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Abstract

This cumulative dissertation deals with the stationary and dynamical properties of highly par-
ticle imbalanced atomic mixtures of bosons trapped in various one-dimensional confining po-
tentials. The ground state properties are studied under variation of the system parameters,
while a strong focus is given to the relation of the many-body wave function characteristics to
the emerging correlations in the system. After preparing the system in its ground state the
non-equilibrium dynamics are initiated by performing a quench of a parameter of the associ-
ated Hamiltonian. In order to obtain the ground state and to track the dynamical response of
the system we employ the ab-initio Multi-Layer Multi-Configuration Time-Dependent Hartree
method for atomic mixtures (ML-MCTDHX).

The first four works are dedicated to the investigation of lattice-trapped impurities and the
impact of their coupling to a majority species. Varying the interspecies interaction strength and
the lattice depth it is shown that the impurities tend to cluster in a single lattice site for large
repulsive interspecies couplings. We attribute this to the emergence of an attractive induced
interaction among the impurities due to the repulsive interaction with the majority species. In
the second work, including the possible variation of the repulsive contact intraspecies interaction
between the impurities we identify further localization configurations of the impurities, com-
prising e.g. a pairwise accumulation in adjacent sites. The selection of the boundary conditions
represents an additional control parameter for manipulating the degeneracies of the many-body
ground state. We then turn to the dynamical response of such engineered ground states in the
third work, in particular focusing on a state featuring a pairwise accumulation of impurities in
adjacent sites. Initializing the system in the latter way, the interspecies interaction strength is
suddenly reduced in order to induce a tunneling of the impurity species. We observe tunneling
of a single impurity out of the cluster to the adjacent site for a finite post-quench interaction
strength. This impurity can be further transported to the next-neighboring site for even smaller
post-quench coupling strengths, while for a quench to zero interaction the impurities remain lo-
calized in their initial configuration, being reminiscent of repulsively bound pairs. In the last of
those works also the majority species is subject to a lattice potential, leading to the formation
of a particle-hole pair for large coupling strengths, with the majority species atoms exhibit-
ing a Mott insulator-like state. Quenching the interspecies coupling strength the particle-hole
pair can be transported to the opposite outermost well. Its stability strongly depends on the
post-quench interspecies interaction strength, requiring it also to be finite for a stable transport.

The next two publications deal with the the collisional dynamics of impurities with a majority
species which is trapped in a lattice geometry. The system is prepared in its ground state
for a finite interspecies coupling strength, while the dynamics is initiated differently in each
case. Starting with impurities trapped in a double well the tunneling dynamics is initiated
by quenching the tilt of the double well. Due to the other species being trapped in a lattice
geometry, the impurities experience an effective potential being formed by the double well
and the material barrier comprised of the density maxima of the lattice-trapped species. For
increasing repulsive coupling strengths it is shown that the material barrier tunneling to the
opposite site of the double well can be delayed in time, while very large couplings even completely
prohibit the transport to the other well. In the other work the impurities are initialized in a
displaced harmonic oscillator and are forced to collide with a medium trapped in a double well
by quenching the center of the harmonic confinement to the center of the double well. Varying
the interspecies coupling strength from strongly attractive to strongly repulsive a multitude of
dynamical response regimes can be recovered. On the attractive branch these include a strong
binding of the impurities to the density of the medium and an effective tunneling of the impurity



between the density maxima of the host. For weak attractive and weak repulsive couplings a
dissipative oscillatory motion of the impurity species takes place. In the case of intermediate
and strong repulsive interactions the impurity species is pinned in the center of the double well
and completely reflected from one of the density maxima of the medium, respectively. In both
works the underlying microscopic processes can be uncovered by employing a time-averaged
effective potential.

In our final work we go a significant step beyond the previous scenarios by introducing a
third bosonic species into the system. Specifically, we investigate the polaronic properties of
impurities immersed in a cumulative bath comprised of two hosts. Allowing for the impurities
to couple either attractively or repulsively to the individual components it is possible to flexibly
control the impurity residue and thereby also the polaronic character. As such the quasiparticle
character can be maintained for larger interactions in case the impurity couples attractively to
one medium and repulsively to the other one. In the case of two impurities the formation of
a bipolaron is captured for sufficiently attractive couplings to one of the hosts. For strongly
repulsive couplings to one of the hosts the impurity forms a shell structure whose width can be
controlled by the interaction to the other medium.
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Zusammenfassung

Diese kumulative Dissertation behandelt die stationdren und dynamischen Eigenschaften von
atomaren bosonischen Mixturen mit starkem Ungleichgewicht beziiglich der Teilchenzahl, wel-
che in verschiedenen eindimensionalen Potentialen gefangen sind. Die Grundzustandseigenschaf-
ten werden unter Variation der Systemparameter studiert, wobei ein besonderer Fokus auf
dem Verhéltnis zwischen der Charakteristik der Vielteilchenwellenfunktion und den auftreten-
den Korrelationen liegt. Die Nichtgleichgewichtsdynamik wird initiiert, indem man das System
im Grundzustand prapariert und anschliefend einen Quench der Parameter des Hamiltonians
durchfiihrt. Zur Berechnung des Grundzustands und der Nachverfolgung der Dynamik verwen-
den wir die ab-initio Multi-Layer Multi-Configuration Time-Dependent Hartree Methode fiir
atomare Mixturen (ML-MCTDHX).

Die ersten vier Arbeiten widmen sich dem Einfluss der Kopplung einer gittergefangenen
Fremdteilchenspezies an eine beziiglich der Teilchenzahl grofere Spezies auf die Verteilung der
Fremdteilchen. Variiert man die Interspezieswechselwirkungsstiarke sowie die Gittertiefe, lasst
sich zeigen, dass die Fremdteilchen fiir grofse repulsive Interspezieskopplungen dazu tendieren
sich in einem einzigen Gitterplatz anzuhéufen. Dies kann dem Auftreten einer attraktiven in-
duzierten Wechselwirkung durch die repulsive Kopplung an die andere Spezies zugeschrieben
werden. Durch Hinzufiigen einer repulsiven Kontaktwechselwirkung zwischen den Fremdteilchen
in der zweiten Arbeit identifizieren wir weitere Lokalisierungskonfigurationen der Fremdteilchen,
zum Beispiel in der Form von paarweiser benachbarter Lokalisierung. Mit der moglichen Varia-
tion der Randbedingungen fithren wir einen weiteren Kontrollparameter fiir die Manipulation
der Entartung des Grundzustands ein. Anschlietlend befassen wir uns in der dritten Arbeit mit
der dynamischen Antwort solcher arrangierter Grundzusténde, wobei wir uns insbesondere auf
solche fokussieren, die eine paarweise benachbarte Lokalisierung der Fremdteilchen aufweisen.
Nachdem das System in einer solchen Konfiguration prapariert wurde, wird die Interspezies-
wechselwirkungsstarke plotzlich reduziert, um ein Tunneln der Fremdteilchen zu induzieren.
Wir beobachten das Tunneln eines einzelnen Fremdteilchens aus dem Cluster zu dem néchstlie-
genden Gitterplatz fiir finite Post-Quench-Wechselwirkungsstérken. Dieses Fremdteilchen lasst
sich fiir noch geringere Post-Quench-Wechselwirkungsstirken zum iibernéchsten Gitterplatz
transportieren, wobei ein Quench zu einem nichtwechselwirkenden System dazu fiihrt, dass die
Fremdteilchen in ihrer initialen Konfiguration verbleiben, was repulsiv gebundenen Paaren &h-
nelt. In der letzten dieser Arbeiten ist auch die beziiglich der Teilchenzahl grofere Spezies im
Gitter gefangen, was bei starken repulsiven Kopplungen zur Entstehung von Teilchen-Loch-
Paaren und einem Mott-Isolator dhnlichen Zustand fiir die letztere Spezies fithrt. Durch einen
Quench der Interspezieswechselwirkungsstérke lésst sich das Teilchen-Loch-Paar zum gegen-
iiberliegenden &ufsersten Gitterplatz transportieren. Die Stabilitiat des Paares hangt stark von
der Post-Quench-Wechselwirkungsstérke ab, wobei es essentiell ist, dass diese endlich und nicht
zu gering ist, um einen stabilen Transport zu garantieren.

Die beiden néchsten Publikationen behandeln die Kollisionsdynamik von Fremdteilchen mit
einer beziiglich der Teilchenzahl groferen Spezies, welche in einem Gitter gefangen ist. Das
System wird fiir finite repulsive Interspezieswechselwirkungsstirken im Grundzustand préapa-
riert, wiahrend die Dynamik in jedem der Félle unterschiedlich initiiert wird. Angefangen mit
Fremdteilchen, die in einem Doppeltopf gefangen sind, wird die Tunneldynamik durch einen
Quench der Neigung des Doppeltopfs generiert. Da die andere Spezies in einem Gitter gefangen
ist, erfahren die Fremdteilchen nicht nur das Doppeltopf-Potential, sondern auch ein effektives
Potential durch die Materialbarrieren in Form der Dichtemaxima der gittergefangenen Spezi-
es. Fiir steigende repulsive Kopplungsstéarken wird gezeigt, dass das Materialbarriere-Tunneln
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zur gegeniiberliegenden Seite des Doppeltopfs verzogert werden kann, bis hin zur vollstdndigen
Unterdriickung des Tunnelns. In der anderen Arbeit werden die Fremdteilchen in einem ver-
schobenen harmonischen Oszillator initialisiert und durch einen Quench der Verschiebung des
Oszillators zum Zentrum des Doppeltopfs, in dem die andere Spezies gefangen ist, zur Kollision
mit letzterer gezwungen. Unter Variation der Interspezieswechselwirkungsstirke von stark at-
traktiv zu stark repulsiv lédsst sich eine Vielzahl von dynamischen Regimen realisieren. Auf dem
attraktiven Ast beinhaltet das die starke Bindung der Fremdteilchen an die Dichte des Mediums
sowie ein effektives Tunneln der Fremdteilchen zwischen den Dichtemaxima der anderen Spezi-
es. Fiir schwache attraktive und schwache repulsive Wechselwirkungen findet eine dissipative,
oszillatorische Bewegung der Fremdteilchen statt. Fiir mittlere und starke repulsive Kopplun-
gen wird die Fremdteilchenspezies im Zentrum des Doppeltopfs gefangen bzw. komplett an dem
Dichtemaximum des Mediums reflektiert. In beiden Arbeiten kénnen die zugrundeliegenden
mikroskopischen Prozesse mit Hilfe eines zeitlich gemittelten, effektiven Potentials beschrieben
werden.

In unserer letzten Arbeit gehen wir verglichen mit den bisherigen Arbeiten einen bedeutenden
Schritt weiter, indem wir eine dritte bosonische Spezies in das System einfiithren. Speziell unter-
suchen wir die polaronischen Eigenschaften von Fremdteilchen, die in ein kumulatives Medium,
bestehend aus zwei Komponenten, eingebettet sind. Indem man den Fremdteilchen erlaubt je-
weils attraktiv und repulsiv an die unterschiedlichen Komponenten zu koppeln, ist es moglich
das Fremdteilchen-Residuum und damit den polaronischen Charakter flexibel zu kontrollieren.
In diesem Sinne kann der Quasiteilchen-Charakter fiir grofsere Wechselwirkungsstarken aufrecht
erhalten werden, falls das Fremdteilchen attraktiv an ein Medium und repulsiv an das andere
koppelt. Im Falle von zwei Fremdteilchen ldsst sich ein Bipolaron fiir geniigend grofse attraktive
Wechselwirkungen zu einer der Spezies identifizieren. Fiir starke repulsive Kopplungen an eines
der Medien bildet das Fremdteilchen eine Schalenstruktur der Dichte, deren Breite durch die
Wechselwirkung mit der anderen Spezies manipuliert werden kann.

viii



Contents

Preface 1
1 Introduction 5
1.1 Atoms trapped in optical lattices . . . . . . . ... ... .. ... 9
1.2 The Gross-Pitaevskii equation and mean-field approximations . . . . . . . . .. 11
1.3 Including correlations beyond the mean-field approximation . . . . .. ... .. 13
1.4 Methodological approach: ML-MCTDHX . . ... ... ... .......... 14
1.4.1 Wave function ansatz for mixtures . . . .. ... .. ... ... ..... 14
1.4.2  Convergence and approximate limiting cases . . . . . . . .. .. ... .. 15
1.5 Effective potentials and number state analysis . . . . . . .. ... .. ... ... 17
2 Outline of the scientific contributions 19
2.1 Lattice trapped impurities immersed in a Bose gas . . . . . . . .. ... .. .. 19
2.2 Collisional dynamics of impurities with a lattice trapped bath . . . . . . .. .. 25
2.3 Highly imbalanced triple mixtures . . . . .. .. .. .. .. ... ... ... 28
3 Scientific contributions 31
3.1 Correlation induced localization of lattice trapped bosons coupled to a Bose-Einstein
condensate . . . . .. .. 33
3.2 State engineering of impurities in a lattice by coupling to a Bose gas . . . . . . 47
3.3 Interaction-induced single-impurity tunneling in a binary mixture of trapped ul-
tracold bosons . . . . . ... L 61
3.4 Doping a lattice-trapped bosonic species with impurities: from ground state prop-
erties to correlated tunneling dynamics . . . . . . .. .. oo oL 75
3.5 Entanglement-assisted tunneling dynamics of impurities in a double well im-
mersed in a bath of lattice trapped bosons . . . . . . .. ... 0oL 95
3.6 Many-body collisional dynamics of impurities injected into a double-well trapped
Bose-Einstein condensate . . . . . . . ... oL 117
3.7 Polarons and their induced interactions in highly imbalanced triple mixtures . . 135
4 Conclusions and Outlook 147
Bibliography 153

ix



Danksagungen 175

Eidesstattliche Versicherung 177



This cumulative dissertation is based on the following sequence of publications, which through-

Preface

out the thesis will be referenced with double brackets [[..]].

List of publications this cumulative dissertation is based on:

[[1]]

K. Keiler, S. Kronke and P. Schmelcher, Correlation induced localization of lat-
tice trapped bosons coupled to a Bose-FEinstein condensate, New J. Phys. 20,
033030 (2018).

K. Keiler and P. Schmelcher, State engineering of impurities in a lattice by cou-
pling to a Bose gas, New J. Phys. 20, 103042 (2018).

K. Keiler and P. Schmelcher, Interaction-induced single impurity tunneling in a
binary mixture of trapped ultracold bosons, Phys. Rev. A 100, 043616 (2019).

K. Keiler, S. I. Mistakidis and P. Schmelcher, Doping a lattice-trapped bosonic
species with impurities: From ground state properties to correlated tunneling
dynamics, New J. Phys. 22, 083003 (2020).

F. Theel, K. Keiler, S. I. Mistakidis and P. Schmelcher, Entanglement-assisted
tunneling dynamics of impurities in a double well immersed in a bath of lattice
trapped bosons, New J. Phys. 22, 023027 (2020).

F. Theel, K. Keiler, S. I. Mistakidis and P. Schmelcher, Many-body collisional
dynamics of impurities injected into a double-well trapped Bose-Einstein con-
densate, Phys. Rev. Research 3, 023068 (2021).

K. Keiler, S. I. Mistakidis and P. Schmelcher, Polarons and their induced inter-
actions in highly imbalanced triple mixtures, arXiv:2012.04034 [cond-mat.quant-
gas| (2020).

Status: Submitted to Phys. Rev. Lett., currently under review.



Further publications:

[[8]]

F. Kohler, K. Keiler, S. I. Mistakidis, H.-D. Meyer and P. Schmelcher, Dynam-
ical Pruning of the Non-Equilibrium Quantum Dynamics of Trapped Ultracold
Bosons, J. Chem. Phys. 151, 054108 (2019).

F. Hummel, K. Keiler and P. Schmelcher, Electric field-induced wave-packet
dynamics and geometrical rearrangement of Trilobite molecules, Phys. Rev. A
103, 022827 (2021).

J. Chen, K. Keiler, G. Xianlong and P. Schmelcher, Impurity induced quan-
tum chaos for an ultracold bosonic ensemble in a double-well, arXiv:2101.11209
[cond-mat.quant-gas| (2020).

Status: Submitted to Phys. Rev. A, currently under review.

M. Pyzh, K. Keiler, S. I. Mistakidis and P. Schmelcher, Entangling lattice-
trapped bosons with a free impurity: impact on stationary and dynamical prop-
erties, Entropy 23, 290 (2021).



Qutline

In Chapter 1 we provide an introduction to the field of ultracold atoms with a special emphasis
on highly particle imbalanced mixtures. Since most of the publications on which this cumula-
tive dissertation is based on deal with bosonic atoms confined in lattice geometries we further
elaborate on the physics of lattice trapped atoms. Moreover, we introduce the notion of particle
correlations and thereby motivate the numerical method that has been employed in all works.
Finally, we comment on the key quantities that were utilized in order to extract information
from the high-dimensional many-body wave function. An outline of the scientific contributions
followed by the publications themselves is given in Chapter 2 and Chapter 3. In Chapter 4
we conclude with a discussion of the presented results and motivate potential future research
directions.
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Introduction

Inspired by a work of Bose [1], Einstein’s realization that at sufficiently low temperatures an
ideal gas of massive particles exhibits a matter wave behavior set the stage for the famous Bose-
Einstein condensation [2, 3|, where all particles occupy the same single-particle state. While
having been a theoretically predicted state of matter, the physics of ultracold gases [4-6] has
experienced a boost with the first experimental implementation of a Bose-Einstein condensate.
Due to the tremendous effort that has been conducted on building new laser systems as well as
trapping techniques relying on magnetic fields, experimentalists were able to cool down gases of
neutral atoms to very low temperatures. Thus, Bose-Finstein condensation could be observed for
the first time in the group of Cornell and Wieman with repulsively interacting rubidium atoms
[7], while in the group of Ketterle sodium atoms have been utilized [8]. For that spectacular
achievement they have been awarded the Nobel prize in physics in 2001. These experiments
can be considered as the dawn of the new era of the third quantum revolution [9]. Nowadays,
ultracold systems stand out due to their high degree of controllability and are therefore at
the frontier of modern quantum physics. Apart from trapping ultracold atoms in potentials
of different dimensionality, ranging from three-dimensional to one-dimensional, it is possible
to engineer essentially arbitrary potential landscapes [10]|, which can be even time-dependent
[11]. Moreover, the scattering length of the short-range interaction among the atoms can be
manipulated with the aid of magnetic or optical Feshbach resonances [12-16|, by applying a bias
magnetic field or a laser beam, respectively. As such the strength and the sign of the interaction
can be steered in a very precise manner. Therefore, ultracold atoms can be exploited as quantum
simulators of microscopic phenomena that treat simplified models, thereby permitting the study
of quantum systems which cannot be solved even by supercomputers [17]. In this sense, they
are ideal to systematically study many-body quantum systems and the plethora of quantum
phenomena they exhibit, finding also application in newly emerging fields such as atomtronics
[18-32].

In this context, the possibility to generate setups of atoms trapped in optical lattices has
sparked a lot of interest in the recent years [33, 34]. Such systems are considered as simple
realizations for emulating complex condensed matter models. From the theoretical side the
prototype model to unravel the dynamical and static properties of lattice trapped atoms is
given by the Hubbard model [35-37]. In its simplest version it consists of a next-neighbor
hopping between discrete lattice sites and an on-site interaction term. Closely related to the
Hubbard model is the Bose-Hubbard model [38] which was found to exhibit two distinct phases,
the Mott insulating one and the superfluid phase. Consequently, it allowed for a description of



CHAPTER 1 INTRODUCTION

the superfluid-insulator transition in a simplified way. The seminal proposal for a superfluid-
Mott insulator transition employing ultracold atoms in an optical lattice by Jaksch et al. [39],
followed by its experimental observation in the Bloch-Hénsch group [40], finally placed ultracold
atoms in the regime of strongly correlated systems. Since then this transition has been observed
also in disordered Bose systems [41, 42|, Bose-Bose [43] and Bose-Fermi [44, 45] mixtures.
Moreover, various other phases were studied, among them being Mott insulators of reduced
dimensionality [46, 47|, fermionic Mott insulators [48, 49|, the Tonks-Girardeau gas |50, 51],
Mott insulator states of molecules, unconventional superfluids [52-56] and paired fermions [57—
60] as well as repulsively bound pairs of bosons [61]. Even though the Bose-Hubbard model is
a widely used platform for studying bosonic atoms in a lattice, one should note that it relies
on the restriction that the dominant processes happen in the lowest band, while the interaction
is of on-site character. However, in experiments processes which lie beyond these restrictions
may play an important role, giving rise to extended Bose-Hubbard models [62, 63]. These
incorporate for example next-neighbor and next-nearest-neighbor interaction or hopping and
interaction channels via excited bands, leading to the formation of novel complex structures,
such as charge-density-waves [64-70], supersolids [71-73| and dimerized insulators |74-78|.

While the idea of ultracold atoms in optical lattices was inspired by the notion of preparing
quantum simulators, the accompanying rapid progress in the field of ultracold gases in general
led to a strong interest in few-body ultracold systems. These systems build a bridge between
single-particle problems and many-body physics, since they cannot be described in terms of re-
duced degrees of freedom nor can they be treated within quantum statistical approaches. In the
recent years it has become experimentally possible to prepare interacting few-particle systems
with a well-defined number of particles [79-81]. Due to the possible three-body recombination
associated with bosons, sophisticated tools relying on the loading of bosons in optical lattice
structures are needed in order to prepare few-boson systems [82-85|. For few-fermion systems it
has been shown in a series of experiments that the number of particles, the interaction strength
as well as the shape of the external potential could be systematically manipulated [86-91].

So far we have focused on single-component ultracold gases which already offer a very rich
phenomenology. However, the situation becomes even more involved when introducing an ad-
ditional species. Experimentally two-component Bose mixtures [92-94] can be prepared by
considering two hyperfine states of 8’Rb, two isotopes such as 8"Rb and ®°Rb or two different
chemical elements in order to achieve a significant mass imbalance. Such setups offer a lot of
diversity in terms of the interaction among the particles as one adds to the already present in-
traspecies interaction in the respective subsystem an additional interspecies interaction in order
to entangle the species. New phenomena have been observed such as composite fermionization
[95], full fermionization [96-98], phase separation [99-102] and coarse graining effects [103, 104],
while known concepts like the Tonks-Girardeau limit and miscible Bose-Einstein condensates
can also be recovered. In this context, in particular correlation properties [105-109] have been
the focus of many studies uncovering among others quantum droplets [110-113], spin-charge
separation|114], paired and counterflow superfluidity [107, 108| as well as the quench dynamics
across the miscible-immiscible phase transition [115-117].

In particular, particle imbalanced mixtures have received substantial attention recently [118—
121]. Taking this to the extreme, one considers a few impurities immersed in a many-body
medium, giving rise to the formation of quasiparticles due to the dressing of the impurities
by the medium excitations as a result of the intercomponent interaction. These have led to
fundamentally novel insights into the concept of Fermi and Bose polarons [121-125]. As such
highly particle imbalanced mixtures serve as a quantum simulator of the corresponding con-
densed matter setup, e.g. in semiconducting [126] and superconducting devices [127], while



interactions among quasiparticles in liquid Helium mixtures [128] and cuprates [129, 130] are
considered to be promising candidates for conventional and high-T, superconductivity [131-135].
The experimental realization [118-120, 136-140] of these impurity systems has triggered many
theoretical investigations [141-157] with respect to the stationary properties of polaronic sys-
tems [158-160|, unraveling their effective mass [124, 161, 162]|, excitation spectra [163, 164| and
in the case of many impurities their induced interaction [165-167]. Less focus has been placed
on the corresponding nonequilibrium dynamics, such as the collisional dynamics [168-173] of
impurities with the medium, transport in optical lattices [174-182] and relaxation processes
[183-186], which is partially due to the potential formation of strong correlations during the
propagation. The notion of impurities immersed in a bath has recently been extended to co-
herently coupled two-component Bose-Einstein condensates [187, 188| and Bose-Bose mixtures
acting as a medium [189], while in lattice setups holes are introduced in a spinor fermionic
background [190, 191|. In [[7]] we provide the first detailed study on how a second species in
the bath affects the polaronic properties incorporating all necessary correlations in the system,
thereby taking the actively studied polaron problem to the next level.

Often for the multi-component mixture the same underlying trapping geometry is assumed.
However, one expects qualitatively different phenomena in the case of unequal trapping po-
tentials. For this purpose, experimentally one would use the so-called tune-out wave length
in order to create species-dependent potentials [192, 193]. As a result one of the two species
experiences a vanishing light shift, while the other one will be trapped in a specific potential
landscape due to the non-vanishing light shift. As such it is possible to trap one species in
a lattice geometry which interacts with the other species, forming the environment, which in
turn does not experience this potential. It has been shown that such a setup can be exploited
in order to cool the lattice trapped atoms to very low temperatures [194-196]. Usually, the
coupling to an environment leads to a loss of coherence due to dissipation. However, it can
also be exploited for the preparation of many-body states by quantum-reservoir engineering
[197-199]. Moreover, immersing lattice-trapped impurities into a Bose gas allows for a system-
atic introduction of phonons to the lattice subsystem due to the coupling to the Bose gas. As
a result of the lattice atoms being dressed by the phonons an attractive induced interaction
between the lattice trapped atoms emerges. In this context, utilizing a quantum master equa-
tion approach dephasing and clustering processes as well as impurity transport were observed
[177, 182, 200, 201]. This notion of an induced interaction has been also identified in the context
of finite-size systems in [[1-4]] and used to engineer specific system properties with a focus on
the role of inter- and intraspecies correlations. By taking explicitly advantage of the coupling
to an environment, in particular, it is possible to steer the distribution of impurities in a lattice
geometry. Here, the majority species serves as an environment that introduces an additional
control parameter via the interspecies coupling, while also experiencing a feedback from the
impurities. It is this property of a mutual imprint of information between the species which
can be exploited to systematically design many-body wave functions and additionally introduce
correlations into the system.

This feature can also be exploited in the context of the collisional dynamics of impurities
immersed in a medium where the nature of the underlying trapping potential plays a signifi-
cant role. This involves for example homogeneous setups [173, 202, 203|, harmonic potentials
[184, 204, 205] as well as lattice confinements [179, 181, 206-209]. Most of these studies were
directed towards the investigation of systems where both species are trapped in the same optical
potential. In this sense, it is to be expected that trapping the species in different potentials
has a strong impact on the observed dynamical response. Let us consider the case of a lattice
trapped majority species which serves as a medium for impurities trapped in a different geome-
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try. Due to the interspecies coupling the impurities experience an effective potential generated
by the density distribution of the other species on top of their trapping potential. Such an
effective potential is in strong contrast to a static confining potential, as it allows for a variation
in the course of the dynamics. In this sense, it adapts to the motion of the impurities and thus
allows for specific engineered transport properties. In [[5|] we have shown that a bath of lattice
trapped bosons acts as multiple material barriers in the context of the tunneling dynamics of
an impurity trapped in a double well. Moreover, we have uncovered the necessity of interspecies
entanglement for the dynamics of the impurities. In [[6]] the impact of a lattice-trapped bath on
the collisional dynamics of impurities has been studied. The study of the collisional dynamics
of impurities with a Bose-Einstein condensate has been the focus of experiments [121, 210, 211|
and already theoretically revealed within a mean-field approach, the total reflection of the im-
purities at the condensate, their trapping within the medium and the appearance of dark and
bright solitons [168]. Such a setup may allow for scattering processes which are a result of
impurity-medium correlations and therefore go beyond the mean-field collision channels. In
[[6]] taking into account intra- and interspecies correlations we were able to uncover a multitude
of dynamical response regimes depending on the interspecies coupling strength, namely the
steady bound state regime, the tunneling region, the dissipative oscillation motion, the pinning
and the total reflection regime.

Objectives of this thesis

In this cumulative dissertation we theoretically study the stationary and dynamical formation
of correlations within interacting ultracold bosonic mixtures trapped in one-dimensional geome-
tries. We focus on the case of particle imbalanced setups at zero temperature with short-range
interaction and trapped in various potential landscapes. Specifically, we demonstrate

(i) how the stationary and dynamical density distribution of impurities trapped in a lattice
can be engineered by coupling to a bosonic medium which is not subject to the lattice
potential [[1-3]].

(ii) the formation of particle-hole pairs in lattice trapped few-body mixtures and their dynam-
ical stability in the course of a transport process [[4]|.

(iii) how the collisional dynamics of impurities with a lattice trapped medium is influenced by
interspecies correlations [[5,6]].

(iv) how the polaronic properties and the underlying correlations are influenced by introducing
a second medium, i.e. considering an impurity in a Bose-Bose mixture [[7]].

We were able to gain these insights by employing the Multi-Layer Multi-Configuration Time-
Dependent Hartree method for atomic mixtures which allows us to take into account and thereby
uncover all the necessary inter- and intraspecies correlations in multi-component systems. In
Sect. 1.1 we give an overview of bosons in optical lattices as they are constituents in most
of our studies. Since we are concerned with the impact of correlations in our systems under
investigation we review the Gross-Pitaevskii mean-field theory in Sect. 1.2 and introduce our
treatment of correlations in Sect. 1.3. In Sect. 1.4 we discuss the ab-initio variational method
which has been used to treat the multi-component systems. Finally, in Sect. 1.5 we introduce
possible ways to analyze the high-dimensional many-body wave function in terms of reduced
quantities.



1.1 ATOMS TRAPPED IN OPTICAL LATTICES

1.1 Atoms trapped in optical lattices

AC Stark shift - Atoms trapped in optical lattices serve as a promising platform for simulating
solid state physics. Employing interfering optical laser beams a standing wave can be generated
yielding a periodic potential energy landscape [212, 213|. For a classical electromagnetic field in
one spatial dimension let us consider a plane wave of the form E(z,t) = Eg(x)e™! + E} (x)e ™™
with an amplitude Ey and a frequency w. Exposing a neutral atom to the light field induces
a dipole moment d in the atom. The polarized atom interacts with the electric field under the
dipole approximation H; = —d - E(x,t). Let us now assume that the atom comprises only
two internal states |g) (ground state) and |e) (excited state) with an energetic separation of
fiwy. Expanding the interaction term H; in terms of lg) and |e) while neglecting the diagonal
contributions, due to an absent permanent dipole moment, we arrive at the system’s total
Hamiltonian

Hy Hyp
Ay, = T le) (el — Cheg 1) (9] + ity 19) () - B, D), (11)

where fieg = (€] d|g). In order to transform the Hamiltonian into a time-independent one, as a
first step one performs a unitary transformation into the interaction picture with U = e~ wo=/2
with 6, = |e) (e|] — |g) (g9]. Since the Schrédinger picture and the interaction picture coincide
for the first term in the Hamiltonian, the transformation is effectively only applied to Hj as
UTH;U. Applying now the rotating wave approximation, i.e. A = w — wy < w + wp, and
transforming back to the Schrédinger picture the Hamiltonian reads

: hA ()

iy~ ") ) - ")

le) (9] = l9) (el (1.2)

where Q(z) = %O() denotes the Rabi frequency. The effect of the atom-light interaction
—hA+RVQ2+ A2
2

results in the follovvlng eigenvalues £ = , leading to a positive (negative) energy

shift B2 = :t% for the ground (excited) state in the limit of large detuning as compared to
the Rabi frequency. This is known as the quadratic AC-Stark shift. Specifying now the spatial
extension of the electric field, we obtain in the case of a standing wave a periodic energy shift
Ef) = hio sin?(kx) for the ground state of the neutral atom, with k being the laser wavevector
and Q(z) = 2Qpsin(kz). This energy shift can be interpreted as a lattice potential for the
neutral ground state atom such that a single atom being subject to it comprises the following
Hamiltonian 2

Ho = " 2mdx?
where the lattice depth Vj can be tuned by the electric field amplitude Eg as well as the detuning
A.

Bose-Hubbard model - Considering many particles which are subject to a lattice potential
one needs to introduce interactions among the atoms. For ultracold bosonic atoms the latter can
be modeled by an s-wave contact interaction of the type Ur(z,2’) = go(x — '), where positive
(negative) coupling strengths g correspond to repulsive (attractive) interactions between the
respective atoms. In second quantization the Hamiltonian for many interacting atoms in a
periodic potential reads

+ Vo sin?(kz), (1.3)

A A 2 2 A A A A A
H = /dﬂZ\I/T(l‘) 2h dd2 + Vo sin (k:a:))‘li(:c) —f—g/d:c\IlT(az)\I/T(x)\Il(a:)\Il(x), (1.4)
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where \if(x) is the bosonic field operator and g = %2“5 with the s-wave scattering length
as [214]. Typically such a Hamiltonian is treated by mapping it to a Bose-Hubbard model.
While the original Hubbard model [35] has been introduced in order to describe the behavior of
strongly correlated electrons, being then applied to a plethora of solid state physics problems,
replacing electrons by ultracold bosons allowed for a direct implementation of a Bose-Hubbard
model in experimental setups.

In the following let us briefly discuss the derivation of the Bose-Hubbard model starting from
a continuous lattice potential in Eq. 1.4. For this purpose it is necessary to recapitulate the
eigenstates of Eq. 1.3, which are given by the Bloch functions ¢}}(x). The indices k and n denote
the quasi-momentum and the band index, respectively !. Increasing the lattice depth increases
the band gap between the first and second band 2. This eventually prohibits excitations into
higher bands, in particular the second one, for low-energy excitation processes. Hence, we
are able to restrict ourselves to an effective Hamiltonian in a subspace spanned by lowest band
eigenvectors. Since the Bloch functions are delocalized over the lattice geometry, it is convenient
to construct a basis set using the Bloch functions which exhibits maximally-localized states with
respect to the lattice sites, i.e. Wannier states [215-218|. In one dimension it has been proven
that such a basis can be uniquely constructed by choosing the relative phases between the Bloch
states appropriately [219]. The localization width of the Wannier states depends on the lattice
depth.

We will now expand the bosonic field operators in the basis of the Wannier states of the
lowest band by W(z) = >, a;w;(x), where w;(x) denotes the respective Wannier state at site .
This expansion transforms the Hamiltonian in Eq. 1.4 to the well-known Bose-Hubbard model

. U
HBH:_JZdZ&j"’_?Zﬁi(ﬁi_l)’ (1'5)
(4,7) ¢

Here, the assumption that the lattice depth V{ is large, such that the Wannier states are
highly localized within each well, leads to the fact that they do not overlap significantly. This
tight-binding approximation restricts the creation (&;-r) and annihilation (a;) of bosons only
to neighboring sites, indicated by (i,7), with a hopping strength J = fdmw;‘@)(—ﬁﬁ +

2m dx?
Vo sin?(kz))w;(x). The on-site interaction which can be either attractive or repulsive is given

by U = g [ da|w;(z)|*. In the derivation of Hpy usually the term Y., [ da|w;(z)|2(— 1 L, +

2m dx?
Vosinz(k:a:))&;rdi is neglected since it solely describes a global energy offset. From Eq. 1.5 we
can deduce that bosons are able to lower the system’s energy by delocalizing along the lattice.
However, two particles occupying the same site raise the system’s energy by U for repulsive
on-site interaction. As can be seen from their definition, U and J can be manipulated by
varying the lattice depth. While the increase of Vj leads to higher barriers and thus reduces
J, it increases U due to a stronger localization of the Wannier states. Moreover, U can be

additionally tuned by changing the interaction strength g.

The Bose-Hubbard model has successfully predicted the essence of the insulator-superfluid
transition, thereby rising to prominence. Such a quantum phase transition has also been realized
in the context of ultracold bosonic atoms. This transition is based on the presence of two distinct
phases depending on the ratio of the hopping amplitude and the on-site interaction. Focusing
on the case of an ideal gas where U = 0, the system is only subject to a hopping of the particles,
and thus favors delocalization. Consequently, the energy is minimized for all particles occupying

LFor finite-size lattices k is a discrete quantum number within each band and the corresponding eigenstate is
degenerate with respect to +k.
2For discrecte lattices also the energetic gap between eigenstates of different k decreases for fixed n.
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1.2 THE GROSS-PITAEVSKII EQUATION AND MEAN-FIELD APPROXIMATIONS

the energetically lowest-lying Bloch state with & = 0. The ground state is therefore given by a
product state

Wsr) = H¢Z§é(xi)a (1.6)

with z; denoting the spatial degree of freedom of the i¢th atom, leading to the system being
superfluid (SF) in this regime. In the opposite regime for J = 0 the system is no longer domi-
nated by a delocalization of the atoms. Instead, assuming commensurate filling of the lattice,
the energy is minimized for each particle occupying one well separately and as a consequence
the system becomes a Mott insulator (MI). Placing two particles in the same lattice site would
increase the energy by U for U > 0, thereby denoting an excited state. The ground state can
be again described by a symmetrized product state

W) = Ha} lvac) (1.7)

where each particle occupies a different Wannier state.

Naturally, the Bose-Hubbard model applies only to a small range of setups since the single
band approximation is often insufficient to describe all the intrinsic processes in a system.
For example, for strong interaction strengths g as well as shallow lattices contributions from
higher bands are expected to be non-negligible. In these cases the Bose-Hubbard model can
be extended such that hopping and on-site interaction between different bands is taken into
account. Therefore, also the respective hopping amplitudes and on-site interaction strengths
are modified. Moreover, in the case that interactions among the particles are not of contact
but long range type, interactions are likely to appear at least between next neighbors of the
type > (i) Vijninj. The solution of Bose-Hubbard models has been tackled utilizing analytical
and numerical approaches ranging from mean-field theories, renormalization group techniques
[220-223] and Monte Carlo methods [162, 224].

1.2 The Gross-Pitaevskii equation and mean-field approximations

Let us consider an ultracold dilute atomic gas of large particle number confined in an external
potential Vg (x). We assume that the dominant interaction processes are of two-body character
such that we can neglect three-body processes. The occurrence of a Bose-Einstein condensation
can be attributed to the fact that one single-particle eigenstate |¢) becomes macroscopically
occupied, which in the ideal case includes all atoms in the system. This results in the system
being approximately described by the wave function

N
U(zy, .o an,t) = [ [ o= 1), (1.8)
=1

with z; denoting the spatial degree of freedom of the ith atom. Since we are assuming to be
in the ultracold regime the interaction among the particles is well approximated by a contact
interaction V(z — z') = gd(z — «'). Employing the ansatz for the wave function in Eq. 1.8 in
order to compute the energy functional we arrive at the following expression

h? d?
El®)] = /dx( — O @) 5O, 8) + Ve @), ) + S|0(@ DY), (1.9)
where ®(z,t) = vV N¢(x,t) is the renormalized single particle wave function. Employing now
the variational principle ihaq}()ft) = gﬁ for the energy density functional we arrive at the
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famous Gross-Pitaevskii equation [4, 5, 225, 226]

L 0®(x,t) h? d? ,
= = (= s+ Vet®) + gl ) @) (1.10)

This reduces the many-body problem to a single-particle one where all process are governed
by the behavior of a single orbital. Eq. 1.10 has the form of the Schrédinger equation except
for a nonlinear term that takes into account the interaction between the particles. While the
Gross-Pitaevskii equation describes an ideal Bose-Einstein condensate, weak excitations can be
introduced by applying the Bogoliubov theory [227-236|. To this end one linearizes the wave
function by adding small perturbations §® and expands Eq. 1.10 while neglecting quadratic
terms. Diagonalizing the resulting Hamiltonian using the Bogoliubov transformation one is
able to retrieve the elementary excitations of a Bose-Einstein condensate. The corresponding
dispersion relation exhibits a linear behavior for small momenta and a quadratic one for large
momenta. We note that the treatment of a many-body system within a mean-field theory
works remarkably well for the large particle number limit, whereas in few-body systems strong
deviations from this theory are to be expected as one introduces significant potential quantum
depletion. Applications of the Gross-Pitaevskii equation can be found in various research areas,
including in particular the description of the excitation and interaction of dark [237-239], bright
[240, 241] and dark-bright solitons [242-245] as well as vortices [246-251] in higher dimensions.

The idea behind the Gross-Pitaevskii equation can be also employed in the case of a weakly
interacting mixture of bosonic species A and B. In such a setup we can approximate the system
by

Ny Np
U(zy, .oy, t) = [ o @i t) [] 07 (w,0), (1.11)
i=1 j=1

if the interactions among the atoms of each species as well as between the species are weak.
Computing now the energy functional for the mixture and applying the variational principle
leads to a pair of coupled Gross-Pitaevskii equations

04 (x, 1) n o d? A A 2 B 2\ A
= = (= g V() + 944127 (@ )P + gapl 8P (2,0 7 1. 1),
0P (z,1) n o d B B 2 A 2\ B

=g = (= g+ VE(@) + 9m0|2° (@) + gan|® (2,0 ) 27 a,1),

(1.12)

where ®7(x,t) = \/N,¢? (x,t) is similarly renormalized. Apart from a nonlinear term that is
due to the intraspecies couplings ga4 and gpp in each equation an additional nonlinear term
appears as a result of the interspecies coupling with a strength of gap.

It is possible to extend the Gross-Pitaevskii mean-field theory by considering a time-dependent
multi-orbital mean-field ansatz [252-254]. As such the many-body state is assumed to be a single
bosonic number state

(W (t)) = [n1,na, ... mL), - (1.13)

Here, n; denote the occupation of the ith variationally optimized time-dependent single-particle
orbital. Consequently, one is able to consider situations in which not all particles reside in the
same single-particle state, instead allowing for the condensate to be fragmented. Nevertheless,
one should note that the correlations which are introduced are solely due to the exchange
symmetry of the bosons.

12
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1.3 Including correlations beyond the mean-field approximation

So far in Eq. 1.8 and Eq. 1.11 we have assumed that the intra - and interspecies interactions
of the system are weak such that the system can be approximated by a product state ansatz
within each species and between them. However, such an assumption is only valid for a small
range of possible interactions in the system. Therefore, generally a more complex structure of
the system’s wave function |¥) has to be assumed, which we refer to as a correlated state.

Let us begin by formulating the general wave function of a binary mixture as

M
= ST Vn e [eh). (1.14)
=1

Here, we have used the Schmidt decomposition [255-257] in order to contract the expansion to a
single sum with orthonormal species wave functions |¥¢). The coefficients A; in decreasing order
denote the entanglement between the species with ) ;”; A; = 1. In the case of \; = 1 the system
is described by a single interspecies product state, implying that the species are not entangled.
However, in contrast to Eq. 1.11 each species function may be composed of a superposition of
several product states. In order to obtain the degree of interspecies entanglement we usually
determine the species density matrices

pA—TrONB[]\II } Z/\ [TAY (T4
(1.15)
pB_TrNAO[\\If ] Z)\ 0By (0B

Here, we perform a trace Trp g over the P particles of the A-species and the @ particles of the
B-species. Consequently, the species functions appearing in the expansion of the wave function
U (Eq. 1.14) coincide with the eigenvectors of the species density matrices (Eq. 1.15), while \;
describe the interspecies correlations.

Having analyzed the correlations between the species, in the next step one can ask for the
correlations among particles of each species and their impact on the single particle level. For this
purpose, one additionally traces out all atoms except for one of the respective species starting
from the species density matrices. This yields the one-body density matrix of the corresponding

species
oA = o, 19 1 = 3ol o (2,

(1) B B B (1.16)
Pp _TrNANB 1[|\IJ } Zn |(I) (I) ’

In the last step we have written the one-body density matrix as a spectral decomposition with
eigenvectors |®7) (natural orbitals) and eigenvalues n{ (natural populations) [258-260]. For
n{ = 1 one recovers the Gross-Pitaevskii solution (Eq. 1.10) and as a result species o is referred
to as condensed. Deviations from the condensate fraction can be captured by the depletion
1 —n{ which is used to judge the validity of the mean-field Gross-Pitaevskii approximation. As
soon as more natural orbitals are significantly occupied one speaks of a fragmented state and
intraspecies correlations which cannot be described by the Gross-Pitaevskii ansatz. Therefore,
other methodological approaches are needed in order to treat systems with inherent intraspecies
and interspecies correlations that go beyond mean-field approximation.
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1.4 Methodological approach: ML-MCTDHX

The strong control over the system parameters in the field of ultracold atoms, such as the in-
teraction strength, the various trapping potentials as well as the dimensionality to name a few,
allows to enter highly correlated regimes which cannot be treated in a single particle frame-
work. Hence, highly sophisticated computational methods are needed in order to compute the
spectrum of such regimes or to track their nonequilibrium dynamics. The most direct approach
is given by the exact diagonalization [261] which relies on representing and diagonalizing the
Hamiltonian in an adequate many-body basis. Other methods include for example density ma-
trix renormalization group techniques [220-223], Monte Carlo methods [162, 224], variational
methods [152] and perturbative approaches.

In our studies we employ the Multi-Layer Multi-Configuration Time-Dependent Hartree
method for atomic mixtures (ML-MCTDHX) [262-264] which is a variational approach. This
method has its origins in the Multi-Configuration Time-Dependent Hartree method (MCTDH)
[265-267] which has been developed for the investigation of the wave packet dynamics in molec-
ular systems. Here, the degrees of freedom are distinguishable such that the wave function can
be directly decomposed as a product of these. However, in the case of bosons and fermions there
is permutation symmetry that needs to be accounted for. MCTDH has been modified to handle
indistinguishable particles, namely MCTDHB and MCTDHF [268-270], respectively, employing
a (anti-) symmetrized product state basis (number or Fock states) [271, 272]. MCTDHB has
turned out to be very powerful in the case of ultracold bosonic systems [95, 273-292]. Based
on the multi-layer variant of MCTDH, i.e. ML-MCTDH [293-296], ML-MCTDHX has been
recently developed in order to treat bosonic and fermionic mixtures. Let us note that recent
progress has been made for dynamical pruning of the wave function configurations [297, 298|.
Apart from allowing for a high flexibility in the investigation of atomic mixtures, the multi-
layer architecture effectively reduces the number of states that are needed in order to treat
the system correctly. So far this method has been efficiently applied for unraveling the ground
state properties as well as the nonequilibrium dynamics of Bose-Bose [169, 170, 185, 299-305],
Bose-Fermi [179, 205, 306] and Fermi-Fermi [307-310] mixtures including also specific internal
degrees of freedom, such as spin components. Recently, in [|7]| the investigations have been
even extended to triple mixtures paving the way for a completely new class of systems.

1.4.1 Wave function ansatz for mixtures

ML-MCTDHX is a variational method which is able to take all the necessary correlations into
account and therefore allows for going beyond the lowest-band and tight-binding approximation
for lattice systems and beyond the Bogoliubov approximation for Bose-Einstein condensates.
Within ML-MCTDHX one has access to the complete many-body wave function which allows us
consequently to characterize the underlying system in detail. Besides investigating the quantum
dynamics it allows us to calculate the ground (or excited) states by using (improved) relaxation,
thereby being able to uncover also possible degeneracies of the involved many-body states. Stan-
dard approaches for solving the time-dependent Schréodinger equation rely on constructing the
wave function as a superposition of time-independent number states with time-dependent co-
efficients. Instead, the ML-MCTDHX approach considers a co-moving time-dependent basis,
such that in addition to time-dependent coeflicients the single particle functions spanning the
number states are also time-dependent. This leads often to a significantly smaller number of
basis states that are needed to obtain an accurate expansion, eventually reducing the computa-
tion time and thereby rendering the treatment of mesoscopic systems feasible. The multi-layer
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structure of the wave function allows us to uncover and characterize inter- and intraspecies
correlations in the system under investigation.

In general, a mixture of K different species is determined by states of a Hilbert space
H =H"' ®..R HE, where g; denotes the label of species K. For a binary mixture this
leads to an expansion of the system’s wave function in a truncated Hilbert space as |¥(t)) =
Z%A’MB Ay (1) [TA(1)) |\ilf(t)) We are able to restrict the expansion over a single sum by
applying a singular value decomposition, commonly known as the Schmidt decomposition [255—
257]. The total many-body wave function |¥(¢)) is then represented by M = min (M4, Mp)

species functions |W7(t)) of species o

M
[U(0) =D V) [ (0) 8P (1) (1.17)
i=1

Here, the Schmidt coefficients v/);, in decreasing order, provide information about the degree
of population of the ith species function and thereby determine the degree of entanglement
between the species. Furthermore, the species wave functions [¥7(t)), describing an ensemble
of N, bosons, are expanded in a set of permanents

(W7 (1) = Y Con(t)[%;1), (1.18)

77| Ny

where the vector 77 = (n{,ng,...) denotes the occupations of the m, time-dependent single-
particle functions of the species o. The notation 77| N, indicates that for each |77;t) we require
the condition ), ny = N,, resulting in (N "T::l_"l_l) number state configurations. The underlying
single-particle functions are typically represented by a finite number of time-independent states
in a discrete-variable representation [311-313]. The time propagation of the many-body wave
function is achieved by employing the Dirac-Frenkel [314-317| variation principle (§¥| (i0; —
H) |¥) with the variation 0¥. A detailed derivation of the resulting equations of motion can be
found in [264].

Let us note that in the case of triple mixtures the system’s wave function cannot be described
within a Schmidt decomposition and is rather given by

Ma,Mp,Mc

W)= D Ayl [P (1) [PF (1), (1.19)
ijk=1

where the coefficients A;j;, account for interspecies correlations. Here, the entanglement can be
defined between a single species and the bipartite system composed of two species. As such, the
entanglement between the A species and the two species B and C' is defined by the eigenvalues
of the matrix A with the matrix elements A;; = Dkl AiklA;‘-kl.

1.4.2 Convergence and approximate limiting cases

In general, in many-body physics one encounters the problem of a Hilbert space growing expo-
nentially with the number of particles and orbitals. In some limiting cases, e.g. when considering
weak interactions among the constituents of a system, mean-field approaches such as the Gross-
Pitaevskii approximation can be applied. However, one should note that also these theories only
approximate the solution of the system under investigation. ML-MCTHDX offers an enormous
flexibility for the treatment of many-body systems, while suffering like all particle-correlation
based ab-initio methods from the size of the Hilbert space. For this reason one needs to be
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careful when performing a truncation of the Hilbert space in order to arrive at an expansion of
the wave function which is a good approximation to the exact solution. Since the expansion is
done on many layers the configuration space is controlled by the tuple C = (M, m 4, mp,npyR)
for binary mixtures. Let us note that this becomes even more involved in the case of a triple
mixture, where the tuple extends to C = (M4, Mp, Mc,ma,mp, mc,npyr) as the Schmidt
decomposition can no longer be employed. For the sake of argumentation we will now discuss
the case of a binary mixture.

As already discussed, M denotes the number of species functions appearing in the Schmidt
decomposition in Eq. 1.14, whereas m, refer to the number of single-particle functions of the
species . In the last step each single-particle function needs to be expanded in a discrete-
variable representation, where npy g gives the number of employed primitive functions. As a
result of this layering ML-MCTHDX is able to cover the Gross-Pitaevskii mean-field limit by
setting M = my = mp = 1 as well as the limit of the full configuration-interaction. The latter
describes the case of M, = (N "7::”_"1_1), while the number of single-particle functions equals the
size of the discrete-variable representation, i.e. my, = npyg.

Another typical limit is given by the species mean-field approximation, where one restricts
the wave function to a single product state of the species functions, i.e. M = 1. This ansatz
prohibits entanglement between the species but allows for intra-particle correlations to appear.
The latter can be a result of the interactions among the particles of each species as well as
interactions between the species, even when interspecies entanglement is neglected. When
studying a many-body problem one uses this approximate ansatz in order to illuminate the role
of interspecies correlations when comparing to a converged solution which includes interspecies
entanglement.

In order to obtain the exact many-body wave function it would be desirable to employ the full
configuration-interaction expansion. However, in most cases this is computationally prohibitive,
such that one needs to find an optimal truncation between the configuration-interaction and
the Gross-Pitaevskii mean-field approximation. Typically one chooses the number of species
functions smaller than the size of the respective number state space, M < (N"nf:”_"l_l), and the
number of single-particle functions smaller than the size of the discrete-variable representation
me < npyr. Note that in contrast to an exact diagonalization this does not suffer from the
restriction to a specific single-particle basis since here the basis is variationally optimized on
all layers. As a result the representation of the many-body state becomes very efficient when
considering as few relevant coefficients as possible, but trying to capture all relevant correlations
at each time step.

We are able to control the convergence of a simulation by systematically increasing the con-
stituents of the tuple C = (M, ma,mp,npyr) and comparing the respective observables of
interest such as the energy and the one-body densities of the species for each tuple. The nat-
ural populations n¢ as well as the Schmidt coefficients v/A; are also valuable quantities when
analyzing the convergence of a many-body simulation. In this sense one aims at an exponen-
tial decay of nY and \; with index ¢ of the species functions and the natural orbitals with the
lowest occupation being below 1%. This ensures that adding more species or single-particle
functions does not result in a potential significant contribution of the new ones, such that they
can be safely neglected. As such the lowest populated species and single-particle functions play
a minor role for the description of the wave function and one can assume to have provided
a sufficiently large basis set, which incorporates all relevant physical phenomena, while the
quantitative differences are controlled to be below the desired number of decimal points.
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1.5 Effective potentials and number state analysis

Employing ML-MCTDHX one has access to the whole many-body wave function which is
expanded on several layers. However, this object is usually high-dimensional since it depends
on several degrees of freedom for many particles and as such it cannot be directly visualized.
In order to overcome this and infer information from the wave function one possible way is
given by analyzing reduced quantities such as the expectation values <Ol> and (Og) of one-
body and two-body observables, respectively. In order to compute these it is sufficient to utilize
the respective one - and two-body density matrices and performing a trace over the remaining
degrees of freedom. Let us explicate this in the case of a binary mixture for observables which
act solely on the subspace of species A where the expectation values read

<0A‘i4> = Trl,O [Ofﬁg)}
X @ (1.20)
(03) = Trz20| 0557 |,

where [)542) = Tryn,—2.np [|‘I/) <\II\] denotes the two-body density matrix of species A similarly
defined as in Eq. 1.16. In addition, it is of immediate value to determine the one- and two-body
densities which are the diagonal elements of the respective matrices (or tensors) with respect

to the eigenstates of the position operator. In this sense, the one-body density pg)(z) yields
the probability of finding a particle of species A at position x, while the two-body density
pf) (21, x2) represents the probability of measuring one particle of species A at position x1 and
another one at position xy. Similarly, one can define such a probability for one particle of species

A and another one of species B using ,5523 = Try,—1,Np-1 [ | W) (T| } All of these quantities

can provide insights into the behavior of the system under investigation, but suffer from being
restricted to one or two particles.

In order to gain access to a microscopic characterization of the many-body wave function
one needs to go one step further and analyze the number state basis in which the latter is
expanded. One should note that in ML-MCTHDX the underlying basis of the wave function
is time-dependent and variationally optimized which means that the single-particle functions
can be of arbitrary structure. As a result when considering the occupation of a single-particle
function it is not clear how the latter relates to physically motivated basis functions such as
e.g. the eigenfunctions of the harmonic oscillator. Nevertheless, it is possible to probe the
probability of finding the system’s many-body wave function |¥) in a number state |74) [75)
by building the projection P(|ii4) |7iB)) = | (¥|74) |7P) |2. Naturally, the underlying single-
particle functions of the number states are chosen such that they relate to the system at hand.
Hence, it is convenient to choose Bloch or Wannier functions when one of the species is trapped
in a lattice geometry, whereas for harmonically confined particles Hermite polynomials would
be an adequate choice.

Even though this straightforward approach is usually insightful, it does not always yield
an appropriate basis representation, i.e. 3 zan, 75N, P(|7iy |iP)) < 1. This happens in
particular for dynamical processes in binary mixtures. In these cases, it is useful to employ a
more sophisticated single-particle basis for building the number states. For this purpose, we
construct an effective potential for species o which takes into account the density distribution of
the other species. The derivation of the effective potential is based on the assumption that the
two species are not entangled, i.e. they can be described by a single product state. However, let
us note that this can be also applied for systems in which entanglement is non-negligible since
we employ the effective potential only as a tool in order to describe the full system in terms of
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the eigenstates associated with the effective potential. Assuming now a product state ansatz
|@) = [U4) |BB) for a system described by the Hamiltonian H = H 4+ Hp + H 4p it is possible
to reduce the action of the Hamiltonian on the wave function to an effective description for
|T4) by projecting with |¥5) from the left resulting in

(Fra+ (U g [05) + (08| Fap |97) ) [04) = B[94, (1.21)

Here, the term (07| Hg |¥B) can be attributed to the energy of species B while (05| H g [U5)
can be understood as an effective Hamiltonian acting on species A.

In case the interspecies interaction can be approximated by a contact one with a strength
of gap the latter reduces to a one-body potential of the form (¥5| Hap U8B = gABNBpg)(x)
which takes into account the one-body density distribution of species B. The resulting effective
potential reads

Vers (@) = Va(@) + gapNpply (z), (1.22)

where V4 (z) denotes the trapping potential of the A species. pg)(ac) is the one-body density

associated with the wave function obtained from a many-body simulation within ML-MCTDHX.
Therefore, it generally exhibits a complex structure.

Let us briefly discuss the role of the constituents which modify the trapping potential of
the A species. Increasing g4p or Np naturally leads to a stronger impact of the B species on
the effective potential experienced by the other species. However, one should note that under
this variation ,0531)(:6) does not necessarily remain static, but may also change its distribution.
Moreover, the latter also depends on the parameters describing Hp and as such there are
many possibilities to manipulate the effective potential Ver;. As described above, the effective
potential serves as a tool for gaining insight into the microscopic processes underlying the actual
wave function representation while yielding eigenstates which are well adapted to the problem
at hand. Consequently, one may also employ it for describing highly entangled systems, even
though it is not guaranteed that it always provides an adequate basis set.
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Outline of the scientific
contributions

In this chapter, we summarize our scientific contributions published in Refs. [[1-7]]. More
detailed explanations may be found in the manuscripts provided in Chapter 3. All contributions
are based on the characterization of the ground state properties and non-equilibrium dynamics
of atomic mixtures subjected to various trapping potentials. In Refs. [[1-3]|| the ground state
properties of lattice trapped impurities coupled to a Bose gas are studied, while we additionally
investigate the dynamical response of the respective many-body ground states upon quenching
the interspecies interaction strength in |[3|]. In Ref. |[4]] also the Bose gas is trapped in a lattice
geometry such that the whole system can be considered as a lattice trapped system doped with
impurities. A different quench scenario is considered in Ref. [[5]] where upon quenching the tilt
of the double well the tunneling dynamics of impurities in a double well immersed in a bath of
lattice trapped bosons is unraveled. A similar quench protocol is applied in [[6]], while here the
impurities are trapped in a displaced harmonic confinement. In [[7]] we extend the notion of
a binary mixture to triple mixtures where impurities are immersed in a harmonically confined
Bose-Bose mixture.

2.1 Lattice trapped impurities immersed in a Bose gas

The first four publications deal with one-dimensional binary systems comprised of lattice trapped
impurities which are immersed in a Bose gas (see Figure 2.1), while in [[4]] also the Bose gas
is subject to a lattice potential (see Figure 2.2). Upon variation of the system parameters,
e.g. the interspecies interaction strength and the lattice depth, the ground state properties as
well as the dynamical response after a sudden quench of the interspecies interaction strength
is investigated. We analyze the impact of inter - and intraspecies correlations on the system
properties and aim at establishing links to microscopic mechanisms. In particular, we employ
the projection onto fixed number state basis sets in order to characterize the many-body wave
function. Furthermore, we construct effective Hamiltonians and associated effective trapping
potentials in order to obtain an intuitive understanding of the observed phenomena. As a result,
we are able to get insight into the localization properties of the impurities due to the coupling
to the Bose gas as well as the dynamical response, which involves transport processes of the
impurity species.
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JBB

Figure 2.1: (a) Sketch of the two-component mixture in [[1-3]]. The impurities (blue dots)
interact repulsively via an intraspecies contact interaction of strength g4 and via
an interspecies contact interaction of strength g4p with the atoms of the Bose gas
(red dots). The latter atoms in turn weakly interact via an intraspecies contact
interaction of strength ggpp.

Correlation induced localization of lattice trapped bosons coupled to a
Bose—Einstein condensate [[1]]

In [[1]] we examine the ground state properties of a one-dimensional lattice trapped bosonic
species immersed in a Lieb-Liniger type gas [318-320], i.e. a Bose gas with periodic boundary
conditions. We note that the latter majority species is not subject to the lattice potential. In
this work we consider a triple-well in which N4 = 3 non-interacting impurity atoms are trapped,
while the majority species consists of Ng = 10 weakly interacting particles. Our main focus lies
on the pure impact of the majority species on the impurity atoms, which is why the impurity
atoms are chosen to be non-interacting.

We investigate the system’s ground state under variation of the lattice depth V{ and the
interspecies interaction strength gap, with a focus on intra- and interspecies correlations. For
gap = 0 the subsystems are disentangled and due to the impurities being non-interacting
each of them occupies the energetically lowest Bloch state, thereby being delocalized over the
whole lattice. An increase of the interspecies coupling strength leads to a disturbance of the
uncorrelated state, which we measure in terms of the natural populations, i.e. the eigenvalues
of the one-body density operator of the impurity species. For small gap and V{ the most
populated natural orbital is only weakly depleted, whereas increasing gap and Vj leads to a
stronger depletion. The depletion saturates towards large interspecies couplings and lattice
depths, which manifests itself in the occupation of two additional natural orbitals with an
equal population of 1/3. Additionally, this has an impact on the interspecies entanglement
which increases gradually, indicating that the system can no longer be described by a single
product state of species functions. By employing the two-body density of the impurity species
we observe that for small g4p and V the impurities are delocalized, such that the measurement
of one impurity does not impact the detection of the second one. In the correlated regime the
impurities localize in a single well due to an effective interaction mediated by the majority species
[177, 182, 200]. For small couplings gap the mechanism of the transition can be understood in
terms of energetic arguments. Assuming a product state ansatz we determine the interspecies
energy of the system and divide by the number of particles N4 and Np to obtain the interspecies
energy per particle. This energy is assumed to be used in order to excite a single impurity from
the energetically lowest Bloch state to one of the excited states in the first band. For small gap
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the parameters which provide the necessary interspecies energy for such a process correspond
to the region of transition from an uncorrelated to a correlated state, while for larger g4p this
simple model fails to describe the transition.

In order to gain deeper insight into the structure of the system’s many-body wave function
in the correlated regime, we project the latter onto number states. We construct the number
states based on the Wannier states of the lowest band for the impurity species, while the number
states of the majority species can be described by any underlying single-particle basis. In order
to characterize the transition to the correlated state we compute the probability of finding the
impurities in a specific number state configuration irrespective of the number states occupied
by the Bose gas. We find that the correlated state can be described by an equal superposition of
number states where all impurities occupy the same Wannier state. The corresponding one-body
density of the majority species function exhibits a minimum at the well where the impurities
cluster.

Finally, we introduce an effective Hamiltonian for the impurity species which contains an
induced interaction and an induced hopping term. This Hamiltonian is constructed by utiliz-
ing the Bogoliubov approximation for the Bose gas and subsequently applying the Nakajima
transformation [321]. We are able to identify an attractive on-site interaction as well as reduced
induced hopping terms in the correlated regime, indicating the localization of the lattice atoms.
Increasing the number of particles in the majority species to e.g. Np = 30 still results in the
transition from an uncorrelated to a correlated state, while the actual transition region is shifted
due to the alteration of the induced interactions.

State engineering of impurities in a lattice by coupling to a Bose gas [[2]]

We go a significant step beyond the scenario in [[1]| by including a repulsive intraspecies inter-
action strength among the impurities in [|2]]. This leads to a competition between the induced
long-range interaction which is mediated by the majority species [165, 166] and the repulsive
contact interaction among the impurities. By tuning the respective coupling strengths we aim
at manipulating the distribution of the impurities in the lattice geometry. In accordance with
[[1]] we examine the ground state of lattice trapped bosonic impurities which are interacting
repulsively via a contact interaction and are coupled to a majority species which is not trapped
in the lattice potential. Here, we consider N4 = 4 impurities in a triple-well and Ng = 10
weakly interacting majority species atoms. The dependence of the system’s ground state on the
boundary conditions is analyzed in detail.

As a first step we employ periodic boundary conditions and vary the lattice depth V and
the interspecies interaction strength gap, while setting the intraspecies interaction strength
among the impurities g4 4 to a finite value. We analyze the obtained ground state by projecting
onto number states and thereby determine the probability of finding the impurity species in
a specific number state irrespective of the number state configuration of the majority species.
The number states for the impurities are constructed using a Wannier basis of the lowest band,
which is sufficient for a description of the underlying many-body wave function. We classify
the ground state by identifying four different regions depending on Vj and g4p. Similar to [[1]]
for small Vy and gap all four impurities populate the energetically lowest Bloch state, leading
to their delocalization. Setting g4p to a small value and increasing the lattice depth, results
in a separate localization of three impurities in different wells with the one extra particle being
delocalized over all wells. The increase of gap leads to two different regimes, being sensitive
to the lattice depth. For small V{y the repulsive interaction among the impurities is not able to
counteract the attractive induced interaction, leading to an accumulation of all impurities in a
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single lattice site, as in [[1]]. For large lattice depths and large interspecies couplings we observe
a pairwise localization of the impurities in adjacent wells, which indicates the long-range type
of the induced interaction. For the latter two regimes the ground state is threefold degenerate
(triplet) due to the translation symmetry as a result of the periodic boundary conditions.
Focusing now on the majority species we investigate its probability distribution with respect
to number states spanned by plane waves. In both regimes of large gap excitations of up to
four particles are necessary to correctly describe the many-body state. The two regimes differ
with respect to the quantitative distribution of the respective number states, such that in case
of a pairwise impurity accumulation the k = 0 plane wave is less populated and higher particle
excitations are more dominant.

Fixing now the interspecies coupling as well as the lattice depth, we find a transition between
the previously observed impurity localization configurations as a function of g4 4. Starting from
an accumulation of all the impurities in a single well for small intraspecies couplings, an increase
of ga4 leads to a sharp crossover towards a pairwise accumulation. For large g4 we recover the
state where three impurities localize separately in different wells while the one extra particle is
delocalized over all three wells. The region of g44 in which the impurities accumulate pairwisely
can be controlled by varying the interspecies interaction strength. This behavior of the system’s
ground state allows for a clear and systematic way of implementing ground states with specific
impurity distributions.

Finally, we investigate the impact of the boundary conditions on our setup. For periodic
boundary conditions we already observed that the pairwise as well as the complete accumula-
tion of the impurities manifest themselves in a ground state triplet. In the case of hard wall
boundary conditions [322] the ground state exhibits a twofold degeneracy (doublet) for impu-
rities clustering in a single well, while for the pairwise localization we observe no degeneracy
anymore (singlet). In both cases the impurities distribute such that they favor localization in
the outer sites of the triple-well. Additionally, including a repulsive Gaussian potential for the
majority species in the middle of the box allows for changing the singlet into a doublet, where
the impurities tend to localize towards the center, and vice versa. In this sense, we are able to
address the states which are missing in the triplet when implementing solely hard wall boundary
conditions.

Interaction-induced single-impurity tunneling in a binary mixture of trapped
ultracold bosons [[3]]

Exploiting the possibility to engineer the localization properties of impurities as discussed in [[2]],
we explore the dynamical response of a system which exhibits a specific impurity distribution
upon a quench of the interspecies interaction strength. Specifically, we consider N4 = 4 impurity
atoms trapped in a five well lattice with hard wall boundary conditions immersed in a majority
species of N4 = 10,30 particles which obeys the same boundary conditions but without the
lattice potential. Before turning to the dynamics we aim at getting an overview of the ground
state in dependence of the interspecies interaction strength g4p and the lattice depth Vj.

Similar to [[1]] and [[2]] we extract information out of the many-body wave function by
projecting it onto number states and determining the probability of finding the system in a
specific number state of the impurity species irrespective of the number states occupied by
the majority species. The corresponding number states of the impurities are constructed with
a generalized Wannier basis of the lowest band [217, 218]. For large lattice depths and small
couplings g4 p the impurities localize separately in different wells such that the central well is not
occupied. Increasing the interspecies interaction strength we observe a transition to a state with
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one two-impurity cluster in an outer well next to a single impurity and one impurity residing
along the opposite wall. For large gap the impurities accumulate in pairs in adjacent sites in
the outer wells. The latter two regimes exhibit a twofold degeneracy with the corresponding
additional states given by the parity-symmetric counterpart.

For the dynamics we prepare our system such that the impurities accumulate in pairs in adja-
cent sites by choosing large lattice depths and interspecies couplings. Subsequently, we perform
a quench of the interspecies interaction strength to a lower value and track the dynamical re-
sponse of the system. Employing the one-body density of the impurity species we are able to
identify four different regimes depending on the post-quench interspecies coupling strength. In
case of weak quench amplitudes the impurities remain trapped in the initially occupied wells
and do not exhibit a response, while the majority species undergoes high-frequency oscillations.
For smaller post-quench gap a tunneling process to the neighboring lattice site is initiated,
which leaves an imprint on the density distribution of the majority species due to the repul-
sive interspecies coupling on top of the high-frequency oscillations. Quenching to even smaller
values of gap we are able to extend the tunneling of the impurities to the next neighboring
site. However, a quench to gap = 0 does not affect the initial impurity configuration, leading
to stable two-impurity clusters in the course of time [61]. This is in stark contrast to a single
impurity trapped in an outer well interacting with a majority species, where such a quench
leads to an impurity transport to the opposite outer well. Additionally, this single impurity
will not tunnel under the presence of a finite post-quench interaction strength, emphasizing the
role of many-body processes in our many-impurity setup. In order to gain insight into how
many impurities actually tunnel to the neigboring sites, we invoke the probability of finding the
system in a specific number state of the impurity species irrespective of the states populated
by the majority species. Indeed, only a single impurity out of the initial cluster tunnels to
the neighboring site, while the remaining cluster remains mostly stable during the dynamics.
Quenching to even smaller interspecies couplings leads to a tunneling of that impurity to the
next-neighboring unpopulated well, such that an oscillation between this well and the previously
populated one occurs.

Focusing now on the role of the majority species, we similarly characterize the underlying
microscopic process by projecting onto the number states of the majority species. For this
purpose, we introduce single-particle functions which are tailored to the many-body problem
and take the effect of the impurities’ presence into account. Such an effective single-particle
Hamiltonian exhibits a potential which consists of the one-body density of the impurity species
(at t = 0) weighted by the prequench interspecies interaction strength and the number of
impurities, see Chapter 1.5. ! While the transfer of the impurity to the neighboring site is
correlated with single-particle excitations of the majority species into the first and second excited
state with respect to the effective Hamiltonian, the impurity transfer to the next-neighboring
site induces two-particle excitations. The single-particle excitations are responsible for the high-
frequency oscillations observed in the corresponding one-body density of the majority species.
Turning now to the impurities again, we need to construct a many-body effective Hamiltonian
in order to extract the oscillation frequency of the one-body density, due to the rather strong
intraspecies interaction among them. The resulting frequency corresponds to a transition of a
single impurity to the first excited state within the effective Hamiltonian. Finally, we are able
to extend our results to the case of Ng = 30 majority species atoms where it is still possible to
transfer the impurity species through the lattice, although the dynamical response in general
is changed due to the altered crossover diagram of the ground state exhibiting an additional
regime.

!'Note that this single-particle picture is only applicable for weakly interacting majority species particles.
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gAA 9dAB

Figure 2.2: Sketch of the two-component lattice trapped bosonic mixture in [[4]]. The majority
species atoms (blue dots) interact repulsively via an intraspecies contact interaction
of strength g44 and an interspecies repulsion of strength gs4p with the bosonic
impurities (red dots). The latter atoms repulsively interact via an intraspecies
contact interaction of strength gpp.

Doping a lattice-trapped bosonic species with impurities: from ground state
properties to correlated tunneling dynamics [[4]]

In [[4]] also the majority species is subject to an external confinement. Consequently our system
consists of two bosonic species, i.e. an impurity species and a majority species, trapped in a one-
dimensional five-well lattice with hard wall boundary conditions. As a first step, we analyze
the ground state properties of the Bose-Bose mixture varying the lattice depth Vy and the
interspecies coupling strength gap for Np = 1,2 impurities and Ny = 4,5 majority species
atoms.

Fixing Vp, we find that while increasing gap the von Neumann entropy exhibits a growth up
to a specific value of the interspecies coupling strength, while any further increase leads to a
sudden reduction of the entropy close to zero. This manifests itself in the majority and impurity
species being localized over the whole lattice geometry for strong interspecies entanglement, i.e
large von Neumann entropy. The sudden reduction of the entropy corresponds to the majority
species forming a hole in one of the outer wells, localizing now only over the four remaining
wells, while the impurity occupies that specific hole. As a result, the two species undergo a
phase-separation [261, 277, 323] which can be understood as the formation of a particle-hole
pair [324]. This is accompanied by the formation of a two-fold degeneracy due to the parity
symmetry with respect to x = 0. Due to the repulsive interaction among the majority species
atoms, additionally they form a Mott insulator-like state on the four populated wells, thereby
avoiding each other. For two impurities a similar behavior can be recovered above a critical
lattice depth, leading to an accumulation of the impurities in a single outer well for large gap.
Below that lattice depth the impurities are delocalized among two neigbouring outer wells and
are two-body correlated. Increasing the number of majority species particles to N4 = 5, for
Np =1, again the formation of a particle-hole pair can be recovered for large gap, while the
additional particle of the majority species is delocalized over the four remaining lattice sites.

In a second step we prepare our system, for one as well as two impurities, in its ground state
for large g4p and Vjp, such that a particle-hole pair is formed. We aim at initiating the tunneling
dynamics of the two species by suddenly reducing the interspecies interaction strength. We find
a very controlled correlated tunneling dynamics, where the majority species tunnels such that
its particles avoid occupying the same lattice site. Moreover, we observe the effective transport
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of a particle-hole pair from one of the outer sites to the opposite one, while the stability of the
pair, i.e. the probability of measuring the particle-hole pair, strongly depends on the presence
of a finite coupling between the species. In this sense, it is necessary not to quench too strongly
in order to maintain a stable particle-hole pair. However, a quench that is too weak does not
allow for a transport of the initial particle-hole pair through the lattice. During the transport
we encounter a strong build-up of interspecies entanglement as well as correlations among the
majority species atoms due to the formation of a superposition of particle-hole pair states. The
latter are of the same structure as the initial state, but exhibit a localization of the impurity in
a different site, while the majority species atoms occupy the remaining four wells separately. In
the case of two impurities it is necessary to quench to lower interspecies interaction strengths
in order to achieve a transport of the impurities which are initially accumulated in a single
outer well. This also has an impact on the stability of the particle-hole pair, being strongly
reduced, and leads to a less structured development of correlations. During the transfer of
the impurities to the opposite outer well where they cluster again, the initially accumulated
impurities delocalize over next-neighbor sites, allowing them to be detected at the same site or
in adjacent ones.

2.2 Collisional dynamics of impurities with a lattice trapped bath

The following two works are dedicated to the collisional dynamics of impurities with a larger
species, referred to as the medium, which is trapped in a lattice geometry. The system is
prepared in its ground state for a finite interspecies coupling strength, while the dynamics is
initiated differently in each case. In [[5]] we apply an initial tilt to the double well in which the
impurity species is trapped and quench the tilt to zero (see Figure 2.3). In contrast to that, in
[[6]] the dynamics is triggered by initially displacing the harmonic confinement of the impurities
and quenching the displacement to the center of the trapping potential of the medium (see Figure
2.4). We are able to uncover dynamical response regimes depending on the interspecies coupling
strength by inspecting the one-body densities of the two species. In order to understand the
underlying microscopic processes we construct a time-averaged effective potential whose shape
already allows for an intuitive understanding. The corresponding eigenstates and Wannier
states serve as a very helpful tool to characterize the dynamics of the subsystems. Thereby we
are able to uncover the transport mechanisms of the impurity species which are a result of the
coupling to the majority species.

Entanglement-assisted tunneling dynamics of impurities in a double well
immersed in a bath of lattice trapped bosons [[5]]

In [[5]] we explore the tunneling dynamics of an impurity species in a double well which is
coupled to a lattice trapped majority species. The latter consists of Ny = 8 interacting bosons
which experience a six-well lattice with hard wall boundary conditions, while the impurities are
subject to a double well with an additional linear tilt. We prepare the system in its ground
state for a fixed tilt and varying interspecies coupling strength g4p. This leads to the impurities
being localized in one of the wells, whereas the overlap of the two species strongly depends on
9AB-

We initiate the tunneling dynamics by quenching the tilt to zero, thus favoring the transport
of the impurities to the opposite well. Due to the repulsive coupling to the majority species
atoms the impurities collide with the latter species, which acts in general as a material barrier
[325, 326]. Thus, the impurities experience an effective potential being formed by the double well
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Figure 2.3: Schematic representation of our setup in [[5]| before (¢ = 0, left panel) and after the
quench (¢ > 0, right panel). The majority species (blue dots) resides in the lattice
potential. The impurities (red dots) are trapped in a double well potential with
an initially superimposed tilt. The quench is performed by setting the tilt to zero,
thereby quenching to a symmetric double well configuration.

and the material barrier which is expected to strongly alter the resulting transport. Indeed,
for a single impurity four different tunneling regimes of the impurity in dependence of the
interspecies interaction strength are encountered. For weak couplings the impurity undergoes
a rather complex tunneling process to the other site of the double well. It turns out that this
is a single-particle effect being caused by the strong initial tilt, such that it is also present
for two non-interacting species (gap = 0). For larger gap the impurity is strongly impacted
by the presence of the majority species. As such, the impurity has to overcome the material
barriers on top of the double well barrier in order to be transported to the opposite well.
Consequently, the impurity oscillates through the density maxima of the majority species and
being finally transported to the other site of the double well where it continues the initial
material barrier tunneling. In this sense, the tunneling of the impurity to the other site takes
place in a very controlled and systematic manner, in particular compared to the case of small
gap. This material barrier tunneling is prolonged for larger interspecies coupling strengths such
that the impurity does not tunnel to the other well within the considered time interval. For
even larger g4p we observe a trapping of the impurity within the initially occupied site due to
the strong repulsion to the majority species, resulting in a self-trapping [292, 327|. In order to
emphasize the importance of interspecies entanglement for the observed tunneling dynamics, we
additionally perform calculations using a single product state of the two species as an ansatz.
We find major deviations with respect to the reported phenomenology employing a many-body
ansatz as soon as the entanglement between the species is non-negligible.

In order to characterize the underlying microscopic processes which take place during the dy-
namics we construct a time-averaged effective potential (TAEP). It is composed of the double
well potential and the one-body density of the majority species weighted by the interspecies in-
teraction strength and the number of particles N4 and averaged over the total propagation time.
For weak couplings the TAEP resembles a double well structure while increasing gap leads to
an additional substructure in the respective wells which intuitively explains the corresponding
material barrier tunneling. Increasing gap further an asysmmetry develops in the potential
where a distinct maximum is strongly suppressed which finally leads to the trapping of the im-
purity in the initially occupied well. Constructing the generalized Wannier functions associated
with the TAEP and determining the probability for an impurity occupying one these functions
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t>0

Figure 2.4: Sketch of the setup under consideration in [[6]] at ¢ = 0 (left panel) and after
quenching the confinement of the impurities (red dots) for ¢ > 0 (right panel). The
harmonic potential of the impurities is initially displaced with respect to the center
of the double-well potential of the bosonic medium (blue dots).

during the dynamics, we are able to describe the transport process in detail. Considering two
weakly interacting impurities we are able to identify the previous four tunneling regimes. In this
context, it is natural to ask the question how the two impurities are transported, in particular
whether they tunnel together or separately. Indeed, we find that the transport process to the
opposite well is rather complex consisting of single particle and pair tunneling.

Many-body collisional dynamics of impurities injected into a double-well
trapped Bose-Einstein condensate [[6]]

Similar to [[5]], in [[6]] we consider a harmonically trapped impurity species that collides with
a medium of Ng = 20 particles that is subject to a double well. Here, we initiate the dynamics
of the impurities by preparing the latter in a displaced harmonic oscillator and quenching it to
the center of the double well. In analogy to [[5]] we vary the interspecies interaction strength
gap from strongly attractive to strongly repulsive and analyze the corresponding dynamical
response [168]. We encounter a very rich phenomenology for the different coupling strengths,
capturing five dynamical response regimes [170].

For strong attractive couplings the impurity is bound to a density maximum, performing
oscillations with a small amplitude, and thus does not completely penetrate the medium [159].
For less attractive couplings the impurity performs an effective tunneling from one density
maximum of the majority species to the other one, which is reminiscent of the tunneling in a
double well [292, 327|. In the region of small attractive and repulsive couplings the impurity is
able to pass through the bosonic gas due to the sufficiently small coupling strength. Hence, it
undergoes a dissipative oscillatory motion [169] which can be attributed to a continuous energy
transfer to the majority species. In this regime, we are able to describe the mean position of the
impurity employing the solution of a damped harmonic oscillator. Fitting the analytical solution
to our numerical results we are able to extract an effective damping constant, an effective
trapping frequency as well as the effective mass of the impurity. We find an increased damping
for increasing attractive and repulsive couplings in the region of small couplings which is due
to the enhanced influence of the medium, while the behavior of the trapping frequency can be
explained within an effective potential approach. Interestingly, the effective mass decreases with
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increasing absolute values of the interspecies coupling. This can be explained in terms of the
accumulation of the impurity’s density in the trap center such that effectively the impurity mass
contributing in the oscillatory motion is reduced . Increasing g4p further a spatial localization
of the impurity in the center of the harmonic confinement, and thus between the density maxima
of the bath, occurs. For very large interspecies interaction strengths the impurity is reflected at
a density maximum of the majority species and is consequently not able to penetrate it due to
the strong repulsion. In all regimes the system exhibits non-negligible interspecies entanglement
which is maximized in the regime where the impurity is pinned and during the dissipative motion
of the impurity. In both regimes the entanglement saturates towards a finite value in the course
of time indicating the development of a steady state. In order to explicate the robustness of
the dynamical response regimes we vary different system parameters which are of immediate
interest. Changing the intraspecies interaction strength between the particles of the medium it
is again possible to realize the respective dynamical response regimes, while the corresponding
regimes are shifted with respect to the interspecies interaction strength. Additionally, a variation
of the initial displacement impacts the amplitude of the oscillation but leaves the regimes intact.

Employing the notion of a time-averaged effective potential, as introduced in [[5]], we are able
to classify the excitations of the impurity during the collisional dynamics. In particular, in case
the impurity is pinned in the center of the trap we find that it is excited into a superposition
of several eigenstates of the effective potential. However, judging from the corresponding one-
body density of the impurity these cannot be identified and can consequently be referred to
as hidden. Moreover, by analyzing the impurity species functions we unravel that the three
dominantly occupied ones correspond to the three energetically lowest eigenfunctions of the
effective potential. Finally, we extend our setup to the case of two non-interacting impurities,
employing the same quench protocol as for a single impurity. Analogously to a single impurity
we unravel five dynamical response regimes which are only slightly shifted with respect to the
system parameters. However, the regime corresponding to the effective tunneling of the impurity
for attractive interspecies couplings does not appear. Instead, the impurities localize at the two
density maxima of the majority species, while exhibiting small amplitude oscillations in the
course of time. As a showcase for the involved microscopic processes we focus on the case where
the impurities are bound to one density maximum of the majority species. For this purpose,
we determine the probability for one impurity occupying a specific eigenstate of the respective
effective potential, while the other impurity populates a different or the same eigenstate. Both
impurities predominantly occupy the energetically lowest eigenstate of the effective potential.
However, we observe that also single-particle excitations as well as two-particle excitations
contribute to the dynamics. Moreover, the intraspecies coupling strength among the medium
atoms is identified as an additional control parameter influencing the compressibility of the
latter and thereby its penetrability.

2.3 Highly imbalanced triple mixtures
The final work on which this cumulative thesis is based on focuses on the first detailed study

of the polaron problem when considering a bath consisting of two species. It also provides the
first application of ML-MCTDHX in the framework of a triple mixture setting.

Polarons and their induced interactions in highly imbalanced triple mixtures [[7]]

In [[7]] we investigate the emergent polaronic properties of impurities immersed in a correlated
one-dimensional Bose-Bose mixture (see Figure 2.5). The Bose-Bose mixture consists of two
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Figure 2.5: (a) Sketch of a general harmonically confined triple mixture setup in [[7]|. The
bosonic atoms interact via a contact interaction of strength g with (o) €
{A, B,C}. Dashed lines indicate intraspecies interactions while solid lines repre-
sent interspecies interactions.

species A and B with equal masses my = mp and Ny = N = 10 particles, while the results
also persist for larger Na, Ng. N¢ = 1,2 bosonic impurities are immersed in this cumulative
bath, while all species experience the same harmonic confinement. The generalization to such
a triple mixture setting allows for the impurities to couple either attractively or repulsively to
the individual hosts, thus offering an efficient platform for steering the polaronic properties.

We study this system by varying the impurity-medium coupling strengths gac and gpc,
which are of contact type, and compute the corresponding ground state. As a first step, we
compute the impurity residue [122] for a single impurity immersed in the cumulative bath and
find a broad peak of the residue with respect to gac for all ggo. For strongly attractive or
repulsive gac the residue decreases towards zero which indicates the decay of the polaron. The
strong repulsion leads to a phase-separation of the impurity with respect to its host, while
forming a shell structure, and thereby renders no dressing possible. On the other hand, for
strong attractions g4c the impurity either resides within both hosts for gpo < 0 or solely lies
within host A while B forms a shell structure for ggc > 0. Due to the variation of the coupling
strengths the polaronic residue peak can be flexibly controlled. Remarkably, for attractive
couplings gpc the quasiparticle character can be maintained for larger interaction strengths as
compared to the case of impurities immersed in a single component bath. Such a behavior is
also present for heavier impurities, where the baths are formed by the hyperfine states of 8'Rb
and impurities are either 3Cs or 1™*Yb. Here, only minor deviations to 8’Rb are found, which
manifest themselves in slightly larger (smaller) widths of the residue peak for ggc < 0 (9pc>0).

The presence of a binary host is also reflected in the polaron binding energy, being defined
as the energy difference due to the injection of the impurity. Similar, to the case of a single
component host the binding energy decreases towards attractive g4¢ and saturates for repulsive
gac. However, we find a clear hierarchy of the binding energy in dependence of gpc, such that
for any g4 a decrease of the coupling gpc also leads to a reduction of the binding energy. As a
consequence, utilizing experimental radiofrequency schemes [184, 185|, the respective polaronic
resonances are well distinguishable from each other. A similar behavior can be retrieved for a
larger cumulative bath of Ny = Np = 50 particles. An intuitive understanding of the impurity’s
state can be gained when considering the associated effective potential. For weak impurity-
medium couplings it is adequately described within the effective potential approach (see Chapter
1.5) which transits from a double well to a deformed harmonic confinement depending on
the impurity-medium interaction strength. Accordingly, for stronger attractive or repulsive
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impurity-medium couplings an increasing number of excited states of the effective potential
start to contribute. Consequently, the effective potential is no longer an adequate description
and does not provide a proper description for the impurity immersed in a cumulative bath.

Turning now to the case of two impurities coupling to the Bose-Bose mixture, we also observe
a peak structure of the impurity residue. The effect of the additional impurity manifests itself
in the strong suppression of the residue for all impurity-bath couplings ggc as compared to the
case of No = 1. For two impurities it is natural to investigate the relative distance in order
to infer from it the impact of the cumulative bath on the coalescence of the impurities. The
relative distance exhibits a decrease towards zero for attractive gac and saturates towards a
finite value for repulsive gac. For the latter these finite values lie close together in the case
of ggc > 0, while saturating towards smaller values for ggo < 0. In order to gain insight
into the underlying microscopic process and in particular unravel whether indeed attractive
induced interactions are established, we investigate the two-body density of the two impurities.
For sufficiently attractive couplings to one of the hosts bipolaron formation can be observed
[301, 328], indicated by a suppression of the off-diagonal contributions in the two-body density.
In contrast, for repulsive g4¢ the impurities form a shell structure, exhibiting a slight elongation
towards the diagonal of the two-body density. By varying the coupling ggc to the other bath
it is possible to steer the strength of the induced interactions as well as the width of the shell.

30



3

Scientific contributions

31



32
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Abstract
We investigate the ground state properties of a lattice trapped bosonic system coupled to a Lieb—
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species many-body quantum system including all relevant correlations beyond the standard mean-
field approach. To achieve this, we use the multi-configuration time-dependent Hartree method for
mixtures (ML-MCTDHX). Increasing the lattice depth and the interspecies interaction strength, the
wave function undergoes a transition from an uncorrelated to a highly correlated state, which
manifests itself in the localization of the lattice atoms in the latter regime. For small interspecies
couplings, we identify the process responsible for this cross-over in a single-particle-like picture.
Moreover, we give a full characterization of the wave function’s structure in both regimes, using Bloch
and Wannier states of the lowest band, and we find an order parameter, which can be exploited as a
corresponding experimental signature. To deepen the understanding, we use an effective Hamiltonian
approach, which introduces an induced interaction and is valid for small interspecies interaction. We
finally compare the ansatz of the effective Hamiltonian with the results of the ML-MCTDHX
simulations.

1. Introduction

Nowadays, ultracold gases stand out due to the high degree of controllability, especially of trapping potentials
and inter-atomic interactions. Thereby, capturing the atoms of a gas by using light fields allows for the
realization of a variety of even rather complex many-body systems. Especially one-dimensional (1D) systems are
under intense investigation and show unique properties [1, 2]. Here, the inverse scaling of the effective
interaction strength to the density allows for entering the strongly correlated regime in the dilute regime [3, 4].
Moreover, the transversal confinement allows for a tuning of the interaction strength among the atoms via a so-
called confinement induced resonance [5]. Alternatively, the same effect could be achieved via an atom-
molecule Feshbach resonance [6]. This freedom of adjusting the interaction strength makes it feasible to
enhance the deviation from the mean-field behavior of the bosons, in a very controlled and systematic manner.
Therefore, 1D ultracold gases are particularly suited to access physical regimes, in which effective free theories
cease to be valid. Such strongly interacting Bose gases tend to be very sensitive to additional external trapping
potentials such as lattices [7, 8]. Here, a Mott insulating state can be formed for arbitrarily weak lattice
amplitudes, in contrast to the conventional superfluid to Mott insulator transition [9, 10].

Correlations can not only appear within one type of species, but in particular between different bosonic
species [11, 12], offering a rich phenomenology. Due to the fact that we add to the already present intra-species
interactions in the respective subsystems an interspecies interaction, mixtures show a plethora of intriguing
phenomena, such as pair-tunneling effects [ 13, 14] and paired superfluidity [15, 16]. Setups of impurities in a
bath can be viewed as such a species mixture, covering the aspects mentioned above, and are a subject of ongoing
research. They have been studied in various cases, e.g. the transport and the related collisions of the impurity

© 2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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through the bath [17] and correlation effects due to the entanglement of the species [ 18]. In particular, 1D
impurity-bath systems exhibit large interaction effects, bringing to light many peculiar phenomena [19-23].In
addition, impurities in Bose—Einstein condensates (BECs) can be exploited as a quantum simulator for polaron
physics [25, 24, 26]. One of the first theoretical descriptions of polarons, including phonon clouds, was
introduced by Frohlich [27]. Since then alot of progress has been made in the limiting cases of weak [28, 29] and
strong electron—phonon coupling [30]. While the ongoing theoretical study of 1D polarons [31-35] has
predicted alot of intriguing properties, recent experiments [17, 23, 36, 37] have finally opened the door to the
implementation of 1D polaronic systems, providing a deeper understanding of 1D polarons. When immersing
more than one impurity in the bath, an induced interaction among the polarons appears, which counteracts the
repulsive interaction among the impurities. The description in terms of polarons is in general of major interest
for the understanding of the electron—phonon coupling in condensed matter physics. In order to manipulate
impurities in a controlled, systematic way in ultracold physics, it would be useful to load the impurities first in a
lattice, which is in turn inserted into the bath, since lattices allow for single-site excitation as well as collective
excitations. To some extent, such a setup has been investigated in the tight-binding limit recently [38—40], where
the authors especially focussed on the behavior of the combined systems under the influence of increasing
temperature, e.g. the clustering of polarons in the wells of the lattice due to an attractive induced interaction in
dependence of the temperature.

In the present work, we focus on the role of interspecies correlations of lattice trapped atoms immersed in a
Lieb—Liniger gas, and in particular how it impacts the structure of the many-body wave function. After a brief
description of the specific system under investigation, we present the phenomenology of the ground state as a
function of the lattice trap depth and interspecies interaction strength. Via the introduction of a correlation
measure, we can identify a cross-over diagram exhibiting a transition from an uncorrelated to a strongly
correlated state. We unravel the nature of the cross-over in an effective single-particle picture for small
interspecies couplings. Moreover, we give a full characterization of the wave function in the limiting cases of
weak and strong correlations. This enables us to derive and understand the properties of the ground state,
employing the structural form for the ground state wave function. Finally, we aim at describing the correlated
state using an effective Hamiltonian approach [41], thereby introducing an induced attractive interaction
between the atoms trapped by the lattice, as well as an induced hopping. We find qualitative agreement with the
full multi-configuration time-dependent Hartree method for bosonic (fermionic) mixtures (ML-MCTDHX)
calculations and identify the weak interspecies interaction regime, to which this effective approach is applicable.

2. Setup, Hamiltonian and methodology

Our system consists of bosons trapped in a 1D lattice with periodic boundary conditions, which is immersed in a
Lieb—Liniger-like gas [42—44] of a second species of bosons. We note that this setup lies within reach of current
experimental techniques, since beyond controlling the dimensionality, various trapping potentials for the atoms
can be achieved [45], including in particular 1D ring geometries. Moreover, it is possible to create an optical
lattice potential, which does not affect the Lieb—Linger gas by choosing the right laser wavelengths and atomic
species [46]. This allows for the creation of a two-component system with each species trapped individually on
the same ring geometry. In the following, the species trapped by a lattice potential will be denoted as the A
species, whereas the Lieb—Liniger-like gas refers to the B species. Furthermore, we introduce a coupling
Hamiltonian Hj between the two species. Both subsystems are confined to a longitudinal direction, accounting
for the 1D character, and excitations in the corresponding transversal direction can be neglected. This finally
results in a Hamiltonian of the form A = H, + Hg + Hyp. The Hamiltonian of the A species reads

Ay = f dx § (x)[——% + Vosmz(wkx/L)]x(x), 1)

where % is the field operator of the lattice bosons, 11, their mass, k the number of wells in the lattice and L is the
circumference of the ring. We focus on the regime, where interactions among the lattice atoms can be neglected,
settinggs4 = 0. The Bspecies is described by the Hamiltonian of the Lieb—Liniger model

Hy = f dx &' (x )[——% + g ¢"'<x><&<x>]<§s<x), @

where &T describes the field operator of the Lieb—Liniger gas atoms, g, > 0is the interaction strength of the
two-body contact interaction among the B species and mp the mass of the B species atoms. Moreover, we assume
equal masses for the species m, = mg. The coupling between the species is given by
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Throughout this work we consider a triple-well and we focus on the scenario of small particle numbers with three
lattice atoms N4 = 3 and ten atoms in the Lieb-Liniger gas Ny = 10. The interaction among the latter atoms is set
to a value where the depletion is negligible in case of no interspecies coupling, i.e. gzz/Eg A = 6.8 x 10>, with

Er = (2w/)?/2my X being the recoil energy and A\ = 2L/k the optical lattice wavelength. Therefore, we view the
Lieb—Liniger gas as a BEC, in which impurities of species A are immersed. In particular, we shall analyze the ground
state of the coupled system for different values of the repulsive interspecies interaction strength g4z and the lattice
depth V4,

Our numerical simulations are performed with the ab initio ML-MCTDHX [47-49], which takes all
correlations into account and therefore allows for going beyond the lowest-band and tight-binding
approximation for the lattice system and beyond the Bogoliubov approximation for the BEC. Within ML-
MCTDHX one has access to the complete many-body wave function which allows us consequently to derive all
relevant characteristics of the underlying system. Besides investigating the quantum dynamics it allows us to
calculate the ground (or excited) states. Compared to the standard approach for solving the time-dependent
Schrodinger equation, where one constructs the wave function as a superposition of time-independent basis
states with time-dependent coefficients, the ML-MCTDHX approach considers a co-moving time-dependent
basis on different layers in addition to time-dependent coefficients. This leads to a significantly smaller amount
of basis states that are needed to obtain an accurate description and eventually reduces the computation time.
Moreover, the multi-layering of the method allows for a construction of the total wave function |¥), as sum of
species product states, using the Schmidt decomposition [50]

9) =32 VNl © 19). @)

With the aid of this wave function decomposition, we are able to characterize and introduce interspecies
correlations in a controlled and systematic manner. The case of a single contributing product state in the sum we
call the species mean-field case, whereas deviations from it indicate interspecies correlations. The reader should
note that the species mean-field is not to be confused with the Gross—Pitaevskii mean-field, which restricts the
orbitals in each subsystem to a single one. In contrast to that, subsystems in the species mean-field case are
allowed to carry arbitrary correlations and may be described by many contributing (optimized) orbitals.

3. Ground state transition

In the following, we investigate ground state properties of our system for different values of the lattice depth and
the interspecies interaction strength, strongly focussing on intra- and interspecies correlations, that appear
beyond mean-field. Thereby, we view the A species as an impurity species which is immersed into a
homogeneous background gas. In the case of g4 = 0 both subsystems can be described separately and no
interspecies correlations appear in the system’s ground state. For the lattice atoms, this means that each atom
occupies the energetically lowest Bloch state, and is therefore delocalized, since ga4 = 0. Increasing the coupling
strength g, > 0, disturbs this uncorrelated state. As a measure for correlations, we consider the eigenvalues r4;
and eigenvectors |ny4;) of the one-body density operator ﬁlgl) of the A species®, i.e. the natural populations and
natural orbitals [51-53]. The one body-density operator is defined as the partial trace of the density operator

p = |¥) (¥|, |¥) being the ground state wave function, over all particles except for one particle of the A species

P =Ty, Nl 1= 37 mailnag) (mail, )
1

where }°, n4; = 1. Inthe case of a single non-zero eigenvalue equalling unity (1,40 = 1), the particles in
subsystem A can be considered as uncorrelated, while deviations from this value indicate correlations. In
figure 1(c), we plot the depletion 1 — 71,4, of the most populated natural orbital. As can be seen for small values of
Vo and g4, the depletion is approximately zero, describing a state which shows no significant correlations for the
atoms of species A. Increasing the lattice depth or interspecies interaction strength leads to a stronger deviation
from the mean-field behavior. The greenish area indicates the transition between an uncorrelated and a
correlated ground state. In the yellow region, a correlated state with a depletion of 1 — 1,9 = 2/3 isreached.
Interestingly, we find here that only two other natural orbitals become significant, whose populations saturate
for deep lattices and strong interspecies interaction to #14; = 114, = 1/3 = n,0, leading to a triple degeneracy.
In order to see that this effect is due to physics beyond the species mean-field picture, it is useful to analyze the
von Neumann entropy

4 . . . . .

We are well aware of the fact that fragmentation might also occur in the case of a ground state wave function, which can be represented by a
single product state in the species mean-field. In order to be precise, one has to take additionally the species depletion or von Neumann
entropy into account.
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Figure 1. (a) Von Neumann entropy Su, (b) species depletion 1 — A\gand (c) depletion 1 — 14, of the most populated natural orbital
of species A as a function of the lattice depth V; and the interspecies interaction strength g4 5. The species depletion is defined as the
depletion of the most populated product state, when constructing the system’s wave function using the Schmidt decomposition
(equation (4)). The red line in (c) refers to the single-particle argumentation in section 4.1.

Si=—Trl pyIn(p)] and p, = Try[p] ®)

for the subsystem A in the different regimes. Here, p, is defined as the trace of the density operator over all
particles of the B species. In case the A species is in a pure state, the entropy S, equals zero, whereas a mixed state
will lead to deviations from zero. In figures 1(a) and (b), it becomes clear that for high lattice depth and
interspecies interaction strength the wave function of the coupled system can no longer be described by a
product ansatz of the subsystems. Hence, a species mean-field description is not valid and one has to go beyond
it. In the representation of the wave function by a sum of products of species functions (equation (4)), two
additional degenerate product states (w.r.t. ;) become important. For large values of Vj and g, 5 the interspecies
correlations are dominant, such that the contribution of these product states is of the same order as the
previously, i.e. for smaller values of V;y and g4 3, dominant one, resulting in a strongly entangled state. In order to
understand the physical processes behind the transition from an uncorrelated to a correlated state, one naturally
as a first step would investigate the spatial density profile, i.e. the one-body density, of the species A. While
expecting a change in the spatial atomic density distribution with varying V;,, what we indeed find is a
comparatively minor change of the density profile crossing the transition region of the cross-over diagram with
only slightly enhanced localization in the wells due to a deeper lattice. Instead, the effect of correlations can be
observed in the two-body density

PG %) = Try, ny—2lP), 7

which describes the probability of finding one lattice atom at the position x; and another one at x,. We note here,
that all appearing densities are normalized to unity. In figure 2, a drastic difference of the distribution of the two-
body density p(z)‘(xl, xy) for the two regimes, identified in figure 1(¢), is visible. In the uncorrelated state, the
existence of a particle at the position x; has no effect on the measurement probability of a second lattice atom at
Xy, see figure 2(a). Moreover, here one can see that both lattice atoms are delocalized over the lattice, as it is
expected in case of almost decoupled subsystems A and B. For higher values of the lattice depth and the
interspecies interaction strength, the effect of correlations becomes evident, see figure 2(b). They manifest
themselves in a localization of lattice atoms in the wells. In other words, a detection of an atom in any well is
followed by a definite second measurement of another atom in that same well. Please note that this effect is not
due to direct (attractive) interaction among the lattice atoms, since the latter is set to zero. Instead, here it is the
interspecies interaction with the B species atoms, which induces these correlations to the A atoms. Moreover, as
we have already discussed above in the context of figure 1(b), also interspecies correlations are present in the
strongly correlated regime suggesting the two-body density

P, %) = Try,-1, n-1lP), 8)

as a valuable observable. The latter describes the probability of finding one lattice atom at the position x; and a B
atom at position x,. In figure 2(c), we find for an almost decoupled system that an initial measurement of a lattice
atom has no visible impact on the distribution of a B atom. However, in the correlated regime (figure 2(d)) the
probability of measuring a B atom at the same position as the lattice atom drops to zero. In conclusion, the
correlated state can be understood as a localization of A atoms while expelling the B atoms from the position of
the latter. Since all wells are energetically equivalent, this holds for each well.
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Figure 2. Two-body density /zﬂ(xl, x,) (first row) and p(jg(xl, %) (second row) in the uncorrelated regime (a), (c) with gap/Eg A = 0.0034

and Vj,/Eg = 2.25and in the correlated regime (b), (d) with g4/Ex A = 0.084 and Vy,/Ey, = 22.5.

4. Physical mechanisms and state characterization

In this section, we explore the physical mechanisms underlying the ground state transition described in the
previous section. Firstly, we focus on the regime of small interspecies interaction strengths, thereby comparing
the interspecies interaction energy with the width of the first Bloch band. We provide then a full characterization
of the system’s wave function in terms Wannier states and derive the relevant observables. Finally, we use the
transformation of the Hamiltonian into the so-called Nakajima frame, in order to calculate the ground state in
an effective model approach. This will help us to develop an understanding for the complex many-body physics
in a simplified picture, based on induced interactions.

4.1. Mechanism of the transition

As stated above, the localization of the lattice atoms of the A species, reminiscent of the phase separation of two
Bose gases [55], is solely induced by the interaction with the BEC of B atoms. Therefore, we should observe a
change of the interspecies interaction energy, which is defined as the expectation value (H, ) with respect to the
ground state, for increasing lattice depth and interspecies interaction strength. For a fixed lattice depth, it turns
out that instead of monotonously increasing with the interaction strength g4, the interspecies energy reaches a
maximum at a certain value of g4z and decreases for even higher values of g4 (figure 3). Interestingly, the points
of maximal (Hyp) in the cross-over diagram appear in the transition region where correlations become
important (see figure 1(c)). Hence, the formation of correlations is connected to a reduction of the interspecies
energy. The eigenstates of a single atom in a periodic potential are the Bloch states [54], which can be grouped
into bands. For the case of three lattice sites with periodic boundary conditions, the lowest band consists of an
energetically lowest Bloch state and two degenerate excited states. In the previous section, we have seen that in
the uncorrelated regime (g4 ~ 0) the atoms of the A species are delocalized over the lattice, which is due the fact
that each of them occupies exactly the energetically lowest Bloch state for g4z = 0. In the correlated regime, the
ground state exhibits a localization of the A atoms. We can now interpret this localization as a superposition of
the Bloch states of the first band, resulting, as a matter of fact, in principal in a Wannier state. Therefore, we now
aim at an explanation for the responsible mechanism in a single-particle-like picture. Based on the findings
above, we assume that the reduction of the interspecies energy is related to a coupling of the Bloch states in the
first band. Without any correlations between the species, using a product ansatz [¥p) = [¥;) ® |¥Ug), the
interspecies energy is determined by the integral over the product of one-body densities of each subsystem

N L
(Ul Fapl ) = g,5Na N3 fo dx pPx) pP(x). ©)
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Figure 3. Interspecies interaction energy (Hy ) in relation to the total energy (H). The black horizontal line indicates, that for a fixed
lattice depth the interspecies energy increases with the interspecies interaction strength g, up to a certain value. Thereafter, (Hyp)
decreases monotonically.

This ansatz works well in the uncorrelated regime, where almost no interspecies correlations are present. We
observe that the one-body density of the B species exhibits rather small modulations, compared to the
modulations of the one-body density of the A species (not shown here). The latter is due to the fact that pg) (x)is
approximately homogeneous, which further approximates the interspecies energy to

(Wl HaplWr) = g, N Ni /L. Inasingle-particle picture, we now argue that this interspecies energy per particle
(of the A and B species) gap/Lis used, in order to excite a lattice atom occupying the energetically lowest Bloch
state to one of the excited states in the first band. We use this as an estimation for the transition region and
therefore search for the interaction strength g4 that leads to an interspecies energy per particle, equalling the
band width for a given lattice depth V/, i.e. being sufficiently large for this excitation process. In figure 1(c), we
find that for small values of g4 the resulting curve (red) describes the phase border appropriately. For larger
values this curve fails to describe the transition region indicating a break-down of the above given simple single-
particle picture. We have seen that we can explain the onset of the transition from the uncorrelated state towards
the strongly correlated state in an correlation-free effective single-particle picture for small g4 5, where sufficient
interaction energy is supplied to excite the A species atoms within the first Bloch band.

4.2. State characterization

The fact that the two-body density suggests a localization of A atoms, paired with the possibility of excited Bloch
states, motivates the following procedure. In this sense, it is intuitive to approximately describe the ground state
in the correlated regime in terms of number states, spanned by the Wannier states of the lowest band. The
Wannier states we employ are generalized ones, i.e. the eigenstates of the position operator projected onto the
respective band [56, 57]. In order to find out, whether the localization in figure 2 can be understood in terms of a
number state with all particles residing in the same Wannier state for the entire correlated regime, we calculate
the projection of the ground state wave function |¥) on that number state of species A and sum over all
configurations for the B species. The corresponding number state notation reads |n;, 1, 13)y, where n; denotes
the number of particles in the corresponding Wannier states sorted from the left to the right well. We proceed in
the same manner for the case of number states, which are spanned by Bloch states in the lattice potential. The
corresponding state reads |1y, 1, 13)p1, where n, refers to the energetically lowest Bloch state, while 1, and n5
refer to the two degenerate excited ones in the first Bloch band. The probability of finding the ground state ina
number state |7i4) of the subsystem A is then defined as

P(Iii%)) = 317l @ (A1) P, (10)

where {|7i3) } describes any number state basis set for the subsystem B with fixed particle number. For an
uncorrelated state, we expect all the lattice atoms to reside in the energetically lowest Bloch state of the first band,
since gaa = 0. In figure 4(a) we find, that in the uncorrelated regime the probability for all lattice atoms to be in
the lowest Bloch stateis P (|3, 0, 0);) = 1. Compared to that, the probability for all particles to be e.g. in the left
Wannier stateis P(|3, 0, O)y) = zi’ which can be derived analytically for g45 = 0. Increasing the values of the
lattice depth and interspecies interaction strength, the energetically lowest Bloch number state gets depopulated.
Instead, the lattice atoms strongly populate the Wannier number state, saturating towards a value for the
probability of P(|3, 0, 0)w) = % Due to translational symmetry this is true for all number states with all lattice

atoms residing in the same well, meaning P (|3, 0, O)y) = P(|0, 3, 0)w) = P([0, 0, 3)y) = % To summarize,
for small values of g4 3 and Vj, the energetically lowest Bloch state is occupied by all A atoms, whereas for large
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Figure 4. Probability of all three lattice atoms (a) residing in the energetically lowest Bloch state and (b) localized—exemplarily, since
all wells are equally valid due to translational symmetry—in the left-most Wannier state of the lowest band.
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Figure 5. One-body density pg)‘i for the states of the BEC in equation (12) with g4p/Egr A = 0.084 and V,/Ex = 22.5. The dotted line
is a sketch of the lattice potential, indicating the position of the wells.

values the correlated state is a superposition of number states, where all A atoms occupy the same Wannier state,
implying their clustering in the corresponding wells. Now that we know more about the structure of the system’s
wave function, we are able to specify the wave function in the corresponding regimes. In the uncorrelated
regime, the ground state reads

|\Ij>uc ~ |37 0) O>B1 ® |\IIB>’ (11)

where |Up) is the ground state of the Hamiltonian Hg. Based on the projection of the ground state for the
correlated regime onto the respective number states (figure 4(b)), the wave function is of the form

[9) ~ =113, 0, 0)w @ 1¥h) + 10,3, 0)w @ 1¥5) + 10,0, 3)w @ ¥} (12)
where {|¥%) } are non-orthogonal basis states for the B species. Measuring a lattice atom in a specific well, we
then know that all the other lattice atoms will be in that same well. Additionally, measuring the subsystem A to be
in well i implies a collapse of the ground state onto a definite wave function |¥%) for the B species. Due to the
repulsive interspecies interaction the density p! " = Try, [ [Wh) (U] ] exhibits a minimum at the well where
the A atom was measured, shown in figure 5. Employing the structural form of the wave function given by
equation (12), we can now derive the observed one- and two-body density of the A species atoms discussed
above, using the Wannier states |w;), where the index i corresponds to the localization in the ith well. We obtain

3
Y = %[Ew <w,-|] and (13)
i=1

E

P(Ai);(xb X) = g|i2|wi(x1)|2 |Wi(x2)|2]- (14)
i=1

Now, it is obvious that the natural populations of p{" are degenerate, equalling %, in the correlated regime. The

spatial structure of the two-body density 3} is governed by the overlap of the density of equal Wannier states in
that regime. This corresponds to a two-dimensional representation of the Wannier states, so that one arrives ata
localized structure in the two-body density (figure 2(b)).
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Table 1. Variance of the particle
number operator #; = d;'d; fora

specific site i.

(Any)?
Uncorrelated regime %
Correlated regime 2
Mott insulator 0

Above, we have identified the natural populations of the A species as a quantity, which reflects the transition
from the correlated to the uncorrelated regime. While for our specific scenario it is sufficient for the
characterization of the two regimes, other states, such as the Mott insulator state, cannot be distinguished from
the correlated state. The latter shows the same behavior in terms of natural populations as the A species in the
correlated regime. Therefore, we cannot distinguish the Mott insulator state from the ansatz in equation (12),
using only the natural populations. Instead, it is useful to consider the variance of the particle number operator
fi; = ;' 4, for aspecific site i, where 4, is the creation operator for creating a lattice atom in the ith Wannier state.
Using the respective wave function ansatz, we can derive the variances (An;)> = (A2) — (#;)? for the different
states. In table 1, we see that the particle number variances differ strongly for the three states, allowing for a clear
assignment and identification. Therefore, (An;)? can be exploited as an experimental signature for the different
states and thus also for correlations, since it is accessible via quantum gas microscopy [58, 59].

4.3.Induced interaction

In subsection 4.1, we have described the transition region for small interspecies interaction strengths in terms of
a coupling of Bloch states induced by the interspecies interaction. However, it is possible to gain a deeper
understanding of the localization of A atoms, introducing an effective Hamiltonian for the A species which
exhibits an induced interaction and an induced hopping term. With the aid of these, we will discuss the effective
attractive interaction among the A species. The effective description in terms of an induced impurity—impurity
interaction is a topic of ongoing research, ranging from Casimir-like forces between static impurities [60, 61] to
the inclusion of correlation effects for mobile impurities [62, 63]. In order to arrive at an effective Hamiltonian,
we need to apply the Nakajima transformation and use the Bogoliubov approximation for the B species, which
finally decouples the subsystems [64—66]. We note that due to the non-unitarity of the transformation, in general
observables are not invariant under the transformation. Settingh = L = m, 5 = 1, the effective Hamiltonian
H in the transformed frame reads

H = Hy+ Ving where,
~ 1 A AT A A
Vind = — Z Uk,k',q,9' aljak’aqaq/ and
2 k,q,k’,q’
4 At pir LN
Hy= Z €xdy ax + Z w;b; b; + Z Irqdy Ag» (15)
k i kq
ith R Al PR The derivation of H can be found in th
with U g0 = 5 oo aaia and f, = EZV Uskgr- The derivation of H can be found in the

appendix. 4 is the creation operator for a particle in the Bloch state | ;) with energy 65(1), while ¢, = E;cl) + &up

and l;,-T the one for the Bogoliubov mode v*. The matrix elements gikq = \/ﬁB L Oalui(x) + vix)|x q) can be
interpreted as a coupling of Bloch states, mediated by Bogoliubov modes. This coupling is resonantly enhanced,
when the band width €, — ¢, assuming k = g and restricting to the lowest band, matches the energy ofa
Bogoliubov mode w;. On top of the induced interaction V;,q, an additional one-body term, having the character
of ahopping term with hopping elements t,, occurs in the Hamiltonian. The ground state of the total wave
function is a product state of the ground state of the Bogoliubov Hamiltonian and the ground state of the residual
Hamiltonian, consisting of the induced terms and H,. We can now easily calculate the ground state for the B
species, which is given by the Bogoliubov vacuum. The calculation for the lattice A species is simplified, since
there is no direct coupling to the B species. For all the upcoming considerations we restrict everything to the
lowest band and set an upper-bound for the energy of the Bogoliubov modes. Before calculating the ground state
for the A species, we analyze the tensor elements Uy 1 4 o and hopping elements t;,, thereby gaining an
understanding of the induced attractive interaction.

In figure 6 we show the diagonal elements and a measure for the off-diagonal elements of the tensor U, as well
as the induced hopping terms ¢;; for different values of the lattice depth. In figures 6(b)—(c) we can see that the
dominant elements are those for equal indices (U;; ; ;), followed by diagonal terms with respect to the particles
(Ui;,i)- The particle exchange symmetry and the spatial translation symmetry is also reflected in the figures. All the
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Figure 6. (a) Matrix elements of the one-body term ;;, (b) diagonal of the tensor Ug;og = Uj;,ijand (c) ameasure for the off-diagonal
terms Uyge = max; j>o|Ujjita,t ol (ife.g. i + a > 3, theresulting index s replaced by [i + a] mod 3), deviating by o and 3 from the
diagonal elements, for different lattice depths V. The quantities are depicted in the Wannier basis, being restricted to the lowest band.

other elements, which are off-diagonal, have almost no contribution compared to the diagonal terms Moreover,
for increasing V,, the elements U, ;, corresponding to the operator d; 4.1 4;d; = ;(4; — 1), become larger. Since
this element is negative and the most dominant one, the total term U ; ; ; 71;(71; — 1) suggests an attractive on-site
interaction among the A species. Still, we cannot make any definite statements concerning the structure of the wave
function, based solely on the tensor elements Uj j 1. Instead, it is useful to additionally analyze the behavior of the
matrix elements of the one-body term ti for different lattice depths. Here, the off-diagonal terms are of interest,
since they describe an induced hopping, whereas the diagonal elements just form an energetic offset. In figure 6(a)
we observe that the hopping tends towards zero for increasing V;, which can be viewed as an indicator for the
localization of the lattice atoms in this transformed frame.

Now, one might expect that the ground state for the subsystem A will consist of localized lattice atoms for large
lattice depths and interspecies interaction strengths. But since the above analysis is performed in the transformed
frame, we finally have to transform back to the laboratory frame. In order to obtain the ground state of the coupled
two-species system, we do the following: firstly, we determine the ground state of the subsystem A, by performing a

diagonalization of the Hamiltonian A-% ;Wi l;; b; in the number state basis, spanned by the Wannier states of
the lowest band. The ground state of the subsystem B is given by the Bogoliubov vaccum. The total ground state,
consisting of a tensor product of both subsystem ground states, we transform back to the laboratory frame by
applying the operator exp(—8) &~ 1 — § + § : / 2 (see appendix) to the total ground state up to second order. This
is motivated by our initial assumption of small interactions, where terms of § which are higher than second order
in gapare neglected. Finally, we compute the probability of finding the ground state in the number state |3, 0, 0)yy,
spanned by lowest band Wannier states, as well as the species depletion. Both quantities are available exactly within
the ML-MCTDHX approach, being quantitatively well converged for all interspecies interaction strengths and
lattice depths we investigated. For the calculations using the detour via the transformed frame, we expect
appropriate results for small interspecies interaction strengths. Figure 7 shows the above-mentioned quantities and
compares with the results of the ML-MCTDHX simulations in terms of a relative deviation.

At first glance, the species depletion in figure 7(a) resembles the one in figure 1(b) up to an interspecies
interaction strength of g45/Er A = 0.05. However, this resemblance is solely of qualitative nature, which
becomes obvious in the relative deviation (figure 7(b)). Here, we see a quantitative difference of the two
methods, being of the order of up to 20% for a maximum value of g45/Exg A /= 0.02. A relative deviation 0of20%
corresponds to a relative deviation of | (¥|W)nx — 1|~20.3%—due to the non-unitarity of the transformation—
for the total wave function’s norm from unity, where [ ¥)y, is the ground state wave function calculated by the
effective approach. Also, the behavior of the probability of finding the ground state in the number state
13, 0, 0)w (figure 7(c)) qualitatively agrees with the results obtained by the ML-MCDTHX method, but again
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Figure 7. Results based on the effective theory (see equation (15)) and transforming back to the laboratory frame. (a) Species depletion
(see figure 1(b)) and (b) the corresponding relative deviation from the ML-MCTDHX calculation A _; = [[1 — Aglnak —

[1 — Xolml/[1 — Aolum- The index Nak refers to calculations using the Nakajima transformation, and M refers to the ML-MCTDHX
simulations. (c) Probability of finding the system in the state |3, 0, )y (see figure 4(b)) and (d) the relative deviation. The red
boundary indicates the area of g, 5 and V;, values for which the relative deviation of the total wave function’s norm from unity is
smaller than 0.3%. White spaces indicate that the effective theory is not valid (exhibiting non-physical values) in (a) and (c) or that the
relative deviation is higher than 20% in (b) and (d).

quantitatively deviates for large enough g, 5. But here, the range of validity w.r.t. the domains of g4 s and V; values
is more extended. Nevertheless, both the species depletion as well as the probability show the same qualitative
behavior we observe for the corresponding ML-MCTDHX results. In particular, with this effective Hamiltonian
approach the cross-over diagram could be qualitatively reproduced for the uncorrelated regime, extending
towards the border of the transition region and thereby indicating the latter.

5. Conclusions

In the present paper we have investigated the appearance of correlations of a lattice trapped bosonic species
coupled to a BEC. We have found a transition from an uncorrelated to a highly correlated state and characterized
the associated quantum states from a many-body perspective. This transition is driven by interspecies
correlations, bringing the system from an uncorrelated to a strongly correlated state. For small interspecies
couplings we identified the transition region by energetic and mean-field arguments. Furthermore, we deduced
expressions for the full system wave function for both regimes, using a Wannier and a Bloch basis analysis. In the
uncorrelated state, the A atoms populate the lowest Bloch state and the B atoms are approximately
homogeneously spread. In contrast, the correlated state is a superposition of states where all A atoms cluster
together in this well, while the B atoms are expelled from it. In order to measure the transition and in particular
the correlated state, we propose to use the variance of the number of particles per well as an experimental
signature and order parameter for correlations. Alternatively, we calculated the ground state, using the
transformation into the Nakajima frame, which is valid for small interspecies couplings. With this ansatz, we
could reproduce only a small portion of the cross-over diagram for small lattice depths and interspecies
interaction strengths, but gained a deeper insight into the role of induced interactions and induced hoppings for
the process of localization. Eventually, this also demonstrated the uniqueness and power of the ML-MCTDHX
method, which allowed—compared to the effective Hamiltonian ansatz—for calculations far beyond the mean-
field approach. This analysis is also applicable for a larger number of particles in the environment, while still
remaining in the few particle regime (we have tested this for Ng € [10, 30]), resulting in the same transition
from an uncorrelated to a correlated state. However, such a particle increase will also increase the attractive
induced interaction for a given choice of Vj and g4, thereby shifting the transition region.

The understanding of the cross-over in terms of a localized states analysis and induced interactions serves as
aperfect starting-point for even more complex setups. For example, when introducing more lattice atoms or a
repulsive intra-species interaction g », it is reasonable to assume that the cross-over diagram will exhibit
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additional states with the number of bunched atoms at one site smaller than the total number of particles. Also
the increase of the intra-species interaction strength ggg and/or correspondingly Ny of the environment might
lead to a more complex state, by coupling to the second Bloch band due to an increase of the interspecies
interaction energy as a result of a smaller density modulation in the BEC. Furthermore, it is of particular interest
how the correlated state will respond dynamically, for example to an external quench through the cross-over
diagram. Especially, the possibility of reducing correlations dynamically by lowering the lattice depth is of
immediate interest. Beyond that, also dynamically driven setups might exhibit particularly interesting effects,
such as persistent currents [67] induced by the interspecies interaction.
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Appendix. Derivation of the effective Hamiltonian

The intra-species interaction among the BEC atoms triggers an excitation of Bogoliubov modes [68, 69], so that we
can write the field operator for the subsystem of the B species as ¢ (x) = ¢, (x) + 6¢ with

6p = > plup(x) l;p + v;," (x) l;; 1. ¢, = /Np is the condensate mode, being spatially homogeneous and depending
only on the number of BEC atoms. u,(x) and v;,k (x) are the Bogoliubov modes for a homogeneous BEC and 51; the
respective creation operator. For the Hamiltonian of the B species this leads to the well-known effective Hamiltonian
within the Bogoliubov approximation IfIB =3, w; l;: biy setting i = L = my 5 = 1. Plugging this ansatz for dx)
into the expression of the interspecies coupling Hamiltonian H, we arrive at the following expression

~ L ~ ~
Baw =g [ &b+ £ @K IV @60, A1)

with f,(x) = qﬁ’g(x) u;j(x) + ¢y (x)v;(x)and %' (x) the creation field operator for the A species. Here, we have
neglected terms of the order g, , (66)?, assuming that (66)? < |¢,|* and s (60)? < 66. This can be fulfilled
for small interspecies interaction strengths and in the case of a small number of Bogoliubov mode excitations.
Representing % (x) in terms of Bloch states Xf(x) with corresponding creation operators 4, the Hamiltonian
takes the form

. i a ~ia - At
H=~ Z ekakT ax + Z wib; b; + Z [gikq b; + (gfk)*bi ] a,j dy (A.2)
k i ikq

with gl.kq = & (Xl f,®1x,)and & = e + g, with the single particle energy ¢\, corresponding to the kth
Bloch state. We omit off-set energy terms in the Hamiltonian stemming solely from the mean-field ¢o(x). So far,
we have rewritten the Hamiltonian using the Bogoliubov approximation. Now, we transform the Hamiltonian
in order to decouple the subsystems, using a unitary transformation exp(—S)H exp(S) with S being anti-
hermitian. If we neglect terms which are higher than second order in g4 5, the transformation gives

< N 1 ~ 4
H = By + S18, S, (A.3)
Here, we assumed [Hp, 8] = —Hin order to cancel the two-body term in the Hamiltonian. This condition

allows us to determine the operator S. Making an ansatz, resembling the two-body term
& r AT At A .. . . .
S=%i q[xikq gikq b; + y*(g™)*b; 14 4, and determining x}and y} we arrive at the final Hamiltonian

A= 20 + Vida  where,

N 1 AT AT A A

Via == > Ukkigq 4{ 8858y
2 k,q k/ q/

2 N AT A A
0= Z ekuljak + Z wib; bi + Z tkqu,jaq, (A.4)
k i kq
Kaq' ¢ akyk kq (o a'k'yx
. _ ) 81") 1 i i
with Uy .4 = Zi[fk i —— w’] and fy; = 23, Upgr- The transformation leads to a decoupling of

the subsystems, thereby introducing an effective interaction term V4 for the A species.
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Abstract

We investigate the localization pattern of interacting impurities, which are trapped in a lattice
potential and couple to a Bose gas. For small interspecies interaction strengths, the impurities populate
the energetically lowest Bloch state or localize separately in different wells with one extra particle being
delocalized over all the wells, depending on the lattice depth. In contrast, for large interspecies
interaction strengths we find that due to the fractional filling of the lattice and the competition of the
repulsive contact interaction between the impurities and the attractive interaction mediated by the
Bose gas, the impurities localize either pairwise or completely in a single well. Tuning the lattice depth,
the interspecies and intraspecies interaction strength correspondingly allows for a systematic control
and engineering of the two localization patterns. The sharpness of the crossover between the two states
as well as the broad region of their existence supports the robustness of the engineering. Moreover, we
are able to manipulate the ground state’s degeneracy in the form of triplets, doublets and singlets by
implementing different boundary conditions, such as periodic and hard wall boundary conditions.

1. Introduction

The interest in the properties and dynamics of ultracold atomic mixtures has been substantially increasing in the
last few decades. This is not only due to their high degree of controllability, especially of the underlying trapping
potentials and inter-atomic interactions [1, 2], but also because they show a plethora of intriguing phenomena.
These range from pair-tunnelling effects in lattices [3, 4] to phase separation processes [5-8] and composite
fermionization [9-11], and go as far as the spontaneous generation of solitons [12, 13]. Compared to systems
with a single species the multi-component case of different bosons [14, 15] allows for correlations to appear not
only within one type of species, but especially between different bosonic species. One-dimensional systems are of
particular interest, since they allow for strong correlations in the dilute regime [16, 17] which is related to the
inverse scaling of the effective interaction strength to the density [18, 19].

A specific case of bosonic mixtures is given by the immersion of a minority species, consisting of a few
particles and typically called impurities, into a majority species of many particles. Such setups have been studied
theoretically [20-29] and experimentally [30-34] for a single impurity, as simulator for polaron physics, as well
as for many impurities [35-38]. Especially the latter case is of immediate interest since the bath, into which the
impurities are immersed, mediates an effective attractive interaction between the impurities, leading to a
clustering of these very particles [39—41].

One could think of exploiting this mediated interaction in order to configure the impurities, e.g. in a lattice,
in a controlled and systematic manner. Such state preparations are indeed relevant for applications e.g. in
quantum information processing and atomtronics [42—44]. One pathway is to use a small number of minority
atoms in order to influence a larger number of majority atoms. In a triple-well structure this is achieved by
increasing the number of minority atoms in the central well, exploiting the increase of atom—atom interactions,
and thereby initiating and enhancing tunnelling from the left to the right well of the majority atoms [45].
Pushing this to the extreme, it is in principle possible to implement a single-atom-transistor, which shall serve as

© 2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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aswitch [46-50]. In other atomtronic switching devices, often a triple-well is considered, where one identifies
the wells as source, gate and drain. The middle well which is called the gate serves as a mediator of particle
transfer between the outer wells, i.e. the source and the drain [51, 52]. Such electronic analogues have the
potential to serve as building blocks for cold atom-based quantum computation [53, 54] as well as atom chip
technologies [55]. A problem most of these systems suffer from, is the fact that they are considered to be isolated
and would lose their coherence when coupled to an environment due to dissipation. However, dissipation can
also be used as a resource for quantum state engineering [56—58].

In the present work, we explicitly take advantage of the coupling to an environment in order to engineer the
properties of impurities in a triple-well. Instead of following the path that is mentioned above in the context of
atomtronics, we control the behaviour of a minority species by coupling to a majority one. Hence, we
concentrate on static configurations of the impurities, which might be used as an input to logical gates or
starting-points for the control of particle transfer. In the system under investigation, the competition of the
attractive interaction which is mediated by the majority species and the repulsive contact interaction among the
minority impurity species allows for the engineering of the impurity distribution in the lattice. The induced
interaction hereby depends on the interplay between the lattice depth and the interspecies interaction strength,
whereas the impurity repulsion can be directly influenced by the intraspecies interaction strength among the
impurities. Setting the latter to zero and increasing the lattice depth and the interspecies interaction strength, the
ground state wave function undergoes a transition from an uncorrelated to a highly correlated state, which
manifests itself in the localization of the lattice atoms in the latter regime [59]. This means that all impurity
atoms cluster in a single well, while the majority Bose gas atoms are expelled from it. In the present work we go a
significant step beyond the latter scenario and include a repulsive intraspecies interaction among the impurities.
We find that for small interspecies interaction strengths and depending on the lattice depth the system can be
divided into the unit filling insulator state and one extra particle delocalized over the wells and the state where all
impurities populate the energetically lowest Bloch state. In particular, we show that for large interspecies
interaction strengths our binary mixture exhibits two specific impurity distributions for a fractional filling of the
lattice. These are either a pairwise clustering of the impurities or a full localization. For periodic boundary
conditions the many-body ground states exhibiting these two distributions are threefold degenerate (triplets) in
both regimes of pairwise and complete clustering and can be changed to doublets or singlets by implementing
different boundary conditions.

Our work is structured as follows: in section 2 we present the system under investigation consisting of a
bosonic impurity species which is trapped in a one-dimensional lattice with periodic or hard wall boundary
conditions and couples to a Bose gas of a second majority species of bosons. Afterwards, we briefly discuss the
computational method which is used for obtaining our results. Sections 3.1 and 3.2 provide a thorough analysis
of the system’s possible many-body ground states in dependence of the interspecies interaction strength, the
lattice depth and the intraspecies interaction strength among the impurities. We conclude in section 3.3 with a
discussion of the ground state’s degeneracy in the different regimes in dependence of the boundary conditions.
In section 4 we summarize our findings and present possible applications and future studies.

2. Setup and methodology

Our system consists of a mixture of two bosonic species. The bosonic A species is trapped in a one-dimensional
lattice with periodic or hard wall boundary conditions. Itis immersed in a Bose gas of a second B species of
bosons obeying the same boundary conditions but without the lattice potential. This setup lies within reach of
current experimental techniques, since beyond controlling the dimensionality, various trapping potentials for
the atoms can be achieved, including in particular one-dimensional ring geometries [60] and box potentials [61].
The optical lattice potential for the A atoms (impurities) does not affect the Bose gas, which is achievable by
choosing the corresponding laser wavelengths and atomic species [62]. Thereby, we create a two-component
system with each species being trapped individually. Furthermore, we introduce a coupling Hamiltonian Hyp
between the two species. Both subsystems are confined to alongitudinal direction, accounting for the one-
dimensional character, and excitations in the corresponding transversal direction are energetlcally suppressed
and can therefore be neglected. This finally results in a Hamiltonian of the form A = Hy + Hj + Hyp. The
Hamiltonian of the A species reads

A L " 72 2 K » R R
Hy :fo dx X'(X)[——E + Vpsin? (%) + g XI(X)X(X)]X(X), (1

where {1 is the field operator of the lattice A bosons, 711, their mass, V, the lattice depth, g4 4 the intraspecies
interaction strength, k the number of wells in the lattice and L is the length of the system. The B species is
described by the Hamiltonian of the Lieb—Liniger model [63—65] for periodic boundary conditions
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.. Bl IV e

induced interaction

Figure 1. Sketch of the two-component mixture. The impurities interact repulsively via an intraspecies contact interaction of strength
gaa and via an interspecies interaction of strength g4 5 with the atoms of the Bose gas. Due to the latter coupling a Bogoliubov mode
(red) in the form of a phonon in the Bose gas of species B (yellow) mediates an attractive (long-range) interaction between the
impurities (blue).

. L R /2‘2 d2 ~ ~ A
Hp = f(; dx ¢+(X)[*%§ + 833 ¢T(X)¢(X)]¢(X), @

where g?ST is the field operator of the B species, ggg > 01is the interaction strength of the two-body contact
interaction among the Batoms and mjp is the corresponding mass. Moreover, we assume equal masses for the
species m, = mp. The interaction between the species A and Bis given by

A L N A A~
Aup = g5 fo dx Y X0 (0 d), 3)

where g, is the interspecies interaction strength. The interaction strengths g (o € {A, B, AB}) canbe
expressed in terms of three dimensional s-wave scattering lengths a>°, when assuming the above-mentioned
strong transversal confinement with the same trapping frequencies w] = w) for both species 0 € {A, B}.In
this case it is possible to integrate out frozen degrees of freedom, leading to a quasi one-dimensional model
with g, = 2710, aP.

Throughout this work we consider a triple-well and focus on the scenario of small particle numbers with
four impurities Ny = 4, thereby having fractional filling in the lattice, and Ng = 10 atoms in the Bose gas. The
interaction among the latter atoms is set to a value where the depletion is negligible in case of no interspecies
coupling, i.e. g5 /Er X = 6.8 x 1073, with Er = (2777)?/2m4 X being the recoil energy and A = 2L/k the
optical lattice wavelength.

Our numerical simulations are performed using the ab initio Multi-Layer Multi-Configuration Time-
Dependent Hartree method for bosonic (fermionic) Mixtures (ML-MCTDHX) [66—68], which is able to take all
correlations into account. Within ML-MCTDHX one has access to the complete many-body wave function
which allows us consequently to derive all relevant characteristics of the underlying system. In particular, this
means that we are able to characterize the system in terms of number states by projecting onto an appropriate
basis [69, 70]. Besides investigating the quantum dynamics it allows us to calculate the ground (or excited) states
by using either imaginary time propagation or improved relaxation [71], thereby being able to uncover also
possible degeneracies of the many-body states. In standard approaches for solving the time-dependent
Schrodinger equation, one typically constructs the wave function as a superposition of time-independent Fock
states with time-dependent coefficients. Instead, the ML-MCTDHX approach considers a co-moving time-
dependent basis on different layers, i.e. the Fock states and thus the single particle functions spanning them are
time-dependent, in addition to time-dependent coefficients. This leads to a significantly smaller amount of basis
states that are needed to obtain an accurate description and eventually reduces the computation time.

3. State control and engineering

Let us analyse the ground state of our mixture in dependence of the lattice depth Vj, the interspecies coupling
strength g4z and the intraspecies interaction strength g4 4. As a first step, we calculate the ground state using
ML-MCTDHX, thereby obtaining the full wave function. In order to be able to interpret the wave function, we
project in a second step the numerically obtained ground state wave function onto number states |774) @ |#5).
The number states |774) for the A species are spanned by generalized Wannier states [72, 73], whereas the
number states for the Bose gas of species B are either plane waves or infinite square well eigenstates, i.e. the
eigenstates of the kinetic energy operator using either periodic or hard wall boundary conditions. As a result,
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we gain a clear insight into the ground state in the different regimes, which will be defined by the distribution of
the A species atoms among the Wannier states or Bloch states. In the following, tensor products |#4) ® |ii?)
with different number states |77) will be called configurations. Additionally, we explore the effect of hard wall
boundary conditions compared to periodic ones, thereby revealing how they affect the ground state properties.

3.1. Localization pattern of impurities

In the following, we explore the ground state of the system with periodic boundary conditions for varying V, and
gap fixing the intraspecies interaction strength to g44/Er A = 0.0236. It turns out, that this interaction strength
lies within the range of possible values which lead to the manifestation of regimes in which the ground states
differ substantially. An analysis of the dependence on g4 4 is performed in section 3.2. In order to extract
information out of the complete many-body wave function, we project onto the above-mentioned number
states |[1) ® |P) and determine the probability of being in the number state |7 4) for the impurity A species,
irrespective of the number state configurations of the B species, namely

(i) = YIS @ (FA) P, @

where {|7i£)} could be any number state basis set of the Bose gas with fixed particle number and |¥) is the total
many-body ground state wave function. In order to associate the impurity state |1, 75", #5') with a spatial
distribution we construct the number states either with a generalized Wannier basis of the lowest band or the
corresponding Bloch basis set, indicated in the following by the subscript W or Bl, respectively. In principle it is
necessary to consider also Wannier states of higher bands, but it turns out that the many-body ground state wave
function is approximately well described by a superposition of tensor products of number states |77 4) ® |7B)
with the Fock space of the A species restricted to the lowest band. Number states spanned by Wannier or Bloch
states of higher bands do not contribute. The order of the entries in the number state, built of Wannier states, is
connected to the localization of the Wannier states in the wells from left to right, e.g. n; describes the number of
A atoms in the leftlocalized Wannier state of the lowest band. In contrast to that, the ordering for the number
states, built of Bloch states, follows the energy of the Bloch states of the lowest band, e.g. #; corresponds to the
energetically lowest Bloch state. The transformation between Bloch and Wannier states is given by

ﬁ?xp(—ipwf,(x), ®)
where wg (x) is the Wannier state associated with the position R of the corresponding well, k the number of
lattice sites, p the momentum of the Bloch states ¢p (x) and b the index of the band.

Figure 2 shows that the many-body ground state can be divided into four different regions. For small lattice
depths and interspecies interaction strengths all four particles of the A species populate the energetically lowest
Bloch state (figure 2(c)). Increasing the lattice depth for small g, 5 three lattice atoms will localize separately in
different wells with the one extra particle being delocalized over all the wells (figure 2(a)). This can be seen by the
fact that the corresponding probability is given by P(|2, 1, 1)) = %, meaning that the remainder of the
probability is equally distributed over the states |1, 2, 1)w and |1, 1, 2)w, resulting in the state

1

NG

Due to translational symmetry each of the states contributes equally with a probability of é The reader should
note that the structure of the wave function, given in equation (6), can only be uncovered by the procedure of
projection onto number states |#4) ® |1”) and is not explicitly given by the numerical simulation. Therefore,
[ W)y is not the exact result of ML-MCTDHX but an approximation to it. Our approach is to perform the
correlation-including ML-MCTDHZX calculations and to subsequently analyse them.

Interestingly, the increase of g4 3 leads to two different regions in the configuration space, in contrast to the
caseof gaq = 0[59]. For gaa = 0, increasing the lattice depth and the interspecies interaction strength, the
ground state wave function undergoes a transition from an uncorrelated to a highly correlated state, which
manifests itself in the localization of the lattice atoms in the latter regime of large lattice depths and interspecies
interaction strengths. This means that all A atoms cluster in a single well, while the B atoms are expelled from it.
This clustering can be understood in terms of an attractive induced impurity—impurity interaction, which is
mediated by the B species (see figure 1). In contrast to that, allowing for a repulsive intraspecies interaction of

wh(x) =

|\IJ>M = [|2> 1’ 1>W [04] |1/)£3> + |1> 27 1>W ® |¢%3> + |1) 1) 2>W ® |¢%>] (6)

strength g4 4 between the A atoms counteracts the induced interaction. However, these two types of interactions
do not simply add up, since the induced interaction is of long-range type, whereas the intraspecies interaction is
of contact type. As a result, depending on the choice of the lattice depth V, and the interspecies interaction
strength g, 5 the impurities of species A either accumulate all in one well (figure 2(b)), which is already happening
in the case of g44 = 0, or pairwise in two different wells (figure 2(d)). Apparently, in the case of pairwise
localization of the lattice atoms (figure 2(d)) the repulsive interaction counteracts an accumulation of all lattice
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Figure 2. Probability of finding the impurity A species atoms (a) being localized separately in different wells with the one extra particle
being delocalized over all the wells, (b) all localized in a single well, (c) residing in the energetically lowest Bloch state and (d) localized
pairwise in two different wells in dependence of the lattice depth V, and the interspecies interaction strength g4 for gaa/Er A = 0.0236.
The number states which are spanned by Wannier states ((a), (b), (d)) are chosen exemplarily since all wells are equally valid due to
translational symmetry, and therefore the corresponding translationally equivalent configurations show the same behaviour.

atoms due to the induced interaction. Performing a thorough analysis of the excitation spectrum of the many-
body system, we find that the ground state for large g4 5 is in both regions threefold degenerate (triplet). This
essentially means that in the corresponding region the ground states are either given by

12,2, 0w ® |‘~Tlg>, 12,0, 2)w ® |‘~T/23) and [0, 2, 2)y ® |\If%> or by ?)
4,0, O)w © [Wg), 10, 4, 0)w @ [W3) and [0, 0, 4) ® |¥F). ®)

The states {|¥%) } and {|) }* are each normalized to unity and incorporate the localization effect of the A
species by e.g. spatially avoiding the impurities correspondingly, which can be seen in the one-body density (see
section 3.3, figure 5). Due to the degeneracy of the ground state one can choose such superpositions of the states
in equations (7) and (8), which preserve the translational invariance of the total Hamiltonian. For this reason the
probabilities in figures 2(a), (b), (d) are bounded by a maximum value of 1/3”. Furthermore, it is now possible to
use this degeneracy in order to select any of the states in the respective degenerate manifold. Technically, this is
simply done by applying a small asymmetry to the lattice potential, thereby energetically favouring one of the
above-mentioned states. For example, marginally increasing the depth of the left well of the lattice potential will
break the translational symmetry and thereby lift the degeneracy, such that the ground state is solely given by

[4, 0, 0)y ® |\Il§> in one regime. In this sense, with the lattice depth of individual wells we have introduced an
additional control parameter for the manipulation of impurity configurations.

So far, we gained insight into the state configurations that are populated by the impurities. While this finding
itself allows for a systematic control of the impurities in the lattice, it is nevertheless of interest in which way the
correlation with the Bose gas impacts this very species. Therefore, we also analyse the probability distribution
P(|7i%)) of the number states |7i%) that build the corresponding B species states { |W%) } and {|¥%) }. We find that
for each of the strongly coupled degenerate ground states the B species states { [¥) } and {|¥'};) } each populate
the same number states with equal probability, i.e. | (B|Wk) 2 = [(iB|W}) Pwith i, j € {1, 2, 3}, while
differing only in a relative phase for each coefficient of the number state. This is why it is sufficient to show only
the probability distribution of one B species state for the states in equations (7) and (8). As a basis for the number

*Inthe following, {|¥%) } will refer to the B species states corresponding to fully localized impurity states and { |\I/ig> } corresponding to
pairwise localized impurity states.

> However, this effect is solely due to the fact that imaginary time propagation with ML-MCTDHX for obtaining the ground state wave
function will conserve translational symmetry, if it is, as we did, initially assumed.
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Figure 3. Probability distribution for the states of the B species for g44/Eg A = 0.0236, g45/Ex A = 0.135and (a) V,/Er = 18 or (b)
Vo/Er = 22.5.(a) describes ground states with a complete localization of A atoms in a single well (see equation (8)), whereas (b)
describes ground states with a pairwise localization in two wells (see equation (7)).

states |12, n2, n2, nf, n®) we choose plane waves (1/~/L ) exp(ixx), with wave vectors & = 2mz/L

(z=0, £1, £2,...), where n; corresponds to the x = 0 mode, n,, 113 correspond to z = £1 and ny, ns to

z = £2.Itturns out that the population of all higher momentum states is negligible, which we checked explicitly
by projecting onto the corresponding number states. In figure 3, we see that due to the correlation with the
impurity species the Bose gas can no longer be described by a single number state with all particles occupying the
& = 0 mode”. Interestingly, it is also not sufficient to consider only single particle excitations. It is rather
necessary to consider up to four particle excitations for the B species states in both regimes. Comparing the B
species states in the two regimes, one finds that they strongly populate the same number states, but differ w.r.t.
the quantitative distribution among those number states. For example, in figure 3(a) the number states

[9, 1,0, 0,0)and |9, 0, 1, 0, 0) are less populated than the number state |10, 0, 0, 0, 0), whereas their
probability exceeds that of |10, 0, 0, 0, 0) in figure 3(b). These findings support the choice of our treatment of
the many-body problem using a method that is in particular capable of taking all necessary correlations into
account. An approximation of the many-body Hamiltonian which relies on few-particle excitations, will not
capture the localization pattern presented in figure 2.

3.2. Dependence on the intraspecies coupling
In the previous subsection, we have identified four different number state configurations for the impurity species,
while assuming a fixed intraspecies interaction strength of g, , /Eg A = 0.023 6. However, it is not clear whether
this holds for a broad regime of couplings g4 4. In order to explore the range of validity of this crossover, we fix the
lattice depth as well as the interspecies interaction strength such that for g4, = 0 we arrive ata degenerate subspace
of ground states given by equation (8), instead of the one given by equation (7) for g44/Egr A = 0.0236. The reader
should note that for g44 = 0 the correlated region, which is split into two sub-regions for g44/Eg A = 0.0236, is
solely described by the degenerate manifold in equation (8) (see [59]). Again, we calculate the probability P (|7i4)),
while varying the coupling strength g4 4 for fixed Vi and g4 . In figure 4, we see that for small g 4 the correlated
region is well described by a single triplet of ground states, as in the case of g, , = 0, where all impurities
accumulate in a single well. A further increase of the intraspecies interaction strength leads to a break-up of the
cluster into two pairs (equation (7)) and finally results in a ground state with all A atoms localized separately in
different wells with the one extra particle being delocalized over all the wells (see equation (6)). Essentially, this
means that one needs a certain intraspecies interaction strength g4 4 between the impurities in order to arrive ata
crossover diagram as in figure 2. Below that critical value the crossover is well captured by the g44 = 0 case,
including, if g, , = 0, aregime for small g, and large V,, where the ground state is given by [¥),, (equation (6)). In
other words, for small g4 4 the crossover diagram in figure 2 will consist of three different regimes, where the two
regimes in figures 2(b) and (d) will merge into a single one, describing complete localization of the impurities ina
single well (equation (8)). Thus, the ground state comprising pairwise localization of the A atoms will not exist in
this case.

Qualitatively, the crossover in figure 4 can be understood again in terms of a competition between the
attractive induced interaction and the repulsive intraspecies contact interaction. For small g4 the induced

Of course, the depletion of the Bose gas due to intraspecies interactions of strength g will also lead to population of £ = 0 momentum
states. But since the depletion is rather small for g4 = 0 this effect plays a minor role.
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Figure 4. Probability distribution of the number state configurations of the impurities in dependence of the intraspecies coupling
strength ga4 for Vo/Eg = 22.5and (a) gap/Eg A = 0.084 or (b) gap/Er A = 0.135.

interaction is dominating the behaviour of the A species atoms, leading to their complete localization in a single
well. Ata certain interaction strength g, 4 this is no longer the case, resulting in a pairwise accumulation of A
atoms. Apparently, the different nature of the competing interactions (long-range and contact) does notlead toa
trivial reduction of the four-impurity cluster to a three-impurity cluster, but rather leaves this out as a possibility
and directly favours a two-impurity cluster. Astonishingly, the crossover between the different configurations is
very sharp, such that the system occupies only one of the triplets without superposing them. Furthermore, it is
possible to control the width of the plateau of the pairwise localization by adjusting the interspecies coupling
strength g, 5 correspondingly. The plateau (red) corresponding to a degenerate manifold of ground states with
pairwise localization of A atoms is much broader for alarger value of g4 (see figure 4(b)). This also means thata
smaller value of the interspecies interaction strength g, leads to a smaller critical value of g4 4 (see figure 4(a)) at
which the transition to the ground state |¥),; takes place (black plateau, equation (6)). In essence, we find that by
tuning the intraspecies interaction strength, we are able to control and engineer the localization of the A atoms in
the lattice. The sharpness of the crossovers allows for a clear and systematic way of choosing the ground states,
while the broad plateaus make the triplets robust with respect to fluctuations of g4 4. In this sense, the coupled
system serves as a transistor-like switching device for number state preparation of impurities in a lattice.

3.3. Boundary conditions

Our findings in the previous sections so far relied on the fact that we assumed periodic boundary conditions. It is
therefore of immediate interest in which way the localization pattern in figures 2(b) and (d) depends on the
choice of the boundary conditions. For this reason, we consider solely values of the lattice depth V;and
interspecies interaction strength g4 of the crossover diagram such that we arrive at the ground state
configurations in equations (7) and (8). The corresponding values are given in table 1. Subsequently, for those
two regimes we change the boundary conditions to hard wall boundary conditions. Obviously, this change will
break the translational symmetry of the Hamiltonian. Instead, the Hamiltonian now obeys parity symmetry,
suggesting that the former ground state degeneracy of a triplet might now be given by a doublet. Indeed, for the
states comprising complete localization of the A atoms in a single well (equation (8)) we arrive at the subspace of
degenerate ground states, where the atoms of species A localize in the outer wells, i.e. |4, 0, 0}y ® [¥%)and

|0, 0, 4}y ® [¥3) . However, the degenerate ground state with pairwise localization for periodic boundary
conditions does not exhibit any degeneracy for hard wall boundary conditions anymore. In this sense, the
ground state in that regime is given by a non-degenerate parity symmetric ground state of the form

12, 0, 2) @ |Tp) (singlet).

Investigating the one-body density of the Bose gas of species B, one gets an intuition for the reason why in
one region the ground state triplet becomes a doublet and in the other it becomes a singlet for hard wall
boundary conditions. The one-body density shows that the Bose gas accumulates in the centre of the box
potential® (not shown here), because it is energetically favourable for the majority of the bosons of the Bose gas to
occupy the energetically lowest eigenmode of the box potential and not accumulate to either side of the box. Asa
consequence, the A atoms localize in the outer wells due to the repulsive coupling to the B species, thereby
avoiding occupation of the middle well. For the ground states comprising complete localization of A atoms in a
single well, the restriction of the A atoms to the outer wells allows for two possible many-body states out of three

7 . s . L.

The reader should note that the Wannier states building the number states are calculated using hard wall boundary conditions.
Furthermore, the states of the B species will change correspondingly. We omit indication of the boundary conditions in order to avoid
confusion.

8 We introduce the equally valid term ‘box potential’ as a synonym for hard wall boundary conditions.
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Vo/Er = 18 or (right column) V,/Ex = 22.5. The first row is based on periodic boundary conditions, the second row is based on hard
wall boundary conditions and the third one incorporates a repulsive Gaussian potential for the B species in the centre of the box in
addition to the hard wall boundary conditions. The dotted line is a sketch of the lattice potential, indicating the position of the wells
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Table 1. Degenerate subspaces of the ground state for different boundary conditions for g,5/Er

A = 0.135and gaa/Er A = 0.0236. The third row incorporates a repulsive Gaussian potential for the B
species in the centre of the box in addition to the hard wall boundary conditions. The different values of
the lattice depth Vj lead either to a complete localization of A atoms in a single well or to a pairwise
localization (see footnote 7).

Boundary conditions Vo/Er = 18 Vo/Eg = 22.5

Periodic 4, 0, O)y © |Th) 2, 2, O)w @ |T)
10, 4, 0)w @ |¥5) 12,0, 2)w @ [¥5)
10, 0, 4) ® [93) 10,2, 2w @ [T3)

Hard walls [4, 0, O)w ® |‘I’]B> 12, 0, 2)w ® |Ug)
10, 0, 4)w ® |\I/%;>

Hard walls and repulsive Gaussian potential 10, 4, O)w ® |Pp) 12,2, O)w ® |[¥p)

in equation (8), whereas for the ground states with pairwise localization of A atoms only a single state in
equation (7) obeys this restriction.

Following the above line of argumentation, one might now ask whether it is possible to change the singlet
ground state into a doublet and vice versa by forcing the Bose gas out of the centre and thereby to either side of
the box. In order to achieve this we implement a repulsive Gaussian potential for the B species in the middle of
the box which islocalized in the middle well of the lattice and has an amplitude A, that is approximately twice as
large as Vi, i.e. Ag/Er = 50. It turns out that this procedure has the effect we aim for, leaving an imprint on the
one-body density of the corresponding B species states (see figures 5(e) and (f)), which is defined as

A0 = [ dxl W xa o xw) Py ©)

integrating over all Batoms except for one.

In figure 5, we show the one-body density pg)‘i (i € {1, 2, 3}) of the states of the B species, following the
nomenclature in table 1. Figure 5(e) shows that the one-body density of the B species indeed exhibits a minimum
in the centre of the box, leading to an accumulation to both sides. Consequently, the A atoms accumulate in the
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middle well, such that only one many-body ground state out of equation (8) fulfills this restriction, namely

[0, 4, 0)w ® |Up). In contrast to that, for pairwise impurity localization forcing the B species out of the centre of
the box allows for two possible ground states from equation (7) (see figure 5(f)), namely |2, 2, 0)y ® |¥})and
0, 2, 2)y @ [¥3). Table | summarizes the engineering of the degenerate subspace of the ground state in
dependence of the boundary conditions for pairwise and complete localization of the A atoms in a single well.
Figure 5(a) resembles the case of g44 = 0, where the particles of species B are expelled from the well where all the
A atoms fully localize, leaving an imprint on the one-body density. In figure 5(b) the B species atoms need to be
expelled from two wells due to the pairwise localization of A atoms. Because of the fact that there are less
impurities per well the hereby reduced interspecies interaction allows for a larger one-body density of species B
in the region of the pairwise occupied wells. Figures 5(c) and (d) are similar to (a) and (b) except for a shifting of
the density closer to the centre of the box potential. This is simply an effect of the change to hard wall boundary
conditions. Apart from two specific ground state configurations (figure 5(b) red and 5(d) green) it is possible to
identify any of the many-body ground states in table 1 just by analysing the position of the one-body density of
the B species states with respect to the lattice potential—irrespective of the boundary conditions.

Thus, we are able to engineer the character of degeneracy of the ground state by choosing the boundary
conditions correspondingly (in combination with a Gaussian potential). Combining this with the fact that itis
possible to switch between differently localized configurations of the impurities by tuning Vj, g4p and g4, one
might think of an (adiabatic) particle transfer of the following type. Initially, we prepare the ground state in one
of the doublet states (using hard wall boundary conditions), e.g. |4, 0, 0)yy ® |WL). Increasing the intraspecies
interaction strength g4 4 adiabatically the ground state will reconfigure to the singlet |2, 0, 2)yy ® |Up).
Essentially, this can be interpreted as a transfer of two impurities from the left to the right well.

4. Conclusions

We have shown that it is possible to manipulate the configuration space of lattice trapped impurities with
fractional filling immersed in a Bose gas. For small interspecies interaction strengths, the impurities populate the
energetically lowest Bloch state or localize separately in different wells with the one extra particle being
delocalized over all the wells, depending on the lattice depth. In contrast, for large interspecies interaction
strengths and depending on the lattice depth and intraspecies coupling we find that the impurities either localize
pairwise or completely in a single well of the lattice. Astonishingly, in dependence of the intraspecies and
interspecies coupling as well as the lattice depth the system switches between those two internal state
configurations, allowing for an engineering of the impurity distribution in a systematic and controlled manner.
Furthermore, the change from periodic to hard wall boundary conditions will reconfigure the ground state from
atriplet to either a doublet for ground states where the A atoms fully localize in one well, or to a singlet for
ground states where they localize pairwise in one well. We can exploit this degeneracy even further in order to
select individual states out of the manifold by applying a small asymmetry to the lattice potential. Eventually, we
are not only able to let the impurities cluster in a certain way, but also manipulate in which wells they
accumulate. Additionally, we are able to influence the ground state’s character of degeneracy. In the spirit of
atomtronics, we have developed a switching device for many-body state preparation, thereby controlling the
accumulation of impurities in a lattice. This analysis is also applicable for a larger number of particles in the
environment, while still remaining in the few particle regime (we have tested this for N3 € [10, 30]), resulting in
the same crossover to the two localization patterns for large g4 5. However, such a particle increase will also
increase the attractive induced interaction for a given choice of V;y and g4 5, thereby shifting the transition region.
Increasing the number of impurities, the impurities might form multi-atom clusters of different types
depending on the parameter regime due to the long-range character of the induced interaction. We have
additionally performed calculations for three impurities in the same setup. In this case the splitting into the two
regions of pairwise and complete localization for large g4 5 does not occur. Instead, for large interspecies
interaction strengths we find only one regime in which the impurities cluster completely in a single well.
Furthermore, it is of interest for future studies how the number of lattice sites affects the localization pattern. A
natural question appearing in the case of four lattice sites is related to how the two-impurity clusters will
distribute in the lattice. They might appear next to each other or such that one lattice site is empty between two
two-impurity clusters.

The control over the impurity distribution serves as a perfect starting point for dynamical particle transfer
scenarios, where one would prepare the impurities in a fully localized state and dynamically transfer itto a
pairwise localized state, thereby transferring two particles. In particular, this could also be of interest for the
implementation of quantum logical gates, where the position of the impurities shall indicate a logical operation.
Especially the dynamical response may pave new pathways to applications in atomtronics. Moreover, one could
think of exploiting this engineering of the impurity distribution in order to create multi-atom clusters which are
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not of binary type. These clusters could serve as a static-disordered potential for the study of Anderson
localization using ultracold atoms as proposed in previous works [74—76].
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We investigate the tunneling dynamics of an ultracold bosonic impurity species which interacts repulsively
with a second, larger Bose gas. Both species are held in a finite-sized quasi-one-dimensional box potential. In
addition, the impurity bosons experience a periodic potential generated by an optical lattice. We initially prepare
our binary mixture in its ground state, such that the impurities and Bose gas are phase separated and the impurities
localize pairwise in adjacent sites of the periodic potential, by tuning the interaction strengths and the lattice
depth correspondingly. The dynamics is initiated by suddenly lowering the repulsive interspecies interaction
strength, thereby entering a different regime in the crossover diagram. For specific postquench interspecies
interaction strengths we find that a single impurity tunnels first to the neighboring empty site and depending
on the quench strength can further tunnel to the next-neighboring site. Interestingly, this effect is highly sensitive
to the presence of the Bose gas and does not occur when the Bose gas does not interact with the impurity species
throughout the dynamics. Moreover, we find that the tunneling process is accompanied by strong entanglement
between the Bose gas and the impurity species as well as correlations among the impurities.

DOI: 10.1103/PhysRevA.100.043616

I. INTRODUCTION

Ultracold atoms have proven to represent a very flexible
platform for exploring many-body (MB) quantum effects.
They allow for varying the trapping potential in numerous
ways, ranging from the manipulation of the dimensionality to
“painting” arbitrary external confinements [1]. Additionally,
Feshbach and confinement induced resonances [2,3] enable
the tuning of the interaction strength between the atoms. In
this spirit ultracold atoms allow one to realize even rather
complex many-body systems. In particular, one-dimensional
(1D) systems are under intense investigation since they exhibit
intriguing phenomena. Due to their inverse scaling of the
effective interaction strength to the density [4-6] they allow
for entering the strong-interaction regime, while remaining
dilute [7,8]. Consequently, 1D ultracold systems provide us
with the possibility to enter regimes where effective theories
are no longer valid.

Apart from controlling single-component fermionic or
bosonic ensembles in a systematic manner it is possible to
extend this control to mixtures of ultracold atoms [9,10] such
as Bose-Bose, Fermi-Fermi, and Bose-Fermi mixtures. The
fact that we add to the already present intraspecies interactions
an interspecies interaction leads to a significant extension
of the already very rich phenomenology of the case of a
single species, ranging from pair-tunneling [11,12] to phase
separation processes [13—-16] and composite fermionization
[17-19]. Here, especially particle-imbalanced mixtures are
currently of immediate interest. Such a setup can consist of
an impurity species of a few particles which are immersed
in a majority species of many particles. Extensive theoretical
[20-31] as well as experimental [32-36] studies have been
performed for this case. A single impurity immersed in a

2469-9926/2019/100(4)/043616(13)
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majority species leads to the notion of a polaron, which plays a
central role in our understanding of quantum matter. Consider-
ing several impurities interacting with a majority species, one
finds that the latter mediates an effective attractive interaction
between the impurities [37-43], leading to a clustering of the
impurities assuming they are bosons [44—47]. As it turns out,
it is even possible to engineer the localization properties of
the impurities by including a repulsive intraspecies interaction
between them [48].

In the present paper, we investigate a binary Bose-Bose
mixture consisting of an ultracold bosonic impurity species
which interacts repulsively with a second, larger majority
species. Both species are held in a finite-sized quasi-one-
dimensional box potential. In addition, the impurity bosons
experience a periodic potential generated by an optical lattice.
Exploiting the aforementioned possibility to engineer the
localization properties of the impurities, we prepare an initial
wave function which constitutes a phase separation of the
impurity species and the Bose gas, while the impurities accu-
mulate pairwise in adjacent wells of the lattice potential. Upon
lowering the interspecies interaction strength we explore the
dynamical response of the system. The corresponding quench
is performed across crossover boundaries of regimes which
constitute different distributions of the impurities in the lattice
depending on the interspecies interaction strength. Building
upon this, we aim at a dynamical particle transfer, which
takes place in a systematic manner due to the presence of the
majority species. We find that a sufficiently strong quench
leads to the tunneling of a single impurity through the lattice
out of the initial four-impurities cluster. Interestingly, this
process is only possible for a finite postquench interspecies
interaction strength and does not appear when the Bose
gas is transparent to the impurity species in the course of

©2019 American Physical Society
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time. We observe that the tunneling process of the impurity
species is accompanied by a strong entanglement between
the subsystems as well as strong correlations among the
impurities. Increasing the number of particles in the majority
species, we observe that the tunneling of the impurity species
persists, while exhibiting a slightly lower tunneling amplitude.

Our paper is structured as follows. In Sec. II we present the
system under investigation along with the numerical method
employed for simulating the correlated many-body dynamics.
Section III provides a discussion of the quench protocol as
well as the initial ground state. Section IV is dedicated to
a thorough analysis of the dynamical response as a function
of the interspecies interaction strength and the number of
majority species particles. We conclude in Sec. V with a
summary of our findings, present possible applications, and
discuss directions for future studies.

II. SETUP AND COMPUTATIONAL APPROACH

A. Computational approach

Our numerical simulations are performed using the
ab initio multilayer multiconfiguration time-dependent
Hartree method for bosonic (fermionic) mixtures (ML-
MCTDHX) [49-51], which is able to take all correlations
into account [52-57]. As a first step, the total many-body
wave function |Wyp(¢)) is expanded in M species functions
|W(¢)) of species o and written as a Schmidt decomposition
[58]:

M
Wyp(1) = Y VAW o) ® |$F ). (1
i=1

Here, the Schmidt coefficients 4/A;, in decreasing order, pro-
vide information about the degree of population of the ith
species function and thereby about the degree of entanglement
between the impurities and the majority species. In case that
A1 =1 the species A and B are not entangled and the system
can be described with a species mean-field ansatz (M = 1).

Furthermore, the species wave functions | W (¢)) describ-
ing an ensemble of N, bosons are expanded in a set of
permanents:

WP @0) =D ConIi”;1), )

7i?|Ny

where the vector 7i° = (n{, nj, ...) denotes the occupations
of the time-dependent single-particle functions of the species
o. The notation 7i?|N, indicates that for each |i%;t) we
require the condition ), n{ = N,,. The time propagation of
the many-body wave function is achieved by employing
the Dirac-Frenkel variation principle (§Wng|(id; — H)|Wms)
[59-61] with the variation § Wyg. Within ML-MCTDHX one
has access to the complete many-body wave function which
allows us consequently to derive all relevant characteris-
tics of the underlying system. In particular, this means that
we are able to characterize the system by projecting onto
number states with respect to an appropriate single-particle
basis [62,63]. Besides investigating the quantum dynamics
it allows us to calculate the ground (or excited) states by
using either imaginary-time propagation or improved relax-
ation [64], thereby being able to uncover also possible de-

generacies of the many-body states. In standard approaches
for solving the time-dependent Schrodinger equation, one
typically constructs the wave function as a superposition
of time-independent Fock states with time-dependent coeffi-
cients. Instead, it is important to note that the ML-MCTDHX
approach considers a comoving time-dependent basis on dif-
ferent layers, meaning that in addition to time-dependent
coefficients the single-particle functions spanning the number
states are also time dependent. This leads to a significantly
smaller number of basis states and configurations that are
needed to obtain an accurate description and thus reduces the
computation time [65].

B. Setup

Our system consists of a mixture of two bosonic species.
The minority species A (impurities) is trapped in a one-
dimensional lattice with hard wall boundary conditions. It is
immersed in a majority species B obeying the same boundary
conditions but without the lattice potential. This setup lies
within reach of current experimental techniques. Various trap-
ping potentials for the atoms can be achieved, including in par-
ticular one-dimensional ring geometries [1] and box potentials
[66]. The optical lattice potential for the impurities does not
affect the Bose gas, which is achievable by choosing the corre-
sponding laser wavelengths and atomic species [67]. Thereby,
we create a two-component system with each species being
trapped individually. Furthermore, we introduce a coupling
Hamiltonian Hup between the two species. Both subsystems
are confined to a longitudinal direction, accounting for the
one-dimensional character, and excitations in the correspond-
ing transversal direction are energetically suppressed and can
therefore be neglected. This results in a Hamiltonian of the
form A = Hy + Hp + Hup. The Hamiltonian of the A species
reads

, Lz n* d? mkx
Hy =/ dx\y;(x)[— — + Vpsin? (T)

—L/2 2my dx’
+ gaa \if;(x)\iJA(x)] Py (x), )

where \TJII is the field operator of the lattice A bosons, my
is their mass, Vj is the lattice depth, gs4 is the intraspecies
interaction strength of the two-body contact interaction among
the A atoms, k is the number of wells in the lattice, and L is the
length of the system, while x € [—-L/2, L/2]. The B species is
described by the Hamiltonian

. L)2 . 242
Hp = dx W, (x)|: -
i /_L/z B 2mp dx*

+ g5 @;(x)@g(x)] Pp(x), 4)

where ‘j/g is the field operator of the B species, ggg > 0 is the
interaction strength of the two-body contact interaction among
the B atoms, and mj is the corresponding mass. Moreover, we
assume equal masses for the species my = mp. Experimen-
tally this can be achieved by preparing, e.g., ’Rb atoms in two
different hyperfine states, i.e., |F = 2, mp = —2) represents
the impurity species and |F = 1, mp = —1) represents the
Bose gas, thereby obtaining a two-species bosonic mixture.
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Using the so-called tune-out wavelength of the |FF = 1, mp =
—1) state it is possible to create species-dependent potentials
[67,68], such that the optical lattice potential for the impurities
does not affect the Bose gas. Consequently, the Bose gas
experiences a vanishing light shift, while the light shift for the
impurity species can be used to trap this species in an optical
lattice potential. The interaction between the species A and B
is given by

L/2
Hap = gap / e L(ER YCHNMEIN IEI N ©)
where g4p is the interspecies interaction strength. The in-
teraction strengths g, (@ € {A, B, AB}) can be expressed in
terms of the three-dimensional s-wave scattering lengths aP.
By assuming the above-mentioned strong transversal confine-
ment with the same trapping frequencies @] = w, for both
species 0 € {A, B} itis possible to integrate out frozen degrees
of freedom, leading to a quasi-one-dimensional model with
8o = 2hw, aP.

Throughout this paper we consider a k = 5 well lattice and
focus on small particle numbers with Ny = 4 impurities, lead-
ing thus to a fractional filling in the lattice, and Nz € {10, 30}
majority atoms. The interaction among the majority atoms is
set to a value where the quantum depletion of the Bose gas
is negligible in case of an absent interspecies coupling, i.e.,
gss/Erh = 6.8 x 1073, with Eg = (2 h)?/2msA> being the
recoil energy and A = 2L/k the optical lattice wavelength.
In the following, we present the quench protocol which
induces the tunneling dynamics. We prepare our system in
its ground state with gaa/ErA = 0.067, gap/ErA = 0.142,
and Vy/Er = 13. This choice of parameters ensures that we
arrive approximately at the following MB wave function
[WmB) ~ 12, 2,0,0,0)w ® |Vp), where the impurities accu-
mulate pairwise in adjacent sites (see Fig. 1). The number
state |2, 2, 0, 0, 0)y is spanned by Wannier states of the lowest
band for the impurity species, whereas |Wg) denotes the
species wave function of the majority species. Hence, initially
the subsystems are not entangled, thereby forming a single
product state. We further note that the two species strongly
avoid overlap in this ground-state configuration (see [48]),
reminiscent of the phase separation of two Bose gases [13].
This can be seen in the one-body density of the ground state
|W\p) of the species o [see Fig. 1(b)], which is defined as

P (x) = (Wi W] ()W ()| Wig).- (6)

The quench is performed by lowering the interspecies interac-
tion strength. Varying the postquench interspecies interaction
strength g4p, we explore the dynamical response of the binary
mixture, focusing in particular on the tunneling behavior of
the impurity species.

III. THE QUENCH PROTOCOL AND ITS UNDERLYING
PHYSICS

A. Crossover diagram

Before discussing the dynamical response of the binary
mixture upon quenching the interspecies interaction strength
gap, we shall motivate the employed quench protocol. For
this purpose, we determine the ground state of the system for

(a)

oc=A

o=B

.’..u—(b)'l‘l n -

P

(1)

i
~————
-‘_‘___—-——-"

FIG. 1. (a) Sketch of the initial state of the two-component mix-
ture. The impurities [blue (dark shading) dots] interact repulsively
via an intraspecies contact interaction of strength gs4 and via an
interspecies contact interaction of strength g4 with the atoms of the
Bose gas. The latter atoms in turn weakly interact via an intraspecies
contact interaction of strength ggg. Due to the interplay between the
interspecies and the intraspecies interaction among the impurities the
latter accumulate pairwise in adjacent sites, minimizing the overlap
with the majority species. (b) One-body density of the many-body
ground state of the o species p{(x,t) for Ny =4, Ny = 10, a
lattice depth of V,/Er = 13, intraspecies interaction strengths of
gaa/Egh = 0.067 and ggg/Erh = 6.8 x 1073, and an interspecies
interaction strength of g4p/EgA = 0.142. x is given in units of A.

different lattice depths V,, and g45. We note that the underlying
single-particle functions of the ground state are optimized
with respect to the respective many-body problem and can
in general be of arbitrary structure. We extract information
from the complete many-body wave function by projecting
onto number states |74} ® |7i%) and determine the probability
of being in the number state |##4) for the impurity species
A, irrespective of the number state configurations of the B
species, namely,

2

; @)

P(li*)y) =Y |(Af| ® (i |Wys)

where {|ii)} could be any number state basis set of the
Bose gas with fixed particle number and |Wyg) is the total
many-body ground-state wave function. In order to associate
the impurity state [ii*) = |nf, n§, n3, nj, n?) with a spatial
distribution we construct the number states with a generalized
Wannier basis (see subscript W) of the lowest band [69-71].
In Fig. 2 we show the probability P(|ii*)) of finding the

impurity A species atoms in the respective number state

043616-3

64



3.3 INTERACTION-INDUCED SINGLE-IMPURITY TUNNELING IN A BINARY MIXTURE OF TRAPPED

KEVIN KEILER AND PETER SCHMELCHER

ULTRACOLD BOSONS

PHYSICAL REVIEW A 100, 043616 (2019)

P(]2,1,0,0, 1)w) P(]2,2,0,0,0)w)
0.8 0.8
: =5 1)
0.6 _I‘_“: 0.6
04 = _ 0.4
1 == ol
0.2 0.2
P('\l. 1,0,1, 1)w)

0.8
0.6
0.4
' 0.2
0.0

- -
0.05 0.0 0.15 0.05 010 0.15°
gap/(ERrA) gap/ERrA

FIG. 2. Probability of finding the impurity species (a) forming
one two-impurity cluster next to a single impurity and one impurity
residing along the opposite wall, (b) localized pairwise in adjacent
wells, and (c) localized separately in the outer wells as a function of
the lattice depth V; and the interspecies interaction strength g4z for
gaa/EgrX = 0.067. The number states in panels (a) and (b) are chosen
as an example and therefore the corresponding parity-symmetric
configurations show the same behavior. In panel (d) we show the
one-body density of the species A as a function of the interspecies
interaction strength for a fixed lattice depth of V;/Exr = 13. In region
I the impurities localize separately in the outer wells. In region II
they form one two-impurity cluster next to a single impurity and
one impurity residing along the opposite wall and in region III they
are localized pairwise in adjacent wells (see Table I). The particle
number of the respective species is chosen as Ny = 4 and Ny = 30.
X is given in units of X, V} is given in units of Eg, and g4p is given in
units of ExA.

|74} as a function of V and gsp. Predominantly the states
[1,1,0, 1, )w, |2, 1,0,0, 1), and |2, 2,0, 0, 0)y are occu-
pied. Focusing on large lattice depths the impurity species is
well described by a single number state of the aforementioned
kind depending on the interspecies interaction strength. For
small g4p and large lattice depths we observe that the impuri-
ties are localized separately in the outer wells [see Fig. 2(c)].
Increasing gap we find a transition to a state exhibiting one
two-impurity cluster next to a single impurity and one impu-
rity residing along the opposite wall [see Fig. 2(a)]. For even
larger gap, the impurities accumulate pairwise in adjacent
sites [see Fig. 2(b)]. This behavior is also reflected in the
one-body density pf‘l)(x) of the impurity species, shown in
Fig. 2(d). We note here that the many-body ground states
in Figs. 2(a) and 2(b) for large lattice depths are degener-
ate with an energetically equivalent counterpart of the type

TABLE I. Degenerate subspaces of the ground state referring to
the regimes in Fig. 2(d) for Ny = 10 and V,/Eg = 13.

Regime

1 1I 1

IL1,0, 1, Dy®|Wh) [2,1,0,0, )y®|¥3) [2,2,0,0,00y®|¥;)
11,0,0,1,2)y ® |¥2) 10,0,0,2,2)y®|¥3)

[1,0,0,1,2)w ® [¥2) or |0,0,0,2,2)w @ |¥3), where |¥})
and I\III’;) denote the respective species wave function of the
majority species B (the bar denotes the species wave function
B for the degenerate counterpart). For large lattice depths we
can now classify the ground states for varying interspecies
interaction strengths into three regimes as depicted in Table I.

Next, we prepare the binary mixture in the ground-state
many-body wave function |Wy) ~ |2,2,0,0,0)y ® |‘~IJI33) by
choosing a lattice depth of Vy/Er = 13 and an interspecies
interaction strength of gap/ErA = 0.142. Lowering now in-
stantaneously the interspecies interaction strength and thereby
crossing the different regimes in the crossover diagram in
Fig. 2, the corresponding ground states would be given by
more delocalized configurations (see Table I). In this spirit,
one might expect that the former two-impurity cluster will
split up in the course of the dynamics, leading to a tunneling of
the impurities in the lattice. Of course, this simple picture will
not give insight into the explicit complex dynamical response
of our system, but rather serves as a starting point as well as a
motivation for the chosen quench protocol. An extensive study
of the actual dynamics observed in the two-component system
will be the subject of the following sections.

B. Single-impurity dynamics

Instead of diving directly into the results for the case of
Ny = 4 impurities in the subsystem A, we will first briefly
discuss the case of a single impurity, i.e., Ny = 1, coupled to
a majority species of Np = 10 particles. Assuming the same
parameters as discussed above and setting the lattice depth
to Vp/Er = 13 and the interspecies interaction strength to
gap/ErA = 0.14, the impurity will accumulate to one of the
most outer lattice sites, similar to the case of Ny = 4 impuri-
ties. Quenching now the interspecies interaction strength to a
lower value, we find two distinct regimes for the dynamical
response of the impurity, identified by the temporal evolution
of the one-body density for both species upon quenching
gap. We observe that initially the impurity is localized in
the rightmost well, whereas the majority species distributes
such that it avoids the overlap with the impurity. For a
postquench interspecies interaction strength of g4p/Ert = 0,
we observe a tunneling of the impurity through the lattice
potential structure to the leftmost well [see Fig. 3(a)]. This is
followed by a rather complex tunneling between the various
lattice sites. Throughout the dynamics the majority species
exhibits high-frequency oscillations of the one-body density
[see Fig. 3(c)]. For any postquench interspecies interaction
strength not close to zero the impurity remains localized in
the initially populated well in the course of the dynamics
[see Fig. 3(b)], whereas the B species exhibits again high-
frequency oscillations on top of an overall breathing of the
one-body density [see Fig. 3(d)]. Apparently, the finite repul-
sive coupling of the impurity to the majority species does
not allow for a transfer of the impurity to the neighboring
lattice sites due to the latter species acting as an effective
material barrier. Instead it is necessary to quench the system
such that the majority species basically becomes transparent
to the impurity in order to achieve a tunneling of the impurity.
In this sense, the dynamical response of the system can be
defined by two distinct regimes. Either the impurity performs
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FIG. 3. Temporal evolution of the one-body density of the A
species pf\l)(x, t) (upper row) and B species pg)(x, t) (lower row) for
a single impurity coupled to the majority species B for a lattice depth
of Vy/Er = 13 and a postquench interspecies interaction strength of
(a, ¢) gap/Eg) = 0 and (b, d) gap/Err = 0.032. x is given in units
of A and ¢ is given in units of /1/Eg.

a rather complex tunneling through the lattice potential, while
exhibiting traces of an oscillation from one side to the other
side of the system, for postquench g4z = 0 or close to zero,
or it remains localized in the initially populated well for
weaker quench amplitudes. In the following discussion we
will explicitly show that the case of four impurities initially
accumulating pairwise in adjacent sites exhibits impurity tun-
neling for finite postquench couplings to the majority species
and strong enough quench amplitudes, whereas quenching to
gap/Er) = 0 results in a localization of the impurity species
in the initially populated wells in the course of time.

-1

m
it

IV. CORRELATED TUNNELING DYNAMICS

A. Density evolution and correlation analysis

We explore the dynamics of Ny = 4 impurities coupled
to a majority species of Ng = 10 bosons. Motivated by the
crossover diagram in the previous section [see Fig. 2] we
choose a lattice depth of Vj/Egr = 13 and an interspecies
interaction strength of g4p/EgrA = 0.14 in order to prepare the
binary mixture in the ground state |Wy) ~ (2,2,0,0,0)y ®
|W3). We perform a quench of the interspecies interac-
tion strength to a lower value and determine the dynamical
response of the system numerically using ML-MCTDHX,
which is capable of taking all correlations into account. In the
first step, we identify four different regimes of the dynamical
response of our system, depending on the postquench inter-
species interaction strength gsp, based on qualitatively dif-
ferent dynamical patterns of the one-body densities. Figure 4
shows the temporal evolution of the one-body density of the A
and B species for various postquench interspecies interaction
strengths. For weak quench amplitudes [see Figs. 4(d) and
4(h)], the impurities remain trapped in the initially occupied
wells and appear not to respond dynamically to the quench,
whereas the majority species performs high-frequency oscilla-
tions in the one-body density. The origin of these oscillations
will be discussed in Sec. IV B. This scenario resembles the
case of a single impurity coupled to the majority, which has
been discussed in the context of Fig. 3. However, quenching
to even lower values of g4p initiates a tunneling process to
the neighboring unoccupied lattice site [see Fig. 4(c)]. We
observe a rather periodic oscillation of the one-body density
,o/f\l) (x,1) between the second and third lattice site. These
oscillations are imprinted on the one-body density profile of
the majority species, which tries to minimize the overlap to the
minority species [see Fig. 4(g)], on top of the high-frequency
oscillations. We can extend this tunneling behavior of the
impurities by reducing the postquench interspecies interaction
strength even further. This leads to a tunneling of the impurity

—
rm

0.1 WWW 0 1000 2000 0 1000 2000 0 1000 2000
0.0 if{hf"ERJ / f;’f(thR)

t/(h/E,
0 1000 2000 /(h/Eg)
t/(h/ER)

FIG. 4. Temporal evolution of the probability P, of finding an impurity particle in the /th Wannier state upon quenching to (a) gag/ErAr =
0.051 and (e) gap/ErAr = 0.032. Temporal evolution of the one-body density of the A species p/&” (x, t) (upper row) and B species pg” (x,1)
(lower row) for a lattice depth of V;)/Er = 13 and a postquench interspecies interaction strength of (b, f) gap/ErA = 0.032, (c, g) gap/Err =
0.051, and (d, h) gap/ErX = 0.065. The particle number of the respective species is chosen as Ny = 4 and Ny = 10. x is given in units of A
and ¢ is given in units of /i/Eg.
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species into the third, as in the previous case, and in particular
into the fourth well. Again, this will leave an imprint on the
one-body density of the B species [see Fig. 4(f)]. Remarkably,
for a postquench interspecies interaction strength of g4 = 0,
such that the majority species is transparent to the impurities,
the latter will remain localized in the initially populated wells
(not shown here). In contrast to the case of a single impurity
(see Fig. 3), the two-impurity cluster remains stable and does
not deviate from its initial configuration in the course of time.
Such stable composite objects exhibit rather large lifetimes
and have already been observed experimentally in optical
lattices [72]. The majority species, however, does respond
strongly to the quench, which manifests itself in an initial
dipolelike motion of the species, which stabilizes in time due
to interference processes (not shown here).

In order to deepen our insight into the mechanisms un-
derlying the dynamics in the binary mixture, we will now
analyze the correlations which accompany the dynamics, in
particular the entanglement between the impurity species and
the majority species. For this purpose we introduce the von
Neumann entropy

Sap(t) = =Y ki) In[A;(1)] ®)

as a measure for the entanglement between the subsystems
A and B, where A; are the Schmidt coefficients defined in
Eq. (1). In the case of a single contributing product state in
Eq. (1), the subsystems are disentangled and the von Neumann
entropy is given by Sqp = 0, whereas any deviation from this
value indicates entanglement between the A and the B species.
In the same manner we want to define a measure for the
correlations which are present in each subsystem itself. Let
us first remember the spectral decomposition of the one-body
density of species o, which reads

PP 1) =) g ()@ (x, )P (x, 1), ©)
J

where n,;(t) in decreasing order, obeying ) e = 1, are
the so-called natural populations and ®;,(x,?) are the cor-
responding natural orbitals. In this sense, the natural orbitals
are the eigenstates, while the natural populations are the
corresponding eigenvalues, which are determined by diago-
nalizing the one-body density matrix. Similar to the Schmidt
coefficients the natural populations serve as a measure for
the correlations in a subsystem. In this spirit, we define the
fragmentation in the subsystem o as

So(t) ==Y ngj(t) In[ng;(1)]. (10)
J

Here, the case of S, = 0 means that the subsystem o is not
depleted, meaning that all particles occupy the same single-
particle state, i.e., ny; = 1.

Figure 5 shows the temporal evolution of the von Neumann
entropy Sap(?) and the fragmentation of the impurity species
Sa(t) as well as of the majority species Sp(t) for the four
different regimes of the dynamical response of our system,
depending on the postquench interspecies interaction strength
gap- Again, we start by analyzing the results for the weak
quench to gap/Egrt = 0.065. Analogously to the one-body

—— gap/ErA =00

—<— gap/Er\ =0.032
gar/Er\ = 0.051
—— gap/ErA = 0.065
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FIG. 5. Temporal evolution of (a) the von Neumann entropy
Sap(t), (b) the fragmentation of the impurity species S4 (), and (c) the
fragmentation of the the majority species Sg() for the postquench
interspecies interaction strengths discussed in Fig. 4 corresponding
to the four emerging regimes. ¢ is given in units of 71/Eg.

2000

density of the impurity species the fragmentation S4(¢) is
in general dynamically stable, while showing only marginal
fluctuations. The same is true for the von Neumann entropy
Sap(t) as well as the fragmentation of the majority species
Sp(t). Quenching to gap/Egrt = 0.051 leads to a strong re-
sponse of the aforementioned quantities. The initial tunneling
of the impurity species into the third well is accompanied
by an increase of the fragmentation Ss(¢) and Sp(f) as well
as the von Neumann entropy Ssp(¢), whereas the reduction
of the impurity species’ density in the third well will reduce
said quantities. We note that this effect is the strongest for
the von Neumann entropy and the fragmentation of species
A. The impact on the fragmentation of the majority species is
minor and appears to stabilize in the course of time. Initially,
the subsystems are disentangled, i.e., S4p(t = 0) = 0, which
manifests itself in the system being described by a single
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product state |Wo) ~ (2,2,0,0,0)y ® |\IJ§). The moment the
impurity species tunnels into the third well it will become
entangled with the majority species, while in the case when
the impurity species tunnels back the entanglement is reduced.
However, in this case the von Neumann entropy does not
drop to Sup = 0, but rather the subsystems remain entangled
to some extent. This is due to the fact that a fraction of the
impurity species density remains in the third well, thereby in-
creasing the overlap with the majority species, even though it
is not clearly visible in the one-body density in Fig. 4(c). This
will become evident in the following discussion of Fig. 4(e).

For stronger quenches, i.e., gap/Egi = 0.032, the sub-
systems will get even more entangled, while at the same
time the impurity species exhibits stronger correlations. How-
ever, these correlations as well as the von Neumann entropy
evolve less regularly compared to the previously discussed
postquench interspecies interaction strength. As expected,
when quenching to g4 = 0 and thereby making the majority
species transparent to the impurity species the subsystems
remain disentangled in the course of time. Since the impurity
species remains localized in the first and second well, also
the fragmentation S, only weakly deviates from the initial
value with time. In contrast to that, the impact of this quench
on the fragmentation of the subsystem B is rather strong,
but shall not be the focus of the current paper’s analysis.
In summary, we have found four different regimes for the
dynamical response of the binary mixture upon quenching
the interspecies interaction strength. In the regimes in which
the impurity species undergoes a tunneling to the neighboring
wells, we observe strong entanglement between the majority
and the impurity species as well as correlations among the
impurity atoms.

B. Microscopic characterization of the tunneling process

This section is dedicated to an in-depth analysis of the
many-body wave function, in particular focusing on the
regimes where the impurity species undergoes a tunneling
to the neighboring wells. In a first step, we want to analyze
the probability of finding an impurity particle in a specific
single-particle state. Naturally, for the impurity species we
consider generalized Wannier functions, which are obtained
by diagonalizing the position operator in the eigenbasis of the

single-particle Hamiltonian H /gl) = —% szz +W Sinz(”Tkx),
while being restricted to the lowest band. In a second step, we
build number states using the Wannier functions and project
the time-dependent full many-body wave function onto these
number states, as described in Eq. (7). Again, the reader
should note that the complete many-body wave function is
obtained via ML-MCTDHX and subsequently we analyze this
high-dimensional object by projecting onto the corresponding
number states. In order to obtain the probability of finding an
impurity particle in a specific Wannier state, we construct the
operator

Na

A 1 S
0" = 33" fuil

i

; an

where |w})(w}| projects the ith particle of the A species onto
the /th Wannier state. Evaluating this operator with respect to

the complete many-body wave function yields the probability
P = (\IJMB|(§§1)|\IJMB) of finding an impurity particle in the
/th Wannier state. In the following the Wannier states are
ordered from left to right, i.e., |w;) and |w;) describe the
Wannier states which are associated with the initially (r = 0)
populated wells. The Wannier states prove to be a suitable
basis set, since in all cases analyzed in the following we find
that ), P ~ 99.97%. Figures 4(a) and 4(e) show the prob-
ability P; of finding an impurity particle in the /th Wannier
state upon quenching g4p. For a weak quench, i.e., gap/ErA =
0.065, a single impurity is to be found either in the first or
second Wannier state (not shown here), and therefore in the
first or second well. For larger quenches, gap/ErA = 0.051
[see Fig. 4(a)], we mainly find oscillations between a single
impurity populating the second and third well, which confirm
our assumptions regarding the tunneling discussed in Sec. IV.
We additionally find small fluctuations for populating the first
Wannier state, which were not directly visible in the respective
one-body density of the impurity species. Finally, quenching
to gap/Eri = 0.032 a single impurity will in the course of
time populate the fourth Wannier state, i.e., the fourth well,
apart from populating Wannier states 1-3. Apparently, the
tunneling is of such nature that mainly the second well is
depleted, whereas the probability of finding an impurity in
the first well only slightly reduces [see Fig. 4(e)]. Using
these quantities we gain a first quantitative description of the
tunneling behavior of the impurity species in terms of Wannier
states.

There remains the question of how many particles actually
tunnel to the neighboring wells. Such an insight can be gained
by analyzing P(|7i4))(¢) [see Eq. (7)]. We will in particular fo-
cus on the two postquench interspecies interaction strengths,
gap/Er) = 0.032 and 0.051, featuring a tunneling of the
impurity species. In Fig. 6 we show the probability P(|7i4))(t)
of finding the impurity species in the number state |##) upon
quenching to gap/Egi = 0.032 and 0.051. We find that the
number states with the largest contribution to the complete
many-body wave function |Wyg) are given by |2, 2, 0, 0, 0)w,
[2,1,1,0,0)w, and |2, 1,0, 1, 0)y, whereas for the quench
to gap/ErA = 0.051 predominantly the first two states con-
tribute. For + = 0 the impurities accumulate pairwise in ad-
jacent sites and the corresponding many-body wave function
is well described by |Wy) =~ |2,2,0,0,0)y ® |\IJ§). Directly
after the quench the probability of finding the impurities in the
configuration |2, 2, 0,0, 0)y reduces, while the probability
of finding the impurities in the configuration |2, 1, 1,0, 0)y
increases. In essence, this means that a single impurity out
of the cluster of impurities tunnels to the third well. In that
way we have identified the tunneling process, discussed in
Sec. IV, as a single-particle process. Focusing now on the
stronger quench to gag/EgrX = 0.032, the increased density in
the fourth well [see Fig. 4(b)] can be again associated with a
single-particle tunneling into that well. Considering solely the
time evolution in Fig. 6(b) one might assume that the tunnel-
ing to the fourth well (blue line), i.e., the probability of finding
the impurity species in the number state |2, 1, 0, 1, 0)y, shows
a rather irregular behavior. However, analyzing the long-time
evolution of the respective probabilities [Fig. 6(c)] one finds
a more regular behavior of the aforementioned probabilities.
It appears that the single impurity tunnels between the third
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FIG. 6. Temporal evolution of the probability P(|7i*))(¢) of find-
ing the impurity species in the number state |2, 2, 0, 0, 0)y [(a)—(c),
first row], 2, 1, 1, 0, O)y [(a)—(c), second row], and |2, 1,0, 1, O)y
[(b, c), third row], irrespective of the number state configurations
of the B species upon quenching to (a) gaz/Err = 0.051 and (b,
c) gap/Ert = 0.032. Panel (c) shows the long-time evolution for a
quench to gap/EgrA = 0.032. The particle number of the respective
species is chosen as Ny = 4 and Ny = 10. ¢ is given in units of /i/Ek.

and fourth well, while the probability of finding the impurities
in the configuration |2, 2,0, 0, O)y is strongly reduced and
exhibits high-frequency fluctuations.

Employing the projection onto number states, we obtained
a detailed description of the actual character of the tunneling
process in the impurity species. The initial pairwise accumu-
lated impurity cluster breaks up in such a way that a single
impurity is transferred to the neighboring well. Increasing
the strength of the quench it is even possible to transfer this
single impurity to the fourth well. We note that this effect
is due to a finite coupling to the majority species during the

dynamics and cannot be achieved when the impurity species
is not coupled to the majority species in the course of the
dynamics, i.e., gap = 0.

Since the majority species plays an important role for the
tunneling process it is of imminent interest to understand in
which way this species is excited due to the quench. For this
purpose, we aim at projecting the complete many-body wave
function onto number states |#*) ® |7i¥), but rather determine
the probability of being in the number state |7i?) irrespective
of the number state configurations of the impurity species.
Before this can be done we need to find an appropriate single-
particle basis set upon which to build the number states |7i?),
which is defined as

(") = Y || ® (i [ Waas)| (12)

Instead of using the single-particle functions associated with
the geometry, i.e., the eigenstates of a single particle in
a box (hard wall boundary conditions), we rather want to
employ a basis which is more tailored to the many-body
problem and exhibits an impact of the interspecies interaction.
For this reason we determine the effective single-particle
Hamiltonian for the B species, assuming the product ansatz
[Wo) &~ |2,2,0,0,00w & |¥3) of our ground state for ¢ = 0.
Integrating out the impurity species we arrive at the following
effective noninteracting single-particle Hamiltonian for the B
species:
a4 Nap{ (x, 1 =0 13
B —_TmBﬁ'FgAB apy (x,t=0). (13)
Through diagonalization of ﬁél) in a discrete variable repre-
sentation basis [73] we obtain an eigenbasis for the majority
species which takes the density modulation due to the pres-
ence of the impurity species into account. In Fig. 7(a) we
show the corresponding eigenstates fég)(x) together with their
eigenenergies El(g}). The single-particle ground-state wave
function flgi)(x) is localized such that it strongly avoids the
effective potential imposed by the impurity species. Apart
from a slightly larger overlap with the potential gagNa p/gl)(x),
the first excited state fg;)(x) also avoids the latter, but addi-
tionally it exhibits a single node. The next energetically higher
state fl(;;)(x) is distributed between the peaks of the effective
potential, as well as in the region where the potential is zero,
having two nodes in total.

Using these single-particle functions we build the corre-
sponding number states |ii®) and determine analogously to
the previous analysis P(|##%))(¢). Again we only focus on the
most populated number states in the following. We note that
excitations into higher excited states are negligible and it is
sufficient to consider only three single-particle states for the
construction of the number states. In Fig. 8§ we observe that
the temporal evolution of the probability P(|7i8))(¢) of finding
the majority species in a specific number state is dominated
by single-particle excitations, i.e., |9, 1,0)p and |9, 0, 1)5. In
this sense, the tunneling of the impurity into the neighbor-
ing sites is correlated with single-particle excitations in the
majority species. Compared to the rather regular behavior
of excitations in the impurity species, the excitations in the
majority species fluctuate strongly, which is related to the
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FIG. 7. (a) Spatial resolution of the eigenvectors flg)(x) of the
effective single-particle Hamiltonian ﬁél) [Eq. (13)] and their re-
spective eigenenergies E,g:.) (dashed lines). (b) One-body density of
the many-body ground state (i = 1) and first excited state (i = 2)
with respect to the Hamiltonian ﬁA.eff. The dash-dotted gray line
in panel (a) refers to the potential gABNAp/gl)(x) (with prequench
gap/Erh = 0.142) and that in panel (b) refers to gABNB,og)(x) +
Vo sin? (%) (with postquench gag/Egl = 0.051) in the respective
effective Hamiltonian with V,/Er = 13. The particle number of the
respective species is chosen as Ny = 4 and Nz = 10. x is given in

units of A and E})” is given in units of Eg.

high-frequency oscillations of the corresponding one-body
density. The initial species wave function of the B species
is given by |\I/133) ~ (10, 0, 0)p. Following the quench, the
population of the number state |10, 0, 0)p is reduced dra-
matically in the course of time. Additionally, we observe
two-particle excitations which contribute strongly shortly af-
ter the quench, but reduce in the course of time to a few
percent [see Fig. 8(c)]. A similar observation is made for a
quench to gap/EgA = 0.051, but with a lowered contribution
of two-particle excitations. Concluding, we have found that
the tunneling of a single impurity to the neighboring wells of
the lattice is accompanied by single-particle excitations in the
majority species with respect to the eigenstates of an effective
Hamiltonian.

Finally, using the obtained knowledge about the micro-
scopic processes we give an explanation of the origin of
the frequency content of the one-body densities p{!(x, ) in
Fig. 4, and in particular unravel the nature of the different
time scales of the corresponding oscillations. In the follow-
ing we focus on the quench to g4p/Egrt = 0.051, where we
observe tunneling of a single impurity solely to the third
well [Fig. 4(c)]. The employed effective Hamiltonians are
constructed with respect to the postquench interspecies in-
teraction strength (i.e., gag/ErA = 0.051) which appears in
24Ny pV(x), 0 € {A, B). In pi"(x, ) [Fig. 4(g)] we observed
high-frequency oscillations upon quenching to gap/Ert =
0.051. We can identify two dominant fundamental frequen-
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FIG. 8. Temporal evolution of the probability P(|7i®))(¢) of find-
ing the majority species in the number state |10, 0, 0)5 [(a, b), first
row], 19, 1,0)p [(a, b), second row], |9, 0, 1) [(a, b), third row],
18,2, 0)5 [(c), firstrow], and |8, 1, 1) [(c), second row], irrespective
of the number state configurations of the A species upon quenching
to (a) gap/Er} = 0.051 and (b, ¢) gap/Err = 0.032. Panel (c) shows
the probability for two-particle excitations for the latter quench. The
particle number of the respective species is chosen as Ny = 4 and
Np = 10. ¢ is given in units of /i/Eg.

cies with single-particle excitations from the state flg)(x)

to fiy(x) with (ESY — ES))/Eg ~0.18 and from f5}(x)
to fr3)(x) with (ESY — ES))/Er ~ 0.37. This single-particle
picture is justified by the fact that the particles of the majority
species are interacting weakly with each other. However,
the fundamental frequency of pf(\l)(x, t) with respect to the
tunneling into the third well cannot be identified in a single-
particle picture since the impurities interact rather strongly
via an intraspecies interaction of strength ga4/ErA = 0.067.
For this reason, we construct a many-body Hamiltonian for

043616-9

70



3.3 INTERACTION-INDUCED SINGLE-IMPURITY TUNNELING IN A BINARY MIXTURE OF TRAPPED

KEVIN KEILER AND PETER SCHMELCHER

ULTRACOLD BOSONS

PHYSICAL REVIEW A 100, 043616 (2019)

TABLE II. Degenerate subspaces of the ground state referring to the regions in Fig. 9(c) for V;/Egr = 13 and Nz = 30 particles in the

majority species.

Regime

1 II

11T v

11,1,0,1, )y ® |W}) 2,1,0,0, Dy ® |W3)

11,0,0, 1, 2)y ® | ¥2)

2,0,0,0,2)w ® | W) 2,2,0,0,00y ® |W3)

0,0,0,2,2)w ® | ¥3)

the impurity species by integrating out the majority species
analogously to Eq. (13), yielding

A il Flz d2 )
Hy e = — =——5 + 28N int=0
i ;[ 2y dx? 84BNppg ' (x )
. mkx;
+Vosm2( . )}+gAAZa(xi—x,). (14)

i<j

In Fig. 7(b) we present the one-body density of the ground
state (i = 1) and first excited state (i = 2) of the many-body
Hamiltonian I-?A,eff. We find that the fundamental frequency
of ,of\l)(x, t) corresponds to a transition from the ground state
to the first excited state with (Eqp — Ex1)/Egr ~ 0.043. In the
one-body density of the excited state this manifests itself in
a higher density in the third and fifth well of the effective
potential, thereby indicating the observed tunneling of the
impurity species.

C. Increasing the number of majority species particles

Let us now find out whether the observed tunneling pro-
cesses for Np = 10 particles in the majority species persist if
the number of particles in the majority species is increased.
For this purpose, we set the latter to Nz = 30 and perform a
similar analysis as compared to the previous sections. Before
we turn to the dynamical response of the binary mixture
let us first investigate the ground-state wave function for
varying interspecies interaction strength. Instead of analyzing
the explicit form of the wave function by projecting onto the
corresponding number states as done in Sec. III we investigate
the one-body density of the impurity species. In Fig. 9(c)
we show the one-body density of the impurity species for
varying interspecies interaction strengths gsp. We find four
different regimes for the distribution of the impurities in the
lattice, whereas for Ng = 10 the ground-state wave function
was classified by three regimes. The additional regime is char-
acterized by impurities accumulated pairwise in the outermost
wells, while the majority species occupies the central region
(see [48]). The corresponding regimes, taking into account the
degenerate subspaces of the wave function, are summarized in
Table II. We now prepare our system with the same parameters
as in the previous sections, i.e., we choose a lattice depth
of Vy/Egr = 13 and an interspecies interaction strength of
gap/Er) = 0.14. This leads to an initial wave function | W) ~
12,2,0,0,0)w ® |\ng,) of the same form as in Sec. IV. Again
by quenching the interspecies interaction strength to lower
values we initiate the tunneling dynamics of the impurity
species. In order to quantify the tunneling of the impurity
species we analyze the probability P, = (\IJMB|OA§1)|\IJMB) of

finding an impurity particle in the /th Wannier state. In Fig. 9
we show the temporal evolution of P, upon quenching to
(a) gap/Er) = 0.03 and (b) gag/ErAr = 0.051. For a quench
to gap/ErA = 0.03 we observe a tunneling of the impurity
species to the third and fourth site, while being slightly
reduced in the intensity [Fig. 9(a)] compared to the case of
Np = 10 particles [see Fig. 4(b)]. However, for a quench to
ga/ErX = 0.051 we solely observe a tunneling of the impu-
rity species between the initially populated wells [Fig. 9(b)].
A reduction of the probability of finding a single impurity in
the first well is accompanied by an increase of that probability
in the second well and vice versa. Compared to the previous
study with Ng = 10 particles in the majority species we do
not find scenarios with a tunneling of the impurities which is
restricted to the the third well [see Fig. 4(c)]. Apparently, the
increased repulsive interspecies interaction with the majority
species due to the increased particle number leads to the
fact that the impurity species will be forced to populate
the outermost well more strongly compared to the case of
Np = 10 particles. Nevertheless, quenching to gap/Err =0
still results in a localization of the impurities in the initially
populated wells in the course of time (not shown here).

In conclusion, we have found that increasing the number of
particles in the majority species leads to an altered crossover
diagram where an additional regime appears. The dynamical
response of the binary mixture changes due to the increased
number of majority species particles. However, it is still
possible to transfer the impurity species through the lattice
by quenching the interspecies interaction strength. Again, this
effect is due to the presence of the majority species, i.e., a
finite coupling to the latter, and does not occur when the
majority species is transparent to the impurities, i.e., g4 = 0.
Quenching to g4 = 0 barely alters the initial distribution of
the impurities, such that they remain localized throughout the
dynamics.

V. CONCLUSIONS AND OUTLOOK

We have demonstrated that it is possible to transfer a single
impurity out of initially clustered impurities through a lattice
by coupling this species to a majority species. Starting from
four impurities which accumulate pairwise in adjacent lattice
sites we have quenched the interspecies interaction strength
to a lower value. Utilizing this quench protocol we cross
the boundaries of the crossover diagram of the ground state.
The different regimes show different impurity distributions as
a function of the interspecies interaction strength. For suf-
ficiently small postquench interspecies interaction strengths
we observe the tunneling of a single impurity out of the
cluster, whereas a quench to g4 = 0 leads to a localization of
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FIG. 9. Temporal evolution of the probability P, of finding
an impurity particle in the /th Wannier state upon quenching to
(a) gap/ErX = 0.03 and (b) gap/Egr = 0.051. (c) One-body density
p/g”(x) of the species A as a function of the interspecies interaction
strength for a fixed lattice depth of Vy/Eg = 13 (see Table II). The
particle number of the respective species is chosen as Ny = 4 and
Np = 30. x is given in units of A, ¢ is given in units of /i/Eg, and gap
is given in units of Eg\.

the impurities in the initially populated wells. The tunneling
process of the impurity species is accompanied by strong
entanglement of the subsystems as well as strong correlations
among the impurities. The effect on the majority species
manifests itself predominantly in single-particle excitations
with respect to the eigenstates of an effective Hamiltonian
which accounts for the initial one-body density distribution
of the impurity species. In contrast to this we find that a
single impurity does not lead to a controlled tunneling in the
presence of a majority species. Furthermore, we have inves-
tigated the robustness of the tunneling process by increasing
the number of particles in the majority species and revealed
that it is still possible to transfer the impurity species through

—— C=(54,2)
— C=(5,4,3)
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0 200 400
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FIG. 10. Temporal evolution of the probability P; of finding
an impurity particle in the third Wannier state upon quenching to
gap/ErAr = 0.051 for Ny = 10 particles in the majority species. ¢ is
given in units of 7i/Eg

the lattice by quenching the interspecies interaction strength
in case of a larger majority species. This controlled ejection
of a single impurity may indeed be of interest for future
applications in atomtronics [74]. In this context, it might
pave new pathways, since we explicitly take advantage of the
coupling to an environment, whereas usually such systems
would lose their coherence when coupled to an environment
due to dissipation.

There are several possible directions of future investiga-
tions. For example, it would be of immediate interest to allow
for a spin degree of freedom in the impurity species, such that
the initial distribution is characterized not only by a spatial
distribution of the impurities but also by a spin distribution.
In this spirit, a quench of the interspecies interaction strength
might lead to a spatial transport of the impurities as well as a
spin transport.
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APPENDIX: CONVERGENCE ANALYSIS WITHIN
ML-MCTDHX

In the following, we briefly discuss the convergence of our
results using a specific example case and the necessity of a
computational approach which is able to take beyond mean-
field effects into account for the description of the dynamical
response of our binary mixture. The degree of truncation of
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the underlying Hilbert space is given by the orbital config-
uration C = (M, du, dg). Here, M refers to the number of
species functions in the Schmidt decomposition [see Eq. (1)],
while d, with o € {A, B} denote the number of single-particle
functions spanning the time-dependent number states |7”;¢)
[see Eq. (2)]. For M = d4s = dg = 1 we obtain the solution
of the Gross-Pitaevskii mean-field approximation. Increasing
the number of species functions as well as single-particle
functions we are able to recover the solution of the many-
body quantum system with an increasing degree of accuracy.
However, choosing too many species and single-particle func-
tions is computationally prohibitive. Nevertheless, numerical
solutions which incorporate the relevant correlations and go

beyond mean-field approximations can be obtained using ML-
MCTDHX. In order to determine the effect of the truncation,
we investigate as a representative example the probability
P; of finding the impurity species in the third well [see
Eq. (11)] upon varying the orbital configuration C. In Fig. 10
we show this, for example, for a quench to gap/EgA = 0.051
and Np = 10 particles in the majority species. We observe
that it is possible to achieve convergence by systematically
increasing the number of species functions M and single-
particle functions d,,. Therefore, the orbital configuration C =
(5, 5, 3) has been employed for all many-body calculations in
the main text, yielding sufficiently converged results of our
observables.
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Abstract

We investigate the ground state properties and the nonequilibrium dynamics of a lattice trapped
bosonic mixture consisting of an impurity species and a finite-sized medium. For the case of one
as well as two impurities we observe that, depending on the lattice depth and the interspecies
interaction strength, a transition from a strongly delocalized to a localized impurity distribution
occurs. In the latter regime the two species phase separate, thereby forming a particle—hole pair.
For two impurities we find that below a critical lattice depth they are delocalized among two
neighboring outer lattice wells and are two-body correlated. This transition is characterized by a
crossover from strong to a suppressed interspecies entanglement for increasing impurity-medium
repulsion. Turning to the dynamical response of the mixture, upon quenching the interspecies
repulsion to smaller values, we reveal that the predominant tunneling process for a single impurity
corresponds to that of a particle—hole pair, whose dynamical stability depends strongly on the
quench amplitude. During the time-evolution a significant increase of the interspecies
entanglement is observed, caused by the build-up of a superposition of states and thus possesses a
many-body nature. In the case of two bosonic impurities the particle—hole pair process becomes
unstable in the course of the dynamics with the impurities aggregating in adjacent lattice sites
while being strongly correlated.

1. Introduction

Ultracold atomic physics offers an excellent testbed for probing the static properties and in particular the
nonequilibrium quantum dynamics of multicomponent systems for both fermions and bosons [1, 2]. It
provides an exquisite level of control of several system parameters including, for instance, the intra- and
intercomponent scattering lengths via Feshbach resonances [1, 3], the shape of the external trapping
potential [4, 5] as well as the particle number with remarkable experimental achievements especially in one
spatial dimension [6, 7].

Recently, a major focus has been placed on the study of highly particle imbalanced setups [8—11] namely
impurities in a many-body environment. In this context, the presence of intercomponent interactions
results in the dressing of the impurities by the excitations of their medium giving rise, among others, to the
concept of quasiparticles [12] e.g. polarons [8, 13, 14]. The latter exhibit extraordinary features such as an
effective mass [15—17] and induced interactions [18, 19]. Owing to the very recent experimental realization
of these impurity systems [9—11, 21, 22], an intense theoretical activity has been triggered for the
investigation of their stationary properties [23] e.g. unveiling their excitation spectra [10, 14, 24, 25],
induced-interactions [26, 27] and self-localization [28]. However, their corresponding nonequilibrium
dynamics still remains largely unexplored. This partly stems from the fact that the impurities consist
few-body subsystems and thus correlation-induced phenomena are expected to be pronounced especially
during the dynamics, which has also been experimentally confirmed [29]. Notable examples here involve,
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for instance, nonlinear pattern formation [15, 30], induced-correlations [31-33], relaxation processes
[34—37], collisional aspects of an impurity with its host [38—41] as well as tunneling dynamics of impurities
in optical lattices [42—50]. In this latter context transport properties of impurities [42—46], self-trapping
phenomena [47, 51] and Bloch oscillations [52] have been evinced.

However, the majority of these lattice trapped impurity investigations have been mainly focusing on the
case that only the impurities experience the lattice potential and the host resides in a homogeneous
environment. Moreover, they have been predominantly restricted to the single impurity case [53] and
operated within the lowest-band approximation [54, 55]. Thus, the situation where both the impurities and
their medium are trapped in the same lattice potential remains an open question. In such a setting the
impurities act as defects possessing a particle character and it would be intriguing to study the different
phases that arise in the ground state of this composite system for variable impurity-medium interactions
and unveil their underlying correlation properties. Recall that lattice trapped particle-balanced bosonic
mixtures exhibit quantum phases [56—59, 61] being absent in their single-component counterpart. This is,
partly, caused by the non-negligible presence of interspecies correlations [62]. For instance, modifications of
the Mott-insulator (MI) to the superfluid (SF) phase transition [56—60] have been reported due to the
existence of a second component leading to the so-called paired and counterflow superfluid states [63, 64],
quantum emulsion states [57, 65] as well as losses of the intracomponent coherence [66]. In this sense, it is
natural to investigate the existence and interplay of the different phases in the particle imbalanced scenario
with respect to the interspecies interaction strength. As a prototypical example, henceforth we consider one
or two bosonic impurities immersed in a majority species of bosons with both components being lattice
trapped in one-dimension.

Having established the ground state properties of this setup another fruitful prospect is to inspect its
corresponding nonequilibrium dynamics by quenching the system between the different emergent phases.
Here the analysis and consequent control of the tunneling dynamics of the impurities is of particular
importance since it might give rise to a variety of complex transport phenomena, self-trapping events and
formation of (repulsively) bound pairs [48-51, 67, 68]. Furthermore, the identification of the correlated
many-body nature of the different tunneling processes will allow us to infer their microscopic origin which
is certainly of interest. To track the static properties and the quench dynamics of the particle imbalanced
Bose—Bose mixture we utilize the variational multi-layer multi-configuration time-dependent Hartree
method for atomic mixtures (ML-MCTDHX) [69—71] which enables us to capture all the relevant
interparticle correlations of this multicomponent setup.

Regarding the ground state of a single and two bosonic impurities immersed in a majority bosonic
species we find a transition from a SF to a MI phase of the composite system (doped insulator) for a specific
lattice depth and increasing interspecies repulsion. This is in sharp contrast to the case of a homogeneous
bath where a MI state cannot be naturally achieved. This transition takes place for weaker
impurity-medium interactions for deeper lattices, a result which is more pronounced in the two impurity
case. Within the SF phase the impurity and the majority species show a delocalized behavior with the
interspecies entanglement being enhanced and the medium being characterized by strong two-body
correlations. However entering the MI state of the mixture, the species phase separate forming a particle
hole-pair and their entanglement is suppressed [48, 72]. The formation of the particle hole-pair is
exclusively caused by the impurity acting as a defect for the bath, an effect being absent in particle-balanced
mixtures due to their similar intrinsic composition. In this latter case the many-body state of the system
exhibits a two-fold degeneracy [74]. Moreover, for two impurities we observe that below a critical lattice
depth the impurities are delocalized among two neighboring outer wells of the lattice and are two-body
correlated.

Turning to the dynamical response of the mixture, upon quenching the interspecies repulsion from a MI
to a SF phase, we reveal that the predominant tunneling process for a single impurity corresponds to that of
a particle—hole pair [73], whose dynamical stability depends strongly on the quench amplitude. More
specifically, the initially localized impurity becomes spatially delocalized in the course of the evolution while
it gradually tunnels from one side of the lattice to the other. On the other hand, the majority species
particles tend to avoid the impurity in the course of the tunneling. During the time-evolution a significant
increase of the interspecies entanglement is observed, which is due to the build-up of superposition of states
and thus possesses a many-body nature. Additionally, strong correlations occur between the particles of the
majority species. In the case of two bosonic impurities the particle—hole pair process becomes unstable
during the evolution with the impurities aggregating in adjacent lattice sites while being strongly correlated.

This work is structured as follows. In section 2 we introduce our setup and discuss the variational
many-body approach. Section 3 presents the ground state properties in a finite lattice for a single and two
impurities immersed in a strongly interacting majority bosonic species with filling smaller than unity. The
nonequilibrium dynamics of the impurities by quenching the interspecies interaction strength from the
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doped insulator to the SF phase is analyzed in section 4. We summarize our results and provide an outlook
in section 5. Appendix A elaborates on the lattice trapped ground state phase diagram of an impurity in a
unit filling majority species.

2. Setup and variational many-body approach

2.1. Treatment of many-body correlations and dynamics

Our computation approach is the ab-initio multi-layer multi-configuration time-dependent Hartree
method for bosonic (fermionic) mixtures (ML-MCTDHX) [69-71], which accounts for all the relevant
correlations of the atomic mixture [50, 72, 75-78]. As a first step, the total many-body wave function
|Wpp (1)) is expanded in M species functions |7 (1)) of species o and written as a Schmidt decomposition
[79]

M
[Ty () = Y VD) @ [T (1)), (1)
i=1

Here, the Schmidt coefficients v/);, in decreasing order, provide information about the degree of
population of the ith species function and thereby determine the degree of entanglement between the
impurities and the majority species. In case that A\; = 1 the species A and B are not entangled and the
system can be described with a species mean-field ansatz corresponding to a single product state (M = 1).
Furthermore, the species wave functions |7 (#)) describing an ensemble of N, bosons are expanded in a
set of permanents
W7 (1) =Y Con(t)ii”; 1), )

7 No

where the vector #7 = (n{, nJ,...) denotes the occupations of the time-dependent single-particle functions
of the species . The notation 7i”|N,, indicates that for each |#”; t) we require the condition > ;nJ = N.
The time propagation of the many-body wave function is achieved by employing the Dirac—Frenkel
variation principle (6Wyp|(10; — H)|Wpp) [80—82] with the variation 6 ¥y. ML-MCTDHX provides
access to the complete many-body wave function which allows us consequently to derive all relevant
characteristics of the underlying system. In particular, this means that we are able to characterize the system
by projecting onto number states with respect to an appropriate single-particle basis [83, 84]. Besides
investigating the quantum dynamics it allows us to determine the ground (or excited) states by using either
imaginary time propagation or improved relaxation [85], thereby being able to uncover also possible
degeneracies of the many-body states. We remark that in commonly used approaches for solving the
time-dependent Schrodinger equation, one typically constructs the wave function as a superposition of
time-independent Fock states with time-dependent coefficients. Instead, it is important to note that the
ML-MCTDHX approach considers a co-moving time-dependent basis on different layers, meaning that in
addition to time-dependent coefficients the single particle functions spanning the number states are also
time-dependent. This leads to a significantly smaller number of basis states and configurations that are
needed to obtain an accurate description of the system under consideration and thus reduces the
computation time [86].

The degree of truncation of the underlying Hilbert space is given by the orbital configuration
C = (M, da, dp). Here, M refers to the number of species functions in the Schmidt decomposition (cf
equation (1)), while d, with 0 € {A, B} denote the number of single-particle functions spanning the
time-dependent number states |7”; t) (cf equation (2)). The orbital configuration C = (7,7,7) has been
employed for all many-body calculations presented in the main text, yielding a converged behavior of our
observables.

2.2. Lattice trapped bosonic mixture

Our system consists of a mixture of two bosonic species which are trapped in a one-dimensional lattice with
hard wall boundary conditions at its endpoints (figure 1). The impurity species with N = 1, 2 particles is
denoted as species B and the majority species containing N4 = 4 (main text) or Ny = 5 (appendix A)
particles is referred to as species A. This setup lies within reach of current experimental techniques [87, 88].
Furthermore, we introduce a coupling Hamiltonian H,p between the two species. Both subsystems are
confined along the longitudinal spatial direction, accounting for the one-dimensional character of our
setup. Excitations in the corresponding transversal direction are energetically suppressed in the scenario
under investigation and can therefore be neglected in our setup. This results in a Hamiltonian of the form
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e & &

g A A JAB

Figure 1. (a) Sketch of the two-component lattice trapped bosonic mixture. The majority species atoms (blue spheres) interact
repulsively via an intraspecies contact interaction of strength g, , and an interspecies repulsion of strength g, ; with the bosonic
impurities.

H = Hy + Hg + Hap. The Hamiltonian of the species o, with o € {A, B}, reads

. Lz
H, = dx Ui (x) [f
~-L/2

2 g2
o+ Vasin® (T ) 4 g 000,00 0, G)
where U is the field operator of species o, m, their mass and V; the lattice depth. Also, g refers to the
intraspecies interaction strength of the two-body contact interaction among the o atoms, k is the number of
lattice wells and L is the length of the system, while x € [—L/2, L/2]. Moreover, we assume equal masses for
the species m, = mg. Experimentally this can be achieved by preparing e.g. ¥Rb atoms in two different
hyperfine states [89]. The interaction between the species A and B is given by

) v
Fus = gas / AL (T T, @)
—L/2

where g, is the effective one-dimensional interspecies interaction strength. The interaction strengths g,
(a € {A, B, AB}) can be expressed in terms of the three dimensional s-wave scattering lengths a>P. By
assuming the above-mentioned strong transversal confinement with the same trapping frequencies
w] = w, for both species o € {A, B} it is possible to integrate out frozen degrees of freedom, leading to a
quasi one-dimensional model with g, = 2fiw, a>P.

Throughout this work we consider a k = 5 well lattice, while the interaction among the majority atoms
is set to a value where the particles distribute in a Mott-like state for large lattice depths, namely
Zua/Er\ = 0.04. Here, Ex = (2mh)?/2ma)* is the recoil energy and A = 2L/k the optical lattice
wavelength.

3. Ground state properties

Let us analyze the ground state properties of the Bose—Bose mixture with respect to the lattice depth V;, and
the interspecies coupling strength g, for Ny = 1 and Ny = 2 impurities. We calculate the many-body
ground state of the Bose—Bose mixture using ML-MCTDHX, which enables us to obtain the resulting full
many-body wave function. In order to be able to interpret the wave function, we shall analyze reduced
quantities such as the von Neumann entropy and the one- and two-body densities of each species on the
basis of the numerically obtained many-body wave function. As a result, we are able to gain an in-depth
insight into the spatial distribution of the two species in the lattice potential and the accompanying intra-
and inter-species correlations.

3.1. Single impurity

In the following, we explore the ground state of the system containing a single impurity, i.e. Ny = 1, for
varying V; and g, , while keeping fixed the intraspecies interaction strength to g, , /ErA = 0.04. As a first
step, we analyze the spatial distribution of the two species in terms of the one-body density of the ground
state |Upp) of the species o, which is defined as

PV (x) = (Upip| L ()T, () [P (5)

Additionally, in order to deepen our understanding of the ground state of the binary mixture, we investigate
the degree of correlations and, in particular the entanglement between the impurity species and the
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Figure 2. (a) The von Neumann entropy S,z as a function of the interspecies interaction strength g, , and the lattice depth Vj.
(b) One-body density p (x) of the o-species for V; /Ex = 7.3 and g,,/Ex A = 0.047. This density distribution corresponds to
the case where the von Neumann entropy is very large [see green dot in panel (a)]. One-body density p'" (x) of (c) the species A
and (d) of the species B in dependence of the interspecies interaction strength g, , for a fixed lattice depth of V,/Ex = 10.5. The
particle number of the respective species is Ny = 4 and N = 1.

majority species. For this purpose, we introduce the von Neumann entropy

Sap=—» A\ In(\) (6)

as a measure for the entanglement between the subsystems A and B, where \; are the Schmidt coefficients
defined in equation (1). Recall that in the case of a single contributing product state in equation (1), the
subsystems are disentangled and the von Neumann entropy is Syg = 0, whereas any deviation from this
value indicates entanglement between the A and the B species.

Figure 2(a) shows the von Neumann entropy of the ground state as a function of the interspecies
interaction strength g,, and the lattice depth Vj,. For small g,, we observe that S, ~ 0, which indicates
that our system is well described by a single product state. Increasing g, ; leads to a growth of the von
Neumann entropy. For sufficiently large lattice depths Ssp is maximized for a specific value of g, (cf
Vo/Er = 7.3 and g, /Er A = 0.047), while any further increase of the latter leads to a sudden reduction of
the entropy becoming subsequently close to zero which again corresponds to a single product state
representation of the many-body wave function.

In order to understand the relationship between the particle distribution of each species and the von
Neumann entropy it is useful to investigate the one-body density of the o-species as a function of the
interspecies interaction strength (see figures 2(c) and (d)). As it can be seen, up to a specific value g, ; the
majority species A is distributed over the whole lattice geometry, with a slight decrease (increase) of the
density in the central (outer) well(s) for a larger g,,. From this critical value onward the majority species
forms a hole in one of the outer wells and it is now only distributed over the four remaining wells. Similarly,
we observe for the impurity that up to this critical value of g, ; it is distributed over the central three sites,
showing an increasing density in the outer wells for larger g, ;. However, as soon as a hole is formed in the
majority species the impurity localizes in a single outer well which is unoccupied by the majority species.
The latter is accompanied by the formation of a two-fold degeneracy in the ground state. In this sense, the
ground state is given by the density distribution for large g, ; as depicted in figures 2(c) and (d) and its
parity-symmetric (with respect to x = 0) counterpart. Consequently, the densities shown for large g, ,
correspond to only one of the two energetically degenerate ground states. Focusing on the above-described
critical value of g, e.g. for V;,/Er = 10.5 we observe a minor population of the impurity in the outer wells.
However, this spatial species distribution in pg) (x) is more pronounced for smaller values of V. This means
that the corresponding one-body density is increased in the outer wells. Indeed, for Vo/Ex = 7.3 and
Zup/ErA = 0.047 (as compared to Vi /Eg = 10.5 and g,,/Eg A = 0.02 in figure 2(d)) the impurity is largely
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Figure 3. The two-body density for (a;) two particles of the majority species pi\z,)\ and (b) for one particle of the majority species
and one being an impurity p'3). (a;) The noise-correlation for two particles of the majority species p. We consider
Vo/Er = 10.5 and g, /Ex A = 0.12. The particle number of the respective species is Ny = 4 and Ny = 1.

distributed over the lattice geometry and exhibits an increased density in the outer wells (see figure 2(b)).
Correspondingly, the density of the majority species is smaller in the outer wells compared to the central
ones. This large overlap between the two species on the level of the one-body densities is responsible for the
maximized von Neumann entropy at the critical value of g, ;. In turn, this explains the sudden decrease of
Sap which is associated with a phase-separation of the two species [90-93] and the formation of a doped
insulator for the composite system. Concluding, an increase of the von Neumann entropy is associated with
a strong delocalization of the impurity, thereby leading to a large overlap of the two species. From a critical
value of g, , onward we observe a phase-separation of the two species which is accompanied by a decrease of
the von Neumann entropy to Syz = 0. This can also be viewed as the formation of a particle—hole pair [73],
where the majority species forms the hole in one of the outer wells.

To obtain a deeper understanding of the particle distribution, as a next step, we inspect the two-body
reduced density which reads
P ) = (D UL D) B (7 )0 () T (2 )| o), (7)

oo’

where 0,0’ € {A, B}. This measure corresponds to the probability of finding a particle of species o at the
position x{ and another particle of species ¢’ at the position xg/.3 Figure 3(a, ) illustrates this quantity for
two particles of the majority species and figure 3(b) for one particle of the majority species and one
impurity for Vy/Eg = 10.5 and g,,/Er A = 0.12. This parameter set corresponds to the case where the two
species form a particle hole-pair and thereby phase-separate. This fact can also be observed in the behavior
of the interspecies two-body density pfg (see figure 3(b)). Indeed, the probability of finding a particle of
species A and a particle of species B at the same position is approximately zero, i.e. pfgg (x,x) =~ 0. Instead,
measuring the impurity in one of the outermost wells, we may find the majority species localized in any
other well with approximately the same probability. This indicates that the majority species is equally
distributed over four out of the five wells. In this context, the question arises how the majority species
particles distribute among each other. As shown, in figure 3(a;) we find that the probability of detecting two
particles of species A at the same position is approximately zero, i.e. pfg(x, x) ~ 0. This means that two
particles of the majority species tend to avoid each other and do not occupy the same well. From this we can
conclude, that they form a Mott insulator-like state on the four populated wells. In this sense, the complete
wave function of the system in this regime can be well described as follows

[¥yvp) = (1,1,1,1,0)4 ®[0,0,0,0,1)5. (8)

Here, the number state |1”) = |n{,ng,n3, ng,ng), is constructed with a generalized Wannier basis of the
lowest band [94, 95]. This means that e.g. n] describes the number of ¢ atoms in the left localized Wannier
state of the lowest band. This state essentially describes the doped insulator configuration of the composite
system.

In order to unravel the role of correlations for the ground state distribution in the strong interaction
regime, we calculate the noise correlation [64] between particles of species o and ¢’ which is defined as

82, x5) = p2(x7,x5 ) — PV ()PP (). )

The noise correlation is a measure for the deviation of the conditional probability of finding two particles at
specific positions from the unconditional one given by the product of two single-particle events. In this
sense, it gives insight into whether two particles can be viewed as independent from each other or not and

* Please note, that in the case two particles are of the same species, we omit the superscript of the species label at the position symbol.
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therefore suggest the occurrence of beyond single-particle processes in the system. In the former case

gff?, = 0 and in the latter case gfj,), # 0. In figure 3(a,) we show g/(f/i = 0 corresponding to the previously
discussed two-body density for two particles of the A species for V/Er = 10.5 and g,;/Eg A = 0.12. Let us
remark that in case of gg, < 1072, two-body processes are negligible and therefore we set the color of the
colormap to white. Moreover, we do not show the interspecies noise correlation, since it does not exhibit
any significant structures due to the ground state being well described by the wave function of equation (8).
The measurement of one particle of species A does not depend on the previous measurement of the particle
in species B and vice versa. However, as one might expect the noise correlation between two particles of
species A shows a more involved structure. In particular the conditional probability of finding two particles
of the majority species at the same position deviates strongly from the unconditional one. This is a clear
signature of the Mott insulator-like state formed by the A species. Furthermore, we find a difference
between the two probabilities in the off-diagonal elements of g,(a, which again emphasizes the correlated
nature of this state.

In summary, we have found that our system containing a single impurity interacting repulsively with a
majority species undergoes a transition regarding the ground state of the system in dependence of the
interspecies interaction strength and the lattice depth. This transition manifests itself in an increase of
interspecies entanglement with increasing g,,, which is accompanied by a delocalization of the impurity
followed by a sudden decrease of the entanglement. The latter is due to the phase-separation (or
particle-hole formation) between the species constituting a doped insulator, which takes place for
sufficiently large g, and exhibits an energetic degeneracy of the ground state.

3.2. Two bosonic impurities

In the following, we investigate the ground state of the above-discussed system, but with an additional
impurity, i.e. Ng = 2. In order to focus on the effect of the interspecies interaction we set the intraspecies
interaction strength among the impurity particles to zero, i.e. gz = 0. Analogously to the analysis above we
first examine the interspecies entanglement and the corresponding one-body densities of each species.
Evidently, in figure 4(a) we observe an alteration of the crossover diagram, given by the von Neumann
entropy as a function of g, and V;, compared to the case of a single impurity (see also figure 2(a)). More
specifically, for large lattice depths an increase of entanglement between the species takes place up to a
critical value of the interspecies interaction strength followed by a sudden reduction of Ssp to zero for a
further increase of g, ;. This increase of entanglement is again related to the delocalization of the impurities
in the lattice, thereby enhancing the overlap between the species on the one-body density level (see

figure 4(f)). The sudden reduction of Ssp in turn is a result of the phase-separation of the two species (see
figures 4(e) and (f)), similar to the case of a single impurity. However, for smaller values of the lattice depth
(e.g. Vo/Er = 5.7) we observe a slightly different behavior of the entanglement and the related one-body
densities, as compared to the case of a single impurity. We still find a critical g,, which is associated with
the delocalization of the impurity species, while for larger values of g, , the entanglement does not drop to
zero. Instead, Sap saturates towards a finite value, which means that the two species remain entangled and
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Figure 5. The two-body density for two particles (a;) and (d, ) of the majority species pﬂ\zj\, for (b;) and (e;) of the impurity
species pg; and (c¢,) and (f,) for one particle of the majority species and one impurity p. The noise-correlation for two particles
(a,) and (d,) of the majority species pﬁa and (b,) and (e,) of the impurity species pﬁ. The column (a;)—(¢;) corresponds to a
lattice depth of V/Eg = 5.7 and g,;/Ex A = 0.12, while for (d;)—(f;) Vo/Er = 8.9 and g,;/ErA = 0.12, with i € {1,2}. The
particle number of the respective species is Ny = 4 and Ny = 2.

the ground state cannot be described by a single product state. The reason for this can be traced back to the
distribution of the one-body densities of the two species. For large g, , the impurity species distributes over
two of the outer wells with an increased density in the well which is closer to the center (see figure 4(d)).
The majority species in turn exhibits a residual density in this very well (see figure 4(c)), which leads to a
finite overlap of the two species and thereby to a finite entanglement. Let us again remark here that the
above-discussed two ground states for Vy/Eg = 5.7 and V,/Er = 8.9 and large g, , (cf figures 4(c)—(f)) are
two-fold degenerate with a parity-symmetric counterpart (with respect to x = 0).

In the next step, we want to understand how the two impurities are distributed. As a first measure, we
investigate the relative distance [30, 32] of the two impurities

/2 rL/2
<‘x1 *x2|> = / dxldxz‘xl fx2|p§32§(x1,x2), (10)
~1/2J-1)2

with pgg(xl,xz) being the previously introduced two-body density of two impurities. Figure 4(b) shows the
impurity distance as a function of the interspecies interaction strength for various lattice depths. We
observe that for increasing g, , and fixed V; the distance of the impurities decreases and saturates to a
specific value for even larger g, . Also, for smaller Vi, we identify a larger impurity distance. Apparently, in
spite of the delocalization of the impurity species in the one-body density up to a critical value, the distance
(|x1 — x2|) decreases, which suggests that the nature of the delocalization is not completely intuitive and
needs to be inspected in detail (see below). The saturation of the impurity distance towards a finite value for
large g, can be associated with the localization of the impurities in a single outer well for very deep lattices
or in two adjacent sites for smaller Vj. The fact that the distance for the latter case should be larger as
compared to the former one, becomes evident in the clear separation of the corresponding lines for large
g4p (cfblack diamonds and green dashed line in figure 4(b)). In general, note that the decay of the relative
impurity distance is indicative of an induced attractive interaction between the impurities [18-20, 74].
However, this quantity does not allow for a detailed insight into the actual spatial distribution of the
individual impurities. This can be gained by investigating the spatially resolved two-body density of the
impurities (see equation (7)).

Let us in the following focus on the two cases of large g, ;, where the impurity species either localizes on
a single site (cf figure 4(f)) or on two adjacent sites (cf figure 4(d)), a result that depends on the lattice
depth. For the case where the impurities localize on a single site we find that the majority species exhibits
mostly a Mott insulator like structure (cf figure 5(d;)) as in the single impurity scenario. This implies that
the particles of the majority species mostly tend to avoid each other and each one occupies a single distinct
lattice site. Moreover, in this context the probability pgg of finding two impurities at specific positions x;
and x, accumulates at a single outer site of the lattice geometry (see figure 5(e;)]. This means that the two
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impurities tend to occupy the same site. The previously observed phase-separation of the two species is then
also reflected in the corresponding two-body density p) (cf figure 5(f;)]. In general, we can conclude that
two impurities behave similarly to a single impurity for large lattice depths and large interspecies interaction
strengths. However, the situation is not that intuitive when the impurity species occupies two adjacent sites
for smaller lattice depths. Here, the majority species does not exhibit a Mott insulator-like structure, where
the particles avoid each other. Instead, two particles of the majority species can be mostly found either at
the same site or on two different ones, while the occupied sites are dominantly those which are not
populated by the impurity species (see figure 5(a;)). The latter fact can also be observed in the two-body
density pfg for two particles of different species (see figures 5(cy) and (f;)). Indeed, to a large extent the two
species avoid each other, which indicates a phase separation where the impurity species occupies two
adjacent outer wells and the majority species populates the other unoccupied wells. Nevertheless, this
phase-separation is not complete and there is a finite, but small, overlap of the two species which we already
discussed in the framework of the von Neumann entropy (see figure 4(a)).

Coming back to the question of how the individual impurities distribute, in figure 5(b;) it becomes clear
that the impurity species occupying two adjacent sites may either have two particles at the same site or on
two different sites. In this sense, the impurities are delocalized over these two sites. We also note that we
have a slightly increased probability of finding the impurities at the same site which is adjacent to the sites
occupied by the majority species.

In order to understand whether the findings in the two-body densities are dominated by two-body
processes we subsequently investigate the noise-correlation for two particles of the same species (see
equation (9)) for Vo/Eg = 5.7, Vo /Er = 8.9 and g, /Er A = 0.12. For V/Ex = 8.9 the structure of the
noise-correlation for two particles of the A species (figure 5(d,)) is similar to the one for a single impurity
in figure 3(a,) which is to be expected since the particles of the majority species are in a Mott insulator-like
state. Interestingly, in this scenario the noise-correlation for two impurities only shows a very weak
structure of the order of 1072 * (see figure 5(e;)). This means that the accumulation of the two impurities in
a single site is well described by the one-body densities such that the measurement of one impurity is
independent of the previous one of the other impurity. However, this is not the case for Vy/Eg = 5.7 and
245/ ErA = 0.12, where the impurities accumulate in adjacent sites. Here, the conditional probability of
finding two particles of the impurity species at the same position deviates strongly from the unconditional
one (see figure 5(b,)). This is also the case for finding the impurities at different sites. Also, for two particles
of the majority species we observe that g/(f/i # 0 in the relevant occupied sites (see figure 5(ay)), with a
structure similar to figure 5(d,). Therefore, we can conclude that for Vy/Ex = 5.7 not only the particles of
the A species exhibit two-body correlation effects but also the two impurities as compared to the case of
Vo/Ex = 8.9.

In summary, we have found that for large lattice depths and strong interspecies interaction strengths two
impurities accumulate in a single outer lattice well, a behavior that is similar to the case of a single impurity.
As a result the majority species occupies the other four lattice sites in a Mott insulator-like state and the
composite system forms a doped insulator configuration. However, for smaller lattice depths the impurity
species distributes over two adjacent lattice sites which in turn leads to a larger overlap of the two species.
Also, the majority species now dominantly populates the three remaining unoccupied wells. This change in
the distribution is accompanied by the presence of non-negligible correlations not only among the majority
species atoms, as in the previous case, but also between the impurity atoms.

4. Correlated tunneling dynamics

Having analyzed in detail the ground state properties of a lattice trapped bosonic mixture, we subsequently
study its dynamical response upon quenching the interspecies interaction strength. To this end, we prepare
our system, for one as well as two impurities, in its ground state for large lattice depths and strong
interspecies interaction strengths such that the impurity species occupies one of the outer wells. In this
regime the two species phase separate and form a particle—hole pair, as discussed in the previous sections’.
By suddenly lowering the interspecies interaction strength we aim at initiating a tunneling process of the
impurity species through the lattice geometry. We start by examining the tunneling properties in the case of
a single impurity and then extend it to two impurities.

* These are due to a very small population of the impurity species in the site adjacent to the opposite outer well.
° This selection of one of the two degenerate ground states can be performed by applying for example a small asymmetry to the lattice
potential.
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Figure 6. Temporal evolution of the one-body density (a) pE;” (x) of the species B and of (b) pfq”(x) of the species A upon
quenching the interspecies interaction strength from g,,,/Ex A = 0.04 to g, /Er A = 0.025. (c) Temporal evolution of the center
of mass (X) upon quenching to various g, ; (see legend). (d) Density profiles of each species corresponding to the time indicated
by the white line in panel (a) and (b), where the impurity is distributed the most in the lattice. Temporal evolution of (e) the von
Neumann entropy S, and (f) the fragmentation Sy upon quenching to different g, ; values (see legend). The particle number of
the respective species is Ny = 4 and Ny = 1 and the lattice depth V, /Ex = 10.5.

4.1. Transporting a single impurity
In the following we prepare our system in its ground state with a lattice depth V/Egx = 10.5 and an
interspecies interaction strength g,,/Eg A = 0.04. This choice leads to a doped insulator density distribution
of the two species as depicted in figures 2(c) and (d). In this sense the two species phase-separate and
thereby form a particle-hole pair where the impurity plays the role of the particle. Moreover, the majority
species atoms occupy each well separately. To trigger the dynamics, we quench the interspecies interaction
strength to a smaller value such that we cross the transition from Sy ~ 0 to large values of Ssp regarding
the ground state entanglement crossover diagram shown in figure 2(a).

As a representative example of the emergent tunneling dynamics of each species in figures 6(a) and (b)
we present the temporal evolution of the corresponding one-body densities following a quench to
24/ ErA = 0.025, while keeping fixed V,/Eg = 10.5. In this case the impurity tunnels through the lattice
geometry and ends up well localized in the opposite outer well (see figure 6(a)). On the other hand the hole
of the majority species in the initial well vanishes, which means that particles of the majority species travel
towards this well which was initially solely populated by the impurity. Finally, for t/(i/Er) ~ 600 a hole can
again be found at the opposite outer well where now the impurity resides (see figure 6(b)).

In order to appreciate the involved tunneling processes we next examine the probability of finding an
impurity particle in a specific Wannier state. To this end, we construct the operator

O = |wh)(wh|, (11)

where |w?) (w?| projects the particle of the B species onto the Ith Wannier state of the lowest band.
Evaluating this operator with respect to the complete many-body wave function yields the probability

P = (\IIMB\Ogl) |¥\p) of detecting an impurity particle in the Ith Wannier state. Note that the complete
many-body wave function is obtained via ML-MCTDHX and subsequently we analyze this
high-dimensional object by evaluating ©§1> with respect to the wave function. In the following the Wannier
states are ordered from left to right, i.e. |ws) describes the Wannier state which is associated with the
initially (t = 0) populated well. The Wannier states prove to be a suitable basis set, since in all cases
analyzed in the following, we find that ), P; = 99.9%. Figure 7(b), shows the probability P; of finding the
impurity in the /th Wannier state upon quenching to g,;/ErA = 0.025. The energetically ordered associated
Wannier states are depicted in figure 7(a). The probability of finding the impurity in the initially occupied
well decreases in the course of time to zero, while the other wells are populated such that at the end of the
process a maximum probability in the left Wannier state occurs. This behavior clearly leaves an imprint on
the relative energy of the subsystems o

(HIY (1) = (H,) (1) — (H,)(t = 0), (12)

which we define as the deviation of the expectation values of the individual Hamiltonians H,, (with
o € {A, B, AB}) deviating from their initial value at t = 0. The energy of the impurity first decreases during
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Figure7. (a) Profile of the Wannier states associated with the lattice geometry. The offset of the probability density is given by
the energy expectation value of H with respect to the respective Wannier states. The grey dash-dotted line represents the lattice.
(b) Temporal evolution of the probability P; of finding the impurity in the Ith Wannier state upon quenching to

a5/ErA = 0.025. (c) Temporal evolution of the relative energy of the subsystems o as defined in equation (12). The particle
number of the respective species is Ny = 4 and Ny = 1 and the lattice depth V,,/Ex = 10.5.

the transport to the opposite outer well and then increases again (see figure 7(c)). This can be easily
understood in terms of the population of the corresponding Wannier states. The energy of the three central
Wannier states is smaller as compared to the two outer ones (see figure 7(a)). Since the former are strongly
populated in a superposition in the course of time, we observe a decrease of the impurity energy. The
revival of the energy is in turn associated with the population of the other outer well which has again an
increased energy (due to the hard-wall boundary conditions). The reduction of the impurity energy is
accompanied by an increase of the energy of the majority species and the interspecies energy. The reason for
the latter will be discussed below.

First, let us turn back to the superposition of the three central Wannier states in the course of time.
Interestingly, the propagation of the impurity species cannot be understood as a subsequent tunneling from
one well to the adjacent one. The impurity rather delocalizes over the lattice geometry with a maximum
delocalization indicated by the white dashed line in figures 6(a) and (b). The one-body density for this
scenario is depicted in figure 6(d). Here, the impurity strongly localizes in the central well, with around half
of that population in the two directly adjacent sites and a minor density in the outer wells. Apparently, in
order to avoid overlap, the majority species exhibits a density minimum in the central well with increasing
density towards the outer wells. This can also be observed in the population of the corresponding Wannier
states (see figure 7(b)). It is also worth noticing, that the one-body densities of both species clearly deviate
from the ones discussed in the context of the ground states in figure 2(b) where the roles of the two species
are reversed with respect to the distribution of the one-body densities. However, this increased overlap not
only increases the interspecies energy (see figure 7(c)) but additionally leads to a drastic increase of the von
Neumann entropy as in the static case for the ground states (see figure 6(e) dashed blue line). Initially, we
start with a von Neumann entropy of Sy ~ 0 which then increases to a maximum and decreases again
when the impurity species resides in the outermost well. This decrease is due to the fact that the two species
again phase-separate at later evolution times. Let us remark here that Sy does not drop back to zero since a
minor residual density of the impurity remains in the second well.

This tunneling process also has an impact on the correlations among the particles of the majority
species. To unravel the role of these correlations, we define a measure for the correlations which are present
in each subsystem itself. The spectral decomposition of the one-body density of species o reads

P06 t) =D o (D5, )P4, 1), (13)
j

where 1,;(t) in decreasing order, obeying } . 15j = 1, are the so-called natural populations and ®;(x, ) the
corresponding natural orbitals. In this sense, the natural orbitals are the eigenstates, while the natural
populations are the corresponding eigenvalues [69, 70, 85], which are determined by diagonalizing the
one-body density matrix. Similar to the Schmidt coefficients the natural populations serve as a measure for
the correlations in a subsystem. In this spirit, we define the fragmentation [49, 77, 78] in the subsystem ¢ as

Sy () = =D _nj(t) In(ny(t)). (14)
j

Here, the case of S, = 0 means that the subsystem o is not depleted, implying that all particles occupy the
same single particle state, i.e. 1,1 = 1. As just discussed, the delocalization of the impurity species is
accompanied by a delocalization of the majority species. We observe that this is also reflected in the
fragmentation S, of the majority species (see figure 6(f)). At t = 0 the majority species already exhibits a
non-negligible fragmentation which is due to the fact that this species resides in a Mott insulator-like state.
During the transport process, the majority species delocalizes which leads to an increase of S, thereby
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Figure 8. Snapshots of the two-body density for (a)—(c) two particles of the majority species /)f\z,)\ and (d)—(e) for one particle of
the majority species and one impurity p’) upon quenching to g,,/Ex A = 0.025. The first column corresponds to = 0, the
second to t/(h/Eg) = 370 and the third to t/(h/Egr) = 629. The particle number of the respective species is Ny = 4 and Ny = 1
and the lattice depth V,/Ep = 10.5.

maximizing the latter. The subsequent decrease of the fragmentation can be associated with the transition
back to a Mott insulator-like state. Since this transition is not complete due to residual densities in the wells,
the fragmentation does not drop back to its initial value.

In order to clarify that this tunneling process is not unique to a specific post-quench interspecies
interaction strength, we show in figure 6(c) the temporal evolution of the center of mass of the impurity

which is defined as
L/2

(Xp) = dxp) (x)x. (15)
—L/2
The initial value of the impurity’s center of mass is given by (X3) /A ~ 1, while the final position when the
impurity is completely transported to the opposite outer well is (Xz)/\ ~ —1. For various post-quench g, ,
we find that the impurity can be transported to the opposite outer well, while the time it takes for the
impurity to reach that well decreases with smaller g,,. We also note that the impurity tunnels back to the
initially occupied site afterwards, which shall not be the focus of further discussions. Nevertheless, it
becomes additionally clear that it needs a certain minimal post-quench interspecies interaction strength in
order to observe the impurity tunneling within the depicted time interval. E.g. for post-quench
24/ ErA = 0.03 the impurity rather resides in the initially occupied well, instead of tunneling through the
lattice geometry, whereas for smaller g, , the tunneling process takes place. As in the case of
24/ ErA = 0.025, which we discussed in detail, also for smaller g, , the von Neumann entropy as well as the
fragmentation of the majority species are affected by the tunneling of the two species. However, the well
separated initial increase and the subsequent decrease in both measures become less clear or not even
evident anymore, which indicates that also the correlated tunneling takes place in a less structured manner
with decreasing post-quench g, .

In order to understand the above-described difference with varying post-quench g,,, we first analyze the
temporal evolution of the two-body densities for an interspecies interaction strength to g, /Er A = 0.025.
These observables provide a more comprehensive insight into the involved correlated processes indicated by
the von Neumann entropy and the fragmentation of the majority species. In figure 8 we present temporal
snapshots of pfg and pﬁ. The first column corresponds to t = 0, while the second one refers to the case
where the impurity species strongly delocalizes over the lattice geometry, thereby maximizing Sag. The third
column represents the time instance when the impurity resides in the opposite outer well with
(X3)/A = —1. Focusing now on the majority species we clearly identify that throughout the tunneling
process two particles of this species avoid to occupy the same site. Even in the case of maximum
delocalization of the majority species two particles do not reside in the same site. We can understand this
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process as a superposition of all number states where four particles are distributed separately among the five
Wannier states, e.g. [1,1,1,1,0)4, [1,1,1,0, 1)4 etc. In this sense, the hole in the majority species is
delocalized over the lattice geometry. Moreover, we can infer that measuring the impurity at a specific site
we will most probably not find a majority species atom at the same site. Even in the case of maximum
delocalization these two particles will avoid each other. In this manner, the increase of Ssp in the context of
the delocalization is not a trivial single-particle effect. It is rather due to the strong avoidance of the two
species and thereby the involved superposition of many contributing states, e.g.
[1,1,1,1,0)4 ®|0,0,0,0, 1), |1,1,1,0,1)4 ® |0, 0,0, 1, 0) etc, which leads to the increase of the von
Neumann entropy. This in turn leads to the delocalization of the two species on the level of the one-body
densities when integrating out the respective degrees of freedom (see equation (5)). Based on these findings
we have strong indications that the tunneling of the two species manifests itself in the effective transport of
a particle hole-pair from one of the outer wells to the opposite one.

To further quantify this tunneling process we determine the probability of finding a particle hole pair in
any lattice site in the course of time. We define this as the expectation value of the operator

5 Ny

N 1 . .

O(Z) =1 1p — B B iA iA , 16
bh A®1p NiN; ?:1 [wp ) (wr'| @ % ;™) (w)”| (16)

with respect to the system’s wave function, i.e. (@Eﬁf) Here, |w?) (wf| projects the particle of the B species
onto the Ith Wannier state and w4 ) (wi*| projects the ith particle of the A species onto the /th Wannier
state. 1,, are the unity operators of the respective subsystems o. Figure 9(a) presents the temporal evolution
of the probability of finding a particle hole pair in any lattice site for various post-quench interspecies
interaction strengths. Since our system is prepared in its ground state for all post-quench g, ;, initial
particle—hole pair probability of (Ogg)(t = 0) ~ 98.8% holds. This means that we can safely assume that
our system exhibits a particle—hole pair.

Focusing on the case of g,;/ErA = 0.025, which corresponds to the two-body densities depicted in
figure 8, the quench leads to a slight reduction of (@L?} which recovers again for larger times. Closely
inspecting the particle hole-pair probability (see figure 9(b)), we can deduce that the strongest decrease
happens at the time interval in which the two species strongly delocalize over the lattice geometry. For this
reason, we can assume that our system is not solely described by the superposition of number states
exhibiting a particle-hole pair, e.g. [1,1,1,1,0)4 ©®]0,0,0,0,1),(1,1,1,0,1), ® |0,0,0,1,0)5 etc.
Nevertheless, the admixture of other states is rather small since in the case with the largest deviations we
still find a particle hole-pair with a probability of <O;211)> ~ 93.2%. Moreover, we observe that (O;Zh))
increases again in the course of time, if not completely to its initial value, which is associated with the
impurity then occupying dominantly the opposite outer well. In contrast, when quenching to smaller values
of g, the stability of the particle—hole pair cannot be guaranteed anymore. For a quench to
a5/ ErA = 0.01 we lose up to 20% of the particle—hole pair which becomes even more for a quench close
to zero, i.e. g,5/ErA = 0.002. In the latter case (Og) drastically decreases to 65% in the first few time steps.
In this sense, in order to maintain a stable particle-hole pair during the transport of the impurity to the
opposite outer well it is necessary not to quench too strongly. On the other hand a quench which is too
weak allows for a stable particle—hole pair, which resides in the well initially occupied by the impurity, e.g.
24/ ErA = 0.03 (see figure 9(a) red line).

In conclusion, we have found that quenching the binary mixture starting in a phase separated state leads
to a very controlled correlated tunneling dynamics. On the one hand the majority species tunnels such that
its particles do not occupy the same lattice site. On the other hand we observe the effective transport of a
particle-hole pair from one of the outer wells to the opposite one whose stability strongly depends on the
presence of a finite interspecies interaction strength. Moreover, the tunneling dynamics is accompanied by a
strong entanglement between the species as well as correlations among the majority species atoms.

4.2. Transport properties of two bosonic impurities

Having understood the correlated tunneling dynamics of a single impurity interacting repulsively with a
majority species we now turn to the case of two non-interacting bosonic impurities. We prepare our system
in its ground state characterized by a lattice depth V/Ex = 8.9 and interspecies interaction strength
gag/ErA\ = 0.05, while g, , /ER A = 0.04. This leads to a density distribution of the two species as depicted in
figures 4(e) and (f), such that the two species phase-separate. Moreover, the two impurities accumulate at
the same single lattice site, while the majority species atoms strongly avoid each other, occupying the lattice
sites each one separately. In this sense, our initial state is similar to the one with a single impurity, apart
from the additionally added impurity.
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Figure9. (a) Temporal evolution of the probability (f)g}) of finding a particle hole pair in any lattice site for various

post-quench interspecies interaction strengths (see legend). (b) Magnification of (O;zh)) for g,5/Er A = 0.025. The particle
number of the respective species is Ny = 4 and N = 1, while the lattice depth is V) /Ex = 10.5.

Quenching the interspecies interaction strength to g,,/ErA = 0.002 we observe a tunneling of the
impurity species to the opposite outer well (see figure 10(b)). However, compared to the case of a single
impurity a larger portion of density remains in the wells which are traversed during the dynamics. This
means that compared to the single impurity case the transport portion of two impurities is less complete
due to some density remaining in the traversed lattice sites. In turn the majority species tunnels in a
counterflow into the opposite direction as compared to the direction of the impurities. In this context, one
might again ask whether this process can be described by an effective transport of a particle hole-pair.
Figure 10(a) shows the corresponding particle hole-pair probability (O;}’) during the evolution. Initially,

the particle hole-pair process is the dominant tunneling channel with a probability of (Ol(fh)) ~ 98.6%

which later on drastically decreases to (Ogﬁ) ~ 63.8%. The subsequent increase of this probability, which is
associated with the impurities residing in the opposite outer well, does not revive to its initial value,
indicating the loss of the particle hole-pair. This effect is similar to the one discussed for a single impurity
when quenching to very small values of g, ,, where the stability of the particle hole-pair cannot be
guaranteed either. Apart from that, the system still exhibits a rather pronounced increase of correlations in
the course of time. This involves for example the increase of the von Neumann entropy which can be traced
back to the residual impurity density in the remaining wells during their transport to the other side of the
lattice geometry. As a result the spatial overlap between the species is increased and thereby also Sap (see
figure 10(d)). Furthermore the initially uncorrelated impurity pair, Sg(f = 0) ~ 0, develops correlations
during the propagation to the opposite outer well which can be attributed to the incomplete transfer of the
impurities to this very site (see figure 10(e)). Similarly, the increase of S, is attributed to the incomplete
transfer of the effective hole into the opposite direction (as compared to the propagation direction of the
impurities) (see figure 10(f)).

Furthermore, it is of interest to analyze in which manner the two bosonic impurities propagate in
relation to each, i.e. whether they move as a pair or they delocalize in the course of time. In order to answer
this question we inspect the two-body density of the impurities p3) upon quenching to 24/ ErA = 0.002
(see figures 10(g)—(i)). The initially accumulated (in an outer well) impurities delocalize over
next-neighbour sites, which means that it is possible for the two impurities to either reside at the same site
or in adjacent ones (see figure 10(h)). However, during the propagation there are time instances at which
the probability of finding the impurities at the same site is more pronounced as compared to detecting them
in adjacent ones (not shown here). From this we can conclude that in general the impurities delocalize
during the propagation until they reach the opposite outer well where they eventually strongly localize (see
figure 10(i)).

Let us finally remark that in comparison to the single impurity case, for two impurities it is necessary to
quench to lower interspecies interaction strengths in order to achieve a significant transport of the impurity
species to the opposite outer well. For smaller quench amplitudes we either find no tunneling of the two
species (cf figures 10(d)—(f) green crosses) or the impurities delocalize over the lattice geometry without
accumulating in the opposite outer well. Therefore, a transport of the impurity species to the opposite outer
well as in the case of a single impurity is only possible for large quench amplitudes. However, this leads to a
loss of the initial particle-hole pair and a less structured development of correlations.
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Figure 10. (a) Temporal evolution of the probability ((A)l(fh)) of finding a particle hole-pair in any lattice site for a post-quench
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Zup/Er A = 0.002. Temporal evolution of the one-body density (b) pfq” (x) of the species B and of (c) pi\l) (x) of the species A upon
quenching the interspecies interaction strength from g,,,/Eg A = 0.05 to g, /Er A = 0.002. Temporal evolution of (d) the von
Neumann entropy Sz, (e) the fragmentation S, and (f) the fragmentation Sz upon quenching to various g, ;. (g)—(i) Snapshots
of the two-body density of the impurities pg; upon quenching to g, /Ex A = 0.002. The particle number of the respective species
is Ny = 4 and Ny = 2 and we set the lattice depth to V, /Ex = 8.9.

5. Conclusions and outlook

We have investigated the ground state properties of a binary bosonic mixture trapped in a one-dimensional
lattice geometry consisting of a majority species which is doped by one or two bosonic impurities. We
demonstrate the existence of a crossover diagram of the interspecies entanglement as a function of the
lattice depth and the interspecies interaction strength. The transition from strong interspecies entanglement
to Sag = 0 is accompanied by a crossover from a spatially delocalized impurity species to its strong
localization in one of the outer lattice wells. For large lattice depths we find this transition for the case of a
single as well as two bosonic impurities. Moreover, analyzing the corresponding two-body densities we can
conclude that the majority species occupies a Mott insulator-like state, while the two species phase-separate,
thereby forming a particle hole-pair. For two impurities we additionally observe in the case of smaller lattice
depths a localization of the impurity species in two adjacent sites. This phenomenon also manifests itself in
the impurity—impurity correlations, which we do not find when the impurities localize in a single site.

Having understood the ground state distributions, in the next step we aimed at transporting the
impurity species through the lattice by performing an interspecies interaction quench from a Mott to the
superfluid phase of the composite system. For a single impurity the initial particle hole-pair tunnels to the
opposite outer lattice well, while we are able to control the stability of the particle hole-pair by varying the
post-quench interspecies interaction strength. Here, it is important to perform weak amplitude quenches in
order to maintain the initial particle hole-pair. However, for two impurities we cannot guarantee a stable
transport of this pair. This is due to the fact that only large quench amplitudes can initiate a significant
transport of the impurities to the opposite outer well at all. As in the case of a single impurity such large
quench amplitudes lead to a strong loss of the particle hole-pair probability.

The understanding of the crossover between a spatially delocalized to a localized bosonic impurity
species serves as a perfect starting point for even more complex setups, e.g. by introducing more lattice
atoms and sites. Indeed, there are several possible directions of future investigations. For example, it would
be of interest to allow for a spin degree of freedom in both species, such that the particle hole-pair may
carry an additional effective spin. In this spirit, a quench of the interspecies interaction strength might lead
to a redistribution of the spins in the system or an effective spin transport. Another fruitful perspective is to
investigate the ground state phase diagram of the setting considered herein but including dipolar
interactions within and between the species. In this way, it would be possible to generate more phases due
to the long-range character of the interactions.
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Figure 11. (a) The von Neumann entropy Ss as a function of the interspecies interaction strength g, , and the lattice depth V.
The two-body density for (b) two particles of the majority species pfi and (c) for one particle of the majority species and one
impurity pﬁ. We consider V/Eg = 10.5 and g, , /Er A = 0.12. The particle number of the respective species is Ny = 5 and
Np=1.

Acknowledgments

P S gratefully acknowledges funding by the Deutsche Forschungsgemeinschaft in the framework of the SFB
925 ‘Light induced dynamics and control of correlated quantum systems’. K K gratefully acknowledges a
scholarship of the Studienstiftung des deutschen Volkes. S I M gratefully acknowledges financial support in
the framework of the Lenz—Ising Award of the University of Hamburg.

Appendix A. Doping a unit-filling bosonic majority species

To explicitly showcase the generalization of our findings regarding the ground state properties of the
considered lattice trapped bosonic mixture, we consider a unit filling of the majority species, doping it with
a single impurity, i.e. Ny = 5 and Ny = 1. We explore the ground state of the system for varying V, and
Z4p> While fixing the intraspecies interaction strength to g, , /Er A = 0.04. Figure 11(a) shows the von
Neumann entropy of the ground state as a function of the interspecies interaction strength g, and the
lattice depth V. As in the case of Ny = 4 and Ny = 1 (figure 2(a)), we find a region of increased
interspecies entanglement, which decreases to zero for a further increase of g, ;. This is again associated with
a strong delocalization of both species for large Sxp and a phase separation in case of Syp &~ 0 occurring for
large g, ;. However, there is a slight change compared to N = 4 in the corresponding two-body densities
for Vo/Ex = 10.5 and g, /Er A = 0.12, where an interspecies phase-separation takes place. Since the
majority species exhibits an additional particle, the latter distributes over the four lattice sites which are
occupied by the majority species in case of an interspecies phase-separation. For this reason a
non-negligible, but small, probability of finding two particles of the A species at the same site occurs. In pfg
the phase separation is still reflected with an increased probability of finding the majority species in the two
central occupied sites, which is due to the additional majority species particle. In this sense, also for Ny = 5
we find the formation of a particle hole-pair for large g, ,, while the additional particle in the majority
species delocalizes over the sites occupied by the latter.
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Abstract

We unravel the correlated tunneling dynamics of an impurity trapped in a double well and interacting
repulsively with a majority species of lattice trapped bosons. Upon quenching the tilt of the double
well itis found that the quench-induced tunneling dynamics depends crucially on the interspecies
interaction strength and the presence of entanglement inherent in the system. In particular, for weak
couplings the impurity performs a rather irregular tunneling process in the double well. Increasing the
interspecies coupling it is possible to control the response of the impurity which undergoes a delayed
tunneling while the majority species effectively acts as a material barrier. For very strong interspecies
interaction strengths the impurity exhibits a self-trapping behavior. We showcase that a similar
tunneling dynamics takes place for two weakly interacting impurities and identify its underlying
transport mechanisms in terms of pair and single-particle tunneling processes.

1. Introduction

Ultracold atoms offer a versatile platform for studying many-body effects in an extraordinarily controlled
manner. Apart from varying the external confining potential and its dimensionality [1-3], it is also possible to
tune the interaction strength between the atoms via Feshbach or confinement induced resonances [4, 5]. This
exquisite level of control over single component fermionic or bosonic ensembles can be extended to mixtures of
ultracold atoms such as Bose—Bose [6—16], Fermi—Fermi [17, 18] and Bose—Fermi [19, 20] mixtures. In
particular, one-dimensional systems exhibit intriguing phenomena since they allow for correlations to appear in
the dilute regime [21-24].

In this context, especially strongly particle imbalanced mixtures have attracted a lot of interest recently. In
the extreme case such systems consist of a single impurity immersed in a majority species. These setups have
been studied theoretically [25-32] and experimentally [33-36], for a single impurity, serving as a simulator of
polaron physics, as well as for many impurities [37—42] and are indeed a subject of ongoing research. While the
ground state properties of a single impurity in a bath are to a certain extent well understood, less focus has been
placed on the transport properties and the emergent collisions of the impurity through the bath [43-46]. Indeed,
in these systems correlation effects, such as entanglement, are expected to be a crucial ingredient since the
impurities form a few-body subsystem [47]. Moreover, the underlying trapping potential plays an important
role for the behavior of the impurity species, which has been analyzed for homogeneous systems [48—50],
harmonic confinements [51-55] as well as lattice potentials [33, 56, 57]. The majority of the above-mentioned
investigations have been focusing on the case where both species are trapped in the same geometry. However,
introducing different trapping potentials for each species is expected to alter significantly the observed
dynamics. A setting of particular interest involves a bath of lattice trapped bosons which act as multiple material
barriers for the tunneling dynamics of the impurity.

In the present work we explicitly focus on an impurity which is confined in a one-dimensional double well
and interacts repulsively via contact interaction with a majority species of bosons trapped in a lattice. For single
component bosons in a double well the analog of the well-known superconducting Josephson junction can be
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established. The bosonic Josephson junction provides the testbed for many, also experimentally observed,
intriguing phenomena, such as Josephson oscillations, macroscopic quantum self-trapping [58—63] and
correlated pair tunneling [64—66]. Extensions of these phenomena to multicomponent setups have also been
extensively studied, see for instance [67—70]. Herein, we extend these investigations by exploring the dynamics
of impurities in a double well immersed in a few-body bath of lattice trapped bosons. This gives rise to an
effective potential for the impurities whose shape strongly depends on the interspecies interaction strength.
Depending on the latter, one can realize tunneling scenarios which are beyond the well-known regimes of
Josephson oscillation and quantum self-trapping and rely on the interspecies entanglement. This can be of
particular interest for future applications in atomtronics [71].

In our setup of a single impurity in a double well the dynamics is steered by the repulsive coupling to the
majority species. Varying the interspecies interaction strength we unravel different dynamical response regimes of
the impurity upon quenching the tilt of the double well. These regimes range from rather irregular tunneling in the
double well for small interspecies interaction strengths to dynamical self-trapping in a single site for very strong
couplings [6, 7, 55]. For intermediate coupling strengths we observe a strong impact of the density distribution of
the majority species on the impurity’s tunneling dynamics. The impurity initially collides with the material barrier
imposed by the density of the majority species and then tunnels to the corresponding other site of the double well.
This offers a controlled way of transporting the impurity within the double well. The entire tunneling process in the
case of intermediate interspecies interaction strengths is accompanied by a strong entanglement between the
subsystems revealing the complexity of this phenomenon. We remark that in the absence of entanglement this
process does not take place. Additionally, in this case the self-trapping behavior is altered. Surprisingly, we find that
the dynamics of the impurity can be described in terms of Wannier states [41, 42] which are associated with the
superposition of the effective time-averaged potential induced by the density of the majority species and the double
well potential. This proves to be a valuable tool that captures the dynamics of the impurity adequately, even though
astrong entanglement persists throughout the dynamics [12, 46]. Due to the strong correlations appearing in our
system it is necessary to utilize an approach which operates beyond lowest band and mean-field approximations,
such as the Bose-Hubbard model or Gross—Pitaevskii approximation. Therefore we track the emergent non-
equilibrium dynamics by employing the Multi-Layer Multi-Configurational Time-Dependent Hartree Method for
atomic Mixtures (ML-MCTDHX) [72—74] that enables us to capture all the important particle correlations.

Our work is structured as follows: in section 2 we present the system under investigation and the employed
computational methodology. In section 3 we unravel the quench-induced tunneling dynamics of the impurity,
revealing also the crucial role of the inter- and intraspecies correlations. Section 4 is dedicated to an in-depth
characterization of the microscopic effects involved in the dynamical response of the impurity. We extend our
results to the case of two weakly interacting impurities in section 5 and conclude with a summary of our findings
and a discussion of future directions in section 6.

2. Setup and multi-configurational approach

2.1. Setup and Hamiltonian
Our setup consists of two different species of bosons A and B, also referred to as the majority species and the
impurity, respectively, which interact repulsively via a contact potential of strength g4 5. Each species is confined
in a different one-dimensional optical potential at zero temperature. Experimentally this can be realized by
preparing e.g. *’Rb atoms in two different hyperfine states, i.e. |F = 2, mz = —2)and [F = 1, mp = —1),
thereby obtaining a two-species bosonic mixture. Utilizing the so-called ‘tune-out’ wavelength [75, 76] it is
possible to create species-dependent potentials, such that the two species experience different optical potentials
[3]. The majority A species, composed of bosons of mass 1, and interacting repulsively via a contact interaction
of strength g4, is trapped in a six-well lattice potential. The minority B species on the other hand, consisting of
Npimpurities of mass mp interacting repulsively via a contact interaction of strength gz, resides in an initially
tilted double well potential. The resulting many-body Hamiltonian of the system reads

Ny 2 2
” [ P d

—————— + Vycos?(k xiA)] +g S(xft — xf)
2my (dxy? A § /

i=1

+ gli L + lchulzg(xiB)z + h exp| — G + oxl| 4 g D6 — x7)
ol 2mp (dx)? 2 Va2mw 2w? = i

Ny Ny

+gABZZ‘S(xiA - xf) (1)

i=1j=1

Here, the lattice potential V4 = Vj cos?(kox;*) of the majority species is characterized by its depth V; and wave
vector k, = 7/Iwhere [ denotes the distance between two successive minima of the potential. The double well of
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By2
the impurities Vi = %mb%(xiB 2+ \/%w exp (— (z’wz ) is constructed by the combination of a harmonic

oscillator potential with frequency wp and a Gaussian potential characterized by a width w and a height h.
Additionally, we superimpose a linear tilting potential Vi = awx? to the double well leading to an asymmetry
between the two wells, whose degree can be controlled by the parameter a. Assuming zero temperature we can
model the inter- and intraspecies interaction potential between the atoms via a bare delta potential with effective

, N —1
. 2/%ag" 2) ad’ . .
couplingstrength g, = D (1 _ a/ e ) where o and ¢ refer to the corresponding species A and B
Mygat V2 a.
[4]. Here, Mz = % represents the reduced massand a; = | ML the transversal length scale which is
A B ABWL

steered by the frequency of the transversal confinement w, perpendicular to the one-dimensional Bose gas. Apart
from varyingw |, it is possible to control the coupling strength g__, through the free space, three-dimensional
scattering length a’ ' which can be tuned via Feshbach resonances in magnetic or optical fields [5, 77-80].

Throughout this work we consider a fixed number of bosons for the majority species Ny = 8 and set
m = m, = mpg. As mentioned above, our setup can be experimentally realized by considering two hyperfine
states of ’Rb. Note that we have also simulated the corresponding dynamics of a mass imbalanced system
consisting e.g. of a *Rb bosonic ensemble and a '**Cs impurity. For this latter case we confirmed that an overall
similar phenomenology compared to the mass balanced case occurs but the emerging tunneling regimes to be
presented below take place at smaller interspecies interaction strengths. The energy scales for the Hamiltonian in
equation (1) are given in units of the recoil energy E, = /% /(2m), whereas the length and time scales are
expressed in units of k, ' and w, ! = ZE, .. For the lattice potential of the majority species we use a depth of
Vo/E, = 8.The harmonic part of the double well potential of the impurities has a harmonic oscillator frequency
of w/w, = 0.1 - /2 and the barrier height and width are h/E, k, ' = 2and w/k, ' = 1, respectively.
Furthermore, the intraspecies interaction strength among the bosons of the majority species is kept fixed to the
value g, , /E ky' = 1. Hard-wall boundary conditions are imposed at x/k; ! = 3.

In the following, we present the quench protocol which induces the tunneling dynamics. A sketch of the
employed procedure is depicted in figure 1. First, we obtain the many-body ground state of our system,
assuming the above mentioned parameters. Here, the tilting strength of the double well is set to a./E, k, ' = 0.1
(the effect of a smaller tilting strength is analyzed in the Appendix), such that the impurities localize in the left
well of the asymmetric double well potential. To trigger the tunneling dynamics of the impurities the system is
quenched to a geometry, constituting a symmetric double well, i.e. the tilting strength is set to e = 0. Varying the
interspecies interaction strength g4 5, we explore the dependence of the system dynamics on g4 .

2.2. Approach to the correlated many-body dynamics

To unravel the dynamics of the system we employ ML-MCTDHX [72-74]. As explicated below, this ab initio
method gains its efficiency from the time-dependent and with the system co-moving basis set. In the first step,
the total many-body wave function |Wy5(t)) is expanded with respect to M different species functions [U7(¢)) for
each of the species o and expressed according to the following Schmidt decomposition [81]

M
[Us(1) = D JAOTAD) © [TF@)). )
i=1

Here, the Schmidt coefficients \/ \; (), in decreasing order, provide information about the degree of population
of the ith species function and thereby signify the degree of entanglement between the two species. In the case
that only one Schmidt coefficient is non-zero, the species A and B are not entangled with each other and the
system can be described by a species mean-field ansatz (M = 1). However, in general it is necessary to provide
several species functions for the expansion of the total many-body wave function, since entanglement might
prove crucial for the adequate description of the systems dynamics.

Furthermore, the species wave functions |U7(¢)) describing an ensemble of N, bosons are expanded in a set
of permanents, namely

7)) = > Coan(Di” (). 3

17| Ny

Such an expansion allows us to take intraspecies correlations of the o-species into account. Moreover, in this expression
the vector #7 = (n, ny,...) describes the occupations of the time-dependent single-particle functions (SPF) of the
species o, which are further expanded in terms of a time-independent discrete variable representation [32]. The
notation 77| N, indicates that for each n1 the particle number conservation condition }~; #7 = N, has to be fulfilled.
For the time propagation of the many-body wave function we employ the Dirac-Frenkel variational principle
(6Bl (10, — H)|¥yp) [83—85] with the variation §¥ys and obtain the corresponding equations of motion [74, 86].
In conclusion, the ML-MCTDHX method takes all inter- and intraspecies correlations into account and
gives us access to the complete many-body wave function. In contrast to standard approaches, where the wave
function for solving the time-dependent Schrédinger equation is built upon time-independent Fock states with
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Figure 1. (a) Schematic representation of our setup before (f = 0) and after the quench (t > 0). The majority species (blue balls)
resides in the lattice potential V. The impurity is embedded in a double well potential V3 with an initially superimposed tilt potential
Vi of strength a/E, kg ' = 0.1. The quench is performed by setting the tilting strength to zero, thereby quenching to a symmetric
double well configuration. One-body density of the many-body ground state (t = 0) of the species o for (b) g, , /E,k, ' = 0.2 and

(c) g,45/Erkq " = 4.0. We consider a minority species consisting of Ny = 1 particle and a majority species composed of N4 = 8
particles which interact repulsively with g, , /E ks ' = 1.0.

time-dependent coefficients, the ML-MCTDHX method takes a co-moving time-dependent basis into account,
where the Fock states, spanned by the SPFs, as well as the coefficients are time-dependent. This concept of a
time-dependent basis reduces not only the required number of basis states and, hence, improves the
computational effort, but it also provides at the same time an accurate description of the system’s many-body
state. We note here that in order to ensure the convergence of our many-body simulations, to be presented
below, we have employed M = 6 (M = 10) speciesand d, = 6, dg = 6 (d4 = 6, dg = 6) SPFs respectively for the
case of a single (two) impurity atom(s). In this context we define the orbital configuration C = (M, d,, dg) which
determines the size of the truncated Hilbert space.

3. Correlated tunneling dynamics of a single impurity

In the following we consider a mass-balanced bosonic mixture described by the Hamiltonian of equation (1)
where the majority species consists of N4 = 8 and the impurity species of Ny = 1 particles. We initially prepare
our system in its ground state with a tilting strength of o/Egk, ' = 0.1 for different interspecies interaction
strengths g4p. Due to the initial tilt the impurity is found to be well localized in a single site of the double well
potential. Moreover, we find that the impurity species exhibits a rather large spatial overlap with the majority
species for small g, 5 (see figure 1(b)) which of course reduces with increasing repulsive g4 (see figure 1(c)). In
particular, for small g5 the majority species occupies all sites of the lattice potential, such that the impurity
strongly overlaps with it (see figure 1(b)). However, for strong repulsive interactions the majority species
depopulates the well of the lattice potential in which the impurity tends to localize, resulting in a weak spatial
overlap of the two species (see figure 1(c)). Upon quenching the tilting strength to a./Egk, ! = 0 towards a
symmetric double well we initiate the tunneling dynamics, thus favoring the tunneling of the impurity to the
right well as the corresponding energy offset between the two wells vanishes, see also figure 1(a). Asa
consequence the impurity becomes mobile, thereby colliding with the lattice trapped majority species which in
general acts as a material barrier for the impurity dynamics. Varying the interspecies interaction strength we find
four different regimes for the dynamical response of the impurity (see below).

As afirst step, we quantify these regimes by monitoring the time evolution of the one-body density
pg)(x, 1) = (Uyp(t) |\i/;:(x)\i/0(x) |Pmp(2)) of the corresponding subsystems . The spectral decomposition of
the o-species one-body density is given by

PP, 1) =D ng (D PE(x, 1)y, 1), 4)
j

where 1, (t) are the so-called natural populations and ®,, j(x, #) the corresponding natural orbitals. The dynamics
of pg) (x, t)is presented in figure 2, for different interspecies interaction strengths g, 5. As it can be seen pg) (x, t)
exhibits four distinct dynamical response regimes. For small interspecies interaction strengths, in our case

g5/ Erky ' = 0.2, the impurity undergoes a rather complex tunneling dynamics to the other site of the double
well (figure 2(a)). This is a single-particle effect caused by the strong initial tilt and is therefore also present for
gas = 0. For short evolution times, i.e. 0 < t/w, ' < 50, the impurity performs oscillations in the initial well
and then tunnels (see ellipse in figure 2(a)) to the other well. Here, the oscillations within each of the two wells,
which still persist even for g45 = 0 (not shown here), are caused by the rather strong initial tilt of the double well
and are not present for smaller tilts’ (see figure 11(a)). In this sense, the majority species barely affects the

3 We note that this tunneling behavior differs from that of a single particle in a double well potential in the case of smaller tilts, yielding a
single frequency Rabi tunneling.
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Figure 2. Temporal evolution of the one-body densities for (a)-(d) the impurity species Band (e)—(h) the majority species A upon
quenching the tilting strength from a/Egky ' = 0.1to a/Egky ' = 0. Each column corresponds to a different interspecies
interaction strength g,p, from left to right for g, , /Exkg ' = 0.2, 1.0, 2.0, 4.0. The dashed yellow line represents the double well
potential for the impurity species. We consider a minority species consisting of N = 1 particle and a majority species of Ny = 8
particles which interact repulsively with g, , /E, kg ' = 1.0.

tunneling dynamics of the impurity and exhibits weak amplitude modulations from its initial profile due to the
finite g4 (figure 2(e)).

However, for larger coupling strengths the impurity is strongly influenced by the density distribution of the
majority species, e.g. see figures 2(b) and (f). The majority species distributes over the lattice such that p(/i) (x, t)
is accumulated close to the minima of the lattice potential. Due to the repulsive interspecies interaction the
impurity has to overcome on top of the double well barrier these additional material barriers imposed by the
accumulation of the density of the majority species. This leads to an oscillation of the impurity through the
neighboring density maximum of the A species (see white rectangle in figure 2(b)). This tunneling through the
material barrier imposed by the majority species we will refer to as material barrier tunneling in the following.
Throughout this enduring oscillation process the impurity performs a transport [87, 88] to the other site of the
double well (see ellipse in figure 2(b)) where it again encounters a material barrier of species A and pursues the
initial material barrier tunneling behavior (see red rectangle in figure 2(b)). Compared to the weakly interacting
regime (figure 2(a)), in the intermediate regime the transport of the impurity to the other site of the double well
takes place in a very controlled and systematic manner. Moreover, it is even possible to prolong the initial
material barrier tunneling process by further increasing the interspecies interaction strength (figure 2(c)). In this
case, the impurity undergoes a weak amplitude tunneling to the other site of the double well (see figure 8(c)), at
least within the considered evolution time. In the limit of very large g4 the impurity is trapped in the initial site
of the double well due to the strong interspecies repulsion (see figures 1(c) and 2(d)) and as a result we enter the
self-trapping regime. We remark that this self-trapping behavior is caused by the presence of the majority
species, in sharp contrast to the well-known case of interacting bosons in a double well. Note also that the
impurity undergoes dipole-like oscillations within the left site of the double well. Also, we have checked that this
self-trapping behavior (see figure 2(d)) of the impurity persists up to ¢ /w, ! = 400 evolution times (not
shown here).

Considering the behavior of the majority species A, we observe the development of excitations of pg) (x, t)as
aback-action of the tunneling process of the impurity [12]. In particular, pg) (x, t)istransferred through the
lattice (figures 2(f) and (g)). Predominantly, this is the case for the inner four wells. This behavior of the majority
species is caused by the repulsive interspecies interaction which leads in the course of the impurity tunneling to a
shift of the density of species A, thereby reducing the overlap between the species. In the extreme case (see
gup/ Erky ' = 4.0) where the impurity remains localized in one site of the double well, the majority species
redistributes such that a density hole is formed in one lattice site (see figure 2(h)), in order to avoid the impurity.
Here, the overall density of the majority species barely changes in time due to the absence of the impurity’s
tunneling.

In order to quantify the dynamical response of the system even further it is convenient to analyze how
strongly the time-dependent many-body wave function deviates from the initial state |¥,) at t = 0 in the course
of time. This is well captured by the fidelity F (t) = |{(¥yp(¢) |¥p) |* which is defined as the overlap between the
time-dependent and the initial wave function. Figure 3 shows the fidelity F(¢) for various interspecies interaction
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Figure 3. Temporal evolution of the fidelity F(¢) for different interspecies interaction strengths g4 5 upon quenching the tilting strength
to a/Egky ' = 0. We consider a minority species consisting of Ny = 1 particle and a majority species consisting of N, = 8 particles
which interact repulsively with g, , /E ko' = 1.0.

strengths corresponding to the four different tunneling regimes identified in the time evolution of the one-body
densities in figure 2. We clearly observe that the behavior of the fidelity is qualitatively driven by the one-body
density distribution of the impurity over time. For the cases in which the impurity tunnels to the other site of the
double well (figures 2(a) and (b)), the fidelity deviates significantly from unity, i.e. |¥yp(#)) deviates from the
ground state [Up). However, in the regimes where the tunneling of the impurity is suppressed the fidelity remains
close to unity, e.g. see F(t) for g4 = 2.0, 4.0. In this sense, the fidelity evolution provides an indicator of the
tunneling process of the impurity and serves as a first characterization for the tunneling (figures 2(a) and (b)) and
self-trapping regimes (figures 2(c) and (d)). Nevertheless, using solely the fidelity it is not possible to distinguish
between the different tunneling mechanisms. In order to discern between the above-mentioned four possible
regimes of the impurity’s dynamical response it is useful to consider the integrated one-body density of the
impurity J: ;L//; pg) (x, t)dx, where Lis the size of the system. This quantity provides the probability of finding
the impurity in one half of the initially populated well of the double well. Indeed, the integrated density allows to
distinguish between the emergent tunneling dynamics since it incorporates the effect of the material barrier. In
figure 4(a) we show the temporal evolution of this quantity for the correlated many-body approach* for different
gap- We clearly observe four distinct regimes for the response of the impurity which correspond to the one-body
densities in figures 2(a)—(d). Indeed, in regime I an irregular oscillatory pattern of the integrated density is found.
Regime II exhibits regular oscillations whose intensity decays in time. This corresponds to the material barrier
tunneling with a final transfer of the impurity to the other site of the double well (see figure 2(b)). In regime III
the oscillations of the integrated density remain stable in time which is due to the material barrier tunneling of
the impurity in the initially populated well without a transfer to the other site. Finally, in regime IV we find a
higher-frequency oscillatory behavior with a finite amplitude throughout the evolution. This behavior
corresponds to the self-trapping regime (see figure 2(d)). Regarding the dependence of the tunneling behavior
on the different system parameters see appendix B.

However, so far we did not get insight into the degree of the system’s correlation throughout the dynamics.
To unravel the degree of correlations which accompanies the tunneling dynamics of the impurity we distinguish
between inter- and intraspecies correlations. The former are described by the Schmidt coefficients
(equation (2)), which provide a measure for the degree of entanglement between the subsystems, whereas the
latter can be inferred from the natural populations (see equation (4)). Since the B species consists of a single
particle, the natural populations of the B species coincide with the Schmidt coefficients. Therefore, in the
following we invoke the deviation 1 — np,(¢) as a measure of entanglement between the subsystems.

4 The many-body approach refers to our treatment within ML-MCTDHX in contrast to mean-field approaches.
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Figure 4. Temporal evolution of the integrated one-body density of the impurity ‘L ;L//; pg> (x, t)dx upon variation of the interspecies

interaction strength g4 for (a) the full many-body approach and (b) the species mean-field approach. The regimes I-IV in panel (a)
correspond to the one-body densities in figures 2(a)-(d). Regimes I, IIl in panel (b) correspond to the one-body densities in

figures 6(a) and (d), respectively, whereas regime Il in panel (b) relates to figures 6(c) and (d). We consider a minority species consisting
of N = 1 particle and a majority species of Ny = 8 particles which interact repulsively with g, , /E, kg ' = 1.0.

Accordingly, 1 — n4,(¢) indicates the degree of intraspecies correlations of the majority species. The temporal
evolution of the depletion 1 — ,,(¢) of the most populated natural orbital of the A and the B species is illustrated
in figure 5 for different g4 5 upon quenching the tilting strength. We observe that for small interspecies
interaction strengths, i.e. g4p = 0.2, the subsystems are mainly disentangled throughout the dynamics, since

1 — np,(#) =~ 0.Increasing the interspecies interaction strength to g, /Erky ' = 1.0 the subsystems become
strongly entangled in the course of time, i.e. 1 — #15,(f) > 0. This can be associated with tunneling of the
impurity to the other site of the double well and the involved increasing interspecies interaction between the
subsystems. Naturally, the motion of the impurity through the majority species has an impact on the natural
populations of the A species which is connected to the intrinsic tunneling processes of the A species in the lattice
potential (see figures 2(e)—(f)). Indeed, 1 — n,4; > 0independently of g4 and it is maximized in the above-
described third tunneling region. Interestingly, the rather strong degree of entanglement remains in the self-
trapping regime for g, , /Erky ' = 4.0, even though the impurity barely overlaps with the majority species.

In order to emphasize the importance of the entanglement between the subsystems for the tunneling

behavior of the impurity, we additionally perform calculations assuming only a single product state

[Upp) = |¥) ® |Pp) in equation (2), thereby neglecting all interspecies correlations. The dynamics of the o-
species one-body densities employing a species mean-field ansatz, i.e. assuming a single product state between
the species but still including intraspecies correlations, are shown in figure 6. For g, , /Erky ' = 0.2 we findno
visible differences between the full many-body approach and the species mean-field calculations. This is an
expected result, as the degree of entanglement is rather small for these interactions (see figure 5). However, as
soon as entanglement becomes important, we find strong deviations in the corresponding one-body densities.
In particular, for g, / Erk, ' = 1.0 in the species mean-field case (see figure 6(b)) we do not observe the
previously predicted tunneling to the other site of the double well (see figure 2(b)). Furthermore, the one-body
density of the impurity for g, /Erk, ' = 2.0 exhibits additional oscillation frequencies in the species-mean field
scenario (see figure 6(c)) compared to the full many-body case (figure 2(c)). In the self-trapping regime,

8.5/ Erkg ' = 4.0, the species mean-field calculations seem to capture the dynamics quite well at first glance.
However, on a closer inspection of the one-body density it turns out that the spatial position of the impurity
differs compared to the complete many-body approach, while the temporal oscillations of the density are also of
different amplitude and frequency, see figures 2(d) and 6(d). This general difference in the tunneling dynamics is
well captured by the integrated density shown in figure 4. Indeed, the species mean-field ansatz is not able to
recover regime Il in figure 4(a), while the self-trapping regime Il in figure 4(b) is strongly altered compared to
that one in figure 4(a) corresponding to regime IV in the many-body treatment. Even regime III in figure 4(a) is
quantitatively changed when using the species mean-field ansatz (see figure 4(b) regime II). In this sense,
entanglement between the impurity and the majority species plays a crucial role, in order to describe the
dynamics correctly.
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Figure 6. Temporal evolution of the one-body densities for (a)-(d) the impurity species Band (e)—(h) the majority species A upon
quenching the tilting strength from a/Egky ' = 0.1to a/Erky ' = 0, assuminga species mean-field ansatz. Each column
corresponds to a different interspecies interaction strength g 5, ranging from left to right with g, /Erkg ' = 0.2, 1.0, 2.0, 4.0. The
dashed yellow line represents the double well potential for the impurity species. We consider a minority species consisting of Ny = 1
particle and a majority species consisting of N, = 8 particles which interact repulsively with g, , /E, k' = 1.0.

4. Characterization of the impurity dynamics

To analyze the tunneling behavior of the impurity and the accompanying correlations due to the presence of the
majority species (see figure 2) we next develop an effective potential model for the impurity. This effective
potential is obtained by superimposing the time-averaged density of the majority species to the external double
well potential. To adequately describe the dynamical response of the majority species we employ the associated
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Wannier functions. In particular, we project the complete many-body wave function obtained via ML-
MCTDHX onto these Wannier functions in order to analyze the behavior of the impurity in a fixed basis set.

4.1. Construction of the effective potential
Initially, we prepare our system such that it is given by the ground state of the Hamiltonian (equation (1)) with an
underlying asymmetric double well. With respect to the quenched Hamiltonian (f > 0) our system and in
particular the impurity is energetically excited due to the tilting. This enables the impurity to tunnel through the
potential barrier of the double well into the right well. However, as mentioned in section 3, for specific
interspecies interaction strengths this residual energy appears to be not large enough to overcome the potential
barrier. Therefore, the impurity B rather performs a tunneling in the initial site of the double well through the
material barrier imposed by the one-body density of the majority species (see figure 2(c)).

In the following, we aim at understanding this tunneling behavior using an effective potential for the
impurity. We remark that this effective potential serves only as a tool for an analysis of the underlying tunneling
processes. Integrating out the majority species we arrive at the following effective potential for the impurity

VE(xB, 1) = Nugz oV (8, 1) + Vi(xP). (5)

This effective potential is composed by the double well potential Vg and the one-body density of the majority
species p(/i) being weighted by the number of particles N and the interspecies interaction strength g4 . Note that
p'} (xP, t) is calculated within the correlated many-body approach and thereby includes all necessary
correlations. pg) (xB, t) cannot be recovered within a mean-field approach. To proceed, we average this effective
potential over time and obtain a Time-Averaged Effective Potential (TAEP)

T
Vi (xP) = % fo Vi (<P, tydt, (6)

where T denotes the total propagation time. We can justify this time-average by the small one-body density
deformations of the majority species over time. Furthermore, we remark that equation (5) is a species mean-field
effective potential and, therefore, only assumes a single product state. Even though we have seen in figure 5 that the
entanglement between the subsystems plays a crucial role this ansatz turns out to be a powerful tool to analyze the
basic aspects of the tunneling behavior of the impurity and gives an intuitive understanding [12, 46, 91]. The time-
averaged effective potentials are depicted in figure 7(a) for the four interspecies interaction strengths

2.5/ Erky 't = 0.2, 1.0, 2.0, 4.0 corresponding to the four tunneling regimes already discussed in section 3. For
weak interspecies interaction strengths, e.g. g, /E, ko ' = 0.2, the TAEP resembles the shape of the double well
potential Vi, and only small deviations are visible raised from the superimposed one-body density of the majority
species. Moreover, the height of the central potential barrier of the TAEP (=0.89E,) is approximately the same as
for the double well Vi with a value of i/ (+/27 w) = 0.80 atx® = 0. Therefore, one can assume that the tunneling
dynamics of the impurity in the TAEP would differ only marginally compared to the behavior of a single particle
confined in the double well V, i.e. for g5 = 0. Since in the TAEP the one-body density o'}’ of the majority species
is weighted by the interspecies interaction strength g, 5, the spatial distribution of p(Al) becomes more pronounced
for increasing g4 5. Consequently, for a larger g4 5 we observe the appearance of six maxima on top of the double
well structure, which stem from the majority species trapped in the minima of the lattice potential V,. We find that
for an interspecies interaction strength of g, , /E, ks ' = 1.0 the density of the majority species distributes such that
we obtain a nearly parity symmetric TAEP with respect tox = 0 (see figure 7(d)).

In the following, we refer to the first, second, etc maximum of the TAEP ordered from left to right excluding
the case of g,,/E, ko ' = 0.2 due to the small deviations of the TAEP from the double well structure. Increasing
the interspecies interaction strength eventually breaks the spatial symmetry of the TAEP w.r.t. x = 0, which can
bereadilyseene.g.at g, /E kg ' = 2.0and g, /E, ky ' = 4.0 (see figures 7(e) and (f)). In particular, the TAEP
for g,z /E ky ' = 4.0 exhibits a distinct asymmetry. Here, the second maximum of the TAEP is strongly
suppressed compared to the other maxima. This can be attributed to the fact that the one-body density of the
majority species p(Al) in the second well of V4, counted from the left, coincides with the position of the second
maximum of the TAEP. Here, p(Al) is strongly depopulated compared to the other wells of V4 (see figure 2(h))
which leads to the suppression of the second maximum of the TAEP. Focusing on the maxima of the TAEP
especially, on the third and fourth maximum, we can interpret these maxima as the potential barriers that the
impurity has to overcome in order to tunnel from the left to the right side of the TAEP. We observe that the
corresponding maxima heights increase with increasing g4, which indicates that the effective potential barrier
for the impurity also increases with g, .

In the following, we investigate this effective potential barrier that separates the left from the right side of the
TAEP. For this purpose, we calculate the relative difference Ay ; = (Afff - Agff) / Agff between the second
maximum height Agff and third and fourth maximum height, Agff and Aiff, of the TAEP, where i=3,4.

Figure 7(b) shows the relative difference A,y ;> which serves in the following as a measure for the effective
potential barrier, in dependence on the interspecies interaction strength g, . For values below g, , /E, ky ' = 1.0
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Figure 7. (a) Time-Averaged Effective Potential (TAEP) (equation (6)) for the four different interspecies interaction strengths g4
corresponding to the four tunneling regimes of the impurity. (b) The relative difference of the height between the second maxima and
the third and fourth maxima of the TAEP A, ; (see main text for definition) depending on g4 . (c) The TAEP (gray lines) for

243/ Erky ' = 0.2 together with the corresponding Wannier functions which are calculated from the effective Hamiltonian
constructed by the TAEP. (d)-(f) The same as in (c), but for different g,’s, viz. gAB/E, ko' = 1.0, ap /E, ko' =2.0and

245/E ko' = 4.0, respectively. We consider a minority species consisting of Ny = 1 particle and a majority species with Ny = 8
particles which interact repulsively with g4 /E ko T=1.0.

the effective potential barrier A, ; ~ 0 for i = 3, 4 meaning that the maxima barely deviate. For values above
gup/Erko ' = 1.0 the third and fourth maximum height of the TAEP become larger than the second one,
breaking in this manner the symmetry of the TAEP. For large interspecies interaction strengths, e.g.
g / E ky' = 4.0, the effective potential barrier A, ; abruptly increases which is also due to the absence of p(/;)
in the second well of the lattice potential and, subsequently, the lowering of the second maximum height of the
TAEP. The abrupt increase of the effective potential barrier A, ; intuitively leads to the assumption that for
large interspecies interaction strengths, e.g. g, /E kg ' = 4.0, a tunneling of the impurity from the left to the
right TAEP should be strongly suppressed, as already seen in the one-body density (see figure 2(d)) obtained
within the complete many-body approach.

Let us also describe the tunneling behavior of the impurity in terms of states that are highly localized in the
minima of the TAEP. Since, for sufficiently strong interspecies interaction strengths g, the TAEP resembles a
lattice with five sites (see figure 7(a)) we calculate five of those functions. For this purpose, we construct an

- %& + V2B (x®) using the TAEP. For the localized functions we use the
notion of generalized Wannier functions [89, 90] which have the advantage that they can be also obtained in the

presence of a non-periodic potential. To obtain five generalized Wannier functions w/® we first calculate the five

. S p (B
effective Hamiltonian Hiff) =

energetically lowest eigenfunctions of 7:[2? . Using these eigenfunctions as a basis we diagonalize the position
operator X yielding eigenstates which are highly localized in the minima of the TAEP. For simplicity, we shall
call the generalized Wannier functions in the following Wannier functions and, further, we will refer to the first,
second, etc. Wannier function as the Wannier function localized in the first, second, etc well of the TAEP.

Figures 7(c)—(f) presents the absolute squares of the Wannier functions together with the TAEPs for the four
different tunneling regimes corresponding to the interspecies interactions strengths g, , / Eky' = 0.2, 1.0,
2.0, 4.0.For g, /E ky' = 0.2 (figure 7(c)) we find, compared to the results for larger g4, the largest overlap
between the Wannier functions. This indicates that those Wannier functions are rather ill-defined. The reason
can be found in the TAEP which resembles for small interspecies interaction strengths, e.g. g, /E- kg ' = 0.2,
more a double well than alattice potential. Increasing g4 5 (see figures 7(d)—(f)), the Wannier functions become
more localized in the minima of the TAEP and, therefore, are suited for the further analysis of the many-body
wave function.

In summary, we have developed an effective one-body Hamiltonian using a TAEP for the purpose of
constructing generalized Wannier functions from the eigenfunctions of this effective one-body Hamiltonian.
This procedure resulted in functions which are highlylocalized in the wells of the TAEP for sufficiently large
interspecies interaction strengths g4 5. Projecting these Wannier functions onto the full many-body wave
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Figure 8. Probability PP (w{®) of the many-body wave function to occupy a specific Wannier function (see legend), which is localized
to one well in the corresponding TAEP. The probability PP (w{®) is shown in panels for four different interspecies interaction
strengths g, , /E ko ' = 0.2, 1.0, 2.0, 4.0 in the panels (a)—(d), respectively. Panel (al) and (a2) refer to g, , /E, k, ' = 0.2, while panel
(bl)and (b2) refer to g,, /E ks ' = 1.0. We consider a minority species consisting of N = 1 particle and a majority species with

N, = 8 particles which interact repulsivelywith g, /E, ko' = 1.0.

function, obtained in the course of our numerical simulations, we are in the following able to get a deeper insight
into the tunneling dynamics of the impurity.

4.2.Dynamical response in terms of Wannier states

In the following discussion, we analyze the results of the correlated many-body calculations utilizing the
Wannier functions derived in the previous section more specifically. Therefore, we project the ith Wannier
function w'® onto the many-body wave function and thereby receive the time-dependent probability P15 (w®)
that the impurity occupies the ith well of the TAEP. This probability is defined as

PLEw®) = |(w® [Wy) . (7)

Before discussing the results, let us comment on the Wannier functions as a basis set for the species wave
function of the impurity. By summing up the five occupation probabilities of the Wannier functions, we obtain
for each time instant of the evolution a measure for the accuracy of this basis representation. For our results we
find that -, P18 (wl-(B)) > 0.95 so that we can consider the Wannier functions as an adequate basis set for
describing the tunneling dynamics of the impurity. The time evolution of the probability P# (w®) for the four
distinct tunneling regimes corresponding to g, /E, kg ' = 0.2, 1.0, 2.0, 4.0 is shown in figure 8. In the
following, we aim at understanding the respective one-body densities pg) obtained from the many-body
calculation (see figures 2(a)—(d)) with the aid of the occupation probabilities P18 (wi(B)). Starting from
s / E, k, ' = 0.2 (figures 8(al) and (a2)), we observe a rather irregular time evolution of the occupation
probabilities. Here, many Wannier functions are occupied simultaneously indicating that the state of the
impurity consists of a superposition of the corresponding Wannier functions. At first glance the behavior of the
time evolution of P8 (w®) at g, , /E, k; ' = 1.0 depicted in figures 8(b1) and (b2) is similar compared to the
one in panel (al) and (a2). In both cases we observe a reduction of the occupation probabilities of the first and
second Wannier function, representing the left side of the TAEP, and an increase of P8 (w!®) of the fourth and
fifth Wannier function, representing the right side of TAEP. This gradual depopulation of the left and
subsequent population of the right side of the TAEP reflects precisely the observed tunneling process observed in
the one-body density pg) of the impurity. However, we find thatat g, , /E, k; ' = 1.0 the transfer of the
occupation probabilities from the left to the right side of the TAEP is more uniform thanat g, , /E, kg ' = 0.2.
Initially, we observe an exchange of probability between the first and second Wannier states (see
figure 8(b1)), which represents the material barrier tunneling process in the initial site of the double well.
Eventually, probability is transferred from the first and second to the fourth and fifth Wannier state (see
figure 8(b2)), reflecting the controlled tunneling behavior observed in figure 2(b). Partially, this can be
understood in terms of the TAEP which exhibits a lattice structure on top of the double well, while being still
spatially symmetric with respect to x = 0. For stronger interspecies interaction strengths, e.g. g, / E kg ' = 2.0
and g, /E, ky ' = 4.0, the first two Wannier functions are predominantly occupied. As shown in figure 8(c), for
times directly after the quench the first Wannier function is the most occupied one, whereas for larger times the
occupation probability for the second Wannier function becomes the dominant one. We can understand this
intuitively by inspecting the corresponding TAEP depicted in figure 7(e). Here, the TAEP exhibits a global
minimum in the second well which makes it energetically favorable for the impurity to reside there.
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Furthermore, the first and second occupation probability exhibit a strong counterwise oscillation behavior.
Comparing this with the oscillation of the one-body density of the impurity around a potential barrier imposed
by the majority species (see figure 2(c)), we find very good agreement. Moreover, we find that the occupation
probability for the other Wannier functions, i.e. the third fourth and fifth, are strongly suppressed, but seem to
continuously increase over time. Therefore one might assume that for sufficiently long evolution times the
impurity eventually tunnels to the right side of the TAEP.

Turning to the occupation probabilities at g, / E k' = 4.0 (figure 8(d)), we observe that the occupation
probabilities of the third, fourth and fifth Wannier function are close to zero during the entire time propagation.
We can understand this in terms of an effective potential barrier that separates the left side of the TAEP from the
right side w.r.t. x = 0. Here, the value for the relative difference Ay, ; for g, /E kg ' = 4.0 is much larger than
for the other considered interspecies interaction strength g4 (see figure 6(b)) and, therefore, it is very unlikely
that the impurity will tunnel to the right side of the TAEP even for later times. Additionally, the occupation
probabilities of the first and second Wannier function perform a counterwise oscillation, likewise to the
probabilities at g, , / E k, ' = 2.0 (figure 8(c)). In contrast to the aforementioned oscillation of the occupation
probabilities, we observe for g, , /E, ko ' = 4.0 almost twice the number of oscillation periods during the
dynamics as well as a reduction of the amplitudes. A hint for understanding this gives again the corresponding
TAEP (see figure 6(f)). Here, the second maximum height is strongly suppressed and the first and second
Wannier functions have a large overlap. From this we can infer that the species wave function of the impurity
consists mainly of a superposition of the first and second Wannier function whose contributions oscillate
over time.

In conclusion, we generated localized Wannier functions associated with the TAEP and projected them onto
the time-dependent many-body wave function. Having this at hand we were able to describe the many-body
impurity dynamics in terms of the evolution of the occupation probabilities of the respective Wannier functions.
As a natural next step, we shall investigate the two-body correlations between the impurity and the majority
species. More precisely, we determine the discrete correlation function associated with the impurity occupying a
specific well of the TAEP and a single particle of the majority species occupying a certain well of the lattice
potential V4.

First we generate Wannier functions associated with the single-particle Hamiltonian for the majority species
ORI
H = 2m (dx?)?
body probability for a particle of the majority species to occupy the jth well of the lattice potential V4 by
projecting the many-body wave function onto the Wannier function W}A), thereby constructing the probability

PHAWADY = |(wD|Wyp) 2. The conditional probability P24B (w®), W;B)) = (Uypl (51-;2) [Wyp) of finding a single
particle of the majority species in the ith well of V4 and at the same time the impurity in the jth well of the TAEP
is defined as the expectation value of the following operator

+ V,(x?), following the procedure explained above’. Furthermore, we determine the one-

A (2) 1 &
Oy = 2w ™) (™ @ 1) w®, ®)
A |=1

with respect to the many-body wave function [¥y;). The summation runs over the number of particles of the
subsystem A. The discrete two-body correlation function is then given by

Pp2.AB (Wi(A)’ W](B))

2,AB (,,,(A) By —
oW, wi) = .
1 ] pLA (Wi(A))Pl‘B (W](-B))

©)

This function provides information about the correlation between a single particle of the majority species
localized at the ith well of V4 and the impurity species localized at the jth well of the TAEP. In case the discrete
correlation function g>48 (w4, W;B)) equals unity the particle of the majority species and the impurity are
termed uncorrelated since the conditional probability equals the unconditional one. However, if

g 4B (W, W](B)) is larger (smaller) than unity the impurity and the particle of the majority species are said to be
correlated (anti-correlated) [15, 73].

The time evolution of the discrete correlation function for the impurity occupying the second Wannier
function w{® of the TAEP and the particle of the majority species occupying one of the six Wannier functions of
the lattice potential V, is shown in figure 9. We choose to present only results for g>48 where the impurity is
occupying the second Wannier state wi? since for this case we are already able to observe and analyze all relevant
properties of the discrete correlation function. Figures 9(a)—(c2) depict g>4® for the interspecies interaction
strengths g, /E k; ' = 1.0, 2.0, 4.0, respectively”. At g, /E, k; ' = 1.0 (figure 9(a)), we observe that initially
the system is rather uncorrelated and develops stronger correlations for larger time. Here, the particle of the

Note that the Wannier functions are sorted from the left to right regarding the sites of the lattice potential.

6 Here, we do not show theresults for g, , /E, k, ' = 0.2, because as already mentioned before the Wannier basis is ill-defined in this case.
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Figure 9. Temporal evolution of the discrete two-body correlations g4 (w®), w{®)) between the impurity occupying the second site
of the TAEP and one particle of the majority species occupying the ith site of the lattice for interspecies interaction strengths (a)

4B /E,k[)’l = 1.0,(b1),(b2) g, /E,k(fl = 2.0and (cl), (c2) gAB/E, ko’1 = 4.0.In panel (c1) we explicitly exclude the results for
248w, wiP)), because here the occupation probability P4 (wi?) is very small during the time propagation leading to an artificial
amplification of g24B (w4, wiP)) (see equation (9)). We consider a minority species consisting of Ny = 1 particle and a majority
species consisting of N4 = 8 particles which interact repulsively with g, , /E kg = 1.0.

majority species in the fourth /fifth well of V; and the impurity species in the second well of V'5; show an
increasing correlation amplitude over time, whereas an anti-correlation between the particle of the majority
species in the second /third well of V4 and the impurity species in the second well of V'5; occurs. The particle of
the majority species being in the first and sixth well exhibits a similar correlation behavior with the impurity in
the second well. We note that the strongest correlation (anti-correlation) occurs within the time intervals where
the impurity tunnels to the right side of the TAEP (see figure 2(b)).

Turning to the discrete correlation functions at g, , / E, k, ' = 2.0, 4.0, depicted in figures 9(b1), (b2) and
(c1), (c2) we find that the system is in both cases slightly two-body correlated. Predominantly, this is the case for
L /E k' = 4.0 where the impurity exhibits a self-trapping behavior, showing only a weak distinct correlated
or anti-correlated behavior between the impurity in the second well of the TAEP and one particle of the majority
species in a specific well of the lattice potential (see figures 9(c1) and (c2)). However, in figure 9(b1) we observe
an oscillating correlation behavior between the majority species in the third well of V4 and the impurity species
in the second well of V5. Here, g>48 (wi®), w{?) oscillates between the anti-correlated and uncorrelated case
which might be associated with the material barrier tunneling of the impurity in the initial site of the double well
(see figure 2(c)). Concluding, we observe an overall decrease of the discrete correlation with increasing
interspecies interaction strength, which appears to be related to the manifestation of the self-trapping of the
impurity.

5. Correlated tunneling dynamics of two impurities

So far we have investigated the tunneling dynamics of a single impurity coupled to a majority species and found
that the tunneling behavior can be steered by varying the interspecies interaction strength g4 5. In the following
we unravel whether a similar controlled tunneling process can be realized employing two impurities. For this
purpose, we consider two weakly interacting impurities, i.e. they interact repulsively via a contact potential of
strength g, / E,k, ' = 0.2, embedded in the same potential setup as shown in figure 1. The parameters for the
majority species remain unchanged compared to the single impurity case,i.e. Ny = 8 and g, , / E ky' = 1.0.The
tunneling process is induced by performing the same quench protocol as in the case of a single impurity. Due to a
tilting potential Vy;, the minority species is initially prepared in the left side of the double well V. Setting Vi,
suddenly to zero we monitor the respective tunneling dynamics.

Figures 10(a)—(d) present the one-body densities pg) (x, t) of the two impurities for varying interspecies
interaction strengths. As it can be seen, the dynamics of pg) (x, t) for N = 2 resemble the one-body densities in
the case of a single impurity (see figures 2(a)—(d)). For weak interspecies interaction strengths, i.e.

2.5/ E-ky ' = 0.2, weagain observe a rather irregular tunneling dynamics of the impurity species (see

figure 10(a)). Increasing g, 3, also for Ny = 2 the impurity species performs a material barrier tunneling within
the initially populated well and finally tunnels to the other well (see figure 10(b)). A further increase of g4 finally
yields a self-trapping behavior of the impurity species due to the strong repulsion (see figure 10(d)). As aresult
also a system with two impurities exhibits the aforementioned four tunneling regimes. However, introducing an
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Figure 10. (a)-(d) Temporal evolution of the one-body density of the two impurities for g, , /E, k, ' = 0.2, 0.8, 1.3, 4.0, respectively.
The dashed yellow line represents the double well potential for the impurity species. Conditional probability P55 (w®), WJ(B D) to find
one impurity in the Wannier state w{® associated with the TAEP and another impurity in W}B) at(e), (g) g,5/E ko' = 0.8andat (),
(h) g,5/Erky ' = 1.3.(i) Sketch of a pair-particle tunneling process and (j) of a single-particle tunneling process w.r.t. the TAEP for
Sap/Erke ' = 08.

additional impurity to the system leads to a shift of the tunneling regimes (see figures 10(b) and (c)) with respect
to the interspecies interaction strength (g, / E. ky 1= 0.2, 0.8, 1.3, 4.0). Therefore, we can conclude that also

for two impurities we are able to control the quench induced tunneling process via the coupling to the majority
species.

Having identified the existence of the four tunneling regimes of the impurity species the question that arises
is whether the impurities tunnel pairwise through the potential landscape, which we would refer to as pair
tunneling, or whether they tunnel individually, which we would call single particle tunneling. To expose the
underlying mechanisms we present in figures 10(e)—(h) the conditional probability P>55 (w!P), W;B)) of

detecting one impurity in the Wannier state w(® and the other impurity in the Wannier state WJ(B). Here, we will

refer to w'P) as the generalized Wannier states associated with the TAEP which we introduced in section 4.1 (see
also equation (6)). Figures 10(e) and (f) show the conditional probability P28 (w(®, w(®)) that the two
impurities occupy the same Wannier state for interspecies interaction strengths g, , / E, ky ' = 0.8 (figure 10(e))
and g, , / E, k; ' = 1.3 (figure 10(f)). Thus, we focus on the two cases where a material barrier tunneling of the
impurity species takes place or where the latter process is accompanied by a subsequent tunneling to the other
site of the double well. In figure 10(e) we observe a decreasing probability P25 (w®), w(®)) to find both
impurities in the second Wannier state, whereas the probability to detect both impurities in the fourth Wannier
state increases. This probability transfer indicates a pair tunneling from the left to the right side of the TAEP
w.r.t.x = 0. Additionally, the impurities perform the material barrier tunneling as a pair, which can be inferred
from the alternating increase and decrease of P25 (w®, w®) and P28 (w{®), wiB)). A schematic
representation of this process is illustrated in figure 10(i) assuming the TAEP at g, - /E kg = 0.8.For the
investigation of the single particle tunneling we show in figures 10(g) and (h) the conditional probability to find
one impurity in the second Wannier state and the other impurity in another Wannier state for the above-
mentioned g, . A decrease of the probability to find one impurity in the second and one impurity in the first
Wannier state P>58 (wi®), wB)) is observed for times up to t /w, ' = 100 (figure 10(g)), while the conditional
probability P28 (wi®), wP) increases. This suggests a tunneling of one impurity from the first well of the TAEP
to the fourth well, whereas the other impurity remains in the second well. This process is depicted in figure 10(j).
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We note that this is one of many single particle tunneling processes that can take place. In this sense, the
tunneling process of the impurity species is rather complex, consisting of single particle and pair tunneling
processes.

Concluding we have realized the four tunneling regimes which we previously identified in figures 2(a)—(d)
also for two weakly interacting impurities coupled to a majority species. This implies that it is also possible to
control the tunneling process of two impurities via the interspecies interaction strength. Eventually, we have
characterized the tunneling processes underlying the dynamical response of the impurity species in terms of
single particle and pair tunneling processes [55].

6. Conclusions and outlook

We have investigated the correlated tunneling dynamics of impurities trapped in a double well potential and
immersed in a lattice trapped majority species. The tunneling dynamics was initiated by implementing an
initial tilt of the double well, thereby localizing the impurity species in one of the wells, and quenching this to a
symmetric potential configuration. In case of a single impurity we have identified four different tunneling
regimes w.r.t. the interspecies interaction strength. For very weak interspecies interaction strengths the
tunneling of the impurity can be characterized as rather complex, exhibiting no regular or repetitive structure.
However, increasing the coupling to the majority species leads to a regular tunneling behavior of the impurity,
which consists of an initial material barrier tunneling due to the presence of the majority species and is
followed by a transfer of the impurity to the other site of the double well. Additionally, this effect is
accompanied by a strong entanglement between the subsystems. A further increase of the interspecies
interaction strength leads to a sole material barrier tunneling in the initial site of the double well for long time
intervals and finally for very large couplings forces the impurity to localize in the initially populated well and
being self-trapped.

In order to gain insight into the underlying microscopic processes of the emergent correlated tunneling
dynamics, we have constructed a time-averaged effective potential (TAEP) based on the one-body density of
the majority species. Depending on the interspecies interaction strength, this effective potential exhibits an
additional structure in each site of the double well, thus explaining the material barrier tunneling. Increasing
the coupling to the majority species, the TAEP is predominantly formed by the one-body density of the
majority species and the presence of the double well is of minor consequence, resulting in the observed self-
trapping of the impurity. Moreover, the generalized Wannier states associated with this potential allowed for a
characterization of the impurity’s dynamical response as well as the involved correlations. We concluded our
study with an investigation of two weakly repulsively interacting impurities which we prepared analogously to
the case of a single impurity. We were able to identify the previous four tunneling regimes for smaller
interspecies interaction strengths, being shifted to g, / E ky' = 0.2, 0.8, 1.3, 4.0 respectively, compared to
the scenario of a single impurity. Employing again the TAEP we have developed an understanding of the
tunneling dynamics, which consists of a superposition of pair tunneling as well as single particle tunneling
processes.

There are various interesting research directions that prove to be promising for future investigations relying
on the findings of the current work. A direct extension involves the inclusion of spin degrees of freedom between
the impurities. Here, the possible formation of an analog of a Cooper-pair in the course of the tunneling
dynamics would be of immediate interest. Another straightforward direction would be to consider quench
protocols which also include a variation of the interspecies interaction strengths. For example, one might think
of a subsequent interaction quench after a transfer of the impurity in order to prevent tunneling to the initially
populated site. Also, dynamically driving the corresponding parameters of the system might be useful for
transferring the impurity species in a more controlled and systematic manner.
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Figure 11. One-body density of (a)~(d) the impurity and (e)—(h) the majority species using a tilting strength a/Egk, ! = 0.01 within

the full many-body approach. The results in each column correspond to the same interspecies interaction strength g4, ordered from
left toright with g, , /E, ks ' = 0.2, 1.0, 2.0, 4.0. We consider a minority species consisting of N = 1 particle and a majority species
with N = 8 particles which interact repulsively with g44/Eko '=1.0.

Appendix A. Tunneling dynamics for smaller tilting strength

In the following we demonstrate that a certain minimal tilting strength « is necessary for observing the tunneling
dynamics as in figure 2 where we considered a single impurity and o/ Erky ' = 0.1. Figure 11 shows the
temporal evolution of the one-body densities of the impurity (figures 11(a)—(d)) and the majority species
(figures 11(e)—(h)) using a tilting strength o/ Ezk, ' = 0.01, within the full many-body approach. Analogously
to the previous discussion in section 3, we induce the dynamics by initially tilting the double well V3 of the
impurity with a tilting strength « and let the system evolve in time for &« = 0. However, in the present case
lowering the initial tilting strength to ot/ Egk, ' = 0.01leads to a smaller initial energy offset between the sites
of V.

Forweak gap, i.e. g,3/E kg ' = 0.2, 1.0, we find a rather regular tunneling of the impurity from the
left to the right side of the double Vg (see figures 11(a) and (b)). Comparing this with the dynamical response
of an impurity for an initial tilting strength of o/ Egk, ' = 0.1 (see figure 2(b)) we find no material barrier
tunneling triggered by the density of the majority species. The difference between the two initial tilting
strengths is also evident for larger interspecies interaction strengths, e.g. g, /E k; ' = 2.0, 4.0. Here, the
impurity essentially remains localized throughout the dynamics and does not perform any oscillations
(see figures 11(c) and (d)). Furthermore, the one-body density of the majority species behaves accordingly
and does not exhibit a distinctive dynamics compared to the a./Egk, ' = 0.1. Namely, p(Al) remains well
localized at the sites of the lattice potential during the propagation (see figures 11(e)—(h)). These observations
lead to the conclusion that indeed a sufficiently high initial tilting strength o is needed in order to observe a
material barrier tunneling with a subsequent controlled transfer of the impurity to the other side of the
double well.

Appendix B. Dependence of the tunneling process on the system parameters

We have analyzed the tunneling behavior of the impurity species for a specific choice of the intraspecies
interaction strength g4 4 of the majority species and the barrier height 4. In figure 12 we show that the qualitative
behavior of the tunneling dynamics discussed in the main text can be recovered for significantly varying g4

and h. As a measure for the characteristic dynamical response of the impurity we again investigate the temporal

evolution of the integrated one-body density of the impurity L ;L/fl pg) (x, t)dx. Thelatter enables us to distinguish

between the different tunneling regimes, for a fixed interspecies interaction strength of g, , /Exks ' = 1.0. This
value lies in regime Il in figure 4(a), where we observe a material barrier tunneling within the initially populated
well with a final transport of the impurity to the other site of the double well. In figure 12(a) we observe that an
increase of g4 4 leads to a faster revival of the material barrier tunneling in the initially populated well. Decreasing

112

16



3.5 ENTANGLEMENT-ASSISTED TUNNELING DYNAMICS OF IMPURITIES IN A DOUBLE WELL IMMERSED
IN A BATH OF LATTICE TRAPPED BOSONS

10P Publishing New]J. Phys. 22 (2020) 023027 F Theel etal
1.0 —
(a) e gaa/Ekgt =05 (b) e h/Ekyt =10 a/Eky' = 0.010
gaa/Ekyt =1.0 h/Ekyt = 2.0 . a/Ekyt =0.025
o 081 e gan/BEkyt =20 | ] e BBk =30 a/Eky" =0.050
= . e gaa/Ekyt=5.0 N e h/Ek =50 a/Ekyt =0.075
5 0.6 a/Ekyt =0.100
== | o/E, kg =0.200
< \ g
a/Ek; " = 0.300
= 204 »: . /Evkq
‘\‘ ‘
|
;

Figure 12. Temporal evolution of the integrated one-body density of the impurity L ;L//z ¢ P (x, t)dx upon variation of (a) the

intraspecies interaction strength ga 4, (b) the barrier height 4 and (c) the tilt o for an interspecies interaction strength of

243/ Erky ' = 1.0. For each variation the remaining parameters have been fixed to the values as introduced in section 2.1. The yellow
lines correspond to the parameter choice in the main text. We consider a minority species consisting of Ny = 1 particle and a majority
species of N, = 8 particles which interact repulsively with g, , /E,ky ' = 1.0.

gan leads to a temporal prolongation of the material barrier tunneling and thereby a delayed transfer of the impurity
to the other site of the double well.

A similar process can be observed when increasing the height of the double well barrier (see figure 12(b)).
However, at a certain height of the barrier, e.g. h/E,k, ' = 5.0, the impurity is barely able to tunnel to the
other site of the double well within the considered time interval and solely performs the material barrier
tunneling in the initial well. In contrast, a sufficiently small barrier height, e.g. h/E, k' = 1.0,leads to aless
dominant material barrier tunneling within the initial well since the impurity can be easily transferred to the
other well.

Finally, we have investigated the dependence of the impurity’s dynamical response on the initial tilt o (see
figure 12(c)). For small tilts we find almost no oscillations in the initially populated well and the impurity is
directly transferred to the other site of the double well (see also figure 11(b)). For increasing tilts « the oscillations
due to the material barrier tunneling become more prominent and thereby the tunneling to the other well is

delayed. In this sense, we find that the material barrier tunneling can be recovered for various parameters of the
system.

Appendix C. Convergence of the many-body simulations

In the following we briefly discuss the convergence behavior of our results. As discussed in section 2

the size of the Hilbert space is given in terms of the orbital configuration C = (M, dy, dp). Here, M describes
the number of species functions in the Schmidt representation (see equation (2)), while d, with o € {A, B}
refer to the number of SPFs building the time dependent number states |77 (¢)) (see equation (3)). In the
process of increasing the number of species functions and SPFs it is possible to recover the solution of the
many-body wave function with an increasing accuracy. Due to the exponentially increasing size of the
Hilbert space it is computationally prohibitive to use too many species and SPFs. However, we are

able to obtain numerical solutions which incorporate all the necessary correlations and go beyond
mean-field approximations utilizing ML-MCTDHX. We determine the effect of the truncation of the
Hilbert space by investigating as a representative example the integrated one-body density of the

-L
impurity LL/; p) (x, t)dx upon varying the orbital configuration C. In figure 13 we show the latter for
an interspecies interaction strength of gAB/ER ko’1 = 1.0 (see figure 2(b)). Note that g, /ER ko’1 = 1.0lies
in the interval where the degree of correlations is maximized (see figure 5). As it can be seen, increasing the

size of the Hilbert space systematically it is possible to achieve convergence. Based on these findings the

orbital configuration C = (6, 6, 6) has been employed in all many-body calculations presented in the
main text.
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Figure 13. Temporal evolution of the integrated one-body density of the impurity L ;L//; pg) (x, t)dx upon varying the orbital

configuration C for an interspecies interaction strength of g, , /Erkg ' = 1.0. The system consists of a minority species with N = 1
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We unravel the many-body dynamics of a harmonically trapped impurity colliding with a bosonic medium
confined in a double well upon quenching the initially displaced harmonic trap to the center of the double well.
We reveal that the emerging correlation dynamics crucially depends on the impurity-medium interaction strength
allowing for a classification into different dynamical response regimes. For strong attractive impurity-medium
couplings the impurity is bound to the bosonic bath, while for intermediate attractions it undergoes an effective
tunneling. In the case of weak attractive or repulsive couplings the impurity penetrates the bosonic bath and
performs a dissipative oscillatory motion. Further increasing the impurity-bath repulsion results in the pinning
of the impurity between the density peaks of the bosonic medium, a phenomenon that is associated with a strong
impurity-medium entanglement. For strong repulsions, the impurity is totally reflected by the bosonic medium.
To unravel the underlying microscopic excitation processes accompanying the dynamics, we employ an effective
potential picture. We extend our results to the case of two bosonic impurities and demonstrate the existence of a

qualitatively similar impurity dynamics.

DOI: 10.1103/PhysRevResearch.3.023068

I. INTRODUCTION

Due to their extraordinary controllability, ultracold atoms
have been used to study various properties of many-body
quantum systems. Indeed, they can be confined in arbitrary
trapping geometries and dimensions [1-4], the underlying
interatomic interactions are tunable via Feshbach resonances
[5-9] while mixtures of quantum gases, namely, Bose-Bose
[10,11], Bose-Fermi [12,13], and Fermi-Fermi ones [14-17]
can be realized. Recently, major attention has been placed
on strongly particle imbalanced mixtures where for instance
a single impurity is immersed in a many-body environment.
Here, the concept of a polaron [18], which has been exhaus-
tively studied in solid-state physics, can be recovered where
the impurity plays the role of an effective particle dressed by
the excitations of its surroundings. In this context, the exis-
tence and characteristics of Fermi [19-23] and Bose polarons
[24-31] have been unveiled, mainly focusing on their station-
ary properties [29,32-37] and more recently on the dynamics
[38—41] of these quasiparticles.

The involved confining potentials have a major impact
on the dynamical behavior of the impurity. For instance, it
has been shown that the impurity-medium interaction quench
dynamics in a harmonic trap leads to oscillatory [42], dipole-
like, and dissipative impurity [43] motion depending on the
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and the published article’s title, journal citation, and DOI.
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impurity-bath coupling strength or to temporal orthogonality
catastrophe events for strong repulsions [28]. Another impor-
tant aspect of such impurity settings concerns their transport
properties through the environment [44]. Indeed, the tunnel-
ing dynamics of impurities confined in a double well and
coupled to a lattice trapped medium has been studied in the
context of an effective potential [45,46]. Additionally, de-
phasing and clustering processes [47,48] as well as distinct
transport pathways [49] were observed for impurities confined
in lattice potentials. Furthermore, the collisional dynamics of
impurities with a Bose-Einstein condensate (BEC) has been
studied experimentally [50,51] and theoretically [52]. In the
latter case, the complete reflection of the impurities from a
harmonically trapped BEC, their trapping within the bath, as
well as the generation of dark and bright solitons have been
revealed in the absence of correlations.

Apart from the above-described intriguing collisional
channels, certainly a much richer dynamical response is ex-
pected to emerge in the presence of a lattice potential. Here,
the periodic structure of the medium’s density imprinted by
the external potential acts as a material multibarrier which
enforces specific tunneling pathways for the impurity. A min-
imal setup of this type consists of a bosonic bath trapped in
a double-well potential, where complex dynamical response
regimes of the impurity are anticipated. For instance, dephas-
ing dynamics of the impurity associated with enhanced energy
redistribution processes can be triggered [43,53] or in the case
of attractive impurity-bath coupling strengths bound states
can emerge. Moreover, the back-action of the impurity on the
bosonic background where the former is expected to induce
tunneling of the medium emulating a Josephson junction [54]
is certainly of interest. Here, also the intraspecies coupling
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of the bath particles enforcing the latter to configure in a
superfluid or Mott state, thus affecting their mobility, is ex-
pected to impact the impurity’s response. In this context the
interplay of the boson-boson interaction with the impurity-
impurity induced correlations is also a relevant direction of
study. Another interesting aspect is whether the emergent
dynamical response regimes, found in the double-well case,
remain robust in a setup where the bath is trapped in a
multiwell potential. Additionally, due to the collision of the
impurities with their environment strong impurity-medium
correlations are expected to emerge, giving rise to beyond-
mean-field collisional channels. To trace the nonequilibrium
quantum dynamics, we employ the multilayer multiconfig-
uration time-dependent Hartree method for atomic mixtures
(ML-MCTDHX) [55-57], which is capable of capturing all
relevant interspecies and intraspecies correlations.

To address these aspects we consider a harmonically
trapped impurity which is coupled via a contact interaction
potential to a bosonic environment confined in a double well.
The dynamics is induced by quenching the initially displaced
harmonic confinement of the impurity to the center of the
double well. By steering the impurity-medium interaction
strength from attractive to strongly repulsive values we are
able to identify five dynamical response regimes in the case of
a single impurity [58]. These regimes range from a bound-
state formation between the impurity and its environment
for strong attractive impurity-bath interaction strengths to
its dissipative oscillatory motion [43,59] within the bosonic
background at weak attractive and repulsive couplings and,
finally, its total reflection from the medium for strong re-
pulsive interactions. For intermediate attractive or repulsive
interaction strengths, the impurity effectively tunnels between
the sites of the double-well potential or it is pinned between
the later, respectively [45]. In all of the above-mentioned cases
we reveal the buildup of a significant impurity-medium entan-
glement [28] which is mostly pronounced in the dissipative
oscillation and the pinning regimes. To unravel the micro-
scopic processes participating in the dynamics, we construct
an effective potential [40,43,49,60]. This picture enables us to
understand the dynamical behavior of the impurity in all re-
sponse regimes and, in particular, uncover hidden excitations
in the pinning regime. Extending our results to the two-
impurity case we identify five qualitatively similar response
regimes as compared to the single-impurity scenario. In this
case we explicate the involvement of single- and two-particle
excitation processes of the impurities within the effective po-
tential [61] and also reveal the interplay of impurity-impurity
induced correlations for different intraspecies interactions of
the bath. To demonstrate the generalization of the identified
dynamical response regimes of the impurity, we additionally
consider a bosonic bath trapped in a triple well. In this context,
we find that the steady bound state, the dissipative oscillation,
and the total reflection regimes remain robust (see in particular
Appendix E).

This work is structured as follows. In Sec. II we introduce
the system under investigation and specify the used quench
protocol. The employed variational method to trace the many-
body dynamics is outlined in Sec. III. Section IV provides a
detailed classification and analysis of the dynamical response
regimes in dependence of the impurity-medium interaction

strength. We extend our results to two impurities in Sec. V
and conclude this work in Sec. VI providing a summary and
an outlook of possible future research directions. In the Ap-
pendices we further elaborate on the features of the identified
dynamical response regimes discussing energy redistribution
processes (Appendix A), the impurity-medium two-body cor-
relation dynamics at strong attractions (Appendix B), the
effective mass of the impurity (Appendix C), and the exposure
of hidden excitations revealed for repulsive impurity-medium
couplings (Appendix D). Appendix E demonstrates the colli-
sional dynamics when considering a bosonic bath in a triple
well.

II. SETUP AND QUENCH PROTOCOL

Our setup consists of two different species of bosons B
and /, also referred to as the medium and impurity species,
respectively. For the two species we consider Np and N;
particles of mass mp and m;, respectively. We operate in the
ultracold regime and thus s-wave scattering is the dominant
process allowing us to model the interaction between the
atoms with a contact interaction potential [62]. Therefore,
we employ for the impurity-bath interaction a contact inter-
action potential of strength gg;, while particles of the same
species interact with a contact interaction potential among
each other with strengths gpp for the environment and g, for
the impurity species. Each species is confined in a different
one-dimensional optical potential V,, at zero temperature. This
can be easily achieved experimentally [11,63—65] especially
for the mass-imbalanced case under consideration of, i.e.,
87Rb atoms for the bath and '*3Cs atoms for the impurity
species. The resulting Hamiltonian of the system reads as
H=HE+H' +H™ where

=§< | +Vg(x;’)+g0028(x,"—x;-’)>

)2 i<j
M

is the Hamiltonian of species o € {B,I}. The bosonic
medium and impurity species are coupled via Hint =
a Y Zy’:l 8(xf —x}). The impurities are confined in
a harmonic oscillator potential VI(xf )= m,w, (x +x0)2/2
where w; is the trapping frequency with xo being the spa-
tial displacement of the trap. The environment is trapped in
a double well Vp(xF) = mpawi(x5)?/2 + 27“0 exp(—m)
which is constructed by superimposing a harmonlc oscilla-
tor potential of frequency wg and a Gaussian of width wg
and height hp [29]. We consider for the bosonic medium
Ng = 20 3"Rb atoms with mass mg = 1, and for the impurity
species Ny = 1,2 133Cs atoms with mass m; = ]33 [66].
Experimentally, a one-dimensional potentlal can be real-
ized by employing a strong harmonic confinement along the
transverse direction in order to freeze out the relevant degrees
of freedom [62,67]. Subsequently, we provide the energy of
the Hamiltonian 7 in terms of £ = fi@, where & is the fre-
quency of the perpendicular confinement. The length scales
and timescales are then expressed in units of ¥ = //i/(mp®)
and @~ ! = hE~!, respectively. Regarding the frequency of
the harmonic oscillator potential of the impurities we use

2
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FIG. 1. Sketch of the setup under consideration at t = 0 (left
panel). The harmonic trap of the impurity (red circle) is initially
displaced by x/ with respect to the center of the double-well potential
of the bosonic medium (blue shaded area). The dynamics is induced
by quenching the potential of the impurity to x} = 0 (right panel).

/@ = 0.2. For the harmonic contribution to the double-well
potential we employ a frequency of wg/@ = 0.15 and for the
Gaussian a width of wg/% = 0.8 and a height of hg/E% = 2.0
leading to a central barrier of the double well below which
the six energetically lowest eigenstates of the corresponding
one-body Hamiltonian are located.

We prepare the system in its ground state with the harmonic
trap of the impurities displaced by x{. The spatial overlap
between the species in the noninteracting case is of about
3.5% for x{) = 8 and increases (decreases) for attractive (re-
pulsive) impurity-medium interactions. After a gz;-dependent
ground state is found the dynamics is induced by quenching,
at t = 0, the trap center of the impurity’s harmonic potential
to the center of the bosonic environment, i.e., setting x}, = 0
(see Fig. 1 for ¢t > 0). Thereby, a collision of the initially
displaced impurities with the bosonic medium is triggered, a
process that strongly depends on the impurity-medium cou-
pling strength gp; as we shall demonstrate below.

III. MANY-BODY WAVE-FUNCTION ANSATZ

To calculate the quantum dynamical behavior of the binary
system we employ the ab initio multilayer multiconfiguration
time-dependent Hartree method for atomic mixtures (ML-
MCTDHX) [55-57]. Within this approach we express the
many-body wave function |¥MB(¢)) of the binary mixture
using the Schmidt decomposition [68,69]

\IJMB (t)

me ® [w!). )

For our purposes we expand each species in M = 6 species
functions |W{) with o € {B, I}. Moreover, the species func-
tions are weighted with the time-dependent Schmidt coeffi-
cients A; which contain information about the entanglement
between the two species. For instance, in the case of only one
nonvanishing Schmidt coefficient the species are considered
to be not entangled since the system can be described by a
single product state (species mean-field ansatz) [69,70]. Next,
each species function is expanded in a set of time-dependent
number states |7 (¢)):

with time-dependent coefficients C7,. Each number state
|77 (t)) determines the conﬁguratlonal occupatlon of N, par-
ticles on d, single-particle functions (SPFs) where, at the
same time, the number of occupied SPFs must add up to the
total particle number N, (indicated by 7i|N, ). In this work we
employed dp = d; = 6 SPFs. Eventually, the single-particle
functions are represented in a time-independent discrete vari-
able representation (DVR) [71]. The propagation in time is
performed by employing the Dirac-Frenkel variational prin-
ciple [72,73] leading to a set of equations of motion for the
system (see for more details [57,74]).

The advantage of this method is its underlying multilay-
ering architecture of the total wave function combined with
its time-dependent basis set [Eqs. (2) and (3)]. Especially,
with the latter a comoving basis set is utilized leading to a
significant reduction of required basis functions compared,
e.g., to an exact diagonalization approach. On the other hand,
the multilayering structure provides access to all relevant in-
terspecies and intraspecies correlations of the system in an
efficient manner.

IV. DYNAMICAL RESPONSE REGIMES
OF A SINGLE IMPURITY

In the following we analyze the collisional dynamics of a
single impurity (N; = 1) trapped in a harmonic oscillator and
interacting with a bosonic medium confined in a double well.
Initially, the system is prepared in its ground state with the
impurity’s harmonic trap being spatially shifted by x}/% = 8
with respect to the center of the double well. The dynamics
is induced by quenching the harmonic oscillator of the im-
purity to x}/% = 0. Varying the impurity-medium interaction
strength gp; from the strongly attractive to the strongly re-
pulsive regime we discuss the emergent dynamical response
of the impurity and its back-action to the environment. The
intraspecies interaction strength between the medium particles
is fixed to ggp/EX = 0.5.

To reveal the overall dynamical response of the sys-
tem, we initially inspect the one-body density p"(x,) =
(WMB ()| (X)W, (x)|WMB (1)) of species o, where W, (x) is
the bosonic field operator of the corresponding species. The
spectral decomposition of the one-body density [75,76] reads
as

pf,“(x,z)—Zn (D] ;(x, Dy j(x, 1), “)

where n§ denote the natural populations and @, ; the natural
orbitals of species 0.

Figure 2 presents the time evolution of p{"(x, #) for differ-
ent impurity-medium interaction strengths gp; ranging from
strongly attractive to strongly repulsive values. In Figs. 2(al)
and 2(a2) we monitor the one-body density of the impurity

1)(x t) and the bosonic environment p(l)(x, t) in the course
0f the evolution for gg;/E% = —0.9, namely, for strong attrac-
tive couplings. As a result of the quench, the impurity starts to

|\IJ" Z (z)| (t) 3) oscillate with a small amplitude which decays during the time
7N, evolution. Thereby, the spatial maximum of p,(l)(x, t) remains
023068-3
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FIG. 2. Temporal evolution of the one-body density of (al)-(f1)
the impurity and (a2)—(f2) the bosonic medium. We induce the
dynamics by quenching the initial displacement x{/% = 8 of the
harmonic trap to x; = 0. Different dynamical response regimes are
realized by steering the impurity-medium interaction strength gg;
(see legends). The system consists of a N; = 1 impurity and N = 20
bath particles with gzz/Ex = 0.5.

in the vicinity of the left site of the double-well potential.'
Also, pél)(x, t) exhibits a maximum at the same location [cf.
Fig. 2(a2)], a phenomenon that is attributed to the strong
impurity-bath attraction [77]. Due to this behavior, i.e., the
enhanced spatial localization tendency of the impurity and the
medium, and the fact that the impurity dominantly occupies
a state with negative eigenenergy [see for details Fig. 5(al)]
we refer to this dynamical response regime as the steady
bound-state regime. A similar dynamical response where the
impurities localize at the maximum of the medium’s one-body
density has also been observed in the case of a harmonically
trapped bath [52].

For intermediate attractive impurity-medium interactions,
gBI /Efc = —0.7, corresponding to the one-body densities
shown in Figs. 2(b1) and 2(b2) the impurity does not localize
exclusively on one site of the double well anymore as in the
above discussed case. Rather, we observe a decay of pl(l)(x, t)
on the left site and a simultaneous increase at the right site of
the double well. This response of the impurity is reminiscent
of the tunneling dynamics of a single particle confined in a
double well [78]. Later on, we will show that the effective
potential encountered by the impurity resembles a double well

'"We have checked that also for a longer evolution time t/&~! =

1600 the impurity remains localized at the left site of the double well.

since it accounts for the effects of the attractive impurity-
medium coupling [cf. Fig. 5(b1)]. In this sense we label this
response region as the (effective) tunneling regime. Note that
the back-action of the impurity on the bosonic medium leads
to a shift of the maximum of p,(;)(x, t) following the impu-
rity’s tunneling behavior. Interestingly, this effective tunneling
behavior of the impurity at intermediate attractions resembles
the dynamical response of an impurity trapped in a double
well and repulsively coupled to a lattice-trapped bosonic bath
[45].

The next response regime, which we will refer to as the
dissipative oscillation regime, emerges at weakly attractive
or repulsive impurity-medium interaction strengths, e.g., for
gpr/EX = —0.2,0.3. Here, the impurity-medium coupling is
sufficiently small such that the impurity is able to completely
penetrate its environment. Consequently, the impurity initiates
a tunneling of p,(;) (x, t) from one site of the double well to
the other which decays in the course of time. The resulting
impurity dynamics turns out to be a decaying oscillatory mo-
tion with an initial amplitude as large as the spatial extent
of py(x, 1) [cf. Figs. 2(cl), 2(c2) and 2(d1), 2(d2)]. We at-
tribute this decay process to a continuous energy transfer from
the impurity to the medium (see Appendix A for details). A
more detailed analysis of this dissipative behavior estimating
also the effective mass of the emergent quasi-particle can be
found in Appendix C. Note that such a dissipative behavior
of impurities is a generic feature caused by the buildup of
impurity-medium correlations and has been reported, e.g., in
[43,52,59].

In the case of intermediate repulsive impurity-bath cou-
plings, e.g., gps /Efc = 1.0, we observe a spatial localization
tendency of the impurity at the trap center accompanied by
vanishing oscillations [cf. Fig. 2(el)]. Therefore, we refer
to this response regime as the pinning regime. During the
impurity’s localization process, an intrawell dynamics is in-
duced on the bosonic background. Here, the central barrier
of the double well is effectively enlarged due to the material
barrier created by the impurity and leading to an oscillatory
motion of the bath cloud in each site of the double well.
Further increasing gp; to strong impurity-medium interaction
strengths, e.g., gps /E‘fc = 2.0, the underlying repulsion be-
tween the impurity and the bath particles in the left site of the
double well becomes sufficiently large such that the impurity
is totally reflected [see Fig. 2(f1)]. In this sense, we shall
address this behavior as the total reflection regime. Thereby,
the bosonic environment experiences a population imbalance
in the double-well potential [cf. Fig. 2(f2)] which is accom-
panied by the phase separation between the medium and the
impurity, a well-known process occurring in the strongly re-
pulsive case [28,52].

In conclusion, we have captured five different dynam-
ical response regimes of the impurity depending on the
impurity-medium interaction strength. Remarkably, by tuning
the impurity-bath coupling gg; it is possible to control the
location of the impurity. Note that, in each of the above-
described regimes, Josephson-type oscillations of the bath
take place induced by the coupling to the impurity. Further-
more, in all response regimes, apart from the total reflection
regime, the impurity exhibits a finite spatial overlap with the
bath in the course of the evolution. Thus, it can be dressed by
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the excitations of the latter, allowing in principle for quasi-
particle, in particular Bose polaron, formation [28,79,80]. In
the total reflection regime, the impurity phase separates from
its environment after the first collision and, therefore, the
polaron, even it is formed for very short evolution times, de-
cays. Similar manifestations of a decaying polaron formation
at strong repulsive impurity-medium couplings in the course
of the evolution have been already reported in the literature,
being referred to as temporal orthogonality catastrophe events
[28,80,81].

In order to further classify the above-discussed response
regimes, we invoke the mean position of the impurity (£/(¢))
[see Fig. 3(a)] for different impurity-medium interactions
corresponding to the aforementioned dynamical regimes. Ev-
idently, (&/(t)) exhibits individual characteristics in each
regime allowing for their clear distinction. For instance, in the
case of weak impurity-bath couplings, e.g., gBI/Efc =-0.2,
an oscillatory behavior of (#/(¢)) takes place as expected
from pl(l)(x, t) [cf. Fig. 2(c1)]. Turning to the total reflection
regime, e.g., for gg;/E% = 2.0, (#(t)) captures the irregular
behavior of the impurity on the left edge of the double well,
thus indicating its total reflection from the bosonic environ-
ment. The long-time evolution of (&/(¢)) for gg;/EX = —0.2
is illustrated in the inset of Fig. 3(a). As can be seen, the
decreasing amplitude of (%/(t)) becomes evident which is
caused by the continuous energy transfer from the impurity
to the bosonic medium (see also Appendix A).

To provide the complete response phase diagram of the
impurity we show the behavior of (/(¢)) in dependence of
the impurity-medium interaction strength gz, thus capturing
the dynamical crossover between the aforementioned regimes
[see Fig. 3(b)]. For convenience, the five identified response
regimes are labeled from I to V. Regime I corresponds to
the steady bound-state formation, see the small amplitude
oscillations of p,(l)(x, t) in the vicinity of the left site of the
double-well. In regime II we find the expected behavior of
(*1(2)) represented by its low-frequency oscillations around
the trap center as shown in Fig. 3(a). For weak impurity-
medium interaction strengths, corresponding to regime III, the
dissipative oscillatory motion of (*/(¢)) occurs characterized
by a relatively large amplitude of the underlying oscillations.
Increasing gp; to intermediate repulsive values we reach the
pinning regime (cf. regime III) where the mean position satu-
rates towards x/ = 0. For larger gp; the impurity is not able
to penetrate the bath anymore and it is totally reflected at
the edge of the latter. This regime corresponds to the total
reflection one and it is denoted by V in Fig. 3(b). Finally,
we comment on the response regimes in which the mean
position obtains values close to zero, viz., the pinning and the
tunneling regime. Even though the impurity’s mean position
within these regimes is well distinguishable [see Fig. 3(a)] in
a corresponding experiment a clear distinction might be chal-
lenging. To ensure a clear distinction between these regimes,
one can use the experimentally accessible position variance
s = (%)% — (*?) [82,83]. Since in the tunneling regime the
impurity is distributed over the double well the respective
variance is larger than the one in the pinning regime where
the impurity is localized at the trap center (not shown here).

In order to expose the robustness of the impurity dy-
namics with respect to parametric variations, we present in

= g1/ EZ=—0.9 ——gp;/ EF=—0.7
...... gm/Eri':f(],Q _gB[/E:Z:1O
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FIG. 3. (a) Time evolution of the mean position of the impurity
for different impurity-medium interaction strengths gs; (see legend).
Each value of gp; corresponds to one of the five dynamical response
regimes of the impurity. The inset of (a) shows the long-time evolu-
tion of the mean position obtained for gz;/EX = —0.2. (b) Temporal
evolution of the mean position as a function of the impurity-medium
interaction strength gp;. (¢) Long-time evolution of the von Neumann
entropy SYN(¢) obtained for the same gp; as used in (a).

Fig. 4 (2/(¢)) for a wide range of system parameters. As we
emphasized previously, it is possible to distinguish between
the dynamical response regimes by inspecting the behavior
of (&/(¢)). Therefore, we choose the impurity-bath coupling
strength gp; such that we obtain a behavior of (&/(¢)) which
can be in turn associated with a specific dynamical response
regime. Figures 4(a) and 4(b) show (/(¢)) obtained for
x}/% =5 and 10, respectively. Here, each mean position ex-
hibits the same behavior as the corresponding one depicted in
Fig. 3(a) for x{) /% = 8. As expected within the dissipative os-
cillation regime, an amplification of the oscillation amplitude
occurs as the initial displacement increases. Based on these
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FIG. 4. Time evolution of the impurity’s mean position for varying system parameters (see legends). (a) Corresponds to an initial
displacement x(’)/i = 5 of the impurity’s harmonic trap and (b) refers to x(’)/)"c = 10. In both cases gzz/EX = 0.5. In (c) and (d) the intraspecies
interaction strengths are set to gzp/EX = 0.2 and 1.0, respectively, for fixed x}/% = 8. The impurity-medium couplings gz are chosen such
that the mean positions exhibit a behavior which can be attributed to the distinct dynamical response regimes.

observations we conclude that the impurity dynamics is robust
with respect to the initial displacement and, more precisely,
for values from x) =5 to 10. We remark that in the limit of
small displacements x;, and intermediate repulsive interaction
strengths the ground state is altered, viz., the impurity is
initially located between the two one-body density maxima
of the bath where it remains in the course of the evolution.

Varying the intraspecies coupling strength ggp between
the bath particles we are again able to realize the respective
dynamical response regimes but for shifted gp; [see Figs. 4(c)
and 4(d)]. For smaller intraspecies interaction strengths, e.g.,
gss/EX = 0.2, the dynamical regimes are shifted towards
smaller absolute values of gp; [cf. Fig. 4(c)] and vice versa
in case of a larger ggp, e.g., gBB/E)”c = 1.0 [cf. Fig. 4(d)]. In
particular, in order to realize the steady bound-state regime
for a larger gpp stronger impurity-medium attractions are nec-
essary than in the case of a weakly interacting medium (small
gpp). We attribute this property to the mobility of the bath par-
ticles, i.e., the compressibility of the medium, which becomes
smaller (larger) for increasing (decreasing) ggp. Therefore,
in the case of a strongly interacting bath, larger impurity-
medium attractions are needed in order to shift a sufficient
amount of the medium’s one-body density to the left site of
the double well which, eventually, binds the impurity [see also
the mean positions corresponding to the steady bound-state
regime in Figs. 4(c) and 4(d)]. On the other hand, for strongly
repulsive impurity-medium interactions the total reflection
regime emerges in the case of a weakly interacting bath at
smaller gp; compared to the case of a strongly interacting bath.
We attribute this property to the ggp dependence of the spatial
extension of the medium’s cloud. The latter is broadened for
large gpp and becomes narrower at the sites of the double well
for small gpp, leading in the latter case to an increased ef-
fective potential barrier experienced by the impurity [see also
Eq. (6)]. Therefore, it is easier for the impurity to overcome
the bosonic medium at the left site of the double well in the
case of a larger ggp, i.e., for a broadened background, than in
the case of a smaller gpp, e.g., compare the mean positions of
gar/E% = 2.0 in Figs. 4(c) and 4(d).

Hence, the intraspecies interaction strength gpp indeed
impacts the impurity dynamics. However, the same dynam-
ical regimes can be recaptured by properly adjusting gg; at

least in the considered cases of relatively weak and strong
intraspecies interaction strengths, i.e., gBB/Efc =0.2,1.0
considered herein. We remark that for even stronger repul-
sions where the medium resides in a Mott-type state an altered
dynamical response of the impurity is expected, an investiga-
tion which is left for future studies.

Subsequently, we aim to quantify the associated impurity-
medium entanglement by monitoring the von Neumann
entropy [84], which reads as

M
SN = = D k) Inki(0), )

i=1

This expression possesses an upper bound for maximal en-
tanglement between the species, viz., A; = 1/M leading to
SYN =1InM = 1.79 in our case (M = 6), and vanishes when
no entanglement is present, e.g., A; =1 with ;.; =0. In
Fig. 3(c) we provide the long-time evolution of the von Neu-
mann entropy for different values of gp; corresponding to the
five dynamical response regimes of the impurity. We find in all
regimes a finite impurity-medium entanglement [28,43] which
tends to saturate for larger times (t /@' > 1500) besides the
tunneling regime where SVV(¢) performs an oscillatory mo-
tion. Among the investigated regimes, the steady bound state
and the total reflection regime appearing at large attractive
and repulsive gp; couplings experience the smallest amount
of entanglement. Indeed, SY¥(¢) is maximized within the
pinning (gg;/EX = 1.0) and the dissipative oscillation regime
(gs1/E% = —0.2). Additionally, in the latter response regime
the entanglement increases with time and reaches a plateau at
around ¢/&~! = 300. During this time interval the impurity
penetrates the bosonic medium 20 times, thereby enhancing
the entanglement at each penetration. In the pinning regime,
the system becomes maximally entangled after the impurity
penetrates its environment a single time and, subsequently,
becomes pinned between the effective barriers raised by the
bosonic medium.

To obtain a better understanding of the underlying mi-
croscopic mechanisms appearing in the respective response
regimes we analyze, in the following, the impurity dynamics
with respect to an effective potential [40,43,45], which reads
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FIG. 5. (al)~(d1) Time-averaged effective potential of the impurity VT(x!) (gray solid lines) together with the first six energetically
lowest eigenfunctions (see legend) shifted by the respective eigenenergies obtained from the associated single-particle Hamiltonian A
(see text). (a2)—(d2) Time-dependent probabilities for the impurity to occupy one of the eigenfunctions shown in (al)—(dl), respectively.
Each column corresponds to a particular dynamical response regime (with a specific value of gg;) which is sorted from left to right by
gm/EX =—-09,-0.7,1.0,2.0. 3", P'(t) > 0.94 is fulfilled for times later than the threshold time depicted by the gray dashed lines.

as
1 T
fof<x’>=; / [Negpiog (!, 1) + Vi (x)]dr.  (6)
0

Here, we choose x(’) = 0 for the harmonic confinement V;(x!).
This effective potential is based on the assumption of a
product state ansatz [WMB (1)) = |WB(¢)) ® |W!(¢)) where the
degrees of freedom of the bosonic medium are integrated
out. Thus, the effective potential is the superposition of the
harmonic confinement V;(x') after the quench and the one-
body density of the environment weighted with the particle
number Np and the impurity-medium interaction strength gg;
[45]. Since the bosonic medium remains to a certain extent
well localized at the sites of the double well in the course
of the evolution the averaging of the effective potential over
the total propagation time 7 /@~' = 200 is justified. Note that
even though we considered a product state ansatz for the con-
struction of VS (x"), beyond-mean-field effects are included
in the one-body density ,oél)(x, t) which is calculated with a
many-body ansatz (see Sec. III).

The time-averaged effective potentials (gray solid lines)
for four representative dynamical response regimes corre-
sponding to gBI/Ej =—-0.9, —0.7, 1.0, 2.0 are demonstrated
in Figs. 5(al)-5(d1). For the steady bound-state regime, at
gp1/EX = —0.9 the effective potential VT (x!) takes the form
of an asymmetric double well [cf. Fig. 5(al)] with a deeper left
site since pt(;])(x, t) is attracted to the impurity and, therefore,
it is shifted to the left site of the double well. For intermediate
attractions, e.g. gg;/EX = —0.7, fof(xl ) has the shape of a
nearly symmetric double-well potential [see Fig. 5(bl)]. In
this case, the symmetry can be ascribed to the fact that the
averaging in Eq. (6) is performed over the period T /&' =

200 during which the maximum of pl(;')(x, t) shifts from one
site of the double well to the other, leading on average to the
observed nearly symmetric double well. This in turn explains
the tunneling behavior of the impurity depicted in Fig. 2(b1).

This picture changes drastically for repulsive impurity-
medium interactions. Here, the bosonic medium imprints a
potential barrier with two maxima located at the two sites
of its actual double well. Therefore, in this case, e.g., for
gpi/E% = 1.0, the effective potential VFT(x/) obtains the
shape of a deformed harmonic oscillator having an additional
prominent dip at the trap center [Fig. 5(c1)]. As gp; increases
to §31 JEX = 2.0, the aforementioned two density maxima of
/01(91 (x, 1) become visible, giving rise to two potential barriers.
Due to the superposition of the latter with the initially con-
sidered harmonic confinement V;(x'), the effective potential
of the impurity VT (x!) deforms to an asymmetric triple well
[see Fig. 5(d1)].

As a next step, we construct for each VFf(x!) the single-
= %% + Ve and calculate its
first six energetically lowest-lying eigenfunctions . The
corresponding absolute squares of the eigenfunctions shifted
by their eigenenergies are shown in Figs. 5(al)-5(d1). In
the following, these sets of eigenfunctions ¢ are taken as
basis sets in order to analyze the underlying microscopic
mechanisms in the course of the impurity dynamics. The time-
dependent probability for the impurity to occupy the state wieff
reads as

particle Hamiltonian #"

2
s

Pl )= (WM (1) of) @ |y ©)
J
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where {(pf} is an arbitrary basis set covering the whole sub-
space of the bosonic medium. By summing over all basis
states of the bath we single out the probability to find the im-
purity in ¢, Note that [¥MB(¢)) is the full many-body wave
function defined via ML-MCTDX [Eq. (2)], while 1/11.eff serves
as a basis set to unravel the underlying participating dynami-
cal processes. The occupation probabilities for the respective
basis sets [Figs. 5(al)-5(d1)] are presented in Figs. 5(a2)-
5(d2). In order to justify the quality of the basis, we sum up
all nonvanishing occupation probabilities Pi1 (t) and determine
the time at which the sum exceeds and subsequently remains
above 0.94 (dashed gray lines).

For gp;/E% = —0.9 the impurity predominantly populates
the energetically lowest eigenstate on the left site of the tilted
effective double well VET(x!), while the probability to occupy
energetically higher-lying states is strongly suppressed as time
evolves [see Fig. 5(a2)]. Based on this behavior of Pl-1 (1), 1ie.,
the spatial localization of the impurity, and the fact that the
eigenenergies are negative we associate the bound-state for-
mation with the energetically lowest eigenstate of the effective
potential V£ (x) [43]. A further analysis of this steady bound
state is provided in Appendix B in terms of the involved two-
body density. For intermediate attractive impurity-medium
couplings corresponding to the tunneling regime VS (x!) has,
in contrast to the steady bound-state regime, the shape of a
nearly symmetric double well. Accordingly, the impurity dy-
namics is mainly determined by the superposition of the two
energetically lowest eigenstates of V,eff(xl ) [see Fig. 5(b2)].

In the case of intermediate repulsive interactions, a pinning
of the impurity between the density maxima of the bosonic
bath is realized [cf. Fig. 5(c2) with gg;/EX = 1.0]. Here,
the occupation probabilities start to saturate after 7/o~' =
50 which in turn leads to the energetically lowest eigen-
state of VS (x") being predominantly populated. However, we
observe that the probability to find the impurity in an en-
ergetically higher-lying eigenstate is approximately 40 %. In
this sense, the broadening of pl(l)(x, t) around the trap center
[see Fig. 2(e1)] can be interpreted as impurity excitations with
respect to the effective potential. We refer to those excitations
as hidden excitations since they can only be identified by such
a microscopic analysis. It is worth noticing that the spatial
structure of the first three species functions of the impurity
|\lll-1 ) are in a good agreement with the three energetically low-
est eigenfunctions of VF(x!) (see Appendix D). For strong
repulsive couplings, e.g., gg;/E% = 2.0, the effective potential
exhibits the shape of a triple well where the two potential
barriers stem from the bosonic medium being localized at the
sites of the double-well potential. Since these potential bar-
riers are comparatively large, the impurity is totally reflected
by the left barrier and predominantly occupies the eigenstates
located in the left site of the triple well [see Fig. 5(d2)].

In summary, the analysis of the effective potential enables
us to unravel the underlying microscopic mechanisms of the
impurity dynamics. In particular, it allows for a deep under-
standing of the steady bound-state formation and proves to
be crucial in order to identify the hidden excitations in the
pinning regime. Note that for an analogous analysis of the dis-
sipative oscillation regime, a much larger set of eigenfunctions
has to be taken into account to achieve a comparable quality of
the employed single-particle basis (similar to a coherent state
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FIG. 6. (a) Temporal evolution of the two impurities’ mean posi-
tion for various impurity-medium coupling strengths gg;. (b) Time-
averaged effective potential calculated for the two-impurity case for
gpi/EX = —0.9 [see Eq. (6)]. The associated eigenfunctions y¢f of
the effective potential are shifted with respect to their eigenenergies
E;. (c) Time evolution of the conditional probability Pl.zf(t) to find
one impurity in ¥ while at the same time the other impurity
occupies the eigenstate 1/;,9“. Panels (d) and (e) showcase the time

evolution of the one-body densities p,“)(x, t) for gz /EX = —1.0 and
gss/EX = 0.5, 1.0, respectively. Each inset illustrates a snapshot of
the respective two-body density p{7(x!,x}) at t/@~' = 15 (green
dashed line).

in a harmonic oscillator). In Appendix C we provide a dis-
cussion of the impurity dynamics in the dissipative oscillation
regime where we compare the motion of its mean position to
a damped harmonic oscillator.

V. DYNAMICAL RESPONSE REGIMES
OF TWO IMPURITIES

To generalize our findings, in the following, we consider
two noninteracting impurities (g;; = 0) coupled to the bosonic
environment. Therefore, all interactions between the impu-
rities are induced by their coupling to the bosonic medium
[27,40,85]. The quench protocol is the same as described in
Sec. I1.

In order to characterize the dynamics of the two bosonic
impurities, we monitor the time evolution of their mean
position, i.e., their center-of-mass position, for different
impurity-bath coupling strengths gg; [Fig. 6(a)]. Analogously
to the one-impurity case, we identify five dynamical re-
sponse regimes depending on gp; and appearing for similar
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interaction strengths as for N; = 1 [see also Fig. 3(b)]. How-
ever, we find in the response regime II [Fig. 6(a)] that the
mean position is almost constant with (x/) = 0, whereas in the
single-impurity case (%! (¢)) oscillates with a small amplitude
around zero. By inspecting the impurity’s one-body density
pl(l)(x, t) for the corresponding regime II (not shown here) it
is observed that ,o,(l)(x, t) is almost equally distributed over
the effective double-well potential (mediated by the bosonic
bath) yielding a mean position close to zero. Moreover, the
discrepancy between the tunneling and the pinning regime
regarding the impurities’ mean position can be revoked by
inspecting the variance s analogously to the single-impurity
case [see also Fig. 3(b)]. Additionally, we observe a broad-
ening of the transition from the pinning to the total reflection
regime for increasing gp; with respect to the single-impurity
case where we identified a sharper transition [see Fig. 6(a)].
As a case example we shall focus on the steady bound-state
regime and unravel the microscopic processes in the case of
two impurities.

To provide a qualitative understanding of the dynamics
in the steady bound-state response regime we will describe
the impurity dynamics within an effective potential picture,
similarly to the previously discussed single-impurity case. For
this purpose, we calculate the effective potential VFT(x!) [see
Eq. (6)] for gp;/E% = —0.9 which we present in Fig. 6(b).?
Additionally, we compute the effective single-particle eigen-
states 1//,»elT shifted by their eigenenergies E; [see Fig. 6(b)]. A
comparison with the effective potential in Fig. 5(al) reveals
that the left site of VT(x!) in the two-impurity case is much
deeper. Therefore, the two energetically lowest eigenfunctions

¢ff and ST in the two-impurity scenario are located at the
left site of VT (x!).

Next, we unravel the interplay between the impurities
by studying the conditional probabilities to occupy specific
eigenstates of their effective potential. In particular, we define
P,i () as the probability for one impurity to occupy the effec-

tive eigenstate ¥ while at the same time the other impurity
populates the eigenstate 1//;?“.

In Fig. 6(c) we demonstrate Pi% (t) with respect to the five
energetically lowest-lying eigenstates of the effective poten-
tial for gg;/E% = —0.9 [cf. Fig. 6(b)].> Interestingly, we can
infer that the two impurities predominantly occupy simulta-
neously the same energetically lowest eigenstate, which is in
accordance with the observations made in the single-impurity
case [Fig. 5(a2)]. However, also single-particle excitations
in the second eigenstate 1//2eff [P122(t)] as well as two-particle
excitations contribute to the many-body wave function of the
impurities [45,49]. For instance, we find a small but nonvan-
ishing probability for observing two impurities in the second
eigenstate Pzzz(t). Notice that an analogous analysis for the
other response regimes, apart from the dissipative oscillation
one, leads to similar observations where one or two impurities

2Note that Eq. (6) can be also employed in the case of two impuri-
ties.

3The sum of the presented probabilities exceeds 0.94 at t /&' ~
100 (dashed gray line).

occupy simultaneously the same or different excited eigen-
states of V7 (x") (not shown here).

In the following, we demonstrate that the dynamical re-
sponse of two impurities can be tuned by changing the
intraspecies interactions gpp of the bath, similarly to the
single-impurity case (cf. Sec. IV). As a characteristic exam-
ple, we present in Figs. 6(d) and 6(e) the time evolution of the
impurities’ one-body densities for strong impurity-medium
attractions and two different intraspecies couplings ggp. In the
case of a weakly interacting bath [cf. Fig. 6(d)] the major
portion of the medium’s one-body density is shifted to the
left site of the double well (not shown here) such that the
impurities are permanently bound to the medium at this site.
Therefore, this situation corresponds to the steady bound-
state regime [cf. regime I in Fig. 6(a)]. By increasing the
intraspecies interaction strength, the compressibility of the
bath is reduced and, thus, also the amount of the medium’s
one-body density accumulated at the left double-well site.
In this sense, the impurities cannot be permanently bound
at one site of the double well and distribute over the latter
performing an effective tunneling dynamics.* In particular,
the corresponding one-body density pl(l)(x, t) splits into two
branches with each one oscillating at an individual site of the
double well [see Fig. 6(e)]. Thereby, this dynamical response
of the impurities resembles the dynamics corresponding to
regime II in Fig. 6(a) in the case of a weakly interacting
medium.

To further shed light on the spatial configuration of the
two impurities, we investigate their reduced two-body density

pﬁ) (!, x1), defined as

p;?,)(x{,x{) = /dx?...dxf,3|‘I’MB(x{,x§,x§,...,xf,ﬂ)|2‘
®)

In the inset of Fig. 6(d) the reduced two-body density of
the impurities is provided for a weakly interacting bath
at a specific time instant ¢/®~! = 15. It exhibits an elon-
gated peak along the diagonal which is, in particular, located
at the left double-well site. This behavior indicates non-
vanishing impurity-impurity induced correlations [40]. On
the other hand, for a strongly interacting medium and at
t/@~! =15 (corresponding to the time instance where the
one-body density features the splitting) the two-body den-
sity reveals two dominant maxima in the diagonal and in
terms of the amplitude two smaller ones in the off diago-
nal [see inset of Fig. 6(e)]. Thereby, the diagonal peaks of
,01(2,) (xf, x1) explicate that both impurities move together and
reside in either of the double-well sites. Complementarily,
the smaller off-diagonal peaks hint at a suppressed proba-
bility of finding each impurity at a different site. Thus, a
scenario in which one impurity remains at one double-well

“In order to realize the dynamics corresponding to the steady
bound-state regime occurring for large gpp, the impurity-medium
attraction needs to be adjusted accordingly. For instance, we have
verified for ggz/EX = 1.0 and gg;/E% = —2.0 the formation of a
steady bound-state response.
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site while the other impurity tunnels to the other one is less
probable.

In summary, we have deduced that the dynamical response
regimes of two noninteracting impurities are similar to the
single-impurity case with a small modification regarding the
effective tunneling regime. Furthermore, we can gain insights
into the time-dependent microscopic configuration of the two
impurities by investigating the associated conditional proba-
bility to find the impurities in two particular eigenstates of
their effective potential. Particularly, we exemplified that for
the steady bound-state regime the impurities predominantly
occupy simultaneously the lowest-lying eigenstate of VT (x!).
However, we also observed the occurrence of single- and two-
particle excitations in higher-lying eigenstates. Additionally,
for strong impurity-medium attractions we varied the com-
pressibility of the bath by considering a weakly and a strongly
interacting medium. Thereby, we observed an alteration of the
dynamical response of the impurities from a steady bound
state (for small ggp) to a distribution of the impurities over the
double well (for large ggp). The respective two-body density
distributions revealed that in the latter case the impurities
tend to move together manifesting the dominant presence of
attractive induced interactions during the effective tunneling
dynamics of the impurities.

VI. SUMMARY AND OUTLOOK

We have investigated the dynamical behavior of bosonic
impurities colliding with a BEC trapped in a double well. The
impurities are initially confined in a harmonic oscillator which
is spatially displaced with respect to the double well of the
bosonic medium. Upon quenching the harmonic potential to
the trap center of the double well the quantum dynamics is
induced such that the impurities collide with the bosonic envi-
ronment. The correlated nonequilibrium dynamics is tracked
with the variational ML-MCTDHX method which enables us
to access the full many-body wave function of the system,
thereby, including all relevant interspecies and intraspecies
correlations.

By varying the impurity-medium interaction strength gg;
from strongly attractive to repulsive values, we are able to
control the collisional dynamics of the impurity and iden-
tify five distinct dynamical response regimes by inspecting
the associated one-body density evolution. These response
regimes correspond to the steady bound-state regime, the tun-
neling regime, the dissipative oscillation motion, the pinning
regime, and the fotal reflection regime. We demonstrate that
they can be easily identified by monitoring the mean posi-
tion of the impurity. Moreover, by calculating a crossover
phase diagram of the impurity’s mean position with re-
spect to the impurity-medium coupling strength we obtain
an overview of the emergent dynamical response regimes as
a function of gp; and identify smooth transitions between
two consecutive ones. Additionally, we explicate the robust-
ness of the response regimes for different parametric system
variations, i.e., the intraspecies interaction strength of the
bath and the initial displacement of the impurity’s harmonic
trap.

To provide a better understanding of the involved mi-
croscopic mechanisms, we employ a time-averaged effective

potential picture. By projecting the total many-body wave
function onto the eigenstates associated with this effective
potential allows us to gain insights into the underlying excita-
tion processes for different interactions. In particular, we find
that the impurity is bound to the bosonic medium for strong
attractive impurity-bath interaction strengths corresponding to
the steady bound-state regime and unveil hidden excitations
in the pinning regime occurring for intermediate repulsive
gpr- We extend our study to the two-impurity case where
we showcase the emergence of similar dynamical response
regimes as in the single-impurity scenario. Furthermore,
we unravel the underlying microscopic mechanisms of the
impurities’ dynamics analogously to the single-impurity case.
Here, for the steady bound-state regime the participation of
single- as well as two-particle excitations into energetically
higher-lying states of the effective potential is demonstrated.
Additionally, for strong impurity-medium attractions we show
that the dynamical response of the impurities can be altered
from a steady bound state (for a weakly interacting medium)
to a configuration where the impurities distribute over the
double well (for a strongly interacting medium).

The results of this work are beneficial for future ultracold-
atom experiments of impurity-medium scattering for in-
vestigating the corresponding collisional channels caused
exclusively by presence of the impurity-bath entanglement.
Furthermore, this setup can be extended by implementing an
additional spin degree of freedom for two noninteracting or
weakly interacting impurities. In this case it would be interest-
ing to identify the individual spin configurations and related
spin-mixing processes in dependence of the impurity-medium
coupling and whether the impurities evolve as a “Cooper pair.”
Certainly, the generalization of our results to higher dimen-
sions is an intriguing perspective.
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APPENDIX A: IMPURITY-MEDIUM ENERGY
TRANSFER PROCESSES

Due to the initial quench of the harmonic oscillator po-
tential, the impurities collide with their bosonic background
and, thereby, a transfer of energy to the latter is triggered
[28,58,80]. The total energy of the system can be written
as Eq = EE + EL, + Ei where EZ, = (WMB|H7 |[WMB) rep-
resents the total energy of species o € {B,I} and Ej, =
(WMB|7yint| yMB)y the interaction energy between the species.

In order to capture the quench-induced impurity-medium
energy transfer, we present in Fig. 7 the relative energy of
species o defined as EZ (t) = EJ (1) — E(0). In each dy-
namical response regime we observe an energy transfer from
the impurity to its environment. The smallest energy transfer
occurs for attractive impurity-medium interaction strengths
where, due to the attraction to the bath, the impurity resides
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FIG. 7. Time evolution of the relative energy E2 (1) = Eg (1) —
E? (0) of species o € {B, I} for different gp (see legend). In each dy-
namical response regime the impurity transfers energy to the bosonic
medium.

closer to the trap center, leading to a smaller initial total
energy E{OI(O) than in the case of repulsive gg; [compare with
the mean position in Fig. 3(a)].

For weak impurity-bath coupling strengths of either sign,
ie., ggr/EX = —0.2,0.3, the impurity continuously transmits
energy to its environment until the relative energy of both
species eventually saturates for longer times [58,80]. This loss
of impurity energy essentially causes its dissipative oscilla-
tory behavior [cf. Fig. 3(a)]. The largest energy transfer takes
place in the pinning regime. Here, the impurity overcomes the
bosonic medium in the left site of the double well only once
and, thereby, transfers a large amount of energy to the bosonic
medium such that the impurity becomes pinned within the
latter.

APPENDIX B: TWO-BODY CORRELATION IN THE
STEADY BOUND-STATE REGIME

To elucidate the interplay between the bosonic medium and
the impurity in the steady bound-state regime in more detail,
we perform an analysis of the impurity-medium reduced two-
body density pg; (!, xB: 1), defined as

2),.1 _B.
o 1B 1)

= /dxf .. .dx,’f,8|\llMB(xl,xB,sz, .. .,xﬁg;l)!z. (B1)
This quantity provides information about the probability of
finding the impurity at position x’ and one particle of the
bosonic background located at x5.

A snapshot of the one-body density p{’(x°) with o €
{B, I} and the two-body density pff}(x’ , xB), respectively, at
t/@~" = 150 and for gg; /EX = —0.9 is depicted in Figs. 8(b)
and 8(c). Here, we find the impurity to be localized at the left

0 a0 100 150 200

FIG. 8. (a) Time evolution of the diagonal elements of the
two-body density p,(f_,)’diag(x, t) for gg;/EX = —0.9 corresponding to
the steady bound-state regime. (b), (c) Snapshot of the one-body
density matrix p{"(x”) with o € {B, I} and the two-body density

pgz_}(x’, xB), respectively, at t /&~ = 150.

maximum of the bosonic medium corresponding to the left
site of the double well which agrees with the observations
made for the single-impurity case in Figs. 5(al) and 5(a2).
Furthermore, the two-body density indicates that the proba-
bility to find one particle of the bath at the left site of the
double well, i.e., close to the impurity, is enhanced compared
to the respective probability for the right site. In particular,
the diagonal of p5)(x’, x®) [dashed white line in Fig. 8(c)]
represents the probability to capture the impurity and one
particle of the environment at the same position which we

will refer to as pl(f_;’diag (x, 7). Figure 8(a) shows the time evo-

lution of pé%}’d'ag(x, t) which strongly resembles the one-body
density of the impurity for #/&~' > 100 [cf. Fig. 2(al)] and
designates a high probability for the impurity and one particle
of the bosonic medium to be at the same location [40,43].

APPENDIX C: DISSIPATIVE OSCILLATION RESPONSE
REGIME: EFFECTIVE MASS AND DAMPING OF THE
BOSE POLARON

Let us also analyze the dissipative oscillation regime in
the case of a single impurity in more detail. As observed in
Fig. 3(a), the mean position of the impurity for weak impurity-
medium couplings exhibits a damped oscillatory behavior.
Therefore, in the following we compare the analytical solu-
tion of a damped harmonic oscillator with the mean position
(#!(¢)) and mean momentum (p’(¢)) obtained within the ML-
MCTDHX method (see Sec. III). The equation of motion of a
particle subjected to a damped harmonic oscillator [86] reads
as

eff

P4+ =3+ (0 2x =0,

- )

where y°f denotes the effective damping constant, T the
effective trapping frequency, and m®" refers to the effective
mass of the impurity. Here, we interpret the impurity as a
quasiparticle, namely, a Bose polaron, which is dressed by
the excitations of its surroundings and moves in an effective
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FIG.9. (a) Time-averaged effective potential VS T(x!) [see
Eq. (6)] for gg/Ex = —0.2 and 0.2 together with the harmonic
oscillator potential of the impurity (dashed gray line). Equations (C2)
and (C3) are fitted to the many-body results of the impurity’s mean
position and mean momentum with respect to the effective mass m®!,
the damping constant y*, and the effective frequency »°, shown in

(b)—(d), respectively.

harmonic oscillator. The mean position for a particle obeying
Eq. (C1) reads as

Y eff
()/eeff(t)) = eXp (_ 2mefft>

X [xo cos(wot) —

ff
oy°

m Sin(a)()t )] . (C2)

with wy =

12 yef 2 i
(@) — (5—) . Additionally, we assume that
eff __

the particle is initially atrest, i.e., po = 0, and shifted by xg
(2/(0)). The corresponding mean momentum of Eq. (C1) is
accordingly written as

yell
(ﬁeff(l )> = eXp(— 2meffl)

xo(y .

W) sin(wot). (C3)
Subsequently, we fit the analytical results of Eqs. (C2) and
(C3) to the mean position and mean momentum calculated
from the ML-MCTDHX approach for the free parameters y°f,
o, and meT [43,60].

In Figs. 9(b)-9(d) we present the fitted parameters
for impurity-medium interactions ranging exemplarily from
gnr/EX =—0.2 to 0.2. We find that the effective mass
[28,60] of the impurity decreases for larger absolute values
of gp;. This property is attributed to the fact that the bath
is confined in a double-well potential. Closely inspecting
Figs. 2(cl) and 2(d1) one can observe that a large part of
the impurity’s density performs a damped oscillatory motion
while a smaller fraction of its one-body density accumu-
lates either in the center of the double well for repulsive
impurity-medium interactions or within the double-well sites
for attractive couplings. Consequently, the corresponding dy-
namics of the mean position and momentum of the impurity
capture this damped oscillatory motion. Thereby, the reason
of this damping behavior is twofold. First, the nonvanishing
impurity-medium coupling and the associated energy transfer

- eff)2
X (me“a)oxo +

[28,43,44] from the impurity to the medium (cf. Appendix A)
enforce a damped oscillatory behavior on the mean position
and momentum. Second, the accumulation of the impurity’s
one-body density around x' = 0 additionally enhances the
damping of the mean position’s and momentum’s oscillation,
i.e., the decrease of the mean position’s and momentum’s
amplitude in time. Interestingly, the fitting procedure reveals
that this damping is not only caused by a damping constant
larger than zero, but is also due to an effective mass smaller
than the bare value. Furthermore, this effect (damping) can
be enhanced by slightly increasing the attractive or repulsive
impurity-medium coupling strength (within a parameter range
corresponding to the dissipative oscillation regime) leading to
a pronounced energy transfer and an accompanied increase of
the amount of density accumulated around the trap center. In
this sense, we relate the decrease of the effective mass (in the
picture of a damped harmonic oscillator) to the accumulation
of density around the trap center which reduces the oscillating
fraction of the impurity’s one-body density. Therefore, the
(unexpected) decrease of the effective mass can be traced back
to the particular choice of the double-well potential experi-
enced by the bath atoms. Finally, we remark that in the case of
a harmonically trapped bath an increase of the effective mass
due to the dressing is anticipated [43].

Moreover, the increase of y° for increasing attractive and
repulsive couplings can be explained by the corresponding
growing influence of the bosonic environment. Additionally,
we find an approximately linear decrease of the effective
frequency °. In order to intuitively explain this behavior, we
show in Fig. 9(a) the time-averaged effective potential for the
two considered extrema of gg; (i.e., gg;/EX = —0.2 and 0.2).
As can be seen, the effective potential is deeper in the case of
attractive gg; compared to the one obtained for repulsive gg;
leading to a higher effective frequency »°T in the attractive
case than in the repulsive one.

Finally, we calculate the effective mass for the impurity
in the steady bound-state regime for gp;/E% = —0.9 [cf.
Fig. 2(al)]. Since in this regime the impurity’s one-body den-
sity exhibits small-amplitude oscillations within the left site of
the double-well potential, the above-mentioned procedure can
be applied to the mean position and momentum of the impu-
rity. Thereby, we extract an effective mass m*" = 1.96 4 0.06
which is significantly heavier than the bare impurity mass. In
contrast to the dissipative oscillation regime in which the ac-
cumulation of density around the trap center led to a decreased
effective mass, in the steady bound-state regime the complete
one-body density of the impurity undergoes a damped oscil-
latory motion which, eventually, leads to the increase of m°'.

APPENDIX D: ANALYZING THE HIDDEN
EXCITATIONS OF THE PINNING REGIME

The pinning regime appears at intermediate repulsive
impurity-medium interaction strengths where the impurity be-
comes pinned within the bosonic environment residing in the
double well. We attribute the origin of this pinning mechanism
to the comparatively large energy transfer of the impurity
when it penetrates the bosonic medium for the first time (see
Fig. 7). Furthermore, we have verified that the impurity does
not solely occupy the energetically lowest eigenstate of the
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FIG. 10. (al)-(cl) Overlap P;;(t) = \(\IJ/’.(t)Iw,[/f“)l2 of the jth
highest occupied species function |le’. ) of the impurity and the ith
eigenfunction of the effective potential [cf. Fig. 5(c1)]. Insets (a2)—
(c2) show the time evolution of the respective densities of the species
functions. In all panels we set gg;/E% = 1.0 which corresponds to
the pinning regime.

effective potential, but also populates energetically higher-
lying states [Figs. 5(cl) and 5(c2)]. In the main text we
referred to these states as hidden excitations since they are not
apparent by merely inspecting the evolution of the one-body
density p,(' (x, 1) [see Fig. 2(el)].

In the following we aim at investigating these hidden ex-
citations in more detail. To this end, we monitor the time
evolution of the density associated with the individual species
functions |\I/§) for gg;/EX = 1.0 [Figs. 10(a2)-10(c2)]. As
it can be readily seen, the densities of the species functions
remain constant once the impurity is pinned. Moreover, a
careful inspection of the densities of the first three species
functions reveals an ascending number of nodes which is
tantamount to the existence of energetically higher-lying ex-
citations of |qu1, ).

In order to unravel the structure of the aforementioned
species functions we project them on the basis set consist-
ing of the eigenfunctions ¢ of the effective potential [cf.
Fig. 5(c1)] and take the absolute square of the respective over-
lap, i.e., Ppj(t) = [(WH(O)|y™)|?, where j = 1,2, 3. Indeed,
we find that the three dominantly occupied species functions

== gat/EE==1.0 —a=gp/ Ei=—05
gai/Er=03 gpi/Ei=0.7

—gni/Ei=12 apr/Ei=2.0

0 100 : 200 l(l 100 200

FIG. 11. Dynamical response regimes of the impurity as cap-
tured by its mean position for the case that the bosonic medium
is confined in a triple well. (a) Time evolution of the impurity’s
mean position for specific values of gz, (see legend) corresponding to
six identified dynamical response regimes. The triple-well potential
of the environment (gray line) is also presented. (b) Dynamical
crossover phase diagram of the impurity’s mean position with respect
to gpy-

correspond to the three energetically lowest eigenfunctions of
the effective potential [see Figs. 10(al)-10(c1)]. In particular,
|\IJ{(x1 ,1)|> matches with the energetically lowest eigenstate

f“‘, whereas |\I/£(x’ ,1)]? and |\IJ§(x’ ,1)|? correspond to the
second and third eigenstates, i.e., wze“ and wgff.

APPENDIX E: DYNAMICAL RESPONSE FOR A
TRIPLE-WELL TRAPPED ENVIRONMENT

To extend our basic conclusions regarding the impurity’s
response, described in Sec. II, we replace the double well
of the bosonic medium with a triple well. However, the
harmonic trap of the impurity as well as the employed quench
protocol to induce the dynamics remain unchanged. The
triple well of the bosonic environment reads as Vz(xf) =
mpw3(x8)?/2 + g_(x8) + g4 (x®), where a superimposed har-
monic trap with frequency wg/@ = 0.15 and two Gaussians

gy = o exP(_(;IEzSZ)Z) shifted by A from the trap

center are used. Also, the Gaussians have a width of wg/X =
0.8 and a height of hB/Efc = 1.8 while the displacement is
A/% =2.5. The system consists of Ng = 20 bosons for the
bosonic medium and a single impurity N; = 1. Additionally,
we employ M = 6 species and dg = d; = 6 single-particle
functions for the calculations to be presented below.

Figure 11(a) shows the time evolution of the impurity’s
mean position corresponding to the six identified dynamical
response regimes which are labeled as I-VI in the respective
crossover diagram in terms of gp; illustrated in Fig. 11(b). As
in the double-well case [see Fig. 3(a)], we find that for strong
attractive impurity-medium interactions (regime I) a localiza-
tion of the impurity in the vicinity of the most left site of
the triple well occurs. This behavior is attributed to the initial
large overlap of the impurity with the bath on the left site.’

SNote that for larger attractions the overlap of the impurity with the
medium is initially larger at the central site of the triple well such that
the impurity is initially localized at the trap center, where it remains
in the course of the evolution.
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By decreasing gp; to intermediate attractive couplings, i.e.,
gp1/Ex = —0.5 corresponding to the regime II, we observe
that the impurity localizes at the central site of the triple well.
Entering the weak attractive and repulsive impurity-medium
coupling strengths we identify a dissipative oscillation of the
impurity similar to the case in which the bosonic bath is
trapped to a double well [Fig. 3(b)]. For stronger repulsive
g the aforementioned oscillatory character vanishes (regime
IV) and the one-body density of the impurity ,o,(])(x, t) (not
shown) exhibits two humps located at the two maxima of the
triple well. Here, (&/(¢)) tends to zero, e.g., for gz;/EX = 0.7.
Note that even though the regimes II and IV show a similar
behavior in terms of (£/()) we can distinguish them by eval-
uating the variance (s) which is in the attractive case smaller
than in the repulsive one (not shown here). A further increase
of the impurity-bath repulsion to gg;/EX¥ = 1.2 leads to a
localization of the impurity at the position between the left and

central sites of the well [cf. regime V in Fig. 11(b)]. For strong
repulsive impurity-medium interaction strengths we reach the
regime VI which corresponds to the total reflection of the
impurity as in the double-well case [45].

In summary, similarly to the double-well scenario we ob-
serve for a triple well continuous transitions between the
emergent dynamical response regimes of the impurity with
respect to gg;. Analogously to the double-well case, the setup
including a triple well also leads to a bound state and a total
reflection regime at strong attractive and repulsive impurity-
medium interactions as well as a dissipative oscillation regime
at weak gp;. Only at intermediate attractive and repulsive
gpr corresponding to the effective tunneling and the pinning
regime in the double-well case, the impurity features an al-
tered tunneling dynamics. Still, we find that the behavior of
the impurity can be steered and controlled via the impurity-
medium coupling strength.
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We unravel the polaronic properties of impurities immersed in a correlated trapped one-
dimensional (1D) Bose-Bose mixture. This setup allows for the impurities to couple either at-
tractively or repulsively to a specific host, thus offering a highly flexible platform for steering the
emergent polaronic properties. Specifically, the polaronic residue peak and strength of induced
interactions can be controlled by varying the coupling of the impurities to the individual bosonic
components. In particular, it is possible to maintain the quasiparticle character for larger inter-
action strengths as compared to the case of impurities immersed in a single bosonic species. We
explicate a hierarchy of the polaron binding energies in terms of the impurity-medium interactions,
thereby elucidating the identification of the polaronic resonances in recent experimental radiofre-
quency schemes. For strong attractive impurity-medium couplings bipolaron formation is captured.
Our findings pave the way for continuously changing the quasiparticle character, under the impact
of trap effects, while exposing the role of correlations in triple mixture settings.

Introduction.- Ultracold atoms provide pristine plat-
forms for probing quantum phenomena in multi-
component fermionic and bosonic [1, 2] settings offering
an exquisite tunability [1, 3, 4]. Highly particle imbal-
anced mixtures [5-8] have lately received major atten-
tion in terms of the quasiparticle context [9], leading to
fundamentally new insights concerning Fermi and Bose
polarons [5, 10, 11]. The quasiparticle notion extends far
beyond cold atom settings in semiconducting [12] and
superconducting devices [13], while interactions among
quasiparticles in liquid Helium mixtures [14, 15] and
cuprates [16, 17] are a promising candidate for conven-
tional and high-T, superconductivity [18-24]. Owing to
the recent experimental realization of these impurity sys-
tems [6-8, 25, 26], an intense theoretical activity has been
triggered for the investigation of their stationary prop-
erties [27, 28] e.g. unveiling their effective mass [29-31],
excitation spectra [7, 11, 32, 33] and induced-interactions
[34-39]. These studies considered an impurity immersed
in a single component bath. Only very recently, exten-
sions to impurities interacting with a coherently coupled
two-component Bose-Einstein condensate (BEC) [40, 41]
and Bose-Bose mixtures [42] have been considered. Espe-
cially in the intermediate and strong interaction regime
the emergent polaronic states are largely unexplored. To
adequately describe the latter, approaches that include
higher-order correlations [43-45] and thus operate be-
yond lower order descriptions [42, 46-60], are necessary
as it has been demonstrated already in the case of binary
systems, i.e. impurities immersed in a single component
bath. It is hence an intriguing perspective to explore
whether also higher-order correlations play a crucial role
in triple mixture setups, where impurities are immersed
in a cumulative bath consisting of a Bose-Bose mixture.

The generalization to triple mixture settings allows
for the impurities to selectively couple to the individ-
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ual hosts, thus offering an efficient platform for tuning
the emergent polaronic properties. This includes the
longevity of the polarons and the control of their induced
interactions. For this reason, in this Letter, we explore
the polaronic properties of impurities coupled to a 1D
[61, 62] harmonically trapped Bose-Bose mixture span-
ning a wide range of attractive and repulsive impurity-
medium coupling strengths, while including all particle
correlations. Commonly polarons are studied in spatially
uniform systems, while we account for trap effects which
are relevant to typical ultracold atom experiments. We
exemplify that for a single impurity, the distribution of
the polaronic residue in terms of the impurity-medium
couplings can be steered by adjusting the different inter-
actions to the respective bath of the mixture. In par-
ticular, when coupling to the one host repulsively and
attractively to the other one, the residue peak can be
broadened, such that the polaronic character is main-
tained for larger interaction strengths. For strong repul-
sive or attractive impurity-medium interactions we cap-
ture the catastrophe of the Bose polaron associated with
a vanishing residue. These results hold independently
of the particle number of the hosts and the impurity-
bath atomic mass ratio. The behavior of the dressed
impurity can be intuitively interpreted in terms of an ef-
fective potential, which provides a good approximation
for weak impurity-bath coupling strengths, where inter-
species entanglement is suppressed. The location of the
attractive and repulsive quasiparticle resonances is cap-
tured by monitoring the polaron binding energy. Upon
considering two bosonic impurities, we identify the pres-
ence of attractive induced interactions whose strength
can be steered by the coupling to the respective host of
the Bose-Bose mixture. Induced interactions strongly in-
fluence the impurities’ spatial distribution allowing, for
instance, bipolaron formation and lead to a reduction of
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the polaron residue.

Model.- We consider a Bose-Bose mixture consisting
of two species A and B with equal masses ma = mp =m
and Ny = Np = 10 particles. We note that our results
persist for larger Na, Np, see [63]. N¢ = 1,2 bosonic
impurities of mass m¢ are immersed in this 1D harmoni-
cally confined [64, 65] mixture of interacting atoms. The
trap frequencies are wa = wp = we = w = 1.0. The
many-body (MB) Hamiltonian of the system reads

H = Z H, + Hap + Hac + Hpe. (1)

oce{A,B,C}

Here, H, = fdx\ilz(x)(f;;; % + %mawgﬁ)\ilo(x) +
oo [ dzl (2) (2)0, (x)¥,(z) describes the Hamil-
tonian of species o € {A,B,C}, with contact in-
traspecies interaction of ga4 = ggp > 0 and gocc = 0.
U, (z) is the o-species bosonic field operator. H,__, =
9o’ fdx\i/};(r)\i/g(r)\i/z, (2)¥_/(x) denotes the contact
interspecies interaction of strength g, [66]. In this
sense, H A+ H B+ H ap build the Bose-Bose mixture
serving as a cumulative bath for the impurity species,
described by He. The impurities couple repulsively or at-
tractively to both A and B hosts via a contact interaction
of strength gac and gpc, as captured by ﬁAC and [;IBCA
To directly expose the pure effect of impurity-impurity
induced interactions we set gocc = 0. We focus on the
case of equal masses m = m¢, which can be experimen-
tally realized to a good approximation by considering a
mixture of isotopes, e.g. a 3’Rb BEC where the Bose-
Bose mixture refers to two hyperfine states [67, 68] and
85Rb for the impurities. The effects of mass-imbalance
are discussed in Ref. [63]. Throughout this work, we
consider gaa = g = 0.2 and gap = 0.1 in units of

\/h3w/m, leading to a miscible mixture of species A and

B. Spatial scales are given in harmonic units of \/h/mw
and energies in terms of hw.

To address the ground state of our three-component
system we use the variational Multi-Layer Multi-
Configuration Time-Dependent Hartree method for
atomic mixtures (ML-MCTDHX) [1-3]. This non-
perturbative approach relies on expanding the MB wave-
function with respect to a variationally optimized time-
dependent basis. The ground states are determined by
using imaginary time propagation. The multilayer struc-
ture of the wave function is tailored to account for all
the emergent intra- and interspecies correlations which
are indeed crucial for describing the emergent polaronic
properties [63].

Results and discussion.- As a first step, we vary the
individual impurity-medium coupling strengths gac and
gpc of a single impurity to the cumulative bath from
attractive to repulsive values and obtain the ground state
of the triple mixture. The underlying polaronic residue

0.0 2.5
gac (units of \/itw/m)

-5 ( —-2.5

) 5
gac (units of \/Rdw/m)

FIG. 1.  Polaron (a) residue Z, (b) energy (Hc) and (c)
binding energy AF for different impurity-bath couplings gac
and gpc. The violet circles represent the binary mixture with
N = 20 single species bath atoms and g = 0.2.

Z [5] is determined by
Z = |[(To|T)P?, (2)

where |Ug) is the MB wavefunction for a non-interacting
impurity with gac = gpec = 0, while |¥) denotes the
interacting case. Additionally, we determine the residue
for a binary mixture, which we define here as an impu-
rity immersed into a bath of N = 20 single species bosons
interacting repulsively with a strength of g = 0.2. Fig-
ure 1 (a) illustrates the polaronic residue upon varying
the impurity-bath couplings g4 and ggc. In all cases we
find that Z exhibits a broad peak with respect to gac and
decreases towards zero for strongly either attractive or re-
pulsive gac, implying the decay of the polaron [60]. This
orthogonality catastrophe of the polaron is caused by the
phase-separation of the impurity with its hosts for strong
repulsions, thus rendering no dressing possible, see also
[63]. In contrast, for strong attractions gac < 0 the im-
purity either lies within both hosts for ggc < 0 or solely
resides within host A while host B forms a shell structure
for ggc > 0 [63]. The width of the residue distribution
for ggc = 0 is larger than for the binary system due to
the smaller interspecies coupling strength gap = 0.1, as
compared to the intraspecies coupling strength g = 0.2.
For repulsive ggc we observe a decrease and shift of the
polaronic residue peak with increasing ggc as compared
to the case of ggc = 0 and the binary mixture. These
phenomena are again attributed to the presence of the
impurity-hosts phase-separation taking place for a larger
range of values of gac with increasing gpc [see Ref. [63]].
Furthermore, the width of the residue distribution de-
creases for increasingly repulsive values of gpc. However,
for attractive gpc a broadening of the residue distribu-
tion occurs towards repulsive values of the couplings gac,
while the corresponding value of the maximum. The fact
that Z < 1 for gac = 0 is attributed to the finite coupling
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gBC, leading already to polaron formation by the host B,
while for gac # 0 the polaron experiences an additional
dressing. Importantly, a powerful asset of the binary host
is that depending on the combination of attractive and
repulsive impurity-bath couplings it is possible to flexibly
control and maintain the polaron for larger values of the
coupling strength gac to the medium. This effect can
also be retrieved for heavier impurities, e.g. with mass
ratios m/m¢ = 87/133 and m/m¢ = 87/174, where the
baths consist of 3’Rb atoms and the impurities are either
133Cs or 17YD atoms, respectively (see Ref. [63]).

The competition of the impurity-medium coupling
strengths also naturally impacts the polaronic energy
(He) = (V|Hc|V) — (Vo|He|Vo) [Fig. 1(b)]. While
for increasingly attractive gac an increase of the energy
occurs for arbitrary values of gp¢, for repulsive gac the
energy tends to saturate towards different values depend-
ing on gpc, see also the discussion below. For ggc > 0
and gac > 0 we generally encounter larger polaron ener-
gies suggesting an increasing effective mass [60] as com-
pared to the case ggc < 0. Consequently, it is possible
to distinguish between repulsive and attractive impurity-
bath coupling strengths ggc based on the corresponding
polaron energy. Next, we estimate the polaron binding
energy

AE = E(N¢,9ac,98c) — E(N¢ = 0,94¢c = 0,9Bc :(U;
3
being defined as the energy difference due to the injec-
tion of the impurity, where E(N¢,gac,gpc) is the to-
tal energy of the system with N¢ impurities interacting
with an effective strength gac and gpc with the respec-
tive species [Fig. 1 (¢)]. As expected, AE decreases for
increasingly attractive gac and saturates for repulsive
values, similarly to the behavior of (H¢). The former
can be associated with a strong binding of the impu-
rity to its hosts, thereby reducing AE, while the latter
is a consequence of the resultant phase-separation pro-
cess where the impurity forms a shell structure around
the baths [34, 63]. Evidently, we find a clear hierarchy
of AE depending on gpc, namely decreasing ggc ap-
parently leads to a reduction of AE for any fixed gac-.
Therefore, experimentally, e.g. utilizing a radiofrequency
scheme [72-74], the corresponding polaronic resonances
are well distinguishable from each other. We have veri-
fied that a similar behavior of AF takes place for a larger
cumulative bath with N4 = Np = 50 particles [63].

To offer an intuitive understanding into the impurity’s
state for varying gac and ggc we construct an effective
potential [75] by considering the Bose-Bose mixture as a
static potential superimposed to the harmonic confine-
ment of the impurity. It reads

1
Vers = 5m0w2932 +gacry (@) + grory (@),  (4)

where pf,l)(x) is the one-body density of 0 = A, B bath

species calculated within the correlated MB approach
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FIG. 2. (a) Effective potential Vess and corresponding eigen-
vector distributions |¢;(z)|? for gac = 0.5 and different
gec. (b)-(e) Probability of finding the impurity in the single-
particle eigenstate |¢:), i = 1,2,3,4, of Vegs.

and thereby includes all necessary correlations, i.e. it
cannot be recovered within a mean-field treatment. Ac-
cordingly, the impurity may occupy the eigenstates |¢;)
of Veys. It is important to note that the simplification
in terms of V, s neglects several phenomena that are im-
portant for the description of the impurity’s state, such
as the renormalization of the impurity’s mass as well as
the possible emergence of induced interactions. Figure 2
(a) shows the deformations of the effective potential and
its underlying eigenstates |¢;) under variations of gpc
for gac = 0.5. For gpc < 0, specifically ggc = —1,
the harmonic oscillator potential exhibits an additional
dip which becomes more prominent with decreasing gpc,
whereas for ggc > 0 a double well structure forms. This
has an impact on the related eigenstates such that quasi-
degeneracies develop. The probability of finding the im-
purity in the ith eigenstate of V. irrespectively of the
states that are populated by the Bose-Bose mixture is
given by

Py=y |G (e il ) 2, (5)
kl

where {|7i?)} is an arbitrary complete Fock basis of the
o = A, B baths. For all gg¢, except for ggc = 2.0,
the ground state of the impurity is well described, i.e.
P, > 0.9, by the corresponding ground state within the
effective potential for weak attractive and weak repul-
sive gac [Fig. 2 (b)]. Further decreasing gac towards
attractive couplings the occupation of |¢1) is reduced,
whereas |¢2) starts to contribute [Fig. 2 (c)]. This behav-
ior can still be recovered for gac > 0, while for attractive
impurity-bath couplings ggc < 0 and gac > 0 we find
a drastic decrease of P; accompanied by the substantial
occupation of the excited states |¢p2), |¢3) and |¢4) [Fig.
2 (c¢)-(e)]. Accordingly, the effective potential picture is
no longer valid and does not provide a proper description
of the impurity coupled to a cumulative bath. This is in
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FIG. 3. (a) Polaron residue Z and (b) impurity distance 712
for N¢ = 2 upon varying the impurity-bath couplings gac
and gpc, while gcc = 0. The violet circles represent the
binary mixture with N = 20 bath atoms. Two-body density

pg)c(acl., x2) of the two impurities for combinations (gac, gsc)

of (¢) (—2.1,-1), (d) (8,2) and (e) (8, —1).

line with the behavior of the polaronic residue Z which
drops to zero in this interaction range [Fig. 1 (a)]. Inter-
estingly, for ggc > 0 the prominent decrease of Z does
not necessarily lead to an equally strong reduction of P;.
Thus, in these cases the ground state of the impurity can
be well approximated by |¢1).

Let us now discuss the behavior of No = 2 bosonic
impurities immersed in a Bose-Bose mixture. Monitoring
the polaronic residue [Eq. (2)] in order to extract the im-
pact of the coupling on the impurity, we generally observe
a similar behavior [Fig. 3 (a)] as compared to the single
impurity case. For gpc < 0 the peaks of Z are broad-
ened while being reduced in height, whereas for ggc > 0
a smaller width of the residue distribution is encountered
compared to No = 1. The effect of the additional impu-
rity can be evinced in the strong suppression of the peak
height of Z for all finite impurity-bath couplings ggc (e.g.
a reduction by ~ 50% for ggc = —1), signalling stronger
coherence losses when compared to the No = 1 scenario
[73]. Consequently, this leads to a decreasing polaronic
residue Z. In the case of N¢ = 2 the question regarding
their effective interactions mediated by the hosts and be-
ing naturally related to their relative distance arises. For
this reason we analyze the experimentally tractable [76]
impurity distance [35, 77, 80]

r19 ://da:ldmg\acl —x2|pgé(1’1,$2)7 (6)

with pgé(ml, x2) being the two-body density of two im-

purities which is defined as
pob(a, o) = <‘I’\@Tc(il)‘i’zr(732)‘1’0(901)‘1’0(-702)|‘I’>-( :
7

This quantity can be interpreted as the probability of
finding simultaneously one impurity at position z; and
the other one at x3. Around gac = 0 we find a peak
of the impurities’ distance, which is most pronounced for
gpc =0, ggc = 0.5 and the binary system [Fig. 3 (b)].
In all cases the manifestation of attractive induced inter-
actions mediated by the hosts is evident by the decreasing
behavior of 12 for finite gac. Accordingly, the strength
of the induced interactions in the region of the existence
of the polaron becomes stronger when considering two
hosts. More precisely 712 features a decreasing trend to-
wards zero for gac < 0, while for gac > 0 it saturates
to a finite value. These finite values of r15 barely differ
from each other for ggc > 0 and in the case of the binary
system. In sharp contrast, for ggc < 0 a saturation to-
wards smaller distances is observed, indicating that the
impurities lie closer with respect to one another.

In order to clarify whether indeed induced interac-
tions are established, we further investigate the impu-
rities’ spatial configuration invoking their two-body den-
sity [Eq. 7]. Note that the actual profile of the induced
interaction has only been recovered for small interspecies
entanglement, corresponding to weak impurity-medium
couplings, in binary systems [38]. For triple mixture set-
tings the structure and strength of the induced interac-
tions are completely unexplored. Let us first discuss the
interaction regime in which 715 is independent of g4c < 0
[Fig. 3 (b)]. As a characteristic example we present p(czé
for gac = —2.1 and gpc = —1 [Fig. 3 (c)]. Here, the
two impurities lie together at the trap center and the
probability to be located at different positions is reduced,
yielding an elongated pattern along x; = x5. Hence, the
impurities experience an induced interaction due to the
cumulative bath. Importantly, this shrinking along the
anti-diagonal of pgé is indicative of a bound state hav-
ing formed between the impurities known as a bipolaron
state [78-80]. Turning now to the case of gac > 0 for
gpc = 2 [Fig. 3 (d)] it is possible to infer that the impuri-
ties form a shell structure, indicating a phase-separation
with their hosts. Moreover, they tend to occupy the
same position, residing in a particular side of the appear-
ing shell [39]. A slight elongation as for ggc = —1 and
gac = —2.1 [Fig. 3 (¢)] is also visible. Apart from form-
ing a smaller shell structure for ggc = —1 and gac = 8
[Fig. 3 (e)] the off-diagonal contribution is suppressed
as compared to ggc = 2 and gac = 8 [Fig. 3 (d)],
indicating the enhancement of the impurities induced in-
teractions. This explains the saturation of ris towards
a smaller value as compared to gpc = 2 [Fig. 3 (b)].
In this sense, it is possible to steer the strength of the
induced interactions by varying ggc as well as the width
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of the shell structure formed by the impurities.

Conclusions.- We have revealed that triple mixtures
provide an ideal testbed for emergent polaronic proper-
ties with more flexibility as compared to binary systems
since they allow for coupling the impurities selectively
to the individual hosts. For a single impurity interact-
ing with a correlated Bose-Bose mixture we unravel that
the width of the quasiparticle residue distribution and
peak can be controlled, such that the polaron state can
be maintained for larger impurity-medium couplings as
compared to the binary system. In the case of two im-
purities we exemplify the appearance of induced interac-
tions, which can be changed by tuning the coupling to the
respective bosonic host and strongly influences the impu-
rities’ spatial distribution. Our results pave the way for
controlling the quasiparticle character and induced in-
teractions as well as to expose the role of correlations
in triple mixture settings. The latter lays the founda-
tions for studying related quantum phase transitions and
pattern formation. Another intriguing step would be to
consider the sudden injection of the impurity species [75]
into the Bose-Bose mixture for the simulation of spectro-
scopic techniques [72-74] in order to unravel the polaron
dynamics. The generalization of our findings to higher-
dimensional settings, where topological effects play an
important role, is certainly a valuable perspective.
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CHAPTER 3 SCIENTIFIC CONTRIBUTIONS

Supplemental Material: Polarons and their induced interactions in highly imbalanced
triple mixtures

VARIATIONAL MANY-BODY APPROACH:
ML-MCTDHX

Our approach to determine the ground state properties
of the triple mixture relies on the ab-initio Multi-Layer
Multi-Configuration Time-Dependent Hartree method
for bosonic (fermionic) mixtures (ML-MCTDHX) [S1-
S3], which accounts for all the relevant interparticle cor-
relations [S4-S9]. As a first step, the total many-body
(MB) wave function |U(¢)) is expanded in M, species
functions |W7(¢)) of species o

Ma,Mp,Mc

ey =y

ijk=1

Ay T (8) @ |97 (1) @ [P (1)),

(s1)
where the coefficients A;;;, account for interspecies corre-
lations [S10]. Furthermore, in order to capture the cor-
relations within each component the species wave func-
tions |W7(t)) describing an ensemble of N, bosons are
expanded in a set of permanents

(W7 (1) = D Conlt).]i%;t), (52)

77Ny

Here, the vector 17 = (n{,ng,...) denotes the occupa-
tions of the time-dependent single-particle functions of
the o species. The notation 77| N, indicates that for each
|fi7;t) we require the condition ), ny = N,. The time
propagation of the MB wave function is achieved by em-
ploying the Dirac-Frenkel variational principle (6%|(i0; —
H)|¥) [S11-S13] with the variation 6. ML-MCTDHX
provides access to the complete MB wave function of the
triple mixture which consequently allows us to derive all
relevant characteristics of the underlying system. As such
we are able, among others, to characterize the system by
projecting onto number states with respect to an appro-
priate single-particle basis [S14, S15]. Besides investi-
gating the quantum dynamics it allows us to determine
the ground (or excited) states by using either imaginary
time propagation or improved relaxation [S16], thereby
being able to uncover also possible degeneracies of the
involved MB states. We remark that in commonly used
approaches for solving the time-dependent Schrodinger
equation, one typically constructs the wave function as a
superposition of time-independent Fock states with time-
dependent coefficients. Instead, it is important to note
that the ML-MCTDHX approach considers a co-moving
time-dependent basis on different layers, meaning that in
addition to time-dependent coefficients the single parti-
cle functions spanning the number states are also time-
dependent. This leads to a significantly smaller num-
ber of basis states and configurations that are needed to
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obtain an accurate description of the system under con-
sideration and thus renders the treatment of mesoscopic
systems feasible [S17].

The degree of truncation of the underlying Hilbert
space is given by the orbital configuration C =
(Mg, Mp,Mc,da,dp,dc). Here, M, refers to the num-
ber of species functions in Eq. S1, while d, with
o € {A,B,C} denote the number of single-particle
functions spanning the time-dependent number states
|i7;t) (cf. equation S2). The orbital configuration
C = (6,6,6,4,4,6) has been employed for all MB calcu-
lations presented in the main text, yielding a converged
behavior of our observables.

CORRELATIONS OF THE TRIPLE MIXTURE
AND EMERGENT PHASE-SEPARATION IN
THE SPATIAL DISTRIBUTIONS

Further insight into the underlying processes related
to the polaron properties can be gained by analyzing the
spatial distribution of the three species in terms of the
one-body density of the ground state |¥) of the species
o = A, B,C, which is defined as

P () = (U] (2) o ()| V). (S3)

The spectral decomposition of the one-body density of
species o reads

P (x) = Z 1o P (2) 8o (), (S4)

where n,;(t) in decreasing order, obeying >, n,; = 1,
are the so-called natural populations and ®,;(z,t) the
corresponding natural orbitals. In this sense, the o-
species natural orbitals are the eigenstates, while the nat-
ural populations are the corresponding eigenvalues [S16],
which are determined by diagonalizing the o-species one-
body reduced density matrix. The natural populations
serve as a measure for the correlations in a subsystem.
Accordingly, in order to quantify the degree of correla-
tions or fragmentation we resort to the o-species entropy
[S7, S8, S18] defined as

Sa(t) = =Y nas (O In(ngs (). (S5)

Here, the case of S, = 0 indicates that the subsystem o is
not depleted, implying that all particles occupy the same
single particle state, i.e. ny1 = 1. Fig. S1 (a)-(c) shows
the fragmentation S, for the respective species in the case
of No =1 and Ny = N = 10. For ggc > 0 we observe
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FIG. S1.  (a) - (c¢) Entropy S, for varying gac and gsc
quantifying the degree of intraspecies correlations. (d)-(f)
One body density pﬁ,l)(x) for ggc = —1 (middle row) and
gec = 2 (lower row) for different impurity-bath couplings
gac, showcasing that e.g. for gac = —3, gpc = —1 the
impurity lies in their hosts, while for gac = 3, gpc = —1 a
phase-separation occurs. Here gaa = g = 0.2, gap = 0.1,
ma =mp=mc, Na=Np=10and Nc =1 .

a minor increase (decrease) of S4 (Sp) towards repulsive
and attractive values of gac, whereas the impact on S¢
is more pronounced. Attractive impurity-host couplings
gpc lead to a drastic increase of all S, for repulsive gac.
This behavior of the fragmentation can also be observed
in the context of the occupation of the states |®;) in the
effective potential Vs [see Fig. 2]. Due to the emergent
strong correlations a correlated approach, such as ML-
MCTDHX, is needed in order to properly describe the
system.

Moreover, the existence of correlations is imprinted in
the spatial distribution of the mixture and the impurity.
Recall that for a single impurity interspecies correlations
(entanglement) between the impurity and the cumula-
tive bath (Bose-Bose mixture) are accounted for by Sc.
For strongly repulsive gac the impurity forms a shell
structure [Fig. S1 (f),(i)] and a phase-separation can be
observed. The separation of the shell is smaller for at-
tractive gpc as compared to repulsive ones due to the
attraction to the B species. This attraction also leads to
the formation of a less pronounced shell structure in the
B species and thereby enhances the overlap with the im-
purity. We can interpret this as a weak phase-separation
between the A species and the B species as well as the
impurity species with both hosts [Fig. S1 (d)-(f)]. As a
result the fragmentation is significantly increased. How-
ever, for ggc > 0 and large repulsive g4c the phase-
separation takes place between the impurity and the cu-
mulative bath, while the two hosts remain miscible [Fig.
S1 (g)-(i)], a process that leads to a smaller fragmen-

2
/,:j‘
=
B ()
& 2
w—10
g
5.0
()
0.25 5
o m 2.
= <
N 0.00 —=
| . -
N 02 9055 00 25
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Ll rso | Tgpo =1 =m0 =03
0.0l L=t mme| ==gpe = —05 —gpc=1.0
To—25 0 0.0 2.5 —.gpc =0 gpc = 2.0
gac (units of \/h3w/m)
FIG. S2.  Polaron (a) residue Z, (d) binding energy AF

for different impurity-bath couplings gac and gpc employ-
ing a mean-field ansatz. Absolute difference for (b), (c) the
residue |Z — Zyr| and (e) the deviation of the binding en-
ergy |AE—AE)r| between employing the MF ansatz and the
MB treatment for varying gac and gpc. The same system
parameters as in Fig. S1 are used.

tation in all cases. The peak in the relevant entropic
measures for ggc = 2 and weakly attractive gac is due
to the formation of a shell structure in the A species and
the impurity species, similar to the case of gpc < 0 and
strongly repulsive gac-.

POLARON PROPERTIES IN THE MEAN-FIELD
FRAMEWORK

As it becomes evident from Egs. S1, S2, ML-
MCTDHX is able to operate within different approxi-
mation orders. For instance, it reduces to the set of
coupled mean-field (MF) Gross-Pitaevskii equations of
motion when C = (1,1,1,1,1,1). Moreover, in case
that Ai;1; = 1 the species A, B and C are not en-
tangled [S10] but intraspecies correlations can be taken
into account. As a result the system is described within
a species mean-field approximation (SMF) correspond-
ing to a single product state ansatz, characterized by
Ms = Mp = Mc =1 [S19]. In the following we aim
to reveal the necessity of a fully correlated approach, i.e.
accounting for all the emergent intra- and interspecies
correlations, for determining the ground state of the po-
laron. In this sense, as we shall demonstrate a standard
MF ansatz is not sufficient for describing the polaronic
properties e.g. discussed in Fig 1. To validate this as-
sumption, we subsequently determine the ground state
employing a MF ansatz, C = (1,1,1,1,1,1), and cal-
culate the polaron residue as well as its binding energy
[Fig. S2]. Qualitatively we find a similar behavior of
the residue distribution Zyp [Fig. S2 (a)], using a MF
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»-95c = -1 —= =il —gpc = 1.0
—=gpc = —0.5 —-gpc =05 gpc = 2.0

0

units of hw

&y —40

L
E

—25 00 2.5 S 0.0 2.5

gac (units of /h3w/m) gac (units of /hdw/m)
FIG. S3. Polaron (a) residue Z for ma/mec = 87/174 and
Na = N =10, (b) binding energy AFE for ma/mc =1 and
Nag = Np = 50 upon varying the impurity-bath couplings
gac and gpc. The other system parameters are the same as
in Fig. S1.

ansatz, for the different impurity-medium couplings gac
and gpc as compared to the residue where the underly-
ing MB wavefunction, taking correlations into account,
has been considered [see Fig. 1 (a)]. Hence, the broad-
ening of the residue distribution for ggc < 0 which ef-
fectively leads to a stabilization of the polaronic char-
acter for larger interactions can also be predicted us-
ing a MF ansatz. However, upon investigating the ab-
solute difference |Z — Zp;p| we quantitatively identify
strong deviations between the two distributions for var-
ious gac and gpce [Fig. S2 (b),(c)]. Consequently, the
MF ansatz over- or underestimates the residue distribu-
tion at specific interaction intervals. For strong repul-
sive or attractive impurity-host couplings gac a compar-
ison is not adequate since in both cases, i.e. MF and
MB, there is a phase-separation of the impurity with
their hosts. Turning now to the polaron binding en-
ergy, employing a MF ansatz [Fig. S2 (d)] we find a
clear hierarchy of the polaronic resonances as already dis-
cussed in Fig. 1 (¢). Considering the absolute difference
|AE — AE)r| with respect to the MB treatment we cap-
ture also here a quantitative deviation between the two
approaches [Fig. S2 (e)]. In particular, for gac < 0
the deviation |AE — AFEjp| increases with decreasing
gac, while for repulsive ga¢ it saturates towards a finite
value with increasing gac. Only for weak impurity-bath
couplings the MF approach is able to reproduce bind-
ing energies which are close to the ones using a full MB
treatment. In case of a SMF approximation we find de-
viations |Z — Zsy | and |AE — AEg )| which are very
similar to the ones observed for a MF ansatz (not shown
here for brevity). This evinces that indeed interspecies
correlations play a crucial role in the polaron formation.

HEAVY IMPURITIES AND LARGER HOSTS

Our findings regarding e.g. the polaron residue are not
limited to the case of a mass-balanced triple mixture, i.e.
myg = mp = me [Fig. 1 (a)], but can also be general-
ized for heavier impurities, namely 33Cs or 1"4Yb such
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FIG. S4.  Polaron residue Z for (a) Nc = 1, (b) N¢ =
2 and (c) impurity distance ri2 for Ne = 2 upon varying
the impurity-bath couplings gac and gpc. All species solely
experience a box potential. The other system parameters are
the same as in Fig. S1.

that m/me = 87/133 and m/m¢ = 87/174, respectively.
As an example we will discuss the case of 17*Yb and de-
termine the residue according to Eq. 2. Fig. S3 (a)
presents Z upon variation of the impurity-medium cou-
pling strengths gac and gpc. Qualitatively, the residue
distribution is similar to the case of equal masses, while
exhibiting slightly larger (smaller) widths for ggc < 0
(9Bc > 0). We solely find minor quantitative deviations
between a "Yb and a 85"Rb impurity. Importantly, this
implies that also for heavier impurities the quasiparti-
cle character can be maintained for larger couplings gac
when gpc < 0, while for gpc > 0 the width of the residue
distribution with respect to gac is smaller as compared
to gpc = 0.

State-of-the-art ultracold atom experiments are often
of mesoscopic character and consist of ~ 100 particles.
For this reason, we compute the polaron binding en-
ergy for a larger cumulative bath with Ny = Np = 50
bosons [Fig. S3 (b)]. Similar to the case of Ng = Np =
10 [Fig. 1 (c¢)], AFE decreases towards attractive gac
and saturates for repulsive ones. The latter can again
be attributed to the phase-separation of the impurity
with respect to its hosts, where the impurity forms a
shell-structure. The clear hierarchy of AE in terms of
gac, gpc can be retrieved for larger hosts, such that the
polaronic resonances are well distinguishable from each
other e.g. using radiofrequency schemes. Note that the
polaron binding energies are strongly reduced, suggesting
an increased effective mass, for a large range of impurity-
medium couplings gac as compared to Ny = N = 10.

POLARONS IN HOMOGENEOUS SETTINGS

In our work we demonstrate the Bose polaron proper-
ties in a cumulative bath by explicitly accounting for trap
effects in terms of a harmonic confinement. These are
almost inevitable in contemporary experiments of cold
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atomic settings. To underline the importance of includ-
ing an external trapping potential we examine its impact
on the polaronic properties when considering solely a
box potential. Specifically, we omit the terms %mngxz,
o € {4, B,C}, in the Hamiltonian [Eq. 1], while keep-
ing the hard wall boundary conditions. The other system
parameters remain the same to those utilized in the main
text.

As a first step, we determine the polaron residue
for a single impurity immersed in a Bose-Bose mixture
upon varying the involved impurity-medium coupling
strengths [Fig. S4 (a)]. It can be readily seen that the
distribution of Z with respect to gac is significantly re-
duced as compared to the trap scenario depicted in Fig.
1 (a). Indeed, for all gpc the peak height as well as the
width of the residue distribution are strongly reduced.
E.g. while in the trapped case [Fig. 1 (a)] for gpc =1
the peak of the Z-distribution is rather pronounced, ne-
glecting the harmonic confinement leads to a drastic de-
crease such that the peak is barely visible. Moreover, the
increased width of the residue distribution for ggc < 0
as compared to ggc = 0 cannot be recovered. Hence, the
polaron state cannot be maintained for larger impurity-
medium couplings when considering solely a box poten-
tial. The effect on Z is even more dramatic for Nog = 2
impurities [Fig. 3 (b)]. Here, only for ggc = 0 and
gpc = —0.5 a polaron state exists when considering weak
impurity-bath couplings gac [Fig. S4 (b)]. Interestingly,
the impurity distance r1o is less affected by the presence
of the external potential [Fig. S4 (c)]. Here, we qualita-
tively find a similar behavior to the case of a harmonic
confinement [Fig. 3 (c)]. Namely, 12 features a decreas-
ing trend towards zero for gac < 0, while for gac > 0 it
saturates to a finite value for all ggc. For gac < 0 again
a shrinking along the anti-diagonal of p(CQ)C appears, be-
ing indicative of bipolaron formation, while for gac > 0

the impurities form a shell structure, indicating a phase-
separation with their hosts (not shown here for brevity).
Nevertheless, we observe a quantitative change of the val-
ues of 715 when neglecting the harmonic confinement, re-
sulting e.g. in an increase of the impurity distance for
large gac in the case of ggc = —0.5.
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Conclusions and Outlook

In this cumulative dissertation we have investigated the stationary and dynamical properties
of one-dimensional ultracold atomic mixtures at zero temperature. We have focused on highly
imbalanced bosonic mixtures and exploited the possibility of choosing different trapping geome-
tries in order to induce a specific response in the system. In particular, we aimed at studying the
role of intra- and interspecies correlations for engineering ground states and the non-equilibrium
dynamics after performing a corresponding quench. In this sense, we characterized the micro-
scopic origin of the underlying processes and linked this to the respective correlations present
in the system. In the following final chapter, we provide the highlights of the projects on which
the current thesis is based on and motivate further research directions.

Lattice trapped impurities immersed in a Bose gas

As a starting point we explored the ground state properties of lattice trapped impurities inter-
acting repulsively with a Bose gas. Under variation of the lattice depth and the interspecies
interaction strength we found a transition from an uncorrelated to a strongly correlated regime
in [[1]]. By projecting the variationally optimized many-body wave function onto number states
spanned by either Bloch or Wannier states we were able to relate the formation of correlations
to specific structural changes of the wave function. As such, for small lattice depths and inter-
species interaction strengths all impurities essentially occupied the energetically lowest Bloch
band, while in the correlated regime all particles clustered in a single lattice site. In the latter
case, the ground state is given by a superposition of all possibilities to accumulate the im-
purities in a single site due to the translational symmetry. For weak coupling strengths we
provided an energetic argument for the transition to the correlated state. Hence, we attributed
the clustering of the impurities to excitations referring to an occupation of the excited states
in the lowest band induced by the interspecies energy per particle. Finally, we introduced an
effective Hamiltonian to further understand the clustering of the impurities, thereby identifying
an induced hopping and an induced attractive on-site interaction which are responsible for the
impurity localization [321].

A natural extension of this study involves impurities trapped in a two-dimensional finite
lattice and immersed in a Bose gas. Such a change of dimensionality is likely to alter the
transition region as well as the resulting induced interaction thereby favoring localization pro-
cesses of next-neighbor kind [182]. Moreover, it would be interesting to generate excitations
of the impurities into higher bands in order to study the impact on the induced interaction
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and resultingly on the clustering process. This could be achieved for example by increasing the
number of impurities as well as the intraspecies interaction strength. For a specific filling and
interaction among the impurities it might thus be favorable to additionally cluster in excited
Wannier states. Beyond that, it is of particular interest to study the dynamical response of
such correlated states, e.g. by quenching across the crossover diagram. Moreover, dynamically
driven setups offer a lot of potential with respect to the transport of the impurities, for example
in terms of persistent currents [329].

A first step towards the control of the clustering process has been made in [[2]]. Here, we added
an additional impurity and exploited the intraspecies interaction strength among the impurities
as a control parameter. Due to the presence of the impurities’ coupling a far richer crossover
diagram for the ground state could be recovered as a function of the interspecies interaction
strength and the lattice depth. In particular, two additional configurations as compared to the
case of non-interacting impurities were found, namely a localization of all impurities in separate
wells with the extra particle being delocalized over the lattice geometry as well as a pairwise
localization of the impurities in adjacent sites. The latter can be attributed to the interplay
between the repulsive intraspecies impurity coupling of contact type and the attractive induced
interaction of long-range character [165, 166] emerging due to the coupling to the medium.
Fixing the lattice depth as well as the interspecies coupling, it is possible to traverse different
ground state impurity configurations by varying solely the intraspecies coupling among the
impurities. The intraspecies coupling strength serves as an additional knob to control the range
of existence for the pairwise accumulation scenario of the impurities. By varying the boundary
conditions of the system we identified yet another steering mechanism for the ground state
configurations. Changing these from periodic to hard-wall boundary conditions [322], the initial
threefold degeneracy turned into a twofold one or was even completely lifted depending on the
impurity configuration. In order to invert the degeneracies with respect to the configurations,
a Gaussian barrier has to be implemented in the center of the trap.

Further research directions of this kind involve the investigation of cluster formation for larger
lattices and even different lattice geometries which allow for more exotic impurity configura-
tions. As ML-MCTDHX also allows for a treatment of triple mixture setups it would be of
immediate interest to consider a binary impurity species in the lattice immersed in a Bose gas,
allowing for the formation of multi-atom clusters of different species and even induced interac-
tions of different nature [182]. In case these multi-atom clusters are not of binary type, they
could serve as an effective potential for a further investigation of Anderson localization utilizing
ultracold atoms as suggested in [330-332]. Lastly, it is an interesting perspective to use the
engineered ground states as a starting point for dynamical particle transfer scenarios, employing
for example quench protocols relying on optimal control theory [333]|. As a showcase this could
involve the preparation of the impurities in a state where they accumulate in a single well and
dynamically transferring it to a pairwise localized state, and thereby transporting two particles.

In [[3]] we set ourselves on this route by exploring the dynamical response upon a quench of
the interspecies interaction strength. For the dynamics we prepare the system such that the
ground state exhibits a pairwise accumulation of impurities in a five well lattice. By lowering the
interspecies interaction strength we aimed at inducing a tunneling of the impurity species. For
small quench amplitudes the impurities remain localized in their initial configuration. The same
happens for a quench to zero interaction such that the Bose gas is transparent to the impurities,
thus, being reminiscent of repulsively bound pairs [61]. Indeed, it turns out to be crucial to
allow for a finite coupling between the impurities and the Bose gas in order for the impurities
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to tunnel to adjacent sites. For sufficiently strong quenches a single impurity tunnels to the
neighboring site which we uncovered by performing an analysis of the participating number
states during the dynamics. Further increasing the quench amplitude it is possible to extend
the tunneling of the single impurity to the next-neighboring unpopulated well. The tunneling
of the impurity species is accompanied by strong entanglement between the species as well as
intraspecies correlations. Finally, we identified the appearing frequencies in the oscillations of
the respective one-body densities and related them to excitation processes by constructing an
effective Hamiltonian picture.

A natural next step would be to consider a time-dependent quench protocol, e.g. a linear
decrease of the interspecies interaction strength or a driving, to further control the transport
of the single impurity or even initiate a tunneling of larger impurity clusters. This systematic
ejection of impurities may play an important role in the context of atomtronics. As such, we
would explicitly exploit the coupling to an environment for the transport process, in the spirit
of quantum-reservoir engineering [197-199]. Another interesting approach involves the imple-
mentation of a spin degree in the impurity species, such that the impurities would not only
be characterized by their localization, but also by the distribution of their spins. During the
dynamics the question arises whether it is possible to separately control the distribution of the
impurities as well as the spin configuration.

In the previous works we have considered the Bose gas not to be trapped in the lattice
potential. In [[4]] both the impurity and the majority species are subject to the lattice geometry.
For an increasing strength of the interspecies coupling the entanglement between the species
first gradually increases until it suddenly reduces close to zero. For a single impurity this
corresponds to an initial delocalization followed by a sudden localization on either outermost
lattice site. Simultaneously, the majority species atoms distribute in the remaining unoccupied
wells, thereby leading to an interspecies phase separation [261, 277, 323|. Further inspecting the
distribution of the majority species, it is found that the atoms form a Mott insulator-like state.
This particle-hole pair [324] undergoes transport when subjected to a sudden reduction of the
interspecies coupling strength. Its stability, i.e. the probability of measuring the particle-hole
pair, strongly depends on the post-quench interspecies interaction strength. It has been shown
that the stability during the transport is maximized for sufficiently small quench amplitudes,
while for two impurities the stability is strongly reduced.

This work serves as an ideal starting point for more complex scenarios by increasing the
number of lattice atoms and sites. A further interesting perspective involves the investigation
of the impact of dipolar interactions within and between the species on the ground state phase
diagram. Due to the long-range character of such an interaction more phases are expected to
appear. Also the notion of an internal degree of freedom, e.g. a spin, is appealing for future
studies, allowing for an effective spin transport or the redistribution of the spins in addition to
the particle-hole pair dynamics. Another important question arising in this context is whether
it is possible to create next-neighbor pairs or even clusters of particle-hole pairs. This might
be achieved due to the appearance of an induced interaction by coupling the impurities to the
majority species. Based on the potential formation of such clusters one would investigate the
transport properties and the stability of the particle-hole pair clusters.
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Collisional dynamics of impurities with a lattice trapped bath

In [[5,6]] we have focused on the collisional dynamics of an impurity species with a lattice
trapped medium, examining different quench protocols, respectively. In [|5]| the collision was
induced by preparing impurities in a tilted double well potential which are interacting repul-
sively with a majority species in a lattice potential. Quenching the tilt to zero the transport of
the impurities to the opposite site of the double well is initiated. We have found qualitatively
different dynamical response regimes depending on the interspecies coupling strength. In par-
ticular, for moderate coupling strengths a material barrier tunneling [325, 326 of the impurity
was identified, where the impurity has to overcome the density maxima of the majority species
in addition to the double well barrier. For increasing coupling strengths it was shown that the
material barrier tunneling to the opposite site of the double well could be delayed in time, while
very large couplings even completely prohibit the transport to the other well [292, 327]. We
characterized the underlying microscopic processes employing a time-averaged effective poten-
tial, whose associated Wannier states adequately described the material barrier tunneling. We
further revealed the necessity of interspecies entanglement for the appearance of the dynamical
response regimes and recovered the material barrier tunneling also for the case of two impurities,
where the associated transport exhibits single particle as well as pair tunneling processes.

A fruitful direction for further investigations is given by the consideration of quench protocols
which additionally include a variation of the interspecies coupling strength. As such it might be
possible that a subsequent interaction quench after the transport of the impurity to the opposite
site of the double well would allow for a storage of the impurity in that very site. Moreover, it
might be of use to employ a dynamical driving of the system parameters in order to enhance
the controlled transfer of the impurity species. So far the possible paths of exploration were
related to the quench protocol, in particular focusing on the impurity species. On the other
hand, it would be intriguing to study the impact of the manipulation of the medium on the
transport properties. As such varying the intraspecies coupling strength among the medium
atoms will influence the compressibility, leading in the extreme case to the formation of a Mott
insulator-like state. Taking this even further, states of the excited band might be occupied by
the majority species atoms, which will definitely alter the transport behavior of the impurity
species.

The quench protocol has been changed in [[6]| such that impurities are initialized in a dis-
placed harmonic oscillator and are forced to collide with a medium trapped in a double well by
quenching the harmonic confinement to the center of the double well [168]. We have recovered
a diverse collection of dynamical response regimes depending on the interspecies coupling rang-
ing from strongly attractive to strongly repulsive, namely the steady bound state regime, the
tunneling region, the dissipative oscillation motion, the pinning and the total reflection regime.
The robustness of the results was explicated by varying the intraspecies interaction strength
of the bath and the initial displacement of the impurity’s harmonic trap. We have further
constructed a time-averaged effective potential in order to gain a better understanding of the
microscopic mechanisms, allowing for unraveling the excitation processes which might be hid-
den when solely monitoring the one-body density. The extension to the case of two impurities
exhibits similar dynamical response regimes, while the intraspecies coupling strength among the
medium atoms was identified as an additional control parameter influencing the compressibility
of the latter and thereby its penetrability. This work is of immediate interest to the ultracold
atom community for future investigations of collisional channels solely induced by the presence
of impurity-medium interactions.
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For future research we see several promising directions. In [[6]] we have considered the
unidirectional collisions of impurities with the medium. The study of a bidirectional collisional
process is therefore a natural extension and of immediate interest. For this purpose, one would
prepare the impurities such that they are displaced separately on either side of the medium.
In this context, one might ask how the coupling to the medium influences the collision of
the impurities. A further manipulation of the dynamical response could be achieved by the
variation of the intraspecies coupling among the impurities. For example, it could be possible
to dynamically generate bound impurity clusters through the bidirectional collision and the
additional coupling to the medium. Also the implementation of a spin degree of freedom for
weakly interacting impurities is indeed an interesting route to consider for future studies as it
allows for the identification of individual spin configurations, related spin-mixing processes and
the possible formation of Cooper pairs [131] as a function of the impurity-medium coupling.
Extending this setup to higher dimensions is certainly of interest, allowing for more complex
scattering scenarios and, hence, offering a richer phenomenology.

Highly imbalanced triple mixtures

In [[7]] we have provided the first detailed study of the polaron problem when considering a
bath consisting of two hosts. Thus, we have allowed the impurities to couple either attractively
or repulsively to the individual components, thus offering an efficient platform for manipulating
the polaronic properties. A key result of this study is the possibility to flexibly control the
impurity residue [122] and thereby also the polaronic character. In particular, the quasiparticle
character can be maintained for larger interactions in case the impurity couples attractively
to one medium and repulsively to the other one. This behavior could also be recovered for
heavier impurities. Regarding the polaronic resonances we extracted a clear hierarchy of the
binding energy due to the immersion of the polaron, a feature that is also present for a larger
cumulative bath. Thus, utilizing radiofrequency schemes the respective resonances are well
distinguishable from each other. In order to describe the processes which underlie the behavior
of the residue we have constructed an effective potential picture which takes into account the
density distributions of both hosts. With its aid we were able to get an intuitive understanding
of the impurity distribution as well as its motional excitations. Considering an additional
impurity led to a strong reduction of the width as well as the height of the associated impurity
residue. The presence of two impurities naturally inspires the notion of induced interactions
whose impact could be analyzed by invoking the impurities two-body densities. For sufficiently
attractive couplings to one of the hosts the formation of a bipolaron was captured [301, 328§],
while for strongly repulsive couplings the impurity forms a shell structure whose width can be
controlled by the coupling strength to the other medium. The results of this work pave the
way for steering the quasiparticle character and induced interactions in a systematic manner,
thereby also exposing the role of correlations for such triple mixture setups.

In [|7]] the two species in the bath are weakly interacting among each other such that they
are in the miscible regime. In the future it is intriguing to exploit the phase of the cumulative
bath in order to manipulate the polaronic properties of the impurities. As such the bath can be
prepared in any combination of Tonks-Girardeau gases, fermionization, miscible phase as well
as in an immiscible phase. Naturally, this has an impact on the impurity species and thereby
on the associated quasiparticle character. This will shed light on the polaron problem from a
very different perspective and may even lead to fundamentally new concepts. Extending this to
higher dimensional settings it is to be expected that topological effects will play a crucial role.
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The natural next step would be to investigate the sudden injection of the impurity species
into the cumulative bath in order to simulate the respective spectroscopic techniques [184, 185].
Here, the spectral response would provide information about the impurity residue and the
involved excited states, consequently, being an immediate realization of our findings. Moreover,
this work also serves as a perfect starting point for further investigations of triple mixtures in
general [334, 335, which promise to offer a much richer phenomenology as compared to binary
mixture settings.

Closing remarks

This cumulative thesis has shown that the field of ultracold atomic mixtures is far from ex-
hausted. Indeed, it offers a lot of potential for future investigations, in particular since the
experimental possibilities for the creation and systematic controlled investigations of such sys-
tems are growing rapidly. Apart from the well-established in-situ imaging of atomic clouds
[336], time-of-flight images [337] and density-density fluctuation measurements [338-341] a new
class of experimental advances has been triggered by the quantum gas microscope [342-344|
as well as the measurement of dynamical response functions by employing Bragg spectroscopy
[345, 346] or radio-frequency protocols [347]. Moreover, the momentum to experimentally re-
alize few-body systems [86-91| will require theoretical descriptions which are able to take into
account all necessary inter- and intraspecies correlations, such as ML-MCTDHX. Consequently,
it is to be expected that more focus will be placed on the development of such ab-initio meth-
ods. A particularly interesting route is given by the possible experimental implementation of
triple mixture settings [348-353] which are anticipated to make the relevant phenomenology
even more interesting. In this context, highly imbalanced triple mixtures offer the most direct
realization of this kind, e.g. in the framework of the polaron problem. As such we believe that
[[7]] has opened the door to a significant new research direction which is relevant for the cold
atom community.
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