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The problem of an impurity particle moving through a bosonic medium plays a fundamental role in
physics. However, the canonical scenario of a mobile impurity immersed in a Bose-Einstein condensate
(BEC) has not yet been realized. Here, we use radio frequency spectroscopy of ultracold bosonic **K atoms
to experimentally demonstrate the existence of a well-defined quasiparticle state of an impurity interacting
with a BEC. We measure the energy of the impurity both for attractive and repulsive interactions, and find
excellent agreement with theories that incorporate three-body correlations, both in the weak-coupling limits
and across unitarity. The spectral response consists of a well-defined quasiparticle peak at weak coupling,
while for increasing interaction strength, the spectrum is strongly broadened and becomes dominated by the
many-body continuum of excited states. Crucially, no significant effects of three-body decay are observed.
Our results open up exciting prospects for studying mobile impurities in a bosonic environment and

strongly interacting Bose systems in general.
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The behavior of a mobile impurity interacting with its
environment has provided deep insight into quantum many-
body systems. Since Landau and Pekar first proposed that
the coupling between electrons and lattice phonons leads to
the existence of quasiparticles termed polarons [1], this idea
has systematically been developed [2]. The concept of the
polaron is now central to our understanding of a wide range
of systems, including technologically important semicon-
ductors [3], 3He — “He mixtures [4], and high temperature
superconductors [5]. Indeed, even elementary particles of
the standard model acquire their mass by coupling to the
bosonic Higgs particle.

Because of the great flexibility of atomic gases, the
experimental realization of the impurity problem in a
degenerate Fermi gas [6-8] has led to a dramatic improve-
ment in our theoretical understanding of this fundamental
problem [9-16]. The bosonic counterpart has been subject of
intense theoretical investigation [17-25] and some specific
cases have been studied experimentally: impurities interact-
ing with an uncondensed bosonic medium [26], charged
or fixed impurities in a Bose-Einstein condensate (BEC)
[27-31], and impurities confined to a lattice [32]. However,
despite the importance of the impurity problem in a bosonic
reservoir, there has not yet been a realization of the canonical
mobile impurity in a BEC—the Bose polaron.

We investigate the Bose polaron using a harmonically
trapped BEC of 3K atoms initially prepared in the |1) =
|F =1, mp = —1) state. To introduce impurities, we apply
aradio frequency (rf) pulse, which transfers a small fraction
of atoms into the |2) =|1,0) state, such that they can be
regarded as isolated mobile impurities. The transition
frequency w,; is changed from its unperturbed value w,
due to the impurity-BEC interaction. This interaction,
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characterized by the s-wave scattering length a, is highly
tuneable using a Feshbach resonance. Thus, spectroscopy
of the impurity state is performed, as shown schematically
in Fig. 1. We measure the energy of the impurity state and
find a well-defined Bose polaron both for attractive and
repulsive interactions, in good agreement with theories that
incorporate three-body correlations. This constitutes the
first observation of the Bose polaron for both attractive and
repulsive interactions, in parallel with work at JILA [33].

Figure 1 illustrates the behavior of the zero-momentum
impurity in a uniform BEC. We parametrize the interaction
strength as k,a with the wave number k, = (67°ny)'/3,
where n is the average BEC density. The energy scale of the
system is E,, = h*k2/2m, where m is the mass of **K. For
weak interactions, 1/k,a < —1 and 1/k,a > 1, the impu-
rity forms well-defined quasiparticle states termed attractive
and repulsive polaron, respectively. These have mean-field
energy 4zh’nya/m, plus medium corrections that have
recently been determined up to order a® [24]. On the
attractive side of the Feshbach resonance, the zero-momen-
tum attractive polaron is the ground state. In the absence of
Efimov physics [34-36], the attractive polaron state exhibits
an avoided crossing with the molecular state beyond
unitarity [20,25]. Above the ground state there is a con-
tinuum of many-body states, which in the weakly interacting
limit is formed by polarons and Bogoliubov excitations with
zero total momentum (see Supplemental Material [37]). On
the repulsive side 1/k,,a > 0, the polaron becomes increas-
ingly damped when approaching the Feshbach resonance,
since it can decay into a continuum of lower lying many-
body states, and it is inherently metastable.

The experimental apparatus used to produce BECs is
described in detail in [38]. Briefly, a dual-species
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FIG. 1. Sketch of the spectroscopic method and the impurity

energy spectrum. A radio frequency pulse transfers atoms from the
[1) to the |2) state. Only a small fraction is transferred, corre-
sponding to a rotation by a small angle on the Bloch sphere (inset)
in a noninteracting system. The solid lines show the energies of the
zero-momentum attractive (E,) and repulsive (E,) polaron states in
a uniform BEC as a function of the interaction parameter 1/k,a
(see text). The dashed line shows the molecular binding energy F,,
on the repulsive side of the Feshbach resonance, and the gray
shading denotes a continuum of many-body states. The bottom
cartoon shows impurity atoms (orange) in a BEC (blue); the
intensity of the background color indicates the change in the BEC
density due to the presence of impurity atoms.

magneto-optical trap captures 8’Rb and *°K atoms and
subsequently evaporative cooling is performed in a magnetic
trap. All 8’Rb atoms are evaporated leading to sympathetic
cooling of ¥K. The remaining *°K atoms are loaded into an
optical dipole trap consisting of two crossed beams at a
wavelength of 1064 nm. Two rapid adiabatic passages
prepare the atoms in the |1) state by the transfers |2,2) —
2,-2) and |2,-2) — |1,—1). This path ensures that no
atoms are produced in the |2) state due to a potentially
imperfect state preparation. The sample is then further
evaporatively cooled by lowering the dipole trap power.
During this evaporation, a Feshbach resonance at 33.6 G is
addressed to ensure efficient rethermalization. When a
sufficiently low temperature is reached, the magnetic field
is ramped to the desired value in the vicinity of the interstate
Feshbach resonance located at 113.8 G [37,39]. Finally, the
power of the dipole trap is raised to increase the density of
the BEC, which results in trap frequencies of v, = 158 Hz,
vy = 167 Hz, and v, = 228 Hz. At this point, the BEC
consists of 2 x 10* atoms with average density n, = 2.3 x
10" cm™ at a temperature 7 = 160 nK corresponding to
T/T.~0.6 where T, is the critical temperature of Bose-
Einstein condensation. The |1) atoms are weakly interacting
with scattering length ag = 9a,, where a is the Bohr radius,
such that k,ap ~ 0.01.

To form the polaron, a square rf pulse of 100 us duration
is used, which transfers a small fraction of atoms into the

|2) state. This scheme of direct transfer ensures a perfect
spatial overlap of impurities with the BEC. Furthermore, it
is unique to a bosonic system since interaction effects in a
Fermi gas subjected to a rf pulse are suppressed due to the
Pauli principle [40]. The pulse length and experimental
magnetic field precision result in a spectral full width at
half maximum of 0.15 E,,.

The rf transfer is described by the operator H; =

Qe~iont Zkabakl + H.c., where Q is the Rabi frequency.
Within linear response, the resulting rate of transfer
into state |2) is given by N, = —2Q2ImD(w,;), where
D(wy) is the Fourier transform of the retarded
spin-flip correlation function D(r—1¢)=—-if(t—1)

([ (Dara(1), Xy ()arey (7)]). Since the BEC
of |1) atoms is weakly interacting, i.e., ngay < 1, it can
be described up to leading order in nya3, yielding D (@) =
noG,(k =0,w,) for a homogenous system, where
G, (k, w,) is the Green’s function for an atom in spin
state |2) with momentum %Kk and energy Aw,. It follows
that an ideal rf measurement directly probes the k =0
part of the impurity spectral function, defined as
A(wy) = —2ImG,(k = 0,ws). Note that we neglect
vertex corrections to D(w), which are small for nyaj <
1 as long as the temperature is much smaller than the
critical temperature [41].

Subsequent to the rf pulse, the sample is held in the trap
for a variable time before being released. After 5 ms of
expansion, a strong magnetic field gradient is applied that
separates the |1) and |2) components prior to absorption
imaging after a total expansion time of 23 ms. During hold
time and expansion, three-body recombination processes
involving two |1) and one |2) atom lead to a loss of atoms
[42,43]. Because of the large atom number imbalance, all
|2) atoms are typically lost at strong interactions and the
number of |1) atoms is reduced accordingly. By performing
a bimodal fit to the spatial distribution of |1) atoms the
respective number of atoms in the BEC and thermal cloud
is obtained. For strong interactions, we found that the
number of lost atoms did not depend on the hold time in the
trap and hence the three-body recombination processes
during the initial expansion time are sufficient to fully
remove |2) atoms. Thus, the hold time was set to 0 for the
majority of our measurements.

Because of the three-body recombination process, the
number of lost atoms is three times larger than the number of
atoms transferred to the polaron state. For each value of the
interaction strength, we therefore choose the power of the rf
pulse to provide a maximum loss of approximately 30%
corresponding to a polaron fraction of 10%. No significant
deviations were observed by moderately varying the polaron
fraction, which is discussed in detail in the Supplemental
Material [37].

For a given interaction strength k,a, we perform spec-
troscopy on the |1) — |2) transition by measuring the
resulting BEC atom number in the |1) state as a function
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FIG. 2. Spectral response of the impurity in the BEC. The false color plots show the experimentally measured spectroscopic signal (a)
and the calculated spectrum (b), for different values of detuning A and the interaction parameter 1/k,a. The experimental spectrum is
recorded such that its peak amplitude is constant for all values of 1/k,a. Accordingly, the theoretical spectrum is normalized such that its
frequency integrated weight is the same as the experimental spectrum. In addition, the independently measured molecular binding
energy (white dots) and a fit to it (dashed line) are shown [37]. Negative values of the experimental signal are due to shot-to-shot atom
number fluctuations. Panels (¢)—(g) show the signal as a function of A for various values of 1/k,a (see panel). The solid lines show the
calculated signal, which is in excellent agreement with the experiment, except for 1/k,a = 1.6 where the agreement is qualitative.
The dashed lines, obtained excluding three-body correlations, only agree with the experiment for weak interactions.

of detuning A = wy — w,;, where @, is the unperturbed
transition frequency between the two states [44]. Figure 2
compares the measured spectroscopic signal, correspond-
ing to the normalized fraction of lost atoms, with that
obtained by calculating the spectral function for a zero-
momentum impurity using a truncated basis method
(TBM) including three-body correlations (see Ref. [45]
and the Supplemental Material [37]). The theoretical
calculation includes a spatial average over the trapped
BEC and a convolution with the Fourier width of the rf
pulse. It reproduces the observed signal strikingly well,
both for attractive and repulsive interactions. In particular,
both experiment and theory show a clear shift in the
observed spectral weight due to the interaction between
the impurity and the BEC. The calculation of the spectrum
involves a restricted Hilbert space of impurity wave
functions such that at most two Bogoliubov excitations
of the BEC are included. Crucially, this TBM [46] allows us
to include three-body correlations in the spectral function
nonperturbatively, and thus model the continuum of excited
polaron states. Figures 2(c)-2(g) show cuts through the
spectrum at fixed 1/k,a, demonstrating that the inclusion
of three-body correlations is essential for an accurate
description of the strongly interacting unitary regime.

In contrast to the Fermi polaron [6,7,10-13,16], there is
no sharp transition to a molecular state and the attractive

polaron quasiparticle remains the ground state of the
system for all interaction strengths. However, the spectral
weight of the polaron is increasingly transferred to the
continuum of higher-lying states as the strongly interacting
unitary regime is approached from the attractive side of
the Feshbach resonance. This feature is clearly apparent in
both the observed and the calculated spectral response in
Fig. 2. For 1/k,a > 0, the structure of this continuum is
determined by the molecular branch, and in the theoretical
spectrum we see a clear suppression of spectral weight
between the ground-state quasiparticle and the continuum.
This is not apparent in the experimental spectrum, poten-
tially due to atom number fluctuations or correlation effects
not included in the theory. Significantly, the theory cor-
rectly captures the abrupt decrease in the observed signal at
negative detuning for 1/k,a = 1, where the molecule
becomes deeply bound compared to E,. The detailed
comparison of spectroscopic signals in Figs. 2(c)-2(e)
further highlights the excellent agreement between theory
and experiment for the attractive branch.

To further quantify the results, Fig. 3 compares the
average impurity energy obtained from theory and experi-
ment. For the attractive polaron, the experimental data
agree well with the results of the TBM. This holds even in
the strongly interacting unitarity regime up to and including
the abrupt shift of spectral weight to positive detuning at
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FIG. 3. The average energy E of the impurity spectrum is shown
as a function of the interaction parameter. The energy was obtained
from Gaussian fits to the spectroscopic signal (blue dots) and to the
full TBM spectrum (blue line). For comparison, we display the
results for a TBM spectrum without three-body correlations (red
line) and from perturbation theory (dashed line) [37].

1/k,a=1. In the case of the repulsive polaron, the
agreement is good for weak interaction, whereas there is
only qualitative agreement for 1 < 1/k,a < 3. This sug-
gests that there are important aspects of the experiment that
have not been included in the theory, such as effects of
temperature, three-body recombination to deeply bound
states, and multiple excitations of the BEC. The last effect
is likely to play a role for strong interactions near
1/k,a =1, since the repulsive branch in this regime
involves a broad continuum of many-body states, which
is challenging to model. For comparison, Fig. 3 also
includes the result of the TBM without three-body corre-
lations, highlighting the necessity of their inclusion.

Importantly, the perturbative result for the polaron energy
[24] accurately reproduces the observed energy shift in Fig. 3
for weak attractive and repulsive interactions. From this we
conclude that the experimental data confirm the existence of
a well-defined Bose polaron quasiparticle in this regime.

The width of the spectral response also agrees well
with theory for interaction parameters 1/k,a <1 and
1/k,a = 3, as shown in Fig. 4. For weak interactions,
the spectral broadening arises mainly from the Fourier
width of the rf pulse and the density inhomogeneity of the
trapped BEC. This is illustrated by the fact that the
perturbative result assuming a perfect undamped polaron
reproduces the observed width in this regime [37].
However, near unitarity where the system is strongly
correlated, the spectral weight of the polaron is small,
and the many-body continuum of states accounts for the
significant broadening of the spectrum. Importantly, this
effect is captured by the TBM when three-body correlations
are included. For the strongly interacting repulsive branch,
there is again only qualitative agreement between theory
and experiment for the reasons outlined above.

151

058 o
_O_

FIG. 4. The width ¢ of the impurity spectrum is shown as a
function of the interaction parameter. The widths were obtained
from Gaussian fits to the spectroscopic signal (blue dots), the full
TBM spectrum (blue line), and the TBM without three-body
correlations (red line). The green dashed line was obtained from a
spatial average and Fourier width convolution of the result from
perturbation theory excluding the many-body continuum [37].
The inset shows the width for the entire experimental data set
compared with the full TBM spectrum.

Since strongly interacting Bose systems are expected to
suffer from rapid three-body recombination, it is striking
how well the experimental observations are described by
theories that neglect such losses. The observed width of the
spectrum is explained by the trap inhomogeneity, Fourier
broadening, and many-body continuum. Thus, while our
method of detection relies on three-body losses, our results
demonstrate that these processes occur on time scales longer
than those associated with polaron physics. Therefore, the
polaron is not significantly affected by three-body decay,
indicating that it is long lived. We note that the impurity
decay rate, which is proportional to nja* when nglal®* < 1,
is ultimately limited by the average interparticle spacing in
the unitary regime. In this case the energy shift and decay
rate both scale as n(z)/ 3. Our results thus imply that the ratio of
the decay rate to the energy shift at unitarity remains small, a
finding that is consistent with the recent experiment on the
unitary Bose gas [47].

In conclusion, using rf spectroscopy on a BEC of ¥K
atoms, we observed the existence of a long-lived Bose
polaron. The spectral response is characterized by a well-
defined quasiparticle peak both for weak attractive and
repulsive interactions, whereas it becomes strongly broad-
ened due to many-body effects for stronger interaction. We
found excellent agreement with theoretical results includ-
ing three-body correlations, even for strong coupling. Our
observation of a well-defined Bose polaron opens up the
exciting opportunity to study quantum impurities in a
bosonic environment systematically and in regimes never
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realized before. For instance, an intriguing question is how
the polaron changes when the BEC melts. The effects of
such a phase transition of the environment on an impurity
particle have never been investigated before. Also, it will be
interesting to examine the dynamics of the polaron and
effects such as momentum relaxation, as well as induced
interactions between polarons and the formation of multi-
polaron states. There is also the prospect of observing
stable Efimov trimers in a many-body environment for the
first time [25,48,49]. We do not expect to observe this in
our present experiment, since the size of the smallest
Efimov trimer is estimated to be 100 times larger than
the interparticle spacing [25]. However, the Efimovian
regime can be accessed by lowering the density or by
using light impurities.

N.B.J,L.W,K.T.S., and J. J. A. acknowledge support
from the Lundbeck Foundation and the Danish Council
for Independent Research. R. S. C. and G. M. B. acknowl-
edge support from the Villum Foundation via Grant
No. VKR023163.

Note added.—Note that parallel experiments were per-
formed in a Bose-Fermi mixture, and report similar
results [33].
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