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Optical mirrors determine cavity properties by means of light reflection. Imperfect reflection gives rise to
open cavities with photon loss. We study an open cavity made of atom-dimer mirrors with a tunable
reflection spectrum. We find that the atomic cavity shows anti-PT symmetry. The anti-PT phase transition
controlled by atomic couplings in mirrors indicates the emergence of two degenerate cavity supermodes.
Interestingly, a threshold of mirror reflection is identified for realizing strong coherent cavity-atom
coupling. This reflection threshold reveals the criterion of atomic mirrors to produce a good cavity.
Moreover, cavity quantum electrodynamics with a probe atom shows mirror-tuned properties, including
reflection-dependent polaritons formed by the cavity and probe atom. Our Letter presents a non-Hermitian
theory of an anti-PT atomic cavity, which may have applications in quantum optics and quantum
computation.
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Introduction.—Quantum cavities are the cornerstone of
quantum optics for interfacing light-matter interaction
[1–4]. The Fabry-Perot interferometer is a cavity that
consists of two parallel optical mirrors. A Fabry-Perot
cavity can be realized in many quantum systems with
varieties of light reflectors [5]. Meanwhile, Fabry-Perot
cavities can be synthesizedwith quantummirrors, e.g., atoms
or artificial atoms [6–12], based on the remarkable photon
scattering effects of single atoms in one-dimensional (1D)
waveguides [13–21]. Recently, experiments have realized
strong coupling in cavity quantum electrodynamics (QED)
with single-atom mirrors [22]. Large reflection of atomic
mirrors at the central frequency gives rise to a darkmode, i.e.,
the effective cavitymode [6,9]. Atomic cavities receivemuch
attention for studying quantum optics with tailored light-
matter interaction [23–29]. However, due to the limitation in
tuning mirror reflection, atomic cavities are far from being
thoroughly understood.
Generally speaking, photon loss is unavoidable in

quantum cavities [30], because of imperfect mirror reflec-
tions that lead to the coupling between cavity modes and
continuum in free space [31–34]. Indeed, open cavities
have substantial applications in quantum computation
[35,36] and quantum networks [37–39]. Knowing how
mirrors alter photon reflections is central to design novel
quantum devices [40–42]. For example, tailored reflection
(transmission) of cavities is useful for practical quantum
technologies, such as single-photon resources [43,44] and

Fano lasers [45,46]. A puzzle naturally arises: what is the
fate of an open cavity if the mirror reflection is strongly
modified? Different from previous theories of open cavities
based on conventional light reflectors [31–34,43–46],
waveguide-interfaced quantum light-matter interactions
[47,48] make atomic cavities an excellent platform to
study cavity QED [6–12,22–29] and might shed new light
on open cavities.
In this Letter, we study a cavity consisting of atomic

mirrors with two-coupled atoms, i.e., atom dimer, coupled
to a 1D coplanar waveguide in superconducting quantum
circuits [49]. We find that the atom-dimer cavity has anti-
parity-time (anti-PT ) symmetry. Different from previous
works that tune anti-PT symmetric systems via frequency
detunings [50–58], here atomic couplings in mirrors alter
light reflection and induce non-Hermitian phase transitions
of the cavity. Therefore, two degenerate cavity supermodes
are created. We propose a non-Hermitian theory for atomic
cavity QED.
Tunable reflection by anti-Bragg atom-dimer mirror.—

Figure 1(a) shows the schematics of a Fabry-Perot cavity
with a probe atom. The mirror can be realized, e.g., with a
single two-level atom coupled to a waveguide [14–16]. The
single-atom reflection spectrum has a Lorentzian line shape
[14] RðΔÞ ¼ jΓ=ðΔþ iΓÞj2, with atomic decay rate Γ and
detuning Δ ¼ ω − ω0. Here, ω and ω0 are the frequencies
of the driving field and atom, respectively. Because of this
single-peak reflection, a dark cavity mode can be generated
in an atomic cavity [22].
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Two atoms produce a scattering state with radiation rate
2Γ [20,59] for an atomic spacing nλ0=4, with an even
number n and single-photon wavelength λ0 ¼ 2πc=ω0, i.e.,
the Bragg condition [60,61]. Such collectively enhanced
scattering state (superradiant state) leads to broadband
reflection with a Lorentzian profile, useful for high-finesse
cavities [9]. However, the scenario is different for spacing
mλ0=4 (with m an odd number), i.e., the anti-Bragg con-
dition [62,63]. We study an atom dimer with dm ¼ λ0=4
[49], as shown in Fig. 1(b). The master equation is (ℏ ¼ 1)
ρ̇ðtÞ ¼ −i½Hm; ρðtÞ� þD½ρ�, where the Hamiltonian is
Hm ¼ P

j¼1;2 ω0σ
þ
j σ

−
j þ ðΩþ ΓÞðσþ1 σ−2 þ H:c:Þ, with a

direct atomic coupling Ω and waveguide-mediated dis-
persive coupling Γ. Here, σþj ¼ jejihgjj with the ground
(excited) state jgi (jei). The Lindblad operator is
D½ρ� ¼ P

j Γð2σ−j ρσþj − σþj σ
−
j ρ − ρσþj σ

−
j Þ. In this mirror,

there are two scattering states Φ� ¼ ð1= ffiffiffi
2

p Þð1;�1Þ⊤ with
equal decay rate Γ, as shown in Fig. 1(c). The photon
amplitude reflected by the anti-Bragg atom-dimer mirror
is [64]

rðΔÞ ¼
X
n¼�

ð−1Þn Γ
ðΔ − δn þ iΓÞ ; ð1Þ

where δ� are frequencies of the scattering states with respect
to ω0. Quantum interference between reflected photons is
determined by the frequency difference W ¼ 2ðΩþ ΓÞ
between two scattering states. Figure 1(d) shows the
intensity and phase shift of the reflected photon. At the
central frequency Δ ¼ 0, phase shifts 0 and π are produced,
respectively, for anti-Bragg atom-dimer mirrors withW > 0

and W < 0, due to swapping of scattering states. Without
loss of generality, we focus on the regime W ≥ 0.
In Fig. 2(a), we show details of the reflection spectra

altered by the atomic coupling Ω. At Ω ¼ −Γ (W ¼ 0),
atoms in the mirror have no coupling [49]. Interestingly,
degenerate scattering states produce out-of-phase photon
components. Because of destructive quantum interference,
the anti-Bragg atom-dimer mirror becomes transparent
for incident photons with various frequencies, i.e., trivial
mirror. Single- and two-peak reflection spectra are obtained
for −Γ < Ω ≤ 0 and Ω > 0, respectively, enabling the
study of reflection-tuned atomic cavities. From Eq. (1),
we obtain the reflection at Δ ¼ 0,

Rð0Þ ¼ Γ2W2

ðΓ2 þ W2

4
Þ2 : ð2Þ

The reflection Rð0Þ responsible for cavity losses [9,45] is
nontrivially changed by W. As shown in Fig. 2(b), Rð0Þ
increases with W for single-peak reflection. After reaching
unity at W ¼ 2Γ, Rð0Þ is reduced, producing a two-peak
reflection spectrum. Therefore, W plays an important role
in controlling the reflection spectrum of the atom-dimer
mirror.
Atomic cavity protected by anti-PT symmetry.—To

explore the relation between atomic mirrors and cavity,
we consider two atom-dimer mirrors with Hamiltonian
H0 ¼

P
i ΩðσþMi;A1

σ−Mi;A2
þ H:c:Þ, where i ¼ l, r denotes

the left and right atomic mirror, and A1, A2 represent
mirror atoms. Considering the cavity architecture in
Fig. 1(b), we trace out the degrees of freedom of pho-
tons in the waveguide [66–72] and obtain an effective

FIG. 2. (a) Reflection of the atom-dimer mirror for various
values of atomic coupling. (b) Reflection Rð0Þ at Δ ¼ 0 versus the
frequency difference W between two scattering states in the
mirror. (c) Anti-PT phase transitions in the anti-Bragg atom-
dimer cavity. Red solid and blue dashed curves correspond to real
and imaginary parts of two supermodes. (d) Reflection-dependent
atom-dimer cavity. A low-loss cavity supermode is produced by
large mirror reflection.

FIG. 1. (a) Schematic of a Fabry-Perot cavity with two parallel
mirrors. (b) Atomic cavity consisting of two atom-dimer mirrors,
separated by a distance λ0, coupled to a waveguide. For each
mirror, we consider a direct atomic coupling Ω and anti-Bragg
condition dm ¼ λ0=4. (c) Energy levels of scattering states in the
anti-Bragg atom-dimer mirror with W ¼ 2ðΩþ ΓÞ (left) and
corresponding reflected photon amplitudes (right). (d) Reflection
R ¼ jrj2 (blue solid) and photon phase shift ArgðrÞ (red dashed)
produced by the atom-dimer mirror.
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non-Hermitian Hamiltonian in the single-excitation sub-
space fjψ ji ¼ σþj jg1g2g3g4ig of four mirror atoms [64],

Hc ¼ðΩþΓÞs0⊗ τxþΓsx ⊗ τ0− iΓsy ⊗ τy− iΓs0 ⊗ τ0;

ð3Þ
where sn and τn (n ¼ x, y, z) are Pauli matrices in the space
fMl;Mrg of two mirrors and the subspace fA1;A2g of
mirror atoms, respectively. We have assumed that two
atomic mirrors are separated by λ0. Equation (3) describes
the quantum light-mirror interaction in the atomic cavity.
To clarify the mechanism of the cavity, we make a unitary
transformation to Eq. (3) (see Supplemental Material [64])
and simplify the system as two decoupled subsystems
H1 ⊕ H2 with

H1 ¼
�−Ω − iΓ −iΓ

−iΓ Ω − iΓ

�
; ð4Þ

H2 ¼
�−Ω − 2Γ − iΓ iΓ

iΓ Ωþ 2Γ − iΓ

�
: ð5Þ

H1 and H2 are protected by anti-PT symmetry
ðPT ÞHiðPT Þ−1 ¼ −Hi [73–76]. Importantly, without
using frequency detunings [50–58], here anti-PT phase
transitions are produced by atomic couplings, which can
uncover novel properties of anti-PT symmetric systems.
Moreover, we avoid the influence of frequency-dependent
couplings [77,78] on the atom-dimer cavity.
The anti-PT symmetry inspires us to study the atom-

dimer cavity using non-Hermitian theory [79–82]. We
diagonalize the system as Hc ¼

P
n EnjΨR

n ihΨL
n j, with

the biorthogonal basis hΨL
n jΨR

mi ¼ δnm. The index j labels
supermodes of the atomic cavity. In Fig. 2(c), we show real
and imaginary parts of the eigenvalues for two super-
modes in the anti-PT -symmetry-protected regimes
W ∈ ð−4Γ; 0Þ ∪ ð0; 4ΓÞ. Anti-PT phase transitions take
place at second-order exceptional points W ¼ 0;�4Γ. For
0 ≤ W ≤ 4Γ, the eigenvalues of H1 correspond to two
degenerate supermodes Ψ� with decay rates

Γ� ¼ Γ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γ2 −Ω2

p
: ð6Þ

At Ω ¼ 0, a long-living supermode exists in the atom-
dimer cavity with mirrors having complete reflection Rð0Þ at
the central frequency. This supermode plays the role of a
cavity mode [22] and becomes dissipative for reduced Rð0Þ.
By solving Eq. (2) for Ω and substituting the solutions to
Eq. (6), we obtain reflection-tuned energy levels and decay
rates of the supermodes Ψ� for W ≥ 2Γ, as shown in
Fig. 2(d). For weak reflection, these two supermodes
have equal decay rate Γ, the same as individual mirror
atoms. However, large reflection leads to an anti-PT phase
transition, producing cavity supermodes with controlled
loss.

Reflection threshold for strong cavity-atom coupling.—
In addition to photon loss, the mode profile is a funda-
mental property of cavities [83,84]. In optical cavities, the
cavity-atom coupling is proportional to the cavity mode
electric field, which is related to boundary conditions
imposed by mirrors [43,44]. To study cavity fields affected
by atomic mirrors, we consider a probe atom [see Fig. 1(a)].
The atom-cavity interaction is described by Hint ¼ ðδω−
iγÞσþpσ−p − i

ffiffiffiffiffi
γΓ

p P
4
j¼1 e

iϕjðσþj σ−p þ σþp σ−j Þ. Here, δω ¼
ωp − ω0 is the detuning between the probe atom and
mirror atoms, γ is decay rate of the probe atom, σ�j are
operators of the jth mirror atoms, and ϕj ¼ 2πjxj − xpj=λ0
[85–87]. The probe atom is placed at xp ¼ λ0=4 in the
cavity, such that the couplings vanish between the probe
atom and supermodes unprotected by anti-PT symmetry
[64]. By writing the whole Hamiltonian H̃ ¼ Hc þHint in
terms of two supermodes Ψ�, we obtain

H̃ ¼

0
B@

−iΓ− 0 GL

0 −iΓþ VL

GR VR δω − iγ

1
CA; ð7Þ

where the couplings are GL ¼ −i
ffiffiffiffiffi
γΓ

p P
j e

iϕjhΨL
−jψ ji,

GR ¼ −i
ffiffiffiffiffi
γΓ

p P
j e

iϕjhψ jjΨR
−i, and similar for VL;R by

considering the supermode Ψþ. With the protection of
anti-PT symmetry, the probe atom is coherently and
dissipatively coupled to the slow- and fast-decay super-
modes with the same coupling strength, i.e., Im½GR� ¼ 0
and VR ¼ iGR. As shown in Fig. 3(a), the probe atom is

FIG. 3. (a) Coupling between probe atom and the slow-decay
supermode. The solid curve and dashed line denote the real and
imaginary parts of the coupling GR. The horizontal axis repre-
sents the position of the probe atom in the cavity. (b) Absolute
value and argument of cavity-atom coupling GR for the slow-
decay supermode. The probe atom is located at xp ¼ 0.25λ0.
(c) Atomic cavity field changed by the mirror reflection.
(d) Transmission spectrum of the far-detuned probe atom. Red
dashed and blue solid curves correspond to Ω ¼ 0 and 0.2Γ,
respectively.

PHYSICAL REVIEW LETTERS 131, 103602 (2023)

103602-3



maximally coupled to the supermode Ψ− at xp ¼ λ0=4. We

find GL ¼ GR=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −Ω2=Γ2

p
and VL ¼ VR=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −Ω2=Γ2

p
,

which diverge at exceptional points. Hence, GR and VR
characterize the effective fields of the atomic cavity.
Figure 3(b) presents the absolute value and argument

of the coupling GR between the atom and the slow-
decay supermode. Indeed, the coupling is coherent for
0 ≤ W ≤ 4Γ, and its concise form is

GR ¼
ffiffiffiffiffiffiffi
γW

p
: ð8Þ

This equation uncovers an intrinsic relation between mirror
reflection and atom-dimer cavity: the frequency difference
W between mirror’s scattering states determines the atom-
cavity coupling. At point A, W ¼ Γ indicates the emer-
gence of enhanced cavity-atom coupling with respect to the
couplings between probe atom and mirror atoms. At point
BwithW ¼ 4Γ, the cavity undergoes a phase transition and
the coherent cavity-atom coupling reaches its maximum.
Therefore, the parameter space between A and B is the
strong-coupling regime.
To gain further insight into the relation between mirror

reflection and the atom-dimer cavity, we define a coupling
factor η ¼ G2

R=γΓ in terms of Rð0Þ via Eq. (2). The coupling
factor corresponding to atomic mirrors with single-peak

reflection spectra is η ¼ 2ð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Rð0Þp

Þ=
ffiffiffiffiffiffiffiffi
Rð0Þp

. As
shown in Fig. 3(c), η monotonically increases with Rð0Þ,
showing a reflection-controlled cavity field [33]. For two-

peak mirrors, the coupling factor becomes η ¼ 2
ffiffiffiffiffiffiffiffi
Rð0Þp

=

ð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Rð0Þp

Þ. It increases with growing W even though
Rð0Þ declines. However, when Rð0Þ reduces to a critical
value at point B, the coupling GR becomes dissipative.
Interestingly, we find that points A and B correspond to a

reflection threshold Rð0Þ
th ¼ 0.64. The strong coherent

coupling requires Rð0Þ > Rð0Þ
th .

In Fig. 3(d), we show the transmission spectrum of the
detuned cavity-atom system. The antiresonance in the
transmission is due to the probe atom [14–16]. Owing to
the anti-Bragg scattering, dissipative supermodes in the
atomic cavity produce a transmissionless spectrum for
Ω ¼ 0. Weak atomic coupling leads to a photon trans-
mission amplitude t ≈ Γ−=½iðΔþ ΔpÞ þ Γ−�, where Δp is
the frequency shift induced by the probe atom. In contrast
to conventional subradiant states that inhibit photon trans-
mission [88], the slow-decay supermode Ψ− enhances
photon transmission. This cavitylike behavior [89] makes
it useful to detect atomic cavity QED via photon transport
in a waveguide.
Mirror-controlled cavity-atom polaritons.—In cavity

QED, polaritons can be produced with interacting photons
and atoms or excitons [90,91]. In our system, non-
Hermitian cavity-atom interactions in Eq. (7) control the
formation of cavity-atom polaritons. Solutions of the
equation detðH̃ − EÞ ¼ 0 can be derived using Cardano’s

formula [64,92]. In Fig. 4(a), we show the eigenspectrum
of the cavity-atom system. In the strong-coupling regime,
the probe atom hybridizes intensely with the slow-decay
supermode, giving rise to two equally decaying polaritons.
We find that, at the condition Ω ¼ γ, the eigenvalues are
E1;2 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2 þ 2Γγ

p
and E3 ¼ −ið2Γþ γÞ. Here, E1;2

correspond to two polaritons without dissipation, i.e., dark
polaritons; while E3 contains the whole dissipation.
Therefore, the fast-decay supermode is crucial for tuning
decay rates of polaritons. Moreover, the dark polaritons are
only generated in cavities with two-peak atom-dimer
mirrors, because γ > 0. As shown in Fig. 4(b), the
cavity-atom polaritons can be detected by cavity trans-
mission. The vanishing signals at resonance represent dark
polaritons. The dark polaritons studied here emerge from
the novel non-Hermitian interaction between the probe
atom and the two-mode atomic cavity and cannot be
produced by single-mode optical cavities [93].
In Fig. 4(c), we show the transmission of one polariton

for various atom-cavity frequency detunings. A Fano
resonance is found around δω ¼ 2Γ. Considering distinct
spectroscopic signatures of the probe atom and the cavity
supermode Ψ− shown in Fig. 3(d), the Fano resonance
reveals the half-matter half-light nature of polaritons, useful
for optical switching and sensing [94]. Figure 4(d) displays
the transmission spectrum of γ-dependent polaritons. The
frequencies of polaritons agree with Eq. (8). This confirms
the effective cavity-atom coupling represented by GR.
The inset shows the linewidth of polaritons versus γ with
a minimum at γ ¼ Ω.
Applications of the atom-dimer cavity.—Slow-decay

states, or subradiant states, are useful for quantum

FIG. 4. (a) Cavity-atom polaritons are formed with γ ¼ 0.005Γ.
(b) Transmission detection of polaritons for γ ¼ 0.2Γ.
(c) Polariton-induced Fano resonance. Red solid, blue dashed,
and green dotted curves correspond to δω=Γ ¼ 1, 2, and 3,
respectively. (d) γ-dependent polaritons. The inset shows
lnðγp=ΓÞ versus γ, where γp denotes decay rate of polaritons.
We considerΩ ¼ 0.2Γ in (b)–(d), γ ¼ 0.2Γ in (b),(c), and δω ¼ 0
in (a),(d).
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information storage [95,96]. However, it is challenging to
access and manipulate these subtle many-body states
[97–99]. The atom-dimer cavity provides an interface
between a single atom and a subradiant state. We show
the persistent Rabi oscillations of the probe atom in
Fig. 5(a), produced by dark polaritons. After considering
the free-space loss [22], the population transfer is still
efficient. Because of this cavity-atom interface, quantum
information can be flexibly stored in and retrieved from the
atom-dimer cavity. Figure 5(b) shows the transmission
spectrum of polaritons for a cavity with single-peak
mirrors. Different from the two-peak atomic cavity, only
bright polaritons are formed.
Conclusions.—In this Letter, we study an open cavity with

tunable atom-dimer mirrors. Atomic couplings in mirrors
nontrivially control the anti-PT -symmetry-protected cavity
and produce two reflection-dependent degenerate super-
modes. The coherent coupling between the slow-decay
supermode and the probe atom is related to frequency
difference between mirror’s scattering states. We propose
a non-Hermitian cavity QED theory and identify a reflection
threshold for strong cavity-atom coupling. The roles played
by the slow- and fast-decay supermodes are clarified for
realizing dark polaritons. Our Letter presents a novel cavity
in a coupling-controlled anti-PT symmetric system, which
allows one to study non-Hermitian light-matter interaction.
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[61] H. L. Sørensen, J.-B. Béguin, K. W. Kluge, I. Iakoupov,
A. S. Sørensen, J. H. Müller, E. S. Polzik, and J. Appel,
Coherent Backscattering of Light Off One-Dimensional
Atomic Strings, Phys. Rev. Lett. 117, 133604 (2016).

[62] M. Hübner, J. Kuhl, T. Stroucken, A. Knorr, S. W. Koch, R.
Hey, and K. Ploog, Collective Effects of Excitons in
Multiple-Quantum-Well Bragg and Anti-Bragg Structures,
Phys. Rev. Lett. 76, 4199 (1996).

[63] A. N. Poddubny, Driven anti-Bragg subradiant correlations
in waveguide quantum electrodynamics, Phys. Rev. A 106,
L031702 (2022).

[64] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.103602 for addi-
tional details about the anti-Bragg atom-dimer mirror with
tunable reflection, atomic cavity protected by anti-parity-
time symmetry, and atomic cavity QED, which includes
Ref. [65].

[65] Y. P. Zhong, H.-S. Chang, K. J. Satzinger, M.-H. Chou, A.
Bienfait, C. R. Conner, É. Dumur, J. Grebel, G. A. Peairs,
R. G. Povey, D. I. Schuster, and A. N. Cleland, Violating
Bell’s inequality with remotely connected superconducting
qubits, Nat. Phys. 15, 741 (2019).

[66] F. Le Kien, S. D. Gupta, K. P. Nayak, and K. Hakuta,
Nanofiber-mediated radiative transfer between two distant
atoms, Phys. Rev. A 72, 063815 (2005).

[67] A. Gonzalez-Tudela, D. Martin-Cano, E. Moreno, L. Martin-
Moreno, C. Tejedor, and F. J. Garcia-Vidal, Entanglement of
Two Qubits Mediated by One-Dimensional Plasmonic Wave-
guides, Phys. Rev. Lett. 106, 020501 (2011).

[68] G. Díaz-Camacho, D. Porras, and J. J. García-Ripoll, Photon-
mediated qubit interactions in one-dimensional discrete and
continuous models, Phys. Rev. A 91, 063828 (2015).

[69] T. Shi, D. E. Chang, and J. I. Cirac, Multiphoton-scattering
theory and generalized master equations, Phys. Rev. A 92,
053834 (2015).

[70] T. Caneva, M. T. Manzoni, T. Shi, J. S. Douglas, J. I. Cirac,
and D. E. Chang, Quantum dynamics of propagating pho-
tons with strong interactions: a generalized input-output
formalism, New J. Phys. 17, 113001 (2015).

[71] Y. S. Greenberg and A. A. Shtygashev, Non-Hermitian
Hamiltonian approach to the microwave transmission
through a one-dimensional qubit chain, Phys. Rev. A 92,
063835 (2015).

[72] G. Calajó, F. Ciccarello, D. Chang, and P. Rabl, Atom-field
dressed states in slow-light waveguide QED, Phys. Rev. A
93, 033833 (2016).

[73] L. Ge and H. E. Türeci, Antisymmetric PT -photonic
structures with balanced positive- and negative-index ma-
terials, Phys. Rev. A 88, 053810 (2013).

[74] J.-H. Wu, M. Artoni, and G. C. La Rocca, Non-Hermitian
Degeneracies and Unidirectional Reflectionless Atomic
Lattices, Phys. Rev. Lett. 113, 123004 (2014).

[75] F. Yang, Y.-C. Liu, and L. You, Anti-PT symmetry in
dissipatively coupled optical systems, Phys. Rev. A 96,
053845 (2017).

[76] Q. Li, C.-J. Zhang, Z.-D. Cheng, W.-Z. Liu, J.-F. Wang,
F.-F. Yan, Z.-H. Lin, Y. Xiao, K. Sun, Y.-T.Wang, J.-S. Tang,
J.-S. Xu, C.-F. Li, and G.-C. Guo, Experimental simulation
of anti-parity-time symmetric Lorentz dynamics, Optica 6,
67 (2019).

[77] A. F. Kockum, G. Johansson, and F. Nori, Decoherence-
Free Interaction between Giant Atoms in Waveguide Quan-
tum Electrodynamics, Phys. Rev. Lett. 120, 140404 (2018).

[78] B. Kannan, M. J. Ruckriegel, D. L. Campbell, A. F.
Kockum, J. Braumüller, D. K. Kim, M. Kjaergaard, P.
Krantz, A. Melville, B. M. Niedzielski, A. Vepsäläinen,
R. Winik, J. L. Yoder, F. Nori, T. P. Orlando, S. Gustavsson,
and W. D. Oliver, Waveguide quantum electrodynamics
with superconducting artificial giant atoms, Nature
(London) 583, 775 (2020).

[79] C. M. Bender and S. Boettcher, Real Spectra in Non-
Hermitian Hamiltonians Having PT Symmetry, Phys.
Rev. Lett. 80, 5243 (1998).

[80] R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H.
Musslimani, S. Rotter, and D. N. Christodoulides, Non-
Hermitian physics and PT symmetry, Nat. Phys. 14, 11
(2018).

[81] Ş. K. Özdemir, S. Rotter, F. Nori, and L. Yang, Parity-time
symmetry and exceptional points in photonics, Nat. Mater.
18, 783 (2019).

[82] Y. Ashida, Z. Gong, and M. Ueda, Non-Hermitian physics,
Adv. Phys. 69, 249 (2020).

[83] C. J. Hood, H. J. Kimble, and J. Ye, Characterization of
high-finesse mirrors: Loss, phase shifts, and mode structure
in an optical cavity, Phys. Rev. A 64, 033804 (2001).

PHYSICAL REVIEW LETTERS 131, 103602 (2023)

103602-7

https://doi.org/10.1126/science.aaw6259
https://doi.org/10.1103/PhysRevLett.123.193604
https://doi.org/10.1103/PhysRevLett.123.193604
https://doi.org/10.1103/PhysRevApplied.13.014053
https://doi.org/10.1103/PhysRevApplied.13.014053
https://doi.org/10.1021/acs.nanolett.0c03119
https://doi.org/10.1103/PhysRevLett.125.147202
https://doi.org/10.1103/PhysRevLett.125.147202
https://doi.org/10.1103/PhysRevLett.126.180401
https://doi.org/10.1038/s41467-022-35447-3
https://doi.org/10.1126/science.ade9324
https://doi.org/10.1103/PhysRevLett.117.133603
https://doi.org/10.1103/PhysRevLett.117.133603
https://doi.org/10.1103/PhysRevLett.117.133604
https://doi.org/10.1103/PhysRevLett.76.4199
https://doi.org/10.1103/PhysRevA.106.L031702
https://doi.org/10.1103/PhysRevA.106.L031702
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.103602
https://doi.org/10.1038/s41567-019-0507-7
https://doi.org/10.1103/PhysRevA.72.063815
https://doi.org/10.1103/PhysRevLett.106.020501
https://doi.org/10.1103/PhysRevA.91.063828
https://doi.org/10.1103/PhysRevA.92.053834
https://doi.org/10.1103/PhysRevA.92.053834
https://doi.org/10.1088/1367-2630/17/11/113001
https://doi.org/10.1103/PhysRevA.92.063835
https://doi.org/10.1103/PhysRevA.92.063835
https://doi.org/10.1103/PhysRevA.93.033833
https://doi.org/10.1103/PhysRevA.93.033833
https://doi.org/10.1103/PhysRevA.88.053810
https://doi.org/10.1103/PhysRevLett.113.123004
https://doi.org/10.1103/PhysRevA.96.053845
https://doi.org/10.1103/PhysRevA.96.053845
https://doi.org/10.1364/OPTICA.6.000067
https://doi.org/10.1364/OPTICA.6.000067
https://doi.org/10.1103/PhysRevLett.120.140404
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1038/nphys4323
https://doi.org/10.1038/nphys4323
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1080/00018732.2021.1876991
https://doi.org/10.1103/PhysRevA.64.033804


[84] J. Vučković, M. Lončar, H. Mabuchi, and A. Scherer,
Design of photonic crystal microcavities for cavity QED,
Phys. Rev. E 65, 016608 (2001).

[85] A. Albrecht, L. Henriet, A. Asenjo-Garcia, P. B. Dieterle, O.
Painter, and D. E. Chang, Subradiant states of quantum bits
coupled to a one-dimensional waveguide, New J. Phys. 21,
025003 (2019).

[86] Y.-X. Zhang and K. Mølmer, Theory of Subradiant States of
a One-Dimensional Two-Level Atom Chain, Phys. Rev.
Lett. 122, 203605 (2019).

[87] Y. Ke, A. V. Poshakinskiy, C. Lee, Y. S. Kivshar, and A. N.
Poddubny, Inelastic Scattering of Photon Pairs in Qubit
Arrays with Subradiant States, Phys. Rev. Lett. 123, 253601
(2019).

[88] W. Nie, T. Shi, F. Nori, and Y.-X. Liu, Topology-Enhanced
Nonreciprocal Scattering and Photon Absorption in a
Waveguide, Phys. Rev. Appl. 15, 044041 (2021).

[89] D. Plankensteiner, C. Sommer, H. Ritsch, and C. Genes,
Cavity Antiresonance Spectroscopy of Dipole Coupled
Subradiant Arrays, Phys. Rev. Lett. 119, 093601 (2017).

[90] D. N. Basov, A. Asenjo-Garcia, P. J. Schuck, X. Zhu, and A.
Rubio, Polariton panorama, Nanophotonics 10, 549 (2021).

[91] S. Ghosh, R. Su, J. Zhao, A. Fieramosca, J. Wu, T. Li, Q.
Zhang, F. Li, Z. Chen, T. Liew, D. Sanvitto, and Q. Xiong,
Microcavity exciton polaritons at room temperature, Pho-
tonics Insights 1, R04 (2022).

[92] H. Jing, Ş. K. Özdemir, H. Lü, and F. Nori, High-order
exceptional points in optomechanics, Sci. Rep. 7, 3386
(2017).

[93] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M.
Atatüre, S. Gulde, S. Fält, E. L. Hu, and A. Imamoğlu,
Quantum nature of a strongly coupled single quantum dot-
cavity system, Nature (London) 445, 896 (2007).

[94] M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S.
Kivshar, Fano resonances in photonics, Nat. Photonics 11,
543 (2017).

[95] M. O. Scully, Single Photon Subradiance: Quantum Control
of Spontaneous Emission and Ultrafast Readout, Phys. Rev.
Lett. 115, 243602 (2015).

[96] A. Asenjo-Garcia, M. Moreno-Cardoner, A. Albrecht, H. J.
Kimble, and D. E. Chang, Exponential Improvement in
Photon Storage Fidelities Using Subradiance and “Selective
Radiance” in Atomic Arrays, Phys. Rev. X 7, 031024
(2017).

[97] G. Ferioli, A. Glicenstein, L. Henriet, I. Ferrier-Barbut, and
A. Browaeys, Storage and Release of Subradiant Excitations
in a Dense Atomic Cloud, Phys. Rev. X 11, 021031
(2021).

[98] O. Rubies-Bigorda, V. Walther, T. L. Patti, and S. F. Yelin,
Photon control and coherent interactions via lattice dark
states in atomic arrays, Phys. Rev. Res. 4, 013110
(2022).

[99] R. Holzinger, R. Gutiérrez-Jáuregui, T. Hönigl-Decrinis,
G. Kirchmair, A. Asenjo-Garcia, and H. Ritsch, Control
of Localized Single- and Many-Body Dark States in
Waveguide QED, Phys. Rev. Lett. 129, 253601
(2022).

PHYSICAL REVIEW LETTERS 131, 103602 (2023)

103602-8

https://doi.org/10.1103/PhysRevE.65.016608
https://doi.org/10.1088/1367-2630/ab0134
https://doi.org/10.1088/1367-2630/ab0134
https://doi.org/10.1103/PhysRevLett.122.203605
https://doi.org/10.1103/PhysRevLett.122.203605
https://doi.org/10.1103/PhysRevLett.123.253601
https://doi.org/10.1103/PhysRevLett.123.253601
https://doi.org/10.1103/PhysRevApplied.15.044041
https://doi.org/10.1103/PhysRevLett.119.093601
https://doi.org/10.1515/nanoph-2020-0449
https://doi.org/10.3788/PI.2022.R04
https://doi.org/10.3788/PI.2022.R04
https://doi.org/10.1038/s41598-017-03546-7
https://doi.org/10.1038/s41598-017-03546-7
https://doi.org/10.1038/nature05586
https://doi.org/10.1038/nphoton.2017.142
https://doi.org/10.1038/nphoton.2017.142
https://doi.org/10.1103/PhysRevLett.115.243602
https://doi.org/10.1103/PhysRevLett.115.243602
https://doi.org/10.1103/PhysRevX.7.031024
https://doi.org/10.1103/PhysRevX.7.031024
https://doi.org/10.1103/PhysRevX.11.021031
https://doi.org/10.1103/PhysRevX.11.021031
https://doi.org/10.1103/PhysRevResearch.4.013110
https://doi.org/10.1103/PhysRevResearch.4.013110
https://doi.org/10.1103/PhysRevLett.129.253601
https://doi.org/10.1103/PhysRevLett.129.253601

