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We propose a general framework for studying two-dimensional (2D) topologically ordered states
subject to local correlated errors and show that the resulting mixed-state can display intrinsically
mized-state topological order (imTO)—topological order which is not expected to occur in the ground
state of 2D local gapped Hamiltonians. Specifically, we show that decoherence, previously interpreted
as anyon condensation in a doubled Hilbert space, is more naturally phrased as, and provides a
physical mechanism for, “gauging out” anyons in the original Hilbert space. We find that gauging
out anyons generically results in imTO, with the decohered mixed-state strongly symmetric under
certain anomalous 1-form symmetries. This framework lays bare a striking connection between the
decohered density matrix and topological subsystem codes, which can appear as anomalous surface
states of 3D topological orders. Through a series of examples, we show that the decohered state
can display a classical memory, encode logical qubits (i.e., exhibit a quantum memory), and even
host chiral or non-modular topological order. We argue that the decohered states represent genuine
mixed-state quantum phases of matter and that a partial classification of imTO is given in terms of

braided fusion categories.

I. INTRODUCTION

Quantum many-body states with non-trivial entan-
glement serve as resource states for various tasks in
quantum information processing. Quintessential amongst
these are states with topological order, which support
fractionalized excitations (anyons) and may serve as plat-
forms for topological quantum computation [Il, 2]. These
states, which arise as locally indistinguishable degener-
ate ground-states of certain gapped Hamiltonians, form
the code space for topological quantum error correcting
codes (QECC), with the Hamiltonians provably robust to
weak, local perturbations [3H5]: their utility as resource
states thus extends to all states within the topologically
ordered phase.

Recent years have witnessed remarkable progress in
preparing and manipulating such states in programmable
quantum simulators [6HI0]. Decoherence is invariably
present in these platforms and thus identifying a sharp
notion of mized-state topological order is not merely
of fundamental interest, but also of immediate practi-
cal import. While any finite temperature is known to
destroy topological order (TO) in two spatial dimen-
sions (2D) [I1}, 12], for local decoherence below a certain
threshold, the quantum information encoded in a topo-
logical QECC is recoverable. Indeed, the persistence and
eventual breakdown of topological order in a pure state
[t) subject to a local decoherence channel £ has recently
been studied through the lens of the entanglement prop-
erties of the “corrupted” density matrix E[|¢) (v|] I3+
22]. While naively one expects that local errors destroy
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FIG. 1: (i) A pure state with TO described by a UMTC C
subject to locally correlated noise can be represented as (ii)
a vector in a doubled Hilbert space with C x C TO
undergoing anyon condensation. (iii) The decohered state in

the doubled Hilbert space has TO given by A (A) in the bra
(ket) space, along with some transparent anyons 7. (iv) In
the physical Hilbert space, this process corresponds to
gauging out the decohered anyon a, with the quantum TO in
the mixed-state described by the anyon theory .A which only
includes anyons from C which braid non-trivially with a.

quantum correlations (and hence TO), the decohered
state is not the Gibbs state and can in principle en-
code structured entanglement. Strikingly, for initial pure
symmetry protected topological (SPT) phases, the de-
cohered density matrix can display intrinsically mized
SPT order [23H26]. While Ref. [27] recently observed a
non-trivial topological entanglement negativity in a deco-
hered Toric code (indicating imTO), a systematic frame-
work for addressing intrinsically mized-state topological
order (imTO) is lacking.

In this paper, we propose a general framework for char-
acterizing the topological order in mixed-states that are
obtained by subjecting arbitrary 2D topologically or-



dered pure states to local decoherence. For initial pure
states with Abelian TO, locally correlated noise can in-
duce imTO in the resulting mixed-state, which we show
can be described by topological subsystem codes [28H3T].
As special cases, we recover previous mixed-state topo-
logical orders [14, 27], which support only classical mem-
ories E In general however, topological subsystem codes
(TSSCs) describe zero correlation length phases support-
ing both classical and quantum memories i.e., they can
encode logical qubits. We attribute this memory struc-
ture in the decohered state to certain anomalies in the
1-form symmetries of the TSSC; these in turn stem from
the 1-form symmetries of the parent topological order
and of the decoherence channel. These 1-form symme-
tries confer stability on the imTOs, which thus present
genuine quantum phases of matter.

Remarkably, topological subsystem codes can describe
non-modular topological orders—phases in which certain
anyons are “invisible” to all other anyons—and even chi-
ral topological phases, which admit no gapped boundary
to vacuum. Thus, our work provides a physical mech-
anism for realizing such codes: indeed, we expect that
all TSSCs can be realized by subjecting twisted quan-
tum doubles [32] to locally correlated noise. Formally,
this implies that the classification of imTO is at least as
rich as that of TSSCs. On the practical side, we show that
Abelian topological orders (which permit gapped bound-
aries) are resource states for preparing anomalous topo-
logical phases (including non-modular and chiral phases)
under locality preserving quantum channels (LPQC) [33],
where this would otherwise require sequential quantum
circuits [34, B5] or measurements and feedback circuits
(which suffer from post-processing bottlenecks).

As in prior works, an essential step in our analysis is
mapping the decohered density matrix to a vector in a
“doubled” Hilbert space. In this doubled Hilbert space,
the decoherence channel can be understood as inducing
anyon condensation across the two layers [14, [15]. Our
key insight is that in the original (physical) Hilbert space,
this process corresponds to the “gauging out” of an anyon
in the original topological order [36] (see Fig. |1). While
only bosonic anyons are permitted to condense [37], de-
coherence allows us to gauge out anyons with any spin
(e.g., fermions or semions). This is intimately related to
the fact that TSSCs appear as anomalous surface states
of certain topological orders, lattice realizations of which
are given by Walker-Wang (WW) models [38]: locally
correlated errors hence provide a means of exfoliating
surface states of 3D WW models, which can be anoma-
lous [39, 40]. We further extend our framework to in-
corporate initial pure states with non-Abelian anyons
though, strictly speaking, the resulting mixed-state is no
longer a TSSC (these are characterized by Abelian anyon
theories) but nevertheless corresponds to an anomalous

1 Note that the TO in these decohered states remains quantum,
even though they only encode a classical memory.

WW surface state. This leads us to conclude that imTO
is partially classified in terms of braided fusion categories.

The balance of this paper is organized as follows: in
Sec. [[Il we discuss the set of local decoherence channels
under consideration and show that, for maximal deco-
herence, the resulting mixed-state belongs to the code
space of a TSSC. In particular, we show that decoherence
provides a physical mechanism for “gauging out” certain
anyons, whereby only those anyons which braid trivially
with the decohered anyons remain as deconfined excita-
tions in the resulting theory. We illustrate this framework
through examples in Sec. [[TT] where we show that the de-
cohered state can host a quantum memory as well as chi-
ral or even non-modular topological order. In Sec. [[V], we
argue that our framework can naturally be generalized
to include parent non-Abelian theories, which leads to
our claim that braided tensor categories provide a par-
tial classification for imTO. We then state our results
in the language of strong 1-form symmetries in Sec. [V}
where we also show an analogy between imTOs and sur-
face states of Walker-Wang models. Finally, we conclude
in Sec. [V with a discussion of open questions and future
directions.

II. TOPOLOGICAL SUBSYSTEM CODES VIA
DECOHERENCE

While our framework extends to generic TOs, we first
illustrate our construction with Abelian TOs that admit
gapped boundaries in the context of lattice models real-
izing topological stabilizer codes, which serve as parent
states for topological subsystem codes. Consider a square
lattice with periodic boundary conditions and place a d-
dimensional qudit on each vertex. We define the Pauli
operators X; and Z; acting on site i, which satisfy the
Zg algebra

ZZXZ = OJXiZi, w = EXp(27TZ/d) (1)
We consider commuting projector translation-invariant
Hamiltonians:

1— 6
He=)_ 5 +He, (2)

1,0

where 05 are constructed from finite, local products of
Pauli operators acting near site ¢ and are mutually com-
muting: [0, 95] =0V, a, 8. The 6% are stabilizers which
generate the stabilizer group S = ({#¢}). The index
« labels different families of stabilizers acting at site
i. Since the Hamiltonian is positive semi-definite, the
ground state manifold, also known as the code space H¢,
is uniquely specified by the set of all states satisfying
02 14) = [4) ¥ i, .

We are interested in topological stabilizer models,
whose ground states are topologically ordered. Recall
that a TO C is described by a braided unitary fusion cat-
egory: a finite set of anyons {a,b, ...}, their fusion rules,



and their braiding statistics Bg(a,b) = 6,p. It is gener-
ally believed that local gapped Hamiltonians in 2D can
at most support unitary modular fusion categories, with
the extra condition that the only excitation that braids
trivially with itself and all other anyons is the vacuum
superselection sector. Here, we will use the term “anyon
theory” to refer generally to braided fusion categories i.e.,
without the modularity constraint and specify when the
anyon theory is modular.

Now, given a topological stabilizer model realizing the
UMTC C, each anyon is associated with a “string-like”
operator which violates the stabilizer conditions 6% =
only at its endpoints; anyons correspond to errors that
take one out of the code space. To each anyon, we also as-
sociate Wilson-loop operators, W, which wrap around
the = and y cycles of the torus, respectively, and phys-
ically correspond to locally creating an anyon a and its
conjugate a, before transporting a around one cycle of
the torus and then annihilating it with a. These Wilson-
loop operators commute with the stabilizers and thus
preserve the code space, corresponding to a non-trivial
ground state degeneracy of He on the torus. The non-
trivial braiding of the anyons is encoded in the Wilson-
loop algebra: WaW,} = e W)W¢. Since topological
stabilizer models can only realize modular TOs [36], each
anyon a braids non-trivially with at least one other anyon
b. The Wilson-loop operators thus correspond to logical
operators, in that they provide a representation of the
Pauli algebra on the code space; topological orders hence
provide quantum memories. The paradigmatic example
is provided by the Toric code, for which the Wilson loops
associated to the e and m anyon excitations satisfy the
Pauli algebra, {Wg, W} = {W;", W¢} = 0, such that
the code space encodes two logical qubits.

In our framework, we will always take as input a topo-
logically ordered pure state, which hosts TO described by
a UMTC C. To make an explicit connection with topo-
logical stabilizer codes and TSSCs, we discuss Abelian
theories that admit gapped boundaries here, though we
will later relax this restriction. We are now interested in
the fate of the TO (equivalently, the code space) under
locally correlated noise. Such error processes correspond
to quantum channels, where we consider translation-
invariant channels of the form

o] = Hfa,i[p] meOZ Lp(O7 )1

3)

where )" pm, = 1. Here, O;, is a local operator sup-
ported near site ¢ corresponding to a “short” Wilson
string creating an anyon a and its conjugate @ near i. We
take O;, to be a product of Pauli operators such that
(Oi}a)k =1 for some integer k < d. We restrict ourselves
to the case of maximal decoherence p,,, = 1/k; as we will
see, the resulting density matrices will have zero correla-
tion length and correspond to fixed points of a genuinely
mixed-state phase of matter [19]. These error channels

thus have the physical interpretation of incoherently pro-
liferating anyons of the type a™, for m =0,...,k—1. For
a general Abelian twisted quantum double model, which
can be expressed in the general form Eq. , the set
of anyons {a™} (m = 0,...,k — 1) can for instance be
taken as the set of gauge charges of the model, which
generate a Lagrangian subgroup [32]. These Pauli stabi-
lizer models realize all Abelian quantum double models
(equivalently, all Abelian TOs that admit gapped bound-
aries [41]), which is the class of systems we now consider.

Let p be an arbitrary density matrix in the ground
state manifold (code space) of H¢, such that 0%p =
p(0¢)t = p. Naively, one expects decoherence will wash
out any long-range entanglement present in the state, but
we will now show that while the TO is indeed reduced
(consistent with our error channels being LPQCs [33)]),
it can remain non-trivial and represent a genuine mixed-
state quantum phase of matter, which is not expected
to be realized as the gapped ground state of any local
2D Hamiltonian but instead does arise as an anomalous
surface state of a 3D TO.

To characterize the topological order in the decohered
density matrix pe = E[p], it will prove conceptually fruit-
ful to represent the density matrix as a vector in a dou-
bled Hilbert space, through the Choi-Jamiotkowski iso-
morphism [42] 43]. Explicitly, we map p = >~ , pas |a) (]
S panla) [B) € Hy @ H_,
where |b)" = K |b), K is complex conjugation in the com-
putational basis, and H,—+ are the ket and bra spaces,
respectively. In the doubled space, the stabilizer condi-
tions become

07 10)) = (072)" o)) = |p)), (4)

is the action of 6 on H .. Hence, |p)) lies in the
ground state manifold of the topological order C xC in the
doubled Hilbert space, with the two factors living on the
ket and bra spaces, respectively. Consider the decohered
density matrix pg in the doubled Hilbert space:

|P£>> 5 |P H (Z Oz a+

m=0

to the pure state |p)) =

(o3
where 65,

)*> p)) - (9)

For maximal decoherence, the vectorized error channel
thus has the effect of projecting |p)) to the subspace sat-
isfying O; o+ (0;,4—)* = +1. As previously noted (see e.g.
Ref. [14]), the effect of local error channels of the form
Eq. , associated with decohering the set of anyons
A= {a™}, can be understood as inducing anyon con-
densation of the anyon pair a;a_ in the doubled Hilbert
space representation of the initially pure density matrixﬂ
Since the two anyons a4 and a_ have opposite spins, their
composite is a boson and can be condensed.

2 While we consider only maximal decoherence here, for finite de-
coherence, the decoherence transition can be phrased in terms
of anyon condensation on the boundary [14] [15].



We now turn to one of the key results of this work
by providing a finer characterization of the resulting de-
cohered state |pg)). In particular, let us understand the
effect of decoherence on the code space of the original
stabilizer group S. In the doubled Hilbert space, let S+
be the groups generated by the original stabilizers on the
ket and bra spaces: S¢co = ({65 }i o). By assumption,
0.4+ (04 4—)* do not commute with the original stabiliz-
ers (these create anyons and hence take us out of the code
space). Thus, defining the group generated by the errors,
Fe = ({05,014 (0;i,a-)"}i,a), the state |pg)) is stabilized by
the group of mutually commuting elements in the union
of the groups Fg, S¢,+, and S¢,_—that is to say, their
centralizer Spy ¢ ¢ = Z(Feg USe,+ USc —). Note that, in
the doubled Hilbert space, |p))¢ is still an element of the
code space of a topological stabilizer code ﬂ

Let us now restrict our attention to those elements
S+ € Sey e ¢ which act non-trivially only on H. In the
physical Hilbert space, these are precisely those stabiliz-
ers which commute with the errors: [S,0; ,] = 0. In par-
ticular, if S; € Sgye e, then this implies S* € Spye e
These operators satisfy Sy |pe)) = S* |pe)) = |pe)) or,
equivalently,

Spe = peSt = pe VS 1 [5,0:4] = 0. (6)

Let F = ({O;,4}:) be the group generated by all local
errors and let G = (S, F). Since the elements of § and F
do not commute, the group G is in general non-Abelian.
The set of stabilizers of pg is then given by the center of
G, S¢ = Z(G). In other words, pg is an element of the
code space of Sg, but this need not be the code space of
a topological stabilizer code.

Some remarks are in order. First, note that Eq. @
implies that pg is strongly symmetric with respect to
the stabilizers that correspond to Wilson loop operators
for anyons that braid trivially with the set of decohered
anyons A = {a™}; thus pg has (anomalous) strong 1-form
symmetries. We will return to this point later in Sec. [V}
Second, since the logical information encoded in pg is
strictly less than that in the parent pure state p, this is
sufficient to show that pe cannot be in the same mixed-
state phase as p [19] (since no finite-depth LPQC can
recover logical information). Finally, since we are work-
ing with maximal decoherence, pg is a state with zero-
correlation length and represents a genuine mixed-state
phase of matter, since finite-depth LPQCs satisfy an area
law for the amount of correlations they can create [33].
The stability of the state to finite-depth LPQCs can also
be attributed to its strong 1-form symmetries Eq. @

Remarkably, the group structure given by the stabiliz-
ers Sg and G, the latter of which is known as a “gauge
group” (not to be confused with the gauge group of a

3 A quick way to see this is that condensing a boson in a UMTC
always results in another UMTC which, for Abelian TOs, can
always be described by a topological stabilizer model [36].

gauge theory), precisely realizes the structure of a topo-
logical subsystem code, which leads to one of our main
results: the set of decohered states pe on the torus form
the code space for a TSSC. We briefly discuss the struc-
ture of TSSCs here, but refer the reader to Ref. [36] for
a thorough exposition. As in the case of stabilizer codes
discussed above, the Hilbert space for a TSSC can be
written as a direct sum of the code space and its orthog-
onal complement H = He @ Hé. For a subsystem code,
the code space further factorizes Ho = H, ® Hg such
that the logical information is only encoded in the logical
subsystem H ., while Hg is referred to as the gauge sub-
system [29]. The gauge group G comprises a set of Pauli
operators which preserve the code space (commute with
the stabilizers), but their action within the code space
induces the factorization of the code space. For a gauge
group G that is proportional to the stabilizer group S, the
gauge subsystem Hg is trivial and one again has a topo-
logical stabilizer code. If the gauge group is non-trivial,
TSSCs can support non-local stabilizers which cannot
be generated by local stabilizers; moreover, TSSCs must
satisfy the constraint that there should be no non-local
stabilizers or logical operators on an infinite plane.

Recently, Ref. [36] discussed a general procedure for
generating TSSCs from parent topological stabilizer
codes by “gauging out” appropriate anyons (see also
Ref. [29]). In brief, given a parent Abelian TO with
UMTC C that admits a gapped boundary (equivalently
a topological stabilizer group §), gauging out the set of
anyons A = {a™} proceeds as follows: denote by F the
group of short string operators for the set of anyons A.
Note that F is only Abelian if a is a boson. Gauging
out then takes the stabilizer group S to the gauge group
G = (S, F). This means that the short string operators
for the anyons in A get appended to the original Abelian
gauge group (x §). Physically, this means that any anyon
¢ € C that braids non-trivially with the anyons in A is
confined, since the short string operators for the gauged
out anyons do not commute with the Wilson loop opera-
tors for c. Further, the Wilson loop operators for anyons
in A are now given by products of gauge operators and if
an anyon = € A is transparent in A, it becomes a trans-
parent anyon in the TSSC. This procedure is distinct
from anyon condensation in that the gauged out anyons
are not necessarily identified with the vacuum and the
excitations that only differ up to fusion with anyons in
A are not identified.

With that brief review, let us return to the decohered
mixed-state pg. Following our discussion, it is clear that
locally correlated errors induced by the short string op-
erators for the set A have the effect of gauging out these
anyouns, since the decohered density matrix pg (which is
an element of the code space) is stabilized by precisely
those stabilizers which commute with O; , (see Eq. @ As
violations of these stabilizers correspond to those anyons
from the parent TO C that braid trivially with anyons in
A, we see that the decohered state has TO defined by a



proper subset of anyons
A={beC|By(a,b) =1} (7)

where By(z,y) denotes the braiding statistics between
anyons x and y (encoded in the parent UMTC C). By
definition, G contains the short string operators for the
set of anyons in A: thus, their Wilson loop operators are
given by products of gauge operators. If an anyon z € A
is invisible to all other anyons in that set, its logical oper-
ator corresponds to a non-local stabilizer [36], such that
it becomes a transparent anyon in the decohered the-
ory. Crucially, here A is an Abelian anyon theory which
can be non-modular and corresponds to a TSSC. If A
has no opaque (i.e., detectable via braiding with anyons
in A) anyons but still has transparent anyons, then the
resulting mixed-state is a classical self-correcting mem-
ory [44], 45]. In contrast, on the torus Wilson loops for
opaque anyons in the (generally non-modular) Abelian
anyon theory A correspond to logical operators for the
TSSC, and pg can hence encode a quantum memory.

The identification of the decohered mixed-state pg with
a TSSC provides a powerful framework within which to
study imTO, since we can leverage several known results
about the former to characterize the latter. Indeed, a key
message of our work is that TSSCs provide the natural
language for (partially) classifying quantum phases with
imTO. First, we have shown that decohering anyons in
topological stabilizer model provides a physical mecha-
nism for gauging out anyons. Since decoherence = gaug-
ing out, the results of Ref. [36], which established that ev-
ery Abelian anyon theory (not necessarily modular) can
be obtained by gauging out anyons from some twisted
quantum doubles, immediately imply that the classifi-
cation of imTO is at least as rich as that of Abelian
anyon theories. This also proves our claim that the de-
cohered states host intrinsically mized TO: pg belongs
to the code space of a TSSC which, unlike topological
stabilizer codes, can realize non-modular and even chiral
topological order, the latter of which is believed to not
occur in the ground state of a locally commuting parent
Hamiltonian in 2D [46]. It is also widely accepted that
local gapped Hamiltonians in 2D only support modular
anyon theories, and it stands within reason that the non-
modular imTOs we obtain through decoherence are in
fact intrinsically mixed.

Thus, subjecting a 2D pure state to a locally correlated
noise channel induces topological order that would oth-
erwise require a sequential quantum circuit [35] or mea-
surement with feedback, and we take this to be a defining
feature of imTO. An appealing perspective is then that
ground states of (non-chiral) topological stabilizer codes
furnish resource states for the dissipative-preparation of
chiral (or non-modular) topological order under locally
correlated noise. Given that a large class of topologically
ordered gapped ground states can in principle be real-
ized in quantum simulators using single-shot measure-
ment and feedback [47], our results suggest that engi-
neered dissipation can play a crucial role in the prepa-

ration of quantum states with imTO. As noted above,
the decohered state pg can in principle encode a quan-
tum memory (see examples below), and the lifetime of
this encoded quantum information will remain infinite
in the presence of any noise that respects the stabilizer
symmetry of the TSCC (see Eq. (6])). Indeed, an appeal-
ing interpretation of the decohered code space is that of
a noiseless [48] or decoherence free subspace [49], where
the noise only acts within the gauge subsystem, leaving
the logical subspace intact.

III. EXAMPLES: PARENT ABELIAN TOS

With the general framework for imTO established, we
now analyze several concrete examples that illustrate our
results. In the process, we also discuss how anyon con-
densation in the doubled Hilbert space is equivalent to
gauging out in the physical Hilbert space. As mentioned
earlier, in principle one can straightforwardly obtain any
(non-modular) Abelian anyon theory by decohering the
gauge charges of the twisted quantum double models pre-
sented in Ref. [36] (which also furnishes the appropriate
short-string operators and verifies that these satisfy the
required braiding and fusion properties).

A. 7Y and 7" TSSC from Z, Toric code

As the paradigmatic example of a topological stabilizer
code, the stability of the Zs Toric code to decoherence has
been extensively investigated [14] 17, [19]. We revisit this
problem here in light of our interpretation of the deco-
hered state as a TSSC. Consider a system of qubits placed
on the edges of a square lattice with periodic boundary
conditions, with the Hamiltonian given by

Hz, 22172/18 +2172BP’AS:HX“BPZHZ“

s p i€s 1S

(8)

where s and p denote stars and plaquettes, as usual. This
Hamiltonian exhibits Za topological order (C = Zg X Z3),
with anyons given by the electric charge e, the magnetic
charge m, and their fermionic composite f = e x m.
As a quantum memory, the Toric code supports two
logical qubits, with logical operators given by the Wil-
son loops of the e and m anyons: W = Hierm Z;
and W7, = Hiefw X, which satisfy {W;,W;”} =

{Wg, W} = 0. Here, I'; , and I, are the correspond-
ing non-contractible paths on the direct and dual lattices,
respectively.

We now consider two distinct error channels of the form
Eq. , which proliferate errors associated with the e and
f anyons, respectively:

+ Z; X502 Xixs
,&',f[ﬂ] — 14 i Z-g 14 i+

_p+ZipZ;

Si,e [P] D)

) (9)



where 6§ = (5,—3) ﬂ Here the short string operators O
are given by the operators Z; and Z;X;,s for e and f
respectively.

Given an arbitrary state p in the ground state manifold
of Eq. , we wish to characterize the decohered states
Pe.f = Eerlp]. Clearly, E[Wy | = W while & [W" ] =
0, and so p. only forms a classical memory with a single
bit of information encoded in each of W . Likewise, one
also finds that p; forms a classical memory, with classical
bits stored in the f Wilson loops, defined as W,f y =
Hierm_y X;Z;+s. While superficially it appears that errors
have rendered the state “trivial,” we now show that p,
exhibit richer structure.

Recall that since Asp = pAs = p and Bpp = pBy = p,
ground states of Eq. can be interpreted as closed loop
condensates of the e, m, and f anyons. After maximal de-
coherence, we instead only have B,p. = p.Bp = p. and
AgpeAs = pe. Physically, the e-noise has the effect of
“freezing” the m-loops (and hence also the f loops) into a
classical ensemble, while leaving the “quantum” conden-
sate of e-loops untouched. More precisely, e-errors break
the strong 1-form magnetic symmetry of the original pure
state down to a weak 1-form symmetry, while leaving the
strong 1-form electric symmetry intact. We will later pro-
vide a general discussion of the role 1-form symmetries
play in characterizing generic inTOs (see Sec. .

One might thus be inclined to view p. as describing a
topologically ordered state in which the only deconfined
anyon excitation is the bosonic e anyon of the parent
Toric code. Indeed, in the notation of Ref. [50], a phase
with anyon content given by the vacuum and a single e

anyon corresponds to the ZS” topological order No-
tably, this topological order is mon-modular: since e is
the only non-trivial anyon in the theory, it cannot be de-
tected by braiding with any other anyons i.e., it is trans-
parent. While non-modular topological orders cannot be
realized by topological stabilizer models, they do arise
in the aforementioned topological stabilizer codes. We
can in fact make the correspondence with TSSCs pre-
cise, following the preceding general analysis in Sec. [[}
The gauge group for p. is given by

ge = <7’a ZivAS>a (10)

such that the stabilizer group is given by Z(G.) =
(Bp, Wy ). This precisely describes the ng topological

subsystem code, which is shown to exhibit the Zéo) topo-
logical order in Ref. [36]. Since e is transparent in this

4 As noted in Ref. [27], while Y-errors locally create f anyons, ar-
bitrary configurations of such errors can create unbalanced num-
bers of e and m anyons. It is hence crucial to consider “framed”
short-string operators to generate strictly f type errors.

5 In general, ZS\Z;) topological order is generated by a single anyon
a such that a®¥ =1 and a has spin 6, = exp(27wip/N).

6 G must include appropriate roots of unity to ensure that it gen-
erates a representation of the Pauli group.

theory, there are no logical operators and p. does not
encode any qubits.

Similar considerations hold for py. We have that
AyBy_yps = prAyBy_y = py, where A,B,_y gener-
ates a closed f loop and v — y denotes the plaquette
to the south-east of vertex v, while we only have that
AypsAy, = py. Thus, f-noise freezes both the e and m
loops but leaves the f loops untouched, such that py de-
scribes a quantum condensate of fermionic excitations
(stated otherwise, ps retains a strong 1-form symme-
try): this is not expected to occur in the ground state
of a gapped, local 2D Hamiltonian. Remarkably, despite
starting with a bosonic topological order, decoherence
has resulted in a state in which the sole deconfined quan-
tum excitation is a fermion. In a rough sense, local deco-
herence allows one to “peel off” half of the original state.

Again, this heuristic interpretation can be formalized
by following our general analysis in Sec. [[I}—the gauge
group of py is given by

Gf = (1, Zi Xits,As) (11)

which yields the stabilizer group Sy = (A, By—_y, W] ).
This precisely describes a topological subsystem code de-
scribing the Zél) topological order which, again, is non-
modular [36]. Like the previous case, f is transparent (it
braids trivially with itself) and hence the decohered state
encodes no quantum memory, consistent with Ref. [27].

It will be instructive to study these mixed-states
through the complementary perspective of the doubled
Hilbert space. As discussed earlier, the vectorized initial
density matrix |p)) lies in the ground state manifold of a
bilayer Toric code, with anyon content

CXE:{1+,€+7m+,f+}X{1_,6_,m_,f_}7 (12)

where + subscripts denote the ket and bra spaces re-
spectively. In this picture, the e and f noise channels
have the effect of condensing the anyons e;e_ and fi f_
respectively, which for maximal decoherence lead to the
resulting daughter topological orders

Ce = {1+1_,€+,m+m_,f+m_}, (13)
Cf = {1+1,,e+e,,e+m,,f+}. (14)

It is readily apparent that the resulting TO in either case
is that of a single Zs Toric code, with the fusion group
of the Abelian anyons given by Zs X Zs. This can also
be directly verified with the explicit forms of |pe f)) in
the lattice model. In light of our above stabilizer analysis
however, we note a key distinction between the mixed-
states C. and Cy. Restricting attention to anyons with
support on only the ket or bra space, we see that both
orders support a single such anyon. For C, this is the bo-
son ey ~ e_, while for Cy, this is the fermion fi ~ f_,
where the equivalences are up to fusion with the con-
densed anyon. This is consistent with our observation in
the stabilizer analysis that under e and f noise, the sole
remaining deconfined quantum excitations are simply the
original e and f excitations, respectively.



We now show that this anyon condensation across the
ket and bra spaces, at the level of the density matrix in
the original Hilbert space, corresponds to gauging out an
anyon. Recall that anyon condensation proceeds in two
steps: to condense an anyon a, one first (i) projects out
from the theory those anyons which braid non-trivially
with a (i.e. they become confined excitations) and then
(ii) identifies those anyon types which differ by fusion
with a. For instance, in the usual Toric code, condensing
e confines the m and f anyons while e becomes identified
with the vacuum: the resulting state has no remaining
anyon excitations and is trivial. Gauging out an anyon
however corresponds to only performing step (i) of this
process. For instance, gauging out e still confines m and
f, but leaves e distinct from the vacuum, such that one is
left with the anyon content {1, e}—precisely that of the

Zg)) non-modular TO realized via decoherence of e.
Crucially, one can also gauge out anyons that cannot
be condensed (non-bosonic anyons); analogously, one can
decohere non-bosonic anyons a since this corresponds to
the conventional condensation of the bosonic pair (aa_)
in the doubled Hilbert space. For instance, one may gauge

out f from the Zs Toric code to obtain the Zgl) TO, pre-
cisely replicating the effect of f errors. Surprisingly, as
this simple example illustrates, locally correlated errors
(which correspond to anyon condensation under the Choi
map) provide a physical implementation of the gaug-
ing out procedure, which thus far remained a conceptual
device for generating topological subsystem codes from
topological stabilizer codes [28H31] [36].

Let us pause to recapitulate our observations in the
context of the Toric code. We found that anyonic deco-
herence, previously shown to correspond to anyon con-
densation across the ket and bra spaces, implements the
gauging out of anyons in the original Hilbert space, in-
cluding those which are forbidden from condensing under
purely unitary evolution. This process led to mixed-states
supporting non-modular topological order, corresponding
to topological subsystem codes, which is not believed to
be allowed in the ground state of a locally gapped Hamil-
tonian in 2D. Moreover, the resulting mixed-state cor-
responds to a zero-correlation length state with strictly
lower logical information than the parent state and thus
represents a distinct mixed-state quantum phase of mat-
ter [19] i.e., it represents an intrinsically mized topologi-
cal phase of matter. Here, the stability of the maximally
decohered state can be attributed to the fact that LPQCs
can create at most area-law entanglement in finite time.
For the specific case of the Zy Toric code subject to f
errors, Ref. [27] numerically verified the robustness of
the resulting imTO against finite noise channels that ex-
plicitly break the strong 1-form symmetry. However, we
generically expect states with strong 1-form symmetries
to remain robust up to some finite noise rate.

We now explore the above principles through exam-
ples that illustrate the general structures permitted in
the decohered mixed-states. Specifically, we choose par-
ent states with Abelian TO (that admit gapped bound-
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FIG. 2: The Z4 Toric code is defined on the 2D square
lattice with a d = 4 qudit (black) on each link. The star
(plaquette) stabilizers are shown here in blue (red). Short
string operators for the e~!m anyon are also shown.

aries) and identify appropriate error channels that lead to
imTO with mixed quantum-classical memories as well as
chiral anyon theories. Note that the presence of a classical
memory is tied to non-local stabilizers in the decohered
theory, which correspond to transparent anyons.

B. Ziw TSSC from Z4 Toric code

We next consider a square lattice with d = 4 qudits on
each edge. A Hamiltonian realizing Z4 TO is given by

Hyz, = - Z(AS + AZ) - Z(BP + B;g)v (15)

s p

with the star and plaquette operators defined in Fig.
The ground state manifold is determined by the con-
straints A, = B, = 1, violations of which indicate the
presence of electric e and magnetic m excitations, respec-
tively. Explicitly, Z; applied to the ground state excites
an e and an e~! anyon at vertices connected by the edge
i. Likwise, applying X; creates an m and m ™' on plaque-
ttes separated by the edge i. These anyons satisfy Z4 X Z4
fusion rules e* = m* = 1 and the braiding statistics be-
tween two composite objects e*m? and e®m? is given by
By(ab, cd) = i+, On the torus, the non-contractible
Wilson loops W7, = [[;cr, | Zi and W = Hiefm,y X
serve as the logical operators and satisfy the algebra

< Iy ;’/LI = zWy”/‘IWJf Iy such that the code space stores
two d = 4 qudits.

Here, we consider local errors for the set of anyons gen-
erated by the e 'm anyon, A = {1,e"1m,e?m? em?}.
The corresponding decoherence channel is given by
Eq. with the generating short string operators

o? for e~'m shown in Fig. [2l Here, the

i,e~lm



group of local errors F is precisely the group generated
by the short string operators of e~!m (see Fig. .

Now, for an arbitrary state p in the ground state
manifold of the Z4 Toric code, we wish to characterize
Pe—1m = Eo—1m[p]. Let us proceed formally first in this
case. Following the general prescription in Sec. [T} the
gauge group G,-1,, = (S, F) is given by

Ge-1m = <€m/2,Av7BpaO§1) 0(2)

i,e~1m? i,e_1m>' (16)
The stabilizer group for the decohered density ma-
trix is then S,-1,, = (AUB,U+y,Wf.72ym2>, where v + y
denotes the plaquette to the north-east of vertex v,

;fymz = [Ler,, X727 is the Wilson loop operator
for the e?m? anyons, and A,B,iy generates a closed

loop of em anyons. This is precisely the topological sub-

system code corresponding to the ZS) topological or-
der, which is given by the Abelian anyon theory A =
{1,em,e®>m? e~tm~1}, in which both em and e3m? are
semions and e?m? is a transparent boson (it braids triv-
ially with all other anyons in A). This stems from the
fact that the open Wilson line operator for the e?m?
is built out of gauge operators and commutes with all
of the stabilizers in S,-1,, at its endpoints. The code
space, stabilized by S.-1,, has two logical operators on
the torus, which are the Wilson loop operators of the
two semions, and encodes a single logical qubit in its
logical subystem. Thus, p.-1 ., realizes imTO as it is a
non-modular Abelian anyon theory that cannot be the
ground state of a gapped local Hamiltonian in 2D and
also realizes a quantum memory.

Recall that the original pure state p satisfies Asp =
pAs = p and Bpp = pB, = p and can be thought
of as a closed loop condensate of all non-trivial anyons
e*mb. Clearly, £ (Wg,] = 0 for any anyons « that braid
non-trivially with anyons in A. Since only the anyons
in A= {1,em,e?m?, e tm~1} braid trivially with those
in fl, decoherence does not affect their Wilson loops:
S[Wf’ey“‘l] = Wfi"l. Intuitively, decoherence has thus
frozen out the loops for any anyons ¢ A into a classi-
cal ensemble, while the quantum condensate of anyons in
A is left untouched.

Said more formally, A errors break most of the strong
1-form symmetries of p down to weak 1-form symmetries,
while leaving the strong 1-form symmetries correspond-
ing to A anyons intact. This is encoded in Eq. @ and
the fact that the stabilizer group S,-1,, for the TSSC is
generated by small loops for the em anyon (which gen-
erates A). Finally, since e?m? is transparent in A, it re-
mains transparent in A by definition. We thus obtain
the same result as above: the set of decohered density
matrices on the torus form the code space for a TSSC
which describes a non-modular Abelian anyon theory A,
whose non-trivial anyons are two semions and a trans-
parent boson. The mutual statistics of the semions result
in this mixed-state encoding a logical qubit in its logical
subsystem, and since it is again a zero-correlation length

mixed-state (we are working at maximal dephasing), we
expect it will be stable up to some finite noise threshold
(for local noise).

It is instructive to once again consider the gauging
out procedure from the perspective of the doubled
Hilbert space. In this picture, decoherence of the
anyons in A corresponds to condensing {[1]4+[1]-,
e~ m). [e~tm]—, [e2m?] [e2m?] , [em?).: [em?] ),
which form a Lagrangian subgroup of the TO in the
doubled space C x C, where C = Z4 x Z4. Anyon conden-
sation proceeds in the usual way: each anyon from A is
identified with the vacuum. Next, any excitation which
braids non-trivially with any condensed anyon becomes
confined and, of the remaining deconfined excitations,
any that differ only up to fusion by anyons in A are
identified. A simple calculation shows that the resulting
topological order is that of a Z4 gauge theory, with only
the following anyons supported solely on the ket space:
[em]y, and [e~tm™1],, while [e?m?]y ~ [e?m?]_ can
move freely between the ket and bra spaces, and is a
transparent anyon. These are the deconfined excitations
in the decohered theory (which correspond to strong
1-form symmetries of the resulting state), which unsur-
prisingly match those we obtained by working directly
in the Hilbert space, where the anyons in A were gauged
out rather than condensed.

This example already displays much of the rich struc-
ture that emerges when anyonic errors are introduced
into a pure topologically ordered state, with the most
striking features being the presence of a robust quantum
memory alongside a non-modular Abelian anyon theory
that is generally believed to not occur in the ground state
of a locally gapped Hamiltonian.

Equipped with the preceding understanding of the
correspondence between decoherence, gauging out, and
anyon condensation in the doubled Hilbert space, we now
briefly discuss two other examples which illustrate the
breadth of Abelian anyon theories that can be “peeled
oft” via decoherence. Moreover, we have established a
mapping from the space of imTOs that result from de-
cohering a set of anyons A when starting from a parent
topological stabilizer code to the space of TSSCs that
results from gauging out A from the same parent topo-
logical stabilizer code. Thus, we can directly use results
from Ref. [36], which provides a thorough exploration of
TSSCs. In particular, once we specify the parent TO and
the set of decohered anyons A, we can immediately read
off the gauge group and the structure of the code space
from the results contained in Ref. [30].

C. Chiral Semion from Double Semion

As an instance of this mapping, let us take the dou-
bled semion anyon theory as our parent TO. This the-
ory can be realized as a Pauli stabilizer Hamiltonian [32]
and its anyons form a Zs X Zso group under fusion, with
elements {1,s,3,s5}. Here, s is a semion (it has self-



statistics 6(s) = i), 5 is an anti-semion ((8) = —i), and
s§ is a boson. Now, we subject a ground state of this sys-
tem to an error channel that incoherently proliferates the
semion s i.e., A = {1, s}. This corresponds to gauging out
s, which braids trivially with s. The resulting anyon the-
ory for the decohered mixed-state is given by A = {1, 5}
i.e., it is the chiral (anti)-semion Abelian anyon theory.
This zero-correlation length state represents an intrinsi-
cally mixed-state phase of matter as chiral UMTCs are
widely held to be forbidden in the ground states of lo-
cally commuting Hamiltonians [46] and are not expected
to be realized in fixed point wave-functions. Since 5 has
non-trivial self-statistics, the decohered code space en-
codes exactly one logical qubit; this example represents
the minimal model in which one obtains a chiral anyon
theory with an encoded logical qubit.

D. Three-Fermion from Z, X Zs Toric code

Take the initial pure state to be a ground state of the
Zo X Zo Toric code. The anyons in this theory form a
74 group under fusion, with elements {1,e;,m1, fi} X
{1, e3,ma, fo}. As noted in Ref. [30], the anyon types
can be relabeled {1, f1, ey fo, m1 fo} X {1, fa, f1ea, fima}
which is equivalent to two copies of the Three-Fermion
(3F) anyon theory (fi = eymy and fo = eymsg are
fermions). The 3F anyon theory is a chiral Abelian
UMTC which contains the anyons {1,1, 12,13} where
0(¢;) = —1 for i = 1,2,3, and with the braiding be-
tween the fermions given by Bg(v;, ;) = —1 for any
i,j=1,2,3.

We now wish to “peel oft” a single 3F theory (which is a
chiral Abelian UMTC) from the parent topological order.
For this, we need to identify a set of anyons A that braid
trivially only with three fermions in the parent TO. One
can choose the set A = {1, f1, fae1, f1f2e1}. Maximally
decohering the initial density matrix with respect to these
error channels amounts to gauging these anyons out, with
the resulting anyon theory A = {1, fo, e2f1, eaf1 f2} iden-
tical to a single 3F anyon theory. Due to the self and mu-
tual braiding statistics of this theory, its logical subspace
encodes 2 logical qubits.

As a final remark, finite temperature mixed-states also
provide simple instances of our general framework. For
example, consider the D = 2,3,4 Toric code at finite
temperature [12] [5I]. For D = 2, any finite-T state cor-
responds to both the e,m anyons being condensed: the
resulting state hosts no deconfined anyons and is hence
trivial. Now, in D = 3, the e charges proliferate at any
non-zero temperature, but below a critical T, the flux-
loops of the 3D Toric code remain deconfined but are
now transparent. This corresponds to a TSSC that does
not encode any logical qubits in its logical subsystem but
still has a non-trivial classical memory due to the trans-
parent loops. Finally, for the 4D Toric code which has
only loop-like excitations, there exist two critical tem-
peratures: below the first, none of the excitations pro-

liferate and the finite-T mixed-state is a TSSC that is
equivalent to a topological stabilizer code (i.e., its gauge
group is proportional to the stabilizer group). Hence, it
represents finite-T topological order. Above the first, but
below the second critical temperature, only one of the
loop excitations proliferate and one obtains a TSSC with
a classical memory. Above the second critical temper-
ature, all anyons are condensed and the mixed-state is
topologically trivial. Thus, prior results on topological
order at finite temperature are straightforwardly incor-
porated into our general framework. We note that an in-
finite temperature state with quantum memory based on
a subsystem code was previously proposed in Ref. [52],
and in our framework, constitutes an imTO.

In general, the map from decohered density matrices
to T'SSCs conveniently allows one to use results regard-
ing the latter to obtain a partial classification of the
former. In particular, since Ref. [36] showed that any
(non-modular) Abelian anyon theory can be realized by
a TSSC, it immediately provides a partial classification
of imTOs in terms of Abelian anyon theories.

IV. DECOHERENCE AS GAUGING OUT IN
GENERAL UMTCS

While the precise relation between imTOs and TSSCs
can only be made in the context of Abelian anyon the-
ories with gappable boundaries, we expect that the gen-
eral relation between decoherence induced imTO, anyon
condensation in a doubled Hilbert space, and “gauging
out” anyons should hold more generally. Indeed, gauging
out a proper subset of anyons 4 from a parent UMTC C
is nothing but anyon condensation in a doubled Hilbert
spaceﬂ with the resulting deconfined anyons A given by
those that have support purely in the ket or bra space.
We will show through examples that gauging out Abelian
anyons in an otherwise non-Abelian theory is conceptu-
ally straightforward. Similarly, Abelian anyons can also
be gauged out from parent chiral UMTCs. This sug-
gests the intriguing possibility of realizing non-modular
anyon theories by appropriately gauging out anyons from
a UMTC. We schematically describe this below, leaving
a complete algebraic decription for future work.

Let us assume that we always begin with a pure state
that is the ground state of some local, gapped Hamilto-
nian in 2D. That is, our parent theory has TO charac-
terized by a UMTC C with a finite set of anyons {a}. As
is well-established by now, in the doubled Hilbert space
this corresponds to the doubled TO C x C, with anyons
labeled by the ordered pair ab = (a,b_). Note that the
TO in the doubled space is nothing but the Drinfeld cen-
tre of C: Z(C) = C x C. The theory in the doubled space
is then equivalent to that of a string-net model [53], for

7 This is distinct from anyon condensation in a physical bilayer.



which the input theory is the UMTC C. In such a the-
ory, it is always possible to condense excitations of the
form (aya_), which are obviously bosonic [50, [54H56]. In
the physical Hilbert space, this corresponds to subjecting
the initial pure state to local error channels, which can
be written in terms of short string operators for a € C.

In the doubled Hilbert space, maximal decoherence
corresponds to conventional anyon condensation [37],
whereby any anyons (r;s_) that braid non-trivially with
(ara_) are confined and, of the resulting anyons, those
that differ only up to fusion by (aja_) are identified.
For any non-Abelian anyons that remain deconfined, one
must also check their fusion rules: if the the vacuum
superselection sector appears more than once, then the
non-Abelian anyon splits into other deconfined anyons.
From our preceding discussion, we know that the result-
ing mixed-state TO is encoded in the set of anyons with
support only on the ket (or bra) space (the Wilson loops
of the remainder are frozen into classical ensembles).
These are given by the set A = {r € C|Bg(a,r) = 1},
of which some may be transparent anyons i.e., the re-
sulting anyon theory may be non-modular or even chiral,
both of which we have already encountered.

Thus, we can now define gauging out anyons in the
same way as before, but in a more general context: start-
ing with a UMTC C and a proper subset of anyons .4
to be gauged out, the resulting anyon theory (the code
space of the decohered theory) is given by those anyons in
C which braid trivially with those in A. Moreover, if any
anyons in A are transparent in A, they remain trans-
parent in A, which will generically be a braided fusion
category (without the modularity restriction). Formally,
given a UMTC C and a proper subset of objects (anyons)

A (i.e., a full subcategory of C), the anyon theory A that
results upon gauging out A is given by the centralizer

Co(A) of Ain C: A = {z € C|By(z,y) = 1Vy € A},
which is a braided fusion category (see Ref. [57]). One
could in principle then generate another braided fusion
category by gauging out anyons from A and generate a
cascade of imTOs by iteratively gauging out anyons.
We believe that this picture for obtaining braided fu-
sion categories from parent UMTCs falls squarely within
the general class of mized TQFTs proposed by Zini and
Wang in Ref. [58], but where the input to the parent
241D Turaev-Viro (TV) type TQFT is always modular.
In our context, this restriction is physically motivated
since we take as input the ground state of a local Hamil-
tonian (so the anyon theory is a UMTC) and then subject
it to local noise. In fact, note that the doubled semion ex-
ample we previously considered is one where the imTO
we obtained belongs to the class of mixed TQFTs consid-
ered in Ref. [58]. Specifically, in that case the input was
the doubled semion UMTC and the output imTO was the
chiral semion UMTC, where we can view the latter as the
Reshetikhin-Turaev (RT) TQFT of the former: this sup-
ports our claim that braided fusion categories provide a
partial classification of imTOs. More generally, if the par-
ent theory is some doubled Chern-Simons theory (which
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have gapped boundaries to vacuum), one might expect
that local error channels will lead to the underlying chi-
ral Chern-Simons TO in the decohered mixed-state—
we investigate this in a forthcoming work. For now, we
consider some simple examples that go beyond Abelian
anyon theories to show the generality of our framework.

A. 7!V TSSC from Chiral Ising UMTC

The chiral Ising anyon theory consists of the anyons
{1,0,v} which satisfy the fusion algebra ¥ x ¢ = 1,
ox =1 xo=oc,and 0 xog = 1+1. Here, ¢ is a fermion
and o is an Ising anyon, whose non-integer quantum di-
mension V2 reflects its non-Abelian nature. The topo-
logical spin (self-statistics) of the theory are (i) = —1
and 0(c) = €'™/8 from which, combined with the fusion
rules, one can derive the non-trivial braiding between 1
and o: By(o,9) = —1.

A physical Hamiltonian that supports a phase with
chiral Ising TO is furnished by the Kitaev honeycomb
model [46]. Recently, Ref. [27) [59] considered the honey-
comb model in the presence of local i errors, which are
generated by a local error channel. We will not dwell on
details of the lattice model but directly reproduce the re-
sults using our general framework. Specifically, we wish
to gauge out the v fermion: since ¢ braids non-trivially
with ¢, the resulting anyon theory describing the deco-
hered state is simply given by {1,¢}, which does not
encode any quantum memory but still yields a classical
memory and retains a well-defined fermionic excitation.
This is in precise agreement with the numerical results
of Refs. [27, [59], which also verified the stability of this
intrinsically mixed-state TO, which we expect on gen-
eral grounds from the unbroken strong anomalous 1-form
symmetry of pg.

We may also consider the corresponding analysis in the
doubled Hilbert space. Here, we are condensing (¢4 _)
in the doubled Ising Chern-Simons theory C xC. It is well-
known that the condensed phase has the following decon-
fined excitations: {1,¢4,1_,010_} where o1o_ splits
since the vacuum sector appears twice in its fusion rules:
or0_x0op0_ =1+, +9_+1i9_ (where 9 ~ 1)
which is identical to the fusion (e+m) X (e+m) in the Z
Toric code. Thus, the TO in the doubled Hilbert space is
a Zo gauge theory, but back in the physical Hilbert space,
this corresponds to the freezing of o loops into a classical
ensemble while 1 remains a well-defined excitation.

B. Non-modular imTO from Doubled Ising UMTC

Building on the previous example, let us now consider
a pure state which belongs to the ground state manifold
of the doubled Ising string-net [53]. The anyons in this
theory are {1,1,0} x {1,%,5} with fusion rules that can
be inferred from those of the chiral Ising UMTC. Now,
suppose we wish to consider 11 errors: these are induced



by local short-string operators that are explicitly pro-
vided in e.g. Ref. [56]. As above, we will not delve into
details of the specific lattice Hamiltonian or the short-
string operators here as we can directly infer the imTO
of the decohered density matrix.

Maximal decoherence of the 1) errors is equivalent to
gauging out this bosonic anyon. As before, only those
excitations that braid trivially with 11 remain as de-
confined anyons in the resulting decohered state. Thus,
the resulting mixed-state TO is given by the set A =
{1,4,4,0G,¢1)}. Notably, this is distinct from typical
anyon condensation of 11 in the doubled Ising string-net,
where 11 disappears into the condensate, v and 1) are
identified, and 0@ splits into Abelian anyons. Decohering
1) instead results in a non-modular imTO, characterized
by the anyons A, amongst which 1) is transparent EL
We can infer the presence of a quantum memory in the
logical subsystem of the decohered code space from the
presence of non-trivial braiding between the remaining
opaque anyons in A.

C. Non-modular imTOs from Doubled SU(2);
UMTC

As a final example, we can consider doubled SU(2)j
string-net models, whose lattice models and short-string
operators are given in Ref. [54]. Anyons in this theory
are labeled by pairs (j1,j2) where j = 0,1/2,1,...,k/2.
Let us now subject a ground state of this model to local
errors that incoherently proliferate the anyon (k/2,k/2)
(which is a boson). In order to read off the resulting
imTO in the decohered density matrix, after (k/2,k/2)
has been gauged out, we require the braiding relations of
this theory. In particular, the braiding between an anyon
(J1,J2) and (k/2,k/2) is given by By((j1,j2), (k1,k2)) =
(—1)201+32) | Thus, the resulting imTO is characterized
by the anyon theory A = {(j1,j2)|j1 + jo € Z} with
J1,J2 =0,1/2,1,...,k/2. Of these, (k/2,k/2) is a trans-
parent boson, which is sufficient to conclude that the de-
cohered theory is a non-modular anyon theory.

Thus, we can obtain a large family of imTOs by ex-
posing the ground states of string-net models to local
error channels, where the decohered code space generi-
cally retains logical information i.e., it is a decoherence-
free subspace. The presence of non-trivial logical informa-
tion (or a quantum memory) is encoded in the Wilson-
loop algebra (equivalently, the S-matrix of A). Since we
have shown that the resulting imTOs can host transpar-
ent anyons, we obtain a partial classification of imTO in
terms of braided fusion categories.

8 For the cognoscenti, we note that maximally decohering 1) in
the doubled Ising string-net results in precisely the same anyon
content as in each layer of the Ising cage-net [56]; this suggests
that “p-string” condensation [60] may have an interpretation in
terms of gauging out certain anyons.
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V. HIGHER-FORM SYMMETRY AND
NON-UNITARY EXFOLIATION OF
WALKER-WANG MODELS

We now place our results in a broader context by char-
acterizing imTO states via their higher-form symmetry
structure [611,[62], which we have already alluded to above
in specific examples, and by relating them to anomalous
surface states of 3D pure state TO. First, we recall that
g-form symmetries are generated by operators acting on
a closed, codimension ¢ — 1 manifold of spacetime. In
the 2 + 1-dimensional case, 1-form symmetries thus are
both generated by, and act on, one-dimensional loop-like
objects. Indeed, in a 2D TO, the Wilson loops associ-
ated with (Abelian) anyons may be understood as be-
ing generators of 1-form symmetries. In this language,
the non-trivial ground state degeneracy—and hence the
non-trivial code space—of a TO on the torus is often un-
derstood in terms of the spontaneous breaking of these
1-form symmetries. For instance, the Toric code possesses
a Z§ x Zy' 1-form symmetry, generated by the e and m
Wilson loops. Like conventional symmetries, 1-form sym-
metries can be gauged which, in the context of 2D TO,
amounts to condensing the corresponding anyon ﬂ Thus,
a l-form symmetry is anomalous if the corresponding
anyon has non-trivial self-statistics (i.e., is not bosonic).
In the Zy Toric code, the Z§ and Z5* 1-form symmetries
are hence not individually anomalous, as we may gauge
either to obtain a trivial state; correspondingly, we may
condense either of these anyons. Instead, the 1-form sym-
metries for e and m have a mixed anomaly, reflecting the
non-trivial braiding between e and m, and that we cannot
condense f.

In order to extend this analysis to mixed-state order,
we must distinguish between strong and weak symme-
tries of a density matrix [23] 63], [64]. Given a unitary
representation U, of a symmetry g in some symmetry
group G, we say that the density matrix p is strongly
symmetric under G if for every g € G, Uyp = pUgT = p.
In the doubled space picture, this constraint translates
to Uyt |p)) = U,_|p)) = |p)). Conversely, p is weakly
symmetric if we only have U,pU, g = p or, equivalently,
Uy Uz o)) = lo)).

Let us focus on the Toric code first for concreteness.
The initial pure state TO density matrix trivially has a
strong 7§ x 7' 1-form symmetry. Working in the dou-
bled space picture, we then see that the ng imTO re-
sulting from e-decoherence still has a strong Z§ 1-form
symmetry generated by Wilson loops associated to the
deconfined, quantum excitation e, but only a weak Z35'
1-form symmetry, generated by m m_. Indeed, in each
of the examples we have studied, we see that decoherence

9 The relation between gauging 1-form symmetries and anyon con-
densation only holds for Abelian anyons; more generally, con-
densing non-Abelian anyons can be understood in terms of gaug-
ing non-invertible 1-form symmetries.



has a non-trivial effect on the underlying strong 1-form
symmetries of the parent TO. We can thus rephrase our
results for generic Abelian TOs in the language of 1-form
symmetry: when gauging out an anyon a via decoherence,
the resulting imTO density matrix retains strong 1-form
symmetries for those symmetries generated by anyons
which braid trivially with a, while the remaining 1-form
symmetries are reduced to weak symmetries. In other
words, only those 1-form symmetries which do not have
a mixed anomaly with the 1-form symmetry generated by
Wilson loops of a remain as strong 1-form symmetries,
while the remainder are reduced to weak symmetries. As
noted previously, in the TSSC framework, the strong 1-
form symmetries of the decohered state are manifest in
Eq. @, where the stabilizers may be viewed as closed
Wilson loops for the deconfined anyons. This observa-
tion further reinforces the idea that the logical subsystem
forms a decoherence free subspace under local noise that
incoherently proliferates certain anyons, affecting only
degrees of freedom in the gauge subsystem.

The 1-form symmetry structure of imTOs provides a
useful language with which to characterize the stability
of these states to local noise as well as their utility as
memories E Regarding the former, the characterization
of the decohered mixed-state in terms of strong 1-form
symmetries immediately implies that these fixed point
density matrices belong to an imTO phase, where each
state in that phase shares the same 1-form symmetry
structure and these states can be connected via strong 1-
form symmetry preserving finite-depth LPQCs. Similar
to gapped ground states of local Hamiltonians, we also
expect stability up to some finite noise threshold under
general local noise channels since LPQCs satisfy an area-
law (i.e., satisfy a Lieb-Robinson bound) and cannot gen-
erate arbitrarily long-range correlations that destroy the
state at infinitesimally small noise rates [65] (note how-
ever that a notion of a “gap” remains lacking in this con-
text). Each strong 1-form symmetry, being equivalent to
the presence of an anyon in the theory, moreover implies
the existence of non-local operators commuting with the
stabilizer group—the corresponding anyon Wilson loop
along the non-contractible cycles of the torus.

We may then employ the anomalies of the 1-form
symmetries to characterize the structure of the code
space. Specifically, if two 1-form symmetries have a mixed
anomaly, they give rise to a pair of logical operators
and hence a quantum memory, as in the Zil) TSSC.
If a 1-form symmetry has no mixed anomalies but has
a Zpy anomaly with N > 2, its corresponding Wilson
loops along the two cycles of the torus also yield log-
ical operators and a quantum memory, as in the chiral
semion TSSC. Finally, if a 1-form symmetry has no mixed
anomalies and at most a Zs anomaly (i.e. it is either
a boson or fermion), its corresponding non-contractible

10 Here, we are specifically referring to stability under finite-depth
local noise channels.
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Wilson loops only yield non-local stabilizers, thus yield-
ing a classical memory. In passing we note that while
our focus has been on the implications of strong symme-
tries, excitations charged under weak 1-form symmetries
(hence these are confined), correspond to “fluxes” in the
language of TSSCs [31),86]. Higher form symmetries thus
provide a convenient language with which to characterize
the TSSC structure of imTOs.

There is also a striking analogy between imTO and
anomalous surface states of certain pure state 3D TOs,
which suggests potential generalizations of our scheme
to other intrinsically mixed-states. As we have empha-
sized throughout, imTO generally supports chiral and
non-modular TO in a purely 2D system. In the context
of local gapped Hamiltonians, such states naturally arise
at the 2D surfaces of 3D topological orders, specifically
those realized in the Walker-Wang (WW) models [38].
These are 3D exactly solvable lattice models which, given
a potentially non-modular TO C, realize C as its surface
theory. In particular, if we consider a slab geometry with
open boundary conditions in, say, the z direction, one ob-
tains C on the top surface and C on the bottom surface. If
C is modular, then the bulk has trivial topological order.
Conversely, if C is non-modular, then the bulk is topolog-
ically ordered and supports both point-like and loop-like
excitations, generated at the ends of Wilson lines and
edges of Wilson surfaces, respectively, which braid non-
trivially with each other. These loop-like excitations can
be absorbed by the surfaces. Importantly, the transparent
anyons in C also correspond to deconfined point-like ex-
citations in the bulk, and so can freely move from the top
C surface, into the bulk, and onto the bottom C surface.
Additionally, a “tube-like” Wilson surface stretching be-
tween a loop on the top surface and a loop on the bottom
surface serves as a symmetry of the ground state, as the
loop-like excitations are condensed on the surfaces.

Remarkably, this structure ezactly parallels that of the
vectorized density matrix for an imTO in the doubled
Hilbert space, with the ket and bra spaces identified with
the top and bottom surfaces of a WW model. Much like
the surface states of WW models, the deconfined excita-
tions with support solely on the ket (or bra) space can
realize non-modular or chiral TO. The aforementioned
weak 1-form symmetries (which act simultaneously on
the ket and bra spaces) mirror the effect of the tube-like
Wilson surfaces in the WW model, when they terminate
on the top and bottom surfaces. Moreover, in the dou-
bled Hilbert space representation of the imTO, the trans-
parent anyons can move freely between the ket and bra
spaces, just as the transparent anyons in the WW model
can move between the top and bottom surfaces. Indeed,
in the doubled Hilbert space, if we condense (aya_), all
anyons of the form (a?'1_) (for integer m) are transpar-
ent and are equivalent to anyons of the form (1a™) via
fusion with the condensate. Thus, at least at the level
of analogy, decoherence induced imTO provides a physi-
cal means of realizing the anomalous surface states of 3D
pure state TO as realized by WW models. This lends fur-



ther credence to our claim that a partial classification of
imTOs should be provided by braided tensor categories,
as WW models are classified by the same. In this sense,
one may view decoherence as a means of “exfoliating”
surface states of a 3D TO into a purely 2D mixed-state
using only a finite-depth LPQCs. One may imagine ap-
plying this non-unitary exfoliation procedure to isolate
anomalous surface states of other exotic pure states, an
avenue we intend to pursue in future work.

VI. DISCUSSION

In this work, we have proposed a framework for clas-
sifying a large family of intrinsically mixed-state topo-
logical orders, obtained via local decoherence of parent
pure state topological order. We demonstrated that local
decoherence, previously shown to correspond to anyon
condensation in the vectorized density matrix obtained
via the Choi-Jamiotkowski isomorphism, in fact provides
a physical mechanism for the gauging out of anyons. As
a consequence, for parent Abelian topological order, the
resulting imTO is naturally characterized as a topological
subsystem code and thus classified in terms of (degener-
ate) braided tensor category theory. Hence, 2D pure state
TOs provide resource states, under local decoherence, for
the preparation of non-modular and even chiral states.
We also illustrated that this procedure naturally extends
to non-Abelian states, though the resulting imTOs are
no longer identified as TSSCs. Finally, we characterized
the family of imTOs under consideration by their strong
and weak 1-form symmetries, and demonstrated that
they correspond to the anomalous surface states of 3D
pure state topological orders, to wit, Walker-Wang mod-
els. This provides a natural interpretation of decoherence
as a means of non-unitarily exfoliating surface states of
topological states in one higher dimension, a perspective
which may find use in generating other classes of intrin-
sically mixed phases of matter. Our general framework
provides many exciting avenues for further exploration,
some of which we address in forthcoming work.

A pressing issue is to characterize our family of im-
TOs via their entanglement structure. While the entan-
glement entropy has previously been studied in mixed-
state TO [51], 66], a more natural probe of entanglement
in mixed-states is provided by the entanglement nega-
tivity which, unlike the entanglement entropy, is a good
measure of quantum correlations in a mixed state [67-
71]. In pure state TO, the negativity has been shown to
receive universal contributions which are sensitive to the
modular data of the TO (namely, the total quantum di-
mension) [12, [T2H77]. This topological entanglement neg-
ativity (TEN) has also been shown to be sensitive to the
breakdown of TO in thermal states [12] [78], which the
entanglement entropy does not accurately reflect. Since
we have shown that imTO is generally characterized by
non-modular anyon theories, it is an intriguing question
as to what universal data the TEN captures in these
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states. In one specific instance, Ref. [27] distinguished

between the Zgo) and Zél) imTOs (obtained via decoher-
ence of the Zy Toric code) by the respective absence and
presence of topological contributions to the negativity.
Recalling that these two states correspond to quantum
condensates of bosonic and fermionic loops, it is tempt-
ing to conjecture that the TEN remains sensitive to the
spins of the underlying deconfined anyon excitations. In
a forthcoming work, we address more comprehensively
the connection between TEN and the braided tensor cat-
egory structure of imTO. It would likewise be interesting
to understand novel decoherence induced negativity tran-
sitions [I5] 27, [79] [80] that may result from (competition
between) the different decoherence channels discussed in
this work.

While the entanglement negativity is a good measure of
bipartite entanglement, it has recently been understood
that pure state TO can be more finely characterized by its
tripartite entanglement structure [8IH88]. Specifically, it
has been argued that chiral TO supports tripartite entan-
glement beyond that of the Greenberger-Horne-Zeilinger
(GHZ) type [81], 82 B8]. As we have shown, decoherence
of the double semion state can induce an imTO char-
acterized by the chiral semion TSSC. Intriguingly, this
suggests that decoherence has transmuted one form of
many-body tripartite entanglement (i.e. GHZ-like entan-
glement) into another. It is conceivable that non-unitary
processes may stabilize patterns of multipartite entangle-
ment in many-body systems which do not arise naturally
in the ground states of local gapped Hamiltonians. Un-
derstanding in more detail the multipartite entanglement
of imTOs and the transmutation between different classes
of entanglement via non-unitary processes promises to be
a fruitful direction for further research. In a similar vein,
Ref. [89] recently argued that a state that is strongly sym-
metric with respect to an anomalous 0-form symmetry
in 2D must be 4-partite non-separable. It is an intrigu-
ing question whether similar constraints exist for systems
respecting an anomalous strong 1-form symmetry.

In the spirit of fleshing out the structure of the fam-
ily of imTOs we have obtained, an important avenue
for further development is a more thorough classifica-
tion of non-Abelian imTO. While we have demonstrated
that the process of gauging out via decoherence extends
naturally to the non-Abelian case, we do not yet have
a comprehensive understanding of the algebraic struc-
ture of the resulting imTO, although we have provided
compelling evidence that the appropriate mathematical
framework is that of braided fusion categories. To that
end, it would be prudent to understand more fully the
connections with the mixed TQFTs proposed by Zini
and Wang [68]. In particular, it remains to be under-
stood whether the class of mixed TQFTs proposed in
that work can be realized in a physical setting i.e., by
exposing some parent state to local noise. On a related
note, it would be interesting to understand whether there
exists a non-equilibrium, continuum field theory formu-
lation for describing generic imTO, most likely in the



language of the Schwinger-Keldysh path integral.

The general framework we have developed also has po-
tential exciting applications beyond the context of 2D
mixed-state topological order. An obvious extension is to
incorporate the ground states of 3D local gapped Hamil-
tonians into our framework and study the resulting de-
cohered mixed-states. Our picture of decoherence in d-
dimensions as non-unitary exfoliation of anomalous sur-
face states of d + 1-dimensional systems suggests a route
towards realizing anomalous 3D topological orders [90-
92] via local noise channels, where these states generically
host transparent loop-like excitations (in analogy with
the transparent anyons in our imTOs). We also expect
that 3D fracton orders can be prepared by subjecting a
3D stack of 2D TO layers to an appropriate noise chan-
nel. Secondly, it is natural to consider the possibility of
replacing correlated decoherence with correlated disor-
der; as in the context of intrinsically average SPTs sta-
bilized by disorder [I8, [24], one may expect intrinsically
average TO, the classification of which would likely be
similar to, but distinct from, that of imTO.

We conclude by commenting on practical implications
of our work for imTO in open quantum systems. Cur-
rently, preparing states with chiral TO requires sequen-
tial quantum circuits [35] and, although unproven, it is
widely believed that no finite-depth quantum circuit can
disentangle such states from the surface of a 3D WW
model; for instance, Ref. [34] proved that either there ex-
ists a commuting projector Hamiltonian for the 2D chi-
ral semion TO (which Ref. [I] argued should not exist)
or that the circuit that disentangles this TO from the
surface of a 3D WW is not finite-depth. On the other
hand, single shot measurement and feedback protocols
for preparing ground states with Abelian TO have re-
cently been proposed [47]. Our results thus open the door
towards the dissipative preparation of chiral TOs using
finite-depth LPQCs: given a parent TO that can be pre-
pared using a single-shot measurement and feedback cir-
cuit, we have shown that appropriately engineering a lo-
cally correlated noise channel can lead to chiral imTO.
Surprisingly, since the doubled state in our construction
can always be represented as a fixed point projected en-
tangled pair state (PEPS) with finite bond dimension as
we have a topological stabilizer code in the doubled space,
our work also indicates the existence of a fixed point pro-
jected entangled pair operator (PEPO) representation for

14

density matrices exhibiting chiral topological order (with
finite bond dimension). This is an intriguing implication,
as it is widely believed—though not proven—that there
do not exist exact PEPS representations for (interacting)
chiral topological pure states.

More generally, we can imagine beginning from a topo-
logically ordered pure state that can be efficiently pre-
pared using existing protocols. Exposing such a state to
noise channels will generically decrease its encoded log-
ical information (as in each of our examples), such that
the resulting decohered state represents a genuinely dis-
tinct phase of matter [13, [19]. Heuristically, this is clear
since no quasi-local recovery map can reconstruct the log-
ical information stored in the parent state. We can then
imagine a cascade of descendant TOs that be prepared
from a parent state by carefully selecting error channels
that gauge out anyons in a prescribed manner. This sug-
gests a classification of mixed-state phases of matter in
terms of the complexity of their code space, whereby no
state in the sequence can recover the information of a pre-
cursor via LPQCs. Understanding the appropriate equiv-
alence relation on the space of mixed-states is a question
we intend to address in a future work.

ACKNOWLEDGMENTS

We are particulary grateful to Dominic Else, Tarun
Grover, Tim Hsieh, Kohei Kawabata, Shinsei Ryu,
Shengqi Sang, Nati Seiberg, Wilbur Shirley, Nikita
Sopenko, Xiao-Qi Sun, Ruben Verresen, and Chong
Wang for stimulating discussions. R.S. is especially grate-
ful to Shinsei Ryu for pointing out, and discussions re-
garding, Ref. [58]. A. P. thanks Fiona Burnell, Sanket
Chirame, and Sarang Gopalakrishnan for collaboration
on a related project. This material is based upon work
supported by a Simons Investigator Grant from the Si-
mons Foundation (Grant No. 566116) awarded to Shin-
sei Ryu (R. S.), the Sivian Fund at the Institute for Ad-
vanced Study, and the U.S. Department of Energy, Office
of Science, Office of High Energy Physics under Award
Number DE-SC0009988 (A. P.).

Note.—During the completion of this work, we were
informed of a forthcoming manuscript [93] which also ad-
dresses mixed-state topological order.

[1] A. Y. Kitaev, Fault-tolerant quantum computation by
anyons, Annals of Physics 303, 2 (2003).

[2] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and
S. Das Sarma, Non-abelian anyons and topological quan-
tum computation, [Rev. Mod. Phys. 80, 1083 (2008).

[3] S. Bravyi, M. B. Hastings, and S. Michalakis, Topolog-
ical quantum order: Stability under local perturbations,
Journal of Mathematical Physics 51, 093512 (2010).

[4] S. Bravyi and M. B. Hastings, A Short Proof of Stability

of Topological Order under Local Perturbations, Com-
munications in Mathematical Physics 307, 609 (2011).

[5] S. Michalakis and J. P. Zwolak, Stability of Frustration-
Free Hamiltonians, Communications in Mathematical
Physics 322, 277 (2013).

[6] K. J. Satzinger, Y. J. Liu, A. Smith, C. Knapp,
M. Newman, C. Jones, Z. Chen, C. Quintana, X. Mi,
A. Dunsworth, C. Gidney, I. Aleiner, F. Arute, K. Arya,
J. Atalaya, R. Babbush, J. C. Bardin, R. Barends,


https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1063/1.3490195
https://doi.org/10.1007/s00220-011-1346-2
https://doi.org/10.1007/s00220-011-1346-2
https://doi.org/10.1007/s00220-013-1762-6
https://doi.org/10.1007/s00220-013-1762-6

J. Basso, A. Bengtsson, A. Bilmes, M. Broughton, B. B.
Buckley, D. A. Buell, B. Burkett, N. Bushnell, B. Chiaro,
R. Collins, W. Courtney, S. Demura, A. R. Derk, D. Ep-
pens, C. Erickson, L. Faoro, E. Farhi, A. G. Fowler,
B. Foxen, M. Giustina, A. Greene, J. A. Gross, M. P.
Harrigan, S. D. Harrington, J. Hilton, S. Hong, T. Huang,
W. J. Huggins, L. B. loffe, S. V. Isakov, E. Jeffrey,
Z. Jiang, D. Kafri, K. Kechedzhi, T. Khattar, S. Kim,
P. V. Klimov, A. N. Korotkov, F. Kostritsa, D. Land-
huis, P. Laptev, A. Locharla, E. Lucero, O. Martin, J. R.
McClean, M. McEwen, K. C. Miao, M. Mohseni, S. Mon-
tazeri, W. Mruczkiewicz, J. Mutus, O. Naaman, M. Nee-
ley, C. Neill, M. Y. Niu, T. E. O’Brien, A. Oprem-
cak, B. Paté, A. Petukhov, N. C. Rubin, D. Sank,
V. Shvarts, D. Strain, M. Szalay, B. Villalonga, T. C.
White, Z. Yao, P. Yeh, J. Yoo, A. Zalcman, H. Neven,
S. Boixo, A. Megrant, Y. Chen, J. Kelly, V. Smelyan-
skiy, A. Kitaev, M. Knap, F. Pollmann, and P. Roushan,
Realizing topologically ordered states on a quantum pro-
cessor, |Science 374, 1237 (2021).

G. Semeghini, H. Levine, A. Keesling, S. Ebadi, T. T.
Wang, D. Bluvstein, R. Verresen, H. Pichler, M. Kali-
nowski, R. Samajdar, A. Omran, S. Sachdev, A. Vish-
wanath, M. Greiner, V. Vuleti¢, and M. D. Lukin, Prob-
ing topological spin liquids on a programmable quantum
simulator, Science 374, 1242 (2021).

T. I. Andersen, Y. D. Lensky, K. Kechedzhi, I. Drozdov,
A. Bengtsson, S. Hong, A. Morvan, X. Mi, A. Opremcak,
R. Acharya, R. Allen, M. Ansmann, F. Arute, K. Arya,
A. Asfaw, J. Atalaya, R. Babbush, D. Bacon, J. C.
Bardin, G. Bortoli, A. Bourassa, J. Bovaird, L. Brill,
M. Broughton, B. B. Buckley, D. A. Buell, T. Burger,
B. Burkett, N. Bushnell, Z. Chen, B. Chiaro, D. Chik,
C. Chou, J. Cogan, R. Collins, P. Conner, W. Court-
ney, A. L. Crook, B. Curtin, D. M. Debroy, A. Del Toro
Barba, S. Demura, A. Dunsworth, D. Eppens, C. Er-
ickson, L. Faoro, E. Farhi, R. Fatemi, V. S. Ferreira,
L. Flores Burgos, E. Forati, A. G. Fowler, B. Foxen,
W. Giang, C. Gidney, D. Gilboa, M. Giustina, R. Go-
sula, A. Grajales Dau, J. A. Gross, S. Habegger, M. C.
Hamilton, M. Hansen, M. P. Harrigan, S. D. Harring-
ton, P. Heu, J. Hilton, M. R. Hoffmann, T. Huang,
A. Huff, W. J. Huggins, L. B. Ioffe, S. V. Isakov,
J. Iveland, E. Jeffrey, Z. Jiang, C. Jones, P. Juhas,
D. Kafri, T. Khattar, M. Khezri, M. Kieferova, S. Kim,
A. Kitaev, P. V. Klimov, A. R. Klots, A. N. Korotkov,
F. Kostritsa, J. M. Kreikebaum, D. Landhuis, P. Laptev,
K.-M. Lau, L. Laws, J. Lee, K. Lee, B. J. Lester,
A. Lill, W. Liu, A. Locharla, E. Lucero, F. D. Malone,
O. Martin, J. R. McClean, T. McCourt, M. McEwen,
K. C. Miao, A. Mieszala, M. Mohseni, S. Montazeri,
E. Mount, R. Movassagh, W. Mruczkiewicz, O. Naa-
man, M. Neeley, C. Neill, A. Nersisyan, M. Newman,
J. How Ng, A. Nguyen, M. Nguyen, M. Yuezhen Niu,
T. E. O'Brien, S. Omonije, A. Petukhov, R. Potter,
L. P. Pryadko, C. Quintana, C. Rocque, N. C. Rubin,
N. Saei, D. Sank, K. Sankaragomathi, K. J. Satzinger,
H. F. Schurkus, C. Schuster, M. J. Shearn, A. Shorter,
N. Shutty, V. Shvarts, J. Skruzny, W. Clarke Smith,
R. Somma, G. Sterling, D. Strain, M. Szalay, A. Tor-
res, G. Vidal, B. Villalonga, C. Vollgraff Heidweiller,
T. White, B. W. K. Woo, C. Xing, Z. J. Yao, P. Yeh,
J. Yoo, G. Young, A. Zalcman, Y. Zhang, N. Zhu, N. Zo-
brist, H. Neven, S. Boixo, A. Megrant, J. Kelly, Y. Chen,

9

(10]

(1]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

(21]

22]

15

V. Smelyanskiy, E.-A. Kim, I. Aleiner, and P. Roushan,
Non-Abelian braiding of graph vertices in a super-
conducting processor, arXiv e-prints , arXiv:2210.10255
(2022).

M. Igbal, N. Tantivasadakarn, T. M. Gatterman, J. A.
Gerber, K. Gilmore, D. Gresh, A. Hankin, N. Hewitt,
C. V. Horst, M. Matheny, T. Mengle, B. Neyenhuis,
A. Vishwanath, M. Foss-Feig, R. Verresen, and H. Dreyer,
Topological Order from Measurements and Feed-Forward
on a Trapped Ion Quantum Computer, arXiv e-prints ,
arXiv:2302.01917 (2023).

M. Igbal, N. Tantivasadakarn, R. Verresen, S. L. Camp-
bell, J. M. Dreiling, C. Figgatt, J. P. Gaebler, J. Jo-
hansen, M. Mills, S. A. Moses, J. M. Pino, A. Ransford,
M. Rowe, P. Siegfried, R. P. Stutz, M. Foss-Feig, A. Vish-
wanath, and H. Dreyer, Non-Abelian topological order
and anyons on a trapped-ion processor, Nature (London)
626, 505 (2024).

M. B. Hastings, Topological order at nonzero tempera-
ture, Phys. Rev. Lett. 107, 210501 (2011).

T.-C. Lu, T. H. Hsieh, and T. Grover, Detecting topo-
logical order at finite temperature using entanglement
negativity, Phys. Rev. Lett. 125, 116801 (2020).

A. Coser and D. Pérez-Garcia, Classification of phases
for mixed states via fast dissipative evolution, Quantum
3, 174 (2019)k

Y. Bao, R. Fan, A. Vishwanath, and E. Alt-
man, Mixed-state topological order and the error-
field double formulation of decoherence-induced transi-
tions, arXiv e-prints 10.48550/arXiv.2301.05687 (2023),
arXiv:2301.05687 [quant-ph].

R. Fan, Y. Bao, E. Altman, and A. Vishwanath,
Diagnostics of mixed-state topological order and
breakdown of quantum memory, arXiv e-prints

10.48550/arXiv.2301.05689| (2023), |arXiv:2301.05689
[quant-ph].

Y.-H. Chen and T. Grover, Symmetry-enforced
many-body separability transitions, arXiv e-prints

10.48550/arXiv.2310.07286 arXiv:2310.07286
[quant-ph].

Y.-H. Chen and T. Grover, Separability transi-
tions in topological states induced by local decoher-
ence, arXiv e-prints [10.48550/arXiv.2309.11879| (2023),
arXiv:2309.11879 [quant-ph].

R. Ma, J.-H. Zhang, Z. Bi, M. Cheng, and C. Wang,
Topological Phases with Average Symmetries: the Deco-
hered, the Disordered, and the Intrinsic, arXiv e-prints
10.48550/arXiv.2305.16399  (2023), |arXiv:2305.16399
[cond-mat.str-el].

S. Sang, Y. Zou, and T. H. Hsieh, Mixed-state Quantum
Phases: Renormalization and Quantum Error Correc-
tion, arXiv e-prints [10.48550/arXiv.2310.08639 (2023),
arXiv:2310.08639 [quant-ph].

X.-D. Dai, Z. Wang, H.-R. Wang,
Steady-state  topological  order,
10.48550/arXiv.2310.17612  (2023),
[quant-ph].

Z. Li and R. S. K. Mong, Replica topological or-
der in quantum mixed states and quantum error
correction, |arXiv e-prints , arXiv:2402.09516 (2024)),
arXiv:2402.09516 [quant-ph].

A. Lavasani and S. Vijay, The Stability of Gapped
Quantum Matter and Error-Correction with Adiabatic
Noise, arXiv e-prints |10.48550/arXiv.2402.14906 (2024),

(2023),

and Z. Wang,
arXiv  e-prints
arXiv:2310.17612


https://doi.org/10.1126/science.abi8378
https://doi.org/10.1126/science.abi8794
https://doi.org/10.48550/arXiv.2210.10255
https://doi.org/10.48550/arXiv.2210.10255
https://doi.org/10.48550/arXiv.2302.01917
https://doi.org/10.48550/arXiv.2302.01917
https://doi.org/10.1038/s41586-023-06934-4
https://doi.org/10.1038/s41586-023-06934-4
https://doi.org/10.1103/PhysRevLett.107.210501
https://doi.org/10.1103/PhysRevLett.125.116801
https://doi.org/10.22331/q-2019-08-12-174
https://doi.org/10.22331/q-2019-08-12-174
https://doi.org/10.48550/arXiv.2301.05687
https://arxiv.org/abs/2301.05687
https://doi.org/10.48550/arXiv.2301.05689
https://arxiv.org/abs/2301.05689
https://arxiv.org/abs/2301.05689
https://doi.org/10.48550/arXiv.2310.07286
https://arxiv.org/abs/2310.07286
https://arxiv.org/abs/2310.07286
https://doi.org/10.48550/arXiv.2309.11879
https://arxiv.org/abs/2309.11879
https://doi.org/10.48550/arXiv.2305.16399
https://arxiv.org/abs/2305.16399
https://arxiv.org/abs/2305.16399
https://doi.org/10.48550/arXiv.2310.08639
https://arxiv.org/abs/2310.08639
https://doi.org/10.48550/arXiv.2310.17612
https://arxiv.org/abs/2310.17612
https://arxiv.org/abs/2310.17612
https://doi.org/10.48550/arXiv.2402.09516
https://arxiv.org/abs/2402.09516
https://doi.org/10.48550/arXiv.2402.14906

arXiv:2402.14906 [cond-mat.str-el].

[23] C. de Groot, A. Turzillo, and N. Schuch, Symmetry Pro-
tected Topological Order in Open Quantum Systems,
Quantum 6, 856 (2022).

[24] R. Ma and C. Wang, Average symmetry-protected topo-
logical phases, Phys. Rev. X 13, 031016 (2023).

[25] J-H. Zhang, Y. Qi, and Z. Bi, Strange Correlation
Function for Average Symmetry-Protected Topologi-
cal Phases, arXiv e-prints 10.48550/arXiv.2210.17485
(2022), |arXiv:2210.17485 [cond-mat.str-el|.

[26] J. Y. Lee, Y.-Z. You, and C. Xu, Symmetry protected
topological phases under decoherence, arXiv e-prints
10.48550/arXiv.2210.16323  (2022), |arXiv:2210.16323
[cond-mat.str-el].

[27] Z. Wang, Z. Wu, and Z. Wang, Intrinsic Mixed-state
Topological Order Without Quantum Memory, arXiv
e-prints , arXiv:2307.13758 (2023), |larXiv:2307.13758
[quant-ph].

[28] H. Bombin, M. Kargarian, and M. A. Martin-Delgado,
Interacting anyonic fermions in a two-body color code
model, Phys. Rev. B 80, 075111 (2009).

[29] H. Bombin, Topological subsystem codes, Phys. Rev. A
81, 032301 (2010).

[30] H. Bombin, G. Duclos-Cianci, and D. Poulin, Univer-
sal topological phase of two-dimensional stabilizer codes,
New Journal of Physics 14, 073048 (2012).

[31] H. Bombin, Structure of 2D Topological Stabilizer Codes,
Communications in Mathematical Physics 327, 387
(2014).

[32] T. D. Ellison, Y.-A. Chen, A. Dua, W. Shirley, N. Tanti-
vasadakarn, and D. J. Williamson, Pauli stabilizer mod-
els of twisted quantum doubles, PRX Quantum 3, 010353
(2022).

[33] L. Piroli and J. I. Cirac, Quantum cellular automata,
tensor networks, and area laws, [Phys. Rev. Lett. 125,
190402 (2020).

[34] W. Shirley, Y.-A. Chen, A. Dua, T. D. Ellison, N. Tan-
tivasadakarn, and D. J. Williamson, Three-dimensional
quantum cellular automata from chiral semion surface
topological order and beyond, PRX Quantum 3, 030326
(2022).

[35] X. Chen, M. Hermele, and D. T. Stephen, Se-
quential Adiabatic Generation of Chiral Topological
States, arXiv e-prints|10.48550/arXiv.2402.03433| (2024),
arXiv:2402.03433 [cond-mat.str-el].

[36] T. D. Ellison, Y.-A. Chen, A. Dua, W. Shirley, N. Tanti-
vasadakarn, and D. J. Williamson, Pauli topological sub-
system codes from abelian anyon theories, Quantum 7,
1137 (2023).

[37] F. J. Burnell, Anyon Condensation and Its Applications,
Annual Review of Condensed Matter Physics 9, 307
(2018).

[38] K. Walker and Z. Wang, (3+1)-TQFTs and topological
insulators, Frontiers of Physics 7, 150 (2012).

[39] P.-S. Hsin, H. T. Lam, and N. Seiberg, Comments on
one-form global symmetries and their gauging in 3d and
4d, |SciPost Phys. 6, 039 (2019).

[40] B. Moy, H. Goldman, R. Sohal, and E. Fradkin, Theory
of oblique topological insulators, SciPost Phys. 14, 023
(2023).

[41] A. Kapustin and N. Saulina, Topological boundary con-
ditions in abelian Chern-Simons theory, Nuclear Physics
B 845, 393 (2011)} [arXiv:1008.0654 [hep-th].

[42] A. Jamiotkowski, Linear transformations which preserve

16

trace and positive semidefiniteness of operators, [Reports
on Mathematical Physics 3, 275 (1972).

[43] M.-D. Choi, Completely positive linear maps on complex
matrices, Linear Algebra and its Applications 10, 285
(1975).

[44] B. Yoshida, Feasibility of self-correcting quantum mem-
ory and thermal stability of topological order, |Annals of]
Physics 326, 2566 (2011).

[45] D. Poulin, R. G. Melko, and M. B. Hastings, Self-
correction in wegner’s three-dimensional ising lattice
gauge theory, Phys. Rev. B 99, 094103 (2019).

[46] A. Kitaev, Anyons in an exactly solved model and be-
yond, Annals of Physics 321, 2 (2006).

[47] N. Tantivasadakarn, A. Vishwanath, and R. Verresen, Hi-
erarchy of topological order from finite-depth unitaries,
measurement, and feedforward, PRX Quantum 4, 020339
(2023).

[48] P. Zanardi and S. Lloyd, Topological Protection and
Quantum Noiseless Subsystems, Phys. Rev. Lett. 90,
067902 (2003)!

[49] D. A. Lidar, I. L. Chuang, and K. B. Whaley,
Decoherence-Free Subspaces for Quantum Computation,
Phys. Rev. Lett. 81, 2594 (1998).

[50] P. H. Bonderson, Non-Abelian anyons and interferometry
(California Institute of Technology, 2012).

[51] C. Castelnovo and C. Chamon, Topological order and
topological entropy in classical systems, Phys. Rev. B
76, 174416 (2007).

[62] J. Wildeboer, T. Iadecola, and D. J. Williamson,
Symmetry-protected  infinite-temperature = quantum
memory from subsystem codes, PRX Quantum 3,
020330 (2022).

[63] M. A. Levin and X.-G. Wen, String-net condensation: A
physical mechanism for topological phases, Phys. Rev. B
71, 045110 (2005)!

[64] F. J. Burnell, S. H. Simon, and J. K. Slingerland, Con-
densation of achiral simple currents in topological lat-
tice models: Hamiltonian study of topological symmetry
breaking, Phys. Rev. B 84, 125434 (2011).

[65] F. J. Burnell, S. H. Simon, and J. K. Slingerland, Phase
transitions in topological lattice models via topological
symmetry breaking, New Journal of Physics 14, 015004
(2012).

[66] A. Prem, S.-J. Huang, H. Song, and M. Hermele, Cage-
net fracton models, Phys. Rev. X 9, 021010 (2019).

[57] M. Mueger, On the Structure of Modular Categories,
arXiv Mathematics e-prints , math/0201017 (2002),
arXiv:math/0201017 [math.CT].

[58] M. Shokrian Zini and Z. Wang, Mixed-state
TQFTs, |arXiv e-prints , arXiv:2110.13946 (2021),
arXiv:2110.13946 [math.QA].

[59] K. Hwang, Mixed-State Quantum Spin Liquids and
Dynamical Anyon Condensations in Kitaev Lind-
bladians, arXiv e-prints , arXiv:2305.09197 (2023),
arXiv:2305.09197 [cond-mat.str-el].

[60] H. Ma, E. Lake, X. Chen, and M. Hermele, Fracton topo-
logical order via coupled layers, Phys. Rev. B 95, 245126
(2017).

[61] D. Galotto, A. Kapustin, N. Seiberg, and B. Willett,
Generalized global symmetries, Journal of High Energy
Physics 2015, [10.1007/hep02(2015)172 (2015).

[62] J. McGreevy, Generalized symmetries in condensed mat-
ter, /Annual Review of Condensed Matter Physics 14,
57-82 (2023).


https://arxiv.org/abs/2402.14906
https://doi.org/10.22331/q-2022-11-10-856
https://doi.org/10.1103/PhysRevX.13.031016
https://doi.org/10.48550/arXiv.2210.17485
https://arxiv.org/abs/2210.17485
https://doi.org/10.48550/arXiv.2210.16323
https://arxiv.org/abs/2210.16323
https://arxiv.org/abs/2210.16323
https://doi.org/10.48550/arXiv.2307.13758
https://doi.org/10.48550/arXiv.2307.13758
https://arxiv.org/abs/2307.13758
https://arxiv.org/abs/2307.13758
https://doi.org/10.1103/PhysRevB.80.075111
https://doi.org/10.1103/PhysRevA.81.032301
https://doi.org/10.1103/PhysRevA.81.032301
https://doi.org/10.1088/1367-2630/14/7/073048
https://doi.org/10.1007/s00220-014-1893-4
https://doi.org/10.1007/s00220-014-1893-4
https://doi.org/10.1103/PRXQuantum.3.010353
https://doi.org/10.1103/PRXQuantum.3.010353
https://doi.org/10.1103/PhysRevLett.125.190402
https://doi.org/10.1103/PhysRevLett.125.190402
https://doi.org/10.1103/PRXQuantum.3.030326
https://doi.org/10.1103/PRXQuantum.3.030326
https://doi.org/10.48550/arXiv.2402.03433
https://arxiv.org/abs/2402.03433
https://doi.org/10.22331/q-2023-10-12-1137
https://doi.org/10.22331/q-2023-10-12-1137
https://doi.org/10.1146/annurev-conmatphys-033117-054154
https://doi.org/10.1146/annurev-conmatphys-033117-054154
https://doi.org/10.1007/s11467-011-0194-z
https://doi.org/10.21468/SciPostPhys.6.3.039
https://doi.org/10.21468/SciPostPhys.14.2.023
https://doi.org/10.21468/SciPostPhys.14.2.023
https://doi.org/10.1016/j.nuclphysb.2010.12.017
https://doi.org/10.1016/j.nuclphysb.2010.12.017
https://arxiv.org/abs/1008.0654
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1016/j.aop.2011.06.001
https://doi.org/10.1016/j.aop.2011.06.001
https://doi.org/10.1103/PhysRevB.99.094103
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/PRXQuantum.4.020339
https://doi.org/10.1103/PRXQuantum.4.020339
https://doi.org/10.1103/PhysRevLett.90.067902
https://doi.org/10.1103/PhysRevLett.90.067902
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevB.76.174416
https://doi.org/10.1103/PhysRevB.76.174416
https://doi.org/10.1103/PRXQuantum.3.020330
https://doi.org/10.1103/PRXQuantum.3.020330
https://doi.org/10.1103/PhysRevB.71.045110
https://doi.org/10.1103/PhysRevB.71.045110
https://doi.org/10.1103/PhysRevB.84.125434
https://doi.org/10.1088/1367-2630/14/1/015004
https://doi.org/10.1088/1367-2630/14/1/015004
https://doi.org/10.1103/PhysRevX.9.021010
https://doi.org/10.48550/arXiv.math/0201017
https://arxiv.org/abs/math/0201017
https://doi.org/10.48550/arXiv.2110.13946
https://arxiv.org/abs/2110.13946
https://doi.org/10.48550/arXiv.2305.09197
https://arxiv.org/abs/2305.09197
https://doi.org/10.1103/PhysRevB.95.245126
https://doi.org/10.1103/PhysRevB.95.245126
https://doi.org/10.1007/jhep02(2015)172
https://doi.org/10.1146/annurev-conmatphys-040721-021029
https://doi.org/10.1146/annurev-conmatphys-040721-021029

[63] B. Buca and T. Prosen, A note on symmetry reductions
of the lindblad equation: transport in constrained open
spin chains, New Journal of Physics 14, 073007 (2012).

[64] V. V. Albert and L. Jiang, Symmetries and conserved
quantities in lindblad master equations, Phys. Rev. A
89, 022118 (2014),

[65] B. J. Brown, D. Loss, J. K. Pachos, C. N. Self, and J. R.
Wootton, Quantum memories at finite temperature, Rev.
Mod. Phys. 88, 045005 (2016).

[66] M. Hermanns and S. Trebst, Renyi entropies for classical
string-net models, Phys. Rev. B 89, 205107 (2014).

[67] A. Peres, Separability criterion for density matri-
ces, Phys. Rev. Lett. 77, 1413 (1996), arXiv:quant-
ph/9604005.

[68] K. Zyczkowski, P. Horodecki, A. Sanpera, and M. Lewen-
stein, On the volume of the set of mixed entangled states,
Phys. Rev. A 58, 883 (1998), larXiv:quant-ph/9804024.

[69] J. Eisert and M. B. Plenio, A comparison of entanglement
measures, Journal of Modern Optics 46, 145 (1999).

[70] G. Vidal and R. F. Werner, Computable measure of en-
tanglement, Phys. Rev. A 65, 032314 (2002).

[71] M. B. Plenio, Logarithmic negativity: A full entangle-
ment monotone that is not convex, Phys. Rev. Lett. 95,
090503 (2005).

[72] A. Kitaev and J. Preskill, Topological entanglement
entropy, Physical Review Letters 96, [10.1103/phys-
revlett.96.110404/ (2006).

[73] M. Levin and X.-G. Wen, Detecting topological order in a
ground state wave function, Phys. Rev. Lett. 96, 110405
(2006)!

[74] Y. A. Lee and G. Vidal, Entanglement negativity and
topological order, Phys. Rev. A 88, 042318 (2013).

[75] C. Castelnovo, Negativity and topological order in the
toric code, Phys. Rev. A 88, 042319 (2013).

[76] X. Wen, S. Matsuura, and S. Ryu, Edge theory approach
to topological entanglement entropy, mutual information,
and entanglement negativity in chern-simons theories,
Phys. Rev. B 93, 245140 (2016).

[77] X. Wen, P.-Y. Chang, and S. Ryu, Topological entangle-
ment negativity in chern-simons theories, Journal of High
Energy Physics 2016 (2016).

[78] O. Hart and C. Castelnovo, Entanglement negativity and
sudden death in the toric code at finite temperature,
Phys. Rev. B 97, 144410 (2018),

[79] F. Eckstein, B. Han, S. Trebst, and G.-Y. Zhu, Ro-
bust teleportation of a surface code and cascade of
topological quantum phase transitions, jarXiv e-prints |,

17

arXiv:2403.04767 (2024).

[80] Y.-H. Chen and T. Grover, Unconventional topological
mixed-state transition and critical phase induced by self-
dual coherent errors (2024), arXiv:2403.06553 [quant-ph].

[81] K. Siva, Y. Zou, T. Soejima, R. S. K. Mong, and M. P. Za-
letel, Universal tripartite entanglement signature of un-
gappable edge states, Phys. Rev. B 106, L041107 (2022).

[82] Y. Liu, R. Sohal, J. Kudler-Flam, and S. Ryu, Multiparti-
tioning topological phases by vertex states and quantum
entanglement, Phys. Rev. B 105, 115107 (2022).

[83] Y. Zou, B. Shi, J. Sorce, I. T. Lim, and I. H. Kim, Mod-
ular commutators in conformal field theory, |Phys. Rev.
Lett. 129, 260402 (2022).

[84] I. H. Kim, B. Shi, K. Kato, and V. V. Albert, Chiral
central charge from a single bulk wave function, Phys.
Rev. Lett. 128, 176402 (2022).

[85] I. H. Kim, B. Shi, K. Kato, and V. V. Albert, Modu-
lar commutator in gapped quantum many-body systems,
Phys. Rev. B 106, 075147 (2022).

[86] R. Fan, From entanglement generated dynamics to the
gravitational anomaly and chiral central charge, Phys.
Rev. Lett. 129, 260403 (2022).

[87] R. Sohal and S. Ryu, Entanglement in tripartitions of
topological orders: A diagrammatic approach, Phys. Rev.
B 108, 045104 (2023).

[88] Y. Liu, Y. Kusuki, J. Kudler-Flam, R. Sohal, and
S. Ryu, Multipartite entanglement in two-dimensional
chiral topological liquids, Phys. Rev. B 109, 085108
(2024).

[89] L. A. Lessa, M. Cheng, and C. Wang, Mixed-
state quantum anomaly and multipartite entangle-
ment, arXiv e-prints 10.48550/arXiv.2401.17357 (2024),
arXiv:2401.17357 [cond-mat.str-el].

[90] L. Fidkowski, J. Haah, and M. B. Hastings, Gravita-
tional anomaly of (3 + 1)-dimensional F 2 toric code with
fermionic charges and fermionic loop self-statistics, Phys.
Rev. B 106, 165135 (2022).

[91] X. Chen, A. Dua, P.-S. Hsin, C.-M. Jian, W. Shirley, and
C. Xu, Loops in 4+1d topological phases, SciPost Phys.
15, 001 (2023).

[92] Y.-A. Chen and P.-S. Hsin, Exactly solvable lattice
Hamiltonians and gravitational anomalies, |SciPost Phys.
14, 089 (2023).

[93] T. Ellison and M. Cheng, Towards a classification of
mixed state topological orders in two dimensions, in
preparation.


https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1103/PhysRevA.89.022118
https://doi.org/10.1103/PhysRevA.89.022118
https://doi.org/10.1103/RevModPhys.88.045005
https://doi.org/10.1103/RevModPhys.88.045005
https://doi.org/10.1103/PhysRevB.89.205107
https://arxiv.org/abs/quant-ph/9604005
https://arxiv.org/abs/quant-ph/9604005
https://arxiv.org/abs/quant-ph/9804024
https://doi.org/10.1080/09500349908231260
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevLett.95.090503
https://doi.org/10.1103/PhysRevLett.95.090503
https://doi.org/10.1103/physrevlett.96.110404
https://doi.org/10.1103/physrevlett.96.110404
https://doi.org/10.1103/PhysRevLett.96.110405
https://doi.org/10.1103/PhysRevLett.96.110405
https://doi.org/10.1103/PhysRevA.88.042318
https://doi.org/10.1103/PhysRevA.88.042319
https://doi.org/10.1103/PhysRevB.93.245140
https://doi.org/10.1007/JHEP09(2016)012
https://doi.org/10.1007/JHEP09(2016)012
https://doi.org/10.1103/PhysRevB.97.144410
https://doi.org/10.48550/arXiv.2403.04767
https://doi.org/10.48550/arXiv.2403.04767
https://arxiv.org/abs/2403.06553
https://doi.org/10.1103/PhysRevB.106.L041107
https://doi.org/10.1103/PhysRevB.105.115107
https://doi.org/10.1103/PhysRevLett.129.260402
https://doi.org/10.1103/PhysRevLett.129.260402
https://doi.org/10.1103/PhysRevLett.128.176402
https://doi.org/10.1103/PhysRevLett.128.176402
https://doi.org/10.1103/PhysRevB.106.075147
https://doi.org/10.1103/PhysRevLett.129.260403
https://doi.org/10.1103/PhysRevLett.129.260403
https://doi.org/10.1103/PhysRevB.108.045104
https://doi.org/10.1103/PhysRevB.108.045104
https://doi.org/10.1103/PhysRevB.109.085108
https://doi.org/10.1103/PhysRevB.109.085108
https://doi.org/10.48550/arXiv.2401.17357
https://arxiv.org/abs/2401.17357
https://doi.org/10.1103/PhysRevB.106.165135
https://doi.org/10.1103/PhysRevB.106.165135
https://doi.org/10.21468/SciPostPhys.15.1.001
https://doi.org/10.21468/SciPostPhys.15.1.001
https://doi.org/10.21468/SciPostPhys.14.5.089
https://doi.org/10.21468/SciPostPhys.14.5.089

	A Noisy Approach to Intrinsically Mixed-State Topological Order
	Abstract
	Introduction
	Topological subsystem codes via Decoherence
	Examples: Parent Abelian TOs
	Z2(0) and Z2(1) TSSC from Z2 Toric code
	Z4(1) TSSC from Z4 Toric code
	Chiral Semion from Double Semion
	Three-Fermion from Z2 Z2 Toric code

	Decoherence as gauging out in general UMTCs
	Z2(1) TSSC from Chiral Ising UMTC
	Non-modular imTO from Doubled Ising UMTC
	Non-modular imTOs from Doubled SU(2)k UMTC

	Higher-Form Symmetry and non-unitary exfoliation of Walker-Wang models
	Discussion
	Acknowledgments
	References


