPa7angl) (CZO)

(Palazpagaspaeang7)-

. Siy sy _ RS2 RSy, _ 7Sk
Th::}lse expressions are related by B, B} = B, B, =1iC.",
wi

C;,bp' = N3(Pa2a5Pa3a4Pa6a9Pa7astl RP )

) o (C21)
(Pa1a2Pa3a5pa6a8Pa9a10Rg4Rg7)'



Let us explicitly work out the projector manipulations for
B, B%. Both the second and third parenthesis contain Py,
and P, ,,. We will drop these projectors from the second
parenthesis, and additionally remove P,,,, from the third
parenthesis following the usual justification. After reorganiz-
ing terms, one obtains

Bpll B;S)? = Nl (Pa2a5P03a4Pa609Pa7a8]:?'21 Rglo) (C22)
(Pasag)(PalazPa9a10Pa3a5Pa6asR27Rg4)'
One can remove P, ., as well with the help of Eq. (C2),

1

Pagagpagagpaeag - \/gPaaagpaeag) (C23)
yielding the final expression
BB — iy Py Py Pyal RY R
p Py = Zﬁ( azas L azas L agag L azas ity am) (C24)

/
P P P P RP RP ) = iC5%
( aiaz® agaip~ azas* asas”‘ar a4) Zcp,p"

Almost identical steps establish that B;fz By = iC;bp/. (One
only needs to effectively m-rotate the parafermion indices used
for the projector algebra for B;” B;? )

d. Case4

We will leave how the projector algebra works out for the
fourth row Table II as an exercise for intellectually stimulated
readers.

Appendix D: Explicit construction of L, ., for the
decorated-domain-wall model

In Sec. IV A3 we introduced a local operator L, ., that
flips the anyon Ising spins at bond p; and also changes the
eigenvalue for ™ @1 from w to @. Here we will explicitly
construct L, .

We first define a unitary operator ﬁffl),w that transforms
|PF’(s)) into |PF”(5)) via the intermediate state |PFy,0q(s)).
(For the precise definition of these states see Sec. IVA3.) It
will be convenient to employ the following set of projectors
involving sites from Fig. 14(a):

1 4 t*eiTrQIl + te—iTrQrfl
3

o _
P, = (D1)

along with

14" Fap+tFT,
3
* 7t
P;b = 1t Fa a7 FL o

if @ and b are on p

3 if (a,b) = (ax, ap) or (ap,ar) >

P else
(D2)
where ¢ = 1, w or w. Note that P;ﬁ enforces eigenvalues of

"™ appropriate for the states |PFnoq(s)) and |PF”(3)),
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while P2 enforces eigenvalues of bonds other than 1, to be
consistent with |PFy,04(s)). Bearing this in mind, we then
have

k—1
ﬁffl),w = <Pazka1 H \/§Pa2za2i+1> Sp1Sps

1=1
k
X <PIL:1 H P:;;ila2i> ‘7:‘10‘1#1
=1
= D) Fapau, Spi Spa- (D3)

The second line sends |PF’(s)) to |[PFy04(s)), and then the
first line flips the spins at plaquettes p; o adjacent to edge 1
and reconfigures the parafermion pairings to yield the desired
final state |PF”(5)). In the last line, we grouped the string of
projectors into D,(fl),w for later convenience.

A similar technique to that presented in Sec. III establishes

that £ff1)7w is unitary on the subspace orthogonal to its kernel,
and that its unitarity crucially relies on the fact that Eq. (54)
does not impose a triality obstruction.

To construct the full operator L,,, ., let us divide spin con-
figurations around the the double plaquette p; » into two cat-
egories, {s1} and {s2}. Spin configurations in {s;} impose
intra-edge pairing on bond p, while all others belong to {s3}.
We can then write

Lul,w = Z Z@k‘c/(lilig.)|skaul><skaulla
k=1,2 {s1}

(D4)

where |sg, f41){sk, p1| projects onto a particular configura-
tion for spins at the plaquettes near edge p;. Proving that
L, . commutes with A, and B, is generally either trivial
or proceeds via a straightforward generalization of techniques
we presented in Sec. III and Appendix C. The exception is
commutation between L, ., and B, , p, being the plaque-
tte that contains the edge p but not 1;. Appendix E presents
the projector algebra needed to establish this commutation
relation—which in fact requires us to add the phase factor "
in Eq. (D4).

As a final remark, let us define L, o, the ‘inverse’ operator
of L, w,as

Lywo= Y S & LU e, m)(se, | (DS
k=1,2 {s}
with
L) o =D oF 0 Spr S, (D6)

k—1 k
D/(i)@ = (Pazkal H \/§Pa27‘a2i+1> (P;:)l HP;JQilam') :
i=1

i=1

While it is not clear in the current form that L, o = LLWJ,
one can show this is indeed true by using

t wt
F P, =P/ F,

Appy Py
D7
Fa,a, Phy = P9LF, D
apapy;+ab — fabY apay

which follows from the commutation relation between -Fa,,
and other F,;’s.

Apy



Appendix E: Proof of [L,, ., Bp,] =0
1. Additional projector identities

We start by providing more projector identities that are rel-
evant to the proof of the commutation relation [L,, ., Bp,] =
0 that we seek to establish in this Appendix. When proving
[Bp, By'] = 0 we observed that one of the projectors on the
right side of Eq. (38) can be removed to obtain an equivalent
expression. The same modification can be applied to the string
of projectors D;(le),w that appears in the definition of L,,, ., [see
Egs. (D3) and (D4)], and also to the operator vap,w obtained
by swapping a different set of projectors into B;P [see be-
low]. That is, we can straightforwardly generalize Eq. (C1) for
these operators. The generalized triality conservation Eq. (54)
makes such a manipulation possible in D,(fl)w.

Second, we will require the following variant of Eq. (C2),

i —— i
Pasa1ofa7a8Pa10011Pasa11 - \/g Pasalo]:a7agpa8a11
i

Pflsau]:T Pa10a11Pa8a10 = %

arasg

P(lsflll‘/—'.('zr7aspasa1m
(ED

where the site labels are shown in Fig. 25. Let us show how
to recover the first line. Using P, = Pugar0Fasar, and
P,

agail

8A10
= Fayras Pasay;, We can express

Pflsfllo‘]ﬂL Pam(lnpflsau

arasg
1

= gPG«SG«lO (]:3:7a8 + ‘Fasalofg7a8faloallfauas (EZ)
_|_‘F<l1oas‘7:]L fanaw]:auas)PaBau'

arasg

Next, Property 2 yields Fuga,F . 0y = WFy oy Fasaro» Which
allows us to write

PaS“lO‘FT PaanIIPa8all

arasg
1
= §Pa8a10 (1 +w‘7:a8a10‘7:a10a11‘7:a11a8 (E3)

+ Q‘Fal()at;fallalofalla& )Pa8a11 N

Fi

arasg

And finally, using Eq. (B1) one can deduce

‘F(lsam]:amanfanas = ‘Faloas]:auawfauas = L:J, (E4)
so that

PaSCllO‘FT Paloall‘Pa8all

arag
1
§Pa3a10f27a8(1 1 W)Pagau (E5)

—iw
= %Pasam‘/—.17aspasau'

One can proceed similarly to prove the second line of
Eq. (E1).

Finally, the following generalized versions of Eq. (C4) hold
for projectors involving parafermion sites ag, a7, ag, a1g, and
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a1 in Fig. 25:

1
Pa7a8Pasa10P;)7a8 = gPa7a8‘7:a10a8PaLjJ7a8
1
Pa7a8Pa8a11PCLLA'J7CL8 = §Pa7ag]:a11agpg;a8 (E6)
PouPl. P° —Llp  Fi po
agar* arag™ agay 3 asarY avag” asar?

where P/, is the modified projector defined in Eq. (D2). Note
that these identities leave Fou, as: Faijags OF Fo o, sand-
wiched between operators while Eq. (C4) completely removes
the projector at the middle.

We will present the proof for the third line of Eq. (E6) [the
first two lines of Eq. (E1) can be shown with almost identical

techniques]. Start from

14 tei™@ + tre™ ™
3 aear”
(E7)
Note that Puga, Py, = 0 since the first projector projects
onto a state with Fys,, = 1 while Py’ . projects onto a state
with F,,q, = w. Similarly, we have

P,a, P, P”

asar+ arag” asar

= Pa5a7

* _—1 +
Pyga,te Qo Ptji;m
e t*eiiﬂ-Q: 1 + W‘FGGG7 + 5}'7:(;[60'7 P;z,-(lﬂ (ES)

3
* ,—inQ} pw w o
=t'e ™ P2 P, =0.
In going from the first to the second line, we used Property
2. The last line of Eq. (E6) naturally follows after noting that
iTQf _ Tt
e = F

aras*

2. Strategy to prove [L,, ., By,] =0

Our strategy to establish [L,,, ., By, ] = 0 is almost identi-
cal to the one we used to prove [B,, B,/] = 0 in Appendix C.
We already know that the spin parts of the two operators triv-
ially commute; the nontrivial part of the proof involves show-
ing that their parafermion parts commute as well. Analogous
to Eq. (C8), proving commutativity reduces to showing that

oFsp B;;l D(Sb) F

p1,w™ Gplpy

= e D Fy 0, B (E9)

for all starting spin configurations s,. Here, s;, is a spin con-
figuration obtained from s; by applying Sy, Sp,, while s;, is
a spin configuration obtained from s, by applying S;,,. We
also have k;, , kSiQ = 1,2 depending on whether s, and s;,
are consistent with intra-edge pairing on edge p; these factors
reflect the @® introduced in Eq. (D4).

Further simplification is possible by defining an opera-
tor B, . that is identical to B; but with all projectors
Py replaced by Py . Using Eq. (D7), one can show that
Fapan, B;p = B;mw]:%am' This relation implies that
Eq. (E9) is equivalent to the following without the annoying
Fa,a,, flying around:

@ Byt D)

H1,w

— &M DBy, = T (E10)



ai pp

a9
a2 a5 A = ax aio
e -
as a7 = ApAag [ aii
a’#l
a12

“ D1 D2

Figure 25. Illustration of parafermions in the neighborhood of the
edges where plaquettes p,, p1 and p> meet. Note that we have
distorted the usual honeycomb geometry for convenience. Only
parafermions labeled with arabic numbers are involved in ‘problem-
atic projectors’ that should be handled with projector identities when
proving [Ly, w, Bp,] = 0.

On the right side we introduced a phase e’s» and an operator
T*v that directly implements parafermion-pairing flips around
the triple-plaquette consisting of pq, p2, and p,. Once again,
nontriviality of the above relation comes from the projectors
involving parafermions around the region where pi, ps, and
D, meet; thus, the projector algebra for different s;’s with the
same parafermion pairings around the geometry in Fig. 25 can
be treated on equal footing.

The eight starting configurations are illustrated in the Sy
columns of Table III. Yellow bonds indicate pairing consistent
with P% = 1 rather than P,;, = 1. Also, the ;1 bond is col-
ored blue, indicating that the starting configuration is always
consistent with Pl‘fl = 1. The operator 7°¢, as well as the
equivalent operators in Eq. (E10), reconfigures parafermion
pairings to those illustrated in the S¢ columns. Note that con-
figurations in the S¢ columns do not have yellow bonds.

We stress that Hermitian conjugating Eq. (E10) gives a dif-
ferent equation that cannot be obtained by simply choosing
a different s in Eq. (E10)—in sharp contrast to the situation
for Eq. (C8). Thus, Eq. (E10) for all eight species of Ising
configurations should be considered individually, whereas in
Appendix C only working out half of the cases was sufficient.

3. Examples

As emphasized before, the projector algebra needed to
show Eq. (E10) is philosophically similar to that deployed in
Appendix C for the proof of Eq. (C8). There are, however,
some subtle difference in details of the projector algebra. In
this subsection, we explicitly work out the projector manipula-
tions for two species of starting configurations s;. Extending
this analysis to the other six classes of s; proceeds straight-
forwardly and is left as an exercise for involved readers. The
solution is available upon request.
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a. Case ]

Consider a starting spin configuration consistent with pair-
ing patterns illustrated in the first row, first column of Ta-
ble I11. In this case, ¥ Byt D), and &2 Dl(ff'i,) By, can
be written as

—ky, 125i -

Wb Bppl IDELS;?,L - WNl (P112113Pa5a6 Pa7¢18 Pal()allefljag)
(Pal az Pa3a5 Pa(i (g Pa8a11 Pa9 aio Rpf’ )
(Pasaspasa7pasa11Rp12 )

asa)2

W w
P a3a4P¢15¢l6P Pa11al2Rp12)

1 arasg

(E11)

—ks, (Sia) psy D12

w2 DNLW Bpp,w - WNQ(Pa2aspasaspa7aspa1oa11Ra4a12)
w

(Pa3a4Pa2a5P P Pa11a12Rp12>

aga7” agaio
PaQaspgi;a7Pa8a10Rglfa9)(P:1PG1G2P¢15@6Pg;agpagaloRpp)'
(E12)

Here RP» and RP'? respectively denote a product of projec-
tors involving parafermions around p, and the double plaque-
tte consisting of p; and po, but lying outside of the geometry
in Fig. 25; subscripts denote parafermion sites within the ge-
ometry of Fig. 25 that are involved in those projectors. Simi-
lar to the observation made in Appendix C, these parafermion
projectors are largely unimportant in the proof. Also, while

Byp s Dl(flbl, and D,(fl”w) contain projectors of the form P%,
one has P # P, only when (a, b) corresponds to the intra-
edge pairing on bond p or inter-edge pairing between bonds
p and )\ [recall Eq. (D2)]. For the sake of making the algebra
clearer, we drop w superscripts on projectors whenever possi-
ble.

We will show that Eqs. (E11) and (E12) are identical to the

following effective triple-plaquette exchange term:

P, TS
= B P P12
- WNJ(Pa2a3Pa5a6Pa7a8Pama11Ra;fagRa4a12)-Famas

(P;flPa1a2Pa3a4Pa5a6Ptgiagpaga1opa11a12RppRp12)'
(E13)

Let us transform Eq. (E11) first. Note that P,,,., Paga,, and
Piqq,, in the second parenthesis can be absorbed into the third
parenthesis using P? = P. Also, we have freedom to remove
one projector from the third parenthesis; we choose to remove
Pysa, here. At this point we can write

@k By D)

H1,w

_ D D12
=wh; (Pa2a3Pa5116Pfl7asP Rye Ra4a12)Paaastlsa11

ai1pai1~‘ajiag

w w P P12
(P,ulpala2pa3a4pasaﬁp Pa9a10Pa11¢112R *R )

arasg

(E14)
Using Eq. (C4), one obtains

1
Pa3a5Pa5a6 = 7Pa5a6a

. (E15)

Paraa

5
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Table III. Summary of the results of the projector algebra used for proving Eq. (E10). Columns S, and Sy respectively illustrate the eight

starting parafermion pairing configurations and the resulting configurations after acting s B;j} D,(fl”)w = @i D;(Z“‘;,) B! . Blue bonds
indicate pairing consistent with P;} = 1; yellow bonds indicate pairing consistent with P;, = 1. The operator O°* [Eq. (E27)] and the phase
factor e‘?sv [Eq. (E10)] obtained from the projector algebra for each of eight starting configurations are also shown.

Sp ‘ Sy osr e'®ep Sy Sy ‘ 0% ‘ sy
>e-—< )}@@@( Faroas | >ﬁ4< M Firas w
)}@H@( >ee< Faras | @ }ﬁ% }«@4{ Flrw | 1
s (Rl e
et e~ -

which allows us to remove F,,,. The second line of Eq. (E6)
allows one to additionally replace P,,q,, With F, 4, at the
cost of changing the normalization factor. Doing so yields

ko By DY),
N Nl Pp D12
= w?(Pa2a3Pa5a6Pa7a8Pa10a11RalagRa4a12)‘Fa11a8
(P51Pa1a2Pa3a4PasaGPg‘;aBPagawPauame”an).
(E16)
Now, we observe that
Paloallfall‘ZS = {)aloallfaloallfaIIGB (E17)
= wPa 9011 Faroas
using Py pa:, = Paroars Fariar, and Eq. (B1). With this re-

sult @h=» B! D), can be made identical to the expression in

Eq. (E13).

Demonstrating equality between Eq. (E12) and Eq. (E13)
proceeds similarly, and to some extent more easily. Using
P? = P we can eliminate P,,,,, Py .., and Py ., from the
second parenthesis of Eq. (E12), and we additionally use our
usual freedom to knock out P;? , from the third parenthesis.
After these operations and some rearrangement, one can write

ks, (siQ ) Sp
w 2 DI—LLW Bpp,w
= UJNQ (Pa2a3Pa5a6Pa7a8 Pal()allRpp Rp12 )Pa2a5 PaSaIO

ayag”agalz
(Plf’lPaleaswPas%P“’ P, P, RPr RP12),

azag® @agaiot aiiaiz

(E18)
Next, Eq. (C4) implies

1
Pa5a6Pa2a5Pa5a6 = 7Pa5a6~

3 (E19)

This identity along with the first line of Eq. (E6) allows us to
replace P,,q; Poga,, in Eq. (E18) with %]—'amag. One can then

see that @iz D,L(,legw) Bt ., is indeed equivalent to Eq. (E13).

b. Case?2

As a second example we show how the projector algebra
works for s, consistent with the parafermion pairing in the
fourth column, first row of Table III. In this case we have
W B;il Dl(tslh,gu = WNl (Pa2a5 Pa6a7Pa8a10Rgi7ag)
(PalazPasaGPa708PagaloRpp)(Pa3a4pasaspa7aspana12Rp12)
(

P51Pa3a5pw Pa8a11Rp12 )

agay aqa12

(E20)

_ k. (sig) sy

w "2 D#LW Bpp,w -
LDN?(P;:)lPa3(14Pa2a5Pa6a7Pa8a10Pa11a12Rp12)
(Pa2a3Pasa6Pw P Rp12 )

arag® @10a11 " asa12

(Payas Pasas P o P, RP

Tao)
arag®™ @10011 " *ajag

(Pa1a2Pa3a5Pw PasallpagaloRpp)

agar

(E21)

eizbstSb
= WN3(Pa3a4Pa2a5Pa5a7Pasa10Rpp Rpm)]:(Lag

alag
w w Pp PP12
(Pu1Pa1¢12Pa3a5Pa6a7PasanPagaloR pR )

aqa12

(E22)

Showing equality between Egs. (E20) and (E22) is relatively
simple. Using our usual tricks we can remove P, ,, and



P, from the second parenthesis (by virtue of P?2 = P)and
additionally remove P,_,, from the third parenthesis. Some
rearrangement gives

506

@R B D) = W,

n,w
(PazasPﬂ3a4Paﬁa7PasamPaua12Rpp Rp)(Pa7as)
(

ajag
w P pp)
Pa1a2PQQGIOPQSGSPCL@(I7P‘18@11Ra4a12R .

(E23)

Employing the third line of Eq. (E6) allows one to further re-
place P,,q, With J—'j;?ag. This substitution establishes equality
with Eq. (E22).

Let us similarly work out the projector manipulations for
Eq. (E21). Here we can delete the repeated projectors P, .,
Pysags Porag» and Py, oq,, from the second parenthesis and
knock out P, from the third. Rearrangement yields

_ ks, (Sig) _
w2 Dy, W By, = wNa

Pa3a4 Pa2a5 Pa6a7Pa8a10Pallal2 RPIZRPP )(P Pw

alag a2a3+ arag

’PUISGIII’PaQalDRp’)Rpl2 )'

aqa12

(E24)

Paloau)(P;flPalazP Py

aszas* agay

We can further remove P, at the cost of introducing some
phase factors by noting that

i
V3
which follows from Eq. (C2). Using the last line of Eq. (E1),
one can replace P2 . with £F} . giving

Pa2a5Pa2a3Pa3a5 = Pa2a5Pa3a5; (E25)

arasg
ke my(sin) sy, L
w ZDﬂli‘)B;f“w = %NQ
(Pa3a4Pa2a5Paea7Paga10Pan¢112RplzR‘ZTag)(f¢11L7a8P¢110a11)

(P:f)l Palazp P Pagall PagamRPpRPm )

azas* agay asal

(E26)

Finally, one can apply the first line of Eq. (El) to remove

Payoay, and introduce the additional factor =% into the

above expression. The expression then becomes identical to
Eq. (E22).

4. Summary

One can straightforwardly extend the projector manipula-
tions carried out above to the other six species of Ising con-
figurations. The key difference comes from the fact that some
projectors will become Py instead of P,;—necessitating the
new projector identities introduced in this section to be em-
ployed. Also, the triple plaquette flip term generically can be
written as

k—1
T = (Pa2k'(ll H \/gpazka2k+1>
=1

k
OSb <,Pl‘j1 H P((:zkﬂlzk) :
i=1

(E27)
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Note especially the P7’s in the second parenthesis and the
operator O®* sandwiched between the two strings of projec-
tors. The latter operator plays a role similar to F,, o, in
Eq. (D3)—i.e., O® moves ‘the excess charge’ on the inter-
edge pairing between ay and a, or the intra-edge pairing
within the bond p to the outer parafermion loops being flipped
by 7t. One can verify through the projector algebra that O*
can always be chosen to be either ]—'j;?a & OF Fuyga- Table I1T
lists the O®t’s for each starting configuration, along with the
e'®sv phase factors.

Appendix F: Constraints on the Wilson loop operator 1V,

Recall that in Appendix A, we observed that there are two
translation vectors nie; + mie, and noe, + moe, naturally
defined from fixing the T, branch cut and the trench line.
These two vectors generate all points {a(, )} on the infi-
nite plane R? that represent the same point a on the torus. Let
us constrain the possible values of nq, mq, ns, and msy. The
set {a(,,m)} is essentially the Z x Z lattice generated by e,
and e,. It is known that if nie, + miey and nqe; + mae,
generate the same lattice as the one generated by e, and e,

then L = <n1 "M s unimodular, i.e, det L = +1. This

ng ma
property imposes a stringent condition on possible values of
ni1 and my. First, assume that n; and mj are both nonzero.
Unimodularity implies that

nimeg — NoMyp = +1. (Fl)

Then, according to Bezout’s lemma, n; and my must be mutu-
ally prime. Suppose that instead ny = 0 so that nomq = £1.
Since both numbers are integer, we get mq = 1. If one as-
sumes m1 = 0, then one similarly obtains n; = +1. Hence
(n1,m1) = (£1,0),(0,£1) or GCD(ny,m1) = 1. One
can proceed identically to constrain (ng, mo) as well, yield-
ing (ng,mg) = (£1,0), (0,41) or GCD(ny,ms) = 1. Fi-
nally, since row operations preserve the determinant, L' =

Ny —nz Mmp —msa
N9 m2

is unimodular as well. It turns out

that one can place constraints on (n; — na,m; — ms) that
are identical to those placed on (n1,m;) and (ng, ms).

We will use the above results to show that W; defined in
Eq. (93) and associated with a loop ! with winding numbers
(1,0) (0,1) or (1,1) always acts nontrivially on the global
degrees of freedom. In other words, it is impossible to have
nyz = ny,y = 0in Eq. (93). For concreteness, we focus on
the loop with winding number (1,0); one can easily general-
ize the analysis to (0, 1) and (1, 1) loops leading to the same
conclusions.

Let us first observe how the loop ! with winding number
(1,0) on the torus is represented in the infinite plane intro-
duced in Appendix A. Recall that the infinite plane R? was
generated by tiling up squares that represent the torus upon
gluing top and bottom edges and left and right edges. Then,
on the infinite plane, a line that connects two points whose dis-
placement vector corresponds to e, faithfully represents the



loop [. Taking infinite copies of these lines on different copies
of starting points give an infinite stack of lines, analogous to
the green and blue lines shown in Fig. 18(b). For the purpose
of this appendix, however, taking only one copy that faithfully
represents the loop suffices.

In this picture, n;, and n;, are simply associated with
the crossing numbers across the stacks of green and blue
lines. This crossing number is homotopy invariant, so we
have freedom to continuously deform the path to compute
1y, and n; . To define a convenient deformation, note that
there exists a unique pair of integers (m; 4, m;,,) that satis-
fies e, = my z(niey + maey) + myy(nee, + moey,). We
deform the original line to two segments that move a point
by my o(nie; + miey) and then my ,(nse, + moey). The
crossing numbers (1,7, ) are then naturally identified as
(my,,mi,y). Finding (n; 4,n;,) amounts to a basis change
from (e, ey) to (n1e; + miey, nae, + moe,), which can be
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()= ()-()
Niy 0 —MNg

According to Eq. (93), the part of W, that acts on the global
degrees of freedom enters as 75, "*T,"*. If n; , and n;,, are
not both multiples of 3, W; depends nontrivially on 7}, and/or
T),. Equation (F2) along with constraints imposed previously
on (ng,mg) enforces such nontrivial action on these global
degrees of freedom.

Through almost identical steps, one can establish that
(ny,4,1,y) associated with winding-number (0, 1) and (1,1)
loops are (my, —nq) and (mg — mq,n1 — ng), respectively.
We already established that both numbers in each pair cannot
be multiples of 3, so W; depends nontrivially on T}, and/or T},
here too.
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