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We experimentally realize a method to produce nonequilibrium Bose-Einstein condensates with
condensed fraction exceeding those of equilibrium samples with the same parameters. To do this, we

immerse an ultracold Bose gas of ®’Rb in a cloud of 3°K with substantially higher temperatures, providing a
controlled source of dissipation. By combining the action of the dissipative environment with evaporative
cooling, we are able to progressively distil the nonequilibrium Bose-Einstein condensate from the thermal
cloud. We show that by increasing the strength of the dissipation it is even possible to produce condensates
above the critical temperature. We finally demonstrate that our out-of-equilibrium samples are long lived
and do not reach equilibrium in a time that is accessible for our experiment. Due to its high degree of
control, our distillation process is a promising tool for the engineering of open quantum systems.
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Although ubiquitous in physics, dissipation is usually
considered a detrimental mechanism, as it can hinder or
interfere with the behavior of the system under investiga-
tion. Notable examples are the friction that limits the
performance of classical engines or the decoherence that
destroys purely quantum effects. Recently it has been
however realized that, if properly tamed, dissipation can
be used to generate new states of matter [1-4], manipulate
qubits [5], engineer decoherence-free subspaces [6-8],
generate entangled quantum states [9], and distil quantum
features [10]. In particular, when used to drive a system out
of equilibrium, dissipation can help in reaching regions of
the parameter space that are not accessible to systems in
equilibrium [11,12]. In the last decades, a large effort has
been put in understanding how nonequilibrium many-body
systems are created and how they evolve [13,14]. In
particular, the tools developed for ultracold atoms have
made it possible to experimentally study the dynamics of a
wide range of nonequilibrium systems including low
dimensional Bose gases [15—17], quenched quantum gases
[11,18,19] and prethermalized states [14,20].

In this Letter, we study the creation of supercritical
nonequilibrium Bose-Einstein condensates (BECs) by
combining the action of a dissipative environment with
evaporative cooling, a process that we refer to as “dis-
tillation.” To this end, we immerse an ultracold cloud of
87Rb at temperatures below 500 nK, within a magneto
optical trap (MOT) of 3K atoms at a temperature of
~] mK. This causes a loss of Rb atoms with a rate that
can be controlled (Fig. 1). We find that the distillation
produces long-lived out-of-equilibrium states where the
condensed fraction is significantly above the equilibrium
value, and even allows us to realize BECs at temperatures
higher than the critical temperature. In addition, we show
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that the distillation prepares the system into quasistationary
nonequilibrium states that do not reach equilibrium in a
time that is accessible for our experiment, therefore
exhibiting the features of prethermalized states.

For an interacting Bose gas in equilibrium in a three-
dimensional harmonic trap, the condensed fraction as a
function of temperature obeys [21,22]:
F:I\I():{l—r3—1712(1—13)2/5 for T <T. 0

N 0 for T>T,

where T is the temperature of atomic cloud, 7. =
0.94hwN'/3 /ky is the critical temperature, 7 = T/T,, N,
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FIG. 1. (a) Schematic representation of the distillation protocol.
During the last stages of the 8’Rb evaporative cooling, we switch
on a MOT of **K. This results in the creation of a controlled
dissipative environment for the Rb atoms. (b) The red dots are the
measured densities of the 3°K atoms in the MOT as a function of
time. The blue diamonds are the corresponding measured dis-
sipation rates while the blue shaded area is the dissipation rate
calculated with the model explained in the text. Error bars are the
standard errors of the mean.
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the number of atoms in the BEC, N the total number of
atoms, @ the geometric average of the trapping frequencies,
and = 2.15(aN"/%/ay,,)*/3, with a as the s-wave scatter-
ing length, a,,, = (A/m)'/? the harmonic trap length and
m the mass of the atoms. In general, in dilute gas experi-
ments neither @ nor N are constant as the evaporative
cooling removes the more energetic atoms from the trap. In
optical dipole traps, this also implies a reduction of the
trapping frequencies [23]. This in turn leads to lower values
of T, as the evaporation proceeds. Both the reduction of N
and @ are however very mild at the end of an optimized
evaporation and Eq. (1) is usually valid with very good
approximation for the vast majority of experiments [24]. In
general, from Eq. (1) it follows that dissipating atoms from
the system should result in a reduction of F, at least for a
cloud in thermal equilibrium. However, this might not be
the case if the gas is brought out of equilibrium. Under
certain conditions, it might indeed happen that a quench in
some of the system’s parameters leads to long-lived
metastable states where F exceeds the value predicted
by Eq. (1), like, e.g., in [11] where a superheated BEC was
realized.

In our experiment, we collect and precool the atoms in a
two-species 2D MOT of Rb and K. Using a bichromatic
beam of light, we then push the atoms from the 2D MOT
chamber into the science chamber, where we load the
overlapping 3D MOTs of Rb and K. Typically, we trap
and cool ~10”° Rb atoms at a temperature of 300 xK and
~107 K atoms at a temperature of 1 mK. For the experiments
described in this Letter, we start by loading only the Rb 3D
MOT. We subsequently load the Rb atoms directly from the
MOT into an optical dipole trap formed by crossing, at an
angle of ~40 degrees, two beams of wavelength 1070 and
1550 nm, with waist sizes of 35 and 45 um, respectively.
Once the atoms are loaded in the dipole trap, we switch off
the MOT magnetic field gradient and beams, and evapora-
tively cool the atoms down to the degenerate regime in 10 s.
In the last 6 s of the evaporation we switch on again the MOT
magnetic field gradient and obtain a BEC with 3 x 10*
atoms in the |F = 1, my = —1) state. The final trapping
frequencies are ~2z x (70, 120, 120) Hz. Unless otherwise
stated, at the end of the sequence we hold the atoms for 20 ms
in the dipole trap before releasing them and taking absorp-
tion images in time of flight.

As shown in Fig. 1, to immerse the ultracold Rb gas in a
dissipative environment, we switch on the K MOT during
the last stage of the evaporation, when the Rb temperature
is below 1 uK, for a variable amount of time. To this end it
is sufficient to switch on the K push and MOT beams, as the
quadrupole magnetic field is already on. In Fig. 1(b) we
report the growth of K atom density ng as a function of the
loading time (red circles). In the same figure, we report
the corresponding dissipation rate yx as measured in our
experiment (blue diamonds). As the temperature of the K
atoms is ~1 mK, more than three orders of magnitude

higher than the temperature of the Rb gas and the dipole
trap depth, most of the collisions between K and Rb lead to
the loss of Rb atoms from the dipole trap. Indeed the
measured yx coincides with the value obtained with
Yk = ngovg (shaded area), where vy is the average speed
of the K atoms and o is calculated using the model of
[32] for collisions between ultracold atoms and back-
ground classical atoms [25]. For comparison, the Rb elastic
scattering rate y;, that is responsible for the thermalization
of the Rb cloud, ranges between ~10-65 Hz for the
experiments reported here.

In Fig. 2 we report the typical temporal evolution of the
parameters of the Rb gas across the BEC transition with and
without the dissipation. For the reported data, the K MOT is
switched on 2 s before the end of the evaporation, where we
set t = 0. For a direct comparison, the reported data without
dissipation are chosen to approximately match the condi-
tions with dissipation at = 1 s, right before the onset of the
BEC. As expected, when the dissipation is present we
observe that the number of atoms is decreasing at a faster
rate than the optimized evaporation [Fig. 2(a)]. Crucially, the
evaporation selectively removes only the more energetic
atoms from the cloud, while the dissipation coming from the
K MOT is uniform and acts equally on all the velocity
classes. This is reflected also in the behavior of the temper-
ature [Fig. 2(b)], which does not change substantially when
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FIG. 2. Measured parameters of the 8’Rb sample as a function
of time. Red circles are with dissipation (distillation) and blue
triangles are without dissipation. (a) The total number of atoms.
(b) The temperature. (c) The condensate fraction F. The red
dotted dashed line and the blue dashed line show the expected
fraction from Eq. (1) for with and without dissipation respectively
[25]. (d) The chemical potential of the thermal part in units of
temperature. The dashed and dash-dotted lines are the chemical
potential of the BEC with and without dissipation, respectively.
Error bars and the shaded regions are the standard errors of the
mean.
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the dissipation is present [33]. It also confirms that the action
of the K MOT is purely dissipative (no heating) and that the
dissipation does not affect the evaporative cooling and the
ability of the Rb cloud to rapidly thermalize.

The corresponding measured condensed fraction F as a
function of time is shown in Fig. 2(c). We observe that in
the presence of the dissipation this is significantly higher
than what is predicted by Eq. (1) (dashed curve). Notably,
as the distillation proceeds, the discrepancy between the
measured F and that predicted by Eq. (1) increases,
producing a BEC substantially more pure than what can
be obtained with the same atom number and temperature
but without dissipation [25]. Figure 2(d) finally shows how
the chemical potential of the noncondensed part of the
cloud u changes differently for with and without dissipation
[25]. As expected, for both cases y initially approaches the
chemical potential of the BEC (lines). However, with
distillation the behavior of x is nonmonotonic and above
~1.5 s reduces even when F increases, creating a system
which is not in phase equilibrium [11].

In Fig. 3 we report the data as trajectories in the F' — 7
plane. The open symbols are the results that we obtain
without dissipation, varying the initial conditions or the
hold time at the end of the evaporation. The solid blue curve
corresponds to Eq. (1). This demonstrate that our optimized
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FIG. 3. Phase diagram showing the BEC fraction as a function

of 7. Open symbols are for the case of no dissipation while filled
symbols are the trajectories during our distillation protocol. For
open diamonds and circles the wait time after the end of the
evaporation ramp is 4 s, while for others it is 20 ms. For the filled
circles the dissipation rate is four times the dissipation rate of the
filled squares. For the data in absence of dissipation, we vary the
number of atoms from 70 x 10° to 25 x 103 at # = 1 s in order to
explore as much parameter space as possible. The solid blue line
corresponds to Eq. (1).The dotted lines are the results of the rate
equation model described in the text [25]. Error bars are the
standard errors of the mean.

evaporation produces samples in equilibrium over a broad
range of initial conditions, and that we don’t need long hold
times at the end of the sequence to reach equilibrium. The
filled squares in Fig. 3 correspond instead to the data
reported in Fig. 2. When the dissipation is switched on, the
trajectory substantially differs from Eq. (1), and notably we
are able to progressively distil purer samples. Our distil-
lation allows us to explore regions of the phase diagram that
are not accessible for gases in equilibrium and that feature a
higher purity. We refer to those samples as “supercritical
BECs.”

During the distillation, the dissipation shifts 7', to lower
values, counteracting the action of the evaporation that
reduces 7, so that z remains approximately constant.
However, at the same time F’ increases, meaning that while
the reduction of 7" pumps atoms in the BEC, the reduction
of T, is not able to depump them back into the thermal
component at the same rate. As it can be observed in Fig. 3,
the result is a steeper purification with distillation, and a
BEC with F ~ 0.5 can be produced already for z ~ 1. This
effect is even more apparent if we increase the rate of
dissipation by a factor of 4 (filled circles). To do so, we
increase the power of the push beam, so that the loading
rate of the K MOT is quadrupled. In this case, the
distillation is so effective that the trajectory inverts and
we are able to increase F even if we increase .

In Fig. 4 we address the issue of the lifetime of our
supercritical states. To measure the lifetime, we switch off
the dissipation right after the state has been created
following a trajectory similar to the one of Fig. 2. Then
we keep the cloud in the dipole trap with a constant trap
depth for a variable amount of time. In Fig. 4 we report the
difference 0F between the measured F and Eq. (1) as a
function of time after the dissipation has been switched
off [25]. For the first 1.5 s, the system is driven even further
out of equilibrium by plain evaporation and then it slowly
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FIG. 4. Difference between the measured F and that expected
using Eq. (1) after the dissipation from the K MOT is switched off
and the sample is held with constant trap depth. Error bars are the
standard errors of the mean. The line shows an exponential fit to
the data after 1.5 seconds, when the supercritical gas relaxes
towards equilibrium. The time constant is 3.9 0.3 s.
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relaxes toward lower values of 6F. However, for as long as
we can measure, 6F never goes below the initial value.
With respect to the typical timescales of the experiment,
which range from 1/w~0.1 ms to 1/yy =~ 100 ms, the
relaxation dynamics can therefore be considered quasi-
static, meaning that our supercritical samples possess
similar properties as a prethermalized state.

The dynamics of the formation of the BEC during
evaporative cooling is a complex many-body problem that
can be quantitatively described with quantum kinetic
theory. The solution of such a theory is however practically
infeasible. A handful of works have tried to reproduce the
experimental observations using some approximations, like
constant temperature and infinite atom reservoir, but only
with partial success [34,35]. The addition of the dissipation
makes the microscopic description of our dissipative
distillation an even more challenging task. A promising
approach to the problem could be the stochastic phase-
space method of [36], which has proven to be successful for
systems of ~10* atoms with vanishing interactions.
Another possibility would be to extend the techniques
used for the description of the nonequilibrium formation of
exciton polariton condensates [37,38]. In this Letter we
take instead a phenomenological approach and develop a
rate equation model based on those in [11,34,35,39]. This
allows us to describe our experimental data and derive
important information that can be used to develop a
rigorous microscopic theory. Our model describes our
system as a two-mode system, with one mode being the
BEC and the other the thermal component [25]:

Ny = W[(l - é)NO + 1] C KWy + 1) = 7k(6)N,

. — t -~
Ny = —W{(l —t—>N0 + 1] + RNy + 1)+
f

= [rk(t) + 7Nt (2)

W and K are respectively the growth rate of the condensate
and of the thermal component and are derived from the data
without dissipation. The loss rate y accounts for the
evaporative cooling while 7, for the saturation of the
BEC, these parameters are also extracted from the data
without dissipation. Ny, is the effective number of atoms in
the thermal mode and is the only free parameter of our
model [25]. The results are reported as dotted lines in Fig. 3
where it can be appreciated that our model is able to
reproduce fairly well the trajectories of our dissipative
distillation.

The crucial element of our dissipative distillation is the
fact that the rates W, promoted by the reduction in
temperature coming from the evaporative cooling, and
K, promoted by a reduction of the chemical potential
coming from the dissipation, do not coincide for a Bose gas

out of equilibrium. By considering two-body collisions as
the only mechanism responsible for the growth of the
condensate, and using quantum Kkinetic theory, it is indeed
possible to demonstrate that W ~exp(A/kzT)K, with A
the energy difference between the two components
[25,34,35]. The energy gap can be roughly estimated from
the energy spectrum obtained with a first-order treatment
of a uniform Bose gas with contact interactions. For 7 < 1,
this reduces to [40,41]:
2 2 A2
P +47thaN< 1 >’

L 1 —=-F? 3
2m mV (3)

2
where p is the momentum of the atom and V the trapping
volume. The last term is of quantum mechanical origin and
accounts for bosonic stimulation. From Eq. (3) it follows
that once an atom is in the condensed phase, it needs an
amount of energy A = 2zh?aN,/mV to leave the BEC,
yielding an unbalancing between W and K. More detailed
calculations including higher order perturbation theory
[40,41] and the effect of the mean field potential of the
BEC [35,39] show that the spectrum exhibits a strong
modification of the density of states right above the
condensed state, therefore Eq. (3) is valid only for low
values of F. Regardless, for 7~ 1, in our experimental
conditions A is already of the same order of magnitude
as T.

In conclusion, we have implemented an open many-body
quantum system by immersing an ultracold gas in a
controlled dissipative environment, embodied by a cold
gas of atoms of a different species. We have shown that by
combining the dissipation with evaporative cooling it is
possible to realize states of matter that are not accessible for
equilibrium or closed systems. In particular we were able to
create and grow supercritical BECs, even at temperatures
higher than the critical temperature. The states created
exhibit a quasistatic behavior typical of prethermalized
states and can be practically used to perform experiments
with high condensed fractions at high temperatures. On the
one hand, our results have the potential to trigger the
interest of the theory community to develop a microscopic
description of out-of-equilibrium quantum gases. On the
other, the ability to control the dissipation and the temper-
ature of the sample can provide a new tool for distilling
environmentally resilient states and engineering quantum
phases in open quantum system.
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