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We measure the momentum density in a Bose-Einstein condensate (BEC) with dilute spin impurities
after an expansion in the presence of interactions. We observe tails decaying as 1=k4 at large momentum k
in the condensate and in the impurity cloud. These algebraic tails originate from the impurity-BEC
interaction, but their amplitudes greatly exceed those expected from two-body contact interactions at
equilibrium in the trap. Furthermore, in the absence of impurities, such algebraic tails are not found in the
BEC density measured after the interaction-driven expansion. These results highlight the key role played by
impurities when present, a possibility that had not been considered in our previous work [Chang et al.,
Phys. Rev. Lett. 117, 235303 (2016)]. Our measurements suggest that these unexpected algebraic tails
originate from the nontrivial dynamics of the expansion in the presence of impurity-bath interactions.
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Impurities strongly affect the properties of low-
temperature ensembles of particles. Well-known examples
range from the Kondo effect [1–4], to quantum localization
[5–7] and polar crystals [8,9]. Similarly, the transport of
massive impurities strongly depends on the medium in
which they propagate and scatter, as illustrated in experi-
ments conducted with gaseous Bose-Einstein condensates
(BECs) as a bath [10–16]. Impurities can also serve as
accurate probes for equilibrium and out-of-equilibrium
properties of their many-body environment [17–21].
Theoretical approaches introduce a quasiparticle, the

polaron, which describes the dressing of the impurity by
the collective excitations of the bath [22,23]. In quantum
gas experiments, such descriptions were validated in
ensembles of both bosons and fermions [24–26].
Furthermore, the capability to tune interactions in atomic
gases permitted detailed studies beyond the weakly inter-
acting regime [27–30]. However, recent theoretical work
[31–33] illustrated the need for a precise knowledge of
the impurity-bath interaction to accurately describe Bose
polarons and quantities such as their energy in the strongly
interacting regime. Tan’s contact provides direct informa-
tion on short-ranged interaction potentials in systems at
equilibrium [34] and it was measured recently for Bose
polarons [29]. Here, we investigate an out-of-equilibrium
configuration and observe unexpected signals resulting
from the impurity-BEC interaction.
In our experiments we measure momentum densities

after an expansion of dilute BECs containing weakly
interacting impurities. We observe that (i) the momentum
densities of the impurities and of the BEC exhibit algebraic
tails whose decay is consistent with 1=k4 over a surpris-
ingly large momentum range, (ii) the algebraic tails are

observed only in the presence of both the BEC and the
impurities, and (iii) the tail amplitude increases linearly
with the number of impurities. These features qualitatively
resemble those expected from two-body interactions at
equilibrium in the trap. However, the tail amplitude is
orders of magnitudes larger than the expected in-trap
impurity contact. Our observation is even more surprising,
because the in-trap 1=k4-tails associated with the impurity-
BEC contact are expected to vanish adiabatically during the
expansion in the presence of interactions [35]. This
suggests that the expansion dynamics of the impurity-bath
system plays a key role here. Interestingly, 1=k4-tails of
amplitude larger than those expected in the trap were
similarly observed in a SUðNÞ Fermi gas [36]. These could
result from intercomponent interactions present during the
expansion [36], the analog of the impurity-bath interaction
in our case.
We also revisit our previous observation of 1=k4-tails in

an expanding BEC [37]. Our earlier experiment was
conducted under conditions identical to the present ones.
Dilute impurities were very likely present there as well, but
we were not aware of their presence. Here we show
unambiguously that the tails disappear when the impurities
are removed from the BEC, and we confirm the scenario
predicted theoretically [35]. This conclusion differs from
that of recent work [38] where similar 1=k4-tails were
found in expanding BECs without impurities.
In our experiment the bath is a BEC of metastable helium-

4 (4He�) atoms in the mJ ¼ þ1 sublevel and the impurities
are a small number of 4He� atoms in themJ ¼ 0 sublevel. The
impurity-bath scattering length aIB ≃ 142a0 is equal to the
scattering length within the BEC, aBB ≃ 142a0 [39], with a0
the Bohr radius. Our experiment starts with the production of
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a degenerate Bose gas of 4He� atoms in a crossed optical
dipole trap (ODT) [40]. The evaporation toBEC is performed
with (most of) the atoms polarized in themJ ¼ þ1magnetic
sublevel to avoid the inelastic collisions present in non-
polarized 4He� gases [41]. The final ODT frequencies are
ωx=2π ¼ 110 Hz,ωy=2π ¼ 400 Hz, andωz=2π ¼ 420 Hz.
The polarization of the atoms ismaintained in theODTwith a
magnetic bias field of ∼4 G, but this does not ensure a full
spin polarization of the gas. Indeed, we recently discovered
that a small fraction (fI ≲ 1%) of spin impurities (mJ ¼ 0
atoms) is present. These impurities originate from spin flips
occurring during the loading of the ODT from a magnetic
quadrupole trap [40]. This previously unnoticed situation is
an opportunity to study Bose polarons in a flat-bottom
potential. Indeed, given that aBB and aIB are equal, the
mean-field interaction of impurities with the BEC exactly
cancels the harmonic trapping potential confining them [42].
In the following, we concentrate on the tails of the

momentum density at large momenta, exploiting our ability
to record extremely small densities [43]. Our investigation
builds upon (i) tuning the number of impurities NI and the
BEC atom number NBEC independently, and (ii) detecting,
selectively, the spin sublevels. We vary NBEC from 1 × 104

to 1 × 106 by modifying the shape of the optical trap [44].
The impurity fraction fI is varied between 0.05% and 1%
using optical pumping and varying holding times in the trap
[44]. Once we have prepared the trapped gas, we switch off
the trap and let the gas expand in free fall for a long time of
flight (TOF) tTOF ¼ 298 ms. Exploiting the different mag-
netic properties of mJ ¼ þ1 and mJ ¼ 0 atoms, we
selectively detect the two spin sublevels. More precisely,
we can choose to detect only atoms initially trapped in
the mJ ¼ 0 state by pulsing a magnetic gradient during
the expansion to push the mJ ¼ þ1 atoms away from the
detector [see Fig. 1(a)]. Alternatively, we can detect a
known fraction of both initially trapped mJ ¼ þ1 and
mJ ¼ 0 atoms [see Fig. 1(b)]. After 10 μs of expansion and
before applying the magnetic gradient, we shine a radio-
frequency pulse (of duration 30 μs) to transfer a known
fraction of mJ ¼ þ1 atoms into the mJ ¼ 0 state.
In a first set of experiments, we measure the far-field

momentum density ρIðkÞ of the spin impurities, normal-
ized so that

R
d3kρIðkÞ ¼ NI . The momentum k of an

atom is determined from the measured 3D position r after
TOF using the ballistic relation, k ¼ mr=ℏtTOF. Recall
that the density ρIðkÞ measured after a long expansion
differs from the in-trap momentum density as interactions
affect the early stages of the expansion. Importantly, in all
the data sets presented in this work, ρIðkÞ is found
isotropic. This allows us to increase the signal-to-noise
ratio in ρI by taking a spherical average and study ρI as a
function of the modulus k ¼ jkj, as shown in Fig. 2. The
dataset in Fig. 2(a) is recorded with NBEC ¼ 4.4ð3Þ × 105,
and a fraction of impurities fI ≃ 0.3ð1Þ%. The density
ρIðkÞ exhibits algebraic tails whose decay is consistent

with 1=k4. Note that the observed decay does not span a
large enough dynamical range to precisely determine the
power-law exponent (see Ref. [38] and Fig. 4). Figures 2(b)

FIG. 1. (a) To detect only spin impurities (mJ ¼ 0), a magnetic
gradient is applied during the expansion to push the BEC atoms
(mJ ¼ þ1) away from the detector. (b) To probe simultaneously
BEC atoms and impurities, a radio-frequency (RF) pulse couples
the atomic states mJ ¼ 0 and mJ ¼ þ1 during the expansion,
before applying the magnetic gradient, producing a known
mixture of mJ ¼ 0 and mJ ¼ �1.

(a)

(b) (c)

FIG. 2. (a) Momentum density ρIðkÞ of impurities in a spin-
polarized BEC (green dots). The dashed-dotted black line is an
algebraic decay ∝ 1=k4 and the gray shaded corresponds to
power-law functions 1=kα with 3.5 ≤ α ≤ 4.5. The red line is a fit
with a Gaussian function. (b) ρIðkÞ in the absence of mJ ¼ þ1
atoms in the trap (black squares). The red dashed line is the
Gaussian-shape density for an ideal Bose gas at T ≃ 200 nK.
(c) ρIðkÞ in the presence of a thermal gas of mJ ¼ þ1 atoms in
the trap (blue triangles). No algebraic decay is clearly identifiable.
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and 2(c) show the same quantity measured in the absence of
the BEC, in two different configurations. The density ρI
shown in Fig. 2(b) is recorded in the absence of mJ ¼ þ1
atoms, so that only the impurity cloud is present in the trap,
and it is well fitted by a Gaussianmodeling a thermal gas. In
Fig. 2(c), ρI is measured in the presence of a thermal gas of
mJ ¼ þ1 atoms. In both Figs. 2(b) and 2(c) no algebraic
decays are identified [45]. Algebraic tails are unambigu-
ously observed in ρI only in the presence of a BEC.
In a second set of experiments, we measure the far-field

momentum density of a cloud in which a known fraction
of the trapped mJ ¼ þ1 BEC atoms is transferred to the
detector [see Fig. 1(b)]. We repeat the experiment and
analysis performed in [37], but here we reduce the fraction
of impurities to our smallest possible value fI ≃ 0.05%.
For a direct comparison with [37], we introduce the
quantity C ¼ ð2πÞ3A from the measured amplitude A ¼
k4 × ρðkÞ of the tails (fitted over the momentum range
2 μm−1–6 μm−1). In Fig. 3 we plot C divided by NBEC. We
stress that C is extracted after an expansion in the presence
of interactions. Therefore, C differs from Tan’s contact at
equilibrium in the trap.
The values C=NBEC measured with fI ¼ 0.05% lie much

lower than those we found previously [37] and are con-
sistent with zero (see Fig. 3). This uncovers the role played
by the impurities in the findings we previously reported in
[37]. In particular, this rules out the hypothesis that the tails
are a direct signature of the quantum depletion of the spin-
polarized BEC. Indeed, the resulting fitted amplitudes are
much smaller than Tan’s contact CBBBogo associated to the
quantum depletion of a trapped spin-polarized BEC [37],

CBBBogo ¼ ð64=7Þπ2a2BBnBECNBEC; ð1Þ

where nBEC indicates the BEC density at the trap center.
Equation (1) is obtained starting from Tan’s contact for a
homogeneous BEC, C0 ¼ 16π2a2BBnBECNBEC, and using a
local density approximation (LDA) in the trap [37]. The
LDA is safely applicable since ξ ≃ 0.4 μm ≪ Rz ≃ 15 μm,
where ξ is the BEC healing length and Rz the smallest in-
trap BEC radius. Our observations confirm the scenario
predicted theoretically in [35], i.e., that the 1=k4-tails
associated with the quantum depletion of a spin-polarized
BEC decrease adiabatically during an expansion in the
presence of interactions. This conclusion differs from that
of a recent work [38] which studied magnetically trapped
4He� atoms. So far, unambiguous signals of the quantum
depletion in TOF experiments have been found only when
interactions do not affect the expansion [46,47].
We turn to discussing the algebraic tails observed in the

presence of both the BEC and impurities. To extract the tail
amplitude ABEC (resp. AI) in the bath (resp. the impurity
cloud), we combine the analysis of the data recorded with
the two detection methods shown in Fig. 1 [48]. In a given
dataset, the tail amplitude A is obtained from fitting the
plateau in k4 × ρðkÞ over the range 2 μm−1–6 μm−1. We
have studied how ABEC and AI change as we vary NBEC
and NI . A series of such measurements in the impurity
cloud is shown in Fig. 4 where NI is varied at fixed NBEC.
The analysis of all the datasets is summarized in Figs. 5
and 6 [49].
In Fig. 5(a), we show that the amplitude AI in the

impurity cloud increases approximatively linearly with the
number of impurities NI . In Fig. 5(b), we observe that AI
also increases with the BEC density nBEC at fixed NI . In
Fig. 6(a), the amplitude ABEC in the majority (BEC) atoms
is plotted as a function of NI. Its growth is consistent with a
linear increase with NI . Interestingly, ABEC rapidly varies
with nBEC at fixed NI [see Fig. 6(b)], with a scaling ∝ n7=2BEC

FIG. 3. Amplitude C of the 1=k4-tails in the BEC (normalized to
NBEC) as a function of the BEC density, for two fractions of
impurities fI ∼ 1% (blue squares—data from [37]) and fI ¼
0.05% (red dots). The fraction fI ∼ 1% for the 2016 data is
estimated by comparison with the new datasets [see Fig. 6(a)].
The dashed line is the in-trap contact CBBBogo=NBEC of a spin-
polarized BEC [see Eq. (1)].

FIG. 4. Normalized density ρIðkÞ=NI as a function of k. The
datasets correspond to a varying impurity numberNI in aBECwith
a fixed number NBEC ¼ 4.5ð5Þ × 105. The vertical dotted line
indicates the momentum kc;BEC ¼ 1=

ffiffiffi
2

p
ξ of the sound velocity in

the BEC. The dashed-dotted line (resp. the gray shaded area) is a
power-law function 1=kα with α ¼ 4 (resp. 3.5 ≤ α ≤ 4.5).
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similar to that of the bath-bath contact CBBBogo. We shall now
discuss the possible origin of the algebraic tails.
In the regime of weak interactions investigated in the

experiment, the in-trap momentum densities are known to
have 1=k4-tails whose amplitudes are accurately described
by Tan’s contact. In the majority (BEC) atoms, Tan’s
contact results from the sum of two contributions: (i) the
bath-bath interactions and (ii) the impurity-bath inter-
actions. The bath-bath contact CBBBogo of Eq. (1) was derived
in the LDA. Under similar assumptions, the impurity-bath
contacts become CIBBogo ¼ ð32=5Þπ2a2IBnBECNI [50]. In the
impurity cloud, the interaction between impurities is
negligible due to their small concentration, and only
CIBBogo plays a significant role. However, as discussed above

for a BEC without impurities, these 1=k4 signatures of
two-body contact interactions are expected to vanish during
the time-of-flight expansion in the presence of interactions
[51]. This scenario does not match with our observations
as the measured tails’ amplitudes largely exceed the in-trap
predictions. Therefore, our findings indicate that the
algebraic tails result from the impurity-BEC interactions,
but also that these are not a direct manifestation of two-
body interactions at equilibrium. We speculate that they
result from the expansion dynamics.
To complete our description, additional intriguing obser-

vations should be mentioned. First, the tail amplitude in the
BEC is comparable to that in the impurity cloud
(ABEC ∼ 2–3 ×AI) while the BEC atom number exceeds
that of impurities by several orders of magnitude
(NI ≲ NBEC=100). This suggests that some equilibration
between the momentum components of the impurities and
of the BEC occurs during the expansion. Second, Fig. 4
shows that the algebraic tails are visible for momenta larger
than kc;BEC ¼ 1=

ffiffiffi
2

p
ξ, the momentum associated with the

BEC sound velocity c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gBBnBEC=m

p
. Impurities moving

faster than the BEC sound velocity—i.e., the critical
velocity for superfluidity—are known to create excitations
in the BEC [52], contrary to slow moving impurities [53].
However, we performed Gross-Pitaevskii simulations of the
expansion dynamics of a BEC and a single impurity and we
did not find 1=k4-tails in the momentum densities. Whether
such effects play a role in our observations is an intriguing
open question.
In conclusion, we have shown the crucial role of weakly

interacting spin impurities immersed in a Bose-Einstein
condensate during an expansion in the presence of inter-
actions and studied it quantitatively. The algebraic tails
observed only in the presence of both the BEC and the
impurities are not related to the in-trap contact, i.e., to
short-range two-body physics at equilibrium, but rather
result from the dynamics of moving impurities in an
expanding superfluid bath. A detailed analysis of the
complete expansion dynamics seems therefore crucial to
understand our puzzling observations.
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FIG. 5. (a) AmplitudeAI of the 1=k4-tails in the impurity cloud
as a function of NI with a fixed to NBEC ¼ 5.5 × 105. (b) Am-
plitudeAI as a function of nBEC with a fixedNI ¼ 770. The point
at nBEC ¼ 0 corresponds to the data shown in Fig. 2(b). In both
panels, the green dashed line is a guide to the eye.

(a) (b)

FIG. 6. (a) Amplitude ABEC of the 1=k4-tails in the BEC as a
function of NI . The red dot corresponds to the dataset with fI ≃
0.05% shown in Fig. 3. The blue dashed line is a guide to the eye.
(b) Amplitude ABEC as a function of the BEC density nBEC with
NI ¼ 300. The dashed black line is proportional to n7=2BEC.
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