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Waveguide QED with dissipative light-matter couplings
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Dissipative light-matter coupling plays a vital role in non-Hermitian physics, but it remains largely unexplored
in waveguide QED systems. In this work, we find that by employing pseudo-Hermitian symmetry rather than
anti-P7T symmetry, the concept of dissipative coupling could be generalized and applied to the field of waveguide
QED. This leads to a series of intriguing results, such as spontaneous breaking of pseudo-Hermitian symmetry
across the exceptional points (EPs), level attraction between the bound states, and critical transition across the
EPs for the population of quantum emitters in the bound state. Thanks to the tunability of photonic bands
in crystal waveguides, we also demonstrate that dissipative light-matter coupling leads to the emergence of
nonstandard third-order exceptional points with chiral spatial profiles in a topological waveguide QED system.
This work provides a promising paradigm for studying non-Hermitian quantum phenomena in waveguide QED

systems.

DOLI: 10.1103/PhysRevResearch.7.L.012036

Introduction. Waveguide quantum electrodynamics (QED)
is a well-known field in quantum optics, where light con-
fined in one-dimension interacts with quantum emitters
[1,2]. In this field, photonic structures with band gaps are
promising for tailoring nontrivial light-matter interactions
and advancing quantum information processing and simula-
tion [3—-15]. Another idea is based on directly manipulating
light-matter couplings, which can be nonlocal [16-18], ul-
trastrong [19-21], and nonlinear [22]. Recently, introducing
non-Hermiticity into structured waveguide QED has revealed
a large amount of novel non-Hermitian quantum phenom-
ena [23], including, but not limited to, hidden bound states
(BSs) with skin-effect origin [24-26], fractional quantum
Zeno effect [27], and nonreciprocal light-mediated interac-
tions [28,29]. Despite these tremendous progresses, previous
studies mainly focused on quantum emitters (QEs) coherently
coupled to photonic waveguide structures with engineered
complex energy band structures. That is, the photonic waveg-
uide is by itself a non-Hermitian bath, leaving the problem of
dissipative emitter-photon waveguide coupling unexplored.

On the other hand, dissipative couplings play a crucial
role in non-Hermitian physics [30-35], typically in a two-
mode system coupled to an auxiliary dissipative reservoir
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which induces a dissipative intermode coupling [36]. In this
context, it features experimentally observable level attrac-
tion [37-41] and anti-parity-time (anti-P7") symmetric phase
transitions [42—49]. The latter is associated with exceptional
points (EPs), where both eigenvalues and the associated eigen-
states coalesce [50,51]. These have potential applications,
such as PT -symmetric lasers [52—-54] and EP-enhanced sens-
ing [55,56]. However, there is no comprehensive analysis of
dissipative coupling of quantum emitters to a photonic contin-
uum with extensive degrees of freedom. This may possess a
number of surprising and potentially useful features that have
never been discovered before in few-mode systems.

In this work, we address these critical yet unexplored
problems by investigating the non-Hermitian aspects of dis-
sipative light-matter couplings in a waveguide QED system.
We find that this dissipative waveguide QED system has
pseudo-Hermitian symmetry [57,58] rather than anti-P7 or
PT symmetry prevalent in the few-mode case. This symmetry
describes the Hamiltonian as effectively Hermitian via an
invertible linear operator 7, i.e., nH, ,,Hn’l =H ;H. It is capable
of producing real eigenvalues and undergoing spontaneous
breaking across EPs. Differently from previous studies with
band gap structures [59,60], here we find that the bound states
of this pseudo-Hermitian system display level attraction, and,
more interestingly, a critical transition across the EPs for the
QE population. In the pseudo-Hermitian symmetry broken
phase, surprisingly, we find that the QE population in the
formed bound state is always fixed as 1/2. In the unbroken
phase, the single-QE dynamics displays prominent population
retrieval on top of fractional decay. In addition, we find in-
triguing phenomena in a topological waveguide QED system

Published by the American Physical Society


https://orcid.org/0000-0003-3682-7432
https://ror.org/017zhmm22
https://ror.org/01sjwvz98
https://ror.org/057zh3y96
https://ror.org/01sjwvz98
https://ror.org/00jmfr291
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.7.L012036&domain=pdf&date_stamp=2025-02-19
https://doi.org/10.1103/PhysRevResearch.7.L012036
https://creativecommons.org/licenses/by/4.0/

DONG, LI, GONG, AND NORI

PHYSICAL REVIEW RESEARCH 7, L012036 (2025)

(a) emitter .
auxiliary modes

T‘ U- U T_ broken
> > «» > «» > » > ® > e R S
. < 4
structured waveguide @i
(b) A R oo

7 K (c) EP
- HQ;_’ A HQ:_ 0 1 2
K k/J

FIG. 1. (a) Schematic illustration of a two-level emitter dis-
sipatively coupled to a 1D structured bath through auxiliary
modes. (b) The reduced model of one emitter in a coupled-
resonator waveguide after adiabatically eliminating the intermediate
modes. Typically, decay into neighboring auxiliary modes is neg-
ligible, validating the assumption of independent decay channels

[13,14]. (c) Single-excitation phase diagram of the pseudo-Hermitian
waveguide QED system (b).

[11,13], including the emergence of nonstandard third-order
EPs [61-65] and chiral bound states. This work initiates the
study of dissipative coupling to a photonic continuum with
tunable band structures, thus opening an avenue for exploring
non-Hermitian physics in waveguide QED.

Model and Hamiltonian. We consider the setup where
two-level QEs are dissipatively coupled to a tight-binding
resonator chain; this dissipative coupling can be realized with
the help of auxiliary modes, as depicted in Fig. 1. In the
Markovian limit, the dissipative dynamics can be described
by a Lindblad master equation (let 7 = 1)

p = —ilfy + Hs. P}
+2¢ Y Dlay, +6,)p+2k ) Dlalp. (1)

m n#ny,

where Hy = —J Zn(&z 4160 + H.c.) is the Hamiltonian of the
one-dimensional (1D) photonic lattice with hopping strength
J and annihilation operator g, on site n, Hg = A Zm 6;16,,,
is the free Hamiltonian of the quantum emitters with detun-
ing A and spin operator 6,1 = |e)m{gl, and D[f,],?) = ﬁ,?)ﬁ —
(LTL/2, p} is the Lindblad superoperator. The second term
on the right gives rise to a dissipative light-matter interaction
Hi = —ik Zm(&im 6, + H.c.), along with local dampings on
coupled sites a,, and emitters &,, with identical strength «.
The last term is added to achieve a uniform global on-site
photon loss.

Background loss shifts the diagonal imaginary energy
without affecting phase transitions and EPs. The impact
on the dynamics appears as a time decay of e *, which
can be mitigated under Tr(p) = 1. This method is widely
used in PT -symmetric experiments with a passive sys-
tem replacing an active one [66-68]. For simplicity, we
focus on the effective non-Hermitian Hamiltonian, H.g =
Hg + Hg + Hi,. This is justified by using designed post-
selection schemes that select trajectories without quantum
jumps [69-72]. Alternatively, inspired by anti-P7 symmetric
systems [73], we suggest extending this approach to contin-
uous modes to retain the transmission spectrum as a useful
observable [74].

Here, we do not claim that the dissipative coupling itself
is novel. Instead, our main message is that there remain un-
expectedly rich phenomena to be explored at the interface
between non-Hermitian physics and waveguide QED. This
framework allows us to explore unique phenomena, such as
level attraction, critical transitions, and symmetry breaking
across the EPs, which extend beyond the scope of traditional
quantum optical studies. Note that we can definitely go to the
classical regime. The problem is inspired by waveguide QED,
yet it is not restricted to waveguide QED.

By performing the Fourier transformation a, = N

L€ *g, we can transform the effective non-Hermitian
Hamiltonian into

Hey = Hy + Z W]

—1/2

k
— kN2 Z Z(e*”‘"ma,ﬁ&m +He), ()
m k

with dispersion relation w; = —2Jcosk and lattice
period dy =1. The system’s nonunitary dynamics is
governed by [91]

p = —ilHp + Hs, pl — i{Hin, p} + 2iTr(pHiw)p,  (3)

where the third term is added to preserve probability
conservation. For a pure state, this can be simplified as
e~ et |4r0) / /(W [W,). Focusing on the QEs subsystem, one
can derive the excited-state population dynamics of an arbi-
trary emitter using (6,:;0)6,"(1‘)) = (e, 0]1p(t)]en, 0). Unlike
conventional open systems that consider steady-state exper-
iments with a drive, we put more emphasis on transient
dynamics.

Pseudo-Hermitian waveguide QED. In this work, we re-
strict our study to the single-excitation sector [92,93]. We start
by considering a single emitter. For J = 0, anti-P7 symmetry
can be restored by shifting the real energy by A/2, a result
that has been extensively studied (e.g., two atoms coupled to
a photon reservoir) [42,94]. However, when J # 0, a photonic
continuum forms and anti-P7 symmetry is not applicable.

To address this issue, we employ pseudo-Hermitian sym-
metry iHe ' = H;, where i) = 676 — 3", alay [74]. This
implies that having identical on-site loss is crucial, as it en-
ables the exploration of pseudo-Hermitian physics in lattice
models [57,58]. Note that expanding into the waveguide con-
tinuum introduces fundamentally different subjects, such as
band structures and QE-photon bound states. This foundation
is further enriched with band topology, vacancy-like dressed
states [95], and long-range tunable interactions.

The single-QE phase diagram of such a pseudo-Hermitian
waveguide QED system is plotted in Fig. 1(c), with entirely
real eigenenergies (one complex-conjugate pair) in the unbro-
ken (broken) phase. When the detuning is inside the band,
the pseudo-Hermitian symmetry is broken unless the coupling
is zero. In contrast, a phase transition at the EP is allowed
outside the continuum.

Level attraction and phase transition. A natural question
arises: how do the non-Hermitian phenomena manifest in
pseudo-Hermitian waveguide QED? Let us first consider that
the QE’s frequency lies inside the upper band gap A > 2J.
In this regime, the BSs localized around emitters appear
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FIG. 2. (a), (b) Complex energy spectrum of one emitter in the
waveguide, with A =2.1J. (c) Population |c.|> and localization
length X as a function of coupling strength for the upper BS shown in
(a). (d) Excited-state population dynamics under different coupling
strengths, with xgp ~ 0.16J.

naturally. In Figs. 2(a) and 2(b), level attraction and a phase
transition are observed in the BSs, with spectral singularity
determined by E,, = (A ++A?+32J2)/4 [based on
Egs. (4) and (5)]. A corresponding transition of the population
lc.|> and localization length A is shown in Fig. 2(c). The
parameter A describes the wave function diminishing with the
distance as e *. Unlike conventional scenarios, increased
coupling strength may lead to a larger localization length.

This indicates a phase transition in the emitter dynam-
ics across the EP. As shown in Fig. 2(d), in the unbroken
phase, the single-QE dynamics displays prominent population
retrieval on top of fractional decay; in the broken phase,
the QE population in the formed bound state always keeps
the value of 1/2. Similar phenomena have been observed in
PT -symmetric systems [96,97], but here we uncover these
phenomena in a fundamentally different setting. We also
numerically compute the two-QE dynamics (see Ref. [74]),
which is qualitatively different in the two phases.

Bound states in the broken phase. We now consider the band
regime, where A € [—2J, 2J], corresponding to the pseudo-
Hermitian symmetry broken phase. In the weak-coupling limit
(k <« J), Fermi’s golden rule predicts a negative single QE’s
decay rate T'(k) = (—ix)*/|vgl < 0, with v, = dawy/0k the
photon group velocity. This anomaly implies the appearance
of a pair of bound states with complex-conjugate eigenener-
gies E;, = E1. An intuitive explanation is that the interaction
of the QE with the resonant mode k(A) breaks pseudo-
Hermitian symmetry, thus forming a QE-photon bound state.
In Fig. 3(a), we plot the real-space photon profile of the bound
states when A =0 and find a relatively large localization
length & ~ 44.46 for « = 0.3J. This is much larger than that
of the bound state formed in the band gap regime by replac-
ing A =2.1J. We also show that the localization length is
divergent close to k = 0 and decays exponentially with the
coupling strength in Fig. 3(b).

Specifically, we solve He|y) = Ep|¢) with single-
excitation wave function |¥) = [c.67 +N"1/2 Dk ck&z]
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FIG. 3. (a) Photon profiles of the BSs, with A =0 (A =2.1J)
and « = 0.3J for the band (gap) case. (b) Population |c,|?> and local-
ization length A versus the coupling strength for BSs formed in the
band regime. (c), (d) Two-QE population dynamics at zero detuning,
with (c) even emitter separation nj, = 40 and (d) odd nj, = 41.

Ig)10), which yields Ac,— (ik/N)Y_, cx = Epc., and
wicr — ikc, = Epcy, Yk. We assume the single QE couples to
the ny = O site. Then, the eigenvalues are given by the pole
equation

1

E—a)k’

2
Ey— A= TuEy) =0, TE)=—7) @)
k

where X.(E) is the self-energy of the QE. In the thermo-
dynamic limit N — oo, Z(E) = —«k2/(E\/1 — 4J2/E?). In
particular, analytic intuition can be obtained at zero detuning,
where Ex = +£+/2J2 — +/4J* + «* are purely imaginary. The
photon profile can be calculated by means of the inverse
Fourier transform ¢, = N~'/2Y", e*"¢c;. The population of
the QE can be obtained from the normalization condition

—1
lee” = (1 +IPNT' Y B, —wk|2> : ()

k

and ¢, =1 /ﬁ [see Fig. 3(b)], which corresponds to a QE-
photon dressed state with equal population weights. This can
be derived by combining Eq. (4) and its complex conjugate
and Eq. (5), leading to

(Ep — E})2 — |c.|?) = 0. (6)

In the broken phase, Ej, # E;, therefore we have 2 —
|c.| 2 =0, aligning with Bell-like states in anti-P7 systems
[98,99]. This conclusion can be generalized to arbitrary two
Hermitian subsystems with purely dissipative couplings [74],
which naturally covers the multi-QE case, i.e., Zm |cm|2 =
1/2.

Two-QF dynamics at A = 0. Now we focus on the case
where two QEs are coupled to a band of modes on resonance.
In the broken phase, the bound states with eigenenergies of
maximal imaginary parts dominate the long-time dynamics.
For most A € [-2J,2J], there are two pairs of complex-
conjugate solutions Ej, = E4 , (p = s, a) with unequal imagi-
nary values. Only the bound states with eigenenergy satisfying
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ImE, , > 0 may contribute to the dynamics after a certain
period of evolution, ultimately leading to a dominant state.
In particular, when ImE_ ; ~ ImE. ,, both bound states are
reserved in the long-time limit, and long-lived oscillatory
behavior between the bound states can be observed [74].
Choosing A = 0 and the emitter separation nj, = ny — n;
being an even number, one of the complex-conjugate pairs
reduces to a zero-energy solution, leaving a single bound
state as the final state of the system in the long-time limit

[see Fig. 3(c)]. As for an odd nj, Ey s = —Ej;,a and the

QE’s population dynamics is well captured by |c;(t)|* =
1/2cos?[Re(E; s)t] and |ca(t)]> = 1/2sin’*[Re(E ()t], ex-
hibiting a perfect coherent transfer of the emitter excitation,
as plotted in Fig. 3(d). The sum of the populations satisfies
lc1(®))* + |e2(t)]? = 1/2, consistent with the behavior of BSs
in the broken phase. The separation-dependent dynamics is
closely related to interference effects, resembling the photon-
mediated collective interactions in an array of emitters in
a vacuum with emitter spacing d = nio/4, where X is the
photon wavelength. In the Hermitian case, the dipole-dipole
interactions mediated by the BSs also demonstrate incomplete
energy exchanges [100,101]; however, the population on QEs
decreases monotonically with increasing coupling strength,
different from the results in this work.

Extension to a topological waveguide. The photonic
bands exhibit high tunability, offering the potential for more
intriguing phenomena. As an example, we consider the Su-
Schrieffer-Heeger (SSH) chain. In terms of \7; = (Ezz, EI),
where a; /5k annihilates a photon with momentum k in sub-
lattice A/B, the topological lattice Hamiltonian is written as
Hssuy = Y, V, Vi, with the Bloch Hamiltonian

he = —=J[(1 +8)+ (1 = 8)coskloy —J(1 — ) sinkoy, (7)

where § is the dimerization parameter. The A = 0 regime is of
particular interest, in which the bulk topology can be reflected
in the edge modes.

Introducing topology into the waveguide QED results in
the emergence of a special class of BSs, known as vacancy-
like dressed states [95], whose eigenenergy does not depend
on the coupling strength. In Fig. 4(a), we plot the energy
spectrum for a single QE coupled to sublattice A at the joth
unit cell, with 6 > 0. It shows that the zero detuning seeds
three BSs: one vacancy-like dressed state and two from the

0 ks
; continuum : 1131// 0.5} (b)
i <S
> ~/"EP3 =
~0
LQ e \‘\\ 0.0
1k Re E \s\
@ N
- 5 n n
0 1 Kl J 2 0 n 20

FIG. 4. Emitters in a topological waveguide. (a) Complex energy
spectrum of one emitter dissipatively coupled to A sublattice at the
Jjo = O unit cell. Here, A = 0 and § = 0.25. (b) Photon profile of the
eigenstate at the third-order EP.

inner band edges with eigenenergies

ES = /20201 480 — VA — 8 0. (8)

When « = 2J4/3, these three BSs coalesce at a third-
order EP, with the eigenstate being a maximal superpo-
sition of the QE excited state and the topological edge
state |1ﬁ'j°'A) = (|e)|vac) — i|g)|ES))/\/§, where |vac) denotes

vds

the photon vacuum and |ES) = Zj>0 2\/5(6 - 1//A+
8)1'*1}3; + j0|Vac), with unit cell index (j + jo). Note that the
nonstandard third-order EP, instead of a second-order EP plus
a normal mode, asymptotically has a square root dispersion
~ic 2 [cf. Eq. (8)] due to the sublattice symmetry [61-65]. In
a manner similar to the passive role of the flat band in a non-
Hermitian three-band system [62], the vacancy-like dressed
state in dissipative topological waveguide QED is utilized
to lift the order of the EP. The photonic part of the dressed
state with a chiral profile is plotted in Fig. 4(b), showing that
the wave function appears to the right side of the QE and
exclusively on the sublattice B.

Third-order EPs may offer enhanced sensitivity in sensing
applications [55], but their study in waveguide QED is largely
unexplored. The emergence of the third-order EPs in the SSH
chain showcases the interplay of bound state, topology, and
pseudo-Hermiticity, providing fresh insights into the forma-
tion of these singularities. When applied to multiple QEs, the
BSs with chiral profiles can not only generate chiral interac-
tions [11], but also give rise to additional novel phenomena
without Hermitian analogs. These include switchable light-
mediated interactions, and long-time dynamics dominated by
the degenerate EPs [74].

Discussion and conclusion. 1D resonator waveguides,
including those with topological structures, have already
been demonstrated in various experimental platforms, such
as superconducting circuits [13,14], nanocavities [102], and
optomechanical lattices [103]. For example, we can build
a lattice model using superconducting metamaterials made
of capacitively coupled arrays of LC resonators. Each
LC resonator is connected to a transmission line to in-
troduce on-site dissipation. Additionally, superconducting
transmon qubits can be connected to transmission lines
to create dissipative light-matter interactions [74]. In cir-
cuit QED experiments [70,104,105], postselection is done
by reconstructing the full density matrix of the quantum
state using quantum state tomography. During data process-
ing, only the matrix elements within the n-excitation sector
(e.g., the single-excitation sector) are kept, while others are
set to zero.

In summary, we have studied QEs dissipatively coupled
to structured waveguides. This is a simple, yet unexplored
non-Hermitian generalization of the conventional light-matter
interacting systems. By identifying pseudo-Hermitian sym-
metry instead of anti-P7 symmetry as the essential underly-
ing symmetry, we have carried out a comprehensive analysis
of dissipative coupling to a photonic continuum. Introducing
pseudo-Hermiticity into waveguide QED revealed several re-
markable results, such as level attraction between the BSs and
critical transition across the EPs for the QE population. The
approach is universal and adaptable to various band structures,
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even extending to the multiexcitation sector [74,106]. When
applied to the SSH lattice, we found nonstandard third-order
EPs. Finally, we point out that one may develop practical
quantum applications based on this new paradigm, harnessing
the unique properties of non-Hermitian systems for techno-
logical advancements.
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