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Photonic simulation of giant atom decay
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Spontaneous emission of an excited atom in a featureless continuum of electromagnetic modes is a fundamental

process in quantum electrodynamics associated with an exponential decay of the quantum emitter to its

ground state accompanied by an irreversible emission of a photon. However, such a simple scenario is deeply

modified when considering a ′giant′ atom, i.e an atom whose dimension is larger than the wavelength of the

emitted photon. In such an unconventional regime, non-Markovian effects and strong deviations from an

exponential decay are observed owing to interference effects arising from non-local light-atom coupling. Here

we suggest a photonic simulation of non-Markovian giant atom decay, based on light escape dynamics in an

optical waveguide non-locally-coupled to a waveguide lattice. Major effects such as non-exponential decay,

enhancement or slowing down of the decay, and formation of atom-field dark states can be emulated in this

system. c© 2020 Optical Society of America

Introduction. In traditional light-matter interac-
tion, atoms are usually considered point-like quantum
emitters and atom-field coupling is local in the dipole
approximation [1]. For an excited atom emitting in
a featureless continuum of electromagnetic modes in
the vacuum state, the resulting process of spontaneous
emission is well described by an exponential decay
of atomic excitation to its ground state associated to
an irreversible emission of a photon, according to the
Weisskopf-Wigner theory [2].This picture, however,
is challenged when considering spontaneous decay of
′giant′ atoms (GAs), i.e. artificial quantum emitters
whose dimension is larger than the wavelength of the
emitted photon [3–13]. In this case the time it takes
for light to pass a single atom cannot be neglected,
giving rise to strong non-Markovian dynamics at the
single atom level even thought the atom-field coupling
is weak. Major effects arising from the time-delay
dynamics are strong deviations from exponential decay,
decoherence-free atomic interactions, chiral emission,
and frequency-dependent Lamb shifts [3, 7–10]. Recent
experimental implementations of GAs are based on
superconducting qubits, coupled either to surface acous-
tic waves [3, 4, 6, 8] or to microwaves in a waveguide
at distant positions [10]. Quantum simulations of
non-local light-matter coupling Hamiltonians have been
also suggested using ultracold atoms in in dynamical
state-dependent optical lattices [9]. A simple way to
implement GA non-Markovian decay is to couple a
point-like emitter to distant bath positions, inducing
strong interference effects among emission occurring at
different time instants. In a different area of research,
lattices of evanescently coupled optical waveguides
probed with either classical or nonclassical states of
light have provided, over the past two decades, a useful
laboratory tool for simulating a wealth of coherent
quantum phenomena in the matter [14–18]. Waveguide

arrays can effectively emulate light-matter coupling
Hamiltonians, and have been harnessed to visualize in
optical settings phenomena like Zeno and anti-Zeno
dynamics [19–21], non-exponential quantum decay at
long times [22], the ultra strong coupling regime of
light-matter interaction [23–26], dark states [27–29],
decoherence of optical Schrödinger cat states [30], Ma-
jorana dynamics [31], and decay in multi-dimensional
space [32].
In this Letter we suggest a photonic simulation of
non-Markovian decay dynamics of a giant atom, where
an optical waveguide (emulating a point-like emitter) is
side-coupled to distant points of a waveguide lattice (the
continuum). In the single excitation sector of Hilbert
space, photon escape along the waveguide exactly
reproduces the decay dynamics of a point-like quantum
emitter weakly coupled to a featureless continuum of
bosonic modes. Depending on the discretized distance
between waveguide-lattice contact points, different
non-Markovian regimes can be observed, such as en-
hancement as well as fully or partial suppression of the
decay owing to the appearance of bound states in the
continuum.

Photonic system and basic model. Let us consider
the photonic system schematically depicted in Fig.1(a),
consisting of a straight dielectric optical waveguide W
which is side-coupled by evanescent field to an infinitely-
extended one-dimensional waveguide lattice. The lattice
is bent in the (x, y) plane to form a rotated U-shaped
path, so as W is effectively coupled to distant sites of
the lattice near n = 0 and n = n0, as shown in Fig.1(a).
Photon propagation in the system is described by the
tight-binding Hamiltonian (see e.g. [30, 33])

Ĥ = Ĥa + Ĥb + Ĥint (1)

where Ĥa = ωaâ
†â is the Hamiltonian of the photon field
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Fig. 1. (Color online) (a) Schematic of the integrated pho-
tonic system emulating GA decay dynamics. A waveguide W
is side-coupled to a waveguide lattice, which is bent in the
(x, y) plane to form a rotated U-shaped path. Evanescent
field coupling occurs between waveguide W and the waveg-
uides in the lattice in the neighborhood of the distant sites
n = 0 and n = n0 (dashed bonds). J is the coupling constant
between adjacent waveguides is the lattice (solid bonds), and
ρl are the W-lattice coupling constants (with ρl rapidly de-
creasing as l is increased). All waveguides are straight along
the propagation direction z (optical axis). (b) Schematic of
a quantum emitter W decaying into a bath of bosonic os-
cillators forming a tight-binding energy band of width 4J .
In (a) the arrows indicate the four routes of light escaping
from waveguide W into the lattice. The closed loop on the
left side provides delayed back-excitation into the waveguide
W, which is responsible for non-Marokian effects.

in waveguide W, Ĥb = J
∑

n(b̂
†
nb̂n+1+H.c.) is the tight-

binding Hamiltonian of the photonic modes of the lat-
tice, and Ĥint =

∑

l=0,±1,±2,.. ρ|l|(â
†b̂l + â†b̂l+n0

+H.c.)
is the Hamiltonian describing evanescent mode coupling
of waveguide W with the lattice. In the above equa-
tions, â† and b̂†l are the bosonic creation operators of
photons in waveguide W and in the l-th waveguide of
the lattice, respectively, J is the coupling constant be-
tween adjacent waveguides in the lattice, ωa is the prop-
agation constant shift of waveguide W from the prop-
agation constant of the lattice waveguides (|ωa| ≪ J),
and ρl are the coupling constants between W and lattice
waveguides, as shown by the dotted bonds in Fig.1(a).
Since the coupling constant is a nearly-exponential de-
caying function of waveguide spacing [34], we assume
that ρl takes its largest value at l = 0, rapidly decay-
ing toward zero as l is increaased. Moreover, we as-
sume the weak coupling regime ρ0 ≪ J , which is re-
alized by closely-spacing the waveguides in the array.
The bosonic creation/destruction operators of photons
in the various waveguides of the system satisfy the usu-
ally commutation relations [â, â†] = 1, [b̂l, b̂

†
n] = δn,l,

etc. To describe photon escape dynamics in waveguide
W, it is worth switching from Wannier to Bloch basis
representation [30,35] by introducing the bosonic opera-

tors ĉ(k) ≡ (1/
√
2π)

∑

n b̂n exp(−ikn) for Bloch modes,
where −π ≤ k < π is the Bloch wave number and the
bosonic commutation relations [ĉ(k), ĉ†(k′)] = δ(k − k′)
hold. In such a representation, the full Hamiltonian of

the photon field is given by Eq.(1) with

Ĥa = ωaâ
†â

Ĥb =

∫ π

−π

dk ω(k)ĉ†(k)ĉ(k) (2)

Ĥint =

∫ π

−π

dk
{

G(k)â† ĉ(k) +H.c.
}

where
ω(k) ≡ 2J cos k (3)

is the dispersion relation of the tight-binding energy
band and G(k) = G0(k)(1 + exp(ikn0)) is the spectral
coupling function, with

G0(k) ≡
1√
2π

∑

l=0,±1,±2,...

ρ|l| exp(ikl). (4)

For the following analysis, we should distinguish two dif-
ferent regimes of waveguide-lattice coupling: the short-

range coupling regime, corresponding to ρl = 0 for
|l| > 0, and the long-range coupling regime, correspond-
ing to nonvanishing ρl for some l 6= 0. Note that in the
short-range coupling limit the spectral coupling function
G0(k) is homogeneous, independent of k.
Deacy dynamics. The Hamiltonian Ĥ of the photon field
basically describes a bosonic harmonic oscillator of fre-
quency ωa weakly coupled to a bath of harmonic oscil-
lators of frequency ω(k). In the single excitation sector
of Hilbert space and assuming the bath initially in the
vacuum state and at zero temperature, the photonic sys-
tem effectively emulates the decay dynamics of a point-
like quantum emitter W non-locally coupled to a tight-
binding continuum of bosonic oscillators [Fig.1(b)]. In
fact, in the single excitation sector the state vector |ψ(z)〉
of the photon field can be written as

|ψ(z)〉 = a(z)â†|0〉+
∫

dkc(k, z)ĉ†(k)|0〉 (5)

where the amplitude probabilities a(z) and c(k, z) satisfy
the coupled equations

i
da

dz
= ωaa+

∫

dkG0(k) (1 + exp(ikn0)) c(k, z)(6)

i
∂c

∂z
= ω(k)c(k, z) +G∗

0(k) (1 + exp(−ikn0)) a (7)

with a(z = 0) = 1 and c(k, z = 0) = 0 for initial excita-
tion of the system with one photon in waveguide W. The
space-to-time relation z = ct holds (z = t in units of the
speed of light c). The evolution of a(z) effectively emu-
lates the spontaneous emission decay process of a quan-
tum emitter, and can be calculated by standard Laplace
transform methods [22, 35, 36]. One obtains

a(z) =
1

2π

∫ i∞+o+

−i∞+o+
ds

exp(sz)

is− ωa − Σ(s)
(8)

where

Σ(s) ≡
∫ π

−π

dk
2|G0(k)|2(1 + cos(kn0))

is− ω(k)
(9)
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is the self-energy.

Delay-induced non-Markovian dynamics. To highlight
delay effects in the decay dynamics of a(z) due to the
non-local coupling of W with the lattice, let us focus our
attention to the most interesting case ωa = 0. Since the
coupling is weak (ρ0 ≪ J , i.e. G0 → 0), the main con-
tribution to the integral on the right hand side of Eq.(8)
comes from s ∼ 0 as s spans the imaginary axis. In fact,
in the G0 → 0 limit the function under the sign of the
integral shows a pole. We can thus consider an approx-
imant to the self-energy Σ(s) around s = 0. From an
inspection of Eq.(9), it follows that for s ∼ 0 the main
contribution to the integral on the right hand side of
Eq.(9) comes when k crosses the two points k = ±π/2,
where ω(k) = 0. Linearizing the dispersion curve ω(k)
around k = ±π/2, the integral on the right hand side of
Eq.(9) can be readily computed by an asymptotic anal-
ysis. Provided that G0(k) varies slowly over k, which is
strictly valid in the short-range coupling limit, one ob-
tains

Σ(s) ≃ −iγ [1 + exp(−iφ− n0s/vg)] (10)

where vg ≡ 2J is the group velocity in the waveguide
lattice at the band center, φ ≡ πn0/2 is a quantized
phase, and

γ ≡ 4π

vg
|G0(π/2)|2 =

1

J

∣

∣

∣

∣

∣

∑

l

ρ|l| exp(ilπ/2)

∣

∣

∣

∣

∣

2

=
1

J
(ρ0 − 2ρ2 + 2ρ4 − 2ρ6 + ...)

2
(11)

is the effective decay rate. From Eqs.(8) and (10), it
can be readily shown that a(z) satisfies the following
position-delayed differential equation

da

dz
= −γa(z)− γ exp(−iφ)a(z − τ)θ(z − τ) (12)

where θ(z) is the Heaviside step function and τ ≡ n0/vg
is the propagation distance required by an excitation in
the bath to travel from n = 0 to n = n0 sites. The
decay dynamics described by Eq.(12) is typical of GAs
coupled to a featureless continuum, showing strong de-
viations from an exponential decay and non-Markovian
effects when the time delay τ becomes comparable or
larger than the lifetime 1/γ [3, 5, 8, 11]. We note that
similar non-Markovian effects arising from delay effects
can be observed for point-like emitters placed in from of
a mirror [37–39], as well as for atoms with resonances
near a photonic band edge without delay [40]. In our
photonic system the last term on the right-hand side of
Eq.(12) basically describes back-excitation of waveguide
W from the light earlier decayed into the lattice after
traveling along the closed loop indicated by the solid ar-
rows in Fig.1(a). The solution to Eq.(12), which provides
an approximation to the exact result given by Eq.(8),

reads [38]

a(z) = exp(−γz)
∑

n=0,1,2,...

(−γ)n exp(−inφ+ nγτ)

n!
×

× (z − nτ)nθ(z − nτ). (13)

Note that in the interval 0 < z < τ the decay law is ex-
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Fig. 2. (Color online) Decay dynamics (behavior of |a(z)|
versus normalized propagation distance Jz) in the short-
range coupling for ρ0/J = 0.2 (ρl = 0 for l ≥ 1) and for a few
values of site distance n0, corresponding to different values
of the phase φ = n0π/2: (a) n0 = 34 (φ = π), (b) n0 = 33
(φ = π/2), (c) n0 = 32 (φ = 0), and (d) n0 = 31 (φ = −π/2).
Solid lines refer to the exact behavior of the decay dynamics
[Eq.(8)], obtained from numerical solutions of coupled equa-
tions (6) and (7), while the dashed curves (almost overlapped
with the solid ones) refer to the approximate decay behavior
as given by Eq.(13). In (a) the decay is limited owing to the
existence of a bound state in the continuum.
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Fig. 3. (Color online) Same as Fig.2, but in the long-range
coupling regime (ρ0/J = 0.2, ρ1/J = 0.04, ρ2/J = 0.02,
ρl = 0 for l ≥ 3).

ponential with a decay rate γ given by Eq.(11), while de-
viations from an exponential decay and non-Markovian
effects are observed for z > τ due to the delayed back-
excitation of waveguide W. Such effects are visible pro-
vided that the delay τ = n0/(2J) is comparable or larger
than the lifetime 1/γ, and we thus limit to consider
such a region of parameter space. We compare the re-
sults obtained from the exact decay dynamics [Eq.(8)]
and the approximate dynamics [Eq.(13)] based on the
differential-delayed equation (12). Typical numerical re-
sults are shown in Figs.2 and 3 for the short-range and
long-range coupling regimes, respectively. As expected,
the predictions based on Eq.(12) are exact in the short
range coupling limit (Fig.2), where the spectral coupling
G0(k) is independent of k, while deviations are clearly
observed in the long coupling regime (FIg.3). In both
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regimes, three different dynamical behaviors are clearly
observed, depending on the value of the quantized phase
φ. For an odd value of n0, corresponding to a phase
φ = ±π/2, after the initial exponential decay with a rate
γ, the decay slows down [panels (b) and (d) in Figs.2 and
3], while for n0 integer multiple of 4, corresponding to
a phase φ = 0, the decay becomes faster [panels (c) of
Figs.2 and 3]. This means that the delayed feedback dy-
namics induced by the non-local coupling can emulate ei-
ther sub-radiant and super-radiant spontaneous emission
dynamics. For n0 = 2(2l+1) with l integer, correspond-
ing to a phase φ = π, in the short-range coupling regime
[Fig.2(a)] the decay is limited. This result stems from
the existence of a bound state in the continuum [39],
which is a stationary solution to the differential-delayed
equation (12). It should be noted that the existence of a
bound state in the continuum is an exact result for short-
range coupling, i.e. its existence is ensured beyond the
approximations leading to the differential-delayed equa-
tion (12). In fact, in the Wannier-basis representation
and provided that ωa = 0, ρl = 0 for l ≥ 1, it can
be readily shown that the Hamiltonian Ĥ in the single
excitation sector shows an exact zero-energy eigenstate
which localizes photons between sites n = 0 and n = n0

of the lattice, given by

a = N , bl = 0 (l < 0 and l > n0)

bl = −N (ρ0/J) sin(πl/2) (0 ≤ l ≤ n0)

where N is a normalization constant. The existence
of such a bound state in the continuum arises from
a destructive interference effect typical in photonic
systems [35, 41, 42]. In the long-coupling regime, the
predictions based on Eq.(12) show consistent deviations
from the full numerical simulations (Fig.3), mainly
because G0(k) is not homogeneous in the whole Bril-
loujne zone when ρl is non-vanishing for some l ≥ 1.
From a physical viewpoint, the long-range couplings
ρ1, ρ2, ... introduce additional delays τ1 = (n0 ± 1)/vg,
τ2 = (n0 ± 2)/vg, ..., making the back action of such
terms into the decay dynamics of a(z) more involved,
requiring to add additional delay terms a(z − τ1),
a(z− τ2), ... in Eq.(12). The main impact of such multi-
ple delayed feedback is that the decay is strongly slowed
down but not fully suppressed for φ = π [Fig.3(a)],
indicating that for non-negligible long-range couplings
the bound state in the continuum actually becomes a
quasi-bound state (a resonance).
The non-Markovian dynamics predicted by the above
analysis should be feasible for an experimental obser-
vation using optical waveguide lattices realized by the
femtosecond laser writing technology [16, 22, 24, 34, 42].
For example, let us assume passive optical waveguides
manufactured in fused silica and probed in the red
(λ = 633 nm); the coupling constant κ between two
waveguides spaced by a distance x follows an almost
exponential law κ = A exp(−σx) with A ≃ 13.89 cm−1

and σ ≃ 0.14 µm−1 [34]. Assuming a spacing d = 12 µm

between adjacent waveguides in the lattice (correspond-
ing to J ≃ 2.59 cm−1) and in the geometrical setting
of Fig.4(a) with h = 25 µm and α = π/6, one has
ρ0/J ≃ 0.162, ρ1/J ≃ 0.055, ρ2/J ≃ 0.006, while the
higher-order couplings can be neglected. Figures 4(b)
and (c) show typical behaviors of the decay dynamics of
light intensity |a(z)|2 trapped in waveguide W, excited
at the initial plane z = 0, for two different values of
n0 [n0=24 in (b) and n0 = 22 in (c), corresponding to
φ = 0 and φ = π, respectively], up to a propagation
distance z = 10 cm. Note that, according to the
theoretical analysis, in the former case [Fig.4(b)] the
decay is accelerated after the propagation distance
τ = n0/(2J) ≃ 4.26 cm, while in the former case the
decay is basically suppressed for distances larger than τ .
Conclusions. We suggested an integrated optics setup
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Fig. 4. (Color online) Numerical simulations of light inten-
sity decay in a waveguide lattice in physical units. (a) Geo-
metrical setting of the lattice near the coupling region with
waveguide W. (b,c) Decay behavior of light intensity |a(z)|2

(on a log scale) versus propagation distance z for (b) n0 = 24,
and (c) n0 = 22. Other parameter values are given in the text.

where photon escape from a waveguide non-locally
coupled to a waveguide lattice effectively emulates the
decay of a giant atom in a featureless continuum of
bosonic modes. Besides of providing an experimentally
accessible tool for the simulation of non-Markovian
decay of giant atoms, photon escape dynamics in
integrated optic settings could offer a platform for
the observation of other exotic effects of light-matter
interaction, such as non-Markovian collective emission
from macroscopically-spaced quantum emitters [43].

The author declares no conflicts of interest.
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