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Abstract: An impurity immersed in a medium constitutes a canonical scenario applicable in a wide
range of fields in physics. Though our understanding has advanced significantly in the past decades,
quantum impurities in a bosonic environment are still of considerable theoretical and experimental
interest. Here, we discuss the initial dynamics of such impurities, which was recently observed
in interferometric experiments. Experimental observations from weak to unitary interactions are
presented and compared to a theoretical description. In particular, the transition between two initial
dynamical regimes dominated by two-body interactions is analyzed, yielding transition times in clear
agreement with the theoretical prediction. Additionally, the distinct time dependence of the coherence
amplitude in these regimes is obtained by extracting its power-law exponents. This benchmarks our
understanding and suggests new ways of probing dynamical properties of quantum impurities.
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1. Introduction

The behavior of interacting quantum impurities is a problem of significant scientific
and technological importance. Initial theoretical studies by Landau and Pekar [1] showed
that a crystal lattice dresses electrons to form quasiparticles coined polarons. This intuitive
model is highly successful and now serves as a basis for understanding complex condensed
matter systems [2]. The concept of polarons is thus central for important technologies such
as organic semiconductors [3] and high-temperature superconductors [4].

The initial dynamics of an impurity is especially intriguing. It sheds light on the
intrinsic link between two-body and many-body correlations, and is key to understanding
the eventual formation of a polaron. Due to the fast evolution times in most materials,
this evolution has eluded observation until recently. With the advent of quantum gases,
this is no longer the case since their low densities allow for long interrogation times in
pure and controllable environments. Based on these systems, the spectral response and
dynamical evolution of an impurity in a Fermi gas have been explored in great theoretical
and experimental detail [5-13]. The mobile Bose polaron, which resembles the solid-state
problem closely, has been studied spectroscopically [14-17] and its behavior has been
investigated in a one-dimensional Bose gas [18,19]. However, the formation dynamics of
the Bose polaron in a three-dimensional gas has remained unclear.

Here we present recent experiments, which succeed in investigating the dynamics
of impurities in a Bose-Einstein condensate (BEC). This evolution of the impurities can
be resolved using an interferometric sequence. The first pulse in this sequence creates
an imbalanced superposition state, which evolves under the influence of interactions
in the system. The second pulse then allows a measurement of the coherence between
the initial state and the evolved impurity state [20]. The dynamics of the impurity can
be separated into three regimes, as illustrated in Figure 1, depending on the interaction
strength and the evolution time. The initial dynamics at all interaction strengths is governed
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by two-body scattering between the impurity and the condensate. For short times, the
two-body scattering is unitarity-limited causing the coherence to evolve universally [21].
For weak interactions, this is followed by a regime of two-body weak coupling dynamics
which depends on the scattering length between the impurity state and medium state.
For longer times, the dynamical behavior transitions into a regime where many-body
correlations govern the evolution. For strong interactions, this regime is entered directly
from universal dynamics.

3
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Figure 1. Regimes of impurity dynamics. Characteristic regimes of impurity dynamics as a function
of the inverse interaction strength 1/kya (see text) and the evolution time ¢/t (see text). Solid lines
indicate predicted transitions between the dynamical regimes. Red data points are experimentally
extracted transition times and errors correspond to fit uncertainties. A similar figure was presented
in Ref. [20].

This dynamical evolution was initially investigated in Ref. [20] where all three regimes
were observed. Furthermore, the transition times between the regimes were obtained
showing clear agreement with theoretical predictions. In this paper, we extend the analysis
of the experimental observations to provide a deeper understanding of the two regimes of
universal and weak coupling dynamics illustrated in Figure 1. Specifically, we discuss the
transition time between them and consider the functional behavior of the coherence in the
two regimes.

The paper is structured as follows. In Section 2, the experiment is briefly presented
including the interferometric sequence. This is followed by the discussion of a theoretical
model in Section 3. In Section 4, this model is compared with experimental observations of
the coherence amplitude and phase evolution for weak and unitary interactions. The transi-
tion between the two regimes is discussed in Section 5. Finally, in Section 6 the dependence
of the dynamical evolution on interaction strength is presented.

2. Experimental Details

The experiment was performed using a quantum gas of %K. The production of
39K BECs has been presented in detail in Refs. [14,22] and only the relevant steps for
investigating impurity dynamics are outlined here.

The experiments are based on a 3K BEC in the hyperfine state |F = 1,mp = —1) held
in an optical dipole potential with an average condensate density of ng = 0.9 x 10* cm 3.
This determines the system energy scale E, = k2 /2m through the wave number k,, =
(67r2np)'/? and importantly sets the relevant timescale t, = 1/E, = 4ps. We employ a
second hyperfine state |[F = 1, mp = 0) as the impurity state. The interaction strength
between the two states is characterized by the dimensionless parameter 1/k,a, where a
is the interstate scattering length. This scattering length can be tuned by the magnetic
field via a Feshbach resonance located at 113.8 G [23,24]. The medium scattering length
is ap =~ 9ag, where ay is the Bohr radius, and is approximately constant for the applied
magnetic fields

An interferometric sequence consisting of two radio-frequency (rf) pulses is employed,
which allows us to populate an impurity state and probe the subsequent dynamics. Similar
interferometric investigations have previously explored impurity dynamics in a Fermi
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gas [8,9] and motional coherence of fixed impurities in a BEC [25,26]. The rf pulses are
resonant with the atomic transition and their short duration of 0.5 ps allows the dynamics
to be well resolved. The first rf pulse quenches the system into a superposition of the
impurity state and the medium state corresponding to a ~5% population in the former,
which ensures vanishing interaction between the impurites [20]. The system then evolves
for a variable time ¢, in which the phase of the coherence advances and the coherence
amplitude decays due to interactions between the two states. Finally, a second rf pulse
probes the system with a variable phase ¢. Subsequently, the atoms are held in the dipole
trap for an additional 2 ms where three-body losses remove two medium atoms for each
impurity. Thus, only medium atoms remain whose number is inversely proportional to the
number of impurity atoms after the second rf pulse. After free expansion the remaining
number of the medium state atoms is measured through absorption imaging.

This resulting atom number depends sinusoidally on the probe phase and for each
evolution time t we perform a fit N(¢) = Ny — Acos(¢ — ¢c). Here, the amplitude A
corresponds to the extent to which the coherence is preserved and ¢¢ corresponds to
the phase acquired during the evolution time t. Thus, we obtain the amplitude |C(f)| =
|A(t)/.A(0)| and the phase ¢¢ of the coherence for each chosen interaction strength and
evolution time. Example measurements of the coherence amplitude and phase are shown
in Figure 2 for weak and unitary interactions (Slight differences in the data with respect to
Ref. [20] arise due to an improved calibration of the imaging system.). These measurements
clearly display how the coherence of the system evolves as time progresses between the
two rf pulses.
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Figure 2. Two-body dynamics at weak and unitary interaction strengths. The coherence amplitude (top row) and phase
evolution (bottom row) at 1/k,a = —1.8 (a,b) and 1/k,a = 0.01 (c,d). The corresponding data were previously presented in
Ref. [20]. Equation (1) is shown as a solid red line and the two limits in Equation (2) are shown as a dashed blue line and a

dash-dotted green line for the universal and the weak coupling dynamics, respectively. Note that the universal description

coincides with the general two-body model in panel (d). The errors correspond to fit uncertainties.

3. Two-Body Regimes of Dynamical Evolution

In the following section we briefly outline the theoretical description of the dynam-
ical regimes which we compare with our experimental results. A short-time theoretical
prediction can be obtained from the spectral function of the impurity. This describes the
impurity in the frequency-domain and generally contains a polaron ground state and a
continuum of excited states. Though the exact spectral function at arbitrary interaction
strength has no general solution, the tail of excited states at high frequencies has previously
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been investigated in detail [27]. Due to the intrinsic link between frequency-domain and
time-domain behavior, the Fourier transform of this high-frequency solution yields the
coherence for the initial two-body dynamics. For low medium-medium scattering length,
it can be expressed as [20]

o jEmit | 2 3{1_ 2 it/tap(3 it
oty =1 — it 2 g, o) [1 Zetr(Sit)], M

where T is the incomplete gamma function, Ey¢ = 47th*nga/m is the mean-field energy
and t, = ma® /1 is the timescale set by the medium-impurity scattering length a. The co-
herence amplitude and phase can be examined using the coherence in the small-angle
approximation. Thus, to the lowest order, the experimentally measured amplitude and
phase correspond to the real and imaginary part of Equation (1).

Remarkably, this two-body prediction is exact for any interaction strength from weak
to strong interactions [20]. Furthermore, it is possible to simplify Equation (1) in the
following limits

3/2
1—(1-i)-L (L <t

1/2
1— iEyt/h— (1+i)<$> £t

where t, = m/32nthnZa*. The long-time limit of the equation is valid to second order in
the impurity-medium scattering length a, and it can be extended to include a third-order
correction [20]. Furthermore, it clearly demonstrates two distinct regimes. At short times
t < t, the high-frequency scattering is limited by the density and the coherence evolves
with an interaction independent timescale t,, and an exponent of 3/2. For longer times
t > t,, this transitions into weak coupling dynamics marked by the appearance of the
mean-field energy, the interaction dependent timescale t,y, and the exponent 1/2.

These power laws reflect the behavior of the scattering cross section (k) = 47a?/[1 +
(ka)?] in the two regimes [20]. In a simple picture, it governs the collision rate, which
we assume to equal the rate of decoherence C(t) ~ —npoov. Ata given time t during the
evolution after the first rf pulse, the characteristic energy associated with decoherence is
E ~ h/t, which sets the wave number k ~ +/m/ht and collisional velocity v ~ /fi/mt.
For short times t < t,, the cross section is unitary-limited o ~ 1/k? ~ fit/m. By integrating
the corresponding rate of decoherence we obtain C(t) ~ (t/t,)3/?, which precisely reflects
the universal limit of Equation (2). In contrast, for longer times ¢ > ¢, the cross section is
dominated by the scattering length as ¢ ~ a2. Integrating the decoherence rate here yields
the weak coupling limit C(t) ~ (t/ty)1/2. The timescale t, is therefore key in describing
which regime governs the dynamical evolution of the system.

4. Coherence Amplitude and Phase Evolution

Based on the experiment described in Section 2, it is possible to observe the evolution
of an impurity state by monitoring the coherence amplitude |C| and phase ¢c. Here we
compare such measurements with the theoretical prediction from Section 3. Examples of
measured coherence amplitude and phase are shown in Figure 2 for weak and resonant
interactions with the general two-body description (Equation (1)) for all panels and with
its limits (Equation (2)) for the phase.

For both data sets, the coherence amplitude decreases as function of evolution time,
driven by the dynamical scattering events. This shows that the impurity state evolves and
loses coherence with the initial state (To compare the experimental observations with this
prediction, the coherence amplitude is normalized by fitting Equation (1) with an overall
amplitude within ¢;.) at a rate which increases for large interaction strengths as expected.
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Figure 3. Transition from universal to weak coupling dynamics. (a) The coherence amplitude and (b)
phase evolution at 1/k,a = —1.3 (circles) with Equation (1) as a dash-dotted line for its fitted value
t, = 0.2t, (red) and as dashed lines using two additional values 0.05t, (purple) and 0.5t (blue).
The errors correspond to fit uncertainties.

The coherence amplitude in the upper panels of Figure 2 is affected by additional
decoherence processes which all contribute to its gradual decay. To accurately model
the experiment, we therefore include effects stemming from the inhomogeneous density
distribution, the lifetime of the impurity and shot-to-shot magnetic field fluctuations in our
theoretical description. The dephasing due to the inhomogeneous density distribution is
accounted for by integration of the coherence over the density distribution of the BEC. This
is modeled in the Thomas-Fermi limit using a parabolic density profile. The lifetime of the
impurity due to recombination was measured independently and included by multiplying
the coherence with an exponential decay. The lifetime ranges from ~7¢, at unitarity to
~42t, at weak interaction strengths. The shot-to-shot magnetic field fluctuations were also
measured independently and incorporated in the theoretical description of the coherence.
This was achieved by multiplying the coherence with the integrated distribution of phases
caused by the slight differences in the magnetic field at each experimental repetition.
Since the temperature of the cloud was ~50nK, the corresponding thermal timescale
h/kgT ~ 38t, is beyond the accessible regime of impurity dynamics and thus thermal
effects are negligible. The resulting two-body prediction is illustrated in Figure 2 and
clearly agrees with the data for short times. Since no fitting parameters are employed,
the excellent agreement of the prediction and observations highlights that the theory
captures the dynamical behavior of the system exceedingly well.

The lower panels of Figure 2 show the evolution of the coherence phase as a func-
tion of time, where a faster evolution is observed for larger interaction strengths. Since
the experimental decoherence mechanisms primarily influence the coherence amplitude,
the phase is better suited to observe the power-law behavior of the coherence evolution. It
is therefore plotted in a double logarithmic fashion (Note that the coherence phase cannot
be reliably extracted for long evolution times due to the vanishing coherence amplitude.).
The imaginary part of Equation (1) is also shown in the lower panels of Figure 2 in good
agreement with the observations. To gain further insight, we show the limits of Equation (2)
as well. For weak interactions (Figure 2b) the transition from two-body universal dynamics
to weak coupling dynamics occurs almost immediately and the ~t!/2 limit of Equation (2)
captures the entire observed phase evolution. At unitarity, the universal dynamics extends
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to much longer evolution times and thus the ~3/2 limit of Equation (2) coincides with
Equation (1) and agrees with the experimental observations.

In general, it is remarkable how well the measured coherence amplitude and phase
at short times agree with Equation (1) considering the wide span of interaction strengths
from weak to unitary. Moreover, our result shows that the limits of Equation (2) are valid
and allow a clear distinction of the two regimes. This consolidates our understanding of
the initial two-body dynamics and validates the theoretical prediction.

5. Transition from Universal to Weak Coupling Dynamics

Equation (2) shows that the transition between the universal and the weak coupling
regime is given by t,, which sets an important timescale of the dynamics and motivates
its experimental investigation. In the following we show that the transition time can be
extracted from the observations with a model-dependent fit and discuss the fitted results
as function of interaction strength.

The transition time ¢, appears in the general short-time prediction Equation (1) as
an interaction dependent timescale. We therefore fit Equation (1) simultaneously to the
coherence amplitude and phase evolution with ¢, as the only free parameter to extract the
transition between the two regimes. Importantly, we only fit the initial data of each set since
Equation (1) is only valid in the limit of short times. The fitted timescales at four interaction
strengths are shown in Figure la together with the predicted transition times between
the dynamical regimes. The extracted transition time increases for stronger interactions
indicating an extended evolution time of universal dynamics. Moreover, the timescale is in
clear agreement with the predicted value of t,.

Remarkably, the fitted value and its error are small compared with the dynamical
timescale t,,. Since the duration of the probing pulses is 0.5 ps ~ 0.1t,, it is not immediately
clear that such small timescales can be extracted experimentally. To illustrate the feasibility,
a fit at 1/kya = —1.3 is shown in Figure 3, which yields an extracted transition time of
0.2(2)t, in agreement with the predicted value of ¢, = 0.3t,. Additionally, two lines are
shown where t, = 0.05¢, and 0.5¢,. This figure thus clarifies that ¢, affects the functional
shape of the coherence at times much larger than its own value. Therefore, even small dif-
ferences in t; cause large discrepancies when compared with the experimental observation,
which is most pronounced for the coherence amplitude Figure 3a.

We thus demonstrate that a transition time can be extracted experimentally in agree-
ment with theoretical predictions. For sufficiently large interaction strengths |1/k,a| < 0.5,
a transition to weak coupling dynamics is not observable, since the many-body regime is
entered directly.

6. Two-Body Exponent and Time Constant

The limits given by Equation (2) show that the universal and weak coupling regime
display distinctively different functional behavior corresponding to power-law exponents
3/2 and 1/2, respectively. We now turn our attention to the investigation of this functional
difference by fitting such a power law to the coherence amplitude and observing its
dependence on the interaction strength.

The two limits of the two-body prediction in Equation (2) are especially simple for
the coherence amplitude and follow the form 1 — (t/t.)f. For weak coupling dynamics
B = 1/2 and ¢, is interaction dependent whereas for universal dynamics f = 3/2 and
tc is constant. By fitting a power law to the coherence amplitude within the regimes of
two-body dynamics, the fitted values of § and ¢, can indicate the functional behavior at the
chosen interaction strength.

The fitted exponents and time constants are shown in Figure 4 together with the weak
coupling and universal values. For low interaction strengths f agrees with the prediction
of weak coupling dynamics. At stronger interactions it slowly increases and reaches 3/2 at
unitarity in agreement with the universal prediction. The fitted time constant ¢, initially
decreases for increasing interaction strength and qualitatively follows the behavior of
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the predicted timescale t,, of weak coupling dynamics. However, for strong interaction
strengths, where t,, diverges, f. remains finite and connects with the universal value
of ~2.1t,. The error bars correspond to symmetric fit uncertainties and the apparent
asymmetry is due to the logarithmic scale.
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Figure 4. Characteristic exponent and time constant. By fitting a power law 1 — (t/t:)P to the
coherence amplitude, we obtain the characteristic exponent (a) and time constant (b) at various
interaction strengths. The theoretically predicted exponent and time constants for universal and
weak coupling dynamics are shown as a dashed blue line and a dash-dotted green line, respectively.
The errors correspond to fit uncertainties.

The experimental observations in the transition region between weak and unitary in-
teractions are influenced by the behavior of both two-body regimes. Therefore, the specific
values of B and t; bear no physical meaning and are a consequence of fitting a single time
dependence to the data when both weak coupling and universal dynamics are present.
Nonetheless, at weak and unitary interactions the fitted power law is dominated by either
one of the two-body regimes and we observe a smooth connection between the two in the
transition region.

7. Conclusions

The results presented here provide a detailed investigation of the initial two-body
dynamics of a quantum impurity in a BEC. The impurity dynamics has previously been
studied [20], and here we have extended the analysis of the initial universal and subsequent
weak coupling dynamics and the transition between them.

An interferometric sequence was used to measure the coherence of the system quenched
into a superposition of an impurity state and a medium state. The evolution of the coher-
ence was predicted by a rigorous short-time model, which showed a universal and a weak
coupling regime with distinct exponents and timescales. A direct comparison between the
experimental observations and the two-body theoretical prediction confirmed the validity
of the model.

The transition between the two regimes was analyzed at four interaction strengths
yielding transition times in clear agreement with the theoretical prediction as shown
in Figure 1. Additionally, the transition was investigated by fitting a power law to the
coherence amplitude, revealing how the exponent and time constant change from weak
coupling to universal dynamics for increasing interaction strength.
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These investigations improve our understanding of the fundamental properties of
quasiparticles. By comparing interferometic observations at long evolution times to ear-
lier spectroscopic results [14-17] a complete model for the Bose polaron in both time
and frequency-domain can be obtained. Furthermore, the experimental methods may
be expanded to help elucidate exotic phenomena such as transport processes [28,29] or
dynamical formation of bipolarons [30].
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