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Vincent Mancois2,3, Julien Barré4, Chang Chi Kwong2, Alain Olivetti6, Pascal Viot3,1, and David Wilkowski1,2,5
1 MajuLab, International Joint Research Unit UMI 3654,

CNRS, Université Côte d’Azur, Sorbonne Université,
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In two dimensions, a system of self-gravitating particles collapses and forms a singularity in
finite time below a critical temperature Tc. We investigate experimentally a quasi two-dimensional
cloud of cold neutral atoms in interaction with two pairs of perpendicular counter-propagating
quasi-resonant laser beams, in order to look for a signature of this ideal phase transition: indeed,
the radiation pressure forces exerted by the laser beams can be viewed as an anisotropic, and
non-potential, generalization of two-dimensional self-gravity. We first show that our experiment
operates in a parameter range which should be suitable to observe the collapse transition. However,
the experiment unveils only a moderate compression instead of a phase transition between the two
phases. A three-dimensional numerical simulation shows that both the finite small thickness of the
cloud, which induces a competition between the effective gravity force and the repulsive force due
to multiple scattering, and the atomic losses due to heating in the third dimension, contribute to
smearing the transition.

PACS numbers: 05.20.-y, 04.40.-b, 05.90.+m, 37.10.De, 37.10.Gh

I. INTRODUCTION

When particles interact with a force decaying at large
distance like r−α where α is less than the space dimen-
sion, the force is long-range, and the system displays
some intriguing features both at and out of equilibrium
[1]. However, these systems, especially those involving
attractive forces, are often not easily accessible experi-
mentally.

Since near resonant laser beams induce effective long-
range interactions in cold atomic clouds [2, 3], it has
been suggested that they could be original experimental
testbeds for long-range interactions. There are two types
of effective long-range forces. First, Dalibard [4] identi-
fied the so-called ”shadow effect” in cold atomic clouds
trapped by counter-propagating laser beams. Here, ab-
sorption of the near resonant laser beams, as they prop-
agate inside the cloud, creates an intensity imbalance
between the two counter-propagating beams, resulting
in an effective long-range attraction between atoms. In
the small optical depth regime, this force is similar to
one dimensional (1D) gravity, i.e. the force between two
atoms does not depend on the distance. In standard
three dimensional (3D) optical molasses, there are three
orthogonal pairs of counter-propagating beams, and the
combined shadow effect looks like three 1D gravitational
interactions directed along each pair of beams. In partic-
ular, although the force is anisotropic and does not derive
from a potential, its divergence is identical to gravity: it

may then trigger a ”pseudo gravitational collapse” [4].
However, a few years after the shadow effect was identi-
fied, D. Sesko et al. [3] showed that multiple scattering of
photons inside the clouds also creates an effective long-
range force, but of repulsive nature, similar to a Coulomb
force in the small optical depth regime. This repulsive
interaction is typically of the same order of magnitude as
the shadow effect, but generally slightly stronger. Then,
the shadow effect merely renormalizes the repulsive force,
and its exotic signatures are difficult to pinpoint. As the
repulsive force typically dominates, the cloud rather be-
haves as a non-neutral plasma [5–7].

Adding anisotropic traps, one can modify the geome-
try of the cloud in order to decrease the strength of the
repulsive force, and ultimately make the shadow effect
dominant. For instance, Chalony et al. [8] have argued
theoretically and demonstrated experimentally that laser
induced interactions in a thin cigar-shaped cloud bear
similarity with 1D gravity. Similarly, Barré et al. [9]
have suggested that the shadow effect could be dominant
in a thin pancake-shaped cloud and, neglecting multiple
scattering and the resulting repulsive force, argue that
a collapse transition may occur if the attractive force
is strong enough. Since the divergence of the attractive
force is identical to the gravity case, such a collapse would
be similar to the one happening for 2D self-gravitating
systems in the canonical ensemble [10], or in the Keller-
Segel model of bacterial chemotaxis [11, 12], but with a
non-potential force.
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We report here on an experiment inspired by Ref. [9]:
a cold atomic cloud is loaded in a very flat, pancake-
shaped, optical trap, i.e. with one very stiff direction. It
is then subjected to two perpendicular pairs of counter-
propagating laser beams in the easy plane of the trap.
We observe a fast but moderate compression of the cloud,
whereas a 2D model predicts further compression even-
tually leading to a collapse of the atomic cloud. A more
realistic description of the experiment is proposed by in-
troducing a 3D model which includes the finite thickness
of the cold atom, the associated repulsive forces due to
the multiple scattering and some atoms losses due to the
finite depth of the optical dipole trap.

The paper is organized as follows. Since the shadow
effect in a pancake-shaped cloud bears similarity with
2D gravity, we review this analogy in Sec. II. We first
present the 2D model of self-gravitating particles, and its
phase diagram in the canonical ensemble, which shows a
collapse transition below a critical temperature. We com-
pare it with the 2D model of the shadow effect, where
the attractive force does not derive from a potential, as
opposed to its true 2D gravity counterpart. We then
identify the parameters for which a collapse should be
observed, based on the simplified 2D analysis. In Sec.
III, we present the experimental set-up and the results
showing a finite compression of the cloud due to the at-
tractive force, but not as strong as picted in Sec. II.
We highlight the presence of atoms losses due to spon-
taneous emission heating in the third direction. In Sec.
IV, we attempt to bridge the gap between the simplified
2D model of Sec. II and the actual experiments of Sec.
III, by considering more realistic 3D models. The first
model takes into account the finite thickness of the cold
atomic cloud in the third dimension and the repulsive
Coulomb-like force. We numerically solve the associated
Smoluchowski-Poisson equation, and analyze how the 2D
collapse transition is smeared out by this finite thickness
of the cloud. We also propose a phenomenological exten-
sion of the previous 3D model accounting for the heating
due to spontaneous emission, which provides an estimate
of the typical time to spill the atoms out of the exter-
nal optical trap in the third direction, orthogonal to the
pancake-shaped trap. This more realistic model qualita-
tively reproduces the experimental results. In the con-
clusion, we suggest some possible improvements on the
experimental set-up in order to reach larger compression.

II. TWO-DIMENSIONAL MODELS:
SELF-GRAVITATING SYSTEMS, CHEMOTAXIS

AND COLD ATOMS

In order to highlight the universality of the collapse
phenomenon for systems interacting with gravitational
(or quasi-gravitational) forces, we first briefly review the
well-studied self-gravitating and chemotaxis systems be-
fore introducing the cold atom system for which a similar
behavior is expected.

A. 2D self-gravitating systems

For a two-dimensional system of thermalized, self-
gravitating Brownian particles, the dynamics is described
by the overdamped limit of the Langevin equations (see
for instance [13])

ṙi =
Gm

η

∑
j 6=i

rj − ri
|rj − ri|2

+

√
2kBθ

mη
χi(t), (1)

where ri and m are the position and mass of particle i,
G is the gravitational coupling, η is the viscous friction
coefficient, θ the temperature, and kB the Boltzmann
constant. The χi are independent Gaussian white noises
satisfying 〈χi(t)〉 = 0 and 〈χi(t)χj(t′)〉 = δijδ(t− t′).

We introduce dimensionless variables xi = ri/Li, s =
t/τ , and ξi(s) = τ1/2χi(t ≡ τs). Then 〈ξi(s)〉 = 0 and
〈ξi(s)ξj(s′)〉 = δijδ(s− s′), and Eq. (1) becomes

dxi
ds

=
2

π

∑
i 6=j

xj − xi
|xj − xi|2

+
√

2Tξi(s) (2)

with

τ

L2
=

2

π

η

Gm
, T =

2kBθ

πGm2
. (3)

Thus, the motion is controlled by a single parameter, the
dimensionless temperature T . We note also that only the
ratio τ/L2 appears, so there is still some freedom in the
choice of τ and L which will be used later to rewrite the
external harmonic trap confinement in a dimensionless
way [see Eq. (12)]. The unusual 2/π factor is introduced
to facilitate the comparison with the shadow effect in cold
atomic clouds (see Sec. II C below).

Associated with the Langevin description of the system
[see Eq. (2)], the time evolution of the density ρ2D(x, s)
is governed at the mean-field level by a Smoluchowski-
Poisson equation

∂ρ2D

∂s
= ∇ · [ρ2D∇Φ + T∇ρ2D] , (4)

where Φ is the mean gravitational potential induced by
the particles that satisfies the Poisson equation

∆Φ = 4ρ2D. (5)

It turns out that Eq. (4) has a critical temperature
Tc = 1/(2π) [10]. For T > Tc, the system receives heat
from the thermostat, which is transformed continuously
in potential energy, and the system expands continuously
without limit [14, 15]. In a bounded domain, or in the
presence of a confining potential (absent in Eq. (4)), a
stable equilibrium is eventually reached. Conversely for
T < Tc, the heat flows from the system to the reservoir,
the system shrinks and develops a singularity in finite
time. This low temperature phase can be stabilized by a
short-range repulsive interaction: the collapse transition
is then replaced by a transition with a formation of a
dense core [16].
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B. Chemotaxis

In biology, interaction between organisms (bacteria,
amoebae, cells) may be driven by chemotaxis [11, 12, 17–
20]. A simple stochastic version of these models is de-
scribed by a Smoluchowski equation for the density of
organisms ρ2D as in Eq. (4), where the mean poten-
tial is replaced by (minus) a density of secreted chemical
n(r, t). The time evolution of the chemical is given by a
reaction-diffusion equation.

∂n

∂t
= Dc∆n− kn+ λρ2D, (6)

where Dc is the diffusion constant of the chemical, k its
rate of degradation and λ its rate of production. If the
dynamics of the chemical is fast with respect to the dy-
namics of the density ρ2D, and if the degradation rate
can be neglected, Eq. (6) can be replaced by a Poisson
equation similar to Eq. (5), and the dynamics of the bac-
terial density is described by the same system as the 2D
self-gravitating particles.

C. Cold atoms as a quasi 2D self-gravitating
system

We now consider a cold atom cloud confined in a
pancake-shaped strongly anisotropic harmonic trap, see
Fig. 1. The vertical size Lz is supposed to be so small that
the system can be reduced to a quasi 2D system in the xy
plane. Two orthogonal pairs of counter-propagating laser
beams, near-resonance but red detuned with respect to
an atomic transition, form a 2D optical molasses in the
xy plane: We shall refer to them as the long range inter-
action (LRI) beams. For such a geometry, it is suggested
in [9] that the interactions inside the cloud are dominated
by the shadow effect. Indeed, the vertical dimension of-
fers a route for scattered photons to escape the cloud
before being reabsorbed. This effect is reinforced choos-
ing the laser polarization within the xy plane. Thus,
our model neglects multiple scattering and its associated
repulsive force. Then the attractive shadow effect, al-
beit being non conservative, bears similarities with grav-
ity. The system may exhibit an extended/collapsed phase
transition at a critical temperature, similar to the ther-
malized self-gravitating systems and chemotactic models.

The near-resonant lasers are along the x̂ and ŷ axes
with the same optical frequency ωL. Their interaction
with atoms is characterized by an on-resonance satura-
tion parameter s0 = I/Is, with I the laser intensity per
beam and Is the saturation intensity. They address a
closed two-level transition of linewidth Γ with a detuning
δ̄ = (ωL−ω0)/Γ < 0. The radiation pressure component
of the light-atom interaction for a low optical depth and
a low saturation parameter can be written [8]

x

X

y
z

23°

FIG. 1. Depiction of the beam configuration. The atomic
cloud (grey) is confined in a horizontal pancake-shaped opti-
cal trap, obtained with a focused elliptical far-off-resonance
beam (cyan arrow). The 2D artificial ”pseudo-gravity” is cre-
ated using the four contra-propagating LRI beams (red ar-
rows). The cloud is imaged with a resonant probe (blue). All
those beams are propagating in the horizontal plane. Another
dipole beam (green arrow), propagating along the vertical
axis, increases the cloud’s initial density. The linear polar-
ization axis of each beam is indicated by a rigid bar normal
to the arrows.

F3D(r) = ~k
Γ

2
s0

 [
↼

bx(r)−
⇀

bx(r)]x̂+ [
↼

by(r)−
⇀

by(r)]ŷ

1 + 4δ̄2

 ,

(7)
where the optical depth at position r = (x, y, z) seen by
the laser coming from −∞ is given by

⇀

bx(r) =
σ0N

(1 + 4δ̄2)

∫ x

−∞
dx′ρ(r′), (8)

with σ0 = 6π
k2 the on-resonance absorption cross-section,

k the wavenumber, and N the atom number.
↼

bx(r),
corresponding to the contra-propagating laser beam, is
obtained modifying the integration range in Eq. (8)

to [x,+∞).
⇀

by(r) and
↼

by(r) have similar definitions,
swapping the role of x and y. We assume the equilib-
rium in the transverse direction to be reached quickly,
so the normalized density is written ρ(x, y, z, t) =

ρ2D(x, y, t)(2πL2
z)
−1/2e

− z2

2L2
z , where Lz is the transverse

size of the cloud, assumed to be small and constant. In-
serting into Eqs. (7) and (8), and averaging over the

transverse direction with weight (2πL2
z)
−1/2e

− z2

2L2
z , one

obtains an expression for the effective force in 2D:

F2D(r) =

(
−C

∫
sgn(x− x′)ρ2D(x′, y)dx′

−C
∫

sgn(y − y′)ρ2D(x, y′)dy′

)
, (9)
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with

C =
~kΓ

2
s0

N

2
√
πLz

σ0

(1 + 4δ̄2)2
. (10)

The friction force due to Doppler cooling associated
with the LRI beams is given by Fd = −mηv where the
friction coefficient η is given as in Ref. [21] in the low
saturation limit by

η = −8s0
~k2

m

δ̄

(1 + 4δ̄2)
. (11)

The friction is typically strong enough to warrant an
overdamped description of the atomic cloud (see Ref.[21]
for a detailed discussion).

We introduce the two parameters τ = η/ω2 and L =√
C/(mω2), with ω the in-plane harmonic trap frequency

in the xy plane, and the dimensionless variables: s =
t/τ , r′ = r/L, ρ′2D = ρ2DL

2, and F′2D = F2D/mω
2.

Then, taking into account the 2D approximation of the
force due to the shadow effect Eq.(9), the trapping force
and the temperature, the overdamped equation of motion
can be expressed as a continuity equation (see [22] for a
detailed derivation):

∂ρ′2D

∂s
= ∇′ · [−ρ′2D(F′2D(r′)− r′) + T∇′ρ′2D] , (12)

where T = kBΘ
C is the dimensionless temperature, and

we get

∇′ · F′2D(r′) = −4ρ′2D. (13)

We note that the system of Eqs. (12)-(13) has a form sim-
ilar to the Smoluchowski-Poisson system of Eqs. (4)-(5).
Indeed, the divergence of the interaction force is the same
in both cases, but the long-range force is now anisotropic
and does not derive from a potential. Since Eq.(9) has
the form of a 1D gravitational interaction along each axis,
we shall refer to Eqs.(12)-(13) as the ”1D+1D” gravita-
tional model. The additional harmonic force ensures the
stability of the high-temperature phase, as already men-
tioned in the previous section.

It is shown in Ref. [9, 23] that the system of Eqs.
(12)-(13) is stable at high temperatures: the diffusion
wins over the attraction and equilibrates the external
harmonic confinement. It is also suggested in [9] that
the system undergoes a collapse transition in a finite time
for T < Tc, where Tc is the critical temperature of the
transition. Numerical simulations allow us to estimate
the transition temperature and give Tc ≈ 0.13− 0.15, to
be compared with the 2D gravitational model for which
Tc = 1/(2π) ' 0.159. The critical temperature for the
”1D+1D” gravitational model Eqs. (12)-(13) seems to
be slightly lower than for the standard 2D gravitational
model Eqs.(4)-(5).

Figure 2 (a) shows the phase diagram of the 2D model,
where the plain black, dashed blue, and dotted-dashed

(a)

(b)

Collapsed phase

Extended phase

(units of    )

FIG. 2. (a) Phase diagram of the 2D collapse transition.
Above the curves, the model predicts a collapsed phase
whereas the extended phase lies below. We use Eq. (10)
with a critical dimensionless temperature of Tc = 0.14 and
a temperature θ = 1µK. (b) The expected compression fac-
tor CF in the collapsed phase (see text for more details). The
full, dashed and dotted-dashed curves correspond to an atoms
number of N = (3, 2, 1) × 105, respectively. Parameters of
Eq.(14) are chosen from the experimental setup (see text).
The vertical black line indicates δ̄ = −3, the detuning used
in the experiment.

red curves correspond to critical lines for atoms number
of N = (3, 2, 1) × 105 respectively. Parameters are cho-
sen according to the experiment: the gas temperature is
θ = 1µK and the trapping frequencies are ω = 20 Hz,
and ωz = 300 Hz in the horizontal plane, and along the
vertical axis, respectively. The critical lines are obtained
setting a dimensionless critical temperature Tc = 0.14.
Above the critical line the system is expected to be in the
collapsed phase, and in the extended phase below it. The
vertical line corresponds to a laser frequency detuning of
δ̄ = −3 as for the experiment (see Sec. III). At this de-
tuning, we observe that the phase transition is predicted
for a saturation parameter of s0 ' 0.2, the exact value
depending on the atoms number. Those parameters are
easily achieved in the experiment.

We now discuss what should be the experimental sig-
nature of this collapsed regime. The expression Eq. (13)
for the attractive long-range interaction force relies on
the linearization of the laser absorption. In particular, it
is not valid anymore as soon as the optical depth reaches
values of order one, which will happen as the cloud con-
tracts. In this case, the shadow effect becomes weaker
near the center of the cloud, and not long-range any-
more; we then expect a finite compression of the cloud
with an optical depth saturated to a value of order one.
Setting the peak optical depth to one provides an order
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of magnitude of the cloud’s size in the collapsed phase

L =
N

2πLz

σ0

(1 + 4δ̄2)
. (14)

For the sake of simplicity, we have considered here an
isotropic cloud in the xy plane with Gaussian profiles.
We define a compression factor as

CF = Lth/L, (15)

where Lth = ω−1
√
kBθ/m is the cloud’s size in a har-

monic trap of frequency ω at thermal equilibrium, with-
out long-range force. Expected compression factors in
the collapsed phase correspond to the curves in Fig.
2b. Importantly, the compression factor increases as
the atoms number decrease. Thus, in the experiment,
where atoms losses are present (see Sec. III C), the col-
lapsed phase is expected to be characterized by an in-
creasing compression factor together with a saturated op-
tical depth, as time increases (and atoms are lost). When
too many atoms are lost, the system should finally leave
the collapsed phase and its size increases.

We note in Figure 2 (b), that CF can be smaller than
one (see region where |δ̄| is small). It means that the
cloud in the harmonic trap has an optical depth larger
than one without long-range force. In this situation, the
LRI lasers are not expected to play a significant role.
Therefore, in this region, Eq.(14) is no longer valid and
CF must be replaced by one.

III. EXPERIMENT

A. Cloud preparation

The atomic system consists in a laser cooled atomic
cloud of 88Sr [24–27]. The detailed two-stages cooling
in a magneto-optical trap (MOT) is presented in Ref.
[28]. The last stage of the cooling scheme as well as
the 2D artificial gravity are obtained with red detuned
lasers addressing the 1S0 → 3P1 intercombination line of
natural linewidth Γ = 2π × 7.5 kHz at λ = 689 nm.

After the final cooling stage, atoms are transferred into
a single beam horizontal optical dipole trap (ODT) at
925 nm linearly polarized along ẑ. The quantization axis
is taken along the ODT beam polarization, i.e. along
the vertical axis. The wavelength and polarization of the
ODT beam are chosen such that the transitions m = 0→
m′ = ±1 of the intercombination are in the so-called
magic wavelength configuration [29]. More precisely, the
ODT-induced light-shift of those Zeeman substates is
identical. Hence, once the LRI beams are on, the pres-
ence of the ODT does not lead to extra spatially depen-
dent radiation pressure forces that might compete with
the shadow force under investigation. The polarizations
of the LRI lasers lie in the xy plane (see Fig. 1) and thus,
address the transitions m = 0 → m′ = ±1 as expected.

In addition, the earth magnetic field is compensated be-
low the milliGauss level, so that the Zeeman frequency
shift of the atomic states can be disregarded [30].

The ODT beam is focused along its vertical trans-
verse dimension to realize the strong aspect ratio be-
tween the weak confinement in the horizontal plane and
the stronger confinement in the vertical dimension. We
get the beam waists of wY = 138µm and wz = 14µm
along the axes Ŷ and ẑ respectively, whereas the Rayleigh
length -along X̂- is 360µm (see Fig. 1). The ODT power
is 0.95 W, leading to a trap depth of about 25µK and
trapping frequencies of 11.5 Hz, 30 Hz and 300 Hz along
the X̂, Ŷ , and ẑ axes respectively. We load typically
3× 105 atoms at a temperature of 1µK, leading to cloud
sizes, at equilibrium and without the LRI beams, around
LX = 140 µm, LY = 50 µm and Lz = 5 µm. The tem-
perature remains almost constant in the xy plane. In ad-
dition, a dimple trap beam at 852 nm propagating along
ẑ allows for further trapping in the horizontal plane. The
dimple beam has a waist of 80 µm and power 180 mW
at the level of the cloud. The role of the dimple trap
consists in reducing the size of the atomic cloud, helping
to reach the stationary regime of artificial gravity exper-
iment in a shorter time. The dimple beam is switched off
when the LRI beams are turned on.

The intensity of each LRI beam is balanced indepen-
dently using half wave plates and polarizing beamsplit-
ters. Intensity balance is realized when the cloud’s center
stays at a fixed position all along the experiment.

The experiment is done by varying s0 in the range of
0.2 to 2, and for each s0, the duration of the LRI beams
(before imaging) is varied up to 100 ms.

B. Imaging scheme

The analysis of the atomic cloud is performed thanks
to a fluorescence imaging system having its optical axis
along the vertical axis (see Fig. 3). The probe laser is
tuned on resonance with the dipole allowed transition
at 461 nm, for optimal signal-to-noise ratio. The probe
beam makes a 30◦ angle with the x̂ axis. Due to the low
optical depth of the cloud along the ẑ direction, the in-
tegrated fluorescence signal is proportional to the atoms
number. The coefficient of proportionality is extracted
thanks to a preliminary joint absorption and fluorescence
imaging measurement. The atomic cloud is fully charac-
terized using three fluorescence images. A first one, at
high saturation intensity, is taken after turning off the
LRI beams. This image allows us to extract the cloud
size in the horizontal plane. Since the saturation is high,
the absorption of the probe is weak, which gives a pre-
cise (i.e. a relative statistical error below 10%) estima-
tion of the atoms number (see a sample image in right
upper panel in Fig. 3). A second image, at low satura-
tion, is also taken after extinction of the LRI beams. In
this case, absorption of the probe is clearly visible (see
a sample image in right lower panel in Fig. 3), allowing
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simg = 5

simg = 0.1

z

EMCCDstaged telescope
iris

Probe

science chamber

FIG. 3. Schematic of the imaging system and fluorescence
imaging . The blue dotted arrow shows the direction of prop-
agation of the resonant 461 nm probe. Right panels: The false
color fluorescence images are obtained for saturating (upper)
and non-saturating (lower) probes. The counts of the non-
saturated fluorescence image is multiplied by two for read-
ability. simg corresponds to the saturation parameter of the
probe.

for optical depth measurements. With those two images,
we perform a full characterization of the sizes and optical
depths of the atomic cloud.

Importantly, the measured optical depths correspond
to the 461 nm transition and thus, need to be transposed
to the 689 nm transition of interest. Since, the latter
transition is narrower, Doppler broadening shall be con-
sidered [28]. To do so, we measured the temperature of
the cloud using a third image at high saturation taken
at long time (typically 300 ms) after turning off the LRI
beams. In this case, the cloud has reached thermaliza-
tion in the ODT, so the horizontal temperatures can be
extracted from the cloud sizes Lth

i (i = X,Y ), and the
trapping frequencies. Moreover, comparing the cloud size
before and after thermalization time gives access to

CFi(texp) =
Lth
i

Li(texp)
. (16)

the compression factor experienced by the cloud due to
the 2D gravity effective interaction. Here, texp corre-
sponds to the duration of the 2D gravity experiment.

C. Atoms losses

In Fig. 4, we plot the lifetime of the cold atomic cloud
in the ODT as a function of the saturation parameter s0

of the long-range force laser beams. Without the LRI
beams, the lifetime is above 20 s. The strong reduc-
tion of the cloud lifetime, when the LRI beams are on,
is due to atoms spilling out of the trap along the un-
cooled vertical direction. When compression occurs in

s0

t 1/
e

(  m
s)

0 1 1.5 2
0

20

40

60

80

100

FIG. 4. (left) Atom 1/e-lifetime in the presence of 2D gravity
beams for δ̄ = −3 and N0 ' 3 × 105 from data exponential
fit (red diamond) and analytical expression of Eq. (18) (solid
line).

the xy plane due to long-range 1D+1D forces, the tem-
perature is expected to remain approximately constant
in-plane because of the optical molasses, but to increase
along the vertical direction ẑ. As atoms gain mechani-
cal energy, they overcome inevitably the trap depth U0

at some point and are removed from the system. We
provide now a simple model quantifying this effect. We
consider the escape process as a single particle problem
and discard the spatial distribution of atoms in the trap.
At the beginning of the gravitational experiment, atoms
are thermalized, and their temperature is much less than
the trap temperature U0/kB . Hence, we take the initial
atom energy to be zero and consider its increase due to
spontaneous emission. We assume each scattering event
increases the kinetic energy of an atom in the vertical
direction by Er, of the order of the photon recoil energy.
Since n = U0

Er
' 110 is large, each atom will undergo

many scattering events before leaving the cloud, and this
approximation should be reasonable. The effective scat-
tering rate is given by (see for instance [31])

ξ =
12

5
Γ

s0

1 + 4δ̄2
. (17)

The prefactor comes from the radiation pattern and num-
ber of LRI beams. Since the photon scattering rate ξ
is constant, the number NS(t) of scattering events fol-
lows a Poissonian distribution with parameter ξt, and
the energy of an atom is E(t) = ErNS(t). At time t,
the fraction of atoms remaining in the trap is then given
by P(NS(t) < n) = F (ξt, n), where F (λ, n) is the cu-
mulative distribution function of a Poisson variable with
parameter λ. The characteristic 1/e-lifetime correspond-
ing to N(t1/e) = N(t = 0)/e can be obtained using the
Stirling’s formula for the incomplete Gamma function;
one gets

t1/e ≈
n

ξ
. (18)

Fig. 4 gives a very good agreement between the ex-
periment and the model of Eq. (18) when evaluating the
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FIG. 5. Optical depths at detuning δ̄ = −3 (left column)

and compression factors (right column) along X̂ and Ŷ for
a temperature θ ≈ 1µK, and an initial atoms number N0 ≈
3× 105.

characteristic 1/e-lifetime of atoms within the trap. This
quantitative evidence suggests that indeed single atom
heating and spilling along the vertical direction is at the
origin of the atom losses.

D. Experimental results

The temporal evolution of the optical depth and com-
pression factor along X̂ and Ŷ (the ODT proper axes) for
various saturation parameters are given in Fig. 5. Ac-
cording to the 2D model (see Sec. II C and Fig. 2), the
system should be in the collapsed phase, at least for the
large values of the saturation parameter. However, we
did not observe the expected signatures of the collapsed
phase which are an increasing of the compression factor
and a saturation of the optical depth to a value around
one. Indeed, after a short time of 5− 10 ms we observe a
compression of the cloud of about 60% in the Ŷ direction
and a more moderate compression of about 30% in the
X̂ direction. As expected, those compression factors are
higher for larger saturation parameter, but the compres-
sion factor rapidly falls to value close to one. The optical
depth (left column) is initially rather large, which might
explain the initial moderate compression. However, we
observe a monotonous decrease of the optical depth with-
out any sign of saturation. We observe that the decrease
of the optical depth is more pronounced at large satura-
tion in agreement with a larger atomic loss rate (See Fig.
4). The compression factors larger than one at t = 0
originate from the vertical dimple trap beam as shown
by the green arrow on Fig. 1. This beam is turned off at
t = 0.

IV. THREE-DIMENSIONAL MODEL

In the previous section, the experimental results show
a moderate compression of the atomic cloud, but no sig-
nature of a collapsed phase as predicted by the 2D model
of Sec. II A. In order to be closer to the experimental re-
ality, we generalize this model in 3D, including the finite
thickness of the cloud in the vertical direction, and the
Coulomb-like repulsion induced by multiple scattering.

A. Description of the model

For a 3D model, the particle dynamics is now driven
by three forces depending on the particle position, Ftot =
F2D + FT + FM and by Fd, the friction force associated
with Doppler cooling.
F2D is the attractive force due to the LRI beams, FT

the harmonic trapping force, and FM is the repulsive
force coming from multiple scattering, which cannot be
discarded in a three dimensional geometry. The expres-
sion of the attractive force is:

F2D(r) = −C ′
 ∫ dx′sgn(x− x′)ρ(x′, y, z)∫

dy′sgn(y − y′)ρ(x, y′, z)
0

 , (19)

where

C ′ =
~kΓ

2
s0

Nσ0

(1 + 4δ̄2)2
. (20)

Here, the LRI beams lead to the same force than derived
in 2D.

To mimick the experiment, we consider an anisotropic
trap, with its principal axes along the unit vectors X̂, Ŷ ,ẑ
(X̂, Ŷ are not aligned with the LRI beams, see Fig.1).

The associated force at a position R = XX̂ + Y Ŷ + zẑ
is:

FT(R) = −m
[
ω2
XXX̂ + ω2

Y Y Ŷ + ω2
zzẑ
]
. (21)

The friction force Fd has the same expression as in the 2D
model. Finally, the repulsive force coming from multiple
scattering is given by [3]

FM(r) = D

∫
d3r′

r− r′

|r− r′|3
ρ(x′, y′, z′), (22)

where

D =
~kΓ

2
s0

Nσ0σR
π(1 + 4δ̄2)

. (23)

and σR is the re-absorption cross-section of scattered
photons. We assumes an isotropic fluorescence pattern
and multiple scattering limited to a single re-absorption
event. The latter is well justified in the low optical depth
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regime. The former overestimates the multiple scatter-
ing contribution with respect to the experiment where
the LRI beam polarization are in the horizontal plane,
leading to a radiation pattern more pronounced (by a
factor of two) along the vertical direction.

To make the comparison between the strength of the
attractive and repulsive forces easier, we write the equa-
tions in a slightly different way than in Sec.II A. By in-
troducing the length scale L

L3 =
2~kLΓσR
mω2

, (24)

and the timescale τ

τ =
( η
ω2

)
, (25)

where ω is a characteristic trap frequency in the xy plane
(the actual frequency is not the same along the X and Y
axes). Then the Smoluchowski equation can be expressed
in a dimensionless form

∂ρ

∂t
= ∇ · [−ρFtot + T∇ρ] , (26)

where the dimensionless temperature T is now given by

T =
kBθ

mω2L2
=

kBθ

(2
√
mω~kLΓσR)2/3

, (27)

and the dimensionless forces can be written as

F2D(r) = −γc
4

( ∫
dx′sgn(x− x′)ρ(x′, y, z)∫
dy′sgn(y − y′)ρ(x, y′, z)

)
,

FM(r) =
c

4π

∫
d3r′

r− r′

|r− r′|3
ρ(x′, y′, z′), (28)

FT(R) = −
[(ωX

ω

)2

XX̂ +
(ωY
ω

)2

Y Ŷ +
(ωz
ω

)2

zẑ

]
.

The parameters c and γ are given by

c =
Ns0

(1 + 4δ̄2)2
and γ =

σ0

σR
, (29)

Note that, in the low saturation regime, the scattering
of re-emission is elastic (no change of photon frequency)
meaning that γ = 1, reaching its maximal value. If sat-
uration of the transition occurs, the scattering becomes
inelastic and part of the fluorescence spectrum is brought
at the transition resonance [32], increasing σR. Follow-
ing [33], we estimate γ ≈ 0.98 for a saturation parameter
s0 = 1 per beam. This is the value we have used in the
simulations.

B. Numerical simulations

We have performed two types of simulations of Eqs.
(26),(28): i) with a fixed number of atoms; ii) including
atoms losses in an effective manner: interaction forces
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FIG. 6. Time evolution of the compression factors along the
two directions X̂ (up) and Ŷ (bottom), obtained by direct
simulation of the two 3D models: The dashed curves corre-
spond to the model with a constant number of atoms and the
full curves to the model including effective atoms losses. The
angle between the axes x̂ and X̂ is set to 30◦ (to be compared
to 23◦ in the experiment). The corresponding dimensionless
temperature of the 2D model for s0 = 1 is ∼ 0.06, i.e. in the
predicted collapsed phase according to Sec.II A.

then have an exponentially decreasing strength c(t) =
c0e
−t/t1/e ; we have taken t1/e as given by the curve in

Eq. (18).

A proper numerical integration of the Smoluchowski-
Poisson equation, given by Eq. (26), is a challenging task.
The repulsive force is computed via a standard Poisson
solver for the Coulomb-like potential. For the attrac-
tive force, we note that, although it does not globally
derive from a potential, the x and y components of the
force taken separately do. We then use the finite-volume
method presented in [34], which is well suited to obtain
solutions at long times for such potential forces, and we
couple it with a splitting procedure: we first compute
a time step with only the x component of the attrac-
tive force, then a time step with only its y-component,
and repeat. A further numerical difficulty is related to
the spatial scale difference between the xy plane and the
transverse z direction.

Because the compression observed in experiment is a
transient phenomenon, we focus our study of the 3D
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FIG. 7. Maximum transient compression factors along
the two trap directions (red squares) X̂ and (blue stars)

Ŷ as a function of the normalized trap ratio for s0 = 1.
ωz/
√
ωXωY = 15 corresponds to the experimental value, in-

dicated by the vertical dashed line. Simulation results corre-
spond to the model where the number of atoms is constant.
The shift between the compression factors between the X-
direction and the Y -direction are due to the trap anisotropy
in the horizontal plane.

models on the time evolution in order to compare more
efficiently the numerical results to our experiment. We
first consider the time evolution of the compression fac-
tors for the two 3D models (see Fig. 6). The values of the
simulation parameters are chosen in agreement with the
experimental ones. The dashed curves correspond to a
constant atoms number, and the plain curves include an
exponential decay of the atoms number, with t1/e chosen
as in Eq. (18), for three different values of the saturation
parameter s0 = 0.2, 1, 2. The initial number of atoms
is N0 = 3 × 105, the detuning is δ̄ = −3, and temper-
ature is θ = 1µK. The planar anisotropy of the trap is
set by the ratio ωz/

√
ωXωY = 15, and the ratio of the

trap frequencies in the xy plane is ωY /ωX = 2.6. Since
the initial density distribution ρ(t = 0) is chosen as an
isotropic Gaussian in the xy plane, with thermal width
corresponding to ωX , the initial value of the compression
factor along the X axis is CFX(t = 0) = 2.6.

Comparing simulation results on Fig. 6 to the experi-
mental ones in Fig. 5, we note a qualitative agreement:
when the saturation parameter is not too small, the com-
pression factor increases at short time, reaches a maxi-
mum for t ∼ 5 − 20 ms, and then decreases. However,

simulations predict larger compression factors than those
observed. The discrepancy between the model and the
experiment may come from the assumptions made in the
3D model: the long range of the shadow force is associ-
ated with the linearization of the Lambert law, leading to
a stronger compression force. At longer time (> 20 ms),
atoms losses drive the system towards a trivial stationary
state, without compression.

When the number of atoms is kept constant, (dashed
curves in Fig. 6), we observe the same behavior at short
time, i.e. when the atoms losses are not significant. At
long time (& 20 ms), the system settles in this case in
a stationary compressed state. Comparing with the 2D
model, we conclude that the 3D effects play a significant
role to explain the relatively small observed values of the
compression.

We now investigate the role of the trap aspect ratio
ωz/
√
ωXωY ; to do so, we keep constant the initial op-

tical depth in the plane z = 0, which amounts to keep
constant the rescaled temperature T in the associated 2D
model, well inside the ”collapse region”. Fig. 7 displays
the compression factor versus the trap aspect ratio. We
expect that the behavior of the system becomes closer
to the prediction of the 2D model when this aspect ra-
tio tends to infinity. However, the 3D model predicts
that the size of the system saturates to a finite value,
in contrast to the infinite compression predicted by the
collapsed phase of the 2D model.

To illustrate the time evolution, Fig. 8 shows several
snapshots of the atomic spatial distribution in the z = 0
plane at three different times: t = 0, t = tm = 6 ms cor-
responding to the maximum compression along X̂ and at
the final time t = 100 ms of the simulation. We first focus
on the upper row which corresponds to the case of con-
stant atom number. We observe a fast compression of the
cloud as also indicated by the compression factor in Fig.
7; the cloud at t = tm has a long-range star-shape simi-
lar to the one observed in the 2D simulations in [9], cyan
dash-dotted contour line helps to visualize this shape. At
t = 100ms, the system has essentially reached a station-
ary state, but it displays unexpected spatial patterns:
the cloud has split into two parts along one bisector of
the LRI lasers, where the attractive long-range force is
the weakest. This rich dynamic results from a competi-
tion between the geometry-driven attractive and repul-
sive long-range interaction. A detailed study of this phe-
nomenon is beyond the scope of paper. We focus now on
the lower row of Fig. 8, corresponding to the case with
atoms losses. As already discussed, the effect of interac-
tions becomes negligible at large times, a decompression
occurs and the cloud’s shape corresponds to the expected
shape in the harmonic trap at thermal equilibrium.

V. CONCLUSION

We have studied the interaction of a quasi-two-
dimensional ultra-cold atom cloud with two orthogo-

nal quasi-resonant counter-propagating pairs of lasers.
For low optical depth, each pair of laser mimics one-
dimensional artificial gravity-like long-range force. We
have reached experimentally the regime where a two-
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FIG. 8. Simulated spatial distributions of atoms in the plane z = 0 at t = 0 (left), at t = 6 ms (middle) corresponding

to the maximum of the compression factor along X̂, and at t = 100 ms (right). s0 = 1. Upper panels (top green dotted
arrow) correspond to the model with a constant number of atoms and lower panels (bottom red dotted arrow) to the model
with an exponential decrease of the atom number. We also draw the principal axes of the trap (white dashed) and the first
bisector angle between LRI lasers (red continuous). Contour lines, for intermediate time, highlight the star-shape of the cloud
as predicted by the 2D model (see [9]). a.u. stands for arbitrary units.

dimensional analysis predicts a collapse of the cloud, but
we have observed only a moderate compression. To un-
derstand this discrepancy, we have introduced a three-
dimensional model which provides a more realistic de-
scription of the cold atom cloud, and in particular in-
cludes the repulsive long-range force coming from pho-
tons reabsorption: our results show that although repul-
sive long-range force is partly suppressed by the pancake-
shape geometry as expected, it is non negligible when
the compression occurs. If we include atoms losses along
the uncooled vertical dimension, the model is in qual-
itative agreement with the experiment. We conjecture
some of the remaining discrepancies may be due to the
low optical depth approximation which is implemented

in the theoretical approaches. Nevertheless, the satisfac-
tory behavior of our three-dimensional numerical model
makes it a useful tool to investigate new regimes of the
atomic cloud and design new experiments: in particular,
it predicts a rich spatio-temporal behavior related to the
peculiarities of the interplay between shadow attractive
and repulsive scattering effects. Its experimental investi-
gation would require increasing the atom lifetime in the
trap; this could be obtained for example by increasing the
trap depth or by adding two extra counter-propagating
vertical cooling laser beams. The presence of extra verti-
cal beams will increase the scattering rate in the horizon-
tal plane, but we still expect that the attractive shadow
interaction dominates for large aspect ratio.
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[20] P. Raphaël and R. Schweyer, “On the stability of criti-
cal chemotactic aggregation,” Math. Ann. 359, 267–377
(2014).

[21] P.D. Lett, W.D. Phillips, S.L. Rolston, C.E. Tanner, R.N.
Watts, and C.I. Westbrook, “Optical molasses,” J. Opt.
Soc. Am. B 6, 2084 (1989).

[22] Yu L. Klimontovich, “Nonlinear brownian motion,” Phys.
Usp. 37, 737–766 (1994).
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