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Spectroscopic and interferometric measurements complement each other in extracting the fundamental prop-
erties of quantum many-body systems. While spectroscopy provides precise measurements of equilibrated
energies, interferometry can elucidate the dynamical evolution of the system. For an impurity immersed in a
bosonic medium, both are equally important for understanding the quasiparticle physics of the Bose polaron.
Here, we compare the interferometric and spectroscopic timescales to the underlying dynamical regimes of the
impurity dynamics and the polaron lifetime, highlighting the capability of the interferometric approach to clearly
resolve polaron dynamics. In particular, interferometric measurements of the coherence amplitude at strong
interactions reveal faster quantum dynamics at large repulsive interaction strengths than at unitarity. These obser-
vations are in excellent agreement with a short-time theoretical prediction including both the continuum and the
attractive polaron branch. For longer times, qualitative agreement with a many-body theoretical prediction which
includes both branches is obtained. Moreover, the polaron energy is extracted from interferometric measurements
of the observed phase velocity in agreement with previous spectroscopic results from weak to strong attractive
interactions. Finally, the phase evolution allows for the measurement of an energetic equilibration timescale,
describing the initial approach of the phase velocity to the polaron energy. Theoretically, this is shown to lie
within the regime of universal dynamics revealing a fast initial evolution towards the formation of polarons. Our
results give a comprehensive picture of the many-body physics governing the Bose polaron and thus validates

the quasiparticle framework for further studies.

DOI: 10.1103/PhysRevResearch.4.043093

I. INTRODUCTION

The concept of quasiparticles is widely used in many areas
of physics. It simplifies otherwise complex scenarios where
interactions in a system can be described as emerging prop-
erties of quasiparticles instead. A canonical example is the
polaron pioneered by Landau and Pekar [1] which describes
electrons coupled to lattice vibrations in crystals. However,
these polarons have been difficult to explore systematically in
condensed matter settings due to challenges such as high den-
sities, fast evolution times, and disorder. In the past few years
such quasiparticles have also been realized experimentally
using quantum gases. These systems can serve as powerful
platforms for simulating otherwise inaccessible regimes with
high precision and have continuously advanced our under-
standing of interacting quantum systems [2].
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Initial studies focused on the properties of impurities in
Fermi gases using spectroscopic methods [3-9] to measure
the energy of the emergent Fermi polaron and its quasipar-
ticle residue. Subsequently, investigations of the dynamical
evolution of the Fermi polaron were conducted [10,11], which
provided evidence of a quantum beat between two polaron
branches. However, the properties of mobile impurities in
Bose-Einstein condensates (BECs) and the resulting Bose
polaron are in some sense closer to condensed matter set-
tings, since the bosonic nature of the bath mimics that of
the crystal lattice surrounding electrons. The Bose polaron
was first observed spectroscopically [12—15] where the attrac-
tive and repulsive polaron branches were identified, providing
a benchmark for the theoretical understanding of the po-
laron. Recently, the first experimental investigation of the
dynamical properties of the Bose polaron was reported [16].
Here, different regimes of dynamical behavior were observed
from initial two-body universal dynamics through two-body
weak coupling and finally dynamics governed by many-body
correlations.

In this paper, we present a comparison of interferometric
and spectroscopic observations of the Bose polaron. Both
methods use the same two quantum states as medium and
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FIG. 1. Tllustration of the polaron energy spectrum and exper-
imental methods. The energy of the medium |1) and impurity |2)
states are shown in solid blue and orange lines, respectively. The
impurity state is shifted in energy away from its value in a vacuum
(horizontal black line) due to interactions with the medium and
features an attractive and a repulsive polaron branch. Spectroscopic
methods use a single radio-frequency (rf) pulse (purple arrow) to
investigate the spectral response of the impurity by transferring a
few atoms into the impurity state whereby polarons are formed.
Interferometric sequences use two short rf pulses (green arrows) to
measure the dynamical evolution of a superposition of the medium
state and the impurity state. The dotted red line shows the molecular
state on the repulsive side of the Feshbach resonance.

impurity, and their respective energies are illustrated in Fig. 1.
The spectroscopic approach investigates the spectral response
of the polaron through a three-body loss signal, and the inter-
ferometric method employs a Ramsey-like sequence to extract
the dynamics of an impurity state as it interacts with the sur-
rounding medium. Comparing the experimental pulse lengths
with the underlying regimes of the impurity dynamics and
the polaron lifetime reveals suitable regimes for interferomet-
ric and spectroscopic approaches. Finally, this work extends
previous interferometric investigations [16] to the regime of
strong repulsive interaction and introduces the phase velocity
as a tool to access the polaron energy in comparison with spec-
troscopic results [12,14] in the system under investigation.

The paper is structured as follows. First, experimental de-
tails of the spectroscopic and interferometric observations and
loss measurements of the polaron are discussed in Sec. II,
and their characteristic timescales are compared to the un-
derlying dynamical regimes [16]. Then, an analysis of the
coherence amplitude based on the interferometric measure-
ments is presented in Sec. III. This includes the observation of
the impurity dynamics at large repulsive interaction strengths.
Finally, Sec. IV provides an analysis of the phase evolution
using a new fitting procedure. This allows us to extract an
interferometrically measured impurity energy from weak to
strong attractive interactions, and to compare it with previous
spectroscopic results. Furthermore, it enables us to analyze the
initial evolution towards the Bose polaron state.

II. EXPERIMENTAL DETAILS

The energy spectrum of the Bose polaron has previ-
ously been investigated spectroscopically [12,13,15], and

interferometric observations have measured its dynamical
evolution from a bare impurity towards the formation of the
polaron [16]. In the following, we review the experimental
details of these approaches [12,16]. By comparing to the
underlying regimes of the impurity dynamics, we elucidate
how these techniques can be used to probe different aspects of
polarons.

Both the spectroscopic and interferometric experiments
were performed in the same system using *K BECs.
These were produced in an optical dipole trap [17] in the
|F =1, mp = —1) = |1) hyperfine state. A second hyperfine
state |FF = 1, mp = 0) = |2) served as the impurity state, as
indicated in Fig. 1. The interaction between the two states is
characterized by the dimensionless parameter 1/k,a, where
the wave number k, = (6m2ng)'/3 is set by the average con-
densate density ng and a is the scattering length between the
two states. Importantly, a can be controlled by magnetic fields
through a Feshbach resonance located at 113.8G [18,19],
giving access to large interaction strengths. Moreover, the
scattering length between medium atoms is constant ag & 9ag
for the applied magnetic fields, where ay is the Bohr radius.
Finally, the impurity-impurity scattering length is ~ —15a,
and is not relevant due to low impurity concentrations.

A. Spectroscopic measurements

In a radio-frequency (rf) spectroscopic experiment, two
states are coupled with a rf field. For the system at hand, these
are the impurity and medium state with an approximate atomic
transition frequency of 76 MHz. Interactions between the two
states lead to an energy shift of the resonance frequency,
which is measured by varying the frequency of the rf pulse.
The experiment is then repeated for many values of 1/k,a thus
mapping out the complete spectral response of the impurity.
Spectroscopic measurements generally require a long probe
pulse of low power to resolve the spectrum, whose relevant
energy scale is set by E,, = hzk,zl /2m, where m is the mass of
K. A square pulse of 100 us duration was, therefore, used in
Ref. [12], achieving an experimental resolution of 0.15E,,.

If the frequency of the rf pulse matches the transition
frequency from the medium state to the impurity state, atoms
are transferred into this state and polarons are formed in the
medium, as indicated in Fig. 1. The transition frequency is
generally broadened due to the continuum of excited states
and the inhomogeneous density of the medium. Following the
formation of polarons, they are quickly lost through three-
body recombination with two medium atoms. It is therefore
not possible to obtain a direct measurement of the polarons.
However, the loss mechanism can be utilized as the experi-
mental signal. By varying the frequency of the rf pulse while
measuring the number of medium atoms, the spectral response
of the polaron can be extracted. This procedure is an example
of injection spectroscopy and probes both the ground state of
the polaron and the continuum of excited states. For the spe-
cific measurements in Ref. [12], the pulse power was chosen
to transfer 10% into the impurity state.

B. Interferometric measurements

To investigate the formation of the Bose polaron, a differ-
ent technique is required to resolve the dynamical evolution.
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FIG. 2. Experimental pulse lengths, polaron lifetime, and dy-
namical regimes in units of #,. The black and blue dashed-dotted
lines show the interferometric and spectroscopic pulse lengths, re-
spectively. The red circles are impurity lifetime measurements with
a phenomenological fit shown as the dashed red line [16]. These are
compared to the underlying dynamical regimes—universal, weak-
coupling, and many-body—shown as the colored background.

This can be achieved with an interferometric sequence,
which produces a coherent superposition with a first rf pulse
and probes the system with a second 1f pulse following
a variable evolution time, corresponding to a Ramsey se-
quence [10,11,20,21]. However, instead of the usual /2
pulse leading to equal populations, a small initial rotation
is employed. This allows the |1) and |2) states to be as-
signed as medium and impurity state, respectively. In the
experimental system outlined above, this procedure can be
realized with very short pulses of 0.5us duration resonant
with the bare atomic transition, as shown by the green arrow
in Fig. 1. This corresponds to 7 /7 pulses creating a super-
position of the |1) and the |2) states with a ~5% admixture
of the latter. After a variable hold time, ¢, a second pulse
probes the impurity dynamics towards the formation of the
polaron. This pulse is applied with a variable phase between
0 and 27. Depending on this phase, either additional atoms
are transferred to the impurity state or impurity atoms are
transferred back to the medium state, resulting in a sinusoidal
Ramsey signal. Following the interferometric sequence, ab-
sorption imaging is used to extract the spin population and
by fitting to the measured Ramsey signal, we extract the
coherence function C(z) = |C(t)|e’?c). The latter can be ob-
tained from the impurity Green’s function G(t) = —iC(t) =
—i(V¥grc|é(t)ET (0)|¥ere), where [¥rgec) describes the state of
the BEC before the first rf pulse and & is the operator that
creates an impurity in the condensate. Interactions cause the
system to decohere characterized by |C(¢)| and to evolve with
a certain phase ¢¢ (7).

In Ref. [16], three regimes of dynamical behavior were
identified, as indicated in Fig. 2. At short times, only high
energy unitarity-limited scattering contributes significantly to
decoherence, which gives rise to universal dynamics depend-
ing on the condensate density only, shown as the blue region
in Fig. 2. At weak coupling, there is a crossover around
t, = ma®/hi to another regime, where the important decoher-

ence processes are governed by scattering events with a cross
section proportional to the impurity-medium scattering length
squared, corresponding to the green region in Fig. 2. Finally,
the system transitions into a regime of many-body dynamics
designated by the yellow region, leading to the formation of
the polaron. At weak coupling, this transition scales inversely
with the mean-field energy En = 47 h*nga/m and decreases
with increasing interaction strength. However, it remains fi-
nite at strong interactions with a value of ~1.4f,, where
t, = h/E, =~ 3.7 us, and describes a direct crossover from the
universal short-time dynamics to the many-body regime.

Crucially, we note that the interferometric 7 /7 pulses
are typically shorter than the timescale of these dynamical
regimes, showing that the interferometric measurements can
resolve the dynamics of the impurity even at the Feshbach
resonance, where the dynamics occurs at the unitarity-limited
timescale 1,,.

C. Impurity lifetime

The impurity lifetime sets an important limit for both spec-
troscopic and interferometric measurements, and ultimately
leads to the decay of the polaron. Most importantly, the
lifetime of the impurity should be longer than the duration
of the dynamical evolution towards the polaron state such
that it constitutes a well-defined quasiparticle. We therefore
investigate this lifetime experimentally following Ref. [16].
At a chosen interaction strength, a BEC is prepared in the
[1) state and an initial rf pulse of 0.8 us duration is used to
create a superposition of the |1) and |2) states corresponding
to a 10% population in the latter. In a following evolution
time ¢, some of these impurities are lost predominantly due to
three-body collisions, where two medium atoms are lost for
each impurity atom. Subsequently, a second rf pulse of ~9 us
duration transfers the remaining impurity atoms to a third
hyperfine state |FF = 1, my = +1) = |3). The impurities in
the |3) state can perform spin-flip collisions with the medium
atoms in the |1) state, where both atoms obtain sufficient
kinetic energy to leave the trap. This fast two-body mecha-
nism removes a single medium atom for each impurity atom
practically instantaneously. Since the two processes lead to a
different number of lost medium atoms, this sequence allows
us to obtain the lifetime of impurities in state |2) by measuring
the number of medium atoms in state |1), as a function of the
evolution time 7. This lifetime at different interaction strengths
is shown as red points in Fig. 2. Following Ref. [16], we also
perform a phenomenological fit of the lifetime in the form
tl_l = B1 + B2 exp(B3/k,a) with fitting parameters S;, across
all attractive interaction strengths, k,a < 0. This is shown as
the red dashed line in Fig. 2. This analysis confirms the desired
separation of timescales, since the lifetime is longer than the
transition time to the many-body regime. Such a separation
of timescales leads to a well-defined polaron and enables its
investigation.

In spectroscopic studies of the polaron, the ideal scenario
is a pulse length longer than the transition time to the many-
body regime, such that the polaron has time to be formed,
but shorter than the lifetime. However, a single pulse length
may not necessarily fulfill this requirement at all interaction
strengths. In Fig. 2, the compromise for the pulse length

043093-3



MAGNUS G. SKOU et al.

PHYSICAL REVIEW RESEARCH 4, 043093 (2022)

0.8

0.6

[C(@)]

0.4

0.2

t/ty

FIG. 3. Impurity dynamics at near-unitary interaction strengths.
The measured coherence amplitudes at 1/k,a = —0.23 (a) and
1/k,a = +0.29 (b) are shown as gray circles. At short times, the
amplitude is governed by the unitarity-limited universal behavior
of Eq. (1) up to order t3/> shown as dashed blue lines, i.e., setting
k, = 0. The second-order contribution is included in the dash-dotted
red lines and contains the next-order correction with k, = 0.03 for
1/k,a = —0.23 and k, = 0.165 for 1/k,a = 4+0.29. The diagram-
matic prediction, which includes both polaron branches, is shown as
solid lines. The black lines show the result of the non-self-consistent
approach, while the orange lines correspond to the modified ap-
proach, where the unphysical gap between the attractive polaron
branch and the many-body continuum is removed.

chosen for the spectroscopic experiments in Ref. [12] is
shown. For strong interactions, it is limited by the impu-
rity lifetime and in future experiments an adaptive pulse
length could be employed. Specifically, Fig. 2 shows that
longer pulses are optimal for investigations at weak interac-
tion strengths, whereas shorter pulses are well suited at strong
interactions.

III. NEAR-UNITARY IMPURITY DYNAMICS

In this section, we analyze the interferometrically mea-
sured coherence amplitude |C(¢)| close to and on both sides
of the unitary limit, 1/k,|a| = 0. Figure 2 shows that at these
large interaction strengths, we expect the dynamics to tran-
sition directly from an initial universal behavior depending
only on the condensate density into a regime of many-body
correlations [16], in which the polaron forms.

The observed coherence amplitudes are shown in Fig. 3
and generally exhibit a fast initial decrease followed by a
slower decay for longer evolution times [22]. Intriguingly,
the dynamics observed for a large repulsive interaction with

1/ky,a = 0.29 shown in panel (b) clearly evolves faster than
the dynamics for a large and attractive interaction 1/k,a =
—0.23 shown in panel (a). This key finding reveals the dif-
ference between impurity dynamics at large attractive and
repulsive interaction strengths, otherwise similar in magni-
tude, and is investigated further in the following.

A. Initial dynamics

We begin by analyzing the interferometric observations
for short evolution times, ¢ < t,. Theoretically, the coherence
dynamics can be obtained from the Fourier transform of the
spectral function. For times ¢ < ma?/h, the resulting short-
time dynamics can be expanded in orders of ¢ /¢, giving

2

coi=1-kn(5) " k(L) M

In

The dominant 3> behavior originates from the tail of the
spectral function for high frequencies [23], and is a direct
consequence of the fact that short-time decoherence is gov-
erned by high energy unitarity-limited scattering. This leads to
the universal value of k3, = 16/ 973/2, The universal predic-
tion up to order #¥/2 has previously been observed to capture
impurity dynamics directly at unitarity [16], and indeed this
prediction compares very well to the initial dynamics for
1/k,a = —0.23 shown in Fig. 3(a). However, the dynamics at
repulsive interactions evolves faster than this density-limited
prediction [24].

To understand this difference in initial coherence dynamics
for positive and negative interaction strengths, we extend the
analysis to include the next-order correction. The coefficient
k in front of the second-order term is obtained by taking the
presence of the attractive polaron branch into account (see
Appendix A for details). This results in the approximate value
of k = Zp(Ep/En)2/2 —4/Q3mk,|al). The attractive polaron
peak contributes to k, with the term Z(E, /E»)?/2 depend-
ing on its quasiparticle residue Z, and energy E,, which
tends to speed up the dynamics. The quasiparticle properties
are obtained from a nonperturbative diagrammatic approach
based on the ladder approximation [25] at zero temperature.
On the contrary, the term —4/(37wk,|a|) stemming from the
high-frequency tail of the spectral function tends to slow the
dynamics down. The combination of these effects yields good
agreement with the experimental observations, as explicitly
shown in Fig. 3. Thus, the faster evolving coherence amplitude
found for 1/k,a = 40.29 is due to a larger magnitude of
the polaron energy |E,| on the attractive branch evident from
Fig. 1, as it smoothly connects to the two-body bound state at
—h2 /ma®.

B. Many-body regime

For large interaction strengths |1/k,a| < (2/37m)'/3 ~
0.6 [16], the impurity dynamics transitions directly from uni-
versal two-body behavior into the regime of many-body cor-
relations, as illustrated in Fig. 2. At these strong interactions,
there exists no exact solution for the many-body dynamics,
and it remains the subject of active theoretical investiga-
tions including diagrammatic [25-28], variational [29-37],
and quantum Monte Carlo [38-40] approaches. Here, we
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employ a diagrammatic approach based on the so-called
ladder approximation [25], which accounts exactly for the
Feshbach physics to calculate the spectral function of the
impurity. Similar to the short-time predictions, the impurity
coherence is then obtained by Fourier transforming this spec-
tral function for a given interaction strength [16]. The results
of this calculation are plotted in Fig. 3 [24] (black lines).
This approach, however, leads to a gap between the attractive
polaron branch and the continuum of states lying above [25].
This is unphysical, since one can generate states with arbitrar-
ily small excitation energy consisting of a moving polaron and
a Bogoliubov mode with a total momentum of zero. There-
fore, we modify the diagrammatic prediction by closing the
gap as outlined in Appendix B. In the case of strong attractive
interactions, shown in Fig. 3(a), the observations are captured
well by this modified diagrammatic description (orange lines).
This remarkable agreement of the experimental observations
and the modified ladder approximation shows that the main
characteristics of the many-body problem can be understood
on these grounds.

On the other side of the resonance, the repulsive inter-
actions lead to two polaron branches as shown in Fig. 1.
The attractive branch crosses the resonance approaching the
molecular state and at higher energies a damped repulsive
state emerges and becomes well defined for 1/k,a ~ +0.5.
Both branches are captured by the diagrammatic description,
and the calculated coherence consequently evolves faster for
repulsive interactions, as shown in Fig. 3(b), in good agree-
ment with the observations. For intermediate times, t, <t <
2t,, the modified diagrammatic approach predicts slightly
slower dynamics compared to the experimental data and the
approximate short-time behavior in Eq. (1), as well as the
non-self-consistent ladder approximation. This indicates that
the resulting discrepancy is mainly due to the method of
removing the gap between the attractive polaron branch and
the continuum (Appendix B).

Another special feature at repulsive interactions is a quan-
tum beat between the two polaron branches [11]. For the
coherence amplitude, this revival can clearly be seen in the
theoretical prediction, despite the fact that the quantum beat
between the attractive polaron and the emergent repulsive
branch is smoothened by the trap average, which is treated at
the level of the local density approximation (see Appendix B).
In the experimental realization, such a revival is suppressed
by the decay of the repulsive polaron, three-body losses, and
decoherence processes induced by the harmonic trapping po-
tential and magnetic shot-to-shot noise. However, the data
tentatively displays a minimum followed by a small revival
around ~5¢,, which may indicate such a quantum beat, be-
tween the attractive polaron and the emerging repulsive state.

These observations constitute the measurement of impurity
dynamics at repulsive interaction strengths in a BEC and open
a door to unveiling the intriguing interplay between the emer-
gent polaron states responsible for the effective dynamics.

IV. PHASE EVOLUTION

The phase evolution of a quantum state is generally a
rich source for obtaining information of a given system, and
has previously been used to obtain the two- and three-body

(a)

(b)

t/tn

FIG. 4. Phase velocity vy, = figc(t)/t. The phase velocity is
shown for (a) 1/k,a = —0.67 and (b) 1/k,a = —0.23 with data
indicated as circles and the modified and non-self-consistent di-
agrammatic prediction shown in solid orange and black lines,
respectively

contact in a unitary Bose gas [41]. In the context of impurities
in a bosonic medium, it was previously shown [16] that the
short-time dynamics of the phase has a power-law behavior
with a characteristic exponent corresponding to the regime of
universal or weak-coupling dynamics. In the following, we
extend the analysis of the phase evolution, and show that it can
be used to extract the polaron energy and thus characterize the
initial evolution towards the polaron state.

A. Polaron energy

In this section, we extract the energy of the polaron from
the measured phase evolution. This permits a comparison
between the interferometrically inferred polaron energy and
previous spectroscopic results.

Like the coherence amplitude, the coherence phase
generally evolves according to the different dynamical
regimes [16,42] shown in Fig. 2. However, at long evolution
times, when the polaron has formed, the phase is expected
to evolve according to the polaron energy. In this regime the
phase evolution is therefore expected to be linear p¢(¢) —
—Ept/h. This is similar to the phase of a two-level system
in a Ramsey sequence, which evolves with fixed speed for
a detuning A between the frequency of the probing pulse
and the transition frequency. For long evolution times, the
average phase velocity, vp, = fipc(t)/t, thus approaches a
constant corresponding to the polaron energy A = —E,, and
consequently reveals E,. This allows us to extract the polaron
energy from the interferometric measurements, which can
then be compared to previous spectroscopic studies [12].

Examples of measured phase velocities are shown in
Fig. 4 [22]. At intermediate interaction strengths, we observe
the expected saturation of the phase velocity, as shown in
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FIG. 5. Polaron energy at attractive interaction strengths. The
fitted energies from the interferometric measurements are shown
as gray circles, while the spectroscopically measured polaron ener-
gies [14] are shown as blue diamonds. Our diagrammatic prediction
and the mean-field energy are shown as a solid orange line and a
dashed green line, respectively. The error bars indicate the standard
error of the fit to Eq. (2) and the root-mean-square spectral width for
the interferometric and spectroscopic data, respectively.

Fig. 4(a). At stronger interactions, however, the evolution is
slower and the phase velocity has not yet saturated completely
at the latest observable times before the coherence is lost,
as shown in Fig. 4(b). In general, we observe remarkable
agreement of the modified diagrammatic predictions, shown
in solid orange lines, with experimental observations, whereas
the non-self-consistent diagrammatic approach only qualita-
tively agrees.

To extract the polaron energy, we perform a phenomeno-
logical exponential fit

uph (1) = —Ep[1 —exp (—1/7)], @

to the phase velocity. Here, the polaron energy E, and the
timescale T are independent fit parameters. Figure 5 shows
the extracted average polaron energies together with previous
spectroscopic observations of the polaron energy at maximum
density [14], a diagrammatic prediction, and the mean-field
energy Eng = 4 h*nga/m. The interferometrically measured
energies decrease with increasing interaction strength and
the most bound polaron at unitarity has an energy of =~
—0.7E,. Generally, the interferometric data agrees well with
the diagrammatic prediction, especially at unitarity. The spec-
troscopic result is in qualitative agreement with this prediction
and clearly favors the polaron energy for strong interactions.
This is in agreement with the results reported in Refs. [12,14],
where it was found that including correlations beyond the
ladder approximation led to an improved agreement with the
spectroscopic data.

Note that Fig. 5 displays the spectroscopically measured
polaron energy at maximum density [14] and the average
polaron energies from the interferometric measurements. To
account for this difference, the value k, = (67%ng)"/? is cal-
culated using the maximal and average density, respectively.
This, however, assumes that the polaron energy in units of
E, is only a function of the interaction strength 1/k,a. While

2.5 T T T . :
Many-body dynamics
2 L .
Weak
_ 1.5} coupling 7
:} dynamics
] F -
05k Universal |
dynamics
-1 -0.8 -0.6 04 -0.2 0

1/kna

FIG. 6. Equilibration timescale #, and dynamical regimes. The
energetic equilibration timescale of the phase evolution from the
diagrammatic prediction is shown in orange lines, whereas the exper-
imentally extracted timescale is shown in points. These are defined
as the halfway time of the phase velocity, i.e., the time at which the
phase velocity is half the way to the polaron energy. Finally, these
are compared to the dynamical regimes (colored background) also
shown in Fig. 2.

additional effects, e.g., due to the presence of Efimov trimers,
are known to influence the polaron energy [30,43], we assume
these effects to be small.

In general, we note that the interferometrically inferred
energies are consistently higher than both the spectroscopic
measurements and the theoretical predictions. This may be a
result of the fitting procedure, which is likely to underestimate
the magnitude of the polaron energy, |E,|, or stem from un-
accounted loss processes, which would slow down the phase
evolution for long times. However, the overall good agreement
provides evidence that the interferometric and spectroscopic
methods inherently create and probe the same physics, though
they differ in experimental approach with pulse lengths sepa-
rated by orders of magnitude.

B. Energetic equilibration timescale

Theoretically, the formation timescale can be defined as
the time when the impurity coherence amplitude is equili-
brated at the quasiparticle residue [31,44]. In experimental
realizations, this equilibration is often masked by decoherence
mechanisms such as dephasing from inhomogeneous density
distributions, finite impurity lifetime, and magnetic field fluc-
tuations, prohibiting a direct observation of this timescale.
It is, however, possible to determine the transition between
the different regimes of the impurity dynamics (Fig. 2) both
theoretically and experimentally [16]. Our present analysis
additionally provides an equilibration timescale for the phase
evolution, which can add to the understanding of these dy-
namical regimes.

Figure 6 shows the energetic equilibration timescale #,.
We define this as the halfway time of the phase velocity,
i.e., the time at which the phase velocity is equal to half
the polaron energy. Theoretically, this is computed within the
diagrammatic approach. Experimentally, it is extracted from
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the exponential fits according to Eq. (2) as , = 7 - In2. Both
of these are then compared to the dynamical regimes shown
in the background of Fig. 6.

For weak interactions, the theoretically extracted timescale
closely follows the transition from the universal to the weak-
coupling regime, t, ~ 1, = ma?/h. This is expected, since the
mean-field energy develops for ¢t 2z, [16]. At intermediate
to strong interaction strengths, the equilibration timescale is
less than or similar to the transition to the many-body regime.
This indicates that across all interaction strengths, the phase
velocity initially evolves quickly towards the polaron energy.
In the regime of many-body dynamics, the final approach
to the polaron energy takes place, which is a much slower
process than the initial dynamics in line with what has been
observed in the perturbative limit [44].

Thus our analysis of the phase evolution of the impurity
coherence dynamics provides further understanding of the
evolution towards the Bose polaron. Although Fig. 6 shows
a clear qualitative agreement between the theoretical predic-
tion and the timescales extracted from the fitting function in
Eq. (2), a quantitative difference between the two remains.
Since our diagrammatic approach actually describes the ex-
perimentally inferred phase velocities very well as shown
by Fig. 4, this discrepancy is mainly an artifact of the phe-
nomenological fitting function [Eq. (2)] which underestimates
the magnitude of the polaron energy, |E;|. Nonetheless, our
simple approach lends further intuition into the timescales
involved in the equilibration of the Bose polaron.

V. CONCLUSION

To summarize, we have provided a detailed investigation of
interferometric and spectroscopic measurements of the Bose
polaron. The results include an analysis of the timescales of
spectroscopic and interferometric sequences with respect to
the lifetime, an observation of impurity dynamics at repulsive
interaction strengths, and an extraction of the polaron energy
from interferometric observations in agreement with previous
results.

The comparison of timescales showed a separation be-
tween the transition to the many-body regime and the polaron
lifetime at all attractive interaction strengths, indicating a
well-defined quasiparticle. We also compared the interfer-
ometric and spectroscopic pulse lengths to the underlying
dynamical regimes of the impurity dynamics and the polaron
lifetime. This highlights the capability of the interferometric
approach to clearly resolve polaron dynamics and suggests
new routes for spectroscopic measurements.

Secondly, an interferometric measurement of the coher-
ence amplitude at strong interactions revealed faster impurity
dynamics and polaron formation at large repulsive interac-
tion strengths than at corresponding attractive interactions.
For short times, the observations were in excellent agreement
with a short-time prediction including both the continuum and
the attractive polaron branch. For longer times, a qualitative
agreement was obtained with a many-body theoretical predic-
tion which included both branches. This prompts the necessity
for further investigations of impurity dynamics at repulsive
interaction strengths.

Thirdly, we obtained the polaron energy from interferomet-
ric measurements by fitting to the observed phase velocities.
This energy was compared with previous spectroscopic results
from weak to strong attractive interactions obtaining qualita-
tive agreement. Finally, the phase evolution also allowed us
to define an energetic equilibration timescale, describing the
initial approach of the phase velocity to the polaron energy.
Theoretically, this was shown to closely follow the transition
from the universal to the weak-coupling regime at weak in-
teractions, and approaching ~¢, in the unitary limit. A similar
analysis of the phase velocity at various repulsive interaction
strengths based on further interferometric investigations will
be the topic of future work.

Based on this thorough discussion of the two experimental
approaches employed so far, the stage is set for further inves-
tigation of the Bose polaron. While the size of the smallest
Efimov trimer is much larger than the interparticle spacing,
it may nonetheless influence the polaron energy [30,43]. Ex-
panding investigations of the polaron energy at unitarity, by
varying the density, may enable studying such a universal
dependence on the Efimov three-body parameter. Another
interesting aspect is the dynamics at higher impurity fractions,
which may show mediated polaron interactions [28]. Such ef-
fective interactions are predicted to enable deeply bound states
of bosonic bipolarons [45], which have so far been elusive to
experimental observation. However, employing ejection spec-
troscopy [15] may enable measuring these exotic states.
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APPENDIX A: DERIVATION OF SECOND-ORDER
COEFFICIENT

In this Appendix, we derive the second-order coefficient in
Eq. (1). The coherence C(¢) is in general the Fourier transform
of the spectral function, which may be rewritten as

“dow _,,
C@t)= f ge “TA(w)

:/ d—w(l—ia)t)A(a))

0o 2T

+/°° dw
oo 2T

. nshﬂs( aB)

[e7 — (1 — iwt)]A(®)

~1—1it 1——
a

*dw . )
+/ Pl — (1 — iwn)]A(w). (A1)

0o 2T
We use the sum rules [23] [ dw A(w)/27 =1,
[ do wA(w)/27 = (ag' — a~ " )AC,/(4wmNp)
4rngag/m to compute the first term in Eq. (Al). In the
latter sum rule, we have used the two-body contact for the
BEC, G, :N316n2n3a2B, and the zero-energy 7 matrix
for two mediumn atoms: Tg = 4w h’ag/m. To compute the
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remaining integral, we include the exact high-frequency
tail [23] (t, = ma®/h)

1 G [n (£ -1)

2R e T (a2
27 Ng V m (1 + wt,)w3/? (A2)

Ail(w) = lim A(w) =
w—> 00

as well as the quasiparticle peak around the polaron energy

Ap(@) = A(w ~ Ey) = 21Z,8(w — Ep/R).  (A3)

Because of the factor e~ — (1 — iwt) in the integral in
Eq. (Al), this will yield the exact short-time dynamics up
to, but excluding, order ¢>. As we include the quasiparticle
peak at low energies, we expect this to yield the dominant
contribution at order 72 as well. Explicitly, we may then write

®dw . .
/ — e — (1 — iwt)]A(®)
oo 2T

“do_ . )
_ / T2 — (= i) [ A (@) + Ay(e)]
oo 2T

= Cuit) + Gyl0).

For the contribution from the quasiparticle peak, this yields

“dw_ _,. .
G(t) = / E[e P — (1 —iwt)]Ap(w)

[e¢]

= Zple BN — (1 — iEyt /)]
Z (B 2<t )2
— 2 \E, t,/)
The lower line is the second-order expansion, in which we

have used t, = hi/E,. The remaining contribution from the
asymptotic tail of the spectral function yields

2 .
2(1 — ) t 2 (3t
= al (ka1 4+i— — —T(=,i—
3 ( |a|)[ +lta JT (2 ltaﬂ
16 /1\3? 4 1\?
Om3/2 (E> + 3mk,|al (E>

We expand the expression to second order in ¢/f, to get
the lower line. Here, we also approximate 1 — ag/a >~ 1, us-
ing that the scattering length between medium atoms, ag =~
9ay, in the present experimental setup is several orders of
magnitude smaller than any of the studied impurity-medium
scattering lengths, a. Inserting Eqs. (A4) and (AS) into (A1),
we finally obtain

(A4)

Cuil(t) =

[

1—(1-1)

(AS5)

=1 (1 ) + Can) + Gylo)
~1—(1— i)k3/2<t£)3/2 - kz(ti>2, (A6)

n n

with the universal coefficient, k3;» = 16/97%2, and the
approximate second-order coefficient ky = Z,(E,/E,)*/2 —
4/Q3mky|al). Again, the scattering length for two medium
atoms is only ag =~ 9ay in the present experiments, and, there-
fore, the linear term would only be visible at exceedingly

small timescales. Consequently, we drop this term in the lower
line as well as in Eq. (1) of the main text.

APPENDIX B: LADDER APPROXIMATION
AND GAP CLOSING

In this Appendix, we briefly outline the many-body
formalism based on the ladder approximation to the impurity-
medium 7 matrix [25], which includes Feshbach physics via
the scattering of one boson out of the condensate by the
impurity. Throughout the paper spectral functions are always
evaluated at zero momentum.

In the experiment, the medium-medium scattering length
is ky,ag =~ 0.01. We thus assume that the relevant physics can
be explained by assuming an ideal BEC. Here, the impurity
self-energy is X(w) = ng7 (@), with the impurity-medium
scattering matrix (evaluated for equal masses and at zero
momentum)

T

T(w) = 1= T.@)

B

where T, = 4wh’a/m is the zero-energy scattering matrix
in vacuum, [(w) = —im>(w + in)"/? /(4w h>/?) is the pair
propagator, and 7 is a positive infinitesimal. In turn, this yields
the impurity Green’s function (again at zero momentum)

1 1
w+in— (@) o+in—ngT ()

G(w) = (B2)

from which the spectral function may also be obtained
according to A(w) = —2ImG(w). This is the so-called non-
self-consistent ladder approximation, from which a polaron
energy at order —E, at strong coupling follows. It can readily
be shown that the high-frequency tail equals the exact result
in Eq. (A2) for ag = 0. However, this formalism also leads
to an unphysical gap between the attractive polaron branch
and the many-body continuum, starting at @ = 0 according
to Eq. (B1). While this gap will likely vanish if a fully self-
consistent approach is employed, this is in practice unfeasible
to do. Instead, we take care of this in a phenomenological way
by letting

M(w) — Mg(w) = Re[Tl(w)] + ilm[[1(w — E,/i)], (B3)

where the polaron energy is found by solving E,/h =
Y(Ep/h) = ngT (Ep/Hh). In this way, the polaron energy re-
mains fixed at Ep,, whereas the continuum now starts just at
w = E,/h. One unfortunate consequence of this procedure is
that the resulting spectral function, Ag, no longer obeys the
correct normalization: f dwAgr(w)/(2m) > 1. To take care of
this, the spectral function is renormalized. As a result, how-
ever, the high-frequency tail no longer perfectly matches the
exact result, and therefore, the short-time dynamics is slightly
altered. This effect is small for negative scattering lengths,
a < 0, but becomes more pronounced on the positive side.

In the explicit computations, we take a small broadening of
n = 0.03E,. To take care of the trap inhomogeneity, we use a
local density approximation, in which the spectral function is
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simply averaged over the trap according to

Aw) = }v / & ng(MA(a(r), ), (B4)

where ng(r) is the local density of condensate atoms a dis-
tance r from the center of the trap, evaluated within the
Thomas-Fermi approximation, and N is the total number of
atoms. To obtain the impurity coherence function, we fi-

nally Fourier transform the trap-averaged spectral function
Eq. (B4),
dO _iorin 1
Cit)y= [ —e A(w). (BS)
2
We have numerically checked that the resulting coherence

function is unaltered, when the broadening is reduced by a
factor of 10.
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