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Symmetry-protected topological (SPT) phases are conventionally formulated for pure states pro-
tected by exact symmetries. In open quantum systems, however, decoherence generates mixed-state
ensembles in which average symmetry can instead emerge only after averaging over microscopic tra-
jectories. In this work, we realize decoherence-induced average SPT (ASPT) order on programmable
quantum processors. Starting from a one-dimensional cluster SPT, we engineer sublattice-selective
Pauli-Z dephasing through ancilla-assisted quantum circuits. We diagnose the loss of strong sym-
metry through the decay of the symmetry charge, while the engineered channel preserves the cor-
responding symmetry at the ensemble level. Moreover, a two-replica Rényi-2 string correlator mea-
sured through destructive SWAP readout remains nontrivial, revealing the ASPT structure encoded
at the density-matrix level. We further show that the engineered dephasing redistributes spectral
weight among reduced-stabilizer sectors while preserving the characteristic twofold pairing of the
half-chain entanglement spectrum. These results establish a gate-based route to engineering and
probing ASPT order and demonstrate structured decoherence as a programmable resource for real-
izing mixed-state topological quantum matter.

INTRODUCTION

Symmetry-protected topological (SPT) phases pro-
vide a framework for quantum matter beyond the con-
ventional Landau-Ginzberg-Wilson symmetry breaking
paradigm [1–9]. An SPT phase is short-range entan-
gled in the bulk, but cannot be continuously deformed
into a trivial product state without either closing the gap
or breaking the protecting symmetry [1, 4, 6]. Its non-
trivial structure is reflected in characteristic signatures
including projective edge representations, degeneracies
in the entanglement spectrum, and nonlocal string or-
der [3, 4, 10–14]. These properties make SPT phases a
useful setting for studying how symmetry, entanglement,
and topology can be detected in experimentally accessi-
ble quantum many-body systems.
The experimental study of SPT phases has advanced

rapidly with programmable quantum simulators and pro-
cessors [15–21], which also enable non-unitary dynamics
through post-selection and measurement [22–30]. While
experiments across superconducting, trapped-ion, Ryd-
berg, and photonic platforms have characterized SPT
states through edge, string-order, and dynamical signa-
tures [15, 17, 19, 21, 31–33], most realizations remain
focused on pure or approximately coherent states. Open
and noisy quantum systems instead naturally produce
mixed states, for which symmetry admits distinct real-
izations. A strong symmetry constrains the density ma-
trix separately under left and right symmetry actions,
whereas a weak symmetry requires only invariance un-
der conjugation [34–41]. In an ensemble representation,
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such a weak symmetry can arise as an average symme-
try: individual trajectories need not be symmetric, pro-
vided that the ensemble is invariant under the symmetry
action. This distinction enables average SPT (ASPT)
phases, in which symmetry may be broken in individual
trajectories but restored after ensemble averaging [36–
38, 42–56]. A recent Rydberg-array experiment realized
average-symmetry topology through structural disorder
[57]. More recently, mixed-state SPT order and strong-
to-weak symmetry breaking were probed in a five-qubit
superconducting array using controlled dephasing [58]. A
remaining challenge is to establish ASPT order at larger
scales while directly resolving both its nonlocal order and
projective edge structure at the density-matrix level.

Here, we address these challenges by realizing a
decoherence-induced averaged cluster SPT at substan-
tially larger scales on IBM quantum processors, with
programmable control of the decohering ensemble and
access to its mixed-state topological structure [36–38, 57–
59]. Starting from a one-dimensional cluster-state SPT,
we engineer local Pauli-Z dephasing on the even sub-
lattice using ancilla qubits; the ancilla outcomes resolve
individual dephasing trajectories, whose ensemble aver-
age defines the ASPT mixed state [4, 34, 60–64]. The
resulting state realizes a hybrid symmetry structure in
which the odd-sublattice symmetry remains strong while
the even-sublattice symmetry survives only as an aver-
age symmetry [36–40, 51]. We first observe the decay of
the even-sublattice symmetry charge, signaling the loss of
strong symmetry, and show that the conventional single-
copy string order is suppressed by trajectory-dependent
sign averaging. We then probe the mixed-state ASPT
order using a two-replica destructive-SWAP measure-
ment of the normalized Rényi-2 string correlator, which
remains nontrivial even when the single-copy signal is
strongly suppressed [36–38]. Finally, the reconstructed
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half-chain density-matrix spectrum shows that dephasing
redistributes spectral weight among reduced-stabilizer
sectors while preserving the characteristic twofold pair-
ing of the projective edge degree of freedom [3, 4, 10,
11]. These measurements establish complementary sym-
metry, nonlinear string-order, and spectral signatures
of decoherence-induced ASPT order on programmable
quantum hardware.

RESULTS

Decoherence-induced average SPT order

For a pure SPT state ρψ = |ψ⟩⟨ψ| in the trivial sym-
metry sector, a symmetry Ug acts strongly,

Ugρψ = ρψUg = ρψ, g ∈ G. (1)

For mixed states, the symmetry can instead be re-
alized only at the ensemble level. Writing ρ =
∑

η P (η)|ψη⟩⟨ψη|, where η labels a disorder realization,
decoherence trajectory, or measurement branch, the sym-
metry may permute individual branches as Ug|ψη⟩ =

eiφg(η)|ψgη⟩. If P (η) is invariant under this action, then
UgρU

†
g = ρ, defining an averaged symmetry even though

individual branches need not be symmetric [36–40].
We realize this structure starting from the one-

dimensional cluster-state fixed point, defined by Kj =
Zj−1XjZj+1,Kj |ψcl⟩ = |ψcl⟩, and protected by Z

odd
2 ×

Z
even
2 with Uodd/even =

∏

j∈odd/evenXj . Its characteris-
tic string operator,

Oi,k = ZiXi+1Xi+3 · · ·Xk−1Zk, (2)

satisfies ⟨Oi,k⟩ = 1 for endpoints i and k on the same
sublattice [3, 10, 12, 62, 63]. For ρcl = |ψcl⟩⟨ψcl| in the
+1 sector, both sublattice symmetries are strong.
We convert the even-sublattice symmetry from strong

to averaged by applying local Pauli-Z dephasing only on
even sites,

EZj (ρ) = (1− p)ρ+ pZjρZj , j ∈ even, (3)

giving ρdec =
∏

j∈even EZj (ρcl). The odd symmetry re-
mains strong, Uoddρdec = ρdecUodd = ρdec, whereas
the even symmetry survives only under conjugation,
UevenρdecU

†
even = ρdec. The resulting mixed state there-

fore realizes

Z
odd,strong
2 × Z

even,average
2 , (4)

as illustrated in Fig. 1 [36–38, 51]. This strong-to-average
conversion defines the decoherence-induced ASPT state
studied here. More generally, mixed-state SPT phases
need not belong to this ASPT class (see Supplementary
Material (SM)).

Cluster SPT

Sublattice dephasing

many trajectories Averaged SPT

mixed-state ensemble

Symmetry restored 

on average

Measure ancilla Effective dephasing

Measurement-engineered dephasing

Outcomes

FIG. 1. Decoherence as a route to ASPT order. Start-
ing from a pure cluster SPT with strong symmetry and pro-
tected edge/string order, local Pauli-Z dephasing engineered
by measurements is applied only to the even sublattice. Each
trajectory corresponds to a different probabilistic phase-flip
pattern. Averaging over these trajectories yields a mixed-
state ensemble with weak and average symmetry.

Quantum circuit realization and symmetry
characterization

Fig. 2(a) shows the preparation circuit. Starting from

|0⟩⊗L, Hadamard gates and nearest-neighbor CZ gates
generate

|ψcl⟩ = (
∏

j

CZj,j+1) |+⟩⊗L . (5)

Pauli-Z dephasing is then engineered on each even site
using an ancilla prepared as Ry(2θ) |0⟩ =

√
1− p |0⟩ +√

p |1⟩, with p = sin2 θ, followed by a system–ancilla CZ
gate. Ancilla outcomes implement I or Zj with probabil-
ities 1 − p and p, respectively (see Fig. 1), so discarding
the record realizes EZj (ρ) = (1 − p)ρ + pZjρZj . Applied
to all even sites, this gives

ρdec =
∑

η

P (η)Z(η)ρclZ(η). (6)

Here, each ancilla record η labels a dephasing trajectory,
and averaging over all records defines the ASPT mixed
state [34, 36–38, 64, 65]. The corresponding IBM Quan-
tum embedding is shown in Fig. 2 (b).

We first probe the symmetry conversion through the
even-sublattice charge Qeven = Tr(ρdecUeven), Ueven =
∏

j∈evenXj . Since each dephased site contributes a factor
1− 2p,

Qeven = (1− 2p)L/2. (7)

The measurements for L = 20, 30, and 40 in Fig. 2(c)
follow this size-dependent decay, demonstrating the
loss of strong even-sublattice symmetry. Nevertheless,
UevenρdecU

†
even = ρdec remains satisfied, so the even sym-

metry survives in the averaged sense, while the odd sym-
metry remains strong.
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FIG. 2. Circuit realization and hardware characterization of the decoherence-induced ASPT state. (a) Prepa-
ration circuit: a one-dimensional cluster state is generated by Hadamard and nearest-neighbor CZ gates, followed by ancilla-
assisted Pauli-Z dephasing on the even sublattice; ancilla outcomes resolve individual dephasing trajectories. (b) IBM Quantum
embedding. Cyan and purple sites denote system and ancilla qubits, with red and purple links indicating system and system–
ancilla couplings, respectively. (c) Even-sublattice symmetry charge Qeven versus dephasing probability p for L = 20, 30, and

40. IBM Quantum data (blue) follow the ideal prediction Qeven = (1 − 2p)L/2 (orange, Eq.7), showing the loss of strong
even-sublattice symmetry with increasing p and L. (d) Single-copy string correlator ⟨O1,7⟩ [Eq. 2] versus random-rotation
range R for L = 12 and p = 0, 0.05, and 0.10. IBM data (blue), ideal predictions (orange), and fits (green) show increasing
suppression with R and p, illustrating the fragility of the conventional string signal under trajectory averaging and engineered
decoherence.

We next examine the conventional cluster string, which
under dephasing obeys

⟨Oi,k⟩dec = (1− 2p)Ndep(i,k), (8)

with Ndep(i, k) the number of dephased sites on its
X support. This decay results from cancellation of
trajectory-dependent string signs and therefore does not
imply loss of ASPT order [36–40]. To separate this con-
trolled suppression from hardware noise, we additionally
apply symmetry-preserving random rotations UR(ϕ) =
∏

j Rx(ϕj), with independently sampled ϕj ∼ [0, R].
Since the interior X operators are invariant under Rx,
while the two endpoint Z operators each contribute a
factor cosϕ, averaging over the random angles gives

cosϕ = 1
R

∫ R

0
dϕ cosϕ = sinR

R . The random-rotation-
averaged ideal string signal therefore becomes

⟨Oi,k⟩ideal = (
sinR

R
)2(1− 2p)Ndep(i,k). (9)

As shown in Fig. 2(d), the measured string correlator
follows the predicted suppression with increasing R and
p, consistent with the expected effects of the programmed
perturbations and engineered dephasing. This controlled
suppression also illustrates the limitation of the single-
copy string diagnostic, motivating the two-replica Rényi-
2 probe introduced next.

Probing average SPT order with a two-replica string
correlator

The central technical challenge is to recover topolog-
ical information that is lost under the linear ensemble

average of conventional single-copy observables. We over-
come this by mapping a nonlinear density-matrix corre-
lator onto a directly measurable two-replica observable
on quantum hardware. We therefore measure the nor-
malized Rényi-2 string correlator

C
(2)
i,k =

Tr(ρdecOi,kρdecOi,k)

Tr(ρ2dec)
≡ Ni,k

D
, (10)

which probes the density-matrix structure of the ASPT
state [36–40] (see SM for more details). Experimentally,
this requires two independently prepared decohered repli-
cas, allowing the mixed-state string order to be measured
directly.

As shown in Fig. 3(a,b), two independent copies ρA,Bdec
are prepared and measured using pairwise destructive
SWAP readout. The denominator D = Tr

(

ρ2dec
)

is ob-
tained from the global SWAP expectation, while the nu-
merator Ni,k uses the same circuit with Oi,k inserted on
replica A before readout (see SM for details).
The robustness of this diagnostic follows from the

dephasing trajectories |ψη⟩ = Z(η)|ψcl⟩, for which
Oi,k|ψη⟩ = sη|ψη⟩ with sη = ±1. While the single-copy
correlator averages sη and can vanish by cancellation, the
doubled correlator depends on s2

η
= 1; for orthogonal de-

phasing sectors,

C
(2)
i,k,ideal =

∑

η
P (η)2s2

η
∑

η
P (η)2

= 1. (11)

Figs. 3(c,d) compare the two diagnostics for L = 6.
The single-copy signal decays as (1 − 2p)2, whereas the

measured C
(2)
i,k remains weakly dependent on p and close

to the ideal value 1. This response is a key experimental
signature: trajectory averaging suppresses the conven-
tional string signal, while the nonlinear Rényi-2 correla-
tor recovers the topological information encoded in the
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mixed-state density matrix. At p = 0.1, Fig. 3(e) fur-
ther shows a clearly resolvable doubled-string signal for
L = 8 and 12, demonstrating that this nonlinear mixed-
state diagnostic remains accessible beyond the minimal
system size on current quantum hardware (see SM for
more details).

Persistence of the entanglement-spectrum
degeneracy

The doubled-string correlator reveals hidden nonlocal
order, but an independent question is whether the pro-
jective edge structure inherited from the parent SPT sur-
vives ensemble averaging. We therefore reconstruct the
half-chain reduced density matrix of an L = 8 cluster
chain using quantum state tomography from repeated
single-copy measurements. For ρA = TrĀ ρ, we define
the spectral levels ξα = − log λα, where λα are the eigen-
values of ρA [3, 4, 10, 11, 62, 63, 66–69].
For the cluster fixed point, the spectrum exhibits the

characteristic twofold degeneracy associated with the
projective SPT edge degree of freedom. Each dephasing
trajectory, |ψη⟩ = Z(η)|ψcl⟩, preserves this pairing be-
cause across the bipartition Z(η) = ZA(ηA) ⊗ ZĀ(ηĀ)
acts only by local unitaries and therefore leaves the
Schmidt values unchanged. After discarding the trajec-
tory record,

ρdecA =
∑

ηA

PA(ηA)ZA(ηA)ρ
cl
AZA(ηA), (12)

so dephasing redistributes weight among reduced-
stabilizer sectors without resolving the edge doublet.
Equivalently, we have

ρdecA =
∑

µ

wµ ρ
(µ)
A,bulk ⊗

Iedge

2
, (13)

where µ labels the dephasing-induced bulk sectors [36–
40]. Thus, dephasing changes the spectral weights while
preserving the characteristic twofold edge pairing.
Fig. 4 compares the measured spectra with the ideal

predictions. At p = 0, the ideal half-chain reduced
state has λ1,2 = 1/2, corresponding to ξ1,2 = ln 2, and
the experiment reproduces the leading twofold degen-
eracy. At p = 0.1, dephasing populates an additional
stabilizer-syndrome sector, yielding ideally λ1,2 = 0.45
and λ3,4 = 0.05 (ξ1,2 ≃ 0.799 and ξ3,4 ≃ 2.996, see
SM for more details). The measured spectrum follows
this paired structure: the dominant levels remain nearly
degenerate while a higher-lying pair emerges at the ex-
pected scale. Small deviations are most visible in the
weakly populated higher sector, which is more sensitive
to sampling and hardware errors. The preserved pairwise
organization therefore provides a complementary signa-
ture that engineered dephasing redistributes bulk-sector
weight without lifting the SPT edge degeneracy.

DISCUSSION

In this work, we realize a decoherence-induced average
SPT state on programmable quantum processors by en-
gineering sublattice-selective Pauli-Z dephasing of a one-
dimensional cluster SPT. The resulting channel converts
the even-sublattice symmetry from a strong symmetry
to an average symmetry while leaving the odd-sublattice
symmetry strong. Our measurements reveal that the
symmetry charge and conventional single-copy string cor-
relator decay under dephasing, whereas the two-replica
Rényi-2 string correlator, defined at the density-matrix
level, remains nontrivial. Moreover, the reconstructed
half-chain spectrum further shows that dephasing redis-
tributes spectral weight among reduced-stabilizer sectors
while preserving the characteristic twofold pairing.
Our results establish engineered decoherence as a con-

trollable route to mixed-state topological order on gate-
based quantum hardware. More broadly, this frame-
work can be extended to two-dimensional cluster SPT
states exhibiting decoherence-driven topological transi-
tions [70], interacting SPT states away from the exactly
solvable cluster limit [52], and intrinsically mixed-state
topological phases generated from topologically ordered
states such as the toric code [71, 72]. Spatially corre-
lated decoherence provides another natural direction for
exploring how the structure of the environment controls
the stability and transition of mixed-state topological or-
der [73].
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FIG. 3. Two-replica measurement of the Rényi-2 string diagnostic of ASPT order. (a) Hardware embedding of

two independently dephased replicas A and B. (b) Protocol for C
(2)
i,k [Eq. 10]: two copies of ρdec are prepared [see the setup

shown in Fig. 2 (a) for each copy], Oi,k is inserted only for the numerator, and pairwise destructive-SWAP readout yields

Ni,k = Tr(ρdecOi,kρdecOi,k) and D = Tr
(

ρ2dec
)

, with C
(2)
i,k = Ni,k/D. (c,d) Single-copy ⟨Oi,k⟩ [Eq. 2] and doubled C

(2)
i,k

[Eq. 10] versus dephasing probability p for L = 6. The single-copy signal decays with p, whereas C
(2)
i,k remains approximately

independent of p and clearly nonzero, despite a hardware-induced reduction from the ideal value 1. At p = 0, retaining the

system–ancilla CZ layer produces a residual hardware-induced reduction from unity. (e) Measured C
(2)
i,k at p = 0.1 for L = 8

and 12, showing a robust doubled-string signal up to the largest system implemented.
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FIG. 4. Measurements of half-chain entangle-
ment spectrum from density-matrix reconstruction
on quantum hardware. For an L = 8 chain (single copy),
the reduced density matrix ρA is obtained by tracing out half
of the system, with entanglement levels ξα = − log λα. Blue
circles denote IBM Quantum data and red triangles the noise-
less reference. (a) At p = 0, the two lowest levels exhibit
the characteristic near-degenerate pair associated with the
cluster-state edge sector. (b) At p = 0.1, dephasing redis-
tributes spectral weight into an additional reduced-stabilizer
sector while preserving the pairwise structure. Dashed lines
mark the ideal values ξ1,2 ≃ 0.799 and ξ3,4 ≃ 2.996. Larger
deviations in the higher levels reflect their smaller spectral
weight and greater sensitivity to sampling and hardware er-
rors. See Supplementary Material for more details.
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