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Preserving entanglement in the presence of decoher-
ence remains a major challenge for quantum technolo-
gies. Recent proposals have employed photonic fil-
ters based on anti-parity-time symmetry to recover cer-
tain entangled states, but these approaches require in-
tricate, symmetry-constrained waveguide architectures
and precise bath engineering. In this work, we show
that such strict non-Hermitian symmetry constraints
are not necessary for entanglement filtering. Instead,
we identify post-selection and the emergence of dark
states – arising naturally through destructive interfer-
ence in simple photonic settings – as the essential mech-
anisms. By avoiding the need for special bath engi-
neering or non-Hermitian symmetries, our approach
significantly simplifies the design and architecture, en-
hances universality, and extends applicability beyond
previously studied dimer configurations. We demon-
strate this concept using minimal waveguide network
designs, offering a broadly accessible route to robust
entanglement filtering.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Introduction. Entanglement, a cornerstone of quantum tech-
nologies [1], is notoriously fragile and susceptible to decoher-
ence caused by interactions with the environment [2, 3]. Sev-
eral strategies have been developed and experimentally demon-
strated to mitigate this vulnerability, including quantum error
correction [4, 5], the use of decoherence-free subspaces [6, 7],
and dynamical decoupling [8, 9]. In quantum photonics [10],
entanglement filters – devices that transmit the entangled com-
ponent of a quantum state while suppressing unwanted classical
admixtures – can enable the recovery of high-fidelity entangled
states from mixed inputs [11–15]. A recent study [16] proposed
an entanglement filter based on anti-parity-time (APT) symme-
try, implemented in a carefully engineered, lossless waveguide
network. That design achieves entanglement recovery in a two-
mode (dimer) system by removing classical components, but
it relies on enforcing a specific non-Hermitian symmetry and
constructing a tailored photonic environment via an isospectral
Lanczos transformation.
A key open question is whether entanglement filters can be real-
ized without relying on non-Hermitian symmetry constraints or
intricate reservoir engineering – and beyond the limited case of

dimers – thereby enabling a more universal and practically vi-
able approach suitable for simpler architectures. In fact, neither
non-Hermitian symmetries nor engineered baths appear to be
essential. The core mechanism is the presence of a unique dark
state – also known as a decoherence-free, trapped, or bound
state in the continuum states [17–34]– within each N-particle sec-
tor of the Hilbert space.Under post-selection, these dark states
naturally emerge as long-time attractors that remain immune to
decoherence, regardless of symmetry or bath details. This mech-
anism is broadly applicable, as such states arise generically in
open quantum systems [6, 7, 25, 27, 28, 30, 31, 33, 34], including
waveguide QED platforms [25, 27, 30, 31, 33, 34] and networks
of coupled optical waveguides [19–23], without the need for
exotic reservoir engineering.

In this Letter, entanglement filtering is shown to rely solely
on the well-established concepts of decoherence-free subspaces
and dark-state protection. This leads to a conceptually simple,
robust, and widely applicable strategy that naturally generalizes
from dimers to arbitrary M-mode network architectures. The
resulting schemes are scalable, experimentally accessible, and
well suited for implementation in photonic systems – and poten-
tially in other quantum platforms, such as circuit QED – where
similar dark-state mechanisms are present, without relying on
non-Hermitian symmetries or complex reservoir design.

Photonic entanglement filter in an optical dimer. A first exam-
ple of a photonic entanglement filter based on a remarkably
simple design is provided by an optical dimer coupled to a semi-
infinite, one-dimensional uniform lattice bath, as schematically
illustrated in Fig.1(a). This system significantly simplifies the
setup used in Ref. [16], owing to the homogeneous structure of
the lattice bath. It was previously employed in an experiment
demonstrating two-photon dark states [23]. The two waveg-
uides 1 and 2 of the optical dimer basically behave as two cou-
pled bosonic modes, which are also indirectly and dissipatively
coupled via a common bath. Assuming that the mode propaga-
tion constants is the same for all waveguides, photon dynamics
in the dissipative optical dimer can be described by the Lindblad
master equation with Liouvillian L (see e.g. [25, 28, 31])

dρ

dz
= Lρ = −i(He f f ρ− ρH†

e f f ) + γ
2

∑
n,m=1

amρa†
n (1)

In the above equation, an is the photon annihilation opera-
tor in waveguide n = 1, 2, γ ' 2κ2/J is the loss rate of
each individual waveguide of the dimer in the bath [here κ
and J � κ are the coupling constants indicated in Fig.1(a)],
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He f f = ∑2
n,m=1(He f f )n,ma†

nam is the effective non-Hermitian
Hamiltonian with matrix

He f f =

 −i γ
2 −i γ

2 + ∆

−i γ
2 + ∆ −i γ

2

 , (2)

and ∆ is the coupling constant between the waveguides 1 and 2.
A dark state |ψd〉 corresponds to an eigenstate of He f f such that
L|ψd〉〈ψd| = 0 [24]. The pure state ρd = |ψd〉〈ψd| is an eigenstate
of the Liouvillian with zero eigenvalue, i.e. it is immune to
dissipation. It can be readily shown that, after letting

b† =
1√
2

(
â†

1 − a†
2

)
(3)

the N-photon state

|ψ(N)
d 〉 = 1√

N!
b†N |0〉 (4)

is a dark state, for any N. This state is clearly an entangled state
in the a1,2 basis, and it is precisely the same dark state realized
in previous experiments [16, 23] up to N = 2. Remarkably, in

the N-particle sector of Hilbert space, |ψ(N)
d 〉 is the unique dark

state. The existence of such dark states does not necessarily re-
quire APT symmetry of the non-Hermitian matrixHe f f nor any
special tailoring of the bath density of states. In fact, the eigen-
values ofHe f f read λ1 = −iγ+∆ and λ2 = −∆. APT symmetry
occurs whenever the eigenvalue spectrum is invariant under the
transformation λ↔ −λ∗, a condition which is met solely in the
very accidental case ∆ = 0 assumed in [16]. Most importantly,
the special network design based on Lanczos transformation
used in Ref.[16], which ensures a uniform density of states of
the bath, is not a necessary requirement.
To realize entanglement filtering, let us excite at input plane

Fig. 1. (a) Schematic of a dissipative optical dimer that realizes an
entanglement filter after post selection. The system does not display
rather generally any non-Hermitian symmetry. The coupling constant
J in the waveguide lattice bath is homogeneous. (b,c) Numerically-
computed behavior of the purity P(z) [panel (b)] and trace distance
d(z) [panel (c)] of the evolving photon quantum state in the dimer
versus propagation length z. The input photon state is the mixed state
ρ(z = 0) = p|ψ1〉〈ψ1|+ (1− p)|ψd〉〈ψd|, where |ψd〉 = (1/

√
2)b†2|0〉 =

(1/2)(|2, 0〉+ |0, 2〉 −
√

2|1, 1〉) is the two-photon dark state and |ψ1〉 =
|2, 0〉. Parameter values used in the simulations are J = 5.4 cm−1,
κ = 2 cm−1, ∆ = 1 cm−1 and p = 0.6. (d) Schematic of a dissipative
optical trimer that can sustains a dark state.

z = 0 the optical dimer in an arbitrary mixed state belonging
to the N-particle subspace, i.e. ρ(z = 0) = ∑ν pν|ψν〉〈ψν| with
∑n=1,2 â†

n ân|ψν〉 = N|ψν〉, and let us consider post selection
such that at the output plane z = z f of the filter we discard
the realizations where photon loss occurs, i.e. when a click of

photodetectors in the lattice bath waveguides is measured. Un-
der post selection, for a long enough propagation distance, i.e.
provided that z f is sufficiently larger than ∼ 1/γ, only the dark
state in the N-photon space will survive and thus the density
matrix ρ(z f ) converges toward the pure state ρd. It should be
mentioned that the above analysis describes the photon dynam-
ics for the reduced density matrix of the optical dimer in the
Born-Markov approximation using a Lindblad master equation,
however the same results can be obtained more generally by con-
sidering coherent (Hamiltonian) photon propagation in the full
waveguide network using the methods of linear quantum optics
(see e.g. [16, 23, 35–38] ). With this method, the markovian limit
J � κ can be relaxed and the exact evolution dynamics can be
computed, as discussed in Sec.1 of the Supplemental document.
Also, the existence of the dark state readily follows from the
Heisenberg equations of motion of the bosonic creation oper-
ators a†

1 and a†
2, from which is follows that [23] (dc†/dz) = 0

with c† = b† exp(i∆z): this condition ensures that the state |ψd〉,
given by Eq.(4), is a trapped state, effectively decoupled from
the bath. An example of entanglement filtering of an initial
mixed state in the N = 2 particle sector is shown in Figs.1(b)
and (c). The filtered state is the dark state |ψd〉 given by Eq.(4)
with N = 2, i.e. |ψd〉 = (1/2)|2, 0〉+ (1/2)|0, 2〉 − (1/

√
2)|1, 1〉,

where we have set |n, m〉 ≡ a†n
1 a†m

2 /(
√

n!m!)|0〉. Numerical sim-
ulations have been performed beyond the weak-coupling and
markovian approximations, considering the Hamiltonian pho-
ton propagation in the full waveguide network and calculating
the reduced density operator ρ(z) as described in the Supple-
mental document. Figure 1 depicts the numerically-computed
behavior of the purity [Fig.1(b)]

P(z) = Tr
(

ρ2(z)
)

(5)

and the trace distance [Fig.1(c)]

d(z) = Tr
√
(ρ(z)− ρd)

2 (6)

of the evolving quantum state versus propagation length z
under post selection. The values of coupling constants J, κ and
∆ used in the numerical simulations are typical for waveguide
lattices manufactured by the femtosecond-laser-writing tech-
nology [16, 23]. Both trace distance d(z) and purity P(z) are
bounded in the interval (0, 1). The former gives an information
on how much the state is mixed, whereas the latter provides a
measures of the distance between the quantum states ρ(z) and
the target entangled pure state ρd, with d(z) = 0 if and only if
ρ(z) = ρd. The optical dimer is initially excited, at z = 0, by
the mixed state ρ(z = 0) = p|ψ1〉〈ψ1| + (1− p)|ψd〉〈ψd| with
|ψ1〉 = |2, 0〉 and p = 0.6. Figures 1(b) and (c) clearly show that,
after an initial transient, the post-selected density matrix ρ(z)
rapidly converges toward the pure state ρd = |ψd〉〈ψd|.

Photonic entanglement filter in an optical trimer. Several
simple photonic architectures that exhibit dark states – without
relying on any non-Hermitian symmetry – can be constructed
by extending the basic setup of Fig.1(a). This provides a
universal and more general framework for implementing
entanglement filters beyond the dimer case. For instance, the
dissipative trimer shown in Fig.1(d) functions effectively as an
entanglement filter, even though its underlying non-Hermitian
Hamiltonian lacks any symmetry constraints (see Sec.2 of the
Supplemental document for technical details). A different
and more general photonic architecture that can sustain dark
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Fig. 2. (a) Schematic of a photonic network comprising M waveguides (the system) side-coupled to a one-dimensional tight-binding lattice with
uniform coupling constant (the bath). (b) Schematic of the network for M = 3 and for n3 − n2 = n2 − n1 = 1, that realizes a dissipative optical trimer.
The system does not display rather generally any non-Hermitian symmetry, however it can sustain a dark state whenever the condition (15) given
in the main text is satisfied. (c,d) Numerically-computed behavior of the purity P(z) [panel (c)] and trace distance d(z) [panel (d)] of the evolving
photon quantum state versus propagation length z. The input photon state is the mixed state ρ(z = 0) = p|ψ1〉〈ψ1|+ (1− p)|ψd〉〈ψd|, where |ψd〉 is
the one-photon dark state and |ψ1〉 = |1, 0, 0〉. Parameter values used in the simulations are J = 10 cm−1, κ1 = κ2 = κ3 = 2 cm−1, ω1 = ω3 =

√
2J,

ω2 = ω1 − κ2
2/ω1, and p = 0.6.

states, and thus suited for realizing quantum entanglement
filtering under post selection, is provided by a set of M optical
waveguides side-coupled to a one-dimensional waveguide
lattice [21] or a slab waveguide [20], as schematically shown
in Fig.2(a). This configuration is analogous to the typical
setting used in waveguide QED to realize dark states, where
a set of M quantum emitters (such as superconducting
qubits) are indirectly coupled via a common bus waveguide
[25, 27, 28, 30, 31, 33, 34, 39]. It can also model indirect coupling
of giant atoms [28]. In such architecture, decoherence-free
states can exist without any special non-Hermitian symmetry
requirement nor complex bath engineering. Specifically, let
us indicate by J the coupling constant between adjacent
waveguides in the lattice bath, by κα (α = 1, 2, 3, ..., M) the
coupling constant of the side waveguide α with the lattice
and by ωα its propagation constant mismatch from the lattice
waveguides (|ωα| < 2J). The propagation constant mismatch
ωα is assumed to be of the form ωα = Ω + Ωα, where Ω is a
uniform bias of order ∼ J and |Ωα| � Ω are small deviations
from be bias. The lateral waveguides are coupled to the lattice
bath at the sites n1, n2,..., nM, as schematically shown in Fig.2(a).
In the Born-Markov approximation κα � J and neglecting delay
effects, the photon field in the lateral waveguides, described by
the reduced density operator ρ(z), propagates according to the
master equation (see e.g. [25, 31, 34])

dρ

dz
= Lρ = −i(He f f ρ− ρH†

e f f ) +
M

∑
α,β=1

γα,βaαρa†
β (7)

with an effective non-Hermitian Hamiltonian He f f =

∑M
α,β=1(He f f )α,βa†

αaβ and

(He f f )α,β = Jα,β − i
γα,β

2
. (8)

The explicit expression of the dissipative and coherent terms γα,β
and Jα,β entering in the effective non-Hermitian Hamiltonian
can be derived using the method detailed in Ref.[21] and read

Jα,β = ωαδα,β + ρκακβ sin(k0|nα − nβ|) (9)
γα,β

2
= ρκακβ cos(k0|nα − nβ|) (10)

where we have set

ρ =
1√

4J2 −Ω2
, k0 = −π

2
+ atan

(
Ω√

4J2 −Ω2

)
(11)

The conservative and dissipative terms in the non-Hermitian
Hamiltonian, as given by Eqs.(9) and (10), have the usual form
found in waveguide QED models for point-like quantum emit-
ters (see e.g. [31, 34]). Note that, since 2J cos k0 = Ω, physically
k0 is the Bloch wave number of the photon modes excited in the
lattice bath in the relaxation process. A dark state arises when-
ever the non-Hermitian matrix He f f has an eigenvalue with
vanishing imaginary part, i.e. a non-decaying eigenstate. The
existence of a dark state is not related to any non-Hermitian sym-
metry of He f f , such as APT symmetry. To illustrate this point,
let us consider the case M = 3 with n2 − n1 = n3 − n2 = 1, i.e.
an optical trimer where three waveguides are indirectly coupled
via a common lattice bath; see Fig.2(b). In this case, provided
that the conditions

ω3 = ω1 , ω2 = ω1 − κ2
2/ω1. (12)

are met, the state

|ψ(N)
d 〉 = 1√

N!
b†N |0〉 (13)

is a dark state in the N-particle sector, effectively decoupled
from the bath, where b† is the creation operator of the dressed
(entangled) state given by

b† = N
(

a†
1 −

κ1ω1
Jκ2

a†
2 +

κ1
κ3

a†
3

)
(14)

and N is a normalization factor such that [b, b†] = 1. Technical
details are given in the Supplemental document. For example,
we can satisfy condition (12) assuming κ1 = κ2 = κ3 = κ,
ω1 = ω3 = Ω =

√
2J, and ω2 = Ω− κ2/Ω, corresponding to

k0 = −π/4. For such a choice of parameters, the dark state (13)
with N = 1 takes the form

|ψd〉 =
1
2

(
a†

1 −
√

2a†
2 + a†

3

)
|0〉 (15)

and the corresponding non-Hermitian matrix reads

He f f =


Ω− i κ2√

2J
−i κ2

2J (1− i) − κ2√
2J

−i κ2

2J (1− i) Ω− κ2√
2J
(1 + i) −i κ2

2J (1− i)

− κ2√
2J

−i κ2

2J (1− i) Ω− i κ2√
2J

 .

(16)
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Such a matrix does not display any APT symmetry, as one can
see after inspection of its eigenvalues, given by

λ1 = Ω , λ2 = Ω−
√

2κ2

J
(1 + i) , λ2 = Ω +

κ2
√

2J
(1− i).

(17)
The existence of the dark state can be proven, beyond the
limit of validity of the Lindblad master equation (7), by
considering coherent (Hamiltonian) photon propagation in the
full waveguide network. In this analysis the dark state can be
readily found by decoupling the photon dynamics in a subset
of waveguides from all other waveguides of the network, as
discussed in Sec.1 of the Supplemental document. To realize
entanglement filtering, we assume that the trimer is excited
at input plane z = 0 by an arbitrary mixed state belonging
to the N-photon subspace, i.e. ρ(z = 0) = ∑ν pν|ψν〉〈ψν|
with ∑n=1,2,3 â†

n ân|ψν〉 = N|ψν〉. Under post selection, i.e.
discarding the realizations where photon loss occurs, for a
long enough propagation distance z f only the dark state in the
N-photon space will survive and thus the density matrix ρ(z f )
converges toward the pure state ρd. An illustrative example of
entanglement filtering in the N = 1 particle sector is shown
in Fig.2(c,d). The filtered state is the dark state |ψd〉 given by
Eq.(15). Numerical simulations have been performed beyond
the weak-coupling limit, considering the Hamiltonian photon
propagation in the full waveguide network and calculating
the reduced density operator ρ(z) as described in Sec.1 of the
Supplemental document. Figure 2(c,d) depicts the numerically-
computed behavior of the purity [Fig.2(c)] and trace distance
[Fig.2(d)] of the evolving quantum state under continuous
monitoring and post selection. The input photon state, at z = 0,
is the mixed state ρ(z = 0) = p|ψ1〉〈ψ1| + (1 − p)|ψd〉〈ψd|,
where |ψd〉 is the one-photon dark state, |ψ1〉 = a†

1 |0〉 ≡ |1, 0, 0〉
and p = 0.6. The simulations clearly show that, after an initial
transient, the post-selected density matrix ρ(z) converges
toward the pure state ρd = |ψd〉〈ψd|.

Conclusion. To conclude, it has been shown that high-fidelity
entanglement filtering – previously demonstrated in constrained
architectures [16] – can be achieved in simple photonic networks
without invoking non-Hermitian symmetries or engineered
environments. The key mechanism is the existence of a unique
dark state, which remains protected under dissipation through
post-selection, enabling probabilistic entanglement recovery.
This strategy builds on well-established principles such as
decoherence-free subspaces and dark-state protection, without
requiring system-specific symmetries or tailored reservoirs.
As such, it offers a universal and conceptually transparent
approach to mitigating decoherence in entangled photonic
states. The method relies on minimal architectural complexity –
demonstrated here in dimers and trimers, and generalizable to
arbitrary M-mode networks – making it readily implementable
across quantum hardware platforms. In particular, the protocol
is well-suited for current integrated photonic technologies,
where high-precision waveguide fabrication is routine. More-
over, because dark-state physics arises in other open quantum
systems – such as waveguide QED and circuit QED – the
method is broadly transferable to platforms where complex bath
engineering like Lanczos transformations are impractical. Its
simplicity, generality, and scalability make it a promising route
for robust entanglement distribution in emerging quantum
technologies.
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