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Introduction

Spontaneous emission roots in the quantum nature of the electromagnetic (EM) field
[1]. For multiple emitters coupled to common EM modes (e.g., an optical waveguide
or an optical cavity), the emission processes of different emitters are not independent,
but interfere with each other to yield super- or sub-radiance when the interference is
constructive or destructive, respectively [2—10]. Specifically, subradiant states are long-
lived entangled states, and emitters in subradiant states are promising candidates for
long-lifetime qubits, or quantum memory [11-15], and can also be useful for quantum
metrology [16—18].

Waveguide quantum electrodynamics (QED) has emerged as an ideally suited quan-
tum system for investigating collective emitter-photon interactions [2, 19-29]. In wave-
guide QED, subradiant states can be prepared by optical excitation which endows the
emitters desired phases from the photons, or naturally arise as steady states of collective
decay process [7, 16]. Unlike the conventional approach with an ensemble of emitters,
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the infinite emitter-emitter interaction length and strong emitter-photon interaction
strength allow subradiance from spatially separated emitters, permitting individual
addressing [5, 6, 29]. However, as only the influence of the shared EM modes can be sup-
pressed by interference cancellation, the subradiant state can still be vulnerable to local
environments. For instance, when an emitter A is coupled to a one-dimensional (1D)
waveguide, its total decay rate can be written as y = y1p + yo, where yip is the decay
rate caused by the 1D waveguide and yp is the decay rate caused by the vacuum free
space. The y1p part of the total decay rate can be suppressed by coupling another emitter
B to this waveguide, where the influences of the waveguide mode on these two emitters
cancel with each other. However, the y part always exists and cannot be suppressed by
interference cancellation, because the vacuum EM modes felt by emitters A and B have
no correlations [16, 30—34]. Thus, yy can be considered as the decay rate of a subradiant
state and sets a lower bound of the total decay rate y 2 yo. Such a limit of the decay rate
leads to the theoretical limits of qubit lifetime, the fidelity of quantum state preparation,
and sensitivity in entangled state metrology, etc. [11, 12, 35]

Here we propose to break this physical limit by designing a waveguide QED system in
the non-Markovian regime [36—40], where the total decay rate y < yp stems from the
retarded interaction [41-44] and the energy quantum confinement effect (EQCE). The
term “energy quantum’” refers to the quantized energy E = hwg associated with the tran-
sition between the excited and ground states of the emitters coupled to the waveguide,
which is not necessarily stored in a single photon or in the excited states of the emit-
ters, but can also be stored in a superposition of them. A photon emitted by one emitter
propagates along a waveguide for nonnegligible time 7" before interacting with another
emitter. The energy quantum is partly stored in the propagating photons, and the inter-
ference with another emitter protects the propagating photon from being coupled to the
scattering modes of the waveguide. The EQCE makes the system partly immune from
local emission of emitters to the free space, thus leading to a total decay rate lower than
y0. More interestingly, we show that similar effect arises in a system with time-delayed
feedback, where the emitter is fed by its historical version and the ultra-small decay rate
originates from self-interference. The emitter can be replaced by a collection of emitters,
where the cooperative emission improves the atom-waveguide coupling efficiency, thus
magnifying the local-decay suppression effect.

Results and discussion
Theoretical model

As schematically illustrated in Fig. 1a, two identical emitters, A at x and B at xp, with a cen-
tral transition frequency wg are coupled to a common 1D waveguide with inter-emitter dis-
tance Ax. The emitters are described by the Pauli operators o; = | g)ii(e| and a;r = |e)ii(g

where |g); and |e); are the ground and excited states of emitter i for i € {A, B}. The spatial
distance Ax thus set a temporal distance T = Ax/v, for the emitters, i.e., the impact of one
emitter on the other is retarded by T'. Here v, is the group velocity of a wave packet with
central frequency wo. The waveguide EM modes at frequency w are described by the anni-
hilation (creation) operators ag . (a"f{' w) and ar, (a{y w) for the right- and left-propagating
photons, respectively. The 1D waveguide is assumed to be bidirectional, i.e., each emitter
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Fig. 1 a Setup and coupling scheme. Two identical two-level emitters A and B with distance Ax are
coupled to a common 1D waveguide. Emitter excitation probability P(t) versus time (in units of 1/yp) in
semi-logarithmic coordinate b for different coupling efficiencies 8 and c for different inter-atom temporal
distances T.We set T = lTinband 8 = 0.5in ¢, respectively, and yp = 1is kept unchanged in all cases.

The black dotted line for exponential decay P(t) = exp(—ypt) s plotted for comparison. d-e Emitter
instantaneous decay rate I" versus time corresponding to b and ¢, respectively

couples to the waveguide EM mode of frequency w with strength g, regardless of the prop-

agation direction.
With the clear description of the emitter-waveguide coupling, we obtain the full Ham-

iltonian H = Hy + Hin governing the dynamics of the system, where (& = 1)

00
Hy = wg Z gl,+0'i —+ / da)a)(a}{,waR,w + ﬂLwﬂL,w), (1)
ie(A,B) 0
0 . .
Hine = Z / dow (gw0i+aR,welkth +gw0i+aL,we_lkwxi + HC) . (2)
0

ic{A,B}



Liu et al. PhotoniX

(2025) 6:7

Note that although there can be different values of w; with respect to the same
wavevector k, one can safely consider only the w; >~ wp mode because for other modes
the coupling strengths with the two-level emitters is negligible. At ¢ = 0, the waveguide
is assumed to be in the vacuum state such that (a}r{’waR,w) = (ai,wahw) =0, and the
emitters are assumed to be in the antisymmetric superposition state (the so-called dark
state [4, 33]) |D) = (|eg)— ‘ge))/«/i. For ¢t > 0, the emitters are coupled to the waveguide
and the time-evolving state can be written as

wmh=Ejmmﬂmm+/;whmmﬁwmmmdﬁmm, (3)
ie{A,B}

where c;(¢) is the probability amplitude of emitter i at excited state and cr/1, (%) is
the amplitude of the right-/left-propagating waveguide mode with frequency w. |G, 0)
denotes the state where all emitters are in the ground state and the EM field is in the
vacuum state.

After tracing off the degrees of freedom of the waveguide, and considering the
free space EM modes induced local decay rate yy, the equation of motion for emitter
i € {A, B} is derived to be (see Supplementary Information for details)

a(t) = =2 |ai®) + Beute — DevoE - 1). @

Here y =39+ yip is the total decay rate of an individual emitter, where
yip =2 80 | 20 |2da) denotes the waveguide EM modes induced decay rate and
B =yip/y is the coupling efficiency. ¢ = woAx/vg is the photon propagation phase
between sites A and B. In what follows we assume that the emitters are positioned such
that e = 1, which guarantees that the dark state |D) coincides with the subradiant state
in the Markovian regime if the retardation 7 is ignorable [5, 6]. The Heaviside step func-
tion ®(¢ — T') shows explicitly that the influence of one emitter on the other is retarded
by T, before which the emitters decay exponentially as if there were only one emitter.

Non-Markovian subradiant state
The time evolution of the dark state D) can be obtained by solving Eq. [4] analytically, as
detailed in the Supplementary Information. In Fig. 1b-c, the total excited state popula-
tion P(t) = >, AB lci(£)]? is shown under different coupling efficiencies S between the
emitters and the waveguide and at different retardation T, respectively. Note that for dif-
ferent coupling strengths between the emitters and the waveguide, y1p varies accord-
ingly, whereas yg keeps unchanged. Thus, different values of 8 can be obtained with the
same value of yp. To capture the main feature of the dark state evolution, we introduce
the excited-state decay rate I'(¢) := —(d/d¢)InP(¢) in Fig. 1d-e. The behaviors of I'(¢) are
quantitatively separated into two regimes and highlight the abrupt transition at t="1T.
(1) Spontaneous decay regime (t < T): I'(¢) = y, reflecting independent emitter decay
because the influence of the emitters on each other is retarded by T'. (2) Quasi-BS regime
(t > T): I'(¢) oscillates shortly after £ = T and then rapidly converges to a steady-state
value.

We attribute the oscillations to photon reabsorption and interference, which gradually
stabilize the system into the suppressed decay regime. As can be seen from Fig. 1 d-e,
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att = T + 07, the instantaneous decay rate I'(¢) jumps to smaller values (even negative
values for large B and/or T'). A negative decay rate means the increase of excited-state
emitter population and is attributed to photon reabsorption, in consistence with the
time T needed for photon propagation between two emitters. Fort € [T,27T], I'(¢) keeps
increasing because of the reduced EM field intensity as the EM field emitted from the
other emitter keeps decreasing when t € [0, T']. On the other hand, when I"(¢) has nega-
tive values, the increase of I'(¢) also arises from the stimulated emission: For an emitter
with probability P, = Ice|? in the excited state and Pp=1- |ce|? in the ground state,
stimulated emission and stimulated absorption co-exist; when interacting with photons,
a larger P, will improve the influence of stimulated emission and consequently increase
[(¢). At t = 2T + 0T, T'(¢) decreases abruptly because of sudden increment of the EM
field intensity, which is caused by the arrival of reflected photons after a round-trip
between emitters. Similar considerations apply for ¢t = nT + 0%, n = 3,4,5 - - - when pho-
tons bounce between emitters for different cycles. Notably, the amplitudes of oscillations
increases with the coupling efficiency g and the (temporal) distance T, both of which
lead to lower excited population P(¢) of the emitters and hence magnifies the influence
of reabsorption; a higher coupling efficiency § also boosts the oscillation because of the
increased EM field intensity absorbed by the emitters.

As we fix the decay rate into the free space yp unchanged, a higher coupling efficiency
B means a higher decay rate into the waveguide and hence a higher total decay rate y,
as evidenced in Fig. 1b when ¢ < T. However, when ¢ > T, the population P(¢) decays
slower with larger B as a result of the enhanced EQCE. In Fig. 1c, it is noticed that a
longer retardation T also leads to a lower decay rate when ¢ > T, even though the Jocal
coupling parameter remains unchanged. Specifically, in the case that the retardation T is
small, we obtain (see Supplementary Information)

1
N>~———yp.
14+yipT/2 Yo (5)

Although Eq. [5] is mathematically solid only when T is small, it captures the main
features of I' when ¢ > T that I" decreases monotonically with both g (and consequently
y1p) and 7. When T — 0, we have " — yy, as is the result of the well-studied Markovian
situation [2, 6, 45].

To gain insight into this non-Markovian local-decay suppression effect, we calculated
the EM field intensity I(x,t) in the Supplementary Information, and the results for dif-
ferent B are presented in Fig. 2. Let us focus on Fig. 2a-b first. When ¢ € (0, T'/2), the
emitters at x5 and xp emit independently, from which the EM fields propagate bidirec-
tionally. Att = T /2, EM fields emitted from x and xp begin to interfere with each other.
When ¢t = T, the EM field emitted from x4 arrives at from xp and photon reabsorption
occurs, in consistence with the results in Fig. 1b-c. It is noted that the EM fields emit-
ted when t > T are mainly localized in x € (x5, xp), outside which the EM field van-
ishes because of the destructive interference between the EM fields emitted by different
emitters.

Actually, the steady state of our system corresponds to an emitter-photon bound
state (BS) if yo = 0 [41, 46, 47]. When yp # 0, the steady state at t > T is not per-
fectly bounded, but quasi-bounded. The energy of this quasi-BS is partly confined in
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Fig. 2 EM field intensity as a function of position and time fora 8 = 0.2and b 8 = 0.5, respectively. Emitters
A and B are positioned at xa and xg, respectively, and are marked by the vertical dotted lines. Timet = T is
marked by horizontal dashed lines.We set T = Tand yy = 1in both cases. Pay attention to the different color
bars. ¢ Normalized EM field intensity at x = xa + 0" Timest = T and t = 2T are marked by vertical dashed
lines

the EM field in x € (xa,xp), which is totally free from dissipation if the propagation
loss is negligible. The energy stored in the excited emitters, on the other hand, suffer
from local spontaneous decay with the decay rate of yp. However, the local dissipa-
tion of the emitters is continuously compensated by the EM field, thus leading to an
ultra-small excited state decay rate I' < yq. As illustrated in Fig. 2a-b: when t < T, the
higher coupling efficiency §, the more energy emitted into the EM field in % € (x4, *B);
when ¢ > T, the field intensity decreases slower because more energy is stored in the
EM field (consequently a small fraction of the EM field energy is able to compensate
for the local dissipation of the emitters). This is clearly shown in Fig. 2c, where the
field intensity at x5 + 0™ (i.e., adjacent to the right side of x,) is plotted. The larger
slope is observed at 8 = 0.5 than the case of 8 = 0.2 when t < T, which means a faster
decay of the emitters. The slopes change at ¢ = 27 because of the arrival of the emit-
ter B-reflected field that is emitted by emitter A at ¢ = 0. This change is only obvious
when B is large because the emitter-induced reflectivity is an increasing function of
[2, 19]. The dependency of effective decay rate I" on the retardation T’ can be similarly
considered, which determines how long the emitters decay independently before the
establishment of the quasi-BS.

Since the overlap of the initial state |4/ (0) ) with the quasi-BS is low, there is a con-
siderable reduction of excitation probability P at the spontaneous decay regime (i.e.,
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t < T). Notably, such a low excitation probability could be significantly overcome
if the quasi-BS could be prepared without the spontaneous decay regime. A highly
efficient protocol for preparing the quasi- BS has been demonstrated in ref. [46]. By
engineering structured photon wave-packets and harnessing multiphoton nonlin-
ear scattering, the excitation-emission reciprocity is broken and the quasi-BS can be
directly excited at a high probability of P, ~ 0.8, marking a significant improvement
in practical implementations. Here we have adopted a simplified approach that lever-
ages spontaneous emission to generate quasi- BS, as a comprehensive exploration of
quasi-BS excitation methods extends far beyond the scope of this study.

Self-interference and cooperative emission

In the above-described approach to the non-Markovian BS through EQCE, one has to ini-
tialize two remote emitters in the antisymmetric entangled state, which may set obstacles
for experimental realization. However, the concept of EQCE is not limited by using two
entangled emitters. Here we show that the BS can be established when only one emitter
is initially excited while the other remains in the ground state. Moreover, each emitter can
be replaced by a collection of emitters and magnifies the decay-rate suppression effect by
cooperative emission.

As displayed in Fig. 3a, now we consider the waveguide formed by a 1D array of N
tunnel-coupled cavities [47-50]. Such a waveguide configuration facilitates the modeling
of multiple emitters coupled to the same site, and is suitable for the investigation of local
cooperative emission. The cavity array is described by a tight-binding Hamiltonian

N N-1
Hph = Z‘”C“;“x -7 Z (@12 + ayas), ©)
x=1 x=1

where a, is the photon annihilation operator of cavity x, J > 0 is the tunneling strength,
and w, is the central frequency of each individual cavity, respectively. Hereafter we mainly
focus on the on-resonance situation where w, = wp = wp, with w, and wg the transition
frequencies of the two collection of emitters (each collection with N; emitters) in cavity xa
and «xp, respectively. Considering the local decay rate yg of the emitters, we introduce the
complex transition frequency @; = w; — iyp/2 for emitter i € {A, B}. Then the total Ham-

iltonian reads

H = Hp, + Z [CT)L'UJUI‘,}' + (gia;iai,j + H.C.)} .
i € {A, B} 7)
j < N;

Instead of an entangled initial state, here we assume that only one emitter in cavity x, is
excited at t = 0. Without loss of generality we assume ‘1/[(0)) = 01'\"1 ’G, 0). At time ¢ the

state has the following form

@) =Y cj®of+> clv)al |1G,0) ®)

ij x
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Fig. 3 a Sketch of the waveguide consisting of tunnel-coupled cavities, where J is the tunneling strength
between neighboring cavities. Two collections of emitters are coupled to cavities at xa and xg, each with Na
and Ng emitters, respectively. T sets a lower time bound for a photon to have a round trip between x4 and xg.
Emitter excitation probability P(t) versus time (in units of 1/J) are plotted in semi-logarithmic coordinate b for
different coupling strengths ga = 0.2J,04J or different inter-emitter distances Ax = 10,20 and c for different
number of emitters at xa. For Na = 4, different initial state is considered, where there is only a single excited
emitter (denoted by “SEE”") or the initial state is in the superradiant state (denoted by “Sup”). We set Na = 1in
b and ga = 0.2J, Ax = 10in ¢, respectively, and «/Nggg = 2J is kept unchanged in all cases. The black dotted
line for exponential decay P(t) = exp(—ypt) is plotted for comparison

where c¢;;(¢) is the probability amplitude of emitter j in cavity xs being excited
and c,(t) the probability amplitude of one photon being located at cavity x. We cal-
culate the evolution of the system directly by solving the Schrddinger’s equation
10| ¥ (£)) = H|y(¢)). The excited state population P(t) = Zj |cA,,‘(t)|2 is presented
in Fig. 3b-c. When t < T (T is the time needed for the self-interference to establish,
and the exact value of T will be specified later), P(¢) decays exponentially with rate
y =y + y1p, with now yip =gi/] [48]. At time t = T, the xp-reflected EM field
begins to arrive at x5, and the quasi-BS forms by self-interference, thus reducing the
total decay rate.

In order to evaluate the time scale needed for this delayed feedback [51-54], the
cavity modes are Fourier-transformed to the momentum representation (k-space)
where a; = (1/Jﬁ) > axexp(ikx), gik = (l/ﬁ)giexp(ikxi) and w; = w, — 2/ cosk
(see Supplementary Information). The waveguide dispersion relation gives rise to the
peak group velocity vg" = max{dwy/dk} = 2/ at km = £7/2. Consequently, we have
T ~ 2Ax/vg', the time that must be spent before the reflected fields arrive. We set Ax
to be an even integer, i.e., Ax = 2n, n € Z, which yields a propagating phase of
~ 2Ax|km |d = 2nm; combined with the 7 shift induced by total reflection at cavity xg,

Page 8 of 13



Liu et al. PhotoniX

(2025) 6:7

the total accumulated phase in one round trip between x5 and xp is ¢ = 2n + 1),
thus leading to a destructive interference at cavity x [44].

In Fig. 3b, the dependence of P(t) on different inter-emitter distances Ax (conse-
quently different retardation 7') and different emitter-cavity coupling strengths (conse-
quently different coupling efficiency ) is displayed. The results can be similarly
understood as that in Fig. 1b-c. The situations are different when we consider a collec-
tion of emitters in the cavity. In Fig. 3c, the results for Ny = 1,4 are presented. For
Ny = 4, if there is only a single excited emitter (denoted by “SEE”) initially, the excited
state decay rate I'(¢) is suppressed when ¢t < T compared to the Ny = 1 case, which
stems from the reabsorption, i.e., the emitted photon can be absorbed by other emitters
before tunneling into neighboring cavities. On the contrary, I'(¢) is larger than that of
Nj = 1when ¢ > T, which we attribute to the reabsorption induced phase mismatch:
destructive interference occurs between one emitter at time ¢ and the photon emitted at
t — T. When reabsorption exists, a photon takes longer time than T for a round trip
between x5 and xp because of the time spent among emitters in cavity x4. In order to
avoid the reabsorption, we thus prepare the initial state in the superradiant state
(denoted by “Sup”) ’1//(0)) =(1/2) Z?Zl a}'{i'G, 0). It is seen that the excited-state decay

rate I'(¢) is firstly improved when ¢ < T because of the local superradiance, and then
suppressed when ¢ > T because of the improved coupling efficiency, as have been dis-
cussed in the two-emitter case.

In the self-interference model, emitters in cavity xp serve as a mirror [55-58] and
reflect the EM field. In all our calculations, we have kept v/Npgp = 2/ unchanged, as the
reflection is determined by +/Npgp (see Supplementary Information), i.e., the number
of emitters and the emitter-cavity coupling strength. When the reflected field arrives at
cavity x,, it interferes destructively with the real-time emitted field and thus the EM
fields are confined between x4 and xp, as displayed in Fig. 4. It is shown that after the
right-propagating field arrives at xp, the reflected field begins to interfere with the unre-
flected field to form a standing wave. Emitters at x4 and xp are the nodes of this wave,
and the system mimics the so-called vacancy-like dressed states [57, 58]. The confined
EM field compensates for the emitter dissipation similar to the case discussed in Fig. 2.

0.04
0.03
0.02 «af
0.01
0
-20 -10 T T 20
X

Fig. 4 Photon distribution probability P(x) = |c|?as a function of position and time
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Notably, alternative approaches may exist for controlling spontaneous emission
processes. For instance, photonic bandgap structures have been extensively stud-
ied for their ability to inhibit spontaneous emission through local density-of-states
(LDOS) engineering. Alternatively, in free space configurations, strategic application
of external electromagnetic fields to atomic systems with tailored energy levels has
demonstrated suppression effects. Photonic crystals suppress spontaneous emission
by creating a photonic bandgap that prohibits photon emission at specific frequencies
due to a vanishing LDOS [59, 60]. While efficient spontaneous emission suppression
can be achieved for emitters resonant with the bandgap, it imposes stringent require-
ments on spectral alignment and nanostructural precision. The fixed bandgap posi-
tions and fabrication challenges in integrating emitters into periodic lattices severely
limit its scalability and tunability [61]. External-field control techniques, such as elec-
tromagnetically induced transparency (EIT), exploit dark states to suppress emission
by dressing emitter transitions with external fields [62, 63]. Although dynamically tun-
able via external parameters (e.g., laser intensity, detuning), these methods demand
stable high-power lasers and specific level schemes (e.g., A- or V-type configurations),
rendering them susceptible to decoherence from environmental noise and impractical
for scalable quantum networks [64].

Critically, strategies such as photonic bandgap engineering and external field con-
trol primarily target single-emitter systems, limiting their applicability in scenarios
requiring multiqubit coherence preservation—a fundamental demand in quantum
computing. For such systems, leveraging interference-cancellation mechanisms to
protect qubits aligns more naturally with the intrinsic requirements of quantum com-
putation, which inherently involves the manipulation of multipartite entangled states.
In this context, the dark state, or more broadly speaking, the decoherence-free sub-
space (DES) offers a distinct advantage: their construction inherently relies on (anti)
symmetric multiqubit state, which are topologically compatible with multiqubit gate
operations [12, 65]. This structural synergy makes DFS particularly effective for safe-
guarding entangled states, as their symmetry-driven design directly mirrors the col-
lective dynamics essential to quantum algorithms. However, the yp part always exists
and cannot be suppressed by interference cancellation in conventional DFS engineer-
ing, which brings us the motivation of us to break this physical limit.

Our approach leverages the EQCE, where delayed feedback and interference in a
waveguide-QED system suppress spontaneous emission below the free-space decay
rate. This is achieved without requiring bandgap alignment or external fields, as the
waveguide inherently channels photons into guided modes while non-Markovian
dynamics stabilizes the quasi-BS. Emitters can be individually addressed at tun-
able positions, facilitating integration into on-chip quantum networks. The EQCE is
immune to free-space LDOS fluctuations and requires no active field stabilization,
outperforming EIT in noisy environments. On the other hand, these approaches to
spontaneous emission are compatible and hybrid approaches could further enhance
performance. Combining periodic structures with waveguide QED could improve the
coupling efficiency, amplifying the EQCE. Integrating external fields with waveguide-
QED systems may enable real-time control of I"and T.
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Our proposal can be applied in a concrete design given in Fig. S1, Supplementary
Information, i.e., two Cs atoms (with D; transition at 894.6 nm) are coupled to 1D alli-
gator photonic crystal waveguides which are linked by an optical fiber. According to
ref. [20], y1ip/Y0 & 1 could be obtained, leading to a coupling efficiency of § ~ 0.5. With
the reported value yg =~ 27 x 4.56 MHz, the retardation time between two atoms T
satisfying T = 1 is T & 34.9 ns. Such a long retardation time required for the non-
Markovian effect has also been accessible. In another experiment using Cs atoms [23],
5.843(5) m and 45.423(5) m fibers were used to provide retardation times of 28.26(3) ns
and 219.70(3) ns, respectively. The excited state population as a function of time in such
a system is included in Fig. 1 b at 8 = 0.5. Regarding the experimental viability, each
single atom can also be replaced by an atomic ensemble with low average atom numbers
to improve the feasibility. Initializing the ensembles into superradiant states can further
boost the coupling efficiency, thereby magnifying the EQCE-induced suppression of
local decay.

Conclusion

In summary, we have proposed a new physical mechanism termed EQCE, i.e., con-
finement of energy quantum in a waveguide by emitters, to efficiently suppress the
local dissipation of emitters. A total decay rate lower than the local decay rate of indi-
vidual emitters is obtained, which is imparted by the retarded interaction and vanishes
in the Markovian regime. Such decay-suppression effect can be boosted by increas-
ing the inter-emitter distance and the coupling efficiency. It occurs spontaneously
in a self-interference setup, and can be stressed by local superradiance. We anticipate
that non-Markovian subradiant states could yield new error bounds and protocols for
many applications in quantum technology, ranging from quantum memory to quantum
metrology. The non-Markovian collective states itself could also constitute a new realm
with rich many-body physics.
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