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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

oot E Z y
— 5 1+ &BI S(xx —x1) + ¢BB S(x — xpr), 1
2mp (= 9} ~ 2mp 0} k=1k'<k

O—_
where xi, k = 1,..., Np, correspond to the coordinates of the bath particles and x| refers
to the position of the impurity. In addition, ggg 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. — co, 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 gpp. 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 o2
HLLP=*7282+83125 ) +g3322f5 e —Tk)
My 3 k=1 K<k
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where m, = (mgl + m;l)’1 is the reduced mass of the bath-impurity system. Interestingly,
the momentum operator of the impurity p; = —iha% 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 m;.

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

In the case n; — oo, Hy 1 p 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
VML = 2mBgBB/(h2no) < 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)) = [¥gal(t)), with [3,122],

1 i Ng
IIIGA (rlr Y1,... rrNB; t) - \/Eehplrl H l)b(rk; t)r (3)
k=1

with pj being the momentum of the impurity in the Lee-Low-Pines frame. Additionally,
P(r;t) is the single-particle wavefunction occupied by all the bath atoms. Note here
that, within GA, (r; t) depends only on ry = x; — 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 (xsxust) = mol(xr = xiO? = molp(ri D # o (ris e} (et) = . @)

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 H;1p, 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 p(t)

E[p(r;t)] = <‘PGA(t)‘HLLp - ihi‘\?cA(t)> + u(t)Np (1 - /dr |1p(r;t)|2)
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The variation of Equation (5) yields the Gross-Pitaevskii type [121] equation

) w9 ih’ke(t) @
St = | =55t T e

+ 8B16(7)
(6)
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where fiky(t) = (pl +ih(Ng —1) [dr ¢*(v'; t)alp(r t)) Notice here the non-linear depen-

dence of Equation (6) on %7, 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) = p. We remark that
Equation (6) has already been solved in Ref. [94] for N, L — oo, while ny = Np/L = finite
and in the case of a given value of kg. Setting ¢(r) = /n(r)/Npe'?") the ingredients of the
underlying solution read

n()—no[ﬁ +7tm2 \|[ g] and

-l (s ) o e 58]

with B = v/c, v = (1— ﬁz)_%, the speed of sound defined as ¢ = +/gppno/m; and
the flow velocity v = fikg/mj of the BEC relative to the impurity. The healing length is
¢ = h/\/2m,gppno and the Lagrange coefficient, u = 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 gg; and pj, the values of rg and v have to be determined
self-consistently by solving the following two algebraic equations

@)

p he fé
Bl = 3 =2
7° B* + sinh T ®)
h‘B|: 1 my 21/106( 1o >:|
= —|——F=—+ 1 — tanh — hngAe.
P= | vam V2v¢ 0ne

Here Ag is the phase difference of the BEC wavefunction, {(r), at r = £co, namely

A = lim ¢(r) — Tim o(r)

r—r00

=2 {tan1 ( L \[’VC) —tan~! (/317)] . )

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 tor — +o0. 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 py is not
connected with v via the relation p; = mjv, a fact that will become particularly important
later on. Additionally, a phase difference Ap # 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
ro = & sinh ! (th> (10)
V2 &BI
Consequently, most of the properties of the Bose polaron depend on the ratio,
1
8BI _ o8BI (1, M8 ?
2he ~ VM gpp (1 * m1> ' (v

Recall that the GA description is expected to be valid as long as v, < 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 < (1 + @> * <098

mp
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;/gpB-

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

heng
Ep=——q4-

3 1+(g31)2_8mr_3

2hc 2hc

8BI1\? _ 8BI
1+(2hc) ZHC] ' 12)

A simple Taylor expansion in terms of %, demonstrates that the energy of the polaron
within GA grows linearly for small gpj, as is also expected for the non-interacting BEC
background, ¢(r) = /ng. Significant deviations only appear when gp; =~ 27ic, where the
energy of the polaron becomes smaller than the one of the corresponding non-interacting
profile, Eny = gB1to, since the BEC density in the vicinity of the impurity is suppressed.
For strong repulsions, namely gp;/(2hic) > 1, the energy of the polaron saturates to the
value 4ficn( /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 Ej, over the characteristic energy scale ficng
for increasing ¢p;/ (2hc). 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;/(2hc) < 0.25, and large values, gp;/(2hc) > 2,
the impurity-medium energy, E,, matches the results of the corresponding asymptotic
expansions. In contrast, within the intermediate interaction regime 0.25 < gp;/(2hc) < 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 icny is
related to the corresponding interaction-independent one hzn% /mp via

hZ 2
hieng = m<1+mB>"0, (13)
2 mj mpg

which is a function of the Lieb-Liniger parameter, 91 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(z) /mp, at least when we focus on the case of a BEC host in which 711 < 1.
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Figure 1. Analytical predictions for the energy and critical velocity of the Bose polaron within
GA. (a) Polaron energy, E, [Equation (12)] and (b) critical velocity of the polaronic solution, Berit,
[Equation (14)] for varying bath-impurity interaction strength, gg;. In both cases the solid lines
indicate the exact results while the dashed lines correspond to weak (leftmost line), O (%)2, and

2he

2
251 ) , asymptotic Taylor expansions.

strong (rightmost line), O (

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 p [57]. It can
be easily proven that solutions of Equation (8) for rg exist only in the case that the velocity
of the polaron f, does not exceed the critical one B it [94]. The value of the critical velocity,
Ucrit = PBeritC, 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 + 818cr1t 1 + 2:Bcrlt
2= v2(1- .

2
Zh Cr1t
CI'lt -1 + \/ 1 + 8ﬁcr1t

Notice here, that the value of the critical velocity depends only on the ratio g/ (2fic).
The behavior of B along with its strong and weak asymptotics is provided in Figure 1b.
It can be seen that for gp; = 0 the critical velocity is equal to the speed of sound, Berit = 1,
and for increasing gp; it is suppressed. For large g¢pj, Berit behaves as Berit o« 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 pj, however here we will argue that this is not
the case. In particular, for p; = dhngm the Gross-Pitaevskii type Equation (6) can be solved
analytically yielding the black soliton solution

(14)

wm:ﬂmnv>=¢v%amm;%3 (15)

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;| = 7thng, 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

Np
b= - iy ), (16)
Z; or;
_\/d
=pB
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with pp being the momentum of the bath in the impurity frame, which is invariant under
the frame transformation, since d/9r; = 9/9x;. Therefore, the conservation law of p; in the
impurity frame implies that the total momentum, p; = (p'3) + (pp), is conserved in the
laboratory frame. Notice that for the black soliton solution, (pg) = thngm = pj, 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; < Iingrt. The solutions for
varying pr and gp; while keeping gpp = 0.1h2n0 /mp fixed are presented for m; = 0.5mp
(Figure 2(a1)—(d1)), m; = mp (Figure 2(a2)—(dz)) 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
gpi-dependent momentum value pyg > mjc. Beyond that point 8 decreases with increasing
p; until it reaches the value of B = 0 for p; = nthng. In addition, it can be seen that the
solution for rq (Figure 2(b;), i = 1,2, 3) is appreciably larger than 0 only for p; < mjc (see
dashed line) and for gp; < 0.5h2n0/m3.

my = 0.bmp my=mpg my =2mp

pr(units of hing)

0 0.5 1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2

2 2 2
[ h“n, (. h°n L h“n,
gBI(umtb of # ) gpr(units of —QmB ) gBI(unlts of # )

B B

Figure 2. Characteristic properties of the moving Bose polaron within GA. (a;—a3) Velocity of the
polaron over its critical one, Bp/Bcrit, (b1-b3) offset parameter, g, of the polaron solution, (c1—c3)
polaron energy, E, and (dy—d3) expectation value ratio of the impurity momentum between the
laboratory and the impurity frames, <ﬁllab> /p1, for different values of gp; and p;. The distinct
columns correspond to different impurity masses, m; = 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 = 0.1h2n0/mB 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 gpj, Ep depends more weakly on p; as the value of gg;

-1
increases. This is a manifestation of the increase of the effective mass, m* = (a;f%”) ,
of the polaron with gp; reported in Ref. [57]. Moreover, for momenta p; — fing7 or large
interactions the energy of the polaron tends to saturate to the corresponding energy of the
dark-bright soliton solution, Equation (15), E}, = 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).
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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; ~ £hny and/or strong interactions, gg; — 0.
To characterize the crossover of these two regimes we employ the quantity (p'3) /p; € [0,1],
see Figure 2(d;) with i = 1,2,3. This quantity compares the momentum contribution of
the motion of the impurity, (p!*°), to the induced BEC flow, (pp) = 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; < myc and gpr < O.5h2n0/ mp, where also rp > 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
gpr = 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 gp; or p; — £7thng 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 Np = 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
‘I’(xl,xl,xz,...,xNB):—ehmx”{’g X1 — X[, X2 —X[,..., XNy — X |- (17)
\/Z e N — ——
1 mn ’Ng

Then MCTDHB can be employed in order to variationally optimize the ¥p(ry, ..., 7n,)
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,

gpp = 0.1 F':T”;, 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 = 1007, ! 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) = %p%) (0;xp),
Equation (4), for different interspecies repulsions gp; is demonstrated within the MCTDHB
approach in Figure 3a. For increasing gp; 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, g%) (0;xp) = Lp%) (0;xg)/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 p%) (0;0). To appreciate better the effect

of the correlations and the confinement of the particles in a ring, Figure 3c compares the
(2)

bath-impurity correlations, p 1?3 (0, xg), for strong repulsions, gg; = 2%, 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 xg > 101, ! (see also the

inset of Figure 3c), where in the fully correlated case spatial oscillations of the p&? (0;xp)
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 p%) (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| > &) =~ no/L.

Figure 3d reveals that the inclusion of bath-bath correlations does not significantly
affect the energy of the polaron E, = E(gp;) — E(gp; = 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’, Zp, = /[(¥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, Zy,, 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(r1,...,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, l[)(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 Np > 1.

(2)

Lp;5(0;28)/no LLP+MCTDHB (Ring) — GA (Ring) GA (Th .Lim.)
0 02 04 06 08 1 A A A A
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Figure 3. Comparison of the Bose polaron characteristics between the GA and the correlated

(2)

MCTDHB framework. (a) Bath-impurity correlations, p 1%3 (0; xp), for varying interspecies interaction
strength, gp;, 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 gp; = 2h2n0 /mp. The inset of (c) provides a magnification
of p%) (0; xg), 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 gp;. 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 gpj. In all cases, m; = mp, p;y = 0 and ggg = 0.1h2n0/m3. The
relevant ring confined setups are characterized by N = 100 and L = 1007, 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, gg;, from gg; = 0 to some final positive value

g{; ; > 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

_Np+1 i
Yo(xr,x1,..., XNz p1) = L7 2 exp(—plxl). (18)

We are especially interested in observing the overlap of the time-evolved interacting
state, ['¥(t)) to the initial non-interacting one |¥(0)) = [¥y). 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 Np = 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%) (0;xp;t) = (L/ no)png)(O; xp;t), for an initial velocity of the impurity that does not
exceed the speed of sound ¢ = /gppng/m, ~ 0.45hny/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 gl/; | = 8BB = 0.1%%ng/mp is kept fixed.

DSW left DSW right
pr=20 pr = 0.4hng — —_—
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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, png) (0; xp), for different initial impurity momenta,
p; (see column labels). Here the postquench interaction is gj; = 0.1h2n0/ mp = gpp. The dashed lines
indicate xg = (£1 — Bs)ct, with B the final velocity of the generated polaron provided as an inset
label. (c,d) The time-dependent overlap, |(¥o|¥())|, of the post-quench many-body wavefunction,
Equation (3), with the initial state, for varying gg;. The insets of (c,d) provide the time-evolution
of [(¥o|¥ (#))| within a more extensive ¢p; range. (e,f) present the modulus and phase of the GA
bath-wavefunction, 1(x; t) respectively for gz, = 0.1%%ng/mp, p; = 0.4hng and t = 400;1"7%. For
comparison (e,f) also provide the equilibrium profile of the polaron, Equation (7), with = B = 0.64.
In all cases the system is confined in a ring of L = 16007, ! 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, *c, 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,
spatial extent of the impurity |xg| < 30n, !, matches very well to the expected profile for a
static, B = 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

see Sections 3.2 and 4. For later times, t > 300 the two-body density pgl) (0; xp; t) in the
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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; = 0.4hny ~ 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 p%) (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 vpgsy ~ £c then in the impurity frame
their velocities would be modified to vpsw — vy = (£1 — f)c, where Feis the velocity of
the polaron. To estimate the final velocity of the polaron o ¢, we fit the density and phase

profile of the GA wavefunction (|| < 30n,;¢), 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 ¢(r;t), we can verify that the corresponding profiles match the
equilibrium polaron solution with § = B, 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 gg ;- The
quantity |(¥o|'¥(t))| is commonly referred to as the fidelity between the |¥) 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 gp; < gpp = 0.1h2no/ mp <K
2hc =~ 0.9h*ng/mp the time-dependent overlap | (¥o|¥(t))| 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, =~ ggng. 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[¥(¢))]
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as we discuss below. For stronger interactions, |(‘¥o|¥(t))| changes drastically. Around

g81 ~ g = 0.11%ng/mp, we find that |(¥o|¥(t))| is substantially depleted during the

dynamics, reaching a finite value |(¥o[¥(¢))| > O for long times t > 300;1"7%, see Figure 4c.
0

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 = gprty, 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, gg; > gpp = 0.1h*ny/mp, where | (¥o|¥(t))]
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|¥(¢))| for a finite momentum
impurity p; = 0.4hiny, where a similar response to the static case, Figure 4c, takes place.
The most important difference is observed for gg; ~ gpp, where a larger suppression of
|(¥o|¥(t))| occurs for p; = 0.4hng 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|¥(t))| 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

2dVBl dlyp(r)?

Fp = / dr [yp(r) =-8B1—g, | (19)
r=0

where Vp; is the impurity potential perturbing the BEC, and it corresponds in our case to
the bath-impurity interaction term, Vp; = ¢pd(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 % = 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 < Bit, 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 B, (p1), 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 pJI( < pr and a final velocity B¢ < Bp(p1)-



Atoms 2022, 10, 3

15 of 29

To justify the above let us clarify the role of the conserved quantity p; in the dynamics.
According to Equation (16), we have p; = (¥ (t)|pR°|¥ (¢)) + (Y (¢)|p5|¥ (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, p{ =p;—Ap < prand
due to the increasing tendency of B, (py) with p; < mjc, see Figure 2(az), Br < Bp(p1)-
The above arguments can be directly verified by our numerical calculations, see
Figure 5a, where we compare the velocity after the quench, B, (obtained by the same
procedure as in Figure 4a,b to B,(pr). This procedure yields that except for gg; ~ 0,
Br < Bp(pr) 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 gp, 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, pla(t) = (¥ (t)|p!*P[¥(t)). Figure 5c indicates the decreasing
tendency of pllab(t) with time for all interaction strengths. Most importantly, even for

small times t < 503°5 and g > ggs, p'*(t) becomes smaller than the corresponding

2

0
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, :BP( pr) (solid lines) velocities of the Bose polaron with gg; = g3;,
compared to the final velocity of the polaron formed after the quench, B¢(p;) (data points) for varying

g{; - The parameters of the system are as in Figure 4 and p; is given in the legend. (b) Temporal
evolution of the drag force exerted to an impurity, initially possessing p; = 0.47ing, for different
values of the post-quench interspecies interaction strength, g{g 1+ (¢) Time-evolution of the impurity
momentum for p; = 0.4finy and varying gé ;- The solid lines in (b,c) indicate the time that pllab
becomes equal to the corresponding value for the equilibrium polaron with gg; = gg 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; = 1hny and gél = 0.07h2n0/m3 < gBB = O.thnO/mB. We observe that for small

times t < 100;1”7% in addition to the emitted dispersive shock waves, also a density depletion
0
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;°5. The depleted part of the density then collides at t ~ 4005 (see the
0 0

encircled region in the inset of Figure 6a) with the newly formed polaron lying at xg = 0.
Eventually the density depletion overtakes the polaron ending up in the upstream region,
xp > 0, for longer times, > 600% (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 xpsw = (£1 — Bf)ct + xo
fort > 300;1"732, here B = 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, > c, 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

W 92

d
~ o g2 005, +gerd(r) + gep(Ng — DIY (|9 (r),  (20)

., 0

lhalp(r) =
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; — oo and
vg = p;/mj = 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 gz; = 0 to 3{31 = 0.07h2n0/m3 and vy = 1hng/mgp,
gBB = 0.1h2n0 /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
mp = 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 = (Zc — 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¢c shows the time evolution of p% (0;xB)
for a quench with the same parameters as in Figure 6a,b. For initial times, t < 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 = (fc — p;/mp)) 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;17% the position of the fronts of the emitted shock waves does not
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follow xpsw = (£c — pr/mjy)t. Instead, they are shifted towards the impurity due to their

reduced velocity. Turning to long times, t > 600;:17%, a sizable depletion of the BEC density
0

in the vicinity of the impurity, xgp = 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%ng/mp and p; = 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
gBB = O.1h2n0 /mp, Ng =3200and L = 32()01161. The light dashed lines indicate x; = (£c — p;/my)t
and the dark dashed lines in (a) correspond to x; = (£1 — B¢)ct + xo, with B¢ = 0.7464 the final
velocity of the polaron and xg = 647 ! an offset selected for illustration purposes. (d) The time

(2)

evolution of p I%% (0; xp), for the same parameters as in (a) except for gl/; = 1h2n0/ mp. The trajectories
indicated by the dashed lines correspond to x; = (£1 — 8 f)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;”—7137, 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 vj,. 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%
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, gpj, 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,
vp, 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; ~ mjc, 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 7t/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.
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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 () satisfies ¢ (r) = ¢r(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 = 8007, !, 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 A1. Convergence of the GA Bose polaron solution to the N, L — co limit. (a) Bath-impurity
correlation function, p%) (0;xp) for gy = 1h2n0’1/m3, gpp = 0.112ng/mp, p; = 0.1kng and m; = mp
but different ring lengths L (see legend). In order to keep ny = 1 in our calculations, we demand
Ng = ngL, while the spatial region |xp| > 60;1071 is not depicted, since pﬁ; (0;xp) = pﬁ; (0; 60n61).
(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 = —ihNB/dT lp*(r)dﬁig,r) ~ h/dr n(r) d(gg’), (A1)

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

r > &, wheren(r) — ngand d‘g—(:) ~ constant, its momentum contribution is finite and char-
acteristic of the phase difference created by the solution Ap = ¢(r = L/2) — ¢(r = —L/2).
In particular, as evident in Figure A1b we can approximate d(g—(rr) = —%. The above imply
that the momentum of the system in the thermodynamic limit L — cc is shifted by a finite

amount from the result obtained by integrating the wavefunction of Equation (7) such that

. +oo w dy(r
pp = —ihNp / dr ¢*(r) lg( ) —hngAe. (A2)
P 7 ———
=Pb.c.
The term py . = —hingAg 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
é-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 ~ 71/, 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 < 7/, to neglect the effect of terms
proportional to a%c appearing in the Hamiltonian Hypp, Equation (2). Within the GA the
above imply that the equation of motion of Equation (6) reduces to

S p(r1) = |Vrlr) + gas 9 )P | 90, (A9
—_———
~p
which can be solved yielding a time-evolution ¢(; t) = e~ # V81! (;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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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 Vp;(r) = gpd(r) with the
Gaussian-shaped potential
ST
VBi (x ) \/Ew e ’ (A5 )
where w parametrizes the finite width of the interaction. Note here that also Equation (A5)
reduces to the §-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 g'lg ;= 0.14%ng/mp = gpp for Np = 1600 bath atoms
in a ring with L = 1600n,, 1 for the different interaction potentials. Here, an initially
static impurity, p; = 0, is considered possessing m; = mp. Figure A2a presents the
time-evolution of PE;ZI) (0; xp) for a Gaussian interaction potential, Equation (A5), with
width w = 4n; 12~ 3.16n, ! In particular, Figure A2a demonstrates the emission of
dispersive shock waves, which are moving with velocity proximal to ¢ (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;17% 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;1"7% L ¢/c~ 7.07;17% elucidates the mechanism
0

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

¢(xp,t) = *%VBI(X) (A6)
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 10~° 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 ~ 5n; Lin 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 ggl = 0.11%ny/mp = g, p1 =0,L = 160011071 and N = 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 / (hn%). (c) the phase profile correspond-
ing to (b). The insets of (b,c) correspond to t = 0.1mp/ (Fmé) (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 J-function. (g—i) the same quantities as in (a—c) but for a wider Gaussian
potential w = 20n; 1. The insets of (c,f,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 J-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@. In the J-potential case, we cannot, however, find evidence for the mecha-

0

nism of phase imprinting since for t = 0.1 ML /e T 075 mB . Indeed, the density of the

BEC in the vicinity of the impurity is 51gn1f10cantly dlsturbed (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 J-potential as the asymptotic
limit of a progression of Vp(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* o 2 , 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 = 20n, 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 at t = 3005 o 2 , see Figure A2h,i respectively. At first glance, the reason behind the

generation of these exc1tations 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 !
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 = 201, L
the variation of the phase is much smoother and it increases much slower in time than in
the case of w = 4n,, L. 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 = Np/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

9 . .
ih=19(8)) = (Hlp(r: )] = (WO Hp (O]9 () [p (73 )), (A7)
with A(r;1)] = — o 25+ BR00.0 4 ey 5(r) + gpp(Np — 1)[(r; )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

Vel = 8244, (A8)

where (5jk is the Kronecker delta, j = 0,2, ..., n — 1 represents the index of each of the n grid

points located at x; = —L4 %, 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 i (r; t) for time-intervals t < 400 becomes independent of the discretization for
At = 0.0005 and Ax = 25/256, where dimensionless units i = mp = ny = 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, |¥5(t)), is taken as a
linear combination of time-dependent permanents |1y, 1y, ..., np(t)),

[¥(t) = )y Ag(t)|ny,np, ... ,np(t)), (A9)

M
11,12, m | X ne=Np
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with time-dependent weights Ay (). In turn, each time-dependent permanent is expanded
in terms of M time-dependent variationally optimized single-particle functions ¢y (;t),
withk =1,..., M, as follows

<}’1,...,TNB|n1/n2/--'rnM(t)> =

M -1 Np! m ny 41 Np (A10)
[Tmt ] X IIoCpgit) TT ¢2(rpy [T ¢mlrpgit)
k=1 i

i=1j=1 j=m+l1 =14+ 1M Ly

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 Hjp 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 4),50) (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 dt,

update the single-particle functions to 4),9) (r) and
repeat steps 2-5 until the state coefficients converge within the prescribed accuracy.

oG N

For the diagonalization at step 2, the Lanczos approach is employed and for the
propagation of ¢y (r; 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

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 6Li impurity immersed in a 176Yb bath and the upper bound to a 176yp impurity immersed in
a Bose medium of “Li.

Importantly, by explicitly evaluating the Hessian matrix for the numerical solutions presented in Figure 2 we can prove that

(H Ep) i aaa ap is positive definite , where i,j = 1,2, with a; = 8, ap = 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 > 10n; 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 — co.

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 J-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[i(r = 0;t)] = 0 and the rest of the parameters in Equation (7) are fixed to
their corresponding values in the thermodynamic limit, namely & = (0.1)~1/ 2110_ L

References

1.  Alexandrov, A.S.; Devreese, ].T. Advances in Polaron Physics; Springer: Berlin/Heidelberg, Germany, 2010. [CrossRef]

2. Padmore, T.C,; Fetter, A.L. Impurities in an Imperfect Bose Gas. I. the Condensate. Ann. Phys. 1971, 62, 293-319. [CrossRef]

3. Gross, E. Motion of Foreign Bodies in Boson Systems. Ann. Phys. 1962, 19, 234-253. [CrossRef]

4. Landau, L.D.; Pekar, S.I. Effective mass of a polaron. Zh. Eksp. Teor. Fiz. 1948, 18, 419-423.

5. Pekar, S.I. Theory of Colored Crystals. Zh. Eksp. Teor. Fiz. 1947, 17, 868-882.

6.  Pekar, S.I. Autolocalization of the electron in an inertially polarizable dielectric medium. Zh. Eksp. Teor. Fiz. 1946, 16, 335-340.

7. Feynman, R.P. Slow Electrons in a Polar Crystal. Phys. Rev. 1955, 97, 660-665. [CrossRef]

8. Frohlich, H. Electrons in Lattice Fields. Adv. Phys. 1954, 3, 325-361. [CrossRef]

9. Fetherolf, ].H.; Golez, D.; Berkelbach, T.C. A Unification of the Holstein Polaron and Dynamic Disorder Pictures of Charge
Transport in Organic Crystals. Phys. Rev. X 2020, 10, 021062. [CrossRef]

10.  Fratini, S.; Ciuchi, S. Bandlike Motion and Mobility Saturation in Organic Molecular Semiconductors. Phys. Rev. Lett. 2009,
103, 266601. [CrossRef]

11. Kenkre, V. Finite-Bandwidth Calculations for Charge Carrier Mobility in Organic Crystals. Phys. Lett. A 2002, 305, 443-447.
[CrossRef]

12.  Verdi, C.; Caruso, F.; Giustino, F. Origin of the Crossover From Polarons To Fermi Liquids in Transition Metal Oxides. Nat.
Commun. 2017, 8, 15769. [CrossRef]

13.  Moser, S.; Moreschini, L.; Ja¢imovi¢, J.; Barigi¢, O.S.; Berger, H.; Magrez, A.; Chang, Y.J.; Kim, K.S.; Bostwick, A.; Rotenberg, E.;
et al. Tunable Polaronic Conduction in Anatase TiO,. Phys. Rev. Lett. 2013, 110, 196403. [CrossRef] [PubMed]

14. Davydov, A. The Theory of Contraction of Proteins Under Their Excitation. J. Theor. Biol. 1973, 38, 559-569. [CrossRef]

15. Mahani, M.R; Mirsakiyeva, A.; Delin, A. Breakdown of Polarons in Conducting Polymers At Device Field Strengths. J. Phys.
Chem. C 2017, 121,10317-10324. [CrossRef]

16. Bredas, J.L.; Street, G.B. Polarons, Bipolarons, and Solitons in Conducting Polymers. Acc. Chem. Res. 1985, 18, 309-315. [CrossRef]

17.  Bobbert, PA.; Nguyen, T.D.; van Oost, EW.A.; Koopmans, B.; Wohlgenannt, M. Bipolaron Mechanism for Organic Magnetoresis-
tance. Phys. Rev. Lett. 2007, 99, 216801. [CrossRef] [PubMed]

18.  Hewson, A.C. The Kondo Problem to Heavy Fermions; Cambridge Studies in Magnetism; Cambridge University Press: Cambridge,
UK, 1993. [CrossRef]

19. Sous, ]J.; Chakraborty, M.; Krems, R.V.; Berciu, M. Light Bipolarons Stabilized by Peierls Electron-Phonon Coupling. Phys. Rev.
Lett. 2018, 121, 247001. [CrossRef]

20. Chakraverty, B.K.; Ranninger, J.; Feinberg, D. Experimental and Theoretical Constraints of Bipolaronic Superconductivity in High
T; Materials: An Impossibility. Phys. Rev. Lett. 1998, 81, 433—436. [CrossRef]

21. Lakhno, V. Superconducting properties of a nonideal bipolaron gas. Physics C 2019, 561, 1-8. [CrossRef]

22.  Alexandrov, A.S.; Kabanov, V.V,; Mott, N.F. Coherent ab and ¢ Transport Theory of High- T, Cuprates. Phys. Rev. Lett. 1996,
77,4796-4799. [CrossRef] [PubMed]

23.  Mott, N. Polaron models of high-temperature superconductivity. Physics C 1993, 205, 191-205. [CrossRef]

24. Lee, P.A;; Nagaosa, N.; Wen, X.G. Doping a Mott Insulator: Physics of High-Temperature Superconductivity. Rev. Mod. Phys.
2006, 78, 17-85. [CrossRef]

25.  Gross, C.; Bloch, I. Quantum Simulations With Ultracold Atoms in Optical Lattices. Science 2017, 357, 995-1001. [CrossRef]

26. Schirotzek, A.; Wu, C.H.; Sommer, A.; Zwierlein, M.W. Observation of Fermi Polarons in a Tunable Fermi Liquid of Ultracold
Atoms. Phys. Rev. Lett. 2009, 102, 230402. [CrossRef] [PubMed]

27. Kohstall, C.; Zaccanti, M.; Jag, M.; Trenkwalder, A.; Massignan, P.; Bruun, G.M.; Schreck, F; Grimm, R. Metastability and
Coherence of Repulsive Polarons in a Strongly Interacting Fermi Mixture. Nature 2012, 485, 615-618. [CrossRef]

28. Scazza, F; Valtolina, G.; Massignan, P.; Recati, A.; Amico, A.; Burchianti, A.; Fort, C.; Inguscio, M.; Zaccanti, M.; Roati, G.
Repulsive Fermi Polarons in a Resonant Mixture of Ultracold Li6 Atoms. Phys. Rev. Lett. 2017, 118, 083602. [CrossRef]

29. Cetina, M.; Jag, M.; Lous, R.S.; Fritsche, I.; Walraven, ].T.M.; Grimm, R.; Levinsen, J.; Parish, M.M.; Schmidt, R.; Knap, M.; et al.
Ultrafast Many-Body Interferometry of Impurities Coupled To a Fermi Sea. Science 2016, 354, 96-99. [CrossRef] [PubMed]

30. Wenz, AN.; Zurn, G.; Murmann, S.; Brouzos, I.; Lompe, T.; Jochim, S. From Few To Many: Observing the Formation of a Fermi
Sea One Atom At a Time. Science 2013, 342, 457-460. [CrossRef]

31. Koschorreck, M.; Pertot, D.; Vogt, E.; Frohlich, B.; Feld, M.; Kohl, M. Attractive and Repulsive Fermi Polarons in Two Dimensions.
Nature 2012, 485, 619-622. [CrossRef]

32. Catani, J.; Lamporesi, G.; Naik, D.; Gring, M.; Inguscio, M.; Minardi, F.; Kantian, A.; Giamarchi, T. Quantum Dynamics of
Impurities in a One-Dimensional Bose Gas. Phys. Rev. A 2012, 85, 023623. [CrossRef]

33. Spethmann, N.; Kindermann, F; John, S.; Weber, C.; Meschede, D.; Widera, A. Dynamics of Single Neutral Impurity Atoms
Immersed in an Ultracold Gas. Phys. Rev. Lett. 2012, 109, 235301. [CrossRef]

34. Skou, M.G,; Skov, T.G.; Jergensen, N.B.; Nielsen, K.K.; Camacho-Guardian, A.; Pohl, T.; Bruun, G.M.; Arlt, J.J. Non-Equilibrium

Quantum Dynamics and Formation of the Bose Polaron. Nat. Phys. 2021, 17, 731-735. [CrossRef]



Atoms 2022, 10,3 26 of 29

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Yan, Z.Z.; Ni, Y.; Robens, C.; Zwierlein, M.W. Bose Polarons Near Quantum Criticality. Science 2020, 368, 190-194. [CrossRef]
Hu, M.G,; de Graaff, M.].V.; Kedar, D.; Corson, J.P,; Cornell, E.A_; Jin, D.S. Bose Polarons in the Strongly Interacting Regime. Phys.
Rev. Lett. 2016, 117, 055301. [CrossRef] [PubMed]

Jorgensen, N.B.; Wacker, L.; Skalmstang, K.T.; Parish, M.M.; Levinsen, J.; Christensen, R.S.; Bruun, G.M.; Arlt, J.J. Observation of
Attractive and Repulsive Polarons in a Bose-Einstein Condensate. Phys. Rev. Lett. 2016, 117, 055302. [CrossRef]

Massignan, P.; Zaccanti, M.; Bruun, G.M. Polarons, Dressed Molecules and Itinerant Ferromagnetism in Ultracold Fermi Gases.
Rep. Prog. Phys. 2014, 77, 034401. [CrossRef] [PubMed]

Schmidt, R.; Knap, M.; Ivanov, D.A.; You, ].S.; Cetina, M.; Demler, E. Universal Many-Body Response of Heavy Impurities
Coupled To a Fermi Sea: A Review of Recent Progress. Rep. Prog. Phys. 2018, 81, 024401. [CrossRef] [PubMed]

Kalas, R.M.; Blume, D. Interaction-Induced Localization of an Impurity in a Trapped Bose-Einstein Condensate. Phys. Rev. A
2006, 73, 043608. [CrossRef]

Cucchietti, EM.; Timmermans, E. Strong-Coupling Polarons in Dilute Gas Bose-Einstein Condensates. Phys. Rev. Lett. 2006,
96, 210401. [CrossRef]

Astrakharchik, G.E.; Pitaevskii, L.P. Motion of a Heavy Impurity Through a Bose-Einstein Condensate. Phys. Rev. A 2004,
70, 013608. [CrossRef]

Grusdt, F; Demler, E. New theoretical approaches to Bose polarons. In Quantum Matter at Ultralow Temperatures; Inguscio, M.,
Ketterle, W., Stringari, S., Roati, G., Eds.; IOS Press Amsterdam: Amsterdam, The Netherlands, 2015; Volume 191, pp. 325-411.
Sun, M.; Zhai, H.; Cui, X. Visualizing the Efimov Correlation in Bose Polarons. Phys. Rev. Lett. 2017, 119, 013401. [CrossRef]
[PubMed]

Christensen, R.S.; Levinsen, J.; Bruun, G.M. Quasiparticle Properties of a Mobile Impurity in a Bose-Einstein Condensate. Phys.
Rev. Lett. 2015, 115, 160401. [CrossRef]

Shi, Z.Y.; Yoshida, S.M.; Parish, M.M.; Levinsen, J. Impurity-Induced Multibody Resonances in a Bose Gas. Phys. Rev. Lett. 2018,
121, 243401. [CrossRef] [PubMed]

Levinsen, J.; Parish, M.M.; Bruun, G.M. Impurity in a Bose-Einstein Condensate and the Efimov Effect. Phys. Rev. Lett. 2015,
115,125302. [CrossRef] [PubMed]

Yoshida, S.M.; Endo, S.; Levinsen, J.; Parish, M.M. Universality of an Impurity in a Bose-Einstein Condensate. Phys. Rev. X 2018,
8,011024. [CrossRef]

Casteels, W.; Van Cauteren, T.; Tempere, ].; Devreese, ].T. Strong coupling treatment of the polaronic system consisting of an
impurity in a condensate. Laser Phys. 2011, 21, 1480. [CrossRef]

Tempere, J.; Casteels, W.; Oberthaler, M.K.; Knoop, S.; Timmermans, E.; Devreese, ].T. Feynman path-integral treatment of the
BEC-impurity polaron. Phys. Rev. B 2009, 80, 184504. [CrossRef]

Ardila, L.A.P,; Jergensen, N.B.; Pohl, T.; Giorgini, S.; Bruun, G.M.; Arlt, ].]. Analyzing a Bose Polaron Across Resonant Interactions.
Phys. Rev. A 2019, 99, 063607. [CrossRef]

Ardila, L.A.P,; Giorgini, S. Bose Polaron Problem: Effect of Mass Imbalance on Binding Energy. Phys. Rev. A 2016, 94, 063640.
[CrossRef]

Ardila, L.A.P; Giorgini, S. Impurity in a Bose-Einstein Condensate: Study of the Attractive and Repulsive Branch Using Quantum
Monte Carlo Methods. Phys. Rev. A 2015, 92, 033612. [CrossRef]

Grusdt, E; Astrakharchik, G.E.; Demler, E. Bose Polarons in Ultracold Atoms in One Dimension: Beyond the Frohlich Paradigm.
New J. Phys. 2017, 19, 103035. [CrossRef]

Jager, J.; Barnett, R.; Will, M.; Fleischhauer, M. Strong-Coupling Bose Polarons in One Dimension: Condensate Deformation and
Modified Bogoliubov Phonons. Phys. Rev. Res. 2020, 2, 033142. [CrossRef]

Will, M.; Astrakharchik, G.E.; Fleischhauer, M. Polaron Interactions and Bipolarons in One-Dimensional Bose Gases in the Strong
Coupling Regime. Phys. Rev. Lett. 2021, 127, 103401. [CrossRef] [PubMed]

Panochko, G.; Pastukhov, V. Mean-Field Construction for Spectrum of One-Dimensional Bose Polaron. Ann. Phys. 2019,
409, 167933. [CrossRef]

Jager, J.; Barnett, R. A Stochastic Fields Approach to the Quench Dynamics of a One Dimensional Bose Polaron. Phys. Rev.
Research 2021, 3, 033212. [CrossRef]

Volosniev, A.G.; Hammer, HW. Analytical Approach to the Bose-Polaron Problem in One Dimension. Phys. Rev. A 2017,
96, 031601. [CrossRef]

Guenther, N.E.; Schmidt, R.; Bruun, G.M.; Gurarie, V.; Massignan, P. Mobile Impurity in a Bose-Einstein Condensate and the
Orthogonality Catastrophe. Phys. Rev. A 2021, 103, 013317. [CrossRef]

Drescher, M.; Salmhofer, M.; Enss, T. Theory of a Resonantly Interacting Impurity in a Bose-Einstein Condensate. Phys. Rev. Res.
2020, 2, 032011. [CrossRef]

Takahashi, J.; Imai, R.; Nakano, E.; Ilida, K. Bose Polaron in Spherical Trap Potentials: Spatial Structure and Quantum Depletion.
Phys. Rev. A 2019, 100, 023624. [CrossRef]

Schmidt, R.; Enss, T. Self-Stabilized Bose Polarons. arXiv 2021, arXiv:2102.13616.

Hryhorchak, O.; Panochko, G.; Pastukhov, V. Impurity in a Three-Dimensional Unitary Bose Gas. Phys. Lett. A 2020, 384, 126934.
[CrossRef]



Atoms 2022, 10, 3 27 of 29

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

Hryhorchak, O.; Panochko, G.; Pastukhov, V. Mean-Field Study of Repulsive 2d and 3d Bose Polarons. J. Phys. B At. Mol. Opt.
Phys. 2020, 53, 205302. [CrossRef]

Mistakidis, S.I.; Volosniev, A.G.; Schmelcher, P. Induced Correlations Between Impurities in a One-Dimensional Quenched Bose
Gas. Phys. Rev. Res. 2020, 2, 023154. [CrossRef]

Mistakidis, S.I.; Volosniev, A.G.; Zinner, N.T.; Schmelcher, P. Effective Approach To Impurity Dynamics in One-Dimensional
Trapped Bose Gases. Phys. Rev. A 2019, 100, 013619. [CrossRef]

Mistakidis, S.I.; Hilbig, L.; Schmelcher, P. Correlated Quantum Dynamics of Two Quenched Fermionic Impurities Immersed in a
Bose-Einstein Condensate. Phys. Rev. A 2019, 100, 023620. [CrossRef]

Schecter, M.; Gangardt, D.M.; Kamenev, A. Quantum Impurities: From Mobile Josephson Junctions To Depletons. New ]. Phys.
2016, 18, 065002. [CrossRef]

Johnson, T.H.; Clark, S.R.; Bruderer, M.; Jaksch, D. Impurity Transport Through a Strongly Interacting Bosonic Quantum Gas.
Phys. Rev. A 2011, 84, 023617. [CrossRef]

Cai, Z.; Wang, L.; Xie, X.C.; Wang, Y. Interaction-Induced Anomalous Transport Behavior in One-Dimensional Optical Lattices.
Phys. Rev. A 2010, 81, 043602. [CrossRef]

Theel, E; Keiler, K.; Mistakidis, S.I.; Schmelcher, P. Entanglement-Assisted Tunneling Dynamics of Impurities in a Double Well
Immersed in a Bath of Lattice Trapped Bosons. New J. Phys. 2020, 22, 023027. [CrossRef]

Mistakidis, S.I.; Grusdt, E; Koutentakis, G.M.; Schmelcher, P. Dissipative Correlated Dynamics of a Moving Impurity Immersed
in a Bose-Einstein Condensate. New . Phys. 2019, 21, 103026. [CrossRef]

Lausch, T.; Widera, A.; Fleischhauer, M. Prethermalization in the Cooling Dynamics of an Impurity in a Bose-Einstein Condensate.
Phys. Rev. A 2018, 97, 023621. [CrossRef]

Kronke, S.; Knorzer, J.; Schmelcher, P. Correlated Quantum Dynamics of a Single Atom Collisionally Coupled To an Ultracold
Finite Bosonic Ensemble. New ]. Phys. 2015, 17, 053001. [CrossRef]

Theel, E; Keiler, K.; Mistakidis, S.I.; Schmelcher, P. Many-Body Collisional Dynamics of Impurities Injected Into a Double-Well
Trapped Bose-Einstein Condensate. Phys. Rev. Res. 2021, 3, 023068. [CrossRef]

Bougas, G.; Mistakidis, S.I.; Schmelcher, P. Pattern Formation of Correlated Impurities Subjected To an Impurity-Medium
Interaction Pulse. Phys. Rev. A 2021, 103, 023313. [CrossRef]

Mukherjee, K.; Mistakidis, S.I.; Majumder, S.; Schmelcher, P. Pulse- and Continuously Driven Many-Body Quantum Dynamics of
Bosonic Impurities in a Bose-Einstein Condensate. Phys. Rev. A 2020, 101, 023615. [CrossRef]

Mistakidis, S.I.; Katsimiga, G.C.; Koutentakis, G.M.; Busch, T.; Schmelcher, P. Pump-Probe Spectroscopy of Bose Polarons:
Dynamical Formation and Coherence. Phys. Rev. Res. 2020, 2, 033380. [CrossRef]

Mistakidis, S.I.; Koutentakis, G.M.; Grusdt, F.; Sadeghpour, H.R.; Schmelcher, P. Radiofrequency Spectroscopy of One-Dimensional
Trapped Bose Polarons: Crossover From the Adiabatic To the Diabatic Regime. New J. Phys. 2021, 23, 043051. [CrossRef]
Katsimiga, G.C.; Mistakidis, S.I.; Koutentakis, G.M.; Kevrekidis, P.G.; Schmelcher, P. Many-Body Dissipative Flow of a Confined
Scalar Bose-Einstein Condensate Driven By a Gaussian Impurity. Phys. Rev. A 2018, 98, 013632. [CrossRef]

Mistakidis, S.I.; Koutentakis, G.M.; Katsimiga, G.C.; Busch, T.; Schmelcher, P. Many-Body Quantum Dynamics and Induced
Correlations of Bose Polarons. New J. Phys. 2020, 22, 043007. [CrossRef]

Mistakidis, S.I.; Katsimiga, G.C.; Koutentakis, G.M.; Busch, T.; Schmelcher, P. Quench Dynamics and Orthogonality Catastrophe
of Bose Polarons. Phys. Rev. Lett. 2019, 122, 183001. [CrossRef] [PubMed]

Boudjemaa, A.; Guebli, N.; Sekmane, M.; Khlifa-Karfa, S. Breathing Modes of Repulsive Polarons in Bose-Bose Mixtures. J. Phys.
Cond. Matt. 2020, 32, 415401. [CrossRef] [PubMed]

Johnson, T.H.; Bruderer, M,; Cai, Y.; Clark, S.R.; Bao, W.; Jaksch, D. Breathing Oscillations of a Trapped Impurity in a Bose Gas.
Europhys. Lett. 2012, 98, 26001. [CrossRef]

Kevrekidis, P.G.; Frantzeskakis, D.J.; Carretero-Gonzalez, R. Emergent Nonlinear Phenomena in Bose-Einstein Condensates: Theory
and Experiment; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007; Volume 45. [CrossRef]

Kevrekidis, P.G.; Frantzeskakis, D.J.; Carretero-Gonzalez, R. The Defocusing Nonlinear Schrodinger Equation; Society for Industrial
and Applied Mathematics: Philadelphia, PA, USA, 2015; [CrossRef]

Weller, A.; Ronzheimer, ].P.; Gross, C.; Esteve, ].; Oberthaler, M.K.; Frantzeskakis, D.].; Theocharis, G.; Kevrekidis, P.G. Experi-
mental Observation of Oscillating and Interacting Matter Wave Dark Solitons. Phys. Rev. Lett. 2008, 101, 130401. [CrossRef]
[PubMed]

Scott, T.F,; Ballagh, R.].; Burnett, K. Formation of Fundamental Structures in Bose-Einstein Condensates. J. Phys. B At. Mol. Opt.
Phys. 1998, 31, L329-L335. [CrossRef]

Fursa, D.V; Bray, I. Convergent Close-Coupling Calculations of Electron—Helium Scattering. ]. Phys. B At. Mol. Opt. Phys. 1997,
30, 757-785. [CrossRef]

Kamchatnov, A.M.; Pavloff, N. Generation of Dispersive Shock Waves By the Flow of a Bose-Einstein Condensate Past a Narrow
Obstacle. Phys. Rev. A 2012, 85, 033603. [CrossRef]

Chang, ].J.; Engels, P.; Hoefer, M.A. Formation of Dispersive Shock Waves By Merging and Splitting Bose-Einstein Condensates.
Phys. Rev. Lett. 2008, 101, 170404. [CrossRef]

Leboeuf, P; Pavloff, N. Bose-Einstein Beams: Coherent Propagation Through a Guide. Phys. Rev. A 2001, 64, 033602. [CrossRef]
Hakim, V. Nonlinear Schrodinger Flow Past an Obstacle in One Dimension. Phys. Rev. E 1997, 55, 2835-2845. [CrossRef]



Atoms 2022, 10, 3 28 of 29

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.
123.
124.
125.
126.

127.

Dutton, Z. Observation of Quantum Shock Waves Created with Ultra-Compressed Slow Light Pulses in a Bose-Einstein
Condensate. Science 2001, 293, 663—-668. [CrossRef]

Theocharis, G.; Weller, A.; Ronzheimer, ].P,; Gross, C.; Oberthaler, M.K.; Kevrekidis, P.G.; Frantzeskakis, D.]. Multiple Atomic
Dark Solitons in Cigar-Shaped Bose-Einstein Condensates. Phys. Rev. A 2010, 81, 063604. [CrossRef]

Burger, S.; Bongs, K.; Dettmer, S.; Ertmer, W.; Sengstock, K.; Sanpera, A.; Shlyapnikov, G.V.; Lewenstein, M. Dark Solitons in
Bose-Einstein Condensates. Phys. Rev. Lett. 1999, 83, 5198-5201. [CrossRef]

Mistakidis, S.I.; Katsimiga, G.C.; Kevrekidis, P.G.; Schmelcher, P. Correlation Effects in the Quench-Induced Phase Separation
Dynamics of a Two Species Ultracold Quantum Gas. New J. Phys. 2018, 20, 043052. [CrossRef]

Katsimiga, G.C.; Mistakidis, S.I.; Koutentakis, G.M.; Kevrekidis, P.G.; Schmelcher, P. Many-Body Quantum Dynamics in the
Decay of Bent Dark Solitons of Bose-Einstein Condensates. New J. Phys. 2017, 19, 123012. [CrossRef]

Katsimiga, G.C.; Koutentakis, G.M.; Mistakidis, S.I.; Kevrekidis, P.G.; Schmelcher, P. Dark-Bright Soliton Dynamics Beyond the
Mean-Field Approximation. New . Phys. 2017, 19, 073004. [CrossRef]

Syrwid, A.; Zakrzewski, J.; Sacha, K. Time Crystal Behavior of Excited Eigenstates. Phys. Rev. Lett. 2017, 119, 250602. [CrossRef]
Delande, D.; Sacha, K. Many-Body Matter-Wave Dark Soliton. Phys. Rev. Lett. 2014, 112, 040402. [CrossRef]

Martin, A.D.; Ruostekoski, J. Quantum and Thermal Effects of Dark Solitons in a One-Dimensional Bose Gas. Phys. Rev. Lett.
2010, 104, 194102. [CrossRef] [PubMed]

Mishmash, R.V.; Danshita, I.; Clark, C.W.; Carr, L.D. Quantum Many-Body Dynamics of Dark Solitons in Optical Lattices. Phys.
Rev. A 2009, 80, 053612. [CrossRef]

Dziarmaga, J.; Karkuszewski, Z.P,; Sacha, K. Images of the Dark Soliton in a Depleted Condensate. ]. Phys. B At. Mol. Opt. Phys.
2003, 36, 1217-1229. [CrossRef]

Cao, L.; Bolsinger, V.; Mistakidis, S.I.; Koutentakis, G.M.; Kronke, S.; Schurer, ].M.; Schmelcher, P. A Unified Ab Initio Approach
To the Correlated Quantum Dynamics of Ultracold Fermionic and Bosonic Mixtures. J. Chem. Phys. 2017, 147, 044106. [CrossRef]
Tajima, H.; Takahashi, J.; Nakano, E.; Iida, K. Collisional Dynamics of Polaronic Clouds Immersed in a Fermi Sea. Phys. Rev. A
2020, 102, 051302. [CrossRef]

Bell, T.A.; Glidden, J.A.P; Humbert, L.; Bromley, M.W.J.; Haine, S.A.; Davis, M.].; Neely, T.W.; Baker, M. A.; Rubinsztein-Dunlop,
H. Bose-Einstein Condensation in Large Time-Averaged Optical Ring Potentials. New J. Phys. 2016, 18, 035003. [CrossRef]
Beattie, S.; Moulder, S.; Fletcher, R.J.; Hadzibabic, Z. Persistent Currents in Spinor Condensates. Phys. Rev. Lett. 2013, 110, 025301.
[CrossRef] [PubMed]

Hueck, K.; Luick, N.; Sobirey, L.; Siegl, ].; Lompe, T.; Moritz, H. Two-Dimensional Homogeneous Fermi Gases. Phys. Rev. Lett.
2018, 120, 060402. [CrossRef] [PubMed]

Mukherjee, B.; Yan, Z.; Patel, P.B.; Hadzibabic, Z.; Yefsah, T.; Struck, J.; Zwierlein, M.W. Homogeneous Atomic Fermi Gases. Phys.
Rev. Lett. 2017, 118, 123401. [CrossRef]

Corman, L.; Chomaz, L.; Bienaimé, T.; Desbuquois, R.; Weitenberg, C.; Nascimbeéne, S.; Dalibard, J.; Beugnon, J. Quench-Induced
Supercurrents in an Annular Bose Gas. Phys. Rev. Lett. 2014, 113, 135302. [CrossRef]

Gaunt, A.L.,; Schmidutz, T.E; Gotlibovych, I.; Smith, R.P.; Hadzibabic, Z. Bose-Einstein Condensation of Atoms in a Uniform
Potential. Phys. Rev. Lett. 2013, 110, 200406. [CrossRef]

Chin, C.; Grimm, R,; Julienne, P,; Tiesinga, E. Feshbach resonances in ultracold gases. Rev. Mod. Phys. 2010, 82, 1225-1286.
[CrossRef]

Tajima, H.; Takahashi, J.; Mistakidis, S.; Nakano, E.; lida, K. Polaron Problems in Ultracold Atoms: Role of a Fermi Sea Across
Different Spatial Dimensions and Quantum Fluctuations of a Bose Medium. Atoms 2021, 9, 18. [CrossRef]

Gurari, M. XXXVL. Self Energy of Slow Electrons in Polar Materials. Lond. Edinb. Dublin Philos. Mag. ]. Sci. 1953, 44, 329-336.
[CrossRef]

Lee, T.D.; Pines, D. The Motion of Slow Electrons in Polar Crystals. Phys. Rev. 1952, 88, 960-961. [CrossRef]

Lee, T.D.; Low, EE.; Pines, D. The Motion of Slow Electrons in a Polar Crystal. Phys. Rev. 1953, 90, 297-302. [CrossRef]

Lieb, E.H.; Liniger, W. Exact Analysis of an Interacting Bose Gas. I. the General Solution and the Ground State. Phys. Rev. 1963,
130, 1605-1616. [CrossRef]

Lieb, E.H. Exact Analysis of an Interacting Bose Gas. II. the Excitation Spectrum. Phys. Rev. 1963, 130, 1616-1624. [CrossRef]
Pitaevskii, L.; Stringari, S. Bose-Einstein Condensation and Superfluidity; International Series of Monographs on Physics; Oxford
University Press: Oxford, UK, 2016. [CrossRef]

Schurer, ].M.; Negretti, A.; Schmelcher, P. Unraveling the Structure of Ultracold Mesoscopic Collinear Molecular Ions. Phys. Rev.
Lett. 2017, 119, 063001. [CrossRef]

Dirac, P.A.M. Note on Exchange Phenomena in the Thomas Atom. Math. Proc. Camb. Philos. Soc. 1930, 26, 376-385. [CrossRef]
Frenkel, ]. Wave Mechanics, 1st ed.; Claredon Press: Oxford, UK, 1934; pp. 423-428.

Alon, O.E; Streltsov, A.L; Cederbaum, L.S. Multiconfigurational Time-Dependent Hartree Method for Bosons: Many-Body
Dynamics of Bosonic Systems. Phys. Rev. A 2008, 77, 033613. [CrossRef]

Alon, O.E,; Streltsov, A.L; Cederbaum, L.S. Unified View on Multiconfigurational Time Propagation for Systems Consisting of
Identical Particles. J. Chem. Phys. 2007, 127, 154103. [CrossRef]

Sant’Ana, F.T.; Hébert, F,; Rousseau, V.G.; Albert, M.; Vignolo, P. Scaling Properties of Tan’s Contact: Embedding Pairs and
Correlation Effect in the Tonks-Girardeau Limit. Phys. Rev. A 2019, 100, 063608. [CrossRef]



Atoms 2022, 10, 3 29 of 29

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

Olshanii, M.; Dunjko, V. Short-Distance Correlation Properties of the Lieb-Liniger System and Momentum Distributions of
Trapped One-Dimensional Atomic Gases. Phys. Rev. Lett. 2003, 91, 090401. [CrossRef]

Werner, F.; Castin, Y. General Relations for Quantum Gases in Two and Three Dimensions. II. Bosons and Mixtures. Phys. Rev. A
2012, 86, 053633. [CrossRef]

Pricoupenko, L. Isotropic Contact Forces in Arbitrary Representation: Heterogeneous Few-Body Problems and Low Dimensions.
Phys. Rev. A 2011, 83, 062711. [CrossRef]

Tan, S. Generalized Virial Theorem and Pressure Relation for a Strongly Correlated Fermi Gas. Ann. Phys. 2008, 323, 2987-2990.
[CrossRef]

Tan, S. Large Momentum Part of a Strongly Correlated Fermi Gas. Ann. Phys. 2008, 323, 2971-2986. [CrossRef]

Tan, S. Energetics of a Strongly Correlated Fermi Gas. Ann. Phys. 2008, 323, 2952-2970. [CrossRef]

Brouzos, I. Ultracold Atoms in One Dimension: From Two to Many. Ph.D. Thesis, Universitit Hamburg, Hamburg, Germany, 2012.
Mistakidis, S.I.; Katsimiga, G.C.; Koutentakis, G.M.; Schmelcher, P. Repulsive Fermi Polarons and Their Induced Interactions in
Binary Mixtures of Ultracold Atoms. New J. Phys. 2019, 21, 043032. [CrossRef]

Knap, M.; Shashi, A.; Nishida, Y.; Imambekov, A.; Abanin, D.A.; Demler, E. Time-Dependent Impurity in Ultracold Fermions:
Orthogonality Catastrophe and Beyond. Phys. Rev. X 2012, 2, 041020. [CrossRef]

Scherer, D.R.; Weiler, C.N.; Neely, TW.; Anderson, B.P. Vortex Formation By Merging of Multiple Trapped Bose-Einstein
Condensates. Phys. Rev. Lett. 2007, 98, 110402. [CrossRef] [PubMed]

Denschlag, ]. Generating Solitons By Phase Engineering of a Bose-Einstein Condensate. Science 2000, 287, 97-101. [CrossRef]
Becker, C.; Stellmer, S.; Soltan-Panahi, P.; Dorscher, S.; Baumert, M.; Richter, E.M.; Kronjager, J.; Bongs, K.; Sengstock, K.
Oscillations and Interactions of Dark and Dark-Bright Solitons in Bose-Einstein Condensates. Nat. Phys. 2008, 4, 496-501.
[CrossRef]

Khamis, E.G.; Gammal, A. Supersonic Flow of a Bose-Einstein Condensate Past an Oscillating Attractive-Repulsive Obstacle.
Phys. Rev. A 2013, 87, 045601. [CrossRef]

Susanto, H.; Kevrekidis, P.G.; Carretero-Gonzélez, R.; Malomed, B.A.; Frantzeskakis, D.J.; Bishop, A.R. Cerenkov-Like Radiation
in a Binary Superfluid Flow Past an Obstacle. Phys. Rev. A 2007, 75, 055601. [CrossRef]

Carusotto, I.; Hu, S.X.; Collins, L.A.; Smerzi, A. Bogoliubov—éerenkov Radiation in a Bose-Einstein Condensate Flowing Against
an Obstacle. Phys. Rev. Lett. 2006, 97, 260403. [CrossRef] [PubMed]

El, G.A.; Gammal, A.; Kamchatnov, A.M. Oblique Dark Solitons in Supersonic Flow of a Bose-Einstein Condensate. Phys. Rev.
Lett. 2006, 97, 180405. [CrossRef] [PubMed]

Lieb, E.H.; Robinson, D.W. The Finite Group Velocity of Quantum Spin Systems. Commun. Math. Phys. 1972, 28, 251-257.
[CrossRef]

Cheneau, M.; Barmettler, P; Poletti, D.; Endres, M.; Schaufs, P; Fukuhara, T.; Gross, C.; Bloch, I.; Kollath, C.; Kuhr, S. Light-Cone-
Like Spreading of Correlations in a Quantum Many-Body System. Nature 2012, 481, 484-487. [CrossRef] [PubMed]

Pavloff, N. Breakdown of Superfluidity of an Atom Laser Past an Obstacle. Phys. Rev. A 2002, 66, 013610. [CrossRef]

Joseph, J.; Clancy, B.; Luo, L.; Kinast, J.; Turlapov, A.; Thomas, J.E. Measurement of Sound Velocity in a Fermi Gas Near a Feshbach
Resonance. Phys. Rev. Lett. 2007, 98, 170401. [CrossRef]

Andrews, M.R,; Kurn, D.M.; Miesner, H.J.; Durfee, D.S.; Townsend, C.G.; Inouye, S.; Ketterle, W. Propagation of Sound in a
Bose-Einstein Condensate. Phys. Rev. Lett. 1997, 79, 553-556. [CrossRef]

Littlejohn, R.G.; Cargo, M.; Carrington, T.; Mitchell, K.A.; Poirier, B. A General Framework for Discrete Variable Representation
Basis Sets. J. Chem. Phys. 2002, 116, 8691-8703. [CrossRef]



	Introduction
	Polaron Hamiltonian and Lee-Low-Pines Transformation 
	Gross Ansatz Treatment of the Lee-Low-Pines Hamiltonian 
	The Polaron Solution
	The Case of a Static Polaron 
	Moving Polaron and the Soliton Solution 

	Impact of Correlations and Validity of the GA Approximation 
	Dynamical Response of the System: The Temporal Orthogonality Catastrophe 
	Dynamics of a Subsonic Impurity
	Dynamics of Two-Body Correlations
	Time-Dependent Overlap: Temporal Orthogonality Catastrophe
	Drag Force and Momentum Transfer Mechanism

	Dynamics of a Supersonic Impurity

	Conclusions 
	Bosonic Momentum Renormalization 
	The Impact of the Interspecies Interaction Potential 
	Details on the Computational Techniques 
	References

