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Jorge Mellado Muñoz, Xi Wang, Thomas Hewitt, Anna U. Kowalczyk, Rahul Sawant, and Giovanni Barontini∗

School Of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
(Dated: May 1, 2020)

We experimentally realize a method to produce non-equilibrium 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 87Rb in a cloud of 39K 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 non-equilibrium Bose-Einstein con-
densate 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.

Although ubiquitous in physics, dissipation is usually
considered a detrimental mechanism, as it can hinder or
interfere with the behaviour of the system under inves-
tigation. 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, dissipa-
tion can be used to generate new states of matter [1–
4], manipulate qubits [5], engineer decoherence-free sub-
spaces [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
non-equilibrium 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 non-equilibrium
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
non-equilibrium Bose Einstein condensates (BECs) by
combining the action of a dissipative environment with
evaporative cooling, a process that we refer to as distilla-
tion. To this end, we immerse an ultracold cloud of 87Rb
at temperatures below 500 nK, within a Magneto Optical
Trap (MOT) of 39K atoms at a temperature of ' 1 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 that
the distillation prepares the system into quasi-stationary
non-equilibrium 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-

a)                                                     b)

FIG. 1. a) Schematic representation of the distillation proto-
col. During the last stages of the 87Rb evaporative cooling,
we switch on a MOT of 39K. This results in the creation of
a controlled dissipative environment for the Rb atoms. b)
The red dots are the measured densities of the 39K atoms
in the MOT as a function of time. The blue diamonds are
the corresponding measured dissipation 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.

dimensional harmonic trap, the condensed fraction as a
function of temperature obeys [21, 22]:

F =
N0

N
=

{
1− τ3 − ητ2(1− τ3)2/5 for T < Tc

0 for T > Tc
(1)

where T is the temperature of atomic cloud, Tc =
0.94~ωN1/3/kB is the critical temperature, τ = T/Tc,
N0 the number of atoms in the BEC, N the total num-
ber of atoms, ω the geometric average of the trapping
frequencies and η = 2.15(aN1/6/aho)2/5, with a the s-
wave scattering length, aho = (~/mω)1/2 the harmonic
trap length and m the mass of the atoms. In general, in
dilute gas experiments neither ω 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 Tc as the evaporation proceeds.
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Both the reduction of N and ω 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 condi-
tions, 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 pre-cool the atoms
in a two-species 2D MOT of Rb and K. Using a bi-
chromatic 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. Typi-
cally, we trap and cool ≈ 109 Rb atoms at a temperature
of 300 µK 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 nm and 1550 nm, with
waist sizes of 35 µm and 45 µm 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× 104 atoms in the |F = 1,mF = −1〉 state. The final
trapping frequencies are ' 2π× (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 absorption 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 µK, 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.1b we report the growth of K atom density nK
as a function of the loading time (red circles). In the same
figure, we report the corresponding dissipation rate γK
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 γK coincides with
the value obtained with γK = nKσvK (shaded area),
where vK is the average speed of the K atoms and σ is
calculated using the model of [25] for collisions between
ultracold atoms and background classical atoms [26]. For
comparison, the Rb elastic scattering rate γel, that is
responsible for the thermalization of the Rb cloud, ranges

FIG. 2. Measured parameters of the 87Rb sample as a func-
tion 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 dis-
sipation respectively [26]. 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.

between ' 10-65 Hz for the experiments here reported.

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 evap-
oration, where we set t = 0. For a direct comparison, the
reported data without dissipation are chosen to approx-
imately match the conditions with dissipation at t = 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. 2a). Crucially, the evaporation selec-
tively 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 behaviour of the temperature
(Fig. 2b), which does not change substantially when the
dissipation is present [27]. It also confirms that the ac-
tion of the K MOT is purely dissipative (no heating) and
that the dissipation does not affect the evaporative cool-
ing 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. 2c. We observe that in
the presence of the dissipation this is significantly higher
than what is predicted by Eq. (1) (dashed curve). No-
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FIG. 3. Phase diagram showing the BEC fraction as a func-
tion of τ . Open symbols are for the case of no dissipation
while filled symbols are the trajectories during our distilla-
tion protocol. For open diamonds and circles the wait time
after the end of the evaporation ramp is 4 s, while for oth-
ers it is 20 ms. For the filled circles the dissipation rate is 4
times the dissipation rate of the filled squares. For the data
in absence of dissipation, we vary the number of atoms from
70×103 to 25×103 at t = 1s in order to explore as much pa-
rameter 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 [26]. Error bars are the standard
errors of the mean.

tably, as the distillation proceeds, the discrepancy be-
tween the measured F and that predicted by Eq. (1) in-
creases, producing a BEC substantially more pure than
what can be obtained with the same atom number and
temperature but without dissipation [26]. Fig. 2d finally
shows how the chemical potential of the non-condensed
part of the cloud µ changes differently for with and
without dissipation [26]. As expected, for both cases µ
initially approaches the chemical potential of the BEC
(lines). However, with distillation the behaviour of µ is
non-monotonic and above ' 1.5 s reduces even when F
increases, creating a system which is not in phase equi-
librium [11].

In Fig. 3 we report the data as trajectories in the F−τ
plane. The open symbols are the results that we ob-
tain 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 evaporation produces samples in equilib-
rium 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 dissi-
pation is switched on, the trajectory substantially differs

from Eq. (1), and notably we are able to progressively
distil purer samples. Our distillation 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 Tc to
lower values, counter-acting the action of the evapora-
tion that reduces T , so that τ remains approximately
constant. However, at the same time F increases, mean-
ing that while the reduction of T pumps atoms in the
BEC, the reduction of Tc is not able to de-pump them
back into the thermal component at the same rate. As
it can be observed in Fig. 3, the result is a steeper pu-
rification with distillation, and a BEC with F ' 0.5 can
be produced already for τ ' 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 τ .

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 δF between the measured F and Eq. (1) as
a function of time after the dissipation has been switched
off [26]. For the first 1.5 s, the system is driven even fur-
ther out of equilibrium by plain evaporation and then it
slowly relaxes toward lower values of δF . However, for as
long as we can measure, δF never goes below the initial
value. With respect to the typical timescales of the ex-
periment, which range from 1/ω ' 0.1 ms to 1/γel ' 100
ms, the relaxation dynamics can therefore be considered
quasi-static, meaning that our supercritical samples pos-
sess similar properties as a prethermalized state.

The dynamics of the formation of the BEC during
evaporative cooling is a complex many-body problem and
a microscopic theory able to quantitatively describe it
still doesn’t exist. Some models have tried to reproduce
the experimental observations, but only for peculiar set-
tings (constant temperature and infinite atom reservoir)
and with partial success [28, 29]. The addition of the
dissipation makes the microscopic description of our dis-
sipative distillation an even more challenging task. We
have however developed a phenomenological rate equa-
tion model starting from those in [11, 28–30]. This allows
us to describe our experimental data and derive impor-
tant 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
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the other the thermal component [26]:

Ṅ0 = W̄

[(
1− t

tf

)
N0 + 1

]
− K̄(Ñth + 1)− γK(t)N0

Ṅth = −W̄
[(

1− t

tf

)
N0 + 1

]
+ K̄(Ñth + 1)+

− [γK(t) + γ]Nth. (2)

W̄ and K̄ are respectively the growth rate of the conden-
sate and of the thermal component and are derived from
the data without dissipation. The loss rate γ accounts for
the evaporative cooling while tf for the saturation of the
BEC, also these parameters are extracted from the data
without dissipation. Ñth is the effective number of atoms
in the thermal mode and is the only free parameter of our
model [26]. 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 W̄ , promoted by the reduction in tem-
perature coming from the evaporative cooling, and K̄,
promoted by a reduction of the chemical potential com-
ing 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 kinetic theory, it is in-
deed possible to demonstrate that W̄ ' exp(∆/kBT )K̄,
with ∆ the energy difference between the two compo-
nents [26, 28, 29]. The energy gap can be roughly esti-
mated from the energy spectrum obtained with a first-
order treatment of a uniform Bose gas with contact in-
teractions. For τ ≤ 1, this reduces to [31, 32]:

E =
∑

p

p2

2m
+

4π~2aN2

mV

(
1− 1

2
F 2

)
(3)

where p is the momentum of the atom, m its mass, a the
s-wave scattering length 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 ∆ = 2π~2aN0/mV to leave the BEC, yielding an
unbalancing between W̄ and K̄. More detailed calcula-
tions including higher order perturbation theory [31, 32]
and the effect of the mean field potential of the BEC
[29, 30] show that the spectrum exhibits a strong modifi-
cation of the density of states right above the condensed
state, therefore Eq. (3) is valid only for low values of F .
Regardless, for τ ' 1, in our experimental conditions ∆
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

0 1 2 3 4
Time (s)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

F

FIG. 4. Difference between the measured F and that ex-
pected 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.

is possible to realize states of matter that are not acces-
sible 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 quasi-static behaviour typical of
prethermalized states and can be practically used to per-
form experiments with high condensed fractions at high
temperatures. On the one hand, our results have the po-
tential 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 temperature of the sample can pro-
vide a new tool for distilling environmentally resilient
states and engineering quantum phases in open quantum
system.
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CALIBRATION OF THE TRAPPING FREQUENCIES

During the evaporation, the trap depth is reduced slowly. This changes the trapping frequencies (we indicate with
ω the geometric mean of the trapping frequencies) of the dipole trap and hence the critical temperature according to
kBTc = 0.94~ωN1/3.

In equilibrium, the BEC fraction is F = 1 − τ3 − ητ2(1 − τ3)2/5. We use this fact to estimate the trapping
frequency at each time during the evaporation by equating experimentally observed BEC fraction to this formula and
numerically solving for ω. The mean trapping frequency calculated using the data of no dissipation cases from Fig. 3
in the main text is shown in Fig. S1. We verified that all the data without dissipation correspond to equilibrium
configurations by waiting a variable amount of time after the evaporation is finished. Data with the same evaporation
ramp but different waiting times share the same value of ω. As shown in Fig. 3 in the main text all data collapse on
the equilibrium curve independent of the waiting time.

After having estimated ω we perform a linear fit to the frequency vs. evaporation time data reported in Fig. S1.
The values from the linear fit are then used to calculate Tc for each non-equilibrium data point in Figs. 2 and 3 in
the main text.

We also measure the trapping frequencies in a few points along the evaporation ramp. The blue triangles in
Fig. S1 show the geometric mean of the trapping frequencies measured using parametric heating of the thermal Rb
cloud. The measured values are consistent within ∼ 15% of the values used for calibration. This is expected as it is
known that the frequency measurements using parametric heating lead to a systematic underestimation due to trap
anhormonicities [1]. The calibration also accounts for effects of systematic errors in the data like, e.g., a systematic
over- or under-estimation of the total number of atoms and common mode secondary effects as discussed in the
following sections. The linear drop in frequency along the evaporation approximately matches the frequencies change
we expect from the lowering of the power of the dipole trap lasers.

A similar calibration is also done for Fig. 4 in the main text. Here the frequency does not change in time as we
keep the power of the dipole trap lasers constant. Even though the lowering of trap depth is stopped, the system still
undergoes plain evaporative cooling and the temperature is slowly reduced for ' 2 s. As the plain evaporation is very
slow, the system without dissipation (blue triangles) is always in equilibrium and we can use the data in Fig. S2 to
extract ω and calculate the equilibrium curves for the dissipation case (red circles). The ∆F data reported in Fig. 4
in the main text correspond to the difference between the red circles and the red line in Fig. S2c.
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FIG. S1. The red dots are the mean trapping frequency ω/2π calculated using the method described in the text. The blue
triangles are the mean trapping frequencies measured using parametric heating and centre of mass oscillations. The lines are
linear fits to the data, the coefficients are reported in the legend.
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(i) (ii)

FIG. S2. (i) Same as the figure 2 in the main text, but with the dissipation rate increased by a factor of '4, corresponding
to filled circles in Fig. 3 of the main text. (ii) Measured parameters as a function of time for the experiment corresponding
to Fig. 4 (in the main text). For Red circles dissipation was present before the zero time and for blue triangles there was no
dissipation at any point in time. ii.a) The total number of atoms. ii.b) The ratio of temperature to the critical temperature.
ii.c) The condensate fraction F . The red dotted dashed line and the blue dashed line show the expected fraction from the
equilibrium theory for with and without dissipation respectively. Here τ is fitted to a linear function of time and N to

√
t to

get smooth curves for the theoretical prediction. ii.d) The temperature. Error bars are the standard errors of the mean and
the shaded regions are from standard errors of fit parameters.

The values for N0 and T are obtained by fitting a combination of two-dimensional Thomas-Fermi and Gaussian
distributions to the atomic density image obtained from time of flight absorption imaging. The value of N is obtained
by integrating the atomic density obtained from the image.

EFFECT OF FINITE SIZE AND BOSE STATISTICS

In the main text, we compare our results against Eq. (1). There are however a number of known effects that can
lead to deviations from this equation. In this section, we quantify these discrepancies for our experimental conditions.
The major effects to be accounted for are: finite size effects, the Bose enhancement effect, changes in the transition
temperature due to inter-atomic interactions between Rb atoms. The finite size effect on the transition temperature
can be calculated as δTc/Tc = −ω̄/2ω · ζ(2)/ζ(3)2/3 ·N−1/3 [2] with ω̄ the arithmetic average of the frequencies. This
contribution never exceeds 1% for our system, therefore can be safely neglected. We discuss the other corrections here
below.

Deviation from Gaussian distribution in momentum space

As specified above, the fraction of BEC and the temperature of the thermal cloud for the data shown in the main
text is obtained by fitting a combination of a 2-D Gaussian and a 2-D Thomas-Fermi distribution to the absorption
image of the whole atomic sample. The total number of atoms is obtained by integrating the atomic density from
the absorption images. However, for τ ' 1 and below, the Bosonic nature of the Rb atoms changes the momentum
distribution of the cloud from Gaussian to the so-called Bose-enhanced distribution. For this reason, to be rigorous,
data should be fitted using the associated polylogarithm [3].

To quantify the effect of the choice of the fitting function, we fit our data also with a combination of a two-
dimensional Bose-enhanced Gaussian and a Thomas-Fermi distribution. As shown in the Fig. S3a, there is no
qualitative change in the overall behaviour of our data. The main effect is that our estimation of the temperature
increases by ∼ 10% on average. The other major effect is that, for low atom number in the thermal component,
the fit function does not always converge due to the complexity of the polylogarithm function. Therefore we cannot
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FIG. S3. Same as Fig. 3 in the main text but using the Bose-enhanced polylogarithm to fit the data.

use the full set of our data, yielding to an increase of our errorbars and distortion of the trajectories. As discussed
above, systematic effects on temperature and atom number are however absorbed in the calibration of the trapping
frequencies and do not play a significant role in the physics discussed in the main text. For this reasons, we provide
in the main text the data analysed using Gaussian distributions, which is more robust and allows us to use the full
set of our data.

Further effects of atomic interactions

Eq. (1) from main text is an approximation and is derived by neglecting the interactions within the thermal cloud.
This approximation is valid as long as N0 � a/aho. For our experiment this corresponds to N0 � 1000. This
condition holds for a large subset of our experimental data.

The other effect of the interactions is to shift the critical temperature to lower value [2, 4, 5]. For our experimental
conditions, the shift is δTc/Tc = −1.3a/ahoN

1/6 < 3%. Like the majority of the effects discussed in this section, the
shift is common mode to all the data and is taken care of by our calibration procedure.

DISSIPATION RATE

In our system TK ' 104TRb, therefore we use the model of [6] for collisions between ultracold atoms and background
atoms to estimate the KRb scattering rate. The model features two regimes, ’quantum’ and ’classical’, delimited by
the crossover energy Ec given by

Ec ≈ 2
~12/5

C
2/5
6

1

mRbm
1/5
K

E
1/5
col , (S1)

where mRb and mK are the masses of the Rubidium and Potassium atoms respectively. Ecol is the collision energy,
which given the difference in temperature is essentially the kinetic energy of the K atoms, and C6 is the van der
Waals coefficient, that for KRb is C6=4290(2)a60Eh, where Eh is the Hartree Energy [7]. Using eq. (S1) we calculate
Ec ' 300µK. The differential cross section, dσK , is given by the expression

dσK(Et) =

{
α if Et ≤ Ec
α
(
Ec

Et

)7/6
if Et > Ec

(S2)
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FIG. S4. Experimental sequence used to determine the dissipation rate of the Rb atoms due to the K atoms.

where Et is the energy transferred to the Rb atom and α = σclassg (Ec), with

σclassg (Et) =
π

6

(
9C2

6

Ecol

)
E

−7/6
t . (S3)

By integrating S2 using our experimental parameters we obtain that the total scattering cross section for the KRb
collisions is σK ' 5.61× 10−17m2. Using this value of σK we can calculate the scattering rate γK as

γK = nKσKvK , (S4)

where nK is the K atom density and vK is the average speed of the K atoms.
To obtain the experimental value for γK instead, we use the sequence shown in Fig S4. We switch on the K MOT

in the moment we stop the evaporation and keep the dipole trap power at a constant value. Therefore, we can write
the following expression to describe the loss of Rb atoms,

ṄRb = −(γRb + γK(t))NRb, (S5)

where γRb is the loss rate for the Rb atoms in the dipole trap due to the combination of plain evaporative cooling
and three-body losses. In our case nK grows approximately linearly in time so γK(t) = at and

NRb(t) = NRb(0) exp
(
−γRbt−

a

2
t2
)
. (S6)

In Fig. S5 we show the data and corresponding fits for NRb as a function of time for a pure BEC and a thermal
cloud with no BEC component. In both cases we use the measurements without the K MOT to obtain γRb. We then
fit the curves with the K MOT with eq. (S7) to obtain a and consequently γK(t). The values of γK extracted in the
two cases coincide within our experimental uncertainty.

CHEMICAL POTENTIAL CALCULATION

To calculate the chemical potential of the thermal component µ, we used the semi-classical distribution as described
in [8]:

Nth = g3(z(0))

(
kBT

~ω

)3

. (S7)

Where T is the temperature, Nth is number of thermal atoms, ω is the geometric mean of the trapping frequencies
and z is the fugacity defined as,

z(r) = e[µ−V(r)]/kBT. (S8)

Combining S7 and S8 and considering that V (0) = 0 we are able to obtain µ from our experimental data.



5

0 1000 2000 3000 4000 5000

0

10

20

30

40

50

0 1000 2000 3000 4000 5000

0

20

40

60

80

100

120

140

160

 BEC Rb atoms with K atoms
 BEC Rb atoms without K atoms

N
 (

1
00

0
 a

to
m

s)

time (ms)

Thermal Rb atoms with K atoms
Thermal Rb atoms without K atoms

N
 (

1
00

0
 a

to
m

s)

time (ms)

FIG. S5. Rb atom number as a function of time for a BEC sample (upper panel) and a thermal gas (lower panel). The blue
points and curves are without the dissipation from the K MOT. The green points and curves correspond to the case with the
K MOT on.

THE RATE EQUATION MODEL

A microscopic theory that is able to describe the out-of-equilibrium dynamics that governs the growth of the
condensate is currently out of reach. In Refs. [9–11] a model is provided, however it is not always able to reproduce
the experimental data and in some cases the parameters need to be adjusted up to one order of magnitude [9, 10, 12, 13].
The presence of the evaporation (therefore change in temperature and number of atoms) and of the dissipation, makes
it even harder to describe our system with a microscopic theory.

Inspired by Refs [9–12] we have developed a two-mode rate equation model that can phenomenologically describe
our data, as shown in Fig. 3 in the main text. Such model can provide useful information for the theory community
interested in developing tools to describe the physics of out-of-equilibrium systems.

As in the main text, we indicate with N0 the number of atoms in the condensate and with Nth the number of
non-condensed atoms. As shown in Fig. S6, the starting point of our model is the separation of the sample in the
ground state energy level ε0, which contains the condensate, and the energy levels directly above it, which contain the
thermal atoms, as done in [12]. In our case, we simplify the problem reducing the energy band above the condensate
to a single effective energy level εth. Rigorously, ε0 should correspond to the time-dependent chemical potential of
the BEC and also εth should dynamically change as the condensate grows or reduces. The understanding of the exact
time dependence of the energy levels is probably the biggest challenge in developing an exact microscopic theory of
these kind of systems, and goes beyond the scope of our work. Therefore we make the further approximation that ε0
and εth are time-independent.

A rate equation that governs the growth of the population of a certain energy level in absence of dissipation has
been developed in [9–11]:

Nn = W (N)[(1− e(εn−µe)/kBT )Nn + 1], (S9)

where Nn is the population of the n-th level and εn its energy, which for the BEC coincides with the chemical
potential of the condensate. µe is the equilibrium chemical potential and W (N) the growth coefficient. For the BEC
state, the exponential implies that the steady state is reached when the chemical potential of the condensate equals
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FIG. S6. Pictorial representation of our rate equation model.

the equilibrium chemical potential. In our model we have made the approximation that the energy levels are time
independent. To account for the reaching of the steady state in absence of dissipation, we replace the exponential in
eq. (S9) with t/tf , where tf is the time at which the steady state is reached and all the atoms are in the BEC.

With the approximations made above, we can write write a two-mode rate equation model starting from the eq.
(S9) [9–11]:

Ṅ0 = W̄

[(
1− t

tf

)
N0 + 1

]
− K̄(Ñth + 1)− γK(t)N0 (S10)

Ṅth = −W̄
[(

1− t

tf

)
N0 + 1

]
+ K̄(Ñth + 1)− [γK(t) + γ]Nth,

valid for t ≤ tf . Here γK is the dissipation rate coming from the K MOT and γ the dissipation rate due to the

evaporative cooling. The term proportional to N0 in the square parenthesis and the one proportional to Ñth account
for the bosonic stimulation [9–11]. The introduction of the effective number of thermal atoms Ñth accounts for the
reduction of the non-condensed energy band to a single state. Indeed, if we were considering such state as populated
by Nth atoms, its bosonic stimulation would be enhanced by a factor Nth. However, we need to take into account
that the non-condensed energy band is not uniformly populated and that the more energetic levels are less involved in
the exchange of particles. These two effects effectively reduce the bosonic stimulation. The amount of such reduction
is difficult to evaluate, therefore Ñth is used as a free time-independent fit parameter.

In general, the coefficients W and K are complicated functions of T, µ,N0 and N [9–11] and an expression for them
exists only for the case of constant temperature and infinite reservoir of atoms. Even in this case, as mentioned above,
the coefficients can be wrong up to an order of magnitude. For this reasons, in our model we drop the functional
dependence and treat them as constants having average values W̄ and K̄. In [9, 10], the growth of the condensate is the
result of the unbalancing between the two-body scattering process that transfers atoms from the thermal component
to the BEC and the opposite process, without creation or absorption of quasiparticles. Using quantum kinetic theory,
the authors found that

W̄ ' e(εth−ε0)/kBT K̄, (S11)

meaning that for a given temperature, the larger is the energy gap the harder is to excite an atom to the thermal
component and the easier is to pump an atom into the condensate. The exploitation of this effect allows us to drive
the system out of equilibrium.

In summary, in absence of dissipation our model is a simplification of the model in [9–11]. With respect to such
model, we have maintained the following core features:

• The separation between condensed and thermal components
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FIG. S7. From left to right, evolution as a function of time of the number of atoms (in thousands) in the thermal component,
the number of atoms in the BEC (in thousands) and the condensate fraction F . The points are the experimental data, the line
are the results of our model.

• The bosonic stimulation, i.e., the fact that if N bosons occupy a given state, the transition rates into that state
are proportional to (N + 1)

• The fact that the rates W and K are not equal

• The fact that the growth of the condensate slows down and eventually stops as the target or equilibrium
configuration is approached. In [9–11] this is done with the exponential term in S9, which decreases and finally
stops the growth of the condensate once ε(t) = µe. In our model we have simplified this using the linear function
t/tf . We have verified that the use of a linear function instead of an exponential one does not substantially
change the behaviour of the model.

The main modification we have made with respect to [9–11] are instead:

• We have dropped the functional dependence of the coefficient W and K. As explained, this is because, from
previous comparisons of the model with experimental data, it was found that the coefficients calculated in [9–11]
could be wrong up to one order of magnitude. For this reason, as a first approach, we have considered such
coefficients as constant. Such approach is justified as in [12] it has been proven that these coefficient do not
change substantially to the first order if µ/T � kBT , as it is our case. In practice W only depends on the elastic
collision rate, which does not change substantially during our experiment.

• We consider the non-condensed band as a single energy level with an effective population Ñth and we have
dropped any time-dependence of the energy levels. As above, this simplification is dictated by the lack of a
sufficiently precise microscopic model.

• To extend the model to describe our dissipative distillation, we have added the dissipative terms.

Concerning the data shown in Fig.2, to derive W̄ we fit the curve N0(t) in absence of dissipation with the solution
of

Ṅ0 = W̄

[(
1− t

tf

)
N0 + 1

]
(S12)

with tf = 1.4s the time at which the evaporation ends (please note the origin of time is shifted by 0.6s in this data
analysis), obtaining W̄ = 3.45±0.1 Hz. We derive K̄ = 0.255±0.03 Hz from an exponential fit of the relaxation curve
in Fig. 4 of the main text . The evaporation loss rate γ = 0.95±0.03 Hz is obtained by fitting with an exponential the
decay of the total number of atoms in absence of dissipation. Finally, γK(t) is obtained as explained in the previous
section. The only free parameter of our model is Ξ = Nth/Ñth, which determines the effective occupation of the
thermal energy band. We found that we can reproduce our data, as shown in Fig. S7, by imposing Ξ = 25 ± 5.
The result of our model is also reported as the dotted trajectory in the τ − F plane in Fig.3 of the main text. By
increasing the dissipation rate γK by a factor of four, leaving all the other parameters unchanged, we obtain the
second trajectory that reproduces well the open circle data in Fig. 3. Our data can be nicely reproduced using a
constant value for Ξ, however our model could be extended to describe other kind of experiments, e.g. a quench in
the number of atoms, implementing a time dependence on Ξ.
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