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Université Côte d’Azur, CNRS, INPHYNI, France

Robin Kaiser
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The presence of superradiance and subradiance in microscopic and mean-field approaches to light
scattering in atomic media is investigated. We show that these phenomena are present in both
descriptions, with only minor quantitative differences, so neither rely on disorder. In particular,
they are most prominent in media with high resonant optical depth yet far-detuned light, i.e.. in
the single–scattering regime.

I. INTRODUCTION

Light scattering by disordered samples is usually stud-
ied with two kinds of approaches. On the one hand,
mean-field (MF) theories are important to understand
the coherent propagation of light on the macroscopic
scale. One of the most fundamental representation of
matter in this context is that of a dielectric, where the
atomic details are neglected. In the context of linear
optics, this approach allowed for the development of geo-
metrical optics, Mie scattering techniques [1, 2], transfer
matrix theory [3] and many other common tools. Such
mean-field treatments can even be refined to higher or-
ders to include, for example, the effect of quantum statis-
tics for the scatterers [4, 5].

On the other hand, microscopic approaches offer an
ab-initio treatment which highlights the cooperation of
the atoms as they interact through the vacuum light
modes [6], as well as the role of disorder and correlations
in this context. It is a natural modeling to study few-
body scattering, yet for macroscopic samples the associ-
ated theoretical and numerical calculations can be daunt-
ing even in the linear optics regime, since the macroscopic
symmetries are broken by the disorder. A microscopic
approach is nevertheless fundamental to understand the
role of disorder, and to understand phenomena such as
Anderson localization which describes the transition from
a conductor to an insulator [7, 8].

In this context, thanks to the relative absence of de-
coherence mechanisms, cold atoms represent a powerful
platform to investigate the role of the correlations which
appear between the scatterers. Cold clouds were conse-
quently used to study phenomena where the interferences
between the field of the atomic dipoles play an impor-
tant role, such as Anderson localization of light [9, 10]
on the microscopic side, or superflash [11] and Mie reso-
nance modes [12] on the mean-field side. The microscopic
and mean-field approaches have been shown to provide

equivalent results on the presence of polaritonic modes
in these clouds [13, 14]. Optical forces [15, 16] have also
drawn some attention recently, yet the role of dipole-
dipole correlations have been discussed to be minor [17].
Recently, the microscopic theory emerged as an impor-
tant tool to study the deviations from mean-field theory
due to strong particle-particle correlations, as they ap-
pear in the high density regime [18, 19] or close to the
atomic resonance [20].
The dynamical phenomena of superradiance (SR) and

subradiance have however escaped a detailed micro-
scopic versus mean-field comparison. Dicke superradi-
ance if often considered as the hallmark of the coop-
erative phenomena, with a coherent coupling between
all the atoms [21]: Using a microscopic description, a
fully inverted ensemble of two-level atoms was originally
shown to present a series of accelerated emission rates.
In the linear optics regime, the effect is also known as
“single-photon superradiance” and is associated to a sin-
gle accelerated rate [22–24]. The emergence of these short
lifetimes scattering modes comes with that of long life-
time modes called subradiant. Light is retained by these
atomic modes on times potentially much longer than the
single atom excited lifetime. It is different from the inco-
herent process of radiation trapping, and it has also been
reported in the linear optics regime [25, 26]. While su-
perradiant modes are generally associated to plane wave
phase profile [27], subradiant modes appear better ad-
dressed by more complex phase profiles [28]. This rises
the important question of the importance of disorder
to reach superradiance and subradiance, i.e., are these
effects associated to the medium disorder, or are they
present in mean-field theories?
To address this question, we investigate in this paper

these two dynamical phenomena in large atomic clouds,
in the linear optics regime, using both microscopic and
MF theories. After introducing two models, one based
on microscopic scatterers and another based on Maxwell
equations in a dielectric medium, we compute the scat-
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tering eigenmodes and their dynamics, and show that
superradiant and subradiant modes are present in both
approaches, with only minor contributions from disorder.
A connection between the Mie modes and the superra-
diant rates is established, whereas subradiant modes are
shown to correspond to higher-order scattering modes
with a complex phase profile.
The paper is organized as follows: In Sec.II, the micro-

scopic model based on point–like dipoles and the mean-
field one derived from Maxwell equations are presented,
and their intrinsic differences discussed. In section III,
we compare their scattering eigenmodes and eigenvalues,
and compare the superradiant and subradiant lifetimes
present in both models. In Section IV the decay dynam-
ics of a cloud is computed, which allows to quantify the
observed decay rates. We draw our conclusions on the
similarities and differences between the two approaches
in Section V.

II. MEAN-FIELD AND MICROSCOPIC

MODELS

A. Derivation from Maxwell equations

Let us first consider the atomic medium as a dielectric,
where the light propagation is ruled by Maxwell equa-
tions. For a medium without free charges (∇.E = 0),
the propagation of the electric field E generated by the
electronic current is given by

∇2E− 1

c2
∂2E

∂t2
= µ0

∂j

∂t
, (1)

where j(r, t) = −eρ(r)ve is the electronic current (ρ be-
ing the electronic density), c the speed of light and µ0

the vacuum permeability. We use a classical description
of the current generated by the valence electrons which
behave as classical oscillators driven by the electric field.
Calling re(r) the displacement of electrons at r from their
equilibrium position, one obtains:

∂2re
∂t2

+ ω2

are = − e

m
E(r, t), (2)

with e and m the electron charge and mass, and ωa the
natural frequency of the oscillator. Considering a single
direction ǫ̂ for the electronic motion and field, the slowly-
varying variables E and re can be introduced:

E(r, t) = E(r, t)e−iωtǫ̂, (3)

re(r, t) = re(r, t)e
−iωtǫ̂, (4)

which turns Eq.(1) into

∇2E + k2E = µ0eω
2ρre, (5)

with k = ω/c. From Eq.(5) the electric field can be
obtained from the electronic motion as

E(r, t) = − iµ0eω
3

4πc

∫

dr′ρ(r′)G(r − r′)re(r
′, t), (6)

with G(r− r′) = exp(ik|r− r′|)/(ik|r− r′|) the retarded
Green’s function. Consequently, the dynamics of the elec-
tric field is given by:

∂E(r, t)

∂t
= − iµ0eω

3

4πc

∫

dr′ρ(r′)G(r − r′)
∂re(r

′, t)

∂t
. (7)

The equation for the field is closed considering the elec-
tronic motion (2) and the slowly-varying approximation
(3), which leads to

(ω2 − ω2

a)re + 2iω
∂re
∂t

=
e

m
E. (8)

Introducing ∆ = ω−ωa the detuning between the driving
field and the electronic oscillator frequency, and assum-
ing ∆ ≪ ωa, Eqs.(6–8) allow to derive a self-consistent
equation for the electric field [29]:

∂E(r, t)

∂t
= i∆E(r, t)−Γ

∫

dr′ρ(r′)G(r−r′)E(r′, t), (9)

with Γ = µ0e
2ω2

a/8πmc. In this semiclassical picture,
Γ corresponds to a decay rate for the electric field. In
the next section, the microscopic derivation will show
that it can be associated to the decay rate of an atomic
transition close to resonance.

Let us remark that, in order to avoid a divergence at
the origin, the scalar Green function G in Eq.(9) must be
defined as

G(r) =

{

exp(ıkr)/(ıkr) for r > 0,
1 for r = 0.

(10)

On the one hand, this definition at the origin allows
to recover the single-atom decay when ones moves to
a microscopic description, using a density of the form

ρ(r) =
∑N

j=1
δ(r−rj). On the other hand, while the real

part of G(r) = −ı cosh(kr) + sinh(kr) converges to 1 as
r → 0, its imaginary part diverges. This singularity is at
the origin of the Lamb shift, and it can be addressed us-
ing renormalization techniques [30]. In the present work,
it is put to zero, assuming the shift is already included in
the transition frequency. All in all, the three-dimensional
integral of G around the origin, for a smooth density ρ
and field E, gives a finite contribution, so the divergence
is purely local and does not require the introduction of
any cut-off when performing, e.g., numerical integrations.

This continuous approach corresponds to a mean-field
treatment of the cloud, which is in particular at the ba-
sis of the dielectric description of matter. Indeed in the
stationary regime the dipole field can be shown to obey
Helmholtz equation, so techniques such as Mie scattering
can be used to describe the scattering properties of the
atomic sample [12]. In this context, the study of higher-
order terms (in the stationary state) leads to corrections
such as the Lorentz–Lorenz equation [3] but also effects
related to quantum statistics for degenerate gases [4, 5].
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B. Microscopic derivation

From a microscopic point of view and using a dipole
approximation, our medium is composed of an ensem-
ble of N ≫ 1 point scatterers, which are here modelled
as two-level atoms (polarizations effects are neglected).
Their position rj is here considered to be fixed, and Γ
refers to the linewidth and ωa to the frequency of the
atomic transition. The system is initially pumped with
a monochromatic plane wave of wavevector k = kẑ, de-
tuned from the atomic transition by ∆ = ω−ωa, and with
Rabi frequency Ω. In the low-intensity regime (Ω ≪ Γ)
and using the Markov approximation, the resonant dy-
namics of the atomic dipoles is given by a set of N cou-
pled equations [6, 31] for the atomic dipoles βj :

dβj
dt

=

(

ı∆− Γ

2

)

βj −
ıΩ

2
eık.rj

−Γ

2

∑

m 6=j

exp(ık|rj − rm|)
ık|rj − rm| βm. (11)

This problem of linear optics is thus characterized by
the matrix D which describes the coupling between the
dipoles: the diagonal terms Di,i = (1 − 2ı∆/Γ) corre-
spond to the single-atom dynamics, the off-diagonal ones
Di,j 6=i = exp(ık|ri − rj |)/(ık|ri − rj |), to the exchange
of photons between the dipoles. This coupling between
the atoms leads to the emergence of collective scattering

modes, given by the eigenvectors ψ̂n of D, whose compo-

nents ψ̂j
n correspond to the contribution of atom j. The

real part of the associated eigenvalue λn corresponds to
the decay rate (in units of Γ) of the mode, and the imagi-
nary part to its energy (relative to the atomic transition).
In the linear optics regime the dipole βj is directly pro-

portional to the local electric field Ej (βj = dEj/~(2∆+
iΓ), with d the matrix dipole element of the transition,
such that Ω = dE/~). Thus Eq.(11) can be seen as a mi-
croscopic version of Eq.(9), up to two terms. First, the
single-atom decay term is not present in the MF model,
since during its derivation the medium was considered to
be composed of a smooth density (field approach), rather
than point scatterers. Second, the pump term is absent
in the MF model: While it is irrelevant for the analysis of
the eigenmodes and eigenvalues of the system, it will be
added by hand in the section where the decay dynamics
is studied, to understand how a plane wave couples to
the system.
The study of the scattering eigenmodes of D has been

the object, in the steady-state regime, of several statis-
tical studies [32–34], in particular in the context of An-
derson localization of light [9, 10] which emerges due to
the disorder in the atomic dipole distribution. In the mi-
croscopic model, the eigenvalues of the stationary and of
the decay problem are the same, so a direct connection
can be drawn before static problems such as Anderson lo-
calization, and dynamical ones such as subradiance. On
the contrary, the MF model has different sets of eigen-
values in each case, so the decay problem possesses its

own equation: Differently from the stationary case, the
dynamical equation presents an implicit equation for the
eigenvalues [29].
In order to understand the potential consequences of

this difference in the structure of the equations, and on
the role of disorder more generally, we now turn to char-
acterizing the subradiant and superradiant eigenvalues in
each model.

III. SCATTERING MODES

Since the scattering problem is a linear one (that is, in
the linear optics regime), many of its properties can be
deduced by studying the properties of the matrix which
describes the coupling between the atoms. This section
is dedicated to comparing the scattering eigenmodes of
the two models, by direct diagonalization.
The microscopic problem generates a coupling matrix

of sizeN×N , which allows for diagonalization procedures
to address exactly systems of up to a dozen thousands
particles.
Differently, the MF model, however, is infinite-

dimensional, and thus requires some simplifying hypothe-
ses to become tractable. One of them is to assume a
spherical symmetric for the density ρ(r) [1, 2], in which
case the spherical harmonics Yn,m appear as a natural ba-
sis to tackle with it. Indeed the retarded Green function
is diagonal in this basis:

eik|r−r
′|

ık|r− r′| = 4π

∞
∑

n=0

∑

−n≤m≤n

Yn,m(θ, φ)Y ∗
n,m(θ′, φ′)

{

jn(kr
′)hn(kr) for r > r′,

jn(kr)hn(kr
′) for r ≤ r′,

(12)

where jn and hn are respectively the spherical Bessel and
Hankel functions, and where the polar angle is chosen
with reference to the wavevector k = kẑ. In that basis
the dipole field and the incident plane wave decompose
as

β(r, t) =
∑

n,m

β̂n(r, t)Yn,0(r̂), (13)

eik0.r =
√
4π

∑

n

√
2n+ 1injn(kr)Yn,0(θ, φ). (14)

Injecting (13–14) into (9) and projecting the result on the
(n,m = 0) spherical harmonics provides the dynamical
equations for βn:

dβn(r, t)

dt
= i∆βn(r, t)− E0

√
4π

√
2n+ 1injn(kr) (15)

−2πΓ

∫ R

0

dr′ρ(r′)βn(r
′, t)

{

jn(kr
′)hn(kr)r

′2 for r > r′

jn(kr)hn(kr
′)r′2 for r ≤ r′

Since polarization effects are neglected, the m 6= 0 modes
are not populated by a plane wave as the rotational sym-
metry around ẑ is preserved for the MF model. Anyway
the modes (n,m 6= 0) obey the same equation as the
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(n, 0) one, so each eigenvalue of (15) has a degeneracy
(2n + 1). In the microscopic case, the symmetry is bro-
ken by the atomic disorder.
The eigenvalues λn of the MF problem, which are asso-

ciated to modes of the form βn(r, t) = exp(−λnΓt)fn(r),
are given formally by an implicit equation [29]. As the
problem is infinite-dimensional, the set of eigenvalues is
infinite. Consequently finding the eigenvalues by some
root algorithm (based on Newton’s method, for exam-
ple) is inefficient, since the eigenvalues found may not
be representative of the overall set. Hereafter, in order
to compute the spectrum and the dynamics of the ra-
dial equation (9), we project it on a grid of step h and
with a finite domain of definition. In this work we con-
sider Gaussian atomic densities of rms radius σr (i.e.,

ρ(r) = N exp(−r2/2σ2

r)/(
√
2πσr)

3), and an integration
range [0;R = 3σr].
The projection of the radial problem on a grid brings

us back to a finite matrix, of size H ×H ∼ R/h× R/h,
which is diagonalized numerically to obtain a set of eigen-
values λn,j , j = 1, ..H for each mode n. The accu-
racy of this finite set of eigenvalues, as compared to the
continuous one, is evaluated by decreasing the step h
and observing its convergence. Practically, decreasing h,
and thus inversely proportionally increasingH , generates
more eigenvalues, which are smaller and smaller (see dis-
cussion below); the largest eigenvalues of the spectrum
appear to be accurately computed for h = 3λ/100, which
is value used throughout this work.
This fundamental difference between the microscopic

and continuous approach, i.e. finite versus infinite set
of eigenvalues, has an important consequence. Indeed,
the trace of the coupling matrix D is the same for
both systems (i.e., N(1 − 2i∆/Γ). Thus, in the micro-
scopic model which hasN eigenvalues, the coupling terms
Di,j 6=i leads to the simultaneous emergence of both su-
perradiant (ℜ(λn) > 1) and subradiant (ℜ(λn) < 1) scat-
tering modes.
On the contrary, in the MF model the presence of an

infinity of eigenvalues with positive real part, but a fi-
nite trace, only guarantees the presence of an infinite
series of arbitrarily low decay rates ℜ(λn), while super-
radiance is not guaranteed. This point is illustrated in
Fig.1, where an example of sets of eigenvalues are pre-
sented. Both superradiant and subradiant modes appear
in the two models, but the superradiant rates are lower
in the MF case. In the inset one can also observe the trail
of eigenvalues of the MF model, which is limited only by
numerical precision and by the grid step h.
Let us comment that throughout this work the simula-

tions are realized below the Anderson localization thresh-
old [9, 10] (ρλ3 ≈ 22), so the subradiant modes observed
are not associated to exponentially localized modes but
rather to subradiance in dilute atomic samples [25, 26].
In the microscopic case, the most subradiant eigen-

values presents a shift in energy, which is absent from
the mean-field model. We evaluate it by computing the
average energy of the 5% most subradiant ones: It corre-

-3 -2 -1 0 1 2 3 4
n

10-2

100

Micro
MF

-3 0 3
10-10

10-5

100

FIG. 1. Eigenvalues in the complex plane λn = γn + iωn for
the microscopic (blues crosses) and continuous (red circles)
models. Simulations realized with a Gaussian cloud of N =
2000 particles and σr ≈ 12 (b0 ≈ 28.4), at resonance (δ = 0).

sponds to the laser frequency which optimizes the popu-
lation of the most subradiant modes. As shown in Fig.2
the shift scales as N/(kR)4, differently from the Lorentz-
Lorenz and collective Lamb shifts which scale with the
density [35]. This specific scaling suggests that for large
samples and in the low density limit, the shift will van-
ish, contrary to cooperative phenomena which scale as
the resonant optical thickness b0 = 2N/(kσr)

2 [36].
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FIG. 2. Energy shift of the subradiant tail, for a cloud with
uniform density, and illuminated at resonance. The energy
shift is computed using the average energy shift of the 5%
most subradiant eigenvalues.

Scattering modes with long lifetimes are often associ-
ated with spatial localized, as in the case of Anderson
localization or in whispering gallery modes. These latter
modes are not present in our system due to the Gaus-
sian density considered: Smooth densities do not allow
for surface modes to propagate by internal reflection [12].
As for long lifetimes modes inside the cloud, they have
been shown to be responsible, in the microscopic model
of scalar light, for a localization transition [9, 37].
Let us first check the connection between the lifetime

of the modes and their spatial extension of the modes by
computing their participation ration (PR), which quan-
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tifies the number of atoms participating substantially to
it. The PR of mode n is defined in, resp., the microscopic
and MF model as:

PRn =

(

∑

j |βn
j |2

)2

∑

j |βn
j |4

, (16)

PRn =

(∫

ρ(r)|βn(r)|2dr
)2

∫

ρ(r)|βn(r)|4 dr
(17)

Fig.3 depicts the PR for both models and the PRs
are qualitatively similar: Superradiant mode have a
large PR, which correspond to spatially extended modes;
longer lifetime are associated to a lower PR, and thus
to a stronger localization in space. Note that, as the
mean-field approach contains no disorder, one does not
expect a disorder-based localization transition, with the
emergence of exponentially localized modes.

-2 0 2 4

n

10-3

10-2

10-1

1

10

n

Microscopic

-2 0 2

n

MF

0

500

1000

1500

2000

PR

FIG. 3. Participation ratio of the microscopic (left) and MF
(right) models for a Gaussian cloud with N = 2000 atoms
with optical thickness b0 ≈ 30, at resonance.

IV. RADIATED INTENSITY

Although the eigenmodes appear to have similar fea-
tures in the two models, it reveals only part of the in-
formation on the cloud radiation. Indeed it does not tell
how a plane–wave couples to each mode [38]. In particu-
lar, a remarkable aspect of the coupled dipole problem is
that in the large detuning, despite the cloud becomes es-
sentially transparent to the incident light, superradiance
and subradiance are still present. Furthermore, these
two phenomena present a scaling with the resonant op-
tical thickness b0 = 2N/(kσ2

r) [22–26, 36]. It is different,
for example, from radiation trapping which scales with
the optical thickness b = b0/(1+4δ2) and vanishes in the
large detuning limit (b→ 0).
To understand which modes couple to an incident

plane-wave, we here compare the dynamics of the radi-
ated intensity in both models when the incident laser, af-
ter a long period on during which the system was charged,

is abruptly cut. The intensity radiated by the ensemble
of dipoles in direction n and in the far field limit writes,
for the microscopic and the MF models respectively:

I(t) ∝

∣

∣

∣

∣

∣

∣

N
∑

j=1

βj(t)e
−ıkn.rj

∣

∣

∣

∣

∣

∣

2

, (18)

I(t) ∝
∣

∣

∣

∣

∫

V

ρ(r)β(r, t)e−ıkn.r d3r

∣

∣

∣

∣

2

. (19)

As can be observed in Fig.4 the emission of the cloud
is first characterized by the fast decay associated to the
superradiant modes, which dominates the short time dy-
namics as they initially carry most of the energy. Yet
they quickly lose their population and soon the long-
lived emission of the subradiant modes takes over. In-
terestingly, both models present super- and subradiance,
including for large detuning where the single-scattering
regime is reached (δ = −10 curves, corresponding to an
optical thickness of b ∼ 0.07). The two models also
present significant oscillations of the intensity during the
decay dynamics, when many modes with similar energies
compete.

0 5 10 15 20 25 30
t

10-8

10-6

10-4

10-2

100

I/
I(

0)

Micro,  = -1
Micro,  = -10
MF,  = -1
MF,  = -10
Single atom

Super
-radiance

Subradiance

FIG. 4. Emission dynamics of the forward scattered light
after the laser is switched off (t = 0), for the microscopic and
the MF models. Simulations realized for a Gaussian cloud
with b0 ≈ 28 and N = 1900 atoms, close (δ = −1) and far
(δ = −10) from resonance.

A detailed study of the dependence of the superradi-
ant rate on the cloud characteristics (size and particle
number) and on the light-atom coupling (detuning) re-
veals that, just as the microscopic approach, the relevant
scaling parameter is the resonant optical thickness (see
Fig.5). More specifically, the SR rate scales linearly with
b0. Consequently, the phenomenon is still present in the
large detuning limit, only their population is decreased
(and thus the radiated intensity) as the cloud turns trans-
parent.
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0 10 20 30 40 50 60 70
b

0

0

5

10

15

20

25

N
Micro,  = 0
Micro,  = -5
Micro,  = -10
MF,  = 0
MF,  = -5
MF,  = -10

FIG. 5. SR rate in the forward direction (θ = 0) as a func-
tion of the resonant optical thickness for the microscopic and
mean-field models, at resonance (δ = 0) and out of resonance
(δ = −5, −10). Simulations realized for a spherical Gaussian
cloud of N = 1000 atoms.

This confirms that the continuous model captures ac-
curately the cooperativity of superradiance, despite a dis-
crepancy of a factor ∼ 2 between the two models. Inter-
estingly, the microscopic model shows an enhanced SR
rate compared to the fluid mode, which suggests disor-
der is actually favorable to SR.
Let us finally comment that the continuous model

presents a SR rate of ΓSR → 0 in the low-b0 limit: Con-
trary to the microscopic model where single-atom physics
is recovered in the very dilute limit (ΓSR ≈ Γ), the con-
tinuous limit is not appropriate to describe this limit.
Superradiance corresponds to a coherent emission by

in-phase dipoles. This typically leads to looking for SR
in the direction of the coherent driving, where a coherent
phase pattern is imprinted [27]. Yet, it has been shown
recently that the off-axis emission was also superradi-
ant [23] despite the atomic dipoles are not expected to
exhibit specific phase pattern in the transverse directions,
where diffuse light is emitted.
Fig.6(a) illustrates this point, showing the angular de-

pendence of the short-time emission rate in the micro-
scopic model: Despite strong fluctuations due to the
atomic disorder, it is superradiant in almost all direc-
tions. At initial times, subradiant rates appear only in
arbitrary directions, depending on the specific realiza-
tion. In particular, as reported previously [23], SR is
slightly weaker in the direction of the driving where more
energy is radiated.
The MF model presents similar features, despite it

does not have density fluctuations. Instead, the SR rate
changes with the direction of observation, and it is in
general lower in the direction of the lobes of Mie scatter-
ing where more of the energy is radiated. This preser-
vation of the off-axis SR rate in both models is particu-
larly surprising considering that in these directions, for
dense clouds the diffuse light dominates in the micro-

180º

90º

270º

0º

I(0) [a.u]

N

0.05 510 151

180º

90º

270º

0º

I(0) [a.u.]

N

0.1 0.5 31 10

FIG. 6. Angular dependence of the initial radiated intensity
I(0) (blue plain line) and SR rate ΓN (red dash–dotted line)
in logscale for the (a) mean-field and (b) microscopic models.
The rate is computed over the time window t ∈ [0; 0.1]/Γ for a
cloud charged by a plane-wave during a time 50/Γ until t = 0.
Simulations realized for a Gaussian cloud with b0 = 28.7,
δ = −10 and N = 1908. The gray circles describe the level of
the SR rate, the thick one corresponding to the single–atom
rate ΓN = 1.

scopic model whereas only Mie lobes of coherent scatter-
ing are present in the MF model.
Regarding subradiance, the long–lived modes are also

present in the MF model, which can be somehow
counter–intuitive: SR modes are associated to in–phase
dipoles whereas subradiant modes are associated to less
regular phase patterns. Thus, the MF and its macro-
scopic modes appears as less suitable to support subra-
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diant modes, as compared to the microscopic disordered
model. However, higher-order modes in the MF approach
(i.e., corresponding to large indexes n) correspond to
higher-order spherical harmonics, which precisely present
spatial pattern with a large number of oscillations (see
Fig.8). This analysis is also consistent with the fact that
the large-n limit is associated to deeply subradiant modes
(see inset of Fig.1).

A more quantitative description of subradiance re-
quires the characterization of the emission rate at late
times (t > 1/Γ). Because of the oscillations of the ra-
diated intensity originating in the interference between
several modes with slightly different energy, an averag-
ing procedure is necessary to obtain monotonic decay
curves and extract a subradiant rate. Whereas this is
performed by averaging over disorder configurations in
the microscopic case [25, 26], the intensity in the MF
model cannot be averaged easily, as it contains no disor-
der. Furthermore, creating different “configurations” by
changing slightly the cloud characteristics (size, density,
particle number) does not allow to smooth efficiently the
intensity dynamics as the modes (and their energy) is
only slightly affected.

Despite a quantitative comparison is difficult to obtain,
the cooperative nature of the subradiance observed in the
MF model, as opposed to the incoherent phenomenon of
radiation trapping, can be assessed by studying the de-
cay dynamics in the large-detuning limit, where the cloud
optical thickness becomes vanishing. Fig.7 describes the
decay dynamics for the two models, for a single realiza-
tion and for different values of detunings: Apart from
the qualitative resemblance between the two dynamics,
an important point is that in both cases the far-detuned
limit does not correspond to single-atom dynamics, i.e.,
collective modes are still present, associated to decay
rates very different from the single atom one. This con-
firms the existence of subradiance in the MF model, in a
regime where radiation trapping is marginal.

V. DISCUSSION & CONCLUSION

Our results show that subradiance in dilute cloud does
not require disorder, but also exist in an homogeneous
medium when higher-order scattering modes are taken
into account. These modes correspond to spatial patterns
with a strongly oscillating phase. Oppositely, superradi-
ant modes, whose decay rate are qualitatively similar in
the MF and microscopic approach, correspond to more
homogeneous phase profiles (associated to lower-order
spherical harmonics). This was expected from typical
approaches for superradiance, such as the decay through
symmetric states in subwavelength atomic samples [21],
or mean-field approaches for extended samples [27, 31].

While the recent literature has welcomed several con-
tributions about the deviations from MF approaches ob-
served in dense atomic media [14, 19, 20, 39, 40] (some-
times called “standard optics”), our results show that
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Single atom
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I
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MF

FIG. 7. Far-field intensity radiated in the forward direction,
for a Gaussian cloud distribution with b0 = 80 and driven far
from resonance (δ = −10).

FIG. 8. Spatial (a) intensity and (b) phase profiles of a subra-
diant mode of the MF model: γn,j ≈ 0.04Γ, corresponding to
(n, j) = (1, 13) for a Gaussian cloud with the same parameters
as in Fig.1.

(single-photon) superradiance and subradiance in dilute
atomic clouds may instead be compatible with linear op-
tics of polarizable media.

ACKNOWLEDGMENTS

R.B. hold Grants from So Paulo Research Foundation
(FAPESP) (Grant Nos. 2014/01491-0 and 2015/50422-
4). R.B. and R.K. received support from project CAPES-
COFECUB (Ph879-17/CAPES 88887.130197/2017-01).
We thank fruitful discussions with W. Guérin.
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