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Preface to “Physics of Impurities in Quantum Gases”

Systems with impurities have served as motivation for establishing some of the most important
concepts in quantum physics, chemistry and materials science in the last century. Nowadays, the
fundamentals of these concepts are being tested using cold-atom setups.

In this Special Issue, we present a few recent studies that examine the properties of impurities
in quantum gases, fundamental properties and universal aspects of quasiparticles and other related
many-body phenomena. Particular focus is placed on the Fermi and Bose polarons.

We would like to cordially thank the contributing authors for their original research and review
articles. We are grateful to Ms. Lauren Liu for providing assistance in the preparation of the Special
Issue. We hope that this book will help to shape our understanding of systems with impurities and

pave the way for future endeavors.

Simeon Mistakidis and Artem Volosniev
Editors
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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.

Keywords: Bose-Einstein condensates; impurity dynamics; ramsey interferometry; polarons

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
Many-body
2 dynamics i
=
=
1 Universal 4
dynamics
0 ) |
-2 —0.5 0

Figure 1. Regimes of impurity dynamics. Characteristic regimes of impurity dynamics as a function
of the inverse interaction strength 1/k,a (see text) and the evolution time t/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
%K 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 ¥ K BEC in the hyperfine state |F = 1, mp = —1) held
in an optical dipole potential with an average condensate density of np = 0.9 x 10 cm 3.
This determines the system energy scale E;; = hzkﬁ /2m through the wave number k, =
(67r2np)!/3 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 =~ 9a9, 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 us 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 — A cos(¢ — ¢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 ¢. Thus, we obtain the amplitude |C(t)| =
|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.

3 0.1 0.3 1
t/t, t/t,
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]

o1 jEmit 2 3l1_ 2 gitrtap(3 1
c( =1 =i 2 (el [1- Zeer ()], M

where I' is the incomplete gamma function, Ey = 4rth*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)28, (L t<t
C(t) _ ( )9713/2 (t,l) 12 a o))
lfiEmft/h7(1+i)(tT’N) £t

where t,, = m/32nhnZa*. The long-time limit of the equation is valid to second order in
the impurity-medium scattering length 4, 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 ¢, 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 o (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) ~ —npov. Ata given time ¢ during the
evolution after the first rf pulse, the characteristic energy associated with decoherence is
E ~ I/t, which sets the wave number k ~ +/m/ht and collisional velocity v ~ +/Ii/mt.
For short times t < t,, the cross section is unitary-limited o ~ 1/k? ~ hit/m. By integrating
the corresponding rate of decoherence we obtain C(t) ~ (t/t,)%/?, which precisely reflects
the universal limit of Equation (2). In contrast, for longer times t >> t, 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)'/?. 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 ¢¢. 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 f,,.) 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 0.05¢, (purple) and 0.5¢, (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 ~7t, 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
Ii/kgT ~ 38ty 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/? 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 ~t3/2 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 t, 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 ¢,,. Since the duration of the probing pulses is 0.5 s ~ 0.1f,, it is not immediately
clear that such small timescales can be extracted experimentally. To illustrate the feasibility,
afitat 1/k,a = —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 t, = 0.3t,. Additionally, two lines are
shown where t, = 0.05t, and 0.5t,. This figure thus clarifies that t, 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.)P. For weak coupling dynamics
B = 1/2 and t. is interaction dependent whereas for universal dynamics f = 3/2 and
f. is constant. By fitting a power law to the coherence amplitude within the regimes of
two-body dynamics, the fitted values of B and f. 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 8 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 f,, diverges, t. 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.

2

—1
1/k,a

Figure 4. Characteristic exponent and time constant. By fitting a power law 1 — (t/t.)f 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  and £, 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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Abstract: Polaron quasiparticles are formed when a mobile impurity is coupled to the elementary
excitations of a many-particle background. In the field of ultracold atoms, the study of the associated
impurity problem has attracted a growing interest over the last fifteen years. Polaron quasiparticle
properties are essential to our understanding of a variety of paradigmatic quantum many-body
systems realized in ultracold atomic gases and in the solid state, from imbalanced Bose-Fermi and
Fermi-Fermi mixtures to fermionic Hubbard models. In this topical review, we focus on the so-called
repulsive polaron branch, which emerges as an excited many-body state in systems with underlying
attractive interactions such as ultracold atomic mixtures, and is characterized by an effective repulsion
between the impurity and the surrounding medium. We give a brief account of the current theoretical
and experimental understanding of repulsive polaron properties, for impurities embedded in both
fermionic and bosonic media, and we highlight open issues deserving future investigations.

Keywords: Fermi polarons; Bose polarons; repulsive interactions; metastable quasiparticles; quasi-
particle lifetime; mediated interactions; repulsive Fermi gas; ultracold atomic mixtures

1. Introduction

Understanding the fate of an impurity particle immersed within a complex medium
represents a paradigmatic problem in quantum physics [1], encompassing a variety of
physical scenarios and spanning an enormous range of energies: from ultracold atomic
gases [2—4], helium liquids [5,6] and solid-state materials [7-10], all the way up to nuclear
and quark matter [11-13]. The interest in such (N + 1) many-body systems is two-fold: on
the one hand, a primary goal is to characterize how the interactions with the surrounding
bath turn the impurity particle into a quasiparticle with modified static and dynamical
properties, such as a renormalized energy, a finite lifetime and an effective mass. On the
other hand, understanding how the bare particle is effectively dressed by its environment
provides important information about the nature of the medium itself, since the impurity
can act as a microscopic, local probe for both the excitations and the collective properties of
the surrounding material.

Importantly, a common set of ideas and technical tools can be applied to investigate the
impurity problem in seemingly disparate setups, the investigation of one system yielding
information on another. In particular, the so-called Fermi polaron—a mobile quantum
impurity embedded in a degenerate Fermi gas—has been successfully investigated and
characterized both in ultracold atomic mixtures [14-29] and in atomically thin semicon-
ductors [30,31], using a single theoretical framework and relying on similar experimental
methods. This has recently stimulated much cross-fertilization between the two fields
(see, e.g., Ref. [32] in this Special Issue). In addition, the original polaron scenario of a
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single electron interacting with phonons in a crystal [7] has now been extended to quantum
impurities immersed in a Bose-Einstein condensate—the so-called Bose polaron [33-37].

Ultracold atoms represent a particularly appealing playground for the exploration
of impurity physics, both in and out of equilibrium, owing to their versatility, their clean
and isolated nature, as well as their accessible time and length scales. Initiated with the
investigation of the highly-polarized limit of resonantly interacting Fermi gases across the
BCS-BEC crossover, and the observation of the so-called attractive Fermi polaron [14,15],
over the last decade a series of groundbreaking experiments have renewed the interest
in the (N + 1) problem within the field of quantum gases. These have already enabled
the characterization of the quasiparticle properties of impurity atoms embedded within
both Fermi [14-29] and Bose [34-38] environments, for various impurity-to-medium par-
ticle mass ratios, and encompassing not only systems in three dimensions (3D), but also
two- [17,18,26] and one-dimensional [33,39,40] environments. Combining the exquisite
control over interatomic interactions enabled by magnetic Feshbach resonances [41] with
advanced spectroscopic tools [42,43], quantum gases allow one to prepare both impurity
and medium particles in single, well-defined quantum states, and to probe quasiparticle
properties with unparalleled accuracy, down to the single-atom level.

As a non-trivial and quite general result, the detailed comparison between experi-
ment and theory has demonstrated that most quasiparticle properties can be accurately
modeled, even in the strong coupling regime, using theoretical methods which are much
simpler than those required for a quantitative description of balanced atomic mixtures. For
instance, excellent agreement between theory and experiment has been demonstrated for
the ground-state properties of a highly imbalanced Fermi mixture, owing to the almost
exact cancellation of a large set of high-order Feynman diagrams [44,45], and the agreement
even extends to the non-equilibrium evolution of impurities immersed in an ultracold
Fermi gas following an interaction quench [22,46]. Simple theories for strongly interacting
many-body systems are rare, and the (N + 1) problem therefore provides an important
testbed for improving our understanding of more complex states of highly correlated
matter. In particular, the study of the extremely polarized case of a single impurity provides
accurate information for systems that feature a sizable concentration of minority particles,
the impurity limit exhibiting some of the critical points of the full phase diagram, whose
topology we can thus learn about by investigating highly polarized systems [47].

In this topical review article, we focus on a specific kind of impurity quasiparticle,
termed the repulsive polaron, discussing experimental and theoretical progress in the un-
derstanding of its highly non-trivial nature from a cold-atom perspective. Originally
introduced to characterize the Stoner instability [48] of a gas of itinerant fermions towards
a ferromagnetic state [3,49,50], the repulsive polaron concept is nowadays generically em-
ployed to denote any impurity particle dressed by strong repulsive interactions with a
surrounding (either fermionic or bosonic) medium. While for genuine impurity-medium
interparticle repulsion, e.g., the one originating from Coulomb or hard-sphere interaction
potentials, the repulsive polaron represents the ground state of the (N + 1)-system, in the
case of van der Waals interactions relevant for cold atomic gases [41] such repulsive quasi-
particles connect to an excited energy branch of the many-body spectrum (see Figure 1).
This is due to the fact that any short-ranged repulsion with a scattering length exceeding
the interaction range inherently requires an underlying weakly-bound molecular level into
which the system may decay, thereby making the repulsive polaron metastable. As a conse-
quence, repulsive quasiparticles in ultracold atomic mixtures represent both a theoretical
and experimental challenge, which has stimulated over the last decade an intense debate
about the nature of the repulsive branch, with even its existence being questioned [51].
On the other hand, this has triggered the rapid development of new theoretical methods
and experimental probes, able to trace in real time the quasiparticle formation, decay and
decoherence [22,28,37,46,52-58].
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Figure 1. Quasiparticle spectrum as a function of interaction strength 1/ (kpa). Attractive (green)
and repulsive (purple) polaron energy branches. The shaded area centered around the repulsive
polaron energy represents the quasiparticle spectral width I'. For widths comparable to its energy,
the repulsive polaron ceases to be a well defined coherent quasiparticle (dashed line ending). In
the case of a fermionic medium, the attractive polaron also stops being well defined at sufficiently
large 1/ (kpa), where it undergoes a sharp transition to a dressed molecule quasiparticle [59]. On
the other hand, the ground state of the Bose polaron spectrum does not feature a single-impurity
transition. Inset: impurity spectral function A(w) at zero momentum for w > 0, i.e., a vertical cut
through the repulsive polaron spectrum at fixed interaction strength. The center of the polaron
spectral function denotes the polaron energy E, while its half width at half maximum and area relate
to the quasiparticle width I and residue Z, respectively.

Here, we provide a concise overview of the recent advances in this research field. Our
discussion will concentrate on the most widely explored scenario of three-dimensional
systems; for impurity problems in lower dimensions, we refer the interested reader to
already available review articles by Levinsen and Parish [4] and by Mistakidis et al. [60],
which focus on two- and one-dimensional systems, respectively. The remainder of the
paper is organized as follows: in Section 2, we outline the theoretical basis for the treatment
of single-impurity problems in ultracold bosonic and fermionic atomic media; in Section 3,
we introduce the main experimental probes of polaron quasiparticle properties, especially
focusing on the metastable repulsive branch; in Section 4, we discuss the origin of the repul-
sive polaron quasiparticle lifetime, reconciling different interpretations for the quasiparticle
damping mechanisms found in the literature; finally, in Section 5, we discuss the emergence
of long-range impurity-impurity interactions mediated by the medium, thereby linking
polaron physics to that of bosonic and fermionic atomic mixtures.

2. Fermi and Bose Polarons

We begin by introducing the problem of a single impurity in a quantum medium
and providing an overview of the basic theoretical concepts. Our focus will be on the
case of short-range interactions between the impurity and medium particles, which is
appropriate for dilute quantum gases. For concreteness, we will restrict our attention
to three-dimensional (3D) systems, since this is the situation for most of the cold-atom
experiments that have been performed thus far. However, the phenomenology of the
repulsive polaron branch is similar in two dimensions [28], and thus our discussion is also
relevant to exciton polarons in atomically thin semiconductors [30].

2.1. Theoretical Description

In this review, we will assume that the medium consists of identical particles of mass
Mmeq Which are in thermal equilibrium at a temperature T and chemical potential . The
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medium can, for instance, correspond to an ideal Fermi gas or a weakly interacting Bose
gas. It is governed by a Hamiltonian H,eq Which, in the two cases, is given by either:

HFermi = Z( med _ )fkfkr (1)

k

where the creation operator £, satisfies the usual fermionic commutation relations, or

Hpose = Y_(ep*® = )bibic+ Y VB(@)bl, bbb @)
k kk'q

with the bosonic creation operator B]t The single-particle dispersion in the medium is e{:‘ed =
[k|?/2mmeq = K2 /2134 at momentum k. To be able to directly compare results for the two
cases, we will define a Fermi wave vector kp = (67t211)1/3 and Fermi energy Ep = k% /21 eq
in terms of the density n of the bath, independent of the medium statistics (kp and Er are
often labeled k; and E, in the Bose polaron literature). In Equation (2) for a bosonic medium,
we have introduced a boson interaction potential V which is assumed to be of short range
and characterized by a scattering length ag which is positive and small, 0 < naj < 1, to
ensure the stability of the Bose gas. Here and throughout this review we use units where the
volume, Boltzmann's constant kg and the reduced Planck’s constant 1 are all set to one.

Including the impurity degree of freedom as well as the impurity-medium interactions,
we therefore have the total Hamiltonian:

A=Hp,q+ Zekckck + Z V(q pquqck 3)
kq

Here, ¢] is the impurity creation operator and €, = k?/2m is the impurity kinetic energy,
with m the impurity mass. The bosonic operator gq Corresponds to medium density
operators, and takes the form pq = Yy fif g fic or pq = L bf bk depending on the
statistics of the medium. Note that we treat the impurity w1th1n the canonical ensemble,
where we have a fixed number of impurities (one impurity in this case), while we use the
grand canonical ensemble for the medium.

We have written the impurity-medium interactions in the Hamiltonian (3) in terms of
a generic finite-range potential V(q), which can in principle describe an actual repulsive
interaction such as a soft-sphere potential, as well as the short-range attractive interactions
that are the main focus of this review. Importantly, regardless of whether V(q) is attractive
or repulsive, the low-energy scattering amplitude between an impurity and a medium
atom at relative momentum k can be cast in the universal form!

1

1/a+ ik’ @

fs(k) = —

where 4 is the s-wave scattering length. This allows us to employ pseudo-potentials for the

impurity-medium interactions that simplify calculations and expose the universal physics.

In the following, we take V(q) = g, where the constant g is the coupling strength, and

we introduce an ultraviolet cutoff A—effectively corresponding to the (inverse) range of the

potential—on the relative collision momenta in all two-body scattering processes. We then

use the low-energy scattering amplitude in Equation (4) to relate the physical parameter a
to the “bare” parameters of the model, g and A, yielding the relation,

1

g 27m

A
Z ﬂ_ﬂ/\, (5)
k

ek+gmed 2ta 272

where m, = (1/m+1/ mmed)*] is the reduced mass. Here, we immediately see that for
repulsive interactions ¢ > 0, we have the constraint 77/A > a > 0, where 77/ A mimics the
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range of a repulsive potential. Thus, in this case, the scattering length a is always positive,
and it has an upper limit set by the range of the potential itself.

In the case of ultracold atomic gases where the underlying van der Waals interactions
are attractive, there are no such restrictions on the scattering length and it can be freely tuned
to both positive and negative values by varying an external magnetic field. In particular, in
the vicinity of a broad Feshbach resonance [41], the scattering length a can be enhanced
to greatly exceed any other length scale in the problem, attaining the regime of unitarity-
limited interactions with negligible contribution from finite-range corrections. When the
scattering length is positive, there exists a shallow bound state between the impurity and a
particle from the medium, with binding energy e, = 1/2m,a?, corresponding to the pole of
the scattering amplitude f;(k) given by Equation (4), atk =i/a [62].

2.2. Quasiparticle Properties

The interactions between the impurity and the medium lead to excitations of the medium,
and consequently the state corresponding to the bare impurity on top of an unperturbed
bath is no longer an eigenstate of the system Hamiltonian. As illustrated in Figure 1, the
resulting impurity quasiparticle has modified properties such as energy, mass, and residue
(squared wave function overlap with the non-interacting state), and likewise the quasiparticle
can acquire a finite lifetime. We now outline how these formally appear in the theory.

The quasiparticle properties at temperature T = 1/ are all encoded in the retarded
impurity Green’s function,

G(p,t) = —i0(t) tr[prmeatp (H)EH(0)], ®)

which is written in terms of the time-dependent impurity operator & (t) = el tépe”H !. Here,
Omed = e PHmea / tr {e‘ﬂﬁmed} is the medium density matrix and the trace is over the eigenstates

of the medium in the absence of the impurity. In a time-independent system, it is convenient to
introduce the impurity Green'’s function as a function of frequency via the Fourier transform,

Glp,w) = [ dte'(p,1). @)
This satisfies the Dyson equation:

1

G(p,w) = Go(p,w) + Go(p, w)L(p,w)G(p,w) = Colp ) T —2(p,w)

®)

in terms of the impurity self energy ¥ and the bare impurity propagator Go(p,w) =
1/(w — €p + i0), where the infinitesimal factor +-i0 shifts the pole slightly into the lower
half plane.

The impurity self energy allows us to extract the quasiparticle properties [63]. In
particular, the presence of a quasiparticle is related to a pole of the Green’s function, and in
the vicinity of this pole we have:

z
G(p,w) =~ PR gy e o ©)

for small momenta. Here, the energy E, residue Z, effective mass m*, and damping rate I'
are related to the self energy as outlined in Table 1. The quasiparticle properties manifest
themselves in the spectral function, defined from the Green’s function as:

Alp,w) = —Im[G(p,w)), (10)

which is one of the key experimental observables of quantum impurity physics (see Figure 1).
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AN = —

1

Er

Table 1. Quasiparticle properties of an impurity in a medium. The quasiparticle energy E is found
as the solution of a transcendental equation, and serves as an input into the remaining expressions.
The expressions for m*, C and AN involve Z since, for a general parameter A, one has J\E =
0)Re[X(0,E)] + 9gRe[X(0, E)]0, E, so that 9)E = Zd,Re[X(0, E)].

Quasiparticle Property Symbol Relation to Self Energy
Energy E E = Re[Z(0,E)]
Residue zZ — (1 _ Re[E(Ow)] -
z (1 9w w=E ) -1
Effective mass m* me =1 (1 4 aRe[ge(Pp,E)] ‘p70>
Damping r I'=—-ZIm[Z(0,E)]

C _ _9E  _ 7ORe[X(0E)]

Contact ¢ 8mm, — d(—1/a) — z d(—1/a)

) . . 9 _ IRe[%(0,E)]
Particles in dressing cloud AN AN = — 5= ZT'

In addition to the above properties, which are familiar from Fermi liquid theory,
the quasiparticles are also characterized by quantities that encode the impurity-medium
correlations. Of particular interest is the impurity Tan contact [64,65],

C = 8mm, 3 JF (11)

(=1/a)’
which is related to the probability of a medium particle being close to the impurity. This
contact governs the occupation at large momenta [64] and, when the polaron energy E
corresponds to the ground-state energy at zero temperature, it is a thermodynamic quantity
that plays a role in various thermodynamic properties [64,66]. The impurity contact can
also be a thermodynamic variable at finite temperature, but in this case it should be defined
from the free energy rather than the polaron energy [67].

Another quantity of interest is the number of bath particles in the impurity dressing

cloud [68] 5
E

AN = — (12)
defined as the number of particles that must be added to the medium in order to keep its
chemical potential (i.e., the medium density far away from the impurity) fixed when the
impurity is inserted into the system.

The energy, the contact and the number of particles in the dressing cloud are actually
tightly linked, as can be shown by a simple argument based on dimensional analysis [63,69].
Since the polaron energy is independent of the chosen unit of length, we must have
E(T,a,n,R) = A_ZE(T)\Z, a/A,nA3,R/A) for arbitrary scaling factor A > 0. Here, R
represents an extra length scale which may influence the energy, such as ap in the case of
Bose polarons, or the effective range at narrow Feshbach resonances. Taking dE/dA = 0
and setting A = 1, we obtain:

E= (TaT - %aa + 37”3,1 - gaR> E. 13)

For a broad Feshbach resonance at T = 0, this yields

{L +E} (Fermi); AN = — 2 {

ap JoE
167tm,a 3u B+ 2 BaB} (Bose), (14)

167tm,a

in the case of Fermi [70] and Bose polarons. These expressions differ due to the additional
length scale ap in the Bose gas and the density scaling of each chemical potential, which
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is y = Er and p = 47mtagn/myeq for Fermi and Bose media, respectively. Moreover, the
additional term in the Bose case can be regarded as a three-body contact [71] involving
the impurity and two bosons?. As a direct consequence of Equation (14), the energy of
attractive Fermi polarons at the unitary point (where a diverges) satisfies AN = —E/Er. In
general, we define C and AN from the impurity self energy, as displayed in Table 1, such
that we can apply these relationships to arbitrary quasiparticles with a finite lifetime—e.g.,
the repulsive polaron—not just those that correspond to an eigenstate.

2.2.1. Limit of Weak Interactions

In the limit of weak impurity-medium interactions kr|a| < 1, one can apply pertur-
bation theory to obtain exact analytical expressions for the quasiparticle properties. Here,
the scattering length a can be either positive or negative, corresponding to repulsive or
attractive polarons, respectively. Most notably, the behavior up to order (kra)? is universal
and independent of the microscopic details of the interactions for both Fermi and Bose
polarons. Indeed, the perturbative expressions at this order are even insensitive to whether
the underlying interactions are attractive or repulsive.

Table 2 summarizes the perturbative results up to O(a2) or to the lowest non-vanishing
order for both types of polarons, where, for simplicity, we specialize to the case of an
impurity of the same mass as the medium particles and we take T to be smaller than the
interaction energy shift such that it has no effect at this order. In the case of the Fermi
polaron, the perturbative expansion was first carried out by Bishop [72]. For the Bose
polaron, the expansion was first considered by Novikov and Ovchinnikov [73] and requires
|a]/& < 1and a?/(apé) < 1, where we assume that the Bose medium is condensed
with ¢ = 1/+/8mnag the condensate healing length (note that the Bose polaron expansion
has been carried out to even higher order in a—for details, see Ref. [74]). From Table 2
we see that, apart from I' and the number of particles in the dressing cloud, the leading
order behavior is the same, i.e., the statistics of the medium only enters at higher order.
However, already beyond leading order, there are intriguing differences between the two
cases. While the expressions for the correction to, e.g., the energy and the contact look
quite different, they take a similar form when formulated in terms of the compressibility
of the two media. For instance, relating the 2nd order term to the respective speeds of
sound, cp = kp/ (\/§m) andcg =1/ (f m¢), we find that the correction to the energy is

comparable: %kpu ~ 0.8macr and Mﬁ =~ 1.7macg.

Table 2. Perturbation theory results for quasiparticle properties in the case m = 11,04, evaluated up to 2nd
order in the impurity-medium scattering length. The result for the damping rate I' refers to the repulsive
polaron in the case where we have short-range attractive impurity-medium interactions (see Section 4).

Fermi Polaron Bose Polaron
E (14 kea) [72] dm (14 824) 73]
1- l(km)2 [75] - gi—g 74]
m/m 1+ 32 (kra)? [72] 14 162 0 [76]
Slkra) £ 28] e if g = ap
C 16712na? (1 + ikpa) 1672 na? (1 + 163’7[ g)
AN —Zkpa — 2 (kpa)? [77] - 472%

2.2.2. Strong-Coupling Polarons

Going beyond the limit of weak impurity-medium interactions, the polaron problem
generally becomes analytically intractable and one must turn to approximation methods. In
particular, the metastable repulsive branch in the strong-coupling regime where |kra| 2 1
has been tackled with a wide variety of methods. For the Fermi polaron, these include
variational methods [28,46,54,78], diagrammatic Monte Carlo [51], diagrammatic methods

17



Atoms 2022, 10, 55

(T-matrix, many-body T-matrix and beyond) [77,79-82], virial expansion [80], functional
renormalization group [83], and functional determinants [55]. In the case of the Bose
polaron, the repulsive branch has been investigated using diagrammatic methods [84,85],
variational methods [35,86-88], quantum Monte Carlo [38,89,90], virial expansion [91], and
functional renormalization group [92,93]. We will briefly discuss the variational method
in Section 4; however an in-depth discussion of the other methods is beyond the scope of
this review.

3. Experimental Probes

We now provide a brief description of the techniques used to probe and characterize
quasiparticle properties in current experiments with ultracold atoms, and we discuss
how the available experimental measurements compare with existing theories. This short
overview focuses on the metastable repulsive polaron state, and mainly addresses the
case of a fermionic medium, where the most advanced experimental protocols have been
developed and already exploited successfully.

The most well-established experimental protocol for probing quasiparticles in ultra-
cold atomic mixtures is radio-frequency (RF) spectroscopy [42]. In the last decade, RF
spectroscopy has been the technique of choice to precisely address a variety of properties
in ultracold atom experiments [43]. It has permitted the first direct observation of both
attractive [14] and repulsive [16,17] Fermi polarons, and since then it has been exploited
extensively in both Fermi and Bose polaron studies [18,23,25,29,34-36]. RF spectroscopy
involves two internal (hyperfine) states of the impurity atoms which are coupled by an
oscillating RF field. Because of its long wavelength, the RF field is essentially uniform
over the sub-millimeter scale of atomic samples, and RF photon absorption transfers a
negligible momentum to the atoms. The two coupled impurity states are chosen so as to
feature different interaction strengths with the surrounding medium, which may in turn
be composed of a third hyperfine state of the same atomic species or an entirely different
atomic species.

In the case of the so-called injection spectroscopy, a weak RF pulse transfers impurities
from a (nearly) non-interacting state to another state featuring strong interactions with the
medium particles. To perform spectroscopy at varying interaction strength, the impurity-
medium scattering length 4 is tuned by means of a Feshbach resonance [41]. Within the
linear response regime, the RF signal is given by (see, e.g., Refs. [94,95]):

Iinj(w) « Y np A(p,ep + w). (15)
P

Here, np is the initial momentum distribution function of the impurities, A(p, w) is the im-
purity spectral function given by Equation (10), and we measure the frequency w from the
bare transition frequency between the initial and final hyperfine states. Since the RF pulse
has a finite duration, in order to describe the experimental spectral response, Equation (15)
has to be convoluted with a filter function whose width is inversely proportional to the
duration of the RF pulse. To maintain a direct correspondence between the experimentally
recorded spectrum and the impurity spectral function, care must be taken to operate suffi-
ciently close to the linear response regime, as well as to work with sufficiently low impurity
concentrations and sample temperatures. Otherwise, for instance, the first moment of the
experimental RF signal may significantly deviate from the quasiparticle energy [16,38].
Injection spectroscopy allows one to probe the entire many-body spectrum of strongly
interacting impurities, since it addresses both the ground and the excited states of the
impurity-medium Hamiltonian [see Equation (3)]. Indeed, repulsive Fermi polarons have
been revealed by injection spectroscopy (see Figure 2), first in a highly imbalanced, heteronu-
clear Fermi mixture [16] and subsequently in a homonuclear spin mixture [23]. Similarly,
injection RF spectroscopy of mobile impurities immersed in a Bose-Einstein condensate has
allowed the observation of repulsive Bose polarons [34,35]. This RF spectroscopy technique
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has been recently extended to the optical domain [26], exploiting the clock transition and
tunable clock state interactions in alkaline-earth-like atoms [96,97].

In(kFa2p)

Figure 2. Experimental RF injection spectroscopy of impurities immersed in different media: (a)
a three-dimensional (3D) Fermi gas [16], (b) a two-dimensional (2D) Fermi gas [26], and (c) a 3D
Bose-Einstein condensate [35]. For the 3D and 2D fermionic backgrounds, the impurity-medium
interaction strength is encoded by the dimensionless parameters 1/kpa and log(kpayp), and are
tuned via a narrow Feshbach resonance [16] and an orbital Feshbach resonance [26], respectively. The
vertical energy scale is normalized to Er and the zero corresponds to the frequency of the atomic
RF transition in the absence of the medium. The repulsive polaron energy branch is clearly visible
in all cases at positive RF detuning, ceasing to be well defined upon approaching unitarity-limited
interactions from the repulsive side, i.e., a > 0 or In(kpayp) < 0. Panel (a) is adapted from Ref. [16],
panel (b) from Ref. [26], and panel (c) from Ref. [35].

The opposite protocol, where a strongly interacting state is flipped into a non-interacting
state, is termed ejection spectroscopy, and has been extensively used to probe the ground
state of strongly interacting mixtures with arbitrary population imbalance [43]. While
ejection spectroscopy in general depends on the initial occupation of states in the strongly
interacting system, it simplifies in the case of a very low impurity concentration, where
the impurities are uncorrelated and the distribution function in Equation (15) reduces to a
Boltzmann distribution. There, the ejection and injection spectra are directly related via [98]

Lj(w) = ePePAF [(—w), (16)

in terms of the difference in free energy between the interacting and the non-interacting
impurity, AF. The exponential prefactor suppresses the repulsive branch at positive ener-
gies, which clearly illustrates why ejection spectroscopy is ideally suited to investigations
of ground-state properties.

The impurity RF response encapsulates a variety of essential information about pola-
ronic states [3]. Most importantly, when the spectrum contains a well-defined quasiparticle,
i.e., a coherent excitation of the medium, the main contribution to the spectral function stems
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from the quasiparticle pole [see Equation (9)], and thus the mean and the width of the RF sig-
nal [jpj(w) yield a measure of the mean quasiparticle energy E + ( p?)/2m* and quasiparticle
width I, respectively (see also the inset of Figure 1). Ejection spectroscopy additionally al-
lows one to extract the contact C of the attractive polaron [25,27,36,43,67], which is encoded
in the high-frequency tail of the RF signal [99]. RF spectra have been successfully employed
to extract the quasiparticle energies of both attractive and repulsive (Bose and Fermi)
polarons as a function of the impurity-medium interaction strength [14,16,17,23,29,34,35]
and temperature [25,36]. Experimental results for the energies of repulsive Fermi and
Bose polarons at the lowest achieved temperatures in homonuclear mixtures are shown in
Figure 3, where they are also compared to existing theories. Note that, while the energy of
Fermi polarons depends only on a single parameter (up to second order, only on kra), the
energy of Bose polarons depends additionally on a/¢ [100]. Future spectroscopic studies in
homogeneous Bose and Fermi gases could resolve the remaining discrepancies between
available measurements performed with harmonically trapped samples and calculations at
fixed density.

E/E;

1/kea

Figure 3. Energy of repulsive Fermi polarons (blue symbols and lines) and Bose polarons (orange
symbols and lines) in the equal-mass case. RF spectroscopy experimental data are taken from Ref. [23]
(filled blue circles) and Ref. [38] (filled orange squares). We also display theoretical results obtained by
a non self-consistent T-matrix approach [77] (solid blue line), functional renormalization group [83]
(dashed blue line) and a variational wavefunction [78] (dotted light blue line) for the repulsive Fermi
polaron, and by the truncated basis method (TBM) [35] (solid orange line) and fixed-node diffusion
QMC [38] (empty orange diamonds) for the repulsive Bose polaron. The mean-field prediction
E =4mna/m = Ep %kpll (purple dot-dashed line) coincides for the Bose and Fermi polarons.

The quasiparticle width can also be obtained from the RF spectra within linear re-
sponse, although a precise extraction becomes increasingly difficult as the quasiparticle
spectral peak becomes either narrow or broad with respect to the polaron energy. Here,
there are strong distinctions between the attractive and repulsive branches, and between
Fermi and Bose polarons. In the latter Bose polaron case, the attractive polaron quasiparticle
with a finite residue remains the ground state at all interaction strengths, and hence the
quasiparticle width I' always vanishes at zero temperature. However, for the Fermi polaron,
the attractive polaron is the many-body ground state only for 1/kra up to the so-called
polaron-molecule transition [59,101,102]. At finite temperature, the attractive polaron width
in the RF signal is simply linked to the impurity-medium collision rate [25,103]. Conversely,
the metastable repulsive polaron retains a finite lifetime even for a zero-momentum impu-
rity, which for weak coupling is governed by a many-body dephasing mechanism rather
than by the decay to lower-lying attractive states (see below and Section 4).

The polaron effective mass is rather challenging to probe, as it requires one to access
the polaron dispersion relation, i.e., to probe the spectral response at different impurity
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momenta [see Equation (9)]. An effective spectroscopic technique relies on the fact that,
due to the enhanced effective mass of polarons m* > m, a moving polaron transferred
into a final non-interacting state, or vice versa, will have a RF response peak that varies
with the impurity momentum. For the case of fermionic impurities, one can effectively
adjust the mean impurity momentum by simply varying the impurity concentration, while
still remaining within the highly polarized limit. Indeed, owing to the Pauli exclusion
principle, at low but finite temperatures the mean impurity momentum will progressively
increase, moving from the (small) thermal value in the limit of vanishing concentration
to the (larger) one set by the Fermi momentum of the minority component, which starts
building its own Fermi sea for higher concentration. This effect has been successfully
exploited, both in ejection and injection RF spectroscopy, to yield estimates of the attractive
and repulsive Fermi polaron effective mass [14,23] (see Figure 4). Although it has not been
demonstrated thus far, the same method could be in principle employed in Bose polaron
experiments dealing with fermionic impurities [34,36]. However, such a strategy cannot be
applied to Bose or Fermi polarons that are realized using bosonic minority particles [29,35].
Furthermore, a general drawback of this technique is that it is a priori difficult to disentangle
the measurement of the quasiparticle effective mass from the possible impact of weak
polaron-polaron interactions, that are expected to become progressively more relevant as
the impurity concentration is increased.
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Figure 4. Effective mass of the repulsive Fermi polaron in the equal-mass case: experimental results
(blue circles) and theoretical results from a T-matrix approach (dotted green line) [77]. Experimentally,
m* is observed to diverge and to even turn negative when approaching the unitary limit, compatibly
with a thermodynamic instability of the repulsive polaron Fermi liquid [102,104] at strong coupling.
The remaining deviation between theory and experimental data may result from higher-order particle-
hole excitations not taken into account in the calculation, as well as from weak polaron-polaron
interactions which are neglected in the experimental extraction of n1/m*. The figure is adapted from
Ref. [23].

Momentum-resolved ejection spectroscopy has also been exploited in a highly po-
larized spin mixture in 2D to directly measure the impurity energy dispersion curve as
a function of momentum, yielding an estimate of the attractive Fermi polaron mass [17].
Experimental measurements of the Bose polaron effective mass are presently lacking. Novel
Raman spectroscopic techniques [27] could be exploited to study the impurity spectral
response upon imparting an adjustable momentum to the impurities, both in the case
of fermionic and bosonic media. This may allow one to perform two-photon injection
spectroscopy and extract the effective mass of repulsive polarons.

The injection and ejection RF spectroscopic probes which we have considered thus far
are suited to precisely access quasiparticle spectral properties, as they are well resolved
in energy. However, they cannot be exploited to track the formation of quasiparticles in
real time, because they lack the time resolution necessary to monitor the rapid build-up
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of the polaron dressing cloud. Conversely, dynamical probes such as many-body Ramsey
interferometry are well adapted to this scope [46,52-55], and have indeed enabled the
experimental observation of the formation (and the decoherence) of both Fermi and Bose
polarons [22,37], with the long-time value of the Ramsey contrast being connected to
the quasiparticle residue [22,54]. It has also been shown that coherently driving Rabi
oscillations between the two impurity states involved in the RF spectroscopy protocol is a
powerful complementary technique to probe the polaron quasiparticle properties [28,54]. In
particular, the residue Z is directly connected to the Rabi frequency Q) normalized to the bare
Rabi frequency () [16], which is obtained by performing Rabi oscillations in the absence
of the medium. Indeed, v/Z essentially quantifies the wavefunction overlap between the
polaron state and the bare, non-interacting impurity, and one finds that Z ~ (Q2 + %) /3
as long as T’ < v/ZQy [28]. This connection affords an alternative route to estimating the
quasiparticle residue from the area of the coherent spectral response [14,25,36], a method
which is extremely challenging once the coherent quasiparticle resonance approaches the
onset of the molecular continuum.
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Figure 5. Rabi oscillations between non-interacting and strongly interacting impurity states in
a fermionic medium. (a) Points are experimental measurements, while lines denote theoretical
predictions based on a variational ansatz with no free parameters [28]. Shaded regions allow for
experimental parameter uncertainties. (b,c) Normalized Rabi frequency extracted from experimental
Rabi oscillations (symbols) in mass-imbalanced [in (b)] [16] and equal-mass [in (c)] [23] mixtures are
compared to theoretical predictions for V/Z [in (b)] and Z [in (c)] (lines), obtained with a T-matrix
method [16,23,77]. Solid lines in panel (c) take into account the effect of small initial-state interactions.
Panel (a) is adapted from Ref. [28], panel (b) from Ref. [16], and panel (c) from Ref. [23].

Rabi oscillations have allowed experiments to obtain the quasiparticle residue of
attractive and repulsive Fermi polarons [16,23,26] (see Figure 5). By contrast, the extension
of such a method to bosonic media is currently lacking. While this technique appears to
be potentially well-suited also to investigate the Bose polaron properties in two-species
mixtures [34,36], it cannot be directly applied to single-species experiments [35] where the
impurity particles are created upon transferring atoms from the host condensate—prepared
in a certain hyperfine state—into another atomic level. Theoretically, it has recently been
shown that the damping rate of Rabi oscillations can be essentially identified with the
quasiparticle damping rate T for coherent quasiparticles with T < +/ZQ) [28]. Thus, if
the repulsive branch is both present and remains coherent, valuable information on the
lifetime of repulsive polarons may be extracted from the damping rate of Rabi oscillations
in experiment. As shown in panel (a) of Figure 6, the measured damping rate of Rabi
oscillations of impurities in a Fermi gas is found to be in excellent agreement with the
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quasiparticle damping rate I' obtained from a finite-temperature variational calculation
containing a single particle-hole excitation [28,46,98]—see Section 4 for a detailed discussion
of this approach.

I3 (er/h)
/

1/kpa 1/(ke a)

Figure 6. Stability of the repulsive Fermi polaron in the equal-mass, broad-resonance case. (a) Deco-
herence rate I' of the repulsive Fermi polaron. (b) Population decay rate I'j, of the repulsive branch
to lower-lying states. Circles are experimental data points from Ref. [23], obtained by measuring:
(a) the damping rate of Rabi oscillations on the repulsive polaron, or (b) the relaxation of the upper
branch measured via a double-pulse experiment. In panel (a), lines denote the quasiparticle spectral
width I' calculated with a variational method [28,46,98] at T = 0 (dashed, green) and T = 0.13 E
(solid, green), with functional renormalization group (red, dot-dashed) [83], and at the first non-
8(5 = ‘;)4 Er [28] (dotted, green—see Table 2). In panel
(b), lines denote the upper branch decay rate predicted by considering polaron-to-polaron recom-
bination (green) [77], polaron-to-free particle recombination (grey) [23], and three-body molecular
recombination (yellow) [105]. Panel (b) is adapted from Ref. [23].

vanishing order in perturbation theory, [pert =

In order to quantify the stability of the repulsive branch against relaxation to lower-
lying attractive states, double-pulse sequences have been employed to directly address the
repulsive branch de-population rate I'y [16,17,23,26,29] (see Figure 6b). This technique is
weakly sensitive to momentum, because it requires fast 77-pulses with large Rabi frequency
Q) ~ Ef, thus coupling to all impurities in the medium irrespective of their kinetic energy.
Theoretical calculations of the upper branch population decay rate I',, based on variants
of T-matrix techniques including two and three particle processes, match well with ex-
perimental measurements in Fermi-Fermi and Fermi-Bose mixtures at a narrow Feshbach
resonance with heavy impurities for all couplings [16,29] and in the strongly-interacting
region at a broad resonance in the mass-balanced case [23]. For the equal-mass, broad-
resonance case [23] at weaker couplings 1/kra 2 1 the measured repulsive branch decay
rate was instead found to match well with the predicted rate of recombination into dimers
via three-body processes, I's [105], as expected in the spin-balanced regime of a Fermi
mixture [56,106]. Future theory approaches beyond the one particle-hole approximation
for Fermi polarons may succeed in describing the trend of I, for an extended range of
couplings in the equal-mass, universal broad-resonance case.

To conclude, in a fermionic medium with 1/kra 2 1, the repulsive branch decay rate
I'p is generally significantly smaller than the quasiparticle width T (see Figure 6), in both
mass-imbalanced and mass-balanced scenarios [16,23], thereby showing that the lifetime of
repulsive Fermi polarons is mostly limited by decoherence processes (see also Section 4).
Future experiments with repulsive fermionic impurities immersed in a Bose medium,
possibly realized by mass-imbalanced mixtures with reduced three-body losses [107], could
further address the important question of the stability of repulsive Bose polarons.

4. Repulsive Quasiparticle Stability

The repulsive polaron quasiparticle is challenging to investigate theoretically, since it is a
metastable object in quantum gases where the underlying short-range interactions are attrac-
tive. In particular, there has been much debate about what controls the stability of the quasi-
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particle, as encoded by the quasiparticle damping rate I' in Equation (9) [16,21,23,28,77,83].
As discussed in Section 3, I' directly manifests itself in the damping of Rabi oscillations
and in the broadening of the quasiparticle peak in the spectral function. However, the
quasiparticle damping rate has turned out to be far from trivial to calculate even in the
weak-coupling limit [23,28].

In this section, we will focus on the case of an impurity at rest, such that we can exclude
any spectral broadening due to momentum relaxation [21,103], where the polaron lowers its
momentum via collisions. To gain insight into the quasiparticle stability, let us start with the
non-interacting impurity-medium system at T = 0 and then imagine gradually increasing
the scattering length a from zero, such that we adiabatically populate the repulsive branch.
In the weak-coupling limit kra < 1 (Table 2), the behavior of the metastable repulsive
polaron up to order a? is indistinguishable from that of the purely repulsive case, resembling
an infinitely long-lived quasiparticle in the ground state. However, as we further increase
the strength of the interactions, the metastable polaron develops a non-zero T, in contrast
to the purely repulsive ground-state polaron. If we assume that I' is dictated by the decay
into the attractive branch at negative energies (as it was initially assumed [16,77]), then we
can estimate its leading order behavior in a from calculations of three-body recombination
involving the impurity and two medium particles. This yields the scaling a® for the Fermi
polaron case [105] and a* for the Bose polaron when a = ap [108], which can be understood
from the fact that the population decay rate T, in this limit must scale as n? in the Bose
case and Epn? in the Fermi polaron case. However, an alternative mechanism for the
quasiparticle damping has recently been proposed [28], whereby the repulsive polaron
loses its coherence by coupling to the many-body continuum at positive energies, as
illustrated in Figure 7. Crucially, this many-body dephasing enters at a lower power of a
(see Table 2) and thus dominates I' at weak coupling. This is consistent with experimental
observations in Figure 6, as discussed in Section 3.

E/Ef E/Ef

(a) T kra (b) kra

Figure 7. Behavior of repulsive polarons for underlying attractive interactions (a) and purely repulsive
interactions (b). In the former case, the polaron is embedded in a continuum (grey shading) at
positive energies, thus resulting in broadening with increasing kra. By contrast, in the latter case, the
continuum lies above the polaron energy and the polaron has an infinite lifetime.

As we approach strong interactions, we eventually expect both many-body dephasing
and relaxation to the lower branch to determine the repulsive polaron lifetime. In this
regime, the repulsive polaron becomes increasingly ill-defined and it is quite challenging to
calculate the associated quasiparticle properties. Indeed, as illustrated in Figure 8, different
state-of-the-art calculations give inconsistent results for the spectral function in the case of
the Fermi polaron, clearly indicating the need for future work. In particular, we see that
the theories even disagree on the shape of the repulsive polaron peak at unitary, as well as
yielding different results for the peak position and width.

In the following, we will delve further into one particular method, namely the vari-
ational method, since this describes many-body dephasing within the upper branch and
provides a particularly intuitive way of accounting for excitations of the medium. We will
also show how the case of purely repulsive interactions results in a ground-state polaron
with I' = 0 in this approach. Finally, we will examine the special case of an infinitely heavy
impurity, since it admits an exact solution that serves as a useful reference point for the
repulsive polaron, even though the quasiparticle residue Z vanishes in this case.
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Figure 8. Spectral function A(w) = A(0,w) of the Fermi polaron for m = myeq and T = 0, calculated
using a T-matrix formalism [77] (black, solid), functional renormalization group [83] (green, dashed),
and diagrammatic Monte Carlo [51] (red, dotted), where in the latter case, we display the maximally
smooth solution [51]. We show the results for slightly different values of 1/kra = 1 (a), and for
1/kpa =0 (b).

4.1. Variational Description of Attractive and Repulsive Polarons

The basic idea of the variational method is to construct a variational form of the
time-dependent impurity operator and then use this to approximate the impurity Green’s
function (6). In particular, it has proved remarkably fruitful to consider “truncated” opera-
tors with up to one or two excitations of the medium [28,46,88,98]. For the Fermi polaron,
the simplest form we can write down for the zero-momentum impurity operator is [46]:

Go(t) ~ ao(t) o+ Y tq(t) fo flqtc 17)
kq

where the time-dependent complex functions «;(t) are variational parameters. Equation (17)
can be regarded as the operator version of the variational wave function originally intro-
duced by F. Chevy for the attractive Fermi polaron [109]. However, unlike the original
Chevy ansatz which only describes the attractive polaron ground state, the time-dependent
variational operator can capture all the interacting impurity states at arbitrary temperature.
In particular, the variational operator becomes exact in the high-temperature limit, where it
becomes equivalent to the leading order contribution to the virial expansion [46].
Similarly, the operator in the case of the Bose polaron has the form [88]:

Go(t) ~ ag(t) éo+ Y ad(t) bicq + Y auc(t) b i+ Y ad(t) Bibilqrc+ - -, (18)
q k kq

where we have only explicitly written the terms with up to one excitation of the medium.
Note that this differs slightly from the Fermi polaron case, since the second and third terms
in Equation (18) describe bosons being scattered into and out of the condensate, respectively.
In principle, we could obtain the exact impurity operator by including an infinite number
of possible excitations. However, in practice, this is only feasible for special cases such as
the infinitely heavy impurity in a non-interacting quantum gas.

To proceed, we consider the “error operator” é(t) = id;¢o(t) — [¢o(t), H], which quan-
tifies how well the approximate time-dependent impurity operator satisfies the Heisenberg
equation of motion. We then construct the error quantity A(t) = tr[meq€(t)é" (£)], which
we minimize with respect to B,a;‘ (t) in order to obtain the differential equations for the
parameters «;(t). Specializing to the Fermi polaron and taking the stationary condition
aj(t) = aje~!, we finally obtain the coupled set of equations
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where we have used the simplified impurity-medium interaction defined by Equation (5),
and we have the Fermi-Dirac distribution for the medium particles,

1

S 20
14 oBlep=i—m) (20)

ng = tr [ﬁmedﬁ(rfk] =

For the case of purely repulsive interactions, Equation (5) requires g > 27ta/m, > 0,
and we can see in Equation (19) that all the single-particle impurity energies are shifted
upwards by gn, the Born approximation of the interaction energy. Furthermore, gn cor-
responds to an upper bound on the repulsive polaron energy in the ground state since
E < (0|¢oHeb|0) = gn, where |0) is the state of the undisturbed medium at zero temper-
ature. Therefore, the lowest energy solution to Equation (19) at zero temperature will
always lie below the onset of the scattering continuum, and thus the variational approach
yields a ground-state repulsive polaron with an infinite lifetime (see Figure 7). This energy
gap between the polaron ground state and the onset of the continuum is an artifact of the
approximation (similar to what was found for the attractive polaron [104]), since an exact
theory with an infinite number of particle-hole excitations will contain excited polaronic
states with energies arbitrarily close to the ground-state energy. Note that Equation (19)
correctly yields the mean-field energy E ~ 2man/m; in the limit # — 0, which one can
show by making use of Equation (5).

For attractive impurity-medium interactions, we can take the limit g — 0~ and still
have a well-defined scattering length a, provided we also take A — oo. This corresponds
to the case of a zero-range potential, which is a reasonable description for a dilute atomic
gas where all the relevant length scales are much greater than the range of the van der
Waals interactions. In this case, Equation (19) is equivalent to the non-self-consistent T-
matrix approach [46,110], where the impurity self energy £ = gzﬁ/ q(1 — ny)nqitgg/ o
corresponds to

-1
my 1—my 1
YO0,w)=) ng|=—— + . 21
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In contrast to purely repulsive interactions, we see here that there is no shift of the single-
particle impurity energies and thus the self energy acquires an imaginary part when w > 0.
For Bose polarons above the BEC critical temperature, the self energy has the same form
as Equation (21), where the Fermi distributions are instead replaced by Bose distributions,
and we have 1 + ny rather than 1 — ny in Equation (21).

We can determine the lifetime of the metastable repulsive Fermi polaron in the weak-
coupling limit by expanding Equation (21) in # and computing the lowest order contribution
to the imaginary part [28]. This yields, for arbitrary temperature,

2mta

I'~—Im[Z(0,E)] = n(?

2
) Y ng(1— nk)é(E —eqk— e+ eg‘ed) (Fermi). (22)
kq

Here, we see how I'is derived from the many-body continuum of states at positive energies,
which is qualitatively distinct from the process of relaxation to lower energy states. Taking
T =0, m = Mypyeq and using the lowest order energy E = 47ran/m then gives the expression
for I in Table 2. We stress that this imaginary contribution arising from many-body
dephasing is not canceled by third-order diagrams involving self-energy insertions [74],
since these only yield real terms.
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The quasiparticle damping rate of the repulsive Bose polaron can be obtained in a
similar manner, yielding the zero-temperature expression:

med

2ma\? €
T~ nn( ; ) ; ]Ek O(E —ex — Ex) (Bose), (23)

where the Bogoliubov dispersion Ey = 4 /efeol (efed + 2u), and we have used the second-
order self energy in Ref. [74]. In this case, I' depends on both the boson-boson and
impurity-boson interactions. However, if we consider the special case where ap = a and
M = Mpyeq, We obtain the simple expression in Table 2.

Finally, let us contrast the quasiparticle decoherence process described in this section
with the standard Fermi liquid picture. There, the dominant mechanism for quasiparticle
damping is momentum relaxation, which at low temperatures yields a lifetime proportional
to 1/T2 [25], and at zero temperatures to 1/ p4 [103,111] for attractive Fermi polarons.
However, the repulsive polaron has a finite lifetime at zero momentum, even in the absence
of any decay into lower-lying excitations (such as attractive polarons, dressed molecules
and tightly-bound dimers). In this sense, the repulsive polaron defies the standard Fermi
liquid picture, which predicts that the lifetime should diverge at the impurity “Fermi
surface” (k = 0) [111].

4.2. The Case of an Infinitely Heavy Impurity

A useful reference system is that of an infinitely heavy impurity, which could in
principle be approximately realized in cold-atom experiments by pinning the impurity
atoms in tight traps. Remarkably, this problem affords analytic expressions for the spectral
function when the medium is an ideal gas. Most notably, the Fermi polaron in the limit
m/mmeq — 00 experiences the celebrated Anderson’s orthogonality catastrophe [112],
where the impurity ground states with and without interactions with the surrounding
fermionic bath are orthogonal, i.e., the quasiparticle residue Z = 0, and the spectrum
features a power-law singularity, as quantified by the threshold behavior

A(w) ~ 0(w — wp)(w — wp)* . (24)

Here, the power law coefficient « = &(kp)?/ 7> is related to the impurity-fermion scattering
phase shift 6(k) = — tan~!(ka) evaluated at the Fermi surface, and the repulsive branch of
the spectrum starts at: wy = — OEF dES(\/2mE)/ 7.

More recently, the case of an infinitely heavy impurity in an ideal Bose gas has also
been investigated [113]. This is, of course, a highly singular limit. Even for a finite
impurity mass, the lack of compressibility of the ideal Bose gas implies that Z = 0 for the
ground state [87,100,114,115] and that the ground-state energy itself becomes ill defined
for a > 0. This highlights the crucial role played by boson-boson interactions in stabilizing
the system [116]. Despite this, the ideal Bose polaron spectrum remains well-defined, and
in the case of an infinitely heavy impurity it can be obtained from an analytic solution of
the impurity time evolution [113]. The analysis of Ref. [113] demonstrated a threshold
behavior of the repulsive branch, valid when 0 < kra <1,

Alw) ~ 0w fwo)(w7w0)73/zexp(fm87m2a4 ) 25)

(w —wy)
where wy = 27tan/m. As in the Fermi case, the spectral function contains a power law, but
in this case there is a strong suppression of spectral weight associated with low-energy
excitations, preventing the power-law singularity.

The behavior in the two cases is illustrated in Figure 9. One major difference is that the
Fermi case features a spectral gap between the attractive and repulsive branches whena > 0,
whereas the Bose case instead has a strongly suppressed weight between the branches.
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Away from the resonance, the repulsive branches look reasonably similar; however as we
approach the resonance, the behavior is remarkably different. We emphasize that in both the
Fermi and Bose cases the problem is integrable, and completely determined by the solution
of the two-body problem involving the impurity and a particle from the medium. Therefore,
there is no analog of three-body recombination, and hence the population decay rate I', is
identically 0. Likewise, our argument for the many-body dephasing relied on the existence
of a well-defined quasiparticle that is pushed up into a scattering continuum, and thus
also does not apply in either case. These points illustrate the strong qualitative differences
between the mobile and the fixed impurity for properties beyond the impurity energy.

(a)

(b) Aw)Ex
or

w/Ee L - > w/Eg

-2 -1 1 2 -2 -1 0 1

Figure 9. Spectral function of an infinitely heavy impurity in an ideal Fermi gas at T = 0.01 Ef (blue,
solid) [52] or an ideal Bose gas at T = 0 [113] (purple, dashed). We show the result for 1/kra = 1
(a) and 1/kpa = 0 (b). On the left, the two attractive peaks in the Bose case are due to single or double
occupation of the impurity-boson bound state.

5. Beyond the Impurity Limit: Induced Interactions and Instabilities
5.1. Polaron-Polaron Induced Interactions

When considering more than one impurity, the problem becomes significantly more
complex at low temperatures where there are correlations between impurities. On the
one hand, the statistics of the impurities starts to play a role. On the other, a variety
of thermodynamic phases exist for the various components, which may be normal or
condensed, mixed or phase-separated, etc. Below we will treat separately the different cases
which arise depending on the statistics of the bath and the impurities.

5.1.1. Bosonic Impurities in a Fermi Sea

The energy density of a gas containing N| bosonic impurities immersed in a bath of
N; > N, ideal fermions may be written as [117]:

3

5Epn¢+Eln¢+1Fni. (26)

S(nT,ni) = 5

The various terms represent, in order, the (purely kinetic) energy of the unperturbed Fermi
sea, the energy of isolated polarons, and the contribution due to polaron—polaron interactions.
We have omitted the mean kinetic energy of the impurities, which is negligible when cold
bosonic impurities are considered.

The effective interaction F between Landau quasiparticles can be split into two con-
tributions: F = g1 + Fx. The first is the direct interaction, g1 = 47ta;/m|, where ay; is the
scattering length between bare impurities (and we assume |kpay1| < 1). The second term
instead describes an exchange contribution, mediated by particle-hole excitations of the
Fermi sea.

To obtain an explicit expression for the exchange interaction term, we follow the simple
derivation outlined in Refs. [118,119]. An 1 atom and a | polaron interact with a coupling
constant gy given by:

PE_om _ 9
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Here and in the following, derivatives with respect to the density of a component will be
taken at fixed density of the other. To second order in g, the polaron-polaron interaction is
then given by:
i) { L1
REIE. - St SRSl S
=5
kpq

T g o
where ni and n%, indicate, respectively, Fermi and Bose distribution functions, since we are
assuming bosonic impurities in a Fermi bath, and we have introduced the polaron disper-
sion e = p?/2m*. The exchange contribution to Landau’s polaron—polaron interaction
is then obtained by differentiating with respect to the distribution functions of the two
quasiparticles,

526@)

FX 7
1 I
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(29)

where both p and q are assumed to be vanishingly small. Performing the functional
derivatives one finds:

2 n, —n
_ 8 k k+q _ 2
Fe= 7? 2 emed _ cmed - *ng, (30)
Krq "% )

where L is the so-called Lindhard function®, which at zero temperature coincides with the

. . 9 .
density of states at the Fermi surface N = (%) = ;% Collecting the above results, at
Hr F

zero temperature we obtain:
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To simplify this expression, we use the triple product rule (Q) . (&) N (ﬁ)y = —1to find:

Y
() () o
ony ), \ony/, — omy
where AN is the number of bath particles in the dressing cloud of an impurity introduced

in Equation (12). The latter expression shows that the induced quasiparticle interaction for
bosonic impurities may be compactly written as

= AN, (32)
Hr

(33)

This final result highlights the power and beauty of Fermi liquid theory: to derive the
effective interaction we have used perturbation theory to describe the weak interaction
mediated by the bath between two quasi-particles. The strong-coupling effects which
generate the quasiparticles themselves are fully taken into account in Equation (33) by
means of AN, a quantity which must be computed using a suitable theory describing the
strongly coupled N + 1 problem (like those described in the earlier sections of this work). As
such, Equation (33) holds for arbitrarily strong impurity-bath interaction strength provided
there are no instabilities or transitions that invalidate the use of Fermi liquid theory.

Very recent measurements targeting locally-large concentrations of bosonic impurities
in a Fermi bath showed a trend compatible with this Fermi liquid prediction [29,121],
but more accurate observations are needed to clearly pinpoint the phenomenon. Indeed,
multiple issues render the measurements complicated in the case of a Bose-Fermi mixture.
First, the relevant Feshbach resonances featured a relatively small magnetic field width, so
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that magnetic field instabilities generated large error bars. Second, the bosonic component
is highly compressible, so that the density distributions can vary rapidly before and after the
“injection”. Indeed, for repulsive Bose—Fermi interactions, the mixture is highly unstable
towards phase-separation [117,122,123]. On the other hand, the absence of Pauli blocking
in the minority component means that it is possible to create mixtures featuring large local
concentrations of impurities. As such, Bose-Fermi mixtures represent a very favorable
setting for studying polaron—polaron induced interactions.

5.1.2. Fermionic Impurities in a Fermi Sea

When a fermionic bath hosts distinguishable fermionic impurities, the energy density
may be written as:

3 1
S(HT,Tll) = gEF”T'*‘gkini"'Ei”l"'EF”i (34)

A number of differences are present with respect to the discussion of bosonic impurities
given in the previous Section 5.1.1:

i There is no direct interaction between identical fermionic impurities (i.e., F = F).

ii.  Pauli pressure dictates that impurities form their own Fermi sea, with Fermi energy
Ep = (H\L/HT)Z/?’(TY[/TH*)EF. The corresponding contribution | = %Epini to the
energy density can be sizable, and this indeed permitted a direct measurement of the
effective mass m* of the polarons via injection RF spectroscopy in Ref. [23].

iii. ~ Correspondingly, final states available to the interacting impurities are “Pauli blocked”,
rather than “Bose enhanced”, so that in the numerator of Equation (28) one needs to
replace (1+ nll,fq) by (1 — nf,fq), where nll( is now a Fermi distribution function. As
a consequence, the functional derivative with respect to the distribution functions
of the minority particles in Equation (29) leads to an overall sign change in the ex-
change interaction term for fermionic impurities, which ultimately becomes repulsive
and reads:

_ (aNy?
Fo= "7 (35)

Despite intense efforts, experiments on Fermi-Fermi mixtures have so far proved
unable to unambiguously detect the presence of induced polaron—-polaron interactions.
Indeed, reported measurements remain compatible within the experimental uncertainties
with a description in terms of uncorrelated quasiparticles up to sizable concentrations of
impurities [14,23]. Somewhat unexpectedly, the contribution F nﬁ /2 due to induced interac-
tions between quasiparticles disappears from the equation of state when one switches from
the canonical description used above to a grand-canonical formulation [124]. In the latter
case, the equation of state for the mixture gives a pressure which is the sum of the pressures
of an ideal gas of fermions and an ideal gas of polarons, with no interaction terms. The
apparent contradiction is resolved by realizing that the polaron energy is actually a function
of the majority chemical potential i1, so that the two pressures are effectively coupled.
A careful calculation shows that the correct interaction term o« Fn? is recovered when
switching back to the canonical ensemble. A grand-canonical description is the appropriate
one when extracting thermodynamic quantities from in-situ measurements on trapped
gases, as performed for example in Ref. [125] following the proposal of Ref. [126], but a
canonical description is generally needed to describe RF experiments or QMC calculations,
where a controlled number of impurities is present in the system. The induced interaction
term between polarons was indeed retained and shown to be important when analyzing
state-of-the-art QMC calculations, and a complete phase diagram featuring the various
possible phases arising in zero temperature Fermi—Fermi mixtures was derived in Ref. [127].

5.1.3. Bosonic Media

A bosonic bath is highly compressible, due to the absence of the large Fermi pressure.
As a consequence, all bath particles condense in the same physical state at low temperatures,
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and the kinetic energy is negligible. On the other hand, the bath bosons experience a
mutual direct (mean field) interaction. The energy density of the mixture may therefore be

written as:

27‘[0!3 1

2
irrespective of the impurity statistics, where | = %E ry 1) in the case of fermionic impu-
rities, while it vanishes for bosonic impurities. Even though the fundamental excitations in
the bath are Bogoliubov modes, rather than particle-hole excitations, a calculation similar
to that developed above leads to an identical result [119,128],

E(ny,ny) = 1% + Exin + Eyny + 5 Fnf, (36)

on (AN)?
_ 9y

(37)

(with — for bosonic impurities and + for fermionic ones), the only difference being that
here N = 9ny /9piy = ey / (47ap).

5.2. Ferromagnetic and Pairing Instabilities in Fermi—Fermi Mixtures

As mentioned in the introduction, a major motivation for studying the impurity
problem is the fact that understanding quasiparticle properties of the polarized system
provides important insight into the more challenging phase diagram of its population-
balanced counterpart [47]. This holds true especially for the repulsive Fermi polaron, that
was first considered [49,50] in connection with the physics of itinerant ferromagnetism
of a repulsive Fermi gas, originally introduced by E. Stoner in his textbook model [48].
Repulsive polarons indeed constitute the building blocks of a repulsive Fermi liquid,
which in turn represents the paramagnetic state of a two-component Fermi mixture with
short-ranged inter-species repulsion.

For a hypothetical, genuine two-body repulsive potential, a knowledge of the energy
E of repulsive polarons as a function of the interaction strength suffices to determine the
emergence of a ferromagnetic instability in the (N + 1)-particle system [3,49,50]. This can
be understood if one considers a bath of spin-7 electrons, interacting with a spin-| electron
impurity via a screened, short-range Coulomb repulsion. As long as the polaron energy
does not exceed the Fermi energy Er of the surrounding bath, the spin-down quasiparticle
embedded in the fermionic medium is energetically favored, and the system is in the Fermi
liquid, paramagnetic state. Instead, for E > Er, the system becomes unstable towards a
fully ferromagnetic phase, as it is now energetically convenient for the impurity electron
to flip its spin, resulting in a polarized Fermi gas of N + 1 spin-{ particles: in this latter
case, the energy cost of adding one spin-1 electron to the medium is lower than the energy
cost associated with a strong impurity-bath repulsion. In contrast with the case of electrons
in solids, where only the total electron population is fixed, in ultracold gases the two
pseudospin numbers, N; and N, are generally fixed separately. As a result, the total
“magnetization” Ny — N| is constrained by the two initial spin populations at which the gas
is prepared. Yet, the same energetic argument applies [3], and for E > Ef ferromagnetism
appears in this case as an instability of the repulsive Fermi liquid towards the formation of
spatially separated, polarized domains of spin-1 or spin-| particles (see Figure 10).
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(a) ) ) P (b) T domain 4 domain 7 domain | domain

Figure 10. Ferromagnetic instability of a repulsive balanced Fermi mixture. (a) The energy of the
upper (purple) and lower (green) many-body branches is illustrated, corresponding to a net repulsive
and attractive interaction, respectively. The ground state is a paired phase, featuring a mean energy
per particle E = %éEF at 1/kpa = 0, where ¢ =~ 0.37 is the Bertsch parameter [129]. The repulsive
Fermi liquid may undergo a ferromagnetic phase transition beyond a critical interaction strength
along the upper branch, where a spin-segregated state is energetically favored. For an equal-mass,
balanced mixture at T = 0, this occurs when the mean energy per particle of the mixed, paramagnetic
state exceeds that in a non-interacting Fermi gas, namely E = %E £, by a factor 22/3. (b) Illustration of
the stability condition for spin-polarized domains. A spin-| fermion can tunnel across a spin domain
wall, thereby becoming a repulsive quasiparticle within the spin-1 domain. On the right, the energy
levels available to the fermion are represented. If a well defined repulsive polaron exists and its
energy overcomes the Fermi energy, i.e., E > Ef, tunneling through the interface is suppressed and
the domain wall is energetically stable. Panel (b) is adapted with permission from Ref. [130].

Such a seemingly simple scenario becomes richer and more complex once one consid-
ers the short-ranged attractive potentials relevant for a realistic description of the interaction
between two ultracold atoms. As discussed in the previous sections, the presence of a lower-
lying energy branch, connected with the existence of a weakly-bound molecular level below
the two-body scattering threshold [41], makes repulsive polarons acquire a quasiparticle
decay rate even at T = 0. As a consequence, ferromagnetism inherently competes with the
tendency of the system to relax into the many-body ground state. Around the interaction
strength kra ~ 1 relevant for ferromagnetism to develop, the spin-imbalanced ground
state corresponds to phase separation between a superfluid of dimers and a spin-polarized
Fermi gas [127,131]. Therefore, here the attractive branch can be safely regarded as a paired
state where all impurity particles are bound to a partner of the host gas [14].

In this framework, the importance of a proper interpretation of the polaron spectral
width I' thus becomes clear: If I' was exclusively linked to the population decay rate
of the repulsive Fermi liquid [3], one would expect the repulsive branch to become ill-
defined at strong repulsion, and the physics of Stoner’s model to be inaccessible with such
systems, since ferromagnetic correlations would be completely forestalled by attractive
ones (such as pairing) [132]. Instead, in agreement with the recent theoretical analysis [28]
outlined in Section 4, experimental pursuits have provided convincing evidence for the
metastability of the repulsive branch even at strong coupling [16,23,26]. In particular, a
short but finite time window was identified within which the instability of the repulsive
Fermi gas towards a magnetically correlated state could be observed. Spectroscopic studies
on °Li mixtures in the impurity limit indeed revealed well-defined quasiparticles even
at very large repulsion, where E exceeds the Fermi energy of the bath while m* diverges,
indicating both an energetic and thermodynamic instability of the repulsive Fermi liquid
state beyond critical interactions [23].

Studies of spin-dynamics in a repulsive Fermi gas initialized in two spin domains sepa-
rated by a sharp domain wall [133] further allowed the characterization of the ferromagnetic
behavior of the system, including the experimental determination of the metastable region
in the temperature-interaction plane. This was linked to the softening of the spin-dipole
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mode, in quantitative agreement with theory models [134,135] that completely neglect
pairing correlations. Finally, later works based on time-resolved pump-probe spectroscopic
techniques succeeded in tracing the out-of-equilibrium dynamics of two-component bal-
anced spin mixtures [56]. For this, fermions were selectively brought to strong repulsion
along the upper branch of a Feshbach resonance, quickly enough to avoid undergoing
substantial dynamics during the preparation itself, starting essentially from the param-
agnetic Fermi liquid state. The rapid growth of short-range anti-correlations between
repulsive quasiparticles was observed beyond critical interactions, demonstrating that
concurrent pairing processes could be initially overcome. These studies [56], paralleled
also by spin-density noise correlation measurements and monitoring of other macroscopic
observables [136], led to the discovery of an unpredicted, emergent heterogeneous phase: a
quantum emulsion where paired and unpaired fermions macroscopically coexist, while
featuring microscale phase separation. In turn, this observation links the physics of the
repulsive Fermi gas to certain strongly correlated electron materials, where competing
order parameters coexist in nanoscale phase separation [137,138].

6. Concluding Remarks

Repulsive mixtures of ultracold atoms, both within and beyond the impurity limit, fea-
ture a very rich and intriguing phenomenology. In particular, owing to the metastability of
the upper many-body branch, quantum mixtures are ideally suited to investigate the compe-
tition between exotic metastable quantum phases arising from repulsive (anti-)correlations
and pairing phenomena. Indeed, in the case of Fermi-Fermi mixtures, the upper branch
population decays on a timescale significantly slower than that set by quasiparticle deco-
herence, which has enabled experiments to gain important insights into aspects of Stoner’s
model [48] and the magnetic properties of itinerant fermionic particles [56,133,136]. Simi-
larly, dilute Bose mixtures allow one to investigate the interplay between attractive and
repulsive inter- and intra-species interactions, potentially leading to the emergence of
quantum droplets [139] as one increases the minority density from the impurity limit. The
presence of the concurrent pairing instability further enriches these scenarios, triggering
non-trivial dynamics over longer timescales. In the Fermi case, this led to the emergence of
unpredicted heterogeneous many-body states [56,136].

In future experiments, it would be interesting to explore the transport properties of
such spatially inhomogeneous, slowly relaxing states, and to probe their emergence in
box-like potentials [140], weak optical lattices [141,142] or lower dimensions [143,144]. For
instance, quantum gas microscopes [145] could uniquely explore the competition between
antiferromagnetic ordering, favored by the underlying lattice structure, and quantum emul-
sions of itinerant fermions. Further, the realization of such rich scenarios opens up exciting
possibilities to dynamically create elusive phases of magnetized superfluidity [146,147]
and to spontaneously attain mesoscopic magnetic impurities within strongly interacting
superfluids [148].

The study of imbalanced quantum mixtures also paves the way for the observation
of a crucially missing milestone in the experimental demonstration of the Fermi liquid
paradigm in ultracold atoms, namely, polaron-polaron interactions. This can, for instance,
be achieved by embedding highly-compressible bosonic impurities in a large Fermi sea
as realized in a recent experiment [29]. The interactions are predicted to be even stronger
between Bose polarons, since a dilute bosonic bath is highly compressible and can more
easily convey excitations [128].

In the future, Bose and Fermi polaron studies with ultracold gases could be extended
to the case where the motion of the impurity and/or the medium is confined within a
lattice potential [53], possibly in reduced dimensions and in the presence of engineered
site-resolved disorder [149]. For a comprehensive modeling of such scenarios, an essential
preliminary step is to derive ab initio the effective interaction parameters associated with
two atoms interacting strongly in an optical lattice potential, extending previous three-
dimensional calculations [150]. The probing techniques discussed in this review could also
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find potential applications in the investigation of magnetic polarons [151-153], i.e., charge
excitations moving within a magnetic background where they become dressed and acquire
renormalized quasiparticle properties [10,154]. In particular, such excitations emerge in
fermionic Hubbard models from the interplay between charge and spin [155], as observed
by experiments [152,153]. These recent observations have attracted much interest [156-158],
since the dynamics of magnetic polarons in doped Mott insulators may explain the behavior
of certain strongly correlated materials such as high-temperature superconductors [159].

The phenomenology of the 3D polarons described in this review largely carries over
to the case of two-dimensional systems. In this context, a promising new platform for
polaron physics, complementary to cold-atom settings, is that of doped atomically thin
semiconductors [30]. These effectively realize a two-dimensional Bose—Fermi mixture
where excitons (bound electron-hole pairs) play the role of impurities in a Fermi sea of
electrons, and these systems are directly analogous to experiments on 2D Fermi polarons in
cold atomic gases [17,26], and can be modeled in a similar fashion [160]. However, this new
platform introduces a number of new experimental knobs such as direct control of medium
density via external gating, strong Rabi coupling of impurities to light in a microcavity [30],
and strong magnetic fields that Landau-quantize the electronic medium [161,162]. Two-
dimensional semiconductor microcavities also hold promise for realizing Bose polarons
using exciton polaritons as the medium [163]. If the impurities are themselves polaritons
one may obtain enhanced photon-photon correlations, while doped systems may foster
new forms of induced electron pairing [164].

In conclusion, the quantum impurity problem in ultracold quantum gases represents a
rare example of a strongly interacting many-body system for which it has been possible to
achieve a remarkable agreement between theory and experiment, for a wide range of both
static and dynamic properties. All fundamental advances in the topic have been driven by
a close synergy between theory and experiment, leading to the development of approaches
with broad applicability. Yet, as discussed in this review, many open questions still remain,
with the emergence of new platforms further challenging our understanding and making
polaron physics an extremely vital field of research.
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Notes

1

More generally, the s-wave scattering amplitude takes the form f(k) = 1/ (kcotd(k) — ik) in terms of the two-body scattering
phase shift §(k). For a low-energy collision at relative momentum k, this may be expanded as kcot (k) = —a~' 4 r.k2/2 + ...,
where 4 is the scattering length and . is the effective range. A Feshbach resonance is classified as narrow if the effective range
plays a relevant role (e.g., if |r.| 2 1/kp in a many-body problem), while it is termed broad when this may be safely neglected.
Broad resonances are accurately described by the single-channel Hamiltonian introduced in this section, while to investigate
narrow resonances one needs to employ a more sophisticated two-channel model [3,61].

Since the derivative of energy with respect to the Bose-Bose scattering length acts on the impurity energy, this term necessarily
involves the impurity and two bosons.

3 We follow here the sign convention used in Ref. [120], but note that other sources define the Lindhard function with the
opposite sign.
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Abstract: The notion of a polaron, originally introduced in the context of electrons in ionic lattices,
helps us to understand how a quantum impurity behaves when being immersed in and interacting
with a many-body background. We discuss the impact of the impurities on the medium particles by
considering feedback effects from polarons that can be realized in ultracold quantum gas experiments.
In particular, we exemplify the modifications of the medium in the presence of either Fermi or Bose
polarons. Regarding Fermi polarons we present a corresponding many-body diagrammatic approach
operating at finite temperatures and discuss how mediated two- and three-body interactions are
implemented within this framework. Utilizing this approach, we analyze the behavior of the spectral
function of Fermi polarons at finite temperature by varying impurity-medium interactions as well
as spatial dimensions from three to one. Interestingly, we reveal that the spectral function of the
medium atoms could be a useful quantity for analyzing the transition/crossover from attractive
polarons to molecules in three-dimensions. As for the Bose polaron, we showcase the depletion of the
background Bose-Einstein condensate in the vicinity of the impurity atom. Such spatial modulations
would be important for future investigations regarding the quantification of interpolaron correlations
in Bose polaron problems.

Keywords: polaron; impurity; spectroscopy of quasiparticles; interpolaron correlations; quantum
depletion; ultracold atoms; Bose-Einstein condensate; Fermi degenerate gases

1. Introduction

The quantum many-body problem, which is one of the central issues of modern
physics, is encountered in various research fields such as condensed matter and nuclear
physics. The major obstacle that prevents their adequate description stems from the
presence of many degrees-of-freedom as well as strong correlations. The polaron concept,
which was originally proposed by S. I. Pekar and L. Landau [1,2] to characterize electron
properties in crystals, provides a useful playground for understanding related nontrivial
many-body aspects of quantum matter and interactions. For instance, a key advantage
of the polaron picture is that, under specific circumstances, it enables the reduction of a
complicated many-body problem to an effective single-particle or a few-body one with
renormalized parameters. In the last decade, the polaron concept has been intensively
studied for two-component ultracold mixtures, where a minority component is embedded
in a majority one (host) and becomes dressed by the low-energy excitations of the latter
forming a polaron. Indeed, ultracold atoms, owing to the excellent controllability of the
involved system parameters, are utilized to quantitatively determine polaron properties,
as has been demonstrated in a variety of relevant experimental efforts. These include,
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for instance, the measurement of the quasiparticle excitation spectra [3-12], monitoring the
quantum dynamics of impurities [13,14], the observation of a phononic Lamb shift [15],
the estimation of relevant thermodynamic quantities [16,17], the identification of medium
induced interactions [18,19], and polariton properties [20-22].

Polarons basically appear in two different types, namely, Fermi and Bose polarons
where the impurity atoms are immersed in a Fermi sea and a Bose-Einstein condensate
(BEC) respectively. Both cases are experimentally realizable by employing a mixture of
atoms residing in different hyperfine states or using distinct isotopes. The impurity-
medium interaction strength can be flexibly adjusted with the aid of Feshbach reso-
nances [23], and as such strong interactions between the impurity and the majority atoms
can be achieved. Due to this non-zero interaction, the impurities are subsequently dressed
by the elementary excitations of t heir background atoms, leading to a quasi-particle state
that is called the polaron. In that light, the polaron and more generally the quasiparticle
generation is inherently related to the build-up of strong entanglement among the impu-
rities and their background medium [24-26]. Moreover, since various situations such as
mass-imbalanced [5], low-dimensional [6], and multi-orbital [11] ultracold settings can
be realized, atomic polarons can also be expected to be quantum simulators of quasipar-
ticle states in nuclear physics [27-31]. Recently, a Rydberg Fermi polaron has also been
discussed theoretically [32].

The single-particle character of polarons has been intensively investigated theoretically
in the past few years by using different approaches [33-50] ranging from variational treat-
ments [33-36] to diagrammatic Monte-Carlo simulations [42-47]. Interestingly, a multitude
of experimental observations regarding polaronic excitations have been well described
based on theoretical frameworks relying on the single-polaron ansatz [3,4,10]. However,
it is still a challenging problem and highly unexplored topic how many polaron systems
behave, especially during their nonequilibrium dynamics. While the single-polaron anal-
ysis clarifies the mechanism of polaron formation via the dressing from the surrounding
majority cloud, the many-polaron study is dedicated to the question of how polarons
interact with each other through the exchange of the excitations of their host. Therefore,
the background medium plays a crucial role in understanding many-polaron physics. In
this sense, the concept of induced interpolaron interactions has attracted a tremendous
attention [51-61]. For instance, in recent experiments, the sizable shift of the effective scat-
tering length due to the fermion-mediated interaction has been observed in Fermi polaron
systems [18,19]. The corresponding impact on the medium atoms due to the presence of
strong impurity-bath correlations is under active investigation [55]. In the case of Bose
polarons [7-9,13-15,62-67], the influence of the impurities on their environment (BEC)
is more pronounced when compared to Fermi polarons due to the absence of the Pauli
blocking effect. Characteristic examples, here, constitute the self-localization [68-73] and
temporal orthogonality catastrophe [24] phenomena as well as complex tunneling [74-77]
and emergent relaxation processes [60,78]. They originate from the presence of the impurity
which imprints significant deformations to its environment when the interaction between
the subsystems is finite.

In this work, we first provide a discussion on the role of the background atoms in many-
polaron problems that are tractable in ultracold atom settings. Particularly, we present
diagrammatic approaches to Fermi polaron systems and elaborate on how mediated two-
and three-body interpolation interactions are consistently taken into account within these
frameworks [55,56]. Importantly, a comparison of the Fermi polaron excitation spectral
function in three dimensions (3D) and at finite temperatures is performed among different
variants of the diagrammatic T-matrix approach. Namely, the usual T-matrix approach
(TMA) which is based on the self-energy including the repeated particle-particle scattering
processes consisting of bare propagators [79,80], the extended T-matrix approach (ETMA)
where the bare propagator in the self-energy is partially replaced [81-83], and the self-
consistent T-matrix approach where all the propagators in the self-energy consist of dressed
ones [84,85] are employed. We reveal how medium-induced interactions are involved
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in these approaches and examine their effects in mass-balanced Fermi polaron settings
realized, e.g., in Li atomic mixtures. Subsequently, we discuss the polaron excitation
spectrum in two (2D) and one (1D) spatial dimensions. The behavior of the spectral function
of the host and the impurities at strong impurity-medium interactions is exemplified.
Finally, the real-space Bogoliubov approach to Bose polarons in 3D is reviewed. The
latter allows us to unveil the condensate deformation due to the presence of the impurity
and appreciate the resultant quantum fluctuations [86]. We argue that the degree of
the quantum depletion of the condensate decreases (increases) for repulsive (attractive)
impurity-medium interactions, a result that is associated with the deformation of its density
distribution. This is in contrast to homogeneous setups where the depletion increases
independently of the sign of the interaction.

This work is organized as follows. In Section 2, we present the model Hamiltonian
describing ultracold Fermi polarons in 3D. For the Fermi polaron, we consider uniform
systems and develop the concept of the diagrammatic T-matrix approximation. After
explaining the ingredients of the diagrammatic approaches in some detail, we clarify how
mediated two- and three-body interactions are incorporated in these approaches. The
behavior of the resultant polaron spectral function at finite temperatures and impurity
concentrations in three-, two-, and one-dimensions is discussed. In Section 3, we utilize the
real-space mean-field formulation for Bose polarons and expose the presence of quantum
depletion for the three-dimensional trapped Bose polaron at zero temperature. In Section 4,
we summarize our results and provide future perspectives. For convenience, in what
follows, we use kg = = 1.

2. Fermi Polarons
2.1. T-Matrix Approach to Fermi Polaron Problems

Here we explain the concept of many-body diagrammatic approaches to Fermi po-
larons, namely, settings referring to the situation where fermionic impurity atoms are
immersed in a uniform Fermi gas. Since such a two-component Fermi mixture mimics
spin-1/2 electrons, we denote the bath component as ¢ = B =1 and the impurity one by
o = I =]. Note that these are standard conventions without loss of generality. The model
Hamiltonian describing this system reads

H =Y CpoChotne+8 X CprgraiClpia/alCp+a/2 iy +arats @
P Py

where £, = p?/(2m,) — pie is the kinetic energy minus the chemical potential i, and 1,
is the atomic mass of the ¢ component. The parameters c, - and c;p refer to the annihilation
and creation operators of a o component fermion, respectively, possessing momentum p.
We measure the effective coupling constant g of the contact-type interaction between
two different component fermions by using the low-energy scattering parameter, namely,
the scattering length a. In 3D, it is known [87] that the coupling constant g3p and the

scattering length a are related via

my 1 meA\
2ma gsp = w2

@

with m Ve byt being the reduced mass. In this expression, the momentum
cutoff A is introduced to avoid an ultraviolet divergence in the momentum summation
of the Lippmann-Schwinger equation expressed in momentum space. This allows us to
achieve the effective short-range interaction of finite range r. « 1/A. Similarly, the relevant
relations in 2D and 1D read [88]

®)

1 -
ayp = —e ™0, and a;p = ——,
A mrg1D

respectively, where gop and gp are the coupling constants in 2D and 1D.
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First, we introduce a thermal single-particle Green’s function [89]

. 1
Ga(p, l(Un) = T, — Gp,a — ZJ(P, iwn)'

4)

where wy, = (2n + 1) 7tT is the fermion Matsubara frequency introduced within the finite-
temperature T formalism and 1 € Z [89]. The effect of the impurity-medium interaction
is taken into account in the self-energy X (p, i ). The excitation spectrum A (p, w) of a
Fermi polaron can be obtained via the retarded Green’s function Glf( p,w) =G (p,iw, —
w +id) (where § is a positive infinitesimal) through analytic continuation [89]. In particular,
it can be shown that

1
Alp,w) = —_ImG{(p,w). ®)

Experimentally, this quantity can be monitored by using a radio-frequency (rf) spectroscopy
scheme where the atoms are transferred from their thermal equilibrium state to a specific
spin state which interacts with the medium [90]. Indeed, the reverse rf response I (w) [10]
and the ejection one Io(w) [16] are given by

Ie(w) = 20 Y F(Epi) AL (P, w + &) (6)
14
and

Ie(w) = 2rdlﬁabi Zf(gp,i - w)AL(p/ ép,i - w)/ (7)
P

respectively. Here, i represents the kinetic energy of the initial state in the reverse rf
scheme. In Equations (6) and (7), Qrap; is the Rabi frequency.

Importantly, the self-energy X+ (p, iw,) of the background plays an important role in
describing the mediated interpolaron interactions. This fact will be evinced below and it is
achieved by expanding £ (p, iwy,) with respect to Gy and GJ. The chemical potentials ji»
are kept fixed by imposing the particle number conservation condition obeying

Ne =T Y. Golp,iwn). @)

piwn
Moreover, in the remainder of this work, we define the impurity concentration as follows

_N

XfNT.

)

Additionally, within the TMA [34,54] the self- energy X, (p, iw,) of the ¢ compo-
nent reads

Yo(piwn) =T Y. T(q,iv)G°,(q — p,ive —iwn), (10)

q,ivy

where I'(g,ivy) is the many-body T-matrix, as diagrammatically shown in Figure 1a,
with the boson Matsubara frequency iv, = 2(nT (¢ € Z). Here, GY(p,iw,) = (iwy —
Cpo) ~1is the bare thermal single-particle Green’s function. Furthermore, by adopting a
ladder approximation illustrated in Figure 1d, the T-matrix I'(g, iv;) is given by

N 8
r(q/“/(f) -1 +gn(q, ng), (11)
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where

M(q,ive) =T Y. G)(p+4q,icwn +iv)G)(—p, —icwn) (12)

piiwy

is the lowest-order particle-particle bubble. The latter describes a virtual particle-particle
scattering process associated with the impurity-medium interaction ¢ which is replaced
by ¢3p, §2p, and gip in 3D, 2D, and 1D, respectively. Note that in Equation (10) the
impurity-impurity interaction is not taken into account.

The extended T-matrix approach (ETMA) [55] constitutes an improved approxima-
tion that allows us to take the induced polaron-polaron interactions into account in a
self-consistent way. In this method, as depicted in Figure 1b we include higher-order
correlations by replacing the bare Green function G in Equation (10) with the dressed one
Go. Namely

Zo(p iwn) =T Y T(q,ive)G-o(q — p,ive — iwn). (13)

q,ivy

(a) (b) (©) m

@ | T =o+<>+<:><:>+---
(e) :o+©+®+...

Figure 1. Feynman diagrams for (a) the T-matrix approach (TMA), (b) the extended T-matrix
approach (ETMA), and (c) the self-consistent T-matrix approach (SCTMA). I and I's are the many-
body T-matrices, whose perturbative expansions are shown schematically in (d,e), consisting of bare
and dressed propagators GJ and Gy, respectively. While in TMA, all the lines in the self-energy
(a) consist of GY, they are replaced with G, partially (upper loop of (b)) in ETMA and fully in SCTMA
(c) (see also (e) where G is replaced by G, compared to (d)), respectively.

Importantly, the TMA and ETMA approaches are equivalent to each other in the single-
polaron limit i.e., x — 0, where the self-energy of the fermionic medium Z% (capturing

the difference between G? and G in Equations (10) and (13), respectively) is negligible.
Additionally, at zero temperature, these two treatments coincide with the variational ansatz
proposed by F. Chevy [33]. Recall that yy = Epand | = El(ja) at T = 0 and x — 0, where
Ep = p%/(2my) denotes the Fermi energy of the majority component atoms while El(,a)
corresponds to the attractive polaron energy.

Proceeding one step further, it is possible to construct the so-called self-consistent T-
matrix approach (SCTMA) [56,91,92] which deploys the many-body T-matrix I's composed
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of dressed propagators as schematically shown in Figure 1e. In particular, the correspond-
ing T-matrix is given by

8
T's(qg,iv - 14
(q l) 1+gns(q;11/[) ( )
where
Hs(q,ive)) =T Y Gi(p + q,iwn +ive) G (—p, —iwy), (15)
piwy

which describes a scattering process denoted by GT and G|, of the dressed medium atoms
with the impurities and the dressed ones (polarons), respectively. This is in contrast to
Equation (12) obtained in ETMA and consisting of GJ which represents the impurity-
medium scattering process of only the bare atoms. Using this T-matrix, we can express the
SCTMA self-energy X5 (see also Figure 1c) as

25 (p,iwn) =T 2 Ts(q,iv))G_o(q — p,ivy — iwy). (16)

q,ivg

We note that within the ETMA, the impurity self-energy Zf (Equation (11)) can be
rewritten as

2 (p,iws) =T Y T(q,ivy) {Gg(q — p,ivy —iwy)

q,ivy
+ G?(q — p,ive — iwy) X4 (q — p,ive — iwn)Gy(g — p,ive — iwn)}
=X (p,iwn) + 0% (p, iwy), 17)

with the higher-order correction 6% (p, iw, ) beyond the TMA being

Sy (piws) =T* Y. T(q,iv)T(q,ivy)G(q — p,ivy — iwn)Gr(q — p,ivy — iwn)
q.9'ivy,ive

x GM’ —q+pivy —ivg +iwy)
=T Y V@ (piwn psicow; picn, p'icon)Gy(p icoy). (18)

piw,

In this expression, e(“> (p1,iwny, P2, iwn,; pl, iw ) ph,iw,, ) represents the induced impurity-
impurity interaction (diagrammatically shown in Flgure 2a) with incoming and outgoing
momenta and frequencies {p;, iwy, } and {p}, iw,,}, respectively, where i = 1,2. It reads

1

el _
Veit (P iy, P2, iny; P, i,y P, 10,) = 8y 4 g vh s pt Oy g 4

x T Y T(q,ive)T(q+ p2 — pl,ive + iwn, — iy )GT(q — p1, iV —iwy, )G?(q —phive — i, ). (19)
q.ive

Here, §; ; is the Kronecker delta imposing the energy and momentum conservation in the
two-body scattering.
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(@) (b) AN

I - S

Figure 2. Feynman diagrams for induced (a) two- and (b) three-body interactions Véfzf’S) among

polarons. The arrows represent the direction of momentum and energy transfer in each propagator.

The self-energy Zi of the impurities within the SCTMA involves a contribution of

induced three-impurity correlations due to the dressed pair propagator Zﬁ. The latter can
again be decomposed as

Zf(p, iwy) = Zf(p, iwy) + 521(;7, iwy), (20)
where

0% (piwn) = T ) [Ts(q,ive) — T(q,iv)]Gy(q — p,ive — icwn)

q,ivy

=T Y Ts(q,iv)T(q,iv))®(q,iv))Gr(q — p,ivy — iwy). (21)

qivy

Here we defined

&(q,iv) = ls(q,ive) —T11(q,ivy)

=T) {GT(p +q,iwy + ive) Gy (—p, —iw,) — Gg(p +q,iwy + iw)G?(fp, fiwn)]
piwy
2
=T Y [GYp +aiwn +ive)] T3 (p + qiwn + iv)G)(—p, —icwn), 2)
piwy

which represents the difference between the IT and Ilg, namely, the medium-impurity
and the medium-polaron propagators. In the last line of Equation (22), we assumed that
Gy ~ G(T) and Zi ~ 0. Thus, one can find a three-body correlation effect beyond the ETMA
as shown in Figure 2b and captured by

i . 3 . /- "o /- . "o
5ZL(p,lwn) ~T 2 Ve(ﬁ)(p,zw,,,p i, piwn p'iw, p,iwn, piwn)
p/,iw,,/

X Gl(p/, iwn')Gf(P”/ iwynr), (23)

where stf) (p1,iwWny, P2, icwn,, p3,iwns; pl, iwy, P, oy P, an) is the induced three-polaron
interaction term. Its explicit form reads
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®3) ; : o ! i o ! _
Veff (pl' 1Wny, P2,1Wny, P3,1Wns; P1/ anif P2, lwnéf P3, lwng) = (spl +p2+pa.p; +p§+p’35n1+nz+n3,n’l+n’z+n’3
. . . . / . . .
X T Y T(q,ive)T(q+ p3 — ph,ive + iwn, — za}nq)l“(q + P2 — p1ive +iwy — iwn, )

qivy

x G(q = p1,ive — i, )GI(q — p1,ive — iwn, ) GI(q — pL + p3 — ph,ive — iy + iy —iwy,). (24)

From the above discussion, it becomes evident how the medium-induced two-body and
three-body interpolaron interactions are included in the ETMA and the SCTMA treatments.
Recall that in the TMA the interpolaron interaction is not taken into account. Even so,
observables such as thermodynamic quantities (e.g., particle number density) and spectral
functions obtained via rf spectroscopy can in principle provide indications of the effect of
interpolaron interactions through X, (p, iwy, ).

2.2. Spectral Response of Fermi Polarons

In the following, we shall present and discuss the behavior of the spectral function
of Fermi polarons for temperatures ranging from zero to the Fermi temperature of the
majority component as well as for different spatial dimensions from three to one. For
simplicity, we consider a mass-balanced fermionic mixture i.e., my = m; = m. The
latter is experimentally relevant for instance by considering two different hyperfine states,
eg., |F=1/2,mpg = +1/2) and |F = 3/2,mp = —3/2) of 6Li. In this notation, F and mp
are the total angular momentum and its projection, respectively, of the specific hyperfine
state [10] at thermal equilibrium.

2.2.1. Three-Dimensional Case

The resultant spectral function A,(p = 0,w) of the fermionic medium (¢ =7) and
the impurities (o =]) is depicted in Figure 3 as a function of the single-particle energy w.
Here, we consider a temperature T = 0.3Tf, impurity concentration x = 0.1, and impurity-
medium interaction at unitarity, i.e., (ppa) "} = 0. The Fermi temperature is T = p}/ (2m+)
and the Fermi momentum pg. Evidently, the spectral function of the majority component
(Figure 3a) exhibits a peak around w + py = 0 in all three diagrammatic approaches
introduced in Section 2. The sharp peak around w + p4 = 0 corresponds to the spectrum
of the bare medium atoms given by A(p,w) = d(w — 1) at p = 0. This indicates
that the imprint of the impurity-medium interaction on the fermionic host is negligible
for such small impurity concentrations x = 0.1; see also the discussion below. Indeed,
the renormalization of y4 (which essentially evinces the backaction on the majority atoms
from the impurities) in the ETMA at unitarity is proportional to x [55] and in particular

B 10526, (25)
Eg

It can be shown that in the weak-coupling limit, this shift is given by the Hartree correction

ZTH = 422N, [89]. However, at the unitarity limit presented in Figure 3, such a weak-

coupling approximation cannot be applied and therefore the factor 0.526 in Equation (25)

originates from the existence of strong correlations between the majority and the minority

component atoms.
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(0 + 1)/ Ey

Figure 3. Zero -momentum spectral functions A (p = 0, w) of (a) the majority (medium) and (b) the

minority (impurities) fermions for varying energy w at unitarity, (pra) ! = 0. We consider a temper-
ature T = 0.3Tf and an impurity concentration x = 0.1. The solid, dashed, and dash-dotted lines
represent the results of the TMA, ETMA, and SCTMA approaches respectively. While Ay (p = 0,w)
is almost the same among the three approaches, A|(p = 0,w) within the SCTMA experiences a
sizable difference compared to the response obtained in the TMA and the ETMA approaches.

The corresponding polaronic excitation spectrum is captured by A (p = 0,w)
(Figure 3b) having a dominant peak at w + p; = fEl(,a) where El(,a) is the attractive

polaron energy. Notice here that since this peak is located at negative energies it in-
dicates the formation of an attractive Fermi polaron. This observation can be under-
stood from the fact that in the absence of impurity-medium interactions, the bare-particle
pole, namely, the position of the pole of the bare retarded single-particle Green’s func-
tion GB’R(p = 0,w) = (w+i6+p,)"!, occurs at w + p; = 0. Moreover, the attrac-

tive polaron energy El(,a> (being of course negative) is defined by the self-energy en-

ergy shift as Ega> = Xx,(0, E@). Thus, one can regard the deviation of the position of
(@)

the peak from w + p; = 0 as the attractive polaron energy Ej;’, since it is given by

A(p=0w)~d(w+pu — El(,a))A Recall that, in general, for finite temperatures T and im-

purity concentrations x, 1| # El(ja) holds in contrast to the single-polaron limit at T = 0 [55].
Additionally, a weak amplitude peak appears in A (p = 0,w) at positive energies w =~ Ef.
It stems from the metastable upper branch of the impurities, where excited atoms repul-
sively interact with each other. This peak becomes sharper at positive scattering lengths
away from unitarity. Indeed, for positive scattering lengths, the quasi-particle excitation
called a repulsive Fermi polaron emerges [25].

Figure 4a presents the polaron spectral function A|(p = 0,w) with respect to the
interaction parameter (ppa) ! obtained within the ETMA method at T = 0.03T¢ and
x = O(107%). From the position of the poles of Gf(p = 0,w), one can extract two

kinds of polaron energies, namely, E;,a) and El(jr) corresponding to the attractive and the
repulsive polaron energies, respectively. The interaction dependence of these energies
is provided in Figure 4b. EI(,r) approaches the Hartree shift Z? = 4N, without the
imaginary part of the self-energy (being responsible for the width of the spectra) and
finally becomes zero [25]. Indeed, the spectrum in Figure 4a shows that the peak of the
repulsive polaron at w + i > 0 becomes sharper when increasing (ppa) !, indicating
the vanishing imaginary part of the self-energy. On the other hand, Eéa) decreases with
increasing (ppa) ! as depicted by the position of the low-energy peak (where w + 1 <0)
in Figure 4a. Eventually, the attractive polaron undergoes the molecule transition as we
discuss below. Another important issue here is that in the strong-coupling regime the
attractive polaron undergoes the transition to the molecular state with increasing impurity-
bath attraction [93]. Although this transition was originally predicted to be of first-order,
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recent experimental and theoretical studies showed an underlying crossover behavior and
coexistence between polaronic and molecular states [17]. We note that in the case of finite
impurity concentrations, a BEC of molecules can appear at low temperatures; see also
Equations (26) and (27) below. It is also a fact that the interplay among a molecular BEC,
thermally excited molecules, and polarons may occur at finite temperatures [94]. In the
calculation of the attractive polaron energy EI<,a) for different coupling strengths (Figure 4b),
however, we do not encounter the molecular BEC transition identified by the Thouless
criterion [95]

1+ gTl(q = 0,iv, = 0) = 0. (26)

In particular, in the strong-coupling limit, from Equation (26) combined with the particle
number conservation (Equation (8)) the BEC temperature Tgrc of molecules satisfies [96]

2
X 3
TBEC ~ 27T<W> TF/ (27)

where {(3/2) ~ 2.612 is the zeta function. Since we consider a small impurity concentration
x = O(107*) here, T = 0.03Tf is far above Tgpc x5

@ 2 . ‘

AL(P =0,0)Ex

0 02 04 06 70].‘8 12
(pra)

Figure 4. (a) Polaron spectral function A|(p = 0,w) for several coupling strengths (pra)~!. The
spectrum is calculated within the ETMA at temperature T = 0.03Tf and impurity concentration

x = O(107%) [55]. Panel (b) represents the attractive and repulsive polaron energies, namely, EI()a>

and Eg), respectively, as a function of (pra)~'. The polaron energies have been extracted from the
peak position of A| (p = 0,w), that is, the pole of Gf( p = 0,w). The experimental data of Ref. [10]
are plotted in black circles for direct comparison with the theoretical predictions.

According to the above-description, induced polaron-polaron interactions are medi-
ated by the host atoms, which are taken into account within the ETMA and the SCTMA
methods as explicated in Section 2, are weak in the present mass-balanced fermionic mix-
ture. These finite temperature findings are consistent with previous theoretical works [51-53]
predicting a spectral shift of the polaron energy AE = FEgpgx with F = 0.1~0.2at T = 0
(where Egg is the ground-state energy of a non-interacting single-component Fermi gas at
T = 0) as well as the experimental observations of Ref. [4]. On the other hand, the pres-
ence of induced polaron-polaron interactions in the repulsive polaron scenario cannot be
observed experimentally [10], a result that is further supported by recent studies based on
diagrammatic approaches [55].

Furthermore, the spectral deviations between the TMA and the ETMA treatments
represent the effect of induced two-body interpolaron interactions in the attractive polaron
case. However, in our case there is no sizable shift between the spectral lines predicted
in these approaches (Figure 3b). Indeed, the induced two-body energy is estimated to
be of the order of 107 3Egg at x = 0.1. The induced three-body interpolaron interaction,
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which is responsible for the difference among the ETMA and the SCTMA results, exhibits a
sizable effect on the width of the polaron spectra. We remark thatat T = 0.3Tf and x = 0.1
(Figure 3b) although the minority atoms basically obey the Boltzmann statistic, since their

2
2
temperature is higher than the Fermi degenerate temperature Tf,| = % [55] namely

T = 0.3Tg ~ 1.39Tg, effects of the strong medium-impurity interaction on the polaron
spectra are present manifesting for instance as a corresponding broadening. Although
the SCTMA treatment tends to overestimate the polaron energy, the observed full-width-
at-half maximum (FWHM) of the rf spectrum given by 2.71(T/Tg)? [16] can be well
reproduced by this approach. The latter gives 2.95(T/ Tr)? whereas the FWHM in ETMA is
1.61(T/ Tg)? [56]. We should also note that the decay rate related to the FWHM for repulsive
polarons as extracted using TMA (and simultaneously ETMA) agree quantitatively with
the experimental result of Ref. [10]. For the attractive polaron, the quantitative agreement
between the experiment and these diagrammatic approaches is broken at high temperatures.
For instance, the recent experiment of Ref. [16] showed that the transition from polarons
to the Boltzmann gas occurs at T ~ 0.75T [16], while the prediction of the diagrammatic
approaches is above Ty [56]. Besides the fact that such polaron decay properties may
be related to multi-polaron scattering events leading to many-body dephasing [12], they
are necessary for further detailed polaron investigations at various temperatures and
interaction strengths that facilitate the understanding of the underlying physics of the
observed polaron-to-Boltzmann-gas transition.

The dependence of the polaron spectra A (p, w) on the energy and the momentum of
the impurities is illustrated in Figure 5 for T = 0.2Tg, x = 0, and (ppa) ! = 0. To infer the
impact of the multi-polaron correlations on the spectrum we explicitly compare A (p, w)
between the ETMA and the SCTMA methods. As it can be seen, A l( p, w) exhibits a sharp
peak which is associated with the attractive polaron state and shows an almost quadratic
behavior for increasing momentum of the impurities. It is also apparent that the SCTMA
spectrum (Figure 5b) at low momenta is broadened when compared to the ETMA one
(Figure 5a) due to the induced beyond two-body interpolation correlations, e.g., three-body
ones. At small impurity momenta, the spectral peak of the attractive Fermi polaron within
the present model as described by Equation (1), is generally given by

2
Ai(Pf‘U)ZZa‘5<“’+P‘$*2Z1* 7]51()3)), (28)
a

where Z, and m;; are the quasiparticle residue [25] and the effective mass of the attractive
polaron, respectively. At unitarity it holds that Z, ~ 0.8, m} ~ 1.2m, and El()a) ~ —0.6Ep
within the zero-temperature and single-polaron limits [34]. The behavior of these quantities
has been intensively studied in current experiments [3,4,10] and an adequate agreement
has been reported using various theories. For instance, Chevy’s variational ansatz (be-

ing equivalent to the TMA at T = 0 and x — 0) [33,34] gives Z, = 0.78, m} = 1.17m,

and El(,a) = —0.6066Er. More recently, the functional renormalization group [39] pre-
dicts Z, = 0.796 and El(f) = —0.57Eg, while according to the diagrammatic Monte Carlo
method [47] EI(,a> = —0.6157Eg. In this sense, nowadays, the corresponding values of

these quantities can be regarded as important benchmarks, especially for theoretical ap-
proaches. It is also worth mentioning that higher-order diagrammatic approximations
such as the SCTMA do not necessarily lead to improved accuracy in terms of the values
of relevant observables. In particular, a detailed comparison between the predictions of
the TMA and the SCTMA has been discussed in Ref. [54] demonstrating that the former
adequately estimates the experimentally observed polaron energy whereas the SCTMA
overestimates its magnitude in the strong-coupling regime. Moreover, the diagrammatic
Monte Carlo method based on bare Green’s functions in self-energies exhibits a better
convergence behavior compared to the ones employing dressed Green'’s functions due to
the approximate cancellation of higher-order diagrams [44]. As such, the partial inclusion
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of higher-order diagrams by replacing the bare Green’s functions with the dressed ones
may lead to overestimating the molecule-molecule and the polaron-molecule scattering
lengths in the strong-coupling regime [56].

As we demonstrated previously (see Figure 3), besides the fact that the spectral
response within the SCTMA method is broader compared to the one obtained in the
ETMA, the two spectra feature a qualitatively similar behavior. Indeed, both approaches
evince that the spectra beyond p = pr are strongly broadened. Recall that in this region
of momenta the atoms of the majority component, which form the Fermi sphere, cannot
follow the impurity atoms. This indicates that the dressed polaron state ceases to exist
due to the phenomenon of the Cherenkov instability [97,98], where the polaron moves
faster than the speed of sound of the medium and consequently it becomes unstable
against the spontaneous emission of elementary excitations of the medium. Such a spectral
broadening can also be observed in mesoscopic spin transport measurements [99] and
may also be related to the underlying polaron-Boltzmann gas transition [16] since the
contribution of high-momentum polarons can be captured in rf spectroscopy due to the
thermal broadening of the Fermi distribution function in Equation (7) at high temperatures.
Moreover, the momentum-resolved photoemission spectra would reveal these effects across
this transition.

4

(b) SCTMA
1 2 0 1 2 3

Figure 5. Polaron spectral function A (p,w) as a function of the momentum p and the energy w of the impurities at
temperature T = 0.2Tf, impurity concentration x = 0.1, and interaction (pga) ™' = 0. A (p, w) is calculated within (a) the
ETMA and (b) the SCTMA approaches. The vertical dashed line marks the Fermi momentum p = pg of the medium. While
the two approaches predict qualitatively similar spectra with a sharp peak at low momenta and broadening above p = pf,
the SCTMA result (b) shows a relatively broadened peak at low momenta compared to the ETMA one (a).

We remark that the medium spectral function A4 (p, w) is also useful to reveal the prop-
erties of strong-coupling polarons in the case of finite temperature and impurity concentra-
tion. Figure 6 presents A (p, w) for various impurity-medium couplings ((pra) ™! = —0.4,
0,04, 0.7, and 1.0) at T = 04Tz and x = 0.1. At (ppa)~! = —0.4 and (ppa) ! = 0,
A4(p = 0,w) features a single peak at w + yy4 = 0. On the other hand, at intermediate
couplings (ppa)~! = 0.4 and (ppa)~! = 0.7, besides a dominant spectral maximum a
second peak appears around w + pi4 = Ep. The latter evinces the backaction from the
repulsive polaron because the inset of Figure 6 shows that the repulsive polaron is located
around w + 4 > Eg. Moreover, at (ppa) ~! = 1, another peak emerges in the low-energy
region (w + py ~ —3Ef). This low-energy peak elucidates the emergence of two-body
molecules with the binding energy given by E,, = 1/(ma?) due to the strong impurity-
medium attraction. Concluding, the spectral function of the medium atoms can provide
us with useful information for the recently observed smooth crossover from polarons to
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molecules [17]. Notice also that spectral and thermodynamic signatures of the polaron-
molecule transition have been recently reported within a variational approach [100], while
the associated molecule-hole continuum can be captured using the TMA method [101].

In the following, we shall elaborate on the behavior of the spectral function of lower
dimensional Fermi polarons solely within the TMA approach. The latter provides an
adequate description of the polaron formation in our case since the induced interpolaron
interaction [59,60] is weak in the considered mass-balanced system.
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Figure 6. Spectral function of the medium A+(p = 0, w) within the ETMA approach at zero momen-
tum of the impurity and for different impurity-medium couplings (pra)~t = —0.4,0, 0.4, 0.7, and 1.0.
The temperature and the impurity concentration are given by T = 0.4Tf and x = 0.1, respectively.
The inset shows the corresponding impurity spectral functions A | (p = 0,w). While the sharp peak
at w4y = 0in A4(p = 0,w) is associated with the bare state, the small amplitude side peaks
at positive (w + py ~ Ep) and negative energies (w + p; ~ —3EF for the case with (thz)’1 =1
originate from the backaction due to the impurities.

2.2.2. Spectral Response of Fermi Polarons in Two-Dimensions

In two spatial dimensions, the attractive impurity-medium effective interaction gop < 0
is always accompanied by the existence of a two-body bound state whose energy scales as
—1/(ma3p) [102]. Simultaneously, the repulsive polaron branch appears at positive ener-
gies [25] in addition to the attractive one located at negative energies. This phenomenology
is similar to the case of a positive impurity-bath scattering length in 3D [101]. To elaborate
on the typical spectrum of 2D Fermi polarons below we employ a homogeneous Fermi
mixture characterized by an impurity concentration x = 0.1, temperature T = 0.3Tf, and a
typically weak dimensionless coupling parameter In(ppayp) = 0.4 where app is the 2D
scattering length introduced in Equation (3). The spectral response of both the fermionic
background (A4 (p, w)) and the impurities (A (p, w)) for varying momenta and energies
of the impurities within the TMA approach is depicted in Figure 7. We observe that the
small impurity concentration, i.e., x = 0.1, leads to the non-interacting dispersion of the
spectrum of the majority component given by Ay (p, w) =~ é(w — ¢, 1); see Figure 7a. In
this case, therefore, the medium does not experience any backaction from the impurities.
Importantly, one can indeed identify a sizable backaction on the medium in the case of a
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larger impurity concentration and smaller impurity-medium 2D scattering length as shown
in Figure 7(b1,b2) where T = 0.3Tf, x = 0.3, and In(pgasp) = 0. Moreover, since the repul-
sive interaction in the excited branch of the impurities (w + y| ~ Ep) is relatively strong,
the impurity excitation spectrum at positive energies (w + p| > 0) is largely broadened.
We note that the stable repulsive polaron branch can be found in the case of small app. It
also becomes evident that the impurity spectrum in 2D is largely broadened beyond p = pg
as compared to the 3D spectral response (Figure 5). Simultaneously, the intensity of the
metastable impurity excitation in the repulsive branch becomes relatively strong in both the
2D and 3D cases. This result implies that fast-moving impurities do not dress the medium
atoms and occupy the non-interacting excited states in such high-momentum regions.

x=0.1
In(pra,p) = 0.4
(a2) Minority (])
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Figure 7. Spectral function Ay (p, w) of the Fermi (a1) medium and (a2) impurities in two-dimensions
for different momenta and energies of the impurities. We consider a temperature T' = 0.3Tf, impurity
concentration x = 0.1, and dimensionless coupling parameter In(ppayp) = 0.4. The vertical dashed
line indicates the Fermi momentum p = pg of the majority component atoms. While the majority
component (a) exhibits a sharp peak with quadratic dispersion w + py = p?/(2m), the minority
atoms (b) form the attractive polaron at negative energies (w + p; < 0) and a broadened peak
associated with the repulsive impurity branch at positive energies (w + p| > 0). For comparison, we
provide the spectral functions of the medium (b1) and the impurities (b2) in the case of T = 0.3Tf,
x = 0.3 and In(ppayp) = 0. Evidently, the feedback on the medium from the impurities is enhanced
in the low-momentum region (p ~ 0).

2.2.3. Fermi Polarons in One-Dimension

In one spatial dimension the quasiparticle notion is somewhat more complicated as
compared to the higher-dimensional case. Interestingly, various experiments are nowadays
possible to realize 1D ensembles and thus probe the properties of the emergent quasi-
particles. Below, we provide spectral evidences of 1D Fermi polarons and in particular
calculate the respective A, (p, w) (Figure 8) for the background fermionic medium and the
minority atoms within the T-matrix approach including the Hartree correction. The system
has an impurity concentration x = 0.326, it lies at temperature T = 0.157Tf, and the 1D
dimensionless coupling parameter for the impurity-medium attraction is (pra;p) ! = 0.28
in Figure 8(al,a2). For comparison, we also provide A, (p,w) in Figure 8(b1,b2) for the
repulsive interaction case (pra;p)~! = —0.55 with system parameters x = 0.264 and
T = 0.598T¢. We remark that the impurity-medium attraction is considered weak herein
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such that the induced interpolaron interactions are negligible. In this sense, we do not
expect significant deviations when considering the ETMA or even the SCTMA approaches.
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Figure 8. Spectral function A, (p,w) of the fermionic (al) background and (a2) impurity atoms
of concentration x = 0.326 with an attractive medium-impurity interaction for varying momenta
and energies of the impurities in one-dimension. The system is at temperature T = 0.157Tf and
dimensionless coupling parameter (ppa;p) ™" = 0.28. Py = v/2mT is the momentum scale associated
with the temperature T. The vertical dashed line marks the Fermi momentum p = pg of the
background atoms. The majority component (al) is largely broadened due to the backaction from
the impurities in the low-momentum region (p < pr). On the other hand, the minority component
(a2) exhibits a sharp peak in the low-momentum region below p = pg and it is broadened above
p = pr- For comparison, we show the (b1) medium and (b2) impurity spectral functions in the case of
repulsive medium-impurity interaction characterized by (prajp) ! = —0.55, where the temperature
and the impurity concentraion are given by T = 0.598Tf and x = 0.264. Although the impurity
quasiparticle peak in the low-energy region (w + p| ~ 0) is shifted upward, the tendency of a spectral
broadening is similar to the attractive case.

It is also important to note here that in sharp contrast to higher spatial dimensions,
the coupling constant ¢ip does not vanish when A — oo in the renormalization pro-
cedure; see Section 2.1. Thus, we take the Hartree shift 2! = ¢;pN_, into account in
the building block of the self-energy diagrams [103]. This treatment is not necessary in
the single-polaron limit since X — 0 and ZlH = 10T Lp,ico, G?( p,iwy) (which is in-
cluded in the TMA self-energy) when x — 0. The non-vanishing coupling constant in
1D plays an important role in the emergence of induced interpolaron interactions as it
has been recently demonstrated, e.g., in Refs. [61,104,105]. The polaronic excitation prop-
erties obtained within the TMA approach show an excellent agreement with the results
of the thermodynamic Bethe ansatz [106]. The latter provides an exact solution in 1D
and in the single-polaron limit at T = 0 [102,107]. From these results, it is found that
there is no transition but rather a crossover behavior between polarons and molecules.
As it can be seen by inspecting Figure 8(al) the spectrum of the majority component is
affected by the scattering with the impurities. This is attributed to the relatively large
impurity concentration x considered here. In particular, A}(p,w) is broadened at low
momenta below p = pg. On the other hand, the spectral response of the impurities in
Figure 8(a2) exhibits a sharp peak associated with the attractive polaron below p = pg
and it becomes broadened above p = pp. Apparently, the curvature of the position
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of the polaron peak corresponding to the effective mass (curvature of the dispersion)
is changed around this value of the momentum. Similar broadening effects of sharp
peaks can be found even in the case of repulsive impurity-medium interaction shown in
Figure 8(b1,b2). However, the low-energy sharp peak (corresponding to the repulsive po-
laron) in the impurity spectrum (Figure 8(b2)) is shifted to larger energies as a consequence
of the impurity-medium repulsion.

3. Bose Polarons

In this section, we shall discuss the Bogoliubov theory of trapped Bose polaron sys-
tems in real space [86,108,109]. The reason for focusing on a real-space Bogoliubov theory
is to elaborate on the deformation of the BEC medium in the presence of an impurity.
Indeed, the interaction between the impurity and the medium bosons leads to significant
inhomogeneities of the density distribution of the background which cannot be described
within a simple Thomas—Fermi approximation. Such a modification of the boson distri-
bution causes, for instance, enhanced phonon emission [61,78]. Moreover, in cold atom
experiments the background bosons and the impurity are generally trapped. Considering
the impact of inhomogeneity that naturally arises in trapped systems, therefore, we treat
the Bose polaron in real space without plane wave expansion because the momentum
is not a good quantum number. Below, we review the description of a Bose polaron in
trapped 3D systems at zero temperature using the Bogoliubov theory and elaborate on the
ground state properties. We remark that our analysis, to be presented below, is applicable
independently of the shape of the external potential while for simplicity herein we consider
the case of a harmonic trap.

In particular, we consider a 3D setting where a single atomic impurity is trapped in an
external harmonic potential denoted by V;(r) and is embedded in a BEC medium that is
also trapped in an another harmonic potential V() whose center coincides with that of
Vi(r). Hereafter, we use units in which /1 = 1. This system is described by the following
model Hamiltonian

= fate 0[5+ vi) 900 +w [ B0 50 ”
+ e §00) [ )+ g 16000

Here, ¢ and ¢ are the field operators of the bosonic medium and the impurity, respectively.
myp) is the mass of the impurity atom (the medium bosons) and y is the chemical potential
of the medium bosons. The effective couplings g and gpp refer to the impurity-boson and
boson-boson interaction strengths, respectively.

3.1. Bogoliubov Theory for Bose Polaron Problems

First, we calculate the expectation value of the Hamiltonian in terms of the single-

impurity state [imp) = almp |0)imp in order to integrate out the impurity’s degree-of-freedom
. J V2

Al = [t ()| 51+ (o) 9o

' : (30)

2
de ¢ (r) {_ZVTB + V(1) + gily(0) > + gpd" (0§ (x) | $(x),

where @iy, denotes the annihilation operator of an impurity in the ground state; (r) is
the corresponding wave function that can be determined self-consistently by Equation (35).
In this way, we have obtained the effective Hamiltonian for the medium bosons, in which
the bosons experience an effective potential constructed by the external trap and the
density of the impurity gip|¢(r)|>. Since we have set the temperature to zero in the
present study, we have to assume that the medium bosons possess a condensed part,
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the so-called order parameter or the macroscopic wavefunction, when using perturbation
theory. It is known [87,110,111] that when BEC occurs, the vacuum expectation value of
the field operator ¢ leads to a non-zero function which is used as an order parameter,
ie, (p(1))p = ¢(r), where (---), means ,(0| - --|0),. The vacuum |0}, is determined
from the effective Hamiltonian (30) within the Bogoliubov theory to the second order of
fluctuations. This is equivalent to splitting the operator as ¢ = ¢ + ¢, where (), = 0.
Substituting this into the Hamiltonian of Equation (30) and expressing it in terms of
the different orders of ¢, we can readily obtain the expansion Hg ~ H(©) +H1) + %@
because the number of the non-condensed bosons is significantly smaller than that of the
condensed ones at zero temperature and weak couplings. In this expression, the individual
contributions correspond to

2 2
Ho /ddup*{fv—+Vl}w+/ddr¢*[fv—+vs+gnslw\2 + 82|62 u| 9, 31)
HD = /dd {——-FVB+gIB|¢\2+gBB\¢\2—H} +he, (32)
e L MN[ §
e oG 1))

where L(r) = —% + Vi(r) + gy (r)[* + 2gp| ¢ (1)|* — i, and M(r) = gpp¢*(r). Note
that we assume the weakly interacting limit of the medium to ensure the BEC dominating
condition and thus gpp is adequately small such that the perturbation theory is valid. In the
above expansion we ignore the contributions stemming from the third- and fourth-order
terms in the field operator assuming that they are negligible for the same reason.

Subsequently, let us derive the corresponding equations of motion that describe the
Bose-polaron system. From the Heisenberg equation, the bosonic field operator ¢ satisfies
i0:(9), = ([¢, HM) + AP)]), = 0 in the interaction picture. Accordingly, it is possible to
retrieve the celebrated Gross-Pitaevskii equation describing the BEC background

V2
[ g VolE) + 5 () + gmnlg(0) () =0 (59
We remark that here, for simplicity, we consider the stationary case where the conden-
sate is time-independent. Next, by following the variational principle for ¢ namely
J(Hp)p/op* = 0, we arrive at the Schrodinger equation for the impurity wavefunction

VZ
[—— Vi) + gnlp(0) +gmnex<r)]w<r> o, (35)

2m

where nex (1) = (¢ (r)§(r))}, is the density of the non-condensed bosons in vacuum, the so-
called quantum depletion.

To evaluate this expectation value, we need the ground state |0);, of the Hamiltonian
that can be obtained by the diagonalization of Equation (33). Namely, H? = ¥, E,b}b,

is achieved using the following field expansion ¢(r) = ¥, [Enun(r) + EZDZ(r)] . Here the
complete set {1, v;} satisfies the following system of linear equations being the so-called
Bogoliubov-de-Gennes (BdG) equations [112,113]

L(x) — M(x) ([ un(r) it (r)
=E .
(Mo 220) (0 ) == (06 o
We remark that the BAG equations are commonly used in mode analysis of condensates.
In this context, the real eigenvalues constitute the spectrum, while the complex eigenvalues
unveil the dynamically unstable modes of the condensate [114,115]. More precisely, if com-

plex eigenvalues exist then the Hamiltonian can not be expressed in the above-mentioned
diagonal form in terms of the annihilation/creation operators. As such, the dynamically
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unstable situation is beyond the scope of the present description. By using this expansion,
we can calculate the vacuum expectation, e.g., nex(r) = ¥, |04 (r)|2. For the numerical
calculations, to be presented below, the total number of bosons Nj is conserved, i.e.,

N = Ny + Nex, with Ny = /ddr |¢(r)|2and Nex = /ddr Nex(T). 37)

This condition is achieved by tuning the chemical potential y of the bosonic medium. Notice
that Nex becomes non-zero due to thermal fluctuations at finite temperature, while in the
ultracold regime it can be finite due to the presence of quantum fluctuations, otherwise
termed quantum depletion [116]. We also remark that all of the above Equations (34)—(36)
need to be solved simultaneously. The above-described treatment will be referred to in the
following as the real-space formulation of the Bose-polaron problem.

3.2. Quantum Depletion around a Bose Polaron

Since Nj is fixed (Equation (37)), the number of condensed particles Ny changes due
to the existence of Nex. This is a quantum effect that occurs even at zero temperature, and it
is called quantum depletion [111]. We need to clarify that the term quantum depletion
refers to the beyond mean-field corrections for the description of the bosonic ensemble. In
the following, we shall investigate the effect of an impurity on the quantum depletion of
the medium bosons at zero temperature. Indeed, the quantum depletion is a measurable
quantum effect that is included in Equation (35) and its quantification makes it possible to
evaluate the backaction of the impurity on the medium condensate.

A commonly used external confinement in cold atom experiments is the harmonic
potential. As such, here, we consider that the traps of the impurity and the bosonic medium
are spherically symmetric, namely,

1 1

Va(r) = Emgwérz and Vi(r) = Emlwlzrz. (38)
Accordingly, the order parameter of the BEC and the impuritys” wave function have spher-
ically symmetric forms, and therefore the underlying BdG eigenfunctions are separable
with the help of spherical harmonics as

Un,tm (r)} {un g(?‘)}
r) =¢(r), 1) =y(r), 4 = 4 Yy (01,62), 39
o) = 9(r), 9 = pin), {imom = {8y 000 )
where r = [r|. Here, (n,, {, m) denote the radial, azimuthal, and magnetic quantum

numbers, respectively.

As a further simplification, we consider the situation where wy is sufficiently larger
than wg, namely, the impurity is more tightly confined than the medium bosons. As such,
the order parameter ¢ of the condensate changes much more gradually with respect to
the spatial change of the impurity’s wave function ¢. Since the impurity’s wave function
is relatively narrow compared to the condensate and the impurity-medium interaction is
weak, the impurity essentially experiences to a good approximation an almost flat (homo-
geneous) environment. This also means that trap effects are not very pronounced in this
case. In this sense, ¢ can be regarded as being constant and the impurity’s wave function

can be well approximated by a Gaussian function i.e., (r) ~ (mﬁul) ! exp (—"5%12). We
remark that in the presence of another external potential, e.g., a double-well, one naturally
needs to employ another appropriate initial wavefunction ansatz for the impurity. To
experimentally realize such a setting it is possible to consider a K Fermi impurity im-
mersed in a Rb BEC, where n1;/mg ~ 0.460. For the medium we employ a total number
of bosons Ny = 10° and the ratio of the strength of the trapping potentials wi/wp = 10
with wpg = 20 x 27t Hz [9]. Moreover, for the boson-boson and impurity-boson interactions,
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we utilize the values 1/(113311]13/3) = 100 and 1/(a13n]13/3) = +1 with ng = NB/ (%d%)
and dg = /mpws.

To reveal the backaction of the impurity on the bosonic environment we provide the
corresponding ground state density profiles of the condensed and the depleted part of the
bath in Figure 9a,c, respectively. In the case of gjg > 0 ( g1g < 0), the condensate experiences
an additional potential hump (dip) at the location of the impurity and eventually it seems
to be slightly repelled from (pulled towards) the impurity as shown in Figure 9b, where
the deformation of the radial profile of the condensate from the case of zero impurity-
medium interactions is provided. Moreover, in order to appreciate the role of the quantum
depletion of the BEC environment we illustrate its depletion density in the absence and
in the presence of the impurity in Figure 9b,d, respectively. Apparently, the degree of the
quantum depletion decreases (increases) (Figure 9d) for g;g > 0 (g8 < 0), a phenomenon
that is accompanied by the deformation of the condensate density. The effect of the impurity
on the quantum depletion of the condensate is summarized in the Table 1. Inspecting the
latter we can deduce that the quantum depletion decreases (increases) when the interaction
is repulsive (attractive). This is a non-trivial result caused by the presence of the trap since
in a uniform system [117-119] the depletion always increases irrespectively of whether the
interaction is positive or negative.

(a) 40 (b) 25
—_— ‘l/amnyx‘ = 0o \\ 1/1113"%;/3 =1

« 30 Q 1 ‘\\ ——— l/amny:‘:—l

= m"dm \
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Figure 9. Radial profiles of (a) the order parameter ¢(r) = ¢(r;913 = 0)/+/No/4m and (c) the density of depletion
flex(r) = nex(r; g = 0) in the absence of an impurity. Differences of the radial profiles of (b) the order parameter
3P(r) = (¢p(r; g8) — p(r; g8 = 0))/+/No /47 and (d) the density of depletion 8n1ex (r) = nex(7; g18) — nex(7; 15 = 0) in the
presence of an impurity from the result depicted in (a) and (c), respectively.
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Table 1. The number of depletion Neyx and its deviation dNex = 47 fdr rzénex(r) from the case of
zero impurity-medium interaction. It is evident that degree of depletion increases (decreases) for
attractive (repulsive) interactions.

1/(apny®) 0 +1 -1
Nex 24.244 24.220 24.270
ONex 0 —2.361 x 1072 2.584 x 1072

4. Conclusions

In this work, we have discussed the existence and behavior of Fermi and Bose po-
larons that can be realized in ultracold quantum gases focusing on their backaction on
the background medium. We have explicated three different diagrammatic approaches
applicable to Fermi polarons in the homogeneous case. These include the TMA, the ETMA,
and the SCTMA frameworks, where the ETMA considers induced two-body interpolaron
interactions and the SCTMA includes two- and three-body ones. Importantly, we have
explicitly derived the mediated two- and three-body interpolaron correlation effects as
captured within the different diagrammatic approaches. Although these induced interac-
tions are weak in the considered mass-balanced Fermi polaron systems, our framework
can be applied to various settings such as mass-imbalanced Fermi polaron systems. Using
this strong-coupling approach, we analyze the spectral response of the Fermi polaron in
one-, two-, and three- spatial dimensions at finite temperature. It has been shown that the
spectral function of the minority component exhibits a sharp polaron dispersion in the low-
momentum region but it is broadened for higher momenta. Moreover, we argue that the
spectral response reflects the character of majority atoms forming a Fermi sphere while a
strong interaction between the majority and the minority atoms induces a two-body bound
state between a medium atom and an impurity particle. The presence of this two-body
bound state becomes more important in lower dimensions.

Next, we present the mean-field treatment of trapped Bose polarons in three-dimensions
and analyze the role of quantum depletion identified by the deformation of the background
density within the framework of Bogoliubov theory of excitations. A systematic investi-
gation of the latter enables us to deduce that the repulsive (attractive) impurity-medium
interaction, giving rise to repulsive (attractive) Bose polarons, induces a decreasing (in-
creasing) condensate depletion captured by the deformation of the density distribution of
the host. This effect is a consequence of the presence of the external confinement since for
a homogeneous background the quantum depletion increases independently of the sign
of the impurity-medium interaction. Therefore, this result is considered as a particular
feature of the trapped system.

Our investigation opens up the possibility for further studies on various polaron
aspects. In particular, the effect of finite temperatures and the impurity concentration on
the 2D Fermi polaron spectral response is expected to play a significant role close to the
Berezinskii-Kosterlitz-Thouless transition of molecules [120]. Moreover, systems charac-
terized by highly mass-imbalanced components, e.g., heavy polarons, provide promising
candidates for the realization of more pronounced polaron-polaron induced interactions.
However, the treatment of these settings will most probably require a more sophisticated
approach including for instance three-body correlations between the atoms of the medium.
Additionally, the investigation of finite sized systems at non-zero temperatures in the
dimensional crossover from 3D to 2D as it has been reported e.g., in Ref. [121] but in
the ultracold and single-polaron limits offers an interesting perspective for forthcoming
endeavors. Furthermore, the comparison of the predictions of our methodology to treat
the effect of quantum fluctuations in Bose polaron settings with other approaches based
also on the mean-field framework [118,119] is certainly of interest. Finally, the backac-
tion of the impurities on the medium when considering dipolar interactions between the
medium atoms may affect the density collapse of the medium at strong impurity-medium
attractions [122] and thus provides another intriguing prospect.
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Abstract: We investigate the properties of a dilute gas of impurities embedded in an ultracold gas of
bosons that forms a Bose—Einstein condensate (BEC). This work focuses mainly on the equation of
state (EoS) of the impurity gas at zero temperature and the induced interaction between impurities
mediated by the host bath. We use perturbative field-theory approaches, such as Hugenholtz—
Pines formalism, in the weakly interacting regime. In turn, for strong interactions, we aim at
non-perturbative techniques such as quantum-Monte Carlo (QMC) methods. Our findings agree
with experimental observations for an ultra dilute gas of impurities, modeled in the framework of
the single impurity problem; however, as the density of impurities increases, systematic deviations
are displayed with respect to the one-body Bose polaron problem.

Keywords: polaron—polaron interaction; induced interaction; gas of impurities; quantum—-Monte
Carlo

1. Introduction

In a non-relativistic framework, interactions mediated by a scalar bosonic field are in
general attractive in 3D. This paradigm maps into a system of impurities interacting with
an ultra-cold bosonic gas. In the case of a single impurity, the problem is known as the Bose
polaron problem. In solid state systems, polarons are relevant to describe specific properties
in materials. For instance, understanding the motion of electrons in a polar crystal gives
insight into how good a material conducts. Yet, a complete microscopical description of
the problem is unfeasible due to the complexity and imperfections in solids. Landau and
Pekar introduced the concept of polaron [1,2], to give an approximate good description of
the many-body problem in terms of quasiparticles—a strongly correlated system maps into
a weakly interacting gas of elementary excitations. Thus, the particles in the system are
modeled as almost non-interacting particles with a renormalized energy and mass. This
simplification yields that the latter problem is more trackable within analytical, yet robust,
approaches. For instance, electrons in a polarizable lattice [3] and electrons in 3He and *He
have been prominent candidates to test Landau theory [4,5].

Besides the single-particle renormalization quantities, quasiparticles may interact
among them because they are not in free space and ripples in the medium interfere, i.e., its
host medium could mediate interactions. Restoring to the concept of adiabaticity—also in
the heart of Landau’s theory—one can consider a system of non-interacting particles at = 0
and suddenly quench the interaction; thus, a one-to-one correspondence is established
between particles and the low-energy excitations of the non-interacting system in the
neighborhood of the Fermi surface and even yet-excited states are occupied, the interaction
between quasiparticles is not negligible. In the case of bosons, the Pauli principle is no
longer a constraint, and the interaction between bosonic quasiparticles are more significant
with respect to its fermionic counterpart [6].

Detection of quasiparticles, as well as their experimental control, is achievable by
using ultracold quantum gases. Impurities embedded in a degenerate quantum gas form
either a Fermi polaron [7-13] or a Bose polaron [14-19] depending on the statistical nature
of the host bath. In addition, tunability on the impurity—bath interaction [20,21] allows
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exploring the strongly interacting regime, inaccessible in the solid-state realm. Theo-
retically, the problem of a single impurity in a quantum gas have been addressed with
several techniques such as mean-field, perturbation theory, renormalization group, modi-
fied Gross-Pitaevskii equation, variational ansatzes and field-theory approaches [22-36]
and numerical approaches such as quantum Monte-Carlo methods [37-40]. Interestingly,
the single-particle polaron problem agrees very well with experiments, where the number
of impurities is on the order of five up to ten percent with respect to the total number of
atoms of the host gas. A priori, one of the conclusions drawn from this observation is that
the interaction between polarons appears to be negligible. Recently, it has been shown
that polaron—polaron interaction can manifest only when the impurity-bath interaction is
sizable in slow impurities [41]. The typical scenario is the strongly interacting regime where
the scattering length is much larger than the interparticle distance between host atoms
(the bath becomes more compressible favoring the effective interaction). In the particular
case of two impurities, induced interactions are attractive, and bound-states known as
bipolaron are expected to be formed [42-44]. Recently, the ground state properties of a gas
of impurities in a BEC have been extracted from the structure factor of the impurity gas by
using variational methods [45]. Strong induced interactions can also be manifested in the
weakly interacting regime if the momentum of the impurity is resonant with a mode of
the condensate [6], however, in this work we are interested in the case of slow polarons
(momentum zero).

In this work, we turn our attention to the case of many impurities, where impurity
statistics plays an important role. Here we investigate the ground state properties of bosonic
impurities immersed in a Bose-Einstein condensate at zero temperature using perturbative
approaches such as Hugenholtz—-Pines for weak coupling. At the same time, QMC tech-
niques are employed to study the strongly interacting regime. From an experimental point
of view, a system of few impurities immersed in a quantum gas is more realistic than the
case of a single one. Yet, there is an open question of whether the interactions between
polarons are relevant for the different time scales in the system.

The article is organized as follows. In Section 2, we present the EoS for a multi-impurity
system in the weakly interacting regime. Here we employ the Hugenholtz-Pines formalism,
and we derive an expression for small polarization and coupling strength. Furthermore,
we introduce the general form of the Jastrow wave function and the specific potentials used
in QMC calculations. Section 3 discusses the results, and finally, conclusions are drawn in
Section 4.

2. Methods

The system consists of a two-component quantum gas formed by bosons. The first
component (host gas) is a Bose—Einstein condensate (BEC) characterized by a density 4,
while the second component is embedded into the host gas and is formed by atoms of
density 1, termed from now on, as impurities. The Hamiltonian in the second quantization
of the system reads,

P2 2,1 o .
H =) 2, o +) g Tl +5v Y Vin(@)ag g —ghedx
P k kK,q
1 . . A 1 R R A
+ v A sz(q)c£+qc£,7qck/ck + v k; Vu(q)ahqcﬁ_qckrak , 1)
K q K q

the operators ¢p (6;;) annihilate (create) an impurity atom of mass m; and momentum P,
whereas dy (4} ) annihilates (creates) a boson of mass mp and momentum fik. The intra-
and interspecies interactions are short-range and without loss of generality we consider
the equal mass case m; = mp = m. The boson-boson and impurity-boson interaction
terms can be written as Vi1 (k) = 4mh?aqq /m and Vip(k) = 47th’asy/m respectively; the
impurity-impurity term reads Vy (k) = 471 a5, / m. Where ayq, a1p and ay, are the s-wave
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scattering lengths. In current experiments ay, is finite, however in order to disentangle an
induced interaction effect form the bare impurity—impurity interactions we may consider
the case a3, = 0, such as the case of bi-polarons [42,44].

2.1. Weakly Interacting Regime

In this section, we estimate the polaron energy for the gas of impurities interacting
with a majority condensate. The system can be accurately described by using the Gross—
Pitaevskii theory in the regime, where the coupling strength impurity-bath is small or
comparable with the one of the host bath. For a large number of atoms in the condensate
and slow-moving impurities, one writes the chemical potential of the mixture as:

i =~ ¥ (1) + guamn (1) + g12m2(1) + Vexea (1) + 1 gy (1 (1), 2 (r) @
_ v (2)
po = =gy a(r) + g22ma (v) + g12m1 (¥) + Vext2(x) + piyppy (1 (x), 92 (x))

Here, p» is identified as the polaron energy in the weakly interacting regime and Voy;;
is the external potential experienced by the components in the mixture. Components 1 and
2 can be chosen as two hyperfine states and one can safely use the same external potential.
The beyond mean-field or Lee-Huang—Yang (LHY) contribution reads, y%HY = dn,€LHY,
where €y is the density energy computed within the Hugenholtz—Pines formalism [46]
and coincides with the results for the chemical potential in a two-component quantum
mixture [47]. Thus, the polaron energy up to the second-order reads

32 3/2 h
u = 3ff2( wh) Y] Q3 %9:2Qu, ®

2
with the term Q+ =1+ P% + \/<1 — P@> + 4P(”12> and the polarization P = ny /1.

a1
Computing explicitly the derivative in Equation (3) one has

327 I
LHY _ )32
" 143 Wy, 4
2 32 11( 1) 2 A @

with the function W), defined as

an _ V)
Wy =232 144 <P”“ 1)+2”11”22 . (5)

o \/(1 p"22)+4p(gg)2

The results derived so far are exact for a weakly interacting mixture and they coincide
with [47]. The beyond-single impurity limit can be obtained by expanding out the energy
in terms of P and keep, as well, the terms up to the second-order in the coupling strength
(a12/0a11 )2 ; thus, the polaron energy reads

o ) 32f 3/2 az hz
H2 = |:.”szngle + —= 3\/2 (”1”11) <E>F(P):| W%l (6)

where the single polaron energy [25,37] in the weakly interacting regime is recovered

32 a
= 4yl 12 1 nyad;)t/2212 7
Hsingle = n 1, - i + 3ﬁ( 1 1]) i (7)

and the function taking into account the effects of the impurity concentration is

F(P) = kyP + kyP*/? + kP2, 8)
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a1 a1 a1 a1

st <533 002 (2) () - 3()") mab - 23(2) ()"

Note that, for ay = 0, the interactions vanishes in the weakly interacting regime. If we

consider a1; = a = a, the polaron energy reads, pa = psingle + 3f (n1a )S/ZF(P),
_ a12\2 5 ra12\2\ 32 a12\2
F(P)78\ﬁ<7) P+4\f2<17§(7> )P +12ﬁ(7) P2. )

In the derivation of the previous equation it is important to highlight that results

are reliable in weak coupling, namely /n743, Zu < 1 and small polarization, M/N < 1.
In the strongly interacting regime, one expects a large condensate depletion because of the
strong presence of impurities. Hence, we use non-perturbative methods, such as Monte
Carlo techniques. The method implementation for a system of impurities is discussed in
the next session.

2.2. Strongly Interacting Regime

In this section, we exclusively use QMC methods to compute the ground-state energy
of a system of M impurities immersed in a bath of N bosonic atoms. In QMC simulations
we use a box of size L = (N/nl)l/3 > & being & = (87tnyar;) /2 the healing length of the
bath. In addition, periodic boundary conditions are employed. The general Hamiltonian of
the system reads

hZ N M
,% <Z Vlz + Z Vz) + ZVH(YU Z V22 raﬁ + Z Z V12 T,a (10)
i=1 a=1

i<j a<p i=la=

and the previous Hamiltonian is written in a similar way to the one in Equation (1).
However, we employ different model potentials in our definitions, corresponding to finite
and short-range potentials. In particular, we use a hard-sphere potential where the radius
of the sphere corresponds to the boson-boson and impurity—impurity scattering lengths,
respectively. Instead, the impurity-boson potential is modeled by a square well for both
attractive and repulsive interactions, namely V(r) = —Vj for r < Ry, being Ry the range
of the potential and V(r) = 0 otherwise [37,48]. We fix the strength of the potential V;
and the impurity-boson scattering length depends on the range of the potential via a1, =
Ro[1 — 5580l ] with 0(R,) = e
is the intra-particle distance between impurities and bosons respectively. Whereas 7;, =
|r; — 1g| is the interparticle distance between the impurity and the host bath component.
The trial wave function for this system is written as the product,

1 (R, Ra) = Iy p f1(rap) T Ticj fo (ri) ITi T f12(Yia) (11)

Here R; and R; represent the positions of the impurities and bosons, respectively.
The Jastrow wave function is obtained by solving the two-body problem with the pairwise
potentials aforementioned. Explicit expressions for the trial wave functions are widely
discussed in references [37,48]. The local energy in QMC algorithms is defined as

In addition, ryp = |rﬁ — r,,(‘ and r;; = |rl ]-‘

ﬁ(v%*1+v%‘2>¢T(R1’R2) V(R1,R2)¢r(Ry, Rz)
2m l/JT(Rl,Rz) l/JT(R],Rz) !

Ep=— (12)

here Ry ={ry,rp,- -+, rn} and Ra ={s1, 52, - -, Sp} are the position of the atoms of compo-
nent 1 and component 2 respectively and V(R3, Rz) is an external potential. By using the
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Ep=-—

definition of the trial wave-function in Equation (11), the gradients in the previous equation
can be computed explicitly,

Vi, ¥r(R,R2) = ¥a(Rp) {(V%{I‘I’l(Rl))‘Plz(Rle) + ¥ (Ry) (V%xllf’lz(Rl,RZD
+  2VR,%1(Rq) - VR, ¥12(R1, Rp)]] (13)
and
Vi ¥1(R,R2) = ¥(Ry) Kvﬁz‘f’z(Rz))‘fﬁz(NRz) + %2 (R2) (szz‘fflz(RLRz))
+  2VR,%2(R2) - VR, ¥12(R1, R2)] (14)

and plugging into the local energy and rearranging terms one obtains

K2 V%{llfll (Rl) V%{ZIPZ(RZ) (vil + v%{z)q/H(RL RZ)

2m ) #(Ry) ¥2(Rz) Y12(R1, R2)
Vr,Y1(R1) Vg, ¥12(Rq,Rz) Vi, 2(R2) Vg ‘fﬁz(Rl,Rz)}
+2—1 . +2—2 . +V(Ry, R 15
¥1(Rq) Y12(R1, Ry) *(Rz) ¥12(R1, R2) (R1,R2) (15
the local energy is finally obtained as
Er = E{N(Ry) + EB(Ry) 4+ E (R, Ra) + EB(Rq, Ry) + Fy - Fip + F> - Foy + V(Ry, Ra) (16)

with the local energies and quantum force terms written as

Vﬁl 1 (Rq) V%{l 15 (Rq,Rz)

2
Ef(R1)  Ef(Ry,Ry) — " ¥1(Rq) ¥12(R1,Rz) (17)
EE(R,R2)  EB(Ry) 2m | Vk,f(RiR2) Vi, %(Re)
#12(R1,Rz) % (Rz)
and
Vg, ¥1(R1) VR, 12(R1,Rz)
Fi(R1)) FpRyRo) \ _ 7 [ 279my o (R, R,) (18)
F»1(Rq,Ry) F»(Rz) T om | VR, *2(RiRyp) VR, ¥2(R2)
¥12(Rq,Rz) % (Rz)
respectively. Thus, the EoS of the impurity gas is computed as,
i =E(M,N)— E(N). (19)

Here, E(N, M) is the ground state energy of the full system, whereas E(N) depicts
the energy of the host bosons. The “quantum force” can be used to build an alternative
estimator to check the correct implementation of the trial wave function in a similar
way to the single-impurity case [49]. In addition, to use the numerical method in the
regime where the Bogoliubov theory breaks down, our numerical technique includes all
possible correlations in the system and includes the critical role of the Bose-Bose interaction
and the quantum nature of both impurities and bath [50], which ultimately defines the
compressibility of the bath that is relevant for mediated interactions.

3. Results and Discussion

In this section, we compute the EoS y of the impurity gas for weak and strong cou-
pling using QMC methods and compare the polaron energy expansion in the Frohlich
regime. The latter is obtained within the Hugenholtz-Pines formalism and derived under
the assumption that the depletion of the condensate is small enough to justify the use of
the Bogoliubov approximation. In contrast, QMC techniques allow computing the accu-
rately the polaron EoS within statistical uncertainly. This non-perturbative technique does
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not rely on the Bogoliubov approximation and it is suitable for describing the strongly
interacting regime.
In Figure 1 we plot the total polaron energy (Equation (19)) as a function of the di-

mensionless coupling strength 1/ (k,a12) with k, = (67r2n1)]/3, For a gas parameter,

nad, = 107° we scan all the coupling strengths from the weak to the strong coupling
regime. Comparison with the perturbative results in Section 2.1 is affordable in the weak
coupling and low polarization limits. The polaron energy is computed for different po-
larizations ranging from P = 0.05 to P = 0.15. Note that current experiments in polaron
physics with ultra-cold atoms rely on impurity polarization of the order of P = 0.1 or less
and resemble our current case as the inter-species impurity—impurity scattering length is
finite and repulsive. The latter is important to guarantee the mechanical stability of the
system as P increases.
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Figure 1. Total polaron energy yu (excited state) as a function of the coupling strength for different
polarization P = M/N in the weak and intermediate coupling. The gas parameter is taken to
be na3; = 1075 Inset: comparison between perturbation theory and the QMC result for highest
polarization P = 0.15. The red squares represents the theoretical results using perturbation theory
in [37] (Subfigure adapted from [49]), whereas the black dashed line depicts the calculation in this
work (see Equation (9)), here aj; = ap;. Error bars are smaller than the size symbol.

The single impurity regime holds for values of the coupling strength |1/ (kya12)| > 1,
yet deviations from this limit are displayed as both the impurity—boson coupling (k,a12)
and the polarization increases. In fact, the analytical result obtained in Equation (6) is strictly
valid for |1/ (kna12)| > 1 and small polarization, i.e., P < 1. Higher correlations play an
important role in the beyond mean-field regime and are captured by our numerical method.
The bare polaron energy y increases with the number of impurities, as similarly observed
in [45]. The repulsive mean-field energy of the impurity gas ~g2,1, is much larger than
any attractive induced interaction mediated by the bath. The upwards shift of the energy
agrees with recent results in reference [45]. For small polarization, for example, P = 0.047,
the theory agrees reasonably with the numerical calculation up to values of 1/k,a1; < 1,
noticeable as the polarization increases, the agreement between the perturbative approach
and the simulations still prevails for larger values of 1/k,a1,. Up to a concentration near
to the 15%, the critical value where no dependence is observed is around 1/ (k,a12) > 1.4
for these specific parameters. Similarly to the single-polaron case, the unitary limit is not
reachable from this repulsive branch.

In Figure 2a, we compute the EoS, see Equation (19), for a system of a few impurities
with a negative coupling strength a1, and null direct interacting between impurities ay; = 0.
Similarly to Figure 1 where the EoS is normalized to the polarization at weak coupling,
all lines overlap; however, in the strongly interacting regime, small deviations are pre-
sented, which are better displayed when the induced interaction is computed. In Figure 2a,
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the green symbols depict QMC calculations for the polaron energy in the single impurity
case [19]. The polaron energy has a negligible dependence with the number of impurities
for values of polarization P < 0.1 in current experiments [15], however by considering no
net inter-impurity interaction as in the current calculation, the dependence appear to be
considerable from values of polarization larger than the 5%. In experiments, a positive
impurity-impurity interaction dominates over any residual interaction and the system
is stable.
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Figure 2. (a) EoS for polarons (ground-state) we added a and b for subfigure, please check. as a
function of the number of impurities and coupling strength. Error bars are smaller than the size
symbol. (b) Induced interaction for a ultra dilute gas of impurities computed as in Equation (20) for a
polarization P = 0.109.

However, for ay; = 0, the system has two possibilities, either (i) the attractive induced
interaction drives the impurity system into a collapse, for a large polarization—similarly to
the case of a condensate with attractive interactions in a homogeneous space [51] or (ii) a
few-particle bound-state such as multi-polaron can stabilize the system [52]. The reason
is that impurities tend to attract to each other regardless of the sign of a1,. A naive way
to understand the induced interaction is considering two impurities interacting with a
homogeneous condensate. If a1, > 0, there is a local hole in the density, thus creating a local
density depletion in the impurities neighborhood and therefore, the energy minimizes as the
impurities get closer. Contrary, for a1, < 0, the local depletion caused by the impurity atoms
creates a local bump and the energy is minimized as the two approaches the high-density
regions. In the weakly interacting regime, the induced interaction corresponds to a Yukawa-
type of interaction in 3D [42] or exponential trend in 1D [44,53]. A two-body impurity—
impurity (bipolaron state) bound state always exist for —1 < 1/kpa1, < 0, hence it may
favor the formation of few-body bound states, akin to the case of ionic polarons [54,55]
where a many-body bound state emerges from bound two-body correlations. In fact,
from our calculations, higher concentrations of impurities may drive the system into
clusterization. To compute the effective interaction, we calculate the ground-state energy
of the whole system consisting of M impurities and N bosons, E(M, N) with respect to
the energy of the host bath in the absence of impurities, namely i = E(M, N) — E(0,N),
and compare it with the binding energy of the single polaron (11 = E(1,N) — E(0, N)).
If polarons do not interact, E(M, N) equals ME(1, N), which is the typical case of weak
coupling. Thus an attractive induced interaction appears when

Ay = E(M,N) — ME(1,N) + (M —1)E(0,N) < 0 (20)

In Figure 2b, we compute the induced interaction Ay as a function of the coupling
strength. As expected, the attractive induced interaction increases as a function of the
coupling strength. In the weakly interacting regime, it is negligible, in stark contrast,
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N N

to the strong coupling, where few-body bound states of impurities arise similar to the
bi-polaron (in the case of two impurities). Although the induced interaction is relevant
in the strongly interacting regime, there might be a critical number for the polarization
where the system undergoes a dynamical collapse, similar to an ideal gas with underlying
attractive interactions. Another interesting point is the attractive interaction between
polarons that can compete with the direct repulsion between impurities which is set
by imposing a positive 4y, and the system may undergo into amorphous nucleation of
impurities, forming thus an ultra dilute liquid of impurities. Both the transition and the
role of impurity interaction need to be addressed carefully in the future. Additional quasi-
particles properties such as the residue can be obtained by computing the limit at larges
distances of the one-body density matrix of the impurity gas [54,56].

4. Conclusions

In this work, we have studied the role of an impurity gas in a Bose-Einstein condensate
and the possibility of creating multipolaronic states. Our studies focused on the role of
the impurity-bath and impurity-impurity interaction, which is the situation in current
experiments of polarons and mixtures. The single polaron limit in the Frohlich framework
is recovered for very weak impurity-boson coupling and low polarization. The EoS of the
polaron gas strongly depends on both the polarization and the impurity-boson couplings.
In this work, we compute this equation for impurities in the ground state and excited state.
In the former, multi-polaron states or few-body impurity states are expected to be formed
in the neighborhood of the resonance. We explicitly compute the induced interaction
and compare the results with mean field approaches in the weakly interacting regime.
A significant problem arises in the strongly interacting regime as still remains a question on
the stability of the impurity gas as interactions and polarization grow out of the impurity
limit. Another exciting avenue, as an outlook, is the role of thermal fluctuations. Contrary to
the single impurity case, statistics and temperature play essential roles. Finite temperature
effect may favor the stabilization of the system against collapse [57]. In addition, both a
non-negligible concentration of impurities and finite temperature effects may combine,
changing the polaron properties drastically in comparison with the single impurity case
at T = 0, as recently revealed for Fermi polarons [58]. Finally, another avenue is studying
the role of the direct impurity—impurity interaction and its influence on forming a gas or
liquid of polarons and the role of bosonic quasi-particles in the formation of self-bound
structures [59-61].
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Abstract: We present a comprehensive discussion of the ground-state properties of dilute D-dimensional
Bose gas interacting with a few static impurities. Assuming the short-ranged character of the boson-
impurity interaction, we calculated the energy of three- and two-dimensional Bose systems with one
and two impurities immersed.

Keywords: Bose polaron and bipolaron; effective field theory approach; induced interaction

1. Introduction

The problem of impurities in mediums formed by bosons is comprehensively studied
in condensed matter physics. Even properties of a single atom immersed in the weakly
interacting Bose gas change drastically [1-5]. Depending on the strength of the boson—
impurity interaction, a number of physically distinct impurity phases can be realized,
namely, the Bose-polaronic state [6-9] in various spatial dimensions, which is very simi-
lar to the free-particle one but with the modified, due to the presence of bath, kinematic
characteristics; the molecular state [10,11], when the impurity captures one boson with the
formation of a dimer; a set of the Efimov states [12-15] with the universal scaling behavior
of energy levels, and higher-order conglomerates, [16-21] which involve a larger number
of host atoms. Remarkably, some of these phases can be observed in experiments [22,23].
The experimental progress in the field of ultra-cold atomic gases has recently lead to the ob-
servation [24] of Bose polarons at finite temperatures. This experiment confirmed previous
theoretical predictions [25-30] about the breakdown of the quasi-particle picture description
of Bose polarons in a close vicinity of the Bose-Einstein condensation (BEC) point.

Recently, the problem of two impurities immersed in the dilute one and three-dimensional
Bose gases has become a subject of extensive examination. Physically, this problem is
substantially distinguishable from the single Bose polaron one due to the emergence of the
induced effective interaction [31-34] between impurity particles. In 1D, the character of
this interaction crucially depends on a sign of the boson-impurity coupling constant [35];
the effective attraction is found for positive couplings, while the induced repulsive po-
tential is inherent for the negative interactions. While it increases, the induced attractive
interaction between impurities leads to the formation of bipolarons [36] in the continuum
and on the lattice [37] and even to the emergence of the two-polaron bound states [38].
In one-dimensional geometries with harmonic trapping, the induced interaction causes the
clustering [39] of two initially non-interacting atoms and modifies their quench dynam-
ics [40]. By switching the boson—-impurity interaction in 3D dilute BEC with two impurities,
the transition from weakly interacting through the Yukawa potential bipolarons to the
Efimov trimer state was predicted in Ref. [41]. Recently, properties of a single polaron in 2D
BEC have been discussed both analytically [42,43] and numerically [44,45]. The arbitrary D
one-polaron case was considered in Ref. [46]. As far as we know, the problem of two Bose
polarons in 2D Bose gas has never been discussed; therefore, the objective of this study
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was to make the first step toward the revealing of peculiarities of the bipolaron physics
and the boson-induced effective interaction between impurities by considering the static
limit. The absence of the impurity dynamics in this limit allows to find the exact solution
of the problem in the dilute 1D Bose mediums both in one- [47] and two-particle [48,49]
cases. In 3D, only a case of the ideal Bose gas [50,51] is the exactly tractable one, while the
presence of a weak boson-boson interaction requires [52] a substantial numerical efforts.

2. Formulation
2.1. Model

The discussed model consists of the D-dimensional (here we focus on D = 2,3 cases)
Bose gas loaded in volume LP (with the periodic boundary conditions imposed) with
the weak interparticle interaction and microscopic number N of heavy (infinite-mass)
impurities immersed in it. Heavy particles are supposed to be randomly placed in positions
{r;}. In the following, we adopt the imaginary-time path-integral approach with Euclidean
action

§ =[xy () {or —e+u—0()}p(x) - LA [axly() Y, 8

where x = (7,r) denotes the “position” in D + 1-dimensional space (and consequently
Jdx = foﬂ dt [, p dr), and the complex field i(x) is periodic in T with period g (which is
the inverse temperature of the system). We also use the shorthand notations for bosonic

dispersion € = hzZ and the chemical potential y that fixes average density # of Bose gas

and for the term

<I>(r): Z gI,A5A(r7rj)r (2)
1<j<N

that describes the interaction between Bose particles and impurities. The J-like two-body
potential is ill-defined in the higher (D > 2) dimensions, and therefore, in order to obtain
any reasonable results one should adopt some renormalization scheme. The latter is typi-
cally realized by the implication of the ultraviolet cutoff A in all momentum summations
and in the simultaneous rewriting of bare couplings ¢p A and g; A via the two-body vacuum
binding energies e and €/

PR |
85 =85 — T;T' ©)

_ 1
81,/1\ 7?;

m‘,_\

4)

respectively, (from now on, we assume that all summations over the wave-vector k are re-
stricted from the above |k| < A). Such a “regularization” is already used in the definition of
the point-like boson-impurity interaction potential, i (r) = L% YiKj<a ¢%*, in Equation (2).
The “observable” couplings gp and g are specified as follows

sk ? D
r(:2 2 D

where I'(z) stands for the gamma function. Note that the bound states are only possible for
positive ggs and grs, but it is convenient to parameterize negative couplings by the binding
energies. By careful inspection of the D — 2 limit, one can conclude that Equations (3)—(6)
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provide a correct description of zero-range potentials even in the two-dimensional case.
Moreover, the D = 2 pseudo-potential always provides the existence of one bound state.

The alternative method (see, for instance [53]) to deal with point-like interactions is to
initially start from some “physical” (Gaussian, for instance) potentials and then relate the
appropriate coupling constant to the s-wave scattering lengths ag and a; in the limit where
the effective ranges are the smallest parameters with the dimension of length in the system.
In the following, no restrictions are set on a magnitude of the boson-impurity interaction,
while the Bose gas itself is expected to be extremely dilute.

2.2. Effective Field Theory Approach

The further analysis will be performed in a spirit of the effective field theory approach
(see, for a review [54]), which is known to be extremely convenient for the many-boson
systems. Particularly, this formulation automatically guarantees the implementation of the
Hugengoltz-Pines theorem (which is a concrete manifestation of the Goldstone theorem)
in every order of a loop expansion. Moreover, the effective field theory approach provides
a non-perturbative predictions for the Bose gas thermodynamics. In the limit of weak
boson-boson coupling, the loop expansion is identical to the perturbation theory in terms
of characteristic small parameter ab'n. The main idea of the method relies on the separation
of “classical” dynamics during the computations of the partition function by means of the
path integral

$(x) = o) +P(x), ¥*(x) = ¢5(r) + 9" (), )

where the introduced classical fields are determined by the minimization of the action (1):
8So = 8S[1p;, o] = 0. Note that in general |¢(r)|? should not be confused with the Bose
condensate density. In the absence of impurities, ®(r) = 0, the solution ¢y(r) is real
and uniform. Putting a microscopic amount of heavy particles in the Bose condensate,
we cannot principally change the character of this solution provided that 1 (r) becomes
only slightly non-uniform, i.e., [;p dr|go(r)|* o« LP. Of course, one may argue that the
localized solutions () decrease the total energy by o« —A|e;|, but any non-zero repulsion
between bosons immediately increases the energy of the system by « N2gg/aP. Therefore,
the collapsed BEC state [50] is not energetically preferable in the thermodynamic limit,
where both the number of the repulsively interacting bosons N and the volume of the box
LD infinitely increase.
Performing the shift (7), we end up with the following effective action

Sut = So— % / dx[l/?*(x)/lp(x)m{ l}}/}*((xx)) } X

where only the Gaussian in the fluctuation fields part is explicitly written down. Here the
2 x 2 matrix operator K with elements

Rip =e—p+®(r) +2gp,al¢0(r)]* — 0x,
Kz = K5y = gpa95(x),
Ry =& — p+ ®(r) + 285 Al o (1) [* + 0z ©)

is introduced. Taking into account the equation for ()
{e=n+0) +gaalpo fpo(x) = 0, 10)

and performing the Gaussian integration in (8), we finally obtain the grand potential of the
Bose system with the impurities immersed

_ _8BA a1 ¢
Q= 5 Ludr\¢0(r)| +2ﬁSpan const, (11)
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where Sp denotes the trace in the D + 1 space. A constant term (counterterm) in (11)
is most straightforwardly represented in the plane-wave basis const = %Zk<k\€ —pu+
2g8 4|0 (r)|? + @(r)|k) but cannot be obtained by the functional integration and has to
be written by hand [55] in order to resolve a standard normal-ordering routine. Conse-
quently, the calculation of thermodynamics for “Bose gas + static impurities” reduces to
finding a solution of Equation (10) and then, with ¢ (r) in hand, to the evaluation of the
functional determinant. Note that by taking into account Sy only, one reproduces the
mean-field [56-61] description of the system generalized to A impurities in the static limit.
In comparison to other Bose-polaron theories, the adopted approach takes into account the
correct short-distance boson-impurity physics from the very beginning of the celebrated
Bogoliubov treatment of dilute Bose condensates.

2.3. Limit of Dilute Bose Gas

In the general case, the above program, which can be realized to the very end in
1D [48] even at finite impurity masses [56,58,62], requires considerable numerical efforts in
the higher dimensions, but the limit of weak inter-boson interaction can be handled more
or less easily. Indeed, the intrinsic, for the dilute Bose gas, length-scale is represented by
the coherence length { = % (with ¢ = y/ngp/m being the sound velocity), which is large
in comparison to the average distance between particles and to the boson-boson s-wave
scattering length ag. The magnitude of the boson-impurity interaction, in turn, is dictated
by the boson-impurity s-wave scattering length a;. So, if we additionally assume that
a; < ¢, the solution of Equation (10) can be immediately found ¢o(r) = \/p/gp a =~ V1.
In all other cases, we can apply the successive expansion in terms of the y-field “non-

uniformity”
go() = /u/gea{l = 8" (0 =97 (1) ..}, 12)

where after the substitution in Equation (10) the dimensionless functions 1/381) (), 1/3é2) (r)
satisfy the following equations:

{e+2u+ ()} (1) = @(1), (13)
fe 2t @) =3 (5 ()" (14)

Note that the above approximate procedure does not require the boson-impurity
interaction to be weak. Furthermore, by a naive dimensional analysis, it is easy to argue that
both at the weak and strong couplings gj, the contribution of the second-order correction
Jzéz) (r) in the thermodynamics of the system is much smaller than the one originating from

l[_)ém (r). Therefore, in our consideration below we fully focus on the first-order correction.
However, even this simple approximation effectively sums up some infinite set of terms of
the standard pertubation theory for a model with the uniform condensate [47]. Equation (13)
with ®(r) given by (2) can be solved for arbitrary A/ by means of the Fourier transformation

ik(r—r;)
~(1) - 1 e 7
o= ¥ AN, (15)
0 1§]Z§;N ]LD¥8[(+2]1
with g, = hzz—r];z and coefficients A; = Y1 <j< s Tji(—2p), where matrix Tj;(—2u) is introduced
in Appendix A.

We can now proceed with the calculations of the functional determinantin (11). Taking
into account the extreme diluteness of the Bose subsystem, it is enough to expand Sp In K~

SpInR© + Sp{ [K(O>]*1AI%}, where R is given by (9) but with y(r) — \/}t/gp,a and

AR = K — RO Following our previous discussion, we ignore in AK all higher-order
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corrections except 1/3(()1) (r). After this, the calculations are relatively simple, and at absolute
zero we obtain the Q)-potential in the adopted approximation

2
Q~-p A
2888 8BA1EN

1 1 +u/2
e —emp- o+ p S-S 54 ag
k k k 1<j<N

where £ = /(e + ®(r))% + 2u(e + P(r)) and Ex = /2 4 2ug stands for the Bogoliubov
spectrum of the “pure” Bose system. It should be noted that for dilute Bose systems the
impact of the quantum fluctuations (terms with the summations over the wave-vector) to ()
is much smaller than the first two terms (the mean-field contributions). The last step to be
performed in these calculations is to replace the bare couplings gp A and g A via (3) and (4),
respectively. This procedure provides the convergence of sums over the wave-vector in
the last two terms of (16). Then, the trace in the third term of (16) can be computed (see
Appendix A for details). With the well-defined grand potential, we can relate, by using
the thermodynamic identity n = ,%L%, the chemical potential of the Bose system to
its equilibrium density n. Performing these calculations, one must keep in mind that the
presence of a microscopic number of impurities cannot principally change the properties of
the system. So, if we denote (and appropriate grand potential Q)g) the chemical potential
of Bose gas without exterior particles by i3, the difference Ay = u — up & N'/LP should

be small. Using this fact and n = —0 8 _ 940

ouLD ~ 9u LD’

_9A0 220
oup 8;4%
gains when N impurities are immersed

we can identify a small correction

Ap =

. The latter formula allows to determine the energy that the Bose system

AEy = (Q - QB)‘;HMB/ 17)

which is an explicit manifestation of the well-known theorem about small corrections to
the thermodynamic potentials.

3. Results

Before we proceed to describing our main results, it is necessary to analyze the case of
“pure” bosons. Setting ®(r) = 0 in (16) and calculating integrals, we obtain for density

s _rm)Ggf*
”ss{l or(2) \esl ) J" (e

which allows to obtain the expression for yp iteratively. For the weakly non-ideal three-

dimensional bosons we find the well-known formula (eg| = mh—; in 3D)
B

4rthagn 32 3
;13:7{1—&-%\/11113—&-...}. (19)

Similarly, in the two-dimensional case we have the transcendental equation [63]

n:m—yi{ln@fl}. (20)
47th HB

Being convinced that the limit of Bose gas without impurities is correctly reproduced
by the adopted approach, we are ready to present our main results concerning the binding
energy of one- and two-impurity atoms in the dilute three- and two-dimensional Bose gases.
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3.1. 3D Case
In the 3D case, the general structure of the two-impurity binding energy in the dilute
Bose gas (n¢® < 1) can be represented as

AE; = AEY) [81 (%g) - %sz(%;%) +.. } @1

where AE;O) = 2gn is the contribution of the ideal Bose gas; a; is the s-wave scattering

2
length that parameterizes the (renormalized) two-body coupling g; = # ;and R is the
distance between two static particles. The first term in (21) has a simple analytic form

ar RY _ ¢/a
Sl(ir > - C/al_z_,’_e—ZR/é/(R/g)’ (22)

and originates purely from the mean-field correction to the grand potential (the second
term in (16)), while &, (% ; %) contains both the mean-field and purely quantum corrections.
Note that in the formula for () only the one-loop corrections were taken into account, and
a consistent consideration of the next to a leading order terms in series expansion over
the small parameter 1/ (n&3) necessarily requires the calculation of the two-loop diagrams
to the grand potential. By setting the distance between heavy particles R to infinity, one
obtains from (21) the one-impurity limit. A typical behavior of functions &7, (%’ ; oo) is

presented in Figure 1.

6 T T

4

-6 - T - .
4 2 0 2 4
alg

Figure 1. Dimensionless functions ¢; » (%, oo) determining the one-impurity energy in 3D dilute
Bose gas.

Let us recall that the problem considered here is the exactly solvable one, when the
bosons are non-interacting. Therefore, it should be clearly understood that the presented
results are accurate if the coherence length ¢ is the largest parameter with the dimension of
the length in the system. In order to reveal the interplay between regimes of very dilute
ar/& — 0 Bose gas and intermediate boson-impurity interaction, we plotted in Figure 2
the binding energy of two heavy particles for the positive and negative s-wave scattering
lengths a;.
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Figure 2. Mean-field and the first-order quantum corrections &7 » (%’ ; %) to the energy of 3D dilute
Bose gas generated by two impurities for % = £0.01 and %1 =+1

Comparing these findings to the ideal Bose gas results [50], we can observe similar
patterns in the behavior of the systems at weak coupling: at positive a;, the binding energy
is the monotonic function of R, while at the negative boson—-impurity scattering lengths

both, €, (70.01 ; %) have a simple-pole singularity. When the interaction increases (see

right panel in Figure 2) the mean-field and quantum corrections to the ground-state energy
of 3D Bose gas possess an infinite discontinuities independently of a sign of a;.

3.2. 2D Case

In general, the low-dimensional dilute Bose systems with static impurities are very
peculiar. When the interaction between bosons is switched off, these systems are insen-
sible to the boson—-impurity interaction in their un-collapsed ground state, and therefore,
the binding energy of the heavy particles requires a finite compressibility of the host system
to be non-zero. This is a general result for the low-dimensional (1D and 2D) ideal Bose
gases with impurities that is independent of the approximations made. Introducing the
two-body s-wave scattering length a; through the boson-impurity vacuum bound state
energy |ej| = 2¢~2"h?/ (ma7), we can write down the energy that the 2D Bose gas gains
when two heavy particles are immersed in it

_ 27th%n ar R 1 ar R
sr =) () < | )

As in the 3D case, the mean-field correction casts into a simple analytic form

1

ag R
q<gﬁ—): , @4)
F () k(%)

Ko(z) is the modified Bessel function of the second kind [64]. Note that in contrast to
a 3D case, € (%I ; %) tends to zero (at least logarithmically) in the limit of ideal Bose gas

(¢ — 0). Atlarge distances R, Equation (23) gives the double binding energy of a single
impurity, which is presented in Figure 3.

Particularly, these calculations clearly demonstrate the weakening of the role of quan-
tum fluctuations in the formation of polarons in two-dimensional Bose systems. Actually,
this observation [62] seems to be intrinsic for the low-dimensional systems in general.
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Figure 3. Dimensioless one-impurity binding energy terms €1 » <% ; oo) (see Equation (23)) in 2D case.

The numerical computations of the two-impurity energies (see Figure 4).
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Figure 4. The two-impurity dimensionless binding energy corrections ¢; » (%1 ; %) in 2D dilute
Bose gas.

The 2D Bose gas demonstrates qualitative similarity between the two- and three-
dimensional cases. At weak boson—-impurity interactions a;/¢ < 1, where our effective
field-theoretical formulation is supposed to make a quantitative predictions, the mean-field
term €7 (%’ ; %) as well as the one that includes the quantum corrections &, (% ; %) behave
as monotonic functions of R. The interaction-induced effective two-body potential between
static particles at large a; /¢ always contains a singularity.

4. Conclusions

In summary, by means of the effective field theory formulation, we calculated the
impurity-induced shifts to the ground-state energies of the two- and three-dimensional
dilute Bose gases. Particularly, by taking into account the extreme diluteness of the host
bosons, we proposed the approximate procedure that allows to calculate the properties
of an arbitrary (microscopic) number of static impurities in terms of a characteristic small
parameter 1/ (n¢P) (where n and ¢ are the density and the coherence length of bosons,
respectively). The numerical calculations of the binding energies of two static impurities in
dilute 2D and 3D Bose gases that were performed for a wide range of the boson-impurity
interactions and distances between impurities has revealed the peculiarities of the medium-
induced (Casimir) forces: (i) the two-body effective potential always demonstrates singular
behavior at the distances between impurities comparable to the boson-impurity s-wave
scattering lengths aj; (ii) an impact of purely quantum corrections decreases with the
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lowering of a spatial dimensionality. Similar singularities are also intrinsic for the binding
energy of a single impurity at a; ~ ¢, which may signal [65] about the inapplicability of
the adopted approximate treatment for calculations of the “classical” solution ¢y (r) in that
region, where the full numerical solution to Equation (10) is required.
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Appendix A

For completeness, in this section we give some details of the calculations not presented
in the main text. Let us first start from the equation that determines the classical field ¢ (r).
Explicitly writing down Equation (13), after the implementation of ansatz (15)

1 pik(r—r;)
A'(SA(I‘—I“)-F gI,A5A(r—r') Ai— S
1§;’Z§:N ! ! 1§;‘Z§:N ]19%\/ lLD%E"Jrz”
= ) giabalr—r)),

1<j<N

and combining j = i terms in double sum with the first term of equation, we obtain

1 eik(r/-—ri)

—y ———A; =1
19';5NLD . e+ 2u

1 1 1
I SI,A Lb ;Ek‘l*zy

The divergent sum in the square brackets is now regularized by the renormalization
of a coupling constant (4), so the final result contains only observable g;. One can easily
recognize the square brackets as the boson—-impurity two-body T-matrix

1 1
-1 _ 1
t(w) —gl,A*L*D;w,gk'
and introducing auxiliary notations
1 elk(rifr/)
A e
() Lb ; w — g

we find the result for coefficients A j announced in the main text

Ar= Y Ty(=2p), TN (=2p) = Gty (=2p) — Dyj(=2p) (1 = ).
1<ZN
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For the calculation of the trace in the second term of (16), we used formal identity

;(k\é'fsfyf@(r)\k) = /de(w){\/w2+2yw7w774},

D(w) = ;aqfs(w —e— ®(r)[k).

The density of states D(w) is easily calculated within the Green'’s function method [50]

D(w) = 2{5(0.} — &) — %Im

(K| T (w +iO)|k>}
k

(w +1i0 — g)?
where the T-matrix 7 (w) characterizes the scattering of a single boson on NV impurities

<q|T((U)‘k> = Z eiiqriTij(w)eikrl-‘
1<i,j<N

The calculations of (k|7 (w +i0)|k) in the density of states requires the knowledge of
an explicit analytic formulas for the boson-impurity two-body T-matrix

_ T(52) (m\? D_ D_
@ = 2 () [t el ],
(2m)z \h

and a function Ajj(w) = Ag(w) of distance R = |r; — r;| between two impurities in
arbitrary D

1 2mkD-2Kp 1(Rko)

Ot (ret

where k,, = v/2m(—w)/h, and K, (z) is the modified Bessel function of the second kind [64].
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Abstract: Recent studies have demonstrated that higher than two-body bath-impurity correlations
are not important for quantitatively describing the ground state of the Bose polaron. Motivated by the
above, we employ the so-called Gross Ansatz (GA) approach to unravel the stationary and dynamical
properties of the homogeneous one-dimensional Bose-polaron for different impurity momenta and
bath-impurity couplings. We explicate that the character of the equilibrium state crossovers from
the quasi-particle Bose polaron regime to the collective-excitation stationary dark-bright soliton
for varying impurity momentum and interactions. Following an interspecies interaction quench
the temporal orthogonality catastrophe is identified, provided that bath-impurity interactions are
sufficiently stronger than the intraspecies bath ones, thus generalizing the results of the confined
case. This catastrophe originates from the formation of dispersive shock wave structures associ-
ated with the zero-range character of the bath-impurity potential. For initially moving impurities,
a momentum transfer process from the impurity to the dispersive shock waves via the exerted
drag force is demonstrated, resulting in a final polaronic state with reduced velocity. Our results
clearly demonstrate the crucial role of non-linear excitations for determining the behavior of the
one-dimensional Bose polaron.

Keywords: Bose polaron; pattern formation; temporal orthogonality catastrophe; Lee-Low-Pines
transformation; mobile and immobile impurities

1. Introduction

Polaronic excitations constitute an ubiquitous class of quasi-particles, incorporating
important ramifications in multiple branches of physics [1]. In material science polarons
are encountered in several classes of technologically relevant materials, for instance, in
He droplets [2,3], polar [4-8] or organic [9-11] semiconductors and transition metal ox-
ides [12,13], while their broad relevance stretches even towards biophysics [14]. Their
formation, properties and interactions are key elements in important phenomena such
as the electric conductivity of polymers [15,16], the organic magnetoresistance [17], the
Kondo effect [18] and even high-temperature superconductivity [19-24]. Therefore, it is
not surprising that ultracold atoms, being one of the prime platforms for quantum simula-
tion [25], have been employed for studying polaronic structures. In these systems, two
different kinds of polaronic excitations have been experimentally realized to date. Namely,
the Fermi polaron [26-31] referring to an impurity interacting with an extensive gas of
fermionic atoms, and the Bose polaron [32-37], where the environment possesses a bosonic
character. Accordingly, these systems have recently been a topic of intense theoretical study
in the ultracold community especially regarding their stationary properties [38,39,39-63].
Lately, it has been argued that the ground state of the Bose polaron can be well-described in
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terms of a simple Gross-Pitaevskii mean-field type variational approach [55-65] herewith
referred to as the Gross Ansatz (GA)!. The latter neglects all correlations except for the
two-body bath-impurity ones.

The dynamics of the Bose polaron has also been actively explored [66-74,74—-83].
Among the many different facets of the polaron dynamics, here we will focus on the phe-
nomenon of temporal orthogonality catastrophe [58,79-83]. The latter occurs when an
impurity is embedded into an adequately strongly repulsive Bose gas and is manifested by
the rapid evolution of the system state towards a configuration orthogonal to the initial one,
signifying the dynamical decay of the Bose polaron. In particular, the temporal orthogonal-
ity catastrophe has been extensively explored in the case of confined one-dimensional (1D)
Bose gases, where an effective potential description, delineated by the bath density and
impurity-medium coupling, has been found to be crucial for understanding the dynam-
ical behavior of the system [72,76,77,80-85]. This potential is speculated to be the origin
of the temporal orthogonality catastrophe, leading to the question of whether a similar
mechanism appears in the homogeneous setting where the notion of the effective potential
does not exist. Recent studies indicate that this actually might be the case [58,60,61]. One
of our central objectives is thus to address this issue and reveal the origin of the temporal
orthogonality catastrophe phenomenon for homogeneous Bose gases.

The main culprit for the manifestation of this phenomenon in homogeneous systems
refers to the possible emission of non-linear waves by the Bose-Einstein Condensate (BEC).
Importantly, over the past decades the Gross-Pitaevskii equation has proven to perfectly
describe such non-linear excitations [86,87]. The relevant ones for the 1D setting refer,
among others, to dark-solitons [88-90] and dispersive shock waves [91-94], which have
been also realized experimentally [95-98]. In addition, numerous recent studies exemplified
that these excitations also occur in the presence of interparticle correlations [73,98-105],
albeit possessing a more involved behavior than their mean-field counterparts. In this
context, it is crucial to answering whether such non-linear excitations contribute to the
dynamics of the Bose polaron, a question which is further mandated by the similarity
between the GA equations-of-motion and the Gross-Pitaevskii one.

In this work, we employ the GA formulation to examine the equilibrium and dynami-
cal properties of the repulsive Bose polaron and its relation to non-linear pattern formation.
After revisiting the ground state behavior of the Bose polaron [55-57,59], we focus on
the equilibrium properties of a moving polaron, where we unveil the crossover from the
polaronic to a dark-bright soliton regime. The above indicates a quite intriguing crossover
of the impurity state which for weak interspecies repulsions and/or impurity momenta
realizes a quasi-particle and in the opposite limit contributes to a collective excitation of
the bosonic host. The comparison of the equilibrium results obtained through GA with the
Multi-Layer Multi-Configuration Time-Dependent Hartree method for atomic mixtures
(ML-MCTHDX) [106], verifies the exceptional accuracy of the former in describing the
two-particle interspecies correlations of the system. In particular, the GA approach provides
in this case almost identical results to the correlated ML-MCTDHX method for the energy,
effective mass, and bath-impurity correlations of the Bose polaron, while it overestimates
the polaronic residue.

We subsequently explore the dynamical response of the system within GA, by em-
ploying interspecies interaction quenches from zero to a finite repulsive coupling. Here,
the temporal orthogonality catastrophe is exhibited for all initial impurity momenta, as
long as the bath-impurity interactions are sufficiently stronger than the intraspecies bath
ones, a phenomenon that generalizes the results reported in the confined scenario [79-83].
Interestingly, we show for the first time that this mechanism is related to the formation
of dispersive shock wave structures associated with the short-range character of the bath-
impurity potential. Note that independently shock wave formation has been demonstrated
after the collision of two polaronic clouds immersed in a Fermi medium [107]. In all cases,
the post quench state of the system corresponds to a Bose polaron, accompanied by two
dispersive shock wave excitations traveling away from the impurity and having a velocity
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equal to the speed of sound. For moving impurities, we monitor the drag force being
exerted by the bosonic host to the impurity and resulting in a momentum transfer from the
impurity to the emitted dispersive shock waves. This process leads to the final polaronic
state possessing a reduced velocity when compared to the initial one and tending to vanish
for strong repulsions as a consequence of the amplification of the drag force. The above
demonstrates the crucial role of non-linear excitations in the dynamics of the Bose polaron.

This work is structured as follows. Section 2 introduces the homogeneous binary
mixture setup and the concept of the Lee-Low-Pines transformation. In Section 3 we
present our main theoretical approach in terms of the GA, which we apply to characterize
the static and moving Bose polaron at equilibrium. In order to establish the validity of the
GA approach in characterizing the 1D polaron, in Section 4 we compare our GA results with
the fully correlated ML-MCTDHX approach. The dynamics of the Bose polaron, associated
with the emergence of the temporal orthogonality catastrophe phenomenon is outlined
in Section 5. In Section 6 we summarize our results and provide future perspectives for
further study. Appendix A elaborates on the bosonic momentum renormalization in
the thermodynamic limit of 1D systems, while Appendix B explores the impact of the
range of the interspecies interaction potential on the nature of the emitted excitations
during the dynamics. Finally, Appendix C outlines the ingredients of the employed
computational approaches.

2. Polaron Hamiltonian and Lee-Low-Pines Transformation

We consider a system of Np bosons of mass mp interacting with a single impurity
atom of mass m; within a 1D ring of perimeter L. It is described by the Hamiltonian

ol w2 Z Z y
— + ¢BI O xkfxl + ¢BB (5 xkka/) 1)
2mp = axk ©2mpox 2 k=1 K<k

=

where x;, k = 1,..., Np, correspond to the coordinates of the bath particles and x; refers
to the position of the impurity. In addition, ggp and gp; correspond to the intraspecies
interactions of the bath atoms and the interspecies coupling among the bath atom and the
impurity respectively. Notice, that ring confinement of ultracold gases is experimentally
feasible [108,109]. Here we are also interested in the limit L — oo, where our results con-
verge to the thermodynamic limit of homogeneous systems and the boundary conditions
become irrelevant. In this context, box potentials emulating the homogeneous thermo-
dynamic limit results can be also realized experimentally [110-113]. In either case, the
system is adequately described as 1D when it is subjected to strong confinement along
with the transverse spatial directions. The transverse confinement leads to the modification
of the scattering length of the atomic collisions and allows for the control of the involved
interaction strengths via confinement and Fano-Feshbach resonances [114].

There are several theoretical approaches to tackle the properties of the Hamiltonian
of Equation (1) for small ggp. Traditionally they mainly relied on the linearization of the
intraspecies interaction term of the bath via the Bogoliubov approach [43,49,50,115]. Here
we will take an alternative route based on the spatial homogeneity of the system, which
allows us to further simplify the Hamiltonian of Equation (1), by performing the so-called
Lee-Low-Pines transformation [116-118]. The latter is a coordinate transformation to the
frame-of-reference of the impurity, namely 7, = x; — x; and r; = x;. The transformed
Hamiltonian reads

2 Np 32
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where m, = (mlg1 + m;l)’1 is the reduced mass of the bath-impurity system. Interestingly,
the momentum operator of the impurity p; = fiha% commutes with the transformed
Hamiltonian, Equation (2), and therefore the momentum of the impurity is conserved in
the Lee-Low-Pines transformed frame. This allows us to simplify the two-species system
into an effective single-species one, by replacing p; = p; € R. This reduction comes with
the expense of having to deal with an additional momentum-momentum interaction term
for the bath atoms, with a coupling inversely proportional to the mass of the impurity ;.

3. Gross Ansatz Treatment of the Lee-Low-Pines Hamiltonian

In the case n; — oo, Hyp reduces to the well-studied Lieb-Liniger model [119], with an
additional J-shaped potential at the origin r = 0. It is known [120] that the excitation
spectrum of the Lieb-Liniger model is well described by the Bogoliubov one [121] for
YLL = ZmBgBB/(hznO) < 1, where ny is the density of the bath atoms, nyp = Np/L.
This motivates a mean-field treatment of the Hamiltonian of Equation (2) in the case of
small gpp. In particular, we expand the state of the system in terms of the so-called GA,
[¥(t)) = [¥ca(t)), with [3,122],

1 Np
Yoa(rnr, ..., rngit) = ﬁen”’”Hw(rk;t), ®3)
k=1

with p; being the momentum of the impurity in the Lee-Low-Pines frame. Additionally,
(r;t) is the single-particle wavefunction occupied by all the bath atoms. Note here
that, within GA, ¢(r;t) depends only on r; = x4 — x;. Another important feature of this
wavefunction ansatz, Equation (3), is that it neglects all correlations emanating among
the bath particles. As a consequence, it assumes that the bath despite the presence of the
impurity, remains in a BEC state. Nevertheless, the correlations among the impurity and
the bath particles are properly taken into account. This can be verified by considering the
two-body density of the bath and the impurity atoms

o1 (xpixist) = molp (s — xi; ) = molp(ri; DI # o (ris e (i) = 2. @)

In summary, the GA allows us to obtain the variationally optimal two-body correlations
between the impurity and the bath, by neglecting all higher-order correlations [3].

3.1. The Polaron Solution

To find the variationally optimal configuration within the GA approximation we
have to minimize the energy functional stemming from Hpp, under the constraint of a
normalized ¢(r). The corresponding functional can be obtained by e.g., following the
Dirac-Frenkel variational principle [123,124] and introducing the Lagrange coefficient ()

Elyp ()] = (Yea(0) e — v [Yea(t) )+ n(Na (1= [ ar p(rin)?)
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The variation of Equation (5) yields the Gross-Pitaevskii type [121] equation

) 9 itko(t) @
1h&zp(r,t)— “ o a2 iy $+g315(r)

(6)
T gms(Np — D[p(r 1)~ u} pist),

where fiky(t) = (pl +if(Ng —1) [dr' ¢*(+; t)%:%). Notice here the non-linear depen-

dence of Equation (6) on %—‘f, which goes beyond the framework of the standard Gross-
Pitaevskii equation and accounts for the coupling of the impurity momentum with the
state of the bath.

Herewith, let us focus on stationary solutions, ¥ (r;t) = ¥(r), where Equation (5)
reduces to the corresponding energy functional and ko(t) = ko, #(t) = . We remark that
Equation (6) has already been solved in Ref. [94] for Ng, L — co, while nyp = Np/L = finite
and in the case of a given value of ko. Setting (1) = /n(r)/Npe'?(") the ingredients of the
underlying solution read

it
o(r) = H{tan ( fﬁ)—m‘l( th|\\[+7?>}

with B = v/c, v = (1— ,32)*%, the speed of sound defined as ¢ = \/gppno/m, and
the flow velocity v = fikg/m of the BEC relative to the impurity. The healing length is
¢ = h/\/2m;gppny and the Lagrange coefficient, 1 = gppnp, which can be identified as
the chemical potential [121]. In order to express the solution belonging to Equation (7) in
terms of the system parameters gp; and pj, the values of ry and v have to be determined
self-consistently by solving the following two algebraic equations

n(r) = no [ﬁz + % tanh? } and

@)

2 he fé
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Here Ag is the phase difference of the BEC wavefunction, (), at r = 00, namely

Ap = lim ¢(r) — limoo<p(r)

r—00

=z{tan4 <57“’ \/%9 ,tafl(ﬁ%)} ©)

Before proceeding, let us stress that the solution of Equation (7) possesses uncon-
ventional boundary conditions as the wavefunction changes by a phase factor ¢/2¢ from
r — —oo to r — +o00. This is the reason of the existence of the term o Ag in Equation (8).
In particular, in the presence of such boundary conditions the bosonic momentum needs to
be renormalized by a finite amount [121] (see also Appendix A). This implies that p; is not
connected with v via the relation p; = m v, a fact that will become particularly important
later on. Additionally, a phase difference A¢ # 0 which is realized for p; # 0 implies
a global change in the BEC wavefunction ¢(r). This feature indicates that the 1D Bose
polaron, within GA, possesses the character of a collective excitation of the BEC.
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3.2. The Case of a Static Polaron

Recently, the properties of the Gross-Pitaevskii type Equation (6) have been inten-
sively studied [55-62,64,65] especially in one and three spatial dimensions. Below we will
briefly review the implications of the 1D solution Equation (7) on the properties of the
polaron [55-59]. For p; = 0 the self consistency Equation (8) can be solved exactly, yielding

B =0and
o = i sinh ! <2—hc> (10)
V2 gBI
Consequently, most of the properties of the Bose polaron depend on the ratio,
_1
8BI 8BI mp\ ?
e = =1+ — . 11
e \/'YLLgBB< +m,) (11)

Recall that the GA description is expected to be valid as long as 1. < 1. Therefore, the
behavior of the polaron is mainly tunable via the ratio of the intra and interspecies interac-
tion strengths and the mass imbalance among the impurity and the bath particles. However,

_1
this mass ratio, mp/mj, affects Equation (11) only weakly since 0.18 < (l + 'r%) $ <098

for all currently experimentally realizable ultracold setups?, leading to the conclusion
that the most important factor for characterizing the state of the polaron is the interaction
strength fraction gp;/ ¢pp-

A quantity that will be important for the description of the polaron dynamics is its
energy, E, = E[¢(r)] — Eo, with Eg = gppn3/2, being the excess energy of the polaron state
with respect to the energy of the system for gg; = 0. Thus, the energy of the static polaron
(see also Equation (5)) reads

3
5

8BI\? &BI
1+(%) m” 12)

A simple Taylor expansion in terms of %, demonstrates that the energy of the polaron
within GA grows linearly for small ggj, as is also expected for the non-interacting BEC
background, (r) = /. Significant deviations only appear when gp; ~ 2fic, where the
energy of the polaron becomes smaller than the one of the corresponding non-interacting
profile, Eny = gprto, since the BEC density in the vicinity of the impurity is suppressed.
For strong repulsions, namely gp;/(2fic) > 1, the energy of the polaron saturates to the
value 4icng /3, a tendency which has been shown to qualitatively agree with corresponding
Quantum Monte Carlo predictions in Ref. [54].

Figure 1a, demonstrates the behavior of Ep, over the characteristic energy scale ficrg
for increasing gp;/ (27ic). By comparing the behavior of this quantity with the first-order
asymptotics of Equation (12), we can observe the emergence of the three distinct inter-
action regimes. Namely, for small, gg;/(2fic) < 0.25, and large values, gp;/(2fic) > 2,
the impurity-medium energy, Ep,, matches the results of the corresponding asymptotic
expansions. In contrast, within the intermediate interaction regime 0.25 < gp;/(2fic) < 2
deviations between the exact values of Ep, Equation (12), and the approximate Taylor
expansions occur. Finally, let us note that the typical energy scale of the system ficn is
related to the corresponding interaction-independent one th% /mp via

W*n}
heng = 4| TR (1 + @> iy 13)
2 my mpg

which is a function of the Lieb-Liniger parameter, 71 1, and the mass ratio, mp/m;. The above

indicate that the energy scale of the Bose polaron is small compared to the non-interacting
energy scale, hzn% /mp, at least when we focus on the case of a BEC host in which 911 < 1.
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Figure 1. Analytical predictions for the energy and critical velocity of the Bose polaron within
GA. (a) Polaron energy, Ep, [Equation (12)] and (b) critical velocity of the polaronic solution, Berit,
[Equation (14)] for varying bath-impurity interaction strength, gp;. In both cases the solid lines
indicate the exact results while the dashed lines correspond to weak (leftmost line), O(g Bl )2, and

2hc
BI

strong (rightmost line), O( ) asymptotic Taylor expansions.

3.3. Moving Polaron and the Soliton Solution

Having briefly commented on the analytic polaron solution for p; = 0, let us elaborate
on the case of a moving polaron with p; # 0, where no analytic solution exists and it has
been far less discussed in the literature. In that case, the parameters of the polaron need to
be found numerically by solving the self-consistency Equation (8), for rg and § [57]. It can
be easily proven that solutions of Equation (8) for r( exist only in the case that the velocity
of the polaron f, does not exceed the critical one B¢ [94]. The value of the critical velocity,
Varit = ParitC, can be obtained by finding the maximum with respect to r( of the right-hand
side of the first self consistency equation, Equation (8), see also Ref. [94]. This process
yields the following algebraic equation

\/ 1+ 8ﬁCI’1t 1 + Zﬁcrlt

4.Bcr1t 1+ \/ 1+ Sﬁcrlt

Notice here, that the value of the critical velocity depends only on the ratio gg;/ (2hc).
The behavior of Bi; along with its strong and weak asymptotics is provided in Figure 1b.
It can be seen that for gg; = 0 the critical velocity is equal to the speed of sound, Buit = 1,
and for increasing gp; it is suppressed. For large gp;, Berit behaves as Berir &« 1/gp;, in
agreement with the predictions of Ref. [94].

At a first glance, one would expect that the value of Bt can be employed for deriving
an upper bound for the maximally allowed p;, however here we will argue that this is not
the case. In particular, for p; = £hing7 the Gross-Pitaevskii type Equation (6) can be solved
analytically yielding the black soliton solution

B — V2 (1-Bla) (14)

lpp[:ihngn(r) = :F\/%tanh (15)

’
V2g

Since the impurity lies at x; = 0 being the notch of the black-soliton, this solution
actually corresponds to a dark-bright soliton for the composite system. It might seem
contradictory that in the case of relatively large momenta, |p;| = 7thny, a stationary BEC
flow is encountered. However, this counterintuitive result can be attributed to the fact that
p1 does not refer to the momentum of the impurity in the laboratory frame. In particular
by inverting the Lee-Low-Pines transformation we obtain

Jab & .
b Z(-%*) 16)
Ti

i=1
N————

=Ps
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with pp being the momentum of the bath in the impurity frame, which is invariant under
the frame transformation, since 0/9r; = 9/9x;. Therefore, the conservation law of p; in the
impurity frame implies that the total momentum, p; = (p'3) + (pg), is conserved in the
laboratory frame. Notice that for the black soliton solution, (pg) = +hngrt = p;, which
agrees with the fact that the solution is static, (p}®) = 0.

In order to analyze the crossover from the static polaronic to the black soliton so-
lution, we focus on the solutions of Equation (8) for 0 < p; < hngm. The solutions for
varying pr and gp; while keeping gpp = O.lhzno/mB fixed are presented for m; = 0.5mp
(Figure 2(a;)—(dy)), m; = mp (Figure 2(az)—~(dp)) and m; = 2mp (Figure 2(a3)—(d3)). Inde-
pendently of the impurity mass the velocity of the polaron satisfies B, < Berit (Figure 2(a;),
i = 1,2,3), hinting towards the conclusion that the state described by Equation (7) is stable’
for every p; and gp;. Moreover, the polaron velocity B exhibits a non-monotonic behavior
since for small momenta p; < mjc, B is increasing with p; until it reaches a maximum at a
gpr-dependent momentum value pro > mjc. Beyond that point 8 decreases with increasing
p1 until it reaches the value of B = 0 for p; = mhng. In addition, it can be seen that the
solution for ¢ (Figure 2(b;), i = 1,2, 3) is appreciably larger than 0 only for p; < m;c (see
dashed line) and for gg; < 0.5h2n0 /mp.

my = 0.5mp mp=mpg my = 2mp

pr(units of hng)

1.5 20 0.5 1.5

h’ng
np

its of Pono its of o of Mo
gpr(units of T78) gpr(units of ~-10) g1 (units of T78)

Figure 2. Characteristic properties of the moving Bose polaron within GA. (a;—a3) Velocity of the
polaron over its critical one, B,/ Buit, (b1-b3) offset parameter, g, of the polaron solution, (c;—c3)
polaron energy, Ep and (di-d3) expectation value ratio of the impurity momentum between the
laboratory and the impurity frames, (ﬁllab>/p 1, for different values of gg; and p;. The distinct
columns correspond to different impurity masses, n; = mp /2 (left panels), m; = mp (middle panels)
and mj = 2mp (right panels). In all cases, the data correspond to thermodynamic limit calculations,

N,L — oo, with gpp = 0.1%%no/mp and dashed lines represent p; = mjc.

The energy of the moving polaron is presented in Figure 2(c;), i = 1,2, 3. Here there
are two notable effects. For a fixed gp;, E;, depends more weakly on p; as the value of gp;

op3
of the polaron with gp; reported in Ref. [57]. Moreover, for momenta p; — hng7 or large
interactions the energy of the polaron tends to saturate to the corresponding energy of the
dark-bright soliton solution, Equation (15), Ep, = limg,, e Ep = %hnoc. It is evident from
Figure 2(c;), that this asymptotic value of energy decreases with increasing m; a fact that
can be understood by inspecting Equation (13).

-1
. .. . . . . 9?E
increases. This is a manifestation of the increase of the effective mass, m* = (—”) ,
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The above indicate two distinct regimes for the behavior of the system, the polaron
regime encountered for low momenta p; ~ 0 and interactions, gg; ~ 0, and the dark-
bright soliton regime for high momenta, p; ~ +hnym and/or strong interactions, gg; — .
To characterize the crossover of these two regimes we employ the quantity (p*)/p; € [0,1],
see Figure 2(d;) with i = 1,2,3. This quantity compares the momentum contribution of
the motion of the impurity, (p1°), to the induced BEC flow, (p5) = p; — (p'?). Therefore,
values proximal to 1 indicate that the impurity motion is the dominant contribution and
as a consequence, the system is in the polaron regime. On the other hand, values close
to 0 signify that the dominant contribution is the BEC flow and accordingly the system
behaves as a dark-bright soliton. As Figure 2(d;) testifies, the polaron regime occurs only
for p; < mycand gp; < 0.5h2n0/m3, where also 1y > 0, see also Figure 2(a;). Otherwise,
the state of the system lies within the dark-bright soliton regime.

As already mentioned previously the mass of the impurity does not significantly
alter the behavior of the system. It only affects the system quantitatively by shifting the
threshold m;c?, where the velocity of the impurity becomes supersonic in the case of
g1 = 0. Indeed, this threshold is related to the crossover between the polaronic and
dark-bright soliton regimes causing a shift along p; for the structures manifested among
the different observables.

Concluding, we are in a position to infer the dual character of the 1D polaron as
captured by the GA approximation. For varying interaction strengths and momenta the
character of impurity changes. In the case of small gg; and p; the impurity contributes to
a well-defined quasiparticle associated with the local excitation of its BEC environment
due to its presence. In the opposite scenario of large gpj or p; — £7hng the impurity is
embedded within a collective excitation akin to a static dark-bright soliton. The exploration
of this crossover should provide an interesting perspective for future experiments.

4. Impact of Correlations and Validity of the GA Approximation

Let us now investigate the impact of correlations on the above-mentioned properties of
the polaron. For this purpose we employ the Multi-Configuration Time-Dependent Hartree
Method for Bosons (MCTDHB) [125,126], being a reduction of the ML-MCTDHX [106], that
is able to capture all the relevant correlations emanating in the system. Since currently, the
MCTDHB method can only simulate systems with a definite number of particles, here we
will focus (in both the ML-MCTDHB and GA case) on a system with N = 100 confined
within a ring of length L = 100n,, L

Notice that within MCTDHB we can work with the Lee-Low-Pines transformed Hamil-
tonian of Equation (2) by exploiting the p; symmetry of the Hamiltonian of Equation (1).
The many-body wavefunction of the system in this case can be reduced, without any loss
of generality, to

1 i
Y (xp, X1, X2, ..., XN,) = ehp’x"YB<x1fxl,xzfxl,...,xNBfm). 17)
\/Z D i Ve N——
" ) 'Ng

Then MCTDHB can be employed in order to variationally optimize the ¥ (ry, ..., ny)
part of the many-body wavefunction in the absence of any approximation. This allows us
to probe the effect of correlations between the atoms of the bath that the GA of Equation (3),
neglects. For more details regarding our MCTDHB calculations see Appendix C.

The equilibrium state properties of the polaron for weak intraspecies bath repulsions,
BB = 0.1%1’;0, in the equal mass case, m; = mp are compared in Figure 3 within the
results of the MCTDHB and the GA approaches. In order to contrast the state of a system
confined in a ring of L = 100n, L to the thermodynamic limit Np, L — oo, we also provide
the corresponding results of the GA when extrapolated to the thermodynamic limit, see
Ref. [55-59].
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The behaviour of the bath-impurity two-body correlations, g%) (0;xp) = n—LO p%) (0;xp),
Equation (4), for different interspecies repulsions gp; is demonstrated within the MCTDHB
approach in Figure 3a. For increasing ¢p; we observe a gradual depletion of p%) (0;xp)
in the vicinity of the impurity, xg ~ x; = 0, stemming from the repulsive bath-impurity
coupling [73,82]. These anti-correlations are accompanied by bunching of bath-impurity
correlations, gﬁ; (0;xp) = Lp%) (0;xp)/ng > 1, for xg > 10n, ! (hardly visible in Figure 3a)
which originates from the conservation of the total particle number of bath atoms on
the ring. To contrast our findings with the approximate GA method, in Figure 3b we
compare the effect of anti-correlations between the bath and the impurity atoms captured

by p% (0;0) among the different approaches. Note here, that this quantity is closely related
to the Tan contact [59,127-133]. We find that the GA is able to reproduce the behavior
observed within the MCTDHB approach. The fully correlated approach predicts only a
slightly more pronounced anti-bunching as shown in the inset of Figure 3b. Notice also that
the results of the ring confined setups agree very well with the thermodynamic limit ones,

indicating the insignificance of finite-size effects for pg? (0;0). To appreciate better the effect
of the correlations and the confinement of the particles in a ring, Figure 3¢ compares the

bath-impurity correlations, pr) (0, xp), for strong repulsions, gg; = plL i 210 between the two
approaches. As it can be easily deduced the GA results closely follow the MCTDHB ones.

The only deviations occur away from the position of the impurity xp > 10710 (see also the

inset of Figure 3c), where in the fully correlated case spatial oscillations of the p%) (0;xB)
profile are observed. These deviations can be explained by the fact that in the bath a
correlation hole appears for two atoms being in close proximity (not shown here for brevity,
see also Ref. [134] and references therein). Notice also that the results referring to the ring

geometry yield pg) (0,£L/2) > ng/L. This is a consequence of the particle conservation,
occurring in order to accustom for the lower density in the vicinity of the impurity. In

contrast, this behavior is absent in the thermodynamic limit, where p%) 0,|r] > &) =~ ng/L.

Figure 3d reveals that the inclusion of bath-bath correlations does not significantly
affect the energy of the polaron E, = E(gpr) — E(gpr = 0). This leads to the conclusion
that the GA provides an excellent prediction for the polaronic energy, in agreement with
Ref. [55]. Of course, the presence of higher-order correlations within the MCTDHB approach
results in a slight reduction of the polaronic energy as illustrated in the inset of Figure 3d.
In contrast, the effect of the ring confinement provides a more important kinetic energy
penalty*, which can be identified by comparing the confined results to the thermodynamic
limit case.

Regarding the effective mass, m*, depicted in Figure 3e, also a remarkable agreement
among both methods and system sizes is observed, see in particular the inset of Figure 3e.
Indeed, the effective mass of the polaron is related to the local correlations of the dressing
cloud in the vicinity of the impurity [38], where finite-size effects are insignificant, and are
well described by the GA. The last quantity of interest for the Bose-polaron is its quasi-
particle residue’, Z, = /|(¥o|¥p)|?, with |[¥o), [¥p) being the non-interacting and the
polaronic states respectively [80,82,83]. In Figure 3f it can be seen that the results including
beyond two-body bath-impurity correlations differ significantly from the GA ones. This is
because the residue, Z,, is related with the many-body wavefunction overlap of the pola-
ronic state to the non-interacting one, and therefore correlations of all orders significantly
affect this quantity. In particular, it can be verified that, while finite-size corrections seem to
not be significant in the case of the GA, the presence of higher-order correlations suppresses
appreciably the polaronic residue. Importantly, despite the remarkable agreement on the
level of two-body correlations the overlap between the MCTDHB and the GA wavefunction
for the system confined in the ring ranges from 67 to 68%, see the inset of Figure 3f. This
reduction of the many-body wavefunction overlap can be explained by the fact that MCT-
DHB in contrast to the GA allows for the depletion of the bath wavefunction ¥p(ry,...,7n;)
due to the presence of quantum fluctuations. Notice that any depleted many-body state,
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where even a single bath atom is in a state orthogonal to the BEC wavefunction, 1(r), has
exactly zero overlap with the fully condensed many-body wavefunction described by the
GA. Nevertheless, in this case, despite the zero overlap of these two many-body states, the
corresponding low-order correlation functions would be almost identical for Ng > 1.
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Figure 3. Comparison of the Bose polaron characteristics between the GA and the correlated
MCTDHB framework. (a) Bath-impurity correlations, pg) (0; xp), for varying interspecies interaction
strength, ¢y, within MCTDHB. (b) Bath-impurity correlations at coincidence, p%) (0;0), for different
gpr and for all employed approaches (see legend). (c¢) Comparison of the correlation profile p%) (0;xp)
within the MCTDHB and the GA for gg; = 21?1y /mp. The inset of (c) provides a magnification
of p%) (0; xp), showing the behavior of the system away from the impurity. Comparison of (d) the
polaron energy, Ep, (e) the inverse effective mass, m;/m* and (f) the polaron residue among the
different approaches and for varying gg;. To elucidate the comparison between GA and MCTDHB,
the insets of (b,d,e) provide the difference of the corresponding observables between the distinct
approaches (see legend). The inset of (f) indicates the many-body overlap between the MCTDHB and
the GA many-body states for varying gg;. In all cases, mj = mp, p; = 0 and gpp = 0.14%ng/mp. The
relevant ring confined setups are characterized by Ng = 100 and L = 100n, L

5. Dynamical Response of the System: The Temporal Orthogonality Catastrophe

Having identified the main properties of the equilibrium state of the Bose polaron in
free 1D space now we proceed by considering its dynamical response. In particular, in the
same manner as in Refs. [58,68,79,82,83,135], we examine the polaron generation after an
abrupt quench of the interaction strength, g, from gg; = 0 to some final positive value

g{; 1 > 0. Within the GA approximation, Equation (3), and for gg; = 0 the lowest in energy
wavefunction of the composite system with a given value of impurity momentum, pj, reads

_ Np+1 i
‘I’o(xl,xl,...,xNB;pl):L 2 exp(—ﬁppq). (18)

We are especially interested in observing the overlap of the time-evolved interacting
state, [¥(#)) to the initial non-interacting one [¥(0)) = |¥o). As already discussed in
Refs. [29,83,136] this observable can be directly probed in spectroscopic experiments and
allows to address the polaronic properties. Another, important concept in homogeneous
systems is the influence of the impurity momentum on the subsequent dynamics of the
quenched, bath-impurity system, which we also consider below.

Regarding the numerical details of our simulations, we have considered Nz = 1600
particles, with mp = m confined in a ring with perimeter L = 16007, 1. The increase of the
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ring perimeter is essential for approaching the thermodynamic limit and avoiding effects
stemming from the imposed boundary conditions. In the following, we have exclusively
employed the GA approach, since for such large particle numbers ensuring in general the
convergence of fully correlated approaches is computationally beyond reach.

5.1. Dynamics of a Subsonic Impurity
5.1.1. Dynamics of Two-Body Correlations

Typical spatiotemporal evolution patterns of the two-body correlation function,
g%)(o; xp;t) = (L/ no)p%> (0;xp;t), for an initial velocity of the impurity that does not
exceed the speed of sound ¢ = /gppno/m, ~ 0.45hn,/mp, are presented in Figure 4a,b.
The different panels correspond to varying initial impurity momenta, p;, but in all cases

the final interaction strength g',g | =8BB = 0.1h2n0 /mp is kept fixed.
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Figure 4. Quench dynamics of an impurity in a homogeneous Bose gas. (a,b) Spatiotemporal
evolution of the two-body interspecies correlations, p%) (0; xp), for different initial impurity momenta,
pi1 (see column labels). Here the postquench interaction is g{;, = 0.1h2n0 /mp = gpp- The dashed lines
indicate xp = (+£1 — Bf)ct, with f the final velocity of the generated polaron provided as an inset
label. (c,d) The time-dependent overlap, |(¥o|¥(t))|, of the post-quench many-body wavefunction,
Equation (3), with the initial state, for varying gg;. The insets of (¢,d) provide the time-evolution
of [(¥o|¥(t))| within a more extensive gps range. (e,f) present the modulus and phase of the GA
bath-wavefunction, {(xg; t) respectively for gll;l = 0.1%ng/mp, p; = 0.4hng and t = 400 ";l” For
comparison (e,f) also provide the equilibrium profile of the polaron, Equation (7), with g = B = 0.64.
In all cases the system is confined in a ring of L = 1600n, ! and contains N = 1600 while m; = mp.

In the case of a static impurity, p; = 0, it can be seen that the quench leads to the
emission of two p}? (0; xp; t) disturbances for initial times (t < 10) that travel away from
the impurity with a velocity proximal to the speed of sound, £¢, see the dashed lines in
Figure 4a. These disturbances subsequently break into structures, possessing an oscillatory
two-body density pattern in space and being reminiscent of dispersive shock waves [91-94],
see the box in Figure 4a and also Appendix B. In the vicinity of the impurity, r = 0, a
depletion of bath atoms emerges similarly to the case of a static polaron analyzed previously,

see Sections 3.2 and 4. For later times, t > 300 gl% , the two-body density pgzl) (0; xp; t) in the

spatial extent of the impurity |xg| < 30116 , matches very well to the expected profile for a
static, § = 0, polaron whose form is given by Equation (7).

This behavior can be explained due to the instantaneous quench and the sharpness
of the §(r) interaction potential among the bath and the impurity. In particular, it is well
documented in the BEC literature [137-139] that rapidly switching on the potential within
the spatial extent of a BEC leads to the phenomenon of phase imprinting®. The resulting
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disturbance in the vicinity of the impurity subsequently propagates outwards leading to the
excitation of the bosonic host and the formation of dispersive shock wave structures. These
excitations carry away the additional energy due to the quench allowing for the polaron to
be formed behind them. For more details on this mechanism see also Appendix B.

For increasing impurity momentum, p; = 0.47ing ~ mjc, we observe a qualitatively
different system response, see Figure 4b. Here, the two-body density disturbance emitted
“upstream” (i.e., towards the direction of motion of the impurity) recedes from the impurity
at a much slower pace than the corresponding “downstream” disturbance while the former
has a significantly larger amplitude than the latter. These observations are explained in
terms of the drag experienced by the moving impurity. More specifically, it is known that
if the velocity of a perturbing potential relative to a superfluid exceeds a certain critical
value then the superfluidity of the environment is broken and the potential experiences a
drag force. The latter is analyzed in Refs. [81,91,140] in the case that an external potential
is dragged through a BEC. Note that this external potential possesses a well-defined
instantaneous position, independently of the exerted drag force. However, the physical
situation described here is slightly different because the impurity is a quantum particle
that carries definite kinetic energy. Therefore, when a drag force emerges, it leads to the
deceleration of the impurity up to the point that its velocity is so small that the drag
force is nullified. Except for the reduction of the impurity velocity, the drag force leads to
Cherenkov-like” radiation [141-143]. This leads to the amplification of the disturbances
emitted “upstream” of the impurity and the emergence of an associated energy transfer
process from the impurity to its bosonic environment.

The finite asymptotic velocity of the impurity is indicated in pg? (0; xp; t) as a difference
in the magnitude of the relative velocity of the emitted dispersive shock waves. Indeed, by
assuming that the disturbances travel with a velocity vpsw ~ 4=c then in the impurity frame
their velocities would be modified to vpsw — vy = (£1 — Bf)c, where ¢ is the velocity of
the polaron. To estimate the final velocity of the polaron o ¢, we fit the density and phase

-1 mp

profile of the GA wavefunction ¢ (|r| < 30n, *; t), after an evolution time of t = 4005, to
0

the corresponding analytic expression®, Equation (7), for obtaining 8 £ and ro. In Figure 4b,
we demonstrate that the above approximations are in excellent agreement with the motion
of the dispersive shock waves. Notice here, that the emitted structures realize a so-called
“light” cone via which the correlations among the bath and the impurity are spread in the
system after the quench [144,145]. In particular, by examining the modulus (Figure 4e)
and phase (Figure 4f) of (#;t), we can verify that the corresponding profiles match the
equilibrium polaron solution with g = B £s Equation (7), in the spatial extent between the
shock waves. Therefore, these excitations provide a means for transferring information
regarding the generation of the Bose polaron throughout the BEC with a velocity equal to c,
see also the dashed lines in Figure 4b.

5.1.2. Time-Dependent Overlap: Temporal Orthogonality Catastrophe
Having appreciated, the main features of the two-body correlation dynamics, we now

analyze their imprint on the time-dependent overlap |(¥o|¥(t))| for different gé ;- The
quantity |(¥o|¥(¢))| is commonly referred to as the fidelity between the |¥y) and | (¢))
many-body states and it is related to the time-evolution of the quasi-particle residue, Zp, of
the polaron [82,83]. By inspecting the static polaron case, p; = 0, presented in Figure 4c, we
observe a very similar behavior as in the case of a parabolically trapped Bose-gas-impurity
system examined in Ref. [83]. For interactions satisfying ¢p; < gpg = 0171/ mp <
2fic ~ 0.9h%ng /mp the time-dependent overlap |(¥o|¥ (¢))| possesses a value proximal to 1,
indicating that the state of the impurity after the quench is almost equivalent to the non-
interacting one (Equation (18)). Indeed, as it can be deduced from Figure 3d.{, in this regime
the residue of the polaron is Z, ~ 1 and also its energy is proximal to E,, ~ gpsng. These
imply that the quench does not result in a pronounced production of excitations such as the
dispersive shock waves exhibited in Figure 4a, that would substantially affect |(‘¥o[¥(t))|
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as we discuss below. For stronger interactions, |(¥o[¥(#))| changes drastically. Around

gB1 ~ gpp = 0.1h%ny/mp, we find that | (¥o|¥(t))] is substantially depleted during the

dynamics, reaching a finite value | (¥o[¥(#))| > 0 for long times t > 30028, see Figure 4c.
fing

This behavior is inherently related to the emission of dispersive shock wave disturbances
and the formation of the Bose polaron behind them as observed in Figure 4a.

To explain this behavior for intermediate interactions we have to examine the equilib-
rium properties of the Bose polaron and in particular its energy, Equation (12). As shown
in Figure 1a, the non-linear correction terms in Equation (12) become important, leading
to a sizable correction from the linear behavior observed for gg; < gpp. This leads to
an energy surplus of the post-quench state, possessing E = gg1p, when compared to
the corresponding polaronic state that the system eventually relaxes too. Therefore, the
emergence of dispersive shock waves can be explained as a mechanism that carries the
excess energy away from the region of the impurity. The presence of these additional
structures leads to the depletion of the time-dependent overlap |(¥o[¥(t))|. A similar be-
haviour occurs also for stronger interactions, ¢g; > gpp = 0.17%1g/mp, where | (¥o[¥(¢))]
eventually saturates to zero. Because of this the final state of the system is almost orthogo-
nal to the initial one, therefore leading to the phenomenon of the temporal orthogonality
catastrophe [79,80,82,83].

Let us now comment on the influence of the initial impurity momentum on the time-
dependent overlap |(¥o|¥(t))|. Figure 4d, depicts |(¥o|¥(t))| for a finite momentum
impurity p; = 0.4hing, where a similar response to the static case, Figure 4c, takes place.
The most important difference is observed for gg; ~ ggg, where a larger suppression of
[(Fo|¥(t))] occurs for p; = 0.47inp than for p; = 0. The discrepancy of the moving impurity
case, when compared to the static one, can be explained in terms of the additional drag
force that emerges in the former scenario. As already discussed above, the drag force leads
to an impurity velocity smaller than the initial one since part of the initial momentum of
the impurity is transferred to the “upstream” emitted dispersive shock wave excitation,
see Figure 4b. This reduction of the impurity velocity during the dynamics leads to further
suppression of | (¥o|¥(¢))| than the one observed for p; = 0, resulting in the appearance of
the temporal orthogonality catastrophe phenomenon even in the case of gp; ~ gpp.

5.1.3. Drag Force and Momentum Transfer Mechanism

Let us now elaborate on the influence of the drag force in the time evolution of the
polaronic state. As already mentioned for a moving polaron the drag force reduces the
velocity of the impurity up to a value where the drag force is nullified. According to
Refs. [81,146] the drag force can be approximated as

dV, d 2
Fo= [arp PGt = —en 05| (19)

where Vp; is the impurity potential perturbing the BEC, and it corresponds in our case to
the bath-impurity interaction term, Vg; = gp;d(r). Equation (19) indicates that the drag
force is proportional to the derivative of the density in the vicinity of the impurity standing

as a material barrier. In the case of a polaron, Equation (7) reveals that d‘%p‘z = 0 for
r = 0, and therefore the drag-force is zero. This implies that a trivial upper bound that the
final velocity of the impurity should satisfy is B < Bcrit, in order to allow for polaronic
solutions. For impurities moving with subsonic velocities, we can get a better upper bound
for the final velocity of the polaron by considering the available values of the p; for the
final equilibrium polaronic state. In the case that the polaronic state is created adiabatically,
then the final state after the quench would possess a momentum p; and the corresponding
velocity By, (pr), indicated in Figure 2a. However, since we are considering an interaction
quench this scenario is not realized and instead we would have a final momentum for the

polaron p/; < p; and a final velocity s < Bp(p1).
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To justify the above let us clarify the role of the conserved quantity p; in the dynamics.
According to Equation (16), we have p; = (¥ (£)|pP[¥(t)) + (¥ (+)|p[¥(t)) and therefore
only the sum of the impurity and bath momenta in the laboratory frame has to be conserved.
Recall that, the state of the system for long times corresponds to a polaron and two disper-
sive shock wave excitations that are far away from one another so that they do not interact,
see Figure 4b. Due to the exerted drag force on the impurity and the consequent induced
Cherenkov radiation, the upstream shock wave carries a larger (in magnitude) momentum
than the downstream one. Therefore, these two structures contribute a value Ap > 0 to the
total momentum, equal to the corresponding difference of their momenta. This, in turn,
implies that the momentum of the polaron for long times satisfies, pjl{ =pr—Ap <prand
due to the increasing tendency of By, (pr) with p; < mjc, see Figure 2(az), B5 < Bp(p1)-

The above arguments can be directly verified by our numerical calculations, see
Figure 5a, where we compare the velocity after the quench, ¢ (obtained by the same
procedure as in Figure 4a,b to B, (p;). This procedure yields that except for gg; ~ 0,
Bs < Bp(p1) holds independently of the value of p;, demonstrating the diabatic character
of the polaron formation after an interaction quench of gg;. Additionally, the dynamics
become more diabatic as the post-quench interaction strength is increased with the velocity
of the polaron approaching a value of B = 0 for strong gg;, independently of p;. This
more diabatic character of the dynamics with increasing gp; can be understood by invoking
Equation (19) implying that the amplitude of the drag force scales proportionally to the
bath-impurity interaction strength. According to the above, and as Figure 5b testifies, the
drag force is applied more abruptly to the impurity particle as gp; increases, leading to
a higher degree of excitation of the bath and hence larger momentum transfer, Ap;. This
momentum transfer can be directly probed in experiments by monitoring the momentum
in the laboratory frame, pltP(t) = (¥(t)|p'®[¥(t)). Figure 5c indicates the decreasing
tendency of pi*®(t) with time for all interaction strengths. Most importantly, even for
small times t < 50%% and g > gpp, pR°(t) becomes smaller than the corresponding
equilibrium value for the polaron, see the corresponding lines in Figure 5b,c, demonstrating
the existence of the momentum transfer mechanism.
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Figure 5. Characterization of the drag force exerted on the impurity by the Bose gas. (a) The critical,
Berit (dashed line) and equilibrium, By, (p;) (solid lines) velocities of the Bose polaron with gp; = gé %
compared to the final velocity of the polaron formed after the quench, B¢ (p1) (data points) for varying
g{; - The parameters of the system are as in Figure 4 and pj is given in the legend. (b) Temporal
evolution of the drag force exerted to an impurity, initially possessing p; = 0.4%iny, for different
values of the post-quench interspecies interaction strength, g3;. (c) Time-evolution of the impurity
momentum for p; = 0.4fny and varying gé ;- The solid lines in (b,c) indicate the time that plab

i
becomes equal to the corresponding value for the equilibrium polaron with gg; = g{} I

5.2. Dynamics of a Supersonic Impurity

To conclude, we shall briefly comment on the case of a supersonically moving impurity.
Figure 6 illustrates a characteristic example of the corresponding correlation dynamics,

when p; = 1hng and g{H = 0.07h2n0/m3 < §BB = O.lhzno/mB. We observe that for small
times t < 100;"7’3 in addition to the emitted dispersive shock waves, also a density depletion

takes place downstream of the impurity (see the boxed area in the inset of Figure 6a). As
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the impurity slows down due to the exerted drag force, the polaron starts to form at times
t ~ 100 — 200;"7‘3. The depleted part of the density then collides at t ~ 400;1"7‘; (see the
0 0

encircled region in the inset of Figure 6a) with the newly formed polaron lying at xp = 0.
Eventually the density depletion overtakes the polaron ending up in the upstream region,
xp > 0, for longer times, t > 600;7% (see Figure 6a). Similar to the subsonic cases the motion
of the downstream shock wave (hardly visible in Figure 6a) and the large amplitude density
excitation emanating in the upstream region are moving with a velocity equal to the speed
of sound. Notice the agreement of the excitation trajectory with xpsyw = (£1 — B f)ct + xg
for t > 300;1”7%, here By = 0.7464 is the final velocity of the polaron found via fitting the
polaron proﬁloe as discussed previously.

The origin of this additional excitation can be traced back to known properties for 1D
BEC subjected to barrier dragging [73]. It is known that for barrier velocities exceeding
a threshold v, > ¢, stationary flow solutions (in the frame comoving with the barrier)
exist, see the discussion in Ref. [93,146]. These solutions are characterized by a flat profile
downstream of the barrier and a periodically modulating density in the upstream region.
However, for such structures in contrast to the polaron corresponding to Equation (7), the
drag force exerted to the barrier is finite. Consequently, since the impurity playing the role
of the potential barrier possesses a finite momentum such flows cannot be stationary and
have to decay when the velocity of the impurity becomes smaller than v,. To substantiate
the above claim, we solve the corresponding Gross-Pitaevskii equation in the frame of the
potential barrier

12 = [~ 2 o+ guio(r) + gss(Na - DlpR|p(n,  @0)
latlpri 2mp or? oGy T EBION) T 8BBINE P ),

where the constant velocity of the barrier, vy, is set to the initial velocity of the impurity.
In particular note that Equation (20) is a reduction of Equation (6) for m; — co and
vg = p;/mp = constant. Therefore, it corresponds to the asymptotic polaron solution for
an infinitely heavy impurity, m; — co. Figure 6b presents the spatiotemporal evolution
of the BEC density after a quench from gp; = 0 to gJI;I = 0.O7h2n0/m3 and vy = 1hng/mpg,
BB = O.1h2n0 /mp. At the initial stages of the dynamics, we observe the emission of the
downstream dispersive shock wave (hardly visible in Figure 6b). However, the picture
regarding the rest of the emerging structures is different than what was discussed for the
my = mp polaron. In particular, we observe that upstream of the impurity a stationary
oscillatory density pattern forms, reminiscent of the above mentioned solutions described
in Refs. [93,146]. Notice also that downstream of the impurity another dispersive shock
wave structure is emitted. The trajectories of the fronts of the two emitted shock waves
indicate a relative velocity vpsw = (£c¢ — vp) with respect to the impurity. Therefore,
these dispersive shock waves form a “light” cone, similar to what we have observed for
subsonically moving polarons. However, since in this case vy > ¢ ~ 0.32finy/mp, both
shock waves lie in the downstream region of the barrier.

To relate the results of Equation (20) to the case of a polaron, we consider a massive
impurity with m; = 10mp. The justification of this choice is that a massive impurity
possesses larger inertia and therefore it is less susceptible to deceleration stemming from
the drag force exerted by the BEC. This allows us to probe a possible intermediate-mass

regime for the cases depicted in Figure 6a,b. Figure 6¢ shows the time evolution of p%) (0;xp)
for a quench with the same parameters as in Figure 6a,b. For initial times, f < 200;:17%,
the two-body correlations exhibit the same structure as the one observed in the Gross-
Pitaevskii case. In particular notice the emission of the two downstream dispersive shock
waves forming a “light” cone (vpsw = (£¢ — p;/m;)) and the quasi-stationary upstream
oscillatory density pattern. Subsequently, due to the finite momentum of the impurity and
the exerted drag force from the BEC, the impurity slows down. This can be verified by

observing that for t > 200;”7‘3 the position of the fronts of the emitted shock waves does not
0
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follow xpsw = (¢ — p;/mj)t. Instead, they are shifted towards the impurity due to their

reduced velocity. Turning to long times, ¢ > 600 l,:” B, a sizable depletion of the BEC density
&0

in the vicinity of the impurity, xp = 0 (see Figure 6¢), appears indicating the formation of
the polaron.
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Figure 6. Dynamics of an initially supersonically moving impurity. (a—c) Spatiotemporal evolution of
the bath-impurity correlation function, p%) (0; xp), for a quench to gé = 0.07h%ny/mp and p1 = 1hny.
The inset of (a) provides a magnification of the corresponding bath-impurity correlation function in
the vicinity of the impurity. The mass of the impurity is provided in the corresponding labels, while
8BB = 0.17%ny/mp, Ng = 3200 and L = 32007151‘ The light dashed lines indicate x; = (+c — py/m)t
and the dark dashed lines in (a) correspond to x; = (£1 — f¢)ct + xo, with By = 0.7464 the final
velocity of the polaron and xo = 641, 1 an offset selected for illustration purposes. (d) The time
evolution of p%) (0; x), for the same parameters as in (a) except for gé = 11?1y /mp. The trajectories
indicated by the dashed lines correspond to x; = (1 — By)ct, with B = 0.08.

By invoking the results of Figure 6b,c, we can interpret the initial stages of the dynam-
ics, t < 100;1"732, of Figure 6a (referring to m; = mp) as the formation of a quasi-stationary
0

supersonic BEC flow pattern and its decay when the velocity of the impurity becomes lower
2

than v;,. After a transient time 100 < t%) < 400 where the polaron forms and slows down

due to the drag-force it experiences, an equilibrium polaron state is reached for t > 400;1"7%

0

where the drag-force is nullified, similarly to the case of an initially subsonic impurity.

Finally, we comment that the dynamics of the system exhibit similar behavior as the
one observed in Figure 6a, as long as, the interspecies interaction strength, gy, is sufficiently
weak. Indeed, it is known [93,146] that for larger interspecies interactions (or equivalently
the barrier heights) the velocity threshold for the formation of stationary supersonic flow,
vy, increases. In addition, the amplitude of the drag-force, Equation (19), is proportional
to gpr, yielding a rapid deceleration of the impurity for large interspecies interactions.
Accordingly, for strong bath-impurity repulsions, no stationary supersonic flow can be
approached during the dynamics, since both the threshold v}, increases and the deceleration
of the impurity becomes more prominent. In this case, the dynamics of supersonically
moving impurities is qualitatively similar to the regime p; ~ mc, compare Figure 6d to
Figure 4b.

6. Conclusions

We have examined the stationary and dynamical properties of the 1D Bose polaron
in the absence of external confinement. It has been argued that, the stationary properties
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of the Bose polaron can be reliably evaluated within the GA approach for the case of a
weakly interacting Bose gas [55-57,59]. Within this approximation, all non-trivial bath-bath
correlations are neglected and the bath-impurity two-body correlations are variationally
optimized. By comparing with the correlated MCTDHB approach, we verify that the GA
adequately captures important properties of the polaron such as its energy, effective mass,
and the bath-impurity two-body correlation profiles. However, it is found that the residue
is overestimated within GA as it neglects the quantum depletion of the BEC background.
Importantly, regarding a moving impurity, we have demonstrated that the character of
the equilibrium many-body state crossovers from a polaronic quasi-particle to a collective
excitation, having the form of a dark-bright soliton. Indeed, for small interactions and
momenta, a polaron is generated and characterized by a localized depletion of the two-body
bath-impurity correlation when the corresponding particles are in close proximity. In the
opposite case of strong interactions or large momenta, the state of the mixture is similar to
a stationary dark-bright soliton.

Regarding the dynamical response of the system we show that the phenomenon of the
temporal orthogonality catastrophe which has been originally observed in confined polaron
systems [79,80,82,83] generalizes to the homogeneous case (see also [58]). In all cases, the
system approaches an equilibrium polaron state in the long-time dynamics accompanied
by additional excitations induced by the quench. In particular, for a static impurity, the
many-body wavefunction of the system becomes orthogonal to the corresponding non-
interacting one for long timescales, despite the fact that the corresponding polaron state
possesses a finite overlap to the non-interacting one [59]. For moving impurities the
temporal orthogonality catastrophe is more pronounced since the drag force leads to
the deceleration of the impurity. Dispersive shock wave structures play an important
role in the quenched polaron dynamics as they provide the means to transfer the excess
energy due to the quench away from the spatial extent of the impurity allowing for the
eventual relaxation of the system to an equilibrium polaron configuration. Even in the
case of a supersonically moving impurity, a final equilibrium polaron configuration is
reached. However, the timescale needed for the slow-down of the impurity depends
crucially on its mass. The emission of these non-linear structures in the time-evolution
highlights the importance of non-linear and non-perturbative processes for understanding
the dynamics of impurity systems. In addition to the above, the generality of the temporal
orthogonality catastrophe mechanism for abrupt interaction quenches mandates a different
experimental protocol relying on adiabatic transfer to the polaron configuration [80] for
realizing strongly interacting Bose polaron states. Our results can be experimentally probed
in setups employing one-dimensional gases with ring confinement [108,109] or embedded
in a box potential [110-113], provided that the ring or box length is much larger than
the healing length of the BEC. Note also, that the quench scheme analyzed here can be
experimentally realized by employing a radiofrequency spectroscopy protocol in a similar
manner to [29,79,82,83]. Here the impurity is transferred from a hyperfine state that is non-
interacting to a state that is interacting with the medium by a strong 77/2-pulse resonant
with the corresponding transition.

There are several avenues for further research that can be pursued in future studies. In
particular, all the results presented herein refer to the weak interaction regime of the Bose
gas where its state can be well approximated as a BEC and its excitations treated within
the Bogoliubov approximation. For stronger bath-bath interactions, where the elementary
excitations of the Bose gas do not follow the Bogoliubov approximation [120], it is intriguing
to examine the applicability of the GA approach and its limitations. In addition, in this
interaction range particle-hole excitations, namely the type II excitations of the Lieb-Liniger
model [119], become significant and it is therefore interesting to inspect whether they
contribute to the modification of the polaronic quasiparticle or the emergence of a distinct
type of excitations. Our findings indicating the importance of non-linear dynamics for char-
acterizing the fate of the polaron might also be important for the case of higher dimensions,
where recent studies indicate the possibility of the temporal orthogonality catastrophe
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[60,61]. This is particularly important since phenomena related to pattern formation and the
emergence of drag force are well known for two- and three-dimensional systems [121]. For
instance, the creation and dynamics of structures such as oblique solitons and vortices [143]
might be relevant for understanding the quench induced dynamics of the Bose polaron in
two dimensions and the temporal orthogonality catastrophe in such systems.

Author Contributions: Conceptualization, methodology, investigation and formal analysis, G.M.K.
and S.LM.; writing—original draft preparation, G.M.K_; writing—review and editing, S.L.M. and P.S.;
supervision, project administration, and funding acquisition, P.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is funded by the Cluster of Excellence ‘Advanced Imaging of Matter” of the
Deutsche Forschungsgemeinschaft (DFG)-EXC 2056-project ID 390715994

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data discussed in this study are available upon reasonable request.

Acknowledgments: S.I.M. acknowledges support from the NSF through a grant for ITAMP at
Harvard University and is grateful to the Lenz-Ising Award of the University of Hamburg.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Bosonic Momentum Renormalization

To appreciate the physical context of the unconventional boundary conditions of
Equation (7) we consider a system confined in a 1D ring of perimeter L >> ¢. In this case
the phase of iy (r) satisfies ¢ () = ¢L(r + L) and therefore the solution of Equation (7)
cannot be embedded in this finite system. However, the system for |r| < ¢, should behave
in a similar manner to Equation (7), since the boundary conditions should not alter the
behavior of the system at this spatial scale. In particular, the convergence of p%) (0;xp) to
the limit L — oo is observed already for L = 800n, 1, see Figure Ala. This implies that also
in this setting a phase shift occurs. Indeed, such phase shifts in the vicinity of the impurity
can be observed for r = 0 in the numerical solution of Equation (6) for a system confined in
a ring of finite perimeter, see Figure Alb.
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Figure Al. Convergence of the GA Bose polaron solution to the N, L — oo limit. (a) Bath-impurity
correlation function, p%) (0;xp) for gpr = 1h2n61/m3, BB = 0.1#%ny/mg, p1 = 0.1hng and m; = mp
but different ring lengths L (see legend). In order to keep 1y = 1 in our calculations, we demand
Np = ngL, while the spatial region |xg| > 601161 is not depicted, since p%)(o; Xp) & p%) (0; 60n51).
(b) The phase profile, ¢(xp) = arg(y(xp)), of the solutions for the above mentioned parameters and
for the same varying values of L.
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To compensate for this phase shift a phase gradient appears in the ring solution at
r > ¢ so that ¢, (£L/2) = 0. Notice that this phase gradient corresponds to a flow of the
BEC counteracting the one stemming from the polaron and hence the former is referred
to as the counterflow in the following. This effect is captured in Figure Alb by examining
different values of L. In addition, it can be clearly seen that this gradient decreases for
increasing L and therefore in the case that L — oo the slope of this gradient is nullified.
Importantly, this alteration of the phase profile in the case of finite systems, results in a
contribution to the bath momentum since the latter is defined as

pp = —ilNp / dr w*(r)dﬁ—gy) ~ h./ dr n(r)dﬁ(:)/ (AD)

where we have employed that ¢(r) = \/n(r)/Npe'?") and assumed that d%(yy) = 0in the
spatial extent where the counterflow occurs, r > . Since the phase gradient occurs for large

r > &, wheren(r) — ngand d(g—gy) & constant, its momentum contribution is finite and char-
acteristic of the phase difference created by the solution Ag = ¢(r = L/2) — ¢(r = —L/2).

In particular, as evident in Figure A1b we can approximate d‘g(r") = — 42 The above imply
that the momentum of the system in the thermodynamic limit L — o is shifted by a finite
amount from the result obtained by integrating the wavefunction of Equation (7) such that

. +oo o dy(r
P = ,thB/ dry (r)% —hnogAe. (A2)
—00 Vo ~———
=Pb.c.
The term p;, . = —hnpAg is a characteristic shift caused by the unconventional bound-

ary conditions of the solution, Equation (7), and should always be added to the “bare” part
stemming from the integration of the corresponding wavefunction. This “renormalization”
of the bosonic momentum is well-known in the literature, for a more detailed discussion
we refer the interested reader to Ref. [121].

Appendix B. The Impact of the Interspecies Interaction Potential

As discussed in the main text, dispersive shock wave excitations are emitted from
the spatial regime of the impurity following an interspecies interaction quench. Here we
will elaborate on the origin of such excitations by comparing the case of a zero-range
d-shaped interaction potential with finite width ones. The key to understand the emission
of non-linear patterns at initial times is the concept of phase imprinting and the relation of
the phase of the BEC with its flow. It is well known [43,80] that the typical time-scale for
the formation of excitations in a BEC is of the order of {/c ~ 11/, where ¢, c and y are the
healing length, speed of sound and chemical potential of the BEC respectively. Therefore,
the bath atoms cannot react to any change of the system parameters occurring much faster
than this time scale.

Similarly, to Ref. [80] this allows us, for t < i/, to neglect the effect of terms
proportional to % appearing in the Hamiltonian Hyp, Equation (2). Within the GA the
above imply that the equation of motion of Equation (6) reduces to

ih%lﬁ(r;t) = |Vai(r) +gaelp (1) > = |9 (r;1), (A3)
N—
~p

which can be solved yielding a time-evolution (r; t) = e~ #"5*y(r;0) for the variational
single-particle wavefuction of the bath. In this solution, a spatially dependent shift of the
BEC phase proportional to the local value of the interaction potential appears. The phase
of the BEC wavefunction, and hence the above mentioned shift, is important because it
dictates the local velocity of the BEC flow according to
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Usuperflow (r;t) = (A4)

0 o E<h/p 1 aVB[(T)
meaij(r/f) i (* 3 )t/
where ¢(r;t) = arg(y(r;t)). Equation (A4) indicates that steep interaction potentials, lead
to large values for the flow velocity of the BEC and importantly also large gradients of
the flow velocity. When this relative flow of the BEC becomes comparable to the speed of
sound c then the superfluidity of the medium is broken and additional excitations emerge,
according to the Landau criterion for superfluidity. This procedure for inducing non-linear
excitations, commonly referred to as phase imprinting, has been widely employed experi-
mentally for the creation of non-linear structures such as vortices and solitons [137-139].
Importantly for our discussion, the generation of dispersive shock waves by rapidly switch-
ing on a repulsive interaction potential has been demonstrated in Ref. [92]. In that work,
the steepness of the perturbing potential was controlled by keeping its width fixed and in-
creasing its amplitude. Below we will take a complementary approach where the steepness
is increased by keeping gp; = [ dr Vp(r) fixed while reducing the overall width of the
interspecies interaction potential. More specifically, we compare Vg (r) = gpd(r) with the
Gaussian-shaped potential

x2

_ 8BI wz
VBI(x) mwe 2ws (AS)
where w parametrizes the finite width of the interaction. Note here that also Equation (A5)
reduces to the 5-function limit for w — 0. In this context our discussion below outlines the
extrapolation of the concepts developed in [92] to the case of potentials with an infinitesi-
mal range.

Figure A2 compares the polaron formation dynamics after a quench of the bath-
impurity interaction strength to gjl; ;= 0.1h2n0/ mp = gpp for Ng = 1600 bath atoms
in a ring with L = 16001, ! for the different interaction potentials. Here, an initially
static impurity, p;y = 0, is considered possessing m; = mp. Figure A2a presents the
time-evolution of ng) (0;xp) for a Gaussian interaction potential, Equation (A5), with
width w = 4n lzex~ 3.16n, ! In particular, Figure A2a demonstrates the emission of
dispersive shock waves, which are moving with velocity proximal to c (see the dashed
lines in Figure A2a). The oscillatory density pattern associated with these structures can
be clearly seen in Figure A2b for t = 300;"7% and |xg| > 100n, L. It is associated with

a corresponding oscillatory phase as demonstrated in Figure A2c. These results are in

agreement with previous studies on dispersive shock wave patterns [91,94]. The behavior

of the system for short times, t = 0.1% L §/c~ 7.07;["7% elucidates the mechanism
0

for the generation of these structures, see the insets of Figure A2b,c. In particular, the
expected profile

Pl 1) = — Vi (¥) (46
describes well the phase of the system, see the inset of Figure A2c. Also as a consequence
of Equation (A4), we can observe that even at such short times a small portion of the BEC
atoms (notice the 107° scale in the inset of Figure A2b) have already moved away from
the impurity following the gradient of the phase. The above outcomes are in line with
the experiment of Ref. [92]. Indeed, due to the phase imprinting at initial times, the bath
particles are forced to move away from the impurity building up the wavepackets seen
at xp ~ bn ! in the inset of Figure A2b. Since the accumulated phase, Equation (A6),
increases linearly with time the velocity of the flow-forming these wavepackets increases
and can thus reach supersonic speeds, when compared to the stationary flow away from
the impurity, leading to the formation of dispersive shock waves. As the steepness of the
potential increases by reducing the value of w this phenomenon is amplified due to the
faster increase of the superflow velocity in the spatial extent of the impurity, and therefore
in the J-potential limit it becomes maximal motivating the occurrence of dispersive shock
wave structures, also in this case.
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Figure A2. Emergence of dispersive shock waves for short-range interaction potentials. (a) Spatiotem-
poral evolution of p%) (0; xp) for gé, = 0‘1h2n0/m3 =g, P1 =0, L = 16007161 and Np = 1600
in the case that a Gaussian bath-impurity interaction potential with width w = 4n, ! is employed.
(b) Same as (a) but for the particular time instant t = 300mp/ (Fm%). (c) the phase profile correspond-
ing to (b). The insets of (b,c) correspond to t = 0.1mp/ (hn%). (d—f) correspond to the same quantities
as in (a—c) respectively, calculated for the same set of parameters. However, here the bath-impurity
potential corresponds to d-function. (g—i) the same quantities as in (a—c) but for a wider Gaussian
potential w = 20n, 1. The insets of (c,£,i) in addition to the GA numerical results also indicate the
approximate profile expected from the phase imprinting of the impurity potential (see text).

To verify the above expectation we next focus on the case of the é-potential. The phe-
nomenology in that case is similar to the Gaussian-potential one (see Figure A2d), which is
also supported by examining the density, Figure A2e, and phase, Figure A2f, profiles e.g.,
fort = 300;1—}%. In the J-potential case, we cannot, however, find evidence for the mecha-

nism of phase imprinting since for = 0.1 FTT% L G/ew 7,07;1"7%. Indeed, the density of the

BEC in the vicinity of the impurity is significantly disturbed (see the inset of Figure A2e)
while the corresponding phase does not match the expected profile of Equation (A6). To ex-
plain these apparent discrepancies one has to consider the d-potential as the asymptotic
limit of a progression of V;(x) characterized by reducing width. Indeed, as the width of
the potential, w, decreases, phase imprinting and the consequent generation of dispersive
shock waves occur for smaller times. In the asymptotic case of a § potential, these pro-
cesses are exhibited within an extremely small timescale resulting in the signatures of the
dispersive shock waves already appearing for t = 0.1 ;1"7%, compare Figure A2e,f with their
corresponding insets.

To make a more explicit connection to the experimental results of Ref. [92], let us briefly
comment on the case of a potential with very large width, w = 201, 1> ¢. In this case, the
behavior of the system is qualitatively different than for the previous cases, see Figure A2g,
as no dispersive shock waves are produced. Indeed, the emitted excitations refer to density
modulations of the BEC within a length scale much larger than ¢. Because of this and due
to the linearity of the Bogoliubov dispersion relation for quasimomenta k < 1/, we can
conclude that such excitations are a superposition of sound waves, propagating away from
the impurity with a group velocity given by the speed of sound [147,148]. The smoothness
of the corresponding density profile can be verified by observing the density and the phase
of the BEC att = 300;[”7%, see Figure A2h,irespectively. At first glance, the reason behind the
generation of these excitations is not evident since for initial times the structures emerging
in the density and phase of the BEC are qualitatively equivalent to the case of w = 4n; L
compare the insets of Figure A2b,c with Figure A2h,i respectively. Here the significant
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quantitative difference in the amplitude of these patterns is the cause for the qualitatively
different long-time behavior that these two systems exhibit. In particular, for w = 20ny 1,
the variation of the phase is much smoother and it increases much slower in time than in
the case of w = 4n, 1. This allows the bath particles to travel away from the impurity at
much smaller speeds than in the case of a narrower potential and therefore the velocity of
the superflow can smoothly decay to zero as we get away from the impurity. Consequently,
no non-linear excitations are produced since the Landau criterion is never violated and
the only structure that gets emitted is a small density disturbance corresponding to the
above-mentioned sound waves.

Appendix C. Details on the Computational Techniques

To examine the non-equilibrium dynamics of the system we numerically solve the GA
equation of motion, Equation (6), for a finite number of particles so that np = Ng/L = 1.
Recall that in this case the chemical potential, y(t), corresponds to a Lagrange multiplier,
which has to be evaluated by demanding that the particle number is conserved. The process
outlined above, allows us to cast the equation-of-motion in the single-particle Schrodinger
type equation

ih%\lﬁ(m = (Al )] = @O A0 $E) [9(r 1), (A7)
with ﬁ[l[J(r;t)} = —%% %% +gp10(r) + ge(Np — ])|l[J(7’;t)|2, denoting the ef-

fective single-particle Hamiltonian and ¢(r) = (r|¢(t)). Then the effective Schrodinger
equation of Equation (A7) is discretized by employing an exponential discrete variable rep-
resentation [149]. For the corresponding time-evolution, we use the standard fourth-order
Runge-Kutta integrator. Notice here, that the employed basis set intrinsically introduces
periodic boundaries at both ends of the potential. An advantage of the exponential discrete
variable representation is that the first and second derivative matrices of the correspond-
ing basis refer to the Fourier ones, allowing us to employ the Fast-Fourier-Transform
algorithm for numerical efficiency. In place of the J-potential an approximation of it is

employed, namely
8BI
[VBIL‘ = E%‘,g/ (A8)
where & ik 18 the Kronecker delta, j = 0,2, ...,n — 1 represents the index of each of the n grid

points located at x; = —% + %, and Ax = L/n is the grid spacing. Within the discrete vari-
able representation framework, it can be shown that the approximation for the J-potential of
Equation (A8) is variationally optimal. To estimate the validity of our numerical results, we
repeat the calculations for different spatial, Ax, and temporal, At, discretizations. We have
verified that ¢(r; t) for time-intervals ¢ < 400 becomes independent of the discretization for
At = 0.0005 and Ax = 25/256, where dimensionless units /1 = mp = 1y = 1 are employed.

To estimate the impact of correlations in the ground state properties of the Bose
polaron we utilize the Multi-Layer Multi-Configuration Time-Dependent Hartree method
for atomic mixtures (ML-MCTDHX) [106]. The key idea of ML-MCTDHX lies in the usage
of a time-dependent and variationally optimized many-body basis set, which allows for the
optimal truncation of the total Hilbert space. Since here we simulate only the Bose gas part
of the many-body wavefunction the ML-MCTDHX method, reduces to the simpler Multi-
Configuration Time-Dependent Hartree method for bosons (MCTDHB) approach [125,126].
Within the latter the ansatz for the bath many-body wavefunction, [¥3(t)), is taken as a
linear combination of time-dependent permanents |1y, 12, ..., npm(t)),

[Fp(t)) = Z Aj(t)|ny, ny, ..., np(t)), (A9)

11,12, M| Z,fi] nr=Np
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with time-dependent weights Aj; (). In turn, each time-dependent permanent is expanded
in terms of M time-dependent variationally optimized single-particle functions ¢ (r; ),
withk =1,..., M, as follows

(r1, ..., rNg g, .o mp(F)) =

M —3 N! my iy Np (A10)
[Tmt)  LIIotpgit) TT e20pgpt)- T emCpgyt),
k=1 i

=1j=1 j=m+l J=1HI

where P; is the operator performing the ith permutation of {1,2, ..., Ng}. For our numer-
ical implementation the single-particle functions are expanded within a primitive basis
corresponding to the exponential discrete variable representation that we also use in the
GA case. The time-evolution of the Np-body wavefunction under the effect of the Hamilto-
nian Ay p reduces to the determination of the A-vector coefficients and the single-particle
functions, which follow the variationally obtained equations of motion [125,126]. Let us
note here that in the limiting case of M = 1, the method reduces to Equation (A7), while for
the case of M = M), this method is equivalent to a full configuration interaction approach.

To obtain the ground state within MCTHDB we rely on the so-called improved relax-
ation scheme. This scheme can be summarized as follows:

1.  initialize the system with an ansatz set of single-particle functions gb}(co) (r), where
k=1,...,M,

diagonalize the Hamiltonian within a basis spanned by the single-particle functions,
set the eigenvector with the lowest energy as the A(?)-vector,

propagate the single-particle functions in imaginary time within a finite time interval d,
update the single-particle functions to 4),51) (r) and

repeat steps 2-5 until the state coefficients converge within the prescribed accuracy.

AL

For the diagonalization at step 2, the Lanczos approach is employed and for the
propagation of ¢ (; T) at step 4, we employ the Dormand-Prince integrator. For ensuring
the consistency of the truncation with respect to M, we have compared our M = 3 and
M = 4 calculations verifying that the results presented in Figure 3 differ at most by 0.1%.
Our results shown in the main text correspond to M = 4.

Notes

1

o

6

To avoid confusion, since within the common Gross-Pitaevskii equation for an ideal BEC all correlations are neglected, here we
will instead adopt the term GA [3] when referring to the technique employed in Refs. [55-65].

The lower bound corresponds to a °Li impurity immersed in a '7®Yb bath and the upper bound to a '7°Yb impurity immersed in
a Bose medium of 7Li.

Importantly, by explicitly evaluating the Hessian matrix for the numerical solutions presented in Figure 2 we can prove that
(H Ep) i = %g; is positive definite , where i,j = 1,2, with a; = B, a, = rg. This supports the stability of the solution within the
subspace spanned by Equation (7).

The bath density is expelled from the vicinity of the impurity and accumulates in the spatial region away from it xg > 101, 1, see
also Figure 3c. This density increase leads to greater kinetic energy scaling quadratically with the bath density. However, since
the number of expelled atoms is roughly constant as the perimeter of the ring L increases this correction becomes negligible for
L — oo.

Note that the residue of polaronic quasiparticles can be monitored experimentally via radiofrequency spectroscopy [27,80].
This means that due to the presence of the potential, the phase of the BEC shifts, leading to a flow of the bosonic density away
from the repulsive potential. Note here that the amplitude of this phase disturbance increases with the decrease of the width of
the perturbing potential. This effect is maximized for a é-shape as the one corresponding to the bath-impurity interactions.
This term denotes the excitation of the BEC due to the locally supersonic motion of the impurity. This effect is analogous to the
emission of electromagnetic radiation when electrons move through a dielectric medium with a velocity greater than the phase
velocity of light.
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8

Note here that the phase of ¢(r; t) is shifted so that arg[y(r = 0;¢)] = 0 and the rest of the parameters in Equation (7) are fixed to
their corresponding values in the thermodynamic limit, namely ¢ = (0.1)~1/ Zny L
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Abstract: Two-dimensional semiconductors inside optical microcavities have emerged as a versatile
platform to explore new hybrid light-matter quantum states. A strong light-matter coupling leads
to the formation of exciton-polaritons, which in turn interact with the surrounding electron gas to
form quasiparticles called polaron-polaritons. Here, we develop a general microscopic framework to
calculate the properties of these quasiparticles, such as their energy and the interactions between
them. From this, we give microscopic expressions for the parameters entering a Landau theory for the
polaron-polaritons, which offers a simple yet powerful way to describe such interacting light-matter
many-body systems. As an example of the application of our framework, we then use the ladder
approximation to explore the properties of the polaron-polaritons. Furthermore, we show that they
can be measured in a non-demolition way via the light transmission/reflection spectrum of the
system. Finally, we demonstrate that the Landau effective interaction mediated by electron-hole
excitations is attractive leading to red shifts of the polaron-polaritons. Our work provides a systematic
framework to study exciton-polaritons in electronically doped two-dimensional materials such as
novel van der Waals heterostructures.

Keywords: polariton; Fermi polaron; Landau theory; quasiparticle interactions

1. Introduction

Semiconductors in optical microcavities constitute a rich setting for exploring hybrid
light-matter quantum systems with potential optoelectronic applications [1,2]. An im-
portant example is the case of exciton-polaritons, which are quantum mechanical super-
positions of photons and bound electron-hole pairs confined in a two-dimensional (2D)
semiconductor layer inside an optical cavity [3,4]. An appealing feature of polaritons is
that they inherit the properties of both their fundamental constituents, thereby providing
a tunable way to transfer attributes from matter to light, and vice versa. Hence, not only
can they be selectively excited, controlled and detected by optical means, but they also
possess strong interactions that introduce novel non-linear optical effects [5,6]. As exciton-
polaritons can be considered bosons for extended temperature and density ranges, they
exhibit effects such as Bose-Einstein condensation and superfluidity [7-14], although the
pump-loss nature of the experiments leads to a number of important differences compared
to the equilibrium condensates.

Atomically thin transition-metal dichalcogenids (TMDs) [15-17] are among the 2D ma-
terials that have been in the spotlight in recent years. They are composed by two hexagonal
planes of a transition metal atom M (Mo, W) that covalently binds with chalcogen atoms (S,
Se, Te) to form an hexagonal lattice with a trigonal prismatic arrangement (MX5) [18-20]. It
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has been found that atomically thin layers of TMDs are thermodynamically stable and that
they are direct-gap semiconductors from the visible to the infrared spectrum [17,19,21,22].
The extrema of the bands are located at the finite momentum K™ (K™) points in the hexag-
onal Brillouin zone and connected by a broken inversion symmetry. Together with a strong
spin-orbit coupling (SOC) this leads to valley-spin locking, i.e., the coupling between the
valley and spin degrees of freedom [23-25]. As a result, there are valley selective optical
rules [17,26,27], which, together with strong light-matter coupling [28,29] offer a promising
playground for spin optoelectronics and valleytronics [24,30,31].

The large binding energy of excitons in TMDs as compared to other microcavity
semiconductors such as quantum-wells [32-34], combined with the possibility to control
the electron density in the different valleys, opens up exciting new venues to explore
Bose-Fermi mixtures in a hybrid light-matter setting [35-37]. This has stimulated a num-
ber of studies regarding the properties electron—exciton mixtures and their coupling to
light [38-48]. In particular, the emergence of new quasiparticles, the so-called Fermi-
polaron-polaritons have been observed [49]. They can be roughly described as a coherent
superposition of photons and Fermi polarons, which are formed by the polaritons interact-
ing with the surrounding electron gas (2DEG) in analogy with what is observed in atomic
gases [50-57].

Two recent experiments have observed large energy shifts of these polaron-polaritons
due to the injection of itinerant electrons in a monolayer TMD indicating the presence of
induced interactions between them [36,58], which opens the door to exploring interacting
quasiparticles in a new hybrid light-matter setting. Landau’s theory of quasiparticles
stands out as a powerful yet simple framework to precisely describe such interacting
many-body systems, including their single particle and collective properties both in and
out of equilibrium [59-61]. In light of this, an important question concerns how to calculate
the parameters entering such a Landau theory for polaron-polaritons.

Inspired by this, we present here a theoretical framework for polaron-polaritons
in a 2DEG in terms of Green’s functions. Moreover, we show how this can be used to
calculate the parameters of a Landau theory of polaron-polaritons, which encompasses the
strong light-matter coupling. Apart from assuming that the concentration of the polaron-
polaritons is much smaller than that of the 2DEG and that equilibrium theory can be
applied, our theory is completely general. We then give a concrete example of these results
by employing an approximate many-body theory, the so-called ladder approximation,
which includes strong two-body correlations leading to a bound state between an exciton
and an electron, i.e., a trimer. Using this, we explore the different polaron-polariton
branches and demonstrate how the transmission/reflection spectrum of the system offer a
new experimental way to determine the energy and residue of the underlying polarons
in a non-demolition way. The energy of the polaron-polaritons is then shown to decrease
with their concentration corresponding to an attractive Landau quasiparticle interaction
mediated by particle-hole excitations in the 2DEG.

The remainder of the manuscript is structured as follows. In Section 2, we introduce
the system and discuss the formation of the hybrid light-matter polaritons. In Section 3,
we turn our attention to the effects of interactions and show how this can be described mi-
croscopically. We then connect this to Landau’s quasiparticle theory providing microscopic
expressions for the quasiparticle energies and their effective interactions. In Section 4, we
apply these results to the ladder approximation and analyse the predicted properties of the
quasiparticles and the interactions between them. We also propose a new way to measure
these via the light transmission/reflection spectrum. Finally, in Section 5 we present our
conclusions and offer some perspectives.

2. System

We consider a 2D semiconductor in an optical microcavity. Photons in the cavity are
strongly coupled to excitons in the semiconductor and the excitons in turn interact with a
2D electron gas (2DEG). The Hamiltonian for the system is H = Hy + Hj, where
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are the non-interacting and the light-matter coupling terms. Here 3?;2, 61*(, and élt, creates an
exciton, photon, and electron, respectively, with two-dimensional crystal momentum k.
The energy of these particles is e = k?/2my, eqc = k2/2m, + 9, and ey = k2 /2m,, where
my, m¢, and m, are their masses and J is the detuning between the exciton and photon
energies at zero momentum. We set i = kg = 1 throughout. For concreteness, we take
me = 1075my, my = 2m, and assume the light-matter coupling Q) to be real. The energy
offset of the electrons will be absorbed into their chemical potential. It follows from the
optical and valley selection rules of TMDs [15-17] that polarised photons couple to excitons
in a specific spin and valley state, which in turn predominantly interacts with the 2DEG
in the opposite valley. Here, we focus on a given spin and valley and therefore suppress
those degrees of freedom in Equation (1) and onwards. The excitons are assumed to have a
binding energy much larger than any other relevant energy scale in the system so that they
can be considered as point bosons. For high exciton densities or localised excitons, their
composite nature becomes important and the point boson approximation breaks down,
leading to changes in the effective light-matter interaction and saturation effects [36,46].

The non-interacting Hamiltonian equation, Equation (1), is readily diagonalised by
means of a Hopfield transformation [3]

f _ [Gc =S| [Li 2
al 1Sk G ]k
where L] (Uf) are the creation operators of lower and upper polaritons, respectively, with

momentum k. The corresponding Hopfield coefficients are CZ = (1+ i/ /512( + 402) /2
and Sﬁ =1- CI% with & = €. — €4, and

1 /
Eok = E <€Ck + Eyk + (512( + 402>, (3)

giving the energy of the standard upper ¢ = U and lower ¢ = L exciton-polaritons in
the absence of the Fermi sea. Interactions between the excitons and electrons in opposite
valleys are described by the term

N 1 A
H; = i Z quk+qu/_qu’€k/ (4)
q kK

where A is the area of the system. For small Fermi energies and relevant momenta the
electron—exciton interaction can be approximated as a contact one Vq ~ 7 [49]. This is
equivalent to treating the exciton-polaritons as point-like bosons. Additionally, we assume
that the Coulomb interaction between the electrons are included by a renormalisation of
their dispersion using Fermi liquid theory [62,63], and we furthermore neglect the direct
interaction between excitons. For small densities, the latter is rather weak due to the large
binding energy of the excitons, which is typically two orders of magnitude larger than the
rest of energy scales [32-34,64], and it can easily be included at the mean-field level.

3. Fermi Polaron-Polaritons

We now consider the situation where the density of exciton-polaritons is small com-
pared to the electron density. In this case, the effects of the exciton-polaritons on the
2DEG can be neglected and the problem reduces to that of mobile bosonic impurities in an
electron gas. The interaction between the exciton-polaritons and the surrounding electron
gas then gives rise to the formation of quasiparticles denoted Fermi polaron-polaritons

121



Atoms 2021, 9, 81

or, in short, polaron-polaritons. Apart from the presence of strong light coupling this has
strong similarities to the formation of Fermi polarons in atomic gases [65]. In this section
we will describe their generic properties both from a microscopic point of view as well
as using Landau’s quasiparticle framework. We will furthermore provide precise links
between the two descriptions when appropriate. While these results are general, we will
illustrate them by using a microscopic approximated many-body theory as an example.

3.1. Microscopic Theory

Despite the fact that polariton systems are driven by external lasers, many of their
steady-state properties can be accurately described using equilibrium theory with a few
modifications, such as chemical potentials being determined by the external laser fre-
quencies [6]. We therefore employ finite temperature quantum field theory to analyse
the problem microscopically [66]. Since the electrons are unaffected by the excitons, we
can focus on the cavity photons and excitons described by the 2 x 2 exciton-photon finite-
temperature Green’s function G(k, ) = —(T-{ %1 (7)¥{(0)}), where ¥} = [#y, &) and
T denotes the imaginary time ordering. By Fourier transformation, it can be written in
terms of the free propagator Gy (k) and the proper self-energy m(k) as

R e R B B

where k = (k,w;), w; = 27lT with I = 0, £1, ... is a bosonic Matsubara frequency, T is the
temperature, and X, (k) is the exciton self-energy. As usual, one can obtain the retarded
Green’s function by analytic continuation G (k, w) = G(k,iw;)| oot

In the absence of light, the problem is equivalent to impurity particles interacting
with a Fermi sea, which is known to lead to the formation quasiparticles called Fermi
polarons [65,67,68]. The coupling to light turns these polarons into polaron-polaritons,
and in analogy with Equation (3), the energy of these quasiparticles is given by the self-
consistent solutions of

1
€0k = 2 {%k + e+ Lo (K, 010) £ \/[ék —Zu(k, gak)]z +402|. (6)

Here, the subindex ¢ denotes the different quasiparticle branches emerging in the
system. Also, a new set of Hopfield coefficients arise giving the matter and photon
components of the polaron-polaritons. As in Equation (2) they are

Clz(a _ 1 + ok — Exk — Zax (K, €gic)

5 and S, =1-C%. (7
2\/[Sck — &k Zxx(kr Suk)]z +402

3.2. Landau Theory

Landau’s description of macroscopic systems in terms of quasiparticles is a highlight
in theoretical physics and provides a remarkably simple yet accurate description of oth-
erwise complex many-body systems [59,60]. This includes both their single-particle and
collective equilibrium and non-equilibrium properties, and it is therefore important to
understand how it can be applied to polaron-polaritons. We now address this question
and provide precise links between Landau’s framework and the microscopic theory in the
previous section.

The foundation of Landau’s theory idea is to write the energy E of a system in powers
of its low energy excitations, which have particle-like properties, i.e., the quasiparticles
as [61]

1
E= Eg + ZS(I)(VnkU + — Z fk‘,/k/‘,/iflkgi’lk/‘,/ + ..., (8)
o 2A

kK, 0,0
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where E; is the ground state energy of the system and £(1)W is the quasiparticle energy.
The distribution function in a given quasiparticle branch ¢ is given by ny,, and fig o
is the interaction between quasiparticles in branches ¢ and ¢’ with momenta k and k'.
In principle, there are terms of higher order in ny,, in Equation (8), which correspond to
three-body interaction terms and higher. However, such terms are usually not important
for realistic densities and it is standard in Landau’s quasiparticle theory to truncate the
series at quadratic order corresponding to including two-body interactions, as we do here.

In the present case, the quasiparticles are the polaron-polaritons and their energy
¢}, are given by solutions of Equation (6) taking the zero impurity limit, i.e., a vanishing
quasiparticle distribution function ny,, = 0. The ground state of the system is simply the
2DEG with no polaron-polaritons present with the energy An.er /2 where n, is the density
of the 2DEG with Fermi energy er. When the number of quasiparticles is non-zero, it
follows from Equation (8) that their energy is

1
ko = Exp + i Y fro o e (C)]
Koo'

It follows from Equation (9) that the interaction between the quasiparticles can be
found as [69]

szr,kfm _ deye _ 5 M 10)
.A dnkr(,/ ke ke ank/,,/
where
Zyy =1 X500 Zxx (K exg) (11)

is the residue of a polaron-polariton in branch ¢ with momentum k and we have used
Equation (6) in the second equality. Here, Ay, = Sy, when the quasiparticle energy is
determined using the 4,/ version of the upper polariton poles in Equation (6), whereas
Ao = Cio when the —/--- version of the lower polariton in Equation (6) is used. Com-
pared to the usual microscopic many-body formula for Landau’s quasiparticle interac-
tion [70,71], Equation (10) has the additional feature of containing the many-body Hopfield
coefficients. They reflect that it is only the excitonic part of the quasiparticles which interact
with the surrounding 2DEG.

Equations (5)-(10) provide a framework for describing polaron-polaritons in a 2DEG
microscopically and moreover show how to connect this to Landau’s quasiparticle theory.
The main assumptions are that the concentration of polaron-polaritons is much smaller
than that of the electrons so that their effects on the 2DEG can be neglected, and that we
can use equilibrium theory to describe its steady state properties. We now illustrate these
results using an approximate many-body theory.

4. The Ladder Approximation

To give a concrete example of the results in the previous section, we apply the much
used ladder approximation to describe polaritons interacting with a 2DEG. This theory has
turned out to be surprisingly accurate for mobile impurities in atomic Fermi gases [65],
which is a problem with many similarities to the one at hand. The basic idea is to include the
two-body scattering physics exactly in a many-body environment and it is thus particularly
suited to describe systems with strong two-body correlations such as molecule formation
or hard core repulsion [66]. In the present context, the molecules correspond to bound
states of an exciton and an electron, i.e., a trion, which indeed have been observed in
TMDs [35,72-78] motivating the use of this approximation. In the ladder approximation,
the exciton self-energy is given by

Sax(k) =

=

Y Ge()T (k+4q), (12)
q
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where k = (k,iw;), G, 1 (k, iw;) = iw; — & is the electron propagator with iw; = (2j+1)T
a fermionic Matsubara frequency, and Zq denotes a sum over both Matsubara frequencies
and 2D momentum. The electron energy is taken with respect to the Fermi energy of
the 2DEG, i.e., {ox = €. — €r. In Equation (12), we have introduced the exciton—electron
scattering matrix given by [79-81]

1
T(k) - ReHV(k = O,ST) — H(k)’ (13)
where IT(k) is the in-medium exciton—electron pair-propagator
1+ ng(Ck+qo) — 1F(Ee—q)
X2 q a
(k) = Zg’”‘ (k+a)Ge(= Z / Aoicrq iwj = Cxiqr —Goq o

Here, g,if? (k) = Lo X% /(iw; — &) is the exciton Green’s function in the absence
of interactions expressed in terms of the upper o = U and lower polariton ¢ = L with
Ckoe = €ko — Mo Where gy, is given by Equation (3). In this way, we include the hybridisation
of the exciton and the photon in the scattering matrix. Note that we have introduced the
chemical potentials ¢, to account for a non-zero concentration of the polaritons described by
the Bose-Einstein distribution np(x) = [exp(Bx) — 1)1, whereas np(x) = [exp(Bx) + 1]
is the Fermi-Dirac distribution for the electrons.

In deriving Equation (13) we have assumed a momentum independent exciton—electron
interaction, which is accurate for kray < 1, where a3 is the Bohr radius giving the typical
size of the exciton. Additionally, the bare coupling strength has been expressed in terms
of the energy et of the trion in the absence of the 2DEG as Relly (0,¢7) = 76_1 [79-81]. At
the level of a single impurity and zero temperature, the 7-matrix formalism is equivalent
to Chevy’s variational ansatz [67], which has recently been employed to explore Fermi
polaron-polaritons in TMD monolayers [49]. As we shall demonstrate below, our field-
theoretical approach is readily extended to include the effects of temperature and a non-
zero quasiparticle concentration. Such effects are usually challenging to incorporate in a
variational approach.

4.1. Zero Polaron-Polariton Density

We now discuss the properties of polaron-polaritons in the limit where their density
vanishes, which corresponds to taking #p(picq) — 0 in Equation (14). In this case,
the Matsubara sum in Equation (12) yields

a2 .
(k) = /ﬁn}"(geq)’r(k +q,lwy + Ceq)~ (15)

In Figure 1, we show the zero momentum photonic spectral density A (w) =
—2ImG(k = 0,w) as a function of the detuning ¢ obtained by inverting Equation (5).
We use the experimentally realistic values () = 8 meV and et = —25 meV [35,82]. In
Figure 1a,b we show the spectral function for increasing electron densities with e /e =
0.015 (1, = 8.0 x 10'% and 0.19 (17, = 1.0 x 10'2), respectively. For a typical experimen-
tal temperature T ~ 1K [58], the thermal energy remains much smaller than the Rabi
coupling (kgT/Q) ~ 0.05), the trion binding energy, and the Fermi energy of the system.
Temperature effects are therefore expected to be negligible.
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Figure 1. Photon spectral distribution Acc(k = 0,w) for n, = 8.0 x 1010 (ep /e = 0.015) (a) and
e = 1.0 x 10'2 (ep /e = 0.19) (b). We observe three quasiparticle branches L, M and U of exciton-
polaron-polaritons (red curves). The yellow solid curves correspond to the uncoupled photon and
exciton energies, while the cyan lines give the polariton branches in absence of electron—exciton
interactions. The horizontal green solid line indicates the bare binding energy of the trion et
and the dashed yellow the binding energy in the presence of many-body correlations. (c) Size
of the Rabi coupling for the L-M branches (attractive polaron) O\ (blue) and the M-U branches
(repulsive polaron) Qypy (black) as a function of the ratio e /et. (d) Value of the detuning where the
avoided crossings between the polaron-polariton branches occur with the same color coding as in
(c). The background colors show the 2D polaron spectral function in the absence of light. For the
calculations we employ an additional artificial broadening 7 /2() = 0.01. (e) Spectral function of the
Fermi polaron as a function of e /e for Q = 0.

Let us first focus on the limit 6 >> |Q)|, where the photon is decoupled from the
excitons and electrons. In addition to the photon, there are two quasiparticle branches
in this limit: The so-called attractive polaron corresponding to the exciton attracting the
electrons around it giving a quasiparticle energy below the trion energy, and the repulsive
polaron corresponding to the electron repelling the electrons around it giving an energy
above zero. We see that the repulsive polaron has the most spectral weight for low electron
density with er/er = 0.015, whereas the attractive branch starts to gain more spectral
weight for a high electron density with e /et = 0.19. This is consistent with what it is
found for polarons in atomic gases, since a small electron density with er < e corresponds
to the so-called BEC limit and a large electron density er >> et corresponds to the BCS limit.
For atomic gases, one indeed has that the residue of the attractive polaron approaches unity
in the BCS limit, whereas that of the repulsive polaron vanishes and vice versa in the BEC
limit [65,83].

When §/|Q)| decreases, the photon starts to couple to the attractive and repulsive po-
larons resulting in three hybrid light-matter quasiparticle branches, which we have denoted
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as the upper U, middle M, and lower L polaron-polaritons. There are two prominent avoided
crossings between these branches as it can be seen in Figure 1a,b, and their size and position
can be understood as follows. In absence of any light-matter coupling, the impurity forms an
attractive (repulsive) polaron with energy wlﬂ((y) and residue Zlﬂ((y) [44,65,83]. The coupling of
these polarons to the photon can be described by the photon Green’s function

a r
Zk Zk
Y — |

w (Uk w (Uk

Gl (kw) ~w—eg—O? (16)
which is illustrated in Figure 2. It describes the repeated transitions between the photon and
the polarons by the Rabi coupling as the polaron-polariton propagates through the medium.
Equation (16) includes only the quasiparticle peaks of the exciton propagator and ignores
any many-body continuum of states in the spirit of Landau theory. From Equation (16), we
see that the matrix element giving the size of the avoided crossing of the photon branch
with the repulsive and attractive polarons is

Qum = 0,/ZL and Opv = 04/78, (17)

respectively. This explains why the avoided crossing for the repulsive/attractive polaron is
large/small for small electron density er /e = 0.015 in Figure 1a, since this corresponds to
the BEC limit where the residue of the repulsive polaron approaches unity [65,83]. In the
same fashion, the avoided crossing of the repulsive/attractive polaron is small/large for large
electron density in Figure 1b, since this corresponds to the BCS limit where the attractive
polaron has a residue close to unity and the residue of the repulsive polaron vanishes.

[
[ J
[

H
Gee(k,w) = —

Figure 2. Feynman diagram for the coupling of the photon propagator (black, wavy line) to the
exciton (red line). The dotted lines represent the Rabi coupling.

To explore this further, we plot in Figure 1c the size of the two avoided crossings
extracted as the minimum energy difference between the polaron-polariton branches as a
function of the electron density. This clearly shows how Quy decreases with increasing
electron density, reflecting the decreasing weight of the repulsive polaron. As the BCS limit
is approached, the repulsive polaron becomes ill-defined and we cannot determine Q.
Mirroring this, ()1 increases with increasing electron density since the residue of the
attractive polaron increases as the BCS limit is approached. Since the avoided crossing of
the photon with the exciton in the absence of electrons is given by (), we conclude from this
that the residues of the repulsive and attractive polarons can be extracted by measuring
the size of their avoided crossings.

Furthermore, from Equation (17) we see that the position of the avoided crossings is
determined by when the energies of the attractive and repulsive polarons cross the photon
branch. To illustrate this, we plot in Figure 1d the value of the detuning where the avoided
crossings occur as a function of the electron density. We also plot the spectral function of
the polaron in a 2D Fermi gas in the absence of light coupling determined from Equation (5)
setting () = 0 [83] in Figure le. The good agreement between the peaks of this spectral
function giving the energies of the attractive and repulsive polarons in a Fermi gas and
the positions of the two avoided crossings confirms that the underlying physics is indeed
driven by the coupling of polarons to light.

In conclusion, these results unfold a new experimental way to determine the energy and
residue of the polaron in a non-demolition way by detecting the light transmission /reflection
spectrum of the system. This method represents an important alternative to earlier approaches
based on Rabi-oscillations in radio-frequency (RF) spectroscopy [51,55,84,85]. We note that
these avoided crossings have already been observed experimentally [49,58,86].

126



Atoms 2021, 9, 81

azxx (kr gka)

aVlkrgr

4.2. Non-Zero Polaron-Polariton Density

We now consider the case of a non-zero polaron-polariton density focusing on how
this affects their energy. From this, we will derive a microscopic expression for Landau’s
quasiparticle interaction within the ladder approximation.

Our starting point is Equation (12) for the exciton self-energy. For a non-zero density
of excitons, evaluating the Matsubara sum yields [69]

2
Zaaloitos) = [0y [nr(Eeq) T+ iy + Een)

(2m)?
/°° do' np(@)ImT (k+q @' +i0%)  1F(@id ) Zicq } (18)
o TT iwy — W'+ Ceq iwy — w{(r+q + Ceq !

Compared to Equation (15), the finite exciton density gives rise to the two new terms
in the second line of Equation (18). The last term is a contribution coming from a non-zero
population of the trion state, which appears as a pole in the many-body scattering matrix
at the energy wf with residue Z{. This results in an interaction between the trions and
the excitons mediated by the exchange of an electron [69], which has been observed to
give rise to large optical non-linearities. We neglect this term in the following assuming a
zero population of trions and refer the reader to Ref. [36] for an analysis of the interesting
interaction between excitons and trions mediated by electron exchange.

A non-zero exciton density enters the self-energy explicitly via the second term in
Equation (18), which comes from the branch-cut of the exciton—electron scattering matrix.
Physically, it corresponds to the propagation of an electron and an exciton with population
np(w). The exciton density also enters the scattering matrix 7 via the exciton-electron
pair propagator given by Equation (14). In Figure 3, we plot the energy shift of the
lowest polaron-polariton branch Aeqr = gq1. — £?1L for q = 0 as a function of its density

n = A1 Y.q8(Cqr) for several values of the cavity detuning. Here, E%L denotes the
energy of the lower polaron-polariton branch in the limit of vanishing density consistent
with the notation in Section 3.2. The energy shift is obtained by solving Equation (6) for a
varying chemical potential of the polaritons. We see that the energy shift is negative and
depends approximately linearly on density 7. From Landau theory, this negative shift
corresponds to an attractive interaction between the quasiparticles as can be seen explicitly
from Equation (9).

To derive a microscopic expression for the interaction between the polaron-polaritons,
it follows from Equation (10) that we must evaluate the derivative of the exciton self-
energy with respect to their distribution 14, = np(¢qs). We thus expand Equation (18)
as Zyy(k,w) = Z,,—o(k w) + 6Z(k,w) + O(n2), and by evaluating this on-shell with
w = i one obtains [69]

d? 1
:XZ/ / p
o / (27T)2 Ckn - Ck’zr’ + Cpe - gk—k’ﬂae 8
[P () T2(K = P, Gier + 8) = 1E(Ef 1) T2 = P G s + Gieer) (19)

Here, it is understood that all energies ¢y, as well as the 7 matrix are evaluated for
vanishing quasiparticle density. This expression can be generalised to a non-zero density by
using the full density-dependent 7-matrix as shown in Appendix A. Note that since we are
using a non self-consistent approximation, it is the density of the bare upper and polaritons
that enter inside the exciton self-energy. To derive Equation (19), we have identified these
densities with those of the polaron-polaritons, which corresponds to the first step in a
self-consistent calculation.
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Figure 3. Energy shift of the L polaron-polariton branch as a function of their concentration for
representative values of the cavity detuning from §/2Q = —3.0 to 2.0. The color coding is indicated

in the figure. We employ a finite but small temperature Ber = 0.1

The effective interaction between polaron-polaritons in branches ¢ and ¢’ with momenta
k and k’ can now be obtained by inserting Equation (19) in Equation (10). Equation (19) is
illustrated diagrammatically in Figure 4, which shows that it corresponds to an induced
interaction between two polaron-polaritons mediated by particle-hole excitations of the
electron gas. Indeed, when the polaron-polariton energy is detuned far from the trion
energy one can approximate the scattering matrices in Equation (19) by the constant 7~ ~
T (0, ko), and the interaction becomes proportional to the 2D Lindhard function [69], which
is characteristic of a particle-hole mediated interaction [71]. For stronger interactions between
the excitons and the electrons, one must retain the full energy and momentum dependence of
the scattering matrix in Equation (19).

fko,k’o" = =

7 al

Figure 4. Feynman diagram of the interaction between quasiparticles ¢ (red lines) and ¢’ (cyan lines)
mediated by the 2DEG. The wiggly line corresponds to the induced interaction which translates to a
T-matrix repeated scattering mediated by an electron-hole pair (black lines) in the 2DEG.

We now return to Figure 3 where the energy shift of the lowest polaritonic branch
(¢’ = L) is shown as a function of the same lowest polariton concentration (¢ = L).
We can understand it in terms of the effective interaction between the lowest polaron-
polaritons. The interaction is attractive since the energy shift is negative, and it increases
in strength with the detuning J. The reason for this is two-fold. First, it is the excitonic
component that interacts with the electrons and this component increases with the detuning
for the lowest polaron-polariton. Second, the energy of the lowest polaron-polariton
approaches the trion energy with increasing 4, which gives rise to strong resonant effects
in the electron—exciton scattering. As a result, we see from Figure 3 that there can be
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a sizeable negative energy shift of the polaron-polariton due the attractive interaction
mediated by particle-hole excitations in the 2DEG. So far, one has instead observed a
temporary positive energy shift corresponding to a repulsive interaction, which has been
attributed to a non-equilibrium phase filling effect [58]. It would thus be very interesting to
investigate this further experimentally as the effective interaction between quasiparticles is
a key component of Landau’s quasiparticle theory and because it may give rise to strong
non-linear optical effects [69,87].

5. Conclusions

We presented a theoretical framework for describing polaron-polaritons in 2D semicon-
ductors inside optical microcavities. Microscopic expressions for the parameters entering
a Landau quasiparticle theory were given, which provides a simple yet accurate way to
describe this new system of interacting hybrid light-matter quasiparticles. Our frame-
work is general apart from assuming that the concentration of the quasiparticles is much
smaller than the surrounding electron gas and that equilibrium theory can be applied.
To illustrate the results, the ladder approximation was then used to explore the system.
We also proposed a new non-demolition scheme to probe the energy and residue of the
polaron-polaritons via the Rabi splittings in the light transmission/reflection spectrum.
Finally, we showed that the Landau effective interaction between the polaron-polaritons
mediated by particle-hole excitations in the electron gas is attractive.

Our theoretical framework provides a systematic way to analyse current experiments
exploring exciton-polaritons in monolayer TMDs [49,58]. It can moreover be extended
to study a new class of exciton-polaritons in van der Waals heterostructures with inter-
layer Feshbach resonances [88,89], hybridised inter- and inter-layer excitons [90], dipo-
laritons [91], and spatially localised excitons [92,93]. The rich features predicted in these
systems [94,95] open the door to using polaritons as quantum probes in strongly correlated
electronic states [96] and to realising and controlling strongly interacting photons. An excit-
ing development is to explore the regime of higher polaron-polariton concentrations, where
many intriguing phases, such as a Bose-Einstein condensate of polaron-polaritons [37],
superconductivity, and supersolidity [97] have been predicted.
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Appendix A. Strong Coupling Polariton Interactions

We take the self-energy as calculated in Equation (18), but without considering the
T-matrix real pole,
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S (K icoy) = / (d‘; F(Ceq) Tk + @ icoy + Zeq) (A1)

* do’ np( ImT (k+ q,w’ 4 i0")
iwy — W' + Geq

’

Next, we employ the following relationships
Im7 = [(ReT)2 + (ImT)z] ImIT [(T —ilmT)? + (ImT)z] ImIT = (A2)
[72 = 2T T — (ImT)? + (ImT)?| ImIT = [72 = 2Tt T | T

This becomes a series over the imaginary part of the pair propagator. We separate the
principal and imaginary parts of the pair propagator in Equation (14) as

Z/ (d P X§q+p [1—np(Ge—p) + n5(Coqip)] X (A3)
1 .
{Pw - gefp - quﬂ) a Z7T(5(CU - ée*P - éwﬁp)} ’

inserting it in Equation (A2), we obtain
ImT (q,w) = 7 T2 = 2T ImT |x (A4)
2 / 2n)? yq+P F(éefp) + nB(CUq‘FP)}J(w —Ge—p — Caqﬂ))-

Substituting this result in the second term of Equation (A1) and using that np(x +
y)(1 —np(x) +np(y)) = np(x)np(y); therefore, the self-energy reads

d2
Yok w) = /ﬁ{ Tlp(ng)T(k+ qrergeq) (A5)
_ gk+q+p”B(gak+q+p)”1~"(ge—p)
2/ 2w = Goktqrp T Geq — Ge—p T 10T *

[T2(k+ ,8ep + Eokcrqip +107) —2iT(k + @, Gep + Cotcrqip + 07T (K4 q, Gep + Cotcrqip +107)] }-

As explained in the main text, the quasiparticle interactions are given by the functional
derivative of Equations (10) with respect to the quasiparticle distribution [61,70]

forone _ ok _ 2 92(k, Cok)
K Ly gt = 2y Xy T (A6)
this entails the calculation of the derivative of the second part of the self-energy
5 2 . o

St 1906 (T2 ) = 2T (k)T (o) | = (A7)

ong(8ok) {12 ,

— 0 T (k,w) — 20T (k, w)ImT (k, w)+

onp(Eonc) { o) (o co)m7 (k)

o7 (k,w)

n5(Eoi) 27 (k) = 20ImT (k)] £ 5

(G Tow) (S - ST et} .

ong(Gone)  Onp(Eone)
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The functional derivative of the 7 -matrix is given by

5 T STI(k, w)
T (kw) = g = A8
ong(Goner) Tlkw) [1— Toll(k, w)]* 015 (Goric') (A9)
& X7 o1 (Eoncrp)
2k p ok+p B\Gok+p _
T ( ,w) ;/ (27-[)2 w — ge—p — gak+p 5”3 (ga’k’)
4 85,0 0(k" — (k+p)) X2 T (k, w)
_ 2 P ;2 g _ o'k
=7 (k’w) / (27—5)2 kP — ét’fp - gﬂk+p +i0t  w - Sek—1 — Corer +107 ‘

As the derivative is of the order 7?2, if we keep only terms associated to second-order
diagrammatic contributions, we can approximate

_ 6
ong(Gone)

In this way, after substituting the derivative of the 7-matrix into the derivative of the
self-energy, the mediated potential on-shell, up to second order diagrams, reads

az(krggk) 2 / dzq 1
— TR = X5, —X A10
o | ) E o + Goq — okirg F IO (A10)

[”F(geq)’rz(k, - Q@ Gox + geq + i0+) - nF(Cek—k’Jrq)Tz(k, -9 gek—k’+q +8orne + i0+)] ’

{ng(gak)(’rz(k,w) —2iT(k,w)Im7’(k,w)ﬂ ~ T2(k,w)d(k — k)8, . (A9)

which is identical to Equation (19) from the main text.
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Abstract: Recently it was shown that anyons on the two-sphere naturally arise from a system of
molecular impurities exchanging angular momentum with a many-particle bath (Phys. Rev. Lett.
126, 015301 (2021)). Here we further advance this approach and rigorously demonstrate that in the
experimentally realized regime the lowest spectrum of two linear molecules immersed in superfluid
helium corresponds to the spectrum of two anyons on the sphere. We develop the formalism within
the framework of the recently experimentally observed angulon quasiparticle.

Keywords: anyons; quasiparticles; Quantum Hall Effect; topological states of matter

1. Introduction

The discovery of the fractional Quantum Hall Effect and the advent and application of
topological quantum field theories have revolutionized our understanding of the quantum
properties of matter [1-8]. Among the prospective applications, the notion of topologi-
cal quantum computation has recently emerged as one of the most exciting approaches
for constructing a fault-tolerant quantum computer by seeking to exploit the emergent
properties of many-particle systems to encode and manipulate quantum information in
a manner which is resistant to error [9-12]. One simple such proposal for topological
quantum computing and information storage relies on the existence of topological states of
matter whose quasiparticle excitations are anyons.

An anyon is a type of quasiparticle that can arise in systems confined to two dimen-
sions and whose exchange properties interpolate between bosons and fermions [13-15].
Because of the topological peculiarities of two spatial dimensions, the world lines of
anyons can braid nontrivially around each other [13,16,17], and therefore, unlike fermions
or bosons, exchanging two anyons twice is not topologically equivalent to leaving them
alone. This opens up a whole new domain of quantum statistics known as intermediate or
fractional statistics. Even though the realization of anyons in experimentally feasible sys-
tems has been subject of recent research [18-25], all these works concern particles moving
on the Euclidean plane R2, or a subset thereof. However, since the statistical behaviour
of anyons depends on the topology, and even more importantly on the geometry and
symmetry, of the underlying space, investigations on curved spaces can demonstrate novel
properties of quantum statistics [2,26-32] (see also graph geometries [33,34]). Indeed it has
been recently demonstrated that the emerging fractional statistics for particles restricted
to move on the sphere, instead of on the plane, arises naturally in the context of quantum
impurity problems, particularly, in the context of molecular impurities [35]. There, it has
been shown that the emerging statistical interaction manifests itself in the alignment of
molecules, which could also be of use as a powerful technique to measure the statistics
parameter. This paves the way towards experimental realization as well as detection of
anyons on the sphere using molecular impurities.

Atoms 2021, 9, 106. https:/ /doi.org/10.3390/atoms9040106 135

https:/ /www.mdpi.com/journal/atoms



Atoms 2021, 9, 106

In the present manuscript, we explicitly show how the angulon Hamiltonian [36-38]
gives rise to a system of two interacting anyons on the two-sphere S?. The angulon represents
a quantum impurity exchanging orbital angular momentum with a many-particle bath, and
serves as a reliable model for the rotation of molecules in superfluids [39-42]. In particular, we
demonstrate that, under appropriate time-reversal symmetry breaking conditions, restricting
the angulon Hamiltonian to states in the first Born-Oppenheimer approximation gives rise to
the anyon Hamiltonian. Time-reversal symmetry is broken by using an additional external
magnetic field and applying rotation, while the Born-Oppenheimer approximation is satisfied
by considering heavy molecules. We further discuss and supply some technical details of
the argument that had been left out in [35]. Note that the phenomenon of quantum statistics
transmutation typically involves emergent scalar interaction potentials and non-statistical
gauge fields as well, and it is necessary to have sufficient control of these effects in order to
provide robust signatures of anyons.

2. Anyon Hamiltonian

Anyons are identical particles described by wave functions ¥ which acquire a phase
factor e*™, respectively e, under permutation of two sets of coordinates. In contrast
to fermions and bosons, we do not assume that the statistics parameter « is an integer.
Namely, it could be any real number, say between 0 and 1, or between —1 and 0, i.e.,, a
fraction of an integer (thereby ‘fractional statistics”). Consequently, we have to distinguish
between the continuous exchange processes where two particles make an elementary
anti-clockwise braid around each other, in which case the wave function gains a factor
€7 and processes where they braid clockwise around each other, in which case the wave
function has to acquire the inverse factor e *”". Here we however see a difference on the
sphere compared to the plane, since e.g., the 2-particle braid group reduces from Z on
the plane to Z, on the sphere, due to a double exchange being topologically trivial. This
also means that we cannot determine topologically which way the particles braided, and
thus reduces the whole problem to the ordinary case of bosons or fermions, « € {0,1}.
In fact, this conclusion is a manifestation of the symmetry of the full sphere, and indeed
the existence of anyons necessarily requires the breaking of time-reversal or orientation
symmetry (corresponding to the choice of sign of # and the handedness of braids in our
braid group representation). A similar analysis for the N-particle case leads to the condition
(N —1)a € Z, analogous to the well-known Dirac quantization condition [26,28,30]. We
can overcome this issue, by instead considering the punctured sphere S? \ {\'}, where
N denotes the north pole (and S will denote the south pole), i.e., we consider anyons
which are no longer invariant under the action of O(3) but only with respect to rotations in
the polar angle. Clearly, S? \ { N/} is topologically equivalent to the plane. Nevertheless,
the analysis of anyons living on the sphere (or a subset thereof) requires novel ideas and
techniques. The first reason for this is that S? \ {\/} carries a non-flat geometry, i.e., the
free dynamics of two anyons is given by the Hamiltonian

2 2
SA];lion = Z Z ﬂbvﬂ

where g, is the metric tensor of the sphere, and we put suitable conditions at A/ and on
the coincidence set for the particles (for simplicity, we may consider functions ¥ vanishing
on the diagonal of the configuration space (S? \ {N'})?; cf. [43-45].) The second difference
to the plane is that the natural orientation-preserving symmetry group of the full sphere is
given by the three dimensional rotations SO(3), while the symmetry group of the plane
consists of a rotation around a single axis and translations in the plane. As one might
expect, and we will see explicitly below, the symmetry group plays a crucial role in deriving
the emergence of anyons from suitable impurity problems.
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It will be convenient to represent the anyonic wave function as ¥ = ¢y, where ¢ is
a bosonic wave function and ¢ is a fixed smooth multivalued function with the property
$(92,91) = ¢(q1,92) £ 7t under simple continuous exchange of the two coordinates g; € 2,
in order that ¥ acquires a correct phase factor e*#7. A concrete example of such a function

2172

¢ is given in complex stereographic coordinates z1,z, € Cby * log( =z ) Applying the

unitary transformation e!*¢ to the free anyon dynamics yields

2 2

i i i . 2 42
Hanyon 1= ¢ “PHlone™ = = 12 (Vi +iaVig)" = = 1. (Vi+i4)", ()
j=1 j=1
with the anyon statistics gauge field A j given by A ji= aV j¢. Note that H Anyon/ which is
unitarily equivalent to the free anyon dynamics (although by a singular gauge transfor-
mation, thereby changing the reference geometry) has the advantage of acting on bosonic
(single-valued) wave functions .

3. Emerging Gauge Field from the Angulon Hamiltonian

The angulon Hamiltonian for two rotors/impurities is defined by

2
Hangulon = Z% V;Z + Zlel b;:mbl,m + b}(ql,qz) + bZ(‘h:’iz) 4 @
j= m

where —V?2 = L]2 = le-x + L]Zy —+ LJZZ is the rotor Hamiltonian, g9; € §? is the position

of the j-th impurity on the sphere, b;,, are collective rotation modes of the bath, and
()
Z(q1,92

lich level [36-38]. Note that this Hamiltonian is typically fully invariant under the action of

O(3), so that we cannot expect any non-trivial anyons to emerge.
Instead, in the following, we aim to derive the statistics gauge field A j as emergent
from the following modified angulon Hamiltonian:

)= Yim Zim(q1,92) (*)bl(;z defines the coupling between these systems at the Froh-

H;ngulon,ﬂ = Hangulon + sz(ql/ qZ) +0 Z (Aq)l,ml,mz b;r,ml hl,mz ’ (3)

1,mq,my

where 7 := (g1 + 92)/|q1 + q2| is the normalized center of mass of the two impurities,
(Aq)l,ml,mz = Z m Dgn,mz (D‘/ ,B/ 7)D£11,n11 (“r ﬁ/ 'Y)
m

is the momentum operator aligned in the direction of —7 which we define with the help
of the Wigner matrix Din,mz (a, B,7) where &, B, 7 are the Euler angles of a rotation R, g ,
with the property R, 5 (S) = §, V is an additional quadratic potential, and the parameter
), which will describe the strength of a simultaneous magnetic field and a rotation, is
assumed to be large. With the convention above, the momentum operator A, aligned
with the z — axis reads A; = Ags. Note that having the momentum operator A; aligned
in the direction 4 will simplify our computation significantly. In the next section we will
discuss a model where we take the operator A, = Ag aligned with the z-axis as usual,
and argue that as () — co they describe the same limit within a certain setup. We will also
discuss how one can realize the modified operator H | sulon, 0/ by coupling Hangulon to an
additional constant magnetic field. In this concrete realization of Equation (3) the scaling
on V comes naturally.

We refer to Hamiltonian (3) as modified, since it has a dispersion relation
Y wi b;r,mbl,m + QY m, (Aﬁ)l/ml,nzzb;r,mlblmz which is not invariant under a change
of orientation. Furthermore, the introduction of a suitably chosen potential V punctures
the sphere and therefore breaks the SO(3) invariance as well. Let us denote with 6; the
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azimuthal angle of the impurity position 4; and with ¢; its polar angle w.r.t. the laboratory
reference frame. The g1, go-dependent coefficients of Z(q1, q2) are then given by

VARTRES ZCZ Yim (9]/ (P]) ’
i

where Y] ,, are the spherical harmonics and c; are real coefficients. We will occasion-
ally suppress the g1, g2-dependency of Z(gq,42), and simply write Z. Note that we
may instead of Equation (3) consider a symmetry-breaking interaction such as Z :=
(14 QAGw™1)71Z(q1,q2) leading to the emergence of anyons with the same statistical
gauge field. As stated, however, we here aim for a simplest possible realization of anyons,
as a first step.

The full Hamiltonian (3) acts on an appropriate dense domain in the tensor product
Hilbert space of the impurities Lzym / asym(S2 x §%), where L3, (S* x §?) is the bosonic
Hilbert space and L3y (S* x §?) the fermionic one, with the Fock space F (L?(S?)) of the
bath. Following the analysis for impurity problems in the planar case [25], the statistics

gauge field emerges from H. z,mgulon,O' by restricting it to the ground state of its pure many-

body part ), wj b}f,mbl/m QY my,my (Aq)l,ml,mzb?,nu bimy + b}(ql,qz) + bz(ﬁl/f‘lz) which acts
only on the Fock space 7 (LZ (SZ)) of the bath. Namely, with the help of a coherent state
transformation, we can write the ground state as (we use the notation by = Y, ,,, x;,,, by, and
: for action or composition)

®(q1,92) := exp {b(wm/\q)”Z(mﬂz) - hzrwm/\qwz(ql,qz)] -10) . @)
Explicitly, by completing the square,
b (w4 QAg) -b+bY bz = b+ - (W+QAF) - (b+0) —c,

with & := (w+ QA7) "'Z and ¢ := &' (w + QA7) We see that the non-symmetric disper-
sion relation w + Q)A; leads to a breaking of symmetry in the vacuum section ®(q1,42),
since the coefficients (w + QAg)~! - Z(q1,92) are no longer invariant under the action
of O(3).

In the following, we consider a gapped dispersion w; — oo and heavy impurities
such that the ground state decouples from the rest of the Hamiltonian. In this regime, the
low energy spectrum of Hamiltonian (3) can be described by the first Born-Oppenheimer
approximation

<1/]|HEmerg‘1/]> = <¢¢‘H;ngulon,0|¢q)> ’

where §(g1,42) is an impurity wave function (bosonic or fermionic). By applying the

coherent state transformation Sy := exp [b< wtOA7)1Z( as above,

_pt
7192) b(w+01\q)’1z(fhrqz)
we see that, formally,

Hemerg = (0] = 3(V + 551 (V50))%(0) + Q*V — Z'(w + QAy) 7' Z.

]

The issue with this representation is that we do not have a nice expression for
the quantity S 1Vj50. This is due to the fact that the following family of operators is
non-commuting:

+ . 2
{b(wH)Aq)’lZ(ql,qz) - b(w-%—QAq)*]Z(ql,qz) “q1,q2 €S7},
and therefore we cannot apply the usual chain rule V;exp[F] = V;F exp[F]. In order to

arrive at an explicit expression, we will apply two unitary transformations, which should
map the non-commuting family to a commuting one. Note that this transformation has to be

138



Atoms 2021, 9, 106

41, g2-dependent, since a single fixed unitary transformation always maps non-commuting
families to non-commuting ones.

We first need to transform the whole system to a fixed reference point, such that
g+ q =8, ie, such that the middlepoint § between q; and ¢ stays fixed at the south
pole S. For an arbitrary position ¢ # N which is not the north pole, let T € SO(3)
be a rotation which maps g into the south pole, i.e., T(q) = S. Clearly there are many
rotations which satisfy T(q) = S. Therefore, we demand further that T leaves the axis
S X g invariant for g # S and define T to be the identity if § = S. The conditions T(g) = S
and T(S x gq) = S x g uniquely determine the map T. Since T is g-dependent, we will
write T, = T. In the following, we will always use the center of mass § as the argument,
i.e,, we consider T;. In order to promote Tj to a transformation on the whole Hilbert space,
note that we can write it as

0 -z y
T; = exp 25 0 —x5 ,
“Yyi o g

with coefficients (xg,7,27) := d(§,S)(S x 7)/|S x {|, where d(7, S) is the geodesic dis-
tance of § to the south pole S. Let us furthermore denote transformed points as q' := Tj - g.
With this at hand, we can define the transformation of a Fock space valued state ¥ (g1, ¢2) as

o

T(¥)(q1,42) == exp [i b' - (xgAx +yghy +zgAz) - b] “¥(q1,92) -

Recall that the transformation T; only makes sense as long as 7 # N. Therefore, we
only consider this transformation T for confined states ¥, for example only for states which
have a support contained in an open set O C O C {g € S? : g3 < 0}. Note that this is not
necessarily a real restriction, since the modified operator H ;ngul on,0 contains a confining
potential V anyway, which we will assume to have its minimum close to S.

We can write the transformed Hamiltonian T—1H ;ngulon,QT as

2
F—1 7 2 + t
—JZ(V]-'FT (V]T)) +Q V(ql,qz)—l-b '(w+QAZ)'b+bZ(qi,q’2)+bz(q'1,q'2)'

Note that after the transformation, the angular momentum operator A, is aligned with
respect to the z-axis instead of the direction §. Let us denote with ¢ = ¢(g1,42) the polar
angle of qﬁ, which is the position of the first impurity after the rotation T. Furthermore,
let R = Ry be a rotation around the z-axis by an amount of ¢. Then, the polar angle of the
transformed point g := R~!(g}) is zero, while the polar angle of g5 := R~1(g}) equals 7.
Both points g7, 45 have the same azimuthal angle 6. We promote R = Ry to an operation
on the whole Hilbert space by

R(¥)(g1,2) := exp[ip b - Az -b] - ¥(q1,02) .

The transformed operator R~1T~1H ;{mgulon,

QTR then reads

2

-y (vj +RITHVTIR+i(Vip) Yom b{mb,/m> + 0V (g1, q0) + b (W +QA;) b

j Im
N

074+ 020 -
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In the final step, we diagonalize the pure many body part b* - (w + QA;) - b + b} (")) +
1712

b, Z(qla) , by applying the coherent state transformation

— +
S:=exp [b(erQAz)’]Z(qﬁ’,q’z’) - b(w-%—QAZ)*]Z(qQ’,q’Z’)] .

Since the coefficients at the transformed points Z; ,,, (47,45 ) = (14 (=1)")c;Y,,(6,0)
are all real valued and the expressions only dependent on 6, we know that the collection
b vy — b - €0

(W+0A:) 1 Z(q] 47) (w+OA) 1 Z(q)qy) * T2
is a family of commuting operators. Consequently, we can finally apply the chain rule and
compute S~1(V ;S) quite explicitly as
— +
(Vjs) - b(w+0/\z)*1VjZ(qi’/q’z’) - b(w+OAz)*1V/-Z(qi’,q’2’) :

We can express the transformed Hamiltonian S~!1R=1T—1H/ gulon,0 qTRS as

2
. Z<vj +in(O)(Vj9) +Y;+ 57 (V,8) = i(Ti4) (bw + i) +i(V9) L b?,mbz,,n>
j Sm
+O%V(q1,92) —Eo+ b (w+QA;) - b,

with the abbreviations
W= Az(w +QA:) ' Z(q],43)

Y; =S 'RV, T)RS,
Eo = Z(q1,95) (0 + QAz) ' Z(q{, q3)
and
w(8) := Z(41,45)" (@ + QA2) T Az (w + QA2) T Z (g1, q5) -

Observe that the vacuum expectation of iVj(p(bW + bﬁ\,) and iV;p Y, m b{mbl,m is
zero. Therefore these terms will only contribute to the emergent scalar potential but
not to the emergent gauge field. Let us recall the definition of the vacuum section ® in
Equation (4). With the help of the unitary maps T, R and S we can write ® = TRS |0) and
consequently

HEmerg = <®‘He,mgulon,0‘q>> = <0‘571R71TﬁngngulonIQTRS‘0>
— (01 (V) +ia(8)(Vj9) + Y +57(V;8) =i(Vjg) (bw + bly)
]
2
(Vig) Ym b?,mbz,m> |0) + (0]Q2V — Eg+ b" - (w + QA.) - b[0) .
I,m
The second expectation is simply <0\02V —Ey+0bt- (w+ OQA;) - b|0) = OV — Ep. In

order to compute the first one, let us define the magnetic potential A; := «(6)V ;¢ and the
gauge covariant derivative V]A := V; +iA;. Let us further abbreviate

Uj == (w+ QA [V;Z(q,5) — iVipA.Z (g7, q5)] -
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Then we can rewrite the first vacuum expectation as

2
(o] - Z(V?‘ Y+ (bu/. + b{[/_) +i(Vip) Yom b{mb,m> o)

j Im

-2 [(vr+ <0\Yj|0>)2 — (01}{0)* + (O[(Y; + by, + by, +i(V;9) IZ;m b bum)0) |
] m

Let us define the magnetic background potential A j = —i{0[Y;]0) and the modified
scalar potential

V= Q2 + Y (01)[0)* = 3= (01(Y) + bu, + by, +i(V9) Y_m b ,by,n)?10) — Eo,
j j I,m

then we can compactly express the emergent Hamiltonian as

~\2 ~
Hemerg = fz(v;* +z‘Aj> V.
]

2
In case of constant «(f) = «, the operator — ) ; (Vf) corresponds to the anyon
Hamiltonian (1) with statistics parameter «, i.e.,

HEmerg = HAny0n+Z(A]2*i(Vj'Aj) *ZIA]V}A) +‘7. (5)
]

In reference [35], approximately constant « (depending on (2) is indeed realized for
a suitable, and experimentally feasible, choice of w and ¢;. Particularly, w is chosen at
the roton minimum of the dispersion relation of superfluid helium, which allows us to
achieve a gapped dispersion, and the coupling ¢; is described by the model interaction
used in order to describe angulon instabilities and oscillations observed in the experiment.
Therefore, the Hamiltonian H, ;ngulon,Q gives rise to a system of two anyons, coupled to an
additional magnetic potential Aj and an additional scalar potential V.

In the following let us verify that the magnetic potential A]- is regular, which on a

suitable scale means that curl Aj can be treated as a background field and thus does not
influence the statistics. First of all, we can write it as

A; = —i (0|STRIT'V(T)RS|0) = —i (@|T V(1) |®) ,

where ® is as usual the vacuum section. First we want to compute the Lie algebra element
T; ! (V;T;). Inorder to verify that Ty is a matrix-valued C* (smooth) function, so especially
that its derivative exists and is a continuous function, recall the explicit representation

_ 0 —(Sxq) (Sxq)
T; = exp [déq,S_) ( (S x4)s 8 —(8x% q_)f ):| .
‘ ><€I| ,(qu-)z (qu)l 0

Aslongas S x § # 0,ie., aslongas § # S and § # N, Tj is clearly C®. Since we want
to investigate the limit 41,42 — S anyway, we do not have to worry about the case § = N.
Regarding the south pole itself, observe that the function d(7, S)/|S x | is C*, even for
7 = S. Consequently, we know that T~ ! (V;T;) exists and it is a smooth function as long
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as § # N. Note that T~ v ;T;) is an element of the Lie algebra of SO(3), and therefore
we can write it as

0 —v(q1,92)  B(q1,92)
TN YT) = 79092 0 —a(qq2) |,
—B(q1,92)  a(q1,92) 0

with continuous and real functions a(g1,42), B(q1,92) and (g1, 42). Consequently, we can
write the operator T-1(V i T) as

(V1) = b (aj(q1,02)iAx + Bj(q1,92)iAy + (91, 42)iA2) - b.

From the representation above we see that the additional magnetic field A j is regular and
therefore does not contribute to the statistics, i.e.,, Hgmerg describes anyons subject to an
additional magnetic gauge field A j(q1,92) as well as an additional electric potential field
V(q1,42). Let us now describe a set-up, where the additional magnetic background field
A= (/711, Az) can be neglected entirely, i.e., we look for reasonable conditions such that

A HS 0. Since T and ® are compatible with rotations around the z axis, we know
MA2—

that A(q1 = S,q2 = S) = 0. It is therefore enough to verify that the vector field A is
continuous. By our representation of T~ (V i T) above, the continuity of A follows from
the continuity of (®(g1,42)[b" - A - b|®(q1,92)), e € %, in g1, 2. A sufficient condition for
(®(q1,92)|b" - Ae - b|®(q1,92)) being continuous would be the following growth condition
on the coefficients: |¢;| < % and w; £ QI > I'*€ with € > 0. While the former condition
can be fulfilled with the model parameter describing the molecule-helium interaction, see
reference [35], the latter condition can be satisfied by considering a strong magnetic field.

Then, A — 0 vanishes for g1, g close to the south pole, in contrast to the singular
Q192

gauge field V¢ which has a pole at S.

With the convergence A — 0 at hand, we can verify that the coupling to the
91927

background field V;‘ — V]A +iA j can be neglected in the limit of large (). In order to do
this, let us define the dilatation operator

. { L2(¢8%) @ L2(£S?) — L2(S?) © L2(S?),
| Y= DoY) (g1 2) =Y (g bgp) .

Note that the statistics gauge field A transforms exactly like the derivative operator as
D;lADf = (A. Therefore, D[lV}L‘DE = KV]A and D[lHAnyonD/; = KZHAnyon. Transform-
ing the emerging Hamiltonian yields

D; (¢ Hemerg ) Dy = — Y (V1 +i0 1A (€_1q1,€_1q2>)2 OV g, 0 ).
]

Using the assumption that the confining potential V' is quadratic, we see that the
natural length scale of the confinement is given by the equation (=402, i.e., £ := v/Q. In
the next section we will see that a quadratic potential comes naturally, however different
choices for V could yield other interesting limits. Since £ — o in the limit of large ), we
conclude A(Eflql,ﬁflqz) — 0. With the abbreviation V(q1,42) = \%V(%, %) we

then have the asymptotic result

_ 1
D\/%(ﬁHEmerg> D\/EQ:; \/aHAnyon+ Vo
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Hence, in the limit of large (), the emerging Hamiltonian corresponds to a system of
two anyons living on a sphere of radius ¢ = v/Q, with no additional magnetic field but
coupled only to an additional scalar potential Vp,.

4. Realization of a Modified Quantum Dispersion Relation

We now come back to the standard angulon Hamiltonian (2), and modify it by coupling
it to an external magnetic potential A]Q = Q(-yj,x;,0), i.e., we consider the operator

2
Hangulon/Q = — Z(V] — lAJQ) + Zwl meb’,W + b} + bz . (6)
j Im

Let], =L,1+ Lo+ b* - A, - b be the total angular momentum of the two particles
together with the many body environment. By rotating the system in the x — y plane at the
cyclotron frequency () we obtain

Hangulon,() = e—thIZ (Hangulon,ﬂ - iat)eltnlz +i0;

0\? t t
~ L (V) —iAR) + QL ) 40" (0 + QA - b+ b + by
)

7ZVJZ+QZZ(x/2+y]2)+b+'(w+QAZ)~b+b}+bZ,
] ]

where we used QL ; = —iA](2 - V. With the definition V(q1,42) := Ej(x]z + yjz.), we see

that Hangulon,Q almost coincides with

Huiona = — Zv} +Q*V(q1,92) + " (w+ QAp) b+ b5 + by,
]

except that the angular momentum operator A in Hangulon,n is aligned in the z direction,

while for He,mgulon,Q the operator Aj is aligned in the center of mass direction 4.
In the previous section we have seen that the modified angulon Hamiltonian H, | gulon,0
gives rise to a system of two interacting anyons in the limit of large ). In the following, we

want to argue why the same conclusion holds for the slightly different operator Hangulon/n,
i.e., we are going to justify that anyons emerge in the low energy regime of Hangulon,o as
well. Let us define the Fock space valued function

— +
Y :=exp [b(wH)Az)*lZ — b(w+QAz)*]Z] -10),
which is the vacuum state of the many-body part of Hangulon,ﬂl i.e., it is the ground state of
Hq :=b" - (w+QA;) - b+ b5+ b5

In order to observe the emergence of anyons, let us define the alternative section

= exp [b(w+QAq)4z - bszrQAq)*]Z] 10}

which gives rise to the correct gauge field A,. The issue is that ® is no longer the vacuum
section of H(. However, if we can show that Eq := (®|Hq|P) approximates the true
ground state energy of Hq

Ey:= —ZHw+0A,)1Z,

and if there is a spectral gap from a nondegenerate ground state, then we can argue that
the states (considered as rays of the Hilbert space) are close.
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Let us now verify that the energy deviation € := Eg — E( is small in the limit of large
Q). First of all, we can express € as

e=27" [(w +0A) (A, — Ag) (@ + OAH) ™ — (W + QA) (A, — Ag)(w + QAq)’l] Z.

Let us make the reasonable assumption that w + Q0A; is non degenerate, i.e., for
simplicity let us assume that w; + QI > 6Q(1 + 1) for some 0 < 6 < 1. Furthermore, we
assume that |Z; ,,| < l% for some C. We define the operator v by v; := /(I + 1) in the
diagonalizing basis of A.. Since A; is block-diagonal with respect to I, A; commutes with
v and consequently we can rewrite the first part of the error € = €1 — € (the second part

can be rewritten in the same way)
e = (v 1z)t [sz(w +OA) IO (A — Ay Hw + QAq)_lvz] (v12).

Note that we have the bound on the operator norm [|Qv?(w 4+ QAz) 71| < 1, as well
as [v 1A — Ay)v | < 2and ||[x<tv (A2 — Ag)vTY|| < 1for § — S, where we define
X1<L :=1forl < Land )(I<L := 0 otherwise. By our assumption |Z; ,,| < %, we know that
[v1Z||> =: C < co, therefore we obtain ||(1 — xrhv1z|| e 0 and

~ 2
lim Qe < lim 2<CHX<LV71(AZ A+ (- )(,,<L)1/*12H2>
7S =S 1) ’

4
I B A A .
5“( xeovTZ|| L;ZU

Applying a similar argument for €, yields the estimate for the total error e < 4. Note that
the ground state energy itself satisfies £y ~ &;. Consequently, the error term e is negligibly
small even compared to the ground state energy Ly, i.e.,

€<<E0.

We conclude that E¢ := (®|Hq|P) approximates the ground state energy Ey =
(¥|Hq[Y) of Hp, and since Hg, has a uniform spectral gap this especially means that there
exists 0; € [—7, ) such that | ® — ¢%7F|| < 1. This justifies the usage of the section ®
instead of ¥ in the Born—-Oppenheimer approximation.

Lastly, we stress that the Born-Oppenheimer approximation itself and the emergence
of the exact anyonic spectrum, i.e., the spectrum of the Hamiltonian (1), was justified both
analytically and numerically for simpler but highly representative models in [25,35].

5. Conclusions

In conclusion, we explicitly show that in the Born-Oppenheimer approximation the
many-particle bath manifests itself as the statistics gauge field on the two-sphere with
respect to the molecular impurities immersed into it.

The analysis of anyons on the sphere becomes much more difficult than the well-
studied planar case, mainly because of non separation of center of mass from relative
variables. This problem has also been stressed and tackled in recent studies of anyons
on the two-sphere [30,31,35], which have been successful in computing the spectrum of
two anyons subject to a homogeneous magnetic field (technically a monopole such that
the Dirac quantization condition is satisfied). Our result in this work cannot be directly
compared with the explicit spectrum for two anyons computed in [31,35] since it involves
additional scalar interactions and a not completely homogeneous magnetic field, and, even
more crucially, an effective trapping potential due to the specific rotation setup. Analytical
and numerical analyses of the spectra in the present situation are subjects of future work.

We further demonstrate that a possible experimental realization is feasible within
the framework of the angulon quasiparticle by applying an external magnetic field to the
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molecular impurities and rotating the impurity-bath system. This lays the foundations for
realizing anyons on the two-sphere in terms of molecular impurities in superfluid helium.
We finally note that although the dispersion relation of superfluid helium nanodroplets
is continuous, the interaction between the molecule and the helium droplet is dominated
at a finite excitation momentum, see reference [38]. This allows us to explore the problem
with a gapped dispersion relation so that the Born-Oppenheimer approximation can be
achieved by considering heavy impurities as discussed in reference [35].
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Abstract: Disorder is everywhere in nature and it has a fundamental impact on the behavior of many
quantum systems. The presence of a small amount of disorder, in fact, can dramatically change the
coherence and transport properties of a system. Despite the growing interest in this topic, a complete
understanding of the issue is still missing. An open question, for example, is the description of the
interplay of disorder and interactions, which has been predicted to give rise to exotic states of matter
such as quantum glasses or many-body localization. In this review, we will present an overview of
experimental observations with disordered quantum gases, focused on one-dimensional bosons, and
we will connect them with theoretical predictions.

Keywords: Bose-Einstein condensates; cold gases in optical lattices; quantum phase transitions;

disordered systems

1. Introduction

Ultracold atoms platforms are able to mimic the physics of other quantum many-body
systems [1-3]. Thanks to the high degree of tunability of many important parameters,
they have been used to study the low-temperature quantum phases and the transport
properties of neutral particles with short-range interaction [4,5]. Their strong versatility
allows researchers to use these platforms to investigate the physics of disorder [6-8],
mainly using two different kinds of optical disordered potentials: laser speckles [9-20]
and quasiperiodic lattices [21-34], both allowing for the first observation of Anderson
localization in matter-waves [15,24]. Although the present review is devoted to one-
dimensional (1D) bosons, it is important to mention that the possibility to control the
dimensionality of the systems allowed experimentalists to also study 2D diffusion [35] and
coherence [36], coherent backscattering [37,38], and 3D Anderson localization with both
fermions [39] and bosons [40,41].

Despite many years of investigation and the many efforts that have been undertaken,
both from the experimental and theoretical point of view, a clear and complete charac-
terization of the effect of disorder on transport and coherence of a quantum system is
still missing. An open issue, for example, is the description of the non-trivial interplay
between disorder and interactions, which has been predicted to give rise to exotic states
of matter such as quantum glasses [42,43] or many-body localization [44,45]. In particu-
lar, a transition between a superfluid phase for weakly repulsive bosons and a localized
Bose glass phase for strong repulsion has been predicted both for one-dimensional [42]
and higher-dimensional [43] bosons. However, the first experimental attempts to insert
weak interactions in Anderson-localized disordered systems have clearly shown that the
interaction energy can compete with disorder and induce delocalization by restoring coher-
ence [25,26] or transport [27-30]. The quest for the effect of strong interactions requires to
freeze the radial degrees of freedom, for example, by reducing the dimensionality of the
system. One-dimensional bosons are the prototype disordered systems, with an established
theoretical framework, useful to answer to some of the fundamental questions about the
quantum phases and the transport properties of low-temperature matter.
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In this review, we will focus on the experimental observations obtained with ultracold
quantum gases [21-23,31-34]. In particular, after a brief survey of the theoretical back-
ground of 1D disordered systems, we review the experimental results achieved to detect
and study disordered interacting quantum phases, analyzing their signature on coherence,
transport, and energy excitation properties.

2. Theoretical Background of 1D Disordered Systems

Let us consider a disordered Bose gas in a discrete 1D space, whose space dependence
is described by the site index j. This system is described by a modified Bose-Hubbard
Hamiltonian:

]

u
H= _]Z(b;+1bj + b}'bﬂ_l) + 5 an(l’lj — 1) + Z(Ej + V]HO)nj 1)
] ]

where b; denotes the boson annihilation operator at site j, while the site occupation quan-
tified by the usual operator n; = b;fbj. The first two terms on the right-hand side of
Equation (1) represent the usual Bose-Hubbard interactions, corresponding to site-to-site
tunneling with a rate ] and the on-site repulsion (U > 0). The third term in Equation (1)
accounts for the presence of both the harmonic trap VjHO and the disorder potential ¢;.

The disorder potential €; can be generated in several ways, resulting in a specific
spectral distribution. Both theoretically and experimentally, two cases are the most rele-
vant: (a) random distribution of energies ¢; € [~A, A] and (b) quasiperiodic distribution
€j = Acos(27tjo) with o being an irrational number [46]. The latter can be experimentally
generated by superimposing to a main periodic potential an auxiliary lattice one with
incommensurate wavelength (A, = A;/0). Hence, the three main energy scales charac-
terizing the Hamiltonian, i.e., the tunneling energy |, the quasidisorder strength A, and
the interaction energy U, can be controlled by tuning the depth of the main lattice Sy, the
depth of the secondary one S (being A = ¢25,/2), or the interparticle scattering length
on a Feshbach resonance [47], respectively. The simultaneous presence of disorder and
commensurate potential generates a competition between the three possible quantum
phases, namely the superfluid (SF) phase, the Mott insulator (MI), which occurs at large
interactions for commensurate fillings, and the so-called Bose glass (BG) phase, which is
induced by disorder. Figure 1 shows the zero-temperature (T = 0) phase diagram of 1D
bosons in the quasiperiodic lattice as a function of the ratios A/] and U/ ], obtained by
numerically solving the Bose-Hubbard problem [48].

n=0.5

I I lb)

BG

6
U/J
Figure 1. Phase diagrams for a quasiperiodic Bose-Hubbard model for densities n = 1 (a) and

n = 0.5 (b). Figure adapted from Reference [48].

We must distinguish between two physically different situations depending on the
average boson occupation number n = N/M, where N is the number of bosons and M is
the length of the 1D system. For incommensurate fillings (n < 1), the system is similar to
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the continuum case [49], with a SF phase replaced by a BG phase by increasing the disorder
strength A. On the other hand, for unit filling (n = 1), the ground state is a MI with a gap.
Adding disorder, such a gapped phase persists up to the value A = U/2 (dashed line)
where the excitation spectrum becomes gapless and the system first becomes a SF and then
a BG.

One-dimensional disordered bosonic systems, as described by Equation (1), provide
an ideal platform for testing and developing precise theoretical methods for studying
many-body physics, which yields useful predictions about the position of quantum phase
transitions and the indications on the most appropriate observables for their detection. In
the case of pseudorandom quasiperiodic disorder, phase diagrams have been obtained by
exact numerical results on the Bose-Hubbard model in small systems [50,51]. However,
they suffer a limited accuracy in locating the points of phase transition. More detailed
results have been found by means of quantum Monte Carlo methods [52] and the density-
matrix renormalization group (DMRG) algorithm [48]. These theoretical works represent
the groundwork for the experimental detection of disordered quantum phases, and they
also point out the experimental tools to detect the quantum phase transitions of these
systems. In particular, beside the compressibility, Reference [48] points out to the measure-
ment of coherence of the quantum gas, which is detected by time-of-flight imaging from
the width of the momentum distribution (see for results Section 3.1). Another interesting
tool for detecting phase transition is the observation of excitation spectrum (see Section 3.3).
The excitation spectrum of strongly repulsive 1D bosons in a disordered or quasiperiodic
optical lattice has been computed [53]. The predicted excitation spectrum shows a peculiar
behavior with two excitation peaks, one as expected around the repulsion energy scale U
with width ~ 2A and the other one centered at A with the same width. The prediction of
the presence of an absorption feature in the low-frequency band appears as a consequence
of the formation of a Bose glass at incommensurate filling, thus making the excitation
spectrum measurement an important tool of investigation. Experimentally, it can be easily
assessed by coherent lattice modulation spectroscopy [21,54].

3. Experimental Results

The experimental realization of a 1D bosonic system with ultracold gases is schemati-
cally shown in Figure 2. Starting from a 3D Bose—Einstein condensate (BEC), the atoms
are typically loaded in a strong 2D optical lattice [55]. This traps the atoms to an array
of tightly confining 1D potential tubes, thus generating a set of many quasi-1D systems.
Along the 1D tubes, another optical lattice is employed to produce a set of disordered
quasi-1D systems, which are described by the disordered Bose-Hubbard Hamiltonian
in Equation (1). Here, the disorder is introduced either with a secondary optical lattice,
generating the quasiperiodic disordered lattice [21], or by a second atomic species as system
impurity [31].

A systematic experimental study of the many-body properties of such a system can
be performed by momentum distribution or by excitation energy measurements. The
coherence (Section 3.1) and transport (Section 3.2) properties of the tubes can be studied by
measuring the momentum distribution of the system, achieved through absorption imaging
after a free expansion. These measurements correspond to an average over all the tubes of
the systems, and thus over its different densities. In the case of transport measurements, to
induce a dynamics on the atoms along the tubes, the system is brought out of equilibrium by
a sudden change of the harmonic trap. The excitation spectra of the system are obtained by
modulating the amplitude of the main lattice depth. The amount of energy absorbed by the
system can be extracted by temperature measurements of the 3D BEC, which is recreated
after an adiabatic switch-off of the 1D confinement [33]. Alternatively, the modulation
heating effect can be detected by phase coherence measurements. Phase coherence is
restored by reducing the depths of the trapping lattices to less than five recoil energies [56],
while phase interference is imaged after a time-of-flight. Typically, the amount of heating
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can be quantified either by the visibility V of the interference peaks [31], which is defined
analogously to the optical case as a function of the atomic density p

— Pmax — Pmin

Prmax + Omin’
or by the width of the central peak [21,22] (see Section 3.3).

Harmonic
« trap

\

Strong 2D

BEC lattice

Figure 2. Schematic drawing of the typical experimental realization of a 1D disordered bosonic
system. Two strong optical lattices are used to provide a tight confinement and form an array of 1D
potential tubes. The axial quasiperiodic potential is formed by superimposing two incommensurate
optical lattices of wavelengths A1 and A;. The harmonic trap results from the intensity gradient of
the Gaussian laser beams.

3.1. Coherence

An overview of the nature of a disordered interacting system has been provided by
measurements of the momentum distribution P(k) in an array of 1D tubes of K atoms
in a quasiperiodic lattice. An experimental measurement of the coherence of the system
is shown in Figure 3, where the width T of P(k) is plotted as function of the interaction
strength U and the disorder strength A. At small A and U, the observation of a narrow
P(k) is a signature of a coherent regime (blue zone). For increasing values of the two
energy scales, the coherent regime is progressively replaced by a more incoherent regime
(green, yellow, and red zones). The observed increase of I can be attributed to either the
emergence of an insulating phase or to an increase in the temperature. The latter effect on
I' has been experimentally excluded by entropy measurements [33]. In fact, the measured
entropy does not show any increase with increasing disorder strength. This suggests that
the increased I' is due to the emergence of an insulating phase, as predicted for the T = 0
temperature case. Despite the finite T and the inhomogeneity of the experimental tubes,
the diagram behavior resembles that of the T = 0 theoretical predictions for homogeneous
systems, where the existence of a BG phase is predicted [42,43,48,52].
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Figure 3. Measured rms width I of the momentum distribution P(k) of arrays of quasi-1D samples
of ¥K atoms in the U — A diagram. I is reported in units of ky, where k1 = 271/ A4 is the main lattice
wavevector. The dashed line indicates the upper bound for the existence of the MI, according with
T = 0 DMRG calculations. Left panels show the measured momentum distribution (solid black line)
for two points of the diagram in the SF (bottom) and BG (top) regions, compared with the T = 0
DMRG calculations (dashed-dotted blue line). Figure adapted from Reference [33].

Comparing the experimental diagram with the theory in Figure 1, we see that for
increasing interaction along the A = 0 line, I increases due to the progressive formation
of an incoherent MI. For increasing disorder along the U = 0 line, the system forms an
Anderson insulator for A > 2] [57]. For weak disorder and interaction, the system is in a SF
regime, surrounded by a re-entrant insulating regime extending from small to large U. In
the weakly interacting regime, a crossover from the incoherent disorder-induced insulator
toward more coherent regimes is observed when the interaction energy nU 2 A —2]
(see dashed-dotted line in Figure 3). In the strongly interacting regime, disorder and
interactions cooperate to localize the system and a second crossover towards less coherent
regimes occurs. The interaction induced MI, which for a homogeneous system with n = 1
is expected to survive in the disordered potentials only for moderate disorder A < U/2,
is expected to exist in the experimental inhomogeneous one only below the dashed black
line shown in Figure 3. In this region, as an effect of the inhomogeneous density of the
experimental system, for A < 2], the MI coexists with a SF fraction, which is localized by
the disorder in a BG phase for A > 2].

For a complete comparison of the experimental phase diagram with theoretical pre-
dictions, it would be necessary to include both finite temperature and inhomogeneity
of the experimental system into numerical simulations. This would result in costly nu-
merical calculations. If only system inhomogeneity is included, zero-temperature DMRG
calculations (left panels in Figure 3) find a diagram with a general behavior close to the
experimental one but with a SF I much smaller than that observed in the experiments [33].
To include the finite temperature of the experimental system, two different DMRG schemes
have been developed: (i) a direct simulation of the thermal density matrix in the form
of a matrix-product purification and (ii) a less costly phenomenological method based
on DMRG ground-state data that are extended to finite temperatures by introducing an
effective thermal correlation length [34]. These simulations have shown that, while in the
weakly interacting regime thermal effects can be rather strong, they are significantly less
relevant in the strongly interacting one. There, the scaling of the correlation length with
T shows a weak dependence below a crossover temperature, indicating that the strongly
correlated quantum phases predicted by the T = 0 theory can persist at finite temperatures.

3.2. Transport

The insulating nature of the incoherent region has been confirmed by transport measure-
ments. The mobility can be measured by observing the system evolution after an impulse
has been applied to it. In Figure 4a,b, the results from the first experiments with 87Rb atoms
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are shown. The clean case (A = 0) is compared with two different disordered configurations:
atomic impurities (Figure 4a) and quasiperiodic potential (Figure 4b). When a variable im-
pulse is applied to the system, the velocity acquired by the atoms can be fitted with a linear
function whose slope defines the mobility coefficient. In the absence of disorder, the mobil-
ity coefficient decreases with the increasing in the potential lattice depth S; and reaches
zero mobility when entering in the MI region. When disorder is present, the behavior is
analogous, suggesting the system is entering in an insulating regime. Nevertheless, while
with impurities the transition to the zero-mobility was shifted towards smaller values of Sy,
in the case of the quasiperiodic potential (with constant S,), no shift of the critical depth is
measured. Such different behavior could be due to the fact that increasing S; towards the
insulating regime, the disorder A/] is decreasing, thus pushing the critical interaction to
enter the BG regime to larger values of U/ ], where the BG phase coexists with the MI one.
This problem has been bypassed in ¥K experiments by using Feshbach resonances to tune
the interaction independently from the value of Sy [58,59].

U/

p, (hk,)

Insulator

4 6 8 10 0 2 4 6 8
St nU/J

Figure 4. (a,b) Mobility coefficient of 87Rb after impulse excitation versus lattice depth S; without disorder (black circles)
compared with different disorder configurations: (a) atomic impurities (f;;;, = 0.5, red squares) and (b) an incommensurate
lattice (S; = 3, green diamonds). The lattice depths are defined in units of recoil energies, S; = V;/E,; with i = 1,2. Figure
adapted from Reference [31]. (c,d) Transport after trap excitation of an array of quasi-1D samples of weakly interacting ¥K
atoms: (c) critical momentum p, for weak interaction (U /] = 1.26) as a function of the disorder strength and (d) critical
Ac/] at the fluid—insulator transition in the disorder-interaction plane, extracted by several piecewise fits of p. as a function

of A for different values of fixed U (solid line in panel (c)). In the inset of panel ¢, the time evolution of dp, from which p,
has been extracted (stars), is shown for three values of A: A = 0 (red circles), A = 3.6] (purple triangles), and A = 10] (blue
squared). Figure adapted from Reference [32].

Figure 4c,d shows momentum dependent transport measurements in the weakly
interacting regime. The experimental protocol consists of tracking the time evolution of the
momentum dp acquired by the system for different values of the disorder strength A and the
interaction energy U, tuned via Feshbach resonance. Typical datasets of such measurements
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are plotted in the inset of Figure 4c, where A is different for each dataset, while U is kept
constant. Here, we can observe that the system explores a sharp transition from a weakly
dissipative regime (at small 6p), well fitted with a damped oscillation function (solid lines),
to a strongly unstable one (at large dp). The critical momentum p. separating the two
regimes has been identified as the momentum value, where the experimental data deviate
from the fitting curve used in the first regime (stars in the inset of Figure 4c). The measured
critical momentum p, at each A, similarly to the previously described mobility coefficient,
linearly decreases until it reaches a plateau value, corresponding to the insulating regime
of the system. With a piecewise fit of p., one can extract the critical disorder strength A,
to enter in the insulating regime at fixed interaction energy U (Figure 4c). Repeating the
measurements for different interactions, it has been observed that the critical disorder to
enter the insulating regime increases with U /] (Figure 4d), at least for weak interaction. By
employing the vanishing of p. for the observed instability the fluid—insulator transition
driven by disorder has been located, across the interaction-disorder plane in the weakly
interacting regime. In fact, while the experiments with 3Rb atoms are limited to the
strongly interacting regime, the momentum-dependent measurements with 3K samples
allow researchers to investigate the weakly interacting one.

In order to confirm the insulating nature of the observed incoherent regimes in the full
diagram of Figure 3, the momentum &p acquired by the K system after a fixed time from
its excitation has been measured (Figure 5). This effective mobility is shown in Figure 5a
for the clean case and for two fixed values of the disorder strength. With no disorder and
small U the system is conductive, while the mobility decreases when approaching the MI
region. With finite disorder, instead, the system is insulating for both very weak and strong
interactions, while a finite mobility can be recovered for moderate values of U. These
results indicate that the incoherent regimes at both weak and strong U are also insulating,
thus confirming the re-entrant behavior of the insulating regime observed in the coherence
diagram. An additional measurement performed at a higher temperature indicates that,
as expected by theory [44], the mobility for intermediate disorder strength is essentially
T-independent in the explored range kg T = (3.1-4.5)] (Figure 5b).
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Figure 5. Effective mobility as a function of disorder and interactions. (a) Momentum ép acquired
by the system after a fixed evolving time t = 0.9 ms in the tilted potential for three different disorder
strengths, A = 0 (black triangles), A = 6.2] (blue squares), and A = 8.8] (orange circles). (b) The
A = 6.2] measurements are acquired for two temperatures of the SF component, kgT = 3.1(4)] (full
blue) and kpT = 4.5(7)] (empty magenta). Figure adapted from Reference [33].

3.3. Excitation Spectra

To probe the nature of the insulating phases, it is necessary to investigate the excita-
tion properties of the system. This can be undertaken by performing lattice modulation
spectroscopy, i.e., by measuring the energy absorbed by the system after a sinusoidal
amplitude modulation of the main lattice at fixed frequency v. While the MI is known to
be gapped, the BG phase is predicted to be a gapless insulator. First experiments with 8Rb
observed the broadening of the typical MI spectrum (Figure 6), with both quasiperiodic
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potentials [21,31] and localized impurity atoms [31]. Despite showing signatures of BG
formation, they do not permit to distinguish a specific signature of the BG spectrum due
to the strong interaction (U > 50]) and the strong disorder (A > 50]) regime. Moreover,
noise correlation spectroscopy allowed experimentalists to monitor the destruction of the
MI ordered structure in the presence of an additional secondary lattice potential (Figure

6g), but not to highlight a specific feature due to the BG phase.
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Figure 6. Excitation spectra (a—f) and noise correlations spectroscopy (g) of arrays of quasi-1D samples of /Rb atoms.
(a—c) Spectra in a quasiperiodic potential for a depth S; = 25 of the main lattice and increasing depths of the secondary
lattice: (a) S, = 0, (b) S, = 0.2, and (c) S; = 0.5. Here, the spectra have been quantified by measuring the Gaussian
width of the central peak of the momentum distribution of atoms released from the lattices with reduced intensity (S; =5,
Sy = 0). Figure adapted from Reference [22]. (d—f) Visibility of excitation gap for different disorder configurations: (d)
in the absence of disorder for S; = 9 and S; = 14 (open and filled black circles), (e) for S; = 14 with atomic impurity
fractions f;;,, = 0.1 (open purple squares) and f;;,, = 0.5 (filled red squares), and (f) for S; = 14, with no impurities and
an incommensurate lattice of depth S, = 1 (orange triangles). Here, the spectra have been quantified by measuring the
interference peak visibility in the momentum distribution of atoms released from the lattice with reduced intensity (S = 4,
Sy = 0) [60]. Figure adapted from Reference [31]. (g) Noise correlation spectroscopy in a quasiperiodic potential: the ratio
between the height of the k, and k; correlation peaks as a function of S,. Figure adapted from Reference [23]. The lattice

depths are defined in units of recoil energies, S; = V;/E,; withi =1,2.

Experiments with 3K permit to explore the excitation spectrum in the full range of
interaction and disorder diagram and to find regions where it is possible to distinguish
the gapless spectrum of the BG from the gapped one of the MI. In these experiments, the
absorbed energy has been quantified by measuring the temperature of the BEC after the
adiabatic switch-off of the 1D confinement. Depending on the amount of acquired energy,
the time-of-flight atomic distribution can be fitted either by a two-component function
(a Thomas—Fermi profile plus a Gaussian distribution) or by a Gaussian function. In the
former case, the heating is related to the BEC fraction; in the latter, it is related to the width
o of the Gaussian distribution. Let us start from the strongly interacting regime, where,
in the presence of moderate disorder, the BG phase should coexist with the MI (Figure
7). In the clean case, the spectrum is characterized by the double peak shape typical of
the trapped MI, with a first peak centered at iv = U due to excitation between sites in the
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MI domains with the same filling. In addition, a second peak is centered at hv = 2U due
to excitation between sites in the MI domains with different occupations. Adding a finite
disorder, the spectrum shows a clear change. First, there is a broadening of the MI peaks, as
already observed with 8’Rb experiments at strong disorder. Second, at low frequencies, it
appears an extra peak filling the Mott gap, centered around hv = A, which can be ascribed
to the regions with incommensurate filling, i.e., to the BG phase.
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Figure 7. Excitation spectra of arrays of quasi-1D samples of *K atoms with strong interactions. (a—c) Experimental spectra
for U = 26J and A = 0 (a), A = 6.5] (b), and A = 9.5] (c). The spectra have been quantified by measuring the relative
variation of the BEC fraction with respect to the unexcited value (v = 0). The blue arrows are at hv = A, the dashed-dotted
line in (a) is at hv = U, and the continuous lines are fits with multiple Gaussians. Figure adapted from Reference [33].

The agreement between BG theory and experiment is best understood once the MI
background is subtracted from the experimental data. Figure 8 shows a zoom of the
excitation spectra around the disorder strength energy A after the Gaussian background of
the MI peak has been subtracted, and the resulting peak response has been normalized to
unity. We can see that the experimental spectra of the BG are reasonably well reproduced
by theory calculations, where a fermionized-boson model has been used [53,61].
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Figure 8. Excitation spectrum of the strongly interacting BG. The experimental data (black circles)
for the low-frequency part of the spectra in Figure 7 are compared with theory (red solid line) for
two disorder strengths: (a) A = 6.5] and (b) A = 9.5]. The grey region shows the effect of a 20%
uncertainty on A. The red arrows are at hv = A. Figure adapted from Supplemental Materials of
Reference [33].

We now analyze the spectral properties of the system across the phase diagram. In
Figure 9, the behavior of the excitation spectrum moving from weak to strong interaction
at a given finite disorder is shown. In the case of weak interaction, the excitation spectra
at A = 8.9] are shown for three increasing values of U (Figure 9a—c). For vanishing U,
a weak excitation peak centered at A has been observed, consistent with the presence of
an Anderson insulator. The experimental excitation spectrum is well reproduced by a
non-interacting bosonic model (Figure 9a). Increasing U, the system response progressively
enhances and broadens (Figure 9b), ending up with an excitation spectrum that is undis-
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tinguishable from that of a clean SF (Figure 9c). This behavior is thus consistent with the
system crossing the BG-SF transition.

In the case of strong interaction, the excitation spectra at the A = 6.5] are shown
for three increasing values of U (Figure 9d—f). The peak centered at A is the signature of
the strongly correlated BG. Such “A-peak” can be observed only in a limited region of A
and U values. When U is comparable with A, the MI and BG peaks overlap, the former
being typically larger and covering the latter (Figure 9d). When U is much larger than A,
the fraction of sites with incommensurate density that can form a BG becomes negligible
and, again, only the MI peaks are clearly detectable (Figure 9f). Furthermore, for very
large disorder strengths (A > 20]), the spectrum becomes very broad and is only weakly
affected by interaction, indicating that the system behavior is dominated by disorder, and
any feature is observable.
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Figure 9. Excitation spectra of *K atoms from weak to strong interactions. (a—c) Excitation spectra for fixed disorder,
A = 8.9], and small increasing interactions: U = 0.35] (a), U = 1.4] (b), or U = 2.1] (c). The spectra have been quantified by
measuring the relative increase of o with respect to the unexcited value (v = 0). (d—f) Excitation spectra for fixed disorder,
A = 6.5], and large increasing interactions: U = 20] (d), U = 26] (e), or U = 58] (f). The arrows mark A/]. The spectra
have been quantified by measuring the relative variation of the BEC fraction with respect to the unexcited value (v = 0).

Figure adapted from Reference [33].

The measurements of the excitation spectra, together with those of coherence (Figure 3)
and transport (Figure 5), confirm an opposite nature of the two regimes of weak and strong
U, respectively, bosonic and fermionic, and an opposite role of the interactions. In the
low-U bosonic case, small repulsive interactions compete with disorder and screen the
disorder-induced localization, favoring the coupling of single-particle states and gradually
restoring coherence between particles and superfluidity. In the large-U fermionic case,
instead, strong interactions induce fermonization of the bosonic sample, thus favoring, in
the presence of disorder, Anderson localization.

4. Outlook and Perspectives

In this brief review, we discuss the experiments with 1D bosons where the effect of
disorder has been investigated in the disorder-interaction plane. The topic of quantum
matter in the presence of disorder is very complex, in particular, when dealing with
experimental systems being inhomogeneous and at finite temperature. The coexistence of
fractions with different densities, in fact, transforms the theoretical sharp quantum phase
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transitions into broad crossovers. A way to overcome this limit in future experiments could
be to use a flat-top beam shaper providing homogeneous trapped systems [62—-66]. This
should also allow, in the strongly interacting regime, for a better discrimination of the BG
and the MI phases. Concerning the problem of the finite temperature, it would be very
important to reduce the actual temperature of the atomic 1D systems. The main source of
heating is typically the phase noise affecting the 2D strong radial lattices and the main axial
one. Recent theoretical calculations suggest to use a shallow quasiperiodic potential to
reduce the lattice heating effect without losing information about the underlying quantum
phases [67]. Another possibility could be to apply a phase stabilization on the lattices [68].

An intriguing direction of investigation would be the direct study of the effect of
temperature on 1D disordered phases. A possible experimental implementation consists of
using a second BEC insensitive to the lattices as a thermal bath [69,70]. This would ensure
both the thermal equilibrium in the 1D system and to have an independent measure of its
temperature.

Another interesting question related to disordered systems is whether the existence of
the finite temperature insulating phase in the weakly interacting regime could be related to
the hot topic of many-body localization [71]. Different experiments with ultracold atoms
recently investigated the many-body localization phenomenon, mainly for fermions [72-75],
and only later for a disordered Bose-Hubbard system [76-78], but its existence is still under
debate [79].
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Abstract: In a mixture of two kinds of identical bosons, there are two types of pairs: identical bosons’
pairs, of either species, and pairs of distinguishable bosons. In the present work, the fragmentation
of pairs in a trapped mixture of Bose-Einstein condensates is investigated using a solvable model,
the symmetric harmonic-interaction model for mixtures. The natural geminals for pairs made of
identical or distinguishable bosons are explicitly contracted by diagonalizing the intra-species and
inter-species reduced two-particle density matrices, respectively. Properties of pairs’ fragmentation
in the mixture are discussed, the role of the mixture’s center-of-mass and relative center-of-mass
coordinates is elucidated, and a generalization to higher-order reduced density matrices is made.
As a complementary result, the exact Schmidt decomposition of the wave function of the bosonic
mixture is constructed. The entanglement between the two species is governed by the coupling of
their individual center-of-mass coordinates, and it does not vanish at the limit of an infinite number
of particles where any finite-order intra-species and inter-species reduced density matrix per particle
is 100% condensed. Implications are briefly discussed.

Keywords: Bose-Einstein condensates; mixtures; identical-boson pairs; distinguishable-boson pairs;
natural geminals; natural orbitals; reduced density matrices; intra-species reduced density matrices;
inter-species reduced density matrices; fragmentation; condensation; infinite-particle-number limit;
harmonic-interaction models; pair fragmentation; Schmidt decomposition; center-of-mass; relative
center-of-mass

1. Introduction

Condensation and fragmentation are basic and widely-studied concepts of Bose—
Einstein condensates emanating from the properties of the reduced one-particle density
matrix [1-5]. The bosons are said to be condensed if there is a single macroscopic eigenvalue
of the reduced one-particle density matrix [6] and fragmented if there are two or more such
macroscopic eigenvalues [7]. These eigenvalues are commonly called natural occupation
numbers, and the respective eigenfunctions of the reduced one-particle density matrix are
referred to as natural orbitals. The fragmentation of Bose-Einstein condensates has been
investigated, e.g., in [8-27].

The condensation and especially fragmentation of the reduced two-particle density
matrix of interacting identical bosons is less studied; see, e.g., [28]. Here, the analysis
of the reduced two-particle density matrix would determine whether pairs of bosons
are condensed or fragmented. The respective eigenfunctions of the reduced two-particle
density matrix are often called natural geminals. We note that natural geminals in electronic
systems have long been explored; see, e.g., [29-40].

Consider now a mixture of two kinds of identical bosons, which are labeled species 1
and species 2. Mixtures of Bose-Einstein condensates is a highly investigated topic; see,
e.g., [41-70]. One may ask, just like for the single-species bosons, about the condensation
or fragmentation of each of the species and how, for instance, one species is affected by
the presence of the other species and vice versa. To answer this question, the intra-species
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reduced one-particle density matrices of species 1 and 2 are required, i.e., analyzing the
intra-species occupation numbers and natural orbitals. Following the above line, one
could also investigate the fragmentation of higher-order intra-species reduced density
matrices in the mixture. For instance, to investigate whether pairs of identical bosons,
of either species 1 or species 2, are fragmented, diagonalizing the intra-species reduced
two-particle density matrices is needed. In summary, the fragmentation of identical bosons
and its manifestation in higher-order reduced density matrices stem from the properties of
intra-species quantities.

However, a mixture of Bose—Einstein condensates offers a degree-of-freedom or many-
particle construction which does not exist for single-species bosons, namely, inter-species
reduced density matrices. Now, if the fragmentation of identical bosons and pairs is defined
as the macroscopic occupation of respective eigenvalues following the diagonalization
of intra-species reduced density matrices, we may analogously define the fragmentation
of distinguishable bosons’ pairs as a macroscopic occupation of the eigenvalues of the
inter-species reduced two-particle density matrix. Obviously, the latter is the lowest-order
inter-species quantity, since at least one particle of each species is needed to build an
inter-species entity.

The above discussion defines the goals of the present work, which are: (i) to investigate
the fragmentation of pairs of identical bosons and establish the fragmentation of pairs
of distinguishable bosons in a mixture of Bose-Einstein condensates; (ii) to construct the
respective natural geminals of the mixture, for identical pairs and for distinguishable pairs;
(iii) to show that the fragmentation of distinguishable bosons’ pairs in the mixture persists
with higher-order inter-species reduced density matrices; (iv) to construct the Schmidt
decomposition of the mixture’s wave function and discuss some of its properties at the
limit of an infinite-number of particles where the mixture is 100% condensed; and (v) to
achieve the first four goals analytically, using an exactly solvable model.

To this end, we recruited the harmonic-interaction model for mixtures [71-76], or,
more precisely here, a symmetric version of which [77]. The harmonic-interaction model for
single-species bosons (and fermions) has been used extensively in the literature, including
for investigating the properties of Bose-Einstein condensates [78-92]. In our work, we built
on results obtained and techniques used for the reduced density matrices of single-species
bosons within the harmonic-interaction model [78-82], and, among others, generalized
and extended them for the intra-species and particularly the inter-species reduced density
matrices of mixtures [74].

The structure of the paper is as follows: In Section 2, we construct and investigate the
fragmentation of intra-species and inter-species pair functions in the mixture. In Section 3,
we extend the results and explore the fragmentation of pairs of distinguishable pairs.
Furthermore, a complementary result for the Schmidt decomposition of the mixture’s
wavefucntion at the limit of an infinite number of particles is offered. In Section 4, a
summary of the results and an outlook of some prospected research topics are provided.
Finally, Appendix A collects the details of fragmentation of bosons and pairs in the single-
species system for a comparison with the mixture.

2. Intra-Species and Inter-Species Natural Pair Functions
2.1. The Symmetric Two-Species Harmonic-Interaction Model

We consider a mixture of two Bose-Einstein condensates described by the Hamiltonian
of the symmetric two-species harmonic-interaction model [74,77]:

—_yN 1 P2 12,2 N 2
JANYL - XN) = L (‘m@"’ FHMw x]-> + ALk (x5 = x)

@)
2 2 2
<*ﬁaaj/z + %m“’zy;z> FALR k(W — )T+ A T Tl (% — wi) ™

There are N bosons of type 1, N bosons of type 2, and the mass of each boson is m.
A is the intra-species interaction strength, either between two bosons of type 1 or two
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bosons of type 2, and Ay, is the inter-species interaction strength between type 1 and type 2
bosons. Dimensionality plays no role in the present work; hence, we work in one spatial
dimension. /i = 1 is used throughout. Employing Jacoby coordinates for the mixture and
translating back to the laboratory frame, the 2N-boson wave function and corresponding
many-particle density matrix are given by

Y(X1,...,XN,y1,...,yN) = (§)¥<%)%(M7Hw)%

v (2492) BN cp (ki) +7 T TR
,

(22)

X

(2b)
2 2
(x/Zer; YY) ) —BLN ek (x]xk+x;x,’(+y]yk+y;y,’() N T (xjykﬂ;y,’()
4

Q= /w2 + A +Ap), Opp = \/ﬁ%' (0)
a=mQ+B, B=an (2 +w—20), = v (O —w),

and the relative center-of-mass M, = ;5 and center-of-mass M = 2mN masses. The wave
function and similarly the many-particle density of the mixture depend on two dressed
frequencies, () and ()15, and consist of three parts: One-body part with coefficient «, intra-
species two-body coupling with coefficient 8, and inter-species two-body coupling with
coefficient 7y, whereas « and 8 depend on the intra-species and inter-species interactions, y
depends on the inter-species interaction only.

Another issue worth mentioning is the stability region of the mixture, namely when
the mixture is bound. The condition that a bound solution of the mixture exists requires that
all 2N degrees-of-freedom (oscillators after diagonalization with the Jacoby coordinates)
are bound. Namely, the 2(N — 1) relative-coordinate oscillators, which depend on both
the intra-species and the inter-species interactions A and A1y, should be bound; the relative
center-of-mass oscillator, which depends on the inter-species interaction A, only, should
be bound; and the center-of-mass oscillator which does not depend on any of the two

interactions and is always bound. Thus, for a bound mixture, both dressed frequencies

and )y, must be positive. This implies the conditions A + A1, > —”21—“1\]]2 and App > —%,

respectively, on the interactions. In other words, the inter-species interaction A1, is bound
from below, implying that the mutual repulsion between the two species cannot be too
strong but is not bound from above, meaning that the mutual attraction between the two
species can be unlimitedly strong. Furthermore, the intra-species interaction A can take any
value as long as the inter-species interaction is sufficiently attractive,i.e.,, A > — "2";\’,2 — Ap.
We shall return to the dressed frequencies () and ()1, below. Note that in our work, we use
the notions bound and stable interchangeably. For example, the border of stability of the
mixture is the above-described border of parameters within which the ground state exists.

with

2.2. Intra-Species Natural Pair Functions

The intra-species reduced density matrices are defined when all bosons of the other
type are integrated out. We concentrate in what follows on the reduced one-particle and in
particular the two-particle density matrices of species 1,

pgl)(x, x') =N [dxy---dxndyr - - dyn'¥(x, x2, ..., XN, Y1, .-, YN)

x¥*

pgz)(xhxz,xﬁ,x/z) =N(N-1) [dxs---dxndyy - dyn'¥(x1,x2, %3, ..., XN, Y1, - - YN)

(x,xo,...

XN Y1, - -,yN),

XYH(x], x5, X3, .., XN, Y1, - - - YN)-
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In a symmetric mixture, the corresponding reduced density matrices of species 2,
y,y') and p§2> (v1,y2, ¥}, v5), are the same and need not be repeated.

The reduction of the many-particle density (2b) to its finite-order reduced density
matrices is somewhat lengthy and given in [74]. We start from the final expression for the

intra-species reduced one-particle density matrix, which is given by

05)(

1
pgl) (x,x') = N(*+§l,0> 76*% (x2+x’2)e,%c],0(x+xr)2

s CL0
= N<a+§1/o) éf% (XZH/Z) —3Croxx’ @
_ (e B) +NBP- N7
%+ Cio = (@ = B) g Rpla- pr+ (-1l NI

The coefficient C; y governs the properties of the intra-species reduced one-particle
density matrix and reminds one that all bosons of type 2 and all but a single boson of

type 1 are integrated out. As might be expected, p?) (x,x") depends on the three parts of
the many-boson wave function, i.e., on the a, B, and 7y terms (2a). In the absence of inter-
species interaction, i.e., for y = 0, the coefficient C; o boils down to that of the single-species
harmonic-interaction model; see Appendix A for further discussion.

Just as for the case of single-species bosons [81,82], the intra-species reduced one-
particle density matrix (4) can be diagonalized using Mehler’s formula. Mehler’s formula
can be written as follows:

[ (1—p)s } %67% a F;) 2)s (‘C2+X,Z) +127/7‘:2 xx’
(I+p)m

1 2
ZZZO:OO*P)PH\/ZT(%)‘IHVI(\[X) 3 \/ZT(%)4H»1(\/§X/)€7%“ ,

with s > 0 and, generally, for intra-species and inter-species reduced density matrices as
well as later on for Schmidt decomposition of the wave function, 1 > p > 0. H,, are the
Hermite polynomials.

Comparing the structure of the intra-species reduced one-particle density matrix

pg) (x, x") with that of Mehler’s formula one readily has

©)

a—B)+NpP—N272}
= vala+Co) = \/ +Nﬁ ﬁ)( DA NN 17’

af (e ﬁHNﬁ][( “P)H(N- 1);%] NIN-1)92}
1 a=sV -A){l(a-p)+Np2-N242} (6)
L= o affla— /5)+N/5][<ﬂ PHN-DA-NN-1:2}
A{la—p)+Np2-N2y2}
m

2
1l = 2,

0L+51

where 1 — p?) is the condensate fraction of species 1 (and of species 2), i.e., the fraction

of condensed bosons, and pgl) is the depleted fraction, namely, the fraction of bosons
residing outside the lowest, condensed mode. sgl) is the scaling, or effective frequency, of
the intra-species natural orbitals. The condensate fraction, depleted fraction, and scaling of
the natural orbitals are all given in closed form as a function of the number of bosons N,
and the intra-species A and inter-species A1, interaction strengths. A specific application of

the general expressions (6) for the mixture appears below.
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For the intra-species two-particle reduced density matrix, we have:

P?)(Xl/xz,aﬁ,xg) =N(N-1) <“+C10> <D¢+C20)
xe “i(ededeg ) —B(x102+¥)3}) o= §Con (x1-+x+3{ 35 ) (7)

o (a—B)+NBJ*—N24?
8+ B+2C20 = (6 = B) i AR N

where Cj  is the coefficient of the intra-species reduced one-particle density matrix (4), and
the combination (a + B +2Cy9) would appear shortly after.
(2)

To obtain the natural geminals of p;” (x1, xz,xl,xz) we define the variables q; =

%(xl +x2), g2 = f(xl x;) and q) = % (x)+xb), qh = \f (x] — x5), ie., the center-of-

mass and relative coordinate of two identical bosons. With this rotation of coordinates, we
have for the different terms in (7):
B+ 34?4’ =@ +qt+ g +ay
2 2
ax+xi = (g + a7 g —a5’), ®
(x1+x2+ x4 + xé)2 = Z(q% + qu + 2q1q§).

Consequently, one readily finds the diagonal form

1

Ny e 2, 12
o (g1, 302 03) = NN = 1) (152) 27 ()

) 1 _ at+p+Coo (2, 42
x (“+/5;2C2/0 ) 2, 7 (‘71*% )e_CZ/Oqlq/I,

)

where the normalization coefficients before and after diagonalization are, of course, equal
and satisfy (DL + CL())(DC + CZ,O) = (Dé — ﬁ)(lX + B+ 2C2/0).

After the transformation (8), the first term of pgz) (91,91, 92,95 ) is separable as a function
of g and g5, whereas by using Mehler’s formula onto the variables ¢; and g}, the second
term can be diagonalized. Thus, comparing the second term in (9) and Equation (5), we
find

@) _ _ (2—p2){ [(a—B)+NB*~
=V Blat p+200) = \/[(aﬁ>+wﬁ1[({aﬁ>+<wz>ﬁ1N<Nz>w2'

wnw{[( ~p)+NBlla—p)H(N-DF-N(N-2)2}
)

p(z) _ (wtp)—st ~p){[«—p)+Np2-N212} (10)
U7 @tp+s?  [aep{lepoNelapr(N-2p-NN-22}
(@ ﬁ){[(« ﬁ>+Nﬂ] -N292}
@)
2) 2s
17‘0( = =
1 OH—ng)

With expressions (10), the decomposition of the intra-species reduced two-particle
density matrix in terms of its natural geminals is explicitly given by

o (1, 10,3, 1) = NON = 1) T (1= 7)) (p7) 02 (01, 12) 02" (1], 10),

) (31, %2) = 21'”4‘( > (\/7(361 +x2 )e e (11)

< (22) 1l m-n)?

us

Equation (11) is a general result on the intra-species natural geminals of the mixture.

Together with (10), they imply that 1 — pél) is the fraction of condensed pairs of species 1
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(and of species 2), pgz) is the fraction of depleted pairs, i.e., the fraction of pairs residing
outside the lowest, condensed natural geminal, and siz) is the scaling, or effective frequency,
of the intra-species natural pair functions. The intra-species natural geminals along with
their condensate and depleted fractions are prescribed as explicit functions of the number of
bosons N, and the intra-species A and inter-species A1, interactions. A specific application
of the general decomposition (10) and (11) to natural geminals of the mixture is provided
below. Finally, we point out that the generalization to higher-order intra-species reduced
density matrices and corresponding natural functions follow the above pattern and are not
discussed further here.

Let us work out an explicit application where we shall find and analyze fragmentation
of identical boson’s pairs. Consider the specific scenario where A + A1, = 0, i.e., that
the intra-species interaction is inverse to and ‘compensates’ the effect of the inter-species
interaction on each of the species in the manner that the intra-species frequency is that of
non-interacting particles, () = w. This implies that the frequency of 2N — 1 oscillators,
the 2(N — 1) relative-coordinate oscillators, and the center-of-mass oscillator is w, and
that only the relative center-of-mass oscillator carries an interaction-dressed frequency

which is ()15. We would see the consequences below. Then, the coefficients of the three

parts of the wave function simplify, and one has & = mw + g = mw {1 + ﬁ (% - )}

and B = 7 = 75 (Q2 — w). Consequently, the expressions (6) and (10) simplify, and
the intra-species reduced one-particle and two-particle density matrices can be evaluated
further. Thus, we readily find

J [tk (1)) (12a)

A TR A ()

for the intra-species reduced one-particle density matrix, where a + C; g = mw

-1
A1 ( w

. Iaw (ﬂlz l)

is used, and

O o [
T )

P e ) .
bR E

for the intra-species reduced two-particle density matrix, where « + p = mw [1 + % (% — 1) }

and o + B +2Cy 0 = mw ) are utilized. We see that the fragmentation of identical

1+4 (-1
pairs and bosons are governed by the ratio % and its inverse Qlu’ meaning that it takes
place both at the attractive and repulsive sectors of interactions. Moreover, the condensed
and depleted fractions of the pairs and bosons are symmetric to interchanging % and &-;
12

see discussion below.

Let us analyze explicitly macroscopic fragmentation of geminals, i.e., when there
is a macroscopic occupation of more than a single intra-species natural pair function of

pf) (x1,%2,x7,x5). As a reference, we also refer to the corresponding and standardly
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defined macroscopic fragmentation of the intra-species natural orbitals of pgl) (x,x"). The
structure of the eigenvalues, emanating from Mehler’s formula and its applicability to the
various reduced density matrices, suggests that, say, the ‘middle’ valuep =1 —p = %, ie.,
when the condensed and depleted fractions are equal, is a convenient manifestation of
macroscopic fragmentation. Indeed, for this value the first few natural occupation fractions
(1—-p)p",n=0,1,2,3,4,...are

1 1 1 1 1

A T (13)

namely, there is 50% occupation of the first natural geminal, 25% occupation of the second,
12.5% of the third, 6.25% of the fourth, 3.125% of the fifth, and so on. For brevity, we refer
to the fragmentation values in (13) as 50% fragmentation.

Now, one can compute for which ratio %, or, equivalently, for which inter-species in-

2
teraction Ajp = ’Z—“I\JIZ {(%) — 1} , the intra-species reduced two-particle and one-particle

density matrices are macroscopically fragmented as in (13). Thus, solving (12a) for 50%
natural-orbital fragmentation, we find

1 Q 8N?2
pi”:i = “—<1+ 1>i
w N-1

(14)

and working out (12b) for 50% natural-geminal fragmentation, we obtain

2
@ _1 O AN B 4AN? 4N2 \°
04 =3 — w 1+7mw2)L127 1+N—1 + 1+N—1 1. (15)

There are two ‘reciprocate’ solutions for both the natural geminals and natural orbitals:
We see that 50% fragmentation occurs for strong attractions, i.e., when % is large, or near

the border of stability for repulsions, which is when % is close to zero. In addition, to
achieve the same degree of 50% with a larger number N of species 1 (and species 2) bosons,
a stronger attraction or repulsion is needed. Finally, comparing the natural-geminal with
the natural-orbital fragmentation at the same 50% value, one sees from (15) and (14) that
slightly weaker interactions, attractions or repulsions, are needed for the former.

It is also useful to register the one-particle and two-particle densities, i.e., the diagonal

parts pgl)(x) = pgl) (x,x = x) and p§2>(x1, Xp) = p§2> (1, %2, X} = x1,x) = x7), which read

mw 2

1 3 - x
(1) _ a+Ci0\2 —( Cro)¥? _  mw 1ol (g
o (x) = N(*450) T Cro)e N(n[lﬂg@z_l”) e ()

xu+x)’ (16)

L apiacyy
)
T

[
PP (1, 32) = NN — 1) (558) e () (24642600
7 - - (x1432)?
- N(N_l)(%)%e*%(hﬂfz)z e ) e o (oi; 1)) .
w4 (et )]
From the densities (16), we can infer a measure for the size of identical pairs” and
bosons’ clouds using the widths of the respective Gaussian functions therein. Thus, we have

1w

0.(1) _ Ity (Q12 )

1,x 2mw ’

(17a)
1w

) _/Hx (912 ) -2 _ 1
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0 (2 y,y) = Nz{

We can understand intuitively why the width 01(2,21% is the typical length of the
’ 2
harmonic trap. For this, recall that (71(231,,.2
! 2
coordinate ¢, q5. The general intra—spec\igs two-particle reduced density matrix (9) is
diagonal in this relative coordinate. The respective exponent is « — § = m(). Then, since
for the specific case studied A + A1, = 0 the exponent boils down to that of the bare
harmonic potential, i.e., () = w, we readily obtain the result.

To assess the combined impact of the intra-species and inter-species interactions atop
the fragmentation of the reduced density matrices, it is useful to compute the sizes (17a)
for large inter-species attractions or inter-species repulsions at the border of stability. One
finds, respectively,

is associated with the relative two-boson

; M) _  Jl-ay (1) Qp +
Imm(32 Tl = TR 0y —>® for =12 07,
(17b)
: (2) _Jlx 2) Qp +
hm%Hoo (71 i =V e 0’1 iy for =12 07,

V2
)

where e

size of the densities for strong inter-species attractions, which is accompanied by strong
intra-species repulsions because A + A1, = 0, saturates at about the trap’s size and does
not depend on the strengths of interactions. In other words, a high degree of fragmentation
is possible in the mixture without shrinking of the density due to strong inter-species
attractive interaction or expansion of the intra-species densities due to strong intra-species
repulsive interaction. For the sake of comparative analysis, it is instructive to make contact
with the fragmentation of single-species bosons in the harmonic-interaction model; see
Appendix A.

as discussed above is independent of the interactions. Interestingly, the

2.3. Inter-Species Natural Pair Functions

As mentioned above, in a mixture of two types of identical bosons, there are other
kinds of pairs, namely, pairs of distinguishable particles. If we are to examine the lowest-
order inter-species reduced density matrix, we can ask regarding distinguishable pairs
questions analogous to those asked concerning identical pairs. The purpose of this subsec-
tion is to derive the relevant tools and answer such questions.

The inter-species reduced two-particle density matrix, i.e., the lowest-oder inter-
species quantity, is defined from the all-particle density matrix as

2
pgz)(x,x’,y,y’) = N2 Jdxo - -dxndyy - - dynY(x, X2, .., XN, Y Y2, - UN) a8
XY (', x2, XNGY Y2 YN

For the harmonic-interaction model of the symmetric mixture, it can be computed
analytically and, starting from (2b), is given by [74]

1
(01+C11)*-D3, |2
—

* (19a)
o F (PP ay®) A [P )] 1Dy (et () o+ 3D5 =)=y
where (a—B)+N(BF)
_ _ a— +r
o+ CaF Dy = (&= B) prev-npen- (19b)

[
Dl,l =1.
We see that the structure of the inter-species reduced two-particle density matrix is
more involved than that of the intra-species reduced two-particle density matrix, as well as

168



Atoms 2021, 9, 92

that of the product of the two, species 1 and species 2 intra-species reduced one-particle
density matrices. Nonetheless, it can be diagonalized.

To diagonalize pg) (x,x',y,y"), one must couple and make linear combinations of co-
ordinates associated with distinguishable bosons. Defining u = L (x +y), v = L (x — y)

V2 V2
and u’' = %(x’ +y), 0 = %(x’ — '), we have for the different terms in (19):
x2+y2+x/2+y’2 _ u2+u'2+2}2+v’2,
x4+ +y)P = u+u) + (0+0) =1+ u? + 0+ 0%+ 20un + 00, (20)

(x+xy+y) = %[(u:ﬁ:u’)2 - (v:i:v’)z] = %(uz +u? - — v’z) + (uu' —vo').
Consequently, we readily find the decomposition

€1 DratDyy
2 / ’ 2 (41+Cia—D1y %*m(”uuﬂ) —5[Cia—(D11—Djp ) |ur
015 (u,u ,0,0 ) = N <T> e 2 e 2161 11-Dj,
(21)
1 aH%AJr‘Z—Dl'ﬁDi'l 22
% (“1‘*’@;‘*’&,1)%*%(” +o )e’%[C1,1+(D1r1’Di/1)]W/,

where the normalizations after and before diagonalization are, of course, equal. As

might be expected, since the structure of pg?(x, x’,y,y') is more involved than that of

p§2> (x1,x2, xi, xé), the diagonalization of the former is more intricate. Fortunately, we can
do that using the application of Mehler’s formula twice, on the appropriately-constructed
inter-species ‘mixed’ coordinates u, u' and v, v’. We thus obtain

o8 = (0¥ D4 ) @ C D) = fln T 0 - B BN

g (7D} ;) +sipy W*ﬁ
1- Pg)i = 2s§§?i ’
’ (a:FDﬁl1)+sg?i

where the “+” terms quantify the fragmentation in the u, 1/ part of the inter-species reduced
two-particle density matrix and the “—" terms quantify the fragmentation in the v, v’ part
of the inter-species reduced two-particle density matrix; also see below. Equation (22) is one
of the main results of the present work and bears a clear and appealing physical meaning:
that pairs made of distinguishable bosons can be fragmented and that this fragmentation is
governed by the center-of-mass and by a relative coordinate of distinguishable bosons. We
shall return to this point in what follows.

We can now prescribe the decomposition of the inter-species reduced two-particle
density matrix to its distinguishable natural pair functions, which is given by

2
03 (2 y,y)

= NEF 8y o(1-0 ) (1-p- ) (b54) (- ) @R, el ),

,—

1
@ \ 1 @) ) 2 (23)
(bg?mr,n, (v,y) = /2711+n+! (Slfr'+> Hy, ( Sl? (x+ y)) e 4512+ (1Y)

1
(2) \ 2 () (2) 2
1 S12,— S12,— — 1517 (x—y)
Xx—=—|( 22 H, —(x—y) Je i :
V2 n !( T ) < 2
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All in all, (23) implies that the distinguishable-pair ‘condensed fraction’ is given by
<1 — pg)+) (1 - pg? ) and the respective depleted fraction by 1 — (1 — pg)Jr) <1 — pg)f) =

@ @ _ 0 0 - o coord .
P12+t P12,— — P12,4P12,—- Each of the inter-species ‘mixed’ coordinates 72 carries its own
(2

scaling, sg) . The distinguishable natural geminals @lz?m/m
orthonormal to each other.

We proceed now for an application. We considered above the specific case of A + A1, =0,
which leads to Q) = w, & = mw [1 + ok (% - l)], and B = v = 75 (Q12 — w). Recall that
this implies that the frequency of 2N — 1 coordinates, the 2(N — 1) relative coordinates,
and the center-of-mass coordinate is w and that only the relative center-of-mass coordinate

xxy

(x,y) are, needless to say,

has an interaction-dressed frequency, (1. To evaluate pg) (x,x/, Y, y/), we also need the

combinations (« + C11 — Dy1) = mw and (oc - Dﬂ/l = mw for the “4” branch, as well

as (a4 Cyq +Dyy) = mw——>»—— and (04+D£1) = mw{l—&— %(ﬁ —1)] for the
P ) ' :

“—" branch.

Thus, expressions (22) can readily be evaluated, and the following picture of inter-
species fragmentation is found:

S%?Jr = mw, P%?Jr =0, 1-p g)+ =L (24a)

indicating that there is no contribution to fragmentation from the symmetric ‘mixed’
coordinate u,1u’. On the other end,

1+ 4 (22
2~
(2)

o Al iy
o bR

(24b)

namely, that the fragmentation fully originates from the asymmetric ‘mixed’ coordinate
v,v’. We conclude that, whereas the fragmentation of identical pairs is associated with
their center-of-mass coordinate, the fragmentation of distinguishable pairs is linked, in
this explicit case, only with a relative coordinate between two distinguishable bosons.
Interestingly, the degree of intra-species and inter-species pair fragmentation is the same in
the specific case considered, despite pertaining to different parts of the mixtures’ many-
boson wave function. Furthermore, there are different numbers of pairs: % intra-species
identical pairs (for each of the species) and N inter-species pairs of distinguishable bosons.

Now, one can compute the ratio % = 4/1+ %)\12 for which the inter-species
(2)

reduced two-particle density matrix is 50% fragmented as in (13). Since pé
contribute, the only contribution to fragmentation comes from p%
for 50% distinguishable-pair-function fragmentation, we obtain

2
@ _1 O 4N? 4N2 \°
Po-=5 = = 7<1+N_1 1+ 51 1. (25)

= 0 does not

). Thus, solving (24b)

,—

As above, there are two ‘reciprocate’ solutions: one for strong inter-species attraction
and the second close to the border of stability for intermediate-strength inter-species
repulsion. We remind that since A + A1, = 0 in our example, the respective intra-species
interaction is opposite in sign. In addition, to achieve the same degree of 50% fragmentation
with a larger number N of distinguishable pairs, a stronger inter-species attraction or
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repulsion is needed. Furthermore, as discussed above, comparing distinguishable-pair
and identical-pair fragmentation at the same 50% value in this example, one sees from (25)
and (15) that the same interaction is needed.

Finally, we prescribe the inter-species two-particle density, namely, the diagonal part
( (2)

pl? (x,y) = pé (x,x" = x,y,y =y), which is given by

1 +Cq1-D
i (xy) = N2(PHHOL=R ) o

(26)

1
L 404D
% (ac1+C1;+DL1) ze_“ll/%(x_y)z

mw

b ey
NZ(W)%E'”Z“’(HWZ(”)Z@ 2% (eig; 1)) o .
T

T 1 )
1+N(D“]271

Next, the size of the distinguishable pairs’ cloud can be assessed from the density (26)
using the widths of the respective Gaussian functions. Accordingly, we find

@ 1 @ ) ‘ (27a)

oy =\ 0, =
12'% 2mw 12/T

2

The explanation why the width 05wty is also the typical length of the harmonic

’

potential is somewhat less intuitive. The distinguishable pair center-of-mass coordinate
u,u’ appears in the general inter-species reduced two-particle density matrix (21) in a
coupled form which requires diagonalization via Mehler’s formula. We find in the specific
case A + Ajp = 0 that v = B. This leads to a neat cancellation of terms, and the retaining of
a single term in the Mehler’s expansion with the typical length of the harmonic potential.

To show the combined effect of the intra-species and inter-species interactions ac-

companying the fragmentation of p@ (x,x',y,), it is useful to compute the sizes (27a)

for large inter-species attractions or inter-species repulsions at the border of stability. We
obtain, respectively,

1-4 Q
lim a(z)x,v = N a(z)x,v — o0 for —2 0v, (27b)
e 1277 2mmuw 27 w
where Ul(i)" .y as discussed above is independent of the interactions. We see that the size
"2

of the inter-species density saturates as does the trap’s size and does not depend on the
strengths of interactions in the limit of strong inter-species attractions. Analogously to
identical pairs, a strong fragmentation of distinguishable pairs is possible in the mixture
without the shrinking of the inter-species density due to strong inter-species attractive
interaction. At the other end, when the inter-species repulsion is close to the border
of stability, the inter-species density expands boundlessly. Summarizing, inter-species
fragmentation is governed by the ratio % and takes place both at the attractive and
repulsive sectors of interactions. For the sake of analysis, we compared the results for
inter-species pair fragmentation with intra-species pair fragmentation and discussed the
similarity and differences between the respective two-particle densities (16) and (26).

3. Pair of Distinguishable Pairs and Schmidt Decomposition of the wave function

Following the results of the previous section on the fragmentation of distinguishable
pairs, there are two questions that warrant answers. The first is whether inter-species
fragmentation persists beyond distinguishable pairs, say, to pairs of distinguishable pairs?
Inasmuch as single-species and intra-species fragmentations take place at the lowest-level
reduced one-particle density matrix and persist at higher-level single-species reduced
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density matrices, we wish to establish the result of inter-species fragmentation at the level
of higher-order reduced density matrices. After all, the reduced two-particle density matrix
is the lowest-order inter-species one. The second question deals with the nature of the
inter-species coordinates governing fragmentation. At the level of distinguishable-pair
fragmentation, i.e., within the inter-species reduced two-particle density matrix, one cannot
unambiguously tell whether the relative center-of-mass coordinate of the two species is
involved or whether other relative inter-species coordinates govern fragmentation. This
is because in a pair of distinguishable particles, one cannot distinguish between the two
types of coordinates.

As seen in the previous section, the inter-species reduced two-particle density matrix
is more intricate than the intra-species ones, and consequently, its diagonalization is
more involved. We derive now the inter-species reduced four-particle density matrix
and examine which ‘normal coordinates” govern its diagonalization. Then, the natural
four-particle functions are obtained explicitly and investigated.

Finally, and as a complementary result of the techniques used for inter-species frag-
mentation, we carry the connection between inter-species and intra-species center-of-mass
coordinates, in conjunction with the usage of Mehler’s formula within a mixture, fur-
ther. This is performed by constructing the Schmidt decomposition of the mixture’s wave
function and discussing the consequences of this decomposition at the limit of an infinite
number of particles.

3.1. Inter-Species Fragmentation in Higher-Order Reduced Density Matrices
The inter-species reduced four-particle density matrix is defined as

0% (x1, 32, %, X, y1, 2, ¥} ) = NA(N — 1) [ dxs - - - dandys - - - dyn (28)

XY (X1, X2, %3, -, XN, Y1, Y2, Y3, YN) T (Y], X5, X3, - XNL Y Yo Y3, - - - UN)-
Note that here we only treat the four-particle quantity with two identical bosons per

each species. Integrating the harmonic interaction-model for symmetric mixtures, we find
the final expression explicitly

1 1
+C11)2-D3, | 2 [ (a+Cpp)2-D2, | 2
pi?(xl,xz,xi,XQ,yl,yz,yi,y’z):NZ(N—l)Z{” e m} {W 22 2,2}

e $ (B++x 7+ 37+ 34y 457 o B+ X xh+y1ya-+yivh) (29)
XE*%Cz,z[(Xﬁxz“’ﬁxé)z*(y1+y2+y’1+y/2)2] %
xet 3D22(M1Hx0 4314 (1+y2 ¥ ) 4 2 Do (M2 =21 —33) (vi+y2 -1 -¥3)
where
a+P+2(Co2F Doo) = (w— ﬁ)%r (20b)

Dy =1,
and a 4+ Cy 1 F Dy 1 are givenin (19b). The combinations of parameters a + f+2(Cap F D25)
would appear below shortly.

To diagonalize pg) (x1,x2, X4, x5,y1,Y2, ¥}, v5), we need to mix and rotate the coordi-
nates of the two species into new coordinates appropriately. Thus, defining the new coordi-
nates as the center-of-mass, relative center-of-mass, and relative coordinates of two identical
pairs, one for each of the species, 111 = 1[(x1 + x2) + (y1 +12)], 01 = 3[(x1 +x2) — (y1 +12)],
up = J5(x1 = x2), 02 = J5(y1 —y2) and uy = 3 [(x] +x5) + (¥4 +y3)], 01 = 3[(x] + 1)

1

—(i +vh)) ub = 7 (xf —xb), 05 = % (v — v5), we have for the different terms in (29a):
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R R R R e r R R i B R R TR R
x1x2 + X5 x5 4+ yiya +yiyh = (”1 B T 0’22), 0)
(1 +x2+x +35)2 + (1 +y2+ 4 +95) =2[ (w1 + )" + (o1 +0)7),
[+ 22) & (3 + 2) ] [0 +92) = (v +w3)] = (£ 05)” = (2 £ 07)",

Relations (30) imply that one could equally define inter-species linear combinations

2 12
of the relative coordinates, since u% + v% = [<x17x2>;<y17y2)] + {(M x2)2(y1 ¥2) % and
2
. We chose the former combinations.

2
W 4o} (XQ*X’z);(y’ryé) " (X{*«Yé);(yﬁfyé)

Plugging (30) into (29), we readily find for the transformed inter-species reduced
four-particle density matrix

(4) / / / / 2 2
P12 (ulx Uy,01,0q, Uz, u2/7)2/772) =N (N - 1)

o (d) %67“;‘3 (13+us7) (d) %e,ﬂ;ﬁ (3+52)
T I3

(31

_ /
a+p+Cp (DLM’M) (U%“’ﬁz) e*[Cz,z*(Dz,z*Délz)}qu

1
« [a+ﬁ+2((;2,2*Dz,z)] 2,

2 /
. a+p+Cz,z+gDz,z+Dz,2) (U%Jrviz) —[C2l2+(D2,2—D£/2)}v1v£,

 [A£42(Ga1D22)] 5 -
where the normalization coefficients before and after diagonalization are, naturally, equal
and fulfill [Dé + (Cl,l F Dl,l)] [06 + (C2,2 F Dz/z)] = (Dé — ﬁ) [D( + ﬁ + 2(C2,2 F DZ,Z)]-

As can be seen in (31) and (21), the similarities and differences between the structures
of pg) (11, u},v1,), up, ub, v2,v5) and pg) (u,1/,v,7") clarify the issue of which coordinates
are coupled and identify the coordinates that are not. In particular, just like for the two-
particle quantity, we can apply Mehler’s formula twice, on the appropriately constructed
inter-species ‘mixed coordinates’ 11, u{ and vy, vg, to diagonalize the inter-species reduced
four-particle density matrix. When this is performed, one obtains

Sias = \/(“ TBF ZDé/z) [+ B +2(Co2 F D22)]

- \/(“ +BF2( = B S

n) (eprpliep)+(N-2(p7) (32)
oW, = (wtBF2Dp,) sy, _ BB NG
12+ — - 2 (N-2)
(“+5¥2D22)+qu>i Hﬁ 7>)[[(( ﬁ))::N ﬁxy(f]w” +
1- p(4) _ 25,
12 ("‘*ﬁ:FZDé,z)*sg)i ’

where the “+” terms quantify, the fragmentation in the w5, u] part of the inter-species
reduced four-particle density matrix and the “—" terms determine the fragmentation in the
v1, v} part of the inter-species reduced four-particle density matrix. As found and shown
in (31), there is no fragmentation due to the relative-coordinate parts u», u’2 and vy, vé.
Equation (32) adds to the main results of the present work and bears a transparent and
appealing physical meaning: in the mixture, inter-species fragmentation is quantified by
the eigenvalues obtained from Mehler’s formula when the latter is applied to the mixture’s
center-of-mass and relative center-of-mass coordinates of distinguishable pairs of pairs.
Extensions to larger distinguishable aggregates of species 1 and species 2 identical bosons
in the mixture is possible along the above lines and are not pursued further here.
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We can now prescribe the decomposition of the inter-species reduced four-particle
density matrix, inasmuch as the reduced two-particle density matrix was decomposed,
into its natural four-particle functions made of distinguishable particles. The final result is
given by

: 0 I 4 4
Py (31, %2, 3%, X y1, 9o, ¥, ) = NA(N = 1) 5, o B g (1 - sz?+) (1 - sz?—)
4 b 4 - 4 4),%
% (013 ) (o3 ) @ Gy )@ L (3,3 ),
(bg?mr,n, (xlr X2, Y1, yZ)

(33)

@i @ " 2
=/ :( 135) Hy | Y325 [(r1 4 x2) + (11 +y2)] | o ()t nsva)
n!

Equation (33) means that the pair-of-distinguishable-pairs ‘condensed fraction’ is

given by the product (1 - pg? +) (1 - pﬁ?f) and the respective depleted fraction is

1- (1 - ng) <1 - p§§?7> = pi@+ + ng - pg§?+p§§?7. The center-of-mass and relative

center-of-mass coordinates of the two pairs, w, carry the respective scalings
sg? - The natural four-particle functions <I>§§n+,m (x1,%2,1,Y2) are enumerated by the
two quantum numbers 7., n_ and are obviously orthonormal to each other.

We proceed now to examine the fragmentation in this higher-order inter-species re-

duced density matrix. We investigate, as mentioned above, the specific case of A + A1, = 0.
To compute pﬁ) (1, %2, X1, X5, Y1, Y2, ¥4, Y5 ), we require the quantities [ + B +2(Cpp — Dy)]
= mw and (lX +p—2D) 2) = muw for the “+” branch, as well as [x + 4+ 2(Ca2 + Dpp)| =
% _ Op “_n
mw — ( - 71) and (a + B+ 2D22) mw [1 + 5 ( )] for the branch.
Now, expressions (32) can readily be evaluated, and the following picture of higher-
order inter-species fragmentation is found:

sg?+ = muw, P5§?+ =0, 1- ng =1 (342)

indicating that there is no contribution to fragmentation from the center-of-mass ‘mixed
coordinate’ uy, 7. This is additional to the no contribution to fragmentation coming from
the relative coordinates 5, “/2 and vy, U’Z; see (31). For the relative center-of-mass ‘mixed
coordinate” vy, 'U/] , on the other end, one finds

S12,—

2

@ (-
; u
N

1)
A ()

o ﬂu%( e )
|/

ﬂu%(%l)w ()]

namely, that the fragmentation of pairs of distinguishable pairs fully originates from the
relative center-of-mass ‘mixed coordinate’ vq, 7. We see that also the higher-order inter-
species fragmentation is governed by the ratio % and takes place both at the attractive and
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repulsive sectors of interactions. In conclusion, the higher-order inter-species fragmentation
is proved.

Now, one can compute the ratio % = 4/1+ %)\12 for which the inter-species

reduced four-particle density matrix is 50% fragmented, as in (13). Since p@ , = 0does
not contribute in this specific case, the only contribution to fragmentation comes from

p@f. Thus, solving (34b) for 50% distinguishable-four-particle-function fragmentation, we
obtain
2
@ _1 O 2N? 2N2 \*
=5 = 7<1+N72 1+ y—5) L (35)

As for distinguishable pairs, there are two ‘reciprocate’” solutions: one for strong
attractions and the second close to the border of stability for repulsions. In addition, to
achieve the same degree of 50% fragmentation with a larger number % of distinguishable
four-boson aggregates, a stronger attraction or repulsion is needed. Furthermore, com-
paring distinguishable-four-boson and distinguishable-two-boson fragmentation at the
same 50% value, one sees from (35) and (25) that slightly weaker interactions-attractions
or repulsions—-are needed for the former. This behavior of the fragmentation of increasing
orders of inter-species reduced density matrices is analogous to and generalizes that of
intra-species and single-species reduced density matrices; see the previous section and the
appendix, respectively.

Finally, we present for completeness the inter-species four-particle density, i.e., the

diagonal part pﬁ)(xpxz,yl,yz) = pg)(xl,Xz, x| = X1,X, = X2, Y1, Y2, Y] = Yi,Y¥h = Y2),

which is given by

o18 (x1, %2, 1, 92) = N(N — 12 (452 ) "2 e e

s

L atpt2(Cyp-D.
« [w] ZQ—M[UH—HH(}/HWZ)]Z

I
« [a+/3+2(€(2,2+D2,2) ] 2,- m[(’(l‘“&)_(yl +y2))? 36)

= N2(N —1)% (1) 3 o= 1 (1 -x2)2 o= 15 (1 —¥2) o= " [(11+32) + (1 +92) 2

X <mw)]> %eiw[(““@*wﬁyz)]z'

n[l-%—%(o“l’z—l

To proceed, the size of the distinguishable four-boson cloud can be estimated from the
widths of the respective Gaussian functions in the density (36). Thus, we obtain

o = \/ZI ) _ 21 o® _ \/T
- mw’ y1—v2 mw’ 21 +19) (v v T
12 V2 12, N 12/%

37a
1+2 (2 ( )
@ — 4/ N\Op )
19 (x1+30)~(14v2) 2mw :
v 2

The explanations why the widths 0<4) a<4)

B T with intra-species relative co-
V2 V2

ordinates and, separately, the width 0(4)( with inter-species center-of-mass
1

2, () +)
coordinate are all the typical length of the harmonic potential follow those given above,

alongside Equations (17a) and (27a), respectively, and are not reproduced here.
To show the combined effect of the inter-species and intra-species interactions accom-

(4)

panying the fragmentation of pé (x1, %2, X4, X5, Y1, Y2, ¥4, Y5), it is instrumental to compute
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the sizes (37a) for large inter-species attractions or inter-species repulsions at the border of
stability. We obtain, respectively,

2
lim o® Y b @ —> o0 for O — ot (37b)
o 12, at22) () 2mw 12, atx2) () w ¢
where ¢'¥) o® and ¢ as mentioned above, do not depend on the
12,427 " 12, (104 ) ’

interactions. We see that the size of the inter-species four-boson density also saturates at
about the trap’s size, and does not depend on the strengths of interactions in the limit
of strong inter-species attractions. As for the pair of distinguishable bosons, a strong
fragmentation is possible in the mixture with hardly any shrinking of the density in
comparison with that of the bare trap due to the condition A 4+ A1, = 0, namely when
strong inter-species attractive interaction is accompanied by strong intra-species repulsion
of equal magnitude. In summary, inter-species fragmentation in higher-order reduced
density matrices is also governed by the ratio % and takes place both at the attractive and
repulsive sectors of interactions.

3.2. Inter-Species Entanglement and the Limit of an Infinite Number of Particles

In the previous sections, the reduced density matrices for identical and distinguishable
pairs of bosons were diagonalized, and the intra-species and inter-species fragmentations
explored. Both kinds of fragmentations are critical phenomena in the sense that, going
to the limit of an infinite number of particles while keeping the interaction parameters
(products of the number of particles times the interaction strengths) constant, the respective
reduced density matrix per particle becomes 100% condensed [74]. This can be easily found
from the leading natural eigenvalues of the natural functions explicitly obtained above; see
the general (6), (10), (22), (32) and specific (12), (24), (34) expressions, which are all equal to
1in this limit.

In the present, concluding subsection, we touch upon a property of the mixture which
does not diminish at the limit of an infinite number of particles. Classifying properties of
Bose-Einstein condensates and their mixtures at the limit of an infinite number of particles,
and especially when many-body and mean-field theories do not coincide, is an active field
of research, where variances of observables and the overlap between the many-body and
mean-field wave functions are discussed elsewhere; see [75-77,93-101]. Here, combining
the techniques used in the previous sections, we apply Mehler’s formula to perform the
Schmidt decomposition of the wave function.

Let us examine the mixture’s wave function, for which the coordinates of the two
species are coupled to each other owing to the inter-species interaction; see the last term
in (2a). As a reminder, the wave function is obtained by representing the Hamiltonian (1)
with the mixture’s Jacoby coordinates, for which it is fully diagonalized, and translating it
back to the laboratory frame. To decouple the coordinates of each species, in the sense of
prescribing the Schmidt decomposition of the wave function, it is useful to go ‘half a step’
backward, and express (2a), using the individual species’ Jacoby coordinates.

The Jacoby coordinates of each species are given by

—_ 1 k oy _ — LyN .
Xk*\/mzfﬂ(xk“ x), 1<k<N-1, XN = =L %,

(38)
_ 1 k o _ _ 41 N .

Ye= Tep Dt Wk — ), 1SkSN-1 0 Yw=27505y,
where, for the derivation given below, it is useful to distinguish between the two cases
for the definition of, say, Yx: The plus sign is assigned to positive 7, namely, to attractive
inter-species interactions for which Q15 > w, and the minus sign is assigned to negative 7,
i.e., to repulsive inter-species interactions where () < w.
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For the symmetric mixture, given the above Jacobi coordinates of each species, Equa-
tion (38), the wave function reads

-1

N-1 1 1
¥ (Xt X Ve Vi) = (22) 7 (M)t (M)t

1m leﬂu
o~ 202 (32 2 e Lm(Qp—) XYy

(39a)
we— ML (XEE)

Indeed, all relative coordinates are decoupled, and the only coupling due to the
inter-species interaction is between the center-of-mass Xy of species 1 bosons and the
center-of-mass Yy of species 2 bosons. Consequently, applying Mehler’s formula to the
terms with the intra-species center-of-mass Jacoby coordinates Xy and Yy the Schmidt
decomposition of (39a) is readily performed and given by

Y(X1, . X Y, YN) = o /1= P20t p @i (X1, - Xn)Pou(Ye, .o, Yo,

T _1 N-1 yw2 1 1 2
1 (X, X) = (BR) e IONS XL (52) T H, ((Sep X )e 150K,

N—

I 1 N-1y2 o1 1 >
Qo (M, ¥) = (B2) T e BOREE i (5) (B Y e B,
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(39b)
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We repeat that the plus sign is for attraction and the minus for repulsion, which

is what guarantees that psp and consequently the Schmidt coefficients /1 — p2p 0%,
n=0,1,2,3,... are always positive. ssp defines the inverse width of the individual species’
center-of-mass Gaussians in the Schmidt basis ®1 ,,(X1,..., Xn) and ®p,, (Y3, ..., YN).

Let us concisely discuss the properties of the Schmidt decomposition of the mixture,
Equation (39b). Clearly and interestingly, the Schmidt coefficients are independent of
the intra-species dressed frequency (), which only appears in conjunction with intra-
species relative coordinates, i.e., the Schmidt coefficients depend solely on the inter-species
interaction. Furthermore, there is a kind of symmetry between respective attractive and
repulsive inter-species interactions, as one obtains the same Schmidt coefficients for the

Q 4NA
ujz = 1+ mw%z 14N?\12 ’
1+ HI(JJZ

inter-species frequency and inverse frequency ¢ =

Last but not least, the same Schmidt coefficients are obtained when the product of the
number of bosons in each species times the inter-species interaction strength, NAjy, is held
fixed, and N is increased to infinity. In other words, whereas identical and distinguishable
bosons, pairs, four-particle aggregates, etc. are 100% condensed at the limit of an infinite
number of particles, i.e., the leading eigenvalue of all finite-order intra-species and inter-
species reduced density matrices per particle is 1, the mixture’s wave function exhibits a
fixed amount of entanglement at the infinite-particle-number limit. This is a good place to
bring the present study to an end.

4. Summary and Outlook

The present work aims at developing and combining concepts from quantum theory
of many-particle systems with novel results on the physics of trapped mixtures of Bose—
Einstein condensates. The notions of natural orbitals and natural geminals are fundamental
to many-particle systems made of identical particles. These natural functions entail the
diagonalization of the reduced one-particle and two-particle density matrices, respectively.
In a mixture of two kinds of identical particles—here explicitly two types of bosons—
there are, naturally, identical bosons and pairs made of indistinguishable bosons of either
species. To find their natural orbitals and natural geminals, the construction and subsequent
diagonalization of respective intra-species reduced density matrices is necessary. In the
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mixture, there are, additionally, pairs made of distinguishable bosons. Analogously, their
theoretical description would require assembling, diagonalizing, and analyzing the inter-
species reduced two-particle density matrix. In the present work, we have investigated
pairs made of identical or distinguishable bosons in a mixture of Bose-Einstein condensates,
covering both the structure of the respective natural pair functions, on the more formal
theoretical side, and the exploration of pairs’ fragmentation. Like identical bosons, which
can, depending on whether the reduced one-particle density matrix has one or more
macroscopic eigenvalues, be condensed or fragmented, so do the pairs of bosons. We
showed in the present work that, in the mixture, both pairs made of identical bosons and
pairs consisting of distinguishable bosons can be condensed and moreover fragmented.

To tackle the above and other questions, we employed a solvable model, the symmetric
harmonic-interaction model for mixtures. The natural geminals for pairs made of identi-
cal or distinguishable bosons were explicitly contracted as a function of the inter-species
and intra-species interactions. This was performed by diagonalizing the corresponding
intra-species and inter-species reduced two-particle density matrices using applications
of Mehler’s formula on appropriately constructed linear combinations of intra-species
and inter-species coordinates. Here, the role of the mixture’s center-of-mass and rela-
tive center-of-mass coordinates was identified and explained. The structure of identical
and distinguishable pairs in the mixture was discussed, and a generalization to pairs
of distinguishable pairs using the inter-species reduced four-body density matrix was
made. A particular case, where attractive and repulsive inter-species and intra-species
interactions are (opposite in sign and) equal in magnitude, was worked out explicitly. The
fragmentation of bosons, pairs, and pairs of pairs in the mixture was proven, and the size
of the respective densities analyzed. Last but not least, as a complementary investigation,
the exact Schmidt decomposition of the mixture’s wave function was performed. The
entanglement between the two species was shown to be governed by the coupling of their
individual center-of-mass coordinates and, consequently, not to vanish at the limit of an
infinite number of particles where any finite-order intra-species and inter-species reduced
density matrix per particle is 100% condensed.

The results reported in this work were obtained analytically, because the one-body
trapping potential and the two-body inter-particle interactions are all harmonic. It is
relevant to inquire whether the results would be robust in general. We know that fragmen-
tation of single-species bosons takes place in traps of various shapes; see, e.g., [13], for the
inter-particle interactions of various ranges [24], and at the level of the one-particle and two-
particle reduced density matrices [28]. Furthermore, as seen in Appendix A, fragmentation
of bosons and pairs occurs, respectively, at the level of the one-particle and two-particle
reduced density matrices within the single-species harmonic-interaction model. We can
therefore quite confidently foresee that the results obtained here analytically, of intra-
species and inter-species pairs’ fragmentation using the (symmetric) harmonic-interaction
model for mixtures, would persist for trapped interacting bosonic mixtures in general.
Demonstrating that explicitly we would have to resort to many-body numerical tools, see,
e.g., in [50,59,62,67]. Similarly, our analytical and numerical experience for studying single-
species trapped bosons at the limit of an infinite-number of particles [95,96,99,101], along
with the corresponding analytical results for variances and overlaps in mixtures [75,77],
strongly suggest that a similar generality would hold true for the Schmidt decomposition
of trapped interacting mixtures at the infinite-particle-number limit.

The present investigations suggest several directions for further developments. We
have treated the symmetric mixture, and an anticipated extension to generic trapped mix-
tures, with different numbers of bosons, masses, and interaction strengths for each species,
would be in place. In what capacity can the fragmentation of identical pairs in the different
species be made to differ, and to what extent would the fragmentation of distinguishable
pairs become more complex? Do the center-of-mass and relative center-of-mass coordinates
keep their role in the diagonalization of inter-species reduced density matrices for a generic
mixture? It also makes sense, in a generic mixture, to investigate the fragmentation of aggre-
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gates with unequal numbers of bosons from each species, such as, for instance, the analysis
of inter-species reduced three-particle density matrices. Another foreseen extension is
about mixtures with more species and, if feasible, about generic multi-species mixtures
where, e.g., one species could serve as a bridge between two baths. Take for instance
the (symmetric) three-species harmonic-interaction model. The diagonalization of the
Hamiltonian would require relative coordinates for each of the species, the center-of-mass
coordinate of all bosons, and two relative center-of-mass coordinates to be determined [71].
The major challenge would be the reduction of the all-particle density matrix to the various
intra-species and inter-species reduced density matrices. Recall that, for single-species
bosons, the reduction of the all-particle density matrix leads to ‘vector’ recursive relations
(the coefficients of the reduced density matrices depend on one index) [78] and that for
a two-species mixture, the reduction of the all-particle density matrix results in ‘matrix’
recursive relations (the coefficients of the various intra-species and inter-species reduced
density matrices depend on two indices) [74]. It is thus reasonable to expect that in the
three-species mixture, the reduction of the all-particle density matrix would require ‘tensor’
recursive relations. Finally, for a three-species mixture, the question whether an extended
or general Schmidt decomposition [102] is at all feasible would become relevant, and if the
answer is positive, whether in conjunction, the three individual species’ center-of-mass
coordinates would become disentangled. Surely, exciting generalizations are awaiting for
further investigations.

Finally, one could forecast that the topic of Bose—Einstein condensates and mixtures in
the limit of an infinite number of particles would be enriched by exploring the Schmidt
decomposition of the wave function. Recall that at the infinite-particle-number limit, any
finite-order intra-species and inter-species reduced density matrix per particle is 100%
condensed. Here, studying the variances of observables and overlaps of wave functions
has deepened our understanding of the differences between many-body and mean-field
theories of Bose—-Einstein condensates and mixtures at the limit of an infinite number of
particles. However, these properties are already defined for single-species bosons. The
Schmidt decomposition, on the other hand, is a property that enters the topic of the infinite-
particle-number limit starting, obviously, only from a two-species mixture—all of which
paves the way for further intriguing investigations to come.
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Appendix A. Comparison to Fragmentation in the Single-Species System

The Hamiltonian of the single-species harmonic-interaction model is given by [78]
A B o QNN SE BN ? Al
(x1,..xn) =) ——7+7mwxj +A Y (xj—x)” (A1)
]

Employing single-species Jacoby coordinates and translating back to the laboratory
frame, the N-boson wave function and corresponding density matrix are given by
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The stability of the system, i.e., the condition that a bound solution exists, means that

. . e 2
the interaction satisfies A > —%%r.
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The reduced one-particle density matrix reads
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Comparing the structure of the reduced single-particle density matrix that of Mehler’s
formula [81,82], one readily has

s = /a(a + Cp) = mQ %,
1+N(w 1)
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The reduced two-particle density matrix p(z) (x1, %2, xi, x}) reads, after the rotation of
coordinates,

- L aB(o, 42
0 (g1, g2 13) = N(N = 1) (152) e 7 (%)

L _wtpiG (o 2
> (uc-%—ﬂ;—ZCz) P ('71*”/1 )E—Cquqg , (A5)
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where q; = %ﬁ(xl +x2), g2 = %(xl —xp) and g = %(xa +x5), 45 = %(x{ —xb).
Comparing the structure of the reduced two-particle density matrix with that of Mehler’s
Formula (5), we readily find

2 (w
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where a 4 = mQ) [1 + % (- 1)} We see from (A4) and (A6) that fragmentation of

bosons and pairs is governed, in the single-species harmonic-interaction model, by the

ratio % and takes place both at the attractive and repulsive sectors of the interaction.
Similarly to the main text, we compute for which ratio %, or, equivalently, for which

2
interaction A = 'g—‘,(’,z {(%) — 1} , the two-particle and one-particle reduced density ma-
trices are macroscopically fragmented as in (13). Note the difference that, here, % is the
single-species interaction and in the main text, for the mixture, % is the inter-species

interaction. Thus, solving (A4) for 50% natural-orbital fragmentation, we find

1 Q 4N? 4N2 \2
(COR—— flaf _
0 ;5 = (1+N71>i <1+ 4) 1, (A7)

and working out (A6) for 50% natural-geminal fragmentation, we obtain
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2
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There are two ‘reciprocate” solutions for both the natural geminals and natural orbitals:
Indeed, 50% fragmentation occurs for strong attractions, namely, when = is large, or in the
vicinity of the border of stability for repulsions, i.e., when £ is close to zero. In addition,
to achieve the same degree of 50% fragmentation with a larger number of bosons N, a
stronger attraction or repulsion is needed. Finally, comparing the natural-geminal with
natural-orbital fragmentation at the same 50% value, one sees from (A8) and (A7) that
slightly weaker interactions attractions or repulsions are needed for the former, in a similar
manner to intra-species fragmentation in the mixture discussed in the main text.

Finally, we prescribe the one-particle and two-particle densities, i.e., the diagonal parts
oW (x) = pM (x,x" = x) and p (x1,x2) = p® (x7, 12, ¥} = x1, ¥, = xp) which read

1 1m0 2
c T(a-
pm(x):N(‘HTl) —(a+Cy)x ( 1+N ) e Tn(8-1)7

1
P (x1,30) = N(N = 1) (452) P () (M) IR mER)(A9)

1 mQQ 71)] (x1+x2)2

1 _
mQ\ 2 ,— "2 (x;—x,)? mQ) 2 2[1+2 (2
_N(N71)<7) e~ (1—x2) (W) e 2R (

Here, in the single-species case, A governs the size of the densities which, as we now
show, depending on the interaction stronger than for the mixture; also see the main text for
comparison and further discussion.

We can deduce the size of pairs” and bosons’ clouds using the widths of the corre-
sponding Gaussian functions in the densities (A9). Hence, we have
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To describe further effects of the interaction A accompanying fragmentation of the
reduced density matrices (A4) and (A6), we compute the sizes (A10a) for strong attractions
or repulsions at the border of stability. We obtain, respectively,

1 1 1 )
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2 2
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as all widths (A10a) depend on the interaction strength. The size of the densities for strong
attractions diminishes to much smaller values than the trap’s size, values that depend
on the number of bosons but not on the strength of interaction. Thus, a high degree of
fragmentation due to the strong attractive interaction is possible in the single-species system
only together with the shrinking of the density. Alternatively, toward the edge of stability
region, the density of the single-species system expands due to repulsive interaction
unlimitedly as the degree of fragmentation increases. These should be compared to and
contrasted with the results in the main text for the intra-species densities and the interplay
between inter-species and intra-species interactions within intra-species fragmentation in
the mixture.
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Abstract: The resonant profile of the rate coefficient for three-body recombination into a shallow
dimer is investigated for mass-imbalanced systems. In the low-energy limit, three atoms collide
with zero-range interactions, in a regime where the scattering lengths of the heavy-heavy and the
heavy-light subsystems are positive and negative, respectively. For this physical system, the adiabatic
hyperspherical representation is combined with a fully semi-classical method and we show that
the shallow dimer recombination spectra display an asymmetric lineshape that originates from
the coexistence of Efimov resonances with Stiickelberg interference minima. These asymmetric
lineshapes are quantified utilizing the Fano profile formula. In particular, a closed-form expression is
derived that describes the width of the corresponding Efimov resonances and the Fano lineshape
asymmetry parameter q. The profile of Efimov resonances exhibits a g-reversal effect as the inter- and
intra-species scattering lengths vary. In the case of a diverging asymmetry parameter, i.e., |q| — oo,
we show that the Efimov resonances possess zero width and are fully decoupled from the three-body
and atom-dimer continua, and the corresponding Efimov metastable states behave as bound levels.

Keywords: few-body collisions; Efimov effect; mass-imbalanced systems; recombination

1. Introduction

The Efimov effect is one of the most counter-intuitive phenomena in few-body physics,
where an infinity of three-body bound states is formed even when the scattering length of
the two-body subsystems is negative [1-4]. This phenomenon was theoretically predicted
by V. Efimov to occur for three equal-mass particles that interact via zero-range potentials,
with trimer binding energies that scale geometrically [5]. The existence of these exotic trimer
states was experimentally confirmed by Kraemer et al. in an ultracold gas of Cs atoms [6].
This suggested new possibilities for theoretical and experimental investigations [1-3,7-12]
to address various physical aspects of the Efimov states, such as the discrete-scale invariance
of the trimer binding energies [13] or the sensitivity of the ground-state energy on the short-
range physics. In particular, the latter stems from the fact that, within the zero-range model,
the trimer spectrum is unbound from below due to Thomas collapse [14] and an auxiliary
parameter, i.e., three-body parameter, was introduced in order to specify the ground-state
energy rendering the entire spectrum system dependent [5]. However, experimental and
theoretical advances demonstrated that, for ultracold atoms, the Efimov spectrum exhibits
a certain class of universality, i.e., van der Waals universality [15-25]. Namely, it was shown
that the lowest Efimov state appears at scattering lengths a® s -104yqw, with £ygqw being
the length scale of van der Waals interactions between two neutral atoms.

Mass-imbalanced ultracold gases are an ideal platform to explore more deeply the
idiosyncrasies of Efimov spectra. In particular, three-body collisions of ultracold atoms
with unequal masses offer more favorable experimental conditions that enable observation
of multiple successive trimer states and measurement of their geometrical energy scaling,
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i.e., the smoking gun of Efimov physics [26-28]. Apart from this, mass-imbalanced ensem-
bles offer a large parameter space, such as the particles’ mass ratio, the sign and magnitude
of the inter- and intra-species scattering lengths, which provide fertile ground to investi-
gate the pristine attributes of the Efimov states. Specifically, theoretical and experimental
efforts have mapped out a large portion of the parameter space, addressing the underlying
physics of recombination processes in heavy-heavy-light (HHL) systems [26,27,29-32].
The particular case that stands out corresponds to HHL systems that possess inter- and
intra-species scattering lengths of opposite sign, i.e., ap, < 0 and app > 0, respectively. For
example, in the experimental works of Refs. [29,33], it was demonstrated in the regime of
broad Fano-Feshbach resonances [34] that the lowest Efimov state is in good agreement
with the predictions of the universal zero-range and van der Waals theory. However,
subsequent experimental investigations show that deviations from the universal theory
are more pronounced for narrow Fano—Feshbach resonances [35]. Furthermore, within the
zero-range theory, Ref. [36] illustrated that the diabaticity of the three-body collisions
imposes additional limitations on the universal properties of the Efimov spectrum, where
mostly adiabatic collisions yield trimer states independent of the three-body parameter,
as was pointed out in the case of Refs. [29,33].

Additionally, Ref. [36] showed that three-body recombination into a shallow heavy—
heavy dimer possesses a unique property that only mass-imbalanced systems exhibit,
namely the co-existence of Efimov resonances with Stiickelberg suppression effects in the
same range of scattering lengths. In this work, we further study this particular attribute of
HHL systems and demonstrate that the corresponding Efimov resonances in the recombi-
nation rate coefficient plotted versus scattering length can display an asymmetric profile,
which can be quantified by the Fano profile formula. In particular, our analysis employs
the adiabatic hyperspherical framework for zero-range two-body interactions, which is
combined with a fully semi-classical theory [36]. Moreover, a simplified version of the
semi-classical approach is shown, where the lowest hyperspherical curves are approxi-
mated by universal potential tails at large hyperradii, as in Ref. [37]. This permits us to
derive closed-form relations for the S-matrix elements, which are expressed in terms of
the width of the Efimov resonance and Fano’s lineshape asymmetry parameter 4. As an
example, the asymmetric profiles of the Efimov resonances in the recombination coefficient
of Li-1383Cs-133Cs and °Li-*’Rb-*Rb are analyzed, both of which showcase a g-reversal
phenomenon as a function of the inter- and intra-species scattering length ratio. Further-
more, we observe that, for a diverging q parameter, the Efimov resonances behave as
bound states that are embedded in the continuum [38]. This occurs since the decay width
of the resonances vanishes as |g| - oo and the corresponding Efimovian quasi-bound states
decouple from the three-body and atom-dimer continua.

The structure of this work is as follows: in Section 2, the Hamiltonian of the three-body
system and the parameters of interest are given. Sections 2.1 and 2.2 provide a detailed
review of the methods that are employed in our analysis. More specifically, Section 2.1
discusses the adiabatic hyperspherical representation and the fully semi-classical treatment
of the coupled hyperradial equations. In Section 2.2, a simplified version of the semi-
classical theory is given that permits us to express the S-matrix elements of recombination
processes into shallow dimers in terms of the inter- and intra-species scattering lengths.
Finally, Section 3 focuses on the asymmetric profile of Efimov resonances in the spectrum
of the three-body recombination coefficient for HHL systems.

2. General Considerations and Methods

Consider a three-body system that consists of two heavy (H) alkali atoms and a light (L)
one at low energies. The particles mutually interact through s-wave pairwise interactions
that are modeled via Fermi-Huang’s zero-range pseudopotential. Our greatest interest here
is in the regime where the mass-imbalanced system can recombine into a shallow heavy—
heavy dimer with a recoiling light atom. This scenario arises for inter- and intra-species
interactions of opposite sign, meaning that the scattering length between a heavy-light or
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heavy-heavy pair of particles is apy, <0 or ayp > 0, respectively. Furthermore, relaxation
and recombination processes into deep dimer channels are neglected, and we focus on the
physics that arises due to energies near the break-up threshold, i.e., the zero-energy limit.
For this purpose, we focus on the two lowest potential curves of HHL systems, which
suffice to describe three-body recombination processes into shallow dimers, as was shown
in Ref. [36], permitting the derivation of closed-form expressions for the S-matrix.

2.1. The Adiabatic Hyperspherical Representation and the Semi-Classical Approach

The total three-body Hamiltonian for the HHL system of interest is given by the
following expression:

3 T’lz
Hiot =Y. —TV% +y Vij(rij), with
i=1 i i>j
, M
47th ajj
Vij(rij) = ——=0(rij)0r, [rijx],

2;4,]

where Vj; represents the Fermi-Huang pseudopotential. a;; and p;; refer to the scattering
length and two-body reduced mass of the ij-pair of particles, respectively. V% denotes the
Laplacian for r;, and m; indicates the mass of the i-th particle. Note that the scattering
lengths a;; between the atoms are chosen to be larger than any other length scale of the
system, permitting us to focus on the universal characteristics of the three-body system
under consideration.

Utilizing the Jacobi vector choice of Ref. [39], Equation (1) can be separated into
the Hamiltonians of center of mass and relative degrees of freedom. Since the s-wave
interactions involve only the relative distance between a pair of particles, the center-of-
mass Hamiltonian is fully decoupled, meaning that the relative one retains all the relevant
information of the three-body system. Therefore, we focus only on the relative Hamiltonian,
which gives, after transforming it into hyperspherical coordinates (for details, see [2]),
the following expression:

w9

_ 9 p52 .
Hrel = Z]JRT/Z IR2 R + Had(R, Q)/ (2)

where y = \/mymams/(my +my +mz) = my/\/1+2my/my indicates the three-body re-
duced mass, R is the hyperradius, and Q) is a collective coordinate denoting the five
hyperangles [40,41]. H,q(R;()) represents the part of the Hamiltonian that contains the
hyperangular centrifugal potential as well as the two-body interactions expressed in the
hyperspherical coordinates.

1517
8uR?

.
Mm&m=ﬂﬁ+ + 3 Vi(R; ), €)

i>j

where A denotes the grand angular momentum operator.
In the spirit of the adiabatic hyperspherical representation, the properly symmetrized
three-body wave function is provided by the following ansatz:

1
¥(R, Q)= W;lPV(R;Q)Fv(R)/ 4)
where F,(R) and ¢, (R; Q) indicate the v-th hyperradial and hyperangular part of the wave

function, respectively. In particular, ¢, (R; () components of ¥(R, () are obtained by
diagonalizing Equation (3) at a fixed hyperradius R.

Had(R;Q)(Pv(R}Q) = UV(R)(P,,(R,'Q), (5)

189



Atoms 2021, 9, 110

where the eigenvalues U, (R) are the so-called adiabatic hyperspherical potential curves .

Substitution of Equations (4) and (5) into the Schrédinger equation of the Hamiltonian
H, and integration over all the hyperangles () yields a set of coupled ordinary second-
order differential equations that solely depend on the hyperradius R.

a2
-+ 5 (U(R) = E) [Fu(R) = 3 Vi (R)Fir(R), ©®)
h "
where V,,,/(R) indicate the non-adiabatic coupling matrix elements/operators that are
given by the following expressions:

Vi (R) = ZP,,V/(R)ﬁ +Qu(R) with 7)
d
Pw’(R) = (‘PV(R;Q)‘aiR(PV’(R;Q))Q 8)

2
Quu (R) = (o (R )| (R ) ©)

Q
where (...) denotes the integration over the hyperangles only.

Owing to the zero-range interactions, the non-adiabatic coupling matrix elements,
P,,/(R) and Q,,/(R), as well as the hyperspherical potential curves, U, (R), can be calcu-
lated semi-analytically [1,39,42,43]. However, the resulting hyperspherical potential curves
U, (R), especially the lowest one, possess attractive singularities at the origin, i.e., the
Thomas collapse. Therefore, an auxiliary parameter is introduced in order to truncate the
attractive singularity in the potential curves, which, in its simplest form, consists of a hard
wall placed at a small hyperradius, R ~ r3;. The three-body parameter 3, is arbitrary (from
the point of view of zero-range theory) and is usually fixed via experimental observations.
In addition, the zero-range approximation greatly simplifies the computational cost since
only hyperradial equations in Equation (6) require a numerical solution using standardized
R-matrix methods [44-46].

Figure 1 depicts the two lowest hyperspherical potential curves uJ/ *(R/ayy) as
obtained from zero-range approximation: the upper (blue) potential that vanishes at large
hyperradii R in the break-up threshold and the lower (red) potential, which, in the limit of
large R, approaches the energy of the HH dimer. The light blue region denotes the hard wall
boundary condition at r3,/agy that removes the attractive singularity of the lower curve.
The potential curves of Figure 1 suffice in order to intuitively understand the recombination
of three free particles into a universal pair of atoms with a recoiling one. Consider the

hzz ) indicated by the dotted line
WIHHHH
in Figure 1. In particular, we are interested in the low-energy limit in order to validate the
two-channel approximation and highlight the threshold behavior of three-body collisions in
HHL settings. Viewing this three-body system heuristically as a time-dependent collision,
starting from infinite long distances, the three particles propagate inwards in the upper
potential curve and tunnel with some probability under the repulsive barrier and then
probe the corresponding classical allowed region at short hyperradii. In this region, the non-
adiabatic P-matrix element P, between the upper and lower potential curve plays a key
role in inducing transitions. More specifically, at distances Ry z/app (vertical dashed line),
the corresponding P-matrix maximizes, indicating the strong coupling regime. This means
that the particles transition with a certain probability from the upper to the lower curve and
subsequently propagate outwards, fragmenting into a two-body molecule plus a spectator
atom. This recombination process is quantified mainly by evaluating the |S1,[* element of
the scattering S-matrix.

As was shown in Ref. [36], the |512|2 matrix element can be obtained analytically
within the two-channel approximation by combining the Landau-Zener physics with
the Jeffreys—-Wentzel-Kramers—Brillouin (JWKB) approach. The main constituents of this

three-body system at a collisional energy E (in units of

190



Atoms 2021, 9, 110

semi-classical approach are depicted in Figure 1. More specifically, we assume that the
P-matrix element of the potential curves in Figure 1 possesses a Lorentzian lineshape in the
vicinity or R » Ry 7z, and we include the Langer correction in JWKB integrals [47]. Under
these considerations, the |S15/> matrix element for the hyperspherical potential curves in
Figure 1 reads:

iy T e T
s (1 preost(ef -0t - Sl St ol-T) a0

-27
+(1-p)cos? (@ + @Y + 1)) - (1- ‘34

6—4'[ -1
+ s
16
where 727 indicates the tunneling probability in a single collision with the repulsive barrier
of the upper potential curve in Figure 1.

Pp(1-p)cos”(@f ~@f - 1)

1
! T
LA B
o
I N yi -
\/ R/ann
1
ob
/
1

T3b Rrz
aQHgH QHH

Figure 1. An illustration of the lowest hyperspherical potential curves U,}/ 3(R/ app) withagy >0
and apyy, < 0. The red (blue) line saturates at large hyperradii in the atom-dimer (three-body break-up)
threshold. The quantities <I>f and @k’ indicate the JWKB phase accumulation in the upper potential
curve. For the lower potential, the corresponding phase is denoted by <I>£. The vertical dashed
line represents the hyperradius where the non-adiabatic coupling P-matrix element P;; maximizes.
The horizontal dotted line refers to the three-body collisional energy E in units of ﬁ, and the

three-body parameter, 2., depicted by the blue region.
Y P AHH P y g

The JWKB phases in the upper curve are indicated by the terms ®Y and ®¥. More
specifically, QDE is the phase accumulation from the far-left classical turning point up to
R ~ Ry 7, whereas @g is the JWKB integral from R ~ Ry z up to the inner classical turning
point of the repulsive barrier. Similarly, in the lower potential curve, ®* corresponds to
the phase accumulation between the hard wall (blue shaded region) located at % and
R ~ Rpz. Furthermore, p corresponds to the Landau—Zener non-adiabatic probabifity to
transition from the upper to the lower hyperspherical potential curve in a single pass
through the avoided crossing region. The non-adiabatic probability p is evaluated from the
P-matrix elements, which, as we mentioned above, are approximated to have a Lorentzian
lineshape versus the hyperradius and a maximum at R ~ Ry 7 [48]. A is the Stokes phase
and it is a correction added to the components of the hyperradial wave function, i.e., F,(R)
with v = 1,2, as they propagate through the non-adiabatic transition region [49,50]. The
Stokes correction phase depends on the non-adiabatic probability p and it obeys the relation

A:argr(iﬁ)félnéJréJrg, (11)
T T m o m 4

where 6 = —lnTp. Figure 2 shows the Stokes phase versus p, where, in the diabatic (adiabatic)
limit, i.e., p =1 (0), the Stokes phase tends to A = —7r/4 (0). Equation (10) captures the two
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main effects that occur in HHL systems. More specifically, the roots of the numerator of
Equation (10) indicate the Stiickelberg suppression effects minimizing the probability of
the HHL system to recombine into a shallow dimer. On the other hand, the roots of the
denominator in Equation (10) denote the Efimov resonance phenomenon that enhances
the recombination into a shallow dimer. An additional insight obtained by Equation (10)
is that the Stiickelberg suppression effects depend on the three-body parameter due to
the phase @% accumulation in the lower potential curve. In principle, also the Efimov
resonances depend on r3;,; however, as Equation (10) suggests, in the limit of adiabatic
collisions, i.e., p < 1, only the phase accumulation in the upper potential curve survives,
which is independent of the three-body parameter, meaning that such collisions possess a
universal character.

0

Figure 2. The Stokes correction phase as a function of the non-adiabatic probability p.

The degree of diabaticity p is depicted in Figure 3, in the zero-energy limit, as a function
of agp/|agr| for different mass ratios mp/my, covering, in this manner, the regime from
strong-to-weak mass-imbalanced atomic ensembles. Note that we consider values of the
ratio app/|agr| that correspond to |ayy | and apy, both being larger than the van der Waals
length scales of the HL and HH pairs of atoms, respectively, ensuring the validity of the
zero-range theory. In particular, we observe in Figure 3 that, for a large mass ratio, i.e.,
mpy/my, =21, the corresponding three-body collision is more diabatic than in the case of
weak mass imbalance, i.e., mp/my, = 6.3. This means that HHL systems with strong mass
imbalance, i.e., my/my > 21, can easily transition from the three-body continuum to the
shallow dimer-atom channel, implying that the corresponding recombination process is
strongly affected by the three-body parameter r3;,. This behavior of the non-adiabatic prob-
ability p on mp/my can be understood in terms of the ratio of the P-matrix elements and
the energy difference of the hyperspherical potential curves, i.e., A, at R = R 7. According
to Ref. [48], the probability p is given by the relation p = ¢~ ™/[4P2(Ri2)] wwhere v refers to
the semi-classical velocity of the particles at R = Ry z. Thus, for ap; — —oo, the ratio of the
energy gap A and Py»(Rpz) increases as my/my, decreases, yielding, in return, a decreasing
probability p and vice versa.

2
As an example, Figure 4 illustrates the scaled S-matrix element (lﬁ}iﬁ for the °Li-

87Rb-87Rb three-body system at low energies E = % Figure 4a corresponds to the semi-
classical model using Equation (10), and Figure 4b refers to the case where the hyperradial
equations are solved numerically within the R-matrix approach. Both panels are in excellent
[S1ol*
(kap )t
similar to those shown in Ref. [36]. In particular, as discussed in Ref. [36], the enhancement

agreement and the qualitative features, i.e., the enhancement and suppression of are

2
of ( ]l(ileL‘) 1 is associated with an Efimov resonance. Namely, the upper potential curve in
Figure 1 can support a quasi-bound state behind the repulsive barrier at specific values of

the ratios @ and 2. Therefore, for colliding energies E that match the energy of the
HH aHH
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quasi-bound three-body state, the atoms can easily tunnel under the barrier, where they
can probe the non-adiabatic transition region and eventually hop with some probability to
the Rb, + Li channel. Therefore, the presence of a quasi-bound state in the upper potential
2
(}\{512| o
(‘Lizl) is a manifestation of Stiickelberg physics due to the destructive interference of
the alternative pathways, which prevents the three particles from exiting to infinity along
the Rb; + Li channel. However, in Ref. [36], the °Li-1*3Cs-133Cs system was investigated
IS 12| ul
87Rb. Specifically, the 6L1 133Cs 133Cs system exhibits narrower Efimov resonances (see
Figure 2b,c in Ref. [36]) than those shown Figure 4 for Li-8’Rb-8"Rb. This difference mainly
arises from the fact that the collisions in Li-'33Cs-133Cs are more diabatic than in ®Li-%Rb-
87Rb. As Figure 3 suggests, the non-adiabatic probability p for °Li-1**Cs-133Cs is much
closer to the unit than for the case of ®Li-3Rb-8Rb. The lower values of p for °Li-*’Rb-8Rb
indicate the weak coupling of the quasi-bound Efimov state to the atom—dimer continuum,
|1l

curve in Figure 1 causes

to be more pronounced. On the other hand, the suppression

of

and the correspondmg possesses one main qualitative difference from °Li-*’Rb-

which, in return, is manifested as a broad resonance in the matrix element.

(kapr)*

0.9 T T T T T T

i = 20my,

mp = 16my
08 my = 11.8my,

my =9.Tmy,
07 | my = 63my,

Q‘ 06

05 1
04 ]
03 [ ]
02 . . . . . .
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aOHH
lamr|

0.1 0.12 0.14

Figure 3. The degree of diabaticity p as a function of the scattering length ratio agp;/|ap | for different
mass ratios mp/mp, covering the regime of strong-to-weak mass-imbalanced three-body systems.
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E= 2’4 (a) Semi-classical approach and (b) R-matrix numerical calculahons
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2.2. A Simplified Semi-Classical Model

In the following, we focus on the derivation of a simplified semi-classical model based
on the prescription given in Ref. [37]. Our goal is to unveil the scaling behavior of the S1,
matrix element with respect to the length scales and the degree of diabaticity p that govern
HHL systems by incorporating only the necessary approximations. Therefore, for our
purposes, from this point on, we assume that the colliding energy of the three atoms tends
to zero, i.e., E = hzkz/Zy - 0.

As in Figure 1, Figure 5 illustrates the two lowest hyperspherical potential curves,
which are properly parameterized using only the limiting tails of the curves of Figure 1
in a piecewise manner. Namely, for the upper potential curve (blue line) in Figure 5,
the universal tail U; (R) = —2:7%(5% +1/4) is shown for hyperradii ranging from the non-

adiabatic transition region, i.e., Rpz, up to R ~ v|agr|. Moreover, for R > vylayr| we
consider only the tail of the repulsive barrier of the potential curve shown in Figure 1,
which falls off as Uj (R) ~ 2;’% (15/4), with the outer classical turning point being located
at R ~ 2/k. In addition, the effects of motion along the upper potential curve for R < Ry
are mapped to an arbitrary phase ®. For the lower curve, at small hyperadii, we employ
the universal tail Up(R) = —%;2 [(sg )2 +1/4], whereas, for R > Rz, we assume that the
potential curve is constant, with energy equal to the heavy-heavy dimer. Note that the
parameters sg and s; correspond to the universal Efimov scaling coefficients for two and
three resonant two-body interactions, respectively, and they are tabulated in Ref. [51] for
several HHL systems.

Based on the piecewise potential curves of Figure 5 and considering the low-energy
limit, i.e., k - 0, the tunneling amplitude ™" and the semi-classical phases d>li[, @g and CD%
are given by the following expressions:

20k
« | ‘\/4/R2“(’YkﬂHL/2)2/ ol - o, (12)
YlaHL
/‘7| HL|\/W |11HL| (13)
Bla
Blanc Ba
L. 12 /R2 o o HH
and@LN-[m, \/ (s5)?/R? = 55 In P (14)

where the dimensionless parameters  and <y define the interval of hyperradius R such that

the upper potential curve has the form U;(R) = —2;’%(5% +1/4). In general, B and 1 are
considered free parameters and they can be fixed by a fitting procedure to experimental
or numerical data. Moreover, recall that the above JWKB integrals include the Langer cor-
rections. After substitution of Equation (12)—(14) into Equation (10), the S-matrix element
S1p reads

2 L4
[S1a =1r—6pcosz(53]n "3b +1l71+/\){ P

(kuHL)4 1—p
x sin [soln‘ HL‘ -(s5 ln +1[J1)]
+cos2(soln| HL‘ +iPr+A)
AHH
. -1
—peos?(sy In—& +11 +)\)} , (15)
AHH

where the terms (1 - (7vkayr/2)%/16) ~ 1 and (1 - (7kap/2)*/4) ~ 1 since we focus on
the low-energy regime, i.e., k - 0. The phases ; and ¢, obey the expressions ¢; =
®-s5Inp /4 and P = D +5sgIn(y/B), respectively.
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Equation (15) captures the main properties of the S-matrix element S, shown in
Figure 4. The numerator of Equation (15) describes the positions of the Stiickelberg inter-
ference minima, which, as shown in Figure 4, scale logarithmically with respect to the ratio
r3p/apr. Moreover, the spacing between successive minima is constant on a logarithmic
scale and related to the universal Efimov scaling coefficient ;. On the other hand, the roots

2
of the denominator of Equation (15) trace out the maxima of S|

in Figure 4, i.e., the

(kap)*
Efimov resonances, where the position of the successive resonances is defined by the s,

universal factor. We note that Equation (15), due to its simple structure, can be used as a
fitting formula for experimental measurements by treating the (i1, {2, 7) or (®, B, ) as
fitting parameters.

- 115
8uR? E
R
i
B mHa%IH
£ Rl +1/4]
Wie
R~r3, Rz~ Bann R~qlam| R~%

Figure 5. An illustration of the approximate hyperspherical potential curves shown in Figure 1,
where s and s are the universal Efimov scaling coefficients. These piecewise curves are used in
Equations (12), (13) and (15).

3. Asymmetric Lineshapes in Three-Body Recombination Coefficients

Figure 4 demonstrates that recombination resonant features are intertwined with
Stiickelberg interference minima. This constitutes a unique feature of mass-imbalanced
systems since, for homonuclear three-body collisions, the corresponding S-matrix element
exhibits either Efimov resonances or Stiickeleberg suppression effects for negative or
positive scattering lengths, respectively. Therefore, this section focuses on the lineshape of
the |Sq,? squared matrix element plotted as a function of the ratio % at fixed values of

lapL
AHH .
systems, it suffices to consider a range of -2 values in the neighborhood of a Stiickelberg

minimum, assuming a total colliding energy E «~ 0.

Under these considerations, utilizing the Fano profile formula, Equation (15) can be
expressed in terms of the width of the resonance, I', and the Fano g-parameter, which
describes the asymmetry of the profile of the |S1,[*.

. In order to demonstrate the asymmetric lineshape of the Efimov resonances in HHL

S0P, (x+q)?
(kaygp)* x2+1
4. 2-p) ||

— sinz(sé’xr +1p1+A){ cos [2(s0 In 12HLI
16 AHH

, with (16)

-1
—sgxr+tp2—1/11)]+(1—p)cos [2(56‘xr+z/11 +A)]} ,

where x = 2(In a%l - x,)/T, with x, referring to the values of the ratio In ;}37’; that minimize

the denominator of Equation (15) at fixed % Note that Equation (16) has the same

functional form as the conventional Fano formula, i.e., o = gp(€ +¢)?/(€* + 1) [52], where
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the ratio In a’%” is the independent variable instead of the energy. For Equation (16),
the Fano linesﬁape asymmetry parameter g and the width I' are given by the following
expressions:

q= _s*il“ cot(syxr + 41 +A) and (17)
0

2
r 1-p 2 lagLl 2/
—| = cos“(spIn + 1+ A) — pcos(syx
(3) - ] cocom B o) peosis

+1/71+A)+1p sinZ(SOInLHL‘—sgxrﬂpz—q;l)

-pP AHH

x {cos[Z(sO In M —spxr+ P2 —1)]
AHH

-1
+(1-p)cos[2(syxr + Py +/\)]} . (18)

Note that I is dimensionless here, in contrast to the usual Fano lineshape, where I
has units of energy (or frequency).

The three-body recombination coefficient of HHL systems can be expressed in terms
of the 51, matrix element, yielding the relation

_ 64hr?

e S1al?, (19)

Ks

where k =\/2uE/ 12, with E being the total colliding energy of the three-body system.
For a total colliding energy E ~ 0, Figure 6a,b depict the scaled recombination co-

efficient 'Z:f@

versus the ratio In % in the vicinity of a Stiickelberg minimum for two

three-body systems, i.e., °Li —133 Cs ~133 Cs and ®Li -8 Rb -8 Rb, respectively. More specif-
ically, the symbols in both panels correspond to the full semi-classical calculations, whereas
the solid lines are obtained by Equation (15), i.e., the simplified semi-classical model, using
v, ¥1 and 1, as fitting parameters.

Note that Table 1 summarizes the values of these parameters for both HHL systems
exhibiting universal characteristics, since they are independent of scattering length ratio

e |
AHH

to fit only the semi-classical calculations for |ayy|/agy = 47.4 and |ag|/agy = 101.1 in
panels (a) and (b), respectively. However, the phases ¢; and ¢, and the amplitude 7y
depend on the mass ratio of the HHL system since the corresponding hyperspherical
potential curves are strongly influenced by variations in m/my. Evidently, both panels
showcase the asymmetric profile of the Efimov resonance as a distinctive feature of HHL
systems, where Equation (15) is in excellent agreement with the corresponding semi-
classical calculations. In particular, in Figure 6a, we observe that, for scattering length
lap1]

ratios in the range 55 < 71 < 69, the Efimov resonance occurs to the left of the Stiickelberg
|apL]

minimum and its width decreases towards i 70. For % > 70, the Efimov resonance
emerges to the right of the Sttickelberg minimum with an increasing width. This behavior

of the resonant structure as a function of the ratio % is known as the g-reversal effect,

where the asymmetry parameter g changes sign at ‘ZH—L‘ ~ 70. For °Li-* Rb-¥Rb shown in
Figure 6b, a similar behavior is observed, demonstrating that the occurrence of g-reversal
is independent of the particles’ mass ratio. The g-reversal phenomenon is a manifestation
of quantum interference, and, in HHL systems, it occurs when sjx; + (1 + A = n7/2, with n
being an integer.

. Therefore, in order to extract the values of the v, ¢; and ¢, parameters, it suffices
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Table 1. A summary of the universal parameters used in Equations (16)—-(18) for the systems of
61 —133 Cs -13 Cs and °Li -% Rb -% Rb. Note that the values of sp and s; are calculated in Ref. [51].

HHL System ) so ¥ P P
oLi-18Cs-133Cs 1.983 2.003 442 0.46 0.13
5Li-¥Rb-¥Rb 1.633 1.682 3.13 0.8 0.4
10'° - . :
614 133 (g 133 (g
10° f 1
10°
o)
_
iw@m 10¢ 4
gl<

L—— |ayL| =474 apyy
—%— |ayr| =678 agy
lamr| =69 apn
10° F—o— |ayr|=T1aun 1
& layr| =834 ayn

10-2 L L L L 1 1
-2.8 2.6 2.4 2.2 -2 -1.8

X
d
100 b —+— |agr| =101.1 agp |
—%— |agr| =126.2 agy
lapgr| = 1474 agp
—8— |ayL| =151.T agp
2 | 6 J
10% E6T; 87T R} —37 Rb —& lagr| = 164.9 agy
-3.5 -3 -2.5 -2
OHH

myKs
ry

Figure 6. In the limit of E — 0, the scaled recombination coefficient is shown as a function

of In % for (a) 0Li-133Cs-133Cs and (b) °Li-%Rb-¥Rb. The symbols refer to the corresponding
calculations in the semi-classical approach. The solid lines indicate the fitting of Equation (15) using
the universal parameters shown in Table 1.

Additionally, Figure 7 demonstrates the validity of the Fano lineshape formula given
in Equation (16). More specifically, Figure 7 illustrates a comparison of the scaled recombi-
nation coefficient between the fitting of Equation (15) (red and black dots) and the Fano
lineshape formula from Equation (16) (red and black solid lines) at low collisional energies.
In particular, the red (black) symbols and lines refer to the 61i-133Cs-133Cs (°Li-8Rb-8Rb)
for a scattering length ratio |”C’L“ =678 (IaR:L‘I 126.2). We observe that the Fano lineshape
formula from Equation (16) 1s in good agreement with the corresponding semi-classical
calculations of Equation (15).
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—— |acsLi| = 67.8acscs
—o— [arpLi| = 126.2arprp

I I I I
35 3

In Fab-

aOHH
Figure 7. A comparison of the scaled recombination coefficient obtained via the fitting of Equation (15)
(points) and the Fano lineshape formula (solid lines) from Equation (16) for two HHL systems. The red
lacwil _ 67.8. The black

points and lines denote the °Li-8” Rb-3Rb system at ‘Zs%ﬂ =126.2. Note that the total colliding energy

points and lines correspond to ®Li-*Cs-133Cs for a scattering length ratio e
is set to zero.

The width I of the Efimov resonances and the lineshape asymmetry g are shown in
Figure 8 for °Li -133 Cs —133 Cs (see panels (a) and (b)) and °Li -8 Rb %" Rb (see panels (c)
and (d)). I and q are obtained via Equations (17) and (18) using the universal parameters
of Table 1. In panels (b) and (d), we observe the g-reversal effect, where, at % =70 and

lamel _ . . . . :
any; = 140, the lineshape asymmetry q diverges. This implies that, for large g parame

ters, the recombination coefficient approaches a symmetric lineshape that is centered at
xr. Furthermore, we observe that, at |g| - oo, the corresponding widths of the Efimov
resonances tend to zero, i.e., I' = 0, as is illustrated in Figure 8a for 6Li-133Cs-133Cs and
Figure 8c for °Li-¥Rb-5Rb. This means that, in this range of parameters, the Efimovian
quasi-bound state stabilizes into a bound one that is fully decoupled from the three-body
and the atom—dimer continua. This counter-intuitive phenomenon is known as a bound
state in the continuum and such states have been observed in various fields of physics [38].

0.04 I R 0.09 T T T T ]
0.035 OLi —193 0 =193 s 0.08 — OLi =57 Rb —87 Rb
0.03 0.07 a
0.025 — 0.06 1= B
[ o002 | 0.05 |- -
: 0.04 |- -
0.015 |- 0.03 I _
0.01 — 0.02 — -
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1000 L B R B 1000 T T T T
SLi 133 g _133 (g SLi 57 Rb —57 Rb
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Figure 8. Panels (a-d) show the width of the Efimov resonance I' and the asymmetry parameter q
versus the scattering length ratio % for the °Li-'*Cs-13Cs (°Li-¥Rb-¥Rb) system, respectively.
Note that the total colliding energy is set to zero. Moreover, I" and g are obtained via Equations (17)
and (18), respectively, using the universal parameters shown in Table 1.
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4. Summary

In summary, the properties of three-body recombination processes into shallow dimers
for HHL systems are investigated. Focusing on the low-energy regime, we consider
inter- and intra-species interactions that possess negative and positive scattering lengths,
respectively, thereby highlighting the threshold behavior of such HHL systems. For this
three-body system, we have reviewed the theoretical methods used in Ref. [36] and, in
particular, the semi-classical approach, providing additional details on the Stokes phase
and the degree of diabaticity p. Furthermore, a simplified version of the semi-classical
method is derived by approximating the hyperspherical curves with piecewise potential
tails, as in Ref. [37]. The simplified semi-classical model provides closed-form expressions
of the S-matrix elements that describe the process of three free particles recombining into
the shallow dimer—atom channel. Namely, we show that Equation (15) captures all the
main attributes of the recombination spectra for HHL systems, such as the asymmetric
lineshape in the three-body recombination coefficient, the logarithmic scaling of the Efimov
resonances and Stiickelberg interference minima. In particular, Figure 6 demonstrates
that Equation (15) can be used as a fitting formula for the recombination spectra in HHL
systems since the parameters 1, ¢, and 7 are insensitive to the scattering length ratio
%. Focusing on the resonant profile of the recombination coefficient, Equation (15) is
parameterized in terms of the width of the resonance I' and the lineshape asymmetry 4.
This parameterization enables us to identify two emergent phenomena that occur only in
heteronuclear three-body collisions: (i) the g-reversal effect, which describes the change
in the asymmetry of the profile of the three-body recombination coefficient as a function
of the scattering length ratio fLL‘, and (ii) the modification of an Efimov resonance into a
bound state embedded in the three-body and atom-dimer continua for |g| - oco.
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Abstract: We present numerical simulations to unravel the dynamics associated with the creation of a
vortex in a Bose—Einstein condensate (BEC), from another nonrotating BEC using two-photon Raman
transition with Gaussian (G) and Laguerre-Gaussian (LG) laser pulses. In particular, we consider
BEC of Rb atoms at their hyperfine ground states confined in a quasi two dimensional harmonic trap.
Optical dipole potentials created by G and LG laser pulses modify the harmonic trap in such a way
that density patterns of the condensates during the Raman transition process depend on the sign of
the generated vortex. We investigate the role played by the Raman coupling parameter manifested
through dimensionless peak Rabi frequency and intercomponent interaction on the dynamics during
the population transfer process and on the final population of the rotating condensate. During the
Raman transition process, the two BECs tend to have larger overlap with each other for stronger
intercomponent interaction strength.

Keywords: Bose-Einstein condensate; Laguerre-Gaussian; Raman transition; cold atoms; light—
matter interaction; particle transfer; density pattern

1. Introduction

Creation of vortex states in atomic Bose—Einstein condensates (BECs) has been the
subject of quite intensive research, with particular focus on superfluid properties [1-3]
and quantum turbulence [4-10]. A number of theoretical and experimental studies have
considered the properties of vortex states in single and multicomponent BECs [11-16],
their stability [17-24] and collective excitations [25-29], thus opening up an avenue of
opportunities to explore and develop quantum state engineering in a macroscopic sys-
tem [21,30,31]. Owing to the highly controllable state-of-the-art BEC experiments, the
presence of a vortex in BECs can be detected and their dynamics can be monitored with
good spatial and temporal resolution [31-36]. Numerous techniques, which mainly rely
upon two distinct physical situations, have been proposed theoretically [37-44] and devel-
oped experimentally [45-48] to generate vortices in BECs. In rotating traps, vortices are the
thermodynamic ground states with quantized angular momentum, but in stationary traps,
the creation of vortices requires other dynamical means. Various methods to create vortices
include the perturbation of the system with a time-dependent boundary. In particular, such
time-dependent boundaries can be created either by moving a blue detuned laser through
the condensate [43,49] or by rotating the trap anisotropy [46]. In the other scheme, the
so-called phase imprinting technique [37,42,45,50-54], one can engineer the macroscopic
wavefunctions of BECs by coupling the internal atomic levels with either an optical field
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or a magnetic field. Remarkably, the topological phase pattern of the coupling field is im-
printed into the condensate wavefunctions. This topological phase, which is independent
of the field strength, is uniquely determined by the spatial structure of the coupling field.

The helical phase front of Laguerre-Gaussian (LG) laser beams has been associated
with its orbital angular momentum (OAM) in the paraxial regime [55]. A photon of such
an LG laser modes has phase profile ¢/?, and carries I7: unit OAM in the transverse plane,
where ¢ is the angular coordinate and [ is an integer, known as the winding number of the
beam. Such LG modes are known to transfer OAM from an optical field to the Rydberg
atom [56], BECs [57-60], and to create a mechanical rotation of particles [61,62]. It was
shown that a coherent coupling between the ground state of condensate with a rotating
condensate in vortex state, can be achieved by the transfer of OAM of photons to the
condensed atoms through Raman transitions [37]. Quantum dynamics of such vortex
coupler using LG beam was studied, and an off-axis motion of the quantized vortex cores
was interpreted as the collapse and revival of the atoms of the condensate [63]. Besides, a
pair of LG laser modes with unequal phase windings couple internal atomic states of BEC
through Raman transitions, and thus giving rise to spin and orbital angular momentum
coupling in the ground states of a spinor BEC [64,65]. Moreover, it has been shown that
almost all the atoms in the non-rotating BEC can be transferred to the BEC with vortex, by
employing LG beams [66,67].

Although an impressive volume of literature has been devoted to this subject, few
of its vital aspects remain further to be explored. One such aspect constitutes the role
played by the interaction between two BEC components on the population transfer. Indeed,
during the transfer process, atoms of two condensates are present in two different hyperfine
states, one with vorticity and another without vorticity. Thus, not only the atom-laser
coupling, but also the atom—atom interaction between two different components is expected
to influence the population transfer process. Note that the focus of the majority of the
previous studies has been on the complete particle transfer from one quantum state to
another. However, it is expected that by maneuvering atom-light coupling and inter-
component interaction one could achieve a population transfer of any desired value. In this
way it equips us to realize a binary-mixture where one component contains a vortex, and
the other does not, thus emulating the so-called vortex-bright-soliton structure [16,68].
Additionally, it is also desirable to know, through the miscibility parameter [15,69,70], how
atoms in the condensate with a vortex penetrate into atoms of the condensate without
any vortex during the transfer process [15,69,70]. Therefore, motivated by experimental
accessibility [71,72] and theoretical novelty of the problem, we theoretically address these
important aspects of the transfer mechanism in this paper.

We investigate the dynamics of population transfer from a nonrotating BEC to a Raman
coupled rotating BEC by employing LG and Gaussian (G) pulses. In this process, the atoms
in rotating BEC gain angular momentum from the LG laser pulse. We consider pulsed G
and LG beams as the pump and Stokes beams, respectively, to transfer the atoms from one
hyperfine level to another. In particular, we choose the temporal width of the pulses to
be in the same time scale determined by the trap frequency. This consideration provides
us the framework to understand the dynamics during the transfer process. Numerically
integrating the Raman coupled multicomponent Gross-Pitaevskii equations, we point out
the following key points: (i) the sign of the vorticity of the condensate as well as the initial
growth region of the vortex state, captured within the density patterns, depend upon
which laser mode is chosen as pump or Stokes beam and (ii) the repulsive inter-component
atomic interaction and peak Rabi frequency of laser beams determine the number of atoms
transferred to the non-rotating BEC. By calculating the overlap integral between the two
condensates we also quantify how two condensates penetrate into each other during the
transfer process.

We have organized the remainder of this paper as follows. In Section 2 we describe
the theory of transfer mechanism. Section 3 provides a brief description of the numerical
schemes used. In Section 4 we present results of the complete particle transfer and effects
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of the inter-particle interactions and the Raman coupling parameter on the final population
of the rotating BEC. In Section 5, we discuss the implication and possible future extensions
associated with the results presented. Appendix A presents the effects of trap frequencies
and the time-delay between the pulses on the population transfer. Finally, in Appendix B
we briefly outline the Hamiltonian and the derivation of the equations of motions.

2. Theoretical Methods

In our study, we consider BEC of alkali atoms trapped in a quasi two- dimensional
harmonic trap confined in the x — y plane with z axis being the quantization axis. In order
to transfer OAM from the optical beam to the BEC, we consider three electronic levels of
the alkali atoms are coupled by a pair of laser pulses in A-type configuration as shown in
Figure 1. Atoms of initially prepared BEC are at the state |1), one of the hyperfine levels of
the electronic ground state of atoms. The state |3) is an intermediate non-resonant excited
state. The final state is considered to be |2}, another hyperfine level of the electronic ground
state of the atoms. The atoms are irradiated by two laser pulses propagating collinearly
parallel to the quantization axis [73]. We remark that with the dipole approximation of
the atomic transitions, the changes in the internal spin states of atoms are dictated by
polarizations of two light fields. However, the changes in external orbital motion of the
atoms of BEC around the quantization axis are determined by the difference of the orbital
angular momentum (OAM) of two light fields [57]. Let us consider that the OAM of the
twisted laser pulses for the transition from state |1) to state |3) is /; and for [3) to |2)
transition is . Then, the electric field vectors involved in this absorption or emission
transitions can be written as (for i = 1 and 2)

22
| —(=35)

E(xyt) = &5 (2 +y) te

e*i(kzsz,-t), (1)

where (1), €, k; and w; are the corresponding time dependent amplitude profile, polar-
ization vector, wave number and frequency of the i-th pulse, respectively. We consider the
temporal amplitude profiles of both pulses have the same form [74]:

) )2

81(2)(t) = gmaxei( 7, (2)

where Tj(y) is the temporal position of the peak value of electric field & ;). Maximum
amplitude Emax and pulse duration T are the same for both pulses. The optical absorption-
emission cycle imparts OAM onto the atoms in final state |2) and creates a vortex in the
BEC with charge (I; — I) unit. Because of collinearity of the E; and E; pulses, no additional
linear momentum is generated in the final state. In addition to such two-photon transitions
in atomic BEC, these lasers also create extra confining potential, namely optical dipole
potentials for the atoms in the states |1) and |2) [75]. In practice the value of detuning A is
large, which ensures the negligible populations in state |3). This allows us to eliminate the
state |3) adiabatically. During the transfer process, atoms are present in both the hyperfine
states, |1) and |2). Therefore, coherent evolution of the condensates of atoms in these two
states, characterized by wavefunctions ¥1(x, y, t) and ¥»(x, y, t) respectively, are governed
by two Raman coupled Gross-Pitaevskii equations (see Appendix B for the derivation)

oY 1 2 -z }
Z'Ttl = {f FVi+ % + Y Gyl + Vi ()rAhle }Tl +V (x,y, ) ¥pe (1720 (3)
j
and,
Y 1 2 ) ] ,
Zth = {* EVZL + 5 + Z(]z]|‘1’]| -+ Vz(t)VZUZIE “2 :|‘Y2 + V’(x,y,t)‘f’lel(’l”Z)‘/’, (4)
j
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where 12 = x2 + 12, V' = VIV (12)(hlI+1R)/2 exp[—2r2(1/w? 4+ 1/w3)], and Vi) (t) =
Vmax €xp [f(t — 11(2))2/ Tﬂ wWith Vinax = E2d2/HwA. E2, is maximum light intensity
of both pulses and d is the atomic transition dipole moment and w5, is the beam waist of

the corresponding laser pulse. Therefore, the effective trap potentials felt by atoms of the

condensates are
2(r2)

2 T2
Veti2) = 5 + Vi) (b)r2hlkle “ia), (@)

We derive Equations (3) and (4) by nondimensionalizing Equations (A11) and (A12)
respectively. For this, we scale the spatial coordinates by oscillator length aosc = /11/mw,
time by 1/w and condensate wavefunctions by \/N/a3,.. Here, m is the mass of the atoms
and N is the total number of atoms in the system, and w is the trapping frequencies along
x and y directions of the harmonic trap. We denote N; and N, as the number of atoms
in condensates ¥; and ¥, respectively, and consider the total number, N = Nj + Np,
is conserved during and after the transfer process. We point out that initially N; = N
and N, = 0. Note that, the parameter associated with the peak Rabi frequency, Vmax,
contains parameters from the considered atomic transition, laser pulses and the trap of the
condensate. The quasi-2D configuration of the trap is achieved by ensuring large trapping
frequency in z direction, thatis, w, > w. The intra and inter-component coupling strengths
are G;; = 2NV 2mAa;;i/agsc and Qi]- = Q/-,- = 2NV27Aa;;/ dosc, respectively, and A = w:/w
is the anisotropy parameter. The intra-component and inter-component scattering lengths
are denoted by a;; and a;;, respectively. Initially, only the condensate ¥ is present within
the trap. With two photon Raman transitions, the condensate ¥, grows by gaining atoms
from the condensate ¥1. During this process atoms in ¥, gain (/5 — ) unit orbital angular
momentum, which is manifested as a phase factor ¢/(1=2)¢ in the condensate wavefunction
Y. The phase factor e~ili=l2)# in the coupling term of Equation (3) ensures that no angular
momentum is transferred back to the atoms in condensate ¥;. Transfer of this angular
momentum to the condensate ¥; results in generating quantized vortex in the condensate.
A quantized vortex in a BEC is point like topological defect which is manifested in the
phase profile of the condensate wavefunction ¥,. Around the vortex the phase of the
condensate wavefunction changes by x x 271, where « is an integer, which is referred to as
the winding number or charge of the vortex.

A system of two component BECs can exhibit two phases, miscible or immiscible,
depending on the the strengths of intracomponent and intercomponent interactions. At
zero temperature, two defect free condensates in a homogeneous trap are miscible when
a%z < ay14apy, and immiscible for 11%2 > ayyap; [76]. However, these conditions are modified
when the condensates are considered in inhomogeneous trap [77]. Effects of finite tem-
perature [70] and topological defects [15] on the miscible-immiscible transition have been
reported. A well known measure to characterize these two phases is the overlap integral
defined as [15,69,70]

" axdym(xpymate)| | .

{//dxdyn%(x,y)} {//dxdyn%(x,y)}

2
where 15 (x,y) = ‘\Fl(z) (x, y)‘ are the densities of the condensates. A = 0 corresponds

that the two condensates are spatially separated, that is, the system is in immiscible phase.
Whereas, A = 1 implies maximal spatial overlap between the condensates, that is, the
system is in complete miscible phase.

To this end, by utilizing two-photon Raman transition, we transfer the atoms from one
initially populated quantum state to another unpopulated state via an intermediate state,
see Figure 1. A pump field links state |1) to electronically excited state |3), and Stokes field
links state |3) to another low energy state |2). We perform a one-way controlled particle
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transfer from one hyperfine state to another, where atoms of the daughter state carries one
unit vortcity, either positive or negative, thus enabling us to create a rotating BEC. In this
context, coherent population transfer is possible if the Stokes field precedes, but temporally
overlaps with, the pump field, and the pulses are applied adiabatically.

3)

LG(G) . G(LG)
1) _4

2)

Figure 1. Schematic of the electronic states considered, in a A configuration. Specifically, the states of
interest are |1) and |2) which represent the states associated with the two-component Bose-Einstein
Condensate (BEC). These two states are coupled, via |3), through detuned Guassian (G) and Laguerre—
Gaussian (LG) laser pulses. In this work two laser pulse sequences are considered: (i) G-LG where
the Gaussian is the pulse (|]1) — |3)) beam and the Laguerre-Gaussian is the Stokes (|3) — |2)) beam
and (ii) LG-G where the Laguerre-Gaussian is the pulse (|1) — |3)) beam and the Gaussian is the
Stokes (|3) — |2)) beam.

3. Numerical Methods

We start with a BEC of N atoms at state |1), in the absence of laser pulses. Therefore,
we set terms associated with laser pulses in Equation (3) to be zero to obtain the initial
solution. Then, the wavefunction of the initial BEC, ¥4, is generated by solving Equation (3)
in imaginary time using split-time Crank-Nicolson method [78]. The initial wavefunction
of BEC of the atoms in state |2), ¥, is considered to be zero. Using these two initial wave
functions, we evolve the system in presence of laser pulses. For this, we solve the coupled
GP equations in Equations (3) and (4) in real time. The phase imprinting in the ¥; occurs
dynamically due to the two photon Raman transitions, which is obtained by considering,

/

V'd
Yi(x,y, tye1) = COS<

) /
t)‘h (x,y, ta) — i~ (1719 sin(?)wz(x,y, ), (@)

and

!

X /
Yo(x,y, tyt1) = cos < Vzdt ) Yo(x,y, ty) — ie!112)¢ gin (V?dt> Y1(x,y,tn). (8)

Since ¥, is zero at the initial time o, Iy — I, unit vortex is imprinted on ¥, at t; = ty + 6t
and vorticity of ¥; remains zero. This transfer of angular momentum continues, as long as
both pulses are present. However, since the process is one-way, it stops when all the atoms
in condensate ¥ are transferred to the rotating condensate. For simulations, we choose a
square grid of 300 x 300 grid points with a grid spacing 6y = dy = 0.05a0sc and time step
A¢ = 0.0001w ™. In our study, we consider hyperfine states of 8 Rb with |1, —1) as |1)
and |2, +1) as |2). The intracomponent scattering lengths 417 and a; of these two states
are 100.4ag and 95.44ay [79] respectively, where a9 is the Bohr radius. The trap frequency
w = 27 x 30.832 Hz [80] and the anisotropy parameter A = 40 are the same for both
condensates. For this system the oscillator length aosc = 1.94 um. Furthermore, the relation
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H1(2) < hw; holds throughout the time evolution indicating that quasi-2D configuration is
maintained always. Total number of atoms in the system is N = 10*. To create a BEC with
a vortex of charge —1 unit, we use G pulse as “pump” of which I; = 0, and LG Pulse as
“Stokes” with I, = 1. If we interchange the “pump” and “Stokes” laser pulses, a vortex of
charge +1 unit will be created in the BEC. For simulations, we use the pulses with same
temporal duration of T = 4.9 ms.

4. Results and Discussion
4.1. Creation of Vortex in the BEC

In G-LG pulse sequence, we employ G pulse as pump and LG pulse as Stokes, for
which I; = 0 and I, = 1 respectively. For this arrangement, we consider 71 = 1.4 and
T = 1.0 in the units of 1/w. During the Raman transitions of atoms from state |1) to |2)
an amount of —1 unit OAM is transferred to the atoms in state |2). Here, we describe the
transfer process. First, a photon from the G laser pulse which has zero OAM is absorbed by
the atom in |1). As a result, the atom is excited to an intermediate excited state |3). Then, a
photon with +1 unit OAM is emitted by the atom at the state |3) onto the LG beam. After
this emission process the atom comes back to another ground state |2). The conservation
of the total angular momentum of the system, that is, the total angular momentum of atom
plus light pulses, ensures that atom at the state |2) gains —1 unit OAM. Thus, —1 unit
vorticity is created in the condensate ¥;. Similarly, 41 unit vorticity can be created in the
condensate ¥, through LG-G pulse sequence, where we use LG pulse as pump and G
pulse as Stokes of which I; = 1 and I, = 0 respectively.

4.2. Density Evolution of the Condensates

We have discussed that the sign of the vorticity in condensate ¥, depends on the laser
modes chosen as pump and Stokes beam. Here, we point out how the sign of the vorticity
can be inferred from the changes of density patterns of the condensates during the transfer
process. Furthermore, these density patterns serve as promising candidates to elucidate
the residual excitations created during the light-matter interaction, since these excitations
leave their foot-prints on the density profiles creating additional humps and dips [81,82].
Figure 2(a;1-a¢,b1-bs) illustrate the density profiles of the condensates during the Raman
transitions, when the vortex of charge —1 unit is generated in the condensate ¥,. Whereas,
Figure 2(c1—ce,d1-de) illustrate the density profiles when 41 unit vortex is created. In the
lower-left corner of each density profile we mention the fraction of atoms in the condensate
with respect total number of atoms in the system.

From the comparison between the Figure 2(a1-a6,b1-be,c1—6,d1—dp), it is evident that
density patterns of the condensates during the creation of —1 unit vortex are different
from the case of creation of +1 unit vortex. During the initial growth of the condensate
Y, the atoms occupy the central region of the trap when the vortex of charge —1 unit is
created, whereas the atoms occupy the peripheral region of the trap when the 41 unit
vortex created. At t = 0, the laser pulses are absent and the condensate ¥ is populated by
all the atoms in the system, hence, the condensate ¥ is empty. It is important to mention
that for the coherent population transfer, we apply the Stokes beam first. Therefore, in the
early stage of the dynamics population of condensate ¥, remains zero. Once the pump
beam is applied, condensate ¥, starts growing at the expense of atoms being transferred
from the condensate ¥;. At the same time, a vortex of either —1 or 41 unit is imprinted on
condensate ¥, depending on the angular momenta of the pump and Stokes beams. For the
case of LG-G pulse sequence, which is illustrated in Figure 2(c1—c¢,d1-ds), we observe that
11% of atoms has been transferred in the first 10.84 ms, but 68% of atoms are transferred
in the next 1.96 ms. In contrast to this, we observe that fewer numbers of atoms are
transferred to condensate ¥ at the same time instants when compared to the G-LG pulse
sequence, which is also evident from Figure 2(b;—bs). In both the cases, the generated
vortex appears with core, that is, zero density region at the center of condensate ¥, which
is visible in the density profiles of ¥, shown in Figure 2(b1—bg,d1—ds). It is worth noting
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that density depleted region at the center of the trap is also observed in the density profiles
of condensate ¥; during the creation of —1 unit vortex in ¥, (Figure 2(a1-a¢)). However,
such a hole is absent in the condensate ¥1, when +1 unit vortex is created. To understand
the nature of the density depleted regions, we study the phase profiles of the condensates.
We confirm the presence of phase discontinuity at the center of condensate ¥, for both
the cases. It is mentioned earlier that the phase of the condensate wavefunction changes
by x x 27T around a quantized vortex, where x is the winding-number or charge of the
vortex. We compute the winding number x to be —1 when we use G as pulse and LG as
Stokes beam, whereas k¥ = +1 when we consider LG-G pulse sequence. On the other hand,
the phase profile of the condensate ¥; does not possess phase discontinuity during the
transfer process for both cases. Thus, the hole in condensate ¥ which is generated during
the application of G-LG pulse sequence, is not a vortex.
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Figure 2. (Color online) Shows the time evolution of density profiles of the condensates of (a1-as), (c1—¢¢) atoms in |1) and
(b1-be), (d1-de) those in |2), when —1 unit [(b1-be)] and +1 [(d1-de)] unit vortex is created in the condensate ¥,. In the
course of time, the condensate ¥, gets populated. The fraction of atoms in the condensate with respect to total number of
atoms N = 10%, is mentioned at the bottom left corner of each figure. Atoms are kick-started to be transferred from the
condensate ¥; to the condensate ¥, in the central region of the trap for —1 unit vortex transfer, but in the peripheral region
of the trap for +1 unit vortex transfer. Almost 100% atoms get transferred to state |2) for both the cases.

Focusing our discussion on G-LG pulse sequence, we ascribe the presence of hole in
condensate ¥; to the distortion of harmonic trap potential by the optical dipole potential.
In this case, the optical dipole potential is induced by the G laser pulse for the condensate ¥4
and by the LG laser pulse for the condensate ¥,. Note that, at t = 0 ms the laser pulses are
absent and the minimum of the harmonic oscillator occurs at the center of the trap. Hence,
we obtain a pancake-shaped density profile of the condensate ¥, which has maximum
density at the trap center to minimize trap potential energy. Then, during the application
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of laser pulse, the G-pulse gradually creates a rotationally symmetric “hump” at the center
of the trap, which increases the potential energy at the trap center. Therefore, the minimum
of the effective trap potential Ve 1 gets shifted radially away from the center, resulting in a
rotationally symmetric annular region as the new minimum of the potential. It is important
to mention that the density profile of a condensate in a binary mixture depends on the
effective trap potential in conjunction with the number of atoms in the condensate, intra
and intercomponent scattering length. Therefore, the atoms of the condensate ¥1 move
away from center of the trap and settle at the annular region to minimize the trap potential
energy. This creates a hole at the center of the density profile of the condensate ¥;. Since
the optical dipole potential induced by LG pulse has parabolic form around the center of
the trap, the position of the minimum of the effective potential V¢, does not change over
time. However, the steepness of this effective potential changes with time. It increases up
to time t = 7y and then gradually decreases back to its initial value which is determined by
the considered harmonic potential. Therefore, the atoms in the condensate ¥, are always
pushed towards the center of the trap to minimize trap potential energy. As a result, during
the growth of ¥, the central region of the trap is occupied by the transferred atoms first,
and then rest of the region is occupied.

For LG-G pulse sequence, laser modes of pump and Stokes beam are interchanged.
Now the optical dipole potential is induced by the LG laser pulse for the condensate ¥; and
by the G laser pulse for the condensate ¥;. Therefore, with the increase of the steepness of
the parabolic potential, which is generated by the LG pulse, the atoms in the condensate
¥, are pushed towards the central region of the trap. The atoms that are transferred to
condensate ¥, experience the “hump” in the trap potential at the center, which is created
by the G pulse. Thus, the atoms in condensate ¥, are pushed towards an annular minimum
region of the effective trap potential. This results in larger core of the vortex in condensate
Y, during the transfer process, which is to be contrasted with the previous case.

4.3. Root-Mean-Square Radius of the Condensates

The growth rate of condensate ¥, can be inferred from the rate of change of rms
radii of the condensates. In Figure 3 we illustrate the evolution of the ryms of both con-
densates during the transfer process for the cases when G-LG and LG-G pulse sequences
are considered. From the comparison between the considered cases, we can infer that the
growth rate of the condensate Y5 is faster in the case of LG-G pulse sequence than the
case of G-LG pulse sequence. Note that, for the chosen pulses, the strength of the Raman
interaction term V' is always maximum, at the boundary of the trap. However, atoms in the
condensate try to occupy the minimum of the trap potential to minimize the trap potential
energy. In particular, the effective trap potential Vg, of condensate ¥, has a minimum

at the center of trap for G-LG pulse sequence, but at a distance r = wp/In(4V,(t) /wZ) /2
from the center, for LG-G pulse sequence. Therefore, in the later case, the minimum of the
effective trap potential is closer to the trap boundary where the Raman coupling 1’ term
is maximum.

This suggests that the growth rate of the condensate ¥, depends on the distance be-
tween the position of the minimum of effective trap potential and the position of maximum
Raman coupling. After the transfer process, the rms radius of ¥; oscillates around a mean
value. The frequency of such residual radial oscillations, as can be seen from Figure 3,
is approximately w’ = w/3 for both pulse sequences. The amplitude of oscillation is much
smaller than the mean radius of condensate. Most importantly, such a small amplitude of
oscillation indicates that negligible amount residual excitations have been activated during
the population transfer. However, detail analysis of such excitations is out of the scope of
this work.
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Figure 3. (Color online) Shows the time evolution root mean square radius ryms of BEC ¥ and ¥,
for different pulse sequences(see legends). The BECs are confined harmonic trapping potential with
frequency w = 27t x 30.832 Hz and the intra-and interspecies interactions are taken as 217 = 100.044y,
ay; = 95.44a¢, and a;, = 1004 respectively. The dynamics is triggered by employing LG[G]-G[LG]
pulse sequence, where LG[G] is the pump beam and G[LG] is the stokes beam.

4.4. Effects of Intercomponent Interaction

We now discuss the effects of intercomponent interaction between the two condensates,
during the transfer process and the final population of the condensate ¥,. We consider the
LG-G pulse sequence as the representative example.

The scattering length aj>, which quantifies interactions between the atoms of the
two different components, plays an important role in determining spatial wavefunctions
and the energy of the condensates. Indeed, for certain temporal duration of pulses and
intercomponent scattering length, the strength of the atom-light interaction Vmax have to be
monitored to get the desired population of atoms in the state |2). In the Figure 4, we present
the number of atoms in condensate ¥, at the end of the transfer process as a function
of a1 and Vimax. We vary peak Rabi frequency Vmax from 1 to 100 and intercomponent
atomic scattering length a1, from 70a¢ to 110ay. Peak Rabi frequency can be controlled
either by changing peak light intensity of the pulse or by changing the detuning. Whereas,
the scattering length can be varied through the magnetic Feshbach resonance [83]. We
observe complete population transfer from condensate ¥; to condensate ¥, when Viax is
greater than 100 (not shown in the diagram). Intercomponent interactions merely affect
the transfer process. In this region, atom-light interaction is strong enough to affect
any density distribution determined by a;,. However, this situation does not hold for
intermediate values of Viax, predominantly between 100 and 10. In this region, stronger is
the intercomponent interaction, larger is the number of atoms transferred to condensate
Y5. For small values of Viax, larger values of a1, suppresses the transfer process, which is
evident from Figure 4. It is important to mention that in this limit, we observe the growth
of condensate ¥ is different for different values of intercomponent atomic scattering
length. That is, depending on the strength of the atom-light interaction, a1, affects the
population transfer in different manner. For example, for Vinax = 1, the final population
of ¥; is suppressed for larger a1, whereas, for Vimax = 10, strong interaction increases the
population in ¥, (see Figure 5a,b).
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Figure 4. (Color online) Illustrates the number of atoms transferred to the condensate ¥; as a
function of intercomponent scattering length a1, and the light-matter interaction parameter Vimax-
The colorbar shows the fraction of atoms in condensate ¥, with respect to the total number of atoms
N = 10* in the system at the end of the transfer process. The population transfer from ¥; to ¥
is carried-out using LG(pump)-G(stokes) pulse sequence. The system is confined in a harmonic
trapping potential with frequency w = 27t x 30.832 Hz and the intraspecies scattering lengths are
a] = 100.04&0 and axy = 95.44110.
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Figure 5. (Color online) Shows the time evolution of the population in the condensate '¥; for a fixed Rabi frequency, with
(@) Vmax = 1 and (b) Vmax = 10, and different interspecies scattering lengths a1, [see legends]. The dynamics is triggered by
employing LG(pump)-G(stokes) pulse sequence. The BEC ¥, is confined in a harmonic trapping potential with frequency
w = 27 x 30.832 Hz. The total number of atoms in the system is N = 10* and the intraspecies scattering lengths are given
by ay1 = 100.04ag and a = 95.44ay. For Vimax = 1, larger a;; suppresses the population transfer processes, but favors the
same for Viax = 10.

In order to gain further intuition regarding the combined effect of the atom-light cou-
pling and inter-component interaction we resort to the density evolution. Figure 6 presents
few representative snapshots of the density profiles for Vinax = 1 and a1, = 80ay. Note
that this particular parameter set corresponds to 45% particle transfer to ¥, (see Figure 5),
therefore, enabling the creation of binary mixture of almost equal particles. This, in par-
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y(units of agsc)

ticular, is better comprehended from the density profiles depicted in Figure 6. Preparing
the initial state characterized by all the atoms residing at the state |1) (Figure 6(a1,b1)), the
light-matter interaction is initiated by employing LG-and G beams as pump and stokes
beam, respectively. Note that the large vortex core of ¥, during the early stage of pop-
ulation transfer is caused by the presence of the Gaussian potential barrier at its center
(see Figure 6(b;)). However, the same vortex core gradually shrinks as more number of
particles are transferred and the Gaussian barrier gradually diminishes (see Figure 6(b3,by4)).
Finally, the BEC at |2) possess 45% of the total number of particles. A close inspection of
Figure 6(as—a6,b4—bg) reveals that a breathing motion characterized by expansion and con-
traction of the density profiles has been triggered in both ¥ and ¥;. Another observation
is that Y5, after the population transfer, exhibits larger vortex core when compared to the
case of complete particle transfer, see Figure 2(ds) and Figure 6(bg).

t = 0.0ms 11.36ms 12.6ms 13.94ms 29.94ms 35.1ms

220

x(units of @)

Figure 6. (Color online) Shows the time evolution (see the legends) of the density profiles of the BEC ¥; at (a1-ae) |1) and
those of BEC ¥; at (b1—bg) |2). The population transfer from ¥ to ¥ is triggered by utilizing a LG(pump)-G(stokes) pulse
sequence and setting the light-matter interaction parameter Vmax = 1 and the interspecies scattering length a1, = 80ay,
while all other parameters are the same as before. The fraction of atoms the condensate with respect to the total number of
atoms N = 104, is mentioned at the bottom left corner of each figure.

In addition, we observe the peak Rabi frequency plays an important role in determin-
ing the miscibility between the two components during light-matter interaction. This is in
contrast to the case when the light field is absent, that is, miscibility of two condensates
is determined by the intra and intercomponent interactions. To illustrate this, we have
considered Rabi frequencies, Vmax = 1 and Vmax = 10, for which both the condensates ¥}
and Y, have finite number of atoms Nj and N, even after the light-matter interaction. For
these two cases, we show the variation of the miscibility parameter A with time in Figure 7.
Note that just after the initiation of the transfer process, condensate ¥, grows within the
condensate ¥y, resulting in gradual increase of A. However, when a sufficient number of
atoms have been transferred to condensate ¥, and both the pulses have significant tempo-
ral overlap, mutual repulsion between the condensates and the optical dipole potential tend
to push the two condensates away from each other. This results in decrease of A. Again, the
overlap between the condensates and hence A increases as pulses gradually die down. Itis
important to notice that during the light-matter interaction we obtain larger values of A
for larger values of a15. This indicates, the stronger the intercomponent repulsion between
the two condensates, the larger the overlap between them is. This is to be contrasted with
the case when light-matter interaction is absent, in which, larger intercomponent repulsion
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separates the condensates spatially. After the light-matter interaction, that is, when the
optical dipole potentials disappear, the miscibility between the condensates is determined
by intra- and inter-component interactions.
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Figure 7. (Color online) Shows the time evolution of the overlap integral A for a fixed Rabi frequency, with (a) Vimax = 1
and (b) Vmax = 10, and different interspecies scattering lengths a1, [see legends]. The dynamics is initiated by employing
LG(pump)-G(stokes) pulse sequence. The binary BECs are confined in harmonic trapping potential with frequency
w = 27t x 30.832 Hz. The total number of atoms in the system is N = 10* and the intraspecies scattering lengths are given
by app = 100.041,20 and az = 95.445!0.

5. Conclusions

In conclusion, we have shown that how two-photon Raman transition can be used to
generate a rotating BEC with vorticity of either sign, by transferring atoms from another
condensate. In this transition, atoms gain angular momentum from the LG laser pulse be-
fore being transferred to a rotating condensate. Density patterns of the condensates during
the light-matter interaction depend on sign of the vorticity of the rotating condensate.

In particular, we have show that how a specific choice of pump and stokes beams can
alter the locations, within the trap, where the transferred particles start accumulating. No-
tably, this result stems form the optical potentials felt by the atoms of each individual state.
Most importantly, the interchange of pump and stokes laser beams not only changes the
sign of vorticity, but also gives rise different dipole potentials influencing both the growth
rate and growth region of the new Bose-Eintein condensate. The growth of the new conden-
sate with —1 unit vorticity is started from the central region of the trap, but a condensate
with +1 unit vorticity starts to grow from the peripheral region of the same. Furthermore,
the “smoothness” of the density profiles and the temporal evolution of rms radius imply
that there are very few excitations emerging during the light-matter interaction.

Moreover, we have shown that the number of transferred atoms can be monitored by
tuning the intercomponent interaction, if the peak Rabi frequency of light-matter interac-
tion is low and in particular, large intercomponent interaction subdues this transfer process.
In this way, by maneuvering the atom-light interaction strength and the intercomponent
scattering length one can create binary mixture of condensates.

Another major finding from our investigation is that intercomponent interaction kind
of plays an opposite role in the process of phase separation during the Raman transition
process, in contrast to literature [84] when such dynamical perturbation is absent. We
find that a stronger intercomponent interaction favors greater miscibility between the
condensates during the light-matter interaction.
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Finally, we point out that the storage of a photon pair entangled in OAM space
through Raman transition in the cold atomic ensemble has served as a sandbox to study
information processing [85]. Besides, because atoms can have higher spin manifolds than
light, the extension of our work to the spinor BEC would be an important study. Various
topological properties can be developed in the ground state depending on Rabi frequency
and atom-atom interaction strength, for example, a Mermin-Ho vortex or a meron pair
phase [86], and might lead to the exhibition of non-Abelian braiding statistics [87] which is
particularly interesting for topological quantum computing protocols [88]. We expect our
study will shed light for further research in this direction.
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Appendix A. Effects of Harmonic Trap and Time-Delay between the Pulses

Here we discuss the effects of the trapping frequencies of the harmonic potentials and
the time-delay between two pulses during the particle transfer and on the final population
of the component ¥,. In particular, we are interested in the weak atom-light coupling
regime where both components contain finite number of particles. To that purpose we set
Vmax = 1, also the interspecies scattering length is a1, = 80ay. Figure Ala presents time
evolution of the fraction of total number of particles in ¥ for different trapping frequencies
w. It is evident that consideration of a different trapping frequency only changes the time
scale of the relevant phenomenology. Remarkably, it does not alter the final population
of the ¥, to a great extent. The onset and the growth rate of the population transfer are
influenced by the trapping frequency. For instance, for w/(27r) = 30.832 Hz, the transfer
starts at earlier time instant and occurs at a faster rate when compared to the others.

Next we inspect the effect of varying time-delay between the two pulses on the
population transfer in the weak light-matter coupling regime (see Figure A1b). We fix the
peak location (1) of the stokes pulse at 7, = 10.33 ms and vary the peak location (1) of the
pump pulse. We notice that maximum particle transfer is approximately 45% of the total
population, which is achieved when T lies in the range 11.36-12.39 ms. However, when the
time delay is too large (11 = 15.49 ms) or too small (1; = 10.36 ms) the number of particles
in ¥, decreases. Besides, when the time delay is very small, in other words temporal
peaks of the two pulses are very close to each other, the growth of the population shows
a very different behavior, see the blue curve in Figure Alb. The noticeable swell, during
the light-matter interaction, in the curve corresponding to 71 = 10.36 ms can be related
to the creation of significant amount of excitations in both components. These excitations
stemming from the interactions with laser pulses also remain in both components after
the interaction is over. We remark that such residual excitations leave their finger-prints
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onto the density profiles of the components (not shown here for the brevity), and bear the
signatures of the break-down of coherent population transfer.
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Figure Al. (Color online) Time evolution of the fraction of particle number transferred to the BEC ¥, for (a) various
trapping frequencies w and (b) various peak positions of the (77) of the pump laser pulse. A LG-G pulse sequence is used to
trigger the dynamics in the weak light-matter interaction regime characterized by Vimax = 1. While studying the effect of
the trapping frequencies [(a)], 72 and Ty are fixed at 10.33 ms and 13.43 ms, respectively. On the other, the rapping frequency
w = 27t x 30.832 Hz and peak position 7, = 10.33 of stokes pulse are kept fixed when studying the variation of 7; [(b)]. The
total number of particles in the system is N = 10*, and the intra-and interspecies interactions are a11 = 994, ax; = 95.44a,
and a1, = 80ay.

Appendix B. Hamiltonian and Derivation of Equation of Motions

Let ‘i’}r and ‘i’j be the creation and annihilation operators respectively for atoms at state

|/). The Hamiltonian for interacting boson alkali atoms in a trap potential, with respect to a
frame rotating at the frequency of applied laser fields in the rotating wave approximation
can be written as

H= / dey ¥ (r1, )y ¥y (r1, 1) + / A ¥ (e, )i ¥a (v, 1) + A / drs¥3 (r3, ) ¥3 (13, )

Un
2

+ U12 / dr/‘i’J{(r/, t)‘i’;(r', t)‘i’l (I‘/, t)‘i’z(l‘/, t) +h / dl‘/Ql (I‘/, t)eilllp‘i’g(l‘/, t)‘iﬁ (I‘/, t)

. R . R N u . . R . R
+ / dl‘l‘f‘lr(rl, i’)‘f{(l‘], t)‘I’l (1‘1, i’)Yl (r1, t) + % / dl‘z‘l’;(l‘z, t)‘I’;(rz, t)‘fl(rz, t)‘l’l(l‘z, t)

+h / dr'Qy (¢, e ¥E (¢, ) ¥ (r', £) + Hoe
we have following commutation relations for the bosonic operators:

[¥(r, 1), ¥} (¢, 1)) = 6(x — )8, (A1)
k

Now Heisenberg equation of motion gives

8‘1’1 (1‘, t)

==L = [¥1(r, 1), H] (A2)
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and

and

ih% = [¥2(r,t), H] "
ih% = [¥3(r,t), H] -

Using bosonic commutation relation and Heisenberg equation of motion we get

lha‘YlT(tr/t) = fll‘i’l(r,f) + Un‘i’{(r,t)‘i’l (r,t)‘i’l (r, f) (A5)

+ U ¥ (r, ) ¥ (x, ¥4 (x, 1) + QL (x, e M19F5(x, 1),

a"f\rz(l‘, i’)
ot
+ Uy ¥ (e, ) ¥ (x, ¥ (x, 1) + 1OV (1, e 29 F5(x, 1),

ih = h}‘i’z(r, t) + Uzz‘i’;(r, i’)‘i’z(r, t)‘i’z(r, t) (A6)

. 8‘1’3(r, t)
zhiat

+ 1Oy (1, 1)e20% 5 (x, 1).

= hAY3(x, t) + hOy (x, )1 9F (r, 1) (A7)

Eliminating of the field operator ¥3(r, t) adiabatically,

TRAELL (A8)
Fa(r,t) = —(On(x, )e"9%¥, (x, 1) + O (r, £)e™2P 2 (1, 1)) /A (A9)
Putting (A9) into (A5) and (A6) we get,
) 1, 4 U ¥ 00 (0 )+ (A10)
U3 (e, (0, % 1) — 2L )

hy(r, t)QT (1) ‘i’z(l‘, t)efi(llflzﬁl’
A
Zha‘rdai(:,t) = flz‘i’z(r, t) + UQQ‘?E(I‘, t)‘i’z(r, t)‘i’z(l‘, t)+ (All)

. . . 1| (x, 1)) &
Uy ¥ (x, ) %1 (x, ) ¥ (1, 1) — %Yz(r,t)—
1y (x, £) 5 (x, £)

A \%1(1-, t)gi<ll—lz)¢

where ()4 (r) and (;(r), Rabi frequencies of the transitions |1) — |3) and [3) — |2), are
given by E;(r,t) - di3/f and Ex(r, t) - dsp /T with dq3 and d3; being the corresponding
transition dipole moments. we consider di3 = dy3 = d. At T = 0, in limit of low energy s-
wave scattering, and neglecting quantum fluctuation, the field operator ‘i’j can be replaced
by a complex valued wavefunction ¥;. Therefore, (A3) and (A4) become
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Oy (r )
A

¥ (r, t)e—i(ll—lz)‘l’

2
iha‘l’1(r, t) _ { I

LR
o o V4 V(r)
B Qo (x, £) O (x, 1)

A

]‘1’1 + Un ¥ P + U (AL2)

and

L 0¥o(r,t >
i 0T2(rt) :{ W, + Un Yo ¥ + Up ¥, 2F,  (A13)

N _ st
ot 2m A

V2 +V(r)

_ hu(, t)Q;(r’t)‘I’z(r, Peflli—)o
A
Using (1) and (4)
' 2
||| = (Crmmdsz =27 (2 2l e (A14)

and

. . Iy |+t
030 =(Emmx 2 (P (2 g 5
Py (A15)
(L+k)
xXe 172

Here the BEC is considered to be confined at z = 0 plane and w; ~ w;.
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