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Abstract
Weunravel the nonequilibriumcorrelated quantumquenchdynamics of an impurity traveling through
aharmonically confinedBose–Einstein condensate in one-dimension. Forweak repulsive interspecies
interactions the impurity oscillateswithin the bosonic gas. At strong repulsions anddepending on its
prequenchposition the impuritymoves towards an edge of thebosonicmediumand subsequently
equilibrates. This equilibrationbeing present independently of the initial velocity, theposition and the
mass of the impurity is inherently related to the generation of entanglement in themany-body system.
Focusing onattractive interactions the impurity performs a dampedoscillatorymotionwithin the
bosonic bath, a behavior that becomesmore evident for stronger attractions. To elucidate our
understanding of the dynamics an effective potential picture is constructed. The effectivemass of the
emergent quasiparticle ismeasured and found tobe generically larger than the bare one, especially for
strong attractions. In all cases, a transfer of energy from the impurity to the bosonicmedium takes place.
Finally, by averaging over a sample of simulated in situ single-shot imageswe expose how the single-
particle density distributions and the two-body interspecies correlations canbe probed.

1. Introduction

Ultracold atoms offer an excellent platform to study highly imbalancedmulticomponent systems, such as
impurities immersed in a Bose–Einstein condensate (BEC) or in a Fermi sea [1–3], due to their exquisite degree
of controlability. Indeed the interaction between the impurities and host atoms is tunable via Feshbach
resonances [4, 5] and the emergentmany-body states can be characterized e.g. with the aid of radiofrequency
andRamsey spectroscopy [1, 6–8] and in situmeasurements with single-site resolution [9, 10].Mobile
impurities interacting with a surrounding quantummany-body environment formquasiparticles, such as
polarons [11, 12], originally introduced by Landau [13], when themedium consists of neutral atoms that are not
exposed to any externalfield. The dressing of the impurity atoms from the collective excitations of their host
leads to alterations of their properties including their effectivemass [14, 15], induced interactions [16, 17],
formation of bound states e.g. bipolarons [11, 12, 18, 19], as well as dramatic changes during their
nonequilibriumdynamics [20–26]. Another important feature is that the impurity subsystem constitutes a few-
body setting evincing the inescapable necessity of taking correlation effects into account.

The controllable immersion of single ormultiple impurities into amany-body environment have recently
led to the experimental observation of Bose [9, 27–30] and Fermi [1, 2, 7] polarons. These experiments triggered
an intense theoretical activity in order to describe the polaron characteristics by operatingwithin different
frameworks [31, 32]. These include, but are not restricted to, themean-field approximation [33–36], the
Fröhlichmodel [37–42], variationalmethods [14, 17, 24, 25, 27], effectiveHamiltonian approaches
[16, 21, 43, 44] and renormalization group techniques [20, 31, 45].While themajority of these investigations
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have beenmainly focused on the equilibriumproperties of the emergent quasiparticles, the dynamics of
impurities is far less explored. In this context notable examples include the observation of self-trapping
phenomena [46, 47], orthogonality catastrophe events [24], generation of dark-bright solitons [15, 26],
transport properties of impurities in optical lattices [48, 49] aswell as collisional aspects [50–52] of an impurity
injected into a gas of Tonks–Girardeau bosons [53–60].

In this latter context, Bloch-oscillations of impurities in the absence of a lattice [58], long-lived oscillations
[59, 60], as well as relaxation ofmoving impurities [53–56] have been observed in one-dimension. Themajority
of these investigations have been focusing on aTonk–Girardeau gas of host atoms in homogeneous space. Yet
the collisional dynamics of an impurity particle penetrating aweakly or intermediate repulsively interacting
quantumbosonic gas being harmonically trapped can bemuchmore involved. Indeed, in this case the dynamics
of the impuritymight exhibit a completely different behavior compared to the aforementioned settings for the
following reasons. First the finite interactions between the host atomswill give rise to fundamentally different
scattering properties between the impurity and the bosonicmedium. In this sense it would be particularly
interesting to examine the dynamical response of the impurity for different interspecies repulsive and attractive
interactions and study how the response regimes depend on the velocity (subsonic, sonic and supersonic) of the
impurity. Note also that the initial velocity of the impurity is expected to give rise to amuchmore involved
dynamics compared to the zero velocity case since it will triggermultiple scattering events between the impurity
and the BEC.Concordantly, one can e.g. infer whether long-lived oscillations occur [58–60] for subsonic or
sonic impurities.Moreover, the presence of the external harmonic trap confines the bosonic bath to a finite
spatial region and it would be important to inspect under what conditions the impurity can escape the BEC.
Another intriguing prospect is to examine if the impurity forms a strongly correlated (entangled) state with the
bosonic bath generating a quasiparticle and unveil the correlation effects of its dynamics [24, 59]. Certainly the
properties of the generated quasiparticle such as its effectivemass are of significant importance.

To address these inquiries in the present workwe investigate the interspecies interaction quench dynamics of
amoving impurity initiallymodeled by a coherent state which penetrates a repulsively interacting and
harmonically trapped bosonic gas. To simulate the correlated quantumdynamics of themixturewe invoke the
multi-layermulti-configuration time-dependentHartreemethod for atomicmixtures (ML-MCTDHX)
[61, 62], which is a non-perturbative variationalmethod capturing all interparticle correlations.Wefind that the
dynamics of the impurity exhibits different response regimes depending on the value of the postquench
interspecies interaction strength [15, 24, 26]. In particular, for weak postquench interspecies repulsive
interactions the subsonic impurity undergoes a dipolemotionwith a larger frequency for increasing coupling.
This is in sharp contrast to the behavior of an initially stationary impurity which, following an interspecies
interaction quench, performs a breathingmotion inside the BEC as analyzed in [24]. Strikingly enough, at strong
interspecies interactionswhich exceed the bosonic intraspecies ones the impuritymoves towards the edge of the
BECbackground and thereafter equilibrates around its Thomas–Fermi radius. This behavior of themoving
impurity observed for strong repulsions takes place independently of its characteristics e.g. initial velocity,
prequench position, trapping frequency andmass and occurs due to the presence of correlations. Importantly,
the density of the impurity approaches selectively the smaller distant edge of the Thomas–Fermi radiuswith
respect to its prequench position. This result is altered for a zero velocity impurity whose density at such strong
repulsions breaks into two fragments which exhibit a dissipative oscillatorymotion at the edges of the Thomas–
Fermi profile of the bosonic gas, e.g. see [24]. In all cases, the bosonic bath showsweak distortions from its initial
Thomas–Fermi profile and shallow density dips built upon the bosonic density thus imprinting themotion of
the impurity. Indeed, the response of the bosonicmedium for a zero velocity impurity undergoes weak
amplitude collective breathing oscillations as it has been demonstrated in [24].

Referring to quenches towards attractive interspecies interactionswe showcase that the impurity performs a
damped oscillatorymotionwithin the bosonic bath, a behavior that becomesmore evident for stronger
attractions. As a result the BECdevelops a density peak at the location of the impurity. An effective potential
picture is also developed for each case in order to provide an intuitive understanding of the resulting dynamics of
the impurity [15, 24]. Note that this effective potential is greatly affected by themotion of the impurity, causing
significant deformations in the Thomas–Fermi profile of the bosonicmedium, a result that is in contrast to the
initially stationary impurity case. Inspecting the individual energy contributions of each species we reveal that
the impurity dissipates energy into the bosonicmedium [24, 63, 64], a phenomenon that ismore enhanced for
stronger interactions of either sign. Employing theVon-Neumann entropywe unveil the presence of
interspecies correlations in the course of the evolution. It is worthmentioning that energy exchange processes
and the development of correlations between the impurity and the BEC are generic phenomena appearing in
impurity physics and their emergence is almost independent of the considered quench scenario.Moreover, we
estimate the effectivemass of the emergent quasiparticle showcasing that for attractive interactions it is larger
than the bare one tending to the latter when approaching the non-interacting limit and becoming slightly larger
to its bare value for repulsive interactions. Finally, we provide experimental links of ourfindings by simulating
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single-shot absorptionmeasurements.We demonstrate that by averaging a sample of in situ images the quench-
induced correlated dynamics can be adequately reproduced on the single-particle density level [65–67]. Also by
utilizing the simulated images on the co-moving frame of the impurity we showcase its imprint on the bosonic
gas and discuss how the resulting imaging process probes the two-body interspecies correlations [68].

This work is organized as follows. Section 2 presents our setup, the employedmany-body treatment and
different observables that are used for the characterization of the dynamics. Subsequently, the resulting
interspecies interaction quench dynamics towards repulsive (section 3) and attractive (section 4) interactions is
discussed. The effectivemass of the emergent quasiparticle is analyzed in section 5, while in section 6we present
the simulation of in situ single-shot images.We summarize and discuss future perspectives in section 7. In
appendix Awe elaborate on the numerical implementation of the single-shot process and in appendix Bwe
demonstrate the convergence of ourmany-body calculations.

2. Theoretical framework

2.1. Setup and quench protocol
Weconsider a highly particle imbalanced bosonicmixture consisting of a single impurity atomNI=1 and
NB=100 bosons constituting themajority species (bath). Themany-bodyHamiltonian of the system
consisting ofmass balanced species, i.e.mA=mB≡m, which are trapped in the same external one-
dimensional harmonic oscillator potential of frequency A Bw w w= = reads
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Within the s-wave scattering limit which is the dominant interaction process in the ultracold regime both
the intra- and interspecies interactions aremodeled by a contact potential with effective coupling constants

gBB and gBI.More specifically, the effective one-dimensional coupling strength [69] is given by g a
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m = refers to the corresponding reducedmass.Here,

a  mw=^ ^ is the transversal length scale characterized by a transversal confinement frequency ŵ . Also, a s
ss¢

is the three-dimensional s-wave scattering lengthwithin (s s= ¢) or between (s s¹ ¢) the two species.
Experimentally gss¢ can be adjusted through a s

ss¢ via Feshbach resonances [4, 5] aswell as bymanipulating ŵ by
means of confinement-induced resonances [69]. Throughout this workwe use a trapping frequency

0.1 2 20 Hzw p= » ´ , unless it is stated otherwise. To restrict the dynamics to one dimension one can e.g.
assume the experimentally relevant transversal confinementω⊥≈2π×200 Hzwhich is typical for one-
dimensional experiments [70, 71]. Additionally, the intraspecies interactions are kept fixed to gBB=1.0while
the interspecies one, gBI, varies upon considering a quench taking values in the repulsive or the attractive regime.
Due to the above-mentioned assumptions our system can bewell approximated by a binary BECof 87Rb atoms
prepared in the hyperfine states F m1, 1F= = - ñ∣ and F m2, 1F= = ñ∣ [72].

For convenience, in the following, themany-bodyHamiltonian of equation (1) is rescaled in units of ŵ .
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respectively. Also, the spatial extension of our system is limited by employing hard-wall boundary conditions at
x±=±80. The location of the latter does not affect the dynamics sincewe do not observe any significant density
population beyond x±=±40.

In order to examine the correlation effects arising due to the injection of the impurity into the bosonic gas we
follow the protocol outlined below. The bosonicmedium is initially prepared into its ground state for gBB=1.
The impurity resides in a coherent state characterized by an initial velocity u0 and it is instantaneously localized
around x0. In particular, its wavefunction assumes the form
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where k0 is its initial wavenumber and u0=k0/m its initial velocity. To trigger the collisional dynamics between
the impurity and the bosonicmediumwe suddenly switch on at t=0 the interspecies interaction strength to
repulsive (section 3) or attractive (section 4) interactions andmonitor the time-evolution of the system, see
figure 1 for a sketch. Experimentally our protocol can be realized as follows. Amagnetic potential gradient that
shifts theminimumof the external trap of the impurity with respect to the bath by x u0d w= isfirst employed
[73]. Then, in order to import an initialmomentumonto the impurity this gradient is switched off letting the
impurity to evolve and a Feshbach resonance is utilized to perform the interaction quenchwhen the impurity is
at position x0.
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2.2.Many-body treatment
To obtain the ground state andmost importantly to explore the quench dynamics of the bosonicmixture we
numerically solve the underlyingmany-body Schrödinger equation by employing theML-MCTDHX [61, 62]
method. It is an ab-initiomethodwhich rests on expanding the systems’many-bodywavefunction in terms of a
time-dependent and variationally optimized basis enabling us to take into account both the inter- and the
intraspecies correlations of the binary system.

To include interspecies correlations into ourmany-bodywavefunction ansatz we introduce k=1, 2,K,D
different species functions for each component, namely x t;k

B BY
( ) and x t;k

I IY ( ) respectively. Here,
x x x,...,B B

N
B

1 B
=

 ( ) and x I denote the spatial coordinates of each species withNB andNI≡1 being the number of
bath and impurity atoms, respectively. Then themany-bodywavefunction,ΨMB, is expressed in the formof a
truncated Schmidt decomposition [74] of rankD as follows
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The Schmidt coefficientsλk(t) provide ameasure of the entanglement between the two species (see also below)
andwill be referred to, in the following, as the natural species populations of the kth species function. Indeed, the
system is termed entangled [75] or interspecies correlated if at least two differentλk(t)possess a nonzero value
since in this caseΨMB is not a direct product of two states.

Moreover, in order to account for the intraspecies correlations of the systemwe further express each of the
above-mentioned species functions x t;k
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where  is the permutation operatorwhich exchanges the particle positions x N, 1, ,B
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of the species I.
To solve the underlying Schrödinger equationwe need to determine the correspondingML-MCTDHX

equations ofmotion [61, 76]. The latter can be accomplished by following e.g. theDirac–Frenkel variational
principle [77, 78] for themany-body ansatz given by equations (3), (4) and (5). This waywe arrive atD2 linear

differential equations ofmotion for the coefficientsλk(t)which are coupled to a set ofD
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nonlinear integro-differential equations for the species functions and dB+dI integro-differential equations for
the SPFs. Finally, let us remark that withinML-MCTDHX it is also possible to operate at different orders of

Figure 1. Sketch of the dynamical quench protocol. An impuritymodeled initially by a coherent state travels through a harmonically
trapped BECmediumwith an initial velocity u0. At t=0 an interspecies interaction quench is performed from gBI=0 to afinite
positive or negative value of gBI.
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approximation. For instance, we can retrieve the correspondingmean-fieldwavefunction [79] of the bosonic
mixture in the limit ofD=dB=dI=1.Namely
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Recall that in this approximation both intra- and interspecies correlations are neglected since the system is
described by one SPF for each of the species [65, 79].

2.3.Observables of interest
Tomonitor the dynamics of each species after the quenchwe employ as a spatially resolvedmeasure theσ-
species one-body reduced densitymatrix
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In this expression, xYsˆ ( ) xYs[ ˆ ( )]†
denotes the bosonic field operator that annihilates [creates] aσ-species boson

at position x, satisfying also the standard bosonic commutation relations [79]. To bemore specific, in the
following, for simplicity wewill resort to the corresponding σ-species one-body density defined as

x t x x x t; , ;1 1r rº ¢ =s s( ) ( )( ) ( ) . Note also that the eigenfunctions and eigenvalues of x x t, ;1r ¢s ( )( ) are the so-
called natural orbitals x t;if
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SPFs (see equations (4), (5)) via a time-dependent unitary transformation that diagonalizes thematrix
x x x t x t x x td d , , , ;ij i j;

1 1*òr j j r= ¢ ¢ ¢s s( ) ( ) ( )( ) ( ) , more details can be found in [61, 62].Moreover, each bosonic

subsystem is said to be intraspecies correlated ifmore than one natural population possesses amacroscopic
occupation, otherwise the corresponding subsystem is fully coherent. Indeed it can be easily shown thatwhen
n t n t1, 0i1 1= =s s
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the degree of theσ subsystem intraspecies correlations, and therefore the deviation of themany-body state from
themean-field one, can be theoretically quantified via t n t1 1l = -s

s( ) ( ).
Tounveil the degree of interspecies correlations or entanglement during the nonequilibriumdynamics of the

bosonicmixturewemeasure the so-calledVon-Neumannentropy [66, 80]. Recall that (see also the discussion in
section 2.2 and equation (3)) the presence of interspecies correlations or entanglement canbe inferred by the values
of thehigher than thefirst Schmidt coefficients, i.e.λk(t)with k>1.The Schmidt coefficientsλk(t) are the
eigenvalues of the species reduceddensitymatrix e.g. x x t x x x t x x t; d , ; , ;N B B I

MB
B I

MB
B IB òr ¢ = Y Y ¢

  *  
( ) ( ) ( ), with

x x x, ,B B
N
B

1 B 1
=

-

 ( ) (see also equation (3)). They are chosen to be ordered in amonotonically decreasingmanner i.e.
k D, 1, 2, , 1k k 1l l> = ¼ -+ . As a consequence, the system is species entangled or interspecies correlatedwhen

more than a single eigenvalue of NBr aremacroscopicallypopulated, otherwise it is non-entangled. TheVon-
Neumann entropy [26, 66, 80] reads
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It can be easily deduced that in themean-field limit SVN(t)=0 sinceλ1(t)=1, while for amany-body state
wheremore than one Schmidt coefficientsλk are populated it holds that S t 0VN ¹( ) .

To track the position of the impurity in the course of the evolutionwe rely on its spatially averagedmean
position. This enables us to assess the trajectory of the impurity given by

X t t x t , 9I MB
I

MBá ñ = áY Y ñ( ) ( )∣ ˆ ∣ ( ) ( )

where the one-body operator x x x x xdI
D

I I^ ^ ^ò= Y Y( ) ( )†
with  being the spatial extension of the impurity.

Experimentally, X tIá ñ( ) can bemeasured via spin-resolved single-shot absorption images [71]. In particular,
each image provides an estimate of the impurity position and X tIá ñ( ) can be obtained by averaging over a sample
of such images.

Concluding, we remark that our predictions can be directly tested in state-of-the-art experimental settings
[9, 27, 30, 58, 80–83]. Indeed, the initial state of the impurity is prepared by utilizing amagnetic gradient, while
the employed quench protocol can be realizedwith the aid of a Feshbach resonance.Moreover, themain
quantities used tomonitor the dynamics such as the single-particle density and the trajectory of the impurity can
be experimentally tracked via in situ single-shot absorptionmeasurements aswe discuss in section 6.

3.Quench dynamics towards repulsive interactions

In the followingwe investigate the collisional dynamics of amoving single impurity,NI=1, inside a
harmonically trappedmany-body bosonic bath ofNB=100 atoms following an interspecies interaction quench
to repulsive interactions. Themany-body bath is initialized in its ground state with gBB=1 exhibiting a
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Thomas–Fermi profile of radiusRTF≈25.On the other hand, the impurity is non-interactingwith the bath,
gBI=0, and resides in a coherent state (see equation (2)). Its initial velocity is u u 2c0 = - , with uc being the
speed of sound of the BECbackground, and therefore it is subsonic. The dynamics is triggered by performing an
interspecies interaction quench to positive gBI values at t=0where the impurity is located at position x0=0.

3.1. Single-particle density evolution and effective potential
Let usfirst inspect the dynamical response of the systemupon considering an interspecies quench from gBI=0
towards a finite positively valued gBI. To achieve a spatially resolved description of the dynamics we resort to the
time-evolution of theσ-species single-particle density x t;1rs ( )( ) , see figure 2. For aweak interspecies interaction
quench, such that gBI<gBB, the impurity (seefigure 2(b)) performs almost perfect dipole oscillations of
frequencyωR≈0.07 inside the bosonicmedium. The deviation fromperfect dipole oscillations, caused by the
finite value of gBI, ismanifested in the shape of x t;I

1r ( )( ) since it becomesmorewidewhen located close to the

edges of x t;B
1r ( )( ) than the trap center, seefigures 3(a)–(c). The bosonic bath remains unperturbed to a large

extent (figure 2(a)) throughout the time-evolution, exhibiting small distortions at the core of its Thomas–Fermi
cloud due to its interactionwith the impurity. These distortions are directly evident in the instantaneous density
profiles of x t;B

1r ( )( ) shown infigures 3(a)–(c). It is also important to note here that the total external potential of
the impurity can bewell approximated by the time-averaged effective potential created by the external harmonic
oscillator and the density of the bosonic bath. Such an effective potential picture affects the dynamics of the
impurity in an essentialmanner only in the presence of an external trapping since in the homogeneous case the
density of the bath is constant in space.More specifically, this effective potential [24, 84] reads

Figure 2.Time-evolution of the one-body density of the bath (upper panels) and the impurity (lower panels) for different interspecies
repulsive interaction strengths gBI (see legends). The system consists ofNB=100 bosons initialized in their ground state with gBB=1
andNI=1 impurity atoms residing in a coherent state. The latter is located at x0=0 and it possesses an initial velocity u u 2c0 = -
with uc denoting the speed of sound of the bosonic gas. Both species are trapped in an external harmonic oscillator of frequency
ω=0.1. To trigger the dynamics at t=0we switch on the interspecies repulsion from gBI=0 to a finite value (see legends). The
dashed rectangles in (f)mark density emission events of the impurity.

Figure 3. Snapshots of theσ=B, I species one-body density at distinct time-instants (see legends) for a varying interspecies
interaction strength gBI (see legends). The remaining systemparameters are the same as infigure 2.
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whereT denotes the considered evolution time.Here, we have usedT=150. Let us alsomention that this
averaging process aims to eliminate the observed distortions on the instantaneous bosonic density x t;B

1r ( )( ) ,
which is achieved in our case forT>100. These distortions are, of course, caused by the impuritymotion and
aremainly imprinted as soundwaves, see e.g. figures 2(c) and (e). ThisV xI

eff¯ ( ) at gBI=0.5 corresponds to a
modified harmonic oscillator potential and it is depicted infigure 4(a) together with its first few single-particle
eigenstates. In this case the impurity undergoes a dipolemotionwithinV xI

eff¯ ( ) and predominantly resides in its
energetically lowest-lying state, n=1.

Performing a quench to stronger interspecies interaction strengths, e.g. gBI=1, the collisional dynamics
between the impurity and the bosonic bath (figures 2(c), (d)) is drastically altered compared to the above-
mentionedweakly interacting case (figures 2(a)–(b)). In particular, the prominent interspecies interactions
greatly affect themotion of the impurity after the quench, see figure 2(d). Inspecting x t;I

1r ( )( ) we observe that it
undergoes an irregular oscillatorymotionwithin the BEC.More specifically, it initially travels to the left edge of
the bosonic bathwhere at t≈33 it is reflected back towards the right edge possessing also a larger width
compared to its initial one (see alsofigures 3(d), (e)). This change of thewidth of x t;I

1r ( )( ) is a direct effect of the
interaction between the bosonicmedium and the impurity and it becomesmore pronouncedwhen the impurity
reaches the right edge of the bosonic bath and shows amultihump structure, see figure 2(d) around t≈105 and
alsofigure 3(f). Thismultihump structure of x t;I

1r ( )( ) suggests that the impurity populates a superposition of
higher-lying excited states of the corresponding effective potential given by equation (10) aswe shall discuss in
more detail below. The bosonicmediumbecomes also perturbed due to its interactionwith the impurity. As a
result slight deviations from the initial Thomas–Fermi profile occur (figures 3(d)–(f))while x t;B

1r ( )( ) develops

shallow density dips at the instantaneous location of the density humpof x t;I
1r ( )( ) , thus imprinting themotion

of the impurity.
Entering to stronger postquench interspecies interactions, e.g. gBI=2, which satisfy gBI>gBB reveals a

completely different dynamical response of both species, see figures 2(e), (f). Remarkably enough the impurity
travels towards the left edge of the bosonic bathwhere it remains lockedwhile exhibiting an oscillatory behavior
of negligible amplitude for t 110> . The fact that the impurity escapes from the bosonic gas and undergoes
damped oscillations around its Thomas–Fermi radius is reminiscent of an orthogonality catastrophe
phenomenon [24]. Indeed, it has been showcased that upon considering an interspecies interaction quench of a
zero velocity impurity atom immersed in a bosonic gas to strong repulsions, the structure factor [8] of the
quasiparticle becomes zero and simultaneously the density of the impurity resides at the edges of the BEC [24].
However, an important difference between a zero velocity and amoving impurity is that in the former case after
the quench x t;I

1r ( )( ) breaks into two fragments, a behavior that does not occur herein. Note also that due to its
interactionwith the BECbackground the impurity emits some small portions of density when it is locatedwell
inside x t;B

1r ( )( ) , see for instance the dashedwhite rectangles infigure 2(f) and the small amplitude density hump

of x t;I
1r ( )( ) infigure 3(g).When the impurity reaches the left edge of the Thomas–Fermi cloud its x t;I

1r ( )( )

develops amultihump structure which indicates that it resides in a superposition of several energetically higher-
lying excited states of the effective external potential. In this case of strong gBI the effective potential introduced

Figure 4.Time-averaged effective potential V xI
eff¯ ( ) (equation (10)) of the impurity for (a)weak and (b) strong interspecies repulsions.

In all cases the densities of the impurity eigenenergies of V xI
eff¯ ( ) are depicted and the eigenstates are labeledwith the principal

quantumnumber n. To obtain V xI
eff¯ ( )wehave usedT=150.
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in equation (10) is an asymmetric double-well potential which exhibits an energy offset between the left and right
wells.We remark here that the effective potential approximation provides for these strong interactions only a
very approximate but rather intuitive picture of the impurity dynamics. However, x t;I

1r ( )( ) shown infigures 2(f)
and 3(g)–(i) has been obtainedwithin the fullmany-body approach described in section 2.2. The resulting
V xI

eff¯ ( ) and its first few single-particle eigenstates are illustrated infigure 4(b). In terms of this effective picture

for t>100, the impurity is trapped in the left well ofV xI
eff¯ ( )where it predominantly occupies a superposition of

the n=1, n=3 and n=5 eigenstates. Furthermore, themotion of the impurity leaves itsfingerprints also in
the BECbackgroundwhich as a result becomes perturbed. Indeed, the Thomas–Fermi cloud is disturbed as it
can be seen from the corresponding instantaneous density profiles presented infigures 3(g)–(i) and in particular
when x t;I

1r ( )( ) is well inside x t;B
1r ( )( ) (e.g. see figure 3(g)) the latter develops density dips at the instantaneous

location of x t;I
1r ( )( ) . Note also that the small distortions appearing in the spatial region of the barrier of the

effective double-well potential depicted infigure 4(b) are caused by the existence of beyondmean-field
corrections at the core of x t;B

1r ( )( ) .

3.2.Meanposition of the impurity
To examine the dependence of the dynamical response of the impurity on the distinct systemparameters we
nextmonitor itsmotion by calculating itsmean position X tIá ñ( ) (see also equation (9)) during the dynamics.We
first investigate themotion of a subsonic impurity with initial velocity u u 2c0 = - and the quench is performed
when it is located at x0=0. Figure 5(a) shows X tIá ñ( ) for different postquench interspecies interaction
strengths. In linewith our discussion in section 3.1, we observe that for gBI<gBB the impurity oscillates within
the BECbackground butwith an increasing period for a larger gBI, e.g. compare X tIá ñ( ) between gBI=0.1 and
gBI=0.5.However, for quench amplitudes characterized by gBI>gBB the impuritymoves towards the left edge
of the bosonic bath and subsequently equilibrates (figure 2(f)), e.g. see X tIá ñ( ) at gBI=1.5 for t>50.

A natural question that arises is whether this latter behavior of the impurity, namely equilibration at the edge
of the BECbackground, is an effect of the inclusion of the correlations into the dynamics. To address this
questionwe next present X tIá ñ( ) at gBI=2 infigure 5(b)within the fullymany-body approach (equation (3))
and themean-field approximation (equation (6)). Evidently, X tIá ñ( ) within themean-field approximation
exhibits an oscillatory behavior for long evolution timesmeaning that the impurity remains independently of gBI
well inside the BECbackground. This sharp contrast of the behavior of X tIá ñ( ) between themany-body and the
mean-field treatments occurring at large gBI evinces that the observed equilibration of the impurity at the edge of
the bosonic bath is a direct effect of the presence of correlations.Moreover, this behavior of X tIá ñ( ) taking place
at strong gBI occurs even for a decreasing trapping frequency e.g.ω=0.05 (at larger evolution times) as shown in
figure 5(c). The fact that the phenomenon occurs for larger evolution times can be attributed to the fact that for a
decreasingω, and thus tending to the untrapped case, the corresponding Thomas–Fermi radius of the BEC
becomes larger and therefore the impurity needs to travel a longer distance until it reaches the edge of the BEC

Figure 5. (a)Time-evolution of the position of the impurity, X tIá ñ( ) , for different interspecies interaction strengths (see legend).
(b) X tIá ñ( ) at gBI=2within themean-field (MF) and themany-body (MB) approach. Dynamics of X tIá ñ( ) for distinct (c) trapping
frequenciesω of the bosonic gas and (d)massesmI, (e) initial positions x0 and (f) initial velocities u0 of the impurity. The straight
dashed lines in (a)–(c) and (e) provide a guide to the eye for X t 0Iá ñ =( ) . In each case all other systemparameters are keptfixed and are
the same as infigure 2.
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cloud. This behavior is a directmanifestation of the effect of the strength of the external trapping on the
equilibration time of themoving impurity at strong interspecies repulsions. Let us also remark in passing that at
short evolution times (0<t<40 infigure 5(c)) the trajectory, and thus also the corresponding velocity, of the
impurity is independent of the harmonic oscillator frequency. This is an expected result since for these short
evolution times the impurity lies well inside the bosonic gas and thus experiences an almost homogeneous
environment.

Interestingly, the equilibration of the impurity occurring at strong repulsions persists also for a heavier
impurity atom as depicted infigure 5(d). Herewe consider a 87Rb bosonic gas and a single 133Cs impurity at the
hyperfine states F m1, 0F= = ñ∣ and F m3, 2F= = ñ∣ respectively both trapped in an external harmonic
oscillator of the same frequency [81, 82]. Also, the initialmomentumof the subsonic impurity is kept fixed in
both cases. As it can be seen, X tIá ñ( ) reaches the edge of the BEC at almost the same time scales in bothmixtures
but the 133Cs atom remains inside the Thomas–Fermi radius to a larger extent than the 87Rb one. This is an
expected result since the velocity u0 of the

133Cs impurity is smaller than the corresponding 87Rb one
because m mCs Rb> .

Focusing on the strongly interacting regime, e.g. gBI=2, we next inspect X tIá ñ( ) by considering the
interaction quench at different locations x0 of the impurities’motionwith respect to the trap center, see
figure 5(e). As it can be deduced, X tIá ñ( ) exhibits a saturated behavior independently of x0. Notice also here that
for x0>0 the impurity is repelled by the bosonic cloud to the opposite direction of itsmotion and finally
reaches the right edge of the BECbackground, e.g. see X tIá ñ( ) for x0= 10. This is, of course, amanifestation of
the exerted force by the BECon the impurity. Accordingly, we can infer that the density of the impurity
approaches selectively the smaller distant edge of the bosonic bath in terms of its prequench position.Note that
this result is in contrast to the behavior of a zero velocity impurity whose density at such strong repulsions breaks
into two fragments which exhibit a dissipative oscillatorymotion around the edges of the bosonic gas [24].

Next, we examine the dependence of themotion of the impurity in the strongly interacting regime, gBI=2,
on its initial velocity u0 when the quench is performed at position x 00 = . Figure 5(f) illustrates X tIá ñ( ) for initial
velocities u u1 5 c0 » -( ) (subsonic), u1 2 c-( ) (subsonic) and uc- (sonic)with uc≈1.74 being the speed of
sound of the BECbackground.We deduce that for an increasing initial velocity, such that u uc0  - , the
impurity reaches faster the left edge of the bosonic bathwhere it subsequently equilibrates. Note that this
behavior of X tIá ñ( ) for u uc0 » - is in contrast to the long-lived oscillations reported in homogeneous settings
[59, 60] but for supersonic (u0?uc) impurities. However for u0=uc, e.g. u0=(1/5)uc, the impurity
performs oscillations through the BECof amuch slower decaying amplitudewhen compared to the previous
cases. This behavior is caused due to its small velocity which generates a lesser amount of excitations to the BEC
as compared to large u0.

3.3.Degree of entanglement
To quantify the correlated nature of the collisional dynamics between the impurity and the BECwe next
measure the degree of entanglement or interspecies correlations by employing theVon-Neumann entropy
SVN(t) (equation (8)). Recall that S t 0VN ¹( ) signifies the presence of interspecies entanglement, otherwise the
system is non-entangled [65].

The dynamics of SVN(t) is shown infigure 6(a) following an interspecies interaction quench for different
values of gBI. As it can be seen SVN(t=0)=0 since for the initial state of the system gBI=0.However, after the
quench SVN(t) acquires finite values thus indicating the presence of interspecies correlations. For weak
postquench interactions, e.g. gBI=0.3, there is only a small amount of interspecies correlations since SVN(t) is

Figure 6. (a)Evolution of theVon-Neumann entropy between the two species for varying interspecies interaction strength (see
legend). (b)Expectation value of the energy of the bosonic bathEB(t), the impurity EI(t) and their interspecies interaction energyEBI(t)
following an interspecies interaction quench from gBI=0 to (b) gBI=0.5 and (c) gBI=2.Note the different energy scales of (b)
versus (c). The remaining systemparameters are the same as infigure 2.
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suppressed taking very small values. Recall that in this case the impurity performs dipole oscillations within the
BEC, see alsofigure 2(b). On the contrary, for stronger postquench interactions such as gBI=1.5 SVN(t)
increases rapidly at the initial stages of the dynamics where the impurity resides within the BECwhile for later
times at which the impurity equilibrates at the edge of the bosonic gas SVN(t) tends to saturate to a certainfinite
value. This behavior of SVN(t) indicates that the underlyingmany-body state (equation (3)) is strongly entangled.
It is worthmentioning that for strong repulsions where the impurity essentially escapes from the BEC, e.g. at
gBI=2 for t>80 (figure 2(f)), suggesting a break down of the quasiparticle picture SVN(t) acquires an almost
constant value (figure 6(a)). Also stronger postquench interspecies interactions, gBI, result in larger values of
SVN(t).

3.4. Interspecies energy transfer
To further understand the nonequilibriumdynamics of the impurity immersed in theBECbackground for a
different postquench gBI, belowwe analyze the distinct energy contributions of the bosonicmixture [24, 26, 64]. The
normalized energy of theBECcorresponds to E t t T V x H t T V x0B B B BB B B= áY + + Y ñ - áY + +( ) ( )∣ ˆ ˆ ( ) ˆ ∣ ( ) ( )∣ ˆ ˆ ( )
H 0BB Y ñˆ ∣ ( ) , and for the impurity is E t t T V x tI I I= áY + Y ñ( ) ( )∣ ˆ ˆ ( )∣ ( ) . Moreover, the interspecies interaction

energy is E t t H tBI BI= áY Y ñ( ) ( )∣ ˆ ∣ ( ) . In this notation, T x x xd
m x2

d

d

22^ ^ ^
ò= - Y Ys

s s( )( ) ( )†
and V x^ =s ( )

x x m x xd 1

2
2 2^ ^ò wY Ys s( ) ( )†

denote the kinetic and the potential energy operators of the σ=B, I species

respectively. Also, H g x x x x xdBB BB
B B B B

ò= Y Y Y Yˆ ˆ ( ) ˆ ( ) ˆ ( ) ˆ ( )† †
and H g x x x x xdBI BI

B I I B
ò= Y Y Y Yˆ ˆ ( ) ˆ ( ) ˆ ( ) ˆ ( )† †

refer to the operators of the intra- and interspecies interactions with xYsˆ ( ) being the σ-species field operator.
The dynamics of each of the above-described energy contributions is presented infigures 6(b), (c) upon

considering a quench towardsweak and strong interspecies repulsive interactions respectively. Focusing on
weak postquench interactions (figure 6(b)), e.g. gBI=0.5, the energy of the impurity EI(t) and the interspecies
interaction energy EBI(t) exhibit an oscillatory behavior. The energy of the bath,EB(t), slightly increases and
E t E t E tB I BI< <( ) ( ) ( ) holds in the course of the evolution. In particular, EI(t) isminimized at the time-
intervals where the impurity is close to the trap center and it ismaximizedwhen the impurity travels towards the
edges of the BEC. Accordingly, EBI(t) oscillates out-of-phase withEI(t) since the interspecies interaction is
strongerwhen the impurity is close to the trap center (where EI is small) and vice versa.Moreover, the fact that
EB(t) increases to aminor extent during the dynamics suggests that the impurity devolves a small amount of
energy to the BEC. This process is captured by the veryweakly decaying amplitude of oscillations ofEI(t).

Referring to strong interspecies interactions, e.g. gBI=2 shown infigure 6(c) the dynamical behavior of all
energy contributions is drastically alteredwhen compared to their weakly interacting counterparts (compare
figures 6(b) and (c)). At 0<t<40,EBI(t) reduces while EB(t) andEI increase. Indeed, within this time interval
the impurity densitymoves to the left edge of the BEC (figure 2(b))with a large kinetic energy and as a result
dissipates energy to the latter. For 40<t<100,EI(t) andEBI(t) oscillate out-of-phase with respect to one
another and in particular EI(t) overall increases while performing small amplitude oscillations. Note that in this
time interval x t;I

1r ( )( ) oscillates around the left boundary of x t;B
1r ( )( ) and still weakly interacts with the BEC.

Simultaneously, EB(t) increases when the impurity resides to a large extent in the bosonic bath and decreases
when x t;I

1r ( )( ) is located at the left edge. As a result the impurity transfers a part of its energy to the bosonic gas.
Similar energy exchange processes between the impurity and the host atoms have already been observed e.g. in
[24, 64]. Deeper in the evolution, t>100, all energy components acquire an almost constant valuewith
EB(t)<EBI(t)<EI(t). Recall that for t 100> x t;I

1r ( )( ) resides at the left edge of x t;B
1r ( )( ) and therefore the

interaction between the two species is drastically reduced.

4.Quench dynamics towards attractive interactions

Next, we explore the out-of-equilibriumdynamics of a subsonicallymoving impurity (NI=1) immersed
within a harmonically trapped BEC (NB=100) upon considering an interspecies interaction quench towards
attractive interactions. As in the previous section 3, the BEC is initially prepared into its ground state with
gBB=1 having a Thomas–Fermi profile of radiusRTF≈25. The subsonic impurity is initiallymodeled as a
coherent state (equation (2))with a velocity u u 2c0 = - and the impurity-BEC interaction is zero (gBI=0) at
t=0. To induce the dynamics we perform at t=0 a quench to negative gBI interaction strengthswhen the
impurity is at x0=0.

4.1.Density evolution and effective picture
Tounveil the dynamical response of the system after an interspecies interaction quench to attractive coupling
strengthswe resort to the time-evolution of theσ-species single-particle density x t;1rs ( )( ) . The emergent

evolution of x t;1rs ( )( ) is illustrated infigure 7 for distinct postquench interspecies interactions ranging from
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weak to strong negative values. Focusing onweak postquench negative interactions, g 0.2BI = - (figures 7(a),
(b)), we observe that due to the small gBI x t;I

1r ( )( ) oscillates within x t;B
1r ( )( ) with an almostfixed amplitude, see

alsofigures 8(a)–(c), and frequency 0.11oscw » . As a result of themotion of the impurity and theweak gBI the
Thomas–Fermi cloud is slightly distorted and in particular faint density humps built upon x t;B

1r ( )( ) at the

location of x t;I
1r ( )( ) (hardly visible infigure 7(a)).

For stronger negative interspecies interactions, e.g. g x t1, ;BI I
1r= - ( )( ) undergoes an oscillatorymotion of

decaying amplitude within the BECbackground and a larger frequencyωosc≈0.14 compared to the
gBI=−0.2, see figure 7(d). Due to thefinite gBI themotion of x t;I

1r ( )( ) in turn results in the development of a

density humpon x t;B
1r ( )( ) at the instantaneous position of the impurity, see figures 7(c) and 8(d)–(f). This

decaying amplitude oscillatory behavior of the impurity persists and becomesmore evident for stronger
attractive gBI, comparefigures 7(d) and (f). Note also the additionalmodulations of the density peak of the
impurity caused by its collisionswith the excitations of the bosonic gas. The above-mentioned behavior of

x t;I
1r ( )( ) can be directly captured by inspecting the dynamics of themean position of the impurity X tIá ñ( ) for

varying gBI shown infigure 9. Indeed, we can deduce that X tIá ñ( ) oscillates with a decaying amplitude in time
which ismore pronounced deeper in the attractive regime of interactions, compare X tIá ñ( ) for gBI=−0.5 and
gBI=−2. This attenuation of the oscillation amplitude of X tIá ñ( ) is a direct effect of the presence of interspecies
interactions and the underlying energy transfer process from the impurity to the bath, see also the discussion
below and [25, 64]. Also, x t;I

1r ( )( ) having a sech-like shape tends to bemore localized for larger negative values

Figure 7.One-body density evolution of the bath (upper panels) and the impurity (lower panels) for different attractive
interspecies interaction strengths gBI (see legends). The system consists ofNB=100 bosons initialized in their ground state with
gBB=1 andNI=1 impurity atoms being in a coherent state which is located at x 00 = and possesses an initial velocity
u u 2c0 = - . The dashed circle in (e) indicates the emission of soundwaves in the bosonic gas, while the dashed rectangles in (f)
mark the emission and re-collision of a small density portion of the impurity. Both species are trapped in an external harmonic
oscillator of frequencyω=0.1. To induce the dynamics at t=0 we quench the interspecies coupling constant from gBI=0 to a
finite negative value (see legends).

Figure 8.Density profiles of theσ=B, I species at various time-instants (see legends) of the evolution for distinct interspecies
interaction strengths gBI (see legends). The remaining systemparameters are the same as infigure 8.
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of gBI (see figures 8(g)–(i)), a result that holds equally for the corresponding density humpbuilding upon
x t;B

1r ( )( ) (figure 7(e)). The latter density humpbeing directly discernible in x t;B
1r ( )( ) is essentially an imprint of

the impuritymotion inside the BEC. Another interesting observation here is that at large gBI∣ ∣ the system is
strongly correlated and the BECbackground is highly excited, as can be inferred from the emission of a large
amount of soundwaves, see for instance the dashed black circle infigure 7(e) and the discussion below. Such a
soundwave emission has been extensively reported during themotion of aGaussian barrier inside a BECwithin
(e.g. see [85, 86]) and beyond [67] themean-field approximation. In the present investigation the impurity plays,
of course, the role of theGaussian barrier. According to these studies themotion of the impurity locally perturbs
the initial zero phase of the BEC leading to the formation of small amplitude phase disturbances that lead to
soundwaves. A similarmechanism takes place also hereinwherewe can identify the existence of soundwaves by
measuring their velocity at the center of the trap being larger than u0.95 c .

The above-described dynamical response of the impurity and the BEC taking place at these negative
interspecies interactions can be qualitatively understood by invoking an effective potential picture [24, 84].
Indeed, the effective potential acting on the BEC consists of the external harmonic oscillator and the
instantaneous density of the impurity namely

V x t V x g x t, ; . 11B BI I
eff 1r= -( ) ( ) ∣ ∣ ( ) ( )( )

A schematic illustration ofV x t,B
eff ( ) at g 2BI = - is shown infigure 10(a) at two distinct time-instants of the

evolution.We deduce thatV x t,B
eff ( ) corresponds to an harmonic oscillator like potential possessing also a dip,

at themomentary position of the impurity, which is characterized by negative energies. This latter attractive part
ofV x t,B

eff ( ) is responsible for the observed density hump appearing in the dynamics of x t;B
1r ( )( ) . Accordingly,

the effective potential of the impurity is created by the external harmonic oscillatorV(x) and the single-particle
density of the BEC.We remark that since x t;B

1r ( )( ) is greatly affected by the impuritymotion, a time-average
effective potential cannot adequately capture the dynamics of the impurity. In particular, the effective potential
of the impurity reads

Figure 9.Position of the impurity in the course of the dynamics for different attractive interspecies interaction strengths (see legend).
The remaining systemparameters are keptfixed and are the same as infigure 8.

Figure 10.Effective potential experienced by (a) the BECbackground (equation (11)) and (b) the impurity particle (equation (12)) for
gBI=−2 at different time-instants t1, t2 of the dynamics. (c)The single-particle density of the BECbackground (left panel) at a certain
time-instant t0 decomposed into its corresponding Thomas–Fermi profile (central panel) and a sech-shapedwavepacket (right panel).
A is a real-valued parameter accounting for the deformation of x t;B

1
0r ( )( ) from the Thomas–Fermi profile.
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V x t V x g x t, ; . 12I BI B
eff 1r= -( ) ( ) ∣ ∣ ( ) ( )( )

Figure 10(b) presentsV x t,I
eff ( ) calculated at gBI=−2 for two different times in the course of the dynamics. As

shown,V x t,I
eff ( ) is a deformed attractive harmonic oscillator potential having an additional dip around x≈0

due to the presence of the density humpbuilding upon x t;B
1r ( )( ) . This attractiveness ofV x t,I

eff ( ) causes the
localized sech-like shape of x t;I

1r ( )( ) located around the aforementioned additional potential dip.Most
importantly, the observed distinct features of the impurity occurring for stronger attractive interactions can be
explained via the behavior of the constructedV x t,I

eff ( ). Indeed, for increasing gBI∣ ∣ the effective frequency of
V x t,I

eff ( ) is larger andV x t,I
eff ( ) becomesmore attractive. The former property ofV x t,I

eff ( ) accounts for the
decreasing oscillation period of X tIá ñ( ) for larger gBI∣ ∣. Additionally, the increasing attractiveness ofV x t,I

eff ( ) is
responsible for the reducedwidth of x t;I

1r ( )( ) for a larger gBI∣ ∣and thus its increasing localization tendency, e.g.
comparefigures 7(d) and (f).

To showcase the interconnection betweenV x t;I
eff ( ) andV x t;B

eff ( )we approximately decompose the one-
body density of the BEC at time t0 according to

x t A x AN x t; 1 ; 0 ; . 13B B B I
1

0
1 1

0r r r» - +( ) ( ) ( ) ( ) ( )( ) ( ) ( )

Thefirst term in equation (13) corresponds to the unperturbed BEC in the absence of the impurity. The second
termprovides a correction to x t;B

1
0r ( )( ) stemming from the interspecies interaction according toV x t,B

eff ( ) (see
equation (11) and alsofigure 10(c)). Also,A is a real valued parameter bounded in the interval 0, 1[ ]. In the sense
of equation (13) positive values ofA encode the back-action of x t;I

1
0r ( )( ) on the density of the BEC. The latter, in

turn, forms the effective potential V x t;I
eff ( ) as dictated by equation (12)which accordingly determines

x t;I
1

0r ( )( ) . Indeed, figures 7(c)–(d) and 8(g)–(h) indicate that this correction proportional toA is sizable
especially in the case of strong attractive interactions, e.g. g 2BI = - . This is in sharp contrast to an impurity
repulsively interactingwith a BECwhere no sizable corrections of this nature are found, see also section 3.1
and [24].

4.2. Entanglement dynamics
To reveal the correlated character and in particular the degree of entanglement of the quench-induced dynamics
we calculate the correspondingVon-Neumann entropy SVN(t) (see equation (8)). The time-evolution of SVN(t) is
demonstrated infigure 11(a) for different postquench interaction strengths gBI. As in section 3.3, we again
observe that S t 0 0VN = =( ) holds for all cases due to the fact that initially gBI=0.However for t>0
S t 0VN ¹( ) testifying that themany-body state (equation (3)) is entangled. At the initial stages of the dynamics,
e.g. 0<t<5 for g S t1.2,BI VN= - ( ) exhibits its larger growth rate and subsequently shows an overall
decreasing behavior tending to approach a constant value for large evolution times t>120. The fact that SVN(t)
exhibits the aforementioned decreasing trend for t>8 can be explained via inspecting the dynamics of the
underlying Schmidt coefficientsλk(t) of themany-bodywavefunction (equation (3)) (not shown here for
brevity). At the early stages of the dynamicsλ1(t) drops fromunity very quickly, whileλ2(t),λ3(t) (with
λ2(t)>λ3(t)) acquirefinite valueswhich becomemaximal at the time-instant where the impurity emits a small
portion of its density, see the dashed rectangle infigure 7(f) at t≈4. Thereafter, the central density humpof the
impurity is predominantly described by x t;I

1
2Y∣ ( )∣ while the emitted density portion by a superposition of

x t;I
2

2Y∣ ( )∣ and x t;I
3

2Y∣ ( )∣ . For later evolution times the emitted density portion re-collides with the central
hump (see the dashed rectangle infigure 7(f) around t≈20). Simultaneouslyλ1(t) tends to larger values, while
the populations ofλ2(t) andλ3(t) decrease. Then, x t;I

1
2Y∣ ( )∣ provides the dominant contribution to tMBY ñ∣ ( ) .

The above-described decrease of the higher-lying Schmidt coefficients leads to the decreasing tendency of

Figure 11. (a)Time-evolution of the Von-Neumann entropy for different attractive interspecies interaction strengths (see legend). (b)
Expectation value of the energy of the bosonic bathEB(t), the impurityEI(t) and their interspecies interaction energyEBI(t) following
an interspecies interaction quench from gBI=0 to (b) gBI=−0.2 and (c) gBI=−2.Note the different energy scales of (b) versus (c).
The remaining systemparameters are the same as infigure 8.
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SVN(t). This decreasing behavior of SVN ismore pronounced for larger values of gBI and essentially indicates the
attenuation of the oscillation amplitude of the impurity dictated in x t;I

1r ( )( ) and X tIá ñ( ) , see for instance
figures 7(f) and 9. It is worthmentioning here that the attenuation of X tIá ñ( ) is also related to an energy transfer
from the impurity to the BEC (see section 4.3). Therefore, the decreasing tendency of SVN(t) is reminiscent of a
cooling process for the impurity atom.Moreover, by inspecting figure 11(a) it becomes evident that entering
deeper to the attractive regime of interactions leads to a largermagnitude of entropy, e.g. compare SVN(t) for
gBI=−0.5 and gBI=−2.

4.3. Interspecies energy exchange
To further comprehend the dissipativemotion of the impurity through the BEC for attractive interspecies
interactionswe also investigate the dynamics of the individual energy contributions of the bosonicmixture. The
resulting energy parts following a quench toweak attractions, e.g. gBI=−0.2, are presented infigure 11(b).We
observe that the interspecies interaction energy, EBI(t), and the energy of the impurity, EI(t), oscillate out-of-
phasewith one another in timewith aweak amplitude taking negative and positive values respectively. Also
when EBI(t) ismaximized the corresponding EI(t)minimizes since then the impurity resides in regions of lower
BECdensity. The reverse process occurs when the impurity is close to the trap center, i.e.EBI(t)minimizes and
accordingly EI(t) ismaximized.On the other hand, the energy of the BECEB(t) shows aminor increase at the very
early stages of the dynamics and subsequently it remains constant. This increasing tendency ofEB(t) indicates
that the impurity conveys aminor amount of energy to the BEC.

Turning to strong attractive interspecies interactions, e.g. gBI=−2 demonstrated infigure 11(c) the energy
contributions exhibit a completely different behavior. At the very early stages of the dynamics, i.e. 0<t<5, the
energy of the bathEB(t) and the impurity EI(t) increase whilst the interaction energyEBI(t) reduces. The
increasing behavior ofEI(t) indicates that the impurity gains kinetic energy due to the quench transferring also a
part of its energy to the bosonic gas [24, 64]which creates soundwaves, see alsofigure 7(f). For later evolution
timesEI(t) remains almost constant since the impurity is strongly localizedwhileEB(t) andEBI(t)fluctuate due to
the existence of soundwaves in the BECbackground [67].

5. Effectivemass

Having analyzed the nonequilibriumdynamics of the subsonic impurity which penetrates the BECwenext
measure its effectivemassmeff.We remark that the effectivemass of quasiparticles has beenmeasured
experimentally based on the collective excitations of the impurities, e.g. their breathingmotion [2, 80]. Recall
here that for weak repulsive interactions, g0 0.95BI< < , the impuritymoves back and forthwith respect to the
trap center and remainswithin the bosonic bath. Entering the strong repulsive regime, gBI>1, it probes the left
edge of the BECwhere it equilibrates for longer evolution times.However for attractive interspecies coupling
strengths it performs a damped oscillatorymotionwithin the bosonicmedium. In all cases, since the impurity
interacts with the BEC it is dressed by the excitations of the latter forming a quasiparticle. Tomodel themotion
of the impurity within the BECwe assume that it follows the following effective damped equation ofmotion

x
m

x x¨ . 14
eff

eff
eff 2g

w+ = -˙ ( ) ( )

Here,ωeff refers to the effective trapping of the formed quasiparticle due to the combined effect of its interaction
with the bath and the presence of the external harmonic confinement. Furthermore,meff denotes the effective
mass of the impurity and γeff is the effective damping parameter of the impurity due to itsmotion inside the BEC.
We also remark that the above effective description inherently involves the assumption that the impurity is
effectively trapped by the bosonic bath. Therefore it is valid only for the interaction interval g2.5 0.95BI- < <
where the impurity does not escape from the Thomas–Fermi radius of the BEC.

To determine the effectivemass of the formed quasiparticle as well as its effective trapping frequency and
damping parameter within g2.5 0.95BI- < < , we perform the following analysis.Wefirst calculate themean
position, X tIá ñ( ) , andmomentum, P tIá ñ( ) , of the impurity for a fixed interspecies interaction quench solely
relying on our numerical calculations described in sections 3 and 4. Then, by solving equation (14) it can be
easily shown that themean position of the impurity reads

X t x t
p x

m
te cos sin , 15I
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0 0

0 2 0
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w
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with
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eff 2
2

2eff

effw w= - g( )( ) .Moreover, sincewe consider that initially the impurity-BEC interaction is zero,

i.e. g 0BI = , we obtain p p mu0 00 0º áY Y ñ =( )∣ ˆ∣ ( ) and x x0 0 00 º áY Y ñ =( )∣ ˆ∣ ( ) . Also, themeanmomentum
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of the impurity obeys the following equation

P t p t m x
p x
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sin . 16I
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Evidently, in the above equations the unknown parameters that need to be determined are m,eff effw and γeff. In
order to estimate these parameters we perform afitting of the analytical formof both X tIá ñ( ) and P tIá ñ( )
provided by equations (15) and (16) to the corresponding numerically obtained results of X tIá ñ( ) and P tIá ñ( ) .
The values of the parameters m,eff effw and effg obtained via this fitting procedure are shown infigure 12 for a
varying gBI such that g2.5 0.95BI- < < where the quasiparticle picture is well defined.

Focusing on the attractive regime of interactions we observe that the effectivemass of the emergent
quasiparticle is larger than its baremass and tends to the latter, i.e. m meff  , as the non-interacting limit is
approached. Additionally, the effective trapping frequency of the quasiparticle is larger than the actual frequency
of the external harmonic oscillator and overall effw exhibits a decreasing tendency as g 0BI  . This result is in

linewith the previously discussed effective potential pictureV xI
eff ( ), see section 4.1 andfigure 10(b).Moreover,

the effective damping parameter γeff acquires a finite value signaling the dissipativemotion of the impurity
inside the BEC and it tends to vanish for gBI→0. Turning to repulsive interactions the quasiparticle effective
mass is very close to the bare value, e.g.meff≈1.001m at gBI=0.1, while for increasing repulsion it becomes
slightly larger, namelymeff≈1.043m at gBI=0.5. Note here that this behavior ofmeff in the repulsive regime of
interactions is in contrast to the one discussed in [25]wheremeff has been found to become smaller than the bare
mass of the impurity. In this latter case the effective potential used to describe the quasiparticle formation did
not include a damping parameter, an assumptionwhich has been proved sufficient for the zero velocity
impurity. However in the present case the damping term is important for the description of the observed
dynamics and it is responsible for the aforementioned discrepancy. Also, the effective trapping frequency is
smaller than the one of the external harmonic oscillator and shows a decreasing tendency for larger repulsions.
This behavior is in accordance with the effective potential picture introduced in section 3.1, see alsofigure 4 and
equation (10). Furthermore, γeff takes small values and increases slightly as gBI becomes stronger.

To expose the role of non-perturbative effects in the resulting effectivemass of the quasiparticle we further
calculatemeff relying on thewell-knownperturbative expansion of the Fröhlichmodel [31]. Note that thismodel
operates in the absence of an external confinement, i.e.ω=0. Indeed, it can be shown that the leading order
correction of the effectivemass [15, 31, 87]with respect to gBI is given by

m m g A g4 . 17I BI BI
eff 2 4= + + ( ) ( )

In this expression, the constant A kd
k V g
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k BI

k I

2 2
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with the scattering amplitude defined byVk =
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1 42
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( )
. Also the healing length and the speed of sound of the BEC are m g n2 B BB 0

1 2x = -( )

and uc
g n

m
BB

B

0= respectively with n0 being the density of the homogeneous bosonic gas. To adequately compare

the prediction given by equation (17)with our results which include an external trapwe choose
n x t0; 0B0

1r= = =( )( ) . Furthermore, the dispersion relation of the elementary excitations of the bosonic gas

corresponds to u k k1k c
1

2
2w x= + ( ) . Figure 12(a) showsmeff within the Fröhlichmodel for varying gBI.

Strikingly, the predictions of the Fröhlichmodel and the fullmany-body approach are in very good agreement
with one another both at weak attractive and repulsive interspecies interactions. Thereforewe can deduce that
for suchweak interspecies interaction strengths the external trapping does not play any crucial role for the

Figure 12. (a)Effectivemass of the quasiparticle for different postquench interspecies interaction strengths gBI calculatedwithin the
Fröhlich and themany-body (MB) approach (see legend). (b)Effective trapping frequency of the quasiparticle and (c) damping
parameter of itsmotion into the BECbackground for varying gBI. The dashed lines in (a), (b) indicate the bare value of the depicted
quantity. In all casesNB=100,NI=1, gBB=1 and the frequency of the external harmonic confinement isω=1. Initially the
impurity is non-interacting with the bosonic bath andmoves with a velocity u u 2c0 = - . The quench is performedwhen the
impurity is located at x0=0.
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effectivemass of the impurity. This result is not surprising since at theseweak interactions the impurity resides
well inside the bosonic gas and thus approximately experiences a homogeneous background.Noticeable
deviations are observed for strong attractive interactions gBI>−1.25, e.g. being of the order of 3%and 9%at
gBI=−2.0 and gBI=−2.5 respectively. Also, small differences onmeff estimated between the two
aforementioned approaches occur on the repulsive regime of interactions, and especially for g 0.8BI  become
larger than 3%.These deviations can be partly attributed to the effect of the trap since for an increasing repulsion
the density of the impurity probes the edges of the cloud of the BEC. Similarly the effect of the harmonic trap
cannot be neglected for large attractive interactions. Indeed the effective potential in this case amplifies any small
discrepancies of the BECdensity from the homogeneous case that occur around the trap center.

As a final remarkwe note that the effectivemass dependsweakly on the initial, i.e. before the quench, velocity
u0 of the impurity. For instance, referring to afixed postquench interspecies interaction strength e.g. gBI=−1
the effectivemass takes valuesmeff≈1.19 for u u m, 1.15c0

eff» - » when u u 2c0 = - and m 1.13eff »
if u u 5c0 = - .

6. Single-shot simulations

Toprovide further possible experimental links of our results we simulate in situ single-shot absorption
measurements [65, 88] aiming at demonstrating how in situ imaging can be used to adequatelymonitor the
quench-induced dynamical dressing of the impurity. Thesemeasurements probe the spatial configuration of the
atoms and therefore themany-body probability distributionwhich is indeed available withinML-MCTDHX.
The corresponding experimental images are obtained via a convolution of the spatial particle configurationwith
a point spread function that essentially dictates the experimental spatial resolution. Below, we present such
simulations by employing a point spread function ofGaussian shape andwidthwPSF=1=l≈3.16, with
l 1 w= being the harmonic oscillator length. Note also thatwPSF>ξ≈0.4, where

mu2 c

x = denotes the

healing length of the BEC. For amore elaborated discussion on the details of the numerical implementation of
this process in one-dimensional binary systemswe refer the reader to appendix A and also to [65, 66].

Having at hand themany-bodywavefunction of our systemwithinML-MCTDHXwe reproduce in situ
single-shot images for the BECmedium B x t, ;B ( ˜ ), and the impurity I x x t, ;I B

im ¢( ˜ ∣ ( ˜) ), at each time-instant
of the evolution.Here, tim denotes the time-instant of the imaging. In particular, we consecutively imagefirst the
BEC and then the impurity species. Note that the reverse imaging process does not affect the image obtained
after averaging over several single-shots, see also appendix A. Further details of the corresponding simulation
process of this experimental technique are discussed in appendix A. In the followingwe analyze the
nonequilibriumdynamics of the bosonicmixture for quenches towards strongly repulsive, gBI=1.5, and
attractive interactions, i.e. gBI=−2.We remark that a similar analysis has been followed also for other values of
gBI (not shown here for brevity reasons). Before describing the outcome of the images it is noteworthy to
mention that a direct correspondence between the single-particle density and only one single-shot image is not
possible due to the small particle number of the considered setup,NB=100 andNI=1. Such a resemblance is
feasible only when considering large particle numbers, e.g. of the of order 105 particles [67]. Another reason that
excludes the possibility of explicitly observing the one-body density within a single-shot image is the presence of
multiple orbitals in the system (equations (4) and (5)).More specifically, themany-body state is expressed as a
superposition overmultiple orbitals (see equations (4) and (5)) and thus imaging an atomalters themany-body
state of the other atoms and as a consequence their one-body density. Amore elaborated discussion on this topic
is provided in [65, 67, 89].Most importantly, it can be demonstrated that the average image e.g. of the BEC (B
species) i.e. xB̄ ( ˜), over a sample ofNshots single-shot images, xB ( ˜), is related to theB species one-body density,
namely xB B

1r ¢( )( ) , as follows

x
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w
x x

2
d e . 18B B

B B B
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x xB

w

2
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In this expression, x̃ are the spatial coordinates within the image and xB¢ refers to the spatial coordinate of theB
species. Thewidth of the employed point spread function iswPSF and the species particle number isNB. A similar
relation holds for the other species but using the corresponding images.

According to our above discussion in order to retrieve the one-body density of each subsystemwe rely
on an average of several single-shot images for each species. In particular, wemeasure x t;B =¯ ( ˜ )

N x t1 ;k
N

k
B

shots 1
shotså = ( ˜ ) for the BEC and x x t N x x t; 1 ;I B

k
N

k
I B

shots 1
shots   ¢ = å ¢=

¯ ( ˜ ∣ ( ˜) ) ( ˜ ∣ ( ˜) ) for the impurity

atom respectively. Figures 13(a)–(f) show x t;B̄ ( ˜ ) and x x t;I B ¢¯ ( ˜ ∣ ( ˜) ) for different number of samplings,
i.e.Nshots, upon considering a quench from gBI=0 to gBI=1.5. Comparing this averaging process for an
increasing number ofNshots and the actual single-particle density calculated viaML-MCTDHX (see figures 2(e),
(f))unveils that they become almost the same.More specifically, it can easily be deduced that forNshots>100
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the x t;A̄ ( ˜ ) and the x x t;B A ¢¯ ( ˜ ∣ ( ˜) ) tend gradually to x t;B
1r ( )( ) and x t;I

1r ( )( ) respectively. The same overall
phenomenology occurs for the case of a quench towards the attractive interaction regime, here gBI=−2, as
illustrated infigures 13(g)–(k). Indeed, the dissipativemotion of the impurity and its imprint on the BEC
background are fairly captured even forNshots=10, e.g. compare figures 13(g)–(h)withfigures 7(e)–(f).

Utilizing the aforementioned single-shots we can further probe the spatial configuration of the bosonic gas
in the co-moving frame of the impurity. This procedure sheds light on the imprint of the impuritymotion onto
the correlations emanatingwithin the bosonicmixture. Such a protocol has been successfully experimentally
implemented to probe the internal structure ofmagnetic polarons [68].Within this protocol we shift each of the
previously obtained single-shots, x t,k

B ( ˜ ) by the amount X x x x x td ;k
I

k
I B ò= ¢ ¢ ¢˜ ˜ ( ˜ ∣ ( ˜) ) being themeasured

position of the impurity at the kth single-shot, i.e. x t x X t, ,k
BI

r k
B

k
I = -( ) ( ˜ ). It can be shown that the

corresponding average image x t x t, ,BI
r i

N
k
BI

r1
shots = å =

¯ ( ) ( ) overNshots is related to the two-body interspecies
correlation function as follows
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I
MB2Y Y ñˆ ( )∣ ( ) are the diagonal elements of the two-body

interspecies reduced densitymatrix [65, 90]. The latter provides the probability ofmeasuring aB- and a I-species
particle simultaneously at positions x1 and x2 respectively. A x t,BI

r¯ ( ) obtained fromNshots=800 is presented in
figures 13(m) and (n) exemplarily for a quench to positive gBI=0.5 and negative gBI=−2 interactions
respectively. Recall that the effective quasiparticle description holds only when the impurity is effectively trapped
into the bosonic bath and therefore in our case is valid for g2.5 0.95BI- < < . For repulsive postquench
interactionswe observe that A x t,BI

r¯ ( ) shows an overall oscillatory behavior which is a consequence of themere
fact that the impurity undergoes for these interactions an oscillatorymotion inside the bosonic gas, see also
figure 2(b). Focusing on A x t,BI

r¯ ( ) in the vicinity of the impurity, i.e. xr≈0, we deduce that the latter repels the
particles of the bosonic gas leading to the development of shallow dips in A x t,BI

r¯ ( ), e.g. see the dashed
rectangles infigure 13(m). Turning to strong attractive interactions, see figure 13(n), we discern the formation of
a pronounced peak in the vicinity of xr= 0 caused by the presence of the impurity (see alsofigure 7(f)). This
result is in accordance to the effective potential picture (equation (11) andfigure 10)Also the height of this
central peak fluctuates which is hardly discernible infigure 13(n). Additionally, an overall oscillatory behavior of
A x t,BI

r¯ ( ) occurs sincewe operate in the co-moving frame of the impurity. Concluding based on A x t,BI
r¯ ( )we

deduce that the interspecies two-body correlations between the impurity and the BEC aremuchmore prevalent
in the case of attractive interactions.

7. Summary and conclusions

Wehave studied the interspecies interaction quench quantumdynamics of a subsonicallymoving impurity that
penetrates a harmonically trapped BEC.Monitoring the time-evolution of the impurity on the single-particle
level we identify a variety of response regimes arising for different interaction strengths.

For weak postquench interspecies repulsive interactions the subsonic impurity performs a dipolemotion
inside the bosonic bath. The latter remains essentially unperturbed exhibiting some small distortions from its
initial Thomas–Fermi profile. Increasing the interspecies coupling, the oscillation period of the impurity
becomes larger and shallow density dips built upon the bosonic density thus imprinting the impurities’motion.
However, at strong quench amplitudes such that the interspecies interaction exceeds the bosonic intraspecies
one the dynamical behavior of the impurity is significantly altered.More specifically, the impurity travels in the

Figure 13.Averaged images of each species overNshots=10 (left panels),Nshots=100 (central panels) andNshots=800 (right
panels) following an interspecies interaction quench from g 0BI = to (a)–(f) gBI=1.5 and (g)–(l) gBI=−2. Average images over
Nshots=800 of the bosonic gas in the co-moving frame of the impurity when quenching the interspecies interaction strength from
gBI=0 to (m) gBI=0.5 and (n) gBI=−2. The remaining systemparameters are the same as infigure 8.
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direction of its initial velocity towards the corresponding edge of the BECbackground and thereafter fluctuates
around the Thomas–Fermi radius. This latter behavior of the impurity at strong repulsive interactions occurs
independently of its initial velocity, its prequench position, the trapping frequency and themass ratio of the
atomic species.Most importantly it takes place due to the involvement of correlations since e.g. within the
mean-field approximation the impurity undergoes an oscillatorymotion inside the bosonic bath throughout the
dynamics. Employing theVon-Neumann entropy reveals the development of strong interparticle correlations in
the course of the evolution, a result that becomesmore pronounced for larger repulsions. Inspecting the
individual energy contributions of each species we unveil that the impurity dissipates energy into the bosonic
medium, a phenomenon that ismore enhanced for increasing interspecies interactions. To interpret the
dynamics of the impurity we construct an effective potential which corresponds to amodified harmonic
oscillator for weak interactions turning to a double-well when entering the strongly repulsive regime.

Entering attractive interspecies interactions we showcase that the impurity undergoes a damped oscillatory
motion inside the bosonic bath. This behavior becomesmore pronounced for an increasing attractionwhere the
impurity exhibits a localization tendency and the BECdevelops a density peak at the location of the impurity. It
is shown that the above response of each species can be intuitively understood in terms of an effective potential
picture for the bath and the impurity independently.Moreover, by invoking the energy contributions of each
species we find that the impurity transfers a part of its energy to the bosonicmediumwhich in turn generates
soundwaves being also evident in its single-particle density. Also, an inspection of theVon-Neumann entropy
shows the presence of interspecies correlations especially for stronger attractive interactions.

We have estimated the effectivemass of the emergent quasiparticle bymodeling its dampedmotion through
themediumwith an effective dissipative equation ofmotion. Performing afitting of our numerical results and
the analytical prediction of this dissipative equationwe are able to estimate the effectivemass, trapping
frequency and damping parameter of the impurity. It is found that in the attractive regime of interactions the
effectivemass and trapping frequency are larger than the bare ones and tend to the latter when approaching the
non-interacting limit. Also, the effective damping parameter acquires afinite value and tends to vanish for zero
interspecies couplings. For repulsive interactions the quasiparticles’ effectivemass is slightly larger than its bare
valuewhile the damping parameter acquires small values. The corresponding effective trapping frequency is
smaller than the one of the external harmonic oscillator showing a decreasing tendency for larger repulsions.
Finally, we have provided possible experimental evidences of the impurity dynamics by simulating in situ single-
shotmeasurements. In particular, we showcase how an increasing sampling of such images can be used to
adequately retrieve the observed dynamics.

There is a variety of possible extensions of the present work in future endeavors. An imperative prospect is to
unravel the resultant interspecies interaction quench dynamics upon considering two ormore interacting
bosonic impurities immersed in a bosonic bath. This studywill shed light into the presence of themost probably
emergent induced interactions between the impurities andwould enable us to systematically explore their role in
the time-evolution. Additionally, the inclusion of temperature effects in such an investigationwould be very
interesting [91, 92]. Another intriguing directionwould be to simulate the corresponding radiofrequency
spectrum [17] or the structure factor of the current setup [22, 24] by employing spinor impurities in order to
identify the possibly emerging polaronic states and subsequentlymeasure e.g. their lifetime and residue.
Certainly the generalization of the present results to higher-dimensional settings is highly desirable.
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AppendixA. Technical details of the single-shot algorithm

Toperform the simulation of the single-shot procedure we employ a sampling of themany-body probability
distribution [65, 67, 88]. The latter is available in terms of theML-MCTDHXapproach for each time-instant of
the evolution. It is important to note at this point that the numerical implementation of this experimental
procedure has already been reported and applied to a variety of setups including neutral and spinor atoms
[67, 89, 93] aswell as binarymixtures [65, 66]. In this sense, belowwe briefly outline the corresponding
numerical procedure but formore details and extensive discussions we refer the reader to [65, 67, 88, 89].
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As it has already been argued in previous works [65, 67, 88, 89, 93], the single-shot procedure for binary
mixtures is crucially affected by the systems’ intra- and interspecies correlations. Indeed, for amany-body state
the presence of entanglement (see equation (3)) among the distinct species is important regarding the image
ordering. This dependence can be understood by resorting to the underlying Schmidt decomposition (see
equation (3)) since it directly affects the Schmidt coefficientsλk. Below,we briefly sketch the numerical process
when imaging first the BECB and subsequently the impurity I species. In this way, we obtain the corresponding
absorption images xB ( ˜) and x xI B ¢( ˜ ∣ ( ˜)). To avoid any confusion, let us remark that in order to image first the
I and then theB species we can follow the same procedure, retrieving the images xI ( ˜) and x xB I ¢( ˜ ∣ ( ˜)). It is
alsoworthmentioning that the image ordering plays a role when one is interested in the individual single-shot
images. However, in our case that we discuss the average of a sample of single-shots (see the discussion in
section 6) the image ordering is irrelevant since all the effects stemming from entanglement are averaged out.

To perform the imaging of theB and then of the I species we first annihilate one-by-one allB-species bosons.
Referring to a specific time-instant of the imaging, e.g. tim, a randomposition is drawn obeying x zN

1
1 1

B
r ¢ >( )( )

where z1 is a randomnumber taking values in the interval [ x t0, max ;N im
1

B
r{ ( )}( ) ]. Then by utilizing the

projection operator x
B

I
1

1
Y ¢ Ä( ˆ ( ) ˆ )we project the (NB+NI)-bodywavefunction onto the

(N N1B I- + )-body one. The bosonic field operator annihilating aB species boson at position x1¢ is x
B

1Y ¢ˆ ( ) and
 denotes the normalization constant. Evidently, this process affects the Schmidt coefficients,λk, and
consequently the densities tN im1

1
B

r - ( )( ) and tN im
1

I
r ( )( ) are altered. As a result, the Schmidt decomposition of the

many-bodywavefunction following thisfirstmeasurement reads

t t t t . A1MB
N N

im
i

i N im i N
B

im i
I

im
1,

, 1 , 1
B I

B Bå lY ñ = Y ñ Y ñ-
- -∣ ˜ ( ) ˜ ( ) ∣ ˜ ( ) ∣ ( ) ( )

In this expression, xi N
B

N

B
i
B

, 1
1

1B i
Y ñ = Y ¢ Y ñ-∣ ˜ ˆ ( )∣ is the N 1B - specieswavefunctionwith

N x xi i
B B B

i
B

1 1= áY Y ¢ Y ¢ Y ñ∣ ˆ ( ) ˆ ( )∣†
.Moreover, the Schmidt coefficients of the (N N1B I- + )-bodywavefunction

are given by N Ni N i i i i i, 1
2

B
l l l= å-˜ .

The imaging process of theB-species isfinalized after repeating the above-mentioned steps N 1B - times
realizing the following distribution of positions (x x,1 2¢ ¢,K,xN 1B

¢ - ). This distribution is then convolutedwith a

point spread function resulting in the single-shot image of theB-species x eB
w i

N1

2 1
B

x xi
w

PSF

2

2 PSF
2 = åp =

-
- ¢

( ˜)
( ˜ )

, where

x̃ are the spatial coordinates within the image andwPSF is thewidth of the point spread function. After
annihilating allNB atoms, themany-bodywavefunction acquires the form

t
t x

t x
t0 . A2MB

N
im

B

i

i im N i
B

j j im N j
B
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I
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Here, the single-particle orbital of the jthmode is x x0N j
B B B

N j
B

,1 ,1B B
á ¢ F ñ º á Y ¢ F ñ∣ ∣ ˆ ( )∣ and the second term in the

cross product of the right-hand side ( tMB
N

im
IY ñ∣ ( ) ) denotes the impurity species wavefunction. The latter is a non-

entangled single-particle wavefunction (NI=1) and as a consequence the corresponding single-shot procedure
of the I species reduces to that of a single-species [67, 88, 89]. Indeed, for an imaging time t tim= , wemeasure

x t;N im
1

I
r ( )( ) from tMB

N
im

IY ñ º Y ñ∣ ∣ ( ) and draw a randomposition x″1 satisfying x t z;N im
1

1 2
I

r  >( )( ) . Here, z2 is a

randomnumber bounded in the interval x t0, ;N im
1

I
r[ ( )( ) ]. As a result, the I-species particle is annihilated at

position x″1 and this position is subsequently convolutedwith a point spread function resulting to the single-
shotimage x xI B ¢( ˜ ∣ ( ˜)).

Appendix B. Convergence of themany-body simulations

To simulate the correlated nonequilibriumquantumdynamics of the considered binarymixturewe resort to the
ML-MCTDHX [61, 62], see also section 2.2. It is a variational approach for solving the time-dependentmany-
body Schrödinger equation of atomicmixtures consisting either of bosonic [24, 25, 65] or fermionic [66, 93]
components thatmight additionally include spin degrees of freedom [17, 24].More specifically, thismethod
relies on the expansion of themany-bodywavefunction in terms of a time-dependent and variationally
optimized basis. Such a treatment enables us to include all the important inter- and intraspecies correlations into
ourmany-body ansatz utilizing a computationally feasible basis size. In this way, it allows us to span the relevant
subspace of theHilbert space at each time-instant in an efficientmanner. The latter is in contrast tomethods
relying on a time-independent basis where the number of basis states can be significantly larger rendering the
simulation of intermediate size systems impossible.
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The underlyingHilbert space truncation is inferred from the used orbital configuration space, namely
C D d d; ;B I= ( ). In this notation, the number of species and SPFs of each species are denoted byD=DB=DI

and dB, dI respectively, see also equations (3)–(5).We remark here that sincewe use a single impurity then by
definition D dI= holds. Additionally, for our numerical calculations a primitive basis based on a sine discrete
variable representation consisting of 1000 grid points is employed. This sine discrete variable representation
intrinsically introduces hard-wall boundary conditions which in our case are imposed at x±=±80.Of course,
the location of these boundaries do not affect our results sincewe do not observe appreciable densities to occur
beyond x±=±40.

To conclude upon the convergence of ourmany-body simulationswe ensure that all observables of interest
become almost insensitive, to a certain degree, when varying the used orbital configuration space i.e.C=(D; dB;
dI). In our case, a convergent behavior of all themany-body calculations discussed in themain text has been
achieved by exploiting the orbital configuration space C 8; 3; 8= ( ). To testify the convergence of our results for
a different number of species and SPFs e.g. we examine themean position of the impurity during the interspecies
interaction quench dynamics. In particular, we investigate its absolute deviation between theC=(8; 3; 8) and
other orbitals configurations C D d d; ;B I¢ = ( )

X t
X t X t

X t
. B1I C C

I C I C

I C
,Dá ñ =

á ñ - á ñ
á ñ

¢
¢( ) ∣ ( ) ( ) ∣

( )
( )

The time-evolution of X tI C C,Dá ñ ¢( ) is presented infigure B1 following an interspecies interaction quench from
gBI=0 to gBI=2 (figure B1(a)) and gBI=−2 (figure B1(b)). Evidently, a systematic convergence of

X tI C C,Dá ñ ¢( ) in both the repulsive and the attractive regime of interactions can be inferred. Focusing on repulsive
interactions, we observe that X tI C C,Dá ñ ¢( ) between theC=(8; 3; 8) and C 9; 3; 9¢ = ( ) orbital configurations
lies below 4.3% for all evolution times.Moreover, X tI C C,Dá ñ ¢( ) calculated forC=(8; 3; 8) andC=(7; 3; 7) is at
most 5%during the dynamics. Similar observations can bemade by inspecting X tI C C,Dá ñ ¢( ) in the case of a
quench towards attractive interactions, see figure B1(b). Indeed, themean positionwhenC=(8; 3; 8) and
C 9; 3; 9¢ = ( ) becomes atmost of the order of 4.1%while e.g. forC=(8; 3; 8) andC′=(6; 4; 6) it acquires a
maximumvalue of 7.2%.

Furthermore we showcase the convergence of theVon-Neumann entropy in the course of the time-
evolution.More precisely, we inspect the relative difference of SVN(t) calculatedwithin theC=(8; 3; 8) and
different orbital configurations C D d d; ;B I¢ = ( ) namely

S t
S t S t

S t
. B2C C

C C

C
VN ,

VN VN

VN

D =
-

¢
¢( ) ∣ ( ) ( ) ∣

( )
( )

The dynamics of the relative deviation S t C CVN ,D ¢( ) is illustrated in figure B1 after an interaction quench from
gBI=0 to gBI=2 (figure B1(c)) and gBI=−2 (figure B1(d)) for different of orbital configurations C¢ andfixed
C=(8; 3; 8). As it can be seen, convergence is achieved also for S t C CVN ,D ¢( ) at both repulsive and attractive
postquench interspecies interaction strengths. For repulsive interspecies couplings, e.g. gBI=2 presented in
figure B1(c), the deviation S t C CVN ,D ¢( ) withC=(8; 3; 8) and C 9; 3; 9¢ = ( ) [C=(7; 3; 7)] is smaller than 4%
[2.7%] throughout the evolution. Turning to attractive postquench interactions such as gBI=−2 (figure B1(d)),
we deduce that S t C CVN ,D ¢( ) among the orbital configurationsC=(8; 3; 8) and either C 9; 3; 9¢ = ( ) or
C 6; 4; 6¢ = ( ) takes amaximumvalue of the order of 6%or 7.2% respectively during the dynamics.We should

Figure B1.Dynamics of the deviation (a), (b) X tI C C,Dá ñ ¢( ) of the position of the impurity and (c), (d) S t C CVN ,D ¢( ) of theVon-
Neumann entropymeasured between theC=(8; 3; 8) and other orbital configurations C D d d; ;B I¢ = ( ) (see legend). The system
consists ofNB=100 bosons prepared in their ground state of gBB=1 andNI=1 impurity. Initially gBI=0 and at t=0we perform
an interspecies interaction quench to (a), (c) gBI=2 and (b), (d) gBI=−2.
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alsomention that a similar investigation has been performed for all other interspecies interaction quench
amplitudes discussed in themain text and found to be adequately converged (not shownhere for brevity).
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